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Abstract

The standard -Cold Dark Matter (CDM) model of cosmology has provided accurate
predictions and explanations for the large-scale structure of the Universe and its evolu-
tion with time, however, on length and halo mass scales below 1Mpc and 101 M

discrepancies between theory and observation have propelled the study of the low mass
regime to the forefront of cosmology and astrophysics (see e.g. Bullock & Boylan-Kolchin,
2017a). Dwarf galaxies provide unique insight to galaxy formation and evolution: their
early formation times and shallow gravitational potentials make them equally sensitive
to internal astrophysical processes, such as feedback from young stars and supernovae
(SNe), and external environmental in uences, such as the ram pressure stripping of gas
and the tidal stripping of stars. Furthermore, isolated dwarf galaxies are shielded from
the extreme environmental e ects that occur in high density environments and provide
interesting ‘laboratories’ for examining galaxy growth in the CDM framework, in par-
ticular, how low mass galaxies occupy haloes and how their large scale environment

in uences key properties.

I introduce the Columba suite of simulations of galaxy formation in the CDM cos-
mogony, which are designed primarily to examine the in uence of large-scale cosmic
environment on the evolution of isolated dwarf galaxies, i.e. those not in close prox-
imity to larger structures at the present day. | focus on this subset of dwarf galaxies
in order to explore the in uence of large-scale overdensity and the intrinsic properties
of their host DM haloes on galaxy evolution in the low-mass regime, in the absence of
direct environmental in uences driven by tidal and ram pressure forces exerted by near

neighbours. | describe the selection of the zoom-in regions of the Columba suite which



are selected from a L = 400Mpc parent simulation and span a range of underdense
environments, from voids to lamentary structures, and host a diverse population of
dwarf galaxies. The Columba simulations incorporate a galaxy formation model that
represents an evolution of that used for EAGLE which explicitly follows the cold, dense,
neutral gas of the ISM, adopts a star formation model that accounts for turbulence, a
treatment of pre-supernova feedback from massive stars, more sophisticated methods of
distributing the energy liberated by SNe and active galactic nuclei (AGN), and updated

treatments of BH growth and dynamics.

The Columba simulations give an insight into the formation and evolution of isolated
dwarf galaxies in diverse cosmic environments. | utilise the simulations to examine the
e ect of large scale environment on key properties of eld dwarf galaxies quanti ed
by their spherical overdensity in r = 5Mpc. While the amplitudes of the halo mass
functions (HMF) and stellar mass functions (SMF) exhibit a dependence on the region’s
density, their slopes, when normalized to the cosmic mean, do not show an environmental
dependence. Similarly, the stellar mass halo mass (SMHM) relation does not depend on
the region’s environment, maintaining consistent slopes despite density variations. The
luminous fraction of galaxies is not signi cantly a ected by their large scale environment
but show a correlation with halo concentration. Halo concentration has been shown to
be strongly indicative of a halo’s formation time and studies have shown that the scatter
in the SMHM relation is strongly correlated with the concentration of their DM halo. |
further investigate the in uence of halo concentration on properties of isolated eld dwarf
galaxies. Ata xed mass, high concentration haloes host larger dwarf galaxies, quanti ed
by a peak Spearman rank correlation coe cient of = 0:85. This e ect propagates
through their cumulative star formation histories which show that high concentration,
and hence earlier forming, haloes assemble their stellar mass earlier across the full mass
range examined, and is re ected by shorter tgg, the time it takes for 90% of the total
stellar mass to assemble. The central galaxies in the Columba suite show a diversity
in morphology from disc to elliptical structures, and though halo concentration shows a
strong in uence on the evolution of isolated dwarf galaxies, it does not demonstrate a

strong correlation with their kinematic morphology.

Jemima Mae Briggs February 2025
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Introduction

1.1 Cosmological Background

1.1.1 Expansion of the Universe

A key nding for cosmology arose from observations of distant galaxies by Hubble (1929).
These observations showed that the light from distant galaxies (originally identi ed as
extra-galactic nebulae) is shifted to longer, redder, wavelengths, commonly known as
red-shifted, meaning the objects are moving away from the observer. The red-shift
of light is quanti ed by the relative di erence between the observed o and emitted ¢

wavelengths,

z=-2 ¢ (1.1)

e
Speci cally, Hubble found that the recessional velocity, v, of a galaxy is proportional to
the proper distance, D, such that galaxies further away are receding at higher velocities.
This had signi cant implications for our understanding of the Universe, presenting evi-
dence against the commonly held theory of the time that on large scales the Universe is
static (Hoyle, 1948). In particular, Hubble showed that the Universe is expanding and
dynamic, and opened up the idea that our Universe has evolved from an inception point

and will potentially reach its end. Hubble's law,
v=HoD (1.2)

guanti es the current rate of expansion of the Universe at present day, z=0, by the

Hubble constant Hg.
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In an expanding Universe the physical distance to an object increases over time, it is
therefore useful to de ne a coordinate system in which the distance between two points is
independent of time. These are known as comoving coordinate(t), and are related to
the proper, physical distance,*, through a dimensionless quantity known as the cosmic
scale factor,a(t),

#t) = a(t)*(t) (1.3)

The cosmic scale factor is related to the red-shiftz, following,

(1.4)

This scale factor increases as the Universe expands and is normalised to unity at present
day. Within this paradigm, the Hubble constant is given the general form with respect

to the scale factora, and can be applied to any given cosmology,

(1.5)

T
1
ST

The evolution of the Hubble constant with the expansion of the Universe can also
be found through Einstein's theory of relativity. The Friedmann{Lema&re- Robert-
son{Walker (FLRW) metric is a metric based on the exact solution of the Einstein eld
equations of general relativity (Friedmann, 1922; Lema're, 1927). The FLRW metric
invokes the Cosmological principle which assumes that on large scales, the Universe is
homogeneous and isotropic. A homogeneous Universe means that there is no preferred
location throughout space and an isotropic Universe means that there is ho dependence

on direction for the distribution of matter and radiation.

Friedmann found that Einstein's eld equation could be reduced to the following solu-
tions: Friedmann's force Equation which de nes the change in velocity with the expan-
sion of the Universe,

) 4G L3 c?

a- 3 Z 3 (1.6)

wherep and are the density and pressure of the matter-radiation uid comprising the
Universe. The constantsG and c denote the gravitational constant and the speed of

light respectively and is the cosmological constant.
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The equation of state of the uid can be written as p = w 2, where w=1/3 for a uid
that is radiation dominated and w=1 for a matter dominated uid. For an isotropic
Universe, as instated by the Cosmological principle, where there are no heat in ows or

out ows, the expansion is adiabatic and the energy Friedmann equation can be derived,

2 2
a 8G kc c
H?2= = = —— —+ 1.7

a 3 a2 3 (&.7)
The curvature of spacetime is represented byk where k = +1, 0, or -1 depending on
whether the shape of the universe is assumed to be spherical, at (Euclidean space) or
hyperbolic and thus the energy Friedmann equation yields the time evolution, geometry,
and hence fate of the Universe as a function of the uid density. The term was added

to the eld equations by Einstein to achieve a static Universe.

Under the assumption that the shape of the Universe is at, with zero curvature (k=0),
it follows that there is a critical density for a given expansion rate that will bring the
expansion asymptotically to a halt. This critical density, ¢t iS expressed as,

3H?

crit = 8G (2.8)

and from this it is standard to de ne a density parameter, , given by the ratio between

the actual density and the critical density of the Universe,

= (1.9)

crit

1.1.2 The Big Bang and In ation

One of the most signi cant implications of the Friedmann equations is the origin of the
Universe; a point in time whend 0 with an initial state of high density and tempera-
ture, now commonly known as the Big Bang singularity. The Big Bang model explains an
extensive range of observed phenomena, including the existence and extremely smooth
thermal spectrum of the Cosmic Microwave Background (CMB) radiation (Penzias &
Wilson, 1965), the abundance of light elements (Olive et al., 2000), and the expansion

of the Universe implied by Hubble's law (Hubble, 1929).

Despite its major successes, the BB model by itself has several outstanding problems.

The atness problem points out the ne-tuning required to maintain a at Universe
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with a density close to the critical density ( = 1). Small deviations from this required

energy density will propagate through time and the Universe would rapidly evolve into
a dierent state at present time. At the Planck time, the density is required to be
within 1 part in 10 %7 of the critical density and the BB model has no explanation for

this ne-tuning of the initial conditions of the Universe (Guth, 1981).

Another signi cant challenge is known as the horizon problem. Observations show that
the CMB is isotropic and this uniformity implies that at the surface of last scattering,
radiation was isotropic, homogeneous, and in thermal equilibrium. However, the Uni-
verse consists of regions that were not in causal contact before the last scattering surface;
light had not yet had time to travel between regions and hence no information could be
exchanged. Therefore, the BB model cannot explain the isotropy of the CMB on wider

scales without a means of violating causality.

A possible solution to these problems was proposed by Guth (1981) by invoking a period
in the early Universe when the Universe experienced rapid expansion or "in ation'. If
the Cosmological constant is su ciently large to dominate the dynamics %the early
Universe, it can expand exponentially, rapidly in ating small sizes (R / e §t). The

in ationary model is able to solve the atness problem as the rapid expansion of space
makes any curvature negligible &  0) on nite scales. This also increases the size of
the causal horizon beyond the observable Universe meaning that regions were in causal

contact prior to in ation and could attain uniform temperature.

The BB model paired with in ation is now the most widely accepted theory for the
early evolution of the Universe. Immediately after the BB, the Universe existed at an
extremely high temperature and density with baryons strongly coupled with photons,
under these conditions all matter was ionised. After in ation the Universe continued

to expand with decreasing density and temperature, after approximately 380000 years
(z 1100) the Universe was cool enough that electrons and nuclei were able to form
neutral atoms, known as the era of recombination. Recombination decoupled photons
and allowed them to propagate freely through space which we can observe as the Cosmic

Microwave Background (CMB) radiation (Penzias & Wilson, 1965).
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1.1.3 Dark Matter

There are several strong pieces of evidence for the contribution to the matter budget from
an invisible and, as of yet, undetected, dark matter. One such piece of evidence comes
from the disparity in inferred total matter and observed luminous matter of objects. For
example, the gas and stars in the disk of spiral galaxies orbit around the centre of the
galaxy, assuming Newtonian gravity the rotational velocity v(r) can be approximated
by, r
v(r) =

GM (r)
r

(1.10)

where M (r) is the total mass within radius r. For the observed stars and gas in spiral
galaxies, the rotation curve is expected to decrease as it approaches larger radii, however,
measured rotation curves exhibit an increase in circular velocity at small radii which
plateaus to a constant velocity at larger radii (Rubin & Ford, 1970; Rubin et al., 1980).
The rotation curve at larger radii is higher than accounted for by the luminous, observed

matter, and hence implies the presence of an unseen mass.

The mass of an object can also be inferred through a phenomenon called gravitational
lensing. General relativity dictates that the gravitational potential of massive objects,
like galaxy clusters, produces a curvature in spacetime which bends the path of incoming
light with the massive object acting as a lens. Strong gravitational lensing can be
observed where light from distant objects is distorted, often into arcs or "Einstein rings'
(King et al.,, 1998). Weak gravitational lensing describes smaller distortions of the
background source that can only be detected through statistical analysis of large galaxy
surveys. Observations of gravitational lensing allow us to probe the matter distribution,
and quantify the mass, of the intervening object. Using this method, the mass-to-light
ratio of galaxy clusters can be measured and high ratios have indicated the presence of
a mass that does not contribute to the observed light and is hence non-luminous and

“dark’.

Compelling evidence can also be found from observations of the Bullet cluster, a collision
of two clusters of galaxies (Clowe et al., 2004). X-ray imaging shows the hot gas compo-
nent which is slowed by drag forces during the collision, and weak gravitational lensing

maps reveal the gravitational mass distribution, which aligns with the galaxies rather

than the gas. This causes a signi cant o set between the centre of mass of the total
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system and the baryonic centre of mass which is dominated by the gas, suggesting that
the dominant matter component is unseen and collisionless. These observations pose
a signi cant challenge to alternative arguments to dark matter, like modifying gravity
(e.g. Modi ed Newtonian Dynamics (MOND) (Milgrom, 1983)), but these observations
can be explained in a CDM framework where the dark matter haloes of the colliding
clusters pass through each other without interacting whilst the hot gas in each cluster

is slowed by the collision.

Evidence for the existence of dark matter led to the rst numerical simulations following
the non-linear gravitational evolution of the structure of the Universe. These early
models were critical in constraining the nature of DM; comparing theoretical predictions
to the observed large scale clustering of galaxies and anisotropies of the cosmic microwave
background led to the leading theory that dark matter must be “cold' instead of “hot'

(Peebles, 1982; Blumenthal et al., 1984; Davis et al., 1985).

114 CDM

The current standard cosmological model of the Universe is the CDM (Cold Dark
Matter) model which can be de ned by three major components: the cosmological con-
stant of dark energy, cold dark matter and baryons. denotes a positive Cosmological
constant linked to the accelerating expansion of the Universe often referred to as “dark
energy' and cold dark matter refers to a form of dark matter that is non-relativistic,
dissipationless, collisionless, and whose interactions with baryonic matter are dominated
by gravity. This framework is de ned by a set of independent cosmological parameters,
with four related to the matter content of the Universe. The total density parameter,
0, IS de ned as the ratio of the present day mean density and the critical density of the
Universe, where the critical density is de ned as the density required for the Universe to
halt expansion after an in nite amount of time, below which the Universe will continue
expanding forever. In a at Universe ( =0), o, de ned by the sum of contributions

from matter, radiation, and energy is equal to 1,

0= mot 0t reo=1 (1.11)

At presentday (.0, the parameter that accounts for the cosmic microwave and neutrino

background that dominated the early Universe, forms a negligible contribution. The
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matter density parameter can be further de ned by its contributions from cold dark

matter o and baryons p. as,

mo= b0t co (1.12)

1.2 Galaxy Formation

1.2.1 Dark Matter Haloes

In CDM the structure of the Universe is formed from the gravitational collapse of
DM seeded by the density uctuations from in ation. DM gravitationally collapses in
overdensities and bound structures known as DM haloes; haloes are able to grow by
accreting dark matter and merging with other structures. This bottom-up structure
growth is known as hierarchical clustering (Peebles, 1980) and produces the clustering
of more massive objects, like galaxies and galaxy clusters, that we observe today. Our
galaxy, the Milky-Way, resides in the Local Group which in turn resides in the Virgo
Supercluster comprised of over 1000 galaxies. Hierarchical clustering shapes the Universe
on the largest scales and gives rise to the cosmic web (Bond et al., 1996): a vast network
of interconnecting walls and laments of primarily dark matter and intergalactic gas,
nodes of galaxies and clusters where laments intersect, separated by empty voids. The
structure of the cosmic web is reproduced in cosmological simulations under CDM
cosmology, shown in 1.1 is the surface density of CDM in the FLAMINGO simulation
(Schaye et al., 2023).

The density pro le of a DM halo, (r), can be well described by a double power law

known as the Navarro-Frenk-White (NFW) pro le (Navarro et al., 1996b),

(N= it ﬁ (1.13)
Rs Rs
which is characterised by a dimensionless characteristic density. and a scale radius
Rs. The scale radius can be de ned byRs = ragp=c, where c is a dimensionless halo
concentration parameter which depends strongly on halo mass and redshift (Navarro
et al., 1996b; Bullock et al., 2001). As a direct consequence of the hierarchical structure

formation in CDM, the concentration of DM haloes is anti-correlated with their mass
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Figure 1.1: A projection of the large scale structure of the cosmic web coloured

by the CDM surface density in a 20Mpc thick slice through the ducial FLAMINGO

(L =2.8Gpc) run at z=0 from Figure 4 by Schaye et al. (2023). Filaments intersect at
dense nodes and are separated by low density voids.

(e.g. Ludlow et al., 2014) with low mass haloes having higher concentration. The char-
acteristic density of a halo is proportional to the density of the universe at its initial
time of collapse time and hence the higher concentrations of low mass haloes re ect their
collapse at higher densities and higher redshift. This strong link has shown that con-
centration can be used to infer the formation time of a halo (Neto et al., 2007). Though
the NFW pro le is often considered a universal density pro le, it has been shown that
halo pro les are not entirely self-similar and other pro les have been preferred such as

the Einasto (Einasto, 1965) or Burkert (Burkert, 1995) pro les.

Dark matter haloes are fundamental in the formation and evolution of galaxies; it is

within the early gravitational potentials of DM haloes that baryonic matter accumulates



Introduction 9

and can produce the conditions for star formation. The laments of the cosmic web that
arise from hierarchical clustering provide channels for the accretion of new gas, further

star formation, and enable the growth of galaxies.

1.2.2 Gas and Stars
1.2.2.1 Star Formation and Evolution

Though CDM dominates the matter density of the Universe, baryons make up the gas
and stars, and hence the luminous component of the Universe that we see. Unlike CDM,
gas is able to dissipate energy through processes such as radiative cooling (Dalgarno &
McCray, 1972; Sutherland & Dopita, 1993). These radiative processes include thermal

Bremsstrahlung (free-free emission), recombination, and atomic line emission.

The dissipative nature of gas is essential for star formation which occurs in cold, dense
gas. Gas entering the potential well of a DM halo can be shocked to the virial temper-
ature of the halo, is able to dissipate energy through various cooling mechanisms, and
condense to the centre of the halo reaching the high density required for star formation.
The dominant cooling mechanism in the CGM depends upon the density and temper-
ature of the gas, Bremsstrahlung cooling operates at temperatures abové & 10°K,
metal-line cooling occurs due to the collisional excitation of metals and subsequent cool-
ing at temperatures between 10 & T & 1CPK, and Hydrogen cooling at T 10°K.
When clouds of gas cool and lose their thermal pressure support, they collapse under
their own gravity, enabling the formation of stars. Mathematically, gravitational collapse

occurs when the mass of the cloud exceeds the Jeans mads,

BkgT 32 3 12

My= = i (1.14)

where T is the average temperature,m is the mean particle masskg is the Boltzmann
constant, and G is the gravitational constant. The dependence of the Jeans mass on?
means that as the cloud collapses and its density increases, the Jeans mass decreases and
fragmentation, the process by which larger gas clouds break into smaller, denser clumps,
occurs. Once the fragments reach a high enough density and exceed the temperature

threshold for hydrogen fusion (T > 10°K), a zero-age main sequence (MS) star is born.



Introduction 10

The distribution of masses in a stellar population at the time of their formation is
described by the stellar initial mass function (IMF) and in general is dominated by a
high number of low mass ( 1M ) stars and few massive ( 100M ) stars. One of the
earliest and simplest forms, the Salpeter (Salpeter, 1955) IMF ((M)), is described by
a single power-law,

(M)= oM (1.15)

with a characteristic slope of = 2:35 and normalisation constant, o, and is valid for
massesM > 0:5M . Other forms of the IMF adopt broken power law with a shallower
slope at the low mass end below 1M (Kroupa, 2001; Chabrier, 2003) and it is debated

whether the IMF can be considered universal (Bastian et al., 2010).

All stars begin their life burning Hydrogen on the main sequence, and their time spent
in a stable state of hydrostatic and thermal equilibrium is determined by their mass,
as more massive stars burn through their Hydrogen more quickly. These massive stars
evolve rapidly, reaching temperatures that allow further fusion and the production of
heavier elements up to iron, and subsequently lose mass through strong stellar winds and
core-collapse supernovae at the end of their life. These mass-loss mechanisms disperse
these elements into, and chemically enrich, their surrounding gas. Lower mass stars are
longer lived; they stay on the main sequence longer until they reach the Asymptotic Giant
Branch (AGB) evolutionary stage where they enrich their surroundings through stellar
winds. The white dwarf that remains after the AGB phase can undergo thermonuclear
explosion as a type la supernova following the mass accretion from a companion star
in a binary system or a merger with another white dwarf. Type la supernovae are a
signi cant source of iron enrichment to the interstellar medium (ISM) (Nomoto et al.,
2013).

1.2.2.2 Reionisation

After recombination, the Universe was comprised of neutral Hydrogen and Helium, how-
ever, observations of the present-day Universe show that the intergalactic medium (IGM)
is mostly ionised suggesting that there was a second phase transition of the early Uni-
verse. This is known as the epoch of reionisation; as the rst luminous objects formed,
the energy emitted by these sources was able to ionise their surrounding IGM and Hy-

drogen transitioned from neutral to ionised. The sources responsible for reionisation and
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the precise time it took place are uncertain with ongoing debates around the contribution

from quasars, bright galaxies, and faint galaxies (Robertson et al., 2010). Dwarf galaxies
have been proposed as a signi cant source of ionising photons during the epoch of reion-
isation, however constraining the number of these faint sources in the early Universe is

challenging.

1.2.3 Galaxies

As established, the gas fuelling star formation exists in clouds of molecular gas in the in-
terstellar medium (ISM) of galaxies. The ISM is accreted from the intergalactic medium
(IGM) between galaxies that is primarily composed of Hydrogen and Helium. Galaxies
accrete gas from the IGM for star formation via two modes: the cold mode provides
cool, dense gas from the IGM typically through in ows along laments and the hot
mode involves the accretion of gas that has been shock-heated to high temperatures
before cooling through hydrostatic equlibrium (Katz et al., 2003; Keres et al., 2005).
The cold mode dominates accretion at high redshift and the hot mode accretion is more
prominent at late time in more massive galaxies Mhao 10M ) (van de Voort et al.,

2011).

The star formation rate (SFR) of a galaxy can be directly inferred from the surface
density of gas in the ISM from the Kennicutt-Schmidt relation (Kennicutt, 1998). The
average galaxy SFR density in the Universe peaks at z2 (Madau & Dickinson, 2014) and
present day observations show both galaxies with ongoing star formation and galaxies
with no young stars. Galaxies that are undergoing active star formation are characterised
by their blue colour from the presence of young, hot, massive stars. Galaxies that show
no recent star formation are said to be quenched and are characterised by their red
colour from older stellar populations. This dichotomy can be seen by the red sequence
and blue cloud galaxy populations on theu r colour - magnitude plane (Baldry et al.,
2004). The colour of the galaxy is commonly associated with their morphology; spiral
galaxies are typically blue, with an abundance of gas and young stars, whereas elliptical

galaxies are older, have little to no recent star formation, and are hence redder.

These characterisations, and the evolution of a galaxy, can also be linked to their envi-
ronment. Galaxies in dense environments like galaxy clusters are subject to interactions

that can strip their gas content through, for example, ram pressure stripping (Gunn
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& Gott, 1972) and tidal stripping (Read et al., 2006), and subsequently quench star
formation. Isolated galaxies in less dense environments can typically retain their gas

content for longer and continue forming stars (Geha et al., 2012).

Galaxies require mechanisms to regulate their growth and balance the accretion of gas
and star formation. The stellar mass - halo mass relation shown in Figure 1.2 (repro-
duced from Behroozi et al., 2019) demonstrates that the e ciency of galaxy formation
peaks at halo masses dfina. 102 with declining e ciency towards lower and higher
stellar masses. In these regimes galaxy growth is regulated by feedback: in the low mass
(Mhaio < 102M ) regime stellar feedback is the dominant mechanism and in the high

mass regime Mpao > 1012M ) feedback from Active Galactic Nuclei (AGN) dominates.

Figure 1.2: The present-day stellar mass - halo mass relation from a compilation of

results from empirical modelling (EM), abundance matching (AM), Conditional Stellar

Mass Function (CSMF) modelling, and cluster X-ray mass measurements (CL). The

galaxy formation e ciency exhibits a peak at Mg,  10"2M  with declining e ciency
towards lower and higher halo mass.

Stellar feedback refers to the various processes through which stars in uence the sur-
rounding ISM, these include supernovae (SN), radiation pressure, stellar winds, and
photoionising radiation. SN are the dominant form of stellar feedback whilst the latter

three mechanisms are signi cant before the nal stages of stellar evolution. Radiation
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pressure refers to the force exerted on matter by the radiation emitted by stars. Stars
emit photons which inject momentum into the surrounding gas and dust through direct
radiation pressure which can disrupt molecular clouds and disperse gas. Stellar winds
are most important for the evolution of massive stars, these winds carry energy, mass,
and momentum (Cassinelli, 1979) that is able to drive turbulence in the ISM and dis-
perse and heat the surrounding gas. Photoionising radiation refers to the high energy
photons emitted by massive stars that form HIl regions; these photons exceed the en-
ergy required to ionise neutral Hydrogen and form bubbles of hot, ionised gas from the
ISM surrounding massive stars. Finally, core collapse supernovae (CCSNe) occur when
massive stars reach the end of their life and release 10P'erg of energy, they impact star
formation through a combination of gas expulsion, heating the ISM, driving turbulence,
and creating out ows. These processes disrupt the conditions necessary for gas to cool
and collapse into new stars, e ectively halting star formation in the regions a ected by

the supernova explosions.

While feedback from star formation is su cient to decrease the galaxy formation e -
ciency at the low mass end of the SMHM relation, it is unable to regulate the growth of
more massive galaxies. Following the hierarchical framework, it is logical to assume that
the most massive galaxies experience prolonged, and signi cant late time, stellar mass
assembly, however, observations indicate that massive galaxies form the majority of their
stars at high redshift (z> 1), this phenomenon is known as “down-sizing' (Cowie et al.,
1996) and requires a mechanism to quench the most massive galaxies at early times,
which is now commonly accepted as AGN feedback. Supermassive black holes (SMBHS)
exist in the centres of galaxies spanning a wide range of masses. The mass of the SMBH
closely follows scaling laws with properties of their host galaxies, including the bulge
luminosity and mass (Kormendy & Ho, 2013). SMBHs can grow through mergers and
the accretion of material, and the radiated energy from this is capable of driving large
out ows (Fabian, 2012), which are observed at both high redshift and present day. In
addition to the removal of gas from the galaxy via out ows, AGN prevent gas in and
around galaxies from cooling, suppressing star formation and playing a key role in galaxy

evolution.
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1.3 The Low Mass Regime

1.3.1 Challenges to LCDM

The currently preferred CDM cosmological model has provided successful predictions
for, and explanations of, the properties, structure, and evolution of the large-scale Uni-
verse. However, on length and halo mass scales belowlMpc and  10"M , this
cosmological framework has encountered challenges that have arisen from discrepancies
between theory and observations (see e.g. Bullock & Boylan-Kolchin (2017a)). The clas-

sic challenges to CDM identi ed from small-scale numerical predictions are as follows:

Core-Cusp Problem: The core-cusp problem arises from the discrepancy between
the density pro les of haloes inferred from observations of low mass galaxies and those
measured in collisionless CDM numerical simulations (Moore, 1994; Flores & Primack,
1994). The DM distribution of haloes within N-body simulations can be quanti ed by
their density pro le and commonly modelled using an NFW (Navarro et al., 1996¢) pro-
le with an inner slope following / r 1. Such haloes were termed to have “cuspy'
pro les owing to their steep rise in density towards their centres. However, this pre-
diction is found to be in conict with the density pro les inferred from the observed
rotation curves of some dwarf galaxies. Many low mass galaxies have observed rotation
curves that exhibit a shallower rotation curve that is more consistent with a “cored' or

constant inner density pro le, for example, a Burkert pro le (Burkert, 1995).

Missing Satellite Problem: The missing satellite problem refers to the overabundance
of sub-haloes in collisionless CDM numerical simulations compared to the observed
number of satellite galaxies in the Local Group. CDM DM-only simulations showed
that through hierarchical structure formation, haloes should host their own satellite
haloes, with original predictions citing that up to 500 subhaloes of mass> 10°M
should be found within the Virial radii of MW-mass haloes (Moore et al., 1999; Klypin
et al.,, 1999). This prediction was in contest with observations that show a signi cantly

lower number of dwarf galaxy satellites orbiting the MW or Andromeda (M31).

Too-Big-To-Fail Problem: The too-big-to-fail problem refers to CDM simulations
that predict that many of the most massive subhaloes of the MW are too dense to host
any of its observed bright satellites with luminosities of Ly > 10°L  (Boylan-Kolchin

et al., 2011). The observed stellar kinematics of stars within a satellite's half-light radius
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can be used to infer their dark matter mass, these measurements were found to be in
tension with simulations as the most massive observed satellites of the MW typically
have a smaller dark matter mass than their analogues (the most massive haloes found)
in DM only simulations. A possible solution is to require a number of the most massive
haloes Vpeak 30kms 1) from the simulations to remain dark, however, such subhaloes
are massive enough to form stars and are hence too big to fail at hosting galaxies (e.g.

Sales et al., 2022).

These problems arose from the use of collisionless DM only simulations compared to ob-
servations, however, more recent studies have shown that many of these tensions can be
resolved with the inclusion of a baryonic component in simulations. The missing satellite
tension can be reconciled by a combination of improved observational completeness and
improved simulations. The existence of "dark’ satellites means that a signi cant num-
ber of haloes in the dwarf mass regime do not host a stellar component and therefore
cannot be observed, these dark subhaloes arise from a combination of reionisation and
environmental processes that suppress galaxy formation (Sawala et al., 2016b). Alter-
natively, satellites may host a very small and hence faint stellar component, known as
Ultra-Faint galaxies, that have only recently been discovered by improved observations
around the MW and M31 (Simon & Geha, 2007). The uncertainty of the MW halo mass
may also contribute to the missing satellite problem given that the number of massive
satellite subhaloes is sensitive to the mass of the host halo. The MW-analogue haloes
examined from the Aquarius Project simulations may be towards the high mass end of
the predicted MW halo mass range, and therefore a lower halo mass within the range
5 10MM > Mpao > 1  10M would have fewer satellites, consistent with obser-
vations, and would further alleviate the missing satellite tension (Wang et al., 2012).
The inclusion of baryonic processes in simulations has also been shown to alter the DM
distributions within dwarf galaxies. Stellar feedback drives gas out of the galaxies creat-
ing a variable gravitational potential that transfers energy to the orbits of dark matter
particles and e ectively lowers the central density of dark matter, attening the cusp
into a cored density pro le (Navarro et al., 1996a; Pontzen & Governato, 2012). In the
context of the too-big-to-fail problem, this means that the DM mass in the inner regions

of dwarf galaxies is reduced without requiring them to reside in lower mass haloes.

The tensions surrounding the small scale regime have demonstrated how important bary-

onic e ects are in reproducing observations where we are only able to directly observe
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luminous objects and the e ects of DM on their structure and distribution. Baryons

comprise  17% of the total mass budget of the Universe and the non-linear physical
processes that dominate them are essential in simulations. That being said, with the
advancement of galaxy formation simulations there still remains tensions in this regime
(e.g. Sales et al., 2022), including the planes of satellites (Boylan-Kolchin, 2021), diver-
sity of rotation curves (Oman et al., 2015), and diversity of sizes (McConnachie, 2012) of
dwarf galaxies, which will likely require re nements in numerical modelling and further

observational constraints to authoritatively address.

1.3.2 Dwarf galaxies

Dwarf galaxies are typically classi ed as galaxies with a stellar masM» < 10°M and
include some of the oldest and most dark matter dominated systems. Dwarf galaxies are
of particular interest as “laboratories' for studying the astrophysics of galaxies as their
early formation times and shallow gravitational potentials render them particularly sen-
sitive to the physical processes that regulate galaxy growth. These include both internal
mechanisms such as radiative and mechanical feedback from young stars and supernovae
(SNe), and external environmental in uences such as the ram pressure stripping of gas

and the tidal stripping of gas and stars.

Since the advent of panoramic, digital sky surveys like the Sloan Digital Sky Survey
(SDSS) in 2005, the discovery of new dwarf galaxies has rapidly accelerated, revealing
ever-fainter systems (Simon, 2019). The lowest-luminosity galaxies, referred to as Ultra
Faint Dwarfs (UFDs) represent the extreme lower limit of galaxy formation which are
hypothesised to be relics of the early Universe that formed during the early cosmic epochs
and were subsequently quenched during the epoch of reionisation (Bovill & Ricotti,

2009).

Dwarf galaxies are commonly subdivided by their morphology into dwarf spheroidals
(dSph) and dwarf irregulars (dirrs), classi cations which often re ect the dwarf's local
environment. Figure 1.3 shows the diversity in dwarf galaxies across a range of stellar
mass (16 <M » < 10°M ) and morphology (dirr to dSph). Dwarf spheroidals are char-
acterised by their lack of gas and recent star formation activity, with high mass{to{light
ratios of 10{1000 making them ideal probes of the underlying dark matter halo. Ob-

servations of the Local Group show that most satellites of the Milky-Way and M31 are
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dSph galaxies lacking atomic hydrogen (HI, Spekkens et al.,, 2014) and on-going star
formation (Geha et al., 2012) which is often attributed to interactions with their nearby
host that strips the satellites of their gas (Teyssier et al., 2012). Dwarf irregulars are
typically gas rich with ongoing star formation; with the notable exception of the Large
Magellanic Cloud (LMC), the Local Group's dirrs are typically isolated eld galaxies
that are able to retain their gas content and active star formation by evolving without

more massive and disruptive neighbours.

The sensitivity of dwarf galaxies to their environment is apparent in the dichotomy in
gas content and current SFRs between satellite galaxies and eld galaxies in the Local
Group. Isolated galaxies are therefore ideal tests of galaxy evolution as they are insulated
from extreme external in uences like tidal interactions and mergers, and retain much of
their primordial characteristics. They are expected to exhibit prolonged star formation
and observations have suggested that quenched dwarf galaxies are extremely rare in
isolation (Geha et al., 2012) with a possible stellar mass threshold oM, = 10°M ,
below which a massive neighbour is required to halt star formation. Quenched star
formation is however observed in isolated eld dwarf galaxies, for example Cetus and
Tucana in the Local Group (although it has been suggested that they were quenched
by their interaction with the MW or M31 Teyssier et al., 2012), and farther a eld KKR

25 duw ' 1:93Mpc, Karachentsev et al.,, 2001; Makarov et al., 2012) and KKs 3
(dww " 2:12Mpc, Karachentsev et al., 2015).

1.3.3 Linking Dwarf Galaxies to their Dark Matter Haloes

Understanding galaxy formation involves understanding the luminous component of the
Universe, the collapse of dark matter haloes under CDM cosmology and the link be-
tween these processes. This galaxy-halo connection can be quanti ed by the stellar
mass - halo mass relation that probes which mass galaxies occupy which mass haloes.
Dark matter halo masses are challenging to measure observationally, however, various
modelling approaches including halo occupation models, abundance matching, and hy-
drodynamical simulations have helped to quantify this relation with good constraints

above a halo mass oM ogcrit ' 10''M  (e.g. Wechsler & Tinker, 2018).

Abundance matching techniques match the stellar masses or luminosities of galaxies at a

given abundance, to haloes of the same abundance derived from a DM only simulation.
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