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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

γ-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 τ+τ− 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 τ+τ− annihilation channel. One of the largest sources

of uncertainty in the differential γ-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 scientific 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, specifically 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

ARTEMIS suite of simulations used in this work.
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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. Specifically, observations of the current large-scale structure distri-

bution of our Universe support a well-defined cosmological model, known as ”Lambda

Cold Dark Matter” (ΛCDM). The ΛCDM 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 inflation 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 Λ, remain unknown.

1.1.1 Big Bang cosmology

The development of the ΛCDM 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-Lemaı̂tre-Robertson-Walker describing an expanding Universe

given by a space-time metric of the form,

ds2 = c2dt2 − a(t)2

(
dr2

1− kr2
+ r2dΩ2

)
, (1.1)

the first term on the right-hand side represents the temporal evolution, where a(t) is

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

second term represents the spatial evolution, where k is the curvature of the Universe

(for a spatially flat 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) ≡ ȧ(t = 0)

a(t = 0)
. (1.2)



Introduction: The standard model of cosmology 3

Recent measurements from cosmological data show that H0 ≈ 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, when a(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 redshift z ≡ 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, confirming 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,

H2(t)

H2
0

= Ωra(t)−4 + Ωma(t)−3 + Ωka(t)−3 + ΩΛa(t) (1.3)

where Ωr, Ωm, Ωk and ΩΛ are the present-day density of radiation, matter, curvature

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

of energy called dark energy.

1.1.2 Tests of ΛCDM

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 fluctuations of the CMB. These small,

anisotropic temperature fluctuations 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 fluc-

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

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

firm that on large scales, the Universe is spatially flat (k = 0). The amplitude of the

second acoustic peak, when compared to the first 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 (Ωb); ∼ 27% DM (ΩDM); ∼ 68% dark energy (ΩΛ) (Riess et al., 1998;

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

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

ing its existence first 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 ΛCDM.

An additional test of the ΛCDM 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 filling the Universe before recombination,

in addition to confirming the late time acceleration indicated from CMB and SNe data.

The ΛCDM 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 ΛCDM 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 ΛCDM model and is considered the

most plausible explanation for various galactic and cosmological scale observations.

The first 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 flattening

of galaxy rotation curves. The flattening was first noticed by Babcock (1939), who

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

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

M31 confirmed 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)

confirmed that the distribution of luminous matter is significantly 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 field from

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

lensing occurs when light rays deflect 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, ΩDMh2 = 0.1142 and ΩDMh2 = 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 ΛCDM 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 fluctuations in the matter density of the very early Universe, seen as peaks

in the random density field of DM. After a rapid period of inflation, these ‘seed’ fluctu-

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

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

collapse into the over-densities, forming the filamentary 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, ΛCDM 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 flat density profiles

observed in many DM-dominated low-mass galaxies, and the cuspy density profiles pre-

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

(NFW) profile (Navarro et al., 1997).

Many alternatives and extensions to ΛCDM 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; Colı́n 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 ΛCDM model is warm dark matter (WDM), which is

defined 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 (Colı́n 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 profiles, 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; Macciò 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 profiles, producing core-like density profiles (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 influences 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 ΛCDM model can all be solved with

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

For these reasons ΛCDM 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 first 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 fluctuations, as seen in weak lensing observations.

No known particle satisfies 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

Γann . H ∼ T2
f /MP, where MP is the reduced Plank mass and Tf is the freeze-out

temperature. The WIMP yield after freeze-out remained roughly constant, Yχ = nχ/s,

where s ∼ T3 is the entropy density and nχ is the number density of DM particles (χ

denotes the generic WIMP).

Using the DM annihilation rate, Γann = nχ〈σannv〉, the value for the relic abundance

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

the Møller velocity, vMøl =
√

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

Ωχh2 ' mχnχ(T0)

ρc

h2 =
T3

0

ρc

xf

MP

1

〈σannvMøl〉f
h2 (1.4)

where ρc ≈ 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 = mχ/T = 25 (Nihei et al., 2001) and ~v1,2 are the annihilating DM particles

velocities.

Finally, using Ωχh2 ≈ 0.12 and Eq.1.4,

〈σannv〉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”.
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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 classified 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 significant (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 first 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

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

neutrinos, are classified into three flavours (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 flavours 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 insufficient mass and quantity. However, just like standard neu-

trinos, it is possible that sterile neutrinos exist in three flavours, 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 classified 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 confirmed 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) =

ρ0

mDM mN

∫ vesc

vmin

vfE(~v)
dσ

dE
(v, E)d3~v, (1.6)



Introduction: Direct detection 15

where ρ0 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 energy E, ~v is the velocity vector of the DM particle relative to the Earth,

fE(~v) is the corresponding velocity distribution function, and dσ/dE is the energy dif-

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

threshold recoil energy in the form:

vmin =

√
EmN

2µ2
DM,N

, (1.7)

where µDM,N ≡ (mDMmN)/(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 fixed value (ρ0 = 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 confirmed 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

confirmed 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 of 4.1× 10−47cm2

at 30 GeV/c2 and 90% confidence 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 γ-

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

given by:

dφγ
dE

=
〈σv〉
8πm2

χ

dNγ

dE
J(E), (1.8)

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

averaged DM annihilation cross-section 〈σv〉 and the γ-ray spectrum generated from a

single annihilation dNγ/dE. The γ-ray spectrum varies depending on the annihilation

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

pairs with τ+τ− lepton pairs also contributing (other quarks and lepton pairs are also

possible annihilation channels). If the annihilation has a large contribution of e+e− pairs

1In this work we only consider a spin-independent cross-section
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this would likely enhance the γ-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 defined by:

J(E) =

∫
∆Ω

∫
los

ρ2
χdsdΩ, (1.9)

where ρχ 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 profiles and the astrophysical foreground are

one of the significant challenges in the indirect detection of DM.

Using γ-rays to study DM annihilations has several unique benefits. Firstly, γ-rays do

not get deflected by magnetic fields and therefore point back to the site at which they

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

Milky Way and satellite galaxies. An additional advantage of the use of γ-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 γ-

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 γ-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



Introduction: Direct detection 18

annihilation interaction rate limits below the canonical thermal relic production cross-

section of 3× 10−26 cm3 s−1 for a WIMP of mass ∼ 10 GeV (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 γ-ray observatories (CTA Consortium & Ong, 2019). CTA will

push the limits on DM annihilation signals, sensitive to γ-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 first

ground-based γ-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 significant 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 (Ferrière, 2012)

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

produce very high energy γ-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 profile. 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 profiles, maser

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

of values of ρ0 ∼ 0.45 − 0.70 GeV cm−3 (Smith et al., 2012; Bienaymé et al., 2014;

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

DM density is taken to be ρ0 = 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 first 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
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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; the ARTEMIS simulations.

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 first 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 flux (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 ∼ 100 particles (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 profile. 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 insufficient. 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 influenced 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 fields) influencing 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 the FIRE-2 simulations (Garrison-Kimmel et al., 2018), stellar discs of Milky Way-

like galaxies have been investigated with the NIHAO-UHD suite of simulations (Buck

et al., 2020) and the APOSTLE simulations 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 ΛCDM. 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 profile, 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 ΛCDM small-scale problems, determining that the

problems are caused by inadequate inclusion of baryonic physics.

1.4.3 The ARTEMIS simulations

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 from z = 127 to today z = 0 (Font et al., 2020). The ARTEMIS
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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 at z = 0, which reflects the simulated state of today’s Universe.

The ARTEMIS simulations are run with the same hydrodynamical simulation code

used for the EAGLE project (Schaye et al., 2015; Crain et al., 2015), but applied here

at significantly 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 the MUSIC code2 (Hahn & Abel, 2011). Halos were se-

lected from a base periodic box is 25 Mpc h−1 on a side with 2563 particles. The initial

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

using the CAMB3 Boltzmann code (Lewis et al., 2000) for a flat ΛCDM WMAP9 (Hin-

shaw et al., 2013) cosmology (Ωm = 0.2793, Ωb = 0.0463, h = 0.70, σ8 = 0.8211,

ns = 0.972).

The resolution of the ARTEMIS simulations are similar to that of the highest resolution

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

the APOSTLE simulations (Sawala et al., 2016), the FIRE-2 simulations of Milky

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

mass is 1.17× 105M�/h and the initial baryon particle mass is 2.23× 104M�/h. In

general, the sample size of Milky Way-analog halos in ARTEMIS is larger than other

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

variance.

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

halo lies in the range 8× 1011 < M200,crit/M� < 2× 1012, where M200,crit is the mass

enclosing a mean density of 200 times the critical density at z = 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/

https://www-n.oca.eu/ohahn/MUSIC/
https://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 the ARTEMIS

Milky Way-analogues at redshift z = 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 identification of DM. Using the Milky Way-like galaxies in

the ARTEMIS suite 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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FIGURE 1.2: Composite surface brightness maps of the ARTEMIS halos at redshift
z = 0. Colours show the SDSS luminosities; i-band (red), r-band (green) and g-band
(blue). Galaxies are labelled G1-G42, with the upper and lower panels showing the
face-on and edge-on projections, respectively. The maps have been created with Py-

SPHViewer (Benitez-Llambay, 2015).



Chapter 2

Informing dark matter direct detection

limits with the ARTEMIS simulations

The majority of the work presented in this chapter was published in a peer reviewed

journal:

Poole-McKenzie, R., Font, A. S., Boxer, B., McCarthy, I. G., Burdin, S., Stafford, S.

G., and Brown, S. T. (2020). Informing dark matter direct detection limits with the

ARTEMIS simulations. Journal of Cosmology and Astroparticle Physics, 2020(11),

016.

2.1 Introduction

Dark matter (DM) is the most important contributor to the mass budget in the Universe

and plays a vital role in the formation of large-scale and galactic structures. Numer-

ous particle candidates beyond the Standard Model (SM) have been proposed for DM.

Among them, the so-called Weakly Interacting Massive Particle (WIMP) (Steigman &

Turner, 1985; Arcadi et al., 2018) has been studied extensively. Definitive evidence for

the existence of WIMPs, or of any other DM candidates, is actively sought via both

direct and indirect detection experiments. In particular, direct detection experiments

aim to detect WIMPs by measuring the nuclear recoil energy resulting from their elastic

26
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scattering off of atomic nuclei (Goodman & Witten, 1985). Indirect detection experi-

ments, on the other hand, make use of either space- or ground-based telescopes to search

for SM particles produced from the decay of WIMPs or from WIMP-WIMP annihila-

tions that could occur within the Galaxy and/or in extragalactic sources (for a review

see Arcadi et al. (2018)). In this study we focus on the predictions for the direct detec-

tion limits, using cosmological simulations. We focus on the potential signal from the

solar neighbourhood in our Galaxy, which is deemed to be an important site for direct

detection of DM.

To date there is no conclusive evidence for direct detection of DM. While some positive

signals have been reported from the DAMA/LIBRA (Bernabei et al., 2013) and CDMS-

II (CDMS Collaboration et al., 2013), the evidence is not strong. At the same time,

various null results have been reported from many other experiments, including the

XENON1T (Aprile et al., 2017a), which is one of the most sensitive experiments to

date.

The predictions for the direct detection signals often assume the validity of the Standard

Halo Model (SHM) (Drukier et al., 1986b). As the differential event rate in WIMP elas-

tic scattering depends on both the local density and velocity distribution of WIMPs, the

SHM involves certain assumptions about these distributions. From the assumption of a

smooth, spherically symmetric DM halo, the velocity distribution of DM particles fol-

lows a Maxwell-Boltzmann function. The SHM also relies on observational measure-

ments of several local Galactic parameters, such as the local DM density (ρ0), circular

velocity (v0) and escape speed (vesc). Some of these measurements are still affected by

systematic uncertainties (for example, ρ0), and these measurements are inherently based

on model assumptions for the Galaxy.

Cosmological simulations can provide useful insights into some of the uncertainties in

the SHM assumptions and how these propagate into direct detection limits (Bozorgnia

& Bertone, 2017). Both DM-only and hydrodynamical simulations have been used to

study whether the DM velocities can deviate from a Maxwellian distribution. These

deviations can occur, for example, when tidal streams cross the solar neighbourhood.
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Deviations would result in the local velocity distribution being characterised by dis-

crete peaks which, if ignored, could significantly bias the derived direct detection limits

or measurements (e.g., Stiff & Widrow (2003)). Interactions with other galaxies can

move the Galaxy away from dynamical equilibrium and give rise to deviations from a

Maxwellian distribution.

In this respect, some simulations suggest that the local DM velocity distribution can

be significantly non-Maxwellian (Vogelsberger et al., 2009; Kuhlen et al., 2010; Ling

et al., 2010; Lisanti et al., 2011; Mao et al., 2013; Gilmore, 1997; Sloane et al., 2016).

For example, Vogelsberger et al. (2009) analyse the Aquarius simulations (Springel

et al., 2008) and find secondary peaks in the velocity distribution of DM halos at v ≥

250 km s−1, attributing these to the formation history of individual halos. Using a

hydrodynamical simulation of a single Milky Way-sized halo, Ling et al. (2010) find that

a Tsallis distribution (Tsallis, 1988) best fits the velocity distribution. Using a sample of

96 halos simulated with hydrodynamics, Mao et al. (2013) find that the stacked velocity

distribution has a wider peak and a steeper tail than a simple Maxwellian and suggest

that the largest uncertainty in the velocity distribution arises from the radial position

in the Milky Way with respect to the scale radius of the DM halo. In contrast, several

other studies using cosmological hydrodynamical simulations find that the Maxwellian

adopted in the SHM is a suitable approximation for the local velocity distribution. This

has been shown, for example, by Kelso et al. (2016) for two Milky Way-mass halos

from the MaGICC simulations (Stinson et al., 2013), and by Bozorgnia et al. (2016)

for galaxies in the EAGLE (Schaye et al., 2015) and APOSTLE (Sawala et al., 2016)

simulations.

Note that the inclusion of baryons and associated physics in simulations may not only

modify the local velocity distribution of the DM, but the baryons will also have a non-

negligible impact on the spatial distribution of the DM, altering both its shape and its

concentration (e.g., Read et al. (2008); Duffy et al. (2010); Deason et al. (2011); Pontzen

& Governato (2012); Schaller et al. (2015)).

A dark disc can also potentially boost the DM signal in comparison with standard pre-

dictions using the SHM. Studies using hydrodynamical simulations have found that a
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dark disc has a negligible contribution (< 25%) to the local DM density and hence are

not expected to contribute much to the DM direct detection signal (Purcell et al., 2009;

Ling et al., 2010; Gilmore, 1997; Billard et al., 2013). However, Read et al. (2009)

found a wider range for the contribution of dark discs, of (0.25−1.5)× the non-rotating

DM halo density near the Sun. A significant dark disc can increase the WIMP detection

rates, e.g., by a factor of ≈ 3 at recoil energies of 5 − 20 keV (Bruch et al., 2009) and

thus improve the constraints on the interaction cross-section.

In this study, we aim to re-evaluate the spatial and kinematical distribution of local DM

and to examine the prevalence of dark discs and of local substructure using a new set of

high-resolution hydrodynamical simulations, as well as to estimate how these structures

can potentially impact the DM direct detection limits. The new suite of high resolution,

zoomed-in simulations, called ARTEMIS, follows the growth of 42 Milky Way-mass

galaxies in a ΛCDM cosmological model. Each halo in the suite has two realisations:

a collisionless version (hereafter DMO) and a fully hydrodynamical version (hereafter

‘hydro’). ARTEMIS is the largest sample to date for this type of prediction at such

high resolution (with baryon and dark matter simulation particle masses of 2.2 × 104

M�h−1 and 1.2 × 105 M�h−1, respectively). As we discuss below, and as previously

shown in Font et al. (2020), the ARTEMIS simulations reproduce the observed stellar

masses and disc sizes of Milky Way-mass galaxies remarkably well and should therefore

realistically capture the gravitational impact of the baryons on the DM (and vice-versa).

This large suite of simulations allows us to investigate not only the impact of baryons

in a realistic way, but also allows us to assess the impact of halo-to-halo scatter on the

predictions. Furthermore, by using the local density and local velocity distributions

of DM from these simulations and their scatter, we can inform the detection limits

in direct detection experiments such as LUX-ZEPLIN (LZ) (Akerib et al., 2020) and

XENON1T. In practice, this means that the existing detection limits actually turn into

fuzzy bounds when one propagates the halo-to-halo scatter through, implying that the

limits themselves have non-negligible uncertainties.

The paper is organised as follows. In Section 2.2, we introduce the set of high res-

olution, cosmological hydrodynamical simulations of Milky Way-mass galaxies that



DM direct detection: Methods 30

will be used in our study. We also briefly discuss the formalism of the SHM and of

predicting the direct detection signal. In Section 2.3 we determine the range of local

DM densities in the simulated halos, the distribution function of DM velocities in their

solar neighbourhoods and estimate the impact that substructure may have locally. In

Section 2.4 we investigate other (non-local) changes in the structure of DM, including

changes in the DM halo shapes, and we search for evidence of dark discs in these ha-

los. In Section 2.5, we show how the variations in the local DM properties may affect

the predicted exclusion limits of DM direct detection experiments, namely those for LZ

and XENON1T. We also adopt an empirical model for the local velocity distribution

based on our simulations and show how it compares to the SHM predictions. Finally, in

Section 2.6, we summarise our findings and conclude.

2.2 Methods

2.2.1 The ARTEMIS simulations

We use the new ARTEMIS suite of high-resolution cosmological hydrodynamical sim-

ulations of Milky Way-mass halos (Font et al., 2020). Full details of the simulations are

provided in Font et al. (2020), but we provide an overview of the simulations here.

The ARTEMIS simulations employ the ‘zoom in’ technique (e.g. Bertschinger (2001))

to simulate Milky Way-analog halos at high resolution and with hydrodynamics, within

a larger box that is simulated at comparatively lower resolution and with collisionless

dynamics only. The initial conditions were generated using the MUSIC code1 (Hahn &

Abel, 2011). Halos were selected from a base periodic box of 25 Mpc h−1 on a side

with 2563 particles. The initial conditions were generated at a redshift of z = 127 using

a transfer function computed using the CAMB2 Boltzmann code (Lewis et al., 2000) for

a flat ΛCDM WMAP9 (Hinshaw et al., 2013) cosmology (Ωm = 0.2793, Ωb = 0.0463,

h = 0.70, σ8 = 0.8211, ns = 0.972), which we adopt here. The initial conditions

include second order Lagrangian perturbation theory (2LPT) corrections.
1https://www-n.oca.eu/ohahn/MUSIC/
2https://camb.info/

https://www-n.oca.eu/ohahn/MUSIC/
https://camb.info/
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The base periodic volume was run down to z = 0 using the Gadget-3 code (last de-

scribed in Springel (2005)) with collisionless dynamics. Milky Way analogs were

selected based on total halo mass; specifically, Font et al. (2020) selected a volume-

limited sample of halos (i.e., all halos) whose total mass fell in the range 8 × 1011 <

M200,crit/M� < 2 × 1012, where M200,crit is the mass enclosed inside a sphere with

radius R200,crit, when the mean density is 200 times the critical density at z = 0. This

approximately spans the range of values inferred for the Milky Way from a variety of

different observations, i.e, M200 ≈ 0.55 − 2.62 × 1012 M� (Bland-Hawthorn & Ger-

hard, 2016). There are 63 such halos in this mass range in the periodic volume. In the

present study, we use a subset of 42 high-resolution collisionless simulations (DMO),

together with their full hydrodynamical counterparts, presented in Font et al. (2020).

We note that the subset of 42 halos was not explicitly selected based on any physical

criterion. They are the subset of halos that managed to run to z = 0 in the allotted HPC

time allocation. Because of the nature of the halo mass function and that higher-mass

halos tend to be more computationally expensive at fixed resolution, the high-mass end

of the initial range is not particularly well sampled in the completed subset of 42. The

resulting median (mean) halo mass of the subset is M200,crit ≈ 1.01 (1.11) × 1012 M�.

A consequence of this is that the peak circular velocities tend to be on the lower side of

that observed for the Milky Way, though there is some overlap.

The zoomed ICs were generated by first selecting all particles within 2R200,crit of the

selected halos and tracing them back to the initial conditions of the periodic box, at

z = 127, to define the region which would be re-simulated at higher resolution and

(for the hydro simulations) with baryons. The outer radius for particle selection was

chosen to ensure that we simulate, at high resolution, a region that at least encloses the

splashback radius, which marks the physical boundary of the halo out to which particles

pass on first apocenter (Diemer & Kravtsov, 2014).

The base periodic run has a MUSIC refinement level of 8, whereas the zoom region

has a maximum refinement level of 11. With this level of refinement, the DM particle

mass is 1.17 × 105 M�h−1 and the initial baryon particle mass is 2.23 × 104 M�h−1.

Following the convergence criteria discussed in Power et al. (2003), a force resolution
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(Plummer-equivalent softening) of 125 pc/h−1 (which is in physical coordinates below

z = 3 and comoving coordinates at earlier times) was adopted.

Note the resolution of ARTEMIS is similar to that of the highest resolution simulations

from other groups for this mass scale. For example, ARTEMIS lies between resolution

levels 3 and 4 (with 3 the highest) of the Auriga simulations (Grand et al., 2017) and

levels 1 and 2 (1 being the highest) of the APOSTLE simulations (Sawala et al., 2016),

which also uses the EAGLE code. It is also comparable in resolution to the FIRE-2

simulations of Milky Way-analog halos (Garrison-Kimmel et al., 2018). However, in

general the ARTEMIS sample is larger, in terms of the number of Milky Way analogs

simulated at this very high resolution, and provides us with the opportunity to explore

the uncertainties due to cosmic variance (i.e., halo-to-halo scatter) in the predictions.

To carry out the hydrodynamical zoomed simulations, ARTEMIS uses the Gadget-3

code with an updated hydro solver and galaxy formation modelling (subgrid physics)

developed for the EAGLE project (Schaye et al., 2015). The EAGLE model includes

subgrid prescriptions for important processes that cannot be resolved directly in the

simulations, including metal-dependent radiative cooling, star formation, stellar evolu-

tion and chemodynamics, black hole formation and growth through mergers and gas

accretion, along with stellar feedback and feedback from active galactic nuclei (AGN)

(see Schaye et al. (2015) and references therein).

An important consideration for galaxy formation modelling is the calibration of the

feedback efficiencies. At the scale of Milky Way-mass galaxies, stellar feedback is

expected to dominate over that of AGN. Font et al. (2020) adjusted the parameter values

of the stellar feedback model in the EAGLE code to reproduce the amplitude of the

observed galaxy stellar mass–halo mass relation at the Milky Way halo-mass scale. This

means that, at a given halo mass, the simulations have realistic stellar masses compared

to the global galaxy population, by construction. This is crucial for the current study,

as the simulations should, as a result, realistically include the gravitational impact of

baryons on the underlying DM distribution (and vice-versa). While the simulations were

not calibrated on other aspects of the observed galaxy population, they nevertheless
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reproduce a number of key observables, including the disc size–stellar mass and star

formation rate–stellar mass relations.

As noted above, the halo masses (and circular velocities) of the subset of 42 haloes tend

to be on lower side of the allowed halo mass range for the Milky Way. Consequently, the

stellar masses are typically also somewhat low compared to that quoted for the Milky

Way (see Font et al. (2020) for discussion). Nevertheless, there is still some overlap

between the ARTEMIS subset of 42 and the observed stellar mass of the Milky Way.

For example, Bland-Hawthorn & Gerhard (2016) estimate a total stellar mass for the

Milky Way of 5± 1× 1010 M�, while ARTEMIS ranges from (1.75− 5.45)× 1010 M�,

with a mean (median) stellar mass of 2.87 (2.96)× 1010 M�.

It is important to note that there is a non-negligible (≈ 0.2 dex; e.g., Behroozi et al.

(2013)) intrinsic scatter in the empirical stellar mass–halo mass relation of galaxies.

This implies that, even if the simulations were to recover the stellar mass of the Milky

Way perfectly (although, as noted above there is still considerable uncertainty in the

observed mass), this would not automatically imply that the simulations would have the

correct halo mass and/or circular velocity for the Milky Way. Indeed, we find that there

is considerable scatter in the circular velocities at fixed stellar mass.

Given these uncertainties, our approach is to concentrate on the scatter in the implied

DM detection limits for a sample of approximately fixed halo mass, and to examine the

relative effects of hydro simulations to DM only simulations. We acknowledge that an

alternative way to proceed would be to select simulated galaxies of approximately fixed

stellar mass (ideally one consistent with estimates of the Milky Way) and explore the

scatter that results from the scatter in halo mass and circular velocities. Given the nature

of the halo mass-selected ARTEMIS sample, though, we must leave this for future work.

Returning to the discussion of the sample, the DMO halos have been matched with halos

from the hydro simulations by using the unique particle IDs of the DM particles. By

uniquely matching halos from the collisionless DMO simulations to those in the hydro

simulations, we can unambiguously determine the impact of baryons on the DM spatial

and velocity distributions. The global properties, including the spherical overdensity
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masses and radii, the maximum circular velocities, and the local DM densities, for the

halos in both the DMO and hydro simulations can be found in Table 2.1.
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Four examples of halos from the sample used in this study are shown in Fig. 2.1, display-

ing the present-day, projected DM density fields in the DMO halos and in the matched

halos in the hydro simulations, alongside stellar density maps of the same systems as

viewed edge-on to the disc components.

2.2.1.1 Specifying simulated ‘solar neighbourhoods’

When analysing the simulations, we adopt a ‘Galactic’ coordinate system. Velocities

are expressed with respect to the centre of mass velocity of the halo, and the halo centre

is chosen to be the centre of potential (i.e., the location of the most bound particle).

For the hydro simulations, the stellar discs are identified with the kinematical method

outlined in Font et al. (2020). For each Milky Way-mass galaxy, the z axis is chosen

to lie along the direction of the total angular momentum of stellar particles in the inner

20 kpc region of each system. The x and y axes are therefore in the plane of the stellar

disc. For consistency, we use the same system of reference for the DMO halos (which

have no stellar discs) as determined in their matched hydro counterparts.

With a reference frame established, we select ‘solar neighbourhood’ regions for each

simulation. Given that the simulated sample covers a range in virial masses and radii

(with radii ranging from R200,crit ≈ 180− 250 kpc, see Table 2.1), and because the stel-

lar discs differ in terms of their scalelengths, we take ‘solar radius’ in each simulation

to be a fixed fraction of R200,crit, specifically R0 = 0.04 R200,crit for each system. This

compares well with the scaling of R0/R200 for the Milky Way, which has an estimated

virial radius, R200,crit, between 168.7− 283.4 kpc and an estimated solar Galactocentric

radius, R�, between 7.10− 8.92 kpc (for both, see Bland-Hawthorn & Gerhard (2016)

and references therein), the measurements for the latter showing considerable scatter

around the ‘standard’ value of 8.5 kpc. Furthermore, we consider the solar neighbour-

hood to be a cylindrical shell with a radial distance of R0, a fixed width of 1 kpc and a

fixed height of 1.5 kpc. (We have investigated that changing the width or height of the

‘solar neighbourhood’ region or adopting a fixed distance, e.g., R0 = 8.5 kpc does not

significantly change our results).
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With these parameters, the cylindrical shells contain a substantial number of DM par-

ticles, ranging from ≈ 8, 800 − 22, 500 for the hydro simulations and between ≈

5, 400 − 18, 000 in the DMO simulations. (The larger number of DM particles in the

hydro simulation is due to adiabatic contraction of the DM due to the presence of the

baryons, as we discuss later.)

2.2.2 Standard Halo Model

The SHM (Drukier et al., 1986b) is routinely used in the modelling of data from direct

detection experiments, or in making predictions for such detections. The model assumes

a simple spherically-symmetric DM profile (usually either an isothermal or a Navarro-

Frenk-White profile (Navarro et al., 1997)) corresponding to a halo with a total mass

equal to that of the Milky Way. This model leads to a Maxwell-Boltzmann distribution

of velocities for DM particles in the Galactic frame, f(~v), which, in order to account

for the finite size of the halo, is truncated at the escape velocity:

f(~v) =
1

(2πσ2
v)

3/2Nesc

exp
(
− |~v|

2

2σ2
v

)
Θ(vesc − |~v|), (2.1)

where σv is the velocity dispersion of the DM, which is related to the most probable

DM velocity (taken to be the local circular velocity), v0, via σv = v0/
√

2, and Θ is

the Heaviside function that truncates the distribution. As the integral over the velocity

dispersion needs to be unity for the calculation of the scattering rates (see below), the

Maxwellian must be renormalised to account for the truncation via the parameter Nesc,

defined as:

Nesc = erf(z)− 2z exp(−z2)/π1/2 , (2.2)

where erf() is the error function and z = vesc/v0.

In practice, we truncate the Maxwellian function based on certain conditions of the

WIMP velocities (Lewin & Smith, 1996):
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FIGURE 2.1: Left column: The projected density field of DM in the DMO simulations
for Milky Way-mass halos: G25, G28, G34, G38 (top to bottom). Numerous subhalos
can be observed in these distributions. Middle column: The projected density field of
DM for the same halos in the hydro simulations. Right column: The edge-on projected
density field of the star particles in the same four galaxies in the hydro simulations.
A variety of stellar streams can be seen in addition to gravitationally bound satellite

galaxies.
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∫ vmax

vmin

f(~v)

v
=



1
v0y

if z < y, x < |y − z|

1
2Nescv0y

[
erf(x+ y)− erf(x− y)− 4√

π
ye−z

2
]

if z > y, x < |y − z|

1
2Nescv0y

[
erf(z)− erf(x− y)− 2√

π
(y + z − x)e−z

2
]

if |y − z| < x < y + z

(2.3)

where x = vmin/v0, y = |VE|/v0 (where |VE| is the velocity of the detector frame within

the halo frame), and z is as defined above. Note that the first condition of the integral is

not achievable in practice, as for this to be the case the Earth’s velocity would have to

be greater than the escape velocity. It is only included here for completeness.

To fully specify the truncated Maxwellian above, only two parameters are required: v0

and vesc. For v0 it is standard practice to adopt the rotational speed of the Sun around

the centre of the Milky Way (typically assumed to be 220 km s−1), assuming it reflects

the local circular velocity of the Galaxy. However, the observational values for the latter

vary, and a more recently revised value is 238±15 km s−1 (Bland-Hawthorn & Gerhard,

2016).

Estimates of the escape speed come from measurements of high-velocity stars in the

solar neighborhood. Several experiments, including LZ and XENON1T (Akerib et al.,

2020; Aprile et al., 2018), use a value of vesc = 544 km s−1. As discussed by Evans

et al. (2019), this value is based on an earlier measurement from the RAVE survey that

used only 12 high velocity stars. Using a slightly larger sample of stars from the same

survey, Piffl et al. (2013) obtain a value of 533+54
−41 km s−1. More recently, this value has

been revised using data from the Gaia survey. While, initially, this has led to a higher

value, of 580 ± 63 km s−1 (Monari et al., 2018), a subsequent analysis has obtained

528+24
−25 km s−1 (Deason et al., 2019).

In addition to a velocity distribution, the local DM density is required to compute the

expected scattering rates. Estimates of the local WIMP density come from a range

of sources, including the use of local dynamical estimates applied to stars in the solar

neighbourhood, which must make assumptions about the geometry and state of equilib-

rium of the underlying DM component. Typically, the local DM density is taken to be
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ρ0 = 0.3 GeV cm−3 (Green, 2017; Read, 2014). However, recent observational results

from stellar kinematics, stellar density profiles, maser observations and gas velocities

suggest that a larger range of values of ρ0 ∼ 0.45 − 0.70 GeV cm−3 may be more ap-

propriate (Smith et al., 2012; Bienaymé et al., 2014; Sivertsson et al., 2018; Hagen &

Helmi, 2018; Piffl et al., 2014). Predictions for ρ0 from cosmological simulations, as

we produce here, will depend on the assumed mass of the Milky Way, for which mea-

surements still have relatively large uncertainties (Bland-Hawthorn & Gerhard, 2016).

This uncertainty is, to an extent, incorporated in our analysis, as we select halos whose

masses span the range of quoted values for the Milky Way.

Direct DM detection aims to measure the nuclear recoil of a SM particle as it interacts

with a WIMP. The differential scattering rate of a WIMP-nuclei interaction depends on

the local DM density and the velocity distribution and can be written as:

dR

dE
(E, t) =

ρ0

mDM mN

∫ vesc

vmin

vfE(~v)
dσ

dE
(v, E)d3~v, (2.4)

where ρ0 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 energy E, ~v is the velocity vector of the DM particle relative to the Earth,

fE(~v) is the corresponding velocity distribution function, and dσ/dE is the energy dif-

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

threshold recoil energy in the form:

vmin =

√
EmN

2µ2
DM,N

, (2.5)

where µDM,N ≡ (mDMmN)/(mDM +mN) is the DM-nucleus reduced mass.

For our analysis, we use a simplified version of equation 2.4, specifically:

dR

dE
=

ρ0σ0

2mDMµ2
DM,N

F (q)2

∫ vesc

vmin

f(~v)

v
d3v, (2.6)
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where σ0 is the zero momentum interaction cross-section, F (q)2 is the nuclear form

factor (which is a measure of the scattering amplitude of an incoming particle of a

signal atom) and q ≡
√

2mNE.

The spin-independent form factor is taken to be Engel (1991):

F (q)2 =

(
3ji(qrn)

qrn

)
e−q

2s2 , (2.7)

where ji is the Bessel function (for which we use only the first order version; i.e., j1),

rn is the reduced nucleon radius and s is the nucleon skin depth (∼ 1 fm).

As can be inferred from eqns. 2.4 and 2.6, the DM-nucleon scattering rate is highly

dependent on the assumed velocity distribution function and density of the DM. Below,

we examine these quantities in the ARTEMIS simulations and how they are influenced

by substructures, baryons, the presence of dark discs, as well as general halo-to-halo

scatter (cosmic variance).

2.3 Local dark matter distributions in ARTEMIS

2.3.1 Local density and velocity distributions

Fig. 2.2 shows the distribution of the local DM densities (averaged over the cylindrical

shell), ρ0, versus the maximum circular velocities, vcirc,max, for all 42 Milky Way-mass

systems. Blue-filled circles represent the values in the hydro simulations and red-filled

squares, those in the DMO simulations. We also plot observational measurements of

the local DM density in the Milky Way, shown as black triangles and their respective

error bars (Holmberg & Flynn, 2004; Soubiran et al., 2008; Moni Bidin et al., 2012;

Bovy & Tremaine, 2012; Garbari et al., 2011, 2012; Smith et al., 2012; Zhang et al.,

2013; Bovy & Rix, 2013; Bienaymé et al., 2014; Piffl et al., 2014; Hagen & Helmi,

2018; Sivertsson et al., 2018). The grey band shows the range of other ρ0 measurements

(see Green (2017) and references therein). These indicate that there is a still significant
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uncertainty in the value of ρ0, due to the variety of observational methods and implicit

assumptions in the modelling (Pato et al., 2010; Read, 2014). The errors are known

to be dominated by systematic effects, as indicated by the scatter in these values being

larger than the errors of individual measurements.

Overall, the ρ0 values obtained from our simulations (both DMO and hydro) agree rea-

sonably well with many of the observational constraints, which is reassuring given the

very different method we have employed to estimate the density. Specifically, the me-

dian ρ0 in the hydro simulations is 0.32 GeV cm−3, with a full range of 0.15 − 0.48

GeV cm−3, while in the DMO simulations the median is 0.26 GeV cm−3 with a range

of 0.10 − 0.38 GeV cm−3. The median values agree well with the most quoted value

of 0.3 GeV cm−3. Our simulations clearly disfavour the higher values found in some

observations (i.e., ρ0 > 0.6 GeV cm−3), even after when baryonic effects are taken into

account.

Interestingly, we find that there are marked differences between the local DM densities

in the hydro halos and their respective DMO counterparts. For clarity, the inset panel

in Fig. 2.2 shows a zoom into the ρ0 and vcirc,max values, with the arrows showing the

direction of the changes between the DMO and hydro simulations. Generally, both

ρ0 and vcirc,max increase for the same halo in the presence of baryons, which is due

to the adiabatic contraction of the DM halo in response to the baryons (Blumenthal

et al., 1986; Gnedin et al., 2004). This implies that the DMO simulations do not capture

all the important physical processes necessary for predicting ρ0 or vcirc,max, and that

hydrodynamical simulations are better suited for this task (so long as the stellar mass

distributions are realistic, as in ARTEMIS). We investigate the impact that these effects

have on DM detection limits in Section 2.5.2.

Fig. 2.3 shows the local DM velocity distributions in our simulations (DMO in the

left panel and hydro in the right). The solid black curves show the medians of the

local DM f(|v|) while the dark and light blue contours enclose 68% and 95% of the

velocity distributions for all the halos. Owing to the high resolution of our simulations,
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FIGURE 2.2: The local DM density, ρ0 versus maximum circular velocity, vcirc,max, for
the halos in the hydro (blue-filled circles) and DMO (red-filled squares) simulations.
The black triangles represent local measurements of ρ0 and associated errors (see text
for details; points have been shifted in vcirc,max around the 220 km s−1 value, for
readability). The grey band represents the range of additional estimates of ρ0 from
Green (2017). Inset panel: A zoom-in on the ρ0 versus vcirc,max plot for the simulated
systems. The arrows show the shift in the (ρ0, vcirc,max) values from the DMO halos to

their matched hydro counterparts.

the simulated solar neighbourhood regions contain a relatively large number of DM

particles. This allows us to use small bins in velocity3, of 10 km s−1.

To investigate how well the velocity distributions are fitted by a Maxwellian function,

we fit all individual distributions with this function, by allowing the peak velocity, v0,

to be a free parameter. The medians of the best fits for both simulation sets are shown

in Fig. 2.3 with red solid curves and the peak of each best fit is indicated by a dashed

line. For comparison, we also show the velocity distribution corresponding to the SHM

model (green lines) with v0 = 220 km/s. The lower sub-panels show the residuals

between the median local DM distribution from the simulations and the median best-

fitting functions.

3We have experimented with various bin sizes and found that the overall shapes of the distribution
functions do not change significantly. For significantly smaller bin widths, though, the data become
noisier, while for much large values the occasional distinct features in the distribution can be washed out.
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FIGURE 2.3: Top: DM velocity modulus distributions in the rest frame of the galaxy.
The solid black curve represents the median of the velocity modulus distributions for
the DMO (left) and hydro (right) simulations. The solid red curve represents the me-
dian of the best fitting Maxwellian distributions. The dark and light blue contours
enclose 68% and 95% of the velocity distribution from all halos. The solid green line
represents the velocity distribution determined by the Standard Halo Model with a peak
velocity of v0 = 220 km s−1. The lower panels show the residuals between the median
distribution of the halos and the median Maxwellian fit. The black arrow points to the
high-velocity feature discussed in Section 2.3.2. Bottom: Same as above, but for the
DM velocity modulus distributions in the rest frame of each galaxy, normalised by their
respective maximum rotational velocities, vcirc,max. The dashed black curve shows the
median velocity modulus distribution for the hydro halos normalised by vcirc,max of the
matched DMO halos. The red dashed curve is the median of the best fitting Maxwellian

distributions for the DMO normalised velocity distributions.

Fig. 2.4 shows the individual velocity distribution functions for the DMO (left panel)

and hydro (right panel) cases. The error bars show the Poisson errors for a representative

halo. The bottom panels show the difference of the best-fit Maxwellian with respect to

the true velocity distribution function for that halo. Table 2.2 shows the reduced chi-

squared values of the Maxwellian fit for all halos in the DMO and hydro cases. For an

individual halo deviations from the best-fit Maxwellian can occasionally exceed tens of
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FIGURE 2.4: Left: Local DM velocity modulus distributions in the rest frame of the
galaxy, normalised by their respective maximum circular velocity, vcirc,max. Coloured
lines represent individual local velocity modulus distributions for all of the DMO halos.
The black lines represent the 1σ Poisson error for a single halo. The lower panel
shows the fractional difference between the individual distributions and their best fit

Maxwellian. Right: Same as above but for the hydro halos.

TABLE 2.2: The goodness of fit values of the Maxwellian velocity distributions for all
halos in the DMO and hydro cases (χ2 DMO

v and χ2 hydro
v , respectively).

Halo χ2 DMO
v χ2 hydro

v Halo χ2 DMO
v χ2 hydro

v

G1 7.07 1.07 G22 10.35 2.76
G2 4.76 1.63 G23 4.37 1.32
G3 5.44 1.95 G24 5.76 0.93
G4 4.17 0.75 G25 3.82 0.66
G5 36.51 5.44 G26 4.62 1.59
G6 7.30 0.92 G27 8.29 3.45
G7 1.83 3.07 G28 11.76 2.18
G8 4,59 2.72 G29 3.55 2.14
G9 3.47 3.40 G30 9.63 2.05
G10 4.74 2.18 G31 3.67 0.62
G11 3.62 0.71 G32 2.51 1.81
G12 4.64 1.43 G33 3.59 0.88
G13 1.71 1.50 G34 5.09 3.70
G14 1.89 1.78 G35 4.17 2.79
G15 10.37 1.75 G36 5.77 4.56
G16 2.61 0.46 G37 2.79 1.57
G17 3.33 0.71 G38 1.22 0.97
G18 3.50 1.23 G39 4.10 2.17
G19 2.13 1.94 G40 10.75 1.72
G20 5.88 1.08 G41 4.12 0.84
G21 3.98 0.70 G42 4.21 1.61
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percent in a given velocity bin (greatly exceeding the random error).

Overall, we find that the local DM velocity distributions in the DMO simulations are

poorly described by a Maxwellian, with significant differences from this function being

seen across the whole velocity range. In contrast, the local distributions in the hydro

simulations are relatively well described by a Maxwellian, although slight discrepan-

cies are usually seen near the peaks. We will explore the impact of deviations from a

Maxwellian distribution on DM direct detection limits in Section 2.5. The lower panels

of Fig. 2.3 show the same velocity distribution as described above but now normalised

by the maximum circular velocity of the halos, vcirc,max. Normalising by vcirc,max re-

moves the mass dependence on the halos velocity distribution, narrowing the overall

distribution, although the same conclusions as above can still be made.

In both the DMO and hydro simulations, we observe considerable halo-to-halo varia-

tion, with the largest variation seen around the peaks of the distributions. Additionally,

the velocity distributions contain stochastic components that are more prevalent at high

velocities. These are seen in both sets of simulations, but they are more prominent in the

DMO case due to the fact that substructures survive longer in the absence of a massive

stellar disc (as discussed below). The averaged DMO velocity distribution also shows a

noticeable ‘bump’ at the high-velocity tail, specifically at v ∼ 300 km s−1. This feature

will be explored further in Section 2.3.2, in the context of substructure.

The majority of our halos in both the hydro and DMO simulations have peak velocities

less than the value assumed in SHM, i.e. v0 < v0,SHM = 220 km s−1. This is because, as

discussed in Section 2.2.1, both the virial masses and the stellar masses of our simulated

halos are somewhat on the lower mass ends of the accepted ranges for the Milky Way.

(Also, the Milky Way has a higher stellar mass than typical galaxies in its halo mass

range, suggesting that the impact of adiabatic contraction on the density and velocity

may be somewhat larger in the Milky Way than typical for this halo mass.) Specifically,

the median peak in the local velocity distribution for DMO simulations is 161.4 km

s−1, with a full range between 116.8 − 249.8 km s−1, while for the hydro simulations

the median peak is at 181.8 km s−1, with a range between 152.1 − 237.5 km s−1. The

general trend of the increase in v0 from DMO to hydro simulations can be understood
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in terms of baryons deepening the potential wells of the halos, thus causing the particles

to move at higher speeds.

FIGURE 2.5: The distribution of velocities in the three components, (r, φ, z) for the
solar neighbourhood of a typical halo (G38) in the DMO simulation. The black line
histograms show the individual velocity components, f(vr), f(vφ), and f(vz), and the
red curves show the corresponding best-fit Gaussian functions. Alongside, we also
plot the 2D velocity distributions (coloured by the density of the data points). The
distribution statistics (mean, skewness and kurtosis) are shown in the upper-left of the

plots. Right: Same as in the left panel, but now for the hydro simulation.

We also investigate the local distribution of DM velocities along the three cylindrical

components, vr, vφ and vz. Fig. 2.5 shows an example of the local velocity distribution

components for one halo (G38), in both the DMO and hydro simulations. The local ve-

locity distribution components are well fitted by Gaussian functions (red curves). Also,

we find that the majority of DMO halos show similar distributions in their three velocity

components. In the DMO simulations, the means of the vr, vφ and vz components are

all close to zero. However, in the hydro simulations, the means of the vφ components

show, occasionally, small positive values, indicating net rotation and the presence of

‘dark discs’. We will investigate this in more detail in Section 2.4.2.

Finally, we infer the escape velocities, vesc, for the simulated local velocity distributions.

Specifically, we calculate vesc from the high-velocity tail of local halo star particles by

following methods outlined by Piffl et al. (2013), and using:
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f(v | vesc, k) ∝ (vesc − v)k, (2.8)

for v < vesc and k a parameter constrained by Piffl et al. (2013) to be between 2.3 ≤ k ≤

3.7 from their set of cosmological simulations. Therefore, for our fits, we set k = 3 and

allow vesc to vary. The median vesc for all our halos is 521.6 km s−1 and the full range

is between 509.9− 631.9 km s−1. This is in good agreement with recent observational

measurements from RAVE and, more recently, from Gaia.

In Section 2.5.1 we will investigate how the WIMP cross-sections calculated within

the SHM formalism depend on various assumed values for ρ0, v0 and vesc, and in Sec-

tion 2.5.2 we will incorporate in the calculations the full range of these values obtained

in the simulations.

2.3.2 Impact of substructure

As mentioned in Section 2.3.1, the average DMO local velocity distribution (see Fig. 2.3)

contains a peculiar feature at the high-velocity end. This feature can be seen in the 95%

contour and can be attributed to at least two halos in our sample (G2 and G28). The

velocity distributions of the solar neighbourhoods in these two systems are shown in

Fig. 2.6. A prominent peak is seen in the high-velocity tail of each distribution (more

so in G28), at 250 < |v| < 350 km s−1, caused by the presence of DM substructure.

Also, both distributions clearly deviate from a Maxwellian.

We investigate the velocity distributions for these two halos (again, in the DMO sim-

ulations) in more detail in Fig. 2.7, where we plot the distribution of the vr, vφ and vz

components in the respective solar neighbourhoods. This shows that the overlap of the

secondary peaks in the f(|v|) was only coincidental. The substructure in the G2 halo

has a retrograde vr, peaking at vr ≈ −150 km s−1, whereas in G28 it peaks at vr ≈ 200

km s−1. The density plots in velocity space show small clusters at (vr, vφ, vz) ≈

(−150, 0,−50) km s−1 for G2 and at (vr, vφ, vz) ≈ (200,−150,−75) km s−1 for G28.

The 2D velocity plots indicate that local halos are anisotropic (see also the 2D plots in
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FIGURE 2.6: Left panel: DM f(|v|) distribution in the rest frame of the G2 halo (with
solid black histogram), which shows evidence of substructure in the solar neighbour-
hood (DMO simulations). The solid red curve represents the best fitting Maxwellian
distribution. Right panel: shows the same distribution, now for halo G28. The lower

panels show the residuals between f(|v|) and the best fit Maxwellian function.

the Fig. 2.5). Deviations from gaussianity are seen in all the three components of the

local velocity distributions for G28, near the location of the cluster. G2 shows a similar

deviation at vr ≈ −150 km s−1.

Interestingly, we observe no separate velocity peaks in the hydro versions of the G2 and

G28 systems, in their corresponding solar neighbourhoods. This suggests that some of

the substructure seen in the DMO simulations may be erased in the presence of baryons.

Previous hydrodynamical simulations have found that the number of DM subhalos in

the inner regions can decrease by about 50% compared to DMO simulations, due to

additional tidal disruption induced by the stellar galactic disc (e.g., Sawala et al. (2016);

Stafford et al. (2020)). We find a similar result in our simulations (not shown here quan-

titatively, however the paucity of subhalos in the inner regions of galaxies is immedi-

ately apparent in comparing the left and middle columns of Fig. 2.1). This also suggests

that using DMO simulations may occasionally overestimate the sensitivity to DM due

to the relatively long-lived nature of substructure in DMO simulations compared to that

in hydro simulations.

In principle, any DM substructure in the solar neighbourhood, either in the form of

bound clumps or tidal streams, may lead to a boost in the DM signal, e.g. by inducing

a step-like feature in the energy recoil spectrum (Freese et al., 2005; Green, 2001), and
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thus affect the direct DM detection limits. The strength of the signal depends not only

on the mass in the DM substructure, but also on the direction of motion of the DM

particles relative to the Earth (Kuhlen et al., 2010). Several tidal streams are known

to pass through the solar neighbourhood. In addition to the Sagittarius stream, Gaia

has revealed several other substructures (Gaia Collaboration et al., 2016, 2018). One of

them is a tidal debris from a massive satellite galaxy that fell in ∼ 10 Gyr ago, dubbed

the Gaia sausage (Helmi et al., 2018). Other known streams include Nyx (Necib et al.,

2020a,b) or the S1 and S2 streams (Myeong et al., 2018). The Sagittarius stream is

likely to have a non-negligible contribution to the local DM distribution (Purcell et al.,

2012), while Gaia sausage is expected to have a modest effect on the DM detection

rates (Evans et al., 2019; Bozorgnia et al., 2020). The S1 stream can lead to an increase

in the number of high energy nuclear recoils and a slight improvement of DM detection

rates (O’Hare et al., 2018), particularly for directional experiments since this stream is

retrograde. The S2 stream can also lead to multiple effects in the DM signal (O’Hare

et al., 2020).

Although our simulations are not suited to model the observed streams in the Milky

Way specifically, they do include the contribution of local DM substructures and so

we can gauge, in a broader sense, the effect that this type of features may have on the

direct detection limits (see Section 2.5.2). Generally, we find that substructures that

are massive enough to increase the local DM detectability rates are not very common in

our simulations, particularly in the hydro simulations where such features are efficiently

erased by tidal forces.

2.4 Larger scale changes to the DM structure

We have seen that the inclusion of baryons generally results in an increase in both the

local (solar neighbourhood) density and velocities of DM particles; a result of adia-

batic contraction of the DM halos in response to the baryons. Here we explore further

how this is achieved in practice, by examining the impact on the halo shape and the

prevalence of dark discs.
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FIGURE 2.7: Left: The distribution of velocities in the three components, (r, φ, z) for
the solar neighbourhood of the G2 halo in the DMO simulation. The black line his-
tograms show the individual velocity components, f(vr), f(vφ), and f(vz), and the red
curves show the corresponding best-fit Gaussian functions. Alongside, we also plot the
2D velocity distributions (coloured by the density of the data points). The substructure
in the local region is clearly seen as the peak in the vr velocity distribution, as well
as the 2D velocity plots. The distribution statistics (mean, skewness and kurtosis) are
shown in the upper-left of the plots. Right: Same as in the left panel, but for the solar
neighbourhood region of the G28 halo, in the DMO simulation. The substructure in
the local region is clearly seen as peaks in the f(vr), f(vφ) and f(vz) distributions, as

well as high density regions in the 2D velocity plots.

2.4.1 DM halo shapes

Here we contrast the shapes of the simulated DM halos, between the DMO and hydro

simulations. We determine the shapes of the simulated DM halos from the ratios of

the principal axes, a (major), b (intermediate) and c (minor), which are calculated from

the eigenvalues of the mass distribution tensor within an inner region of radius 30 kpc.

The principal axes are used to calculate the DM halo sphericity, S = c/a and DM halo

triaxiality, T = a2−b2
a2−c2 .

Fig. 2.8 shows the sphericity and triaxiality parameters for simulated halos used in this

work for both the DMO and hydro cases. The hydro halos tend to be much more

spherical (S → 1) than the DMO halos, which is a well-known effect of the inclu-

sion of baryons (Kazantzidis et al., 2004; Debattista et al., 2007; Tissera et al., 2010;

Kazantzidis et al., 2010). This result is reassuring, as recent analysis of stellar halo
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kinematics with Gaia DR2 suggests that the DM halo of the Milky Way is, at least in

the inner region, nearly spherical (Wegg et al., 2019). The hydro halos also tend to be

more oblate (T → 0), in contrast to the prolate (T → 1) distribution of the DMO halos.

This is also expected, as the gas infall and the associated formation of a large-scale disc

component can result in significant changes in the halo shapes (Gunn & Katz, 1991;

Dubinski, 2002; Debattista et al., 2007).

FIGURE 2.8: Left: Distribution of sphericity, S, of all Milky Way-mass halos in the
hydro (blue) and DMO (red) cases, calculated for regions within 30 kpc of the galactic
centre. Right: The distribution of the triaxiality, T , for all Milky Way-mass halos in
the hydro and DMO cases, also calculated within 30 kpc. Baryonic processes lead to

more spherical and less triaxial halos.

2.4.2 Probability of hosting a dark disc

One avenue for the formation of a dark disc is through the accretion of dwarf satellite

galaxies and their subsequent tidal disruption in the Galaxy. The accreted dark disc is

likely to be formed from tidal debris from satellites incoming on low-inclination orbits

(Read et al., 2008). A stellar disc also drags the incoming satellites towards the disc

plane where they are more easily torn apart by tides (Read et al., 2009). Alternatively

(or in addition to), adiabatic contraction due to the stellar disc may also lead to the

formation of a dark disc. The presence of a dark disc may have implications for direct

detection of DM, as a low-velocity dark disc with respect to the Earth can increase the

rate of detection at lower recoil energies (Bruch et al., 2009; Read et al., 2009).
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FIGURE 2.9: Upper panels: The azimuthal velocity DM distribution, vφ for the G11
halo (left), which is the halo with the most prominent dark disc component in our
sample, and for the G38 halo (right) in the hydro simulations. The black histogram
shows the DM distribution from the simulations; the solid red curve shows the best-
fitting Gaussian to the distribution; the solid blue curve shows the best-fitting double
Gaussian, with the separate components shown as blue dashed curves. The difference
between the fits is shown below the distributions. Lower panel: The reduced χ2 values
for all halos in the hydro simulations, comparing the goodness of fit between the single
Gaussian fit and the vφ DM distributions (red circles) and between double Gaussian
fits and the vφ DM distribution (blue squares), respectively. Most halos are better fitted
by a single Gaussian. The six halos that are better fitted by a double Gaussian are

highlighted with grey bands.

To quantify how often dark discs occur in the ARTEMIS simulations, we first use the

methodology of Schaller et al. (2016b); Ling et al. (2010), which identifies a dark disc

when a double Gaussian better fits the local DM vφ distribution than by a single Gaus-

sian. The upper panels of Fig. 2.9 illustrate the vφ distribution of DM in the solar

neighbourhoods of two halos, G11 and G38 (black lines), with the best fits for single

and double Gaussians shown with the solid red and blue lines, respectively. The com-

ponents of the double Gaussian are also shown (with blue dashed lines). For the fitting,

one Gaussian component is fixed at vφ = 0 km s−1 (corresponding to the assumption
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of a non-rotating DM halo), while the second is allowed to vary freely. The difference

between the two fits and the vφ distribution is shown below.

Halo G11 provides the strongest evidence for the existence for a dark disc among all

halos in our sample. Its second component of the double Gaussian exhibits a large vφ

value centred around 148.9 km s−1, indicating a significant prograde motion. In con-

trast, halo G38 prefers a single Gaussian fit, with the second component centred around

vφ ≈ 66.0 km s−1. Not unexpectedly, we find that dark discs are more prevalent in sys-

tems in which f(|v|) deviates more strongly from a single Gaussian (or Maxwellian).

Interestingly, all dark disc components are found to be co-rotating with the stellar disc.

The lower panel of Fig. 2.9 shows the prevalence of dark discs in the entire sample.

The reduced χ2 values for the single Gaussians are shown with red circles and those for

double Gaussians with blue squares. For clarity, the grey columns highlight the halos

that are better fitted by a double Gaussian. We find that in the majority of our halos,

the vφ distribution is better fitted by a single Gaussian. By a conservative estimate, this

method retrieves that ≈ 14% of halos (6 out of the 42 in our sample) contain a dark

disc. Previous work investigating the existence of dark discs in Milky Way analogues

in EAGLE found, with the same method, that only 1 out of 24 halos has a detectable

dark disc (Schaller et al., 2016b). One possible explanation for why we find more dark

discs in ARTEMIS than found in EAGLE is due to the higher stellar mass fractions

in ARTEMIS, which are in better agreement with observations (Font et al., 2020) and

which lead to enhanced adiabiatic contraction (Stafford et al., 2020).

Fig. 2.9 also shows that, in some cases where the double Gaussian fit is preferred, the

difference in χ2 from a simple Gaussian is not sufficiently large to be conclusive. Nev-

ertheless, these (and other) halos clearly exhibit non-Maxwellian velocity distributions

and display significant net rotation. This suggests that the above method may not cap-

ture the existence of dark discs accurately enough.

Fig. 2.10 exemplifies this point with the G38 halo, which is better fitted by a simple

Gaussian, yet it exhibits other indications that it contains a dark disc, for example in

its DM halo shape and rotation characteristics. The top left panel shows the azimuthal

velocity vφ distribution of DM in the solar neighbourhood of this system, both in the
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FIGURE 2.10: Top row: The local distribution of rotational velocities for the G38
halo. Left: The DM distributions for the DMO and hydro simulations are shown in
black and blue, respectively. The dashed lines in their respective colours show the
peaks of the distributions. Right: The stellar distributions for all stars and disc stars are
shown in green and red, respectively. The dashed lines represent the peak velocity in
the distributions. Bottow row. Left: The projected DM density contours for G38 in the
hydro simulation. The underlying points show the distribution of the stellar component,
with the disc clearly visible at the centre. Right: The projected DM density contours in

the G38 system in the DMO simulation.
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DMO and the hydro simulations. In the hydro case, the peak of the DM distribution is

skewed towards that of the stars. The local stellar vφ distributions are shown in the top

right panel, for both all stars (green) and the disc (red). The local DM component co-

rotates with the stellar disc, with a peak vφ ≈ 75 km s−1, which is roughly half of that

of the stellar disc in this galaxy. The bottom row in Fig. 2.10 shows, with contour lines,

the DM distribution in this galaxy in the presence and absence of baryonic effects. The

introduction of baryons into the simulations causes the central region of the DM halo to

become oblate and aligned with the stellar disc, the latter being shown as a background

stellar particle density (for a similar result, see also Read (2014)). Taken together, the

oblate shape of the DM component and its prograde rotation suggest that this system

contains a dark disc. Note however that the evidence indicates that the local DM rotates

as a whole (which is also supported by the fact that the f(|v|) prefers a single Gaussian

rather than two). This suggests that, in this case, the DM halo has acquired its rotation

due to the presence of baryons. These can cool and form a rotationally-supported disc,

thus causing a shift in the velocity distribution of DM.

In order to identify other systems which are best fitted by single Gaussians, yet display

dark disc characteristics, we further investigate the distribution of the peak azimuthal

velocities in all halos. This is shown in the left panel of Fig. 2.11, for both the hydro

and DMO simulations. In the hydro simulations, there is a distinctive category of halos

(15 in total) with significant prograde rotation of their local DM component (vφ > 50

km s−1; the peak vφ for DM and stars for all halos are shown in Table 2.1). All 6 halos

found previously to contain dark discs via the double Gaussian fitting method are in this

category. Note that, if one defines a dark disc as a separate rotating component with an

overall non-rotating halo, then the other 10 halos would not, strictly speaking, qualify as

dark discs. If, however, one also includes rotating, flattened DM halos (i.e., the whole

inner halo is rotating, rather than two separate components) that are aligned with the

stellar disc, then our work suggestions that the fraction of Milky Way-mass galaxies

with dark discs can be as high as ≈ 36%.

There is a marked difference in the rotation pattern of local DM components in the

hydro versus DMO simulations in the sense that net prograde motions are conspicuously

missing in the DMO simulations. Clearly, the baryonic effects (namely the adiabatic
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contraction referred to earlier) play a role in the emergence of dark discs. The right panel

of the same figure shows a (mild) anti-correlation between the triaxiality parameter T of

galaxy systems in the hydro simulations and their peak vφ. This suggests that systems

that have the fastest prograde motion of their local DM components also tend to be more

oblate.

As an additional test to quantify the importance of dark discs, we focus on the density

enhancement that results. Specifically, we compute the following two metrics: i) the

ratio of our fiducial cylindrical DM density estimate to one where the DM density is

estimated using a spherical shell of the same radius and width as the cylinder, both

from the hydro simulations; and ii) the ratio of the fiducial cylindrical DM density from

the hydro simulations to a spherical shell-based estimate from the corresponding DMO

halo. Note that the first metric will somewhat underestimate the importance of a dark

disc, since the dark disc will also contribute to the spherical shell estimate. On the other

hand, the second metric will somewhat overestimate the importance of a dark disc,

since the DM density in the hydro simulation would be increased by normal (spherical)

adiabatic contraction.

For the first metric we compute a mean ratio of 1.27 with a standard deviation (intrin-

sic scatter) of ±0.20. For the second metric we compute a mean ratio of 1.69 with a

standard deviation of±0.34. Thus, the presence of a dark disc increases the solar neigh-

bourhood DM density by tens of percent, constituting a significance enhancement with

respect to systems that do not possess such a structure.

2.5 Effects on DM direct detection limits

In the preceding sections, we have shown that there is significant halo-to-halo scatter

in the solar neighbourhood DM density and velocity distributions and that baryons also

play an important role in setting these quantities. Here we explore the impacts of the

scatter and baryons on the DM direct detection limits using the simplified model out-

lined in Section 2.2.2.
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FIGURE 2.11: Left: Histograms of the peak azimuthal velocity DM distribution vφ
for the hydro (blue) and DMO (black) ARTEMIS halos. Right: The peak azimuthal
velocity, vφ versus triaxiality T within 30 kpc of the galactic centre for the hydro halos.

Specifically, we show the effects of incorporating the halo-to-halo scatter in the density

and velocity distributions from ARTEMIS on the exclusion limits for the XENON1T

and LZ experiments, in the spin-independent WIMP-nucleon cross-section–mass plane.

Before doing so, however, we show the impact of systematically varying each of the

SHM parameters on the detection limits, to build some intuition for the simulation-

based results.

2.5.1 Exploring variations to the SHM

Direct detection experiments have set increasingly strong constraints on the cross-section

of a WIMP-nucleon interaction under the assumption of the SHM, adopting fixed values

for ρ0, v0 and vesc. However, as discussed in Section 2.2.2, there are significant varia-

tions in the measured values for these parameters. Also, as shown in Section 2.3.1, the

simulations also show variations in these values. Here we show the effects of varying

the astrophysical parameters on the determination of the WIMP-nucleon cross-section

limits. For these calculations, we assume a generic Xenon detector with a 1000 kg per

year exposure, zero observed events and 100% efficiency across recoil energies from 5

to 40 keVnr.

The three panels in Fig. 2.12 show the results of varying the local DM density (up-

per), local DM peak velocity (middle) and escape velocity (lower), respectively, whilst
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FIGURE 2.12: The 90% confidence level limits for a single halo with a Maxwellian
distribution of local DM velocities, assuming SHM and varying ρ0, v0 and vesc inde-
pendently (i.e. varying one parameter at a time, while keeping the other two fixed).
The upper panel shows the variations in ρ0: 0.2, 0.3 and 0.7 GeV cm−3, respectively;
the middle panel shows the v0 variations: 210, 230 and 270 km s−1; and the lower
panel shows the variations in vesc: 490, 530 and 590 km s−1. In each panel, the blue
lines represent (approximately) the typical values used in SHM models, while the red
and black lines represent (approximately) the minimum and maximum ranges found in

observations and/or simulations.
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keeping the other parameters fixed. The range in which each parameter is chosen to

cover (roughly) the current uncertainties in the observational measurements (see Sec-

tion 2.2.2). The areas above the curves indicate the regions that direct detection experi-

ments are sensitive to.

As can be seen from equation 2.6, the interaction rate and hence cross-section, directly

scales with the local density of DM, in that a larger density gives rise to more scattering

events and a stronger limit. Our model shows that the WIMP-nucleon cross-section can

vary by half an order of magnitude when considering the plausible range of values for

ρ0.

The combination of equations 2.5 and 2.6 reveals the dependence on the velocity model

parameters v0 and vesc. This dependence is strongest at low DM masses where mDM

� mN, and the minimum DM velocity required to produce detectable recoil energy is

inversely proportional to the DM mass (see equation 2.5). When vmin is comparable to

v0 (mDM <∼40 GeV), the changes in v0 strongly affect the velocity integral in equation

2.6 and, as a result, the expected rate. When vmin is close to vesc (mDM <∼10 GeV)

then the velocity integral becomes very constrained, and the changes in vesc also strongly

affect the expected rate of DM interactions with Xe nuclei.

2.5.2 Direct detection limits using ARTEMIS

In the following, we incorporate the local DM densities, local peak velocities (deter-

mined from the best-fitting Maxwellian distributions) and escape velocities measured

directly from the simulations into the direct detection limits methodology. For this, we

use experimental parameters of LZ and XENON1T experiments to better compare with

the experimental results. We show results for both the DMO and hydro simulations with

the aim of comparing the two and therefore to determine the importance of including

baryonic physics in the predicted direct detection limits.

We note that our method does not incorporate a background model. However, this is

unimportant for our purposes, as we are mostly interested in the relative effects of vary-

ing the velocity distribution function and DM density, as guided by the simulations.
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When reproducing the expected limit of a specific detector, we consider the convolved

detection and selection efficiencies. The efficiencies related to the recoil energy are in-

cluded by interpolating the experimental nuclear recoil efficiencies (Akerib et al., 2020;

Aprile et al., 2018). To further ease the comparison, the variations between the exper-

imental and simplified models are accounted for by scaling the calculated limit to the

100 GeV c−2 experimental result.

2.5.2.1 Experimental corrections to the calculated exclusion limits

Data analysis and limit setting procedures used by the direct detection experiments in-

volve many steps and detector knowledge which can not be fully replicated outside of

the experiments. To make a comparison of the calculated and experimental limits mean-

ingful, especially at low masses where the effect of the velocity model is strongest, we

included the recoil energy-dependent efficiency published by the experiments into the

calculation. This efficiency affects the shape of the exclusion limit curve through the

dependence of the recoil energy on the mass of dark matter particle.

FIGURE 2.13: Left: The 90% confidence level limits for LZ parameters (Akerib et al.,
2020). The median upper-limits are shown as red solid and blue solid lines for be-
fore and post scaling to 100 GeV c−2 respectively. The green dotted line shows the
published experimental projections for LZ. All three lines assuming the SHM. Right:
Same as left, but now using the XENON1T experimental parameters to calculate the

90% confidence level limits.
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Fig. 2.13 shows the 90% confidence limit on the SI WIMP-nucleon cross-section as

taken from the relevant published article and the produced value of the code before and

post scaling for both LZ (left) and XENON1T (right). When reproducing the limit, the

SHM has been used with velocities as stated by the relevant detectors publication.

As can be seen in Fig. 2.13, the calculated and experimental limits do not agree. Ad-

ditional signal region selection efficiencies, as well as event reconstruction efficiencies,

should be included. These efficiencies are determined by experiments using full de-

tector simulations. Their dependence on the DM particle mass is not strong, and they

could be taken into account as simple scale factors at high masses (we take 100 GeV

c−2 mass point). The resulting limits agree with the experimental ones much better. The

remaining discrepancies could be due to non-perfect matching of efficiency curves ex-

tracted from the publications and possible mass dependence of signal region selection

and event reconstruction efficiencies. Given we are interested in relative effects due to

velocity models, this agreement is good enough for our purposes. One disadvantage of

scaling is that it is no longer possible to see the impact of the local density differences

between the calculated and experimental limits.

2.5.2.2 Exclusion limits for the ARTEMIS halos

As discussed in Section 2.2.2, the limits placed on the WIMP-nucleon cross-section

depend not only on several local DM properties, but also on various experimental pa-

rameters such as the sensitive material and mass, energy-dependent detection and se-

lection efficiencies, background events, and the number of days the experiment runs for

(i.e. live-days). The XENON1T direct detection experiment (Aprile et al., 2017b, 2018)

provides constraints on value on the WIMP-nucleon cross-section, with an upper limit

on the WIMP-nucleon spin-independent cross-section of 4.1 × 10−47 cm2 at a WIMP

mass of 30 GeV c−2. This experiment has been carried out over 278.8 live-days with a

1.3-tonne detector, equivalent to 1.0 tonne over a year. The most sensitive projections

from the LZ experiment were carried out with a 5700 kg Xenon detector over 1000

live-days (Akerib et al., 2020). This places an upper limit on the WIMP-nucleon spin-

independent cross-section of 1.4× 10−48 cm2 at a WIMP mass of 40 GeV c−2. For our
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calculations, we use the full recoil energy of 1 - 60 keVnr covered by both detectors and

apply the energy-dependent efficiencies extracted from the publications.

FIGURE 2.14: Left: The 90% confidence level limits for the ARTEMIS halos using the
LZ parameters (Akerib et al., 2020). The median upper-limits are shown as red dashed
and blue solid lines for the DMO and hydro case, respectively. The contours enclose
68% of all the individual exclusion limits for all of the halos. The green dotted line
shows the published experimental projections for LZ assuming the SHM and the green
shaded region corresponds to the 1σ experimental uncertainties on the limits. Right:
Same as left, but now using the XENON1T experimental parameters to calculate the
90% confidence level limits. The lower panels show the uncertainties on the WIMP

cross-sections normalised by their respective 90% confidence level limits.

The exclusion limits based on the simulated Milky Way-mass halos, which use the best

fitting Maxwellian velocities, and the LZ direct detection experiments can be seen in

the left panel Fig. 2.14 (with red for DMO and with blue for hydro). The coloured re-

gions enclose 68% of all the individual exclusion limits for the 42 halos, while the solid

and dashed lines show the median values for all the halos. The right panel of Fig. 2.14

shows the same result but using the XENON1T experimental parameters. The green

dotted lines in the left and right panels indicate the 90% confidence level limits from

LZ and XENON1T collaborations, respectively. These exclusion limits were calculated

using the SHM with a peak speed of 220 km s−1, a local DM density of 0.3 GeV cm−3

and an escape velocity of 544 km s−1, which are the assumed values for both XENON1T

and LZ experiments. The green shaded regions correspond to the published 1σ experi-

mental uncertainties (projections in the case of LZ) on the published limits. The lower

panels in Fig. 2.14 show the uncertainties on the WIMP-nucleon cross-section exclusion
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limits when normalised by the median 90% confidence level limits corresponding to the

individual cases, in order to more clearly demonstrate how the halo-to-halo variation in

the limits compares with the typical experimental uncertainty.

The exclusion limits for the simulations (DMO and hydro) are higher in amplitude at

low WIMP masses (< 50 GeV c−2) compared to the published limits for XENON1T and

LZ. This is just due to the fact that the latter use the SHM with v0 = 220 km/s, whereas

the median v0 for the ARTEMIS halos is closer to 180 km/s (see Fig. 2.3). However,

our focus is primarily on relative effects, namely the relative effect of including baryons

and the halo-to-halo scatter.

Our results show that the hydro halos place lower upper limits on the cross-section

compared to their matched DMO counterparts. We also observe a large halo-to-halo

variation in the WIMP cross-sections for both hydro and DMO halos. Typically, the 1σ

scatter in the exclusion limits is a factor of ≈ 1.5 but increases to a factor of several at

low WIMP masses. Both of these results can, in part, be explained by considering the

local DM densities; the WIMP-nucleon cross-section is inversely proportional to the

local DM density, and the densities are higher in the solar neighbourhood in the hydro

simulations. In addition, the enhanced peak velocities in the hydro simulations lower

the cross-section constraints at the low mass end. The halo-to-halo variation in the DM

density and peak velocities propagates through to the spread seen in the exclusion limits.

It is important to note that the halo-to-halo variation in the exclusion limits is smaller

than the current experimental uncertainties for XENON1T but not by large amounts

(compare the width of the green shaded region with the widths of the red and blue

shaded regions). In fact, at low WIMP masses of < 20 GeV c−2, the simulated scatter is

larger than the experimental uncertainties for XENON1T. The (projected) experimental

uncertainties in the LZ experiment are slightly larger than that of XENON1T, however

these are still comparable at low WIMP masses, as the modelling uncertainty becomes

increasingly important. Given that this is the case, it suggests that the modelling uncer-

tainties (i.e., in ρ0, v0, vesc, f(v)) should be included in the overall error budget in order

to derive a conservative estimate of the cross-section limits.
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FIGURE 2.15: Left: The 90% confidence level limits using the ARTEMIS DMO halos
using XENON1T parameters. The median upper-limits are shown as red dashed, and
solid blue lines for a Maxwellian f(v) and empirical f(v), respectively. The yellow
dot dashed lines show the results from stacking all of the halos VDFs in our sample.
The contours enclose 68% of all the individual exclusion limits for all of the halos.
The green dotted line shows the experimental limit from XENON1T along with the 1σ
error (green contour), which uses the Standard Halo Model. Right: Same as left, but for
the hydro halos. The lower panels show the uncertainties on the WIMP cross-sections

normalised by their respective 90% confidence level limits.

2.5.3 Empirical f(v) model

We have shown that the Maxwellian function does not describe the DMO simulations

well and, even though this issue is significantly reduced for the hydro simulations, it still

does not represent a perfect description of the velocity distribution in those simulations

either. We therefore explore the impact of using the exact (empirical) form for f(|v|)

from the simulations to calculate the detection limits, via equation 2.6. We calculate the

detection limits for each halo, interpolating f(|v|) where necessary between the vmin

and vmax limits.

The results of using the empirical DM velocity distributions in both DMO and hydro

simulations can be seen in the left and right panels of Fig. 2.15, respectively. The red

dashed curve represents the median exclusion limits where f(|v|) is assumed to be a

Maxwellian distribution (as used in the SHM), and the blue solid line shows the median

result when using the empirical f(|v|) determined directly from the simulations. The

yellow dot dashed line shows the limits placed on the WIMP cross-section using an
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empirical model derived from stacking all of the halos in our sample. Stacking the

halos better populates the tails of the velocity distribution function, leading to a higher

integrated rate and, therefore, lower WIMP masses to be excluded. (This is similar to

increasing the value of vesc.)

This comparison shows that the empirical method results in a significant reduction in

the upper limits placed on the cross section for masses less than ≈ 100 GeV c−2. This

difference is present for both the DMO and hydro cases but is larger for the DMO case

due to its more significant deviation from the a Maxwellian distribution (particularly

at high velocities). The halo-to-halo variation still persists in the empirical case and

remains comparable to both the Maxwellian model and experimental results, reinforcing

the importance ρ0, v0, vesc when determining the exclusion limits.

2.6 Summary and conclusions

Direct detection experiments require estimates of the local DM density and velocity

distributions in order to place constraints on the DM particle mass and cross-section.

We have used the new ARTEMIS suite of high-resolution cosmological simulations of

Milky Way-mass galaxies to determine the local densities and velocity distributions of

DM in the presence or absence of baryons and across a variety of galaxy accretion

histories. We have investigated the range in ρ0, v0, vesc in the simulations in order to

inform the standard halo model implemented in direct detection pipelines. We have also

investigated the degree to which the Maxwellian assumption for DM particle velocities

is valid and have explored the impact of using a more realistic empirical function f(v)

from the simulations. Using these results, we have estimated the uncertainties in the

WIMP cross-section limits for the LZ and XENON1T direct detection experiments,

under the assumption of a WIMP-nucleon spin-independent elastic scattering.

Our main conclusions are as follows:

1. The simulations predict local parameters (ρ0, v0, vesc) which are generally in good

agreement with observations, within the observational uncertainties. The local
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DM density in the solar neighbourhood ranges between 0.15−0.48 GeV cm−3 in

the hydro simulations and between 0.10−0.38 GeV cm−3 in the DMO simulations

(Fig. 2.2). The increased values of ρ0 in the hydro simulations relative the DMO

simulations are likely to be caused by the adiabatic contraction in the presence of

baryons. Even taking this effect into account, our simulations disfavour the larger

values of > 0.6 GeV cm−3 obtained in some recent measurements.

2. The median local DM velocity distribution is relatively well (but not perfectly)

described by a Maxwellian distribution for the hydro halos, but less so for the

DMO halos (Fig. 2.3). Relatively large halo-to-halo variations are observed in

both hydro and DMO simulations (Fig. 2.4). The addition of baryons and asso-

ciated cooling and adiabatic contraction of the DM cause an increase in the peak

velocities, typically by about 30 km s−1.

3. Substructure (subhalos, streams) can pass inside the solar neighbourhood (Fig. 2.6),

however this does not often occur in the cosmological context for relatively high-

mass substructures that could significantly influence the DM detectability rates.

Dark discs, however, are found in a relatively large proportion of the hydro halos.

By a conservative estimate,≈ 15% of our sample have dark discs, but the fraction

can be as high as ≈ 36% (Fig. 2.11) depending on how one defines a dark disc.

The presence of dark discs increases the local DM density and can also lead to

significant deviations from Maxwellian velocity distribution.

4. The enhanced DM densities and peak velocities in hydro simulations relative to

DMO simulations lead to higher differential scattering rates in the former, and

therefore to lower exclusion limits on the WIMP-nucleon cross-section (Fig. 2.14).

In addition, the halo-to-halo scatter in the implied exclusion limits (due to scat-

ter in the density and velocity distributions) is relatively large; typically a factor

≈ 1.5 and increasing towards lower WIMP masses. This is only slightly smaller

than the experimental uncertainties on the published XENON1T and LZ (pro-

jected) limits. In fact, at low WIMP masses (< 20 GeV c−2) the simulation-based

scatter typically exceeds the experimental uncertainty. We therefore conclude

that the astrophysical systematic uncertainties should in general be included as
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part of the overall error budget. This is important both for deriving a conserva-

tive estimate on the cross-section limits and for when comparisons are made to

constraints on DM properties derived from indirect and collider searches.

5. An empirical form for f(~v) slightly lowers the exclusion limits, with the most

significant difference seen when at WIMP mass < 100 GeV c−2 (Fig. 2.15). This

suggests that use of a Maxwellian form in the SHM generally puts a conservative

limit on the exclusion limits compared with a more realistic model for the velocity

distribution at masses of < 100 GeV c−2 (at higher masses, the opposite is true).



Chapter 3

Modelling the prospects of detecting

dark matter annihilation with CTA

using the ARTEMIS simulations

The majority of the work presented in this chapter is currently under preparation for

submission to a peer reviewed journal.

3.1 Introduction

Dark matter (DM) is the dominant form of matter in the Universe (Planck Collaboration

et al., 2020), but its nature remains unknown. Although many candidates for the DM

particle have been proposed theoretically, primarily through extensions of the Standard

Model of particle physics (Feng, 2010), the confirmation of the nature of this elusive

component will ultimately come from its detection.

To date many searches have focused on detecting the Weakly Interactive Massive Parti-

cles (WIMPs), who are attractive DM candidates on several grounds, one of them being

that they are predicted by Supersymmetry. The WIMP mass is predicted to be in the

range of ≈ 2 GeV −100 TeV, depending on the type of particle (e.g., see Roszkowski

70
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et al. (2018)). This energy range has been explored intensely via both direct and indi-

rect DM detection experiments. Some part of this energy range remains to be explored,

such as for example, the higher energy end which can be probed through indirect DM

detection.

If WIMP particles self-annihilate, their particle masses can be inferred from the en-

ergy spectrum of γ-rays that may result from this process. Despite years of intense

searching, no detection of DM annihilation has been made so far, including observa-

tions done by the Fermi Gamma-ray Space Telescope (FGST) (GLAST Facility Sci-

ence Team et al., 1999; Charles et al., 2016) and the ground-based Imaging Atmospheric

Cherenkov Telescopes (IACTs) such as H.E.S.S (Hinton & HESS Collaboration, 2004),

MAGIC (Lorenz & MAGIC Collaboration, 2004) and VERITAS (Weekes et al., 2002).

However, the WIMPs remain an interesting target for future DM indirect detection fa-

cilities, which can probe the higher end of the above energy regime, in particular for the

Cherenkov Telescope Array (CTA).

The CTA is the next generation of ground-based γ-ray observatory (CTA Consortium

& Ong, 2019) that will survey a much larger region of the sky, at energies of ≈ 20

GeV −300 TeV and with increased sensitivity. The main sites for potentially detecting

the DM annihilation in the Milky Way are the Galactic Centre (GC) and the centres

of nearby dwarf galaxies. Both of these are key science projects of the CTA (e.g.,

Acharyya et al. 2021). Due to the high DM density and its relative closeness, the GC is

expected to be a brighter source of γ-rays than local dwarf galaxies (e.g., Bertone et al.

2005; Strigari 2013). However, the GC suffers from strong γ-ray contamination from

astrophysical sources such as the supermassive black hole at the centre, the millisecond

pulsars, and supernovae, all of which need to be modeled carefully in order to disentan-

gle the potential DM signal (e.g., Dodelson et al., 2008; Silverwood et al., 2015). Dwarf

galaxies are supposed to be sources that are less contaminated by foreground radiation

since many of them are far away from the Galactic plane where most of the astrophys-

ical sources reside. In addition, these systems have low fractions of obscuring gas and

dust (Ackermann et al., 2014) and are DM-dominated, making them easier to model.
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Several predictions for the expected signal of γ-ray radiation in indirect detections have

already been made, using either analytical models or numerical simulations. However,

some uncertainties in these types of estimates still remain. For example, analytical mod-

eling requires an assumption of the density profile of the DM halo, as the annihilation

rate relies on the square of the DM density. Observationally, the density profile of the

Milky Way’s DM halo can be inferred from measurements of the rotation curve in the

disc. Apart from the known degeneracies in the modeling, the rotation curve is poorly

constrained within a few kpc of the GC, due to a combination of less accurate data

and the large uncertainties associated with the distribution of baryons (Pato & Iocco,

2015; Iocco et al., 2015). Another parameter needed in the analytical modeling is the

total mass of the Galactic DM halo, which until recently has been known only within a

factor of 2. However, thanks to data from the Gaia satellite the total MW mass is now

much better constrained (Callingham et al., 2019; Posti & Helmi, 2019; Deason et al.,

2019; Vasiliev, 2019). For satellite dwarf galaxies, the masses can be inferred from the

stellar velocity dispersions and their half-light radii (Walker et al., 2009), which in turn,

are model-dependent. Furthermore, the modeling requires some information that is not

directly measurable, e.g., the internal velocity distribution of DM halos or subhalos.

Cosmological simulations are can provide more accurate predictions since the growth

of DM structure is modeled self-consistently (as are some of the baryonic physics pro-

cesses, in the case of hydrodynamical simulations). This allows a more realistic treat-

ment of dynamical friction and various tidal interactions that affect the abundance of

satellite galaxies, their spatial distribution, and their internal structure.

Numerically, the DM annihilation limits in Milky Way-type systems, including their

dwarf satellite galaxies, have been investigated first with DM-only simulations (Calcáneo-

Roldán & Moore, 2000; Stoehr et al., 2003; Diemand et al., 2006, 2007; Kuhlen et al.,

2008; Springel et al., 2008). These simulations were able to resolve the internal struc-

ture of DM halos down to very small scales (for example, subhalos of ≈ 104 M� in the

case of the Aquarius simulations; see Springel et al. 2008). Cosmological simulations,

however, are unable to resolve subhalos below some level dictated by their numerical

resolution, which implies that a whole range of subhalos that can contribute to the over-

all annihilation signal are not resolved (in a ΛCDM model, the minimum subhalo mass
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that can contribute to the DM annihilation signal is several orders of magnitude below

the level that can be currently resolved). These unresolved halos must be accounted

for analytically (see e.g., Strigari et al. 2007), which means that one needs to resort to

additional assumptions about the internal structure of unresolved DM subhalos, thus

introducing more uncertainties in the predictions.

Another important factor that needs to be taken into account is the presence of baryons.

These can have significant effects on the structure of DM halos and consequently on

the predictions for DM annihilation. However, there is a complex interplay between

different baryonic processes that is currently not well understood. For example, baryons

can lead to the adiabatic contraction of the Galactic DM halo (e.g., Blumenthal et al.,

1986; Ryden & Gunn, 1987) and therefore to an enhancement in the DM annihilation at

the GC, but to a weaker signal from the DM substructure, due to the more efficient tidal

disruption of subhalos that orbit near the GC by the denser part of the host halo. On the

other hand, supernovae feedback can flatten cuspy DM profiles, turning them into cored

ones (e.g., Pontzen & Governato, 2012; Di Cintio et al., 2014; Benı́tez-Llambay et al.,

2019). Cored dwarf galaxies are tidally disrupted more easily, whereas a cored Galactic

DM halo can lead to a substantially reduced annihilation signal from the GC (e.g., Evans

et al., 2004). Moreover, the presence of a Galactic stellar disc contributes to the tidal

destruction of the substructure (e.g., Berezinsky et al., 2006; D’Onghia et al., 2010;

Garrison-Kimmel et al., 2017), further reducing the number of potential γ-ray sources

from the DM substructure. Therefore DM-only simulations, which by construction

cannot capture these effects, may not provide sufficiently accurate estimates for the

annihilation signal.

To follow the baryonic effects, and to determine quantitatively how they affect the re-

sulting DM annihilation limits, it is therefore necessary to use cosmological hydrody-

namical simulations. Several studies have already used this type of simulations, al-

though they have been more limited in scope. For example, Calore et al. (2015) and

Schaller et al. (2016a) have used the EAGLE (Schaye et al., 2015; Crain et al., 2015)

and APOSTLE (Sawala et al., 2016) simulations in order to explain the puzzling 2 GeV

γ-ray emission excess measured near the GC by the Fermi satellite (Ackermann et al.,

2017). However, the results were inconclusive. With a sample of 4 MW-like halos
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Schaller et al. (2016a) found that the predicted DM annihilation signal approximately

agrees with the Fermi observational excess. In contrast, using a slightly larger sample

size of 12 Milky Way-mass halos from EAGLE and another 2 from APOSTLE, Calore

et al. (2015) found that their DM annihilation signal predictions are unable to account

for the excess.

Although the aforementioned possible detection has not been confirmed, nor any other

ones that have been since suggested (e.g., Cui et al., 2017), the situation may stand to

change with the advent of CTA. The increased sensitivity and extended sky coverage

of the CTA allows a more in-depth exploration of the mechanism of DM annihilation.

However, the observations need to be accompanied by more accurate predictions of the

DM annihilation signals, for example of ones that take into account the full extent of

baryonic physics.

In this study we use the ARTEMIS suite of cosmological hydrodynamical simulations

(Font et al., 2020) in order to estimate the DM annihilation signals from the GCs of MW-

like systems and from their present-day population of DM subhalos, taking into account

the expected instrumental sensitivity of the CTA. The simulated sample comprises 45

MW-mass systems, which allows a statistical study of the indirect DM detection limits,

as well as of the variations from system-to-system. The diverse range of merger histories

of these galaxies enables us to account for the uncertainties in the formation of the Milky

Way. In addition, we have constructed a corresponding set of 45 DM-only simulations

of the same systems, which we use to compare to the hydrodynamical set and quantify

the role of baryons on the limits of DM detection. We also test the sensitivity of the

CTA for detecting the predicted DM annihilation signal from the GC and from the

(stacked) satellite dwarf galaxies. We also investigate the limits of detection under

various assumptions for the annihilation channels and different DM particle masses.

The paper is organised as follows. Section 3.2 describes the simulations and the main

properties of host MW-mass galaxies and their substructure. Section 3.3 presents the

methodology for computing the DM annihilation luminosity of individual DM subha-

los, including the boost factors. Section 3.4 discusses the fluxes associated with the

annihilation signal and includes examples of synthetic all-sky flux maps. Section 3.5
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discusses the potential detectability of the annihilation signal from the GCs and DM

subhalos with CTA. Finally, section 3.6 summarises our main findings.

3.2 Simulations

The ARTEMIS suite comprises 45 ΛCDM cosmological simulations of Milky Way-

mass halos, 42 of which were introduced in Font et al. (2020) and 3 additional systems

in Font et al. (2021). These systems were selected from a larger, periodic box of 25 Mpc

h−1 on a side and re-simulated at higher resolution with hydrodynamics using a ‘zoom

in’ technique. The selection was made solely on their total mass, with no additional

constraints (e.g. on the type of merger histories). The total masses range between 8 ×

1011 < M200/M� < 2× 1012, where M200 is the mass enclosing a mean density of 200

times the critical density at present time. The DM particle masses are 1.17×105 M�h−1,

the initial baryon particle masses are 2.23× 104 M�h−1, while the force resolution (the

Plummer-equivalent softening) is 125 pc h−1.

The hydrodynamical simulations were carried out with the Gadget-3 code with an up-

dated hydro solver and subgrid physical prescriptions that model metal-dependent ra-

diative cooling in the presence of a photo-ionizing UV background, star formation,

supernova, and active galactic nuclei feedback, stellar and chemical evolution, and for-

mation of black holes. These are described in detail in Schaye et al. (2015) and refer-

ences therein. The simulations match, by construction, very well the stellar mass – halo

mass relation for galaxies in this mass range (see Font et al. 2020 for details). They also

match the observed sizes and star formation rates of Milky Way-mass galaxies with-

out an explicit calibration for these quantities. The simulations fully accommodate the

range of stellar masses and magnitudes of observed Milky Way analogues in the Local

Volume and beyond (Font et al., 2021) and match remarkably well the luminosity func-

tions and radial distributions of dwarf satellite galaxies of these analogues (Font et al.,

2021).

In addition to the hydrodynamical set of simulations (henceforth called ‘hydro’) we

ran DM-only versions (henceforth called ‘DMO’) of the same MW-mass systems. The
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global properties of the DMO Milky Way-mass host galaxies are presented in more

detail in Poole-McKenzie et al. (2020), whereas the properties of the hosts in the hydro

runs are described in Font et al. (2020, 2021). The halos in the DMO simulations are

further matched with those in the hydro ones using the unique particle IDs of the DM

particles. This cross-matched list of halos allows us to study the impact of baryons on

various halo properties, using the collisionless (i.e., DMO) simulations as a reference

system.

All simulations adopt a flat ΛCDM WMAP9 (Hinshaw et al., 2013) cosmology with

Ωm = 0.2793, Ωb = 0.0463, h = 0.70, σ8 = 0.8211 and ns = 0.972.

3.2.1 Halo substructure

The properties of the substructure in the ARTEMIS simulations have been investigated

before. For example, the abundance and radial distributions of satellite galaxies were

studied in Font et al. (2021), the internal structure of subhalos in Stafford et al. (2020)

and the imprints that DM subhalos leave in the intergalactic gas or in the distribution

of the host stars were studied in McCarthy & Font (2020) and Poole-McKenzie et al.

(2020), respectively. Since here we are interested to estimate the DM annihilation signal

from the substructure, it is important first to evaluate how the presence of baryons affects

the abundance of DM subhalos.

In Fig. 3.1 we compare the number density of substructure in the hydro versus DMO

runs. The median cumulative subhalo mass functions for all subhalos within the virial

radii, R200, of the 45 MW-mass systems at z = 0 are shown with full lines, blue for the

hydro and red for the DMO runs, respectively. (For reference, in ARTEMIS the host

R200 values range between 180 − 250 kpc; see Font et al. 2020). The hashed regions

represent the 68% scatter around these medians. As expected, the run including baryons

shows consistently lower abundances of subhalos than the DMO run. For example,

around the 200 DM particle limit (i.e. a conservative limit on the ability to resolve

the internal structure of the DM subhalos), which is equivalent to subhalo masses of
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≈ 4× 107M�, the hydro simulations contain about 70% of the DM subhalos in the

DMO ones (∼ 114 subhalos in the hydro compared to ∼ 160 in DMO).

The effects of baryons are expected to be stronger near the centres of the MW systems.

To check this, we show also the mass function of the subhalos in the inner regions of

their hosts, specifically those presently located< 0.5R200 of the MW-mass hosts. These

are shown with dashed lines in Fig. 3.1. In this case, the difference in the number of

subhalos is even greater. This can be explained by the more efficient tidal disruption

of satellites in the inner regions in the presence of stellar discs and enhanced central

densities of the MW-mass hosts, as discussed in the Introduction.

Note that, in both hydro and DMO runs, the subhalo mass functions start to converge

at Msub ≈ 2 × 107M� (i.e., to the left of the vertical dashed line), due to numerical

resolution effects. For the remainder of this work we only include subhalos with more

than 200 DM particles inside R200.

The differences in the resulting abundances of DM subhalos in hydro versus DMO simu-

lations highlights the importance of including baryonic physics in predicting the DM an-

nihilation signal from these systems. In addition to reducing the abundance of DM sub-

halos, baryons can also change the inner structure of these subhalos, which in turn can

modify the predicted signal. The structure of density profiles of the host halos and their

subhalos in ARTEMIS has been investigated in detail by Stafford et al. (2020). These

authors found that for host halos with masses of 1011.75 ≤ M200,crit/M� < 1012.33, the

presence of baryons leads to steeper central densities (. 0.1 R200,crit) compared with

the DMO counterparts; this being due to adiabatic contraction. This implies the poten-

tial annihilation signal from the GC is stronger in the more realistic case when baryons

are taken into account.

3.3 The γ-ray luminosity of DM annihilation

Here we evaluate the γ-ray luminosity from 2-body DM annihilation for the host DM

halos and the DM subhalos in our simulations. This luminosity depends on the density
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FIGURE 3.1: The median cumulative subhalo mass functions for the simulated sub-
halos within R200 (solid lines) and 0.5 R200 (dashed lines) for both DMO (red) and
hydro (blue) simulations. The grey dotted line shows the convergence limit which

corresponds to a subhalo with ≈ 200 DM particles.

of DM as ∝ ρ2
χ. For the well-resolved substructure in our simulations, i.e. subhalos

with more than 200 DM particles, we compute the total annihilation luminosity L̃ (in

units of M2
� kpc−3) as a simple sum:

L̃ =
N∑
i

ρimi, (3.1)

where mi and ρi are the mass and density of the ith DM particle, respectively, and N

is the number of DM particles within the radius of the (sub)halo, Rsub. This radius is

computed by the substructure finding code SUBFIND (Dolag et al., 2009). The DM

particle density, ρi, is calculated using an SPH (Smoothed Particle Hydrodynamics)

smoothing kernel with the volume determined by each particle’s nearest 32 neighbours,

as in Springel et al. (2008).
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However, the unresolved substructure in our simulations is also expected to contribute to

the annihilation signal, and therefore it needs to be accounted for. In ARTEMIS the DM

particle masses are of the order of 105 M�, which is several orders of magnitude above

the mass of the smallest substructure expected in a ΛCDM model. This minimum mass

is set by the free streaming length of the DM particle. For example, for a supersym-

metric CDM particle candidate with a mass of 100 GeV −1 TeV, free streaming causes

the matter power spectrum to be cut off at a scale of ∼ 10−12 − 10−3 M� (Green et al.,

2004; Loeb & Zaldarriaga, 2005; Bertschinger, 2006; Profumo et al., 2006; Bringmann,

2009).

The contribution of unresolved substructure to the total luminosity is incorporated into

a ‘boost factor’ term, such that the total annihilation luminosity L(M) of a DM halo is

given by:

L(M) = [1 +B(M)]L̃(M), (3.2)

where L̃(M) is the total unboosted annihilation luminosity for a subhalo of mass M .

For simplicity, this is usually modeled assuming a smooth spherical halo, and therefore

L̃ can be computed as the volume integral:

L̃ =

∫ Rsub

0

ρ2
χdV , (3.3)

assuming an appropriate form for the density profile.

Following Strigari et al. (2007), we compute the boost factor, B(M), as:

B(M) =
1

L̃(M)

∫ m1

m0

dN

dm
L(m)dm (3.4)

=
1

L̃(M)

∫ M

m0

dN

dm
[1 +B(m)]L̃(m)dm, (3.5)
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wherem is the subhalo mass, L̃(M) and L̃(m) are the unboosted annihilation luminosi-

ties of the smooth halo and subhalos, respectively. The latter are calculated using eq. 3.3

assuming a density profile with a concentration determined from a given concentration

- mass (c−M) relation. In this study, we adopt by default the c−M relation of Ludlow

et al. 2016 (henceforth denoted as L16), however we also explore the impact of using

different c−M relations. We also assume that the subhalo mass function is a power law

of the form dN/dm = A/M(m/M)−α, where α is typically 1.9− 2.0 (Diemand et al.,

2007; Madau et al., 2008; Springel et al., 2008). Here we adopt a value of α = 2.

The boost factor also depends on the cutoff mass, m0, which is the minimum mass to

extrapolate the boost function down to (see below). It also depends on the assumed den-

sity profile, which is then used to determine the ‘smooth’ (i.e., unresolved) annihilation

luminosity. Here we use two density profiles: first one is the Navarro, Frenk & White

(NFW) (Navarro et al., 1996) profile,

ρNFW (r) =
4ρs

(r/rs)(1 + r/rs)2
, (3.6)

where rs it the radius at which the logarithmic slope γ(r) ≡ d ln ρ
d ln r

= −2 and ρ(rs) = ρs.

The other one is the Einasto (Einasto, 1965) profile,

ρE(r) = ρs exp

[
− 2

αE

((
r

rs

)αE

− 1

)]
, (3.7)

where αE controls the degree of curvature of this function. Here we assume αE = 0.16.

The top panel of Fig. 3.2 shows the relation between B(M) and M for different cutoff

masses, m0 = 10−12, 10−9, 10−6, 10−3 M�, and for the two types of density profiles.

This shows that the more massive the subhalo, the larger is the expected boost factor.

This is due to larger subhalos having a higher number of subhalos (and subhalos of), all

of which contribute to the total annihilation luminosity. This also explains why the boost

factor increases with smaller cutoff masses, as smaller subhalos (and sub-subhalos) are

included in the boost factor. The B(M) parameter appears to depend only very slightly
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FIGURE 3.2: Top: The annihilation luminosity boost factor due to substructure as
a function of mass with varying cutoff masses, m0, shown with different colours; for
each cutoff mass we assume two density profiles, NFW (solid lines) and Einasto (dotted
lines). The halo concentrations were inferred from the L16 c−M relation. Bottom: The
annihilation luminosity boost factor due to substructure as a function of mass with a

fixed cutoff mass and varying c−M relations and density profiles.
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on the choice of the density profile, with the Einasto profile leading to a slight boost

over the NFW profile, across the entire mass range.

The bottom panel of Fig. 3.2 shows the impact of adopting different c−M relations

(B01; Bullock et al. 2001 and D19; Diemer & Joyce 2019), for both NFW (solid lines)

and Einasto (dotted lines) density profiles. The Einasto profile again results in a higher

B(M), increasing slightly with mass. Using the c−M relations from both B01 and D19

produces higher boost factors than that of L16. This increase in B(M) is caused by the

c−M relations of B01 and D19 predicting higher concentration values than L16 across

all masses.

For the purpose of comparing the results of hydro and DMO simulations, we adopt a

fiducial substructure boost function with α = 2, m0 = 10−6, M� and an NFW density

profile with the halo concentrations determined from the L16 c−M relation. This rep-

resents a conservative approach. Adopting either the B01 or D19 c−M relations would

result in a factor of ≈ 2 − 5 increase in the boost factors across all halos masses, an

increase which will propagate through to the annihilation signal. The differences in the

predicted signal introduced by the assumption of another c−M relation are shown in

Section 3.5.

In the following, we will also refer to the smooth spherically averaged halo/subhalos as

“unboosted” in comparison with their “boosted” counterparts.

The top sub-panel of Fig. 3.3 shows the median DM annihilation luminosities for un-

boosted and boosted subhalos, in the hydro and DMO simulations (dashed lines for

boosted and full lines for unboosted; and blue lines for hydro and red lines for DMO,

respectively). The corresponding luminosities of the MW-mass hosts are shown with

empty symbols for boosted and filled symbols for unboosted DM halos; specifically,

circles denote hydro simulations and squares the DMO ones. The colour scheme for

these two types of simulations is the same as for the subhalos.

No major differences are seen in the annihilation luminosities of the subhalos between

the hydro and DMO subhalos, for both unboosted and boosted cases. The annihilation

luminosities at lower subhalo masses (< 1010M�) are slightly higher in the DMO case,
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however at the higher mass end (> 1010M�) the hydro subhalos have slightly higher

luminosities. This change in the annihilation luminosity between the hydro and DMO

halos around this mass threshold is caused by the impact of baryonic physics. Specif-

ically, above this mass, the hydro DM halos are more centrally concentrated (this is

a consequence of adiabatic contraction, as discussed earlier). The slight difference in

luminosities between the hydro and DMO simulations is more apparent, however, in

the case of the host halos (namely, hydro DM halos have higher luminosities). Again,

this is due to slightly higher concentrations in the hydro halos compared to those in the

DMO counterparts.

For comparison, the dotted and dot-dashed lines show the unboosted luminosity-mass

relation calculated from eq. 3.3 assuming NFW (purple) and Einasto (yellow) density

profiles and using the L16 c−M relation. These agree well with the unboosted lumi-

nosities computed from the simulations.

The lower panel of Fig. 3.3 shows in more detail the differences in the annihilation

luminosities, shown here as the ratios of luminosities in the DMO over the hydro runs,

versus the subhalo masses. This shows more clearly the cross-over of ratios from below

to above 1 around the mass of ≈ 1010M�. Note that only the most massive dwarf

galaxies in the Milky Way have masses above this value (e.g., SMC or LMC). This

indicates that the baryonic effects are more relevant for measurements in these types of

systems.

This suggests that baryonic effects impact the DM annihilation signal only at the high

mass DM subhalos, although the net increase in the signal due to the addition of baryons

may be small. The inclusion of the boost factor, however, is crucial in for predicting the

DM annihilation signal from both host halos and their substructure, as it increases the

annihilation luminosities, particularly at the higher mass end.

As expected, the high mass subhalos provide the strongest DM annihilation luminosi-

ties. However, observationally, one measures the flux rather than the luminosity, there-

fore the distances to these objects are also important. These are investigated below.
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FIGURE 3.3: Top: Dark matter annihilation luminosity as a function of subhalo mass
averaged over all (resolved) subhalos in all MW-mass systems. The solid lines rep-
resent the median smooth spherically averaged luminosity of the DMO (red) and hy-
dro (blue) subhalos. The dashed lines represent the median luminosity of the boosted
DMO (red) and hydro (blue) subhalos, using our fiducial model (see text for details).
The filled circles and squares represent the smooth spherically averaged annihilation
luminosity for individual DMO (red) and hydro (blue) host halos. The empty circles
and squares are the same but now showing the host halos after applying the boost fac-
tor. The dotted purple and dot-dashed yellow lines show the luminosity-mass relation
calculated from NFW and Einasto density profiles respectively, using the L16 c−M re-
lation. Bottom: The ratio of median hydro and DMO annihilation luminosities, versus

subhalo mass.

3.4 Annihilation fluxes and all-sky maps

Above we investigated the annihilation luminosity, however this is mass-dependent and

does not take into consideration the distance to the subhalo or its area on the sky. For
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example, if we consider two identical subhalos of equal masses (hence luminosities)

placed at different distances from the observer, the closest one would produce a higher

DM annihilation flux. This flux is a measurable quantity. The DM annihilation flux

from any given DM particle i is:

Fi = Li/4πd
2
i , (3.8)

where Li is the DM annihilation luminosity of the particle and di is the distance to the

particle from an observer. For the following, we assume an observer located at the ‘solar

neighborhood’, approximately at 8.5 kpc from the GC. In practice, we assume a fixed

distance of 0.04 × R200, to account for the differences in R200 values of the simulated

MW-mass hosts.

First, we create all-sky DM annihilation flux maps from the simulations. For these,

we use the Healpy and HEALPix1 package (Zonca et al., 2019; Górski et al., 2005),

dividing the sky into equal-area pixels and mapping it onto a Mollweide projection. We

choose NSIDE = 1024 to achieve the angular resolution of CTA (≈ 0.05◦ for a 1 TeV

γ-ray) (CTA Consortium & Ong, 2019; Maier, 2019). In these maps, the annihilation

fluxes are computed by summing up the fluxes of all particles in each pixel/angular bin

and then divide them by the pixel area, resulting in a map of annihilation flux per solid

angle, φ.

We note that the methods used here are similar to other all-sky flux maps generated

from cosmological simulations (e.g., Diemand et al., 2006; Springel et al., 2008). In

contrast, however, previous studies used DM-only simulations and fewer MW-mass

systems. For example, the Via Lactea simulation of Diemand et al. (2006) was a real-

ization of a single MW-size halo, albeit at very high resolution. Similarly, the Aquarius

simulations of Springel et al. (2008) included five MW-mass halos and the associated

substructure. These authors found that the most important source of γ-ray flux is the

host halo of the Milky Way, while the small-scale structure has a negligible contribution.

With ARTEMIS, we are able to explore the impact of baryons on the all-sky flux maps.

1http://healpix.sourceforge.net
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Additionally, having a much larger sample of MW-mass halos, allows us to investigate

multiple such realizations and the system-to-system variations.

Fig. 3.4 shows all-sky γ-ray flux maps (per solid angle) for one of the MW-mass systems

in ARTEMIS, denoted ‘G9’ in Font et al. 2020. The two maps correspond to this system

in the hydro (left column) and the DMO runs (right), respectively. The rows from top

to bottom correspond to the total γ-ray flux, i.e., including the emission from both

host halos and subhalos, the flux from the host halo only and, lastly, from only the

subhalos. As discussed before, the host halo in the hydro case has less substructure than

its matched DMO counterpart, which is also seen in the flux maps. The discrepancy

between the number of subhalos increases with decreasing subhalo mass (as shown

quantitatively in Fig. 3.1). Additionally, the ‘shapes’ of the flux distributions in the

host halos are different in the two cases, being more centrally concentrated and more

spherical in the presence of baryons.

The example of the system ‘G9’ is not unique, the other systems in the sample showing

similar features. For example, all DMO halos have more subhalos and when compared

to their hydro counterparts. Additionally, the majority of the hydro host halos have

less spherical flux distributions than their DMO counterparts. The shapes of the DM

halos in ARTEMIS have been investigated in Poole-McKenzie et al. (2020), where it

was found that the hydro host halos are more spherical and less triaxial than their DMO

counterparts, due primarily to adiabatic contraction (see figure 7 in that study).

Fig. 3.5 shows the γ-ray fluxes from individual subhalos and host halos, versus their

mass. The fluxes are calculated using eq. 3.8, summing over all DM particle fluxes,

Fi, in a given (sub)halo. We compute both the unboosted annihilation flux, F̃ , and the

boosted one, F . The full lines in the top subpanel of Fig. 3.5 show the median unboosted

fluxes of all the (sub)halos in the sample, for the hydro (blue) and DMO (red) runs. The

dashed lines correspond to the median boosted fluxes. As before, we show separately

the median values of host halos with filled and empty symbols, corresponding to the

unboosted and boosted fluxes, respectively. As in the case of annihilation luminosities,

the fluxes are generally very similar in the runs with and without baryons. Also as

before, the DMO subhalos generate more flux below Msub≈ 1010M�, after which the
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FIGURE 3.4: Example of all-sky maps for galaxy ‘G9’ of the annihilation flux per
solid angle with an observer placed at the ‘solar neighborhood’, i.e., ≈ 8.5 kpc from
the GC (for reference, for G9, R200 is ' 215 kpc). Left panels correspond to hydro
and right panels to DMO simulations, respectively. The images from the top to bottom
correspond to total flux emission, emission from the host halo only, and emission from
substructure only, respectively. Note the change in the colourbar scale in the bottom

images.

hydro subhalos start to dominate slightly. However, the annihilation fluxes of host halos

are significantly higher than those of subhalos, compared with the differences seen in

the case of luminosities. This can be explained by the closer location of the centres

of these hosts to the observer (located in the ‘solar neighborhood’), than the typical

subhalo.

The lower panel in Fig. 3.5 shows the ratio of the boosted annihilation fluxes, Fhydro/FDMO.

As in the case of luminosities, we see that the fluxes are higher in the case where baryons

are present, for subhalo higher masses (Msub > 1010M�). However, in this case there

are significant fluctuations in this ratio at higher masses (e.g., at Msub ' 4× 1010M�).



DM indirect detection: Annihilation fluxes and all-sky maps 88

These are caused by the lower number of high mass subhalos combined with the large

variations in their distances from the observer.

FIGURE 3.5: Top: Dark matter annihilation flux as a function of subhalo mass for all
subhalos in the simulations. The dashed lines represent the median flux of the boosted
DMO (red) and hydro (blue) subhalos, using our fiducial model (see text for details).
The solid lines show the median flux of the unboosted DMO (red) and hydro (blue)
subhalos. The filled and empty circles and squares represent the unboosted and boosted
annihilation flux for the individual DMO (red) and hydro (blue) host halos. Bottom:

The ratio of median hydro and DMO annihilation fluxes for the boosted subhalos.

The top panel of Fig. 3.6 shows the distribution of subhalo masses, Msub and distances

from the observer, d, colour-coded by the total annihilation fluxes. The boost factors are

included in these fluxes. As expected, the fluxes are higher for more massive subhalos

and/or those that are closer to the observer. Interestingly, we can see also in a more
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FIGURE 3.6: Top: Subhalo mass as a function of distance to the observer, coloured by
annihilation flux calculated from all particles in the subhalo. Bottom: The same, but us-
ing the annihilation flux within the half-light radius (hence considering only luminous

dwarf systems).
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quantitative way how distance comes into play in the flux values; for example, in the

range Fsub of 1018 − 1019 GeV2 cm−5, lower mass subhalos with total masses Msub ≈

108 M� and located nearby, d . 30 kpc, generate similar DM annihilation fluxes as

more massive subhalos located far-away, e.g., subhalos with Msub ≈ 1010 M� at d >

100 kpc. This underscores the importance of the nearness of a DM subhalo to the

observer in terms of the detectability of its signal.

The fluxes examined so far are those generated by entire (sub)halos, i.e., summed up

over DM particles within Rsub. However, the extent of a DM subhalo is difficult to esti-

mate from observations. For this reason, many predictions for DM annihilation signals

from dwarf galaxies use the effective (or half-light) radius as a reference. We therefore

compute fluxes within half-light radii (rh) as well. Specifically, we take rh as the pro-

jected (2D) radius that encloses half of the total V -band luminosity of a dwarf galaxy,

provided that the DM subhalo harbours a stellar component. The V -band luminosities

are computed from simple stellar populations models and adopting the stellar initial

mass function used in the simulations (see Font et al. 2020 for details).

The bottom panel of Fig. 3.6 shows again the distribution of subhalo masses and dis-

tances from the observer, this time colour-coded by the fluxes computed within rh.

These fluxes include the boost factors also. The trends are similar to those seen in the

left panel (note that the total masses and distances have not changed, only the values of

the fluxes). We also find that the fluxes computed within rh are generally quite similar

with those computed within Rsub (the latter are higher but within an order of magni-

tude). This implies that most of the flux emitted from subhalos originates from within

rh. This is not surprising, as the DM densities are higher near the centre, and the outer

regions of the subhalo are expected to not contribute much to the total annihilation flux.

This suggests also that the measurements of fluxes within half-light radii are appro-

priate. On the other hand, a comparison between the top and bottom panels of Fig. 3.6

shows, targeting only luminous dwarf galaxies has some limitations, as it misses a range

of potential sources of DM annihilation, such as dark subhalos nearby (note though that

these would not be detectable on their own, but they can contribute to a stacked signal).
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The nearby luminous dwarf galaxies have been studied before in terms of their po-

tential for generating DM annihilation fluxes. For example, Charbonnier et al. (2011)

estimated that the fluxes within rh for the classical dwarf galaxies (known also as the

J-factors) of ∼ 1010 − 1012 M2
� kpc−5 (or, equivalently, ∼ 1016 − 1018 GeV2 cm−5),

with the highest flux predicted to originate from Ursa Minor. These values are broadly

in agreement with our estimated fluxes (within rh) for the simulated ‘analogs’ of classi-

cal dwarfs (see bottom panel of Fig. 3.6).

To summarise our results from this section, we find that the MW-mass halos emit the

greatest fluxes, given their high DM masses and their proximity to the observer. The

higher mass subhalos (Msub > 107 M�) are also significant sources of annihilation flux,

however there is a large region of the (Msub, d) parameter space that generate similar

fluxes. Additionally, with the inclusion of baryons in the simulations the annihilation

fluxes are slightly higher, especially for MW-mass halos and at the high subhalo mass

end. This reiterates the necessity of using hydrodynamical simulations for providing

accurate γ-ray flux predictions.

3.5 Detectability of dark matter annihilation

So far we have investigated the DM annihilation luminosities and fluxes in simulations,

focusing mainly on the differences between host halos and substructure, or the differ-

ences between hydrodynamical and DM-only simulations. However, real DM indirect

detection experiments have their own instrumental limitations that can affect these pre-

dictions. Here we take the next step in estimating the detectability of DM annihilation

signal using the expected sensitivity from the CTA.

The CTA will be the first ground-based IACT able to observe almost the entire sky, using

array sites on both the northern and southern hemispheres. The CTA will consist of three

differently sized telescopes, each sensitive to different energy ranges, covering the γ-ray

spectrum in the 20 GeV − 300 TeV range. With the improved capabilities of CTA there

is a possibility that it can be used to study the less explored faint dwarf galaxies or even

dark subhalos. Using the simulated MW-mass halos and DM subhalos in ARTEMIS,
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we aim to evaluate their differential γ-ray flux sensitivity and determine whether the

CTA is sensitive enough to detect the signal from their potential DM annihilations.

The differential γ-ray flux is used to evaluate the sensitivity of the γ-ray experiments to

DM annihilations and can be written as,

dφγ
dE

=
〈σv〉
8πm2

χ

dNγ

dE
F, (3.9)

where mχ is the mass of the DM particle, 〈σv〉 is the velocity-averaged DM annihilation

cross-section and dNγ/dE is the γ-ray spectrum generated from a single annihilation.

Henceforth, we assume 〈σv〉 = 3 × 10−26 cm3 s−1, which is the thermally averaged

annihilation cross-section of WIMP particles that correctly reproduces the DM relic

abundance seen today (see, e.g., Steigman et al., 2012). The flux values, F , are com-

puted from the simulations. For the following, we use only fluxes that already include

the boost factor. By default, we use the L16 c−M relation, although we will also com-

pare the results using the relation of D19, to show predictions in a less conservative

case.

To evaluate the right-hand-side of eq. 3.9, we need an assumption for the DM par-

ticle mass (see below), and to evaluate the γ-ray spectrum, dNγ/dE. For the latter,

we use the publicly available package DarkSUSY (Gondolo et al., 2004; Bringmann

et al., 2018), designed to compute supersymmetric DM properties numerically. In par-

ticular, we make use of the ‘wimpyields’ function to calculate the yields of different

particles from the decay/hardonization of annihilation products2. To generate dNγ/dE

we assume that the DM annihilates into a γ-ray final state via either a bb̄, tt̄ or τ+τ−

annihilation channel, with a 100% branching ratio. Appendix 3.7.1 shows the γ-ray

spectrum from DarkSUSY, dNγ/dE, for the three annihilation channels studied here,

as well as for different assumptions of WIMP masses.

The differential γ-ray fluxes (multiplied by E2) for the simulated MW-mass host halos

and their DM subhalos are shown with dashed lines in Fig. 3.7. The left and right

2See DarkSUSY user manual for a full description of all functions and routines;
https://darksusy.hepforge.org/pdf/Manual.pdf
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columns show the same results, but assuming different c−M relations, the L16 on the

left and the D19 relation on the right. Again, we show results separately for the host

halos in the hydro (blue) and DMO simulations (red), as well as for all substructure

(i.e., sum over all DM subhalos) in the respective simulations (gold lines for hydro

and purple for DMO). In this figure we assume that the DM particle is a WIMP with

mass mχ = 1 TeV, but below we also investigate different DM particle masses. We also

explore the annihilation via three different channels: bb (top rows), tt (middle) and τ+τ−

(bottom). In all panels, the solid black lines indicate the predicted flux sensitivities for

a nominal 50 hour observation with the North3 site of the CTA (that is, any fluxes above

these lines may be detectable).

We discuss first the detectability of the signal from MW-mass hosts. From Fig. 3.7 it

is clear that the MW-mass halos in the simulations with baryons lead to a higher flux

sensitivity than their DMO counterparts (compare blue and red dashed lines). This is

true for all annihilation channels and across all energies examined here. The higher

flux sensitivities of hydro main halos are just the result of their higher DM densities

in these halos (caused by adiabatic contraction, as discussed before), which leads to an

increase of their fluxes all the way through their flux sensitivities. The choice of the

c−M relation also has an effect on the differential γ-ray fluxes, for example the D19

relation leads to an increase by a factor of ∼ 10 over the L16 relation. This is because

the D19 c−M relation provides a larger boost factor, as shown in Fig. 3.2.

This figure also implies a 50-hour observation with the CTA towards the centre of the

Milky Way is sensitive enough to detect a DM annihilation signal, if this signal occurs

at energies between ∼ 20 GeV −1 TeV, in one of three annihilation channels examined

here.

The median differential γ-ray fluxes of substructure do not show significant differences

between the hydro and DMO runs (compare the gold and purple lines in Fig. 3.7), in

contrast with what it was found for the main halos. This suggests that baryonic effects

are not important in this case. Interestingly the detectability of differential γ-ray fluxes

from (the stacked) DM subhalos depends crucially on the type of annihilation channel

3We checked that the results for the South site of the CTA are similar.
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and energy range surveyed, while the predictions also depend strongly on the assumed

c−M relation. For example, assuming the L16 relation, the differential γ-ray fluxes via

the bb and tt channels lie below the sensitivity limit of the 50-hour CTA observation

(and only slightly so for the energy range ∼ 100 − 300 GeV). On the other hand, for

the τ+τ− annihilation channel the differential flux lies above this CTA sensitivity limit,

albeit only for a small energy range, of ∼ 200− 700 GeV.

In the case of substructure, adopting the D19 relation4 leads to an increase by a factor

of ∼ 5 in the (stacked) DM subhalo differential γ-ray fluxes, compared with using

the L16 relation. This increase improves the detectability of the substructure signal

significantly, now the signal being generally either on or slightly above the CTA North

50 hour detection limit, e.g. around the 10−20 GeV energy range in the case of bb and

tt channels and over 10 GeV− 1 TeV range in the case of τ+τ− (in the latter case, with

increased sensitivity also). It is plausible that an increase in the observing time of the

CTA could improve the detectability of these signals even more.

So far we have focused on a fixed DM particle mass of mχ = 1 TeV, to exemplify the

expected variations in detectability by in different annihilation channels and by chang-

ing the assumed c−M relation. However, the range of plausible WIMP masses is rather

large in theory. Below we investigate how different mχ values affect the detectability

of the annihilation signal, using the same nominal CTA North 50-hour observing time.

Specifically, we use three additional values of mχ, of 500 GeV, 10 TeV and 100 TeV.

These choices are made to exemplify how predictions change with different assumed

particle masses, and therefore are not unique (the predictions will change in detail, but

not in terms of the general trends if other similar values are chosen). The effects on the

differential γ-ray fluxes for these three different WIMP masses are shown in Fig. 3.8.

As in Fig. 3.7, we examine the role of the c−M relation separately, by adopting the L16

relation in the left column and the D19 one in the right column, respectively.

First, as mχ increases the differential flux sensitivity decreases. As in Fig. 3.7, the

annihilation signal from the main MW-mass halos is above the CTA 50h sensitivity

4Although we focus here on the D19 c−M relation, we note that other choices of the c−M relation
will give similar results, for example the B01 relation, which generates similar boost factors as D19 (see
Fig. 3.2).
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FIGURE 3.7: Left panels: Differential γ-ray flux sensitivity (×E2) for WIMPs of mass
mχ = 1 TeV, annihilating with 〈σv〉 = 3 × 10−26 cm3 s−1 into various channels (top
panel shows the bb̄ channel; middle: tt̄; and bottom: the τ+τ− channel). The dashed
lines represent the median differential γ-ray flux for the boosted host halos in the DMO
run (red), host halos in the hydro run (blue), summed DM subhalos in the DMO run
(purple) and the summed DM subhalos in the hydro run (gold). The solid black line
shows the predicted flux sensitivity for a 50 hour observation with the North site of the

CTA. Right panels: Same as on the left panels, but using the c−M (D19) relation.
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limit, regardless of the particle mass and/or choice of c−M relation. The signals from

the stacked DM subhalos are below the limit of CTA detection when using the L16

relation. However, using the D19 relation improves again the detectability, leading to

a possible detection for mχ = 500 GeV around the 10 GeV energy range via the bb̄

channel, and for a mχ = 10 TeV particle around the 1 TeV range via the tt̄ channel.

The τ+τ− channel does not lead to a possible detection of substructure for the mχ values

studied here.

As we have shown above, the detectability of a DM annihilation signal depends sensi-

tively on a number of factors. Besides the annihilation luminosity and flux discussed

in Sections 3.3 and 3.4, the properties of the DM particle (e.g., its mass) and the spe-

cific (CTA) instrumental limitations play an important role. The unknown mass of the

WIMP is a cause of uncertainty when predicting a DM annihilation signal, causing the

detection energy range to vary by several orders of magnitude (see Fig. 3.8). One of

the largest uncertainties in the detectability of DM indirect detection predictions comes

from the assumed c−M relation in computing the boost factors of the unresolved sub-

structure. We have shown that varying the c−M relation can change the differential

γ-ray flux by a factor of ∼ 10 in the case of the main MW halo or by a factor of ∼ 5 in

the case of the substructure. For some models, and specifically for subhalos, it makes

the difference between being detectable or undetectable.
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FIGURE 3.8: Left panels: The differential γ-ray flux sensitivity (×E2) for WIMPs of
masses mχ = 500 GeV, 10 TeV and 100 TeV, respectively. All panels correspond to
annihilations in the bb̄ channel and assuming 〈σv〉 = 3 × 10−26 cm3 s−1. All lines
have the same meaning as in the left panels of Fig. 3.7. Right panels: Same as on the

left, but for the c-M (D19) relation.
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3.6 Conclusions

Using a large suite of cosmological simulations of the formation of MW-mass systems

(ARTEMIS), we have investigated the prospects of indirect DM detection in the GCs

of these DM halos and in their neighboring DM subhalos by the upcoming CTA. Hav-

ing at our disposal samples of MW-mass DM halos and subhalos followed both with

hydrodynamics and only with dynamics of DM, we were able to estimate the role of

baryonic physics in the detectability of the DM annihilation signal, studying its effects

on the annihilation luminosities and fluxes, as well as on the γ-ray flux sensitivity with

CTA. We studied the limits of main MW-mass halos and substructure separately in hy-

dro and DMO simulations, the changes induced by different assumed c−M relations in

the calculations of boost factors, and the effect of different annihilation channels and of

different WIMP particle masses. Our main findings are:

1. The baryonic physics matters most for the prospects of the detectability in the

main MW-mass DM halos (i.e., the centre of the Milky Way). In particular, the

hydro simulations obtain higher DM annihilation luminosities and fluxes for the

main halos compared with the DMO simulations. This is because baryons in-

duce adiabatic contraction of DM halos leading to higher central densities. This

highlights the importance of using hydrodynamical simulations for predictions of

signals at the GC. For the DM substructure, the inclusion of baryons does not

change the magnitude of individual annihilation luminosities or fluxes of DM

subhalos, but it has the effect of reducing the abundance of surviving subhalos,

thus lowering the overall (stacked) signal.

2. We have estimated the DM annihilation fluxes inside half-light radii for the sim-

ulated DM subhalos that contain baryons and found that the results are compa-

rable to previous predictions for local dwarf galaxies in the Milky Way that used

observed values of half-light radii and analytical modeling. Specifically, obtain-

ing DM subhalo fluxes of ∼ 108 − 1013 M2
� kpc−5 (∼ 1014 − 1019 GeV2 cm−5).

More massive subhalos that are nearby have the highest fluxes. There is also a

wide degeneracy between the masses of DM subhalos and their distances from
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the observer in the intermediate flux range. Note, however, that no individual DM

subhalo has a sufficiently stronger γ-ray flux to be detected on its own, rather the

strategy for substructure need to include a global approach, e.g. by stacking the

signal.

3. Using the current estimates of CTA flux sensitivity for a 50-hour observing time,

and assuming a WIMP mass of 1 TeV, we find that the detector would be sensitive

enough to detect the DM annihilation signal from the main MW DM halo via

either bb, tt or τ+τ− annihilation channels, in the energy range of ∼ 20 GeV

−1 TeV. The predicted signal depends on the assumed c−M relation, with the

D19 relation giving higher annihilation fluxes (by a factor of ∼ 10) than the L16

one (although both signals are above the estimated CTA detection limit).

4. The detectability of the DM annihilation signal from the (summed) DM sub-

structure (using a fixed WIMP mass of 1 TeV), depends strongly on the assumed

c−M relation, in some cases making the difference between the substructure be-

ing detected or not. Assuming the L16 relation, the signal lies below the sen-

sitivity limit of CTA (although it can become detectable in the energy range of

∼ 100 − 300 GeV via the bb and tt channels if the CTA observing time were

to be increased). For the τ+τ− annihilation channel the differential γ-ray flux

above the CTA sensitivity limit for a small energy range of ∼ 200− 700 GeV. If

CTA were to observe for a longer period the boosted subhalo may be detectable at

∼ 100 GeV for all annihilation channels. Interestingly, however, if one assumes

the D19 relation (or any other similar relation that provides higher boost factors),

the signal from the DM substructure has better chances of being detected by CTA.

In particular, for a WIMP mass of 1 TeV, the signal may be detected around 10

GeV in the bb or tt channels.

5. We have explored also how the predicted signal changes with other WIMP masses,

i.e., mχ = 500 GeV, 10 TeV and 100 TeV. In all cases, and for all annihilation

channels, the signal from the main MW-mass halos remains above the CTA de-

tectability limit. For substructure, however, the predictions depend sensitively
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on mχ, with less energetic particles (i.e., / 10 TeV) being (just marginally) de-

tectable by CTA.

3.7 Appendix

3.7.1 The γ-ray spectrum using DarkSUSY

Fig. 3.9 shows the γ-ray spectrum dNγ/dE computed with the DarkSUSY package, for

three annihilation channels. For each channel, we also show results for different choices

of the WIMP mass, specifically for mχ = 500 GeV, 1 TeV, 10 TeV and 100 TeV. For all

three annihilation channels the spectrum shifts to lower WIMP yields at high energies

as the value of mχ is increased.
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FIGURE 3.9: The γ-ray spectrum dNγ/dE for varying WIMP masses, mχ from
500 GeV −100 TeV, computed with DarkSUSY. From top to bottom we show results

for the different annihilation channels: the bb̄, tt̄ and τ+τ− channels, respectively.



Chapter 4

Conclusions and future directions

4.1 Summary

The aim of this thesis has been to make a meaningful contribution towards the under-

standing of the impact of baryons and uncertainties involved with direct and indirect

DM detection experiments. The necessity to understand and model the uncertainties as-

sociated with both direct and indirect DM detection is essential to increase our chances

of detecting DM. Additionally, understanding the role the baryons physics plays in cos-

mological simulations allows for more precise predictions of a DM annihilation signal.

The positive detection of DM will lead to a new era in physics and astrophysics, ad-

vancing our understanding of the Universe on all scales.

In Chapter 1, the context of the work in this thesis was introduced. Initially, the current

standard model of cosmology, ΛCDM, is explained. This was followed by an introduc-

tion to DM, briefly describing the observations supporting its existence. The constraints

that a DM particle candidate had to satisfy were discussed and several contenders ex-

amined, including WIMPs. Both direct and indirect DM detection techniques were then

explored. Finally, a brief discussion of cosmological simulations allowed the introduc-

tion of the ARTEMIS simulations, which are used in this thesis.

102
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4.1.1 Direct detection

In Chapter 2, the uncertainties associated with DM direct detection experiments were in-

vestigated. DM direct detection experiments 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 and velocity distribution function. While astrophysi-

cal observations can inform the former (in a model-dependent way), the latter is not di-

rectly accessible with observations. Using the high-resolution ARTEMIS cosmological

hydrodynamical simulation suite of 42 Milky Way-mass halos to explore the spatial and

kinematical distributions of the DM in the solar neighbourhood, how these quantities are

influenced by substructures, baryons, the presence of dark discs, as well as general halo-

to-halo scatter (cosmic variance) were investigated. Using these results, estimations of

the uncertainties in the WIMP cross-section limits for the LZ and XENON1T direct de-

tection experiments, under the assumption of a WIMP-nucleon spin-independent elastic

scattering were made. The main results are described below:

• The range in local parameters, ρ0, v0, vesc, in the ARTEMIS simulations were

studied to inform how the SHM should be implemented in direct detection tech-

niques. These values were found to be generally in good agreement with obser-

vations, within the observational uncertainties. The most influential local pa-

rameter, ρ0 (typically assumed to be 0.3 − 0.4 GeV cm−5), ranges between

0.15− 0.48 GeV cm−5 and 0.10− 0.38 GeV cm−5 in the hydro and DMO sim-

ulations respectively (see Fig. 2.2). The increased values of ρ0 in the hydro

simulations relative to the DMO simulations are likely to be caused by adiabatic

contraction due to the presence of baryons.

• Generally, the local DM velocity distribution is assumed to be a simple Maxwellian

distribution and is adopted in the SHM. The median local DM velocity distribu-

tion determined from the ARTEMIS simulations is relatively well described by

a Maxwellian for the hydro halos, but less so for the DMO halos (see Fig. 2.3).

The adiabatic contraction in the presence of baryons causes an increase in the

peak velocities, v0, with the hydro halos v0 typically 30 kms−1 higher than their

DMO counterparts.
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• Substructures, such as subhalos and streams, can pass inside the solar neighbour-

hood (Fig. 2.6) influencing the DM detectability rates. However, this does not of-

ten occur in the cosmological context for relatively high-mass substructures and

therefore are unlikely to significantly affect direct detection rates. Dark discs,

however, are found in a relatively large proportion of the ARTEMIS hydro halos.

A conservative estimate is, ≈ 15% of our sample has dark discs, but the fraction

can be as high as ≈ 36% (Fig. 2.11) depending on how one defines a dark disc.

The presence of dark discs increases the local DM density, ρ0, and can also lead

to significant deviations from Maxwellian velocity distribution.

• The enhanced DM densities and peak velocities in hydro simulations relative to

DMO simulations lead to higher differential scattering rates in the former when

adopting the SHM. Therefore, the hydro simulations have lower exclusion lim-

its on the WIMP-nucleon cross-section (Fig. 2.14). In addition, the halo-to-halo

scatter in the implied exclusion limits (due to scatter in the density and veloc-

ity distributions) is relatively large; typically by a factor ≈ 1.5 and increasing

towards lower WIMP masses. The halo-to-halo scatter in the exclusion lim-

its is only slightly smaller than the experimental uncertainties on the published

XENON1T and LZ (projected) direct detection limits. In fact, at low WIMP

masses (< 20 GeV c−2) the simulation-based scatter typically exceeds the exper-

imental uncertainty. Using these results we can conclude that the astrophysical

systematic uncertainties should be included as part of the overall error budget for

DM direct detection experiments. This is very important both for deriving a con-

servative estimate on the cross-section limits and for when comparisons are made

to constraints on DM properties derived from indirect and collider searches.

• Rather than adopting a Maxwellian velocity distribution from the SHM, we found

that an empirical form for f(~v) slightly lowers the exclusion limits. The most sig-

nificant difference is seen at WIMP mass < 100 GeV c−2 (Fig. 2.15). This sug-

gests that the use of a Maxwellian form in the SHM generally puts a conservative

limit on the exclusion limits compared with a more realistic model for the velocity

distribution at masses of < 100 GeV (at higher masses, the opposite is true). This
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shows that any slight deviation from a Maxwellian affects the predicted exclusion

limits, increasing uncertainly in DM direct detection models.

4.1.2 Indirect detection

After investigating DM direct detection, DM indirect detection was explored in Chap-

ter 3. Here, the effect baryons have on the detection of DM via self-annihilation using

Milky Way-like galaxies from the ARTEMIS simulations, as well as their respective

subhalos (dwarf galaxies) was studied. The focus was on the annihilation luminosities

and fluxes from host and subhalos for DMO and hydro cases, and whether the resulting

annihilation signature would be detectable by the CTA, a next-generation IACT. The

importance of unresolved substructure for the smooth (unboosted) annihilation lumi-

nosities and fluxes by employing a ‘boost’ factor was also investigated, as well as the

associated uncertainties. The main results are described below:

• The baryonic physics matters most for the prospects of the detectability in the

main MW-mass DM halos (i.e., the centre of the Milky Way). In particular, we

find that the hydro simulations obtain higher DM annihilation luminosities and

fluxes for the main halos compared with the DMO counterparts. This is caused

by the baryons inducing adiabatic contraction of DM halos, which leads to higher

densities in the centre of the halos. This highlights the importance of using hy-

drodynamical simulations for predictions of signals at the GC. For the DM sub-

structure, the inclusion of baryons does not change the magnitude of individual

annihilation luminosities or fluxes of DM subhalos, but it does have the effect of

reducing the abundance of surviving subhalos, thus lowering the overall (stacked)

DM annihilation signal.

• We have estimated the DM annihilation fluxes within the half-light radii for the

simulated DM subhalos that contain baryons and found that the results are com-

parable to previous predictions for local dwarf galaxies in the Milky Way that

used observed values of half-light radii and analytical modeling. Specifically,

we find that the DM subhalo fluxes are in the range of ∼ 108 − 1013 M2
� kpc−5
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(∼ 1014 − 1019 GeV2 cm−5). The more massive a subhalo is and the closer it is

to an observer/detector, the higher the fluxes. There is also a wide degeneracy

between the masses of DM subhalos and their distances from the observer in the

intermediate flux range. However, we find that no individual DM subhalo has a

sufficiently stronger γ-ray flux to be detected on its own, rather we advocate that

the strategy for detecting a DM annihilation signal from substructure requires a

global approach, e.g. by stacking the signal.

• Using the current estimates of CTA flux sensitivity for a 50-hour observing time,

and assuming a WIMP mass of 1 TeV, we find that the detector would be sensitive

enough to detect the DM annihilation signal from the main MW DM halo via

either bb, tt or τ+τ− annihilation channels, in the energy range of ∼ 20 GeV

−1 TeV. The predicted signal depends on the assumed c−M relation, with the

D19 relation giving higher annihilation fluxes (by a factor of ∼ 10) than the L16

one, this is due to D19 prediction of higher concentrations (although both signals

are above the estimated CTA detection limit).

• The detectability of the DM annihilation signal from the (summed) DM substruc-

ture (using a fixed WIMP mass of 1 TeV), depends strongly on the assumed c−M

relation, in some cases making the difference between the signal originating from

the substructure being detected or not. Assuming the L16 relation, the signal

lies below the sensitivity limit of CTA (although it can become detectable in

the energy range of ∼ 100 − 300 GeV via the bb and tt channels if the CTA

observing time were to be increased). For the τ+τ− annihilation channel the

differential γ-ray flux above the CTA sensitivity limit for a small energy range of

∼ 200−700 GeV. If CTA were to observe for a longer period the boosted subhalo

may be detectable at∼ 100 GeV for all annihilation channels. Interestingly, how-

ever, if one assumes the D19 relation (or any other similar relation that provides

higher boost factors), the signal from the DM substructure has better chances of

being detected by CTA. In particular, for a WIMP mass of 1 TeV, the signal may

be detected around 10 GeV in the bb or tt channels.



Conclusions: Future directions and implications 107

• We have also explored how changes in the mass of the WIMP effects the anni-

hilation signal, i.e., mχ = 500 GeV, 10 TeV and 100 TeV. For all WIMP masses

investigated, and for all annihilation channels, the signal from the main MW-mass

halos remains above the CTA detectability limit. For substructure, the predictions

depend sensitively on mχ, with less energetic particles (i.e., / 10 TeV) being (just

marginally) detectable by CTA.

4.2 Future directions and implications

The results of this thesis play a very important role in our effort to understand DM and

its detection, both directly and indirectly.

Since the completion of the work presented in Chapter 2, three Milky Way-like halos

have been added to the ARTEMIS suite of simulations. As mentioned in Section 2.2.1,

the stellar masses of the ARTEMIS Milky Way-like galaxies are on the lower end of its

observed mass range, including these three newly generated halos would populate the

higher stellar masses, possibly improving our predictions.

As discussed in Section 2.3.2, the impact of substructure on the direct detection of DM

in the solar neighbourhood is of great importance. The increased DM density that may

be provided by a DM clump or stream is likely to increase the DM detection signal.

With observations of the Milky Way becoming more precise, new structures are being

discovered, such as the Sagittarius stream, the Gaia sausage, Nyx stream, and the S1

and S2 streams, all of which may increase DM detection probabilities. Future obser-

vations from Gaia and others are likely to detect more of these features in the Milky

Way and solar neighbourhood. Ever-advancing direct detection experiments with their

increased sensitivity, in particular those directional experiments, are forever improving

the chances of a positive DM detection.

When completed, the CTA will play an extremely important role in exploring the cur-

rently inaccessible energies for detecting some of the best-motivated WIMP models.

Searches for a DM annihilation signal in the form of γ-rays from both the Galactic
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Centre and satellite galaxies are a key target for the project. Based on the work in this

thesis, their current γ-ray sensitivity predictions are on the borderline of being able to

positively detect a DM annihilation signal from Milky Way satellite galaxies. Going

forward, if CTA wishes to improve its chances of positive detection of DM in either the

Galactic Centre or the Milky Way satellites, one possibility would be for it to increase

its planned 50 hours of observation time.

With the advancement of direct and indirect detection experiments and the ever-improving

constraints placed on the physical properties of DM, in particular the WIMP, the way

in which the experimental and astrophysical uncertainties are handled is of great im-

portance. As shown in this thesis, a key point that must be emphasised is that the

predictions made by these experiments are based on models with a significant degree of

uncertainty and several assumptions about the nature of DM, all of which must be taken

into account. If not handled correctly, these uncertainties may cause direct detection

experiments to insufficiently probe the WIMP parameter space.

Within the next 10 years we should have a definitive answer to the question; is DM a

WIMP-like particle? Both direct and indirect detection experiments will be hitting the

limits on the WIMP parameter space having explored all realistic particle masses and

energies. For example, the planned forthcoming XENONnT (Aprile et al., 2020) and

DARWIN (Aalbers et al., 2016) direct detection experiments will explore WIMP cross-

section limits beyond the neutrino discovery limit, at which point any DM signal would

be indistinguishable from the signal produced by coherent neutrino scattering. With the

possibility of a high mass DM particle candidate looking less likely, the low mass end

of the parameter space is being tested. In particular, the recent interest in axion DM

is gathering pace, with the Axion Dark Matter eXperiment (ADMX) (Du et al., 2018)

searching for microwave photons emitted from the local galactic DM halo.

To this day, the nature of DM remains the biggest unsolved mystery in astrophysics.

The work in this thesis has added to our understanding of how to model and predict the

wide range of uncertainties in our attempt to detect the elusive DM particle.
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Bienaymé O., et al., 2014, Astronomy & Astrophysics, 571, A92

Billard J., Riffard Q., Mayet F., Santos D., 2013, Physics Letters, Section B: Nuclear,

Elementary Particle and High-Energy Physics, 718, 1171

Bland-Hawthorn J., Gerhard O., 2016, ARA&A, 54, 529

Blumenthal G. R., Faber S. M., Flores R., Primack J. R., 1986, The Astrophysical

Journal, 301, 27

Bode P., Ostriker J. P., Turok N., 2001, The Astrophysical Journal, 556, 93

Bond J. R., Kofman L., Pogosyan D., 1996, Nature, 380, 603

Borgani S., Masiero A., Yamaguchi M., 1996, Physics Letters B, 386, 189

Bose S., et al., 2017, Monthly Notices of the Royal Astronomical Society, 464, 4520

Bovy J., Rix H. W., 2013, The Astrophysical Journal, 779, 115

Bovy J., Tremaine S., 2012, The Astrophysical Journal, 756, 89

Boylan-Kolchin M., Bullock J. S., Kaplinghat M., 2011, Monthly Notices of the Royal

Astronomical Society, 415, L40

Boylan-Kolchin M., Bullock J. S., Kaplinghat M., 2012, Monthly Notices of the Royal

Astronomical Society, 422, 1203

Bozek B., Boylan-Kolchin M., Horiuchi S., Garrison-Kimmel S., Abazajian K., Bullock

J. S., 2016, Monthly Notices of the Royal Astronomical Society, 459, 1489

http://dx.doi.org/10.1140/epjc/s10052-008-0662-y
https://ui.adsabs.harvard.edu/abs/2008EPJC...56..333B
http://dx.doi.org/10.1140/epjc/s10052-013-2648-7
http://dx.doi.org/10.1016/j.physrep.2004.08.031
https://ui.adsabs.harvard.edu/abs/2005PhR...405..279B
http://dx.doi.org/10.1086/322526
https://ui.adsabs.harvard.edu/abs/2001ApJS..137....1B
http://dx.doi.org/10.1103/PhysRevD.74.063509
https://ui.adsabs.harvard.edu/abs/2006PhRvD..74f3509B
http://dx.doi.org/10.1051/0004-6361/201424478
http://dx.doi.org/10.1016/j.physletb.2012.12.037
http://dx.doi.org/10.1016/j.physletb.2012.12.037
http://dx.doi.org/10.1146/annurev-astro-081915-023441
https://ui.adsabs.harvard.edu/abs/2016ARA&A..54..529B
http://dx.doi.org/10.1086/163867
http://dx.doi.org/10.1086/163867
https://ui.adsabs.harvard.edu/abs/1986ApJ...301...27B
http://dx.doi.org/10.1086/321541
https://ui.adsabs.harvard.edu/abs/2001ApJ...556...93B
http://dx.doi.org/10.1038/380603a0
https://ui.adsabs.harvard.edu/abs/1996Natur.380..603B
http://dx.doi.org/10.1016/0370-2693(96)00956-2
https://ui.adsabs.harvard.edu/abs/1996PhLB..386..189B
http://dx.doi.org/10.1093/mnras/stw2686
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.4520B
http://dx.doi.org/10.1088/0004-637X/779/2/115
http://dx.doi.org/10.1088/0004-637X/756/1/89
http://dx.doi.org/10.1111/j.1745-3933.2011.01074.x
http://dx.doi.org/10.1111/j.1745-3933.2011.01074.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415L..40B
http://dx.doi.org/10.1111/j.1365-2966.2012.20695.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20695.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.422.1203B
http://dx.doi.org/10.1093/mnras/stw688
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.1489B


Bibliography 112

Bozorgnia N., Bertone G., 2017, International Journal of Modern Physics A, 32,

1730016

Bozorgnia N., et al., 2016, J. Cosmology Astropart. Phys., 2016, 24

Bozorgnia N., Fattahi A., Frenk C. S., Cheek A., Cerdeño D. G., Gómez F. A., Grand
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