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The existence of dark matter (DM) in the universe is extremely important as
it explains the rotation of galaxies and hierarchical formation of astrophys-
ical structures. However very little information is known about the forma-
tion, nature and interaction properties of DM. Attempts to directly observe
DM have not yielded any conclusive results, making it impossible to directly
study its physical composition and how it fundamentally interacts with it-
self and other matter in the universe. This elusive nature of DM has made
us turn into indirect detection studies, so that we can be able to constrain
some of its physical properties. One of the expected properties of DM par-
ticles such as WIMPs (i.e Weakly Interacting Massive Particles) is for them
to annihilate inside DM halos found in galaxies and clusters. The annihilat-
ing WIMP particles are then expected to result in the production of standard
model particles such as electrons and positrons which can lead to the occur-
rence of observable multi-frequency emissions (such as radio, X-ray etc...)
when the produced electrons and positrons interact with magnetic fields and
other particles found in galactic and (galaxy) cluster environments.
In this thesis we study the multi-frequency implications of DM annihilation
in galaxy clusters that host diffuse radio emission by incorporating archival
radio observations of said clusters. We focus on two massive and optically
rich galaxy clusters, namely Abell 1689 and Abell 520. We assume that the
diffuse radio emission found in these clusters is a by-product of the syn-
chrotron radiation produced when electrons resulting from DM annihilation
come into contact with cluster magnetic fields. We also present new multi-
frequency radio analyses of the A1689 galaxy cluster using archival radio
observations from six different radio surveys, to study the radio properties
of the cluster and its diffuse radio emission
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Chapter 1

Introduction

1.1 A brief history of dark matter

The first evidence of DM in the universe was first discovered by Fritz Zwicky
in 1933 when he was studying the velocity distributions of galaxies in the
Coma cluster (Zwicky, 1933). Zwicky noticed a discrepancy between the lu-
minous mass of the cluster and the radial velocity of the cluster galaxies.
He noticed that the total luminous mass in the cluster was 400 times less
than the mass required to produce and maintain the galactic radial velocity.
He found the radial velocity to be 1000 km s−1, this is in agreement with a
more recent value of 1080 km s−1 found by Colless and Dunn, 1995. This
value is very large if it was solely due to the luminous mass of the galax-
ies and their content. This led Zwicky to conclude that there must be huge
amounts of "missing mass" in the Coma cluster, holding the cluster objects
together. Zwicky referred to this "missing mass" as "dunkle (kalte) materie"
or dark (cold) matter in his 1933 publication tittled "On the redshift of extra-
galactic nebulae". Three years after Zwicky made his publication a similar
excess of non-luminous matter was discovered by Smith, 1936, in the Virgo
cluster.

Babcock, 1939, was investigating the rotational velocity of the Andromeda
galaxy (M31) when he discovered the anomalous behaviour of the rotational
velocity of the galactic matter. He expected that the angular velocity of the
galaxy will decrease moving away from the galactic centre in correlation with
the galaxy’s decreasing luminous matter, however the angular velocity re-
mained constant throughout the galaxy. These findings led the author to
conclude that there must either be a large concentration of mass situated at
the galactic edges as opposed to the centre as expected, or there was an unex-
pected absorption of light by galactic dust towards the edges. Observations
of the galaxy NGC3115 in 1940 by Oort, 1940, observed that "the distribution
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of luminous mass of the system bared almost no relation to the distribution
of the light", however this finding did not agree with Babcock’s conclusion
as NGC3115 is dust free (Van Dokkum and Franx, 1995). This indicated the
first significant evidence for the existence of DM in galaxies.
Another significant study of DM was done by Rubin and Ford between the
1970’s and 1980’s when they studied the rotational curves of numerous galax-
ies including M31 and observed flat rotational curves for the galaxies. This
indicated the presence of massive non-luminous halos of matter extending
beyond the galactic radii (Rubin and Ford Jr, 1970; Rubin, Ford Jr, and D’Odorico,
1970).

Further evidence of the existence of DM is provided by the measurements of
temperature fluctuations in the cosmic microwave background (CMB). These
fluctuations represent small variations in the universe’s density. The fluctu-
ations are caused by the gravitational interaction between baryonic particles
and CMB radiation, which is a relic of the epoch of recombination (EoR)
(Archidiacono et al., 2019; Padmanabhan and Finkbeiner, 2005). The ob-
served fluctuations strongly suggest the existence of a greater gravitational
influence, exceeding the one expected from baryonic particles and CMB in-
teractions. DM particles are expected to exert this gravitational influence
without any additional interaction from CMB radiation (Archidiacono et al.,
2019; Padmanabhan and Finkbeiner, 2005). Other evidence to support the
existence of DM in the universe has also been found through gravitational
lensing observations, the big bang nucleosynthesis (BBN, see Depta et al.,
2019; Serpico and Raffelt, 2004 for review), X-ray observations of galaxy clus-
ters and observations of merging galaxy clusters (see Bradač et al., 2008 for
example studies).

1.2 Particle dark matter

The Standard Model of particles is the best theoretical work frame for the
fundamental subatomic nature of the universe, however the ΛCDM (aka the
"Lambda Cold Dark matter Matter" ) model forces us to assume a new par-
ticle outside the Standard Model to account for the missing mass and the
expansion of the universe. In order to narrow down the search for DM parti-
cles, several constrains have been placed from observations (or lack thereof)
for any potential candidate DM particles. These conditions are:
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• DM particles must be non-relativistic, i.e "cold", to ensure the hierar-
chical formation of the universe. If DM particles were "hot", then larger
structures in the universe, e.g., clusters of galaxies and bigger, would
form first and smaller scale structures, e.g., stars and galaxies, would
form later. However, observations indicate that structures in the uni-
verse form hierarchically from smaller to bigger. This condition rules
out neutrinos as possible DM candidate as neutrinos are relativistic.

• DM particles must also be neutrally charged and interact weakly with
themselves and the electromagnetic matter. If DM particles were charged
then they would continuously interact with other charged particles,
however, we know from the lack observations that this is not the case.
This requirement rules out many Standard Model particles such poten-
tial candidates for DM particles.

• Finally, DM particles must be stable on cosmological timescales, be-
cause if DM particles are unstable on timescales shorter than the Hub-
ble time, then the bulk of DM particles would have already decayed.
This requirement also rules out most Standard Model particles.

Although there are numerous DM candidates which satisfy these constraints,
WIMPs are the most well accepted and studied candidates. Features of WIMPs
in some models such as supersymmetry (e.g., the neutralino) or Universal
Extra Dimensions (e.g., the lightest Kaluza-Klein particle) allows their inter-
action cross section to be on a scale such that they can naturally produce the
observed thermal relic abundance of DM in galaxies and clusters (Jungman,
Kamionkowski, and Griest, 1996; Bertone, Hooper, and Silk, 2005; Hooper
and Profumo, 2007).

1.2.1 WIMPs

WIMPs are the most viable non-baryonic DM candidates as they are stable,
neutral and weakly interact with themselves and other Standard Model par-
ticles. WIMPs are expected to abundantly produced in thermal equilibrium
in the universe when:

KBT � mχc2, (1.1)

where T is the temperature of the Universe and mχ is the mass of the WIMP
particle. WIMPs are also expected to be self-annihilating and their abun-
dance has been preserved as the number of forward processes was equal to
the number of backwards processes, i.e., the annihilating particle χ and their
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anti-particle χ̄ would annihilate to form lighter particles l and anti-particle l̄
which would also annihilate to form χ and χ̄ at the same time:

χχ̄ ⇀↽ ll̄. (1.2)

As the temperature of the universe falls, the equilibrium abundance will also
fall exponentially up until the forward process also falls below the Hubble
expansion rate. At this point, the WIMPs will stop annihilating as they fall
out of equilibrium (see Jungman, Kamionkowski, and Griest, 1996 for an ex-
tensive discussion).

The expansion of the universe, given by H, the Hubble constant, prevents
the WIMPs from disappearing completely by reducing their concentration to
a point where WIMP annihilation becomes improbable. This occurs when the
WIMP population falls exponentially out of thermal equilibrium due to the
rate of annihilation becoming smaller than the rate of the universe’s spatial
expansion, H, this is called the "freeze-out" and at this point, WIMPs cease to
annihilate (Jungman, Kamionkowski, and Griest, 1996).

WIMPs have been popular DM candidates for a long time now, however
their lack of detection through experimental searches have made many scien-
tists sceptical about their existence. Recent reviews of the WIMP theoretical
framework speculate that most of the formulations of WIMPs will be put to
a final test by the proposed next-generation of detectors (Arcadi et al., 2018).

1.3 Detecting dark matter

The evidence for the existence of DM in the universe is convincing, how-
ever none of this evidence constitutes the actual detection of DM, which will
be the best proof for its existence. This brings us to the question of "which
methods can we use to detect DM particles?". We know that the best detection
of DM would be a direct detection of DM particles such as WIMPs, this has
however proven to be very difficult since WIMPs weakly interact with them-
selves and with other particles. However, this method of detection requires
WIMPs to elastically scatter with Standard Model particle nuclei as DM par-
ticles pass through Earth-based detectors. This type of interaction will also
require energy within the keV range to detect which is difficult to achieve
with current instrumentation. A number of direct detection experiments are
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currently underway such as XENON1T (Collaboration-XENON et al., 2018)
and the Large Underground Xenon experiment (the LUX, Akerib et al., 2017)
noble gas detectors. No definitive DM signal has been detected so far, how-
ever direct detection efforts have led to constrains on the WIMP scattering
cross section.

Another method of detection for DM is through collider searches. Collider
searches rely on the production of DM particles occurring through the col-
lision of Standard Model particles (i.e. proton-proton collisions at the large
Hadron Collider, LHC). Since DM cannot be directly detected through the
LHC, scientists are focusing on the signature of the "missing energy" which
is believed to correspond to DM escaping the detector after the proton-proton
collisions (Boveia and Doglioni, 2018). Collider searches have also not being
successful on the detection of DM, however, they can be used to constrain
the properties of some model-dependant interactions.

An alternative method of studying the nature of DM, is through indirect de-
tection methods, where decay and annihilation of WIMPs produce Standard
Model particles that are expected to be detected through multiple astron-
omy techniques. This method of detection encompasses multi-messenger as-
tronomy, such as the detection of electromagnetic radiation (EM), neutrinos
(Abazajian and Koushiappas, 2006; Boyarsky et al., 2019) and cosmic rays
(Cholis, Linden, and Hooper, 2019; Barger et al., 2009). Indirect searches fo-
cus on detecting Standard Model particles created during DM annihilation or
decays. The neutrinos can be detected directly while electrons and positrons
are studied indirectly through the secondary EM radiation they produce,
such as gamma-rays and X-rays, through various experiments, such as the
FERMI-LAT. The FERMI-LAT collaboration focuses on detecting the gamma
ray emissions produced through DM annihilation in galaxies and clusters
(Abdo et al., 2010; Zhang et al., 2011; Ackermann et al., 2012; Huang, Verton-
gen, and Weniger, 2012; Abazajian and Keeley, 2016; Abazajian et al., 2020).

1.4 Diffuse radio emission in clusters

Galaxy clusters are the largest gravitationally bound entities in the universe,
they typically contain between 100 to 1000’s of galaxies. They are also rich
in thermal X-ray hot plasma found in-between the galaxies. Stars, galaxies
and all other baryonic matter make up only 12 to 15% of the mass in galaxy
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clusters, most of the mass comes from DM, this makes galaxy clusters great
laboratories to study the properties and composition of DM. The observa-
tions of galaxy clusters in different energy bands is essential as it can be used
to probe different different astrophysical properties of the ICM to help us un-
derstand the formation, history and evolution of galaxy clusters, which will
in turn help us understand the properties of the Universe. The ICM is heated
to a high temperatures as it is filled with thermal plasma, magnetic fields and
energetic particles. Their typical temperature ranges from 107 to 108 K and
the energy density in between galaxies ranges from 10−3 to 10−1 cm−3.

Some clusters have been found to harbour diffuse radio emission which can-
not be associated with any galaxies in the cluster. The diffuse radio emission
typically spreads over 500 kpc to ∼1 Mpc in size. The non-thermal emission
can be classified as radio halos, radio relics or mini-halos depending on their
size, polarity, morphology and position in the cluster:

• Radio halos are large areas of diffuse emission which are typically lo-
cated in the central regions of the cluster, they tend to exhibit a regular
spherical morphology, which traces the morphology of the cluster’s X-
ray gas. An example of a galaxy cluster which hosts a radio halo is the
Coma cluster (Giovannini, Tordi, and Feretti, 1999).

• Radio relics are also extended areas of diffuse emission which are typ-
ically found in the peripheral regions of the cluster. Relics typically
exhibit an elongated shape and are highly polarized unlike radio halos.
An example of a galaxy cluster which hosts a radio relic is the Tooth-
brush cluster (Kang, Ryu, and Jones, 2017).

• Mini-halos are moderately-sized (∼500 kpc) regions of diffuse radio
emission which resemble radio halos. However they are typically found
in clusters with a dominant central radio-galaxy, although their emis-
sion is not associated with the radio-galaxy. Mini-halos are a bit harder
to detect as in most cases they are out-shined by the dominant radio-
galaxy. An example of a galaxy cluster which hosts a mini-halo is the
RXJ1347.5-1145 cluster (Gitti et al., 2007).

Diffuse radio emissions results from synchrotron radiation, which occurs
when relativistic electrons spiral magnetic fields which permeate the galaxy
cluster. Radio relics and mini-halos have very interesting features and mod-
els which explain their origin, however, in this study we are only interested
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in the occurrence of radio halos.
Although the origin of radio is still unknown and a few models have been
proposed to explain their origins, one of these models links the occurrence
of diffuse radio emissions to annihilation of DM particles which will interact
with intra-cluster (ICM) magnetic fields to form radio emission. This model
assumes WIMPs as the best candidates for DM particles to explain the spher-
ical shapes and spectral steepening of radio halos at higher frequencies. The
model also predicts the position of the radio halo to be on the central regions
of galaxy clusters, which will be coincident with the bulk of the X-ray emis-
sion (Colafrancesco and Mele, 2001; Hooper and Profumo, 2007).

1.5 Main objectives

In this thesis we aim to study the predicted WIMP annihilation (electromag-
netic) emission in galaxy clusters that host diffuse radio emission, namely the
Abell 1689 and Abell 520 clusters. We will incorporate radio observations,
gravitational lensing measures and X-ray observations to constrain the prop-
erties of DM halos where DM particles self interact to form Standard Model
particles. We will present observational limits on the predicted electromag-
netic radiation to obtain the best window of detection for WIMP induced
emissions.
We will also present a multi-frequency radio study of the Abell 1689 galaxy
cluster using publicly available archival data from the VLA, GMRT, MWA,
SDSS and WISE surveys. We use the radio observations to help us map out
the radio morphology and spectral properties of the cluster and its radio halo.

1.6 Outline

This thesis is structured as follows:

In Chapter 2., we study the possibility that the radio halo found in Abell 520
results from the annihilation of DM particles using the radio observations
and gravitational studies of the cluster. We determine the best fit values for
the annihilation cross section and magnetic field of our DM model, which
will fit the observed radio spectrum in a specific region of the cluster.
In Chapter 3., we present the radio, morphological and spectral analyses
of the Abell 1689 cluster and its diffuse emission using publicly available
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archival radio observations from the VLA, GMRT, MWA, SDSS and WISE
surveys.
In Chapter 4., we present the DM annihilation study of the Abell 1689 galaxy
cluster. We use observations of the cluster’s radio halo to constrain the an-
nihilation cross section of WIMPs in the cluster. We then place observational
limits on the predicted WIMP induced radio signals, at two different mag-
netic fields and three different annihilation channels, by assuming that the
diffuse emission in the cluster results from the annihilation of WIMPs.

In Chapter 5., we present our concluding remarks and discuss current
issues with out results and future work.
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Chapter 2

The role of DM annihilation in the
radio emission of A520

This chapter of the thesis looks at the role of DM annihilation of the diffuse
emission found in the Abell 520 cluster.

Note: This chapter is adapted from the published work:

Marchegiani P., Colafrancesco S. and Khanye N.F., "The role of dark matter an-
nihilation in the radio emission of the galaxy cluster A520", 2019, MNRAS, 483, 2.

&

Marchegiani P., Colafrancesco S. and Khanye N.F., "Possible Dark Matter anni-
hilation in the galaxy cluster A520", 2018, High Energy Astrophysics in South-
ern Africa (HEASA2018), 30.

The contribution of the candidate was significant, it included writing the al-
gorithm which produced all the radio data, the radio and X-ray images. The
selection of these figures and data reinforced the arguments made in this
manuscript. The candidate contributed to the arguments expressed in the
letter and was also involved in the writing, editing and submission of the
manuscript and the proceeding paper to the publishers.



10 Chapter 2. The role of DM annihilation in the radio emission of A520

Abstract

A520 is a hot and luminous galaxy cluster, where gravitational lensing and
X-ray measures reveal a different spatial distribution of baryonic and dark
matter. This cluster hosts a radio halo, whose map shows a separation be-
tween the north-east and the south-west part of the cluster, similarly to what
is observed in gravitational lensing maps. In this paper we study the possi-
bility that the diffuse radio emission in this cluster is produced by dark mat-
ter annihilation. We find that in the whole cluster the radio emission should
be dominated by baryonic phenomena; if a contribution from dark matter is
present, it should be searched in a region in the NE part of the cluster, where
a peak of the radio emission is located close to a dark matter subhalo, in a
region where the X-ray emission is not very strong. By estimating the radio
spectrum integrated in this region using data from publicly available sur-
veys, we find that this spectrum can be reproduced by a dark matter model
for a neutralino with mass 43 GeV and annihilation final state bb̄ for a mag-
netic field of 5 µG.

2.1 Introduction

Galaxy clusters are supposed to be dominated by a component of dark mat-
ter (DM) of unknown nature. The annihilation of DM particles in a galaxy
cluster can produce relativistic electrons and gamma-rays, whose possible
detection can be used to test the properties of the DM particles and the cluster
itself (Colafrancesco, Profumo, and Ullio, 2006). However, other processes in
galaxy clusters can produce diffuse non-thermal emission in several spectral
bands, like radio, X-rays, and gamma-rays (e.g. Feretti et al., 2012), making
difficult to distinguish the emission of baryonic origin from the one origi-
nated by DM annihilation. Marchegiani and Colafrancesco, 2015 proposed
to address this problem by considering clusters where the X-rays and grav-
itational lensing measures suggest that the baryonic and the DM haloes are
located in different positions, like in the case of the Bullet cluster (Clowe
et al., 2006), and studying the emission detected in the different regions of
the cluster. This situation can usually be found in clusters during a merg-
ing event taking place approximately perpendicularly to the line of sight,
when the DM haloes of the two clusters are expected to cross each other in
a collisionless way, whereas the thermal gas haloes interact by ram pressure,
producing a slowdown and an offset between DM and baryonic matter (e.g.
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Roettiger, Loken, and Burns, 1997).

A520 is a hot and luminous galaxy cluster, where an ongoing merging event
has been identified both with X-rays (Markevitch et al., 2005a) and optical
observations (Proust et al., 2000). In A520 X-rays and gravitational lensing
measures reveal a situation similar to the case of the Bullet cluster: the dis-
tribution of the DM density in fact results to be different from the baryonic
one, with two main DM peaks located on the opposite sides of the cluster ge-
ometrical centre along the NE–SW direction, that is interpreted as the merg-
ing axis, whereas the X-ray emission shows a main peak close to the cluster
geometrical centre, and an extension in the SW part of the cluster, where a
second peak, associated with the Brightest Cluster Galaxy (BCG) of the sec-
ondary subcluster, is located close to the edge of the cluster, and presents a
trail of cold gas, interpreted as the remnant of a cool core cluster that is go-
ing to be destroyed by ram pressure while crossing the main cluster (Clowe
et al., 2012; Wang, Markevitch, and Giacintucci, 2016; Wang, Giacintucci, and
Markevitch, 2018). The detection of a third peak in the DM distribution close
to the X-ray peak is controversial: in some studies (e.g. Mahdavi et al., 2007)
this peak results to be present, whereas in other studies (e.g. Clowe et al.,
2012) this peak is not detected with sufficient statistical significance.

A520 hosts a giant bright radio halo (Govoni et al., 2001b; Govoni et al., 2004;
Vacca et al., 2014; Wang, Giacintucci, and Markevitch, 2018), with a relatively
flat spectral index (with integrated value between 325 and 1400 MHz of α ∼
1.12; Vacca et al., 2014) that, although with fluctuations in its value across
the cluster, does not present a systematic steepening towards the peripheral
regions (Vacca et al., 2014), as instead observed in other clusters like Coma
(Giovannini et al., 1993) and A665 (Feretti et al., 2004). The radio maps show
that the halo is divided in two main subhaloes in the NE and SW regions of
the cluster; this structure is interesting because it is analogue to the structure
of the DM distribution in the cluster. We note that a similarity between radio
halo and DM morphology is also observed, for example, in the Coma cluster
(Brown and Rudnick, 2011; Marchegiani and Colafrancesco, 2016).

In this paper we check the possibility that the radio emission in A520 can
be originated by DM annihilation. In Section 2.2 we study the emission ex-
pected from DM in the whole cluster, and compare it with the emission of
baryonic origin. In Section 2.3 we focus on a region of the cluster where
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a peak of the diffuse radio emission is located close to a DM peak, and in
Section 2.4 we study the high-energy emission expected from the cluster. In
Section 2.5 we discuss our results and make hypothesis on the origin of the
electrons in the different regions of the cluster, and in Section 2.6 we summa-
rize our conclusions.

Throughout the paper, we use a flat, vacuum-dominated cosmological model
following the results of Planck, with Ωm = 0.308, ΩΛ = 0.692, and H0=67.8
km s−1 Mpc−1 (Ade et al., 2016). With these values the luminosity distance
of A520 at z =0.199 is DL= 1005 Mpc and 1 arcmin corresponds to 203 kpc at
this distance.

2.2 The integrated emission from the cluster

As a first step, we study the radio emission expected in the whole cluster
for a baryonic model, where secondary electrons are produced by hadronic
interactions between cosmic rays and thermal protons (e.g Blasi and Co-
lafrancesco, 1999) and a DM model, where electrons are produced by DM
annihilation (e.g Colafrancesco, Profumo, and Ullio, 2006).

In both the models, the equilibrium spectrum of electrons is obtained by solv-
ing the diffusion-loss equation (e.g (Sarazin, 1999))

∂

∂t
dne

dE
= ∇

(
D(E, r)∇dne

dE

)
+

∂

∂E

(
b(E, r)

dne

dE

)
+ Qe(E, r) (2.1)

where (dne)/(dE) is the electron spectrum, D(E, r) is the spatial diffusion co-
efficient, b(E, r) is the energy-loss function, and Qe(E, r) is the electron source
function, that can be calculated according to the physics of the hadronic in-
teractions (e.g. Moskalenko and Strong, 1998) or the DM annihilation (e.g.
Gondolo et al., 2004).

In the hadronic model, the source term is proportional to the product of the
numerical density of thermal nuclei and the one of cosmic ray protons. For
the density of the thermal gas we use the properties derived from X-rays
observations: the radial profile can be described by a beta model

nth(r) = nth,0

(
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(
r
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)2
)−qth

(2.2)
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(Cavaliere and Fusco-Femiano, 1976) with nth,0= 3.8 × 10−3 cm−3, rc = 413
kpc, and qth = 1.3 (see table 6 in Govoni et al., 2001b, after correcting for the
different cosmological model). We assume that the cosmic ray protons have
a spatial profile proportional to the thermal one, use power-law spectral dis-
tributions Np ∝ γ−sp with several values of the spectral index, and let their
central density as a free parameter, expressed through the ratio between the
non-thermal and the thermal pressure (see e.g. Marchegiani, Perola, and Co-
lafrancesco, 2007). This last value has been constrained to have upper limits
of the order of 2-6 percent, depending on the spectral index, from stacked
analysis of Fermi gamma-ray upper limits in galaxy clusters (Huber et al.,
2013; Prokhorov and Churazov, 2014). At the moment there are no estimates
of the magnetic field in A520 derived from Farady Rotation Measures avail-
able in literature; we therefore adopt a magnetic field similar to the one found
in Coma, with a central value of 5 µG and a radial profile proportional to
nth(r)1/2 (Bonafede et al., 2010).

For the DM models, we use two neutralino models with mass 9 GeV and
annihilation final state τ+τ−, and mass 43 GeV and annihilation final state
bb̄, with the total normalizations, given by the product of the annihilation
cross-section and the substructures boosting factor, B× < σv > , as obtained
from the fitting to the flux of the radio halo in the Coma cluster (Marchegiani
and Colafrancesco, 2016). These normalizations can therefore be considered
as upper limits on the DM emission, because they can be obtained for opti-
mistic values of the annihilation cross-section as derived from the gamma-
ray excess in the Galactic Centre (Abazajian and Keeley, 2016) and the sub-
structures boosting factor (see discussion in (Marchegiani and Colafrancesco,
2016)), and because a higher value of this normalization would produce a ra-
dio emission in excess with respect to the flux observed in the Coma cluster.
The density and the radial profile of the DM halo are assumed to have a
Navarro, Frenk, and White, 1997 profile,

ρ(r) =
ρs(

r
rs

) (
1 + r

rs

)2 , (2.3)

with the parameters derived from the total mass, M200 = (9.1 ± 1.9) × 1014

M� (Clowe et al., 2012), according to the procedure described in Bullock et
al., 2001 and Colafrancesco, Marchegiani, and Beck, 2015: rs = 472 kpc and ρs

= 5.29 × 103ρc, where ρc is the critical density of the Universe. We calculate
the total flux by integrating in a volume with a radius of 0.5 Mpc, similar to
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FIGURE 2.1: Spectrum of the radio halo flux in A520 for: (i)
a neutralino model with mass Mχ = 9 GeV, annihilation final
state τ+τ−, B× < σv >= 6 ×10−25 cm3 s−1 (solid line); (ii)
a neutralino model with mass Mχ = 43 GeV, annihilation final
state bb̄, B× < σv > = 4 ×10−24 cm3 s−1 (dashed line); (iii) a
hadronic model with proton spectral index sp = 2.2 and a pres-
sure ratio PCR/Pth = 2.6 per cent (dot–dashed line). Data are

from Vacca et al., 2014.

the radius of the whole radio halo.

The comparison between the prediction of these models and the observed
total flux of the radio halo in A520 at 325 and 1400 MHz (Vacca et al., 2014)
is given in Fig. 2.1. The hadronic model provides a good fit to the data for a
spectral index sp = 2.2 and a pressure ratio PCR/Pth = 2.6 per cent that is of the
order of the upper limits derived from stacked analysis of gamma-ray emis-
sion in clusters. The DM emission is instead lower than the observed flux by
almost one order of magnitude, suggesting that the bulk of radio emission
in A520 cannot be of DM origin. It is anyway possible that the DM can give
a contribution in some regions of the cluster, as suggested in the case of the
Bullet cluster (Marchegiani and Colafrancesco, 2015). In the next section we
explore this possibility.
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2.3 Emission in the DM peak

According to Clowe et al., 2012, the two most massive DM subhaloes inside
the radio halo region in A520 are the ones labelled with P2 and P4, that are
located respectively in the NE and SW parts of the halo. The subhalo P4 is lo-
cated close to the BCG that is moving outwards producing the detected bow
shock and leaving a cold gas trail; it is therefore reasonable to think that the
radio emission in this region is dominated by the electrons (primary or sec-
ondary) originated by this galaxy or accelerated by the associated bow shock.
The subhalo P2 is instead located in a region with a weak X-ray emission, but
close to a peak of the radio emission, located between the radio galaxies la-
belled with C and D by Vacca et al., 2014 and visible also in the NVSS map
(see Fig.2.2). This radio peak is better visible in the fig. 2a in Wang, Giacin-
tucci, and Markevitch, 2018, where the diffuse radio emission is shown after
the removal of point sources, at the approximated coordinates (J2000) RA =
04 54 15.0, Dec. = + 02 56 31.4. In Fig. 2.3 we show a zoom of this region,
with the optical ESO-DSS map, where the contours from NVSS (Condon et
al., 1998a) and TGSS (Intema et al., 2017) radio surveys, and from the gravi-
tational lensing analysis (from fig. 1c in Wang, Markevitch, and Giacintucci,
2016) are overlapped. The radio peak located close to the centre of the image
is visible in the TGSS contours, and is located between two lensing peaks; the
distance between the centre of the TGSS peak and the lensing peaks is of the
order of the TGSS resolution (25 arcsec), and therefore it is possible that in
this peak there is a contribution from DM annihilation. At the centre of the
TGSS peak there is a galaxy, presently not recognized as a radio source, that
can also be the origin of the radio emission; this situation is similar to the one
in the DM Eastern peak in the Bullet cluster, where the radio peak is located
close to the DM peak but also to a possible radio galaxy (see Marchegiani and
Colafrancesco, 2015).

In order to estimate the radio flux coming from this region, we analysed the
data from a few radio surveys, i.e. VLSSr (Lane et al., 2014), TGSS, and NVSS,
estimating the diffuse flux coming from a circle centred at the coordinates RA
= 04 54 15.0, Dec. = + 02 56 31.4, and a radius of 35 arcsec (i.e. avoiding the
emission from radio galaxies C and D), corresponding to 118 kpc. The data
analysis has been done using the CASA package, and the results are reported
in Table 2.1.



16 Chapter 2. The role of DM annihilation in the radio emission of A520

FIGURE 2.2: X-ray image from Chandra with NVSS contours
overlapped (white); the black arrow indicates the peak of the
NVSS map close to the P2 region; labels C and D are for radio

galaxies as in Vacca et al., 2014
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FIGURE 2.3: Optical image from ESO DSS with NVSS (white),
TGSS (red), and from weak lensing (from Wang, Markevitch,

and Giacintucci, 2016; black) overlapped.
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S74 MHz (mJy) S150 MHz (mJy) S1400 MHz (mJy)
14.9 ± 5.2 7.01 ± 0.13 0.450 ± 0.047

TABLE 2.1: Radio fluxes estimated in a circular region centred
in RA = 04 54 15.0, Dec. = + 02 56 31.4, and with a radius of
35 arcsec, as obtained from the surveys VLSSr (74 MHz), TGSS

(150 MHz), and NVSS (1.4 GHz).

Then we calculated the hadronic and the DM emission in this region by
using the models described in the previous section. According to the mag-
netic field model used in the previous calculations, we should expect at the
distance of the P2 region from the cluster centre a magnetic field of the order
of ∼3.8 µG and a thermal gas density of ∼1.6 × 10−3 cm−3. Since the size
of this region is small compared to the core radius of the cluster, we use a
constant magnetic field and constant densities of thermal electrons and non-
thermal protons inside the region. According to Clowe et al., 2012, the mass
of the P2 subhalo is M = 4.08 × 1013 M�, from which the parameters for a
NFW model rs = 112 kpc (similar to the radius of the region we analysed)
and ρs = 1.37 × 104ρc can be derived.

In Fig. 2.4 we show the radio emission produced in this region for the hadronic
and DM models, using for the hadronic model a reference pressure ratio
PCR/Pth = 4 per cent, higher than the one providing the best fitting to the
whole radio halo. Even with this value, the DM emission appears to be dom-
inant with respect to the hadronic one. This is because in a small region the
contribution of the central peak of the DM emission is more important than
the one provided from the flat profile of non-thermal protons. The expected
DM radio emission is smaller than the flux estimated from the surveys in this
region by a factor of 1.3–1.4.

We also found that, by using instead a magnetic field of the order of 5 µG, it
is possible to obtain a radio flux produced by DM similar to the observed one
(lower panel of Fig. 2.4). Since we do not have information on the magnetic
field in this cluster, this possibility cannot be excluded. We note also that the
model with neutralino mass 43 GeV reproduces the spectral shape of the ra-
dio emission better than the 9 GeV model. Therefore, the DM emission in the
P2 region can be dominant on the hadronic one if the normalization of the
DM emission is the same than the one that can reproduce the radio halo flux
in Coma, and this suggests that the contribution of DM to the radio emission
in the cluster, if present, can be found in this region.
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FIGURE 2.4: Spectrum of the radio halo flux in the region P2
of A520 for a magnetic field of 3.8 µG (upper panel) and 5 µG
(lower panel) and for: (i) a neutralino model with mass Mχ =
9 GeV, annihilation final state τ+τ−, B× < σv > = 6×10−25

cm3 s−1 (solid line); (ii) a neutralino model with mass Mχ = 43
GeV, annihilation final state bb̄, B× < σv > = 4×10−24 cm3 s−1

(dashed line); (iii) a hadronic model with proton spectral index
sp = 2.2 and a pressure ratio PCR/Pth =4 per cent (dot–dashed

line). Data are from Table 2.1.
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2.4 High-energy emission

In this section we discuss if the emission produced in the high-energy bands
(X-ray and gamma-ray) is suitable to be detected with present or forthcom-
ing instruments, in order to understand if with this kind of observations it is
possible to discriminate between the different models and derive more infor-
mation on the properties and the origin of cosmic ray particles in A520 and
in the P2 region.

In Fig. 2.5 we show the high-energy emission given by the sum of the Inverse
Compton Scattering of the cosmic microwave background photons and non-
thermal bremsstrahlung with the thermal ions from the secondary electrons,
and the gamma-ray emission produced by neutral pions decay, for the three
models we used in the past section, and for the two regions we considered:
the whole cluster (upper panel), and the P2 region (lower panel).

We can see that in the whole cluster the hadronic emission dominates over
the emission of DM origin along the whole spectrum, whereas in the P2 re-
gion the DM emission is stronger than the hadronic one in the X-ray band
(between 0.3 and 400 keV for the 43 GeV model, and between 1 and 150 keV
for the 9 GeV model), while in the gamma-rays the hadronic emission is gen-
erally stronger than the DM one, except for the spectral region between 1
and 10 GeV for the 43 GeV mass model, and between 2 and 4 GeV for the 9
GeV model. However, all these emissions are well below the sensitivity of
present and forthcoming instruments (in the same Figure we show, for ref-
erence, the sensitivities of Astro-H for 100 ks of integration and Fermi-LAT
for 10 yr) even for the whole cluster, so we do not expect that observations in
these bands can help to discriminate the origin of the non-thermal emission
in A520.

2.5 Discussion

Like in the Bullet cluster (Marchegiani and Colafrancesco, 2015) ), in A520
the emission of DM origin probably is not producing the whole radio halo,
but can be dominant in some regions of the cluster. In the whole cluster the
baryonic emission is expected to be dominant on the DM one.

In the SW part of the cluster a possible source of acceleration of cosmic rays
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FIGURE 2.5: Spectral energy distribution of the high-energy
emission from the whole cluster A520 (upper panel) and
the P2 region (lower panel) for: (i) a neutralino model with
mass Mχ = 9 GeV, annihilation final state τ+τ−,B× < σv >
=6×10−25 cm3 s−1 (solid line); (ii) a neutralino model with
mass Mχ = 43 GeV, annihilation final state bb̄, B× < σv >
=4×10−24 cm3 s−1 (dashed line); (iii) hadronic model with
proton spectral index sp = 2.2 and pressure ratios PCR/Pth=2.6
per cent in the whole cluster and 4 per cent in the P2
region (dot–dashed line). We also show the sensitivity
curves of Astro-H for 100 ks of time integration (from
http://astro-h.isas.jaxa.jp/researchers/sim/sensitivity.html)
and Fermi-LAT for 10 yr (from Funk, Hinton, and Consortium,

2013)
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is the bow shock associated with the BCG at the edge of the radio halo that is
moving outwards; however, Wang, Giacintucci, and Markevitch, 2018, using
Chandra X-ray observations, found that the Mach number associated with
this shock isM = 2.4+0.4

−0.2; according to the Diffusive Shock Acceleration the-
ory (Drury, 1983), particles accelerated by a shock with this Mach number
should produce a radio emission with a spectral index equal to or steeper
than 1.3, that is steeper than the values of 1.1–1.2 found in this region Vacca
et al., 2014. Another possible source of cosmic rays is the BCG itself, that
can have injected the particles during its passage through the Intra Cluster
Medium (ICM). Since the particles are diffused up a distance of the order of
500 kpc (much higher than the typical diffusion length of electrons in mag-
netized plasma in galaxy clusters, that is of the order of 50 kpc, see e.g. Blasi
and Colafrancesco, 1999), this emission probably is of hadronic origin.

In the NE part of the cluster we have identified a peak of the radio halo that
is located very close to one of the peaks of the DM distribution (the P2 peak
in (Clowe et al., 2012)). We have found that in this region the emission of
DM origin is expected to dominate on the emission of baryonic origin, if the
DM has properties similar to the ones providing the best fitting to the spec-
trum of the radio halo in Coma Marchegiani and Colafrancesco, 2016, when
optimistic, but possible, values for the annihilation cross-section and the sub-
structure boosting factor are assumed. Therefore, if a contribution from DM
to the radio halo is present in this cluster, it needs to be searched in this re-
gion. We note that, while in the Coma cluster the DM model providing the
best fitting to the radio halo spectrum is the one with mass 9 GeV and annihi-
lation final state τ+τ−, in the P2 region of A520 the model providing the best
fitting to the radio spectrum is the one with mass 43 GeV and annihilation
final state bb̄. Therefore other studies, even considering similar situations in
other clusters, need to be performed in order to clarify the strength of this
result.

The whole NE part of the radio halo is more extended than the P2 region
alone, that has a radius similar to the core radius expected for a DM halo
having the corresponding mass (≈115 kpc); therefore other mechanisms that
can accelerate the electrons on larger scales need to be present. The appar-
ent separation of the NE part of the radio halo from the SW part suggests
that other mechanisms different from the injection from the BCG can take
place. As suggested by Wang, Giacintucci, and Markevitch, 2018, a possible
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mechanism is the reacceleration caused by merger-induced turbulences, as
suggested also by the high values of the temperature found in this region
(Govoni et al., 2004; Wang, Markevitch, and Giacintucci, 2016). Another pos-
sibility is that an important role is played by the radio galaxy labelled with
D in Vacca et al., 2014: in the temperature map of Govoni et al., 2004 it is
possible to see that a region of hot gas is present on the west of the galaxy
(i.e. in the probable direction of its motion), and is bending north and south
of the galaxy. It is therefore possible that the bow shock produced by the
galaxy motion is providing energy to the cosmic ray electrons by diffusive
shock acceleration or adiabatic compression. A shock is not visible in this
region of the X-ray maps (Wang, Markevitch, and Giacintucci, 2016), but this
fact can be explained because this radio galaxy is probably part of a subclus-
ter that is falling on the main cluster along a direction close to the line of
sightProust et al., 2000. It is also possible that the radio galaxy, by crossing a
merger shock front, is giving origin to a relic-like structure (like in the case of
Perseus cluster, see Pfrommer and Jones, 2011) that would appear roundish
because associated with a shock front produced in a merger happening close
to the line of sight, as suggested by Vacca et al., 2014.

2.6 Conclusion

In this paper we have found that in the cluster A520 the radio emission pro-
duced by DM is expected to be lower than the emission of baryonic origin.
However, DM can have an important role in the region around the subhalo
P2, where a peak of the radio emission is detected.

We have estimated the radio flux in the P2 region, and found that DM mod-
els with the same properties as the ones providing a good fitting to the radio
halo in the Coma cluster (Marchegiani and Colafrancesco, 2016) predict a ra-
dio emission similar to the observed one, for a magnetic field of the order
of 5 µG. The best-fitting model suggested by the spectral shape of the radio
emission in the P2 region is for a neutralino with mass 43 GeV and annihi-
lation final state bb̄; this situation is different from the Coma case, where the
favourite model was for mass 9 GeV and final state τ+τ−.

In the SW part of the cluster, a possible origin of the radio halo is given by
hadronic interactions, where the cosmic rays are injected by the BCG moving
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through the ICM. In the NE part, other than the DM in the P2 region, an im-
portant role can be played by the radio galaxy D that is probably interacting
with the ICM, emitting cosmic rays and/or producing a bow shock.

Finally, the expected high-energy emission from the whole cluster and the
P2 region is well below the sensitivities of present and forthcoming instru-
ments, and therefore measures in high-energy spectral bands do not appear
to be suitable to obtain better information on the non-thermal emission in
A520.
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Abstract

Over the course of recent years, our knowledge on the evolution and dy-
namics of galaxy clusters has improved.This is due to the progress in radio
and X-ray surveys and in the development of theoretical models which try
to explain the intra-cluster medium (ICM). These advances in understanding
have raised more questions about the origin of cluster magnetic fields and
the origin of large areas of diffuse synchrotron emission, such as radio halos.
In this paper, we present new radio analyses of the Abell 1689 galaxy cluster,
using publicly available archival data from the VLA; GMRT; MWA; SDSS and
WISE surveys. We use the radio observations to help us understand and map
out the morphology and spectral properties of the radio emission in the clus-
ter. The optical and infrared observations are then used to cross match the
observed features with their possible optical and infrared counterparts. We
calculated the integrated flux density of the radio halo to be 8.7 mJy at 1400
MHz and 202.9 mJy at 147.5 MHz from the NVSS and TGSS observations re-
spectively. We also, for the first time, present the spectral index image of the
cluster using observations from the NVSS and TGSS observations and find a
power-law correlation in the radio spectrum of the diffuse emission, with a
spectral index of α= -1.34 (where S∝ να).

3.1 Introduction

The radio emission observed in galaxy clusters is usually attributed to the
effects of shocks and turbulence that produce (re-)acceleration of relativistic
particles in magnetic fields which permeate the cluster atmospheres (Feretti
et al., 2012). Clusters contain different sources of radio emissions ranging
from active galactic nuclei (AGN) to enormous regions of diffuse radio emis-
sion which lack optical counterparts. The large regions of diffuse radio emis-
sion are thought to result from the re-acceleration of relativistic particles and
can be classified into three classes: (i) radio halos, (ii) radio mini-halos and
(iii) radio relics. Radio halos are large low-surface brightness diffuse radio
sources which are generally located at the cluster centre with a very steep
spectrum (α ≤ -1, where S∝ να). They have a regular spherical morphology
and are mostly found to be unpolarized. Examples of galaxy clusters which
host radio halos are Abell 2163 in (Feretti et al., 2001) and Abell 1351 (Gio-
vannini et al., 2009). Radio mini-halos are similar to radio halos, with the
differentiating factors being that, they are usually found in relaxed, cool-core
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clusters, coupled with the extent of the radio emission (around the central
radio galaxy) being confined to smaller scales (∼500 kpc, see e.g., Ignesti et
al., 2020 and references therein). Examples of galaxy clusters that host mini-
halos are Abell 2029 and the Ophiuchus cluster (Govoni et al., 2009). Radio
relics are also large low surface brightness regions, however, unlike radio ha-
los they are mostly located in the peripheral regions of the cluster and have
an elongated, irregular morphology. Radio relics are usually strongly polar-
ized e.g the Toothbrush cluster (Ogrean et al., 2013) and the double radio relic
found in CIZA J2242.8+5301 (Van Weeren et al., 2010; Van Weeren et al., 2011).

The origin of diffuse radio emissions in galaxy clusters is still up for de-
bate. This is due to the difficulty in explaining their large sizes and the short
life span of radiating electrons, which are vital for their occurrence. A num-
ber of models have been introduced to try and explain their puzzling origin.
This includes: (i) the widely accepted primary acceleration model, which
attributes the occurrence of radio halos to the diffusion of relativistic elec-
trons into the intra-cluster medium (ICM) by different events occurring in the
cluster, such as shocks and turbulence from cluster merger events (Rephaeli,
1979; Brunetti et al., 2004) and AGN activities (Jaffe, 1977; Ferrari et al., 2008);
(ii) the secondary electron model, which predicts that relativistic electrons
may result from the inelastic hadronic collisions between non-thermal and
thermal protons from the hot gas in the ICM (Blasi and Colafrancesco, 1999);
and (iii) the secondary electron production from dark matter (DM) annihi-
lation model, which predicts the generation of gamma-rays, electrons and
positrons during the annihilation of DM particles such as weakly interacting
massive particles (WIMPs) (Colafrancesco and Mele, 2001; Bertone, Hooper,
and Silk, 2005; Colafrancesco, Profumo, and Ullio, 2006).

The occurrence of radio relics in galaxy clusters is also highly associated
with the presence of merger shocks within the cluster’s X-ray gas, which are
caused by highly energetic merger events that are capable of re-accelerating
cosmic rays. The merger shocks are expected to lead to the amplification
of magnetic fields in the cluster and enable the occurrence of large areas of
diffuse emission on the outskirts of the clusters, when they come in contact
with relativistic electrons. This phenomena can also lead to the formation of
shock fronts, which are sharp contact discontinuities between regions of the
ICM gas with different entropies. Shock fronts exhibit a sharp gas density
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edge and a temperature jump (prerequisites for determining the gas veloc-
ity and density jumps in the ICM). Shock fronts have been observed in a
few galaxy clusters that host diffuse radio emission (Markevitch et al., 2005a;
Markevitch, 2005b).

In this work, we present the radio observations of Abell 1689 (A1689 from
here-on) at four different radio frequencies, while also paying attention to
the properties of the diffuse radio emission found in the cluster, whose pres-
ence was first reported by Vacca et al., 2011. We also provide the spectral
analyses of the cluster using an integrated radio spectrum and spectral index
images of the cluster, to develop a better understanding of the energy spec-
trum of the relativistic electrons.

Throughout the paper we have employed a flat, vacuum dominated cosmo-
logical model with H0= 69.6 km s−1Mpc−1, Ωm = 0.286, ΩΛ = 0.714 . With
these parameters the luminosity distance of A1689 at z = 0.183 is DL = 894.6
Mpc and 1 arcmin corresponds to 185.94 kpc

3.2 Abell A1689

A1689 is a massive optically rich galaxy cluster at redshift z = 0.183 (Struble
and Rood, 1999). The cluster is well used for strong and weak gravitational
lensing studies due to its display of gravitational arcs, arclets and multiple
image systems as seen in the optical regime (Broadhurst et al., 2005a). The
cluster also hosts the largest Einstein radius known so far (Tyson, Valdes,
and Wenk, 1990; Taylor et al., 1998; Oguri and Blandford, 2009) and further
strong lensing studies have also revealed several substructures with different
concentrations in the central and north eastern regions of the cluster. These
optical properties and the discrepancies in mass, ∼ 10, between the X-ray
and gravitational lensing observations (Tyson and Fischer, 1995; Shan et al.,
2010; Sereno et al., 2013) are what makes A1689 an interesting laboratory for
indirect studies of dark matter (Sereno and Umetsu, 2011). XMM-Newton
observations compared with ASCA, ROSAT and Chandra data suggest that
the cluster is in a post merger scenario, with the core of the cluster not being
fully relaxed (Andersson and Madejski, 2004; see Vacca et al., 2011 for a com-
prehensive review of the clusters, X-ray, dynamics and history).
Vacca et al., 2011 reported on the detection of diffuse radio emission in the
cluster, at 1200 and 1400 MHz, using the Very Large Array (VLA) in different
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Parameter value ref
RA (J2000) 13 11 30.2 -
DEC (J2000) -01 20 10.6 -
z 0.183 Struble and Rood, 1999
L0.1−2.4

x 1.2 × 1045 Vacca et al., 2011
Mcool (M�yr−1) 683 239

128 Chen et al., 2007
tcool (Gyr) 4.7 ± 0.4 Chen et al., 2007
M200 (M�h−1) 1.25±0.3 × 10 14 Leonard, King, and Goldberg, 2011
SRH

1200 MHz (mJy) 11.7 ± 3.4 Vacca et al., 2011
LLS (kpc) 730 Vacca et al., 2011
PRH

1200 MHz (× 10 24 WHz−1) 1.08 Vacca et al., 2011

TABLE 3.1: Global properties of the A1689 cluster and its radio
halo (written as RH) at 1200 MHz.

configurations. The diffuse emission spreads over the central regions of the
cluster and is mostly outshined by several radio galaxies found throughout
the cluster. The authors estimated the largest linear size (LLS) of the dif-
fuse emission to be ∼ 730 kpc and classified the emission as a small radio
halo with a central radio brightness of ' 1.7 µJy/arcsec2 at 1200 MHz and
estimated a flux density of 9.9 mJy at 1400 MHz, for the radio halo. They
also investigated the radio halo–X-ray correlation of the cluster, using Chan-
dra X-ray observations, and found that there is a non-linear relation due to
the radio radial profile being much flatter than the X-ray profile. The global
properties of the cluster are listed in Table 3.1.

3.3 Observations and imaging

To perform the study, on the extended radio emission in the galaxy clus-
ter, we used archival radio continuum observations from six radio surveys
(full survey descriptions are detailed below): VLSSr, TGSS, GLEAM, NVSS,
FIRST, and VLASS at their respective central frequencies of 74; 150; 200; 1400;
1400 and 3000 MHz, by retrieving images of the galaxy cluster from their im-
age cutout services. The cutout images were already cleaned and calibrated
by the relevant survey teams before being publicly released, and thus, no cal-
ibration (step) was necessary for this study.
We discuss the specifications of each of the surveys used, their data reduc-
tion methods and how we carried out the image analyses in the following
sections. A summary of all the radio continuum images used in this study is
provided in Table 3.2.
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3.3.1 VLSSr

The VLA Low frequency Sky Survey imaged the sky north of declination
−30◦, at 74 MHz (bandwidth of ∆ν ∼ 1.56 MHz) and a resolution of 80

′′ ×
80
′′
. The observations were made between 2001 to 2007 in the VLA B (for

a declination in the range: −10◦ < δ < 80◦) and BnA (for δ < −10◦ and
δ > 80◦) configurations. The survey has an intergrated time of ≈ 75 minutes
per pointing achieving an rms noise level of 100 mJy/beam (Cohen et al.,
2007). For our study we used the re-reduced VLSS data, the VLSS Redux
(VLSSr) which re-processed the VLSS data using an older version of the AIPS
software (Lane et al., 2014). The final VLSSr catalogue contains over 92 000
radio sources with a resolution of 75

′′ × 75
′′

(see Lane et al., 2014 for more
details). The observation of A1689 with VLSS was carried out on the 20th of
September 2003, the image retrieved had an rms value of 110 mJy/beam and
was observed at the 73.5 MHz.

3.3.2 TGSS ADR1

The TIFR GMRT Sky Survey alternative data release 1 (TGSS ADR1) is a pub-
licly accessible catalogue based on the GMRT observations of the radio sky at
150 MHz (∆ν ∼ 16.7 MHz) and an angular resolution of 25

′′× 25
′′
. The sur-

vey achieved over 2000 hours of observations with each pointing being car-
ried for about 15 minutes between the declination of -20◦ and +60◦(Intema
et al., 2017). The data was processed using the GMRT’s automated radio
data pipeline, SPAM (Source Peeling and Atmospheric Modeling) which is a
python based program that uses AIPS (the Astronomical Image Processing
Pipeline) to reduce low frequency, high resolution interferometric radio data
(see Intema et al., 2009; Intema et al., 2017 for more information). The ob-
servation of the A1689 cluster were carried out on the 16 of March 2016 at a
frequency of 147.5 MHz and a resolution of 27

′′ × 25
′′

, with an rms value of
3 mJy/beam.

3.3.3 GLEAM

The GaLactic and Extragalactic All-Sky MWA (GLEAM) survey is one of the
Square Kilometre Array (SKA) pathfinder telescopes. The survey maps the
entire sky, south of the declination δ = +25◦, at radio frequencies ranging
from 72 to 231 MHz (∆ν ∼ 7.68 MHz), grouped into four central frequencies:
88; 118; 155 and 200 MHz. The observations were made from August 2013
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and lasted for 2 years (see Wayth et al., 2015 for more details). In this study
we use the data released from the first year of observation, the data reduc-
tion process was carried out by the GLEAM team and has been described in
Hurley-Walker et al., 2017. We selected an image observed at 200 MHz on
the 9th of August 2013 with an rms value of 6.4 mJy/beam.

3.3.4 NVSS

The NRAO VLA Sky survey (NVSS) is a publicly accessible archive contain-
ing more than 1.8 million radio sources with flux densities stronger than
S1.4 GHz > 2.5 mJy. The NVSS mapped the sky at 1400 MHz (∆ν ∼ 50 MHz)
north of declination δ = −40◦, using the VLA D and DnC configurations be-
tween September 1993 and October 1996 for a total of 2700 hrs. The NVSS
catalogue completely overlaps with the TGSS ADR1 catalogue (see Condon
et al., 1998b for more details). The observations of the A1689 cluster was car-
ried out on the 27th of February 1996 with an rms value of 0.53 mJy/beam.

3.3.5 FIRST

The Faint Images of the Radio Sky at Twenty centimeters survey (FIRST in
short (Becker, White, and Helfand, 1995)) was carried out using the NRAO
VLA at 1400 MHz in the B-array between 1993 and 2002. The survey is the
radio equivalent of the Sloan Digital Sky Survey (SDSS) covering ∼ 10, 000
square degrees of the North and South Galactic Cap. The archive consists of
3-minute snapshots which cover a hexagonal grid using fourteen 3 MHz fre-
quency channels. The survey’s 5σ flux density limit is 1 mJy, with a restoring
beam FWHM of 5.4 arcsec and an rms of 0.15 mJy/beam. The final catalog
is expected to contain ∼ 9 × 105 radio sources, roughly 40% of which are re-
solved on scales from 2-30 arcsec1. The observation of the A1689 cluster was
carried out in August of 1998 with an rms value of 0.15 mJy/beam.

3.3.6 VLASS

The Very Large Array Sky Survey (VLASS) is a synoptic, all-sky radio sur-
vey being carried out with the Karl G. Jansky VLA in B-configuration and
S-band, between the period of September 2014 and October 2024. The sur-
vey has a central frequency of 3000 MHz (∆ν ∼ 2-4 GHz) with an angular

1http://sundog.stsci.edu/
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Survey ν(MHz) Resolution σrms(mJy/b) Obs. date
VLSSr 73.5 75

′′ × 75
′′

109.75 2003/09/20
TGSS DR1 147.5 27

′′ × 25
′′

3.22 2016/03/15
GLEAM-4 200 142

′′ × 132
′′

18.97 2014/03/10
NVSS 1400 45

′′ × 45
′′

0.53 1995/02/27
FIRST 1400 5

′′ × 5
′′

0.15 1998/08/-
VLASS 3000 3

′′ × 2
′′

0.17 2019/04/21

TABLE 3.2: Properties of the A1689 radio continuum images
used in this study. Col. 1: survey name, col. 2: observation
frequency, col. 3 synthesized beam size, col. 4: noise value of

each image and col. 5 observation date.

resolution of ∼ 3
′′

and a sensitivity goal of 70 µJy at 1σ. VLASS will use
approximately 5500 hours and observe the whole sky north of of declination
δ = −40◦ covering a total of 33,885 square degrees (see Lacy et al., 2020 for
a detailed description of the survey). The A1689 cluster was observed on the
21st of April 2019 with an rms value of 0.17 mJy/beam.

3.3.7 Imaging and Analysis

The differences in survey configurations, resolution and sensitivity across the
publicly available archival image products requires a detailed systematic ap-
proach to matching complementary surveys for extended emission analyses.
We made informed decisions about which surveys to match, from the con-
sidered data products, by considering the nature of the extended radio and
diffuse emission found in proximity of the galaxy cluster.
In light of the fact that diffuse emission has a low-surface brightness, which
is typically resolved out in high angular resolution images, we opt for the
usage of lower angular resolution surveys (with survey configurations) that
are optimised for extended emission, namely TGSS and NVSS in this study,
to map out the spectral properties of the relativistic electrons characterising
this emission. We note that there are still issues with the differences in in-
tegration times, affecting the observed depth and extent of the sources (see
Thwala et al., 2019) which cannot be trivially addressed.

The high angular resolution images (with increased sensitivity, namely FIRST
and VLASS in this study) map and probe the radio emission at deeper depths,
allowing us to better distinguish candidate sources of the observed extended
emission. We used products from these two surveys to perform multi-wavelength
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cross matching, with infrared and optical counterparts and produce a spec-
tral index map of the cluster sources at mid-high frequencies. Thus, given
the two survey combinations of TGSS with NVSS, and FIRST with VLASS;
we can provide spectra analyses of the cluster’s diffuse emission and can-
didate radio sources, respectively, using the computed spectral index maps
between 150-1400 MHz and 1400-3000 MHz (see Figure 3.7). We now detail
the image packages used to produce these results and the integrated flux val-
ues.

The imaging in this paper was done using the Common Astronomy Sofware
Application (or CASA in short, Jaeger, 2008) and python, using Astropy
(and its affiliated packages; Price-Whelan et al., 2018). We used PyBDSF
(Python Blob Detector and Source Finder, Mohan and Rafferty, 2015) to per-
form source finding, subtraction (see Section 3.4.3.) and calculate the inte-
grated flux density, as well as the rms values of the radio continuum images
used. To match the image area and resolution, in preparation for the compu-
tation of the spectral index and error maps, we utilised Miriad (Sault, Teuben,
and Wright, 2006) for re-gridding and smoothing the previously mentioned
survey combinations (where we smoothed the higher angular resolution im-
age, to match the resolution of the lower angular resolution image, see Sec-
tion 3.4.4 for a full description of how the specific surveys were matched).
The spectral index maps and their error maps were then computed using
Astropy.

3.4 Results

3.4.1 Radio emission and cluster sources

Figure 3.1 and 3.2 show the radio maps of the cluster as observed by VLSSr,
TGSS, and NVSS at 74, 150, and 1400 MHz. At these frequencies, the central
region of the cluster is dominated by a very bright emission, resulting from
multiple radio galaxies (RGs, labelled A; B; BiC and C in Figure 3.3). The
FIRST and VLASS radio contours resolve one of these sources, labelled A in
Figure 3.3, to be a double jet extended radio galaxy, coincident with an opti-
cal and infrared counterpart (see Figure 3.3, and discussion in 3.4.2). Sources
B, BiC, and C appear to be point sources in both surveys.

Mid-high frequency observations also confirm the appearance of additional
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FIGURE 3.1: The NVSS 1400 MHz radio image of the cluster
shown in colour with a resolution of 45

′′× 45
′′

and rms noise of
0.5 mJy/b, overlaid with the GMRT 147.5 MHz radio contours.
The contour lines are drawn at [1,2,4,8,16,...] × 2.5σrms, where

σrms=3.22 mJy/b.

RGs (D and E in Fig. 3.3)) towards east of the cluster as observed by Vacca
et al., 2011. These seem to dim with a decrease in observing frequency, with
a detection of the northern source in TGSS and no detection for both sources,
in the VLSSr image. This is likely to be caused by the sensitivity of the low
frequency surveys as well as the low-surface brightness of the sources.

The lower resolution images, in Figure 3.1, reveal the presence of diffuse ra-
dio emission that permeates the cluster, surrounding the central RGs, and
extends beyond the centre of the cluster.
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FIGURE 3.2: Left to right: Radio continuum images of each
titled survey (and observed frequency) with their respective
contours levels drawn at [1, 2, 4, 8, 16, 32, 64] × 5σrms, where
σrmsVLLSr , σrmsTGSS , σrmsNVSS = [109.75, 3.22, 0.53] mJy/beam. The
beam sizes are shown on the lower left corner, with a resolu-
tion of 75
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′′
, 27
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and 45
′′ × 45

′′
for VLSSr, TGSS and

NVSS, respectively.

3.4.2 Multi-ν counterparts

In order to learn more about the bright emission that dominates the cluster’s
centre, we turned to observations from the FIRST and VLASS surveys at 1400
MHz and 3000 MHz, with a resolution of 5

′′ × 5
′′

and 3
′′ × 2

′′
, respectively.

We overlapped the FIRST and VLASS observations with infrared (IR) obser-
vations from the Wide-field Infrared Survey Explorer (WISE, Wright et al.,
2010) telescope. We do this in order to understand the positions of the RGs
in relations to each other and confirm the number of existing point sources in
the cluster centre and along the cluster’s field-of-view in the radio frequen-
cies. The resulting image is show in Figure 3.3.

The IR-Radio observations reveal that the centre of the cluster has four ra-
dio emitting galaxies, three of which were reported in detail by Vacca et al.,
2011, these galaxies are labelled as galaxies A, B and C in Figure 3.3. Galaxy
A is the cluster’s dominant radio-galaxy, located 64.25 arcsec away from the
cluster centre and associated with the optical source, TGN259Z069, which
has a redshift of z = 0.187. Galaxy B is a radio-galaxy associated with the op-
tical source SDSSJ131130.2-0120, which has a redshift of z = 0.181. Vacca et
al., 2011 revealed that this point source is located at the cluster’s X-ray peak.
Galaxy C appears to be the dimmest RG, compared to all the other central
RGs, and is associated with an optical source, Slee ACO 1689 12, located at
z = 0.195.
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FIGURE 3.3: Left: WISE infrared (W1, W2 and W3 bands) im-
age of the cluster overlaid with the NVSS contour levels at
[1,2,4,8,16,32,64]×5σrms, where σrms = 0.53 mJy/beam. Right:
SDSS (r, g and i bands) images of the highlighted, silver in-
frared, regions with FIRST (teal;σrmsFIRST = 0.15 mJy/beam)
and VLASS (magenta;σrmsVLASS = 0.17 mJy/beam) contours at
[1,2,4,8,...]×3σrmsFIRST and 5σrmsVLASS + 3σrmsVLASS × [0, 1, 2, 4, 8, ...],

respectively.

The fourth central radio source (associated with the optical source 2MASX
J13113265-0119590), which we labelled as BiC in Figure 3.3., is outshined by
the dominant radio-galaxy, making it very easy to miss at low frequencies
and poor resolutions due to its proximity to the dominant radio-galaxy. This
radio-galaxy is located 55.45 arcsec away from the cluster centre and is asso-
ciated with the brightest galaxy in the cluster (BiC) in the X-ray band, which
is located at z = 0.202. This difference in redshifts amongst the central galax-
ies can also indicate the possibility of sub-cluster mergers occurring in the
cluster.
We have listed the properties of the four central radio sources and the two pe-
ripheral sources (D and E) foubd in the cluster and along its field of view in
Table 3.3, where we used Simbad2 and the Space Science Data Centre (SSDC)
Sky Explorer3 tool to study the redshift, source name and the classification
of the cluster’s point sources. We used PyBDSF to calculate the flux den-
sities of the galaxies at 147.5 MHz with TGSS and 1400 MHz with FIRST.
We calculated the flux density values of the point sources, we modelled the

2http://simbad.u-strasbg.fr/simbad/
3https://tools.ssdc.asi.it/
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Sources RA DEC S147.5 MHz S1400 MHz z Object type
(J2000) (J2000) (mJy) (mJy)

AF 13:11:31.5 -01:19:31 443.53 ±29.01 41.95±1.92 0.187 RG
BG 13:11:30.0 -01:20:28 119.32 ± 12.05 8.44 ±0.73 0.181 RG
CI 13:11:29.0 -01:21:17 111.5 ± 10.56 2.14 ±0.22 0.195 RG

BiCH 13:11:32.6 -01:19:59 - 2.04 ±0.19 0.202 BiC
DJ 13:11:43.5 -01:19:20 51.29 ± 4.81 6.22±0.61 0.183 RG
EK 13:11:42.0 -01:23:44 - 10.09 ±0.92 - RG

TABLE 3.3: Position, radio and general properties of the ra-
dio sources found in A1689 and along its field-of-view. Col.
1 shows the label of the cluster sources, Cols. 2 and 3 are the
coordinates of the sources, Cols. 4 and 5 are their integrated
flux densities at 147 MHz and 1400 MHz, Col. 6 is the red-
shift of the source and Col. 7 is the classification of the point
source. (RG- radio-galaxy, BiC - Brightest galaxy in the clus-
ter in Simbad). The associated source names (or identifier in
Simbad) of each labelled sources are: F - TGN259Z069, G -
SDSSJ131130.2-0120, H - 2MASX J13113265-0119590, I - A1308-

0150D, J- TGN259Z044 , K- Slee ACO 1689 18 .

point sources as described in Section 3.4.3. We are unable to obtain an in-
tegrated flux density value for the point source associated with the optical
source 2MASX J13113265-0119590 at 147.5 MHz as the source cannot be dis-
tinctly resolved from Galaxy A by the TGSS.
In Figure 3.1, the diffuse emission permeating the cluster seems to extend
beyond the cluster central region at 147.5 MHz, while at 1400 MHz the diffuse
emission is almost completely outshined by the the prominent point sources.
However, to better understand the extend of the diffuse emission in all the
frequencies we have to separate the point sources from the diffuse emission.

3.4.3 Diffuse emission in A1689

Flux density estimation

To estimate the flux density of the diffuse radio emission in the cluster, we
have to start by subtracting the flux densities of all the compact radio sources
(and their extended emission) from the total emission in the cluster. We used
PyBDSF to model the point sources, with a Gaussian fitting function and es-
timated their corresponding integrated flux densities (such as the ones pre-
sented in Table 3.3) at the different observed frequencies. The FIRST survey
was used to resolve positions of potential point sources within the studied
fov and 13 point sources were identified.

To get the integrated flux density of the diffuse radio emission, the total
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ν (MHz) 73.5 147.5 200 1200 1400
Sν (mJy) 497.3 ± 61.3 202.9 ± 19.8 153.3 ± 16.8 11.7 ± 3.4 8.7± 0.86

TABLE 3.4: Flux densities of the diffuse emission found in the
galaxy cluster at different radio frequencies, including the 1200
MHz flux density value from Vacca et al., 2011. The values at
147.5 MHz and 200 MHz are taken as upper limits, due to the

poor resolution of the VLSSr and GLEAM observations.

flux density contributions of the embedded point sources (and their extended
emission) at that particular frequency are modelled and then subtracted from
the total emission in the observed radio image in PyBDSF . The resulting im-
ages then produces a low-surface brightness residual map that contain emis-
sion which could not be modelled as point sources by the source finder. We
then use this emission to calculate the diffuse emission contained within the
fov of the continuum radio images.

The errors in the flux density measurements of the diffuse emission are esti-
mated by taking into account the errors that are caused by the flux densities
used to calibrate the radio images and the errors resulting from the noise of
the image. These two errors are then added together for the flux density error
estimation, using the formula:

∆Sν =

√
(σcalSν)

2 +
(

σrms
√

Nbeam

)2
, (3.1)

where σcal is the uncertainty in the calibration, σrms is the noise of the radio
image as obtained from from the FITS files and Nbeam is the number of beams
present in the extended source. We assumed σcal to be 10 % for the TGSS,
NVSS and GLEAM images (Intema et al., 2017; Condon et al., 1998b; Hurley-
Walker et al., 2017) and assumed it to be 15% for the VLSSr images (Lane
et al., 2014).

Table 3.4 shows the flux densities of the diffuse emission at the different
radio frequencies, after the subtraction of all the point sources. We found the
flux density of the diffuse emission at 147.5 MHz to be S147.5 MHz = 202.9±19.8
mJy and to be S1400 MHz = 8.7±0.86 mJy at 1400 MHz, for the NVSS survey.
We have also included the value from Vacca et al., 2011 at 1200 MHz on our
table. The VLSSr and GLEAM images had the highest noise levels due to
their surveys’ low resolutions and poor sensitivities, making them less ideal
for detecting low-surface brightness features such as radio halos. Thus, their
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resulting integrated flux densities of the diffuse emission at 73.5 MHz and
200 MHz are taken only as upper limits. The flux density at 1400 MHz is
comparable to the the value estimated by Vacca et al., 2011 at 1400 MHz,
which was 9.9 mJy. We didn’t find any diffuse emission in the VLASS and
FIRST radio images above 3σ.

We use the flux density values stated in Table 3.4. to plot a radio spectrum for
the diffuse emission in the cluster. The radio spectrum is shown in Figure 3.4
and it includes the flux density value of the Radio halo at 1200 MHz as calcu-
lated by Vacca et al., 2011. The flux density values at 73.5 MHz and 200 MHz
are also expressed as upper limits in the radio spectrum. Using the radio
spectrum plot, we see that the diffuse emission in the cluster follows a power
law relation with a steepness of αdiffuse= -1.34±0.14 using a linear fit. We es-
timate this value as the spectral index of the diffuse emission. This spectral
index value and the flux density value S1400 MHz = 8.7 ±0.86 corresponds to
a radio power P1400 MHz= 9.81 ± 0.77 × 1023 WHz−1 at 1400 MHz.

Morphology of diffuse emission

Figure 3.5 shows the diffuse emission map in the cluster at 147.5 MHz after
the subtraction of the point sources as described in the previous subsection.
At 147.5 MHz the diffuse emission extends beyond the central regions of
the cluster, this is in agreement with what has been observed at 1200 MHz
by Vacca et al., 2011, where the radio halo was mainly concentrated at the
cluster centre. The diffuse radio map at 147.5 MHz reveals that the cluster
hosts numerous diffuse radio filaments and peaks, with the major peak being
found in the cluster centre. The major peak, labelled L, displays an irregular
morphology and has sharp edges and occupies the cluster centre. this is the
same structure detected at 1200 MHz by Vacca et al., 2011. We found that
the longest linear size (LLS) of the radio halo peak located at the centre, peak
A, to be LLS ∼720 kpc at 147.5 MHz. This value is not too far from the one
reported in Vacca et al., 2011, where they found LLS=730 kpc for the radio
halo. However, we expected this value to be greater than 730 kpc at 147.5
MHz as radio halos tend to appear bigger in size at lower frequencies, due to
lower frequencies being optimal for the detection of low surface brightness
radio emission. We may be obtaining a lower LLS value due to the sensi-
tivity limitations and calibration & cleaning techniques of publicly available
TGSS data. The short LLS may also hint at the diffuse emission being in a
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FIGURE 3.4: The spectrum of the diffuse emission found the
A1689 cluster at frequencies ranging from 73.5 MHz to 1400
MHz with the errors obtained through equation 3.1, we have
also included the flux density at 1200 MHz as calculated by

Vacca et al. (2011). The blue line is the linear fit to the data.
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FIGURE 3.5: The 147.5 MHz radio contours of the diffuse emis-
sion found in the cluster after the subtraction of point sources
using PyBDSF. The resolution of the image is ∼ 27′′ × 25

′′
. The

contour levels are [1,2,4,8,16,...]×3σrms where σrms= 3.22 mJy/b.
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transitional phase from being a mini-halo to a radio halo, with the gas slosh-
ing of the central galaxies and sub-cluster mergers as possible sources of the
turbulence producing diffuse radio emission. The central diffuse emission is
expected to be incident with the X-ray peak of the cluster as shown in Vacca
et al., 2011. In figure 3.6 we compare the LLS of the cluster’s radio halo to
other well known radio halos at different cluster redshift. From figure 3.6 we
observe that the LLS, for the radio halo in A1689, obtained from this study
is small to medium sized when compared to radio halos of the same redshift
range..

We also observe the presence of another irregular diffuse structure in the
north-western region of the cluster, labelled M, this is the second largest dif-
fuse structure after the main one found in the cluster. There is a possibility
that the irregular diffuse structure is a radio relic, however, this possibility
has to be investigated independently with low frequency radio observations
paired with polarization and X-ray studies. The rest of the radio filaments,
spread unevenly throughout the cluster, although most of them are found in
the northern to south eastern regions of the cluster. Most of the filaments
also form part of the diffuse radio emission as they mostly lack optical coun-
terparts. The diffuse filaments can also result from possible smaller scale
sub-cluster merger events, which have not been able to destroy the central
cool-core of the cluster.
The main diffuse structure is still quite small in size even at 147.5 MHz com-
pared to most radio halos, raising the possibility of a mini-halo instead, al-
though this will be hard to argue at this sensitivity.

3.4.4 Spectral index imaging

Spectral index images can be used to constrain the energy spectrum of rel-
ativistic electrons and for studies of magnetic field distribution in clusters
hosting diffuse radio emission.Thus, providing useful information to under-
stand the formation and evolution of cluster merger processes.
In order to further examine the cluster dynamics of A1689 at radio frequen-
cies, we computed spectral index distribution maps of the cluster using a
combination of images from TGSS & NVSS, at low-mid frequencies and im-
ages from FIRST & VLASS, at mid-high frequencies, with overlapping cov-
erages.
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For the preparation step, the TGSS radio continuum image was re-gridded
to match the size of the NVSS image. We then smoothed the TGSS image
(using the SMOOTH task in MIRIAD) in order to match it to the resolution of
the NVSS image(i.e., 45

′′ × 45
′′
) with a 2-D elliptical Gaussian function. The

same process was followed to match the high resolution VLASS image with
the FIRST image. The spectral index image was created using ASTROPY and
its affiliated packages, where regions with surface brightness values that are
less than desired noise level of each image were blanked out. The formula
used for the spectral index map was of the form: Sν ∝ να, where Sν is the
surface brightness at a frequency ν and α is the spectral index value. The
uncertainty in the spectral index value was calculated using the formula:

∆α =
1

ln
(

ν1
ν2

)√(σ1,rms

I1

)2

+

(
σ2,rms

I2

)2

(3.2)

where σ1,2,rms are the rms values of the TGSS & NVSS and FIRST & VLASS
images. I1,2 are the surface brightness values of the respective frequencies at
each pixel and ν1 > ν2.

Figure 3.7. shows the resulting spectral index and error map between 147.5
MHz & 1400 MHz, alongside the spectral index images (computed between
1400 & 3000 MHz) of the previously highlighted regions in Figure 3.3. From
the computed spectral index maps, we notice that the central region of the
cluster does not show enhanced spectral index features, with the spectral in-
dex of the extended radio source varying from α1400MHz

147.5MHz = −1.8 to α1400MHz
147.5MHz =

−0.8. The central flatter regions have an average value of α1400MHz
147.5MHz = −1.0,

surrounded by regions which steepen towards the edges of the source.
The two peripheral regions have flatter spectral index values, with region E
exhibiting average inverted spectral index values closer to α1400MHz

147.5MHz = 0.2,
and average flatter α1400MHz

147.5MHz = −0.35 for region D. We note that this is likely
to be caused by the sensitivity of the TGSS survey, since both region D and E
are sites of low-surface brightness emission that might not be properly picked
up by the legacy survey. If these features are not from systematics, a possi-
ble interpretation of the physical phenomenon could be that; since A1689 is
a cool-core cluster, most of the energy radiated by the source is radiated at
higher frequencies. This would potentially explain why the extension of the
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FIGURE 3.7: Top left panel: Spectral index map between 147.5
and 1400 MHz at a resolution of 45

′′× 45
′′
, with a mask that

covers the same region as the NVSS continuum image in Fig 3.2.
Top right panel: Spectral index maps between 1400 and 3000
MHz at a resolution of 5

′′× 5
′′
, with a mask that covers the same

region as the FIRST continuum image for values higher than
5σrms, highlighting identical regions found in Fig 3.3. Bottom
left and right panels: The corresponding spectral index error

maps of the detailed top panels.
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source is decreasing with frequency and why we are not observing a consis-
tent power-law relation that is expected with synchrotron emission.

We also notice that the centre of the cluster is the steepest region, with α <-2.
This steepness is due to the combination of all the unresolved point sources at
the central regions of the cluster and along its field of view. This poor resolu-
tion of unrelated sources creates an unevenly steep central region compared
to other regions with resolved radio maps in the cluster.

We currently refrain from using these spectral index images to estimate the
spectral index of the cluster’s diffuse radio emission, since the diffuse emis-
sion in the NVSS, 1400 MHz image does not extend as much as the diffuse
emission on the 147.5 MHz image. Also the mask used to blank out values
in the spectral index image was derived from the FIRST radio map and so it
leaves out most of the diffuse radio emission observed at 147.5 MHz.

3.5 Summary and conclusion

In this paper we studied the radio properties of A1689 using archival radio
observations from numerous radio telescopes. The study confirmed the pres-
ence of an irregular shaped radio halo in the central regions of the cluster, as
previously reported by Vacca et al., 2011 at 1200 MHz. We found that the dif-
fuse emission in the cluster is outshined by four radio-galaxies found in the
cluster’s centre, one of which is the central radio-galaxy, located at redshift
z= 0.187 and with flux density of S147.5 MHz= 443.53 mJy.

At 147.5 MHz we also found the existence of more diffuse radio structures
and filaments which spread over the cluster. These diffuse filaments could
result from the re-acceleration of cosmic electrons by small scale sub-cluster
mergers. We also found the LLS of the main radio halo at 147.5 MHz to be
LLS∼ 720 kpc which is within range to the value of LLS = 730 kpc reported
by Vacca et al., 2011 at 1200 MHz. We expected the LLS value to be more than
730 kpc at 147.5 MHz, however due to the spatial resolution, calibration and
imaging techniques of the TGSS, we obtained a smaller value for the LLS.
Due to the NVSS’s short baseline, it is insensitive to extended, low surface
brightness emissions larger than 15

′
and so using PyBDSF we tried our best to

estimate the integrated flux density of the diffuse emission at 1400 MHz. We
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found the flux density of the diffuse emission in the cluster to be S1400 MHz=
8.7 ± 0.86 mJy which is not that far from the value of S1400MHz =9.9 mJy,
estimated by Vacca et al., 2011. A spectral analysis of the cluster from the in-
tegrated flux densities of the diffuse emission at 5 frequencies shows that the
diffuse emission in the cluster follows a power law relation. We estimated the
spectral index value of the diffuse emission to be αdiffuse = -1.34. ± 0.14. This
spectral index value and the flux density value at 1400 MHz corresponds to
the radio power of the diffuse emission to be P1400 MHz= 9.81 ± 0.77 × 1023

W Hz−1 In this study we have also presented the first spectral index image
of the cluster, computed between 147.5 MHz & 1400 MHz and 1400 MHz &
3000 MHz. The spectral index image reveals that the central region of the
cluster is the steepest, most likely due to the combination of different radio-
galaxies.

The revelation of the radio halo and more diffuse radio filaments at 147.5
MHz compared to higher observational frequencies shows the importance of
combining low radio frequencies and sharp sensitivity in telescopes for the
optimal detection of diffuse radio emission. An improvement in the sensi-
tivity and spatial resolution of the observations at lower frequencies would
allow us to study the relationship between the diffuse emission and the cen-
tral radio-galaxies in the cluster better. This study can be possible for the
cluster with the launch of the SKA, which will assist in the study of the clus-
ter dynamics which lead to the occurrence of diffuse emission.

Data availability

All the data used in this work is available on the archives of the NVSS4,
TGSS5, VLSS6, MWA7, VLASS8 and FIRST 9 websites.

4https://www.cv.nrao.edu/nvss/
5http://tgssadr.strw.leidenuniv.nl/doku.php
6https://heasarc.gsfc.nasa.gov/W3Browse/all/vlss.html
7https://www.mwatelescope.org/gleam
8https://science.nrao.edu/science/surveys/vlass
9https://science.nrao.edu/science/surveys/first
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Chapter 4

Effects of DM annihilation on the
radio halo found in A1689.

On this chapter we look at the multi-frequency effects of dark matter annihi-
lation in the Abell 1689 galaxy cluster using radio observations.

Note: This chapter is adapted from the work: Khanye N.F. and Marchegiani

P. "Effects of dark matter annihilation on the radio halo found in A1689" which is
being reviewed with the Monthly Notices of Royal Astronomy Society (MN-
RAS). Submission no: MN-21-1393-MJ.

The contribution of the candidate was very significant and it included: pro-
ducing all the images, graphs and writing all the text in the manuscript, un-
der the supervision of Dr Marchegiani.
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Abstract

Aim: As part of an ongoing effort to study the influence of dark matter in
emission found in galaxy clusters, we study the multi-frequency predictions
of various dark matter annihilation scenarios in the Abell 1689 galaxy cluster
in order to explore the possibility that the diffuse emission found in the clus-
ter originates from the annihilation of dark matter particles.
Methods: We study the multi-frequency radio spectrum expected to result
from three dark matter annihilation models with light (mχ=10 GeV), inter-
mediate (mχ=40 GeV) and high (mχ=100 GeV) dark matter particle masses
at three different annihilation channels i.e the bb̄, µ+µ− and τ+τ− channels.
The spectra are obtained by constraining the DM particle cross section upper
limits using known radio properties of the diffuse emission found in Abell
1689.
Results: We find that the best fit for the WIMP annihilation cross section to
be higher than canonically thermally average annihilation cross section of
< σv >= 3×10−26cm3s−1 by an order of 2 to 3 times using an NFW profile
. We also find that the best dark matter scenario to reproduce the observed
radio properties of the radio halo to be when mχ=10 GeV through the bb̄ fi-
nal states with the magnetic field strength of B0=10 µG and the cross section
value of < σv >= 6.60×10−25cm3s−1.

4.1 Introduction

The origin of dark matter (DM), which makes up to ∼ 80% of the matter in
the universe is still unknown. Although numerous attempts to directly detect
and study DM have been made over the past several decades, all the studies
have came back empty handed. This is why scientist have also focused on in-
direct studies of DM to try and constrain properties of DM particles (Carr et
al., 2015; Conrad and Reimer, 2017; Stref, Lacroix, and Lavalle, 2019). Albeit
the particle nature of DM is still unknown, there are several constrains from
observations (or lack thereof) that any potential DM candidate is expected
satisfy and these are (Profumo, 2017; Buckley and Peter, 2018):
(i) DM particles are expected to be non-relativistic i.e "cold", because if DM
particles were relativistic then large astrophysical systems such as galaxy
clusters would form first while smaller systems such as galaxies would form
later, which is not the case;
(ii) DM particles are expected to be "dissipation-less" and therefore very weakly
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interact with electromagnetic radiation and among themselves;
(iii) DM particles must also be stable, if they were unstable most of the DM
in the universe would’ve already decayed with very little trace of it left and
so its lifetime is expected to be approximately the same as the universe.

Several DM particle candidates, such as axions; primordial black holes and
weakly interacting massive particles (WIMPs), which may be able to explain
the nature of particle DM have been proposed (see Bertone, Hooper, and
Silk, 2005; Colafrancesco, Profumo, and Ullio, 2006; Bergström, 2009 for a
further discussion on candidates and properties of DM particles). WIMPs
are the best motivated candidates for DM as they are assumed to be weakly
interacting, cold and massive ranging in the scales of GeV to TeV. WIMPs are
considered to be a group of Majorana self-annihilating particles, which can
yield Standard Model particles as products of its annihilation.The resulting
Standard Model products from WIMP annihilation are expected to generally
yield a wide range of observable electromagnetic emissions such, as γ-rays,
X-rays and radio emission (Regis and Ullio, 2008; Bœhm et al., 2014). The
resultant electromagnetic emission will be a result of the Standard model
products (such as electrons) interacting with magnetic fields that permeate
galaxy cluster through the following processes:
(i) γ-ray emission can be formed from the prompt decay of neutral pions or
from the radiative process of bremsstrahlung radiation which is produced by
the deceleration of a charged particle when it is deflected by another charged
particle.
(ii) X-ray emission can also result from bremsstrahlung radiation or from In-
verse Compton (IC) scattering which occurs when a photon is scattered by a
charged particle, which is usually an electron.
(iii) Radio emission may result from synchrotron radiation which is produced
when relativistic electrons are accelerated through a magnetic field.

Observations of γ-ray in galaxy clusters can be used to confirm the existence
of electromagnetic radiation resulting from the annihilations of DM particles
inside DM halos. However, attempts to detect γ-ray observation in galaxy
clusters have not been entirely successful so far (Bringmann and Weniger,
2012; Macías-Ramírez et al., 2012; Acciari et al., 2018). Although Adam et
al., 2021 recently reported a possible detection of γ-rays in the Coma cluster
with the FERMI-LAT, this is yet to be confirmed (see Ackermann et al., 2010;
Ackermann et al., 2012; Ackermann et al., 2015 for detailed information). An
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observation of non-thermal X-ray emission resulting from the annihilation
products is difficult to detect as the emission cannot be differentiated from
X-ray emission resulting from other baryonic activities in the intra-cluster
medium (Jeltema and Profumo, 2008; Zandanel, Weniger, and Ando, 2015).
This leaves us with the option of studying large scale non-thermal emission
found in clusters, which are also expected to be one of the by-products of
WIMP annihilation, the best way to study this emission is to study the dif-
fuse radio emission such as radio halos that are found in some galaxy clus-
ters. This indirect method of studying DM has been used to constrain the rate
and annihilation cross section of DM annihilation of galaxies and galaxy clus-
ters inside DM halos such as the Coma, the Ophiuchus and the Bullet clus-
ters (Storm et al., 2013; Marchegiani and Colafrancesco, 2015; Marchegiani
and Colafrancesco, 2016; Kiew, Hwang, and Zainal Abibin, 2017) and galax-
ies such as the M31, M49 and NGC4636 (Colafrancesco, Profumo, and Ullio,
2007; Regis et al., 2014; McDaniel, Jeltema, and Profumo, 2018; Kar et al.,
2019) .

In this chapter we focus on the massive cool-core galaxy cluster Abell 1689
(referred to as A1689 from here-on ) which is located at z = 0.183. A1689 is
an optically rich cluster which is widely used in gravitational lensing studies
due its rich presence of lensed arcs and arclets of strong and weakly lensing
background galaxies (Miralda-Escude and Babul, 1994; Tyson, Valdes, and
Wenk, 1990; Limousin et al., 2007; Sereno and Umetsu, 2011). The cluster’s
lensing properties have also been widely used to indirectly map and study
its dark matter composition (Nieuwenhuizen, 2009; Halkola, Seitz, and Pan-
nella, 2007). The cluster also has the largest known Einstein radius so far.
A1689 hosts a small radio halo which is located in its central region, the ra-
dio halo was first discovered by Vacca et al., 2011 when they used VLA 1200
MHz observations to study the cluster’s radio features. They estimated the
longest linear size of the cluster to be ≈ 730 kpc with a central radio bright-
ness of ≈ 1.7 µJy/arcsec2 at 1200 MHz. They also estimated the flux density
of the radio halo at 1400 MHz to be 9.9 mJy by assuming that the flux density
at 1400 MHz to be 85% of the value the flux densities at 1200 MHz which they
found to be 11.7 mJy. This estimation was motivated by an estimation of the
spectral index between the two frequencies to be α=1. In Khanye, Thwala,
and Marchegiani, 2021 we also conduct an extensive study of the radio emis-
sion found in the cluster including the diffuse radio emission using the VLA,
GMRT and MWA radio archival data at 73.5 MHz, 147.5 MHz and 200 MHz.
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The occurrence of a radio halo in A1689 supports the argument made by
Leonard, King, and Goldberg, 2011 that the cluster may have recently under-
gone a merger, showing that the cluster is not in a relaxed state.

By assuming the that the diffuse emission in the cluster results from the
annihilations of WIMPs, in this chapter we aim to use the cluster’s radio ob-
servations to constrain the DM annihilation cross section of A1689. We also
study the radio spectrum that is expected to result from the annihilation of
WIMPs in the cluster and compare it with the observational data of the radio
halo.

The rest of this chapter is structured as follows, in Section 4.2. we describe
the models and parameters we have used to calculate the WIMP annihilation
cross section and the resultant multi-frequency radio spectra. In Section 4.3.
we take a brief look at the radio properties of the cluster using archival radio
observations. In Section 4.4. we present the constraints of the WIMP anni-
hilation cross section for the bb̄, τ+τ− and µ+µ− annihilation channels. In
Section 4.5. we study the expected radio spectrum due to synchrotron emis-
sion from electrons produced by DM annihilation at WIMP masses of mχ=
10 GeV, mχ= 40 GeV and mχ= 100 GeV. We also compare our results to the
radio spectrum of the cluster’s radio halo obtained from observations and
in Section 4.6. we conclude our study and take a look at some of the major
uncertainties which affect our study.

Throughout the chapter we have employed a flat, vacuum dominated cos-
mological model with H0= 69.6 km s−1Mpc−1, Ωm = 0.286, ΩΛ = 0.714 . With
these parameters the luminosity distance of A1689 at z = 0.183 is DL = 894.6
Mpc and 1 arcmin corresponds to 185.94 kpc.

4.2 Radiation from DM annihilation

Dark matter halo profile

In this study we model our DM halo density distribution following the re-
sults of the N-body cosmological collisionless simulation from Navarro, Frenk,
and White, 1997. Using the Navarro-Frenk-White (NFW) profile which is
given by:
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ρ(r) =
ρs(

r
rs

) (
1 + r

rs

)2 , (4.1)

where ρs is the central density of the DM halo with a scale radius, rs. Follow-
ing Ackermann et al., 2010, we can derive ρs and rs from observations using
the virial mass Mvir and radius Rvir of the cluster, which are determined by
X-ray observations and gravitational lensing studies. rs is obtained from the
concentration parameters cvir, which is is given by (Bullock et al., 2001):

cvir =
9

1 + z

(
Mvir

1.3× 1013h−1M�

)−0.172

, (4.2)

where cvir = Rvir/rs for the NFW profile. We determined Mvir and Rvir from
M500, where the overdensity is 500 times the critical density of the universe.
We obtained M500 for A1689 from the X-ray scaling relations presented in
Chen et al., 2007, we corrected M500 by the gas fraction, fgas, which is also
given in Chen et al., 2007 so that we are left with the mass of cluster’s dark
matter. We then determined Rvir from the corrected Mvir using the relation:

Mvir =
4π

3
∆cρcR3

vir, (4.3)

where ∆c ≈ 100 is the collapse overdensity, which is cosmology dependent
and ρc is the critical density of the universe given as a function of the Hubble
constant, H and the gravitational constant, G:

ρc(z) =
3H2(z)

8πG
. (4.4)

We can then use the Mvir, Rvir and rs to solve for the central density, ρs

following Colafrancesco, Marchegiani, and Beck, 2015.

ρs

ρc
=

∆c

3
c3

vir
ln(1 + cvir)− cvir

1+cvir

. (4.5)

In the hierarchical assembly of DM halos, early varialized halos often merge
with each other to form larger halos, this results to a population of sub-halos
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existing inside other larger DM halo structures. The presence of sub-halos in
galaxies and clusters has astrophysical consequences we can’t ignore when
studying DM profiles and distribution. Sub-halos can serve as hosts for satel-
lite galaxies and also boost the DM annihilation signal from larger DM struc-
tures. In the latter phenomena we expect the effects of smaller sub-halos
to boost the secondary electrons and γ-rays resulting from DM annihilation
by a multiplicative boosting factor, B (see Pieri et al., 2011 and Kaplinghat,
Tulin, and Yu, 2016 for an extensive study and discussion on the implication
of subhalos on the secondary DM annihilation emission). Although the sizes
of the sub-halos are difficult to determine due to their lack of optical coun-
terparts and undetectability, however their masses have been estimated to
range from 10−6M� − 10−2M� and are expected to boost the secondary DM
annihilation signals by factors ranging from 10 to 30 times in galaxy clusters.
However, to simplify our study, in this chapter we will be ignoring the ef-
fects of substructures on the resulting WIMP products and focus mainly on
the effects of the main DM structures of the cluster.

Electron source function

To calculate the resulting IC and synchrotron emission from the annihilation
of DM we first have to calculate the electron-positron equilibrium spectrum,
which is obtained by solving the diffusion equation:

∂

∂t
dne

dE
= ∇

(
D(E, r)∇dne

dE

)
+

∂

∂E

(
b(E, r)

dne

dE

)
+ Qe(E, r), (4.6)

where Qr(E, r) is the electron source function, D(E, r) is the diffusion electron
term, b(E, r) is the energy loss function and dne

dE is the equilibrium electron
density. In galaxy clusters, the timescales in which electrons spatially diffuse
occurs is much larger than the timescales in which electrons radiate, so we
ignore the diffusion terms on the rhs of equation 4.6. The source function
which describes the production of particles e at equilibrium, produced by
WIMP annihilation is given by:

Qe(E, r) = 〈σv〉∑
f

dN f
i

dE
B fNχ(r), (4.7)

where 〈σv〉 is the non-relativistic, thermally-averaged annihilation cross sec-
tion at 0 K, the index f labels the final annihilation states for branching ratio
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B f and sprectrum dN f
i

dE and WIMP pair density Nχ(r) for a given DM halo
radius, r.
The generic solution for dne

dE for galaxy clusters, where the effects of the diffu-
sion of electrons are negligible is of the form:

dne

dE
=

1
bloss(E)

∫ Mχ

E
Qe(E′, r)dE′, (4.8)

see Appendix A in Colafrancesco, Profumo, and Ullio, 2006 for the detailed
derivation of the equilibrium number density. We use the Fortran based
package DarkSuSy (Gondolo et al., 2001) to calculate the electron/ positron

per DM annihilation event dN f
i

dE , which is dependent on the WIMP mass mχ,
the DM annihilation channel f and the source energy, E, or our study we
will assume a brancing ratio of 1 for the annihilation channels: bb̄, τ+τ− and
µ+µ− at three WIMP masses mχ= 10, 40 and 100 GeV.

The energy loss function includes the contributions from the synchrotron,
Coulomb, Bremsstrahlung and inverse Compton energy losses given by:

bloss(E) = bsync(E, r) + bIC(E) + bCoul(E) + bBrem(E) (4.9)

= b0
ICE2 + b0

syncB2(r)E2 + b0
Coul

(
1 + log

(
E/me

ne

)
/75

)
(4.10)

+b0
Brem

(
log
(

E/me

ne

)
+ 0.36

)
. (4.11)

where bsync, bIC, bCoul and bBrem are the synchrotron, inverse Compton, Coulomb
and Bremsstrahlung energy loss factors respectively with units of 1×10−16

GeV, ne is the average electron density which is ≈ 1× 10−3cm−3 for the clus-
ter, B(r) is the magnetic field in µG and E is the energy in GeV.

Synchrotron emission

In galaxy clusters, synchrotron radiation is created when relativistic electrons
spiral in the presence of a magnetic field, B, the average power of the syn-
chrotron radiation emitted by an electron with energy E at frequency ν is
given by: (Longair, 2011)
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Pv(ν, E, r, z) = 2π
√

3r0mecν0

∫ π

0
dθ

sinθ

2
sinθF

( x
sinθ

)
, (4.12)

where me= is the mass of the electron, ν0 = eB
2πme

represents the electron’s
non-relativistic gyrofrequency, θ is the pitch angle and r0 is the classical elec-
tron’s radius, the quantities x an F are defined as:

x ≡ 2ν

3ν0γ2

[
1 +

(γνp

ν

)2
]3/2

(4.13)

and

F(s) ≡ s
∫ ∞

s
dξK5/3(ξ) ' 1.25s1/3e−s[648 + s2]1/12, (4.14)

where K5/3 is the Bessel function modified to the order of 5/3.
The local emissivity at frequency ν of the synchrotron emission as a function
of the equilibrium electrons or positrons, dne±

dE , and synchrotron power Psynch

is given by:

jsynch(v, r) = 2
∫ Mχ

me
dE
(

dne−

dE
+

dne+

dE

)
Psynch(ν, E, r, z). (4.15)

After obtaining jsynch(v, r), we can use it to calculate the expected flux density
spectrum of the synchrotron emission at frequency ν using the form:

Ssynch(ν) =
∫

d3r
jsynch(v, r)

4πD2
L

, (4.16)

where DL is the luminosity distance of the cluster.

Magnetic field modelling

The charged annihilation bi-products are accelerated through a magnetic field
leading to the presence of radio and X-ray emission through synchrotron and
IC radiation. Faraday rotation measures studies have shown that the mag-
netic field strength in galaxy clusters range from 1-10 µG and are strongest
in the centre and tend to get weaker towards the edges of the cluster (see
Carilli and Taylor, 2002; Govoni and Feretti, 2004 for studies and detection
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Parameter Value Ref
z 0.183

Mvir (1014 M�) 14.36 Chen et al., 2007
β 0.690 Chen et al., 2007

B0 (µG) 4.7; 10
rc (kpc) 128 Chen et al., 2007
ν (MHz) 1400
Sv (mJy) 9.9 Vacca et al., 2011

TABLE 4.1: Properties of the cluster used to study the cross sec-
tion upper limits and radio signal from WIMP annihilation.

on cluster magnetic fields). This is why we adopted the β-model to describe
the magnetic field profile of the cluster:

B(r) = B0

(
1 +

(
r
rc

)2
)−qb

, (4.17)

where B0 is the central magnetic field strength, r and rc represent the radial
distance from the cluster center and the radius of the DM density profile
respectively and qb is the scaling parameter, which we have chosen to be 0.5.
We assumed that magnetic field profile scales proportionally to the thermal
gas density within the DM halo, which is:

ne(r) = n0

(
1 +

(
r
rc

)2
)−qe

. (4.18)

Currently, there are no published Faraday rotation measures for A1689 and
thus we do not have any published values of the cluster’s magnetic field.
Cool-core clusters tend to have a higher magnetic field strength compared
to non-cool-core clusters and since A1689 is a cool-core cluster, we followed
Storm et al., 2013; Kiew, Hwang, and Zainal Abibin, 2017 and set B0= 10 µG
and also tested for a scenario where the magnetic intensity is lowered to B0=
4.7 µG.

4.3 Radio analysis of the cluster

We retrieved archival radio observations of the A1689 cluster from the TIFR
GMRT Sky Survey alternate data release (TGSS ADR1 in short, Intema et al.,
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2017), the VLA Low-Frequency Sky Survey Redux (VLSSr, Cohen et al., 2007),
the Galactic and Extragalactic All-sky (GLEAM, Wayth et al., 2015) and the
NRAO VLA Sky Survey (NVSS, Condon et al., 1998a) data archives, in order
to help us expand on the radio properties of the radio halo beyond the ones
listed in Vacca et al., 2011. We particularly concentrate on obtaining the flux
density values of the radio halo at frequencies less than 1200 MHz, in order
to be able to compare the observed radio signal to the signal expected from
WIMP annihilations. We have listed the properties of the radio continuum
images in Table 4.2.

Figure 4.1. shows the radio map of the A1689 cluster at at 1400 MHz and
147.5 MHz. The radio map and contours were imaged using the Common
Astronomy Software Application (CASA)1.
In order to estimate the flux densities of the radio halo found in the clus-
ter, we perform a source extraction to remove all the contribution from point
sources and their extended emissions. To do this we use the Python source
finding software PyBDSF, which is capable of processing and analysing FITS
file obtained from the radio surveys. We modelled the point sources using
a Gaussian function to estimate the flux densities of all the point sources we
found. The total flux density of all these embedded point sources is then sub-
tracted from the total emission in the cluster, this process will be explained in
detail Khanye, Thwala, and Marchegiani, 2021 where we conduct an exten-
sive study on the radio emission found in the cluster.
We list the flux densities of the emission at different frequencies in Table 4.3.
The values for at 73.5 MHz and at 200 MHz are taken as upper limits due to
the high noise levels of the VLSSr and the GLEAM images, a consequence
of the respective surveys’ poor resolution. The flux density values at 1200
MHz and 1400 MHz are taken from Vacca et al., 2011. These flux density val-
ues will help us determine the best fit model and conditions for the feasible
detection of WIMP induced radio emission in the cluster.

4.4 Annihilation cross-section

We first calculate the < σν >-mχ constraints of the galaxy cluster by using the
radio observations of the diffuse emission at 1.4 GHz as stated in Table 4.1.
We consider the primary annihilation channels bb̄, µ+µ− and τ+τ− within

1https://casa.nrao.edu/
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FIGURE 4.1: The NVSS 1.4 GHz radio image of the A1689 clus-
ter shown in colour with a resolution of 45

′′×45
′′

and an rms
noise value of 0.5 mJy/b, the image has been overlaid with
TGSS 147.5 MHz radio contours. The contour lines are drawn

at [1,2,4,8,16,...]×2.5σ

.
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Survey ν (MHz) resolution σ (mJy/beam)
VLSSr 73.5 75

′′×75
′′

110
TGSS 147.5 27

′′×27
′′

3
GLEAM-1 200 100

′′×100
′′

6.4
NVSS 1400 45

′′×45
′′

0.53

TABLE 4.2: Properties of the A1689 radio continuum image
which we used in our study. Col 1. represents the survey name,
Col 2. is the central frequency, Col 3. is the surveys’ synthesized

beam size and Col 4. is the noise value of each image.

ν (MHz) 73.5 147.5 200 1200 1400
Sν (mJy) 497.3 ± 61.3 202.9 ± 19.8 153.3 ± 16.8 11.7 ± 3.4 9.9± 2,9

TABLE 4.3: Flux densities of the radio halo found in the galaxy
cluster at different frequencies.

the WIMP mass range [10 GeV, mχ, 1000 GeV] and within the < σν > range
of
[
10−27 cm3s−1,< σν >, 10−21 cm3s−1

]
. No solid magnetic field studies of

the cluster have been done before, this is mainly due to a lack of Faraday ro-
tational measures for southern galaxy clusters. This is however expected to
change with the launch of the Square Kilometer Array (SKA) all-sky survey
of Faraday Rotation measures (Beck, Gaensler, and Feretti, 2007; Stepanov
et al., 2008; Bonafede et al., 2015). In this study, to account for the presence of
the magnetic fields in the cluster’s ICM, which is essential for the occurrence
of the radio halo found in the central region of the cluster, we have decided
to estimate the magnetic field strength and profile of the cluster in two ways.
Since the cluster is a cool-core cluster, we can expect it to have a higher in-
ferred magnetic field strengths compared to clusters that are non-cool-core
clusters. Magnetic fields for cool-core clusters are expected to range from 10
to 40 µG while non-cool-core clusters are expected to range from 0.1 to 10
µG (Taylor, Fabian, and Allen, 2002; Kuchar and Ensslin, 2011; Vacca et al.,
2012). We then assume the central magnetic field intensity, B0 to be 10 µG
for our first magnetic field scenario. We are also interested in seeing how the
annihilation cross section and resulting radio spectra is affected by the mag-
netic field, and so we also test for a scenario where B0 is lower as it can be
expected for clusters hosting radio halos. In the second scenario we adopt
the central magnetic field strength of the Coma cluster B0= 4.7 µG (Bonafede
et al., 2010).

In Figure 4.2. we present the upper limit constraint on the WIMP annihila-
tion cross section when assuming that the diffuse radio emission in the A1689
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FIGURE 4.2: A1689 dark matter annihilation cross section up-
per limits < σv > as a function of WIMP mass for three an-
nihilation final states. The solid graphs are for magnetic field
B0=10 µG and the dashed lines are for magnetic field B0=4.7
µG. The blue lines represent the upper limit constraints from
the bb̄ annihilation state, the red lines represent the upper limit
constraints from the µ+µ− annihilation state and the green lines
represent the upper limit constraints from the τ+τ− annihila-
tion state. The pink straight dash-dot line represents canoni-

cally thermally averaged cross section for a WIMP.
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mχ (GeV) f < σv >10 µG
(
cm3s−1) < σv >4.7 µG

(
cm3s−1)

bb̄ 6.60 ×10−25 1.45 ×10−24

10 µ+µ− 1.06×10−24 2.19×10−24

τ+τ− 2.49×10−25 4.45×10−25

bb̄ 1.70×10−24 3.12×10−24

40 µ+µ− 4.8×10−24 7.10×10−24

τ+τ− 1.05×10−24 1.65×10−24

bb̄ 4.21 ×10−24 6.90 ×10−24

100 µ+µ− 1.69×10−23 2.32×10−23

τ+τ− 3.20 ×10−24 4.70 ×10−24

TABLE 4.4: Cross section upper limits for different WIMP
masses at 3 different annihilation channels when B0= 10 µG and

when B0= 4.7 µG.

cluster resulted from electrons and positrons produced by the annihilation of
WIMPs inside spherical DM halos. The cross section upper limits are nor-
malised with the 1.4 GHz flux density value as shown in Table 4.1. We note
that the derived cross section limits are sensitive to the strength of the clus-
ter’s central magnetic field for all three annihilation channels. The best cross
section constraint for all the annihilation channels are observed when B0=10
µG, while the constraints for when B0=4.7 µG give constraints which are 2-5
times weaker than when B0=10 µG. This relationship between the magnetic
field intensity and the cross section upper limit is similar to the one recently
reported in the A2199 and Ophiuchus clusters for the similar studies (Storm
et al., 2013; Beck, 2020).
The summary of our results for the annihilation cross section for masses of 10,
40 and 100 GeV for the both magnetic field models are presented in Table 4.4.
From figure 4.2. we observe that the τ+τ− channel yields the best cross sec-
tional limit at lower WIMP masses, while the bb̄ and τ+τ− channels yield the
best cross sectional upper limits at higher WIMP masses. The µ+µ− annihi-
lation channel yields poor cross sectional constrain at both lower and higher
WIMP masses. In most clusters which have been studied so far the τ+τ−

and µ+µ− channels have yielded the best annihilation limit at lower masses
while the bb̄ channel yields the best limit at higher masses (Kar et al., 2019;
Vollmann et al., 2020). This is due to the fact that the τ+τ− and µ+µ− chan-
nels tend to produce more positrons and electrons at lower masses compared
to the bb̄ channel which tends to produce more positrons and electrons at
WIMP higher masses. This relationship has also been recently shown for the
A2199 cool core cluster in Kiew, Hwang, and Zainal Abibin, 2017, where the
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author also showed that a higher magnetic field does not necessarily trans-
late to high DM induced radio flux densities.

The main sources of uncertainty on our cross section upper limit analysis are
the cluster’s mass, the inferred magnetic field and our neglect of the additive
effect of the DM sub-halos inside the cluster’s main DM halos. The cluster’s
mass has been obtained from Chen et al., 2007 where the authors X-ray obser-
vations were based on the ROSAT and ASCA observations. An uncertainty
in the cluster’s mass determination translate to inaccuracies in the determi-
nation of the DM density profile and distribution, as they are dependant on
M500.

4.5 WIMP induced radio spectra

In Figure 4.3, 4.4 and 4.5. we present the WIMP induced radio spectra ex-
pected to result from the secondary electrons produced at different masses of
10 GeV, 40 GeV and 100 GeV respectively. The WIMP induced radio spectra
are compared at the two different magnetic fields of B0 = 4.7 µG and B0 =
10 µG using the β-model to describe the magnetic profiles of the cluster. All
the radio spectra are normalized by the cross section values corresponding to
each annihilation channel, magnetic field and WIMP mass as stated in Table
4.4. We also compare the fluxes from WIMP annihilation to flux densities of
the radio halo as obtained from the radio analysis of the cluster through ob-
servations in this thesis and by Vacca et al., 2011. This comparison will enable
us to understand which WIMP model better fits the real radio observations
of the diffuse emission.

According to the results obtained in Figure 4.3., at WIMP masses of mχ=10
GeV the bb̄ annihilation channel at B0 = 10 GeV fits most of the observational
data of the radio halo except for the 8.7 mJy at the 1.2 GHz data point. The ra-
dio spectra obtained from the τ+τ− annihilation channel at B0 = 4.7 GeV also
marginally retrieves the observed flux densities of the radio halo, although
the WIMP induced flux densities are generally lower than the observed flux
densities. The µ−µ+ annihilation channel gives us poor radio fluxes as com-
pared to the observational fluxes at both magnetic filed intensities.

At mχ=40 GeV, in Figure 4.4. only the bb̄ spectra marginally retrieves the
observational data points at both magnetic field intensities, while the τ+τ−
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and µ−µ+ WIMP induced spectra fail to closely trace the observational data
due to poor WIMP induced radio fluxes.
At mχ=100 GeV, in Figure 4.5. none of the WIMP induced spectra closely
trace the observational data except for the 1.4 GHz value which happens to
be the normalization value and the 1.2 GHz value which neighbours the 1.4
GHz value. The mχ=100 GeV spectra yields the weakest radio constraint
compared to the mχ=10 GeV and mχ=40 GeV WIMP induced spectra.

The WIMP induced radio fluxes are influenced by a change in the magnetic
field intensity B0. A point by point of comparison when B0 = 10 µG and when
B0 = 4.7 µG at mχ=10 GeV shows that the flux values at B0 = 4.7 µG varies by
up to 3 times than that of flux values at B0 = 10 µG up until the cross section
normalizing observational flux at 1.4 GHz. After ν=1.4 GHz the signal at B0

= 10 µG then varies by up to 3 times from the signal at B0 = 4.7 µG. When
mχ= 40 GeV we notice a decrease in the variation factor of the signals, with
the signal from B0 = 4.7 varying by to 3x for the τ−τ+ annihilation channel,
and only varying by a factor of up to ∼ 2 for for the bb̄ and µ−µ+ channels.
When mχ=100 GeV the effects of the magnetic field on the synchrotron signal
become almost negligible for the bb̄ and µ−µ+ up until ν=1.4 GHz. A change
in the cluster’s magnetic field strength influences a change in the WIMP in-
duced fluxes due to the fact that a change in the strength of the magnetic field
will affect the energies of the electrons which will emit by synchrotron in that
specific wavelength range. However, for mχ=100 GeV, the power law shape
of the electrons spectrum is maintained in a wider energy range, so even
shifting the energies of the electrons emitting in a given frequency range the
shape of radio spectrum does not change as much as it would for the lower
masses, at least until some frequency.

A comparison of the DM induced synchrotron signals when mχ=10 GeV,mχ=40
GeV and mχ=100 GeV shows that as the WIMP mass increases, the syn-
chrotron signal gets flatter, and also deviates further from the observed flux
densities of the radio halo. This implies that, at higher WIMP masses, the
synchrotron signal produced through WIMP annihilation may be undetectable
at low frequencies compared to the synchrotron signal from lower to inter-
mediate WIMP masses. If this is the case, then it places a limit on the window
of detectability for the synchrotron emission produced through WIMP anni-
hilation in the ICM to be in-between lower and intermediate WIMP masses.
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FIGURE 4.3: The predicted radio halo spectra from DM an-
nihilation for a WIMP mass of mχ=10 GeV for bb̄, µ−µ+ and
τ−τ+ annihilation final states at different B0-field strength. The
solid graphs are for magnetic parameters B0=10 µG and the
dashed lines are for magnetic field B0=4.7 µG. The blue lines
represent the expected radio spectra from the bb̄ annihilation
state, the red lines represent the expected radio spectra from
the µ+µ− annihilation state and the green lines represent the ex-
pected radio spectra from the τ+τ− annihilation state. The pre-
dicted WIMP annihilation spectra are compared to observed ra-
dio fluxes of the radio halo (in scatter points) including a value

of 8.7 mJy as reported by Vacca et al., 2011.
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FIGURE 4.4: The predicated radio halo spectra from DM anni-
hilation for a WIMP mass of mχ=40 GeV for bb̄, µ−µ+ and τ−τ+

annihilation final states at different B0-field strength. The solid
graphs are for magnetic field B0=10 µG and the dashed lines
are for magnetic field B0=4.7 µG. The blue lines represent the
expected radio spectra from the bb̄ annihilation state, the red
lines represent the expected radio spectra from the µ+µ− anni-
hilation state and the green lines represent the expected radio
spectra from the τ+τ− annihilation state. The predicted WIMP
annihilation spectra are compared to observed radio fluxes of
the radio halo (in scatter points) including a value of 8.7 mJy as

reported by Vacca et al., 2011.
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FIGURE 4.5: The predicated radio halo spectra from DM annihi-
lation for a WIMP mass of mχ=100 GeV for bb̄, µ−µ+ and τ−τ+

annihilation final states at different B0-field strength. The solid
graphs are for magnetic field B0=10 µG and the dashed lines
are for magnetic field B0=4.7 µG. The blue lines represent the
expected radio spectra from the bb̄ annihilation state, the red
lines represent the expected radio spectra from the µ+µ− anni-
hilation state and the green lines represent the expected radio
spectra from the τ+τ− annihilation state. The predicted WIMP
annihilation spectra are compared to observed radio fluxes of
the radio halo (in scatter points) including a value of 8.7 mJy as

reported by Vacca et al., 2011.
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It is important to note that the radio spectra from the secondary electrons
produced through WIMP annihilation may not perfectly trace out the radio
data from the observations. This is due to the fact that the data points are cal-
culated from different radio surveys which have different sensitivities, sys-
tematics and data reduction techniques, especially considering the fact that
the calibration and cleaning of the radio images used were performed by
their respective surveys (with the exception of the 1.2 and 1.4 GHz data point,
which are taken from Vacca et al., 2011). These differences in reduction tech-
niques and sensitivities makes it difficult for the expected DM spectral curves
to match the radio data with high accuracy, this problem has also been fre-
quently observed when studying the effects of DM annihilation Coma cluster
due to a larger data set of radio fluxes from different surveys (e.g, Brunetti
et al., 2013) . However, since we obtained a regular integrated spectrum from
radio observations we are able to find a great fit for the DM induced spectra
without having to worry about too many outliers. The lack of radio obser-
vations for the radio halo beyond 1.4 GHz also limits the accuracy of our
prediction on which WIMP model will best describes the radio halo.
Another uncertainty in the expected radio spectra from WIMP annihilation
comes from the lack of magnetic field studies for the A1689 cluster leading
us to use make bold assumption about the magnetic field properties of the
cluster, which has been discussed in section 4.4, however we estimate that
the uncertainties in the cluster’s magnetic field leads to uncertainties in the
WIMP spectra by factors ranging between 3 to 6 times at the lowest WIMP
masses and by a factor of 2 times or less for higher WIMP masses.
The results show that the bb̄ annihilation channel at a WIMP mass of mχ=10
GeV and a magnetic field B0 = 10 GeV fits the observational data slightly
better than all the other models at the same mass and so we can then expect
to find the signal from WIMP annihilation at low to intermediate masses in
this cluster. However, the results from the model still perform poorly com-
pared to similar studies performed on merging and cool core clusters. The
constraints are also ruled out by the Fermi dwarf limits

4.6 Conclusions

In this chapter we studied the possibility that the diffuse emission found in
the the A1689 cluster results from the annihilation of secondary electrons
produced through the annihilation of DM particles known as WIMPs and
derived new cross section limits on the WIMP. We explored different factors
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i.e WIMP mass, annihilation channels and magnetic field to determine the a
model which will best fit radio observations of the galaxy cluster.
We found our best fit WIMP annihilation cross section to be higher than the
current thermally averaged annihilation cross section value of 3×10−26cm3s−1

by ∼ 2-3 orders of magnitude, with the τ−τ+ annihilation channel yielding
the closest value to the cross sectional limit when B0= 10 µG.

Our best fit model turned out to be in the final state bb̄ with a WIMP mass of
mχ=10 GeV and 6.60×10−25 cm3s−1 at a magnetic field intensity of B0= 10 µG
as this model is able to retrieve the flux densities of the cluster’s radio halo
obtained from observations. The µ−µ+ WIMP channel also marginally fol-
lows the radio observations when mχ=10 GeV and 1.06 ×10−24 cm3s−1 with
B0= 4.7 µG. We did not find a good fit for the τ−τ+ annihilation channel as it
produced the flattest radio signal for all WIMP masses. However, the best fit
model with a mass of mχ=10 GeV is too light to accommodate the electron-
plus-positron flux observed by the FERMI-LAT(Abdo et al., 2009) and HESS
surveys (Aharonian et al., 2009).
We have also learnt that the WIMP induced radiation is sensitive to the strength
of the magnetic field, with the radio signal getting flatter as the B0 increases.
Our upper limit constraints are comparable with studies done for other cool-
core clusters such as A2199 (see Figure 4. in Storm et al., 2013), where for a
similar model the upper limit cross section for the bb̄ channel with the mag-
netic field intensity B0= 11.7 µG is∼ 1-3×10−24 cm3s−1 at mχ=10 GeV, which
is at best 3 times higher than our model. In general the A2199 model in Storm
et al., 2013) yielded better upper limit constraints compared to A1689 in this
study. Our upper limit constraints also perform poorly by factors of up to ∼
500, even though we did not invoke the use of any boosting factors, when
compared to upper limit constraints found for the galactic centre (Abazajian
and Keeley, 2016) and dwarf spheroid galaxies (Ackermann et al., 2015) for
similar DM annihilation cross section upper limits studies using γ-ray obser-
vations.

A number of uncertainties impacted this study, as we obtained both our
WIMP cross section upper limits and radio fluxes without invoking the boost-
ing factor from the DM subhalos, which are expected to amplify the syn-
chrotron signal. We have also made brave assumptions on the cluster’s mag-
netic field properties due the lack of polarization studies of the cluster, how-
ever this is expected to change with the launch of the SKA’s all-sky survey
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of Faraday Rotation measures in the near feature. Constraining the magnetic
field properties of the clusters is generally expected to improve our ability
to determine the amount and the properties of the WIMP induced radiation
in clusters and galaxies. The ρs and cvir values have been derived from the
M500 value obtained through the X-ray scaling relation obtained by Chen et
al., 2007 and any systematic uncertainties in determining the scaling relations
will translate to uncertainties in determining the DM distribution of the clus-
ter. The results could ha ve also been improved if we had a larger set of real
observational flux densities of the radio halo to compare with our calculated
WIMP signal. This is made difficult due to the lack of high sensitivity and
low frequency observations of the cluster.

Data availability

All the data used in this work is available on the archives of the NVSS2,
TGSS3, VLSS4 and MWA5 websites.
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Chapter 5

Concluding remarks

5.1 Concluding remarks

The direct detection of DM would be the definitive evidence of its existence.
However, due to its elusive nature we have to turn to other methods of de-
tection in order to understand its nature. In this thesis we have used indirect
detection methods to study the possible impact of DM annihilation in galaxy
clusters. We selected galaxy clusters which host diffuse radio emission to in-
vestigate the possible multi-frequency effects of DM annihilation in clusters
and to constrain the cross section upper limits of WIMPs in clusters. These
type of studies are important as they help us understand the relationship be-
tween DM and baryonic matter. This will enable us to further constrain the
properties of DM and eventually narrow down our DM particle searches.
For example, we can use our studies to constrain the window of detectability
of DM induced electromagnetic radiation in future surveys such as the SKA
and LoFAR and the information found can be complemented with analogous
studies in the X-ray and gamma-ray band. The SKA’s ability to resolve the
intrinsic degeneracy (between magnetic field properties and particle distri-
bution) of synchrotron emission is expected to allow an unbiased detection
of emission resulting from secondary particles through DM annihilation and
baryonic activities. The limiting factor to this type of detection will be the in-
strument’s sensitivity to the DM particle mass and annihilation cross-section
(decay rate) of DM particles.

Our work on the effects of DM annihilation can still be improved by consid-
ering more WIMP annihilation channels and a wider range of magnetic fields
which were not added into the thesis and by also including boosting effects
of sub-halos which are present in dark matter halos. These are some of the
factors we will be exploring as we continue to study more galaxy cluster. We
will also be looking at the effects of DM annihilation in galaxies in the future,
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as they have high levels of gamma ray emissions. Galaxies have also yielded
stronger DM annihilation cross section constraints as compared to clusters.
A wider spectral band range by different emission processes such as Comp-
ton scattering and non-thermal bremsstrahlung emission studies in A1689
and similar clusters can also compliment radio studies. These improvements
will allow us to extend the range of spectral bands where this model can pre-
dict the spatial and spectral properties of galaxy clusters and to narrow the
window of detectability even further. These results could be used to test the
different DM annihilation models by comparing it with the observations of
future instruments like Astro-H in X-rays, AstroGam in soft gamma rays and
CTA in high energy gamma rays as partially done for A520. In our current
versions of the DM model we have only considered diffusion of relativistic
electrons. In order to provide a full description of the properties of galaxy
clusters it can also be beneficial to consider the diffusion of relativistic pro-
tons. This would enable us to model the production of secondary electrons
and gamma rays resulting from DM annihilation. The analytical solution for
the case of diffusing protons is similar as that of electrons but it is necessary
to replace the energy loss terms with the appropriate losses for protons.

We also presented multi-frequency analyses of the A1689 cluster using archival
radio observations. This study shows how public archival observations, whether
old or new, can still be used for new analyses of clusters and galaxies which
host interesting radio emissions. Although, there were limitations to our
analyses due to us not being in control of the calibration and cleaning process.
The resolution of our images also limited the analysis of the diffuse emission
in the cluster, however we were still able to find valuable information on the
properties of the radio halo and the cluster galaxies. This study could’ve also
been improved, by obtaining higher resolution, low frequency radio maps
to get a better understanding of the radio halo. However, this would have
been more difficult to obtain due to time constrains and the limit of high
sensitive surveys observing the southern hemisphere. In the future we will
be applying for observation time with the MeerKAT and LoFAR telescopes
to study the relationship between the radio halo and the cluster galaxies for
this cluster and more. Observations from these telescopes can also be used
to determine better model parameters for indirect DM annihilation studies
such as the radial and spectral distribution of the radio halos, as well as the
rate of injection of electrons into the cluster’s ICM.
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