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Abstract

Dark matter composes approximately 85% of the matter content of the Universe
(Planck Collaboration et al., 2020); however, its particle nature remains unknown.
Weakly Interacting Massive Particles (WIMPs) are among the most extensively
studied dark matter candidates (Jungman et al., 1996, Bergstrom et al., 1998, Cirelli
et al., 2024). They may produce observable signatures through annihilation or
decay processes (Bertone et al., 2005). One promising indirect detection method is
the search for synchrotron emission generated by secondary electrons and positrons
produced in WIMP annihilation in the presence of magnetic fields in astrophysical
environments (Colafrancesco et al., 2006).

The aim of this thesis is to investigate the potential of low-frequency radio
observations for constraining WIMP dark matter properties using galaxy clusters
as targets. The study focuses on the Coma and Abell 2199 galaxy clusters, which
contain dark matter halos with masses of the order of 10*® M, (Lokas and Mamon,
2003, Rines et al., 2002) and host magnetic fields whose properties are known
(Bonafede et al., 2010; Vacca et al., 2012). These characteristics make galaxy
clusters promising targets for predicting and searching for dark matter-induced
synchrotron emission.

A theoretical framework describing the dark matter annihilation process and the
resulting synchrotron emission is presented. The expected radio signal was modeled
using the DarkMatters code (Sarkis and Beck, 2025) for different WIMP masses
and annihilation channels. For the Coma cluster, we used the radio data presented
by Bonafede et al. (2022). For Abell 2199, LOFAR observations at 144 MHz were
processed (Shimwell et al., 2022) through a complete radio-interferometric analysis
pipeline, including data extraction, calibration, imaging, deconvolution, and the
search for diffuse emission.

A major challenge of indirect dark matter searches at radio wavelengths is
the separation of a potential dark matter signal from radio emission produced by
conventional astrophysical processes (Gaskins, 2016).

For the Coma cluster, upper limits on the WIMP annihilation cross section
were derived. Assuming the thermal relic annihilation cross section, WIMP masses
below approximately 1 TeV are excluded at the 95% confidence level for the bb
annihilation channel. This result is consistent with recent constraints obtained
from ~-ray and radio observations (Geringer-Sameth et al., 2015; Regis et al., 2021)

For Abell 2199, the final residual images were significantly affected by artifacts
associated with the bright central radio galaxy 3C 338. These residual structures
prevented a reliable extraction of any diffuse component potentially associated with
dark matter. Consequently, upper limits on the annihilation cross section were
derived using the total residual flux and the RMS noise level. It was shown that
this method could potentially place constraints up to WIMP masses of ~ 100 GeV,
assuming the thermal annihilation cross section.

The results demonstrate that low-frequency radio observations provide a valu-
able tool for indirect dark matter searches and highlight the potential of future
radio facilities such as the Square Kilometre Array (Weltman et al., 2020) to place
significantly stronger constraints on WIMP dark matter.


https://github.com/Hyperthetical/DarkMatters




Chapter 1

Introduction

1.1 Thesis Outline

Despite strong gravitational evidence for the existence of dark matter (DM), its nature remains
unknown. Among the most studied candidates are Weakly Interacting Massive Particles
(WIMPs), which could either annihilate or decay into Standard Model particles (Bertone
et al., 2005; Cirelli et al., 2024). These processes are expected to produce secondary electrons
and positrons, which emit synchrotron radiation in the presence of magnetic fields, as well
as gamma-rays from prompt emission or inverse Compton scattering on Cosmic Microwave
Background (CMB) photons. Such multi-wavelength signatures offer an indirect way to
constrain the properties of dark matter.

The purpose of this thesis is to derive upper limits on the WIMP masses with respect to
thermal cross-section based on Low-Frequency Array (LOFAR) observations of the Coma and
Abell 2199 galaxy clusters.

In Section 1.2, we examine the primary effects and phenomena that provide evidence for
the existence of dark matter. These are considered on cosmological scales (Section 1.2.1), on
galaxy cluster scales (Section 1.2.2), and on galactic scales (Section 1.2.3).

Next, in Section 1.3, we briefly discuss potential candidates for dark matter. After, in
Section 1.4, we focus in more detail on WIMPs as a hypothetical candidate whose parameters
will be investigated in the present study. We also outline the main properties of WIMP.

Then, in Section 1.5, we proceed to analyze the phenomenon of WIMP annihilation and its
observable signatures, specifically the secondary radiation, which can serve as indirect evidence
for the detection of WIMPs.

In Section 1.6, we discuss why the signatures of dark matter annihilation are promising to
search for in galaxy clusters. In Section 1.7.1, we explain why these signatures are effectively
probed for in the radio frequency range.

In Sections 1.7.2 and 1.8, we review the fundamental principles of radio interferometry and
the basics of interferometric image processing. We also justify the choice of the Low-Frequency
Array telescope as the primary instrument for the analysis conducted in this study.

Section 1.9 is devoted to the statistical methods used to reconstruct the parameters of
both the dark matter profile and the astrophysical component.

Section 1.A describes how magnetic field profile is probed in galaxy clusters, and Section 1.B
presents dark matter distribution in galaxy cluster.

Chapter 2 is devoted to the analysis of dark matter in the Coma cluster. Section 2.1
provides an overview of the main properties of the cluster. Section 2.2 describes the radio
emission data that form the basis of the subsequent analysis.

Section 2.4 presents a detailed discussion of the radio emission induced by dark matter
annihilation. The dependence of the predicted signal on the dark matter model parameters,
including the WIMP mass, annihilation cross section, and annihilation channel, is investigated.
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In Section 2.5 an analytical model of the expected emission is also constructed and later used
for fitting the observational data.

Subsequently, Section 2.6 presents simulations of the dark matter and astrophysical signals
together with the reconstruction of the input parameters. These simulations are used to assess
the performance of the method and to identify its limitations and range of applicability.

Finally, in Section 2.7, the developed statistical methodology is applied to the Coma cluster
data. Based on this analysis, upper limits on the dark matter mass are derived.

The Chapter 3 focuses on the search for induced dark matter emission in the Abell 2199
galaxy cluster. The chapter is organized into three main parts. Section 3.1 summarizes the
main properties of the Abell 2199 galaxy cluster. Section 3.2 details the calibration and
processing of the radio observations. Section 3.3 examines the extraction of astrophysical
information and diffuse radio emission from the processed data and presents the resulting
constraints on WIMP dark matter properties.

The results and conclusions are presented in Chapter 4.

1.2 Astrophysical Evidence for Dark Matter

1.2.1 Cosmological Framework

Cosmic Microwave Background (CMB) observations strongly indicates that the Universe on
the large scales (larger than 200 Mpc) is nearly spatially flat and the observed density is close
to the critical one, defined as:

3H{

PR P = LRI 10727 kg/m?, (1.1)

where G =~ 6.67 - 10*11;;22 is the gravitational constant and Hy ~ 67.4 + ().58.@[“;‘)C is the
Hubble constant at the present epoch (Planck Collaboration et al., 2020), which described the
expansion of the Universe:

Ho=*. (1.2)

Here a = a(t) is the scale factor, it describes how the overall size of the Universe changes with
time.

In the late 1990s, Riess et al. (1998) and Perlmutter et al. (1999) discovered accelerated
expansion of the Universe based on observations of Type la supernovae. They expressed the
scale factor a(t) as a Taylor series (Coles and Lucchin, 2002, more details in section 1.6):

a(t) = a(te) + a(te)(t —to) + % ato)(t —to)? + ... . (1.3)

where tg is the present epoch and t is the arbitrary time in the vicinity of ¢y at which the scale
factor is evaluated. We introduce a new parameter:

d(to)a(to)

0= (14

which characterizes whether the expansion of the Universe is accelerating or decelerating. We
substitute Hy using Hubble law (Eq. 1.2) and applying the definition for gg, rewrite Eq. 1.3 as

alt) = alte) |1+ Ho(t —to) — %H&(t—to)QnL... . (1.5)

This parameter (gp) depends on the chosen cosmological model. The current standard
model is the ACDM, in which the Universe is assumed to be homogeneous and isotropic
on large scales and composed primarily of cold dark matter (CDM) and the dark energy



1.2 Astrophysical Evidence for Dark Matter )

represented by the cosmological constant A is associated to the accelerated expansion of the
Universe (Dodelson and Schmidt, 2020, section 1.6).

In a spatially flat Universe, the present-day deceleration parameter is determined by the
matter (cold dark matter and baryonic matter) and dark energy density parameters, €, ¢ and
Q),0, respectively. Here, €; = p;/po, where p; is the density of a given component and pg is
the critical density (see Eq. 1.1).

In a spatially flat Universe, the present-day deceleration parameter is determined by the
matter (cold dark matter and baryonic matter) €, ¢ and dark energy Q4 o density parameters,
where = p/po, where p is the density for a specific component, according to:

Qm,O
2

qo = — Qa0 Qmo+Qo=1. (1.6)
Thus, the relative contributions of matter and dark energy determine whether the expansion
of the Universe decelerates (qy > 0) or accelerates (qo < 0). Using the present-day values
Q0 ~ 0.3 and Qp o = 0.7 (Planck Collaboration et al., 2020), we obtain:

g ~ —0.55, (1.7)

which implies an accelerated expansion of the Universe and the dominance of dark energy
at the present epoch. This result is consistent with the observations of Type la supernovae
reported by Riess et al. (1998) and Perlmutter et al. (1999).

Baryonic Acoustic Oscillations and CMB power spectrum

Prior to the Cosmological recombination, baryonic matter and radiation were tightly coupled.
Photons were continuously scattered by free electrons through inverse Thomson scattering,
thereby smoothing out primordial density inhomogeneities. As a consequence, matter was
unable to cluster and form large-scale structures. The coupled baryon—photon fluid exhibited
acoustic oscillatory behavior, commonly known as baryon acoustic oscillations (BAOs) see
(Dodelson and Schmidt (2020, section 8.6)).

These baryon—photon acoustic waves oscillated within the gravitational potential wells
determined by the evolution of dark matter density perturbations, which, after the matter—
radiation equality and during the subsequent matter-dominated era, were able to grow freely
through gravitational instability. Thus, the gravitational potential generated by dark matter
acted as a driving force for the acoustic oscillations.

This feature, namely the presence of a driving force, leads to an asymmetry in the amplitudes
of the even and odd peaks (overtones) of the BAOs. By analyzing the relative heights of these
peaks, one can infer the abundance of dark matter (see Fig. 1.1).

BAOs can be observed in the anisotropy pattern of the CMB temperature distribution.
These anisotropies exhibit a strong scale dependence, which can be described in Fourier space.
In mathematical terms, this is represented by the power spectrum of CMB temperature
fluctuations, schematically shown in Fig. 1.1. For further details, see Dodelson and Schmidt
(2020, chapter 9) and Balazs et al. (2026).

The results of Planck Collaboration et al. (2020), based on measurements of the CMB
anisotropies, give the value of the cold dark matter density parameter as Q.h? = 0.120 £ 0.001,
corresponding to 2. = 0.264 £+ 0.006, where ). denotes the present-day fractional energy
density of cold dark matter relative to the critical density.

Non-linear Perturbations Growth and Large Structure Formation

Observational data indicate that the Universe is homogeneous on scales larger than approxi-
mately 100-200 Mpc (Hogg et al., 2005; Scrimgeour et al., 2012). However, when examined
on smaller scales, a rich and complex structure emerges, including voids, sheets, filaments,
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Figure 1.1 This image is a schematic representation of the observed power spectrum of CMB
temperature anisotropies from Balazs et al. (2026). The geometry of the peaks: their positions and
relative heights—allows one to constrain the fundamental cosmological parameters of our Universe,
such as Qy, Q., Qp, Hy, among others.

clusters and other features of the cosmic web. The inhomogeneity of the Universe can be
characterized by the density contrast ¢:

0p = —. (1.8)

where dp is a density perturbation and p is the mean background density. Based on measure-
ments of the CMB power spectrum, the amplitude of density perturbations at the recombination
was of order 107> (Planck Collaboration et al., 2020). In contrast, in the present epoch these
inhomogeneities have grown significantly, reaching values of 10% up to 10° in the central regions
of galaxy clusters (Cirelli et al., 2024, section 1.3.1).

We will now briefly illustrate that the growth of density perturbations would not have
been possible without the presence of dark matter. For a detailed discussion of perturbation
theory, see Cirelli et al. (2024, section 1.3.1), or Coles and Lucchin (2002, part 3).

In perturbation theory, one obtains an equation describing the evolution of the growth
of density perturbations, 6(k), where k = 2x/\ is the wave vector corresponding to the
perturbation scale:

TR 2HE 4 (2
a

825k 85k U?/‘J2
ot? ot

— 47TGp> 5k = 0, (1.9)

where v, is the sound speed in the baryon—photon fluid.

Non-clustering of baryonic matter. In the early Universe, baryonic matter (protons,
neutrons, and electrons) was tightly coupled to photons.The sound speed in the baryon—photon
plasma was of the order of vy ~ ¢/v/3, resulting in pressure forces that exceeded gravitational
attraction on small scales. Therefore, we can neglect the gravitational term in Eq. 1.9, since

ArGpy <K Uilf. The evolution of baryonic density perturbations in this regime is described by
026}, A0, v2k?
— +2H—+ =0, =0. 1.10
o2 o a2 " (1.10)

In the matter dominated era scale factor was a(t) = (%tHO)Q/ 3 (see Dodelson and Schmidt,
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2020, section 1.1) and substituting these expressions into the equation 1.10, we obtain

825k 4 85k ’ngQ

912 T 31 ar " (Bpoa/3sa30k =Y 1.11
ot2 + 3t Ot * (%H0)4/3t4/35’“ 0 ( )

The solution of this equation describes the acoustic oscillations:

€1 COS (cokt1/3) + ¢9 sin (cok:tl/S)

O = 1173 , (1.12)
which corresponds to a pressure wave. The parameters cg, ¢1, and co are functions of Hy and
vs. As a result, baryonic density perturbations could not grow significantly until recombination
at z ~ 1100. Here, the redshift z is related to the scale factor by:

1

=_1. 1.13
2= (113)

Thus, before recombination, the perturbations had only an oscillatory behavior, and their
growth was effectively suppressed until the decoupling epoch, when baryonic matter began to
cluster gravitationally. The qualitative scheme of baryonic perturbation growth is presented in
the left panel of Fig. 1.2. Moreover, the amplitude of these perturbations can be determined
from the CMB power spectrum.

Dark matter clustering. In the case of dark matter, in the matter dominated era, which

is collision-free and pressure-free, the pressure term vfi ’;2 can be neglected. Then, Eq. 1.9
reduces to the following form:

026y, 06,

— +2H— — 47nGpyd = 0. 1.14

Expressing pg in terms of the Hubble and the gravitational constants (see Eq. 1.1), we obtain

2

% é%—l r =0, (1.15)
ot 3t ot 3t?
giving

O = cgt?3 4 cgt™t, (1.16)
where ¢4 and cq are integration constants associated with the growing and decaying modes of
the density perturbation. Thus, dark matter perturbations began to grow significantly before
the recombination. After decoupling, baryonic matter follows the inhomogeneities of dark
matter. Schematically, this is shown in the right panel of Fig. 1.2.

For completeness, it should be noted that in the radiation-dominated era (before z ~ 3400),
dark matter clustering was suppressed. In this epoch, where H = 1/(2t) (see Dodelson and
Schmidt, 2020, section 1.1), both terms in the third component of Eq. 1.9 can be neglected
because vg = 0 for the dark matter fluid. In this regime, §; corresponds to density fluctuations
of the radiation field. However, these radiation perturbations do not cluster and therefore do
not contribute to the gravitational potential.

026, 106
- — 1.1
o2 Ttor (1.17)
giving
0 ~ Int + const. (1.18)

Thus, dark matter effectively began to cluster after the matter-radiation equality at z ~ 3400.

The growth of density perturbations from recombination to the present time is highly
nonlinear, a behavior that can be explained by the presence of dark matter. The assembly
of dark matter structures begins earlier, and baryonic matter subsequently follows the dark
matter distribution through gravitational infall. In this framework, dark matter dominates
the gravitational potential, so that baryons effectively behave as a tracer of the underlying
dark matter density field on large scales.
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Figure 1.2 Illustration of the formation of large-scale structure in the Universe without (left) and
with (right) dark matter. Adapted from Balazs et al. (2026).

1.2.2 Dark Matter in Galaxy Clusters

Weak Gravitational Lensing

56’
56’

57

57

-55'58'
-55'58"

6"58M42° 36° 30° 24° 18° 128 6"58M42° 36° 30° 24° 18% 12°

Figure 1.3 Merging galaxy cluster. In the right panel, the red and blue colors represent the X-ray
luminosity observed with Chandra, tracing the distribution of the intracluster gas. The contours (both
left and right) indicate the total mass distribution inferred from gravitational lensing constraints. The
white bar corresponds to 200 kpc at the cluster distance. Adapted from Clowe et al. (2006).

Another important evidence for the existence of dark matter comes from observations of
galaxy clusters during merging events. One of the most prominent early examples is the Bullet
Cluster, reported by Clowe et al. (2006).

The majority of baryonic matter in galaxy clusters is contained in the hot intracluster gas,
whose mass distribution, density, and temperature can be inferred from X-ray observations.
In addition, the total mass distribution can be reconstructed using gravitational lensing
techniques (see Fig. 1.3). These observations reveal a spatial separation between the dark
matter component and the baryonic (gas) component.

This can be understood as follows. Initially, two galaxy clusters, each containing both
dark matter and baryonic matter, were gravitationally bound systems. During the collision,
the gaseous components of the clusters interacted strongly, producing shock waves and being
decelerated. In contrast, the dark matter components, which interact only weakly (or not at
all) with themselves and with baryonic matter, passed through each other largely unaffected.
For a detailed discussion of this interpretation, see, e.g., Cirelli et al. (2024).
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Dark and Baryonic Matter in Galaxy Clusters

The total mass of a galaxy cluster can be estimated using the virial theorem. For a bound
system, the time-averaged kinetic energy (K) and the time-averaged gravitational potential

energy (U) are related by
1
<K>:—§(U>. (1.19)
Let us consider a simplified galaxy cluster of radius R, consisting of IV > 1 identical galaxies,

each of mass m. In this case, the virial theorem can be written in the following form:

mv? 13 G(Nm)?

-2 1.2
2 25 R (1.20)
The total mass of the cluster can then be expressed as
My = N = OB (1.21)
=Nm=—-—. .
tot 3 G

Using this approach, Zwicky (1933) suggested that the actual mass of a galaxy cluster is
significantly greater than the visible mass (i.e., stars and gas).

Since the 1980s, X-ray astronomy has enabled more accurate estimates of both the total
mass of galaxies and their gaseous component. These studies focus on the hot intracluster gas,
which is assumed to be in hydrostatic equilibrium:

dPp,
— = — 1.22
dr 9Pg ( )

Here, P, and p, denote the gas pressure and density, respectively. Assuming the gas behaves
as an ideal gas, we can write
p, — kBl (1.23)
Myl
where kp is the Boltzmann constant, p is the mean molecular weight, m,, is the proton mass,
and T} is the gas temperature. Combining these equations and eliminating the pressure, we

obtain

d1y kppg i dpg kv Ty

=— 1.24
dr mpu dr mpp 9P ( )
Finally, we can express the gas density
dln py(r) _ GMr  dInTy(r) (1.25)
dr kpTy(r) 2 dr '

The gas temperature profile, Ty(r), and its logarithmic gradient, dInT,(r)/dr, can be measured
from X-ray observations. The total gas mass could then be estimated as

M, = /47rr2pg(7“)dr (1.26)

Studies (e.g., Vikhlinin et al., 2006) show that the gas fraction, My/Mot, within r5p9 ranges
from ~ 0.06 to 0.14, depending on the gas temperature. When corrected for the contribution
of stellar components, this ratio is referred to as the baryonic fraction, f, ~ 0.16.

1.2.3 Dark Matter on the Galactic Scales
Spiral Galaxy Rotation Curves

Spiral galaxies rotate around their symmetry axis. Their rotation velocities can be measured
using the Doppler effect, through the frequency shift of the neutral hydrogen HI 21 c¢cm emission
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line. Based on these measurements, Rogstad and Shostak (1972) construct the rotational
velocity of a galaxy as a function of the distance from the galactic center.

The total mass of a galaxy enclosed within a radius = and its circular rotation velocity can
be estimated using Newtonian:

r v (r)r
Veire(T) = GMLr) M(T)ZM

; e (1.27)

Rogstad and Shostak (1972), using observations of different galaxies, showed that the total
mass of neutral hydrogen HI accounts for only ~ 11% of the total galactic mass. This behavior
implies the presence of an additional, unseen mass component, such as an extended dark
matter halo.

In Fig. 1.4 from Cirelli et al. (2024), the rotation curves of two galaxies are shown, together
with the contributions of different components—disk, bulge, gas, and dark matter—to the
total rotation velocity of the system. The observed rotation curves do not decline with radius
as would be expected from the stellar and gas components alone, which indicates the presence
of an additional, spatially extended dark matter component beyond the optical disk that
maintains the approximately flat rotation profile at large radii (Rubin et al., 1978; Sofue and
Rubin, 2001; de Blok et al., 2008).

UGC03205 denser, bary(mic, more stars) DDOI61 (fainter, darker, more gas)
@ 2507 2 7of ' ‘ '
£ £
= 200f = 60r
c c
s : 2. 50F
EAR I £ ‘0
o i o 3
L 100F L 30F
c . -
2 s0f 2 2%
z : £ 10f
£ 0 R~ Qb cmimim i mpm ;i m T i my g mmg
0 2 4 6 8 10 12
Galactic radius in kpc Galactic radius in kpc

Figure 1.4 Galaxy rotation curves for star-rich (left) and gas-rich (right) galaxies. The different
curves represent the contributions from the disk, bulge, gas, and an additional unseen mass component.
Adapted from Cirelli et al. (2024).

1.3 Dark Matter Candidates

In this section, we discuss several leading candidates that could account for the nature of dark
matter and some basic properties of it. Some of these candidates are illustrated in Fig. 1.5.

Dark matter candidates can be classified into several categories. For example, they may
include modifications of gravity, such as those highlighting the limitations of general relativity.
They could also be light bosons: azions and azion-like particles (ALPs), standard neutrinos,
or a new type called sterile neutrinos. Alternatively, candidates may be large macroscopic
objects, such as MACHOs or primordial black holes. In this thesis, we will focus on Weakly
Interacting Massive Particles, shortly WIMPs. However, before doing so, let us briefly discuss
the other candidates.

1.3.1 Neutrinos

According to the Standard Model, our Universe contains hundreds of neutrinos per cubic
centimeter of space. These neutrinos fill the Universe much like the CMB photons. Their
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Figure 1.5 Schematic representation of possible candidates for dark matter. From Bertone and Tait
(2018).

temperature is slightly lower than that of the CMB, given by T, = (%)1/3 T, ~ 1.95 K. This
is because neutrinos decoupled from the cosmic plasma earlier, at temperatures of the order
of MeV, and their temperature subsequently decreased with the expansion of the Universe,
whereas photons were slightly heated during the annihilation of electrons and positrons at
T ~ 0.5 MeV. Therefore, the total amount of neutrinos could be estimates as

32¢(3)
T = 34_1 w2

T3 ~ 336 cm™® (1.28)

The factor of 3 accounts for the three neutrino flavors (v, v, and v,). The factor of 3/4
appears because neutrinos are fermions and therefore obey Fermi-Dirac statistics (as opposed
to bosons, which follow Bose—Einstein statistics). And n, corresponds to the total number
density of all neutrino and antineutrino species today.

In 2015, the Nobel Prize was awarded to Takaaki Kajita and Arthur McDonald for the
discovery of neutrino neutrino oscillations, which shows that neutrinos have mass. For instance,
measurements indicate that the lower bound on the sum of neutrino masses is approximately
0.06 eV (Fukuda et al., 1998). Thus, we can estimate the contribution of neutrinos to the total
energy density of the Universe, 2,

Ny, (my,)
Po

0, = ~14-1073 (1.29)

In the Standard Model, neutrinos can account for no more than 1% of the dark matter
abundance in the Universe. For more details, see Dodelson and Schmidt (2020, section 2.4.4).
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1.3.2 MACHO

Since the 1980s, the hypothesis that dark matter could consist of Massive Astrophysical
Compact Halo Objects (MACHOs) has been widely discussed (Hegyi and Olive, 1983, Alcock
et al., 1995). MACHOs could include planets, faint stars, brown dwarfs, or black holes.
However, such dark matter would be baryonic, which is strongly disfavored by observations of
CMB anisotropies, indicating that the vast majority of dark matter must be non-baryonic and
cold.

At present, MACHOs are primarily of historical interest. For example, microlensing studies,
such as Optical Gravitational Lensing Experiment (Udalski et al., 2015, OGLE) and Mroz
et al. (2024), conducted in the Milky Way and the Large Magellanic Cloud, have demonstrated
that no more than ~ 10% of a galaxy’s dark matter halo can consist of MACHOs in the mass
range 1079103 M,

1.3.3 Primordial Black Holes

A compelling dark matter candidate is primordial black holes (PBHs). Black holes with a
wide range of masses, from 10~° g to 10%, M, could have formed in the early Universe as a
result of extreme compression associated with the Big Bang. For more details see Carr et al.
(2021) or Cirelli et al. (2024, section 3.1.1).

Low-mass PBHs, with M < 107 M, according to Hawking radiation (Hawking, 1974),
would lose mass so rapidly that they would not have survived to the present day. More massive
PBHs, up to 10716 M, at the current stage of cosmic evolution would emit gamma- and X-ray
radiation during their evaporation; however, such emission or signatures of this emission is not
detectable by instruments such as INTEGRAL or Voyager-1, the latter having measured the
electron—positron flux.

PBHs in the mass range 5 x 1071 M to 1073 M, can be ruled out Cirelli et al. (2024,
section 1.3.1), as such black holes could collide with white dwarfs or neutron stars, subsequently
accreting their material and potentially triggering supernova explosions at rates far exceeding
what is currently observed. This places strong limits on dark matter candidates in this mass
range.

Objects of higher mass from 10~''Ms to 1075M have also been excluded through
microlensing observations conducted by the Subaru HSC experiment (Niikura et al., 2019).

1.3.4 Particle Candidates

Since the late 1980s particle DM paradigm are widely discussed (Bertone and Tait, 2018).
Any viable particle dark matter candidate must satisfy a number of cosmological and astro-
physical constraints. DM is required to be cold, namely non-relativistic at the cosmological
recombination. This condition is essential for the formation of large-scale structure in the
Universe.

Furthermore, dark matter must be electrically neutral or, at most, carry an extremely
small electric charge, since otherwise it would interact with photons via electromagnetic forces,
which is not observed. Moreover, cosmological observations (Planck Collaboration et al., 2020)
show that dark matter behave as a collisionless fluid. Thus, its interaction cross-section must
be significantly smaller than the characteristic strong nuclear cross section (i.e. ~ 10726 cm?),
see Cirelli et al. (2024, section 3.3)

Among the numerous particle dark matter candidates, sterile neutrinos (see Section 1.3.1),
axion-like particles (ALPs), and weakly interacting massive particles (WIMPs) are among
the most widely studied. Since the present work is devoted to searching for signatures of
WIMP annihilation, we discuss the relevant WIMP properties and parameters in more detail
in Section 1.4.
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1.4 WIMP Parameters

In this section, we discuss the main constraints on the parameters of Weakly Interacting
Massive Particles (WIMPs). The Tremaine-Gunn criterion, which establishes a lower bound
on the WIMP mass, is presented in Section 1.4.1. In the following Section 1.4.2 the upper
limit on the WIMP mass is discussed. Then, in Section 1.4.3, we examine the freeze-out
effect and the associated constraint on the annihilation cross-section, the so-called thermal
or relic WIMP annihilation cross-section, (ov) ~ 3 x 10726 cm3s~!. This represents one of
the key constraints on WIMP properties. Finally, in Section 1.4.4, we provide an overview of
experiments probing the parameter space of WIMPs.

1.4.1 Lower Limit of the WIMP Mass

Tremaine and Gunn, 1979 derived a lower bound on the mass of fermionic dark matter particles
by applying the Pauli exclusion principle to dark matter in galaxies. Within a unit phase-space
element, no more than g dark matter particles can be present, where g is the number of
internal degrees of freedom. This leads to the constraint

P
n <93 (1.30)

where n is the number density of dark matter particles and p = M, 0, is the characteristic
momentum, taken as the product of the particle mass and its typical velocity.

We identify this velocity as the velocity dispersion o,, which can be estimated from the
virial theorem: oM

02~ — ~ GpR?, (1.31)
R

where p is the mean mass density of the system.

Expressing the number density as n = p/m, and substituting Eqs. (1.30) and (1.31), we

obtain
h3 1/4

Thus, the Tremaine-Gunn argument places a lower bound of several tens of eV on the mass
of fermionic dark matter, adopting representative values o, &~ 100 km/s and R = 10 kpc.

1.4.2 Upper Limit on the WIMP Mass

Griest and Kamionkowski (1990) derived a fundamental upper bound on the WIMP mass. In
their approach, the particle wave function is expanded in terms of spherical harmonics, leading
to an asymptotic expansion of the annihilation cross-section in powers of the relative velocity:

(ov) = a+bv? +...

which contains only even powers of v in this expansion, as odd terms would violate spatial
symmetry.

During freeze-out (see Section 1.4.3), the WIMP mass exceeds the temperature of the
Universe by a factor of ~ 20-30. In this regime, dark matter particles can be treated as
non-relativistic. Consequently, the expansion of the annihilation cross-section is typically
truncated after the first few terms, corresponding to the so-called s-wave (constant), p-wave
(v?), and d-wave (v*) contributions.

For particles in thermal equilibrium in the early Universe, partial-wave unitarity of the
S-matrix imposes an upper limit on the annihilation cross section. Because the relic abundance
scales inversely with the annihilation cross section, 2. o< (cv)~! (see Section 1.4.3), this upper
limit implies a lower bound on the relic abundance, which grows with mass. By requiring
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that this does not exceed the observed dark-matter density, we obtain an upper bound on the
WIMP mass.

As a result, stable elementary particles with masses exceeding approximately 340 TeV are
strongly disfavored within the standard thermal WIMP scenario.

Smirnov and Beacom (2019) included the effects of Sommerfeld enhancement and showed
that this upper bound is reduced to approximately 140 TeV for self-conjugate dark matter
particles and 100 TeV for non-self-conjugate particles.

1.4.3 Thermal Production of WIMPs

The history of a generic WIMP begins at very early times (high temperature), when the WIMP
was in equilibrium with the rest of the cosmic plasma. As the Universe expanded and cooled,
the particle underwent freeze-out, when the annihilation rate dropped below the expansion
rate.
In this section we solve the Boltzmann equation for such particles to determine the freeze-out
epoch and relic abundance. For more details see Dodelson and Schmidt (2020, section 4.4).
The Boltzmann equation for interacting particles in an expanding Universe is given by

ony (0) _(0) n3ny ning
—— 4+ 3Hn; =n; 'ny ' (ov) - (1.33)
a1 1 20,0 0,0

Here (ov) is the thermally averaged cross section, and n; is the number density of i-th

(0)

species, and n;

reaction

is the same distribution but in thermal equilibrium. We assume the following

X+Xxev+y (1.34)

where two WIMPs x annihilate into two Standard Model particles ¢. In the early hot Universe
this reaction could proceed in both directions. The quantities nq and no denote the number
densities of dark matter particles, while n3 and n4 describe the number densities of Standard
Model particles. We assume that all Standard Model particles remain in thermal and chemical
equilibrium, so that their number densities satisfy ng = néo) and ng = nio). We also consider
a single dark matter species, such that n = n; = ny. Thus, we obtain

on n-n
on — (0, ( _ 7)
9 +3Hn =n"n" (ov) (1 0 0 (1.35)
The left part of this equation could be expressed as
dn d
L 3Hn =a 3 (a? 1.
dt+3 n=a dt(a n) (1.36)
Let’s call n(®) = Neg and obtain
d
-3 3 2 2
a ﬁ(a n) = (ov) (nf, —n?). (1.37)
We now do two changes of variables. First, we introduce Y
n Ne
Y = ﬁ and }/eq = Tg, (138)
from which Eq. 1.37 becomes
dy 3 2 2
=T (ov) (Y5, —Y?). (1.39)

Secondly, we change the time variable from t to x, defined as

M
x = TX and dr = zHdt. (1.40)
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Figure 1.6 The number-density abundance of a WIMP x as a function of x, where z = M, /T.
x is proportional to the scale factor x o« a. The dashed curve represents the equilibrium number
density. The two solid curves correspond to the abundance of the DM for two distinct values of A.
The parameter \ describes the the ratio between the Hubble expansion rate and the annihilation rate.
From Dodelson and Schmidt (2020, section 4.4)

At early cosmic time, the expansion of Universe was dominated by radiation, whose energy-
density is proportional to 7. By replacing this in Eq. 1.52, we obtain

H(M,)

Hx \px VT* x27% and H = 5

. (1.41)

Here H(M,) is a time-independent normalization factor corresponding to the Hubble expansion
rate at T = M, serving as a reference (normalized) Hubble parameter. Combining Eq. 1.39
with Eq. 1.41 we get ;

ay My{ov) 1 o 1o

i = HOL) 22 (Y?-Y3). (1.42)
This type of equation belongs to the class of Riccati equations, which in general does not have
an analytical solution. The numerical solution of Eq. 1.42 is shown in Fig. 1.6

However, it is possible to obtain an analytical solution for Y, in the asymptotic limit

of Eq. 1.42. The value of Y, is related to the present-day dark matter relic abundance,
corresponding to Q. ~ 0.26. In the case of x > 1 (T' < M,), we can neglect the Y, term in
Eq. 1.42, because it rapidly approaches zero.

dy Y2
~ AT 1.43
dz x2 (1.43)
3 agv
where A = AI;I(]i/[X;. The solution of eq.1.43 is
Vo~ o (1.44)

oo — )\ I
where x5 is the freeze-out epoch, typically of order ~ 20 (see Fig. 1.6). Returning back to the
original variables

1/2
87CG 2 2
_ Py, =713 ( 5 g*%) M 1.45
el e AL VE T (1.45)
(mg Lz)l/Q
3 *30
(ov) = Tz~ ) (1.46)

PoS2p M
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A crucial point is that the freeze-out temperature T differs from the present-day CMB
temperature due to entropy conservation in the expanding Universe. For this reason, the
temperatures of cosmic neutrinos and CMB photons differ as well. In the early Universe,
entropy was distributed across a large range of Standard Model particles, whereas today only
photons and neutrinos carry it: gnow ~ 2 + % -6 - (%)4/ ? ~ 3.36. The first term corresponds
to the photon contribution; the second term corresponds to the contribution of neutrinos and
antineutrinos (three flavors, each with a particle and an antiparticle), with the factor 7/8
arising from Fermi-Dirac statistics. The factor (4/11)*? accounts for the difference between
the neutrino and photon temperatures. Note that gfree#e-out ~ 106.75.
gfreeze—out T}’) CL?c — gnow Té} CL% (147)

From Eq. 1.46 we obtain
3 1/2
TSgnow (%Log*)

0
ov) = T 9
ov) g poS2pa Mpy

(1.48)

here all quantities are expressed in GeV units, and the gravitational constant is written in
terms of the Planck mass. Solving this equation we find

(ov) = 1.52-1077 GeV ™2 (1.49)
or by converting to CGS units
(ov) =~ 2-1072° cm3s 1 (1.50)

The thermal cross-section of the WIMP is mass-independent. Here, we just presented the
standard derivation of the canonical WIMP annihilation cross section. In the literature (e.g.
Dodelson and Schmidt, 2020) and throughout this work, we adopt the commonly used reference
value of (ov) = 3-10720 cm3s~ 1.

A more detailed and accurate analysis by Steigman et al. (2012) shows that the annihilation
cross section may deviate from this canonical value and exhibits a dependence on the WIMP
mass, as illustrated in Fig. 1.7.

To complete the derivation of the thermal annihilation cross section, we now discuss
the properties of the freeze-out parameter z; in more detail and provide an estimate of
its typical value. By equating the annihilation rate (ov)neq(xf) and the Hubble rate H.
For non-relativistic matter the equilibrium number density follows the Maxwell-Boltzmann

distribution: )
3/2
neg(T) =g (2’; > e MIT = g ﬁ e’ (1.51)
The Hubble rate in the radiation-dominated era
81G
H? = — P (1.52)
with the radiation energy density
2
T 4
Py = %Q*T ) (1.53)
where g, is the total number of degrees of freedom
7
9% = Gbosons T 5 YGfermions ~ 106.75 (154)

8

The factor % appears because of the different statistics for bosons and fermions.
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Figure 1.7 The black solid line shows the thermal annihilation cross section as a function of the
WIMP mass, while the grey solid line represents the canonical thermal cross section. From Steigman
et al. (2012).

For leptons there are three kind of particles e, u, 7, each with an antiparticle and two
spin states. There are also three types of neutrinos with their antiparticles, giving the total
Gieptons = 18. There are also six quark flavors (three colors, two spins, plus antiquarks)
Jquarks = (2. This gives grermions = 90. The bosonic content comprises eight gluons with
two polarizations ggjuons = 16, the four electroweak gauge bosons W+, W~,Z, ~ with two
polarizations each ggyw = 8, and the Higgs doublet gn;gqs = 4, gIVing ghosons = 28.

The Hubble rate is therefore

871G 72 1/2 &G 2 1/2

H=|(""g.-T* = ——gu- M} -2 1.

<3g3o> <3g30><> v (1.55)
Equating the Hubble rate from Eq. 1.55 to the annihilation rate from Eq. 1.51 gives
3/2 1/2
M3 871G 2

X = g, M -2 1.5

(o)g <2m> = (Fagm) s (150

from which the freeze-out value x; can be obtained

o _ 1/2(00)MMp; g
er =Ty 3
8w /\/% V9«

Solving numerically this equation gives x; ~ 26. Here the gravitational constant is expressed
in terms of the Planck mass as G = MEZQ.

(1.57)

1.4.4 WIMP Detection Experiments

Direct detection experiments search for the scattering of dark matter particles off nucleons
or electrons. It is assumed that a large flux of dark matter particles, bound within the halo
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Figure 1.8 Evolution of upper limits from direct detection experiments on the spin-independent dark
matter—nucleon scattering cross section, assuming a dark matter mass comparable to that of the Z
boson. From Cirelli et al. (2024).

of our Galaxy, passes through the Earth every second. Consequently, dark matter particles
may traverse terrestrial detectors and occasionally scatter off nuclei or electrons within the
detector material.

A major experimental challenge is the extreme rarity of such events, with expected rates
potentially below one event per ton of detector material per year.

Under the assumption of elastic scattering, the highest sensitivity of these experiments
typically peaks for WIMP masses around ~ 50, GeV in the case of nuclear recoils and in the
~ MeV range for electron recoils.. The historical evolution of upper limits on the WIMP—
nucleon cross section is shown in Fig. 1.8.

For example, the PandaX-II experiment (Cui et al., 2017), one of the most sensitive direct
detection experiments for WIMP masses around 40 GeV, reported an upper limit on the
spin-independent WIMP-nucleon cross section of 8.6 x 10747 cm? at 90% confidence level.

Such experiments place upper limits on the WIMP-nucleon elastic scattering cross section
on nuclei at the level of ~ 10746-107%7, cm?, which is approximately ten-twelve orders of
magnitude smaller than the typical thermal annihilation cross section (o ~ 1073°cm?),
assuming a WIMP velocity of order 0.1, ¢ at the freeze-out epoch. at freeze-out.

If dark matter is composed of WIMPs, its scattering cross section with baryons is expected
to be strongly suppressed.

1.5 WIMP Annihilation Signatures

The process of dark matter particle annihilation is described below, leading to the production
of secondary Standard Model particles, which are assumed to eventually decay into electrons
and positrons. This is discussed in Colafrancesco et al. (2006), Storm et al. (2017), Regis et al.
(2021), Egorov (2023) and others.

In this section, we discuss the theoretical framework. First, we outline the main concepts
and then present the full derivation in a more rigorous way.

1. Two DM particles annihilate and produce a pair of Standard Model (SM) particles.
These SM particles subsequently undergo secondary decays, generating cascades of stable
particles.



1.5 WIMP Annihilation Signatures 19

2. The secondary electrons and positrons, propagating in the presence of the intracluster
magnetic field, emit synchrotron radiation.

3. Given the DM distribution within the galaxy cluster, we estimate the number density of
WIMPs and the rate of annihilation processes.

4. Electrons and positrons lose energy through various astrophysical processes. These
energy losses affect the equilibrium energy spectrum of particles.

5. Using this information, we determine the energy spectrum and number density of the
secondary electrons and positrons.

6. By integrating over the cluster volume, we estimate the expected emission from secondary
electrons and positrons as a footprint of dark matter annihilation.

7. By comparing the theoretically predicted emission with observational data, we constrain
the best-fit WIMP parameters, namely the particle mass and the annihilation cross-
section.

1.5.1 Dark Matter Annihilation Channels

We consider the following model: two dark matter particles () annihilate, releasing an amount
of energy equal to 2mX02. As a result, a pair of Standard Model (SM) particles (1) is produced,

X+x—=¢+9. (1.58)

The annihilation can proceed through different channels, including quark-antiquark pairs (bb,
tt, and other quark flavors), leptonic channels (e~ e™, u~u™, 7771), electroweak gauge bosons
(W=WT and ZZ), photons (vv), gluons (gg), and Higgs bosons (hh) (Cirelli et al., 2011).

Table 1.1 The masses of Standard Model fundamental particles (from Particle Data Group Workman
et al. (2022))

Particle Mass [GeV /c? Notes
Leptons

Electron (e) 511 x 1074 Charged lepton

Muon (u) 0.106 Charged lepton

Tau (7) 1.78 Charged lepton
Quarks

Up (u) 2.2 x 1073 Current quark mass

Down (d) 4.7 x 1073 Current quark mass

Strange (s) 96 x 1073 Quark

Charm (c) 1.27 Quark

Bottom (b) 4.18 Quark

Top (t) 173 Heaviest quark
Bosons

W boson (W) 80.4 Weak gauge boson

Z boson (Z) 91.2 Weak gauge boson

Higgs boson (H) 125 Scalar boson

These secondary particles, characterized by the energy distribution dN;/dFE, may sub-
sequently undergo further decays (if they are unstable), giving rise to a particle cascade.
Ultimately, an ensemble of stable "granddaughter" particles is produced, described by a
specific energy distribution dNy/dE, which can be obtained from the following expression:

— = B; . 1.
-y n aam

(2
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Here, B; denotes the branching ratio of the ¢ — f decay channel. For more details, see Cirelli
et al. (2024, section 6.1). The parameters of leptons, quarks, and bosons are summarized in
Table 1.1.

1.5.2 Secondary Electron—Positron Emission

From this ensemble of secondary particles, we focus exclusively on electrons and positrons,
since their presence in a magnetic field leads to synchrotron radiation, which can be mainly
observed in the radio band.

The synchrotron power emitted per unit frequency by a single electron in the presence of a
magnetic field is given by

T sinf . T
P,(v,E,r,z) = do 2/ 3rovymecsin OF (—) (1.60)
0 2 sin @
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Figure 1.9 Synchrotron emission power of a single electron at 140 MHz as a function of electron
energy. The emission depends on the magnetic field.

where 1o = €?/(mec?) is the classical electron radius, # is the pitch angle, and vy =
eB/(2mmec) is the non-relativistic gyrofrequency. Following notation of Colafrancesco et al.
(2006), we define quantities x and F'(x) we defined them as

(1 +2)
Flz) =z / de Ky 5(6) ~ 1.25 213 exp(—x) (648 + 22) /1% . (1.62)

Here, K35/3(€) is the modified Bessel function of the second kind of order 5/3. As shown in
Egs. 1.61-1.62 and in Fig. 1.9, the synchrotron emission produced by a single electron depends
on the magnetic field and on its energy expressed in the terms of Lorentz-factor.

The synchrotron power spectrum per frequency per electron can be simplified as

T 1/3 2
_ .2 € € T~ 41/12
PV(V, E,?", Z) = \/§7T7/07“0m6(3/0' sin“ @ - 125m€$p(—slﬂ)[648 + m] / df

Fig. 1.9 shows the single-electron synchrotron emissivity at 140 MHz as a function of

electron energy and the magnetic field, the redshift is set to zero.



1.5 WIMP Annihilation Signatures 21

1.5.3 Dark Matter Distribution and Annihilation Rate

To estimate the total flux as a signature of the WIMP annihilation, we must determine the
particle number density and the corresponding rate of this process.

Let o denote the annihilation cross section and n, the total number density of DM particles.
Then, the mean free path is given by

A=, (1.63)
no

2
the coefficient 1/2 in front of the number density accounts for the presence of both DM and
anti-DM particles species. The typical interaction time ¢ can be written as

A 1
=2 ——.
v inXU’U

(1.64)

We now average over the dark matter particle velocities to obtain the thermally averaged
annihilation cross section (ov), as discussed in Section 1.4.3. From this point onward, the
annihilation cross section is understood to denote the thermally averaged quantity (ov).

In a volume V, there are IV, = n,V dark matter particles. In the annihilation process,
each pair of interacting particle releases an energy of 2MX02. The total energy production rate
is therefore given by

N, 1 VM.2 n2M,ccovV
Q=7X¥2ch2=nx : N (1.65)

Where we also take into account the relation between density and number density

Px

W (1.66)

Ny =
The dark matter density profile can be described by the Navarro-Frenk—White (NFW) profile
(Navarro et al., 1996), or by other commonly used parameterizations (For more details, see
Section 1.B). The total energy production per unit time per unit volume is
2 .2
PxC
= v
A

Q (1.67)

Here, Q = Q({ov), My, R) is the source term, which depends on the velocity-averaged annihi-
lation cross section (hereafter simply named as the cross section), the dark matter particle
mass, and the dark matter density profile as a function of the distance R from the cluster
center. Equation 1.67 is hereafter referred to as the source term equation.

The energy injected by the source term () is distributed among an ensemble of secondary
stable particles according to an energy spectrum.

Q(E,r)=>_ Qs (E,r) (1.68)
f
Where
MXC2 /dnf ’ ’
Qf(E,r):/E BB, r)dE (1.69)

Where dny/dE is the energy spectrum of the f-th species of injected particles. Hereafter, we
will focus only on electrons and positrons and will rename the source term corresponding to
electrons Q.(E,r) as Q(E,r).
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Figure 1.10 The energy-loss term is shown for a magnetic field strength of B = 1 uG and an electron
number density of n. = 1073 cm ™3, which are typical values for galaxy clusters. The total energy-loss
rate is represented by the solid black line, while the combined synchrotron and inverse Compton
contributions are shown by the blue dashed line. For electron energies greater than a few tenths of a
GeV, Coulomb and bremsstrahlung losses become negligible.

1.5.4 Loss Term

To understand the energy spectrum of electron in thermal equilibrium, it is necessary to
take into account the rate of electron energy losses. We consider four primary energy loss
mechanisms: synchrotron radiation, inverse Compton scattering, bremsstrahlung (or free-free)
emission, and ionization (or Coulomb) losses.

blOSS(Eu Bu ne) = bSynch(E7 B) + bICS(E) + bBrem(Ea ne) + bCoul(E7 ne) (170)

According to Sarkis and Beck (2025), and in agreement with Egorov (2022), the coefficients
of the energy-loss terms can be written as

( B 2 E 2
neh = 2.5-10718
bsynch = 2.5 - 10 <1MG> <1GeV>

E
GeV

bies = 0.26 - 10716 (

1
bBrem = 7.1- 10720y ( ) (In~y + 0.36)

beow = 7.6-10718 ( ”673) <1n nl + 73>

lcm

Here, v and E denotes the Lorentz factor and the energy (in GeV) of the particle, B is the
magnetic-field strength in ©G, and n, is the electron number density measured in cm™3. The
total energy-loss term is given in units of GeVs™?

For high-energy particles (E > 1 GeV), the dominant energy-loss mechanisms are syn-
chrotron radiation and inverse Compton scattering, both of which scale as the square of the
particle energy. An example of the total energy-loss term is presented in Fig. 1.10.
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1.5.5 Energy Spectrum of Secondary Electrons and Positrons

In Section 1.5.2 we showed the synchrotron power emission by a single electron. The next step
is understanding the total number-density of electrons with certain energy E. From which we
will be able to estimate the expected total flux from a galaxy cluster. The evolution of the
electron power spectrum is described by the diffusion equation

dne
dE

g dne
ot dE

dne

(E,r)=V [D(E,r)v } + 55 0 {bloss(E r)——

5F ] +Q(E,7) (1.71)

where dn./dFE is the electron equilibrium spectrum, Q(E,r) the source (see Eq 1.67 and
Eq. 1.69), D(E,r) is the spatial diffusion coefficient, b,s5(E, ) is the energy loss term
described in Eq. 1.70.

As a result, the energy loss processes govern the evolution of the electron distribution,
allowing the diffusion term in the diffusion equation to be neglected. Let us consider the

stationary case
0 dne

9 dE =0;D=0 (1.72)
The diffusion equation becomes
0= 0 bus(B,r, )22\ 1 0B, 7) (1.73)
8E loss r,z dE r .

from which we derive the equilibrium electron spectrum

) = | M e (1.74)
- ,T) = — , T .
bloss(Ev T) E

The upper integration limit corresponds to the maximum energy at which the particles can
be injected into the system, which is the DM particle mass chz_ The lower limit corresponds
to the fact that only electrons injected with energies E/ > FE can contribute to the equilibrium
spectrum at energy FE after energy losses.

1.5.6 Synchrotron Emission from Dark Matter Annihilation

Now that we know both the equilibrium electron energy spectrum given by Eq. 1.74 and the
synchrotron emissivity of a single electron given by Eq. 1.60, we can combine them to obtain
the total synchrotron emissivity:

Myc d?’Le
Ju(r,z) = 2/ P,(E,rz)——(E,r)dE. (1.75)
mec? dE

The factor of 2 accounts for contributions from both electrons and positrons. Evaluating this
integral yields the synchrotron emissivity per unit volume as a function of radius within the
galaxy cluster. Assuming spherical symmetry of the cluster, we estimate the flux per unit
projected area (the surface brightness).

o0 / /
L) = / L(r’)f,fi = (1.76)

In Sections 1.5.1-1.5.6, we obtained estimates of the expected emission from dark matter
particle annihilation, parameterized in terms of WIMP properties such as mass and annihilation
cross-section. By comparing observations of real astrophysical sources with the theoretical
predictions presented above, one can derive constraints or upper limits on the mass and
cross-section of WIMPs.
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1.6 Galaxy Clusters as Laboratories for Probing Dark Matter

A useful quantity for estimating the annihilation signal from DM particles is the so-called
J-factor. The expected signal from secondary particles can be separated into two components:

I=¢xJ, (1.77)

where ¢ depends on the WIMP properties, such as particle mass, annihilation cross-section,
and annihilation channel, while the second term .J, so-called J-factor, contains the dependence
on the astrophysical properties of the source:

2 PR3
ps
7“2

J= /p]‘gM dl dQ ~ , (1.78)
here, ps denotes the characteristic dark matter density and Ry the scale radius of the halo.
The index s refers to the parameters of the NFW profile (see Section 1.B), while r is the
distance from the source.

The larger the J-factor, the higher the expected flux from dark matter annihilation. Below,
we compare several characteristic classes of astrophysical objects, including dwarf galaxies,
galaxies, and galaxy clusters. The estimated J-factors are summarized in Table 1.2.

e Dark matter in dwarf galaxies. Dwarf galaxies were analyzed by Regis et al. (2015).
The main advantage of these objects is the absence, or very low level, of intrinsic radio
emission, which makes them particularly suitable targets for indirect dark matter searches.
Using observations of the Large Magellanic Cloud, Regis et al. (2021) derived a lower
limit on the WIMP mass of approximately 500 GeV.

e Dark matter searches in galaxies. Among galaxies, two of the most promising
candidates for dark matter searches are the Andromeda galaxy (M31) and the Milky
Way (Egorov, 2022). According to Table 1.2, M31 possesses one of the highest J-factors
among nearby astrophysical sources. However, a significant disadvantage is the presence
of strong astrophysical background emission. As a result, one has to model and separate
the conventional astrophysical emission from a possible dark matter contribution. A
detailed analysis of dark matter signatures in M31 was performed by Egorov (2023),
where the upper-limit of WIMPs mass was set as an order of 100 GeV.

e Dark matter in galaxy clusters. Galaxy clusters contain enormous amounts of dark
matter, contributing up to 80-90% of the total cluster mass (see, e.g., Vikhlinin et al.
(2006)). Although their characteristic J-factors are typically lower than those of dwarf
galaxies or nearby galaxies, galaxy clusters may experience an additional enhancement
of the annihilation signal due to dark matter substructures concentrated toward the
cluster. This effects is referred to as the substructure boost factor. Another important
advantage is that the magnetic fields in galaxy clusters can be independently estimated
through Faraday rotation measurements (see Section 1.A).

On the other hand, galaxy clusters contain diffuse non-thermal emission of astrophysical
origin. It is necessary to separate this component from the potential dark matter-induced
emission.

The theoretical foundations for searches of WIMP annihilation signatures in galaxy
clusters were established by Colafrancesco et al. (2006).
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Table 1.2 Characteristic properties of astrophysical objects commonly used in indirect dark matter
searches. J-factor estimated by Eq. 1.78

Object Type Ps R, M Distance J-factor
[GeV cm ™3]  [kpc] [Mo)] [Mpc]  [GeV? cm ™)
Fornax Dwarf galaxy 0.15 0.67 5-107 0.15 9-10M
Carina Dwarf galaxy 0.4 0.24  6-10° 0.076 10%
M31 Galaxy 0.12 10.4 10'2 0.78 8- 10'6
Coma Galaxy cluster 0.01 290 1.4-10% 101 7-10%
Abell 2199 Galaxy cluster 0.02 180 7.6-10 128 410

1.7 Overview of Radio Interferometry

1.7.1 Radio Interferometry for Searching DM Signatures

Fig. 1.11 shows the expected radio emission from dark matter annihilation as a function of the
distance from the center of the Coma Cluster for different observing frequencies ranging from
10 MHz to 100 GHz. We find that the expected flux is higher at lower frequencies.

Ground-based observations are fundamentally limited at the low-frequency end by the
Earth’s ionosphere, whose plasma cut-off reflects or absorbs incoming radiation below ~ 10 MHz.
Above this limit, the decametre-to-metre range up to ~ 1 GHz remains observable, and this
window is of greatest interest here: as shown in Fig. 1.11, the expected DM signal rises towards
lower frequencies, with the sub-GHz range probing the lightest DM particle masses, where the
predicted flux is largest.

Several current generation interferometers provide access to this band: MWA (Lonsdale
et al., 2009, Murchinson Widefield Array) covers the 70 to 300 MHz range, uGMRT (Gupta
et al., 2017, updated Giant Metrewave Radio Telescope) spans from 50 to 1500 MHz across
its bands, LWA (Ellingson et al., 2009, Long Wavelength Array) and NenuFAR (Zarka et al.,
2012, New extension in Nangay upgrading LOFAR) access the lowest frequencies (10-85 MHz),
and VLA (Perley et al., 2011, Very Large Array) can access the 58-84 and 230-470 MHz
ranges with the 4- and P-bands, respectively. In the near future, SKA-Low (Dewdney et al.,
2009, Square Kilometer Array) will be the most sensitive telescope mapping the 50-350 MHz
frequency range. Among these facilities, LOFAR (van Haarlem et al., 2013, Low Frequency
Array) operates in the 10-240 MHz frequency range, provides one of the highest sensitivities
at around 150 MHz, and offers archival observations with integration times of tens of hours for
targets of interest.

1.7.2 Introduction to Radio Interferometry

The derivations presented in this section are based on Synthesis Imaging in Radio Astronomy
II by Taylor et al. (1999).

Let us consider a single antenna whose position in space is specified by the vector . We
also assume the presence of a distant point source located at position ﬁ, such that R > r.
This source produces an electric field E (ﬁ, t), which propagates toward the observer in the
form of electromagnetic waves.

Due to the linearity of Maxwell’s equations, the electric field E can be decomposed into
a superposition of monochromatic components EV, and any time-dependent signal may be
expressed into a Fourier series, which likewise preserves linearity. Consequently, we consider
the electric field component Ey(é) to be time-independent and quasi-monochromatic.

Under these assumptions, the electric field measured by the antenna can be written as

B, (7) = / / / Py(R.7) By (B)dudyd: (1.79)
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Figure 1.11 Left panel shows the expected synchrotron emission from dark matter annihilation
calculated for different observing frequencies from the Coma Cluster. The input parameters are a
WIMP mass of 100 GeV, an annihilation cross-section of 10726 cm?®s~!, and the bb annihilation channel.
The simulation was performed using the DarkMatters code; see Section 2.4 for details.

The right panel shows the total expected flux from the Coma Cluster at different observing frequencies.
The vertical line indicates the central observing frequency of LOFAR. The simulations were performed
for WIMPs with a fixed bb annihilation channel and an annihilation cross-section of 10726 ¢cm?®s~!, for
different masses ranging from 10 GeV to 100 TeV.

where the propagator Py(ﬁ, 7), describes the contribution of the electric field at the source
position R to the electric field at the observation point 7. Treating the electric field from each
source element as a spherical wave, the propagator takes the form

S 1 B
E,(F) = / E,,(R)Ee_Q’r”l'R_chS (1.80)

where dS is an element of the spherical surface of radius R enclosing the source. This electric
field can be measured by a single antenna.

In practice, however, interferometers are commonly used (see Fig. 1.12) The simplest
interferometer consists of two antennas, measuring F,(71) and E,(7) respectively. The
correlation of their signal at frequency v is then given by

Vo (1, 72) = (B (M) B, (72)) (1.81)

The asterisk denotes complex conjugation and (-) the time ensemble average. Substituting
Eq. 1.80 for each field in Eq. 1.81 gives

Vi (71, 7) = <//Ey(ﬁl)E;(ﬁ2)6_2ﬂiVRI—F1|/C€2WiV|R2—F2/C>CM (1.82)
R Ry
Under the far-field approximation (R > r), we assume R; ~ Ry ~ R and R > rq,ry. In this
limit, the wavefront can be approximated as plane waves. Therefore, the distances can be
expanded as _ .
By — | = By — | = 8- (7 — 7%), (1.83)

where § is the unit vector pointing in the direction of the source. Thus we obtain
Vol i) = [(B (R i g (1.84)
where dQ is the solid-angle element. We identify |E, (R)|? with the source intensity I(3).

We choose a reference plane perpendicular to the direction toward the source, where
the vector u points to the east and the vector v points to the north. Together, they define
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Figure 1.12 A basic interferometer consisting of two antennas located at positions 7} and 7, receiving
radiation from a distant monochromatic source. Using the propagator function, the electric field at
each antenna can be calculated, allowing the correlation of the received signals to be determined. The
figure indicates the position in the uwv-plane, the baseline b= 75 — 71, the geometric delay cty, and the
unit vector § pointing toward the source.

the uv-plane. In this plane, the baseline vector can be written as 2 — 7l = (u,v,w), A,
where A is the observing wavelength, and the source direction is given by the unit vector
§ = (I,m,v/1 —1%2 —m?2). This plane is tangent to the celestial sphere, and [ and m are called
direction cosines, with | = siné, and m = siné, (where 6, and 6, are the sky coordinates).
For a coplanar array (w = 0), this gives the van Cittert—Zernike relation:

—27rz(ul+vm)
Vi (u,v,w = 0) // (l,m) dldm (1.85)
VI—12-—m?

This quantity V,, is called visibility. Visibilities are complex—valued quantities and can be
written as V,, = Ae~"®, where A is the amplitude and ¢ is the phase (as also done for antenna
gains later in Section 1.7.3).

With the flat-sky approximation (§ < 1, so V1 — 1?2 — m? ~ 1), which holds for a small
field of view, Eq. 1.85 reduces to the two-dimensional Fourier transform of the sky brightness
distribution I, .

Moreover, each pair of antennas measures a single point in the uwv-plane, but contributes
two conjugate visibilities: one at coordinates (u,v) and its Hermitian counterpart at (—u, —v),
reflecting the relation V,(—u, —v) = V*(u,v) (see also the central panel of Fig. 1.13).

The interferometer elements have different sensitivity in different directions. This angular
response is encoded in the primary beam A, (L, m)

Vi (u,v) = / / Ay (1, m) L, (1, m)e 2™+ vm) gigm (1.86)

In practice, the spatial coherence function V is sampled through discrete coverage of the
wv-plane. This sampling can be described by a sampling function or window function S(u,v),
which may be written as

S(u,v) = {1, if data were taken at this wv-point, (1.87)

0, if not.
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As a result of sampling we can measure only
IP(1,m) = //Vl,(u, )8 (u, v) 2™ ) gy dy (1.88)

IP(1,m) is called the dirty image. The dirty image arises because the uv-coverage is incomplete
and discrete. In other words, the expression can be written as a convolution:

I’ =1,%B, (1.89)

Where B, (I, m) is called dirty beam or point spread function (PSF) and
B,(l,m) = //S(u,v)e%i(u””m)dudv (1.90)

Only if the sampling region S(u,v) covers the entire plane would PSF B, (I, m) become a
delta function and IP = I, exactly.
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Figure 1.13 The left panel shows the LOFAR HBA station positions. The central panel shows the
corresponding uv-coverage, while the right panel shows the resulting PSF.

1.7.3 Data Calibration

A two-element interferometer measures the correlation of the signals received by a pair of
antennas 7 and j along a given baseline projected onto the uwv-plane. In the absence of
instrumental and propagation effects, this equals the true visibility Vg, which is essentially
the Fourier transform of the sky brightness (Eq. 1.86). In real observational scenarios, the true
sky signal is corrupted by instrumental and propagation effects, which lead to the observed
visibilities VZJO The purpose of calibration is to model and remove these effects in order to
recover Vg The two quantities are related by the radio interferometry measurement equation
(Hamaker et al., 1996, RIME):

Vi = Gy, )V + eij(v,t) + 155 (1, 1), (1.91)

where G;; is the baseline-based complex gain (also known as a Jones matrix), €;; is a baseline-
based complex offset, and 7;; is stochastic complex noise. Most of the corrupting effects are
antenna-based, which gives

Gij(v,t) = Gi(1, )G (v, 1) = ai(v, t)aj(v, t)e' G =2 (D) (1.92)

where a;(v,t) and ¢;(v,t) correspond to the amplitude and phase of the complex gain of each
antenna.
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For an array of N antennas, there are N(N — 1)/2 baseline equations but only N antenna
gains to determine. The system is therefore overdetermined and can be solved through
calibration by estimating the amplitude and phase of the gain for each antenna in the array.
All determined gains (G;(v,t) depend on both frequency and time; however, in many cases
the time and frequency variations can be treated independently, allowing them to be solved
separately.

When visibilities are strongly corrupted, for example by radio-frequency interference (RFI)
or malfunctioning antennas, they are excluded from the analysis (flagged). In many cases,
corrupted data are identified before calibration, for example due to RFI in specific frequency
channels. Additional corrupted data can also be identified during calibration by checking the
gains. At low frequencies, ionospheric effects can cause fast phase changes in the visibilities,
which makes it easier to detect problematic data.

1.7.4 Image Cleaning

An interferometric array yields samples of complex visibilities (see Eq. 1.85 and Eq. 1.88),
from which the sky brightness distribution, namely an image, can be recovered through a
two-dimensional Fourier transform. However, because the dirty beam exhibits sidelobes that
degrade the image quality, deconvolution techniques are required to remove these sidelobes
and produce higher-quality images. Among these techniques, the CLEAN family of algorithms
is the most commonly used approach for recovering I,, from I,

For example, the Hogbom (1974) CLEAN algorithm solves the convolution equation
by modeling the sky brightness distribution as a superposition of point sources (i.e. delta
functions).

The main steps of the Hogbom 1974 CLEAN algorithm are illustrated in Fig.1.14 and are
as follows:

1. Identify the location of the strongest peak in the dirty image (b), usually determined
from the absolute value of the image intensity.

2. Subtract a fraction of this peak, scaled by a loop gain (or damping factor) (c), convolved
with the dirty beam, from the dirty image (d).

3. Record the position and amplitude of the subtracted peak in a list of CLEAN components,
which eventually form the source model (c).

4. Repeat the previous three steps iteratively until a stopping criterion is reached, such
as a predefined number of iterations or until the brightest peak of the residual dirty
image falls below a certain threshold level (e). The remaining image is referred to as the
residual image (f). In an ideal case, where all the sources have been cleaned correctly,
residual image should be just thermal noise (which is the lowest brightness achievable in
a residual image).

5. Convolve the final source model (g) with the clean beam, usually obtained from a gaussian
fitted to the main lobe of the dirty beam, and add to the residual image (f), to obtain
the so-called restored (or deconvolved) image (i).

Several extensions of the original Hogbom CLEAN algorithm have been proposed, including
the Clark CLEAN (Clark, 1980) and Cotton-Schwab CLEAN (Schwab, 1984) algorithms.
These methods improve the computational efficiency of the deconvolution by partially operating
in visibility space rather than entirely in the image plane. In particular, the Cotton-Schwab
algorithm iteratively subtracts the source model directly from the visibilities and recomputes
the residual image, significantly reducing the computational cost and improving the accuracy



30 Chapter 1: Introduction

12 12 12

—— True Data — Dirty Image —— Reconstructing the Model
a) b) <)
10 4 10 1 10 4
8 84 8
6 6 6
4 4 4
2 2 2
0 0 0
-2 T T T T -2 -2 T T T T
0 20 40 60 80 100 0 20 40 60 80 100 o 20 40 60 80 100
12 12 12
—— Subtracting the Model —— lteratively Repeat —— Residual Image
d) e) )
10 4 10 4 10 +
8 8 8
6 64 6
4 4 4
2 2 2
0 0 0
-2 -2 U T T T -2 T T T T
o] 20 40 60 80 100 0 20 40 60 80 100 o 20 40 60 80 100
12 12 12
—— Model —— Model Image . —— Deconvolved Image
9) h) i)
10 4 10 1 10 4
8 84 8
6 6 6
44 4 44
0 0 07
-2 T T T T -2 T T T T -2

0 20 40 60 80 100 0 20 40 60 80 100 o 20 40 60 80 100

Figure 1.14 The figure illustrates the Héghbom 1974 CLEAN algorithm. Panel (a) shows the true signal
consisting of three sources: a strong, an intermediate, and a weak source. Panels (b—f) demonstrate
the deconvolution procedure. The CLEAN model shown in panel (g) and the corresponding model
image in panel (h) successfully recover the strong and intermediate sources; however, the weak source
remains undetected. Finally, by adding the residual image from panel (f), the final deconvolved image
shown in panel (i) is obtained. This final image can subsequently be used for measurements of the
physical properties of the observed sources and diffuse emission.

of the reconstruction. This approach forms the basis of most modern CLEAN implementations
and can naturally account for non-coplanar baselines (the w-term).

A further limitation of the original CLEAN algorithm is its assumption that the sky
brightness distribution can be represented as a collection of point sources. While appropriate
for compact emission, this approximation performs poorly for extended structures and often
requires a large number of CLEAN components. To address this issue, multi-scale deconvolution
algorithms have been developed, in which the sky brightness is represented as a combination
of components with different spatial scales. Common choices include Gaussian basis functions,
whose Fourier transforms are analytically known (Cornwell, 2008; Greisen et al., 2009; Offringa
and Smirnov, 2017).

1.8 The Low Frequency Array

The Low-Frequency Array (van Haarlem et al., 2013, LOFAR) is a radio interferometer located
primarily in the Netherlands, with additional stations distributed across Europe. The central
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part of the array is shown in Fig. 1.15.

Figure 1.15 The central part of LOFAR. From van Haarlem et al. (2013)

Each LOFAR station is made up of two types of receivers: the Low-Band Antenna (LBA),
sensitive to the 10 — 90 MHz frequency range, and the High-Band Antenna (HBA), sensitive
to the 110 — 240 MHz range. The size and distribution of HBA and LBA within a station
change with the distance from the center of the array, such that LOFAR stations are classified
into three types, as shown in Fig. 1.16:

e Core stations: 24 LBA and 48 HBA stations located within a maximum distance of 2
km from the array center. In LOFAR, the HBA dipoles are the fundamental receiving
elements. These dipoles are grouped into tiles arranged in a 4 x 4 grid. A collection of
tiles forms a single HBA station (24 tiles for core stations, 48 for remote stations, and
96 for international stations).

Each HBA station in the core is split into two sub-stations, HBAO and HBA1, each
consisting of 24 tiles (see Fig. 1.15). These sub-stations can operate either jointly as
a single station or independently as separate stations. Operating them independently
increases the number of baselines, thereby improving the uv-coverage.

e Remote stations: 14 stations, each equipped with 96 LBA and 48 HBA tiles, are
distributed across the Netherlands, providing a maximum baseline of 120 km. An inner
observing mode can be used, in which only the inner 24 HBA tiles are activated to match
the configuration of the core stations.

e International stations: 14 stations, each with 96 LBA and HBA tiles, are distributed
across Europe, extending the maximum baseline to 2000 km, enabling very long baseline
interferometry (VLBI) with the same instrument.

LOFAR is not a typical interferometer with dishes that can point and track a source. The
antennas within a LOFAR station are fixed and do not physically move. Pointing is instead
performed via beamforming (Thompson et al., 2017, Chapter Antennas and Arrays): the signal
from each antenna is time-delayed before summing, so that waves from the desired direction
add coherently while those from other directions are suppressed. By adjusting these delays,
the station beam across the sky can be electronically steered (van Haarlem et al., 2013).
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Core station Remote station International station

Figure 1.16 The core, remote, and international LOFAR stations layout. Layout is not drawn in
scale. The HBA tiles are shown as small squares, while the LBA dipoles are indicated by large circles.
Adapted from van Haarlem et al. (2013)

1.8.1 UV-Coverage

The image quality dependents on how well the uv-plane is sampled (for e.g. central panel of
Fig. 1.13). A poorly sampled uv-plane can result in strong side-lobes in the synthesized beam
(see e.g. right panel of Fig. 1.13) that limiting the overall dynamic range of an image. Moreover,
since an interferometer samples discrete points in the uv-plane, the resulting incomplete uv-
coverage causes a loss of information of the angular scales that are not sampled. This limitation
is particularly important when imaging extended sources.

1.8.2 Angular Resolution

The ability to identify and characterize structures of different angular sizes depends on the
angular resolution of an interferometric array.

A

bmax

Ores = (1.93)
Where A is the observing wavelength, by, is the longest baselength up to 3.5 km for core
stations and 120 km for remote stations. « is a parameter depends on the array configuration
and the imaging weighting scheme (natural, uniform and others). In practice, the resolution
also depends on the position of the source in the sky relative to the array zenith: the farther
from the zenith the target source is, the more the baselines are foreshortened in projection
along the source—zenith direction. This compresses the uv-coverage along that axis, resulting
in an elongated, elliptical synthesized beam.

1.8.3 Sensitivity

The sensitivity of the telescope observations can be expressed by using the system equivalent
fluz density (SEFD), defined as the flux density of a hypothetical source that produces the
same power to the receiver as the system noise itself. Figure 1.17 shows the SEFD as a function
of frequency for the LOFAR core and remote HBA stations.

An increase in the integration time, bandwidth, and number of antennas participating in
the observations improves the signal-to-noise ratio. The corresponding system sensitivity can
be estimated using Eq. 1.94.

AS = W (1.94)

Ne(Ne—1) | NuN, | Np(No—1
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Figure 1.17 System equivalent flux density (SEFD) as a function of frequency for core stations
(circles) and remote HBA stations (squares). Adapted from van Haarlem et al. (2013).

Here, W denotes the noise amplification factor introduced by the weighting scheme, while
N, and N, represent the numbers of core and remote stations, respectively. The quantities S,
and S, correspond to the SEFD values for the core and remote stations.

For simplicity, one may assume S, = S, ~ S and define the total number of stations as
N = N, + N.. In this case, Eq. 1.94 can be simplified to

s
A5 = VNN - 1)(20001) (1.95)

1.9 Bayesian Monte Carlo Sampling

Bayesian Monte Carlo sampling is a widely used method in astrophysics and cosmology for
reconstructing posterior distributions and recovering the likelihood surface (Lewis and Bridle,
2002; Bernardi et al., 2016; Sharma, 2017; Planck Collaboration et al., 2020). According to
Bayes’ theorem, the posterior distribution of the parameter set {\;} given the data zps is:

P({Ai} | 2obs) o< L{(xobs | {Ai}) TI({Ai}), (1.96)

where II({)\;}) denotes the prior distribution and L(xps | {\i}) is the likelihood function.
Frequently, priors for each parameter \; are assumed to be independent and uniform, defined
over the interval

)\i S [)\min;ia Amax,i]- (197)
Assuming Gaussian, uncorrelated uncertainties, the log-likelihood is
1[I ~1 AP
ln(ﬁ(xobs ’ {)\z})) x —— Z [ obs(xobs) . model(xobsf{ z})] : (198)
2 obs UObS(:UObS)

where Iops(Zobs) is the observed profile evaluated at the observed points Zobs, Imodel(Zobs, {Ai})
is the model prediction profile evaluated at the same points and dependent on the parameter
set {\i}, and oops(xeps) represents the corresponding observational uncertainty.
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The posterior distribution P({\;} | Zobs) is sampled using Markov Chain Monte Carlo
(MCMC) techniques (Metropolis et al., 1953; Hastings, 1970) in order to reconstruct the
parameter constraints. These methods construct a Markov chain whose equilibrium distribution
corresponds to the target posterior.

In this work, we employ an affine-invariant ensemble sampler (Foreman-Mackey et al.,
2013), which efficiently explores the parameter space even in the presence of strong correlations
between parameters.

In the context of this thesis, this Bayesian framework serves as a statistical tool for
analyzing the observed radio profiles. Specifically, in Chapter 2, this method will be applied
to the Coma galaxy cluster to reconstruct the model emission. By exploring the likelihood
surface via MCMC sampling, we evaluate the accuracy of the parameter reconstruction.
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1.A Probing Magnetic Fields via Faraday Rotation
The magnetic field of the galaxy cluster can be derived from the Faraday effect
Uops = Uint + A2 - RM, (1.99)

where W ;s and W, are observed and initial polarization angle, X is an observational wavelength
and RM is a Faraday rotation measure.

RM ~ / ne(1)By(1)dl (1.100)

It depends on the parallel component of the magnetic power of medium By and the
electron number density n. along the line of sight. Last value could be measured from X-Ray
observations. For Coma cluster n, was well described by Briel et al. (1992) with 8 -model

ne(r) = no (1 + i) o (1.101)

C

For Coma cluster = 0.75 £ 0.03, r. = 291 + 17 kpc, ng = 3.44 £ 0.04 - 10" 3cm 3. The
polarization angle could be obtained from radio observations from each band separately For
the polarization analysis, is used two images containing the Stokes Q and U components.
These images allow to derive the linear polarization angle across the source from each band

separately
1 U
U= B arctan 0 (1.102)
In the case of the Coma Cluster, Bonafede et al. (2010) estimate a central magnetic field
strength of By = 4.7+ 0.7, uG and a radial slope n = 0.5 £ 0.2 (at the 1o confidence level).
The magnetic field was well described by a Kolmogorov power spectrum, with minimum and
maximum scales of Ay ~ 2 kpe and Apax ~ 34 kpc, respectively. The magnetic field spatial
profile is given by:

no

NelT n
(B(r)) = (Bo) ( ( )> (1.103)

The Kolmogorov power spectrum for a magnetic field describes how the field’s energy is
distributed across spatial scales in a turbulent medium. In this model Kolmogorov (1941)
shows larger-scale fluctuations contain more energy, while smaller scales have progressively
less, following a stochastic vector field with a power spectrum:

o

Bil? < k7", K
’k|0(7 h\

(1.104)

where k is the wavenumber corresponding to scale A and n is the Kolmogorov slope. The
field is defined between a minimum A,,;;, and maximum A,,q, scale, with the resulting (B?)
determining the local magnetic field strength.

1.B Dark Matter Density Profile

For a Dark Matter density profile will use Navarro-Frenk-White (NFW) profile (Navarro et al.,
1996)

PNFW (1) = (1.105)
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where ps; and rg is scale density and scale radius or in the other words are parameters of
NFW-density profile.
x

1+

M (z) = 4npgrd (In(1 + z) — (1.106)
where © = r/r;.

According to Lokas and Mamon, 2003 the total mass of the Coma cluster within the virial
radius of 2.9h7_01 Mpcis 1.4- 1()15h7_01 Mg (with 30% precision), 85%, of which it is dark matter.
The distance also according to Lokas and Mamon (2003) is 101.3 Mpc.

Buote et al. (2007) derived an empirical relationship between the virial radius r,;, and the
scale radius 7 from X-ray observations.

. M. —0.172
o vr _ vr
tuir =5 7 =9 <1014M0h1> (1.107)
In the case of Coma Cluster
141010, \ '™

Ts = Tyir/Tyir = 0.475 Mpc. And ps = 9.4 - 10° My /kpc?.



Chapter 2

Coma Cluster

The chapter is organized as follows. In Section 2.1, we introduce the main properties of the
Coma, Cluster. Section 2.1.1 provides a brief overview of dark matter studies in Coma.

In Section 2.2, we describe the radio observational data used in this work. Next, Section 2.3
presents the astrophysical component of the cluster radio emission. In Section 2.4, we discuss
the expected dark matter-induced emission and its dependence on the WIMP properties,
including the annihilation cross section, particle mass, and annihilation channel.

In the following sections, we simulate dark matter and astrophysical emission profiles and
apply the reconstruction method introduced in Section 1.9. This allows us to test the ability of
the method to recover the input parameters of both emission components from synthetic data.

e In Section 2.6.1, we consider simulated dark matter emission alone, without any astro-
physical background.

e Then, in Section 2.6.2 we investigate a more realistic scenario in which both the astro-
physical and dark matter components are present.

e The simulations discussed in Section 2.6.2 reveal a strong degeneracy between the
WIMP mass and the annihilation cross section for the Coma Cluster. As a result,
these parameters cannot be constrained simultaneously unless the dark matter signal
is unrealistically strong compared with the astrophysical emission. To overcome this
limitation, in Section 2.6.3 we fix the annihilation cross section and treat the WIMP
mass as the only free dark matter parameter, repeating the validation tests under this
assumption.

Finally, in Section 2.7 the developed methodology is applied to the Coma Cluster obser-
vations to derive upper limits on the WIMP annihilation cross section as a function of the

WIMP mass.

2.1 Coma Galaxy Cluster

The Coma galaxy cluster (Abell 1656) is one of the most studied galaxy clusters (Gunn and Gott,
1972, White and Rees, 1978, Marinacci et al., 2018), located in the constellation Coma Berenices
at RA = 12h59m 48.72s, DEC = 427°58'51.6”, with a redshift of z = 0.02310 £ 6 - 107
(Dhawan et al., 2018; Bird et al., 2016).

Zwicky (1933), using the virial theorem and the observed velocity dispersion of individual
galaxies, estimated the total virial mass of the Coma cluster. By comparing this value with
the mass inferred from the cluster luminosity, he was led to propose the existence of unseen
(dark) matter. Later studies, for example Lokas and Mamon (2003), performed a more precise
analysis of the dark matter distribution in the Coma Cluster. They employed more advanced
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dynamical models, in particular the Jeans equation (Binney and Mamon, 1982), taking into
account orbital anisotropy inferred from galaxy kinematics. They obtained a virial mass
and radius of My, = 1.4 x 101° Mg and iy = 2.9 Mpc, respectively, with an uncertainty of
approximately 30%.

Beyond its mass content, the Coma Cluster also hosts a large-scale magnetic field, whose
strength and structure are central to this work: the synchrotron emission produced by DM-
induced electrons and positrons depends directly on the cluster magnetic field. Bonafede
et al. (2010) derived a central magnetic field strength of By = 4.7 + 0.7 uG, with a radial
slope of n = 0.5 £ 0.2, both constrained at the 1o level. Moreover, it was shown that the
magnetic field power spectrum is well described by a Kolmogorov spectrum with a minimum
scale Amin ~ 2kpc and a maximum scale A ~ 34 kpe.

The main properties of the Coma Cluster are summarized in Table 2.1.

Coma Cluster

Parameter Value
My 1015 [M )] 1.44+04
Ryir [Mpc] 2.94+0.9
Ry [arcmin] 99 + 29
Distance [Mpc] 101.3
By [uG] 4.7£0.7
U] 0.5£0.2
e |kpc] 291 £ 17
ne(0) [1073 em™3]  3.44 4 0.04
6] 0.75+0.03

Table 2.1 Main properties of the Coma Cluster, summarized from Section 2.1, assuming hy = 0.67
(Planck Collaboration et al., 2020). The last five parameters describe the electron number density and
magnetic field.

2.1.1 Dark Matter Studies in Coma Cluster

The Coma Cluster has played a key role in the study of dark matter since the pioneering work
of Zwicky (1933), who first pointed out the presence of a large amount of unseen mass in the
system.

Subsequent studies investigated the cluster mass distribution using a variety of techniques,
including the spatial distribution of galaxies, galaxy kinematics, and the assumption of
hydrostatic equilibrium (Kent and Gunn, 1982; The and White, 1986; Geller et al., 1999; Lokas
and Mamon, 2003). In more recent analysis, several authors employed weak gravitational
lensing to estimate the virial mass of the cluster, reconstruct its mass distribution, and study
dark matter subhalos (Kubo et al., 2007; Gavazzi et al., 2009; Okabe et al., 2014).

The Coma Cluster has also been extensively investigated as a target for indirect dark
matter searches. Using observations from VERITAS (Weekes et al., 2002, Very Energetic
Radiation Imaging Telescope Array System), Arlen et al. (2012) derived upper limits on the
WIMP annihilation cross section in the order of ~ 10720-1072" cm3s~! for the WTW—, 77—,
and bb annihilation channels, assuming WIMP masses between 100 GeV and 10 TeV.

Similarly, Ackermann et al. (2010) analyzed 11 months of Fermi-LAT observations of
nearby galaxy clusters, including Coma, and obtained constraints on dark matter annihilation
cross section. For the bb annihilation channel, they derived upper limits of approximately
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Figure 2.1 Left panel shows Coma cluster observational surface brightness with uncertainties corre-
sponding to 1o standard deviations at 144 MHz and best-fit model Iy exp(—R/Ry). The right panel
presents the concentric regions in the Coma Cluster were used to derive its radial emission profile. The
radio relic in the lower-right was excluded from the diffuse emission analysis. From Bonafede et al.
(2022)

1072 cm3s™! for a 10 GeV WIMP and ~ 1072! em3s~! for a 1 TeV WIMP. Using 12 years of
Fermi-LAT observations, Thorpe-Morgan et al. (2021) improved these limits by one order of
magnitude.

The possibility of detecting dark matter annihilation through radio observations of the
Coma Cluster was discussed by Colafrancesco et al. (2006) and Storm et al. (2017). In
particular, Storm et al. (2017) showed that observations with LOFAR, ASKAP, and other
radio facilities could probe WIMP models with masses up to approximately 100 GeV with
the thermal annihilation cross section. Earlier, Colafrancesco et al. (2006) analyzed radio
observations spanning frequencies from 30 MHz to 5 GHz (Thierbach et al., 2003, and others,
references therein). Assuming that the entire radio halo emission originates from dark matter
annihilation, they obtained a best-fit model with a WIMP mass of approximately 40 GeV and
an annihilation cross section of (ov) = 4.7 - 10725 cm®s~! for the bb annihilation channel.

In this work, we use sensitive LOFAR observations of the Coma Cluster to test the predic-
tions of Storm et al. (2017). In addition, we assume that the observed diffuse emission consists
of both an astrophysical component and a possible contribution from WIMP annihilation.

2.2 Diffuse Radio Emission in the Coma Cluster from LOFAR
observations

In this section, we examine the surface radio brightness distribution of the Coma Cluster as
observed at 144 MHz with the Low Frequency Array (LOFAR) from Bonafede et al. (2022), see
Fig. 2.1. A detailed discussion of the LOFAR instrument is presented in Section 1.8, where we
describe the specifics of radio observations, calibration procedures, data reduction, and image
reconstruction. Here, we focus on the astrophysical interpretation of the observed emission.

We model the diffuse radio emission as the sum of two components, distinguished by the
origin of the relativistic electrons responsible for the emission. Both astrophysical and DM-
induced electrons produce synchrotron radiation, and thus the emission mechanism is identical
in the two cases. The first component, hereafter denoted as the astrophysical component, arises
from a population of relativistic electrons of conventional origin (e.g. AGNs, cosmic rays, and
other sources) accelerated within the intracluster medium.

The second component, hereafter referred to as the dark matter component, is attributed to
a potential signal arising from dark matter particle annihilation. It corresponds to synchrotron
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emission produced by electrons and positrons generated as secondary products of dark matter
annihilation, which then radiate via synchrotron emission in the intracluster medium. We
assume that the two components radiate independently, owing to the different spatial distri-
butions of their underlying electron populations; therefore, their contributions to the total
emission are additive.

2.3 Astrophysical Emission Component

Many galaxy clusters exhibit diffuse radio emission, which is commonly interpreted as syn-
chrotron radiation produced by relativistic cosmic rays propagating in large-scale magnetic
fields within the intracluster medium (Feretti et al., 2012; van Weeren et al., 2019). In this
work, we do not attempt to model the physical origin of this component; instead, it is treated
as an astrophysical background to the potential dark matter-induced emission.

We model this astrophysical component with a simple exponential profile that provides a
good empirical description of the observed brightness distribution of the radio halo (Murgia
et al., 2009, Boxelaar et al., 2021, Bonafede et al., 2022):

I(R) = Ipe~F/Fo) (2.1)

where Ij is the central surface brightness and Ry is the scale radius at which the brightness
decreases by a factor of e. The left panel of Fig. 2.1 shows the astrophysical model (solid line)
together with the measured emission data of the Coma Cluster (dots).

The dark matter component is modeled separately, with its surface brightness profile
depending on the annihilation channel, WIMP mass and annihilation cross section. A detailed
analysis of the dark matter emission component is presented in Section 2.4.

Given parametric models for both components, we apply the statistical inference method
described in Section 1.9 and applied in Sections 2.6.1-2.7 to recontract their respective
parameters, which allows us to assess the detectability of a dark matter annihilation signature
in the radio observations of the Coma Cluster.

2.4 Dark Matter Emission Component

DM radio emission in Coma Cluster was initially searched by Colafrancesco et al. (2006), see
also Section 2.1.1. Colafrancesco et al. (2006) assumed that the total emission was produced
by the DM annihilation process, and neglected the astrophysical background, that is instead
included in our analysis. However, they analyzed data at different frequencies, while in this
thesis we use observations taken at a single frequency (i.e. 144 MHz).

To compute the spatial profile of the DM-induced synchrotron emission, we use the
DarkMatters code (Sarkis and Beck, 2025). The underlying methodology is described in
Section 1.5. In Sections 2.4.1 and 2.4.2, we investigate how the predicted signal depends on
the WIMP annihilation channel, mass and cross-section.

In Section 2.5, we build an interpolation of the simulated signal, since it was simulated in a
fixed grid and we want to find an analytical function that describes it, which will subsequently
be used for the reconstruction of dark matter parameters.

2.4.1 Annihilation Channels

31

In our default setup, we adopt an annihilation cross section of (ov)g = 10726 cm?3 s~
it is of the same order as the thermal relic cross section (see Section 1.4.3) and is commonly
used in dark matter indirect-detection studies. We consider dark matter particle masses of
10 GeV, 100 GeV, and 1000 GeV.

, since
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Figure 2.2 Synchrotron surface brightness profiles produced by secondary electrons from dark matter
annihilation for nine representative annihilation channels. Each panel shows the predicted synchrotron
flux density as a function of the angular distance from the center of the Coma Cluster, for three dark
matter masses M, = 10, 100, 1000 GeV. All panels share the same spatial and flux scales to allow
a direct comparison of the radial profiles and their mass dependence. For some channels, such as
WHW ™, the spatial profile for a dark matter mass of 10 GeV is not available. This is because, the rest
energy of the DM particle is below the rest mass of the W boson.
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Figure 2.3 Dependence of the expected surface brightness on the dark matter annihilation cross-
section for M, = 100 GeV. The left panel shows the absolute simulated value of the flux, while the
right panel displays the ratio of the surface brightness for a given cross section to that obtained for
(ovg) = 10726 cm3 s~ 1.

Dark matter may annihilate through several channels (Cirelli et al., 2011; Ciafaloni et al.,
2011); the final states considered in this work are eTe™ (electrons and positrons), pu*u~
(muons), 777~ (tau leptons), bb (bottom quarks), tf (top quarks), W+W = and ZZ (electro-
weak gauge bosons), and hh (Higgs bosons). The surface brightness profile expected from
synchrotron radiation is shown in Fig. 2.2 for each of these channels and for the three different
WIMP masses.

In a realistic scenario, all possible annihilation channels should contribute, weighted by their
branching ratio (see Eq. 1.59). For simplicity, we restrict our analysis to the bb annihilation
channel, because this is expected to provide the brightest radio emission among all the channels.

2.4.2 Dependence of the Expected Surface Brightness on the Dark Matter
Interaction Cross Section

We generate dark matter surface brightness profiles for the three dark matter particle masses,
M, = 10, 100, and 1000 GeV, and for five different annihilation cross-sections, (ov) = 10728,
10727,10725, 10725, and 10~2* cm?® s~ 1. The simulation results demonstrate that the total radio
emission flux from the galaxy cluster scales linearly with the WIMP annihilation cross-section
(see Fig. 2.3).

Moreover, according to the theoretical framework (see Section 1.5 and Eq. 1.67), the surface
brightness I(r) depends linearly on the source term Q(FE,r) and therefore scales linearly with
the annihilation cross-section. For clarity, we reproduce the relevant equations here:

2 .
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Figure 2.4 Interpolated surface brightness of the Coma cluster in units of Jy - arcmin~2 as a

function of the WIMP mass M, and the distance R from the cluster center. Cross-section is fixed at
(ovg) = 10726 cm3s~1.

Here, dn./dFE is the injected electron number density power spectrum, P(v, E,r) is the single
electron synchrotron power emissivity, and J,(r,v) is the total cluster emissivity per unit
volume at the frequency v.

We can therefore write Ipys (see Eq. 2.2), where we express the profile for any given
cross-section as a rescaled function of a reference profile (labeled 0):

Ipyv((ov), My, R) = ﬂIDM(<UUO>,MX,R). (2.2)

(o)

2.5 Interpolation of Dark Matter Signal Profiles

To model the expected flux of synchrotron emission from DM-induced particles, we constructed
a cubic spline using the RectBivariateSpline module from the scipy.interpolate library.
The resulting spline function is illustrated in Figure 2.4.

The original spline was constrained on 800 points along the radius and 34 logarithmically
spaced points in mass. To validate the accuracy of the interpolation, we tested the spline on
a separate grid whose nodes differ from those of the original computation grid (179 linearly
spaced points in radius and 20 logarithmically spaced points in mass). This test revealed that
the main interpolation errors occur at large radial values, corresponding to regions with weak
flux. The relative error was found to be below 1%. The relative interpolation errors are shown
in Fig. 2.5 and Fig. 2.6.

2.6 Profile Reconstruction

Before applying the inference method discussed in Section 1.9 to the observations, we first
verify its ability to recover known input parameters from noisy data. For this purpose, we
generate synthetic radial astrophysical profiles I(R) (see Eq. 2.1) using a simple parametric
model. Realistic random noise is then added to simulate observational uncertainties. The
simulated data are subsequently analyzed with the reconstruction procedure, and the recovered
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Figure 2.5 Two-dimensional distribution of the spline relative error. The vertical axis corresponds to
particle mass [GeV], and the horizontal axis corresponds to radius [arcmin]. The color scale represents
the relative error of the interpolation, which does not exceed 1.5% over most of the interpolation
domain. The non-smooth behaviour for M, < 100 GeV can be attributed to the relative structure of
the computational and test grids, where the spacing between corresponding points is not uniform.
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Figure 2.6 One-dimensional slice of the spline at a particle mass of 50 GeV. The horizontal axis
represents the distance from the center, while the vertical axis shows the relative difference between
the spline interpolation and the original data. This illustrates the interpolation accuracy along the
radial coordinate for a representative particle mass.

parameters are compared with the input values. This test allows us to assess the accuracy and
robustness of the method before applying it to observational data.

To recover the input parameters, we use the Markov Chain Monte Carlo (MCMC) method,
as implemented in the emcee Python library Foreman-Mackey et al. (2013). This algorithm
allows us to reconstruct the posterior distributions and likelihood surfaces of the parameters
and yields their expectation values and covariance matrix.

For the first validation, we adopt a simple exponential profile:

I(R) = Iexp (_}f) , (2.3)

0

with input values Iy = 20mJy - arcmin ™2 and Ry = 10 arcmin.

We generated a synthetic profile at 30 radial points between 1 and 60 arcmin. Gaussian
noise with zero mean and standard deviations of 1, 5, 10, and 25% was added to the profile,
producing one noisy dataset for each noise level. Each dataset was then analyzed independently
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Table 2.2 Reconstructed values of the parameters Iy and Ry obtained from MCMC simulations with
different noise levels added to the initial data. The errors correspond to 1o uncertainties.

Noise level 1% 5% 10% 25%

Iy [mJy - arcmin_Q] 19.94 £0.06 20.2+0.3 20.24+0.6 15.7+1.2
Ry [arcmin] 10.01 £0.01 9.93+0.05 9.884+0.10 10.14 +£0.27
Parameter 1% noise 2% noise 5% noise 10% noise
(ov) [107%°cm3-s71] 3.04+0.1 29401 264+03 28405
M, [GeV] 99+2 9744  89+9 92417

Table 2.3 Recovered values of the annihilation cross section (ov) and the dark matter particle mass
M, obtained from the simulated signal for different levels of added noise. The errors correspond to lo
uncertainties.

using MCMC. The reconstructed parameters and their uncertainties, derived from the posterior
distributions, are summarized in Table 2.2.

As expected, the parameter uncertainties increase with the noise level. While the input
parameters are recovered within uncertainties for noise levels up to 10%, the parameter I
becomes underestimated at 25% noise, indicating a indicating a noise limit at which the
parameter best fit values are biased.

As will be shown below, the astrophysical component is recovered with high accuracy in
nearly all cases, at a level comparable to the precision of the simulations.

2.6.1 Test 1. Accuracy of Dark Matter Signal Reconstruction at Different
Noise Levels

Having validated the reconstruction framework (Section 1.9) using a simple parametric profile,
we proceed to a series of validation tests. In particular, we consider three scenarios of
increasing complexity: (i) reconstruction of a pure dark matter signal at different noise levels
(Section 2.6.1); (ii) joint reconstruction of dark matter and astrophysical components, with
the annihilation cross section treated as the only free dark matter parameter (Section 2.6.2);
and (iii) a full joint reconstruction in which both the annihilation cross section and the WIMP
mass are treated as free parameters (Section 2.6.3).

We simulate a dark matter signal assuming a thermal annihilation cross section (ov) =
3-107% cm?s™! and a WIMP mass M, = 100 GeV for all simulated cases. Gaussian noise
with relative amplitudes of 1%, 2%, 5%, and 10% is added to the signal. We then analyze how
accurately the original signal can be reconstructed under these noise levels. The recovered
parameters are presented in Table 2.3.

In all cases, we were able to accurately reconstruct both dark matter parameters mass M,
and cross-section (ov) within 20 of the statistical uncertainty. An example of the posterior
distribution for this case is shown in Figure 2.7.

2.6.2 Test 2. Reconstruction of Both Dark Matter Parameters with an
Astrophysical Component

In the second test case, we include an astrophysical component modeled by an exponential
profile in addition to the dark matter signal.

We then fix the noise level at 1%, assume a dark matter particle mass of 100 GeV, and vary
the annihilation cross section over the range from 1 to 1000 in units of 10726 cm3s~!. Increasing

the annihilation cross section enhances the dark matter signal (see Eq. 2.2). Subsequently,
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Figure 2.7 Left panel shows posterior distribution and covariance between (ov) and M, . For simulated
data with 10% Gaussian noise amplitude. The contours show the 68% and 95% confidence regions.
The right panel shows the simulated dark matter emission (black points) and the corresponding best-fit
model (green dashed line). For comparison, the observed Coma Cluster signal is shown in gray.

Table 2.4 Recovered parameters for different input annihilation cross-sections, assuming a fixed noise
level of 1% and a WIMP mass of 100 GeV throughout the simulations.

Astrophysical component Dark matter
(V) model Iy Ry (0V)rec mwimp | Ipav/Ia
[10726 cm?s71] | [mJy arcmin—2] |arcmin| 10726 cm3s™1]  [GeV]

1000 19.7940.22  10.02 +0.02 12931359 125730 | 170
500 19.7540.19  10.03 +0.02 8651520 15725 86
250 19.814£0.20  10.02 + 0.02 5117563 1791351 34
100 19.84+0.12  10.02 4 0.02 40613997 2951998 17

10 19.924+0.07  10.01+0.01 168759 7667555 | 1.7

1 19.934+0.06  10.01 4 0.01 171152 7697357 | 0.17

we reconstruct the parameters of both the astrophysical and dark matter components. The
results are presented in Table 2.4.

The astrophysical component is well recovered in all simulations, with an accuracy better
than ~ 1%-2%. However, the dark matter parameters show large uncertainties, with posterior
distributions that deviate significantly from Gaussian shapes.

Even the simulated noise levels are sufficiently small to allow a detection of both components,
the presence of the astrophysical signal introduces strong parameter degeneracies, which lead
to biased estimates and increased uncertainties in the dark matter parameters.

At the 95% confidence level, the two components can be reliably disentangled only in the
presence of a sufficiently strong dark matter signal, which must exceed the peak amplitude of
the astrophysical component by a factor of approximately Ipys/I A‘ Reo 34

We repeat the analysis at 2% noise to identify the minimum DM-to-astrophysical brightness
ratio at which the two DM parameters can still be independently constrained in a worse scenario.

The validation test results are summarized in Table 2.5. When the noise level is increased
from 1% to 2%, the minimum annihilation cross section required to distinguish the both
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Table 2.5 Recovered parameters for different input annihilation cross-sections, assuming a fixed noise
level of 2% and a WIMP mass of 100 GeV throughout the simulations.

Astrophysical component Dark matter
(V) model Iy Ry (V) rec mwimp | Ipar/Ia
[10726 cm?®s71] | [mJy arcmin—2| [arcmin| [10726cm3s™1]  [GeV]
2000 19.43+049  10.06+0.05 | 392071710 152757 | 340
1500 20.25+£0.48  9.95+0.05 15601520 104754 260
1200 19.524+0.51  10.05+0.06 | 220077925 16774 | 200
1000 19.40+0.49  10.06+0.07 | 24607250 20775 | 170
500 19.38+0.31  10.07+0.04 | 307013040 395+29] 86

Table 2.6 Recovered parameters for different input annihilation cross-sections, assuming a WIMP
mass of 100 GeV and a fixed noise level of 5% throughout the simulations.

Astrophysical component Dark matter
(V) model Iy Ry (OV)rec mwivp | Ipar/1a
[10726 cm?s71] | [mJy arcmin—2] |arcmin] 10726 cm3s™1]  [GeV]
12 000 16.95+2.35  10.274+0.25 | 31400715000 2217297 | 2000
8 000 1741+£1.44 1026 £0.17 | 35000753000 4407370 | 1400
5 000 16.95+2.35  10.27+£0.25 | 32100779300 3007383 | 860

components at a given confidence level increases by approximately a factor of 4-5. Under
these conditions, the dark matter parameters (mass and cross section) can be independently
constrained only if the peak brightness of the dark matter component exceeds that of the
astrophysical component by a factor of about IDM/IA’RZO ~ 200.

We then performed an analogous simulation for a noise level of 5%. The results are presented
in Table 2.6. In this case, the two DM parameters can be independently distinguished at the
95% confidence level only if the peak brightness of the dark matter emission exceeds that of
the astrophysical component by a factor of approximately Ipys/I A‘ Reo ™ 2000.

In all of the cases considered, the parameters of the astrophysical component are recovered
with an accuracy of up to 15%, even when its peak brightness is 2000 times lower than that
of the dark matter emission. This validation test demonstrates that the WIMP parameters,
mass and annihilation cross section, are strongly interdependent and exhibit significant mutual
correlation, as illustrated in Figures 2.8 and 2.9.

2.6.3 Test 3. Reconstruction of DM Annihilation Cross-section with an
Astrophysical Component

In this exercise, we fix the mass of the dark matter particle M, at 100 GeV, while treating
the annihilation cross-section (ov) only as a free parameter and changing its input values.
An astrophysical component, analogous to that employed in Section 2.6.2, is added to the
dark matter emission. Gaussian random noise with amplitudes of 1% and 10% is subsequently
applied to the resulting signal, and we attempt to recover both the dark matter annihilation
cross-section (ov) and the astrophysical parameters [y and Ry.

Table 2.7 presents the recovered components of the astrophysical emission Iy and Ry, and
the WIMP annihilation cross-section (ov) for the 1% noise level case. We find that it is
possible to reliably identify the presence of dark matter even in cases where the ratio of DM
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Figure 2.8 Posterior distributions and covariance plots for the astrophysical component parameters
Iy and Ry, as well as the dark matter component parameters (mass M, and annihilation cross section
(ov)). The peak dark matter signal is 34 times higher than that of the astrophysical component. Blue
lines indicate the input data used in the simulation. The noise level is 1%.
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Figure 2.9 Posterior distributions and covariance plots for the astrophysical component parameters
Iy and Ry, as well as the dark matter component parameters (mass M, and annihilation cross section
(ov)). The peak dark matter signal is 170 times higher than that of the astrophysical component.
Blue lines indicate the input data used in the simulation. The noise level is 1%.
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Figure 2.10 The left panel shows the astrophysical component with parameters Iy = 20 mJy - arcmin—2

and Ry = 10 arcmin (solid green line), together with the dark matter component (solid orange line)
for (ov) = 10 x 10726 ecm®s™! and M, = 100 GeV. The black points represent simulated data
with a noise level of 10% of the signal. The central panel presents the recovered astrophysical
parameters, Iy = 19.47 £ 0.69 and Ry = 10.02 £+ 0.12, which are in excellent agreement with the
input values. In contrast, the reconstructed dark matter parameters, (ov) = (182777) x 10726 cm®s~!

cm® s
and M, = 7497379 GeV, differ by nearly an order of magnitude from the input values. Nevertheless,
these incorrect parameter values still provide a good fit to the dark matter signal, indicating a strong
degeneracy between the parameters. The right panel shows the simulated data together with the sum
of the reconstructed components.

to the astrophysical component is 0.014, which corresponds to an annihilation cross section
(ov) ~ 8- 107 2cm3s™ L. In such a scenario, the presence of dark matter can be detected at
the 95% confidence level.

In Test 2, DM could only be identified when its signal was at least a factor of 34 stronger
than the astrophysical component, corresponding to an annihilation cross section (ov) =
2.5-10"%*cm3s~!. In contrast, in the present case, the dark matter contribution amounts to
only 1-2% of the astrophysical component. This corresponds to an improvement in sensitivity
of more than three orders of magnitude.

An example of the posterior distributions for the recovered parameters, in the case where
the peak dark matter signal is 0.05 of the astrophysical component, is shown in Fig. 2.11.

We then repeated the simulation with the noise level increased to 10%. The results are
presented in Table 2.8. In this case, we are still able to confidently identify the presence of a
dark matter signal at the 95% confidence level, provided that the dark matter signal is no less

Table 2.7 Recovered parameters for different input annihilation cross-sections, assuming a fixed noise
level of 1% and a fixed WIMP mass of 100 GeV throughout the simulations.

Astrophysical component Dark matter
{(0V) mode I Ry (V) rec Ipn/1a
(10726 cm3s71] | [mJy arcmin—2| |arcmin| [10726 cm3 57
10 19.95+0.07  10.0040.01 | 10.157061] 1.7
3 19.96 +0.06  10.01 £ 0.01 3.087009 0.5
19.98+0.06  10.01 + 0.01 1.0275:07 0.17
0.3 19.98+0.06  10.014+0.01 | 0.32170552 0.05
0.1 19.984+0.06  10.014+0.01 | 0.125139% 0.017
0.08 19.98£0.06  10.01+£0.01 | 0.10575022 0.014
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Figure 2.11 Posterior distributions and covariance plots for the astrophysical component parameters
Iy and Ry, as well as the dark matter parameter annihilation cross section (cv). Mass of DM particle
is fixed along the simulations M, at 100 GeV. The peak dark matter signal, as shown in Table 2.7, is
0.05 times the peak of the astrophysical component. Blue lines indicate the input data used in the
simulation. The noise level is 1%.
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Table 2.8 Recovered parameters for different input annihilation cross-sections, assuming a fixed noise
level of 10% and a fixed WIMP mass of 100 GeV throughout the simulations.

Astrophysical component Dark matter
{(0V) mode Io Ry (OV)rec Ipa/1a
(10726 cm3s71] | [mJy arcmin—2| |arcmin| [10726 cm3 57

10 19.834+0.66  10.06 & 0.11 10.37 14 1.7

3 19.81+£0.65  10.06 +0.11 3.287087 0.5

19.84 +0.062  10.06 + 0.11 2.26707 0.35

L5 19.84 £0.063  10.06 £0.11 1747072 0.25

1 19.79+£0.062  10.07 +0.11 1.2675-5¢ 0.17

than 17% of the astrophysical component, yields an annihilation cross section of approximately
(ov) ~ 107 20cm3s 1.

We then performed a set of analogous simulations in which the annihilation cross-section
was fixed, while the dark matter mass was treated as a free parameter. In this case, the
mass can also be successfully recovered. However, this type of simulation is subject to certain
limitations. Specifically, in constructing the interpolation model for the expected dark matter
emission from the Coma Cluster, we considered only a restricted mass range, from 10 GeV to
1000 GeV. As a result, the recovered posterior distributions frequently exhibit tails extending
beyond the upper bound of 1000 GeV.

From the theoretical considerations discussed in Sections 1.3-1.5, we can expect WIMP
parameters of (ov) & 3-10726 cm3s™! and M,, ~ 100-1000 GeV. These correspond to a relative
flux Ipps/I A} r_o Of approximately 1-50%. As shown in Test 2, in order to independently
measure both the mass and the annihilation cross-section, the relative flux must be at least
2-3 orders of magnitude higher.

We find a strong degeneracy between the two dark matter parameters. In the regime
relevant for current observational noise levels (from 1% to ~ 10%), the two parameters cannot
be independently constrained. However, they can be jointly constrained through an effective
combined parameter, leading to an improvement in sensitivity of approximately three orders of
magnitude compared to the independent-fit case. This degeneracy motivates the introduction
of the K¢.pyr parametrization, which will be presented in Section 2.6.6.

2.6.4 Degeneracy of the Dark Matter Mass and Cross Section

The results of the previous validation test demonstrate a strong degeneracy between the dark
matter mass and annihilation cross-section. The WIMP mass primarily affects the shape of
the emission profile, while the annihilation cross-section determines its normalization.

However, as shown in Fig. 2.12, the spatial brightness profiles are nearly identical for
different WIMP masses. Noticeable differences in the profile shapes appear only at large radii
(10-100 arcmin), where the absolute flux is low and the signal is dominated by noise or by the
astrophysical component.

A similar issue was noted by Regis et al. (2014) in their analysis of WIMP parameters
based on radio observations of Local Group dwarf spheroidal galaxies at a wavelength of 16 cm
with the Australia Telescope Compact Array. They state: Since the analysis is performed using
a single energy bin and the injected spectrum has only a weak effect on the spatial morphology
of the source, the fit cannot disentangle the degeneracy between the particle mass and the
annihilation rate, both of which enter primarily through the overall signal normalization.

In the following Section 2.6.5, we investigate how the expected surface brightness of the
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dark matter signal depends on the WIMP mass and derive an empirical relation describing
this dependence, Eq. 2.6.

We then propose two approaches for reconstructing WIMP parameters. The first method
is based on the empirical relation, see Eq. 2.4 and Eq. 2.6, derived in Section 2.6.5, and is
described in Section 2.6.3.

The second method follows the approach proposed by Regis et al. (2021), in which the
WIMP mass is fixed while the annihilation cross-section is fitted. A 95% confidence interval

for the cross-section is then determined, and the procedure is repeated for different assumed
WIMP masses.

2.6.5 Dependence of the Expected Surface Brightness on the Dark Matter
Interaction Particle Mass

As demonstrated in Section 2.6.2, the presence of the astrophysical component introduces
strong degeneracies that prevent a reliable reconstruction of the dark matter parameters.
However, the problem can be reformulated. Rather than attempting to determine both dark
matter parameters directly, we first ask whether the observational data contain a statistically
significant dark matter signal, in the following, we introduce this criterion, denoted by Kp.
We then investigate its dependence on the WIMP mass and cross section.
For this purpose, We attempted to parameterize the three-dimensional function I({ov), M,, R).

As shown in Section 2.4.2; it is directly proportional to the WIMP annihilation cross-section.
First, let us rewrite the Eq. 2.2

I({ov), My, R) = <<O‘_’;;>>1(<av0>,MX,R).

We then aim to factorize I((owvp), My, R) into separate functions of mass and radius,
effectively performing a separation of variables. For simplicity, we denote I(M,,R) =
I(<UUO>7 MX7 R)

We define
I(MXa R)
I(Myy, R)’

which is the ratio of the dark matter flux for the WIMP masses M, = 10, 10% and 10* GeV to
that for a fixed reference mass Mg, = 100 GeV. This is shown in the Fig. 2.12.

As shown in Fig. 2.12, the function Fyati0(M,y, R) remains approximately constant over a
wide range of R see table 2.9. Towards the virial radius, R — Ry (on the order of 10? arcmin),
Fratio(My, R) sharply increases and approaches unity. This behavior arises because both fluxes,
I(My, R) and I(My,y, R), rapidly decrease to zero in this regime. When the radius is changed
by a factor of 100, from 0.1 to 10 arcmin, we see that the flux for bb and ptp~-channels
changes by several thousand times. However, the ratio of fluxes between different particle
masses does not exceed 1.5; see table 2.9.

The dependence of Fmtio(MX, R) via all studied mass regions is presented on the left panel
of Fig. 2.14.

Based on this observation, we average Fyatio( My, R) over R, obtaining:

<Fratio(MX)>R = <Fratz'0(MX7 R)> . (25)

Fratio(My, R) = (2.4)

The corresponding dependence on M, is shown in the left panel of Fig. 2.13. The error bars
reflect both the statistical uncertainty from averaging and the contribution from interpolation
errors (see Section 2.5).

We then fit (Fiqtio(M,y))r with the function

M M
FraioM interp — 12 —x 1 " 2.
(Fraso My iery = exp e (37 ) b1 (32) +¢] (26)
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Figure 2.12 Radial profiles of the ratio Fiuuo(My, R) = I(My, R)/I(Moy, R) for bb and ptp~
channels. Dark matter masses M, = 10 GeV, 1000 GeV and 10* GeV, with My, =100 GeV as the
reference. The ratio remains nearly constant over most of the radial range, indicating that the shape
of the synchrotron flux profiles is largely independent of the dark matter mass. Near the virial radius
(R ~ 10% arcmin), the ratio rises sharply toward unity, reflecting the rapid decrease of both fluxes at
large radii.

which was chosen empirically as it provides an accurate description of the observed mass
dependence across the considered range. The best-fit parameters a, b and ¢, which are presented
in table 2.10 and in the right panel of Fig. 2.13.

As a consistency check, we divided I(M,, R) by both I(Mo,, R) and (Fratio(My))interp (see
Eq. 2.6). The result is shown in the right panel of Fig. 2.14. Perfect agreement between the
analytical expression and the interpolated function would correspond to a value of unity on
the color-bar. We find that the discrepancy of the model does not exceed a factor of 2 across
the parameter space, while the total variation of the original function spans approximately
eight orders of magnitude.

Table 2.9 Synchrotron fluxes and ratios for selected radii for the bb and p+p~ annihilation channels.
We focus primarily on the bb channel, while also presenting the corresponding behavior for the putp~
channel for comparison. The first column shows the approximate angular distance from the center of
the galaxy cluster, the second column the flux for M, = 10 GeV, and the third and fourth columns
the ratios 1(100 GeV)/I(10 GeV) and I(1000 GeV)/I(10 GeV) at this given R.

bb channel
R 1o Gev F(100 GeV) F(1000 GeV)
0.1 1.919 x 107Y 1475 x 10~!  5.336 x 103
10/ 5474 x 107° 1.878 x 10~  8.063 x 1073

Ratio 3.5 x 1073 1.27 1.50
pup~ channel
R 10 Gev F(100 GeV) F(1000 GeV)

0.1 6.178 x 1071 4.446 x 1073 2.412 x 10~°
10/ 2711 x 107% 5.846 x 1073 2.698 x 1075
Ratio 2.3 x 103 1.31 1.12
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Figure 2.13 The left panel shows (Fiqtio(My))r as a function of the WIMP mass. The error bars are
enlarged by a factor of 10 for visualization clarity. The right panel presents the fit described by Eq. 2.6,
with error bars shown at their true scale. The corresponding fit parameters are listed in Table 2.10.
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Figure 2.14 The left panel shows Fiq0(My, R) (see Eq. 2.4) as a function of the dark matter particle
mass and the distance from the center of the galaxy cluster. The right panel presents the deviation
from the factorized model. This deviation does not exceed a factor of 2 across nearly the entire dataset,
while the absolute flux varies by approximately eight orders of magnitude over the considered range.

2.6.6 Constraining a Combined Dark Matter Parameter

In this section, we identify a combination of the WIMP mass and annihilation cross-section,
rather than attempting to constrain them independently.

The simulated signal is modeled as the sum of an astrophysical component and a contribu-
tion of dark matter. The astrophysical component is taken to be the same as before,

TA(R) = Ipexp(—R/Ro), (2.7)

Table 2.10 Best-fit parameters for (Fiqtio(My))interp from Eq. 2.6

Parameter Value Uncertainty
a —1.47x 1071 2x1073
b —-1.170 3x 1073

c 2.5 %x 1073 1.4 x 1073
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Table 2.11 Recovered parameters for different input annihilation cross-sections, assuming a fixed

noise level of 10% and a fixed cross-section of 3 x 10726 ¢cm?

-5~ throughout the simulations.

DM model Astrophysical component Dark matter
My Kunodel Iy Ry Kree Ipn/Ia
[GeV] [mJy arcmin—2| [arcmin|
1000 0.093 | 19.70+£0.60  10.08 £0.11 | 0.56703] 0.02
800  0.14 19.734£0.59  10.08+£0.10 | 0.58T03% | 0.0285
500  0.31 1857 +0.61  10.214+0.11 | 0.6775935 0.058
300  0.70 19.774£0.61  10.07+£0.11 | 1.0270%2 0.123
250  0.91 19.66 +£0.64  9.99+0.11 | 1517078 0.16
100 3.00 19.59+0.66  10.01+0.12 | 3.7810-80 0.5

Table 2.12 Recovered parameters for different input annihilation cross-sections, assuming a fixed
noise level of 1% and a fixed cross-section of 1 x 10726 cm? - s~! throughout the simulations.

DM model Astrophysical component Dark matter
MX Kmodel IO RO Krec IDM/IA
(GeV] [mJy arcmin—?| [arcmin)|
1000 0.031 | 19.9740.08  10.01+0.01 | 0.08079:978 | 0.0067
750  0.052 | 19.96+£0.09  10.01£0.02 | 0.101700%2 | 0.010
500 0.104 | 19.97+£0.08  10.01+£0.01 | 0.146700%% | 0.019
300 0.232 | 19.96+0.07  10.0040.01 | 0.29973%8L | 0.04
150  0.608 | 19.91+£0.06  10.01+0.01 | 0.719700% 0.1
102
——- Upper Limit ”
—=—=- Lower Limit ,/'
Thermal DM ot
— 104 Simulated Vil -
i
g 100 4
7
o
)
— 10—1 4
8
10—2 4
10* 102 10°
M, [GeV]

Figure 2.15 The solid blue line shows the dependence of the WIMP annihilation cross-section as a
function of the WIMP mass (see Eq. 2.10). The blue dashed lines indicate the upper and lower limits
of the dark matter parameter space (1-0). The green dashed lines represent the mass and annihilation
cross-section values used in the simulation, M, = 750 GeV and (ov) =1 x 10726 cm®s™!, respectively;
their intersection marks the true input value. The noise level along the modeling was set to 1%. The
orange line denotes the thermal WIMP annihilation cross-section, (ov) = 3 x 10726 cm3s~1.
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while the dark matter component is given by
{ov)
<0’ ’U0>

We then apply the procedure described in Sections 2.6.2 and 2.6.3. As the reconstructed
quantity, we consider a combination of the WIMP mass and annihilation cross-section, defined

as <O_U>

(ovp)

This allows us to express the annihilation cross-section as a function of mass,

I(<JU>7M)@R) = <Fratio(Mx)>interp : I(<U'U0>,MOX,R) . (2.8)

KDM = (Fratio(Mx)> . (29>

Kpy
<Fratio(Mx)> .

As a criterion for successful signal detection, we use the parameter Kpjys and its associated
uncertainty og,,, Specifically, we require

(00) (M) = (2.10)

Kpyv > 20Ky, - (2.11)

In the case where the dark matter signal is approximately 0.16 of the astrophysical
component, we are still able to successfully recover the dark matter parameters. The results of
the simulations are presented in Table 2.11.

We then reduced the noise level from 10% to 1% and performed an analogous simulation.
The results are presented in Table 2.12. In this case, even if the dark matter signal is about
50-100 times weaker than the astrophysical component, it can still be reliably distinguished
according to the 2.11 criteria. An example of the recovered dependence of the WIMP
annihilation cross-section on the WIMP mass is shown in Fig. 2.15.

2.7 Constraining Dark Matter Parameters in the Coma Cluster

In this section, we apply the algorithm described in Section 2.6.6 to Coma Cluster data from
Bonafede et al. (2022).

The data set consists of 32 points that describe the radial profile over 1 — 60 arcmin from
the center of the cluster. We exclude the last three points, which are upper limits on the
radio flux. This has negligible impact on the analysis, since simulations indicate that the dark
matter signal is expected to be concentrated near the cluster center, flux in the outer regions
is 6-8 orders of magnitude lower. The fit combines an astrophysical component (Eq. 2.7) and
a dark matter component (Eq. 2.8).

The results of the fitting procedure are presented in Figs. 2.16 and 2.17. In the central
region of the Coma Cluster, a lack of excess signal is observed, and the astrophysical component
leaves little "room" for a dark matter contribution. From the posterior distribution we recover
an upper-limit for the Kpys parameter (see Eq. 2.9), which characterizes the presence of dark
matter. We find Kpyr < 0.079 at 95% of CL (see the left panel of Fig. 2.16).

At the emission peak, the dark matter contribution is significantly weaker than the
astrophysical component, with IDM/IA{RZO ~ 2.6 x 1073 (see the right panel of Fig. 2.16).
Moreover, the peak surface brightness of the dark matter component is approximately 5 x
1072 mJy - arcmin~2, which is well below the noise level oy, = 0.4 mJy - arcmin ™2 according
to Bonafede et al. (2022, Table 2).

Using Eq. 2.10, we derive the dependence of the annihilation cross-section on the WIMP
mass. Assuming a thermal annihilation cross-section of (ov) = 3 x 10726 cm®s~!, we find that
our analysis excludes the WIMP masses below 1070 GeV with 95% of confidence level (see
Fig. 2.17). The quoted confidence intervals account only for the statistical uncertainties of the
profile reconstruction. Systematic uncertainties associated with the magnetic field model, dark
matter density profile, and other cluster parameters are not included.
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Figure 2.16 The left panel shows the posterior distributions and covariance of the astrophysical
parameters Iy and Ry, together with the 95% CL upper limit on the dark matter parameter Kpys (see
Eq. 2.9). The right panel shows the best-fit astrophysical (green dashed) and dark matter (orange
dashed) components. The data points represent the observations, while the total model (black solid) is
nearly indistinguishable from the astrophysical component alone.
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Figure 2.17 Constraints on the WIMP annihilation cross-section and mass, derived from the Coma
Cluster data. Assuming a thermal annihilation cross-section (grey line), the allowed WIMP mass is
larger than ~ 1 TeV (red line).
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Abell 2199

Abell 2199 is a promising candidate for the search for dark matter annihilation signatures. It
is a nearby and massive galaxy cluster that does not exhibit strong diffuse radio emission.

The remainder of this chapter is divided into three parts. First, in Section 3.1, we introduce
the main properties of Abell 2199, such as its virial mass, virial radius, and magnetic field.
Second, in Section 3.2 we describe the processing of the radio observational data. Finally, in
Section 3.3 we explain how the astrophysical information was extracted from the processed
data and how the diffuse radio-emission component was determined. Next, we show how these
results were used to derive constraints on the WIMP parameters.

3.1 Abell 2199 Galaxy Cluster

Abell 2199 (A2199 hereafter, see Fig. 3.1) is a galaxy cluster in the Hercules constellation,
located at RA = 16728™38.0° and Dec = +39°32/55", with a redshift z = 0.030, corresponding
to a luminosity distance of 128 Mpc (Sereno and Ettori, 2015).

Based on ROSAT (ROntgenSATellit, Truemper, 1982) X-ray observations, Markevitch et al.
(1999) determined the gas temperature profile of A2199. The average temperature, corrected
for the presence of cooling flows, is 4.8 = 0.2 keV (90% CL). From the temperature profile
they also derived the total gas and virial mass profile by solving the hydrostatic equilibrium
equation within the X-ray core radius of 30 arcmin. The basic principles of this approach are
discussed in Section 1.2.2.

Girardi et al. (1998) proposed a method based on the virial theorem and optical observa-
tions to estimate the dynamical mass of galaxy clusters (see also Section 1.2.2). Using this
prescription, Rines et al. (2002) investigated the kinematics of cluster galaxies and estimated
a virial radius of r, = 1.6fo010 = 2.4 Mpc and a corresponding virial mass within 7, of
M, =5.34- 1014i11_010 Mg = 7.97 - 10" M., with 30% uncertainty. According to Rines et al.
(2002), the two methods—one based on galaxy kinematics and the other on the hydrostatic
equilibrium equation—yield different results, with the latter giving mass estimates that are
approximately a factor of two lower.

A2199 hosts a bright radio source, 3C 338, which is an FR-I radio galaxy associated
with the bright central galaxy NGC 6166 (Burns et al., 1983). Vacca et al. (2012) used the
VLA observations to measure the Faraday rotation toward 3C 338 to constrain the magnetic
field (the method has been discussed in Section 1.A). They found that the magnetic field
power spectrum follows a power law with an index of n = 2.8 & 1.3, between a maximum
and minimum fluctuation scale of Apq. = 35 4 28 kpc and A, = 0.7 £ 0.1 kpe, respectively.
By including X-ray cavities coincident with the radio lobes in their modeling, they derived
a magnetic field strength of By = 11.7 + 9.0 4G at the cluster center. The field strength
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Figure 3.1 VLA observations of Abell 2199 at three different frequencies from Gentile et al. (2007).
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decreases with radius, following the gas density profile with n = 0.9 £ 0.5:

no

B0 = (60 (") 51)

where n(r) is the electron number density as a function of radius and ng is its central
value. Vacca et al. (2012) adopted a double S-model to estimate the electron number density,
motivated by the central excess observed in the density profile:

7,.2 735”” 7'2 7%,861t
ne(r) = N0 int <1 + = ) + No,ext (1 + - ) , (3.2)

Tc,int rc,eact

where 7. is the characteristic number density scale radius. This model was originally introduced
by Mohr et al. (1999) as an empirical prescription that fits the observations better than a
single B-model. Physically, however, it can be read as a superposition of two gas components:
a centrally concentrated component with ng i = 741“110 x 1073 cm ™2 and Te,int = 9J_r§ kpe, and
a more extended component with ng exy = 27f§ x 1073 cm ™3 and Teext = 26ng§ kpc.

The virial mass and radius, as well as the magnetic field distribution, allow us to estimate
the J-factor (Eq. 1.78), and consequently, to predict the expected signal from dark matter
annihilation. For convenience, these parameters are summarized in Table 3.1.

3.2 LOFAR Data Processing

This section describes the steps of the radio data processing.

3.2.1 Data Extraction

The second LOFAR Two-metre Sky Survey (LoTSS-DR2, Shimwell et al., 2022) consists of
more than 800 pointings and covers more than 5,000 square degrees of the sky. Each pointing
was observed for 8 h across the 120-168 MHz frequency range. The average data volume of a
single 8-hour observation is approximately 8.8 TB. All observations are hosted in the LOFAR
Long Term Archive.

The data have been firstly calibrated using the standard direction-independent calibration
pipeline (van Weeren et al., 2016). This pipeline corrects for effects such as station clock
offsets, ionospheric Faraday rotation, XX-YY phase and amplitude calibration uncertainties.

The direction-independent calibrated observations were averaged to resulting in a time
resolution of 8 s and a frequency resolution of 0.195 MHz. Subsequently, a direction-dependent
calibration pipeline (DDFacet; Tasse et al., 2018; Shimwell et al., 2019) was applied to correct
for ionospheric distortions.
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Abell 2199
Parameter Value
My 101 [Mg] 8.0+24
Ryir [Mpc] 2.4+ 0.7
Ry [arcmin] 644+ 19
Distance [Mpc]| 128
By [uG] 11.7+£9.0
n 0.9+0.5
re [kpc] 92, 26198
ne(0) 1073 em ™3] 74194 2713
B 15753, 0.3970703

Table 3.1 Abell 2199 galaxy cluster parameters, summarized from Section 3.1, assuming hy = 0.67
(Planck Collaboration et al., 2020). The last five parameters describe the electron number density and
magnetic field. The electron number density was obtained using a double-5 model. For the parameters
e, Ne(0), and B, two values are given, corresponding to the inner and outer components of the model.

To reduce the data volume, Dysco compression (Offringa, 2016) was applied, typically
decreasing the storage size by a factor of five.

According to Shimwell et al. (2022), the nominal sensitivity of the final LoTSS DR2 images
is approximately 100 pJy/beam at a central frequency of 144 MHz, which has been achieved
in about ~ 70% of the survey area.

The target of interest (A2199) is not located at the center of any LoTSS pointing. We
downloaded visibility data containing the cluster within 2 degrees from the observing center
(van Weeren et al., 2021), to avoid significant time and bandwidth smearing effects, and
rephased the visibilities to the cluster center coordinates.

This selection results in three LoTSS pointings covering the target (P235+38, P235-+40,
and P238+40). Sources located farther than 15 arcmin from the phase center were subtracted
by applying the direction-dependent calibration solutions to the sky model derived during the
direction-independent calibration step.

3.2.2 Self-calibration Process

After data extraction, the calibration procedure had already been applied to the downloaded
visibilities. Here, we performed an additional self-calibration step to further refine the
calibration solutions. First, we produced a dirty image (see Fig. 3.2) to verify the source
position and to estimate the PSF size, which was used to set the image pixel scale for all three
datasets.

We adopted a pixel size of 1 arcsec to satisfy the Nyquist sampling criterion. This choice is
based on a synthesized PSF with major- and minor-axis FWHM values of 3.4 and 2.2 arcsec,
respectively, at 144 MHz, and a theoretical angular resolution of 3.1 arcsec at the same
frequency, as given by Eq. 1.93. The virial radius of the cluster is of the order of 3800 arcsec,
which is comparable to the adopted image size of 4000 x 4000 arcsec. Therefore, the field of
view covers a substantial fraction of the cluster environment, including its central region. In
particular, the expected dark matter annihilation signal is predicted to extend over angular
scales of approximately 60-600 arcsec (see Section 3.3).

We then proceeded with the cleaning process using WSClean (Offringa et al., 2014) and
used the multi-scale deconvolution algorithm (Offringa and Smirnov, 2017).
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Figure 3.2 Dirty image of the central region of the Abell 2199 galaxy cluster at 144 MHz.

The central source was found to have a complex structure and to be bright, with a total flux
density of approximately 70 Jy. During the deeper cleaning, we identified a significant number
of imaging artifacts. Therefore, we adopted an absolute flux threshold 30 mJy, corresponding
to the highest level of the sidelobes of 3C 338 measured from the dirty image. At this stage,
we constructed the initial sky model for self-calibration.

3C 338 is present in three pointings (P235+38, P235+440, and P238+40). However, based
on a measurement of the dynamic range in each field we excluded P235 + 38 and P235 + 40,
as they exhibited dynamic ranges that were 1.5 and 2.1 times worse, respectively, than those
of P238 4+ 40. In addition, the first two pointings showed a large scatter in the phase solutions
over the second half of the observation period.

To improve the image quality, we performed additional flagging of corrupted visibilities
using AOFlagger (Offringa et al., 2012) with the default LOFAR-HBA strategy (Fig. 3.3).
This additional flagging step removed 23% of the visibilities. Furthermore, the RS508HBA
station was fully flagged due to excessively noisy calibration solutions (Fig. 3.4), which resulted
in the removal of a further 1.8% of the data.

The previously derived sky model was subsequently used for phase calibration, which
helped to better focus the emission. The calibration solutions were determined over time
intervals of 10 minutes and frequency intervals of 5 MHz, corresponding to a division of the
full bandwidth into roughly 10 spectral sub-bands.

Solving equation 1.91, the complex gains G;(¢,v) for each antenna were computed (see
Fig. 3.4) and then combined in baseline gains G;;(v,t) to be applied to visibilities. This
procedure was carried out using the Default Pre-Processing Pipeline (DP3, van Diepen et al.,
2018).

We then repeated the imaging process, obtaining an updated sky model (Left panel Fig. 3.5).
The phase calibration procedure described above was subsequently repeated two additional
times. During the second iteration, additional data obtained after subtracting the model from
the calibrated data in the visibility space were flagged; however, the additional fraction of
flagged data was small (1-2%). In the third iteration, no additional flagging was applied.

At each step, the image quality improved, with a progressive increase of the dynamic range.
At this stage, the final model was represented by 59 point-like and Gaussian sources (abs
threshold 100 mJy) which described the central radio source and one distant source. Using
this sky model we then applied amplitude and phase self-calibration (Right panel Fig. 3.5).
This calibration was applied to initial extracted and flagged visibilities, to avoid convergence
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Figure 3.4 Gains solutions for a phase calibration. XX polarization.
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Figure 3.5 Comparison of A2199 images at different calibration stages. The left one after phase
calibration and the right one after amplitude and phase calibration. Images are cropped around the
central source. The images correspond to the P238+-40 pointing.

to a local minimum in the gain solutions. In total we applied three steps of amplitude-phase
calibration.

3.2.3 Image Deconvolution and Sky Model Construction

Significant calibration artifacts and sidelobes remained around the central source after self-
calibration. To suppress them, we applied a clean mask defined by contours at the 21 mJy/beam
level (three times the local RMS around the source). This provided a compromise between
excluding regions dominated by artifacts and avoiding overly restrictive constraints on the
deconvolution.

Since the residuals are dominated by artifacts in the vicinity of 3C 338, the standard
deviation of the residual image is not isotropic and varies significantly across the field, ranging
from 1—1.5 mJy /beam. in the eastern and southern regions up to 7 mJy/beam toward the
northern and western directions from the source. The thermal noise level, measured far from
the central source, is approximately 0.2 mJy/beam.

The final sky model was obtained using deconvolution with an absolute threshold of 3 mJy.
The previously defined mask around the target source was applied to suppress sidelobes.

3.2.4 Extraction of the Diffuse Emission

We completed the image calibration and constructed a sky model for the central source 3C 338,
as well as for other point-like and extended sources. We generate residual images by subtracting
the sky model.

We apply Briggs weighting with a robust parameter of 0 and a Gaussian taper with FWHM
values of 5 and 10 arcsec in the uv-plane. The taper additionally down-weights the contribution
of long baselines. Combined with the adopted visibility weighting, this results in PSFs with
FWHM values of 12.4 and 21 arcsec, respectively.

The image with an angular resolution of 12.4 arcsec (Fig. 3.6) was used to estimate the
diffuse emission.
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Figure 3.6 Residual image of 3C 338 obtained after sky model subtraction. The image was produced
using Briggs weighting (robust = 0) and Gaussian tapering. The resulting synthesized beam is of 12.4
arcsec. Artifacts from the central source are still visible.

3.3 Constraints on WIMP Parameters

The residual image is contaminated by calibration artifacts and show no evidence of a DM-like
signal (see Fig. 3.6).

We estimated the integrated flux density and the noise RMS within the region used for
the dark matter analysis. This region is defined as the area enclosed by the predefined mask,
which excludes the emission associated with 3C 338, and is further limited to the region
containing 99% of the expected dark matter-induced synchrotron emission (Fig. 3.7). The
size of the extraction region depends slightly on the WIMP mass, with its radius ranging
from approximately 2.2 arcmin for a 10 GeV WIMP to 3.7 arcmin for a 10 TeV WIMP. The
measured integrated flux densities and RMS noise levels are summarized in Table 3.2.

We add the simulated dark matter signal into the residual image and recompute the
integrated flux density. As the dark matter signal increases with the annihilation cross section
(Eq. 3.3), there exists a threshold cross section value above which the signal becomes detectable.

{ov)

JDM(MX7 <UU>) = <0’U>0

Jprm (My, (ov)o). (3.3)

For the reference model ((ov)g = 10726cm3s™!), we compute the integrated dark matter-
induced flux Jpas (M, ) within the same region used for the observational flux estimation. The
corresponding values are also reported in Table 3.2. Here we use the notation Jpar(My). A
different notation is adopted compared with Chapter 2, since here we work with integrated
flux densities in Jy rather than surface brightness in Jy/beam.

The dark matter emission was simulated using the DarkMatters code, adopting the
parameters of the Abell 2199 cluster, the bb annihilation channel, a reference annihilation cross
section of (ov)g = 10726 cm®s~!, and WIMP masses of 10, 100 GeV, and 1 and 10 TeV (see
Fig. 3.8).

To quantify this threshold, we consider the dark matter annihilation cross section for
which the integrated flux density after the DM injection, Jio, exceeds the residual integrated
flux density by a factor of three (i.e., a signal-to-noise ratio of 3). This defines our detection
criterion:


https://github.com/Hyperthetical/DarkMatters
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Figure 3.7 The yellow region indicates the area used for the signal estimation. This region is defined
as the area outside the mask that includes the emission from 3C 338, and is further edged to the region
enclosing 99% of the expected dark matter-induced emission. The result is shown for a WIMP mass of
10 GeV.

Jres + Joar > SNR - Jyes. (3.4)

Using the relation between the WIMP annihilation cross section and the total dark matter
flux (Eq. 3.3), and detection criteria (Eq. 3.4) we determine the annihilation cross section for
which the dark matter signal becomes detectable.

Jres

(ov) = (ov)p - (SNR —1) - Tont (M, (00)0)”

(3.5)

Assuming SNR = 3, for the lightest WIMP in our analysis, we determine the upper limit
on the detectable cross section as 5 - 1072% cm3®s™1, see Fig. 3.9.

Then we repeat this procedure for all WIMP masses and construct the dependence of the
WIMP annihilation cross section on the WIMP mass, see Fig. 3.10.

M, [GeV] 10 10> 10? 10*
R |arcmin] | 2.16 2.87 3.50 3.74
Jres [mJy] | 640 810 994 1020
RMS [mlJy] | 7.7 82 86 8.7
Jpm [mJy] | 266 62 032 89x1073

Table 3.2 In the table, R denotes the radius enclosing 99% of the expected DM-induced synchrotron
emission, while J..s and RMS denote the total flux and image RMS at 144 MHz integrated within this
region from the residual image. The Jpy denotes the integrated DM-induced flux density, assuming an

annihilation cross section of 10726cm?3s~!. The values are computed for WIMP masses of 10, 100 GeV,
1 and 10 TeV.
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Figure 3.8 The left panel shows the simulated WIMP annihilation brightness profile for bb annihilation
channel, annihilation cross section 10~26cm3s~! and WIMP masses 10, 100 GeV, 1 and 10 TeV. The
right panel shows the cumulative total flux in Jy as a function of distance from the source center.

Since the residual image is dominated by calibration artifacts associated with the imperfect
subtraction of 3C 338, the derived upper limits should be regarded as conservative and primarily
limited by systematic rather than thermal noise.

Ideally, if the source emission could be perfectly modeled and subtracted, the image noise
would approach the RMS level. Now we compute the RMS noise over the area using the RMS
noise in the image divided by the square root of the number of resolution elements included in
the area. Repeating the same analysis under this assumption, we obtain

RMS
Jpm (M, (ov)o)

(ov) = (ov)p - SNR - (3.6)

This would allow significantly stronger constraints, reaching the thermal annihilation cross
section for WIMP masses up to approximately 100 GeV (see Fig.3.10).
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the yellow dashed line. The green solid line and the orange dashed line show the integrated residual
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Figure 3.10 Upper limits on the WIMP annihilation cross section derived from the total residual flux
(blue solid line) and the RMS level (orange dashed line) in the Abell 2199 observations. The thermal
relic cross section is shown as a gray solid line.
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Conclusions

Dark matter remains one of the major unsolved problems of modern physics. In this thesis,
the Weakly Interacting Massive Particle (WIMP) paradigm was investigated through radio
observations of galaxy clusters. The study focused on the Coma and Abell 2199 clusters

We reviewed the main properties of dark matter, the mechanisms responsible for dark
matter-induced synchrotron emission, and the principles of radio interferometric observations.
Numerical simulations of the expected radio signal for different WIMP masses and annihilation
channels were performed using the DarkMatters software package.

The analysis of radio emission signatures from dark matter annihilation is challenging
because many astrophysical sources exhibit strong intrinsic radio emission unrelated to dark
matter. A major difficulty is separating the potential dark matter contribution from con-
ventional astrophysical emission. For the Coma cluster, the observed diffuse radio emission
was modeled as a combination of an astrophysical component and a possible dark matter
contribution. The analysis showed that the data are well described by the astrophysical
component alone, with no statistically significant evidence for an additional dark matter
signal. Nevertheless, upper limits on the dark matter contribution were derived, resulting in
constraints on the WIMP annihilation cross section as a function of particle mass. Assuming
the thermal annihilation cross section, the analysis disfavors WIMP masses below ~ 1 TeV
at the 95% confidence level. This result is consistent with recent v-ray and radio constraints.
However, these confidence intervals account only for statistical uncertainties in the profile
reconstruction. Systematic uncertainties from the magnetic field model, dark matter density
profile are not included.

For Abell 2199, we analyzed 8-hour LOFAR observations at 144 MHz that were calibrated,
imaged, and searched for diffuse radio emission. The detection of a diffuse component was
complicated by the presence of a bright central bright (~ 70 Jy) source 3C 338 with a complex
morphology. The final image was indeed affected by residual artifacts due to imperfect
subtraction of 3C 338, limiting the sensitivity of the DM search. Upper limits on the WIMP
annihilation cross section were derived from the residual image. For a WIMP mass of 10 GeV,
we obtained an upper limit of approximately 10724 cm3s~!, which is about two orders of
magnitude above the thermal annihilation cross section. Moreover, we demonstrate that
improved source subtraction up to thermal noise level could significantly strengthen these
constraints and potentially probe WIMP masses up to approximately 100 GeV assuming the
thermal annihilation cross section.

Overall, no evidence for a dark matter-induced radio signal was found in either cluster.
However, the study demonstrates that low-frequency radio observations provide a powerful
approach to indirect dark matter searches. Future observations with improved calibration,
deeper integrations, and next-generation facilities, such as the Square Kilometre Array (SKA),
are expected to further improve the sensitivity of this method.


https://github.com/Hyperthetical/DarkMatters
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