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Multi-wavelength emissions from dark matter annihilation processes in

galaxy clusters using cosmological simulations

by Remudin Reshid MEKURIA

Based on the Marenostrum-MultiDark Simulation of galaxy Clusters (MUSIC) we de-
velop semi-analytical models which provide multi-wavelength emission maps generated
by dark matter (DM) annihilation processes in galaxy clusters and their sub-halos. We
focus on radio and gamma-ray emission maps from neutralino DM annihilation processes
testing two different neutralino masses, M, = 35 GeV and 60 GeV along with two dif-
ferent models of the magnetic fields. A comparison of the radio flux densities from our
DM annihilation model with the observed diffuse radio emission from the Coma cluster
shows that they are of the same order of magnitude. We determine the DM densities
with a Smoothed Particle Hydrodynamics (SPH) kernel. This enables us to integrate the
DM annihilation signal along any given line-of-sight through the volume of the cluster.
In particular it allows us to investigate the contribution of sub-halos to the DM annihila-
tion signal with very high resolution. Zooming in on a subset of high mass-to-light ratio
(M/L) DM sub-halos, i.e. DM sub-halos with very low baryon content, we demonstrate
that such targets can generate prominent annihilation signals. The radial distribution
of high M/L DM sub-halos is more strongly peaked at Ragperit & 1 compared to the dis-
tribution of all sub-halos which may suggest that the search for DM annihilation signals
from sub-halos in clusters is most promising at Rogocrit- The radio flux densities from
DM sub-halos are well within the sensitivity limit of the Square Kilometer Array (SKA)
with an integration time of 1000 hours, and unlike clusters their gamma-ray spectrum
is seen to be dominated by pion decay over a wide range of gamma-ray energies. Our
model makes clear predictions for future radio and gamma-ray observations of the DM

annihilation signals in clusters and their sub-halos.
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Chapter 1

Standard Model of Cosmology: A
Brief Review

’ Readers which are familiar with the Standard Model of Cosmology can proceed to Chapter 2.

1.1 Introduction

Cosmology is the study of the Universe which attempts to make sense of the large-scale
nature of the material world around us using scientific methods. It thus tries to provide
answers to fundamental questions such as: How and when did the Universe originate?
How is it evolving? What will be its fate? etc.

A scientific based search for answers to such fundamental questions led to the develop-
ment of the current standard model for the Universe called the “Hot Big Bang” model.
According to the “Hot Big Bang” model the whole Universe was once in the form of a
singularity, this being an extremely hot and dense state which evolve into a cool and
tenuous state as a result of expansion that is still going on today.

Before the advent of this model, just a century ago, many scientists believed that the
Universe was infinite and eternal and it was not apparent whether the Milky Way was
the only large collection of stars in the Universe. A revolution in our understanding hap-
pened when Edwin Hubble measured the distance of the Andromeda Galaxy providing
evidence that our galaxy is among many more galaxies in the Universe.

From the rate of expansion of the Universe we now know that it began roughly 14 billion
years ago in the hot and dense state of the “Hot Big Bang”. Additionally, it has become
evident that the Universe is comprised of some extremely interesting structures such
as galaxies, clusters, superclusters, voids and great walls which we had not previously
have thought about. Einstein’s theory of General Relativity (e.g., Weinberg, 1972) has
provided the theoretical tools that are required to develop this model. As a result of this
model we are able to explain successfully the structures visible in the Universe today
back to its primeval composition when it is only fraction of a second old. In time, the
attractive force of gravity acted upon very small inhomogeneities in the distribution of
primordial matter and gave rise all structures we observe today.

There have been great achievements in the techniques involved in observing the Uni-
verse following tremendous subsequent advancements in the theoretical studies of the
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last century. Up until a century ago, observations were limited to telescopes that op-
erate in the optical/visible spectra. Information about the nature and environment of
astronomical objects beyond our solar system were largely carried to us by photons with
some contribution obtained from Cosmic rays and neutrinos. Consecutively, extending
our observations beyond optical frequencies to other spectral bands was made possible
using ground- and space-based modern telescopes. Information obtained through full
electromagnetic spectrum, ranging from radio to gamma ray using both ground- and
space-based modern telescopes provided new insights and began to reveal previously
hidden structures in the Universe and made it possible to study the structure, dynam-
ics, stellar populations and interstellar medium of external galaxies in great detail.

Significant improvements in our observations were also the fruits of remarkable techno-
logical advances. In the early days, telescopes with small collecting areas were used with
photographic plates fitted onto them to take images of astronomical objects. Later on,
at optical wavelengths, photographic plates were replaced with Charge Coupled Devices
(CCDs) which improved the detection sensitivities by a factor 10 to 100. This has also
brought great improvements in the techniques of handling and processing the data, as
well as in analyzing and manipulating the output images of astronomical objects reveal-
ing many new details. Such innovative techniques combined with a great improvement
in spatial resolution that was provided by the Hubble-Space-Telescope and other 10 m
class telescopes opened up a golden age for cosmology.

The aforementioned improvements in technology made possible the study of very com-
plex structures and gave insight in understanding the properties of newly discovered
objects. The involved phenomena in these objects are now explained more effectively
and efficiently than achieved previously. As a result of which, it was made possible to
measure the tiny fluctuations (one part in 10°) in temperature and density of the cosmic
microwave background and discover galaxies and quasars to redshifts of 5 and beyond.

Observations based on supernovae measurements now give indications that the Universe
is not only expanding but also its rate is accelerating. At present the most suggested
cause of which is the barely known component of the universe called ‘Dark Energy’
which is some times referred as the cosmological constant. Cosmology enters a precision
era when the cosmic microwave background (CMB) is mapped with high accuracy by
WMAP. As a result of which the curvature and matter budget of the Universe were able
to be determined accurately. Observations of large-scale structure put constraints on
the dark matter density below critical levels, and the Hubble constant is measured with
ever better accuracy and the evolution of galaxies is observed out to 1 Gyr after the Big
Bang.

To date the “Hot Big Bang” model is the most acceptable model of cosmological
paradigm. It beautifully explains key phenomena in the Universe providing satisfying
solutions to the fundamental questions such as: How and why the Universe expands?
How the CMB is originated and evolved? How the light elements were synthesized lead-
ing to the formation of the first stars and galaxies? How the large-scale structures we
observe today came about? In the following sections supporting observational evidences
to this standard model of cosmology, also known as the concordance model, will be pre-
sented followed by discussions on a list of its limitations and the developed additions to
the model.
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1.2 The Concordance Model

A leap in the development of modern cosmology came about following Einstein’s cel-
ebrated work on the general theory of gravity in 1915 (e.g., Einstein, 1915). Einstein
constructed the theory of gravity, based on his reasonings from his thought experiment,
i.e., mass & energy are equivalent (E = mc?), space and time form space-time. Hence
he concluded that the source of gravity is mass/energy and it bends/warps space-time.

1.2.1 Cosmological Equations

Einstein’s field equations are most commonly formulated as

8rG

where G, is the Einstein tensors constructed from the curvature tensor, which involves
the metric tensor g, 3 and its derivatives. The description of the cosmic fluid is contained
in the energy-momentum tensor ( 7,3) term. The cosmological constant A was originally
invented and introduced by Einstein in order to allow static cosmological models as he
initially accepted neither an expanding nor a contracting Universe. General relativity is
non-linear, as the structure of space-time determines the motion of matter and energy,
and the latter determine the structure of space-time; for this reason obtaining exact
solutions to Einstein’s field equation is very difficult.

The metric tensor g,g has ten independent components due to its symmetry, the time-
time component ggg, the three space-time components gg;, and the six space-space com-
ponents g;;. The cosmological principle, which states “when averaged over sufficiently
large scales the Universe is isotropic and homogeneous”, is the fundamental assumption
that greatly simplifies the metric. The metric of spacetime is given generally as

ds? = gagdxadxﬁ.

By introducing comoving coordinates, spatial coordinates attached to fundamental ob-
servers, the spatial hyper-surfaces can then be scaled by a function a(t) which is the
cosmological scale factor parameter that caries information on the relative expansion of
the Universe. The metric of spacetime then reduces to

ds® = 2dt* — a®(t)dI?, (1.2)

where dl is the line element for the three-space coordinates. Equation 1.2 can be reduced
to the so-called Minkowski space metric for an Euclidean line element.

We have spherical symmetry implied from isotropy for which we introduce polar coor-
dinates (r,0, ¢) (e.g., Bartelmann, 2010).

di* = dr® + f&(r)[d6? + sin® 0d6?), (1.3)

the metric expressed by the line element 1.3 is manifestly isotropic. It can be shown that
the (¢ = constant) space sections are surfaces of homogeneity and have maximal sym-
metry: thus fx(r) can be either trigonometric, linear, or hyperbolic in r with constant
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curvature

K = k/d*(t), (1.4)

where k is the sign of K ( 41, 0 or —1 ) which represent a closed, flat or an open
Universe, respectively.

The fx(r) term in its generic form can be put as

K='2sin(K'?r)  for K >0
fr(r)= r for K =0
|K|~'/?sinh(|K|'/?r) for K <0,

where K is a constant parameterizing the curvature of spatial hyper-surfaces as in 1.4.
Using Robertson- Walker metric given in the equation 1.3, Einstein’s equations (1.1)
reduce to two differential equations:

(@) -5 -Ec 2

a 3 P72 Ty

i —4nG 3p, A

- = =)+ < 1.
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The two equations in (1.5) are called Friedmann’s equations (see for e.g., Friedmann,
1922). They will determine the change in the scale factor once its reference value at a
fixed instant ¢ is chosen (common value used is at the present time, i.e., a = 1).

The energy density p evolves giving the well known conservation equation in the form

: p.a
+3(p+ 5)— =0, 1.6
p+3p+ 3)- (1.6)
where p is the pressure. The evolution of the density in terms of scale factor a can be
determined with a suitable prescription of the equation of state function w = p/pc?. For
example, Cold Dark Matter (dust) is pressure-less and hence wy = 0 whereas radiation
has w, = 1/3. Thus according to the conservation equation one obtains

pa o< a> & Py X a4

Thus the evolution of the density of each species together with equation (1.5) in turn give
us with a unique determination of the variation of scale factor a with time. The Hubble
parameter can be defined as the ratio of time derivative of @ and a (i.e., H = a/a). Now

using the critical density p. = % Ican determine H at a given time by

1/2
H(t) | pe(t)
p- o] w

where Hy = dg/aqg is its value at ty. We can defining density (px) to the curvature term
by

3K Kc?

Pk= "8Gz~ F T T H22 (1:8)
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where (), is the density parameter for the curvature term which is obtained by dividing
pr. with p.. The critical density p. can be given as the sum of densities from all individual
components i.e.,

Pe = Pk + Pm + Pyt PA,

where the subscripts k, m, 7, and A represent curvature, matter, radiation and vacuum
energy, respectively. Substituting this in equation (1.7) gives:

Hit _ _ _

H(o) = [2007" + Q007 + Qoa™ + Qno]'?,
where (2, ¢ represents the density parameters for species x at time ty. The time t can
then be evaluated as

T da 19)
- aH Hy a[Q%Ua*‘l + Qm,OCLf3 + Qk,Oai2 + QA,O]I/Z. '

As all density contributions in square brackets scale with different powers of a; their
relative importance also changes over time. For instance, in the early Universe the tem-
perature is so high that the radiation component of the universe is dominant contributor
to the over all density, however, at the present time the radiation density is much smaller
than that of matter. This also imply that there has been a time t., before which radi-
ation dominates which can be expressed alternatively by the scale factor aeq, which is

given by
Q0

Qeqg = %'
Therefor before t., the Universe is called radiation-dominated; and later matter-dominated
while curvature is still negligible; finally curvature becomes important and 25 may take
over. Moreover equation (1.9) can be integrated easily in a situation where we have one
single species dominating the mass-energy content. In this case we obtain for radiation
a ot/ 2; matter a o t2/3 ; curvature a « t and vacuum or cosmological constant a efit,

1.3 Supporting Evidences to the Concordance Model

In the following sub-sections I will discuss briefly the supporting observational evidences
which serves as pillars to the standard cosmology theory of the Universe.

1.3.1 Cosmic Expansion and Redshift

In the year 1900 to 1910 astronomers began measuring radial speeds of galaxies by mea-
suring Doppler shift of spectral lines expecting the radial velocities to be random (a
state of rest in Milky Way). However, measured result showed radial velocities are not
random. The redshift z of an object emitting a wavelength A\, (and a frequency v,) and
observed with wavelength )¢ (and a corresponding frequency 1) is defined to be the
fractional Doppler shift of its emitted light (photons) due to its radial motion. As a
photon of frequency v passes freely through space it experiences a “stretching” of its
wavelength (Peebles, 1993). This stretch/increase in the wavelength or shrinking/de-
clining in the frequency of the photon is proportional to the expansion factor from time
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of photon emission (a.) to the time of photon observation (a,) which can be expressed
as 4
= ===1+z, (1.10)

Vo Qe
where v, and v, are the frequencies of the photon at the time of emission and obser-
vation, respectively. Thus, photon is red- or blueshifted by the same amount as the
Universe expanded or shrank between emission and observation. Observation of the
thermal spectrum of the CMB is the most straightforward evidence proving that cosmic
expansion causes redshifts in the wavelengths of photons (Fixsen et al., 1996).

In 1929 Hubble measured distances to several galaxies using Cepheid variable stars. He
discovered that the measured redshift z follows a linear dependence on the distance
d between the source and us. The interpretation he gave for this redshift was the
common Doppler shift caused by the relative radial motion with a radial velocity given
by v = zc correlated with the distance away from Earth as shown in Fig. 1.1. In fact
this interpretation was later on shown to be valid only as a first approximation to (the
first term of) the expression of redshift due to cosmic expansion.

Hubble’s Law thus takes the form
v = Hyd, (1.11)

where Hy = g—g is proportionality constant relating galaxy’s proper distance d and its
recession velocity v. The dimensionless factor h is usually used to express the Hubble
constant i.e.,

Hy =100 h kms™* Mpc™,

h = 0.724+0.08 based on the final Hubble Space Telescope Key Project. Thus, expansion
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FIGURE 1.1: Hubble’s plot, showing correlation between the recession velocity and
distance. In this case, the galaxy distances have been determined using Cepheid
variable stars as standard candles (Freedman et al., 2001).
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of the Universe became an observational evidence and it is also in perfect agreement with
one of the predictions of Einstein’s general theory of relativity.

1.3.2 The Cosmic Microwave Background Radiation

Most of the photons of light produced by various sources in the Universe which are
collectively detected on earth by various instruments or telescopes are not from stars, but
from the Cosmic Microwave Background (CMB). In 1965 Penzias and Wilson detected
some radiation at a microwave wavelength which was coming from all points in the sky.
Initially, having failed to avoid this radiation appearing in the telescope they thought
it due to some kind of defect in the instrument or faulty measurement. However, when
they learnt that there has been theoretical predictions of relic radiation that should be
left over from the Big Bang, it became a discovery (Penzias and Wilson, 1965).

CMB radiation is a relic radiation that is left over from the early Universe which is
predicted in the “Hot Big Bang” model. It is deduced that if the Universe started from
a hot and dense state, it should now be filled with radiation in the microwave range due to
redshift. With an experimental measurement made outside the atmosphere of the Earth,
the CMB spectrum was first measured accurately over a wide range of wavelengths by
the COsmic Background Explorer (COBE) satellite, launched in 1989 (Mather et al.,
1990). It showed that the CMB has nearly perfect thermal black body spectrum at a
temperature of 2.7277 K (see Fig. 1.2) with a close resemblance to isotropy with tiny
variations of 30 microkelvins in temperature across the sky (Fixsen et al., 1996).

The expected temperature fluctuations of anisotropy in the CMB assuming weakly in-
teracting dark matter components are in the order of ‘STT ~ 1077 (see for e.g., Mather
et al., 1990). This value falls in the regime of microkelvins which were finally detected
at the same level by COBE in 1992 (see Fig. 1.3). Further substantially improved mea-
surements has led to a conclusion that the structures formed in the Universe that we
observe today are the results of these anisotropies where the attractive force of gravity
acted upon them.

1.3.3 The Big Bang Nucleosynthesis (BBN)

One very strong falsification test suggested by the “Hot Big Bang” model during the
early stage of the Universe is its prediction of the big bang nucleosynthesis (BBN). It
is believed that the Universe in its early stage is very hot and thus filled with very
energetic photons and particles. For temperature k7T higher than 1 MeV, which is
roughly the amount of binding energy of a stable nuclei, bombardment by energetic
photons and particles prevent stable nuclei from forming. When the Universe cools due
to its expansion and reaches a temperature range of kT < 1 MeV fusion of neutrons and
protons will be able to form light nuclei. The faster the expansion, the less time there
is for nucleosynthesis, thus the light-element abundances measure the rate of expansion
of the Universe in its early stage. Thus only few light elements (D, *He, *He and " Li)
form through fusion of neutrons and protons during BBN.

The calculated abundance of the light elements for example predicts that about 25% of
the Universe is made of *He (see Fig. 1.4) which agrees well with abundance obtained
in current stellar observations (Sarkar, 1996). Moreover, elements heavier than 7Li
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FI1GURE 1.2: Spectrum of the Cosmic Microwave Background Radiation as measured
by the FIRAS instrument on COBE and a black body curve for T'= 2.7277K. Note,
the error flags have been enlarged by a factor of 400. Any distortions from the Planck
curve are less than 0.005% (Fixsen et al., 1996).

F1cURE 1.3: The CMB temperature fluctuations observed with Planck over the full
sky.

are only able to be produced through nuclear burning process in stars. And much
heavier elements will only be formed through neutron capture process during supernova
explosions during which they shed most of their content to the inter-stellar medium.
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FIGURE 1.4: Predicted abundances of *He (mass fraction), D, 3He, and " Li (relative
to hydrogen) as a function of the baryon density. The width of the bands indicates
the uncertainty in the predictions. The vertical bands show the range compatible with
observations of which the broader ones denote the concordance interval based upon all
four light elements. The narrower, darker band highlights the determination of the
baryon density based upon a measurement of the primordial abundance of the most
sensitive of these deuterium (Burles and Tytler (1998a); Burles and Tytler (1998Db)),
which implies Qph? = 0.02 £ 0.002 [Image Credit: Turner and Tyson (1999)].

1.4 Limitations of the Standard Model of Cosmology

From the previous sections we have seen that the “Hot Big Bang” model successfully
explains, the expansion of the Universe, the CMB radiation, the origin of light elements
in the Big Bang nucleosynthesis, and a framework for understanding the formation of
galaxies and large-scale structures. Hence we deduce that the “Hot Big Bang” scenario is
by far the most successful cosmological paradigm among the models suggested to explain
the origin of the Universe and its evolution.
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However, this model also leaves many serious puzzles unanswered. Some of these puzzles
have their origins in the early Universe, whereas others emerge only in late-time cosmol-
ogy. In this section, I explore some of the most serious shortcomings of the standard
Big Bang cosmology.

1.4.1 The Flatness Problem

Current results of type Ia supernova observations and CMB anisotropy measurements
put the present day density parameter €}y in the range between 0.8 and 1.2 i.e.,

|1 — Q| <0.2. (1.12)
If we instead consider the early stage of the Universe we obtain
11— Q| <2x107%, (1.13)

and
11— Qppn| <3 x 107 (1.14)

ranges for the density parameter at time of radiation-matter equality (€2,,,) and BBN
(QpBN), respectively.

Eqn. (1.12) to (1.14) show that the deviation of the density parameter from unity (value
on right-hand-side of these equations) gets smaller and smaller (the density parameter
Q gets closer and closer to unity). Further more, if we consider the case of Planck epoch
these deviation becomes 1070, For instance had the deviation been 3 x 1072 rather
than 3 x 10714 at the time of BBN, the Universe would have collapsed to a BigCrunch
or expanded to a low-density with in only a few years time, as a result of which no
object would have had time to form (Ryden, 2003). Thus we deduce that this is quite
significant fine-tuning that the “Hot Big Bang” model alone does not address, and is
often referred to as the flatness problem.

1.4.2 The Horizon Problem

The horizon distance during the matter-dominated stage of the Universe is given in
Peacock (1996) as
60001
Djor o~ ———h"'Mpe. (1.15)
Q(z)
Thus at last scattering the particle horizon was only 100 Mpc in size and subtending an
angle of 1 degree in the sky. However, this is in contradiction with the large number of
causally disconnected patches subtending an angle > 1 degree we see on the CMB sky,
all at the same temperature.

The question how can these two regions in the sky which are far apart from each other
(> 100 Mpc) that they would not have enough time to share information with each
other show similar physical properties can not be addressed with the “Hot Big Bang”
model alone hence called the horizon problem.
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1.5 Additions to the Standard Model of Cosmology

In the previous sub-section I have discussed the flatness and horizon problems among
few other shortcomings of Standard Model of Cosmology. Now I will introduce and
discuss some of the suggested solutions that have been introduced to fix this model.

1.5.1 Solutions Provided by Inflation

Inflationary model of cosmological rests on the assumption that there existed a period
in the early stage of the Universe where the matter energy density was dominantly con-
tributed by a new scalar field. This scalar field is a form of matter having negative
pressure which expands the Universe outward at an accelerated rate. This great ex-
pansion is believed to last only for a brief time of order of 1073* seconds. As a result
of this great expansion the Universe is believed to pass through exponential growth of
approximately 1034 times its size just before the onset of inflation.

The deviation of the density parameter at the initial (£2(¢;)) and final stage of inflation
(Q(ty)) are related by
11— Q(tp)] = [1 — Q(t;)] x eV, (1.16)

Taking 100 e-folding of inflation (N=100) and considering the extreme case of curvature
(|11 = Q(t;)] ~ 1) for example will give

11— Q(tp)] ~ e N ~ e 200 10787 (1.17)

which leads to extreme flattening of the Universe (Ryden, 2003), which thus resolve the
flatness problem (Guth, 1981). As this epoch of exponential growth causes the horizon
size to grow exponentially it is also able to resolve the horizon problem. This can be
understood as regions that existed prior to inflation from which the CMB photons were
emitted were close enough to interact with each other. Introducing inflation thus resolve
both the flatness and horizon problems, a detailed review on the inflationary theory of
cosmic expansion can be found in Liddle (1999).

The other additions required to the “Hot Big Bang” model of cosmology are the “dark
sectors” of the Universe called dark matter and dark energy which will be presented in
the following sub-sections.

1.5.2 Dark Matter

Recent advances in precision cosmology have explored the energy and matter content of
the Universe confirming that there is more mass required (“the missing mass” ) which
contribute to the present day density parameter of g = 1. Measurements from CMB
anisotropy, analyses of large scale structure and Big Bang nucleosynthesis have enabled
exact determination of not only the energy and matter content of the Universe but also
its constituents. They provide that non-relativistic matter contribute roughly 30 % of
the total energy budget of the Universe. And only less than 15 % of this is known
to exist in the form of baryonic matter, whereas the remaining 85 % is in the form of
non-baryonic dark matter (e.g., Planck Collaboration et al., 2015).
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The “missing mass” problem was first pointed out by Fritz Zwicky in the 1930’s. He
measured the radial velocity of a number of galaxies in the Coma cluster for which he
found value of 1000 km s=! (Zwicky, 1933) which is in agreement with a more recent
value of 1082 km s~! (Colless and Dunn, 1996). This value was very large to be obtained
if the mass in the cluster were only due to the individual stars and gas content observed
within its galaxies. This led him to the conclusion that there must be a large amount
of “missing mass” (dark matter) in the cluster which hold the cluster together by pro-
viding sufficient amount of gravitational attraction. Subsequently similar observations
in galaxies and gravitational lensing studies have also suggested the existence of dark
matter.

Measurement of the temperature fluctuations in the CMB indicates anisotropies in the
matter distribution of 1 part by 107°. These anisotropies are too small to account for
the large scale structures we see today (Padmanabhan, 1996). It is believed that having
non-baryonic dark matter allows the Universe an earlier start of structure formation than
the case of having only baryonic matter which can only take effect at the recombination
epoch. Moreover, if dark matter is dominantly non-relativistic, ( i.e., with velocity
v — 0) in which case it is called “cold dark matter” (CDM). The Jeans length, A
which is the critical length attained when self gravity and pressure are in equilibrium
approaches zero (A\j — 0), hence structures can grow on all scales compared to “hot
dark matter” (HDM) models such as neutrinos where the velocity of particles is finite.
For a detailed discussion of dark matter see chapter 2.

1.5.3 Dark Energy

The cosmological constant A given in Eqn. (1.1) was first added to the formalism of gen-
eral theory of relativity by Albert Einstein to ensure a static Universe. This stationary
solution obtained using “Friedmann equations” (1.5) requires A to be positive. However,
the cosmological constant was later rejected when it was first shown, by Friedmann in
1922 (Friedmann, 1922), that this solution is unstable and rather they describe an ex-
panding Universe. From then on the cosmological constant has been taken in and out
of the cosmological equation until it was finally retained when observational evidence
emerged in the 1998 from supernovae la observation showing the Universe is undergoing
an accelerated expansion (Perlmutter et al., 1999) as shown in Fig 1.5. This acceleration
in the expansion of the Universe is believed to be the result of another component of
the Universe, which is unclustered and invisible form of cosmic stuff that permeates all
of space, called dark energy.

The nature of dark energy and its dynamics is hardly understood at present as it is only a
phenomenological addendum whose existence has not been predicted from the Big Bang
as well as inflationary cosmology. The leading candidates emerging from theoretical
models for dark energy are “the vacuum energy” or “quintessence”. This would be
possible if the Universe is dominated by a component “fluid” which exerts a negative
pressure. With a suitable representation of the equation of state as p = wpc? in the
“Friedmann equations” (1.5) an accelerated expansion is obtained for w < —1/3, and
the cosmological constant fulfills this relation as the new component fluid with w = —1
which is thought of as the energy associated with vacuum, the space absolutely void of
particles. A more general form of this relation with —1 < w < —1/3 has been proposed
to be described by “quintessence” that might cause the expansion of the Universe to
accelerate with time.
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FIGURE 1.5: Magnitude vs redshift result of supernovae type Ia observation (Riess
et al. (1998), Perlmutter et al. (1999)).

A cosmological constant dominating at late times can cause cosmic acceleration; how-
ever, this model raises problems of its own. The value of A observed today is ~ 120
orders of magnitude lower than that predicted by quantum field theory considering the
primordial inflationary A this problem is called the cosmological constant problem.

In the next chapter I will provide a more detail discussions on the concept of dark matter
which manifest itself solely through its gravitational influence on the standard matter.
We dedicate some sections to discuss the dark matter problem, the methods that are
involved to reveal its existence, the search for its candidates and ultimately its detection
mechanisms.



Chapter 2

Dark Matter in Modern
Cosmology

2.1 Introduction

Quite a number of evidences exist in modern cosmology to inform us that the ordinary
baryonic matter, which is the usual form of matter in diffuse gas, stars and galaxies,
make up only 5% of the Universe. The remaining 95% of the matter in the Universe is
still in an unidentified form. Of this nearly 70% is contributed by dark energy and the
remaining 25% by dark matter (DM), the later being the subject for discussion in this
and subsequent chapters.

Historically the study conducted by Jan Oort in 1932 on the motion of neighboring
stars is believed to provide the first hint for the existence of DM (Oort, 1932). The
gravitational effect received from the stars within the Galaxy’s disk allowed him to
provide a measure of the disk’s mass. The mass of the disk he obtained was twice the
mass in stars and nebulae, which led him to conclude that there has to be more mass
than is seen as bright stars. However, Jan Oort concluded the unseen mass to belong to
stars that are too dim to be seen. A year after, Fritz Zwicky observed the Coma Cluster
and examined its dynamics by assuming that galaxies would be virialized. His study gave
evidence for the total mass required to keep the galaxy cluster gravitationally bound to
be more than 100 times that of the stars in all its galaxies (Zwicky, 1933) (see section
1.5.2). Three decades later the missing mass in the Local Group was published by Kahn
& Woltjer, (Kahn and Woltjer, 1959) where they have shown the necessity of having
appreciable amount of intergalactic matter to achieve gravitational stability of the Local
Group. The renaissance of DM truly began with the “Santa Barbara Conference” on the
instability of galaxies in 1961. By that time enough research was done for the community
to see that the missing mass anomaly was not going to go away, the uncertainty on the
nature of DM remained.

In the mid 1970’s a shift in paradigm emerged to interpret observations that seemed to
support the ubiquitousness of “missing matter” in the Universe. Various independent
sources have confirmed the presence of DM directly at the beginning of 1980’s. Further-
more the cold DM model with axions or other Weakly Interactive Particles (WIMPs)
was proposed as an alternative to neutrino models which falls under the hot DM models.
The existence of DM as a main ingredient of the cosmic fluid as well as its distribution

14
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in clusters was made possible in the 1990’s by the gravitational lensing and anisotropies
of CMB studies. Current data given the Planck Collaboration put the amount of matter
in the Universe to 30% (Planck Collaboration et al., 2015). Despite these overwhelming
observational evidences obtained and accumulated for more than 80 years, the challenge
still remains as we know quite little about the nature and composition of DM (Munoz,
2004).

2.2 The DM Problem

In the previous section I have shown that information gathered about the existence
of DM is obtained only indirectly from its gravitational effect on the visible matter,
radiation and large-scale structure of the Universe. On small (microscopic) scales DM is
believed to show weak interactions and this gives hope that it may be detected in low-
energy particle physics experiments. So far there is no direct observation of DM and
exactly how much there is, and what it is made of is still under investigation, hence the
DM problem remains. In the following sub-sections I will present the standard methods
of detecting DM.

2.2.1 DM in Galaxies

Among the most common methods of detecting DM is the gravitational influence it
has on the baryonic (visible) matter, which provide us with some useful information
regarding its content and distribution.

Stars residing in the disk of spiral galaxy (for example galaxies in the local group which
the Galaxy and M33 are the member) follow circular path around the center of their
host galaxies. Let us consider one of these stars and represent its radius and orbital
(rotational) speed by R and v, respectively. Then its acceleration due to the gravitational
potential of its host galaxy is given by

v? ~ GM(R)

a = —

n = (2.1)

The rotational speed v of the star will then be 4/ GA/I{%(R), which depends on the radius

of the orbit R and the mass M (R) accommodated in the spherical region of radius R.

If we assume that the stars are contributing dominantly to the mass contained in the
galaxy, the orbital velocity is expected to fall off at large radii o« R~Y/2. However, it
has been observed that the velocity rises towards a constant value. For example the
rotational speed in the case of M33 is in the range between ~ 100 — 200 km s~!
as shown in Fig. 2.1. We deduce that this observed flat rotation curve can only be
explained with the presence of some other form of matter “dark matter” which has
extended distribution in the halos of the galaxy.

2.2.2 DM in Galaxy Clusters

Mass determinations are very important as they measure the amount and distribution
of DM in clusters indirectly. The mass of a galaxy cluster can be determined from the
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FIGURE 2.1: The observed rotational speed of M33 galaxy in comparison with what
is expected from its luminous disk (Roy, 2000).

“virial theorem” ! once the three-dimensional mean square velocity < v? > is obtained

from the redshift measurements of a large number of its galaxies, for example for the
case of the Coma Cluster we have

<’l)2>7”h

2 10'° Mo, (2.2)

MComa =
where r, and « are the half-mass radius of the Coma Cluster and a constant of value
~ 1.0 which depends on the density profile of the cluster, respectively. Comparison
of the total mass of Coma Cluster with its luminosity (8 x 10'? Lo p) gives a ratio
of Mcoma/Lcomas ~ 250 Mg /Lg . This value shows the vast presence of some non-
luminous form of matter in the Coma Cluster. This point is also supported by the fact
that the hot gas in the central region of the cluster which is observed to emit X-rays is
still in place. In other words, if the hot gas was not to be gravitationally bound by the
DM, it would have expanded beyond the region of the Coma Cluster on much shorter
time scales than the age of the Universe (Ryden, 2003).

Observations from the X-ray emitting gas can also be used to trace the gravitational
potential in clusters, which thus provide an indirect measure of the amount and dis-
tribution of DM in clusters. Let us assume that the hot ICM gas is in hydrostatic
equilibrium and it has spherical symmetry. This simplification will allow us to express
the mass M (r) contained in the radius 7 of the cluster only in terms of two quantities,
namely the gas temperature T' and gas density p. Both T and p can be inferred from
X-ray observations, are used to determine the gas pressure, P, using the ideal gas law

kT
p=Pr (2.3)

Hmy

where p is the gas particle mass in terms of proton mass m,,.

1Virial theorem states that the average kinetic energy of a self-gravitating system in steady state
equals half of the average negative potential energy.
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Quantities such as gas temperature and density as well as chemical content can be well
determined by fitting the observed X-ray spectrum with theoretical models. An example
of this is the temperature map shown in Fig. 2.2 for the case of the Coma Cluster which
clearly identifies both relatively hot and cool regions of about k7T ~ 12, and 5 keV,
respectively with a mean temperature of around 9 keV (Watanabe et al., 1999).
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FIGURE 2.2: The temperature map of the Coma cluster (Watanabe et al., 1999).

In hydrostatic equilibrium, the outward force due to the gas pressure balances the force
from its gravity infall to give

1dP M
LiP__GM(), o
p dr r2
If we substitute the gas pressure P, from Eqn. 2.3 in Eqn. 2.4, we obtain the total
gravitational mass in the form

_KT(r)r [dlnp(r) dInT(r)
Gumy | dlnr dlnr |

M(r) = (2.5)

Numerical simulations play vital role in advancing our understanding of halo and large-
scale structure formation. Their results suggest that the distributions of DM in clusters
follow density profile that is power-law. One most commonly used profile is the NF'W
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profile (Navarro et al., 1996) which has the form

poA(r) = py [() (1 " )} (2.6

which has flatter appearance at small radii, and a characteristic scale radius rs (and
density ps) past which they show a sharp decline at large radii. Based the NF'W profile
we can express the DM mass Mpys(r) contained inside radius r in the cluster by

Mpar(r) = dmper? {111(1 + ;) - (T Ji%)] : (2.7)

Observationally the DM mass in the cluster is obtained by subtracting out the mass
contained in the form of gas and individual galaxies in the cluster from the total mass
of the cluster, i.e.,

MDM(T) = M(T) - Mgas(T) - Mgal(r)a (2'8)

where Mg (r) is the mass of the galaxies which can be obtained from optical observations
and Mgqs(r) is the mass of the gas, which can be obtained from Eqn. 2.9 once the gas
density, p(r), is determined by either model fitting or de-projection

Myas(r) = 4r /0 " o). (2.9)

Results of the mass of the Coma Cluster based on the assumption that the gas is in
hydrostatic equilibrium (i.e., using Eqn. 2.5) gives 1 — 2 x 10'® M, within 3.6 Mpc
radius. We see that this value agrees well with what is determined by applying virial
theorem (Eqn. 2.2) on its galaxies (Ryden, 2003). Following the same procedure on
a large number of clusters it has been found that the typical “mass-to-light ratios” for
clusters lie in the range (M/Lp) ~ 200 — 300 My /Lg . This indicates the ubiquitous
existence of DM in galaxy clusters.

2.2.3 DM Through Gravitational Lensing

Gravitational lensing is the gravitational bending of light emitted from an object (the
source) by an object between the observer and the source (the lens). There are different
types of gravitational lensing namely strong lensing, weak lensing, and microlensing.
They are classified depending on the positions of the source, lens and observer, and the
mass and shape of the lens which controls how much light is deflected and where.

Strong gravitational lensing occurs when the lens is massive and the source is close
enough to the lensing object, a schematic representation of a strong gravitational lensing
is shown in Fig. 2.3. Strong gravitational lensing will cause light to take different paths
to the observer thus more than one image of the source will appear.

Measurement of matter distributions in galaxies and galaxy clusters obtained using
strong gravitational lensing effect has provided strong evidence for the ubiquitous ex-
istence of DM with in the Universe. The cores of galaxy clusters are dense enough to
produce strong gravitational lensing, giving rise to strongly distorted images of back-
ground galaxies, so-called arcs (Bartelmann, 2010). If the source, lensing object and
observer are aligned, then the observer will see the light from the source smeared in a
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Gravitational lensing: A cluster's gravity bends light from a single
galaxy so that it reaches Earth from multiple directions.

image of galaxy real galaxy image of galaxy

Gravity bends light from We therefore see

the galaxy as it passes images of the galaxy

through the cluster. in the directions from
which the light appears
to be coming.

FIGURE 2.3: Multiple image of galaxy due to strong gravitational lensing. Image
Credit: Bennett et al. (2010)

circle with the lens in its centre which is known us ‘Einstein ring’. From measurement
of position and strength of the lensing object one can determine the angular radius of
the ‘Einstein ring’ #g using the relation:

AGM Drg
Op = | —— —25 2.1
E 2 D.D,’ (2.10)

where Dy , Dg and Dyg are the angular diameter distance to the lensing object or
deflector, background source, and between them, respectively as shown in the Fig. 2.4.

Thus the measurement of the distance to the lensed object and the source will allow an
estimate for the total mass, M, of the lensing object. Once the total mass of the lensing
object is determined, it can be used directly to obtain an estimate for the amount of
DM within galaxy and galaxy clusters.

2.3 Basic Properties of DM

From observational evidences accumulated so far on the existence of DM a list of its prop-
erties can be inferred, some of its basic properties are listed below. i) DM is “dissipation-
less” which means it involves only in a very weak electro-magnetic interaction. ii) DM is
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FIGURE 2.4: Graphical representation of gravitational lensing process (Lukovié¢ et al.,
2014).

“nearly collision-less” i.e., the interaction cross-section between DM and baryonic matter
for densities found in DM halos is so small to be considered negligible. This also means
that its particles are only gravitationally bound to one another and travel unimpeded
in orbits in the halos with a broad spectrum of eccentricities. iii) DM is “cold”, which
means that they move at non-relativistic speed as they enter matter-dominated era and
to cluster effectively and produce the observed intricate structures we observe today;
iv) DM is “stable” which means that its lifetime must be comparable to or greater than
the age of the Universe. Moreover DM behaves classically to be confined on galaxy
scales through attractive gravitational interactions; and as a fluid on galaxy scales as its
discreteness is not proved yet (Colafrancesco (2010), Ostriker and Steinhardt (2003)).
Thus it goes without saying that these properties of DM which are known so far are to
be used as a reference point (to compare with) in the search for the right candidates.

2.4 DM Candidates

One commonly suggested possibilities for DM is to assume astrophysical bodies which
are of baryonic form called MAssive Compact Halo Objects (MACHOs) as the main
candidates (see for e.g., Sadoulet, 1999, for a review). Some examples of MACHOs
include Jupiter-like objects, brown dwarfs (failed stars that are unable to start nuclear
reaction), low mass stars and dead stars such as white dwarfs, neutron stars, stellar
black hole remnants.

Statistics acquired based on experiments using gravitational microlensing effect which
are sensitive enough to monitor low mass objects to a mass of 1077 My show that
MACHOs contribute less than 25% of the mass of DM in the halo of a galaxy (Afonso
et al., 2003). Moreover the amount of baryonic matter predicted from the big bang nu-
cleosynthesis (BBN) sets an upper limit of Qph? ~ 0.02 (Burles and Tytler (1998a,b)),
which is in agreement with a more recent measurement by Planck experiment of CMB
anisotropy (Planck Collaboration et al., 2015). Hence, some of DM could be ordinary
matter (MACHOSs), but there does not appear to be enough to explain it all, so most



Chapter 2. Dark Matter in Modern Cosmology 21

of the DM is probably extraordinary matter, of non-baryonic form, consisting of undis-
covered particles. A consensus view thus suggests to us to look for candidates which are
of non-baryonic type. In the following sections I will provide a brief discussion for the
three most considered ones, among many others which have also been proposed, namely
neutrinos, axions and WIMPs.

2.4.1 Neutrinos

Among the zoo of non-baryonic DM candidates neutrinos are the only particles which
are certain to exist in nature (Bergstrom, 2009). A robust result on the mass constraint
of neutrino has emerged from tritium S-decay experiment, which point toward an upper
limit of m, < 2 eV (Weinheimer, 2003). Neutrino oscillations on the other hand have
determined the mass difference Am between each species (i.e., the electron, muon and
tau neutrino) to be Am? ~ 3 x 1072 (Aliu et al., 2005). These two results are then
combined to provide the following upper limit for their relic density:

Q,h?* <0.07, (2.11)

this value thus clearly shows that neutrinos cannot be a dominant component of DM
(Bertone et al., 2005). Their mass limit also implies they are relativistic collision-less
particles that they would freely stream on scale of about 40 Mpc, as a result of which
they would erase the observed density fluctuations on such scale (Komatsu et al., 2009).
Moreover simulation results have also shown that the clustering we see today in the
Universe cannot fit this picture (White et al., 1983).

2.4.2 Axions

Axions are among well motivated candidates for non-baryonic DM, they were in fact
initially proposed not as DM candidates but motivated to solve what is known as
the “strong CP-violation” in QCD (Peccei and Quinn, 1977). Constraint from various
searches in the laboratory and astronomical bounds (such as analysis from supernova
observation and stellar cooling) set the mass of axions below 0.01 eV (Raffelt, 2008).

Several theoretical models suggest that axions should be produced non-thermally in the
early universe by mechanisms like the “vacuum realignment” (see for e.g., Feng, 2010,
and references therein). They are expected to have small free-streaming length and
interact very weakly with other matter which put them among cold DM candidates. So
far masses of axions which pass various cosmology and astrophysical constraints are in
a range between 107° — 1072 eV (see for e.g., Bertone et al., 2005). A comprehensive
review on this topic can be found in Bergstrom (2000), Bergstrom (2009) and references
therein.

2.4.3 Weakly Interacting Massive Particles

The most viable non-baryonic DM candidates are the Weakly Interacting Massive Par-
ticles (WIMPs). A comprehensive review on this topic can be found in Jungman et al.
(1996) and references therein. WIMPs are the largest class of cold DM candidates,
which are stable particles that arise in extensions of the standard model of electroweak
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interactions. WIMPs are believed to exist in thermal equilibrium in abundance in the
early universe when
KpT > mXCQ,

where T and m, are the temperature of the Universe and WIMP mass, respectively.
WIMPs are generally considered to be self-annihilating, and their abundance was pre-
served as the number of forward process, i.e., annihilation of the particle x with their
anti-particle x¥ producing lighter particles | was equal to the backward process:

xx = . (2.12)

However, as the temperature falls ( i.e., T < m,) the equilibrium abundance also falls
exponentially until the rate of forward process falls below the Hubble expansion rate,
H = a/a. At this point, the WIMPs cease to annihilate, they fall out of equilibrium,
and a relic cosmological abundance remains.

Based on the above presented basic concept from Jungman et al. (1996), let us now
calculate the relic abundance of WIMPs. The time evolution of the number density
ny(t) of WIMPs is given by the Boltzmann equation (Lisanti, 2017),

dnx 2 eq\2

W+3H ny = — < oav > [(ny)” = (n§1)7], (2.13)
where the first term in brackets on the right-hand side of Eq. 2.13 accounts for depletion
of WIMPs due to annihilation, and the second term arises from creation of WIMPs from
the inverse reaction. The equilibrium abundance is obtained when the rate for depletion
is equal to creation of particles.

The flux of the DM particles per unit time from a unit volume V containing them is
given by

X

2
T = (/ Pﬂzy dV) % (0.40) X Ngar, (2.14)

which is a product of three terms, the number of DM particle pairs in the volume
V, the DM pair annihilation rate, and the flux of SM particles per annihilation event
respectively. In equilibrium the DM annihilation rate can be understood to be I' =
ny! < o4v >, where ny! is the equilibrium WIMP number density and < o4v > is the
DM pair annihilation rate.

The condition at which DM annihilation rate is comparable to the expansion rate of the
universe (I' ~ H) is known as the “freez-out” condition after which the particles can
no longer find each other fast enough compared to the expansion rate of the universe,
and thus their abundance per comoving volume asymptotically approaches a constant,
their thermal relic density. Note that “freez-out”, also known as chemical decoupling,
is distinct from kinetic decoupling; after thermal “freez-out”, interactions that change
the number of DM particles become negligible, but interactions that mediate energy
exchange between DM and other particles may remain efficient (Feng, 2010).

Using the “freez-out” condition along with the equilibrium WIMP number density (n5! ~

(my T)3/2 exp_%) it is possible to determine the present day mass density in units of
the critical density, p¢r, contributed by the DM (Lisanti, 2017). For typical values of
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temperature, 7' ~ m, /20 and < ocqv > ~ a2/m§, we obtain the present day mass
density in units of the critical density to be

Ny M 3x 1072 cm? 7! 0.01,9 m 2
O h2 =X X~ ~ 0.1 X . 2.1
X Per < oAV > 0 ( « ) (100 GeV) (2.15)

Equation 2.15 shows that a weakly interacting DM particle (i.e., @ ~ 0.01 and mass
my ~ 100 GeV) gives the correct abundance today as measured for example by Planck
Planck Collaboration et al. (2016a). This match which is known as the “WIMP miracle”
will thus give a possibility to set limit on the annihilation cross-section or lifetime of the
WIMP. The most commonly referenced limit of this sort is that the thermal velocity-
averaged cross-section must be such that < o V >~ 3.0 x 10720 cm3 s (see for e.g.,
Jungman et al., 1996, and references theirin). The evolution of a thermal relic’s number
density is shown in Fig. 2.5. In the plot, Y is the comoving DM number density defined
as Y = n,/s, and s is the total entropy density of the universe, and Y is rescaled to
remove the effects of the universe’s expansion in the above formulation (Eqn. 2.13).
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FIGURE 2.5: The comoving number density Y (left) and resulting thermal relic
density (right) of a 100 GeV, P-wave annihilating DM particle as a function of
temperature T (bottom) and time t (top). The solid contour is for an annihilation
cross section that yields the correct relic density, and the shaded regions are for cross
sections that differ by 10, 102 , and 102 from this value. The dashed contour is the
number density of a particle that remains in thermal equilibrium (Feng, 2010).

2.5 DM Detection strategies

We have seen that a correct amount of DM budget in the universe as observed today
can be obtained from a model-independent analysis at the weak scale using WIMPs as
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a prime candidate. This result has given a strong motivation to the scientific society,
which has initiated the development of robust experimental techniques and theoretical
frameworks for DM search. A cross-fertilization of these views is thus essential to reach
the common goal of detecting DM (Cirelli, 2015). In this section I will review the current
and projected experiments for detecting WIMPs.

For WIMPs x to have the right relic density, they must annihilate to other particles.
Assuming that these other particles are standard model (SM) particles, three most
promising detection channels have been put forward. These are, production of DM at
the colliders, direct and indirect detection of DM which will be described briefly in the
following sub-sections. Schematic representation of these three possible DM detection
strategies taken from Marroddn Undagoitia and Rauch (2016) is given in Fig. 2.6.

Direct detection

X S X
Production Indirect
at colliders detection

P P

FIGURE 2.6: Schematic representation of the possible DM detection channels
Marrodan Undagoitia and Rauch (2016). The DM and the standard model particles
are denoted by x and P.

2.5.1 Particle Colliders

The production channel at particle collider looks like P+ P — x4+, which is indicated by
the arrow pointing upward direction of Fig. 2.6. However, such events are undetectable,
but are expected to produce “mono-jet” or “mono-photon” which can provide signatures
of WIMPs (Feng, 2010). Information on WIMPs can only be obtained indirectly from
the signature of missing transferred energy and momentum. Although the observation
of missing particles is consistent with the production of DM, it is far from compelling
evidence. The discussions given in the remaining parts of this sub-section are based on
(Feng, 2010).

Particle physics experiments at the LHC may stringently constrain cross sections involv-
ing DM and related particles. Along with the assumption of a cooling and expanding
Universe, this microscopic data allows one to predict the DM relic density, basically by
following the relic density curves of Fig. 2.5. This thermal relic density may be com-
pared to the observed density of DM, and their consistency would give us confidence
that DM is actually produced in this way and is made of the particles produced at the
collider. So far important ranges of the parameter space has been explored by LHC
which are in agreement with standard model expectations (Marroddn Undagoitia and
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Rauch, 2016). A future facility known as International Linear Collider (ILC) is expected
to provide improved results on DM mass and relic density constraints.

Several qualitative studies, such as given in Allanach et al. (2004); Moroi et al. (2005);
Birkedal et al. (2005); and Baltz et al. (2006), have investigated the capacity of LHC
to determine the ranges of the parameter space depending on various conceivable DM
scenario. To this end, these studies have marked precisely the range of values for the
cold DM relic abundance which is in agreement with the expected precision measure-
ments for both experiments at the LHC and the ILC. Here I take one case to show this
which is given in Fig. 2.7. The WMAP satellite together with other cosmological obser-
vations (yellow shaded region) have constrained the DM relic density 2 to a fractional
uncertainty of +8%. This uncertainty is expected to be narrowed down to +2% by its
successor, Planck (green shaded region). It is also shown that while the WMAP and
Planck can constrain (2,, they are insensitive to the DM mass m,; however, collider
experiments are keen to perform both. Moreover, precision studies at the LHC (cyan
shaded region) are believed to determine so many of the super-symmetric model pa-
rameters that the neutralino mass can be determined to +5 GeV and the thermal relic
density can be predicted to +£20%. Measurements at the ILC (blue shaded region) could
improve these constraints on mass and relic density to 50 MeV and 4+3%, respectively.

Notably, the search of both nature and properties of the DM, is believed to provide
robust result when there is consistency between the particle physics predictions and the
cosmological observations. This would provide compelling evidence that the particle
produced at the LHC is indeed DM. The mass, spin, and many other properties of the
DM will also be determined at the same time at the colliders. Thus, colliders may finally
help solve the question of the microscopic identity of DM.
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FIGURE 2.7: Constraints in the (m, , Q, ) plane from the LHC and the International
Linear Collider, and from the WMAP (Baltz et al., 2006) and Planck satellites (Feng,
2005).
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2.5.2 Direct Detection Strategies

Direct detection mechanisms of WIMPs involves an elastic scattering of WIMPs off
normal matter through the interaction x+ P — x+ P as shown in the Fig. 2.6 with
an arrow pointing in the horizontal direction. This process is expected to deposit some
recoil energy which may be detected. For example, considering parameters of weak
interaction, i.e., taking the allowed WIMP mass between 10 — 1000 GeV the expected
recoil energies induced by WIMPs will be in the range of 1 —100 keV (Lewin and Smith,
1996). This will thus require a very sensitive detector placed deep in the ground to avoid
contaminating radiations.

The spectral shape of signal candidate-events is used to constrain DM interactions
most commonly with the assumption of spin-independent cross-section (derived from
a scalar interaction operator) compared to the spin-dependent case (derived from an
vector /axial-vector interaction operator). The signal indications and exclusion limits
for spin-independent WIMP-nucleon cross-section for both, low WIMP masses (left)
and high WIMP masses (right) are given Fig. 2.8. The closed contours show signal
indications given by several experiments and the curves show limits excluding the pa-
rameter space above the curves. Only a few experiments analyzed the data for an annual
modulation of the event rate, mainly due to the requirements to achieve a long-term sta-
bility of the detector (Marroddn Undagoitia and Rauch, 2016). The DAMA experiment
which uses low-radioactivity sodium iodide crystals for example has observed a signal
modulation. The solid red contours show the derived signal regions from DAMA ex-
periment. If this is to be interpreted as a result of elastic scattering with WIMPs, it
favors 10 — 15 GeV WIMPs if the scattering is from sodium, and 60 — 100 GeV for iodine
(Bernabei et al., 2008). The need of confirmation experiments is pointed out in order to
eliminate the possibility of unforeseen systematics in Bernabei et al. (2008). Moreover,
from these results shown in the two panels of Fig. 2.8 it is apparent that it is difficult
to reconcile the DAMA events with a WIMP, due to inconsistency primarily between
DAMA (solid red contour), LUX (solid violet curve), CRESST (solid green curve) and
Xenonl00 (dashed blue curve).

Even though, the presence of various DM indications in the region around 10 GeV gave
some excitement, improved results from several experiments indicate that probably in
most cases, background was responsible for the observed events. This emphasizes the
relevance of the background prediction and the quantification of its uncertainty (Mar-
rodan Undagoitia and Rauch, 2016). Overall, various direct detection experiments have
been designed over the last decades. While there is no concrete evidence for DM de-
tection, great progress has been achieved in direct DM searches (Bertone and Hooper,
2016). Moreover, it is expected that future experiments will increase the target masses
to achieve an even higher sensitivity which will allow them perform a high statistics mea-
surement of the DM particle properties. A detailed discussion on this topic is provided
in Marrodan Undagoitia and Rauch (2016).

2.5.3 Indirect Detection Strategies

DM cannot only be detected directly in dedicated experiments searching for nuclear
recoils from the scattering of DM particles or produced in particle accelerators such as
the LHC, but it can also reveal its existence indirectly. An indirect detection mechanism
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FI1GURE 2.8: Overview of signal indications and exclusion limits from various
experiments for spin-independent WIMP-nucleon cross-section for low WIMP masses
(left) and high WIMP masses (left) (Marrodan Undagoitia and Rauch, 2016).

involves annihilation of WIMPs to produce SM particles. The process is indicated in
Fig. 2.6 by the arrow pointing in the downward direction (ie., x + x — P + P).

The total number of DM particles does not change significantly after “freez-out” (see
Section 2.4.3) in the early universe, but their spatial distribution changes considerably
during structure formation. The very self-annihilation that plays a central role in this
“freez-out” can give rise to a significant flux of y-rays, neutrinos, and even antimatter
such as antiprotons and positrons, especially in regions with large DM density. The
energy of the secondary particles can reach up to the mass of the DM particle, which
typically would be a few hundred GeV. Since DM annihilation scales with the square
of its density, indirect detection is more sensitive to cosmological and astrophysical
processes than is direct detection (Klasen et al., 2015). Therefore, it is necessary to look
for an observable consequences of DM in the emission of the DM annihilation products
and their signals in objects of the cosmic structures such as halos of galaxies, dwarf
galaxies and galaxy clusters which are characterized by their large DM densities. For
example, dwarf spheroidal galaxies which are close satellites of the Galaxy are known for
having a large value of mass-to-light ratio thus containing large portion of DM. They are
also known for not showing intense star formation and non-thermal high-energy gamma-
ray emission which make them a promising search sites for signals from DM annihilation
process (see for e.g., Abramowski et al., 2014).

While direct detection is the cleanest technique to unambiguously study the nature and
composition of DM; it is also expected that some of the fundamental particles nature of
DM can be probed with the detection of photons, neutrinos or charged cosmic rays that
are produced by DM. These signals can be studied across multi-wavelength spectrum
(see for e.g. Colafrancesco et al. (2006), Colafrancesco et al. (2015) and references
therein). The spectrum will be found as combination of synchrotron, IC scattering,
bremsstrahlung, and direct photon emission. And all of these emission forms are non-
thermal as they depend on the energy distributions of the products of prompt WIMP
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annihilation/decay processes. As a result a search for such non-thermal emissions via
~-rays, X-rays, or radio would stand a chance at detecting the signatures of WIMP
annihilation. Moreover, detectors for cosmic rays and ~-rays, neutrino telescopes, and
radio telescopes can be used for indirect detection of signals from DM annihilation
process (Klasen et al., 2015).

Some of the current limits obtained from an indirect detection mechanisms on the WIMP
annihilation cross-section is given in Beck and Colafrancesco (2016) which is displayed
in Fig. 2.9. The limit obtained by the Planck experiment (Planck Collaboration et al.,
2016b) are displayed in blue for two values of the DM energy deposition efficiency pa-
rameter f.r¢. The plot also shows the limits from the Fermi-LAT observations of dwarf
spheroidal galaxies (Drlica-Wagner et al., 2015) for WIMP annihilations via b quarks
and 7 leptons. Comparison should be made between the Fermi-LAT curves and the
fers = 0.2 line for Planck (this matches the efficiency of the bb and 7+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 su-
perior results. The green region shows the area favored by models accounting for the
AMS/Fermi/PAMELA positron excesses (Cholis and Hooper, 2013). While the red area
shows the region favored by Fermi-LAT observations of excess y-rays from the Galactic
Centre (GC) (see for. e.g., Hooper and Linden (2011), Hooper et al. (2015), Calore
et al. (2015)). This result together with the limits on the WIMP annihilation cross-
section derived from radio observation of dwarf spheroidal galaxies using the Australian
Telescope Compact Array (ATCA) (Regis et al., 2014) demonstrate the great potential
of the indirect y-ray and radio observation, both having potential which is better than
Planck in different parts of the WIMP mass range.
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FIGURE 2.9: Figure from Beck and Colafrancesco (2016) showing the annihilation
cross-section constraints from Planck (blue) and Fermi-LAT (yellow). As well as
regions favored by positron excesses (green) and GC ~-ray excesses (red). fess refers
to the DM annihilation energy deposition efficiency factor (note that bb and 77~
annihilation channels have fers ~ 0.2 —0.3).
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In Fig. 2.10 I show another set of constraints taken from Gaskins (2016) which are ob-
tained for WIMP DM models from various selected indirect search analyses for DM anni-
hilation channel bb. The parameter space above each curve is excluded at 95% confidence
level. The limits obtained from H.E.S.S. analysis of the GC halo from Abramowski et al.
(2011) (dark solid curve) give the the strongest bounds at the very highest masses. From
analyses of the Fermi LAT data, limits spanning an entire range of WIMP masses are ob-
tained both with and without (“inclusive”) modeling non-exotic contributions from the
background for the GC. Even though, models with the background (blue dotted curve)
from Hooper et al. (2013) are somewhat more “realistic”, they are model dependent.
Robust upper limits are thus for those obtained for an “inclusive” models, which are
shown for GC (blue solid curve) (Gomez-Vargas et al., 2013a), the isotropic gamma-ray
background (IGRB) intensity spectrum (cyan solid curve) (Abdo et al., 2010), and the
IGRB anisotropy (cyan dashed curve) (Gomez-Vargas et al., 2013b). The limits from a
recent analysis of Fermi LAT observations of satellite galaxies are also displayed (green
solid curve) from Hou et al. (2016).
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FiGURE 2.10: Constraints on WIMP DM models from selected indirect search
analyses for annihilation to bb. Gamma-ray constraints are shown from a H.E.S.S.
analysis of the Galactic Center (GC) halo, together with various analyses of Fermi
LAT data. Also constraints obtained using radio observations of the GC and
constraints from the PAMELA anti-proton data are shown in this figure which is
taken from Gaskins (2016).

Fig. 2.10 also shows some of the strongest bounds on the DM annihilation cross section
for the bb channel obtained from radio observations by Bertone et al. (2009) (yellow
dash-dot curve) and Crocker et al. (2010) (yellow dashed curve). However, as the price
limits of these two bounds are highly dependent on the assumptions made in deter-
mining the Galactic magnetic field profile, which is poorly known especially at small
radii, these limits cannot be taken as robust (Gaskins, 2016). Also the limits obtained
from PAMELA antiproton data (magenta solid curve) (Cirelli and Giesen, 2013) are
dependent on the assumed propagation model. Thus, an improved understanding of
the Galactic environment could help make observations of secondary emission and local
cosmic-ray measurements more robust indirect search tools (Gaskins, 2016).

As shown in Figs. 2.9 and 2.10, the current limits obtained are getting close to con-
strain the thermal relic annihilation cross section for WIMPs (see for example cyan
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shaded region in Fig. 2.9), and the reach of upcoming experiments is expected to im-
prove drastically. With possible detections of different candidates already claimed in
gamma rays and X-rays, and suggestive anomalies reported in cosmic rays and the radio
background, sensitive indirect searches in multiple targets as well as multi-wavelength
and multi-messenger searches will be necessary to support or rule out these claims. Hope
has raised to not only robustly detect DM through its annihilation or decay signals, but
also to characterize its distribution, and determine its exact particle nature and property
in the very near future (Gaskins, 2016).

2.6 Summary

We have seen that quite a number of independent evidences gathered over the last
80 years favors the existence of a large amount of non-baryonic, non-luminous matter
component in the mass-energy budget of the universe known as “dark matter” (DM).
However, its particle nature is still unknown thus remains to be one of the most sig-
nificant problems of modern physics. Also, the current observational data give us very
little information as to what form DM might take. One seemingly simple solution to
this problem is that DM is constituted by some yet undiscovered particle.

A class of DM particles which are cold weakly interacting particles (WIMPs) are the
most viable candidates among large number of proposed particle candidates for DM.
This is because they have several important particle properties such as mass, stability
(lifetime), scattering cross-section with nucleons, and cross-section for pair annihilation
etc., which are both theoretically well motivated and begin to be constrained through
various experiments. The final particle detail for WIMPs are obtained from the prod-
ucts 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 annihila-
tion/decay into standard model particles. In this scenario of DM, WIMPs are produced
thermally in the early universe and subsequently “freeze-out” of thermal equilibrium
to leave an existing population of cold relic particles, and continue to annihilate/decay
producing standard model particles. As a result, they leave an abundance that matches
the present-day observations, the “WIMP miracle”.

Being massive, WIMPs interact gravitationally leading to the formation of dense DM
halos, providing the gravitational potential wells within which baryonic structure attains
stability and forms. The presence of the DM halo around visible structure accounts for
the problem of the missing mass which was noticed for e.g., by studying the dynamics of
the baryonic matter in galaxies, galaxy clusters (i.e., from flat rotation curves at large
radii), and using techniques of gravitational lensing effects. The properties of these
halos are highly significant as the increase in WIMP density means that the probability
of pairs of WIMPs annihilating in this structure is considerably higher than in a smooth
medium, as this will be proportional to the square of the DM density.

Having discussed particle solutions to the problem of DM, three different strategies
were explored to find out how WIMPs might be detected. These being direct detec-
tion mechanism through WIMPs scattering off (interaction with the) nuclei, detection
at the colliders through pair production of WIMPs, and an indirect detection mecha-
nism through the search for annihilation/decay by-products within cosmic structures.
Towards the end of this chapter, constraints obtained so far through these detection
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mechanisms were given with an emphasis given to an indirect detection of WIMPs as
these are the subject of this thesis. We have also seen that these constraints are already
starting to constrain the thermal relic annihilation cross-section which are also expected
to improve greatly in the very near future, which has an implication not only for the de-
tection of WIMPs but also to characterize their distribution, and determine their exact
particle nature and properties.

As the prime objective of this work is to study multi-wavelength emissions from DM
annihilation processes in galaxy clusters and sub-halos, which are promising indirect
detection search targets, in Chapter 3 I will review galaxy clusters in modern cosmology
so as to make connection with our study of the expected multi-wavelength emissions
from DM annihilation processes in galaxy clusters. I will thus focus on the discussions
of the morphology of galaxy clusters probed at multi-wavelength spectrum with an em-
phasis given to the study of the non-thermal emissions observed in galaxy cluster. This
is because secondary electrons produced by the DM annihilation process are among the
possibilities which produce the extended non-thermal emissions observed in galaxy clus-
ters. The various emission mechanisms which are employed in this work will be presented
in Chapter 4 along with the discussion on the modeling of the multi-wavelength signals
from DM annihilation processes based on high-resolution cosmological simulations of
galaxy clusters.



Chapter 3

Galaxy Clusters in Modern
Cosmology

3.1 Introduction

Gravitational attraction is believed to bring galaxies together into gravitationally bound
structures. Observations show smaller groups of galaxies, with a number of galaxies less
than a few hundred, as well as larger groups which have thousands of galaxies, known
as clusters of galaxies. Rich clusters have thousands of galaxies, however, since they are
relatively rare only about 5 — 10% of galaxies live inside clusters (Dekel and Ostriker,
1999). Observation have also shown grouping among galaxy clusters which are the
biggest gravitationally bound structures forming superclusters.

Recent large surveys such as the “2 degree Field Galaxy Redshift Survey (2dFGRS)”
(Colless et al., 2001), and the “Sloan Digital Sky Survey (SDSS)” (Eisenstein et al.,
2011) have characterized not only the spatial clustering, but also the physical properties
of low-redshift galaxies much more accurately than ever before.

These surveys are currently the best large-scale structure maps which show deep multi-
color images of 1/3 of the sky as shown in Fig. 3.1. The surveys reveal a “sponge-like
pattern” in the distribution of galaxies, and other interesting features such as voids
(regions of low density containing very few galaxies) of 30 h~! Mpc are also clearly seen.
Large-scale filaments bigger than 30 h~! Mpc surrounding voids as well as denser regions
containing galaxy groups, and clusters have also been observed where the filaments
intersect. The “great walls of galaxies” that extends across a significant portion of the
sky also appear to be separated by about 100 h=! Mpc.

Jeans theory in an expanding Universe, also known as “Linear (Perturbation) Theory”
explains the formation of structures from gravitational collapse. For example, the pres-
sure of a cloud of an ideal gas opposes collapse of the cloud under its own gravity by
the thermal movement of the atoms or molecules comprising the cloud. However, as
the cloud cools there will come a point when the internal pressure is no longer able to
prevent collapse. As the cloud contracts, it will reach a point where the configuration is
in equilibrium.

Structures could have formed in the Universe through two competing scenarios namely,
the “top-down” and “bottom-up” scenario. The “top-down” scenario also known as the

32
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FI1GURrE 3.1: Large-scale structure in the universe traced by bright galaxies: a 2-D
slice through our universe showing galaxies up to two billion light years away, where
each dot represents a galaxy. Credit: M. Blanton and the Sloan Digital Sky Survey.

“adiabatic” scenario predicts smaller structure will be formed via the fragmentation of
large-scale pancake-like structures. However, it also predicts an enormous amount of
anisotropies in the CMB which is inconsistent with recent observations. The “bottom-
up” scenario, also known as the “isothermal” scenario, on the other hand is one where
smaller objects, with density enhancements roughly about the size of present day dwarf
galaxies, were formed first and bound/merge together to form bigger and bigger struc-
tures due to gravitational attraction.

Both theoretical frameworks for cosmological structure formation and present day ob-
servations are in support of the “bottom-up” framework where DM is believed to be
the core agent glueing the structures. In the section 1.5.2 it was discussed that the
non-baryonic “Cold Dark Matter” model is more preferable than “Hot Dark Matter”
model as it allows structures in the Universe to grow on all scales and dominates its
matter content (see for e.g., Kolb and Turner, 1990).

3.2 Formation and Evolution of Galaxy Clusters

Small irregularities on a wide range of different length scales that were originated at the
end of inflationary era are believed to be seeds for structure formation. These initial
small irregularities are then acted up on by gravitational instabilities and grow as they
evolve to be able to form galaxies and galaxy clusters at a later stage (Liddle, 2003).
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These process of structure formation can be described by linear perturbation theory
when the density contrast §. = Z _Op 9 << 1, where pg is the mean density of the
Universe (Padmanabhan, 1993). Linear perturbation theory breaks down once 6. = 1,
i.e., particles trajectories will start to cross and their further interactions will be ignored
and the equations describing their dynamics will be nonlinear which requires a complex
solution. Semi-analytical approaches and/or full numerical simulations will be used to
overcome this problem (see for e.g., Bagla and Padmanabhan, 1997, for a pedagogical

description).

I will now use the following simplified approach to obtain some important parameters
which will be able to describe DM halos and their density contrast. Thus I consider a
gravitational collapse of a spherical density perturbations in an expanding Universe by
decomposing its density, p, into the density of homogeneous background, pg, and small
perturbations, dp (see for e.g., Bartelmann, 2010, for a pedagogical description). These
simple spherical collapse models in general show that an initial spherical overdensity
embedded in an expanding background Universe will expand to a maximum radius, and
then it turn-around and collapse when the overdensity is gravitationally unstable. This
occurs when the density contrast at the time of collapse for a flat Universe containing
only non-relativistic matter, for example, is §. =~ 1.686 as derived by Gunn and Gott
(1972).

A useful approximation for the typical mass scale which is virialized at a given redshift
is given by the well known “Press & Schechter mass function” (Press and Schechter,
1974). The number density of the objects at a given redshift z that have masses in range

(M, M + dM) is
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where o (M, z) is the standard deviation of the linear density fluctuations at redshift z,
smoothed over the region containing mass M. Even though the Press-Schechter mass
function is derived based on linear theory with an initial Gaussian spectrum, its predic-
tions for the number of objects at a nonlinear stage is quite remarkable. Predictions of
the Press-Schechter mass function at different redshifts show a good agreement with the
results of cosmological simulations.

In numerical simulations, the problem of the formation and dynamics of cosmological
objects is formulated as N-body problem. Summing up the contribution of all particles to
the gravitational force however is computationally inefficient, scaling as N(N - 1). This
has lead to the development of techniques such as “particle-mesh (PM)” algorithm,
the “particle-particle-particle-mesh” (P3M) algorithm, Tree codes and other algorithms
which make use of these algorithms!.

Radiative processes, star formation, and supernova feedback also play an important role
in building stars and shaping galaxies. Even though most of the time these processes
are included in the simulations in a phenomenological way, numerical simulations are

1PM algorithm computes the gravitational potential on a grid, solving the Poisson equation in Fourier
space. Improvements were made possible through the P®M algorithm which treats the contributions of
nearby particles separately (Hockney and Eastwood (1981), Efstathiou et al. (1985)). Tree codes organize
particles in groups, and treat the mass in distant groups as a point source (Appel (1985), Barnes and Hut
(1986), Hernquist (1987)). In Adaptive Refinement Tree code (ART) automated refinement algorithm
is used to refine overdens regions (Kravtsov et al., 1997).
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still the best way to advance our theoretical understanding of structure formation deep
into the nonlinear regime (Bertschinger, 2001).

Simulations of large scale structure formation show that, in the standard ACDM cos-
mology, clusters mainly form within filaments of enhanced density, and that the largest
clusters often form at the intersection of these filaments. Galaxy clusters form through
a mixture of more common mergers with small objects, called minor mergers, or “accre-
tion”, and rarer mergers with larger clusters called “major mergers”.

One example of this is the Millennium Simulation, the largest N-body simulation ever
(Springel et al., 2005). The simulation, containing 10 billion particles, was carried out
by the Virgo Consortium using a cluster of 512 processors located at the Max Planck
Institute for Astrophysics in Garching, Germany. The aim of this simulation was to trace
the evolution of matter distribution in a cubic region of the Universe. The results of the
simulation are in agreement with current observations and show that at the present time
the structures are abundant in the Universe manifesting themselves as stars, galaxies
and clusters. These result of the Millennium simulation showing the non-linear structure
formation is shown in Fig. 3.2.

FIGURE 3.2: A 3D visualisation of non-linear structure formation from the
Millennium Simulation at redshift z = 0.0. Credit: Max Planck Institute for
Astrophysics.

Galaxy clusters are of great importance as they trace the most pronounced density peaks
of large-scale structure that are localized close to their ongoing formation. They manifest
the cosmological structure formation and DM in the Universe. Number counts in galaxy
clusters based on mass and redshift are an effective tool to trace large-scale structures
in the Universe. Therefore, studying formation, evolution, and distributions of these
gravitationally bound structures will equip us with a wealth of useful information to
understand properties of the Universe.
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3.3 Multi-wavelength Properties of Galaxy Clusters

In the following sub-sections I will review some of the general properties of galaxy clusters
probed at different wavelengths, emphasizing the thermal and non-thermal phenomena
taking place in their intra-cluster media.

3.3.1 Optical Properties

Cluster are the largest collapsed objects in the Universe that keep tight together their
contents by their gravitational potential. Fritz Zwicky (1933) observed clusters of galax-
ies and found that in general the mass required to keep a galaxy cluster gravitation-
ally bounded is much higher than the sum of the masses of galaxies within the cluster
(Zwicky, 1933). This has been accepted to be due to the non-luminous type of matter
known as dark matter (DM) which serve as a key link between galaxy cluster and one
of its constituents, the DM (see the discussions given in Chapter 2).

Galaxy clusters were first identified in the optical band by counting groups in their
projected distribution of galaxies, seen to have some hundreds to thousands of galaxies
within them. George Abell (1958) produced the first catalogs purely through visual
inspection of photographic plates. They were initially placed into two categories based
on their morphology, i.e., regular and irregular clusters. Regular clusters are spherically
symmetrical with a pronounced central concentration of galaxies whereas irregular clus-
ters lack symmetry and concentration of galaxies at the centre of the cluster. Later on
they were further categorized based on various properties such as; their richness (the
number of galaxies within detection aperture), and distance; and the level of dominance
of the brightest galaxy/galaxies with in them.

The Abell catalogue has been widely used to classify and characterize galaxy clusters
(Abell, 1958). A typical example of a cluster that is regular and rich in galaxies is Coma.
Virgo is an example of an irregular shaped cluster yet rich in galaxies. Figure 3.3 shows
the optical view of cluster A1656 from the Abell catalogue best known as the Coma
cluster. This image of the Coma cluster produced in the optical band shows, bright
points in most of its volume where roughly each of them correspond to a galaxy, and a
much denser concentration of galaxies around its central region.

The distribution of galaxies in a regular cluster is given through the general approxima-
tion commonly known as the “King profile”:

—3/2
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where 7. is the size of the central region of the cluster. Moreover, optical analyses show
that several clusters contain subsystems of galaxies, suggesting that they are still in the
phase of dynamical relaxation. Indeed, there is a growing evidence that these subsystems
arise as the consequence of group/cluster mergers. Information on merging processes
shown to be obtained from the distribution of these clumps, i.e., such as through charac-
terization based on the positions and peculiar velocities of galaxies (Girardi and Biviano,
2002). In general an increasing amount of data has revealed that many clusters are very
complex systems (see for e.g., Girardi and Biviano, 2002, and references therein).
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FicUre 3.3: Central part of the FIGURE 3.4: The Coma cluster in X-ray
Coma cluster in optical band showing band showing the bright central region
a pronounced central concentration of occupied by the X-ray emitting hot gas.
galaxies. Image Credit: NASA/SDSS. Image Credit: MPE.

3.3.2 X-Ray Properties

The contents of clusters of course are not only galaxies and stars, in fact they have a
minor contribution to the overall mass of cluster only around 3%. Almost four times
as big contribution, amounting to about 12 — 15% of the total mass in galaxy clusters,
comes from the hot intra-cluster gas, the remaining 85% being from DM (Vikhlinin et al.,
2006). Observations show that galaxy clusters are one of the most luminous extended
X-ray sources in the Universe, next to quasars, with luminosity which does not vary
with time in the range between ~ 10?3 and 10% erg/s, which is not associated with
individual component of the cluster (Elvis, 1976). X-ray image of the Coma Cluster
is given in Fig. 3.4 as an example for our point of discussion, which clearly shows the
bright central region occupied by the X-ray emitting hot gas.

The deep gravitational potential well of clusters keep most of the visible baryonic matter
in the central region of the cluster in what is known as the intra-cluster medium (ICM).
The ICM is heated to a very high temperature, due to energy release from gravitational
potential of the cluster, so that it is seen to be filled with thermal plasma and other
components including energetic particles and magnetic fields. The typical temperatures
and central number densities of this diffuse, hot and very rarefied plasma filling the
space between galaxies in clusters is observed to be in the range of ~ 107 — 108 K and
~ 1072 — 107! em~3, respectively. The distribution of the thermal gas density ng,(r)
can be approximated well with the so called “isothermal beta model” Cavaliere and
Fusco-Femiano (1976). This model assumes a constant temperature and a spherically
symmetrical radial profile:

e () = nuno [1+( r )2]_§Bth, (3.3)
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where ny, o is the central thermal gas density, r is the radial distance from cluster cen-
ter, 7., the cluster core radius, and 3y, is the gradient of descent for r > r.,. This

2
is given by B, = £ TZPTUT, where p is the molecular weight with units of atomic mass,
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m,, is the mass of proton, 1" is temperature and o, is the galaxy velocity dispersion. X-
ray emissions from the ICM of galaxy clusters which have attained relaxed morphology
(i.e., clusters with no record of recent merger activity) show distribution in their surface
brightness which shows a peak around their central regions (Parrish et al., 2009). In
general, X-ray imaging results using modern instruments, such as ROSAT, Chandra and
XMM-Newton, have shown that galaxy clusters exhibit rather a wide range of morphol-
ogy, which varies from regular to complex systems containing multiple substructures
(Jones and Forman, 1992).

The hot thermal plasma of the ICM is a strong X-ray emitting source through thermal
bremsstrahlung, i.e., free-free scattering process of electrons by ions, where free electrons
are accelerated in the Coulomb field of ionized nuclei and radiate energy. The total
energy loss rate per unit volume is given by the expression:
_ 9B 11435 x 10727 22712 37! 4

e [1.435 x gnen; | ergem s, (3.4)
where Z is the charge of the ions and g is a mean Gaunt factor which has value of
roughly unity. The temperature 7" and the number densities (n, for the ions and n. for
the electrons) are measured in Kelvins and cm™3, respectively. Under the assumptions
that Z = 1 and n, = n., the thermal energy density of a fully ionized plasma will
be 3nekT. The expression for the characteristic cooling time for the gas can then be
obtained by simply dividing the thermal energy density by the rate of radiative loss per
unit volume which is given in Eqn. 3.4:
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Thus, if the typical temperature of the gas is ~ 107 — 108 Kelvins, the cooling time is
less than 1010 years if the electron density is greater than about ~ 3x 1073 —107! cm™3,
the above formulations were taken from Longair (1994), and they have been rendered to
‘cgs’ units for consistency. It is apparent that the cooling time will be short towards the
core of clusters simply because of having relatively large values of n. in the denominator
of the above relation (Eqn. 3.5). Being pushed by the pressure of the surrounding gas
the cool gas is expected to flow inward at rates as high as 1000 Mg /yr, this process is
known as “cooling-flow” (see for e.g., Peterson and Fabian, 2006).

However, the observed drop in temperature in the ICM of a cluster is less than what is
expected from the “cooling-flow” process (Kaastra and Lockman, 1999). It is pointed out
in Peterson et al. (2003) that the temperature of the cooling gas at the centre of a galaxy
cluster is of order half of which is found further out in the cluster while the expected
value is much lower. This has led to the currently debated “cooling-flow problem”
where the gas is heated and the “cooling-flow” is greatly reduced. Various hypothesis
has been given to solve this problem, the most popular one is that the activity of the
central AGN is regulated by the infall of gas producing a feedback mechanism that
keeps the gas temperature at roughly 1/3 of the virial temperature value (see for e.g.,
McNamara and Nulsen, 2007). Other possibilities include the effect of heating of the gas
produced by cosmic rays (CR) accelerated by bipolar jets produced in the explosion of
supernovae (Colafrancesco et al., 2004) and that they act as warming rays (Colafrancesco
and Marchegiani, 2008).
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3.3.3 Radio Properties

Galaxy clusters are also characterized by their emission in the radio band in addition
to their emission in optical and X-ray band which is discussed in the previous sec-
tions. Recent observations using sensitive radio telescopes have shown radio emission
from individual galaxies which are often observed to extend beyond the galaxies’ optical
boundaries. Mpc-scale radio emissions are also observed in a fraction of galaxy clusters
(Ferrari et al., 2008). As there is no clear connection between these sources and individ-
ual galaxies in the galaxy clusters; these observed radio emissions is expected to be the
result of an interaction between the thermal ICM plasma and non-thermal components
of a galaxy cluster (see for e.g., Feretti et al., 2012, and references therein).

Large-scale diffuse radio sources have been observed by sensitive radio telescopes in
many clusters. Various observations have shown that these emissions follow a power-law
spectrum, suggesting that these sources are of non-thermal origin due to synchrotron
emission produced by relativistic particles in a magnetic field. The total intensity image
of Coma cluster showing the large-scale diffuse radio sources such as radio halo and relic,
which will be presented below, is given in Fig. 3.5. Comparison between the radio and
X-ray observation have also revealed a similarity but not an exact identity between the
morphology of the large-scale diffuse radio sources and the X-ray emission of their host
clusters, see for e.g., Deiss et al. (1997); Liang et al. (2000).

A number of studies have also claimed correlations between radio powers and X-ray
power (Bacchi et al., 2003), temperature (Liang et al., 2000), mass (Govoni et al., 2001),
and Compton parameter (Colafrancesco et al., 2014). However, these claims, that the
radio morphology follows the X-rays ones, are not always observed (see for e.g., Govoni
et al., 2012). This is because, while clusters at same X-ray luminosity seem to be
bimodal with respect to their radio luminosity, there are some clusters with similar X-
ray luminosity that show the presence of a radio halo in some cases and do not show in
other cases.

On the other hand, it is known that in the hierarchical structure formation scenario
merging processes among cosmic structures such as sub clusters and clusters are common.
They are believed to be characterized by shocks that compress the intra-cluster gas which
result in an increase in the temperature of the ICM (see for e.g., Ryu et al., 2003). As
a result a significant amount of the kinetic energy is converted into generating shock
heating and compression of the ICM and possibly into accelerating particles. The latter
phenomenon is supported by the detection of non-thermal radio emission observed from
diffuse extended radio sources. These galaxy clusters which show diffuse synchrotron
emission are in general divided into three main groups namely, “radio halos”, “radio
relics”, “mini-halos” (see for e.g., Feretti et al., 2012, and references therein).

Radio halos are extended diffuse radio sources that are situated around the central
Mpc? region of the cluster showing a low-surface brightness. They have regular radio
morphology that follows the X-ray emitting thermal gas. Their low surface brightness
(< p Jy arcsec™2 at 1.4 GHz) which is often lower than radio relics as well as their steep
spectra and large angular sizes makes their detection quite difficult (see for e.g., Deiss
et al., 1997).

Radio relics are irregularly shaped diffuse synchrotron sources observed in the outskirts
of galaxy clusters. Like radio halos, relics has also been detected in both merging and
cool-core systems. These detections are also suggestive of a possible connection with a
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minor or off-axis mergers as well as major-merger events. Moreover, the intensity of the
polarized signal is lower in radio halos than relics. This suggests that these two sources
have different origin (see for eg. Feretti et al. (2012), Ferrari et al. (2008)).

Mini-halos are less extended diffuse radio sources of size < 500 kpc which are observed
in some relaxed, cool-core clusters (see for e.g., Ferrari et al. (2008), Bravi et al. (2016)).
Their emission is usually observed encompassing the central radio source associated with
the radio-loud brightest cluster galaxy (Bravi et al., 2016). Like the radio halos, mini-

halos show both steep spectra and very low surface brightness (see for e.g., Murgia et al.,
2009).
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FIGURE 3.5: Image of radio halo and relic of the Coma cluster taken from Brown and
Rudnick (2011). This is a GBT total intensity image with all NVSS emission
subtracted out (see Brown and Rudnick, 2011, for detail.).

At present the origins of diffuse synchrotron emission in radio halos, relics and mini-
halos are still not well understood. The most common theoretical models that have
been suggested to describe the mechanism of energy transfer into the relativistic electron
population as well as the origin of relativistic electrons, which are the key components to
the above mentioned non-thermal processes, will be presented and with the discussion
on both their strength and demerit in Section 3.4.

3.3.4 Magnetic Fields

The origin and evolution of a magnetic field in galaxy cluster and the Universe as a
whole is one of the big puzzle in astrophysics. Even though observations in radio band
have provided evidence for a magnetic field strengths of up to a few uG in galaxy clusters
and galaxies (see for e.g., Ryu et al., 2012, and references therein), its origin remains
unclear (Kulsrud and Zweibel, 2008). Primordial magnetic field strengths at the epoch of
CMB radiation have had their strength limited below 10719 G (see for e.g., Neronov and
Vovk, 2010). One way to generate the seed magnetic field is by the battery mechanism
(Biermann, 1950), which uses the fact that electrons and ions have very different masses.
When pressure gradients develop in the plasma, the particles get accelerated differently,
electrons being accelerated more strongly due to their smaller masses will lead to charge
separation which generates an electric field. As a result, a varying electron density in
space produces an electric current which gives rise to a corresponding magnetic field.
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The seed magnetic field generated through this and similar mechanisms ranges from
1071 to 10716 G. Once the seed magnetic field is generated, various mechanisms tend
to amplify it. It has been argued that turbulent motions can be maintained in the ICM
and its dynamo action can prevent a decay, and amplify a random seed magnetic field
(Subramanian et al., 2006).

There are various methods to determine magnetic field strength in galaxy clusters some
of these include: analysis from equipartition between electrons and magnetic fields in
radio halos, comparison between synchrotron and inverse Compton emissions, inference
from study of cold fronts, and the Faraday rotation measure. Faraday rotation measure
is one most popular technique which is used to determine the strength and distribution
of a magnetic field directly. It is produced when linearly polarized radiation, emitted
by background sources, interacts with magnetic fields in the plasma. When this linearly
polarized radiation propagates through a magnetized plasma its plane of polarization
rotates, consequently two modes of circular polarization, each having different value of
phase velocity, emerge.

The intrinsic polarization angle ¢ is rotated from the source polarization angle ¢ by an
amount A¢ = ¢ — ¢p. It has been observed that the position angle difference A¢ ox A2
(Gardner and Whiteoak, 1963). By integrating this position angle difference in the
line-of-sight we can determine the Rotation Measure RM (i.e., RM = A¢/A?), which
is related to the parameters of the magneto-ionic medium between the source and the
observer using the expression:

RM = [0.812 /l(ne/lo?’cm?’) (B)/nG) (dl/kpe)| rad m~ 2, (3.6)
0

where n. is the number of electrons per unit volume in the plasma measured in units of
1073 ecm ™3, By the component of magnetic field parallel to the line-of-sight in units of
uG, the integral is performed along the line-of-sight with [ in units of kpc (Carilli and
Taylor, 2002). Thus Eqn. 3.6 will provide us with a direct measure of the magnetic field
values once the electron number densities are well determined from observation such as
X-ray emission in the ICM of a galaxy cluster. From RM observations the magnetic field
strengths of radio halo in galaxy clusters has been deduced to be a few puG on average
(see for e.g., Kim et al. (1990), Feretti et al. (1995), Bonafede et al. (2010)).

Magnetic fields strength can be estimated from the total synchrotron emission provided
by a source while uniformity and structure of the fields can be used to obtain information
about the degree of polarization. In general the magnetic field strength through out the
cluster on average shows a very large variation with complex structures, fluctuating over
spatial scales of a few kpc up to hundreds kpc. Moreover, it has been suggested that
the mean magnetic field strength and density of relativistic electrons in the cluster can
be determined directly if the non-thermal emission has its origin in Compton scattering
of relativistic electrons by the CMB photons (Rephaeli, 1979).

3.3.5 Gravitational Lensing

Important information about galaxy cluster such as mass and distribution of matter
can be deduced from gravitational lensing (more discussion on gravitational lensing
is given under sub-section 2.2.3). A famous example in which gravitational lensing
provides us with information on the mass and distribution of matter is the case of
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“Bullet Cluster” also known as “1E 0657-558”. The “Bullet Cluster” is composed of two
massive clumps of differing mass, that have undergone collision. As shown in Fig. 3.6 we
see a smaller cluster (right region in blue color) emerging from larger cluster (left region
in blue color) after a high-speed collision which has separated the X-ray emitting hot
gas (indicated in red color) from that of the galaxies (Markevitch et al., 2002). A map
of the system’s overall mass (indicated in blue color) made from gravitational lensing
observations (Clowe et al., 2006), does not coincide with the location of the system’s hot
gas which is obtained through X-ray observations (indicated in red color) (Markevitch
et al., 2002). This fact is difficult to explain without the inclusion of DM, because the
gas contains several times as much mass as all the cluster’s stars combined. An easiest
explanation for this morphology of Bullet Cluster is, however possible, if DM is to be
included, i.e., the collision has simply stripped the hot gas away from the DM on which
it was previously centered. Moreover, the “Bullet Cluster” is not the only galaxy cluster
where the distribution of DM derived using the gravitational lensing technique is found
to be quite different from the X-ray one, another case for example is that of A1914
(Barrena et al., 2013).

FIGURE 3.6: Distribution of matter in the Bullet Cluster. The smaller cluster (blue
region on the right) is seen to emerge from the larger cluster (blue region on the left)
consequently stripped the system’s hot gas (red color). Composite Image Credit:
(Gravitational lensing by Clowe et al. (2006); X-ray and optical by Markevitch et al.
(2002)) taken from Bullet Cluster (2017).

3.3.6 Gamma-ray Properties

It is believed that most of the cosmic rays produced in clusters of galaxies remain confined
for a long time within the cluster potential wells and consequently produce high energy
gamma-rays through their interactions with ICM (Blasi et al., 2007). The emission of ~-
rays from galaxy clusters is expected to be high, for example, due to IC Scattering and
non-thermal bremsstrahlung by relativistic electrons (Blasi and Colafrancesco, 1999).
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Moreover relativistic protons, being the dominant non-thermal component of galaxy
clusters, enhance the probability of hadronic interactions between thermal and non-
thermal protons (Colafrancesco and Blasi (1998); Marchegiani et al. (2007)) that produce
~-ray emissions through the decay of pions and inject secondary particles. The emission
of ~-rays from galaxy clusters is also expected to be the result of the DM annihilation
processes Colafrancesco et al. (2006); Marchegiani and Colafrancesco (2016).

Although a ~-ray signal from the cluster volume is expected to arise through interactions
of cosmic ray protons with the ambient plasma, currently there is no clear evidence for
the detection of emissions in the y-ray band in galaxy clusters (Ackermann et al. (2014),
Huber et al. (2013)). Therefor, this is suggestive of the presence of some problems with
the current models or observations. Moreover, the recent derived Fermi-LAT upper
limits on the content of cosmic rays (e.g., Huber et al., 2013) is a severe problem for all
the known models (Vazza and Briiggen (2014), Vazza et al. (2016)), except possibly for
the DM ones (Marchegiani and Colafrancesco, 2016).

In addition to the optical, radio, and X-ray, and ~-ray bands, galaxy clusters are also
expected to emit in the extreme ultraviolet, hard X-ray, and microwave frequencies.
In the next few sections I will discuss some of the possible detections claimed for the
non-thermal emission across these spectral bands in galaxy clusters.

3.3.7 Extreme Ultra-Violet

Advanced instruments such as the Extreme Ultra-Violet Explorer (EUVE) Satellite and
XMM-Newton have recently been able to provide very important information down to
low X-ray energies. From two largest samples of galaxy clusters with soft X-ray excesses
Bonamente et al. (2002) have shown that around 30% of the galaxy clusters exhibit
excess emission over the extrapolation of the usual thermal emission from the hot ICM
to the extreme ultraviolet and soft X-ray ranges. However, currently these detections
and their interpretation of the soft X-ray excess is not conclusive (see for e.g. Bowyer
(2004), Bregman and Lloyd-Davies (2006)).

The soft excess emission in Coma for example has been interpreted to be, of thermal
origin by Lieu et al. (1996), or due to IC scattering of CMB photons by relativistic
electrons (Sarazin and Lieu, 1998a). Moreover, Bowyer (2004) has suggested this radia-
tion in Coma to be of secondary origin from hadronic interactions. However, the latter
claim has been ruled out owing to the upper limits made by EGRET of the excess in
gamma-ray emission Marchegiani et al. (2007).

3.3.8 Hard X-ray Emission

Non-thermal hard X-ray (HXR) emission from galaxy clusters have long been proposed
to be produced from Compton scattering of CMB photons (Rephaeli, 1977). Possible
detection of an excess in HXR emission have been claimed to be observed in some clusters
(see for e.g., Blasi and Colafrancesco, 1999). However, it is uncertain whether these
excess HXR emissions are detected or emanated from faulty data analyses (Rossetti and
Molendi, 2004).

In a similar way to the case of EUV, various models have been put forward for the
mechanisms producing these excess emissions in HXR band. These include models
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suggesting the possibility that the HXR excess comes, from peripheral high-temperature
regions (Eckert et al., 2007), due to IC scattering by relativistic electrons (Blasi and
Colafrancesco (1999); Sarazin and Lieu (1998b)), and via a non-thermal bremsstrahlung
process by supra-thermal tail of thermal electron spectrum (Enflin et al. (1999); Sarazin
and Kempner (2000); Blasi (2000)).

The interpretation of bremsstrahlung emission has been questioned by Petrosian (2001),
because it would require unreasonably high energy input for electrons. The IC Scatter-
ing interpretation taking the electrons to be of secondary origin has been excluded by
Blasi and Colafrancesco (1999) as these should produce strong gamma-rays. At present,
the most plausible non-thermal process believed to produce this excess is the IC scat-
tering of the CMB photons by the same population of relativistic electrons responsible
for the radio/synchrotron emission. However, recent observations (Ajello et al. (2009);
Gastaldello et al. (2015)) seem to indicate the HXR excess previously claimed was not
real.

3.3.9 Sunyaev Zeldovich Effect

Galaxy clusters are also observed to emit in the microwave band through the process
known as the Sunyaev-Zeldovich effect. The Sunyaev-Zeldovich (SZ) effect is produced
when the CMB photons are shifted to higher energies due to the ICS process with the hot
electrons passing through the ICM of a galaxy cluster (Sunyaev and Zeldovich, 1970).
The effect depends on the pressure produced by the cluster plasma along the line of
sight, and hence on its density. SZ effects have been observed in several clusters. A
great deal of information on thermal as well as non-thermal properties of galaxy clusters
can be obtained from the SZ effect measurements employing full relativistic formalism
(see for e.g., Colafrancesco et al. (2003); Colafrancesco et al. (2011b)).

SZ effect is redshift independent thus can used more suitably, for example, to make
statistical studies of galaxy clusters (Colafrancesco et al. (1994); Colafrancesco et al.
(1997)). SZ effect surveys will therefore be able to detect all clusters above a mass limit,
independent of the redshift of the clusters, offering an ideal tool for determining the
cluster density evolution which in turn can be used to constrain cosmological parameters
like the Hubble constant (see for e.g., Birkinshaw (1999), Carlstrom et al. (2001)). Some
new possible applications of SZ effect include, the study of the non-thermal SZ effect
in radio galaxies Colafrancesco et al. (2013), the possibility to measure the structure of
the temperature in a galaxy cluster (see for e.g., Colafrancesco and Marchegiani (2010);
Prokhorov and Colafrancesco (2012)), the CMB anisotropies through the polarization of
SZ effect (Shehzad Emritte et al., 2016), and the history of cosmic reionization through
the SZ effect of the 21 cm background (Colafrancesco et al., 2016).

Moreover, along with the X-ray observations, high-resolution SZ observations of single
clusters can be used to study properties of the ICM. And these can be used to study
the outskirts of clusters where there is still a traceable signal from SZ effect, which
may allow for the investigation of the shocks that are believed to be responsible for the
non-thermal radio emission observed in many clusters.
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3.4 Origin of Radio Halos in Galaxy Clusters

At present the nature and properties of large-scale radio halos and relics are poorly
understood due to the present observational limits. Additionally, because of the syn-
chrotron and inverse Compton energy losses, the typical lifetime of the relativistic elec-
trons in the ICM is expected to be relatively short ~ 10® yr. As a result, the electrons
suffer from difficulties to diffuse over a Mpc-scale region within their radiative lifetime
(Feretti et al., 2004). To resolve these several models have been proposed which de-
scribe the mechanism of energy transfer into the relativistic electron population as well
as the origin of relativistic electrons. In general, these models can be put in to two main
categories, i.e., models which involve the “primary electrons” and “secondary electrons”.

3.4.1 Primary Electrons

In the primary electrons model of the origin of relativistic electrons, relativistic particles
such as cosmic ray electrons and protons are believed to be injected in galaxy clusters
volume by the energetic sources during the cluster dynamical history. These energetic
sources are mainly due to AGN activity and radio galaxies Ensslin et al. (1997), as well
as galactic winds from starbrust galaxies and supernovae Volk et al. (1996); Volk and
Atoyan (2000). Thus according to this model electrons can be accelerated in shocks
Tribble (1993) by the mechanism of Diffusive Shock Acceleration (DSA) (Drury (1983);
Blandford and Eichler (1987)) or emitted by galaxies Jaffe (1977).

However, it has been suggested that these populations of electrons needs to be re-
accelerated in order to compensate for their radiative losses Petrosian (2001). Some
of the shortcomings of the primary electrons model are the electrons have short life-
time as compared to the age of the cluster (see Fig 3.7) and, as a result of the energy
losses, they travel short distance as compared to the size of a radio halo. The distance
which the particles (i.e., the electrons) travel during their average lifetime through dif-
fusion process in a magnetized plasma (the diffusion path of a particles R4(y)) can be
approximated using the following expression,

Ra(y) = v/4D(7)tioss, (3.7)

where )55 = % is the life time of electrons (see for e.g., Brunetti (2003)). And ~, b(7),
and D() terms in the above expressions are the Lorentz factor of the electrons, the loss
factor, and the diffusion coefficient, respectively, which enter the diffusion equation (i.e,
Eqn. 4.6) discussed under Section 4.5.

Using the above formula it can be shown that the approximate distance the electron
will travel will be ~ 50 kpc which is far less in comparison with typical scale of a radio
halo (~ Mpc). Because of this the electrons will be confined to the region where they
were initially accelerated and they will be limited to produce synchrotron emission for a
short period of time. This phenomena, however, contradicts with the observed extended
diffuse synchrotron emission at a larger scale as well as the relative abundance of the
electrons.

Another problem with electrons accelerated at the shocks in the cluster, via the DSA
process mentioned above, is the low efficiency of this process. The later is expected
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to arise as most of its energy goes to heating of the thermal gas rather than to the
acceleration of the particles (Wolfe and Melia, 2006).
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FIGURE 3.7: A plot of the life time of electrons as a function of their energy, for
magnetic field B = 1 uG and an electron density of n, = 1072 em ™2 (solid curve) and
with B= 5 uG (dashed curve) as well as updated n, = 10~* cm~3 (dot-dashed curve)
taken from Sarazin (1999).

3.4.2 Re-accelerated Electrons

In the re-accelerated electrons model which is a sub-catagory of the primary electrons
model, cosmic ray electrons that are injected by the above listed processes are expected
to be accelerated again (re-accelerated) by turbulence processes which produce magneto-
hydrodynamic (MHD) waves during merging (Miniati et al. (2001a); Ryu et al. (2003))
or accretion events in clusters (Ensslin et al., 1998). The re-acceleration of particles by
the turbulence processes can be achieved for the range of electron energies where the
time scale of energy losses exceeds the time scale of re-acceleration. Thus the electrons
that can be re-accelerated probably need to have Lorentz factor of the order of 10% to
survive for several Gyrs, as this will allow them to be around during the period in which
the re-acceleration process is effective.

However, even though there is a need for frequent re-acceleration of electrons at the
centre of the cluster to suppress the energy loss and be able to form a radio halo, the
observed regular morphology of radio halos is quite hard to be fitted with an intermittent
re-acceleration of particles by turbulence predicted by this model.

Moreover, the stochastic particle acceleration by MHD turbulence (Brunetti et al. (2001);
Fujita et al. (2003); Feretti et al. (2004)) is a second-order Fermi (Fermi-II) process
(Fermi, 1949), and is a rather inefficient process that can accelerate electrons up to
energies of a few GeV. For emissions at higher energies, inverse Compton and non-
thermal bremsstrahlung from relativistic electrons are the only viable processes. As a
result of this the y-ray emission is expected to be generally low which also suppress the
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synchrotron emission at higher radio frequencies. It has been suggested in Ackermann
et al. (2014) that a lack of detection in y-ray range from radio halo could be in support
of this model.

Another possibility which is suggested in Brunetti et al. (2012) to account for the low
efficiency mentioned above take the electrons which are re-accelerated to be of secondary
origin, i.e., the electrons are produced by the hadronic interactions such as that given in
Eqn. 3.8. In this case the protons should also be re-accelerated which will thus increase
the y-ray emissions (Brunetti et al., 2004). Consequently a lack of y-rays detection will
be a problem for the re-acceleration models.

3.4.3 Secondary Electrons

Secondary electrons also called hadronic models are another set of models which sug-
gest mechanisms for the origin of relativistic electrons in galaxy cluster. In this model
relativistic electrons are believed to be produced as a result of interaction between non-
thermal protons and the protons from the gas in the ICM (Dennison (1980); Blasi and
Colafrancesco (1999)). The reactions that lead to the production of secondary electrons
are described by the secondary electron model:

p+p—>7ri+X,

where X represents any reachable final state from the initial state. The charged pions
(ﬂ'i) will decay into electrons, positrons and neutrinos via muons;

at _>:“++Vw
(O VR o VP

and
u+—>e++ye+z7u,

P e+ Ue + v (3.8)

Similarly, the neutral pions (7°) will decay predominantly into y-rays:
p+p— ™+ X ,

0 =y 4. (3.9)

Having negligible energy loss, the protons can diffuse over large scales throughout the
cluster volume unless their energy is of the order of 1 TeV, above which they can escape
from the cluster Berezinsky et al. (1997). As a result, the protons will be able to produce
non-thermal electrons continuously in their locality. In the presence of a magnetic field
with strength of order of few uG, these non-thermal electrons are expected to emit
in the radio band, the intensity of this diffuse radio emission (which is characteristics
of radio halos discussed under Section 3.3.3) is also proportional to the thermal gas
density (Miniati et al., 2001b). Consequently the secondary electrons model predict
radio spectra which do not show any features, i.e., a regular morphology in radio halos,
which is expected as the cosmic ray protons will diffuse throughout the cluster (see for
e.g., Miniati et al. (2001b), Feretti et al. (2012). This model will thus face some difficulty
in addressing radio halos with a complex morphology.
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The secondary electrons model also predict strong correlation between radio and X-ray
luminosity, because the non-thermal electrons are well correlated with the thermal gas.
However, this strong scaling relation predicted by this model fails to account for the
presence of a cluster with high observed X-ray luminosity and no radio halos (Enfilin
et al., 2011). This model also predicts 7-rays from pion decay (Eqn. 3.9) as well as
neutrinos (Eqn. 3.8), which can be tested with new generation ~-ray telescopes (Feretti
et al., 2012).

Moreover, some other problems of the secondary model include, the steepening at high
frequencies of the Coma radio halo spectrum (Thierbach et al., 2003) (see Fig. 3.8), the
change of the spectral index along the cluster Giovannini et al. (1999), and the worst
problem being the lack of gamma ray detection (see for e.g., Ackermann et al., 2014).

3.4.4 Secondary Electrons from DM Annihilation Process

Secondary electrons/positrons from DM annihilation process is the fourth model sug-
gested as a possible source of relativistic particle in galaxy clusters. In this model DM
annihilation/decay processes are believed to produce a wide range of standard particles
and radiations such as electrons, positrons and gamma-ray radiations. Electrons and
positrons will undergo energy losses through their interactions with the particles in ICM
and will emit in a multi-wavelength spectrum after reaching equilibrium states through
various emissions mechanisms Colafrancesco et al. (2006). These process of emission
along with the standard formulas of the emissions from DM annihilation processes are
given in Chapter 4. In the following I will focus my discussion to more advanced prob-
lems which I address in this work, which is connected with the spatial distribution of
the DM and its impact on the radio emission and the importance of the boost factor
provided by small substructures.

As has been mentioned at the end of last chapter, this work will focus upon one popular
and most favored DM candidate called the neutralino. Neutralino is, a cold DM particle
(as it moves with non-relativistic speed), and a member of a large group of DM particles,
the Weakly Interacting Massive Particles (WIMPs) (see Section 2.4.3). Neutralino are
also the lightest particle from the minimal super-symmetric extension of the standard
model (MSSM) which are introduced by a minimal model of super-symmetry. According
to this model particles occur in super-multiplets (also known as super-partners) which
is often summarized as every boson is paired with a fermion and vice versa. Under
super-symmetry transformations all of the quantum numbers are preserved, keeping the
spin, which is changed by one half. Thus, a super-multiplet is a collection of particles
related by super-symmetry 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 (see for e.g., Bertone et al., 2005, for a
comprensive review on this topic).

The neutralino forms an attractive model because it is neutral, weakly interacting, and
has viable mechanisms for the production of a thermal relic population (see for e.g.,
Jungman et al., 1996). Additionally, while there is currently no experimental evidence
in favor of super-symmetry, super-symmetric effects may manifest unambiguously in
collider experiments (see Section 2.5.1). It is worth mentioning the fact that even-though
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these gives an impression that DM should be stalked exclusively within the confines of
particle accelerators or direct scattering experiments, the possibility of indirect detection
through astrophysical signatures remains a promising alternative. This is primarily
due to the weakly interacting nature of the neutralino which allows for mutual pair
annihilation to produce a host of standard model particles which may then be ejected
as cosmic rays or instead subsequently emit radiation themselves.

Neutralinos are believed to annihilate into neutral pions which then decay into high-
energy v-rays. In addition to this their annihilation/decay processes are also believed
to produce a wide range of standard particles such as electrons, positrons, that are
formed either directly or from charged pion decay. Electrons and positrons will undergo
energy losses through their interactions with the particles in ICM and in the highly
magnetized environment of cosmic structure to emit in a multi-wavelength spectrum
after reaching equilibrium states through various emissions mechanisms Colafrancesco
et al. (2006). These mechanisms which are synchrotron radiation process in radio band
and neutral pion decay, IC scattering, and bremsstrahlung radiation processes in y-rays
will be modeled in Chapter 4 using data from high-resolution cosmological simulations.
Neutralino annihilation would thus result in non-thermal emissions, characteristic of the
DM particle, from any structure that played host to a concentration of such particles.
Additionally, the increasing sensitivity of astronomical measurements and the limita-
tions of current ground-based direct detection experiments combine to elevate indirect
detection methods (see Section 2.5.3) to new levels of competitiveness when it comes to
setting limits on the nature of DM.

Several authors have studied the astrophysical consequences of these assumptions laid
on secondary electrons from DM annihilation process such as Colafrancesco and Mele
(2001); Colafrancesco et al. (2006); Pérez-Torres et al. (2009) and many more. One
common strength of these previous studies lies in their ability to reproduce the observed
steepening in the flux spectrum, the spectral energy distribution, at higher radio fre-
quencies of the Coma cluster shown in Fig. 3.8. This can be understood to be due to the
fact that the spectrum of secondary electrons steepens when the energy of the electrons
is comparable to the mass of neutralinos, as shown in the Fig. 3.9 (Colafrancesco et al.,
2011a).

Even though, these studies based on DM models are able to match the observed spectral
properties of the radio halo in the Coma cluster, they are unable to reproduce the shape
of the radio halo structure (surface brightness) as they produce a shape that is too
concentrated towards the center of the cluster. This is due to the way they model
the DM distribution in Coma, i.e., they often consider the DM distribution as a single
spherically symmetric halo, while the observed DM distributions show a complex shape
and elongated structures (see for e.g., Gavazzi et al. (2009); Okabe et al. (2014)). In
addition, these models will require 1 or 2 order of magnitude higher DM annihilation
cross-section as compared to the recent upper limits of the order of (o V) ~ 10727~ ~
10725 cm? s (see for e.g., Ackermann et al. (2014); Calore et al. (2015)) to produce
the observed radio flux as was argued in Colafrancesco et al. (2015). Moreover, today
the construction of modern and sensitive instruments such as SKA in radio band and
CTA in ~-ray bands have raised hope that detailed information regarding the spatial
distribution of the emissions are achievable.

Motivated by these observations, in this thesis I will study the effect of the realistic
distribution of the DM sub-halos in the simulated Coma like cluster on its emission in



Chapter 3. Galaxy Clusters 50

100 T T

$9

10 7

e

flux density [Jy]
—a—
HEH

0.1} ; ]

0.01 - :
10' 10° 10° 10°

frequency [MHz1

FIGURE 3.8: The observed radio halo spectrum of the Coma cluster (Thierbach et al.,
2003).

the radio and gamma-ray bands. Thus, to address the above mentioned issues, I will
take neutralino masses of 35 and 60 GeV with bb composition and DM annihilation
cross-section of 1.0 x 10726 ¢cm? s=! to produce the multi-wavelength emission maps
from DM annihilation processes. Based on a realistic modeling of the DM distribution
using MUSIC-2 cosmological simulations data (see Section 4.2), it is possible to show
that the signals from DM annihilation process are in the detection limits (see Section
5.2). This results will also reflect how well the DM distributions are represented in
the simulations through a simple semi-analytical DM model of the emission processes
presented in Chapter 4, which is able to incorporate the effects of the sub-structures in
boosting the signals to provide radio flux densities from the DM annihilation processes
to the level of the observed one, without invoking any boost factor due to sub-structures.

I will also demonstrate how the simulation of galaxy clusters and their DM content can
be used to estimate the multi-wavelength emissions from these objects. In this way, not
only the expected radio and ~-ray spectrum (see for e.g. Figs. 5.11 and 5.19) can be
predicted but also the spatial distribution of the emissions (see for e.g. Figs. 5.4, 5.5
and 5.17, 5.18). Moreover, comparison of the results will be made with the radio data of
the Coma cluster to test if the emissions from DM sub-halos are achievable with SKA.
A similar steps will be followed to study this aspect in the v-ray band, following which
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F1GURE 3.9: Comparison of the observed spectrum of the Coma Cluster with the
best fits of DM model by Colafrancesco et al. (2011a).

DM sub-halos will be studied as a more suggestive environment to obtain signals from
the DM annihilation processes.

3.5 Summary

In this chapter I have discussed the formation, evolution and phenomenology of galaxy
clusters based our current understanding. A fraction of galaxy clusters exhibits diffuse
cluster/sub-cluster scale non-thermal emissions across multi-wavelength bands which are
not related to any particular galaxy, and manifest themselves through the relativistic
electrons and magnetic fields in the ICM that resides along with the emissions from
the hot gas. As a result, a complete understanding of the properties of galaxy clusters
requires a comprehensive study of the non-thermal component of galaxy clusters, for
which radio halos and relics are the main source of information.

However, at present the origins of these diffuse extended non-thermal emissions in galaxy
cluster is still not well understood. On the theoretical side, the most common explana-
tions believed to give rise relativistic particles responsible for these emissions and the
mechanism by which the energy is transfered to sustain them were presented identifying
their strength and weaknesses (see Section 3.4). The secondary electrons as gamma-rays
produced, which this thesis is based on, are believed to be produced from DM annihila-
tion/decay processes. These electrons are also expected to undergo energy losses through
their interactions with the particles in ICM and magnetic field thus undergo energy losses
to provide an equilibrium spectra which will emit in a multi-wavelength spectrum via
various emissions mechanisms.
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A number of researchers have studied the astrophysical implication of these processes.
While previous works were able to reproduce successfully for example the observed
spectral properties of the radio halo in the Coma cluster, they were unable to reproduce
the spatial distribution of the emission as they often consider the DM distribution as a
single spherically symmetric halo. To address this problem, I explore the effect of realistic
representation of the spatial distribution of the DM and its impact on the radio emission,
and the importance the small sub-structures in boosting the signals to the observed level
in galaxy cluster and DM sub-halos. Therefore, in the subsequent Chapters of the thesis
I will strengthen the study of these objects using a multi-wavelength approach, i.e., in
both radio and gamma-ray bands.

The development of the remaining part of the thesis will be as follows. In Chapter 4 1
use a number of high resolution cosmological simulations, containing dark matter, gas,
star formation and feedback, to develop semi-analytical models which provide multi-
wavelength emission maps from DM annihilation processes in galaxy clusters and sub-
halos. I will then apply these models to the case of galaxy clusters and present the
results obtained in Chapter 5. In Chapter 6 the properties of high mass-to-light ratio
DM sub-halos which are promising targets to reveal the nature of DM will be studied,
and results which are related both to their statistics and their multi-wavelength emissions
will be given. Concluding remark will be given in Chapter 7 where I summarize the main
results obtained in this work, present possible way of testing them, and mention future
improvements required.



Chapter 4

Modeling Multi-wavelength
Emissions from DM Annihilation
Processes

4.1 Introduction

The previous chapters have clearly shown us that galaxy clusters are of great importance,
as they manifest the large-scale structure formation of the Universe, non-thermal pro-
cesses, and that of DM. Numerical simulations show that galaxy clusters form through
grouping of smaller objects or “accretion” of clumps along the filaments and rarely
through “mergers” with larger clusters which is also known as “bottom-up” scenario.
The largest clusters often form at the intersection of the filamentary structures (Ryu
et al., 2003). The formation of these structures is driven by DM (Kolb and Turner,
1990) (see Chapter 3 for a review on structure formation and galaxy clusters).

A type of cold DM particles which are weakly interacting massive particles (WIMPs)
known as neutralinos are believed to constitute DM (see Section 3.4.4). The neutralinos
are Majorana type particles, hence they are their own anti-particles. When two of these
particles come close, it is expected that they annihilate each other, producing standard
matter (SM) particles such as neutral and charged pions. As shown in Fig. 4.1, the
neutral pion and charged pions will decay into gamma-rays and relativistic electrons/-
positrons, respectively in relatively short time. These secondary electrons/protons (see
Section 3.4.4) for example will produce radio signals from synchrotron emission pro-
cesses, and gamma-rays from bremsstrahlung radiation and Inverse Compton Scattering
(ICS) processes (Colafrancesco, 2010). Having said that, in the following sections I will
describe the semi-analytical model, which is developed based on high resolution cosmo-
logical simulations of galaxy clusters, for these multi-wavelength emissions produced by
neutralino DM annihilation processes in galaxy clusters and DM sub-halos.

53
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FIGURE 4.1: Graphical representation of multi-wavelength emission from neutralino
annihilation processes (Colafrancesco et al., 2006).

4.2 MultiDark Simulation of galaxy Clusters

In this section I will provide a brief summary of the MultiDark SImulations of galaxy
Clusters (MUSIC-2) dataset, which I have used in order to determine the DM annihila-
tion flux from neutralino x in galaxy clusters and sub-halos. The reader is referred to the
original paper by Sembolini et al. (2013) for a full review on the Marenostrum-MultiDark
SImulations of galaxy Clusters (MUSIC).

What is known as MUSIC-2 simulation, which is used in this work, is a large subset of
a mass limited sample of re-simulated clusters selected from the MultiDark Simulation.
The MultiDark Simulation simulation is DM only N-body simulation which contains
20483, i.e., about 9 billion, particles in a (1 h™ Gpc)? cube (Prada et al., 2012). This
simulation was performed using the best-fit cosmological parameters to WMAP7 + BAO
+ SNI (2 =0.27, Q = 0.0469, Qx = 0.73, 0g = 0.82, n = 0.95, h = 0.7) (Komatsu
et al., 2011).

All objects with masses above 10' h=! M at z= 0 were first selected from a low
resolution (2563 particles) version of the MultiDark simulation to be re-simulated. A
total of 282 objects were found to be above this mass limit. All these 282 massive clusters
were then re-simulated both with and without radiative physics by producing the initial
conditions of the re-simulated objects using the zooming technique (Klypin et al., 2001).
That is, all particles within a sphere of 6 Mpc radius around the center of each selected
object at z=0 from a low resolution version (256% particles) of the simulation were found
first. This set of particles were then mapped back to the initial conditions to find out
the Lagrangian region corresponding to a 6 h™! Mpc radius sphere centered at the
cluster center of mass at z = 0. The initial condition of the original simulation was
generated in a finer mesh of 40963, this has thus improved the mass resolution of the re-
simulated objects by a factor of 8 as compared to the original simulations. The highest
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mass-refinement level within the Lagrangian region of each cluster were kept and then
covered with shells of increasing mass particles down to the lower resolution level of 2563.
To avoid problems with periodic boundary conditions the simulations were re-centered,
thus each re-simulated cluster always located at the center of the corresponding box.
In this way the simulations were produced to have DM particles of 5 different mass
refinements. The gas SPH particles were added only to the highest refinement level.
The SPH particle positions were slightly displaced from their parent dark matter by 0.4
times the mean inter particle distance in the 3 spatial directions and they were given
the same initial velocity as their dark matter counterparts.

The parallel TreePM+SPH GADGET code (Springel, 2005) was used to run all the
re-simulations. The re-simulation has accounted for the effects of radiative cooling, UV
photoionization, star formation and supernova feedback, including the effects of strong
winds from supernova, in the same way as described in Springel and Hernquist (2003)
model. The mass resolution of the simulation at the highest level is 9.01 x 10 h=! Mg
and 1.9 x 108 h~! Mg, for DM and SPH particles, respectively (Sembolini et al., 2013).
In the following I will describe the semi-analytical model, which provides the multi-
wavelength spectrum from neutralino DM annihilation processes in galaxy clusters and
DM sub-halos, that is developed based on the MUSIC-2 simulations presented above.

4.3 The DM Density Square Maps

In order to determine DM annihilation flux from neutralino x I have used MUSIC-2
simulation (Sembolini et al., 2013), which is a high resolution hydrodynamical, zoomed-
in simulation of 282 galaxy clusters. Fig. 4.2 shows the density profile of one specific
cluster. The density profiles for DM, gas and stars, are given in red (solid line), green
(dotted line) and blue (dot dashed line), respectively. We compute the densities in terms
of their mean density which will allow us to compare between the three species. At the
outskirts of the cluster the slope of the DM and gas density profiles are very similar and
stays above that of the stars, which is expected as the number of stars should decrease
in the outer region (less galaxies). On the other hand, I observe a gradual increase in the
number density of the stars, where almost each peak in the dot dashed line represents
an encounter of a new galaxy, towards the inner region as most of the baryonic mass
is going into forming the stars. The fact that the stars are the dominant component
in the inner region of the cluster is a manifestation of the over-cooling problem, a well
known feature in current cosmic simulations due to shortcomings in the prescription of
feedback mechanisms.

The evaluation of DM annihilation flux from neutralino x involves a product of two
terms: the term Apjs, the particle physics part, that depends on the particle physics
model of DM, and the cosmological part which involves a line of site volume integral of
the density squares evaluated in each cube as given below (Gondolo and Gelmini, 1991)

¢ =Apum prdV, (4.1)

l.o.s

where p, is the neutralino DM density.

Taking the DM particle information at redshift of zero I determine the density p; of the
it" DM particle using Smoothed Particle Hydrodynamics (SPH) kernel, which evaluates
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FIGURE 4.2: The density profile of DM, gas and stars in red, green and blue,
respectively.

the density in a regular grid taking in to account the 44 neighboring particles (Springel,
2010). This allows us to easily compute the square of the DM densities integrated in the
line-of-sight. In Fig. 4.3 I give the projected map of the DM density square values of
a cluster 2 Mpc across that are obtained using SPH kernel. The brightest colors in the
map clearly show enhanced DM density substructures which are required to correctly
determine emissions from DM annihilation process in clusters.

4.4 Magnetic Field Models

In addition to the DM densities I also need to model the magnetic field (i.e., in case of
synchrotron emission) to determine the DM annihilation signals. Thus I have considered
using two magnetic field models in our work:

(i) Model A is a model that evaluate the magnetic field strength from DM particle
densities. The magnetic field profile is given by

—4

B(r) = 30(1 n (7“/7"5)2) : (4.2)

where By is the central magnetic field strength, r is the radial distance from cluster cen-
ter, rs is the scale radius of the DM density profile and g, is scaling exponent chosen to
be 0.5 (Colafrancesco et al., 2015). As I wanted to determine the magnetic field strength
in each cube of size 10 kpc, for each point in the simulation box I determine first their
respective densities which will allow us to calculate the magnetic field as a function of
the DM density in each cube.
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FIGURE 4.3: The DM density square map of one representative sample of clusters
obtained using SPH kernel.

(ii) Models B is a magnetic field model which uses the best observational value for a
central magnetic field in the Coma Cluster equal to 4.7 uG (at electron number density
of 3.44 x 1073 cm~3) from Bonafede et al. (2010). The magnetic field B of the galaxy
cluster is related to the electron number density n. by

0.5
B=47 uG(ne/3.44 x 1073 Cm_3> . (4.3)

We evaluated the electron number density n. in cm™3 as in Sembolini et al. (2013),
Ne = Nepgas(1 — Z — Ye) /my, (4.4)

where Ne, pgas, Z, Yo and m,, are the number of ionized electrons per hydrogen atoms,
gas density, metallicity, helium concentration and proton mass, respectively.

The magnetic field profiles for these two magnetic field models discussed above are shown
in Fig. 4.4. The radial profile of magnetic field Model A (dotted line in red color) shows
a very close value to the central magnetic field value of By = 5.0 uG in the inner region of
the cluster as it is constrained not to exceed this value. Because of over-cooling problem
in the simulations, the central densities of baryon are unrealistically high, which cause
unrealistically high magnetic field values from Model B (solid line in green color) in the
inner region of the cluster. We will provide a more detailed discussion of this, in the
light of synchrotron emission, in the next chapter (see Sec. 5.2). The two magnetic field
models on the other hand show a fair agreement over a large volume of the cluster.
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FIGURE 4.4: Magnetic field profiles of the two magnetic field models: Model A and
Model B are shown in red dotted line and green solid line, respectively.

4.5 Electrons Equilibrium Spectra

In the above sections I have modeled the DM particle densities and the magnetic fields
which are required to calculate the secondary electron/positron equilibrium spectra dZeEI .
Having said that, let us first describe the ‘source spectra’ on which the ‘electrons equi-
librium spectra’ are based. The number of electrons and gamma-rays produced per unit
time, energy and volume element at the position r from neutralino, y, annihilation pro-
cesses is called the ‘source spectra’. It is given by the product of the neutralino pair
number density N, (r), neutralino annihilation rate < ¢V >, the production spectra

dN/ . . .
75 and branching ratio By, i.e.,

dN/
Qi(E,r) = <oV > —L By Ny(r), (4.5)
f

dE

where i and f refer to the produced particle and the kinematically allowed annihilation

final states each with branching ratio of B¢, respectively. The neutralino pair number

density N, (r) can be expressed as p7,,;/2m?%, where the factor 2 in the denominator
f

appears to take into account the annihilating pairs. The production spectra dﬁ; is
obtained using DarkSUSY package (Gondolo et al., 2004).

The ‘electrons equilibrium spectra’ themselves are obtained from the ‘source spectra’ of
the injected electrons by considering their energy loss by different mechanisms, and their
spatial diffusion process as they pass through the atmosphere of the DM halo (Longair,
1994). This process is governed by the diffuse equation in the following form:

a dne _ dne a dne
ot dE V<D(E’T)V dE) + aE(ME,T) dE) + Qe(E, 1), (4.6)
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where ‘f&‘,‘z is the electron/positron spectrum, D(FE,r) diffusion coefficient, b(E,r) the

energy loss factor and Q.(F,r) the electron ‘source spectra’.

A generic solution to the diffusion equation which in the case of galaxy clusters, where
the effect of diffusions of electrons are negligible, is given by Colafrancesco et al. (2006).
This solution which is the ‘electrons equilibrium spectra’ has the form:

MX

‘Zg - b(lE) i Q.(E',r)dE, (4.7)
where FE is the energy of the electrons and b(E) is the energy loss term which is the
sum of effects due to IC, synchrotron radiation, Coulomb losses and bremsstrahlung
radiation (Colafrancesco et al., 2006). The ‘electrons equilibrium spectra’ can then be
used in Eqns. 4.11, 4.18 and 4.22 to calculate the local emissivities and ultimately
the fluxes. In the following sections I will formulate the required equations needed to
calculate the radio and gamma-ray emissions from DM annihilation processes in galaxy
clusters.

4.5.1 Synchrotron Emission Processes

Diffuse radio emission has be observed in a large number of clusters which is not as-
sociated with galaxies.The distribution of magnetic field, and energetic electrons in the
wider region of galaxy clusters is believed to produce synchrotron radiation. Synchrotron
radiation is emitted when an electron gyrates about magnetic field lines. For an ampli-
tude of magnetic field B the average power radiated by electrons with an energy F from
synchrotron processes at frequency v is formulated as in Longair (1994):

T : 2
Poynen(v, E, 1, 2) :/ desm@ QWﬁremecungynch(L), (4.8)

0 sin 6

. __ eB e . 2
where m, is the electron mass, v, = Trms 1S the non-relativistic gyro-frequency, r. =

is the classical electron radius, and the quantities x and Fjy,., are defined as

2v(1+2) v\ 2
”:W<”<u<1+z>>> | .

mec?

and

L

Faynen(z) = x/ dyKs3(y) =~ 1.25:0%671(648 + %), (4.10)

One can obtain the local synchrotron emissivity as a function of electron or positron
equilibrium distribution and synchrotron power Py, as

. M dn,- dn,
Jsynch (V57 2) —/ dE( 15 4 dE+>PsynCh(l/’ E,r z). (4.11)
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The quantity dejF is the electron or positron equilibrium spectra obtained after ac-

counting for the energy loss of electron through the atmosphere of the galaxy cluster as
the sum of effects such as inverse Compton, synchrotron emission, Coulomb losses and
bremsstrahlung processes (see for e.g., Colafrancesco et al. (2006); Colafrancesco et al.
(2015)).

Using the local synchrotron emissivity I can express the flux density within radius r as
follows:

VGsumeh (U, T 2
synch v, Z / d3 synZTrDQ )a (4'12)

where Dy, is the luminosity distance to the halo.

4.5.2 Gamma-ray Emission Processes

In a DM annihilation process gamma-rays can be produced from pion decay, IC scatter-
ing and non-thermal bremsstrahlung processes. In the following I will briefly describe
these processes and the formulation used to calculate the gamma-ray flux.

Pion Decay

When DM annihilation process produces neutral pions, these unstable particles decay
into gamma-rays whose spectrum obeys a power law, i.e., they decay into less number
of gamma-rays per energy of the photons at higher frequencies. The differential gamma-
ray flux density from pion decay is then obtained by considering the annihilating DM
pairs with mass M,, their velocity averaged annihilation cross-section < o V > and
integrating over volume integral of the DM density ppas square along the line of site
divided by area. Hence the differential flux which is number of gamma-ray photons per
area per time and per energy at luminosity distance Dy, is given by

dF <oV >dN (" phydV
dE 2M? dE, ), 4mD3%

(4.13)

where <4 oM E is the initial gamma-ray spectrum which is obtained using DarkSUSY package

(Gondolo et al., 2004). The gamma-ray flux from pion decay can then be obtained by
integrating Eqn. 4.13 over E,, the energy of gamma-ray photons producing the gamma-
ray spectrum.

IC Scattering Process

Relativistic electrons produced from charged pion from DM annihilation process scatter
CMB photons and boost them to gamma-ray. The average IC power is given by

Pic(Eyyr)=c By [ den(o(E ). (4.14)
0
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where n(e) is the black body spectrum of the CMB photons, and o(E,,€,) is the IC
scattering cross-section given in Longair (1994) as

3o
O-(E’Y?G”Y) = @G((bre)a (415)

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

(Teq)®(1 — q)

G(q.Te) = |2qIng+ (1 +2¢)(1 —q) + 0 1T.g |’

(4.16)

with
L. = dey/(me?),q = B, /[To(yme® - )] (4.17)

The local emissivity is obtained by integrating the product of IC scattering power
Prc(Ey,~,r) and electron equilibrium spectrum N,(v,r) across all electron energy as
ymax
jIC’(E’WT) = / d’yNe(’yar)P]C(E’ya'Yv 7"). (418)

ymin

The flux of gamma-rays from IC scattering process at luminosity distance Dy can then
be calculated by

r /' E T'I)
Sio(By = [ @ deEnr) 4.19
ro(Ey) /0 " anD? (419

Non-thermal Bremsstrahlung Radiation

Non-thermal bremsstrahlung process produces gamma-rays radiations when secondary
electrons are slowed by the electrostatic field of ions in the ICM and inter-stellar medium
(ISM). The average power of non-thermal bremsstrahlung emission is calculated by
considering the number density of ions n;(r)

Pp(Ey,v,r) = cEy Yy nj(r)oj(Ey, E), (4.20)
J

where the interaction cross-section is given in Longair (1994) as

o) = oo {[1 (12 B) - 2(- B)ak,
e {25523}

The local emissivity is obtained by integrating the product of IC scattering power
Pg(E+,~,r) and electron equilibrium spectrum N, (v, r) across all electron energy as

with

ymax

JjB(Ey, 1) = / dyNe(v,7)P(Ey,v,T). (4.22)
¥

min
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The gamma-ray flux from non-thermal bremsstrahlung process at luminosity distance
Dy is determined in a similar fashion to the above emission mechanisms by using the
local emissivity as in

r ' E 7’/)
Sp(E) = [ a8 EeT). 4.23
B( 7) /0 r 47TD% ( )

4.6 Summary

In this chapter I have presented the semi-analytical DM models, based on high resolution
cosmological simulations of galaxy clusters, which will be used to calculate the radio and
~-ray emissions believed to be produced via neutralino DM annihilation processes in
galaxy clusters. The fluxes which are determined using Eqn. 4.12 (for radio emissions)
and Eqns. 4.13, 4.19 and 4.23 (for v-ray emissions) will then provide vital information
for an indirect detection of neutralino DM via their annihilation process, as they can
be detected using sensitive telescopes tuned in the appropriate frequency range. In
Chapter 5 and 6 I will provide the results of these predictions in galaxy clusters and
high mass-to-light ratio DM dominated sub-halos, respectively.



Chapter 5

Multi-wavelength Emission from
DM Annihilation Processes in
Galaxy Clusters

5.1 Introduction

I base my studies of synchrotron and ~-ray emissions from DM annihilation processes
in galaxy clusters by taking neutralinos to be primarily and dominantly composed of bb
species and light and intermediate DM mass models as in Colafrancesco et al. (2011a).
Thus I consider neutralinos mass of M, 35 and 60 GeV taking the thermally averaged
DM annihilation cross-section times velocity, (¢ V), to be 1.0 x 10726 ¢cm? s™! from
Fermi upper limit Ackermann et al. (2014). The synchrotron/radio and 7-ray emissions
results obtained from DM annihilation processes in galaxy clusters will be presented in
the following sections. The emission maps are generated based on the data set available
from MUSIC cluster (Sembolini et al., 2013), a high-resolution cosmological simulation
containing DM, gas, stars and feedback mechanisms. The emission maps are produced
by dividing a 3-D cluster of 2 Mpc across into cubes of size 10 kpc. The synchrotron
emission result will be presented along with the discussion in the first part of this chapter.
The synchrotron emission calculations were made using the formulation given in Section
4.5.1 and the two magnetic field models (Model A and Model B) discussed in Section
4.4. In the second part of this chapter I will give the ~-ray emissions results along with
their discussions. The v-ray emission calculations were made using the formulations
given in Section 4.5.2 by considering all the three relevant processes (i.e., pion decay, IC
scattering and non-thermal bremsstrahlung radiation processes).

5.2 Radio Emission from DM Annihilation Processes in
Galaxy Clusters

These synchrotron emission maps given in Figs. 5.1 and 5.2 show the radio flux values
in units of Jy at 110 MHz and 1.4 GHz frequencies. These two frequencies were chosen
to represent the SKA-low and SKA-mid frequencies. The synchrotron emission maps
in both Figs. 5.1 and 5.2 are obtained using magnetic fields of model A. The central
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FI1GURE 5.1: Radio emission map at
110 MHz using magnetic field of
Model A and neutralino mass of 60
GeV.

FIGURE 5.2: Radio emission map at
1.4 GHz using magnetic field of Model
A and neutralino mass of 60 GeV.

region of the cluster in these maps shows a strong radio flux which is indicated in
the brightest color in the color bar, this resulted because of having larger values of DM
densities in these regions. The synchrotron emission flux calculation is able to resolve the
contribution from DM dominated regions in the cluster, thus halos and substructures
that are residing off center are clearly visible in the maps. The maps also show the
presence of two main halos in the cluster which are approximately 0.5 Mpc apart.

Comparison between Fig. 5.1 and 5.2 (i.e., maps that are produced at 110 MHz and 1.4
GHz frequencies, respectively) do not show any noticeable difference on the background
structure of the emission apart from the difference in the output flux at the two frequen-
cies. Point-by-point comparison between the two radio emission maps show flux values
at 110 MHz (Fig. 5.1) varies between 9 to 80 times that of flux at 1.4 GHz (Fig. 5.2).

Fig. 5.3 shows radial variation of flux with radius. It is obtained from the flux values
in the maps of Figs. 5.1 and 5.2, by picking the flux values starting from the center of
the map and moving to the bottom of the map. The variations in flux shown in these
profiles indicate the flux from substructures are more dominant especially in the outer
part of the cluster. The two solid lines in the top part of the figure are obtained for
frequency of 110 MHz, and the bottom ones in the dotted lines are for frequency of 1.4
GHz. The flux profiles obtained with the two magnetic field models are indicated as
Model A in red color and Model B in black color, respectively. In the inner region of the
cluster the flux values based on Model A are slightly lower than that based on Model B
and vice versa in the outer region. This is due to the magnetic field values of Model B
which have higher values in the inner region of the cluster as shown in Fig. 4.4.

In Figs. 5.4 and 5.5 I provide emission maps for synchrotron processes that mimic
the radio flux expected at SKA-low and SKA-mid frequencies detection limits using
magnetic field of Model A. The maps are produced by subtracting out the sensitivity
limit of SKA-low and SKA-mid at frequency 110 MHz and 1.4 GHz respectively. Both
Figs. 5.4 and 5.5 show strong flux as indicated by the brightest color in the map coming
from the dense central region of the cluster as well as substructures that are off center
where the DM annihilation process is expected to be dominant.
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FIGURE 5.3: Flux profiles at 110 MHz (solid lines) and 1.4 GHz frequencies (dotted
lines) obtained using magnetic field Model A (in red color) and Model B (in dark
color) for neutralino mass of 60 GeV.
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FIGURE 5.4: Radio emission map at FIGURE 5.5: Radio emission map at
110 MHz with SKA-low sensitivity 1.4 GHz with SKA-mid sensitivity
using magnetic field of Model A and using magnetic field of Model A and
neutralino mass of 60 GeV. neutralino mass of 60 GeV.

In order to explore better the difference in the emission maps that are obtained using
the two magnetic field models, I produce maps in Figs. 5.6 and 5.7 that are obtained
using magnetic field Model B. A closer look between maps in Figs. 5.1 and 5.6 and/or
Fig. 5.2 and 5.7 shows the emission maps obtained by taking magnetic field model A
and B respectively shows the following difference. That is, the flux in the emission map
of Figs. 5.6 and 5.7 are dominated with the flux from the central region of the cluster
which is in contrast to a competitive emission observed coming from various points in
the cluster as in maps of Figs. 5.1 and 5.2. A point-by-point comparison between the
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FIGURE 5.6: Radio emission map at
110 MHz using magnetic field of
Model B and neutralino mass of 60
GeV.

FIGURE 5.7: Radio emission map at
1.4 GHz using magnetic field of Model
B and neutralino mass of 60 GeV.

-6 lag (Flux/dy) 0 -7 log, (Flux/dy) -1
| I

FIGURE 5.8: Radio emission map at FIGURE 5.9: Radio emission map at
110 MHz with SKA-low sensitivity 1.4 GHz with SKA-mid sensitivity
using magnetic field of Model B and using magnetic field of Model B and
neutralino mass of 60 GeV. neutralino mass of 60 GeV.

two radio emission maps shows flux values at 110 MHz (Fig. 5.6) varies between 5.66
and 37.8 times that of flux at 1.4 GHz (Fig. 5.7).

Maps of Figs. 5.8 and 5.9 are obtained based on magnetic field model B. They are
produced by subtracting out the flux values below the instrument sensitivity limit of
SKA-low and SKA-mid at frequency 110 MHz and 1.4 GHz respectively. On comparing
these maps, with Figs. 5.4 and 5.5 which are produced using magnetic field Model A, 1
see very little contribution to the flux from halos and substructures that are off center.

For the neutralino mass of 60 GeV used, I have mentioned above that a point-by-point
comparison between the two radio emission maps that are obtained using magnetic field
model A shows flux at 110 MHz (Fig. 5.1) varies between 9 and 80 times that of flux
at 1.4 GHz (Fig. 5.2). On the other hand the flux values obtained using magnetic field
Model B (Figs. 5.6 and 5.7) varies with smaller values between 5.67 and 37.8. Hence, a
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FI1GURE 5.10: Flux density from synchrotron emission, taking mass of neutralino 60
GeV, with magnetic field Model A in red color and Model B in cyan color. The blue
data points are the observational data of radio emission of Coma cluster from
Thierbach et al. (2003).

flatter appearance of the flux density curve for magnetic field of Model B (cyan color)
than that of Model A (red color) is observed as shown in Fig. 5.10.

We have also considered the case of neutralino mass of 35 GeV in our point-by-point
comparisons. We have obtained the flux values in the emission maps of Figs. A.1 and
A.2, which are obtained using magnetic field of Model A for the two frequencies of 110
and 1400 MHz, varies between 11.99 to 433, respectively. Whereas I obtained the flux
variations for the emission maps which uses magnetic field Model B (Figs. A.3 and A.4)
at the two frequencies of 110 and 1400 MHz, varies at smaller ranges of 6.98 to 77.17.
To see what these variations obtained from point-by-point comparisons translate into,
the spectral indexes of this four cases were calculated. Table 5.1 provides these results
of our comparison of the spectral index for synchrotron flux densities that are calculated
taking 110 and 1400 MHz frequencies for which I showed their emission maps in the
above discussions. We found the highest negative value for spectral index of 35 GeV
neutralino mass and magnetic field Model A as compared to that of 60 GeV neutralino
mass and magnetic field Model A.

Neutralino Mass Magnetic Field Spectral Index
[ GeV | Models

35 Model A —1.16

35 Model B —0.98

60 Model A —1.05

60 Model B —-0.91

TABLE 5.1: Comparison of the spectral index for radio flux densities using neutralino
annihilation final product of bb species.
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FI1GURE 5.11: Flux density from synchrotron emission is compared with measured
result of Thierbach et al. (2003), taking mass of neutralino 60 GeV, dotted lines and
35 GeV, solid lines. Magnetic field models used are indicated in red and cyan color for
Model A and B, respectively.

In Fig. 5.11 I show the flux density from synchrotron emission in comparison with the
observational data of radio emission from the Coma Cluster (Thierbach et al., 2003).
Plots for the two masses of neutralinos used, 60 GeV and 35 GeV are indicated by
dotted and solid lines. The magnetic field models, Model A and Model B, are shown
in cyan and red color, respectively. As our result of the spectral index reflects in table
5.1 T see the steepest profile among the four cases for magnetic field Model A and 35
GeV neutralino mass. Hence the best fit to the observational result of Thierbach et al.
(2003) is obtained taking neutralino mass of 35 GeV and magnetic field model A. This
agreement was obtained without invoking any boost factor from DM substructures,
which shows that the distribution of sub-structures is well described in the simulations
and boosted the signals from DM annihilation processes exactly to the level of observed
flux. Moreover, I have also observed the flux density for the radio halo spectrum obtained
for neutralino mass of both M, = 60 and 35 GeV as in Fig. 5.11 are flatter than the
measured result of Thierbach et al. (2003) at higher frequency ranges. A more recent
paper by Marchegiani and Colafrancesco (2016) has shown that the best agreement in
the over all flux density spectrum is obtained using smaller values of neutralino mass
of 9 GeV and magnetic field of Model B, this result can be tested by our model in the
future.

We have made a deeper investigation to understand better why I see flatter flux spectrum
when using magnetic filed Model B by constraining the magnetic field values in Model B.
That is, the flux densities for magnetic field Model B constrained are obtained by setting
the magnetic field values which are above 7.0 4G to 7.0 uG. As shown in Fig. 5.12 the
flux densities of Model B constrained indicated in red line shows a steeper spectrum
than that of Model B which is indicated in cyan color. We find that the high magnetic
field effect of enhancing the radio flux density from the central region of the cluster is
reduced by constraining the magnetic field as shown by using Model B constrained in
the red line. This arise as some values of the radio flux densities at higher frequencies
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get shifted to the values at lower frequencies. Over all this shows us both magnetic
field models, Model A and Model B, are able to reproduce the radio flux spectrum.
It is worth mentioning why I have not constrained the magnetic field according to the
“beta-model”. The reason is that for the calculation of magnetic field using the electron
density from the MUSIC simulation I wanted to see its variation following the gas density
or equivalently the electron number density in through out the cluster (thus free from
constraint).

However, the “beta-model” Cavaliere and Fusco-Femiano (1976) which is believed to
trace well the distribution of the gas in the ICM (for more see discussion under Section
3.3.2), uses the gas densities that are constrained with the relation in Eqn. 5.1 obtained
from rotation measures

3
o\ —328
n(r) =nao(1+ (r/re)*) (5.1)
where (3 is a constant, n o is the central gas density, 7 is the radial distance from cluster
center and r. the cluster core radius.

It is worth mentioning the fact these simulated clusters I have used to study the DM
annihilation processes in galaxy clusters, from the MUSIC cluster simulations, in general
show higher values of gas densities in their central regions as they suffer from over
cooling. Thus they give larger values of magnetic field based on the formulation of Eqn.
4.3. Despite this drawback the magnetic field calculations based on electron densities
of magnetic field Model B show a fair agreement in large part of the cluster volume.
In addition to this the formulation in Eqn. 4.3, unlike the electron number densities
constrained as in Eqn. 5.1, will allow us to apply our magnetic field calculations for
all the 282 clusters I studied. This simple modification I made thus has the following
advantages: (i) it is able to give magnetic field values at each grid as compared to the
constrained model which follows radial variation which assumes spherical symmetry in
the cluster, (ii) it reduces model dependencies and, (iii) it allows a robust study of
both magnetic field and emission processes from DM annihilation processes. Moreover,
modeling the DM distribution as a single spherically symmetric halo does not reproduce
the observed shape of the radio halo surface brightness (Marchegiani and Colafrancesco,
2016). This problems faced by previous DM models can be resolved by modeling the
distribution of sub-structures more realistically. Our semi-analytical model which is
based on high-resolution cosmological simulations, for example, can address this issue.
Our results show the expected features emerging from a realistic distribution of DM
sub-structures as shown in the emission maps, and their contribution to the overall DM
annihilation signals in clusters.

5.3 Gamma-ray Emissions from DM Annihilation Processes
in Galaxy Clusters

We have produced v-ray emission maps and calculated the v-ray flux densities by con-
sidering all important processes: pion decay, Inverse Compton (IC) scattering and non-
thermal bremsstrahlung radiation processes (see Section 4.5.2). Based on the result of
Fig. 5.11 I chose neutralino mass M, = 35 GeV and composition of bb which is the
best fitting DM species and mass for DM annihilation models has also been suggested



Chapter 5. Multi-wavelength Emission from DM Annihilation Processes in clusters 70

10? .
= Model A
= Model B
== Model B Constrained
1
10"
=
=
>
=
)
c 10°F
(]
o
x
S
e
1071 F %
10—2 Il i
10* 10? 10° 10*

frequency [MHz]

FI1GURE 5.12: Flux density of synchrotron emission process for neutralino mass of 35
GeV (solid lines) is compared with observational result of the Coma Cluster (blue
data points) from Thierbach et al. (2003). Magnetic field models used are indicated in
cyan, magneta and red colors for Model A, Model B, and Model B constrained,
respectively.

by the data of cosmic ray antiproton spectrum obtained by PAMELA (Hooper et al.,
2015) which is in agreement with the result of Marchegiani and Colafrancesco (2016).
In the following I provide the results obtained along with the discussion.

Figs. 5.13 and 5.14 show the gamma-ray emission maps obtained from non-thermal
bremsstrahlung process at a photon energy of 100 MeV. These two gamma-ray emission
maps are obtained using a varying thermal electron density assumed for the protons as
given in Eqn. 4.4 from reference Sembolini et al. (2013) and a constant central electron
density of the Coma Cluster neg = 3.4 x 1072 ecm™3, respectively. We have used this
central value of ngg only for the purpose of comparison. The gamma-ray flux emanating
from the dense central point of the cluster, shown in bright color of Fig. 5.13, is 10 times
larger than that of Fig. 5.14, which resulted from the non-thermal bremsstrahlung power
dependence on the thermal electron number density that has its peak in the center of
the cluster. In Fig. 5.14 it is apparent to see a wide variation (11 orders of magnitude,
10724 to 4 x 107!3) between lower and higher values of differential gamma-ray flux in
the color bar.

The gamma-ray emission maps obtained from pion decay and IC scattering processes
at a photon energy of 100 MeV are shown in Figs. 5.15 and 5.16, respectively. The
magnitude of the flux obtained from IC scattering processes is 15 orders of magnitude
less than that of pion decay at gamma-ray photon energy of 100 MeV. It is expected
that for neutralino mass used, 35 GeV, the IC scattering contribution is negligible above
photon energy of 10 MeV.

We can also observe the energy dependence of the gamma-ray emission from the gamma-
ray flux obtained at 1 and 10 GeV gamma-ray photon in Fig. 5.17 and 5.18, respectively.
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The later map shows gamma-ray emissions mostly coming from relatively denser sub-
halos and 3 orders of magnitude less value of flux as compared to the gamma-ray flux
in the former map.

In Fig. 5.19 I show the differential gamma-ray flux densities obtained from pion decay,
non-thermal bremsstrahlung and IC scattering processes indicated in blue, green and
pink colors, respectively. The frequencies range on the x-axis starts at mass of elec-
tron 0.511 MeV to a complete annihilation/decay of neutralino mass of 35 GeV used.
The contribution of the gamma-ray flux from IC dominates at lower energies followed
by bremsstrahlung process. At about 35 MeV pion decay takes over until it decays
completely at the mass of neutralino 35 GeV. The shape of spectra obtained here for
neutralino mass of 35 GeV and composition bb is in agreement with the recent work
in reference Marchegiani and Colafrancesco (2016) of a similar (intermediate range)
neutralino mass of 43 GeV composition bb .
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FIGURE 5.19: Differential gamma-ray flux densities from pion decay, non-thermal
bremsstrahlung and IC scattering processes is given in the plot with blue, green and
pink colors, respectively.

In table 5.2 I provide comparison of y-ray integrated flux above 100 MeV, 1 GeV, and
10 GeV with the Fermi upper limits given in Ackermann et al. (2014); Ackermann et al.
(2016). Our integrated ~-ray flux values are roughly 4 orders of magnitude less than
the Fermi upper limits for the y-ray energies above 0.1 and 10 GeV, and 3 orders of
magnitude lesser for «-ray energy above 1 GeV. Our integrated ~-ray flux result thus
does not contradict with the constraint obtained from Fermi measurements.
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Band Upper limit Flux (35 GeV model)
GeV cm2 g1 cm2 g1

> 0.1 42 x 1079 40 x 10713

> 1 1.13 x 10719 1.02 x 10713

> 10 6.0 x 10712 5.72 x 10~16

TABLE 5.2: Gamma-ray upper limits set by Fermi for energies above 0.1 GeV
(Ackermann et al. (2014)), 1 and 10 GeV (Ackermann et al. (2016)) and the
comparison with our flux calculation using neutralino mass of 35 GeV and bb species.

5.4 Summary

In this chapter I have presented the results that were obtained for radio (synchrotron)
and v-ray emission from DM annihilation processes in galaxy clusters based on MUSIC
cosmological simulation of galaxy clusters. We have calculated the synchrotorn emission
using magnetic field models that are determined from DM (Model A) and gas (Model
B) properties. For neutralino velocity averaged annihilation cross-section, (o V'), of
1.0 x 10726 ¢cm? s~! I have compared cases of neutralino masses of 60 GeV and 35 GeV.
We have obtained best fit to the observed flux density of Coma Cluster when using
magnetic field Model A and DM mass of 35 GeV. This agreement was obtained without
invoking any boost factor from DM substructures, which shows that the distribution
of sub-structures is well described in the simulations and boosted the signals from DM
annihilation processes exactly to the level of observed flux. The synchrotron emission
maps also show an expected shape of radio halo surface brightness. I have also inves-
tigated deeply to understand why the spectrum gets flatter upon using magnetic field
Model B. As was discussed based on the result of Fig. 5.12, the high magnetic field
effect which is observed to enhance the radio flux density from the central region of
the cluster can be reduced by constraining the magnetic field of Model B. Consequently
some values of the radio flux densities at higher frequencies get shifted to the values at
lower frequencies. Thus it can be deduced that both magnetic field models are equally
applicable to reproduce both the morphology of radio halos in galaxy clusters and their
flux spectrum.

For the same neutralino parameters given above I have also studied the gamma-ray
emissions from pion decay, non-thermal bremsstrahlung and IC scattering processes.
Our predictions show that the contribution to the overall gamma-ray flux density from
IC dominates at lower energies. And the non-thermal bremsstrahlung will be the most
prominent emission mechanism at intermediate gamma-ray energies, whereas at energies
above ~ 35 MeV the pion decay process dominates. Moreover, the integrated gamma-
ray flux densities do not exceed, thus not contradict with, the upper limits given by
Fermi.

Taking advantage of the high resolution and large numbers of samples (282 clusters and
thousands of groups) of the MUSIC clusters, in Chapter 6 I will focus on the study of the
statistics and multi-wavelength emissions in DM sub-halos where the DM annihilation
signals are expected to exceed ordinary emission (contaminating emissions from baryons
which are not generated by DM annihilation process).



Chapter 6

Statistical Studies and
Multi-wavelength Emissions from

DM Annihilation Processes in
DM Dominated Sub-halos

6.1 Introduction

When two galaxy clusters undergo merger they will leave the DM structure physically
separated from the gas and stars (see for e.g., Markevitch et al., 2004, and references
therein). The DM structure resides in the outer part of the cluster making it a very
suitable place to look for the DM annihilation signals. Another promising target to
study DM annihilation emission process is to focus on DM sub-halos which contain very
small proportions of gas and stars, or if possible DM sub-halos that are entirely devoid
of gas and stars. Here I will consider the latter option to help us understand about the
mysterious nature of DM using information obtained in the multi-wavelength emissions
from self-annihilating neutralino DM particles using cosmological simulation.

The sub-halos are identified with a very efficient halo finder known as Rockstar, which
make use of seven dimensions of information (phase space, (position and velocity) and
time), Behroozi et al. (2013). Rockstar halo finder provides different halo properties,
such as the halo masses at several radius, halo radius, halo center position and velocity,
halo spin and angular momentum, etc. From all the 282 MUSIC clusters, a total of
466,621 sub-halos were found. Using the above mentioned properties those sub-halos
containing a small fraction of gas and stellar content, which are dominantly composed
of DM are isolated. As a primary test I over-plot the DM sub-halos in the region of
the emission maps, cluster 2 Mpc across, discussed in the last chapter as shown in Fig.
6.1. These DM sub-halos, which are plotted in the filled black dots on the top of the
synchrotron emission map, fit the brightest spot where the DM density enhancement
is expected to be observed. I have also calculated the mass-to-light ratio (M/L) (i.e.,
the sum of the masses of gas, DM and star particles divided by the mass of the star
particles) for each of these sub-halos in the cluster which are shown in the map of Fig.
6.1.

74
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arrow in Fig. 6.1.

From the over-plotted DM sub-halos in Fig. 6.1, for example, I conclude that having
high M/L is not the only criteria required to single out promising DM sub-halos (i.e.,
targets where DM signals are expected to exceed ordinary emission). This is because
sometimes tidal disruption can lead to having DM sub-halo like structure showing higher
M/L value in the simulation. Thus it is important to look into the particle distribution
of each DM sub-halo in a cubic section to see if the halos have better enhancement in
their DM distribution. In doing so, the halo in third quadrant of the map (lower left)
indicated by the arrow stand out to be the best candidate to study synchrotron emission
from the DM annihilation process. This halo has M /L of 30.55, a gas fraction of ~ 0.5%,
stellar fraction of ~ 3% and shows a better enhancement in the DM distribution of all
halos in the map.

For neutralino mass M, = 35 GeV, DM annihilation cross-section < o V' >= 1.0 x 10726
cm?® s7! and magnetic field Model A discussed in Section 4.4, I produce synchrotron
emission map for this DM sub-halo analyzed above. This high resolution ( Ly = Ly =1
kpc, and L, = 10 kpc) emission map (0.2 Mpc across) is obtained by taking the DM
sub-halo’s central coordinates for its center. The synchrotron emission map at frequency
of 110 MHz is shown in Fig. 6.2, the flux ranges from 4.79 x 1071 to 3.16 x 1077
Jy as shown in the color bar. The flux density for this DM sub-halo is given in Fig.
6.3, a rough comparison shows that it is in the range of SKA sensitivity limit (I will
discuss this in depth at the end of section 6.4). The comparison of shape and slope of
the flux density of this DM sub-halo with the host cluster and the Coma Cluster data
of Thierbach et al. (2003), is given in Fig. 6.4. The scaled synchrotron flux spectrum
of the DM sub-halo (red line) is steeper than its host (cyan line). Thus scaled DM sub-
halo spectrum shows a better fit to the observational data of diffuse radio spectrum of
the Coma Cluster (blue dots). To understand well the DM annihilation process and its
signals from DM sub-halos I increased the samples by considering all the DM sub-halos
in all the 282 MUSIC clusters. I will present results and discussion of the statistical and
multi-wavelength studies of the high M /L DM sub-halos in the light of DM annihilation
process in the proceeding sections.

[I5]

Radio Flux [<o 'V >|
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FIGURE 6.4: Slope comparison of the
flux density for synchrotron emission
of the best DM dominated halo with
the host cluster and observational
data of the Coma Cluster.

6.2 Statistical Study of High M /L DM Sub-halos

From all the 282 MUSIC clusters I have obtained a total of 466,621 sub-halos of which
132,614 are within 2.5 Ragoerit” of their host cluster, an approximate distance where
resolved particles in the simulation can be obtained. A linear plot of the mass-to-light
ratio (M/L) of all these halos plotted against their relative distance to their respec-
tive clusters (i.e., ratio of the sub-halo distance by the cluster radius they belong to
(R/Ra00crit) ) is shown in Fig. 6.5. It is apparent to see some behavior of grouping of
sub-halos showing high M/L (~ 360 £ 70) as indicated in the shaded region around
R ~ 0.5 x Rogoerit of there host clusters. In the following sections I will look deeper to
find out whether these high M /L sub-halos are dominantly situated around the outer
region of the cluster.

The scatter plot given in Fig. 6.6 shows M/L of the sub-halos plotted against the stars
mass with in the sub-halos. I see that sub-halos which have single stars and less gas
fraction are seen to be located on the left upper part of the plot. However, to choose the
best candidates of “naked” (DM sub-halos with almost no baryonic content) DM sub-
halos which are required for a robust study of the multi-wavelength emission from DM
annihilation process, I first need to look closer into their particle distribution and identify
if there is an enhanced structure in the DM particle distribution. More importantly one
need to check on the gas and star content of the sub-halo. Applying all these search
criteria I obtain a large number of promising DM sub-halos from which the top four best
are analyzed from Section 6.3 to 6.5.

The scatter plot in Figs. 6.7 and 6.8 gives the relative distance of DM sub-halos in the
clusters they belong identified based M/L and the star mass with in them. The DM
sub-halos which have M/L above 50 and 100 are indicated in red, and the rest in blue,
among all DM sub-halos identified with in radial distance of 2.5 Rogocrit in Fig. 6.7 and

"Raooerit is the cluster radius obtained at the over-density of 200 times critical density.
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6.8, respectively. The results from both plots can be interpreted simply as the high M /L
DM sub-halos are very rare to be found in the inner volume of galaxy clusters.

Furthermore, it is also important to find where there is relatively high chance of finding
these high M/L DM sub-halos. Accordingly, in Fig. 6.9 the normalized probability den-
sity function (p(r)) of finding sub-halos with in r (R/Raggerit) is shown for the case where
M/L values are above 1, 50 and 100 as indicated in blue, green and red, respectively.
The standard error for a count of the DM sub-halos is indicated by the error bar. In
plot of M/L above 100 (red line) I observe a sharp decline in the lower values of r which
do not over lap with all other halos. And I conclude that the distribution of high M/L
DM sub-halos peaks at r ~ Roggcerit, which may suggest the search for DM annihilation
signals from sub-halos in clusters is most promising at Raggcrit-
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FIGURE 6.9: The probability distribution function of sub-halos based on their M/L at
a relative distance r (R/Rapoait ), the ratio of distances of each sub-halo from the
center of the host cluster to the radius of the host cluster at 200 times the critical
density of the Universe. Sub-halos with M/L above 1, 50 and 100 are shown in blue,
green and red color, respectively.

6.3 Representative Samples of High M /L DM Sub-halos

For the five representative samples of high M /L DM sub-halos, some of whose properties
are listed in the table B.1 and B.2 (see Appendix B), I present the DM and gas density
square maps (see Appendix C). The maps are produced by calculating the densities
using SPH kernel and projecting the density square values in the line-of-sight.

The DM and gas density square projected maps of DM sub-halo 1 are shown in Figs. C.1
and C.2. This halo shows the highest DM density as compared to all the five DM sub-
halos. This sub-halo has very small gas content which has a very smooth distribution as
indicated by the values in the color bar. The DM density square map of DM sub-halo
2 is shown in Fig. C.3. The structure of this halo is quite different from others. This
halo has three structures with the highest DM density in the map which are located in
different regions of the map. These structures are also offset to any noticeable dense
structure in the gas of Fig. C.4. The DM and gas density square projected maps of DM
sub-halo 3 is shown in Fig. C.5 and C.6. While the DM density map shows a prominent
peak in the central region of the map which decreases outward, I find almost a smooth
distribution in the gas. Figs. C.7 and C.8 show the DM and gas density square maps of
the DM sub-halo 4, respectively. The DM map shows a well defined DM structure in the
center but with relatively lower values as compared to the other three DM sub-halos.
The gas content on the other hand is bigger next to that of DM sub-halo 2.

Features that are observed in these DM sub-halos, i.e., DM enhancement with a distin-
guishable peak in the center, lower gas content (which also means lower contaminations
from signals generated other than by DM) as well as DM structures which are offset to
the gas, make these samples quite fit for the study of the properties of DM. The radio
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map of DM sub-halo 1 at 110 MHz. map of DM sub-halo 2 at 110 MHz.

and ~-ray emission results obtained for these DM sub-halos will be presented in the
proceeding sections.

6.4 High M /L Sub-halos and the Radio Emission from DM
Annihilation Processes.

Here I provide and discuss the results which are obtained for the synchrotron/radio
emission processes using radio maps and flux densities for the four high M/L DM sub-
halos discussed above. These calculations were made for neutralino mass of M, =
35 GeV which is chosen based on the result in Chapter 5 and velocity averaged DM
annihilation cross-section (o V) = 1.0 x 10726 cm? s71.
In Figs. 6.10 and 6.11 I show the synchrotron emission maps obtained at 110 MHz for
DM sub-halo 1 and 2 given in units of (o V') [ Jy |. The synchrotron emission maps
show similar features to their DM maps (Figs. C.1 and C.8) which is expected to arise
from DM density square values used in the synchrotron flux formula. It is also apparent
to observe that, in the same way to the DM square values in maps, the synchrotron
flux values are the highest for DM sub-halo 1. Even though there is relatively large gas
content in DM sub-halo 2 compared to the rest of the sample, it is situated offset to the
region of high DM concentration.

Figs. 6.12 and 6.13 give the synchrotron emission maps of DM sub-halo 3 and 4 at 110
MHz, respectively. As the values in color map show these DM sub-halos have relatively
lower radio flux DM sub-halo 4 being the lowest of all. These two DM sub-halos show
similar appearance in their DM density distributions, i.e., they both show DM density
enhancement as well as a centrally peaked radio flux value which decreases outward.

The flux densities are obtained by summing up the flux from all points which contain
a contribution along the line of site that is plotted in the emission maps. Here, results
obtained for the flux densities of the five DM sub-halos whose radio emission maps were
shown in Figs. 6.10 to 6.13 and discussed above will be given. In the following I will
also compare the flux densities and shapes of the spectrum of the five DM sub-halos
and with the observational data of the Coma Cluster (Thierbach et al., 2003). In Fig.
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FIGURE 6.12: Synchrotron emission
map of DM sub-halo 3 at 110 MHz.
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6.14 I display the flux densities of DM sub-halo 1 and 2 which are given in cyan and red
colored lines, respectively. The flux of these DM sub-halos is scaled for comparison as
indicated by broken lines which are plotted on the top of the observational data points
of the Coma Cluster (blue data points). I observe that their spectra fits very well over
most of the data points with a slight deviation at higher frequencies. Fig. 6.15 shows
the radio flux densities of DM sub-halo 3, 4 and 5 given in magenta, green and blue
lines along with the observational data of the Coma Cluster (blue data points). The
flux densities of these three DM sub-halos are lower than that of DM sub-halo 1 and 2
as clearly seen in Fig. 6.16. This is in agreement with the total masses obtained for the
five DM sub-halos by the halo finder with in 30 kpc as given in table B.1. One can see
that both the total mass and flux density of DM sub-halos 3 and 4 are lower than that
of sub-halos 1 and 2.

I show the scaled comparison of spectral feature of the five DM sub-halos with observa-
tional data of the Coma Cluster in Fig. 6.17. A closer look shows a deviation between



Chapter 6. Studying DM Dominated Sub-halos

81

flux density [Jy]

Halo ID 03108

Halo ID 02569 (]
Halo ID 02783 | |

Halo ID 01714

Halo ID 00824 ||
SKA sensitvity

10—3 L
107 F
10—5 L

10?

10°

flux density [Jy]

- Halo ID 03108 scaled Ve

107} Halo ID 02569 scaled ?
1+ Halo ID 02783 scaled

== Halo ID 01714 scaled

== Halo ID 00824 scaled

10° 10°

frequency [MHz]

10

frequency [MHz]
FIGURE 6.17: Scaled comparison of

spectral feature of the five DM
sub-halos with observational data of
the Coma Cluster.

FIGURE 6.16: The radio flux densities
of the five high M/L DM sub-halos.

the flux density of all the five sub-halos, more massive ones having a larger deviation
from the observational data. Overall the scaled radio flux densities of DM sub-halos
show a better fit on the observational data as compared to the radio flux density of
clusters as shown in this work for the case of the Coma-like simulated clusters discussed
in Chapter 5 shown in Fig. 5.11. Moreover, from Fig. 6.16 I see that the flux densities
of all the five DM sub-halos are above the Square Kilometer Array (SKA) sensitivity
(broken line in yellow color) obtained with an integration time of 1000 hours which is a
reasonable observation time that can be achieved. This result thus suggests observing
DM dominated sub-halos using high resolution instruments like SKA to learn about the
nature and properties of DM via signals from DM annihilation process. In fact this point
can be tested in the future by comparing these spectra with that of objects showing a
peak in their DM densities that resemble DM dominated sub-halos among an identified
lists of objects.

6.5 High M/L Sub-halos and the Gamma-ray Emission
from DM Annihilation Processes.

In the following I discuss some of the results that are obtained for the gamma-ray
emission maps and flux densities for the five high M /L DM sub-halos chosen previously,
whose properties were listed in table B.1 and B.2. The calculations were performed
using neutralino mass of M,, 35 GeV and velocity averaged DM annihilation cross-
section (o V) = 1.0 x 10726 cm3 s~! from Fermi upper limit Ackermann et al. (2014).

We have seen (see Chapter 4) that neutral pions are produced as a result of DM anni-
hilation process and they decay in to gamma-rays. This signal is often said to form the
cleanest signal. One reason, for example, is the fact that gamma-rays pass undeflected
by the magnetic fields in their path from/between their emission (the sources) to obser-
vation (the detectors). In Fig. 6.18 to 6.21 I show the gamma-ray emission maps at 100
MeV obtained from pion decay process for DM sub-halo 1 to 4. In all of these maps I
see enhanced features (bright regions in the map) looking exactly like the corresponding
DM density square maps. In fact this is expected as the gamma-ray flux from pion decay
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FIGURE 6.18: Gamma-ray emission
map from pion decay at 100 MeV for
DM sub-halo 1.
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FIGURE 6.19: Gamma-ray emission
map from pion decay at 100 MeV for
DM sub-halo 2.
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FIGURE 6.21: Gamma-ray emission
map from pion decay at 100 MeV for
DM sub-halo 4.

is the DM density square integrated over volume in the line-of-sight multiplied by just
some constants (see Eqn. 4.13).

Another process that needs to be considered for the gamma-rays is the non-thermal
bremsstrahlung radiation obtained from secondary electrons discussed at the end of
Chapter 4. The gamma-ray emission maps obtained via this process are given in Fig.
D.2 to D.3 (Appendix D). Unlike pion decay these maps show less peculiar features
this is believed to arise from lower values of number densities in the thermal protons
which is considered to be equal to the thermal electron number densities. In Fig. 6.22
and 6.23 1 give the pion decay and non-thermal bremsstrahlung gamma-ray emission
for DM sub-halo 5. DM sub-halo 5 has relatively high gas content as compared to the
four DM sub-halos, due to this it has shown 6 orders of difference in the flux between
the two emission processes. The gamma-ray differential flux from pion decay and non-
thermal bremsstrahlung process for the five DM sub-halos is shown in Fig. 6.24. The
gamma-ray flux from pion decay process from DM sub-halo 1 (cyan color) is higher than
that of DM sub-halo 2 (red color) and vice versa for gamma-ray flux from non-thermal
bremsstrahlung process. This is due to the lower values of thermal electron densities
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FIGURE 6.22: Gamma-ray emission

map from pion decay process at 100
MeV for DM sub-halo 5.

which is used in the formula of the gamma-ray flux from non-thermal bremsstrahlung
process (see Eqn. 4.4). The pion decay spectrum shown by the sold lines in Fig. 6.24
stays above the non-thermal bremsstrahlung gamma-ray flux values shown in broken
lines for almost all energies between the mass of electron, m., 5.11 x 10~* MeV and
the mass of neutralino M,, 35 GeV for all the five DM sub-halos. The gamma-ray
flux densities of high M/L DM sub-halos show relatively lower values of gamma-ray
flux from non-thermal bremsstrahlung process especially for those DM sub-halos in the
sample which have very low gas content. Overall, the total gamma-ray flux spectrum
from all DM sub-halo looks very similar to the gamma-ray spectrum from pion decay
process.

6.6 Summary

Making use of different halo properties obtained by Rockstar halo finder (Behroozi et al.,
2013) I studied a large number of sub-halos obtained from the 282 MUSIC clusters
(Sembolini et al., 2013). I have selected sub-halos which show: (i) high values of M/L,
(ii) enhanced structure in the DM particle distribution, (iii) very small or almost no
baryonic content (“naked” DM sub-halos), and (iv) DM and baryons offset each other.
These sub-halos are expected to be good candidates for studying the nature of DM via
indirect detections of signals from secondary electrons and gamma-ray radiation from
neutral pion decay process. From the statistical studies of all the sub-halos I have found
that the radial distribution of the high M/L DM sub-halos is more strongly peaked at
~ Ragoerit- This may suggest that the search for DM annihilation signals from sub-halos
in clusters is most promising at Rogocrit -

For the study of the radio and «-ray emission from DM annihilation process, I choose a
representative sample of five high M/L DM Sub-halos. And I determine the radio flux
using neutralino masses of 35 GeV, magnetic field Model A and (o V) = 1.0 x 1072¢
cm?® s71. T observe that their scaled spectra fits very well over most of the observational
data of the Coma Cluster as compared to the radio flux density of their host clusters.
This is also in agreement with a relative deviation I find between the flux densities of
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FIGURE 6.24: Differential gamma-ray flux densities of the five high M/L DM
sub-halos from pion decay and non-thermal bremsstrahlung processes.

the five sub-halos where by more massive ones showed relatively higher deviation from
the observational data. The radio flux densities for the five high M/L DM sub-halos are
all above the sensitivity limit of the Square Kilometer Array (SKA) with an integration
time of 1000 hours.

Taking the same neutralino parameters as in radio, I have calculated the y-ray flux
densities of the five high M/L sub-halos. Their y-ray flux densities show relatively lower
values of «-ray flux from non-thermal bremsstrahlung process especially for those DM
sub-halos in the sample which have very low gas content. In some cases their non-thermal
bremsstrahlung spectrum stays below the pion decay spectrum at almost all energies.
Consequently, the overall v-ray flux spectrum from high M/L sub-halos is dominated by
~-ray emission from pion decay process. In the next chapter I will provide the concluding
remarks for my studies of “multi-wavelength emissions from DM annihilation processes
in galaxy clusters and high M/L DM sub-halos using cosmological simulations”.



Chapter 7

Concluding Remarks

Most of the matter in the Universe is in the form of non-luminous DM. The particle
nature of DM is still unknown. DM self-annihilation would provide a mechanism for an
indirect detection via electromagnetic emissions from secondary electrons production.
The spectral features of the emission are expected to be closely related to the nature,
composition and mass of the DM particles (Colafrancesco et al., 2006). I determine the
radio and gamma-ray emissions from neutralino DM annihilation processes considering
two neutralino masses, M, = 35 GeV and 60 GeV along with two different models of
magnetic fields.

Using the Marenostrum-MultiDark Simulation of galaxy Clusters (MUSIC) (Sembolini
et al., 2013), I develop semi-analytical models which provide multi-wavelength emission
maps from DM annihilation processes in galaxy clusters and sub-halos. The high res-
olution and number of MUSIC clusters allows us to single out DM sub-halos where it
can be expected that the DM annihilation signal exceeds ordinary emission. Applying a
Smooth Particle Hydrodynamics (SPH) kernel allows us to determine the DM density at
arbitrary locations within the cluster volume which is used to focus on the contribution
of sub-halos to the multi-wavelength emission maps of clusters.

The DM radio flux densities for a neutralino mass of 35 GeV and the magnetic field
based on Model A match best the observed diffuse radio emission of the Coma Cluster
(Thierbach et al., 2003). The fact that the flux density shows a very good agreement
with the observed one without invoking a boost factor from DM sub-structures shows
that the distribution of sub-structures is described well in the simulations. Our model
also predicts gamma-ray emission from pion decay, non-thermal bremsstrahlung and IC
scattering processes. The contribution to the overall gamma-ray flux from IC domi-
nates at low energies. Non-thermal bremsstrahlung is most prominent at intermediate
energies. At energies above ~ 35 MeV pion decay dominates.

In order to investigate the annihilation signal from “naked” sub-halos I select sub-halos
with exceptionally high mass-to-light (M/L) ratios from all the 282 MUSIC clusters.
These sub-halos are expected to be good candidates for studying the nature of DM via
indirect detections of signals from secondary electrons and gamma-ray radiation from
neutral pion decay process. The radial distribution of high M /L DM sub-halos is more
strongly peaked at ~ Rogoerit compared to the overall distribution of sub-halos.
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I demonstrate that the radio flux densities for the five selected high M/L sub-halos
are above the sensitivity limit of the Square Kilometer Array (SKA) with an integra-
tion time of 1000 hours. The gamma-ray flux densities of high M/L sub-halos show
relatively low gamma-ray flux from non-thermal bremsstrahlung. In some cases their
non-thermal bremsstrahlung spectrum stays below the pion decay spectrum at almost all
energies. Consequently, the overall gamma-ray flux spectrum from high M/L sub-halos
is dominated by the pion decay process.

In the current work I have considered the energy loss of secondary electrons as they in-
teract with the ICM. However, I have not taken into account the diffusion of secondary
electrons which would be required for a more realistic study of DM annihilation signal
from sub-halos. Also, small amounts of baryons in the high M/L sub-halos may con-
taminate the annihilation signal which needs to be determined quantitatively. Finally,
comparison of these results with observations in the gamma-ray band is required to
confirm the DM annihilation signal predictions. Very recently, a gamma-ray detection
from a DM sub-halo has been reported by Wang et al. (2016). The ~-ray spectrum they
present is consistent with DM annihilation into final state bb which is also used in the
DM models of this work. This opens the opportunity for a future comparison with these
DM models predictions.
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Emission Maps for DM model 35 GeV
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Appendix B

Properties of Representative Samples of High M /L DM
Sub-halos

Halo ID M/L Maximum density of | Total mass of the halo
DM [ Mg kpe 3] | in 30 kpc radius [ Mg |

1 324 2.8 x 107 3.07 x 1010

2 317 5.8 x 100 3.01 x 1010

3 334 3.2 x 10° 3.16 x 100

4 307 1.3 x 10° 2.91 x 1019

5 30.5 3.4 x 10° 3.18 x 1019

TABLE B.1: Halo ID, maximum DM density summed along the line of sight and total
mass with in 30 kpc radius for the five high M/L DM sub-halos considered in our

study.
Halo ID gas star DM radial
fraction fraction fraction distance [Mpc]
1 0.00000000 0.00308502 0.99691500 1.4273890
2 0.00944456 0.00314819 0.98740700 1.2760991
3 0.00000000 0.00299714 0.99700300 3.6156359
4 0.00651171 0.00325586 0.99023200 1.9817620
5 0.00594977 0.03272370 0.96132700 0.9785210

TABLE B.2: Halo ID, fraction of gas, star and DM in the halo with in 30 kpc radius,
and radial distance from the center of the cluster for the five high M/L DM sub-halos
considered in our study.
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Appendix C

DM and Gas Density Square Maps of High M /L DM Sub-

halos
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Appendix D

Gamma-ray Emission Maps from Non-thermal Bremsstrahlung
Process
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