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Zusammenfassung

Massive Schwarze Locher (MBHs) sind eine kirzlich entdeckte Klasse Schwarzer Locher
mit Massen von Mypn = 100 — 10 M, und kénnten entscheidend fiir das Verstéindnis des
noch unbekannten Ursprungs von supermassiven Schwarzen Lochern (Mgypn > 105 M)
sein, die in den Zentren fast aller massereichen Galaxien zu finden sind. Diese MBHs
befinden sich entweder in Galaxien mit hoher Rotverschiebung, wo vermutet wird, dass sie
sich spater zu supermassiven Schwarzen Loéchern weiterentwickeln, oder in Zwerggalax-
ien (dwarf galaxies) im lokalen Universum, wo sie moglicherweise Relikte des Entste-
hungsmechanismus der ersten MBHs (seed BHs) bei hoher Rotverschiebung sind. In dieser
Arbeit prasentiere ich neuartige numerische Simulationen, um die gravitative Dynamik von
MBHs, ihr Wachstum durch die Akkretion von Gas, ihre Koevolution mit nuklearen Stern-
haufen (nuclear star clusters, NSCs) und ihre Auswirkungen auf die galaktische Umgebung
zu untersuchen.

Im ersten Teil dieser Arbeit présentiere ich eine hochauflésende Studie der Dynamik
von MBHs in kollidierenden Dunkle Materie-Halos (dark matter halos) und Galaxien. Um
das Sinken durch dynamische Reibung (dynamical friction), das Streuen von Sternen und
Dunkler Materie durch MBH-Binarsysteme und -Mehrfachsysteme sowie die durch Grav-
itationswellen getriebene Verschmelzung (MBH merger) mit hoher Genauigkeit zu model-
lieren, verwende ich den KETJU-Simulationscode, der den GADGET-tree Solver mit akku-
rater regularisierter Integration kombiniert. Ich finde, dass massearme MBHs (< 10° My,)
nur selten zu den Zentren der zugehorigen Halos sinken. MBHs, die ins Zentrum sinken,
konnen Binarsysteme oder Dreifachsysteme bilden, die oft iiber lange Zeitraume nicht ver-
schmelzen und gelegentlich andere MBHs in komplexen Dreikorperwechselwirkungen aus
der Galaxie herausschleudern. Der Riickstof (merger recoil) verschmelzender MBHs tiber-
steigt typischerweise die Fluchtgeschwindigkeit der massearmen Galaxien. Diese Ergebnisse
aus idealisierten Simulationen zeigen mehrere potenzielle Probleme fiir das Wachstum von
leichten MBH-Seeds und merger-getriebener MBH-Wachstumsszenarien auf.

Im zweiten Teil prasentiere ich Simulationen von MBHs in Zwerggalaxien mit und ohne
NSC, um die Verbindung zwischen nuklearer Sternentstehung, stellarem Feedback und
MBH-Wachstum zu untersuchen. Die Simulationen verwenden das GRIFFIN-Modell, das
ein mehrphasiges interstellares Medium, chemische Prozesse und Feedback von einzelnen
massereichen Sternen beinhaltet. Um die vollstdndig aufgeloste anfangliche Massenfunk-
tion (initial mass function) bis 0.08 M auszunutzen und die Stern- und MBH-Dynamik
in den Simulationen zu verbessern, habe ich KETJU in den GRIFFIN-Code implemen-
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tiert. In dieser Studie werden MBHs durch akkretierende sink-particles ohne Feedback
repréasentiert. Ich zeige, dass die Préasenz eines NSC die nukleare Sternentstehung und das
MBH-Wachstum durch das Zufithren von Gas in die zentralen Parsec verstiarkt. Dadurch
konnen massearme MBHs mit Mgy < 103 Mg, die ohne NSC nicht effizient akkretieren,
in kurzen Zeitrdumen wachsen. BH-Akkretion und nukleare Sternentstehung verlaufen
episodisch und werden durch einzelne Supernova-Explosionen reguliert. Diese Studie liefert
erste Einblicke in die mogliche Koevolution von MBHs und NSCs in massearmen Galaxien
und unterstreicht die Bedeutung der Berticksichtigung dichter NSCs in Simulationen des
Wachstums von MBHs im galaktischen Kontext.

Im dritten Teil dieser Arbeit teste ich, wie sich MBH-Feedback in einer Zwerggalaxie
auf die MBH-Akkretionsraten, die nukleare Sternentstehung und galaktische Winde (galac-
tic outflows) auswirkt. Unter anderem préasentiere ich mehrere Implementierungen eines
massen-, impuls- und energieerhaltenden Wind-Feedbacks, das entweder auf einer Injek-
tion des Winds in einen HEALPIX-Kernel um das MBH (unter der Annahme einer inelastis-
chen Kollision) oder auf dem Aussenden von Windpartikeln mit der Windgeschwindigkeit
basiert. Die meisten getesteten Modelle sagen voraus, dass das MBH-Wachstum in Zw-
erggalaxien vollstandig zum Erliegen kommt, wenn AGN-Feedback einbezogen wird. Dies
deutet darauf hin, dass MBHs in Zwerggalaxien nicht effizient wachsen und dass die MBH-
Population tatsachlich direkt mit den MBH Seeds verbunden sein kénnte. Das Feedback
von MBHs verhindert auch die nukleare Sternentstehung (trotz der Einbettung in einen
NSC), was darauf hindeutet, dass NSCs gewachsen sein miissen, bevor ihre MBHs massere-
ich genug wurden, um nukleare Sternentstehung zu verhindern.

Im abschlieBenden Kapitel diskutiere ich die Implikationen dieser Studien fir MBH-
Wachstumsszenarien und préisentiere erste Ergebnisse aus kosmologischen Simulationen,
welche die fiir die einzelnen Kapitel dieser Arbeit entwickelten Modelle kombinieren.



Abstract

Massive black holes (MBHs) are a recently discovered population of black holes with masses
of Mypu = 100 — 10° M, and might be crucial for understanding the still unknown origin
of supermassive black holes (Msypn > 10°Mgy) that are found in the centers of almost
every massive galaxy. These MBHs are either found in high redshift galaxies, where they
are expected to evolve into supermassive black holes later, or in dwarf galaxies in the local
Universe, where they might be the relics of the formation mechanism of MBH seeds at high
redshift. In this thesis, I present novel simulations to explore the dynamical evolution of
MBHs, their growth via the accretion of gas, their coevolution with nuclear star clusters
(NSCs) and their impact on the environment.

In the first part of this thesis, I present a high-resolution study of the dynamics of MBHs
in merging dark matter halos and galaxies. To accurately resolve the sinking via dynamical
friction, the scattering of stars and dark matter by MBH binaries and multiples, and the
gravitational wave driven coalescence, I use the KETJU simulation code which combines
the GADGET tree solver with accurate regularised integration. I find that low-mass MBHs
(< 10° Mg,) hardly sink to the centers of halos. MBHs that sink to the center can form
binaries or triples that often do not merge over long time-scales and occasionally eject
MBHs in complex three body interactions. The recoil of merging MBHs typically exceeds
the escape velocity of the low-mass host halos. These results from idealised simulations
highlight several potential problems for the growth of light MBH seeds and merger assisted
MBH growth scenarios.

In the second part, I present simulations of MBHs in dwarf galaxies with and without a
NSC to explore the connection between nuclear star formation, stellar feedback and MBH
growth. The simulations use the GRIFFIN model, which includes a multi-phase interstellar
medium, non-equilibrium chemistry and feedback from individual massive stars. To take
advantage of the fully sampled initial mass function down to 0.08 My and to improve the
stellar and MBH dynamics in the simulations, I implemented KETJU into the GRIFFIN
code. In this study, MBHs are represented by accreting sink particles without feedback.
I find that the presence of a NSC enhances nuclear star formation and MBH growth by
funneling gas to the central few parsec. As a result, low mass MBHs with Mgy < 10° Mg,
that do not accrete efficiently without a NSC, can grow on short timescales. BH accretion
and nuclear SF is episodic, coeval and regulated by individual supernova explosions. This
study gives the first insights into the possible coevolution of MBHs and NSCs in low-mass
galaxies and highlights the importance of considering dense NSCs in galactic studies of
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MBH growth.

In the third part of this thesis, I test how MBH feedback in a dwarf galaxy impacts
the MBH accretion rates, nuclear star formation and galactic outflows. Among other
models, I present multiple implementations of mass-, momentum- and energy-conserving
wind feedback that are either based on an injection of the wind into a HEALPIX kernel
around the MBH (assuming an inelastic collision) or the launching of wind particles at the
wind speed. Most tested models predict that MBH growth in dwarf galaxies stalls entirely
when AGN feedback is included. This suggests that MBHs in dwarf galaxies do not grow
efficiently and that the MBH population might indeed be directly connected to the MBH
seed formation mechanism. Feedback from MBHs also prevents nuclear star formation
(despite being embedded in a NSC), suggesting that NSCs must have grown before their
MBHs were massive enough to quench nuclear star formation.

In the final chapter, I discuss implications of these studies for MBH growth scenarios
and present first results from cosmological simulations, that combine the models developed
for the individual chapters of this thesis.



Chapter 1

Introduction

Over the past decades, it has been established that almost every massive galaxy, including
the Milky Way, hosts a supermassive black hole (SMBH, Mgypn > 10° M) at its galactic
center. In the case of our own galaxy, the existence of a SMBH called Sgr A* with a mass
of ~ 4 x 10°M, has been confirmed by a number of observational probes. One of the
most convincing arguments has recently been provided by the Event Horizon Telescope
collaboration, that used a world-wide array of radio telescopes to observe Sgr A* at the
scale of the event horizon (EHT-Collaboration, 2022). Their observations provided direct
evidence for a SMBH in the galactic center with properties that are consistent with the
predictions from general relativity. Another important piece of evidence is the detection of
stellar orbits in the galactic center, which can only be explained by a massive object more
compact than any known structure except for a SMBH (i.e. a cluster of lower mass black
holes (BHs) would be too large, see Ghez et al., 1998; Genzel et al., 2010; Eisenhauer et al.,
2005). Figure 1.1 shows the image published by the Event Horizon Telescope collaboration
of the “shadow” of Sgr A* (left) and a measurement of the orbit of one of the stars close
to Sgr A* by the Very Large Telescope and Keck Observatory (right). This star, called
“S2”  has an orbital timescale of 16 years and a pericenter distance of only ~ 120 AU,
highlighting the outstanding resolution of these observations.

Outside the Milky Way, various observational techniques have been used for the detec-
tion of hundreds of thousand SMBH candidates. For example, the SDSS quasar catalogue
alone contains ~ 750.000 spectroscopically confirmed active SMBHs (Lyke et al., 2020).
Furthermore, the mass-range of SMBHs extends over several orders of magnitude. The
most extreme cases have masses well above 10'1° M, (e.g. Mehrgan et al., 2019), while the
central BH in the Milky Way rather represents a low-mass SMBH. SMBHs are also ob-
served at all redshifts and with recent observations by the James Webb Space Telescope
(JWST), there is mounting evidence that SMBHs already existed when the Universe was
only a few hundred million years old (Maiolino et al., 2024).

The detection of SMBHs with a wide range of masses and in various environments poses
the question of how they formed, and there has so far been no convincing answer. However,
assuming that these SMBHs have grown mainly via the accretion of gas (e.g. Soltan, 1982),
these SMBHs must have had lower mass at some point throughout their cosmic evolution.
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Figure 1.1: Observational evidence for a SMBH in the center of the Milky Way. The
left panel shows the image of the “shadow” of Sgr A* as detected by the Event Horizon
Telescope Collaboration. The right panel shows the orbit and orbital velocity of the S2
star around Sgr A* in the galactic center. The data was recorded with the VLT and Keck
Observatory over 21 years of observation, probing more than one full orbit of the S2 star.
Figures from the Max Planck Institute for Extraterrestrial Physics (2013, see also Gillessen

et al., 2009; Genzel et al., 2010) and the EHT-Collaboration (2022).

For this reason, massive black holes (MBHs) with masses of 100 My < Mygg < 106 M,
or intermediate mass black holes (IMBHs with 100 My, < Mpygn < 10° M) might be the
progenitors of SMBHs and hence be crucial to understand the growth and origin of SMBHs.
Detecting these MBHs might shed light on the formation mechanisms of the first MBHs
before growth via accretion of gas and mergers with other BHs sets in. These first MBHs
in the early Universe are commonly referred to as “seed MBHs”".

Due to the observed correlation between the galaxy mass and the BH mass in the
galactic center, MBHs are mainly expected to be found in low-mass galaxies. That can
either be in the centers of local dwarf galaxies (galaxies with stellar masses below 10° M),
where they might represent the relics of the BH seed formation mechanism, or in the
early Universe (at “high-redshift”) where they are expected to grow into SMBHs later,
predominantly via the accretion of gas. In the following sections, I will provide a short
summary of the observational evidence for MBHs, discuss possible seed formation scenarios
and summarize how MBHs can be modelled in numerical simulations.

1.1 Observational evidence for massive black holes

Due to their low-mass and low luminosity, MBHs are typically much more difficult to detect
compared to their supermassive counterparts (Askar et al., 2024). The region in which
MBHs dominate the gravitational dynamics of stars and gas, the “sphere of influence”,
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is typically small, which makes dynamical detections based on the kinematics of gas and
stars very challenging. As a result, only a small number of MBHs in nearby dwarf galaxies
have been detected with this technique (Nguyen et al., 2017, 2018, 2019). Together with
the observational signature from the tidal disruption of stars by MBHs (so-called “tidal
disruption events”, TDEs, e.g. Mockler et al., 2019), dynamical measurements are currently
the most promising method for constraining the full population of MBHs in dwarf galaxies,
including MBHs that are dormant (i.e. not actively accreting gas and hence not luminous).
As T will argue later, the full MBH mass function and the “occupation fraction” (the
fraction of galaxies that hosts a MBH) are crucial to constrain models of MBH formation.

All other commonly used techniques so far are based on the observational signature
of accretion processes. If a MBH resides in a gaseous environment, gas cannot fall into
the MBH event horizon directly because it is not able to dissipate angular momentum
fast enough. Instead, the gas settles into an accretion disc around the BH. The accretion
process is complex and the physics of accretion discs is an active field of research, but
it is established that different physical mechanisms during the accretion process give rise
to a number of observational features. These actively accreting MBHs at the center of
galaxies are also termed “active galactic nuclei” (AGN) in the literature. The “standard”
picture of AGN is that the region around the BH consists of the accretion disc itself, a
“hot corona” above the disc (visible in X-ray observations), the “broad line region” that
corresponds to bound gas orbiting around the MBH (visible in optical spectroscopy), the
“narrow line region” representing ionized gas outside the broad line region (visible in optical
and infrared spectroscopy) and a “dusty torus” heated by the radiation from the accretion
disc (visible in infrared photometry). Furthermore, some AGN show signatures of radio
emission, which is interpreted as the signature of a “jet”, a relativistic, collimated outflow
along the rotation axis of the MBH.

Despite the generally lower luminosity of MBHs compared to SMBHs, the observational
signatures of these processes have lead to the detection of hundreds of MBH candidates in
dwarf galaxies at various redshifts (e.g. Ibata et al., 2009; Reines & Deller, 2012; Mezcua
et al., 2018, 2019; Kaviraj et al., 2019; Greene et al., 2020; Mezcua & Sanchez, 2020; Reines
et al., 2020; Birchall et al., 2020; Zaw et al., 2020; Latimer et al., 2021; Davis et al., 2022;
Reines, 2022; Schutte & Reines, 2022; Mezcua et al., 2023; Zheng et al., 2023; Bykov et al.,
2023; Sacchi et al., 2024). Furthermore, there are hints that many MBHs were over-massive
compared to the BH mass - stellar mass relations at high and intermediate redshift (e.g.
Mezcua et al., 2023). The observations also show that not all detected MBHs reside in the
center of the host galaxy. For example, Mezcua et al. (2023) finds a MBH candidate in a
dwarf galaxy that is significantly off-set from the center of the system. As a result of the
shallow potential wells of dwarf galaxies that often do not have a clear dynamical center, it
is likely that a large number of MBHs are off-nuclear in low-mass galaxies and hence missed
by observations. Most of the detected MBHs have masses in the range of 105 — 10° Mg,
and the population of lower-mass MBHs remains largely elusive. Furthermore, because
most techniques are only suited for the detection of active MBHs, many dormant MBHs
are likely still hidden from observations. These observations point in the direction that the
MBH occupation fraction in low-mass galaxies is larger than traditionally assumed and
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that they might play an important role in the cosmological evolution of their host galaxies
(e.g. Silk, 2017).

Furthermore, recent observations indicate that MBHs in low-mass galaxies at high-
redshift (progenitors of massive galaxies at z = 0) already existed at z ~ 10, indicating
that MBHs have already been massive in the early Universe. As I will argue in the next
sections, a full census of the MBH population at high and low redshift will provide strong
constraints for MBH formation models.

As T will discuss in more detail in Sec. 1.5, there is striking evidence that many MBHs
coexist with a nuclear star cluster (NSC), a bright, very massive, compact star cluster in
the center of the host galaxy (e.g. Neumayer et al., 2020). An observed tight correlation
between the NSC mass and the MBH mass gives a hint that the connection between dense
star clusters and MBHs might be crucial for understanding how MBHs form and grow.
Exploring this connection will be an important part of this thesis, especially in Ch. 3 and
4.

1.2 Formation scenarios for massive black holes

Several physical mechanisms for the formation of MBH seeds have been suggested, although
without conclusive evidence for any one of them. In the summary of seeding mechanisms
in this section I follow the reviews of Inayoshi et al. (2020) and Klessen & Glover (2023).

1.2.1 PoplllI stars as the progenitors of light black hole seeds

A possible origin for light BH seeds in the high red shift Universe are the remnants of
the first generation of stars. This hypothetical population of stars, termed PoplII stars, is
believed to form from the pristine, metal-free gas at red shift = 20 when the Universe was
only < 200 Myr old.

In the framework of hierarchical structure formation in the ACDM model (the “standard
model” of cosmology), the first stars in the Universe can form under two conditions: First,
gas and dark matter need to decouple from the global expansion of the Universe and start
to contract under the effect of self-gravity (form a “dark matter halo”). Then, the gas
inside this dark matter halo needs to be able to dissipate its thermal energy in order to be
able to collapse to stellar densities. According to Klessen & Glover (2023), this is possible
for dark matter halos with a mass larger than

14 2\ 3?2
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where z denotes the redshift of the Universe. Because there has not been any en-
richment with massive elements due to stellar feedback yet, the cooling processes in the
zero-metallicity interstellar medium (ISM) are dominated by atomic and molecular Hy-
drogen. As long as the temperature of the gas is T' ~ 10* K, the collisional excitation of
Hydrogen atoms which then de-excite by emitting a Lyman-a photon is the main cooling

Meie ~ 1.4 x 10°Mg (
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mechanism (“Lyman-a cooling”). For lower temperatures, cooling from molecular hydro-
gen (Hy) and deuterated hydrogen (HD) is dominant, allowing for cooling to 2 100K
(Nagakura & Omukai, 2005). The absence of heavy elements in the pristine ISM makes
cooling less efficient, which suppressed the fragmentation of the collapsing gas and po-
tentially leads to larger stellar masses of Poplll stars compared to stars forming in the
low red-shift Universe. Simulations that follow the subsequent complex evolution of the
collapsing gas cloud and the formation of a proto-stellar disc suggest that Poplll stars
often form in binaries, multiples or stellar clusters (Clark et al., 2011) with a nearly flat
initial mass function (IMF, the distribution function of stellar masses at birth) between
10Mg < M, < 300Mg, (Hirano et al., 2014; Stacy et al., 2016).

Massive PopllII stars are expected to have a short lifetime of ~ 10 yr (Inayoshi et al.,
2020). Whether the PoplII star explodes as a supernova and/or leaves behind a BH
depends on the mass and rotation of the star and can lead to various outcomes. For
example, non-rotating PopllII stars with masses between ~ 140 My and 260 M might not
leave any remnant behind, because the star is disrupted by an energetic pair-instability
supernova explosion at the end of its lifetime (Heger & Woosley, 2002). For PoplII stars
with masses between ~ 40 M, and ~ 70 — 100 M, no SN explosion happens and the star
directly collapses into a BH. The SN explosion of PoplIl stars enrich the pristine ISM with
the first metals and can be up to 100 times more energetic than a typical core-collapse SN.
This is enough to expel the gas from the host halo and therefore has consequences for the
subsequent cosmological evolution of PoplIl remnants.

Hence, the first generation of stars at z = 20 are plausible progenitors of the first light
BH seeds with masses between Mpy = 10 — 100 M, while some studies even suggest that
larger masses of 2 200 M, are possible in this scenario (Madau & Rees, 2001; Hijikawa
et al., 2021).

1.2.2 Massive black hole formation in dense star clusters

While PopllI seed formation is restricted to the pristine high-redshift Universe, the forma-
tion of MBHs in dense star clusters can in principle occur at any time throughout cosmic
history. Different mechanisms have been proposed (see e.g. Askar et al., 2024, for a review),
but I am focusing on the so-called fast runaway collision scenario here (Lee, 1987; Quinlan
& Shapiro, 1990). In this scenario, the repeated mergers of stars in a young (¢t < 10 Myr)
and dense (p = 10° Mg pc™3) star cluster lead to the growth of a very massive star with
several hundred solar masses. This growth channel is efficient if massive stars can segregate
to the center of the cluster before the end of their lifetime. In the dense cluster center, col-
lisions with other stars can be frequent due to the large collisional cross section of massive
stars. Numerical simulations of this scenario show that stellar collisions can lead to the
formation of stars with masses above 103 Mg, on timescales of ~ 5Myr (Portegies Zwart
et al., 2004; Rantala et al., 2024). Depending on their mass and metallicity, these stars
can collapse into a BH at the end of their lifetimes. Although the cross section becomes
smaller as soon as the star has collapsed into a BH, subsequent growth through mergers
with other BHs or the tidal disruption of stars is still possible. For example, Rantala et al.
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(2024) find that this mechanism can lead to the formation of MBHs with masses up to
~ 2200 M within only 50 Myr of evolution.

1.2.3 Formation of massive black hole seeds in the direct collapse
scenario

As explained in detail in Inayoshi et al. (2020), MBH seeds might also form directly from
the monolithic collapse of a massive gas cloud. Models that predict the formation of so-
called “direct collapse” BHs typically assume that the pristine gas inside a dark matter halo
rapidly forms a supermassive star with a mass of 10> — 10 My, that almost immediately
collapses into a MBH of similar mass. The dark matter halo must be an “atomic cooling
halo”, i.e. it needs to have a virial temperature of T;, ~ 10* K such that Lyman-« radiation
is the predominant cooling mechanism (Bromm & Loeb, 2003). The formation of such a
supermassive star requires a large inflow rate onto the proto-star (M > 0.01-0.1Mgyr 1)
that can only be achieved if the fragmentation of the gas in the halo can be suppressed.
Similar to the formation scenario of Poplll stars, this requires pristine, metal-free gas such
that metal cooling is inefficient. In addition, Hy cooling must be prevented, for example
by intense photodissociating ultraviolet radiation in the Lyman-Werner band (11.2 -13.6
eV) that destroys Hy molecules. This Lyman-Werner radiation field can for example be
provided by another galaxy close-by that already emits radiation. As a result, direct
collapse scenarios are typically only expected to occur in special environments.

1.2.4 Cosmological evolution of massive black hole seeds

After the seeds have formed by one of the seed formation scenarios, these MBH seeds must
grow through the accretion of gas or mergers with other MBHs to explain the observed
population of SMBHs.

Starting from a low-mass of Meq < 100 M, Poplll seeds must grow rapidly through
gas accretion above the Eddington limit! to get to the SMBH regime fast enough. This is
known as the “time-scale” problem in the literature and has become even more severe with
detections of MBHs and SMBHs at increasingly high-redshift with JWST. However, there
are many processes that potentially limit the subsequent growth of PopllIl seeds. Because
they form in low-mass halos, the SN explosions from the first PoplII stars are expected to
be strong enough to expel the gas from the host halo such that subsequent rapid growth
through gas accretion is unlikely. Hence, these light BH seeds must sink to the centers of
more massive halos, where the gas supply is large enough to allow for efficient accretion,
ideally at super-Eddington rates. As I will show in Ch. 2, the time that it takes for low-
mass MBH seeds to sink to the center of a dark matter halo can be extremely long, such
that it is possible that these Poplll seeds never reach the center of a more massive halo

!The Eddington limit is the hypothetical limit for the BH growth rate before the radiation pressure from
the accretion process exceeds the gravitational force. This is derived assuming a spherically symmetric
accretion flow. BH accretion at higher rates (“Super-Eddington accretion”) is in general possible.
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Figure 1.2: Summary of the different MBH formation pathways. The possible seeding
scenarios make different predictions for the masses of seed black holes. While some of
these seeds grow into the SMBH regime via mergers and gas accretion (shaded area), some
seeds will fail to grow and might give rise to a population of “leftover MBHs”. Dwarf
galaxies, inside which MBHs are not expected to grow efficiently, are possible hosts for
these leftover MBHs that might directly correspond to the population of MBH seeds.
Figure from Mezcua (2017).
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or galaxy. As Fig. 1.2 shows schematically, this should lead to a population of “leftover”
MBHs that cannot grow efficiently (left red arrow) while only a subset potentially grows
into the SMBH regime (shaded region). Because PoplII stars can only form in low-mass
halos, even dwarf galaxies that form from the hierarchical merger of only a few low-mass
halos are expected to host Poplll remnants. Hence, this model predicts an occupation
fraction of order unity for all galaxy masses down to the dwarf galaxy regime. However,
due to the expected inefficient growth of MBHs in dwarf galaxies (see Ch. 3 and Ch. 4), it
is expected that Poplll seeds in dwarf galaxies would evolve into the “leftover” population
that fails to become supermassive. Finding this population of PoplIl remnants with masses
of ~ 100 M, would strongly support this seed formation scenario.

In contrast, MBH seeds that form in dense star clusters bypass some of these prob-
lems, especially because they already start with a significantly larger mass of 2 1000 M,
alleviating the time-scale problem. Furthermore, these BH seeds are embedded in a dense
star cluster that, as I will show in this thesis, can boost the subsequent BH growth by
providing additional gas inflows to the central few parsec around the BH. Finally, because
these seeds are expected to form in more massive halos than Poplll stars, MBH seeds
do not necessarily have to sink to the center of another more massive galaxy to grow via
accretion of gas. Even during galaxy mergers that might displace the MBH and the star
cluster from the galactic center, the MBH sinks back to the galactic center much faster due
to the additional mass provided by the dense cluster. This makes the formation of MBH
seeds in dense star clusters an extremely promising seed formation scenario. Observations
have shown that many MBHs in dwarf galaxies reside inside a NSC which might be con-
sidered circumstantial evidence for the idea that the evolution of dense star clusters and
the formation of MBHs are connected.

Finally, MBHs that originate from the direct collapse of gas are expected to have
large seed masses of Myeeq = 10° My, giving them a head start towards the supermassive
regime. However, due to the special environments of their birth (i.e. close to but not
inside a massive halo to have the appropriate radiation background), even these MBH
seeds need to migrate to the center of a more massive halo after their formation to explain
the population of SMBHs in massive galaxies. MBHs from this seeding scenario are not
expected in the dwarf galaxy regime (Greene et al., 2020).

There is no conclusive evidence for any of the seeding scenarios yet. However, all
models make different predictions for the MBH mass function and occupation fraction in
low-mass galaxies, such that it will be possible to constrain the formation mechanisms in
the future (see Fig. 1.2 for a schematic representation). It is also possible that several of
these mechanisms operate at the same time in different physical regimes and even more
exotic seed formation scenarios like primordial black holes cannot be excluded in principle
(e.g. Carr & Kiihnel, 2022).

As an example for the “time-scale” problem, I show potential MBH growth scenarios to
explain the observed MBH “GN-z11” with Mypyg ~ 10° M, at redshift z = 10.6 in Figure
1.3 (Maiolino et al., 2024). As the authors argue, this detected MBH (yellow dot) can only
be explained with the light seed scenario (PoplIl seeds or MBH seeds from star clusters,
red curve) if the respective seeds grow at highly super-Eddington rates for a long period
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Figure 1.3: Possible formation paths for the MBH candidate “GN-z11” with Mygg ~
106 M, at redshift z = 10.6. Extremely fast growth of light seeds (PoplII seeds or MBH
seeds from star clusters) is required to get to the observed MBH mass fast enough. Heavy
seeds (direct collapse MBHs) naturally explain the observed MBH mass. Figure from
Maiolino et al. (2024).

of time. Although super-Eddington growth has been shown to be possible in cosmological
simulations of the high-redshift Universe, simulations still fail to grow light MBH seeds
fast enough (e.g. Lupi et al., 2024). On the other hand, a MBH from the direct collapse
scenario would naturally explain the inferred BH mass (dashed yellow line). However,
despite having a stellar mass in the dwarf galaxy regime at z ~ 10.6, GN-z11 is expected
to evolve into an extremely massive galaxy at low redshift and might represent a strong
outlier.

1.3 Massive black hole dynamics and the regularized
integrator KETJU

As I have argued in the previous section, many MBH growth scenarios depend on the
ability of MBHs to migrate to the center of massive halos where gas densities are high.
To determine under which conditions this MBH “sinking” is possible, it is necessary to
understand the processes that determine the gravitational dynamics of MBHs, including
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the “dynamical friction” force, that causes objects to sink to the center of gravity of a halo.

Studying the dynamical evolution of MBHs is also crucial to determine if growth
through mergers with other BHs is an additional efficient growth mechanism that might
help to alleviate the “time-scale” problem. The path to coalescence of MBHs can be sepa-
rated into three steps: First, MBHs need to sink to the center of the host halo via dynamical
friction. Then, if two BHs have sunk to the center, they can form a binary that loses orbital
energy via the scattering of stars, slowly driving the MBHs to coalescence. Finally, if the
MBHs are close enough, the binary merges due to gravitational wave emission. In this
section, I will review this process in more detail and discuss how the dynamics of MBHs
is modelled in astrophysical simulations.

1.3.1 Dynamical Friction

Dynamical friction occurs if a massive body (in this case a MBH) is moving through a field
of light particles, typically consisting of stars or dark matter. In simulations, dark matter
particles represent the discretised cold dark matter fluid, whose phase-space evolution
follows the Vlasov-Poisson equation. Hence, they should be understood as tracer particles
of the cold dark matter fluid that is collisionless on large scales. The sinking object can
generally also be a compact star cluster instead of a MBH.

Following Binney & Tremaine (2008), a prescription for dynamical friction that was
originally proposed by Chandrasekhar (1943) can be derived from the deflections of light
particles with mass m by a massive perturber with mass M. The final expression is a drag
force on the massive perturber according to

dvys VvV [YM

o = —167*(In A)G*m(M + m)E 5 v f(v)dv . (1.2)

Here, v, denotes the velocity of the massive object with respect to the surrounding
particles, vy = vy, InA ~ 10 is the Coulomb logarithm that depends on the minimum
and maximum impact parameter, and f(v) is the stellar velocity distribution. A deceler-
ation of an orbiting object automatically removes energy and shrinks the orbit such that
the massive object slowly sinks to the center of the halo.

Directly resolving this process in astrophysical simulations requires a resolution of the
stellar and dark matter particles, m, that is significantly higher than the mass of the sinking
MBH. Furthermore, the close encounters between the MBH and the light particles must
be resolved accurately, i.e. with little or no force softening (e.g. Pfister et al., 2019). In
simulation codes for collisionless gravitational systems, the force softening is typically used
to limit the impact of close encounters between particles. Because it is usually not possible
to achieve the required numerical resolution m < M in cosmological simulations, many
numerical codes use subgrid models for the effect of dynamical friction instead of explicitly
resolving particle deflections by the MBH. These models are typically based on Eqn. 1.2
and significantly improve the accuracy of MBH trajectories in simulations (Tremmel et al.,
2015; Ma et al., 2023; Genina et al., 2024).
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In this work, the dynamical friction caused by deflections of star and dark matter
particles by a sinking MBH is directly resolved. This is possible because the simulations
presented in this thesis have sufficiently high resolution m < M and close encounters
between MBHs and the stars and dark matter particles in their surroundings are resolved
with a regularized integration scheme.

Because the dynamical friction force is proportional to the mass of the sinking object,
low-mass MBH seeds can have extremely long sinking time-scales. In simulations, this can
give rise to a population of wandering BHs that cannot sink to the center of their host
halo. For example, using a subgrid prescription for dynamical friction similar to Eqn. 1.2,
the Romulus simulations find a large population of MBHs that were brought into halos
by major and minor mergers of galaxies but cannot sink to their center (Tremmel et al.,
2018). Due to a lack of gas in the halo outskirts, these BHs typically do not grow anymore
during the subsequent cosmological evolution. In the literature, it is still debated if low-
mass seeds can in principle sink fast enough to explain the observed population of SMBHs
(Ma et al., 2023). Hence, in addition to the “time-scale” problem, that usually refers to
the growth time-scale via gas accretion, there might be an additional “sinking problem”
for light MBH seeds.

In contrast, simulations that do not attempt to resolve the MBH dynamics typically
use a technique called “repositioning”, where the BH is fixed to the potential minimum
at every time-step. As a consequence, there are no wandering BHs in these simulations
by construction and the MBHs are always fixed to the galactic center where growth via
gas accretion is most efficient, potentially overestimating the growth of MBHs through gas
accretion and mergers. Hence, an accurate modelling of MBH dynamics is essential to
understand the cosmological growth of MBH seeds.

1.3.2 Evolution of massive black hole binaries

If two MBHs sink to the center via dynamical friction, they eventually form a bound MBH
binary. In the early phase, this initially wide binary loses energy via dynamical friction,
causing its orbit to shrink. As soon as the binary becomes hard (i.e. the semi-major axis
a is smaller than a;, = %ﬁ, where o is the stellar velocity dispersion, G is the gravitational
constant, and p the reduced mass of the binary), the system predominantly loses energy
(it “hardens”) through complex three-body interactions with the surrounding stars. This
causes stars to get ejected from the galactic center with velocities that are comparable
to the orbital velocity of the binary (Sesana et al., 2006) and leads to a reduction of the
central stellar density. For a hard binary, this velocity can even exceed the escape velocity
of the host galaxy. If the stellar density p in the center remains approximately constant,
the BH binary hardens with constant rate. With analytical estimates, Quinlan (1996) finds

d /1 Gp
— ~ H— 1.
dt< ) ’ (13)

a o
where H is a numerical constant with H ~ 10—20. However, the BH destroys the orbits
of stars within its loss cone (i.e. stars with pericenter distances r, < 5a) such that the
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hardening becomes inefficient once the loss cone is empty. As a result, it is not guaranteed
that binary BHs merge on short time-scales. In the literature, this is known as the “final
parsec” problem, although it is still debated if the stalling of BH binaries is in tension with
observations and under which conditions the stalling of BH binaries should happen. For
example, several simulation works have established that in non-axisymmetric galaxies, the
loss cone can be replenished quickly due to stronger torques (Berczik et al., 2006), causing
BHs to merge faster compared to more idealized set-ups. Furthermore, additional forces
from gas on small scales might affect the evolution of the binary (Cuadra et al., 2009; Liao
et al., 2023).

In addition, three body interactions between a massive BH binary with a third BH
can shrink the orbit (Bonetti et al., 2016). As I will show in detail in Ch. 2, this can
either happen via repeated weak kicks, during which the binary kicks out the third BH to
a distance from which it can sink to the center again rapidly, or, if the binary is already
hard enough, via strong interactions that eject the third BH from the host galaxy. It is
also possible that the incoming third BH replaces one of the BHs in the binary (typically
the least massive), which results in the ejection of the BH that was initially bound in
the binary. Due to Heggie’s law (Heggie, 1975), these interactions lead on average to a
shrinking of the binary BH orbit if the binary is already hard. The scattering between
multiple MBHs is especially important if the hardening timescale is long, such that there
is enough time for additional MBHs to be brought into the galaxy by mergers and to sink
to the galactic center.

As argued before, the scattering of stars and dark matter by a MBH binary transfers
energy from the binary onto its environment and ejects mass from the galactic center.
Furthermore, during the sinking process via dynamical friction, the sinking object also
transfers energy onto the field of light particles that it moves through. In this thesis,
the combined effect of dynamical heating through dynamical friction and the scattering of
particles by a MBH binary is referred to as “BH scouring” As shown by Merritt (2006),
this mechanism can lead to the formation of large cores in the stellar density profile. In
their numerical study of sinking MBHs, they find a mass deficit of

1
AM ~ 2N Mgy (1.4)

inside the core radius, where N is the number of MBHs that consecutively sink to the
center and merge, and Mgy denotes the final mass of the central BH after all BHs have
merged. This makes BH scouring a plausible mechanism for the formation of the observed
large stellar cores in elliptical galaxies (Rantala et al., 2018). In Ch. 2, I will show how
Eqn. 1.4 can be generalized to less idealized set-ups, also taking into account the effect of
BH merger recoils and repeated kicks.

1.3.3 Mergers of massive black holes

If the orbit of the binary BH can shrink sufficiently due to interactions with the stellar, dark
matter and gaseous environment as well as interactions with other MBHs, gravitational
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wave emission takes over and drives the BH binary to a merger.

To follow the coalescence of BHs requires solving the equations of general relativity,
although gravitational wave losses can already be captured by a post-Newtonian perturba-
tion expansion to order PN2.5. (e.g. Rantala, 2019). In this case, an analytic prescription
for the evolution of the eccentricity e and semi-major axis a of the binary, averaged over
one orbital period, can be derived (Peters & Mathews, 1963; Zwick et al., 2020) and is
given by

da 64 G3M3q

T sl
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Hence, once the binary is in the regime where gravitational wave emission is strong,
the eccentricity drops and circularizes the binary orbit, while the semi-major axis shrinks
rapidly. The merger timescale 7 then depends on the initial eccentricity of the binary
(Maggiore, 2007; Rantala, 2019) and can be approximated by
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where ey and ag are the initial eccentricity and semi-major axis, respectively. Due to
the shorter pericenter-distance, initially very eccentric binaries (i.e. ¢y ~ 1) have a signifi-
cantly shorter merger timescale than BHs on circular orbits. This will become relevant in
Ch. 2, where MBH binaries often merge after a three-body interaction has excited a high
eccentricity.

Finally, if BHs merge, the merger remnant receives a strong spin-dependent merger
recoil kick that can be of the order of up to vy ~ 5000 km/s (Zlochower & Lousto, 2015;
Campanelli et al., 2007). As shown by Nasim et al. (2021), this recoil can increase the core
size significantly compared to Eqn. 1.4, because the almost instantaneous removal of the
MBH potential well in the galactic center causes the central region of the galaxy to puff
up.

Furthermore, these recoil kicks have important implications for the ability of MBH seeds
to grow via mergers. Especially in low-mass halos with low escape velocities, the merger
kick can eject the merger remnant from the host halo, such that in this case BH mergers
might even hinder effective MBH growth. Although there have been no definite detections
of recoiling MBHs yet, there are a few promising observational candidates (Caldwell et al.,
2014; Chiaberge et al., 2018; Chu et al., 2023).
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1.3.4 Ketju

In this work, I use the regularized integrator KETJU to directly resolve dynamical friction,
the scattering of MBHs among each other and the gravitational wave-driven coalescence
of BH binaries and triple systems. Furthermore, KETJU can also be used to improve the
modeling of stellar dynamics in star clusters around MBHs. This is particularly interesting
in the simulations presented in Ch. 3 that realise the full stellar initial mass function with
individual stars, such that star particles in the simulation can be treated as collisional
particles with a cross section. This is fundamentally different from lower-resolution galaxy
simulations, where the star particles in the simulation represent stellar populations rather
than individual stars. In Ch. 3, we use KETJU to resolve the stellar dynamics in the 0.3 pc
around a MBH and to track the tidal disruption of stars by the MBH. In the future, KETJU
will also be used to resolve scattering events among stars and mergers of massive stars.
Hence, KETJU allows to incorporate physical processes in galaxy scale simulations that are
usually only resolved in computationally much more costly direct N-body simulations.

The core of the KETJU integrator (itself based on the MSTAR integrator Rantala
et al., 2020) is a time transformation of the equation of motion of the simulation particles.
Following Rantala et al. (2020), the Newtonian equation of motion for an ensemble of
particles evolving under self-gravity can be written as

d’l“i — o

dt — Ui,
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where 7r;, v;, a; and m; are the coordinates, velocities, accelerations and masses of the
particles, respectively. The problem for numerical solvers that integrate this N-body system
is that the accelerations can become extremely large due to the singularity at small particle
separations. To regularize the singularity, a new auxiliary variable s can be introduced that
leads to a new set of equations of motion

d_ 1

ds T+B’

dr ) (1.8)
= V.

ds T+ B

This transformation is known as logarithmic Hamiltonian time transformation (“LogH”,
e.g. Mikkola & Tanikawa, 1999; Preto & Tremaine, 1999; Mikkola & Merritt, 2006, 2008).
Here, T' denotes the kinetic energy, U the modulus of the potential energy, and B =U —T
the binding energy of the system. Furthermore, the N-body system can generally be
perturbed by external forces f; or velocity dependent post Newtonian corrections g;(v).
Taking these corrections into account, the set of equations that is solved by KETJU can be
written as
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In the absence of external forces (i.e. fi = gi(v) = 0), the derivatives of the coordinates
depend only on the velocities (and the derivatives of the velocities on the coordinates), such
that the system can be integrated with a leapfrog integrator. The situation becomes more
complicated for the velocity dependent post-Newtonian accelerations, but it is still possible
to construct efficient integration schemes (see Rantala et al., 2017, 2020, for details of the
implementation). To reduce numerical round-off errors, MSTAR uses a minimum spanning
tree coordinate system (Rantala et al., 2020). Another crucial ingredient of MSTAR is
the Gragg—Bulirsch—Stoer extrapolation method (Gragg, 1965; Bulirsch & Stoer, 1966)
that is used to extrapolate the integration result to infinitesimal step-sizes, guaranteeing
the desired integration accuracy that is controlled by a tolerance parameter ngps. The
detailed discussion of the method is beyond the scope of this introduction. With these
techniques, MSTAR can solve the Newtonian two-body problem at in principle machine
precision.

To allow for an application in numerical simulations on cosmological and galactic scales,
KETJU is seamlessly integrated into GADGET-3 (Springel, 2005; Rantala et al., 2017, 2018;
Mannerkoski et al., 2021) and GADGET-4 (Springel et al., 2021; Mannerkoski et al., 2023).
In regions close to BHs (the “KETJU regions”), KETJU switches from the standard GADGET
leapfrog integrator to the MSTAR integration scheme introduced above. These regions
are attached to the BHs (in principle also massive stars in future applications) and can
merge with other regions if their radii overlap. Inside KETJU regions, the interaction of
particles (stars, in Ch. 2 also dark matter) with the BH is computed using unsoftened
forces with the MSTAR integrator. The forces from particles outside the KETJU region
are taken into account using a second-order Hamiltonian splitting technique. To resolve
the unsoftened forces as they move in- and out of the region, the size of the KETJU region
must be at least 2.8 times larger than the gravitational softening of the particles that is set
for the integration with GADGET. The interactions between particles in the KETJU region
(e.g. the star-star or star-dm forces) are usually softened, although it is also possible to
allow for fully collisional dynamics among particles in the KETJU region. However, because
this might lead to the formation of computationally expensive bound systems with short
dynamical time-scale (binaries, triples), I am only using KETJU to resolve the BH-star and
BH-dark matter forces without force softening in this work.

For the interaction among BHs, KETJU uses post-Newtonian corrections up to order
3.5 and a fitting function for the spin dependent gravitational wave recoil (Zlochower &
Lousto, 2015). This allows to resolve the whole coalescence process of MBHs from the
sinking via dynamical friction, the scattering of stars, to the gravitational wave driven
merger.
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1.4 BH accretion and feedback in astrophysical sim-
ulations

As already argued in Sec. 1.1, the processes in AGN (equivalent to actively accreting MBHs
here) are complex and can have a strong impact on the galactic environment. When gas
from the ISM is trapped in the gravitational sphere of influence of the MBH, it settles into
an accretion disc that gradually transports gas to the event horizon of the MBH. During
the accretion process, gravitational energy is converted into radiation according to

LBol = erMMBHCZ y (110)

where Lpg is the luminosity of the AGN, ¢ is the speed of light and Mypy is the MBH
accretion rate. The radiative efficiency ¢, that is in general BH spin-dependent, can be
derived using the equations of general relativity and is often assumed to be ¢, = 0.1. In
this case, 10 percent of the rest mass energy of the accreted gas is released as radiation
from the accretion disc. This radiation heats the interstellar medium in the host galaxy
(e.g. through X-rays or ultraviolet radiation), but can also lead to radiation pressure driven
winds, causing fast outflows with velocities > 10*kms™! from the AGN (e.g. Moe et al.,
2009). Furthermore, among other mechanisms, magnetic fields or thermal pressure can
launch winds from the accretion disc (e.g. Yuan & Narayan, 2014). Relativistic jets are
also a typical by-product of the accretion process. Many of these processes have been found
in observations of AGN (see e.g. Harrison & Almeida, 2024, for an observational review).

Despite significant progress on the modelling of AGN accretion discs (e.g. Shakura
& Sunyaev, 1973; King, 2008; Yuan & Narayan, 2014), the growth of MBHs through
the accretion of gas from the turbulent multi-phase interstellar medium and the impact
of AGN on the environment (usually termed “AGN feedback” or “AGN FB”) is still not
well-understood. Especially modelling MBH accretion and AGN feedback in simulations of
galaxy formation is a challenging task, mainly due to the large separation of scales between
the accretion disc on the scale of a few hundred Schwarzschild radii and the galactic scales.
For this reason, simulations typically resort to “subgrid prescriptions”, that attempt to
model the effect of unresolved small-scale processes on the resolved scales in the simulation
rather than the small-scale process itself. Over the past decades, many different numerical
recipes have been proposed.

One of the first successful AGN FB models used a thermal energy injection into the
vicinity of the BH proportional to the accretion rate to account for the effect of radia-
tion from the AGN (Springel et al., 2005). Their simulations could demonstrate that the
FB from an AGN in a galaxy simulation can expel gas from the galactic center, essen-
tially making further SMBH growth inefficient as soon as the BH reaches a certain size.
Many models have been proposed since then, including models that are designed to over-
come problems related to insufficient numerical resolution (Booth & Schaye, 2009), or that
take different physical regimes into account by switching from a thermal energy injection
(“quasar mode”) to a momentum injection (“radio mode”) for low accretion rates (Sijacki
et al., 2007; Weinberger et al., 2018).
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Recently, more models that attempt to directly model physical processes in AGN have
appeared in the literature. For example, a systematic study of the effect and evolution of
AGN winds was presented by Faucher-Giguere & Quataert (2012). Together with models
that directly inject the AGN wind as a boundary condition into the simulation domain
(e.g. Costa et al., 2020), these works suggest that the impact of BH feedback on the host
galaxy crucially depends on the ability of the outflowing wind to preserve its internal energy
instead of dissipating it away through radiative cooling. Another mass-, momentum- and
energy-conserving BH wind model inspired by the observation of fast broad absorption
line winds (with velocities in the order of ~ 10*kms™, e.g. Moe et al., 2009) has been
introduced by Choi et al. (2015, see also Ostriker et al., 2010). Their approach is similar to
the model that I will present in Ch. 4, modified for the dwarf galaxy regime. Other studies
report improvements on the modeling of the BH and accretion disc angular momentum
evolution (Fiacconi et al., 2018; Beckmann et al., 2019; Sala et al., 2020; Husko et al.,
2022, 2023; Bollati et al., 2023; Sala et al., 2023) or the modelling of radiation effects
(Costa et al., 2018b; DeBuhr et al., 2011).

The most commonly used model to measure the accretion rate onto the unresolved com-
bined MBH-accretion disc reservoir is the Bondi-Hoyle-Lyttleton accretion model (Bondi,
1952; Bondi & Hoyle, 1944; Hoyle & Lyttleton, 1939). The Bondi-Hoyle-Lyttleton ac-
cretion rate can be derived from the assumption that a spherical compact object (MBH)
travels through the uniform ISM. In this case, the accretion rate onto the MBH is given
by

7 pG? M3y

(2 4 v2)3/27
where G is the gravitational constant, Mpy the mass of the BH, v the relative velocity

between the BH and the ISM, ¢ the sound speed and p the density of the ISM. In this

model, the radius beyond which the gas is destined to fall into the BH is given by the
Bondi-Hoyle-Lyttleton radius

Mgy ~ (1.11)

2GMBH

_— 1.12
2 +v? ( )

T'BHL ™~
Because this model is based on the assumption of a homogeneous ambient medium and
spherical symmetry, it is not always clear how reliable the model is in simulations with
a highly structured, turbulent interstellar medium. Especially because the accretion rate
depends on the square of the BH mass, it might in principle be difficult to explain fast
growth of light MBH seeds with this model (Gordon et al., 2024). Several improvements
for the gas accretion prescription have been suggested, for example in the form of the
“torque limited accretion” model (Anglés-Alcézar et al., 2013) or sink particle methods
(Bate et al., 1995; Shi et al., 2024). While the torque limited accretion attempts to obtain
a better estimate of the accretion rate based on physical quantities evaluated at scales that
can still be resolved in the simulation, sink particle methods in principle allow to track the
gas flow into the Bondi radius in high-resolution simulations.
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OuTFLOW

TRIGGERED STAR FORMATION

Figure 1.4: HST optical image of the dwarf starburst galaxy Henize 2-10 that shows
signatures of an AGN triggered outflow. The zoom-in of the central region shows the
narrowband Ha+continuum. The size of the main image corresponds to ~ 1.1 kpc. Figure
from Schutte & Reines (2022), with the permission of Nature.

The plethora of proposed models that typically have a very limited range of applicability
indicate that there is still no consensus about the modelling of AGN feedback in simula-
tions. Higher numerical resolutions (e.g. Hopkins et al., 2024) and unified subgrid models
that hold across multiple physical regimes (e.g. Koudmani et al., 2024) are likely necessary.
However, because AGN feedback models always represent a mix of numerical errors due
to limited resolution and physical modelling uncertainties, it is difficult to constrain them
observationally. Therefore, despite the effort to include more physical processes, many
AGN models remain heuristically motivated.

1.4.1 AGN feedback in dwarf galaxies

The role of AGN feedback in dwarf galaxies is still under debate. Unlike in massive
galaxies, where AGN feedback in cosmological simulations is typically required to match
observational constraints (e.g. the stellar to halo mass relation, galaxy kinematics, abun-
dance patterns, see Costa et al., 2020), there is no obvious need to invoke AGN feedback
in dwarf galaxies to reproduce observations. However, recent theoretical (Silk, 2017) and
simulation works (e.g. Koudmani et al., 2019; Sharma et al., 2020; Koudmani et al., 2021,
2022) have suggested that AGN feedback can be an important driver for the evolution of
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Figure 1.5: Correlation between stellar mass of the host galaxy and the mass of the NSC.
For low-mass galaxies, a significant fraction of the stellar mass can be bound in a dense
NSC. Figure from Neumayer et al. (2020).

dwarf galaxies. This is supported by the detection of AGN outflow signatures in several
dwarf galaxies (e.g. Liu et al., 2020; Bohn et al., 2021; Liu et al., 2024) or the detection of
radio jets (Davis et al., 2022). In some cases, the AGN activity appears to be connected
to suppressed star formation in the host galaxy, similar to what is observed in massive
galaxies (Penny et al., 2018). One of the most striking examples is Henize 2-10, (Schutte
& Reines, 2022), a dwarf starburst galaxy with a MBH of ~ 10° M, and stellar mass of
10'° M, where the outflow from an AGN can be connected to triggered star formation. An
HST image of the system is shown in Fig. 1.4, as well as a zoom onto the nuclear region.
It is particularly interesting to note that there are several young, massive star clusters in
the galactic center that might merge into a single NSC later (Reines et al., 2016).

1.5 Nuclear star clusters

Nuclear star clusters (NSCs) are extremely dense and massive star clusters that are found in
the nuclei of most galaxies (Neumayer et al., 2020). The effective radius of observed NSCs
is typically in the range of a few parsec (~ 1 — 10pc) which leads to high stellar surface
densities of > 10* M pc2 inside this radius. Most NSCs are old, although many NSCs
show signatures of ongoing star formation or multiple stellar populations (Fahrion et al.,
2021, 2022b,a, 2024). Like SMBHs, their cosmological origin is still not well understood,
and there are mainly two scenarios proposed in the literature (Tremaine et al., 1975;
Milosavljevi¢, 2004; Fahrion et al., 2019). In the “ex-situ” formation scenario, NSCs are
the result of globular clusters that form outside the galaxy and sink to the galactic center
via the effect of dynamical friction. Multiple globular clusters can in principle sink and
merge in the center, explaining the large NSC masses that are observed. On the other
hand, it is also possible that NSCs predominantly form via “in-situ” star formation in the
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galactic center. Currently, observations seem to favour the “ex-situ” scenario for galaxies
with stellar mass below ~ 10° M, while the “in-situ” formation is the preferred explanation
for more massive galaxies (Neumayer et al., 2020).

The NSC mass typically scales with the stellar mass of the host galaxy, but the relative
NSC masses compared to the galaxy mass is significantly larger for dwarf galaxies. This
is shown in Fig. 1.5, where the relation between NSC mass and stellar mass of the host
galaxy is shown. Hence, in low-mass galaxies, a relevant fraction of the stellar mass in
the galaxy can be bound in a compact NSC, making NSCs a crucial component of dwarf
galaxies.

Finally, many NSCs have shown to host MBHs and there is a tight correlation between
the MBH mass and the NSC mass (e.g. Hoyer et al., 2024). As summarized by Neumayer
et al. (2020), in massive galaxies above ~ 10'° — 10! M, the NSC is typically less massive
than the SMBH. The opposite is the case for low-mass galaxies, where the NSC can be
orders of magnitude more massive than the MBH. Some MBHs in the NSCs of low-mass
galaxies are detected by X-ray surveys, indicating that at least some of them are actively
accreting gas (e.g. Hoyer et al., 2024). The correlation between NSC and MBH properties
is a strong hint that their cosmological evolution is connected. As I will show in this
thesis, the NSC potential well might be necessary for low-mass MBHs to accrete gas in low
surface density environments. Furthermore, their high stellar density makes them suitable
candidates for the MBH growth via stellar collisions and the disruption of stars (see also
Sec .1.2.2). In conclusion, NSCs are an important part of dwarf galaxies and understanding
their evolution might also shed light on the origin of MBHs.

1.6 Thesis outline

This thesis is structured as follows. In Ch. 2, I present a detailed analysis of the dynamics
of MBHs in environments like those expected at high-redshift. This study uses the KETJU
integrator to resolve dynamical friction and the dynamical interaction of MBHs with the
environment as accurately as currently possible. In Ch. 3, I include the effect of gas
and study under which conditions MBHs can grow in low-mass galaxies. The connection
between MBH and NSC growth is one of the crucial aspects of this study and I demonstrate
that NSCs should be included in future studies of dwarf galaxies. In Ch. 4, I analyse the
effect of AGN feedback on the coevolution of MBHs and NSCs and show that AGN feedback
can prevent further NSC and MBH growth. Finally, I discuss the implications of the results
presented in this work as well as ongoing projects and future work in Ch. 5.



Chapter 2

The difficult path to coalescence:
massive black hole dynamics in
merging low-mass dark matter halos
and galaxies

This work has been published in the Monthly Notices of the Royal Astronomical Society,
Volume 532, Issue 4, Pages 4681-4702.

We present a high resolution numerical study of the sinking and merging of massive
black holes (MBHs) with masses in the range of 10 — 107 M, in multiple minor mergers of
low-mass dark matter halos without and with galaxies (4 x 108 My < My, S 2 x 1010 Mg).
The KETJU simulation code, a combination of the GADGET tree solver with accurate
regularised integration, uses unsoftened forces between the star/dark matter components
and the MBHs for an accurate treatment of dynamical friction and scattering of dark
matter/stars by MBH binaries or multiples. Post-Newtonian corrections up to order 3.5 for
MBH interactions allow for coalescence by gravitational wave emission and gravitational
recoil kicks. Low-mass MBHs (< 10° M) hardly sink to the centre or merge. Sinking
MBHs have various complex evolution paths - binaries, triplets, free-floating MBHs, and
dynamically or recoil ejected MBHs. Collisional interactions with dark matter alone can
drive MBHs to coalescence. The highest mass MBHs of > 10° M, mostly sink to the centre
and trigger the scouring of dark matter and stellar cores. The scouring can transform a
centrally baryon dominated system into a dark matter dominated system. Our idealized
high-resolution study highlights the difficulty to bring in and keep low-mass MBHs in the
centres of low-mass halos/galaxies — a remaining challenge for merger assisted MBH seed
growth mechanisms.
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2.1 Introduction

The formation and growth processes of massive black holes (MBH), exceeding the masses
of stellar mass black holes, is still unknown. High redshift observations have established
that supermassive black holes (SMBH is the usual term for black holes with masses M, 2>
10°My,) already existed during the first billion years of the Universe (e.g. Fan et al., 2001,
2003; Lawrence et al., 2007; Willott et al., 2007; Morganson et al., 2012; Wu et al., 2015;
Banados et al., 2018; Mortlock et al., 2011; Yang et al., 2020; Wang et al., 2021). The
detection of SMBHs out to redshift z ~ 11 (Maiolino et al., 2024) poses the question of
how they could form and grow so quickly (Inayoshi et al., 2020; Bennett et al., 2023; Costa,
2023). While these observations typically represent the most massive and luminous part of
the population (M, ~ 10° M), a larger population of lower mass SMBHs (< M, ~ 108 M)
in relatively low-mass galaxies at z > 4 has been recently revealed by JWST (Ubler et al.,
2023; Kocevski et al., 2023; Harikane et al., 2023; Matthee et al., 2023). This population of
over-massive MBHs, which is also detected at intermediate red-shifts (Mezcua et al., 2023),
significantly exceeds the expectation from the M, — o, relation (e.g. Pacucci et al., 2023).
These new observations challenge our understanding of possible formation and growth
mechanisms that have been discussed over the past decades (e.g. Rees, 1984; Volonteri,
2010; Pacucci et al., 2023, see Volonteri et al., 2023 for possible observational biases).

The origin of low-mass MBHs, which are often seen as the seeds of SMBHs, is unclear
and several, very different, formation mechanisms have been discussed in the literature.
One potential origin for MBHs at high redshift is the remnants of the first stars (PoplII)
that are expected to form in ~ 105 — 106 My, dark matter halos starting at z ~ 40 (Fryer
et al., 2001; Madau & Rees, 2001; Schneider et al., 2002; Hirano et al., 2014; Banik et al.,
2019). Since these seeds have only a small mass of 10 < M, /Mg < 1000, efficient growth
through BH mergers or accretion at super-Eddington rates would be necessary to explain
the observed high redshift quasars in this scenario (e.g. Haiman, 2004). Mechanisms such
as the direct collapse of gas in the high redshift Universe require special environments but
can produce MBH seeds with masses of up to 10° — 10° Mg (e.g. Begelman et al., 2006;
Omukai et al., 2008; Regan et al., 2014, 2017; Bogdan et al., 2023; Natarajan et al., 2023)
and hence circumvent the growth timescale problem. Some studies even predict direct
collapse BHs with masses of up to 10® Mg, (Mayer et al., 2023). Alternatively, the runaway
stellar growth in dense star clusters might produce MBHs with masses of 103 —10* M, (e.g.
Portegies Zwart & McMillan, 2002; Devecchi & Volonteri, 2009; Katz et al., 2015; Davies
et al., 2011; Lupi et al., 2014; Rizzuto et al., 2023; Rantala et al., 2024). Another potential
origin are primordial black holes which might have formed in the primordial Universe,
possibly with a wide range of masses up to the supermassive regime (Carr & Kiihnel,
2022). We refer to Inayoshi et al. (2020) for a detailed review of possible astrophysical
formation scenarios.

These seeding mechanisms make different predictions for the MBH seed mass functions
and occupation fractions (e.g. Volonteri et al., 2008; Greene et al., 2020). However, in the
hierarchical picture of the growth of cosmological structures, all mechanisms inevitably
predict that multiple of these BH seeds can be transported into the same dark matter



2.1 Introduction 23

halos during mergers of halos and galaxies. Furthermore, MBHs (or SMBH “seeds”) do
not necessarily have to form in the most massive halos, where they are observed today, but
have to sink to the halo centres where they can efficiently grow through gas accretion or
mergers with other MBHs.

In a cosmological context, it is unclear how efficient the transport of (“seed”) MBHs
to the centres of dark matter halos and their galaxies is. Furthermore, the expected
dynamical interactions among multiple MBHs make it difficult for MBHs to merge and/or
result in dynamical ejections from the center. In particular low-mass seed MBHs might
not easily sink to the galactic centers and continue orbiting in galactic halos (e.g. Islam
et al., 2003). Even if the MBHs sink and merge, gravitational recoil kicks might eject the
MBHs. Considering these processes, a population 'wandering” MBHs has been predicted
from semi-analytical models (Volonteri et al., 2003; Volonteri & Perna, 2005). Also studies
with cosmological zoom-in simulations by Ma et al. (2021) find that MBH seeds with
masses < 108 Mg, cannot efficiently migrate to the galaxy centres at high redshift. Similar
results are reported from other zoom-in simulations (e.g. Pfister et al., 2019; Bellovary
et al., 2021) as well as larger scale cosmological simulations, e.g. Romulus (Tremmel et al.,
2017), NewHorizon (Beckmann et al., 2023) and Astrid (Ni et al., 2022). These simulations
found that a fraction of the predicted population of “wandering black holes” is free-floating
and cannot sink to the halo/galaxy centres. However, these simulations did not take into
account dynamical ejection process in the center which, according to Volonteri et al. (2003);
Volonteri & Perna (2005), are very important. A large fraction of the population of these
wandering BHs is expected to be hidden due to their low accretion luminosities (Schneider
et al., 2002; Islam et al., 2003; Sharma et al., 2022). So far, only a few observations report
the detection of off-center BHs (e.g. Mezcua & Sanchez, 2020) in low-mass halos as well
as massive galaxies (e.g. Meyer et al., 2023). Microlensing or the tidal disruption of stars
might be a way to detect more of these wandering, not actively accreting black holes in the
future while gravitational wave experiments like LISA are expected to provide a census of
the population of merging MBHs (e.g. Stone & Loeb, 2012; Kains et al., 2016; Lin et al.,
2018; Mangiagli et al., 2022).

It is important to know how and whether MBHs at the different masses predicted by
the various proposed formation scenarios can sink to the centres of low-mass halos and
galaxies, stay there and merge on short timescales. This determines the MBHs’ ability to
rapidly grow already at high redshift into the traditional SMBH regime, as seen by the
observations discussed above. The favourite process of almost all successful cosmological
models for this growth phase is gas accretion in the centres of galaxies (see e.g. Somerville
& Davé, 2015; Naab & Ostriker, 2017, for reviews).

However, simulating the sinking and interaction of MBHs in galaxy simulations is a
complicated dynamical problem that usually requires simplifications, in particular for the
above mentioned cosmological simulations. To resolve dynamical friction, which is respon-
sible for the BH sinking, a mass resolution of the background stellar and dark matter
particles has to be significantly higher (higher than a factor of 10?, e.g. Rantala et al.,
2017) than the MBH seed mass. Furthermore, the force softening between the background
particles and the BH must be sufficiently small to account for the point-like nature of the
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BH (see e.g. Pfister et al., 2019). Because this is not achievable in typical cosmological
simulations, sub-grid prescriptions capturing the effect of dynamical friction on unresolved
scales like Chandrasekhar’s equation (Chandrasekhar, 1943) or more modern formulations
(Tremmel et al., 2015; Ma et al., 2023) are employed. These approximate methods are
tuned to reproduce the expected sinking timescales, but cannot fully capture the dynami-
cal back-reaction of MBHs on their environment. Additionally, the dynamical interaction
between MBHs cannot be resolved on small scales such that BHs are often artificially
merged on kiloparsec scales. This neglects the important phase of MBH binary or triple
evolution during which MBHs dynamically change their environment, can be dynamically
ejected, or merge with a subsequent recoil kick. Therefore, most current cosmological simu-
lations cannot make accurate predictions on the sinking, interaction and merging of MBHs
(see Mannerkoski et al., 2021, 2022, for studies to accurately capture MBH interactions in
cosmological simulations).

Many previous studies have demonstrated that coalescing MBHs in the centres of merg-
ing galaxies result in the formation of ‘cores’ in the central stellar density profiles. The core
formation is mainly caused by the transfer of energy from the MBHs to stars by dynamical
friction until the MBHs form a binary. Thereafter slingshot ejections of stars harden the
MBHs and further reduce the central density (e.g. Milosavljevié¢ & Merritt, 2001; Volon-
teri et al., 2003; Merritt & Milosavljevi¢, 2005; Goerdt et al., 2010; Rantala et al., 2017,
2018; Frigo et al., 2021; Nasim et al., 2021). Throughout the paper, we refer to the com-
bined effect of these two processes (dynamical friction heating and slingshot ejections) as
black hole “scouring” As shown in Merritt (2006), repeated sinking, binary formation and
merger events can enhance this effect, leading to cores in the density distribution and mass
deficits in the galactic centres that scale with the MBH mass and the number of MBH
sinking events. It has been conjectured that the signature of MBH dynamics could also be
imprinted in the dark matter profile (Milosavljevic et al., 2002). Although not considered
in Merritt (2006), the BH merger recoil kick can also have an important effect on the
evolution of the host galaxy. In the last phase of the MBH merger, the gravitational wave
emission becomes highly anisotropic, resulting in a strong spin and mass ratio dependent
velocity kick up to v, ~ 5000 km /s (Zlochower & Lousto, 2015; Campanelli et al., 2007).
As shown in Nasim et al. (2021), the rapid ejection of the remnant from the galactic centre
can unbind the core, adding to the effect of MBH sinking and slingshots. This effect can
remove up to ~ 5 M, from the central core region of a galaxy (Boylan-Kolchin et al., 2004;
Gualandris & Merritt, 2008). The recoil of merged BHs also has implication for the ability
of seeds to grow through mergers, since merger remnants might exceed the escape veloc-
ity of their host halos (Haiman, 2004; Volonteri & Rees, 2006; Volonteri & Perna, 2005).
Some observational candidates for recoiling BHs are presented in Caldwell et al. (2014);
Chiaberge et al. (2018); Chu et al. (2023).

In this paper we aim to overcome technical limitations of cosmological simulations and
study the sinking, interaction and merging of MBHs in idealized multiple galaxy mergers.
Our high-resolution simulations use accurate unsoftened gravitational forces for interac-
tions of MBHs with each other, with stars, and with dark matter particles. They are
designed to accurately capture the effect of dynamical friction as well as the dynamical
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interaction of MBHs with their dark matter and stellar environment using a regularization
technique, post-Newtonian corrections and recoil kicks (Rantala et al., 2017, 2018; Man-
nerkoski et al., 2021; Mannerkoski et al., 2023). We focus our study on merging low-mass
halos and galaxies, resembling the rapid hierarchical growth of structure at high redshift
(see e.g Deason et al., 2022, and references therein). This allows us to achieve sufficient
resolution in the stellar and dark matter components to follow low-mass MBHs (such as
predicted by the Poplll seeding scenario). In our idealized merger setup, we can represent
dark matter particles and stars with masses as low as 20 M, and 100 My, respectively, close
to the individual star limit. This allows us to follow the dynamics of MBHs as low as
~ 1000 Mg,

With our simulations, we gain a better understanding of whether and how MBHs at
different masses can sink to the galaxy/halos centres which is a long standing question
in particular for low-mass seed MBHs (e.g. Schneider et al., 2002). We also investigate
whether the forming binary or multiple MBH systems result in mergers. As these processes
are expected to be MBH mass dependent, we cover a wide range of masses from the PoplIII
seed to the direct collapse seed regime. For low-mass halos, the escape velocities are low,
such that dynamical ejections of MBHs as well as recoil ejections of MBHs merger remnants
are possible. With our simulations, we determine typical scenarios with implications for
the growth of MBHs through mergers. In addition, we study how the presence of sinking
and interacting MBHs impacts the stellar and dark matter density distribution.

The paper is structured as follows: We introduce our simulation framework KETJU
and the initial conditions in section 2.2. In section 2.3, we discuss simulations with dark
matter halos with a focus on sinking (2.3.1), binary and triple formation (2.3.2) and im-
pact on density distributions (2.3.3). We repeat the discussions for simulations with a
galaxy (i.e. including a stellar component) in the dark matter halos in section 2.4. After a
discussion of our results in section 2.5, we conclude in 2.6.

2.2 Simulations with Ketju

To accurately follow the dynamics of BHs and the interaction with their stellar and dark
matter environment, we perform our numerical experiments with the simulation code
KETJU. The KETJU code project is an extension of the tree gravity solver GADGET-3
and was introduced in Rantala et al. (2017, 2018); Mannerkoski et al. (2021). Although
not used here yet, an updated version using GADGET-4 was recently presented in Man-
nerkoski et al. (2023). We give a basic description of the methods in the following section.

2.2.1 Ketju

In regions close to BHs (the “Ketju region” with radius retju, see Tab. 2.1), KETJU switches
from the standard GADGET-3 leapfrog integrator to the accurate MSTAR integrator based
on algorithmic regularization (Rantala et al., 2020).

The regularized integrator relies on three basic ingredients to achieve high integration
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accuracy (e.g. Mikkola & Tanikawa, 1999; Preto & Tremaine, 1999; Mikkola & Merritt,
2006, 2008). First, time transforming the equations of motion together with the use of
the common leapfrog integrator circumvents the Newtonian singularity at small particle
separations. Second, the use of a minimum spanning tree (MST) inter-particle coordi-
nate system significantly reduces the numerical floating-point round-off error. Finally, the
Gragg-Bulirsch-Stoer (GBS) extrapolation method (Gragg, 1965; Bulirsch & Stoer, 1966)
guarantees the desired integration accuracy for all the dynamical variables of the system,
controlled by the relative GBS tolerance parameter nggs.

The regularization scheme allows for solving the orbit of the Newtonian two-body prob-
lem at in principle machine precision. MSTAR is seamlessly integrated in the GADGET-3
time integration and gravity solver. The regularized KETJU region that is carried around
by each BH can merge with the regularized region of another BH particle if they overlap.
To allow for a smooth transition of particles in- and out of the Ketju region, the gravita-
tional softening € of the simulation particles must be sufficiently (at least by a factor of 2.8)
smaller than the size of the KETJU region 7xeju. The perturbations between the regions
and the more distant particles in GADGET-3 are performed using a second-order Hamil-
tonian splitting technique. Hence, KETJU can follow the orbits of simulation particles at
close separations around BHs without gravitational softening, without suffering the typi-
cal large errors during close encounters between particles in simulations. The regions are
integrated in parallel in an efficient manner such that particle numbers of several thousand
can be accurately integrated in each Ketju region.

The interaction between BHs is computed using the post-Newtonian equation up to
order 3.5, allowing to track the gravitational wave driven coalescence of black holes. BHs
merge if they approach closer than 10 Schwarzschild radii ;. Based on the mass ratio and
spin parameters of the merger progenitors, the merger remnant receives a recoil kick based
on the small-scale GR-simulations presented in (Zlochower & Lousto, 2015).

2.2.2 Initial conditions

We set-up multiple merger initial conditions for low-mass galactic dark matter halos with
a central halo and five smaller satellite halos on bound orbits. The energies of the satellite
orbits are chosen such that the entire system merges within a few Gyr. Under this con-
dition, we have realised four random initial configurations with different orbits (positions
and velocities) for the satellite galaxies (IC1, IC2, IC3, IC4). This allows us to investigate
idealised multiple dark matter halo, galaxy and BH interactions at reasonable computa-
tional cost. Such an idealised multiple merger scenario for low-mass galaxies might be
representative of high redshift environments (z 2 2), where theoretical models predict
that low-mass halos have undergone several minor merger events within a few Gyr (see e.g
Deason et al., 2022, and references therein).

Our fiducial simulations have dark matter halos with radial densities following a Hern-
quist (1990) profile with 741/ = 7.1kpc and masses of Mgy, = 2 x 10° M, (central) and
Mym = 4 x 108 M, (satellites). The corresponding NFW-profile concentration (obtained
by fitting a NF'W profile to the Hernquist profile between 10 pc and 100 kpc) of the central
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halo is ¢=11.9 (4.0; 1.6) and ¢=7.2 (2.0; 0.6) for the satellite at red-shift z=0 (z=2 and
z=bh), consistent with the trend of lower concentration parameters in the high red-shift
universe (Maccio et al., 2008; Prada et al., 2012; Moster et al., 2020; Yung et al., 2024).
Since our numerical study is agnostic about the origin of the MBHs and non-cosmological,
we do not simulate a specific target red-shift. The inner density slope of the halos follows
the expected universal p oc 7! scaling and only differs from the NFW profile on scales
that are comparable with the initial separation of galaxies.

In some simulations, the halos host a central galaxy with a stellar mass of 0.1 x My, and
a half-mass radius 7,1/ = 1kpc (labeled “~star” in Tab. 2.1), also following a Hernquist
profile. This baryonic mass fraction is higher than predictions from e.g. abundance match-
ing and empirical galaxy formation models (Moster et al., 2013, 2020; Behroozi et al., 2019;
O’Leary et al., 2023). Therefore, the simulations place an upper limit on the supporting
effect of a stellar component on the dynamical friction to speed up the galaxy and BH
merger process, even though the baryon fractions of dark matter halos at high redshift are
still highly uncertain. To test the effect of a higher halo mass, we also perform simulations
at ten times higher mass, i.e. a central halo mass of Mgy, = 2x 10" Mg (7am,1/2 = 16.9kpc)
and satellite halo mass of Mg, = 4 x 10° M, (Tdm,1/2 = 7.1kpc). With these parameters,
the central halo has a NFW concentration of ¢ = 9.2 (3.1; 1.3) and the satellite halo ¢
= 14.6 (5.1; 2.3) at z=0 (z=2 and z=5). These concentrations fall into the range that is
expected at low and intermediate red-shifts (Moster et al., 2020) and high red-shift (Yung
et al., 2024) and have a density profile similar to the initial conditions simulated in Hu
et al. (2016). The mass of the galaxy - if present - has the same mass and size as in our
fiducial simulations. These simulations are labeled ICim and IC2m in Tab. 2.1 and have
orbits similar to IC1 and IC2 respectively, although scaled to higher masses.

All halos are initialized in equilibrium with their BHs with the technique presented
in Rantala et al. (2017, see also Hilz et al., 2012). We study the evolution of massive
BHs (MBHs) in a mass regime above stellar BHs from 200 to 10" My,. Traditionally, these
objects are termed intermediate mass BHs (IMBHs with 200M, < M, < 10° M) and
supermassive BHs (SMBHs with M, > 10°M,). The satellite galaxies also host central
MBHs with masses of 20% of the MBH in the main galaxy (M, = 0.2 x M,.). With
recent observations indicating the existence of over-massive BHs in low-mass galaxies both
at lower redshifts (Mezcua et al., 2023) and also at early cosmic times (Ubler et al., 2023;
Harikane et al., 2023) as well as the uncertainties of the seeding mechanisms (see e.g. Greene
et al., 2020), it is crucial to consider a wide range of BH masses beyond the traditional
stellar mass - BH mass relation in the local Universe (Kormendy & Ho, 2013). All MBHs
are assumed to have zero spin initially.

We run simulations with three different mass resolutions for the dark matter particles
(20,100, and 1000 M, with labels “207, “100” and “1000”, respectively) resulting in parti-
cle numbers of ~ 106 —108. The gravitational interactions of the dark matter particles with
each other are softened on a scale of € = 4 pc for the highest resolution runs (mam = 20 Mg)
and € = 7pc for the lower resolution simulations (mg, = 100 Mg and mg, = 1000 Mg).
The fiducial runs allow for unsoftened (collisional) interactions of BHs with the dark mat-
ter particles inside the Ketju region of rxeju = 3¢, i.e. 12 pc at the highest resolution
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Figure 2.1: Dark matter surface densities (greyscale) and massive black hole (MBH) orbits
(color coded) for the highest resolution (20 M) simulations with orbital configuration
IC1-20-5 (top row) and IC2-20-5 (bottom row) at initial time (left panels), after 0.2 Gyr
(middle panel) and after 3.6 Gyr (right panel). The central halo hosts a MBH with M, . =
10° Mg, while the BHs of the five in-falling satellites only have 20 % of the central MBH
mass each. Interactions of the MBHs with each other and with nearby dark matter particles
are calculated accurately with a regularisation method. Some MBHs orbit in the halo at
large radii (kpc scales) while MBHs that sink to the centre form dynamically complex
subsystems. In the bottom right panel, the central MBH (black) is ejected from the host
halo after a merger.
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Simulation IC | Mhalo,c M, . log(Me,c/M@) | €BH,dm | TKetju | Mires Ny
[Mo] [Mo] [pc] [pe] | [Mo]

IC1-20 1 [ 2x10° - 3,4,5,6,7 0.0 12.0 20 2.0 x 10%
1C2-20 2 | 2x10° - 3,4,5,6,7 0.0 12.0 20 2.0 x 10®
1C2-20-soft 2 | 2x10° - 3,4,5,6,7 4.0 12.0 20 2.0 x 10®
1C2-100 2 | 2x10° - 4,5,6,7 0.0 21.0 100 | 4.0 x 107
1C2-100-stars 2 | 2x10° | 2x10® 4,5,6,7 0.0 21.0 100 | 4.4 x 107
1C2-100-soft-stars 2 | 2x10° | 2x 108 4,567 7.0 21.0 100 | 4.4 x 107
IC1-1000 1 | 2x10° - 5,6,7 0.0 21.0 | 1000 | 4.0 x 10°
1C2-1000 2 | 2x10° - 5,6,7 0.0 21.0 | 1000 | 4.0 x 10°
1C3-1000 3 | 2x10° - 5,6,7 0.0 21.0 | 1000 | 4.0 x 10°
1C4-1000 4 | 2x10° - 5,6,7 0.0 21.0 | 1000 | 4.0 x 10°
IC1-1000-soft 1| 2x10° - 5,6,7 7.0 21.0 | 1000 | 4.0 x 10°
1C2-1000-soft 2 | 2x10° - 5,6,7 7.0 21.0 | 1000 | 4.0 x 10°
1C3-1000-soft 3 | 2x10° - 5,6,7 7.0 21.0 | 1000 | 4.0 x 10°
1C4-1000-soft 4 | 2x10° - 5,6,7 7.0 21.0 | 1000 | 4.0 x 10°
IC1-1000-stars 1 | 2x10° | 2x10° 5,6,7 0.0 21.0 | 1000 | 4.4 x 10°
1C2-1000-stars 2 | 2x10° | 2x 108 5,6,7 0.0 21.0 | 1000 | 4.4 x 10°
IC3-1000-stars 3 | 2x10° | 2x 108 5,6,7 0.0 21.0 | 1000 | 4.4 x 10°
1C4-1000-stars 4 | 2x10° | 2x108 5,6,7 0.0 21.0 | 1000 | 4.4 x 10°
IC1-1000-soft-stars 1| 2x10° | 2x 108 5,6,7 7.0 21.0 | 1000 | 4.4 x 10°
1C2-1000-soft-stars 2 | 2x10° | 2x 108 5,6,7 7.0 21.0 | 1000 | 4.4 x 10°
1C3-1000-soft-stars 3 | 2x10° | 2x 108 5,6,7 7.0 21.0 | 1000 | 4.4 x 10°
1C4-1000-soft-stars 4 | 2x10° | 2x108 5,6,7 7.0 21.0 | 1000 | 4.4 x 10°
IC3-1000-perturbed 3 2 x 107 - 7 0.0 21.0 1000 | 4.0 x 10°
IC1m-1000 1m | 2 x 10™ - 5,6,7 0.0 21.0 | 1000 | 4.0 x 107
IC1m-1000-stars im | 2 x101° | 2 x 108 5,6,7 0.0 21.0 | 1000 | 4.04 x 107
IC1m-1000-soft-stars || 1m | 2 x 10'° | 2 x 108 5,6,7 7.0 21.0 | 1000 | 4.04 x 107
1C2m-1000 om | 2 x 10%° - 5,6,7 0.0 21.0 | 1000 | 4.0 x 107
IC2m-1000-stars om | 2 x 10 | 2 x 108 5,6,7 0.0 21.0 | 1000 | 4.04 x 107

Table 2.1: Summary of the simulation presented in this work. Every simulation consists
of a main central halo with a BH and five infalling satellite halos (each one carries an
additional BH with 20% of the mass of the BH in the central halo). In the fiducial case,
the central mass is Myaoc = 2 X 10° M, and satellites have Mhatos = 4 X 108 M. The name
of the simulation represents the orbital configuration of the merger (IC), mass resolution
Myes and logarithm of the mass of the central MBH M, . = 0.2 M,,. We vary the MBH
mass in steps of 1 dex. If the force between BH and dark matter is softened (with softening
€BH,dm) OF a stellar component (of mass M, ) is used, we add the keyword soft or stars.
We also list the mass of the central halo My and add “m” for the more massive halos
(Mpaloc = 2 % 10" M) to distinguish them from the fiducial simulations. The size of the
regularized region is given by 7keu. The softening among dark matter and star particles
(€ = €xdm = €dmdm = €xx) 1S always set to € = rietju/3. The total number of particles
N, in each simulation is shown in the last column. Simulations in the first section of the
table are designed to maximize resolution while the second section aims at improving the
statistics with multiple lower-resolution initial conditions. With IC3-1000-perturbed, we
test the impact of tiny perturbations on the system. The last section lists simulations at
a higher galaxy mass, at the expense of resolution.
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(e.g. simulation IC1-20) and 21 pc at lower resolution (e.g. IC1-100 and IC1-1000)'. The
unsoftened dark matter BH interactions allow for the hardening and merging of bound BH
subsystems due the interactions with dark matter particles. We also perform comparison
runs with softened interactions of the dark matter with the back holes (i.e. simulation
name IC1-20-soft for the highest resolution simulation). The central stellar component,
if present, has the same masses and softening lengths as the dark matter to reduce ad-
ditional relaxation effects and the interactions of stars with BHs are always unsoftened.
We have run simulations including a central stellar component at 100 Mg and 1000 Mg
resolution (i.e. simulation name IC2-100-stars and IC2-1000-stars, respectively). For
comparison, all simulations are also performed without MBHs. The suite of over 100 sim-
ulations is summarized in Table 2.1. While the simulations in the first section of the table
aim at the highest possible mass resolution, the second section is designed to test multiple
realizations. With initial conditions IC3-1000-perturbed, we test the impact of small
perturbations on the dynamics of the system. The last section of the table represents the
simulations with higher halo mass. Throughout the paper, we will refer to simulations in
this table using the label given in the first column together with the extension “3, 4, 5,
6, 77 indicating the logarithm of the central MBH mass M, . in the particular simulation.

In Fig. 2.1, we show an example of the highest resolution initial configuration of
IC1-20-5 (top row, left) and IC2-20-5 (bottom row, left) with the orbits of the MBHs
color coded after 0.2 Gyr (middle panels) and after 3.6 Gyr when the merging of the dark
matter holes is complete and the system has relaxed (right panels). As indicated by the
extension “~5” in the label, the presented simulations have a central MBH mass of 10° M.

2.3 Massive black holes in merging dark matter halos

In this section, we present the mergers of dark matter halos without a stellar component and
analyse MBH sinking, binary formation, mergers and the impact on the density structure
of the halo.

2.3.1 Massive black hole sinking

In Fig. 2.2, we show the distance of the satellite MBHs and the five times more massive
host MBH to the region with the highest dark matter density as determined with a shrink-
ing spheres algorithm (Power et al., 2003) for 13 Gyr of evolution. The columns represent
different high-resolution initial conditions as listed in Tab. 2.1. Here, we consider two dif-
ferent merger configurations (IC1 and IC2) at two different resolutions (20 M and 100 M)
and highlight the impact of softened dark matter-MBH forces (IC2-20-soft) compared to
the fiducial unsoftened dark matter-MBH forces (I€2-20). The mass of the satellite MBHs

ITo avoid the stalling of the integration in three simulations with an extremely small binary separation
and large particle numbers in the Ketju region, we decreased the size of the Ketju region to rketju = 3 pc
(IC1-20-4, at 2.2Gyr) and rgetju = 12pc (IC2-100-star-4, at 6 Gyr). This also decreases the global
softening to €sor, = T'Ketju/3-
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Figure 2.2: Radial distances of all MBHs (colored lines) from the dark matter density
centre of the systems as a function of time. From top to bottom, the central MBH mass
increases by factors of 10 from M, . = 10> M to 10" M, (indicated by the grey band).
The two left columns show the highest resolution runs IC1-20 and IC2-20. In the third
column, we show the effect of softened dark matter - MBH interactions (IC2-20-soft).
The right column shows the lower-resolution simulation IC2-100. If satellite MBHs sink to
the centre, they can form bound systems with the central MBH. They can merge followed
by recoil kick ejection (i.e. IC-20-5, filled triangle), be dynamically kicked to wide halo
orbits without subsequent sinking (i.e. MBH-b, orange, and MBH-a, blue, in IC2-20-6)
and with subsequent sinking (i.e. MBH-d, red, in IC2-20-6), or be dynamically ejected
from the system (i.e. MBH-e, purple, and MBH-a, blue, in IC1-20-7, open triangles). Low-
mass satellite MBHs typically cannot sink to the halo centre (e.g. IC1-20-3, IC1-20-4,
IC1-20-5).



32 2. Massive black hole dynamics

(solid colored lines) increases from M, s = 200 M, in the top row to M, =2 x 10° Mg, in
the bottom row.2

As the first column shows (IC1-20), low-mass MBHs (first, second and third row)
generally do not sink to the halo centre efficiently. Satellite MBHs of mass M,s 2 2 X
10° Mg, (central MBH mass of M, . = 10° Mg, fourth row) start to sink on a timescale
shorter than the Hubble time, but not all have reached the center by the end of the
simulation. Only in the most massive case, all satellite MBHs (M, = 2 x 10 M) sink
within ~ 2 Gyrs.

The initial conditions IC2 (column two, three and four) favour the sinking of at least
two MBHs as two halos (and their MBHs) are on a very radial initial orbit and rapidly form
a bound subsystem (orange and green trajectories in Fig. 2.1). As a result of this orbital
configuration, the satellite MBHs “b” and “d” migrate to the central region, irrespective
of their mass. In simulations with a central MBH mass of 10° — 10° M, only these two
satellite MBHs reach the centre of the halo. For central MBH masses > 10* Mg, these
three MBHs form triple black holes systems that can result in the merger of a satellite
MBH (i.e. MBH-b, orange, in IC2-20-4 and MBH-d, red, in IC2-20-5) and the grey host
MBH (black triangle). As indicated by the rapidly increasing radial distance of the merger
remnant (thick grey line), the MBH merger recoil kick velocity of v, ~ 134km /s exceeds
the escape velocity of the host halo, unbinding the merger remnant from the host halo
(i.e. at about ~ 2.5 Gyr and ~ 4 Gyr in IC2-20-4 and IC2-20-5, respectively).

Additional MBHs that are bound to the central MBH binary are often dynamically
ejected from the centre at the time of the merger (i.e. MBH-b, orange, in IC2-20-5). As
an example, the details of the merger process in simulation IC2-20-5 are shown in Fig. 2.4
and will be discussed in more detail in the next section. A MBH merger and ejection happen
at both tested resolutions for a central MBH mass of 10° Mg, (IC2-20-5 and IC2-100-5).
In the lower resolution case, however, MBH-b and MBH-d are interchanged such that the
central MBH merges with MBH-b (orange) and MBH-d (red) is ejected. For the smaller
MBH mass, we only find a merger at the higher resolution IC2-100-4, although the sinking
in the first Gyr of both simulations is very similar.

For satellite MBHs of mass 2 x 10° Mg, (models “~6”, fourth row in Fig. 2.2) more MBHs
sink to the centre resulting in complex central MBH subsystems but no MBH mergers.
More massive satellite MBHs of 2 x 10° My (models “-77, fifth row in Fig. 2.2) interact
so strongly that up to three satellite MBHs can be ejected through tree body encounters
(e.g. IC1-20-7, open triangles). If the dynamical kicks are weak, the kicked MBHs rapidly
sink to the centre again (e.g. I€2-20-6, MBH-d, red). Stronger interactions kick MBHs to
wide orbits, still bound to the system (e.g. IC2-20-6, MBH-b, orange, and MBH-a, blue;
I1C1-20-7, MBH-d, red). The strongest interactions unbind the kicked MBHs from the halo
(e.g. IC1-20-7, MBH-e, purple, and MBH-a, blue). In the plots throughout the paper,
any N-body encounter that kicks satellite MBHs to distances larger than 5kpc is labeled
“dynamical ejection” and is indicated by an open triangle. These dynamical interactions

2For visualization purposes, we have convolved the lines in Fig. 2.2 and 2.10 with a window function
to suppress oscillations with a period below ~ 50 Myr.
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are often associated with an exchange of the most bound MBH at the centre (see e.g. the
orange MBH-b in IC2-20-6). This will be discussed in more detail in the context of the
semi-major axis evolution.

In the low resolution case IC2-100-7, the central MBH and a satellite MBH merge
(black filled triangle) within the first two Gyr and the remnant is ejected. In the high
resolution version of the same initial conditions (IC2-20-7), a merger with a different
satellite MBH ejects the host MBH significantly later after ~ 12Gyr. Because these
simulations are in the resolution regime where dynamical friction and BH binary scouring
are sufficiently resolved (mass ratios of 105 and 2 x 10* respectively), this could be an
indication of the stochastic nature of the merger process. Due to the partially chaotic
nature of many-body interactions, it is unclear if exact agreement or convergence for runs
with different resolutions can in general be achieved (see e.g. Nasim et al., 2020; Rawlings
et al., 2023, and references therein). We discuss some aspects of this behaviour in the next
chapter.

Away from the centre of the halo, where the MBHs have not interacted with the central
binary yet, the sinking timescales do not change with resolution indicating that dynamical
friction is sufficiently well resolved (see e.g. IC2-20-6 and IC2-100-6 for MBH-a (blue)
and MBH-b (purple) in Fig. 2.2). This has also been shown in previous studies includ-
ing regularised integration around sinking BHs (see e.g. Karl et al., 2015; Rantala et al.,
2017). The sinking timescales in the model with softened BH-dark matter interactions
(e.g. IC1-20-soft-6) are only slightly longer than in the unsoftened case because the
softening scale of 4 pc is still very small. The small force softening is necessary because
dynamical friction cannot be accurately captured anymore for lower resolution and larger
force softening length (see e.g. Pfister et al., 2019).

2.3.2 Massive black hole binary formation, triple interactions,
and mergers

In Fig. 2.3, we show the time evolution of the semi-major axes of the host MBH with respect
to the satellite MBHs once they have formed a bound system.® The figure is arranged as
Fig. 2.2 and empty panels indicate that no central binary has formed.

Small semi-major axes a indicates that the central MBH is gravitationally bound with
the satellite MBH of the respective color, assuming that the potential of stars and dark
matter can be neglected on small scales. Solid lines indicate the formation of tight binaries
while colored surfaces show the presence of an outer triple companion of the central binary
(e.g. the blue surface in IC2-100-6). In the latter case, the semi-major axis fluctuates
because of the high orbital velocity of the central MBH in the inner binary.* Whenever the

30Orbital elements are calculated including third order PN corrections according to Memmesheimer et al.
(2004). We neglect the potential of the environment and compute the pairwise orbital elements for each
combination separately.

41t is in principle possible to correct for the orbital velocity of the inner binary. In Figure 2.4, we
compute the orbital elements with respect to the centre of mass properties of the inner binary such that
the oscillations in the semi-major axis of the outer triple MBH disappear (e.g. the orange surface of
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Figure 2.3: Semi-major axes, a, of the satellite MBHs and the more massive host MBHs
as a function of time. Panels are arranged as in Fig. 2.2. Empty panels indicate no MBH
binary formation. In gravitational wave emission driven mergers, the semi-major axes
rapidly drop to zero (i.e. IC-20-6, filled triangles). For collisional (unsoftened) MBH -
dark matter interactions, the binaries harden by interactions with the dark matter particles
and regularly exchange and kick satellite MBHs in three-body interactions. For example
in IC-20-6, MBH-b (orange) is replaced by MBH-a (blue), which is replaced by MBH-
e (purple). All replaced MBHs are ejected. With force softened MBH - dark matter
interactions the binary MBHs do not harden and a only shrinks through BH-BH encounters
(i.e. IC2-20-soft-5). Dynamical ejections (see e.g. IC2-20-6) typically happen at 0.05 —
1 pc semi-major axes (depending on the MBH mass scale) and are indicated by open triangle
(as in Fig.2.2).
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semi-major axis is rapidly dropping towards zero the host MBH is merging with a satellite
MBH (i.e. IC2-20-5 or IC-2-100-7, filled black triangles).

As already discussed in Fig. 2.2, for IC1 (first column), only the most massive MBHs
sink fast enough to form a binary within a Hubble time (IC1-20-6 and IC1-20-7). As a
result of the initial orbital configuration in IC2, two satellite MBHs with masses as low as
2 x 103 M, (I1C2-20-4, IC2-100-4) quickly sink towards the central MBH to form a tight
binary. While only MBH-b (orange) and MBH-d (red) can end up in the central binary for
low BH masses, every satellite MBH has a chance to form the central binary for satellite
masses > 2 X 10° My, (indicated by the appearance of various colors in the solid lines).

All simulations with collisional (unsoftened) MBH-dark matter interactions show a
continuous hardening of the semi-major axis due to MBH binary scouring. This effect is
visible for the semi-major axes of the central binary (solid lines) as well as in the shrinking
of the semi-major axis of the outer companions (colored surfaces). If the MBH-dark matter
forces are softened, the forming binary MBHs do not harden and the semi-major axes are
only reduced in three-body MBH interactions (i.e. MBH-b, orange, and MBH-d, red, in
I1C2-20-soft-6), causing a(t) to be approximately piece-wise constant.

These three-body interactions regularly result in exchanges of MBHs in the central
binary, as indicated by the change of color. The most extreme case is I1€C2-100-6 with
three exchanges. In these cases, a third satellite MBH sinks to a sub-parsec semi-major
axis by losing energy in interactions with the dark matter particles. Then, the central
binary can either kick the sinking MBH or the sinking MBH replaces the binary partner
of the central BH and the former binary partner receives a strong kick. These three-body
interactions can either push satellite MBHs on wide orbits without subsequent sinking
(e.g. open triangles in IC2-20-6, MBH-b, orange, and MBH-a, blue, see also Fig. 2.2)
or result in repeated sinking and interactions with the central MBH binary (e.g. MBH-d,
red, in IC2-20-6). As discussed in the previous section, the satellite MBHs can also be
dynamically ejected from the entire system (e.g. MBH-e, purple, and MBH-a, blue, in
I1C1-20-7). These ejections, indicated by open triangles, typically have a strong effect on
the semi-major axis of the inner binary.

If a is small and the eccentricity of the central MBH binary becomes very high, gravita-
tional wave emission drives the system towards a merger (filled black triangles in Fig. 2.3).
As an example, we highlight the path to the merger of two MBHs in I1C2-20-5 in Fig. 2.4.
In this case, the satellite MBH-b and MBH-d rapidly form a binary with a semi-major
axis shrinking to ~ 1 pc. In an encounter with the five times more massive central MBH,
MBH-b is replaced by the central MBH and receives a kick. We show a representation of
the MBH orbits during this process in the bottom left of Fig. 2.4. The newly formed binary
(MBH-d and the central MBH, red) forms a hierarchical triple with MBH-b (orange) and
the semi-major axis of the inner binary shrinks to ~ 100 mpc within the first ~ 3 Gyr.
In contrast to the previous plots, where the semi-major axis was always computed with
respect to the most massive central MBH, we compute a for the outer triple companion
(MBH-b) with respect to the centre of mass of the inner binary (MBH-d + central MBH).

1C2-20-5 in Fig. 2.3 becomes a solid line in Figure 2.4).
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Figure 2.4: The time evolution of semi-major axes (top panel), eccentricities (middle panel),
and orbits (bottom panel) at the time of triple formation (left) and the gravitational wave
driven merger (right, at higher time resolution) for 1C2-20-5. The central MBH (grey)
and two satellite MBHs (MBH-d, red; MBH-b, orange) form a hierarchical triple with
von Zeipel-Lidov-Kozai oscillations in the eccentricity evolution (MBH-d, red) starting at
~ 2.5Gyr. The central binary eccentricity increases until the two MBHs merge at ~ 3.57
Gyr and the remnant is ejected (grey line, bottom right panel). The third, originally least
bound, MBH (MBH-b, orange) becomes unbound and leaves the centre into a wide halo
orbit (see IC2-20-5 in Fig. 2.2). The circularisation of the merging MBH binary orbit
by gravitational wave emission is captured by the PN corrections in the code but the
circularisation timescale is too short to be visualised here (see Fig. 2.12 for an example).
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Figure 2.5: The evolution of the semi-major axes (top left) and the eccentricities
(bottom left) of the forming central MBH binaries for 23 different realisations of
I1C3-1000-perturbed (different colours). Initially, the central MBHs were displaced in
x-direction by dx = 107% — 30 pc. All simulations show a similar hardening of the binary
with similar final semi-major axes, independent of the initial displacement (bottom left
and right). The eccentricities show a stochastic behaviour which, for three simulations
with the highest eccentricities, result in MBH mergers (semi-major axes dropping to zero
in the top left panel, filled triangles in the right panels). There is no correlation of initial
displacement with final binary eccentricity (bottom right panel) and most realisations do
not result in a MBH merger within a Hubble time. The particular satellite MBH, which
forms a binary with the central MBH, also changes with each realisation.
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This avoids the oscillations in the semi-major axis of (MBH-b) that are visible in Fig. 2.3.
The outer MBH-b has a few close encounters with the central binary kicking it back to
a larger semi-major axis. These encounters perturb the eccentricity of the inner binary
(middle left panel). After the triple is established (~ 2.5Gyr), the eccentricity (middle
panel) shows periodic oscillations for the inner MBH binary which are typical for von
Zeipel-Lidov-Kozai (ZLK) oscillations (von Zeipel, 1910; Lidov, 1962; Kozai, 1962; Ito &
Ohtsuka, 2019). In the right panels of Fig. 2.4, we show the evolution of the semi-major
axes and eccentricities at higher time resolution shortly before the merger. The ZLK os-
cillations drive the inner MBH binary to increasingly higher eccentricities (low 1-e) and
MBH-d merges with the central MBH at ~ 3.57 Gyr. The gravitational wave emission and
circularisation of the orbits right before the merger are captured by the PN terms in the
code but the timescale is too short to be visualised here. The merger remnant (grey, bot-
tom right panel) is then ejected by its gravitational recoil kick and the third MBH (MBH-b,
orange) becomes unbound and also leaves the central region to a wide orbit in the halo
(see IC-20-5 in Fig. 2.2). The bottom right panel shows the orbit evolution around the
time of the MBH merger with the merger remnant (grey) and the MBH (orange) leaving
the centre.

As we discussed before, the evolution of the multiple MBH sub-systems at the halo
centres has a stochastic component and neither the exact time of the merger nor the identity
of the merging lower mass satellite MBH can be predicted from higher or lower resolution
simulations. Even a different random realisation of the same initial conditions will most
likely not result in the same MBH merger event. To assess the stability of the merger event
prediction, we have shifted the initial positions of the central MBH in the initial conditions
IC3-1000-7-perturbed by displacements between dx = 10~*pc and 30pc. In Fig. 2.5,
we show the evolution of the semi-major axes (top left) and the eccentricities (bottom
left) of the forming central MBH binaries for 23 different displacements with different
colors. Independent of this displacement, the simulations show very similar hardening of
the central MBH binary with similar final semi-major axes of about ~ 200 mpc (top right).
However, in three of the realisations, the central MBH binary has merged without any clear
connection to the initial displacement (filled triangles). The eccentricity evolution reflects
this stochastic behaviour. The three simulations with the highest eccentricities result in
MBH mergers. There is no correlation of initial displacement with final binary eccentricity
(bottom right panel) and most realisations do not result in a MBH merger within a Hubble
time. Also the satellite MBH which forms a binary with the central MBH can change with
each realisation. This experiment highlights the complication of predicting MBH merger
time scales even for the most accurate and highest resolution simulations.

2.3.3 Dark matter density distributions

As discussed in the introduction, coalescing MBHs in the centres of merging galaxies can
lead to the formation of ‘cores’ in the central stellar density profiles. Core formation is
mainly caused by the transfer of energy from the MBHs to stars by dynamical friction and
the slingshot ejections of stars (‘scouring’) through encounters with the MBH binary (e.g.
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Figure 2.6: The dark matter densities profiles for the simulations presented in Fig. 2.2 and
2.3 after 3 Gyr (dotted), 6 Gyr (dashed) and 12 Gyr (solid) of evolution for central MBHs
with M, . = 10% (red), 10* (green), 10° (orange), 10° (blue), and 107 (purple) Mg. The
comparison simulations for the respective initial conditions without MBHs are shown in
blue. Simulations which have not formed a central MBH binary (e.g. IC1-20-2, IC1-20-4,
IC1-20-5, I€2-20-3) show only a minor reduction in central density, similar to the no-
MBH simulation. Systems forming central binaries and/or MBH ejection show clear central
deviations (breaks) from the no-MBH simulations for central MBHs > 10° M. IC-20-7
and IC2-200-7 have the lowest central densities (a reduction by more than two orders of
magnitude) as their MBHs are the most massive and the host MBHs have been ejected in
recoil events. On the x-axis, the radii ri0ps, enclosing a total mass of 10 times the initial
central MBH mass are indicated with vertical lines. Typically, inside these radii the density
profiles break and become flatter than the no-MBH profiles.
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Milosavljevi¢ & Merritt, 2001; Merritt & Milosavljevié, 2005; Goerdt et al., 2010; Rantala
et al., 2017, 2018; Frigo et al., 2021). Most studies have focused on systems with comparable
MBH masses. In general, however, the merger partners have unequal masses. According to
simulations presented by Merritt (2006), subsequent coalescence events with less massive
MBHs are expected to result in a central mass deficit of order AM ~ 0.5 Nyerger MBH,final,
where Nperger 15 the number of merger events and M, gina is the final MBH mass under the
assumption that all MBHs merge without a merger recoil. The simulations discussed in
this section have no stars. The dark matter, however, is assumed to directly interact with
the central MBHs in the same way as the stellar population in the above studies and we
therefore expect central mass deficits and the formation of dark matter density cores. In
contrast to the simple expectation for the mass deficit in Merritt (2006), we have shown
that the MBH dynamics is more complex. The MBHs do not sink and merge one after
the other but can interact and be ejected by dynamical interactions or recoil kicks which
also affect the central density distribution (e.g. Merritt et al., 2004; Gualandris & Merritt,
2008). As shown in the previous section, MBHs can also sink to the centre multiple times.
Although low-mass MBHs do not sink to the galaxy centre efficiently, many MBHs (or all,
for the most massive MBHs) sink and form binaries or triples. This process is expected to
create density cores even though real mergers of MBHs are the exception in the simulations.

In Fig. 2.6, we show the density profiles of the simulations presented in Figs. 2.2 and
2.3 after 3, 6, and 12 Gyr of evolution. In addition, we show the evolution of the same
initial conditions without MBHs in the dark matter halo centres (blue). Without MBHs,
the dark matter density profiles evolve very little and only a small core region of order
~ 20 pc forms. This is a few times the gravitational softening length and is therefore
expected. The density profile of simulations with 10® and 10* M, central MBH mass (red
and green) evolve very similarly and no measurable density core forms. For higher MBH
masses, core formation becomes visible if the MBHs can sink and form a binary at the
centre (e.g. orange lines for IC2). If no MBH binary is formed, the density profiles still
do not differ from the case without MBHs. This is the case for simulations IC1-20 with
central MBH masses M, < 10°M,, where no MBHs sink to the halo centre and form
binaries.

In all other cases, the central dark matter densities are reduced and flat-density cores
form at the end of the simulations. The most striking example is IC2-20-7 (purple curve),
where the central density drops by ~ 2 orders of magnitude and leads to a constant density
core with a size of almost ~ 1kpc. In this simulation, a long phase of a central binary
evolution (~ 12 Gyr) with exchanges, kicks and sinking is followed by a MBH merger with
remnant ejection. Hence, all three mechanisms (binary formation, triple interactions with
repeated kicks and sinking, and gravitational recoil) are at work here. If the binary MBH
phase is short and the MBHs merge rapidly (e.g. IC2-100-7), the core size and central
density reduction is smaller. If the MBHs sink, even simulations with lower MBH masses
(e.g. IC2-20-5 and IC2-100-5) can lead to dark matter cores extending to ~ 70 pc.

A dark matter core also forms if the dark matter - MBH forces are softened as in
IC2-20-soft-7 but it is less pronounced than in the unsoftened case. Because the assumed
force softening is very small (e = 4 pc), dynamical friction and MBH binary formation are
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Figure 2.7: The time evolution of the radius enclosing dark matter with 10 times the
central MBH mass M, . for models with M, . = 107 (top), 10° (middle) and 105 M, (bot-
tom). This radius is a good proxy for the break radius in the dark matter profile (see
Fig. 2.6). Sudden increases in this radius are caused by dynamical ejection events (open
triangles, e.g. IC2-20-6, orange, middle panel). The strongest increases are associated
with merger recoils (filled triangles, e.g. IC2-20-7, orange, top panel). MBH binary scour-
ing and the repeated kicks of satellite MBHs lead to a continuous increase of this radius
(e.g. IC1-20-6, blue, middle panel). Without a central MBH binary the radius remains
constant (e.g. IC1-20-5, blue, bottom panel). In the softened dark matter case, the effects
are generally weaker.
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at work also here, resulting in qualitatively similar behaviour. However, the strength of
the effect is underestimated, MBH binary hardening and merging is suppressed, and the
MBHs do not merge.

The degeneracy of dynamical processes that lead to the formation of cores makes it
difficult to compare to studies in the literature that only consider dynamical friction, as
e.g. in Goerdt et al. (2010) for a single sinking object. Using their fitting formula, the core
size for the most massive sinking satellite MBH (2 x 10% M) would be ~ 80 pc, significantly
smaller than the core size that we find here as a result of many processes that take place
simultaneously. Hence, dynamical friction alone cannot be enough to explain the cores
that we find.

For the simple expectation that all MBHs sink to the centre, the missing mass in the
halo centre estimated following Merritt (2006) would be proportional to the number of
sinking (merger) events and the final black hole mass. Even though this simplified picture
does not match the more complex behaviour in the simulations here, we empirically find
that the radius enclosing ten times the initial central MBH mass, Mg (7100, ) = 10 X M, .,
is a good indicator of the scale where the density profiles break and become shallower than
in simulations without MBHs (as indicated by vertical lines in Fig. 2.6).

To get a better understanding of the time-evolution of the dark matter distribution, we
show r19xs, as a function of time in Fig. 2.7. Significant, sudden increases can be attributed
to merger induced kicks (filled triangles) or dynamical ejection (open triangles) that are
strong enough to eject a MBH from the centre (r > 5kpc). Steady growth of 7105, occurs
if a binary is formed (e.g. IC1-20 in the 10° M, case, middle panel, blue line). However,
the effect of idealised MBH sinking and merging cannot be separated from the effect of
repeated weak kicks to radii comparable to r1gy,, and subsequent sinking events here, since
both typically occur simultaneously in our simulations. For example, simulation IC1-20-6
has a strong change in rygps, after a binary forms at ~ 6 Gyr and ~ 8 sinking events
from radii larger than 7195, have happened, despite not having any mergers or dynamical
ejections. In simulations with softened BH-dark matter interactions, the growth rate of
rionm, 18 generally smaller than in the unsoftened scenario. In agreement with Fig. 2.6,
r100m, does not increase if no binary is formed.

It is difficult to single out the main driver of core formation here, since multiple processes
happen simultaneously. However, from our simulations it becomes clear that the most
significant effect usually comes from the ejection of a BH merger remnant, which can lead
to a mass deficit within 7p, of ~ 1 — 4 M, .. Distinguishing between core scouring and
the effect of repeated BH kicks is less clear. Even the comparison with the softened case,
that cannot have core scouring below the softening length is insufficient here, because of
the slightly longer sinking timescale compared to the unsoftened case. As a consequence,
the heating through repeated kicks of the BHs is expected to be more inefficient. Hence,
it is unclear if the slower growth of the core radii can be attributed to the lack of core
scouring or the fewer number of close encounters with other BHs as a consequence of less
efficient dynamical friction.

We summarize our findings in Fig. 2.8 where we show the mass difference at the La-
grangian radius r1gz, between the simulations with MBHs and simulations without MBH.
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Figure 2.8: Missing dark matter mass (AMygy) in units of the initial central MBH mass
M, for four different initial MBH masses after 12 Gyr. The mass deficit AMy,, is the
mass difference within the respective final ry, (see Figs. 2.6 and 2.7) to the no-MBH
simulations. Here we also show additional realisations as listed in table 2.1 that were not
shown in the previous figures. Simulations which do not form a binary (crosses) or have low
central MBH masses (i.e. 10*M) show no or only a small mass deficit. With increasing
central MBH mass, AMjg,, increases as more MBHs (repeatedly) sink and deplete the
centre. Simulations in which the merger remnant of a MBH binary is ejected from the
entire system (filled triangles) typically have the highest mass deficit. Simulations with
softened MBH interactions typically lead to smaller missing masses. For the most massive
MBHs (10"Mg,), the mass deficit can become almost as high as ten times the initial MBH
mass. The black horizontal line indicates the expectation based on the assumption that
all black holes sink and merge with the central MBH. Data points are artificially offset in
x direction for better visibility.
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Figure 2.9: Comparison of the dark matter mass deficit inside r19y;, from the simulations,
My, to the expectation according to Eq. 2.2, M. The prediction based on the number
of repeated sinking events and recoil kicks in the simulations reproduces the simulation

results with a scatter of +£2M,. and successfully explains the slope in Figure 2.8.

In particular, we define the missing mass AMg,, as
AMam = MEMPT (100, ) — Mg M (r10n, ), (2.1)

where the radius rygy, is always computed for the simulations with MBHs such that
MyHEhMBH ()00 ,0) = 10 x M, .. Hence, the plot quantifies the amount of missing mass at
the radius 719, , that approximates the radius where density profiles with MBHs deviate
from the simulations without MBHs (as shown in Fig. 2.6). To increase the sample, we
are including the lower resolution simulations as well as the higher halo mass simulations
with ten times higher halo mass as introduced in Tab. 2.1.

In agreement with the previous plots, we find that the mass difference scales with the
masses of the involved MBHs. Simulations that had mergers usually lead to larger mass
deficits, although an early merger, which leads to the ejection of the remnant, can stop the
core formation process (e.g. IC2-100-7, red filled triangle). The naive expectation based on
Merritt (2006) would be a mass deficit of AM = 0.5 X Ngnk X MypH final = 5 X M, (solid
black line), under the assumption that all five satellite MBHs sink and merge without
recoil. If the MBH mass increases, the number of MBH sinking events and dynamical
encounters of satellite MBHs with a central binary become more frequent, which explains
the relative increase of the missing mass. As expected, simulations without a binary do
not have a measurable mass deficit. Hence, for high MBH masses, our simulations exceed
the expectation according to Merritt (2006) due to the higher number of sinking events.

With our simulation results, we can empirically make a more accurate estimate of
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the missing mass based on the actual number of sinking events and recoil kicks. For
independent sinking events, we would expect a mass deficit of AM = 0.5 X Ngink X Me final-
In contrast to the experiments presented in Merritt (2006), in our simulations the central
MBHs does not naturally grow by sinking events, because central satellite MBHs are usually
kicked out again before they merge. Hence we use M, final = Mec + Mes = 1.2 X M, . as
an approximation for the final mass, assuming that all sinking event are independent. We
count a sinking event if a MBH sinks towards the centre from a distance that is greater than
the typical value for r1gy, at the given MBH mass scale. We choose this radius because it
represents the length scale at which the MBHs start to have an impact on the dark matter
density. In particular we assume a threshold of 7y, = 65,220 and 900 pc for central MBH
masses of 10°,10° and 10" M, respectively (see Fig. 2.7). For recoil ejections of MBH
merger remnants, we empirically find a typical change in the missing mass of ~ 1 —4 M, .
For simplicity, we assume that each recoiling merger remnant leads to a mass deficit of
~ 2.5 M, fina1 and neglect the effect of dynamical ejections of satellite MBHs. Together,
sinking satellite MBHs and BH merger recoils yield an expected mass deficit of

AMS;p ~ (05 X Nsink +2.5 % Nmergerrecoil) X (Mo,c + Mo,g)- (22)

In Fig. 2.9, we show the comparison of the measured mass deficit A My, to the expected
missing mass AMg Y. We have included all dark matter simulations listed in Tab. 2.1 and
combine data from 3,6,9 and 12 Gyr. We find a correlation between the missing mass and
the number of black hole sinking and merger events with a scatter around the expected
mass deficit AMZY smaller than £2M,.. In general, simulations with softening (small
symbols and green symbols) fall below the expectation. Despite its simplicity our model
for AMexpectea Successfully explains the slope in Fig. 2.8.

The agreement is not expected to be perfect, because already in the more idealized
experiments by Merritt (2006) the relation becomes less reliable for large numbers of sinking
events, although they find that the linear scaling AM o Ny, holds for a variety of different
density profiles and initial conditions. Also we emphasise that there are ambiguities in the
definition of the sinking events, especially because it is difficult to determine the center of
a galaxy with a large core. Also other assumptions for the “sinking radius” rgu. would be
possible. Nevertheless, our estimate in Eq. 2.2 qualitatively and quantitatively explains
the mass deficit given the knowledge of the simulation. Unfortunately, it cannot be used
as a prediction as it is not known beforehand how the MBH subsystems will evolve and
similar mass deficits can originate from different dynamical processes.

2.4 Massive black holes in merging dark matter halos
with galaxies
In this chapter, we repeat the experiments presented in the previous section with central

stellar component added to the dark matter halos. With this set of simulations, we inves-
tigate the effect of a galaxy on the sinking and hardening timescale as well as the resulting
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Figure 2.10: Radial distances of all MBHs (colored lines) from the (dark matter + stellar)
density centre of the systems (similar to Fig. 2.2) as a function of time. We compare IC2
with stars (first comumn) to the already discussed case without stars (second column).
In the third and fourth panel, we show the results for ten times larger dark matter halo
masses. From top to bottom, the central MBH mass increases by factors of 10 from 10* M,
to 107 M, (indicated by the grey band). In simulations with stars, MBHs sink much faster,
especially in the central region that is dominated by stars. In the high mass halos (IC1im,
IC2m), kicked MBH merger remnants (black triangles) cannot escape from the host halo
anymore and sink back to the centre after the merger (e.g. IC1m-1000-star-6).
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stellar and dark matter profiles. We use the same initial conditions for dark matter and
their orbits as in Sec. 2.3 and include central galaxies with masses of 2 x 10® M, for the
central and 4 x 107 M, for the satellite halos. As introduced in Sec. 2.2.2, all galaxies have
half-mass radii of 1 kpc (for the fiducial halo masses and the ten times higher halo masses).
As the galaxies have a higher central density and the simulations are computationally more
expensive we only use two resolutions, 100 and 1000 My, for stars and dark matter with
central MBH masses M, . > 10*My. The simulations including a stellar component are
indicated by “-star” added to the simulation name. All interactions between the MBHs
and star particles are unsoftened.

2.4.1 Massive black hole sinking

In Fig. 2.10, we show the distance of the MBHs from the centre as a function of time, similar
to Fig. 2.2. For better comparison, we show a set of simulations with stars (first column,
IC2-100-star) and the same orbital configuration with dark matter only (second column,
IC2-100 is repeated from Fig. 2.2). The third and fourth columns show simulations with
ten times higher halo masses, hosting galaxies with 1% of the halo mass.

In comparison to runs without stars, the satellite MBHs sink much faster, especially
when they enter the inner r < 300pc that are dominated by the stellar component
(e.g. MBH-a in IC2-100-star-6 in comparison to IC2-100-6). However, satellite MBHs
can remain on stable orbits in the halo outskirts if they spend most of their time outside
this region (e.g. MBH-c and MBH-e in IC2-100-star-5). The presence of stars also affects
the sinking timescale of MBHs that have been kicked by a central binary, which return
to the centre of the galaxy faster. Despite the shorter sinking timescales, the presence of
stars does not always lead to more or faster mergers than in the simulations without stars
(1C2-100-7 vs. IC2-100-star-7).

Qualitatively, simulations with more massive halos behave in a similar way, although
here the merger recoil kick velocity is not high enough to eject the remnant from the
galaxy (grey lines and black triangles in IC2m-1000-star-6 and IC2m-1000-star-7). As
a consequence, MBHs can now merge with the central MBH multiple times, if the merger
remnant sinks back to the centre. Because we are assuming zero MBH spin initially, this
result might change if other MBH spins are used which can lead to higher recoil velocities
(Zlochower & Lousto, 2015). We also do not find any dynamical ejections from the systems
through three-body slingshots in the high mass case, likely because of the larger escape
velocity of the more massive halos. As in the low halo mass case, MBHs can stay on wide
orbits without sinking to the halo centre. Since the stellar-to-halo mass ratio is smaller in
the high halo mass simulations and stars only dominate the inner < 100 pc, the effect of
the stars on the sinking timescales is less pronounced than in the low halo mass case.

An interesting case is IC2-100-star-6, where the merger recoil in principle exceeds
the escape velocity of the halo. However, the merger remnant drags along a third tightly
bound black hole (MBH-a, blue) such that the resulting velocity of the binary (merger
remnant and MBH-a) is not high enough anymore to escape from the halo. As a result,
the MBH merger remnant orbits at ~ 1—20kpc, still bound to its former triple companion.
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We will discuss this case in more detail in the following section.

2.4.2 Massive black hole binary formation, triple interactions,
and mergers

As the time-evolution of the semi-major axes in Fig. 2.11 shows, MBH binaries harden
significantly faster in the presence of a stellar component (e.g. MBH-d in IC2-100-star-6
vs. IC2-100-6). Together with the shorter sinking timescale that causes kicked MBHs
to return to the centre faster where they can scatter with the central MBH binary again,
these effects lead to an enhanced probability for MBHs to merge. For example, among 13
simulations with a central MBH mass of 10° M, and a stellar component, ~ 60% lead to a
merger (as opposed to ~ 14% in similar simulations without stars). Except for simulation
IC2-100-star-4, where the binary forms late, the semi-major axis in the presence of stars
is always smaller than in simulations with only dark matter. However, even in the presence
of stars, the merger process is stochastic and crucially depends on eccentricity. For example,
despite forming a MBH binary with 0.1 pc separation, simulation IC1-100-star-1e7 does
not lead to a merger because the orbit is not eccentric enough (e ~ 0.5, see left panel of
Figure 2.12). On the other hand, MBHs in simulation IC2-100-7 without stars can merge
despite their initially large semi-major axis through a collision at high eccentricity.

As a result of the higher escape velocity of the ten times more massive halos, the
MBH merger remnants in the higher halo mass runs are not fully ejected from the host
galaxy. Hence, satellite MBHs can remain bound to the merger remnant (e.g. MBH-d in
IC2m-1000-star-7) or rapidly form a new binary that in some cases even merges a second
time (ICim-1000-star-6).

As discussed in section 2.3.2, one way to excite eccentricity are ZLK oscillations in
a hierarchical triple. An example for this process is shown in the middle panel in 2.12.
Initially, the eccentricity of the inner binary is low and approximately constant at e ~ 0.5.
While the outer triple companions semi-major axis shrinks, the eccentricity of the inner
binary starts to oscillate and exceeds e ~ 0.999 (middle panel, around t ~ 3.36 Gyr). This
leads to an extremely small pericenter distance, pushing the binary into the gravitational
wave driven regime where the binary merges rapidly. In this case, the BH merger recoil
does not cause an ejection of the merger remnant from the host halo, even though it exceeds
the escape velocity. Instead, the merger remnant (MBH-b + central MBH) remains bound
to the former outer triple companion (MBH-a, blue line) that it shares the momentum
of the recoil kick with. In addition, the semi-major axis of the resulting binary increases
from ~ 1pc to ~ 30pc, absorbing some of the kinetic energy of the recoil kick. This new
binary is kicked to an orbit between ~ 20kpc and ~ 1 kpc, where it does not sink back
to the galactic centre within the Hubble time (see Fig 2.10). Because the other MBHs
have either not sunken to the centre yet (MBH-c and MBH-e) or have been ejected by
dynamical interactions (MBH-d), there is no BH in the centre of the halo for ~ 5 Gyr.

Another path to high eccentricities are scattering events with unbound BHs. As shown
in the third column in Fig. 2.12, the initially unbound MBH-b (orange) replaces MBH-
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Figure 2.11: Semi-major axes, a, of the satellite MBHs and the more massive host MBHs
as a function of time (similar to Fig. 2.3, same plot without stars). Panels are arranged
as in Fig. 2.10. Stars accelerate the hardening of the central binary and the semi-major
axis is smaller than in the same simulations without stars. In simulations with larger halo
masses (the third and fourth columns), the central MBH can undergo multiple mergers
(IC1m-1000-star-6) because it is not fully ejected from the host halo after a merger and
can sink back to the centre.
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Figure 2.12: In IC2-100-star-7 (left), the inner binary has a low eccentricity of e ~ 0.5
and cannot merge. In IC2-100-star-6 (middle), the outer triple companion (blue) in
a long lived hierarchical triple excites periodic oscillations in e, eventually pushing the
binary into the gravitational wave regime. The outer triple companion remains bound to
the merger remnant. In the right panel, the exchange of the inner binary partner (green
to initially unbound orange MBH, top right) increases 1 — e by two orders of magnitude.
The merger is then triggered by another close encounter with the red MBH (bottom right),
pushing eccentricity above e = 0.999.
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Figure 2.13: Comparison of the stellar and dark matter densities after ¢ = 9 Gyr. Similar
to the dark matter simulations, the density profiles start to deviate from the simulations
without BH at rjgy, (indicated by vertical lines). The impact of BH sinking and scouring
is generally larger on the stellar component than on the dark matter profile, despite the
unsoftened dark matter - MBH forces.

b (green), that is initially in a tight binary with the central MBH. As a result, 1 — e
increases by approximately two orders of magnitude. Scattering events like this can in
general also change the semi-major axis. A close encounter with another MBH (red, see
bottom right panel for the trajectory and the fourth column for a and e) finally excites
enough eccentricity to trigger the merger. The eccentric orbit of the binary circularises
through gravitational wave emission and the semi-major axis drops to the merger criterion
(at 1075) within roughly ten million years. In our simulations, all mergers are assisted by
interactions among at least three BHs.

2.4.3 Dark matter and stellar density distributions

The density profiles of the simulations with stars and dark matter are shown in Fig. 2.13.
Here, we also show the density profiles of a simulation with unsoftened star-BH forces but
softened BH-dark matter interactions (IC2-100-star-soft). Similar to the dark matter
simulations (see Fig. 2.6), the density profiles in the presence of MBHs start to deviate
from our comparison simulations at around 719y, , where both the stellar and dark matter
density profiles flatten. In simulations with stars, rign, refers to the radius enclosing a
total mass (stars and dark matter) of 10 M, ..

The simulations with low halo mass, (IC2-100-star and IC2-100-star-soft), are
initially dominated by stars inside a radius of ~ 300 pc. Because the central stellar density
is higher, stars are initially more susceptible to dynamical effects from MBH coalescence
and their density drops significantly. Even though the break radius is similar for stars and
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Figure 2.14: Missing mass inside 719y, as a function of central MBH mass, separated into
stars and dark matter at ¢ = 10 Gyr. For M, < 10° Mg, the missing stellar mass is larger
than the missing dark matter mass. For the most massive MBHs, the effect of the scouring
extends beyond the radii dominated by the stellar component and stars and dark matter
have similar contributions to AM.

dark matter, stars seem to be in general more affected and the central stellar density can
drop below the dark matter density as in IC2-100-star-7. At the end of the simulation
this galaxy is now dark matter dominated at all radii. The effect is even more pronounced
in the higher halo mass simulations, where the stellar density drops below the central
density by a factor of ~ 5 for the most massive MBHs. Nevertheless, also in the high halo
mass case the break radii for stellar and dark matter components are similar.

The fact that the stellar and dark matter distribution are affected differently is also
visible in Fig. 2.14, where we show the missing stellar (left), dark matter (middle) and
total mass inside r19y,. For MBH masses M, . < 10° Mg, most of the missing mass is
contributed by stars. This is not surprising, because the stellar component dominates the
central region and is hence more susceptible to BH scouring. This is not the case anymore
for the most massive BHs, where r1);, can extend into the regime where the galaxy is dark
matter dominated. Hence, once the stars are removed by the MBHs, also dark matter can
be scoured from the centre of the galaxy converging to comparable central mass deficits
for dark matter and stars.

Similar to the dark matter only case (see Fig. 2.8), we find a strong correlation between
total missing mass AM and MBH mass M, .. Because there are typically more sinking
events and mergers in the presence of stars, the total missing mass is typically larger than
in the simulations without stars. The typically larger number of sinking events also makes
the relative impact of mergers weaker and the largest mass deficits are not necessarily
related to a merger ejection (e.g. IC2-100-star-7 had no mergers but three dynamical
ejections and ~ 11 sinking events).
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Figure 2.15: Shown is the dark matter fraction fy,, inside the half-light radius (top left)
and the radius enclosing 10% of the stellar mass (bottom left) at time (t = 9 Gyr). Massive
BHs can change the central baryon fraction significantly, but also lead to per cent level
changes on the scale of the half-light radius. The change in stellar density also changes the
half-light radius (top right) as well as the Lagrangian radius enclosing 10% of the stellar
mass (bottom right). The colors of the symbols correspond to the legend in Fig. 2.14.

As shown in Fig. 2.15, the efficient removal of stellar mass from the centre also leads
to an increase in dark matter fraction fg,. While MBHs with < 10% M, have not enough
impact on the density distribution on large scales, the most massive MBH can change the
dark matter fraction within the stellar half-light radius by a few per cent. The effect is
more pronounced in the centre of the galaxy (i.e. the radius that encloses 10 per cent of
the stellar mass), where the dark matter fraction can increase from ~ 40 to ~ 60 per cent.
At the same time, the half-light radius changes, because material is redistributed from the
centre to the outskirts, as shown in the right panels of Figure 2.15. Also here the effect is
most visible in the central region, but can also change the galaxy half-light radius by ~ 20
per cent.

2.4.4 Do merger remnants carry dark matter and stars?

When MBHs are ejected due to merger recoil or dynamical interactions with the central
binary, stars or dark matter can in principle remain bound. However, in our simulations,
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we only find one case where substantial mass remains bound to a merger remnant. In sim-
ulation IC2-100-7, the central 10" M, MBH merges through a collision at extremely high
eccentricity, before scouring can eject mass from the vicinity of the binary (see Fig. 2.11).
After the merger, the remnant is ejected from the halo and keeps a dark matter cluster of
~ 4300 M. Because the initial conditions for this simulation are without stars (see chapter
2.3), only dark matter can remain bound to the recoiling BH here. Due to the significantly
reduced densities as a result of core scouring, we consider it unlikely - for conditions similar
to our simulation setup - that typical MBH merger remnants carry significant amounts of
dark matter and stars when they are ejected from the host galaxy. This might be different
for MBHs embedded in nuclear star clusters, which are not considered in this study (e.g.
Neumayer et al., 2020).

2.5 Discussion

Our simulations start from idealized initial conditions, but we find a variety of different
phenomena that we expect to be important also in more realistic environments.

Most idealised and cosmological galaxy evolution simulations do not resolve dynamical
friction on MBHs and rely on approximate models. Here, we test the impact of resolved,
unsoftened interactions between MBHs and their dark matter and stellar environment.
We find that these collisional interactions between BHs and dark matter accelerate the
sinking and hardening of BH binaries. With this approach, we take into account the
point-like nature of BHs, allowing for accurately computed close encounters of our dark
matter particles (representing the dark matter phase space) and the BH with potentially
large accelerations. Similar to the modelling of stars in typical galaxy simulations where
stellar population particles are not representing individual stars but rather trace their (on
large scales collision-less) phase space, our dark matter particles trace the dark matter
field without challenging the assumption that dark matter is collision-less on large scales.
In fact, the small scale interactions considered here are not in conflict with traditional
approaches, as e.g. the derivation of the Chandrasekhar (1943) dynamical friction formula
explicitly considers collisional deflections of dark matter particles by the point-like BH.

Resolving the cumulative effect of these encounters requires a high mass ratio between
the MBHs and dark matter and star particles. With our simulations, we are confident
that BH-dark matter/star scouring is well resolved down to MBH masses of 10* M, for our
highest resolution of 20 M, where we find very good agreement in the hardening rates when
comparing different resolutions (e.g. IC2-20-5 vs I€2-100-5). At lower MBH to star/dark
matter mass ratios, we start to see the effect of individual encounters in the evolution of the
semi-major axis (e.g. the evolution of a in IC2-100-4, Fig. 2.3 is not completely smooth
anymore, although the hardening rate is still similar to the higher resolution simulation
I1C2-20-4, see also Mikkola & Valtonen (1992)). However, the sinking of MBHs is still well
resolved, even for the smallest tested MBH masses.

With the careful modelling of MBHs in their environment as presented here, we empha-
size that the dynamics of MBH systems is difficult to predict. Even small perturbations
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of the initial conditions can make the difference between a system that merges quickly
or forms a long-lived low eccentricity binary. This is a known problem for MBH binaries
(Nasim et al., 2020; Rawlings et al., 2023). We note here that our highest resolution sim-
ulations resolve the stellar components already at 100 Mg which is close to the natural
resolution limit of individual stars. The presence of multiple MBHs, that can scatter and
form subsystems, makes the dynamics even more complicated. This is a problem for many
cosmological simulations, that typically trigger mergers already at large distances, where
the fate of the BHs is still undecided.

In agreement with studies that use approximate dynamical friction prescriptions (e.g.
Pfister et al., 2019; Ma et al., 2021), we not only find that it can be difficult for low-mass
MBHs to migrate to the centres of galaxies, but even if they sink it is difficult for them to
remain at the center and merge in a Hubble time. Low hardening rates for binaries and
dynamical kicks in multiple MBH systems easily kick them out of the center, repeatedly.
Even the central binary does not necessarily merge and can instead remain stable at sub-
parsec semi-major axis. In our simulations most of the sinking MBHs do not contribute to
the growth of the central MBH growth. Our results are in qualitative agreement with the
cosmologically motivated semi-analytical study by Volonteri & Perna (2005).

Another problem for MBH growth through mergers is that merger remnants are easily
ejected from the host (Haiman, 2004). While remnants are almost always ejected from the
host halo for the low-mass halo, the merger remnant can sink back to the centre in the
more massive scenario. However, we likely underestimate the recoil velocity because we
assume zero MBH spin initially and do not follow the spin evolution through gas accretion.
While these recoil kicks can in principle have velocities up to ~ 5000 km/s, the expected
velocities for typical spin and mass ratios are in the order of < 500km/s (Lousto et al.,
2012). Hence, even higher halo masses can in general be affected.

While we see a clear trend with mass in the sinking time-scale, it is not so clear which
MBH masses have the highest probability for a merger. In the low-mass MBH case, only
a small amount of energy has to be removed from the binary to trigger a merger, but
dynamical friction timescales are longer and the gravitational wave driven in-spiral requires
smaller BH binary separations. On the other hand, for very massive MBHs, a binary
can deplete the central region quickly such that scouring can become inefficient before
the binary is hard enough to merge. Mergers of MBH binaries are typically assisted by
interactions with additional MBHs that can excite eccentricity and remove energy. In our
simulations, most mergers happen for central MBH masses of M,. ~ 10°My. For the
tested halos, this seems to be the optimal mass scale for both competing effects.

Our simulations clearly show that MBHs can change the density structure of the host
galaxy on a scale that is proportional to their mass. Our experiments generalize the results
presented in Merritt (2006), where subsequent mergers of BHs in a stellar environment were
studied. We find that MBHs, depending on their mass, can lead to stellar and dark matter
cores of ~ T0pc (105Mg) to ~ kpe (10" Mg) size. The core radius is well correlated
with the radius 719n, enclosing a mass of 10 x M, .. The strength of the effect depends
on the number of mergers and dynamical MBH ejections and is more pronounced in the
presence of repeated sinking events. Because massive MBHs are more likely to merge and
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repeatedly sink, we exceed the expectation based on the simplified experiments in Merritt
(2006). On the other hand, for low MBH masses (M, . < 10° M), our mass deficits are
smaller because MBHs usually do not sink to the centre. In agreement with e.g. Nasim
et al. (2021), dynamical ejections of merger remnants lead to an additional mass deficit.
The impact of BH dynamics on the dark matter profiles might be particularly interesting.
As pointed out by Milosavljevic et al. (2002), a dark matter mass deficit might be long-
lived, while stellar mass can be produced though star formation again, hiding the effect of
a binary MBH in the early phase of galactic evolution. Based on our simulations, over-
massive BHs might also be an additional path to dark matter cores in low-mass galaxies
that are inferred from observations (e.g. de Blok, 2010).

The change of the density structure by sinking MBHs may also affect the ability of
subsequent in-falling MBHs to sink to the center. For large density cores, some studies
find that black holes stop sinking at a characteristic radius (‘core stalling’, e.g. Goerdt
et al., 2010; Tamfal et al., 2018). In our simulations, we don’t find evidence for delayed
MBH sinking after a density core has formed. This might be a consequence of the fact that
large cores only form for the most massive black holes, where the sinking is already very
efficient due to the high mass of the MBHs. Furthermore, the scattering of MBHs among
each other might help to occasionally push MBHs to the halo center, even if dynamical
friction alone is not efficient. In contrast, all simulations with low-mass black holes do
not have large density cores (because the size of the core that forms scales with the black
hole mass), such that we cannot single out the impact of the density slope on the sinking
timescales here.

Our simulations start from idealised initial conditions and are designed to lead to a
quick merger within a few Gyrs. In a cosmological environment, the number, the timing
and the galaxy and black hole mass ratios of mergers at high redshift might be different. As
pointed out by Tamfal et al. (2018), also the dark matter density structure of the host halo
has an effect on the MBH dynamics such that the assumption of halos following Hernquist
density profiles might be oversimplified. However, to sample a representative number of
merger configurations it would be necessary to use a cosmological simulation with a large
box size, which is not feasible at the moment. On the other hand, zoom simulations are
a less controlled environment and also only sample one possible configuration at a time.
As we have shown in the paper, varying the parameters of just one idealised set-up (in
particular the BH mass, orbital configuration and the initial BH positions by a small
perturbation) leads to a rich dynamics with a parameter space that is difficult to cover.
Based on our controlled experiments presented here, the next step will be to examine some
of the effects in cosmological zoom simulation. Cosmological simulations will also be able to
make predictions for black hole occupation fraction, mass functions and radial distribution
functions.

Furthermore, including gas in simulations can lead to a clumpy structure of the inter-
stellar medium. As pointed out by Ma et al. (2023), the sinking timescales in simulated,
clumpy, high redshift galaxies might be longer compared to the same galaxy without clumps
and spherical symmetry. On the other hand, even though the impact of gas drag is gen-
erally expected to be small, it might be important at high redshift (Chen et al., 2022)
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and accelerate the sinking process. However, processes like the effect of radiation on the
dynamical friction wake can in principle reverse the effect of dynamical friction and ac-
celerate the sinking object instead (Park & Bogdanovié, 2017). Hence, it is in general
important to consider effects beyond dynamical friction from dark matter and stars (e.g.
Bortolas et al., 2020; Tamburello et al., 2016). The presence of nuclear star clusters or a
dense stellar component surrounding sinking BHs might also speed up the sinking process
(Pfister et al., 2019; Tremmel et al., 2018). It is also important to note that high redshift
galaxies are likely not relaxed systems and do not have a well defined dynamical center,
which makes sinking even harder.

For the evolution of BH binaries, the gaseous circum-binary discs can have an important
effect on the eccentricity evolution. For equal mass binaries, studies by D’Orazio & Duffell
(2021) find that the eccentricity of the binary either converges to e ~ 0 or e ~ 0.4,
depending on initial eccentricity (similar results are reported by Zrake et al., 2021 and
Siwek et al., 2023). As we have discussed in the paper, eccentricity is crucial for triggering
merger processes. Hence, resolving the physics of the circum-binary discs might have
important impact on the evolution of the eccentricity, semi-major axis and the merger
process. However, since our study extends beyond the binary regime and can involve
multiple BHs, it is not clear how gas changes the dynamics.

Compared to previous simulations in the literature, our simulations significantly im-
prove the accuracy of dynamical interactions between MBHs and their stellar and dark
matter environment, but neglect the potentially important impact of gas physics and em-
ploy idealized initial conditions. In future work we will study the interaction between
MBHs and a structured and turbulent resolved multi-phase interstellar medium (ISM) as
well as realistically clustered stellar populations with the GRIFFIN model of the interstellar
medium (e.g. Hu et al., 2016; Lahén et al., 2020b; Hislop et al., 2022).

2.6 Summary and Conclusions

We present an idealised high resolution numerical study of the sinking and merging of
MBHs with masses of 10* — 107 M, in multiple mergers (typical mass ratios of 5:1) of low-
mass dark matter halos and galaxies (4 x 10 Mg < Mpao < 2 x 101 Mg). The simulations
are carried out with the KETJU code in a combination of the GADGET tree solver with
accurate regularised integration around the MHBs. The highest mass resolution for dark
matter particles is 20 Mg and 100 Mg, for stellar particles. This is close to the fundamen-
tal limit of resolving individual stars. The interaction of dark matter particles and stars
with the MBHs is unsoftened allowing for an accurate treatment of dynamical friction and
scattering of dark matter/stars by MBH binaries or mutiples. The simulations include
post-Newtonian correction up to order 3.5 for MBH interactions allowing for coalescence
by gravitational wave emission and a prescription for gravitational recoil kicks. With this
study we aim at a better understanding of the evolution of MBH populations represent-
ing various seeding scenarios in merger dominated low-mass halo envrionment resembling
conditions in the early Universe. Our main findings can be summarized as follows:
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Low-mass MBHs (< 10° M) in general do not sink to the halo or galaxy centres
efficiently. For special orbitals configurations even low-mass MBH sinking is possible.

If MBHs sink to the halo centre, they can form binaries or triples. In the case of
resolved (not force softened) dark matter-MBH interactions, the semi-major axes can
harden through dark matter particle slingshot ejection. For softened dark matter -
MBH forces, a hard binary can only efficiently lose energy through interactions with
other MBHs or stars.

Binary MBH mergers are usually triggered by a third MBH which excites a high
eccentricity in the inner binary and pushes it into the gravitational wave driven
regime. Mergers are rare and often require long periods of time (several 100 megayears
to gigayears), but we find mergers at all MBH masses > 10* My with the highest
probability for mergers at a MBH mass scale of ~ 105 M.

Due to the stochastic nature of close N-body encounters, it is difficult to predict the
long-term evolution of a halo/galaxy with multiple MBHs. Even small changes to
the initial conditions can make the difference between a long-lived, low-eccentricity
binary and a rapid merger.

MBH merger remnants are typically ejected by gravitational recoil kicks from low-
mass host halos. For the higher halo mass (2 x 10'° M), the kick velocity for non-
spinning MBHs is too low to eject the remnant from the halo. If a MBH binary
is present, it is common that this central binary kicks other MBHs during strong
three-body interactions to wide orbits or even out of the halo. Because a significant
fraction of MBHs that sink to the centre do not merge and merger remnants have a
high chance to get displaced or ejected from the halo centre, this poses an additional
challenge to merger-assisted MBH seed growth.

If a merger happens in a hierarchical triple, the recoiling merger remnants can in
principle remain bound to the outer triple companion. In this case, a binary BH is
ejected from the galaxy. Stellar or dark matter mass usually does not remain bound
to the recoiling merger remnant.

Sinking MBHs and BH binaries produce a core in the central stellar and dark matter
density. Together with merger recoil ejections or dynamical ejections of satellite
MBHs, this leads to a mass deficit of up to ~ 10 M, inside the core radius that is
well approximated by the radius 719y, . Consistent with the more idealized findings
of Merritt (2006), we find that the mass deficit scales approximately linearly with
the number of MBH sinking events.

MBHs can lead to flat density cores of up to ~ 1kpc and change the central dark
matter fractions as well as the stellar half-light radius. In extreme cases, this effect
turns a galaxy that is initially dominated by stars in the centre into a dark matter-
dominated system.



Chapter 3

The importance of nuclear star
clusters for massive black hole
growth and nuclear star formation in
simulated low-mass galaxies

This chapter led to a publication in Monthly Notices of the Royal Astronomical Society,
Volume 537, Issue 2, Pages 956-977.

Observed low-mass galaxies with nuclear star clusters (NSCs) can host accreting mas-
sive black holes (MBH). We present simulations of dwarf galaxies (Mparyon ~ 0.6 — 2.4 X
10®* M) at solar mass resolution (0.5 < mgs < 4Mg) with a multi-phase interstellar
medium (ISM) and investigate the impact of NSCs on MBH growth and nuclear star for-
mation (SF). The ISM model includes non-equilibrium low temperature cooling, chemistry
and the effect of HII regions and supernovae from massive stars. Individual stars are
sampled down to 0.08 My and their non-softened gravitational interactions with MBHs
are computed with the regularised KETJU integrator. MBHs with masses in the range of
102 — 10° M, are represented by accreting sink particles without feedback. We find that
NSCs boost nuclear SF (i.e. NSC growth) and MBH accretion by funneling gas to the
central few parsecs. Low-mass MBHs grow more rapidly on ~ 600 Myr timescales, exceed-
ing their Eddington rates at peak accretion. MBH accretion and nuclear SF is episodic
(i.e. leads to multiple stellar populations), coeval and regulated by SNe. On 40 — 60 Myr
timescales the first SN of each episode terminates MBH accretion and nuclear SF. Without
NSCs, low-mass MBHs do not grow and MBH accretion and reduced nuclear SF become
irregular and uncorrelated. This study gives the first insights into the possible coevolu-
tion of MBHs and NSCs in low-mass galaxies and highlights the importance of considering
dense NSCs in galactic studies of MBH growth.
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3.1 Introduction

Recent observations have established that many low-mass or dwarf galaxies host massive
black holes (MBH, or intermediate mass black holes, IMBH) in their centers (Greene &
Ho, 2007a; Greene et al., 2020; Reines, 2022; Askar et al., 2024), albeit with lower masses
than their supermassive black holes (SMBH) counterparts (see e.g. Kormendy & Ho, 2013)
in massive galaxies with (Mgypr = 10°My). Also following the trend of the BH mass
- velocity dispersion relation, Mypy — 04, relation (see e.g. Greene & Ho, 2006), dwarf
galaxies are plausible host galaxies for central black holes (BHs) above the stellar mass
regime (< 102 Mg). So far a small but steadily increasing number of MBH candidates have
been observationally detected (see Greene et al., 2020; Askar et al., 2024, for a review).

Such BHs are difficult to detect for several reasons (e.g. Silk, 2017). Due to their
low-masses the dynamical impact on the surrounding environment is small. This makes
a dynamical detection, which requires a resolved gravitational sphere of influence, very
challenging. In addition, the low BH masses result in low accretion rates and hence lower
luminosities from the accretion disc, when compared to the active galactic nuclei (AGN) of
massive galaxies. Therefore, X-ray surveys can only detect the most massive and actively
accreting BHs in dwarf galaxies (e.g. Greene & Ho, 2007b; Sharma et al., 2020). In addition,
it is unclear which fraction of time the BHs in dwarf galaxies are active and even a full
census of actively accreting BHs might miss the majority of BHs in dwarf galaxies (Pacucci
et al., 2021). Furthermore, dwarf galaxies have very shallow gravitational potential wells,
such that their central BHs can be easily displaced from the galactic center where they are
harder to find (e.g. Mezcua & Sanchez, 2020).

Many recent studies have overcome observational complications and the sample size of
active BHs in dwarf galaxies at high and low redshifts is steadily increasing (e.g. Ibata
et al., 2009; Reines & Deller, 2012; Mezcua et al., 2018, 2019; Kaviraj et al., 2019; Greene
et al., 2020; Mezcua & Sanchez, 2020; Reines et al., 2020; Birchall et al., 2020; Zaw et al.,
2020; Latimer et al., 2021; Davis et al., 2022; Reines, 2022; Schutte & Reines, 2022; Mezcua
et al., 2023; Zheng et al., 2023; Bykov et al., 2023; Sacchi et al., 2024). Most of the detected
BH candidates are in the range of 105 — 10° M, which is close to the SMBH regime and
lower mass BHs, if they exist, would still be missed by current observations. A number
of MBH candidates at lower masses have also been detected in star clusters (e.g. Gerssen
et al., 2002; Liitzgendorf et al., 2013a,b, 2015; Kiziltan et al., 2017), including a dynamically
detected MBH candidate with a mass of at least ~ 8200 My, in the center of w Centauri
(Héberle et al., 2024).

While the population of BHs in dwarf galaxies is still elusive, it has been established
that the majority of dwarf galaxies host massive star clusters at their center (e.g. Neumayer
et al., 2020; Hoyer et al., 2024). These very bright centrally located massive clusters are
termed nuclear star cluster (NSC). In galaxies with stellar masses above > 10® Mg, 30—80%
of the galaxies host a NSC at their center (Hoyer et al., 2021). The typical stellar surface
densities are between 10° and 10 My, /pc? inside the NSC effective radius (Pechetti et al.,
2020; Hoyer et al., 2023) and their expected mass scales with the mass of the host galaxies
(Neumayer et al., 2020). The origin of NSCs is still unclear, in particular it is an ongoing
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debate whether they form in-situ via star formation in the galactic center or if they are the
remnants of globular clusters (or massive star clusters) that formed outside the galactic
center and have migrated inwards due to dynamical friction. In general, a combination of
both formation mechanisms is possible. For low-mass NSCs (i.e. in galaxies with stellar
masses below M, < 10°My), the sinking and merging of globular clusters is currently
the preferred formation channel for the majority of NSCs (Neumayer et al., 2020; Fahrion
et al., 2022b). Even though the NSCs are typically very old, there is clear evidence for
multiple stellar populations and ongoing star formation (Fahrion et al., 2021, 2022a, 2024).

There is a clear connection between NSCs and BHs (see e.g. Neumayer et al., 2020, for
a review). Many BHs in the intermediate mass to the supermassive regime are embedded
in a NSC and the NSC mass is tightly correlated with the mass of the BH (Neumayer et al.
(2020). Hoyer et al. (2024) also find such a relation for galaxies with masses > 1055 M.
Observationally it is not clear whether all NSCs host BHs or if all accreting BHs in dwarf
galaxies are embedded in a NSC (for example, it is unclear if the X-ray detected BH
candidates in the dwarf galaxies in Bykov et al. 2023 are embedded in NSCs). In contrast
to massive galaxies, the NSCs of dwarf galaxies can be several orders of magnitude more
massive than their central BH. For theoretical studies of galactic centers and the physical
processes of BH growth in a dwarf galaxies, a NSC is a crucial component. It can dominate
the entire central gravitational dynamics while the gravitational sphere of influence of the
central BH might not even extend beyond the NSC.

The physical connection between BHs and NSCs might also be related to the solution of
several open theoretical problems regarding the formation and growth of BHs in general.
The origin of the observed population of SMBHs is still debated, but many theoretical
studies find that the growth of low-mass BH seeds (e.g. BH seeds from the remnants of
PopllII stars, the first generation of stars in the high redshift Universe) is too inefficient
in order to grow them to the IMBH or SMBH mass scale (see e.g. Inayoshi et al., 2020,
for a review on massive black hole formation). The additional potential well from a dense
NSC might promote the growth of low-mass seeds and provide a pathway for the “light
BH seeding” scenario. In addition, many theoretical studies find that low-mass black holes
might not be able to sink to the center of their host galaxy during the hierarchical assembly
of galaxies (e.g. Islam et al., 2003; Volonteri et al., 2003; Volonteri & Perna, 2005; Tremmel
et al., 2017; Pfister et al., 2019; Ma et al., 2021; Bellovary et al., 2021; Ni et al., 2022;
Beckmann et al., 2023; Partmann et al., 2024b). If these BHs were embedded in a NSC
the enhanced dynamical friction would result in more rapid sinking and BH coalescence.
Finally, the NSC itself might be an environment where MBHs can form. For high cluster
densities, stellar collisions and the tidal disruption of stars can lead to the formation and
growth of MBHs (e.g. Portegies Zwart et al., 2004; Rizzuto et al., 2022; Arca Sedda et al.,
2023; Rantala et al., 2024). Gas accretion might accelerate the process (e.g. Kritos et al.,
2023).

The role of BHs in the dwarf galaxies has also been discussed in several numerical
studies. Using large-scale cosmological simulations, many studies have found that the early
growth of BHs in galaxies with bulge masses below ~ 10° M, is suppressed by SN feedback
(Dubois et al., 2015; Habouzit et al., 2017; Anglés-Alcazar et al., 2017; Trebitsch et al., 2018;
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Koudmani et al., 2021). As already pointed out by Sivasankaran et al. (2022), resolving
the multi-phase, turbulent nature of the ISM is critical for understanding the interplay
between BH accretion, star formation and the stellar feedback mechanisms. They present
a simulation with a gas resolution of up to ~ 860 M, including an Eddington limited Bondi-
Hoyle accretion prescription and found that a better resolved ISM leads to a significantly
more bursty accretion history. Hence, resolving the turbulent multi-phase structure of the
ISM is crucial for simulating the growth of IMBHs, however this is currently not feasible
in large-scale cosmological simulations.

In this work, we explore the physical processes at the centers of low-mass galaxies
around BHs in the intermediate mass regime. We demonstrate that the presence of a
NSC has a strong impact on nuclear star formation and BH growth and that a NSC
component, well supported by observations, will have to be considered in further galactic
studies of MBH growth. Our simulations have very high dynamical fidelity at solar mass
gas particle mass resolution, a multi-phase ISM with HII region formation and well resolved
supernova blast waves, individually sampled stellar masses down to 0.08 M, and accurate
(unsoftened) gravitational interactions between stars and BHs. All of these features are
crucial for our conclusions.

The paper is structured as follows: First, we present the simulation model in Sec. 3.2,
including the ISM model (Sec. 3.2.1), the BH accretion prescription (Sec. 3.2.2) and the
improved gravity solver KETJU (Sec. 3.2.3). We introduce the suite of simulations in
Sec. 3.2.4 and discuss a selected simulation in detail (Sec. 3.3.1) before we present a pa-
rameter study for different BH and NSC masses in Sec. 3.3.2. Finally, we analyse the
impact of the NSC and IMBH on the larger scale environment in Sec. 3.3.3. Our results
are discussed in Sec. 3.4 before we conclude in Sec. 3.5.

3.2 Simulations

We use the GRIFFIN simulation model that is designed to represent the three major phases
(cold, warm, and hot) of the complex low metallicity multi-phase interstellar medium as
accurately as currently possible in a galactic-scale simulation. The model includes a suffi-
ciently high gas resolution to follow the evolution of individual supernova (SN) explosions,
(requires a gas resolution of < 4 M), the realization of individual stars and detailed mod-
els for the ISM chemistry, cooling, heating, star formation, and stellar feedback. Initially
presented in Hu et al. (2014, 2016, 2017), the model has been continuously improved and
was used in several studies of isolated (e.g. Steinwandel et al., 2020; Hislop et al., 2022;
Lahén et al., 2023, 2024) and interacting galaxies (e.g. Lahén et al., 2020a, 2022). For this
project, we implemented a sink particle accretion prescription for BHs and added KETJU,
an improved gravity scheme for close encounters between stars and BHs (Rantala et al.,
2017; Mannerkoski et al., 2023). We will briefly present the code and the additions made
for this paper in the next sections.
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3.2.1 ISM model

The simulation model is built into the SPHGAL simulation code, an extension of the tree-
smoothed particle hydrodynamics (SPH) gravity code GADGET-3 (Springel, 2005) with an
improved hydrodynamics scheme. This modern SPH solver is based on the reconstruction
of the pressure and energy field (Hu et al., 2014; Hu, 2016) using a Wendland C4 (Dehnen
& Aly, 2012) kernel with N4, = 100 neighbors inside the SPH smoothing length. Detailed
validation and convergence tests including e.g. the description of artificial viscosity, the
treatment of shocks, and the evolution of HII regions and SN explosions are presented in
Hu et al. (2014), Hu et al. (2016), Hu et al. (2017), Hu (2019), Steinwandel et al. (2020),
and Lahén et al. (2023).

The star formation algorithm is described in Lahén et al. (2023). Gas elements with
a Jeans mass lower than half of an SPH kernel mass, i.e. M;(T,p) < 0.5 x 100 X mgpn
are labelled star-forming and are immediately converted into “reservoir” particles that are
decoupled from the hydrodynamics solver. This reservoir of star-forming particles is then
used to realize individual stars consistent with a Kroupa (2001) initial mass function (IMF)
between 0.08 and 500 M. After one dynamical timescale tg4yn = (47Gp)~'/2, accounting
for the timescale of the gravitational collapse on unresolved scales, the reservoir particles
draw stellar masses from the IMF'. If there is enough reservoir mass within a search radius
of 1pc, a star with the drawn initial mass is spawned in the simulation and the corre-
sponding mass is removed from the reservoir particles to ensure mass conservation. The
sampled stars get assigned lifetimes based on their initial mass from Georgy et al. (2013)
at a metallicity of 0.1Z. and massive stars immediately start releasing ionising radiation
as outlined below. If there is not enough reservoir mass within the search radius, a new
stellar mass is drawn from the IMF until an initial mass compatible with the local reser-
voir has been found. Individual low-mass stars can be spawned from the same reservoir
particle while massive stars can originate from many reservoir particles. To approximate
the unresolved gas dynamics in star-forming clouds, every star receives a small Gaussian
distributed displacement in position and momentum space. Detailed tests and discussions
of this star formation prescription are presented in Lahén et al. (2023).

Non-equilibrium cooling, heating, and chemistry of gas between temperatures of 10 K
and 3 x 10*K is modelled with a chemical network, that evolves the six chemical species
Hy, HT, H,CO, C™, O and free electrons as introduced in detail in Hu et al. (2016), Nelson
& Langer (1997), Glover & Mac Low (2007) and Glover & Clark (2012). We assume a
fixed dust to gas mass ratio of 0.1% and use metal dependent equilibrium cooling tables
from Wiersma et al. (2009) above 3 x 10* K. As described in Hu et al. (2016, 2017), pho-
toelectric heating rates are computed from a spatially and temporally varying interstellar
far-ultraviolet radiation field (6 — 13.6eV), using the FUV and PI rates from the BASEL
spectral library at Z ~ 0.1Zs (Lejeune et al., 1997, 1998; Westera et al., 2002) combined
with the Geneva stellar models (Georgy et al., 2013), extrapolated to high- and lower IMF
masses outside of the Geneva stellar mass range from 0.8 to 120 M. Every gas particle
receives FUV radiation from individual stars within 50 pc, attenuated by the optical depth
that is computed along 12 sight-lines with the TREECOL algorithm (Clark et al., 2011). In
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addition to the spatially varying FUV radiation feedback, we model the effect of photoion-
izing radiation from stars more massive than 8 M, with a Stromgen sphere approach as
described in Hopkins et al. (2012); Hu et al. (2017). Based on the rate of ionizing photons,
gas particles are marked as ionized and heated to 10* K, which corresponds to the typical
temperature in HII regions. As demonstrated by several studies, early stellar feedback
(before the first SN sets in after a few million years) is crucial for obtaining realistic star
cluster properties in ISM and galaxy scale simulations (e.g. Rathjen et al., 2021; Smith
et al., 2021; Hislop et al., 2022; Andersson et al., 2023). We also include feedback from
AGB stars with masses between 0.5 and 8 M, as a single burst at the end of their lifetime
(Karakas, 2010).

Stars more massive than 8M, explode as type Il supernovae at the end of their lifetimes.
For each supernova, a fixed thermal energy of Egy = 10°! ergs is distributed isotropically
into the ISM using a HEALPIX map (Gorski et al., 2005) to find the closest 8 & 2 particles
in each of the 12 HEALPIX bins (Lahén et al., 2023). In contrast to lower-resolution simu-
lations, the injection of thermal energy is well suited for resolving the Sedov phase of each
SN explosion at the target resolution of < 4Mg without suffering from “overcooling” issues
(Hu et al., 2016; Steinwandel et al., 2020). Supernovae enrich the ISM isotropically by
distributing the generated metals in the 8 4= 2 closest particles in each HEALPIX bin using
the metal yields from Chieffi & Limongi (2004). For the few star particles with initial
stellar masses of > 50M,, we assume a direct collapse into a stellar mass BH without a
supernova explosion.

3.2.2 Black hole accretion model

In this study we explore under which conditions central MBHs in dwarf galaxies can grow
via accretion of gas from the turbulent ISM. The resolution in our simulation is sufficient
to resolve the Bondi-Hoyle-Lyttleton radius of an MBH. For example, for a BH with
Mgy = 10* Mg, the Bondi radius of gas in the warm ISM phase with T = 10*K is
TBondi ~ 0.9pc and increases to rpong; > 29 pc for gas in the cold ISM phase (T' < 300 K).
It is, however, not possible to resolve the BH accretion disc. Thus, as an approximation,
we use a sink particle prescription, remove gas from the simulation at the resolution limit,
and assign it to an unresolved accretion disc reservoir. Following Bate et al. (1995), our
sink particle accretion prescription depends on three criteria which can be expressed in
terms of the relative distance r = 74,5 — rgu and relative velocity v = vg,s — veH between
the BH and the gas particles, the BH mass (Mgy), and the specific internal energy of the
gas (ugas). First we impose a maximum accretion radius r,.. that is chosen to be close
to the resolution limit, but is still well resolved within the simulation. We do not allow
for accretion outside this region to avoid removal of gas from spatial scales that are still
well resolved and where gas might still become star-forming or affected by stellar feedback
instead of falling into the BH. For the fiducial simulations, we choose r,.. = 0.5 pc, which
corresponds to a typical SPH smoothing length of star-forming gas (i.e. the scale below
which gravitational collapse is not well resolved anymore). For every gas particle inside
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Tace, We check whether it is gravitationally bound to the BH

G Mgu
vl

and allow accretion if the angular momentum of the gas particle with respect to the
sink particle cannot anymore sustain a circular orbit at the accretion radius, ie. [ =
|r x v| < v/G Mgy rgnk. SPH particles that fulfill the accretion criteria are removed from
the simulation and added to an un-resolved accretion disc reservoir. Due to a recently
discovered minor inconsistency in the implementation of the accretion prescription, a small
number of particles is occasionally not accreted correctly. This affects less than one percent
of the particles that should be accreted and has no relevant effect on the accretion rate.
This error is corrected in the version published in MNRAS (see Partmann et al., 2025).
We are not considering BH feedback in this work and therefore only the mass of the BH
sink particle is dynamically important. It represents the combined mass of the BH, Mgy,
and the mass in the unresolved sub-grid accretion disc, Myis.. In this study we make no
additional assumptions about the interaction between the accretion disc and the BH and
use the dynamical mass of the sink particle as the BH mass throughout the paper. To
smooth out the discreetness due to the accretion of SPH particle with given discrete mass,
we compute the sink particle accretion rate from a running mean over 2 Myrs. Furthermore,
we log several properties of the accreted gas particles (time of accretion, mass, particle
ID, temperature, angular momentum), for further analysis in post-processing, thus taking
advantage of the Lagrangian nature of the hydrodynamical scheme.

1
§|'U’2 + Ugas < (31)

3.2.3 Accurate integration with Ketju

To accurately follow the dynamical interaction of MBHs with their stellar environment,
we have implemented the regularized integration scheme KETJU into the GRIFFIN code-
base. KETJU has been developed as an extension of the tree gravity solver GADGET-3 and
GADGET-4 and was introduced in Rantala et al. (2017, 2018); Mannerkoski et al. (2021)
and Mannerkoski et al. (2023). KETJU allows to capture the sinking of BHs via dynamical
friction and can resolve the orbits of stars around BHs as well as the scattering of stars
with BHs and BH binaries. Although not relevant for our study of isolated galaxies with
one MBH, KETJU also includes post-Newtonian corrections up to order 3.5 for the forces
between BHs, allowing for gravitational wave driven coalescence (see e.g. Partmann et al.,
2024b).

In regions close to BHs, KETJU uses the accurate MSTAR integrator based on al-
gorithmic regularization (see Rantala et al., 2020, and references therein) instead of the
standard GADGET-3 leapfrog integrator to follow the orbits of stellar particles around BHs
without gravitational softening. Particles can seamlessly move in- and out of the “KETJU
region” around of the MBH, as long as the size of the region rgeju is at least 2.8 larger
than the gravitational softening length. The details of the regularization method are de-
scribed in Rantala et al. (2020), see also Gragg (1965); Bulirsch & Stoer (1966); Mikkola
& Tanikawa (1999); Preto & Tremaine (1999); Mikkola & Merritt (2006, 2008). In short,
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IC component || M [Mg)] size [kpc] Mres [Me]  €soft[PC] Npart

massive dwarf galaxy  dark matter || 1.1 x 10T 27.9 (r1/2) 680.0 20.0 1.6 x 108
disc gas 1.6 x 108 2.3 (rs) 4.0 0.1 4.0 x 107

disc stars 8.0 x 107 1.2 (rs) 4.0 0.1 2.0 x 107

NSC 1.0x 105 3 x 1073 (ry/9) 10.0 0.5 1.0 x 10°

fiducial dwarf galaxy dark matter || 2.7 x 10™° 17.6 (r1/2) 340.0 20.0 8.0 x 107
disc gas 4.0 x 107 0.7 (rs) 4.0 0.1 1.0 x 107

disc stars 2.0 x 107 0.7 (rs) 4.0 0.1 5.0 x 10°

NSC 5.0x 10° 3 x 1077 (ry/2) 10.0 0.3 5.0 x 10*

Table 3.1: Properties of the two isolated dwarf galaxy initial conditions (ICs). Both ICs
have dark matter halos with a spin parameter of A = 0.02, the disc scale height of the
pre-existing stellar component is 0.35kpc and the initial metallicity is Z = 0.1Z5. The
exponential scale radii and half-mass radii are ry and r; /9, respectively. The gravitational
softening length is € and Npay is the particle number in each component. If not stated
otherwise, simulations have a gas resolution and NSC mass as shown in this table. All
simulations (including the MBH mass and physical model and resolution variations) are
listed in Tab. 3.2.

the method is based on a time coordinate transformation to that circumvents the Newto-
nian singularity at small particle separations, a minimum spanning tree coordinate system
to reduce numerical round-off errors and the Gragg—Bulirsch—-Stoer (GBS) extrapolation
method (Gragg, 1965; Bulirsch & Stoer, 1966).

While previous studies have used KETJU to model the collisional interaction of SMBHs
with stellar population particles in massive galaxies (e.g. Rantala et al., 2018) or dark mat-
ter as well as stellar particles in low-mass galaxies (Partmann et al., 2024b), in this work we
use KETJU to accurately follow the encounters between individual stars and MBHs without
any further approximations. In particular, the individual stars can also be disrupted by
the MBH. To account for this potential MBH growth channel, we implement a check for
possible tidal disruption events (see e.g. Rees, 1988), based on the tidal radius rqal

MBH + Mstar) 1/3

3.2
2 Mstar ( )

T'pericenter < Ttidal = 1.3 Tstar (

We compute the stellar radii assuming a main sequence scaling relation such that
Tstar ~ To (Mgar/Mo)"®. We check this condition at the end of each GBS time-step using
the Keplerian elements to compute the pericenter distance. For a solar mass star, this
corresponds to a tidal radius of rga ~ 5 x 1077 pe.

3.2.4 Initial conditions

We simulate two isolated galaxy models with global properties specified in Tab. 3.1. We
will use the computationally expensive massive dwarf galaxy as an example to discuss the
physical mechanisms in detail and the lower mass fiducial dwarf galaxy for parameter
exploration.
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Figure 3.1: Surface density profiles of the fiducial dwarf galaxy BH1e4-NSC at the start
(left) and at the end of the simulation (¢t = 800 Myr, right). The initial condition consists of
a dark matter halo (orange), a gas component (blue), a stellar disc (green) and a NSC (red).
The final surface density profiles are obtained by stacking 10 snapshots within 10 Myrs to
reduce sampling effects. The colored background indicates the typical scatter within one
snapshot of the respective particle type. The scatter is especially large for the stars that
formed during the simulation (“new stars”, purple) due to their strongly clustered spatial
distribution. During the simulation, a young population of new stars forms in the nucleus,
adding mass to the pre-existing nuclear star cluster (red). The pre-exising NSC develops
a density core on the scale of a few gravitational softening lengths e, ~ 0.3 pc.

The massive dwarf galaxy has a total mass of 1.1 x 10 M, with a total baryonic
mass of 2.4 x 10 M. The dark matter component follows a Hernquist (1990) profile
with a half-mass radius of ri, = 27.9kpc at a particle mass resolution of 680 My. The
baryonic component consists of a gas disc (Mg.s = 1.6 X 108 M, in a disc with scale length
of r, = 2.3kpc) and an old stellar population of stars (Mgs = 8 x 107 Mg in a disc
with a scale length of ry = 1.2kpc), both at a particle mass resolution of 4 M. The
fiducial galaxy has 25% of the mass of the massive galaxy, i.e. a dark matter mass of
Mg = 2.7 x 10" Mg, (with 71, = 17.6kpc and a particle resolution of 340 M), a disc
gas mass of Mgs = 4 x 10" Mg and a stellar mass of Mgisc = 2 X 107 Mg, (both with disc
scale lengths are r; = 0.7kpc). This initial condition is inspired by the observed galaxy
Holmberg IT (Weisz et al., 2009) that hosts an MBH candidate (Mapelli, 2007). For both
initial conditions, all components are set-up in equilibrium with the method presented in
Springel et al. (2005). To avoid the initial starburst, we employ “peak turbulent driving”
for 20 Myrs, i.e. we inject thermal energy in regions that would be star-forming in a normal
simulation as described in Hu et al. (2017). The initial metallicity is set to Z = 0.1Zg
globally.

To account for a pre-existing NSC, we initialize collisionless particles at a fiducial par-
ticle resolution of 10 Mg, following a Dehnen (1993) profile with v = 1.75 and a scale
radius of 2.2pc. This profile corresponds to a half-mass radius of 71/ ~ 3 pc. Consistent
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label | Mpu [Mg]  Msc [Mo] 1% [pe]  Amgas [Mg]
BH1e3-NSC-massive 10° 1 x 10° 3 4.0 -
BH1e3-NSC-massive-hr 103 1 x 10° 3 1.0 only one SF cycle
BH1e2-NSC 10° 5 x 107 3 4.0 -
BH1e3-NSC 102 5% 10° 3 4.0 -
BH1e4-NSC 10* 5 x 10° 3 4.0 -
BH1e5-NSC 10° 5 x 10° 3 4.0 -

BH1e2 102 - - 4.0 -

BH1e3 10° - - 4.0 -

BH1e4 10* - - 4.0 -

BH1e5 10° - - 4.0 -
BH1e4-NSC-2.0 10% 5% 10° 3 2.0 -
BH1e4-NSC-1.0 10* 5% 10° 3 1.0 -

BH1e4-NSC-1.0-fix 10* 5% 10° 3 1.0 fixed SF Jeansmass
BH1e4-NSC-0.5 10* 5 x 10° 3 0.5 -
BH1e5-racc [ 10° - - 4.0 Tace = 1.0,0.3,0.1 pc

Table 3.2: Overview of all simulations presented in this paper. The massive galaxy
BH1e3-NSC-massive hosts a 10° M, NSC with a 10> M, MBH at the center, consistent
with observational scaling relations. A high resolution version (-hr) with one solar mass
gas resolution was simulated for one star formation cycle. The fiducial dwarf galaxy is
simulated with both nuclear star clusters (-NSC) and without (), and with central MBH
masses in the range of 100 — 10° M, (BH1e2 - BH1e6). To test convergence, we also run
simulations at different mass resolutions (-2.0, -1.0, -1.0-fix, -0.5) and varying sink
accretion radii (-racc).

with observed scaling relations presented in Neumayer et al. (2020), we choose a NSC
mass of Mysc = 106 My (N = 10° particles) for the massive and Mysc = 5 x 10° M,
(N = 5 x 10%) for the fiducial dwarf galaxy, respectively. The gravitational softening
lengths of the NSC particles are €5, = 0.3 pc and €51, = 0.5 pc for the fiducial and the
massive dwarf galaxy, respectively. The softening leads to a flattening of the initially very
cuspy NSC density profile on the softening scale which is comparable to the accretion radius
of r,.c = 0.5pc, below which we do not follow the gas dynamics anymore. The NSCs are
initialised in equilibrium with central MBHs in the range of 100 — 10° M, using the method
described in Rantala et al. (2017). We run the ICs with the full ISM model for 500 Myr
(300 Myr for the massive galaxy) to relax the system, before adding the MBH/NSC and
turning on black hole accretion. Stars that form during the initial relaxation process are
added to the population of “old” disc stars. All stars that form during the simulation
(“new stars”) and “old” disc stars are integrated with the KETJU integrator in a region
of rgetju = 0.3 pc around the MBH. The dense NSC component that cannot currently be
realized in the limit of individual stars is evolved with the standard GADGET-3 integration
scheme.

These ICs are designed to represent a realistic nucleated dwarf galaxy with a “live”
NSC and an MBH in its center. Such a NSC is expected to impact the gas, stellar and
MBH dynamics as well as star formation and gas accretion onto the MBH in its sphere of
influence. Excluding the MBHs, the sphere of influence of the NSC is ritfl, ~ 70pc (for
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Mysc = 5 x 10° M) in the fiducial galaxy. This is slightly smaller than the sphere of
influence of ri%, ~ 80 pc of the NSC in the massive dwarf galaxy (Mysc = 10 My). We
define the sphere of influence as the radius that encloses a total mass (excluding the NSC
itself) of 2 x MNgc.

We list all simulations in Tab. 3.2. For the simulation of the massive galaxy, the NSC
and MBH properties are chosen to be in the expected mass range based on the NSC-
MBH mass relation, i.e. Mpy = 10° My and Mysc = 10° M. Then we use the fiducial
galaxy to test MBH masses between Mgy = 100 and 10° M, representing MBHs from the
under-massive to the over-massive regime compared to the expectation for dwarf galaxies
with- and without a nuclear star clusters (Neumayer et al., 2020). The simulations of
the fiducial dwarf galaxy are simply labelled BH1e2 - BH1e6, indicating the MBH mass,
while simulations with NSC have the extension NSC. As an example, we show the surface
density profiles of all components of the simulation BH1e4-NSC at the beginning and end
(t = 800 Myr) of the simulation in Fig. 3.1.

3.3 Results

In this section, we first analyse the growth of a central BH inside the NSC of the massive
dwarf galaxy and show how individual massive stars and their SN explosions (SNe) regulate
MBH growth and nuclear star formation cycles. Then, we present a parameter study using
the fiducial dwarf galaxy to determine under which conditions MBHs and NSCs can
grow and how they interact with their environment.

The model BH1e3-NSC-massive has a stellar mass of ~ 108 My, and represents a star-
forming dwarf galaxy in the local Universe. It hosts a NSC with a mass of 10° M and
an MBH with an initial mass of 10> M, in the galactic center. We follow the evolution
of the system over ~ 350Myr. In Figure 3.2, we show the state of the galaxy after
~ 250 Myrs of evolution. The colour composite images (left panels) of dust re-emission
have been produced with the dusty radiative transfer code SKIRT (Camps & Baes, 2020).
The radiative transfer post-processing was performed following the method outlined in
Lahén et al. (2022, 2023) with small changes in assigning the stellar spectra. The gaseous
properties (metallicity, temperature) recorded in the simulation snapshot were used as
input for the dust grid built by SKIRT. The dust-to-metals ratio was set to ~ 0.8 to
correspond to the fixed mass fraction of 0.1 percent of the gas mass used in the simulation.
The effective temperature and surface gravity that set the spectral energy distributions
at a given metallicity in the Castelli & Kurucz (2003) stellar atmosphere models provided
in SKIRT have been computed from the initial mass and current stellar age using the
Geneva stellar models at a metallicity of Z = 0.1Z. The old stellar disk particles were
supplemented with simple stellar population spectral energy distributions from Bruzual &
Charlot (2003) at a metallicity of Z = 0.1Zg and randomly distributed ages according
to a linearly decaying star formation history starting ~ 13 Gyr ago and ending at the
present with an SFR of a few 107 Mg yr~!. The NSC particles were similarly assigned
with Bruzual & Charlot (2003) spectral energy distributions with a fixed age of 10 Gyr and
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Figure 3.2: The figure shows the state of the massive dwarf galaxy BH1e3-NSC-massive
after ~ 250 Myr of evolution. The left panels show a colour composite image of dust re-
emission (left) that was generated with the radiative transfer code SKIRT (face-on view on
the central 3kpc in the bottom panel, edge-on in the top panel). The NSC is visible as
a bright spot in the center of the galaxy. The radiative transfer modeling was performed
by Natalia Lahén. The gas surface density, temperature distribution and stellar surface
density as they are inferred from the simulation directly are shown in the right panel (from
top to bottom). The MBH that is placed at the galactic center is represented by a black
dot, stars more massive than 8 M, 15 Mg and 25 Mg, are shown as red, orange and yellow
star symbols, respectively.
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a metallicity of Z = 0.1 Z,. Broadband filters readily available in SKIRT used in Fig. 3.2 are
the Spitzer Space Telescope 24 pm and 160 pm equivalent bands and the Herschel Space
Observatory 250 pum equivalent band. The pixel resolution has been selected as ~ 0.5 pc
which corresponds to ~ 0.03 arcseconds at a distance of 3 Mpc (typical Hubble Space
Telescope or James Webb Space Telescope resolution) or ~ 2.5 arcseconds at a distance
of 40 kpc (24 pm Spitzer pixel scale). The images have been degraded with a Gaussian
point spread function with a full width at half maximum of 2 pixels. The right panels
of Fig. 3.2 show the face-on gas surface density (top), gas temperature (middle), and the
stellar surface density (bottom).

3.3.1 Black hole growth and nuclear star formation cycles

In the top panel of Fig. 3.3, we show the mass-growth of the MBH, AMasereted = Mpy(t) —
Mgy (to), and the growth of the NSC, AMysc. We define AMysc as the new stellar mass
that forms inside the central 10 pc after the simulation has started. Throughout this paper,
we choose a spherical region of 10 pc around the MBH to analyse the physical processes
at the galactic center (inside the NSC/MBH sphere of influence). The MBH and the NSC
grow simultaneously during short episodes. The absolute NSC growth is larger than the
MBH growth as most of the gas in the galactic center is turned into stars before it can be
accreted by the MBH. Nevertheless, the MBH has grown from 1000 M to ~ 3500 M, and
more than tripled its mass by the end of the simulation. This corresponds to an e-folding
timescale of ~ 270 Myr, much faster than in comparable simulations without a NSC (see
Sec. 3.3.2). In the same time, the NSC has grown by ~ 1.1 x 10* M, which corresponds
to a relative growth of only ~ 1.1 percent. The gas accreted onto the MBH is roughly at
a constant fraction of 20 percent of the gas turned into stars in the nuclear region.

The second panel shows the time-evolution of the MBH accretion rate and star forma-
tion rate (SFR) inside the central 10 pc. The concurrent episodes of star formation (orange)
and MBH accretion (blue) cycles are clearly visible. While the global SFR remains con-
stant at ~ 4 x 1073 Mg yr~!, the nuclear SFR and MBH accretion rate are regulated by
massive stars. As soon as the first supernova of the respective star formation episode ex-
plodes (orange star symbols) star formation and gas accretion cease. The cycles of MBH
accretion and star formation typically last for 10 — 30 Myr, followed by 20 — 40 Myr of
quiescence. During the accretion phases, the MBH accretion rate can become as high as
5x 1075 Mg yr~! and exceed the Eddington rate (black dashed line). The nuclear SFR can
become as high as ~ 1073 Mg yr—.

The inflow (blue) and outflow (orange) rates of gas measured at a radius of 10 pc are
shown in the third panel of Fig. 3.3. The inflow typically starts before the SFR and
MBH accretion rate increase (see second panel) and continues for 10 - 30 Myr. The inflow
is terminated by the first nuclear supernova (orange star) which drives a short phase of
outflow, ending the respective cycle. Up to ~ 2700 My of warm and ~ 1000 Mg, of cold
gas can accumulate in the central 10 pc during the accretion cycles (blue and orange lines
in the fourth panel of Fig. 3.3). The cold gas (T" < 300K) is also the reservoir for star
formation while the warm gas (300 K < T < 2 x 10 K) dominates the nuclear mass budget
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Figure 3.3: Star formation and MBH accretion cycles in the galactic center (inner 10 pc)
of simulation BH1e3-NSC-massive with a 10 M, NSC and a 103 M, MBH. The top panel
shows the MBH (blue) and the NSC (orange) mass growth. Within 350 Myr, the MBH
grows by ~ 3500 M, while the the NSC grows by more than 10* M. Panel two shows the
MBH accretion rate (BHAR) and the nuclear SFR. The MBH accretion rate can exceed
the Eddington limit for short periods of time. The episodic growth cycles are terminated
by the first SN of the cycle (orange stars). The inflow (blue) and outflow (orange) rates at
r = 10 pc are shown in panel three. Brief outflow phases start after the first SN. Panel four
shows the nuclear content of cold (7" < 300K, blue) and warm (300K < T < 2 x 10*K,
orange) gas. The binding energy (panel five) of the central gas reservoir with respect to
the NSC and MBH never exceeds ~ 4 x 10* ergs and thus one single SN can unbind the
gas. The number of stars more massive than 8 M, is shown in panel six. Gas can only flow
back to the center (panel 3) as soon as the last massive star has exploded. The nuclear
SNe (orange dots, bottom panel) are spatially separated and clustered in time compared
to events in the main galaxy (blue dots).
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Figure 3.4:  [Illustration of one accretion cycle in the massive dwarf galaxy
BH1e3-NSC-massive-hr (i.e. a re-simulation of BH1e3-NSC-massive at a global resolu-
tion of 1 My). The top panel shows the gas surface density in the ~ 200 pc centered on
the BH, the middle panel a zoom-in on the gas and stellar distribution in a ~ 6 pc region
around the BH. The half-mass radius of the NSC is shown as a black circle, stars that form
during this cycle are displayed as black dots (M, < 8 My). Massive stars are highlighted
as red, orange or yellow star markers for initial stellar masses of 8 — 15 Mg, 15 —25 M, and
> 25 Mg, respectively. The bottom panel shows the temperature distribution in the larger
scale environment (~ 200 pc). The left column shows how gas starts to re-accumulate in-
side the NSC region ~ 8.5 Myrs after the most recent SN explosion in the central 10 pc that
has terminated the previous nuclear accretion cycle. After ~ 17.5 Myrs, the nuclear SF has
led to the formation of several massive stars. The cycle is terminated after ~ 26 Myr when
the first SN ejects the gas from the galactic center (visible as a hot, low density bubble in
the bottom right panel).
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and there is little gas at higher temperatures. The MBH accretes from both phases (see
Sec. 3.3.2 for a more detailed discussion), as long as the gas is bound to the MBH and has
sufficiently low angular momentum. For the simulation time shown here ~ 1400 M, of cold
gas and ~ 1000 My of warm gas was accreted onto the MBH. In the fifth panel we show
total the binding energy of all gas inside 10 pc as a function of time. As the maximum
binding energy never exceeds ~ 4 x 10 ergs a single supernova event with Egy = 10%! ergs
can easily unbind the nuclear gas component and thus terminate star formation and MBH
accretion.

Supernovae explode in the simulation whenever a massive star with 8 My < Mgty <
50 M comes to the end of its lifetime. The number of massive stars in the central 10 pc
are shown in panel six. Each star formation cycle leads to the formation of up to ~ 40
stars with an initial masses greater than 8 M, (blue). Typically, after the last massive star
has exploded, a new accretion cycle starts almost immediately. The stellar lifetimes range
between a few Myr and ~ 32 Myr, such that every accretion and star formation cycle leads
to a number of spatially clustered SNe in the galactic center (bottom panel, orange dots).
Only after the last nuclear SN has exploded, inflow to the center starts again and the
next cycle can begin. In the bottom panel, we show the radial distribution of SNe inside
(orange) and outside (blue) 10 pc. There is a clear separation between the two populations
of SNe and the central SNe are clustered in time.

To better understand the effect of nuclear star formation and stellar feedback, we re-
simulate BH1e3-NSC-massive at four times higher global gas resolution (mgs = 1Mg,
BH1e3-NSC-massive-hr) and show one accretion cycle in Fig. 3.4. The top and bottom
panels show the larger scale gas surface density and temperature distribution, respectively,
at three different times after the last nuclear SN has exploded. A zoom-in on the NSC
region is shown in the middle panel. Only ~ 8 Myr after the most recent SN has terminated
the previous accretion cycle, the NSC captures gas from the turbulent ISM (left). The gas
cools and the first low-mass stars (< 8 My, faint black dots) already start to form. At
17.5Myr, several massive stars have formed inside the NSC (red and orange symbols).
Like in all simulations with nuclear star clusters presented in this paper, the nuclear star
formation is almost entirely confined to a region within the half mass radius of the nuclear
star cluster (black circle, the old star cluster stars are not shown here). After 26.4 Myr, the
first massive star has exploded as a SN and has cleared out the gas from the NSC, creating
a hot, low density bubble in the galactic center (right). The hot bubble terminates the
accretion cycle and partially destroys the stream of cold gas that is moving towards the
NSC, preventing further inflows to the NSC.

To show that only a small fraction of the available gas in the center can be accreted by
the BH, we show the mass budget in the central 10 pc in Fig. 3.5. In particular, we plot
the integrated inflow and outflow, AM;, /out = [ Min/oue dt, in the central 10 pc, the young
NSC mass AMnysc, and the BH growth AMgy as a function of time. Only a small fraction
of the gas that flows into the central region is accreted by the BH (AM,;,/AMgy ~ 6 %).
About ~ 30 % of the in-flowing mass budget is converted into stars while the largest part
of the mass budget is lost to outflows. This indicates that most of the gas is lost to SF
before it can reach the accretion radius of the BH.
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Figure 3.5: The mass budget in the central 10 pc around the BH as a function of time
for simulation BH1e3-NSC-massive. We show the BH mass growth (blue line), NSC mass
growth (orange line), and the integrated gas inflow (green line) and outflow (red line). A
total of 4 x 10* M, flows into the center of the galaxy, ~ 6 percent is accreted by the BH,
~ 30 percent is converted into stars. The remaining mass is lost in outflows.
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Figure 3.6: The nuclear properties for all fiducial simulations as a function of time
with different BH masses (increasing from top to bottom, Mgy = 10% 103,104,105 M)
without (left) and with a NSC (right). For each simulation, we show the BH accretion
rate (BHAR) and the SFR inside the central 10pc (top), the warm and cold gas mass
(middle), and the number of massive stars in the central region (bottom). The first SNe
following a star formation cycle are marked with an orange star. Low-mass BHs (< 10* My,)
without a NSC cannot capture gas. More massive BHs occasionally capture gas, but the
BH accretion is not always connected to star formation. With NSC, even low-mass BHs
accrete episodically with simultaneous star formation. The BH growth rate depends on
the initial BH mass, but the central SFR is similar in all simulations with NSCs.
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3.3.2 Black hole accretion cycles with- and without nuclear star
clusters

In this section, we consider the fiducial dwarf galaxy with- and without a 5 x 10° Mg
NSC and with initial BH masses between 10? and 10° M. All simulations discussed in this
section are listed in Tab. 3.2. BH masses with < 10* M, are within the expected range for
the stellar and NSC mass of the host galaxy (see e.g. Neumayer et al., 2020), more massive
BHs would be considered over-massive (Mezcua et al., 2023).

In Fig. 3.6, we show the accretion and star formation histories for eight simulations
(similar to Fig. 3.3). Simulations without and with (-NSC) a pre-existing NSC are shown
in the left and right column respectively, the initial BH masses increases by factors of ten
from 100 M, (BH1e2) to 10° M, (BH1e5) from top to bottom. For each simulation, we show
the BH accretion and star formation rate in the central 10 pc in the top panel. The green
curve in the middle panel shows the amount of gas in the warm ISM phase, while the red
curve only represents gas in the cold ISM phase (7' < 300 K). The number of massive stars
(Mgar > 8 M) as a function of time is given in the bottom panel. As in Fig. 3.3, we mark
the time of the first SN of each accretion cycle with an orange star.

Without a NSC, the low-mass BHs (BH1e2, BH1e3) do not grow within the 650 Myr of
evolution shown here. The little gas in the center also does not form any stars. For BHle4,
the BH grows during three accretion events when more than 1000 M, of gas accumulate
in the center and the BH reaches accretion rates above gy > 1074 Moyr—!, comparable
to the Eddington accretion rate. Supernovae do not obviously terminate the accretion
cycles here. No massive star is formed in the first cycle, the second and third cycle seem
to be terminated before the SNe events. As the gas is weakly bound in the absence of
a NSC it is possible that stellar radiation terminates the last two accretion events. This
is supported by a visual inspection of the simulation. For the most massive BH without
NSC, BH1e5, the star formation rate and the BH accretion rates are decoupled. Gas is
captured regularly and the BH accretes gas most of the time, only interrupted by short
and irregular periods of quiescence. In our Jeans instability based star formation model,
stars can only form from sufficiently cold and dense gas. There are several accretion events
when the gas is warm and not dense enough to form stars but can still be accreted by the
BH. This results in relatively continuous, less bursty BH growth episodes until the supply
of gas is depleted. However, there are a few cycles during which larger amounts of cold gas
accumulate in the center and the gas is able to form stars. Two of these cycles are clearly
terminated by central SNe (¢ ~ 75 and t ~ 560 Myr).

The simulations with NSCs (right column in Fig. 3.6) show a much more regular be-
haviour. Independent of the initial BH mass, all accretion cycles are terminated by the first
nuclear SN. This is very similar to the massive galaxy discussed in Sec. 3.3.1. The nuclear
SFR seems to be similar for all NSC simulations and regulated only by the presence of
the NSC potential and star formation. The absolute BH accretion rate, however, increases
with BH mass as expected from their larger sphere of influence (see also Fig. 3.12). Still,
all but the most massive BH (BH1e5-NSC) can have peak accretion rates close to the Ed-
dington rate. Another striking difference to the simulations without NSCs is that in the
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presence of a NSC every gas accretion cycle leads to simultaneous star formation and BH
growth. As discussed for the massive dwarf galaxy, this star formation results in massive
star formation and SNe at the end of their lifetimes. This makes the cycles very regular
with a period of ~ 40 — 50 Myrs, where the minimum is set by the lifetime of massive stars
of ~ 8 Mg (~ 33 Myr) plus the time it takes for the NSC to capture new gas from the ISM
again, i.e. the dynamical time at ~ 10 pc, which is ¢4y, ~ 5 Myr.

Black hole and nuclear star cluster growth

We compare the BH and NSC growth histories of the eight simulations of the fiducial
dwarf galaxies in Fig. 3.7. The top left panel shows the BH mass growth AMpgy = Mpp(t)—
Mgy (to) in the respective simulations as a function of time. The NSC boosts the BH growth
significantly for low-mass BHs which otherwise accrete no (Mpy = 100 Mg, red) or only
very little gas (Mpn = 1000 Mg, blue). For more massive BHs the effect becomes smaller
and almost negligible if the BH mass becomes comparable to the NSC mass (Mpy =
10° My, green).

The absolute mass Mgy(t) is shown in the bottom left panel of Fig. 3.7. Especially
for the low-mass BHs, the boosted accretion due to the NSC leads to short growth
timescales. We use the e-folding time as a metric for the growth timescale, defined by
te =1t In(M(t)/M(to))~", and report it for each initial BH mass in the plot. For example,
the BH with an initial mass of 10® M, grows with a timescale of > 7 Gyr. If the same BH is
embedded into a NSC, the growth timescale drops by more than one order of magnitude to
0.66 Gyr. For more massive BHs, the differences between growth timescales in simulations
with and without NSC become smaller.

In the presence of a pre-existing NSC, the formation of new nuclear stellar mass A Mysc
(i.e. new stars inside 10 pc, solid lines, top right panel of Fig. 3.7) is relatively independent
of the initial BH mass and varies only by a factor of two. Simulations with BHs that
are initially not embedded in a NSC but are massive enough to capture gas can grow a
small NSC (orange and green dashed lines). The mass of this cluster scales with the BH
mass and, as discussed in the previous section, not every BH accretion cycle leads to the
formation of stars, such that most of the stellar growth can be attributed to a small number
of events during the evolution of ~ 800 Myr.

As the absolute growth Mygsc(t) = Mysc(to) +AMysc in the bottom right panel shows,
the star formation inside the pre-existing NSC does not lead to significant absolute growth
(only a few percent). In contrast, the small star clusters that form around the BH without
pre-existing NSC grow on a short timescale. This timescale (computed using ¢ty = 400 Myr
to obtain the e-folding timescale since the mass is zero initially) is significantly shorter
than the growth timescale of the BH.

This suggests that if a low-mass BH is initially under-massive compared to its host star
cluster, it will have a shorter growth timescale compared to the NSC growth and “catch
up” in mass. As the BH grows, the advantage of the NSC potential well becomes smaller
and the BH growth timescale increases. This is a possible explanation for the relatively
tight correlation between NSC and BH masses. On the other hand, if there is no star
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Figure 3.7: Growth histories of the BHs and NSCs for all fiducial simulations starting
from different initial black hole masses with (solid lines) and without (dashed line) a pre-
existing NSC. The top left panel shows the accreted BH mass AMpy = Mgy (t)—Mgpu(to) as
a function of time. The pre-existing NSC boosts growth of low-mass BHs (Mpy < 10* M)
by several orders of magnitude, but does not change significantly the mass growth history
for massive BHs (Mgg > 10°My). For low-mass BHs, the total mass growth Mpy(t)
(bottom panel) has short e-folding timescales ¢.. For high mass BHs, the growth timescales
become very long. The growth of stellar mass AMysc(t) inside 10 pe (solid lines, top right
panel) is independent of the BH mass if embedded in a NSC. Even without the pre-
existing NSC, a small cluster forms around the BH. The absolute growth timescale of the
pre-existing NSC is very long (bottom right panel). The e-folding growth timescales for
the BH and NSC are reported in the bottom left and right panel, respectively.
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Figure 3.8: Comparison of the accreted BH mass A Mgy and the new stellar mass A Mysc
inside 10 pc at the end of the simulation. Without the NSC (dashed line), MBH growth is
usually dominant compared to nuclear SF. With a NSC (solid line), central SF dominates
over BH growth, even though the BH growth is significantly larger than without a NSC.
For large BH masses (> 10° M), the NSC does not promote BH growth anymore.

cluster around the BH initially, a star cluster forms self-consistently, suggesting that in
this case the NSC mass “catches up” to the BH mass.

We show an overview of the accreted BH mass and new central stellar mass after
800 Myr as a function of initial BH mass for all fiducial simulations in Fig. 3.8. For
simulations with NSCs (solid lines) the BH mass growth scales with initial BH mass (blue
solid line) while the stellar mass growth (solid orange line) is independent of the initial
BH mass and set by the presence of the initial NSC. For simulations without initial NSCs,
stellar (orange dashed line) and BH mass growth (blue dashed line) scale with the initial
BH mass. The BH mass growth dominates for high initial BH masses. For large initial BH
masses, the BH growth is similar with and without NSC.

To understand why a NSC is boosting BH growth, we show the integrated inflow rates
AM;, = [m(t)dt for the different initial BH masses at the end of the simulations in the
top panels of Fig. 3.9. The inflow is measured at five different radii and we use it as
an estimate for the available gas budget for central star formation and BH growth (see
Fig. 3.5). In the bottom panel, we show which fraction of the gas flowing to the central
10 pc is converted into stars (orange line), is accreted by the BH (blue line), or is lost to
outflows (red).

Down to the central 10 pc the gas inflow is independent of the presence of a NSC and
similar for all initial conditions. Without a NSC the inflow into the central 3 pc increases
for initial BH masses greater than 10® My, (top left panel). This gas can form stars (orange
line, bottom left panel) and up to 40 percent can be accreted onto the central BH. For
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Figure 3.9: Analysis of the mass budgets available for BH accretion and SF. In the top
panel, we show the inflow measured at radii of » = 300, 100, 30, 10 and 3 pc integrated over
time. With a pre-existing NSC, the accumulated inflows are similar for all initial MBH
masses for radii down to 3pc. Without a NSC, the inflows decrease significantly for low
MBH masses, indicating that a lack of gas in the galactic center is the reason for inefficient
MBH growth in this regime. In the bottom panel, we show which fraction of this in-flowing
gas supply (r = 10pc) is converted into stars (orange line), is accreted by the BH (blue
line) or is lost in outflows (red).
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BH masses lower than 10* M almost all gas is leaving the central region again. With a
NSC, about 50 percent of the gas funneled to the central 10 pc flows all the way to the
central 3pc (green and red lines, top right panel). A BH independent fraction of ~ 25
percent of the 10 pc inflow is converted into stars (orange line bottom right panel). The
gas fraction accreted onto the central BH increases from ~ 1 percent to ~ 30 percent for
the most massive BH of 10° My, (blue line). This indicates that the main effect of the NSC
in the simulations is to boost the nuclear gas inflow rates. The effect on BH growth is
particularly strong in models with BHs masses which are much lower than the NSC mass.
Due to the increased rates the nuclear gas can become dense, cool and form stars which

regulate the accretion cycles as discussed above. The nuclear gas can also be accreted onto
the BHs.

Properties of the accreted gas

In Fig. 3.10, we show the temperature distribution of gas particles which are accreted
onto the central BH . With our sink based accretion model, BHs can in general accrete
from all phases of the ISM as long as the gas is gravitationally bound (see Eq. 3.1) and
meets the additional radius and angular momentum criteria. Overall, we find that gas with
temperatures in the range ~ 80 — 4 x 10* K can be accreted in the simulations presented
here. For low-mass BHs with Mypr < 103 Mg mostly cold gas is accreted. With increasing
BH mass increasingly more gas at higher temperatures becomes bound and can also be
accreted. For BH masses > 10* M, the distributions become bi-modal indicating that the
BHs grow more equally from the cold (7' < 300K) and warm (300K < T < 2 x 10*K)
ISM gas phase.

Many models for BH feedback assume that outflows are directed perpendicular to a
central accretion disc region. The orientation of such a disc then plays an important role
for the efficiency of BH feedback. To analyse if the angular momentum of the accreted gas is
typically chaotic or aligned with the rotation axis of the galaxy, we show the time-integrated
angular momentum of all accreted gas particles (i.e. the angular momentum of the BH sink
particle) in Fig. 3.11. The gas disc of the galaxy is rotating in the +L.-direction (green).
The accreted angular momentum of low-mass BHs with Mypy < 103 Mg does not clearly
show a preferred angular momentum direction. For larger BH masses Mypy ~ 10* Mg,
the angular momentum during accretion cycles is typically either aligned or misaligned
with the rotation axis (z-axis) of the galaxy. Counter-rotating gas can be produced by
stellar feedback events. For example in BH1e4-NSC, the accumulated L, and L, angular
momentum is relatively constant over time, while L, shows a step-wise evolution. For some
accretion cycles, we can visually confirm the formation of a rotationally supported circum-
nuclear disc with a clear rotation axis. For the largest BH masses (10° M), accreted gas
is often aligned with the rotation axis of the dwarf galaxy.
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Figure 3.10: The temperature distribution of accreted gas particles for simulations with
(top) and without a NSC (bottom). BHs more massive than 10 M, accrete from the cold
(T < 300K) and warm (300K < T < 2 x 10*K) ISM phase while accretion from the
hot phase (7' > 2 x 10*K) is always subdominant. These three ISM phases are visually
separated by a dashed black line. Low-mass BHs preferentially accrete from the cold ISM
phase, that has smaller internal energy and can be captured by the BH more easily. The
total masses accreted from the cold and warm ISM phase are given in the top left and right
corner of each panel, respectively.
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Figure 3.11: Accumulated angular momentum of the accreted gas (i.e. angular momentum
of the BH sink particle) as a function of time, separated into the L,, L, and L, components.
Low-mass BHs (< 10°Mg) do not have a preferred angular momentum axis, while more
massive BHs preferentially accrete gas with angular momentum that is aligned with the
galaxy rotation axis in the 4L -direction.



3.3 Results 85

BH1e3 BH1e3-NSC
100 T AR L T AT 3 100 [T . % v T =d B
A MI TP =1.9x10% Mo 500 MI0-2000e 1 g5 104 Mg - o
751 MR 0P =13 x10% Mo 75 MR 1P =31 x10% Mo
M0 =13 x 101 M, MR =1.1x 10 Mo
50 400 50 200
25 T T
= =
g 300 g 300
o 0 o o o
— © — ©
> — > —
8 8
3 3
-25 200 & =25 ; 200 @
-50 -50
100 100
-75F - -75
_100 Lk b et - - & 0 —100— T S — 0
~100 ~100 -50 -25 100
x [pc] x [pcl
BH1e4 BH1e4-NSC
100 TR - = 100 —=r— T
S MG TP =22 x10% Mo 500 Mg TP =22 x10% Mo
751 MAQ100PC = 1.3 % 10% Mo 75F M0 = 4.6 x 103 Mo 500
M 0P =26 x 102 M, TMEP = 1.6 x10% M,
50 : 50 .
400 400
25 T 25 T
= =
g 300, g 300 @
& o0 ® & o0 o
> — > —
Kl K]
3 3
-25 200 & -25 200 @
-50 -50
100 100
-75¢F -75
—-100 4 A AV - i 0 ~100 1 i N IN ST 0
~100 -75 -50 -25 0 25 50 75 100 ~100 -75 -50 -25 0 25 50 75 100
x [pc] x [pc]
BH1e5 BH1e5-NSC
100 g 100 s T
ML20=200PC =32 4 x 104 Mo 500 - ML0200¢ _ 3 2 % 104 M 500
75F MIT10P =12 x10% Mo 751 M1 100PC = 5.8 x 103 M
M =3.0x 103 Mo 3 MEIPC =14 % 10% M,
3 50
400 : 400
D £
ke 300, T 300 ¢
o o o 0 o
— © — ©
> — > —
i) o
3 3
-25 200 & -251° 200
-50 -50F
100 : 100
-75}. -75
—-100 S L 2 RSN W - SNk 0 ~100, g 1 I vy E 0
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 0 25 50 75 100
x [pc] x [pc]

Figure 3.12: The distribution of stars in the central 100 pc around the BH at ¢t = 600 Myr
for six fiducial simulations with (right) and without (left) a NSC and initial BH masses
of 10%,10*,10° M, (from top to bottom). The sphere of influence of the central object
(NSC+BH) is represented as a black dashed circle. The age of each star is color-coded.
Black crosses mark the position of identified star clusters. The total formed stellar mass
in radial bins of r < 10pc, 10 — 100 pc and 100 — 200 pc are given in each panel. The
presence of NSCs has a strong impact on the survival of star clusters (most get disrupted)
and nuclear star formation (strongly enhanced).
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3.3.3 Star cluster properties and nuclear star cluster growth

In this section, we present an analysis of how the NSC and/or BH interacts with its larger
scale environment. In particular, we will show that the potential well of the central object
changes the star formation rate and the stellar clustering in its sphere of influence and that
NSC growth through the accretion of sinking star clusters (“ex-situ growth”) is inefficient
in our simulations.

Star formation and star clusters around the black holes

In Fig. 3.12 we show the distribution of newly formed stars in the central 100 pc for the
fiducial dwarf galaxy without (left) and with (right) a NSC and initial BH masses of 103
(top), 10* (middle) and 10° M, (bottom) after ¢ = 600 Myt of evolution. The gravitational
sphere of influence, defined by M (riua) = 2 X Mecentral inside which the central object is
expected to dominate the dynamics, is shown as a black dashed circle. Here, M entral
represents the sum of BH and NSC masses and M (r) denotes the cumulative total mass
in the galaxies without a NSC and a BH. We color-code the stars by age to highlight
which stars formed simultaneously. This allows to visually keep track of stars that initially
formed together from the same gas cloud. The position of star clusters as identified with
a friends-of-friends algorithm (linking length 1 pc and at least 100 stars per cluster) are
marked with a black cross. We also report the total stellar mass formed inside 10 pc,
between 10 and 100 pc as well as 100 and 200 pc in each panel.

At large distances > 100 pc, outside the sphere of influence of the NSC, the differences
between the stellar mass in simulations with- and without NSC is very small. The presence
of a NSC (right panel) leads to a suppression of total star formation by a factor of 2 - 4 in
the 10 - 100 pc region (e.g. M2 %P ~ 3.1 x 10° M, for BH1e3-NSC versus Mo, 0P ~
1.3 x 10* M, for BH1e3). The situation is reversed in the central 10 pc. Here all simulations
with NSCs show the formation of new nuclear cluster stars with at least M 0P ~ 10% M.
This is comparable to the total stellar mass formed in the simulations without NSC inside
100 pc and indicates that the shear from the NSC suppresses star formation until the
inflowing gas assembles at the center and becomes too dense and cold for shear to suppress
it any further. Also the spatial clustering of stars is strongly affected by the NSC. In the
absence of a NSC (left panels), most stars are part of low-mass star clusters. The uniform
colors inside each cluster indicate that their stars formed at the same time from the same
dense gas cloud. The number of star clusters inside the NSC sphere of influence (right
panels) is very small and no cluster is closer than ~ 40pc to the BH. The few clusters
residing inside the influence radius are younger than ~ 100 Myr (as indicated by the dark
color). The simulations suggest that older star clusters are disrupted in the tidal field of
the NSC. For example, simulation BH1e4-NSC (middle right panel) clearly shows stellar
streams from a disrupted cluster that share the same age and extend over ~ 150 pc. Such
streams can also be seen the other two NSC simulations.

In Fig. 3.13, we follow the time evolution of one of the disrupted star clusters with
initially ~ 300 bound stars, approximately ~ 50 pc away from the NSC. The cluster formed
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Figure 3.13: An example of the disruption of a small star cluster with initially ~ 300
stars. The cluster is bound initially and has a mass of 250 M with a half-mass radius
of r = 1.1pc. A leading and trailing tail already develops after 11 Myr. After 17 Myr
(and 41 Myr), a small star cluster is still visible, although many stars have already been
stripped from the cluster. At 85 Myr, the cluster is fully disrupted. At the final time, even
the stellar stream that is left behind by the disrupted cluster is fully dissolved and the

stars have mixed randomly with the stars in the central ~ 50 pc.
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Figure 3.14: Typical trajectories (200 Myr) of the BHs in four example simulations without
(top panel) and with (bottom panel) NSCs. The wandering radius (~ 30 pc) is similar in
all cases. The BH orbits for the simulations with NSCs (bottom panels) appear slightly
thicker due to oscillations of the BH around the NSC center.

from a gas cloud on a clock-wise orbit in the z — y—plane, even though the galaxy rotates
counterclockwise. After less than half an orbit around the NSC, the star cluster develops
a leading and a trailing tidal tail, but most stars are still inside a small star cluster after
17 Myr. After 41 Myr and an encounter with the NSC at distance » ~ 10 pc, the majority of
stars are not part of the cluster anymore. At t = 85 Myr, there is only an extended stellar
stream left, and the cluster has lost its structure entirely at the end of the simulation.

The BHs and NSCs move around freely in the centers of the dwarf galaxies and respond
to the gravitational interaction with the surrounding star clusters and other galactic matter.
In simulations with NSCs the BH always stays in the center of the NSC. In Fig. 3.14 we
show typical trajectories of BHs for models BH1e3 and BH1le4 in the top panel and the
trajectory of BHs at the center of NSCs in models BH1e3-NSC and BH1e4-NSC in the
bottom panels. The wandering radii are typically ~ 30 pc. We consider this to be the most
accurate estimate so far as we sample individual stellar masses and dynamical interactions
between BHs and stars are computed without softening at high resolution with KeTJU.
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Due to the shallow potential well of the dwarf galaxy, there is no strong restoring force
such that even the relatively massive NSC with 5 x 10% M, oscillates in the center without
sinking back if it gets pushed away from the galactic center.

Ex-situ vs.in-situ growth of the nuclear star cluster

It is still debated if NSCs predominantly form via “in-situ” star formation in the galactic
center or if they originate from sinking and merging massive star clusters in the “ex-situ”
formation scenario (Tremaine et al., 1975; Milosavljevié¢, 2004; Fahrion et al., 2019). Al-
though the typical star clusters that form in our isolated dwarf galaxy have lower masses
than typical massive clusters, the sinking and accretion of star clusters might be an ad-
ditional growth channel for the NSC in our simulations. Here we explore which fraction
of new stars in the NSC has formed in-situ inside the central region in contrast to star
clusters that might have sunk to the center (“ex-situ”).

In Fig. 3.15, we compare the distances of stars to the central BH at their time of birth
Tini = |Tstarini — TBH.mi| 0 the distances at the end of the simulation 7ana = |Pstarfinal —
rBufinal|- The panels are arranged as in Fig. 3.12. Stars with rgpa < 7 have moved
inwards (top left), while stars rgn, > 7in; moved outwards (bottom right).

Especially in the simulations with a massive central object (i.e. the simulation BH1e5
and the simulations with NSC in the bottom right panel), it is striking that stars with
the same age typically form at the same radius, but then become spread out over a wider
range of radii at final time. This gives rise to horizontal patterns with constant stellar
age and constant ry,;, but different rgp,. This is a result of the cluster disruption process
described in the previous Sec. 3.3.3 and in Fig. 3.13. The majority of stars that end up
in the NSC (here defined by rg,. < 10 pc) have already formed in the central region with
rmi < 10pc. Only a small fraction of stars has formed at larger radii (ry,; > 10pc) and
are found in the center at final time (rgna < 10pc) such that the stellar mass gain of
AMZES™ < 100 Mg, via sinking stars is always negligible compared to the stellar mass
from in-situ star formation (AMYsS™ > 10* Mg for all simulations with NSCs). Mass
loss from the NSC (ry; < 10pc and 7g4. > 10pc) is typically also negligible (except for
simulation BH1e5 where some stars formed on eccentric orbits that extend beyond 10 pc).

As expected from the periodic star formation cycles discussed in sections 3.3.1 and 3.3.2,
the in-situ NSC stars have very broad age distribution. As a typical example, we show the
histogram of stellar ages of simulation BH1e4-NSC in Fig. 3.16. Such age distributions are
consistent with observations of multiple stellar populations in NSCs (see e.g. Neumayer
et al., 2020; Fahrion et al., 2021, 2022a).

In conclusion, in our simulations the majority of stars adding to the pre-existing NSC
form in-situ while sinking star clusters do not contribute. Most stars that form inside the
central 10 pc remain bound to the NSC and/or BH and do not propagate in- and out, which
makes 7 = 10 pc a good boundary for the nuclear region. The inefficient ex-situ growth is
expected here. Because the sinking timescale of star clusters depends on the cluster mass,
low-mass clusters or individual stars after the cluster is disrupted have extremely long
sinking timescales, even if they are already relatively close to the NSC. The disruption of
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Figure 3.15: The radial distance of stars from the center at birth, ry,;, vs. their radial
distance at the end of the simulation, rg,,. The panels are arranged as in Fig. 3.12 and
each star is again colour coded by age. Stars above the unity line have moved inwards,
stars below have moved outwards. Horizontal patterns at the same color indicate cluster
disruption. Most stars in the nuclear region (= 10* M, within a radius of 10 pc, lower left
corners in each panel) have formed there. The masses of incoming and leaving stars are

given at the left and bottom part of the plot, respectively. There is no evidence for ex-situ
NSC growth.
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Figure 3.16: The age distribution of new nuclear stars contributing to the NSC cluster in
simulation BH1e4-NSC. The episodic star formation as discussed in Sec. 3.3.1 and 3.3.2 leads
to a broad distribution of stellar ages. The new NSC stars form in multiple populations.

star clusters in the galactic centers makes “ex-situ” growth even less efficient. Hence, our
simulations do not contradict studies favouring the “ex-situ” formation scenario of NSCs
in dwarf galaxies as we do not form massive star clusters. More extreme environments
(starbursts, galaxy mergers) might give rise to star clusters that are massive enough to
sink to the galaxy center on relatively short timescales.

3.4 Discussion

With this high resolution study of accreting BHs in dwarf galaxies with and without NSCs,
we test under which conditions and to which extent BHs can grow in the centers of low-
mass galaxies. The simulations suggest that the growth of BHs in a dwarf galaxy without
a NSC is very inefficient, even without considering BH feedback. This is in agreement with
high-resolution studies of isolated gas clouds as presented in Shi et al. (2022). They found
that surface densities of more than > 1000 Mg /pc? and cloud masses above > 10° M,
are required to sustain efficient accretion in the presence of stellar feedback. These are
conditions that are not typically found in the dwarf galaxies that we are simulating here.

In our simulations, the SN explosions of individual massive stars lead to bursty BH
accretion histories. This is consistent with the findings of Sivasankaran et al. (2022). They
presented simulations of similar galaxies, although at about two orders of magnitude lower
gas mass resolution (up to ~ 860 Mg). They found very bursty BH accretion histories as
a result of stellar feedback and the clumpy ISM structure, emphasizing the importance of
resolving the multi-phase ISM structure.
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Figure 3.17: The impact of varying gas mass resolution 0.5, 1, 2,4 M, based on simulations
BH1e4-NSC-0.5, BH1e4-NSC-1.0, BH1e4-NSC-2.0, and BH1e4-NSC on the BH and nuclear
stellar mass growth after 400 Myr. The BH mass growth is well converged, while the stellar
mass increases slightly (a factor of 3) at the highest resolution.

To reduce the model complexity in this study, we have not considered the effect of BH
feedback. It is still an ongoing debate to what extent the feedback from MBHs in dwarf
galaxies with their typically low acretion rates and luminosities shapes their environment
and impacts the accretion rate (Koudmani et al., 2019; Barai & de Gouveia Dal Pino, 2019;
Sharma et al., 2020; Koudmani et al., 2021, 2022; Arjona-Galvez et al., 2024). However,
aside from theoretical arguments, there are several observational examples for BH feedback
processes in dwarf galaxies (e.g. Schutte & Reines, 2022).

While it is clear that feedback from BHs should be included in simulations including gas
accretion, it is not clear how to correctly model its effect on the environment in simulations
of dwarf galaxy evolution. As the strong effect of individual SNe indicates, the larger
expected injection of energy and momentum from AGN discs might completely terminate
nuclear star formation and further gas accretion onto BHs. However, the accurate amount
of energy and momentum released by the accretion disc and how it couples to the ISM
(e.g. as radiation, bipolar wind, or collimated jet) is highly uncertain and depends on the
assumed physical processes on the accretion disc scale.

Another challenge for simulations of accreting BHs in galaxies is that it is typically
not possible to follow the gas dynamics down to accretion disc scales. Instead, gas must
be removed from scales that are still resolved in the simulation and the evolution of the
unresolved accretion disc has to be followed with simplified sub-grid models. In our simu-
lations, we set an accretion radius of 0.5 pc, below which we do not follow the gas dynamics
anymore. We assume that all gas accreted by the sink particle on this scale contributes to
the growth of the BH. However, in even higher resolution simulations gas might still form
stars on its way down to the accretion disc and the BH. For example, recent attempts to
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Figure 3.18: Histogram of realised stellar masses at gas phase resolutions of 0.5,1,2,4 M
with the adjusted Jeans mass limits for star formation (same simulations as in Fig. 3.17
after 200 Myr of evolution). The number of sampled massive stars decreases for higher
resolutions. The original high-mass slope of the Kroupa initial mass function is shown by
the black line. The purple line shows a simulation with 1 Mg resolution and the fiducial
Jeans mass limit of 200 M (BH1e4-NSC-1.0-fix). In this case the realised stellar mass
distribution is similar to the fiducial model.
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Figure 3.19: The impact of varying BH accretion radii r,.. = 0.1,0.3,0.5,1.0 pc on the
BH and nuclear stellar mass growth after 600 Myr based on simulations BHle5-racc and
BH1e5. The mass growth is well resolved for accretion radii larger than the gravitational
softening length of 0.1 pc. The fiducial value is r,.. = 0.5.

bridge the gap between galaxy and BH accretion disc scales suggest that star formation
becomes inefficient close to the BH (on sub-parsec scales for a ~ 10" M BH), but it is
not obvious how this result translates to the dwarf galaxy regime (Hopkins et al., 2024).
Even higher resolution would be required to follow the dynamics to smaller scales. We
have tested the impact of higher gas mass resolution (m = 2; 1; 0.5 Mg) on the growth
of the BH and the NSC (models BH1e4-NSC-2.0 , BH1e4-NSC-1.0, BH1e4-NSC-0.5). As
we show in Fig. 3.17 the BH growth remains mostly unaffected and drops only slightly
at the highest resolution. The nuclear star formation mildly increases with resolution by
about a factor of three. Interestingly, the shape of the sampled IMF becomes steeper at
the high mass end (less massive stars) at higher gas mass resolution if the star formation
Jeans threshold is increased accordingly (see Fig. 3.18). Whether this effect is physical or
dominated by numerical effects or sub-grid modelling remains to be investigated. We have
also tested the effect of smaller and larger accretion radii (r,cc = 1,0.3,0.1pc) than the
fiducial value of r,.. = 0.5 at the fiducial mass resolution of 4 M on BH mass growth and
nuclear star formation (Fig. 3.19). For numerically reasonable values that are larger than
the gravitational softening length of 0.1 pc the masses are well converged.

With the KETJU integrator described in Sec. 3.2.3, we can follow the accurate orbit of
newly formed stars around the black hole and check whether stars cross the tidal radius
(as defined in Eq. 3.2). TDEs are a viable detection channel for the otherwise hidden
population on non-accreting BHs. We typically find not more than 10 TDEs within 800
Myr. This translates into a TDE rate of ~ 10~8yr~!. However, this number can only
be used as a first estimate (and most likely a lower bound) from high resolution galaxy
simulations like the ones presented here. Despite the accurate modelling of BH - star
interactions with KETJU, the formation of stars inside the BH accretion radius is artificially
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suppressed and the forces between stars are still softened. Our simulations are a step
towards a realistic modelling of TDEs in a galaxy simulation, and will address TDEs in
more detail in upcoming studies.

3.5 Conclusions

We have presented high-resolution simulations of accreting central BHs in dwarf galaxy
models with and without NSCs (~ 10°° — 10 M) to explore the co-evolution of nuclear
star formation and BH accretion in a realistic galactic environment. The BHs have varying
masses of 100 — 10 My. Such BHs are also termed massive black holes (MBH) or inter-
mediate mass black holes (IMBH). The simulations highlight the strong impact of NSCs
that boost nuclear star formation (i.e. NSC growth) and gas accretion onto low-mass BHs
(10 — 103 M) in particular. The high-resolution ISM model includes the effect of HII
region formation and SN explosions from massive stars and non equilibrium thermochem-
istry. The star formation model realizes individual stars down to 0.08 M, and the accurate
regularized integration scheme KEJTU computes gravitational interactions with BHs and
individual stars. Our main conclusions can be summarized as follows:

 In the presence of a NSC warm and cold gas is captured from the turbulent ISM and
funnelled to the central ~ 3 pc. This leads to enhanced BH growth and nuclear star
formation (i.e. NSC growth). The BH and NSC growth is coeval and episodic. Each
growth episode is terminated by the first nuclear SN followed by a quiescent phase
of ~ 30 — 40 Myrs determined by the longest massive star lifetime (i.e. the last SN
of the event) and the local dynamical time for gas re-accretion. This leads to star
formation cycles with peak rates separated by ~ 40 — 60 Myrs.

+ Low-mass BHs (10> — 10 M) embedded in a NSC can grow rapidly with e-folding
timescales of 550 — 650 Myr and peak accretion rates exceeding the Eddington rate.
This effect disappears for the highest mass BHs included in this study. Note however
that we do not consider feedback from the accreting BHs. The peak BH accretion
rates are about an order of magnitude lower than the nuclear star formation rate
(which is determined by the NSC and is largely independent of the BH mass). For
the highest mass BH the rates become comparable.

o In the absence of a NSC low-mass BHs (102 — 103 M) cannot grow and there is no
enhanced nuclear star formation. Only the most massive BHs (10° M) can accrete
larger amount of gas and trigger nuclear star formation which could be considered
as the onset of nuclear cluster formation However, star formation and BH accretion
episodes are not regular and not coeval. The BH can accrete warm and cold gas in
the absence of nuclear star formation.

o BH gas accretion is chaotic without a preferred angular momentum direction for low-
mass BHs. Only for the most massive BHs (Mpy = 10° M), the rotation axis of the
galaxy is the preferred angular momentum axis of accreted gas.
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o The presence of a NSC suppresses extended star formation at a separation of 10 —
100 pc from the center. Gas is instead funneled to the center and forms stars there.
Most star clusters in this region are disrupted by the tidal field of the NSC.

o With the KETJU integrator, we resolve the unsoftened interaction between the new
stars and the BHs whose orbits we can now track more accurately than before. The
typical wandering radius of the central BHs is ~ 30 pc.

» Repeated star formation events inside the NSC give rise to a broad age distribution of
newly formed nuclear cluster stars (i.e. multiple generations). We do not see evidence
for NSC mass growth via sinking star clusters in the simulations.



Chapter 4

Simulating the interplay of stellar
and AGN feedback in a nucleated
dwarf galaxy

Recent discoveries of AGN feedback processes in dwarf galaxies suggest that feedback from
accreting BHs might be important for the evolution of dwarf galaxies. In the previous
chapter, I have presented a detailed study of MBH growth in a dwarf galaxy and anal-
ysed the interplay of nuclear star formation, stellar feedback, and MBH accretion without
considereing AGN feedback (see also Partmann et al., 2025). Here, I extend this study by
including the effect of AGN feedback and assess the impact on MBH growth and nuclear
star formation in an isolated dwarf galaxy with a NSC at the center (see also Partmann
et al., 2024a).

Because AGN feedback is largely unexplored in solar-mass resolution simulations with a
highly structured, multi-phase ISM, I test various feedback models to quantify their effect
on the gas-phase structure in the galactic center. Motivated by observed fast outflows
in dwarf galaxies, I present a mass-, momentum- and energy conserving wind feedback
implementation that can either be used to inject the BH wind into the surrounding of the
BH assuming an inelastic collision with the ISM on the subgrid scale, or by launching wind
particles from the MBH. Alternatively, I test a model that only injects momentum into the
ISM and a thermal feedback model. Accretion is modelled with a sink particle approach
and I use a one-dimensional accretion disc model to delay the feedback, motivated by the
time-scale of viscous transport in the unresolved accretion disc.

Consistent with analytical estimates, all models lead to the thermalization of the AGN
wind on small scales. The thermal energy from the thermalization of the wind typically
expels all gas from the galactic center and leads to a strong suppression of the MBH
accretion rate and nuclear star formation. Unless the MBH mass is small and the feedback
strength is significantly reduced, the nuclear gas dynamics is entirely dominated by the
BH feedback (stellar feedback is always subdominant). All models produce smaller X-ray
luminosities than those observed for dwarf galaxies with similar mass and only one AGN
feedback model drives galactic outflows that can be distinguished from the effect of SN.
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The study suggests that the NSC must have grown before the MBH was massive enough
to quench nuclear star formation. However, accurately modelling AGN feedback at this
resolution scale remains a challenge.

4.1 Introduction

With the detection of hundreds of massive black holes (MBHs, with mass of Mypg <
10° M) in dwarf galaxies, it is now established that also low-mass galaxies (with stellar
mass below 10° M) frequently host BHs in their center (see Askar et al., 2024, for a
review). Recently, Silk (2017) have pointed out that the feedback (FB) from these MBHs
in dwarf galaxies might be an important driver for their cosmological evolution. However,
whether the FB from an active galactic nucleus (AGN) in a dwarf galaxy has a relevant
effect on the host galaxy depends on many factors, including the amount of energy that is
released and how this FB couples to the interstellar medium (ISM) of the host galaxy. In
the literature, there is no consensus on the role of AGN in dwarf galaxies yet, but there is
mounting evidence that AGN FB is important in at least some dwarf galaxies.

For example, Liu et al. (2020) find seven dwarf galaxies where outflows with velocities of
up to ~ 1200 km s~ could be linked to the activity of a MBH. These outflows are detected
on scales of hundreds of pc to several kpc and at least some of the outflowing gas exceeds
the escape velocity of the host galaxy. Follow-up observations by Liu et al. (2024) revealed
that one of the outflows has similar properties as broad absorption line (BAL) winds that
are typically only detected in massive galaxies. This outflow feature with ~ 4000 kms™!
would be the first BAL wind detected in a dwarf galaxy. The study by Manzano-King
et al. (2019) also finds outflows up to ~ 2000kms~! and hints in the direction that the
AGN feedback in their sample can quench star formation in the host galaxies. Bohn
et al. (2021) report the observation of nine dwarf galaxies with outflows and stellar masses
below 101 M. A large fraction of the detected dwarf MBHs are found through their X-
ray emission. For example, Birchall et al. (2020) find 61 AGN with X-ray luminosities of
up to Ly < 10*2ergs™! in galaxies with stellar mass below 3 x 10° My, indicating that
some MBHs in dwarf galaxies are actively accreting and that heating through radiation
from the BH might be important. Furthermore, Davis et al. (2022) recently reported the
detection of 78 radio AGN with a median mechanical energy output that exceeds the typical
binding energy of a dwarf galaxy by ~ 100, suggesting that mechanical feedback might
be important also in low-mass galaxies. Another striking example for the effect of AGN
feedback in dwarf galaxies was presented in Schutte & Reines (2022), where the feedback
from a MBH could be connected to enhanced star formation during a dwarf galaxy star
burst.

The effect of BH feedback in low-mass galaxies has also been explored in a number of
numerical studies. Many studies suggest that feedback from active BHs is not dominant
in the dwarf galaxy regime, because SN feedback is already strong enough to quench BH
growth and hence limits the potential impact of AGN feedback (e.g. Habouzit et al., 2017;
Trebitsch et al., 2018; Bellovary et al., 2018; Sharma et al., 2020). On the other hand,
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some studies find that AGN feedback can in general impact the host galaxy on global
scales. For example, Koudmani et al. (2019) uses simulations of isolated dwarf galaxies
with fixed AGN luminosities to test the impact of BH feedback in a controlled set-up. They
find that FB from AGN in dwarf galaxies can in principle lead to enhanced gas outflow
rates, while the global star formation rates are typically not affected. In a later work,
using cosmological zoom-in simulations on halos with M., ~ 10 M, Koudmani et al.
(2022) find that both SN and AGN feedback can alter the SF history and gas outflows
from the host galaxy. The detailed conclusions depend on the employed accretion model
and feedback model, which is based on a thermal energy injection in duty cycles of 25 Myrs
in this study. In their simulations, most AGN that significantly impact the host galaxy are
over-massive compared to the Mg, — Mgy relation. The simulations in Koudmani et al.
(2021) suggest that the impact of AGN feedback is typically the largest at z > 2. This is in
line with the findings of Barai & de Gouveia Dal Pino (2019) that feedback from low-mass
black holes in dwarf galaxies is especially important at high red-shift. As summarized in
Haidar et al. (2022), also the predictions from large-scale cosmological simulations vary
significantly, indicating that the modelling of feedback processes in low-mass galaxies is
still not well understood. Aside from the modelling of the AGN accretion and feedback
mechanisms, the conclusions from cosmological simulations are also strongly affected by
the BH seeding mechanisms. For example, the relatively massive black hole seeds (10° M)
in the ROMULUS25 simulation lead to an over-abundance of luminous AGN in the dwarf
galaxy regime and a potentially too high number of quenched dwarf galaxies compared to
the observational expectation (Sharma et al., 2020; Geha et al., 2012). The simulations
discussed here typically cannot resolve the complex multi-phase structure of the interstellar
medium.

As shown by many observations and already discussed in Ch. 3, MBHs in dwarf galaxies
often coexist with a nuclear star cluster (NSC, Neumayer et al., 2020; Hoyer et al., 2024).
Some of these NSCs show X-ray signatures, indicating the presence of an actively accreting
MBH (Hoyer et al., 2024). While the majority of stars in NSCs are old, there are many
NSCs with ongoing nuclear star formation and broad age distributions (Fahrion et al., 2021,
2022b,a, 2024). This poses the question how the NSCs and MBHs coevolve, especially
how the complex interplay of stellar feedback and MBH feedback regulates nuclear star
formation and MBH accretion. This is largely unexplored in galaxy simulations.

As we have shown in Ch. 3, NSCs likely play a crucial role in the evolution of MBHs
in dwarf galaxies, providing larger inflows to the galactic center and potentially boosting
the accretion rate of MBHs. Furthermore, we found that episodic nuclear star formation
and the associated clustered stellar feedback give rise to bursty cycles of BH activity and
emphasized that resolving the ISM as detailed as possible and allowing for star formation
even inside the Bondi radius of the MBH is crucial to understand how MBHs grow and
interact with their host galaxy. However, this study did not consider the effect of MBH
feedback. In this chapter, we use the GRIFFIN simulation model to study how the feedback
from an accreting MBH impacts the complex multi-phase structure of the ISM in the
galactic center and how nuclear star formation, BH accretion and gas outflow rates are
affected.
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The paper is structured as follows. First, we give a short recap of the simulation model
in Sec. 4.2. Then we present the feedback models that were developed for this study and a
one dimensional accretion disc model for delayed feedback in Sec. 4.3. In Sec. 4.4, we will
discuss the effect of each feedback model on the nuclear gas properties and BH growth.
We will also analyse the outflow properties, the impact on star formation as well as the
expected X-ray luminosities. In the last part of this chapter, we explore how lowering the
AGN feedback strength allows for simultaneous MBH growth and nuclear star formation.
After a discussion of the results in Sec. 4.5, we conclude in Sec. 4.6.

4.2 The GRIFFIN simulation model

As in Ch. 3, we use the GRIFFIN simulation framework to model the multi-phase ISM of
a dwarf galaxy in a galactic context. In short, the model is built into the Tree-SPH code
GADGET-3 and uses a star formation model that samples the full initial mass function with
individual star particles (down to 0.08 M). It includes various stellar feedback channels
(including a spatially varying interstellar radiation field, photoionizing radiation, SN with
resolved Sedov phase, AGB winds) and non-equilibrium cooling, heating and chemistry.
Resolving individual SN explosions imposes a resolution requirement of m < 4Mg to
minimize the effect of overcooling (e.g. Steinwandel et al., 2020). We refer the reader to
Ch. 3 and the original publications (Hu et al., 2014, 2016, 2017; Lahén et al., 2020b, 2022,
2023; Partmann et al., 2025).

Also for this project, we use our implementation of the regularized integrator KETJU
in the GRIFFIN code base to resolve the gravitational dynamics around the BH without
force softening. With this technique, dynamical friction and close encounters between
stars and the MBH are automatically resolved. Because the simulation presented in this
chapter resolves every star in the simulations as an individual particle, KETJU together
with GRIFFIN allows to track the orbits of stars down to the scale where they are disrupted
by the BH.

In the following sections, we will introduce the updates to the BH model compared to
Ch. 3, where only accretion was considered.

4.2.1 Black hole accretion model

As argued in Ch. 3, the GRIFFIN simulations have a resolution that is high enough to
resolve the Bondi-Hoyle-Lyttleton radius of an MBH in a dwarf galaxy. For example, for a
MBH with Mgy = 10* M, the Bondi radius of gas in the warm ISM phase with 7' = 10* K
is rBonai ~ 0.9 pc and increases to rpong; > 29 pe for gas in the cold ISM phase (T' < 300 K).
However, it is not possible to follow the gas dynamics to the orders of magnitude smaller
accretion disc or the Schwarzschild radius of the accreting BH (e.g. Ry ~ 1072 pc for a BH
with 10 My).

Hence, we use a sink particle accretion prescription to accrete gas from the scales that
are still resolved in the simulation and assign the accreted gas to an unresolved accretion
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disc reservoir. Following Bate et al. (1995), the sink particle accretes gas only inside a
maximum accretion radius r,.. that is close to the resolution scale. We choose r,.. = 0.5 pc
here which is the typical scale of the SPH smoothing length of star forming gas. In addition,
gas elements must be gravitationally bound to the sink (i.e. $|v]* + ugas < G]‘\f‘ﬁH where v
and r are the velocity and position of the gas element in the frame of the BH and ug,s is the
internal energy) and have angular momentum that is smaller than the angular momentum
of a circular orbit at the accretion radius, i.e. [ = |r X v| < /G Mg race. This prevents
the accretion of gas elements that are only passing through the accretion radius. Gas
particles that fulfil these three criteria are removed from the simulation instantaneously
and their mass and angular momentum are added to an unresolved accretion disc reservoir.
The mass transfer from the unresolved accretion disc to the BH must be modelled in a
subgrid fashion and should account for two timescales: The time it takes for gas at the
accretion radius of 7r,.. = 0.5 pc to settle in an accretion disc and the timescale on which
material is transported towards the BH inside the accretion disc. The migration from the
accretion radius to the accretion disc scale might take on the order of a free-fall time,
while the transport processes inside an accretion disc can be orders of magnitude longer.
For example, the timescale of viscous transport in an a-disc can exceed the dynamical
timescale by several order of magnitude (King, 2008).

Because the time-scale of these processes is crucial for the modelling of BH feedback,
we approximate this effect with a one dimensional accretion disc model that delays and
distributes the release of FB energy over a timescale t,i.. This timescale is heuristically
motivated by the generally unknown timescale of viscous transport in the accretion disc
and we parameterize it with the free model parameter 7, that relates ¢, to the orbital
timescale at the accretion radius 7,

3

yise = Tlayn = 27T GZ\?;H . (4.1)

Similar parameterizations have already been used in the literature (e.g. recently in Shi
et al., 2024), although typically for a scalar accretion disc reservoir Mg;s. that depletes
with a rate Mgy ~ My [tyise. The effect of these models is an accretion rate (and hence
feedback output) that is large directly after the accretion of a gas element and then decays
over time. As we will show in this project, the simulations are very sensitive to the onset
of BH feedback associated with the accretion of individual SPH particles, so it may be
crucial to use a model that accounts for the time it takes for gas to settle in the accretion
disc, delaying the onset of BH feedback. In the simulations presented here, we model
this heuristically by adding the mass of each accreted SPH particle to a one dimensional
accretion disc with N = 10 radial bins. Inside this disc, gas is transported inwards with
a constant speed of one radial bin per Aty = N/t .. The bins can be interpreted as
a radial grid from the Schwarzschild radius of the BH to the accretion radius r,.. or
equivalently (due to the constant transport velocity) as the time until the gas in bin n
gets accreted. The evolution of the disc then follows My (n,t + At) = Mg(n+1,t) and the
instantaneous BH accretion rate (or in more general terms the inflow rate that is used for
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Figure 4.1: Summary of the one dimensional accretion disc model that is designed to
delay the feedback associated with the accretion of individual SPH particles. The disc has
N radial bins (for demonstration purposes N = 30, in the simulation we use N = 10).
Whenever an SPH particle fulfils the accretion criterion of the sink particle, its mass is
added to the disc (blue curve). Mass is then transported inwards over a viscous timescale
tyise, such that bins move from n to n — 1 every Atq = tyisc/N. The instantaneous inflow
rate onto the BH is determined by the mass in the inner bin (n = 0). The state of the
disc is shown after 1/3 %, (orange) and 2/3tys (green). The effect of the model is that
for every accreted particle the feedback output (EFB x MBH) ramps up slowly, reaches a
maximum after ~ 1/2t,;. and then decays to zero again.
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the wind feedback models discussed later) is given by the mass in the inner ring according
t0 Mipfow = M (n = 0)/Atq. The model is summarized in Fig. 4.1. To model a slow onset of
Minﬁow, we assign mass to the one dimensional grid according to the blue curve! in Fig. 4.1.
Mass in the disc is then transported inwards and the instantaneous inflow rate given by
the mass in bin n = 0 is large after t = 1/3%,isc (orange) and drops (green, t = 2/3tyis)
before it has lost memory of the accretion event after 1t,i.. Angular momentum is treated
in the same way as mass and the disc angular momentum at a given time is computed by
summing up the contribution from each bin L = S~ L(n). This is relevant for feedback
models that depend on the rotation axis of the accretion disc. More sophisticated models
for the mass assignment and the transport in the disc are generally possible and will be
explored in a future study. Throughout the paper, we are agnostic about the unresolved
physical processes that determine t,i. and test a wide range of possible choices for 7 = 1.

4.3 Massive black hole feedback

In this work, we present two different implementations of a mass, energy and momentum
conserving wind feedback similar to the models introduced by Ostriker et al. (2010) and
Choi et al. (2012). We also test a model that is based on a momentum and energy injection
(but without mass-loading) and an implementation of the commonly employed thermal
feedback model (Springel et al., 2005).

4.3.1 Wind feedback

Motivated by observations of fast broad absorption line winds (e.g. Crenshaw et al., 2003;
Moe et al., 2009; Dunn et al., 2010), the model proposed by Ostriker et al. (2010) is based
on the assumption that a fraction of the mass that is inflowing to the BH at rate Mirfiow
is launched as a wind. Mass conservation leads to

Minﬂow = MBH + Mw ) (42)

where MW is the mass outflow rate of the wind and MBH denotes the accretion rate
onto the BH.

With the model for delayed feedback and accretion presented in the previous section,
the instantaneous inflow rate is given by the mass in the innermost bin of the disc, i.e.,
Minfiow = Maisc(n = 0)/Atgise. The mass loading of the wind is then fixed by the wind
efficiency parameter ¢, via the energy conservation

. . 1..
EW = EWMBHCQ = §MW'I}3V . (43)

Using the dimensionless parameter

IThe assignment function corresponds to a spline kernel of size ra.. centered around the BH weighted
with 2. This choice was the result of an iterative process with the goal to find an assignment scheme that
ramps up sufficiently slowly and then decreases over time again.
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the mass, momentum and energy loading of the wind can be rewritten in terms of the
mass inflow rate according to
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Although e, is difficult to constrain observationally, Ostriker et al. (2010) argues that,
based on observations of outflows in massive galaxies (e.g. Proga et al., 2000; Proga &
Kallman, 2004; Krongold et al., 2007; Stoll et al., 2009; Kurosawa et al., 2009), wind
efficiencies in the range of ~ 1073 > ¢, > 3 x 107* are expected.

However, it is unclear to which degree these constraints apply to the dwarf galaxy
regime, where only a small number of outflows have been detected yet. In agreement with
Choi et al. (2015), we choose €, = 5 x 1073 as the fiducial wind efficiency throughout
this work. The other free parameter of the model is the wind speed at the injection
scale vy,. Motivated by the fast measured velocities of broad absorption line winds in
massive galaxies, Ostriker et al. (2010) and Choi et al. (2012) chose a wind velocity of
vy = 10°kms™!. Some studies have found a weak dependence of the observed outflow
velocities on the luminosity of the AGN, suggesting that the wind velocities might decrease
with the mass of the galaxy (Gofford et al., 2015). As discussed in Sec. 4.1, the typical
outflow velocities in dwarf galaxies measured on the scale of ~ 100 pc to kpc typically
do not exceed ~ 1000 km s~!, although there are also extreme examples with 4000 kms~*
(i.e. the broad absorption line wind candidate reported by Liu et al., 2024). However, it
is not immediately clear how these observations of outflows on larger scales relate to the
wind velocities at the scale of the accretion disc, where they are expected to be launched
through the effect of radiation pressure. Hence, we are considering a wide range of wind
velocities between vy, = 1000kms~! and v, = 10*kms™! in this work.

The choice of these sub-grid parameters determines the mass loading of the wind. For
example, according to Eq. 4.4, the fiducial model presented in Ostriker et al. (2010) with
vy = 10 kms™! and €, = 5 x 1073 leads to a mass loading of n = 9. Hence, only a fraction
of 10 percent of in-flowing mass Minﬂow is accreted onto the BH and contributes to its
growth. This automatically suppresses the mass growth of BHs, especially for small wind
velocities.

An alternative to the attempt to constrain the wind velocity and mass loadings observa-
tionally are small scale general relativistic magneto hydrodynamics (GRMHD) simulations
of accretion discs that can be used to inform sub-grid models. For example, the studies
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by Yuan et al. (2018) and Gan et al. (2019) suggest that the wind velocity and efficiency
depend on the physical state of the accretion disc. In the low-Eddington regime with
1 = Mpyu/MEI < 0.02, where the accretion flow is expected to be hot and radiatively
inefficient, they propose a sub-grid model that allows for much lower BH wind velocities
without extremely large wind mass loadings

m (4.6)
vy = 0.10kepler (T1r) ~ 0.289 Vi ¢

Here, ME4d denotes the Eddington accretion rate of the BH. In this model, the wind
velocity only depends on the Keplerian orbital velocity at the truncation radius 7. of the
disc, predicting similar wind velocities independent of the mass of the MBH.

How feedback should be implemented in a numerical simulation depends crucially on
the physical scales that can be resolved. After the wind has been launched close to the
BH, it is in a phase of free expansion until it has swept up a mass of the ambient medium
that is similar to its own mass. At this point, the formation of a reverse shock leads to
the thermalization of the wind, converting the kinetic energy of the wind into heat. As
for example pointed out by Costa et al. (2020), the scale on which this happens can be
approximated by

U\ [\ /2 Laax [ no V2
Rieo o (22} (&) 7 [ 2aGN , 47
f ( c ) (b) (1045ergs—1 ( cm—3> pe (4.7)

for a homogeneous ambient medium, where b = Q/(47) is the fraction of the solid angle
covered by the wind, Lagy the luminosity of the AGN, a = (vyn)/(€.c) the ratio between
the wind momentum flux P, = M,v, and Lagn/c, ¢ the speed of light, and ng denotes
the particle number density in the ISM.

For the typical density of the ISM of ng ~ 1cm™3, a small opening angle of Q = 2/3 7
and the fiducial wind parameters n = 9 and v, = 10*kms™!, the free expansion scale is
Riee ~ 0.4pc for an AGN luminosity of Lagy = 10*°ergs™ and drops to Rpee ~ 0.04 pc
for Lagny = 10%® ergs—t. Hence, for the AGN luminosities that are expected in the dwarf
galaxy regime, the GRIFFIN simulation model used in this chapter is not able to resolve the
free expansion scale of the AGN wind for densities 2 1cm™3. Even for n = 100 and v,, =
3000 km s, the free expansion scale is smaller than Rgee < 2.5pc for Lagy = 10%% ergs™!
and ng 2> 1cm™3.

This needs to be taken into account for the design of numerical schemes that inject the
wind into the ISM at the resolution limit of the simulation. In the following three sections,
we will present three numerical implementations of the theoretical model given by Eq. 4.5.

4.3.2 The inelastic wind model

In this model, during every simulation time-step of the BH At, the mass, energy and
momentum determined by Eq. 4.5 using the instantaneous inflow rate from the accretion
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disc model is injected into the ISM. To account for the bi-conical shape of AGN winds, we
assume that the wind is injected only in a solid angle aligned with the angular momentum of
the accretion disc (see e.g. Sala et al., 2020; Bollati et al., 2023, for models of non-isotropic
winds). In particular, we use a healpix map with 12 bins around the BH to inject the
wind into the two healpix bins that are aligned with the +L or the —L direction of the
angular momentum of the accretion disc. This corresponds to a radial injection of the wind
into a solid angle of 47/12 on either sides of the disc. Each healpix bin has n,g, = 8 + 2
neighbors, such that the wind FB is distributed among ~ 16 particles in every time-step.
Using energy and momentum conservation for an inelastic collision, it can be shown that
every affected SPH particle should receive mass, momentum and thermal energy according
to

M, - A
Am,, — B
2nngb
, mv + Amg T vy
 om+Amy, (4.8)
1 mAm
U=U+-——"""(v—10y)?
+2m—|—AmW(v Fow)”

m' =m+ Amy, .

Here, m, r, v and U denote the mass, position, velocity and internal energy of particles
that receive wind feedback before and after the injection in the rest-frame of the BH. The
injection velocity is radial (£ = r - |r|™!) with respect to the BH. A similar approach has
been used for the wind feedback from massive stars in Lahén et al. (2023).

Because this approach assumes an inelastic collision of the wind with the ISM on the
scale of the hydro-dynamical smoothing length, heat is produced automatically during the
injection, i.e., the free expansion phase is not resolved. For example, if the wind crashes
into the ISM that is initially at rest (i.e. v < 0 Uyinq), most of the kinetic energy of the
wind is converted into heat on the subgrid scale. Based on the previous discussion on the
free expansion scale, this is the expected result for typical ISM densities but might become
inaccurate as soon as BH feedback has decreased the gas density in the galactic center.
The amount of heat generated by this model only becomes small if the velocities in the
injection region are already large and v ~ n v,,. Throughout the paper, we refer to this
model as the inelastic wind model.

4.3.3 The particle wind model

To check that the inelastic wind model does not overestimate the amount of thermal
energy generated during the injection at the resolution limit, we use two different particle
injection schemes to model the thermalization of the wind self-consistently.
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Instantaneous particle feedback

In the first model (labelled inst particle wind throughout this chapter), every particle
that is accreted by the sink is immediately launched as a wind particle with the wind
velocity v, and a mass that is reduced by # A random number is drawn to decide
whether the particle is launched parallel or anti-parallel with its angular momentum vector.
In the rest-frame of the BH, the model can be summarized by

, {—i—ﬁ vy if random(0,1) < 0.5,

VvV =
—nuwv, else,
;o (4.9)
m =——m,
1+n
T =10*K

Because only one particle with a mass comparable to the surrounding particles can be
launched per accretion event, the injection of feedback cannot be spread out over time
here and the particles are immediately ejected at the time of accretion. This is similar to
the original implementation by Choi et al. (2015), where the wind momentum is shared
between only three particles.

Continuous wind particle spawning

Following the approach suggested by Torrey et al. (2020), we implemented a wind particle
spawning method to launch particles from the BH at a higher resolution compared to the
surrounding ISM. In contrast to the inst particle wind model, this allows us to sample
the opening angle of the wind and to account for the time-dependent inflow rate based on
the one dimensional accretion disc model.

In this model (labeled cont particle wind), we introduce a wind mass reservoir AM,,
for the BH that is incremented by M,At every time-step. As soon as AM,, > m.,, where
my, is the specified resolution of the wind particles, a wind particle is launched with the
wind speed and its mass is subtracted from the wind mass reservoir. This assures that
the momentum, energy and mass output from the model is consistent with Eq. 4.5. In
the version of the model presented in this chapter, the direction of the wind particles is
randomly sampled from an opening angle 2 that is fixed to 47 /12 in the direction of the
+z and —z axis of the simulation (aligned with the rotation axis of the galaxy). Therefore,
in contrast to the other wind models, the angular momentum of the accreted gas is ignored
here for simplicity and the injection of the wind happens in a bi-conical fashion along the
rotation axis of the galaxy. The wind particle resolution is fixed to my, = 0.5 M here. The
model was only recently implemented and the production runs with an angular momentum
dependent injection direction are still ongoing.

For both models, the time-step of the particle in the simulation is immediately reduced
to at least At = 1pc/vy, such that the motion of the wind particles through the central
10 pc around the BH is guaranteed to be resolved with at least ten time-steps, allowing
the accelerated particle to interact with the ambient medium.
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4.3.4 The momentum injection model

For the growth of MBHs, the wind mass loss from the accretion disc is the main hindrance,
especially for low wind velocities. For comparison, we implemented the momentum model
that does not take the wind mass from the accretion disc but assumes a pure momentum
and energy injection into the ISM instead. This approach might be motivated by physical
mechanisms that operate on larger scales, as for example radiation pressure on dust (e.g.
Costa et al., 2018a). The implementation of this model follows the same logic as the
inelastic wind model with the difference that accreted mass and wind mass are now
given by

Maccreted = Minﬂow>

. . (4.10)
Mw =1 Minﬂow .

According to Eq. 4.5, this fixes the wind lummosaty to E M v = anmﬁowv
and momentum generated by the AGN is given by P, = M v, = T]Mmﬁowvw Because the
momentum is injected in radial direction in two healpix bins as explained for the inelastic
wind model (Sec. 4.3.2), this changes the properties of the particles in the injection region
in each time-step At according to

P, - At
2 Nipgh
E. - At
2 Mg,
AP,

m (4.11)
U/+E1/<in - U+Ekin+AEW>

AP, =

r,

AFE, =

1
U =U+ §m('02 — v+ AE,,

1 AP2
=U+ AFE, — vAP, ,
2 m

/
m =m.

Also this model leads to the production of significant thermal energy during the injec-
tion into the SPH particles if AF,, is larger than the energy carried by the momentum
of the wind, i.e, AE, > vAP, + 3 1A - Thig happens if the velocities of the gas in the
healpix kernel are still low (such that vAP,, becomes small) or if the mass m of the
particle that the energy is injected into is large. On the other hand, it should be noted
here that AU = U’ — U can in general become negative if the wind velocity becomes large
(v can in principle exceed vy, in this model). This is caused by the fact that the kinetic
energy scales with the square of the velocity while the momentum scales linearly. There-
fore, increasing the velocity beyond the wind speed via the injection of momentum can
have the effect that there is technically not enough energy AFE,, to accelerate particles to
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larger speeds anymore. In this case, the internal energy is kept constant, accepting that
the wind efficiency €, effectively becomes larger than intended. This will be discussed in
Sec. 4.4.2.

4.3.5 The thermal feedback model

Finally, we present a thermal feedback implementation similar to those used in the litera-
ture for a long time already (e.g. Springel, 2005). This model assumes that a fraction of
the luminosity Lagn = erad]\ZBHc2 of the accretion disc heats the surrounding gas. The in
principle spin dependent radiative efficiency e,,q is fixed to the typically assumed value of
€raa = 0.1 that is within the theoretical and observational bounds (Thorne, 1974; Zhang &
Lu, 2017). Furthermore, it is commonly assumed that only a small fraction €, = 0.05 of
the energy released by the AGN couples to the interstellar medium. In the simulation, we
model this by injecting thermal energy into the ISM around the BH according to

. . 9 . 9
Eth = €ism€rad Minﬂowc - EMinﬂow c, (412)

where € is defined as € = €n€mq such that € = 5 x 1072 for the fiducial thermal
feedback model. To ensure that the energy is distributed isotropically around the BH, we
use a healpix map with 12 bins to inject the same amount of energy into each solid angle.
This prevents the entire thermal energy from being injected into the closest dense cloud
as it would be the case for a SPH kernel weighted injection. Each of the 12 healpix bins
contains nne, = 8 & 2 resolution elements, such that ~ 100 particles receive a fraction of
the thermal energy according to

By, - At
U =U+-"2=2 (4.13)
Nngb
The injection of thermal energy is restricted to the central 100 pc in this study, while
temperatures are capped above 2 x 10° K.

4.3.6 Initial conditions and simulation suite

In this study, we use the same initial conditions that were presented as the fiducial
galaxy in Ch. 3. In short, the galaxy has a halo mass of 2.7 x 10 My, (at 340 Mg, dark
matter resolution) with a baryon mass of 6 x 10" My, and a gas fraction of 67 percent. The
fiducial gas resolution is 4 M, with a gravitational softening length of 0.1pc. The properties
of the galaxy model are summarized in Tab. 3.1, including the numerical resolution and
gravitational softenings. As described in detail in Ch. 3, the galaxy hosts a NSC with
Mysc = 5 x 10° M, consistent with the stellar mass - NSC mass scaling relations reported
in Neumayer et al. (2020). The NSC is modelled with 5 x 10* collision-less particles with
10 M, resolution and 0.3 pc gravitational softening. The density profile of the NSC follows
a Dehnen profile with a half-mass radius of ~ 3 pc. If not stated otherwise, the NSC hosts
a MBH with Mgy = 10° M, at its center. This is slightly over-massive compared to the
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label [ model T €= EFB/(mBH 02) n Uy [km sfl]
noBHFB - — - - -
thermal-inst thermal - 5x 1077 - -
thermal-71 thermal 1 5x 1073 - -
thermal-710 thermal 10 5x 1073 - -
thermal-7100 thermal 100 5x107° - -
thermal-710-1Mg thermal 10 5x 1073 - -
thermal-710-e5e-4 thermal 10 5x 1074 - -
inelastic wind-7100-19-vie4 inelastic wind 100 5x 1073 9 10%
inelastic wind-7100-73-vle4 inelastic wind 100 1.66 x 1073 3 10*
inelastic wind-7100-n1-vie4 inelastic wind 100 0.55 x 1073 1 10*
inelastic wind-7100-7100-v3e3 inelastic wind 100 3x 1073 100 3% 10%
inelastic wind-710-n9-vie4 inelastic wind 10 5x 1073 9 10*
inelastic wind-710-hotmode inelastic wind 10  Gan et al. (2019)  var var
inst particle wind-n9-vied inst particle wind - 5x 1077 9 10%
inst particle wind-7100-v3e3 inst particle wind - 5x 1073 100 3 x 10%
cont particle wind-710-7100-v3e3 cont particle wind 10 5x 1073 100 3 x 10°
momentum-7100-n9-vied momentum 100 5x 1077 9 10%
momentum-7100-1225-v2e3 momentum 100 5x 1073 225 2 x 10°
noBHFB-1e4N - — - - -
inelastic wind-710-722.5-v2e3-BH1e4N inelastic wind 10 5x107* 22.5 2 x 10°
inelastic wind-710-7225-v2e3-BH1e4N inelastic wind 10 5x 1073 225 2 x 10®
inelastic wind-710-790-v1e3-BH1e4N inelastic wind 10 5x 1074 90 103

Table 4.1: Complete list of simulations used in this chapter. All simulations use the
initial conditions called fiducial dwarf galaxy in Ch. 3. We run simulations with the
five feedback models (second column) introduced in Sec. 4.3 and explore a wide range of
parameters. The viscous timescale in units of the orbital timescale at the accretion radius
7, the feedback efficiency €, the wind mass-loading 7 and the wind velocity v, for each
simulation are specified in column three, four, five, and six, respectively. The name of each
simulation consists of the FB model type, followed by 7,  and v,, in units of kms™!. The
four simulations in the last sections with the extension -BH1e4N have a central BH mass
of 10* M. All other simulations in the table have the fiducial BH mass of 10° M.
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observational scaling relations and we test a lower MBH mass of Mgy = 10* M, that is
within the expected MBH mass range at the end of the chapter.

All simulations presented in this paper are summarized in Tab. 4.1. The simula-
tion name always includes the name of the model, followed by the viscous delay time
parameter 7 (see Eq. 4.1). We also specify potential variations in the mass resolution
(i.e. thermal-710-1My) or feedback strength (i.e. thermal-710-¢5e-4). In the case of
the wind models, the second and third parameter correspond to 1 and v,, in kms™!, re-
spectively. The three simulations with a lower MBH mass of Mgy = 10* Mg have the
extension BH1le4.

From top to bottom in Tab. 4.1, we use the thermal model to systematically explore
the effect of the feedback delay, 7 = tyisc/tayn. We will show how even small injections
of thermal energy limit the BH growth. Then we test the inelastic wind model with
different assumptions for the wind velocity and wind mass loading. Due to the inelastic
collision on the sub-grid scale, this model also produces significant thermal energy and
inhibits BH growth. To compare to a model that does not automatically produce heat at the
time of wind injection, we present the results of simulations with the inst particle wind
and cont particle wind feedback models, where the wind is injected as SPH particles
at the wind speed such that the wind thermalizes self-consistently. To avoid the strong
suppression of the BH accretion rate due to large wind loadings 7, we also present an
analysis of the momentum feedback model that only injects momentum and energy, but no
mass. Finally, simulations with a lower BH mass of 10* M, are discussed at the end of this
chapter.

4.4 Results

In the first part of this section, we will systematically discuss the impact of the feedback
models listed in Tab. 4.1 on the ISM in the galactic center and the BH growth.

4.4.1 Thermal feedback quenches MBH accretion and nuclear
star formation

Fig. 4.2 shows the growth of the 10> M, BH for the six different thermal feedback models
in comparison to the simulation noBHFB that has identical initial conditions but does not
include AGN FB. The fiducial simulation model (¢ = €, €15y = 5 X 1073 at 4 M, gas
resolution) for different delay timescales (7 = 0;1;10; 100) is shown as blue, orange, green
and red lines, respectively. For delay times 7 < 10, the growth history is similar in all
cases. Due to the short delay timescale of less than tys. = 1.1 Myr (see Eq. 4.1), the
thermal feedback typically sets in before more than one SPH particle can be accreted.
The accretion of only individual SPH particles with a mass of 4 M, each leads to a step-
wise growth of the BH. The growth of BHs with a short viscous timescale is suppressed
by more than two orders of magnitude compared to the noBHFB case. In this case, the
growth of AMpy < 100 Mg after 350 Myr compared to the initial MBH mass of 10° Mg

~
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Figure 4.2: Accreted mass AMpy = Mpy(t) — Mpu(0) of the Mgy (0) = 10° M, BH in
simulations with the thermal feedback model. We compare different viscous time scales
7 (blue, orange, green and red lines). Simulations with 7 < 10 lead to similar results,
long delay times boost the growth slightly. A higher gas resolution (purple) suppresses BH
growth while a lower feedback efficiency (brown) enhances the growth. All models suppress
the BH growth by at least a factor of 20.
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Figure 4.3: The figure shows the gas in the central 10 pc (warm gas with 300K < T' <
2 x 10*K in blue, cold gas with T < 300K in orange) for simulations with different
viscous timescales, gas resolutions and feedback efficiencies. The time of the accretion of
individual SPH particles is marked as a green dot (artificially offset in the y-direction for
better visibility). Each accreted particle leads to a burst of the BH accretion rate (green
curve) that is proportional to the thermal energy injection rate. The duration of the burst
is given by tyi.. Although zero for all simulations except the noBHFB case in the bottom
panel, the star formation rate inside 10 pc is shown with a red curve and SN explosions
inside 10 pc are marked with an orange star marker. In all simulations with thermal BH
feedback, accretion cycles are terminated shortly after the accretion of a particle and the
onset of feedback (i.e. when the green curve ramps up). This is different from the no AGN
feedback case, where the first SN terminates the accretion cycle.
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corresponds to an e-folding time significantly longer than the Hubble time, indicating that
no BH growth is possible here.

Only for the longest tested timescale 7 = 100 (red curve, tys. = 11 Myr), multiple
particles can be accreted in the same cycle before the thermal FB sets in. This leads to
larger growth per cycle and a more continuous BH growth because the accretion disc only
gradually transfers mass onto the BH over a long time-scale. However, even in this case, the
accreted mass is negligible compared to the initial BH mass. For a fixed viscous timescale,
reducing the feedback efficiency to 10 percent of the fiducial value (i.e. ¢ = 5 x 10™*, brown
curve) increases the BH growth by a factor of ~ 4. A higher resolution of 1 Mg (purple
curve) suppresses the BH growth significantly, indicating that there is a trend towards
more efficient feedback and less efficient BH growth at higher gas resolutions.

To understand in detail where the strong suppression of BH growth comes from in the
six thermal feedback models, we show the evolution of the gas mass in the central 10 pc
separated into gas in the warm (blue, 3 x 10°K < T < 2 x 10*K) and cold ISM phase
(orange, T < 3 x 10?K) in Fig. 4.3. The time of the accretion of gas elements by the
sink particle is shown as green dots that are artificially off-set in the y-direction for better
visibility. The BH accretion rate is shown as a green curve in the bottom panel for each
simulation. Although zero in most simulations, we also plot the SF rate inside the central
10 pc as a red curve. Supernova explosions inside 10 pc are shown with orange star markers.

As the top panel with the fiducial thermal feedback model thermal-710 shows, only
a small amount of gas (< 100 My) can accumulate in the central 10 pc. This gas is not
able to cool and remains in the warm ISM phase with temperatures above 3 x 102 K. If a
particle in this gas reservoir fulfils the sink accretion criteria and is accreted (green dots),
it is added to the sub-grid accretion disc and its mass is gradually transferred onto the BH
over the timescale t,;.. This leads to a ramp up of the BH accretion rate Mgy (as computed
by the accretion disc model) and the thermal energy injection rate FEu = € Mgy 2 (which
is proportional to MBH) For 7 = 10 and Mgy = 10° M, the timescale over which the
feedback energy associated with an accretion event is released is short (fyse = 1.1 Myr)
which leads to spikes in the plot of MBH As soon as EFB X MBH increases, the gas mass in
the center decreases rapidly, indicating that the quick outburst of feedback energy expels
the gas from the galactic center.

Based on the findings in Ch. 3, this is expected because even for the larger gas reservoirs
of ~ 3000 M that could accumulate in the galactic center in comparable simulations
without feedback, the binding energy of gas never exceeded ~ 4 x 10%%rg (see Fig. 3.3).
The energy associated with the accretion of Am = 4Mg is E = e Amc? ~ 4 x 10% erg,
larger than the energy of a SN (10°! erg) and significantly larger than the typical binding
energies. Based on this estimate, even small accreted masses of Am < 0.04 Mg, are sufficient
to completely unbind typical gas reservoirs as they are found in simulations without BH
FB. Furthermore, despite the model for delayed accretion, the feedback energy rate ramps
up so quickly that no more than one SPH particle can be accreted before the gas is ejected
from the central region. After the accretion of a particle, it takes ~ 10 Myr until gas
accumulates in the center again, and ~ 23 Myr for the next SPH particle to be accreted.

This mechanism also explains why the overall BH growth decreases with increasing
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resolution. As the second panel shows, also at 1 M, resolution, only one SPH particle (or
in some cases a few) can be accreted before BH feedback sets in that is strong enough
to shut down the accretion cycle. Because the shutdown of the accretion cycle happens
regardless of whether a 1My or 4 M, SPH particle has been accreted, this makes the
typical BH mass growth per cycle smaller. On the other hand, gas comes back to the
center slightly faster due to the smaller amount of thermal energy injected in a cycle. In
this case, the typical time between accretion events is ~ 10 Myr (in contrast to ~ 23 Myr
at lower resolution). Even higher resolutions likely reduce the BH growth further, until a
resolution is reached that does not inevitably lead to an unbinding of all the gas from the
center as a result of the accretion of just one SPH particle.

Reducing the feedback strength (third panel) regularly allows for the accretion of mul-
tiple SPH particles even after the onset of BH feedback. However, the accretion cycles
still terminate before the accretion rate reaches its maximum. The period of the accretion
cycles is similar to that in the thermal-710-1M case.

Finally, if the timescale is chosen to be very long (i.e. 7 = 100 or tys = 11 Myr,
fourth panel), the onset of strong feedback is delayed enough and the feedback output is
distributed over a longer period of time such that in the order of ~ 10 SPH particles can
be accreted in one cycle before the BH FB becomes too strong and clears the gas from
the galactic center. New gas can only accumulate when the accretion rate has dropped
sufficiently because the long-lasting heating from the BH prevents gas from being captured
in the gravitational potential well of the NSC. Hence, for long viscous timescales, the
lifetime of the accretion disc now sets the period of accretion cycles, because gas cannot
accumulate as long as the BH releases FB energy. With a longer delay time, the amount
of gas that can accumulate in the center reaches up to ~ 250 M, which is slightly more
than for shorter viscous timescales 7 < 10.

All cases are fundamentally different compared to the noBHFB case (bottom panel).
Without feedback, several thousand solar masses of gas can accumulate in the central
10 pc and a significant fraction has a temperature below 300 K. This cold gas can become
Jeans-unstable and lead to star formation inside the central 10 pc. The first SN explosion
of a massive star in the center (orange star markers) then terminates the accretion cycle
and expels the gas from the center. Gas can only accumulate again as soon as the last
SN has exploded. On the other hand, all thermal FB models prevent the presence of cold
gas in the galactic center entirely, leading to a strong suppression on central SFR (the red
curve showing the central SFR is zero in all thermal FB simulations). Hence, there are
no SN explosions inside the NSC and the accretion cycles are entirely determined by the
energy injection from the BH.

4.4.2 Wind feedback limits MBH growth due to mass loss from
the accretion disc and the thermalization on small scales

In contrast to the thermal feedback model, the inelastic wind model introduced in
Sec. 4.3 injects mass, energy and momentum only in a small solid angle, potentially allowing
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Figure 4.4: Growth of the BH, AMgy = Mgu(t) — MEL, for four different wind models
in comparison to the noBHFB simulation. The first three models have fixed wind-speed
vy = 10000kms™! but varying wind mass loading n = 9 (blue), n = 3 (orange) and
n = 1 (green). The red curve represents a wind model with v, = 3000kms™' and a
correspondingly large 7 = 100. Only inelastic wind-7100-n9-vled4 and inelastic
wind-7100-7100-v3e3 have the fiducial wind efficiency e, = 5 x 1073, the other models
assume lower efficiencies. Furthermore, we also show the accumulated mass that has been
accreted by the sink as dotted lines. For models with the fiducial wind efficiency, this
mass is much larger than the BH growth, indicating that the extremely small BH growth
is mainly due to wind mass loss from the accretion disc.
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for the survival of cold gas in the galactic center. Fig. 4.4 shows the growth of the central
BH for four different inelastic wind models (solid lines). Due to the wind mass loss from
the accretion disc, only a fraction 1/(n 4+ 1) of the gas accreted by the BH sink particle
contributes to the growth of the BH. To highlight this effect, we also show the accumulated
amount of mass that has been accreted by the sink particle throughout the simulation as
dotted lines (i.e. accreted mass excluding the wind mass loss).

As the growth of the BH with model inelasticwind-7100-n9-vle4 clearly shows
(blue line), the inelastic wind feedback model leads to an even stronger suppression of
BH growth compared to the thermal FB models presented in the previous section. After
200 Myr, the BH has not even grown by 25 Mg, although the sink particle has accreted
~ 250 Mg, gas (blue dotted line). Hence, already without taking into account the dynamical
effect of the wind on the ISM in the galactic center, the wind mass loss from the accretion
disc suppresses the BH accretion rate by one order of magnitude (for n = 9). The effect
is even stronger for the simulation inelasticwind-7100-1100-v3e3 with n = 100 (red
line), where the BH growth is suppressed by two orders of magnitude compared to the
accumulated accreted mass. In this case, during the first ~ 60 Myr, the sink particle has
even accreted a similar amount of mass as in simulation noBHFB, but the BH still cannot
grow.

In principle, assuming a higher wind velocity v, at the injection scale reduces wind
mass losses according to Eq. 4.4 with the inverse square of the wind velocity. However,
despite significant observational uncertainties, v, = 10*kms™! is already at the upper
end of expected outflow velocities in dwarf galaxies. Another possibility are lower wind
efficiencies €, compared to the fiducial value of €, = 5 x 1073. As an example, we show
simulations with €, = 1.66 x 1073 ( = 3) and €, = 0.55 x 1072 ( = 1) as orange and
green lines respectively. While the accumulated accreted mass (dotted lines) is similar for
all three models with v, = 10* kms™!, the BH growth is significantly enhanced for lower
wind efficiencies (and hence smaller 7). As discussed in Sec. 4.3.1, lower wind efficiencies
€w might be expected for low luminosity AGN in the radiatively inefficient regime. In the
most optimistic case considered here, the BH grows by only ~ 250 M in 200 Myrs and BH
growth is still negligible.

To analyse the effect of the wind on the ISM in the galactic center, we show the gas
content in the central 10 pc in Fig. 4.5. The figure is structured exactly like Fig. 4.3 in
the previous section. The simulations with v, = 10*kms™! (panel one, two, and three)
show a qualitatively very similar pattern, with typical accretion cycles lasting ~ 20 Myr.
Typically, not more than ~ 200 M, gas can accumulate in the center, always with tem-
peratures above 300 K. The gas content drops quickly after a few SPH particles have been
accreted, indicating that the BH inelastic wind feedback is sufficiently strong to ter-
minate accretion cycles. As in the thermal feedback models, the next cycle begins only
after MBH has decreased sufficiently. The variation in €, between the simulations in the
top three panels has no qualitative impact on the accretion cycles, because a lower wind
efficiency is compensated by a larger accretion rate such that the feedback energy output
remains similar, independent of €.

The simulation inelasticwind-7100-17100-v3e3 in the fourth panel is qualitatively
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Figure 4.5: The figure shows the gas mass in the central 10 pc (warm gas mass in blue,
mass of cold gas with 7" < 300 K in orange) for simulations with the wind feedback model
and different choices for n and v,. The quantities in the plot were already explained in
Fig. 4.3. Simulations wind-7100-n9-v1e4, wind-7100-1n3-vle4 and wind-7100-n1-vied
show very similar accretion cycles. Due to the different wind loading of n = 9,3 and
1, the accretion rates for the same number of accreted SPH particles are different and
increase for smaller 7. However, this does not lead to more feedback energy output due
to the smaller wind efficiencies of €, = 1.66 x 107 and 0.55 x 1073 (for n = 3 and
1, respectively). Simulation wind-7100-17100-v3e3 is qualitatively different, because the
feedback due to the large accretion rate suppression of 1/(n+ 1) ~ 0.01 and the low wind
speed v, = 3000kms™!, is weak enough to allow for larger gas reservoirs in the galactic
center (occasionally even small amounts of cold gas).
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Figure 4.6: Histogram of the fraction of energy that is injected into particles in the
wind injection region as thermal energy in simulation inelastic wind-7100-n9-vlie4d
and inelastic wind-7100-1100-v3e3. Because the models cannot accelerate the gas in
the injection region to the wind speed, the majority of energy is deposited in thermal form
due to the inelastic collision of the wind with the ISM. Smaller wind velocities result in
smaller velocity differences and thus smaller thermal energy fractions (see Eq 4.8).

different from the simulations with v,, = 10* kms™!, because the 1/(n + 1) suppression of
the accretion rate results in a significantly lower feedback strength (n = 100). Furthermore,
the lower wind velocity of v,, = 3000kms~! reduces the impact of the sub-grid collision
between the wind and the much slower ambient ISM. As a result, a much larger gas reservoir
can accumulate in the center and many particles can be accreted per cycle. However, even
in this case the next cycle can only start as soon as the BH accretion rate has dropped
to zero. In some cases, there is some cold gas in the center, although star formation in
the central 10 pc remains the exception. The relatively large gas reservoir that feeds the
BH but cannot form stars explains why the accumulated accreted mass in this simulation
is comparable to the noBHFB case, where the BH growth is significantly limited by stellar
feedback (see dotted red line in Fig. 4.4 in comparison to the solid purple line).

However, it is still not clear why the inelastic wind feedback can quench the accre-
tion cycles so efficiently, especially given that the wind is only injected into a small solid
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angle of 47 /12 perpendicular to the accretion disc (in the +Lgi. and —Lgis. direction).
In Fig 4.6, we show the fraction of energy that, for every particle that is affected by the
feedback, is injected in thermal form compared to the total energy injected. For simula-
tion inelasticwind-7100-19-vie4 with vy, = 10*kms~!, almost the entire kinetic wind
energy Eywind = %Mwindvg, is injected as thermal energy (upper left panel). This is not
surprising, because the unresolved inelastic collision according to Eq. 4.8 produces thermal
energy proportional to v — ' vyinq. Indeed, as the histogram of typical absolute veloci-
ties of particles in the injection region shows (bottom left panel of Fig. 4.6), most of the
gas particles have velocities well below ~ 500 kms™! and even the fastest particles barely
exceed ~ 1500 kms—t. Because the wind velocity is orders of magnitude larger than the
typical velocities of the gas that it is expanding into, most of the wind feedback energy is
released as heat. As a consequence, although the momentum, mass and energy injection
was restricted to two healpix bins with a solid angle of 47/12 (aligned with the angular
momentum of the accretion disc), the thermal energy from the collision leads to a shock
that propagates into the solid angle that was initially not affected by the wind feedback.
This outburst of thermal energy ejects the gas from the galactic center before the gas in
the injection region can be accelerated to ~ v,. Hence, this wind feedback model has a
similar effect as the thermal feedback model, although its feedback efficiency is significantly
smaller because only a fraction 1/(n+ 1) of the in-flowing gas contributes to the accretion
rate and, consequently, to the feedback.

For lower wind velocities (right column in Fig 4.6 with v, = 3000 km s™'), the velocities
in the injection region reach similar values as in the case of the faster wind (v, = 10 kms™!,
left column). As a result, the velocity difference between the wind and the ambient gas,
V — T Uying, 18 smaller, and the fraction of energy that is injected in kinetic form can be as
high as ~ 50 percent, although also here most of the energy is injected as heat.

Resolving the thermalization of the wind

As discussed in Sec. 4.3, it is expected that a wind from a low luminosity AGN thermalizes
on scales smaller than the resolution scale of the simulation presented here, especially if
the ISM is dense (n > 1cm™2). However, as soon as the density in the ambient medium
decreases significantly due to the onset of AGN feedback, the free expansion scale might
increase and become resolved. This cannot be captured accurately with the inelastic
wind model, that relies on the injection of feedback into the 8 &2 closest neighbours in the
respective healpix bin. Therefore, for low densities around the BH, the radius required to
find enough neighbors for the feedback injection becomes large and the spatial resolution
decreases due to the Lagrangian nature of the numerical scheme. Also during the injection
of feedback into the low density region where the wind should be in the free expansion phase
if it was resolved, the model automatically produces heat due to the sub-grid treatment of
the inelastic collision.

To assess if the previous conclusions based on the inelastic wind model depend on
the employed subgrid recipe or if they change if the wind thermalizes self-consistently,
we present simulations with the two particle wind implementations here. The impact
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Figure 4.7: Evolution of the central gas content (blue line) in simulations with the particle
wind feedback. As the second panel shows (inelastic wind-7100-19-vle4), the injec-
tion of a small number of wind particles at the wind speed v,, = 10*kms™! is enough to

shut down accretion cycles.

This indicates that the wind particles deposit a significant

fraction of their energy inside the central 10 pc. Hence, the evolution of the central gas
reservoir is very similar to the simulations with the inelastic wind model (inelastic
wind-7100-n9-v1le4, first panel). Lower wind speeds (third panel) lead to a more continu-
ous accretion history and a steadier gas supply. The continuous spawning of high-resolution
wind particles (bottom panel) prevents the accumulation of gas in the galactic center even
more efficiently than the other models.
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of the particle wind feedback model on the gas budget in the central 10 pc is shown
in Fig. 4.7. As the second panel with the inst particle wind-79-vle4 model shows,
the instantaneous injection of individual particles at the wind speed vy, = 10*kms™! is
enough to expel gas from the center and to terminate accretion cycles. The wind particles
dissipate their energy quickly and lead to accretion cycles that are very similar to the
simulations with the inelastic wind model and short viscous timescale (i.e. inelastic
wind-710-n79-vled in the first panel). This indicates that the wind in the inelastic
wind models is indeed thermalizing in a similar way compared to a direct injection of the
wind particles. Lower wind velocities (third panel) do not always lead to an expulsion of
the whole central gas supply after the ejection of a wind particle. However, the presence
of cold gas in the center and the formation of stars is still strongly suppressed. We note
that this model is expected to be limited by discretization effects in its current form,
because only one wind particle is instantaneously launched per accreted gas particle in a
direction aligned with the angular momentum. This is not a problem for high accretion
rates, where enough particles are accreted to sample the wind with a sufficient number of
resolution elements, but might be a limiting factor for the low accretion rates observed in
the simulation.

The fourth panel shows the model that uses the continuous wind particle injection
method with wind particles of 0.5 My, cont particle wind-71000-v3e3, that was devel-
oped to overcome the discretization effects. Except for a few events with more ~ 50 Mg
gas in the center, the continuous spawning of wind particles does not allow for more than a
few SPH particles in the central region, even though the injection region of the wind is con-
stantly aligned with the z-axis such that cold gas in the galactic plane might naively have
a better probability to survive. The accretion rate in this model is almost constant after a
short initial burst and two larger accretion events at ~ 100 Myr and ~ 170 Myr, likely be-
cause a small continuous inflow of gas perpendicular to the wind direction is not prevented
entirely by the directed FB. The slightly higher accretion rate compared to the models
with instantaneous injection of 4 M, wind particles (inst particle wind-7100-v3e3 in
the third panel) leads to a larger FB energy output and a stronger impact on the ISM.

Even though it is difficult to compare the simulations quantitatively due to the slightly
different assumptions about the timing and wind direction, all simulations with wind FB
unanimously predict that no cold gas can accumulate in the center and that the BH
accretion rates are well below < 107 Mg yr~!. Also, the comparison shows that the
feedback injection method in the inelastic wind model provides a good approximation
for the physical regime considered here, because independent of whether the thermalization
is assumed to happen on the sub-grid scale or if the wind is allowed to thermalise self-
consistently, all models lead to a significant deposition of thermal energy into the central
10 pc. Neither of the models can build up escape channels that would allow for a transport
of energy away from the galactic center.
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Figure 4.8: Evolution of the central gas content in simulations with the momentum feedback.
The simulation momentum-7100-1n9-vie4 in the top panel has a relatively constant gas
reservoir of ~ 100 Mg, in the central 10 pc (blue curve). This leads to a smooth accretion
history because the gas supply is not destroyed whenever a few particles have been accreted.
The simulation momentum-7100-7225-v2e3 with a lower wind velocity vy, = 2000 km s~*
(bottom panel) shows a more bursty accretion history, likely due to the larger momentum
loading of the model.

Momentum injection without mass-loss from the accretion disc

In this section, we consider the momentum FB model that is based on a momentum and
energy injection into the healpix cone according to Eq. 4.11, without removing mass from
the accretion disc.

In Fig. 4.8, we show the evolution of the accretion rate and the gas content in the
central 10 pc. The model momentum-7100-n9-v1e4 in the first panel leads to a relatively
continuous accretion history and a steady supply of ~ 100 My gas in the galactic center.
This is the only model in this work that maintains the central gas supply even after the
feedback energy associated with the first few accreted gas particles is released. However,
the formation of stars is still not possible inside 10 pc (except during the first ~ 20 Myr
when there is still some cold gas from the initial conditions in the galactic center). In
simulation momentum-7100-7225-v2e3 the accretion happens in cycles during which more
than a few SPH particles can be accreted. Both models seem to have a more moderate
effect on the central 10 pc compared to the models presented before.
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Figure 4.9: Distribution of the fraction of energy that is injected in thermal form in
simulations with the momentum feedback model. Compared to the inelastic wind model,
significantly more energy can be deposited in kinetic form. The velocities in the injection
region reach more than 3000 km s~
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In Fig. 4.9, we show the ratio between the injected thermal energy to the total en-
ergy for all particles that receive feedback energy. Compared to the inelastic wind
models in Fig. 4.6, a smaller fraction of energy is injected in thermal form in model
momentum-7100-n79-vied (upper left) which might explain the survival of the gas in the
galactic center. The wind reaches a wind speed of up to ~ 3500 km s~ which is still well
below the injection wind speed of v, = 10*kms™! (bottom left). On the other hand,
model momentum-7100-7225-v2e3 with a lower wind speed of v, = 2000 kms™! reaches
velocities in the injection region that exceed v,, almost by a factor of two. This is possible,
because particles can receive repeated momentum increments that accelerate the parti-
cle beyond the specified wind speed v,,. For particles that are already fast, quadratically
more energy AFE,, o« v? — v? is required to accelerate a particle from v to v’ = v + Av.
Hence, accelerating fast particles can “absorb” more energy which leads to a smaller ratio
between thermal and total injected energy. However, in this case, the momentum loading
a = Py /(Lagne™!) = €'y /c = 15 is so large that AE, — vAP, — %ATPVQV may become
negative for large v. In this case, we do not update the internal energy, causing the peak
at Fihermal/ Ewina = 0 in the upper right histogram. This ensures that the expected amount
of momentum is injected at the cost of giving the particles more kinetic energy than in-
tended. In this case, the amount of injected energy is approximately three times as large
as B, = eWMaccretedc2, effectively increasing the wind efficiency of the model by a factor of
three. For momentum-7100-1n9-v1ie4, this is not a problem because the momentum loading

a = 3 is significantly larger and particles do not reach velocities close to vy, = 10*km s~

Comparison of the MBH growth for different wind and momentum FB models

In Fig. 4.10, we compare the growth of the central MBH in simulations with different wind
FB models. The wind feedback models that consider mass low from the accretion disc
(inelastic wind, inst particle wind and cont particle wind) and use the fiducial
wind efficiency of €, = 5 x 107 cannot grow significantly. The simulation with the sub-
grid model for the radiatively inefficient, hot accretion regime (purple line, inelastic
wind-710-hotmode, see Yuan et al., 2018; Gan et al., 2019) that uses an Eddington ration
dependent wind velocity and mass loading according to Eq. 4.6 leads to more accretion,
but the BH growth is still suppressed by more than one order of magnitude with respect
to the noBHFB case. Only the two models that are based on a pure momentum and energy
injection (brown and pink line) allow for substantial accretion compared to the noBHFB
case. This is mainly because both models do not suffer from wind mass loss and only
produce a comparatively small amount of heat close to the BH.

4.4.3 Impact of black hole feedback on star formation

All tested AGN feedback models prevent the existence of cold gas in the galactic center,
which quenches BH growth as well as nuclear SF. As an example, we show the surface
density of stars in simulations with three different feedback models in Fig. 4.11. From left
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Figure 4.10: Comparison of the BH mass growth history with various BH wind feedback
models. Wind models with the fiducial wind efficiency of €,, = 5x 1073 suppress BH growth
entirely, independent of the wind injection mechanism (dashed lines for simulations with
the inst and cont particle wind model, solid lines for the inelastic wind model).
Allowing for lower wind efficiencies and wind speeds as for example expected for hot accre-
tion flows leads to an enhanced BH growth (inelastic wind-710-hotmode, purple line).
Among the tested models, the largest BH growth is possible for the feedback models with
pure momentum injection (dash-dotted lines). In this case, the suppression compared to
simulations without BH feedback is less than one order or magnitude.
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Figure 4.11: Surface density of stars that formed during 500 Myr of evolution with the
respective feedback model at three different zoom-in levels (3.6 kpc, 0.7kpc, and 140 pc).
The thermal feedback in simulation thermal-710 (first row) prevents SF inside the central
~ 200 pc almost entirely. Both wind models (second and third row) also lead to a suppres-
sion of SF, but on a much smaller scale < 100 pc. SF inside the NSC is only possible in

the absence of AGN feedback (bottom panel)
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Figure 4.12: Eddington ratio distribution for a sub-set of the simulations presented in
Tab. 4.1. Except for the simulations with the momentum injection model (gray and pink
line), none of the simulations with BH FB can exceed fgqq = 0.01 for more than one
percent of the time.

to right, the panels show the central 3.6 kpc, 0.7kpc and 140 pc. Only stars that formed
during the 500 Myr of evolution with the respective feedback model are included here.

The thermal feedback model (first row) suppresses SF in the central ~ 200pc al-
most entirely. Both wind models inelastic wind-710-79-vle4 and inst particle
wind-n9-vle4d (second and third row) lead to a mild suppression of SF in the central
100 pc. Both models lead to very similar stellar surface densities, despite the very differ-
ent numerical feedback injection prescriptions. Nuclear star formation is only possible in
simulations without BH feedback (bottom panel), where SF inside the pre-existing NSC
gives rise to a young population of stars with a broad age distribution. This was discussed
in more detail in Ch. 3.

4.4.4 Eddington fractions and X-ray luminosities

In Fig. 4.12, we show the cumulative Eddington ratio distribution for a sub-set of the
simulations presented in the previous sections. The same radiative efficiency ¢, = 0.1 is
assumed for all models such that the Eddington luminosity is related to the Eddington
accretion rate via Lgqq = 0.17gqq ¢>. None of the tested models can exceed frqq = 0.02
for more than one percent of the time. Only the models with momentum injection can
reach more than frgqq ~ 0.01 for a substantial fraction of time (i.e. 3% of the time for
momentum-7100-7225-v2e3). As the thermal feedback models show, the Eddington ratio
distribution depends strongly on the assumed viscous timescale, because short timescales
(7 = 1, solid blue curve) lead to short peaks with high accretion rate while long timescales
(1 = 10, solid orange curve) lead to longer accretion cycles with lower accretion rate
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Figure 4.13: Hard X-ray luminosities (2 — 10keV) from the accreting BHs in the same
simulations as shown in Fig. 4.12. Except for simulation momentum-7100-1225-v2e3 and
momentum-7100-79-vie4, none of the simulations with BH FB exceed Lx > 103 ergs/s
for more than one percent of the time. With the inelastic wind model, the luminosities
typically do not exceed Ly > 1037 ergs/s.

(despite the same absolute BH growth). Especially the inelastic wind models with
strong wind mass loss struggle to reach large fgqq.

As discussed in the introduction, X-rays from accreting BHs are one of the most promis-
ing detection mechanisms for BHs in dwarf galaxies. To estimate the order of magnitude of
the X-ray emission from the accreting BHs simulated here, we assume the bolometric cor-
rection for the hard (2—10keV) X-ray band proposed by Shen et al. (2020). For fgqq < 0.1,
we account for the lower luminosity in the radiatively inefficient regime using the correc-
tion presented in Hirschmann et al. (2014), which is based on the results of Churazov et al.
(2005). This correction suppresses the bolometric luminosity below fgqq < 0.1 according
to Loy = 10 X Lpgq X f24q- The cumulative X-ray distribution is shown in Fig. 4.13.
Only the simulations using the momentum feedback model exceed Lx > 10 ergs/s for more
than 1 percent of the time and none of the wind models reaches Lx > 10%® ergs/s consis-
tently. The maximum X-ray luminosity of wind models with 7 = 100 does not even exceed
Lx > 10%" ergs/s.

These predicted X-ray luminosities are generally lower than the observed luminosities in
the sample of local dwarf galaxy AGN presented by Birchall et al. (2020). For similar stellar
masses of the host galaxy, their sample includes AGN with 10% ergs/s < Lx < 10%0 ergs/s.
However, it is unclear if the reason for this potential discrepancy is that the observed sample
is biased towards luminous AGN or if this indicates that the feedback models here suppress
BH accretion too much. On the other hand, the comparison to Birchall et al. (2020) clearly
shows that AGN feedback is important, because the simulation noBHFB regularly accretes
at rates that correspond to X-ray luminosities above Lx > 10*! ergs/s. This is well above
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the X-ray luminosities in their sample, indicating that AGN feedback might be important
for regulating MBH accretion rates.

4.4.5 AGN feedback driven galactic outflows

One of the open questions related to the role of MBHs in dwarf galaxies is whether their
feedback can drive galactic outflows on large scales. In Fig. 4.14, we show the outflow rates
measured at z = 10 kpc above the galactic disc (upper left).

Only the momentum FB model with low wind velocity of v, = 2000kms~! leads to a
significant increase in the outflow rate, likely due to its high momentum loading and larger
energy output compared to the other models (see Sec. 4.4.2). As the comparison to the
noBHFB case shows, the outflow rates generated by all other models cannot be distinguished
from the SN-driven outflows. The outflow velocities (lower left) are typically in the range
of ~ 100 — 200kms~! with temperatures (upper right) of ~ 10°K. The only outlier is
momentum-7100-7225-v2e3 with outflow velocities up to ~ 1000 kms~! and maximum
temperatures above 107 K. The global SFR is generally unaffected by the FB model.

4.4.6 Implications for MBH-NSC coevolution

Taken at face value, the simulations presented in this chapter imply that nuclear SF and
the build-up of NSC mass is not possible if the NSC already hosts a MBH. However, to
construct a case where BH feedback is expected to be important, so far we have only
considered a high BH mass of 10° M, compared to the mass of the NSC with 5 x 10° M,
potentially overestimating the effect of BH feedback on the ISM in the galactic center.
Based on the scaling relations in Neumayer et al. (2020), a BH with Mypg = 10% Mg,
would be closer to the expectation for a typical dwarf galaxy NSC.

In this section, we test three inelastic wind feedback models in simulations with
a BH mass of Mypr = 10* Mg (see bottom section of Tab 4.1). In Fig. 4.15, we show
the evolution of the central gas content for one simulation with the fiducial wind effi-
ciency (e, = 5 x 1073, first panel) and two simulations that have ten times lower efficien-
cies (e, = 5 x 1074, second and third panel). In the simulation with fiducial efficiency
inelasticwind-7100-7225-v2e3-1e4N, the FB is still too strong to allow for the survival
of cold gas in the center and there is no significant SF. However, in the cases with reduced
efficiency, cold gas can regularly accumulate in the center, causing concurrent BH accretion
and nuclear SF during some cycles. During cycles with active nuclear SF, star formation
exceeds the BH accretion rate significantly. However, the dominant feedback mechanism
that regulates the nuclear gas content is still the BH feedback, although at least one cycle
(t ~ 150 Myr, orange star marker in the bottom panel) is terminated by a SN explosion.

As Fig. 4.16 shows, this leads to concurrent growth in both BH and nuclear stellar
mass. Especially in simulation inelasticwind-7100-790-v1e3-1e4N with an extremely
low wind velocity of v, = 10°kms™!, the stellar mass growth from only one successful star
formation cycle after ¢t ~ 130 Myr leads to the formation of ~ 800 My stars in the central
10 pc. Hence, despite the effect of the BH FB, the central stellar mass in this simulation
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Figure 4.14: The figure shows the outflow rates measured at z = 10 kpc above the galactic
disc (upper left), the outflow velocity (lower left), the temperature of the outflow (upper
right) and global SFR (lower right) for two inelastic wind models, both momentum FB
models and one of the thermal FB models. Only the momentum FB model with low wind
velocity of vy, = 2000 km s~ leads to enhanced, faster and hotter outflows.
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Figure 4.15: Evolution of the nuclear gas content in simulations with a M = 10* M, BH.
The top panel shows a simulation with the fiducial wind efficiency €, = 5 x 1073, where
cold gas cannot accumulate in the center. The second and third panel show simulations
with only ten percent of the fiducial wind efficiency and wind speeds of vy, = 2 x 10> km s~*
and vy, = 10®kms™!, respectively. In both cases, cold gas can accumulate in the center
which occasionally leads to cycles of activity where SF and BH accretion are important
simultaneously. SN explosions in the center remain the exception.
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Figure 4.16: Mass growth of the BH and the NSC in simulations with a lower BH mass
(M = 10*Mg). Depending on the chosen set of parameters, concurrent nuclear star forma-
tion and BH growth is possible, although the wind velocity and the wind efficiency must
be small (¢, =5 x 10~* for the orange and green curve)

has grown more than the MBH, which has only grown by ~ 20 M due to the strong wind
mass loss.

4.5 Discussion

Consistent with the findings in Ch. 3, this study shows that small injections of feedback
energy have a strong effect on the nuclear gas reservoir. Because typical energies released by
SN explosions and the BH feedback injections associated with the accretion of individual
particles exceed the binding energy of the gas in the galactic center, both have a very
similar effect and are able to terminate BH accretion cycles. As a result, MBH growth in
our simulations is very sensitive to BH feedback.

To explore the interplay of MBH accretion, MBH feedback, SF and stellar feedback,
we have tested several feedback models with different assumptions about the feedback
strength, how the AGN feedback couples to the ISM and the temporal delay of the feedback.
We find that all models prevent the existence of cold gas in the galactic center, essentially
quenching nuclear star formation entirely. As shown in Sec. 4.4.6, only an extremely low
wind speed of v, = 103kms™! allows for simultaneous BH accretion and nuclear SF.
This is mainly because the lower wind speed leads to a smaller amount of heat from the
thermalization in the nuclear region. While a low wind speed seems to be plausible in the
dwarf galaxy regime where the outflows from AGN are typically measured to be in the
order of ~ 2000kms~!, a low wind speed leads to a very high wind-mass loading if the
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wind efficiency is fixed. As a consequence, the MBH accretion rate is strongly suppressed
such that MBH growth stalls almost completely. As shown in Sec. 4.4.4, this leads to X-ray
luminosities that are too small compared to observations of dwarf galaxy AGN in the same
galaxy mass regime. This might either indicate that the observations (e.g. Birchall et al.,
2020) find only strong outliers in more extreme environments than simulated here (e.g. in
starbursts) or that the feedback models considered in this work reduce the accretion rate
too much. However, the limited MBH growth is in agreement with high-resolution studies
of isolated gas clouds as for example presented by Shi et al. (2024) where efficient MBH
growth was only found in very massive clouds (~ 10® M), even though their assumed wind
efficiency was smaller than in most simulations considered in this work.

It is striking that even feedback injection schemes that should have a small impact
on the central region by construction are still strong enough to prevent MBH accretion.
For example, the inst particle wind model where only one wind particle per accreted
SPH particle is launched at the wind speed in the direction of the angular momentum
vector should overestimate the free expansion scale of the wind according to Eq. 4.7 as a
result of an effectively small opening angle of the wind. Hence, the wind is expected to
dissipate its kinetic energy farther from the BH compared to models that sample a larger
solid angle. However, as the simulations show, even these individual wind particles at the
wind velocity are quickly slowed down and dissipate a significant fraction of energy already
in the nuclear region. Also, the spawning of wind particles (cont particle wind) at a
resolution significantly higher than the resolution of the surrounding ISM (similar to e.g.
Torrey et al., 2020; Su et al., 2021; Bollati et al., 2023) does not change our conclusions.
However, the main caveat for this model is that the ambient medium might still not be
resolved well enough to properly resolve the interaction between the high resolution wind
and the ISM.

Although the results are not expected to change qualitatively, the modeling of the
accretion disc and the wind feedback will be improved for future studies. For example,
models for the self-consistent evolution of the MBH and accretion disc spin have been
proposed and used by several studies, potentially giving more realistic estimates for the
angular velocity pattern of the wind (Fiacconi et al., 2018; Beckmann et al., 2019; Sala et al.,
2020, 2023, e.g.). Furthermore, several additional AGN feedback channels like the effect of
radiation from the AGN (Ostriker et al., 2010; DeBuhr et al., 2011; Yuan & Narayan, 2014;
Choi et al., 2015; Costa et al., 2018b), or jets (Husko et al., 2022, 2023; Sala et al., 2023)
are not included in this work. However, these additional feedback channels are expected
to suppress nuclear star formation and MBH growth even more than in the simulations
presented here, that only consider the effect of an AGN wind or a thermal energy injection.
Due to the low accretion rates that we find in the simulation, it appears necessary to use
sub-grid models that account for the different physical states of accretion discs in the
radiatively efficient (high Eddington) and radiatively inefficient (low Eddington) regime
(Yuan & Narayan, 2014). We have tested one of these models for the radiatively inefficient,
hot accretion regime as proposed by Yuan et al. (2015); Gan et al. (2019) and found a higher
MBH growth rate, although the star formation in the galactic center is still suppressed.
Exploring these sub-grid models that are motivated by small-scale simulations of accretion
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discs in more detail might be worthwhile.

In conclusion, this work explores AGN feedback in a new physical regime and suggests
that the growth of a NSC becomes inefficient as soon as it hosts a sufficiently massive
MBH. This might suggest that the NSC must form before the MBH is massive enough to
produce significant feedback energy and gives a hint where the tight observed correlation
between NSC and MBH mass comes from.

4.6 Conclusions

In this chapter, we have presented a detailed study of the effect of different AGN feedback
models on the growth of a BH in the center of a dwarf galaxy and the impact on the
multi-phase ISM. The simulated galaxy has a halo mass of 2.7 x 101 Mg and includes a
MBH = 105 M@ or MBH = 104 M@ MBH embedded in a NSC with MNSC =5 X 105 M@.
The complex evolution of the turbulent low metallicity ISM is modelled with the GRIFFIN
code, which includes non-equilibrium thermo-chemistry, feedback from individual massive
stars and a high resolution of 4 M. The main conclusions are summarized below.

« Concurrent (but still significantly reduced) nuclear star formation and BH growth is
only possible with low feedback efficiencies and wind speeds. All models predict that
nuclear star formation is suppressed in the presence of a MBH, suggesting that NSCs
must have formed before the MBH became massive enough to produce significant
feedback energy.

o Even small thermal feedback injections have a strong impact on the ISM in the
galactic center such that the accretion of one SPH particle is typically enough to
expel the gas from the center and to terminate the accretion cycle. This makes the
thermal feedback model very efficient at limiting the BH growth.

o Both feedback models that launch a mass, momentum and energy loaded wind from
the accretion disc (i.e. the inelastic wind model and both particle wind models)
suppress the growth of the BH by more than two orders of magnitude compared to the
same simulation without BH feedback. This is due to a combination of two effects:
First, only a small fraction of the mass accreted by the sink particle contributes
to the BH mass growth, because the majority is ejected as a wind (especially for
low wind velocities with large wind loadings 1). Second, the wind thermalizes on a
small scale, effectively leading to a thermal energy injection similar to the thermal
feedback model. This leads to accretion cycles with a period that is set by the viscous
timescale of the sub-grid accretion disc.

o All inelastic wind models lead to typical gas velocities in the wind injection region
of up to ~ 1500kms™!, independent of the assumed wind speed at the sub-grid
injection scale vy. This velocity is similar to the observed outflow velocities in dwarf

AGN.
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The evolution of the central gas content and the BH growth are similar in the model
that assumes an inelastic collision on unresolved scales (inelastic wind model)
and the particle wind feedback models that find the thermalization scale self-
consistently, indicating the modelling of the heat generated by the unresolved collision
in the wind model is reasonable.

A pure momentum injection (without mass loss from the unresolved accretion disc)
allows for the largest BH growth among all tested models. Compared to the noBHFB
case, the growth is suppressed by less than one order of magnitude. Due to the colli-
mated feedback injection and the smaller amount of heat generated on the sub-grid
scale, this model also allows for the survival of gas in the galactic center. However,
even this model suppresses cold gas within 10 pc from the BH.

All tested feedback models prevent star formation inside the NSC. The thermal
feedback models suppress SF in a large region of ~ 200 pc, while the wind feedback
models typically only affect smaller scales < 100 pc. However, SF inside the NSC is
only possible in the noBHFB case, where the star formation inside the NSC is boosted

and gives rise to a young stellar population that contributes to the growth of the
NSC.

While the accretion flow and the gas content in the central 10 pc were entirely regu-
lated by stellar feedback in the noBHFB case, there are no SN in the galactic center in
any of the tested FB models (as a result of suppressed SF). Hence, in the presence of
BH feedback, the stellar feedback regulated accretion cycles are replaced by accretion
cycles that are determined by the energy output from the accretion disc.

The Eddington fractions of all models are typically well below fgqq = 0.001. Only
the simulations with the momentum feedback exceed fgqq = 0.01 for more than one
percent of the time.

The small accretion rates lead to low X-ray luminosities. All wind models do not
exceed Ly > 10% ergs/s, only the momentum injection model reaches the observed
luminosities between 10%? ergs/s and 10%° ergs /s during luminosity peaks. The model
without BH feedback produces too high X-ray luminosities, indicating that AGN FB
is important for regulating the BH accretion rates.

Almost all FB models do not lead to a change in the outflow rate, velocity or temper-
ature. The only exception is simulation momentum-7100-7225-v2e3 that shows an
enhanced outflow rate, a higher outflow velocity of up to ~ 1000 kms~! and a higher
outflow temperature (the model has a larger wind energy input rate by construction).

The models developed in this work are also a crucial ingredient for the cosmological
zoom-in simulations of early MBH formation and growth that are currently under develop-
ment. The environments at high redshift are vastly different, such that even models that
lead to very inefficient growth in an isolated dwarf galaxy might still allow BH seeds to
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grow in low-metallicity, high gas density environments with strong cold gas inflows into
the host galaxy.
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Chapter 5

Conclusion and outlook

In this work, I have investigated the evolution of massive black holes (MBHs) and nuclear
star clusters (NSCs) within their galactic environments. Both MBHs and NSCs are im-
portant for the evolution of their host galaxies and are essential for understanding how
the first MBHs formed and evolved into the supermassive black holes (SMBHs) we observe
today. With novel numerical techniques that explore a new physical regime previously
unexamined in simulations, I have drawn conclusions about the coevolution of MBHs and
NSCs in low-mass galaxies and highlighted several challenges for potential cosmological
MBH formation pathways.

In Ch. 2, I have presented numerical simulations that explore the complexity of MBH
dynamics in merging dark matter halos and galaxies. The simulations show that there
are multiple processes that make the growth of low-mass MBHs inefficient, beyond the
problem that low-mass seeds often do not sink to the centers of their host galaxy. Even
if low-mass MBHs sink despite their typically long dynamical friction timescales, it is not
guaranteed that these MBHs merge with other MBHs on short timescales. This creates
a new problem, because additional MBHs may sink to the center before the MBH binary
merges such that three-body interactions can lead to the ejection of MBHs. Due to the
shallow potential wells of the low-mass halos, which are expected to be the birthplaces of
the first MBHs, the gravitational wave recoil from merging MBHs is also expected to be
strong enough to eject the merger remnant from the host halo. Hence, the study shows
that it is very difficult for low-mass halos to retain their MBHs. This poses a potential
problem for merger assisted MBH growth scenarios, but also inhibits fast growth through
gas accretion that is only expected to be efficient in the galactic center where gas densities
are high.

While some MBHs that formed in the early Universe could likely overcome the “sinking”
problem and grow into the population of SMBHs observed today, there must still be a
potentially hidden population of seed MBHs that did not form in environments where
growth is efficient. As argued in the introduction, many dwarf galaxies have turned out to
host MBHs. If MBH growth in dwarf galaxies is inefficient, their population of MBHs might
directly correlate with the population of seed MBHs, making dwarf galaxies a promising
target for constraining the origin of MBHs. To understand the growth of MBHs in dwarf
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galaxies and how they interact with the multi-phase interstellar medium, I have performed
numerical simulations of isolated dwarf galaxies that host MBHs of various masses in
Ch. 3. The study shows that the growth of MBHs is very small, even if the effect of MBH
feedback is not included. However, if the MBHs are embedded in a NSC as suggested
by observations of dwarf galaxies, low-mass MBHs (< 10* M) grow significantly faster
and might lose memory of their initial seed mass. The enhanced growth of light MBHs
is caused by larger gas inflows to the central few parsec provided by the potential well of
the NSC. In this study without BH feedback, nuclear SF and the associated SN feedback
from individual stars turned out to regulate the nuclear gas supply and the MBH growth.
This results in coeval episodic MBH growth and nuclear SF cycles. The episodic nuclear
SF gives rise to a young population of stars inside the otherwise old NSC.

To assess the importance of MBH feedback, I re-simulated one of the dwarf galaxy
initial conditions with a MBH embedded in a NSC with five different feedback models
in Ch. 4. Most tested models predict that MBH growth in dwarf galaxies stalls entirely
and even in the most optimistic cases (i.e. simulations with low feedback strength or with
models that have a lower impact on the nuclear region) MBH growth is suppressed by at
least one order of magnitude. This suggests that MBHs in dwarf galaxies do not grow
efficiently and that the MBH population might indeed be directly connected to the MBH
seed formation mechanism. The simulations also showed that MBH feedback can prevent
nuclear SF which has implications for possible MBH-NSC coevolution scenarios. To explain
the tight observed relation between NSC and MBH masses, the NSCs must have grown
before the MBHs became massive enough to produce enough FB energy to quench nuclear
SF. However, this conclusion strongly depends on the BH feedback processes that are still
very uncertain.

From the simulation perspective, this thesis clearly demonstrates that accurate dy-
namics is crucial to understand the evolution of MBHs. Without resolving the complex
interactions among MBHs in simulations, their growth is likely over-estimated if the po-
tentially long merger time-scales of binaries, possible dynamical ejections of MBHs from
the host galaxy and merger recoil kicks are not accounted for. While subgrid prescriptions
can be used to model the MBH sinking, it appears to be in principle difficult to predict
the chaotic N-body dynamics of MBHs such that numerical tools like KETJU, that resolve
the post-Newtonian MBH dynamics directly, are essential.

Furthermore, as Ch. 3 has shown, resolving the multi-phase ISM structure and allowing
for SF on small scales around MBHs strongly impacts the ability of MBHs to grow. This
is an effect that is likely suppressed in lower resolution simulations, where gas is accreted
from larger scales despite the fact that it might still become star formation on the way
to the BH accretion disc. Due to the shallow potential well of MBHs, the accretion flow
can be significantly disrupted by individual SN explosions, highlighting the importance of
feedback from individual stars in galaxy simulations. The studies also showed that NSCs
can be dynamically important in a large region, where the shear caused by their potential
well can suppress star formation. Dwarf galaxy simulations with “live” NSCs realised by
particles have not been presented in the literature yet, but they should be included in
future studies of dwarf galaxies.
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Finally, my study of MBH feedback in Ch. 4 has demonstrated that many feedback
models that are commonly employed in the AGN literature quench MBH growth as a
result of small injections of thermal energy into the nuclear region. In the case of pure
thermal energy injections in combination with a sink particle accretion prescription, I found
a trend of lower accretion rates with higher gas resolution, indicating that the accretion
rate is not yet converged and might even be lower than reported. While low accretion rates
in dwarf galaxies are expected, all models failed to produce the required X-ray luminosities.
This indicates that a new generation of physically motivated BH feedback and accretion
prescriptions is required to take into account that gas on small scales at high-resolution is
very susceptible to small feedback energy inputs. Modelling the interplay of BH accretion,
BH feedback, nuclear star formation, and stellar feedback is still a challenge and might be
only possible at even higher resolutions.

Improving the BH feedback prescription will be crucial for future projects and several
possible improvements for the modelling of the accretion process, the accretion disc and
feedback have been already discussed in Ch. 3 and 4. For example, a nice addition for
the one-dimensional accretion disc model, that is only used to delay BH feedback at the
moment, would be to directly solve a differential equation that describes the transport of
gas towards the BH in the respective physical regime (Yuan & Narayan, 2014).

The findings presented in this thesis motivate several follow-up projects. 1 will give a
brief summary of two ongoing projects in the next paragraphs.

5.1 First results from cosmological simulations with
the GRIFFIN model

The obvious next step is to combine the models developed for the three chapters presented
in this thesis into one cosmological simulation framework that allows for the simultaneous
modelling of the formation, dynamical evolution, growth through gas accretion and merg-
ing of MBH seeds, and their coevolution with the first star clusters. The goal is to run
cosmological zoom-in simulations on halos of M., ~ 10! M, at 2z ~ 8. This will allow for
direct comparisons with the MBHs and first star clusters observed with the James Webb
Space Telescope (e.g. Adamo et al., 2024; Maiolino et al., 2024).

As a first step, I have upgraded the GRIFFIN simulation code, that has only been used
for studies of isolated galaxies so far, for cosmological simulations in order to run first
zoom-in simulations on lower-mass halos with My, ~ 5 x 10° M, halo at z ~ 10. To make
GRIFFIN applicable for comoving integration, I have added the cosmological scale factors,
Hubble factors, and transformation to physical time in the appropriate places (i.e. in the
cooling, star formation, stellar evolution and black hole module). Furthermore, aside
from small adjustments that are necessary to account for the different conditions in high-
redshift environments compared to dwarf galaxies in the local Universe, the prescription
for radiation had to be integrated into the Tree-PM solver that is necessary for efficient
cosmological simulations with periodic boundary conditions. To test the code, I have run a
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Figure 5.1: First results from a cosmological zoom-in simulation with GRIFFIN at z= 15.
The left panel shows the gas surface density, the dark matter surface density is show in the
right panel. Massive stars and MBH seeds are marked as red and black dots, respectively.
These simulations demonstrate that the GRIFFIN is now applicable for simulations of the
high redshift Universe.

small halo with and without co-moving integration and did not find significant differences
over ~ 20 Myr of evolution.

To select a halo for the high-resolution zoom-in simulation, I have performed a dark
matter simulation with box size L = 10 Mpc/h (starting from z = 100 at a dark matter
resolution of mg, = 8 x10* My, using the cosmological parameters Q,, = 0.307, €, = 0.0483
and h = 0.667). I selected a halo with a compact structure and mass of Mya0 ~ 5 X 10° Mg
at z ~ 10 and used the cosmological initial conditions generator MUsiC (Hahn & Abel, 2013)
to generate high-resolution ICs with a gas resolution of mgas = 24 Mg /h (mgm = 130 My /h
for dark matter) for the Lagrangian patch associated with the selected halo. The resolution
in the zoom-in region is still larger than the mass resolution that is required to resolve
individual supernovae. Hence, I have added a particle splitting technique to assure high
enough gas resolution in collapsing regions (i.e. if the density of a SPH particle exceeds
n = lem™? after z = 30, the particle is split into two resolution elements until the target
resolution of ~ 10 Mg, is reached). This method allows for more efficient testing, but the
goal will be to run simulations at the fiducial global GRIFFIN resolution of 4 M. For the
first tests, the initial metallicity is set to Z = 10~* Z, where Z is the solar metallicity.
This metallicity floor is extremely small compared to typical GRIFFIN simulations of dwarf
galaxies (Z = 0.01 — 0.1 Z5) but larger than the metallicity required for the formation of
PopllI stars (Z ~ 0).

In Fig. 5.1, I show the gas and dark matter surface density from the first cosmological
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Figure 5.2: First results from a dwarf galaxy merger with the combination of KETJU
and GRIFFIN. Both galaxies host a MBH that is embedded into a NSC. The presence of
the NSCs leads to a significantly enhanced star formation rate compared to a simulation
without NSC. The MBHs have not formed a binary yet, but the MBH/NSC systems sink
faster than MBHs without NSC. This project will shed light on the importance of NSCs
for the coalescence of MBHs in dwarf galaxies and hence complement the findings of Ch. 2,
where the effect of gas physics and NSCs was not considered.

simulation with the GRIFFIN model at redshift z = 15. The first stars form at z ~
27 in small halos across the high-resolution region in the simulation. As expected (see
e.g. Ch. 1.2.1), the first SN explosions in these halos eject the gas and leave small star
clusters behind. At z ~ 15, there are 12 star clusters more massive than 2000 M and the
most massive friends-of-friends group has a mass of 5 x 10* M. This is a significant fraction
of the total stellar mass of My, = 4x 10° M, that has formed in the high-resolution region.

As a first toy model for a physically motivated MBH seeding prescription, I implemented
a simple method that turns stars more massive than 100 My into BH sink particles at the
end of their lifetime. To approximate the effect of stellar collisions, those BH particles are
allowed to accrete stars within a distance of 1 pc for ~ 2 Myr. The result of this prescription
are seven MBH seeds with masses between 300 and 6000 My at z = 15. Their trajectory
is computed with KETJU, but there have not been any mergers yet. In Fig. 5.1, these BH
seeds that mainly formed in the most massive halo are shown as black dots, massive stars
above 8 M are shown as red dots.

These first tests demonstrate that the GRIFFIN code can now be used for high-resolution
studies of the high redshift Universe. Based on the physics that is included in the model,
various applications can be explored in the future. Because the GRIFFIN simulation model
samples the full initial mass function with individual simulation particles (0.08-150 M)
and produces realistic star cluster populations, it is possible to test MBH seed models
based on star cluster properties to account for the formation of MBHs in dense star clus-
ters. With KETJU, it is in principle even possible to follow the collisions between stars
self-consistently to probe MBH seed formation via stellar collisions directly. Furthermore,
PoplII stars can be modelled with a suitable IMF for low-metallicity gas, taking metal en-
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richment and potentially higher supernova explosion energies into account (see e.g. Phipps
et al., 2020). Together with the implementation of a Lyman-Werner background radiation
field that prevents fragmentation and allows for a direct collapse of pristine gas (e.g. ac-
cording to Incatasciato et al., 2023), simulations with the GRIFFIN model could be used
to test the most commonly proposed seeding mechanisms. The subsequent growth of BHs
through accretion from the resolved interstellar medium and the feedback from accreting
BHs can be modelled with the accretion and feedback prescriptions presented in Ch. 3 and
Ch. 4, respectively. Finally, with the KETJU integrator, the dynamical evolution of MBHs,
including the sinking via dynamical friction, dynamical interactions, mergers and ejections
from their host halos can be followed self-consistently.

Hence, the cosmological version of GRIFFIN will allow to address many interesting prob-
lems related to the evolution of MBHs and star cluster in the high redshift Universe, poten-
tially simultaneously shedding light on the origin of MBHs and NSCs. However, it remains
to be seen which halo masses and resolutions are feasible for production simulations.

5.2 First results from a simulated dwarf galaxy merger
with MBHs and NSCs

In another ongoing project, I combine the physical processes discussed in Ch. 2 and Ch. 3 by
simulating a dwarf galaxy merger with the GRIFFIN model. In particular, I have initialized
two dwarf galaxies that were labeled fiducial galaxy in Ch. 3 on a merging orbit similar
to Lahén et al. (2020b). Each galaxy hosts a NSC with 10° M and a MBH with a mass
of 10* M. For comparison, I run a simulation that only hosts a MBH in each galaxy, but
no NSC.

In this study, I would like to test how more extreme environments with higher gas
surface densities and star formation rates affect the growth of MBHs with and without a
NSC. As an example for the currently running suite of simulations, I show the gas surface
density and the positions of the MBHs for the simulation with NSCs at three different
times in Fig. 5.2. The collision of the two galaxies leads to a starburst with star formation
rates up to ~ 0.3 Mg yr~!. This is significantly higher than in the simulation without NSC,
indicating that the NSCs are dynamically important during the merger of the two galaxies.
Although the MBHs have not formed a binary yet, the first results show that MBHs that
are embedded into a NSC indeed sink faster. This study will shed light on the importance
of NSCs for the coalescence of MBHs and whether galaxy mergers are accelerating the BH
growth by funneling gas to the galactic center. Furthermore, I will assess if the pre-existing
NSCs grows more efficiently that in the isolated simulations. Because the star clusters in
this set-up are expected to be significantly more massive (e.g. Lahén et al., 2020b), it is
possible that the NSCs might grow via the accretion of other star clusters.
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