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Abstract

The nature of dark matter remains one of the most significant problems in modern physics.
One candidate hypothesis with strong theoretical motivation is a WIMP (Weakly Interact-
ing Massive Particle) in the form of the supersymmetric neutralino. Although this lacks
experimental evidence, supersymmetry may manifest in collider experiments and also has
observable consequences in the emission of annihilation products from cosmic structures
which would play host to large neutralino densities. Historically, interest has been focussed
upon the direct detection of WIMPs, as well as indirect observation through ~-rays pro-
duced by pair-annihilation processes. In this work we present a detailed argument for a
multi-frequency observational strategy. We motivate this by studying the redshift evolution
of radio synchrotron radiation emitted by WIMP annihilation-product electrons. In so doing,
we demonstrate the potential power of the SKA to probe the neutralino parameter space,
being able to produce constraints several orders of magnitude better than current limits and
distinguish between differing neutralino masses and annihilation channels. Furthermore,
we motivate the SKA as a machine to study dark matter by discussing its ability to charac-
terise cosmic magnetic fields through rotation measures and polarimetry, as well as resolve
between non-thermal emissions produced by dark matter and those resulting from strictly
baryonic processes, like star formation. These technical capabilities obviate the central
uncertainties in the study of synchrotron radiation. Additionally, we highlight optimal labo-
ratories for neutralino detection via the SKA, based on structures that might produce dark
matter emissions with lower background synchrotron radiation. In particular we highlight
galaxies and galaxy clusters at redshifts z ~ 1 and local dwarf spheroidal galaxies. Finally,
we demonstrate the potential of X-rays, through the ASTRO-H mission, to compliment the
SKA in a multi-frequency search. We then demonstrate our multi-frequency approach in
the analysis of several prominent claims of signals compatible with dark matter-induced
emissions. Showing that models designed to account for the AMS-2/Fermi/PAMELA anti-
particle and galactic centre y-ray excesses are incompatible with existing data as well as
demonstrating that a dark matter interpretation of the Reticulum-2 ~-ray excess is untenable
for a wide range of dark matter particle masses.
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Chapter 1

Introduction

Dark matter (DM), originally hypothesised in the 1930’s, by Jan Oort and Fritz Zwicky, to
explain the orbital velocity of galaxies in clusters [1], has remained elusive ever since.
Despite a lack of evidence as to the nature of dark matter itself, there is an abundance of
modern astrophysical evidence [2, 13, 4} 5], 6] indicating its presence. Namely gravitational
lensing, galaxy rotation curves, galaxy cluster masses, and cosmic microwave-background
anisotropy data. All of which suggests that the majority of the matter content within the
universe is in the form of dark matter and that this plays a vital role in the evolution of
structure within the universe. The fact that all of this evidence is gravitational explains the
lack of success in unmasking dark matter, as it does not allow us to learn any more detail
about the behaviour of the bodies that might constitute it. This is problematic, as without
some knowledge of its nature, dark matter remains merely a label attached to a set of
anomalous phenomena, such nomic designations being empty of explanatory power.

Therefore, the nature of dark matter remains a major hiatus in the understanding of
modern physics. Which has resulted in many contending models being proposed to ac-
count for this deficiency [7}, 18l 19, [10, (11}, [12, 113} [14, [15]. As well as many methods of both
direct and indirect detection proposed [16],[17,[18,[19], and existing searches for dark matter
candidates [20} 21], 22} 23] [125] being conducted. Dark matter forms a crucial component
of the current cosmological framework, the so-called A-CDM model, as without the con-
jectured presence of dark matter, models based in the general theory of relativity cannot
account for the state of the universe as we find it. Thus, the hunt for dark matter is one
of the great scientific endeavours of our time, as its presence, or lack thereof, both stand
to launch our understanding of the structure of the universe to unprecedented heights. In
this work we focus upon one popular cold Weakly Interacting Massive Particle (WIMP) DM
candidate: the so-called “neutralino”, being the lightest particle from the minimal supersym-
metric extension of the standard model (MSSM).

The neutralino is the lowest mass particle introduced by a minimal model of super-
symmetry, a conjecture that particles occur in super-multiplets, often summarised as every
boson is paired with a fermion and vice-a-versa (although it is more complicated). Un-
der supersymmetry transformations all of the quantum numbers are preserved, barring
the spin, which is changed by one half. Thus, a super-multiplet is a collection of parti-
cles related by supersymmetry transformations and differing only in their spins. Since the
quantum numbers of the Higgs boson, photon, and Z boson are identical and all have a
possible super-partner with the same quantum numbers and spin half, super-positions of
these states will form a collection of “neutralino” mass eigenstates, with the lowest mass
eigenstate being the neutralino of interest. Significantly, supersymmetry has the potential
to cure many of the ills of the standard model, particularly issues of “naturalness” and “fine-
tuning” [25] where only specific inexplicable choices of otherwise free parameters produce
acceptable models. The neutralino forms an attractive model because it is neutral, weakly-
interacting, and has viable mechanisms for the production of a thermal relic population [7].
Additionally, while there is currently no experimental evidence in favour of supersymme-
try, supersymmetric effects may manifest unambiguously in collider experiments. With this



in mind, it seems that dark matter should be stalked exclusively within the confines of
particle accelerators or direct scattering experiments. However, the possibility of indirect
detection through astrophysical signatures remains a promising alternative, as the weakly
interacting nature of the neutralino allows for mutual pair annihilation to produce a host
of standard model particles which may then be ejected as cosmic rays or instead subse-
quently emit radiation themselves. Notably, neutralinos might annihilate to neutral pions
which then decay into high-energy ~-rays. Such a WIMP might also annihilate into elec-
trons/positrons, formed either directly or from charged pion decay, which subsequently pro-
duce synchrotron, inverse-Compton, or bremsstrahlung radiation in the highly magnetised
environment of cosmic structure. This would result in non-thermal emissions, character-
istic of the dark matter particle, from any structure that played host to a concentration of
such particles. Additionally, the increasing sensitivity of astronomical measurements and
the limitations of current ground-based direct detection experiments combine to elevate in-
direct detection methods to new levels of competitiveness when it comes to setting limits
on the nature of dark matter.

In recent literature on indirect astrophysical detection, strong limits on possible WIMP
models have been set by the study of the Cosmic Microwave Background (CMB) with the
Planck satellite [26], 27], ~v-ray studies of dwarf galaxies with the Fermi-LAT [28], 129, 30], as
well as studies of radio emission in dwarf galaxies with the Australian Telescope Compact
Array (ATCA) [31]. In addition to these limits there have also been several recent claims
of the detection of excess signals compatible with WIMP-based emissions. Particularly
from Fermi-LAT observations of the galactic centre, and PAMELA anti-proton excesses [32,
33| [34] which favour a neutralino with a mass of 35 GeV and cross-section (cV) ~ 3 x
1025, These excesses are contentious, with several arguments for their existence without
inference of a dark matter origin [35, 36}, 137, 38} [39]. There are also the PAMELA and
Alpha Magnetic Spectrometer (AMS) positron excesses [40, 41], which favour a neutralino
with mass O(TeV) and a cross-section (oV) ~ 3 x 1072* cm?3 s~! in order to reproduce
observations via secondary anti-particle production [42], although the authors note this
could also be explained via an unresolved pulsar population. Additionally, there is the
claimed ~-ray excess from Fermi-LAT observations of the dwarf galaxy Reticulum-2 [43]
purporting a 2.3¢0 excess above the background. Best-fit models in this case are ones
with a mass around 40 GeV and (oV) ~ 3 x 10726 cm? s~ [44], however this is subject
to uncertainties about the structure of this dwarf galaxy and is in some conflict with limits
derived from Fermi-LAT observations of dwarf galaxies which included Reticulum-2 in the
analysis [29]. Finally, there is the model derived from re-analysis of the AMS-2 positron
data [45], arguing the excess to be compatible with DM models with cross-sections ~ 2 —
8 x 10726 cm? s~! and masses in the range 51 — 140 GeV, depending on the annihilation
channels studied.

All of the aforementioned dark matter models and limits are drawn from widely differing
forms of observation. However, the universality of dark matter suggests that the conse-
quences of any purported model should appear consistently across the spectrum in any
environment that hosts large concentrations of dark matter particles. In order to study the
diverse consequences of neutralino dark matter and ensure the resulting models are con-
sistent with observations of any source that may play host to it, we will use this work to
advocate a multi-frequency strategy for hunting dark matter. In order to justify this we will
begin by arguing for the power of upcoming radio experiments, like the Square Kilometer
Array (SKA), to hunt for neutralino-induced synchrotron emissions. We then supplement
this with a study of the prospects of the ASTRO-H [46] X-ray satellite mission and demon-
strate our multi-frequency approach in the comparison of excess-compatible dark matter
models with available multi-frequency data.

While many authors have previously studied the high-energy products of WIMP pair an-
nihilation [47, 48, 149, [50, [51], 52| 53| 54, 55], there has been some recent interest in the
possibility of detecting radio emission resulting from the annihilation products of such par-
ticles [56, 57,158, 59, 160, [61]. WIMP-induced radio emission takes the form of synchrotron
radiation, which comes with the difficulty of disentangling the effects of the WIMP-produced
electron spectrum and the magnetic field itself. This makes the accuracy of magnetic field



models, and characterisation of electron diffusion, within prospective radio sources highly
important. This has commonly been seen as one of the central problems with radio dark
matter detection and explains the bias towards ~-ray astronomy in this regard. However,
experiments like the SKA, with the capability to do polarimetry and Faraday-rotation stud-
ies in order to characterise magnetic field structure [62, |63], are capable of obviating this
difficulty. Moreover, the angular resolution of the SKA will open the possibility of obviating
confusion between dark matter synchrotron radiation and strictly baryonic sources of such
non-thermal emission. These points will be central to our motivation of the SKA as a vital in-
gredient in the continuing hunt for the nature of dark matter, particularly as a component of
a multi-frequency strategy. We will motivate our argument for the SKA as a dark matter ma-
chine by studying the synchrotron emissions from a wide array of dark matter halo masses
out to large redshifts. This will demonstrate that the SKA has the capability to observe dark
matter-induced radio emissions and we highlight local dwarf galaxies and galaxy clusters
at z ~ 1 as optimal detection laboratories. The potential constraints that the SKA can pro-
duce in an optimistic scenario are shown to be up to four orders of magnitude below the
thermal relic density limit [7]. Both dwarf galaxies and high redshift clusters are structures
that limit the possible synchrotron confusion, however, a multi-frequency strategy will be ar-
gued for as a means to obviate confusion with baryonic emission due to star formation etc.
Significantly we will also use the SKA’s ability to do polarimetry and rotation measures as
motivation, as it can characterise magnetic fields with the same observations that hunt for
dark matter. Moreover, the SKA is expected to have great power to characterise magnetic
fields and is very well placed to measure regions of the WIMP/neutralino-induced spectra
that are sensitive to variations in mass and annihilation channel. Additionally, by using pro-
jected sensitivity of the SKA [64] the optimal observation frequency for neutralino hunting
in radio is shown to be ~ 1 GHz.

It has already been suggested that neutralino annihilation can result in electrons that
produce radio-frequency synchrotron emission. However, these electrons can also result
in inverse-Compton scattering of Cosmic Microwave Background photons [56]. Moreover,
neutralinos annihilating into neutral pions produce ~-rays through the subsequent pion de-
cay. This means that neutralinos produce observable consequences in frequencies from
radio, through X-rays to v-rays, making multi-frequency observation an excellent way to
produce complementary or combined constraints on the properties of the neutralino. Impor-
tantly, we find that the signatures of the neutralino mass and dominant annihilation channel
to be apparent in the each of the possible emission spectra, making multi-frequency char-
acterisation a particularly powerful consistency check on any purported neutralino identi-
fication. Effects like star-formation, which stand to confuse neutralino detection in radio,
or active galactic nuclei which emit in X-rays and ~-rays can be obviated by careful use
of multi-frequency observations. This allows one to maximise the possible “optimal labo-
ratories” where the chance of dark matter detection is highest. We particularly highlight
the potential of ASTRO-H [46] to probe the X-ray region of the neutralino-induced spec-
trum. As, given target environments with favourable X-ray backgrounds, it is well placed to
probe the WIMP parameter space and will be shown to cover a spectral region sensitive to
variations in the neutralino mass and annihilation channel.

Finally, in order to demonstrate the effectiveness of multi-frequency analysis, as well
as determine the prospects for the continuing dark matter hunt in a wide frequency band,
we will examine all of the aforementioned claims of excesses compatible with neutralino
dark matter using a multi-frequency strategy. In order to do so we select some target
environments, about whom data or theoretical models are available. We then compare our
multi-frequency dark matter spectra for each of these environments to available data and
use this to determine the future detection prospects of the dark matter models favoured by
the various detection claims. In particular we will cast doubt on the Reticulum-2 excess dark
matter interpretation, by showing that recent Fermi-LAT limits derived from dwarf galaxies
including Reticulum-2 are incompatible with available data in our target environments. The
chosen environments are the Coma cluster, the M81 galaxy and the Draco dwarf galaxy.
We will also show that the AMS dark matter models, which are largely ruled out by the
Planck experiment [26] and Fermi limits [29], have their remaining parameter space ruled



out by multi-frequency data. While those models favoured by galactic centre excesses and
the AMS-2 re-analysis are also in tension with multi-frequency observations of the target
environments.

This means that the next generation of experiments, SKA and ASTRO-H in particular,
will be vital to the formulation of a comprehensive multi-frequency strategy for dark matter
detection. Finally, multi-frequency constraints can be made far more stringent, as in the
case of the ICS and synchrotron, they serve to eliminate dependence on the thermal elec-
tron distribution within cosmic sources, the error/confusion then depends on the magnetic
field which can be characterised by SKA polarimetry. Moreover, they represent a pow-
erful consistency check, ensuring that purported dark matter models are consistent with
observations in all frequency ranges.

This work begins with Chapter [2] a brief introduction to the problem of DM, including
a review of observational evidence in favour of non-baryonic DM, a description of particle
DM solutions, and an over-view of direct and collider dections methods, as well as a de-
tailed examination of how multi-frequency spectra are calculated for the indirect detection
of WIMP DM. The main argument presented in this work is laid out in three chapters:
and (5] each being a stand-alone publication. The remaining structure of this thesis is there-
fore illuminated below, including details of how each publication contributes to the overall
argument.

Chapter [3| consists of a peer-reviewed publication [65] in which we make an extensive
study of the radio synchrotron emissions from dark matter halos while varying the neu-
tralino mass, annihilation channel, halo mass and redshift, as well as using various dark
matter density profiles such as Einasto, Burkert and Navarro-Frenk-White. In so doing, we
scan the parameter space of structures hosting dark matter, extending from dwarf galaxies
to galaxy clusters, with redshifts up to z ~ 5. The extension towards larger redshifts is of
importance, as such conditions offer the potential of dark matter detection in more primitive
structures. These objects make for good potential candidates given that they play host to
reduced foreground contamination by strictly baryonic forms of synchrotron radiation, star
formation for instance. The choice of a wide range of halo masses is vital to the aims of this
chapter, as dwarf spheroidal galaxies are well known to be highly dark matter dominated,
but produce faint emissions. While larger structures, like galaxy clusters, although display-
ing considerably more sources of baryonic emission, which may confuse DM detection,
provide substantially stronger fluxes. Therefore, a survey of halos of varying mass is nec-
essary to locate the best detection prospects for future telescopes like the SKA. The crux of
this work is a discussion of the ability of the SKA to explore the neutralino parameter space
and place constraints on the annihilation cross-section. The purpose of this analysis being
a determination of “optimal laboratories” for neutralino detection via the SKA as well as to
demonstrate that the SKA has the potential to produce upper-bounds on the cross section
that are far more stringent than those from existing experiments, as found in [66], 67, [32],
suggesting the SKA will be able to play a strong role in the quest to determine of the nature
of dark matter.

Chapter [4| consists of a peer-reviewed publication [68] that places the work presented
in chapter one in the full context of the case for the SKA as a machine to study dark
matter. In this chapter the SKA is proposed as an instrument for use in the search for
dark matter, making a case for this to be a key scientific project for SKA observations. The
technical aspects of a dark matter search with the SKA are outlined, including its ability
to characterise cosmic magnetic fields as well the specifications such as frequency range,
angular resolution, and sensitivity that recommend it as an instrument for furthering the
determination of the nature of dark matter. This chapter builds on the potential power of
the SKA to probe the neutralino parameter space, outlined in Chapter 1, and also reviews
strategies for the selection of observational targets, based on the results of Chapter 1,
which would allow for the maximum potential for detection. Additionally, this work highlights
the synergies of the proposed SKA dark matter search with high energy and multi-frequency
searches, as well as the possibility of observing higher energy neutralino emissions via the
proposed SKA phase 2.

Chapter [5 is a peer-reviewed publication [69] that examines the multi-frequency emis-



sions of neutralino models favoured by Fermi-LAT galactic centre observations as well as
AMS-2/Fermi/PAMELA anti-particle excess models. This is done within the target envi-
ronments of the Coma cluster, the Draco dwarf galaxy, and the galaxy M81. The source
selection allows for concrete predictions to be derived from the given models, which are
then compared to existing multi-frequency data. The purpose of the analysis is to elim-
inate models that are unsatisfactory as things stand, but also to determine the extent to
which upcoming experiments like SKA and ASTRO-H will allow for the constraint of the
neutralino across the spectrum. In the process we also briefly examine the prospects of
the Cherenkov Telescope Array (CTA) and ASTROGAM mission in the continuing hunt for
dark matter. From the results of this chapter we show that ASTRO-H has the potential
to characterise a neutralino through X-ray observations that depend strongly on the neu-
tralino mass and annihilation channel, provided there exist environments with favourable
X-ray backgrounds. Additionally, we demonstrate that the DM interpretation of the reported
Reticulum-2 ~-ray excess [43] are largely untenable, with consequences, in the studied
environments, that are in conflict with existing multi-frequency measurements. The multi-
frequency analysis also shows that the AMS-2/Fermi/PAMELA models as well as many of
the galactic centre models are in tension with existing data. This chapter acts as a demon-
stration of the power of multi-frequency analysis of predicted DM spectra, using consistency
across the spectrum to eliminate unsatisfactory models that are suggested by analysis of
just one region of the spectrum. These results are used to motivate a multi-frequency dark
matter search strategy incorporating next generation experiments like SKA and ASTRO-H
that have great potential to hone in on the nature of dark matter.

Using these three publications we argue for a multi-frequency strategy for indirect dark
matter detection, incorporating the SKA and ASTRO-H as vital components within the next
decade.

Chapter [6] provides an outlook on what might be done, using 21-cm emissions and
reionisation, to further the work presented here. Finally, Chapter 7] provides a concluding
summary.



Chapter 2

How Do We Solve a Problem Like
Dark Matter?

This chapter will provide an over-view of the problem of dark matter, particle solutions to the
problem, and finally methods of detecting dark matter particles (with a particular focus on
indirect detection). Section begins with a brief outline of the observational evidence in
favour of some as yet unidentified non-baryonic contribution to the energy density of matter
in the universe. This is followed, in Section by a discussion of particle solutions to the
DM problem, with particular emphasis on Weakly Interacting Massive Particles (WIMPs).
Finally, the manner in which WIMPs might be detected through direct, collider, and indirect
searches is outlined in Sections [2.3.7] [2.3.2] and[2.3.3|respectively.

2.1 Observational Evidence of Dark Matter

As suggested in Chapter [1} clues as to the existence of dark matter have been around
as far back as the 1930’s when Jan Oort and Fritz Zwicky hypothesised it to explain the
orbital velocity of galaxies [1]. As available observational data increased, the evidence has
piled up in favour of this missing component of the universe. In 1970 Rubin and Ford [70]
discovered that the rotation curves of galaxies are flat, meaning that the orbital velocity of
stars within the galaxy remain constant out to large radii, rather than declining rapidly with
radius as was expected. This was another hint that galaxies contained missing matter, as
the mass of objects within the bright galactic disk is not sufficient to sustain such a rotation
curve. However, in order to explain the data, the missing mass would have to be many
times larger than the mass of the visible galaxy itself. This being a clue that most of the
matter in the universe might be “dark”. These rotation curve measurements are limited
by the availability of stars or neutral hydrogen (emitting the 21-cm line), and thus can only
trace the need for dark matter out to some 10’s of kpc. Modern controversy over rotation
curve measures stems from attempts to explain the flat nature of the curve via a small scale
modification of gravity [71].

Further and better evidence for the existence of DM can be found in measurements of
gravitational lensing, a well-confirmed consequence of general relativity [72, [73] [74]. This
is a process whereby light reaching an observer must pass massive objects in the fore-
ground. As it does so, the trajectories of the photons are curved. Given a symmetric object
this can result in multiple images of the background source. The angle of deflection thus
incurred is 0 = 2941 where G and c are the standard universal constants, M is the object
mass and r is the distance of approach for photons passing the massive object [75]. This
means that the mass of lensing objects can be directly inferred from angles of deflection.
Observations using NASA’s Chandra [76], [77] satellite mission indicate that the so-called
“Bullet” cluster, a pair of merging galaxy clusters, has visible emissions from inter-stellar
gas uncorrelated with the regions which both host the most significant gravitational lensing
effects and account for the majority of the mass of the cluster [78| [79]. In particular, this




merger has visible emissions around the centre of the merged cluster, with the strongest
lensing found in two regions distant from visible emissions. This geometry is compatible
with frictionless DM passing through the merger centre while the baryonic matter is slowed
by friction. In addition to this, and despite the uncertainties inherent in lensing, there ex-
ists very strong lensing-based evidence that galaxies and galaxy clusters are dominated by
dark matter [80].

Another powerful argument in favour of non-baryonic dark matter is found in the study
of the Cosmic Microwave Background (CMB). The anisotropy of the CMB was found by the
Cosmic Background Explorer (COBE), the Wilkinson Microwave Anisotropy Probe (WMAP),
and the Planck mission [81] 82, 26] to be around the level of 1 part in 10°. This sets up the
size of the primordial density perturbations which eventually develop into cosmic structure.
For these perturbations to grow into the highly non-linear structure we see today, from such
small seeds, the data from these three experiments require that 2,,, ~ 0.3, where Q,,, = ’;—m
pm is the matter density and p, is the critical density of the universe (the energy density of
a flat universe). This would allow the universe to become matter dominated earlier and
thus accommodate greater growth of the density perturbations. Additionally, the second
acoustic peak of the CMB power spectrum allows for a determination of the baryonic frac-
tion of the universe from its amplitude, this places limitations of around €, ~ 0.05 [82] [26].
Thus indicating that a large non-baryonic matter component must account for the remaining
value of Q,,.

More evidence for non-baryonic dark matter comes from a combination of sources. The
first ingredient to these arguments is derived from prediction of the abundance of low-mass
elements produced via big-bang nucleo-synthesis. An approach of this nature allows for the
use of observational data relating to current abundances of low-mass elements to constrain
the total energy density contribution of baryonic matter to the universe. When compared to
theoretical predictions, the observed elemental abundances suggest that baryonic matter
can only constitute around 5% of the energy density of the universe, or 2, ~ 0.05 [83, 84,
85/ 186]. What follows below will be an examination of other observation evidence that, when
combined with elemental abundances, suggests the existence of significant non-baryonic
dark matter.

The first such argument for dark matter arises from type 1A supernovae measurements.
This process uses these phenomena as standard candles with known luminosity. Fitting
observed luminosities as a function of redshift allows for a determination of the geometry of
the universe, which influences the redshift-distance relationship, and is dependent on the
energy content of the universe. These analyses place the matter content of the universe
at roughly ©,, ~ 0.3 [87] (for a flat universe). This determination of the matter fraction is
orthogonal to the CMB measurements mentioned above [88]. Combined with the nucleo-
synthesis arguments we have a strong indication that the matter content of the universe is
overwhelmingly non-baryonic.

Another indication of the need for DM arises from the observation of galaxy clusters.
Firstly the observed mass of clusters, as in the case of [1], observations of galactic rotation
within Coma required a far larger mass than visible matter suggested. Then, if clusters
are assumed a fair sample of matter to cosmological constant ratio in the universe, there
are several means to estimate the fraction of the universe’s energy density occupied by
matter. One can use the mass-to-light ratios of clusters to estimate the apparent values of
the matter fraction of the energy density [89], yielding a result of 2,,, ~ 0.2. With the same
fair-sampling assumption, the abundance of high-mass clusters as a function of redshift
also requires a matter fraction 2, ~ 0.2 [90]. Additionally, comparison of cluster and
galaxy correlation functions requires that the matter fraction is around Q,, ~ 0.25 [91].
There is also the Sunyayev-Zel'dovich (SZ) effect, which causes a spectral distortion of
the CMB through inverse-Compton scattering processes between CMB photons and free
electrons within the intra-cluster medium. This dependence on hot electrons means that
this effect can be used to estimate the ratio between the energy densities of baryons and
all matter, provided the baryon fraction in clusters is a fair sampling of the cosmological
fraction. Typical measurements made in this manner yield that the baryon fraction of matter
is roughly &= ~ 0.1 —0.2[92].



In summary we can see that a large amount of independent evidence favours the ex-
istence of a large non-baryonic matter component in the energy density of the universe.
Interestingly, these disparate sources all seem to agree closely, and all favour a much
larger component of matter in the universe than could possibly be supported based on the
abundance of low-mass elements and nucleo-synthesis. Therefore, each of these sources
alone provides a strong argument for existence of a non-baryonic matter component within
the universe and additionally, that this component is greatly in excess of the baryonic contri-
bution. Furthermore, because many of these forms of evidence are independent, collecting
them all together yields a very powerful argument for the existence of some “dark”, non-
baryonic matter.

2.2 Particle solutions to the dark matter problem

The evidence presented above is indicative of one particular thing: that the present con-
dition of the universe suggests that there is a large quantity of unobserved non-baryonic
matter. However, the current observational data give us very little clue as to what form this
matter might take, and the possibilities are bounded only by the imagination of scientists,
as the shear variety of models mentioned in the Chapter [{jmakes clear.

One seemingly simple solution is that this dark matter is constituted by some, as yet
undiscovered, particle. These particles would constitute the missing mass in cosmic struc-
ture and thus reconcile cosmological and astrophysical models with the observations men-
tioned in Section However, there are many types of particle that can be put forward
to fill this role. As the requirements are simply that the particle be massive, that it inter-
acts weakly with ordinary matter, and that there is a mechanism to produce a sufficient
relic abundance of the particle to match the current cosmological estimates for present day
dark matter densities. These requirements can understandably still admit a vast number
of different possibilities. Thus, it is helpful to further sub-divide various particle models ac-
cording to properties that have particular cosmological implications. One important division
is according to the average velocity of the particles, models with ultra-relativistic DM par-
ticles being termed “hot”, while highly non-relativistic cases are “cold”. This property is a
highly relevant cosmological point of division, in that it has a powerful impact on the forma-
tion of structure. Particles with extremely large velocities will understandably be unable to
form structures whose sizes are smaller than their free-streaming length, which is of course
strongly velocity dependent given that DM particles are almost frictionless in many models.
Hot DM can take the form of low-mass particles called WISPs, or Weakly Interacting Slim
Particles, like axions [93]. While a particularly popular paradigm for cold DM is that of the
WIMP, or Weakly Interacting Massive Particle [94, [7]. There are also intermediate “warm”
models, such as sterile neutrinos, proposed to mitigate the problem of observing cored DM
density profiles within cosmic structures when cold DM models indicate that halos should
be cuspy [95!| [96] (see further discussion below). Models consisting purely of hot DM are
widely considered to be unviable, as they cannot explain the formation of cosmic struc-
ture [97], however, hot DM species can be incorporated in so-called “mixed” DM scenarios,
containing both hot and cold particles.

In this work we will focus upon cold WIMP dark matter. WIMPs have several important
particle properties, being mass, lifetime, scattering cross-section with nucleons, and cross-
section for pair annihilation. The annihilation cross-section is a measure of the rate of
annihilation for WIMP pairs, while the scattering cross-section is a measure of the probabil-
ity of a WIMP interacting with a nucleon. The last particle detail for WIMPs are the products
into which they annihilate or decay. These particle properties will define whether or not we
can observe WIMPs through their interaction with nucleons or their annihilation/decay into
standard model particles (see Section below). In this scenario of DM, WIMPs are pro-
duced thermally in the early universe and subsequently “freeze-out” of thermal equilibrium
to leave an existing population of cold relic particles in the manner detailed by [7]. At this
point WIMPs can proceed to annihilate/decay, producing standard model particles, leaving
an abundance that matches the present-day observations of WMAP and Planck [82, 26].



This allows one to place limits on the annihilation cross-section or lifetime of the WIMP. The
most commonly referenced limit of this sort is that the velocity-averaged cross-section must
be such that (¢V') <3 x 10726 cm3 s~! [7].

Being massive, WIMPs interact gravitationally leading to formation of dense “halos” of
dark matter, providing the gravitational potential wells within which baryonic structure forms.
The presence of the halo around visible structure accounts for the problem of the missing
mass outlined in Section The formation of a halo results from gravitational clustering
around an initial density perturbation in the distribution of dark matter after inflation [98}99].
If the density of the pertubation grows sufficiently above that of the background universe,
it undergoes gravitational collapse until the point of virial equilibrium U = —2K, with U
and K being potential and kinetic energies [99]. This establishes a virial radius r,;, at
which collapse halts and the structure is stable, the mass contained with this radius is the
virial mass M,;.. The properties of these halos are highly significant as the increase in
WIMP density means that the probability of pairs of WIMPs annihilating there is consider-
ably higher than in a smooth medium, as this will be proportional to the square of the DM
density. The exact structure of WIMP halos has not yet been established, with numerical
N-body simulations agreeing well with the cusped (density tends to infinity at zero radius)
NFW profile [100], 101, [102] )

pn () PSR (2.1)
regardless of the epoch or cosmological parameters such as the matter density parameter
Qi Here ps is characteristic halo density (ensuring normalisation to the virial mass) and
x = =, where r, is the scale-radius of the halo. This is related to r_», the radius at which
the effectlve logarithmic slope of the profile is —2, as follows: r_5 = 2_sr,. For NFW halos
x_o = 1. This value of r_, is related to the virial radius through a parameter called the
virial concentration c,;, = 7;7—; The relationship between ¢,;, and the virial mass has been
explored extensively in the literature [103, (104 [105] [106] and several methods for relating
these values are employed in the following chapters.

However, at least two other profiles have been shown to work at a phenomenological

level, the Einasto profile [107]

pr(z) = pe™ a1 (2.2)

with x_s = 1, and the Burkert profile [108, [109, [110], which, lacking a cusp, is referred to
as cored P

() = A AT e (2:3)
where z_5 ~ 1.52. This last Burkert profile was derived to fit observations of dwarf galaxy
rotation curves. In particular [108] concluded that baryonic processes would need to be too
fine-tuned to account for slow rise of the rotation curve and that some additional intrinsic
properties of dark matter clustering (i.e. forming a core) would be a better fit. However, later
work [111] demonstrates that this fine-tuning argument is somewhat weakened, but many
unknown astrophysical factors make definite cosmological conclusions about cusp/core is-
sues in dwarf galaxies difficult. The fact that kinematics of dwarf galaxies are consistent
with cored profiles [109} [110], and that the study of a large sample of so-called “low surface-
brightness” galaxies also seem consistent with cores [112], suggests the existence of a
discrepancy between cold WIMP clustering simulations and observations. This is known
as the cusp/core problem, it can be summarised by noting that for radii above 0.1 kpc sim-
ulations agree well with the NFW profile [113], however, observational evidence points to
the rotation curves of many halos being consistent with cored profiles.

A somewhat related problem in the field of cold DM halos is termed “too big to fail”
(TBTF). This is the observation that dissipationless DM-only simulations show that pre-
dicted sub-halos within the milky-way galaxy are over-dense and do not match any known
satellites [114]. However, this study was also predicated on the existence of steep cusps
within the sub-halo density profiles. It has been shown that shallower cusps can alleviate
this [115]. It is evident that the existence of cored sub-halos would also alleviate the TBTF
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problem, however, this solution merely drives us back to the aforementioned cusp/core
problem.

As was mentioned in the discussion of the TBTF problem, DM halos are expected to
contain sub-halos [47, 114, 56]. These are smaller structures that are gravitationally bound
within the parent halo yet have undergone their own collapse to virial equilibrium. These
sub-halos are considerably denser than their parent halo [47] and so a population of such
sub-halos can provide a considerable increase in the number of WIMP annihilations that
occur within the halo. In this work there are two separate approaches to the calculation of
the sub-halo contribution to fluxes from WIMP annihilation that will be explored.

The first method follows from [56] and is used in Chapter [3| We begin by delineating
between the smooth and sub-halo contributions to the halo density profile

ptot(r) = psm(r) + psh(T) 5 (24)

where the total profile is
Ptot(r) = Psg(T/V"s) , (25)

with ¢g(z) being such as to reproduce the relevant density profile (NFW, Burkert or Einasto).
Here p..n, and pg;, are respectively the smooth and sub-halo contributions to the mass den-
sity.
The substructure of the halo is characterised by f;, the fraction of the halo mass con-
centrated within sub-halos
_ My -
fs = M, (2.6)
and by the spatial density of sub-halos, assumed here to be given by same function as the
total halo mass density but with a larger scale radius r/, ~ 7r, to represent radial biasing of
the distribution [116]
psub(r) = Ng(T/Tg) ) (27)

with normalisation constant N determined by the requirement

47r/ o dr 7‘2psub(r) =1. (2.8)
0

An additional characteristic of the halo substructure is the sub-halo mass distribution. In
order to account for this we consider the rate of change of the sub-halo number density
with respect to sub-halo mass My, [47]

dng

— A H
T (Mgyp) = MoM ™| (2.9)
with © = 2 where, for a given sub-halo mass scale M,,

r imsub
‘/i =
M,

(2.10)

and M, is the normalisation constant, such that the total sub-halo mass contribution is
normalised to fsM,-. In choosing the limits for mass distribution, we follow the approach
of [47] in setting M,,;,, = 1 x 107°My and M,,,, = 0.01M,;,.. Our minimum mass has
been chosen to correspond to the WIMP free-streaming scale, although it is possible for
there to be contributions from even smaller masses within the wider SUSY frame-work:
lower values of M,,;, could serve to increase the boosting factor which results from the
increased density provided by sub-halos.

With this in hand one can determine the coefficient 8

dns / / /
5= [a i [ac pe)F). (2.11)

such that
N (r) o psus(r)B (2.12)



11

is the average sub-halo contribution to the local WIMP-pair density, x will denote WIMPs
in our notation. The function P(c;) is a log-normal distribution in sub-halo concentration

parameter
Ples) 1 . (logcslogcs>2 (2.13)
) = —exp | - [ ————= , .
) V2To.Co P V2o,

with ¢, is the average sub-halo concentration and o, = 0.14 [103, 147]. The limits of integra-
tion are chosen to ensure the whole Gaussian is captured. Additionally, we calculate the
average concentration parameter of a sub-halo of mass M as being ~ 1.5 times greater
than that of an isolated halo of equivalent mass, this is in order to account for the tendency
for average sub-halo concentrations to exceed that of the parent halo [103, 56]. Finally, the
function F is given by

Flz) = dn(r!)? de€ (5 (6))” (2.14)

where { = ;- and we assume sub-halos have the same form as parent halo, with the
sub-halo density profile p’(£) given by

P (&) = ps(cs)g (§) (2.15)

where g(z) having its previous definition and »/, being the scale-radius determined by the
sub-halo mass M,,;, and concentration c;.
Now we can express the density of WIMP pairs V, (r) as

NX(T) = ((ptot(r) - fSM'uirpsub(r))z +psub(r)ﬁ) /2mi . (216)

We note that this expression is valid only when considering unresolved substructure and
spherically averaged observables [56].

The second method of estimating the sub-halo boosting of annihilation fluxes follows
[117] and will be used in Chapter This formalism defines a boosting factor b which
describes the increase in the number of annihilations as a result of the increased density
of sub-halos. b is defined as follows

1 M gN
) = — —L 2.17
HOMoir) = £ A G Hmydm. (2.17)

where L(m) = 4wme3;, (m)/ f(coir(m))? and f(c) = log(1+¢) — 5. 950 = 37— (A}Z,q) !
where A = 0.012 and a = 2. We take M,,,;,, = 107% M.

The structure of halos is not only vital for resolving possible DM emissions based on
the density profile. Another aspect of the importance of halo structure is that halos play
host to large-scale baryonic structure, thus the annihilation/decay products of DM will be
exposed to a complicated astrophysical environment that is both highly magnetised and
contains many low energy photons (from sources like the CMB). This especially relevant if
the annihilation/decay results in long-lived charged particles like electrons/positrons which
can emit both synchrotron radiation in the presence of the magnetic field, as well as result-
ing in inverse-Compton scattering when interacting with any lower energy photons present.
Thus there are many additional astrophysical factors that contribute to possible DM-based
emissions that may also be influenced by the structure of the halo that hosts them.

As the discussion around halo structure remains inconclusive, we will make use of each
of three halo density profiles from Egs.(2.1), (2.2), and as phenomenological models,
and compare the differing emissions that result from their adoption.

2.3 Detecting WIMPs

Having discussed particle solutions to the problem of dark matter, with particular emphasis
on WIMPs, we proceed to how such particles might be detected. This section will cover
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three different approaches. These being direct detection through WIMP scattering off nuclei
in Section This is followed, in Section by detection within particle colliders
through pair production of WIMPs that carry energy out of the detector. Finally, indirect
detection through the search for annihilation/decay by-products within cosmic structures is
discussed in Section Special attention will be paid to the indirect searches, as these
are the subject of this work.

2.3.1 Direct Detection

The most direct strategy that could be adopted in the attempt to detect WIMPs would be via
the otherwise anomalous recoil of a target nucleus. This is most direct as it relies on extant
dark matter particles, rather than their production in a collider, and their interactions with
nucleons, unlike indirect detection via annihilation/decay products. The recoil energy of a
nucleus that has undergone elastic scattering with a WIMP with masses between 10 GeV
and 1 TeV would be in the range 1- 100 keV [118]. Since this energy is very small, precise
knowledge of the variables contributing to the recoil is necessary, as well as experimental
design to maximise the signal and to block out as much background noise as possible.
This is typically done via locating the detector deep underground and designing elaborate
cosmic-ray shielding techniques [119].
The differential recoil spectrum is given by [118]
dR Px

Bt =
dE( 1) My My,

/d?’v vf(v,t)j—;(Em) , (2.18)

where E is the recoil energy, m, is the WIMP mass, v is the WIMP velocity in the detector
frame, m,, is mass of the target nucleus, j—g is the differential scattering cross-section, p,
is the local WIMP density, and f (v, t) is WIMP velocity distribution in the detector frame.

The parameters that limit detection sensitivity are the energy detection threshold, the
mass of the target material, and the exposure time. Using Eq. (2.18), there are several
methods of exploiting the dependencies of this expression to enhance the ability of direct
detection to discriminate a signal against background effects [119]. For instance, the veloc-
ity of the WIMPs in the detector frame is greatest in June and smallest in December [120].
This means that in June the number of recoils that exceed the energy threshold for detec-
tion is also the largest. Therefore, this effect modulates the rate of recoil event detections,
thus allowing for better discrimination of WIMP-induced recoils over the background. The
directional dependence of the recoil rate is also of importance, as this is modulated by the
motion of the earth relative to the Milky-way. Thus, as the Earth rotates there will be an
oscillatory pattern in the preferred recoil direction, allowing for improved discrimination of
the WIMP recoil spectrum over the background [121, [122]. It is worth noting that direct
detection is more sensitive to the spin-independent cross-section (derived from a scalar
interaction operator) than the spin-dependent form (derived from an vector/axial-vector in-
teraction operator).

The instrumental strategies used to detect recoil events come in several varieties. The
central principal is that a large quantity of the detector medium is shielded from background
effects, in order to maximise the possibility of observing a recoil event. The broad categori-
sation of detector media is into gas, liquid, and solid detectors. As well as two-phase
detectors that use both liquid and gas. In liquid and gas detectors recoils are observed
either through ionisation or scintillation. For instance XMASS [123] hunts for WIMP scatter-
ing scintillations within 800 kg of pure liquid Xenon. The DarkSide experiment [124] uses a
50 kg active-mass two-phase detector and has so far produced a limit of 6.1 x 10~4* cm? on
the spin-independent WIMP-nucleon cross-section for a 100 GeV WIMP. In solid detectors
the primary observation method is through the conversion of recoil excitation into lattice
vibrations (phonons) [119].

The limits on WIMP-nucleon cross-section derived by the Xenon100 two phase de-
tector [125] are displayed in Figure These limits can be seen to begin to probe the
regions favoured by constrained minimal models of supersymmetry in the grey shaded ar-
eas. Similarly, recent results from the Large Underground Xenon (LUX) detector [135] are
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Figure 2.1: Figure from [125], displaying the WIMP-nucleon cross-section limits set by
Xenon100 and other experiments [126], (127, [128] 129, 1130, (131}, 1132, 133, 1134]. The grey
regions are favoured by the constrained minimal supersymmetric standard model [125].

displayed in Fig. taken from [135], where it is evident that these substantially improve
upon the Xenon100 limits. These limits on the WIMP-nucleon cross-section can be trans-
lated into those on the WIMP annihilation cross-section only through careful consideration
of the particle physics of a chosen WIMP model.

In the area of solid detectors, a notable recent result was that from the DAMA exper-
iment [142]. This experiment uses low-radioactivity sodium iodide crystals and has ob-
served a signal modulation that, if interpreted as a result of elastic scattering with WIMPs,
favours 10-15 GeV WIMPs if the scattering is from sodium, and 60-100 GeV for iodine [141].
Confirmation experiments are needed in order to eliminate the possibility of unforeseen
systematics [141]. It is also apparent that it is difficult to reconcile the DAMA events with a
WIMP, due to inconsistency between DAMA, LUX, and Xenon100 (as seen in Figs.[2.1]and
2.2).

Should a direct detection experiment locate a signal that is consistent with a WIMP, the
next step is to reconstruct the mass and scattering cross-section. However, the depen-
dence of direct detection upon astrophysical factors, like the WIMP velocity distribution,
weakens its ability to perform this reconstruction, as there are considerable uncertainties in
values of f(v,t) and p, [143,[144]. However, there is the possibility of improving the recon-
struction by using results from multiple different direct detection experiments together. In
[145] the authors argue that the use of data from hypothetical Argon, Xenon, and Germa-
nium detectors would greatly increase the mass and cross-section reconstruction potential
(reducing uncertainties by a factor of 2). This is due to the fact that each of these forms of
detector are sensitive to differing regions of the m,—o parameter space. The authors then
demonstrate that this differing sensitivity allows the data to be used in a complementary
fashion, reducing the impact of astrophysical uncertainties.

2.3.2 Collider Detection

A second detection approach is in the use of particle colliders. These can act as dark
matter detectors if the beams are sulfficiently energetic to result in the production of WIMP
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Figure 2.2: Figure from [135], displaying the cross-section limits set by LUX in the solid blue
curve with 1o shading. This figure also shows limits from Edelweiss Il [130] (dark yellow
line), CDMS 11 [129] [136] (green line), ZEPLIN-III [133] (magenta line), CDMSIite [137]
(dark green line), XENON10 S2-only [131] (brown line), SIMPLE [132] (light blue line) and
XENON100 100 live-day [138] (orange line), and 225 live-day [125] (red line) results. The
inset (same axis units): CoGeNT [126] (light red, shaded), re-analysis of CDMS Il data [139]
(upper green line), CDMS Il silicon detectors [140] (green shaded), 90% allowed region
from CRESST Il [128] (yellow shaded) and DAMA/LIBRA allowed region [141] interpreted
by [127](grey shaded).



15

pairs. In which case the WIMPs carry away energy, leaving a net imbalance in momen-
tum transverse to the beam axis. Additionally, WIMPs created in this way will scatter off
other particles created in the same process (jets, electro-weak bosons, and heavy quarks),
resulting in recoil of these Standard Model (SM) particles against WIMPs invisible to the
particle detectors. Thus, the missing transverse energy correlated with anomalous recoil
energy of possibly co-produced SM particles is a signature of WIMP production within an
accelerator. One reason for historical and theoretical optimism in the collider search is
the so called “WIMP miracle”, where the assumption that the WIMP is a particle involved
in electro-weak symmetry-breaking results in a prediction of the correct order of magni-
tude for the relic abundance [146]. This is significant as the scale explored by modern
colliders is the regime of electro-weak symmetry-breaking. There is also the fact that sta-
ble neutral particles are common ingredients in theories devised to solve gauge heirachy
problems [147].

This form of detection has certain advantages over the direct methods from Section[2.3.1
and the indirect methods discussed below in Section In that, the direct and indirect
methods both lose sensitivity as the WIMP mass decreases, as interactions thus involve
less energy. In contrast to this, lower mass WIMPs are much easier to produce in collider
scenarios, as their threshold for pair-production is more easily attained. However, heavier
WIMP production in colliders is parton distribution suppressed, whereas indirect and di-
rect methods are very effective at probing larger mass scales. This suppression becomes
significant above a few hundred GeVs [147]. Additionally, collider searches have another
significant uncertainty. This is that WIMP candidates produced in a collider might only be
stable on the collider time-scale, thus being an “imposter” particle, rather than stable on
cosmological time-scales which is needed for dark matter. The uncertainty occurs because
collider experiments cannot easily discriminate between these two outcomes (see [148] and
references therein), due to an imperfect ability to fully reconstruct all of the properties of the
WIMP [149]. One remedy for this could be a bigger and better collider. However, the uncer-
tainties in the nature of the WIMP can be mitigated through the combination of an ansatz
that the local WIMP density scales with the cosmological relic abundance (2,, and the use
of collider data in a complementary fashion with that of direct detection experiments [149].

Collider experiments have historically focussed upon other particle physics aspects of
theories believed to yield dark matter candidates. However, a new approach [150] which
focuses more directly upon dark matter detection has recently been adopted. In order to
do this as broadly as possible many model independent methods have been devised. The
general framework is one of WIMP interactions with the standard model being mediated
by a vector field. Some of these approaches involve constructing effective field theories
with exhaustive operators for WIMP-SM interactions [151] with the simplification that the
couplings to the mediator particle are perturbative to first order. Constraints can then be
applied to each interaction operator by tagging the associated SM particles in the detector
and searching for correlated missing energy. Another approach is to construct simplified
models where the mediator is low mass [152] [153] [154] [155, [156], this approach has also
been adopted by the CMS collaboration [157]. These simplified approaches operate under
the minimal assumption set that only two particles are added to the SM, the WIMP and the
mediator particle. This means that all of the WIMPs interactions with the SM are mediated
through a single field. It is possible, as seen in [158], that this is too simple for general
WIMP particle physics, as supersymmetric WIMPs, for instance, interact through multiple
mediators.

Some existing limits on the WIMP-nucleon cross section, produced by the CMS ex-
periment [159], are shown in Fig. and demonstrate that the CMS detector probes a
low mass region untouched by direct experiments. In the case of the spin-independent
cross-section the limits in larger mass regions are substantially weaker than direct experi-
ments. However, in the right panel the spin-dependent cross-section limits are substantially
stronger than the displayed direct and neutrino indirect limits. Additionally, Fig. [2.4] shows
results produced from ATLAS experiment [163] monojet data [164]. These are converted
via the method of [165], under the assumption that the WIMP couples equally to all quarks,
to display the consequences for the WIMP annihilation cross section. It is apparent that,
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Figure 2.3: Figure from [160] displaying WIMP-nucleon cross-section limits set by the CMS
experiment. Also shown are limits from direct detection experiments for comparison [137,,
126/, 134,129, 125, [135], [132] as well as neutrino experiments [161] [162].

in the low mass region, these limits are highly competitive with the displayed Fermi-LAT
limits [166] (it should be noted that this Fermi-LAT data is out of date), although compar-
ison should be cautious as the WIMPs tested by ATLAS in this figure are Dirac fermions,
whereas those considered by Fermi-LAT are Majorana particles.

2.3.3 Indirect Detection

Indirect detection is the process of inferring the characteristics of a WIMP by detecting its
annihilation/decay by-products. Given that the annihilation cross-section (or decay rate)
must be small to produce a sufficient thermal relic population [7], this form of search will
need to be concentrated in targets that are expected to host large WIMP densities, such
as the halos described in Section or possibly within bodies like the sun. This section
will cover, in detail, the methods of determining the expected photon spectra that result
from SM particle production by WIMP annihilation and decay within cosmic structure. The
increased detail is due to the focus of this work being on indirect detection, rather than the
direct or collider searches of the preceding Sections [2.3.1]and [2:3:2] Additionally, there be
a brief over-view of indirect detection via neutrino astronomy at the end of this section.

We will parameterise WIMP-induced particle injection with a source function @, depend-
ing on radial position in the halo r and the product energy E. For annihilation processes

this will take the form
2
By ('DX(T)) , (2.19)
E My

where f runs over the kinematically allowed annihilation states, each with branching ratio
By, once again x denotes the WIMP. (oV') is the non-relativistic velocity-averaged WIMP

f
annihilation cross-section at 0 K. The factor dd]g gives the number of particles ¢ with energy

f
Qi B) = (V) 3

f

2
E produced per annihilation per unit energy, while (”;—i”) characterises the number den-
sity of WIMP pairs. Thus @; has the units of number of i particles injected per unit energy
per unit volume per second.
For decaying WIMPs the source function will be proportional to the decay rate and the
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Figure 2.4: Figure from [147] with data sourced from [164] using the method from
from [165], displaying WIMP annihilation cross-section limits set by the ATLAS experiment.
This assumes the WIMP annihilates equally into each type of quark. The red line shows
limit from Fermi-LAT dwarf spheroidal observations [166], while the green and blue lines
display ATLAS limits for different WIMP-SM interaction operators (see [147]).
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WIMP density

1 dN7
Qi(raE) = L

Px(T)
=2 B By~ (2.20)
f

)

E My

where f runs over the kinematically allowed decay states, each with branching ratio By. 7,

is the lifetime of the WIMP and the factor d;gf gives the number of the particles i produced
per decay.
dN/

In this work we will be studying WIMPs that annihilate only, and the spectra —z- will be
found using the PYTHIA Monte-Carlo routines in DarkSUSY [167,[168]. For the neutralinos
we study we will consider three allowed product states: bottom quarks bb, 7 leptons 77—,
and weak W-bosons W+W~—. These can proceed to promptly decay or annihilate into
further standard model particles.

If the particles being produced are photons @), then the spectrum of emission is dic-

a f . . .
tated simply by annihilation product spectra id]\;”, with the properties of the halo entering

only into the radial dependence of Q. This means that pure photon production (through
possible intermediary states) can be characterised by two separable factors, one astro-
physical factor drawn from the halo, and the other dictated by the particle physics of the
WIMP. We could then write the flux of such emissions as a product

(I)(E’WDL) = JhaZO(DL)wxx—Wv(EV) ; (2-21)

where Dy is the luminosity distance and

"Tyir 2
vir o p2(r)
halo D = d 3 N
Jhato(D1) /0 " dmm2 D3}’
NS (2.22)
Uxx—yy (Ey) =B, (0V) Z - By .
—dE |,

Such a spectrum will evidently be non-thermal, as it depends only on the prompt emission

functions dg and their branching ratios, which are all matters of fundamental particle
properties only. The typical energy of these photons will be dictated by the mass-energy of
the WIMP, with WIMPs above keV mass-energies producing X-ray and ~y-ray photons. The
maximum ~v-ray frequency thus produced is ~ 102° MHz for a 1 TeV mass-energy WIMP.
However, as mentioned in Section there are more complex astrophysical possi-
bilities should other stable particles result from WIMP annihilation/decay. In this case we
want the equilibrium distributions of the stable particles, rather than their prompt emission

function Q. For many sources of radiation electrons are the primary emitter, so we will

look at the electron/positron equilibrium distributions dgg and dg;: . These are stationary
solutions to the equation

0 dn, dne 0 dne

HAE v (D(E,X)V dE) + Yol (b(E,X) dE) +Qc(E,x%) , (2.23)

where Q. is the electron source function, D(E, x) is the diffusion coefficient, and b(E, x) is
the energy-loss factor. This equation represents an injection of electrons via the function
@ which then diffuse spatially under the influence of a turbulent magnetic field and lose
energy via a variety of radiative and Coulomb processes. It is also apparent from Eq.
that dggi has dimensions of electrons/positrons per unit energy per unit volume.

In order to simplify the solution of Eq. (2.23), we will assume spherical symmetry and
that D and b depend only on average values of B and thermal electron density n,. Then
the diffusion coefficient is defined following [169]

=2
1 B
D(E) = -cr

3 L(E)ifko; B (2.24)



19

where P(k) is the magnetic field power spectrum, B is the average magnetic field in the
halo, r is the Larmour radius of a relativistic particle with energy F and charge e, and
kp = % We then require that

/ T akP(k) =B, (2.25)

ko

with kg = d—lo, dy is smallest scale on which the magnetic field is uniform. This leads us to

the result that .
2/ B E \3

where Dy = 3.1 x 10%® cm? s~1. Finally, the energy-loss factor is found via [56]

Wl

b(E) =bicE2(1+ 2)* + byyn E2B"

_ 1 v
3 7 -
+ bCoul'flth(l + Z) <1 + 75 10g <nth(1 + 2)3)> (227)

_ v
remTin (14 2)% (log | ———= ) +0.36 ) ,
+ Boremen(1+2) (Og <nth(1+2)3> " )

where 7, is given in cm=2 and b;c, bsynchs beot, @Nd byrer, are the inverse-Compton, syn-
chrotron, Coulomb and bremsstrahlung energy loss factors, taken to be 0.25, 0.0254, 6.13,
and 1.51 respectively in units of 10~¢ GeV s~!. Here E is the energy in GeV and the B-field
is in uG.
Under the preceding assumptions, the stationary solution of Eq. (2.23) is found by
method of images to be [170, 171, 56|
dne 1

s (r,E) = @/E dE'G(r,E,E")Q.(r, E') , (2.28)

where G(r, E, E') is a Green’s function. This function is expressed as

, 1 o0 n Th , 7,,/
G(r,E,E):\/M > (-1 /0 dr' —

n=—oo

(r' - Tn)2 (r + rn)Q ni(r/)
% (exp <_ 4Av >—exp <_ 4Av )) ni(r) ’

where r, is the maximum radius considered for spatial diffusion, nf( (r) is WIMP pair density
at position r, r,, = (—1)"r + 2nr;, are the image charge positions, and

(2.29)

Av =v(u(E)) —v(u(E")), (2.30)
with ()
wu(E) = [ de D),
Umin (2.31)

Eoae

These last equations constitute a similar change of variables to those used by [170,[171] to
solve Eq. (2.23).

The stable particle species i can then produce electromagnetic radiation through inter-
actions within the halo environment. A spectrum of this sort will arise from the injection
of particles of species i into the halo environment, which proceed to interact with another
species j, with some cross-section o; ; giving the effective interaction area, to produce a
photon of energy E,,. In order to determine the resulting energy output, the spectral func-
tion will need to contain the product of the density for the species j, the particle distribution
N (1, E) (from Eq. for instance), the cross-section o; ;, and the resulting output pho-
ton energy. To make this as general as possible, the density of j will be expressed as a
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differential density with respect to energy E;, and the cross-section will also be expressed
in differential form with respect to energy. This will require that we integrate over the possi-
ble energies for E; as well as the injection energies E;, with the cross-section depending,
in principle, on all three energies E;, E;, and E,. The resulting photon spectrum might then
take the form

Gty (B ) :CEvZ/dEi/dEj (.41 (Bis By, En )y (Ej, 1) =0
j

(2.32)
E;

Here ((;x) is a spectral function for a process k with particles i with energy E;, the sum
runs over all the species j (with energy £;) within the halo environment, o(; ;i) (Ei, E;, E,)
is the cross-section per unit energy for the k-process interaction between i and j producing
a photon with energy E,, and n;(E;,r) is the number density per unit energy of species
j. C is thus expressed in dimensions of photons per unit volume per second. The case for
prompt photon production will be ¢(,,) = E,Q,.

The function ¢(;x)(£,,r) can be used to calculate the resulting flux at luminosity dis-
tance Dy.: .

i , T
O(E,,Dy) = / dr® C('?W(D%) : (2.33)
where this is expressed in dimensions of photons per unit area per second. It is this flux
that forms the primary means of indirectly detecting WIMPs via their annihilation/decay
products, as it can be detected by sufficiently sensitive telescopes tuned to the appropriate
frequency range.

An example of a process that can be modelled according to Eq. is inverse-
Compton scattering. In this case a high-energy electron produced by WIMP annihilation
scatters a lower energy photon, imparting energy to the photon. For this process there will
only be one species j, this being the population of low energy photons in the halo, often take
simply as that of the CMB. The species i is then the electrons/positrons produced by WIMP

annihilation, with %% (r, ) = 4 (v B) + 9 (r, ), and o+ 1c) is the cross-section of
inverse-Compton scattering [172]:

2.4
3ormZc

O(et y|IC (EeaE ,inaE ,out) == 7G(qare) ) (234)
(e=n1IC) ey AE. i E2

where o is the Thompson cross-section, E, is the electron energy, m.c? is the electron

mass-energy, E., ; is the starting photon energy, E, .. is the photon energy after scatter-

ing, and

(Ceq)®(1—q)

G(q,Te) =2gIng+ (1+2g)(1—¢q) + EE (2.35)
with
q= E’y,out
N Fe(Ee + E'y,out) ’
AL, L E, (2.36)
Fe == W .

For WIMPs with mass-energies considerably larger than the mass-energy of an electron,
this process will result in CMB photons being up-scattered to X-ray and even soft ~-ray
spectral regions. This can be seen from the fact that the average frequency of inverse-
Compton photons is given by [172]

2
<Vout> = Viné ( Ee ) . (237)

3 \mec?
2
Thus, for z = 0, the average up-scattered frequency of a CMB photon is (vyy:) ~ (G%V) 1012

MHz. So for any WIMP with a mass larger than the electron mass, this frequency will
be outside the radio region. The maximum photon frequency is only 3 times larger than
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(Vout) [172], which means the spectrum is steeply peaked and will tail-off before 10'® MHz
provided the WIMP mass is below 1 TeV. Therefore, it is apparent that inverse-Compton
scattering of CMB photons will produce emissions in the X-ray and soft y-ray frequency
ranges.

Another example process is bremsstrahlung, whereby an electron is scattered off an-
other particle and releases photons as it is decelerated. The species i will once again be the

- +

electrons/positrons produced by DM annihilation, with 2: (. £) = 2 (1 E) + L (7, B).
The sum j will run over all the species present in the halo medium. The cross-section of
this process o+ j|prem is given by [172]

 3acor B,\? 2 E,
oei,j‘Brem(Ev,Ee)fSwEv (1+(1 E) O(AE) = 5 (1= 5 ) o(aB)|
1
$(AE) = 4dlog (AE) — 5,
AR =op, eI
mec?E,

(2.38)
with . being the fine-structure constant, E. is the incident electron/positron energy, and £,
is the bremsstrahlung photon energy. As the bremsstrahlung cross-section is independent
of E;, the following simplification holds [ dE; n;(E;,r) = n;(r), where this is the species
j number density in the halo. Again, for WIMPs with mass-energies considerably larger
than the mass-energy of an electron, this process will result in the production of photons
in the X-ray and even soft y-ray spectral regions. The maximum bremsstrahlung emission
frequency is determined by assuming all of the electron’s kinetic energy is converted to
a photon, thus this frequency will be slightly smaller than the maximum ~-ray production
frequency. For the supersymmetric WIMPs studied here, the frequency with the largest
flux occurs roughly an order of magnitude below the WIMP mass, below this frequency the
spectral function ¢ tails off approximately like a power-law. The resulting spectrum will fall
between that of inverse-Compton scattering and photon pair-production.

A complete multi-frequency spectrum would constructed by enumerating all the pro-
cesses k and finding the sum of their respective ¢ functions for each species i produced
by the WIMP annihilations. It is evident that even if the distributions n; are thermal, the

resulting spectra will be non-thermal, as their shape will be affected by the prompt emis-

f
sion spectra ddN . and details of fundamental particle physics which are quite independent

of temperature.

If WIMP annihilation gives rise to charged particles like electrons/positrons, then, in the
magnetised environment of cosmic structure there is the possibility of non-thermal syn-
chrotron radiation being produced. This radiation occurs as charged particles trace out a
helical trajectory under the influence of the force induced by the magnetic field component
perpendicular to its velocity. This form of radiation is a vital aspect of a prospective multi-
frequency WIMP-induced emission spectrum as it can result in radio frequency emission
even for WIMPs with very large mass energies, in contrast to processes like direct photon
production and inverse-Compton scattering. This can be seen by examining the formula for
the characteristic/peak frequency for synchrotron radiation [172, [173]

~ ,( B E. \°
we &~ 1.5 x 10 <1uG oy ) MHz. (2.39)

where B is the magnetic field strength and E. is the electron energy. Thus if our magnetic
field is O(uG) then we require E, < 10?2 GeV to keep the synchrotron peak below 10 GHz.
This means that if m, < 10> GeV, we can expect a synchrotron spectrum tailing off above
10 GHz.

The spectral function for synchrotron radiation will differ somewhat from Eq. (2.32), as
there is no secondary particle species j involved in the interaction. In fact, given that a
number of photons nsyn.n(E,, Ee, B) with energy E., are produced per electron with energy
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E. per second in a magnetic field of strength B, the spectral function takes the form

dn, dne-—
C(e+e_|synch)(E’y7r) = E’Y/dE ( dE+ (E/f’) + dE (E7T)> nsynch(Ev7E7B(r)) ’ (240)

where d;g and d;‘]g‘ are the WIMP-induced positron and electron equilibrium densities

per unit energy respectively, see Eq. (2.28). Since the factor E,ngyncn(Ey, Ee, B(r)) is
equivalent to synchrotron power per electron we can find it from [172]

sin §2

ZW\/gremecugngmh( " ) , (2.41)

sin 0

E’ynsynch(E’ya E., B(T)) X / do
0

eB
27Tmec

where m,. is the electron mass, v, = is the non-relativistic gyro-frequency - this being

the frequency with which a non-relativistic electron orbits in the magnetic field, r. = mejcg is
the classical electron radius, and the quantities « and F,,,;, are defined as '

2\
o (L mE (H(E)> ) | 2.42)

3vyE? mec?vy (1 + 2

with v, o \/ny, being the plasma frequency where n,;,(r) is the thermal electron density in
the halo, and

Foynen(x) = :U/ dy K5/3(y) ~ 1.25z5e " (648 + 1‘2)1172 . (2.43)

In summary there are several processes which can contribute to DM-induced pho-
ton production, with Eq. providing a generalised spectral function. Significantly
for WIMPs with masses much greater than the electron mass, only synchrotron radia-
tion results in emissions below the X-ray band. Inverse-Compton emissions fall largely
within the X-ray band, for WIMPs between 1 GeV and 1 TeV. The bremsstrahlung spec-
trum has a higher maximum frequency than that of inverse-Compton, but falls short of that
from the production of photon pairs, which provides the highest-energy WIMP annihila-
tion emissions. The final spectrum will be found as combination of synchrotron, inverse-
Compton, bremsstrahlung, and direct photon emission. All of these emission forms are
non-thermal as they depend on the energy distributions of the products of prompt WIMP
annihilation/decay processes. This means that a search for such non-thermal emissions via
~-rays, X-rays, or radio would stand a chance at detecting the signatures of WIMP annihila-
tion. This possibility will be explored in greater detail in the following chapters of this work.
It must be noted that this summary of indirect detection methods is by no means complete,
a particular method that was not discussed was the use of the CMB power spectrum to
constrain the annihilation cross-section [26].

Some current limits from indirect detection are displayed in Figs. [2.5/and[2.6} taken from
[69] and [31] respectively. In Fig.[2.5/the limits on the WIMP annihilation cross-section from
the Planck experiment [26] are displayed in blue for two values of the dark matter energy
deposition efficiency parameter f. ;. Additionally, this plot shows the limits from the Fermi-
LAT observations of dwarf spheroidal galaxies [29] for WIMP annihilations via b quarks and
7 leptons. Comparison should be made between the Fermi-LAT curves and the f.;; = 0.2
line for Planck (this matches the efficiency of the bb and 7+~ channels). It is evident that
the constraints of Fermi-LAT, though spanning a smaller region, are considerably stronger
than those of Planck for masses above 10 GeV. The sensitivity of Fermi-LAT weakens
considerably for lower mass WIMPs, where Planck produces superior results. The green
region shows the area favoured by models accounting for the AMS/Fermi/PAMELA positron
excesses [42]. While the red area shows the region favoured by Fermi-LAT observations of
excess ~v-rays from the galactic centre [32, 33] 134]. The points are representative models
used for testing in [69]. Although not shown, the HESS experiment [174], has produced
limits that improve on Fermi-LAT for 7 lepton annihilation and masses above 1 TeV [175].
The comparison of the curves in Figs. and demonstrate the great potential of the
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Figure 2.5: Figure from showing the annihilation cross-section constraints from Planck
(blue) and Fermi-LAT (yellow). As well as regions favoured by positron excesses (green)
and galactic centre y-ray excesses (red). f.s; refers to the DM annihilation energy deposi-
tion efficiency factor (note that bb and 77~ annihilation channels have f.;; ~ 0.2 — 0.3)
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indirect v-ray and radio observation, both having potential to better Planck in different parts
of the WIMP mass range. Figure [2.6] shows the limits on the WIMP annihilation cross-
section derived from radio observation of dwarf spheroidal galaxies using the Australian
Telescope Compact Array (ATCA). The three panels show three scenarios for diffusion
characteristics within the halo, being optimistic on the left, pessimistic on the right, and with
the average in between.
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Figure 2.6: Figure from [31] showing limits on the WIMP annihilation cross-section from
radio observation of dwarf galaxies. The three panels show differing diffusion scenarios.
Top Left: optimistic, Top Right: pessimistic, and Lower Middle: average between the upper
two. The dashed line is the thermal relic bound on the annihilation cross-section.

Neutrinos

Another indirect detection strategy might be to search for neutrinos produced by WIMP an-
nihilation within the sun. This would occur as a result of WIMPs scattering against nucleons
within the sun, losing energy, and becoming gravitationally bound. As the sun proceeds to
capture more WIMPs, the annihilation probability increases with the WIMP density until an
equilibrium is established between capture and annihilation rates. This is summarised in
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the Riccati equation [7]

% = Co — CAN? — CpN | (2.44)

where N is the number of captured WIMPs, C, is the capture rate of the sun, C4N? is
twice the annihilation rate, and Cg N is the rate of escape. If the WIMP mass is in excess
of 10 GeV the escape rate is negligible [176], so this has the solution

CAN? = C tanh® ( C@(JAt) . (2.45)

For long times the term tanh? (v/CoCat) — 1, so that this results in C4N? = C. Which
implies that the neutrino flux emitted by WIMP annihilation in the sun is independent of
the annihilation cross-section and depends only on the nucleon scattering cross-section
through Cg,.

Experiments conducted with the IceCube neutrino detector instrument [20] have so far
detected no signals above the expected solar background [177), [162]. Figure taken
from [178], displays the limits imposed by IceCube on the spin-dependent WIMP-nucleon
cross-section [162]. It is evident from this figure that neutrino experiments like lceCube
are sensitive only to higher mass WIMPs. A comparison of lceCube, as well as Super-
Kamiokande [161], to direct and accelerator limits was displayed in the right panel of
Fig. The effects of IceCube data on minimal models of supersymmetric WIMPs are
displayed in Figure [2.8] taken from [162]. These results show that IceCube has eliminated
further models that were not affected by the LUX experiment (these models are shown in
red crosses). Models already eliminated by LUX appear as faded red crosses.
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Figure 2.7: Figure from [178] using data from [162], displaying the 90% C.L. limits on the
spin-dependent WIMP-nucleon cross-section set by IceCube. Annihilation is assumed to
be 100% into either b quarks (blue), weak W bosons (green), or 7 leptons (red).

Finally, another aspect of neutrino experiments is in their ability to aid direct detection
experiments to reconstruct the mass and cross-section from a detected signal. In this
regard, it has been shown that IceCube has the potential to complement future direct de-
tection searches, allowing for a reduction in the uncertainty introduced by astrophysical
factors [183]]. Additionally, this improvement also occurs for constraints if a null-result is
achieved.
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Figure 2.8: Figure from [162] (IC79), displaying the IceCube exclusion limits on the
models of minimal supersymmetry. Models shown with solid red crosses are excluded
by IceCube [162]. Faded red symbols are also excluded by LUX spin-dependent
bounds [179] [180]. Orange crosses are in tension with IC79 results. Green pluses are
unconstrained, and labelled according to the characteristic setting their relic density. The
models are drawn from the MSSM-25 and MSSM-19 [181},[182].
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Chapter 3

Dark Matter Halo Radio
Emissions

This chapter consists of a survey of the radio emission from dark matter halos and the influ-
ence of redshift and halo mass upon this. These emissions are compared to the sensitivity
of the SKA and non-detection constraints are derived for the case where the SKA fails to
locate any such emissions. These constraints are several orders of magnitude better than
existing results and demonstrate the potential power of the SKA to hunt dark matter. We
also show the dependence of these constraints on the magnetic field within the halo and
demonstrate that the SKA is sensitive to a spectral region that carries signatures of the
neutralino mass and annihilation channel.

This contributes to our argument for multi-frequency strategies by showing that an ex-
periment like the SKA can strongly contribute to future dark matter searches on a level that
is extremely competitive with y-ray experiments. We leave discussion of the ability of the
SKA to deal with the magnetic field and confusion limit uncertainties, that would weaken the
results shown here, to Chapter [4] while an exploration of the effects of background radio
emissions is made in Chapter 5|

This chapter was published in the Journal of Cosmology and Astroparticle Physics. The
contribution of the candidate was significant, including writing the software necessary for all
the calculations (with guidance from Dr P. Marchegiani). Additionally, the candidate used
the created software to produce all of the data needed for the figures displayed in the work
(as well as the figures themselves). The candidate also selected the results to be displayed
in the furtherance of the arguments in the work. Furthermore, apart from a section on
magnetic fields extending from halfway down page 6 to halfway down page 7, as well as a
segment beginning near the bottom of page 23 and ending two-thirds of the way down page
25, the candidate composed all of the text (with editing and suggestions from co-authors).
This composition includes the formulation of the argumentation strategy expressed within
the work as well as performing all the necessary analysis of the results.
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Abstract. Radio synchrotron emission is expected as a natural by-product of the self-annihilation
of super-symmetric dark matter particles. In this work we discuss the general properties of the radio
emission expected in a wide range of dark matter halos, from local dwarf spheroidal galaxies to large
and distant galaxy clusters with the aim to determine the neutralino dark matter detection prospects
of the Square Kilometre Array (SKA). The analysis of the SKA detection of dark matter(DM)-induced
radio emission is presented for structures spanning a wide range of masses and redshifts, and we also
analyze the limits that the SKA can set on the thermally averaged neutralino annihilation cross-
section in the event of non-detection. To this aim, we construct a model of the redshift evolution of
the radio emissions of dark matter halos and apply it to generate predicted fluxes from a range of
neutralino masses and annihilation channels for the dark matter halos surrounding dwarf galaxies,
galaxies and galaxy clusters. Using the available SKA performance predictions and its ability to
determine an independent measure of the magnetic field in cosmic structures, we explore both the
detailed detection prospects and the upper-bounds that might be placed on the neutralino annihilation
cross-section in the event of non-detection. We find that the SKA can access a neutralino parameter
space far larger than that of any preceding indirect-detection experiment, also improving on the
realistic CTA detection prospects, with the possibility of setting cross-section upper-bounds up to
four orders of magnitude below the thermal relic density bound. Additionally, we find that neutralino
radio emissions carry redshift-independent signatures of the dominant annihilation channel and of
neutralino mass, offering therefore a means to identify such non-thermal emissions within the observing
frequency range of the SKA.
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1 Introduction

Modern astrophysical evidence, namely gravitational lensing, galaxy rotation curves, galaxy cluster
masses, and cosmic microwave-background anisotropy data suggests that the majority of the mat-
ter content within the universe is in the form of dark matter and that this plays a vital role in
the evolution of structure within the universe. The nature of dark matter remains a major hia-
tus in the understanding of modern physics, with many contending models proposed to account for
this missing puzzle-piece [6, 27, 29, 41, 51, 58] and with many methods of both direct and indirect
detection proposed [4, 14, 21, 31]. In this study we focus on one of the current favourites in the
dark matter candidate zoo: the so-called “neutralino”, being the lightest particle from the minimal
super-symmetric extension of the standard model (MSSM). While there is no experimental evidence
yet supporting super-symmetry, the model is attractive as super-symmetric effects may manifest un-
ambiguously in collider experiments. Clearly then, direct detection provides the cleanest route to
discovery. However, the possibility of indirect detection through astrophysical signatures remains,
as the weakly interacting nature of the neutralino allows for mutual pair annihilation to produce
standard model particles which may then be produced as cosmic rays or instead subsequently emit
radiation. Additionally, the increasing sensitivity of astronomical measurements and the limitations
of current ground-based direct detection experiments combine to make indirect detection methods
increasingly attractive and competitive when it comes to setting limits on the nature of dark matter.
While many authors have previously studied the high-energy products of neutralino pair annihilation
[5, 22, 30, 32, 33, 43, 52, 59, 60], there has been some recent interest in the possibility of detecting
radio emission resulting from the annihilation products of such particles [19, 44, 66, 69, 72]. However,
this interest has been largely confined to single source studies, looking at either the galactic centre or
towards specific, dark matter-dominated, sources. We therefore present here a detailed study of the
radio emissions that result from the mutual pair annihilation of neutralinos within the dark matter
halos that surround cosmic structures ranging from dwarf galaxies to galaxy clusters observable at
various distances from the local environment (e.g. dwarf spheroidal galaxies) to redshifts of z ~ 5
(galaxies and galaxy clusters). In this context, we make a thorough survey to determine how dark
matter-induced radio emissions depend upon the mass and annihilation channel of the neutralino,
and how they evolve with redshift, with an additional focus on the potential detection capabilities
of the upcoming Square Kilometre Array (SKA) telescope. Such a comprehensive study, especially
one making special reference to the SKA as a “dark matter machine”, is currently absent from the
literature. In this paper we make an extensive study of the radio emissions from dark matter halos
varying the neutralino mass, annihilation channel, as well the mass and redshift of the halo while using
various dark matter density profiles such as Einasto, Burkert and Navarro-Frenk-White profiles. We
scan the parameter space of structures hosting dark matter, extending from dwarf galaxies to galaxy



clusters with redshifts between 0.01 and 5. The relatively large redshifts examined are important as
they might offer the chance to detect dark matter in structures that are more primitive, having fewer
baryon-related astrophysical mechanisms that produce additional foreground synchrotron emissions
which make unambiguous dark matter detection more difficult. The choice to examine the halos of
both large and small structures is crucial, as dwarf spheroidal galaxies are well known to be highly dark
matter dominated but produce faint emissions, while larger structures, even though not immaculate
test-beds for dark matter emissions, provide substantially stronger fluxes. This means that a survey
of halos of varying mass is essential to locate the best detection prospects for future telescopes like
the SKA. In order to model the radio emission we confine our approach to the synchrotron radiation
produced by the secondary electrons (we refer to electrons and positrons collectively as ‘electrons’)
resulting from the annihilation of super-symmetric neutralinos that compose the halo. In so doing,
we model the diffusion of secondary electrons following [19]. In the interest of comprehensiveness we
utilise several neutralino masses, varying between 10 and 500 GeV in the annihilation channels bb,
77~ and WTW ™, using data sourced from the DarkSUSY package [34]. The model we employ to
track the redshift evolution of dark matter halos is based on the work of [11, 19, 20, 24, 26]. For our
cosmological framework we consider a flat ACDM universe with §,,,(0) = 0.315 and Hy = 67.3 km s~ 1
Mpc~? in accordance with the PLANCK results [3]. Additionally we assume the primordial power
spectrum to be scale invariant and normalised to the value og = 0.897. We also examine three models
of the magnetic field radial dependency within galaxy clusters: i) a model following the density of
the intra-cluster medium, i7) a power-law model in accordance with results in [7, 62] which suggest a
flatter magnetic field radial profile than that of the thermal gas, and ) a constant field model. In
the case of galaxies and dwarf galaxies we use only the constant magnetic field model.

With this approach we examine the general properties of the neutralino-induced synchrotron
radiation over the given parameter space and demonstrate that differing annihilation channels leave
distinct signatures upon the observed flux from the halo and that these signatures are both redshift
and halo mass independent. Additionally we used these results, in conjunction with the expected
sensitivity of the SKA, to determine the bounds on the annihilation cross-section that might be
imposed by non-detection with the SKA. These bounds are computed as functions of the neutralino
mass and annihilation channel as well as the strength of the magnetic field present within the halo.
Finally we discuss the exclusion plane that determines the combinations of halo mass and redshift
that would be observable to the SKA for thermally-averaged cross section values of 3 x 10726 ¢m3
s~! or lower. In so doing we determine the ideal cases for SKA detection of neutralino-induced
synchrotron emission and demonstrate that the SKA has the potential to produce upper-bounds
on the cross section that are far more stringent than those from existing experiments, as found in
[1, 8, 38|, suggesting the SKA will have a relevant role in determining the nature of dark matter.
Moreover, the difficulty of disentangling the effects of the electron spectrum and the magnetic field
itself in synchrotron radiation makes the accuracy of magnetic field models within prospective radio
sources highly important. It is therefore of considerable advantage to radio searches for dark matter
that the SKA will be also capable of determining magnetic field structures through both polarisation
and Faraday Rotation measurements.

A breakdown of this paper is as follows: we first present a discussion of the models and as-
sumptions employed in our work in sections 2, then we present the results of our synchrotron flux
calculations for varying halo masses, redshifts and neutralino properties in section 3, following this
we present the non-detection constraints derived from SKA sensitivity data and finally we discuss the
implications of these results in section 4.

2 Radio Emission from Dark Matter Halos

2.1 Dark Matter Halos

In the study of dark matter halo structures we will make use of the prominent halo density profiles,
i.e. the Navarro-Frenk-White (NFW) [55], Burkert [12], and Einasto [25] models. These are given
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with 75 being the scale radius of the profile, with « ~ 0.18 giving profiles similar to NFW in the outer
halo while differing in the inner regions, and ps is the halo characteristic density (the factor of 0.25
accounts for the difference between p(r_2) and ps where r_s is the radius at which the logarithmic
slope of halo density profile is equal to -2.). We then define the virial radius Ry;,, of a halo with mass
Myir, as the radius within which the mean density of the halo is equal to the product of the collapse
over-density A, and the critical density p., where

3H(z)?

pe(z) = 875(;) ; (2.2)
4
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with H(z) being the Hubble parameter. The density contrast parameter at collapse is given in flat
cosmology by the approximate expression

A, ~ 1877 — 821 — 3927 | (2.4)
and, in the Einstein/de-Sitter universe, by [10]
A, ~ 1872 — 602 — 3227 (2.5)

with = 1.0 — Q,,,(2), where Q,,(2) is the matter density parameter at redshift z given by

1
Qi (2) = a . (2.6)
(0) —
1+ Q:‘n(o)(1+z) 3
The concentration parameter for the halo can then be defined as
Rvi'r’
vir — . 2.
Cuir = 2 (2.7)

Furthermore, we make the identification r4 = r_o for all of the Einasto, Burkert and NFW dark matter
density profiles. In the following work we make use of the method discussed in [11] to determine the
concentration parameter as a function of halo mass

142  cpir(M,2=0)

vir:K = 5 2.8
¢ 1+ 2 142 (28)

with K = 4 providing a good fit for ACDM models [26], and z. is the collapse redshift of the halo,
defined by
G(zc)o(FMy;,) = 1.686 (2.9)

with F' being a free parameter (we take F' = 0.01 in accordance with ref. [11]), G(z) being the linear
perturbation growth factor and o (M) is the present-day rms density fluctuation of spheres containing
the mass M [57]. We note here that there are more recent results in the virial concentration mass
relations [53] indicating larger values of the virial concentration parameter in the case of galaxy
cluster-type halos. These in turn result in an amplification of the radio fluxes calculated here for this
class of halo (within the redshift z < 1 range), while for higher redshifts (and smaller halos) there



is no substantial difference between the two approaches. This implies that the c,;- model used here
provides slightly conservative estimates on the radio emission from more local DM halos.

The dimensionless characteristic density contrast % can then be defined in terms of ¢, following
ref. [49],

ps(cvir) _ & C?}ir (2.10)
Pe 3 In(1+ cypir) — =

In this work we will explore three classes of dark matter halo. Those around galaxy clusters,
with masses My, > 1014 Mg, around galaxies, with 10 My < M,;,. < 102 Mg, and finally the halos
of dwarf spheroidal galaxies with M,;, < 10°M,.

2.2 Halo Substructure

In order to account for the effect of substructure within a dark matter halo we will divide the total
density profile into smooth and sub-halo components

Ptot (1) = psm (1) + psn(r) , (2.11)

where the total profile is
Prot(r) = psg(r/7s) (2.12)

with g(z) being such as to reproduce the relevant density profile (NFW, Burkert or Einasto). Here
psm and pgp are respectively the smooth and sub-halo contributions to the mass density.
The substructure of the halo is characterised by fs, the fraction of the halo mass concentrated
within sub-halos
g = Meih (2.13)
°T Mvir ’ )
and by the spatial density of sub-halos, assumed here to be given by same function as the total halo
mass density but with a larger scale radius Rs ~ 7r, to represent radial biasing of the distribution [54]

Psub(r) = Ng(r/Rs) , (2.14)
with normalisation constant N determined by the requirement
Ryir
477/ drr?peup(r) = 1. (2.15)
0

An additional characteristic of the halo substructure is the sub-halo mass distribution. In order to
account for this we consider the rate of change of the sub-halo number density with respect to sub-halo
mass Mgy [60]

dn ~
— (Myyp) = MoM ™, 2.16
7 Msub( b) = Mo (2.16)
with u = 2 where, for a given sub-halo mass scale M,,
T Meub
M=—— 2.17
e (217)

and Mg is the normalisation constant, such that the total sub-halo mass contribution is normalised
to fsMyir. In choosing the limits for mass distribution, we follow the approach of [60] in setting
Mpin =1 % 10_6M@ and M4 = 0.01M,;,-. Our minimum mass has been chosen to correspond to
the WIMP free-streaming scale, although it is possible for there to be contributions from even smaller
masses within the wider SUSY frame-work: lower values of M,,;, could serve to increase the boosting
factor which results from the increased density provided by sub-halos.

With this in hand one can determine the coefficient 3

d S / / /
B= / aM, / de. P()F(C) | (2.18)



such that
N;“b(r) X psub(r)B (2.19)

is the average sub-halo contribution to the local WIMP-pair density. The function P(cs) is a log-
normal distribution in sub-halo concentration parameter

Plcs) =

log cs — log ¢, 2
—_— (2.20)

1
T exp—
V2moecy P ( V20,

with €, is the average sub-halo concentration from (2.8) and o, = 0.14 [11, 60]. The limits of
integration are chosen to ensure the whole Gaussian is captured. Additionally, we calculate the
average concentration parameter of a sub-halo of mass M as being ~ 1.5 times greater than that of
an isolated halo of equivalent mass, this is in order to account for the tendency for average sub-halo
concentrations to exceed that of the parent halo [11, 19]. Finally, the function F is given by

Fla) = 4n(r')? / Caee (0(6) . (2.21)

where £ = - and we assume sub-halos have the same form as parent halo, with the sub-halo density
profile p'(€) given by
(&) = pses)g (6) (2.22)

where ¢(r) having its previous definition and r being the scale-radius determined by the sub-halo
mass M, and concentration cg.
Now we can express the density of WIMP pairs N, (1) as

NX(’I’) = ((ptot(r) - fsMuirpsub(’l“))Q +p3ub(7“)ﬁ) /QM)% . (223)

We note that this expression is valid only when considering unresolved substructure and spherically
averaged observables [19].

2.3 Electron Source Functions From Neutralino Annihilations

In this paper we assume dark matter to be composed of the lightest neutralino from the minimal
supersymmetric extension to the standard model, following the model used by the DarkSUSY pack-
age [34]. The source function for the production of a stable particle ¢, produced promptly by neutralino
annihilation or ancillary processes is given by

f
Qi(r,E) = (aV) dj\é BN, (1), (2.24)
f

where (oV) is the thermally-averaged neutralino annihilation cross-section at 0 K, the index f labels

kinematically justified annihilation final states with branching ratios By and spectra ddLElf, and N, (1)
is the neutralino pair density at a given halo radius r.

The chosen particle physics framework will dictate both (V') and the set of branching ratios.
Since the neutralino is a Majorana fermion, light fermion final states are suppressed in favour heavy
fermions and Higgs bosons. In keeping with standard procedure in indirect detection studies we will
focus on one annihilation channel at a time and assume a branching ratio of 1 for the channel of
interest. In this study we have focussed on the bb annihilation channel, but have also considered

W+W= and 7777, and employed the results of the Pythia [68] DarkSUSY MonteCarlo routines in

s
order to determine the spectra dd]éi for electron production from the decay of neutralino annihilation

products. Finally, the neutralino pair density will be calculated in accordance with eq.(2.23).




2.4 Magnetic Field and Thermal Plasma Models

In order to treat the diffusion of WIMP annihilation products, as well as resulting synchrotron ra-
diation, we must account for the presence of both magnetic fields and a thermal plasma within host
halos.

For the thermal plasma density we assume it follows a radial scaling of the form

n(r) = no (1 + <:>2> - , (2.25)

with the central value ny and the scaling exponent g. being specified as parameters. Then 7 is simply
the volume average of n(r) assuming spherical symmetry.

In the case of the magnetic field, we then assume it is subject to Kolmogorov-type turbulence, in
accordance with previous work on the diffusion of secondary electrons from WIMP annihilation [19,
20]. In this case the power spectrum is thus given by [17, 70]

P =Pl () - (2.26)

where ¢ is the spectral index of the turbulence, k = é where d is a uniformity scale for the magnetic

field. Setting § = g yields the spectrum of Kolmogorov turbulence. We assume that the smallest
length-scale at which the field is uniform dy = 20 kpc.

We will examine three different magnetic field models here. The first being a constant field, the
second model being one decreasing in magnitude with radius with a profile that mimics that of the

thermal plasma
2\ 4
B(r) = By <1 + <:> ) , (2.27)

where By is the central magnetic field strength and ¢, is scaling exponent chosen to be 0.5. Our
final magnetic field model will be an attempt to obtain a self-consistent description of the spatial
shape of the magnetic field within a galaxy cluster. To do this we take into account the results of
several experiments, simulations and analytical calculations, according to which a magnetic field can
be written as B = By + 5, where Bj is the mean magnetic field (i.e. the smooth component), and b
is representing the fluctuations component. It has been shown (see, e.g., [74] and references therein)
that, while the power spectrum of the fluctuating component is expected to have a Kolmogorov shape
(ie. 6= g), the smooth component is expected to have a spectrum of the type

Bo(k) o k™% for kmin <k < kmaz, (2.28)

with w ~ 1/3. We can derive the radial shape of the magnetic field B(r) by taking the inverse Fourier
transform of eq.(2.28), and by assuming k.., = R;,.,, where R0 = Ry is the maximum radius
of the halo, and k4 = R;én, where R,,in i the minimum radius after which the magnetic field
can be considered smooth, while under this radius the fluctuations component is dominant (so, it
corresponds to the dy length introduced before). The normalization of the spectrum in eq.(2.28) is
linked to the normalization of the magnetic field (as the effect of the Parseval’s theorem, see also [17])
and to the values of k,;n, and k4. For this reason, since we have the possibility to choose the value
of the mean magnetic field from other considerations (i.e., the results of hydrodynamical simulations
or Faraday Rotation measurements in galaxy clusters) we impose either a central or average value on
the field and determine the appropriate normalisation thereafter. Thus we derive the required radial
shape of the magnetic field, and then will set the normalization of By by imposing that energy density

of the magnetic field is less than the thermal energy density of the hot gas within the cluster

B2
<87r> <7k T, (2.29)



where CGS units are used, kp is the Boltzmann constant, (B?2) represents a volume average and T is
the intra~cluster medium temperature, or using the virial result [65]
1 GM,;r
kI = - 2.30
b 2/~me Ry , ( )
with G being the Newton’s constant and fi,,, being the mean molecular mass in the intra-cluster
medium.
For a spectrum as in eq.(2.28), with 0 < w < 1, the inverse Fourier transform is proportional to
—1, and so we obtain that the radial shape of the magnetic field is given by

,rw

w—1

B(r) = By < > for Rpin <7 < Riaz, (2.31)
and the normalization is fixed by imposing the condition in eq.(2.29) and eq.(2.30). For r < Rmin,
the magnetic field is dominated by the fluctuations; so we can consider the smooth component as
a constant in this region (B(r) ~ Bp), superimposed to which the fluctuations can increase the
synchrotron emission [18]. For r > R4z, the magnetic field is assumed to decrease quickly to zero.
The normalization in eq.(2.30) results in a condition, for a general value of 0 < w < 1, given, where
Rmax >> Rminv by:

Rmin

87 Ryir \7 72
B < —(2w+1) ( > nk,T. (2.32)
3 min

We note that for w = 1/3 we obtain a radial shape B(r) oc r~2/3, which is flatter than the one usually
found in the literature for the thermal gas in galaxy clusters; this is in agreement with the results
obtained from studies of Farady Rotation measurements in galaxy clusters (see, e.g., [7] for the Coma
cluster case). We note also that [62] obtained in several galaxy clusters an almost flat profile for the
magnetic field until large radii (~ 7rs); however, we remind that the same authors pointed out that in
their paper there is an error in the analysis of sources that may have affected the conclusions relative
to the homogeneous component of the magnetic field.

It is clear from Figure 1, where we show the variance of the radio flux with magnetic field
model, that each of the magnetic field models yields results similar to the constant field case, at
most accounting for a difference of less then an order of magnitude at v =~ 100 Ghz and at redshift
z = 5 in the case of the power-law model of eq.(2.31). However, this is largely due to a lack of a
good model for the evolution of the B-field normalisation with redshift. Indeed the most notable
differences incurred by eq.(2.31) occur only at energies beyond the range of frequencies observable
by the SKA and thus are not of importance in the application examined here. Thus it is adequate
for the purposes of modelling detection by the SKA to employ constant field models. The reason for
the similarity in the predictions of these models is down to their behaviour within the core radius
rs, as the high electron density within this region is responsible for most of the observed synchrotron
emission and within this region all the field models predict similar average magnetic field strengths,
the weak radial dependence of eq. (2.31) ensures that its radial variation in this region is not large
enough to impose significant differences although the increased high-frequency flux is caused by it
predicting larger values for the field near the centre of the cluster. An additional consideration is the
behaviour of synchrotron radiation with increasing B-field strength, where the output power increases
until a saturation point, with the rate of power gain being inversely proportional to rate of increase
in field strength as is evident in Figure 36 (presented in section 3 below). For each halo examined we
will consider two different magnitudes for the constant magnetic field strength. The first has B = 5
G while the second is given by B = 1 uG. For the thermal plasma we will assume that values of ng
scale with the mass of the halo, using values of ng = 1073 cm™3 for large halos (Myir > 1014M@)
and ng = 107% em ™3 for smallest halos (M, ~ 107 M) with intermediate mass halos taking values
between these extremes.

2.5 Diffusion of Secondary Electrons

In order to take into account the effects of the magnetic field and thermal plasma on electron diffusion
we take average values for the field strength and thermal plasma density, being B = +/(B(r)2?) and
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Figure 1. The effect of various magnetic field models on the radio flux, calculated according to eq.(2.43),
for a galaxy cluster halo (M = 10*® My). The solid lines are constant magnetic fields with magnitude 5 uG,
dotted lines have central strength 5 uG but scale according to the thermal model in eq.(2.27) and the dashed
lines represent the model in eq.(2.31) normalised to 0.1 of the thermal energy in the cluster at redshift zero.
Black lines correspond to z = 0.01, red lines to z = 1 and green lines to z = 5.

7 = (n(r)), respectively. We then define the spatial diffusion coefficient as [17]

1 B
D(E) == E)-——, 2.33
(B) = 5orsB) e g (2:33)
where 7y, is the Larmour radius of a relativistic particle with energy E and charge e and kj, = %,
and require that
/ dkP(k) =B . (2.34)
ko
This leads us to the result that
2/ B\ ¢ E \?
D(FE) = Dyd? 2.35
(E) = Dodg <1;LG) <1GeV> ’ (235)

where Dy = 3.1 x 10%® cm? s~!. It is worth noting that the diffusion coefficient is assumed to be
lacking radial dependence. While it is possible to implement diffusion without this simplification,
we present results here under the assumption we can substitute the averaged value of the magnetic
field in the diffusion coefficient as it is evident that the weak radial dependence of the field and the
weak dependence of the diffusion coefficient on the field strength imply that our approximation is not
unwarranted.

The diffusion equation for electrons within the halo is then taken to be

0 dne dne 0 dne
+ Qe(E,x) ,

(2.36)



where 2% is the electron equilibrium spectrum, D(E, x) is the spatial diffusion function, b(E, x) is the

energy-loss function and Q.(FE,x) is the electron source function. A detailed analysis of the solution
to this equation in the case of electron production via neutralino annihilation can be found in [19].
The solution in the case of spherical symmetry and assuming the energy-loss and diffusion functions
have no spatial dependence (as in eq.(2.35)) will be of the form

dn 1 M

—<(nE)=—= dE' G(r,E,E")Qc(r, E' 2.37
) = g [ 4P G BE)Qu6 ). (2.37)
where G(r, E, E') is a Green’s function which will reduce to unity in the case of larger halos at zero
redshift [19]. However, in smaller halos the diffusive effects in G(r, E, E’) will become significant.
Following [20] we take b(FE) to be

b(E) =breE2(1 + 2)* + byyn E2B"

+ boown(1 + 2)° (1 + % log (ﬁ)) (2.38)

+ bpremni(1 + 2)3 <log <L> + 0.36>

n(l+ 2)3

where 7 is given in ecm™3 and bs¢, bsynch, beol, and bpren, are the Inverse Compton, synchrotron,
Coulomb and Bremsstrahlung energy loss factors, taken to be 0.25, 0.0254, 6.13, and 1.51 respectively
in units of 10716 GeV s™'. Here F is the energy in GeV and the B-field is in uG.
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Figure 2. Time scales 7 as electron energy F is varied. Left: Halo mass 10° My, where black lines correspond
to z = 0.01, red lines to z = 1.0 and green lines to z = 3. Right: Halo mass 10**> My, at z = 0.01.

The time-scales of both diffusive and energy-loss effects are displayed in Figure 2. It is worth
noting that as the redshift increases the energy-loss time-scale rapidly decreases, as the inverse-
Compton (IC) process comes to dominate energy-loss and to accelerate the loss time-scale to levels
that make diffusive effects irrelevant, as these only scale with the dimension of the halo, which shows
far weaker redshift dependence than the IC terms. The right-hand panel of Fig. 2 shows how drastically
insignificant diffusion time-scales become for larger halos. This conclusion very nicely corroborates
the assertions made in [19] on this matter.

2.6 Synchrotron Emission

The average power of the synchrotron radiation at observed frequency v emitted by an electron with
energy F in a magnetic field with amplitude B is given by [48]

sin #2

Psynch(y,E,r,z)z/ do

27T\/§rgmeCVngynch (L) ) (239)
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sin 6



is the non-relativistic gyro-frequency, r. = me—; is the

where m, is the electron mass, v, = 5=
.
classical electron radius, and the quantities x and Fjyy,cn are defined as
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and
(2.41)

The local synchrotron emissivity can then be found as a function of the electron and positron
equilibrium distributions as well as the synchrotron power

M, -
IE (dne dng+

dE+dE

jsynch(ya T, Z) = /

Me

> Psynch(ya Ea T, Z) . (242)

Once one has determined this quantity, it can be used to find all of the observables relevant to our
study, namely the flux densities and surface brightnesses of the dark matter halo. The flux density
spectrum within a radius r is found via

" 3 js nch(l/v T‘/,Z)
Ssynch(yv Z) - A d 7"/ MT 3 (243)

where Dy, is the luminosity distance to the halo. Then the azimuthally averaged surface brightness is
given by

Isynch(y,e),AQ,z):/ dQ/ d Jomen(1,2) (2.44)
AQ Lo.s 2y

where the integrals are performed over a cone given by the solid angle AQ2 and an axis along the line
of sight (l.o.s) which makes an angle © with the direction of the halo centre.

3 Results

Throughout this work the SKA sensitivity is drawn from [23] and represents the SKA MID and LOW
frequency ranges for the SKA phase 1.

In Figures 3 to 30 we show the results of an exhaustive study of the neutralino induced syn-
chrotron emissions from dark matter halos with three different masses (107, 102 and 10'® Mg), two
different magnetic field values (1uG and 5uG), and five different redshifts (0.01, 0.1, 1.0, 3.0 and 5.0).
We also investigate the bb, 7+7~, and W+ W~ annihilation channels for neutralinos of mass 60 and 500
GeV. As a reference, a thermally-averaged, zero-temperature cross section value of (oV) = 3 x 10726

cm?® s71 is assumed. This value is chosen to coincide with the thermal relic abundance upper bound
given by [41]
3 x 10727
(V) < ?ZXW cm?® s (3.1)

where Q, is the present day density parameter for neutralino dark matter, 2, h? ~ 0.1, and & is the
reduced Hubble constant in units of 100 km s~ Mpc~!.

A common theme in these results is that diffusion only plays a role at very small redshift and
for very small halo masses, as can be seen in Figs. 3, 13, 19, and 25 for the calculation of flux within
the virial radius. This conclusion is very nicely reinforced by Figure 2 which demonstrates that the
diffusion time-scale is only comparable to that of energy-loss processes for the small mass halos at
small redshift.

In general, from Figs. 3, 13, 19, and 25 we note that dwarf galaxy halos with masses around 107
Mg will at most be marginally detectable at the 1o c.l. with the sensitivity of the SKA for 1000 hours
of integration time at redshift z = 0.01. This place restrictions on mass-redshift combination of halos
that can be used for robust detection/constraint of dark matter annihilation processes via the SKA.
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Larger halos, however, show promising detection of fluxes from within redshifts below one, as can be
seen in Figs. 4, 14, 20, 26, 5, 15, 21, and 27. For higher redshifts (z > 3) we note that all the halos
fall below the 1o c.l. detection with the SKA sensitivity.

In the case of the weaker field, as in Figs. 10, 23 and, 30, we see an overall reduction in flux
from the similar Figs. 3, 20 and 27. This is due to the fact that the synchrotron power depends
upon the magnetic field strength. However, the weaker field has a particular effect that is prominent
for the lighter neutralino masses: this is the expected suppression of the production of electrons
with energies above a threshold dictated by the neutralino mass and magnetic field strength which
results in a dramatic spectral steepening at high frequencies. The cut-off frequency, resulting from
the suppression of higher energy electron production, then exhibits a trivial redshift dependence, as
seen in Figs. 16, 17 and 18.

It is worth noting that there is little difference between the emissions of the Einasto and NFW
profiles as seen in the comparison of Figures 7, 8 (for the Einasto case) and 9 with their NFW case
counterparts in Figs.3, 4 and 5. This similarity is due to the choice of a, however, the effect of the
sub-halos results in a slightly higher magnitude for the spectra of halos with Einasto profile. We
also show in Figure 6 that in the case of dwarf galaxies there is little change to our results from the
adoption of a cored profile, in this case a Burkert profile (see eq.(2.1)). The exploration of this case
is significant since dwarf galaxy kinematics are also compatible with shallower cored profiles [2, 75].

Importantly, the different choices of neutralino annihilation channel affect the shape of the spec-
tra. In the 60 GeV case comparing the 777~ and bb spectra we find that the former is shallower
and there is a crossing of the spectra typically at frequencies around 1 GHz, evident in Figure 31
or through comparison of Figs. 4 and 14 (or any similar pairing). The differences between the two
spectra can amount to several orders of magnitude in the extremes of the frequency range shown. In
the 500 GeV case, comparing the bb and W W~ channels embodied by Figs. 20 and 26 respectively,
we see very similar spectra, with a slightly larger magnitude in the bb case but also a steeper slope
at high frequency than that of W™ W ™. It is important to note that, in the v range we consider, the
differences in spectral shape resulting from differing annihilation channels are found to be redshift
independent and do not depend upon the mass of the halo or the mass of the neutralino. However,
the overall spectral shape is trivially dependent on redshift as previously discussed, thus the redshift
dependency of the flux spectrum is influenced only by the neutralino mass and the magnetic field
strength. This means that the dominant annihilation channels can be deduced from the shape of the
observed spectrum, regardless of the redshift of the source or the mass of the neutralino in question.
For sources at redshifts of z = 1 or lower it is evident that the optimal frequency for comparison of
annihilation channel is around 1 GHz or lower, placing it well within the low frequency range of the
SKA-MID.

The different choices of neutralino mass have an effect on the magnitude of the spectrum, as
is evident in Figure 32. More importantly, the choice of neutralino mass, together with magnetic
field strength, dictates the cut-off behaviour of the higher frequency regions of emission spectrum, as
can be seen in the aforementioned Figure 32 or from comparison of Figs. 22, 23 and 24 with their
counterparts in Figs. 10, 11 and 12. In the former set of figures, the larger neutralino mass means there
is a far shallower slope to the spectrum than in the latter trio despite the fact that both use the same
conditions otherwise. However, this high-frequency spectral steepening is also seen to be affected by
the magnetic field strength and thus higher-frequency observation must be accompanied by studies of
the magnetic field in target sources in order to lift this degeneracy. The mass dependence of the cut-
off frequency means that higher frequency observations between 5 and 20 GHz, while somewhat less
optimal for cross-section constraints, are still important to exploring the mass axis of the neutralino
parameter space.
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Figure 3. Flux densities for dwarf spheroidal galaxies (M = 10"Mg,), the halo profile is NFW and (B) = 5
uG. WIMP mass is 60 GeV and the composition is bb. Black lines represent z = 0.01, Red signifies z = 0.1,
Green z = 1, Blue z = 3, and Cyan z = 5. Solid lines are without diffusion, dotted are with diffusion. The
pink dash-dotted lines are SKA 1o sensitivity limits for 30, 240, and 1000 hour integration times, respectively.
The first (left) plot is the flux within an arcmin of the halo centre and the second (right) is within the virial
radius.
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Figure 4. Flux densities for galaxies (M = 10'Mg), the halo profile is NFW and (B) = 5 uG. WIMP mass
is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 5. Flux densities for galaxy clusters (M = 10'°Mg,), the halo profile is NFW and (B) = 5 uG. WIMP
mass is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 6. Flux densities for dwarf spheroidal galaxies (M = 10"Mg), comparing halo profiless NFW (solid
lines) and Burkert (dashed lines) with (B) = 5 uG. WIMP mass is 60 GeV and the composition is bb. See
the caption of Figure 3 for legend (all plots include diffusion).
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Figure 7. Flux densities for dwarf spheroidal galaxies (M = 107M@), the halo profile is Einasto (a = 0.18)
and (B) =5 uG. WIMP mass is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 8. Flux densities for galaxies (M = 1012_1\/1@), the halo profile is Einasto (o = 0.18) and (B) = 5 uG.
WIMP mass is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 9. Flux densities for galaxy clusters (M = 1015MQ), the halo profile is Einasto (o = 0.18) and
(B) =5 uG. WIMP mass is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 10. Flux densities for dwarf spheroidal galaxies (M = 10"Mg), the halo profile is NFW and (B) = 1
1G. WIMP mass is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 11. Flux densities for galaxies (M = 10"®Mg), the halo profile is NFW and (B) = 1 uG. WIMP mass
is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 12. Flux densities for galaxy clusters (M = 10'°Mg), the halo profile is NFW and (B) = 1 uG.
WIMP mass is 60 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 13. Flux densities for dwarf spheroidal galaxies (M = 10"Mg), (B) = 5 uG. WIMP mass is 60 GeV
and the composition is 7777, See the caption of Figure 3 for legend.
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Figure 14. Flux densities for galaxies (M = 10'*Mg), (B) = 5 pG. WIMP mass is 60 GeV and the
composition is 7777. See the caption of Figure 3 for legend.
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Figure 15. Flux densities for galaxy clusters (M = 10'°Mg), the halo profile is NFW and (B) = 5 uG.
WIMP mass is 60 GeV and the composition is 7H77. See the caption of Figure 3 for legend.
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Figure 16. Flux densities for dwarf spheroidal galaxies (M = 10"Mg), the halo profile is NFW and (B) = 1
uG. WIMP mass is 60 GeV and the composition is 7777~. See the caption of Figure 3 for legend.
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Figure 17. Flux densities for galaxies (M = 10'*Mg), the halo profile is NFW and (B) = 1 uG. WIMP mass
is 60 GeV and the composition is 7777. See the caption of Figure 3 for legend.
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Figure 18. Flux densities for galaxy clusters (M = 10'°Mg), the halo profile is NFW and (B) = 1 uG.
WIMP mass is 60 GeV and the composition is 7H77. See the caption of Figure 3 for legend.
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Figure 19. Flux densities for dwarf spheroidal galaxies (M =10"Mg), (B) = 5 uG. WIMP mass is 500 GeV
and the composition is bb. See the caption of Figure 3 for legend.
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Figure 20. Flux densities for galaxies (M = 10"*Mg), (B) = 5 uG. WIMP mass is 500 GeV and the
composition is bb. See the caption of Figure 3 for legend.
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Figure 21. Flux densities for galaxy clusters (M = 10'°Mg), the halo profile is NFW and (B) = 5 uG.

WIMP mass is 500 GeV and the composition is bb. See the caption of Figure 3 for legend.

v (MHz)

Figure 22. Flux densities for dwarf spheroidal galaxies (M = 10"Mg), the halo profile is NFW and (B) = 1
uG. WIMP mass is 500 GeV and the composition is bb. See the caption of Figure 3 for legend.

Figures 33, 34, and 35 display the WIMP mass-dependent sensitivity cross-section (cV') derived
from the projected 1o sensitivity of the SKA, with 30 hour integration time, at redshifts 0.01, 1.0
for frequencies 300 MHz, 1 GHz and 5 GHz. It is clear that the dwarf galaxies with 107 M, provide
non-detection constraints at best on par with the relic density bound ({oV) ~ O(10726) cm? s71) for
any considered redshift, mass and frequency combination. However, both galactic and cluster halos
provide strong restrictions in the event of non-detection by the SKA. This remains true for the cluster
halos out to z ~ 1. In the case of larger redshifts, none of the halos provide good non-detection
constraints. Therefore, we see that the optimal short integration time search region for the SKA is
redshifts below 1, concentrating observation on larger halos or considering small halos at much smaller
redshifts. A comparison of these figures also demonstrates that the optimal observation window varies
with neutralino mass, with lighter neutralinos, below 50 GeV, favouring the lower frequency range
while the heavier neutralino is more optimally detectable in frequencies between 1 and 5 GHz. Thus
the SKA’s frequency range is extremely well suited to studying neutralino-induced radio emissions
across a broad range of neutralino masses.

Figure 36 displays the effect of magnetic field strength on synchrotron emissions and how this
impacts on the value of the minimum cross-section required for SKA observation at various frequencies.
It is evident that, for the displayed 60 GeV bb neutralino, stronger magnetic fields, especially those
associated with galaxy clusters, such those found in [36], from O(1) to O(10) uG provide an excellent
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Figure 23. Flux densities for galaxies (M = 10'2Mg), the halo profile is NFW and (B) = 1 uG. WIMP mass
is 500 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 24. Flux densities for galaxy clusters (M = 10"®Mg), the halo profile is NFW and (B) = 1 uG.
WIMP mass is 500 GeV and the composition is bb. See the caption of Figure 3 for legend.
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Figure 25. Flux densities for dwarf spheroidal galaxies (M = 10"Mg), (B) = 5 uG. WIMP mass is 500 GeV
and the composition is WW ™. See the caption of Figure 3 for legend.
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Figure 26. Flux densities for galaxies (M = 10'*Mg), (B) = 5 uG. WIMP mass is 500 GeV and the
composition is WW ™. See the caption of Figure 3 for legend.
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Figure 27. Flux densities for galaxy clusters (M = 10'°Mg), the halo profile is NFW and (B) = 5 uG.
WIMP mass is 500 GeV and the composition is WHTW ™. See the caption of Figure 3 for legend.
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Figure 28. Flux densities for dwarf spheroidal galaxies (M = 10" Mg), the halo profile is NFW and (B) =
uG. WIMP mass is 500 GeV and the composition is WTW ™. See the caption of Figure 3 for legend.
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Figure 29. Flux densities for galaxies (M = 10">Mg), the halo profile is NFW and (B) = 1 uG. WIMP mass
is 500 GeV and the composition is W1TW ™. See the caption of Figure 3 for legend.
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Figure 30. Flux densities for galaxy clusters (M = 10'°Mg), the halo profile is NFW and (B) = 1 uG.
WIMP mass is 500 GeV and the composition is WHTW ™. See the caption of Figure 3 for legend.

test-bed for local observations (z < 1), with SKA non-detection producing restrictions well below
the relic abundance value for both galaxies and clusters at all the displayed frequencies. However,
increasingly strong fields offer no additional advantages as the synchrotron emission rapidly saturates.
This demonstrates the importance of analysing the magnetic fields within target sources: here the
SKA’s capability of performing both Faraday Rotation and polarisation studies means that our single
instrument can perform all the necessary observations to probe the nature of dark matter. Dwarf
galaxies with mass 107 My can at best produce 1o non-detection constraints that are of the same
order of magnitude of the reference value for the thermal relic abundance limit ((cV) = 3 x 10726 cm?
s~1). Thus even the faintest sources detectable to SKA are capable of producing results competitive
with current observations.

4 Discussion and Conclusions

Figure 37 displays a source visibility bound as a function of a halo with mass M and redshift z. This
assumes annihilation channel bb (with 60 GeV mass) and a cross-section given by (oV) = 3 x 10726
em® s71 and shows the exclusion curves for 30 hour and 1000 hour integration times at 1 GHz with
3 different confidence intervals (being lo, 20, and 30 c.l.). This figure also contains a selection of
sources, those with known radio halos are depicted with circles while the squares are those for which
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Figure 31. Comparison of fluxes from different annihilation channels. Green lines are for halos of mass 10'°
Mg, red for 10** My and black for 10 Mg. Left: m, = 60 GeV, solid lines correspond to the bb channel
with z = 0.01, dotted lines to the same channel with z = 1.0, and dashed lines to 777— with z = 0.01
while dash-dotted lines are for z = 1.0. Right: m, = 500 GeV, solid lines correspond to the bb channel with
z = 0.01, dotted lines to the same channel with z = 1.0, and dashed lines to WTW— with z = 0.01 while
dash-dotted lines are for z = 1.0. The circle points are SKA 1o sensitivity limits for 30, 240, and 1000 hour
integration times respectively.
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Figure 32. Comparison of fluxes from different WIMP masses in the bb channel. Solid lines correspond to
my = 60 GeV and dashed lines to m, = 500 GeV. Green lines are for halos of mass 10'5 Mg, red for 10'?
Mg and black for 107 M. The pink dash-dotted lines are SKA 1o sensitivity limits for 30, 240, and 1000
hour integration times respectively. Left: B =5 uG. Right: B =1 uG.

there is no strong evidence of a radio halo. This distinction is important as dark matter emissions
should be visible from most structures, not just those with already discovered diffuse radio emissions
and it is therefore necessary to probe both varieties of source. The region above the curve can only
be observed by the SKA if the cross-section were larger than a given reference value (in this case the
relic abundance cross-section (oV) = 3 x 10726 ¢cm?® s~1), while the region below the curve can be
observed with cross-sections below the reference value. This demonstrates that with (V) = 3x 10726
cm?® s™1 and longer integration times (1000 hours) dwarf galaxies of ~ 108 Mg, are detectable at 1o
out to z = 0.01 (~ 40 Mpc). The dash-dotted curve shows off the fact that most of the displayed
sources could provide non-detection constraints three or more orders of magnitude below the value
(V) = 3 x 10726 ¢cm® s~!. The neutralino annihilation induced radio fluxes from nearby dwarf
galaxies (at very small redshifts) can provide the strongest method of constraining the cross-section
below the level of the reference cross-section value, as seen by the distance between the dSph group
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Figure 33. Minimum detectable cross-section ((cV')) from 30 hour SKA integration time for z = 0.01 at 300
MHz (left) and 1 GHz (right) as the neutralino mass M, is varied with annihilation channel bb in solid lines
and 7777 in dotted lines. Black lines correspond to halos with mass 10*® Mg, red lines to 10*> M, and green
lines to 10 M. The black dashed line is (¢V) = 3 x 10726 cm® s71.
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Figure 34. Minimum detectable cross-section ((oV')) from 30 hour SKA integration time for z = 1 at 300
MHz (left) and 1 GHz (right) as the neutralino mass M, is varied with annihilation channel bb in solid lines
and 777~ in dotted lines. Black lines correspond to halos with mass 10'® Mg, red lines to 10'? M and green
lines to 10”7 M. The black dashed line is (oV) = 3 x 10725 cm? 57!

and the reference cross-section value curves in Fig. 37. The extreme proximity of these dwarf galaxies
makes their fluxes easily detectable and thus provides excellent detection prospects with the SKA as
well as offering very strong constraints in the event of non-detection.

It is worth noting that constraints derived in this way may apply to a combination of the cross-section,
sub-structure boost factor (as this is not a well known quantity), and the magnetic field amplitude in
the halos. Further observational and simulation data are needed to remove this degeneracy by better
constraining the magnitude of the sub-structure effect (we note that the substructure effect is also
least apparent in dwarf galaxies) and by using the SKA to provide accurate Faraday rotation and
polarisation measurements of the magnetic fields in cosmic structures. The polarized source counts at
~ uJy levels expected to be detected with the SKA are not known and are extrapolated from current
radio surveys at ~ 1GHz. These estimates are currently made available for the SKA (see, e.g., [37]).
This last study shows that extrapolating the counts from the deep survey in the GOODS-N field, at
a sensitivity of =~ 15 pJy and at a resolution of 1.6”, one finds ~ 315 polarized sources per square
degree at a flux ~ 1 uJy [64], a value in agreement with the extrapolation derived in [39], on the
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Figure 35. Minimum detectable cross-section ({(oV')) from 30 hour SKA integration time for z = 0.01 at 5
GHz as the neutralino mass M, is varied with annihilation channel bb in solid lines and 7" 7~ in dotted lines.
Black lines correspond to halos with mass 10'® Mg, red lines to 10*> Mg and green lines to 10” M. The
black dashed line is (cV) = 3 x 10726 cm?® s™*
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Figure 36. Sensitivity cross-section ((¢V)) from 30 hour SKA integration time as the magnetic field B is
varied for annihilation channel bb with M, = 60 GeV. Solid lines reflect upper limits at 300 MHz, dotted lines
are at 1 GHz while dash-dotted lines are at 5 GHz. Green lines represent dwarf galaxy halos, red lines are
for galaxy halos and black lines for cluster halos. The black dashed line is (6V) = 3 x 1072¢ cm® s7'. Left:
z = 0.01, right: z = 1.0.

basis of the second data release of the Australia Telescope Large Area Survey (ATLAS DR2), at a
sensitivity of &~ 25 uJy/beam and at a resolution of 10”. Note that at a resolution of 1 arcmin, from
NVSS polarization stacking, the expected number of polarized sources at a flux level of 1 uJy is of
the order of ~ 1300 sources per square degree as calculated in [71] with an overall uncertainty at the
level of ~ 50% (see discussion in [37]). It is worth noting that the stacking result in [71] is derived
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Figure 37. Source visibility as a function of redshift and halo mass. Based on projected SKA sensitivity
data for the relic abundance cross-section value with 30 hour integration time (black lines) and 1000 hour
integration time (green lines). Solid lines are the 1o sensitivity exclusion, dashed lines that of 20 and dotted
lines correspond to 30. The yellow dash-dotted line corresponds to 30 hours of integration and 1o confidence
with (6V) =3 x 107% cm® s™'. Annihilation channel bb is assumed with a neutralino mass of 60 GeV. The
dSph group contains the dwarf spheroidal galaxies: Draco, Sculptor, Fornax, Carina and Sextans. Unlabelled
Galaxies are: NGC3917, NGC3949 and NGC4010 (also note that the Bullet cluster components are shown
separately). The data for the selection of sources included in this figure was taken from [9, 13, 35, 40, 42, 45—
47, 50, 56, 61, 73]. For extremely local objects redshifts were estimated from the average distance. The square
points represent the clusters RXJ2228.6+2037 and A1423 [15].

from hundreds of thousands of NVSS sources over ~ 80% of the sky while the expected counts in [64]
consider a very deep survey over a small field of view. These expectations ensure that the magnetic
field structure in the cosmic structures we consider in our work (which have dimensions of order of half
to a deg?) can be proven with the SKA1 using a substantial (of order of at least ~ 10?> FR measures
per pointing) number of polarized sources that ensure a good analysis of the amplitude and spatial
distribution of magnetic fields along the line of sight to our DM halos. We must finally note that the
predictions of the number of faint polarized radio sources that can be detected with SKA1 depend on
the polarization properties of radio sources with a flux density below =~ 1 mJy. Total intensity source
counts suggest a transition in the dominant population from AGN to star-forming galaxies around
this flux density and the properties of brighter radio sources may not be representative for this fainter
population. The evolution of the luminosity functions, in total intensity and in polarization, will be
one of the headline science results of future SKA1 surveys (see, e.g., discussion in [37]).

Given that the SKA will be able to independently measure the magnetic fields in our DM halos,
we note that the constraints based on heavier halos can be obtained, for our reference value of the
magnetic field, out to a maximum redshift of z ~ 2, with 10'® M, halos remaining detectable at
1o for the (oV) = 3 x 10725 ¢cm® s~! out to this redshift with 1000 hour integration or z ~ 1.7
with 30 hour integration. In the case of higher o detections the limiting redshift for the reference
cross-section is around z ~ 1.4. This argument demonstrates the potential for SKA non-detection, in
large halos, to constrain the annihilation cross-section both from deeper field observations (requiring
more integration time), which allow constraint below the relic density bound, and local observations
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which provide constraints at least 3 orders of magnitude below the relic abundance density bound
even with short integration times as seen in Figs. 33 and 36.

The constraints derived here are highly competitive in the multi-frequency strategy for indirect
detection of dark matter signals. However, a detailed discussion of the foreground emission from
standard astrophysical processes has to be considered in the specific study of the telescope sensitivity
to dark matter signals (see, e.g., [63] for a discussion). There are two main caveats in the forecasts
for dark matter detection in the radio frequency band. The first stems from the fact that, for an
extended radio emission, the confusion issue becomes stronger and stronger as one tries to probe
fainter and fainter fluxes. Thus, source subtraction procedures become crucial and this can affect
the estimated sensitivities. The impact of this effect on the actual sensitivity is hardly predictable
at the present time, especially for the SKA, since it will depend on the properties of the detected
sources, the efficiency of deconvolution algorithms, and the accuracy of the telescope beam shape.
The second caveat is that by bringing down the observational threshold, one can possibly start to
probe the very low levels of possible non-thermal emission associated to the tiny rate of star formation
in dwarf galaxies, or in galaxies and galaxy clusters. The dark matter contribution should be then
disentangled from such astrophysical background. The superior angular resolution of the SKA will
allow for the precise mapping of emissions, putatively either dark matter or baryonically induced,
and will enable their correlation with the stellar or dark matter profiles (obtained via optical and/or
kinematic measurements). It is evident, however, that SKA non-detection holds the potential to be
far more stringent than existing bounds on the thermally averaged annihilation cross-section, such as
those in[1] from the Fermi collaboration, [38] using Fermi-LAT data, and [8] from the WMAP haze
data. Specifically, the Fermi collaboration results place the most stringent restrictions, of O(10727)
cm® s71, on only neutralinos below 10 GeV, with neutralinos around 50 GeV being bounded by
(oV) < 10725 cm3 s~ 1.

Additionally, the realistic analysis of the prospects of the CTA [67] show that it provides weak
constraints, around (cV) < 10725 cm?® s™! for neutralinos below 100 GeV, but are maximally con-
straining for 1000 GeV at (¢V) < 10726 cm?® s=!. The comparison of the Fermi results and the CTA
prospects with the predictions presented here shows that the SKA is sufficiently sensitive to probe a
far larger region of the cross-section parameter space than has been previously accessed astrophysi-
cally, making the SKA a strong contender as a “dark matter machine” in future indirect searches for
unveiling the signatures of neutralino annihilation. This is particularly reinforced by the fact that
the frequency range of the SKA encompasses the regions of greatest importance to the neutralino
spectrum, i.e. lower frequencies around 1 GHz and below, which allow for the possibility to distin-
guish between annihilation channels and for the optimal detection constraints, and higher frequencies
around 5 GHz and upwards, which are important in constraining the neutralino mass through the
natural cut-off behaviour.

Following to the results displayed for magnetic field variation, the detection of neutralino-induced
radio emission is maximised within halos that host stronger magnetic fields, of order O(10 uG),
conditions which could hold for the central regions of galaxies and galaxy clusters and that can be
easily verified with the SKA observations.

It must be noted, however, that the SKA phase-1 will have still limited ability to detect radio
emission from the halos of small structures that are not at small redshifts, making concentration on
nearby or very large structures necessary for optimal detection sensitivities with the technique here
discussed.

However, it is evident that highly local dwarf spheroidal galaxies offer some of the best environments
for either detection of neutralino annihilation or constraining the cross-section, as they are both rich
in dark matter and close enough to provide highly detectable fluxes. Moreover, the ability of the SKA
to probe structures at large redshifts allows for the observation of more primeval galaxies and galaxy
clusters that may contain fewer foreground sources of baryon-induced radio emission. Additionally
the radio emission spectra display qualitative features that distinguish the strength of the magnetic
field and the mass of the neutralino, as these are both influential in determining the high-frequency
cut-off of the spectrum. SKA-observable cut-off frequencies corresponding to either light neutralinos
or weak magnetic fields, in either case the necessary frequencies for the scenarios displayed here will

— 926 —



be best observed with SKA phase-2. The characteristic annihilation channel is also evident in the
low-frequency slope of the spectrum, with bb producing steeper spectra than 777~ at 60 GeV with a
cross-over around 1 GHz, while at 500 GeV bb is also marginally steeper than W+ W~ with a higher
frequency cross-over. These properties are of great importance to the detection of non-thermal radio
emission resulting from neutralino annihilation, as they provide tell-tale markers distinguishing the
synchrotron emission of electrons produced in this manner from other sources of such radiation within
the halo. It is of great significance that such radio spectra might fall within the observation window
of the SKA, in particular this would aid in the unambiguous detection of neutralino annihilation
products or place additional limits upon the annihilation cross-section, making the SKA a key player
in piecing together the dark matter puzzle. This argument is enhanced by the fact that the SKA’s
frequency range covers the optimal detection regions for neutralinos with masses ranging from around
10 GeV to around 1000 GeV, while its sensitivity allows to probe far smaller values of the neutralino
annihilation cross-section than has previously been achieved, thus allowing the SKA to survey a large
range of the neutralino parameter space. We therefore conclude that radio observation, with future
radio interferometers like the SKA, must be considered as a leading technique in the search for dark
matter in the coming decades.
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Chapter 4

The SKA as an Instrument for
Dark Matter Hunting

This chapter consists of a survey of the potential of the SKA as a dark matter instrument,
dealing with technical specifications and uncertainties that were left largely un-addressed
in the first chapter. Importantly, we make a highly detailed study of the prospect of detect-
ing dark matter radio emission with the SKA based on the results of Chapter [3] This is
supplemented by an argument for the ability of the SKA to resolve other baryonic sources
of non-thermal radio emission from those of dark matter, as well as technical details of its
capacity for polarimetry and Faraday rotation-measures, which obviate the magnetic field
uncertainties inherent in synchrotron emissions.

This contributes to the multi-frequency argument by illustrating that future radio exper-
iments can overcome the technical challenges that have long been seen as severely di-
minishing the ability of dark matter searches in radio. These practical considerations are
essential to our argument for the use of radio measurements to compliment ~-ray searches
for dark matter.

This chapter was published in the Proceedings of Science for Advancing Astrophysics
with the SKA. The candidate produced the data used, as well as the figures themselves
for Figures 2-5. The selection of these figures to reinforce the argument of the work was
also made by the candidate. Additionally, the candidate composed the text for the sections
Cosmological Evolution of Dark Matter Radio Emission, Optimal Dark Matter Laboratories,
as well as contributing text to Section 3. The arguments and analysis expressed in the
aforementioned sections were formulated by the candidate.



arxiv:1502.03738v1 [astro-ph.HE] 2 Jan 2015

PROCEEDINGS

OF SCIENCE

Probing the nature of Dark Matter with the SKA

Sergio Colafrancesco™, Marco Regis?, Paolo Marchegianil, Geoff Beck!, Rainer
Beck3, Hannes Zechlin?, Andrei Lobanov3, Dieter Horns*

1School of Physics, University of the Witwatersrand, Jolesbarg, South Africa

2Dipartimento di Fisica, Universita degli Studi di Torino dfiNFN-Sezione di Torino,

via P. Giuria, 1, 10125 Torino, Italy

3Max-Planck-Institut fiir Radioastronomie, Auf dem Hugel®®121 Bonn, Germany

4Institut fiir Experimentalphysik, Universitat Hamburgruper Chaussee 149, 22761 Hamburg,
Germany

E-mail: ser gi 0. col af rancesco@ii ts. ac. za

Dark Matter (DM) is a fundamental ingredient of our Univees®l of structure formation, and
yet its nature is elusive to astrophysical probes. Infoiomadn the nature and physical properties
of the WIMP (neutralino) DM (the leading candidate for a cosmgically relevant DM) can be
obtained by studying the astrophysical signals of theiitatation/decay. Among the various e.m.
signals, secondary electrons produced by neutralino datiiim generate synchrotron emission
in the magnetized atmosphere of galaxy clusters and galesieh could be observed as a diffuse
radio emission (halo or haze) centered on the DM halo. A deepch for DM radio emission
with SKA in local dwarf galaxies, galaxy regions with lowstarmation and galaxy clusters (with
offset DM-baryonic distribution, like e.g. the Bullet ctes) can be very effective in constraining
the neutralino mass, composition and annihilation cressien. For the case of a dwarf galaxy,
like e.g. Draco, the constraints on the DM annihilation sresction obtainable with SKA1-MID
will be at least a factor- 10> more stringent than the limits obtained by Fermi-LAT in the
rays. These limits scale with the value of the B field, and tKé vill have the capability to
determine simultaneously both the magnetic field in the Diviathated structures and the DM
particle properties. The optimal frequency band for datgahe DM-induced radio emission is
around~ 1 GHz, with the SKA1-MID Band 1 and 4 important to probe thedyotron spectral
curvature at lowv (sensitive to DM composition) and at high¢sensitive to DM mass).

Advancing Astrophysics with the Square Kilometre Array,
June 8-13, 2014
Giardini Naxos, Sicily, Italy

*Speaker.

(© Copyright owned by the author(s) under the terms of the @@&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Unveiling Dark Matter with SKA Sergio Colafrancesco

1. Unveiling the nature of Dark Matter

The Square Kilometre Array (SKA) is the most ambitious ragiescope ever planned, and
it is a unique multi-disciplinary experiment. Even thoudie tSKA, in its original conception,
has been dedicated to constrain the fundamental physiestaspn dark energy, gravitation and
magnetism, much more scientific investigation could be duaitteits configuration: the exploration
of the nature of Dark Matter is one of the most important addé! scientific themes.

Among the viable competitors for having a cosmologicalligvant DM species, the leading
candidate is the lightest particle of the minimal supersyinit extension of the Standard Model
(MSSM, Jungman et al. 1996), plausibly the neutralinavith a massMly in the range between
a few GeV to several TeV. Information on the nature and playsimoperties of the neutralino DM
can be obtained by studying the astrophysical signals af ititeraction/annihilation in the halos
of cosmic structures. These signals (see Colafrancest¢o2€Q6, 2007 for details) involve, in the
case of gy DM, emission along a wide range of frequencies, from radig-tays (see Fig. 1 for
a DM spectral energy distribution (SED) in a typical dwarfegg). Neutral pions produced ixix
annihilation decay promptly im® — yy and generate most of the continuum photon spectrum at
energieE > 1 GeV. Secondary electrons are produced through variouspirgeneration mecha-
nisms and by the decay of charged piors,— = + v, (Vy), with = — e 4+ vy, (V) 4 Ve(Ve).
The different composition of thg x annihilation final state will in general affect the form okth
electron spectrum. The time evolution of the secondarytrelecspectrum is described by the
transport equation:

e — D[DUN + o (BN + Qu(ELT). a1
whereQg(E,r) is thee™ source spectrume(E,r) is thee* equilibrium spectrum (at each fixed
time) andb, = —dE/dt is thee® energy loss per unit timédge = bics+ Bsynch+ Dorem =+ beoul (see
Colafrancesco et al. 2006 for details). The diffusion cogdfitD in eq.(1.1) sets the amount of
spatial diffusion for the secondary electrons: it turnstbat diffusion can be neglected in galaxy
clusters while it is relevant on galactic and sub-galacateles (see discussion in Colafrancesco et
al. 2006, 2007). Under the assumption that the populatidrighi-energye™ can be described by a
quasi-stationarydne/dt ~ 0) transport equation, the secondary electron speatgd r) reaches
its equilibrium configuration mainly due to synchrotron d@xb losses at energigs > 150 MeV
and due to Coulomb losses at lower energies. Secondaryagiseaventually produce radiation
by synchrotron emission in the magnetized atmosphere oficogtructures, bremsstrahlung with
ambient protons and ions, and ICS of CMB (and other backghpphotons (and hence an SZ
effect, Colafrancesco 2004). These secondary partickes ledat the ambient gas by Coulomb
collisions.

A large amount of efforts have been put in the search for DMrént signals aty-ray en-
ergies looking predominantly for two key spectral featurése 7° — yy decay spectral bump ,
and the directy x — yy annihilation line emission, with results that are not cassle yet (e.g.,
Daylan et al. 2014, Weniger 2012, Doro et al. 2014). The neteation of signals related to DM
annihilation/decay from various astrophysical targetsl(iding observations of dwarf spheroidal
galaxies, the Galactic Center, galaxy clusters, the difysmma-ray background emission) is in-
terpreted in terms of constraints on the (self-)annitolattross-section (or decay time) of the DM
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Figure 1: Left. The Draco dSph multi-wavelength spectrum for a 100 GENVP annihilating intobb.
Right. The effect of varying the magnetic field strength om Braco multi-wavelength spectrum for a 100
GeV WIMP annihilating intcbb. The WIMP pair annihilation rate has been tuned as to giyagay signal
at the level of the EGRET measured flux upper limit (from Calatesco et al. 2007).

particle candidate. Assuming, for instance, a canonical®/bf M, = 100 GeV annihilating to
b-quarks, stacked observations of dwarf spheroidal gadawi¢gh Fermi-LAT put a constraint of
(oV) < 2x107°cm’s1 (95% c.l.) on the thermally-averaged self-annihilationsstsection of
DM particles (Ackerman et al. 2014). Hopes of discoveringilitating WIMPSs in y-rays are
relegated to Fermi-LAT successors and the forthcoming Cd#eement (Doro et al. 2013).
There are, however, also good hopes to obtain relevanniaon on the nature of DM from radio
observations of DM halos on large scales, i.e. from dwaidixjak to clusters of galaxies.

2. Radio emission signals from Dark Matter annihilation

Observations of radio halos produced by DM annihilatiorss, &r principle, very effective
in constraining the neutralino mass and composition (sgge, €olafrancesco and Mele 2001,
Colafrancesco et al. 2006, 2007), under the hypothesi®ikannihilation provides an observable
contribution to the radio-halo flux.

The wide range of frequencies probed by the SKA and the yaoigtchievable observational
targets (and in turn of magnetic fields) will allow testing thon-thermal electron spectrum from
about 1 GeV to few hundreds of GeV, that is the most relevamgean the WIMP search. Fig-
ure 2 displays the predicted spectral differences betwagous annihilation channels and WIMP
masses: note that these differences manifest mainly inl@lope variation for differing annihila-
tion channels and in the high-spectral flattening/steepening for larger/smaller masEes SKA
sensitivity curves for SKA1-LOW and SKA1-MID are taken frddewdney et al. (2012).

The surface brigthness produced by DM-induced synchratroission is heavily affected by dif-
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Figure 2: Flux densities for dwarf galaxied{ = 10’ M), galaxies ¥ = 102 M), and galaxy clusters
(M = 10'® M). The halo profile is NFW{B) = 5 uG, and the annihilation cross section is fixed to the
value (oV) ~ 3 x 1072" cm 3 s71. Black lines are for dwarf galaxies, red lines for galaxied areen for
clusters. Left: WIMP mass is 60 GeV, solid lines are for cosipon bb and dashed lines far" 7. Right:
Composition isob, solid lines are for WIMP mass 60 GeV and dashed lines for 580 Gash-dotted lines
are SKA sensitivity limits for integration times of 30, 2401000 hours (Dewdney et al. 2012). The flux
is calculated within the virial radius (from Colafrancestal. 2014).

fusion in small scale structures, e.g., dwarf and standalakigs, while it is less important in large
structures, e.g., galaxy clusters (see Colafrancesco 20@6-2007 for a detailed discussion).

Polarization from DM-induced radio emission is expectedeay low fractional levels due to
the fact that DM spatial and velocity distribution is nedntymogeneous and that DM annihilation
is mediated by secondary particle production. Thereforewapolarization level of detectable
radio signals in the directions of DM halos would be consiteith the DM origin of such radio
emission. Residual high-polarization signals could becheaitributed to astrophysical sources in
the direction or within the DM halos, and one could use thegeats to infer properties of the
magnetic field in these structures (see R. Beck et al. 201bFaBovoni et al. 2015).

2.1 Cosmological evolution of Dark Matter radio emission

Figure 3 displays the evolution of radio emission from DMdsabf mass 10M.,, 10> M.,
and 16° M, for a constant magnetic field of &G, in accordance with arguments made in Co-
lafrancesco et al. (2014). The annihilation channdbisthe mass of the neutralino is 60 GeV and
a DM annihilation cross-sectiofoV) = 3 x 1072 cm 3 s~ was adopted. Emission from dwarf
galaxy halos M ~ 10" M) is just below the SKA detection threshold for this value(a¥/) but
would be visible at redshift < 0.01 for the assumed DM annihilation cross-section. Thidfjust
the search of DM-induced radio signals mainly in dwarf gedsof the local environment, at dis-
tances S 3 Mpc (z < 0.0007). Emission from galactic DM haloM (= 10'? M) are detectable
by SKA out toz~ 0.8 even with the reference value FV), and can provide a non-detection
upper-bound orjgV) an order of magnitude below the assumed value even at suchéddghifts.
Emission form galaxy cluster halos can provide similar t@sts but out to higher redshifiss 3.
These objects thus offer the option of deep-field obsematibat can scan a larger fraction of the
DM parameter space than the best current data.
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Figure 3 also shows that the effect of diffusion are far lagaiicant when observing higher-
objects, again simplifying the modelling and analysis & 8KA observations.
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Figure 3: Flux densities for various DM halos within the virial radiukeft: dwarf spheroidal galaxies
(M =10’ M); mid panel: galactic halod{ = 1012 M.,); right panel: galaxy clusterd\( = 10> M..).
We assume a NFW halo profilégV) = 3x 102 cm® s ! and(B) = 5 uG. WIMP mass is 60 GeV and
the composition idb. Solid lines are without diffusion, and dotted are with difion. The SKA sensitivity
limits (dash-dotted lines, Dewdney et al. 2012) are showrntegration times of 30, 240 and 1000 hours,
respectively (from Colafrancesco et al. 2014).

2.2 Optimal DM laboratories

In order to identify the optimal DM laboratories for radiosaovations we scan a parame-
ter space extending from dwarf galaxies to galaxy clustees a wide redshifts range~ 0— 5.
The choice to examine the halos of both large and small sirestis crucial, as dwarf spheroidal
galaxies are well known to be highly DM dominated but prodiaie emissions, while larger struc-
tures, but not immaculate test-beds for DM emissions, pegubstantially stronger fluxes. This
indicates that a survey of DM halos with different mass isesal to identify the best detection
prospects for future radio telescopes like the SKA.

Figure 4 shows the redshift-mass exclusion plot obtainedsiyg the SKA sensitivity bound
for SKA1 LOW and SKA1 MID (at 1 GHz in Band 1). For each DM halo wetain the DM halo
mass and redshift combination that produce the minimal $i¢fectable fluxes. DM-dominated
objects lying above the black and green curves cannot betddterith the SKA1 at the given confi-
dence threshold fofoV) = 3 x 1027 cm® s~. Objects below a curve are visible to SKA1, and the
further below the curve they lie the greater the region oftfoss-section parameter space we can
explore through the observation of the object. For refezgtite yellow dash-dotted line displays
the curve given fofaV) = 3x 10730 cm® s~* and o confidence level. A few representative know
objects (irrespective of their location in the sky) with gogstimates of the DM mass are plotted in
the Mpy — z plane for the sake of illustration of the DM search potentidh the SKA.

Dwarf galaxies given their extreme proximity, provide an excellent test for DM radio probes,
granting access to a parameter space that extends even thelomlue(oV) = 3 x 10730 cm?®
s~1. Additionally their large mass-to-light ratios and abseo€ strong star formation and diffuse
non-thermal emission make them very clean sources for 2iliGearches.

Galaxiescan be probed to significantly larger redshifts than the figalaxies due to their larger
DM mass, and those located in the redshift range0z < 1.0 provide stronger constraints. How-
ever, an optimized DM search should be confined to galaxi#s litie background radio noise,
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Figure 4: Exclusion plot in redshift versus halo mass based on preje8KA (at 1 GHz in Band 1) sensi-
tivity data for the reference value 66V) = 3 x 10727 cm 3 s~* with 30 hour integration time (black lines)
and 1000 hour integration time (green line®) = 5 uG was adopted. Solid lines are the $ensitivity ex-
clusion, dashed lines that o62and dotted lines correspond to3The yellow dash-dotted line corresponds
to 30 hours of integration andolconfidence withoV) = 3 x 10730 cm?® s~1. An annihilation channetb

is assumed with a neutralino mass of 60 GeV. Representdijeets with known DM mass are shown for
illustrative purposes of DM radio signal detection. The dg§poup contains the galaxies: Draco, Sculptor,
Fornax, Carina and Sextans. Unlabelled Galaxies are: NGL39GC3949 and NGC4010. For very local
objects the redshift is estimated from the average distdatae From Colafrancesco et al. 2014.

making low star-formation-rate galaxies good candidattigh-z galaxies come also with the ad-
vantage of observing more primitive structures with fewarrses of baryonic radio emission.
Clusters of galaxiesprovide extremely good candidates in cases, such as thetBlukter, where
the dark and baryonic matter are spatially separated. @antanalysis of the ATCA observation
of the Bullet cluster (Colafrancesco and Marchegiani 20tdjcates that deeper radio observa-
tions (possible with the SKA) will be able indeed to sepatate DM-induced signal from the
CR-induced one and hence have the possibly to investigatadture of DM particles using the
technique here proposed. More in general, the large peetireidio fluxes due to DM annihilation
in clusters indicate that DM-induced radio emission cantimeoved in radio out to large redshifts
z= 2, again with the advantage of fewer sources of baryonioraudiission.

2.3 Disentangling magnetic fields and Dark Matter

Studying the magnetic properties of DM halos are crucialisertangle the DM particle den-
sity from the magnetic field energy density contributinghte éxpected synchrotron radio emission
from DM annihilation. The SKA is the most promising experimhé&é determine the magnetic field
structure in extragalactic sources (see Johnston-Hetlil. 2015), and will have the potential of
measuring RMs toward a large number of sources allowing @lddtdescription of the strength,
structure, and spatial distribution of magnetic fields irpd$alaxies, galaxies (see Beck et al.
2015) and galaxy clusters (see Govoni et al. 2015). We dinesthese measurements of the mag-
netic field can be obtained by the SKA simultaneously, forfits time, with the constraints on
DM nature from the expected radio emission.
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3. The impact of SKA on the search for the DM nature

Deep observations of radio emission in DM halos are not yailae, and this limits the
capabilities of the current radio experiments to set relecanstraints on DM models. We have
already explored a project (Regis et al. 2014a,b,c) desticat the WIMP search making use of
radio interferometers, that could be considered as a pileégment for the next generation high-
sensitivity and high-resolution radio telescope arraies the SKA. For the particle DM search we
are interested in, the use of multiple array detectors lgasimthesized beams ef arcmin size
has a number of advantages with respect to single-disha@igmrs. First, the large collecting area
allows for an increase in the sensitivity over that a sirdjit telescope. The best beam choice
for the detection of a diffuse emission requires a larget®gized beam (in order to maximize the
integrated flux), but still smaller than the source itselbéoable to resolve it. A good angular reso-
lution is also crucial in order to distinguish between a fjmemon-thermal astrophysical emission
and the DM-induced signal, which clearly becomes very hiattiei DM halo is not well-resolved.
The possibility of simultaneously detecting small scalgrses with the long-baselines of the array
allows one to overcome the confusion limit. In the case ofnendbeams, the confusion level can
be easily reached with observations lasting for few tensiafites, even by current telescopes. A
source subtraction is thus a mandatory and crucial stepecémialysis. Finally, single dish tele-
scopes face the additional complication related to Galdoteground contaminations, which are
instead subdominant for the angular scales typically pidiyetelescope arrays at GHz frequency.

The limits derived from ATCA observations of 6 dSphs (Redisle 2014c) on the WIMP
annihilation/decay rate as a function of the mass for diffierfinal states of annihilation/decay
are already comparable to the best limits obtained withy observations and are much more
constraining than what obtained in the X-ray band or withvimes radio observations (Spekkens
et al. 2013, Natarayan et al. 2013). In this context, the SKIBhave the possibility to explore DM
models with cross-section values well below the DM relicradance one (see Fig.6 in Regis et al.
2014c). The SKA1-MID Band 1 (350 -1050 MHz) will probably Beetmost promising frequency
range for the majority of WIMP models. The full SKA-2 phasdlwring another factor 10x
increase in sensitivity and an extended frequency range apléast 25 GHz. Typical values of the
SKA sensitivity Peff/Tsys= 2 x 10* m?/K) and bandwidth (300 MHz at GHz frequency) provide
rms flux values of= 30 nJy for 10 hours of integration time. This is about & flctor of gain
in sensitivity with respect to the most recent ATCA obsdorat (Regis et al. 2014a). A further
improvement by a factor of 2-3 can be confidently foreseentduiee larger number of accessible
dSph satellites from the southern hemisphere. The SKA \gill have the unique advantage to be
able to determine the dSph magnetic field (via FR measurenagt possibly also polarization),
provided its strength is around tis level (as expected from star formation rate argumentsisReg
et al. 2014c). This will make the predictions for the expdcidM signal much more robust
and obtainable with a single experimental configuratione Pplospects of detection/constraints
of the WIMP patrticle properties with the SKA will thereforeggressively close in on the full
parameter space, even in a pessimistic sensitivity cadejato~ TeV WIMP masses, irrespective
of astrophysical assumptions.

The SKA will also allow to investigate the possibility thasipt-sources detected in the prox-
imity of the dSph optical center might be associated to thesgon from a DM cuspy profile.
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This possibility is likely only in the "loss at injection” enario, while spatial diffusion should in
any case flatten the®edistribution, making the source extended rather than giki@t The in-
vestigation of these sources with the SKA will deserve paldir attention, since we have already
found that the WIMP scenario can fit the point-like emissiathwannihilation rates consistent with
existing bounds (Regis et al. 2014c).
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Figure 5: The(oV) upper limits from 30 hour of SKA integration time far= 0.01 at 300 MHz (top) and
1 GHz (bottom) as the neutralino mad, is varied with annihilation channéb in solid lines andr7 in
dashed lines. A valuéB) = 5 uG was adopted. Black lines correspond to halos with ma$3NIQ, red
lines to 12 M, and green lines to M, (from Colafrancesco et al. 2014).

The SKA1-MID Band 1 (350-1050 MHz) to Band 4 (2.8-5.18 GHz} anportant to probe
the DM-induced synchrotron spectral curvature at loysensitive to DM composition) and at
high-v (sensitive to DM particle mass), and the implementation ah®5 (4.6-13.8 GHz) will
bring further potential to assess the DM-induced radio spet As we can see from Fig.3, the
best frequency range to detect these radio emissions is@Grb@GHz. So, the upper frequency
regions of SKA1-MID Band 1 provides the strongest specteaddidate for probing the cross-
section parameter space due to an optimal combination @Ki#esensitivity within this band and
the relatively strong fluxes at these frequencies. Thisueagy band will also allow for an optimal
description of the magnetic field (see Johnston-HollittleP@14).

There are two main caveats in the forecasts for DM detectiding radio frequency band. The
first stems from the fact that, for an extended radio emisierconfusion issue becomes stronger
and stronger as one tries to probe fainter and fainter fluXésis, the source subtraction proce-
dure becomes crucial and this can affect the estimatedtis@ies. The impact of this effect on
the actual sensitivity is hardly predictable at the presiem, especially for the SKA, since it will
depend on the properties of the detected sources, the effjca deconvolution algorithms, and
the accuracy of the telescope beam shape.

The second caveat is that by bringing down the observatimashold, one can possibly start to
probe the very low levels of possible non-thermal emissgsoeiated to the tiny rate of star forma-
tion in dSph, or in galaxies and galaxy clusters. The DM dbation should be then disentangled
from such astrophysical background. The superior angatiution of the SKA will allow for the
precise mapping of emissions, putatively either DM or baigally induced, and will enable their
correlation with the stellar or DM profiles (obtained viaiopt and/or kinematic measurements).
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Early DM science can be done with a small sample of local dSplksnall sample of nearby
galaxies with good DM density profile reconstruction, and Bullet cluster, observing with a
somewhat larger beam«(7” — 10"). These objects have been already studied in radio witHaimi
objectives (e.g., DM limits) and therefore provide the Imsence cases to prove the capabilities
of the SKAL for the study of the nature of DM with radio obsdimas. The implementation
of the SKA1-MID Band 5 (4.6-13.8 GHz) will increase the afyilio detect the expected high-
frequency spectral curvature of DM-induced radio emissi@nd the ability to place constraints
on the DM cross-section and to differentiate between diffeannihilation channel spectra. The
10x increased sensitivity of SKA2-MID compared to SKA1-MID Wéllow us to increase the
angular resolution by a factee 20 or to increase the sensitivity of SKA2-MID to DM-induced
radio signals by a factor 10. The possibility to extend the frequency coverage of KA 8 its
Phase-2 realization up te 25 GHz, will allow to detect the expected highspectral cut-off of
DM-induced radio emissions, and then set accurate contsriai the DM particle mass.

4. Conclusion

The SKA has the potential to unveil the elusive nature of Diekter. Its ability to resolve
the intrinsic degeneracy (between magnetic field propedied particle distribution) of the syn-
chrotron emission expected from secondary particles pediun DM annihilation (decay) will
allow such a discovery to be unbiased and limited only by #mesitivity to the DM particle mass
and annihilation cross-section (decay rate). The unpested sensitivity of the SKA to the DM
fundamental properties will bring this instrument in a leadposition for unveiling the nature of
the dark sector of the universe.

The information provided by the SKA can be complemented aitalogous studies in other spec-
tral bands, which will be able to prove the ICS signal of DMyuced secondary electrons (span-
ning from uwaves to hard X-rays angrays) and the distinctive presence of tife— yy emission
bump in they-rays (see Fig. 1). The next decade will offer excellent iftdiquency opportunities

in this respect with the advent of Millimetron, the larggsase-borne single-dish mm. astronomy
satellite operating in the #0- 10> GHz range (optimal to prove the DM-induced SZ effect), the
Astro-H mission operating in the hard X-rays frequency eawith the highest expected sensitiv-
ity to probe the high-energy tail of the DM-induced ICS erugs}, and the CTA with unprecedent
sensitivity in the energy range between a few tens GeV to faasdTeV.
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Chapter 5

X-rays, Dark Matter, and
Multi-Frequency Analysis

This chapter contains a demonstration of multi-frequency methods in the context of dark
matter. We examine several dark matter models proposed to account for observed ex-
cesses and show them to incompatible with observations of a selection of sources in the
radio and v-ray spectra. This analysis is hinged on the universality of dark matter effects,
thus any hosting structure should be compatible, across the spectrum, with a given model if
it is not to be eliminated. Additionally, we show that up-coming X-ray projects like ASTRO-
H have the potential to compliment radio measurements in the search for dark matter. We
do this by analysing the potential constraints that ASTRO-H might derive in the soft X-ray
spectrum and showing that it is sensitive to a spectral region that contains information on
the neutralino mass and annihilation channel.

It must be noted that this chapter uses a bound on the radio-flux produced by the Draco
dwarf galaxy, sourced from the Very Large Array (VLA, see references within the chapter).
This bound is on fluxes within a four arcminute radius of the galaxy centre but may not be
applicable to diffuse emissions, such as those produced by DM-induced synchrotron radia-
tion. However, this caveat does not affect the conclusions made in the following chapter.

The argument for multi-frequency dark matter hunting is clearly illustrated here, in the
power of the method to demand that a proposed model is consistent with observations in all
dark matter hosting structures, across the frequency spectrum. This is especially important
since models that fit observations are usually derived within a single spectral region and for
a given source or class of sources.

This chapter was published in the Journal of Cosmology and Astroparticle Physics. The
candidate wrote the software, an extension of that used to produce the results in Chap-
ter[3] The candidate also produced all of the data and figures, as well as composing the
text, including the analysis and argument structure expressed therein (with editing and con-
sultation with Professor Colafrancesco).
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Abstract. The Fermi-LAT observation of a y-ray excess from the galactic-centre, as well as the
PAMELA, AMS, and AMS-2 anti-particle excesses, and the recent indications of a Fermi-LAT
~y-ray excess in the Reticulum IT dwarf galaxy have all been variously put forward as possible
indirect signatures of supersymmetric neutralino dark matter. These are of particular interest as
the neutralino annihilation models which fit these observations must have observable consequences
across the frequency spectrum, from radio to 7-ray emission. Moreover, since dark matter is
expected to be a major constituent of cosmic structure, these multi-frequency consequences should
be common to such structures across the mass spectrum, from dwarf galaxies to galaxy clusters.
Thus, in this work we make predictions for the multi-frequency spectra of three well-known sources
dominated by dark matter on cluster, galaxy and dwarf galaxy scales, e.g. the Coma cluster, the
galaxy M81, and the Draco dwarf galaxy, using models favoured by dark matter interpretations of
the aforementioned observations. We pay special attention to the consequences for these models
when their cross-sections are renormalised to reproduce the recent ~-ray excess observed in the
Reticulum II dwarf galaxy, as well as using cross-sections from the Fermi-LAT dwarf galaxy
limits, which throw a dark matter interpretation of this excess into doubt. We find that the
multi-frequency data of Coma and Draco are in conflict with the dark matter interpretation of the
AMS, PAMELA and Fermi positron excess. Additionally, models derived from Fermi-LAT galactic
centre observations, and AMS-2 re-analysis, present similar but less extensive conflicts. Using the
sensitivity projections for the Square Kilometre Array, the Cherenkov Telescope Array, as well
as the ASTROGAM and ASTRO-H satellites, we determine the detection prospects for a subset
of neutralino models that remain consistent with Planck cosmological constraints. Although the
SKA has the greatest sensitivity to dark matter models, we demonstrate that ASTRO-H is well
positioned to probe the inverse-Compton scattering emissions from neutralino annihilation and
identify characteristics of the spectra which contain information about the neutralino mass and
annihilation channel. This means that, given environments with favourable X-ray backgrounds,
multi-frequency observation with the next generation of experiments will allow for unprecedented
sensitivity to the neutralino parameter space as well as offsetting the individual weaknesses of
each observation mode. Finally we show that all of the studied models can be better tested with
the SKA phase 1.

1Corresponding author.
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1 Introduction

The recent observed excesses of y-ray emission from the galactic centre (GC) and anti-particle
fluxes have been reported as possible signatures of dark matter (DM) annihilation [1-3].

In particular, the limits derived from both the Fermi-LAT [4] data on the galactic centre ~-ray
excess emission and the PAMELA [5] anti-proton excess have been indicated to favour supersym-
metric neutralino DM models with a particle mass of around 35 GeV and a thermal annihilation
cross-section of {(oV) ~ 3 x 10726 ecm3 s~! [3, 6]. However, this must be considered alongside
the arguments in [1], where it is indicated that background uncertainties for the GC imply that a
far larger range of models, with masses between 10 and 100 GeV and annihilation cross-sections
between 10727 cm? s7! and 10725 cm?® s~!, may be consistent with the observed GC ~-ray excess.
A DM interpretation of these GC measurements has been, however, further disputed [7-11], where
these authors argue that unresolved populations of millisecond or young pulsars are sufficient to
explain the observations.

In addition, the results from the Alpha Magnetic Spectrometer (AMS) [12] cosmic-ray detec-
tor have been used to claim that a dark matter mass of O(TeV) with annihilation cross-section
(oV) ~ 3 x 10724 ecm? s71 will consistently reproduce observed excesses via secondary positron
production [2], although the authors note that an unresolved population of young pulsars could
equally account for the observations. It has been, nonetheless, demonstrated [13] that the results
of the Fermi-LAT dwarf galaxy observations [14] are largely incompatible with a DM explanation
of the positron excess seen by AMS-2 for most annihilation channels, and masses below TeV scales.
The aforementioned study [14], produced constraints ranging from (oV) < 3 x 10726 ¢cm? s~! for
my, < 10 GeV to (oV) < 2 x 1072 cm?® s™! for m, < 10* GeV. These were further improved
upon in the sub-TeV range [15] with constraints (V) < 2.2 x 10726 ecm?® s™! for m,, < 114 GeV.
A recent re-analysis of the AMS-2 electron/positron data [16] also indicates that it is compat-
ible with DM models with cross-sections ~ (2 — 8) x 10726 ¢m? s~! and masses in the range
51 — 140 GeV, depending on the annihilation channels studied. A very similar set of models
are proposed to account for excess y-ray emission observed by Fermi-LAT at the 2.30 confidence
level, reported in the dwarf galaxy Reticulum II [17]. In particular, these authors argued for a
DM interpretation with mass ~ 40 GeV and a cross-section (oV) ~ 3 x 10726 cm? s=1. We
note that similar cross-sections are favoured based upon estimates of the astrophysical J-factor



for Reticulum IT [18]. However, a dark matter interpretation of this excess appears to be at odds
with the recent Fermi-LAT dwarf galaxy analysis, which includes Ret. IT [19].

The release of the latest wave of Planck [20] cosmological results [21] also marks the cur-
rent status on the hunt for neutralino DM from the cosmological side, i.e. using the CMB
anisotropy power spectrum analysis. Planck substantially curtailed the allowed regions of the
mass vs. cross-section parameter space all but eliminating the models compatible with the re-
ported AMS-2/Fermi/PAMELA (hereafter AFP) positron excess [2], for cases where DM anni-
hilation is efficient at depositing energy into the inter-galactic medium. Additionally, sub-TeV
neutralinos with cross-section values above the relic density bound [22] were largely ruled out.
The models favoured by the Fermi-LAT observations of the galactic centre (GC) [1, 3], however,
still remain largely unaffected by the Planck result. In cases where DM annihilation has a low en-
ergy deposition efficiency below 0.3 the AFP region is also unaffected (as is true for the neutralino
annihilation channels studied here).

In this observational framework, it is worthwhile to examine the future prospects of the

remaining models allowed by PAMELA /Fermi/AMS-2 data as well as those allowed by the Fermi-
LAT GC data in terms of a possible explanation due to DM annihilation.
The purpose of this paper is, in fact, to explore the consequences of the possibly DM-consistent
signals from AMS-2, PAMELA and those of the Ret. II dwarf galaxy observed with Fermi-LAT on
the multi-frequency expectations for well known DM-dominated halos like galaxy clusters, galaxies
and dwarf galaxies. Along this line of exploration, we define a multi-frequency observational
strategy for neutralino hunting with coming experiments in the hard X-ray/soft v-ray band (like
ASTRO-H and ASTROGAM), in the very high-E ~y-ray band (like the Cherenkov Telescope Array,
CTA), and in the very low-frequency radio range of the electromagnetic spectrum (like the Square
Kilometre Array, SKA). This examination will take the form of specific predictions of multi-
frequency observation for a key reason, i.e. to confirm the possibility that these potential DM
signatures are consistent with a larger set of observations or constraints and then to produce a
consistent search for DM signals over the whole accessible frequency range of the electromagnetic
spectrum.

For the aims of this paper we will consider representative models from each of the afore-
mentioned regions of the parameter space and we will study their multi-frequency predictions in
the light of the achievable sensitivities of the upcoming instruments at radio (e.g., SKA), hard
X-ray (e.g., ASTRO-H), soft ~-rays (e.g., ASTROMEV and ASTROGAM) and high-E ~-rays
(e.g., CTA). We will confine our analysis to a few well known target environments for which data
and theoretical modelling are rich and available. These are the Coma cluster, the M81 galaxy,
and the Draco dwarf spheroidal galaxy. This will allow us to make concrete predictions of the
prospective ability of multi-frequency observations to explore the neutralino parameter space in
these environments, as well as to compare the studied models to current observational data. We
will use the spectral energy distributions (SED) of these sources to demonstrate the synergy be-
tween radio-frequency and high-energy observations, which will serve to increase the robustness
of any purported indirect neutralino signatures as well as allow for the characterization of the
neutralino through these observations.

In particular, we will show that the ASTRO-H space mission has an observational window on a
portion of the DM-induced inverse-Compton scattering (ICS) spectrum which is sensitive to the
neutralino mass and to the annihilation channel. In the environments we have considered here,
ASTRO-H cannot provide better constraints than Fermi-LAT, due to the existence of strong X-
ray backgrounds in these sources. Therefore, it remains a subject of future work to locate more
favourable environments for the hard X-ray study of DM models.

In the case of y-rays we find that both CTA and ASTROGAM will be able to make little impact in
the study of the GC and AFP models. In the case of ASTROGAM this is because the instrument
is insufficiently sensitive to detect the soft «-ray spectrum produced by neutralino annihilation
within these models. For CTA we find that it is sensitive to energies largely above the typical
mass-dependent cut-off for the studied models, even in the case of the AFP with TeV scale masses.
In galaxy cluster environments, like Coma, the CTA may be capable of marginal detection for the
7+7~ decay channel, which produces harder spectra, but this is complicated by the comparatively



low sensitivity of CTA in this spectral range. Despite these issues, CTA may still have a role in
determining whether observed hard ~-ray emission is not inconsistent with the aforementioned
dark matter models, as the discovery of anomalous hard «-ray excesses would pose difficulties for
these models if DM were found to be the most likely explanation.

For the radio frequency search we find that SKA is well situated to study a large swathe of the
dark matter parameter space, providing optimistic constraints up to 2 orders of magnitude below
the current Planck limits in the studied environments. This despite accounting for the need to
differentiate between sub-dominant DM emissions and astrophysical backgrounds. In addition the
SKA will have access to a frequency range highly sensitive to neutralino annihilation channel and
mass.

In our study, we also draw on the recently reported Reticulum II dwarf galaxy ~-ray ex-
cess [17], and argue that its consequent radio and 7-ray emissions are incompatible with data
available on the studied environments. Thus doubt is cast on the DM interpretation of the excess
put forward in [17].

This paper is structured as follows: in Section 2 we detail models of multi-frequency emission
from DM annihilation and in Section 3 we discuss the neutralino parameters corresponding to
our representative models. In Section 4 we detail the relevant instrument parameters as well
as the multi-frequency data used in this study. We provide multi-frequency predictions for the
chosen environments in Section 5, as well as examining further detection prospects with SKA
and ASTRO-H in Section 6, and discuss the results of our analysis in Section 7 before drawing
conclusions in Section 8.

2 Models of Dark Matter Halos and Multi-frequency Emission

In modelling the halos of our structures of interest we refer to both a cuspy DM Navarro-Frenk-
White (NFW) density profile [23] and a cored Burkert profile [24], that can bracket a larger range
of possible phenomenological models.

The NFW profile is described by

plr) = —L— (2.1)
z(1+2)

with 7 being the scale radius of the profile, and p; is the halo characteristic density.
The Burkert profile is described by

Mﬂ:0+é)6+033 (2.2)

We define the virial radius R,;., of a halo with mass M,;,., as the radius within which the
mean density of the halo is equal to the product of the collapse over-density A. and the critical
density p., where

3H(2)?

pe(z) = 87T(G) ; (2.3)
4

Mvir = gﬂ—AcpcRiir ) (24)

with H(z) being the Hubble parameter. The density contrast parameter at collapse is given in a
flat cosmology by the approximate expression [25]

A, ~ 1877 — 827 — 3927 (2.5)
with z = 1.0 — Q,,,(2), where Q,,(2) is the matter density parameter at redshift z

1

QA (0)
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(2.6)
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Figure 1. Currently Excluded regions and DM signal scenarios in the (cV') vs. mass parameter space [21].
fers refers to the DM annihilation energy deposition efficiency factor (note that bb and 7+~ annihilation
channels have feyr ~ 0.2 — 0.3). The representative AMS-2/PAMELA /Fermi positron excess model is
given by the AFP point, whereas the GC Maximal, Median, and Minimal are three representative models
from the DM interpretation of the Fermi-LAT galactic centre observations. The Fermi-LAT dwarf-galaxy
exclusion for bb and 777~ (yellow, solid and dashed curves), as well as DM thermal relic abundance band
on (oV) are also shown for comparison.

The concentration parameter for the halo defines the scale radius as follows

re = Ruir . (2.7)

Coyir
where ¢y, is determined either for a particular environment or from the model for ¢, (My;;-) given
in [26]. We note that this relation is true only for NFW and Einasto profiles, as it assumes that
rs = r_g, where r_q is the radius at which the effective logarithmic slope of p is —2. In the case
of a Burkert profile r, ~ —Zwir— The dimensionless characteristic density contrast % is defined

S~ T52cyir
to ensure the normalisation

Rvir
/ dr 4nr?p(r) = My, . (2.8)
0
In the case of the NFW halo this can written [27] in terms of ¢, as
ps(Cuir) _ & Chir (2.9)
Pe 3 In(1+ cpir) — ﬁgﬁ—r



In addition to their global structure (NFW and/or Burkert density profile), DM halos are
generally thought to have sub-structure in the form of sub-halos that are denser than their parent
halo [28, 29] and can then boost the annihilation signals by a factor b, which has a radial dependence
based on the assumption that sub-halo distribution follows a similar pattern to the DM density of
the parent halo, with a longer scale radius [28, 29]. In order to derive the boost factor b we follow
the prescription presented in [30], as this conforms to recent analysis performed on Fermi-LAT
data. This sub-structure boost factor is defined as a luminosity increase caused by integrating over
sub-halo luminosities determined by the virial mass and by halo concentration parameters found
numerically according to the method discussed in [31]; we note that a similar method is provided
in [32]. These methods place the boosting factor of cluster sized halos around b ~ 30, with the
large dwarf-like galaxy Draco having b ~ 3. As noted in [30], these values of b are substantially
smaller than those of many popular models quoted in the literature, and are based upon the cy;,
- M,;, relations that agree well with N-body simulations [31]. We note, however, that this form
of the boost factor has no explicit radial dependence b(r) = b as it represents a total contribution
from all sub-halos. In addition to these considerations, a recent study [33] indicates that tidal-
stripping of sub-halos has the potential to enhance the sub-halo luminosity boost by a factor of
2 — 3. This indicates that there may be additional dynamical considerations that increase boost
factors, strengthening the certainty of the conclusions reached here with more conservative boosts
that do not account for dynamical effects.

An additional consideration in studying DM emissions is diffusion of the electrons/positrons
which are responsible for synchrotron and inverse-Compton scattering emissions. In [34, 35], it
was argued that energy-loss dominates particle diffusion in large-scale structures like large galaxies
and galaxy clusters, while diffusion is significant in small-size galaxies like dwarf galaxies [35]
particularly when observation is confined to a small angular segment of the target. For this reason
we will consider the impact of spatial diffusion in dwarf galaxy environments according to the
following method.

The equation for the equilibrium electron spectrum is found as follows:

g dne
ot dE

-V (D(E,@V‘%) + a% (b(E, r)TEe> +Q.(E,r), (2.10)

where 2% is the electron equilibrium spectrum, D(E,r) and b(E, r) are the spatial diffusion and

energy-loss functions respectively (see [29, 34] and below), and Q.(E,r) is the electron source
function. A detailed analysis of the solution to this equation in the case of electron production
via neutralino annihilation can be found in [29].
In order to take into account the effects of the magnetic field and thermal plasma on electron
diffusion we take average values for the field strength and thermal plasma density, being B =
(B(r)?) and 7 = (n(r)), respectively. We use ( ) to denote a spatial average over the target
structure out to the virial radius. We then define the spatial diffusion coefficient as [36]
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where 7y, is the Larmour radius of a relativistic particle with energy F and charge e and kj, = %,
and require that
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This leads us to the result that
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where Dy = 3.1 x 10?8 ¢cm? s—1. It is worth noting that the diffusion coefficient is assumed to be
lacking radial dependence. While it is possible to implement diffusion without this simplification,



we present results here under the assumption we can substitute the averaged value of the magnetic
field in the diffusion coefficient as it is evident that the weak radial dependence of the magnetic
fields and the weak dependence of the diffusion coefficient on the field strength imply that our
approximation is not unwarranted. For this analysis we will assume the minimum scale on which
a dwarf galaxy magnetic field is homogeneous is given by dy ~ 100 pc.

Finally, the energy-loss function takes the form,

b(E) =bjcE2(1 + 2)* + byync BB

+ booun (1 + 2)° (1 + 715) log (M)) (2.14)

— 3 Y
+ bprem(1 + 2) <log (n(l o+ 2)3) + 0.36)

where 7 is given in cm ™2 and b;¢, bsynch, beotl, and byrerm, are the Inverse Compton, synchrotron,
Coulomb and Bremsstrahlung energy loss factors, taken to be 0.25, 0.0254, 6.13, and 1.51 respec-
tively in units of 10716 GeV s™!. Here E is the energy in GeV and the B-field is in uG.

Three particular dark matter halos with very different mass will be of interest in our study:
that of the Coma cluster, the M81 galaxy, and the Draco dwarf galaxy. We also considered the
case of the Reticulum II dwarf galaxy for its recent interest as a possible source of y-ray emission.
For the Coma cluster DM halo we consider the model described in [29]. The virial mass of this
cluster is taken to be M,; = 1.33 x 101 Mg, with virial concentration c,;- = 10, at the redshift
z = 0.0231. The thermal electron density of the ICM in Coma n(r) is given by

ne(r) = ng (1 + [:] 2) - : (2.15)

with rg being a characteristic radius (taken equal to the halo scale radius), ng = 3.44 x 1073 cm ™3
and g, = 1.125 [37]. The magnetic field in Coma is assumed to follow the one derived by [38]

having a radial profile given by
9b
B(r) = By (”E(r)) , (2.16)
no

where r is the distance from the cluster centre, By = 4.7 uG, and ¢, = 0.5. Additionally, this
magnetic field has a Kolmogorov turbulence power spectrum with a minimal coherence length of
~ 2 kpc.

In M81 we use of the following magnetic field model:.

B(r) = By (1 + (;>2> o , (2.17)

here, 7, = 13 kpc, g» = 0.5, g. = 1.125, and By = 7.5 uG [39]. In the case of the thermal electron
density we use a central value of ng = 0.03 cm™3 [39] with a similar radial profile to the one used
for Coma but with scale radius of 3 kpc [39], and the DM halo of this galaxy is taken to have a
virial mass M, = 1.4 x 10'! Mg, at a distance of 3.6 Mpc [40].
For the case of the Draco dwarf galaxy we take the virial mass to be My;, = 7 x 107 My at a
distance of ~ 80 kpc [41], with a constant magnetic field model with magnitude B(r) = By = 1
pG, and a thermal electron density ne(r) = ng = 107¢ cm ™3, both in accordance with [35].
Finally, we make use of a conservative model for the Reticulum II dwarf galaxy, using a distance
of ~ 30 kpc [17], and assuming a J-factor from [18] with a constant magnetic field model with
magnitude B(r) = By = 1 uG, and a thermal electron density n.(r) = ng = 107% cm=3.

The structure parameters on the three target environments are reported in Table 2.

As a supplementary summary of pertinent halo parameters, we calculate the astrophysical
“J-factor” for each halo:

J:/ /pQDM(r)dl’dQ’, (2.18)
AQ JI



Quantity Draco | M81 Coma
My;r (M) | 7x107 | 1.4 x 10T | 1.33 x 107

boost-factor | 3.43 10.1 35.2
By (1G) 1.0 7.5 4.7
(B) (nG) 1.0 1.9 1.2
no (cm™3) 1076 0.03 3.44 x 1073

{(ng) (em=3) | 1076 88 x107% | 4.8 x 1074

Table 1. Summary of the relevant halo parameters.

where the integral is performed over the line of sight [ and the solid angle AS). For reference we
present the J-factor calculated when integrating over the solid angle of the entire halo virial radius
given in Table 2, along with the Ret. II J from [18].

Halo NFW Burkert

Draco | 1.1 x 10™7 [ 3.1 x 10©
Coma | 1.0 x 108 | 2.8 x 1017
MS81 3.0 x 106 | 1.0 x 1016
Ret. II | 2.0 x 10*9 | 2.0 x 10°

Table 2. J-factors for each studied environment and for Reticulum II. These include sub-structure
boosting factors (where appropriate), and are given in units of GeV? cm™>.

For the general description of DM halos and synchrotron emissions we follow the approach
described in [34] and in the references contained therein, while for the high-energy emission prop-
erties of DM annihilation we follow the approach of [29]. Here in the following we report the
basic formulae we will use for the multi-frequency spectral energy distribution produced by DM
annihilation.

The average power of the synchrotron radiation at observed frequency v emitted by an elec-
tron with energy F in a magnetic field with amplitude B is given by [42]
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where m, is the electron mass, v, = Srmoc 1S the non-relativistic gyro-frequency, r. = o s the
classical electron radius, and the quantities x and Fypc, are defined
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and the average power of inverse-Compton Scattering (ICS) is given by
Pic(v,E, z) = cE,(2) /de n(e)o(E, e, E,(2)), (2.22)

where E.(z) = hv(l + z) is the emitted photon energy, n(e) is the black-body spectrum of the
CMB photons, and E is the electron energy. Here we consider mainly the ICS on CMB photons
because this is the largest radiation background available in the universe.

Additionally,
30’T
E e, E,))=—7G(q,Te), 2.23
o(B.6.B,) = 175 Gla.T) (223)



where o is the Thompson cross-section, « is the electron Lorentz factor, and

Teq*(L ~q)

with
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Bremstrahlung emission of DM-produced secondary electrons from the intra-cluster medium
(ICM) and from the inter-stellar medium (ISM) has an average power

Pu(E,, B.r) = cB,(2) Y n;(r)on(E,, B), (2.26)
J
where n;(r) is the density of intra-cluster species j, and
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with ¢1 and ¢2 being energy dependent factors determined by the species j(see [42]).
For the DM-induced ~-ray production through 7% — v decay the flux calculation is some-
what simplified
T
Q(v,z,7)
Sy(v,z)= [ & 22 2.28
() = [ B (228)
with Q, (v, z,7) being the source function for neutral pion decay within the given DM halo.
The local emissivity for the i — th emission mechanism (Synchrotron, ICS, Bremstrahlung)
can then be found as a function of the electron and positron equilibrium distributions as well as
the associated power

M
) x dne-  dng+
Ji(v,r, 2) /me dE < iE + iE )PZ(V,E,’I",Z). (2.29)

The flux density spectrum within a radius r is then written as

" 3 /ji(’jalr/vz)
i\Y = ) 2.
Si(v, 2) /0 d°r D2 (2.30)

where Dy, is the luminosity distance to the halo.

3 Neutralino Models

In this paper our neutralino DM particle is drawn from the minimal supersymmetric extension to
the standard model, following the DarkSUSY package [43]. The source function for the production
of a stable particle 7, produced promptly by neutralino annihilation or ancillary processes is given
by

f
Qi(r, E) = (oV) dN; BN, (1), (3.1)
f

dE

where (oV') is the non-relativistic velocity-averaged neutralino annihilation cross-section at 0 K,

the index f labels kinematically allowed annihilation final states with branching ratios By and

s
spectra dd%, and N, (r) is the neutralino pair density at a given halo radius r. In keeping with

standard procedure in indirect detection studies we will focus on one annihilation channel at a



time and assume a branching ratio of 1 for the channel of interest. We will examine the bb

f
4N is determined using the PYTHIA Monte-Carlo routines in

and 7777 channels. The factor —2

DarkSUSY [44].

Our study examines four neutralino mass models, each of which is then further differentiated
by three cross-section values: a best-fit cross-section, the one derived from Reticulum II ~-ray
excess (as detailed below), and the one derived from Fermi-LAT dwarf studies [19]. The first model
is taken to represent the neutralino model interpretation of the PAMELA/AMS-2/Fermi (AFP)
positron excess, which is still accommodated by the Planck results regardless of DM annihilation
energy deposition efficiency factor, and has M, ~ 3 TeV and best-fit cross-section (oV') ~ 10~
em? s7! (see Fig.1). The other three models are representative of the minimal, median, and
maximal cases of the neutralino model interpretation of the Fermi-LAT galactic centre (GC)
observations: these have values M, ~ 10 GeV, best-fit (cV) ~ 10728 cm?® s™!, M, ~ 40 GeV,
best-fit (cV) ~ 10727 cm?® s71, and M, ~ 100 GeV, best-fit (cV) ~ 10726 cm? s™!, respectively
(see Fig.1). The choice of the GC models is predicated on covering the range of the parameter
space favoured by the analysis of the Fermi-LAT data [1, 3].

Each of these GC models will be tested for both bb and 777~ channels with the same cross-
section used in both cases. However, we note that the best-fit cross-sections for these two channels
will typically differ for any given neutralino mass. In the case of GC excess models [1] the bb best-
fit model is (oV) ~ 10726 cm?3 s—1 for m, ~ 50 GeV. Whereas for 777 it is (cV) ~ 3 x 10727
cm?® s—1 for m, ~ 10 GeV. Thus GC region, and its representative points, displayed in Fig. 1
attempts to encompass the whole range of models favoured by the GC excess for bb and 7+7~
channels.

In order to determine the annihilation cross-section required to match DM emissions to the
Reticulum II v-ray signal we use the reported 2.3c Fermi-LAT excess and calculate the relative
value of the annihilation cross-section (cV') by normalising the maximum ~-ray flux, for a given
neutralino mass and from the Reticulum IT halo model, to match the 2.30 Fermi-LAT excess at the
appropriate observed energy (these values are determined separately for bb and 777~ channels).

4 Multi-frequency Data and Instruments

Our choice of particular DM dominated cosmic structures is justified by two considerations, the
first being the availability of data/limits for optimal comparison to predictions. The second is that
emissions of any structure expected to host DM should be compatible with models derived from
DM interpretations of observed excesses in other environments. Moreover, we choose environments
that are not ideal detection test-beds in order to strengthen our conclusions, as if a neutralino
model fails to accommodate existing data from non-ideal detection environments then this serves
as stronger evidence against it.

For the Coma cluster we use the diffuse radio data set from [45], total X-ray flux data [46]
from the ASCA experiment [47] in the 2-10 keV band, as well as from INTEGRAL [48] in the
20-50 keV band [49]. These X-ray sources were selected from the NED SED builder [50], under
the requirement they were broad-band measurements yielding a total flux integrated over a map
of the target. In addition to this, we use direct Fermi-LAT limits on Coma v-ray emission [51],
and those derived from stacked cluster analysis of Fermi-LAT data [52]. These are compared to
the neutralino-induced emission over the entire virial radius, due to the extended nature of these
limits. The neutralino predictions can be tested against this data, as if they exceed either the
measured points or limits then the model is unviable within the Coma environment.

As the radio data for Coma prove highly important in this work, we must note that there
are difficulties in the precise measurement of a diffuse radio flux from an extended target like
Coma. This is because such diffuse emission can only be found by subtracting out identified point
sources and known extended radio sources (like e.g. radio-galaxies). Thus the accuracy of such
a flux determination is dependent on the ability of the instrument to resolve point and extended
astrophysical sources within the cluster environment.



For the M81 galaxy we make use of an SED composed of data points, from broad-band
measurements only, where the flux is integrated over a map of M81 [53-68]. These points were
selected by hand using the ASDC and NED SED builders [50, 69], on the criterion that they are
integrated over a map and not limited to an aperture area. The chosen points span the radio and
far infra-red spectrum, with a slight incursion into soft X-rays [70, 71] from Chandra [72, 73] and
EXOSAT [74], respectively.

For the Draco dwarf we make use of the VLA radio limit [75], integrated over a 4 x 4’ area
around the centre of the galaxy (comparing it to DM synchrotron emission within the same region).
In addition we use Fermi-LAT upper limits from dwarf observations on Draco [14] compared to
the flux integrated over the virial radius of Draco. Given the appropriate area of flux integration,
it is clear that neutralino emission predictions cannot exceed these upper limits in Draco.

We note that the ASTRO-H telescope has a 34’ x 34’ field of view in the soft X-ray band
while in harder X-rays it is limited to 9" x 9’ [76]. We will take this into account by limiting the
area of flux integration appropriately when comparing the ASTRO-H sensitivities to the model
predictions. The size of the soft X-ray FOV, when compared to DM-induced surface brightness
profiles, means we will use the virial radius in this spectral region (as the FOV captures upwards
of 95% of the flux). This consideration is unnecessary for SKA which has a field of view of at least
one square degree.

In all of the following comparisons we will show point-source sensitivities for the considered
instruments (we note that extended source sensitivities are not officially available for the SKA
or ASTRO-H, so we use the point-source information as a benchmark), typically at 1000 hours
of observation, but for Fermi-LAT we use the 10 year sensitivity for PSR2.SOURCE_V6 [77].
For comparisons with SKA and ASTRO-H in M81 and Coma we will be accounting for observed
backgrounds, thus we are comparing SKA sensitivity to DM-induced fluxes against these back-
grounds. This approach is in accordance with the fact that NFW halos are point sources within
1" (resolution of ASTRO-H is around 1.5' [76]), for Burkert halos there will be some extension of
the source but ASTRO-H/SKA extended sensitivities are unavailable as yet and CTA is largely
affected only in the upper regions of its observation window [78] (which are not reached with the
studied models).

5 Multi-frequency analysis

In this section we present the results of our multi-frequency analysis, discussing separately each
one of the cosmic environments we consider.

5.1 Coma Cluster

For the Coma cluster we begin by presenting the upper panel of Figure 2, which shows the multi-
frequency spectra for the considered neutralino models. It is clear that the shape of the observed
synchrotron spectrum in Coma is incompatible with the predictions of the AFP model because
these exceed the Coma radio halo flux and also show a spectral flattening for v > 1 GHz which is
not observed.

The maximal and median GC models (777~ only for median GC) also predict unobserved flux
excesses as well as spectral flattening for v > 1 GHz. The aforementioned models also have issues
with their amplitude exceeding the observed spectrum. However, we find that the synchrotron
flux amplitude and slope are not an issue for the minimal GC model. Only the GC minimal model
with bb is in tension with the Fermi-LAT stacked cluster limit.

In the lower panel of Fig. 2 we see that only the AFP bb model conflicts with the radio
data when a Burkert profile is used. However, this halo profile does lead to sub-dominant DM
emissions. In general the Burkert profile will be seen to reduce the flux by more than an order of
magnitude at all frequencies.

In terms of differentiating between neutralino spectra, substantial differences are apparent
between the spectral slopes of different annihilation channels in both the radio (SKA) and X-ray
(ASTRO-H) observation windows for all of the models. Notably the 777~ spectra are of lower
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Halo 10 GeV | 40 GeV | 100 GeV | 3 TeV
Coma | - ~3.50 | ~3.50 ~ 40
M81 - - - -

Table 3. Magnetic field deviations needed to keep neutralino bb models with given masses, and Fermi-LAT
dwarf cross-sections, consistent with available synchrotron data.

amplitude at low frequencies (with respect to form of emission) and cross over the bb spectrum
at higher frequencies, resulting in a harder spectrum. This is true for all the models and all
forms of emission, and this kind of spectral crossing also extends to the effect of variations in
the mass of the neutralino. At low frequencies the spectra of heavy neutralino models fall below
their lighter counterparts, which is in complement to the hardening of the spectrum for heavy
neutralinos. It is notable that such regions of spectral difference between the GC models fall
within the observational window of ASTRO-H (middle figure panels), whether this is observable
will be discussed in Section 6. It seems, therefore, that ASTRO-H will be well positioned to
discriminate between the various neutralino compositions.

We note that the ASTRO-H observation window also encompasses the region of the ICS
spectrum that shows significant differences between various choices of neutralino mass and anni-
hilation channel within the Coma cluster. Importantly, CTA seems only to be able to observe
heavier DM models (like AFP) in this environment, with the GC masses falling below the region
of CTA sensitivity. In the case of ASTROGAM it is evident that it is insufficiently sensitive to
observe emissions from the studied DM models, even in the case of a large DM halo like the Coma
cluster.

In Figure 3 we display the predictions of assuming the annihilation cross-section necessary
to reproduce the Reticulum II ~-ray excess [17]. This prediction was derived by assuming a J-
factor for Ret. II from [18] (see Table 2). and using this to determine a y-ray SED. Then we
took a 2.30 Fermi-LAT excess reported by [17] and normalised our model of Reticulum II so that
it is the maximal v-ray flux matching the Fermi-LAT excess. The cross-sections thus derived
are listed in order of model mass as: 1.9 x 10726 cm? s7!, 4.8 x 10726 cm?® s7!, 1.4 x 1072°
cm® s71, and 1.0 x 10722 cm?® s~!. When the model is applied to other DM halos, we see that
in the radio and ~-ray frequency ranges the predicted fluxes for this models greatly exceed the
known measurements/limits for the Coma cluster. It is evident then that the consequences of a
DM interpretation of the excess y-rays in the Reticulum II dwarf galaxy are unacceptable for the
considered neutralino mass range (10-3000 GeV) in the case of Coma. We note that the use of
the Burkert profile in the lower panel only removes conflicts between the 10 GeV mass and radio
data, while y-ray incompatibility remains for all models. In conclusion, the available SED of Coma
discards the DM interpretation of the Reticulum II ~-ray excess in the case that the same DM
model is responsible for the formation of the halo of dwarf galaxies and galaxy clusters.

Since the previous results have been obtained with a NFW profile and with the relative boost
factor (as described in Sect. 2), we show in Figure 4 a conservative version of Fig. 3, which
considers the same set of neutralino masses but with the cross-sections derived by the Fermi-LAT
collaboration from dwarf galaxy observations, including Reticulum II [19]. We can see that many
of the features we highlight for Fig. 3 remain in evidence, and particularly the predictions being
in excess in the synchrotron spectrum and in violating both Fermi-LAT Coma and stacked cluster
limits in y-rays. The lower panel shows that the Burkert profile has only the 100 GeV 777~ and
3 TeV bb in conflict with the radio data. However, 10 GeV bb is in tension with the Fermi-LAT
stacked cluster limit in this case.

We also attempted this exercise by assuming a virial mass of 10° Mg, and a distance of 30
kpc for Ret. II, in this case the required cross-sections are far larger and the resulting excesses in
Coma are thus greater.

Given the sensitivity of synchrotron radiation to magnetic field strength we show in Fig. 5 the
factor by which the magnetic field strength must be multiplied in order to return the predictions
in Fig. 4 (for the bb cases) to consistency with available radio data; this is also summarised in
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Table 5.1. We find that the 40 deviation that would be required for the synchrotron spectrum to
be accommodated by the data, for all but the 10 GeV neutralino mass model, demonstrate that
the inconsistencies we previously highlight cannot be solely blamed upon magnetic field values.
In fact, a value as low as =~ 1 uG for Coma is in sharp contrast with the results of Bonafede et
al. [38] indicating B ~ 5 uG. Therefore, we conclude that even the cross-sections derived by the
Fermi-LAT Collaboration for dwarf galaxies cannot support an interpretation of a 7-ray excess
being the result of neutralino DM annihilation.

We note that the Fermi-LAT cross-sections are similar to the value reported in [17] for neutralinos
around =~ 40 GeV, this increases the robustness of our results as the highlighted conflicts with
available data will not be exorcised by such a sub-order-of-magnitude cross-section reduction.
Finally, we note that recent Fermi-LAT analysis for Coma [83] produces more stringent limits
upon the y-ray flux and thus will strengthen the results here, as well as exclude any currently
marginal cases.

5.2 M81 Galaxy

Figure 6 shows the spectrum expected in the given DM models for the M81 galaxy environment.
CTA observation of the predicted DM models are less likely from this source, even with the super-
TeV masses, and its study is complicated by the extreme dominance of its active nucleus over a
broad range of frequencies. As in the Coma environment, the ASTRO-H window covers several
ICS spectral crossings between differing neutralino masses and annihilation channels. In the radio
frequency range it is notable that, regardless of halo profile, there are no conflicts between any of
the models and the data.

Figure 7 shows the consequences of assuming the Reticulum IT DM annihilation cross-section.
All of the neutralino masses are incompatible with the available radio measurements. The DM
models would be observable by Fermi-LAT for ~ 10 year observations at £ > 0.04 GeV and the
3 TeV mass neutralino should produce a sufficiently high flux for CTA observation with ~ 1000
hours exposure. Despite the large flux produced by the active nucleus of M81, the Reticulum II
excess annihilation cross-section proves to be incompatible with existing measurements of M8&1.
When the Burkert profile is used in Figure 7 we see that 3 TeV models as well as 777~ with
100 and 40 GeV masses remain in tension with the data. The case of particular relevance is the
best-fit Reticulum II model of m,, ~ 40 GeV and (6V) ~ 3 x 10726 ¢cm? s~!, which is excluded
by the data for an NFW profile and is marginal with 77~ annihilation and a Burkert halo.

In Figure 8 we show the consequences of the cross-sections derived from Fermi-LAT dwarf
studies including Reticulum II. In the case there are once again no conflicts between the data and
the models.

5.3 Draco dwarf galaxy

Figure 9 shows the spectrum of the considered DM models in the Draco dwarf galaxy environment.
In the radio range we find that there is no tension with the VLA limit on Draco [75] (while
integrating the flux over an appropriate 4’ x 4’ area at the centre of Draco) but stronger magnetic
field/diffusion characterisation would be needed to robustly support this conclusion. Additionally
there are no conflicts with the Fermi-LAT upper limits. These results holds with both NF'W and
Burkert halo profiles. We note that this work does not account for possible diffuse foreground
emissions [84], which may substantially impact upon Draco observations.

Once again, for each form of emission, at low frequencies the 777~ spectrum lies below the
bb one but then it crosses over at high frequencies. The exact frequency at which the cross-
over occurs is dependent on the neutralino mass and is trivially red-shifted as discussed in [34]
and shows a mild sensitivity to the conditions of the halo in the form of being shifted to higher
frequencies for larger magnetic fields (synchrotron only) and ICM densities (as can be seen from
comparison of Figs. 2,6, and 9). The fact that this cross-over behaviour appears in each region of
the spectrum, although the ICS cross-over can be hidden by the «-ray spectrum, suggests that such
features should be attributed to the underlying differences in the particle distributions produced
by these neutralino annihilation channels, and thus the shape of the emission spectrum constitutes
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a signature of the dominant channel. All of the models are compatible with the Fermi-LAT dwarf
upper bounds, which conforms to the slope and shape of the high-energy spectrum. Although
more sensitive measurements will be necessary to constrain the y-ray spectrum more effectively.

The ICS spectra are significantly different within the energy window of ASTRO-H, similar
to the environment of Coma, with the crossing of spectra due to differing annihilation channels
being present for the GC models. Where the spectra for different models/channels have similar
amplitudes, they differ substantially in slope over the observational region of ASTRO-H, greatly
increasing the possibility of identifying the neutralino mass and annihilation channel from the
nature of an observed signal.

Figure 10 shows the consequences of assuming the Reticulum II annihilation cross-section.
All of the models explored here are incompatible with the Fermi-LAT ~-ray limits on Draco, while
all but the 10 GeV cases and the 40 GeV bb models are incompatible with the VLA limit on Draco.
This is slightly affected by the use of the Burkert profile in the lower panels, with only no models
in tension with the VLA limit, but «v-ray limits still exclude all models. Thus, the Reticulum II
DM interpretation seems untenable for all the studied masses and this is not subject to the halo
profile uncertainty between NFW and Burkert.

Figure 11 displays the effects of assuming the Fermi-LAT annihilation cross-section for dwarf
spheroidal galaxies. Once again the effects of diffusion ensure that no models are in conflict with
the VLA limit. In the case without spatial diffusion, the 3 TeV and 777~ 100 GeV models are
in tension with the VLA radio limit with an NFW profile (the conflict is removed by the Burkert
profile in this case). Additionally, there is no tension with the Fermi-LAT limits as one should
expect. The use of the Burkert profile (see lower panel of this figure) does not affect this. For
neutralino masses above 100 GeV without spatial diffusion, a magnetic field reduction of at most
~ 40% would be necessary for consistency of the featured models with the VLA data, as can be
seen in Fig. 5 for an NFW profile. Thus uncertainty is provided by both the diffusion/magnetic-
field and the DM halo profile, the latter is particularly important in Draco given the compatibility
of many dwarf halos with cored distributions [85, 86]. Therefore we take the Draco results to
provide some support for the conclusion that only cross-sections below the Fermi-LAT limit for
dwarf galaxies could justify a DM interpretation of the Reticulum II ~-ray excess. The radio
frequency uncertainty emanates mainly from the magnetic field and diffusion characteristics.

5.4 Dark matter constraints

It is worth noting that the synchrotron portions of the spectra displayed in Figs. 2,6, and 9 are
sensitive to the assumed magnetic field strength, as seen in Eq. (2.19). This is significant because
it will be necessary to obtain accurate estimates of the magnetic fields within cosmic structures in
order to properly constrain the synchrotron spectra resulting from DM annihilation. In this regard,
the SKA is expected to play a prominent role, as discussed in [87]. This is because, for arcminute
resolution at flux levels of ~ 1 uJy, it has been shown [88] that polarisation stacking calculations
indicate an expected polarised source density of the order of ~ 1300 sources per square degree,
with the analysis of [89] indicating that this involves an overall uncertainty of ~ 50%. This means
that already the SKA-1 will be able to derive stringent constraints for cosmic magnetic fields on
the required scale with a sufficiently large source count for spatial profiling.

In Figures 12 and 15, we derive the cross-section limits that can be placed on the parameter
space using the Coma radio data, as well as the M81 spectrum. In the Coma cluster case (Fig. 12),
the data provides 30 constraints that are about an order of magnitude stronger than the Fermi-
LAT dwarf limits at all masses above 10 GeV, where Fermi-LAT is similar. We note that the
strength of these limits is significantly affected by the use of the Burkert profile in the lower panel,
weakening constraints by roughly an order of magnitude at all masses.

It is instructive to compare these derived limits to previous works such as [90, 91], which
derive limits from radio observation of the galactic centre. We see that our Coma limits produce
similar constraints to [90] around 100 GeV ({(¢V) < 10726 ecm?® s~! for bb with NFW profile) but
improve over [90] substantially towards 1 TeV ((¢V) < 1072° ecm?® s7! for bb with NFW profile).
In the case of [91] we find that their best-case magnetic field results for 10 GeV, (oV) < 10726
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em® s™! for bb with NFW profile, are somewhat weaker than those derived here, in addition to

this they scale more severely with m,, reaching (oV) < 10723 cm?® s~! for bb with NFW profile
by masses of 1 TeV.

We note that the Coma radio flux we obtained here differs from previous derivations of DM-
induced radio emission in this cluster, such as in [29]. In order to understand this difference, we
show in Figure 13 the two calculations, and we see a two order-of-magnitude difference in flux
between our model and that performed using the model from the aforementioned work [29]. In
this figure we use the best-fit cross-section derived in [29] to illustrate that using our approach we
can reproduce the results of [29] when we employ the same halo model. Due to the magnitude
of the difference between the fluxes obtained in these two cases, the differences in the underlying
models of Coma deserve to be remarked upon.

In the upper-panel of Figure 14 we show a comparison of ¢,; and sub-structure boost factor values
between our work and the aforementioned earlier study of Coma. As previously stated, we take
our ¢y value for Coma from the fits done in [29]. Therefore, in this regard the two calculations
do not differ; however, this c¢,;, calculational method is of interest for its contribution to the
sub-structure boosting factor (as it will be used to find ¢, for sub-halos). It is important to
note that when we determine the boosting factor for a halo with Coma-like mass using the model
from [30] we obtain a boost factor that is twice as large as that derived from the sub-structure
calculations used in [29] (see Table 4). However, the differences in these parameters are clearly
insufficient to explain the difference between the radio fluxes shown in Fig. 13. In the lower panel
of Fig. 14 we also note that the DM halo density profiles are similar: we use an NFW profile while
[29] use an NFW-like Einasto profile with @ = 0.17. However, we point out that the magnetic
field model from [29] peaks well outside the scale-radius of Coma (~ 0.29 Mpc), while the one we
employ in this paper following a later analysis from [38] peaks at the cluster centre. It is clear from
Figure 14 that DM density has dropped by two orders of magnitude before we reach the peak of
the magnetic field model used in [29]. This effect is able to reduce substantially the synchrotron
flux generated by annihilations (which is proportional to p?) in the dense central region of the
cluster, in comparison to our model, and accounts for the remaining difference between the radio
flux density curves displayed in Fig. 13.

Therefore, we conclude that the main difference between our radio flux calculations in Coma and
those of [29] is due to the spatial profile of the magnetic field within the inner parts of the halo,
with the boosting factor only accounting for a factor of 2 of the difference.

We also note that the boosting factor we employ, following [30], depends only the DM sub-
halo mass distribution within the parent halo and it is therefore a DM pair-annihilation boost;
as such it does not account for the spatial variation of the magnetic field which would affect how
much synchrotron radio flux is produced by sub-halos. In other words, by applying this method
one assumes that all types of DM-induced e.m. emission will benefit similarly from sub-structure
boosting. In the specific case of DM-induced radio synchrotron emission, since sub-halos are
distributed radially within their parent halo, they will not all encounter the same value of the
magnetic field strength and thus the secondary electrons produced in DM annihilations within
sub-halos at different radii will provide differing boosts to the total synchrotron flux. Taking this
into account would then have the effect of reducing the total synchrotron flux produced by sub-
halos [92]. However, it was also shown in [29] that, if the sub-halos distributions follow a similar
profile to the DM density profile of their parent halo, most of the substructure boosting occurs
near the cusp/core region, which will mitigate the aforementioned synchrotron reduction effect
given a magnetic field model that peaks centrally within the halo, as in our case.

For the case of M81 (Fig. 15), we note that the use of the Burkert profile has a significant
effect, reducing the limits from slightly weaker than Fermi-LAT to significantly weaker than this
benchmark.

6 SKA and ASTRO-H Constraints

In order to determine how far into the m, — (cV') parameter future experiments could probe in the
studied environments, we will determine the smallest cross-section to which they are sensitive. We
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Halo Boost A | Boost B
Coma | 35.2 17.7
MS81 10.1 1.00
Draco | 3.43 1.00

Table 4. Substructure boosting factors for two cases. A: from [31] as used in this work. B: from [29] used
to study Coma.

do this first by locating the smallest cross-section observable by the instrument (assuming 100%
of emissions results from DM annihilation) and then by determining the minimal cross-section
for which the DM-induced emissions can be disentangled from the dominant foreground emission
with a power-law spectrum. This is important as DM-induced radio emissions will likely be sub-
dominant in all the environments for cross-sections below those shown in Fig. 12; for X-rays the
sub-dominance in the studied sources will evidently begin at much larger cross-sections (see Figs. 2
and 6).

This disentangling process is performed by assuming a power-law spectrum S,,v~" with either
n = 0.85 or n = 0.7 as appropriate (resulting from an electron distribution with power-law index
2.7 or 2.4 respectively) with S, chosen to closely match the flux level of available data (same
points as displayed in previous plots). We then assume that the total flux from the source will be
the sum of the DM and power-law fluxes characterized to within a 1% error. The DM flux will
then be found subtracting off the power-law, characterized to within a 2% error, and averaged over
many random realizations of this “simulated measurement”. The error assigned to the resulting
“measurement” of the DM-induced flux at each frequency is taken to be the variance of the set of
simulated measurements. The given error limits are chosen to reasonably match the capabilities
of the SKA and ASTRO-H experiments. This analysis is performed separately for both the ICS
and synchrotron spectra.

In the case of Draco and ASTRO-H, we chose to normalize S,, using the WISE [93] 3-Band
limit for Draco, lacking for any hard X-ray data.

The minimal cross-section to which the instrument is sensitive is then taken to be the smallest
that can be resolved from the power-law spectrum (such that it is not dominated by the lo
uncertainties), provided this is larger than the 100% DM analysis result. We also require that the
case of power-law plus DM has a x? value 10? times smaller than power-law alone (when comparing
these cases to the total flux) in order to ensure that it is the strongly preferred hypothesis.

Figure 16 displays the constraints that can be derived from the minimal cross-section with
which ASTRO-H could observe DM-induced Inverse-Compton Scattering (ICS) emission for each
neutralino mass. The large background X-ray fluxes in the chosen environments mean that
ASTRO-H cannot resolve DM emissions of models below the Fermi-LAT limit. However, in ear-
lier figures it was argued that ASTRO-H is well positioned to observe features of the DM ICS; so
environments with less X-ray background might be more suitable. A study of this nature will be
confined to further work to determine the possible usefulness of ASTRO-H data in DM searches.
The lack of higher frequency X-ray limits in the Draco dwarf will also play a role in reducing the
displayed constraints.

Given that ASTRO-H has a larger collecting area in the lower frequency part of the ICS
spectrum, the bb channel has stronger fluxes and thus can provide better constraints. The use of
the Burkert profile in the lower panel of Fig. 16 weakens the constraints that can be derived by
roughly an order of magnitude.

Figure 16 should also be compared to Fig. 17 sourced from [34] but applying the above
“disentanglement test”. This shows the potential cross-section constraints for the case of the SKA.
We stress that the SKA constraints are several orders of magnitude better in all environments. In
the case of Draco the Burkert profile constraints are substantially weakened by the fact that its
flux is only integrated over a 4 arcminute squared area, as the dominant spectrum is chosen to
respect the VLA limit. The limited area also greatly exaggerates the effects of spatial diffusion
in reducing the severity of these constraints. The use of the Burkert halo profile in the lower
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panel of Fig. 17 weakens all the constraints by more than an order of magnitude. For an NFW
halo profile, the SKA can probe models well below the GC favoured region in Coma and reaching
(oV) ~ 6x10728 cm® s~1 in M81, while in Draco it can cover the region given by (V') =5 x 10727
cm?® s7! and m, 220 GeV. When the Burkert profile is used, however, Draco can no longer be
used to probe the GC model region at all (for this 4 square arcminute integration area) and M81
can be used to study models with (¢V) 23 x 10727 cm?® s™! and m, 2 12 GeV. With the Burkert

profile Coma can still be used to probe down to (V) ~ 1 x 10727 ¢cm3 s~! for all the GC masses.

7 Discussion

We will proceed to discuss our results examining the consequences for each studied neutralino
mass model with its best-fit cross-section. We will then examine the consequences of our results
for the purported Reticulum II +-ray excess. Finally, we will discuss general spectral features and
the potential of multi-frequency searches for DM-induced signals with next coming experiments.

Before proceeding to this discussion we note that the synchrotron results in Coma are much
more constraining for certain neutralino masses than others. This depends on two aspects. The
first being that larger mass neutralinos produce electrons with a greater average energy, shifting
the peak of the resulting synchrotron spectrum to higher frequencies (for the same choice of the
magnetic field). The second aspect is the slope of the Coma diffuse radio emission spectrum,
which tails off rapidly above 1 GHz. When we combine these two aspects we see that larger mass
neutralino models will be more constrained by the available Coma diffuse radio emission data, as
the synchrotron peak is rapidly shifted towards frequencies where the amplitude of the data is
tailing off. Of course, a sufficiently large cross-section will make the spectral amplitude of any
model incompatible with the Coma data at most frequencies.

For the AFP models we find that Coma predictions are incompatible with the slope (and often
also with the amplitude) of its synchrotron radio spectrum, predicting unobserved flux excess and
spectral flattening above 1 GHz. This conclusion is largely unmitigated by the use of the Burkert
profile and, as shown in Fig. 5, magnetic field uncertainties cannot account for the conflict with
the data.

The M81 spectra show no conflicts with the available SED.

However, the Draco spectra conflict with the VLA limit for an NFW profile and bb annihilation
channel. Therefore, even though Draco does not provide a definitive dismissal of the AFP with
best-fit annihilation cross-section, it does serve to suggest that there is cause for concern, and
thus reinforces the Coma results. Further observations will increase the constraining power of
Draco. We note that the flatness of the AFP spectra might well conflict with future radio studies
of Draco, as also occurs in Coma.

Taking all these results into consideration, and as the studied representative model was the
most compatible with the Planck data, we must conclude that the remaining AFP model not yet
excluded by Planck must be now considered eliminated through this analysis. This is reinforced
by the fact that Fig. 1 shows that the Fermi-LAT data excludes these models in the bb channel.

A recent re-analysis of the AMS-2 results [16] indicates that a more sophisticated astrophysical
model would allow a neutralino with mass ~ 50 GeV and a cross section ~ 3 x 10726 cm?® s7! to
account for observed positron excesses. We note that this model will be covered by the conclusions
which apply to the GC median mass model (40 GeV) with the Fermi-LAT dwarf cross-section
(~1x10725 cm® s71) as their results do not differ sufficiently to alter any conclusions. Therefore,
we find that this revised AFP model will be ruled out by a violation of Fermi-LAT stacked-cluster
limits on Coma and by the conflict with the flux and the slope of Coma radio data (see the Fermi
GC discussion below). This is subject, however, to uncertainty over the halo density profile of
Coma, as the use of the Burkert profile removes all aforementioned conflicts.

For the Fermi GC models with best-fit annihilation cross-sections we find that there are
conflicts between Coma radio data and the predicted synchrotron slope of all but the minimal
(10 GeV) GC model and the 40 GeV bb cases. There are, however, no significant conflicts with
the ~-ray limits on Coma. Neither M81 nor Draco serve to further constrain these DM models.
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However, in these cases neutralino-induced emissions must be sub-dominant complicating hence
attempts at robust detection in cosmic structures like dwarf galaxies.

In the case of the 3 TeV neutralino model (with AFP-consistent mass) with Reticulum II
and Fermi-LAT dwarf cross-sections [19] we show that there is a conflict with Coma radio data
regardless of the assumed DM halo profile. Moreover, this model also conflicts with the Fermi-
LAT stacked-cluster limit as well as the direct Fermi-LAT observational limits on Coma (though
for the Fermi-LAT cross-section bb 3 TeV does not conflict with vy-ray limits and the Burkert
profile removes all such conflicts). This means that the Coma data is not compatible with a TeV
neutralino causing Reticulum II v-ray emission with our derived Reticulum II annihilation cross-
section or that sourced from Fermi-LAT dwarf studies, which included Ret. IT in their analysis [19].
Similarly, the radio spectra for M81 conflicts with the AFP mass neutralino model as a source of
Reticulum II v-ray emission for the Ret. II cross-section but no the Fermi-LAT case. Lastly, TeV
neutralino models with both the Reticulum II and Fermi-LAT dwarf annihilation cross-sections
are in conflict with the VLA Draco limit for both halo profiles (Ret. II) and NFW only in the
of Fermi-LAT cross-sections. As argued previously, this conclusion cannot be easily mitigated
by appealing to magnetic field uncertainties, as these would have to be large to account for the
excesses over the data.

In the case of the neutralino models with Fermi GC masses and the Reticulum II annihilation
cross-section, the Ret. II cases conflict with the Coma radio data for both NFW and Burkert halo
density profiles. The Fermi-LAT dwarf cross-section cases only conflict with Coma data when the
NFW profile is used, apart from the 10 GeV bb case. We note that although we do not display
W*W = spectra, their relative hardness compared to bb makes them difficult to accommodate
with the slope of the Coma data [29], which remains true in our analysis with models with similar
mass to GC maximal, even with cross-sections which correspond to those used in [94] (including
comparison with appropriate WTW = spectra). However, all of the GC masses are incompatible
with the Fermi-LAT stacked cluster limit and direct «-ray limits on Coma with both NFW and
Burkert density profiles for the Ret. II cross-section. In the case of the Fermi-LAT dwarf cross-
section, all neutralino masses conflict with the 4-ray limits for an NFW density profile and bb
emissions, for the Burkert case there are no conflicts. For M81, all of the masses between 10 and
100 GeV conflict with the data when the Ret. II cross-section is used with an NFW profile. For
the Burkert profile only 40 and 100 GeV 77~ remain in tension. In the case of the Fermi-LAT
cross-sections there are no conflicts with M81 data. For Draco, with an NFW profile and the
Ret. II annihilation cross-section, only the GC minimal mass (i.e., 10 GeV) and median mass
with bb are compatible with the VLA limit but all the masses/channels violate the Fermi-LAT
dwarf limits from [14]. In the Burkert density profile case only the 100 GeV mass with 77~
violates the VLA limit, and all the Fermi-LAT limit violation constraints are removed. For the
Fermi-LAT dwarf annihilation cross-section, only the 100 GeV 77~ conflicts with the VLA limit,
but a Burkert profile allows all masses with no conflicts with Fermi-LAT or VLA data. This makes
Draco conclusions uncertain, as there are good reasons to believe that dwarf galaxies may have
cored profiles [85, 86]. From the strength of the Coma data we can conclude that the violation
of the Fermi-LAT stacked cluster and direct limits on Coma, as well as radio conflict, means that
none of the GC masses (between 10 and 100 GeV) are compatible with being responsible for any
excess Reticulum II «-ray emission, given the current Fermi-LAT limits on dwarf galaxies. This
is especially important as the best-fit model for the Ret. II v-ray excess is one with mass 40 GeV
and (V) ~ 3 x 10725 cm® s™!. We also note that the Ret. I DM explanation of its y-ray excess
is already disfavoured by dwarf galaxy observations with Fermi-LAT [19].

As a matter of the validation of our numerical results, in Section 5.4 it is shown that the most
significant differences between our results for the Coma cluster radio flux and the one derived in
previous work, like [29], are due to the modelling of the magnetic field spatial profile within the
inner parts of the halo. It is important to highlight the fact that we use here an updated model
of the Coma cluster magnetic field derived by [38] several years after the publication of the [29]
results.

It must be noted that, as we do not take into account the fact that sub-halos at differing
radii within the parent halo would experience differing magnetic field values, our predictions of the
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synchrotron flux for Coma may be slightly optimistic [92]. However, if sub-halos follow a similar
distribution to the DM density of their parent halo, then this effect is mostly significant within
cored halo profiles.

It is clear from our discussion in Section 5 that the mass of the neutralino has a very prominent
effect on the DM-induced SED, regardless of environment. This being that it controls the position
of the ~-ray, X-ray and synchrotron peaks through the maximal energy of electrons produced in
DM annihilations, and also the distinctness of the ICS and 7-ray peaks. This latter property is a
result of the effect of the neutralino mass on both shifting the ICS peak towards higher energies as
well as its effect on the bremsstrahlung emission, which lies between the ICS and gamma peaks.
Low mass neutralinos produce electron distributions capped at lower energies and thus result in
a lower energy bremsstrahlung emission, resulting in the fact that the bremsstrahlung emissions
occupy a spectral region over-shadowed by ICS emissions. It is notable that the mass of the
neutralino also has a suppressive effect on the intensity of the emitted radiation, as a result of
suppressing collisions, which competes with the effects of the higher mass on the electron and
~-ray product distributions from annihilation. In this setting, the larger cross-section of the high
mass models compensates for this.

The effect of the dominant annihilation channel on the SED is also apparent in the results
shown in Figs. 2,6, and 9. The difference between the bb and 77~ channels is the hardening of the
spectrum induced by the latter, which produces a spectral cross-over between the two channels.
The position of the cross-over is shifted by the neutralino mass as discussed above. For the GC
models, these cross-over points lie within the observation ranges of the SKA (synchrotron emission)
and ASTRO-H (ICS emission), opening up avenues for identifying the dominant annihilation
channel of any putative neutralino DM particle observation. The DM-induced ~-ray emission
exhibits the same patterns of variation due to neutralino mass and annihilation channel as the
ICS and synchrotron emission processes. This means that the identified spectral characteristics are
also independent of the mode of emission, making it possible to make far more robust neutralino
characterizations using a multi-frequency approach than with isolated spectral region studies.

In the case of all of the models we studied in this paper, the SKA is excellently placed
to measure the slope and magnitude of the synchrotron spectrum as discussed already in [34],
as well as being able to scan the majority of the GC model parameter space in the studied
environments. In contrast to this, ASTRO-H is unsuitable to extend constraints in the studied
environments, due to their significant X-ray backgrounds or weak available limits. However, the
ASTRO-H observation window is positioned to be sensitive to the peak of the ICS spectrum, which
is determined by the mass of the neutralino. Furthermore, ASTRO-H is sensitive to a region of
the spectrum that displays a large variation between neutralino annihilation channels: in fact for
10 GeV < M, < 100 GeV, this encompasses the point of crossing between bb and 777~ ICS
spectra. This means that both mass and composition can be informed by ASTRO-H observation
for the whole range of masses favoured by GC observations. Therefore, bearing all of this mind,
further work will be required to determine the usefulness of the ASTRO-H observations in dark
matter searches. In this vein we will perform a similar study for more favourable environments
in future work. This is particularly important as, combined with the analysis in [34], X-ray
results would give multi-frequency indirect observations two complimentary means of identifying
the nature of the neutralino from the associated emissions. Moreover, the differing emission
mechanisms mean that these two methods are not subject to the same confusion or error limits
and thus can be used as independent consistency checks and to provide robustness to any putative
DM detection by indirect methods.

A multi-frequency observational strategy could then combine SKA constraints and those from
experiments like ASTRO-H, should favourable detection environments be determined. The impor-
tance of this is that synchrotron radiation is sensitive to the magnetic field strength, and detailed
structure [36], as well as the thermal electron density in the target environment. Thus constraints
based on synchrotron radiation can be said to be degenerate with respect to the neutralino model
as well as some function of the magnetic field and thermal electron density. However, inverse-
Compton emissions are not sensitive to the magnetic field but still depend upon the thermal
electron density. The combined constraints are then sensitive only to the neutralino as well as the
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magnetic field, as the thermal electron density is eliminated through recognizing that the ratio of
energy densities becomes % o< B2. This means that the consistency between radio and higher-
energy observations purporting to identify neutralino DM is a vital piece of evidence strengthening
such an identification, as these different emissions mechanisms are sensitive to differing errors and
confusions and serve to eliminate common dependencies. This also emphasyses the importance
of Faraday rotation and polarimetry measurements made by the SKA in order to characterize
magnetic fields in the target DM environments, as this is crucial to demonstrate the robustness of

any potential neutralino identification.

8 Conclusions

The Coma, M81, and Draco environments were shown to be promising targets for multi-frequency
analysis as well as demonstrate its power to restrict the parameter space. This is of particular sig-
nificance to the further constraint of models currently favoured by the galactic centre observations.
In the case of the AMS-2/Fermi/PAMELA positron excess models, with best-fit cross-sections,
these environments provide evidence that the remaining models in this family are excluded by
existing multi-frequency observations, although this is somewhat weakly subject to magnetic field
and halo substructure uncertainties. In the case of the best-fit Fermi GC models we demonstrate
similar conflicts with existing data over the whole 10-100 GeV mass range. This is already sug-
gestive of the need of a multi-frequency approach to study these DM models. Finally, the SKA
is shown to be very well placed for future study of these models, with ASTRO-H being attractive
but requiring further study in more favourable detection environments. We also showed that the
Coma radio data can be used to derive limits on the neutralino cross-section that are stronger
than the Fermi-LAT limits, regardless of halo profile. The magnetic field uncertainties were also
too small to account for this improvement.

The three environments here analyzed also demonstrate that the annihilation cross-sections
which matches the reported Reticulum II ~-ray excess, under modest assumptions, are in conflict
with current multi-frequency data, indicating that the DM interpretation of this excess is unten-
able for all the considered neutralino masses which cover a range from 10 GeV to 3 TeV. This
conclusion remains relatively robust even with a far more conservative annihilation cross-section
limits derived from Fermi-LAT dwarf observations. This is of particular significance as the Draco
~-ray predictions remains largely in agreement with the Fermi-LAT analysis. Moreover, this rein-
forces the existing conflicts between the proposed Ret. II dark matter excess and the Fermi-LAT
results [19] from dwarf galaxies including Ret. II.

Given the strength of the Coma radio results reported here it is worth mentioning that the
constraining power of Coma is much greater in this study than in earlier ones, like [29], as we use an
updated magnetic field model for Coma that provides larger synchrotron fluxes, due to its spatial
profile peaking at the centre of the cluster. However, due to the nature of the model we employ
for sub-structure flux-boosting, our synchrotron flux results for Coma may be slightly optimistic,
as they do not account for sub-halos experiencing weaker magnetic fields at large distances from
the cluster center. In this sense the spatial dependence of the magnetic field model used for Coma
introduces some uncertainty into our results (although its magnitude was shown to provide only
small uncertainties), as we have clearly discussed in this work.

Despite the fact that the chosen sources are not ideal DM detection environments, we have
shown that SKA has great potential in the study of the DM parameter space. We will consider a
similar analysis of more favourable detection environments in further work in order to discern the
potential constraints that might be yielded by ASTRO-H.

Multi-frequency searches for DM involving the upcoming SKA and ASTRO-H show great
promise in their ability to probe the DM parameter space. Should it be possible to locate en-
vironments with weaker X-ray backgrounds, ASTRO-H will be able to provide a new window
on neutralino DM while the SKA is constructed. We have shown, in fact, that the ASTRO-H
observation window contains a spectral region that can be used to differentiate both the mass
and dominant annihilation channel which characterize the neutralino. The importance of having
multiple future experiments capable of furthering the neutralino search is that it opens up the
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potential for multi-frequency examinations of the DM parameter space. This is highly attractive
given the uncertainties and errors inherent in indirect DM search methods due to the complexity
of DM halo environments. Moreover, indirect multi-frequency searches benefit from the fact that
the signatures of the neutralino spectrum occur for each emission mechanism, despite the fact
that each has different dependencies and sources of error. This means that multi-frequency ob-
servations provide a series of consistency checks, allowing for far more robust identifications and
for the elimination of common error dependencies, like the density of thermal electrons within the
halo (a common dependency between synchrotron and ICS emissions). We must note, however,
that the uncertainties found in substructure boosting effects, nature of the halo profile, and disen-
tangling dark matter emissions from purely baryonic processes remain significant. Although the
precision of the SKA mitigates the last point as we have shown for these unfavourable detection
environments, and the angular resolution of the SKA will be able to supplement this through
source-subtractions [87, 95]. Despite this, in the case of the SKA and ASTRO-H, a major source
of error in a multi-frequency DM search, in the form of the magnetic field, can be eliminated, as
this can be fully characterized by the SKA during the observations required for DM searches, as
discussed in [87]. It remains to be seen whether the dominant error, in the form of resolving DM
emissions from astrophysical backgrounds, can be mitigated for ASTRO-H through a choice of
more favourable DM search environments.

Therefore, based upon all the preceding arguments, we conclude that multi-frequency strate-
gies revolving around the SKA, with the possible inclusion of the ASTRO-H experiment, have
considerable advantages to be leveraged in the continuing hunt for neutralino dark matter.
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Figure 2. Dark matter annihilation spectra for the Coma cluster with best-fit cross-sections from Sec-
tion 3. Black lines indicate predicted spectra for bb, while yellow correspond to 7777, with the solid curve
corresponding to the AFP model, the dash-dotted, dashed, and dotted curves correspond to maximal, me-
dian, and minimal GC models respectively. The solid pink curve corresponds to the 1000 hours sensitivity
of the CTA [79]. The black points correspond to the coma radio data [45], green points are X-ray data
from [46, 49], the the cyan arrows to the Fermi-LAT stacked cluster limit [52], yellow are Fermi-LAT Coma
limits [51], while green arrows are the HESS Coma limit [80]. The solid orange curve is the ASTROGAM
1-year sensitivity [82]. Upper panel: halos use NFW profile. Lower panel: halos use Burkert profile. All
fluxes are integrated over the virial radius. The central frequency windows cover the ASTRO-H frequency
range.

— 24 —



10~ T T T T T T T T T T T

10~

10~

10~

10~

10~

v (v) (ergem™2s7!)

10~
10~
10— L L L L L : L L
10 10 10 10 10 10 10 10 10 10 10 10
v (MHz)
10~ S — ; ‘ ‘ ‘ . ‘
——
10~ {1t { t 1
10-
fop)
|
n _
. 10 /
e
10-
20 Bl
15 g\
SRR T A
~ R
FE R [
= FE 1 : l.
0- F iyl 1 {1 F | .
H ‘I _fl' |
T I
Vo I
10t T 1 F 1 | 1
1 P '
i |
| INTEE '
ol |
b L
10* L il [ L L L L L L L L
10 10 10 10 10 10 10 10 10 10 10 10

v (MHz)

Figure 3. Dark matter bb annihilation spectra for the Coma cluster with cross-sections determined from
Reticulum II excess as detailed in text. Solid curves correspond to the 3 TeV model, the dash-dotted,
dashed, and dotted curves correspond to 10, 40, and 100 GeV models respectively. The solid pink curve
corresponds to the 1000 hours sensitivity of the CTA [79]. The black points correspond to the coma radio
data [45], green points are X-ray data from [46, 49], the cyan arrows to the Fermi-LAT stacked cluster
limit [52], while yellow are Fermi-LAT Coma limits [51]. Green arrows are the HESS Coma limit [80].
Upper panel: halos use NFW profile. Lower panel: halos use Burkert profile. All fluxes are integrated
over the virial radius. The central frequency windows cover the ASTRO-H frequency range.
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Figure 4. Dark matter bb annihilation spectra for the Coma cluster with cross-sections from Fermi-LAT
dwarf limits. Solid curves correspond to the 3 TeV model, the dash-dotted, dashed, and dotted curves
correspond to 10, 40, and 100 GeV models respectively. The solid pink curve corresponds to the 1000
hours sensitivity of the CTA [79]. The black points correspond to the coma radio data [45], green points
are X-ray data from [46, 49], the cyan arrows to the Fermi-LAT stacked cluster limit [52], while yellow
are Fermi-LAT Coma limits [51]. Green arrows are the HESS Coma limit [80]. Upper panel: halos use
NFW profile. Lower panel: halos use Burkert profile. All fluxes are integrated over the virial radius. The
central frequency windows cover the ASTRO-H frequency range.
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Figure 7. Dark matter annihilation spectra for the M81 galaxy with cross-sections determined from
Reticulum II excess as detailed in text. Black lines indicate predicted spectra for bb, while yellow corre-
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Lower panel: halos use Burkert profile. The left and right panels integrate flux over Ry, while the centre
does so over a 4.5 radius.
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Figure 9. Dark matter annihilation spectra for the draco dwarf galaxy with best-fit cross-sections from
Section 3. Black lines indicate predicted spectra for bb, while yellow correspond to 7+77, with the
solid curve corresponding to the AFP model, the dash-dotted, dashed, and dotted curves correspond
to maximal, median, and minimal GC models respectively. The solid pink curve corresponds to the
1000 hours sensitivity of the CTA [79]. Green arrows indicate the upper limits set by the Fermi-LAT
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central panel covers the ASTRO-H frequency range.
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Figure 10. Dark matter annihilation spectra for the draco dwarf galaxy with cross-sections determined
from Reticulum II excess as detailed in text. Black lines indicate predicted spectra for bb, while yellow
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profile. Lower panel: halos use Burkert profile. The left panel integrates flux over a 2’ radius, other panels
have fluxes integrated over the virial radius. The central panel covers the ASTRO-H frequency range.
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Figure 12. The 30 cross-section limit derived from Coma is shown as a function of neutralino mass. The
black curve corresponds to bb, yellow to 777, and blue to W W ~. The green region is for the Fermi-LAT
exclusion derived via J-factor estimation in dwarf galaxies which were assumed to be point-sources. The
cyan region shows the thermal relic region. Upper panel: NFW halo profile. Lower panel: Burkert halo
profile.
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Figure 16. ASTRO-H 1000 hrs sensitivity cross-section as a function of neutralino mass. The red curve
corresponds to the M81 galaxy, the green curve to the Draco dwarf and the blue to the Coma cluster. The
yellow region is for the Fermi-LAT exclusion derived via J-factor estimation in dwarf galaxies which were
assumed to be point-sources [19], while the cyan shaded area is the thermal wimp region, and the orange
region covers the Fermi-LAT GC models. Solid curves are bb and dashed are 777~. Upper panel: NFW
halo profile. Lower panel: Burkert halo profile.
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Chapter 6

Going Forward with Reionisation
and 21cm Emissions

The analysis presented here can obviously be extended to encompass more targets and
a larger range of the parameter space. In particular, more emphasis might be placed on
future prospects from various high J-factor dwarf galaxies with both radio and ~-ray obser-
vation. However, other pathways are available. The machinery built up to model dark matter
annihilation in cosmic structures can be utilised to study the effect of dark matter annihila-
tion during the Cosmic Dark Ages (CDA) and Epoch of Reionisation (EOR). In addition to
this, the generic features of DM annihilation/decay on reionisation and heating of neutral
gas would allow us to expand our examination to other forms of DM. Particularly, annihila-
tion/decay products have the potential to modify levels of ionisation, heat up neutral gas,
increase the production of Lyman-«a photons, and to distort the Cosmic Microwave Back-
ground (CMB) energy spectrum through low-energy photon production. This is particularly
significant given that neutral hydrogen will trace the dark matter distribution in large-scale
structures during the cosmic dark ages. Generically dark matter models do not change the
redshift of recombination but alter the residual ionisation levels. Figure [6.1] displays results
from [184] showing the effects of various WIMP models on the fraction of ionised hydrogen
z.. The influence of the parameter 3, which represents energy injection boosting factor
due to the contribution of halos, is clearly evident. Additionally, the effect of the halo forma-
tion redshift 2, is also evident in the differences around z ~ 102, with larger values of z,
beginning to reionise hydrogen significantly earlier. The fact that the DM-induced ionised
fraction is so sensitive to 5 and zj, is highly suggestive of the ability of any quantity sensitive
to the ionisation fraction to probe the formation of cosmic structure. In order to illustrate the
power of using reionisation data to constrain DM models we display Figure [6.2] taken from
[188]. This shows the potential WIMP annihilation cross-section constraints that result from
CMB limits on the ionised fraction of hydrogen z. at z ~ 6. These constraints are highly
competitive, being somewhat stronger than those from Planck experiment [26]. However,
these are formulated for the most optimistic cases of the structure parameter 3. In scenar-
ios of smaller 3 values it will be necessary to extend the examined redshift to larger values
(which CMB constraints are unsuited for), in order to avoid DM effects being eclipsed by
those induced by stars (as will be seen below in Fig. [6.4).

The effects of the heating and reionisation of neutral gas will in turn produce effects
on the 21-cm Hydrogen background [189] 190, [191]. This is illustrated by the Figure.
which shows results from [189] displaying the effects of sterile neutrinos and decaying dark
matter on the spin temperature of the 21-cm line. The figure demonstrates that decaying
dark matter is very effective at influencing the temperature of the neutral gas, this effect is
strongly influenced by the mass, with light 25 keV sterile neutrinos being fair less effective
than the 10 MeV dark matter. In the case of the sterile neutrino, there is little effect on the
21-cm spin temperature, however, the efficient heating of 10 MeV model results in the the
CMB temperature and spin temperature remaining decoupled until z ~ 10. This means that
future measurements of the 21-cm background will be able to effectively constrain many
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Figure 6.1: Figure from [184] showing the evolution of the ionised hydrogen fraction in a
universe with reionization from DM annihilations in halos only, for the most optimistic cases,
and for a few halo formation parameters all resulting in the same reionisation optical depth.
The points display a few direct astrophysical bounds from [185| (186, [187]. z;, is the redshift
of halo formation and s is the boosting factor from halos.
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Figure 6.2: Figure from [188] showing constraints derived on the WIMP annihilation cross-
section via CMB measurements of the ionisation fraction at z = 6 and reionisation optical
depth. The colour gradient reflects the ionisation fraction z..



112

103 LI R R =

1 e 1 L]
10 100 10 100

Figure 6.3: Figures from [189] showing the spin and matter temperatures as a function of
redshift. Left: for 25 keV sterile neutrino decays. Thin solid line: CMB temperature; thick
solid (short-dashed) line: spin temperature with (without) 25 keV neutrino decays; dotted
(long-dashed) line: matter temperature with (without) 25 keV neutrino decays. Right: for 10
MeV DM decays. Thin solid line: CMB temperature; thick solid (short-dashed) line: spin
temperature with (without) 10 MeV DM decays; dotted (long-dashed) line: matter tempera-
ture with (without) 10 MeV DM decays.

models of decaying dark matter.

The significance of this dark matter detection channel is greatly increased because it
can be used to constrain a vast array of dark matter models, as the injection of energy
into the reionisation history is a generic feature of annihilating/decaying dark matter [192].
This can also be combined with the possibility to discriminate between dark matter models
based on the manner of their energy injection, as 21-cm emissions will be modified by
differing reionisation histories generated within specific dark matter scenarios. In some
dark matter models the 21-cm power spectrum reaches a minimum amplitude at a redshift
when the matter temperature approaches that of the CMB, allowing for precision testing
of these models. Additionally, the 21-cm background is highly sensitive to the effects of
DM structures, rather than simply being sensitive only to a uniform DM distribution, as with
the CMB power spectrum [189] [184]. As the 21-cm line is sensitive to structure formation
in the CDA, it can be used to probe fundamental cosmological questions around early
structure. This is illustrated in Fig. from [184] displaying the effects of dark matter
models on the matter temperature (which has a direct effect on the spin temperature as
seen in Fig. [6.3). In this case we can see that the effects of DM halos might allow for
a redshift window in which the DM heating effects are visible before being obscured by
the effects of stellar heating. Additionally, the matter temperature is sensitive to both the
redshift of halo formation z;, and the magnitude of the halo contribution 5.

Furthermore, we display the Figure [6.5]from [191], which shows the evolution of differ-
ential brightness temperature of the 21-cm line (relative to the CMB) for an assumed annihi-
lation cross-section (oV) = 3 x 10726 cm3 s~1. The structure parameter cy (similar to c,;,
used in Chapter[2) has a strong effect on the visibility of the 21-cm background against the
CMB. The figure also demonstrates this differential brightness temperature could be used
to produce mass dependent constraints on the DM annihilation cross-section provided it
can be accurately characterised by upcoming experiments, and that the temperature is
also highly sensitive to the properties of DM halos.

The insensitivity of CMB power spectrum is illustrated in Figure where it is evident
that the effect of a halo-boosted model on the CMB power spectrum is almost identical
to that of a smooth dark matter background (the difference is significantly below cosmic
variance). In order to make the comparison valid, both the halo-boosted and smooth DM
models are chosen to agree with Planck data on reionisation optical depth and angular
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sound horizon [26].
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Figure 6.6: Figure from [184] showing the effect of DM energy injection on the CMB power
spectrum. The lower panels show residuals against the ACDM model. All the displayed
models agree with Planck data on reionisation optical depth and angular sound horizon [26].

Study of DM-induced modification of the 21-cm background would not only offer the
chance to probe the nature of dark matter, but would be needed for a complete under-
standing of this background radiation in a universe that appears so strongly dominated
by DM. The case for studying these phenomena can be motivated by the fact that it has
been shown that DM annihilations can produce highly significant energy injections into the
CDA [193] and that the 21-cm background will be more sensitive to the effects of virialised
DM structures (halos) than CMB power spectra [184} (189, [190, [191].

This route of investigation is strongly motivated by upcoming projects to map 21-cm hy-
drogen emission, rather than analyse it statistically [194], particularly the Hydrogen Epoch
of Reionisation Array (HERA), Precision Array for Probing the Epoch of Reionization (PA-
PER), and SKA. As seen in various figures shown here, this is needed to probe the redshifts
required to differentiate between the various structure effects (5 and z). Thus by study-
ing the effects of dark matter on the 21-cm line, data from these projects can be utilised
to greatly advance upon cosmological probes of DM, which have been mainly focussed
upon the CMB [26]. Recent developments in the field [192] have also demonstrated that
the effects of cooling by inverse-Compton scattering on DM-injected electrons had been
underestimated in the past, and that this would lead to a suppression of DM-induced CMB
distortions.

All of the preceding arguments suggest that cosmological dark matter searches need
a more sensitive detection channel, if the effects of virialised structure in the CDA is to be
detected, and that this can be provided by probes of the 21-cm background. The detection
of dark matter effects on the 21-cm background is significant because it provides a window
onto structure formation during the EOR and CDA, this being a major science goal of the
SKA and vital to the testing of the standard ACDM cosmological paradigm.

Thus, an additional messenger channel for probing dark matter annihilation can be
found through the study of the effects of dark matter on reionisation, allowing for the in-
corporation of yet another avenue of investigation into the efforts described here to employ
multi-frequency techniques to constrain dark matter.
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Chapter 7

Conclusions

In this work we have presented an argument for the use of a comprehensive multi-frequency
strategy for the detection of neutralino dark matter, incorporating radio and X-ray observa-
tion in addition to the existing focus upon ~-ray detection. This was motivated by a wide-
ranging study of the radio emission from dark matter halos, both in terms of the effect of the
magnetic field and diffusion of the electrons themselves. This was conducted over a wide
range of halo masses and red shifts in order to illustrate the power of radio telescopes, like
the SKA, to locate dark matter halos via this emission, and to determine the optimal envi-
ronments on which to focus radio dark matter searches. We demonstrated that the SKA,
in particular, has the ability to target galaxy clusters out to redshifts z ~ 1 and local dwarf
galaxies. These targets can produce limits on the dark matter cross-section between 3 and
6 orders of magnitude below the thermal relic level. This is greatly in excess of any existing
experiment or observation set. This illustrates the competitive potential of the SKA even if
it will be reduced by confusion limits and source subtraction processes. In fact when we
incorporated confusion with background radio emissions in Chapter [5|we showed that the
potential constraints from a galaxy cluster like Coma remain at least 2 orders of magnitude
below the the thermal relic level.

We argued further that the polarimetry and rotation measure capability of the SKA is
sufficient to resolve the magnetic field structure of target environments. Thus obviating
the central uncertainty in the detection of dark matter radio emission. This was part of a
broader plan illustrating the case for the detection of dark matter in radio as being an area
in which the SKA can produce extremely valuable scientific data. This argument outlined
the properties of the SKA that make it uniquely suited to this project. In particular, its
high angular resolution allows it to distinguish between non-thermal astrophysical sources
and dark matter emissions. Confusion limits in this regard are rapidly reached even in
current instruments, thus the angular resolution of the SKA is needed, as it can employed
in order to perform a source subtraction, utilising the long array baselines to locate small-
scale sources. This allows SKA observation to overcome the confusion limit and put robust
limits on possible dark matter models via radio observation. The proposed upgrade to SKA
phase-2 is also argued to expand the reach of the SKA over the neutralino parameter space
by granting it the power to observe inverse-Compton emission from electrons produced by
neutralino annihilations, as well as increasing its sensitivity. We note that the performance
in these observations is subject to the caveat that the effect of source subtraction on SKA
sensitivity is as yet unknown. This is particularly important in dwarf galaxies where diffusion
makes the radio emissions extended, increasing the effect of the confusion limit.

Our argument culminated in the demonstration of the effectiveness of multi-frequency
analysis in constraining dark matter models. This was done by taking sources with ob-
servational limits in various regions of the spectrum and comparing the predictions of dark
matter models suggested to be compatible with the AMS/Fermi/PAMELA (AFP) anti-particle
excesses as well as the galactic centre ~-ray excess observed by Fermi-LAT. We demon-
strated that neutralinos with masses above 10 GeV are in tension with existing measure-
ments of the Coma cluster in particular. With the AFP models being ruled out in most
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scenarios within the Draco dwarf galaxy as well. Furthermore, we cast doubt upon a dark
matter interpretation of the excess seen by Fermi-LAT in the Reticulum-2 dwarf galaxy.
Finally we examined the prospects of the ASTRO-H satellite mission to probe the dark
matter parameter space. This analysis indicated that, in the soft X-rays, ASTRO-H has the
potential to set very competitive limits on neutralino models, provided environments with
favourable X-ray backgrounds can be found. Additionally, it is sensitive to regions of the
Inverse-Compton spectrum which are strongly indicative of the neutralino mass and anni-
hilation channel. These properties make X-ray observation by ASTRO-H an excellent com-
pliment to the power of the SKA demonstrated earlier. Furthermore, these two experiments
will serve as strong consistency checks on ~-ray and anti-particle detection methods.
Therefore, we have demonstrated the power of future experiments in the X-ray and radio
regions of the spectrum to constrain the neutralino parameter space. The utilisation of these
regions of the spectrum allow for powerful consistency checks that help to eliminate models
that are only satisfactory in a particular environment or within a limited spectral region.
Thus, the future of dark matter searches must be strongly oriented towards multi-frequency
methodology, making use of the upcoming experiments like the SKA and ASTRO-H to
compliment existing projects aimed at detecting dark matter in high energy products.
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