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Abstract

The study of galaxy formation and evolution is a cornerstone in astrophysics, as galaxies connect
together all scales of the Universe. The physical processes that govern galaxies therefore needs to
be fully understood if we are to understand how our Universe works. The various morphologies
of galaxies we see today indicate that there are multiple processes at play, that act both on and
within galaxies. In our currently accepted paradigm, galaxies are expected to assemble mass
through merging and gas accretion, therefore these are critical processes that must be understood
across the range of galaxy masses. We can now combine observational data from wide-are
surveys with state of the art cosmological simulations to study how these processes drive galaxy

evolution across cosmic time.

In this thesis we have used cosmological simulations (Horizon-AGN and NewHor izon) to study
how physical processes shape galaxies. Firstly, we explore an unusual population of extremely
massive (** j 10'"M ) spheroids, in the Horizon-AGN simulation, which exhibit anomalously
low ex-situ mass fractions. This indicates that they form without recourse to significant merging,
contrary to the common belief. These systems form in a single minor-merger event (with typical
merger mass ratios of 0.11 - 0.33), where the satellite orbit is virtually co-planar with the disc
of the massive galaxy. The merger triggers a catastrophic change in morphology, over only a
few hundred Myrs, coupled with strong in-situ star formation. While this channel produces a
minority ( 5 per cent) of such galaxies, our study demonstrates that the formation of at least
some of the most massive spheroids need not involve major mergers - or any significant merging

at all - contrary to what is classically believed.

We also look at how extremely massive disc galaxies form in both simulations and in the nearby
Universe. We show that extremely massive (M j 10''# M ) discs are created via two channels.
In the primary channel (accounting for 70% of these systems and 8% of massive galaxies) the
most recent, significant merger (mass ratio j 1:10) between a massive spheroid and a gas-rich
satellite ‘spins up’ the spheroid by creating a new rotational stellar component, leaving a massive
disc as the remnant. In the secondary channel (accounting for 30% of these systems and 3%
of massive galaxies), a system maintains a disc throughout its lifetime, due to an anomalously
quiet merger history. These massive discs have similar black-hole masses and accretion rates to
massive spheroids, providing a natural explanation for why some powerful AGN are surprisingly

found in disc galaxies.

In an observational follow-up we use UV-optical and HI data of massive galaxies, from the SDSS,
GALEX, DECaLS and ALFALFA surveys to test the predictions from Horizon-AGN. Observed
massive discs form 13 per cent of the population, in good agreement with the simulation ( 11
per cent). 64 per cent of massive discs exhibit tidal features indicative of recent minor mergers

in the deep DECaLS images. The incidence of these features is at least four times higher than
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in low-mass discs, indicating that minor mergers play a significant role in the formation of these
systems. The empirical star-formation rates agree well with Horizon-AGN’s predictions and,
for a small galaxy sample with HI detections, the HI masses/fractions are consistent with the
range predicted. The good agreement between theory and observations indicates that extremely
massive discs are indeed remnants of recent minor mergers between spheroids and gas-rich

satellites.

We also look into the origins of dwarf low surface brightness galaxies (LSBGs), which are
expected to dominate the galaxy number density. Using NewHor izon, a high-resolution cosmo-
logical simulation, we study the origin of LSBGs and explain why, at similar stellar mass, they
exhibit a large observed spread in surface brightness. NewHorizon galaxies populate a well-
defined locus in the surface brightness - stellar mass plane, with a spread of 3 mag arcsec 2, in
agreement with deep SDSS Stripe data. We find that galaxies with fainter surface brightnesses
today are born in regions of higher dark-matter density. This results in faster gas accretion and
more intense star formation at early epochs. The stronger resultant supernova feedback flattens
gas profiles at a faster rate which, in turn, creates shallower stellar profiles (i.e. more diffuse
systems) more rapidly. A small minority of dwarfs depart from the main locus towards high
surface brightnesses, making them detectable in past wide surveys (e.g. standard-depth SDSS
images). These systems have anomalously high star-formation rates, triggered by recent, fly-by
or merger-driven starbursts. We note that objects considered extreme/anomalous at the depth of

current datasets, e.g. ‘ultra-diffuse galaxies’, actually dominate the predicted dwarf population

and will be routinely visible in future surveys like LSST.

Finally, we look at a population of galaxies that go against our current theoretical paradigm.
Recent observations have found local dwarfs with extremely low dark matter content, potentially
bringing the validity of the standard model into question. We use NewHorizon to demonstrate
that sustained stripping of dark matter, in tidal interactions between a massive galaxy and a
dwarf satellite, naturally produces dwarfs that are dark-matter-deficient. The degree of stripping
is driven by the closeness of the orbit of the dwarf around its massive companion, and produces
dwarfs with halo-to-stellar mass ratios consistent with the findings of recent observational studies.

30 per cent of dwarfs show some deviation from normal dark matter fractions due to dark matter
stripping, with 10 per cent showing high levels of dark matter deficiency (Mpa10/M¢<10). The
creation of these galaxies is, therefore, a natural by-product of galaxy evolution and their existence

is not in tension with the standard paradigm.

This thesis examines galaxy populations that appear to go against the currently accepted
paradigm, in both the massive and dwarf galaxy regime. We show that galaxy evolution is
a very complicated problem and that it is possible to form different galaxy populations through

many processes. By using a cosmological simulation based on CDM we also show that the
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existence of these populations do not pose a challenge to this model and are, in fact, readily

explained by it.
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Chapter 1

Introduction

Galaxies are a fundamental component of our Universe, therefore understanding their formation
and evolution is one of the key research areas in astronomy. The study of galaxies links together
other research areas in astronomy, as they connect the large scale structure of the Universe
to the gas, stars and planets that are contained within them. We therefore require a complete
understanding of the processes that govern galaxies if we are to truly understand how our Universe
works.

The existence of galaxies other than the Milky Way was rstdemonstrated by Hubble (1926), who
created a classi cation scheme to identify galaxies by their shape (Figure 1.1). This classi cation
scheme breaks galaxies down into four classes: spirals, lenticular, ellipticals and irregular. At
the time the way these di erent morphologies related to one another, if at all, was not known.
However, over time observational studies have shown that at high redshift galaxies tend to
have more disc-like morphologies, with high rates of star formation and blue colours (Wuyts
et al., 2011; Conselice et al., 2014; Buitrago et al., 2014; Shibuya et al., 2015). Whereas low
redshift galaxies are dominated by massive quenched galaxies with elliptical morphologies and
red colours (Bernardi et al., 2003; Buitrago et al., 2013; Madau and Dickinson, 2014; Kaviraj,
2014b). Given this, it is therefore plausible that these morphologies encode information about
the history of each galaxy, and the processes that have formed it.

We are now in an age of large datasets, allowing us to study galaxies and processes that govern
them in a statistical way. These recent wide-area surveys (such as SDSS (Abazajian et al.,
2009)) have allowed for the study of millions of galaxies across a large part of cosmic time and,
with modern computational methods, large-volume cosmological simulations can be performed
to examine how physical processes shape galaxies (Dubois et al., 2014a; Vogelsberger et al.,
2014b; Schaye et al., 2015). By combining these two datatsets it has become possible to study
how galaxies we see in the local Universe have formed over time. We now believe that the
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Figure 1.1: The Hubble sequence classi cation scheme, used to morphologically identify
galaxies.

morphologies of galaxies form a sequence, with galaxies typically evolving from star-forming
spirals to quenched ellipticals (e.g. Conselice, 2014).

Although the study of galaxies has come a long way since the days of Hubble, there are still many
areas that are poorly understood. A particular area that has recently come to prominence is the
study of dwarf galaxies. Recent theoretical work (e.g. Martin et al. (2019), Chapter 5) has shown
that the these galaxies dominate the number density of galaxies but are almost entirely missed
in current wide-area surveys, as they are below the surface brightness limits. As our models
are statistically calibrated to the subset of bright galaxies, our understanding of the physics of
galaxy evolution remains potentially highly incomplete. Therefore upcoming deep-wide survey
instruments (e.g. HSC-SSP, LSST, JWST and EUCLID), which will allow us to study galaxies in
the low surface brightness regime, have the capacity to alter our current understanding of galaxy
evolution. These new observing tools are supplemented by the next generation of high-resolution
simulations NewHorizon(Dubois et al., 2020), lllustris-TNG (Nelson et al., 2019), allowing us

to make predictions for these surveys and understand how processes operate over a large range
of stellar masses and redshift.

1.1 The formation of galaxies

A detailed process of how galaxies form is still a major open question, the current theoretical
model is known as the bottom-up model (White and Rees, 1978; Searle and Zinn, 1978). This
theory states that small structures form rst, with these smaller structures merging together over
time to create ever larger structures resulting in hierarchical galaxy formation (White and Rees,
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1978; Cole et al., 2000). In our current cosmological mod€DM (Rees and Ostriker, 1977)),
the Universe is constructed of four components: radiation, baryons, dark matter and dark energy.

Although on large scales the Universe appears to be homogeneous and isotropic, small scale
inhomogeneities do exist. These manifest themselves as regions of the Universe that are slightly
under and over dense compared to the average (discovered by analysis of the Cosmic Microwave
Background (Komatsu et al., 2009; Dunkley et al., 2009)). These high-density regions contract
due to gravity and eventually collapse, bringing in material from their surroundings. Thisin turn
causes the under-dense regions to become ever sparser. Inside these over-dense regions, dark
matter halos begin to form and acquire angular momentum, through halo mergers and/or tidal
interactions. These dark matter halos will then begin to accrete more dark matter and merge
together in order to increase in mass (Peebles, 1982; Blumenthal et al., 1984).

Following recombination, baryons (in the form of gas) fall into these over-dense regions as they
are no longer coupled to photons in an ionised plasma. As the gas can cool radiatively, it is
able to condense into cold gas, which eventually settles into rotationally supported discs at the
centre of the dark matter halo (Fall and Efstathiou, 1980). Within these discs, clumps are formed
which collapse to form stars, which constitute the beginnings of a galaxy (Conselice et al., 2014;
Somerville and Davé, 2015). These proto-galaxies then begin to assemble more mass over
cosmic time until they resemble the galaxies that we see in the local Universe.

1.1.1 Mass assembly in galaxies

One of the key predictions of the hierarchical formation model of galaxy evolution is that galaxies
merge over cosmic time to create ever larger galaxies (see Figure 1.2). These mergers are split
into two types: major mergers where galaxies have similar masses (mass ratios greater that
1:4) and minor mergers where one galaxy is signi cantly larger than the other (mass ratios less
that 1:4 and greater that 1:.10). The merging of galaxies (both major and minor) is believed to
be an important driver of galaxy evolution (Steinmetz and Navarro, 2002) such as stellar mass
assembly, triggering bursts of star formation and causing morphological transformations.

Merging is therefore an obvious candidate when considering which processes are capable of
increasing the stellar mass of galaxies. Both major and minor mergers result in the stellar mass
of the smaller galaxy being accreted by the larger companion, and therefore increasing its own
mass. It is also possible for the merger to bring in gas via the smaller galaxy, increasing the

gas reservoir available for star formation (e.g. Tonini et al., 2016). The merger process itself

is capable of driving strong star formation episodes, such as in Figure 1.3, where gas is driven
towards the central regions of the galaxy, which rapidly increases its gas density causing star
formation (Mihos and Hernquist, 1996).
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Figure 1.2: Hierarchical galaxy formation. Small galaxies merge together over cosmic time to
form ever larger galaxies.

As star formation is reliant on gas, the occurrence of a merger by itself is not su cient to result

in an increase in star formation. In order for star formation to be triggered, the merger typically
needs to be gas-rich, meaning one of the galaxies must have a large amount of cold gas which
can fuel the star formation (Tonini et al., 2016). That being said, galaxies with the highest star
formation rates, at a given redshift, typically show evidence of undergoing a merger (Sanders
and Mirabel, 1996; Ellison et al., 2013). Therefore at high redshift, where mergers are more
common and the Universe is generally more gas-rich, merging could be responsible for large
amounts of the mass assembly of galaxies (Mihos, 2000; Conselice, 2007).

Although mergers contribute to both the stellar mass assembly and star formation budget of
galaxies, in order to reach the observed rates of star formation an additional source of gas is
required. At high redshift, galaxies withg 10'*M must accrete gas at around 100y 1,

with this gas accretion responsible for 8% of all new star formation between N3Y3
(Conselice et al., 2013). This process is therefore a major component of galaxy evolution and is
potentially more important in forming new stars than merging (Martin et al., 2017).

There are multiple methods by which gas accretion onto galaxies could occur. The most
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Figure 1.3: An image of a starburst galaxy (the Antennae Galaxies), which formed via the
collisions of NGC 4038 and NGC 4039. Credit NASA/ESA.

prominent sources of this gas are believed to be the intergalactic medium (IGM), satellite galaxies
and recycled feedback gas, see Figure 1.4 (Putman, 2017). Accretion from the IGM occurs along
laments connected to the galaxy's dark matter halo and is expected to be the dominant source
of gas accretion for a galaxy (Joung et al., 2012). Satellite galaxies also have their gas reservoirs
stripped by ram pressure from the circumgalactic medium of their host galaxies. Although most
satellites do not provide much gas, larger ones such as the large Magellanic Clouds could provide
fuel for extended star formation. Finally feedback methods (such as active galactic nuclei or
supernovae) are capable of removing gas from a galaxy's disc into the halo, making it an abundant
source of fuel for future star formation events as it cools.

Most of the gas inside the halo is hot, ionised gas that is gravitationally bound (Croton et al.,
2016). Therefore, as gas is accreted, it is shock heated at the halo's virial radius to the virial
temperature. As this heating occurs at the edges of the halo, rather than closer in to the galaxy,
it requires a long time for the gas to cool and collapse onto the galaxy (Rees and Ostriker, 1977;
White and Rees, 1978). This is what is termed 'hot mode' accretion and is believed to occur
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Figure 1.4: The three expected sources of gas accretion with gas temperature represented by
colour (blue being cold gas to red being hot gas), modi ed from Putman (2017). Top-left:
Accretion from the IGM along laments onto the galaxy. Top-right: Feedback processes heat
gas causing it to rise into the galaxy halo, the gas cools and falls back onto the galaxy. Bottom:
Satellite galaxies are stripped of their gas as they pass through the circumgalactic medium of
the larger galaxy.

predominantly in massive galaxies where these shocks can be stabilised (Birnboim and Dekel,
2003; Dekel and Birnboim, 2006).

In low mass halos, and at high redshift, 'cold’ mode accretion is the dominant method of gas

accretion, due to the relative high density of lamentary gas and the lack of a hot halo. This stops

the formation of a stable shock, resulting in rapid cooling rates for gas (e.g. Kere? et al., 2005;

Dekel et al., 2009; Benson and Bower, 2011). These cold accretion ows are, therefore, capable
of bringing gas directly from the cosmic web and onto the central parts of galaxies, whilst also

potentially providing angular momentum to the system (Kerez2 et al., 2005; Pichon et al., 2011).

Cold ows are therefore believed to be a main driver of galaxy mass assembly, as most galaxies
will experience this mode of accretion at some point.

Once gas is obtained by a galaxy, either via merging or gas accretion, it needs to be converted into
stars in order for the galaxy to grow. The detailed process of star formation in galaxies is still a
major research area in astronomy but some seemingly fundamental relations seem to exist. Most
star forming galaxies seem to be converting gas to stars at a steady rate, this is shown when star
formation rate is plotted against stellar mass. The 'main sequence’ of galaxy formation is formed
from these star forming galaxies that show the general trend of increasing star formation rate
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with increasing stellar mass (Brinchmann et al., 2004; Elbaz et al., 2011; Speagle et al., 2014;
Schreiber et al., 2015). This main sequence is a tight relationship, galaxies that fall o from this
are either highly star forming (starbursts) or have been quenched. The reason that increasing
stellar mass is correlated to increasing star formation rate is likely due to a larger amount of gas
available in more massive galaxies. Indeed the Kennicutt-Schmidt law (Kennicutt, 1998) shows
a relationship between the surface density of star formation and gas density of a galaxy. This
suggests a larger relationship between the availability of gas in the Universe and the number of
star forming galaxies found. Observations have shown that the cosmic star formation history,
the evolution of SFR with redshift, increases from z=0 to a peak around z=2 before decreasing
again (Madau and Dickinson, 2014). Many of these high redshift galaxies do not show signs
of morphological disturbances and so are likely fueled by gas accretion (e.g Elbaz et al., 2007).
The decline of star formation at low redshift is therefore likely due to the shutdown of gas supply
to massive galaxies and the exhaustion of gas within galaxies (Hernquist and Springel, 2003;
Schaye et al., 2010).

These relationships seem to govern the passive star formation in galaxies across cosmic time,
however galaxies do not necessarily evolve in isolation and interactions with other galaxies can
potentially disrupt this star formation, and even change the shape of a galaxy entirely.

1.1.2 Morphological transformations: the role of mergers

The evolution of the morphological mix of galaxies shows a gradual change from disc-dominated
to elliptical-dominated, over cosmic time (e.g. Conselice et al., 2014). Morphological transfor-
mations, the conversion of spiral galaxies to ellipticals, is believed to be primarily triggered by
galaxy mergers (Toomre, 1977; Barnes, 1992a; Di Matteo et al., 2007; Conselice et al., 2009a;
Taranu et al., 2013; Negroponte and White, 1983; Naab et al., 2014a,b; Deeley et al., 2017;
Martin et al., 2018). The strong gravitational torques generated by nearly equal mass-ratio merg-
ers are capable of e ciently moving material from rotational orbits into the random, chaotic
ones that make up elliptical systems. In addition, many ellipticals show signatures of rapid
change in their stellar populations (e.g. Wild et al., 2016), and internal structure (e.g. Rodrigues
et al., 2017), which would indicate a major merger in their recent history. Due to these ndings
the bulk of studies have highlighted the important role of major mergers, as the primary cause
of morphological transformation (Toomre, 1977; Negroponte and White, 1983; Dubois et al.,
2016).

However, more recent work (e.g. Welker et al., 2017; Martin et al., 2018) has highlighted the
role that minor mergers may play in these morphological transformation (see Chapter 2). As
low mass galaxies far outnumber their more massive counterparts, minor mergers are expected
to occur at a much higher frequency than major mergers. Many massive spheroids that are in the
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Figure 1.5: An image of Arp-Madore 2026-424, two equal mass galaxies merging. Credit
NASA, ESA, J. Dalcanton, B.F. Williams, and M. Durbin (University of Washington).

process of forming dt 2, the epoch at which the morphological mix of the Universe appears to
change most rapidly (e.g. Conselice et al., 2014), do not show tidal features and extended halos
that should be visible if they were forming via major mergers (at least at the depth of current
data) (e.g. Kavirgj et al., 2013; Williams et al., 2014; Lofthouse et al., 2017). This suggests
that there must be other channels (e.g. minor-merger-triggered disc instabilities, Zolotov et al.
(2015)), not involving major mergers, that may give rise to a signi cant fraction of spheroidal
systems at high redshift.

Giventhe lack of depth of current surveys, the e ect of minor mergers on galaxy evolution remains
relatively unexplored, although forthcoming instruments like LSST, EUCLID and JWST (e.g.
Tyson, 2002; Robertson et al., 2017; Gardner etal., 2006; LaureVss etal., 2011) will enable the rst
statistical studies of minor-merger-driven galaxy evolution. Much of our current understanding
of the role of this process therefore comes from theoretical work, in particular hydrodynamical
simulations of cosmological volumes (e.g. Vogelsberger et al., 2014b; Schaye et al., 2015;
Khandai et al., 2015; Kaviraj et al., 2017).
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Figure 1.6: The galaxy luminosity function from both observations (blue) and theory (red),
from Silk and Mamon (2012). The discrepancy between theory and observations in the low
and high mass ends show the impact of feedback in regulating the number of galaxies in the
Universe. At the low mass end supernovae feedback is able to disrupt the star formation of
dwarf galaxies. Whereas at the high mass end AGN feedback is believed to be responsible for
guenching galaxies.

1.1.3 Feedback processes and environment

In the standard CDM model we expect that most baryonic material should cool and eventually
form stars, if no other processes act upon it. However, observations of the galaxy luminosity
function do not match these theoretical predictions (Figure 1.6). This means that there must be
physical processes, that operate within galaxies, to prevent gas from cooling or reheat the gas
that has cooled. These processes are therefore capable of suppressing star formation in galaxies
at both the high and low mass end.

In low mass galaxies (M¢ <10'°M ), where the gravitational potential wells are relatively weak,
feedback from supernovae and stellar winds are e cient at removing baryons from galaxies (Silk,
2011). This feedback works by providing energy to the cold, star forming gas in galaxies, thereby
removing the fuel needed for star formation. This heated gas out ows from the galaxy and into
the halo where it can later cool and infall again (Dong et al., 2003). The star formation e ciency

of these galaxies is reduced in a repeating cycle, as more stars are formed stellar feedback
increases which re-quenches star formation (Hayward and Hopkins, 2017).

For galaxies that are more massive, the energy of stellar feedback is insu cient to quench
galaxies, as the binding energy of the gas is too high. In this regime the dominant feedback
process is believed to be energy released from an accreting supermassive black hole (SMBH) at
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the galaxy's centre (e.g. Di Matteo et al., 2005; Cattaneo et al., 2009; Beckmann et al., 2017).
When the SMBH is accreting matter, and emitting energy, they are referred to as active galactic
nuclei (AGN). This AGN feedback is believed to occur in two modes, known as the jet and quasar
modes, that operate via di erent mechanisms depending on the accretion onto the black hole
(Fabian, 2012). The jet mode, which occurs at lower accretion rates and outputs lower energies,
is believed to be important for keeping the medium around galaxies hot via kinetic energy from
the jets (e.g. Antonuccio-Delogu and Silk, 2008; Wagner and Bicknell, 2011). This prevents
the cooling of hot gas, contained within the halo, back onto the galaxy. In quasar mode, which
occurs when there is rapid accretion onto the black hole (usually close to the Eddington rate),
orbital energy from the matter accreting onto the SMBH is emitted as radiation which heats
the surrounding medium. This radiation heats gas and quenches star formation on small scales
within the galaxy (e.g. Veilleux et al., 2013).

A galaxy's environment is also known to have an e ect on its morphology (Dressler, 1980;
Dressler et al., 1997; Postman and Geller, 1984; Balogh et al., 1999). In the local Universe we
nd that denser environments (such as galaxy clusters) tend to have a higher fraction of elliptical
galaxies, whereas comparatively sparse environments are prone to hosting more disc-like and star
forming galaxies. This is likely due to the processes which operate in these dense environments,
with tidal forces, ram-pressure and an increase in mergers all proposed as methods for quenching
star formation and creating morphological transformations.

1.2 Cosmological simulations

Although current observational studies are able to answer many key questions on galaxy evolu-
tion, understanding how the physical properties and environments in uence galaxies over cosmic
time is di cult to answer with observations alone. We therefore require large volume simula-
tions, that are consistent with observable properties, which can be used to study this evolution
and make predictions that are testable. However, running such simulations is incredibly compu-
tationally demanding. In order to capture both large-scale structure and the internal evolution of
galaxies these simulations need to simulate over a large dynamical range.

Simulations using semi-analytical models have been successful in reproducing many of the bulk
properties of galaxies over a signi cant fraction of cosmic time (e.g. Somerville and Primack,
1999; Cole et al., 2000; Benson et al., 2003; Bower et al., 2006; Croton et al., 2006). This tech-
nigue works by employing approximations derived from more detailed numerical simulations,
and empirical calibrations from data, to probe galaxy formation. However, recent advances
in computing power has given rise to full hyrdrodynamical simulations which implement the
evolution of dark matter and baryons self-consistently. These simulations still require recipes in
order to model physical processes but these are applied at much smaller scales then in previous
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simulation techniques. The combination of large volume, and high resolution, o ered by these
simulations has, for the rst time, allowed for detailed predictions that can be compared to
observations (e.g. Dubois et al., 2014a; Vogelsberger et al., 2014b; Schaye et al., 2015; Khandai
et al., 2015; Taylor and Kobayashi, 2016; Kaviraj et al., 2017).

1.2.1 The Horizon simulations: Horizon-AGN andNewHorizon

Throughout the work in this thesis, we make use of the Horizon-AGNNsewlHorizonsimula-

tions (Dubois et al., 2014a; Kaviraj et al., 2017; Dubois et al., 2020). In the following sections
we will describe some of the key properties and recipes used in both simulations, as well as how
they compare to observations.

Horizon-AGN is a cosmological hydrodynamical simulation (Dubois et al., 2014a), which em-
ploysramses(Teyssier, 2002a), an adaptive mesh re nement (AMR) hydrodynamics code. The
simulation is a cube with {.g = 100 ! comoving Mpc and uses WMAP7CDM initial
conditions (Komatsu et al., 2011a). Horizon-AGN contai@€4 dark matter particles on an
initial 1024 cell gas grid, which is re ned using a quasi Lagrangian criterion, when 8 times
the initial total matter resolution is reached in a cell. This re nement continues down to 1 kpc
in proper units (which therefore sets the minimum cell size and the spatial resolution of the
simulation). The simulation has a dark-matter (DM) mass resolutidh af0’ M , gas mass
resolution of 10’M and stellar mass resolution 4f 10° M . Unlike other simulations over
similar volumes, such as EAGLE (Schaye et al., 2015), Horizon-AGN is only tuned to match the
Mgwm - M and Mgy - f  relations at z=0. Therefore it is well suited to studying whether the
assumed sub-grid physics is capable of producing the bulk properties of galaxies.

The NewHorizon cosmological, hydrodynamical simulation (Dubois et al., 2020), is a high-
resolution simulation, produced using a zoom-in of a region of Horizon-AGNNEarHorizon

the Horizon-AGN grid is resampled at higher resolution (using 40@@formly-distributed
cubic cells), with the same cosmology as used in Horizon-AGN. The high-resolution volume
occupied byNewHorizonis a sphere which has a radius of 10 comoving Mpc, centred on a
region of average density within Horizon-AGN (see Figure 1.7 for the full dynamical range).
NewHorizonhas a DM mass resolution of 4® , stellar mass resolution of 1M and a
maximum spatial resolution of 34 dc The simulation has been performed down to025.

Star particles in Horizon-AGN are formed using a standard 2% e ciency per free fall time (Ken-
nicutt, 1998) in gas with density above the critical theshold of 0.1 H3crifthis star formation
follows a Schmidt law and the assumed initial mass function (IMF) is Salpeter. Horizon-AGN
includes prescriptions for both stellar and AGN feedback. Stellar feedback includes momentum,
mechanical energy and metals from Type la/Type Il supernovae (SNe), with the Type la SNe

1The gravitational force softening is equal to the local grid size.
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