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Abstract

Dark matter (DM) is one of the biggest mysteries in physics, a non-baryonic matter that

accounts for � 85% of all matter in the Universe. It plays a vital role in the formation

and evolution of large-scale and galactic structures, yet its nature still remains unknown.

Many DM candidates have be theorised, most notably the WIMPs, however without a

confirmed detection numerous questions remain. Definitive evidence for the existence

of WIMPs, or of any other DM candidates, is actively sought via both direct and indirect

detection experiments. This thesis explores the effect of baryons and the uncertainties

associated with direct and indirect DM detection using ARTEMIS, a new suite of high-

resolution cosmological hydrodynamic simulations of Milky Way-like galaxies, to aid

identification of DM.

I begin by investigating the uncertainties associated with DM direct detection experi-

ments, which aim to place constraints on the DM–nucleon scattering cross-section and

the DM particle mass. These constraints depend sensitively on the assumed local DM

density, the DM velocity distribution function, and several particle physics parameters.

While astrophysical observations can measure the local DM density relatively accu-

rately, the DM velocity distribution function is less well constrained. Using a sample

of 42 Milky Way-mass halos from ARTEMIS, I explore the spatial and kinematical

distributions of the DM in the simulated solar neighbourhoods, and study how these

quantities are influenced by DM substructure, baryons, the presence of dark discs, as

well as general halo-to-halo scatter (cosmic variance). I investigate also the accuracy of

the Maxwellian approach for modelling velocity distribution functions in the standard

halo model and find that this accuracy is hampered by significant halo-to-halo scatter in

the (simulated) velocity functions. Allowing for this scatter in the computation of the
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DM detection limits in the standard halo model methodology leads to a significant scat-

ter about the exclusion limit that is typically quoted. The Maxwellian approximation

works relatively well for our simulations that include the baryons, but it is less accurate

for collisionless (DM-only) simulations. Given the significant halo-to-halo scatter in

the quantities relevant for DM direct detection, it is recommended that this source of

uncertainty is propagated through in order to derive conservative DM detection limits.

Using the ARTEMIS simulations, I then examine the prospects of indirect DM detec-

tion in the Milky Way with the upcoming Cherenkov Telescope Array (CTA) using the

specific instrumental sensitivity of this facility. I investigate the baryonic effects in the

-ray luminosities and fluxes resulted from the DM annihilation in both central halos

and substructure. The unresolved substructure in the simulations is taken into account

via the commonly used ‘boost’ factor. However, I find that the boost factor depends

not only on the cut-off mass value but, importantly, also on the assumed c�M relation

which is used to determine the concentration of the subhalos. The simulations show that

the DM annihilation luminosities and fluxes of the host halos are higher for the halos

containing baryons. This is due to the higher densities and concentrations of these halos

as a result of adiabatic contraction in the presence of baryons, with the DM subhalos

less affected. Using these results, I investigated whether a nominal 50-hour observation

with CTA would be sensitive enough to detect an annihilation signal from the central

Milky Way DM halo and nearby subhalos. I find that the signal from main halos via

either bb, tt or �+�� channels would be detectable, at energies � 20 GeV �1 TeV.

For CTA to detect an annihilation signal from subhalos their individual contributions

must be summed. In that case, a possible detection from substructure can be at ener-

gies � 200 � 700 GeV via the �+�� annihilation channel. One of the largest sources

of uncertainty in the differential -ray flux comes from the assumed c�M relation in

calculating boost factors, which can lead to changes in fluxes by up to a factor of � 10.

The results show that predictions for direct and indirect detection experiments need to

carefully consider the associated astrophysical uncertainties. Also, the impact of bary-

onic physics on the DM in halos and subhalos is significant, emphasising the importance

of using hydrodynamic simulations for making predictions for the detectability of DM.
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Chapter 1

General introduction

One of the biggest mysteries in physics today is Dark Matter (DM), a non-baryonic

matter that accounts for� 85%of all matter in our Universe. Understanding the origin,

evolution and nature of DM is crucial for both particle physics and astrophysics alike.

The discovery of a new type of particle could open the doors to a new era of physics

and change our current understanding of the Standard Model (SM) or Supersymmetry.

In addition, DM plays a dominant role in galaxy formation; pinning down the nature of

this elusive component will improve our understanding of the formation and evolution

of galaxies, in particular that of the Milky Way. Although DM has yet to be detected,

there is a wealth of evidence pointing to the necessity of its existence, with a Nobel

prize awaiting its discovery.

This chapter aims to provide the scienti�c background for the work presented in this

thesis. Section 1.1 presents a brief outline of the standard model of cosmology. Sec-

tion 1.2 outlines the constraints placed on DM particles and explores several plausible

candidates, speci�cally focusing on the Weakly Interacting Massive Particles (WIMPs).

Section 1.3 examines how DM could be detected, both directly and indirectly, and where

best to search for the possible detections inside the Milky Way. Finally, Section 1.4 re-

views the history and advancements of cosmological simulations, and introduces the

ARTEMISsuite of simulations used in this work.

1



Introduction: The standard model of cosmology 2

1.1 The standard model of cosmology

A combination of theoretical developments and precise observations over the last cen-

tury has allowed cosmologists to extensively describe our Universe and its evolution on

very large scales. Speci�cally, observations of the current large-scale structure distri-

bution of our Universe support a well-de�ned cosmological model, known as ”Lambda

Cold Dark Matter” (� CDM). The� CDM model is a solution to general relativity for an

isotropic, homogeneous Universe, accurately describing the formation and evolution of

our Universe over the past 13.7 billion years, from the epoch of in�ation to the present

day (Hinshaw et al., 2013; Planck Collaboration et al., 2020). Although this model

is incredibly successful, the nature of its two main components, the cold dark matter

(CDM) and cosmological constant� , remain unknown.

1.1.1 Big Bang cosmology

The development of the� CDM model started in the 1930s, evidence from observations

showed that galaxies appeared to be travelling away from us at velocities proportional to

their distance. The recession of the galaxies can be explained by general relativity, using

models from Friedmann-Lema�̂tre-Robertson-Walker describing an expanding Universe

given by a space-time metric of the form,

ds2 = c2dt2 � a(t)2

 
dr2

1 � kr 2
+ r 2d
 2

!

; (1.1)

the �rst term on the right-hand side represents the temporal evolution, wherea(t) is

the time-dependent scale factor of the Universe (normalised toa(t0) = 1 today). The

second term represents the spatial evolution, wherek is the curvature of the Universe

(for a spatially �at Universe,k = 0). The constant of proportionality between the

recession velocity and distance, at present (t = 0), is denoted using the Hubble constant,

H0 � H (t = 0) �
_a(t = 0)
a(t = 0)

: (1.2)
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Recent measurements from cosmological data show thatH0 � 70 km s� 1 Mpc (Hin-

shaw et al., 2013; Planck Collaboration et al., 2020).

The expansion of the Universe leads to the conclusion that at very early times, it was

denser and hotter than the present day. The very early Universe, whena(t) < 1=1000

of its current value, consisted of a plasma of protons, electrons and photons, continu-

ously cooling as the Universe expanded. At a redshiftz � 1=a(t) � 1 � 1100, the

Universe became transparent, with photons able to radiate through space carrying the

signatures of this primitive state. The measurements of this radiation lead to the acci-

dental discovery of the Cosmic Microwave Background (CMB) by Penzias & Wilson

(1965), offering a window into the early Universe, and in effect, con�rming the Big

Bang theory as the foundation of the cosmological model.

In recent years cosmologists have been able to describe our Universe with greater pre-

cision. Using the Friedmann equations, the contents of the Universe can be related to

scale factor,

H 2(t)
H 2

0
= 
 r a(t)� 4 + 
 ma(t)� 3 + 
 ka(t)� 3 + 
 � a(t) (1.3)

where
 r , 
 m, 
 k and
 � are the present-day density of radiation, matter, curvature

and cosmological constant respectively. The most dominant contribution
 � is a form

of energy called dark energy.

1.1.2 Tests of� CDM

The ”starting point for cosmology as a precision science” commenced with the Cos-

mic Background Explorer (COBE) satellite mission (Smoot et al., 1992), providing

measurements of the large-scale temperature �uctuations of the CMB. These small,

anisotropic temperature �uctuations resulted in the growth of structure due to gravita-

tional instability. Valuable information about the very early Universe can be obtained

by measuring the acoustic peaks of the angular power spectrum of the temperature �uc-

tuations, which correspond to the oscillations in the matter-radiation �uid at the epoch
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of recombination. Measurements of the position of the �rst peak (De Bernardis et al.,

2000; Hanany et al., 2000; Hinshaw et al., 2013; Planck Collaboration et al., 2020) con-

�rm that on large scales, the Universe is spatially �at (k = 0). The amplitude of the

second acoustic peak, when compared to the �rst peak, constrains the baryonic density

at recombination, and the following peaks provide information about the abundance of

DM in the Universe. Overall, the results show that our Universe is comprised of� 5%

baryonic matter (
 b); � 27%DM (
 DM ); � 68%dark energy (
 � ) (Riess et al., 1998;

Perlmutter et al., 2002; Planck Collaboration et al., 2020).

Dark energy is the dominant component of the� CDM model with evidence support-

ing its existence �rst validated using low redshift measurements of Type Ia supernovae

(SNe) as standard candles. SNe are ideal standard candles as their intrinsic luminosity

is easily determined by measuring the evolution of their light curve. Measurements of

Type Ia SNe revealed that our Universe is currently experiencing a state of accelerated

expansion (Riess et al., 1998; Perlmutter et al., 2002), consolidating dark energy as a

major component of� CDM.

An additional test of the�CDM model comes from the evolution of Baryonic Acoustic

Oscillations (BAO) between the era of recombination and the present time. Predicted in

the 1970's (Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970), detected and measured

in numerous galaxy surveys (Eisenstein et al., 2005; Cole et al., 2005; Padmanabhan

et al., 2007; Percival et al., 2007; Ross et al., 2015; De Sainte Agathe et al., 2019), BAO

support the theory of a matter-photon plasma �lling the Universe before recombination,

in addition to con�rming the late time acceleration indicated from CMB and SNe data.

The �CDM paradigm continues to be tested on increasingly smaller scales by a large

range of cosmological probes, such as cluster counts, strong and weak gravitational

lensing, BAO, CMB and SNe (see Weinberg et al. 2013 for a review). These probes are

independently improving the constraints on the�CDM model parameters, and hence it

currently remains the accepted standard model of cosmology.
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1.1.3 Dark matter

DM is the most dominant matter component in the� CDM model and is considered the

most plausible explanation for various galactic and cosmological scale observations.

The �rst proposed claim of the existence of DM was made in the early 20th century,

with observations of the Coma Cluster (Zwicky, 1933). The analysis of the gravitational

orbits of the thousands of galaxies in the cluster led to the conclusion that the cluster

should contain a large quantity of non-luminous matter. Zwicky (1933) referred to this

missing mass as ”dunkle Materie” (dark matter), assuming it was a non-shining form of

ordinary matter.

The evidence for DM is strong, with the most compelling coming from the �attening

of galaxy rotation curves. The �attening was �rst noticed by Babcock (1939), who

discovered that the outer disc of M31 (Andromeda galaxy) was moving at surprisingly

high velocities. Several decades later, spectroscopic (H� ) observations in HII regions of

M31 con�rmed these excess radial velocities (Rubin & Ford, 1970; Roberts & White-

hurst, 1975). In contradiction with expectations of visible matter, these observations

showed that the stellar velocities at the edge of the galactic disc remain constant as the

distance from the centre of the galaxy increased. This evidence was later strengthened

with observations of the 21 cm line in spiral galaxies (Rubin et al., 1980). Using a sam-

ple of 1100 optical and radio rotation curves from spiral galaxies Persic et al. (1996)

con�rmed that the distribution of luminous matter is signi�cantly outweighed by DM,

more so in low luminosity systems.

One of the most vital indicators of the existence of DM comes from the merging of

galaxies or clusters of galaxies. The best example of such an event is the “Bullet cluster”

(also known as 1E0657-558) (Clowe et al., 2006). The cluster's recent collisions have

resulted in the spatial distribution of galaxies and stars to be separated from the majority

of its baryonic mass, which is in the form of hot X-ray emitting gas. Comparisons of

X-ray observations and weak lensing show that the mass in the Bullet cluster does not

correspond with its baryonic distribution, proving that there must be another source of

gravitational potential dominating the system, such as DM.
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The presence of DM is also supported by evidence from gravitational lensing data.

Gravitational lensing is the bending of light due to a strong gravitational �eld from

a very dense or massive object, like the centre of a galaxy or a galaxy cluster. Strong

lensing occurs when light rays de�ect around an object, which leads to a distorted image

of the light source. The shape and the size of these distortions can be used to measure

the distribution of mass of the object and is compared against the objects visible mass.

Finally, studies of the CMB radiation play an essential role in determining the abun-

dance of DM in the Universe, as discussed above in Section 1.1.2. The most recent val-

ues for DM density,
 DM h2 = 0:1142and
 DM h2 = 0:120, come from the Wilkinson

Microwave Anisotropy Probe (WMAP) (Hinshaw et al., 2013) and the Plank Collabo-

ration (Planck Collaboration et al., 2020), respectively.

1.1.4 Galaxy formation

The� CDM paradigm is the main foundation that the theories of galaxy formation and

evolution are built upon, of which the hierarchical model describes the bottom-up for-

mation of galaxies. The galaxies we see in the Universe today are the products of

small-scale �uctuations in the matter density of the very early Universe, seen as peaks

in the random density �eld of DM. After a rapid period of in�ation, these `seed' �uctu-

ations collapse under their own gravitational potential, creating over-dense DM regions,

in comparison to the expanding under-dense background. The seminal work by Press

& Schechter (1974) was able to describe the distribution of the DM halos masses in the

early Universe, which was later improved upon by Tinker et al. (2008). As the density

�uctuations continue to grow with infalling DM, the baryonic matter begins to cool and

collapse into the over-densities, forming the �lamentary structure known as the `cosmic

web' (Bond et al., 1996; Van de Weygaert & Bond, 2008). Eventually, gas collapses

into the potential wells of the DM, forming galaxies, such as the Milky Way.
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1.1.5 Small-scale problems

As discussed in Section 1.1,�CDM is an extremely successful cosmological model.

However, there remains several weaknesses on small-scales (see Bullock & Boylan-

Kolchin 2017 for a review), of which many solutions have been theorised. Firstly, the

”missing satellites problem” (Kauffmann et al., 1993; Klypin et al., 1999; Moore et al.,

1999) comes from the discrepancy between the number of satellite galaxies predicted by

N-body simulations and those observed around the Milky Way. We expect thousands

of subhalos massive enough to host dwarf galaxies, however there are� 50 satellite

galaxies within 300 kpc of the Milky Way (Drlica-Wagner et al., 2015). Secondly, the

”too-big-to-fail problem” (Boylan-Kolchin et al., 2011, 2012; Garrison-Kimmel et al.,

2014) states that the local universe contains too few galaxies situated in intermediate-

mass� 1010M � halos. Halos of this mass are believed to have been too massive not

to have formed stars, therefore it is hard to understand why they are missing. An addi-

tional challenge is the ”core-cusp problem” (McGaugh et al., 2001; Gilmore et al., 2007;

Kuzio de Naray et al., 2008), dealing with a discrepancy between the �at density pro�les

observed in many DM-dominated low-mass galaxies, and the cuspy density pro�les pre-

dicted from�CDM cosmological N-body simulations, e.g. the Navarro-Frenk-White

(NFW) pro�le (Navarro et al., 1997).

Many alternatives and extensions to�CDM have been proposed in order to address

some of these small-scale issues, particularly changes to the nature of DM. For example,

one can remove the condition that DM is collisionless and instead assume it can interact

with itself. This proposed self-interacting dark matter (SIDM) has been modelled using

cosmological simulations and has been shown it may solve the too-big-to-fail problem

(Zavala et al., 2013; Elbert et al., 2015) and the core-cusp problem (Spergel & Stein-

hardt, 2000; Yoshida et al., 2000; Davé et al., 2001; Col�́n et al., 2002; Vogelsberger

et al., 2012; Rocha et al., 2013; Elbert et al., 2015; Kaplinghat et al., 2016). One of the

most favoured extensions to the�CDM model is warm dark matter (WDM), which is

de�ned assuming collisionless DM with non-negligible free-streaming effects. WDM

erases density perturbations on small-scales suppressing structures with masses close to

the cut-off scale in the matter power spectrum, possibly resolving the missing satellite
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problem (Coĺ�n et al., 2000; Bode et al., 2001; Polisensky & Ricotti, 2011; Lovell et al.,

2012; Anderhalden et al., 2013; Bozek et al., 2016; Horiuchi et al., 2016; Bose et al.,

2017). Additionally, WDM predicts that halos have later formation times than CDM,

leading to lower central densities, which helps to alleviate the too-big-to-fail problem

(Lovell et al., 2012; Horiuchi et al., 2016; Lovell et al., 2017). Studies have also shown

that DM halos in a WDM scenario can have cored density pro�les, however with cur-

rent constraints on the mass of the DM particle, they are unable to solve the core-cusp

problem (Villaescusa-Navarro & Dalal, 2011; Macci�o et al., 2012; Shao et al., 2013).

In addition to changing the nature of DM, another promising way of solving some of the

small-scale problems is to change some of the physical processes used in hydrodynam-

ical simulations. Several of the most advanced hydrodynamic simulations have shown

that it is possible for baryonic feedback to reduce or erase the central cusps in DM den-

sity pro�les, producing core-like density pro�les (Mashchenko et al., 2008; Pontzen &

Governato, 2012; Madau et al., 2014; Oñorbe et al., 2015; Read et al., 2016), solving

the core-cusp problem. Many hydrodynamic simulations have found that environmen-

tal in�uences are often invoked to help solve the too-big-to-fail problem. Interactions

between the Milky Way-like galaxies and their satellites, via mechanisms such as ram

pressure stripping, tidal stripping and disk shocking, can reduce the central mass of

satellite galaxies by acting as additional forms of feedback (Zolotov et al., 2012; Arraki

et al., 2014; Brooks & Zolotov, 2014; Brook & Di Cintio, 2015; Wetzel et al., 2016;

Tomozeiu et al., 2016; Sawala et al., 2016; Dutton et al., 2016).

These small-scale problems encountered in the�CDM model can all be solved with

plausible and well-understood solutions whilst retaining the fundamentals of the model.

For these reasons�CDM remains the leading model for cosmology.

1.2 DM candidates and the WIMP

As we have seen in the previous section, the observational evidence for DM is over-

whelming, leading to the question: what is DM made up of? This section will describe
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the DM particle constraints and explore some of the DM candidates discussed in the

literature.

1.2.1 DM particle constraints

For a DM particle to be considered as a plausible candidate it must �rst satisfy several

astrophysical constraints:

• The observed abundance of CDM must match the appropriate DM relic abun-

dance and density.

• The DM particles must be non-baryonic, in order to preserve big bang nucleosyn-

thesis.

• The DM should be electromagnetically neutral, due to unsuccessful searches for

stable charged particles (McDermott et al., 2011; Sánchez-Salcedo et al., 2010),

in addition to null direct detection results (see Section 1.3.1).

• DM particles should have weak self-interactions due to the limits imposed from

the cluster collisions, such as the Bullet Cluster.

• The DM particles should be dynamically cold to account for the small-scale den-

sity �uctuations, as seen in weak lensing observations.

No known particle satis�es all of these conditions. For a particle to meet these condi-

tions requires an extension of the SM, of which many candidates have been theorised.

1.2.2 WIMPs

In general, the most favoured DM particle candidates that satisfy the above constraints

are referred to as WIMPs (Weakly Interacting Massive Particles). Below we discuss

how WIMPs satisfy several of these constraints and possible WIMP particle candidates

(see Arcadi et al. 2018 for a review).
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1.2.2.1 WIMP production

The generation of the WIMP DM relic abundance is achieved by the freeze-out mech-

anism. Very early in the hot and dense Universe, DM and SM particles were in ther-

mal equilibrium due to the DM particle production from annihilations. As the Uni-

verse evolved, expanding and cooling, the WIMPs and thermal plasma froze out of

equilibrium. The decoupling of the WIMPs and thermal plasma occurred when the

WIMP annihilation rate became approximately less than the Universe expansion rate

� ann . H � T2
f =MP, whereMP is the reduced Plank mass andTf is the freeze-out

temperature. The WIMP yield after freeze-out remained roughly constant,Y � = n � =s,

wheres � T3 is the entropy density andn� is the number density of DM particles (�

denotes the generic WIMP).

Using the DM annihilation rate,� ann = n � h� annvi , the value for the relic abundance

today in terms of the thermally averaged product of annihilation cross-section� ann and

the Møller velocity,vM øl =
p

( ~v1 � ~v2)2 � ( ~v1 � ~v2)2, at freeze-out is,


 � h2 '
m� n� (T 0)

� c
h2 =

T3
0

� c

xf

MP

1
h� annvM øl i f

h2 (1.4)

where� c � 8 � 10� 47 h2 GeV4 (Patrignani et al., 2016) is the critical energy density,

T0 � 2:35� 10� 13 GeV (Patrignani et al., 2016)is the present temperature of the Uni-

verse,x = m � =T = 25 (Nihei et al., 2001) and~v1;2 are the annihilating DM particles

velocities.

Finally, using
 � h2 � 0:12and Eq.1.4,

h� annvi f � 3 � 10� 26 cm3 s� 1 (1.5)

for which the correct value of the WIMP DM relic density is obtained (for a more

detailed derivation, see Steigman et al. (2012)). A DM particle with a typical velocity of

v � 0:1c corresponds to a cross-section of weak strength for WIMPs with electroweak

scale masses. This coincidence is now known as the “WIMP miracle”.



Introduction: DM candidates and the WIMP 11

1.2.2.2 Supersymmetric candidates

One possible solution to identifying DM particles as WIMPs is an extension of the SM

known as supersymmetry (SUSY). SUSY is the theoretical link between two different

SM classes of particles; fermions and bosons. Fermions and bosons are classi�ed based

on a property called spin; bosons have integer spins and fermions half-integer spins.

Many particle physics theories predict that the lightest SUSY particles should be stable

and electrically neutral, interacting weakly with SM particles, making SUSY particles

an ideal candidate for DM (Goldberg, 1983; Ellis et al., 1984; Roszkowski, 2004).

There are several SUSY particles that are suitable as DM candidates, including the neu-

tralino (a collective term for the superpartners of the Z boson, the photon and the Higgs),

sneutrino (the superpartner of the neutrino), and gravitino (the superpartner of the hypo-

thetical graviton). All of these particles are weakly interacting and electrically neutral.

However, the sneutrino does not reproduce the correct relic densities and annihilates

too quickly in the early universe to be cosmologically signi�cant (Falk et al., 1994; Hall

et al., 1998). The gravitino can also be ruled out as a DM candidate as they would act

as hot DM (Chun et al., 1994; Borgani et al., 1996), leaving the neutralino as the only

viable SUSY DM WIMP candidate (see Jungman et al. 1996 for a review), although

recent results from the Large Hadron Collider (LHC) have placed strong restraints on

the neutralino parameter space (Bélanger et al., 2013).

1.2.3 Other candidates

The increasing limits placed on the WIMP parameter space and a lack of a convinc-

ing signal in WIMP DM searches have lead to many alternative DM candidates being

suggested. Below we explore some of these alternatives, however for a comprehensive

review see Baer et al. (2015).
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1.2.3.1 Axions

An alternative candidate to WIMPs, axions are hypothetical elementary particles �rst in-

troduced to solve the charge-parity (CP) violation in quantum chromodynamics (QCD)

and are often considered to be a strong contender as a DM particle (Sikivie, 1983).

Interactions between SM particles and axions are expected to be very weak, implying

that they were not in thermal equilibrium in the early universe; they are also predicted

to have very low mass� 0:01eV(Sikivie, 1983). There is still uncertainty in whether

axions are able to reproduce the relic density, depending strongly on the production

mechanisms. Even so, within a limited range, axions are capable of satisfying all con-

ditions and are still considered as a plausible DM particle candidate (Rosenberg & van

Bibber, 2000; Marsh, 2016).

1.2.3.2 Sterile neutrinos

Another non-WIMP DM particle candidate is the sterile neutrino, a hypothesised new

�avour or type of neutrino (Abazajian et al., 2012). The lightest of the SM particles,

neutrinos, are classi�ed into three �avours (electron, muon, tau) and interact very rarely

with baryonic matter via the weak nuclear force, whereas the sterile neutrino is predicted

to interact only via gravitational potential. Neutrinos �avours are expected to exist in

equal quantities. However, some experiments have observed an excess in the number

of electron neutrinos and theorise that the sterile neutrino is a temporary state of an

electron neutrino.

Sterile neutrinos alone are unlikely to contribute to the total abundance of DM in the

Universe due to their insuf�cient mass and quantity. However, just like standard neu-

trinos, it is possible that sterile neutrinos exist in three �avours, with different masses,

and facilitates the idea of other sterile particles.
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1.2.3.3 MACHOs

Since we know DM must be `dark' (i.e. non-luminous), several astrophysical objects

were suggested as possible DM candidates, such as neutron stars, brown dwarfs, black

holes and unassociated plants. These `dark' objects are classi�ed as MACHOs (MAs-

sive Compact Halo Objects).

The search for MACHOs in the Milky Way halo via gravitational microlensing con-

ducted by the MACHO Collaboration (Alcock et al., 1992) and the EROS-2 Survey,

amongst others, have been relatively unsuccessful. The MACHO Collaboration only

detected 13-17 possible lensing events from� 12 million stars (Alcock et al., 2000),

and EROS-2 found even fewer with one lensing event from� 7 million stars (Tis-

serand et al., 2007). The percentage of non-luminous matter in our galaxy is too high

to be solely accounted for by such a low number of MACHOs. An additional failure

in the MACHOs hypothesis as a DM candidate is the requirement that DM must be

non-baryonic to preserve big bang nucleosynthesis.

1.3 Detecting dark matter

In this section, we explore where in the Universe DM may be observable and examine

several methods and techniques used with the aim of detecting DM.

The observationally con�rmed presence of a DM halo in our Galaxy provides an inter-

esting source of investigation for DM particle searches. There are several experimental

methods used to detect DM interactions with SM particles, including collider searches,

direct detection and indirect detection; these are shown in Fig. 1.1. Collider searches

examine the resulting SM particles of proton-proton collisions, searching for missing

energy, which can be associated with the production of WIMPs (SM SM! DM DM).

Below we focus on direct DM detection (Sec. 1.3.1), where DM elastically scatters of a

SM particle (SM DM! SM DM), and indirect DM detection (Sec. 1.3.2), where DM

particles self-interact or annihilate to produce observable SM particles (DM DM! SM

SM).
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FIGURE 1.1: Diagram showing dark matter (DM) interactions and their corresponding
experimental detection techniques. (a) shows DM annihilation into Standard Model
(SM) particles via indirect detection (ID). (b) shows DM-SM particle scattering via
direct detection (DD). (c) shows DM particle production from annihilation of SM par-

ticles in collider (Col) experiments.

1.3.1 Direct detection

The observational evidence of DM in the Milky Way strongly motivates the search

for a DM particle scattering off of a nucleus. Numerous particle and nuclear physics

experiments have played an important role in searching for evidence of this detection

(Akerib et al., 2003; Akerib et al., 2013, 2017; CRESST collaboration et al., 2017;

Aprile et al., 2017b, 2018; Akerib et al., 2020; The DarkSide Collaboration et al., 2018;

Zhou et al., 2020).

Direct detection of DM aims to measure the nuclear recoil energy of a standard model

particle induced by the scattering of a WIMP. The differential scattering rate of a WIMP-

nuclei interaction can be written as,

dR
dE

(E; t ) =
� 0

mDM mN

Z vesc

vmin

vf E (~v)
d�
dE

(v; E)d3~v; (1.6)
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where� 0 is the local DM density, mDM and mN are the DM and nuclei particle masses

(respectively),vmin is the minimum velocity the particle requires to produce a detection

at the recoil energyE, ~v is the velocity vector of the DM particle relative to the Earth,

f E (~v) is the corresponding velocity distribution function, andd�=dE is the energy dif-

ferential DM-nucleus scattering cross-section. The minimum velocity depends on the

threshold recoil energy in the form:

vmin =

s
EmN

2� 2
DM ;N

; (1.7)

where� DM ;N � (mDM mN )=(mDM + mN ) is the DM-nucleus reduced mass.

In order to determine a limit on the WIMP-nucleon scattering cross-section from the

measurement of the scattering rate (Eq. 1.6) several assumptions must be made. The

particle physic assumptions include the nucleon form factor used and the type of WIMP-

nucleon scattering. The astrophysical assumptions are typically rounded up into the

Standard Halo Model (SHM). The SHM assumes that the velocity distribution of the

DM is smooth and well described by a Maxwellian distribution, and the local DM den-

sity is a �xed value (� 0 = 0:3 � 0:4GeV=cm3), however, the local DM density may

suffer from large uncertainties. Additionally, the SHM assumes that the WIMP-nucleon

scattering is elastic, conserving all energy. The SHMs assumptions and uncertainties

are explored fully in Section 2.2.2.

The only hint of a possible direct DM detection was made by the discovery of an annual

modulation signal by the DAMA/NaI (Bernabei et al., 2003) experiment, which was

later con�rmed by the same collaboration DAMA/LIBRA (Bernabei et al., 2008). The

DAMA collaboration concluded that the annual modulation found in its data was con-

sistent with the expected signal from DM particles in our Galactic halo (Drukier et al.,

1986a; Freese et al., 1988). This detection is considered to be extremely controversial,

with an additional positive signal from CDMS-II (CDMS Collaboration et al., 2013),

however numerous null results have been reported from other direct detection experi-

ments (e.g. CDMS (Akerib et al., 2003; Ahmed et al., 2009), CoGeNT (Aalseth et al.,
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2008), COUPP (Behnke et al., 2008), TEXONO (TEXONO Collaboration: S. T. Lin,

2007) and XENON10 (Angle et al., 2008)).

Currently, the measurements of the WIMP-nucleon scattering rate has not lead to any

con�rmed DM signal and as a result, the limits on the WIMP-nucleon cross-section

as a function of DM mass are continually being lowered. The strongest constraints on

the WIMP-nucleon cross-section1 come from null results of DM searches in the liquid-

gas xenon detector XENON1T (Aprile et al., 2018), setting a limit of4:1 � 10� 47cm2

at 30GeV=c2 and 90% con�dence level. A further improvement in the cross-section

limits is expected to come from direct detection experiment, such as XENONnT (Aprile

et al., 2020), LZ (Akerib et al., 2020) and DARWIN (Aalbers et al., 2016) experiments.

These experiments will push the cross-section down to the neutrino scattering limit, at

which point any signal from a WIMP-nucleon scattering would be indistinguishable

from coherent neutrino scattering (Billard et al., 2013).

1.3.2 Indirect detection

An alternative to DM direct detection is indirect detection, a technique used to identify

SM particles produced from DM annihilations or decays by observing the resultant -

ray radiation. For the case that a DM particle annihilates into -rays, the -ray �ux is

given by:

d� 

dE
=

h�v i
8�m 2

�

dN

dE
J (E); (1.8)

where the particle physic terms are; the mass of the DM particlem� , the velocity-

averaged DM annihilation cross-sectionh�v i and the -ray spectrum generated from a

single annihilationdN =dE. The -ray spectrum varies depending on the annihilation

channel and the mass of the WIMP, typically this is dominated by annihilation intobb

pairs with� + � � lepton pairs also contributing (other quarks and lepton pairs are also

possible annihilation channels). If the annihilation has a large contribution ofe+ e� pairs

1In this work we only consider a spin-independent cross-section
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this would likely enhance the -ray signal via inverse Compton scattering (Baltz & Wai,

2004; Regis & Ullio, 2008).

The astrophysical term in equation 1.8,J(E) (called the J-factor) is de�ned by:

J (E) =
Z

�


Z

los
� 2

� dsd
 ; (1.9)

where� � is the density of DM, and the integral is along the line of sight and over

solid angles. Given that both the astrophysical and particle physics terms are unknown,

assumptions need to be made to one of these to constrain the other. The astrophysical

uncertainties from both the DM density pro�les and the astrophysical foreground are

one of the signi�cant challenges in the indirect detection of DM.

Using  -rays to study DM annihilations has several unique bene�ts. Firstly, -rays do

not get de�ected by magnetic �elds and therefore point back to the site at which they

are created. This allows for -ray searches in both close and distant objects, such as the

Milky Way and satellite galaxies. An additional advantage of the use of -rays, is that

they are unaffected by attenuation, and therefore retain spectral information from their

source when observed on Earth.

Indirect DM detection methods use space and ground-based telescopes to search for -

rays produced from WIMP-WIMP annihilations that occur at galactic or extragalactic

scales. Currently, the space-based Large Area Telescope (LAT) (GLAST Facility Sci-

ence Team et al., 1999; Charles et al., 2016) on board the Fermi satellite and the ground-

based instruments such as the High-Energy Stereoscopic System (H.E.S.S) (Hinton &

HESS Collaboration, 2004), the Major Atmospheric Gamma-ray Imaging Cherenkov

(MAGIC) (Lorenz & MAGIC Collaboration, 2004) and the Very Energetic Radiation

Imaging Telescope Array (VERITAS) (Weekes et al., 2002), have all been searching

for the signatures of DM annihilation. Although there has been no positive detection

of  -rays from DM using these instruments, important conclusions of the properties of

DM particles can still be made. For example, results from Fermi-LAT have pushed the
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annihilation interaction rate limits below the canonical thermal relic production cross-

section of3 � 10� 26 cm3 s� 1 for a WIMP of mass� 10GeV (Ackermann et al., 2011;

Geringer-Sameth & Koushiappas, 2011; Mazziotta et al., 2012).

Currently under construction, the Cherenkov Telescope Array (CTA) is the next gener-

ation of ground-based -ray observatories (CTA Consortium & Ong, 2019). CTA will

push the limits on DM annihilation signals, sensitive to -rays with energies from a few

tens of GeV to hundreds of TeV, improving the sensitivity by an order of magnitude (at

1 TeV) when compared to previous experiments. To achieve optimal sensitivity across

this wide energy range, CTA will consist of over 100 separate telescopes of three dif-

ferent sizes across sites in the Northern and Southern hemispheres, becoming the �rst

ground-based -ray observatory to survey almost the entire sky.

1.3.3 Targets for DM detection

For direct and indirect experiments, searches for DM particles are broadly constrained

to three areas: the Galactic centre (GC), the Solar neighbourhood, and dwarf satellites.

1.3.3.1 DM in the Galactic centre

Due to its relative proximity and high density of DM, the GC of the Milky Way is an

attractive location for DM indirect detection searches. However, searching for DM in

the GC does have its disadvantages and challenges. Firstly, despite the density of DM

being very high, the baryonic matter density increases even faster near the GC, meaning

that DM is a subdominant component of the total mass density in the very inner region

of the galaxy. Therefore, any gravitational models, for example, from stellar velocities

near the GC, are unable to precisely constrain the density of DM in this region, resulting

in signi�cant uncertainties.

Another problem with DM searches in the GC relates to the dense astrophysical back-

ground. The GC is a very astrophysically active region, hosting high energy sources

such as supernova remnants (Yusef-Zadeh et al., 1999), highly ionised gas (Wang et al.,
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2002), massive O/B stars (Schödel et al., 2009), dense molecular clouds (Ferri�ere, 2012)

and populations of pulsars (Wharton et al., 2012). Many of these objects and events

produce very high energy -ray emission, which must be untangled to distinguish any

underlying DM emission.

1.3.3.2 DM in the Solar neighbourhood

The density of DM in the region of our solar system is of great importance to the

prospects for direct and indirect detection. The local DM density is calculated from the

rotation curves of the Milky Way, with uncertainties arising due to our location within

our galaxy. Rotation curves are able to measure the total mass within a system; there-

fore, the density distributions of the galactic bulge and disc are needed to accurately

calculate the DM pro�le. Direct and indirect detection rates also require the velocity

distribution of DM in the local region, again inferred from rotation curves.

From recent observational results from stellar kinematics, stellar density pro�les, maser

observations and gas velocities suggest that the local DM density is within a large range

of values of� 0 � 0:45 � 0:70 GeV cm� 3 (Smith et al., 2012; Bienayḿe et al., 2014;

Sivertsson et al., 2018; Hagen & Helmi, 2018; Pif� et al., 2014). Typically, the local

DM density is taken to be� 0 = 0:3 GeV cm� 3 (Green, 2017; Read, 2014).

The local DM density and velocity distribution are discussed further in Chapter 2.

1.3.3.3 DM in Milky Way satellite galaxies

Dwarf satellite galaxies have long been of interest to DM searches and are one of the

smallest environments dominated by DM. Although these galaxies are far more distant

than the GC, the observed emitting region is much larger. The �rst study into the kine-

matic properties of dwarf satellite galaxies measured the velocities of the constituent

stars in Draco and Ursa Minor (Aaronson, 1983), discovering very high mass-to-light

ratios, further studies found similarly high ratios. For example, the mass-to-light ratio

of Draco is� 250 in Solar units, and Sagittarius is� 100. These results suggest that



Introduction: Simulations 20

dwarf galaxies are amongst the most extreme DM dominated systems, and are ideal

targets for detection experiments.

1.4 Simulations

This section gives a brief overview of the history and evolution of cosmological hy-

drodynamical simulations. We also discuss the importance and relevance of zoom-in

simulations. Finally, we introduce the cosmological hydrodynamic simulations used in

this work; theARTEMISsimulations.

1.4.1 Cosmological hydrodynamic simulations

The highly complex nature of the mechanisms that determine galaxy formation, and

therefore the growth and evolution of structure in the universe, requires sophisticated

numerical techniques to model them accurately.

The current generation of state-of-the-art numerical simulations originates from much

simpler models. The very �rst gravitational simulation was carried out in the 1940s and

contained only 37 particles, represented as light bulbs, and the gravitational forces be-

tween them were interpreted from the �ux (Holmberg, 1941). With the advancement of

technology and digital computing, the calculations involved in numerical simulations

became easier to solve. By the 1960's collisionless N-body gravitational simulations

were possible, now consisting of� 100particles (Von Hoerner, 1960, 1963; Aarseth,

1963). The size and complexity of simulations continued to increase, making it possible

to study the growth of cosmological structure on large scales. Press & Schechter (1974)

laid the foundations for these studies, using N-body simulations to model hierarchical

structure formation, investigating the mass distribution of halos. Gravitational N-body

simulations have been very successful in contributing to our knowledge of the nature

of DM. For example, Navarro et al. (1996) studied the structure of DM halos and de-

termined a universal DM halo density pro�le. The one billion DM particle Millennium

simulation (Springel et al., 2005) has provided new insights into the formation, growth
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and distribution of DM structures on extremely large scales. However, for the study of

astrophysical objects on smaller scales, such as individual galaxies (Milky Way-like and

dwarfs), applying gravitational forces alone is insuf�cient. The impact baryons have on

the formation and evolution of structure becomes increasingly important. This has lead

to the development of hydrodynamical simulations, linking the gravitational and bary-

onic (gas and stars) prescriptions together, tracking the interactions between DM and

baryons. Including baryonic physics furthers our understanding of the physics of DM,

as the latter may be in�uenced by the kinematics of the baryons. Hydrodynamic sim-

ulations offer many advantages over gravitational-only simulations, reproducing obser-

vations on galactic scales with greater accuracy. However, hydrodynamic simulations

suffer from decreased resolution (number of particles and/or size of particles) due to the

increase in the numerical calculations required per particle.

The resolution limit of hydrodynamic simulations means that small-scale astrophysical

processes cannot be fully modelled. To overcome this challenge, astrophysicists use

analytical techniques or “subgrid models” to model phenomena too small to resolve.

The physics used in these subgrid models vary depending on the objective of each sim-

ulation. However, the majority adopt models that describe radiative cooling, stellar

formation, stellar evolution and chemodynamics, supernova and black holes. The pa-

rameters of these subgrid models are motivated by physical or observational theories,

although in some parameters, this is not possible. That means that some subgrid physics

has to be calibrated. One of the most common calibration methods is to choose a set

of statistics, such as the stellar mass function, and tune the subgrid parameter until the

simulations match those statistics. This method has been used in several successful

simulations; Illustrius (Vogelsberger et al., 2013; Torrey et al., 2014),EAGLE(Crain

et al., 2015; Schaye et al., 2015),BAHAMAS(McCarthy et al., 2017) and IllustriusTNG

(Pillepich et al., 2018).

1.4.2 Zoom-in simulations

Cosmological `zoom-in' simulations have recently become the go-to solution for mod-

elling cosmology on Milky Way scales, intending to alleviate the problem of limited
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resolution. Zoom-in simulations are achieved by simulating a region of interest, such as

a DM halo, to a very high resolution while the surrounding area remains much lower.

The low-resolution area provides realistic effects (i.e. tidal �elds) in�uencing particles

in the high-resolution area. This technique allows for single halos to be studied in much

greater detail without having to simulate non-cosmological isolated halos.

In recent years several groups have used cosmological zoom-in simulations to study

galaxies with similar properties to the Milky Way. The Auriga project has studied the

formation and evolution of Milky Way-like galaxies and their discs (Grand, 2016; Grand

et al., 2017), the morphologies and kinematics of Milky Way-like galaxies are studied

in theFIRE-2 simulations (Garrison-Kimmel et al., 2018), stellar discs of Milky Way-

like galaxies have been investigated with theNIHAO-UHDsuite of simulations (Buck

et al., 2020) and theAPOSTLEsimulations study Local Group galaxies, including satel-

lites of the Milky Way and Andromeda (Sawala et al., 2016).

As mentioned in Section 1.1.5, hydrodynamic simulation can help to solve the small-

scale problems associated with�CDM . The higher resolution of zoom-in simulations

allows for more accurate modelling of baryonic feedback and the resulting effects on

galaxies and their environments, helping to better understand and resolve these issues.

For example, the too-big-to-fail problem can be alleviated by combining stellar feed-

back, which lowers the DM density in the galaxy's centre and creates a shallower den-

sity pro�le, and tidal effects that change the mass distribution of both the dark matter

and the baryons (Tomozeiu et al., 2016). Additionally, Sawala et al. (2014) have shown

that they can solve several of the�CDM small-scale problems, determining that the

problems are caused by inadequate inclusion of baryonic physics.

1.4.3 TheARTEMISsimulations

The ARTEMIS(Assembly of high-ResoluTion Eagle-simulations of MIlky Way-type

galaxieS) simulations are a new suite of high-resolution cosmological hydrodynamical

simulations of Milky Way-mass halos that trace the evolution DM, gas, stars and black

holes across redshifts fromz = 127 to todayz = 0 (Font et al., 2020). TheARTEMIS
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simulations employ a comprehensive suite of baryon physics, including metal-dependent

radiative cooling, star formation, stellar evolution and chemodynamics, black hole for-

mation and growth through mergers and gas accretion, along with stellar feedback and

feedback from active galactic nuclei (AGN). The work presented here focuses on the

last snapshot atz = 0, which re�ects the simulated state of today's Universe.

The ARTEMIS simulations are run with the same hydrodynamical simulation code

used for theEAGLEproject (Schaye et al., 2015; Crain et al., 2015), but applied here

at signi�cantly improved spatial and mass resolution using the `zoom in' technique

(e.g. Bertschinger (2001)). This allows for the simulation of Milky Way-analog halos at

high resolution and with hydrodynamics, within a larger box that is simulated at com-

paratively lower resolution and with collisionless dynamics only. The initial conditions

(ICs) were generated using theMUSICcode2 (Hahn & Abel, 2011). Halos were se-

lected from a base periodic box is25Mpc h� 1 on a side with2563 particles. The initial

conditions were generated at a redshift ofz = 127 using a transfer function computed

using theCAMB3 Boltzmann code (Lewis et al., 2000) for a �at� CDM WMAP9 (Hin-

shaw et al., 2013) cosmology (
 m = 0:2793, 
 b = 0:0463, h = 0:70, � 8 = 0:8211,

ns = 0:972).

The resolution of theARTEMISsimulations are similar to that of the highest resolution

simulations from other groups, such as the Auriga simulations (Grand et al., 2017),

the APOSTLEsimulations (Sawala et al., 2016), theFIRE-2 simulations of Milky

Way-analog halos (Garrison-Kimmel et al., 2018). At this resolution, the DM particle

mass is1:17� 105M � =h and the initial baryon particle mass is2:23� 104M � =h. In

general, the sample size of Milky Way-analog halos inARTEMISis larger than other

studies, providing us with the opportunity to investigate the uncertainties due to cosmic

variance.

The ARTEMISMilky Way-analogs have been selected such that the total mass of the

halo lies in the range8 � 1011 < M200;crit =M � < 2 � 1012, whereM200;crit is the mass

enclosing a mean density of 200 times the critical density atz = 0. This approximately

covers the range of inferred values for the Milky Way from a collection of different

2https://www-n.oca.eu/ohahn/MUSIC/
3https://camb.info/
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observations (Guo et al., 2010; Deason et al., 2012; McMillan, 2017; Watkins et al.,

2019). There are 63 halos in this mass range, of which dark matter-only simulations

have been constructed. For the work presented here, in Chapter 2 we use 42 of the

dark matter-only halos and their hydrodynamic counterparts, and in Chapter 3 we use

45 halos.

Fig. 1.2 shows composite SDSS-like surface brightness maps for 42 of theARTEMIS

Milky Way-analogues at redshiftz = 0. Each of the 42 galaxies is shown in both a face-

on and edge-on projection. Some of these galaxies are currently undergoing interactions

with satellite galaxies, while others appear to be reasonably isolated. Due to the large

sample size we have at our disposal, we are able to examine a range of diverse formation

and merger histories, as the exact formation history of the Milky Way is still unknown.

The main objective of this thesis is to explore the effect of baryons and the uncertain-

ties associated with direct (Chapter 2) and indirect (Chapter 3) DM detection using a

new suite of high-resolution cosmological hydrodynamic simulations of Milky Way-

like galaxies, to aid in the identi�cation of DM. Using the Milky Way-like galaxies in

theARTEMISsuite of simulations provides several key advantages. One of them is that

the sample is fairly large (45 galaxies) and therefore it includes a variety of formation

histories, giving us the opportunity to study a wide range of Milky Way analogues. This

allows us to take into account several factors when comparing the simulation results

with observations, such as the stochastic properties of the present-day satellite galaxies,

or the formation histories of the hosts. Additionally, with both DM-only Milky Way

analogues and their hydrodynamic counterparts at our disposal, the effects of baryons

on these galaxies, satellites and their surrounding environments can be studied. This

thesis focuses on several areas of interest for DM searches, including predicted signals

from the Galactic centre, the solar neighbourhood and Milky Way satellites, with the

aim of understanding the uncertainties associated with DM detection techniques.
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