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Zusammenfassung

Superschwere schwarze Locher spielen eine essenzielle Rolle in der
heutigen Forschung zur Galaxienentstehung. Es wird vermutet, dass
diese Objekte in fast allen massereichen Galaxien zu finden sind und
durch die Freisetzung enormer Energiemengen bei der Gasakkretion
die Eigenschaften der Galaxie signifikant verdndern. In wie weit und
durch welche Interaktions-Mechanismen dies geschieht ist jedoch un-
klar. In dieser Doktorarbeit fasse ich den aktuellen Forschungsstand
zur Galaxienentstehung zusammen, wobei ich mich auf Simulationen
zur kosmologischen Strukturentstehung und grundlegende Theorien
zu superschweren schwarzen Lochern, soweit sie fiir Galaxienentste-
hung von Bedeutung sind, beschrinke. AnschlieSend beschreibe ich
ein neues Modell fiir das Wachstum superschwerer schwarzer Lo-
cher sowie deren Riickkopplungs-Effekte auf das umgebende Gas in
kosmologischen Simulationen und zeige, wie superschwere schwarze
Locher die Entstehung und Entwicklung von Galaxien, aber auch ihr
eigenes Wachstum beeinflussen. Des Weiteren stelle ich ein Modell
vor, welches zur Modellierung von Jets von superschweren schwarzen
Lochern in Simulationen von Galaxienhaufen dient. Mit Hilfe dieses
Modells untersuche ich den Effekt von Jets auf das umgebende Gas
in Galaxienhaufen.

Abstract

Supermassive black holes play a key role in modern galaxy for-
mation research. They are conjectured to be present in almost all
massive galaxies, and through the release of enormous amounts of en-
ergy triggered by gas accretion, they are able to substantially change
the properties of the host galaxy. To which extent and how the in-
teraction mechanisms work is an open question. In this thesis, I
review the current state of galaxy formation research with a focus
on cosmological simulations of structure formation as well as the ba-
sic theories of supermassive black holes as far as they are important
for galaxy formation. Subsequently, I discuss a new model for black
hole growth and feedback in cosmological simulations, along with its
application in large cosmological volume simulations. I show how
supermassive black holes affect the formation and evolution of their
host galaxy as well as their own growth. Furthermore, I present a
model for supermassive black hole jets in a galaxy cluster environ-
ment. Applying this model, I study the coupling between the jet and
the surrounding intra-cluster gas.
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Fundamentals of galaxy formation

Modern galaxy formation research is able to link the theories of cosmology,
in particular large scale structure, to the formation of stars, supermassive
black holes (SMBHs) and interstellar medium (ISM) physics in individual
galaxies, covering an enormously large dynamical range. This also implies
that a detailed understanding of galaxy formation requires at least a basic
knowledge about these aspects, which I briefly outline in the following. For
a more in depth discussion about cosmology, Dodelson (2003) is a good
reference. The book by Mo et al. (2010) covers a large range of topics in
galaxy formation including all aspects mentioned in this chapter.

1.1 Cosmological structure formation

The currently favoured theory of the evolution of the Universe is called
lambda cold dark matter (ACDM). After a hot big bang, the very early
universe is in a dense and compact state and rapidly expanding. These
very early times are still poorly understood, but we know that the matter
distribution in the Universe is uniform at a redshift z ~ 1100. This is
the case even at scales that, form their physical separation and the speed of
light limit of information propagation, cannot be in causal contact with each
other at that time. Furthermore, we know that there are small fluctuations
of the otherwise homogenous distribution of matter. A possible explanation
for both these properties is given by a theoretical concept called inflation
(Guth, 1981; Linde, 1982; Albrecht and Steinhardt, 1982). According to
this hypothesis, the very early universe has undergone a phase of rapid
expansion, which has causally disconnected elements in space-time that
have been previously interacting. Invoking quantum fluctuations during
this epoch, this model predicts a specific shape of the primordial density
fluctuations, which are the seed inhomogeneities for the structure growth
in the Universe. After this initial phase of rapid expansion, an even less
understood process called reheating (Albrecht et al., 1982) provides thermal
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16 CHAPTER 1. FUNDAMENTALS OF GALAXY FORMATION

energy to the matter content which at that point has cooled down due to
the expansion during inflation.

From this point on, the universe is in a hot, still relatively dense state
with tiny seed fluctuations in density. Yet, space-time continues to expand
and consequently the hot, optically thick plasma cools down. Once the mean
temperature of the universe reaches values comparable to the binding energy
in nucleons, light elements form in a process called big-bang nucleosynthesis
(Hoyle and Tayler, 1964; Wagoner et al., 1967; Peebles, 1968). In this
process, protons combine to form helium with a hydrogen to helium ratio
of about 3 : 1, and to a tiny amount of lithium. The ratio of the primordial
elements, combined with the fact that a single neutron is unstable gives
a very good estimate of the timescales and conditions under which the
primordial elements have formed. The book by Kolb and Turner (1994)
contains a detailed discussion on this topic.

Once the binding energy is significantly higher than the surrounding
temperature, nuclei are stable. However, the thermal energy is still high
enough to keep the electrons unbound. This implies that the medium is op-
tically thick to very abundant thermal photons. At a redshift of z ~ 1100,
nuclei and electrons recombine and the matter in the Universe becomes
optically thin to electromagnetic radiation. These photons from the early
Universe are still observable today as the cosmic microwave background
radiation (CMB) (Penzias and Wilson, 1965; Dicke et al., 1965). The ra-
diation is uniform on the sky with only small fluctuations of the order of
‘% ~ 107>, which indicates density fluctuations of the same order (Planck
Collaboration et al., 2016). Up to this point, the tight coupling of photons,
electrons and nucleons has caused so called baryon acoustic oscillations, but
otherwise kept the fluid from gravitational collapse in the over-dense regions
(e.g. Dodelson, 2003, for a derivation). After the decoupling of photons and
atoms, however, there is no restoring force anymore and gravitational col-
lapse sets in. Given that we can derive the growth time of the gravitational
collapse of structures and we know the magnitude of seed perturbations at
redshift z ~ 1100, it is possible to deduce that the age of the universe is
not long enough for gravitational instability to grow the structures such as
galaxy clusters that we observe today. A possible way to overcome this
problem is the introduction of a second matter component, consisting of a
collisionless component. The most favoured realisation is the so-called cold
dark matter, which is commonly believed to consist of massive elementary
particles which consequently have a slow streaming velocity and interact
only gravitationally with each other and the visible component. This has
the consequence that dark matter structures in the Universe start growing
earlier than the visible component and consequently the expected structure
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formation up to the present epoch is in agreement with observations (e.g.
Springel et al., 2005b)*.

Describing the large scale evolution of a homogenous universe, as well as
the behaviour of perturbations via linear theory is an understood problem,
however mathematically a bit lengthy and therefore only briefly outlined
here. The line of reasoning follows the textbook of Dodelson (2003), which
covers the complete calculation in detail and also provides a link to CMB
and large scale structure (LSS) observations.

Evolution equation of a smooth universe

The expansion of an isotropic, homogenous universe can be described by the
Friedmann-Robertson-Walker metric g,, (in flat space-time, with implied
summation over doubly occurring indices as commonly used in the field),
in which the squared line element is given by

ds” = guydxtdx’ = —2dt* + (1) (dr® + r* (d0” + sin® 9dg?)) . (1.1)

The Ricci tensor R, and Ricci scalar R are defined as

o2 | agxB ox®  Ox” |’ '
ore,  ore
_ [ Ha B B
R = 5 - =5 T T — T3 T (1.3)
R=g"R,. (1.4)

General relativity links the geometry of space-time, parameterised via the
Einstein-tensor G, which is a combination of Ricci tensor and Ricci scalar,
to the matter and energy content described by the stress-energy tensor 7},
via the Einstein equation

1 8nGTyy

Eg/va = p _g,uvA, (15)

where G is the gravitational constant and ¢ the vacuum speed of light.
Throughout this work, we use A as a cosmological constant. Using a stress-
energy tensor for a universe filled with radiation and non-relativistic matter,
the time evolution equation for the scale factor a in a homogeneously ex-
panding universe is given by the so-called Friedmann equation (derived from
the u =0, v = 0 component of the Einstein equation)

Gu =Ry —

H(a) = Hy (Qra™ + Qua™ + Q4) . (1.6)

IThis was, however, not the original motivation for the introduction of this concept
(Zwicky, 1933).
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1/2
where H = da~' is the Hubble rate, Hy = (@) / the Hubble constant

and p. the critical density. €, is the matter (i.e. particles with non-

relativistic velocities) density in the universe in units of p, at a = 1, Q, the
Ac?

respective density of radiation (zero rest-mass component) and Qx = $25
0

can be interpreted as the density of a dark energy component.

Cosmological linear theory

To describe the onset of structure formation, it is necessary to include first-
order perturbations in both the metric and the matter component. The
evolution equation for these perturbations can then be derived from the
Boltzmann equation

af _of , ox'df  op' Of _
dt ot ot dx; Ot dp;

Clf] (1.7)

for each elementary particle species in the Universe (dark matter, photons,

baryonic matter, neutrinos). Realising that % is given by the laws of
gravity, i.e. in general relativity linked to a (perturbative) metric via the
geodesic equation, it is possible to link metric perturbations with the phase
space distribution function of different components. For the non-relativistic
components (i.e. dark matter and baryons), the zeroth and first moments
in velocity of the Boltzmann equation link the density and velocity pertur-
bations of the respective component with the metric perturbations. For the
relativistic component (photons), the Ansatz of a perturbed Bose-Einstein
distribution yields an equation that links temperature fluctuations to the
metric fluctuations. Using the resulting equations as well as the perturbed
Einstein equation, one can (numerically) solve the evolution of the density
and velocity perturbations as well as the temperature perturbations of the
photon field, provided one assumes an initial power spectrum for matter
fluctuations motivated by inflation theories

Py(k) oc k™1, (1.8)

where ng ~ 1 is one of the cosmological parameters.

Zel’dovich approximation

To first order, it is possible to parameterise the time dependent matter
perturbation ¢ as

6(x,a) = Ap/py = 6;(x)D(a), (1.9)
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where pg is the average density and Ap its perturbation at a given position
x. This way the time (scale factor) dependence is absorbed in the so-called
growth function D(a) which can be derived using linear perturbation theory,
while 6;(x) is the perturbation at some earlier time.

It is now possible to extrapolate the evolution of the matter density field
by linearly extrapolating the evolution of the matter to a given epoch. This
procedure was first suggested by Zel’dovich (1970) and is widely applied in
cosmological simulations because it relates a power spectrum with velocity
and position perturbations which are needed as initial conditions in particle-
based numerical techniques to solve the problem of structure formation (see
Mo et al., 2010, for a more detailed discussion). Formally, these equations
are

1 D

=—-————V¢;, 1.10
Y 4rGpa D Z ( )
D
—COR Y (1.11)
dnGpna’

1.2 Collapse of halos

The initial density fluctuations of the dark matter component lead to a
collapse of structure in sheets and filaments, forming the so-called cosmic
web. Matter in these filaments is then attracted to the intersections of
the cosmic web, which form the loci for the collapse of halos (e.g. Springel
et al., 2005b). In these halos, the matter virialises, which means that the
dark matter reaches a balance between its kinetic motion and gravitational
binding. Generally, structure formation timescales are larger for larger ha-
los, which implies that small objects from first and merge to gradually from
larger halos, i.e. structure forms hierarchically. Figure 1.1 illustrates this
growth of halos over cosmic time, showing the halo mass function at different
redshifts in a cosmological simulation (the IllustrisTNG simulation, which
will be introduced later in this thesis). The negative logarithmic slope of
each curve at fixed mass reduces over time, indicating that low-mass halos
are already fairly frequent at high redshift, while the most massive halos
being are only present at redshift zero.

It is therefore also important to keep in mind that matter accretion
into a virialised halo is not necessarily smooth, but happens preferentially
in discrete mergers of smaller halos, which has important consequences for
galaxy formation (Hernquist, 1989; Barnes and Hernquist, 1996; Mihos and
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Figure 1.1: Comoving number density of halos binned in mass vs their
mass in a cosmological simulation at different redshift. While the number
density of low-mass halos already at place at z ~ 4, higher mass halos form
at later times.

Hernquist, 1996), which will be discussed in more detail when talking about
the co-evolution of galaxies and SMBHs.

1.3 Gas in halos

Being the dominant matter component, dark matter drives the gravitational
collapse of the initially very homogenous density field. The gas initially
follows the dark matter component, but at some point its pressure forces
as well as radiative cooling become important and the dynamics differs.
In particular, while dark matter virialises, but generally does not dissipate
energy, gas will fall into the halos and heat up. This heat, however, can be
lost due to radiative processes, which reduces the energy budget of the gas
component and therefore its pressure support, causing further gravitational
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collapse. This leads to the fact that every (isolated) galaxy lives in a more
extended dark matter halo (White and Rees, 1978).

The important aspect for the further dynamics is whether the collapsing
gas can get rid of its pressure support via radiative cooling quickly enough to
allow a radiative collapse or not. If radiative cooling times are shorter than
the free-fall time, the gas will directly collapse, fragment and form stars. If
this is not the case, the gas will simply heat up and form a hot, hydrostatic
atmosphere. Which of the two scenarios is realised depends on the mass
of the collapsing object (Silk, 1977). While low-mass systems (< 5 x 10!
Mg) can collapse directly, higher mass systems build up a hydrostatic halo,
which successively cools (Rees and Ostriker, 1977).

1.3.1 Star formation in galaxies

The collapse of gas in halos is a runaway process which ultimately leads
to the formation of stars. The precise mechanism of gravitational collapse
depends on the timescales at which the gas is able to cool down, which is
likely significantly different for the first generation of stars, so-called pop-
ulation III stars. Therefore, these stars are likely more massive than the
present day stellar population.

Massive stars are very short lived, as they burn their hydrogen supply
quickly and evolve rapidly, ending their lives as core-collapse supernovae.
In the late stages of stellar evolution and in particular in supernovae, these
stars loose a significant fraction of their gas to the surroundings. As the
gas in stars gets chemically enriched as a product of nuclear fusion, the
gas that gets ejected enriches the surrounding ISM, which has important
consequences for the further evolution of the ISM: the main effect is that
the radiative losses, i.e. the cooling channels of the gas change and gas
can also cool via so-called metal-line emission (Wiersma et al., 2009). This
has important consequences, both, for star-formation itself, as well as for
the further evolution of galaxies. Due to the presence of additional cooling
channels, very massive population III stars can no longer form, as the gas
would rather fragment and collapse into multiple smaller population II stars
than forming one giant star. From this moment on, star formation occurs
exclusively via the present-day star formation channel with a seemingly
universal initial mass function (Salpeter, 1955).

1.3.2 Global efficiency of star formation

From this early times, after the first stars reionized the gas in the Universe,
stars can form via the cooling of galactic gas and the collapse under the
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Figure 1.2: Comoving number density of halos binned by their central
galaxy’s stellar mass (red) and halo mass scaled by the cosmic baryon frac-
tion (blue) at redshift z = 0 in a cosmological simulation. If all the gas
that is initially in a halo would convert into stars, the red and blue line
would overlap. The stellar mass function diverges from the scaled halo
mass function both at the low- and high mass end, indicating that star
formation is inefficient in both regimes, and most efficient in galaxies of
around 1019 M.
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influence of its own gravity. However, star formation in galaxies does not
occur on the cooling time that one would expect, but is overall much slower.
This has to do with the fact that the stellar populations in the galaxies have
an important impact on the energetics of the ISM. The main contributions
are violent core-collapse supernova explosions setting free a considerable
amount of energy, driving shocks into the ISM and thereby heating the
surrounding gas. Other channels of this stellar feedback are stellar winds of
asymptotic giant branch stars and ionising photons emitted from massive
stars.

Because of stellar feedback, the average baryon conversion efficiency in
galaxies of a given halo mass does not exceed 30% (Moster et al., 2013;
Behroozi et al., 2013b). On top of this, the stellar mass fraction peaks
at about the mass scale of Milky-Way halos and drops towards both ends
significantly, which means that star formation, or more precisely turning
gas into stars on galactic scales, is an inefficient process. This process
seems to have a sweet-spot of maximum efficiency at Milky-Way mass halos,
and star formation in both more and less massive halos is suppressed by
some mechanism. Figure 1.2 illustrates this, showing the comoving number
density of halos with a given halo mass, scaled by the baryon over total
matter fraction, in blue and the stellar mass function in red. If the halos
would be capable of turing all gas in the halos into stars, the two lines would
overlap. It is obvious that this is not the case at any mass scale, however,
the stellar mass function approaches the scaled halo mass function at stellar
masses of around 10'%3 My, which is roughly the mass of the Milky Way.
For both lower and higher mass halos, the two mass functions diverge.

The explanation for low-mass halos lies in the shallower gravitational
potentials these galaxies live in. This means that it is easier for one (or
multiple) supernova explosions to drive gas out of the halo, leaving behind
only relatively hot, dilute gas which does not cool efficiently. Thus, an equi-
librium between cooling, star formation and stellar feedback is established
at much lower star formation rates than in more massive galaxies.

The stellar feedback scenario qualitatively explains why the overall star-
formation efficiency is quite low and why it further drops towards lower mass
galaxies. However, stellar feedback would imply that the stellar mass over
halo mass fraction in halos more massive than the Milky-Way increases fur-
ther or at most declines weakly due to longer cooling times in larger halos.
However, there is compelling evidence that the efficiency instead decreases
drastically, indicating the presence of another mechanism to provide energy.
By now it is largely accepted that this additional source of energy are ac-
creting SMBHs in the centres of galaxies which is the main topic of this
thesis.






Properties of supermassive black holes

The presence of SMBHs is one of the mysteries of structure formation in
the universe, but by now there is convincing evidence for their existence.
The most stringent test that SMBHs are actual space-time singularities is
the measurement of stellar orbits in the Milky-Way’s galactic centre close
to its SMBH Sagittarius A*. The orbits of the surrounding stars probe
the gravitational potential around the centre to radii of about 125 AU,
indicating that a mass of around 4 x 10% Mg, is enclosed in a sphere with
at most this radius (e.g. Genzel et al., 2010, for a review).

At high redshift, so-called quasars were first discovered and identified as
extragalactic in the 1960s (Schmidt, 1963, 1968). Comparing their observed
spectra to a model of a geometrically thin, optically thick accretion disk,
Shakura and Sunyaev (1973) showed that these objects are consistent with
being rapidly accreting SMBHs. The infalling gas radiates a significant
fraction of the accreted rest mass equivalent energy before crossing the event
horizon, in some cases outshining their host galaxy. Recent observations
show that these quasars are already present at redshift > 6.5 and have
masses well above 10° Mg (Baiiados et al., 2016; Mazzucchelli et al., 2017),
which raises the question how these SMBHs could grow to these masses in
the comparably short time of less than a billion years. To understand why
this is a problem it is useful to discuss the formation of SMBHs and their
growth via gas accretion first.

2.1 Supermassive black hole formation

It is still unclear how SMBHs form. As massive SMBHs are already observed
at redshift > 6.5 (Mazzucchelli et al., 2017), their formation has to happen
significantly before this time. Dating back to Rees (1978), there are 3
possible scenarios how SMBHs might form: via direct collapse of a gas cloud,
as a remnant of a massive (population III) star, or via formation of a dense
star cluster and runaway collisions. In principle, each of these scenarios is

25
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testable, however, due to the limitations of high-redshift observations, none
can be ruled out yet. The review by Volonteri (2010) provides a detailed
explanation about these scenarios, which I only briefly summarise here.

One theoretical scenario to form supermassive black holes is via direct
collapse of gas in a proto-halo with virial temperature of T ~ 10* K. How-
ever, this only works if the ordinary ways of gravitational collapse and star
formation are inhibited. This implies that the environment has to be very
metal-poor in order to ensure that the cooling of the gas is not too efficient,
which means that this process can only happen at very high redshift. In
the absence of metal-line cooling, the gas will loose its pressure support
comparably slowly, which inhibits fragmentation. In fact, additionally to
the absence of metal-line cooling, also cooling via molecular hydrogen has
to be suppressed. This can be achieved by the presence of a strong ultravio-
let (UV) source nearby which inhibits the formation of hydrogen molecules.
If all these criteria are fulfilled, a gas cloud of 10® Mg can collapse to a single
object. One additional challenge in this collapse is to remove the residual
angular momentum of the collapsing gas, possibly transported outward via
bar instabilities which are forming in the center. Eventually, a supermassive
star will form, which will turn into a supermassive black hole of a mass of
Mgy ~ 10° Mg on a short timescale.

As an alternative, SMBHs might be formed from the first generation of
(massive), so-called population III stars. These form when primordial gas
which is free of metals gathers in dark matter mini-halos of masses of around
10% M@, forms molecular hydrogen and cools via emission of radiation from
these molecules (Tegmark et al., 1997). Simulations of gas collapse (e.g.
Yoshida et al., 2006) show that these collapsing clouds might result in very
massive stars of around 100 Mg at a redshift of around z ~ 20. Depending
on the mass loss during its evolution, these massive stars might end up as a
black hole with masses of the same order. In principle, this channel seems
very elegant, especially because it is a byproduct of theories of early star
formation which was not developed to explain SMBH formation. However,
it is also important to note that this channel of star formation is still a
purely theoretical construct and solid observational evidence supporting a
first generation of very massive stars is still missing.

As a third scenario, it is also possible that the (nuclear) star clusters
that formed in the early phases of star formation are very compact. If this
is the case, collisional effects and three-body interactions become important
in these systems, which evaporate some stars from the system. This ejec-
tion of stars from the cluster leads to a loss of energy and consequently to
a contraction of the remaining stars, which further enhances the frequency
of three-body interactions. In the cores of these star clusters, where pre-
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dominantly massive stars are present, this might lead to a runaway effect
and eventually to stellar collisions and very massive stars which, towards
the end of their lifetime, will end up as a black hole with M ~ 10? — 10* M.

In principle these three scenarios produce SMBH seeds with different
masses. Thus, it should be possible to observationally constrain the scenar-
ios. However, with current observations it is not possible to detect anything
else but very high mass SMBHs at high redshift, which can only indirectly
constrain seeding scenarios. Future gravitational wave detectors might be
of great help in this respect, as they are sensitive to lower mass SMBHs out
to high redshift (Amaro-Seoane et al., 2012)

2.2 Growth of supermassive black holes

The early universe has a high mean density and gas falling into the halos
can quickly cool and turn into stars. Part of the gas is able to fuel the
central SMBHs, which grow quickly at this epoch and are observable as
so-called high-redshift quasars (Fan et al., 2001).

From a theoretical point of view, one can put an upper limit on the
accretion rate of supermassive black holes known as the Eddington-limit.
This theoretical limit assumes spherically symmetric, non-rotating accre-
tion. The resulting maximum luminosity is

dnGMm,c
Lpgg = ————2—, (2.1)

or
where G is the gravitational constant, M the mass of the black hole, m, the
proton mass and o the cross-section of the emitted light with the accreted
gas (usually assumed to be the Thomson scattering cross-section). This
luminosity can be converted into an accretion rate assuming a conversion
to radiation with a radiative efficiency €, = LM ~'¢™2. This results in the
so-called Eddington accretion rate

. 4drGMm,
Mgy = ——, (2.2)
€ COT

which is inversely proportional to the radiative efficiency. The radiative
efficiency can be approximated by assuming all the gravitational energy of
the infalling gas up to the innermost stable orbit is radiated. This inner-
most stable circular orbit depends on the spin of the black hole, implying
that €. can be as high as 0.4 for maximally spinning black holes (Novikov
and Thorne, 1973; Fanidakis et al., 2011). This significantly increases the
growth time of the supermassive black hole and would make it impossible to
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reach the needed growth rates. A smooth, continuos feeding via an aligned
accretion disc will inevitably spin up the black hole to its maximum spin.
This, however, does not happen if the supermassive black hole is fed by a
series of clouds that are infalling at random orientations (King et al., 2008).
In this case, the spin of the SMBH would be low and therefore the SMBH
could grow fast enough.

Another way to resolve the problem is to note that this Eddington limit
is an oversimplified picture. In particular, it assumes spherically symmet-
ric accretion without angular momentum, an assumption which will break
down at some scale in any real black hole. Ultimately, there will be a
disk forming which redistributes the angular momentum and thereby feeds
the black hole. However, in this configuration, the assumption of radia-
tion stopping the accretion flow is no longer true, as radiation can escape
perpendicular to the disc. Therefore, one might argue that black holes
are actually able to exceed the Eddington accretion rate and thereby grow
faster, provided there is sufficient gas supply. For recent work on this topic,
see Pezzulli et al. (2017), and references therein.

2.3 Black hole demographics

2.3.1 X-ray background and black hole density

Another observational signature of the growth of SMBHs is the so-called
cosmic X-ray background. Its spectrum peaks at around 30 keV, which,
to a large extent consists of the cumulative emission of active galactic nu-
clei (AGNs), together with a small contribution from X-ray clusters and
starburst galaxies (Gilli et al., 2007). Using this measurement of the ra-
diation density from AGNs, it is possible to deduce a density of SMBHs,
assuming a specific radiative efficiency and using the fact that SMBHs can
only grow in time. This argument has first been applied by Soltan (1982)
and provides an observational limit to the black hole density in the Universe
of ppy ~ 4 X 10° Mg Mpc=3 (Marconi et al., 2004).

2.3.2 Luminosity function

The demographics of AGNs is most easily described by the luminosity func-
tion. This can be inferred from multiple wavelengths, ranging from mid-
infrared to hard X-ray, each technique with their own strengths and weak-
nesses. While the exact shape, in particular of the low-luminosity end of
the AGNs luminosity function is still unclear, mainly due to the uncertain
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fraction of obscured and Compton-thick AGNs (Buchner et al., 2015), the
general evolutionary trend is well-established and highly informative (Hop-
kins et al., 2007). The luminosity function is commonly described as a
double power-law and increases with time until redshift z ~ 2. After this
redshift AGN become less luminous, which implies a decreasing number
density of AGNs at fixed luminosity towards z = 0.

Physically, this so-called downsizing trend can be explained by an anti-
hierarchical growth of supermassive black holes. While the most massive
black holes formed at early times and are by now no longer strongly accret-
ing, the less massive black holes continue to accrete at reasonably high Ed-
dington ratios (see Hirschmann et al., 2014, and references therein). This is
different from the hierarchical growth of structure in the Universe, in which
small objects from first and more massive objects later.

2.4 Accretion disks around black holes

The growth of SMBHs happens largely via accretion, which leads to the
release of considerable amounts of energy. This energy is radiated and
gives rise to observable AGNs. How in detail, gas is funnelled into the
SMBH is still not completely clear. The main problem is how gas with
a given (generally nonzero) amount of angular momentum can get close
enough to cross the event horizon of a SMBH. For this to be possible,
angular momentum transport in the gas has to be efficient. One of the early
successes of SMBH research was based on the realisation that the observed
quasars (Schmidt, 1968) are of extragalactic origin and have spectra one
would expect from a geometrically thin accretion disc around a massive
compact object (Shakura and Sunyaev, 1973). This theory of thin accretion
disks still is one of the key theories of SMBH accretion discs today, though
it has been realised that this is not the only configuration in which SMBHs
can accrete gas. A more in-depth discussion of SMBH accretion discs can
be found in Netzer (2013, chapter 4 and references therein). Here, I only
briefly mention the main aspects.

2.4.1 Optically thick accretion disks

Luminous SMBH with luminosities from 1072 to 0.3 times the Eddington
luminosity are generally believed to have accretion discs that are geomet-
rically thin and optically thick to their emitted radiation. These discs can
be treated as a thin disc of gas in vertical pressure equilibrium with ra-
dial velocities which are much smaller than their circular component. A
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so-called @ parameter quantifying a disc viscosity of not further specified
origin is commonly used for these disks (Shakura and Sunyaev, 1973). Fur-
ther assuming that the luminosity of a parcel of gas is equal to its loss of
gravitational potential energy while falling in and assuming a black-body
radiation, it is possible to calculate a temperature profile of the accretion
disk, as well as a spectrum of the overall accretion disk by integrating up
individual blackbody spectra of all gas parcels, which yields spectra that are
in remarkable agreement with the continuum emission of observed quasars.

For SMBHs accreting at higher rates than 0.3 times the Eddington limit,
the mass inflow becomes faster than the radiation diffusion. In this way, a
geometrically thick, optically thick accretion disk forms in which photons
can be trapped and transported into the black hole. The radiative efficiency
of such accretion discs can be much lower than for the geometrically thin
discs.

2.4.2 Optically thin accretion disks

In the other extreme, with very low accretion rates relative to the Edding-
ton limit, accretion discs can have cooling times lower than the inflow time,
in which case infalling gas parcels retain their dissipated gravitational en-
ergy far longer, thus becoming hotter, up to the virial temperature. In this
case, it is possible that hot gas parcels can be advected into the SMBH
without emitting substantial amounts of radiation, also resulting in low
radiative efficiencies. Such accretion flows are generally referred to as ad-
vection dominated accretion flows or radiatively inefficient accretion flows.
A detailed review on this topic is given in Yuan and Narayan (2014).

2.5 Jets from supermassive black holes

About 10% of the AGN population have significant amounts of radio-
emission. These so-called radio-loud AGN generally show a radio-jet or
a radio-core. A brief review of the observational perspective of AGN jets
can be found in Netzer (2013, section 7.9), while Boettcher et al. (2012)
provides a detailed discussion about AGN driven jets. Here, I only briefly
mention some of the main aspects which are important to keep in mind for
for the work presented in this thesis.
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2.5.1 Fanaroff-Riley Classification

According to the location of the peak of the radio emission, one can dis-
tinguish two different types of radio-loud AGN (Fanaroff and Riley, 1974):
Fanaroff-Riley type I (FR I) objects show a centrally peaked radio emission
and in most cases two counter-aligned jets originating from the SMBH,
while Fanaroff-Riley type II (FR II) objects are in general more luminous,
have the peak of the radio-emission off centre and usually show one jet more
prominent due do relativistic beaming effects.

2.5.2 Jet launching theory

Jets are common phenomena in astrophysics. They occur on all kind of
scales, from protostellar jets to jets from AGNs, and most of them have
a related accretion disk, which indicates that it might be connected to its
formation.

Indeed, scenarios of jet formation commonly require a rotating disk and
magnetic fields. The exact mechanism how jets can be launched is still
an active field of research, but there are analytic models which link the
presence of a rotating disk threaded by a magnetic field and its winding
to the launching of an accretion disk driven wind, such as the work by
Blandford and Payne (1982).

For rapidly spinning black holes, there is in principle another source
of energy originating from the fact that particles within the black holes
ergosphere can have a negative redshifted energy, i.e. the sum of all energies
and the particle rest mass energy. These particles can even exist outside the
event horizon, which means that there is energy that can be extracted from
the black hole. This process can power AGN jets very efficiently (Blandford
and Znajek, 1977).

2.5.3 Simulations of AGN jets

Going beyond the idealised setups for which analytic solutions exist, numer-
ical calculations solving the equations of general relativistic magnetohydro-
dynamics are employed (e.g. Tchekhovskoy and Bromberg, 2016), usually
using a fixed space-time metric. In recent years, it has become possible
to perform calculations in 3 dimensions, though 2 dimensional calculations
are still widely employed and define the state-of-the-art in this field. One
question these simulations address is in which state an accretion disk has
to be in order to allow the formation of a jet, and ultimately, how energetic
the jet will be. If this connection could be made, the observationally more
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easily accessible jet could give important insights into accretion disk theory.
Other questions of interest are the origin of the FR I/FR II dichotomy, the
stability of jets in general and their composition.



The black hole — galaxy connection

One of the key questions of galaxy formation is which role SMBHs play
in the evolution of their host galaxy or galaxy cluster. From a theoretical
perspective, the accreted rest-mass energy,

Mgy

E = Mgpc? ~ 10%erg s7! ,
BH g 109 My,

(3.1)

is of the same order as the gravitational binding energy of the central gas in
a galaxy cluster (assuming a 10° Mg SMBH). If just a small fraction of the
accreted rest mass energy is radiated away and deposited in the surrounding
gas, the gas properties will be affected significantly, thereby altering the
star formation rate in the host galaxy (King, 2003). However, while the
radiative efficiency is known within an order of magnitude (¢, ~ [0.02 —
0.4], depending on SMBH spin, see Fanidakis et al. 2011), the coupling
efficiency of the radiated energy to the surroundings is completely unknown
and theoretically very challenging to determine reliably. Therefore, it is
so far not possible to determine theoretically and from first principles if
feedback from AGN is important in galaxies or not.

3.1 Observational challenges

Observationally, connecting SMBH activity with host galaxy properties is
a challenging question, in particular because of the different timescales at
which SMBHs and galaxies evolve. The very short duty cycles of quasars
(Schawinski et al., 2015; King and Nixon, 2015) induce a large scatter in
any possible correlation between a galactic quantity and an instantaneous
measure of AGN activity. However, it is possible to observe a sufficiently
large sample and study observational correlations of integrated properties,
which should, in principle, resolve this problem by averaging either over an
ensemble or over time.
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For galaxy clusters, it is possible to directly study the hot intra-cluster
medium (ICM) via X-ray observations and thereby probe the effects of
AGNs more directly (e.g. Hitomi Collaboration, 2016, for a recent study of
the Perseus cluster).

3.2 Black hole - galaxy scaling relations

One of the at first surprising findings about supermassive black holes is
the correlation of their mass with properties of their host galaxy, such as
the host’s stellar bulge mass (Magorrian et al., 1998) or velocity disper-
sion (Tremaine et al., 2002). Observationally, this can be measured from
local galaxies (Kormendy and Ho, 2013; Reines and Volonteri, 2015, and
references therein). The obvious question that arises is how the black hole
“knows” about its host galaxy or vice versa. We do not expect this to hap-
pen via gravitational interaction, as the gravitational sphere of influence of
a SMBH is orders of magnitude smaller than galactic scales, and the mass
is around 1073 times the total host galaxy mass. This means that the grav-
itational forces of a black hole have no substantial effect on the dynamics
of gas and stars in the host galaxy.

But the AGN might be able to impact the gas properties of the host
galaxy which means that it might be able to limit, or regulate, both its
own growth and the growth of the stellar bulge (King, 2003). This theoret-
ical possibility is frequently invoked as the explanation for the black hole
mass-bulge mass relation. However, it is important to keep in mind that a
correlation does not necessarily imply a causation and a number of authors
(e.g. Peng, 2007; Hirschmann et al., 2010; Jahnke and Maccio, 2011, and
references therein) argued that hierarchical structure formation naturally
produces a correlation simply because of a common formation history with-
out the need of any causal black hole-bulge connection. The interpretation
of this correlation thus still remains a topic of debate, and possibly both
effects might be important (Graham and Scott, 2013).

3.3 Galaxy mergers and black hole activity

The tidal interactions during the merger of two galaxies strongly affect the
gas in the galaxies, triggering instabilities and subsequent collapse and star
formation, as well as possible black hole activity (Hernquist, 1989). Sim-
ulations of merging galaxies that include models for star formation and
supermassive black hole accretion and feedback find a characteristic star
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formation rate history for the galaxies and correlate the post-merger drop
in star formation rate with an increased black hole accretion rate (Springel
et al., 2005a; Di Matteo et al., 2005). Using such merger simulations com-
bined with empirical halo occupation models to connect the theoretical
idea with observations of galaxies with different morphologies, star forma-
tion rates and AGN luminosities shows that the quasar luminosity density
and luminosity function and their evolution with redshift can be explained
by merger-driven fuelling of the central SMBH (Hopkins et al., 2008a,b).
However, recent cosmological hydrodynamical simulations yield conflicting
results whether gas rich galaxy mergers and subsequent AGN activity is
actually able to quench a galaxy (Sparre and Springel, 2016, 2017; Pontzen
et al., 2017).

3.4 Signatures in galaxy clusters

Galaxy clusters are the most massive collapsed objects in the universe.
Because of their large mass, the gas falling into galaxy clusters gets shock-
heated to temperatures of T > 107 K. The gas, which mainly cools via
bremsstrahlung, emits X-ray photons, which are detectable by space based
X-ray observatories, allowing the diffuse ICM to be probed directly. In
particular, one can determine the bolometric luminosity of a galaxy cluster,
as well as its density profile and derive a cooling rate of the ICM. The
corresponding mass drop-out rate can be several hundred up to 1000 Mg, /yr,
which means that gas should cool down and, in principle eventually form
stars. Surprisingly though, the present star formation rate in local clusters
is at most a few tens to 100 Mg /yr. From the mass and colours of central
cluster galaxies it is also clear that this was not significantly higher at
earlier epochs. This apparent mystery is called the cooling flow problem
(e.g. Fabian, 1994), and can only be explained by a source of heating in the
centres of galaxy clusters. Several possible mechanism have been suggested
to provide this heat.

One candidate would be for example transport of heat from the cluster
outskirts to the centre. The cumulative heat in the cluster gas would be
sufficient to “hide” the cooling losses in the centre and thereby resolve the
mystery. Such an explanation requires the efficient transport of heat, which
is possible in two ways: first, via thermal conduction, i.e. the transport of
heat mediated via electrons. This becomes feasible at high mass clusters
because of the efficient thermal conduction in high temperature plasmas
(Zakamska and Narayan, 2003; Voit et al., 2015). However, the tempera-
ture dependence of the conduction coefficient also poses a problem for this
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explanation. In particular, thermal conduction would cause an unstable
equilibrium solution between heating and cooling, and once cooling is dom-
inating, the heating is reduced because of a reduced temperature, while
cooling becomes more efficient, leading to a runaway effect. Second, one
could also imagine that the heat is transported via advection processes, i.e.
the ICM is mixed continuously. This mechanism requires a process causing
large-scale flows, and the gas would have to cross the cooling radius (~ 100
kpc) in less than the cooling time (~ 300 Myr), which implies a flow velocity
of several hundred km/s. Recent measurements of the gas velocities in the
Perseus cluster, the X-ray brightest cluster on the sky, indicate velocities of
around 70 km/s (Hitomi Collaboration, 2016), which disfavour this mech-
anism as the sole explanation. Yet, both, thermal conduction (Yang and
Reynolds, 2016b; Kannan et al., 2017) and systematic gas motions (Yang
and Reynolds, 2016a) might contribute to the energetic balance.

The currently favoured mechanism to explain the heating of the central
ICM are jets from SMBHs (see McNamara and Nulsen, 2007; Fabian, 2012).
This is supported observationally by the fact that most galaxy clusters with
short central cooling times show signatures of underdense cavities, showing
up as dark regions in X-ray maps (Boehringer et al., 1993) or radio-emission,
a signature of magnetised AGN jets. Furthermore, the energy injection
rate measured from these cavities correlates with the cooling losses of the
corresponding cluster (Dunn and Fabian, 2006; Fabian, 2012).

Yet, one of the most important parts to provide an explanation for the
balance of cooling losses by AGN jets remains unclear: the mechanism to
distribute the energy from the collimated jet isotropically in the galaxy
cluster. There are a number of suggested mechanisms, including the heat-
ing of the surrounding material by sound waves and weak shocks (Li et al.,
2016; Fabian et al., 2017), the mixing of lobe material with the surround-
ing gas (Hillel and Soker, 2016), heating by cosmic-ray protons (Jacob and
Pfrommer, 2017a,b; Ruszkowski et al., 2017), the dissipation of turbulence
(Zhuravleva et al., 2014) or mixing by turbulence (Kim and Narayan, 2003).
Recent X-ray measurements of the core region of the Perseus Cluster by the
Hitomi satellite indicate that turbulence, assuming it is produced locally at
the cavity surface at an energy rate of the cooling rate, cannot be distributed
isotropically across the cluster, as this would require an energy density in
turbulent motions that is higher than the observed one (Hitomi Collabora-
tion, 2016; Fabian et al., 2017), and theoretically, the turbulent dissipation
picture has been challenged by numerical simulations that indicate that
turbulence cannot be distributed in a volume-filling fashion throughout the
cooling radius (Reynolds et al., 2015). Testing some of these scenarios in
simulations of jets interacting with an idealised ICM is part of this thesis.



Simulations of galaxy formation

Cosmological simulations of structure formation play an essential role in
modern galaxy formation research. Our comparatively detailed knowledge
about the early universe through observations of the CMB and the corre-
sponding theoretical description via linear theory of a homogeneously ex-
panding spacetime allow a statistical prescription of the universe at redshifts
of around 1100 to remarkable accuracy. Due to several generations of ever
more accurate measurements of the CMB, mainly through space-based all-
sky surveys (Smoot et al., 1992; Spergel et al., 2003; Planck Collaboration,
2011), the statistical errors of the free parameters of the ACDM model are
now at a percent level (Planck Collaboration et al., 2016).

This accuracy is sufficient to use cosmological perturbation theory as-
suming these parameters as initial conditions in numerical simulations of
the non-linear collapse of structure. Commonly, a particle based approach
is used to discretise the matter field, implying that the simulation starts
out with a homogenous distribution of particles, to which small perturba-
tions are applied. The initial perturbations are then calculated using linear
(possibly also higher order, but not in this work) perturbation theory and
the Zel’dovich approximation is used to link the initial power spectrum
to displacements in position and velocity in the initial conditions (see e.g.
Springel et al., 2005b).

Having set up the initial conditions of the matter, the dark matter com-
ponent can be separated from the gas component, according to the cosmic
matter and cosmic baryon fraction in the corresponding cosmology. Both
components start out with the same power spectrum at a redshift of z = 127
in the simulations presented here. Note that strictly speaking, the gas and
dark matter components have a slightly different evolution until redshift
z = 127, which means that their power spectrum is slightly different. We
neglect this effect in the simulations presented here, as this effect is of no
importance for the relatively massive halos which this work focuses on.

In the following, the gas component is evolved under the laws of mag-
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netohydrodynamics and gravity, while the dark matter only interacts via
gravitational forces, which can be approximated by a Newtonian interaction
on an expanding background spacetime.

4.1 Gravitational forces

The dynamics of collisionless particles can be described by the Vlasov-
equation

a _of of _dbof _, (4.1)

dr ~ o o dx;ov;

where f = f(x, v, t) is the phase-space distribution function. The density is
given by

p= mffdv, (4.2)

where m is the mass of an individual particle. Together with the Poisson
equation (assuming p is the mean density of the universe)

Vip(x) = 4G (p - p), (4.3)

this forms the so-called Vlasov-Poisson system which needs to be solved to
compute the gravitational forces of collisionless particles in a cosmological
simulation. This is commonly achieved by coarse-graining the equations by
introducing a large number of simulation particles which sample f. The
Poisson equation can then be solved by summing up individual forces for
each simulation particle or by computing approximations thereof, as for
example by force-tree (Barnes and Hut, 1986) or fast-multipole methods
(Dehnen, 2000, 2002). Alternatively it is possible to use iterative (Guil-
let and Teyssier, 2011) or Fourier based techniques to solve the Poisson
equation on a grid.

4.2 Ideal magnetohydrodynamics

The (magnetised) gaseous component of the Universe can be modelled using
the laws of ideal magnetohydrodynamics (MHD). The associated equations
are (e.g. Pakmor and Springel, 2013)
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op
— +V-(pv) = 4.4
5 TV =0 (4.4)
dpv T T\ _
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— +V [V(Ee + pioy) ~ B (V- B)] =0 (4.6)
E+V-(Bv -vB') =0, (4.7)

where v is the velocity of the fluid element, p = py, + 0.5B? the total
pressure and E = pug, + 0.50v> + 0.5B? the total energy density, while ug,
is the thermal energy per unit mass. This systems of equations can be
solved on a grid using a finite-volume approach, computing fluxes through
the cell-interfaces with a Riemann-solver (see Toro, 1997, for more details).

In MHD, there is an additional constraint that B is a divergence-free
vector-field

V.-B=0, (4.8)

which is, mathematically speaking, automatically fulfilled at all times as-
suming the initial conditions fulfil it. When solving these equations numer-
ically, however, this is not automatically the case due to numerical errors.
This problem can be addressed either via dedicated divergence cleaning
schemes (Powell et al., 1999; Dedner et al., 2002) or via a staggered-grid
discretisation in a so-called constraint transport algorithm (Evans and Haw-
ley, 1988).

4.3 Radiative cooling

One of the key processes in galaxy formation is the ability of gas to radiate
energy and cool down. However, most simulations to date do not follow
radiation explicitly, but merely model its most important effects, such as
the local cooling, or the heating by a spatially uniform UV background. To
model this, a cooling loss term A(p, u, {X}) has to be applied to the energy
equation (eq. 4.6). In general, this function depends on the exact physical
process that is responsible for the radiation and can depend on density,
temperature, chemical composition and external radiation fields of the gas.
The cooling function in general can vary over many orders of magnitude
and therefore, in extreme cases, the cooling time can be very short and
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require a correspondingly short timestepping if computed via an explicit
discretisation in time. To avoid this, cooling losses are often calculated
via implicit time integration, solving the adiabatic changes at any given
timestep t,q first and subsequently solving the implicit equation (Springel
et al., 2001Db)

A (pp ar+t {xl) Ar

ﬁ?“ = uln + taq At — - (4'9)
Pi
which calculates the rate of change of the specific internal energy as
w = |+t - ul!| /At (4.10)

Often this is additionally limited such that a cell is at most allowed to loose
half of its internal energy in a single timestep.

4.3.1 The cooling function

The cooling function A in general is a superposition of many different radia-
tive processes, all having individual efficiencies depending on density, tem-
perature and chemical composition. One generally distinguishes between
primordial cooling (Cen, 1992; Katz et al., 1996; Sutherland and Dopita,
1993), metal-line and Compton cooling (Wiersma et al., 2009), and molec-
ular cooling (e.g. Glover and Abel, 2008). Depending on environment and
simulated system, only a subset of these cooling losses are relevant.

4.3.2 Reionization modelling /UV background

Convolved with the cooling function, there are also some heating effects
due to ionising radiation, in particular during the time of reionization
(Haardt and Madau, 1996, 2012; Faucher-Giguere et al., 2009). This ra-
diation mainly originates from early star formation and quasars (to which
degree is an topic of ongoing research), and is usually modelled, as a rough
approximation to be a uniform background acting on the gas.

4.3.3 UV flux from AGN and young stars

Apart from the uniform background field, one can also model the effect of
ionising radiation from young stars (Hopkins et al., 2017) and AGN (Vogels-
berger et al., 2013) explicitly. This is usually done by imposing a predefined
radiation flux on surrounding gas cells, which alters their heating/cooling
balance.
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4.4 Modelling of stars

Cooling gas will loose its pressure support, collapse via gravitational insta-
bility, become denser and cool even faster. This gravitational instability will
ultimately lead to the formation of stars. In cosmological simulations, where
an individual gas cell has masses of around 10® Mg, it is not possible to fol-
low this collapse to scales of individual proto-stars. Instead, sub-resolution
models of star formations can be employed that convert moderately cold gas
into stars with some conversion efficiency (Springel and Hernquist, 2003;
Schaye and Dalla Vecchia, 2008).

4.4.1 Stellar feedback

The massive end of the stellar population generally has significant interac-
tions with the surrounding ISM via stellar winds, the already mentioned
ionising radiation as well as via supernova explosions. Recent simulations
indicate that feedback from supernovae is the dominant feedback channel
(Hopkins et al., 2017), however, large uncertainties regarding the individual
channels remain. The modelling of stellar feedback is ambiguous due to
the fact that individual explosions are unresolved. Simulations use differ-
ent classes of models, sometimes injecting the feedback energy thermally,
sometimes via kinetic kicks, and generally produce different results (Rosdahl
et al., 2017; Smith et al., 2017).

4.4.2 Metallicity and its impact on cooling

Apart from depositing energy into the ISM, stellar winds and supernova
explosions also pollute the surrounding gas with stellar ejecta, which, in
general, contain more heavy elements (in the following referred to as metals)
than the primordial gas. These elements are able to change the cooling
function significantly, as enriched gas is able to radiate via line transitions
of the metals, which is substantial at intermediate and low temperatures
(Wiersma et al., 2009).

4.5 Black hole modelling

Apart from stars, an additional, important component of the universe that
need to be modelled in cosmological simulations are SMBHs. This includes
models for SMBH seed formation, the growth of SMBHs, both via accretion
and mergers, their dynamics and feedback effects. Many of these processes



42 CHAPTER 4. SIMULATIONS OF GALAXY FORMATION

are either poorly understood or very difficult to model at the resolutions
available in cosmological simulations.

4.5.1 Seed formation

An explicit modelling of seed formation is not possible with the resolution
employed in cosmological simulations. However, one choice one has to make
is to decide which seed scenario to employ, and depending on this, differ-
ent initial seed masses are employed. Assuming that SMBHs form from
remnants of population III stars, seeds of around 10? to 10° Mg would be
appropriate. If one favours the direct-collapse scenario, the seed masses
are around 10° Mg. The latter case is a bit easier to handle in cosmo-
logical simulations, as the seed mass of the black hole is not too different
from the mass of an individual gas cell. The criterion of introducing a new
SMBH seed in the simulation might be tied to a particular halo, seeding
a new SMBH whenever a halo exceeds a given mass (e.g. used in Sijacki
et al., 2007), or alternatively to local gas properties such as gas density and
metallicity (see Tremmel et al., 2017b, and references therein).

4.5.2 Accretion rate estimate

Once a SMBH is seeded, one needs to estimate a gas accretion rate. Com-
monly, simple analytic models that translate large-scale gas properties and
black hole masses to an accretion rate are employed in the simulations.
One popular choice is the Bondi-Hoyle formula (Hoyle and Lyttleton, 1939;
Bondi and Hoyle, 1944; Bondi, 1952) for spherically symmetric accretion
onto a central object. This model generally does neither take angular mo-
mentum, nor self-gravity and gas cooling into account. Some modifications
to this formula exist, for example taking into account angular momentum
(Rosas-Guevara et al., 2015), the torques by non-axisymmetric stellar po-
tentials (Anglés-Alcazar et al., 2015) or a cooling-limited accretion, which
is frequently used in simulations of idealised galaxy clusters (Meece et al.,
2017, for a comparison of different accretion models). Furthermore tank-
ing into account the radiation pressure that emerges from rapidly accreting
black holes, it is often assumed that the accretion rate is limited by the Ed-
dington accretion rate, which is indeed a limiting factor for massive black
holes at high redshift.



4.5. BLACK HOLE MODELLING 43

4.5.3 Black hole dynamics and mergers

In addition to accretion, SMBHs also grow substantially through mergers
with other SMBHs. These can be modelled e.g. using an instantaneous
merger approximation once two black holes approach each other. This cer-
tainly is a very crude approximation, neglecting the complicated dynamics
and multi-physics nature of SMBH mergers, yet, it eventually will give
roughly the correct outcome and is numerically robust.

Modelling the dynamics of SMBHs in a cosmological simulation is a dif-
ficult problem. In general, black holes feel the gravitational potential of all
other particles, yet, the dynamical friction a black hole would feel in a sea of
dark matter is drastically underestimated due to the discrete nature of the
dark matter simulation particles. In principle, it is possible to estimate the
drag force due to this dynamical friction (Hirschmann et al., 2014; Tremmel
et al., 2017b). In practice, however, this estimate is uncertain and subject
to numerical noise, which makes a robust and resolution independent pre-
diction a challenging task. Alternatively, as a simplified model, one can tie
the black holes to the centres of identified halos, which is a more numerically
robust, but physically less motivated way of treating this problem.

4.5.4 Feedback

Feedback from SMBHs can be implemented in various different ways. In
general, one assumes a specified fraction of the accreted rest-mass energy
to be converted to feedback energy, which is then injected in the black hole
surroundings. Similar to the implementation of stellar feedback, this can
be done via dumping thermal or kinetic energy, both, in discrete events
or continuously. The exact implementation furthermore depends on the
resolution, where higher resolution generally allows for a more diverse and
physically motivated implementation, while low-resolution models often just
try to inject the correct amount of energy without creating obvious spurious
effects from it. Two new implementations for these feedback effects, one ki-
netically driven AGN wind model for cosmological simulation, and a second
implementation modelling AGN jets in higher resolution simulations, will
be introduced as part of this thesis.
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Modelling black hole driven feedback

In this chapter, I describe the implementation of a new model for SMBHs
and its performance in cosmological hydrodynamical simulations. This work
is published in Monthly Notices of the Royal Astronomical Society, Volume
465, Issue 3, p.3291-3308.

5.1 Introduction

In simulations of galaxy formation, feedback from active galactic nuclei
(AGNs) is the most commonly invoked physical mechanism to explain the
suppression of star formation in massive galaxies, and the observed cor-
relations between black hole masses and properties of their host galaxies.
In particular, feedback from luminous quasars has been suggested to limit
black hole growth and star formation during mergers at high redshift (Di
Matteo et al., 2005; Springel et al., 2005a; Hopkins et al., 2006; Debuhr
et al., 2010; Choi et al., 2014). Interacting galaxies trigger a redistribu-
tion of angular momentum and thus gas inflows into the nuclear region of
galaxies (Hernquist, 1989; Barnes and Hernquist, 1996; Mihos and Hern-
quist, 1996). These gas inflows then generate a cascade of gravitational
instabilities (Hopkins and Quataert, 2010; Emsellem et al., 2015), through
which the supermassive black hole (SMBH) is fuelled and a fraction of the
gravitational binding energy is released. This energy is sufficient to lower
the star formation rate by several orders of magnitude (Di Matteo et al.,
2005). However, it is not yet clear whether the released energy has a lasting
effect on the whole galaxy and its star formation rate, or just affects the
innermost regions (Debuhr et al., 2011; Roos et al., 2015).

By applying semi-analytic modelling, Croton et al. (2006) pointed out
that ‘radio-mode’ feedback, which provides an efficient source of energy
in systems with hot, hydrostatic atmospheres, can simultaneously explain
the low mass drop-out rate in cooling flows, the exponential cutoff at the
bright end of the galaxy luminosity function and the increased mean stellar

47



48 CHAPTER 5. MODELLING BLACK HOLE DRIVEN FEEDBACK

age in massive elliptical galaxies. Bower et al. (2006) used a similar ap-
proach in their semi-analytic model. Sijacki et al. (2007) presented a unified
sub-resolution model with energy input from both quasars and radio-mode
feedback in hydrodynamical simulations and applied it to galaxy cluster
formation. In this model, the second mode of feedback is active once the
black hole accretion rate relative to the Eddington limit, Mgn/Mgaq, drops
below a given value. The feedback energy injection is modelled by heating
up spherical bubbles of gas in galaxy haloes, mimicking the observed radio
lobes in galaxy clusters.

There are various implementations of ‘quasar mode’ feedback in the
literature. Debuhr et al. (2011, 2012) use feedback from radiation pressure
from luminous AGN, modelled by depositing momentum in surrounding
simulation particles in idealized mergers. Choi et al. (2012, 2014, 2015)
included mechanical and thermal energy and pressure from X-rays in their
AGN feedback prescription and studied the effect on idealized mergers of
disc galaxies and in cosmological “zoom” simulations of elliptical galaxies
while Wurster and Thacker (2013) performed a comparative study of these
AGN models in merger simulations.

Likewise, many different approaches for ‘radio mode’ activity have been
taken, often using bipolar outflows in idealized simulations of hydrostatic
haloes (Reynolds et al., 2002; Basson and Alexander, 2003; Omma et al.,
2004; Ruszkowski et al., 2004; Zanni et al., 2005; Brighenti and Mathews,
2006; Briiggen et al., 2007; Cattaneo and Teyssier, 2007; Sternberg et al.,
2007; Sternberg and Soker, 2009; Gaspari et al., 2011b,a, 2012; Li and Bryan,
2014a,b; Li et al., 2015; Hillel and Soker, 2016; Yang and Reynolds, 2016a,b),
or in cosmological simulations (Dubois et al., 2010, 2012, 2016). These
methods assume that quenching is caused by the energy that is released
from collimated jets and their associated radio lobes, which can be found
in massive systems (Dunn and Fabian, 2006). However, Meece et al. (2017)
show that these kinetic feedback implementations have a different impact
in an idealized galaxy cluster setup compared to pure thermal injection.

The extensive body of literature on coupled AGN-galaxy evolution (in-
cluding Granato et al., 2004; Kawata and Gibson, 2005; Sijacki et al., 2007,
Di Matteo et al., 2008; Hopkins et al., 2008a,b; Okamoto et al., 2008;
Somerville et al., 2008; Booth and Schaye, 2009; Ciotti et al., 2010; De-
buhr et al., 2010; Teyssier et al., 2011; Dubois et al., 2012; Hirschmann
et al., 2014; Choi et al., 2014; Khandai et al., 2015; Somerville and Davé,
2015; Rosas-Guevara et al., 2015; Steinborn et al., 2015; Trayford et al.,
2016, among others) has recently been complemented by a new generation
of high-resolution cosmological simulations of galaxy formation in large vol-
umes, such as Eagle (Schaye et al., 2015) and Illustris (Vogelsberger et al.,
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2014b). The corresponding implementations for black hole feedback in mas-
sive galaxies (in Illustris the radio-mode, while Eagle does not distinguish
between modes) gather energy up to a predetermined threshold value, which
parametrizes its burstiness and inject it instantaneously as thermal energy
(see Sijacki et al., 2007; Booth and Schaye, 2009, for Illustris and Eagle,
respectively).

While the Illustris simulation — which forms the starting point of our
work — has been remarkably successful in matching a wide range of galaxy
properties, its results are in tension with a number of properties of observed
haloes and galaxies. An important discrepancy arising from the AGN feed-
back model is the gas fraction of groups of galaxies and poor clusters, which
is substantially too low in Ilustris (Genel et al., 2014). At the same time,
the stellar masses of the central galaxies in the simulated systems are too
high. Employing a yet higher feedback efficiency of the BH radio mode
to suppress star formation further would expel even more gas, and hence
does not represent a viable solution. Alternatively, as part of our study,
we made numerous attempts to improve the impact of the bubble model
by adopting different choices for the parameters or by adding non-thermal
pressure support in the form of magnetic fields, but without success. We
therefore conclude that the particular AGN feedback model in Illustris is
disfavoured, and a more radical change is in order.

This suggestion is supported by recent observational findings about the
possible importance of kinetic winds driven during BH accretion. For exam-
ple, Cheung et al. (2016) find bisymmetric emission features in the centres
of quiescent galaxies of stellar mass around 2 x 10'° Mg, from which they
infer the presence of centrally driven winds in typical quiescent galaxies that
host low-luminosity active nuclei. They show that such ‘red geyser’ galaxies
are very common at this mass scale, and that the energy input from the low
activity of the SMBHs of these galaxies is capable of driving the observed
winds, which contain sufficient mechanical energy to suppress star forma-
tion. This appears to be a feedback channel that is distinct from the radio
galaxies at the centres of clusters, but as it affects many more galaxies at
lower mass scales, it could well be more important for global galaxy evo-
lution. Recently, Pontzen et al. (2017) found hot, AGN-driven outflows in
post-merger galaxies, using the single-mode thermal AGN feedback model
of Tremmel et al. (2017b). Interestingly however, Genzel et al. (2014) and
Forster Schreiber et al. (2014) have discovered wide-spread, powerful AGN-
driven outflows in the majority (~ 70%) of massive z ~ 1 — 2 star-forming
galaxies. Because this phenomenon is so common, it likely arises from low-
luminosity AGN with low Eddington ratios and thus appears consistent with
a kinetic wind mode. Also, theoretically there is good motivation for hot
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coronal winds from BH accretion flows. For example, Yuan and Narayan
(2014) discuss such a scenario, which can be viewed as a small-scale version
of the jet model of Blandford and Znajek (1977).

The motivation of our work is therefore to develop a revised model for
black hole growth and feedback that takes these considerations into ac-
count. It is important to realize that the relevant time and length scales
of the detailed black hole physics are by far not resolved in cosmological
simulations. Hence, the corresponding feedback models can only be imple-
mented as so-called sub resolution treatments that mimic the net effect of
feedback on resolved scales. Besides the theoretical uncertainties involved,
this approach comes with the drawback that the behaviour of the models
can vary between different numerical methods, because the scales at which
the gas state is affected by the subgrid treatment are only marginally re-
solved. This is demonstrated for example in Sijacki et al. (2015) for the
bubble heating model of Sijacki et al. (2007). We thus also aim to take
recent improvements in the accuracy of the hydrodynamical modelling into
account (Bauer and Springel, 2012; Keres et al., 2012; Sijacki et al., 2012;
Vogelsberger et al., 2012; Pakmor et al., 2016).

The model presented here conjectures two modes of feedback from AGN
in thermal and kinetic form, and in this sense is similar to Dubois et al.
(2012). While the kinetic part of their model is inspired by the sub-
relativistic jet simulations of Omma et al. (2004), our approach does not
directly aim to represent jets from AGNs that act on marginally resolved
scales. Rather we assume that the physical mechanisms that provide en-
ergy and momentum transport from black holes to their surroundings are
reasonably efficient, and that their impact on large scales can be captured
by depositing energy and momentum in small regions around halo centres.
This approach does not address the microphysics of the origin of AGN feed-
back but aims to arrive at a robust parametrization of the effects of black
holes on galaxy and galaxy cluster formation even at coarse resolution.

In what follows, we present a new model for SMBH growth and AGN
feedback in cosmological simulations of structure formation implemented
in the moving-mesh magnetohydrodynamics code AREPO (Springel, 2010;
Pakmor et al., 2011, 2016). In Section 5.2, we describe the model and its
free parameters. Because the main modification to previous works lies in
feedback injection at low accretion rates, in Section 5.3 we discuss idealized
tests of how the energy couples in this mode to the gas. We then continue in
Section 5.4 with an investigation of its impact on cosmological simulations
of galaxy formation. Section 5.5 is dedicated to a systematic exploration of
the influence of the different model parameters on the results. Section 5.6
specifies, for definiteness, details of our supernova feedback model, and Sec-
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tion 5.7 discusses numerical resolution dependencies. Finally, we describe
our findings and present our conclusions in Section 5.8.

5.2 Black Hole Model

Modelling AGNs in cosmological simulations poses several fundamental
challenges. First, the detailed physical mechanisms of both accretion on
to SMBHs (Hopkins and Quataert, 2010, 2011; Anglés-Alcézar et al., 2013;
Gaspari et al., 2013; Anglés-Alcazar et al., 2015, 2017a; Curtis and Sijacki,
2015, 2016; Emsellem et al., 2015; Rosas-Guevara et al., 2015) and the
AGN-gas interaction (Huarte-Espinosa et al., 2011; Gaibler et al., 2012;
Cielo et al., 2014; Costa et al., 2014; Roos et al., 2015; Bieri et al., 2017;
Hopkins et al., 2016) are poorly understood, which makes it at present im-
possible to formulate a ‘correct’ treatment for simulations, independent of
their resolution. Secondly, the extreme dynamic range posed by the prob-
lem, where a comparatively tiny accretion region around the black hole
influences an entire galaxy or even a galaxy cluster and the surrounding
intergalactic medium, vastly exceeds the capabilities of current numerical
techniques so that much of the physics on the smallest scales needs to be
coarsely approximated with sub-resolution models. Thirdly, the nonlinear
nature of galaxy formation intimately couples black hole accretion with
other aspects of feedback, chiefly the regulation of ordinary star formation
(Puchwein and Springel, 2013). This makes it difficult to disentangle the
impact of different astrophysical processes. While we first examine the be-
haviour of our model in well-defined idealized tests, we will primarily assess
its performance through studies of its consequences in the full cosmological
context.

Similar to Sijacki et al. (2007), we distinguish between states of high and
low accretion rates. This follows the theoretical notion that there exist (at
least) two physically distinct types of accretion flows on to massive black
holes (e.g. Begelman, 2014, and references therein): one at comparatively
high rates in a classic disc mode (Shakura and Sunyaev, 1973), the other
at lower rates in a more spherical and hotter accretion flow (Shapiro et al.,
1976; Ichimaru, 1977). These regimes have loosely been identified with
“quasar” and “radio” modes in previous simulation work. The observed
phenomenology of radio jets in galaxy clusters has often been interpreted
as providing the dominant source of feedback, at least in the low-accretion
radio mode regime (McNamara and Nulsen, 2007). This has also motivated,
e.g., the bubble heating model in Sijacki et al. (2007) that was applied
in the Illustris simulation and in other works. However, there are also
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theoretical indications pointing to the existence of kinetic winds in the low-
accretion state (Igumenshchev and Abramowicz, 1999; Stone et al., 1999;
Yuan and Narayan, 2014; Yuan et al., 2015; Bu et al., 2016; Sadowski et al.,
2016). These would be difficult to observe but could constitute an even
more important feedback mechanism than the radio jets themselves. A
central motivation of our work is to test this idea by replacing radio bubble
feedback with a kinetic wind.

5.2.1 Accretion mode

We follow previous work and use the Eddington ratio as the criterion for de-
ciding the accretion state of the black hole. Specifically, we assume SMBHs
to be in the high accretion state as long as their Bondi-Hoyle-Lyttleton
accretion rate Mpondi (Hoyle and Lyttleton, 1939; Bondi and Hoyle, 1944;
Bondi, 1952) exceeds a fraction y of the Eddington accretion rate Mgqq:

MgBondi

: > X, (5.1)
Mgaq
where
) AnG*M?2..p
MBondi = —38H, (5.2)
CS
. 47rGMBHm
€0 TC

Here, G denotes the gravitational constant, ¢ the vacuum speed of light, m,,
the proton mass and o1 the Thompson cross-section. The factor €, is the
radiative accretion efficiency. Mpy is the black hole mass, and p and ¢, are
the density and sound speed! of the gas near the black hole, respectively.
They are obtained by averaging over a sphere with radius & in a kernel-
weighted fashion around the black hole such that the enclosed number of
cells in this sphere is approximately equal to a prescribed number:

A1 h3m;
Nngh & Z 3 mbaryonw(ri). (5.4)

Here, mparyon is the target mass of a gas cell, i.e. the gas mass resolution en-
forced by the refinement and derefinement operations of the hydrodynamic

I'We use an effective sound speed, taking into account both thermal and magnetic

2 2

1/2
signal propagation ¢ = €S therm T c2A7 where cp = (B2/47rp) / is the Alfven speed.
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code, npgp, is the prescribed number of neighbouring cells in this averaging
and w(r) is an SPH weighting kernel.

A sensible value for y is expected to lie in the range ~ 0.001 — 0.1,
by analogy with X-ray binaries (e.g. Dunn et al., 2010). Previous works
(Sijacki et al., 2007, 2015) have employed a fixed value of y. Black holes
at low redshift located in massive systems show clear signatures of being
in a ‘radio’ feedback state, (Dunn and Fabian, 2006) which indicates low
Eddington ratios. However, as we will show in Section 5.4, this does not
occur in our simulations wunless the black holes transition to the kinetic
mode in the first place, which is not guaranteed. To favour this transition
for the most massive black holes at late times (which tend to be found in
the most massive haloes), we scale the threshold with black hole mass,

. Mgn |’
X = min [)(0 (108 M@) ,().1] (5.5)

with yo and B as parameters. The pivot mass 10% Mg is degenerate with yq
and is therefore not set independently. We limit the threshold y to a maxi-
mum of 0.1 to always allow any black hole (including the most massive ones)
to reach the high accretion state provided there is a large enough gas supply
to fuel them. This would be expected for high redshift quasars that have
very massive black holes.? For 8 > 0, our scaling makes it more difficult for
low mass black holes to be in the kinetic mode, and vice versa. We expect
this to support the occurrence of a rapid quenching transition in massive
galaxies, and make it unlikely that low-mass galaxies will be strongly af-
fected by kinetic feedback. The physics of the accretion mode transitions
of SMBHs is poorly understood, making it difficult to parametrize it ade-
quately in a coarse cosmological model. We have here opted for a heuristic
model that is based on the only intrinsic black hole property we keep track
of, the black hole mass, and which is selected pragmatically based on how
well it reproduces observational trends. We note that it appears physi-
cally plausible that there are systematic trends with black mass scale in the
accretion mode transition, given that radiative cooling physics breaks the
scale invariance.

5.2.2 Accretion estimate and seeding of black holes

Note that in the above calculation of the Bondi accretion rate we omit a
boost-factor @ that was used in older models to account for the unresolved

2Note that the volume of the simulations presented in this work (Section 5.4) is too
small to host these kind of objects.
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ISM structure. When the latter is treated with a sub-resolution model that
prescribes a high mean thermal support and an effective pressure, the Bondi
rate is artificially biased low, slowing down especially the early growth of
black holes. The boost factor was primarily introduced in the older models
to compensate for this problem by ensuring that the Bondi growth time-
scale for small mass seed black holes does not exceed the Hubble time. Since
the actual accretion rate was however anyway limited to the Eddington
rate, the latter is ultimately the governing rate for most of the growth.
Furthermore, applying a boost factor for massive black holes in the low
accretion state, when their feedback generates a low-density, hot gas phase
around them (that can be resolved, unlike the ISM), appears questionable.
We therefore simplify our treatment by assuming that the black holes are
always accreting at the pure Bondi rate, limited by the Eddington rate:

Mgy = min (Mpondi» Meaa) - (5.6)

We note that for massive black holes at late times, the accretion rate is
self-regulated, thus an additional factor in the accretion rate estimate has
no overall effect in this regime apart from systematically shifting the black
hole masses, i.e. here the boost factor is largely degenerate with the black
hole masses reached. Only the early growth phase is strongly affected by
the boost factor, but this phase depends sensitively on the black hole seed
mass as well (see discussion below), and we use this dependence to make
up for the omission of a boost factor.

Note that Vogelsberger et al. (2013) lowered the accretion rate estimate
by a factor of (Pext/Pref)* Whenever Pegt < Pref. Here, Pext is the kernel-
weighted gas pressure surrounding the black hole and Pef is a reference
pressure (Vogelsberger et al., 2013, their equation 23). While this was
used in the Illustris simulation, we omit such a factor in this work. We
ran simulations both with and without this factor and found no significant
difference in the properties presented in this work. However, as this serves
as a protection against rare cases of overly heated, underdense regions in
galaxy centres we plan to use it in future simulations that contain a larger
sample of galaxies.

In our cosmological simulations, a black hole with mass Mgeeq is placed
at the centre of a halo whenever the on-the-fly friend-of-friends halo finder
identifies a halo more massive than a threshold mass Mpop that does not
yet contain a black hole. We note that to offset a potentially sluggish
growth of black holes at high redshift, one can resort to a slightly larger
seed mass, which then produces a similar result as using a boost factor
a. In order to remain close to our previous models, we use this here and
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adopt a black hole seed mass of 8 x 10° 2~! Mg, in our default model, which
leads to a similarly fast growth at early times as our older models with
a = 100. Given the significant theoretical uncertainties in the early growth
of SMBHs (e.g. Volonteri, 2010), we consider the seed mass as a poorly
constrained free parameter. We note that there are other models for back
hole seed formation in cosmological simulations (e.g. Bellovary et al., 2011;
Tremmel et al., 2017b) that use thresholds of local gas properties such as
metallicity, density and temperature. However, we decided for a seeding
prescription depending solely on halo mass because of its simplicity and
numerical robustness.

At the limited numerical resolution available in cosmological simula-
tions, two-body discreteness effects and numerical N-body noise can dis-
place black hole particles from halo centres. At the same time, the dy-
namical friction forces that should allow massive black holes to sink to the
centres of dark matter haloes are not captured accurately by the simulation.
To prevent black holes from artificially leaving the centres of haloes for long
periods of time due to these effects, we resort to an ad hoc centring pre-
scription designed to keep black holes very close to the potential minimum
of their host dark matter haloes. To this end, at every global integration
timestep (i.e. when the longest timesteps occurring in the whole simulation
are synchronized in the nested time integration scheme), we determine the
minimum gravitational potential in a region around the BH containing the
equivalent of 1000 mass resolution elements. The BH particle is then shifted
to this potential minimum (if not at the location of the BH already, which
frequently happens), and its velocity is set to the mean mass-weighted veloc-
ity of the region. The latter minimizes any motion of the BH with respect to
the central region of the halo. This method robustly prevents haloes from
losing their central black hole, and it further adopts a scenario in which
BH binaries are assumed to merge promptly. We use this approach here
because of its numerical robustness and independence of resolution. How-
ever, there are more sophisticated treatments in the recent literature that
use sub-resolution models for dynamical friction (e.g. Wurster and Thacker,
2013; Hirschmann et al., 2014; Tremmel et al., 2017b). We aim to use such
a scheme in future high-resolution extensions of the present model.

5.2.3 Feedback

For the high accretion state, we calculate the liberated feedback energy as

AEnigh = €t high€:MpH 7, (5.7)
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where Mgy is the estimated black hole mass accretion rate of the black hole
with mass Mpy, € is the radiative efficiency (i.e. the canonical 0.1-0.2 of the
accreted rest-mass energy that is released in the accretion process and not
vanishing in the black hole), while €fpigh is the fraction of this energy that
couples to the surrounding gas. For the low accretion state, the feedback
energy is parameterized as

AElow = Ef,kinMBch- (58)

Note that we use different coupling efficiencies, €fxin and €fpign, for
the two modes, motivated by the different physical nature of the accre-
tion modes; namely that the low accretion state is thought to be radia-
tively inefficient. We keep the coupling efficiency in the high accretion
state at a constant value of efpign, = 0.1, resulting in an overall efficiency
€€rnigh = 0.02, while we set a maximum value of €y, = 0.2 in the low
accretion mode, which assumes that the released rest-mass energy appears
primarily in kinetic outflows. We note that our choice of €fxin = 0.2 is
within the physically plausible range, depending on the underlying physi-
cal mechanism. If, for example, the energy is delivered by small-scale jets
produced by the Blandford-Znajek mechanism, the jet energy can be a fac-
tor of 10 or more larger than our adopted value for efxi, because of black
hole spin (Yuan and Narayan, 2014). In the opposite case, for non-spinning
black holes, small-scale simulations of accretion (Yuan et al., 2015) provide
a theoretical lower limit to gy, of about 1073.

To protect against a potential runaway of the kinetic feedback mode that
may drive the density to ever lower values (see also section 2.6.2 of Vogels-
berger et al., 2013, for further discussion), we conjecture that at very low
densities the coupling efficiency e i, eventually becomes weak. For simplic-
ity, we assume that such a weakening occurs below a density fihresh0SFthresh,
where fihresh 1S a free parameter and pgpihresh 1S the density threshold for
star formation. If the surrounding density p drops below this value we re-
duce the coupling proportional to density. This then formally corresponds
to a variable coupling efficiency in the low accretion state,

o
SthreshPSFthresh

€f kin = min . 0.2]. (5.9)
Our standard value for this prescription is fihresh = 0.05, and we will show
in Section 5.5 that the exact value of efyi, has hardly any impact on galaxy
properties.

In the high accretion state, we inject the feedback as pure thermal energy
in a small local environment around the black hole, as in Springel et al.
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(2005a) and our subsequent work (including Vogelsberger et al., 2013, as
well as Illustris), while using our new model of kinetic feedback in the low
accretion state. In the latter case, we inject the energy as pure kinetic
energy. Unlike in the high accretion state, we hence input momentum but
no immediate thermal energy to the gas. Technically, we inject both forms
of feedback in a kernel-weighted manner into a prescribed number of gas
neighbouring the BH, as determined by equation. (5.4). This region is
identical for imparting feedback and the calculation of the gas properties
used in the accretion estimate.

Because we cannot spatially resolve small-scale jets and the accretions
flows in our cosmological simulations, we add the momentum in a random
direction. We have found that this approach is most robust for avoiding
possible numerical artefacts that can be produced at poor resolution by
more elaborate approaches for adding the momentum. For example, one
may impart the momentum in a spherically symmetric fashion, radially
away from the black hole, with zero total momentum (as vector sum) added
per injection event. However, this can produce an artificial suppression of
the gas density at the position of the black hole at the resolution we achieve
here. Similarly, a biconical injection in opposite directions at the position of
the black hole can create artificially depressed gas densities unless the ‘jets’
are well enough resolved. We therefore prefer random injection directions
that change for every injection event, which we found to be least resolution
dependent. In this case detailed energy and momentum conservation is only
obtained as a time average over the injection events.

Specifically, for an available kinetic feedback energy AE, we kick each
gas cell j in the feedback region by

/ZAEW r;

where Ap; is the change in momentum of gas cell j, m; denotes its mass,
and r; is the distance vector from the black hole to the respective cell.
The factor n is the unit vector in a randomly chosen injection direction,
w(r;) the value of the smoothing kernel, and p is the density estimate of
the surrounding gas, as described in Section 5.2.1. The total momentum
injection per feedback event is thus

2 AE w(r))
Pinj = ij Tjn, (5.11)
J
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and the corresponding change in total energy of the gas (relative to the lab
frame) is

Eing :AE+Z(pj-n),/w, (5.12)
J

where p; is the momentum of cell j before the injection event.

For a single injection event, this violates strict momentum conservation
and will generally not increase the total energy by precisely AE. However,
the average over many injection events leads to the desired energy injection
and assures momentum conservation (i.e. <pinj> = 0), as the injection di-
rection n is randomly chosen for each injection event and does not correlate
with the flow direction of the surrounding gas. To make the occurrence of
these injection events independent of the timestepping, and also to make
them powerful enough individually, we discretize the kinetic feedback mode
by imposing a minimum energy that needs to accumulate in the kinetic ac-
cretion mode before the feedback is released. This is similar to the approach
adopted in lustris and Eagle for the BH feedback in large haloes.

In this work, we choose to parametrize the adopted energy threshold for
the kinetic feedback in terms of a fiducial energy computed from the mass
of the feedback region and the surrounding dark matter velocity dispersion.
This identifies an energy per unit mass that is tied to the virial temperature
of the halo. In fact, we could also construct the energy scale from the
temperature of the surrounding gas. But the latter can be affected strongly
by local cooling or previous feedback events, hence we prefer to use the
dark matter velocity dispersion for increased robustness. We note that the
velocity dispersion is also used for our supernova-driven wind feedback from
star formation, which we adopt from Illustris in only a slightly modified form
(see Appendix 5.6). We parametrize the kinetic feedback threshold by

1
Einj,min :frei O-ZDM Menc (513)

where opys is the 1D dark matter velocity dispersion, mey is the gas mass
in the feedback region, and f. is a free parameter that specifies the bursti-
ness and thus the frequency of the reorientation of the kinetic feedback. If a
larger value is chosen for fi, fewer feedback events occur, but they are indi-
vidually stronger. Choosing this scaling is partly numerically motivated, as
it ensures that the resulting shocks are strong enough to be accurately cap-
tured by our finite-volume scheme. Without this threshold, low-luminosity
black holes would drive very weak flows that would thermalize mainly via
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Figure 5.1: Thin projection (5 kpc in depth, 25 kpc on a side) of the 256,
n=10""em™3, T = 10’ K simulation after 5Myr of evolution. The pan-
els show volume weighted density (top left), volume-weighted temperature
(top right), absolute velocity (bottom left), and energy dissipation weighted
Mach number (bottom right).

numerical dissipation effects, which is clearly undesirable. Part of the moti-
vation is also physical, because this scaling ensures that the specific energy
of the wind does not significantly exceed the specific binding energy of the
halo, and thus should not unbind a large amount of gas or overly disturb
the thermodynamic state of the intrahalo gas.

5.3 Kinetic wind dissipation tests

To examine the dissipation mechanisms of the kinetic feedback model, we
use idealized test simulations in a cubic box with constant density, tem-
perature and pressure and a side length of 25kpc. The fiducial values for
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Figure 5.2: Evolution of the different energy components after kinetic
energy injection. The dotted lines show individual injection events, the
solid line their average, both in the simulation initially with 323 cells. The
dashed line shows the average of the high resolution test with 256> initial
cells. On average, half of the feedback energy that was initially in kinetic
form is thermalized after 0.5 Myr. This behaviour is converged at the
resolution of cosmological simulations.

density and temperature are n = 107" em™ and T = 10’ K. We place a
black hole at the centre and inject energy at a fixed rate of 10% ergs™! in
the kinetic mode. We run the simulations for 5 Myr, only solving the equa-
tions of hydrodynamics, switching off self-gravity, gas cooling and all galaxy
formation sub-grid prescriptions such as star-formation and feedback, metal
enrichment, black hole seeding, etc. We run the simulations at two different
resolutions: 323 initial cells, which roughly corresponds to the resolution of
cosmological simulations (for p = 107! cm™3, the average mass of a gas cell
is 7 x 10° M), and 2562, to show the convergence properties.

Unlike in cosmological simulations, where we keep the number of neigh-
bours in the feedback injection region roughly constant, we here fix the
radius of the sphere in which the feedback is injected. We have tested both
approaches and found that there is no substantial difference, except that
tying the injection region to the number of neighbouring gas cells (equa-
tion. 5.4) leads in this particular setup — in which self-regulation is disabled
— to a slowly growing injection region, as the gas around the black hole
is heated up by previous feedback events. To promote a clean study of
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Figure 5.3: Energy dissipation as a function of shock Mach number M
summed up over a simulation time of 5 Myr. The different colours denote
different isobaric variations of the gas from relatively cool, dense (1 cm™3,
T = 10°K) to hot, dilute (p = 1073 ecm™3, T = 10° K). The solid lines show
the simulation with an initial grid of 323 cells, comparable to the resolution
of cosmological simulations, while the dashed lines indicate simulations with

2563 cells to show the convergence of the analysis.

the impact of the kinetic pulses on the gas, we prefer to keep the feedback
injection region fixed to a sphere of 3.5kpc radius around the black hole.
We ensure that there is always a sufficient number of cells in this region
by setting a maximum volume per cell, above which they are refined?. The
physical size of the feedback injection region is kept the same for the 256°
simulations, allowing a study of discretization effects in the gas. We note,
however, that in cosmological simulations there are additional resolution
dependences such as the scaling of the feedback injection region, which is
discussed in Appendix 5.7. As there is no dark matter in the present test
simulations, we replace equation (5.13) with

Einj,min = fre Uinit Menc, (514>

where ujyic is the initial specific thermal energy. This means that we are
assuming that the temperature of the gas in the initial state is equal to
the virial temperature of the dark matter halo. Using this threshold, the

3Note that in cosmological simulations, we do not impose such a volume limit.
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total energy injected in 5 Myr suffices for seven injection events within the
simulated timespan.

Fig. 5.1 shows a volume weighted projection of the gas density, temper-
ature, absolute velocity and the energy dissipation weighted Mach number
of the shocks present after 5 Myr. For the temperature and density, we
average over the logarithm of the corresponding quantity, while we average
over the absolute value of the velocity to highlight the maximum velocities
involved in the projection. The projected maps show that the model is very
efficient in diluting the central regions near the black hole. This means that
the accretion rate estimated in this regime would decrease immediately by
orders of magnitude, resulting in a very tight self-regulation. As the pro-
jections were made shortly after the seventh injection occurred, we reach
gas flows with very high velocities in the injection region, which slow down
after leaving this immediate vicinity of the black hole.

Fig. 5.2 shows the time evolution of the thermal and kinetic energy after
individual injection events, as well as the average evolution with time. We
can detect an injection event simply by a jump in total energy of the system
owing to very frequent simulation outputs. The first output after this jump
defines the zero-point in Fig. 5.2, which means that the thermal energy
increases and the kinetic energy decreases subsequently. The initial energy
injection is purely kinetic; however within ~ 0.5 Myr about half is dissipated
into thermal energy, mostly via shock dissipation. As the direction of the
momentum kicks change after every injection event, the AGN model does
not build up a coherent gas flow that could reach several tens to a hundred
kpc.

As a further analysis tool, we use the shock finder described in Schaal
and Springel (2015) to detect shocks and calculate their Mach number M
and energy dissipation rate for each snapshot. The bottom right panel
in Fig. 5.1 shows the energy dissipation weighted Mach number projec-
tion, which excludes all cells that do not belong to a shock, and Fig. 5.3
shows the corresponding energy dissipation as a function of Mach number.
For a hot, dilute gas, the shock Mach number mostly remains below 10,
while the shock strength increases with higher densities and correspond-
ingly lower temperatures and sound speeds. Summing up all the energy
that is dissipated in shocks, we are, up to a factor of order unity, able to
reconstruct the feedback energy purely through post-processing analysis of
the surrounding gas. This is possible for even moderate resolution, which
opens up the possibility of studying the effects of shocks from AGNs on
their surroundings even in cosmological simulations of galaxy formation, so
that their behaviour can be compared to observations (e.g. Dopita et al.,
2015; Medling et al., 2015). However, there are some technical challenges



5.4. COSMOLOGICAL SIMULATIONS 63

to this (see Schaal et al., 2016), in particular concerning the treatment of
the unresolved ISM structure in these simulations. Therefore, for now we
restrict our analysis to the idealized setup and leave the study of shocks
from AGN winds in cosmological simulations to future work.

The test simulations demonstrate that our kinetic feedback model can
accelerate the gas in the injection region to several tens of thousands of
kms~!'. This gas flow hits the surrounding medium and heats it via shock
dissipation within time-scales of a Myr. A fraction of the energy will re-
main kinetic and ultimately decay via turbulent dissipation. This behaviour
of the feedback injection is well converged, showing that our deposition of
energy is not subject to significant numerical limitations on marginally re-
solved scales.

5.4 Cosmological simulations

Idealized test simulations such as those above cannot address the dynamics
of self-regulated black hole growth. As this can only be meaningfully studied
in calculations that follow cosmic structure formation and that also account
for star formation, we now move on and examine the impact of our new
model in hydrodynamical simulations of galaxy formation. This requires
the full black hole model as described in Section 5.2, including the seeding of
SMBHs and the estimate of their accretion rates. Also, because gas cooling
and heating, star formation, stellar evolution and feedback, as well as the
chemical enrichment of the interstellar medium, are all crucial ingredients
of galaxy formation, we account for these processes using the respective
models described in Vogelsberger et al. (2013). These are modified and
extended as follows:

e We use isotropic winds from star formation with 10% of the energy in-
jected thermally (Marinacci et al., 2014), instead of purely kinetically
with a bipolar orientation as in Illustris.

o We slightly adjust the scaling of the stellar wind model with redshift,
metallicity and halo mass.

e Updated chemical yields and an improved metal advection algorithm
are used, which has however negligible influence on the results dis-
cussed here.

e Ideal magnetohydrodynamics is included based on a Powell cleaning
scheme (Pakmor et al., 2011; Pakmor and Springel, 2013).
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e An improved gradient estimator and time integration scheme for the
hydrodynamics is used (Pakmor et al., 2016), which improves the
accuracy of the AREPO code.

We briefly summarize the changes due to the modifications in the stellar
wind model (i.e. the first two items) in Section 5.6, as the interplay between
stellar and AGN feedback affects the overall galaxy population (Puchwein
and Springel, 2013) as well as black hole growth rates (Dubois et al., 2015).
The other modifications have a minor effect on the quantities examined in
this work. We therefore focus this study on the black hole model and its
parameters, and illustrate the relevance of the feedback efficiency, the accre-
tion rate estimate and the black hole seeding model for the formation and
evolution of galaxies as a function of their mass. A more detailed analysis
of the other changes will be subject of a forthcoming paper (Pillepich et al.,
2017D).

5.4.1 The simulations

We run a number of cosmological simulations of a periodic box with a side
length of 302~" Mpc. As the large-scale modes of the matter power spec-
trum cannot be sampled in this comparatively small volume, our simulation
does not contain structures as massive as the largest galaxy clusters ob-
served in our Universe. However, we still follow the formation of 13 objects
more massive than 10'3 Mg and more than 100 haloes in the mass range
between 102 My and 103 My. This makes the simulations well-suited for
testing the AGN model and for studying its impact on the formation and
evolution of massive galaxies at the resolution of the Illustris simulation.
We adopt the cosmological parameters from the Planck intermediate
results (Planck Collaboration et al., 2016), Qy = 0.3089, Qp = 0.6911,
Qp = 0.0486, h = 0.6774 and og = 0.8159 and use an Eisenstein and
Hu (1998) matter power spectrum to produce initial conditions at redshift
z = 127. The initial conditions contain 384 dark matter particles and
the same number of gas cells at our default resolution. This implies an
average gas cell and dark matter particle mass of 6.7 x 10 A~! My and
3.4 x 10" h~!' Mg, respectively, which is similar to the intermediate reso-
lution Mlustris simulation (Illustris-2 in Vogelsberger et al., 2014c). The
corresponding softening length is 2 comoving kpc with a maximum value
of 1 proper kpc for dark matter and stars. The softening for the gas cells
depends on their volume and has a minimum of 0.25 comoving kpc. The
moderate number of simulation particles allows us to study the effect of
each parameter of the black hole model individually, but it also comes with
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a severe drawback: At this resolution, the star formation rate predicted by
the employed Springel and Hernquist (2003) model is not fully converged
for haloes below 10'>3 My, (Pillepich et al., 2014; Sijacki et al., 2015), as
also shown in Section 5.7. This entails important limitations, especially
with regard to the comparison to observations.

To get a better idea of the behaviour at the low mass end of AGN
host galaxies, we run an additional simulation with 2 x 7683 particles and
cells and the same box size. In this run, all softening lengths are reduced
by a factor of 2 compared to the fiducial setup. The implied resolution
corresponds to the Illustris-1 high resolution run. Additionally, we run a
low-resolution test with 2 x 1923 particles and the same side length of the
simulation box. The softening is increased by a factor of 2 compared to
the fiducial run. For each of the different resolutions, we also computed
a dark matter only version to quantify the role of baryonic physics on the
halo mass function.

We have also carried out a suite of simulations with 2 x 3842 particles in
which the parameters of the black hole model were systematically varied by
a factor of 4 each in the direction that seemed most interesting. Table 5.1
gives an overview of these simulations and their parameters. The set of
simulations also includes one simulation in which the black holes are al-
ways in the quasar-mode, independent of their Eddington rate (labeled ‘no
kin.’). Using identical initial conditions in our simulations allows a halo-
by-halo comparison of all galaxy properties, facilitating a clean comparison
of globally averaged properties and an interpretation of small changes in
a meaningful way. We do so by matching the friend-of-friends groups in
the different simulations in position space, followed by a verification that
they are indeed the same structures by ensuring that they have at least
half of their dark matter particles in common.* We discard the few percent
of haloes that could not be matched by these criteria and ignore them for
the analysis; they are for the most part borderline cases where the friend-
of-friends algorithm links two haloes across a feeble particle bridge in one
simulation but not in the other. In addition to the matching of haloes across
simulations at identical redshifts, we also match haloes of a given simula-
tion at different times. We define the progenitor as the halo in the previous
snapshot that contributes the most dark matter particles to a given halo,
which allows us to study the evolution of individual haloes.

We base a substantial part of our analysis on a comparison of the same
haloes in different simulations, thereby avoiding uncertainties due to the

4This is done by checking their particle IDs, which are unique identifiers set in the
initial conditions.
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absolute halo abundance, which is affected significantly by box size and
resolution effects. However, a detailed comparison to observational data
requires a larger simulated volume and higher resolution. Achieving both
at the same time is a computational challenge and is clearly beyond the
scope of this paper. Simulations that reach this statistical power will be
presented in future work.
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Figure 5.4: Average ratio of the mass of haloes in the full physics simu-
lation to the mass of the corresponding halo in the dark matter only run,
as a function of halo mass. The shaded region indicates the 1o scatter of
the results of our default simulation. The dashed grey line represents the
result for the Illustris simulation (Vogelsberger et al., 2014c).

5.4.2 Galaxy properties
Halo masses

We start by looking at the overall baryonic effect on the masses of individ-
ual haloes. Fig. 5.4 shows the mass of the haloes in our fiducial baryonic
simulation in units of the mass of the corresponding halo in the dark matter
only simulation, as a function of Mapp.. The average mass fraction does
not exceed unity for any halo mass, unlike in Vogelsberger et al. (2014c) for
haloes of Moy ~ 10! M. However, also in our simulations, the mass of
some individual haloes can scatter above the mass of their dark matter only
counterparts. The masses of haloes with My < 10" My are suppressed
more than those of 102 Mg haloes, independent of the black hole feedback
implementation. This is hence presumably caused by stellar feedback. A
mild decline in the halo masses relative to the dark matter only run occurs
for haloes more massive than 10! Mg. This drop can be clearly associated
with the kinetic AGN feedback, as it is not present in the simulation with-
out this mode. However, it is not as pronounced as in Vogelsberger et al.
(2014c), which confirms that our feedback implementation is not as violent.
The upturn at 10'* My indicates a return to the universal baryon fraction
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for the most massive haloes but is based only on very few haloes. Better
statistics will be needed to reliably establish the behaviour at these mass
scales.

Black holes

As mentioned in Section 5.2.2, a black hole with mass Mge.q is placed into a
halo whenever the on-the-fly friend of friends halo finder identifies a struc-
ture that is more massive than a threshold mass Mpor and does not yet
contain a black hole. At seeding, the surrounding gas is usually dilute and
the black hole accretes at low rates with a long Bondi growth time-scale.
This means that the growth is slower than the growth in stellar mass and
therefore, the corresponding galaxy evolves horizontally in the Mgy — Mpuige
diagram (Fig. 5.5, upper plot). After some time, enough gas piles up around
the black hole and produces higher accretion rates, allowing the black hole
to eventually grow more rapidly, aided also by the runaway character of
Bondi growth due to its My o Mé y scaling. Consequently, the slope in
the MpH — Mpulge diagram steepens. This second phase continues until the
feedback injection of the black hole into its surroundings becomes signifi-
cant, at which point the black hole gas supply becomes self-regulated. In
this final stage, the black holes grow less rapidly and are mostly in the low
accretion state again.

However, the slight change in slope in the My — Mpyge relation at
Myige 1019 My, is not due to the change of accretion mode, but rather due
to the bulge-to-disc decomposition. We define the bulge mass as twice the
stellar mass of the counterrotating star particles within 0.1 Rygo . Galaxies
with Myuge = 10'° M have a large fraction of corotating stars (i.e. a disc)
and correspondingly our estimate of the bulge mass is reduced, which shifts
the corresponding points to the left in the upper plot of Fig. 5.5. In the
Mgy — M, plot (Fig 5.5, lower plot), with M, being the mass of all the stars
within twice the stellar half-mass radius, such a change in slope does not
show up.

Generally speaking, our systems with M, < 1093 Mgy tend to have
slightly overly massive black holes compared to the observed relation, which
indicates too early growth of the black holes, possibly caused by the in-
creased seeding mass we use compared to earlier work (Sijacki et al., 2015).
However, Volonteri et al. (2016) showed that the shape and scatter of the
low-mass end changes significantly for different ways to measure My yge.
Considering this effect and the observational uncertainties, the discrepancy
is not particularly worrisome. For high-mass systems, we follow the ob-
served relation more closely, seemingly with little scatter. We leave a de-
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Figure 5.5: Black hole mass as a function of bulge mass (upper plot)
and stellar mass within twice the half mass radius (lower plot) for cen-
tral galaxies in the high-resolution simulation. The size of the symbols is
scaled with bulge mass for better visibility, and the assigned colour scale
encodes the Eddington ratio. The dotted line is the fit to observational
data. The symbols with error bars are observed ellipticals (black), and spi-
rals or SO galaxies with normal bulges (green), taken from Kormendy and
Ho (2013). The bulge mass is estimated as twice the mass of the counter-
rotating fraction of stars within 0.1 Ryoo.. We note that this might slightly
underestimate the bulge mass in the case of rotating bulges.
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Figure 5.6: Median Eddington ratio as a function of black hole mass (top)
and halo mass (bottom). The different lines show different redshifts. The
dashed line in the top plot indicates our imposed transition point between
low and high accretion states.
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Figure 5.7: BHARD as a function of redshift for different runs. The lower
panel shows the ratio relative to the fiducial run.

tailed analysis of the high mass end to future work as it requires a larger
sample of black holes.

The black hole population has a clear change in accretion rate at black
hole masses of around 108 Mg (colour coded in Fig. 5.5). Fig. 5.6 shows
the accretion rate in units of Mpgqq as a function of black hole mass for
different redshifts. For comparison, we also show the Eddington factors in
the run without kinetic feedback. One clear trend is the drop of the Ed-
dington ratio with redshift, which is consistently present over the complete
range of black hole masses. This is expected, as the black hole accretion
rate density (BHARD) (Fig. 5.7) in Mg yr~'Mpc™ decreases significantly
towards low redshifts. The downturn towards the low black hole mass end
shows the relatively slow initial growth of the black holes. This is partially
due to a smaller amount of cold gas and partially due to the fact that in
our implementation the Eddington ratio depends linearly on the black hole
mass. A perhaps unexpected feature is that, without kinetic feedback, the
Eddington factor does not significantly vary with black hole mass for black
holes more massive than 107 Mg. This means that even the most massive
black holes in galaxy group and cluster environments would have a good
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chance of accreting at high Eddington ratios, which is almost invariably
also associated with high star formation rates.

This can be prevented by the kinetic feedback of the low accretion mode,
which is more efficient than the feedback in the high accretion state. To
ensure that a black hole and its surrounding gas transition to a self-regulated
state with lower accretion rate, and to prevent newly seeded low-mass black
holes from remaining in the low accretion state, we employ a black hole mass
dependent quasar threshold y, shown as the dashed line in the top panel
of Fig. 5.6. Once a black hole transitions to the kinetic feedback mode,
its Eddington factor drops significantly as a consequence of the stronger
feedback, making it likely to remain in this regime for an extended period
of time. Note that the deviation of the median curve starts slightly to
the left of the dashed line due to the scatter in the black hole properties,
allowing some lower mass black holes to make the transition earlier than
the mean.

The drop in Eddington ratio for high-mass systems also has an effect on
the overall BHARD, shown in Fig. 5.7. In fact, for the simulations without
kinetic feedback, there is no significant drop of the BHARD towards lower
redshifts. There is an increased BHARD with higher resolution, which is
related to the fact that the region in which the accretion rate is estimated is
intentionally reduced with increasing resolution, which leads to systemati-
cally higher density estimates. Especially at early times, this leads to earlier
and thus faster accretion, and consequently more massive black holes.

Stellar component

We now turn to the effect of black hole feedback on the stellar properties
of galaxies. Fig. 5.8 shows the average star formation rate density (SFRD)
as a function of redshift. At redshifts lower than z = 3 the fiducial simu-
lation differs from the observed SFRD by about 0.3 dex. For our higher
resolution simulation (dashed line), the SFRD is in better agreement with
the observations. At low redshifts, the contribution from Milky Way-sized
galaxies dominates, which indicates a relatively poor convergence in their
star formation rates. In Section 5.7, we discuss this in more detail.

From an AGN-feedback point of view, galaxy formation can be divided
into three epochs. At redshift z > 5, there are either no or only slowly
accreting black holes with no significant impact on the host galaxy. Dur-
ing this stage, only stellar feedback regulates the star-formation rate (e.g.
Vogelsberger et al., 2013, their fig. 15). Correspondingly, changes in the
black hole parameters have no effect on the SFRD. After this initial phase,
the black holes enter the high accretion regime and grow quickly, releasing
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Figure 5.8: SFRD as a function of redshift. The grey dots, triangles,
squares and hexagons are observational data from Behroozi et al. (2013a,a),
Kistler et al. (2013), Duncan et al. (2014) and Alavi et al. (2014), respec-
tively. The lower panel shows the ratio of the SFRD relative to the fiducial
run.

a considerable amount of thermal feedback energy that suppresses star for-
mation, in particular in galaxies with a final halo mass > 10'2 Mg. At late
times, from redshift z = 2 to the present day, the black holes switch to the
low-accretion regime again, remaining in a self-regulated state in which both
the stellar and AGN feedback balance cooling. The relative importance of
AGN over stellar feedback depends on halo mass. While stellar feedback
dominates in haloes up to the size of the Milky Way, more massive haloes
are mainly regulated through AGN feedback.

The stellar mass fraction as a function of halo mass (Fig. 5.9) clearly
shows the decrease in star formation efficiency with halo mass at the massive
end, in good agreement with observations. We find it useful to compare the
stellar mass including the diffuse intra-cluster light in the high mass end in
observations and theory. In this way, we are less sensitive to the choice of the
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Figure 5.9: Stellar mass fraction as a function of halo mass for the high-
resolution simulation. The stellar mass is calculated as the mass of all star
particles within 10 stellar half-mass radii that do not belong to a subhalo.
The black line is the corresponding fit to observations from Behroozi et al.
(2013a,b) including the intracluster light. We use the simulation values of
Qp, and Q,, for both simulation and literature data. The dashed line and
open circles correspond to the same simulation data, but the halo mass
Moo ¢ is taken from the corresponding halo in the dark matter only simu-
lation (see Munshi et al., 2013, for a discussion).

aperture within which stellar masses are estimated. At the high halo-mass
end, the data shown here are in reasonable agreement with Kravtsov et al.
(2014) who pointed out the importance of outer stellar profiles in high-mass
haloes in this type of analysis. Additionally, we plot both the halo mass
from the full physics simulation as well as the halo mass of the corresponding
halo in the dark matter only run, where the latter, i.e. the dashed line and
open circles, should be compared to the results from abundance-matching.
Fig. 5.4 shows the ratio of these two masses as a function of halo mass. In
particular at around Magg  ~ 10"3 M, it turns out to be crucial to take this
effect into account.

One of the conjectured effects of AGN is that they can prevent the most
massive galaxies from being blue and star forming, instead making them
red and having an old stellar population. We use B-V colour and mean
stellar age (Fig. 5.10) as a measure for the efficiency of the feedback in
the low accretion state to accomplish this. To probe the relevance of the
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mean stellar age [Gyr]

Figure 5.10: Top panel: B-V colours as a function of stellar mass within
twice the stellar half mass radius. The red dots are from the fiducial sim-
ulations. The blue dots represent the haloes in the run without kinetic
feedback. For the most massive systems, the dashed lines link the same
haloes in the two different runs to emphasize the effect of the kinetic feed-
back mode on a halo-by-halo basis. The histogram on the side clearly shows
the emergence of a red (larger B-V values) population of galaxies due to the
kinetic feedback model.  Bottom panel: mass-weighted stellar age as a
function of stellar mass within twice the stellar half mass radius. Note that
the choice of colours differs from the other figures.
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Figure 5.11: Gas mass fraction in Rspp . as a function of halo mass Msgo .
The triangles show the binned data from Giodini et al. (2009). The dashed
grey line represents the gas fractions in the Illustris simulation (Genel et al.,
2014).

kinetic feedback mode for this, we compare our fiducial simulation with a
simulation without the kinetic mode. The panels of Fig. 5.10 clearly show
the need for this efficient mode to get ‘red and dead’ galaxies with old stellar
populations on the massive end of the galaxy population.

Gas component

The low gas fraction of haloes around 10'®> Mg has been identified as one of
the main shortcomings of the Illustris simulation (Genel et al., 2014). The
gathering of substantial amounts of feedback energy invoked in the bubble
model of Illustris, and its explosive release once enough energy is available,
does prevent the feedback energy from being quickly lost due to cooling,
but it also expels a significant fraction of gas from the inner halo. This
resulted in a gas fraction which is factor of a few too low in systems where
the feedback is most efficient. In Fig. 5.11, we show the gas fractions within
Rs00. as a function of their mass Msgo ., obtained with our new kinetic
feedback model. Reassuringly, it does not expel too much gas from the
inner halo, but rather heats it via shocks and drives turbulence in the halo
core, leading to an overall good agreement with observations.

To further investigate the effect of AGN feedback on the gas properties
it is instructive to look at the radial profiles of the gas distribution. To this
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Figure 5.12: Mass-weighted density (top), temperature (middle) and
entropic function (bottom) of the 10 most massive haloes in the high-
resolution simulation. The line colour encodes Mg of the halo.
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end, we use the high resolution simulation and plot the density, temperature
and entropic function profiles in Fig. 5.12. For the most massive haloes
with a mass around 10'* Mg, the temperature profiles are almost flat in
the centre and the central entropic function K = kT n2/3 has a value
of around 50keV cm?. This confirms that the efficient quenching of star
formation is not due to overly heating and diluting the central gas. For
haloes less massive than 10133 Mg, the density profiles are more centrally
peaked and the temperatures in the centres are lower, which indicates that
these haloes might have some residual star formation. As the volume is
relatively small, our simulations do not contain massive galaxy clusters for
which we could compare the thermodynamic profiles with observations of
local galaxy clusters. Such simulations of galaxy clusters and how they are
impacted by different AGN models are analysed in detail in forthcoming
work (Popa et al., in preparation).

5.5 Dependence on model parameters

We now investigate how robust the findings discussed in Section 5.4 are
against changes in the parameters of our new black hole model. As we
run identical initial conditions with several different parameter settings, we
can compare their effects on a halo-by-halo basis. Figure 5.13 shows the
relative changes in the gas-, stellar- and black hole masses binned with
respect to halo mass, as well as the star formation rate as a function of
redshift for systems with different halo mass at z = 0. We shall first discuss
the variations due to modifications of the efficiency parameters €; and e,
and then consider the other parameters in turn.

5.5.1 Global properties

For all the investigated changes of model parameters, there is generally only
a weak change in the late time accretion rate density (Fig. 5.7). At higher
redshift, the seeding parameters have however a significant impact on the
accretion and growth history of the black holes. In our tests, we lower
the seed mass Mgeeq Or increase the halo mass Mpor at which black holes
are seeded, which both delay black hole growth. Lowering the radiative
efficiency €, leads to a higher Eddington accretion limit and therefore an
increased accretion rate at z = 5. As soon as the accretion rate is feedback
regulated, it drops back to the fiducial rate. There is also an increase in the
BHARD around z = 2 for the simulation with low quasar threshold slope
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Figure 5.13: Upper panels (from left to right): gas mass in Rspo, stellar
mass in twice the stellar half-mass radius and black hole mass relative to
their values in the fiducial run, compared on a halo-by-halo basis and binned
as a function of the fiducial My .. For clarity, we do not plot the individual
scatter, but indicate with the black error bar the average scatter. Lower
panels: average star formation rate of systems of different final mass (in the
fiducial run) in units of their star formation rate in the fiducial simulation
at a given redshift, on a halo-by-halo basis as a function of redshift. The
error bar indicates the uncertainty of the mean.
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B. This can be explained by a delayed transition to kinetic feedback for the
black hole population.

We now focus on the change in the SFRD for different parameter set-
tings, shown in Fig. 5.8. The most significant variations occur for the simu-
lations with modified values of Mgeeq, € Or fro. Changes in these parameters
manifest themselves in the global SFRD after redshift z = 4, and the effect
increases at later times. However, it is also evident that a factor of 2 change
in spatial resolution has a stronger impact on the global SFRD than a factor
of 4 change in any of the black hole parameters. The significant decline in
SFRD for a lower €, can be explained by the increased accretion rate due to
the lower feedback energy per accreted mass. The over-massive black holes
in turn have a significantly larger impact on the star formation rate in the
host galaxies. This will be further investigated in Section 5.5.2.

5.5.2 Halo-by-halo comparison
Efficiency parameters

The feedback efficiency €fy, is defined as the fraction of accreted rest
mass energy that appears kinetically in the kinetic wind mode. Lowering
this efficiency by a factor of 4 reduces the amount of feedback energy, which
leads to an increase in the gas fraction and stellar mass, in particular in the
high-mass systems. Having a higher gas fraction and star formation rate
indicates that the central gas is denser and has lower temperatures than in
the fiducial run. This leads to slightly increased black hole masses. Overall,
the effect of this drastic change in kinetic feedback efficiency is rather small,
which can be explained by the self-regulated nature of the feedback cycle.

The radiative efficiency €, determines how much of the accreted mass is
converted to AGN luminosity in the quasar mode. To achieve a reduction
of feedback energy for all black holes independent of accretion mode, we
also reduce i, in the corresponding test. Lowering the overall feedback
efficiency by a factor of 4 also increases the Eddington limit by the same
factor, which leads to a significantly faster growth of the black holes (bump
at z =5 in Fig. 5.7), but leaves the injected feedback energy for a black hole
accreting at that limit constant, given the same black hole mass. As the
black holes accrete more, they become more massive and have therefore a
more significant impact on their surroundings. This increases the quenching
in all systems and expels gas from Milky Way-sized galaxies. As the mass of
the black hole increases, the threshold for them to be in the kinetic feedback
mode also increases; i.e. more energy is injected in this mode. This might
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be an additional amplifying factor for the low gas fractions and the efficient
quenching of these systems. The fact that a lowering of the quasar-threshold
has similar effects (see below) indicates that this is indeed the case.

Accretion rate dependences

The quasar threshold y determines whether a black hole is associated
with the low or high accretion rate state. This means that in our test sim-
ulation (higher y) the Bondi accretion estimate is four times higher when
it transitions from the high accretion state to the low accretion state. This
seems to have no effect on the initial growth of the black holes, which in-
dicates that the black holes easily exceed the threshold at early times and
accrete most of their mass in the high accretion state. At lower redshift,
however, the average Eddington rates decrease to a level where the increase
of the threshold by a factor of four matters. As our model involves a mass
dependence of y, the higher Eddington rate threshold can also be inter-
preted as a lowering of the black hole mass for which, at a fixed Eddington
factor, a black hole transitions between thermal and kinetic feedback modes.
As the black hole mass correlates with halo mass, this means that the mass
scale at which black holes are predominantly in the kinetic mode is effec-
tively shifted to lower masses. And because the kinetic feedback mode is
comparatively more efficient at quenching a halo, this explains the dip in
gas and stellar mass at around 3 x 102 Mg. The lowered black hole masses
above this mass scale can be explained by the fact that the black holes only
grow significantly in the quasar mode. When the kinetic mode is switched
on earlier, the black holes end up systematically less massive, provided they
reach the transition threshold in the first place.

The slope B influences the adopted scaling of the Eddington ratio with
black hole mass for setting the transition between quasar- and kinetic mode.
Reducing it by a factor of four as done in our test means that low mass
black holes (below 103 My) will be found more often in the kinetic mode,
and higher mass black holes more often in the quasar mode, compared
to our default run. This explains the relative increase in black hole mass
towards high mass haloes, keeping in mind that black holes predominantly
grow in the quasar mode. Knowing that the quasar mode is less efficient at
quenching, this also explains the larger stellar masses for high-mass systems
as well as the fact that the additional stars form mainly at higher redshift,
at the time when the haloes are delayed in switching to the kinetic mode.
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Black hole seeding parameters

The black halo seed mass Mgeeq is the initial mass given to the black holes
when they are inserted in newly emerging haloes. If the black holes begin
their evolution with smaller masses as in our test, their growth time-scale
is considerably longer, because the Bondi accretion rate scales as Mpondi
M]%)H. This means that the black holes grow significantly later, as more
gas needs to accumulate in the halo centres to start a rapid growth. This
delayed growth implies that the black holes in 10'> Mg systems have not
yet ended their rapid accretion phase at z = 0. This explains why the mean
black hole mass is an order of magnitude below the mass in the fiducial run.
For the more massive haloes, the black holes formed earlier and already had
enough time to catch up; however, they are still about 25% less massive.
The delayed growth also implies that there is less feedback energy injected
into the galaxies at all times, which increases the star formation rates and
the stellar masses over the whole mass range of haloes. The fact that the gas
fraction is comparatively higher, particularly at 3 x 10'?> Mg, is again due to
the mass-dependent switch from quasar to the kinetic mode. As the black
holes are less massive in the modified run, they mostly remain in the quasar
mode, keeping a relatively high gas fraction while the corresponding black
holes in the fiducial run have switched to kinetic feedback which lowers the
gas fractions by 20 — 30%.

The halo mass Mror at which black holes are seeded has a similar ef-
fect: lowering Meeq and increasing Mpor both lead to a delayed black hole
growth. In our test simulation, we place the black holes only in haloes that
have grown a factor of 4 more in mass compared to our fiducial simulation.
This produces similar trends, but the effect is much weaker. The delay of
the black hole growth is not as severe as in the previous case, which can be
explained by the accretion rate dependence Mpongi M%H, which means
that the black holes have a 16 times higher accretion rate for the same gas
properties but are seeded in four times more massive haloes. This means
that they do not need a similarly severe change of gas properties as the low
mass seeds to eventually grow into the Eddington limited accretion phase.

All in all, the dependence on the seeding prescription reveals one of the
most important theoretical uncertainties of the black hole modelling in cos-
mological simulations. The formation and the early growth of SMBHs are
observationally as well as theoretically very poorly understood (see Volon-
teri, 2010, for a review). However, as we just showed, they have a major
impact on the evolution of galaxy properties. One way to reduce these un-
certainties from a simulation point of view is to constrain the model with
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observations that also crucially depend on the seeding and early growth
phase, such as the low mass end of the Mgy — 0 and My — Mpyige rela-
tions, or the abundance of high redshift quasars.

Other parameter dependences

The reorientation factor f;, determines the energy threshold at which a
new kinetic feedback event along a new direction is injected. The specific
parameterization we adopted sets the magnitude of the velocity kicks rel-
ative to the local dark matter velocity dispersion. The remarkable thing
about lowering this parameter by a factor of 4 is that the black hole mass
does not change at all, while the star formation rate and correspondingly
the stellar masses as well as the gas mass increase significantly. This means
that this factor substantially changes the efficiency of the kinetic feedback
and therefore the properties of the high-mass haloes. The fact that the
burstiness of the feedback has such a dramatic impact is in agreement with
other works (e.g. Le Brun et al., 2014; Sijacki et al., 2015) and can in our
case be explained by the fact that the velocity kicks directly determine the
strength of the resulting shocks as well as the post shock temperature. The
faster the velocity, the higher the post-shock temperature and the lower the
cooling losses during the process. With the adopted parameters, we reach
velocity kicks up to several tens of thousand kms™' in the largest haloes,
which are realistic speeds for winds from optically thin accretion discs. This
means that one could in principle try to constrain this parameter, both theo-
retically from small-scale GRMHD simulations of hot accretion flows (Yuan
et al., 2015) as well as from observations (Tombesi et al., 2014).

The number of neighbours n,g, sets the number of cells used for the
density, sound speed and velocity estimates, as well as for the injection
region of feedback energy. Increasing this number means that, at a fixed
resolution, the radius out to which the gas properties are probed increases.
As the gas properties change with radius, the accretion rate estimate tends
to change as well. This has important consequences for the black holes
in low mass systems, because here the black hole growth is delayed when
we average over a four times larger number of cells, which can be seen in
Fig. 5.7. This leads to a lower black hole mass for galaxies in 10'2 Mg
haloes. For more massive haloes, the black hole mass increases by about
25%, and correspondingly lower gas and stellar mass fractions are reached.
However, Fig. 5.7 also reveals a higher BHARD between redshifts z = 3 and
0.5, which is responsible for the more massive black holes. This is because
the quasar mode distributes the energy over more mass, leading to lower
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Figure 5.14: SFRD versus redshift for the fiducial run and a run with the
old wind scaling.

temperatures in the heated gas and higher radiative cooling losses. In the
kinetic mode, the larger injection volume means that we implicitly increase
the burstiness of the model, which increases its efficiency at quenching star
formation. This explains the lower star formation rate for the most massive
haloes and the lower star formation rate after z = 1 for haloes in the mass
range 102 M, < My < 10'25 M.

5.6 Changes in the wind model

In addition to the changes in the AGN model, we have implemented some
alterations to the stellar wind feedback compared to the model described
in Vogelsberger et al. (2013). They are introduced to address some of the
shortcomings of the Illustris simulation in low-mass systems, such an exces-
sive number of galaxies with blue star forming rings, a too high stellar mass
fraction in systems with halo masses Mppp . < 10'"5 Mg and a too mild de-
cline in SFRD at low redshift (Vogelsberger et al., 2014c). We summarize
these changes here for completeness and refer to Pillepich et al. (2017b) for
a detailed discussion.

First, we now use an isotropic wind injection with 10% of the energy
injected thermally and not the bipolar, purely kinetic approach employed in
the Illustris project (Vogelsberger et al., 2014b). Furthermore, we slightly
changed the wind velocity. We still use the scaling with local dark mat-
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ter velocity dispersion as in equation 14 of Vogelsberger et al. (2013), but
introduce an additional redshift dependent factor [Hy/H(z)]'/?, which ef-
fectively yields a scaling of the wind velocity that depends purely on halo
mass. Additionally, we set a minimum wind velocity of viin = 350 kms™! to
prevent unrealistically high mass-loading factors in low-mass haloes. Taken
together, the equation for the wind velocity is hence

v,y = max [K 0'%)[13/[ (Ho/H()'? ,vmin] . (5.15)

We choose the parameters such that the wind velocity of a given halo
equals that of the previous Illustris model at a redshift z =~ 5, implying
that it then tends to increase slightly towards lower redshifts compared to
Vogelsberger et al. (2014c¢). This is the main reason for the different scaling
of the SFRD with redshift (Fig. 5.14). The minimum wind velocity is par-
tially responsible for the sharp decline in star formation efficiency towards
lower masses in Fig. 5.9. A summary of the adopted wind parameters and
a comparison to those used in Illustris is given in Table 5.2.

Moreover, we use a higher baseline wind energy for gas of primordial
abundance but now reduce the available energy with metallicity Z on the
grounds that higher metallicity galaxies plausibly have larger radiative cool-
ing losses of the supernova energy. A similar factor has also been used in
the Eagle project (Schaye et al., 2015). The energy of the winds is reduced
by a factor

f+A =N/ [1+(Z]/Zea)] (5.16)

where f = 0.25, y = 2 are free parameters and Z,cq = 0.002. This effectively
lowers the efficiency of the supernova feedback in metal-enriched galaxies,
and since most of the stars form there, the total injected wind energy is
comparable to Illustris. However, the metal dependence leads to a higher
relative efficiency of the wind feedback in low-mass systems, suppressing
them more in comparison to Milky Way-sized galaxies, which is an effect
that seems required by the observational data and the low abundance of
luminous dwarf galaxies.

All in all, our stellar feedback is somewhat stronger than in the Illustris
simulation (Vogelsberger et al., 2014c), particularly at late times and in
low-mass haloes. At high redshift, the strength of the stellar feedback is
comparable, which also means that the z = 0 black hole masses are not
significantly affected by the changes.
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Parameter New V13 Note
K 74 3.7 Same velocity at z ~ 5

egyw /egyow 3.6 1.09 Reduced through metallicity
Dependence
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Table 5.2: Comparison of wind parameters with Vogelsberger et al. (2013,
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Figure 5.15: Stellar mass fraction as a function of halo mass for sim-
ulations of different resolution. The dotted lines and small dots indicate
the simulations with 30 A~ !Mpc side length, the solid lines and large dots

test simulations with 7.5 h~'Mpc side length. Note that the colour coding
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simulation particles within Rogo,c if their baryon content was equal to the

cosmic baryon fraction.
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5.7 Numerical convergence

Achieving numerical convergence is a major challenge for full physics cos-
mological volume simulations due to the multi-scale, multi-physics nature of
the problem. Normally, convergence cannot be fully established, and hence
the lack thereof represents an additional source of systematic uncertainty
in the predictions. We attempt to quantify the magnitude of resolution
effects here, using simulations with a box side length of 7.5 h~!Mpc with
2 x 3843,2 x 1923 and 2 x 96° simulation particles and cells (dark matter
+ gas). In this small simulation volume, only low-mass haloes form, which
makes an analysis of the global SFRD and BHARD meaningless, but it still
allows us to estimate the uncertainties due to numerical convergence for the
galaxies that happen to be present, especially because we can simulate them
at resolutions higher than our standard high-resolution simulation with box
side length of 30 A~ 'Mpc.

We focus on the bias due to resolution effects at the low-mass end, as this
regime has been the most severely affected when increasing the resolution in
the Ilustris simulation (Pillepich et al., 2014, fig. A1, upper panel). This is
not surprising as the AREPO code ensures that the individual gas cells have
approximately equal mass and consequently the number of gas cells within
a halo decreases rapidly with decreasing halo mass. Fig. 5.15 shows the star
formation efficiency as a function of halo mass for different resolutions. The
vertical dashed lines correspond to 5 X 105(mg5LS + Mqm), which, depending
on the gas fraction in the halo, translates to a few times 10° gas cells within
R200.c. Decreasing the number of gas cells in a halo, individual cells become
so large that they average over significant regions of the ISM, producing
lower average densities and hence longer gas consumption time-scales. This
results in a numerically suppressed star formation rate and, over time, in
a lower stellar mass fraction. As this convergence issue is present for the
haloes at the peak of the star formation efficiency, it also manifests itself in
the global SFRD.

A second resolution problem, related to black holes, is the radius & over
which the gas properties are averaged to derive an accretion rate estimate
and to inject the feedback energy. We adjust this radius such that it contains
approximately a constant number of cells nygp,. In Section 5.5, we presented
the effect of increasing nygy, by a factor of 4. Changing the particle number
per dimension by a factor of 2, h also decreases, assuming constant npgt,.
This means that the volume over which the gas properties are averaged is
a smaller volume at the centre of the galaxy and therefore usually denser,
which leads to higher accretion rate densities, as seen in Fig. 5.7. If we
increased npgp, to keep approximately the same volume to average over,
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this effect would be smaller, but we would not benefit from the increased
spatial resolution in the centre. For our simulation sequence, we aimed
for a compromise by increasing npg1, by a factor of 2 whenever the particle
number per dimension is increased by a factor of 2.

5.8 Conclusions

In this study, we introduced a new model for SMBH growth and the asso-
ciated feedback in cosmological simulations of galaxy formation. We dis-
tinguish between a state of high and a state of low accretion, which are
associated with pure thermal or pure kinetic feedback, respectively. Unlike
in previous work, we omit an artificial boost factor @ in the accretion rate
estimate to account for unresolved ISM structure, and instead adopt an
accretion rate given by the Bondi formula throughout. The feedback en-
ergy in the high accretion rate state is released with a continuous thermal
feedback prescription. In the low accretion state, we instead use pulsed
kinetic feedback injection in random directions, which is the primary new
element adopted in this study. We have shown in idealized simulations that
this mode drives shocks in the surrounding gas, thermalizing a significant
fraction of the AGN energy within a Myr.

In simulations of cosmological structure formation, our new model is able
to significantly reduce star formation in the most massive haloes, leading
to a stellar mass fraction in excellent agreement with observations, without
overly heating and diluting the central gas. This resolves one of the central
problems in the Illustris simulation. It also leads to massive galaxies with
a red, old stellar population, living in haloes that have gas fractions in
agreement with observations.

The star formation efficiency peaks in haloes with a few times 10'? Mo,
in very good agreement with abundance matching expectations once we use
the halo masses from dark matter only simulations for the comparison, as
also used in the fits to observations on which the abundance models are
based. The key to sustained quenching of massive haloes in our simulations
is to ensure that the black holes in these systems transition to the low
accretion state and remain in it for most of their subsequent evolution. We
encourage this behaviour by employing a BH mass-dependent Eddington
ratio threshold for determining the accretion state, making it progressively
easier for high-mass black holes to be in the kinetic mode. Once the black
holes reach this mode, the more efficient coupling of the kinetic feedback
and the self-regulated nature of gas accretion will typically keep the black
holes accreting at low Eddington rates. Brief interruptions of this with
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episodes of quasar activity, triggered for example by significant inflows of
cold gas during a galaxy merger, may nevertheless occur.

We analysed the impact of each of our black hole model parameters
on the cosmic star formation rate history and the stellar, gas and black
hole masses. To this end we varied each parameter by a factor of 4 and
carried out otherwise identical simulations to our default model. We found
that most of the parameters do not alter the global properties severely,
but some of them can have a significant impact on a subset of haloes and
galaxies over particular mass ranges. In these cases, the changes can be
readily understood in terms of the tightly self-regulated nature of black
hole growth that occurs in our models. We would like to emphasize that
the assumption of the existence of a low accretion rate state with efficient
kinetic feedback is more important than the precise value of any of the
model parameters.

The new AGN feedback model discussed here significantly improves
the galaxy formation model explored previously in the Illustris simulation
project, particularly at the high-mass end of the galaxy population. It
therefore promises to be an excellent starting point for a new generation of
hydrodynamical simulations of galaxy formation that allow much improved
predictions for the bright end of the galaxy population, and for groups and
clusters of galaxies, as well as their thermodynamic scaling relations. Fu-
ture work with this model in high-resolution simulations of galaxy formation
could potentially also shed light on the physical origin of observed centrally
concentrated radio emission (Baldi et al., 2015, 2016), AGN driven nuclear
outflows (Forster Schreiber et al., 2014; Tombesi et al., 2014) and related
phenomena.



Black hole feedback in simulations

In this chapter, I describe the connection between SMBH and their host
galaxies in the large-volume cosmological magnetohydrodynamical simula-
tion IllustrisTNG. This work is submitted for publication in Monthly No-
tices of the Royal Astronomical Society and available online as a pre-print
under arXiv:1710.04659.

6.1 Introduction

It is now well established that most if not all massive galaxies host super-
massive black holes (SMBHs). If the growth of SMBHs is dominated by gas
accretion, the corresponding energy released per unit volume is quite sub-
stantial (Soltan, 1982) and matches the integrated emission from the quasar
luminosity function, supporting that this is the primary growth channel. If
only a small fraction of the released energy couples to the gas of the host
galaxy, the impact of SMBHs on their host galaxies can be significant (King,
2003; Di Matteo et al., 2005). The relatively tight scaling relations between
supermassive black hole masses and properties of their host galaxies (e.g.
Ferrarese and Merritt, 2000) furthermore point towards a mutual influence
on each other, thereby establishing some form of co-evolution.

Recent simulations that model the formation of massive galaxies rely on
feedback effects from SMBHs to reproduce the properties of massive galaxies
(Springel et al., 2005a; Bower et al., 2006; Croton et al., 2006; Dubois et al.,
2013; Martizzi et al., 2014; Choi et al., 2015; Somerville and Davé, 2015).
However, even with presently available computational resources, it is not
possible to model these effects from first principles. Instead, sub-resolution
models are applied which typically measure gas properties at resolved scales,
translate them via simplified analytic models to a black hole accretion rate,
and inject feedback energy with some assumed efficiency into the surround-
ing gas on resolved scales. While these models contain tuneable parameters
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which are usually set such that the simulations reproduce the stellar prop-
erties of simulated galaxies and the relation between black hole mass and
stellar mass, the calculations are able to additionally reproduce a variety of
other (unconstrained) observable properties of active galactic nuclei (AGNs)
(e.g. Sijacki et al., 2015; Volonteri et al., 2016). In this way, such models
allow detailed insights into how the different growth and feedback processes
of galaxies and their SMBHs are intertwined.

Observationally, a number of important properties of the SMBH popula-
tion can be inferred. First, the luminosity function, which can be measured
up to high redshift, gives insights about the mass growth via gas accretion
over cosmic time (Hopkins et al., 2007; Shankar et al., 2009; Ueda et al.,
2014; Lacy et al., 2015). Using estimates for black hole masses and accre-
tion rates, it is also possible to infer the distribution of Eddington ratios
(Schulze et al., 2015; Georgakakis et al., 2017), or alternatively, the specific
accretion rate distribution (Aird et al., 2017a,b), which constrains the state
of the accretion disc over cosmic time (Weigel et al., 2017b). Furthermore,
relating the SMBH properties to the galaxy properties, e.g. the SMBH mass
with the bulge mass (or velocity dispersion) of the host (Magorrian et al.,
1998; Tremaine et al., 2002; Haring and Rix, 2004; McConnell and Ma, 2013;
Kormendy and Ho, 2013; Graham and Scott, 2015; Reines and Volonteri,
2015; Savorgnan et al., 2016), indicates a connection between the two ob-
jects. Yet it remains debated whether this is an indication for the feedback
regulated nature of SMBH growth (King, 2003), or just a manifestation of
a common assembly history (Peng, 2007; Hirschmann et al., 2010; Jahnke
and Maccio, 2011; Anglés-Alcdzar et al., 2013).

The comparatively accurate description of hierarchical structure forma-
tion obtained by cosmological simulations can be used to turn the statisti-
cal properties of the predicted SMBH population into powerful tests of the
SMBH model adopted in a simulation (Di Matteo et al., 2008; DeGraf et al.,
2012; Hirschmann et al., 2014; Sijacki et al., 2015; Volonteri et al., 2016),
even though the observations are subject to large uncertainties and selection
biases. In addition, it is possible to exploit the rich information contained
in simulations to test specific scenarios for the SMBH — galaxy coevolution,
such as the role of major mergers (Springel et al., 2005a; Di Matteo et al.,
2005; Hopkins et al., 2006; Sparre and Springel, 2016, 2017; Pontzen et al.,
2017) or the interplay with other effects, like stellar feedback in galaxies
of specific masses (Dubois et al., 2015; Habouzit et al., 2016, 2017; Bower
et al., 2017).

In high-resolution simulations of representative cosmological volumes
(Vogelsberger et al., 2014c; Schaye et al., 2015; Dubois et al., 2016; Khandai
et al., 2015; Anglés-Alcézar et al., 2017a; Tremmel et al., 2017b) it is possible
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to track the evolution of SMBHs and their host galaxies through cosmic
time and relate the host galaxy transformations, for example quenching or
changes in morphology, to the SMBH properties. Using a large number
of simulated systems, it is possible to obtain statistical information about
the diversity of the evolutionary paths of galaxies, which can reveal new
insights about the SMBH — galaxy coevolution.

In this paper, we use “The Next Generation Ilustris” (IllustrisTNG)
simulations to study the co-evolution of SMBHs and galaxies. In the intro-
ductory papers of the project (Marinacci et al., 2017; Naiman et al., 2017;
Nelson et al., 2017; Pillepich et al., 2017a; Springel et al., 2017), we have
shown that IlustrisTNG reproduces a diverse range of observables remark-
ably well, in particular massive galaxies have significantly improved stellar
(Nelson et al., 2017; Pillepich et al., 2017a; Genel et al., 2017) and gas prop-
erties (Vogelsberger et al., 2017; Marinacci et al., 2017; Weinberger et al.,
2017a) compared to the predecessor Illustris simulation (Vogelsberger et al.,
2014c; Genel et al., 2014). Based on this encouraging progress, we study
the origin of the quenched, massive central galaxies and the role of SMBHs
for their evolution. We focus in particular on the energetics of the AGN
feedback and investigate the role of (major) mergers for quenching, black
hole mass growth, and AGN activity.

In Section 6.2, we present the IllustrisTNG simulations and briefly de-
scribe the numerical methods and astrophysical models used. The galaxy
population of IllustrisTNG in terms of star formation rate and energetics
of different feedback modes is presented in Section 6.3, and linked to the
SMBH population in Section 6.4. We discuss the results in Section 6.7, and
conclude in Section 6.8.

6.2 The Illustris TNG Simulations

The simulations used in this study are part of the HlustrisTNG project
(Marinacci et al., 2017; Naiman et al., 2017; Nelson et al., 2017; Pillepich
et al., 2017a; Springel et al., 2017). These are high-resolution simulations
of cosmological structure formation in a representative part of the universe.
The primary simulation used for the present analysis has a side length
~ 300 comoving Mpc (TNG300) and follows the formation and evolution
of structure governed by the laws of gravity and magnetohydrodynamics
from the early universe to redshift zero. We also use a simulation of higher
resolution but smaller volume (TNG100) as well as a lower resolution version
of the large box (TNG300-2) to test for numerical convergence. The main
numerical parameters of these simulation can be found in Table 6.1. For a
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Simulation name TNG100 TNG300 TNG300-2
Neelis 1820° 2500° 1250°
Loy [Mpc] 111 303 303
Mtarget,gas [106 M@] 1.4 11 88
Mam [10° Mg) 7.5 59 470
€A stars [kpc] 0.75 1.48 2.95

Table 6.1: Primary simulation parameters of the IllustrisTNG runs anal-
ysed in this study. The TNG300 simulation is used in the main study, while
TNG100 and TNG300-2 are used in Section 6.6 for a resolution study. For
a more extensive overview of the parameters of the simulation suite we refer
to Nelson et al. (2017, their Table A1).

more detailed list of parameters, see Nelson et al. (2017, their Table Al).

6.2.1 Initial conditions

The simulations were initialised at redshift z = 127 using the Planck Collab-
oration et al. (2016) cosmological parameters (i.e. a matter density Q,, =
0.3089, baryon density €, = 0.0486, dark energy density Qx = 0.6911,
Hubble constant Hy = 67.74 km s~' Mpc~!, power spectrum normalisa-
tion g = 0.8159 and a primordial spectral index ng; = 0.9667) and the
Zel’dovich approximation for the initial displacement field, which is applied
to glass initial conditions (White, 1994). The simulations start out with a
uniform magnetic seed field with comoving field strength of 107'* Gauss. A
suite with several different box sizes at different numerical resolutions were
computed as part of IllustrisTNG.

The highest resolution version of TNG300, which has the largest box
size, contains 2500% dark matter particles and the same number of gas cells
in the initial conditions. Additionally, we analyse a lower resolution coun-
terpart (TNG300-2) which has the same volume but a factor of 23 reduced
particle number, and two times worse spatial resolution with all softenings
increased by a factor of 2. We furthermore analyse the TNG100 simulation
from the IustrisTNG set, which has 2 x 1820° resolution elements, and
a factor of 23 higher mass and a factor of 2 higher spatial resolution than
TNG300, but covers only a volume of ~ 1103 Mpc? and consequently does
not contain rare objects such as rich galaxy clusters.
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6.2.2 Methods

The simulations are evolved with the AREPO code, i.e. using a finite-volume
approach where the equations of ideal magnetohydrodynamics are solved on
a quasi-Lagrangian, moving, unstructured mesh (Springel, 2010; Pakmor
et al., 2011, 2016). The divergence constraint of the magnetic field is taken
care of by an 8-wave Powell-cleaning scheme (Pakmor and Springel, 2013).
The gravitational forces are calculated using a tree-particle-mesh method
with an operator-split, hierarchical time integration, allowing for efficient
calculations of gravitational forces in systems with large dynamic range in
time.

We employ a cooling function using primordial and metal line cooling,
a time-dependent ultraviolet background from stars and luminous AGN,
prescriptions for star-formation, stellar feedback and metal enrichment, as
well as a model for SMBHs, including their formation, growth and feedback
effects. The approaches used in the [lustrisTNG simulations (with identical
parameter choices), as well as the impact of variations of model parameters,
are presented in two separate method papers, Pillepich et al. (2017b) for
the stellar feedback, enrichment and the low mass end of the galaxy stellar
mass function (GSMF), and Weinberger et al. (2017a) for the AGN feedback
model and the high mass end of the GSMF. Here, we only briefly summarize
the aspects of the model that are most relevant to this study.

6.2.3 Modelling of supermassive black holes

We identify friend of friends (FOF) groups on the fly during the simulation
(Springel et al., 2001a). A SMBH with mass 1.18 x 10® Mgjis seeded when-
ever a FOF halo exceeds a mass of 7.38 x 10! Mgand does not yet contain
a SMBH. These black holes are then accreting according to an Eddington-
limited Bondi accretion rate

. AnG* M2 p
MBondi = —38H, (61)
CS
47TGMBHm
Mpgq = ——Le, (6.2)
€0T
M = min (MBondi, MEdd) , (6.3)

where G is the gravitational constant, Mgy the mass of the black hole, p the
kernel-weighted ambient density around the SMBH, ¢, the kernel-weighted
ambient sound speed including the magnetic signal propagation speed, m,
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the proton mass, ¢ the speed of light, €, = 0.2 the black hole radiative
efficiency and ot the Thompson cross section. We emphasize that, unlike
previous work (e.g. Springel et al., 2005a), this model does not use an
artificial boost factor in the accretion rate. We enforce the SMBH to be
located at the potential minimum of its host halos at every global integration
timestep, and assume a prompt merging of SMBH binaries. Note that the
SMBH merger rates, which will be discussed in this paper, are not affected
by our neglect of delay times in the merging process (assuming all pairs
eventually merge).

Feedback from SMBHs is injected in two different channels, where the
dividing line is the accretion rate in units of the Eddington accretion limit.
Whenever the Eddington ratio exceeds a black hole mass dependent thresh-
old of

M 2
x =min |0.002 | ——22—) 0.1}, (6.4)
108 Mo,

the feedback energy is injected continuously as thermal energy (‘thermal
mode’) into the surroundings of the black holes with a rate of Eiperm =
0.02 M ¢?, while for lower accretion rates the feedback energy is injected
into the surroundings as pure kinetic feedback (‘kinetic mode’) in a pulsed,
directed fashion with the rate Ey;, = €f kin M c?, where

Jo,

—,0.2], 6.5
0.05 PSFthresh ( )

€f kin = min (

and psFihresh 1S the star formation threshold density. The factor (6.5) means
that we assume that at low environmental densities, the coupling of the
AGN feedback energy to the surroundings becomes weak. We employ a sim-
ilar scaling in the thermal mode, where we use the approach of Vogelsberger

2
et al. (2013) and reduce the accretion rate by a factor of (Pext/ Pref) when-
ever Peys < Pref. Pey is the kernel weighted pressure of the gas surrounding

the black hole and P,.r is a reference pressure defined in Vogelsberger et al.
(2013, their equation 23).

6.2.4 Feedback energetics

The stellar feedback parametrisation is described in Pillepich et al. (2017b,
their section 2.3.2). The energy of the stellar feedback is given by their
equation 3, which can be rewritten as
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: SFR
Esteiar = 3.41 X 104lerg =/
Mg yr~1

) 1@, (6.6)

f(Z)=1+

1 +(Z/0.002)2 (6.7)

where Z is the metallicity (metal mass fraction) and SFR the star formation
rate in a gas cell. With this parameterisation, f(Z) is usually close to unity,
but for very low metallicity it can increase up to a value of 4 to account for
reduced cooling losses in this regime, which happens preferentially at high
redshift for low-mass systems.

The maximum AGN feedback energy rate (i.e. not limited due to the
lower efficiencies at low surrounding densities) can be written as

. M
Eiherma =5.66 x 10% -1 , 6.8
thermal AGN ergs 5% 103 Mg yr-! (6.8)

: 43 -1 M
Emax.k[netic AGN = 5.66 x 10 ergs (69>

5x 1073 Mg yr-t’

where the different reference value for gas accretion compared to the star
formation rate in equation (6.6) is inspired by the black hole mass—stellar
bulge mass relation (Kormendy and Ho, 2013). Comparing equations (6.6)
and (6.8), it becomes clear that a system which is located on the black hole
mass — stellar bulge mass relation will have experienced significantly more
energy injection from AGN feedback than from stellar feedback (provided
the contribution from black hole seeds to the SMBH mass is subdominant).

However, this does not automatically imply that AGN feedback is the
dominant feedback channel in these galaxies, i.e. is mainly responsible for
regulating the star formation rate in these systems. The feedback efficiency
depends on the precise way the feedback energy is injected into the sur-
rounding medium (e.g. Rosdahl et al., 2017; Smith et al., 2017). In the
employed stellar feedback model, cells are attributed a probability (propor-
tional to the star formation rate) to launch a ‘wind particle’ with a given
velocity that is temporarily hydrodynamically decoupled. The particles re-
couple to the gas as soon as they reach a cell with a density lower than 0.05
times the star formation threshold (Springel and Hernquist, 2003; Pillepich
et al., 2017b). This means that the coupling of the stellar wind feedback
to the gas is slightly non-local and hence different from the AGN feedback,
which is directly injected to the surrounding gas cells. Therefore, relating
the energetics of the different feedback channels to their overall importance
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for galaxy formation requires a careful analysis of the simulation results and
is not possible from simple analytic considerations alone.

What is clear, however, is that the kinetic AGN feedback channel is sig-
nificantly more efficient than the thermal AGN feedback mode, which is one
of the key features of the employed AGN feedback implementation. Besides
the higher efficiency parameter in the kinetic mode (equations 6.8 and 6.9),
this is due to the fact that a pulsed injection of feedback energy (as used
in the kinetic mode) heats up the affected gas to higher temperatures and
consequently reduces the cooling losses compared to a continuous injection
(used in the thermal mode).

6.2.5 Definition of quenched galaxies

Throughout this paper, we analyse the main, central halos (excluding satel-
lites) of the TNG300 simulation, the largest volume simulation box of the
MustrisTNG project. We mainly focus on halos with redshift z = 0 stel-
lar masses (measured within twice the stellar half mass radius) larger than
10105 My, and use the relation

log SFRgpyis = —7.4485 + log M, x 0.7575 (6.10)

adopted from (Ellison et al., 2015), where SFR is the star formation rate in
Mg yr~! and M, the stellar mass within twice the stellar half mass radius in
Mg, to define the star forming main sequence (SFMS) at redshift z = 0. We
define quenched galaxies as systems with an instantaneous star formation
rate (measured from gas cells within the same radius) of at least 1 dex
below SFRspMms, independent of their redshift. We consider all systems
above this cut as star-forming. The use of the instantaneous star formation
rate measured from the star-forming gas cells (given as an output of the
model of Springel and Hernquist, 2003) is helpful for this study, as it just
depends on the present state of the gas in the galaxy and not on its history.
However, we also emphasize that this instantaneous star formation rate
is not an observable quantity and it can vary on rather short timescales,
which increases the scatter in its distribution function. Therefore, we leave a
detailed comparison to the numerous observations in this area (e.g. Noeske
et al., 2007; Rodighiero et al., 2011; Wuyts et al., 2011; Whitaker et al.,
2012; Speagle et al., 2014; Renzini and Peng, 2015; Schreiber et al., 2015;
Tasca et al., 2015) to future work, and use the star formation rate in this
paper only as a proxy for classifying a galaxy to be either in a quenched or
star-forming state.
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6.3 The galaxy population

Because of its large volume and high number of resolution elements, the
TNG300 simulation contains an unprecedented number of resolved galaxies
in a single hydrodynamic simulation, ranging from isolated Milky Way-sized
galaxies to massive brightest cluster galaxies. In particular, there are 19090
redshift z = 0 galaxies with a stellar mass larger than 10'%3 M. In this
paper, we focus mainly on these massive galaxies that host a supermassive
black hole and are significantly affected by its feedback energy. In partic-
ular, we want to answer the question how the massive end of the galaxy
population was driven off the SFMS and became quiescent, and how this
relates to observables of black hole activity.

6.3.1 Feedback at different galaxy masses

To understand the behaviour of galaxies of different masses in the simula-
tion, we first show the energetics of the gas phase of these systems. To this
end, we select central galaxies in different redshift z = 0 stellar mass bins
and trace back their main progenitor. Throughout this paper, we define
the stellar mass as the mass within twice the stellar half-mass radius. As
in previous work (e.g. Nelson et al., 2017; Genel et al., 2017), we use the
merger-tree algorithm described in Rodriguez-Gomez et al. (2015) to track
the central galaxies identified by the SUBFIND algorithm (Springel et al.,
2001a) to high redshift. In the following, we refer to a ‘galaxy’ as the sub-
halo identified by SUBFIND. We calculate the instantaneous cooling rate of
all non-star-forming cells in the galaxy' as well as the instantaneous feed-
back energy rates of stellar feedback, thermal AGN feedback and kinetic
AGN feedback in the respective subhalos. The stellar feedback is calcu-
lated via the star formation rate and gas metallicity on a cell-by-cell basis
using equation (6.6), and the AGN feedback energy by using the black hole
accretion rate and applying the appropriate formulae for either thermal or
kinetic feedback given in Section 6.2.3, using the most massive SMBH in
the subhalo (using all black holes in a subhalo instead does not change the
results). Note that an individual SMBH can only be in either of the two
modes, which means that the average, i.e. the sum over all active SMBH
divided by the total number of galaxies in this stellar mass bin, can sud-
denly drop to zero whenever the SMBHs in these subhalos are not in the
corresponding mode.

IThe thermodynamic state of all star forming cells is described by an ‘effective equa-
tion of state’ model (Springel and Hernquist, 2003), which makes it difficult to define an
unambiguous cooling rate for them.



100 CHAPTER 6. BLACK HOLE FEEDBACK IN SIMULATIONS

105 - 10° Mg, 10°-10°° My, 10°%- 10" My, 10 - 1017 M,

T

45 [ I T L T T L I T L — T T 1.3 &

o 10 = = cooling (non SF) SFR (right scale) 10 Z
‘71 104 F— stellar 1L 1L 1 4102 =
%:J === thermal AGN ?
& 10% p =—— kinctic AGN 4+ + —d 4100 %
=1 -
= 10 + £ B= 4100 2
3 104 = +== + S+ N0t E
g - ~ N 8
“ 1040 <:_§ h L | \ \ 1 1 A 11 1 |\. 10-2 =
0 1 2 4 8 0 1 2 4 8 0 1 2 4 8 0 1 2 4 8 4f5

redshift

10109 - 10" My, 10 - 10" My 10192102 My 102 - 1025 M,

10°
102
10!
10()

energy rate [erg s

1071

1072

star formation rate [Mg yr—!]

redshift

Figure 6.1: Average instantaneous feedback energy rates (thermal AGN
feedback in red, kinetic AGN feedback in blue, stellar feedback in green)
and non-star-forming gas cooling rate (dashed black) within each galaxy
as a function of redshift for central galaxies with different redshift z = 0
stellar mass. The yellow line indicates the star formation rate in Mg yr~!
(right scale). Independent of galaxy mass, stellar feedback always dominates
at high redshift, followed by thermal AGN feedback. In massive halos, the
kinetic AGN feedback takes over at late times, approximately compensating
the cooling losses and keeping the star formation rate low. The thin line
indicates the effective thermal AGN feedback energy rate (see text), which
is substantially lower than the nominal value, in particular in low-mass
systems. Note that there is an additional heating channel via gravitational
infall of gas, which we do not account for here.
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We show the redshift evolution of the average energy rates and the av-
erage star formation rate in the corresponding galaxies in Figure 6.1. For
galaxies of all masses, stellar feedback dominates at high redshift. For
the lowest mass bin shown here (108 — 10° M), stellar feedback (green
line) stays the dominant feedback channel until redshift z = 0, while in
the most massive galaxies, the thermal AGN feedback (red line) becomes
dominant over stellar feedback already at z = 6. Note that the stellar
feedback becomes sub-dominant in part because the AGN feedback reduces
star-formation, so one needs to be aware that the AGN feedback indirectly
reduces the stellar feedback energy. At low redshifts, the AGN feedback
energy dominates for all but the least massive galaxies shown here. We
emphasise, however, that this does not necessarily mean that it is the most
important feedback channel in these systems. In particular, in our model,
the stellar feedback energy, by construction, only couples to non-star form-
ing gas which has comparably low density and consequently low cooling
losses, while the thermal AGN feedback is continuously injected around the
SMBH. As the region around the SMBH can contain very dense, star form-
ing gas, large fractions of the injected feedback energy can be radiated away
immediately. We expect the kinetic AGN feedback to be less affected by
this effect due to the kinetic, pulsed injection of momentum, and therefore
to be more efficient than the thermal mode at equal energy rates.

The cooling rate in the non-star-forming phase (dashed black line) is of
the same order as the feedback energy of stellar and kinetic AGN feedback.
The thermal AGN feedback energy can significantly exceed this rate without
having any dramatic effect on the star formation rate (yellow line), indicat-
ing that large amounts of this energy are lost in the star forming gas phase.
To illustrate this point further, the thin red lines in Figure 6.1 show the
effective thermal AGN feedback energy rate. This quantity is calculated by
summing up the contribution of thermal AGN feedback of each individual
gas cell in the surroundings of a SMBH. We then subtract the cooling losses
if the gas cell is in the star-forming regime. If the cooling losses exceed the
feedback energy in a particular cell, its contribution to the feedback energy
neglected. This means that we only take the energy injection in gas cells
that are not in the star-forming regime in the subsequent timestep into ac-
count. The energy difference between the nominal and the effective thermal
AGN feedback is de facto never injected, as the respective gas cells stay on
the effective equation of state, thus have a pre-defined pressure given their
density. In this way, we obtain the actual thermal feedback energy that is
not immediately lost to cooling, which is a more realistic estimate of the
feedback energy from this channel.

Thus, thermal AGN feedback energy only becomes an important feed-
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back channel in galaxies with stellar masses of around 109 Mg. Wherever
the kinetic AGN feedback takes over, i.e. in galaxies more massive than
10105 My at low redshift, the star formation rate is significantly reduced
and the shape of the star formation rate curve no longer follows the cooling
curve, but is significantly suppressed. We now investigate how this suppres-
sion in star formation rate impacts the specific star formation rate — stellar
mass diagram and we examine on a galaxy-by-galaxy basis what triggers
the quenching initially.

6.3.2 Star formation in galaxies

Figure 6.2 shows the specific star formation rate (defined as the star for-
mation rate divided by the stellar mass) within twice the stellar half mass
radius as a function of stellar mass for all central galaxies in the simulation.
At redshift z = 0, there is a well-defined star forming population up to stellar
masses of around 5 x 1019 Mg, following the dashed line which denotes the
observed SFMS from Ellison et al. (2015). Starting at 3 x 10'° Mg, there is
a significant population of galaxies off the SFMS. The different panels show
the same range of specific star formation rate vs stellar mass at redshifts
z=4,2 1and 0. At redshift z = 4, the bulk of the galaxy population at
all masses is star-forming. At z = 2, a significant fraction of the high-mass
galaxies have already quenched, while the main sequence still shows a very
high level of specific star formation rate. This changes towards z = 1, where
the lower mass population also has a larger low specific star formation rate
tail, which is even more pronounced at z = 0.

The colour coding in this plot shows the fraction of systems that expe-
rienced a major merger ( > 1 : 4 in stellar mass ratio?) since redshift z = 4.
For the z = 0 massive galaxies, most systems experienced at least one ma-
jor merger. Looking at the onset of the population of quenched galaxies
at z = 2, however, a significant fraction of the quenched galaxies have not
undergone such a major merger, and no significant enhancement of mergers
can be seen in this population relative to the SFMS galaxies. This means,
in particular, that a large fraction of galaxies that are quenched by z = 2
did not undergo a major merger since z = 4, which indicates that a scenario
in which a system needs to undergo a gas-rich major merger leading to a
starburst in order to trigger subsequent quenching by AGN activity (Di
Matteo et al., 2005; Springel et al., 2005a; Hopkins et al., 2008b) does not

2We measure the merger masses as the stellar mass of the galaxy at the time of
maximum mass of the low-mass progenitor (see Rodriguez-Gomez et al., 2015).
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Figure 6.2: Specific star formation rate vs stellar mass in the TNG300
simulation. The contours indicate number density (the outermost contour
encloses a density of 107> comoving Mpc™3 dex™2, the other contours show
a density increase by 0.5 dex each) in this plane, the colours indicate the
fraction of systems in the corresponding bin which have had a major merger
(subhalo stellar mass ratio >1:4) since z = 4, i.e. within the past ~ 12.3
Gyr. The dashed line shows the star forming main sequence at z = 0,
adopted from Ellison et al. (2015). Most massive, quenched galaxies, have
undergone at least one major merger by z = 0. However, this is not the case
for quenched galaxies at higher redshift, where, e.g. at z = 2, only about
half of the quenched galaxies have undergone at least one major merger.
Therefore, major mergers cannot be the sole reason for quenching. The
grey lines indicate the selection for quenched massive central galaxies.
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Figure 6.3: Top panel: Distribution of the lookback time when the (last)
quenching happens for more than 17000 quenched central galaxies with
a redshift z = 0 stellar mass larger than 10> My and a star formation
rate at least 1 dex below the star forming main sequence. Bottom panel:
Distribution of time between last quenching and last major merger prior
to quenching (see text for precise definition). The scale of the histogram is
shown on the right axis, while the cumulative distribution function is shown
on the left axis.



6.3. THE GALAXY POPULATION 105

apply to all quenched galaxies in IllustrisTNG (but it might still do to a
sub-population).

To investigate this further, we select all central galaxies more massive
than 100> Mg in stars and that are at least 1 dex below the SFMS (equa-
tion 6.10) at redshift z = 0. Because of the large volume of the simulation,
we find more than 17000 such systems. After tracing the main progenitor
branch back in time, we define the (last) time of quenching as the snapshot
after they were located above this selection threshold for the last time3.
The distribution function of the quenching times is shown in the top panel
of Figure 6.3. We then identify major mergers prior to the time of quench-
ing and measure the time between the last merger and the quenching. The
resulting distribution function of this time difference is shown in Figure 6.3,
bottom panel. We note that we perform this analysis in post-processing on
100 snapshots which are roughly equally spaced in scalefactor, which gives
a time-resolution of around 200 Myr at low redshift. In practice, we also
include mergers that, according to the merger-tree algorithm, happen up to
2 Gyr after quenching, as these not yet merged galaxies might have tidal
interactions with the host, which can cause AGN activity. Increasing this
time does not change the result. There is an excess of systems that had
experienced a recent merger prior to quenching, but, more significantly, a
tail which extends all the way to 12 Gyrs. This means that for the majority
of the quenched galaxies in lllustrisTNG, we cannot relate their quenching
to a particular major merger event.

To determine what happens during quenching, we use the identified
quenching events and evaluate the time-averaged AGN feedback energy in-
jection during the period in which the galaxies transition to the quenched
population. Technically, we derive this quantity by using the cumulative
energy injected in the thermal and in the kinetic AGN mode (these are kept
track of in the simulation and are part of the output for every SMBH) from
all SMBHs in a given galaxy at the snapshot directly after quenching. We
then use the SMBH merger tree to identify all progenitors of those SMBHs
in the last snapshot where the host galaxy was still star forming, i.e. the
star formation rate was larger than 0.1 times the corresponding observed
z = 0 SFMS value (equation 6.10), and subtract the cumulative energy up
to this snapshot from the final one. We then divide the remaining energy
differences by the time elapsed between the two snapshots (typically around
200 Myr), and therefore get an average feedback energy rate.

We plot the cumulative distribution function (CDF) of this average feed-
back rate, i.e. the fraction of systems with a feedback energy lower than

3The precise value of the threshold does not change the conclusions drawn here.
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Figure 6.4: Cumulative distribution function of the average energy in-
jected between the last snapshot when galaxies are found above 0.1 times
the SFMS and the first time below this threshold. We consider the same
galaxies here as in Figure 6.3. Note that the spacing between two snapshot
outputs is around 200 Myr. The dashed and dash-dotted lines measure the
same quantity for a sample of quiescent and star forming galaxies, respec-
tively, with the same distribution in redshift as the quenching events.

the given value, both for the thermal (solid red line) and kinetic (solid blue
line) modes, in Figure 6.4. From this figure, it becomes clear that more than
90% had an average kinetic AGN feedback energy larger than 10> ergs™!,
whereas more than 50% of the galaxies had an average thermal feedback
energy of less than 10*0 ergs™'. We speculate that the 1 — 2% of galaxies
without significant kinetic feedback are redshift z = 0 central galaxies that
were satellites at quenching, but leave an explicit confirmation of this to
future work.

Additionally, we select a sample of star forming and a sample of quenched
galaxies with the same redshift z = 0 mass cut and the same redshift distri-
bution, and compare the feedback energy during star forming (dash-dotted)
and quiescent (dashed) phases. The comparison shows that galaxies that are
quenching have a higher kinetic AGN feedback rate than quiescent systems
(except for a very small sub-population, which likely originates in an im-
plicit mass-selection effect when selecting for quiescent galaxies), and that
kinetic AGN feedback is energetically unimportant for more than half of the



6.4. THE CONNECTION TO THE BLACK HOLE POPULATION 107

star-forming systems even in these high mass systems (> 10193 My). We
therefore conclude that kinetic mode AGN feedback causes the quenching
(as well as quiescence) of massive central galaxies in IllustrisTNG.

By construction, it becomes easier for the AGN to enter the kinetic mode
once the SMBHs are massive (around 10® M) and have a low accretion rate
relative to the Eddington limit (Weinberger et al., 2017a). To study the
connection between quenching and the supermassive black hole mass, we
plot the star formation efficiency (SFE), defined as the star formation rate
divided by the gas mass in twice the stellar half mass radius, as a function
of black hole mass. We bin the distribution, colour-coded by average stellar
over black hole mass, in the top panel of Figure 6.5. In case there is more
than one black hole in the galaxy, we use the mass of the most massive one.
The grey line indicates the average star formation efficiency.

There is a sharp increase in the SFE with stellar mass for galaxies with
black holes with a mass close to the seed mass, as well as a steep drop above
~ 2 x 108 Mg. At these high masses, there is also a significant number of
galaxies with zero star formation rate which do not enter this plot. We
note, however, that there are also individual systems that have a SFE of
around 10719 y7 =1 Apart from the highest SFE values at black hole masses
of around 107> Mg, which seem to have a particularly low-mass black hole
for their stellar mass, there is no significant trend of SFE with stellar mass
in this plot. The ratio of stellar mass over black hole mass has a noticeable
drop at around 107 Mg, with significantly under-massive SMBH at lower
black hole masses due to a delayed growth of SMBHs after seeding, and a
roughly constant stellar mass to black hole mass ratio of ~ 200 at higher
SMBH masses, which will be discussed in the next section.

Looking at the black hole mass — stellar mass plane in Figure 6.5 (bot-
tom panel, colour-coded by the average of the star-formation efficiency),
it becomes clear that the change in star formation efficiency at black hole
masses of a few times 108 Mg, is even more significant for systems with over-
massive black holes and stellar masses around 10'%> Mg, manifesting itself
in a population with zero mean star formation rate (within the contours
but no colour-coding).

6.4 The connection to the black hole
population

In general, the black hole mass — stellar mass relation (Figure 6.5, bottom
panel) agrees well with observational data from Savorgnan et al. (2016), in
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Figure 6.5: Top panel: 2d histogram of star formation efficiency, defined
as the star formation rate divided by the gas mass within twice the stellar
half mass radius, vs black hole mass, colour coded by average stellar over
black hole mass. The solid grey line shows the average. Bottom panel: Black
hole masses vs stellar mass colour coded by the star formation efficiency.
The solid grey line shows the median. The symbols with errorbars are
observational data taken from Savorgnan et al. (2016).
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the sense that the observational data could be drawn as a subset of the
simulated objects. We note, however, that due to a lack of resolution we do
not perform a decomposition of each galaxy to derive a mass for the bulge
component in our simulation data. This aspect, as well as the resolution
dependence of both stellar (e.g. Weinberger et al., 2017a, their Appendix B)
and black hole mass (Section 6.6), leads to some uncertainties in the theo-
retical prediction. The scatter in the simulation prediction is smaller than
in the observational sample, which is a generic feature of many simulation
models (e.g. Volonteri et al., 2016, their Section 3.3 and references therein).
To quantify our comparison of the scatter, we added Gaussian random noise
with a standard deviation equal to the average measurement errors of Sa-
vorgnan et al. (2016) to the simulation data (all in log-space), and measured
the root mean square distance from the mean of the logarithm of the black
hole mass over stellar mass fraction in stellar mass bins of 1 dex width
(ranging from 10° Mg to 10'> My). The resulting scatter is around 0.4 dex
at 10%° Mg and 0.3 dex at 101> Mg. This is significantly smaller than in
the observations (0.7 dex and 0.4 dex, for 10°> Mg and 10''5 Mg, respec-
tively). On top of this, the fact that the observational sample is highly
biased means that the discrepancy is probably even more severe, because it
is hard to imagine how the complete sample could have a smaller dispersion
than a specific sub-selection (see e.g. Reines and Volonteri, 2015).

Another interesting prediction of the simulation is that there are no
significantly over-massive black holes (more than ~ 0.5 dex above the me-
dian). A few such systems do exist in the simulation, but they are all
satellite galaxies, which are excluded from the plot shown here (see also
Barber et al., 2016; Volonteri et al., 2016). We now focus on the question
why this is the case, or conversely, why there are no massive central galaxies
that have over-massive black holes. It turns out that this question is inti-
mately linked to how black holes grow and how this relation gets established
in the first place.

6.4.1 The black hole mass growth

Figure 6.6 shows the overall contribution of accretion in thermal (red) and
kinetic mode (blue), as well as the contribution of SMBH seeds to the final
black hole mass. The latter is also a measure for the number of mergers
of the SMBH and all its progenitors, which increases from an average of
1 for black holes less massive than 10’ Mg to more than 1000 for the
most massive black holes in the simulation (> 10'° Mg). Consequently,
the seed mass contribution of the most massive black holes reaches about
10%. Apart from the least massive black holes, accretion in the thermal
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Figure 6.6: Fraction of mass growth of all progenitors of a redshift zero
SMBH via different channels as a function of their redshift z = 0 mass.
The solid lines show the averages, the shaded regions the 10th and 90th
percentiles. Red and blue lines denote the growth in thermal and kinetic
mode, respectively, and the black line indicates the contribution of seed
masses to the final black hole mass. Note that the three lines add up to
unity by construction. The intersection of the black lines with the dashed,
dash-dotted and dotted lines gives the number of mergers the black hole
and all its progenitors experienced. The mass growth is dominated by the
thermal mode, with a 10 percent contribution from black hole seeds. Mass
growth in the kinetic mode never contributes more than a few percent of a
SMBH’s mass.

mode always dominates the mass growth of black holes, while growth in the
kinetic mode is completely subdominant at all masses.

Note however that Figure 6.6 does not distinguish whether the mass
growth in the thermal mode was taking place in-situ or by merging with
lower mass SMBHs, which themselves grew via accretion in the thermal
mode (the number of progenitors for high-mass black holes shows that the
latter scenario is plausible for them). To investigate this in detail, we plot
the instantaneous accretion rates in the thermal and kinetic modes as well
as the mass accretion rate through SMBH merging as a function of red-
shift and for SMBHs with different final masses in Figure 6.7. Note that,
here, we do not use the subhalo merger tree, but rather the merger tree of
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Figure 6.7: Mean mass growth history of SMBHs of different final masses,
split up by gas accretion in thermal (red) and kinetic (blue) feedback mode,
as well as via mergers with lower-mass SMBHs (solid black). The more
massive progenitor in a SMBH merger defines the main branch of a SMBH,
while the less massive SMBH contributes to the merger (solid black) line.
The dashed black lines indicate the average mass of the SMBHs at a given
redshift. Low mass black holes grow via accretion in the thermal mode,
while high mass black holes have a rapid accretion phase at high redshift,
until they reach a mass of ~ 108> My, and build up most of their mass via
mergers at later times.

the SMBHs themselves. For every binary BH merger, we define the more
massive progenitor as the main branch, while the less massive progenitor is
considered to be a contribution to the mass growth via merging. We use
this tree because it is, unlike the galaxy merger tree, unambiguous and does
not require additional definitions apart from the one just stated (all SMBH
mergers and masses at the time of merging of the two SMBHs involved
are part of the simulation output). Additionally, we show the average black
hole mass as a function of redshift (black dashed line, right scale) in Fig. 6.6
to emphasize the relative importance of different redshifts.

Low mass SMBHs are at all times dominated by the growth via accretion
in the thermal mode, with mergers being a second, sub-dominant channel
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of growth. For SMBHs more massive than 103> Mg, however, the growth in
the thermal mode gets increasingly suppressed as more and more SMBHs
switch to the kinetic mode. The accretion rate in the kinetic mode is always
subdominant, however, even with respect to the growth by mergers. Thus,
switching to kinetic mode implies that the mass growth starts to become
entirely dominated by mergers, because the in-situ growth via gas accretion
is reduced by up to two orders of magnitude.

We therefore conclude that SMBHs more massive than 108> Mg grow
most of their mass via mergers with lower mass black holes. The trend
that mergers become more important for the mass growth of SMBHs is in
qualitative agreement with other work (Fanidakis et al., 2011; Dubois et al.,
2014), however, it is significantly more pronounced in IllustrisTNG. This is
likely caused by the very efficient feedback in our simulations, and not due
to more frequent mergers per se, which is discussed further in Section 6.5.

A second, interesting aspect is the average accretion rate in the kinetic
mode. For SMBHs less massive than 10° Mg, it reaches at most M =
1073 Mg yr~!. As the accretion rate translates to a bolometric luminosity

of
M

Lbot ~ 1.4 x 10%erg s ———
bo! &% 103 Mg yr!

(6.11)

assuming a radiative efficiency of 0.2 (which is highly optimistic for a SMBH
accreting at low Eddington ratios), and keeping in mind that the number
density of SMBHs drops steeply for SMBHs more massive than 108> Mg
(not shown here), it becomes clear that AGN in the kinetic mode are not
expected to play a significant role in the quasar luminosity function, i.e. the
quasar luminosity function only probes the growth in the thermal mode.

6.4.2 The quasar luminosity function

The bolometric quasar luminosity function (QLF) encodes information about
the instantaneous state of accretion of the SMBH population, however, in
practice it just probes the most luminous black holes. In Figure 6.8, we
show the QLF at different redshifts (blue line). We also show the con-
tribution from SMBHs in different mass bins to facilitate the theoretical
interpretation. We calculate the bolometric luminosity as

€ Mc? for M >0.1 MEdd,

L= o \2 . .
(10 ML) 0.1 Lggy for M < 0.1 Mgy,
Edd

(6.12)
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Figure 6.8: Quasar luminosity function at different redshifts (blue) as well
as the contribution from SMBHs in different mass bins. The numbers in the
legend signify the log(MSMBHMg)I) limits of the respective mass bin. The
dotted vertical lines show the Eddington luminosity of black holes in the
respective mass bin. We also show observational fits from Hopkins et al.
(2007, Hop07), Ueda et al. (2014, Ued14) and Lacy et al. (2015, Lac15).
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assuming a decreasing radiative efficiency at low accretion rates relative to
the Eddington limit (Churazov et al., 2005; Hirschmann et al., 2014). At
high accretion rates, €, = 0.2, consistent with the parameters used in the
simulation. We do not model effects of obscuration, but present the QLF
as a theoretical prediction of the simulation.

At low redshifts, up to z = 2, the QLF is in good agreement with the
observational fit from Lacy et al. (2015), overshooting at around 10* erg s~!
relative to Hopkins et al. (2007); Ueda et al. (2014). We note however that
the exact number of Compton-thick AGN at low luminosities is uncertain
(Buchner et al., 2015), thus the observational uncertainties in this regime are
substantial. An additional theoretical caveat for the low-luminosity end of
the QLF is that it depends significantly on the assumed radiative efficiency
at low Eddington ratios (Hirschmann et al., 2014), which might be a more
complicated relation than the one assumed here (Sadowski and Gaspari,
2017). Note that the conversion to bolometric luminosity used here, in
particular the cut at 0.1 times the Eddington accretion rate is different from
the cut used to separate the thermal from the kinetic feedback mode. It
assumes that the radiative efficiency of SMBHs in the thermal mode that are
accreting with lower rates than 0.1 times the Eddington limit is lower than
the value we use in the simulation. We note, however, that even assuming
a constant radiative efficiency of 0.2 for all SMBHs, which is clearly an
upper limit, only affects the low luminosity end of the QLF but does not
change the high luminosity regime. Keeping all the uncertainties in mind,
we conclude that the simulation is in good agreement with observations at
low redshift.

At high redshift, z > 3, the simulation over-predicts the QLF with
respect to observations (Hopkins et al., 2007; Ueda et al., 2014) also at
the high luminosity end. We note in particular that we compare to the
results from the TNG300 simulation here, i.e. the largest volume Illus-
trisTNG model, because it is the only volume that probes the very rare,
high-luminosity AGN. The resolution convergence of the high redshift QLF
is relatively poor, with higher resolution simulations generally yielding a
higher number density at fixed bolometric luminosity due to their better
tracking of faster accreting black holes. This means that the discrepancy
between simulation and observation at high redshift is likely alleviated by
numerical resolution effects. We discuss the resolution dependence of the
SMBH growth in more detail in Section 6.6.

All in all, we find that the number of luminous quasars is significantly
higher in [lustrisTNG than in the Illustris simulation (Sijacki et al., 2015),
in particular at bolometric luminosities between 10* and 10* erg s~!. Fu-
ture observations will need to answer the question whether IlustrisTNG
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over-predicts the number of quasars in this luminosity range also at low red-
shifts, or whether the low-luminosity end of the real QLF is indeed steeper
than originally inferred. Obtaining an answer to these questions will give
significant constraints on SMBH seed formation and the growth of SMBHs
in the low-mass regime.

To investigate the origin of the discrepancy at the high luminosity end
of the high redshift QLF, we plot the contribution of SMBHs with different
masses to the QLF, as well as the corresponding Eddington luminosities
(vertical lines). As already indicated in the previous section, black holes
more massive than 10° Mg are unimportant for the QLF. The large number
of high-luminosity SMBHs at z = 3 and z = 4 are caused by SMBHs between
107 Mg and 10° Mg, accreting at a significant fraction of the Eddington
accretion rate. We confirm this with Figure 6.9, in which we show the
median (solid blue) and 10th and 90th percentiles (shaded blue) of the
Eddington ratio distribution vs bolometric luminosity. The grey regions
show the area of the parameter space that is not allowed by our model. More
than half of the SMBHs at z = 4 that are more luminous than 10% erg s~!
are experiencing Eddington-limited accretion. The only parameter that
enters the Eddington luminosity is the mass of the SMBH, in particular,
it is independent of the radiative efficiency. Therefore, a large number
of luminous SMBHs at high redshift indicates a large number of massive
SMBHs at high redshift, and an overall too early build-up of massive SMBHs
at high redshift.

Comparing the Eddington ratio distribution in Figure 6.9 with the lines
of equal SMBH mass (black dashed, dash-dotted and dotted lines) shows
which black holes impact different regimes of the QLF. While the high
luminosity end is always dominated by black holes with masses of about
108> Mg, the low luminosity end is dominated by SMBHs close to the
seed mass at high redshift, and by SMBHs between 10’ Mg and 103 Mg
at redshift zero. This trend shows that the choice of comparably massive
SMBH seeds within the model causes accretion at considerable rates after
seeding in particular at high redshift, which is different compared to the
scenario described in Bower et al. (2017).

6.5 Black hole merger rates

As shown in Figures 6.6 and 6.7, mergers of SMBHs are important for their
mass growth at the high mass end. We quantify the SMBH merger rates for
different massive progenitors and at different redshifts in Figure 6.10. The
top panel shows the SMBH merger event rates, which is also a prediction
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Figure 6.10: SMBH merger rates at different redshifts, event rate (top
panel) and the average rate per SMBH (bottom panel). The rate per SMBH
is calculated using the merger rate divided by the arithmetic mean of the
mass functions at the start and end of the redshift interval. Overall, the
merger rates are only mildly evolving, with slightly more frequent low-mass
mergers at high redshift, but fewer high-mass mergers. Even though the
event rate of high mass SMBH mergers is low, the rate per SMBH is very
high.
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for gravitational wave events. We note that the simulation uses an instan-
taneous merger approach, i.e. time delays between a galaxy merger and the
merger of the associated SMBH pair are not modelled here and are assumed
to be negligibly short. To predict the inspiral time accurately, higher res-
olution simulations with explicit dynamical friction treatments (Tremmel
et al., 2017a) or more sophisticated post-processing analysis (Kelley et al.,
2017a,b) would have to be employed. However, due to the remarkably con-
stant event rate in different redshift bins, this is likely not going to alter
the global event rate in a significant way.

In total, there are around 740000 SMBH merger events in the TNG300
simulation, which corresponds to a merger density of 2.7 x 1072 Mpc™3
and an average event rate of 1.9 x 1073 Mpc™ Gyr~!. We note that this is
about a factor of two smaller than in the 100 Mpc EAGLE simulation, which
contains ~ 55000 SMBH mergers (Salcido et al., 2016). This difference can
be explained by the seeding of less massive halos with lower mass SMBH in
the EAGLE simulation (Schaye et al., 2015) and the resulting larger number
of SMBHs.

Comparing the merger rates in Figure 6.10 with Salcido et al. (2016,
their Figure 4), it is obvious that IllustrisTNG, unlike EAGLE, does not
predict an excess of mergers of seed mass black holes with each other. In
MustrisTNG the merger growth is more evenly distributed, indicating that
SMBH seeds do not have a delayed growth compared to their host systems,
unlike in EAGLE. These differences in merger rates at black hole masses
up to 107> Mgimply that future space-based gravitational wave detectors
such as elisa (Amaro-Seoane et al., 2012) will be able to differentiate be-
tween different models for the SMBH growth. The need for observational
constraints on this quantity can also be appreciated when comparing our
inferred SMBH merger rate with the prediction of the formation rate of
SMBH pairs from Tremmel et al. (2017a), which is 1.3 x 1072 Mpc™3 Gyr~!
and therefore almost an order of magnitude larger than our prediction.
These large discrepancies are due to the significant uncertainties about the
environment in which SMBHs can form, and due to the different approaches
for seeding that are adopted in different models.

The lower panel of Figure 6.10 shows the merger rate divided by the
SMBH mass function of the more massive progenitor (calculated as the
mean of the mass functions at the start and end point of a given redshift
interval). Thus, this figure shows the average SMBH merger rate for SMBHs
with a given mass. We emphasize in particular that the merger rate at the
high-mass end can be quite substantial, in particular due to the contribution
of mergers with small mass ratios. This means that, depending on inspiral
time, high-mass SMBHs might commonly occur in binaries.
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6.6 Resolution dependence

The predictive power of the SMBH demographics in cosmological simu-
lations is mostly limited by the fact that they cannot model gas accretion
from first principles. Consequently, sub-resolution models that estimate the
accretion rate using gas properties at resolved scales need to be employed.
The main problem with this approach is that the gas properties around
a SMBH, i.e. in the centre of a halo, are resolution dependent. Usually,
higher densities are reached with increased resolution due to a finer sam-
pling of the potential minimum. As a result, the estimated mass growth
rate for SMBHs also increases with resolution, which leads to a more rapid
growth at higher resolution. In the Bondi-Hoyle formula for the accretion
rate, which is adopted in our simulations, the mass accretion rate depends
on the square of the black hole mass. This means that the black hole
masses of high- and low-resolution simulations will diverge with time, even
in logarithmic space. This diverging behaviour can be seen not just in the
time-evolution, but also in the black hole mass—total mass and the black
hole accretion rate-total mass relations, which are shown in Figure 6.11 for
different redshifts. Because a black hole is seeded at a fixed halo mass, the
halo mass can be considered as a measure of the evolutionary stage of a
SMBH. The masses differ significantly in the different resolution runs at
intermediate halo masses, due to the effect described above.

The diverging of black hole masses is however stopped by the fact that
systems will become self-regulated at a black hole mass determined by global
halo and galaxy properties. This means that once this regime is reached, the
black hole masses in low- and high-resolution simulations tend to converge
again to a common final value. We emphasize that the black hole masses
for which the resolution effect is strongest corresponds to the regime of
SMBHs that contribute to the high luminosity end of the quasar luminosity
function (Figure 6.8). Therefore, we caution to over-interpret the results on
the QLF, as the theoretical uncertainties are substantial.

6.7 Discussion

It is a widely held conjecture that the inefficiency of star formation in high
mass galaxies is caused by feedback from AGN. We show in Figure 6.1 that
this is indeed the case in the HlustrisTNG simulations, where kinetic AGN
feedback provides a sufficient amount of energy to balance the cooling losses
of the surrounding gas and thereby maintains low star formation rates.
However, this does not answer the question what triggers this low star
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Figure 6.11: Resolution study with the TNGI100 (high resolution),
TNG300 (intermediate resolution, used in the main study) and TNG300-2
(low resolution) simulations. Top panel: Median SMBH mass as a function
of host halo mass for simulations of different resolution at different redshifts.
Bottom panel: Median SMBH accretion rate vs host galaxy mass. The host
halo mass is a well-converged quantity, which means that the discrepancy

of the simulations with different resolutions is due to the resolution depen-
dence of the SMBH model.
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formation rate in the first place and steers galaxies off the star forming main
sequence, as shown in Figure 6.2. There have been a number of simulations
showing that gas rich major mergers are able to drive gas to the galactic
center (Hernquist, 1989) and trigger both, a starburst and AGN quasar
activity that subsequently quenches the galaxy (see e.g. Springel et al.,
2005a; Di Matteo et al., 2005; Hopkins et al., 2008a; Debuhr et al., 2012;
Pontzen et al., 2017). However, there is no definite agreement whether this
scenario is responsible for the majority of quenching events (e.g. Wurster
and Thacker, 2013; Roos et al., 2015; Sparre and Springel, 2017). In Illus-
trisTNG, the key factor for quenching is the mass of the SMBH (Figure 6.5)
and the associated energy from kinetic AGN feedback (Figure 6.4). This
leaves us with a large population (> 60%) of galaxies that are quenched
unrelated to a major merger (Figure 6.3). We note that there is an increase
in quenching events that have a preceding major merger, however, it is not
clear whether this is due to an increased SMBH mass growth during this
merger, or whether there is a sub-population that quenches via quasar ac-
tivity and switches to the kinetic mode as a consequence. In this sense,
our findings do not contradict the studies of isolated systems that see this
happening, but in [ustrisTNG this quenching path appears subdominant,
which is also in agreement with recent observational findings (Weigel et al.,
2017a).

The SMBH model in IllustrisTNG reproduces the black hole mass—
stellar mass relation (Figure 6.5) and does so for the following reason:
low-mass SMBHs grow mainly via thermal mode accretion (Figure 6.7),
with their growth being stopped on the power-law relation due to their own
feedback. The kinetic feedback mode becomes important for more massive
SMBH, at masses of around 10® My and beyond. It not only shuts off star
formation, but also lowers the accretion rate by several orders of magnitude
(Figure 6.7 and Weinberger et al., 2017a, their Fig. 6). Indeed, it lowers the
accretion rate by a large enough amount that mergers of SMBHs become
the dominant growth channel from this mass onwards. It has been shown
(Peng, 2007; Jahnke and Maccio, 2011) that hierarchical merging of galaxies
and their SMBHs naturally causes a correlation close to the observed black
hole mass—stellar mass relation, so this “dry merging” of massive black holes
tends to maintain the (already established) relation. We note that this be-
haviour is in agreement with the scenario proposed by Graham and Scott
(2013). However, the scatter in the black hole mass—stellar mass relation is
smaller than in the observations and cannot be explained by the measure-
ment errors alone.

The low accretion rates in the kinetic mode imply that SMBHs in this
mode do not affect the bolometric quasar luminosity function (Figure 6.8).
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Instead, the QLF probes SMBHs radiating at their Eddington luminosity
at high redshift and SMBHs between 107 and 103> Mg at lower redshift
(Figure 6.9). Generally, we reproduce the low redshift QLF, which implies
that the transition to a kinetic mode (for which black holes ‘vanish’ from the
QLF) is allowed by the observations of the QLF. At the high redshift regime,
we over-predict the number of luminous SMBHs. One might argue that the
employed radiative efficiency of €, = 0.2 is rather large, and a smaller value
might lower the instantaneous luminosity. However, lowering this value self-
consistently in the simulation would also lead to a more rapid mass growth
(Weinberger et al., 2017a, their Figure 13), and consequently to an even
stronger discrepancy at slightly lower redshift (as more massive black holes
in general accrete at larger rates, given the same external conditions).

A more likely explanation lies in an over-efficient early growth of the
SMBHs, which might happen for a variety of reasons. One possibility is that
the seeding of SMBHs happens too early and/or with too massive seeds,
thereby boosting the early growth of SMBHs. An alternative solution is
that some other mechanism delays the growth of low-mass SMBHs. Fig-
ure 6.1 shows that at early times, stellar feedback is energetically dominant.
It has been shown in a number of studies (Dubois et al., 2014; Volonteri
et al., 2016; Anglés-Alcézar et al., 2017b; Habouzit et al., 2017) that stellar
feedback can have a large impact on the accretion rates of SMBHs. Thus,
more efficient, local coupling of the stellar feedback energy at early times
could delay the SMBH growth by the necessary amount and thereby lower
the predicted QLF to the observed one. This possibility is in particular
interesting because Grand et al. (2017) (using a similar, but not identical
model) calls for an increased early stellar feedback for a completely dif-
ferent reason, namely to reduce bulge-formation at high redshift in Milky
Way-sized galaxies.

The SMBH model in IllustrisTNG has been changed substantially com-
pared to the one used in Illustris. In particular, SMBHs are seeded at
higher masses, the ‘boost factor’ in the accretion formula is abandoned,
and, via a BH mass dependent threshold, it becomes more difficult for low-
mass SMBHs to enter the low accretion state. All these changes affect the
growth of SMBHs substantially, thus it is not surprising that the resulting
QLF is different. In fact, SMBHs contribute to it very differently in Illus-
trisTNG compared to Ilustris (Sijacki et al., 2015). Overall, we consider
the results of our comparison of the IllustrisTNG predictions for SMBHs
with observations of AGN encouraging. The discrepancies we found at high
redshift can help to refine the model once more detailed comparisons with
observational data have been carried out, for example of the observed dis-
tributions of Eddington ratios, the occupation fractions and of the quasar
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clustering.

6.8 Conclusion

The IustrisTNG simulations reproduce a wide range of observations (Genel
et al., 2017; Marinacci et al., 2017; Naiman et al., 2017; Nelson et al., 2017;
Pillepich et al., 2017a; Springel et al., 2017; Vogelsberger et al., 2017) and
arguably represent the currently best model for galaxy formation physics in
hydrodynamical simulations of cosmological volumes. We here studied the
relative importance of stellar and AGN feedback channels in IlustrisTNG
as a function of galaxy mass and redshift. At high redshifts, stellar feedback
dominates the energy release in all galaxies. At lower redshifts, depending
on galaxy mass, thermal AGN feedback takes over and becomes dominant.
While the energy injected via thermal AGN feedback is formally remarkably
high, only a small fraction of the energy actually acts onto the host galaxies,
whereas large parts are immediately lost due to the large cooling rates of
the gas surrounding the SMBHs, reducing the efficiency of this feedback
channel. For massive galaxies with a redshift z = 0 stellar mass larger
than 10'%5 Mg, kinetic AGN feedback takes over at late times, which is
coincident with quenching of the host galaxies and keeping them in a state
of inefficient star formation.

Alongside with quenching, the kinetic feedback also self-regulates and
equilibrates at accretion rates that are orders of magnitude below the av-
erage mass growth rate of mergers. This means that high mass SMBHs
are formed predominantly via mergers of lower mass SMBHs. This leads
to a buildup of the black hole mass — stellar mass relation according to the
scenario outlined in Graham and Scott (2013).

Another consequence of this behaviour is that the bolometric quasar lu-
minosity function only probes black holes in the thermal mode, i.e. SMBHs
less massive than 108 Mg. In general, SMBHs in IllustrisTNG seem to
grow too fast at high redshift which might have a number of reasons. One
mechanism that could alleviate this discrepancy would be a more efficient
(or possibly additional e.g. Stinson et al. 2013; Hopkins et al. 2017) stellar
feedback channel at high redshift, as proposed by Grand et al. (2017) for an
entirely independent reason. Another would be to consider smaller SMBH
seed masses, which would slow their high redshift growth substantially due
to the sensitive dependence of the Bondi growth time on the black hole
mass.

Finally, we note that another important consequence of our two mode
model of thermal and kinetic feedback, as described in Weinberger et al.
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(2017a), is a partial decoupling of both the AGN luminosity and events that
might trigger AGN activity (such as mergers) from the quenching of massive
central galaxies. This leads to a scenario that may make it observationally
very difficult to establish a simple AGN—galaxy quenching connection. We
showed in this paper how such a model behaves in a cosmological frame-
work. A collection of other works has compared different aspects of the
[MustrisTNG simulations with observational data, showing that it — as far
as we tested so far — represents a viable scenario for galaxy formation. One
critical ingredient of this model is a mass dependent switch in feedback
mode at SMBH masses of around 108 Mg, which is so-far only poorly mo-
tivated. Investigating possible physical explanations why such a change
of modes exists will therefore be a particularly interesting topic of future
research.
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Modelling black hole driven jets

Having investigated the effect of AGN feedback in a statistical sense on the
galaxy population, it is now instructive to focus on the detailed interaction
mechanisms at work in individual systems. In the following, I study the
interaction of AGN jets on the surroundings in an idealized galaxy clus-
ter environment. This work is published in Monthly Notices of the Royal
Astronomical Society, Volume 470, Issue 4, p.4530-4546.

7.1 Introduction

The short cooling times in galaxy clusters, combined with the paucity of cold
gas and star formation (e.g. Fabian, 1994; Peterson and Fabian, 2006, and
references therein), suggest the presence of a central heating source. The
energy from jets driven by the central supermassive black hole (SMBH)
is widely considered to be a promising candidate to balance the cooling
losses (Quilis et al., 2001; McNamara and Nulsen, 2007, 2012). This is
observationally supported by the fact that most galaxy clusters with short
cooling times show signatures of jet activity, and their jet power correlates
with the cooling rate (Birzan et al., 2004; Dunn and Fabian, 2006; Fabian,
2012).

Yet, how the highly collimated jets distribute energy in a volume-filling
fashion to the cluster gas still remains a topic of debate. Suggested mech-
anisms include heating by weak shocks and sound waves (e.g. Ruszkowski
et al., 2004; Li et al., 2016; Fabian et al., 2017), mixing of the lobe with
surrounding material (Hillel and Soker, 2016), cosmic rays (Loewenstein
et al.,; 1991; Guo and Oh, 2008; Enflin et al., 2011; Fujita and Ohira, 2011;
Pfrommer, 2013; Jacob and Pfrommer, 2017a,b; Ruszkowski et al., 2017),
turbulent dissipation (Fujita, 2005; Enfllin and Vogt, 2006; Kunz et al., 2011;
Zhuravleva et al., 2014), and mixing by turbulence (Kim and Narayan, 2003;
Ruszkowski and Oh, 2011) which may be promoted by anisotropic thermal
conduction (Kannan et al., 2017). Recent X-ray spectroscopic observations
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of the Perseus cluster (Hitomi Collaboration, 2016) however indicate that
turbulence is unlikely to distribute the energy in a volume filling fashion
if it is generated close to the lobe, because it would then dissipate on a
much shorter timescale than needed to advect the energy to the cooling gas
(Fabian et al., 2017).

An important aspect of the jet—intra-cluster medium (ICM) interaction
is the dynamics and lifetime of the jet-inflated cavities. To quantify this,
a number of idealised simulations have been carried out, typically starting
with idealised under-dense structures. Churazov et al. (2001) performed
such hydrodynamical simulations in 2D to explain the observed X-ray and
radio morphology in M87. Briiggen and Kaiser (2001) and Briiggen et al.
(2002) present a generalised study of hydrodynamical and magnetohydro-
dynamical simulations of buoyant cavities of different shapes. One result of
their work is that the cavities need to have some favoured direction initially
to rise buoyantly without being disrupted by Rayleigh-Taylor instabilities.
Reynolds et al. (2005) find that buoyant cavities in idealised 3D hydrody-
namical simulations get disrupted quickly by emerging Rayleigh-Taylor and
Kelvin-Helmholtz instabilities, which, however, can be prevented assuming
a non-negligible amount of shear viscosity. Sijacki and Springel (2006) come
to a similar conclusion using smoothed particle hydrodynamics simulations
with physical viscosity. External magnetic fields could in principle have a
similar effect (Ruszkowski et al., 2007; Dursi and Pfrommer, 2008).

More recently, a number of studies have been published on the effi-
ciency of different coupling mechanisms. Reynolds et al. (2015) show in
an idealised simulation that the turbulent driving via explosively injected,
buoyantly rising bubbles is not efficient enough to balance cooling losses
via turbulent dissipation. Hillel and Soker (2016, 2017) find in simulations
of jet-inflated lobes that turbulent mixing is the main energy distribution
channel, dominating over turbulent dissipation and shocks. Studying the
effect of a clumpy interstellar medium on the early phases of jet propa-
gation, Mukherjee et al. (2016) show that low-power jets get dispersed by
high-density clouds, and distribute their energy at small radii.

Simulations that include a self-regulated cycle of gas cooling, black hole
accretion and gas heating (e.g. Sijacki et al., 2007; Cattaneo and Teyssier,
2007; Sijacki et al., 2008; Dubois et al., 2010) were generally able to prevent
excessive cooling of gas, yet sometimes at the cost of dramatically changing
the thermodynamic profiles (Cattaneo and Teyssier, 2007). Using a dif-
ferent estimate for the accretion rate, a steady state can also be reached,
maintaining a cool-core temperature structure (Gaspari et al., 2011b; Li and
Bryan, 2014a,b; Li et al., 2015). More recent results indicate that this dis-
crepancy is due to insufficient numerical resolution (Meece et al., 2017). In
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high-resolution simulations, cold clumps form along the outflows via ther-
mal instability, which plays an important role in the overall heating-cooling
cycle (Li and Bryan, 2014b; Li et al., 2015; Prasad et al., 2015; Voit et al.,
2017). The dominant mechanism of energy dissipation in these simulations
are weak shocks (Li et al., 2016). This is particularly the case in the external
regions at large angles from the jet direction, while in the ‘jet cones’, mix-
ing of lobe material is energetically dominant (Yang and Reynolds, 2016a).
Yang and Reynolds (2016a) also find that a large-scale circulation and as-
sociated advective transport of energy is an important ingredient for the
isotropic distribution of the feedback energy in the cluster core.

Jets from SMBHs that interact with the ICM cover an enormous dy-
namic range in space and time, being launched at several Schwarzschild
radii, and propagating outwards to tens, sometimes even 100 kpc. Given
this dynamic range challenge, there are a number of different techniques
to model jets in simulations, depending on the topic of investigation. In
particular, the implementation of how the jet is injected has to be adjusted
to the available resolution of the simulation, and some simplifications are
inevitable. Recently, some studies (Tchekhovskoy and Bromberg, 2016;
Barniol Duran et al., 2017) used a magneto-centrifugal launching of jets,
which is likely closest to the real jet launching. However, this technique
requires a quite high resolution and strong magnetic fields.

In lower resolution studies that target only hydrodynamical jets, other
techniques have to be applied. A widely used method for injecting a colli-
mated outflow on kpc scales, as presented in Omma et al. (2004), is based
on adding a predefined momentum and energy in a kernel-weighted fashion
to all cells in a given region. This approach is also used in the model of
Li and Bryan (2014a). Gaspari et al. (2011b) place all available energy in
kinetic form in the injection region, which implies a variable momentum
input. In an alternative approach, the thermodynamic and kinetic state of
an injected region is explicitly modified instead of adding a given flux to
the cells, i.e. a predefined density, velocity and energy density is set (e.g.
Gaibler et al., 2009; Hardcastle and Krause, 2014; English et al., 2016).
This gives full control over the jet properties at the injection scale and has
been shown to produce low-density cavities, yet has the disadvantage that
the injected energy depends on the external pressure, which implies that
such a scheme is difficult to use in simulations with self-regulated feedback.
Alternatively to preparing individual simulation cells, the jet can also be
set up by using an inflow boundary condition (e.g. Norman et al., 1982).

In this paper, we analyse a new set of high-resolution magnetohydro-
dynamical simulations of jets from SMBHs and their interaction with the
surrounding medium. We use idealised magnetohydrodynamical simula-
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tions which conserve, apart from the energy injection from the jet, the total
energy of the gas in a stationary spherically symmetric gravitational po-
tential. This simple setup allows us to simulate the evolution of the jet
inflating a low-density cavity in the surrounding ICM and the subsequent
lobe evolution and disruption after a few hundred Myr at unprecedented
resolution.

This paper is structured as follows. We describe the simulation method-
ology and our implementation of the jet injection in Section 7.2, followed
by the details of the simulation setup in Section 7.3. We discuss the results
in Section 7.4, and give our conclusions in Section 7.7.

7.2 Methodology

We carry out 3D magnetohydrodynamic (MHD) simulations in a prescribed
external gravitational potential using the moving-mesh code AREPO. The
equations of ideal MHD are discretised on an unstructured, moving Voronoi
mesh (Springel, 2010; Pakmor et al., 2011). The MHD Riemann problems
at cell interfaces are solved using an HLLD Riemann solver (Pakmor et al.,
2011), and the divergence-constraint of the magnetic field is addressed by
a Powell eight-wave cleaning scheme (Pakmor and Springel, 2013). The
gravitational acceleration is imparted in the same way as in Springel (2010),
using the local gradient of the analytic potential and ignoring gas self-
gravity.

In addition to ideal MHD, we include a cosmic ray (CR) component in a
two-fluid approximation (Pakmor et al., 2016; Pfrommer et al., 2017). The
CR component has an adiabatic index of ycr = 4/3 and is injected as part
of the jet. Throughout this paper, we restrict ourselves to an advective
transport of the CR component, leaving a study of CR transport relative to
the gas as well as energy dissipation from the CR to the thermal component
to future work.

7.2.1 Jet model

In this work, we study jets from SMBHs in simulations that reach resolu-
tions better than 200 pc (target cell size). However, the model is designed
such that it is still applicable for simulations with 10 times coarser (spatial)
resolution. We do not model the actual jet launching, or early propaga-
tion effects such as self-collimation, but instead set up the thermodynamic,
magnetic and kinetic state of the jet at a distance of a few kpc from the
black hole. In practice, this means that we want to create in a numerically
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Figure 7.1: Division of the volume around a black hole (central dot) into
jet regions (upper and lower small circle) and a buffer region (rest enclosed
by large circle). The jet regions are always chosen in the direction of the
kinetic energy injection. The contours are a slice through a 3D mesh of one
of the low-resolution simulations. Note that a slice through a 3D Voronoi
mesh is in general not a valid 2D Voronoi mesh.

robust way a kinetically dominated, low density, collimated outflow in pres-
sure equilibrium with its surroundings. If desired, this outflow can contain
a predefined fraction of the pressure in a (toroidal) magnetic field and in
cosmic rays.

To enforce an overall mass conservation in the system while simultane-
ously keeping a well-specified thermodynamic state in the jet, we apply a
redistribution of mass and internal energy from the jet region to the sur-
roundings (or vice versa) according to criteria that will be specified in the
following.

Throughout this work, we use a single continuous injection event, which
ceases after a specified time. Numerically, however, the injection, as well
as all other equations of MHD are discretised in time. For the remainder
of this section, we therefore refer to one of these discretised events as an
injection event.

We only set up the thermodynamic state of this ‘effective jet’” if the
required energy, composed of the energy AFE,egist (including thermal and
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CR component) for redistributing the gas and the energy AEp connected
to the magnetic field change, is smaller than the energy available from the
black hole, viz.

t
AE = f Ejet dt’ = AEvin + AEg + AE odist - (71)
Nast

Here ¢ is the current time, f1,¢ is the time of the last injection event, and
Ejet is the jet power, a free parameter in our setup'. In other words, the
injected kinetic energy AFEyi, in the jet region has to be positive. Due
to this criterion, the injection is not necessarily happening every (local)
hydrodynamical timestep. During a jet injection phase over 50 Myr, there
are typically several thousand small injection events that effectively yield a
continuous launching of the jet.

Jet thermodynamic state

To achieve the targeted thermodynamic state of the jet, we select a spherical
region around the black hole with a given radius & (5 kpc throughout the
paper). We split this volume into two spherical sub-volumes, located off-
center along the jet-direction fi (see Figure 7.1). The union of all cells
that have their mesh-generating points within these spherical sub-volumes
is referred to as jet regions (1,2) in the following. In these regions, we set
the jet thermodynamic state. The third volume, outside of the jet regions,
will be referred to as the buffer region (3), to which we add (or from which
we take) the mass to set up a desired thermodynamic state in the jet region
while simultaneously ensuring overall mass conservation.
The density in jet region 1,2 is calculated as

Vi+V,
P1,2 = Ptarget Tl,z’ (7-2)

respectively, where piarget is treated as a free parameter. Vi and V, are the
volumes of the jet regions 1 and 2. We emphasise that these two volumes can
be slightly different due to the nature of the unstructured computational
grid in AREPO. The volume factor in the density ensures equal mass in
both jet regions. The specific thermal energy u in this region is

_ Ptarget
(1 +B5t + Bk je) @ = Dp12

U2 (73)

1Ejet can be computed using a black hole accretion rate estimate in future work.
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where y = 5/3 is the adiabatic index of the gas and Piargetr is the kernel-
weighted pressure in the buffer region. We use an SPH-smoothing kernel of
the form

o 1—6(%)2+6(%)3 forOS%S%
wr by =—= 12 (1- 1)’ for l<r<i (7.4)
0 for%>1,

where r is the distance from the black hole. Note that we use the same
kernel, centred around the injection region and with a different value of A,
for the kinetic energy injection to the jet gas.

. and (7.5)
jet ™ 87TPth .
P
-1 CR
o= = 7.6
ﬁCR, jet Pth ( )

are the magnetic and cosmic ray pressure contributions relative to the ther-
mal pressure Py, in the jet region, respectively, and are treated as free
parameters?. The cosmic ray specific energy ucr is

Ptarget
(I + BCR,jet + BCR,jet ﬁj_ei) (ycr — Dp1a’

MCR’LZ = (77)
where ycor = 4/3 is the adiabatic index of the cosmic ray component.

The mass that is removed from the jet regions is added adiabatically to
the buffer region (or the mass which is added in the jet regions is removed
adiabatically from the buffer region, depending on the initial density of
the jet region) in a mass weighted fashion, adding the total momentum
associated with this redistribution to the buffer cells. Additionally, we make
sure that the total thermal energy change in the jet regions is added (or
subtracted) from the buffer region in a mass-weighted fashion, which ensures
that the overall thermal energy change is only due to adiabatic contraction
or expansion in the buffer region. This means that the thermal energy
change in the buffer region AEnerm, 3 is given by

y-1
Pfinal
AEtherm, 3= Z (p - )
init

region 3

+ Z (ui,initmi,init) - (ui,ﬁnalmi,ﬁnal)’ (78>

regions 1,2

2We use 87! to be consistent with the nomenclature of the commonly used plasma-
beta parameter.
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where u; init, M init, Ui final a0d M; final are the specific thermal energy and
mass of cell i before and after the redistribution, respectively.

We denote the overall energy change due to this redistribution as
1 2

AE eqist = 2 m; final Vz,ﬁnal

regions 1,2,3 [

+ (ui,ﬁnal + uCR,i,ﬁnal) m; final
1 2

- 5 m; init Vi,init

— (4 init + UCR.i,init) Miinit] » (7.9)

where ucR.i.init and UCR.i final are the CR specific energy of cell i before and
after the redistribution, respectively.

Magnetic field

In addition to the thermal and cosmic ray specific energy, we determine
the magnetic energy injection AEp needed to reach a specified magnetic
. -1
pressure relative to the thermal pressure Bjet by
z B2 . Vi@®m) '+ AEp

-1 _
Pret = -0 Zwm; (7.10)

where the sum includes all cells in both jet regions. Note that we set
AEp = 0 if the magnetic field energy is already exceeding the desired value.

The injected magnetic field is purely toroidal with the direction
. r; X fi
B =——, (7.11)
|r; X 0

where r; is the position of the cell i relative to the black hole. We parametrise
the injected magnetic field as

AB; = wg,; f5 B;, (7.12)

insert this parametrisation in the energy equation
AEp =y (Bian + AB)PV (87) ' = > B2, Vi (8m) !, (7.13)
i i

and solve it for fg. B;init and V; are the magnetic field and volume of the
cell i before injection.

2 a2\ 4
dr; — (dr; - ) ) (7.14)

wp,i = w(ldr;| ,0.33 h) ( R
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is a weighting kernel for the magnetic field, and dr; the position of the cell i
relative to the center of its jet region. Note that the radius of the jet regions
is 0.33 h.

Momentum injection

The momentum kick for each cell Ap; is given by

n-r;
Ap; = w; m,-flﬁ.—rl_| (7.15)

where w; = w(|dr;|,0.33h). f is determined by the desired kinetic energy
input,

2
B Z (Piold + AP)°  Piow
AEin = . 2m; C omy (7.16)

7.2.2 Local time-stepping

Collimated outflows can have a very high velocity. Also, in the early phase
of a jet, the velocity in the jet region, which dominates over the sound
speed, changes rapidly with time. This has consequences for the Courant-
Friedrich-Levy condition in the jet region, as well as in neighbouring cells,
and demands very fine timestepping.

For the jet region itself, this can be accounted for at any timestep by
choosing a smaller timestep instead (which is usually the case after an injec-
tion event). However, it is also important to ensure that the neighbouring
cells are evolved on timesteps that are short enough to handle an incoming
jet. This is in general a problem for simulations that operate with local
timesteps and include such source terms. To overcome this problem, we
use a tree-based nonlocal timestep criterion (section 7.2 in Springel, 2010),
setting the signal speed of the cells in the jet region as

cj = max(2 vjet, 0.1 ¢, 5 + Vjet), (7.17)

where vjet is the gas velocity of the respective cells relative to the velocity
of the mesh-generating point, ¢ is the speed of light, ¢, the speed of sound?
and c¢; the signal speed of a cell as in Springel (2010, their eq. 111). We do
not have a good way yet for reliably predicting the precise values required
for the parameters involved, but practical experience shows that the choice

3Here, we use the effective sound speed of thermal gas, magnetic fields and cosmic
rays, ¢; =y Ponp~' +yor Porp”! + B (4rp)”".
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we made works well and enforces neighbouring cells outside the jet regions
(1,2) to be on low enough timesteps for properly modelling the incoming
supersonic flows.

In practice, we do not apply this procedure to all cells in the jet regions
(1,2), but only to those that are at most a specified distance away from
the spherical shell defining the corresponding jet region. This distance is
specified for each cell individually as the radius of the largest circumsphere
of the Delaunay tessellation involved in the generation of the Voronoi cell.
This ensures that at least the outermost layer of cells in the jet regions
is considered, while the inner cells are not. In this way, we considerably
reduce the computational cost of the timestep calculations.

7.3 Simulation setup

To study the interaction between jets and the ICM, we set up a halo in the
form of an analytic Navarro-Frenk-White (NFW) profile (Navarro et al.,
1996, 1997) with mass Mago. = 10" Mg, concentration cxpw = 5.0 and
virial radius Ropoc = 2.12Mpc. We use a fit to the Perseus cluster electron
number density profile from Pinzke and Pfrommer (2010), originally from
Churazov et al. (2003), and scale with a constant factor such that the gas
fraction within Rygo . reaches 16 %:

2 -1.8
n=26.9x 1073 (1.0+( r ) ) em™3

57 kpc
2\ —0.87
) ] cm™ (7.18)

The energy density is derived from the pressure needed for hydrostatic equi-
librium, and the assumption of a vanishing pressure at a radius of 3 Mpc.
The dotted black lines in Figure 7.2 show the initial density, temperature
and entropy profiles, respectively.

At the center of the halo, we consider a black hole which injects energy
at a constant rate Ejet for a given amount of time. Apart from the energy in-
jection in the jet, the simulation is non-radiative and does not include grav-
itational interactions between gas cells or from the black hole itself. Thus
the gravitational force originates purely from the analytic NF'W potential.
We choose this approach to maximise the possible hydrodynamic resolution
with moderate computational resources. The magnetic field strength in the
initial conditions is zero. Throughout the analysis, we assume a constant
chemical composition with 76% hydrogen and 24% helium.

2.80 x 1072 [1.0
" X ( +(200kpc
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Figure 7.2: Radial profiles of the gas in the initial conditions (black dotted
line) and at later times for the simulations with a jet power of 3 x 10* erg
s7!. The density is volume-weighted, the temperature mass-weighted, and
the entropy is calculated from these weighted quantities. The low densities
and high temperatures of the inner regions are associated with the jet and
quickly reaches its original value once it is no longer active (after 50 Myr).
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7.3.1 Refinement

Simulating jets from active galactic nuclei on the scale of full galaxy clusters
represents a challenging numerical problem. Jets operate at scales around
a kpc and lower, and involve correspondingly short timescales of a few hun-
dred kyr, while galaxy clusters have typical sizes of a Mpc and dynamical
timescales in the range of a Gyr. The aim here is to resolve both simulta-
neously, which requires a high adaptivity of the resolution, both in space
and time.

A standard approach of using AREPO consists of prescribing a fixed
target mass Mmiarget,0 for each cell (Vogelsberger et al., 2012), and refining
a cell once it is a factor of two more massive than that this target mass
(and derefining it once the cell is a factor two less massive than the target
mass). We use this criterion in the region of the unperturbed ICM. But
the jets inflate low-density cavities. Using only this criterion would imply
that the gas cells in the lobes would attain a volume orders of magnitude
larger that in the surrounding medium. This would mean in particular
that gas flows within the lobe, and the surface of these lobes, would be
very poorly resolved. As this structure is one of the regions of interest in
our simulations, we instead apply a refinement criterion based on a target
volume to the cells in the lobe. This target volume is significantly lower
than the resolution of the surrounding medium. Technically this is done by
defining an adaptive target mass for each cell by

Mtarget,i = fpivtarget +(1 - f) Mtarget,0 (719)
Xjet,i — 10_4
f =0.5+0.5tanh T s (720)

where Xjet,; is the mass fraction of jet material in cell i. Note that xje; = 1.0
in a jet injection cell and that the mass fraction is advected with the fluid
according to the fluxes at the interfaces of each cell. In practice this ensures
that the complete jet and lobe structure has uniform spatial resolution. Due
to the very low numerical diffusivity of the AREPO code, the outside is not
affected.

One region of particular interest is the boundary layer between jet/lobe
and surrounding ICM, which we want to resolve as well as possible to study
arising hydrodynamic instabilities. To achieve this, we refine a cell whenever

V.2 Vil > 0.5p;. (7.21)

This ensures that we refine boundary layers until they are well resolved, and
this criterion replaces the above mentioned criteria whenever applicable. We
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note that by construction, this criterion is violated at the boundaries of the
jet injection region, where the density contrast between neighbouring cells
is significant, and therefore the estimated gradients can be much larger.
To avoid a runaway refinement, we employ a minimum cell volume Vi,iy,
irrespective of all other refinement criteria.

Because of these variable refinement criteria and target resolutions, it is
important to ensure a smooth transition in resolutions. To achieve this, we
enforce that the volume of every cell is at most a factor of 3 larger than the
smallest neighbour, refining the cells where this is not satisfied?.

7.3.2 Mesh-movement and refinement criteria

Because these non-standard refinement and derefinement criteria produce
significant changes in the computational mesh as the system evolves, we also
change the mesh-regularisation options slightly compared to the standard
settings in the AREPO-code, allowing for more aggressive refinement and cell
shape changes. To this end, we apply a slightly faster mesh regularisation
value of £ = 1.0, in agreement with Springel (2010, eq. 63).

Furthermore, we do not allow for derefinement of a gas cell if

max(+/A/rh™") > 6.75, (7.22)

where A is the area of the interface between two cells, & the distance between
mesh generating point and the cell interface. The maximum denotes the
maximum over all faces of a cell. Note that, due to the nature of Voronoi
cells, this criterion, if satisfied, always applies to a pair of neighbouring
cells. This means that the code does not derefine heavily distorted cells
(Vogelsberger et al., 2012, use a value of 3.38).

7.3.3 Simulation set

We perform a number of simulations with different jet powers (10* erg s~!,

3 x 10% erg s7!, and 10% erg s~!). In all runs, the jet is active for 50 Myr,
which corresponds to a total energy injection of ~ 1.6 x 10°° erg, 4.7 x 10°°
erg, and 1.6 x 10%0 erg, respectively. We run the simulation setup at various
resolution levels (see Table 7.1), always changing all resolution parameters,
i.e. the resolution of the ICM (the target mass per cell, marget,0), the target
volume in the jet and lobe Viarget, and the minimum volume of a cell Vipiy

4Note that the jump in resolution between neighbouring cells used here is smaller
than usually present in adaptive mesh refinement simulations (factor of 8).
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Jet parameters

Jet density Ptarget 10728 g cm™3
Black hole region h 5 kpe
Magnetic pressure ,BJ‘& MHD: 0.1

hydro: 0.0
Cosmic ray pressure ﬁalR’jet 1.0
Jet power Ejet 1 x 10 erg s7!

3 x 10 erg s7!
1 x 10% erg s7!

Jet active for 5x 107 yr
Resolution
Target mass Miarget,0 low res: 1.5 x 107 Mo

interm. res: 1.5 x 10°Mo
high res: 1.5 x 10°Mo

Target volume Vtg/rsget low res: 872 pc

interm. res: 405 pc
high res: 188 pc
Minimum volume Vinin Viarget/2

Table 7.1: Simulation parameters.

(always half the target volume) by the same amount (factors of 10). Due
to the high computational cost, we do not simulate the high-power jet at
the highest resolution level. All runs are performed with a purely hydrody-
namic jet (,BJ; = 0) and with a magnetised jet (,BJ; = 0.1), both with the
same HLLD Riemann solver.

For the further analysis, unless stated otherwise, we focus on the high
resolution simulation with a jet power of 3 x 10* erg s™! and a magnetised
jet. This is the simulation with the highest number of simulation cells within
the lobes (~ 1.7 x 107 cells in both lobes combined, in total 2.7 x 10% cells
in the simulation box after 168 Myr.)

Additionally, we run a set of simulations of the low-resolution target
mass Miarget,0 = 1.5 X 10’ Mg in which we successively abandon or relax
the refinement criteria that are special to this simulation (density gradient,
neighbour refinement criterion, and target volume). In this way, we evaluate
a potential use of the presented model in future cosmological simulations of
galaxy cluster formation at much lower resolution®. This set of simulations

5We note that the used ‘low res’ target gas mass is larger than the one in some already
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has a varying &, determined by the weighted number of neighbouring cells
Nngh = 64 +20, as it is usually used in cosmological simulations (Weinberger
et al., 2017a). h is then calculated iteratively by solving

A1 h3m;
Pugh = ) m———w(ri, h) (7.23)

via bisection. These special simulations, as well as two intermediate resolu-
tion runs with 3 x 10** erg s™! and magnetised jets with varying parameters
h and piarget, are only analysed in Sections 7.5 and 7.6, respectively.

7.4 Results

In this section, we analyse the effect of the jet from the injection scale to
successively larger spatial and time scales. Figure 7.3 shows the evolution
of both, a magnetised (‘MHD’) and an unmagnetised (‘hydro’) jet, where
the colormap indicates the mass fraction of jet material. As long as the jet
is active, it drills a low-density channel into the ICM and inflates elongated,
low density cavities that expand until they reach pressure equilibrium with
the surroundings. The buoyant timescale of these cavities is larger than
the jet timescales, but a persistent buoyancy force over several hundred
Myr changes the shape of the lobe, first reducing its ellipticity and ulti-
mately forming a torus (two disconnected round patches in the slice). This
torus structure is gradually diluted and mixed with the surroundings. The
magnetised lobe mixes less efficiently with the surroundings.

7.4.1 Jet properties

One of the key properties of a jet is its internal Mach number |v| /cs (Figure
7.4). Although we set up a low density jet in pressure equilibrium, i.e.
with a high sound speed, we payed attention that the jet actually reaches
supersonic speeds (the maximum absolute velocity is ~ 1.0 x 10° km s7!)
in the black hole rest frame, so that it transports its kinetic energy flux
outwards and thermalises in a low-density cavity. The magnetic fields are
frozen into the plasma and transported outward with the fluid flow, staying
confined within the cavity. Note that the magnetic energy flux here is
about two orders of magnitude lower than the kinetic energy flux. In this
particular simulation, we choose thermal and cosmic ray pressure in the

published cosmological zoom-in simulations of galaxy clusters (e.g. Kannan et al., 2017).
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Figure 7.3: Slices through the mid-plane of a jet simulation showing the
concentration of jet material at different evolutionary stages of low-density
cavities. Top panels show purely hydrodynamical cavities, bottom panel
shows magnetised cavities. We only show one of the two lobes in this
visualisation. Each panel is 225 kpc high and 75 kpc wide.
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Figure 7.4: Left to right: jet velocity |v| /cs, kinetic energy flux, magnetic
energy flux and momentum flux of a 3 x 10* erg s™! jet after 42 Myr, all
measured in the black hole rest frame. Each panel is 200 kpc in the vertical,
and 100 kpc in the horizontal directions, and shows jet material weighted
averaged quantities over a 10 kpc depth.

injection region in equipartition, while the magnetic pressure is 10% of the
thermal pressure.

The momentum flux of the jet in the black hole rest frame is lower
than the momentum flux of the surrounding medium outside the expanding
lobe (in the post bow shock region). This is the case because we have set
up a low density jet, which has important consequences for the resulting
dynamics as well as for the morphology of the cavity (see also Krause, 2003;
Gaibler et al., 2009; Hardcastle and Krause, 2013, 2014; Guo, 2015): the
surrounding material is pushed aside by pressure forces of the expanding
lobe, which itself is fuelled by the jet, rather than being directly displaced
by a jet with high momentum flux. Consequently, the lobe expands in
all directions, not just in the jet propagation direction, thereby naturally
leading to a considerable horizontal extent. A higher density jet, on the
other hand, would propagate further with the same amount of energy (see
Section 7.6).

The jet shown here reaches remarkably large distances of more than 75
kpc, which is surprising given its moderate power of 3 x 10* erg s~!. This
is in qualitative agreement with Massaglia et al. (2016), who find that the
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transition form Fanaroff-Riley type I to type II type morphology occurs at
Ejet ~ 10% erg s~! for purely hydrodynamic jets. However, there are sev-
eral effects that could in principle obstruct the jet propagation. First, the
surrounding material has in our run a favourable uniform density and no
prior fluid motions or magnetic fields. A clumpy medium would be more
readily capable of stopping the jet or delaying its propagation (Mukherjee
et al., 2016), while large scale density, velocity and magnetic field fluctua-
tions can also redirect and deform the resulting low-density channels (Gan
et al., 2017), making it more difficult for a jet to propagate outwards. Sec-
ond, instabilities of the jet, such as a magnetic kink instability, can help to
disperse the jet (Tchekhovskoy and Bromberg, 2016), limiting its range. We
avoided such instabilities by choosing a low degree of magnetisation, mainly
because we expect their occurrence to be very sensitive to the details of the
injection of the magnetic field (which is toroidal in our case, not helical as
expected in jets). Because of these reasons, we expect the jet range to be
slightly overestimated in our study.

There are also hydrodynamical effects, such as internal recollimation
shocks (Norman et al., 1982) and non-axisymmetric modes (Hardee, 1987)
that affect the deceleration of the shock. As the target cell size of a compu-
tational cell in the jet is Vthget = 188 pc (while the jet width is several kpc)
we are able to marginally resolve these effects. A careful quantitative study
of these instabilities, however, would require a substantially increased reso-
lution in the jet and a relativistic treatment of MHD, which is beyond the
scope of this paper.

Another interesting detail is the absence of a backflow down to the
injection base, connecting the two lobes (Cielo et al., 2014, 2017). We
note that for some of our simulations, in particular the high-power jets,
such backflows are present. We suspect that the absence of the backflows
is partially due to the (intentional) separation of the injection regions by a
few kpc, as well as possible resolution effects at these small scales. However,
we do not expect this to have a large impact on scales of a few tens to a
few hundred kpc from the center, which is the main focus of our study.

7.4.2 Lobe properties

After the jet has terminated, the low-density cavities quickly reach pres-
sure equilibrium with their surroundings. Figure 7.5 shows the jet material
weighted density, total pressure, plasma-beta parameter 8 = Py, (B?/87)7!
and the thermal over cosmic ray pressure Bcr = PthP(_Ji{' Note that at
injection we chose B8 = 10 and Bcr = 1. As the jet inflates the lobe, kinetic
energy thermalises, and correspondingly, the thermal pressure content of
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Figure 7.5: Left to right: jet material weighted density, total pressure,
plasma beta parameter and thermal over cosmic ray pressure of the resulting
radio lobes after 84 Myr, i.e. 34 Myr after the jet became inactive. Each
panel is 100 kpc in the vertical and 50 kpc in the horizontal directions, and
shows jet material weighted averages over a 50 kpc depth. The projection
is centred at a distance of 75 kpc from the black hole.

the lobe exceeds the magnetic and cosmic ray content®. This means that
about 90% of the lobe thermal energy originates from thermalisation of ki-
netic energy, not from an initial thermal energy injection’. However, even
though subdominant, the energies in magnetic fields and cosmic rays are
still significant, especially if their dynamics is different than that of an ideal
fluid. For example, as seen in Figure 7.3, magnetic fields have a stabilising
effect on the lobe with respect to instabilities (Ruszkowski et al., 2007). We
furthermore note that the magnetic energy in radio lobes is observed to be
close to equipartition with the electron population (Croston et al., 2005, for
Fanaroff-Riley type II systems), which implies that we might underestimate
the effect of magnetic fields in our simulations. Note, however, that this
might not be the case in Fanaroff-Riley type I systems (de Gasperin et al.,

6 As the density of the lobe at most differs by a factor of a few from the target density
Ptarget = 1072 g cm™3, this cannot be explained by the different adiabatic expansion
behaviour of the thermal, magnetic and CR components.

"We neglect diffusive shock acceleration at these shocks that should inject a CR popu-
lation, which should form a dynamically significant component after adiabatic expansion
in the lobe.
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2012; Pfrommer, 2013).

The cosmic rays are advected with the thermal fluid throughout this
study. This means that the only difference between thermal and cosmic-ray
fluid is the adiabatic index (5/3 for the thermal component, 4/3 for the
cosmic rays). When CRs are subdominant, the effective adiabatic index
stays close to 5/3 in the lobe and its dynamics is not significantly changed.
In an astrophysical plasma, however, cosmic rays can propagate along mag-
netic field lines and thus behave very different from the thermal component
(see e.g. Ruszkowski et al., 2017). We will study this in more detail in a
forthcoming paper (Ehlert et al., in prep.).

Lobe dynamics

Studying the evolution of an individual lobe with a time-series of slices
through the mid-plane showing the mass fraction of jet material (Figure
7.3), it becomes clear that the lobe evolution and disruption is not governed
by the onset of Kelvin-Helmholtz (KH) instabilities on ever larger scales, but
rather by a Rayleigh-Taylor (RT) like instability which causes surrounding
ICM material in the wake of the lobe to rise and shred the lobe inside
out. This behaviour has been seen already in previous studies that started
out with under-dense lobes at rest (e.g. Reynolds et al., 2005; Sternberg
and Soker, 2008). We verified that setting up bubbles at rest in pressure
equilibrium in our setup leads to the same dynamics, and therefore conclude
that the jet is unimportant for this stage of lobe evolution.

It is important to note that the buoyancy force is proportional to the
absolute difference of densities, which means that it does not make a big
difference whether the density is reduced by a factor of a few or by ~ 3
orders of magnitude, as in our case. For Kelvin Helmholtz instabilities on
the surface layer, however, the growth time depends on the ratio of densities.
Because of the large density contrast and the magnetisation, the lobe does
not develop Kelvin-Helmholtz instabilities on scales larger than a few kpc.

Quantitatively, the growth timescales for the KH and RT instabilities in
ideal hydrodynamics (Chandrasekhar, 1981) are

p1+p2 1 P2 05 1
= s avk o \o ] Ak 7.24
e (p1 p2)° Avk (Pl) Avk (7.24)
TRE = okl s 7.25
o —paik |0 k|0 (7.25)

where p; and p; are the densities in the lobe and the surrounding ICM,
respectively. We assume p/p2 = 1073 (see figure 7.5, left panel). Av = 500
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km s~ is the relative velocity of the shear flow parallel to the surface,

0~ 3.1x1078cm s72 is the acceleration of the lobe, and k is the wavenumber
of the perturbation. We assume that the acceleration originates purely due
to gravitational forces (i.e. that the lobe rises with constant velocity) at a
distance of 80 kpc. Using these values, we obtain

TKH ~ 600 (k 10kpc)™! Myr, (7.26)
Trr ~ 30 (k 10kpe) ™5 Myr, (7.27)

which means that large-scale KH instabilities with k < (10 kpc)™' do not
have enough time to grow. KH eddies on smaller scales, however, do grow
(consistent with Fig. 7.3, top panel).

This result differs from the finding by Hillel and Soker (2016), who report
that Kelvin-Helmholtz instabilities develop on the lobe surfaces and mix the
lobe material significantly. We explain the difference mainly by the different
ways the jet is injected. The presence of magnetic fields and a high density
contrast might also contribute. Also recall that the simulations are run
with ideal MHD. In particular, our modelling does not include any physical
viscosity, which would stabilise the lobe further (Reynolds et al., 2005).
However, even with our simulations, the lifetime of the lobes can be up to a
few times the time the jet is active (Figure 7.3). This implies that, assuming
that the jet is active most of the time, the model would naturally produce
multiple generations of observable buoyantly rising cavities, as observed in
some cool core galaxy clusters.

We note that in cavities filled with a relativistic fluid, the growth time of
the associated Kelvin-Helmholtz instability does not depend on the density
ratio, but on the ratio of the relativistic enthalpy (see e.g. Reynolds et al.,
2002, appendix A)

2
S,

hy _ pac® +y2p Sy

= ~ 1074, 7.28
hi  pic2+yip ¢ (7.28)

where it is assumed that the enthalpy in the lobe fluid (2) is completely
dominated by the pressure term, while the surrounding ICM (1) is non-
relativistic with sound speed c;; ~ 3000 km s~! and the density term
dominates. This implies that the growth time of the Kelvin-Helmholtz
instability (at fixed shear velocity Av and wavenumber k) in real lobes has
a lower limit independent of lobe density. However, our simulations, using
non-relativistic equations, thus hy/h; = p2/p1, achieve a similar ratio.
While Kelvin-Helmholtz instabilities require very high numerical resolu-
tion of a few hundred parsec, the large-scale nature of the Rayleigh-Taylor
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instability, which dominates in our lobes, implies that a resolution of a few
kiloparsec is enough to capture the lobe dynamics. This has important
consequences for the possible modelling in future (lower resolution) cos-
mological simulations of galaxy clusters, as will be discussed in detail in
Section 7.5.

Lobe mixing

The slow growth time of large-scale KH instabilities gives rise to the question
of how fast the lobe material mixes with the surrounding medium. Quali-
tatively, this is shown in Figure 7.3. We now quantify the degree of mixing
in Figure 7.6, which shows the mass fraction of the jet material (normalised
by the overall integrated mass flux of the jets) enclosed in a sphere with a
given radius as a function of this radius for the different simulations. In all
simulations, the dominant part of the jet material ends up (after 336 Myr)
at radii larger than 70 kpc, which indicates that the mixing timescale of
the jet material is larger than the buoyant timescale. This effect is more
pronounced for the high-power jets. For the low-power jet (10% erg s7!),
however, a significant fraction of the material stays at distances less than
100 kpec.

Keeping this in mind, we analyse the volume filling fraction of the jet
material within the inner 100 kpc in Figure 7.7, where we show the volume
fraction of cells with a jet mass contribution higher than xje, as a function
of xjet. Even accounting for extremely small mass fractions (xje; > 10'12),
the volume fraction stays below 10% after 336 Myr. We note that there
might be other transport processes, such as thermal conduction (Kannan
et al., 2017), active CR propagation (Ehlert et al., in prep.) or externally
induced turbulence, which promote the mixing of the lobe’s internal energy,
increasing the volume filling factor.

Lobe energetics

Figure 7.8 shows the evolution of the energy in the lobe as a function of time.
We split the velocity into a bulk velocity v, which is the volume-weighted
average velocity in the lobe, and a turbulent component® v;, which is the

8 All small-scale chaotic motions are referred to as turbulent motions here. We note
that, strictly speaking, the decomposition in small-scale and large scale energy contri-
bution can only be done using a mass weighted velocity, which we do not use to avoid
contamination from the lobe surface layers. In our case, there is a non-vanishing cross-
term between the two velocities, contributing to the energy. We calculate this cross-term
and find that it is at least 4 orders of magnitude lower than the other components.
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Figure 7.6: Cumulative mass fraction of the jet material as a function
of radius for the different jet energies. The dashed and dash-dotted lines
indicate the intermediate and low resolution simulations, respectively.
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Figure 7.7: Volume filling fraction of the jet material within the central
100 kpc as a function of minimum jet mass fraction. The dashed and
dash-dotted lines indicate the intermediate and low resolution simulations,
respectively. Note that the discrepancy of the high and low resolution runs
at 84 Myr in the lower panel originates from the fact that the lobe height
exceeds 100 kpc in the high resolution run, while it is still below 100 kpc
in the lower resolution run (see Figure 7.6).
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Figure 7.8: Time evolution of different energy components of the lobe.
The lobe is defined as all cells that have a mass fraction of jet material
higher than 1073. The vertical dashed line indicates when the jet becomes
inactive. The lines indicate the lobe evolution in the intermediate resolution
run, for which we have frequent outputs. The dots are the corresponding
energies from the high-resolution run.

gas velocity of each cell in the lobe relative to the bulk velocity. This decom-
position allows us to study the energies separately. The turbulent kinetic
energy in the lobe dominates over the bulk kinetic energy as long as the jet
is active. Once the jet has terminated, i.e. to the right of the vertical dashed
line in Figure 7.8, the bulk kinetic energy increases due to buoyancy forces,
while the turbulent energy decreases. The cosmic ray energy increases at
a slightly slower rate compared to the thermal energy, being subdominant
by an order of magnitude after the jet terminated. This is consistent with
the pressure fractions shown in Figure 7.5. In the jet region, the magnetic
pressure is 10% of the cosmic ray pressure. In the further evolution, the
ratio of magnetic to cosmic ray energy, as well as the ratio of magnetic to
thermal energy, drop, mainly due to a decline in magnetic energy between
50 and 100 Myr (likely due to numerical resistivity). It is remarkable, how-
ever, that the magnetic field, though energetically subdominant by a factor
of ~ 500 over the thermal component, and even subdominant by an order of
magnitude compared to the kinetic energy, still has a significant impact on
the lobe morphology and mixing properties (Figure 7.3), which highlights
the need for simulations to model MHD in this context. The reason for
this behaviour is that in the lobe, the force density due to magnetic tension
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Figure 7.9: Left to right: entropy, kinetic over thermal energy ratio, radial
velocity and vorticity squared of the ICM after passage of a magnetised
radio-lobe (168 Myr). Each projection is 150 kpc wide, 300 kpc high and
75 kpc deep.

is almost as high as the net force density due to pressure gradients and
gravity.

7.4.3 ICM properties

One of the key aspects of AGN jet feedback is the question how the radio
lobe interacts with the surrounding ICM. We study this by looking at the
entropy and kinetic properties of the gas in Figure 7.9. Excluding lobes,
the entropy profile is barely changed, except of a radial feature in the wake
of the lobe, in agreement with Figure 7.2. The kinetic energy around the
lobe is increased, but does not exceed unity, even in the wake of the lobe
where the velocities are highest.

At distances to the lobe surface of more than a few tens of kiloparsec,
the kinetic energy fraction drops to sub-per cent level. In the ICM, the
kinetic energy fraction stays below a per cent level in our simulations. The
map of vorticity squared confirms that the turbulent motions are largely
restricted to the wake of the lobe and the cavity itself, but there is a ring-
like feature in the ICM at a distance of ~ 75 kpc from the centre. The
rising of the lobe induces a systematic outward motion in its wake and a
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Figure 7.10: Cumulative energy deposition in material enclosed by a given
radius vs. radius. The black line shows the total energy, the red line the
energy excluding cells with a jet mass fraction of at least 1073, and the blue
line represents the energy in these lobe cells. The shaded region denotes the
10 and 99.9 percentiles of the radio lobe energy, which marks the position
of the lobe.

corresponding slow inflow perpendicular to it. This is in agreement with
Yang and Reynolds (2016a), who obtain this pattern for a simulation that
has a (fixed) directional jet for a simulation time of several Gyr. However, in
our case, this happens for each buoyantly rising lobe individually. Another
feature are ripples in the radial velocity map and in the kinetic over thermal
energy ratio. They seem to be located outside the lobe trajectory, filling a
large fraction of the volume. A careful inspection of the entropy map as well
as pressure and density maps (not shown here) indicates that these ripples
in velocity are coincident with adiabatic fluctuations. This is in qualitative
agreement with the idea that sound waves dissipate energy in the ICM in a
volume filling fashion (Fabian et al., 2017). We leave a quantitative analysis
of the ICM perturbations induced by the jet-lobe system for a future study.

7.4.4 Energy coupling

Figure 7.10 shows the energy gain of gas inside a sphere that encloses a
specific mass as a function of the radius this enclosed mass corresponds to in
the initial conditions. At small radii, where the lobe already passed, the gain
in thermal energy dominates the total energy gain (Figure 7.11). Overall,
around 25% of the total energy is deposited in the inner 100 kpc of the
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Figure 7.11: Same as figure 7.10, here showing the energy components
individually. Note that the range of the vertical axis is changed. We do not
make a distinction between lobe and external medium here. The thermal
energy clearly dominates the post-lobe energy gain.

ICM. The lobe itself, after having risen buoyantly to a distance of more than
100 kpc, still contains half of the injected energy. The drop and increase
in energy change at radii larger than the lobe position can be attributed to
the post-shock uplift of the gas (increase in gravitational potential energy
in Figure 7.11), an associated adiabatic cooling (simultaneous decrease in
thermal energy), and the bow shock (increase of the thermal energy gain to
the final value), respectively. The remaining energy is transported outward
by a shock to radii of more than 200 kpc. We note that this number does
not correspond to the total energy thermalised in shocks.

Overall, about 40% of the energy gain goes into an increase in gravi-
tational energy, about 35% to a thermal energy increase (this includes the
thermal energy in the lobe) and more than 20% into kinetic energy, mostly
outside the lobe. The energy gains via magnetic fields and cosmic rays
(< 5%) are subdominant in this simulation, and mostly confined to the
lobe region. The overall energy gain outside the lobe region is about 50%.

This result is in agreement with Reynolds et al. (2002), who find a similar
coupling efficiency in their axisymmetric simulations of more energetic jets,
as well as a very similar overall dynamics of the system, which shows that
the predictions of the simulations are robust against substantial modelling
changes.
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7.4.5 Shortcomings and missing physics

In this paper, we have introduced a new model for launching jets in magne-
tohydrodynamical simulations. For the sake of clarity and simplicity, we did
not include some additional effects that are known or at least suspected to
be important in this context. These include a clumpy interstellar medium,
which might significantly change the range and energy deposition of the
jets (Mukherjee et al., 2016). Additionally, we only solve the equations of
non-relativistic magnetohydrodynamics, which is somewhat inappropriate
for the jet velocities reached (English et al., 2016), and treat the jet mate-
rial and the corresponding lobe, as a thermal fluid with a non-relativistic
equation of state (apart from a small contribution of cosmic rays), which
is highly approximate at these temperatures (Perucho et al., 2011, 2014) .
The jet power is constant for a specific simulation, and not yet linked to
the black hole spin and accretion rate, which likely determine the jet power
in real systems.

On the galaxy cluster side, potential future improvements include radia-
tive gas cooling and subsequent star formation, stellar feedback and related
processes. Furthermore, our simulations do not include the infall of sub-
structure (Mendygral et al., 2012; Bourne and Sijacki, 2017) , a resulting
large-scale turbulent velocity, and a self-consistent magnetic field. From a
plasma-physics perspective, thermal conduction, viscosity as well as diffu-
sive shock acceleration, transport and interaction processes of CRs with the
gas are not included in our set of simulations. Neglecting CR acceleration
may be responsible for the artificial dominance of thermal over CR pressure
in the lobes.

We leave the systematic study of these effects to future work, though we
emphasise that simultaneous improvements in both, small scale jet mod-
elling and galaxy cluster modelling, is restricted by computational and nu-
merical limits. We therefore rather advocate to study, wherever possible,
the importance of each of the above listed effects individually at the appro-
priate level of simplification, using the same implementation for launching
jets and carefully assessing the possibilities to account for the corresponding
effects in larger-scale simulations.

7.5 Resolution dependence

Figure 7.12 shows, as an example, a map of the internal Mach number in
simulations with the same jet properties, but different numerical resolution.
The three panels on the left hand side correspond to our high resolution,
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Figure 7.12: Same as Figure 7.4, left panel, for simulations of different
resolutions. The three panels on the left show our fiducial high resolution,
intermediate resolution, and low resolution simulations, respectively. The
three panels on the right are runs with a variable injection kernel size (as
used in cosmological simulations), and simulations that successively disable
the special refinement criteria used for this study.

intermediate resolution, and low-resolution results, respectively. The first
thing to notice is that the propagation distance of the jet increases with
resolution. This is likely linked to the fact that a poorly resolved velocity
gradient across the jet leads to a widening of the jet. We note that the
computational grid does not line up along the jet direction in our case, which
causes a numerical widening of the jet if the flow is not sufficiently resolved.
For our high-resolution simulation, where the jet diameter is resolved by
~ 25 cells, this effect is significantly reduced, which means that the loss of
momentum and kinetic energy flux is small and therefore the jet propagates
further.

The three panels on the right-hand side (from centre to right) show sim-
ulations with a variable injection kernel, as would be used in cosmological
simulations, and successively relaxed refinement criteria. While the first of
these panels (‘variable h’) has the same resolution settings as the low reso-
lution run, the middle one (‘coarse lobe ref.’) has a reduced target volume
(V,Cla/]fge,D ~ 1.5 kpc) and no refinement criteria on the gradient of the den-
sity or volume limitations. The rightmost panel (‘mass ref’) shows a run
where the only refinement criteria is the target mass of a cell. The change
to an injection region which varies in size depending on the surrounding
density leads to a less well-defined jet which is in general slower, while the
main structure is still captured. Decreasing the resolution in the outflow
further to kpc scales, the nature of the outflow changes, as it is no longer
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Figure 7.13: Lobe-averaged density after 168 Myr. The panels are 75 by
75 kpc, centred on the upper lobe, and are 50 kpc deep.

reaching supersonic velocities. Having a pure mass criterion for refinement
is (as expected) an inappropriate choice for the problem at hand. In par-
ticular, the redistribution of mass from the jet region to the buffer region
(see Section 7.2.1) leads to low-mass cells in the jet region. Having only a
mass criterion for refinement and derefinement, these cells are derefined im-
mediately (causing merging with the surrounding higher density cells) and
thus become numerically mixed. Therefore, it is not possible to simulate a
low-density outflow in a meaningful way with this numerical treatment.

The morphology of the lobe is more robust to resolution changes than
the jet itself. Figure 7.13 shows the jet-material weighted density of the
lobe. Each panel is 75 kpc wide and centred on the median lobe position,
to compensate for the different height due to the different jet propagation
properties discussed previously. The projections are made after 168 Myr,
i.e. at a stage where the lobe is already relatively evolved (see Figure 7.3).
The left three panels, i.e. the high, intermediate and low resolution lobes,
show a similar overall shape and density, which means that we expect a
similar dynamics for them. For the runs with a variable injection kernel, we
see a successively smaller and denser lobe, forming a less coherent structure,
indicating that more material has mixed with the surroundings for numer-
ical reasons. For reasons discussed above, the run using only a refinement
criterion based on a target mass never forms a significantly under-dense
structure and mixes with its surroundings very efficiently.

One of the key features of a predictive model for AGN jet-mode feed-
back is the ability to deposit the jet energy radially in the same way, and in
the same form as in the high-resolution simulations presented in this work.
To assess this issue, we plot the energy change in a sphere with given en-
closed mass as a function of the corresponding radius in Figure 7.14. The
general shape of this function is preserved for different resolution, indicat-
ing that the general structure of the lobe (inner maximum) and the bow
shock (maximum at larger distances) is preserved. The position of the bow
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Figure 7.14: Cumulative energy deposition in material enclosed by a given
radius vs radius for simulations with different resolutions.

shock is very robust, too, even considering the drastic changes in resolu-
tion. This can be explained by the excellent shock-capturing properties of
the finite-volume approach used in this study. The lobe structure, however,
is located at successively larger distances when going to higher resolution.
This can be explained by the different jet propagation properties, as shown
in Figure 7.12.

Apart from this change, there is an additional difference concerning the
relative height of the first peak, which is lower for the high-resolution simu-
lations. This indicates that the bow-shock is energetically more important
in the higher resolution simulations than in the low-resolution run. We note,
however, that the relative energies do not indicate the energy dissipated in
the bow shock vs the energy retained in the lobe.

For potential use of such a model in cosmological simulations, or in gen-
eral simulations with lower resolution, this means that the energy deposition
is in general too centrally concentrated at low resolution, whereas the ra-
dial distribution of the energy up to the height of the lobe is approximately
the same. Keeping in mind that simulations of galaxy clusters develop a
self-regulated cooling-heating balance, one would expect the black hole ac-
cretion rate to drop by the overestimate of central heating, which would
further decrease the range of the low-resolution jet. A possible way to com-
pensate for such a propagation effect is to artificially prolong the duty cycle
of poorly resolved jets, such that the resulting lobes end up at the same
height. Given the uncertainties in both, the duty cycle and the conversion
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Figure 7.15: Jet material weighted density projection of different model
parameter variations. Each panel is 400 kpc high, 200 kpc wide and average
over a depth of 20 kpc. The model variation are run with the same resolution
as the fiducial run.

efficiency of black hole accretion rate to jet power, this could be an accept-
able way to compensate for the above mentioned resolution effects, allowing
use of the model in lower resolution simulations.

7.6 Dependence on model parameters

We already discussed the effect of jet magnetisation in the main text. For
completeness, we discuss the variations of jet density prarget and the precise
choice of the size of the jet injection region, parameterised by £ in this sec-
tion. Figure 7.15 shows the density projections in panels of 200 x 400 kpc?
for the fiducial (‘fid’, intermediate resolution) runs as well as for a jet with
Prarget = 10720 g cm™3, i.e. 100 times higher initial jet density (‘heavy’).
Unsurprisingly, the heavy jet, carrying more momentum given the same
amount of kinetic energy, propagates further, leading to an extremely elon-
gated cavity extending far beyond 100 kpc. Consequently, such a jet will
have a very different impact on the surrounding ICM, which is why we con-
sider this parameter as the main uncertainty in modelling jet-mode feedback
by AGN.
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The ‘wide’ panel of Figure 7.15 shows a jet where we increased the pa-
rameter h to 20 kpc, i.e. by a factor of 4. This has significant consequences
for the width of the jet and consequently its propagation distance. This
effect is similar to a decrease in resolution (see ‘low res’), however, for a
different reason. As already discussed in Appendix 7.5, the precise range of
the jet is not converged for all possible resolutions used in this study, and
it is subject to additional uncertainties due to the modelled jet and galaxy
cluster effects (see discussion in Section 7.4.1). We therefore do not consider
the parameter i to be a dominant factor of uncertainty in our model, in
particular as the lobe density is largely unaffected by it.

7.7 Conclusions

In this paper, we present a new model for jets in the AREPO code. It is
based on the preparation of the thermodynamic state of the jet material
on marginally resolved scales close to the SMBH, and a redistribution of
material to (or from) the surrounding gas for mass conservation. We study
the evolution of light, magnetised jets in idealised simulations of hydrostatic
cluster-sized halos. Here, the jet represents a kinetically dominated energy
flux which reaches mildly supersonic velocities. At the head of the jet, the
low density jet material is slowed down by the ram pressure of the denser,
ambient ICM and thermalises most of its kinetic energy via shocks. This
leads to an inflation of low-density, hot, magnetised cavities containing a
population of CRs, in pressure equilibrium with the surrounding ICM.

The cavities rise buoyantly and get deformed and eventually disrupted
by a Rayleigh-Taylor like instability, similarly to what has been seen in
previous simulations of idealised radio lobes. In the wake of the lobe, an
upward flow is induced which shows high vorticity and a kinetic energy of up
to a few percent of the thermal energy. Very close to the cavity, this fraction
rises to almost unity. Overall, the rising cavities induce an upward motion
in the wake of the cavity, which is compensated by a slow downward motion
at the sides and perpendicular to it, similar as reported by Churazov et al.
(2001) and Yang and Reynolds (2016a). The shear flow at the lobe surface
can cause Kelvin-Helmholtz instabilities, yet, we find that their growth time
is sufficiently suppressed with respect to the Rayleigh-Taylor growth time
in our simulations.

Consequently, the mixing of lobe material with the surrounding ICM is
energetically unimportant in the centre of the halo. Overall, we find that
about half of the injected jet energy is deposited in regions outside the lobe.
After passage of the lobe, ~ 25% of the injected energy is deposited in the
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inner 100 kpc, which is dominated by an increase in thermal energy, while
the remaining energy can be found in material affected by the bow shock
at large radii, which mostly gained gravitational energy.

This study of the jet-ICM interaction at very high resolution has allowed
us to identify some of the main mechanisms governing lobe dynamics and
to quantify the energy coupling efficiency. It also provides guidance for
modelling jets from AGN more realistically in simulations of galaxy clusters.
We find that the main requirements for such a model are to resolve the (lobe-
scale) Rayleigh-Taylor instability and to maintain a large density contrast
between lobe and surrounding ICM, which calls for sufficiently good control
of numerical mixing in the hydrodynamic scheme. In Section 7.5, we study
at which resolution these requirements can be fulfilled. We conclude that,
while still highly challenging or beyond reach for present simulations, the
corresponding resolutions should be achievable in the next generations of
cosmological ‘zoom-in’ simulations of galaxy clusters.
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Cosmological simulations

The physics of supermassive black holes is a key ingredient to many state of
the art cosmological simulations of galaxy formation. Their feedback effects
counteract radiative cooling losses of the gas in massive galaxies and thereby
reduce star-formation in these systems significantly. I presented one partic-
ular implementation of such a model, which uses a two-mode prescription
for AGN feedback with a moderately efficient, continuos thermal injection
of energy in phases of rapid accretion relative to the Eddington limit, and
an efficient, pulsed, kinetic injection at comparably low accretion rates. The
model is able to produce a bimodal galaxy colour distribution, similar to
what is observed in galaxy surveys (see also Nelson et al., 2017), with a
transition in galaxy colours at stellar masses of about 109> Mg. The red
galaxy population has very little ongoing star formation. We showed that
this is coincident with an efficient kinetic feedback which becomes active
at comparably low accretion rates relative to the Eddington limit, while
SMBHs in the thermal mode are responsible for the growth via gas accre-
tion.

The described implementation for AGN feedback forms one of the key
ingredients in the galaxy formation physics model used in the HlustrisTNG
simulation. The model produces high mass galaxies that are significantly
more realistic compared to previous generations of cosmological hydrody-
namical simulations (Vogelsberger et al., 2014c; Genel et al., 2014). This
allows more detailed studies of the (satellite) galaxy population around
massive central galaxies in galaxy groups and clusters, their hydrodynami-
cal interactions with the host’s gaseous halo and consequences such as the
enrichment of this hot halo gas in galaxy clusters (Vogelsberger et al., 2017).
Furthermore, the model provides a plausible scenario for the co-evolution
between SMBHs and their host galaxies. In particular, opposite to the
commonly assumed scenario of luminous AGN, triggered by gas rich ma-
jor mergers, quenching the high-mass galaxy population (Hopkins et al.,
2008b), the MlustrisTNG model quenches via feedback from the low accre-
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tion state, and consequently predominantly in galaxies that did not have a
major merger immediately prior to quenching. I showed that it is possible
to create such a model in a self-consistent way in cosmological simulations,
while producing a galaxy population in agreement with observations, as far
as we tested (Springel et al., 2017; Marinacci et al., 2017; Naiman et al.,
2017; Pillepich et al., 2017a; Nelson et al., 2017; Genel et al., 2017; Vogels-
berger et al., 2017; Weinberger et al., 2017b). Future observations targeting
the correlations between kinematic disturbances (as signs for major merg-
ers) and recent reduction in star formation rate (i.e. quenching) will likely
reveal whether this is a viable scenario.



Active galactic nucleus jet feedback

One of the remaining open questions that the coarse grained models used
in cosmological simulations cannot answer is how efficient AGN feedback,
say for example an AGN driven collimated jet in a galaxy cluster, is in dis-
tributing its energy into the surrounding medium. To answer this question,
I developed a model that injects a bipolar, collimated low-density outflow
on kpc scales and follow its evolution in idealised high resolution simula-
tions of hydrostatic halos. With these simulations it is possible to follow
the jet propagation, its slow-down and the inflation of low-density lobes in
the hydrostatic atmosphere in detail.

Studying the jet-inflated, low-density lobes and their buoyant rising, it
is possible to deduce the net effect AGN jets have on their surrounding
intra-cluster medium. While the lobe itself stays intact for several hundred
Myr, mainly because Kelvin-Helmholtz instabilities are suppressed due to
the large density contrast between the lobe and its surrounding, the overall,
Rayleigh-Taylor like, flow pattern induced by the rising lobe itself is even-
tually responsible for the disruption of the lobe via uprising material in the
wake of the lobe. However, as this effect acts on a buoyant timescale, the
efficiency of mixing of lobe material with the surrounding is very low, indi-
cating that the thermal state of the intra-cluster medium is not significantly
affected by mixing. The gas flow patterns in the center of the hydrostatic
halo show no significant increase in vorticity and thus turbulence in direc-
tions perpendicular to the jet, indicating that the buoyantly rising lobe does
not drive significant levels of volume-filling turbulence in the surroundings.

Looking at the overall energy change due to a jet inflated, buoyantly
rising lobe in the simulations, I nonetheless find a reasonably high coupling
efficiency of up to ~ 50% to the surrounding gas behind the lobe. Disentan-
gling this in different energy components shows mainly a gain in thermal
energy, but also substantial amounts of gravitational and kinetic energy,
suggesting that the main coupling originates from the P dV work done on
the hydrostatic halo and the fall-back of halo gas once the lobe has risen to
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the outer parts. Future work will include a large set of such simulations in a
more realistic environment to investigate which aspects of the surrounding
medium is crucial for the efficiency of the AGN jet—intra-cluster medium
interaction.
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