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Abstract

Radio relics are non-thermal, steep-spectrum (o < —1) diffuse radio sources
found in the peripheral regions of galaxy clusters. The emission is produced
through synchrotron radiation as relativistic electrons (y > 1000) move in
helical paths through the magnetic fields of the intracluster medium (ICM).
These electrons have to be (re-)accelerated at the position where the emission
is observed since the electron diffusion time over distances greater than 50 kpc
from any compact source is longer than their radiative lifetime (~ 0.1 Gyr).
Because radio relics have been observed to trace shock fronts, they are widely
considered to originate in intracluster shock waves. However, the most widely-
used model for describing this (re-)acceleration process at shock fronts, the
diffusive shock acceleration (DSA) model, has several challenges, including the
fact that it is inefficient at low shock Mach numbers. In light of these chal-
lenges, it is worthwhile to consider alternative mechanisms. One possibility is
the adiabatic compression by a shock wave of a residual fossil electron popu-
lation which has been left over from a radio galaxy jet. This project adapts
the adiabatic compression model to act on a general electron spectrum. The
model is then applied to the relic hosted in the merging galaxy cluster Abell
3411-3412, where a radio bridge between the relic and a radio galaxy has been
observed, to try to reproduce the spatial structure of the spectral index of
the relic. The results show that the adiabatic compression model can repro-
duce the observed spectral indices across the relic. Furthermore, the adiabatic
compression model appears to be able to reproduce the observed spectra for a
shock Mach number that is lower than the value predicted by the DSA-type
modelling of this relic and is in accordance with the values derived from X-ray
observations. The results also seem to suggest that other mechanisms, such as
an expansion phase or post-shock turbulence, affect the spectrum behind the
shock front.

i



Acknowledgements

I would like to thank my supervisor, Dr Paolo Marchegiani, for his support
and oversight as I worked on this project. I have learnt so much during my
studies and Dr Marchegiani was always available to read and correct the work
that T did. I would also like to thank my fellow students who worked in the
same office for their support and friendship.

I gratefully acknowledge the South African Radio Astronomy Observatory
(SARAO) for funding me throughout my degree.

I am ever grateful to my family for their constant support and encourage-
ment to pursue my studies. My father first sparked my interest in science and
I have enjoyed our many conversations about science and about what I have
been learning. I am always thankful to my mother for her constant love and
support. I am grateful to each of my sisters who have constantly encouraged
me and for enjoying with me each milestone that I have achieved. I am grateful
to my grandparents who have always been interested in my studies and have
constantly supported me in their prayers.

il



Contents

Declaration i
Abstract ii
Acknowledgements iii
List of Figures vi
List of Tables vii
List of Symbols viii
List of Abbreviations ix
1 Introduction 1
1.1 Introduction . . . . . . . . . ... ... 1
1.2 Galaxy clusters and their diffuse emission . . . . . .. ... ... 3
1.3 The problem of the origin of radio relics . . . . ... ... ... 7
1.4 Brief description of the adiabatic compression model . . . . . . 9
1.5 The galaxy cluster Abell 3411-3412 and its radio relic . . . . . . 10
1.6 Hypothesis. . . . . . . . . .. 11
1.7 Outline and methodology . . . . . . . . . ... ... ... .... 12

2 Synchrotron emission of the radio tail and the initial electron
spectrum 14
2.1 Introduction . . . . . . ... .. 14
2.2 Formalism of synchrotron radiation . . . . . ... ... ... .. 15
2.3 Synchrotron spectral index between 0.325 and 3.0 GHz . . . . . 16
2.4 Normalization of the electron population . . . . . ... ... .. 19
2.5 Conclusion . . . . . . . ... 19
3 The adiabatic compression model 21
3.1 Introduction . . . . . . .. . ... 21
3.2 Formalism . . . . ... ... 23

3.2.1 Changes in the electron momentum due to adiabatic and

radiative losses or gains . . . . . ... ... ... ... 23

3.2.2  The electron spectrum of a single adiabatic cooling phase 25

v



CONTENTS %

3.2.3 Resulting electron and radio spectrum after several adi-

abatic cooling phases . . . . . . . ... ... ... .. 26
3.3 Discussion of the phases of the adiabatic compression model . . 28
3.4 The resulting radio spectrum . . . . . ... .. ... 30
3.4.1 Relationship between the shock strength and the result-
ing radio spectrum . . . . ... ..o 30
3.4.2 Relationship between the phase durations and the re-
sulting radio spectrum . . . . ... ..o 31
3.5 Conclusion . . . .. . ... 34
4 Application of the adiabatic compression scenario to the relic
hosted in A3411-3412 36
4.1 The radio relic hosted in the merging cluster A3411-3412 . . . . 36
4.2 Method . . . .. . .. .. 43
4.3 Results and discussion . . . . .. . ... L. 45
4.3.1 Scenario 1: Evolution of the electron spectrum during
the last three phases of the adiabatic model . . . . . .. 45
4.3.2 Scenario 2: Application of the full adiabatic model . . . 47
4.3.3 Scenario 3: Investigation of a steeper spectrum behind
the shock front . . . . ... .. ... ... ... ... 49
4.3.4 Scenario 4: Investigation of an expansion phase behind
the shock front . . . . .. ... ... oL 51
4.4 The effect of anisotropic emission with a weaker shock wave . . 54
4.4.1 Estimate of the boosting factor . . . . . . .. .. .. .. 54
4.4.2 Scenario 5: Investigation of the adiabatic model with a
smaller shock Mach number . . . . . .. . ... ... .. 55
4.5 General discussion . . . .. ..o o7
4.6 Conclusion . . . . . . . . ... 58
5 Conclusion 60
5.1 Summary . . ... 60
5.2 Future work on the relic hosted in A3411-3412 . . . . . . . . .. 61
5.3 Future work to test the adiabatic compression model as a com-
mon mechanism for the origin of relics . . . . . . ... ... .. 62

References 64



List of Figures

1.1
1.2
1.3

1.4

2.1
2.2
2.3

3.1

3.2

3.3

3.4

4.1

4.2
4.3

4.4

4.5
4.6

4.7
4.8
4.9
4.10

4.11
4.12

Examples of galaxy clusters . . . . .. ... .. ... ...... 4
Example of a giant radio halo: giant radio halo in Abell 2744 . . 6
Example of a radio mini-halo: radio mini-halo in the Perseus

cluster . . . . .. 6
Example of a radio relic: radio relic hosted in the Sausage cluster 7

Electron spectrum at the end of the radio tail . . . . . . .. .. 17
Synchrotron luminosity at the end of the radio tail . . . . . .. 18
Flux density at the end of the radio tail . . . . .. .. ... .. 20
The radio spectrum at the end of phase 3 for different shock
strengths . . . . . . .o L 31
Radio spectrum at the end of phase 3 for different durations of
phase 2. . . . . L 33
Radio spectrum at the end of phase 3 for different durations of
phase 3. . . . . . 33
Radio spectrum at the end of phase 4 for different durations of
phase 4. . . . .. 34

Optical image of A3411-3412 with X-ray and radio emission
overlaid . . . . .. . 37
Radio image of the central halo and relic hosted in A3411-3412 . 38
Radio image of the relic in the south-eastern region of the cluster

A3411-3412 . . . . 38
Optical image of the north-eastern component of the radio relic
in A3411-3412 . . . . . . .. 39

Measured flux density profiles across the radio relic in A3411-3412 41
Radio spectral index map of the north-eastern component of the

radio relic in A3411-3412 . . . . . . . . . . ... ... ... 42
Flux densities calculated in scenario 1. . . . . . . . . . . . ... 46
Flux densities calculated in scenario 2. . . . . . . . . . .. ... 48
Flux densities calculated in scenario 3. . . . . . . . . . . . . .. 50
Comparison of the flux densities behind the shock front in sce-

nario 3 . . . ... e 51
Flux densities calculated in scenario4 . . . . . . . .. ... ... 53
Flux densities calculated in scenario 5. . . . . . . . . . . . . .. 56

vi



List of Tables

3.1 Summary of the phase parameters that are determined within

the adiabatic model . . . . . . . ... ... 30
3.2 Calculated spectral index between 0.325 and 3.0 GHz for differ-

ent shock strengths . . . . . ... ... o000 32
4.1 Flux densities measured across the relic . . . . . ... ... ... 40
4.2 Spectral indices measured across the relic . . . . . ... ... .. 42
4.3 Expected values of the spectral index at the end of each phase. . 44
4.4 Scenario 1: Parameter values. . . . . . . . .. ... ... .... 46
4.5 Scenario 2: Parameter values. . . . . . . . ... ... ... ... 48
4.6 Scenario 3: Parameter values. . . . . . . . ... ... ... ... 50
4.7 Scenario 4: Parameter values. . . . . . . . ... ... ... ... 52
4.8 Calculated spectral indices for the first four scenarios . . . . . . 53
4.9 Scenario 5: Parameter values. . . . . . . . ... ... ... ... 56
4.10 Calculated spectral indices in scenariob . . . . . . .. ... .. 56

vil



List of Symbols

tmz\gc<~u’§:@§®o

v/

sync

SENSES
= AN

oo ©

uc

Speed of light

Electron charge

Mass of an electron

Electron momentum

Dimensionless momentum of a single electron
Pressure

Volume

Speed

Electron Lorentz factor

Electron energy number density or the electron spectrum
Electron spectral index, N () oc y~*
Frequency

Synchrotron power of a single electron
Luminosity

Flux density

Spectral index, F,, oc v*

Luminosity distance

Redshift

Magnetic field strength

Magnetic field energy density

Cosmic microwave background radiation energy density
Shock Mach number

viil



List of Abbreviations

AGN Active Galactic Nucleus

CMB Cosmic Microwave Background

COBE  Cosmic Background Explorer

CR Cosmic Ray

DSA Diffusive Shock Acceleration

GMRT  Giant Metrewave Radio Telescope

ICM Intracluster medium

LOFAR Low-Frequency Array

VLA Very Large Array

WMAP Wilkinson Microwave Anisotropy Probe

1X



Chapter 1

Introduction

This dissertation focuses on galaxy clusters and the origin of the radio emission
known as radio relics. The outline of this chapter is as follows: the next section
provides a brief introduction to the current cosmological model and some of
the important open questions and briefly describes the importance of radio
astronomy. Section 2 describes the properties and formation of galaxy clusters
and their diffuse radio emission. Section 3 discusses the problem of the origin of
radio relics. Section 4 presents a brief description of the adiabatic compression
model, which is the model of the origin of relics that is investigated in this
research. Section 5 discusses of some of the properties of the galaxy cluster,
Abell 3411-3412 and its relic on which this work focuses. Section 6 presents
and substantiates the hypothesis of this research. And finally, section 7 gives
the outline of the dissertation and the methodology.

1.1 Introduction

The Universe is understood to have evolved from the Big Bang. Observational
evidence that the Universe is expanding was first found by Hubble who dis-
covered that the radial velocity of galaxies depends on their distance (Hubble,
1929). The observed evolution of the Universe from a singularity is also in
accordance with the predictions of general relativity (Hawkins & Ellis, 1965).
A remarkable success of the Big Bang model was the discovery in 1965 of the
cosmic microwave background (CMB) radiation (Penzias & Wilson, 1965) that
was identified as the predicted left-over black-body radiation from the early
stages of the Big Bang (Dicke et al., 1965). The temperature of the CMB ra-
diation was measured with a high level of precision by the Cosmic Background
Explorer to be 2.728 + 0.004 K (Mather et al., 1990; Fixsen et al., 1996). The
results from COBE, as well as the Wilkinson Microwave Anisotropy Probe
(WMAP), confirm that the Universe is homogenous and isotropic, with only
small anisotropies on the order of 107° (Mather et al., 1990; Hinshaw et al.,
2013).
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Although the cosmology of the Universe is fairly well described by the Big
Bang model, there are still many open questions that are not explained within
current models. These open questions include the nature of dark matter and
dark energy. Evidence for dark matter was discovered around 1937 from mea-
surements of galaxy clusters that showed that the luminous matter present in
the clusters was too small for the cluster to be gravitationally bound (Zwicky,
1937; see also Trimble, 1987). Furthermore, some acceleration in the cosmic
expansion has been observed and it has been postulated that this expansion
is due to dark energy (Perlmutter et al., 1999).

Cosmic structures are thought to form from the small anisotropies in the den-
sity distribution of the early Universe which collapsed under gravity to form
galaxies (Harrison, 1970). Galaxy clusters form in a hierarchical process as
galaxies become trapped by their mutual gravitation fields (see e.g. Peebles &
Yu, 1970; Press & Schechter, 1974; Kravtsov & Borgani, 2012, for a discus-
sion of the models for the formation of clusters). The distribution of galaxy
clusters in the local Universe is not homogenous but contains voids and walls
(Geller & Huchra, 1989; Colless et al., 2001). These structures form what is
known as the cosmic web where clusters and superclusters form at the nodes
of filamentary wall-like structures.

The galaxies themselves contain millions of stars as well as interstellar gas
and dust. The interstellar gas of our galaxy, for example, is made up mainly
of hydrogen (70.4% by mass) with helium being the second most abundant
element (28.1% by mass) and heavier elements making up only 1.5% by mass
(Ferriere, 2001). Galaxies are not static as new stars are formed in the dense
regions of the interstellar gas and old stars burn out and explode as either
supernovae or planetary nebulae. As a result of the nuclear reactions that take
place within stars, the interstellar medium becomes richer in heavy elements
as the stars die out and explode (Wilson & Matteucci, 1992). The instabilities
of spiral galaxies (Ostriker & Peebles, 1973), as well as their rotational curves
(Bosma, 1981), indicate that galaxies contain dark matter in addition to the
stars and interstellar gas and dust.

Radio astronomy is an important field within astronomy since many objects
at large distances can be studied more easily in the radio wavebands than in
other wavebands. Radio surveys, unlike surveys at optical frequencies, mainly
detect extragalactic sources, such as active galaxies, radio quasars, and radio
galaxies. Since these radio surveys can detect rare objects at large distances,
they are important for investigating the isotropy of the Universe on large scales
(see Ghosh et al., 2016, for a review of the role of the upcoming SKA telescope
in this area). The radio band is also crucial for the detection of non-thermal
emission in astronomical objects. In fact, although synchrotron emission due
to relativistic electrons interacting with magnetic fields is generally not de-
tectable in the optical waveband, it can be detected in the radio waveband.
Thus, radio observations are important for studying galaxy clusters and their
diffuse emission. The SKA telescope and its precursor, MeerKAT, will pro-
vide much larger and more sensitive surveys than are currently possible. The



CHAPTER 1. INTRODUCTION 3

SKA telescope is expected to be able to detect the components of a galaxy
cluster up to redshifts of ~ 1. In addition, SKA1-mid will be able to pro-
vide multi-frequency data on galaxy clusters which will enable detailed studies
of the spectral index of clusters which is important for understanding non-
thermal cluster physics (Ferrari et al., 2015). The same authors also note that
since SKA1-mid will be extremely powerful, it will be able to provide detailed
studies of relatively low-luminosity radio haloes.

1.2 Galaxy clusters and their diffuse emission

Galaxy clusters are the largest gravitationally bound objects in the Universe,
with typical masses of ~ 10'® My and typical volumes of 100 Mpc®. Although,
they can contain up to several thousands of galaxies, the cluster galaxies
only make up ~ 3 — 5% of the total mass of a cluster with the remaining
mass either in the form of dark matter (~ 80%) or dilute magnetized plasma
(~ 15—17%) which forms the intracluster medium (ICM) (see e.g. Blumenthal
et al., 1984; White & Fabian, 1995; Jones & Forman, 1999; Arnaud & Evrard,
1999; Sanderson et al., 2003; Vikhlinin et al., 2006, for the development of this
understanding of the components of galaxy clusters). The ICM has temper-
atures of 107 — 10® K and has a low particle density of ~ 1072 em™2. It is
detected through X-ray observations as the magnetized plasma emits thermal
bremsstrahlung radiation at these wavelengths (Mitchell et al., 1976; see also
Sarazin, 1988 for a review of the ICM properties).

As mentioned above, galaxy clusters are formed through accretion from the fil-
amentary structures of the Universe and through the mergers of smaller galaxy
clusters or groups of galaxies. These mergers are highly energetic events that
can release energies of up to ~ 10% ergs on time-scales of a few gigayears. This
energy heats the ICM as it is dissipated through low Mach number shock waves
and turbulence. Simulations suggest that accretion events produce strong
shocks, while merger events produce weak shocks (Ryu et al., 2003; Pfrom-
mer et al., 2006; Briiggen et al., 2012). Given this change in the dynamical
(or merging) state of a cluster, clusters can be categorized as either relaxed
(undisturbed) or merging (disturbed) (see Markevitch & Vikhlinin, 2007, for
a review of cluster shock waves).

Radio observations have detected diffuse extended radio sources that are not
associated with any individual galaxy but rather with the ICM itself and have
no optical counterpart. Optical images of two galaxy clusters with the radio
and X-ray emission overlaid are shown in Fig. 1.1. This emission is produced
through synchrotron radiation as relativistic electrons (with Lorentz factors
of v > 1000 and particle number densities of ~ 107! ¢m™*) move in helical
paths through large scale magnetic fields which have intensities of ~ 0.1—1 uG.
The detection of these diffuse sources indicates that non-thermal components,
such as large-scale magnetic fields and populations of relativistic particles, are
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Figure 1.1: Examples of galaxy clusters. Top panel: Subaru gri colour image
of the galaxy cluster 1RXS J0603.344214, which hosts a halo and a relic.
The radio emission observed with the VLA at 1.5 GHz is shown in red and
X-ray emission observed by Chandra in the 0.5 — 2.0 keV band is shown in
blue (Rajpurohit et al., 2018). Bottom panel: Optical gri colour image of the
galaxy cluster Abell 1132, which hosts a halo and a head-tail galaxy, from the
Sloan Digital Sky Survey. Radio emission observed by LOFAR is overlaid in
red and X-ray emission observed by Chandra is overlaid in blue (Wilber et al.,
2018).
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mixed into the thermal plasma of the ICM (e.g. Feretti et al., 2012, for a
review).

These diffuse radio sources have previously been divided into three main cate-
gories: radio haloes, radio relics, and radio mini haloes. Both radio haloes
and radio relics are extended (2 1 Mpc), low-surface brightness (~ 1 —
0.1 pJy arcsec™? at 1.4 Ghz) sources that have a steep radio spectral index
( < =1, F, x v*) and that do not have optical counter parts. Radio haloes
tend to occur at the centre of galaxy clusters and have a regular morphology
with little to no polarization, whereas radio relics tend to occur at the clus-
ter periphery and have either a roundish or an elongated morphology and are
strongly polarized (20 — 30%). Radio mini-haloes are similar to radio haloes
but are less extended (~ 500 kpc) and are typically found around the brightest
cluster galaxy in cool-core clusters (see e.g. Feretti et al., 2012, for a review).
The most recent review of diffuse radio emission categorised the emission as
radio haloes, cluster radio shocks, and revived active galactic nuclei (AGN) fos-
sil plasma sources, phoenices and gently re-energized tails (Van Weeren et al.,
2019). In this categorization scheme, sources previously categorized as mini-
haloes and giant radio haloes are included in the category of radio haloes,
and what was previously categorized as radio relics are called cluster radio
shocks. The last category in this scheme describes sources that trace AGN
radio plasma that is revived through processes in the ICM, unrelated to the
galaxy. The origin of these sources and their connection to radio haloes and
cluster radio shocks is still not well understood. An example of a giant radio
halo and of a mini-halo is shown in Figs 1.2 and 1.3, respectively. An example
of a cluster radio shock (or radio relic) is shown in Fig. 1.4.

Galaxy clusters and their diffuse emission are important objects to study in
order to gain a deeper understanding of physical processes and the formation
of structure in the Universe. Since galaxy clusters are virialized, they are the
largest objects whose masses can be reliably measured. Thus, mass measure-
ments of nearby clusters can be used to determine the amount of structure
in the Universe on scales of ~ 10 — 10" My, (Voit, 2005). Furthermore,
studying cluster counts and the ICM mass fraction can tighten the constraints
on the cosmological parameters (Allen et al., 2011). Galaxy clusters also pro-
vide unique environments to study particle acceleration physics in collisionless,
high-3!, turbulent plasmas and at weak shocks with low Mach numbers. The
study of diffuse emission can also probe the large-scale structure formation
of the Universe through probing the evolutionary stage of the galaxy cluster.
Finally, the detection of diffuse radio emission can be used to identify shocks
and turbulence in the ICM which are often difficult to identify in other wave-
lengths (e.g. Van Weeren et al., 2012), as well as providing a complementary
method to discover clusters that were missed in X-ray, Sunyaev-Zel’dovich, or
optical surveys (e.g. Macario et al., 2014; De Gasperin et al., 2017).

Here f3 is the ratio of thermal pressure to the magnetic pressure.
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Figure 1.2: Example of a giant radio halo: giant radio halo in the cluster Abell
2744. Left panel: Radio emission observed with the VLA between 1 — 4 GHz
is shown in red and X-ray emission observed with Chandra in the 0.5—2.0 keV
band is shown in blue (Pearce et al., 2017; adapted by Van Weeren et al., 2019).
Right panel: Spectral index map between 1.5 and 3.0 GHz. The 1.5 GHz radio
contours are overlaid in black at levels of [1,4,16,...] X 40,5 (Pearce et al.,
2017; adapted by Van Weeren et al., 2019).
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Figure 1.3: Example of a radio mini-halo: radio mini-halo hosted in the Perseus
cluster. Radio emission observed by the VLA between 230 — 470 MHz is shown
in red and X-ray emission observed by XMM-Newton in 0.4 — 1.3 keV band is
shown in blue (Gendron-Marsolais et al., 2017; adapted by Van Weeren et al.,
2019).
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Figure 1.4: Example of a cluster radio shock (or radio relic): cluster radio
shock hosted in the Sausage cluster. Left Panel: Radio emission observed
with the GMRT at 610 MHz is shown in red (Van Weeren et al., 2010), while
X-ray emission observed by Chandra in 0.5 — 2.0 keV band is shown in blue
(Ogrean et al., 2014). Figure is taken from Van Weeren et al. (2019). Right
Panel: Spectral index map between 0.15 and 3.0 GHz. Radio contours from a
1-4 GHz continuum image are drawn in black at levels of [1,4, 16, ...] X 50
(Di Gennaro et al., 2018; adapted by Van Weeren et al., 2019).

1.3 The problem of the origin of radio relics

The classification and understanding of the origin of relics has changed some-
what throughout the literature and has been refined in recent publications.
Initially, radio relics were thought to be the remnants of radio galaxies where
the galaxy had become inactive or had moved away from the relic’s position
(Goss et al., 1987). However, Enfllin et al. (1998) noted that, although the
radio spectrum is steep, it generally does not exhibit any cut-off, as would
be expected for old remnants of radio galaxies, and demonstrated that radio
relics trace ICM shock fronts caused by either accretion or cluster mergers.
Kempner et al. (2004) divided relics into three categories based on the ac-
celeration mechanism producing the cosmic ray (CR) electrons: radio gischt,
radio phoenices and AGN relics. Radio gischt were described as large Mpc-size
sources where the electrons are accelerated at shocks by a Fermi-I acceleration
process; radio phoenices were described as AGN fossil plasma that is revived
through compression at a merger shock; and finally, AGN relics were described
as fossil plasma that is passively evolving from a galaxy that has ceased its
nuclear activity (see also Van Weeren et al., 2019). Feretti et al. (2012) did
not use this classification in their review since it requires that the origin of the
relic source be determined in order for it to be classified. They rather chose
a classification based on the morphology of the source and classified relics as
either roundish or elongated. Most recently, Van Weeren et al. (2019) used
the term cluster radio shocks rather than the term radio relics and classified
these as extended sources that trace particles (re-)accelerated at ICM shock
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waves but without requiring a particular (re-)acceleration mechanism so that
it is still an observationally defined class.

A long-standing problem in the study of radio relics is the origin of the rela-
tivistic electron population. The typical diffusion length-scale in the ICM of a
GeV electron within its radiative lifetime (< 108 Gyr) is of the order of 10 pc
(Bagchi et al., 2002). Although plasma motions can increase this distance to
some extent, it still remains less than 1 Mpc (Van Weeren et al., 2019). Thus,
for Mpc-size relics, the electron cooling time is much less than the possible
time since the electrons could have been injected from a galaxy at the location
of the relic. This requires that an efficient particle acceleration mechanism is
present within or close to radio relics (Enflin et al., 1998; Kang et al., 2012).
Enflin et al. (1998) demonstrated that accretion or merger shock waves in the
ICM could (re-)accelerate electrons within a magnetic field behind the shock
front, indicating that relics trace shock waves. Further evidence of this rela-
tionship between relics and shock waves is provided by the correlation between
the merger axis of the cluster and the relic position, as well as the fact that
the radio power of relics scales with the X-ray luminosity and the mass of the
host cluster (Vazza et al., 2015).

Although there is compelling evidence that the relativistic electron popu-
lation is created through ICM shock waves, and possibly also turbulence,
(re-)accelerating the electrons to relativistic energies (Van Weeren et al., 2019),
there is still some debate as to the particle acceleration mechanism. A widely
accepted mechanism is diffusive shock acceleration (DSA) which is based on a
first order Fermi process where thermal electrons diffusing through the ICM
can cross the shock front several times, each time gaining energy and even-
tually reaching relativistic energies (Drury, 1983; Blandford & Eichler, 1987).
However, this model has several challenges. While it is fairly efficient in accel-
erating thermal electrons at strong shocks, at weak shocks produced by galaxy
cluster mergers it is inefficient (Kang et al., 2007). Moreover, due to the higher
rigidity of thermal protons compared to thermal electrons, the DSA model is
more efficient at accelerating thermal protons compared to thermal electrons
(e.g. Kang et al., 2007, 2012). These CR protons should then produce gamma
rays as a result of collisions with thermal protons. However, the predicted
theoretical value for the detection of these gamma rays is at or above the up-
per limit set by Fermi observations (e.g. Vazza & Briiggen, 2014; Vazza et al.,
2015).

Another challenge to the DSA model is an observed discrepancy between the
value of the shock Mach number determined within the DSA model and that
determined from X-ray observations. Within the DSA model the shock Mach
number is given by
2 _ M7 (1.1)
200+ 1

(e.g. Colafrancesco et al., 2017) where « is the radio spectral index? and is

2F, o v™
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related to the electron spectral index®, s, by @ = — (s — 1) /2. As in the case
of the relic in Abell 2255 (Akamatsu et al., 2017), the shock Mach number
predicted by DSA is sometimes higher than the Mach number measured from
X-ray observations, indicating that the DSA model at the X-ray Mach number
is not sufficient to produce the observed radio spectral index (Colafrancesco
et al., 2017).

In order to explain the origin of relics better, the standard DSA model acting
on the thermal electron pool was modified to a DSA model acting on a fos-
sil population of mildly relativistic electrons (Pinzke et al., 2013). This idea
is supported by observations which show that the relic is connected to a ra-
dio galaxy, which is a natural source for fossil relativistic plasma. Examples
of clusters in which the relic is connected to a radio galaxy are the cluster,
PLCKG287.0+32.9 (Bonafede et al., 2014), the Bullet cluster (Shimwell et al.,
2015), and the cluster, Abell 3411-3412 (Van Weeren et al., 2017). While this
would reduce the required efficiency of the shock, it would still not explain the
lack of gamma-ray detection in galaxy clusters (Vazza & Briiggen, 2014). This
would suggest that other models, not based on DSA, need to be considered as
possible mechanisms for producing CR electrons in relics.

Enflin & Gopal-Krishna (2001) proposed a model that is based on the adi-
abatic compression of clouds of fossil radio plasma rather than on the direct
acceleration of electrons. In this model, a cloud of fossil radio plasma is accel-
erated as a shock wave passes around the cloud compressing it adiabatically
in the process. The shock wave does not penetrate the cloud since the speed
of sound within the plasma is greater than the speed of sound in the ambient
medium. As the cloud of plasma is compressed, the electrons and magnetic
field gain energy causing the cloud to become radio luminous. This model
could explain the relative rareness of relics, since it requires both a shock wave
and fossil radio plasma that has not aged too much. It could also explain the
trend that relics form at the periphery of clusters, since the revive-able age
of fossil plasma at the periphery is greater than that at the centre due to the
stronger synchrotron losses at the centre. Furthermore, the adiabatic compres-
sion model is a more promising mechanism to revive fossil plasma due to the
expected high sound speed within the radio plasma. Like DSA models, the
adiabatic model can explain the thin elongated morphology of relics, since the
emission is confined to a narrow shell behind the shock front (see also Zhang
et al., 2019).

1.4 Brief description of the adiabatic compres-
sion model

The adiabatic compression model was described by Enfilin & Gopal-Krishna
(2001) and takes place in several phases, labelled phase 0 to phase 4. The

SN(y) cxy*
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initial phase describes the injection of radio plasma into an expanding cocoon
by an active galaxy. During phase 1 of the model, the radio cocoon contin-
ues to expand after the radio galaxy becomes inactive, causing the electrons
to lose energy adiabatically. In addition, the magnetic field is weakened by
the expansion. This, and the adiabatic energy losses of the electrons, can
result in the radio emission of the cocoon becoming undetectable. In the sec-
ond phase of the model, the radio plasma is in pressure equilibrium with the
environment and the electrons exist at low energies as a result of the previ-
ous adiabatic losses. Since the radiative losses depend on the particle energy,
these losses are suppressed during this phase. This fossil plasma is revived dur-
ing the phase three, where the plasma is compressed during a shock passage
caused by a merger event. This compression causes the electron population
and the magnetic field to gain energy adiabatically leading to a sharp increase
in the synchrotron emissivity. During the final, fourth phase of the model, the
plasma is again in pressure equilibrium with the post-shock medium and the
synchrotron emission of the relic fades away as a result of the heavy radiative
losses.

Enflin & Gopal-Krishna (2001) studied three different scenarios of the model.
The first scenario investigated the radio emission of revived plasma located
at the cluster centre. They found that the compression caused a burst of low
frequency emission but almost no high frequency emission and the source was
found to decay on a time-scale of a few tens of megayears. They noted that in
the peripheral regions of the cluster the density, pressure and magnetic field
are lower which would decrease the radiative losses and lengthen the time-scale
over which the fossil plasma can still be revived by a shock wave. The second
scenario that they investigated examined the emission of a radio cocoon at the
cluster boundary that was born outside of the cluster. They found that this
scenario could explain the steep and bent radio spectrum of the relic hosted
in Abell 85. The third scenario was similar to the second, but they chose a
shorter duration of phase 2 which resulted in a relatively flat, unbent spectrum.
They concluded that the model provides a promising and natural explanation
of radio relics.

1.5 The galaxy cluster Abell 3411-3412 and its
radio relic

The galaxy cluster Abell 3411-3412 (hereafter A3411-3412) hosts an irregularly
shaped radio relic ~ 1.9 Mpc long that is made up of several regions or sub-
relics (Van Weeren et al., 2013). The cluster is undergoing a merging event
where the projected merger axis lies along the SE-NW direction (Van Weeren
et al., 2013). The two merging galaxy sub-clusters have similar masses (~
10 My,) and the cluster is viewed ~ 1 Gyt after the core passage (Van Weeren
et al., 2017). The compact core of the sub-cluster that came from the south
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has survived the collision up to now, while the gas core of the sub-cluster
that came from the north was largely disrupted during the core passage. X-
ray observations of the south-eastern region of the cluster have shown that a
shock with a Mach number between 1.2 — 1.7 is coincident with the position
of the relic (Van Weeren et al., 2017).

Van Weeren et al. (2017) studied this galaxy cluster and the relic in the op-
tical, radio and X-ray wavebands. Their observations of the north-eastern
component or sub-relic show that this component is ~ 150 kpc long and is
connected through a radio tail to one of the cluster galaxies located ~ 90 kpc
to the north. An image of this cluster and its relic is given in Fig. 4.1. The
presence of the radio tail indicates that this galaxy could have provided seed
electrons that have been revived. The same authors also measured the spec-
tral properties of the relic and found that the spectral index steepens with
distance away from the galaxy nucleus, which is consistent with synchrotron
and inverse Compton losses. Where the relic joins the radio tail the spectral
index flattens somewhat, while along the length of the relic the spectral index
is fairly uniform. More detail about the galaxy cluster and the relic it hosts is
presented in chapter 4.

Van Weeren et al. (2017) applied a DSA-type re-acceleration model to this
north-eastern component of the relic. The modelling they performed can ex-
plain the uniform spectral index along this relic. However, it could have diffi-
culties explaining the constant spectral indices along the lengths of Mpc-size
relics, unless the shock has a high Mach number or the spectral index distri-
bution of the fossil plasma is fairly uniform. Their modelling also predicted a
value of 1.9 for the shock Mach number which is greater than the limit of the
observed X-ray Mach number.

1.6 Hypothesis

This project investigates whether the adiabatic compression model is a plau-
sible model for the formation of the radio relic hosted in the galaxy cluster
A3411-3412 by investigating whether the adiabatic compression model is able
to reproduce the observed spectral shape across the relic. The fossil electron
cloud required in the adiabatic model is provided, as in the DSA case studied
by Van Weeren et al. (2017), by the radio galaxy that is connected to the relic
through a narrow radio tail. Although Van Weeren et al. (2017) were able to
reproduce the spectral properties of the relic using a DSA-type re-acceleration
model, their modelling predicted a higher Mach number compared to the Mach
number determined through the X-ray observations. This project will inves-
tigate whether the adiabatic model can reproduce the radio flux density and
spectral shape of the relic with a lower Mach number. Furthermore, in light
of the recent observational and theoretical challenges to DSA based models,
there is a need to investigate other models for the origin of radio relics.
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Other objectives of the project are: to extend the adiabatic compression sce-
nario to the case of an electron population that has a general initial energy
spectrum; to understand how this scenario works in the specific case of a shock
with a low Mach number as in the case of A3411-3412; and, to understand if
the evolution of the electron spectrum after the compression is determined only
by radiative energy losses, or if there are other effects, such as post-shock tur-
bulence or an expansion phase following the compression phase, that impact
the spectrum evolution. Finally, this project also investigates whether sources
that are classified as radio gischt can be explained by adiabatic compression
and not just radio phoenices, suggesting that revived fossil plasma could be
the origin of both sources.

1.7 Outline and methodology

The dissertation is structured as follows.

Chapter 2 will present a brief overview of the formalism of synchrotron radia-
tion. The expected radio synchrotron emission at the end of the radio tail is
also calculated using this formalism and the results are discussed in light of
the observational results published in Van Weeren et al. (2017). In particular,
this chapter will investigate whether the electron spectrum given as

N(7) = Nov P exp (—(7/70)?) . (1.2)

where 7 is the Lorentz factor and v, = 1.8 x 10* is the Lorentz cut-off factor,
can explain the observations of the radio tail injected by the galaxy before
the compression by the shock and calculate the value of the normalization
constant, ]\70.

Chapter 3 will present the formalism of the the adiabatic compression model
and expand the model to act on a generalized electron spectrum given as a
power-law with an exponential cut-off:

N(p) = Nop~*exp (— (p/pc)) , (1.3)

where p is the dimensionless momentum of a single electron and p.. is the cut-off
momentum. For ultra-relativistic electrons considered here, the dimensionless
single-electron momentum is equivalent to the Lorentz factor. The formalism
presented in this section follows the steps outlined in Enfllin & Gopal-Krishna
(2001). Finally, this chapter will also investigate the effect that the shock
strength of the associated cluster shock wave has on the resulting radio spec-
trum, as well as the effect that some of the model parameters have on the radio
spectrum.

Chapter 4 will apply the adiabatic model to the radio relic hosted in the
galaxy cluster A3411-3412. Starting with an electron spectrum that describes
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the electron population that is injected by the galaxy, the evolution of this
spectrum through the phases of the adiabatic model will be calculated using
the results of chapter 3. From these electron spectra the expected radio spectra
at the end of each phase of the model will be calculated using the standard
synchrotron formulae presented in chapter 2. The spectral indices of these
spectra will be compared to the observed spectral indices at corresponding
points across the relic. Finally, the radio spectrum behind the shock front will
be investigated to see if the evolution behind the shock front is only determined
by radiative losses, or if other mechanisms such as an expansion phase or post-
shock turbulence affect the spectrum.

Lastly, chapter 5 will summarize the results of each chapter and discuss the
ability of the adiabatic compression model to reproduce the spatial distribution
of the relic in A3411-3412 and its ability to describe the relic’s formation.

The equations describing the electron and radio spectra were implemented in
Python functions and these were used to calculate the luminosities and flux
densities presented in this work. The properties of the galaxy cluster that were
used in the modelling performed in this work were taken from Van Weeren et al.
(2017) and the results that were found were compared to the observational
results published by the same authors.



Chapter 2

Synchrotron emission of the
radio tail and the initial
electron spectrum

2.1 Introduction

Van Weeren et al. (2017) report that in the cluster of interest, Abell 3411-
3412, a cluster galaxy is located ~ 90 kpc to the north of the radio relic.
This cluster galaxy has an active galactic nucleus (AGN) at its centre and a
radio tail connects the galaxy to the relic. The steepening of the radio tail’s
spectral index from a value of a = —0.5 at the galaxy nucleus to a value of
a = —1.3+0.1 at the further end of the tail is consistent with synchrotron and
inverse Compton losses. At the position where the radio tail meets the relic,
the spectral index flattens to a = —0.9 which, according to the same authors,
indicates that the electron population of the radio tail is re-accelerated at the
position of the shock. Thus, the radio tail could provide a fossil population of
electrons that can be revived to form the radio relic.

Since the radio emission of relics is produced through synchrotron radiation
of electrons, we will here provide a brief formalism of synchrotron radiation.
This formalism will then be applied to the electron spectrum of the radio tail
as given by Van Weeren et al. (2017) and the resulting spectral index will be
compared to the observed one in order to confirm that this electron spectrum
can explain the properties of the radio tail before the action of the shock wave.
Furthermore, we will also calculate the normalization constant of the electron
spectrum in order to completely describe the electron population of the radio
tail that will be used in chapter 4.

14
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2.2 Formalism of synchrotron radiation

As electrons move in helical paths through a magnetic field, they emit syn-
chrotron radiation. The total power, L,, radiated by an isotropic population
of electrons, that has a number density N(v)dFE, is the integral over all ener-
gies of the product of the power radiated by a single electron, Psync, and the
electron energy number density (or electron spectrum):

Ymaz
L, = / dy N(7) Psgne (v, ), (2.1)

TYmin

where v is the Lorentz factor. The synchrotron power of a single relativistic
electron is given by

Payne(v,0,7) = 20V3 romevg sin(f) F(x/ sin 0) (2.2)

(Schlickeiser, 2002), where

2v YVp\ 2 3/2
v 3vpy? [1 + (7) ] ’ (2:3)

and 9 = €/ (mc?) is the classical electron radius, vy = eB/ (2rmc) is the
non-relativistic gyrofrequency and v, = 8980n, is the plasma frequency. Here
n. is the thermal electron density, for which a typical value is 107% cm™3. The
spectral function, F(t), is given by

F(t) =1 /1t e Kjsl2), (2.4)

where Kj/3(2) is the modified Bessel function of the second kind.

Integrating eqn (2.2) over the solid angle, d2 = sin 6 d¢ df, gives

o1 x
Pine(v,7y) = 27r\/§7"0mcuo/0 de 5 sin?6 F(sin9> , (2.5)
where the integral over the azimuthal angle, ¢, has been performed. This ex-
pression for the synchrotron power of a single electron can then be substituted
into eqn (2.1) to calculate the emitted synchrotron power, or luminosity, of an
electron population.

In order to save on computational time, the following approximation for the
spectral function was used in the implementation of these formulae (Schlick-
eiser, 2002):

F(t) ~ 1.78¢%3¢. (2.6)

The flux density of the electron population can then be calculated from the

luminosity according to
1

v — Lllv 2.
4 D3 (27)
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where L, is the total synchrotron power of the electron population as given in
eqn (2.1) and Dy, is the luminosity distance.

For a power-law electron distribution, N(vy) o 7%, where s is the electron
spectral index, it can be shown that the synchrotron luminosity also follows a

power-law:
L, ocv®, (2.8)

where a@ = — (s —1)/2 is the radio spectral index (Rybicki & Lightman, 1979).
For general electron population the spectral index is defined in terms of the
flux density to be F,, oc v* and can be calculated between any two frequencies
at which the flux density is known.

2.3 Synchrotron spectral index between 0.325
and 3.0 GHz

The initial electron spectrum of the radio tail is given by Van Weeren et al.

(2017) to be 3
N(v) = Noy **exp (=(7/7¢)%) , (2.9)

where the normalization constant Ny has to be determined (see section 2.4)
and 7. is the cut-off Lorentz factor. Van Weeren et al. (2017) chose the value
of 7. = 1.8 x 10* to match the radio spectral index of o = —1.3 between 0.325
and 3.0 GHz. This electron spectrum is shown by the solid blue line in Fig. 2.1.
As expected, this figure shows that the number density follows a power-law
relationship for v < 4, while for v > 7. it drops off exponentially.

The synchrotron luminosity of this electron population was calculated accord-
ing to eqn (2.1) using the value of the pre-shock magnetic field, B = 1.5 uG as
given in Van Weeren et al. (2017). The resulting radio spectrum is shown by
the solid blue line in Fig. 2.2. The slope of the spectrum at low frequencies, as
shown by Fig. 2.2, is a = —0.75 as would be expected for an initial power-law
distribution of electrons with a slope of s = 2.5. This slope changes around 1
GHz where the exponential cut-off in the electron distribution starts to take
effect, and above 10 GHz the power drops off quickly.

In order to ensure that the Python routines that were written to calculate the
luminosity are reliable, the radio spectral index between 325 MHz and 3.0 GHz
of this population was calculated and found to be &« = —1.3. This matches the
observed value of the spectral index at the end of the radio tail (see the radio
spectral index map Fig. 3b in Van Weeren et al. (2017)) which confirms that
the routines are reliable and can be used in the subsequent work.
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Figure 2.1: The calculated electron spectrum at the end of the radio tail where
the electron population follows a power-law with an exponential cut-off (see
eqn (2.9)) is shown in the solid blue line and is compared to the calculated
electron spectrum of a population that follows a pure power-law, shown in the
dot-dashed green line. At the cut-off Lorentz factor, indicated by the dashed
black vertical line, the electron spectrum at the end of the radio tail starts
to drop rapidly below the power-law spectrum, showing that the exponential
term dominates from this point on.
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Figure 2.2: The calculated synchrotron luminosity of the electron population
in the radio tail before the shock wave is shown in the solid blue line. Again,
the comparison to the calculated luminosity of a pure power-law electron pop-
ulation (shown in the dot-dashed green line) shows that the luminosity of
the radio tail starts to fall below the luminosity of the power-law population
around 1 GHz (indicated by the dashed black vertical line) indicating that
the exponential factor in the electron distribution starts to dominate from this
point on.
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2.4 Normalization of the electron population

The second purpose of calculating the synchrotron emission in the radio tail
was to calculate the value of the electron normalization, Ny, so that the electron
population of the radio tail is fully determined. The normalization constant
was determined by matching the calculated flux density to the observed flux
density of the radio tail presented in Van Weeren et al. (2017).

The flux density of the electron population was calculated from the spectral
luminosity according to eqn (2.7). In order to apply this equation, the lumi-
nosity distance was calculated using an online cosmological calculator (Wright,
2006) with the following values of the cosmological parameters: 2, = 0.27,
Qy = 0.73 and Hy = 71 km s~ kpc™! (Van Weeren et al., 2013) and a red-
shift of 0.164 which corresponds to the redshift of the galaxy connected to the
radio tail (Van Weeren et al., 2017). The calculated angular scale conversion
factor was 167.1 kpc arcmin™! which is sufficiently close to the angular conver-
sion factor of 168 kpc arcmin™' used in Van Weeren et al. (2017) (see Fig. 8
therein). The luminosity distance obtained in this way was Dy = 778.3 Mpc
and this was used to calculate the flux density from the calculated synchrotron
luminosity.

Van Weeren et al. (2017) extracted observed flux densities at intervals of 20
kpc across the relic and somewhat to the south of the radio tail. These flux
densities are presented in Fig. 4.5. Comparing the values of the spectral index
plotted in this figure to the spectral index map published in Fig. 3b of the
same paper, indicates that the distances given in the figure are measured from
some point on the outer edge of the relic. The flux density of the radio tail
should be unaffected by the compression caused by the shock wave. Thus, the
flux density of the radio tail was taken to be given by the flux density at 610
MHz at 200 kpc which is 176 pJy.

The calculated flux density was matched to this observed flux density by vary-
ing the value of the normalization constant, Ny. The best-fitting value of
the normalization constant obtained in this way was Ny = 1.1 x 10%. The
calculated flux density using this value is shown in Fig. 2.3.

The flux density shown in Fig. 2.3 shows the same features as the spectral
luminosity, namely, that the spectral index has a value a = —0.75 at low
frequencies, as expected for a power-law electron population with a slope of
2.5, and begins to steepen around 1 GHz.

2.5 Conclusion

This chapter presented the formalism of synchrotron radiation. Since the ra-
dio emission of relics is due to synchrotron radiation, this formalism is used
throughout the rest of this work.
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Figure 2.3: The calculated flux density of the electron population in the radio
tail before the compression caused by the shock wave is shown in the solid blue
line. As in Fig. 2.2, the flux density starts to fall below the flux density of a
power-law electron population (shown in the dot-dashed green line) around 1
GHz (indicated by the dashed black vertical line).

This chapter also shows the calculation of the spectral index of the resulting
luminosity where the initial electron spectrum is given by eqn (2.9). This
spectral index matches the observed spectral index at the end of the radio tail
indicating that synchrotron radiation with this initial spectrum can explain
the observations of the radio tail before the compression of the shock wave.

Finally, the normalization of the electron population was also calculated. The
value of this normalization constant is important since the electron population
of the radio tail will be used in further calculations in chapter 4 and so needs
to be fully described. Since the value of the flux density at the position of
the radio tail is not available, the flux density was assumed to be given by
the value of the flux density just before the inner edge of the relic. However,
the flux density at this position was only available at one frequency. In future
studies, to obtain more refined results, it would be necessary either to obtain
the data used by Van Weeren et al. (2017) or to use new observations of this
cluster from telescopes such as the MeerKAT.



Chapter 3

The adiabatic compression
model

3.1 Introduction

In this chapter, the adiabatic model developed by Enfilin & Gopal-Krishna
(2001) is investigated. Firstly, the model is extended to a more general elec-
tron population that follows a power-law with an exponential cut-off at large
Lorentz factors. Secondly, the effects of different shock strengths and differ-
ent time-scales of the shock passage on the shape of the radio spectrum are
investigated.

The adiabatic compression model describes several phases in which radio plasma
undergoes expansion and compression. The radio plasma is injected into a
cocoon by a nearby radio galaxy, loses energy as the cocoon expands, is re-
energized as a result of the compression caused by the passage of a cluster shock
wave, and finally fades away due to radiation losses. The electron spectrum
and, consequently, the resulting radio spectrum are shaped by the compression
or expansion of the radio cocoon as well any radiative energy losses during each
phase. Unlike in the DSA model or in the DSA-type re-acceleration model,
in the adiabatic model the shock wave does not penetrate the cloud of fossil
plasma due to the high sound speed within the plasma compared to the sound
speed in the thermal surrounding. Instead, the fossil plasma is compressed as
the shock wave passes through the surrounding thermal plasma. This adia-
batic compression causes the fossil electrons to gain energy adiabatically while
also amplifying the magnetic field, leading to a steep enhancement of the radio
emission of the radio plasma cocoon.

Following the convention used by Enfllin & Gopal-Krishna (2001), the phases
of the model are labelled phase 0 to phase 4. Phase 0 is the injection phase of
the model, where a nearby active galaxy injects radio plasma into an expanding
volume. This phase is not a complete phase in the model as it describes the
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conditions within the plasma at the end of the galaxy’s activity but it does
not describe the complete injection process.

Phase 1 describes the expansion of the radio cocoon after the activity of the
radio galaxy has ceased. During this phase, the radio cocoon is strongly over-
pressured compared to the surrounding thermal gas, which causes the cocoon
to expand until pressure equilibrium with the environment is reached. As a
result of this expansion, the electrons lose energy adiabatically and the mag-
netic field strength is reduced, leading to a decrease in the radio emission. The
radio plasma can be described as fossil radio plasma as the radio emission is
probably much fainter than the emission at the end of phases 0, 3 and 4. For
example, in scenarios B and C presented in Enfllin & Gopal-Krishna (2001),
the radio luminosity drops by a factor of between 1 and 3 orders of magnitude
at low frequencies (0.1 — 0.5 GHz) and 4 or more at high frequencies (1 — 10
GHz), showing that the radio emission at the end of this phase can be very
faint and can have a very steep spectrum, making it difficult to detect. These
adiabatic losses due to the expansion of the cocoon are, however, reversible
and will be reversed during phase 3.

Phase 2 is a dormant phase where the volume of the radio plasma remains
largely unchanged. Due to the adiabatic losses of the previous phase, the
electron energy and the magnetic field energy density are greatly reduced.
Since radiation losses depend on the particle energy as well as the magnetic field
energy, the radiative losses during this phase are very low. The suppression
of the irreversible radiative losses during this phase enables the cocoon to
maintain its energy (Enfllin & Gopal-Krishna, 2001) so that the radio plasma
can be revived in the next phase when the adiabatic losses are reversed.

Phase 3 is the main phase in the model. During this phase the cocoon of
fossil plasma is compressed by the passage of a shock wave in the surrounding
thermal medium. The shock wave is caused by a merger or accretion event in
the galaxy cluster. For a given shock speed, v, the Mach number (M = v/cs,
where ¢, is the sound speed in the medium) will be much smaller for a higher
sound speed. Therefore, because of the higher speed of sound within the radio
cocoon as compared to the surrounding thermal gas, the same shock will have
a much smaller Mach number within the cocoon than within the surrounding
gas. Thus, the shock wave is not expected to penetrate the radio cocoon or
to accelerate the electrons via DSA, but instead the shock wave is expected
to compress the cocoon (Enfllin & Gopal-Krishna, 2001; Colafrancesco et al.,
2017). This adiabatic compression reverses the adiabatic losses of phase 1 and
the electrons within the plasma, as well as the magnetic field, gain energy adi-
abatically, leading to a steep increase in the synchrotron emissivity. Since the
electrons are re-energised by the compression of the radio cocoon, this phase
has the flattest radio spectrum. During this phase, the cocoon expands orthog-
onally to the direction in which the shock is moving while being compressed
in the direction of the shock, forming the typical flattened, arc-like shape of
radio relics.
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Phase 4 is the final phase in the model. As in phase 2, the radio plasma is in
pressure equilibrium with its surroundings so the plasma volume remains more
or less constant throughout the phase. As a result of the energy gains in the
previous phase, the radio plasma now suffers heavy radiation losses resulting
in a steep radio spectrum and causing the radio emission of the relic to fade
away.

3.2 Formalism

3.2.1 Changes in the electron momentum due to adia-
batic and radiative losses or gains

As described above, the electron spectrum and the resulting radio spectrum
are shaped by the energy gains or losses as well as any volume changes during
each phase. This section outlines the formalism of such changes to the electron
spectrum. Following the steps outlined by Enfilin & Gopal-Krishna (2001), the
adiabatic model is extended to an electron population that is described by a
power-law with an exponential cut-off at large values of the Lorentz factor (or,
equivalently the dimensionless momentum, p). An expression for the resulting
electron spectrum of such a population is then derived.

Changes in the dimensionless momentum, p = P,/(mc), of an ultra-relativistic
electron depend on: the synchrotron losses, which are proportional to the mag-
netic energy density, ug; the inverse Compton losses, which are proportional
to the cosmic microwave background (CMB) radiation field energy density, uc;
and the adiabatic losses or gains connected to the change in volume, V', of the
radio plasma. The electrons in the cocoon either lose or gain energy adiabati-
cally as the volume expands or contracts, since the electron gas is either doing
work on the environment, or the environment is doing work on the electron
gas. The change in the internal energy, U, when the volume changes from V'
to V 4+dV is

dU = —PdV, (3.1)

where P is the pressure of the electron gas. Then, working in terms of the
momentum rather than energy, the change in the electron momentum as a
result of adiabatic gains or losses can be shown to be

dp 11dV
Tw T ava (32)

(Longair, 2011). Together with the synchrotron and inverse Compton losses,
the change in the dimensionless momentum is given by the following differential
equation:

11dV

dp 9
- = - 3.3
T, ao (up + uc) p +3thp, (3.3)
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where ap = 3or/(mc) and op is the Thomson cross section. Due to the
low particle density within the radio plasma, the model does not include the
effects of bremsstrahlung and Coulomb losses (Enfllin & Gopal-Krishna, 2001).
Furthermore, the model assumes that there is sufficient pitch angle scattering
so that the electron pitch angle remains isotropic. This is a realistic assumption
since the cosmic ray (CR) electrons will scatter off the thermal plasma due to
wave particle interactions which will result in pitch angle scattering (Jaffe &
Perola, 1973).

Introducing the compression ratio, defined as

Vo

C(t) = VD)’ (3.4)

where V4 is the volume of the radio plasma at some initial time, ¢y, and using
the change of variable §(t) = C(t)~/3p(t), eqn (3.3) can be transformed into

the following differential equation:
dp .
< = —ao (ug + uc) C() *p(t)” (3.5)

This equation can then be solved by integrating to give

) =yt = ao / ar (us(t') + uc(t') C(")"?, (3.6)

to

where o = p(to) = C(te) ?p(t) = py since C(ty) = 1 and where p, is
the electron momentum at the initial time ¢y. By defining the characteristic
momentum to be

o / 4t (s () + wo(t") (g((tt))) | (3.7)

D+« (t) to

eqn (3.5) can be simplified to

1/3
)y~ = % + 75 (3.8)

Finally, changing variables back to the dimensionless momentum, p, gives

o Do
T F) )

In order to evaluate the integral in eqn (3.7), it is assumed that the volume
changes according to a power-law in time, i.e.,

V() = Vi (;)b or C(t) — <i) -’ (3.10)
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that the photon energy density is constant and that the magnetic field energy
density scales as

Vv —vB ¢ —vBb " —4b/3
1) = . — —_ = — A1
ug(t) = uppo (Vo) UB,0 (to) UuB,0 <t0> g (3.11)

where v = 4/3 is the adiabatic index of the magnetized plasma (Kaiser et al.,
1997). Then, evaluating the integral gives

1/3
p.(t) = ¢ (3.12)

C5/3_C1/b c1/3_C1/b !
a0t< 1503 UBO T T 53 uC)

where, to simplify the notation, C' = C(t). Note that it is reasonable to
assume that the photon energy is constant since it is dominated by the CMB
which does not change significantly over the time-scales under consideration
(EnBlin & Gopal-Krishna, 2001). The cases b = 3/5 and b = 3 are excluded

for simplicity as they produce logarithms rather than power-laws.

In summary, the momentum of an ultra-relativistic electron within the radio
plasma depends on the synchrotron losses, the inverse Compton losses and the
adiabatic gains or losses that result from the change in volume of the radio
plasma. Then, under the assumptions of eqns (3.10) and (3.11), the momentum
at time t of an electron which has an initial momentum py at an initial time
to is given by eqn (3.9) together with eqn (3.12).

3.2.2 The electron spectrum of a single adiabatic cool-
ing phase

The electron spectrum is shaped by the radiative and adiabatic losses or gains
described in the previous section. At any given time, the electron distribution
per volume and momentum, N (p,t)dpdV, for p < p.(t) is

Ipo(p, 1)

N(p. ) = No (po(p,1)) —5 —C(1), (3.13)
where the initial momentum py(p,t) is obtained from eqn (3.9):
pCH)~Y?
po(p;t) = : 3.14
0( ) 1 — p/p* (t) ( )

For any initial distribution, Ny(pyg), the resulting electron distribution, N (p,t),
at p = p.(t) exhibits a sharp upper cut-off due to synchrotron and inverse
Compton losses. Thus, the characteristic momentum, p,(t), is also the maximal
momentum.

Since this project extends the adiabatic model to act on a more general elec-
tron spectrum, the initial distribution is chosen to follow a power-law with an
exponential cut-off for p greater than some cut-off value p,:

No(po) = Nopy*exp (—(po/pe)?) , (3.15)
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for pmino < Po < Pmaxo- This distribution function is an extension of the
electron spectrum of the radio tail connected to the relic in the galaxy cluster
A3411-3412 (Van Weeren et al., 2017), where the distribution is given in terms
of the dimensionless electron momentum, p, rather than in terms of the Lorentz
factor, v, since these two quantities are basically equivalent for ultra-relativistic
electrons.

The resulting electron distribution is determined according to eqn (3.13). From
eqn (3.14), we have

Ipo(p,t) -1/3 p -
op ~CW / (1_p*(t)> ’ (310)

and,

pC(H) )

Y s/3 __b ) “Fex —
No (po(p, 1)) = No C(t) <1 )p P (pc(l—p/p*(t))

pa(t)
(3.17)

Substituting eqns (3.16) and (3.17) into eqn (3.13) gives the resulting electron
spectrum for puin(t) = p(Pmin 0,t) <P < Pmax () = P(Pmax 0, 1):

- R P 572 B pO@)ié :
N(p,t) =NoC(t) 3 p (1 p*(t)) eXp (pc(l—p/]?*(t))>

(3.18)
Physically, this equation describes how the electron distribution has been
shaped by the energy losses or gains described by eqn (3.3).

3.2.3 Resulting electron and radio spectrum after sev-
eral adiabatic cooling phases

As discussed in section 3.1, the adiabatic compression scenario involves several
phases of expansion or compression that are characterised by different rates and
durations. Each of these phases contribute to the final shape of the electron
distribution making it necessary to describe the momentum and the electron
spectrum at the end of n expansion or compression phases. The following
notation is used to label the parameters of each phase: p; = p(t;) is the
momentum of an electron at the end of phase 1 where its original momentum
is po; the compression ratio characterizing this phase is Cy; = C(t1) and the
characteristic momentum at the end of the phase is p.o1 = p«(t1). Similarly,
p2 is the momentum of the same electron after phase 2 which is characterised
by the compression ratio C5 and the characteristic momentum p,;2. And so
on, for the other phases.

From eqn (3.9), it follows that the final momentum, p,,, after n such phases is
Po
00—71/3 + pO/p*On

Pa(po) = (3.19)
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where Cy,, is the compression ratio between the initial and final configurations:

a Vi W
Con =[] Ciri = =2 (3.20)
i=1 Vi Vi

i=1

The characteristic momentum between the n’th phase and the initial configu-

ration is the sum of the individual cooling phases, each weighted by (COi)1/3Z
L= (o)

=y it (3.21)

Dxon = Pxi-1i

Note that, from eqn (3.10), Cy is by definition equal to unity: Coo = (to/to)° =
1. This is necessary for the above equation to make sense with n = 1.

Each phase is fully described by a set of four parameters: the expansion or
compression exponent, b; (see eqn (3.10)), the time-scale of expansion, 7;, the
compression ratio during the phase, C;_1;, and the duration of the phase, At;.
These quantities are related by the equation

Thus, in order to describe a phase in the model, three of the four parameters
need to be determined and the remaining one can be calculated from the above
equation.

As defined in eqn (3.4), the compression ratio C;_;; is the ratio of the volume
at the end of phase (i — 1) to the plasma volume at the end of phase i. It
follows, then, that for an expansion phase the ratio is less than 1, while for a
compression phase the ratio is greater than 1. The exponent b; is related to
the rate of the expansion or compression of the radio cocoon (see eqn (3.10)),
while the time-scale 7; is a characteristic time-scale of the expansion or the
compression. Both of these quantities are determined by the physical process
under which the volume of the plasma changes.

Extending eqn (3.12), the characteristic momentum of each phase is

01/3

Pxi-1i = C5/3_C1/b o1/3_c1/b ) (323>
aot; (WUBFl + 153 C)

where to simplify the notation, C' = C;_;; and b = b; and the time t; is given

by t; = 7; + At;. The magnetic energy density at the beginning of phase 7 is

the same as that at the end of phase (i — 1):

UB;—1 = UB( (COi—1)4/3- (3.24)

Finally, combining the above equations, eqn (3.18) can be extended to give the
resulting electron spectrum at the end of phase i:

2

5—2 -3

~ 542 p pCO ‘3
Ni(p) = NoCof p~* (1- - Z 2
(p) 0Loi P ( p*o@') exp <pc(1—P/p*0i) ( )
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for Pmini = pi(pmiHO) < P < Pmaxi = pi(pmaxﬂ) and Nz(p) = 0 otherwise.
The electron spectrum shapes the resulting radio spectrum and hence, the
radio spectrum is also determined at the end of each phase. The synchrotron
emission of the radio cocoon at the end of phase 7 is given by

L= [ " 4p Ni(p) Pagnel,), (3.26)

Pmini

where Pyne(p) is the synchrotron power of a single electron (see eqn (2.5)).

3.3 Discussion of the phases of the adiabatic
compression model

The four phase parameters are determined through physical considerations of
the active galaxy, the radio plasma and the thermal environment. However,
some of the parameters for some phases are not determined by the model but
are only fixed when applying the model to particular clusters and considering
the cluster properties such as the shock strength and the pre-shock magnetic
field. Below, the parameters for each phase, including which parameters need
to be fixed by the physical conditions of the specific galaxy cluster to which the
model is applied and which are free parameters, are discussed. This discussion
closely follows the discussion in Enfllin & Gopal-Krishna (2001). The values
of the parameters that are fixed within the model are listed in Table 3.1 for
easy reference.

During phase 0, an active galaxy injects radio plasma into an expanding vol-
ume. The cocoon expands supersonically through a similar physical process
as the expansion of AGN jets. Then, according to the formalism described by
Kaiser & Alexander (1997), the volume changes according to a power-law with
by = 9/5 where the surrounding medium is assumed to have no density gradi-
ent. The expansion time-scale of the injection of the radio plasma is estimated
from the typical age of a radio source at the end of its nuclear activity, giving
70 = 0.15 Gyr (Alexander & Leahy, 1987; Enfillin & Gopal-Krishna, 2001). As
this phase describes the conditions within the plasma after the nuclear activity
of the galaxy has ceased, it has a duration of Aty = 0 Gyr and similarly, the
phase compression ratio is Cpg = 1.

After the galaxy activity has ceased, the cocoon is over-pressured with re-
spect to the thermal surrounding (Begelman & Cioffi, 1989). As a result, the
cocoon expands according to a Sedov-like expansion process where by = 6/5
(Shu, 1992). As a simplification, the expansion is assumed to be Sedov-like
until pressure equilibrium with the environment is reached. Momentum con-
servation implies that the expansion rate at the end of phase 0 and the start
of phase 1 must be the same, leading to 71 = (b1/bo)70 = (2/3)79 (Enfllin
& Gopal-Krishna, 2001). For this phase, the compression ratio, Cy, is con-
strained by the radio spectral index of the injected plasma and the pre-shock
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magnetic field of the cluster to which the model is applied. Then, the phase
duration, Aty, is determined by eqn (3.22).

During phase 2, the cocoon is in pressure equilibrium with the environment.
Hence the volume of the cocoon is largely constant, giving C15 ~ 1 and by ~ 0
from eqn (3.10). The time-scale of the expansion for this phase is 75 — o0
(EnBlin & Gopal-Krishna, 2001). In this limit the maximal momentum (eqn
(3.23)) of this phase is

Pz = [ao (ups + uc) Ats] . (3.27)

Here, three of the four phase parameters are fixed, but since the expansion
time-scale is infinite, the phase duration Aty is not determined by eqn (3.22).
Instead, for this phase the duration is a free parameter. However, since the
electron population does experience radiative losses, the phase cannot last too
long so that the radio emission of the revived plasma is still detectable.

The compression during phase 3 is due to the passage of the shock wave in
the surrounding thermal gas as described by Enfllin & Gopal-Krishna (2001).
The parameters b3 and 73 are estimated by considering the process of the
compression. As the shock wave moves past the radio cocoon, the cocoon is
exposed to the high thermal pressure of the post-shock gas on its downstream
side, while on its upstream side it is exposed to the ram-pressure of the pre-
shock gas. However, since the remaining surface is only subject to the lower up-
stream gas pressure, the cocoon begins to expand orthogonally to the direction
of the shock, taking on the typical arc-like morphology of radio relics. This
behaviour is modelled by setting b3 = 2 and a negative value for 73 determined
from eqn (3.22). The phase duration is related to the volume of the plasma at
the end of phase 2 and the pre-shock velocity in the shock frame:

‘/21/3

Aty = )
Ushock 2

(3.28)

However, as it is difficult to estimate the volume of the radio plasma, it is
easier to treat Atz as a free parameter. Lastly, the phase compression ratio
is estimated from the pressure jump, P;/P;, of the surrounding thermal gas,
assuming pressure equilibrium before and after the shock passage:

P3 3/4
023 = (E) s (329)

where the pressure jump in thermal gas is related to the shock Mach number:

P3_2”}/M2 ’}/—1

P, y4+1 441

(3.30)

(Landau & Lifshitz, 1959) assuming the behaviour of a perfect gas. Here 7 is
the adiabatic index of the thermal gas: v =5/3.
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Table 3.1: Summary of the values of each of the phase parameters as discussed
in section 3.3. The values that are marked with a dash are determined from
the cluster properties in each specific application.

Phase At; T Ciz1i b;
Myr Myr
0 0 15.0 1 1.8
1 ((Cor) Vo —1)m 10.0 <1 1.2
2 — 00 1 0
, . P34

3 — ((023)_1/ 3 — 1) Atg <0 (ﬁ) > 1
4 — 00 1

During the final phase of the model, the radio plasma is once again in pres-
sure equilibrium with the post-shock medium giving an expansion exponent
of by = 0 and a compression ratio of C5, = 1 with a time-scale of expansion
74 — oo (Enflin & Gopal-Krishna, 2001). As in phase 2, because the time-
scale of expansion is infinite, the maximal momentum of the phase is given by
eqn (3.27). The phase duration, At,, is then not fixed by eqn (3.22) but is
left as a free parameter that should be determined in each application of the
model. However, since the electron population is losing energy very rapidly
due to radiative losses, the phase duration strongly affects the level of radio
emission produced by the relic.

3.4 The resulting radio spectrum

3.4.1 Relationship between the shock strength and the
resulting radio spectrum

Since the fossil plasma is revived by the compression of the cocoon during the
shock passage, the extent to which the cocoon is compressed will affect the
shape of the resulting radio spectrum. As discussed above, the compression
of the cocoon is related to the shock strength: as the shock Mach number
increases, the compression of the phase increases (see eqns 3.29 and 3.30).
Thus, a stronger shock should result in brighter radio emission of the relic as
compared to the emission produced by a weak shock, as well as a flatter radio
spectrum.

In order to investigate this relation between the shock strength and the radio
spectrum of the revived plasma, the resulting radio spectrum was calculated
for different values of the shock Mach number. A pre-shock magnetic field of
By = 1.5 uG was used. The durations of phases 2 and 3 were kept constant at
Aty = 2 Myr and Ats = 10 Myr, while the compression ratio of phase 1 was
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Figure 3.1: Resulting radio spectrum at the end of phase 3 showing that the
spectrum flattens and the emission becomes brighter with increasing shock
strength. The durations of phases 2 and 3 were fixed at Aty = 2 Myr and
Aty = 10 Myr, respectively. The solid orange curve corresponds to a shock
strength of M = 1.2, the dot-dashed green curve to M = 1.5, the dashed blue
curve to M = 1.7, the dotted red curve to M = 1.9, and the solid black curve
to M = 2.1.

chosen to be Cy; = 0.6. These values were chosen as reference values to be
quite close to expected realistic values for clusters with a similar shock Mach
number.

The resulting radio spectra are shown in Fig. 3.1. As expected, the radio
luminosity of the relic after the shock passage increases with shock strength.
Also, as seen in Table 3.2, the radio spectrum flattens as the shock Mach
number increases. Relatively weak values of the shock strength were used
(1.5 < M < 2.1) here, yet the radio emission of the plasma after the shock
passage only drops by 2 orders of magnitude, at most, over the whole frequency
range. Furthermore, the resulting spectral indices of the revived plasma are in
the range —1.1 < o < —1.6 which is within the typical range of the spectral
index of relics, —1.0 S a < —1.6 (Feretti et al., 2012). This indicates that for
appropriate values of the phase durations, Aty and Ats, even a relatively weak
shock can adequately revive fossil plasma under the adiabatic model.

3.4.2 Relationship between the phase durations and the
resulting radio spectrum

As the volume during phase 2 remains largely constant, the only significant
energy losses are the radiative losses, even though these losses are suppressed.
Since these losses are irreversible, the longer the phase lasts, the more energy



CHAPTER 3. THE ADIABATIC COMPRESSION MODEL 32

Table 3.2: Resulting radio spectral index between 0.325 and 3.0 GHz as the
shock strength is increased.

Shock Mach number Spectral index

1.2 -1.57
1.5 -1.36
1.7 -1.27
1.9 -1.21
2.1 -1.15

the fossil plasma loses before being revived by the shock passage. Thus, the
resulting radio spectrum of the cocoon after the shock passage will steepen as
the duration of phase 2 increases.

This behaviour was investigated by calculating the radio spectrum at the end
of phase 3 of the model for different phase durations, Ats. A shock Mach
number of M = 1.7 was used. The duration of phase 3 was kept constant at
Atz = 10 Myr and the compression ratio of phase 1 was, again, chosen to be
Cp1 = 0.6 with a pre-shock magnetic field of By = 1.5 uG.

Fig. 3.2 shows the resulting radio spectrum at the end of phase 3. As expected,
the spectra clearly steepen as the duration of phase 2 increases. The emission
of the revived plasma corresponding to a phase duration of Aty = 700 Myr
falls by about 4 or 5 orders of magnitude before 1 GHz (see the solid black
curve in Fig. 3.2) showing that in this case the revived plasma is still very faint.
This would indicate that for this shock strength and pre-shock magnetic field,
the duration of phase 2 cannot be as much as 700 Myr in order to effectively
revive the fossil plasma.

The effect of the duration of phase 3 on the resulting radio spectrum was also
investigated. Again, the shock Mach number was kept constant at M = 1.7
and the pre-shock magnetic field was chosen to be By = 1.5 uG. For the
duration of phase 2 a value of Aty = 5 Myr was used and the compression
ratio of phase 1 was Cy; = 0.6.

This investigation shows that the maximum intensity of the luminosity that
can be reached through the compression is given only by the shock strength (as
shown by Fig. 3.1), while, for a given value of the Mach number, the luminosity
steepens with the duration of the phase 3 due to the radiative losses (as shown
in Fig. 3.3).

Phase 4 is dominated by heavy radiation losses as it describes the final fading
away of the relic. Thus, the radio spectrum at the end of phase 4 should steepen
as the duration of the phase increases. Using the same cluster properties and
phase parameters as previously, the effect of increasing the duration of phase
4 on the shape of the radio spectrum was investigated. Fig. 3.4 shows the
resulting spectra. As expected, the spectrum steepens with increasing phase
duration, showing that the electron population is ageing.
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Figure 3.2: Resulting radio spectrum at the end of phase 3 showing that the
radio spectrum steepens with the duration of phase 2 for a fixed shock strength
of M = 1.7 and a fixed duration of phase 3 of At3 = 10 Myr. The solid orange
curve corresponds to a duration of Aty = 1 Myr, the dot-dashed green curve
to Aty = 5.6 Myr, the dashed blue curve to Aty = 32 Myr, the dotted red
curve to Aty = 180 Myr, and the solid black curve to Aty = 700 Myr.
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Figure 3.3: Resulting radio spectrum at the end of phase 3 showing that the
radio spectrum steepens with the duration of phase 3 for a fixed shock strength
of M = 1.7 and a fixed duration phase 2 of At, = 5 Myr. The solid orange
curve corresponds to a duration of At3 = 10 Myr, the dot-dashed green curve
to Aty = 30 Myr, the dashed blue curve to At3 = 70 Myr, the dotted red
curve to Atz = 200 Myr, and the solid black curve to Atz = 500 Myr.
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Figure 3.4: Resulting radio spectrum at the end of phase 4 showing that
the radio spectrum steepens with the duration of phase 4. A fixed shock
strength of M = 1.7 and fixed durations of phases 2 and 3 of Aty = 5 Myr
and Atz = 10 Myr were used. The solid orange curve corresponds to a duration
of Aty = 10 Myr, the dot-dashed green curve to Aty = 20 Myr, the dashed
blue curve to Aty = 40 Myr, the dotted red curve to Aty = 90 Myr, and the
solid black curve to Aty = 200 Myr.

3.5 Conclusion

This chapter presents the formalism of the adiabatic compression model. The
model was also extended to describe the resulting radio spectrum of a more
general electron population whose distribution follows a power-law with an
exponential cut-off at high values of the dimensionless electron momentum, p.

The relationship between the shape of the resulting radio spectrum of the
revived plasma and the shock strength was also investigated. As the shock
strength increases, the radio spectrum flattens, indicating that the extent to
which the fossil plasma is revived depends on the compression of the plasma
which is determined by the shock strength. The calculations in this chapter
were based on relatively weak shocks, M < 2.1, however, the resulting radio
emission after the shock passage drops by only 2 orders of magnitude over the
frequency range used, and the resulting spectral indices are comparable to the
expected spectral indices of radio relics.

Finally, the shape of the resulting radio spectrum for different durations of
phases 2, 3, and 4 was investigated. Due to the radiative losses during the
phase, the duration of phase 2 affects the shape of the radio spectrum at the
end of phase 3: the longer phase 2 lasts, for a fixed shock strength, the steeper
the radio spectrum at the end of phase 3. Thus, a weak cluster shock wave
would require that the duration of phase 2 is fairly short, Aty ~ 10 Myr,
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depending on the value of the spectral index at the position of the shock and
the pre-shock magnetic field. During phase 3, radiative losses are still present
and the longer the phase lasts, the more energy the radio plasma loses resulting
in a steeper radio spectrum. Lastly, phase 4 is dominated by radiative losses
as the emission of the plasma fades away and the duration of this final phase
indicates the time-scale on which the source decays.



Chapter 4

Application of the adiabatic
compression scenario to the
relic hosted in A3411-3412

4.1 The radio relic hosted in the merging clus-
ter A3411-3412

The galaxy cluster, A3411-3412, located at a redshift of z = 0.162, is currently
undergoing a merging event of the two sub-clusters, A3411 and A3412, where
the merger axis lies along the SE-NW direction (Van Weeren et al., 2013).
The two merging clusters have similar masses (~ 10 M, each) and are viewed
about 1 Gyr after the first core passage (Van Weeren et al., 2017). The primary
cluster came from the north but the lack of a surface brightness peak in the X-
ray observations corresponding to the cluster core indicates that the core was
disrupted during the collision with the southern sub-cluster. The sub-cluster
A3411 came from the south and has a cometary shape with a well-defined
sub-cluster core that has survived the collision until now (Van Weeren et al.,
2013). From their X-ray observations, Van Weeren et al. (2013) calculated the
global temperature of the merging cluster to be 6.410-5 keV. The two merging
galaxy sub-clusters, as well as the radio and X-ray emission of the cluster, are
shown in Fig. 4.1.

Van Weeren et al. (2013) observed a region of diffuse radio emission to the
south-east of the cluster centre along the major axis of the extended X-ray
emission. This region is shown in Figs 4.2 and 4.3. They observed this region
to be made up of five elongated components (which they labelled R1 to R5)
with a total extent of 1.9 Mpc. From the size of the emission, its location
with respect to the cluster centre, the lack of optical counterparts and its po-
larization properties, Van Weeren et al. (2013) classify this region as a radio
relic. They identified three possible explanations for the complex morphol-
ogy of the relic. Firstly, the morphology could result from the interaction of a

36
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Figure 4.1: Subaru gri colour image of the merging cluster A3411-3412. Radio
emission at 610 MHz from the GMRT is shown in red while the 0.5-3.0 keV
image from Chandra is shown blue. Contour levels showing the galaxy distri-
bution are drawn at [3,4, 5, . . .] galaxies arcmin™2. The region of the radio relic
that is studied within this work is indicated by the dashed box (Van Weeren
et al., 2017).

shock front with substructures or a large-scale galaxy filament from the cosmic
web connected to the cluster. Secondly, the morphology could be caused by
fluctuations in the magnetic field strength along the relic, caused by varying
conditions along the shock front. And lastly, the complex morphology could
result from the relativistic electrons being caught in several bubbles of fossil
plasma due to previous AGN activity, which are then revived by the shock.
Further observations by Giovannini et al. (2013) are consistent with the clas-
sification of this source as a radio relic, although their high-resolution images
show that the morphology of the source is homogenous indicating that the
whole source is likely to have a common origin. However, Van Weeren et al.
(2017) found a cluster galaxy that is connected through a radio tail to the
north-eastern portion of the relic (labelled R1 in Fig. 4.3) as well as two more
galaxies (labelled A and B in Fig. 4.3), one of which has a tail of steep spec-
trum emission extending towards the relic and the other is embedded within
the relic emission, suggesting that all the components of the complex relic trace
revived fossil plasma.
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Figure 4.2: Radio image showing the central halo and the relic hosted in
A3411-3412 taken with the VLA at 1.4 GHz in the DnC array configuration
with a beam size of 48” x 33”. Contour levels are drawn at [1,2,4,8,...] X
30,ms, Where o, = 47 pJy beam_l, and —30,,s contours are shown by dotted
lines (Van Weeren et al., 2013). The dashed circle indicates the region where
Van Weeren et al. (2013) extracted fluxes for their paper.
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Figure 4.3: Radio image of the radio relic in the SE region of the cluster
A3411-3412 taken with the VLA at 1.4 GHz in the BnA array configuration.
The five elongated components of the relic are labelled R1 to R5. The north-
eastern component of the relic that is connected to a cluster galaxy is labelled
R1. Contour levels in red are drawn at [1,2,4,8,...] X 40,5, Where o, =
15 pJy beam ™, and the grey contours are drawn at 1.50.y, using a boxcar
average of 7”. The beam size is shown at the bottom left corner of the image
(Van Weeren et al., 2013).
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Figure 4.4: Subaru optical gri colour image of the NE component of the radio
relic showing the radio tail connecting the relic to the radio galaxy. The yellow
overlaid contours are from the GMRT 610 MHz observations and the contour
levels are drawn at /[1,2,4,...] X50,,s. The beam size is shown in the bottom
left corner (Van Weeren et al., 2017).

From their X-ray observations Van Weeren et al. (2017) detected a shock front
at the relic’s outer edge. This is consistent with the understanding that ra-
dio relics trace shock fronts (Enfllin et al., 1998). The X-ray surface bright-
ness profile indicates that the shock is rather weak with a Mach number of
1.2 S M < 1.7. However, this derivation of the shock Mach number is based
on a broken power-law density model and the assumptions of the projection
effects and shock geometry might be incorrect, which could result in an un-
derestimation of the shock Mach number. Because temperature measurements
are less affected by an unknown geometry, a better method of determining the
shock Mach number is to use the temperature discontinuity. However, this
method is not possible in this case, since there are no meaningful constraints
on the pre-shock X-ray gas temperature (Van Weeren et al., 2017).

In a head-on merger event of a binary cluster, two shocks propagating outwards
are expected to form along the merger axis (Roettiger et al., 1999). However,
Van Weeren et al. (2013) did not find any evidence of a second radio relic in
the region to the north-west of the sub-cluster core. This could indicate that
the counter-shock is not strong enough to efficiently accelerate particles, that
there is a lack of pre-accelerated fossil electrons that could be re-accelerated
by the shock, or that the relic emission is detected but it is very faint and
indistinguishable from the halo emission (Van Weeren et al., 2013).

This work focuses on the north-eastern component of the relic (labelled R1 by
Van Weeren et al. (2013)) that was studied previously by Van Weeren et al.
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Table 4.1: Flux densities at 0.325, 0.610, 1.5 and 3.0 GHz measured at intervals
of 20 kpc across the relic (Van Weeren et al., 2017).

Distance F0.325 F0.610 F1_5 F3.0
kpc ply — pdy  pdy o pdy

40 — 388 —
60 1620 735 618 294
80 5710 3120 1410 706
100 2940 3240 1120 471
120 3470 1940 647 118
140 2180 1060 412  —
160 1240 412 235 —
180 929 353 —
200 176 - —

(2017) and is shown in Fig. 4.4. The radio tail connecting the relic to the
cluster galaxy could be a source of radio plasma and the presence of a shock at
the position of the relic provides a way for the fossil plasma to be re-energized.
This work investigates a scenario where this portion of the relic is formed
from fossil plasma that was injected by the galaxy and then revived through
adiabatic compression caused by the passage of the merger shock. The aim of
the project is, therefore, to use the adiabatic model to reproduce the spectral
index of the relic immediately behind the shock front.

Since the radio plasma is revived by the shock wave, the position with the
greatest flux density should correspond to the position of the shock. In front
of the shock, the plasma is still to be revived and so it should have a steeper
spectrum and lower radio emission compared to the emission at the position
of the shock, while the plasma behind the shock loses energy rapidly due to
radiative emission and so would also have a steeper spectrum and lower radio
emission. Van Weeren et al. (2017) measured the flux density at intervals of
20 kpc across the relic. Their flux density profiles across the relic are shown
here in Fig. 4.5 and the flux density values are listed in Table 4.1. The position
of the shock front is taken to be between 80 and 100 kpc, in accordance with
these observations. It is interesting to note that the flux densities measured at
the higher frequencies (1.5 and 3.0 GHz) reach a peak value at 100 kpc while
the flux densities at the lower frequencies (325 and 610 MHz) reach a peak
value at 80 kpc. This makes it difficult to determine the exact position of the
shock front.

According to the results found by Van Weeren et al. (2017), the spectral index
between 0.325 and 3.0 GHz of the radio tail connecting the relic to the cluster
galaxy steepens from o = —0.5 £ 0.1 at the galaxy nucleus to a = —1.3 + 0.1
at the end of the radio bridge which is consistent with synchrotron and inverse
Compton losses. However, at the position where the radio plasma from the
galaxy joins the relic, the spectral index flattens to &« = —0.94+0.1. The spectral
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Figure 4.5: Measured flux density profiles across the width of the north-eastern
component of the radio relic in A3411-3412. The flux densities measured at
325 MHz are shown in the red points series, those measured at 610 MHz are
shown in the green point series, those measured at 1.5 GHz are shown in the
blue point series and those measured at 3.0 GHz are shown in the purple
point series. The solid coloured lines connect the data points at the respective
frequency while the dashed coloured lines are modelled profiles from the DSA-
type re-acceleration model. The spectral indices between 325 MHz and 3.0
GHz across the relic are shown in black, where the solid lines connect the data
points and the dashed black line is the spectral index profile that results from
the DSA-type re-acceleration model. Uncertainties are plotted at the 1o level
(Van Weeren et al., 2017).
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Figure 4.6: Radio spectral index map of the north-eastern component of the ra-
dio relic in A3411-3412. The spectral index was determined using matched ob-
servations at frequencies 0.310, 0.625, 1.5, and 3.0 GHz. The overlaid contours
from the 0.325 GHz GMRT image are drawn at levels of [1,2,4,...] X 60yps.
The best-fitting position of the X-ray surface brightness edge is indicated by
the black dashed line. The size is indicated in the bottom left-hand corner
(Van Weeren et al., 2017).

Table 4.2: Measured spectral indices between 0.325 and 3.0 GHz at four points
across the relic where the distance is measured from a point on the edge of the
relic towards the cluster centre (Van Weeren et al., 2017).

Distance / kpc Spectral index

80 —0.953
100 —1.12
120 —1.42
140 —1.59

index along the length of the relic remains largely flat, although it steepens
across the relic towards the cluster centre. The same authors measured the
spectral index between 0.325 and 3.0 GHz at four points across the relic and
their results are shown here in Fig. 4.5. The spectral index map showing the
relatively flat spectrum along the relic and the steepening towards the centre
is also shown here in Fig. 4.6. For comparison with the results in this work,
the values of the measured spectral indices are listed in Table 4.2.
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4.2 Method

As discussed in chapter 3, several of the model parameters for each phase need
to be determined in each application of the model. Some of these parameters
are free parameters that are chosen to obtain the best-fitting values of the
spectral index at the end of each phase. It is then necessary to determine the
values of the spectral index across the relic that correspond to each phase of
the adiabatic model.

The compression ratio of phase 3 is determined from the value of the shock
Mach number which was taken to be M = 1.7, according to the upper limit
obtained by Van Weeren et al. (2017). From this value, the compression ratio
of phase 3 is calculated from eqns (3.29) and (3.30) to be Cy3 = 2.48.

Phase 3 of the adiabatic model describes the action of the shock front to
revive the fossil plasma. Therefore, the spectral index at the end of this phase
should correspond to the spectral index at the position of the shock front. As
discussed above, the exact position of the shock front is difficult to determine,
but the flattest measured value of the spectral index is —0.953 and occurs at
80 kpc. This modelling, therefore, attempts to fit the spectral index at the
end of phase 3 to this value. Of the values of the spectral index across the relic
that are available, the value of —1.59 that occurs at 140 kpc is the one that
is furthest from the shock front. Thus, the value of the spectral index at the
end of phase 4 is matched to this value. Since the initial electron population
is injected by the radio galaxy, the spectral index at the end of phase 0 is
matched to the value of the spectral index of the galaxy, —0.5. The electron
cloud at the end of the radio tail corresponds to the electron population at
the end of phase 2 before the action of the compression caused by the shock
passage. Thus, the desired spectral index at the end of phase 2 corresponds
to the spectral index at the point of conjunction between the radio tail and
the radio relic, shown in Fig. 4.6, which is —1.3 (Van Weeren et al., 2017, see
also chapter 2). The value of the spectral index at the end of phase 1 is not
constrained; however, due to the expansion during this phase it will be steeper
than the spectral index at the end of phase 0. The expected spectral index for
each phase is listed in Table 4.3. The values of the free parameters, Cy1, Ats,
Atsz, and Aty, were varied until the calculated spectral indices at the end of
each phase matched these spectral indices across the relic. The values of Aty
and 73 are calculated from the values of Cy; and Ats according to eqn (3.22).

Finally, the cosmic microwave background (CMB) radiation field energy den-
sity, uc, is given by the blackbody radiation density where the temperature
depends on the redshift of the galaxy cluster, according to the equation
40T"  40(2.725(1 4 2))*

. .

ug = (4.1)

Thus, for the redshift of the cluster galaxy connected to the radio tail, z =
0.164, (Van Weeren et al., 2017), the corresponding CMB radiation field energy
density is uc = 7.66 x 107'% erg cm™ or uc = 0.478 eV cm™>.
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Table 4.3: Expected values of the spectral index at the end of each phase.

Phase Spectral index

0 —0.5

1 Not specified
2 —-1.3

3 —0.95

4 —1.6

The value used for the pre-shock magnetic field strength was the same as that
used in the modelling performed by Van Weeren et al. (2017): B = 1.5 uG.
In this model, the pre-shock magnetic field corresponds to the magnetic field
of phase 2. From this value, the values of the magnetic field in the other
phases of the adiabatic model were calculated according to eqn (3.24) where
the magnetic field energy density and the magnetic field strength are related
by .
2

up = 87TB y (42)

in CGS units.

The electron spectrum at the end of the radio tail was studied in chapter 2
where it was shown that it can be described by the equation

N(p) = Np > exp (—(p/pc)?) . (4.3)

where p is the dimensionless momentum of an electron and p. = 1.8 x 10%. The
value of the normalization was calculated in chapter 2 to be N = 1.1x10% for a
magnetic field of 1.5 uG. As shown in chapter 2, the resulting radio spectrum
of this electron population is —1.3. However, the electron spectrum of the
galaxy is not easily determined since the magnetic field and the flux density of
the galaxy are unknown. Because of this difficulty, this study first examined
the case where the electron spectrum at the end of phase 2 was given by eqn
(4.3) and where the evolution of the electron spectrum was followed from this
point on.

The study was then extended to investigate the full evolution of the electron
spectrum under all the phases of the adiabatic model. The injection spectrum
was found by estimating the electron spectrum of the galaxy. The radio spec-
trum of —0.5 is best reproduced by a pure power-law spectrum with a slope
of —2: .

No(po) = Nop™?. (4.4)
Since the magnetic field and the flux density of the galaxy are unknown, the
constant N, was estimated by matching the calculated flux density at the end
of phase 3 with the peak flux density of the relic. The best-fitting value is
Ny = 2.2 x 10%1. The electron spectrum at the end of each phase of the
adiabatic model is then calculated according to the formalism of the adiabatic
compression model (Enfilin & Gopal-Krishna, 2001).
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Using the values of these parameters, the evolution of the electron population
was determined at the end of each phase of the model according to eqn (3.25).
From these electron spectra, the luminosity and flux density at the end of each
phase were calculated from eqns (3.26) and (2.7), respectively.

4.3 Results and discussion

This section considers four different scenarios in which the adiabatic compres-
sion model is applied to the radio relic hosted in A3411-3412. In the first
scenario, the electron spectrum at the end of phase 2 is assumed to be given
by the spectrum at the end of the radio tail, and the evolution of the spectrum
is followed from this point on. The other three scenarios all study the evolution
of the electron spectrum through all the phases of the adiabatic model starting
with the injection of the electron population by the radio galaxy. These sce-
narios differ from each other in the assumptions made regarding the duration
or expansion of the fourth phase of the model. A comparison of the resulting
radio spectral indices between 0.325 and 3.0 GHz for the four cases is presented
in Table 4.8.

4.3.1 Scenario 1: Evolution of the electron spectrum
during the last three phases of the adiabatic model

In this scenario, it is assumed that the electron spectrum at the end of phase
2 is fixed and is given by the electron spectrum at the end of the radio tail
as described by eqn (4.3). The radio tail joins the radio galaxy to the arc-
shaped radio relic, which indicates that this region of emission could represent
the emission that is produced during phase 2 of the adiabatic model. As
mentioned above, the electron spectrum of this region was studied in chapter
2 and can be well described by eqn (4.3). Since phases 3 and 4 are directly
related to the relic formation, this scenario was chosen so as to simplify the
approach to studying the relic formation.

Since, in this scenario, the second phase of the model is treated as the initial
phase and the electron spectrum at the end of the phase is assumed to be
known, the duration of phase 2 was taken to be 0 Myr. The duration of
phase 3, Ats, was chosen to produce the flattest spectral index in an attempt
to match the spectral index at the end of the phase to the measured value
at 80 kpc. The best-fitting value was found to be 0.1 Myr; however, it was
found that even a small value of Ats could not reproduce the spectral index
at 80 kpc very well. The resulting value of 73 was —0.273 Myr. Finally, the
duration of phase 4 that reproduced the spectral index at 140 kpc was found
to be Aty = 26 Myr. These values of the parameters as well as the resulting
magnetic field values and the characteristic momenta are listed in Table 4.4.
The radio spectra calculated from these values are shown in Fig. 4.7.
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Table 4.4: Best-fitting values of the phase parameters used in scenario 1 and
the calculated cumulative compression ratios, magnetic field values, magnetic
energy densities and characteristic momenta. The columns are grouped ac-
cording to the phase parameters and the quantities that are calculated from
the phase parameters.

Phase Atz Ti Cz'—li bl C()Z' B; UB; Pxoi
Myr  Myr uG  eVem™?
2 0 00 1 0 1 1.50 0.0559 00
3 0.1 —-0.274 248 2 248 2.75 0.188 12200 000
4 26 o0 1 0 248 2.75 0.188 25900
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Figure 4.7: Flux densities from the scenario 1 modelling, where the electron
spectrum at the end of the radio tail was taken as the electron spectrum at
the end of phase 2. Model results at the end of phases 2, 3 and 4 are shown.
The measured flux densities at 80 kpc and 140 kpc are shown in the red and
black point series, respectively.
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The resulting radio spectrum at the end of phase 3 (shown by the dotted red
curve in Fig. 4.7) seems to fit the measured flux density at 80 kpc, although
the spectrum is steeper than the measured spectrum. The calculated spectral
index between 0.325 and 3.0 GHz at the end of phase 3 is —1.03, whereas the
measured spectral index at 80 kpc is —0.95. As noted above, decreasing the
value of Atz did not produce a significantly flatter spectrum. The slope of
the electron population or the value of the exponential cut-off would change
the shape of the spectrum significantly. However, given that there is some
uncertainty as to the position of the shock front, this result is still promising.
Lastly, the calculated radio spectrum at the end of phase 4 lies above the
measured spectrum at 140 kpc, even though the model does reproduce the
measured spectral index of —1.58 as shown in Table 4.8.

The results of this scenario, which only considered the final stages of the model,
demonstrate that the adiabatic model could be successful in describing the
formation of this relic. It is, therefore, worthwhile to consider the application
of the full model and to investigate whether it could be more successful at
reproducing the radio spectrum at the position of the shock front than this
scenario.

4.3.2 Scenario 2: Application of the full adiabatic model

In this scenario, the electron population is injected by the radio galaxy to the
north of the relic and the initial electron spectrum is assumed to be given by
eqn (4.4). This electron spectrum is flatter than the spectrum considered in
the scenario above and is a pure power-law rather than a power-law with an
exponential cut-off. This should be able to produce a flatter radio spectrum
at the end of phase 3.

The value of the compression ratio of phase 1 was chosen to produce the best-
fitting values of the spectral indices of phase 0 and phase 2; the resulting value
was Cp; = 0.7. The resulting duration of phase 1 was then calculated to be
Aty = 3.46 Myr. The durations of phases 2 and 3 that best reproduce the
spectral indices at the end of the radio tail and at the shock front were found
to be 54 Myr and 2.5 Myr, respectively, with the resulting value of 3 calculated
to be —6.84 Myr. Lastly, the duration of phase 4 that reproduces the spectral
index at 140 kpc is 28 Myr. The best-fitting model values are listed in Table
4.5 and the resulting radio spectra are shown in Fig. 4.8.

This scenario is successful in reproducing the measured flux density at the
position of the shock front. The calculated spectrum at the end of phase 3,
shown by the dotted red curve in Fig. 4.8, clearly follows the shape of the
measured spectrum at 80 kpc. This is confirmed by considering the radio
spectral index, as the calculated value of —0.954 matches the measured value
of —0.95. Furthermore, the curve also fits the measured flux density at this
position. This is expected since the normalization of the electron population
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Table 4.5: Best-fitting values of the phase parameters used in scenario 2 and
the calculated cumulative compression ratios, magnetic field values, magnetic
energy densities and characteristic momenta. The columns are grouped ac-
cording to the phase parameters and the quantities that are calculated from
the phase parameters.

Phase At; Ti Cicii b Cyi B UB; Dx0i
Myr Myr uG  eVem™?
0 0 15.0 1 1.8 1.0 1.90 0.0899 00
1 3.46 10.0 0.7 1.2 070 1.50 0.0559 303000
2 54 00 1 0 070 1.50 0.0559 22100
3 25 —6.84 248 2 174 2.75 0.188 21200
4 28 00 1 0 1.74 2.75 0.188 11900
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Figure 4.8: Flux densities from the scenario 2 modelling, where the electron
population was injected by the radio galaxy and the evolution of the electron
spectrum is studied through all the phases of the adiabatic model. The mea-
sured flux densities at 80 kpc and 140 kpc are shown in the red and black point
series, respectively.
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was chosen by fitting the flux density at this position. The observations of the
relic, as shown in the radio maps in Van Weeren et al. (2017), indicate that
the emission of the galaxy is weaker than the peak emission of the relic. Thus,
since the calculated spectrum at the end of phase 0 (shown in the solid orange
curve) is below the peak emission of the relic, this value of the normalization
is reasonable.

Finally, as in the previous case, the radio spectrum at the end of phase 4,
shown by the dot-dashed black curve in Fig. 4.8, lies above the measured
radio spectrum at 140 kpc even though it has the same spectral shape. This
indicates that further investigation of the radio spectrum behind the shock
front is required. The next two scenarios investigate this problem.

4.3.3 Scenario 3: Investigation of a steeper spectrum
behind the shock front

As the previous scenario demonstrates, the full adiabatic model is able to re-
produce the spectral shape of the radio emission at the shock front, although
there seems to be some difficulty in recovering the flux density at the mea-
sured radio spectral index at 140 kpc. This and the scenario in section 4.3.4
investigate two different methods to try and resolve this difficulty. In this
scenario, as in the previous one, the injection electron spectrum is assumed
to be given by eqn (4.4) and the evolution is followed through all the phases
of the model. However, here the radio spectrum behind the shock front was
allowed to be steeper than the measured spectral index at 140 kpc and the
calculated spectrum was matched to the flux density rather than the spectral
shape. Since phase 4 describes the final fading away of the relic, it is difficult
to find the position of the emission that should correspond to this phase and it
makes sense to explore regions of emission further away from the shock front.
The calculated spectrum was, therefore, also compared with the flux density
and spectral shape of the measured spectrum at 160 kpc.

The values of all the phase parameters before phase 4 were chosen in the same
way as in the previous case. The duration of phase 4 was chosen as the value
that best reproduced the flux density at 140 kpc. The best-fitting value was
found to be 50 Myr. The phase parameters are listed in Table 4.6 and the
resulting radio spectra are shown in Fig. 4.9.

The longer duration of phase 4 in this scenario compared to that in scenario
2 in section 4.3.2, produces a lower flux density. This is expected since the
longer the duration of this phase the more the radiative losses and so the lower
the flux density. As shown by the solid black curve in Fig. 4.9, the calculated
spectrum fits the measured flux density at 325 and 610 MHz but lies below
the measured flux density at 1.5 GHz.

The calculated spectrum at the end of phase 4 was also compared to the
measured spectrum at 160 kpc and is shown together with the data at both 140
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Table 4.6: Best-fitting values of the phase parameters used in scenario 3 and
the calculated cumulative compression ratios, magnetic field values, magnetic
energy densities and characteristic momenta. The columns are grouped ac-
cording to the phase parameters and the quantities that are calculated from
the phase parameters.

Phase At; Ti Cicii b Cyi B UB; Dx0i
Myr Myr uG  eVem™?
0 0 15.0 1 1.8 1.0 1.90 0.0899 00
1 3.46 10.0 0.7 1.2 070 1.50 0.0559 303000
2 54 00 1 0 070 1.50 0.0559 22100
3 25 —6.84 248 2 174 2.75 0.188 21200
4 50 00 1 0 1.74 2.75 0.188 8 860
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Figure 4.9: Flux densities from the scenario 3 modelling where the duration of
phase 4 was increased to produce a steeper spectrum behind the shock front.
The radio spectra at the end of each phase of the model are shown. The flux
densities at 80 kpc and 140 kpc are shown in the red and black point series,
respectively.
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Figure 4.10: Comparison of the flux density at the end of phase 4 calculated
in scenario 3 to the measured flux densities at both 140 kpc and 160 kpc. The
flux density at the end of phase 4 is shown by the black dot-dashed curve,
while the measured flux densities at 140 kpc are shown by the black diamonds
and the measured flux densities at 160 kpc are shown by the black triangles.
The flux densities of the other phases are as shown in Fig. 4.9

kpc and 160 kpc in Fig. 4.10. This figure shows that the calculated spectrum
lies above the flux density at 325 and 610 MHz measured at 160 kpc but passes
through the point at 1.5 GHz, indicating that it is difficult to reproduce the
flux density at all three frequencies by considering only the radiative energy
losses.

Furthermore, the comparison of the data at 140 kpc and 160 kpc seems to
indicate that the flux density at 1.5 GHz seems to decrease more slowly with
distance behind the shock front than the flux density at lower frequencies. This
could indicate that other mechanisms, such as turbulence (Fujita et al., 2015),
are effective behind the shock front and continue to energize the electrons
in this region. Another possibility is that the radio cocoon starts to expand
slightly after the shock passage, so that the energy losses at the higher fre-
quencies are less rapid than at the lower frequencies producing a flatter radio
spectrum. The effect of such a mechanism is investigated in section 4.3.4.

4.3.4 Scenario 4: Investigation of an expansion phase
behind the shock front

The previous scenario demonstrates that it is difficult to match the flux density
at both the low frequency and high frequency at the same time by consider-
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Table 4.7: Best-fitting values of the phase parameters used in scenario 4 and
the calculated cumulative compression ratios, magnetic field values, magnetic
energy density and characteristic momenta. The columns are grouped accord-
ing to the phase parameters and the quantities that are calculated from the
phase parameters.

Phase At; Ti Cicii o by Coi B; UB; Dx0i
Myr  Myr uG  eVem™®
0 0 15 1 1.8 1.0 1.90 0.0899 o0
1 3.46  10.0 0.7 1.2 070 1.50 0.0559 303000
2 54 00 1 0 070 1.50 0.0559 22100
3 2.5 —6.84 248 2 174 2.75 0.188 21200
4 22 88.0 0.8 1 139 237 0.140 13200

ing only radiative energy losses. This scenario investigates the effects of an
expansion of the radio cocoon following the compression caused by the shock
passage. Physically, it could be possible that after the cocoon is compressed
by the shock passage, it is over-pressured compared to the environment and
starts to expand. This effect is probably quite small and the rate of expansion
is probably smaller than that for phase 1.

As in the last two scenarios, this scenario follows the evolution of the electron
spectrum through all the phases of the model and the initial electron spectrum
is assumed to be given by eqn (4.4). Again, the values of the phase parameters
until phase 4 were chosen in the same way as in scenario 2 in section 4.3.2.
The parameters of phase 4 were chosen to give the best-fitting results for both
the flux density and the spectral index without working out a physical model
of the expansion. The compression ratio, C's4 was chosen to be 0.8 since this
represents an expansion of the cocoon but is still close to one. The exponent of
the expansion, by, was chosen to be 1 which would correspond to an expansion
that is not as rapid as the expansion during phase 1. The duration of the
phase Aty is still a free parameter and its value is chosen to give the best-
fitting spectral index. Finally, the value of 74 is calculated from the values of
C34, by and Aty according to eqn (3.22). The best-fitting parameter values are
listed in Table 4.7 and the resulting radio spectra are shown in Fig. 4.11.

As shown by the solid black curve in Fig. 4.11, this assumption of an expansion
behind the shock front can fit the shape of the radio spectrum behind the
shock front at all the measured frequencies. This scenario was investigated
by finding the best-fitting values of the parameters that reproduce the flux
density across all the measured frequencies. However, further modelling of
the physical process which would cause the cocoon to expand after the shock
passage is needed in order to be able to further investigate this scenario and
whether it is plausible as a model.
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Figure 4.11: Flux densities from the modelling in scenario 4, where the radio
cocoon continues to expand during the final phase of the model. All the phases
of the model are shown. The measured flux densities at 80 kpc and 140 kpc
are shown in the red and black point series, respectively.

Table 4.8: Comparison of the calculated spectral indices between 0.325 and 3.0
GHz at the end of each phase of the adiabatic model for the first four scenarios

considered.
Phase Spectral index

Casel Case2 Case3 Case4
0 — —0.535 —0.535 —0.535
1 — —0.578 —0.578 —0.578
2 —-1.35 —1.30 —1.30 —1.30
3 —1.03 —-0.954 —-0.954 —-0.954
4 —158 —1.61 —2.32 —1.60
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4.4 The effect of anisotropic emission with a
weaker shock wave

In the calculations of the luminosity and the flux density in sections 4.3.1-4.3.4
above, it has been assumed that the emission pattern of the relic is isotropic.
However, due to the compression caused by the shock passage, the magnetic
field lines within the radio cocoon become significantly flattened. The degree
of radio polarization of the emission should then depend on the angle between
the plane of the shock and the line of sight (Laing, 1980). According to Enfllin
& Gopal-Krishna (2001)!, the luminosity should also depend on this angle,
leading to an anisotropic emission pattern.

The value of the shock Mach number that was used in the modelling above is
M = 1.7. Although this value is somewhat smaller than the value M = 1.9
which Van Weeren et al. (2017) found using the DSA-type re-acceleration
model, a recent determination of the shock Mach number using new Chandra
X-ray observations gave the result M = 1.13 with a 90% upper confidence
limit of M < 1.6 (Andrade-Santos et al., 2019).

This section investigates applying the adiabatic model to the radio relic using a
smaller shock Mach number, according to the recent findings, with an approx-
imation of the effect of the anisotropic emission pattern. The first subsection
looks at estimating the value of the boosting factor by which the luminosity
and flux density is increased as a result of the anisotropic emission, while the
second subsection looks at the application of the adiabatic scenario to the relic
using a weak shock with a Mach number of M = 1.13 and where the luminos-
ity and flux densities at and behind the shock front are boosted by the factor
found in the first section.

4.4.1 Estimate of the boosting factor

As a first approximation, the synchrotron power is related to the magnetic
field according to
1-a
Pygne & B, (4.5)

where B is the component of the magnetic field that is perpendicular to the
line of sight and « is the radio spectral index (Rybicki & Lightman, 1979).

For an isotropic distribution of the magnetic field lines, the magnetic field can
be written as B, = Bsin#, where 0 is the angle between the direction of the

Enfllin & Gopal-Krishna (2001) cite Enfllin et al. (1998) in support of this statement.
However, Enfllin et al. (1998) only discuss the dependence of the radio polarization on the
viewing angle and do not give any description of how the luminosity depends on the viewing
angle.
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magnetic field and the line of sight. Then the resulting luminosity (power) is
obtained by taking the average of eqn (4.5) over all the possible angles:

1 ™
Pae o ((Bsing)=) = 2 / B~ (sin 6)1-2)dg. (4.6)
T Jo
On the other hand, if the magnetic field is perpendicular to the line of sight,
then B, = B and the synchrotron power is simply given by eqn (4.5).

The factor by which the luminosity is expected to increase if the magnetic
field is perpendicular to the line of sight is estimated to be the ratio of the
luminosity for a perpendicular magnetic field to the luminosity of an isotropic
magnetic field:

PsyncL o B(l_a)

Pinciso <(B Sin@)(lfa)>'

Boosting factor = (4.7)

For a Mach number of M = 1.13, the magnetic field value at and behind the
shock front resulting from the adiabatic model is B = 1.74 uG. Then for the
value of the spectral index at the shock front, o = —0.95, the boosting factor
is calculated to be ~ 6. Similarly, behind the shock front the spectral index is
a = —1.65 which results in a boosting factor of ~ 7.

Since the anisotropic effect arises as a result of the compression by the shock
front, it is probable that the magnetic field behind the shock front will start
to become more isotropic and the boosting factor could decrease. For the
purposes of this investigation, it is assumed that the boosting factor behind
the shock front is the same as that at the shock front.

4.4.2 Scenario 5: Investigation of the adiabatic model
with a smaller shock Mach number

This scenario extends scenario 2 from section 4.3.2 by using a value of M =
1.13 and attempting to recover the flux density at the shock front using the
boosting factor. The same initial electron spectrum was used as in scenario 2.
Since the shock strength changed, the new value of the compression ratio of
phase 3 was calculated to be Cy3 = 1.25. To find the best-fitting values of
the spectral indices at the end of phase 3 and 4, the durations of these phases
were reduced so that At3 = 0.1 Myr and Aty = 20 Myr. The resulting value
of 73 was —0.948 Myr. All the other phase parameters were kept the same as
in scenario 2. The values of the phase parameters and the resulting magnetic
field values and characteristic momenta are listed in Table 4.10. The resulting
radio spectra are shown in Fig. 4.12.

As shown by the dotted red and dashed blue curves in Fig. 4.12, in the lower
frequency region, the difference between the flux densities at the end of phase
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Table 4.9: Best-fitting values of the phase parameters used in scenario 5 and
the calculated cumulative compression ratios, magnetic field values, magnetic
energy densities and characteristic momenta. The columns are grouped ac-
cording to the phase parameters and the quantities that are calculated from
the phase parameters.

Phase At; T; Cicii b Coi B UB; Dx0i
Myr  Myr uG  eVem™?
0 0 15.0 1 1.8 1.0 190 0.0899 00
1 3.46 10.0 0.7 1.2 070 1.50 0.0559 303000
2 54 00 1 0 0.70 1.50 0.0559 22100
3 0.10 —-0.948 1.25 2 0875 1.74 0.0752 2200
4 20 e 1 0 0875 1.74 0.0752 15900

;;
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Figure 4.12: Flux densities from the modelling in scenario 5, where the electron
population was injected by the radio galaxy and the emission at and behind
the shock front is boosted as a result of the anisotropic magnetic field. All the
phases in the model are shown.

Table 4.10: Calculated spectral indices at the end of each phase in scenario 5.

Phase Spectral index

0 —0.535
1 —0.578
2 —1.30
3 —-1.19
4 —1.61
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2 and the end of phase 3 is slightly greater compared to scenario 2. This effect
is a result of the boosting of the flux density at the shock front. Even though
this scenario is based on a smaller shock Mach number, the flux density at the
shock front is still recovered through the boosting factor. The radio spectrum
at the end of phase 3 is slightly steeper than in scenario 2 and reducing the
duration of phase 3 further did not change the spectral index significantly.
There is, therefore, still a need to investigate the other factors such as the
initial electron spectrum that will affect the shape of the radio spectrum at
the shock front.

The estimate of the boosting factor in this scenario assumed that the mag-
netic field was perpendicular to the line of sight. However, the orientation
of the magnetic field lines caused by the compression might not be complete
and the direction of the shock motion could also not be perpendicular to the
line of sight. Thus, this estimate should be taken as an upper limit. More
detailed observations of the polarization properties of this relic, together with
a comprehensive model of how the viewing angle can be estimated from the
polarization would enable the angle between the magnetic field and the line
of sight to be more accurately estimated, resulting in a better estimate of the
boosting factor. Furthermore, this model of the boosting factor is only a first
approximation and a more accurate model of how the luminosity of the relic
depends on the viewing angle is needed to determine whether this scenario can
recover the flux density of the relic.

Finally, as in scenario 2, the flux density at the end of phase 4 is still greater
than the measured flux densities, indicating that the other mechanisms dis-
cussed in scenarios 3 and 4 are still necessary.

This scenario demonstrates that the boosting factor can still recover the flux
density with a lower shock Mach number. However, further work is needed
to reproduce the spectral index at the shock position using the weaker shock
value. Since this scenario attempts to incorporate both the smaller Mach
number that was recently determined and the compression of the magnetic field
lines by the shock wave, this scenario provides a more complete understanding
of the formation of the relic than the previous scenarios. Further observations
of the polarization properties of the relic as well as comprehensive modelling of
the viewing angle’s dependence on the polarization and the dependence of the
luminosity on the viewing angle, should enable a more accurate description of
the relic formation to be produced.

4.5 (General discussion

The previous two sections dealt with five scenarios in which the adiabatic model
was applied to the radio relic hosted in A3411-3412 and presented the results
of each of these scenarios together with a discussion in each case. This section
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discusses some of the more general implications found in the application of the
adiabatic model.

The scenarios that dealt with the application of the full adiabatic model show
that the emission of the galaxy, which is represented by the emission at the end
of phase 0, starts to dominate at frequencies greater than 3.0 GHz. Thus, high
frequency observations of the galaxy-relic system could enable this scenario of
the relic formation to be tested more thoroughly.

As shown by these scenarios, the adiabatic model was able to reproduce the
spectral index using a smaller Mach number than that found using the DSA-
type re-acceleration model. Furthermore, the last scenario demonstrates that
even for the smaller shock Mach number that was recently published, the
adiabatic model is still successful if the boosting factor due to the compression
of the magnetic field is taken into account. It has been found that, for small
Mach numbers, the Mach number determined by the DSA model tends to
be greater than the Mach number determined from the X-ray observations
(Akamatsu et al., 2017; Colafrancesco et al., 2017) indicating that DSA models
are not able to produce the observed flatness of the radio spectrum at the
observed shock strength (Colafrancesco et al., 2017). The recent determination
of the Mach number would seem to confirm this discrepancy in the case of this
cluster. Since the adiabatic model is able to reproduce the observed spectrum
with a smaller shock strength compared to the DSA-type re-acceleration model,
it is a promising model for the formation of the radio relic in this cluster.
Further modelling, taking into account the recent X-ray results, is needed to
confirm whether the adiabatic model can describe the relic formation.

4.6 Conclusion

This chapter looked at the application of the adiabatic compression scenario
to the north-eastern component of the radio relic that is hosted in the merging
galaxy cluster A3411-3412. In the modelling a shock strength of M = 1.7
was used and the free model parameters were chosen so that the spectral
index at the end of each phase matched the spectral index at several points
across the relic. Five different scenarios of the application of the model were
studied. The first scenario took the electron spectrum at the end of the radio
tail as the known electron spectrum at the end of phase 2 and followed the
evolution of the spectrum from this point on. The next three scenarios took
the electron spectrum of the radio galaxy as the electron spectrum of the
injected electron population at the end of phase 0 and followed the evolution
through all phases of the model. These scenarios differed from each other in the
assumptions made on the fourth phase. The first of these scenarios attempted
to match the spectral index and flux density at 140 kpc without any additional
assumptions on phase 4. The second of these scenarios attempted to match
just the flux density at 140 kpc and allowed the spectral index to be steeper
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than the measured spectral index at 140 kpc. The last of these scenarios,
again, attempted to match both the flux density and the spectral index at 140
kpc by allowing the radio cocoon to expand during phase 4. The final scenario
studied the effect of a weaker shock with M = 1.13 and used the expected
boosting factor to recover the flux density at the shock front.

The first four sets of results were able to reproduce the shape of the radio
spectrum at the shock front. Furthermore, in scenarios 1, 2, and 4 the shape of
the radio spectrum behind the shock front could also be reproduced, however,
in scenarios 1 and 2 this also resulted in a flux density that was greater than
the observed flux. Scenario 3 was able to reproduce the measured flux density
at the lower frequencies using a longer duration for the final phase, although
this resulted in a steeper spectrum that was not able to fit the point at the
highest frequency. The fourth scenario reproduced both the spectral shape
and the flux density behind the shock by allowing the radio cocoon to expand
during the fourth phase. This could indicate that other mechanisms such as
turbulence are active behind the shock front or that an expansion of the cocoon
occurs during phase 4. Further modelling of such a scenario is needed in order
to investigate what mechanisms could be effective behind the shock front.

These results show that the adiabatic compression scenario can reproduce the
observed flat spectrum of the radio relic in the cluster A3411-3412. More-
over, these results were produced using a value of the shock strength that was
smaller than the value predicted by the DSA-type re-acceleration model. This
indicates that the adiabatic model could be more successful than DSA-type
models in describing the origin of radio relics where the associated cluster
shock is weak.

The comparison of the calculated flux densities to the measured flux densities
is somewhat inconclusive for several reasons. Firstly, the normalization con-
stant of the electron spectrum of the radio galaxy was only estimated based
on the peak flux density of the relic. Further observations of the galaxy, par-
ticularly obtaining measurements of the flux density of the galaxy and the
magnetic field within the galaxy, are needed to determine this constant more
accurately. Secondly, the calculation of the flux density assumed that the emis-
sion is isotropic which is probably not the case. This anisotropic effect was
studied briefly in scenario 5 but needs to be investigated further by describing
more accurately how the luminosity depends on the viewing angle, which can
be estimated from the level of polarization. Improving the accuracy of the
calculated flux density would allow the adiabatic compression scenario to be
tested more rigorously.

Finally, a further test of this scenario is to observe the galaxy-relic system
at higher frequencies (greater than 3.0 GHz). The results of the modelling
using all the phases of the compression scenario show that the emission at the
end of phase 0 is predicted to dominate at these higher frequencies. Thus,
high-frequency observations could test this prediction.



Chapter 5

Conclusion

This project has focused on the adiabatic compression model as a possible
model for the origin of radio relics. In particular, the adiabatic model was
applied to the radio relic hosted in the merging galaxy cluster Abell 3411-3412
in an attempt to reproduce the spectral index across the relic.

5.1 Summary

Chapter 2 presented the formalism of synchrotron radiation. The radio emis-
sion of relics is mainly due to synchrotron radiation and the formalism pre-
sented in this chapter was used throughout this work. Secondly, the expected
spectral index due to synchrotron losses of the radio tail was calculated in
order to confirm that synchrotron losses could explain the observed radiation
in this region. Lastly, the normalization of the electron population was also
calculated, as this spectrum was used later in chapter 4.

Chapter 3 presented the formalism of the adiabatic compression model and
demonstrated that it could be extended to act on a generalized electron spec-
trum. Furthermore, the effect of the shock strength on the resulting radio
spectrum was investigated and it was found that even for weak shocks the
emission drops by only 2 orders of magnitude over the frequency range used.
Lastly, the effect of the phase durations on the radio spectra at and behind
the shock front was also investigated.

Chapter 4 applied the adiabatic compression model to the radio relic hosted
in A3411-3412. Firstly, the spectral indices at various points across the relic
that would correspond to the phases of the adiabatic model were chosen from
the available observed values. The model was then applied to the relic in a
simplified form by taking the electron spectrum at the end of phase 2 to be
given by the electron spectrum at the end of the radio tail and the evolution
of the spectrum was followed from this point on. This way of applying the

60
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model gave good results that reproduced the spectral index at the shock front.
The full model was then applied to an electron spectrum that was taken to
be a good approximation of the galaxy electron spectrum. These results were
also promising and were able to reproduce the spectral index at the shock
front. However, it was also found that the spectral index and flux density
behind the shock front could not be so easily reproduced. This could indicate
that there are other mechanisms that take place in this region. One such
mechanism, an expansion phase behind the shock front, was investigated and
did seem to be able to reproduce both the flux density and the spectral index.
Another mechanism that could affect the evolution of the electron spectrum
is turbulence behind the shock front. Lastly, the adiabatic model was applied
to the relic but a smaller Mach number of the shock was assumed and the
possible effect of an anisotropic emission pattern was briefly investigated.

5.2 Future work on the relic hosted in A3411-
3412

This project shows that the adiabatic compression model can be extended to
act on a generalized electron spectrum and that even for low Mach number
shocks, emission that has a spectral index comparable to the typical spectral
index of relics is still produced. Furthermore, the adiabatic model is able
to reproduce the spectral index of the relic in A3411-3412 at the position of
the shock front using a Mach number that is smaller than the Mach number
predicted in the DSA-type re-acceleration model.

In this work, the boosting factor was introduced in order to try to model the
effect of an anisotropic magnetic field on the luminosity and resulting flux
density. A partial alignment of the magnetic field is expected as a result of the
compression caused by the shock wave (Laing, 1980; Enflin & Gopal-Krishna,
2001). It is necessary to be able to model the effect this alignment has on
the luminosity in order to calculate the expected flux density accurately. The
model presented in this work is very rough, and further modelling of this effect
is needed.

In future work, further modelling of the relic at a lower shock Mach number,
taking into account the effect of the anisotropic emission, is also needed to
confirm the advantage that the adiabatic compression model may have over
the DSA-type models. Further work is also needed to describe and model other
mechanisms that could possibly take place behind the shock front.

In order to further test this application of the adiabatic model, more observa-
tions of the galaxy-relic system are needed. Observations that provide more
accurate detail of the magnetic field and flux density of the galaxy are needed
to be able to deduce the electron spectrum of the injected radio plasma. Fur-
thermore, observations that provide a better understanding of the structure of
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the relic and the flux densities and spectral indices across the relic are needed
for a comparison with the fluxes predicted by the adiabatic model. Finally,
since the adiabatic model predicts that the galaxy emission should start to
dominate at frequencies greater than 3 GHz, observations of the galaxy-relic
system at higher frequencies could test the predictions of the adiabatic com-
pression model. MeerKAT and the upcoming SKA will be very important for
such observations given their sensitivity and angular resolution that should
allow for the detection of the radio emission, as well as the measurement of
the spectrum at several frequencies, even in low-brightness regions such as the
end of the radio tail.

5.3 Future work to test the adiabatic compres-
sion model as a common mechanism for
the origin of relics

Although the DSA model is widely used to describe the origin of relics, it
is inefficient at low shock Mach numbers and in several clusters there is a
discrepancy between the Mach number predicted within the DSA model and
the Mach number determined from X-ray observations (Akamatsu et al., 2017;
Colafrancesco et al., 2017). This could indicate that the DSA model can only
be applied to relics where the associated cluster shock wave is fairly strong, and
that for relics where the associated cluster shock wave is weak an alternative
model for the origin of the relic is needed.

The results of this work seem to indicate that the adiabatic compression sce-
nario can be more successful in describing the origin of relics where the as-
sociated shock wave is weak. Since the durations of the dormant phase and
the compression phase can be greater than those used in this project, this
model can be used even for moderate shocks, as in the scenarios described
by Enflin & Gopal-Krishna (2001). This model does require that there is
a source of fossil electrons which would require that a radio galaxy is con-
nected to the relic. Such a connection has also been found in other clusters
(e.g. PLCKG287.0+32.9 Bonafede et al., 2014, and the Bullet cluster Shimwell
et al., 2015) which suggests that this could be a common origin for radio relics.
Furthermore, the success of the adiabatic model in reproducing the spectral
index of this relic could indicate that sources categorized as radio gischt, as
well as sources categorized as radio phoenices, could be produced through adi-
abatic compression, which seems to suggest that there is no real distinction
between these two classes of sources.

This model would not be efficient if an undetectable cool gas is present in the
plasma. In this case the shock wave should penetrate the plasma allowing the
electrons to be energized via DSA. However, there will still be adiabatic gains,
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although these will be limited due to the small compression factor (Enfllin &
Gopal-Krishna, 2001).
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