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Chapter 1

Introduction

Cold dense gas is the fuel for star formation in our Universe. In the densest regions of
galaxies, gas clouds exceeding the Jeans mass become unstable and collapse under their own
gravity until they are fragmented into a multitude of small clumps that will eventually ignite
nuclear fusion in their cores and become stars. This process arguably shapes the Universe as
we experience it. Stars were the first things humans saw when they began turning their eyes
to the sky. Now we know that without stars, life as we know it would never have existed in
the first place, much less developed eyes to turn skyward. But when and where stars form
and how they assemble into galaxies all depends on the dynamics and evolution of the cold
gas from which they are born.

Understanding the complex interplay between cold gas, in particular molecular gas, and
stars as they evolve over cosmic times requires the study of galaxies. They are the birthplace of
stars and home to most of the cold gas in our Universe, and the evolution of their molecular gas
and stellar components are tied to the physical processes at the core of cosmic star formation.
Figure 1.1, taken from Tacconi et al. 2020, provides an overview of scaling relations between
molecular mass, stellar mass, star formation rate, and redshift for observed galaxies. It shows
for instance that the presence of molecular gas and star formation go hand in hand, and that
molecular gas masses have been decreasing in the recent history of the Universe.

However, if molecular gas is necessary in driving the star formation we observe, or if it is
merely produced under the same circumstances that birth stars, cannot easily be understood
from these observations. Simulations of the formation and evolution of galaxies in their
cosmological context can shed light on the causality at play here, if they successfully model
the underlying physical principles and reproduce galaxies as we observe them. One of these
principles, and a cornerstone of hydrodynamic cosmological simulations, is gas cooling, the
theoretical basis of which is briefly outlined further below in Section 1.2. Throughout this
thesis, and in computational astrophysics generally, simulations are compared to observational
data, in order to determine their success in modeling physical processes. The following Section
1.1 is meant to provide some context for the observational data used as a reference in this
work.

1.1 Observational Methods of Gas Detection

The gas in our Universe, unlike stars, does not do observers the favor of emitting vast amounts
of black body radiation for easy detection. What radiation it does emit depends heavily on
its composition and temperature. An additional factor, in all astronomical observations, is
the distance between the observer and the source, which determines how far the emitted
radiation is redshifted to higher wavelengths due to the expansion of space between the two.

Hot gas, in which particles are generally ionized, can be observed in the UV and X-
ray regimes of the electromagnetic spectrum. This high energy radiation has a continuous
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Figure 1.1: Overview of scaling relations of galactic molecular gas and stellar mass
from Tacconi et al. 2020 (their Figure 5). Top left: Scaling relation of the molecular
gas to stellar mass fraction Mmolgas/M∗ with the offset in specific star formation rate
from the star forming main sequence of galaxies. Top right: Mmolgas/M∗ scaling relation
with stellar mass. Bottom left: Mmolgas/M∗ scaling relation with redshift. Bottom right:
Scaling relation of the molecular to total mass Mmolgas/(Mmolgas + M∗) with redshift.
The black lines denote the binned averages of the distributions.

and a discreet component. The former is due to free electrons either being accelerated by
interactions with other charged particles in the plasma, which produces bremsstrahlung, or
being captured by ions. The latter results from bound electrons transitioning between levels
within an ion, which produces photons with energies equal to the difference between the two
levels. Since the Earth’s atmosphere absorbs high energy photons long before they reach
the surface, modern X-ray telescopes are mounted on satellites and operate in orbit around
Earth.

In the cold gas phase, free electrons are much rarer, and only lower energy states within
atoms and molecules can be thermally excited. As a result, the cold gas emits only in discreet
frequency bands, and at lower energies. Neutral atomic hydrogen, for instance, emits photons
with a wavelength of 21 cm that can be detected with radio telescopes, owing to a transition
between two hyper fine structure levels of its ground state that have different spin alignments
between the sole proton and electron in the atom. For this low energy radiation the Earth’s
atmosphere is transparent, so that radio telescopes can be built on the surface of the planet,
allowing for much larger structures. Prime examples are interferometric arrays consisting of
many individual dishes, like the Atacama Large Millimeter Array (ALMA), or large single-
dish telescopes, like the now defunct Arecibo Telescope.

Molecular gas in the Universe consists mostly of H2 which is difficult to observe in emission
at low temperatures. Due to it consisting of two identical atoms, molecular hydrogen has
no permanent dipole moment, which means its higher vibrational and rotational states are
difficult to excite. For this reason observed H2 masses and densities are almost always inferred
from other tracers of molecular gas, most commonly the carbon monoxide molecule (CO),
which has a weak permanent dipole and thus much more accessible excited rotational and
vibrational states. This creates additional uncertainties through assumptions made regarding
the ratio of CO to H2 in the molecular gas, which have to be made based on data only available
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for the local Universe.
A further challenge for observations in the emission spectrum of gas comes from the fact

that within a gas cloud radiation is absorbed in the same narrow bands that it is emitted in. If
a cloud is optically thick for a certain wavelengths, meaning the mean free path of a photon
at this wavelength is smaller than the size of the cloud, then observations of the cloud’s
emission will only probe a comparatively thin layer on its surface. Any radiation originating
from deeper within the cloud will be absorbed before emerging from the cloud to reach the
observer. This means that the measured radiation intensity no longer corresponds to the
amount of emitting gas in the cloud, which can be an issue for observing high density regions
like molecular clouds. Observing less abundant molecules or isotopes in the gas mixture for
which the cloud is not optically thick can circumvent this problem (see for example Bešlić
et al. 2021).

In contrast, much of the gas in our Universe resides at very low densities, and thus faces the
opposite problem. Its emission spectrum is extremely faint, making its detection a challenge.
Instead, the presence and abundance of such thin gas can be determined via its absorption
of radiation from background sources, such as quasars, the after glow of gamma ray bursts
(Bolmer et al. 2019), fast radio bursts (Prochaska and Zheng 2019), or background galaxies
(Cooke and O’Meara 2015). Such measurements probe the density of absorbing gas inte-
grated along the line of sight to the background source, and as such are more suited for
estimating global cosmic gas densities. This requires compiling measurements from many
different background objects, in order to account for variations across the cosmos reflected
in the individual line of sight measurements. Where the intensity of emitted radiation scales
with the inverse distance from the source squared, making far away faint sources all but im-
possible to detect, absorption suffers from no such scaling. The sensitivity of this technique
is thus not redshift dependant, which can be a great benefit in the attempt to probe high
redshifts. One of the most commonly used absorption lines for this technique is the Lyman-α
line, which corresponds to the electronic transition from the ground state into the first excited
state in HI, and can therefore be used to trace the abundance of neutral atomic hydrogen
in the Universe. For a more detailed review of gas detection through absorption features see
Péroux and Howk 2020.

1.2 Gas Cooling

To facilitate its collapse, the gas has to rid itself of the thermal energy supporting it against
its own gravitational pull. At the extremely low densities most of the gas in the Universe
resides at, the only way to effectively shed energy is the emission of radiation. Two colliding
gas particles may transfer energy from one to the other, lifting it to an excited state. When
this state decays via the emission of a photon, there is a chance for this photon to escape the
gas cloud and in doing so remove some of its thermal energy. Of course the inverse process
of a gas particle capturing a photon from outside the cloud and distributing its energy via
collisions is also possible. Which of these processes dominates, cooling or heating, ultimately
decides if a cloud can collapse into stars or if it is dispersed by radiation.

Atomic hydrogen accounts for over 90% of the gas in the Universe. At temperatures above
104 K, it can be thermally excited and act as an effective coolant. In the cold gas, however,
at temperatures below 104 K, the energy of the average gas particle collision becomes too
low to excite the hydrogen atoms, and it ceases to cool the gas any further. For stars to
form, other gas species have to take over in the cooling process. Molecules in particular
are much easier to excite because their more complex geometry allows for vibrational and
rotational modes with energies relatively close to the ground state. As can be expected from
the abundance of hydrogen, the most common species of molecular gas in the Universe are the
hydrogen molecule (H2) and the hydrogen-deuterium molecule (HD). Next to the hydrogen
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based molecules, atoms of much heavier elements, also called metals in astrophysics, play an
important part in gas cooling. The energy gap between the occupied electronic states and
their excited counterparts is much smaller in these metals so that thermal excitation remains
a possibility even at lower temperatures. Metals were not a part of the primordial gas mix
since they are only produced by stars over the course of their lives. The effectivity of gas
cooling thus depends on the history of local star formation in addition to the multitude of
parameters that alter cooling processes directly. Because both metals and molecules make
up only a tiny fraction of the gas in our Universe, small fluctuations in their abundances can
greatly affect the overall cooling efficiency in cold gas where they act as the primary coolants.

In cosmological simulations, which aim to simulate the history of the Universe from the
dawn of structure formation, it is impossible to resolve these microscopic processes. Doing
so would push the requirements for memory and computational power beyond the abilities of
any computer available or imaginable. Instead, simulations rely on sub-resolution models that
predict the net effect of unresolvable processes on an entire region of the Universe represented
by a single resolution element. This is not only true for cooling, a process on the atomic scale,
but even for star formation which begins on the scale of the Jeans instability. These models
rely on theoretical predictions and observational data to make their calculations. However,
they still have to make some simplifying assumptions to keep computational complexity at
manageable levels.

The common simplification for the multitude of cooling processes in the typical gas mix
is to gather them under the umbrella of a single multivariable cooling function Λ, which
describes the net energy loss per unit time and volume of the gas. For a given set of vari-
ables such as density, temperature, and metallicity, the cooling function can be calculated
from theoretical models for the relevant cooling processes like the collisions described above,
but also Compton scattering and bremsstrahlung effects. Performing these calculations at
every timestep in a large simulation for every resolution element would be far too expensive
computationally, so instead the function is interpolated from a set of pre-calculated values.
The number of values contained in such cooling tables is limited by the available computer
memory, setting a limit for the precision of the interpolation. The time needed for an interpo-
lation depends on the number of variables fed into the cooling function, with each additional
variable adding a step to the interpolation process.

In the cold gas the abundances of the primary coolants can fluctuate strongly with even
relatively minor changes in the environment, and an interpolated cooling function may be
unable to capture changes due to these shifts in the chemical composition of the gas. The
model tested in this thesis was developed by Maio et al. 2007 as an alternative approach
to the standard sub-grid cooling in the low temperature regime. It features a chemical
network tracking the abundances of important coolants and any relevant gas species they
can be created from or transformed into by chemical reactions. With this information at
hand at every timestep in the simulation, it is no longer necessary to interpolate a total
cooling function for the entire gas mix. Instead, the contributions from individual species are
summed up to their net effect on gas cooling. Details on the model and its implementation
into cosmological simulation are presented in Chapter 3. The main objective of this thesis is to
compare this chemical network implementation of low temperature cooling to the standard
approach in a variety of cosmological simulations, which are described in Chapter 2. Of
particular interest in this are the model’s effects on galaxy formation and evolution, which
are discussed in Chapters 4 & 5.

1.3 Observations of Cold Gas

In addition to improving cooling at low temperatures, the chemical network provides another
boon to cosmological simulations. By tracking the abundances of individual gas species,
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Figure 1.2: Cosmic density evolution of neutral atomic and molecular hydrogen, as well
as stars in our Universe from Péroux and Howk 2020 (their Figure 4).

their cosmological density evolution and the mass fractions they account for in galaxies can
be directly assessed from the simulation output. These data are otherwise only obtainable
through post-processing schemes that require additional model assumptions.

With every new generation of astronomical instruments, observations of the molecular
and cold gas content of our Universe as outlined above have become more precise. Current
observations constrain the cosmic density of H2 in the Universe up to redshifts of about z=5-6
(Riechers et al. 2019, Garratt et al. 2021). The constraints on the cosmic density evolution
of neutral atomic hydrogen (HI) are even stronger, with data available up to redshifts of
about 5 (Rhee et al. 2017). For a comprehensive overview of observations regarding cosmic
baryon evolution see Péroux and Howk 2020, whose results on cosmic baryon evolution from
a compilation of data are shown in Figure 1.2. They find a steadily declining amount of
neutral atomic hydrogen between z=6 and z=0, and a peak in molecular gas density between
z=2 and z=1, that coincides with the highest star formation rate densities. The shaded areas,
indicating the uncertainties of the respective measurements, help quantify the observational
constraints on neutral and molecular hydrogen abundance mentioned above.

With the chemical network, simulations gain additional points of comparison to this wealth
of observational data which can be used to further develop the model. Producing cosmological
density data comparable to the above mentioned requires the simulation of a cosmological
volume, or box, large enough to be representative of the Universe as a whole. The results of
testing the chemical network in such simulations are presented in Chapter 4.

As for the cold gas content of galaxies there are extensive surveys of both the HI (Catinella
et al. 2010) and H2 (Saintonge et al. 2011) masses up to redshifts of 0.5 and over a range of
109−1011.5M⊙ in stellar mass. With their large samples and high completeness, these studies
can determine scaling relations for H2 or HI mass fractions, which are both found to decrease
with stellar mass for instance. In nearby galaxies recent observations resolve the structure of
molecular gas on the scale of 100 pc (Bešlić et al. 2021). This provides an excellent reference
for cosmological zoom-in simulations which, with the addition of the chemical network, can
track the HI and H2 mass evolution of a galaxy in much greater detail than a cosmological
box. Different implementations of the model were tested in a suite of such zoom simulations,
and are compared to the available data in Chapter 5.

At lower redshifts, gas chemistry and as a consequence cooling become potentially much
more complicated than in the primordial Universe. Pollution of the primordial hydrogen-
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helium-mixture with dust opens new formation channels for molecular gas through catalytic
reactions on the surface of dust grains. It is possible that in order to accurately model the
balance in the chemical network these have to be accounted for. Comparing the abundances
of molecular gas in the model to observational data could help determine the significance
of this problem and if an addition of dust to the chemical network is necessary. Another
potential future expansion of the chemical network is to include CO, which would allow a
direct comparison to observations of molecular gas without relying on the CO to H2 conversion
factor.

1.4 Galaxy Formation and Growth

The presence or absence of gas shapes galaxies in more ways than just in situ star formation.
Structure formation and growth in our Universe is hierarchical, meaning that from the initial
density perturbations small objects grow first and combine over time into larger objects.
A galaxy grows more massive by accreting additional matter, which generally happens in
one of two ways: Either by mergers with other galaxies, or by the smooth accretion of gas
from the surrounding medium. In the first case a distinction is often made between major
mergers of two galaxies with similar masses, and minor mergers where a galaxy merges with
a significantly smaller galaxy. The lines between the sizes in these definitions, and even
between those of the smallest of mergers and the largest of clumps in smooth accretion, can
be somewhat blurry. They are generally chosen in such a way, that they reflect the varying
impact the different modes of accretion can have on a galaxy’s evolution.

A simple estimate using the Virial theorem can be made to determine the merger induced
growth in size of a galaxy, consisting only of stars in this example (following Naab et al.
2009). If the galaxy initially has a mass Mi, a gravitational radius rg,i, an internal velocity
dispersion ⟨v2i ⟩ and a total energy Ei, with a kinetic part Ki = Mi⟨v2i ⟩/2 and a potential part
Wi = −M2

i G/rg,i, these quantities are linked by the Virial theorem as follows:

Ei = Ki +Wi = −Ki =
1

2
Wi

−1

2
Mi⟨v2i ⟩ = −1

2

M2
i G

rg,i
.

(1.1)

Now let this galaxy accrete some mass of stars Ma with total energy Ea, gravitational radius
rg,a and internal velocity dispersion ⟨v2a⟩. It is useful to define the ratio of masses between
the two systems as η = Ma/Mi, and the ratio of their velocity dispersions as ϵ = ⟨v2a⟩/⟨v2i ⟩.
The total energy of the system after accretion is then given by

Ef = Ei + Ea

= −1

2
Mi⟨v2i ⟩ −

1

2
Ma⟨v2a⟩

= −1

2
Mi⟨v2i ⟩(1 + ηϵ)

= −1

2
Mf ⟨v2f ⟩,

(1.2)

where Mf = (1 + η)Mi is the final mass of the system. From this, it follows for the final
velocity dispersion ⟨v2f ⟩ that

⟨v2f ⟩ =
1 + ηϵ

1 + η
⟨v2i ⟩. (1.3)

From Equation 1.1 it follows that rg ∝ M/⟨v2⟩ so that the final radius of the system is given
by

rg,f =
(1 + η)2

1 + ηϵ
rg,i. (1.4)
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With Equation 1.4 it is possible to determine the growth of a galaxy through a series of
accretion events. Consider first a galaxy which doubles its mass in a single major merger with
another galaxy of equal size. In this case η = 1 and ϵ = 1 so that the resulting final radius
has twice the initial value. If the same galaxy instead doubles its mass (η = 1) by accreting
multiple small systems, such that ⟨v2a⟩ ≪ ⟨v2i ⟩ and consequently ϵ ≪ 1, then Equation 1.4
yields and increase in size by a factor of 4. This effect of growth through a multitude of minor
mergers has been suggested as the driving factor in massive elliptical galaxies reaching the
sizes at which they are observed today (Naab et al. 2009, Hilz et al. 2012).

The above derivation assumes single component galaxies consisting only of stars. In real
world processes this is most applicable to the accretion of stellar material that has been
stripped of its gaseous counterpart by hydrodynamical effects. Such gas poor mergers are
called ‘dry’ and find their counterpart in ‘wet’ mergers between objects with high gas fractions.
Bringing gas into the mix adds a dissipative component, through which some of the energy
in a merger can be shed, resulting generally in a less pronounced increase in size (Hilz et al.
2012). It should be noted, that this excursion into galaxy mergers only scratches the surface
of the complicated topic. Many more parameters than the ones presented here may influence
the outcome of a merger, and finer distinctions into merger sub-categories with distinct effects
on galaxy evolution can be made (see for instance Karademir et al. 2019.)

The galaxies we observe today owe their appearance to the complex interplay between
mergers and in-situ star formation. When and where stars form within a galaxy, and how
compact or extended it is as a result, all affect the outcome of any future mergers it might
experience. Capturing this rich history of galaxy formation in simulations requires models for
gas dynamics and star formation that can accurately reproduce the wide range of different
galaxies observed. The chemical network model tested in this thesis aims to improve our
understanding of gas dynamics, cooling, and star formation, and thus represents one step
forward in this process.
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Chapter 2

Simulations

For this thesis I aim to test an alternative low temperature cooling model in a variety of
cosmological simulations. The goal is to understand its effects on the dynamics and evolution
of cold gas in the galaxies populating these simulations. This should help determine the
models functionality at the typical resolutions obtainable in cosmological studies and its
ability to predict cooling behavior and chemical evolution in non-primordial gas at lower
redshifts. All simulations discussed in this thesis were performed with the OpenGadget-3
code which is based on GADGET-2 (Springel 2005). It employs a Tree-Particle Mesh (Tree-
PM) method for gravitational computations and a Smoothed Particle Hydrodynamics (SPH)
method for the treatment of gas physics. To better highlight and put into context the features
of the alternative chemical network approach to cooling I provide an overview of the basic
aspects of cosmological simulations with Gadget and details on the specific simulations used
in my tests.

The formation of stars from the gravitational collapse of gas clouds is a vitally important
process even for structure formation on galactic scales where stellar feedback plays an im-
portant role. For cosmological simulations it is impossible to resolve this process spatially
and thus they have to rely on some measure of ‘sub-grid’ modeling to approximate the life
cycle and feedback of stars. For an SPH code like Gadget this means that every gas particle,
each of which represents a region larger than the Jeans scale of gravitational collapse, has to
form stars ‘internally’ when some conditions are met. In the model applied to the simulations
used in this work, it then splits some of its mass off into a new star particle which in turn
represents a whole population of stars formed in the region. The simplest criterion for such
internal star formation is a density threshold for the gas particle but additional criteria such
as the convergence of the local gas flow may have to be met. Because the whole population of
stars is represented by a single particle, feedback such as supernova explosions or stellar winds
have to be calculated as the average effect of such a population. This in turn means that
the distribution of stellar masses within the population has to be known since for example
the assumed supernova rate will depend on the number of massive stars in the population.
For the simulations presented here the initial mass function (IMF) used to distribute stellar
masses at the point of star formation is adapted from Chabrier 2003.

In general, the IMF will depend on the gas phase metallicity at the time of star forma-
tion. Interstellar gas is enriched with metals by stellar feedback, another process that is
approximated in a sub-grid approach (Dolag et al. 2017). The main modes of enrichment are
supernovae, winds from massive stars and stars at the end of their lifetimes on the so-called
asymptotic giant branch. How effective this enrichment is, or the yield of the particular
processes, has to be fed to the sub-grid model. In this thesis yields for supernovae of type Ia
were taken from Thielemann et al. 2003, those for massive stars follow Nomoto et al. 2013,
and those for asymptotic giant branch stars follow Karakas and Lattanzio 2007.

The gas phase metallicity also plays a role in the cooling of gas, particularly at low
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Figure 2.1: A 500 kpc slice through the center of Magneticum Box 4. Dark matter
particles are depicted in purple, gas in orange and stars in cyan.

temperatures where it forms stars. In general, gas cooling in simulations is described by
a singular cooling function that can depend on a range of parameters like temperature,
density, background radiation and gas metallicity. Computing the cooling function for a set
of parameters is too computationally intensive to perform for each particle at each timestep
so it is instead interpolated from tabulated pre-computed values. This cooling scheme is
altered by the additional chemical network model tested in this work, particularly at low
temperatures. This is discussed in more detail in Chapter 3.

2.1 Full Cosmological Simulation

A cosmological box is the closest a simulation can get to reproducing our entire Universe. As
the name suggests it consists of a cubic volume that is initialized with a density distribution
inferred from observations of our own cosmos or more specifically the cosmic microwave
background. In the simplest approach the box is populated with dark matter only which
is computationally much easier to treat since it only interacts gravitationally. Studying the
formation and dynamics of galaxies, however, is only possible by adding the primordial gas
component to the initial conditions. This distribution of dark matter and gas is then evolved
according to the chosen implementation of the laws of gravity and hydrodynamics. Periodic
boundary conditions are used for the interactions so that the finite box volume can reproduce
even long range gravitational interactions and to avoid unphysical modes of collapse at the
box limits.

The size of the cosmological box limits the mass of structures that can form within it.
Smaller boxes do not cover the scales of density perturbations from which the most massive
structures form and can thus not reproduce them. On the other end of the mass scale
resolution is the limiting factor. Since both higher resolution and larger box sizes require
more computational resources, cosmological simulations have to strike a balance between the
two.



2.2. ZOOM SIMULATIONS 11

Box 4 of the Magneticum simulation covers a (48 Mpc)3 volume with ca. 107 dark matter
particles in the high resolution (HR) run. This makes it one of the smallest cosmological
boxes in the Magneticum Pathfinder project, but ideally suited to higher resolutions which are
necessary to study galaxy properties. The resulting resolution in the dark matter component
is approximately 91 particles per Mpc3 each with a mass of mdm = 6.90 · 108 M⊙. As with
all Magneticum simulations, Box 4’s initial conditions include gas accounting for 16.8 % of
the total matter density Ω0 = 0.272. The number of gas particles is also of the order of 107.
All simulations of Box 4 discussed here assume a ΛCDM cosmology with ΩΛ = 0.728 and
h = 0.704 and are initialized at z = 60.

A cosmological box provides a representative sample region of the universe both for the
analysis of global quantities like cosmological densities and the statistical distribution of
galaxy properties. Galaxies in Box 4 were identified using the SubFind algorithm (Springel
et al. 2001, Dolag et al. 2009) which identifies structures in SPH simulations using a friends-
of-friends (FoF) method. Each FoF-group identified by SubFind is further split into sub halos
by analyzing overdensities within the group, each of which is expected to host a galaxy or
dwarf galaxy equivalent. Of these sub halos, the most massive is identified as the main halo
of the FoF-group. Depending on group mass this arrangement can correspond to a galaxy
cluster with a central BCG or a small isolated galaxy with satellites.

2.2 Zoom Simulations

Cosmological simulations always have to compromise between higher resolution and larger
box sizes. The former allows to simulate physical processes to smaller scales and resolve
more details in the resulting structures while the latter ensures a more accurate distribution
of galaxy masses and environments. Zoom simulations attempt to improve the terms of this
compromise by re-simulating a region of a cosmological box containing an object of interest
with higher resolution embedded in the lower resolution box. Thus in principle one can
resolve details in the structure without removing it from its cosmological environment and
consequently altering its formation history.

The accuracy to which long range gravitational interactions such as tidal forces can be
reproduced depends on the angular resolution. This means that the spatial and mass resolu-
tion can be decreased with distance from the target object without losing accuracy as long
as the angular resolution stays constant. Far away from the target region the resolution can
even be lower than in the parent simulation which can be achieved by binning particles on a
spherical grid.

2.2.1 Zoomed Initial Conditions

The basis for such simulations are zoomed initial conditions (ICs) which have to be created
from the original initial conditions of the parent cosmological box. The ICs used for this work
were created using the ZIC code developed by Tormen et al. 1997. This is an iterative process
in which a Lagrangian volume around the target object is identified and its contents replaced
by high resolution particles in the ICs. A first naive guess at the shape of the necessary
initial volume will usually lead to a contamination of the final region with low resolution
particles after evolving the modified ICs. This contamination is problematic because the low
resolution particles have a much higher mass than particles in the high resolution region and
thus act as massive compact perturbers with no physical counterpart. The choice for an
initial high resolution region thus needs to be adapted until the region of interest is no longer
contaminated.

Scaling up the resolution in the target region alone does not produce suitable ICs. In
addition, the initial density perturbations from which structure grows in the cosmological
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simulation need to be extended to the high resolution region. This requires perturbations on
scales too small to be reproduced in the resolution of the parent simulation to be added to the
perturbation power spectrum. If the power spectrum calculated for the parent simulation does
not extend to such small scales an extension needs to be computed. This limits the increase
in resolution that can be gained for the target region relative to the parent simulation. Local
tidal forces on the high resolution region are reproduced by a shell of particles sampled at
the low resolution of the parent simulation. The resulting difference in mass between the
neighboring high and low resolution regions creates an additional limit on the resolution that
can be gained by zooming, albeit a softer one. If this difference becomes too large, it will be
likely that unphysical interactions in the boundary layer influence the target region. Outside
this shell the resolution can be gradually reduced by binning particles on a spherical grid,
such that a constant angular resolution is maintained. This ensures that long range forces are
reproduced consistently while keeping the number of particles, and thus the computational
complexity, to a minimum.

The parent simulation for the zooms performed for this work is the dark matter only
Dianoga simulation. Thus, in order to study gas physics and its effect on the formation
of stars and galaxies, the zoom region needs to be populated with baryons in addition to
the present dark matter. To preserve the total mass of the high resolution region and its
distribution a gas particle has to be split off of each dark matter particle and displaced
by the mean inter particle distance within the high resolution region while conserving its
momentum. This ensures the resulting density distribution matches the one prescribed by
the cosmological initial conditions. In the boundary region between the zoom volume and the
low resolution box dark matter particles are not split and thus remain more massive which
helps decrease the mass difference to the neighboring low resolution shell.

2.2.2 Choice of Objects

As discussed above, a zoom-in region contains a target object and its neighborhood. The
specific size of this neighborhood is determined by how isolated the galaxy is. To ensure
all relevant close range interactions are modeled at sufficient resolution, neighboring galaxies
with masses similar to the target mass need to be included in the high resolution region. It
is thus computationally cheaper to re-simulate field and void galaxies which are less likely to
have many close neighbors of this kind.

The galaxies chosen as targets for zoom simulations in this thesis are a ∼ 9·1011 M⊙ object
dubbed Asin (Bittner 2018) and a ∼ 1 · 1013 M⊙ object dubbed Dfrogin (Schlachtenberger
2014). Both have been re-simulated in zoom-ins for previous work and thus sets of ZIC were
available for a range of resolutions. From these previous simulations we know that the target
object in Asin is a late type galaxy at low redshifts and has a companion of almost equal
mass (∼ 8 · 1011 M⊙). The more massive Dfrogin is expected to lose its disk after z ∼ 2 and
evolve into an early type galaxy at low redshifts.

2.2.3 Merger Trees

Tracing the target object back to its formation redshift requires building a merger tree for
the simulation. This involves identifying the particles that are bound to a halo and finding
the structure which contains most of those particles in subsequent outputs. The tree building
algorithm used here identifies these descendants not only for the next snapshot but for the
one after as well. This helps to trace halos that are temporarily ‘dissolved’ during close
encounters, meaning the particles previously identified by SubFind as part of the halo are
erroneously attributed to a different halo. From these descendant files a complete merger
tree for all halos in the zoom simulation is then constructed.

For a target object in a given snapshot the main progenitor is considered to be the halo
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Figure 2.2: Visualization of the Zoom-in target object Dfrogin at low redshift. Shown
is a volume of (Rvir)

3 centered on the galaxy. Dark matter particles are depicted in
purple, gas in orange and stars in cyan.

in the previous snapshot that contains the majority of the target’s member particles. The
algorithm gives a higher weight to the most bound particles of a halo in this process, which
allows it to track a halo’s position through a merger where some of its particles may be
attributed to the merging halo by SubFind. For the analysis done in this thesis exact halo
positions are not of interest, but the mass evolution of the halo is. Thus when ‘walking the
tree’ for the target object of a zoom simulation, i.e. the most massive galaxy in the region at
z = 0, to its formation redshift I switch to the main halo in the FoF-group of the progenitor
in every snapshot. In most cases this procedure should return the majority of particles that
make up the target in each snapshot, even when it is going through a merger.
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Chapter 3

The Chemical Network

At temperatures below 104 K, atomic hydrogen is no longer an effective coolant and gas
cooling is dominated by molecules and heavier elements. These gas species are much less
common in the Universe than the ubiquitous atomic hydrogen, and their relative abundances
vary with local conditions. Thus below this temperature threshold the particular chemical
balance in the gas at any moment in time has a much greater impact on cooling. The
model used in this thesis employs a chemical network to track the relative abundances of
the most important gas species as they develop over time. These abundances can then be
used to calculate each individual species’ contribution to the cooling function directly at each
timestep instead of relying on interpolations of tabulated values.

3.1 Hydrogen and Helium Chemistry

A chemical network consists of individual species and the reactions that create and destroy
them. Species include both the atoms present in the gas and the molecules they can com-
bine to as well as any relevant ionized state. If one considers only primordial chemistry, as
was the case when this model was first developed by Maio et al. 2007, the only elements
playing a significant role are hydrogen, deuterium and helium. In addition to these three
atomic species, the five ion species H+, H−, D+, He+ and He2+ and the four molecules
H2, H+

2 , HeH+ and HD are included in the network. For each of these 12 species the model
assigns a number density n at each timestep.

Every possible chemical reaction between these species can be assigned a reaction rate k
that will depend on temperature. The set of species and reaction rate coefficients together
form the chemical network. In practice some reactions or species are insignificant for the
evolution of the network as a whole in the regime covered by the simulation and can be
neglected in a reasonable approximation to save computational resources.

The rate of change of the number density of a single species can be expressed in terms of
the number densities and reaction rate coefficients of all species as follows:

dni

dt
=

∑
p

∑
q

kpq,inpnq −
∑
j

kjinjni. (3.1)

The first term describes the creation of the species i from reactions of other species q and p
and thus the summation effectively runs over all possible combinations that result in such a
reaction. The second term describes the destruction of the species via reactions with other
species j. It is helpful to define the creation and destruction coefficients Ci and Di from these
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terms.

Ci =
∑
p

∑
q

kpq,inpnq,

Di =
∑
j

kjinj .
(3.2)

With equations 3.1 and 3.2 the change of the number density of a single species over a single
timestep can be expressed in discretized form as

nt+∆t
i − nt

i

∆t
= Ct+∆t

i −Dt+∆t
i nt+∆t

i , (3.3)

so that the number density of the species at the later time t+∆t is given by

nt+∆t
i =

Ct+∆t
i ∆t+ nt

i

1 +Dt+∆t
i ∆t

. (3.4)

The resulting system of equations needs to be solved at each time t to compute the evolution
of the network over the next timestep ∆t. For an exact computation, the creation and
destruction coefficients at the time t + ∆t are needed. To circumvent this problem one can
first approximate the result using the coefficients computed at time t for some species and
use the result to get a better approximation for the remaining species. Since some species are
more prone to rapid changes in their abundances or more reactive to changes in abundance
of a different species, the sequence in which to update the different species can affect the
quality of the resulting approximation. This process can be iterated to mimic a backwards
differentiation scheme (Anninos et al. 1997). In practice the timesteps are small enough that
the coefficients at time t +∆t can be substituted with those computed for the current time
to a very good approximation cutting down on computation time.

Each gas species contributes to cooling through various processes the relative importance
of which depends on gas density and temperature. For hydrogen and helium the contributions
from collisional ionization, excitation, and recombination are implemented based on rates
from Hui and Gnedin 1997, while Compton scattering and bremsstrahlung effects are based
on the work of Black 1981. Cooling due to molecular hydrogen in its neutral and singly ionized
states is calculated based on the rates from Galli and Palla 1998. Lastly, the contribution
from the HD molecule follows the function given in Lipovka et al. 2005.

While tracking all species in the chemical network is necessary to accurately predict their
relative abundances, some play an insignificant role in cooling compared to the dominant
coolants. Which species dominate the cooling and heating processes depends on gas tem-
perature and density as well as the relative abundances of the species in question, and the
abundance of collision partners such as electrons. For an example configuration with a hydro-
gen number density of 1 cm−3 and fractional species abundances of fH2 = 10−5, fH+

2
= 10−13,

fHD = 10−8 and fe = 10−4 for the relevant coolants Maio et al. 2007 show the temperature
dependence of the individual species contributions in their Figure 2 which is reproduced here
in Figure 3.1.

3.2 Metal Treatment

With metal enrichment through stellar feedback, primarily supernovae, heavier elements play
an increasingly important role in cooling. While metal enrichment is part of the base line
stellar evolution and feedback model as described in Chapter 2, metal cooling is only im-
plemented through a metallicity parameter in the cooling function. In the chemical network
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Figure 3.1: Cooling contributions of HD, H2, and H+
2 as implemented in the chemical

model shown for a range of temperatures at a fixed hydrogen number density of 1 cm−3.
Taken with kind permission from Maio et al. 2007 (their Figure 2). Note that the H+

2

contribution is split into the contributions from collisions with neutral atomic hydrogen
and electrons respectively with both fits only valid for T < 104 K.

metal species are treated as multilevel systems and their contribution to gas cooling is calcu-
lated from transitions between levels. The model used here includes oxygen, carbon, silicon
and iron which are the most common metals released by stars. Oxygen and carbon are
mainly produced in supernovae of type II, while silicon and iron stem mostly from type Ia
supernovae.

It is assumed that carbon, silicon, and iron are completely ionized because their ionization
energies lie below that of hydrogen (13.6 eV) and therefore within the spectrum of the UV
background. Oxygen on the other hand has an ionization potential of 13.62 keV and is thus
assumed to be mostly neutral as hydrogen is so abundant in the Universe that any photons
with energies above 13.6 eV will be absorbed in the process of ionizing hydrogen atoms long
before interacting with any of the much less abundant metals.

At the very low densities generally considered in cosmological simulations, thermodynami-
cal equilibrium cannot be assumed for the population of the multiple excitation levels present
for each metal. Instead the steady state has to be calculated from the constraints of balance
in each state and conservation of the total particle number for each species. Balance in an
excitation state is achieved if the number of transitions into the state is equal to that of
transition out of the state, which can be expressed as

ni

∑
j ̸=i

Pij =
∑
j ̸=i

njPji, (3.5)

where the left hand side refers to the depopulation of the ith level with number density ni

and Pij being the transition probability from state i to state j. The right hand side refers
to the population of the ith level from the jth with the probability Pji for such a transition.
The transition probabilities can be calculated from the collision rates for induced transition
and the Einstein coefficients for spontaneous transition. As for the requirement of particle
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number conservation, it is simply stated as∑
i

ni = ntot. (3.6)

The rate of transition between levels i and j induced by collisions with some partner with
number density nx is defined as

ninxγij ≡ ninx⟨uσij⟩ = ninx

∫
uσijf(u)d

3u, (3.7)

where σij is the collision cross section, f(u)d3u the particle velocity distribution function and
the integration runs over the entire velocity space. For the inverse process the corresponding
factor γji is related to this by

giγij = gjγjie
−β∆Eji , (3.8)

with the level multiplicities g and the energy difference between levels ∆Eji for j > i and
β = (kT )−1. In addition, each possible spontaneous transition from the ith level to a lower
level j yields an additional term niAij to the sum in (3.5) with the Einstein coefficient for
spontaneous emission Aij .

An n-level system is thus constrained by n − 1 independent equations following from
Equation 3.5 and one additional independent equation from particle number conservation. For
the metal treatment in this model, ionized carbon (CII) and silicon (SiII) are approximated
as two-level systems, while neutral oxygen (OI) and ionized iron (FeII) are approximated as
five-level systems following Santoro and Shull 2006.

For the example of a two-level system where collisional excitation is due to interactions
with hydrogen atoms and electrons, the corresponding system of equations would be

n1 + n2 = ntot,

n1nHγ
H
12 + n1neγ

e
12 − n2nHγ

H
21 − n1neγ

e
21 − n2A21 = 0,

(3.9)

where the sub or superscript e denotes quantities relating to interactions with electrons and H
denotes those involving hydrogen atoms. Solving for the level populations n1 and n2 relative
to the total number of particles yields

n1

ntot
=

γH21 + γe21ne/nH +A21/nH

γH12 + γH21 + (γe12 + γe21)ne/nH +A21/nH
, (3.10)

n2

ntot
=

γH12 + γe12ne/nH

γH12 + γH21 + (γe12 + γe21)ne/nH +A21/nH
. (3.11)

Metal contributions to cooling come from spontaneous transitions out of excited states.
For the example of the two-level system the contribution to cooling would be

Λ = n2A21∆E21. (3.12)

Plugging Equation 3.11 into this yields

Λ =
γH12 + γe12ne/nH

γH12 + γH21 + (γe12 + γe21)ne/nH +A21/nH
ntotA21∆E21. (3.13)

For systems with more than two levels the contribution to the cooling function is simply the
sum of the individual level contributions

Λ =
∑
i≥1

∑
0≤j<i

niAij∆Eij , (3.14)
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Figure 3.2: Total cooling from the chemical network as a function of temperature for
a hydrogen density of 1 cm−3, a H2 fraction of 10−5, and a HD fraction of 10−8. The
different curves represent metal abundances of 10−3, 10−4, 10−5, and 10−6 respectively
as labeled in the plot. This figure was taken from Maio et al. 2007 (their Figure 4).

which can be computed in much the same manner as shown in Equation 3.13. The con-
tributions from these line transitions combined with those from the chemical network then
replace the interpolated cooling functions at temperatures below 104 K to better account for
the significant fluctuations in abundance of the low temperature coolants. Figure 3.2 shows
the net effect of cooling from molecules and metals as a function of temperature for a set of
chemical network model parameters and different metal abundances.

3.3 UV Background Radiation

In addition to the local density and temperature, the chemical network has to take into
account the background radiation permeating our Universe. This radiation, also called the
UV background for its most relevant wavelength, is produced by massive bright stars and
the accretion of gas onto black holes in so-called active galactic nuclei. In the simulation this
background is implemented as a uniform radiation field with a spectrum based on modelling
done by Haardt and Madau 2012, who use a radiative transfer code to match the background
inferred from observations. Such an implementation of the UV background is present even in
simulations without a chemical network, such as the base line runs performed for this work,
where it affects gas temperature and ionization state.

When coupled to the chemical network, in addition to heating the gas, the UV background
can directly destroy some species by ionizing them or breaking apart molecules. In practice
the coupling of a UV background to the chemical network adds destruction terms to the
coefficient in Equation 3.2 to model these processes. In addition heating terms have to be
added when calculating the cooling and heating effects of the individual gas and metal species.

Two other models for the UV background by Puchwein et al. 2019 and Faucher-Giguère
2020 are tested in this thesis. Compared to the Haardt and Madau 2012 background, both
include new observational data as further constraints for their models. Figure 3.3 shows
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Figure 3.3: Comparison of photoionization (top) and -heating (bottom) rates for HI,
HeI and HeII in the three different UV background models. Haardt and Madau 2012 in
black, Puchwein et al. 2019 in blue, and Faucher-Giguère 2020 in red.
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Figure 3.4: Visualization of the HI self-shielding implementation into the chemical
network model. The intensity of the UV background is attenuated by a density dependant
factor. Total hydrogen number densities as used in the model computations are shown
on the lower x-axis while approximate corresponding physical densities are shown above.

the rates of photoionization and photoheating for neutral atomic hydrogen (solid lines) and
helium (dashed lines), as well as singly ionized helium (dash-dotted lines) in the different
UV background models. The most notable difference in the newer models is the earlier and
steeper onset in the rates for HI and HeI when compared to the default model, which has a
more gradual increase for both.

3.4 Shielding

Shielding is a crucial process for molecule formation in a Universe permeated by ionizing
background radiation. It occurs when the column density in a gas region becomes large
enough for the gas to be optically thick with respect to the UV background. Effectively the
radiation is absorbed by the electrons in the outer layer of atoms in the process of ionization
until there is so little left that any atoms further in will not experience any background
radiation in that particular band. For one gas species to shield another, their spectra have
to overlap so that the relevant wavelengths are absorbed. This means that in principle any
gas can act as a shield for particles of its own species, this is called self-shielding.

The simulation does not resolve the individual sources of the UV background and instead
approximates it as homogeneous and isotropic. It also does not resolve individual gas clouds
for which realistic column densities could be computed. Particles in SPH should be seen as
tracers for the local density, temperature etc. fields rather than actual clumps of matter.
This means calculating a column density for a single particle would ignore the fact that there
might well be sources of UV background radiation ‘within’ the ‘particle’. Thus, to estimate
the effect of shielding, simulations have to model its net effect on the entire region represented
by an SPH gas particle.

This chemical network model approximates the shielding effects of HI and H2 by atten-
uating the UV background by a density dependent factor (Maio 2021, in prep.). The basic
assumption here is that above a certain density the local gas is expected to form clouds
with sufficient column densities to shield part of the gas and negate the effect of the UV
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background on the chemistry. Figure 3.4 shows the attenuation curve used in this model.
Internally the model calculates the attenuation based on hydrogen number density (HI and
H2) but approximate mass densities are given for context and comparison to later plots. The
H2 contribution to shielding in the model is implemented according to Draine and Bertoldi
1996 while the HI contribution is based on the work of Rahmati et al. 2013.



Chapter 4

Cold Gas Properties in a
Cosmological Context

Magneticum Box 4 was chosen for this project because it is large enough to allow for an
analysis of cosmological and global galaxy properties but small enough to support the nec-
essary resolution and additional cooling module without the computation time becoming
prohibitively large. A suite of four simulations was set up to test the chemical network
model. The first has no chemical network but only the ‘standard’ cooling and stellar evo-
lution models used in previous simulations with OpenGadget-3, and serves as a baseline for
comparison with the test runs. It is referred to as ‘LT’ for Luca Tornatore, the developer of
the stellar evolution and feedback module used in this run. Of the remaining three, one has
the primordial chemical network coupled to the UV background only, while the other two
contain an additional model for HI and H2 self-shielding. They are labeled ‘UM’, ‘UM shield’
and ‘UM shield2’ for Umberto Maio, the developer of the aforementioned chemical network
module. The latter two different density thresholds for the onset of star formation. For the
second shielding run the threshold was increased by a factor of 10 compared to the default
used in the other simulations, in order to allow the gas to reach densities at which HI shielding
becomes effective. Further details on key simulation parameters across the different runs are
listed in Table 4.1. It should be noted that the chemical network runs did not reach a final
redshift of 0 due to technical issues unrelated to the chemical network model itself. Thus,
the data gathered from these simulations should not be affected by this.

Simulation Name LT UM UM shield UM shield2

Resolution HR HR HR HR
Chemical Network No Yes Yes Yes
Shielding No No Yes Yes
SF Threshold 0.5 0.5 0.5 5.0
Final Redshift 0 1.2 1.7 2.0

Table 4.1: Simulation parameter comparison for all Box 4 runs.

With the introduction of the chemical network it is possible to track the evolution of the
cosmological densities of different hydrogen species, most notably HI and H2, which previously
could only be acquired through post processing schemes. In order to test the performance of
the different cooling models, I first compare the evolution of cosmological densities between
the different simulations. The amount of neutral atomic and molecular hydrogen formed over
the course of the simulation can be compared to the ever increasing wealth of observational
data for our own Universe to gauge how accurately the different models reproduce its forma-
tion history. Stellar densities similarly depend on the implementation of cooling and serve
as an additional point of comparison to the base model, which does not track the individual
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Figure 4.1: Redshift evolution of comoving cosmic densities for the four different runs
of Box 4. LT is the reference run without the chemical network, UM denotes the base
chemical network model with coupling to the UVB, UM shield includes HI and H2 self-
shielding on top of the base model, and UM shield2 includes a higher density threshold
for star formation.

gas species. The second, more indirect, mode of comparison is comprised of distributions of
various galaxy properties such as their mass-size or mass-angular momentum relations which
shed light on how the formation and evolution of structure changes in the new model.

4.1 Cosmological Densities

Figure 4.1 shows the redshift evolution of cosmic densities of molecular and atomic hydro-
gen as well as stars for the four different simulations. Only particles bound in halos were
considered for the mass calculations, but the masses were nonetheless divided by the entire
box volume. This should constitute a reasonable approximation since most mass is concen-
trated in the halos, and indeed the differences are negligible after the formation of the first
galaxies in the simulations. In addition, it should be more comparable to observations, since
the low surface brightness medium between halos is well below detection limits especially at
high redshifts. The choice of only bound particles explains the rapid increase in all densities
between redshift 9 and 6; it is a consequence of the first halos assembling. This redshift, at
which the first halos are detected by the SubFind algorithm, can be expected to increase with
resolution.

For the baseline model without chemical network, no molecular hydrogen densities could
be computed since the simulation does not track them. Neutral atomic hydrogen densities
are instead calculated in a built-in post-processing scheme from gas density, temperature,
and the spectrum of ionizing background radiation, in what is essentially a very simplified
chemical network including only neutral and ionized hydrogen as described by Katz et al.
1996. For all three simulations with chemical network, the densities for individual gas species
can be computed directly from the output of the network, taking into account the mean
molecular mass for the local gas mix. One clear difference between the atomic hydrogen
densities found for these different approaches of the baseline and chemical network models
can be seen immediately from the dashed lines in Figure 4.1. While the density of atomic
hydrogen increases gradually with time in the baseline model, there are signs of a downturn,
or at least flattening, of the corresponding curve in all runs with the chemical network around
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z ≈ 3. It should be noted, however, that in the non-shielding run there follows an increase
in the HI density after redshift 2, and that this simulation is the only one with chemical
network to run to these redshifts. Comparing the three implementations of the chemical
network it can be seen that the addition of shielding has only a small effect on the overall HI
abundance initially, but significantly softens the peak observed at z ≈ 3 in the non shielding
run. Increasing the density threshold for star formation has a much more pronounced effect
on the HI density, adding about an order of magnitude across all redshifts compared to the
shielding model with the default threshold.

By far the most striking difference between the three different implementations of the
chemical network is in the evolution of molecular hydrogen plotted as dash-dotted lines in
Figure 4.1. With the addition of HI and H2 self-shielding there is about an order of magnitude
more H2 present at lower redshifts than without (red dash-dotted line compared to blue dash-
dotted line). Increasing the density threshold for star formation not only adds another ∼ 3
orders of magnitude but also flattens out the increase with decreasing redshift and even shows
a hint of reversing that trend altogether at lower redshifts (see the pink dash-dotted line).
Meanwhile the overall density of stars is barely affected, and its redshift evolution remains
completely unchanged between the different configurations of the chemical network.

The increase in neutral and molecular hydrogen abundance with the addition of shielding
is explained directly by the attenuation of the UV background which would otherwise be
able to ionize HI and dissociate H2, effectively adding a term to their respective destruction
coefficients. Lifting the threshold for star formation allows gas to reach higher densities before
converting mass into stars, which in turn disperse gas via the implemented feedback. This
has an immediate effect on the abundance of both HI and H2, since their formation is much
more effective at higher densities. The density threshold for H2 formation is higher than that
for HI formation, and consequently the highest density regions in the Universe account for a
larger fraction of the former than the latter. These high density regions are exactly what the
increase in star formation threshold density aims to add to the simulation, which is why its
effect is more pronounced on the H2 density. It is important to keep in mind that the chosen
density threshold for star formation does not directly correspond to a physical threshold,
since the actual fragmentation and collapse of gas clouds into stars cannot be resolved in
cosmological simulations. Instead the choice is determined by the limits of the implemented
gas cooling beyond which any further cooling necessary to form stars has to be assumed.

While with the addition of the chemical network, low temperature and high density cooling
should in principle be modelled accurately so that increasing the threshold for star formation
is unproblematic, it is still possible to result in over cooling and consequently over clumping
of matter. Figure 4.1 clearly shows that the overall abundance of stars (solid lines) at lower
redshifts is only mildly affected by the threshold increase, which suggests the threshold in-
crease does not affect the overall star formation rate significantly. Merely the onset of star
formation is somewhat delayed. As for possible over cooling effects, the matter distribution
within galaxies has to be analysed, which is done in Section 4.2.

In Figure 4.2 the redshift evolution of cosmic densities is compared to observational data.
The aforementioned change in the evolution of the HI density with the inclusion of shielding
and star formation threshold density increase brings the second shielding run closest to the
high redshift observations obtained from Rhee et al. 2017. However, it barely exceeds the
base line run even at its peak and both fall short of the observations by almost an order of
magnitude. The latter manages to match HI observations at low redshifts, but in doing so
produces a reversed trend in evolution with a continuous increase in HI density with time
where observations actually show a slight decrease. While all chemical network models show
the initial HI density increase slow down or reverse at a redshift of about 3, there is no data
for the low redshift range which could be compared to the base model.

The cosmic star formation in the baseline cooling model and all chemical network models
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Figure 4.2: Redshift evolution of comoving cosmic densities in the different simulations
compared with data. Stellar mass densities are from a range of observations compiled by
Madau and Dickinson 2014. HI densities are selected from Rhee et al. 2017 and references
therein. The boxes represent 2σ confidence intervals from for the given redshift ranges
from ASPECS (Decarli et al. 2019) and COLDz (Riechers et al. 2019). Note the different
density range compared to Figure 4.1.

agree with observational data adapted from Madau and Dickinson 2014 (yellow plus signs
in Figure 4.2). Any differences in star formation between the models due to their different
cooling implementations can thus be considered insignificant, at least on cosmological scales.

As for H2, it is obvious that even the second shielding run, which produced the highest
molecular hydrogen densities, falls short of what is observed in our Universe. The difference
to observational data from spectroscopic surveys with ALMA (Decarli et al. 2019) and VLA
(Riechers et al. 2019) at radio frequencies, andWFCAM in the sub-millimeter regime (Garratt
et al. 2021), is about a factor of 103. A possible explanation for this could be the relatively
low resolution of the simulation. Molecular hydrogen predominantly forms in dense regions,
the largest of which have sizes on the order of a few hundred pc, whereas the gravitational
softening in this simulation is on the order of 1 kpc. This means that even the largest of these
giant molecular clouds are not resolved, and densities are instead averaged over larger regions
and thus lower than they would be in resolved molecular clouds. If these lower densities fail to
pass certain density thresholds at which shielding and molecule formation become effective,
this could result in less molecular gas being formed overall. To test this hypothesis, future
testing would need to explore higher resolutions in a cosmological context. Even increasing
the star formation density threshold by a factor of 10 is not sufficient to counteract the
effects of resolution observed here. This, in combination with the lack of HI discussed above,
suggests other adaptations of the model may be necessary to account for lower resolutions
and recover the full functionality of the chemical network in this regime. Caution needs to
be taken in doing this, since in addition to increasing cosmological densities they may affect
properties of galaxies and their evolution.

While it is clear that the chemical network model, at this resolution, predicts neither the
cosmological density evolution of HI nor of H2 as they are observed in our Universe, it remains
to be seen how it compares to alternative approaches available to cosmological simulations.
Figure 4.3 shows the cosmic density evolution of neutral atomic hydrogen in more detail,
and in comparison to data obtained from other cosmological simulations in post-processing
schemes. The shaded orange area corresponds to a range of values obtained by Rahmati
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Figure 4.3: Redshift evolution of comoving cosmic HI density the different runs com-
pared to data and other cosmological simulations. The range given by Rahmati et al.
2015 is obtained from post-processing of the EAGLE simulation, while Diemer et al. 2019
use Illustris TNG100.

et al. 2015 from variations of the EAGLE cosmological simulation (Schaye et al. 2014, Crain
et al. 2015), which also uses the Gadget-3 code. The gray range is taken from Diemer et al.
2019, who apply a variety of models to obtain HI fractions for the IllustrisTNG100 simulation
(Nelson et al. 2019), which uses the moving-mesh code Arepo. The observational data used
for reference is the same as in Figure 4.2. Both simulations I compare to here fail to match
observations across the entire redshift range. The EAGLE results show better agreement
with high redshift observations but fall short at lower redshifts, while the IllustrisTNG data
are a better match at low redshifts but do not capture the evolution at high redshifts well.
Both, however, reach agreement with observations on the order-of-magnitude level over the
entire redshift range, which the chemical network approach tested here fails to do. It should
be noted that the post-processing schemes used in both references require additional model
assumptions and have to be tuned to observations. They also crucially do not allow this
data to be used in real-time to affect star formation or cooling. With this in mind, the
chemical network’s failure to match neutral and atomic hydrogen abundances compared to
post-processing methods should not be cause to abandon the model, but to adapt it to
function at this resolution.

4.2 Effects on Galaxy Formation and Evolution

In addition to enabling studies of cosmological densities, the full box provides a large number
of galaxies with a wide range of masses. This allows for a statistical analysis of galaxy
properties which can shed light on how the implementation of the chemical network affects
galaxy formation and evolution.

Figure 4.4 shows the distribution of stellar masses among the galaxy population, also
called the stellar mass function (SMF), for the test runs of Box 4. All models show reasonable
agreement with observational data from Tomczak et al. 2014 (green shaded area). The first
shielding runs (red squares) and the chemical network run without shielding (blue crosses)
additionally match the curve of a double Schechter fit to the data (green line) by Tomczak
et al. 2014. All four runs produce a greater number of halos at the high mass end than
expected from observations, but it should be noted that the highest mass bins only contain
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Figure 4.4: Stellar mass function (SMF) of galaxies in Box 4 with M∗ > 1011 M⊙. The
green line is a double Schechter fit to ZFOURGE/CANDELS data from Tomczak et al.
2014. The green shaded area covers the data range and scatter.

a few halos each and are thus subject to low number statistics. In addition the highest mass
bins in the simulations lie beyond the range in which the fit is constrained by observational
data. Only galaxies with M∗ > 5 · 1010 M⊙ from the simulations were selected to limit
resolution effects on galaxy properties. This lower mass limit corresponds to about 1.5 · 103
star particles in the smallest galaxies. For the comparison to observational data the lowest
mass bin was set at M∗ > 1010.75 M⊙, slightly above the initial mass cut, in order to match
the mass binning employed by Tomczak et al. 2014. In the lowest mass bin, the simulations
all overshoot the observed SMF. Whether this is due to resolution issues or if other effects
lead to overproduction of stars in low mass halos is beyond the scope of this work. It has
been suggested that this well-known problem is due to the implementation of stellar winds
in the simulation, which assumes a constant velocity for the ejected gas (Hirschmann et al.
2014).

Simulation Name LT UM UM shield UM shield2

N(M∗ > 5 · 1010 M⊙) 305 231 241 211
N(SFR = 0) 105 114 118 55
Nquiescent 136 130 135 59
Quenched Fraction 0.445 0.563 0.560 0.280

Table 4.2: Comparison of the total number of galaxies above the mass cut and with
zero star formation, as well as the number of quiescent galaxies and the corresponding
quenched fraction, between all four simulations at redshift 2. The criterion for quiescence,
SSFR/H(z) < 0.3, was adapted from Franx et al. 2008.

Figure 4.5 shows the relation between stellar mass (M∗) and star formation rate (SFR)
for all galaxies in all four test runs with M∗ > 5 · 1010 M⊙ at z ≈ 2. The total number of
halos clearing the mass threshold at this redshift is about 30-40% lower in the runs with the
chemical networks (see Table 4.2), their distribution in the M∗ − SFR plane is practically
unchanged. The bulk of star forming galaxies lie along the star forming main sequence when
compared to observational data, represented by a fit from Pearson et al. 2018, with some
quenched galaxies residing at lower SFRs in the diagram. Thus, it seems that the alternative
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Figure 4.5: Comparison of the stellar mass - star formation rate distribution of galaxies
in the different test runs and the observed star forming main sequence of galaxies at this
redshift (Pearson et al. 2018). Galaxies with no ongoing star formation at this redshift
are represented by the vertical dashes at the bottom of the plot.

cooling model slightly inhibits the formation of galaxies in the mass range considered here
but those galaxies contain and produce the same amount of stars as in the base line run.

The same appears to hold true for other global galaxy properties. Figure 4.6 shows the
specific angular momentum (j∗) of the stellar component in relation to its mass for the same
subset of halos as in Figure 4.5. While values for individual galaxies may change between
runs, the overall distribution exhibited by the population remains virtually the same. Note
that all models produce a distribution of galaxies that seems heavily skewed towards ellipticals
rather than disc galaxies when compared to our own Universe. This is likely an effect of the
relatively low resolution of these simulations, at which stellar discs are not resolved.

Expanding this analysis to halo properties beyond the stellar component alone, Figure
4.7 shows the stellar mass fraction against the total halo mass within the radius where the
density exceeds 200 times the mean background density in the simulation (M200). The stellar
mass fraction is scaled by the cosmic baryon fraction Ωb/Ωm = 0.168 used throughout all
runs. Again, the statistical distributions are very similar between all models.

Reproducing these global halo parameter distributions is an important step in successfully
implementing cooling via the chemical network. The model used as a base line here has its
sub grid physics set up to produce galaxies as they are observed in our reality, as evidenced by
the model agreement with the observations shown here. If the alternative cooling treatment
were to result in significant deviations from these relations, this would hint at a failure of the
model to mimic some of the relevant physical processes in galaxy formation. These global
properties, however, do not reveal much about the internal structure and matter distribution
within the galaxies. A detailed analysis in this direction is difficult at this resolution, and
care needs to be taken in separating physical effects from those produced by softening at the
resolution limit.

Figure 4.8 shows the mass-size relation of the stellar component of all galaxies in Box
4 above the lower mass limit. This simple measure for the compactness of galaxies gives
some insight into their internal structure. It should be noted once again that the complete
populations exhibiting more elliptical or early type like features is likely a consequence of
the low resolution and thus present in all runs. The base line model and the first two
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Figure 4.6: The stellar mass - stellar angular momentum distribution of galaxies in
the different test runs of Box 4. The lines separating different galaxy morphologies are
adapted from (Teklu et al. 2015) and scaled to z = 2 according to theoretical predictions
by Obreschkow et al. 2015.

Figure 4.7: Comparison of the halo mass - stellar mass distribution of galaxies in
the different test runs. Also shown is an empirical model prediction by Moster et al.
2012. Only main halos are shown in this comparison because overdensity based radii like
R200 cannot be determined for sub halos and consequently neither can the corresponding
masses.
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Figure 4.8: Comparison of the stellar mass - stellar half-mass radius distribution of
galaxies in the different test runs of Box 4 with observations at this redshift (van der Wel
et al. 2014).

runs with the chemical network again show no discernible difference in their overall galaxy
properties and match observations, while the second shielding run on average shows lower
stellar half mass radii RHM,∗ at fixed stellar masses. In addition to producing more compact
galaxies, the resulting scaling relation between M∗ and RHM,∗ is also noticeably flatter than
the corresponding fit to observations by van der Wel et al. 2014. The shift in the mass-size
relation is likely an effect of over cooling due to the increased density threshold for star
formation in the second shielding run, which was deemed necessary to reach more realistic
abundances of molecular hydrogen. This suggests that the density threshold cannot be used
as a sole parameter to adapt the model to lower resolutions without breaking galaxy formation
and evolution, arguably the core aspect of cosmological simulations. Whether this problem
remains at higher resolutions, where the stellar mass-size relation should not exhibit the same
overall bias toward more compact ellipticals, will have to be answered in future studies.

It is worth noting that the second shielding run was able to reproduce many of the observed
distributions of global galaxy properties rather well while actually forming overly compact
galaxies. In particular among the tested cooling implementations it best matched the curve
of the stellar mass function which is often used as a benchmark for simulations. This should
act as a cautionary tale not to rely solely on global galaxy properties like the SMF to tune
simulations but to take into account the distribution of matter within galaxies as well.



32 CHAPTER 4. COLD GAS PROPERTIES IN A COSMOLOGICAL CONTEXT



Chapter 5

Cold Gas Evolution in Individual
Galaxies

Where the cosmological box supplied a great number of halos, zoom simulations focus on a
single target and its environment. In the process we trade a sample of galaxies representative
of the population in the Universe at large for a detailed look at the formation history and
evolution of a single one in its cosmological context. This should provide insight as to when
and where cold and molecular gas forms in a galaxy, and how this affects the evolution of its
stellar component.

In addition, the zoom-ins may help answer questions left open by the resolution limits of
the cosmological box. Besides the very clear issues in trying to analyze galaxy morphologies
and the evolution of cold gas within individual halos at box resolution, it is also possible that
increasing the resolution would affect the overall fraction of molecular gas. Molecules require
high density environments to form, which may be beyond what the resolution of our Box 4
runs permits. This section aims to resolve these matters by analyzing the results of two suits
of zoom simulations at a resolution about 25 times that of Box 4.

Simulation Name LTDef LT5 UMDef UM5 SHDef SH5 SHnoUVB

Chemical Network No No Yes Yes Yes Yes Yes
UV Background Yes Yes Yes Yes Yes Yes No
Shielding No No No No Yes Yes Yes
SF Threshold [cm−3] 2.0 5.0 2.0 5.0 2.0 5.0 5.0

Table 5.1: Simulation parameter comparison for the different model implementations
in the cosmological zoom-in runs of Dfrogin at the 25x resolution.

In order to test the chemical network and HI self-shielding models, as well as the effect of
an increased density threshold for star formation, a suit of six zoom simulations was initial-
ized with identical initial conditions derived from the Dianoga dark matter only simulation
for each target. This suite covers three different sub grid implementations of gas cooling.
The base line model (labeled LT) interpolates the cooling function from tabulated values
based on temperature, density and metallicity as described in Chapter 2. In the second vari-
ation (labeled UM) contributions from individual gas species are taken into account with the
addition of the chemical network as described in Chapter 3. For the third implementation
(labeled SH) HI self-shielding is added to the chemical network. All three models were run
with two different star formation density thresholds. The fourth variation is run with no UV
background, to serve as an indicator of how effective molecular gas formation is in the model.
This can be thought of as the maximum possible shielding effect, since shielding effectively
attenuates the UV background, but is of course unphysical. A resolution corresponding ap-
proximately to 25 times the base resolution of Box 4 (25x) was chosen as the compromise
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Figure 5.1: Comparison of Dfrogin’s molecular hydrogen mass evolution with redshift
in the five different runs with the chemical network at 25x resolution.

between increased detail and the feasibility of running multiple simulations in order to test
model variations.

For the most part, this chapter will focus on Dfrogin which is about a factor of 10 more
massive than Asin, the other candidate. The greater number of particles in Dfrogin paint a
somewhat more detailed picture of the distribution of matter in the galaxy throughout its
evolution, making it the better choice for a detailed analysis. Since the results concerning
the chemical network model from the Asin runs agree with those of Dfrogin presented here,
they are not discussed separately, but can be found in Appendix A.

5.1 Cold Gas Content

Figure 5.1 shows the redshift evolution of the molecular gas mass of the target object Dfrogin
in the four runs with chemical network cooling. It is immediately clear that, at redshifts below
∼ 3, any differences between the runs are overshadowed by rapid changes over several orders
of magnitude in mass. This is an indicator that the total mass of molecular hydrogen (MH2)
is very low, such that small changes affect it disproportionately. Indeed, when comparing
Dfrogin to galaxies observed at low redshifts in the xGASS (Catinella et al. 2010) and COLD
GASS (Saintonge et al. 2011) surveys, as is done in Figure 5.2, we see that Dfrogin lies at
least five orders of magnitude below the surveyed galaxies in molecular gas mass throughout
the redshift range of the surveys (z = 0-0.5). During the rapid changes in molecular gas
mass at these redshifts, it even falls as far as 20 orders of magnitude below observations,
which essentially means it is completely depleted of molecular gas. This is underlined by the
variations in the maximum molecular hydrogen fraction (fH2,max) of all gas particles in the
galaxy shown in Figure 5.3. In all runs with a UV background this maximum reaches the
model imposed floor of 10−20 at some redshifts. There is no significant difference between
the models with shielding and those without at redshifts below ∼ 3, neither in total H2

mass nor maximum H2 fraction. This suggests that the shielding implementation does not
work effectively at the 25x resolution. Interestingly, even in the run with no UV background
radiation in the model the H2 levels do not rise to what is observed at lower redshifts.
This means that no amount of shielding can match observations in this configuration of
the chemical network, since it only serves to attenuate the UV background. Most likely
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Figure 5.2: Comparison of Dfrogin’s track in the M∗-MH2
diagram with observations

from the COLD GASS survey (Saintonge et al. 2011). The part of the track for each
model that lies within the redshift range of the data (0-0.5) is represented by a solid
line, while dashed lines show the evolution at higher redshifts and are thus not directly
comparable to the data.

other formation channels for molecular gas, like dust catalyzed processes, would be needed
to achieve agreement here.

Figure 5.4 shows Dfrogin compared to the same combined xGASS and COLD GASS data
with the neutral atomic hydrogen mass (MHI) plotted against stellar mass. For the chemical
network runs Dfrogin’s track in the M∗-MHI plane shows the same characteristics as that in
the M∗-MH2 plane, with stable gas mass levels at low redshifts and erratic, fast changing
MHI at low redshifts. The gap between peaks in the simulated galaxy’s evolution and xGASS
data is noticeably smaller here than in H2, but nonetheless clearly present. The base line
runs match the xGASS data well, mirroring the agreement found at low redshifts in the full
cosmological box. In the test run without UV background a similar agreement with the data
is reached, suggesting that the shielding mechanism, in principle, can bridge the gap between
chemical network and observations. However, it should be noted once again that this run
corresponds to every gas particle experiencing the maximum effect of shielding, which of
course does not in any way reflect the physical reality. While the results for the H2 masses
clearly suggest that an adaptation of the chemical network is necessary, it seems at least
possible that an increase in resolution, and the resulting more effective shielding, could bring
the model predictions for HI in line with observations.

For a clearer representation of how the galaxy evolves with time Figure 5.5 shows Dfrogin’s
HI mass by redshift. Any differences between the chemical network models at higher redshifts,
where the HI mass is still relatively stable, barely exceed the range of fluctuations within the
models. Interestingly, the dividing line is not between shielding and non-shielding models, as
was the case for H2, but between low and high star formation threshold density. However,
given the even smaller magnitude of the effect here than in the MH2 evolution, it is difficult
to draw any conclusions from this. The rapid fluctuations at lower redshifts ranging over
several orders of magnitude, much like the fluctuations in H2 levels, suggest that the galaxy
contains mostly hot gas with very low HI levels, such that small fluctuations in absolute HI
mass have severe effects relative to the total.

From this it is already clear that even at 25 times the resolution of the cosmological box,
the chemical model still fails to accurately predict the abundance of cold gas in galaxies. It
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Figure 5.3: Maximum molecular hydrogen fraction in gas particles bound to Dfrogin
by redshift. Note that the model imposes a floor of 10−20 on species abundances.

Figure 5.4: Comparison of Dfrogin’s track in the M∗-MHI diagram with observations
from the xGASS survey (Catinella et al. 2010). The part of the track for each model
that lies within the redshift range of the data (0-0.5) is represented by a solid line, while
dashed lines show the evolution at higher redshifts and are thus not directly comparable
to the data.
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Figure 5.5: Comparison of Dfrogin’s neutral atomic hydrogen mass evolution with
redshift between all seven runs at 25x resolution.

Figure 5.6: Redshift evolution of the abundances in Dfrogin of all chemical network
species for the SH5 run.
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remains to be seen how cooling, and as a consequence star formation, is affected by this. As
shown in Chapter 3, H2 is only partially responsible for low temperature cooling, and for
some range of typical conditions is not even the dominant coolant. In principle, it would thus
be of great interest to compare the abundance of other gas species directly to observations,
but due to the lack of observational data, this is not possible for the likes of HD and other
crucial coolants. However, the other molecules in the network, in particular HD and H+

2 ,
require conditions to reach stable abundances in the cold gas phase that are similar to those
for molecular hydrogen. This can be seen in Figure 5.6 where the abundance curves of both
HD and H+

2 follow similar patterns to that of H2.

5.2 Gas Distribution and Dynamics

A direct comparison between local gas density in Dfrogin and the required threshold for
effective HI self-shielding is necessary to ascertain where in the galaxy shielding plays a role.
To this end, Figure 5.7 shows the evolution of Dfrogin’s radial gas density profile over a
range of redshifts. Up to about z = 3 all models are in agreement, but between z = 3 and
z = 2 the chemical network variations lose significant amounts of gas particularly towards
the center. This is also reflected in the evolution of the overall gas mass of the galaxy shown
in Figure 5.8. As a consequence, none of the chemical network models reach densities above
104 M⊙kpc

−3 after z = 2 at the length scales imposed by the radial binning process. For
HI self-shielding to be effective the model requires physical gas densities of ≳ 105 M⊙kpc

−3

as can be seen in Figure 3.4. These low average densities might be the reason why there is
no significant difference in H2 evolution after z = 2 between the shielding and non-shielding
runs.

Radially binning particles to calculate a density has the disadvantage of smearing out
small high density regions, thus lowering the peak densities reached by the resulting profile.
The first panel of Figure 5.9 shows the gas density used in Gadget’s internal calculations,
transformed into physical units, for all particles with T > 104K projected in the x-y-plane.
While the same trend of drastically dropping densities throughout the galaxy after z = 3
remains clearly visible, this visualization also shows that small pockets of cold gas with den-
sities above the threshold for effective shielding remain even down to the lowest redshifts.
However, these account for only a small fraction of the total gas mass, explaining why shield-
ing has a negligible effect on the total H2 mass at lower redshifts. The second panel shows the
abundance ration of molecular to atomic hydrogen in the same subset of gas. Regions with
a high [H2/HI] tend to correspond to regions of high physical gas density which is expected,
given that high densities facilitate H2 formation and HI self-shielding. So while it is true
that the radial binning concealed some small high density regions in which shielding should
be somewhat effective, the two dimensional density maps reinforce the notion that the vast
majority of gas in the zoomed-in galaxies at 25x resolution experience practically no shield-
ing. Indeed, there is practically no cold gas left in the galaxy at z = 0. The two dimensional
visualization also shows the halo noticeably disrupted around z = 2 which explains the erratic
radial density profile for that redshift in Figure 5.7.

To get a better idea of how the cold gas evolves differently across the suite of simulations,
Figure 5.10 shows the same distribution and density projections as Figure 5.9 for all runs.
Only in the base runs (first two rows) and the test run without UV background (last row)
does Dfrogin retain significant levels of cold gas at low redshifts. Moreover, where in the base
runs the cold gas is surrounded by an ‘atmosphere’ of hot gas (grey points in Figure 5.10), the
chemical network runs show an irregular, and much thinner, structure in the hot gas. The
base runs also show a much higher number of hot gas particles in the galaxy, which matches
the result of the halo gas mass comparison in Figure 5.8, but nonetheless goes against any
expectations for the chemical network model. A possible explanation for this behavior might



5.2. GAS DISTRIBUTION AND DYNAMICS 39

Figure 5.7: Radial gas density profiles of Dfrogin at selected redshifts on a double log-
scale. Each bin contains 200 gas particles. The color scheme for the seven different runs
is the same as in Figure 5.2 with the addition of black and gray lines for the LTDef and
LT5 base runs respectively. The vertical black line denotes the physical softening for gas
particles at that redshift.
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Figure 5.8: Comparison of the total bound gas mass evolution with redshift in the
seven different runs of Dfrogin at 25x resolution.

Figure 5.9: Physical density of cold gas (top) and abundance ratio of molecular to
atomic hydrogen (bottom) for the SH5 run of Dfrogin. Particles colored according to the
scale have T > 104K while gray particles correspond to hot gas. Positions are scaled to
the Virial radius, indicated by the black circle, at each redshift.
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Figure 5.10: Physical density of cold gas in all test runs of Dfrogin from z = 3 to
z = 0.13. Particles colored according to the scale have T > 104K while gray particles
correspond to hot gas. Positions are scaled to the Virial radius, indicated by the black
circle, at each redshift.
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Figure 5.11: Spatial distribution of hot gas particles that are identified in the LTDef
run as part of the target halo Dfrogin, shown for both the LTDef and UMDef simulations.
Black circles indicate the virial radius of the respective galaxy. Note that the large virial
radius for the LTDef run in the middle panel is likely due to an ongoing merger at this
redshift. The range of both plots is identical and covers a (50Rvir,UMDef)

2 square in code
units.
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Figure 5.12: Phase diagram of gas in all test runs of Dfrogin from z = 3 to z = 0.13.
From top to bottom the models shown are: LTDef, LT5, UMDef, UM5, SHDef, SH5, and
SHnoUVB all in the familiar color scheme. The vertical black line denotes the density
threshold for star formation in each model assuming the average molecular mass to be
1.22.
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be the interaction of stellar feedback with the chemical network. Since the model is added to
the code parallel to the existing stellar evolution module, their interaction is not guaranteed
to be self-consistent. Star formation may become excessive at an early redshift before the
feedback can affectively slow it down. A similar process is imaginable for feedback from gas
accretion onto the central black hole in the galaxy. If gas cooling is too efficient, it could
provide so much matter for the black hole to accrete that the resulting feedback disrupts the
entire galaxy. The disruptive event observed in the SH5 run at z = 2 is present to varying
degrees in all chemical network runs, and could also be explained by either of these feedback
effects.

To better understand the magnitude and nature of this disruption, I identified the SPH
particles that make up Dfrogin’s hot atmosphere in the base run LTDef, and located them
in the chemical network run UMDef. While the evolution of individual particles is different
between different runs, all simulations share the same initial conditions, so that the bulk of
the particles should end up in the same target halo in each of them. Thus, the distribution of
hot gas as shown in Figure 5.11 should serve as a reasonable approximation of what happens
to the ‘hot atmosphere’ of Dfrogin in the chemical network runs. At redshift 3, before the
complete disruption, both versions of the galaxy have a somewhat comparable extended hot
gas component. This drastically changes at redshift 2 in the UMDef run, where the particles
bound to Dfrogin in the LTDef run are scattered outwards to several tens of virial radii. In
the LTDef run a merger can be seen at this redshift, which causes the virial radius to extend
much further than in any of the other snapshots shown here. While there is once again a
more recognizable structure at redshift 1, the hot gas in the UMDef run still extends far
beyond Dfrogin’s virial radius, which is why so little of it is found bound in the halo (Figure
5.10).

Looking at Dfrogin’s gas component in the density - temperature space should reveal
whether it provided the conditions necessary for excessive star formation or black hole ac-
cretion in the lead-up to its disruption. Figure 5.12 shows such phase diagrams for all gas
bound in Dfrogin at the same redshifts as selected for the cold gas maps before. Indeed, in
all chemical network runs there is far more gas in the star forming branch, left of the dividing
line that denotes the star formation density threshold, at redshift 3 than in the base line
runs. At redshift two we see the disruption taking hold, with less overall gas remaining in the
chemical network runs and lower maximum gas densities, particularly in the non-shielding
runs.

5.3 Effects on Star Formation

Having established the cold gas content of the zoom simulations to be severely lacking in
both HI and H2 and generally hotter and thinner than expected, it remains to be seen how
the star formation fueled by this reservoir evolves over the course of the simulation, and
if it is indeed the culprit in the galaxy’s disruption. Figure 5.13 shows the total galactic
star formation rate of Dfrogin with redshift. Once again the chemical network and base
models diverge at a redshift of about 3. In the base model Dfrogin continues to form stars
intermittently and at lower values than reached during the peak between redshifts 4 and
3. The chemical network models show the same peak, after which star formation remains
at somewhat higher levels than in the base runs, before it ceases almost entirely except for
occasional single snapshot peaks. Only the test run without UV background has the galaxy
continuing star formation down to very low redshifts, much like the base model although with
slightly smaller peak values. Star formation in the chemical network is exceeding the levels
observed in the base line runs at redshift 3, which is consistent with the impression gained
from the phase diagrams. Little ongoing star formation in the chemical network models at
lower redshifts is also expected, given the temperature and density of the gas at these times.
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Figure 5.13: Comparison of Dfrogin’s star formation rate evolution with redshift be-
tween all seven runs at 25x resolution. Any data points below the lower limit of the plot
correspond to zero star formation in the entire galaxy at that redshift.

When comparing the resulting evolutionary track in a stellar mass star formation rate
(M∗-SFR) diagram to observations, as is done in Figure 5.14, the lack of star formation at
lower redshifts is even clearer to see. Even in the test run without UV background Dfrogin
exhibits less star formation at low redshift than in the base model, indicating once again
that photoionization and photoheating are not the only factors in the excessive removal of
gas mass from the galaxy. In principle, gas could be removed by star formation transforming
it into stellar mass. To rule out the possibility one only has to take a look at Figure 5.15
which shows the evolution of Dfrogin’s total baryonic mass (M∗ + Mgas) with redshift. All
implementations of the chemical network model stay behind the base runs in baryonic mass
after z = 2.5, even the run without UV background. This once again points to disruption
and ejection of the gas from the galaxy.

While the zoom simulations do not permit a statistical analysis of the mass size relation,
the target galaxy’s track in theM∗-MHM,∗ plane can still provide valuable insight. Comparing
the galaxy’s position in the M∗-MHM,∗ plane at a single fixed point in time between different
runs directly can be difficult, because mergers and close encounters significantly alter the
calculated size of the galaxy, and such events may not happen at the exact same time in
different runs. However, a systematic difference between models affecting galaxy morphology,
as might be the case with the disruption of the gas component discussed above, should lead
to significant changes to evolution tracks in the mass-size plane. Figure 5.16 shows the
evolution tracks of the Dfrogin and Asin target galaxies in the M∗-MHM,∗ plane for all test
runs at redshifts below 2.75, with fits to observational data from van der Wel et al. 2014 for
reference. The most notable change in the chemical network runs is that Dfrogin grows to at
least twice the size compared to the base line runs, despite its stellar mass remaining lower.
This fits with the picture of a gas poor galaxy that presented itself throughout the analysis
so far. The gas poor or ‘dry’ mergers such a galaxy would predominantly experience, would
grow its size much more than gas rich ‘wet’ mergers would, as has been shown in numerical
simulations (Hilz et al. 2012). Asin, the second zoom-in target, also has a lower stellar mass
at the end of its evolution in the chemical network runs compared to its base line simulation,
but it does not show the same increase in size as Dfrogin. Given its much smaller mass
compared to Dfrogin, it is expected to experience fewer mergers throughout its evolution,
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Figure 5.14: Comparison of Dfrogin’s track in the M∗-SFR diagram with xGASS and
xCOLDGASS data (Catinella et al. 2010, Saintonge et al. 2011). The part of the track
for each model that lies within the redshift range of the data (0-0.5) is represented by
a solid line while dashed lines show the evolution at higher redshifts and are thus not
directly comparable to the data.

Figure 5.15: Comparison of Dfrogin’s total baryonic mass (gas + stars) evolution with
redshift between all seven runs at 25x resolution.
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Figure 5.16: Evolution of the Dfrogin and Asin target galaxies in the M∗-RHM,∗ plane
at 25x resolution for the different test runs. Also shown are fits to observations by van der
Wel et al. 2014 for early type galaxies (solid lines) late types (dashed lines) for redshifts
0 (blue) and 2.75 (red). Note that no test run without UV background was performed
for Asin. which is why it is missing in the last panel.
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Figure 5.17: Evolution of the Dfrogin and Asin target galaxies in the M∗-j∗ plane at
25x resolution for the different test runs. Also shown are scaling relations for disks, s0
type galaxies, and pure bulges from Teklu et al. 2015. Blue lines indicate where these
relations lie at redshift 0, while red lines show them scaled to redshift 2 according to
Obreschkow et al. 2015.
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particularly with galaxies smaller than itself. These latter minor mergers have been found
to have a strong effect on the growth of massive ellipticals at later times (Naab et al. 2009).
Assuming Asin indeed undergoes fewer mergers, the effect of the overall galaxy population
being more gas poor or ‘dry’ would have less of an effect on its growth.

Figure 5.17 shows the same two galaxies as they evolve in the plane of stellar mass and
specific stellar angular momentum. Neither galaxy consistently reaches a specific angular
momentum indicative of a disk at that redshift in any of the test runs, even though they
clearly are in the disk range of the mass size relation at z = 0. Dfrogin generally seems to
end its evolution with more specific stellar angular momentum in the chemical network runs
compared to the base runs. However, most notable is how erratic the evolutionary tracks of
both Asin and Dfrogin are in the M∗-j∗ plane.

5.4 Resolution Study

Despite the challenges with the chemical network model implementation at lower redshifts,
the zoom simulations may still provide valuable insight into the effect of resolution on the
evolution of molecular gas. To this end, test runs of Dfrogin with chemical network and
shielding implemented were performed at four different resolution levels. These levels are
based on the parent simulation Dianoga and denoted 1x, 10x, 25x, and 250x after their
respective increase in mass resolution compared to the base. The resulting dark matter
particle masses can be found in Table 5.2. Also listed are the default density thresholds for
star formation, which change along with the density level that the simulation can effectively
resolve. For each resolution level, except the highest one (250x), two runs were performed,
one with the default density threshold, and one with the threshold increased by a factor
of about 2. This allows for a comparison the relative effects of resolution and the density
threshold increase. Due to time constraints only one test run was performed at the highest
resolution, and the implementation with increased star formation threshold was chosen. The
single high resolution run crashed around redshift 2.5, due to the necessary timestep length
falling short of the lower limit imposed by Gadget.

Resolution 1x 10x 25x 250x

mDM [M⊙] 8.3 · 108 8.3 · 107 3.3 · 107 3.3 · 106
mgas [M⊙] 1.5 · 108 1.5 · 107 6.2 · 106 6.2 · 105
Default SF Th. [cm−3] 0.5 1.0 2.0 5.0

Table 5.2: Dark matter and gas particle masses and default star formation density
threshold in the four resolution levels of the study.

Figure 5.18 shows the evolution of molecular hydrogen mass with redshift in the entire
high resolution region for all runs in the resolution test suite. The high resolution region was
chosen as the subject of this study over the target galaxy alone in order to minimize the effect
of Dfrogin’s particular evolution path. Since the 250x run only provides data up to a redshift
of about 2.5, finding a clear analogue for the progenitor of the target galaxy at redshift 0
becomes difficult. Even picking the galaxy closest to the position of the progenitor found in
lower resolution runs provides no guarantee, that this galaxy would have turned out to be the
main progenitor of the target at low redshifts. With the choice of the entire target region this
is of no concern, and any boost to H2 production and shielding due to the increased resolution
should still be visible in the data. While the resulting H2 masses still show significant and
rapid fluctuations at low redshift, their evolution is much smoother at earlier times for all but
the lowest resolution runs. There, the total H2 mass in the region drops to the model imposed
floor as early as redshift 5. Comparing those runs with resolutions above the base shows the
expected increase in H2 mass with resolution. The 2.5 times increase between 10x and 25x



50 CHAPTER 5. COLD GAS EVOLUTION IN INDIVIDUAL GALAXIES

Figure 5.18: H2 mass evolution with redshift in the target region containing Dfrogin
across the seven different variations of resolution and star formation density threshold.
Note that while the red and pink lines still correspond to the previous SHDef and SH5
runs respectively, all other colors now represent different simulations than in previous
figures.

has an effect comparable in magnitude to an increase in star formation threshold density by
a factor of 2. With a resolution increase by a factor of 10 between the 25x run (pink line)
and 250x run (green line), the H2 mass still increases significantly. Whether this increase
suffices to bring H2 levels up to what is found in observations cannot be discerned from
this, however, because the 250x resolution run did not proceed far enough past the crucial
redshift 3. Thus, it cannot be concluded that it would not exhibit the same erratic behavior
at later times than the lower resolution runs. Likewise, it cannot be determined if the model
converges with resolution. If it does, then this likely only occurs beyond the resolution level
of the 250x run. There is, however, no guarantee that such resolutions would still be feasible
for cosmological simulations. In combination with the fact that the resolutions tested here
are already of interest for future studies, this further highlights the need for additions to the
model if it is to be used in further cosmological simulations.

5.5 Impact of the UV Background Model

The UV background used in all the above simulations, save the test run with no UV back-
ground whatsoever, follows Haardt and Madau 2012 as discussed in Chapter 3. Models of the
UV background are frequently updated with new constraints from observational data, and
two recent models (Puchwein et al. 2019, Faucher-Giguère 2020) are tested as alternatives to
the default used so far in this thesis. To this end, Dfrogin was re-simulated two additional
times with all parameters matching the SH5 run, except for the UV background tables which
were taken from the sources given above.

The top panel of Figure 5.19 shows the evolution of Dfrogin’s H2 mass in the different
test runs. All runs with UV background produce the same fluctuations at low redshifts, that
the previous sections of this chapter discussed in detail. Even between redshifts 8 and 6,
where the earlier onset of the UV background in the two alternative models (see Figure 3.3)
comes to bear, the evolution of Dfrogin’s H2 is not notably affected. Much the same result
can be seen for the HI mass, as is shown in the bottom panel of Figure 5.19. Thus, it can be
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Figure 5.19: Dfrogin’s H2 (top) and HI (bottom) mass evolution with redshift for
different implementations of the UV background. The dark red line shows the shielding
run with the Puchwein et al. 2019 UV background model and the orange line indicates
the run using the Faucher-Giguère 2020 model. In addition to the two new models, the
SH5 run (with the Haardt and Madau 2012 model) and the test run without any UV
background are shown.
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concluded that the chemical network model does not strongly depend on the choice of UV
background within the constraints given by observations.

These additional data sets also confirm that the rapid decline in Dfrogin’s gas mass must
indeed be due to local feedback. If it were caused by heating and ionization from the UV
background, then its timing should differ between the three UV background models which
have varying onset times.



Chapter 6

Discussion & Conclusion

At the core of this thesis stands a chemical network based low temperature cooling module
for the OpenGadget3 code. The module was developed by Maio et al. 2007, and shown to
work successfully at high redshifts and for early structure formation. The goal of this work
is to gauge the effectiveness of the chemical network for modeling the evolution of galaxies to
lower redshifts, and at resolutions feasible for such simulations. Different implementations of
the chemical network were tested for both a full cosmological box and zoom-ins over a range
of particle resolutions between mdm = 6.90 · 108 M⊙ and mDM = 3.3 · 107 M⊙, in order to
determine the impact of a new addition to the module that attempts to capture the impact of
HI and H2 self-shielding from the UV background. The results from both suits of simulations
show that the current shielding implementation is not suitable for the tested resolutions.

In the full cosmological simulation at a mass resolution of mdm = 6.90 · 108 M⊙, all model
variations predict abundances of neutral atomic hydrogen and molecular hydrogen that fall
short of observations. Increasing the star formation density threshold parameter, in order for
the simulated gas to reach higher densities and self-shielding to become more effective, proved
to have a significant effect on both HI and H2 abundance. However, at the highest tested
values of this parameter, simulations still produce about an order of magnitude less HI and
several orders of magnitude less H2 than observed at redshifts of 6 and below. Meanwhile,
galaxies formed in this run are found to be too compact and no longer follow the observed
mass-size relation. The process of adapting the model to lower resolutions can thus not solely
rely on increasing the star formation density threshold.

Further testing was performed on cosmological zoom-in simulations, in order to extend the
study to mass resolutions up to mDM = 3.3 ·107 M⊙. In addition, this allowed access to lower
redshifts, and to follow the evolution of cold gas in galaxies in more detail. It was found that
the low temperature cooling calculated based on the chemical network output altered the
galaxy evolution in the zoom-in simulations drastically. Galactic gas densities after z ∼ 3 are
too low for effective shielding in the model, and the target galaxies consist almost entirely of
hot ionized gas at low redshifts. This effect was found to not depend strongly on the chosen
implementation of the UV background. An increased resolution might be able to address
the problem partially, as smaller regions of high density are resolved instead of averaged
over, resulting in higher peak densities. While it seems feasible that more effective shielding
could bring HI levels up to what is observed, it is likely that to achieve the same for H2 would
require additional formation channels for molecules to be considered in the chemical network.
A prime candidate would be catalyzed reactions on the surface of dust grains, which play an
increasing role towards lower redshifts with more dust present in the gas than at the dawn
of the Universe.

However, the final state of the zoom-in galaxies in the chemical network runs is likely
not only, or even primarily, a consequence of the ineffective self-shielding or UV background
radiation. A strong feedback event, that causes a lasting disruption to the galactic gas
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component, is present at redshifts between 3 and 2 in all chemical network zoom-in runs.
This is likely either due to excessive star formation at that redshift, or due to feedback from
the central black hole accreting large amounts of gas. The Dfrogin target galaxy showed
some signs pointing towards the former, with significantly more star forming gas at z = 3
in the chemical network runs compared to the base line runs. Testing the impact of black
hole accretion and feedback would require additions to the suite of simulations that are
beyond the scope of this thesis, so that the possibility cannot be ruled out at this point.
In either case, resolution is unlikely to markedly change the occurrence of the disrupting
feedback. Instead, changes to the coupling between star formation and feedback on the one
hand and the chemical network on the other hand are probably necessary. As it stands, the
chemical network model works as an extension of the base line stellar evolution, feedback, and
cooling model by replacing only its low temperature cooling aspects. Star formation does
not directly depend on the chemical network output, and stellar feedback likewise is only
indirectly coupled via gas temperature. Thus, the cooling provided by the chemical network
may lead to excessive star formation, without the resulting feedback being able to ‘push
back’ in a consistent manner. The same is true for black hole accretion and feedback. A self-
consistent implementation of the model would have to include modes of feedback directly as
factors in the evolution of species in the network. Then, the cooling function calculated from
the network should accurately reflect the impact of the feedback, and prevent inconsistent
levels of cooling that continue to feed gas into the sources of feedback.

That being said, the other major benefit of implementing a chemical network in cosmo-
logical simulations besides cooling, is still apparent in this work. Comparing the abundance
of HI and H2 on cosmological scales and in individual galaxies to observations, in order to
determine if the simulations correctly capture physical processes, was only possible because
of the chemical network. Without the chemical abundances tied directly into the evolution
of simulated gas, this additional constraint for cosmological simulations cannot be utilized
to the same degree. Future work should thus aim to extend the study presented here to
higher resolutions, and to adapt the chemical network model for the resolutions covered in
this thesis. The latter will likely require some form of dust treatment to be added to the
model, and the implementation of stellar and black hole feedback in a more self-consistent
manner.
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Appendix A

Asin

Simulation Name LTDef LT5 UMDef UM5 SHDef SH5

Chemical Network No No Yes Yes Yes Yes
UV Background Yes Yes Yes Yes Yes Yes
Shielding No No No No Yes Yes
SF Threshold [cm−3] 2.0 5.0 2.0 5.0 2.0 5.0

Table A.1: Simulation parameter comparison for the different model implementations
in the cosmological zoom-in runs of Asin at the 25x resolution.

Figure A.1: Comparison of Asin’s molecular hydrogen mass evolution with redshift in
the four different runs with the chemical network at 25x resolution.
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Figure A.2: Comparison of Asin’s track in the M∗-MH2
diagram with observations from

the COLD GASS survey (Saintonge et al. 2011). The part of the track for each model
that lies within the redshift range of the data (0-0.5) is represented by a solid line, while
dashed lines show the evolution at higher redshifts and are thus not directly comparable
to the data.

Figure A.3: Comparison of Asin’s track in the M∗-MHI diagram with observations from
the xGASS survey (Catinella et al. 2010). The part of the track for each model that lies
within the redshift range of the data (0-0.5) is represented by a solid line, while dashed
lines show the evolution at higher redshifts and are thus not directly comparable to the
data.
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Figure A.4: Comparison of Asin’s neutral atomic hydrogen mass evolution with redshift
between all six runs at 25x resolution.

Figure A.5: Comparison of the total bound gas mass evolution with redshift in the six
different runs of Asin at 25x resolution.
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Figure A.6: Radial gas density profiles of Asin at selected redshifts on a double log-
scale. Each bin contains 200 gas particles. The vertical black line denotes the physical
softening for gas particles at that redshift.
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Figure A.7: Physical density of cold gas in all test runs of Asin from z = 3 to z = 0.13.
Particles colored according to the scale have T > 104K while gray particles correspond
to hot gas. Positions are scaled to the Virial radius, indicated by the black circle, at each
redshift.
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Figure A.8: Phase diagram of gas in all test runs of Asin from z = 3 to z = 0.13. From
top to bottom the models shown are: LTDef, LT5, UMDef, UM5, SHDef, SH5, and
SHnoUVB all in the familiar color scheme. The vertical black line denotes the density
threshold for star formation in each model assuming the average molecular mass to be
1.22.
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Figure A.9: Comparison of Asin’s star formation rate evolution with redshift between
all six runs at 25x resolution. Any data points below the lower limit of the plot correspond
to zero star formation in the entire galaxy at that redshift.

Figure A.10: Comparison of Asin’s track in the M∗-SFR diagram with xGASS and
xCOLDGASS data (Catinella et al. 2010, Saintonge et al. 2011). The part of the track
for each model that lies within the redshift range of the data (0-0.5) is represented by
a solid line while dashed lines show the evolution at higher redshifts and are thus not
directly comparable to the data.
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