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1

1| Introduction

1.1 Large-scale structure in the Universe

Some of the most important observations in modern astronomy include
those that revealed the accelerating expansion of the Universe, the Cosmic
Microwave Background (CMB) radiation, the abundance of light elements
(i.e. H, He, Li, and their isotopes), and the structure of the distribution
of baryonic matter on large scales. These observations are currently best
explained in the framework of the standard model of ‘Big Bang’ cosmology,
or the ΛCDM (Lambda Cold Dark Matter) model. In this ΛCDM model,
the Universe has been expanding after an explosion (known as the Big
Bang) 13.80 ± 0.02 billion years ago (e.g. Planck Collaboration et al. 2016,
see Fig. 1.1). Shortly after the Big Bang (∼ 10−36 s), the Universe went
through a period of rapid expansion, commonly known as cosmic inflation
(Guth 1981). During inflation (∼ 10−32 s), the Universe is believed to have
exponentially expanded by a factor of more than 1026 (e.g. Kolb et al. 1991).
Since inflation the Universe has continued to expand, albeit at a slower rate.

In the ΛCDM model, the Universe consists of dark energy, dark matter,
and baryonic matter. Dark energy and dark matter account for most of
the total matter-energy content in the Universe with 68.5% and 26.5%,
respectively. Baryonic matter that is visible to our telescopes contributes
only 5.0% to the total matter-energy budget of the Universe (e.g. Planck
Collaboration et al. 2018).

Precise CMB observations have revealed that the Universe on large
scales is extremely homogeneous. The CMB radiation has a spectrum con-
sistent with that of a black body at a temperature of TCMB = 2.725K (e.g.
Fixsen et al. 2009). However, on smaller scales there are tiny fluctuations
(i.e. ∼ 1 part per 105) in the CMB temperature (e.g. Smoot et al. 1992).
These tiny variations in the temperature are thought to correspond to the
quantum fluctuations of matter density that are present immediately after
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Figure 1.1: An artist impression of the time-line of the Universe (Image credit:
NASA/WMAP Science Team)

the Big Bang. These are the primordial fluctuations that are the seeds for
structure formation, as towards the regions of slightly higher matter den-
sity, dark matter hierarchically collapses under its own gravity and forms
haloes of cold dark matter. These high dense regions accrete more matter
and eventually in these regions the structures such as clouds of gas, stars,
galaxies, and clusters of galaxies form.

1.2 Galaxy clusters

Galaxy clusters are the largest gravitationally bound structure in the Uni-
verse. They consist of hundreds to thousands of galaxies over volumes of up
to ∼ 100Mpc3 (e.g. see Fig. 1.2). The total mass of galaxy clusters ranges
from between ∼ 1014 and ∼ 1015 solar masses. Most of the matter in galaxy
clusters is dark matter (∼ 80% of the total mass) which appears to only
interact with baryonic matter (∼ 20%) through gravitational force. The na-
ture of dark matter is still poorly understood, but it is thought to consist of
an as yet undiscovered subatomic particle (e.g. weakly-interacting massive
particles, gravitationally-interacting massive particles). Baryonic matter in
galaxy clusters is found mostly in the form of super hot plasma (∼ 16%) in



1.2 Galaxy clusters 3

Figure 1.2: The Bullet cluster. An optical HST (Hubble Space Telescope) composite
image of the Bullet cluster overlaid with the X-ray emission (pink, Chandra) and the
mass distribution derived from weak-lensing data (blue). (Image credit: NASA/CXC/M.
Weiss)

the intra-cluster medium (ICM) with a much smaller fraction in stars, cold
gas and dust (∼ 4%). Observations have shown that hot plasma in the ICM
has a low density (∼ 10−3cm−3) and very high temperature (∼ 107 K).

In the hierarchical structure formation framework, galaxy clusters grow
through a sequence of mergers of smaller clusters/groups (e.g. Sarazin 2002)
or by the continuous accretion of matter along intergalactic filaments (e.g.
Giovannini et al. 2010). Mergers of massive clusters are the most energetic
events in the Universe since the Big Bang, and release up to ∼ 1064 ergs
into the ICM on time scales of a few billion years. This energy heats up
the ICM plasma to sufficiently high temperatures (∼ 107 K) for it to emit
X-ray radiation. The mergers also generate shock waves and turbulence in
the ICM and this leads to the (re-)acceleration of particles in the ICM to
relativistic speeds.

The evolution of cluster galaxies is strongly affected by their interac-
tion with the ICM and other galaxies in the clusters (e.g. morphological
transformation, star formation rate). Galaxies that are moving in the ICM
experience tidal forces (namely galaxy harassment; Moore et al. 1996) which
are caused by the gravitational potential of the clusters in which they reside
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or by encounters with other high-speed galaxies. As shown in simulations
by Moore et al. (1998), tidal forces distort the morphology of small disc
galaxies which later transform to spheroidal galaxies. The morphological
transformation from spiral galaxies to elliptical and S0 ones might also oc-
cur through a process called galaxy strangulation, in which the interstellar
medium (ISM) of the in-falling galaxies are removed by the tidal forces gen-
erated by the cluster potential well (Larson et al. 1980). The star formation
rate is often estimated through the observed intensity of the H-alpha and
neutral hydrogen spectral lines that are emitted during the formation of
stars. Dense gas environments of the ICM seem to decrease the rate of star
formation in cluster galaxies as compared to that in the field counterparts
of the same redshift (e.g. Dressler 1980; Goto et al. 2003; Balogh et al.
2002; Kodama et al. 2004; Cayatte et al. 1990). This decrease might be due
to the ram pressure stripping of the ISM gas from the host galaxies (e.g.
Gunn & Gott, J. Richard 1972; Fumagalli et al. 2014; Gavazzi et al. 2001;
Oosterloo & van Gorkom 2005). This effect has been indicated through N-
body/hydrodynamical simulations (e.g. Steinhauser et al. 2012). In the sim-
ulations, strong ram pressure in high particle density number environments
can pull out a significant amount of gas from the host galaxies resulting
in fewer stars being formed. However, weak ram pressure can compress the
gas in the ISM and increase the rate of star formation. The compression of
the ISM in rich-gas galaxies can also occur by the passage of shock waves
induced by cluster mergers, leading to the formation of dense clouds and
triggering the formation of stars (e.g. Stroe et al. 2015a).

1.3 Extended radio emission in galaxy clusters

Extensive observational campaigns have now detected many extended ra-
dio sources in the central and peripheral regions of galaxy clusters (e.g.
see Govoni & Feretti 2004; Feretti et al. 2012; Brunetti & Jones 2014, for
recent reviews). These extended sources are not obviously associated with
individual cluster galaxies, but are related to the large-scale non-thermal
components (i.e. relativistic particles and magnetic fields) in the ICM. Un-
der the assumption of equipartition, the magnetic field strength in the ICM
is estimated to be ∼ 1µG. However, the strength and structure of magnetic
fields in galaxy clusters have not been fully understood. Currently cluster
magnetic fields can be studied with (i) radio observations and equipartition
assumptions (e.g. Miley 1980; Thierbach et al. 2003), (ii) a combination
of radio (i.e. synchrotron emission) and hard X-ray (i.e. Inverse Compton
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Figure 1.3: Radio contours overlaid on the optical and X-ray images of merging galaxy
cluster Abell 2744 (Pearce et al. 2017). Radio sources (including the halo and relic R1)
are labelled (Image credit: C. J. J. Pearce)

emission) observations (e.g. Finoguenov et al. 2010), or (iii) Faraday rota-
tion of polarized radio sources that reside within or behind galaxy clusters
(e.g. Clarke et al. 2001; Brentjens & de Bruyn 2005).

The extended synchrotron radio sources are observed to have low sur-
face brightness (∼ 1µ Jy arcsec−2 at 1.4 GHz) and steep spectra1 (α ≲ −1).
Depending on their properties (i.e. morphology, location with respect to
the cluster centre, polarization, spectrum), the extended sources have been
classified as radio haloes, mini-haloes or relics.

Radio haloes

Radio haloes are huge, usually diffuse (∼ Mpc) sources that are observed
in the central regions of merging galaxy clusters (see, e.g., Fig. 1.3). These
synchrotron radio sources have steep (α ≲ −1) spectra and are unpolarized.
Radio haloes are mostly found in galaxy clusters that are massive and have a
disturbed X-ray morphology. The morphology of radio haloes are typically

1S ∝ να
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similar to that of the cluster X-ray emission. The surface brightness in
the radio and X-ray bands are spatially well correlated (e.g. Govoni et al.
2001a,b; Feretti et al. 2001; Venturi et al. 2013; Rajpurohit et al. 2018),
implying a relationship between non-thermal and thermal components in
the ICM. Furthermore, the power of radio haloes is proportional to the X-
ray luminosity and temperature, and mass of their host clusters (e.g. Liang
et al. 2000; Cassano et al. 2006, 2013).

Due to the short radiative lifetime (≪ 108 years) of the relativistic elec-
trons in the µG magnetized ICM, the Mpc size of radio haloes implies
that the radio emitting cosmic ray electrons in haloes must be locally (re-
)accelerated (Jaffe 1977). The exact mechanism that governs the accelera-
tion of relativistic particles in radio haloes has not been fully understood.
Currently, the main models for the formation of radio haloes are:

• the primary model that proposes that the generation of cosmic ray
electrons in radio haloes happens through Fermi-II turbulent re-acceleration
during cluster mergers (e.g. Brunetti et al. 2001; Petrosian 2001; Fu-
jita et al. 2003; Cassano & Brunetti 2005; Brunetti & Lazarian 2007,
2016; Pinzke et al. 2017), and

• the secondary model that proposes that the relativistic electrons in
radio haloes are the secondary products of the hadronic collisions
between cosmic ray protons and thermal protons in the ICM (e.g.
Dennison 1980; Blasi & Colafrancesco 1999; Dolag & Ensslin 2000;
Miniati et al. 2001; Pfrommer & Enßlin 2004; Pfrommer 2008; Keshet
& Loeb 2010; Enßlin et al. 2011). The secondary model predicted that
γ-rays should also be generated as one of the products of the hadronic
collisions. However, upper limits for the γ-ray flux set by the Fermi-
LAT observations challenge the validity of the secondary hadronic
model for the emission mechanism in radio haloes (e.g. Jeltema &
Profumo 2011; Brunetti et al. 2012; Zandanel et al. 2014; Ackermann
et al. 2010, 2016).

Mini-haloes

Similarly to radio haloes, mini-haloes are generally extended, steep spec-
trum, unpolarized sources located in the central regions of clusters. How-
ever, mini-haloes are smaller in size (≲ 500 kpc) and have significantly
higher surface brightness (∼ 50 times) than radio haloes (e.g. Govoni &
Feretti 2004; Cassano et al. 2008). Mini-haloes are typically found in non-
merging galaxy clusters that host cool cores and a powerful radio galaxy
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(e.g. brightest cluster galaxy; BCG) in their centre. The origin of mini-
haloes remains uncertain. In the same way as for radio haloes, it has been
proposed that the radio emitting cosmic ray electrons in mini-haloes orig-
inate from (i) a pre-existing population of relativistic electrons (e.g. from
the central BCGs) that are re-accelerated through Fermi-like processes by
magnetohydrodynamical turbulence (e.g. due to the cooling flow of inward
gas in the core region; Gitti et al. 2002) or (ii) the secondary particles that
are generated via inelastic hadronic collisions between cosmic ray protons
and thermal protons in the core region (e.g. Miniati et al. 2001; Keshet &
Loeb 2010; Zandanel et al. 2014).

Radio relics

Radio relics are extended (∼ Mpc), elongated, steep spectrum sources that
are usually observed in the peripheral regions of galaxy clusters (see, e.g.,
Fig. 1.3). Some radio relics are observed to be highly polarized at high fre-
quencies (i.e. up to ∼ 70%) and the magnetic field vectors are parallel to the
major axes of the relics (e.g. van Weeren et al. 2010; Bonafede et al. 2009;
Kale et al. 2012). Radio relics are generally thought to be associated with
shock waves that are generated by cluster mergers or gas accretion from
intergalactic filaments (e.g. Enßlin et al. 1998; Brown & Rudnick 2011).
There is observational evidence supporting the connection between merger
shocks and radio relics in clusters: (i) the elongated morphology of radio
relics is co-spatial with X-ray detected shocks, (ii) the steepening of the
radio spectral index in the region behind shocks due to synchrotron and
inverse-Compton energy losses, and (iii) the strongly polarized emission
detected in some relics. The Mach numbers of merger shocks derived from
X-ray data are low, typicallyM ≲ 3. However, the efficiency in which parti-
cles are accelerated by shocks is still unknown, and these low Mach number
shocks may be incapable of producing the bright radio relics. A possible
solution is that shocks re-accelerate a pre-existing population of mildly rel-
ativistic particles, instead of those from the thermal pool (e.g. Markevitch
et al. 2005; Kang & Ryu 2011; Kang et al. 2012).

Open questions

Shocks and turbulence in the ICM, induced by cluster mergers, present
a unique environment (i.e. large scale, low particle number density, weak
magnetic fields, low-Mach-number shocks, high energy) for studies of par-
ticle acceleration at cosmic scales. Despite the ongoing improvement in our
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understanding of the extended radio sources in galaxy clusters, some of the
main questions in the field remain to be answered, including:

• What is the origin of the cosmic rays in extended radio sources of
galaxy clusters? How are the cosmic rays accelerated?

• How is the magnetic field in the ICM generated/amplified? What is
the strength and topology of the ICM magnetic field? How do mag-
netic fields in the ICM evolve over cosmic time?

Radio haloes and relics are more luminous at low frequencies due to their
steep spectrum (α ≲ −1). Therefore, observations to study the properties
of these non-thermal components (i.e. relativistic particles and magnetic
field) are best conducted at low frequencies. In addition, accurate spectral
and polarimetric properties of extended emission are crucial to understand
the particle acceleration mechanisms in these sources.

Wide-frequency integrated spectra of radio haloes and relics provide
clues on the origin of cosmic ray electrons in these sources. For relics, the
simple diffusive shock acceleration model predicts single-power-law spectra
if the cosmic ray electrons are accelerated directly from the thermal pool
in the ICM. However, the detection of curve/break spectra with wide fre-
quency observations implies that the cosmic ray electrons in relics might be
re-accelerated by the passage of shock waves from a population of mildly
relativistic electrons, that are fossils of active galactic nuclei activities or
previous cluster mergers. For radio haloes, the primary and secondary mod-
els can also be differentiated using multi-frequency observations as the for-
mer model predicts curve integrated spectra for haloes, while the spectra
of radio haloes in the latter model are single power law functions.

Additionally, the spatial distribution of spectral energy of the extended
radio sources is a helpful tool to understand the emission mechanisms in
radio haloes and relics. For example, the spectral gradient across the width
of radio relics is one of the key observables to associate them with the
shocks detected by X-ray observations (e.g. van Weeren et al. 2010). The
evolution of magnetic field strength in radio relics can also be studied using
the high-resolution spectral gradients across the relics (e.g. Donnert et al.
2016).

Hence, whilst radio haloes and relics are best discovered and morpholog-
ically characterized at low frequencies with high angular resolutions, radio
observations at a wide range of frequencies and/or polarizations are also
required to understand the physical mechanisms of their formation.
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1.4 Advances in observations of the ICM

Our detailed understanding of galaxy clusters through observations of ther-
mal plasma in the ICM has been significantly improved during the last
decades, thanks to the advancements in X-ray telescopes. Physical pro-
cesses in plasma physics such as diffusive shock acceleration, turbulence
and cooling flows in the extreme hot plasma of the ICM have been stud-
ied in detail with recent X-ray missions, e.g. Chandra X-ray Observatory
(CXO), the European Space Agency’s (ESA) X-ray Multi-Mirror Mission
(XMM-Newton), Suzaku (ASTRO-EII) and ROSAT. The developments are
expected to continue with new state-of-the-art X-ray satellites. eROSITA
is scheduled for launch in 2019; Arcus is expected to be in orbit in 2023;
the International X-ray Observatory (IXO) is planned to be launched in
2021; the Advanced Telescope for High Energy Astrophysics (ATHENA) is
scheduled for launch in the early 2030s.

Chandra orbits at altitudes of up to 130,000 km above the Earth’s
surface and contains the Advanced CCD Imaging Spectrometer (ACIS) and
the High Resolution Camera (HRC). Chandra was designed to observe the
X-ray emission from extreme hot plasma in supernova, active galactic nuclei
(AGN) and clusters of galaxies. It can resolve structure of extended sources
with a resolution of 0.5 arc sec and is sensitive to X-rays in the medium
energy range from 0.1 to 10 keV (e.g. 1 keV corresponds to 11.6 × 106 K).
The Suzaku satellite orbiting Earth at an altitude of 500 km holds soft and
hard X-ray telescopes. It collects photons across a wide energy range from
0.3 up to 600 keV. The main scientific aims of Suzaku were to study hot
plasma in galaxy clusters and AGNs. Suzaku ended its mission in 2015 after
10 years of scientific operation.

In addition to the thermal plasma in the ICM, galaxy clusters also
host large-scale non-thermal components (i.e. relativistic cosmic rays and
magnetic fields). Studies of the non-thermal emission are often carried out
with radio observations at high frequencies (≳ 1.4 GHz). However, in the
last few decades, there has been significant movement towards the low-
frequency regime. For instance, the forthcoming Square Kilometre Array
(SKA; Schilizzi 2005) will operate at a frequency range from 50 MHz to 14
GHz. The total collecting area of SKA will be about one square kilometre
once it is complete in ∼ 2020. A number of pathfinder radio telescopes
have already been constructed, including the Australian Square Kilometre
Array Pathfinder (ASKAP; Johnston 2007) working at frequencies from
700 MHz to 1.8 GHz (Johnston et al. 2007) and the Karoo Array Telescope
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Figure 1.4: Artist’s impression of X-ray satellites Chandra (left) and eRosita (right).
(Image credit: NASA/CXC/NGST; MPE)

operating at 1 - 10 GHz band (MeerKAT). Some radio interferometers that
are specifically designed for low frequencies are the Long Wavelength Array
(LWA; Taylor 2006), the Murchison Wide-field Array (MWA; Lonsdale et al.
2009), the LOw Frequency Array (LOFAR; Haarlem et al. 2013), and the
Giant Metrewave Radio Telescope (GMRT; Swarup et al. 1991).

LOFAR (Fig. 1.5) is a new-generation radio telescope operating at low
frequencies between 10 and 240 MHz. LOFAR exploits the novel phased-
array technique in which the antenna primary beam is formed electronically,
instead of mechanically steering the antennas or the detector. LOFAR con-
sists of stations located in the Netherlands and across a number of other
European countries. Each station is made of a number of dipoles which
operate at 10− 90 MHz for Low Band Array (LBA) and 110− 240 MHz for
High Band Array (HBA). There are currently 38 Dutch (core and remote)
stations extending up to 80 km and 13 international stations in other Euro-
pean countries extending up to 1200 km. LOFAR observations with the full
Dutch stations resolve extended sources to a few arc sec and a few tens of
arc sec with HBA and LBA, respectively. Additional international stations
provides sub-arc sec resolution for both HBA and LBA.

Significant sensitive observations in the low frequency radio regime
would deepen our understanding of the non-thermal emission in galaxy
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Figure 1.5: The layout of LOFAR stations across European countries (left) and its core
stations (right) near Exloo, Netherlands. (Image credit: LOFAR/ASTRON)

clusters. However, there are technological challenges relating to data reduc-
tion. During the calibration of the interferometric data, additional effects
including distortions of the signals relating to ionosphere or instruments
need to be taken into account. The distortions delay the signals propagat-
ing towards antennas and can result in errors in the position or morphology
of the observed sources. Moreover, since the field of view at low frequencies
is larger than that at high frequencies, a simple correction for the entire field
of view as done for high-frequency radio data is not sufficient. Therefore,
new techniques have been developed. The common technique to correct for
instrumental effects on small fields of view is self-calibration (Pearson &
Readhead 1984). For large fields of view, multiple corrections across the
fields of view are necessary, especially at low frequencies where the iono-
sphere has greater effects on the signals from different directions of the sky.
Recent advanced techniques being developed for calibrating low-frequency
interferometric data include field-based calibration (Cotton et al. 2004),
Source Peeling and Atmospheric Modeling (SPAM; Intema et al. 2009,
2017), SAGECal (Yatawatta et al. 2013; Kazemi et al. 2011), and facet
calibration (van Weeren et al. 2016a; Williams et al. 2016). In addition,
imaging techniques have also been developed to account for geometrical ef-
fects for the wide-field images, including w-projection (Cornwell et al. 2008)
and A-projection (Bhatnagar et al. 2008).

1.5 This thesis

The aims of this thesis are (i) to characterize the properties of radio haloes
and relics in merging galaxy clusters, (ii) to better understand the particle
acceleration mechanisms in these sources, and (iii) to obtain a detailed



12 Introduction

picture of the dynamical states of their host galaxy clusters. To minimize
the complications imposed by projection effects, the galaxy clusters studied
in this thesis are all undergoing mergers that are occurring on/close to
the plane of the sky. These clusters are CIZA J2242.8+5301 (namely the
‘Sausage’ cluster), Abell 1240, Abell 520, and Abell 2146.

In Chapter 2, new LOFAR observations of the prominent Sausage clus-
ter (z = 0.192) at 145 MHz are presented. The LOFAR data were combined
with the existing multi-frequency radio data from GMRT, Westerbork Syn-
thesis Radio Telescope (WSRT) and Very Large Array (VLA) to study the
spectral properties of the extended radio sources (i.e. radio halo and relics)
in the cluster. In addition, archival Chandra and Suzaku X-ray data were
also used to study the relation between non-thermal and thermal com-
ponents in the ICM. This study reveals that (i) the shape and spectral
properties of the northern and southern relics are consistent with the pic-
ture that the relics are associated with the X-ray detected shocks, which
is in line with previous studies (van Weeren et al. 2010; Stroe et al. 2013);
(ii) the shock Mach numbers derived from the radio data for the relics
are consistent with those derived from X-ray data in literature (Akamatsu
et al. 2015), supporting the shock (re-)acceleration scenario of the relics;
(iii) the radio surface brightness in the northern relic can be explained by
the diffusive shock re-acceleration of fossil electrons in the ICM, however
the possibility of direct acceleration of thermal electrons cannot be ruled
out due to the sensitivity of the current data; (iv) the spectrum of the radio
halo in the Sausage cluster remains a straight power law in the region be-
tween the northern and southern relics (∼ 1Mpc2), implying a large region
of turbulence induced by the on-going merger.

In Chapter 3, a study of the galaxy cluster Abell 1240 (z = 0.1948) using
multi-frequency radio observations (LOFAR at 144 MHz, GMRT at 612
MHz and VLA, at 3 GHz) is presented. Abell 1240 hosts double radio relics
which are thought to trace merger shocks on opposite sides of the cluster
centre. This study confirms that the spectral index of the relic emission
steepens towards the cluster centre and that the electric field vectors of the
polarized emission in the relics are roughly perpendicular to their major
axes, in agreement with the findings of Bonafede et al. (2009). The spectral
and polarization properties of the relics are consistent with the scenario
that the radio-emitting particles are (re-)accelerated by shocks, however
there are only hints of such shocks in Chandra X-ray observations.

In Chapter 4, the particle acceleration mechanisms associated with the
formation of the extended radio emission in merging galaxy cluster Abell



1.5 This thesis 13

520 (z = 0.201) are discussed using multi-frequency radio observations (LO-
FAR at 145 MHz, GMRT at 323 MHz, and VLA at 1.5 GHz). The SW
region of the extended radio emission roughly follows an X-ray bow shock
and is likely to related to it. Also there is a steepening of the radio spec-
tral index behind the shock. This implies that the extended radio emission
could be a superposition of a radio halo in the centre and a relic in the SW.
Diffusive shock (re-)acceleration could be the mechanism by which cosmic
ray electrons gain their energy at the shock. Since no extended radio emis-
sion is found in front of the bow shock, as predicted by the adiabatic shock
compression model, the acceleration mechanism where the magnetic field is
compressed by the shock is unlikely in this case.

In Chapter 5, extended radio emission in the merging galaxy cluster
Abell 2146 (z = 0.232) is discussed using new LOFAR 144 MHz and archival
VLA 1.5 GHz data. The observations confirm the existence of the extended
radio emission in the SE and NW regions of the cluster, behind X-ray
detected shocks. A bridge of faint emission connecting the SE and NW
emission is detected with the LOFAR 144 MHz observations, but it is not
apparent in the VLA 1.5 GHz images. There is a spectral steepening in the
NW extended emission towards the cluster centre. The spectral index in the
outer region of the NW emission is flatter than (or inconsistent with) the
value predicted by the diffusive shock acceleration model in the case where
the relativistic electrons in the NW extended emission are accelerated by
the NW shock. The mismatch could be explained if the shock re-accelerates
a population of pre-existing fossil electrons rather than those from the ther-
mal pool. The edge of the SE radio emission roughly follows the SE bow
shock, implying a possible connection between the two. Assuming diffusive
shock acceleration, this shock-radio emission connection is supported by the
agreement between the radio and X-ray derived Mach numbers for the SE
shock. However, it is still unclear if the SE emission is a single radio halo or
a superposition of a halo and a relic. In both cases, the power for the radio
halo is close to the value expected for a cluster mass of Abell 2146. Finally,
the extended radio emission in the NW and SE of Abell 2146 can be best
explained by the re-acceleration of fossil plasma (i.e. for the NW emission)
or by the acceleration of thermal electrons (i.e. for the SE emission) by the
outward propagating shocks and turbulence in the on-going cluster merger.
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1.6 Future prospects

Our understanding of the origin and evolution of extended radio emission in
galaxy clusters has been significantly improved with the increasing capabil-
ities of modern radio telescopes (e.g. GMRT, LOFAR, JVLA, MWA). How-
ever, to obtain a precise picture of the physical processes, future studies will
need to expand the observing frequency towards both low (≲ 100MHz) and
high (≳ 10GHz) frequencies. For instance, the turbulence re-acceleration
model predicts the existence of a large number of ultra-steep spectrum ra-
dio haloes that are significantly brighter at low frequencies (e.g. Cassano
et al. 2010). As predicted by the diffuse shock re-acceleration model for the
formation of radio relics, many more relics become visible at low frequen-
cies due to their steep spectra. A combination of low- and high-frequency
(≳ 10GHz) observations will provide information on the spectral curva-
ture. This is crucial to distinguish between the various mechanisms in which
radio-emitting relativistic particles in haloes and relics gain their energy.
Moreover, in combination with polarization observations the properties of
magnetic field (i.e. strength and topology) can also be better understood.

Deep radio observations at high resolutions (≲ 5 arcsec) will also be key
to study the morphology and spectral energy distribution of the extended
sources in galaxy clusters. This will provide spatially resolved spectral mea-
surements that allow for detailed comparisons between theoretical models
and the observational data. In particular, shock-related (re-)acceleration
models for the formation of radio relics predict the location of the parti-
cle (re-)acceleration. To study the properties of non-thermal components
(i.e. magnetic field and cosmic ray particles) in the downstream region,
high-resolution observations are required (e.g. Donnert et al. 2016).

To obtain a complete picture of the physical processes in cluster mergers,
multi-wavelength studies using γ-rays, X-ray, optical, radio, and Sunyaev-
Zel’dovich effect observations will be necessary. Such combined studies are
important to make connections between the physical processes and to better
understand the matter-energy transformation mechanisms in galaxy clus-
ters.
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2| Deep LOFAR observations of
the merging galaxy cluster CIZA
J2242.8+5301

Abstract

Previous studies have shown that CIZA J2242.8+5301 (the ’Sausage’ cluster, z =
0.192) is a massive merging galaxy cluster that hosts a radio halo and multiple
relics. In this paper we present deep, high fidelity, low-frequency images made with
the LOw-Frequency Array (LOFAR) between 115.5 and 179 MHz. These images,
with a noise of 140 µJy/beam and a resolution of θbeam = 7.3”× 5.3”, are an order
of magnitude more sensitive and five times higher resolution than previous low-
frequency images of this cluster. We combined the LOFAR data with the existing
GMRT (153, 323, 608 MHz) and WSRT (1.2, 1.4, 1.7, 2.3 GHz) data to study the
spectral properties of the radio emission from the cluster. Assuming diffusive shock
acceleration (DSA), we found Mach numbers of Mn = 2.7+0.6

−0.3 and Ms = 1.9+0.3
−0.2

for the northern and southern shocks. The derived Mach number for the northern
shock requires an acceleration efficiency of several percent to accelerate electrons
from the thermal pool, which is challenging for DSA. Using the radio data, we
characterised the eastern relic as a shock wave propagating outwards with a Mach
number ofMe = 2.4+0.5

−0.3 , which is in agreement withMX
e = 2.5+0.6

−0.2 that we derived
from Suzaku data. The eastern shock is likely to be associated with the major
cluster merger. The radio halo was measured with a flux of 346±64mJy at 145MHz.
Across the halo, we observed a spectral index that remains approximately constant
(α145 MHz-2.3 GHz

across ∼1 Mpc2 = −1.01 ± 0.10) after the steepening in the post-shock region of
the northern relic. This suggests a generation of post-shock turbulence that re-
energies aged electrons.

D. N. Hoang, T. W. Shimwell, A. Stroe, et al.,
MNRAS, 471, 1107 (2017)

https://doi.org/10.1093/mnras/stx1645
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2.1 Introduction

Diffuse Mpc-scale synchrotron emission has been observed in a number of
galaxy clusters, revealing the prevalence of non-thermal components in the
intra-cluster medium (ICM). This diffuse radio emission is not obviously
associated with compact radio sources (e.g. galaxies) and is classified as
two groups: radio halos and relics (e.g. see a review by Feretti et al. 2012).
Radio halos often have a regular shape, approximately follow the distri-
bution of the X-ray emission, and are apparently unpolarised. Radio relics
often have an elongated morphology, are found in the cluster outskirts, and
are strongly polarised at high frequencies. In the framework of hierarchical
structure formation, galaxy clusters grow through a sequence of mergers
of smaller objects (galaxies and sub-clusters). During merging events most
of the gravitational energy is converted into thermal energy of the ICM,
but a small fraction of it goes into non-thermal energy that includes rela-
tivistic electrons and large-scale magnetic fields. Energetic merging events
leave observable imprints in the ICM such as giant shock waves, turbu-
lence, and bulk motions whose signatures are observable with radio and
X-ray telescopes (e.g. Brunetti & Jones 2014; Bruggen et al. 2012).

The (re-)acceleration mechanisms of relativistic electrons are still dis-
puted for both radio halos and radio relics. There are two prominent models
that have been proposed to explain the mechanisms in radio halos. (i) The
re-acceleration model asserts that electrons are accelerated by turbulence
that is introduced by cluster mergers (e.g. Brunetti et al. 2001; Petrosian
2001). (ii) The secondary acceleration model proposes that the relativistic
electrons/positrons are the secondary products of hadronic collisions be-
tween relativistic protons and thermal ions present in the ICM (e.g. Denni-
son 1980; Blasi & Colafrancesco 1999; Dolag & Ensslin 2000). The former
model is thought to generate radio emission that is observable for approx-
imately 1 Gyr after major merging events (Brunetti et al. 2009; Miniati
2015). In the latter model the radio emission is sustained over the lifetime
of a cluster due to the long lifetime of relativistic protons in the ICM leading
to the continuous injection of secondary particles. The secondary model also
predicts the existence of γ−rays as one of the products of the decay chain
associated with hadronic collisions. But despite numerous studies with the
Fermi Gamma-ray Space Telescope (e.g. Jeltema & Profumo 2011; Brunetti
et al. 2012; Zandanel & Ando 2014; Ackermann et al. 2016), no firm detec-
tion of the γ−rays from the ICM has been challenging this scenario. Still
secondary electrons may contribute to the observed emission, for instance
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a hybrid model where turbulence re-accelerates both primary particles and
their secondaries has also been proposed to explain radio halos (Brunetti
et al. 2004; Brunetti & Lazarian 2011b; Pinzke et al. 2017); in this case the
expected γ−ray emission is weaker than that expected in purely secondary
models.

Radio relics are generally thought to trace shock waves in the cluster
outskirts that are propagating away from the cluster after a merging event
(e.g. Enßlin et al. 1998; Roettiger et al. 1999). It is also thought that some
radio relics might be generated by shocks associated with in-falling matter
from cosmic filaments (e.g. Enßlin et al. 1998; Enßlin & Gopal-Krishna 2001;
Brown et al. 2011b). Particle acceleration at shocks can be described by the
diffusive shock acceleration (DSA) model (e.g. Bell & R. 1978; Drury & O’C
Drury 1983; Blandford & Eichler 1987). However shocks in galaxy clusters
are weak (Mach ≲ 5) and in some cases the plausibility of the acceleration of
thermal particles in the ICM by DSA is challenged by the observed spectra
of radio relics and by the efficiencies that would be required to explain
observations (e.g. see Brunetti & Jones 2014 for review, Akamatsu et al.
2015; Vazza et al. 2015; van Weeren et al. 2016c; Botteon et al. 2016a).
However, these problems can be mitigated if the shock re-accelerates fossil
electrons that have already been accelerated prior to the merging event
(e.g. Markevitch et al. 2005; Kang & Ryu 2011; Kang et al. 2012). Obvious
candidate sources of fossil electrons are radio galaxies on the outskirts of the
relic cluster. Observationally, this re-acceleration mechanism was proposed
to explain the radio emission in a few clusters such as Abell 3411-3412 (van
Weeren et al. 2013, 2017), PLCKG287.0 +32.9 (Bonafede et al. 2014) and
the Bullet cluster 1E 0657−55.8 (Shimwell et al. 2015).

2.2 The galaxy cluster CIZA J2242.8+5301

CIZA J2242.8+5301 (hereafter CIZA2242, z = 0.192) is a massive galaxy
cluster that hosts an excellent example of large-scale particle acceleration.
CIZA2242 was originally discovered in the ROSAT All-Sky Survey and was
identified as a galaxy cluster undergoing a major merger event by Kocevski
et al. (2007). The cluster has since been characterised across a broad range
of electromagnetic wavelengths including X-ray, optical and radio, and its
properties have been interpreted with the help of simulations.

XMM-Newton X-ray observations (Ogrean et al. 2013a) confirmed the
merging state of the cluster and characterised its disturbed morphology and
elongation in the north-south direction. Suzaku observations (Akamatsu
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& Kawahara 2013; Akamatsu et al. 2015) detected an ICM temperature
jump, indicating the presence of merger shocks in the north and south of
the cluster. The Mach numbers of these shocks were estimated as Mn =
2.7+0.7
−0.4 andMs = 1.7+0.4

−0.3 , respectively. Chandra observations (Ogrean et al.
2014a) revealed additional discontinuities in the X-ray surface brightness
in multiple locations in the cluster outskirts (see Fig. 8 in Ogrean et al.
2014a). In the optical band, a comprehensive redshift analysis to study the
geometry and dynamics of the merging cluster Dawson et al. (2015) found
that CIZA2242 consists of two sub-clusters that are at similar redshift but
have virtually no difference in the line-of-sight velocity (69 ± 190 km s−1)
and are separated by a projected distance of 1.3+0.13

−0.10 Mpc.

Radio observations with the GMRT (at 608 MHz) and WSRT (at 1.2,
1.4, 1.7, and 2.3 GHz) reported two opposite radio relics located at the
outskirts (1.5Mpc from the cluster centre, van Weeren et al. 2010). The
northern relic has an arc-like morphology, a size of 2Mpc × 55 kpc, spec-
tral index gradients from −0.6 to −2.0 across the width of the relic and a
high degree of polarisation (50 − 60%, VLA 4.9GHz data). The relics have
been interpreted as tracing shock waves propagating outward after a major
cluster merger. The injection spectral index of −0.6 ± 0.05 of the north-
ern relic, that was calculated from the radio observations, corresponds to a
Mach number of 4.6+1.3

−0.9 and is higher than the values derived from X-ray
studies (e.g. MX

n = 2.54+0.64
−0.43 in Ogrean et al. 2014a). The magnetic field

strength was estimated to be within 5 − 7 µG to satisfy the conditions of
the spectral ageing, the relic geometry and the ICM temperature. Faint
emission connecting the two relics was detected in the WSRT 1.4 GHz map
and was interpreted as a radio halo by van Weeren et al. (2010) but was
not characterised in detail. Stroe et al. (2013) performed further studies
of CIZA2242 using GMRT 153 and 323 MHz data, in combination with
the existing data. Integrated spectra for the relics were reported, and by
using standard DSA/re-acceleration theory, Stroe et al. (2013) estimated
Mach numbers of Mn = 4.58 ± 1.09 for the northern radio relic (from the
injection index of −0.6±0.05 which they obtained from colour-colour plots)
and Ms = 2.81 ± 0.19 for the southern radio relic (derived from the inte-
grated spectral index of −1.29± 0.04 using DSA model). Stroe et al. (2013)
found variations in the radio surface brightness on scales of 100 kpc along
the length of the northern relic and linked them with the variations in ICM
density and temperature (Hoeft et al. 2011). Additionally Stroe et al. (2013)
reported relics on the eastern side of the cluster and characterised 5 tailed
radio galaxies spread throughout the ICM.
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Despite CIZA2242 being an exceptionally well-studied cluster, several
questions remain unanswered, such as (i) the discrepancy between the ra-
dio and X-ray derived Mach numbers for the northern and southern relics;
(ii) the connection between the radio halo and the northern and southern
relics; (iii) the spectral properties of the radio halo, southern and eastern
relics; (iv) the nature of the eastern relics. In this paper we present LO-
FAR (Haarlem et al. 2013) observations of CIZA2242 using the High Band
Antenna (HBA). With its excellent surface brightness sensitivity coupled
with high resolution, LOFAR is well-suited to study objects that host both
compact and very diffuse emission, such as CIZA2242. The high density of
core stations is essential for the detection of diffuse emission from CIZA2242
which has emission on scales of up to 17′. In this paper we offer new insights
into the above questions by exploiting our high spatial resolution, deep LO-
FAR data in combination with the published GMRT, WSRT, Chandra and
Suzaku data (van Weeren et al. 2010; Stroe et al. 2013; Ogrean et al. 2014a;
Akamatsu et al. 2015).

Hereafter we assume a flat cosmology with ΩM = 0.3, ΩΛ = 0.7, and
H0 = 70 km s−1 Mpc−1. In this cosmology, an angular distance of 1′ corre-
sponds to a physical size of 192 kpc at z = 0.192. In this paper, we use the
convention of S ∝ να for radio synchrotron spectrum, where S is the flux
density at frequency ν and α is the spectral index.

2.3 Observations and data reduction

2.3.1 LOFAR HBA data

CIZA2242 was observed with LOFAR during the day for 9.6 hours (8:10
AM to 17:50 PM) on February 21, 2015. The frequency coverage for the
target observation was between 115.5 MHz and 179.0 MHz. The calibrator
source 3C 196 was observed for 10 minutes after the target observation.
Both observations used 14 remote and 46 (split) core stations (see Haarlem
et al. 2013 for a description of the stations), the baseline length range is
from 42 m to 120 km. A summary of the observations is given in Table 2.1.

To create high spatial resolution, sensitive images with good fidelity
direction-independent calibration and direction-dependent calibration were
performed. The direction-independent calibration of the target field aims to
(i) remove the contamination caused by radio frequency interference (RFI)
and the bright sources (e.g. Cassiopeia A, Cygnus A) located in the side
lobes, (ii) to correct the clock offset between stations and (iii) to calibrate
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Table 2.1: LOFAR HBA observation parameters

Observation IDs L260393 (CIZA2242), L260397 (3C 196)
Pointing centres 22:42:53.00, +53.01.05.01 (CIZA2242),

08:13:36.07, +48.13.02.58 (3C 196)
Integration time 1 s
Observation date February 21, 2015
Total on-source time 9.6 hr (CIZA2242),

10 min (3C 196)
Correlations XX, XY, YX, YY
Frequency range 115.5-179.0 MHz (CIZA2242)

109.7-189.9 MHz (3C 196)
Total bandwidth 63.5 MHz (CIZA2242,

usable 56.6 MHz)
Total number of
sub-band (SB) 325 (CIZA2242, usable 290 SBs)
Bandwidth per SB 195.3125 kHz
Channels per SB 64
Number of stations 60 (46 split core + 14 remote)

the XX-YY phase of the antennas. For the direction dependent part, we
used the recently developed facet calibration scheme that is described in
van Weeren et al. (2016a).

Throughout the data reduction process, we used BLACKBOARD SELF-
CAL (BBS, Pandey et al. 2009) for calibrating data, LOFAR Default Pre-
Processing Pipeline (DPPP) for editing data (flag, average, concatenate),
and w-Stacking Clean (WSClean, Offringa et al. 2014), Common Astron-
omy Software Applications (CASA, McMullin et al. 2007) and AWIMAGER
(Tasse et al. 2012) for imaging.

Direction-independent calibration

• Removal of RFI

The data of CIZA2242 and 3C 196 were flagged to remove RFI contamina-
tion with the automatic flagger AOFLAGGER (Offringa et al. 2012). The
auto-correlation and the noisy channels at the edge of each subband (first
and last two channels) were also removed with DPPP by the Radio Obser-
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vatory1. The edge channels were removed to avoid calibration difficulties
caused by the steep curved bandpass at the edge of subbands.

• Removal of of distant contaminating sources

As with other low-frequency observations, the data were contaminated by
emission from strong radio sources dozens of degrees away from the tar-
get. This contamination is predominately from several A-team sources:
Cassiopeia A (CasA), Cygnus A (CygA), Taurus A (TauA), Hercules A
(HerA), Virgo A (VirA), and Jupiter. To remove this contamination, we
applied two different techniques depending on the angular separation of
the contaminating source and CIZA2242. Our efforts focused on the four
high-elevation sources: CasA (12.8 kJy at 152 MHz), CygA (10.5 kJy at 152
MHz), TauA (1.43 kJy at 152 MHz), and HerA (0.835 kJy at 74 MHz) which
are approximately 8◦, 30◦, 79◦, and 85◦ away from CIZA2242 location, re-
spectively (Baars et al. 1977; Gizani et al. 2005). The closest source, CasA,
was subtracted from the CIZA2242 data using ’demixing’, a technique de-
veloped by van der Tol et al. (2007), whereas the other A-team sources were
removed based on the amplitude of their simulated visibilities. The former
technique solves for direction-dependent gain solutions towards CasA using
an input sky model, and subtracts the contribution of CasA from the data
using these gain solutions and the input sky model. The sky model we used
for CasA was from a high-resolution (∼ 10”) image and contains more than
16, 000 components with an integrated flux of 30.77 kJy (at 69 MHz, R.
van Weeren, priv. comm.). The latter technique simulates visibilities of the
A-team sources (CygA, TauA, and HerA) by performing inverse Fourier
transforms of their sky models with the station beam applied in BBS and
then flags the target data if the simulated visibility amplitudes are larger
than a chosen threshold of 5 Jy.

• Amplitude calibration, initial clock-offset and XX-YY phase-offset
corrections

Following the procedure that is described in van Weeren et al. (2010), we
assumed the flux scale, clock offset and XX-YY phase offset are direction
and time independent and can be corrected in the target field if they are
derived from a calibrator observation. In this study, 3C 196 was used as
a calibrator. First, the XX and YY complex gains were solved for each
antenna every 4 s and 1.5259 kHz using a sky model of 3C 196 (V. N.
Pandey, priv. comm.). The 3C 196 sky model contains 4 compact Gaussians

1http://www.lofar.org

http://www.lofar.org
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with a total flux of 83.1 Jy, which is consistent with the Scaife & Heald
(2012) flux scale. In this calibration, the Rotation Angle β was derived to
account for the differential Faraday Rotation effects from the parallel hand
amplitudes. The LOFAR station beam was also used during the solve step
to separate the beam effects from the complex gain solutions.

For LOFAR, while the core stations use a single clock, the remote sta-
tions have separate ones. The clocks are synchronised, but there are still
small offsets. These offsets are up to hundreds of nano-seconds. We applied
a clock-TEC separation technique to estimate the clock offsets (see van
Weeren et al. 2016a for details). The XX-YY phase offsets for each station
were calculated by taking the difference of the medians of the XX and YY
phase gain solutions taken over the whole 10-minutes observation of 3C 196.

Finally the XX-YY phase offset, the initial clock offset, and the ampli-
tude gains were transferred to the target data. Since the calibrator, 3C 196,
is ∼ 74◦ away from the target field, it has different ionospheric conditions
and we did not transfer the TEC solutions to the target.

• Initial phase calibration and the subtraction of all sources in the target
field

The target data sets of single subbands were concatenated to blocks of 2-
MHz bandwidth to increase S/N ratio in the calibration steps. The blocks
were phase calibrated against a wide-field sky model which was extracted
from a GMRT 153 MHz image (radius of ∼ 2◦ and at ∼ 25” resolution, Stroe
et al. 2013). Phase solutions for each 2-MHz block were obtained every 8
s, which is fast enough to trace typical ionospheric changes. Note that as
we already had a good model of the target field, to reduce processing time
we did not perform self-calibration of the field as has been done in other
studies that also use the facet calibration scheme (e.g. van Weeren et al.
2016c).

After phase calibration, and to prepare for facet calibration, we sub-
tracted all sources from the field. To do this, we made medium resolution
(∼ 30”) images of the CIZA2242 field for each 2MHz block with WSClean
(Briggs weighting, robust = 0). The size of these images is set to 10◦ × 10◦
so that it covers the main LOFAR beam. The CLEAN components, to-
gether with the direction independent gain solutions in the previous step,
were used to subtract sources from the data. Afterwards, to better subtract
low-surface brightness emission and remove sources further than 10◦ away
from the location of CIZA2242, we followed the same steps as above. But
the data, which were already source subtracted, were imaged at lower res-
olution (2′) over a wide-field area (20◦ × 20◦) that encompassed the second
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sidelobe of the LOFAR beam. The low-resolution sky models were sub-
tracted from the medium-resolution subtracted data using the direction-
independent gain solutions. The target data sets, which we hereafter refer
to as “blank” field datasets, now contain just noise and residuals from the
imperfect source subtraction.

Direction-dependent calibration

In principle, we could directly calibrate the antenna gains and correct for
the ionospheric distortion in the direction of CIZA2242 by calibrating off
a nearby bright source. However, the imperfections in the source subtrac-
tion that used direction-independent calibration solutions result in non-
negligible residuals in the “blank” field images, especially in regions around
bright sources. For this reason, we exploited facet calibration (van Weeren
et al. 2016a) to progressively improve the source subtraction in the “blank”
data sets, and consequentially, gradually reduce the noise in the “blank”
field datasets as the subtraction improves. Below we briefly outline the
direction dependent calibration procedure.

The CIZA2242 field was divided into 15 facets covering an area of ∼ 3◦

in radius. Each facet has its own calibrator consisting of one or more sources
that have a total apparent flux in excess of 0.5 Jy (without primary beam
correction). The number of facets here is close to that used in another
cluster study by Shimwell et al. (2016) (13 facets), but far less than that in
Williams et al. (2016) (33 facets) and van Weeren et al. (2016c) (70 facets).
In this study we used few facets to reduce the computational time and
because we only require high quality images of the cluster region which has
radius of 8′, whereas Williams et al. (2016) targeted a 19 deg2 wide-field
image.

The procedure to calibrate each facet was as follows: Firstly, in the
direction of each facet calibrator we performed a self-calibration loop to
determine a single TEC and phase solution every 8 − 16 s per station per
8MHz bandwidth, and a single gain solution every 4-16 mins per station per
2MHz bandwidth. Secondly, Stokes I images of the entire facet region to
which the direction-dependent calibration solutions were applied were made
using WSClean. These full-bandwidth (56.6 MHz) images typically had a
noise level of ∼ 150 µJy/beam and the CLEAN components derived from
the imaging form a significantly improved frequency dependent sky model
for the region (in comparison to the direction independent sky model).
Thirdly, the facet sky models were subtracted from the individual 2-MHz
bandwidth data sets using the gains and TEC solutions in the direction
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of the facet calibrator that were derived during the self-calibration loop.
This subtraction was significantly improved over the direction independent
subtraction. This procedure was repeated to successfully calibrate and ac-
curately subtract the sources in 11 facets, including the cluster facet, which
was done last. Four of the facets failed as their facet centre is either far
away (2.0◦ − 2.7◦) from the pointing centre or they had low flux calibra-
tors which prevented us from obtaining stable calibration solutions. These
failed facets had very little effect on the quality of the final cluster image as
the subtraction of these facet sources using the low and medium resolution
sky models with the direction-independent calibration solutions was almost
sufficient to remove the artefacts across the cluster region.

2.3.2 GMRT, WSRT radio, Suzaku and Chandra X-ray data

In this paper, we used the GMRT 153, 323, 608 MHz and WSRT 1.2, 1.4,
1.7, 2.3 GHz data sets that were originally published by van Weeren et al.
(2010) and Stroe et al. (2013). For details on the data reduction procedure,
see Stroe et al. (2013). To study the X-ray emission from CIZA2242 we
used observations from the Suzaku and Chandra X-ray satellites. We refer
to Akamatsu et al. (2015) and Ogrean et al. (2014a) for the data reduction
procedure.

2.3.3 Imaging and flux scale of radio intensity images

To make the final total intensity image of CIZA2242, we ran the CLEAN
task in CASA on the full-bandwidth (56.6 MHz) data that was calibrated
in the direction of the target. The imaging was done with multiscale-
multifrequency (MS-MFS) CLEAN, multiple Taylor terms (nterms = 2)
and W-projection options to take into account of the complex structure,
the frequency dependence of the wide-bandwidth data sets and the non-
coplanar effects (e.g. see Cornwell et al. 2005, 2008; Rau & Cornwell 2011).
The multi-scale sizes used were 0, 3, 7, 25, 60, and 150 times the pixel
size, which is approximately a fifth of the synthesised beam; the zero scale
is for modelling point sources. The multi-scale CLEAN in CASA has been
tested and shown to recover low-level diffuse emission properly, significantly
minimise the clean “bowl”, recover flux closer to that of single-dish obser-
vations and leave more uniform residuals than classical single-scale CLEAN
(Rich et al. 2008). Several images were made using Briggs weighting with
different robust parameters to enhance diffuse emission at different scales
(see Table 2.2). During imaging we also applied an inner uv cut of 0.2 kλ
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to filter out the (possible) emission on scales larger than 17′ (∼ 3.2Mpc),
which is approximately the physical size of the cluster. The final image was
corrected for the primary beam attenuation (less than 0.5% at the cluster
outskirts) by dividing out the real average beam model2 that was produced
using AWIMAGER (Tasse et al. 2012).

The amplitude calibration was performed using the primary calibrator
3C 196 (see Subsec. 2.3.1). To check our LOFAR flux scale, we compared
the integrated fluxes of the diffuse emission of the northern relic and two
bright point-like sources (source 1, ∼ 1 Jy, at RA=22:41:33, Dec=+53.11.06;
source 2, ∼ 0.1 Jy, at RA=22:432:37, Dec=+53.09.16) in our LOFAR image
with the values that are predicted from spectral fitting of the GMRT 153,
323, 608 MHz and WSRT 1.2, 1.4, 1.7, 2.3 GHz data (Stroe et al. 2013).
For this comparison, we used identical imaging parameters for the LOFAR,
GMRT and WSRT data sets (see the parameters for the 16” × 18” images
in Table 2.2). The predicted fluxes were found to be S n = 1593 ± 611mJy,
S 1 = 1081 ± 124mJy and S 2 = 119 ± 3mJy for the northern relic, source 1
and 2, respectively. The values that were measured within 3σnoise regions
of our LOFAR image were S n = 1637±37mJy, S 1 = 1036±1mJy and S 2 =
92 ± 1mJy and are in good agreement with the spectral fitting predicted
values. This LOFAR flux for the northern relic was only 3% higher than
the predicted value, and the fluxes for source 1 and 2 were 4% and 22%
lower than the predicted values. Despite of this agreement of the LOFAR,
GMRT and WSRT fluxes, throughout this paper, unless otherwise stated,
we used a flux scale error of 10% for all LOFAR, GMRT, WSRT images
when estimating the spectra of diffuse emission. Similar values have been
widely used in literature (e.g. Shimwell et al. 2016; van Weeren et al. 2016c).

2.3.4 Spectral index maps

Our high-fidelity LOFAR images have allowed us to map the spectral in-
dex distribution with improved resolution. In previous works (van Weeren
et al. 2010; Stroe et al. 2013), CIZA2242 was studied with the GMRT and
WSRT at seven frequencies from 153 MHz to 2.3 GHz. Our LOFAR 145
MHz data was combined with these published data sets to study spectral
characteristics of the cluster. However, these observations were performed
with different interferometers each of which has a different uv-coverage, and
this results in a bias in the detectable emission and the spectra. To minimise
the difference, we (re-)imaged all data sets with the same weighting scheme

2the square root of the AWIMAGER .avgpb map.
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of visibilities and selected only data with a common inner uv-cut of 0.2 kλ.
To make the spectral index maps all images were made using MS-MFS
CLEAN (multiscale = [0, 3, 7, 25, 60, 150] × pixel sizes and nterms = 1 and 2
for GMRT/WSRT and LOFAR images, respectively). Only those pixels
with values ⩾ 3σnoise in each of the individual images were used for the
spectral index calculation. We note that this ⩾ 3σnoise cut-off introduces
a selection bias for steep spectrum sources. For example, the sources that
were observed with LOFAR at ⩾ 3σnoise but were not detected (< 3σnoise)
with the GMRT/WSRT observations were not included in the spectral in-
dex maps. To reveal spectral properties of different spatial scales, we made
spectral index maps at 6.5” , 18”×16” and 35” resolution (see Table 2.2 for
a summary of the imaging parameters).

The 6.5”-resolution spectral index map was made with the LOFAR 145
MHz and GMRT 608 MHz data sets. The imaging used uniform weight-
ing for both data sets. In addition a common uv-range was used (0.2 kλ
to 50 kλ) and a uvtaper of 6.0” was applied to reduce the sidelobes and
help with CLEAN convergence. Here, the 50 kλ is the maximum uv dis-
tance of the GMRT data set. The native images reach resolution of ∼ 6”
(5.5”× 5.3” for the LOFAR 145 MHz, 5.7”× 5.4” for the GMRT 608 MHz),
which were then convolved with a 2D Gaussian kernel to a common reso-
lution of 6.5”, aligned with respect to the LOFAR image, and regrided to a
common pixelisation. To align the images, we fitted compact sources with
2D Gaussian functions to find their locations which were used to estimate
the average displacements between the GMRT/WSRT and LOFAR images.
The GMRT/WSRT images were then shifted along the RA and DEC axes.
The final images were combined to make spectral index maps according to

αpixel =
ln S 1

S 2

ln ν1ν2
, (2.1)

where S 1 and S 2 are the pixel values of the LOFAR and GMRT maps at the
frequency ν1 = 145MHz and ν2 = 608MHz, respectively. We estimated the
spectral index error on each pixel, ∆αpixel, taking into account the image
noise σnoise and the flux scale error of ferr = 10%

∆αpixel =
1

ln ν1ν2

√(
∆S 1

S 1

)2
+

(
∆S 2

S 2

)2
, (2.2)

where ∆S i =

√(
σi

noise
)2

+ ( ferr × S i)
2 are the total errors of S i. The spectral

index error for a region that covers more than one pixel and has constant
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spectral indices is calculated as follows

∆αregion =

√∑Nbeams
1

(
∆αpixels

)2
Nbeams

, (2.3)

where ∆αpixels is an average of all ∆αpixels in the region of area of Nbeams
beam sizes.

The 18” × 16”-resolution map was made with the LOFAR 145 MHz,
GMRT 153, 323, 608 MHz, and the WSRT 1.2, 1.4, 1.7, 2.3 GHz data sets.
The imaging was done with similar settings as used for the 6.5”-resolution
map (uniform weighting, uvmin = 0.2 kλ, uvmax = 50 kλ). Here a uvtaper =
6” is only applied to the LOFAR and GMRT 608 MHz data sets to improve
the CLEAN convergence. All eight images were then smoothed to a common
resolution of 18” × 16”, aligned with respect to the LOFAR image, and
regrided. To obtain the eight-frequency spectral index map, we fitted a
power-law function to each pixel of the eight images using a weighted least-
squares technique. The fitting was done only on pixels that have a signal of
⩾ 3σnoise in least four observations. To take into account the uncertainties
of the individual maps, the pixels are weighted by the inverse-square of
their total pixel errors (1/∆S 2

i ) which includes the individual image noise
σnoise and an error of 10% in the flux scale (Eq. 2.2).

The 35”-resolution map was made in a similar manner to the 18”× 16”-
resolution spectral index map (uvmin = 0.2 kλ, MS-MFS, W-projection).
However, instead of using uniform weighting, Briggs weighting (robust =
0.5) was used to increase S/N ratio of the diffuse emission associated with
CIZA2242. The outer taper used for each image was set to obtain a spatial
resolution of nearly 30”. The images were then convolved with a 2D Gaus-
sian kernel to give images with a common resolution of 35”, aligned with
respect to the LOFAR image, and regrided to have the same pixel size. The
35” spectral index and corresponding error maps between 145 MHz and 2.3
GHz were made following the procedure that was used for the 18” × 16”-
resolution maps, except that the minimum number of detections (⩾ 2σnoise)
was limited to three, rather than four, images.

2.4 Results

In Fig. 2.1, we present our deep, high-resolution (7.3 arcsec×5.3 arcsec) LO-
FAR 145 MHz image of CIZA2242. The RMS noise reaches 140 µJy/beam,
making this image one of the deepest, high-resolution, low-frequency (<
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Figure 2.1: LOFAR total intensity high-resolution (7.3 arcsec×5.3 arcsec, bottom left cor-
ner) map of CIZA2242 and its contours levelled at [−3, 3, 6, 12, 24, 48, 96, 192, 384] ×
σnoise, σnoise = 140 µJy/beam. The negative contours are black dashed lines.

200MHz) radio images of a galaxy cluster. The labelling convention of Stroe
et al. (2013) is adopted and is presented in Fig. 2.2. In Fig. 2.3, we show a
low-resolution (35 arcsec) LOFAR image. The low-resolution contours are
plotted over a Chandra X-ray image (smoothed to 6 arcsec resolution using
a Gaussian kernel, Ogrean et al. 2014a) in Fig. 2.4. In Fig. 2.5, we show
our high-resolution (6.5 arcsec) spectral index map from 145 to 608 MHz.

2.4.1 Northern relic

The northern relic (RN) is nicely mapped out in our LOFAR image (Fig.
2.1). Its morphology shows a familiar arc-like feature with a projected linear
size of 1.9Mpc × 230 kpc (measured at 3σnoise contours). The length of
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Figure 2.2: Source labels are adapted from Stroe et al. 2013. We label the patchy emission
west of RN as R3. The contours are identical to those in Fig. 2.1.

Figure 2.3: LOFAR total intensity low-resolution (35 arcsec, bottom left corner) image of
CIZA2242. The radio contour levels are at [−6, −3, 3, 6, 12, 24, 48, 96, 192, 384] × σnoise
(σnoise = 430 µJy/beam). The negative contours are dashed lines.
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Figure 2.4: LOFAR low-resolution (35 arcsec, bottom left corner) contours of CIZA2242
on top of Chandra X-ray image in the 0.5 − 7.0 keV band (being smoothed to 6 arcsec
resolution, Ogrean et al. 2014a). The radio contour levels are identical to those in Fig.
2.3 The blue dashed elliptical region is approximately the halo emission region. The green
dotted region is over the source I.
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Figure 2.5: A 6.5 arcsec−resolution spectral index map of CIZA2242 from 145 to 608
MHz. The LOFAR contours are identical to those in Fig. 2.1. The corresponding error
map is shown in Fig. 17.

RN increases to 2.1Mpc when measured in the 35 arcsec map (Fig. 2.3).
Its surface brightness has a sharp edge on the northern side and a more
gradual decline on the southern side with additional diffuse emission north
of source B. The integrated flux of RN (including the patchy emission in
the west, source R3 in Fig. 2.2) is measured to be 1548.2 ± 4.6mJy within
the ⩾ 3σnoise region. The flux increases by 4.6% and 8.3% for the ⩾ 2σnoise
and ⩾ 1σnoise regions, respectively. The spectral index map between 145
and 608 MHz (Fig. 2.5) shows a clear steepening from the north towards
the cluster centre, ranging roughly from −0.80 to −1.40. In Fig. 2.6, we
plot the integrated fluxes of RN between 145 MHz and 2.3 GHz which
were calculated within the LOFAR ⩾ 3σnoise region. The spectral index
obtained from a weighted least-squares fitting of a power-law function to
the RN fluxes at eight frequencies is −1.11 ± 0.04, which is consistent with
the previous values of −1.08±0.05 (van Weeren et al. 2010) and −1.06±0.04
(Stroe et al. 2013).

Towards the western side of RN, the main relic connects with source
R3 via a faint bridge (a 3σnoise detection). Towards the eastern side, RN is
attached to source H, which is much brighter than other regions of the relic
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Figure 2.6: Integrated radio spectra of RN, RS, the halo, R1 and R2 from 145 MHz
to 2.3 GHz including the LOFAR data points at the lowest frequency 145 MHz. The
red downwards pointing arrow is the upper limit derived from the GMRT 323 MHz
observations. The substantial scatter around the lines of best fit for the halo, R1 and
R2 (e.g. compared with RN and RS) could be caused by the low signal to noise of
the detections and the difficulty in precisely imaging large faint diffuse sources. Given
the comparatively high surface brightness sensitivity of LOFAR, it is possible that the
spectral indices for these sources is artificially steepened. The weighted best-fit integrated
spectral indices are listed in Table 2.3. The integrated fluxes for the relics and halo are
given in Table 5.
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Figure 2.7: Surface brightness profiles (normalised) along the width of RN (in north-south
direction) for the central (blue dashed) and east (red solid) regions (overlaid image). The
data (⩾ 1σnoise) is averaged within 4 arcsec along the profile.

(the peak brightness is 30mJy/beam, compared with a typical brightness
4.5mJy/beam in RN). The northern emission associated with source H has
the expected morphology for an AGN.

In the post-shock central region of RN, an excess of emission was de-
tected at a significance of up to 6σnoise in front of source B. This emission
has an arc-like shape with a projected linear size of ∼ 135 kpc × 500 kpc
within the 3σnoise contours (Fig. 2.1). Interestingly, this feature was not
detected in the post-shock eastern region of RN, where no tailed AGN are
observed. The excess emission is more visible in the surface brightness pro-
files along the width of RN for the central and eastern regions in Fig. 2.7.
Since the excess emission is located in front of source B and has a shock-like
morphology, we speculate that this excess emission could be a bow shock
generated by an interaction between the tailed AGN (source B) and the
downstream relativistic electrons. We will present further analysis of this
speculation in an upcoming paper.

2.4.2 Southern relic

The southern relic (RS) is detected in our LOFAR map in Fig. 2.1 with a
peak signal to noise of ∼ 20. The distance between the outer edges of RN
and RS is measured to be 2.8Mpc or 3.2Mpc in the 6.5 arcsec or 35 arcsec
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maps, respectively. The width of RS is wider in the central region with a
size of ∼ 270 kpc within the ⩾ 3σnoise region (Fig. 2.1). Within this central
area the region labelled J covers ∼ 200 kpc in radius and has substantially
higher (threefold) surface brightness than the rest of the relic but no obvious
counterpart in the optical data (see Fig. A.1. in Stroe et al. 2013).

The emission in the region of RS includes newly detected faint diffuse
emission in the south-east region (Fig. 2.4 or Fig. 17). The size of RS in pro-
jection covers a maximum linear distance of ∼ 1.4Mpc as measured within
the 3σnoise contours in the 6.5 arcsec map. But its length when measured in
the 35 arcsec map in Fig. 2.4 significantly increases to ∼ 2Mpc or ∼ 3Mpc
when excluding or including the south-east emission. Within this new south-
east region of emission, there are four optical sources which correspond to
peaks in the radio emission as shown in Fig. 17. This faint emission could
be the result of a collection of compact sources or it could be an in-falling
filament at the cluster redshift. Unfortunately, we were unable to constrain
the redshifts for the optical sources with the existing optical data. Addi-
tionally, faint diffuse emission is observed to extend south-westwards from
the central region of RS (Fig. 2.1).

The zoom-in spectral index map of RS (eight frequencies from 145 MHz
to 2.3 GHz) that is shown in Fig. 2.8 shows steepening towards the cluster
centre. The spectral index drops approximately from −0.85 to −1.40 in the
south-east region and from −1.35 to −1.70 in the north-west region. Similar
trends are seen in the 145 − 608MHz spectral index map in Fig. 2.5. The
north-west region of RS (Fig. 2.8) is dominated by diffuse emission in region
J which has a very steep mean spectral index of −2.0. The region of flat
spectrum in the south-east part (Fig. 2.8, left) has an L shape appearance
and a steep spectrum of mean value of −0.93 ± 0.10. The west region of
RS (Fig. 2.8, left) has an arc-like shape with an average spectral index
of −1.30 ± 0.04 (excluding region J). We estimated the integrated spectral
index for RS (within the LOFAR ⩾ 3σnoise region, including region J) to
be −1.41 ± 0.05 (Fig. 2.6), which is steeper than the value of −1.29 ± 0.04
that was reported in Stroe et al. (2013).

2.4.3 Eastern relics

East of the cluster centre, slightly south, from RN (Fig. 2.1) are the relics R1
and R2, which were previously identified in Stroe et al. (2013). R1 consists
of a thin narrow region. It is ∼ 630 kpc long and oriented in the north-south
direction. R1 has a bright region in the middle and patchy emission in the
north-east. In Fig. 2.8 we show the eight-frequency spectral index distribu-
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Figure 2.8: Zoom-in mid-resolution (18 arcsec×16 arcsec) spectral index maps of RS
(left) and the eastern relics (right) from 145 MHz to 2.3 GHz (eight frequen-
cies). The overlaid WSRT 1.4 GHz contours at the same resolution are levelled at
[3, 6, 9, 12, 24, 48, 96, 192, 384, 768] × σnoise(σnoise = 31.2 µJy/beam).

tion (18 arcsec×16 arcsec) of the eastern relics. Based on morphology and
spectral index, we divided R1 into two regions: R1E in the north-east and
R1W in the north-west (see Fig. 2.8). R1W has an arc-like morphology and
shows spectral index steepening from approximately −0.70 to −1.40 towards
the centre. The spectral index of R1E drops from approximately −0.75 to
−1.20 in the same direction.

R2 has a physical size of 670 kpc × 270 kpc with the major axis in the
west-east direction (Fig. 2.8, right). Its spectral index between 145 MHz
and 2.3 GHz remains approximately constant across its structure with a
mean of −0.95 ± 0.08.

The integrated fluxes over the ⩾ 3σnoise region in the LOFAR 18 arcsec×16 arcsec
image after masking out the compact sources were estimated to be 143.5 ±
8.3mJy and 142.5 ± 8.1mJy for R1 and R2, respectively. The integrated
spectral indices between 145MHz and 2.3GHz are −1.18 ± 0.06 for R1 and
−0.91 ± 0.06 for R2.

2.4.4 Radio halo

The halo was discovered by van Weeren et al. (2010) with WSRT observa-
tions at 1.4 GHz. Part of the emission was also seen in the GMRT 153 MHz
image that was presented in Stroe et al. (2013). However, its flux and spec-
tral properties have not been well studied. With our deep LOFAR image,
we are able to characterise the radio halo as the large number of short base-
lines give LOFAR excellent sensitivity to cluster-scale emission. In Fig. 2.3,
we show a low-resolution (35 arcsec) image of CIZA2242. The image shows
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diffuse emission connecting RN and RS with a significance up to 9σnoise
(σnoise = 430 µJy/beam). The emission covers an area of 1.8Mpc × 830 kpc
with its major axis elongated in the north-south direction broadly following
the Chandra X-ray emission that was mapped by Ogrean et al. (2014a).

The 145MHz flux of the radio halo was estimated from the LOFAR data
in an elliptical region that was selected to cover the Chandra X-ray emission
(Fig. 2.4). However, this region also hosts radio galaxies (i.e. source B, C,
D, E, F, G, K) and diffuse emission from source I. We attempted to remove
these contaminating sources from the halo flux estimation in two steps. In
the first step, models of the radio galaxies were subtracted from the uv
data. To obtain the radio galaxy models we created a LOFAR image using
parameters that are similar to those used for the high-resolution (6.5 arcsec)
image, except the inner uv cut was set to 0.4 kλ instead of 0.2 kλ (see Table
2.2 for the imaging parameters). Here the inner uv cut was used to filter
out the large-scale emission from the halo to leave only the radio galaxies.
The CLEAN components of these radio galaxies were subtracted from the
uv data which were then imaged and smoothed to obtain a 35 arcsec image.
The radio halo flux S 1 in the ⩾ 3σnoise elliptical region (blue dashed in
Fig. 2.4), with source I masked, was measured from this 35 arcsec image.
In the second step, the radio halo flux S 2 in the source I region (green
dotted in Fig. 2.4) was estimated by extrapolating the halo flux S 1 using a
scaling factor proportional to ratio of the areas (i.e. AreaS2/AreaS1 = 0.085).
We did not subtract source I from the uv data due to it having large-scale
diffuse emission which is difficult to disentangle from the halo emission.
Finally, the total halo flux (S h = S 1 + S 2) was estimated to be S 145 MHz

h =
346 ± 64mJy. Where we calculated the total error following Cassano et al.
(2013) and took into account the flux scale uncertainty (i.e. 10%), image
noise over the halo area and source subtraction uncertainty (i.e. 5% of
the total flux of the subtracted radio galaxies); additionally, we added an
estimate of the uncertainty associated with the extrapolation of the halo
flux in the source I region (i.e. assuming 10%). The source subtraction
error of 5% was estimated from the ratio of the post source subtraction
residuals to the pre source subtraction flux of a nearby compact source (i.e.
at RA=22:432:37, Dec=+53.09.16). Another uncertainty in the integrated
flux is the area used for the integration. To assess the dependence on this
we estimated the integrated radio flux within regions bounded by ⩾ 2σnoise
and ⩾ 1σnoise within the elliptical region. We found the total halo flux
at 145MHz remained approximately stable (S 145MHz

h = 362 ± 65mJy for
⩾ 2σnoise or S 145MHz

h = 371 ± 66mJy for ⩾ 1σnoise).
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Table 2.3: Integrated spectral indices between 145 MHz and 2.3 GHz.

Source αa
int αb

int
RN −1.11 ± 0.04 −1.06 ± 0.04
RS −1.41 ± 0.05 −1.29 ± 0.04
R1 −1.18 ± 0.06c −0.74 ± 0.07
R2 −0.91 ± 0.06 −0.90 ± 0.06

Halo −1.03 ± 0.09d N/A
Notes: a: a flux scale uncertainty of 10%; b: Stroe et al. 2013; c: compact

source was masked; d: compact source subtraction error of 5% and an
uncertainty of 10% from the extrapolation of the halo emission in the

source I region were added.

Following a similar procedure we estimated the halo flux in the GMRT/WSRT
data sets within the same region used for the LOFAR data. Unfortunately,
due to the depth of the GMRT/WSRT observations, the halo emission was
only partly detected in the GMRT 153, 608 MHz and WSRT 1.2, 1.4, 1.7, 2.3
GHz maps and undetected in the GMRT 323 MHz map. This may induce
systematics in the spectral index estimate that deserve sensitive observa-
tions at higher frequencies in the future. In this paper we attempt our best
following the approaches adopted in previous papers (e.g. van Weeren et al.
2016c; Stroe et al. 2013). First we used a common uv range (i.e. 0.2−50 kλ)
and Briggs weighting (robust=0.5) when making the 35 arcsec images (see
Subsec. 2.3.4). We also added an absolute flux scale uncertainty of 10%
to mitigate the impact on our conclusions due to possible missing flux in
some observations. Due to the large uncertainties that are propagated in
the above procedure (i.e. flux scale, image noise, source subtraction and ex-
trapolation), we only created source subtracted low-resolution (35 arcsec)
images. From these we estimated the inverse-variance weighted integrated
spectrum which is plotted in Fig. 2.6. Using the combination of LOFAR,
GMRT and WSRT data sets, the integrated spectral index from 145MHz
to 2.3GHz of the radio halo was estimated to be −1.03±0.09 and was found
to remain approximately constant for different σnoise cuts on the area of
integration (i.e. 1 − 3σnoise).

2.4.5 Tailed radio galaxies

Our LOFAR maps show that there are at least six tailed radio galaxies
in CIZA2242 (i.e. source B, C, D, E, F, G in Fig. 2.1), a remarkably large
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number for any cluster. We mentioned in Sec. 2.1 that direct acceleration of
thermal electrons by merger shocks is unable to explain the observed spec-
tra and the efficiencies of electron acceleration for a number of relics (e.g.
Akamatsu et al. 2015; Vazza et al. 2015; van Weeren et al. 2016c; Botteon
et al. 2016a). These problems could be solved with shock re-acceleration
of fossil relativistic electrons. Tailed radio galaxies (e.g. Miley et al. 1972)
are obvious reservoirs of such electrons, after activity in their nuclei has
ceased or become weak. Indeed, some radio tails, such as 3C 129 (e.g. Lane
et al. 2002) have Mpc-scale lengths and morphologies that bear striking
resemblance to those of relics. Recent studies show evidence for particle
re-acceleration of fossil electrons from radio galaxies in the radio relics of
PLCKG287.0+32.9 (Bonafede et al. 2014) and Abell 3411-3412 (van Weeren
et al. 2017). In the case of CIZA2242 there are bright radio galaxies located
at the eastern extremity of RN (i.e. source H) and at the brightest central
region of RS (i.e. source J). Whilst it remains unclear whether these radio
galaxies are related to RN a scenario where fossil plasma could contribute
to the emission in RN was previously discussed in Shimwell et al. (2015).

The combined systematic study of relics and tailed radio galaxies with
radio sky surveys (e.g. Norris et al. 2017; Röttgering et al. 2011; Shimwell
et al. 2017) may shed light on the role of tailed radio galaxies in the for-
mation of radio relics, in particular in the case that radio relics originate
from re-acceleration of fossil relativistic electrons and rather than from the
acceleration of thermal plasma.

2.5 Discussion

CIZA2242 is one of the best studied merging clusters. In the radio band
Stroe et al. (2013) carried out a detailed study of the cluster sources with
GMRT/WSRT at frequencies ranging from 153 MHz to 2.3 GHz. Our LO-
FAR observations have produced higher-sensitivity, deeper images than the
existing images at equivalent frequencies. In this section, we only discuss
the new results obtained using the LOFAR images. We discuss below the
discrepancy in the Mach numbers of RN and RS that were derived from
X-ray and radio data, the characteristics of the post shock emission in RN,
the eastern relic R1, and the radio halo.
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2.5.1 Radio spectrum derived Mach numbers

The underlying particle-acceleration physics of shock waves closely relates
to the shock Mach number and the observed spectra (e.g. Blandford &
Eichler 1987; Donnert et al. 2016; Kang & Ryu 2016):

M =

√
2αinj − 3
2αinj + 1

, (2.4)

where the injection spectral index αinj is related to the power-law energy
distribution of relativistic electrons (dN(p)/dp ∝ p−δinj , where dN(p) is the
electron number within momentum range p and p + dp) via the relation
αinj = −(δinj − 1)/2. For a simple planar shock model (Ginzburg & Sy-
rovatskii 1969) the injection index αinj is flatter than the volume-integrated
spectral index αint,

αinj = αint + 0.5. (2.5)

However, recent DSA test-particle simulations by Kang (2015a,b) indicate
that this approximation (Eq. 2.5) breaks down for spherically expanding
shock waves, due to shock compression and the injection electron flux grad-
ually decreasing as the shock speed reduces in time. In the following Sub-
sec. 2.5.1 and 2.5.1 we will estimate Mach numbers for the northern and
southern shocks using the injection spectral indices that are measured from
integrated spectra and resolved spectral index maps.

Mach numbers from integrated spectra

Using LOFAR data, together with existing radio data (van Weeren et al.
2010; Stroe et al. 2013), we measured volume-integrated spectral indices of
αn

int = −1.11 ± 0.04 for RN and of αs
int = −1.41 ± 0.05 for RS. From that we

derived injection indices of αn
inj = −0.61 ± 0.04 and αs

inj = −0.91 ± 0.05 (Eq.
2.5) and Mach numbers of Mn = 4.4+1.1

−0.6 and Ms = 2.4 ± 0.1. For Mn our
result is consistent with the findings of Stroe et al. (2013) (4.58±1.09, using
colour-colour plots) and van Weeren et al. (2010) (4.6+1.3

−0.9 , using a 0.68 −
2.3GHz spectral index map). However,Ms is significantly smaller than that
estimated in Stroe et al. (2013) (2.80 ± 0.19). Furthermore, there remains
a discrepancy between the Mach numbers obtained from the integrated
spectral index and those derived from X-ray data or spectral age modelling
of radio data (Stroe et al. 2014; Akamatsu et al. 2015) (see Table 2.4).
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Mach numbers from spectral index maps

An alternative way to obtain the injection index is to measure it directly
from the shock front region in high resolution spectral index maps. Unfortu-
nately , the precise thickness of the region in which the relativistic electrons
are (re-)accelerated by the shock is unknown. However, given that the bulk
velocity is approximately 905 km/s in the downstream region (Stroe et al.
2014), the travel time for the electrons to cross a distance equivalent to the
beam size of 6.5 arcsec (22.5Myrs) is 4 − 10 times shorter than their esti-
mated lifetime of 90 − 220Myrs (assuming the relativistic electrons are in
the magnetic field ∼ µG and observed at the frequencies 150−610MHz, see
e.g. Donnert et al. 2016). Therefore, the shock (re-)accelerated relativistic
electrons are not likely to lose a significant amount of their energy along
the distance corresponding to the synthesized beam size; and the injection
spectral index can be approximated from measurements at the shock front.

From the 6.5 arcsec-resolution spectral index map in Fig. 2.5, we found
αn

inj = −0.81± 0.11 within the shock front regions in Fig. 2.9. This injection
index corresponds to Mn = 2.7+0.6

−0.3 , which is consistent with the X-ray and
spectral age modelling derived Mach numbers (e.g. 2.90+0.10

−0.13 in Stroe et al.
2014 and 2.7+0.7

−0.4 in Akamatsu et al. 2015). A low Mach number like this may
also be expected from structure formation simulations which typically have
2 ≲M ≲ 4 for internal shocks (Ryu et al. 2003; Pfrommer et al. 2006; Vazza
et al. 2009). For RS, since the shock front location is detected furtherest
from the cluster centre in the 35 arcsec-resolution image (Fig. 2.12), we
estimated the injection index from the lower-resolution map (see Fig. 2.9).
We obtained an average value of the injection index of αs

inj = −1.23 ± 0.22
for RS. This is equivalent to a shock with Mach number of Ms = 1.9+0.3

−0.2 .
Similarly to RN, the Mach number for RS that is measured directly at the
shock front location in our resolved spectral index maps is in agreement
with those measured with X-ray data whereas the Mach number derived
from the integrated spectral index is ∼ 2σ higher. (e.g. MX

s = 1.7+0.4
−0.3 in

Akamatsu et al. 2015, see table 2.4). It is noticed in Fig. 2.9 that the
spectral indices along the shock front of RS have large variations from a
minimum of −1.53 ± 0.08 (at 1.04Mpc) to a maximum of −0.91 ± 0.11 (at
345 kpc), whereas the spectral indices at the shock front in RN remain
approximately constant. Additionally, the spectral indices in the eastern
side of RS (mean value of ᾱ = −1.04 ± 0.12) are flatter than those in the
western side (ᾱ = −1.43 ± 0.08). This could imply that the southern shock
propagated with different Mach numbers in different areas and that the
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Figure 2.9: Spectral index profiles (right) for the flat spectrum regions of RN (top left) and
RS (bottom left). The RN and RS profiles were extracted from the 145-608 MHz spectral
index map (Fig. 2.5) and the 145 MHz - 2.3 GHz spectral index maps (Fig. 2.12, eight
frequencies). The weighted means for RN (ᾱn

inj = −0.81±0.11) and RS (ᾱs
inj = −1.23±0.22)

are plotted as horizontal lines (solid blue for RN and dashed red for RS). The errors of
the weighted means are shown by the filled regions of the same colour.

shock travelled with a higher Mach number in the east. Another possibility
is that due to the complex morphology of RS the regions, where the spectral
indices were extracted, can host electron populations of different spectra
along the line of sight.

Measurement uncertainty

The estimation of the injection indices from the volume-integrated and
spatially-resolved spectra both have pros and cons. Firstly, while the ac-
curacy of the former method does not depend on the spatial resolution of
the observations nor the orientation of the merger axis, it may be affected
by other sources, since the radio-integrated fluxes are calculated within the
large volume. This argument was invoked to explain Mach number dis-
crepancies in several other cases (e.g. Ogrean et al. 2014b; Trasatti et al.
2015; Itahana et al. 2015). It is also very likely a contributing factor in
the measurements of RS where contaminating radio sources are present.
Similarly, for RN the integrated fluxes might be also contaminated in this
case by additional compression in the post-shock region that we discussed
in Subsec. 2.4.1. To quantify this possible contamination, we estimated
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the integrated spectrum of RN masking out the affected compression re-
gion (Subsec. 2.4.1). We obtained αn

int = −1.08 ± 0.04 and Mn = 5.1+2.0
−0.9

which is a higher Mach number than we obtained prior to removing the
potentially contaminated region. Therefore, this potential contamination
cannot explain the Mach number discrepancy. Secondly, as mentioned ear-
lier, the αinj−αint relation (Eq. 2.5) does not hold for spherically expanding
shock waves such as RN and RS (Kang 2015a,b). Therefore, the volume-
integrated spectra will not necessarily characterise the large-scale spherical
shocks. This reason was used to explain the discrepancy of the radio and
X-ray derived Mach numbers in the Toothbrush cluster (van Weeren et al.
2016c). Thirdly, the discrepancy might also come from micro-physics of the
dynamics of relativistic particles, including diffusion across magnetic fila-
ments, re-acceleration due to the interaction of CRs with magnetic field per-
turbations, adiabatic expansion and changes of the magnetic field strength
in the downstream region (e.g. Donnert et al. 2016).

The injection indices that are directly estimated from spatially resolved
spectral index maps might be less susceptible to contamination from embed-
ded sources. However, for such measurements to be accurate it requires (i)
the merger axis to be on/close to the plane of the sky to avoid the mixture of
electron populations of different velocities along the line of sight, (ii) highly-
resolved spectral index maps to minimise the convolution effect caused by
the synthesised beam as this would artificially bias the injection indices,
and (iii) precise alignment among the radio maps. In the case of CIZA2242,
hydrodynamical binary-merger simulations by van Weeren et al. (2011a)
suggested that the merger axis is likely to be close to the plane of the sky
(less than 10◦), and this was supported by Kang et al. (2012) who performed
DSA simulations. Moreover, the surface brightness along the width of the
eastern side of RN (Fig. 2.7, red curve) drops to 10% of the peak value at a
distance of ∼ 130 kpc from the peak which is consistent with the simulated
profiles with a small viewing angle in van Weeren et al. (2011a). This implies
that RN satisfies (i). However, due to the complex morphology of RS, the
southern shock might be observed at a larger angle than the northern shock.
To assess the impact of (ii), we calculated the injection indices at various
spatial resolutions for RN. We made spectral index maps between 145 and
608MHz at resolutions 6.5 arcsec, 15 arcsec, 30 arcsec and 45 arcsec. The in-
jection indices were measured at the shock-front and the sizes of the square
regions used to extract the injection index are approximately equal to the
beam size of the maps (see Fig. 2.9). We found that although the apparent
injection locations are slightly shifted to the North for the lower-resolution
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Table 2.4: Spectral indices and Mach numbers for the shock waves.

Source RN RS R1
αinj −0.81 ± 0.11 −1.23 ± 0.22 −0.91 ± 0.14
αint −1.11 ± 0.04 −1.41 ± 0.05 −1.18 ± 0.06
Minj 2.7+0.6

−0.3 1.9+0.3
−0.2 2.4+0.5

−0.3
Me

int 4.4+1.1
−0.6 2.4+0.1

−0.1 3.5+0.7
−0.4

MX 2.7+0.7
−0.4

a 1.7+0.4
−0.3

a 2.5+0.6
−0.2

Mref 4.6+1.3
−0.9

b, 4.58+1.09
−1.09

c, 2.90+0.10
−0.13

d 2.80+0.19
−0.19

c N/A
Notes: a: Akamatsu et al. (2015), b: van Weeren et al. (2010), c: Stroe

et al. (2013), d: Stroe et al. (2014), e: using Eq. 2.4 and 2.5.

maps, the values of the injection indices are weakly affected by the spatial
resolution (see Fig. 2.10). Assuming a linear relation between αinj and res-
olution θ, we found αn

inj = (−0.81 ± 0.10) + (−0.63 ± 2.78) × 10−3θ[arcsec],
which is consistent with the value of αn

inj = −0.81 ± 0.11 that we found in
the 6.5 arcsec-resolution map (Fig. 2.9). To account for (iii), we aligned the
radio images when making spectral index maps using the procedure de-
scribed in Subsec. 2.3.4. The GMRT 608MHz image was shifted a distance
of 0.20 arcsec and 0.01 arcsec in RA and Dec axes, respectively. We found
a small increase of 1% in the Mach number when aligning the images.

A potential further complication is that X-ray derived Mach numbers
also suffer from several systematic errors. As discussed in Akamatsu et al.
(2017) (see Sect.4.3 of their paper), there are three main systematics, which
prevents proper Mach number estimation from X-ray observations: (i) the
projection effect, (ii) inhomogeneities in the ICM, and (iii) ion-electron
non-equilibrium situation after the shock heating. In case of CIZA2242, the
first point was already discussed above. Related to point (ii), van Weeren
et al. (2011a) revealed that it is less likely to be a large clumping factor
because of the smooth shape of the relic. The third point would lead to the
underestimation of the Mach numbers from X-ray observations. However, it
is difficult to investigate this systematic without better spectra than those
from the current X-ray spectrometer. The upcoming Athena satellite can
shed new light on this point.

2.5.2 Particle acceleration efficiency

The northern relic is known as one of the most luminous radio relics so far.
But the low Mach number of Mn = 2.7+0.6

−0.3 for RN (Subsec. 2.5.1) leads us
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Figure 2.10: Injection spectral indices between 145 and 608 MHz of RN as measured
at various spatial resolutions (αinj = −0.81 ± 0.63 × 10−3θ[arcsec]). The regions where the
indices were extracted are similar to those in Fig. 2.9.

to a question of acceleration efficiency that is required to explain such a
luminous relic via shock acceleration of thermal electrons. The acceleration
efficiency was defined as the fraction of the kinetic energy flux available at
the shock that is converted into the supra-thermal and relativistic electrons
(van Weeren et al. 2016c),

ηe =
ϵe,downvdown

∆FKE
, (2.6)

where ϵe,down and vdown are the energy density and the velocity of the down-
stream accelerated electrons, respectively; ∆FKE = 0.5ρupv3s,up

(
1 − 1

C2

)
is

the kinetic energy available at the shock; here ρup and vs,up are the up-
stream density and the shock speed, respectively; C = M2(γ+1)/[2+(γ−1)M2],
here γ is the adiabatic index of the gas and M is the shock Mach number.
Following formula in Botteon et al. (2016b)3, in Fig. 2.11 we report the
efficiency of particle acceleration by the northern shock as a function of the
magnetic field for the Mach number of Mn = 2.7+0.6

−0.3 (αinj = −0.81 ± 0.11).
We plotted the 1σ curves where Mn = 2.4 (αinj = −0.92, upper dashed)
and Mn = 3.3 (αinj = −0.70, lower dashed), corresponding to the 1σ lower
and upper boundaries, respectively. The magnetic field range (≲ 20 µG) was

3note that the left-hand side of Eq. 5 in Botteon et al. (2016b) should be 1/Ψ.
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Figure 2.11: Particle acceleration efficiency as a function of magnetic field for the northern
relic. The solid curve is estimated for the Mach number of Mn = 2.7 (αinj = −0.81). The
dashed curves are the 1σ uncertainties; the upper and lower dashed curves are for the
Mn = 2.4 (αinj = −0.92) and Mn = 3.3 (αinj = −0.70) limits, respectively.

selected to cover the values, 5 − 7 µG, in van Weeren et al. (2010). The rel-
atively high efficiency of electron acceleration that should be postulated to
explain the relic challenges the case of a shock with Mn < 2.7. In this case
a population of pre-existing relativistic electrons in the upstream region of
the shock should be assumed. However, in the DSA framework, it is still
possible to accelerate electrons to relativistic energies directly from thermal
pools in the case of Mn > 2.7. Future works will provide more constraints
on this point.

2.5.3 The radio halo

The spatial spectral variations

In Fig. 2.3 we show our LOFAR detection of the large-scale diffuse emission
that connects RN and RS. This was previously reported in the WSRT 1.4
GHz observations and was interpreted as a radio halo by van Weeren et al.
(2010). However, its physical characteristics, such as its flux and spectral
index, have not been studied. With our deep LOFAR image (Fig. 2.3), we
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Halo: ᾱ=-1.01±0.10

Figure 2.12: Left: A 35 arcsec-resolution spectral index map between 145 MHz and 2.3
GHz (eight frequencies) including the regions where spectral indices were extracted. The
square regions have a width of is 36 arcsec (115 kpc). In the analysis of the spectral index
variations, we did not take into account an absolute flux scale uncertainty of 10% as
done for the 6.5 arcsec and 18 arcsec×16 arcsec maps in Fig. 2.5 and 2.8, respectively.
Middle: Spectral index profile for the square (magenta, gray, green, cyan) regions in the
left image. Right: The spectral indices in the square yellow regions over the selected
radio halo area where the contamination from radio galaxies is minimised. The inverse-
invariance weighted mean of the spectral indices for the halo regions (yellow squares ) is
−1.01 ± 0.10.

estimated the halo size within the 3σnoise region to be 1.8Mpc × 830 kpc
and the integrated flux to be S h = 346 ± 64mJy (see Subsec. 2.4.4). The
halo size in the north-south direction was measured between the northern
and southern relic inner edges. The halo maintains its surface brightness,
even in the regions that are least contaminated by the tailed AGNs, such
as the regions east of source D or west of source E. The presence of the halo
with elongated morphology connecting the north and south relics suggests
a connection between the shock waves that are responsible for RN and RS.
A comparable example of the morphological connection between radio relic
and halo was observed in RX J0603.3+4214 where a giant radio relic at the
northern edge of the cluster is connected to an elongated uniform brightness
radio halo in the cluster centre (van Weeren et al. 2016c).

We examined a spectral index profile (see Fig. 2.12, middle) across the
north and south relics and the radio halo. We found that the spectral index
steepens from −0.79±0.09 at the northern shock front location to −1.51±0.08
in the post-shock region (230 kpc). It then flattens over a distance of 115 kpc
and remains approximately constant with a mean of −1.03 ± 0.12 over a
distance of 2.5Mpc. This mean spectral index of the halo is −1.01 ± 0.10
when measured in a ∼ 1 Mpc2 region (i.e. yellow squares in Fig. 2.12, left)
and is consistent with the integrated spectral index of −1.03±0.09 that was
estimated in Subsec. 2.4.4. Similarly, the spectral index profile across RS
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in the south-north direction (i.e. right-left direction in Fig. 2.12, middle)
steepens from −0.86 ± 0.08 at the southern shock front to −1.32 ± 0.05 over
a distance of 575 kpc from the southern shock front (cyan diamonds at
∼ 2.7Mpc in Fig. 2.12, middle). After this steepening, the spectral indices
flatten to −0.83 ± 0.05 over a distance of 460 kpc (i.e. 2.2 − 2.7Mpc in Fig.
2.12, middle). However, it is possible that the spectral indices across RS and
in the southern halo region are strongly effected by contaminating sources
(i.e. K, J). Moreover, the spectral index variations in this area are at similar
levels to those seen across the halo and therefore cannot be associated with
the southern shock with certainty.

The spectral re-flattening of the emission downstream from the north-
ern relic and into the northern part of the halo suggests particles have
undergone re-acceleration. It is currently thought that giant radio halos
trace turbulent regions in which particles are re-accelerated (see Brunetti &
Jones 2014 for review). The fact that in several cases X-ray shocks coincide
with edges of radio halos is suggestive of the possibility that these shocks
can be sources of turbulence downstream (e.g. Markevitch 2010; Shimwell
et al. 2014). More specifically shocks may inject compressive turbulence
in the ICM and compressive turbulence is in fact used to model turbulent
re-acceleration of electrons in radio halos in several papers (e.g. Brunetti &
Lazarian 2007). In the case of CIZA2242 the electrons might be accelerated
(or re-accelerated) at the northern shock front and lose energy downstream
via radiative losses. However on longer times the shock-generated turbu-
lence might decay to smaller scales and re-accelerate electrons inducing a
flattening of the synchrotron spectrum. A similar scenario was invoked to
explain the spatial behaviour of the spectral index in the post-shock region
of RX J0603.3+4214 and the hole in the radio halo of Abell 2034 (van
Weeren et al. 2016c and Shimwell et al. 2016). In RX J0603.3+4214, van
Weeren et al. (2016c) also observed spectral steepening in the post-shock
region from −0.8 at the shock front edge to −2 at the boundary of the
relic and halo, which was followed by an approximately constant spectral
index of −1.06±0.06 across the Mpc-scale halo region. This suggests that in
these, and potentially other clusters, we may be observing similar particle
(re-)acceleration and ageing scenario.

The spectral indices over the large region of the radio halo, where the
contaminating sources (i.e. B, C, D, E, F, G, K, I) are masked, are plotted
in Fig. 2.12 (right). Following Cassano et al. (2013), we estimated the raw
scatter (see Eq. 5 in Cassano et al. 2013) from the inverse-variance weighted
mean to be 0.10. From the weighted mean of the spectral index errors of
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0.10 unit that propagates from the image noise, the intrinsic scatter of√
0.102 − 0.092 = 0.04 was obtained. The intrinsic scatter is smaller than the

typical spectral index errors of ∆α ≈ 0.13 in the halo region (yellow squares
in Fig. 2.12, left); hence, the measurements of the spectral indices in the
halo region are close to the detection limit of our data. More precise spectral
index measurements would therefore be required to study the physics of
turbulence in the halo.

A comparison with radio-thermal correlations

Galaxy clusters statistically branch into two populations (Brunetti et al.
2007, 2009; Rossetti et al. 2011; Cassano et al. 2013; Cuciti et al. 2015;
Yuan et al. 2015): dynamically disturbed systems host radio halos whose
luminosity correlates with the X-ray luminosity and mass of the hosting
systems, whereas in general relaxed systems do not host Mpc-scale halos at
the sensitivity level of available observations. To examine whether or not the
radio halo of CIZA2242 follows the relationship between radio luminosity
and X-ray luminosity and mass of the hosting cluster, in Fig. 2.13 we plot
the radio power P1.4GHz versus the X-ray luminosity L500 in the 0.1−2.4 keV
energy band for a number of clusters that are given in Cassano et al. (2013);
L500 is the luminosity within the radius R500 where the ICM matter density
is 500 times the critical density of the Universe at redshift z. The radio
power at 1.4 GHz for the CIZA2242 halo was estimated by extrapolating
our measurements to be P1.4GHz = (3.5 ± 1.0) × 1024 W Hz−1 at the cluster
redshift z = 0.192 using the LOFAR 145 MHz integrated flux of 346 ±
64mJy and the integrated spectral index of −1.03±0.09. Using the Chandra
data (Ogrean et al. 2014a), we measured the X-ray luminosity of L500 =
(7.7± 0.1)× 1044 erg s−1 for the 0.1− 2.4 keV energy band within a radius of
R500 = 1.2Mpc at z = 0.192. Fig. 2.13 shows that the CIZA2242 data point
closely follows the P1.4GHz − L500 correlation (i.e. P1.4GHz[10

24 W Hz−1] =
10−1.52±0.20L500

2.11±0.20[1044 erg s−1]; BCES bisector best fit in Cassano et al.
2013).

Despite RN being amongst the most prominent radio relics known, the
radio halo of CIZA2242 seems typical, with moderate radio power and X-
ray luminosity in comparison with other radio halos (Fig. 2.13). Magneto-
hydrodynamic simulations of re-acceleration of relativistic electrons via
post-shock generated turbulence by Donnert et al. (2013) predict that the
integrated spectrum of the halos is flatter in their early phase (≲ 1Gyr) and
becomes steeper after ∼ 1.2Gyrs of core passage. With our current data, the
radio halo of CIZA2242 has a relatively flat spectral index of −1.03 ± 0.09
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Figure 2.13: The scaling relation of the radio power P1.4GHz and X-ray luminosity L500 for
radio halos including CIZA2242 (red diamond). The list of the halos and the BCES bisec-
tor best fit P1.4GHz[10

24 W Hz−1] = 10−1.52±0.21×L2.11±0.20
500 [1044 erg s−1] (without CIZA2242)

were given in Cassano et al. (2013). The shadowed area is the 95% confidence regions of
the best-fit relation.

and is among the flatter spectrum halos known (e.g. Feretti et al. 2012),
implying that it has recently formed (e.g. also see our discussion in Subsec.
2.5.3). The early phase of the halo is further supported by binary cluster
merger simulations by van Weeren et al. (2011a) which suggested that the
cluster is 1Gyr after core passage.

2.5.4 A newly detected eastern shock wave?

The steepening features in the spectral index of R1, reported in Subsec.
2.4.3, are likely due to the energy loses of relativistic electrons (e.g. syn-
chrotron, IC emission). Additionally, the intensity maps (Fig. 2.1, 2.8 and
2.14, left) show emission with a sharp edge on the eastern side and a more
gradual decline towards the western edge. These features are among the
typical properties of radio emission associated with a shock wave. We spec-
ulate that R1E and R1W trace a complex shock wave that is propagating
away from the cluster centre and that this shock (re-)energises two clouds of
relic or aged electrons. In this scenario, the spectral steepening is more vis-
ible for R1E which implies that the shock wave is more on the plane of the
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Figure 2.14: Left: Suzaku X-ray image for the north-east region of CIZA2242 overlaid with
the WSRT 1.4 GHz contours (the first contour is 3σnoise, σnoise = 30 µJy/beam, beam
size of 14 arcsec×11 arcsec, and the next ones are spaced by 2.) The green rectangles
are the pre- and post-shock regions of R1 within which the X-ray temperatures were
extracted. Right: X-ray temperature for the corresponding regions in the left image.

sky in this region.. A 12 arcsec resolution map in Fig. 2.15 shows a bridge
of low surface brightness (a 3σnoise detection) that connects R1, R2, I, and
RN. This suggests the origin of the eastern shock may be closely related to
the cluster major merger. On our 18 arcsec×16 arcsec resolution map (Fig.
2.8, right) we measured the injection indices of −0.89 ± 0.08 for R1E and
−0.92 ± 0.12 for R1W, the average of these injection indices is −0.91 ± 0.14
which is equivalent to a Mach number of 2.4+0.5

−0.3 . Our estimation of the
integrated spectral index of R1, within the LOFAR > 3σnoise region, mask-
ing out the compact source in the central of R1W, is −1.18 ± 0.06. This is
equivalent to a shock Mach number of 3.5+0.7

−0.4 . Similarly to RN and RS, this
Mach number is higher than the value that was calculated from the high
resolution spectral index map.

To search for imprints of a shock in the X-ray data, we re-analysed the
Suzaku data (Akamatsu et al. 2015) in the pre- and post-shock regions of
R1 (see Fig. 2.14). We found an average temperature jump from kTpre =
3.5+0.8
−0.5 keV to kTpost = 9.6+1.5

−1.1 keV from the pre- to post-shock region. This
temperature jump of 6.1 keV across the eastern relic is 2.4 times higher
than a temperature decrease of ∼ 2.5 keV over the eastern, slightly south
region (i.e. centred at RA=22:43:24, DEC=+52.57.00) that is at a similar
radial distance as the eastern relic but is devoid of radio emission (see Fig.
6 and 7 in Akamatsu et al. 2015). Therefore, the high temperature jump
(6.1 keV) is likely associated with the eastern relic. This X-ray temperature
jump corresponds to a Mach number of 2.5+0.6

−0.2 , which is consistent with our
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Figure 2.15: A zoom-in northern region of the LOFAR intensity image at 12 arcsec res-
olution. The first contour is at 3σnoise (σnoise = 210 µJy/beam); the next ones is spaced
by 2.

radio derived Mach numbers. The X-ray detection of a shock wave could be
confirmed by measuring the discontinuity of the X-ray surface brightness
profile. However, the existing Chandra and XMM-Newton data (Ogrean
et al. 2013a, 2014a; Akamatsu et al. 2015) do not have sufficient spatial
coverage to detect the surface brightness discontinuity at the location of
the eastern relic; and the Suzaku data has a limited spatial resolution of
2′ which is insufficient for the surface brightness analysis. Our collection
of radio and X-ray measurements provides compelling evidence that R1 is
tracing another shock front in CIZA2242 that is propagating eastwards.

2.6 Conclusions

We have presented deep, high-fidelity LOFAR 145MHz images of CIZA2242,
which have a resolution of ∼ 5 arcsec and a sensitivity of 140 µJy/beam. The
LOFAR data, in combination with the existing GMRT, WSRT, Suzaku and
Chandra data were used to create spectral index maps of CIZA2242 at reso-
lutions of 6.5 arcsec, 18 arcsec×16 arcsec and 35 arcsec. Below we summarise
our main results.

• To investigate the long-standing discrepancy between X-ray and radio
derived Mach numbers, we have measured injection spectral indices
of −0.81 ± 0.11 and −1.23 ± 0.22 for the northern and southern relics,
respectively. These correspond to Mach numbers ofMn = 2.7+0.6

−0.3 and
Ms = 1.9+0.3

−0.2 , and are in agreement with the Mach numbers derived
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from X-ray data (e.g. Mn = 2.7+0.7
−0.4 and Ms = 1.7+0.4

−0.3 in Akamatsu
et al. 2015) and spectral age modelling study of the radio emission
(e.g. Mn = 2.9+0.10

−0.13 in Stroe et al. 2014).

• We have confirmed the existence of a radio halo and constrained
its integrated flux (346 ± 64mJy) and its integrated spectral index
(−1.03 ± 0.09, between 145 MHz and 2.3 GHz). We measured the ra-
dio halo power P1.4GHz = (3.5 ± 1.0) × 1024 W Hz−1 and the X-ray
luminosity L500 = (7.7 ± 0.1) × 1044erg s−1, which is close to the value
expected from the P1.4GHz-L500 correlation. We have discussed a possi-
ble connection between the northern and southern relics and the halo,
and have speculated that the formation of the halo may be driven by
turbulence generated by the passing shock waves.

• In the radio source R1, in the north eastern region of the cluster, we
found spectral steepening towards the cluster centre. A temperature
jump from 3.5+0.8

−0.5 keV to 9.6+1.5
−1.1 keV was also detected at the location

of the eastern relic R1 by re-analysing the existing Suzaku X-ray
data. We suggest that R1 is an eastern relic that traces a shock wave
that is propagating eastwards and (re-)energises the ICM electrons.
We estimated an injection spectral index of −0.91 ± 0.14 and a Mach
number of Me = 2.4+0.5

−0.3 , which is consistent with our re-analysis of
the Suzaku data from which we derived MX

e = 2.5+0.6
−0.2 .
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Appendices

A Integrated fluxes for the radio relics and halo

Table 5 shows the integrated fluxes for the radio relics and halo in CIZA2242
that are plotted in Fig. 2.6. Note that the integrated fluxes for RN were
reported in Stroe et al. (2015b); here we present the integrated fluxes from
the images that were made with different CLEANing parameters (see Table
2.2).

B Spectral index error maps

In Fig. 16, we show the error maps for the corresponding spectral index
maps in Fig. 2.5, 2.8 and 2.12. The error estimation takes into account the
individual image noise and a flux scale error of 10%, which is formulated in
Eq. 2.2.

C Eastern region of RS

A zoom-in optical image of the eastern region of RS is presented in Fig. 17.
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Table 5: Integrated fluxes for the radio relics and halo in CIZA2242 in Fig. 2.6. The
integrated fluxes for the relics were measured from the 18 arcsec×16 arcsec images, and
the halo fluxes were estimated from the 35 arcsec images (see Table 2.2 for imaging
parameters). The flux measurement errors for the relics were added absolute flux scale
uncertainties of 10% of the integrated fluxes. The flux error estimation for the radio halo
was described in Subsec. 2.4.4.

Freq. RN RS Halo R1 R2
(MHz) (mJy) (mJy) (mJy) (mJy) (mJy)
145 1637 ± 168 777 ± 82 346 ± 64 144 ± 17 143 ± 16
153 1488 ± 171 711 ± 93 288 ± 64 76 ± 20 122 ± 24
323 646 ± 71 193 ± 25 –a 38 ± 7 20 ± 5
608 337 ± 35 83 ± 9 59 ± 20 16 ± 2 29 ± 3
1221 148 ± 16 30 ± 4 28 ± 10 13 ± 2 16 ± 2
1382 140 ± 14 34 ± 4 43 ± 10 10 ± 1 15 ± 2
1714 106 ± 11 22 ± 3 27 ± 8 6 ± 1 8 ± 1
2272 72 ± 8 17 ± 2 19 ± 6 4 ± 1 8 ± 1

Notes: a: a flux of 135 mJy was measured in the LOFAR ⩾ 3σnoise region
of the GMRT 323 MHz 35 arcsec map. However, most of the flux comes
from the residuals of the subtracted compact sources. We excluded the
halo flux at the 323 MHz in the integrated spectral index estimation.
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Figure 16: From left to right, top to bottom: The corresponding spectral index error maps
for Fig. 2.5, 2.8 (left-right), and 2.12.

Figure 17: Optical image (Subaru g and i bands and CFHTr band, Stroe et al. 2015a; Jee
et al. 2015) in the eastern side of RS. Four optical counterparts (red arrows) are detected
at the locations of the radio emission peaks. The 35 arcsec-resolution radio emission
contours are levelled at [3, 4, 5, 6, 12, 24] × σnoise.
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3| Radio observations of the
double-relic galaxy cluster Abell
1240

Abstract

We present LOFAR 120−168 MHz images of the merging galaxy cluster Abell 1240
that hosts double radio relics. In combination with the GMRT 595− 629 MHz and
VLA 2 − 4 GHz data, we characterised the spectral and polarimetric properties
of the radio emission. The spectral indices for the relics steepen from their outer
edges towards the cluster centre and the electric field vectors are approximately
perpendicular to the major axes of the relics. The results are consistent with the
picture that these relics trace large-scale shocks propagating outwards during the
merger. Assuming diffusive shock acceleration (DSA), we obtain shock Mach num-
bers of M = 2.4 and 2.3 for the northern and southern shocks, respectively. For
M ≲ 3 shocks, a pre-existing population of mildly relativistic electrons is required
to explain the brightness of the relics due to the high (> 10 per cent) particle
acceleration efficiency required. However, for M ≳ 4 shocks the required efficiency
is ≳ 1% and ≳ 0.5%, respectively, which is low enough for shock acceleration di-
rectly from the thermal pool. We used the fractional polarization to constrain the
viewing angle to ⩾ 53 ± 3◦ and ⩾ 39 ± 5◦ for the northern and southern shocks, re-
spectively. We found no evidence for diffuse emission in the cluster central region.
If the halo spans the entire region between the relics (∼ 1.8Mpc) our upper limit
on the power is P1.4 GHz = (1.4 ± 0.6) × 1023 W Hz−1 which is approximately equal
to the anticipated flux from a cluster of this mass. However, if the halo is smaller
than this, our constraints on the power imply that the halo is underluminous.

D. N. Hoang, T. W. Shimwell, R. J. van Weeren, et al.,
MNRAS, 478, 2218 (2018)

https://doi.org/10.1093/mnras/sty1123
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3.1 Introduction

Massive galaxy clusters consist of hundreds to thousands of galaxies and
grow hierarchically through a sequence of mergers of smaller clusters or
groups of galaxies. Merging events between massive clusters release an
enormous amount of gravitational energy (∼ 1063 − 1064 ergs) to the intra-
cluster medium (ICM) over a few Gyrs (e.g. Hoeft et al. 2008; Brunetti &
Jones 2014). Most of this energy is transferred to thermal energy by heat-
ing of the ICM plasma. Through large-scale motions (i.e. shocks and turbu-
lence) and magnetic field amplification, a small fraction of it is converted to
non-thermal energy of relativistic particles that permeate the ICM. In the
presence of the large-scale, ∼ µG cluster magnetic field, these relativistic
electrons, that have a Lorentz factor ∼ 103−105, emit synchrotron emission
that is observable in the radio band (see, e.g., Blandford & Eichler 1987;
Feretti et al. 2012; Brunetti & Jones 2014).

Depending on the morphology, location and polarimetric properties,
the diffuse radio sources in galaxy clusters are primarily classified as radio
haloes or relics. Radio relics are elongated diffuse sources observed at the
periphery of galaxy clusters; some relics have been detected with a high
fraction of linear polarization at ∼ GHz frequencies (i.e. from ∼ 10% up to
70%) and distinctive spectral index gradients across their structure. Radio
haloes are cluster-wide sources that roughly follow the X-ray emission and
are observed to be unpolarized down to a few percent (see, e.g., Feretti
et al. 2012; Kierdorf et al. 2017).

The formation mechanism of radio haloes and relics has not been fully
understood. The prominent model for the generation of radio haloes is the
turbulent re-acceleration model where relativistic electrons are re-energized
by magnetohydrodynamical turbulence during cluster mergers (Brunetti
et al. 2001; Petrosian 2001). Another model has been proposed to explain
the existence of radio haloes such as the hadronic model in which relativistic
electrons are secondary products of proton-proton collisions (e.g. Dennison
1980). However, the secondary model has difficulties because of the non-
detection of γ-rays by the Fermi γ-ray Space Telescope (e.g. Jeltema et al.
2009; Ackermann et al. 2010; Jeltema & Profumo 2011; Brunetti et al.
2012; Zandanel & Ando 2014; Ackermann et al. 2016; Brunetti et al. 2017).
The secondary model is further challenged by the large amount of energy
that is required to explain the steep spectra of some radio haloes (e.g.
Brunetti 2004; Brunetti et al. 2008). However, the observed radio emission
may be caused by a combination of the mechanisms in which the secondary
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electrons are re-accelerated by merger turbulence (Brunetti & Blasi 2005;
Brunetti & Lazarian 2011b; Pinzke et al. 2017).

Radio relics have been proposed to be the synchrotron emission from
large-scale shocks that are generated during cluster mergers (e.g. Enßlin
et al. 1998). Relativistic electrons gain energy either from the direct accel-
eration of the ICM thermal electrons or from the re-acceleration of fossil
plasma remnants of active galactic nuclei (AGN) through Fermi-I DSA (e.g.
Giacintucci et al. 2008; Markevitch et al. 2005). Observational evidence as-
sociating the formation of radio relics with cluster merger shocks have been
observed in a large number of merging clusters (e.g. van Weeren et al.
2010; Bonafede et al. 2012; Stroe et al. 2013; de Gasperin et al. 2015; van
Weeren et al. 2016c or see Feretti et al. 2012 for a review). The evidence
includes (i) an arc-like morphology of some relics, which is consistent with
an edge-on/close to edge-on view of 3D shock waves, (ii) spectral gradi-
ents or spectral curvature variations across the width of relics, suggesting
that the relativistic electrons gain energy at the shock fronts and lose their
energy after shock passage and (iii) high degree of linear polarization, in-
dicating a magnetic field aligned within the shock plane. The distribution
of size, shape and location of relics agree well with those of merger shocks
in cosmological simulations (e.g. Nuza et al. 2017). Alternatively, the re-
acceleration model requires pre-existing populations of mildly relativistic
electrons to be present in the regions of the shocks and there is evidence
for this in a few cases (e.g. van Weeren et al. 2013; Bonafede et al. 2014;
Shimwell et al. 2015; Botteon et al. 2016a; van Weeren et al. 2017).

Galaxy clusters that host double radio relics on diametrically opposite
sides of the clusters are some of the most interesting cases to study particle
(re-)acceleration at Mpc scales. Only 17 double-relics clusters have been
detected to date (Bonafede et al. 2017 and references therein). In these
rare energetic merging clusters both the relics and the halo are expected
to be generated by shocks and turbulence, respectively. Due to the dia-
metrically opposite locations of the double relics, these shocks are thought
to be caused by head-on binary mergers of roughly equal masses merging
on/close to the plane of the sky (e.g. van Weeren et al. 2011a; Nuza et al.
2017). Hence, double-relic clusters provide a unique environment for studies
of particle (re-)acceleration without the complication of projection effects
(i.e. to minimise a mixture of relativistic electron populations along the
line-of-sight (LOS); Stroe et al. 2013). Furthermore, since the possibility to
have seed populations of mildly relativistic electrons is likely to correlate
with the distribution of aged AGN, these double relics might provide hints
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as to whether relics are formed by acceleration directly from the thermal
pool or from fossil plasma pre-existing in the ICM.

Abell 1240 (z = 0.1948; hereafter A1240) is a binary merging galaxy
cluster (M500 = (3.7 ± 0.4) × 1014 M⊙; Planck Collaboration et al. 2016).
A1240 was first observed to host faint diffuse emission located on the op-
posite sides of the cluster by Kempner & Sarazin (2001). Follow-up obser-
vations by Bonafede et al. (2009) confirmed the existence of the radio relics
(labelled as A1240-1 and A1240-2 for the northern and southern relics, re-
spectively) and found that they are elongated over ∼ 650 kpc and ∼ 1250 kpc
in the east-west direction. Across the width of A1240-1, the spectral indices1

steepen from −1.1 to −1.6 towards the cluster centre. Polarized emission was
observed from the relics at 1.4 GHz and the electric field vectors are approx-
imately perpendicular to the major axes of the relics, indicating the align-
ment of the ICM magnetic fields. Assuming a relativistic electron energy of
Lorentz factor ⩾ 100 with the spectrum of N(p) ∝ p−δ (where δ = −2αint,
αA1240-1

int = −1.2 and αA1240-2
int = −1.3) and equipartition energy conditions,

Bonafede et al. (2009) estimated the equipartition magnetic field of 2.4 µG
and 2.5 µG for A1240-1 and A1240-2, respectively. Due to their properties
(i.e. location, morphology, spectral gradients and polarization properties),
the relics were interpreted as synchrotron emission from large-scale shocks
that were generated by a cluster merger in the plane of the sky and are
moving outwards. Using the integrated spectral indices, Bonafede et al.
(2009) estimated the Mach numbers of Mint = 3.3 ± 0.2 for A1240-1 and
Mint = 2.8 ± 0.3 for A1240-2.

In the optical band, Barrena et al. (2009) studied the dynamical prop-
erties of A1240 using spectroscopic redshifts from 145 galaxies. A1240 was
found to have a bimodal structure with clumps of galaxies separated in the
north-south direction. The galaxy clumps have a relative rest-frame LOS
velocity of Vrf = 390 km s−1 at a projected distance of 1.2 h−170 Mpc. The
galaxy clumps were estimated to have passed 0.3 Gyr ago. Approximately
12 arcmin (∼ 2.3Mpc) to the south of A1240 is Abell 1237 (hereafter A1237;
z = 0.1935, Barrena et al. 2009) that is thought to be in-falling to A1240.
Barrena et al. (2009) found no signature of peculiar displacement of A1240
towards the direction of A1237 and suggested that A1237 and A1240 are
in the pre-merging stage.

In this paper, we present Low Frequency Array (LOFAR) 120 − 187
MHz observations of A1240. LOFAR’s sensitivity to large-scale emission
coupled with its high-angular resolution helps us to study the extended

1The convention S ∝ να is used in this paper
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diffuse emission from A1240 in detail. Furthermore, LOFAR observations at
low frequencies ⩽ 200 MHz allow us to detect steep spectrum emission such
as from radio haloes that are generated during minor mergers or mergers
of low-mass clusters. In combination with archival Giant Metrewave Radio
Telescope (GMRT) 595 − 629 MHz and Karl G. Jansky Very Large Array
(VLA) 2 − 4 GHz data, we study spatial variations of spectral indices of
the radio sources in A1240 across a wide frequency range. We use the VLA
data to study the polarized emission from the cluster relics.

Throughout this paper, we assume H0 = 70 km s−1 Mpc−1, ΩM = 0.3
and ΩΛ = 0.7. In this cosmology, 1 arcmin corresponds to ∼ 194h−170 kpc at
the cluster redshift of z = 0.1948.

3.2 Observations and data reduction

3.2.1 LOFAR 143 MHz

A1240 was observed with LOFAR for 8 hours on March 22, 2016 as part of
the LOFAR Two-meter Sky Survey (LoTSS, Shimwell et al. 2017). A1240
was located at an angular distance of ∼ 55 arcmin from the LoTSS grid
pointing centre (pointing P170+42 of project LC4_034), where the primary
beam sensitivity is ∼ 78 percent of the value at the pointing centre. The
observations used the High-Band Antennas (120 − 187 MHz) on 48 core,
14 remote and 9 international stations. However, to obtain cluster maps at
spatial resolutions of > 8 arcsec, we used only data from baselines that have
uv-range between 15 λ and 66 kλ. For calibration purposes, 3C 196 was
observed for 10 minutes before the target field. Details of the observations
are listed in Table 3.1.

We used the facet calibration scheme to calibrate the target data for
both direction-independent and direction-dependent effects. Details of the
facet calibration are given in van Weeren et al. (2016a); Williams et al.
(2016). But for completeness, we briefly describe the procedure below.

During the direction-independent calibration part, the target data were
flagged for radio frequency interference (RFI) using AOFlagger (Offringa
et al. 2012) and time periods where the contamination from bright radio
sources in the sidelobes (i.e. Cassiopeia A, Hercules A, Taurus A and Virgo
A) were also flagged. The amplitude gains, initial clock and XX-YY phase
offsets were derived from gain solutions of 3C 196. Here the calibration
solutions of 3C 196 were obtained by calibrating a 4-Gaussian component
source model that has an integrated flux of 83.1 Jy at 150 MHz in agreement
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with the Scaife & Heald (2012) absolute flux scale.
To prepare for the direction-dependent calibration, “blank” data sets for

the target field were made by subtracting all sources within a ∼ 30◦ radius
of the field centre using the direction independent calibration solutions. The
CLEAN components used for the subtraction were obtained from imaging
at resolutions of ∼ 40 arcsec and ∼ 2 arcmin.

In the direction-dependent calibration part, we aimed to obtain thermal-
noise limited images of the cluster. To achieve this, the ionospheric dis-
tortions and beam errors towards the target direction were corrected and
the contamination from nearby sources was minimized following the facet
calibration procedure. The target field was divided into 15 regions (called
facets), each containing bright, compact calibrator source(s). The direction-
dependent gain and TEC (total electron content) solutions for each facet
were derived by self-calibrating on selected calibrator sources and then ap-
plied to all other sources in the facet. The facet sky models, that were
corrected for the direction-dependent effects, were progressively subtracted
from the data. The procedure was repeated until only the last facet, contain-
ing A1240, was left in the data. The facet calibrator (i.e. B3 1121+435 at
RA=11:24:32.043, Dec=+43:15:42.77) that was used to calibrate the facet
containing the cluster has a flux of 2.91 Jy. As the distance between the
facet calibrator and A1240 is 14 arcmin, the ionospheric and instrumental
phase corrections should be similar to those towards the direction of A1240.

The data reduction was performed with the facet-calibration pipeline2.
The pipeline exploits DPPP (LOFAR Default PreProcessing Pipeline) for
data editing (i.e. flagging, averaging, concatenating), BBS (BlackBoard Se-
flcal, Pandey et al. 2009) for calibration and WSClean (W-Stacking Clean,
Offringa et al. 2014) for imaging. To obtain final continuum images of
A1240, the calibrated data were deconvolved in CASA (Common Astron-
omy Software Applications; McMullin et al. 2007, see Subsec. 3.2.4).

3.2.2 GMRT 612 MHz

The GMRT 595−629 MHz observations of A1240 were performed on July 2,
2011 for 6 hours (project code: 20_004, PI: A. Bonafede). During the target
observations, the radio source 1035+564 was observed for 5 minutes every
about 40 minutes and was used as a phase calibrator. For flux calibration,
two bright radio sources 3C 147 and 3C 286 were observed before and after
the target observations. The observation details are given in Table 3.1.

2https://github.com/tammojan/facet-calibration

https://github.com/tammojan/facet-calibration
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The GMRT 612 MHz data were reduced with the Software Peeling
and Atmospheric Modelling (SPAM) package (Intema et al. 2009) that
performed both direction-independent and direction-dependent calibration.
The direction-independent calibration using 3C 147 included flagging RFI,
correcting initial phase offsets between the parallel-handed correlations,
antenna-based phase delay and amplitude calibration. The flux scale of the
primary calibrator 3C 147 was set according to the Scaife & Heald (2012)
flux scale. Then a phase calibration was performed using a wide-field sky
model. In the direction-dependent calibration, SPAM iteratively solved for
amplitude and phase gains towards multiple directions in the target field.
The calibration solutions were used to fit a 2D ionospheric model and the
derived ionospheric corrections were then applied to the target data. To ob-
tain final images, the direction-dependent calibrated data in the direction
of A1240 were deconvolved with CASA (see Subsec. 3.2.4).

3.2.3 VLA 3 GHz

The VLA S-band observations were performed in C and D configuration
on Oct. 10, 2014 and Oct. 09, 2015, respectively (project: 14B-157, PI: W.
Dawson). In each configuration the array was separately pointed at each
radio relic. The observations used 16 spectral windows, each of which was
split into 64 channels, and covered the 2 − 4 GHz bandwidth in total. An
overview of the observations is given in Table 3.1.

Following van Weeren et al. (2016b), we separately processed the target
data for each configuration/pointing with the CASA package. The target
data were Hanning smoothed and corrected for elevation-dependent gains
and antenna position offsets. The RFI was flagged with the automatic flag-
gers in CASA and AOFlagger (Offringa et al. 2012). The antenna delays
and bandpass were derived using a model of 3C 286 that is set to the
Perley & Butler (2013) flux scale and has an uncertainty of a few per-
cent (Perley & Butler 2013). The cross-hand delays were solved using 3C
286, assuming a fractional polarization of 11% and a RL-phase difference
of 66◦. The polarization leakage terms for every channel were determined
from J1407+2827 which served as a low polarization leakage calibrator.
After the calibration parameters were derived they were transferred to the
target data. The phase calibration of the target field was calculated every
20 minutes using J1146+3958. To improve the fidelity of the target field
image, self-calibration loops were then performed. Finally, the calibrated
data for the C and D configurations that have the same pointing centres
were concatenated in uv-plane and were used to make continuum images
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(see Subsec. 3.2.4).

3.2.4 Continuum imaging

To map the diffuse source structure with the wide-band data sets we ex-
ploited multi-scale and multi-frequency synthesis (MS −MFS) in CASA
(McMullin et al. 2007; Cornwell 2008; Rau & Cornwell 2011). The LO-
FAR, GMRT and VLA calibrated data were separately CLEANed with
MS −MFS to model the complex emission from A1240. The scales used in
the deconvolution are multiscale = [0, 3, 7, 25, 60, 150] × pixels, where the
zero scale is for modelling point sources and the larger scales are for sam-
pling the diffuse emission. Due to the wide fractional bandwidth of the
VLA observations the primary beam considerably varies across the band
and three Taylor terms (nterms = 3) were used to model the frequency de-
pendence of the radio emission. nterms = 2 and 1 were used for the LOFAR
and GMRT data that have bandwidths of 43 MHz and 33 MHz, respectively.
Additionally a wide-field algorithm (W − projection, Cornwell et al. 2005,
2008) was employed to account for the non-coplanarity of the baselines
across the sky. Specially depending on the image size, wprojplanes = 448
was used for the LOFAR data and wprojplanes = 384 was set for the WSRT
and GMRT data.

To optimise for imaging on various different angular scales, the LOFAR,
GMRT and VLA uv-data were weighted using Briggs’s robust weighting
(Briggs 1995) in combination with uvtapers to down-weighting the outer
baselines (see Table 3.2). The final LOFAR and VLA images were cor-
rected for the attenuation of the primary beams that were generated with
AWImager (Tasse et al. 2012) and CASA (McMullin et al. 2007), respec-
tively. The GMRT 612 MHz images were also corrected for primary beam
attenuation3,

A(x) = 1 − 3.486

103
x2 +

47.749

107
x4 − 35.203

1010
x6 +

10.399

1013
x8, (3.1)

where x = f × θ, here θ is angular distance in arcmin to the pointing centre,
and f = 0.612 GHz is the frequency of the GMRT observations.

3.2.5 Spectral index measurements

To make spectral index maps of A1240 we combined LOFAR 143 MHz,
GMRT 612 MHz and VLA 3 GHz continuum images. To measure approxi-

3GMRT User’s manual

http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/manual/Manual_2013/manual_20Sep2013.pdf
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mately the same spatial scales of emission, we selected a common uv-range
(0.2 − 41.0 kλ) for the data sets when making the total intensity images. A
common Briggs weighting (robust = −0.25) was applied to the data sets.
It is noted that uniform weighting, or attempting to directly match the
uv-coverage, helps to accurately compare interferometric images. However,
such weighting of the uv-data significantly increases the noise levels of the
continuum images. Instead, we used the Briggs weighting to increase sig-
nal to noise ratio (SNR) of the sources and attempted to ensure that the
native resolution of the images from the different arrays was equal by ap-
plying different uv-tapers. To obtain an angular resolution of 20 arcsec we
used an outer uv-taper of 10 arcsec, 17 arcsec and 9 arcsec for the LOFAR,
GMRT and VLA data, respectively. The native resolution with these imag-
ing parameters was 19.7 arcsec×14.9 arcsec (position angle of PA = 86.3◦)
for the LOFAR image, 19.2 arcsec×14.0 arcsec (PA = 24.4◦) for the GMRT
image and 20.0 arcsec×15.8 arcsec (PA = −84.4◦) for the VLA image. These
total intensity maps were smoothed to an identical resolution of 21 arcsec,
aligned and regrided. The LOFAR, GMRT and VLA images have noise lev-
els of σrms = 280, 175 and 17 µJy/beam, respectively. The spectral indices
were calculated for each pixel by fitting the ⩾ 3σrms pixels in at least two
images with a power-law function, S ∝ να. To estimate the spectral index
error, we adapted a common flux scale uncertainty of 10% associated with
the calibration of the LOFAR, GMRT and VLA data, as commonly used
in the literature (e.g. van Weeren et al. 2016c; Hoang et al. 2017).

3.2.6 Polarization measurements

We used the VLA 2 − 4 GHz data to study the linear polarization proper-
ties of the faint diffuse emission from A1240. We made multiple polarization
maps with (i) the full bandwidth 2 − 4 GHz data which maximised the po-
larization detection significance, (ii) successive narrower (480 MHz) band
data to examine the frequency dependence of the polarized emission and
(iii) successive 224 MHz bandwidth chunks to ensure that our measure-
ments were not suffering from bandwidth depolarisation. In each case we
made Stokes I, Q and U images with WSClean (Offringa et al. 2014). The
imaging was done with the multi-scale and joined-channel deconvolution
algorithm (Offringa & Smirnov 2017). We also used Briggs (robust = 0.00)
weighting on the uv-data. The reason for using WSClean, instead of CASA,
is because the combination of multiscale and Stokes Q/U CLEAN, which is
essential for recovering the faint diffuse polarized emission of A1240, is not
yet available in CASA (version 4.7). To obtain the polarization intensity P
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and angle ϕ maps, the Stokes Q and U images were combined as follows,

P =
√

Q2 + U2; ϕ =
1

2
arctan U

Q
. (3.2)

From the polarized P and Stokes I emission maps, the total polarization
fraction, F = P/I, was calculated for pixels within the ⩾ 3σrms region of the
Stokes I image. To obtain the corrected flux measurements, the final Stokes
P and I images were then divided by the VLA primary beam to correct for
the sensitivity attenuation.

The polarization angle calculated from Eq. 3.2 was further corrected for
the Faraday rotation caused by the Galactic magnetic field (i.e. ϕA1240 =
ϕEq. 3.2−ϕGalactic). Given the mean Galactic rotation measure (RM) of 9.4 rad/m2

towards the direction of A1240 (Oppermann et al. 2012), the Galactic Fara-
day rotation (ϕGalactic = RM×λ2) is 12◦ and 3◦ at the lower and higher edges
of the 2 − 4 GHz band, respectively. Since the polarized emission map was
made with full bandwidth data that has the central frequency at 3 GHz,
we corrected the Galactic Faraday rotation using ϕGalactic = 5◦ (Oppermann
et al. 2012).

3.2.7 Chandra X-ray data

The Chandra ACIS-I observation (ID: #4961, PI: Kempner) of A1240 was
taken on Feb. 5, 2005 and has a duration of 52 ks. Following the data
reduction procedure described in Vikhlinin et al. (2005), we applied the
calibration files4 using the chav package5. The calibration includes filtering
out bad pixels, correcting for the position-dependent inefficiency of the
charge transfer and correcting for photon energies with gain maps. The
background emission was subtracted using standard blank sky files. For
more details on the reduction procedure, we refer to Vikhlinin et al. (2005).

3.3 Results

In Fig. 3.1 we present high-resolution continuum images of A1240 that
were made with LOFAR at a frequency of 143 MHz. The GMRT 612
MHz and VLA 3 GHz contours are overlaid on the Subaru r-band im-
age in Fig. 3.2. The resolution is θFWHM = 15 arcsec×10 arcsec (PA = 87◦)
for the LOFAR image and is θFWHM = 21 arcsec×21 arcsec for the VLA

4CIAO v4.6 and CALDB v4.6.5
5http://hea-www.harvard.edu/~alexey/CHAV

http://hea-www.harvard.edu/~alexey/CHAV
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and GMRT images. A common Briggs’ robust weighting of −0.25 and
outertaper = 5 arcsec, 17 arcsec and 9 arcsec were used for the LOFAR,
GMRT and VLA imaging (see Subsec. 3.2.4). In Fig. 3.3 we present a
low-resolution (41 arcsec×36 arcsec, PA = 13◦) 143 MHz image of A1240
(robust = 0.10, outertaper = 25 arcsec). The radio relics in the northern
and southern outskirts of A1240, that were previously observed with the
WENSS 325 MHz in Kempner & Sarazin (2001) and with the VLA 325
MHz and 1.4 GHz in Bonafede et al. (2009), were detected with a peak
flux of 12σrms in our high resolution images (Figs. 3.1-3.3). Bonafede et al.
(2009) previously presented spectral index and polarization properties and
equipartition magnetic field measurements of the relics. With the wide-band
observations between 143 MHz and 3 GHz we provide new measurements
on the spectra and polarization properties of the relics.

3.3.1 The double radio relics

The detected relics (Figs. 3.1 and 3.2) have projected sizes of 0.68×0.20Mpc2
and 1.35×0.35Mpc2, respectively; and their major axes are aligned with the
3σrms edges of the Chandra X-ray emission (Fig. 3.3). For both relics, the
surface brightness gradient is steeper on the outer edges than that in the
inner edges. Across the length of A1240-1, the surface brightness gradually
decreases from west to east. The emission on the western and eastern sides
of A1240-2 appears completely detached at 612 MHz and 3 GHz (Fig. 3.2),
but is connected at 143 MHz (Fig. 3.1).

Spectral analysis

In Fig. 3.4 (left) we present the three-frequency spectral index map between
143 MHz and 3 GHz of A1240 (see Subsec. 3.2.5). In Fig. 3.4 (left), the
spectral indices for A1240-1 and A1240-2 were found to steepen from the
outer edge towards the inner regions. The steepening trend across the width
of the relics is better visible in the spectral index profiles in the right panel
of Fig. 3.4. In particular the spectral indices are −0.94±0.06 and −0.97±0.05
at the outer edges of A1240-1 and A1240-2, respectively. Towards the inner
regions at a distance of 63 arcsec (∼ 204 kpc) from the outer edges of A1240-
1 and A1240-2, the spectral indices significantly steepen to −1.16±0.05 and
−1.23 ± 0.05, respectively.

To estimate the integrated spectral indices of A1240-1 and A1240-2, we
used the LOFAR 143 MHz, GMRT 612 MHz and VLA 3 GHz images that
were used to make the spectral index map in Fig. 3.4. The integrated fluxes
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Figure 3.1: LOFAR 143 MHz total intensity map of A1240 with contours in grey (pos-
itive) and blue (negative) (θFWHM = 15 arcsec×10 arcsec, PA = 87◦). The contours are
[−3, 3, 6, 12, 24, 48]×σrms, where σrms = 165 µJy/beam. The green contours are the Chan-
dra X-ray surface brightness smoothed with a 2D Gaussian kernel to 40 arcsec resolution.
The X-ray contour levels are [3, 6, 9, 12, 15, 18] × σ, where σ = 0.5 × 10−6 cts/s/arcmin2.
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Figure 3.2: A Subaru r,g band image of A1240. The VLA (green) and GMRT (ma-
genta) contours are levelled at [−3, 3, 6, 12, 24, 48]×σrms (dashed negative), where σrms =
175 µJy/beam and 17 µJy/beam for the GMRT and VLA images, respectively. The reso-
lution of the radio images is θFWHM = 21 arcsec×21 arcsec. The radio sources are labelled.
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Figure 3.3: LOFAR 143 MHz total intensity map of A1240 with contours in grey (pos-
itive) and blue (negative) (θFWHM = 41 arcsec×36 arcsec, PA = 13◦). The contours are
[−3, 3, 6, 12, 24, 48] × σrms, where σrms = 410 µJy/beam. The X-ray contours are identical
to those in Fig. 3.1 and are only available for A1240. The dashed magenta ellipse shows
the region where the upper limit of diffuse emission is estimated in Subsec. 3.4.2. The
green dashed circle marks the region of A1237.
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Figure 3.4: Left: Three-frequency spectral index map between 143 MHz and 3 GHz of
A1240 at 21 arcsec (or ∼ 68 kpc) resolution. Middle: The corresponding spectral index
error map. Right: The spectral index profiles across the width of the relics A1240-1 and
A1240-2 and towards the cluster centre. The flattest spectral indices are −0.94±0.06 and
−0.97 ± 0.05 at the outer edges of A1240-1 and A1240-2, respectively. The subplots show
the regions where the spectral indices were extracted. The compact sources (i.e. green
dotted circles) were masked. The radial size of the region is equal to the synthesized beam
size of 21 arcsec. The downward pointing arrows indicate the upper limit of the spectral
indices that have < 2σrms detection confidence levels in VLA and/or GMRT observations.
The LOFAR 143 MHz superimposed contours in both panels are at identical spacings to
those in Fig. 3.1 (here σrms = 280 µJy/beam).

Table 3.3: Integrated fluxes for the radio relics of A1240.

Source S 143 MHz (mJy) S 612 MHz (mJy) S 3 GHz (mJy)
A1240-1 68.45 ± 1.38 13.32 ± 1.60 2.54 ± 0.09
A1240-2 202.39 ± 2.40 33.77 ± 3.70 6.43 ± 0.17

were measured within the ⩾ 3σrms region of the LOFAR image on all three
images, are given in Table 3.3 and is plotted in Fig. 3.5. The measured
fluxes at three frequencies were fit with a power-law function, S ∝ να.
The best-fit spectral indices for A1240-1 and A1240-2 were estimated to be
−1.08±0.05 and −1.13±0.05, respectively. Our spectral index measurements
are statistically consistent with the 325 MHz − 1.4 GHz measurements of
−0.96 ± 0.26 and −1.11 ± 0.27 in Kempner & Sarazin (2001) and −1.2 ± 0.1
and −1.3 ± 0.2 in Bonafede et al. (2009). In addition, to search for spectral
curvature we divided the data into two frequency intervals: from 143 to 612
MHz and from 612 MHz to 3 GHz. We estimated the integrated spectral
indices between 143 and 612 MHz to be −1.13 ± 0.11 and −1.23 ± 0.10 for
A1240-1 and A1240-2, and between 612 MHz and 3 GHz to be −1.03± 0.10
and −1.08 ± 0.05 for A1240-1 and A1240-2, providing no clear evidence for
spectral curvature between 143 MHz and 3 GHz in either relic.
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Figure 3.5: Integrated spectra for the radio relics of A1240. The integrated fluxes of
the relics were measured in the LOFAR 143 MHz, GMRT 612 MHz and VLA 3 GHz
21 arcsec-resolution images (Table 3.2) and are given in Table 3.3. The spectral index
values that were obtained from the spectral power-law fitting, S ∝ να, for the relics are
given in Table 3.4.

Polarization analysis

In Fig. 3.6 we present polarization electric field vectors in the regions of
the relics. The polarized radio emission is extended along the length of
the relics. The electric field vectors are approximately perpendicular to the
major axes of the relics. The integrated fractional polarization at 3 GHz is
29 ± 2% (up to F̄beam = 58% in the most polarised regions in Fig. 3.6) for
A1240-1 and is 16 ± 2% (up to F̄beam = 40%) for A1240-2. Our fractional
polarization measurement is close to the value of 26% for A1240-1 measured
from the VLA 1.4 GHz data (Bonafede et al. 2009), but lower than that of
29% for A1240-2.

We examined the dependence of the fractional polarization on frequency.
The VLA 2− 4 GHz data were split into 4 sub data sets, each of which has
a bandwidth of 480 MHz. For each 480 MHz data set, we made polarized
emission and total intensity (Stokes I) images in a similar manner to the
procedure used for the full-band 2 − 4 GHz data (see Subsec. 3.2.6). The
region that was used to measure the integrated polarized fluxes is within the
⩾ 3σrms pixels of the full-band Stokes I image. The fractional polarization,
F = P/I, was estimated for each 480 MHz data set and is plotted in Fig.
3.6. The mean polarized emission for the first-three 480 MHz data chunks
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Figure 3.6: Left: Electric field vector maps in the regions of the A1240 relics. The red
vertical reference lines for 100% of fractional polarization are shown in the left bottom
corners. The VLA 2 − 4 GHz 18.5 arcsec×14.5 arcsec resolution (grey) contours are at
identical levels to those in Fig. 3.1 (here σrms = 13 µJy/beam). Right: Fractional polar-
ization of A1240-1 and A1240-2 between 2 and 4 GHz. The down pointing arrows indicate
the data points where polarized emission is below 1.4σrms detection limit. The fractional
polarization for the VLA 224 MHz and 480 MHz bandwidth data sets are in line with
each other.

for A1240-1 and A1240-2 were measured to be ∼ 32 ± 4% and ∼ 17 ±
4%, respectively. These fractional polarization measurements are consistent
with the mean values (i.e. 29 ± 2% for A1240-1 and 16 ± 2% for A1240-
2) that we measured directly from the full-band polarized emission map
(Fig. 3.6) indicating that our measurements are not severely affected by
bandwidth depolarisation. Furthermore, measurements were also made with
a bandwidth of 224 MHz and these, whilst at lower SNR, are consistent with
both the 2 GHz and 480 MHz bandwidth measurements (Fig. 3.6). The
polarization angle of the emission over the regions of A1240-1 and A1240-2
was measured to be approximately constant over the 2−4 GHz bandwidth.

3.3.2 A connection with Abell 1237

Fig. 3.3 shows the location of A1237 which is a cluster that is falling to
A1240 from the south (Barrena et al. 2009). In the central region of A1237
we detect a tailed radio galaxy that shows extended emission towards the
south, suggesting that the radio galaxy is moving to the north with respect
to the local ICM. No diffuse large-scale emission was observed from the ICM
of A1237 or the region between the clusters. Using the 41 arcsec×36 arcsec-
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Table 3.4: Spectral properties and Mach numbers for the radio relics.

Source αint αinj Mint Minj

A1240-1 −1.08 ± 0.05 −0.94 ± 0.06 5.1+3.1
−1.1 2.4 ± 0.1

A1240-2 −1.13 ± 0.05 −0.97 ± 0.05 4.0+1.1
−0.6 2.3 ± 0.1

Notes: Col. 1: source name; Col. 2: integrated spectral index between 143
MHz and 3 GHz (Subsec. 3.3.1); Col. 3: injection spectral index calculated

in the outer edge regions (Subsec. 3.3.1); Col. 4 − 5: Mach numbers
derived from Col. 2 − 3, respectively.

resolution image (Fig. 3.3) we estimated the integrated flux over an area
of radius of 3 arcmin−5 arcmin (Fig. 3.3) is not higher than 25− 69 mJy at
143 MHz at 1σrms significance.

3.4 Discussion

3.4.1 Radio relics

Bonafede et al. (2009) discussed possible formation models for the radio
relics in A1240. The models were associated with large-scale outward prop-
agating shocks generated during the cluster merger and included (i) shock
acceleration via Fermi-I process (Enßlin et al. 1998; Roettiger et al. 1999;
Hoeft et al. 2007) and (ii) shock re-acceleration of fossil plasma via adiabatic
compression (Enßlin & Gopal-Krishna 2001). Using our high-resolution,
large-frequency range, and deep LOFAR, GMRT and VLA data, we dis-
cuss below the implications of our observational results (Sec. 3.3) in the
framework of the relic formation models.

Injection spectral index and shock Mach number

The predictions of particle (re-)acceleration models at shock fronts depends
on the Mach number of shocks (e.g. Donnert et al. 2016; Kang & Ryu 2016)
that is defined as follows,

M =
vshock

cs
, (3.3)

where vshock is the shock speed and cs is the sound speed in the upstream
ICM. For simple planar shocks in the linear test particle regime of DSA,
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the spectral index of the relativistic electrons that are injected at the shock
front is a function of the Mach number (Blandford & Eichler 1987),

αinj =
1

2
− M

2 + 1

M2 − 1 or M =

√
2αinj − 3
2αinj + 1

. (3.4)

where the injection spectral index αinj = (1 − δinj)/2, here δinj is the power
of the particle power spectrum, dN/dE ∝ E−δinj .

The injection spectral index for a simple planar shock model has been
commonly estimated in the literature by using an approximation,

αinj = αint +
1

2
, (3.5)

where αint is the integrated spectral index of the relic.The advantage of
this approach is that the measurement bias is free from the projection and
synthesized beam effects as the integrated fluxes are measured over the
whole region of the relic. However, in many clusters the Mach numbers
derived from the integrated spectral index are higher than those estimated
from X-ray data (e.g. Stroe et al. 2013; Akamatsu et al. 2015; Eckert et al.
2016). Furthermore, hydrodynamical simulations of cluster shocks indicate
that the αinj − αint approximation (Eq. 3.5) does not hold for spherical
expanding shocks as the shock speed decreases in time (Kang 2015a,b).
A second method to estimate the injection spectral index is to directly
measure at the shock front with sufficiently high-resolution spectral index
maps (e.g. de Gasperin et al. 2015; van Weeren et al. 2016c; Hoang et al.
2017). It is noted that this direct measurement of the injection spectral
index is only applicable to the shocks that are moving on/close the plane of
the sky to minimize the mixing of different aged electrons. A third method
to estimate the injection spectral index is to model the spectral ageing of the
relics (Harwood et al. 2013, 2015; Stroe et al. 2014; de Gasperin et al. 2015).
The spectral ageing modelling requires observations at least 4 frequencies
to constrain the spectral curvature of the relics, which we are unable to
do with our current data sets. The estimation of injection spectral indices
for radio relics using the three approaches above have pros and cons which
were discussed in the literature (e.g. Stroe et al. 2014; de Gasperin et al.
2015; Hoang et al. 2017).

In case of A1240, we estimated the integrated spectral indices between
143 MHz and 3 GHz to be −1.08 ± 0.05 and −1.13 ± 0.05 for A1240-1 and
A1240-2, respectively (Subsec. 3.3.1). Using Eqs. 3.4 and 3.5, we estimated
the injection spectral indices and the corresponding Mach numbers for the
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relics to be −0.58±0.05 and 5.1+3.1
−1.1 for A1240-1 and −0.63±0.05 and 4.0+1.1

−0.6
for A1240-2. These Mach numbers are significantly higher than those (i.e.
3.3± 0.2 and 2.8± 0.3, respectively) that were estimated with the VLA 325
MHz and 1.4 GHz data using the above approach reported in Bonafede
et al. (2009). Using the second approach of measuring the injection spec-
tral index directly at the shock front (Subsec. 3.3.1), we obtained injection
spectral indices of −0.94±0.06 and −0.97±0.05 for the A1240-1 and A1240-
2 shocks, respectively. The corresponding Mach numbers are 2.4 ± 0.1 and
2.3 ± 0.1. The Mach numbers we have estimated are significantly different
from each other. A possible reason for this discrepancy, as pointed out in
Kang (2015a), is that the shock compression ratio and the flux of the in-
jected relativistic electrons reduce as the shock speed decreases in time.
These lead to a significant deviation of the integrated spectra of the relics
from the power laws of the simple planar shock model which predicts the
αinj − αint relation (Eq. 3.5). Therefore, the integrated spectra of the relics
may be an inaccurate proxy for Mach numbers. However, the spectra of the
relics at the location of the shock fronts are properly described by the DSA
predictions (Kang 2015a) and should be used for the estimates of Mach
numbers.

We analysed Chandra X-ray data to search for shocks at the relic lo-
cations. We fit the surface brightness (SB) with a function consisting of a
β-model and a power law using PROFFIT (see, e.g., Eckert et al. 2011;
Andrade-Santos et al. 2016). The X-ray SB profiles in Fig. 3.7 indicates
possible discontinuities across A1240-1 and A1240-2 which would imply the
presence of shocks or cold fronts at the location of the relics. To distinguish
the nature of the possible discontinuities, a more detailed temperature map
is required, which is not possible to make with the current shallow X-ray
data. In Fig. 3.7, the SB profile has a break close to the central location of
A1240-1 and a SB discontinuity towards the southern direction is found at
the inner region of A1240-2. If the relics trace the candidate merger shocks,
the locations of these breaks seem to be inconsistent with the DSA model
that requires shock fronts to be located at the flattest spectral regions (i.e.
the outer regions) of the relics which is where the relativistic electrons are
(re-)accelerated (e.g. Enßlin et al. 1998; van Weeren et al. 2010). However,
it is known that positional shifts between the relic and X-ray shock posi-
tions can occur due to the contamination of small-scale substructure behind
the shock that is unresolved, by low-resolution X-ray observations (Ogrean
et al. 2013b; van Weeren et al. 2016c), or due to the contamination of fore-
ground X-ray emission in hydrodynamical simulations or due to projection
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Figure 3.7: 52 ks Chandra 0.5 − 2.0 keV surface brightness profiles across A1240-1 (left)
and A1240-2 (right). The blue lines are the fit of the data to a function consisting of a
β-model and a power law.

effects (Hong et al. 2015). Finally, it is noted that the X-ray data is very
shallow (i.e. exposure duration of 52 ks) and the apparent location of the
shock fronts in Fig. 3.7 might be biased by the low S/N of the X-ray data.

In an attempt to obtain approximate estimates of the shock Mach num-
bers with the current X-ray data, we find that the best-fit density jumps
would imply Mach numbers of ∼ 2 for both relics, assuming that the den-
sity jumps trace two shock fronts. These Mach numbers are in line with
our estimates using the radio data (i.e.Minj in Table 3.4). However, future
X-ray studies with deeper X-ray/SZ observations will be necessary to pro-
vide accurate constraints on the Mach numbers and the exact locations of
the shock fronts.

Acceleration efficiency and sources of relativistic electrons

A number of radio relics have been observed at the locations of merger
shocks detected with X-ray observations (e.g. via surface brightness dis-
continuity and/or temperature jump). The shocks are generally thought
to accelerate the ICM electrons to relativistic energies and are visible in
the radio band under the presence of the large-scale, µG cluster magnetic
field. The Mach numbers for the merger shocks are typically measured to
be ≲ 3 from X-ray observations (e.g. Markevitch 2010; Akamatsu & Kawa-
hara 2013). For these weak shocks, the efficiency to accelerate electrons to
relativistic energies directly from the thermal pool can be challenging in
the framework of DSA theory (e.g. Kang et al. 2012; Pinzke et al. 2013;
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Brunetti & Jones 2014; Botteon et al. 2016a; Eckert et al. 2016; van Weeren
et al. 2016c). Here the particle acceleration efficiency is defined as follows
(Botteon et al. 2016a),

η =
Erelic

∆FKE
, (3.6)

where Erelic is the energy flux of the accelerated relativistic electrons at relic
and ∆FKE is the kinematic energy flux available at the shock,

Erelic = ϵe,downvdown (3.7)

∆FKE = 0.5ρupv3shock(1 −
1

C2
), (3.8)

where ϵe,down and vdown are the downstream particle energy density and ve-
locity, respectively; ρup is the upstream density; vshock is the shock speed;
C =

(γ+1)M2

(γ−1)M2+2
is the compression factor of a shock Mach number M (here

γ = 5/3). The relativistic electrons in the downstream region were assumed
to have a single-power law spectrum, Ninj ∝ p−δinj . For details of the formu-
las, we refer to Botteon et al. (2016a).

In Fig. 3.8 we examine the particle acceleration efficiency for shocks with
the injection indices (or Mach numbers) for the relics A1240-1 and A1240-2
(see Table 3.4). In the calculation, we used the downstream particle number
densities ρA1240-1 = (1− 2)× 10−4 cm−3 and ρA1240-2 = (2.5− 3.5)× 10−4 cm−3,
which were derived by fitting of the electron density beta-model profile
to the Chandra X-ray data. We also used the downstream temperature
TA1240-1 = 5.1+1.0

−0.8 keV and TA1240-2 = 5.4+0.9
−0.8 keV (Barrena et al. 2009). The

k-corrected radio power used for the relics in the calculation is P143 MHz
A1240-1 =

(7.52±0.17)×1024 W Hz−1 and P143 MHz
A1240-2 = (2.24±0.33)×1025 W Hz−1 that we

calculated from the LOFAR image (see Table 3.3). Given the equipartition
magnetic field strength of ∼ 2.5 µG in the relic regions (Bonafede et al.
2009), in the cases of higher Mach numbers (i.e. 4.0 for A1240-1 and 5.1 for
A1240-2) the particle acceleration efficiencies that are required to produce
the synchrotron emission in A1240-1 and A1240-2 are less than 1% and
0.5%, respectively. Although the precise efficiency of electron acceleration
by the low Mach numbers of shocks associated with the relics is still an
open question, these low efficiencies are likely to be realistic (Brunetti &
Jones 2014). However, the required efficiencies for low Mach numbers (e.g.
≲ 3) are close to 100 percent which is challenging for DSA. To avoid the
high efficiency problem, it is proposed that the low Mach number shocks
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re-accelerate a pre-existing population of relativistic electrons, instead of
accelerating the thermal electrons (e.g. Markevitch et al. 2005; Kang &
Ryu 2011; Kang et al. 2012). The pre-existing fossil plasma could originate
from radio galaxies that are close to the relics. To search for sources of
possible fossil plasma, we obtained the redshifts from the Subaru and SDSS
optical data (Golovich et al. 2017a) for the radio galaxies (i.e. A, B, C, E,
F in Fig. 3.2) that have small angular separations to A1240-1 and A1240-
2. The galaxies C (z = 0.888 ± 0.0979) and E (z = 0.448 ± 0.0289) are
background sources and D has no redshift information. The radio galaxies
A (z = 0.19299 ± 0.00003), B (z = 0.19223 ± 0.00005), and possibly F (z =
0.152 ± 0.0263) are close to the cluster mean redshift (z = 0.1948) and are
possibly sources of mildly relativistic electrons that could be associated with
the synchrotron radio emission in the relics. An example of this scenario
was observed in Abell 3411-3412 where fossil electrons from a radio galaxy
have been suggested to be re-accelerated by a merger shock which disturbs
the morphology of the tails at the location of the shock and re-flattens
the spectral index of the tails at the location of the shock (van Weeren
et al. 2017). Other less obvious examples are found in PLCKG287.0+32.9
(Bonafede et al. 2014) and the Bullet cluster 1E 0657-55.8 (Shimwell et al.
2015). As our radio data presented in Figs. 3.1 and 3.2 are not deep enough
to provide information on whether A, B and F are connected to A1240-1
and A1240-2 and do not allow us to study the spectral index trend of the
sources, future deeper, high-resolution radio observations will be necessary
to establish such a connection.

Size and power of the double relics

In the DSA model, the extent of radio relics is the same as the size of
the shock fronts which (re-)accelerate in situ the relativistic electrons in
the relics (e.g. Jaffe 1977; Blandford & Eichler 1987; Enßlin et al. 1998).
In merging clusters that host double radio relics on opposite sides of the
cluster centre, the relative largest linear size (LLS) of the relics depends on
the mass ratio of the sub-clusters, as demonstrated in, e.g., hydrodynamical
simulations of ideal binary cluster merger by van Weeren et al. (2011a). In
these simulations, the sub-cluster mass ratio is varied to match the observed
LLSs of double relics (i.e. in the Sausage cluster). The larger relic is found to
be behind the more massive sub-cluster. Although the mass configuration
(i.e. ratio of 1 − 3 : 1) in the simulations might be inconsistent with the
reconstructed mass distribution in the weak lensing data (i.e. mass ratio
∼ 1 in Jee et al. 2015 or ∼ 1 : 2 in Okabe et al. 2015), this might be because
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Figure 3.8: Particle acceleration efficiency η(B) required to produce the radio surface
brightness in the relics of A1240. The vertical lines indicate the equipartition magnetic
field 2.4 µG and 2.5 µG in A1240-1 and A1240-2, respectively (Bonafede et al. 2009).
Calculations assume a minimum momentum of electrons pmin = 0.1mec.

the observed LLS of the faint, steep spectrum relic were biased low by the
sensitivity limitations of the high-frequency radio observations used in van
Weeren et al. (2011a). We note that the error bars associated with the weak
lensing analyses are so large that it is not clear there is real discrepancy.
In support of this, it is known that the LLS of the small relic is much large
and almost equal to the main relic (Hoang et al. 2017). It is also noted that
the observed LLS of a relic also depends on mass concentration of the sub-
clusters prior to merger. In line with the simulations in van Weeren et al.
(2011a), a number of merging clusters are observed to host more massive
sub-clusters behind the main relics (e.g. ZwCl 0008.8+5215 in van Weeren
et al. 2011b, Golovich et al. 2017b; RX J0603.3+4214 in van Weeren et al.
2016c, Jee et al. 2016; and PLCK G287.0+32.9 in Bonafede et al. 2014,
Finner et al. 2017).

In A1240, the projected LLS of A1240-2 in the south is a factor of 2
larger than that of A1240-1 in the north (i.e. 1.35 and 0.68Mpc, respec-
tively; see Subsec. 3.3.1). This implies that the southern shock front is
larger in projection than the north one. Unfortunately, we are unable to
check this with the current shallow X-ray data. However, if this turns out
to be the case and the mass concentration of the sub-clusters is similar,
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the sizes of the shock fronts is likely different because the masses of the
sub-clusters prior to the merger are not equal. The sub-cluster that is more
massive (or larger in size) should generate a larger shock surface in front
of its direction of propagation during a major cluster merger. This scenario
might be applied for A1240 as the cluster is known to be observed 0.3Gyr
after core crossed (Barrena et al. 2009). The southern sub-cluster, which
comes from the north before the merger, is more massive (about 2.8 times;
Barrena et al. 2009) than the northern sub-cluster and generates a wider
shock in the south than the northern counter shock.

The radio power at 143 MHz for A1240-2 is a factor of ∼ 3 more pow-
erful than that for A1240-1 (see Subsec. 3.4.1). This is surprising because
the radio derived Mach number for A1240-2 is smaller or equal to that for
A1240-1 (Table 3.4). This might be because the surface area in the southern
shock is larger than that in the northern shock which might be due to the
difference in the mass of the sub-clusters, as we discussed above. The true
reason is still unclear as the synchrotron power of the relics under DSA
model is a function of many parameters (e.g. shock surface area, electron
density, magnetic field strengths, ICM temperature, particle acceleration
efficiency at the shocks; Eq. 32 in Hoeft et al. 2007) that are poorly con-
strained with the current data. Other possibilities for the difference in the
power of the relics are that the relativistic electrons in the relics are re-
accelerated from fossil plasma and the radio power depends on the fossil
plasma populations (e.g. van Weeren et al. 2016c) or the Mach numbers
derived from radio spectrum are not an approximate proxy for the X-ray
shock Mach numbers (e.g. Akamatsu et al. 2015, 2017; van Weeren et al.
2016c).

Viewing angle of the merger axis

The radio emission from the relics A1240-1 and A1240-2 (Fig. 3.6) is highly
polarized. The electric field vectors are roughly perpendicular to the major
axes of the relics which implies an alignment of magnetic fields along the
major axes of the relics. At the shock fronts, the magnetic field alignments
are likely to be caused by shock compression. Since the polarized emission
is a vector quantity, the fractional polarization as measured by an observer
depends on the viewing angle θ and the compression factor C = (αint −
1)/(αint +

1
2) (assuming a polytropic index of the ICM gas of γgas = 5/3,

Enßlin et al. 1998). The viewing angle here is the projection angle between
the normal of the shock front and the line from the observers to the shock;
for example, θ = 0◦ or 90◦ means that the shock is occurring along the
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LOS or in the plane of the sky, respectively. In cases of a weak magnetic
field or small ratio of the magnetic pressure to internal gas pressure (i.e.
PB/Pthermal =

B2

8πρRT , where B is magnetic field, ρ is thermal electron density,
R is ideal gas constant, T is thermal gas temperature), the observed mean
fractional polarization of a shock is estimated as following (Enßlin et al.
1998),

F̄ ⩽
δint + 1

δint +
7
3

sin2(θ)
2C2

C2−1 − sin2(θ)
, (3.9)

where δint = 1 − 2αint is the slope of the electron density spectrum. The ⩽
sign indicates that the observed polarized emission might further experience
depolarization effects due to, e.g., the spatial resolution of the observations
or wide bandwidth imaging. In case of A1240, we estimated the magnetic
field to thermal pressure ratios of ∼ 18% for A1240-1 and ∼ 9% for A1240-
2, which implies that the relics are located in a region that satisfies the
weak magnetic field criteria. Here we used the magnetic field strength (i.e.
BA1240-1 = 2.4 µG, BA1240-2 = 2.5 µG) estimated in Bonafede et al. (2009),
the particle upstream densities (i.e. ρA1240-1 = 1.5 × 10−4 cm−3, ρA1240-2 =
3.0 × 10−4 cm−3) calculated in Sec. 3.4.1 and the thermal temperature (i.e.
TA1240-1 = 5.1 keV and TA1240-2 = 5.4 keV) measured in Barrena et al. (2009).

To examine the possible viewing angles of the relics A1240-1 and A1240-
2, we plot the fractional polarization F̄ of the relics as a function of viewing
angle θ in Fig. 3.9. Here we used the integrated spectral indices of −1.08 ±
0.05 and −1.13±0.05 for A1240-1 and A1240-2, respectively (Subsec. 3.3.1).
Since the polarization measured from the VLA 2 − 4 GHz data might be
slightly depolarized due to the wide-bandwidth, we used the mean fractional
polarization that was measured from the VLA images (bandwidth of 480
MHz, see Subsec. 3.3.1). The mean fractional polarization measured from
the VLA data sets are 32 ± 4% and 17 ± 4% for A1240-1 and A1240-2,
respectively. These correspond to the viewing angles of θA1240-1 ⩾ 53 ± 3◦

and θA1240-2 ⩾ 39± 5◦ (i.e. via Eq. 3.9). The estimated viewing angles are in
agreement with the constraints from the two-body modelling using optical
redshift data that the cluster merger likely occurred in the plane of the sky
(Barrena et al. 2009).

3.4.2 Radio halo and cluster mass

Cassano et al. (2013) reports the relation between the power of radio haloes
and the cluster mass (i.e. the P1.4 GHz − M500 relation). The power of radio
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Figure 3.9: Fractional polarization of the relics A1240-1 and A1240-2 as a function of
viewing angle. The mean fractional polarization of A1240-1 and A1240-2 was measured
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which correspond to viewing angles of θA1240-1 ⩾ 53±3◦ (red arrow) and θA1240-2 ⩾ 39±5◦
(blue arrow), respectively.

haloes increases as a function of cluster mass, implying that more gravita-
tional energy is channelled into the radio emission in more massive merging
clusters. A number of low-mass (∼ 1014M⊙) merging clusters have also been
detected to host radio haloes. However, diffuse emission has not been ob-
served in the central regions of some clusters in a similar mass range (e.g.
Abell 2345 in Bonafede et al. 2009, ZwCl 2341.1+0000 in van Weeren et al.
2009, ZwCl 0008.8+5215 in van Weeren et al. 2011b, PSZ1 G096.89+24.17
in de Gasperin et al. 2014). The question remains as to what fraction of
merging galaxy clusters are not able to generate radio haloes or whether
the non-detection is simply due to the sensitivity limitation of the current
radio observations. In case of A1240, our LOFAR 143 MHz data (Fig. 3.3)
shows no evidence of diffuse emission in the central region of the cluster
despite of the fact that its ICM is highly disturbed. In this subsection, we
use the LOFAR data to constrain the upper limit for the flux of the radio
halo. We assume that the spectral index for the halo is αint = 1.3 ± 0.2 (i.e.
the typical spectral index for a number of known haloes; Feretti et al. 2012)
and the radio power is k-corrected for the redshift of the cluster.
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Table 3.5: Upper limits for the radio halo power of A1240.

Region P1.4 GHz[10
23 W Hz−1]

Circle (RH = 264kpc) 0.30 ± 0.14
Circle (mock injection) 0.29 ± 0.13
Ellipse (from Figs. 3.3) 2.2 ± 1.0
Ellipse (mock injection) 1.4 ± 0.6

Upper limit for halo flux from the LOFAR data

Given the cluster mass of M500 = (3.7±0.4)×1014 M⊙ (Planck Collaboration
et al. 2016), we found the predicted power for A1240 to be P1.4 GHz = (1.9±
0.9) × 1023 W Hz−1. The power of radio haloes is also found to be directly
proportional to their radii, RH =

√
Rmin × Rmax, where Rmin and Rmax are

the minimum and maximum radii of the haloes (e.g. Cassano et al. 2007).
Using the P1.4 GHz−RH relation in Cassano et al. (2007), we estimate that the
radius for the halo in A1240 is RH = 264 kpc, which is significantly smaller
than half of the distance between A1240-1 and A1240-2 (i.e. 900 kpc).

The 1σrms upper limit for the flux of non-detected diffuse emission is
commonly estimated as S = A × σrms, where A is the area emitting the
expected diffuse emission. Given the sensitivity of the LOFAR data (Fig.
3.3), we estimated that the halo flux at 143 MHz is at most S 143 MHz =
A × σrms = 5.1mJy, where σrms = 410 µJy beam−1 = 0.244 µJy arcsec−2 and
A = πR2

H = 21 × 103 arcsec2, corresponding to a radius of 264 kpc. The
derived upper limit for the halo power at 1.4 GHz is P1.4 GHz = (3.0± 1.4)×
1022 W Hz−1. Our estimated 1σrms upper limit for the radio halo is ∼ 6− 12
times smaller than the value predicted from the P1.4 GHz −M500 relation (i.e.
P1.4 GHz = (1.9 ± 0.9) × 1023 W Hz−1; Cassano et al. 2013). The radio halo
in A1240 is therefore underluminous in comparison with the prediction of
the P1.4 GHz − M500 relation if it has a small radius (i.e. RH). Several other
double-relic clusters are observed to host small haloes (e.g. Brown et al.
2011a; Bonafede et al. 2012; de Gasperin et al. 2015). But it is noted that
the apparent sizes of faint radio haloes might be biased due to, e.g., the
depth or uv-coverage of the observations.

In the post-shock turbulence acceleration scenario, the turbulence is
produced by the baroclinic effects at the shocks, where the pressure gradi-
ents are not in parallel with the downstream total plasma (Brunetti & Jones
2014). Suggested by the Fermi-II process, the radio halo emission may start
from the inner edges of the relics, or behind the shocks, and approximately



3.4 Discussion 87

1015

M500 [M�]

1023

1024

1025

1026

P
1.

4G
H

z
[W

/H
z]

A1240

Figure 3.10: The P1.4 GHz − M500 relation of radio haloes (i.e. P1.4 GHz[10
24W Hz−1] =
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sano et al. 2013). The upper limits of the radio halo for A1240, P1.4 GHz = (1.4 ± 0.6) ×
1023 W Hz−1 (red arrow), that we estimated from the LOFAR 143 MHz data in Subsec.
3.4.2. The green down arrows indicate upper limits for the undetected radio haloes (see
Cassano et al. 2013 for the cluster list). The grey region indicate the 95% confidence
region of the best-fit.

trace the X-ray emission (e.g. van Weeren et al. 2016c; Hoang et al. 2017).
If the radio halo of A1240 follows a similar trend, the size of the halo should
be approximately equal to the distance between A1240-1 and A1240-2 (i.e.
∼ 1.8 Mpc in projection). If we assume the halo emission encompasses the
region shown by the ellipse in Fig. 3.3 then the 1σrms upper limit of the
radio flux is significantly higher at S 143 MHz = A × σrms = 37.2mJy, where
A = 152.6 × 103 arcsec2. The ellipse has semi-minor and semi-major axes
of 3 and 4.5 arcmin, respectively. The position angle of the ellipse is 160◦

(the north-south axis being the reference, the counter-clockwise being pos-
itive direction). The corresponding limit on the 1.4 GHz radio power is
P1.4 GHz = (2.2 ± 1.0) × 1023 W Hz−1, which is not discrepant from that pre-
dicted by the P1.4 GHz−M500 relation (i.e. P1.4 GHz = (1.9±0.9)×1023 W Hz−1;
see Fig. 3.10). Hence, even though we do not detect the halo, its expected
power should be close to the detection limit of our observations.
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Upper limit of halo flux from simulations

Beside the uncertainty in the predictions of the halo size and its radio
power, other possibilities for the non-detection of diffuse emission in the
cluster centre are due to (i) the limited uv-coverage of the interferometric
observations (see, e.g., Venturi et al. 2008) and (ii) the algorithms used in
the data reduction procedure.

To examine (i), we generated a mock image for the radio halo with a
surface brightness that follows an exponential function I(r) = I0 exp(−ϵ/re),
where ϵ = x2

a2 + y2

b2 ⩽ 1 defines the projected shape of the diffuse emission
(Bonafede et al. 2017); I0 and re are free parameters (Murgia et al. 2009).
The mock halo has a peak brightness of I0 = 3σrms = 0.732 µJy arcsec−2,
an effective radius of re = 102 kpc and an integrated flux of 100.4mJy at
143 MHz over the elliptical region (a = 582 kpc and b = 873 kpc) in Figs.
3.3 and 3.11. The halo model was injected (i.e. Fourier transformed) into
a blank column of the LOFAR data set that does not include sources nor
background noise. The injected uv-data were then deconvolved with the
MS −MFS options in CASA (see Subsec. 3.2.4) to obtain the mock halo.
The integrated flux for the mock halo that was measured in the deconvolved
image is 95.9mJy which is ∼ 95% of the integrated flux of the injected mock
halo. This implies that the LOFAR observations are sensitive to the 143
MHz, ∼ µJy arcsec−2 diffuse emission of scales equivalent to the separation
of the relics in A1240.

To search for the upper limit of the halo flux, we follow the procedure
described in Bonafede et al. (2017). We vary the integrated fluxes (i.e.
using I0) and inject the elliptical model (a = 582 kpc, b = 873 kpc and re =
102 kpc) to the LOFAR data column. I0 is varied in steps of 0.5σrms, followed
by fine steps of 0.1σrms between 1 − 2σrms. We found that no extended
emission (i.e. size of ⩾ RH) is detected in the deconvolved images (Fig.
3.11) at 2σrms when the integrated flux of the injected model is ⩽ 36.8mJy
(i.e. I0 = 1.1σrms). The corresponding radio power at 1.4GHz is P1.4 GHz =
(1.4 ± 0.6) × 1023 W Hz−1. This injected power can be considered as the
approximate upper limit of the halo power and is consistent with our 1σrms

estimate (i.e. P1.4 GHz = (2.2 ± 1.0) × 1023 W Hz−1 at 143 MHz) using the
LOFAR low-resolution image. It is noted here that the halo emission is
assumed to be distributed over an elliptical region between A1240-1 and
A1240-2. In case that the P1.4 GHz − RH relation holds for A1240, the halo
would be smaller (i.e. a = b = RH = 264 kpc) and the upper limit for the
halo power derived from simulations is P1.4 GHz = (2.9 ± 1.3) × 1022 W Hz−1.
This is ∼ 6 times lower than the value derived from the VLA 1.4 GHz data
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Figure 3.11: Injection of halo models to the LOFAR data. (a) An example of the injected
model for the halo (smoothed to 41 arcsec×36 arcsec resolution). (b) LOFAR image of
the region where the halo model is injected. (c-e) LOFAR images after the halo models
of various peak brightness I0 are injected. The contours start at ±2 and are spaced with
a factor of 2. The size of the elliptical region is identical to that in Fig. 3.3.

in Bonafede et al. (2017) and is ∼ 7 times below the value predicted by
the P1.4 GHz − M500 relation. The amount of flux that is recovered from the
deconvolved images depends on the brightness of the injected halo model
and the regions where the integrated flux is measured, as shown in Fig. 3.12
for the case of the elliptical model for the halo.

The second possibility (ii) for the absence of the radio halo is beyond the
scope of this paper as it requires mock haloes to be corrupted with realistic
direction-independent and direction-dependent effects and injected into the
uv-data prior to processing.

3.5 Conclusions

A1240 is a galaxy cluster in the process of merging (Bonafede et al. 2009;
Barrena et al. 2009). Previous radio observations with the VLA (325 MHz
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Figure 3.12: Recovered flux for the radio halo depends on the S/N of the injected elliptical
model. The recovered fluxes are measured within the elliptical region and the ⩾ 2σrms
region (see Fig. 3.11). The vertical dashed line indicates the upper limit for the halo flux
(i.e. Fig. 3.11, c).

and 1.4 GHz) by Bonafede et al. (2009) characterised two radio relics in the
peripheral regions of the cluster. In this paper, we performed LOFAR 143
MHz observations of the cluster and combined these with archival GMRT
612 MHz and VLA 3 GHz data. With the wide frequency range and deep
observations, we provided new measurements on the spectral and polari-
metric properties of the emission from the cluster relics and added further
constraints on the existence of a radio halo. Below we summarize our re-
sults.

• From the 143 MHz − 3 GHz spectral index map we measured a spec-
tral gradient across the width of the relics A1240-1 and A1240-2. The
spectral indices steepen from −0.94±0.05 and −0.97±0.05 at the outer
edges to −1.18 ± 0.05 and −1.23 ± 0.05 at the inner edges for A1240-
1 and A1240-2, respectively. Using the spectral index values at the
locations of the shock fronts and assuming DSA, the corresponding
Mach numbers for the shocks are M = 2.4 ± 0.1 and M = 2.3 ± 0.1,
respectively. These Mach numbers are significantly lower than those
(i.e. MA1240-1 = 5.1+3.1

−1.1 and MA1240-2 = 4.0+1.1
−0.6 ) estimated from the

integrated spectral indices.
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• At 2−4 GHz, we detected polarized emission in the regions of A1240-
1 and A1240-2. The mean fractional polarization as measured from
the VLA 480 MHz bandwidth data sets are 32 ± 4% and 17 ± 4% for
A1240-1 and A1240-2, respectively. From these fractional polarization
measurements we constrained the lower limits of the viewing angle of
the merger axis to be 53 ± 3◦ and 39 ± 5◦ for A1240-1 and A1240-2,
respectively.

• The magnetic field to thermal pressure ratio was estimated to be
∼ 18% and ∼ 9% in the regions of A1240-1 and A1240-2, respectively.

• The spectral gradients and polarimetric properties for the relics are
consistent with the scenario that the relics were generated from shocks
that are moving outwards. If the Mach numbers are 4.0 for A1240-1
and 5.1 for A1240-2, the required efficiency to accelerate electrons is
less than 1% and 0.5%, respectively, suggesting that the relativistic
electrons in the relics might be accelerated directly from the thermal
pool. If the relics have low Mach numbers (e.g. below 3), fossil elec-
trons from radio galaxies in A1240 existing prior to the shock passage
will be required.

• With the sensitivity of our current LOFAR 143 MHz data, no hints
of diffuse emission in the central regions of A1240 and A1237 were
detected. Furthermore, no emission was observed in the region be-
tween the clusters. In the case that the A1240 halo spans the en-
tire region (i.e. the ellipse in Fig. 3.3) between the relics, our upper
limit for the radio halo power of A1240 by injecting of halo models
is P1.4 GHz = (1.4± 0.6)× 1023 W Hz−1 which is consistent with the ex-
pected power from the P1.4 GHz−M500 scaling relation. However, in case
of small halo (i.e. circle of radius RH = 264 kpc) the estimated upper
limit (i.e. P1.4 GHz = (2.9 ± 1.3) × 1022 W Hz−1) is ∼ 7 times below the
P1.4 GHz −M500 relation. Our analysis suggests that we can reasonably
exclude the presence of a small (RH = 264 kpc) radio halo in A1240,
while we cannot exclude the presence of a large elliptical radio halo
extending between the two relics, since in this case our upper limit is
consistent with the P1.4 GHz − M500 correlation.
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4| Radio observations of the merg-
ing galaxy cluster Abell 520

Abstract

Extended synchrotron radio sources are often observed in merging galaxy clus-
ters. Studies of the extended emission helps us to understand the mechanisms in
which the radio emitting particles gain their relativistic energies. We examine the
possible acceleration mechanisms of the relativistic particles that are responsible
for the extended radio emission in the merging galaxy cluster Abell 520. We per-
form new 145 MHz observations with LOFAR and combine these with the archival
GMRT 323 MHz and VLA 1.5 GHz data to study the morphological and spec-
tral properties of the extended cluster emission. The observational properties are
discussed in the framework of particle acceleration models associated with cluster
merger turbulence and shocks. In Abell 520, we confirm the presence of extended
(760 × 950 kpc2) synchrotron radio emission that has been classified as a radio
halo. The comparison between the radio and X-ray brightness suggests that the
halo might originate in a cocoon rather than from the central X-ray bright regions
of the cluster. The halo spectrum is roughly uniform on the scales of 66 kpc. There
is a hint of spectral steepening from the SW edge towards the cluster center. As-
suming the diffusive shock acceleration (DSA), the radio data is suggestive of a
shock Mach number of MSW = 2.6+0.3

−0.2 , consistent with the X-ray derived esti-
mates. This is in agreement with the picture that the relativistic electrons in the
SW radio edge gain their energies at the shock front via the Fermi-I acceleration
of either thermal or fossil electrons. We do not detect extended radio emission
ahead of the SW shock that is predicted if the emission is the result of adiabatic
compression. An X-ray surface brightness discontinuity is detected towards the NE
region which may be a counter shock of Mach number MX

NE = 1.52 ± 0.02. This is
lower than the value predicted from the radio emission which, assuming DSA, is
consistent withMNE = 2.1±0.2. Our observations indicate that the radio emission
in the SW of Abell 520 is likely effected by the prominent X-ray detected shock
where radio emitting particles are (re-)accelerated through the Fermi-I mechanism.
The NE X-ray discontinuity that is approximately collocated with an edge in the
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radio emission hints at the presence of a counter shock.
D. N. Hoang, T. W. Shimwell, R. J. van Weeren, et al.,

Astronomy & Astrophysics, 622, A20 (2019)

https://www.aanda.org/articles/aa/abs/2019/02/aa33900-18/aa33900-18.html
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4.1 Introduction

Non-thermal components, i.e. relativistic particles and magnetic fields, in
the intra-cluster medium (ICM) are important tracers of the formation
and evolution of large-scale structures. Their origin, and the role they play
on the physical processes in the ICM, during cluster mergers are still be-
ing investigated. There is evidence that extended synchrotron emission,
namely haloes and relics, can be generated during the mergers of sub-
clusters/groups during which a part of the gravitational energy goes into
particle acceleration and amplification of large-scale magnetic fields (for re-
views, see Bruggen et al. 2012; Feretti et al. 2012; Brunetti & Jones 2014).

Radio haloes are Mpc-scale, faint synchrotron sources that are approxi-
mately co-spatial with the thermal emission from the ICM. At moderate ob-
serving resolutions, they are measured to be unpolarized down to a few per
cent at ∼ GHz frequencies. The mechanism of particle acceleration is pow-
ered by turbulence that is introduced during a merging event (e.g. Brunetti
et al. 2001; Petrosian 2001; Fujita et al. 2003; Cassano & Brunetti 2005;
Brunetti & Lazarian 2007, 2016; Pinzke et al. 2017). Hadronic CR proton-
proton collisions in the ICM may also contribute to the observed radiation
as they produce secondary relativistic electrons (e.g. Dennison 1980; Blasi
& Colafrancesco 1999; Dolag & Ensslin 2000; Miniati et al. 2001; Pfrommer
& Enßlin 2004; Pfrommer 2008; Keshet & Loeb 2010; Enßlin et al. 2011).
However, current limits from the Fermi-LAT severely challenge a scenario
of pure hadronic models for radio haloes (e.g. Jeltema & Profumo 2011;
Brunetti et al. 2012; Zandanel et al. 2014; Ackermann et al. 2010, 2016)
still leaving open the possibility of hadronic models where secondary parti-
cles are re-accelerated by turbulence Brunetti & Lazarian (2011a); Brunetti
et al. (2017); Pinzke et al. (2017).

Radio relics are faint, elongated synchrotron sources in the peripheral
regions of galaxy clusters. These can have projected sizes up to ∼ Mpc
and are often measured to have a high degree of polarization, up to 70 per
cent. Relics are thought to form due to merger or accretion shocks which
accelerate particles to relativistic energies via e.g. the Fermi-I diffusive shock
acceleration (DSA; e.g. Enßlin et al. 1998; Roettiger et al. 1999; Enßlin &
Gopal-Krishna 2001; Pfrommer 2008). However, the merger shocks with
Mach number of M ≲ 5 might be insufficient to generate the observed
brightness and the spectra of relics in a number of clusters (e.g. Stroe
et al. 2013; van Weeren et al. 2013, 2016c, 2017; Bonafede et al. 2014;
Akamatsu et al. 2015; Shimwell et al. 2015; Vazza et al. 2015; Botteon
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et al. 2016a; Hoang et al. 2017, 2018a). To overcome this problem, a pre-
existing population of fossil electrons which is re-accelerated at shock is
required to be present prior to the shock passage (e.g. Markevitch et al.
2005; Kang & Ryu 2011; Kang et al. 2012).

Studies of the processes occurring at cluster shock-fronts are best done
using systems where accurate observational constraints can be derived. The
best observations require relatively strong shocks (M ≲ 3), which are usu-
ally found in the peripheral regions of galaxy clusters where the electron
density is very low (≲ 10−4 cm−3). However, in these regions the low gas den-
sity can make it challenging to observe temperature and surface brightness
discontinuities with the current generation of X-ray telescopes (Markevitch
& Vikhlinin 2007; Botteon et al. 2018). Additionally, to best study the
shocks it is preferable to minimize the mixing of different populations of
electrons along the line of sight, large spherical shocks are preferred, since
for them the de-projection is more accurate. As merger induced shocks
in clusters are rare (because the systems must be caught within a limited
stage of the overall merging event) there are only a handful of known strong
shocks (MX ∼ 2− 3) that meet these conditions, namely those in Abell 520
(Markevitch et al. 2005), Abell 2146 Russell et al. (2011, 2012), Abell 665
(Dasadia et al. 2016), Abell 115 (e.g. Botteon et al. 2016a), and El Gordo
(Botteon et al. 2016b).

4.2 The galaxy cluster Abell 520

The Train Wreck Cluster Abell 520 (hereafter A520; z = 0.201) is a highly-
disturbed merging galaxy cluster with a merger axis ∼ 60◦ to the plane of
the sky (e.g. Proust et al. 2000; Mahdavi et al. 2007; Girardi et al. 2008;
Markevitch et al. 2005; Govoni et al. 2001b; Jee et al. 2012; Vacca et al.
2014). The total mass for A520 is estimated to be M = 7.8 × 1014 M⊙ in
Planck Collaboration et al. (2016). Previous studies at radio wavelengths
have revealed ∼ Mpc-scale, faint (∼ µJy arcsec−2 at 1.4GHz) emission asso-
ciated with the ICM, which was classified as a radio halo (e.g. Giovannini
et al. 1999; Govoni et al. 2001b; Vacca et al. 2014). With observations at
a resolution of 39 arcsec the spectral energy distribution was found to be
patchy with a mean value of −1.251 and a dispersion of 0.22 (Vacca et al.
2014). In the SW region, the level of radio emission rapidly drops at the
location of a prominentMX = 2.1+0.4

−0.3 bow shock, where the shock strength
was derived from surface brightness and temperature jumps from Chandra

1The convention S ∝ να is used in this paper.
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X-ray data (Markevitch et al. 2005; Wang et al. 2016, 2018). In addition
there may be another shock toward the NE of the cluster (Wang et al.
2016) but the radio emission in this region has not be carefully examined.
Edges to radio haloes, such as that in the SW of A520, at the locations
of shocks have been observed in several other clusters (Markevitch 2010;
Brown & Rudnick 2011; Macario et al. 2011; Shimwell et al. 2016; van
Weeren et al. 2016c). However, a few of these situations, including in Abell
520, are puzzling since the expected properties for a radio relic (such as
spectral transversal steepening gradients) are not detected (Vacca et al.
2014).

In this paper, our main aim is to examine the low-frequency emission
from the cluster and to use these measurements to better constrain the
spectral energy distribution of the diffuse synchrotron emission. This allows
us to search for a spectral index structure associated with the shock in the
SW. In addition we can also examine the structure of the radio emission in
the NE at the location of the possible shock front identified by Wang et al.
(2016). To achieve this aim, we observed the cluster with the Low Frequency
Array (LOFAR; Haarlem et al. 2013) using High Band Antennas (HBA,
120 − 187MHz) and combined these data with existing Giant Metrewave
Radio Telescope (GMRT) 306 − 339MHz and Very Large Array (VLA)
1 − 2GHz data. We also make use of archival Chandra X-ray data.

In this study, we assume H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.
In this cosmology, an angular distance of 1 arcmin corresponds to a physical
scale of 198.78 kpc at the cluster redshift of z = 0.201.

4.3 Observations and data reduction

4.3.1 LOFAR 145 MHz

The LOFAR 145 MHz observations of A520 were performed for a total of 7.3
hours divided equally between April 17 and 25, 2017 (project: LC7_025).
The calibrator 3C 147 was observed for 10 minutes. A summary of the
observations is given in Table 4.1.

The calibration of the LOFAR data was done using the facet calibration
scheme to correct for the direction-independent and direction-dependent
effects which are implemented in the PreFactor2 and Factor3 pipelines. The
data reduction procedure is described in detail in van Weeren et al. (2016a),

2https://github.com/lofar-astron/prefactor
3https://github.com/lofar-astron/factor

https://github.com/lofar-astron/prefactor
https://github.com/lofar-astron/factor


98 Radio observations of Abell 520

Table
4.1:R

adio
observations

ofA
520

Telescope
LO

FA
R

145
M

H
z

G
M

RT
323

M
H

z
V

LA
1.5

G
H

z
Project

LC
7_

25
27_

070
A

F349,A
C

706,A
C

776
O

bservation
ID

s
L584441,L589773

7394,8007
—

C
onfiguration

—
—

C
,D

C
alibrator

3C
147

3C
147

3C
48,3C

147,3C
138,3C

286
O

bservation
dates

A
pr.17

and
25,2017

O
ct.31,2014;A

ug.21,2015
1998

D
ec.8;1999

M
ar.19

2004
A

ug.30;2005
A

ug
30

Totalon-source
tim

e
(hr)

7.3
17.2

15.1
C

orrelations
fullStokes

R
R

,LL
fullStokes

Bandw
idth

(M
H

z)
48

33
150

C
hannelw

idth
(M

H
z)

0.0122
0.1302

50
T

im
e

resolution
(s)

1
16

10
N

um
ber

of(used)
stations

62
28

24
−
27



4.3 Observations and data reduction 99

Williams et al. (2016), and de Gasperin et al. (2018). In particular, the data
were flagged for radio interference frequency (RFI) with Aoflagger (Offringa
et al. 2012), were removed the contamination of the bright sources in the
distant side lobes (i.e. Cassiopeia A, Taurus A), and were corrected for the
initial phase offsets between the XX and YY polarizations. The clock offsets
of different stations were also removed. The flux scale of the target data
was calibrated according to the Scaife & Heald (2012) flux scale using the
primary calibrator 3C 147. In Factor, the data were corrected for direction-
dependent distortions that are mainly caused by ionospheric effects and
errors in the beam model. After this pipeline processing, the final calibrated
data from the different observations were combined for imaging (see details
in Sec. 4.3.4).

4.3.2 GMRT 323 MHz

A520 was observed with the GMRT 323 MHz on October 31, 2014 and
August 21, 2015 for a total of 17.2 hours (project: 27_070; PI: A. Shweta
and R. Athreya). The calibrator 3C 147 was observed before and after the
target. The observation details are summarized in Table 4.1.

The calibration of the GMRT data was done in SPAM (Source Peeling
and Atmospheric Modelling; Intema et al. 2009). In this procedure the ab-
solute flux scale was calibrated using 3C 147 and a source model consistent
with the Scaife & Heald (2012) flux density scale. The data were flagged for
RFI, and the gain and bandpass were calibrated. The direction-dependent
calibration was performed with multiple self-calibration loops to correct for
the ionospheric phase delay toward the direction of the target. The final
calibrated data were used to make continuum images of A520 (see Sec. 4.3.4
for details).

4.3.3 VLA 1.5 GHz

We combine multiple archival L-band data sets centered on A520. These
data were observed in C- and D-configurations. The data are originally
presented in Govoni et al. (2001b) (project: AF349) and Vacca et al. (2014)
(project: AC776 and AC706). Details of the observations are summarized
in Table 4.1.

The VLA data are separately calibrated in CASA using the flux cali-
brator 3C 48 for project AF349, 3C 147 for project AC776, 3C 147, 3C 138,
and 3C 286 for project AC706. The phase calibrator is 0459+024 for project
AF349 and 0503 + 020 for projects AC706 and AC776. The amplitude is
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calibrated according to the Perley & Butler (2013) flux scale which has an
uncertainty of a few percent for these calibrators. After the initial calibra-
tion, the data are self-calibrated with phase-only calibration steps before
phase-amplitude calibration steps. The calibrated data from all observa-
tions are combined in the (u,v)-plane and used to make continuum images
of A520 (see Sec. 4.3.4).

4.3.4 Continuum imaging and spectrum mapping

To map the diffuse emission from A520, the LOFAR, GMRT and VLA
calibrated data sets were deconvolved with the MS-MFS (multi-scale and
multi-frequency synthesis) CLEAN algorithm in CASA (McMullin et al.
2007; Cornwell 2008; Rau & Cornwell 2011). The MS-MFS option was used
to properly model frequency-dependent emission and more accurately de-
convolve extended objects. A wide-field algorithm (W-projection, Cornwell
et al. 2005, 2008) was also used to account for the baseline non-coplanarity
over the sky. The diffuse emission at different spatial scales was enhanced
using Briggs (1995) weighting schemes with multiple robust values (see Ta-
ble 4.2). The primary beam correction for LOFAR was done by dividing
the image by the square root of the .avgpb map generated by AWimager
(Tasse et al. 2012). Whereas, the GMRT images were divided by a primary
beam approximated by 4,

A(x) = 1 − 3.397

103
x2 +

47.192

107
x4 − 30.931

1010
x6 +

7.803

1013
x8, (4.1)

where x = f × θ with f = 0.323 GHz and angular distance θ from the
pointing center in arcmin. The VLA images were primary beam corrected
using the built-in pbcor option of CASA’s CLEAN task.

Spectral index maps of A520 were made with the LOFAR, GMRT and
VLA Stokes I images that were made using similar imaging parameters
(i.e. uv-range, MS-MFS, W-projection options, Briggs’ robust weighting;
see Table 4.2). Additionally, we used an outertaper to adjust the weight-
ings of long baselines to obtain a spatial resolution of ∼ 20 arcsec for each
of the maps. The LOFAR, GMRT and LOFAR Stokes I images were then
smoothed with 2D Gaussians to a common resolution of exactly 20 arcsec.
They were also corrected for any astrometric misalignments between the
images. To do this, we fit 2D Gaussian to compact sources in the images.
The central positions of the Gaussians are considered as approximate loca-
tions of the sources. The misalignments between the images is taken to be

4GMRT User’s manual



4.3 Observations and data reduction 101

Ta
bl

e
4.

2:
Im

ag
e

pr
op

er
tie

s

Te
le

sc
op

e
uv

-r
an

ge
ro

bu
st

a
ou

te
rt

ap
er

re
so

lu
tio

n
σ

Fi
g.

(k
λ
)

(a
rc

se
c)

(a
rc

se
c2

,p
.a

.)
(µ

Jy
be

am
−1

)
LO

FA
R

⩾
0.
10
0

0.
0

15
31
.3
×
20
.4

(4
7
.7
◦ )

46
0

4.
1

0.
11
4
−
16
.2
20

0.
0

5
20
×
20

b
45

0
4.

3c

G
M

RT
⩾
0.
10
0

0.
0

15
18
.3
×
15
.5

(6
0
.8
◦ )

10
0

4.
1

0.
11
4
−
16
.2
20

0.
0

16
20
×
20

b
13

0
4.

3c

V
LA

0.
11
4
−
16
.2
20

0.
0

5
19
.5
×
18
.7

(−
4
3
.1
◦ )

26
4.

1,
4.

3c

N
ot

es
:a :

Br
ig

gs
we

ig
ht

in
g

of
uv

da
ta

;b :
sm

oo
th

ed
;c :

sp
ec

tr
al

in
de

x
m

ap



102 Radio observations of Abell 520

the mean of the offsets between the locations of the compact sources. The
images were then regridded to identical pixel size. To calculate the spectral
index map, only the ⩾ 3σ pixels that were detected in at least 2 images
were used. These were fit with a power-law function of the form S ∝ να. The
spectral index errors were calculated taking into account the image noise
and a flux scale uncertainty of 15% for LOFAR, 10% for GMRT and 5%
for VLA.

We note that to ideally recover the same spatial scales at each fre-
quency the uv-coverage of each data set should be matched. Generally, this
matching is approximated by imaging the data sets with a uniform weight-
ing scheme and with a common uv-coverage in each data set, but this can
result in a significantly increased noise level. Therefore, to maintain a suf-
ficient S/N detection of A520 we have instead imaged the data with equal
uv-range and a combination of robust parameter and taper to ensure that
the images produced are of approximately equal resolution.

4.3.5 Chandra

Archival Chandra data in the energy band of 0.5 − 2.0 keV were fully cal-
ibrated and are published as part of an X-ray sample study in Andrade-
Santos et al. (2017) from which we acquire the calibrated data. The obser-
vation IDs of the archival data used are 528, 4215, 7703, 9424, 9425, 9426,
and 9430, resulting in a total observing duration of 528 ks.

4.4 Results

In Figs. 4.1 and 4.2, we present the continuum images of A520 obtained
with the LOFAR 145 MHz, GMRT 323 MHz, and VLA 1.5 GHz observa-
tions. The image properties are summarized in Table 4.2. The radio images
show the detection of diffuse emission associated with the ICM as well as
multiple radio galaxies. To study the spectral properties of the extended
radio sources, we combine the LOFAR, GMRT and VLA data to make the
spectral index map in Fig. 4.3.

4.4.1 The radio halo

Similarly to previous observations, the new LOFAR 145 MHz and GMRT
323 MHz images (Fig. 4.1 and 4.2) show the presence of a giant radio halo
(760× 950 kpc2) with an overall morphology that approximately traces the
X-ray emission of A520 (e.g. Giovannini et al. 1999; Govoni et al. 2001b;
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Figure 4.1: Radio continuum images of A520. The contours are from ±3σ and are spaced
by
√
2. The image noise is σ = 460, 100, and 26 µJy beam−1 for the LOFAR, GMRT, and

VLA images, respectively. The sources are labeled in the VLA image, partly adapting
the notation in Vacca et al. (2014). The synthesized beams are shown in the bottom left
corners.
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Vacca et al. 2014). We use the LOFAR, GMRT, and VLA 20 arcsec maps
that are made with identical imaging parameters (i.e uv-range 0.114 −
16.220 kλ, Briggs’ robust weighting 0.0) to measure the integrated flux for
the halo emission. The measurement is done within an elliptical region (i.e.
the blue thick ellipse in Fig. 4.3) with regions contaminated by the emis-
sion from the radio galaxies B, D, E, H, G, and I masked out. The elliptical
region was chosen to roughly follow the 3σ contour of the LOFAR detected
emission. Since the surface brightness (SB) of the halo is approximately
uniform within the ≲ 450 kpc-radius central region (see Fig. 4.1, also Fig.
5 in Vacca et al. 2014), we assume that the SB in the masked regions can
be extrapolated from the unmasked regions. The integrated flux of the halo
is then calculated as the integrated flux measured in the unmasked region
multiplied by a factor to account for the area of the masked regions (see
Fig. 4.3). The total error quoted for the integrated flux measurements is
the quadratic sum of the uncertainty in the flux scale and the image noise.
The integrated fluxes of the halo at 145 MHz, 323 MHz and 1.5 GHz are
229.7 ± 34.8 mJy, 90.5 ± 9.2 mJy and 18.8 ± 1.0 mJy, respectively. For com-
parison with the Wang et al. (2018) measurement, that uses the same VLA
data, we repeat the calculation for the flux within a region encompassing
the 1σ contour. The halo flux within this region is 20.6 ± 1.1mJy and is
consistent with the value of 20.2 ± 1.5mJy that was measured in a radio
galaxy subtracted image presented in Wang et al. (2018). Another flux mea-
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Figure 4.4: Integrated spectrum between 145 MHz and 1.5 GHz for the radio halo. The
integrated fluxes are measured within the 3σ contour (blue thick) and central (black thin)
regions in Fig. 4.3.

surement for the extended emission at 1.4 GHz in Cassano et al. (2013) is
19.4± 1.4 mJy which is in agreement with our estimate. Vacca et al. (2014)
obtain a smaller value of 16.7 ± 0.6 mJy for the halo flux, but they did not
extrapolate their measurements to estimate the contribution from masked
regions, which might explain the difference.

To estimate spectral index of the halo, we fit the integrated fluxes with a
single-power-law function, S ∝ να, that describes the synchrotron emission
mechanism. As plotted in Fig. 4.4, the integrated spectrum of the halo
follows the power law relation with an index of α1.5 GHz

145 MHz = −1.04±0.05. Our
measurement of the integrated spectral index is in line with the estimate
of α1.4 GHz

325 MHz = −1.12 ± 0.05 in Vacca et al. (2014). In the central region
of the halo, the integrated spectral index is estimated to be α1.5 GHz

145 MHz =
−1.03 ± 0.06. Examining the spatial distribution of the halo spectrum, we
find that the spectral index over the inner region of the halo (i.e. black
thin ellipse in Fig. 4.3) remains approximately constant around a mean of
−1.01 with a scatter of 0.12. A similar situation is found in the larger region
(i.e. α = −1.03 in the blue thick ellipse in Fig. 4.3). However, Fig. 4.3 also
indicates that there are small changes of the spectral indices in the NE
and SW region on scales larger than the beam size. These estimates on the
spectral index, based on the distribution of the spectral indices, are also
consistent with the integrated spectral index values above.
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4.4.2 The SW region of the radio halo

The radio continuum images in Fig. 4.1 show excess emission in the SW
region of the radio halo, consistent with previous observations in, e.g., Gio-
vannini et al. (1999),Govoni et al. (2001b), and Vacca et al. (2014). The
SW radio emission roughly follows the ”bullet”-like shock front detected
with the X-ray observations (Markevitch et al. 2005). The radio emission
increases sharply across the SW shock front from west to east. Assuming
that the upper limit for the radio emission in the pre-shock region is 1σ of
the background noise, the increase in the radio surface brightness is ∼ 4,
∼ 5, and ∼ 8 times at 145 MHz, 323 MHz, and 1.5 GHz, respectively. In Fig.
4.5, we plot the regions where the SB and spectral indices are extracted for
examining the spatial distribution of the radio emission and spectral energy
distribution. The profiles in Fig. 4.6 show that the radio emission in the
region behind the SW shock continues to increase, most significantly at low
frequencies, before gradually decreasing in the region ∼ 230 kpc away from
the SW radio edge. The spectrum index in the SW radio edge is flattest at
the 3σ SW edge with −0.84±0.11 and steepens to −1.13±0.07 at ∼ 165 kpc
towards the cluster center from the SW 3σ contour. This spectral trend
can also be seen in the spectral index map (Fig. 4.3). Our spectral index
measurement between 145 MHz and 1.5 GHz at the SW radio edge is flat-
ter than the previous estimate of α1.4 GHz

323 MHz = −1.25 which was derived from
lower (39 arcsec) resolution data in Vacca et al. (2014).

4.4.3 The NE region of the radio halo

Towards the NE direction, the radio emission of the halo gradually increases
before sharply decreasing at the NE edge (Fig. 4.1). An enhancement in the
extended radio emission (i.e. projected size of ∼ 65 kpc in radius) is detected
at ∼ 3σ at 1.5 GHz but is slightly less visible at the lower frequencies of
145 MHz and 323 MHz. At the NE edge there is a hint that the spectral
index seems to steepen in the NE-SW direction, but the steepening trend
of the spectral index is still uncertain due to the large errors in the spectral
measurement (see the spectral index profile in Fig. 4.6, bottom panel).

A number of merging clusters generate double shocks that propagate on
diametrically opposite sides of the cluster center (e.g. Russell et al. 2011;
Dasadia et al. 2016; Urdampilleta et al. 2018). In A520, a shock (MX = 2.1;
Markevitch et al. 2005) is detected in the SW region of the cluster and
Wang et al. (2016) discussed a possibility of a counter shock in the NE side
of the cluster. To further search for a possible counter shock, we fit the
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Figure 4.5: The rectangle regions in the SW and NE directions where SB and spectral
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right behind the SW shock is estimated. The X cross indicates the location of a compact
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in Fig. 4.1 (right).

X-ray SB emission with a broken power-law function5, assuming that the
X-ray emission is spherically symmetric about a point at the cluster center.
The fitted function is consistent with underlying broken power-law particle
density profile,

n(r) =

 C n0
(

r
rbreak

)−ad if r ⩽ rbreak

n0
(

r
rbreak

)−au if r > rbreak
(4.2)

where C = nd/nu is the shock compression factor or particle density jump
(the subscripts d and u stand for downstream and upstream regions, re-
spectively); rbreak is the location of the SB discontinuity; a is the slope
of the power-law function; n0 is normalization factor or particle density
at the rbreak location of the upstream region. We find the best-fit param-
eters for the selected sector (see Fig. 4.7) that has a compression factor
of C = 1.74 ± 0.03, coincidentally close to the outer edges of the radio
emission. The SB jump is located 428.6+1.1

−0.8 kpc from the sector center (i.e.
4h54m07.96s,+2d55m29.64s). The best-fit indices are ad = 0.23 ± 0.02 and
au = 1.56 ± 0.02. The normalization factor is n0 = (20.1 ± 0.4) × 10−3 cm−1.

5using PyXel, available on https://github.com/gogrean/PyXel

https://github.com/gogrean/PyXel
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The particle density jump suggests the presence of either a cold front or
shock front at the rbreak location.

If the detected discontinuity in the X-ray SB is due to a cold front, the
ICM thermal pressure must be balanced in the upstream and downstream
regions (or Tu/Td = C). To check this possibility, we estimate temperature
on both sides of the density jump location from the Chandra data. The
selected upstream and downstream regions are shown in Fig. 4.7. We obtain
temperature of Tu = 8.57+1.48

−1.16 keV for the pre-shock region and a slightly
higher temperature in the post-shock region Td = 9.49+0.90

−0.88 keV, but still
within the 1σ significance. Wang et al. (2016) estimated a slight decrease
in the temperature in the post-shock region (i.e. ∼ 9 keV), but the decrease
is still within their 1σ uncertainty and they use larger regions (i.e. C3 and
C4 in their Fig. 4) than the regions we used here in Fig. 4.7. It is also noted
that the temperature estimate in the NE region might be contaminated by
other sources such as the in-falling hot matter (see Fig. 4.2) or the nearby
X-ray emission in the regions of sources C, D, and E (Wang et al. 2016).
The temperature value we estimate here implies that if the SB jump is due
to a cold front then C = 0.90 ± 0.16. This is inconsistent with the SB jump
of C = 1.74± 0.03 from the broken power-law fitting of the X-ray emission.
Therefore, the assumption that the SB jump is because of the presence of
a cold front might be unlikely.
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In the case that the discontinuity is caused by a merger shock front,
the compression of the ICM plasma is directly related to the shock Mach
number by the Rankine-Hugoniot jump relation,

MX =

√
2C

γ + 1 −C(γ − 1) , (4.3)

where γ = 5/3 is the adiabatic index of the ICM plasma. Given the com-
pression factor of C = 1.74 ± 0.03, we have MX

NE = 1.52 ± 0.02 which is
smaller than the SW shock Mach number (MX

SW = 2.4+0.4
−0.2 ; Wang et al.

2018), but is still in the range of values that are typically estimated for
cluster merger shocks (i.e. MX ≲ 3) in the literature (e.g. Russell et al.
2010; Macario et al. 2011; Akamatsu et al. 2015; Botteon et al. 2016a,b;
Dasadia et al. 2016). The shock Mach number can also be related to the
temperature jump at the shock,

MX =

√
[(8Tdu − 7) + [(8Tdu − 7)2 + 15]1/2

5
, (4.4)

where Tdu = Td
Tu

(e.g. Landau & Lifshitz 1959; Markevitch & Vikhlinin
2007; Finoguenov et al. 2010; van Weeren et al. 2016c). The Mach number
derived from the temperature is MX

NE = 1.1+0.3
−0.2 which is slightly smaller

than the value we estimate from the SB jump above. As mentioned, the
precise temperature value might be biased by the contaminating sources in
the NE region which are not be easily removed (e.g. Wang et al. 2016).

4.5 Discussion

4.5.1 The radio halo

Despite the accurate characterization of the radio emission in A520, it re-
mains uncertain whether or not the emission can all be attributed to a
halo or if there is additional radio relic emission (e.g. Govoni et al. 2001b;
Vacca et al. 2014). The radio halo coincides with the region swept by the
SW shock and by the (possible) NE shock. Shocks are detected coincidence
with the edges of a number of radio haloes (e.g. Markevitch et al. 2005;
Markevitch 2010; Macario et al. 2011; Shimwell et al. 2014) suggesting that
they might drive a turbulent region bounded by tangential magnetic fields
where particles are confined and re-accelerated.
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Although the overall shape of the halo follows the X-ray emission, the
radio brightness of the halo is very flat, especially at 1.5 GHz (Fig. 4.1).
A correlation between radio and X-rays is observed only in the region of
the trail/bullet-like structure in the southern region where the radio and
X-ray emission appears brighter (Fig. 4.2). However, in general the radio
brightness does not follow the X-ray emission. This is clear in Fig. 4.8 where
we show the point-to-point radio to X-ray brightness using cells of the beam
size (i.e. 20 arcsec or 66 kpc). Basically only a tentative trend in the form
of IR ∝ Ib

X, where b = 0.34 ± 0.11, 0.27 ± 0.10, and 0.25 ± 0.09 at 145 MHz,
323 MHz, and 1.5 GHz, respectively, is observed in the central region of the
halo. This is similar to a case reported by Shimwell et al. (2014) who finds
no significant correlation between radio halo and X-ray brightness in the
bullet cluster 1E 0657−55.8. However, the relation between the radio and
X-ray brightness in A520 is different from a number of cases of regular and
roundish radio haloes reported in the literature where a clear correlation,
typically slightly sublinear, is found between the radio and X-ray brightness
(e.g. b ≈ 0.64−0.99; Govoni et al. 2001a,b; Feretti et al. 2001; Venturi et al.
2013; Rajpurohit et al. 2018). This suggests that the haloes in A520 and
the bullet cluster may be in similar evolution states, but their states may
be different from those of the haloes in the clusters that follow the scaling
relation.

All models that have been proposed for the formation of radio haloes
predict a connection between radio and X-ray emission (e.g. see Brunetti &
Jones 2014 for review). This is straightforward in hadronic models (includ-
ing the models where secondary particles are re-accelerated by turbulence)
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because the ICM that produces the X-ray radiation also provides the tar-
gets for the inelastic collisions that generate the radio emitting secondary
electrons. Also in the case where primary seed electrons are re-accelerated
by turbulence the energy reservoir to re-accelerate particles is extracted
from the turbulent and kinetic energy of the thermal ICM. This should
induce some connection between thermal and non-thermal quantities. One
possibility to explain the properties of the extended radio emission in A520
is that the radio and X-ray emission are not co-spatial and that the ma-
jority of the radio emission is produced in a thick perturbed cocoon that
bounds the volume. The halo is swept by the outgoing shocks and embeds
the very central dense substructures that appear bright in the X-ray band.
This situation may explain the connection between the edges of the halo
and the shocks and - in fact - it is not surprising given the very particular
evolutionary stage of A520. According to Wang et al. (2016), the very pecu-
liar twisted structure that dominates the X-ray emission in A520 traces the
gas from a disrupted cool core that is swept away from the central galaxy
of its former host sub-cluster by ram pressure in the downstream region of
the SW shock. This gas is observed to form a physically connected trail of
dense and cold clumps resembling a leg with a bright foot, a knee and a leg
along the ridge extending about 300 kpc east from the knee (Wang et al.
2018). The twisted structure suggests that motions in the shocked gas sur-
rounding the trail are turbulent, however the cool gas within the trail itself
is probably not turbulent because at this early stage ram pressure stripping
prevents the development of instabilities at its boundaries and the mixing
of the trail with the hot surrounding medium (Takizawa 2005).

Another important clue to the origin of the radio halo is provided by the
spectral index distribution in A520. As already mentioned in Sec. 4.4.1, the
spectral index in the radio halo is fairly constant α ≈ −1.03 with a scatter of
∼ 0.12 on beam scales (i.e. 20 arcsec or 66 kpc). We perform simulations to
examine whether the scatter is due to statistical errors (i.e. from the image
noise) or it is the intrinsic spectral features of the halo. First, we assume
that the radio halo has a constant spectral index (i.e. α = −1.03, meaning
no intrinsic scatter). Using the observed VLA 1.5 GHz map, we generate
the halo flux distribution at 145 MHz and 323 MHz. Gaussian noise is then
added to the maps at levels that are estimated from the observed LOFAR,
GMRT and VLA maps (see Table 4.2). The spectral index maps derived
from the simulated radio maps are used to calculate the anticipated scatter
in spectral index. The cells we used here have the size of the beam (i.e.
20 arcsec, see Fig. 4.8). We find that the observed spectral index scatter of
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0.12 on the scales of the beam size is consistent with the scatter recovered
from the simulated spectral index maps (i.e. ∆αsim. = 0.13±0.02) where the
statistical errors are from the image noise alone. On larger scales, there are
hints of possible spectral variations, for example the southern region of the
halo (the nose and bullet-like/trail; the magenta squares in Fig. 4.8) shows
a spectral index that is steeper than the SW region of the halo (Fig. 4.3),
still spectral variations are fairly small, in the range 0.1− 0.2, if we exclude
the regions in the SW direction (i.e. magenta squares). A more detailed
constraint on spectral variations in the halo using, e.g., simulations and
theoretical analysis is beyond the aim of this paper. However, the projected
distribution of spectral indices in the halo can be used to infer basic con-
straints. For example, using a conservative limit ∆αproj. < 0.12 on spatial
scales of the beam (i.e. 20 arcsec) and assuming that the spectral index in
the halo volume can change stochastically around a mean value, the intrin-
sic scatter is roughly ∆αintr. ≈

√
N×∆αproj., where N ≈ 10 is the number of

beam cells intercepted along the line of sight, implying ∆αintr. < 0.38. Such
a small-moderate scatter of the spectrum in the halo volume is also consis-
tent with the hypothesis that the majority of the radio emission is generated
in a smooth extended cocoon rather than from the central regions where
strong X-ray gradients and the disrupted cool core are observed.

4.5.2 The SW radio edge

Markevitch et al. (2005) and Wang et al. (2018) discussed whether the
radio emission close to the prominent SW shock could be induced by adi-
abatic compression or Fermi-I processes. The Fermi-I processes generate
synchrotron emitting relativistic electrons by accelerating electrons either
directly from the thermal pool or re-accelerating mildly relativistic elec-
trons from a seed population of pre-existing fossil plasma. In this section
we reassess these possibilities making use of our new measurements.

Shock acceleration

In the DSA model, relativistic electrons with the Lorentz factor γ ≫ 103,
that emit radio synchrotron emission in ∼ µG magnetic fields, are (re-)accelerated
by a shock. The sources of the relativistic electrons could be either the ther-
mal electrons or a pre-existing population of fossil electrons in the ICM.
Unless the fossil electrons have flat spectrum, the spectral index (αinj) of
the injected CR electrons is related to the shock Mach number M (e.g.
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Blandford & Eichler 1987),

αinj =
1

2
− M

2 + 1

M2 − 1 . (4.5)

The relativistic electrons injected by the shock have an energy spectrum
distribution of dN

dE ∝ E−δinj , where δinj = 1−2αinj. In cases where the electron
cooling time is much quicker than the lifetime of the shock, the integrated
spectral index of the radio emission in the region behind the shock is steeper
than the injection index by 0.5 (i.e. αint = αinj−0.5; Ginzburg & Syrovatskii
1969).

The electron cooling due to the synchrotron and IC energy losses is one
of the key observational links between large-scale shocks and extended radio
emission in merging galaxy clusters. Observationally, the cooling results in
a characteristic steepening of the spectral index of the radio emission with
distance from the shock front (e.g. van Weeren et al. 2010). Despite the
SW region of A520 hosting a strong shock, previously radio observations
have not detected the spectral steepening in the region behind the shock
(Vacca et al. 2014). The lack of detection may be due to the sensitivity and
resolution limitations.

In Sec. 4.4.2, we use the 20 arcsec-resolution images to show that the
spectral index for the radio emission steepens in the region behind the
SW shock front. The spectral index immediately behind the shock front
is α1.5 GHz

145 MHz = −0.85 ± 0.06. For a proper comparison with the X-ray study
in Wang et al. (2018), we measure here the index in the post-shock region
where the shock Mach number is highest (i.e. region N1+N2 in Wang et al.
2018; also see the black dashed rectangle in Fig. 4.5). According to the DSA
model, if the relativistic electrons in the SW edge are (re-)accelerated from
the thermal pool or steep-spectrum fossil electrons with the injection index
of −0.85±0.06, the shock should have a Mach number ofMSW = 2.6+0.3

−0.2 . Our
estimate of the shock Mach number is in line with the measurements from
X-ray data (e.g. MX

SW = 2.4+0.4
−0.2 in Wang et al. 2018). The agreement be-

tween the radio and X-ray derived Mach numbers for the SW shock implies
that, in this case, the spectral properties of the radio emission at the SW
edge are consistent with the DSA picture that the radio emitting relativis-
tic electrons are either accelerated from the thermal pool or re-accelerated
from a pre-existing population of fossil plasma.

In the shock-related (re-)acceleration scenario, radio emission is bright-
est at the shock front and becomes fainter in the downstream region where
steeper spectrum emission should be detected (e.g. van Weeren et al. 2010;
Rajpurohit et al. 2018). However, the brightest emission in the SW region
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of A520 is found at far distance (i.e. ∼ 220 kpc) from the SW shock front
and is located at the region of the steepest spectrum emission (Fig. 4.6),
which seems to be inconsistent with the shock-related (re-)acceleration. A
possibility for this mismatching is that the downstream shock-related emis-
sion is mixed with the emission from the halo due to the smoothing and/or
projection effects. Otherwise, the agreement between the radio and X-ray
derived Mach numbers might be a random coincidence. To separate the two
scenarios, polarization observations will be required.

Shock compression

Another possible mechanism for the radio emission at the SW edge is the
gas compression of fossil electrons by the merger shock as being discussed
in Markevitch et al. (2005). Since magnetic fields are embedded in the ICM
plasma, the adiabatic compression by the shock amplifies the magnetic
field strength and increases the energy density of pre-existing relativistic
electrons. A requirement for this scenario to happen is that both fossil
electrons and magnetic fields must be present and produce synchrotron
emission before the shock passage. Given a population of fossil electrons of
a power-law energy spectrum, dN/dγ = N0γ

−δ, the synchrotron emissivity
per unit volume immediately behind the shock front is proportional to the
shock compression factor C,

Iν ∝ C(2/3)δ+1. (4.6)

Under the hypothesis of power-law distribution of the emitting elec-
trons, the predicted relation, Eq. 4.6, between the radio emission in the
pre- and post-shock regions by the compression model provides means for
observationally testing of the model. A recent study by Wang et al. (2018)
investigated this scenario using the VLA 1.4 GHz data, but no extended
emission is detected in the pre-shock region. By modeling the radio emis-
sion in the shock regions, Wang et al. (2018) find that an emissivity jump
of a factor of 10 (or 16) is inconsistent with the VLA data at 3σ (or 2σ)
significance. Given the estimated parameters for the shock (i.e. α = −1.25,
Cnose = 2.7), Wang et al. (2018) found a predicted emissivity jump of 16,
meaning that the compression model is rejected at 2σ significance. However,
if the CRs lose most of their energy within 130 kpc, the spectral index im-
mediately behind the shock was approximated as α = −1.25+0.50 = −0.75.
In this case, the compression model predicts a jump of 9, which increases
the statistical significance of rejecting the compression model to 3σ (Wang
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et al. 2018). It is noted that the spectral index value used in Wang et al.
(2018) is estimated from a low-resolution (39 arcsec or 130 kpc) spectral in-
dex map in Vacca et al. (2014). This may bias the spectral measurement as
high-resolution maps are required to resolve the distribution of the source
spectrum.

Our 20 arcsec-resolution spectral index map in Fig. 4.3 quantifies the
steepening of the spectral index behind the SW shock front (also see the
spectral index profile in Fig. 4.6, bottom). The spectral index between 145
MHz and 1.5 GHz in a 20 arcsec-wide region behind the SW edge (i.e. the
N1+N2 sector in Wang et al. 2018; see Fig. 4.5) is α = −0.85 ± 0.06. With
this higher-resolution measurement of the spectral index, we estimate that
the emissivity in the pre-shock region should be 10 ± 3 times lower than
that in the region immediately behind the shock front, according to the
adiabatic compression model (Eq. 4.6). This prediction can be ruled out at
the 2− 3σ confidence levels, based on our new spectral index measurement
and the modeling of the radio emission in the shock region in Wang et al.
(2018). In the calculation, we have used a power-law spectrum slope of
δ = 1 − 2α = 2.64 and a shock compression factor of C(θ) = Cnose

√
cos(θ)

which is the correction for the azimuthal dependence in the measurement
of the gas density jump (here θ is the angle from the shock nose; Wang
et al. 2018). We have used Cnose = 2.7 ± 0.3 which is the maximum density
jump at the location of the shock nose (i.e. region N1 in Wang et al.
2018). The true spectral index at the SW shock front might be even flatter
if the relativistic electrons radiate a significant amount of their energies
within the 20 arcsec resolution region we use here. This would further lower
the predicted emissivity jump and increase the significance at which this
scenario could be ruled out.

The generation of the relativistic electrons at the SW shock is there-
fore unlikely to be solely caused by the adiabatic compression of the fossil
electrons. However, this does not exclude the scenario where the adiabatic
compression and re-acceleration of fossil electrons by the shock simultane-
ously occur since the predicted emissivity jump, depending on the spec-
trum of the pre-existing relativistic electrons, might be considerably higher
in this case (Markevitch et al. 2005) and could still be consistent with the
constraints obtained by Wang et al. (2018) using the VLA data set.

4.5.3 The NE radio edge

The origin of the excess radio emission in the NE region remains unclear.
The detection of the SB X-ray jump coincident with at the location of the
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NE radio edge in Fig. 4.7 might imply a possible connection between the
thermal and non-thermal processes in the ICM. In Sec. 4.4.3, we find that
the discontinuity in the X-ray SB corresponds to a shock Mach number of
MX = 1.52±0.02 if a counter merger shock is present. The true value of the
Mach number could be higher since the X-ray emission in the region beyond
the SB jump location contains emission from the in-falling materials (e.g.
Wang et al. 2016) which might lower the apparent X-ray SB jump and the
derived Mach number. In the radio bands, the spatial energy distribution of
the radio emission in Fig. 4.6 does not indicate a clear spectral steepening
in the inner region from the X-ray SB jump as it has been observed in
a number of shock-related relics (e.g. Orrù et al. 2007; Giacintucci et al.
2008; Stroe et al. 2013; Bonafede et al. 2014; van Weeren et al. 2010, 2016c,
2017; Hoang et al. 2018a). This might be due to the large errors associated
with the spectral index measurements. However, if the NE radio emission is
related to a shock, the spectral index of −1.08±0.12 at the outermost region
would imply a shock Mach number ofMNE = 2.1± 0.2, a higher prediction
than the value we obtained from the X-ray data (i.e. MX = 1.52 ± 0.02).

4.6 Conclusions

We present multi-frequency radio continuum images of the merging galaxy
cluster A520 using the new LOFAR 145 MHz data and the archival GMRT
323 MHz and VLA 1.5 GHz data. Combining the multi-frequency radio
data sets, we study the morphology and spectral energy distribution of
the extended radio emission from the ICM. We also re-analyze the existing
Chandra X-ray data to search for the possible counter shock in the NE
region that was pointed out in Wang et al. (2016). Listed below are the
main results.

• We confirm the presence of the large-scale (760×950 kpc2) synchrotron
radio emission from the cluster that was detected with the VLA 1.4
GHz observations (e.g. Giovannini et al. 1999; Govoni et al. 2001b;
Vacca et al. 2014). The radio emission in the SW region is enhanced
behind the X-ray detected shock. The spectral index measured at
the SW radio edge is consistent with the DSA model (acceleration
or re-acceleration), assuming the shock Mach number measured with
the X-ray observations (MX = 2.4+0.4

−0.2 ; Wang et al. 2018). A spec-
tral steepening is also detected from the SW edge toward the clus-
ter center. The radio emission is brightest at the steep spectrum re-
gion behind the shock front which is unexpected due to the shock
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(re-)accelerated electrons age in the downstream region. This might
suggest a mixing/projection between halo and the downstream emis-
sion from shock (re-)accelerated particles.

• Our analysis on the new 20 arcsec spectral index map indicates that
the extended emission might consist of a radio halo in the center and,
possibly, two other sources in the SW and NE regions. No strong vari-
ations of the spectral index of the halo are measured. Furthermore,
the radio brightness of the halo is fairly flat and poorly correlated
with the X-ray brightness. These facts may suggest that the halo is
generated in an extensive turbulent cocoon swept by the outgoing
shocks rather than from the very central regions where complex sub-
structures are seen in the X-ray emission.

• We do not detect extended radio emission in front of the SW shock
with the radio observations at 145 MHz, 323 MHz, and 1.5 GHz. This
disagrees with the prediction by the gas adiabatic compression model.
Our results are in line with a recent study in Wang et al. (2018).

• We detect an X-ray SB discontinuity in the NE region of the cluster,
as was also pointed out in Wang et al. (2016), which might indicate
the presence of a counter merger shock (MX

NE = 1.52 ± 0.02). In the
same region, a small enhancement of radio emission is visible at high
frequencies. If the NE radio emission is shock related, we might detect
the steepening of the spectral index behind the X-ray discontinuity.
However, we are unable to confirm this due to the large uncertainty
in our spectral measurements.
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5| Characterizing the radio emis-
sion from the binary galaxy clus-
ter merger Abell 2146

Abstract

The collisions of galaxy clusters generate shocks and turbulence in the intra-
cluster medium (ICM). The presence of relativistic particles and magnetic fields
is inferred through the detection of extended synchrotron radio sources, such as
haloes and relics, and implies that merger shocks and turbulence are capable of
(re-)accelerating particles to relativistic energies. However, the precise relationship
between merger shocks, turbulence and extended radio emission is still unclear.
Studies of the most simple binary cluster mergers are important to help under-
stand the particle acceleration in the ICM. Our main aim is to study the properties
of the extended radio emission and the particle acceleration mechanism(s) asso-
ciated with the generation of relativistic particles in the ICM. We measure the
low-frequency radio emission from the merging galaxy cluster Abell 2146 with
LOFAR at 144 MHz. We characterize the spectral properties of the radio emission
by combining these data with archival GMRT at 238, 612 MHz and VLA at 1.5
GHz data. Behind the NW and SE shocks we observe extended radio emission
at 144 MHz. Across the NW extended source, the spectral index steepens from
−1.06± 0.06 to −1.29± 0.09 in the direction of the cluster center. This spectral be-
havior suggests that a relic is associated with the NW upstream shock. The precise
nature of the SE extended emission is unclear. It may be a radio halo bounded
by a shock or a superposition of a relic and halo. At 144 MHz, we detect a faint
emission which was not seen with high-frequency observations, implying a steep
(α < −1.3) spectrum nature of the bridge emission. Our results imply that the
extended radio emission in Abell 2146 is probably associated with shocks and tur-
bulence during cluster merger. The relativistic electrons in the NW and SE may
originate from fossil plasma and thermal electrons, respectively.

D. N. Hoang, T. W. Shimwell, R. J. van Weeren, et al.,
Astronomy & Astrophysics, 622, A21 (2019)

https://www.aanda.org/articles/aa/abs/2019/02/aa34025-18/aa34025-18.html
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5.1 Introduction

Extended radio synchrotron emission (∼ Mpc-scale) in clusters is generally
associated with large-scale shocks and turbulence that are generated in
the intra-cluster medium (ICM) during the formation of galaxy clusters
(see, e.g., Ferrari et al. 2008; Feretti et al. 2012; Brunetti & Jones 2014 for
reviews). The detection of this emission reveals the presence of relativistic
particles (i.e. cosmic rays, CRs) and magnetic fields in the ICM. Based on its
physical properties, the extended emission is commonly classified as either a
relic or a halo (e.g. Kempner et al. 2004). Radio relics are elongated, highly
polarized, steep spectrum sources that are usually observed at the cluster
periphery. Radio haloes are roundly-shaped, apparently unpolarized sources
that are found in the central regions of clusters. Due to the short cooling
timescale of the radio-emitting relativistic electrons through synchrotron
and inverse-Compton (IC) energy losses in ∼ µG magnetic fields, the ∼ Mpc
scale of radio relics and haloes implies that CRs must be (re-)accelerated
in situ (Jaffe 1977).

The favored mechanism of particle acceleration in haloes is where CRs
are energized by turbulence during cluster mergers (e.g. Brunetti et al. 2001;
Petrosian 2001; Fujita et al. 2003; Cassano & Brunetti 2005; Brunetti &
Lazarian 2007, 2016; Pinzke et al. 2017). The collisions of the relativistic
protons and thermal protons in the ICM (i.e. the hadronic model), that pro-
duce secondary relativistic electrons, may also contribute to the observed
radio emission (e.g. Dennison 1980; Blasi & Colafrancesco 1999; Dolag &
Ensslin 2000; Miniati et al. 2001; Pfrommer & Enßlin 2004; Pfrommer 2008;
Keshet & Loeb 2010; Enßlin et al. 2011). However, pure hadronic models
for radio haloes are severally challenged by limits from Fermi-LAT obser-
vations (e.g. Jeltema & Profumo 2011; Brunetti et al. 2012; Zandanel et al.
2014; Ackermann et al. 2010, 2016), although hadronic models in which
secondary particles are re-accelerated by turbulence might be still possi-
ble to explain the radio emission in haloes Brunetti & Lazarian (2011a);
Brunetti et al. (2017); Pinzke et al. (2017). The generation and dissipation
of turbulence in the ICM is a complicated process and involves a complex
chain of mechanisms (see, e.g., Brunetti & Jones 2014, for review). For ex-
ample, the gravitational potential induced by the motion of dark matter
sub-haloes can cause a mixing of the gas and a stretching of the magnetic
fields in the ICM generating instabilities at different scales (e.g. Cassano &
Brunetti 2005; Fujita et al. 2004; ZuHone et al. 2013; Miniati 2014). Also
merger shocks driven in the ICM can generate turbulence at different scales
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via baroclinic and compressive processes(e.g. Iapichino & Niemeyer 2008;
Iapichino et al. 2008, 2011; Vazza et al. 2017).

The relativistic electrons in relics are thought to be more locally gener-
ated through Fermi-I acceleration by cluster-scale shocks during the colli-
sions of sub-clusters/groups (e.g. Enßlin et al. 1998; Roettiger et al. 1999).
The observation evidence for this is that radio relics have been observed at
the location of some X-ray shock fronts (e.g. Shimwell et al. 2015; Botteon
et al. 2016a; Eckert et al. 2016; Akamatsu et al. 2017; van Weeren et al.
2016c, 2017; Urdampilleta et al. 2018). The steepening of the radio spectral
index across the width of the elongated relics provides additional evidence
that relativistic electrons in relics are (re-)accelerated at shock fronts and
lose their energy in the post-shock region due to synchrotron and IC en-
ergy losses (e.g. Giacintucci et al. 2008; van Weeren et al. 2010; Stroe et al.
2013; Hoang et al. 2017; Hindson et al. 2014). Moreover, the alignment of
magnetic field vectors along the length of some relics implies a compression
of the magnetic fields in these regions which is an expected consequence
of a passing shock front (e.g. Bonafede et al. 2009, 2012; Kale et al. 2012;
de Gasperin et al. 2014; Pearce et al. 2017; Hoang et al. 2018a).

Despite of the observational evidence associating radio relics with shocks,
radio relics have not been firmly detected at all known strong (M ≈ 2 − 3)
cluster shocks. For example, relics are not obviously associated with shocks
in Abell 520 (e.g. Markevitch et al. 2005; Govoni et al. 2001b; Vacca et al.
2014; Hoang et al. 2018a, submitted), the western edge of the Bullet cluster
(1E 065 − 558; e.g. Markevitch et al. 2002; Shimwell et al. 2014), Abell 665
(e.g. Feretti et al. 2004; Dasadia et al. 2016), and Abell 2146 (e.g. Russell
et al. 2010; Hlavacek-Larrondo et al. 2018). In these regions, extended radio
emission is either undetected at the shocks (e.g. Abell 665), the spectrum
of the observed radio emission does not steepen in the post-shock region
(e.g. the Bullet cluster) or the distribution of spectral index has not been
obtained (e.g. Abell 2146). Moreover, polarimetric measurements have not
been reported for most of these clusters, except for the Bullet cluster. The
non-detection of radio relics at these shocks would challenge the shock-
related formation model of radio relics, however observational limitations
should be carefully sorted out. To address this problem, we have performed
new low-frequency radio observations of galaxy clusters with prominent
shocks but debated or no radio relic emission, i.e., Abell 520 (Hoang et al.
2018b), Abell 665, and Abell 2146 (Hoang et al. 2018c).
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5.2 The galaxy cluster Abell 2146

Abell 2146 (hereafter A2146; z = 0.232) is a binary merging galaxy cluster
where the first core passage occurred approximately 0.24-0.28Gyr ago in the
plane of the sky. (e.g. Russell et al. 2010, 2011, 2012; Rodríguez-Gonzálvez
et al. 2011; Canning et al. 2012; White et al. 2015; King et al. 2016; Cole-
man et al. 2017; Hlavacek-Larrondo et al. 2018). The total mass of A2146
is estimated to be M500 = (4.04 ± 0.27) × 1014 M⊙ (Planck Collaboration
et al. 2016). Chandra X-ray observations revealed a NW-SE elongation and
a highly disturbed morphology of the thermal ICM (Russell et al. 2010).
Detailed analysis of the X-ray surface brightness (SB) and temperature dis-
tribution revealed a bow shock in the SE region and an upstream shock in
the NW region (Russell et al. 2010, 2012). From the jumps in the X-ray
derived density profiles, Russell et al. (2012) estimated Mach numbers of
MX

SE = 2.3 ± 0.2 and MX
NW = 1.6 ± 0.2 for the SE and NW shocks, re-

spectively. Despite A2146 being a highly disturbed cluster with clear shock
fronts, initially radio observations did not detect extended radio emission
from the cluster (Russell et al. 2011). However, recently Hlavacek-Larrondo
et al. (2018) discovered radio emission extending up to ∼ 850 kpc with deep
VLA L-band observations. The ∼ 30 arcsec-resolution VLA L-band image
shows two separated patches of extended emission in the NW and SE re-
gions. Based on the location and morphology, Hlavacek-Larrondo et al.
(2018) suspect that the NW emission is a radio relic associated with the
NW upstream shock. Although Hlavacek-Larrondo et al. (2018) suggested
that the SE emission might be a radio halo, they also speculated whether
or not it may consist of a halo and a relic which could not be separated
with their low-resolution VLA image. However, for both the NW and SE
regions key observational evidence to connect the extended radio emission
(i.e. relics) with the shocks (i.e. spectral steepening in the post-shock regions
and the alignment of magnetic fields at the shock fronts) is still missing.
Thus, the precise nature of the diffuse radio emission in A2146 still needs
to be determined.

In this paper, we present deep LOFAR 120 − 168 MHz observations of
A2146. We aim to map the extended emission from A2146 at 144 MHz with
a high resolution (≲ 15 arcsec). To study spectral properties of the radio
emission from the cluster, we combine the LOFAR 144 MHz data with the
existing VLA 1 − 2 GHz data presented in Hlavacek-Larrondo et al. (2018)
and the archival GMRT 222− 254 and 596− 628 MHz data. We assume the
cosmological parameters, H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
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In this cosmology, 1 arcmin corresponds to 221.88 kpc at z = 0.232.

5.3 Observations and data reduction

5.3.1 LOFAR 144 MHz

A2146 was observed for a total of 16 hours split over two dates (ObsID:
L589831 and L6311955) with LOFAR (Haarlem et al. 2013). One of the
observations (i.e. L589831) forms part of the LOFAR Two-meter Sky Survey
(LoTSS; Shimwell et al. 2017) and has a pointing center of 1.3◦ from the
target. The other is a targeted observation centered on A2146. A summary
of the observations is given in Table 5.1.

We have calibrated the LOFAR data to correct for direction-independent
and direction-dependent effects using the facet calibration technique de-
scribed in van Weeren et al. (2016a) and Williams et al. (2016) and sum-
marized here for completeness. The direction-independent calibration (see
de Gasperin et al. (2018) for an overview of direction independent effects) is
done using the PreFactor1 pipeline which includes flagging radio frequency
interference (RFI), removing contamination from bright sources in the dis-
tant sidelobes (i.e. Cassiopeia A and Cygnus A), correcting the amplitude
gain, the initial clock offsets and XX-YY phase offsets. The calibration pa-
rameters were derived from 10 min observations of the primary calibrators
3C 196 and 3C 295 (Obs. IDs: L589831 and L6311955). The 3C 196 and
3C 295 models used to calibrate these data have integrated flux densities
which are consistent with the Scaife & Heald (2012) flux scale. After the
target data are calibrated with the solutions derived from the calibrator
observations, the data are phase calibrated against a wide-field sky model
obtained from the TIFR GMRT 150 MHz All-sky Radio Survey: First Al-
ternative Data Release (TGSS-ADR1; Intema et al. 2017). The direction-
dependent calibration is performed separately on each dataset using the
Factor2 pipeline which aims to correct for ionospheric distortions and er-
rors in the primary beam model to allow for accurate calibration in the
direction of A2146.

To obtain continuum images, the data calibrated in the direction of
A2146 were deconvolved with MS −MFS (multiscale-multifrequency) with
nterms = 2 and W−projection options in the Common Astronomy Software
Applications package (CASA) to account for the frequency dependence

1https://github.com/lofar-astron/prefactor
2https://github.com/lofar-astron/factor

https://github.com/lofar-astron/prefactor
https://github.com/lofar-astron/factor
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of the sky and non-coplanar effects (Cornwell et al. 2005, 2008; Rau &
Cornwell 2011). To map emission at different scales, we make continuum
images with various different weightings of the visibilities. All continuum
images that were obtained from the observations were corrected for primary
beam attenuations. To minimize the uncertainty in the LOFAR flux scale,
the LOFAR images obtained from the observations L589831 and L6311955
are multiplied by factors of 1.02 and 1.18, respectively; where these scaling
factors were obtained by comparing the integrated flux densities of nearby
compact sources in the LOFAR images with those from the TGSS-ADR1
(Intema et al. 2017). The pixel values for the final combined continuum
image are calculated as the average of the primary beam, corrected images,
weighted by the local noise in each image.

5.3.2 GMRT 238 and 612 MHz

The GMRT 238 and 612 MHz observations of A2146 were carried out on
Jun. 5, 2011 and Mar. 17, 2012 (Obs. IDs: 5369 and 5888). Table 5.1
provides more details on the observations. Each data set was separately
calibrated using the Source Peeling and Atmospheric Modeling package
(SPAM; Intema et al. 2009, 2017). This calibration mainly aims to correct
for the ionospheric distortion which includes an interferometric phase delay.
The amplitude gains were calibrated according to the flux scale in Scaife &
Heald (2012). The flux scale error of 10% is used for the GMRT observa-
tions (e.g. Chandra et al. 2004). The final continuum images of A2146 at
612 MHz were obtained by averaging the primary beam corrected images
from the different observations.

5.3.3 VLA 1.5 GHz

A2146 was observed for a total of 11.1 hours with the VLA at 1.5 GHz
in B, C and D configurations on multiple dates in 2012 and 2013. The
frequency bandwidth is divided into two intermediate frequency (IF) pairs,
each of which has 8 sub-bands of 64 MHz. The observations were done with
full-polarization settings. The integration time was set at 3 seconds for the
B-configuration and 5 seconds for the C- and D-configurations. More details
on the VLA observations are given in Table 5.1.

The calibration for each configuration of the VLA datasets was done
separately in CASA by Hlavacek-Larrondo et al. (2018). For a full descrip-
tion of the procedure, we refer to Hlavacek-Larrondo et al. (2018). To obtain
continuum images, the calibrated data of the B-, C- and D-configurations
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were combined and imaged with the MS −MFS and W−projection algo-
rithms in CASA.

5.3.4 Spectral measurements

We make a spectral index map to study the spectral energy distribution of
the extended emission from A2146. The spectral index map is made with
the LOFAR 144 MHz and VLA 1.5 GHz data. The LOFAR and VLA con-
tinuum images used for the spectral index mapping are imaged with the
same parameters (i.e. uv-range of 0.12 − 65 kλ, Briggs’ robust weighting
of 0.0, outertaper of 15 arcsec and 30 arcsec for the LOFAR and VLA, re-
spectively, to obtain an approximate resolution of 30 arcsec). The spectral
index3 and the corresponding error for each pixel are estimated as

α =
ln S 1

S 2

ln ν1ν2
and ∆α =

1

ln ν1ν2

√(
∆S 1

S 1

)2
+

(
∆S 2

S 2

)2
, (5.1)

where ∆S i =
√
(σi)2 + ( ferrS i)2 with i = [1, 2] is the total error associating

with the flux density measurement S i; and the subscripts 1 and 2 stand for
144 MHz and 1.5 GHz, respectively. The total error is propagated from the
flux scale uncertainty (i.e. ferr = 15% and 5% are commonly used for the
LOFAR and VLA observations, respectively) and the image noise (σ).

5.4 Results and discussion

In Fig. 5.1, we present LOFAR 144 MHz continuum images of A2146. In
this section, we estimate flux densities and spectral index for the compact
and extended sources in the cluster and discuss the implications.

5.4.1 The radio galaxies

A2146 is known to host two bright radio galaxies (namely A2146-A and
A2146-B) that are located in the central regions of the NW and SW sub-
clusters (see Fig. 5.1, left). One of these is the brightest cluster galaxy
(BCG) belonging to the SE sub-cluster (e.g. Russell et al. 2011). In pro-
jection, the radio galaxies are approximately coincident with the extended
non-thermal emission from the ICM (Hlavacek-Larrondo et al. 2018) and
are situated behind the SE and NW merger shocks (e.g. Russell et al. 2011).

3In this paper, we use the convention S ∝ να
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Figure 5.1: HST composite optical (left) and Chandra (right) images overlaid with the
LOFAR 144 MHz contours (blue in the right panel). The resolutions of the LOFAR
contours shown in the bottom-left corner are 14 arcsec×11 arcsec (P.A. = 55◦, left) and
15 arcsec×15 arcsec (right). In the right panel, the compact radio sources marked with
the cyan circles are subtracted in the uv-data. The magenta dashed lines show the shock
locations. In both images, the LOFAR contours start from ±2.5σ (dotted negative), where
σ = 135 and 160µJy beam−1 in the left and right panels, respectively. The Chandra first
contour is 2 × 10−9 cts cm−2s−1arcsec−2. The next contours are spaced by a factor of
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Figure 5.2: The spectral energy distribution between 144 MHz and 5 GHz for A2146-A
and A2146-B. The flux densities are summarized in Table 5.2.
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Table 5.2: Flux density for the radio galaxies in the vicinity of A2146.

Freq. S A2146-A S A2146-B Telescope Ref.
(MHz) (mJy) (mJy)
144 75 ± 11 166 ± 25 LOFAR this paper
150 − 183 ± 21 GMRT a
238 56.8 ± 5.7 106.1 ± 10.6 GMRT this paper
325 47 ± 5 93 ± 9 GMRT b
612 37.8 ± 3.8 67.6 ± 6.8 GMRT this paper
1400 15.6 ± 3.5 36.6 ± 4.0 VLA a
5000 6.6 ± 0.3 8.9 ± 0.5 VLA c, a

Notes: a: Hlavacek-Larrondo et al. (2018), b: Russell et al. (2011),
c: Hogan et al. (2015)

The total flux density of these sources at 144 MHz is 75±11mJy for A2146-A
(i.e. the SE BCG) and 166±25mJy for A2146-B. We also obtained measure-
ments at 150 MHz from the TGSS-ADR1 (Intema et al. 2017), 325 MHz
(Russell et al. 2011), 612 MHz (see Sec. 5.3.2), VLA 1.5 GHz (Hlavacek-
Larrondo et al. 2018) and 5 GHz (Hogan et al. 2015; Hlavacek-Larrondo
et al. 2018) observations and present the spectral properties of these sources
in Fig. 5.2 and Table 5.2. Since both A2146-A and A2146-B are present in
the TGSS-ADR1 150 MHz image, but A2146-A resides in the region that
has high background and is only detected at ≲ 2σ, we exclude the TGSS-
ADR1 flux density measurements for A2146-A in this analysis.

To estimate the integrated spectral indices for A2146-A and A2146-B,
we fit their spectra with an exponential function, S ∝ να. In the fitting,
the flux densities are weighted by the inverse square of the flux density
errors. We find that the average spectral index is −0.71 ± 0.02 for A2146-A
and −0.84 ± 0.02 for A2146-B. However, the spectral energy distribution in
Fig. 5.2 hints at possible spectral breaks at about 612 MHz and 1.5 GHz
for A2146-A and A2146-B, respectively. To quantify this, we fit the radio
flux density of the galaxies with a double-power-law function. The resulting
spectral indices are α612 MHz

144 MHz = −0.53 ± 0.11 and α5 GHz
612 MHz = −0.79 ± 0.05 for

A2146-A and α1.5 GHz
144 MHz = −0.64±0.06 and α5 GHz

1.5 GHz = −1.17±0.10 for A2146-
B where in both cases the spectral index steepens at high frequencies. The
spectral steepening of A2146-A and A2146-B at high frequencies might be
due to the synchrotron and IC energy losses of the radio emitting particles.

It is noted that the spectrum below 612 MHz for A2146-A roughly
follows a single power law function, S ∝ να, and does not indicate a sharp
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turnover at low frequencies as reported in Hlavacek-Larrondo et al. (2018)
which used GMRT 150 MHz data.

5.4.2 The NW extended emission

In Fig. 5.1, the NW radio emission extends over a region of 200× 310 kpc2.
The NW radio emission is elongated in the NE-SW direction which is ap-
proximately perpendicular to the merger axis (e.g. White et al. 2015). The
outer edge of the NW radio emission is located behind the detected up-
stream X-ray shock (Russell et al. 2010). The integrated flux densities
of the NW emission measured within the 2.5σ contours are S 144 MHz =
13.1 ± 2.0mJy and S 1.5 GHz = 0.89 ± 0.08mJy, resulting in an integrated
spectral index of α = −1.14 ± 0.08. This spectral index measurement for
the NW radio emission is typical value for an elongated relic known (i.e.
α ≈ −1.3; Feretti et al. 2012). However, our spectral index is flatter than the
1-2 GHz in-band measurement of α1-2 GHz = −2.3 ± 0.3 that was reported
in Hlavacek-Larrondo et al. (2018). As mentioned by Hlavacek-Larrondo
et al. (2018), the true uncertainty of the in-band spectral measurement is
likely higher. However, if the true value of the 1-2 GHz spectral index of the
NW emission is indeed this steep then it would imply a spectral curvature
between 144 MHz and 1.5 GHz. Unfortunately, we are unable to check this
possibility because the NW extended emission has only been detected at
144 MHz and 1.5 GHz.

To examine the distribution of the spectral index and search for a spec-
tral index gradient that is often associated with radio relics, we make the
spectral index map in Fig. 5.3 and the spectral index profile in Fig. 5.4.
In the spectral index profile a steepening of the spectral index of the NW
emission approximately along the merger axis is apparent. In the outer re-
gion, the spectral index is −1.06 ± 0.06, but steepens to −1.29 ± 0.09 in the
inner region about 170 kpc from the outer 2.5σ contour. Since we examine
the spectral trend, the flux scale errors due to the amplitude calibration are
not used in the calculation of the spectral index errors. We emphasize that
due to the limited resolution of our spectral index map we are only able
to make two independent measurements of the spectral index in the region
of NW emission and that it is important to confirm the spectral gradient
across the NW extended radio emission with high-resolution observations.

Basing on the morphology of the NW radio emission, Hlavacek-Larrondo
et al. (2018) concluded that it is likely a radio relic. A number of radio
relics have been observed to have steeper spectra toward the cluster center
(e.g. Bonafede et al. 2009; Kale et al. 2012; de Gasperin et al. 2015; van
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Weeren et al. 2010, 2017). The spectral steepening is due to the energy
losses through the synchrotron and IC emission. In the spectral analysis
above, we show that the radio spectral index in the region behind the
NW shock front is steeper than that in the outer edge, which supports the
nature of the NW extended radio emission being a radio relic. Its location
and spectral properties imply that the NW extended emission is likely to
be associated with the NW upstream shock. Shocks will compress ICM
magnetic fields resulting in polarized radio emission. Therefore, new radio
polarization observations will provide further information on the relation
between the shock and extended emission in the NW region of the cluster.

According to the diffusive shock acceleration (DSA) (e.g. Blandford &
Eichler 1987), a shock of Mach number M should accelerate thermal elec-
trons and generate a population of relativistic electrons with an energy
spectrum,

dN
dγ

= N0γ
−δinj , (5.2)

where N0 and γ are the spectral normalization and Lorentz factors, respec-
tively; the spectral slope δinj is related to the shock Mach number via

δinj = 2
M2 + 1

M2 − 1 . (5.3)

In the presence of magnetic fields, the relativistic electrons emit synchrotron
radiation with a spectrum of I ∝ ναinj , where αinj = (1 − δinj)/2. The NW
upstream shock in A2146 has a Mach number of M = 1.6 ± 0.1 that was
derived from the X-ray SB jump (Russell et al. 2012). According to the
DSA model, we should therefore observe radio emission along the shock
with an injection spectral index of αinj = −1.78+0.22

−0.32 . This prediction is
steeper than our estimate (i.e. αinj = −1.06± 0.09 which takes into account
the flux scale errors of 15% and 5% for LOFAR and VLA, respectively). The
discrepancy should not be caused by the resolution of the radio observations
because if there is indeed a spectral index gradient then at higher resolution
the index would be even flatter in the region closer to the shock front. The
discrepancy could be because the shock is not powerful enough to efficiently
accelerate thermal electrons and is instead (re-)accelerating pre-existing
fossil electrons. Such electrons could be remnants of lobes of radio galaxies
(e.g. Markevitch et al. 2005; Kang et al. 2012). In this scenario, the shock
increases the brightness of the radio emission, but preserves the spectrum
of the pre-shock fossil electrons if the fossil electrons have flatter spectrum
than that generated by the shock (e.g. Markevitch et al. 2005). If fossil
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electrons were being re-accelerated we may see extended radio emission
in front of the shock (Markevitch et al. 2005) but this is not present in
the LOFAR 144 MHz and VLA 1.5 GHz observations (Figs. 5.1 and 5.3).
Finally, we do note that the spectral index of −1.06 that we estimated for
the NW outer region is the typical value for the lobes of radio galaxies
although unlike van Weeren et al. (2017) the potential source of the fossil
electrons in the NW region of the cluster is not obvious.

As discussed in van Weeren et al. (2016c) for the Toothbrush relic,
an alternative explanation for the mismatch of injection indices obtained
from the radio observations and the DSA model is that the shock might
contain different Mach numbers along the line of sight (e.g. Skillman et al.
2011, 2013; Vazza et al. 2012). In the case of a nonlinear dependence of
the Mach numbers on the acceleration efficiency (e.g. Hoeft et al. 2007),
the radio observations are particularly sensitive to the shocks with high
Mach numbers (resulting in flat spectrum radio emission), while the X-ray
observations tend to observe the lower Mach number shocks (corresponding
to steep spectrum radio emission). This explanation is supported by recent
simulations of particle acceleration at cluster merger shocks in Hong et al.
(2015) and Ha et al. (2018). These studies reported that the weighted Mach
numbers derived from the gas temperature jumps are smaller than those
obtained from the shock kinetic energy flux (i.e. radio data). Hence, the
discrepancy between the injection indices derived from spectral index map
and the DSA model might be explained if the shock consists of multiple
Mach numbers along the line of sight. We note that if we use the Mach
numberMNW = 2.0± 0.3 calculated from temperature jump (Russell et al.
2012), the injection index predicted by the DSA model is α = −1.17+0.20

−0.39
which is consistent with our injection spectral measurement (i.e. αinj =
−1.06 ± 0.09). However, Russell et al. (2012) pointed out that the Mach
number calculated from the temperature jump is less accurate due to the
large radial bins which cannot resolve the shock jump accurately.

The Mach numbers calculated from X-ray SB density jump could be bi-
ased low due to projection effects. Without the correction for the projection
effects, this bias increases the difference between the X-ray and radio de-
rived Mach numbers (or the DSA predicted and observed injection indices).
However, as two sub-clusters in A2146 are known to merge almost on the
plane of the sky (i.e. the angle between the merger axis and the plane of the
sky is ∼ 16◦; White et al. 2015), the viewing angle to the NW shock is likely
to be edge on. Hence, the projection effects might not play an important
role in the mismatching of the DSA predicted and radio observed injection
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Figure 5.5: Regions (dashed lines) where flux densities were extracted are shown on the
LOFAR 144 MHz 30 arcsec-resolution image. The LOFAR 144 MHz (blue) and VLA 1.5
GHz (gray) contours are identical to those in Fig. 5.3.

indices in the NW extended emission.

5.4.3 The radio bridge

In Fig. 5.1, the NW relic is connected with the SE extended emission
through a faint emission (bridge). We measure the flux density of the radio
emission in the bridge using the > 2.5σ pixels within the region of the bridge
(see Fig. 5.5). The integrated flux density of the emission in the bridge is
1.1mJy at 144 MHz, but it is undetected at 1.5 GHz (see Figs. 5.3 and 5.5).
We assume the size of the bridge emission at 1.5 GHz is similar to that at
144 MHz. We find that 1σ upper limit for the bridge emission at 1.5 GHz
is 0.047mJy. This implies that the integrated spectral index of the emis-
sion in the bridge is likely steeper than −1.3. The elongated morphology
of the bridge along the merger axis implies that it likely associates with
the turbulence induced by the on-going merger. However, it is still unclear
whether or not the bridge emission is a separated source or is part of the
SE extended emission.
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5.4.4 The SE extended emission

In Fig. 5.1, we show the SE extended emission at 144 MHz. The SE emission
has a projected size of 300× 350 kpc2 and is elongated in the NW-SE direc-
tion. The SE edge of the SE emission roughly follows the SE bow shock (e.g.
Russell et al. 2010). The integrated flux density of the SE extended emission
(without the bridge, see Figs. 5.1 and 5.5) encompassing 2.5σ contours is
24.3±3.8mJy at 144 MHz and 1.3±0.1mJy at 1.5 GHz. The spectral index
between 144 MHz and 1.5 GHz is α = −1.25 ± 0.07. Unlike the spectral
index estimate for the NW relic, our spectral index measurement for the
SE emission is consistent with the VLA in-band estimate of −1.2± 0.1 that
was presented in Hlavacek-Larrondo et al. (2018). The spectral index map
in Fig. 5.3 shows a patchy distribution in the SE region. Along the SE-NW
merger axis, the SE extended emission has a flat spectrum in the SE region
and the spectrum becomes steeper toward the NW direction. The trend is
more visible in the spectral index profile in Fig. 5.4.

The nature of the SE extended emission is still unclear. Possibilities
include: (i) a radio halo bounded by a merger shock (e.g. Markevitch et al.
2005; Shimwell et al. 2014; Markevitch 2010; Brown & Rudnick 2011; van
Weeren et al. 2016c); (ii) a radio relic on the SE edge superimposed on
a radio halo that extends outwards from the cluster center (e.g. Brunetti
et al. 2008; Macario et al. 2011; van Weeren et al. 2016c; Hoang et al. 2017).
Scenario (ii) was the favored scenario in Hlavacek-Larrondo et al. (2018).
The extended emission in scenarios (i) and (ii) can perhaps be generated by
the same merger; but the distinct appearance of the radio emission and its
spectrum depends on the shock Mach number, the magnetic field strength
behind the shock front, the spectral energy distribution of turbulence after
the shock passage, and the observing frequencies (Markevitch 2010). It
is noted that the SE edge of the SE extended emission is not spatially
coincident with the entire shock front (see Fig. 5.1, right), although the
location and orientation of the SE extended emission along the merger axis
seems to imply its shock-related origin.

According to scenario (ii) the SE extended emission (Fig 5.1) should
consist of two components. To assess this we make surface brightness pro-
files along the merger axis in Fig. 5.4. To take into account the size of
the synthesis beam, each data point is estimated in a region that encom-
passes a beam (15 arcsec or 30 arcsec). The brightness peaks in the SE
extended radio emission are clearest in the 15 arcsec-resolution profile as
in the 30 arcsec-resolution profile they are smoothed out. We note that the
extended emission maps are obtained by subtracting compact sources (i.e.
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cyan circles in Fig. 5.1, right) which will leave some residual flux which
contaminates the profiles. However, if there are two separate sources (i.e.
halo and relic) in the SE region, the width of the relic can be approxi-
mated as the distance from the SE 2.5σ contour to the local minimum
brightness in the 15 arcsec profile, which is about 170 kpc (Fig. 5.4). With
this approximation we are able to estimate the halo flux, where estimates
here should be considered as the lower limits for the halo flux density. To
have consistent flux measurements at both frequencies, we measure the halo
flux densities at 144 MHz and 1.5 GHz using the 30 arcsec images within
the regions shown in Fig. 5.5. Only pixels that are detected at > 2.5σ,
where σ = 340 and 27µJy beam−1 for the LOFAR 144 MHz and VLA 1.5
GHz images, respectively, are used in the calculation. The integrated flux
densities at 144 MHz for the relic and halo regions are 9.0 and 15.3mJy,
respectively. At 1.5 GHz, they are 0.53 and 0.78mJy, respectively. With
these measurements, we find the integrated spectral index to be −1.2 for
the tentative relic and −1.3 for the halo. Since the separation of the relic
and halo will need verification with high-resolution observations, the flux
density estimated here should be consider as rough estimate. The true value
for the flux density of the halo at 144 MHz should lay in between 15.3mJy
(i.e. the SE extended emission consists of a relic and a halo) and 24.3mJy
(i.e. the SE extended emission is a single halo). At 1.5 GHz, it is between
0.78mJy and 1.31mJy. If the bridge emission is part of the SE extended
emission, the upper limit for the flux density of the halo is 25.4mJy at 144
MHz and 1.38mJy at 1.5 GHz. The 1.4 GHz power for radio haloes, which
is proportional to the amount of turbulence energy that is converted into
the relativistic electrons, is known to correlate with the masses of their host
clusters (e.g. Cassano et al. 2013). Using the flux density estimates above
for the radio halo, we calculate the power of the A2146 halo at 1.4 GHz is
within a range of (1.5 − 2.5) × 1023 W Hz−1 (k-corrected). The power of the
A2146 halo is consistent with the P−M scaling relation with a cluster mass
of M500 = (4.04 ± 0.27) × 1014 M⊙ (Planck Collaboration et al. 2016) that
we present in Fig. 5.6.

Another key observational feature to distinguish whether the extended
emission is a single halo (i.e. the case i) or a composition of a halo and a relic
(i.e. the case ii) is the distribution of the spectral index of the radio emission
along the axis of shock propagation. In case (ii), we expect the spectral index
of the radio emission is flat immediately behind the shock front (i.e. due
to shock (re-)acceleration or compression), steepening further in the post-
shock region (i.e. because of synchrotron and IC losses) and might flatten
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again in the halo region depending on the amount of turbulent energy
induced by the passage of a merger shock available in the ICM. On the other
hand, in case (i) whether or not we might see a similar spectral trend across
the extended source behind the shock, depending on the physical conditions
at the post-shock region. The spectral index of the halo emission might
slightly steepen behind the shock and then become uniform across the halo
region. These scenarios (i) and (ii) have been recently used to explain the
spatial distribution of the spectral index in some clusters. Examples for the
case (i) are the SW radio edge in Abell 520 (Hoang et al. 2018b, submitted)
and, perhaps, the southern region of the radio halo in the Toothbrush cluster
(van Weeren et al. 2016c; Rajpurohit et al. 2018). For case (ii), examples are
the northern relics and the haloes in the Toothbrush and Sausage clusters
(e.g. van Weeren et al. 2016c; Hoang et al. 2017). Whilst our spectral index
maps are too low resolution to make firm conclusions, in the SE extended
emission of A2146, there might be a spectral gradient from −1.13 ± 0.06
to −1.25 ± 0.06 behind the shock. This tentative trend is in line with that
expected for a relic-halo superposition. If the SE extended radio emission
is shock (re-)accelerated, the radio spectral index of −1.13 ± 0.06 in the SE
edge implies a shock Mach number of MSE = 2.0 ± 0.1. This is in line the
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value estimated from the X-ray data (i.e. MX
SE = 2.3 ± 0.2; Russell et al.

2012), which makes the argument for a connection between the bow shock
and the SE edge of the extended radio emission (i.e. the relic) in the SE
region of the cluster more compelling.

5.5 Conclusions

In this paper, we present the results of deep LOFAR 120− 168 MHz obser-
vations of the binary merging galaxy cluster A2146. We map the extended
continuum emission at 144 MHz and the spectral energy distribution in the
cluster in more detail than in previous studies. We summarize the results
below.

• The LOFAR 144 MHz observations confirm the presence of the NW
extended emission that was detected with the deep VLA 1.5 GHz
observations (Hlavacek-Larrondo et al. 2018). The radio emission ex-
tends behind the upstream shock front and have a flux density of
13.1 ± 2.0mJy at 144 MHz and 0.89 ± 0.08mJy at 1.5 GHz. The inte-
grated spectral index is α = −1.14 ± 0.08. The spectral index flattens
to −1.06± 0.06 in the outer region and steepens to −1.29± 0.09 in the
inner region. The morphological and spectral properties of the NW
extended emission are consistent with the hypothesis that the NW
extended emission is a relic associated with the NW upstream merger
shock.

• The DSA model predicts an injection spectral index of −1.78+0.22
−0.32 for

the MNW = 1.6 ± 0.1 NW shock. However, we measure a spectral
index in the outer region of the NW relic to be −1.06 ± 0.09 (taken
into account flux scale errors), which is inconsistent with the DSA
prediction. The mismatching of the injection spectrum indices could
be explained if the shock re-accelerates a pre-existing population of
fossil electrons rather than those in the thermal pool.

• With the LOFAR 144 MHz observations, we detect a faint emission
(bridge) connecting the NW and SE regions. The integrated flux den-
sity of the radio emission in the bridge is 1.1mJy at 144 MHz. The
non-detection of the bridge with the VLA 1.5 GHz observations im-
plies that the spectral index of the bridge emission is steeper than
−1.3.
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• The SE extended emission has an integrated flux density of 24.3 ±
3.8mJy at 144 MHz and 1.3 ± 0.1mJy at 1.5 GHz, resulting in α =
−1.25 ± 0.07. Further analysis of the brightness suggests that the SE
extended emission may consist of a halo in the central region and a
relic in the SE edge. The power for the radio halo is constrained within
(1.5−2.5)×1023 W Hz−1, which is roughly consistent with the expected
power for the cluster mass (i.e. M500 = (4.04±0.27)×1014 M⊙; Planck
Collaboration et al. 2016), according to the P − M scaling relation
(Cassano et al. 2013).
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Nederlandse samenvatting

Clusters van sterrenstelsels zijn de grootste structuren in het heelal die door
zwaartekracht bijeen worden gehouden. Zij bestaan uit honderden tot dui-
zenden sterrenstelsels binnen een volume van maximaal ∼ 100 Mpc3 (zie
bv. figuur 5.7). Clusters bestaan uit donkere materie (∼ 80 % van de totale
massa), uit zeer heet plasma (∼ 16 %) van het zogenaamde intra-cluster
medium (ICM), en uit baryonisch materiaal in sterren, koud gas en stof
(∼ 4 %). Binnen het raamwerk van hierarchische vorming van structuur in
het heelal groeien clusters middels een opeenvolging van samensmeltingen
van kleinere clusters en groepen (zie bv. Sarazin 2002) of door continue
inval van materie langs intergalactische filamenten (zie bv. Bagchi et al.
2002; Giovannini et al. 2010). Samensmeltingen van massieve clusters zijn
de meest energetische gebeurtenissen in het heelal sinds de oerknal, waarbij
tot ∼ 1064 ergs aan energie in het ICM wordt gedeponeerd op tijdschalen
van enkele miljarden jaren. Deze energie verhit het ICM tot dusdanig hoge
temperaturen (∼ 10 keV) dat het Röntgenstraling gaat uitzenden. Het sa-
mensmelten genereert schokgolven en turbulentie in het ICM, wat leidt tot
de (hernieuwde) versnelling van deeltjes tot relativistische snelheden. In de
aanwezigheid van magneetvelden (∼ µG) zenden deze relativistische deeltjes
synchrotronstraling uit die kan worden gedetecteerd met radio telescopen.

Via waarnemingen zijn inmiddels vele uitgestrekte radiobronnen gede-
tecteerd in het centrum en in de buitenste regio’s van clusters van sterren-
stelsels (zie bv. recente reviews van Govoni & Feretti 2004; Feretti et al.
2012; Brunetti & Jones 2014). Deze uitgestrekte bronnen vertonen geen dui-
delijke samenhang met individuele sterrenstelsels, maar zijn gerelateerd aan
de niet-thermische componenten (de relativistische deeltjes en het magneet-
veld) in het ICM. De uitgestrekte synchrotron-bronnen vertonen een lage
oppervlakte-helderheid (∼ µJy arcsec−2 op 1.4 GHz) en een steil spectrum4

4S ∝ να
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Figuur 5.7: Samengestelde afbeelding van de zogenaamde Bullet cluster: optische HST
(Hubble Space Telescope) afbeelding met Röntgenstraling in roze (Chandra) en de mas-
saverdeling afgeleid uit zogenaamde weak-lensing waarnemingen in blauw (Image credit:
NASA/CXC/M. Weiss)

(α ≲ −1). Afhankelijk van hun eigenschappen (morphologie, locatie ten op-
zichte van het cluster centrum, polarisatie, spectrum) zijn de uitgestrekte
bronnen geclassificeerd als radio halo’s, mini-halo’s of relics.

Radio halo's

Radio halo’s zijn uitgestrekte (∼ Mpc), niet-gepolariseerde steil-spectrum
bronnen die worden waargenomen in het centrum van samensmeltende clus-
ters van sterrenstelsels. De belangrijkste huidige modellen zijn:

• het primaire model welke stelt dat relativistische elektronen worden
opgewekt door Fermi-II turbulente her-acceleratie gedurende de sa-
mensmelting (zie bv. Brunetti et al. 2001; Petrosian 2001; Fujita et al.
2003; Cassano & Brunetti 2005; Brunetti & Lazarian 2007, 2016; Pinz-
ke et al. 2017)

• het secundaire model welke stelt dat relativistische elektronen in radio
halo’s een secundair product zijn van hadronische botsingen tussen
relativistische protonen en thermische protonen in het ICM (zie bv.
Dennison 1980; Blasi & Colafrancesco 1999; Dolag & Ensslin 2000;
Miniati et al. 2001; Pfrommer & Enßlin 2004; Pfrommer 2008; Keshet
& Loeb 2010; Enßlin et al. 2011).
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Radio relics

Radio relics zijn uitgestrekte (∼ Mpc), langwerpige, sterk-gepolariseerde
steil-spectrum bronnen die normaliter worden waargenomen in de buiten-
ste regio’s van clusters van sterrenstelsels. Voor radio relics wordt aange-
nomen dat zij gekoppeld zijn aan schokgolven die worden opgewekt door
samensmeltingen van clusters, of door invallend gas langs intergalactische
filamenten (zie bv. Enßlin et al. 1998; Brown & Rudnick 2011).

Dit proefschrift

De doelstellingen van dit proefschrift zijn (i) het karakteriseren van de ei-
genschappen van radio halo’s en relics in samensmeltende clusters van ster-
renstelsels, (ii) het beter begrijpen van de processen die verantwoordelijk
zijn voor het versnellen van deeltjes in deze bronnen, en (iii) het verkrijgen
van een gedetailleerd beeld van de dynamische toestand van de clusters van
sterrenstelsels waarin deze bronnen voorkomen. De bestudeerde clusters
zijn CIZA J2242.8+5301 (de zogenoemde ‘Sausage’ cluster), Abell 1240,
Abell 520 en Abell 2146.

In hoofdstuk 2 worden nieuwe LOFAR waarnemingen op 145 MHz
gepresenteerd van de prominente ‘Sausage’ cluster (roodverschuiving z =
0.192). Er wordt ook gebruik gemaakt van gearchiveerde radio telescoop-
waarnemingen van GMRT, WSRT, VLA, Chandra en Suzaku. Deze studie
toont aan dat (i) de vorm en spectrale eigenschappen van de noordelijke en
zuidelijke relics consistent zijn met het paradigma dat relics geassocieerd
zijn met schokgolven door samensmeltingen, wat in overeenstemming is met
andere studies (van Weeren et al. 2010; Stroe et al. 2013); (ii) de onder de
aanname van diffuse schok-versnelling (DSA) afgeleide Mach-getallen uit de
radiowaarnemingen consistent zijn met Mach-getallen afgeleid uit Röntgen-
waarnemingen (Akamatsu et al. 2015), wat pleit voor het schok-versnelling
scenario van relics; (iii) de oppervlakte-helderheid van radio-emissie in de
noordelijke relic kan worden verklaard door DSA van fossiele elektronen
middels het Fermi-I proces, maar directe versnelling van thermische elek-
tronen kan op basis van de gevoeligheid van de huidige data niet worden
uitgesloten; (iv) het radiospectrum van de halo constant is over de gehele
regio tussen noordelijke en zuidelijke relic, wat de aanwezigheid impliceert
van een groot turbulent gebied veroorzaakt door de samensmelting.

Hoofdstuk 3 presenteert een radio-studie van het cluster Abell 1240
(z = 0.1948) met twee relics, gebruikmakend van LOFAR 143 MHz, GMRT
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612 MHz en VLA 3 GHz waarnemingen. Deze studie bevestigt dat het spec-
trum van de relics steiler wordt richting het cluster centrum, en dat de uit de
polarisatie afgeleide richting van het magneet veld in de relics grotendeels
haaks staat op de lengte-as van de relics, wat beide in overeenstemming
is met de studie van Bonafede et al. (2009). De spectrale- en polarisatie-
eigenschappen van de relics zijn consistent met het scenario waarin deeltjes
die radiostraling afgeven in de relics worden versneld door schokgolven die
slechts marginaal worden gedetecteerd in Chandra Röntgenwaarnemingen.

In hoofdstuk 4 worden de versnellings-mechanismes bestudeerd die aan-
leiding geven tot de vorming van uitgestrekte radiobronnen in samensmel-
tend cluster Abell 520 (z = 0.201) middels waarnemingen van LOFAR op
145 MHz, GMRT op 323 MHz en VLA op 1.5 GHz. Het zuidwestelijke deel
van de uitgestrekte radiobronnen valt ongeveer samen met een boeg-schok
waargenomen in Röntgenstraling, en lijkt daardoor met de schok samen te
hangen. Er is ook een toename in de steilheid van het radiospectrum achter
de schok. Dit impliceert dat de uitgestrekte radiobronnen een superpositie
zijn van een centrale radio halo en een radio relic in het zuidwesten. DSA
zou het mechanisme kunnen zijn waarmee relativistische elektronen worden
versneld bij de schok. Omdat er geen uitgestrekte radiobron aan de voor-
kant van de schok is gevonden, is het onwaarschijnlijk dat compressie van
het magneetveld verantwoordelijk is voor deeltjesversnelling.

Hoofdstuk 5 beschrijft een studie van de samensmeltende cluster Abell 2146
(z = 0.232), gebruikmakend van nieuwe radiowaarnemingen met LOFAR
op 144 MHz, aangevuld met bestaande VLA 1.5 GHz waarnemingen. Deze
waarnemingen bevestigen het bestaan van uitgestrekte radiobronnen ten
noordwesten en zuidoosten van het cluster, gepositioneerd achter de schok-
golven die zichtbaar zijn middels Röntgenstraling. LOFAR detecteert een
brug van zwakke radiostraling tussen de eerder-genoemde radiobronnen die
niet zichtbaar is met de VLA. Het spectrum van de radio-emissie in het
noordwesten wordt steiler in de richting van het cluster centrum, maar is
inconsistent met de waardes die het DSA model voorspelt. Dit verschil kan
mogelijk worden verklaard door aan te nemen dat de versnelde elektronen
reeds bestaande fossiele elektronen zijn in plaats van thermische elektronen.
De zuidoostelijke rand van de daar gelegen radiobron volgt bij benadering
de zuidoostelijke (Röntgen) boeg-schok, wat een verband tussen de twee
impliceert. Onder aanname van DSA komen de Mach-getallen afgeleid uit
radio- en Röntgenwaarnemingen overeen, wat het mogelijke verband nog
versterkt. Toch is het nog onduidelijk of de uitgestrekte bron in het zuid-
oosten een radio halo is, of wellicht een superpositie van een halo en een
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relic. In beide gevallen ligt de waarde van het totale vermogen van de radio-
straling van de halo dichtbij de verwachte waarde voor een cluster met een
massa gelijk aan dat van Abell 2146. Afsluitend, de aanwezigheid van de
uitgestrekte radiobronnen in het noordwesten en zuidoosten van Abell 2146
kan het beste worden verklaard door de versnelling van fossiele elektronen
(voor het gebied in het noordwesten) en thermische elektronen (voor het
gebied in het zuidoosten) door schokgolven en turbulentie in een samen-
smelting van clusters.
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Propositions accompanying the thesis:

Cosmic particle acceleration by shocks and turbulence
in merging galaxy clusters

1. The radio-emitting relativistic electrons in radio relics are acceler-
ated by large-scale shocks that are generated during cluster mergers.
(Chapter 2, 3, and 5)

2. The efficiency of particle acceleration by low-Mach-number shocks is
still poorly known. (Chapter 2 and 3)

3. Radio haloes in merging galaxy clusters are associated with the tur-
bulence that evolves after the passage of merger shocks. (Chapter 2,
4, and 5)

4. Shock compression alone of fossil electrons in the intra-cluster medium
(ICM) is not sufficient to generate the observed brightness of extended
radio emission in merging clusters of galaxies. (Chapter 4)

5. Double shocks on the opposite sides of the cluster centre may be
common in major merging galaxy clusters. (Chapter 2, 3, 4, and 5)

6. High-resolution, multi-frequency observations including polarization
measurements will significantly improve our understanding of particle
acceleration mechanisms in extended radio emission from clusters of
galaxies. (Chapter 4 and 5)

7. To unveil the truth, one needs to look through the object at the correct
angle.

8. Re-observing to obtain high quality data is often a better strategy
than continuing to work on low-quality data.

9. Multi-wavelength (e.g. radio, optical, X-ray) observations continue to
be vital in unveiling the nature of astronomical phenomena.

10. Deeper observations sometimes require more detailed theoretical mod-
els to explain discrepancies.

11. “If you want to go fast, go alone. If you want to go far, go together”
(African proverb). This is especially true in the present day field of
radio astronomy.



12. Coffee breaks are important to generate research ideas.

13. It is mysterious that, despite the tremendous success of science in
explaining nature, a large fraction of the world population is still
religious.
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