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Chapter 1

Introduction

The formation history of our Universe has been a topic of discussion since an-
cient times. With the advancement in science and technology, humankind has
been able to untie a few knots in the vast web of mystery. The Big Bang is
the accepted cosmological theory that describes how the Universe began before
undergoing a sequence of complex hierarchical structure formation. The theory
asserts that the Universe started about 13.7 billion years ago in an initial state of
very high temperature and density (Komatsu et al. 2011, Planck Collaboration
et al. 2016). The ACDM : current standard model of cosmology, states that our
Universe consists of baryonic matter (5%), cold dark matter (22%) and dark
energy density (73%). This model successfully describes some of key observed
phenomena such as the abundance of the light elements (Helium, Hydrogen and
Lithium), the Cosmic Microwave Background (CMB) radiation (Smoot et al.
1992, Bennett et al. 1996 Planck Collaboration et al. 2016), the accelerated
expansion of the universe (Riess et al. 1998) and the large-scale structures.

A key ingredient of the ACDM model is the theory of cosmic inflation (Guth
1981, Guth & Steinhardt 1984) that suggests, our Universe, in its first few
moments, went through an extremely rapid exponential expansion. In a tiny
fraction of a second (~ 10732s), the linear size of the Universe increased by a
factor of 1026, This explains that distant regions of the Universe were actually
much closer together prior to inflation and could have been causally connected,
thus having same physical properties. This sudden expansion as invoked by
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inflation, also results in a flat-space geometry. This could also explain that,
during this process the density of the magnetic monopoles dropped exponentially
making their detection highly unlikely.

Our Universe is remarkably homogeneous and isotropic on larger scales. The
CMB radiation has a spectrum consistent with that of a black body at a temper-
ature of Teyp = 2.725K (Fixsen 2009). However, tiny variations in the CMB
temperature indicate that at that time there were small-scale density fluctua-
tions (Smoot et al. 1992, Mather et al. 1994, Kovac et al. 2002). These tiny
fluctuations are thought to be related with the quantum fluctuations of matter
density that are present immediately after the Big Bang. Under the influence
of gravity, these small scale primordial CMB density fluctuations can grow hi-
erarchically. First, halos of cold dark matter formed and these merged with
each other to accrete more mass (Springel et al. 2006). The baryonic matter
that primarily follows the dark matter halos, then cooled and collapsed, forming
clouds of gas, stars, galaxies and eventually the largest structures of all, namely
clusters of galaxies. These clusters are the focus of this thesis.

Galaxy clusters

Galaxy clusters are the largest gravitationally bound systems of the Universe,
with masses up to 10*® M. Even though clusters can contain up-to thousands
of galaxies, the majority (80%) of the cluster-mass is constituted by dark matter
(Blumenthal et al. 1984). Dark matter only interact with the baryonic matter
(~20%) through gravitational force. Of the baryonic mass, 85% is comprised
of a hot (107 — 10® K), rarefied ionised plasma, that fills the entire volume of
the cluster, referred as intra-cluster medium (ICM). This dilute plasma emits
thermal Bremsstrahlung radiation that is visible at X-ray wavelengths. Stars,
cold gas and dust in galaxies form the remaining 15% of the baryonic mass.
Galaxy clusters are continuing to grow via the accretion of smaller groups
of galaxies and through major merger events with other cluster of galaxies
(Kravtsov & Borgani 2012). This process of cluster mergers and continuous
accretion of gas from the inter-galactic medium (IGM), can create shock waves
in and around galaxy clusters. The most spectacular are events where two mas-
sive clusters merge. This releases a huge amount (~10% ergs) of gravitational
energy into the ICM. The released binding energy strongly affects the physical
properties of the system including density distribution & velocity dispersion of
member galaxies and temperature, metallicity & density distribution of the X-
ray emitting thermal ICM. Direct evidence of associated density, pressure and
temperature jumps are seen with X-ray observations (Markevitch & Vikhlinin
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2007). Merger driven shocks, bulk flows and turbulence can amplify the mag-
netic field (~ uG) strength (Roettiger et al. 1996, Roettiger et al. 1997) and
affect the spatial transport of the relativistic (v > 1000) particles (also known as
cosmic rays, CRs). In the presence of magnetic fields, these relativistic charged
particles can emit synchrotron radiation that can be observed at radio frequen-
cies. Radio observations reveal giant diffuse synchrotron emission that traces
the CRs in the ICM (see Feretti et al. 2012, van Weeren et al. 2019, for reviews).

Typically diffuse radio sources in clusters have a steep spectral index! (o <
—1). The spectral shape is related to the physics of the (re)acceleration mech-
anism and the electron synchrotron and inverse Compton (IC) energy losses
(Sarazin 1999, Brunetti & Jones 2014). Energy losses limit the life-time of CR
electrons in the ICM and the maximum energy at which they can be accelerated
by various mechanisms. The presence of CR electrons and magnetic fields in
the ICM that generate large-scale diffuse radio sources via synchrotron emission,
has fundamental implications on both the physics of the ICM and the evolution
of galaxy clusters (e.g. Brunetti & Jones 2014, for a review).

Diffuse radio emission in clusters

In the last decades, with the advent of low-frequency telescopes and X-ray satel-
lites, significant progress has been made to classify diffuse radio sources in the
ICM and study the particle acceleration mechanisms. Diffuse radio sources can
broadly be classified into two sub-categories based on their morphology and
location of the sources in the cluster: radio halos and radio relics.

Radio halos are extended (~Mpc) diffuse radio sources that are located
at the centre of merging clusters (Cassano et al. 2008; Cuciti et al. 2015, Kale
et al. 2018). They typically have a morphology similar to the X-ray morphol-
ogy of the ICM. More than 70 radio halos have been discovered (e.g. Feretti
et al. 2012; van Weeren et al. 2019). Observational evidence to date suggests
that radio halos are caused by continuous acceleration of CR electrons in the
turbulent gas (Brunetti et al. 2001, Petrosian 2001, Brunetti & Lazarian 2007).
These CR electrons (also known as primary electrons) are injected into the ICM
by, for example, radio galaxies, supernovae, or galactic winds. Also, proton-
proton collision could be responsible for the generation of secondary electrons
(Hadronic model: Dennison 1980, Enfilin et al. 2011) that can be re-accelerated
together with primary CR electrons (Brunetti & Lazarian 2011; Pinzke et al.
2017) and generate large-scale radio halos.However, current upper limits on the

1S, =v®; S, is the measured flux density of a radio source at the observed frequency v
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~-ray emission in galaxy clusters puts constraints on the hadronic origin of radio
halos (Jeltema & Profumo 2011; Ackermann et al. 2016; Brunetti et al. 2017).

Radio relics are ~1-2 Mpc long and are located in the cluster outskirts
Feretti et al. 2012, van Weeren et al. 2019). Typically they have a convex
morphology with respect to the cluster centre, are linearly polarized (20% to
30% at GHz frequencies) and exhibit a radio spectral steepening towards the
cluster centre (e.g. van Weeren et al. 2010, Bonafede et al. 2012, Stroe et al.
2013, Hoang et al. 2017, Kierdorf et al. 2017 etc.). Cluster radio relics are
thought to be tracers of merger induced shock waves (e.g. Finoguenov et al.
2010, Shimwell et al. 2015, Botteon et al. 2016 etc.). Typically, the spectra of
radio relics are well represented by a power-law; however, it is now a matter of
debate if radio relics have a curvature at frequencies higher than ~2 GHz (Stroe
et al. 2016, Loi et al. 2017).

Nowadays, the connection between radio relics and shocks is well estab-
lished. However, the underlying acceleration mechanism is still debated. Pri-
marily shocks are thought to accelerate particles via diffusive shock acceleration
(DSA, Krymskii 1977; Bell 1978a; Bell 1978b etc.). DSA is also known as
Fermi-I mechanism and asserts that CR particles are scattered in the upstream
and downstream regions of a shock by plasma irregularities. Due to these re-
peated reflections at the shock fronts, CR electrons gain their non-thermal en-
ergy (Fermi 1949). It was originally thought that electrons in the thermal pool
could be accelerated by DSA to produce the observed (radio) emission. How-
ever, the acceleration efficiency via DSA is found to be low, and insufficient to
generate bright radio relics (van Weeren et al. 2016a, Botteon et al. 2016 etc.).
Also, a connected problem with the large acceleration efficiencies concerns the
lack of y-ray emission from galaxy clusters (Vazza et al. 2014; Vazza et al. 2015;
Wittor et al. 2017).

For these reasons, the role of ‘fossil plasma’ or seed particles have been
invoked, as recent simulations indicate that re-acceleration of seed relativistic
particles is more efficient than the DSA (e.g: Kang & Ryu 2015). A similar
issue has also been suggested for the generation of radio halos that may require
an initial pool of mildly relativistic CR electrons for turbulent re-acceleration
(Brunetti & Jones 2014). A key question that needs to be answered is what are
the source of these fossil electrons in the ICM? It is clear that galaxy clusters
host active galactic nuclei (AGN). These AGNs can inject CR electrons into
the ICM and in the presence of magnetic fields can generate synchrotron radio
emission (Vantyghem et al. 2014). Such AGNs that are very luminous at radio
wavelengths are known as radio galaxies and are often accompanied by single or
twin radio lobes that can extend up-to Mpc scales. These energetic CR electrons
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from the lobes of a radio galaxy can provide the seed populations of relativistic
electrons and a possible connection between radio galaxies and re-acceleration
mechanisms in radio halos or radio relics (Kang & Ryu 2016). Such tentative
morphological connections of radio galaxies with radio relics have been proposed
by Bonafede et al. (2014), Shimwell et al. (2015) and most clearly has been shown
by van Weeren et al. (2017) in the galaxy cluster pair Abell 3411-3412.

Studying the population of fossil electrons is not trivial. When the central
AGN of a radio galaxy switches off and there is no supply of freshly injected
particles, the so-called ‘AGN remnant lobes’ can diffuse into the surrounding
medium. Due to synchrotron and radiative losses, after a few tens of Myr, their
spectrum becomes steep (o < —1.2) and curved. The fossil plasma becomes
invisible and hard to detect, even at the lowest observable frequencies (Brienza
et al. 2017, Hardcastle 2018, English et al. 2019). However, in a cluster environ-
ment, these low-energy relativistic (7 ~100) electrons can still be poorly mixed
with the ICM (Sarazin 1999; Petrosian 2001; Pinzke et al. 2013). Merger driven
turbulence, shocks and ICM bulk motion can adiabatically compress these old
fossil electrons (Ensslin et al. 1998; Enfilin & Briiggen 2002) and emit observ-
able (sub GHz) radio waves again. These revived fossil plasma sources, which
are known as radio phoenices, provide us with a unique opportunity to study
these otherwise invisible population of electrons (Kempner et al. 2004). To date,
only a few radio phoenices have been discovered (Slee et al. 2001, van Weeren
et al. 2009, de Gasperin et al. 2015). In order to understand the acceleration
mechanisms responsible for the generation of radio phoenices, it is crucial to
identify their common observational and physical properties and compare them
with that of radio halos and relics. This will also help in establishing radio
phoenices as a distinct class of objects and enable us to better understand the
nature of this relatively unexplored population.

Faint radio population

Radio source counts that are derived from deep 1.4 GHz surveys, had shown a
sudden steepening below 1 mJy (Windhorst et al. 1990, Prandoni et al. 2001b).
This is interpreted as a result of the emergence of a faint radio population;
which is different in nature from the ones that dominate at higher flux densities
(such as radio loud AGNs). The faint radio population most likely consists of
several types of objects such as: faint (radio-quiet) AGNs, starburst galaxies,
distant clusters, normal spirals and ellipticals. The physical and evolutionary
properties of faint radio sources and the relative importance of the different class
of objects are still being debated and their redshift distribution and luminosity
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properties are not well known (Prandoni et al. 2001a). This is mainly because
the current samples of such objects are small. Moreover, optical follow up
of these sources are highly incomplete in terms of spectroscopic information
(Gruppioni et al. 1999, Gregorini & Prandoni 2000). Therefore, it is evident
that wider and deeper (low-frequency) radio sky surveys with optical follow-up
are strongly needed in order to asses the evolution and the nature of the faint
radio population. Observations at low-radio frequencies not only have large field
of views, that allow to construct a larger statistical sample and provide more
robust statistical constraints but also are more sensitive to (steep spectrum)
star forming galaxies that dominate the faint radio population.

Low-frequency radio data processing and advancements

In the last decades, significant progress has been made in order to understand
the physics of galaxy clusters. Cluster mergers are the largest particle accelera-
tors of the Universe and these conditions (such as large scales, weak shocks and
magnetic fields) cannot be found in other astronomical events or be reproduced
on Earth. It is now well established that shocks and ICM motions generated
through cluster mergers can produce large-scale synchrotron emission that usu-
ally has a very low-surface brightness and steep spectra. Therefore, it is clearly
beneficial to study these systems at the low-radio (sub GHz) frequencies.

However, calibration of low-frequency radio data is not trivial due to the
direction dependent, time varying effects of the ionosphere that affects both the
amplitude and the phase of the radio signal. These ionospheric effects are more
dominant towards the lower part of the radio spectrum making it one of the
main limiting factors for high-resolution low-frequency radio observations. In
addition, the field-of-view at these frequencies, is much larger than at higher
frequencies. Therefore, applying a unique correction factor using traditional
techniques (such as self-calibration; Pearson & Readhead 1984) to correct these
phase and amplitude effects for the entire field of view is too simplistic and is
not sufficient. Below, a brief description of two of the pioneer low-frequency
radio telescopes: GMRT and LOFAR is given. These two radio telescopes are
also two of key the pathfinders of the future generation radio telescope Square
Kilometre Array (SKA; Schilizzi 2005).

The Giant Meterwave Radio Telescope (GMRT; Swarup et al. 1991) is
a radio interferometer that is located in India and consists of 30 parabolic dishes
of 45 meter diameter each. The GMRT started to improve the low-frequency
view of the radio sky in terms of angular resolution and sensitivity. This has been
shown in a few low-frequency surveys centred around 150 MHz (e.g.: Ishwara-
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Chandra et al. 2010, Sirothia et al. 2009). Most importantly, in the last 10 years,
the development of the Source Peeling and Atmospheric Modeling (SPAM; In-
tema et al. 2009, Intema 2014), have made a significant improvement on the
ionospheric calibration of the low-frequency radio data. This fully automated
pipeline includes state-of-the-art calibration, radio frequency interference (RFI)
mitigation schemes, direction-dependent calibration, and ionospheric modeling.
One of the most important data products of this pipeline is the 150 MHz TIFR
GMRT Sky Survey (TGSS ADR; Intema et al. 2017). The TGSS is the most
sensitive (2-5 mJy/beam rms noise) radio sky survey at such low-frequency till
date, that covers almost 90% (~53° to +90°) of the whole sky.

The Low Frequency Array (LOFAR; van Haarlem et al. 2013) is the
largest pathfinder to the SKA that operates at the lowest observable frequency
range of 30-240 MHz. LOFAR is a new-generation radio telescope that uses
phased aperture array technique in which the antenna primary beam is formed
electronically. This is different from traditional radio telescopes that use me-
chanical steering of antennas. Most of the LOFAR antennas are based in the
Netherlands, with baseline lengths ranging from 100 meters to 120 km. Addi-
tional remote stations are located throughout Europe. The longest European
baseline of LOFAR can provide a resolution of 0.5” at 150 MHz. The combina-
tion of LOFAR’s large field of view, wide range of baseline lengths, and large
fractional bandwidth makes it a powerful instrument for performing large area
and deep sky surveys. These enormous capabilities of LOFAR also make the
challenges to tackle the radio data calibration and imaging (at such low frequen-
cies) more complicated since, the ionosphere and its associated Faraday rotation
and sky structure are heavily direction dependent and time varying. In the last
few years, novel algorithms have been developed to overcome these challenges;
such as SAGECal (Yatawatta et al. 2013), Facet Calibration (van Weeren et al.
2016b), KillMS (kMS; Tasse 2014; Smirnov & Tasse 2015), DDFacet (Tasse
et al. 2018). Specifically KillMS and DDFacet are now being used for the com-
pletion of the LOFAR Two Meter Sky Survey (LoTSS; Shimwell et al. 2017)
where the whole northern radio sky is observed with a sensitivity better than
100pJy/beam at the resolution of 5”. This upcoming deep and sensitive low-
radio-frequency survey will be an excellent tool to further investigate the nature
of diffuse radio emission in clusters and of the faint radio population.

This Thesis

With the advent of new generation low-frequency telescopes and better cali-
bration techniques, we have now started to unveil the sub GHz radio sky with
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unprecedented depth and sensitivity. Diffuse radio emission have steep syn-
chrotron spectra, meaning that they are brighter at low frequencies and are
the ideal targets for LOFAR. LOFAR has been thought to have the potential
to make major breakthroughs in the field of cluster science (Rottgering et al.
2006, Rottgering et al. 2011, Cassano et al. 2012, Nuza et al. 2012). Even if
the number of such observations are very limited at this stage, the complexity
of objects observed has put the traditional taxonomy of diffuse radio sources
into question (de Gasperin et al. 2017). Recent LOFAR, observations have also
strengthened the claim of presence of fossil radio plasma in the ICM that
could provide the seed particles and can be accelerated to generate large-scale
diffuse radio emission (van Weeren et al. 2016a, Shimwell et al. 2016, Hoang
et al. 2017, Wilber et al. 2018). Cluster science with LOFAR also includes the
fate and evolution of radio lobes/bubbles, the interplay between cluster radio
galaxies (AGNs) and the ICM and the distribution of the ICM magnetic fields.
In this regard, open questions in this field that are to be answered, are:

e How common is the presence of fossil radio plasma in clusters?

e Do ultra-steep spectrum fossil plasma sources in galaxy clusters have a
common origin and is there a connection between radio galaxies and re-
acceleration mechanisms in radio halos and relics?

e What is the occurrence of diffuse radio sources as function of cluster mass
and dynamical state?

e How useful are the upcoming deep radio surveys in order to understand
the nature of faint radio source population?

In order to answer these questions, systematic studies of different classes of
radio sources are crucial. It is also very important to combine complementary
multi-band data to understand the interaction between different components
(such as thermal and non-thermal) of clusters. In addition, observations of
these systems at different wavelengths, need to be compared with simulations.

Conducting wide and deep radio sky surveys is one of the main goals of
LOFAR since its commencement. For this purpose, a three-tier approach had
been adopted. Tier 1 includes the observation of the whole 27 steradians of the
northern sky (LoTSS; Shimwell et al. 2017, Shimwell et al. 2019). In these radio
images, the most prevalent population is the radio-loud AGN that dominates
the bright radio sky. With deeper observations, it is indeed possible for LOFAR
to open up a new regime of (much) fainter radio population (such as radio quiet
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quasars, distant star-forming galaxies, high-redshift clusters and faint diffuse ra-
dio emission). Therefore, deeper Tier 2 and Tier 3 observations were planned to
cover smaller areas (over a sky area of 30 deg?) with a higher sensitivity (10-15
uJy/beam; see Rottgering et al. 2011 for more details). In order to scientifically
exploit these more sensitive surveys, complementary multi-wavelength data are
necessary, most notably to identify the host galaxies of the extra-galactic radio
sources and determine their redshift. For these reasons, observations were fo-
cused on fields with the highest quality multi-wavelength data available; such
as the Lockman Hole, the Bootes and the European Large-Area ISO Survey-
North 1 (ELAIS-N1) fields. Studying these deep fields would allow an extreme
broad range of science that includes: star formation processes in the early Uni-
verse; characterisation of the distribution of star-formation across the galaxy
population as a function of mass, luminosity, different environment and red-
shift; intra-cluster magnetic fields; determining the history of black hole accre-
tion and its dependence with the star formation; the nature of radio filaments
and bridges across galaxy clusters that could be related to the accretion shocks
and etc. However, before addressing the science questions, it is very important
to make sure that the sources in these radio images are properly deconvolved
and have reliable flux densities. Radio source-counts is one of the immedi-
ate data products from these deep radio images that can be used as a sanity
check for the data reduction and to study the statistical properties of the (faint)
radio source population. Source counts derived from these wide area surveys
would overcome uncertainties introduced by low statistics, cosmic variance ef-
fects (Heywood et al. 2013) and other systematics (Condon et al. 2012). These
source counts can also be used to estimate the foreground contamination for
Epoch of Reionization (EoR) experiments (Trott & Wayth 2016).
Thus, the aim of this thesis is two fold:

e To better understand the nature of revived fossil (radio) plasma sources
in galaxy clusters and establish them as a distinct class of radio sources
(Chapter 2,3 and 4).

e To derive the deepest radio source-counts at 150 MHz (to date) and com-
pare with the other existing determinations, as well as with state-of-the-art
evolutionary models (Chapter 5).

Below, the contents of each chapter and the topics discussed within, are
described (in brief):

Chapter 2 deals with a detailed study of a merging galaxy cluster Abell 1914.
Deep radio (LOFAR 150 MHz, GMRT 325 and 610 MHz and VLA 1.4 GHz),
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X-ray (Chandra) and optical (CFHT) data are presented. The analysis shows
that the ultra-steep spectrum source (4C38.39; o < —2) that previously was
thought to be part of a radio halo, is a distinct source with properties that are
consistent with revived fossil plasma sources. In addition, some diffuse emission
to the west of the source 4C38.39 was also detected that could belong to a radio
halo.

Chapter 3 and 4 present the first systematic study of revived fossil plasma
candidates in galaxy clusters. Chapter 3 demonstrates the discovery potential
of the 150 MHz TIFR GMRT Sky Survey (TGSS) in combination with the 1.4
GHz NRAO VLA Sky Survey (NVSS) to find and study revived fossil plasma
sources in galaxy clusters. A subset of three candidates (out of which two are
new discoveries) was studied in detail using deep multi-band radio (LOFAR and
GMRT), X-ray (Chandra or XMM-Newton) and archival optical observations.
Tentative physical properties of these three sources were discussed based on the
observations and they were categorised to be in the class of ‘radio phoenices’. As
the next step, in Chapter 4, an observational overview of all the known radio
phoenices (either newly discovered or previously known) is presented. Out of
25 sources that are shown, 12 are new discoveries, for which new radio (GMRT
and/or LOFAR) and, for a subset, X-ray observations have been shown. Com-
mon physical properties of the whole sample of radio phoenices (such as radio
morphology, dynamical state of the host cluster, location of the phoenices inside
the cluster and spectral behaviour) are studied for the first time, in order to
establish the nature of this relatively unexplored class of objects. These radio
phoenices are found to have AGN origin and are located well within the Rsg
of the clusters. Presence of dynamical disturbance in the cluster supports the
formalism that they are associated with ICM motion and or shocks. Finally,
even if these revived fossil plasma tend to have a curved spectra at higher fre-
quencies, presence of non-uniform spectral indices suggests they should not be
thought of a reservoir of uniform cosmic-ray population.

In Chapter 5 the deepest radio source counts, that have ever been obtained
at 150 MHz are presented for the Lockman Hole, The Bootes and the Elais-N1
fields. These three fields are the LOFAR Tier-3 depth survey fields (see Rottger-
ing et al. 2011 for details). The derived source counts are compared with other
existing determinations, as well as with state-of-the-art evolutionary models
(e.g. Mancuso et al. 2017; Bonaldi et al. 2019). The expected flattening and
upturn of the counts below ~1 mJy (as also seen in higher frequency surveys)
is due to the emergence of the radio-quiet quasar and star-forming populations,
which these deeper pointings will critically enable us to properly sample across
luminosity and redshift space.
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Future studies

In terms of fundamental physics, this century has seen some of the biggest
breakthroughs such as discovery of Higgs Boson, detection of gravitational waves
etc. and it has become clear that the advancement in technologies play a key role
in this proess. In the field of radio astronomy, a similar trend in technological
advancements had happened in the last decade. Many new generation radio
telescopes (such as LOFAR, MWA, ASKAP, MeerKAT etc.) started to become
operational and older telescopes have been upgraded (such as VLA, WSRT,
GMRT). The LOFAR has already started to reveal the radio sky at frequencies
around and even below 100 MHz and has clearly made a significant impact in
our understanding of faint radio populations. The lowest observable window of
the electro-magnetic radiation is a completely uncharted territory and therefore,
is full of potential for new discoveries.

The future of cluster science with LOFAR is undoubtedly promising. The
dense core of LOFAR provides excellent sensitivity towards low surface bright-
ness diffuse emission. Furthermore, the arc-second resolution will allow appro-
priate disentanglement of the foreground/background emission and embedded
sources that are projected onto the diffuse emission. In the next few years, few
immediate objectives can be achieved:

e Already, from the shallow low-frequency surveys it has become clear that
fossil radio plasma can occupy a significant fraction of the cluster vol-
ume and provide seed particles for re-acceleration. The known sample
of revived fossil plasma sources is probably just the tip of the iceberg of
the population and upcoming wider and deeper radio surveys (such as
LoTSS; Shimwell et al. 2019 and LoLSS; de Gasperin et al. in prep) will
be excellent tools to further investigate the nature of these fossil electron
population. Also, studying the spectral behaviour of these diffuse sources
would allow for detailed comparisons between the predictions from differ-
ent particle re-acceleration models and the observational data.

e The brightness fluctuations in the diffuse radio emission reflect the un-
derlying distribution of magnetic fields in the ICM. The high-resolution
images from LOFAR are able to resolve scales smaller than the typical
coherent scales of magnetic field in galaxy clusters. This will be crucial to
probe the magnetic field power spectrum (Murgia et al. 2004, Vacca et al.
2012).

e Enflin & Rottgering (2002) predicted that sensitive radio surveys at low



12 INTRODUCTION

radio frequencies will be crucial to draw an unbiased statistical popu-
lation of radio halos that can provide unique information about galaxy
cluster merger rates and associated non-thermal processes. Also, turbu-
lent re-acceleration model predicts the existence of ultra-steep spectrum
radio halos (Cassano et al. 2010) that will be picked up by upcoming
low-frequency radio surveys.

Complementary radio observations at high frequencies is also important in
order to distinguish between various models for the origin of synchrotron emit-
ting electrons. In addition, following up large unbiased samples of diffuse radio
sources at high frequencies will allow us to study the polarisation properties and
magnetic field distribution in the ICM. Finally, it is of no doubt that combin-
ing X-ray data with radio observations is very important to study the interplay
between thermal and non-thermal components in the ICM. Therefore, with the
future generation radio (SKA) and X-ray telescopes (eROSITA, ATHENA), we
expect to have a much better understanding of galaxy cluster physics.
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Abstract

A number of radio observations have revealed the presence of large synchrotron-
emitting sources associated with the intra-cluster medium. There is strong ob-
servational evidence that the emitting particles have been (re-)accelerated by
shocks and turbulence generated during merger events. The particles that are
accelerated are thought to have higher initial energies than those in the thermal
pool but the origin of such mildly relativistic particles remains uncertain and
needs to be further investigated. The galaxy cluster Abell 1914 is a massive
galaxy cluster in which X-ray observations show clear evidence of merging ac-
tivity. We carried out radio observations of this cluster with the LOw Frequency
ARay (LOFAR) at 150 MHz and the Giant Metrewave Radio Telescope (GMRT)
at 610 MHz. We also analysed Very Large Array (VLA) 1.4 GHz data, archival
GMRT 325 MHz data, CFHT weak lensing data and Chandra observations.
Our analysis shows that the ultra-steep spectrum source (4C38.39; a < —2),
previously thought to be part of a radio halo, is a distinct source with properties
that are consistent with revived fossil plasma sources. Finally, we detect some
diffuse emission to the west of the source 4C38.39 that could belong to a radio
halo.

2.1 Introduction

Galaxy clusters are the largest gravitationally bound systems in the Universe.
They grow through the accumulation of smaller groups of galaxies and through
major mergers with other massive clusters. A huge amount of gravitational
binding energy (~ 104 ergs) is released when massive galaxy clusters merge (e.g.
Kravtsov & Borgani 2012). This strongly affects the physical properties of the
different properties of clusters, for example the density distribution and velocity
dispersion of galaxies, and the temperature, metallicity, and density distribution
of the (X-ray-emitting) thermal intra-cluster medium (ICM). Direct evidence for
these merging events is seen using X-ray observations, which show the disturbed
surface brightness of the ICM and the presence of density and temperature
jumps (shocks and cold fronts: Markevitch & Vikhlinin 2007). The shocks
and turbulence that are generated in the ICM might also amplify magnetic
fields (~ pG) and accelerate relativistic particles (Lorentz facotr v >> 1000),
resulting in megaparsec-scale synchrotron emission regions (for review: Feretti
et al. 2012, Brunetti & Jones 2014). The spectral index « of the synchrotron
emission is generally steep: o < —1 with S o« v®, where v is the observed
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Figure 2.1: Full-resolution (9” x 6”) LOFAR 120-160 MHz image of Abell 1914
with regions of interest circled and labelled. The black contours and dashed
lines indicate the significance of the radio emission at (1,2,4,...)x3 X oLOFAR

and -3x oporaR levels, respectively, where op,0par = 150 pJy beam™!.

frequency and S is the measured flux density. The steep spectral index suggests
that the synchrotron emission is relatively bright at low radio frequencies.

While the nomenclature used to describe the emission needs refinement,
these synchrotron sources are most commonly classified as either radio haloes
or radio relics (Feretti et al. 2012). There are about 50 radio haloes that have
been discovered; these are extended (2 1 Mpc) diffuse radio sources at the
centre of merging clusters (e.g. Cassano et al. 2010; Cuciti et al. 2015; Kale
et al. 2015) and have a morphology similar to the X-ray morphology.

One of the theoretical models to explain their formation is merger-driven tur-
bulent re-acceleration (Brunetti et al. 2001, Petrosian 2001 Brunetti & Lazarian
2007, Pinzke et al. 2017, Brunetti et al. 2017). Although alternative models have
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Figure 2.2: Full-resolution (9” x 6”) LOFAR image overlaid on a CFHT r-
band image. The LOFAR contours (solid red) show the (1,2,4,...)x3 X oLOFAR
levels and the dashed red contours show the -301,0rARr contour where or,0raR =
150 uJybeam™'. The purple contours represent the weak lensing measurement
(CFHT data: section 2.5) showing the dark matter distribution. The two stars
indicate the position of the two brightest cluster galaxies (BCG) in the cluster.
The triangle indicates the position of the peak radio emission. The circle A
indicates the location of the galaxy that is the optical counterpart of source
HT. Circle B indicates a radio-loud galaxy that is not associated with source
HT. Circle RG indicates the location of the galaxy that could be a possible
counterpart of RP (discussed in section 4).



MERGING GALAXY CLUSTER ABELL 1914 17

been proposed, i.e. secondary models, in which the synchrotron emitting elec-
trons are continuously injected by inelastic collisions between cosmic ray protons
and thermal protons (e.g. Dennison 1980; Enflin et al. 2011). The process of
generation of secondary particles via proton-proton collisions is thought to play
a minor role due to current upper limits in gamma ray observations (Ackermann
et al. 2014. Ackermann et al. 2016, Brunetti et al. 2012, Brunetti et al. 2017,
Zandanel & Ando 2014) unless this mechanism is combined with turbulent re-
acceleration. Radio relics are usually found in cluster outskirts and are thought
to trace merger-induced shock waves (e.g. Ensslin et al. 1998; van Weeren et al.
2010; van Weeren et al. 2012a; Roettiger et al. 1999). A connection between
relics and shocks has been established by X-ray detections of shocks at the relic
location (Finogenov et al. 1993, Akamatsu & Kawahara 2013, Shimwell et al.
2015, Botteon et al. 2016, Eckert et al. 2016). However, in some cases, the
luminosity of radio relics is much higher than expected from the acceleration ef-
ficiency of thermal electrons from diffuse shock acceleration (DSA; e.g. Brunetti
& Jones 2014, Botteon et al. 2016, van Weeren et al. 2016a etc.). Shocks are
also able to re-accelerate these electrons via Fermi-type processes. Simulations
indicate that such re-acceleration of fossil relativistic electrons should be more
efficient than the acceleration of electrons from the thermal pool of the ICM
(e.g. Kang & Ryu 2015). Relics are elongated regions with sizes up to 1-2 Mpc
long, which have a convex morphology with respect to the cluster centre, exhibit
a radio spectral index steepening towards the cluster centre, and are linearly
polarised (>10%-30% at GHz frequencies; van Weeren et al. 2010 Bonafede
et al. 2012, Stroe et al. 2013, de Gasperin et al. 2015, Kierdorf et al. 2017).
Radio phoenixes are another, less widely studied class of diffuse radio sources
in the ICM. These are thought to be a manifestation of fossil plasma in galaxy
clusters (e.g. Slee et al. 2001; Enflin & Briiggen 2002; Kempner et al. 2004;
van Weeren et al. 2009; de Gasperin et al. 2015). Likely candidates for the fos-
sil electrons are old lobes of radio galaxies that have ultra-steep spectra (USS)
owing to synchrotron and inverse Compton (IC) losses. When a merger shock
passes through an old lobe (or radio tail), it compresses the fossil radio plasma,
thereby re-energizing the electrons and boosting their visibility Enfllin & Gopal-
Krishna 2001. As the sound speed in the fossil plasma is much larger than the
surrounding ICM and the shocks have a low Mach number (M < 2), this may
result in subsonic compression waves generated within the plasma (Enfillin &
Gopal-Krishna 2001, Enfilin & Briiggen 2002). Sources powered by this mech-
anism can maintain electrons at higher energies than what radiative cooling
would allow. Although deposited locally, fossil plasma can, over time, occupy a
significant volume of the ICM due to turbulent diffusion. The relative impor-
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tance of these proposed mechanisms to explain the plethora of diffuse cluster
radio sources is still unclear.

In this paper we study extended radio emission in the galaxy cluster Abell 1914,
a merging cluster at z=0.168 with an asymmetric X-ray brightness distribu-
tion (Govoni et al. 2004; GO04 hereafter), a high velocity dispersion of oy =
1210f}?8kms_1 (Barrena et al. 2013), and a mass of My = 7.3 £ 0.3 X
10*h=1 Mg (Planck Collaboration et al. 2016). The cluster has a luminosity
Lx=(0.1-2.4 keV)=17.93 x10** hsZerg s~ (Ebeling et al. 1996) and tempera-
ture kT'x ~ 9 keV (Baldi et al. 2007; Maughan et al. 2008). In the morphological
and dynamical analysis performed by Buote & Tsai (1996), the values of the
power ratios P1/P0 and P3/PO0 for this cluster were found to be representa-
tive of a disturbed system. Furthermore, Botteon et al. (2018a) found surface
brightness and temperature jumps in the ICM. At radio wavelengths, the clus-
ter is known to host an extended, very bright, steep spectrum, and unpolarised
radio source (Bacchi et al. 2003; B03 hereafter), namely 4C38.39 (Roland et al.
1985; Komissarov & Gubanov 1994; Kempner & Sarazin 2001). The total flux
density as reported in B03 is 20+ 3 mJy at 1.4 GHz, while the spectral index is
found to be @ ~ —1.8. At the resolution of radio data used in the study by B03
(Figure 6) it was suggested that 4C38.39 is a part of a radio halo. However, as
we discuss in more detail, the bulk of the radio emission does not align well with
the X-ray emission of the ICM nor with the galaxy density distribution. Higher
resolution radio observations are essential for shedding more light on the true
nature of this source.

In this paper we study the morphology and spectral properties of the radio
emission in Abell 1914 at higher angular resolution and better sensitivity than
previously using new LOw Frequency ARray (LOFAR) 150 MHz and Giant
Metrewave Radio Telescope (GMRT) 610 MHz observations, combined with
archival Very Large Array (VLA) 1.4 GHz and GMRT 325 MHz observations,
and complemented with optical Canada France Hawaii Telescope (CFHT) and
Chandra X-ray data. The radio telescope LOFAR (van Haarlem et al. 2013)
observes in the relatively poorly explored frequency range between 10 MHz and
90 MHz using the Low Band Antenna (LBA) and 110-240 MHz using the High
Band Antenna (HBA). The high sensitivity and abundance of short and long
baselines makes LOFAR an ideal instrument to study low-surface brightness
diffuse steep-spectrum objects in clusters (e.g. Shimwell et al. 2016; van Weeren
et al. 2016a; Hoang et al. 2017; Wilber et al. 2018; Botteon et al. 2018b).

This paper is structured as follows: We present the observations and data
processing in Section 2. In Section 3 we show the observational results followed
by a discussion of these results in Section 4. In this paper, we assume a ACDM
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Figure 2.4: Left: 150 MHz LOFAR image (30” x 30”) in which the contours show the (1,2,4,...)x3 X
OLOFAR,150 levels, where o1,0rAR,150 = 1.8 mJy beam

the contours show the (1,2,4,...)x3 X ovyra,1400 levels, where oyra 1400 = 40 pJy beam
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Right: 1.4 GHz VLA image (26” x 14”) where
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cosmology with €, = 0.3, Qx = 0.7 and Hy=70 km s~ Mpc~!. At the redshift
of the Abell 1914 (z = 0.168) the luminosity distance is 808.5 Mpc and 1 arcsec
corresponds to 2.873 kpc. All the coordinates are given in epoch J2000.

2.1.1 LOFAR data reduction

We observed Abell 1914 in HBA_DUAL_INNER mode on 13 April 2013. The obser-
vation (with ID: 248837) was centred on RA 14h26m01.6s and Dec +37d49m38s.
The duration of the observation was 8 hours. We observed the bright source
3C 295 as flux and bandpass calibrator. The frequency coverage for both the
calibrator and cluster was 120 to 168 MHz. The visibility data was recorded
every 1 second over 64 channels per 0.195 MHz sub-band. As per default, the
data were flagged for interference by the observatory with AOFLAGGER, (Of-
fringa et al. 2012), averaged to 2 seconds and 10 channels per sub-band, and
stored in the LOFAR long-term archive (LTA).

We performed an initial direction-independent calibration following de Gasperin
et al. (2018). Then, we corrected for direction-dependent effects using the facet
calibration scheme described in van Weeren et al. (2016a) and Williams et al.
(2016). More details are provided in the following sections.

Direction-independent calibration

The data were first flagged to remove the bad station CSO013HBA. The bandpass
and absolute flux scales were calibrated using a model of primary flux calibra-
tor 3C295 from Scaife & Heald (2012). Since the remote stations are not on
the same clock as the core stations, we determined the clock offsets from the
calibrator observations. After applying the calibration solutions to the target
field data we performed an initial phase calibration on the target field using a
model generated from the VLA Low-Frequency Sky Survey (VLSS; Cohen et al.
2007), Westerbork Northern Sky Survey (WENSS; Rengelink et al. 1997), and
the NRAO/VLA Sky Survey (NVSS; Condon et al. 1998). This was followed
by making high- and low-resolution images of the entire field. Compact and
diffuse sources were extracted from these images with PYthon Blob Detector
and Source Finder (PYBDSF: Mohan & Rafferty 2015). These sources were
then subtracted from the visibility data to create a residual (source-subtracted)
data set.

Thttps://lta.lofar.eu/



LOFAR 150 MHz GMRT 325 MHz GMRT 610 MHz VLA 1.4 GHz
Pointing RA,Dec 14:26:01,+37:49:38  14:26:03,4-37:49:32  14:26:02,4-37:49:38 14:26:01,+37:49:38
Configuration HBA_DUAL_INNER N/A N/A Cand D
Observation date April 13, 2013 August 29, 2009 Dec. 4, 2016 June 28, 2000 & Sept 25, 2000
On-source time (hr) 8.0 6 6 5
Freq. coverage (MHz) 120-168 308-340 594-626 1.365-1.435

MERGING GALAXY CLUSTER ABELL 1914
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Table 2.1: Details of the radio observations towards Abell 1914.
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Data Frequency robust taper Orwum Orms Figure
(MHz) ("M " x" (PA*) uJy beam~!

LOFAR 150 +0.5 0 9x6, (-77.0) 150 2.1

LOFAR 150 0.0 22 30x%30, (0.0) 1500 2.4

GMRT 325 0.0 0 12x11, (68.0) 100 2.3

GMRT 610 0.0 0 6x5, (47.0) 55 2.3

VLA 1400 0.0 22 30%30, (0.0) 51 2.4

% The beam position angle (PA) is measured in degrees from north through east.

Table 2.2: Imaging parameters and image properties of the LOFAR, GMRT, and
VLA maps of Abell 1914.

Direction-dependent calibration

In order to improve the image fidelity, we used facet calibration to perform a
direction-dependent calibration and thus correct for the ionosphere and beam
errors in the direction of the cluster. As the apparent flux density of the cluster
dominates the field, it was sufficient to perform a single direction-dependent
calibration towards Abell 1914. The resulting calibrated data for the central
facet (40" x 40') were imaged in CASA using the multi-scale multi-frequency
(MS-MFS) option in the clean() task (Rau & Cornwell 2011). Since the emis-
sion from Abell 1914 is within the 99% power point of the primary beam, we did
not have to correct for primary beam attenuation. While imaging, we cleaned
to a depth of 20,.,,s using scale sizes equal to zero, 3, 7, 9, 25, 60, and 150 pixels,
where the pixels have a size of approximately one-fourth of the resolution. After
cleaning, the image residuals were mostly noise-like. The brightest source in the
cluster (source RP; see Figure 2.1) has a total flux of 4.68 Jy at 150 MHz. In
the presence of such a bright extended source, the local background noise of
the image is negatively affected due to dynamic range limitations, most likely
caused by small residual calibration errors. For this reason, two shallow negative
bowls (30 contours) can be seen to the south-west of RP. More image details are
provided in Table 2.2. It is important to note that the deepest negative surface
brightness present in the negative region is of the order of -140. The RP region
consists of an area of 30 beams, which means the amount of total flux density
that can be suppressed because of the presence of the negative bowl is 30 X
(140) = 0.07 Jy. With a measured flux density of 4.68 Jy for RP, this includes
an extra flux of only 1.4%. Even if, in a conservative scenario, the source is
extended over 60 beams in the absence of the negative bowl, the suppression in
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the total flux would be 3%, which is still small. The presence of the negative
bowl may affect the radio halo flux, which is discussed later in detail.

Owing to normalisation issues and inaccurate beam models, flux densities
measured from LOFAR images need rescaling to other surveys. We used the
TIFR GMRT Sky Survey (TGSS; Intema et al. 2017), which itself has a flux un-
certainty of 10%. We selected six high signal-to-noise (>200) compact sources
within the LOFAR facet area from the TGSS to minimise the flux density mea-
surement, errors. Even though the number of sources is relatively small, the
ratios of the TGSS to LOFAR flux densities are tightly clustered around 0.59
with a scatter of only 2%. To properly take into account the propagation of all
flux density uncertainties, we performed a MC simulation in which we modelled
each measured LOFAR and TGSS flux density as a Gaussian distribution with
the measured flux density as the centre and the uncertainty as the width of the
Gaussian, and from which we determined a ensemble of flux ratios. The result-
ing (combined) flux ratios also follow a Gaussian distribution centred at 0.59
with a 1o width of 0.06. We adopt these values as our flux correction factor and
uncertainty, respectively. For any flux density measurement in LOFAR map,
we apply the following correction:

St =71 x 5™, (2.1)

where S* and S™ are the “true” (scaled to TGSS) and LOFAR flux densities.
The value r is the LOFAR flux correction factor as determined above and value
Ar is the uncertainty in the correction factor r. The relative error on r is
f=Ar/r=0.10.

2.1.2 GMRT data reduction

We used the GMRT archival data at 325 MHz of Abell 1914 (project code
16_074) and obtained new data at 610 MHz in the GMRT observation cycle 31
(project code 31_049; details are given in Table 2.1). The data were processed
using the SPAM pipeline (Intema et al. 2017) which includes radio frequency in-
terference (RFI) mitigation schemes, direction-dependent calibration, and iono-
spheric modelling (Intema et al. 2009). The final GMRT images at 325 MHz
and 610 MHz are shown in Figure 2.3 and were obtained using the imaging
parameters reported in Table 2.2. The flux density scale in the images was set
by calibration on 3C48 (at 610 MHz) and 3C286 (at 325 MHz) using the models
from Scaife & Heald (2012). We adopt a flux scale uncertainty of 10% for the
GMRT observations (e.g. Chandra et al. 2004), which is quadratically added
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Figure 2.5: Full-resolution (9” x 6”) LOFAR image overlaid on an exposure-
corrected, background-subtracted Chandra image in the 0.5-2.0 keV energy band
with a total integration time of 22.9ks. The LOFAR contours (white) show the
(1,2,4,...)x5 x or,orar levels and the dashed white contours show the -301,0raR,
where oporar = 150 pJy beam™'. The cyan contours are the weak lensing
measurements showing the dark matter distribution. The star, square, and
triangle show the peak of the dark matter distribution, X-ray peak, and radio
peak, respectively. The solid black and dashed black line show the tentative

location of the shock and cold front suggested by Botteon et al. (2018a).
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to the (random) uncertainties of all flux density measurements in the GMRT
images.

2.1.3 VLA data reduction

We obtained observations of Abell 1914 at 1.4 GHz from the VLA archive
(projects AF367 and AF372). The cluster was observed in C and D configura-
tions for 160 minutes each, using two 50 MHz-wide intermediate frequency (IF)
channels centred at 1.365 and 1.435 GHz; only the low-frequency IF was found
to be usable in the D-configuration observation because of RFI. The data were
calibrated and reduced in the standard fashion using the NRAO Astronomical
Image Processing System package (AIPS). Several loops of phase self-calibration
were applied to reduce the effects of residual phase errors in the data. The C-
and D-configuration data sets were first processed and self-calibrated separately,
then combined together to produce the final images. The flux density scale was
set using the Perley & Butler (2013) coeflicients, which typically results in flux
errors within 5%.

2.1.4 Chandra data reduction

X-ray images of Abell 1914 were produced using two ACIS-I Chandra observa-
tions taken in VFAINT mode (ObsID: 542, 3593), for a total exposure time of
26.9 ks. The contamination due to soft proton flares occurring during the obser-
vations was corrected by inspecting the light curves extracted in chip S3 using
the deflare script. After this procedure, the net exposure time was 22.9 ks.
The images we present were produced in the 0.5 — 2.0 keV band adding the
two ObsIDs with the merge_obs routine. Data were analysed with CIAO v4.9
and Chandra CALDB v4.7.3. For more detailed description see Botteon et al.
(2018a).

2.1.5 CFHT data

Abell 1914 was observed with MegaCam on the Canada-France-Hawaii
Telescope (CFHT) as part of the Canadian Cluster Comparison Project
(CCCP;Hoekstra et al. 2012, Mahdavi et al. 2013, Hoekstra et al. 2015). The
main aim of this project was to study scaling relations, using weak gravitational
lensing masses as reference. The r-band data we used were obtained with seeing
< 0.8 arcsec with a total integration time of 4800 s. Further details about the
data can be found in Hoekstra et al. (2012). In their most recent lensing analysis
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Hoekstra et al. (2015) determined a mass of Msoo = (7.3 £ 1.3) x 10"4h-' Mg
using the location where the X-ray emission peaks as centre. For this paper
we used the lensing measurements to reconstruct the projected mass surface
density using the direct inversion algorithm from Kaiser & Squires (1993). The
approach is identical to that described in Mahdavi et al. (2007) in their study of
the complex merger Abell 520. The reconstruction is smoothed with a Gaussian
smoothing kernel with a full width at half maximum (FWHM) of 60”, which is
the consequence of the limited number density of sources in ground-based data.
The resulting mass reconstruction is shown in Figure 2.2 by purple contours.
The cluster is clearly detected, as is the elongation along the merger direction.
Moreover the results clearly indicate that the mass distribution peaks at the
location of BCG 2.

2.1.6 Spectral index maps and integrated spectrum calcu-
lation

Table 2.2 lists the images made with the radio data and their corresponding
resolution and sensitivity. These images were used to create a high-resolution
spectral index maps between 150 MHz and 610 MHz. To sample the same
spatial scales at both frequencies, we used the same inner uv range of 200\ to
image both LOFAR and GMRT data. For the high-resolution spectral index
map, we used a uv taper of 6”. The resulting images were convolved with a
Gaussian to produce images with the same restoring beam, accurately aligned
in the image plane, and regridded onto the same pixel grid. Surface brightness
below 30 in respective images were masked. These images were then used to
create spectral index maps where a power-law spectral index was calculated for
each pixel. The error on the fit was calculated given the error on the LOFAR
and GMRT pixel values (AS; and ASs) with

1

AS1 2 ASy 2
Aa = 2.2
@ hl% ( Sl ) +( SQ ) ’ ( )
where AS; = /(0;)? + (fS;)? (with i = [1,2]) is the total uncertainty associ-

ated with the measured flux density S; and the subscripts stand for 150 MHz
and 610 MHz, respectively, and f is the flux scale uncertainty as described in
Section 2.1.2, for the LOFAR image. The total error propagation takes into
account the flux scale uncertainty and, o;, the rms noise of the respective im-
age. A similar procedure was used to create a low-resolution spectral index map
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between 150 MHz and 1.4 GHz. The resulting spectral index images are shown
in Figure 2.6.



29

MERGING GALAXY CLUSTER ABELL 1914

[_teaq Aprf 1g = TTTETIVIAY
pue ‘,_weaqArr 0gg = 29321808 019 TUIND p foweaq A1l 0OGT = 2282108 05T VIO T o f_ueaq A1 (0T
= OO LIND o foumeeq Apr ¢LT = PoRIO ST VAO o Ioym ‘PO UR[( U8d( SBY O¢ URY) ISMO[ UOISSIUID
‘somsy yoq uy “(pPued gybur) ,0¢ X ,0€ TONN[0SIT-MO] ZHD ¥ T-ZHIN 0T9-2HIN 0ST pue (joued 3/37) (,9
X ,,9) monmjosaI-ySTy ZHN 0T9 0% ZHIN 0ST 18 F16T [[PqVy wog uoisstuo jo sorpredord Teryoadg :9'g oIS

<

(o002l vy (0002 vy
) S00'8bWISZUYT 500't5 500°00w9Z 50090 0021 . S00'8YWSZUYT 50005 500°00W9Z 500'90 500°21
o= [l
Ge- Ge-
L0'00.LboLE W0'00.LbLE+
0e— 0e-
s7— .0'00.8% [ .0'00.8%
w w
3 3 3 2
S .0°00,67 S S .0°00,6t S
5 H 5 g
5
2 ¢g1— =3 I— e
2o 2¢1
% %
01— .0'00.05 01— .0°00.08
G0— G'0-
.0'00.T6 .0°00.TS
00 00
o “ o “
0] z .0°00.28 S0 z 4.0°00,25




30 MERGING GALAXY CLUSTER ABELL 1914

2.2 Results

In Figure 2.1 we labelled three main regions of diffuse emission associated with
Abell 1914 which are discussed in the following sections.

2.2.1 RP: A radio phoenix candidate

The source RP is arguably the most interesting feature of this system. The
source, classified as 4C38.39 is known to have a steep spectrum (a ~ -2) and
a possible curvature (Komissarov & Gubanov 1994, Roland et al. 1985). The
RP consists of a bright, resolved region surrounded by fainter diffuse emission
(see Figure 2.1). The bright region extends ~ 650 kpc in the NW-SE direction
and ~ 230 kpc in the perpendicular direction. In the GMRT 325 MHz and
610 MHz images (Figure 2.3) the source RP is clearly detected, but the diffuse
component surrounding it is marginally detected at 325 MHz. Figure 2.4 shows
the low-resolution 150 MHz LOFAR and VLA 1.4 GHz images.

In order to measure the integrated spectral index of the source RP we made
a set of new images (not shown) at all available radio frequencies with the same
imaging parameters and matched minimum wv range. We measured the flux
density over exactly the same area, defined by the 30 contour of the LOFAR
image (Figure 2.1) while excluding the RH region. The measured total flux den-
sities at 150 MHz, 325 MHz, 610 MHz, and 1.4 GHz are S159 = 4.6840.46 Jy,
S305 = 0.8340.08 Jy, Sg190 = 0.277+0.02 Jy, and S; 4 = 34.842.0 mJy, respec-
tively. A single power-law fit gives an integrated spectral index measurement
of a150—1400 = —2.17 & 0.11 for the source RP. We used the LOFAR 150 MHz
and GMRT 610 MHz higher resolution maps to create a resolved spectral index
map. Figure 2.6 reveals a fairly uniform spectral index distribution with small
variations; the spectral index value ranges from -1.9 to -2.3. The spectral in-
dex tends to get flatter in the southern direction. We used the additional flux
measurements from Komissarov & Gubanov (1994) and plotted the spectrum of
RP (Figure 2.7). We note that measurements in Komissarov & Gubanov (1994)
were obtained using different imaging parameters than ours, which may have
an impact on the relative accuracy between their measurements and ours. We
fitted a line and a second order polynomial in log-log space to the data. The
goodness of the fits was determined by the parameter sum of squares due to
error (SSE), which measures the total deviation of the response values from the
fit to the response values. The SSE values are 0.70 and 0.13 for the linear and
second order polynomial fit, which suggests that the second order polynomial fit
the data points better than the linear fit. Therefore, the spectrum shows hints
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of possible spectral curvature, as suggested in Komissarov & Gubanov (1994).
In order to confirm the curvature, we need additional, accurate measurements,
especially at the lowest frequencies such as future LOFAR LBA (Low Band
Antenna) observations.

In Figure 2.2 the weak lensing mass reconstruction based on the CFHT
optical image shows that the total mass distribution (dominated by dark mat-
ter) roughly traces the galaxy distribution. The peak of the radio emission of
RP (triange marker) does not coincide with the nearby BCG positions (star
markers). RP has an interesting extension towards the south-west, which we
associate with an optical counterpart (circle marker, labelled RG). While an
apparent tail of radio emission extends from RG towards RP, it is unclear if all
radio emission in RP originates from RG. We do not identify any other obvious
optical counterparts for RP. In Figure 2.5 the peak of the radio emission (trian-
gle marker) does not coincide with the X-ray peak (square marker). The X-ray
emission is elongated in the SE-NW direction, which is a similar orientation to
the weak lensing mass reconstruction, but the latter is more elongated.

As a consequence of the extreme steep spectrum, combined with the fila-
mentary morphology, peripheral location, misalignment with X-ray, and weak-
lensing mass distribution, the source RP does not match the typical observa-
tional properties of giant radio haloes or radio relics, but it could be a radio
phoenix. This is discussed in more detail in Section 2.3.

2.2.2 HT: A head-tail galaxy

We identify the source HT as a head-tail galaxy. In Figure 2.2 the CFHT r-
band optical image is overlaid with the LOFAR 150 MHz map contours shows
the optical counterpart of the head of the HT (marked as A). Another optical
counterpart (B) is not a member of Abell 1914 (Sifén et al. 2015). The extent
of the tail is 630 kpc in the NW direction. From the high-resolution spectral
index map (Figure 2.6 left panel) we observe the typical steepening of the radio
spectrum (-0.89 > « > -1.15) along the length of the tail. The emission towards
the end of the tail blends into the diffuse emission around the region of RP,
which we discuss in the following section.

2.2.3 RH: A radio halo candidate

The faint emission region between sources RP and HT in Figure 2.1, labelled
with RH, appears to be morphologically disconnected from the neighbouring
sources. The region RH resembles radio halo emission, but cannot be traced
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Figure 2.7: Total flux density as a function of frequency of the source RP. The
brown points show the flux measurements at 150 MHz, 325 MHz, 610 MHz,
and 1.4 GHz (this paper), while the blue points show the measurements from
Komissarov & Gubanov (1994).
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over the full extend of the X-ray emission owing to the contaminating presence
of both RP and HT. Large-scale emission in this region is also seen in low-
resolution LOFAR 150 MHz and VLA 1.4 GHz images (Figure 2.4). Assuming
it is part of a radio halo, we selected the region A (~ 70 kpc) as shown in
Figure 2.8 (right panel) to calculate the flux density and spectral index. In this
region, the halo emission is likely separated from the emission from RP and HT.
From the 150 MHz LOFAR and 1.4 GHz VLA images we measure the integrated
spectral index of the halo in region A to be v = -1.15 £0.20.

We estimate the radio halo power at 1.4 GHz using the VLA image. The
measured total flux density of the region A is 2.34 + 0.15 mJy. Using the 1.4 GHz
flux measurements we calculated a k-corrected 1.4 GHz radio power P 4gu, =
4751 4 D3 (1 + 2)771 = (1.94 £ 0.14) x 10*® WHz~!. The value of the ra-
dio power at 1.4 GHz is underluminous when compared with the P; 4 — Mxqo
relation presented in Cassano et al. 2013. However, because of the contami-
nation from RP, HT, and negative bowls around RP, the radio halo flux may
be significantly underestimated. To show an example, we assume that the ra-
dio halo spans the region B (~ 1 Mpc diameter) as shown in Figure 2.8 (left
panel). To calculate the total radio halo flux density in region B, we assume
that it has the same surface brightness as region A. The extrapolated total
flux density of region B is 18.72 4+ 1.23 mJy. We note that the error does not
properly reflect the intrinsic uncertainty of our assumptions. With this value
of the radio halo flux density, we measure a k-corrected 1.4 GHz radio power
Pyacn, = (1.55 £0.11) x 10** WHz~!. This value of the radio power falls
within the scatter of the correlation presented in Cassano et al. 2013.

We also attempted to separate possible radio halo emission from the emis-
sion of sources RP and HT by re-imaging the LOFAR data while leaving out
the shortest baselines, which suppresses the extended emission and leaves only
compact source emission. In principle, this source model could then be sub-
tracted from the visibility data, leaving only extended emission in the data.
However, the clean subtraction of a complex, bright source such as RP on a
scale of > 100 kpc turns out to be too inaccurate to be of much practical use.

2.3 Discussion

The radio emission in Abell 1914 has previously been classified as an irregularly
shaped radio halo with a steep spectrum (B03, G04) and a hint of spectral
curvature (Komissarov & Gubanov 1994). With the new LOFAR observations,
combined with archival GMRT, VLA, CFHT, and Chandra data, we are able
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to separate the emission into three different components: a candidate radio
phoenix, a possible radio halo and a tailed radio galaxy. These components are
discussed below.

Radio phoenix

Komissarov & Gubanov (1994) suggested that the USS radio source 4C38.39
in Abell 1914 may indicate the presence of a very old radio galaxy. When the
core of the radio galaxy had ceased its activity, the supply of fresh relativistic
electrons into the radio lobes also stopped. Synchrotron losses of these electrons
can explain the unusually steep spectrum nature. However, more recent studies
of this source suggested it was part of a radio halo (B03, G04). The LOFAR
and GMRT observations show that the properties of the emission in this region
are quite distinct from those expected for a radio halo. Instead we note that
this source very much resembles a radio phoenix source because (i) it has an
unusually steep spectrum, (ii) the morphology of the source is quite filamentary
when compared to a classical radio halo morphology, (iii) the X-ray morphology
is displaced from the radio emission, and (iv) the source shows hints of having
a curved spectrum.

Radio phoenixes are aged radio galaxy lobes whose emission is boosted by
adiabatic compression (e.g. Enflin & Gopal-Krishna 2001, Enflin & Briiggen
2002). There is evidence of these kind of sources in literature (e.g. Slee et al.
2001, van Weeren et al. 2009, van Weeren et al. 2011, Ogrean et al. 2011,
Cohen & Clarke 2011, Stroe et al. 2013, de Gasperin et al. 2015). There is an
interesting connection between the source RP and the radio galaxy (indicated
with RG in Figure 2.2). RP can be a radio bubble detached by a shock from the
tail of the radio galaxy (e.g. Jones et al. 2017b) unless the connection is just
a projection effect. Besides adiabatic compression, shocks that are introduced
by merging events might also be able to re-accelerate electrons via Fermi-type
processes. However the hint of curvature and the fact that the source is very
steep may rule out the possibility of shock acceleration, since in the case of shock
acceleration the spectrum tends to get flatter (e.g. Bonafede et al. 2014, Botteon
et al. 2016, van Weeren et al. 2017). Instead the above facts are more consistent
with the adiabatic compression scenario. Therefore, detection of shocks near
the location of RP is crucial to confirm the radio phoenix compression scenario.

Botteon et al. (2018a) suggested that the merging scenario in Abell 1914 is
similar to that observed in the bullet cluster (Markevitch et al. 2002) where a
subcluster is moving from the E to the W direction, producing a cold front in
the direction of the motion. On the eastern side of Abell 1914, they claimed the
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presence of a shock moving in the cluster outskirts, similar to the reverse shock
found in the Buller cluster (Shimwell et al. 2015). Deeper X-ray observations
are needed to confirm this.

Radio halo

In previous work, Abell 1914 was suggested to host a steep spectrum radio
halo (B03, G04), but there the bright source 4C38.39 was assumed to be part
of the halo. While the latter is likely not true, we do detect diffuse radio
emission in between 4C38.39 and the tailed radio galaxy that might be part
of a larger radio halo. The spectral index of the region RH is flatter than
the tail of HT and RP (Figure 2.6 right panel). The measured, k-corrected
1.4 GHz radio power of the radio halo (region A in Figure 2.8) in Abell 1914
(discussed in Section 2.2.3) is Pjagu, = (1.94 + 0.14) x 10?3 W/Hz. It is
known that the radio power at 1.4 GHz and mass of the hosting cluster are
correlated for giant radio haloes (e.g. Cassano et al. 2013). According to our
estimates (Section 2.2.3) the luminosity of the halo in Abell 1914 is significantly
smaller than previously thought (Cassano et al. 2013) and the halo appears
to be underluminous with respect to expectations based on the radio power —
mass correlation. Predictions suggest that USS radio haloes are underluminous
when compared with the correlation (Cassano et al. 2010). However, at least for
the region A, the low-resolution spectral index map between 150 MHz LOFAR,
325 MHz GMRT, 610 MHz GMRT, and 1.4 GHz VLA (Figure 2.6; right panel)
suggests a spectral index of a = —1.15 £ 0.20. With the availability of current
data there is no evidence of the radio halo being ultra-steep.

Recently hadronic models have also been invoked to explain underluminous
radio haloes (Cuciti et al. 2018), but in these cases the radio halo should be
centred on the X-ray peak location. So these models cannot explain the scenario
in which the radio halo in Abell 1914 is underluminous. However, it is important
to note that the measurement of the radio halo power is highly uncertain owing
to the contamination from RP and HT. In Section 2.2.3 we also estimated the
radio halo flux and corresponding radio halo power in a much larger region B
(Figure 2.8) indicating that the value of the radio power can lie in between
these two measurements. Higher resolution observations at GHz frequencies are
needed to confirm the spectral properties of the radio halo.
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Head-tail galaxy

The head of the head-tail galaxy on the west side of Abell 1914 was reported
as a discrete source by B03, while the diffuse tail was unresolved and blended
together with the other diffuse sources. In this paper, with the help of detailed
spectral index maps, we classify this source unambiguously as a head-tail radio
galaxy. From the spectral index maps (Figure 2.6) a clear spectral steepening
can be observed towards its tail due to the synchrotron ageing. The disrupted
X-ray morphology, mass distribution, and presence of a radio halo indicates
that the cluster is undergoing a merger, but its effect on the HT is not clear.
Initially the tail is more collimated and undisturbed, whereas the end of the
tail seems to be more disrupted and blended with the radio halo emission. The
spectral index at the end of the tail is similar to that of the radio halo emission,
which could be the evidence for re-acceleration. In this scenario, old electrons
in the turbulent end of the tail are mixed with the ICM and re-accelerated in
the same way as radio halo particles are accelerated (which is still debated).
Botteon et al. (2018a) suggested a presence of a shock (Figure 2.5) near the
location in between RH and HT, which could also play a role in local particle
re-acceleration.

2.4 Summary and conclusions

In this paper, we presented new LOFAR HBA radio observations at 150 MHz of
the merging galaxy cluster Abell 1914. We also analysed GMRT and VLA data
and presented high- and low-resolution spectral index maps. These allowed us
to constrain spectral properties of this system. We summarise the main results
as follows:

Abell 1914 was thought to host a radio halo but with quite unusual proper-
ties. With the new LOFAR observations at high resolution (9" x 6”) we were
able to properly resolve the radio structure, which was not possible in previ-
ous studies. With the new resolved radio maps, we find that the overall radio
emission of Abell 1914 is unlikely to be a single radio halo but rather the su-
perposition of a revived fossil plasma source, a radio halo, and a head-tail radio
galaxy.

We characterise the revived fossil plasma source as a radio phoenix candi-
date. The source RP (Figure 2.1) has an integrated spectral index measurement
of —2.17 £ 0.11 with a possible curvature (Figure 2.7). Usually these sources
are thought to be old fossil plasma, originating from a dead radio galaxy, which
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has been adiabatically compressed by the passage of shocks (Enfilin & Gopal-
Krishna 2001; Enflin & Briiggen 2002). The hint of curvature and ultra-steep
nature probably rules out the possibility of shock acceleration. Botteon et al.
(2018a) do not find clear evidence of a shock near the vicinity with the present
shallow X-ray observations. Deeper X-ray observations are needed to confirm
this.

The possible presence of a faint radio halo is inferred from emission in a
region that seems not to be contaminated by radio phoenix or head-tail emission.
Based on our estimates, the radio halo appears underluminous with respect to its
mass, as predicted by the P; 4am. — Msoo correlation plot presented by Cassano
et al. (2013). Usually USS radio haloes are underluminous in the correlation
plot. However, in the region of the halo where it is possible to measure the
spectrum, we find the spectral index to be —1.15+0.20. It is important to note
that the measured value of the radio power is uncertain and may significantly
be underestimated because of the possible contamination from RP and HT.

From the radio intensity and spectral index maps (Figures 2.1 and 2.6)
we identify a head-tail radio galaxy with an optical counterpart in the head
and a clear spectral steepening towards its tail. One interesting aspect is the
connection of the tail with the assumed radio halo emission, which could be a
source of mildly relativistic electron injection. A few other examples of possible
connections between radio haloes and head-tail galaxies are found in Wilber
et al. (2018) and Rajpurohit et al. (2018).
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Abstract

It is well established that particle acceleration by shocks and turbulence in the
intra-cluster medium can produce cluster-scale synchrotron emitting sources.
However, the detailed physics of these particle acceleration processes is still not
well understood. One of the main open questions is the role of fossil relativistic
electrons that have been deposited in the intracluster medium (ICM) by radio
galaxies. These synchrotron-emitting electrons are very difficult to study as
their radiative lifetime is only tens of Myr at gigahertz frequencies, and they
are therefore a relatively unexplored population. Despite the typical steep radio
spectrum due to synchrotron losses, these fossil electrons are barely visible even
at radio frequencies well below the gigahertz level. However, when a pocket of
fossil radio plasma is compressed, it boosts the visibility at sub-gigahertz fre-
quencies, creating what are known as radio phoenices. This compression can
be the result of bulk motion and shocks in the ICM due to merger activity. In
this paper we demonstrate the discovery potential of low-frequency radio sky
surveys to find and study revived fossil plasma sources in galaxy clusters. We
used the 150 MHz TIFR GMRT Sky Survey (TGSS) and the 1.4 GHz NVSS
sky survey to identify candidate radio phoenices. A subset of three candidates
was studied in detail using deep multi-band radio observations (LOFAR and
GMRT), X-ray obserations (Chandra or XMM-Newton), and archival optical
observations. Two of the three sources are new discoveries. Using these ob-
servations, we identified common observational properties (radio morphology,
ultra-steep spectrum, X-ray luminosity, dynamical state) that will enable us to
identify this class of sources more easily, and will help us to understand the
physical origin of these sources.

3.1 Introduction

Galaxy clusters are the largest gravitationally bound systems in the Universe.
Their main mode of growth is through accretion of smaller groups of galaxies,
and through major mergers with other clusters. A huge amount of gravitational
binding energy of the order of ~ 10 ergs is released when galaxy clusters
merge (e.g. Kravtsov & Borgani 2012). This energy strongly affects the physical
properties of the different constituents of clusters (e.g. the density distribution
and velocity dispersion of the galaxies) and the temperature, metallicity, and
density distribution of the X-ray emitting thermal intracluster medium (ICM).
Cluster mergers also generate shocks that cause density and temperature jumps
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(Markevitch & Vikhlinin 2007) and turbulence in the ICM, which can amplify
magnetic fields (~ pG), affect the spatial transport, and (re)-accelerate rela-
tivistic particles (Lorentz factor v > 1000). This particle acceleration can lead
to cluster-scale synchrotron emission most commonly in the form of central ra-
dio halos and peripheral radio relics (see e.g. van Weeren et al. 2019 for recent
observational reviews, and Brunetti & Jones 2014 for a theoretical review). The
spectral index (a)! of this emission is generally steep (o < —1), making it
relatively bright at radio frequencies below a few hundred MHz.

Radio halos are extended (2 1 Mpc) diffuse radio sources at the centre of
merging clusters (e.g. Cassano et al. 2010; Cuciti et al. 2015; Kale et al. 2015),
with a morphology similar to the X-ray morphology of the system. Radio halos
have been discovered in ~50 disturbed clusters (e.g. van Weeren et al. 2019).
Observational evidence collected in the last decade suggests that they are caused
by the continuous acceleration of electrons in turbulent gas (Brunetti et al. 2001;
Petrosian 2001, Brunetti & Lazarian 2007). In addition, continuous injection
of secondary particles through proton-proton collisions (Dennison 1980, Enflin
et al. 2011) can be re-accelerated together with the primary electrons (Brunetti
& Lazarian 2011, Pinzke et al. 2017) in these regions, and may play a role
in the generation of radio halos. However, the lack of gamma ray detection
puts constraints on such a mechanism (e.g. Brunetti et al. 2017 and references
therein).

Apart from radio halos, diffuse radio sources in clusters can be broadly
divided into radio relics (e.g. Kempner et al. 2004; van Weeren et al. 2019) and
radio phoenices (revived fossil plasma sources). Cluster radio relics are elongated
linearly polarised (>10%-30% at GHz frequencies) regions (~ 1-2 Mpc) at the
cluster outskirts, which typically have a convex morphology with respect to the
cluster centre and exhibit a radio spectral steepening towards the cluster centre
(van Weeren et al. 2010; Bonafede et al. 2012; Stroe et al. 2013; de Gasperin
et al. 2015; Kierdorf et al. 2017). Radio relics are generally found to trace
merger-induced shock waves (e.g. Finoguenov et al. 2010; Bourdin et al. 2013;
Akamatsu & Kawahara 2013; Shimwell et al. 2015; Botteon et al. 2016; Eckert
et al. 2016; Urdampilleta et al. 2018). The particle (re)-acceleration processes at
the location of radio relics is still debated. There are cases where the luminosity
of the radio relics is much higher than expected from diffuse shock acceleration
(DSA) of electrons in the thermal pool (e.g. Brunetti & Jones 2014, Botteon
et al. 2016, van Weeren et al. 2016a, Botteon et al. 2019). Therefore, the role
of fossil plasma (seed particles) in the ICM has been invoked, as simulations

1S o v, where S is the measured flux density and v is the observed frequency
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Redshift  Arcsec to kpc conversion

(2)

Cluster name / Target RA Dec
(J2000) (J2000)
Abell 2593 23"24™13.0°  +14°4138"
SDSS-C4-DR3-3088 09"46™45.4°  +54°25'37"
Abell 2048 15215™09.75  +04°24'37"

0.041
0.046
0.097

0.811
0.904
1.797

Table 3.1: Target list of three TGSS clusters with their

literature.

properties, as given in the
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indicate that (re)-acceleration of seed relativistic electrons is more efficient than
the DSA (e.g. Kang & Ryu 2015).

Radio phoenices are a less widely studied class of diffuse radio sources in the
ICM, and are thought to be a manifestation of fossil plasma in galaxy clusters.
Likely candidates for the fossil electrons are lobes and tails of radio galaxies,
which have ultra-steep spectra (USS) due to synchrotron aging and inverse
Compton (IC) losses. After being deposited in the ICM, these fossil electrons
are visible only for tens of Myrs at GHz frequencies. When an aged lobe or tail is
compressed (e.g. by a merger shock), the electrons are re-energised which boosts
their visibility at sub-GHz frequencies (EnBlin & Gopal-Krishna 2001; Enflin
& Briiggen 2002). Sources powered by this mechanism can maintain electrons
at higher energies than what radiative cooling alone would allow. Although
deposited locally, when given enough time, fossil plasma can occupy a significant
fraction of the (turbulent) ICM due to advection and diffusion. The relative
importance of this mechanism to explain the origin of the other diffuse cluster
radio sources (halos, relics) is unclear. To date, only a few radio phoenices
have been found using low-frequency observations of clusters (e.g. Slee et al.
2001; Kempner et al. 2004; van Weeren et al. 2009; van Weeren et al. 2011;
de Gasperin et al. 2015, Mandal et al. 2019). Even though radio tails and
lobes are abundant in clusters, the ultra-steep nature of these sources makes
it hard to identify, especially from large-area sky surveys at GHz frequencies.
To firmly establish radio phoenices as a distinct class of objects, it is crucial
to identify their common observable and physical properties for comparison
with radio halos and relics. Identifying common observational properties also
enables an efficient search for more radio phoenices, which in itself will help us
to better understand the nature and physical mechanisms behind this relatively
unexplored population of radio sources.

Radio sky surveys below 300 MHz such as the VLA Low-frequency Sky Sur-
vey (VLSS; Cohen et al. 2007; Lane et al. 2012; Lane et al. 2014), the GaLactic
and Extragalactic All-sky Murchison Wide-field Array Survey (GLEAM; Wayth
et al. 2015, Hurley-Walker et al. 2017), and the LOFAR, Multi-frequency Snap-
shot Sky Survey (MSSS; Heald et al. 2015) have a great potential for discovery
in this area, but the low spatial resolution of these surveys makes it difficult
to distinguish between diffuse radio emission and emission from individual ac-
tive radio galaxies. The TIFR GMRT Sky Survey (TGSS ADR; Intema et al.
2017) is a high-resolution sky survey at 150 MHz. The combination of very
large area (about 37,000 square degrees, all radio sky between -53° and 490°),
high resolution (25”), and high sensitivity (2-5 mJy beam~! rms noise) makes
the TGSS a very suitable resource to search for radio phoenices based on their
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diffuse morphology, ultra-steep radio spectrum, and location in galaxy clusters.

In this paper we present a pilot study for identifying the properties of radio
phoenices and their interplay with the dynamics and properties of the hosting
clusters from multi-band radio observations, complemented with optical and
X-ray observations. We selected 11 radio phoenix candidates from the TGSS
based on their morphology, steep spectra, and location (see Section 3.2). For
three of the candidates, we were able to obtain data sets at three different radio
(LOFAR 150 MHz, GMRT 325 MHz, and 610 MHz) and X-ray (Chandra or
XMM-Newton) bands, which we present in this paper as an exploratory study.
The layout of the paper is as follows. In Section 3.2 we present the method of the
sample selection. In Section 3.3 we describe the observations and data reduction
methods. In Section 3.4 we discuss the results deduced from the radio, X-ray,
optical, and spectral index images of these sources, followed by a discussion in
Section 3.5 and our conclusions in Section 3.6.

Throughout the paper we assume a ACDM cosmology with Hy = 70
kms~!Mpc~?, Q,, = 0.3, and Q5 = 0.7. All sky coordinates are epoch J2000
coordinates.
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Source Name Frequency Robust Taper Orwram Trms
(MHz) @) " x ", (PA) uJy beam ™1
Abell 2593 LOFAR 150 -0.5 0 9x6, (75.45) 220
GMRT 325 -0.5 0 11x7, (18.53) 66
GMRT 610 -0.5 0 5x4, (20.75) 38
SDSS-C4-DR3-3088 LOFAR 150 -0.25 0 6x6, (90.00) 80
GMRT 325 -0.25 0 13x7, (46.18) 43
GMRT 610 -025 0 7x4, (-21.82) 40
Abell 2048 LOFAR 150 -0.5 0 13x6, (85.74) 266
GMRT 325 -0.5 0 11x8, (66.60) 125
GMRT 610 -0.5 0 8x5, (-63.51) 117

Table 3.3: Imaging parameters and image properties of the LOFAR and GMRT
maps of Abell 2593, SDSS-C4-DR3-3088, and Abell 2048. The beam position
angle (PA) is measured in degrees from north through east.

Cluster <kT> Metallicity (Z) Rs500 Ms00
(keV) (Z@) (kpC) M@ X 1014
Abell 2593 4.16 £ 0.28 0.281012 1011433 3.067030
SDSS-C4-DR3-3088  3.13 + 0.41 0.7970-52 829720 1.69703¢
Abell 2048 4.15 £ 0.10 0.551 008 982tz 2. 97+0.10

Table 3.4: Global properties of the clusters derived from X-ray observations.
Quoted errors are at the 1o confidence level. Rsq9 and Msqg are derived using
the scaling relations from Arnaud et al. (2005).

3.2 Sample selection

To search for candidate radio phoenices in galaxy clusters, we convolved the
TGSS images (resolution 25”) to the resolution of the NRAO VLA Sky Survey
(NVSS; Condon et al. 1998: resolution 45”) images, combined the two, and
identified extended steep-spectrum emission. We selected sources based on the
following properties:

e An ultra-steep radio spectrum (o < —2);

e A 150 MHz total flux density S150 > 30 mJy (detection above ~ 100);
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e A morphology compatible with diffuse cluster emission (no point sources
associated with dead active galactic nuclei (AGNs);

e Located in the vicinity (within 1 Mpc) of a known cluster position from
the SDSS cluster catalogue by Wen et al. 2012 or the ROSAT All-Sky
Survey (RASS; Voges et al. 1999) catalogue.

The limiting values of the spectral index and flux density in selecting the sample
is somewhat arbitrary, aimed at identifying very steep-spectrum, extended, and
relatively bright candidates to enable a more detailed study using follow-up
observations. This bright sample is likely the tip of the iceberg of the population,
and in this way the contamination of other types of sources (such as radio relics
and halos) is also minimal. Our final sample consists of 11 candidate revived
fossil plasma sources. For this study we performed follow-up observations for
three of the sources with LOFAR 150 MHz, GMRT 325 MHz, GMRT 610 MHz,
and Chandra and/or XMM-Newton X-ray observations. An overview of these
three objects is given in Table 3.1. The detailed observation summary is given
in Table 3.2. The remainder of our sample will be followed up with future
observations.

3.3 Observations and methods

3.3.1 GMRT data reduction

We observed two of our targets (Abell 2593 and SDSS-C4-DR3-3088) with the
GMRT at 325 and 610 MHz (project codes 31-018 and 33_014), while for the
third target (Abell 2048) we used archival observations at the same frequencies
(project codes 15SHRAO1 and 16_065). The data were processed using the SPAM
pipeline (Intema et al. 2017), which includes radio frequency interference (RFI)
mitigation schemes, direction-dependent calibration, and ionospheric modelling
(Intema et al. 2009). The final full-resolution GMRT images are shown in the
middle panels of Figures 3.1, 3.2, and 3.3, and were created using the imaging
parameters listed in Table 3.3. The flux densities were set using calibration on
3C286 (at 325 MHz) and 3C48 (at 610 MHz) using the models from Scaife &
Heald (2012). We adopted a flux uncertainty of 10% for GMRT observations
(Chandra et al. 2004), which is quadratically added to the uncertainties of all
flux density measurements from the GMRT observations.
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3.3.2 LOFAR data reduction

All three sources presented in this paper were observed with the LOFAR at
150 MHz (project codes LC9.027 for Abell 2593 & Abell 2048, and LC6_015
for SDSS-C4-DR3-3088) in HBA_DUAL_INNER mode. The LOFAR data were pro-
cessed with the standard direction-independent (DI) calibration pipeline? as
described in van Weeren et al. (2016a) and Williams et al. (2016) to correct
for DI effects (see de Gasperin et al. 2019 for a description of the latest version
of this pipeline). The processing was performed on computer facilities that are
local to the LOFAR long-term archive sites to mitigate issues with downloading
large quantities of data to local compute clusters (see Mechev et al. 2018). After
DI calibration was completed, the data were processed with the latest version of
the LoTSS (Shimwell et al. 2017 and Shimwell et al. 2019) direction-dependent
(DD) calibration and imaging pipeline that will be presented in detail in Tasse
et al., (in prep.) and is also summarised in Shimwell et al. (2019, Sect. 5.1).
This pipeline makes use of kMS (Tasse 2014 and Smirnov & Tasse 2015) for DD
calibration, and DDFacet (Tasse et al. 2018) is used to apply the DD calibration
solutions during the imaging.

After completion of the LoTSS data processing pipeline, a post-processing
step is conducted to subtract all the sources except for the targets and to cal-
ibrate in the directions of the targets. This post-processing procedure will be
described in van Weeren et al. (in prep.).

Due to normalisation issues and inaccurate beam models, LOFAR flux scales
can show systematic offsets that need to be corrected by comparison with other
surveys (van Weeren et al. 2016b, Hardcastle et al. 2016). We cross-matched
catalogues of LOFAR point sources near the targets with the TGSS (Intema
et al. 2017). The adopted correction factor is approximately 15% on the LOFAR
flux densities that were derived from the total flux density ratio between the
LOFAR and the TGSS.

3.3.3 Spectral index maps and integrated spectrum calcu-
lation

In Table 3.3 we list the properties of the images made with the radio data. These
images were used to create high-resolution spectral index maps for 150 MHz,
325 MHz, and 610 MHz. In order to sample the same spatial scales at all
frequencies, we remade the images using the same inner uv-range of 200\ for all
the radio frequencies. Only for Abell 2048 was an inner uv-range of 600\ used to

2https://github.com/lofar-astron/prefactor
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suppress ripples caused by calibration errors on shorter baselines. The uv-taper
parameter was varied for individual data sets (see Table 3.3). The resulting
images were convolved with a 2D Gaussian to produce images with the same
restoring beam size, accurately aligned in the image plane, and re-gridded onto
the same pixel grid. To calculate the spectral index maps, only pixels with a
surface brightness > 30 that were detected in at least two images were used
(where o is the local rms background noise). These masked images were then
used to create spectral index maps where a power-law function was fit for each
pixel. The errors in the spectral index were calculated taking into account the
image noise and a flux scale uncertainty of 15% for LOFAR and 10% for GMRT.
Spectral index error maps are included in Appendices A and B.

3.3.4 X-ray data reduction

Abell 2593 and SDSS-C4-DR3-3088 were observed with Chandra ACIS-1 in
VFAINT mode as part of the GTO program (Obs IDs 20780 and 20781).
Abell 2048 was already observed twice with EPIC on board XMM-Newton in
full-frame mode (Obs IDs 0653810601 and 0760230301). We retrieved these
data sets (see Table 3.2 for more details) and analysed the Chandra data with
CIAO v4.11 and CALDB v4.8.2, while we made use of the ESAS implemented in
SAS v16.1.0 to process the XMM-Newton data. The observations were reduced
following standard reduction procedures, including the removal of bad pixels,
screening for periods affected by soft proton flares, and detection and excision
of point sources prior to spectral extraction. We used the 0.5-2.0 keV energy
band to produce the cluster images shown in this paper.

Spectral analysis was performed with XSPEC v12.10.0c (Arnaud 1996) to
derive global properties of the clusters. Given the low redshifts of Abell 2593
and SDSS-C4-DR3-3088 and their large angular extent in the ACIS-I field of
view (FoV), we made use of the Chandra blank sky field data sets scaled by
the ratio of the 9.5-12 keV count rates to estimate the local background. The
larger FoV of XMM-Newton and smaller angular size of Abell 2048 allowed us
to perform accurate modelling of the background components in a cluster-free
region. We followed Ghirardini et al. (2019), adopting their phenomenological
model for the non-X-ray background and an astrophysical component composed
of the combined cosmic X-ray background together with the Galactic foreground
emission in the direction of the cluster. The ICM emission was modelled with
an absorbed thermal plasma model PHABS*APEC, fixing the redshift of the
cluster to the value given in Table 3.1 and the column density to the Galactic
absorption value towards the target (Kalberla et al. 2005). The normalisation,
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temperature, and metallicity (solar abundance table by Asplund et al. 2009) of
the APEC model were free to vary in the fit.

Derivation of the cluster global properties

We derived the global temperature and metallicity of the clusters from spectra
extracted in the region 0.1XR509 < r < 0.4X Rg00, a choice that is commonly
used in the literature to avoid the effect of the cool core (if present), and obtained
values at the virial radius. As Rsgg is not known for our clusters, we used an
iterative approach to compute < kT > and Rjgo (see Liu et al. 2018, Mernier
et al. 2019): we first fixed Rsgp arbitrarily and evaluated the corresponding <
kT >, then we used the scaling relations of Arnaud et al. (2005) to compute Rsgo
(and M300) and compared it with the new < kT > obtained until we obtained
a self-consistent result. The global properties of the clusters are summarised in
Table 3.4.

3.4 Results

Our three radio phoenix candidates are associated with the clusters as listed
in Table 3.1. A list of global cluster properties (temperature, metallicity, Rsgo,
and Mpqo) as derived from the X-ray observations is provided in Table 3.4. We
first discuss the results for the three individual radio sources in their respective
clusters.

3.4.1 Abell 2593

The galaxy cluster Abell 2593 is located at a redshift of z = 0.041 with an Abell
richness class of R = 0 (Ulmer et al. 1981). The top left panel of Figure 3.1
shows the image of the X-ray gas overplotted with the contours of the 150 MHz
radio emission (in white) as seen by LOFAR. The morphology of the X-ray
emission appears roundish and we do not see strong evidence for elongation of
the emission in any particular direction, as is typically the case for merging
clusters. However, the X-ray emission is not peaked at the centre, suggesting
that the dynamical state could be somewhat disturbed.

The radio source in this cluster has a filamentary morphology with distinctive
features. The top right panel shows the high-resolution LOFAR 150 MHz image
of the source that extends 450 kpc in the SE-NW direction (labelled regions A
and C), and an elongated structure extending about 200 kpc in the NE direction
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(region B). There is a hint of diffuse emission towards the SW (region D). The
middle left and right panels of Figure 3.1 show the GMRT 325 and 610 MHz
images, respectively. The GMRT 325 MHz image has a very similar morphology
to the LOFAR 150 MHz image, but there is an apparent disconnection towards
the south of region B. Region A has a similar morphology in the GMRT 610 MHz
image as well, but we do not detect the significant emission in regions B and D.
In addition, the radio emission in region C is very faint in the GMRT 610 MHz
image, which is indicative of steep-spectrum radio emission. The bottom left
panel shows the LOFAR 150 MHz contours (in red) overlaid on an SDSS r-band
image (Wen et al. 2012) of Abell 2593. The brightest cluster galaxy (labelled
BCG) is associated with a compact radio source visible in all three radio maps.
Two other optical galaxies (RG1-A and RG2-A) are also found to be associated
with radio emission. The peak of the X-ray emission coincides with the BCG
position. Given that it is a poor cluster of galaxies (since it is of low mass), it is
hard to determine the dynamical state of the cluster based on very few galaxy
cluster members.

In order to measure the integrated radio spectral index of the different re-
gions of the radio emission Abell 2593, we made a set of images (not included
in this paper) at all available radio frequencies with identical imaging param-
eters and minimum wv-range (see Section 3.3.3 for details). The integrated
flux densities of the whole source measured over the same area (defined by the
30 contours of the LOFAR image) at 150 MHz, 325 MHz, and 610 MHz are
S150 = 3.57 £ 0.36 Jy, S305 = 1.45+ 0.15 Jy, and Sg19 = 0.69 +0.07 Jy, respec-
tively. A single power-law fit gives an integrated spectral index measurement
of a150—325-610 = —1.17 & 0.12. This is less steep than the integrated spec-
tral index measured between 150 MHz TGSS and 1.4 GHz NVSS flux densities.
This apparent discrepancy is discussed in Section 3.5. We used the LOFAR
150 MHz, GMRT 325, and 610 MHz maps to create a spatially resolved spec-
tral index map (see Section 3.3.3) to look for trends in the variation of « at
a resolution of 20”. The bottom right panel of Figure 3.1 shows the spectral
index distribution across the source. The spectral index values at the location
of RG1-A and RG2-A (region A) are -0.8 (flat). For the source RG1-A, the
spectral index steepens in the NW direction to a value of -1.7. Regions B and
C are more uniformly steep with small variations ranging from -1.7 to -2.0. Re-
gion D has a very steep spectral index value of -3.0. We note that the compact
radio emission from the BCG has a spectral index of -0.7.

The integrated spectral index value of the entire source from 150 MHz to
325 MHz-610 MHz is not very steep due to the contributions of the radio flux
at the location of RG1-A, RG2-A, and the BCG and is not an accurate repre-
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sentation of the spectral index of the diffuse regions of the source. The spectral
index value tends to get steeper when we add flux density measurements from
1.4 GHz NVSS images, which suggests a possibly curved spectrum at higher fre-
quencies. However, deeper 1.4 GHz observations are needed in order to confirm
the spectral curvature.

3.4.2 SDSS-C4-DR3-3088

The galaxy cluster SDSS-C4-DR3-3088 is located at a redshift of z = 0.046.
Sixty-one cluster members were spectroscopically confirmed by Simard et al.
(2009). The top left panel of Figure 3.2 shows the 150 MHz LOFAR image
contours overlaid on our Chandra X-ray image. The peak in the diffuse X-
ray emission resides towards the east of the radio source at a large distance of
500 kpc (labelled as the ‘X-ray peak’). We note that this peak is due to the
contribution from a point source (CGCG 265-040, z = 0.047; Yang et al. 2007).
Since the X-ray emission is irregular in morphology, it suggests that the cluster
could be dynamically disturbed.

The top right panel shows the 150 MHz LOFAR image of the radio source.
The middle left and right panels show the GMRT 325 and 610 MHz images,
respectively. In all the images the radio source has an irregular filamentary
morphology with what looks to be a wide-angle radio tail. Regions of interest
have been indicated on the LOFAR 150 MHz image. Starting from region A,
the source extends about 400 kpc in the NW direction. There is a linear feature
along the edge of the source 500 kpc in length. In the LOFAR 150 MHz image,
this linear feature appears to be connected to a compact source (labelled RG).
However, this extension of the diffuse emission is not recovered in the GMRT
325 MHz and 610 MHz images, suggesting that it is steep-spectrum emission.
The central ‘Filaments’ region is detected at all radio frequencies. The ra-
dio source gives of an oddly shaped radio tail wedge with RG-A in its focus.
The morphological connection of RG-A with the larger scale radio emission is
persistent across all radio frequency bands, which strongly suggests a physical
connection. The bottom left panel of Figure 3.2 shows the SDSS r-band image
of the cluster overlaid with the LOFAR 150 MHz contours in red. We do not
identify any optical counterpart to the compact radio source RG (see top right
panel). Given the fairly low redshift of the cluster (z = 0.046), this likely means
that the compact radio source is a background object at higher redshift, and
the apparent connection with the diffuse emission at 150 MHz is a chance align-
ment. We find an optical galaxy at the location of RG-A, which we identify
as its host. The brightest cluster galaxy is located near the peak in the X-ray
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emission (outside the extent of the optical image).

To measure the integrated spectral index of the source, a set of new images
was made with the same wv-range in order to match same spatial scales in
all available radio frequencies (see Section 3.3.3 for details). The measured
integrated flux densities of the source over exactly the same area (defined by
the 30 contours of the LOFAR image) at 150 MHz, 325 MHz, and 610 MHz are
5150 =1.83 £0.18 Jy, 5325: 0.45 + 0.50 Jy, and 551020.16 + 0.02 Jy. A Single
power-law fit gives an integrated spectral index measurement of a150_¢10 = -1.74
+ 0.23. We also used the NVSS image to calculate the total flux density and
adding this extra frequency point; the single power-law fit gives an integrated
spectral index measurement of aj50_1400 = -2.00 = 0.06. This suggests that
there could be a hint of curvature at the higher frequency. To create a high-
resolution (7”) spectral index map (same method as in Section 3.4), we only
used the LOFAR 150 MHz and 610 MHz (excluding the GMRT 325 MHz map),
which is shown in Figure 3.2, bottom right panel. The spectral index at the
location of the optical host galaxy RG-A is -0.8. The spectral index steepens in
the NW direction over a distance of 100 kpc (region A) to a value of -1.3. The
filaments have an overall steep spectral index distribution that is flatter than
the surrounding diffuse emission. The linear feature has a spectral index value
ranging from -1.3 to -1.5 prior to the ‘Filaments’ region. The diffuse emission
apparently connecting to the source RG (Figure 3.2 left panel) has the steepest
spectral index with a value of -3.0 (See Appendix B for additional spectral index
maps).

3.4.3 Abell 2048

Abell 2048 is a galaxy cluster located at a redshift of z = 0.0972 (Struble & Rood
1999). The top left panel of Figure 3.3 shows the LOFAR 150 MHz contours
(in white) overplotted on a background-corrected XMM-Newton X-ray image.
The brightest cluster galaxy of the system is labelled BCG (and lies outside the
extend of the radio and optical images). The morphology of the X-ray emission
is slightly elongated along the NW-SE direction and is not strongly peaked
at the centre. This could indicate that the dynamical state of this cluster is
disturbed.

The steep-spectrum radio source is located at the outskirts of the cluster.
The top right panel in Figure 3.3 shows the 150 MHz LOFAR image of the
filamentary radio source with a complex morphology. The largest extent of the
source is 400 kpc. Three distinctive arm-like features are marked in the same
figure. There is a hint of a connection between the extension of ‘Arm-3’ and
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the compact source labelled ‘RG’. In the middle panel we show the GMRT
325 MHz and GMRT 610 MHz images in the left and right panel, respectively.
At 610 MHz most of the diffuse emission in the arms is faint, suggesting it
has a very steep radio spectrum. van Weeren et al. (2011) presented the VLA
1.4 GHz image in ‘C’ configuration, which confirms the steep nature of the
diffuse emission, and set an upper limit on the polarisation fraction of 8% for
the source.

The bottom left panel shows the optical DSS2 r-band image of the cluster
overlaid with the LOFAR 150 MHz contours in red. We identified the elliptical
galaxy MCG+01-39-011 (z = 0.095) as the host of the radio source RG based on
accurate co-location. There are no other obvious optical counterparts associated
with the radio emission in the arms, although several cluster galaxies lie within
the arm areas.

In order to measure the spectral properties of the radio source in Abell 2048,
we used the same wv-range to re-image the data set in all available radio fre-
quencies (see Section 3.3.3 for details). The measured integrated flux den-
sities of the source are Si50 = 1.57 £ 0.25 Jy, S305 = 0.50 £ 0.05 Jy, and
Se10 = 0.171+0.02 Jy as measured at 150 MHz, 325 MHz, and 610 MHz, respec-
tively. A single power-law fit gives an integrated spectral index measurement
of ay50—610 = —1.59 £ 0.17. We also recalculated the integrated spectral index
value by adding the 1.4 GHz VLA total flux density measurement (from van
Weeren et al. 2011). The resulting value of a150_1400 = —1.94 & 0.20 suggests
that the radio source possibly has a curved spectrum. We re-imaged the LOFAR
and GMRT observations to make a high-resolution spectral index map, which
is shown in Figure 3.3 (bottom left panel). The value of the spectral index is
uniformly steep (on average) in the arm regions with o = —1.65 £ 0.10 with
small variations. No particular trend (flattening or steepening) of the spectral
index is noticed along any direction. The spectral index of the source RG is flat
with a value of « = —0.8.
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Figure 3.1: Top left panel: Full-resolution LOFAR image contours (white; as
shown in the right panel) of Abell 2593, overlaid on an exposure-corrected
Chandra image in the 0.5-2.0 keV energy band with a total integration time
of 7ks. Top right panel: 150 MHz LOFAR image (9” x 6”). The black con-
tours and dashed lines show the (1,2,4,...)xX5X oLoraR150 and -3X OLOFAR150
levels, respectively, where oporar150=219uJy/beam. Middle left panel: 325
MHz GMRT image (11” x 7). The black contours and dashed lines show
the (1,2,4,...)x5x ogmrrses and -3X ogMmRrTs2s levels, respectively, where
oGMRT325=661Jy/beam. Middle right panel: 610 MHz GMRT image (5" x
4"). The black contours and dashed lines show the (1,2,4,...)x5X ogMmRT610
and -3X ogMRT610 levels, respectively, where ogymrTe10=38uJy/beam. Bottom
left panel: LOFAR 150 MHz contours (shown in the top left panel) in red over-
laid on an SDSS r-band image of Abell 2593. The labelled galaxies (RG1-A and
RG2-A) are the possible counterparts for the radio emission of regions A and
C. The BCG label indicates the brightest cluster galaxy. Bottom right panel:
LOFAR 150 MHz contours (shown in the top right panel) overplotted on the
high-resolution (20” x 20”) spectral index map of Abell 2593.
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Figure 3.2: Top left panel: Full-resolution LOFAR image contours (white; as
shown in the right panel) of SDSS-C4-DR3-3088, overlaid on an exposure-
corrected Chandra image in the 0.5-2.0 keV energy band with a total in-
tegration time of 17ks.  Top right panel: 150 MHz LOFAR image of
SDSS-C4-DR3-3088 (6” x 6”). The black contours and dashed lines show
the (1,2,4,..)x5X% oprorar1s0 and -3X opLorariso levels, respectively, where
oLoFAR150=80pJy/beam. Middle left panel: 325 MHz GMRT image (13" x
7). The black contours and dashed lines show the (1,2,4,...)xX5X oGMRT325
and -3x ogMRT325 levels, respectively, where ogyrraes=43uJy/beam. Middle
right panel: 610 MHz GMRT image (6” x 4). The black contours and dashed
lines show the (1,24,...)xX5 X ogmrTe10 and -3X ocamrTe10 levels, respectively,
where ogMmrTe10=40pJy /beam. Bottom left panel: LOFAR 150 MHz contours
(shown in left panel in red) overlaid on an SDSS r-band image of SDSS-C4-
DR3-3088. A possible optical counterpart is labelled RG-A. Bottom right panel:
LOFAR 150 MHz contours (shown in the top right panel) overplotted on the
high-resolution (7" x 7") spectral index map of SDSS-C4-DR3-3088.
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Figure 3.3: Top left panel: Full-resolution LOFAR image contours (white;
shown in the top right panel) of Abell 2048, overlaid on an exposure-corrected
background-subtracted XMM-Newton image in the 0.5-2.0 keV energy band
with a total integration time of 68 ks. Top right panel: 150 MHz LO-
FAR image (13" x 6”) of the source Abell 2048. The black contours and
dashed lines show the (1,2,4,...)x5X oporariso and -3X oporariso levels,
respectively, where o1,0raR150=266uJy/beam. Middle left panel: 325 MHz
GMRT image (11”7 x 8"”) of Abell 2048. The black contours and dashed
lines show the (1,2,4,...)x5 X oggMrT325 and -3X ogmrTses levels, respectively,
where oaMmRrT325=125uJy/beam. Middle right panel: 610 MHz GMRT im-
age (8" x 5”) of Abell 2048. The black contours and dashed lines show
the (1,2,4,...)x5 X ogmrreio and -3X ogMmrrTeio levels, respectively, where
oeMmrTe10=117pJy/beam.  Bottom left panel: LOFAR 150 MHz contours
(shown in the left panel in red) overlaid on an DSS2 r-band image of Abell 2048.
A possible optical counterpart is labelled RG. Bottom right panel: LOFAR
150 MHz contours (shown in the top right panel) overplotted on the high-
resolution (20” x 20”) spectral index map of Abell 2048.
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3.5 Discussion

In this paper, we present a multi-wavelength study of three ultra-steep spectrum
diffuse radio sources in galaxy clusters. The morphology of these sources does
not fit with a scenario in which they are mere aged confined bubbles from AGNs
in the ICM. Also, the spectral index shows patchy structures with no clear trend
within the source. In addition, the kinematic age (travel time of the electrons in
the ICM) of the source (~ gigayear) is much larger than the radiative lifetime
(~ megayear) of the electrons; which suggests re-energisation of the electrons
occurs at the location. Although limited in numbers, this study aims to explore
the properties of this relatively unexplored class of sources to look at possible
common characteristics and the connection with the dynamical properties of
the hosting cluster. Below we discuss the common physical properties of these
sources based on these observations.

3.5.1 AGN connection

All these sources show a very filamentary, irregular morphology at low radio
frequencies. As shown in the results section, these sources are morphologically
connected with an AGN: RG1-A, RG2-A for Abell 2593; RG-A for SDSS-C4-
DR3-3088; and RG for Abell 2048. Spectral index values at these locations are
of the order of -0.7, which is in agreement with the injection spectral index of an
AGN, and the spectral index tends to steepen along the tail of the radio galaxy.

3.5.2 Spectral index

The three sources have an overall ultra-steep radio spectrum. The relatively
strong low-frequency emission traces an old population of electrons because
high-energy electrons age due to synchrotron and IC losses and are visible only
for tens of Myrs. Old lobes of radio galaxies (AGNs) are one of the main
candidates for these fossil plasma. The measured integrated spectral index for
150 MHz, 325 MHz, and 610 MHz is less steep than the index measured for
150 MHz, 325 MHz, 610 MHz, and 1400 MHz (see Section 4.1), which suggests
that there might be curvature towards higher frequencies. Deep observations at
1.4 GHz are needed to confirm this. It is important to note that all the sources
have a non-uniform spectral index across the source. This suggests that there
could be a possible mix of cosmic-ray populations with different ages, losses, and
re-acceleration efficiencies. Therefore, the re-energisation of these particles can
also be different across the source. So, even though there is a hint of curvature
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in the integrated spectral index, the sources should not be interpreted as a
reservoir of homogeneous cosmic-ray population. In addition, we note that the
integrated spectral indices of these sources are much steeper than the classical
radio relics (Feretti et al. 2012).

3.5.3 Mass, temperature, dynamical state, and position of
the radio source in the cluster

In Table 3.4 we list the derived mass and the global temperature of each galaxy
cluster, which shows that they are only moderately massive (Msoo < 10'° Mg).
Most of the previously discovered radio phoenix candidates (apart from the one
in Abell 1914; Mandal et al. 2019) tend to be located in less massive systems
of galaxy clusters. In the same table we see that the radio sources reside well
within the Rs5oq value and extend about 500 kpc. This means that the radio
sources are located within the ICM towards the cluster centre. Deeper X-ray
observations are needed in order to map the temperature in different regions
and characterise the merger dynamics more accurately. However, the appar-
ent disturbed morphologies of these clusters suggest that the systems could be
unrelaxed and undergoing minor mergers. Although radio phoenix candidates
with highly disturbed clusters also exist (e.g. Abell 1914; Mandal et al. 2019
and Abell 2443; Clarke et al. 2013), a clear connection of a shock with a radio
phoenix is still missing.

Interpretation

Ultra-steep spectrum radio sources in clusters with complex filamentary mor-
phologies have sporadically been seen in previous studies (e.g. Slee et al. 2001,
Kempner et al. 2004) and were characterised as relic or ghost radio galaxies and
proposed to name these radio phoenices. It has been speculated that the origin
of these sources are AGNs. Slee et al. (2001) showed that the estimated travel
time of the brightest cluster galaxies are much longer than the modelled ages
of relic radio sources, and a nearby bright elliptical galaxy always provided a
decent match as a candidate source of origin. Based on our observations and
results, the sources presented in this paper also appear to belong to the same
class of objects.

Shocks and ICM motion can affect the morphology of ghost plasma or bub-
bles. Recent simulations of cluster radio galaxy tails, passing through ICM
shocks or with large relative motions, show filamentary morphologies and ultra-
steep and curved spectra (Nolting et al. 2019) similar to what is observed. Ear-
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lier it was proposed that shocks can compress the radio plasma if it is still poorly
mixed with the ICM. This compression re-energises the electrons to boost their
visibility at frequencies below a few hundred MHz (Enflin & Gopal-Krishna
2001, Enfllin & Briiggen 2002).

Another scenario for the formation of these ultra-steep spectrum sources
in clusters invokes shock re-acceleration of fossil plasma through the Fermi-I
mechanism (DSA; e.g. Kang & Ryu 2015). This will flatten the curved radio
spectrum and if the shock is strong enough, the spectrum follows a power-law
distribution, as is typically the case for giant radio relics. Contrary to re-
acceleration, compression only shifts the spectrum in the flux-frequency space
without changing the underlying shape.

For our sources we found spatially non-uniform spectral indices. Together
with the observed filamentary morphologies, this suggests a different degree of
mixing of the relativistic particles from the AGNs with the ICM. This means
that the compression scenario proposed by Enflin & Gopal-Krishna (2001) does
not explain all the aspects. The in-homogeneous mixing of relativistic particles
with the ICM implies an averaging effective adiabatic index ((4/3)< vaq <(5/3))
value, which consequently leads to different effective compression ratios across
the source. Under these conditions and driven by a complex cluster dynam-
ics, plasma instabilities may also play an important role in the re-acceleration
of particles within the radio sources. These mechanisms cannot be modelled
by existing numerical simulations. Recently, however, with the help of low-
frequency (sub-GHz) observations, de Gasperin et al. 2017 showed the possi-
bility of an interplay between fossil plasma and the perturbed ICM which can
gently re-accelerate relativistic particles injected by AGNs of the galaxy cluster
Abell 1033. If this kind of gentle re-acceleration mechanism is common for aged
plasma in clusters of galaxies, it could provide a seed population of relativistic
electrons and a possible connection between radio galaxies and re-acceleration
mechanisms in radio halos or radio relics. An example of this scenario could be
the Abell 3411-3412 galaxy cluster pair, where van Weeren et al. 2017 showed
a morphological connection between a radio galaxy and a radio relic.

3.6 Conclusion

In this paper we studied three ultra-steep spectrum sources in galaxy clusters
based on radio and X-ray observations. We found that these three sources i) have
complex filamentary radio morphology, ii) show hints of curved spectra, and iii)
are probably related to AGN fossil radio plasma. Based on these properties, we
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conclude that these sources belong to the category of ‘radio phoenices’, as was
defined by Kempner et al. (2004).

In this work we found that these three sources are located in galaxy clusters
that are low mass (j10® M) and have an un-relaxed dynamical state. This
provides support for the scenario that phoenices are connected with shocks
and/or ICM motions. In addition, we determined that these sources have spa-
tially non-uniform spectral indices. This suggests a different degree of mixing of
the relativistic particles from the AGNs with the ICM and implies that several
mechanisms are operating for the re-energisation of the plasma.

With the advancement of low-frequency radio telescopes and data processing
techniques, upcoming high-resolution and sensitive surveys at or below 150 MHz
(such as LoTSS at 150 MHz; Shimwell et al. 2019, 6”, 100uJy/beam; LoLSS
at 50 MHz; de Gasperin et al. in prep., 20", 1.5 mJy/beam) will be excellent
tools for identifying many more revived fossil plasma sources in galaxy clusters,
enabling statistical analysis of larger samples.
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3.A Spectral index error map

Figure 3.4: Spectral index error maps of Abell 2593, SDSS-C4-DR3-3088, and
Abell 2048. The overplotted contours are the same as in the LOFAR 150 MHz
images for each sources.
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3.B Additional spectral index and error maps of
SDSS-C4-DR3-3088

ectral Index
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Figure 3.5: Low-resolution (22) spectral index and error maps of SDSS-C4-
DR3-3088.
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Abstract

Over the last decade, it has been well established that shocks and turbulent
motions in the intra-cluster medium (ICM) generated through cluster mergers
can produce observable large scale synchrotron emission. However, the related
particle acceleration mechanisms responsible for these phenomena are still not
clearly understood. In addition, the complexity of objects observed has put the
traditional taxonomy of diffuse radio sources as consisting of radio halos and
radio relics into question. In order to explain the acceleration efficiencies for
radio relics and radio halos, the presence of fossil plasma has been suggested.
Old lobes of radio galaxies are one of the key candidates for the source of these
mildly relativistic particles. Typically these lobes have an ultra-steep spectrum
because the high-energy radio emitting electrons would have lost their energy
due to synchrotron and inverse Compton (IC) losses. However, with plasma
instabilities driven by complex cluster dynamics and their interplay with the
ICM that can re-energise old fossil electrons to emit observable radio waves
again, these sources of emission are known as radio phoenices. In this paper
we present an observational overview of all the known radio phoenices. Out
of 25 sources that are presented, 8 are discoveries that we present here and
for these we show results from new radio (GMRT and/or LOFAR) and, for a
subset, X-ray observations. The sample allows us to study the common physical
properties of radio phoenices (such as radio morphology, dynamical state of the
host cluster, location of the phoenices inside the cluster and spectral behaviour)
to establish the nature of this relatively unexplored class of objects. These radio
phoenices are found to have an AGN origin and are located well within the R5g
of the clusters. Presence of dynamical disturbance in the cluster supports the
formalism that they are associated with ICM motion and or shocks. Finally,
while these revived fossil plasma sources are found to have a curved spectra at
higher frequencies, presence of non-uniform spectral indices suggests that they
should not be thought to represent a reservoir of uniform cosmic-ray population.

4.1 Introduction

Clusters of galaxies are the grow via the accretion of smaller groups of galaxies
and through major mergers with other clusters of galaxies. Galaxy cluster
mergers release a huge amount (105 — 1054 ergs) of energy into the Intra-cluster
medium (ICM) (e.g. Kravtsov & Borgani 2012). This released binding energy
strongly affects the physical properties of the ICM (Markevitch & Vikhlinin
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2007). In addition, a fraction of energy can be channeled into non-thermal
components, relativistic particles and magnetic fields, that produce observable
synchrotron emission on cluster scale (Brunetti & Jones 2014). The synchrotron
emission has a steep spectra (S o v%; where « is the spectral index, S is the
total flux density and v is the observed frequency) and is observed in the form
of radio halos, radio relics etc. (van Weeren et al. 2019).

Radio halos are extended (~1 Mpc) diffuse radio sources which has a mor-
phology and centroid that roughly matches the X-ray emission from the thermal
ICM (e.g. Cassano et al. 2010, Kale et al. 2015, Cuciti et al. 2015). The
most favoured scenario suggests that radio halos are formed by continuous
(re)-acceleration of electrons due to turbulence generated from cluster merg-
ers (Brunetti et al. 2001, Petrosian 2001, Brunetti & Lazarian 2007, Brunetti
& Lazarian 2011, Miniati & Beresnyak 2015, Brunetti & Lazarian 2016, Pinzke
et al. 2017). Recently it has been proposed by Briiggen & Vazza (2020) that
these mechanisms may also be responsible for radio bridges between clusters
(Botteon et al. 2018b, Govoni et al. 2019).

Radio relics are linearly polarised (10% to 30% at GHz frequencies) and have
an elongated morphology. They are located at the outskirts of merging clusters
and are thought to trace shock waves (Ensslin et al. 1998, van Weeren et al. 2010,
Finoguenov et al. 2010, Bonafede et al. 2012, Bourdin et al. 2013, Akamatsu &
Kawahara 2013, Stroe et al. 2013, de Gasperin et al. 2015, Shimwell et al. 2015,
Botteon et al. 2016, Urdampilleta et al. 2018 etc). Diffusive shock acceleration
(DSA: a Fermi I mechanism) had primarily been proposed to be responsible for
the non-thermal energy gain of the particles at shock fronts (Ensslin et al. 1998,
Roettiger et al. 1999). However, recent observations have put this framework
into question. In a fraction of cases, it has been shown that the acceleration
efficiency is not high enough to generate such bright radio relics with electrons
from the thermal pool (e.g. Botteon et al. 2016, Eckert et al. 2016, van Weeren
et al. 2016a, Botteon et al. 2019). In this regard, the role of seed particles (fossil
plasma) in the ICM has been invoked, since re-acceleration of seed electrons
is more efficient than that the DSA (Markevitch et al. 2002, Kang et al. 2012,
Kang & Ryu 2015).

Radio phoenices are a less widely studied class of objects that are thought
to be a manifestation of fossil plasma in the ICM (Kempner et al. 2004, van
Weeren et al. 2019). Lobes and tails of radio galaxies in clusters are likely
candidates for these fossil electrons. When the central AGN of a radio galaxy
switches off and there is no supply of freshly injected particles, the so-called
‘AGN remnant lobes’ can diffuse into the surrounding medium. After being
deposited in the ICM, electrons from these lobes are only visible for tens of
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Myrs at higher (~GHz) frequencies. Due to adiabatic and radiative losses, their
spectrum becomes steep (o < —1.2) and curved. The fossil plasma becomes
invisible and hard to detect, even at sub GHz frequencies (Brienza et al. 2017,
Hardcastle 2018, English et al. 2019). However, in a cluster environment, these
low-energy relativistic (v ~100) electrons can still be poorly mixed with the
ICM (Sarazin 1999; Petrosian 2001; Pinzke et al. 2013).

When (weak) shocks generated from cluster mergers pass through these
old radio lobes, they can adiabatically compress and re-energize the electrons,
thereby boosting their visibility at lower-radio (hundreds of MHz) frequencies
(EnBlin & Gopal-Krishna 2001, En8lin & Briiggen 2002). Thus these revived fos-
sil plasma sources provide us with a unique opportunity to study this otherwise
invisible populations of electrons. Although these fossil electrons are deposited
locally, over time, due to advection and turbulent diffusion, they can occupy a
large fraction of ICM. Therefore, old radio lobes could provide a seed popula-
tion of relativistic electrons and a possible connection between radio galaxies
and re-acceleration mechanisms in both radio halos and relics. For example,
de Gasperin et al. (2017) showed evidence of an interplay between fossil radio
plasma and the perturbed ICM which appeared to gently re-accelerate relativis-
tic particles injected by an AGN. Also, it has been shown that shocks generated
through cluster mergers can power radio relic type sources by re-accelerating
electrons of AGN origin (van Weeren et al. 2017). However, the relative im-
portance of these mechanisms to explain the diffuse radio sources, is not fully
understood and to date, only few radio phoenices have been discovered (Slee
et al. 2001, Kempner et al. 2004, van Weeren et al. 2009, van Weeren et al.
2011, de Gasperin et al. 2015, Di Gennaro et al. 2018, Mandal et al. 2020).
In order to understand the acceleration mechanisms responsible for the genera-
tion of radio phoenices, it is crucial to identify their common observational and
physical properties and compare them with those of radio halos and relics. This
will also help in establishing radio phoenices as a distinct class of objects and
enable us in better understanding of the physics of particle acceleration and the
nature of this relatively unexplored population. Even though fossil electrons
from radio lobes in clusters of galaxies are abundant, their ultra-steep nature
makes them hard to be identify at high (GHz) frequencies. Due to the ultra-
steep spectral nature of these sources, large area surveys at low frequencies (~
below 300 MHz) are ideal to look for radio phoenices. One promising example,
is the TIFR GMRT Sky Survey (TGSS ADR; Intema et al. 2017) which is a 25"
resolution sky survey at 150 MHz which covers the radio sky between —53° to
+90° (approximately 90%) with a sensitivity of 2-5mJy beam~! rms noise.

As part of a pilot study, we discovered 11 new radio phoenix candidates.
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In Mandal et al. (2020), we presented detailed follow-up (radio and X-ray)
observations for three of these sources. In this paper, we present the results from
the follow-up observations for the other 8 sources, for one of which, polarisation
results are also included. In addition, we extend our sample of radio phoenices
by including all the previously known candidates we are aware of in the literature
(see Section 4.2 for details) and use this larger sample to investigate the global
physical properties of this class of sources.

The layout of the paper is as follows. In Section 4.2 we describe the method
of sample selection, that we used to identify candidate radio phoenices. This is
followed by observation and data reduction methods in Section 4.3. In Section
4.4 we present the results deduced from the whole sample of radio phoenices
(new discoveries and previously known sources) and discussed the possible com-
mon properties of this sample in Section 4.5. This is followed by discussions
and possible interpretations described in Section 4.6 and conclusions in Section
4.7.

Throughout the paper we assume a ACDM cosmology with Hy = 70
kms~!Mpc™!, Q,, = 0.3, and Q = 0.7. All sky coordinates are epoch J2000
coordinates. This paper makes use of the cosmology calculator (Wright 2006)
to compute cosmological parameters.
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Table 4.1: List of all radio phoenix candidates (known to date) along with their properties.

Cluster name / Target RA Dec Redshift Conversion Reference®
(J2000) (J2000) (z) (kpc/arcsec)
Abell 1914 14h26m01.6%  +37°49/38" 0.171 2.914 1
SDSS-C4-DR3-3088 09P46™45.4°5  +54°25'37" 0.046 0.904 2
Abell 2593 23h24m20.25  4+14°39'04" 0.041 0.810 2
Abell 2048 15015m17.85  +04°22/56" 0.097 1.796 2,7
Abell 1033 10031m33.7%  +35°04/34" 0.126 2.257 3
Abell 2443 22h26™02.6%5  4+17°22/41" 0.108 1.975 4,18
Abell 133 01h02m42.15  -21°52/25" 0.057 1.105 5,17
Abell 85 00P41™m50.15  -09°18'07" 0.055 1.069 5,6
24P73 22h17m36.25  +59°44'07" 0.15 2.616 7
Ophiuchus 17h12m26.05  -23°22/33" 0.028 0.562 8,9
Abell 2256 17h03m43.55  +78°43/03" 0.058 1.123 10
Abell 1931 14h31m59.75  4+44°15748" 0.17 2.898 11
MaxBCG J217.95869+13.53470  14P31™50.15  +13°32/05"” 0.16 2.758 12,13
Abell 725 09P01™11.6°  +62°36'14" 0.090 1.680 14
Abell 4038 23h47m43.25  -28°08'29" 0.028 0.562 15
Abell 13 00P13m38.35  -19°30/08" 0.094 1.746 5
Abell 8753 14h03™m35.9°  -33°59/16" 0.014 0.286 16
CIZAJ1926.14-4833 19R26™10.6%  +48°32/44" 0.098 1.812 this work
MKW8 14M40m38.25  +03°28'35" 0.027 0.543 "
Abell 565 07h07™24.8°5  +71°45'22" 0.105 1.925 "
Abell 2675 23P55m33.45  411°25'42" 0.071 1.354 "
Abell 272 01P55™m19.15  +33°56/41" 0.088 1.646 "
Abell 566 07h04™m24.55  +63°18'58" 0.097 1.795 "
Abell 2751 00P16™19.85  -31°21'55" 0.107 1.958 "
Abell 661 08P27™15.75  +53°08'06" 0.12 2.164 "

@1: Mandal et al. (2019), 2: Mandal et al. (2020) , 3: de Gasperin et al. (2015), 4: Clarke et al. (2013),
5: Slee et al. (2001), 6: Durret et al. (2005), 7: van Weeren et al. (2009), 8: Werner et al. (2016), 9:
Murgia et al. (2010), 10: van Weeren et al. (2012b), 11: Briiggen et al. (2018), 12: Ogrean et al.
(2011), 13: Shulevski et al. (2015), 14: Kempner & Sarazin (2001), 15: Kale et al. (2018), 16:
Subrahmanyan et al. (2003), 17: Randall et al. (2010), 18: Cohen & Clarke (2011)
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Table 4.3: Mass, radio power at 325 MHz and dynamical state of the host clusters for the sample of

radio phoenices.

Cluster name / Target

Mass @ (Ms00)

Radio Power (Ps25)

Radius (Rs00) b

Dynamical state

(x10™ Mg) (x10%* W/Hz) (kpc)

Abell 1914 7.24%5-26 81.0£8.0 1294+15 Un-relaxed
SDSS-C4-DR3-3088(2) 1.6970-3% 2.34+0.26 828461 Un-relaxed
Abell 2593(1) 1.8270-1% 5.80 £ 0.60 1011427 Un-relaxed
Abell 2048(2) 2.971019 143414 983412 Un-relaxed
Abell 1033(1) 3.247%039 17.8+1.9 1037432 Un-relaxed
Abell 2443(1) 3.7715 38 13.440.70 1060+25 Un-relaxed
Abell 133(1) 3.01%5 1% 34.3+34 1000+19 Un-relaxed
Abell 85(1) 4.91%512 21.7+2.2 1178412 Un-relaxed
24P73 - 29.0+2.8 - Un-relaxed
Ophiuchus®) 5.31 12.0+1.2 1219 Un-relaxed
Abell 2256(1) 6.21%0 09 2.81 4 0.28 1122:+£7 Un-relaxed
Abell 19314 1.6272:95 0.27 £ 0.58 78458 Un-relaxed
MaxBCG J217.95869-+13.53470(3) 1.00 48+0.5 670 Un-relaxed
Abell 725(3) 3.20 7.9440.9 1010 N/A

Abell 4038(1) 1487918 2.66 £ 0.27 796+19 Un-relaxed
Abell 13(1) 2.75102% 153+ 1.5 981428 Un-relaxed
Abell 8753(3) 0.26 3.80 + 0.4 448 N/A

CIZAJ1926.1+4833(1) 3.0915-%9 8.7740.9 995422 Un-relaxed
MKW8(h 1107538 0.43 4 0.04 722442 Un-relaxed
Abell 565(3) 1.62 3.1140.31 801 N/A

Abell 2675 (1) 2.3910 22 1.32£0.13 922431 Un-relaxed
Abell 272(3) 2.83 4.43 £ 0.40 970 Un-relaxed
Abell 566(1) 2.94%022 40 + 4.0 979428 N/A

Abell 27513) 1.26 56.0 + 6.0 736 N/A

Abell 661 - 296 + 30 - N/A

@ The Msoo values are taken from (1) Planck Catalogue (Planck Collaboration et al. 2016), (2) Scaling relations
from Arnaud et al. (2005), (3) MCXC Catalogue (Piffaretti et al. 2011) and (4) Briiggen et al. (2018)

3Ms00

b — 3
Rs00 = 47 (500p.)

where p. is the critical density of the Universe at the given redshift.
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Table 4.4: Largest linear scales, distances from the cluster centre and inte-
grated spectral indices for the sample of radio phoenices. Note that, for the
calculation of the largest linear scales, we have used the radio images at the
lowest available frequencies. See Table 4.2 for the summary of radio and X-ray
data.

Cluster name / Target LLS Dist Spectra Index 1 Spectral Index 2
(kpc)  (kpc) (@150-325) (a325-1400)
Abell 1914 492 189 -2.234+0.18 -2.174+0.07
SDSS-C4-DR3-3088 300 349 -1.81+0.19 —2.09+0.10
Abell 2593 432 76 -2.16+0.18 -1.104+0.07
Abell 2048 360 260 -1.35+0.25 -2.30+0.17
Abell 1033 304 76 -1.3440.14 -1.584+0.07
Abell 2443 541 50 —2.831+0.26 —2.84+0.16
Abell 133 425 283 -1.2440.19 —2.0540.10
Abell 85 290 438 —1.38+0.17 —2.89+0.09
24P73 339 117 —1.584+0.13 —2.4140.18
Ophiuchus 140 200 -1.16+0.09 -0.974+0.04
Abell 2256 274 238 —0.66+0.18 —-1.94+0.07
Abell 1931 520 230 -3.014+0.38 -1.37+1.32
MaxBCG J217.95869+13.53470 124 165 —1.09+0.23 —2.8040.12
Abell 725 372 221 -0.854+0.19 —0.86+0.08
Abell 4038 54 20 —1.454+0.20 -2.154+0.08
Abell 13 260 200 -1.9240.34 —2.08+0.12
Abell S753 - - —-1.4440.0 -1.99+0.0
CIZAJ1926.1+4833 496 207 -1.61+£0.11 —2.33+0.11
MKW8 120 50 —-1.844+0.19 -3.234+0.10
Abell 565 348 47 —1.284+0.19 —2.05+0.08
Abell 2675 173 71 -1.2340.20 -1.7240.08
Abell 272 291 208 -1.64+0.18 -2.434+0.07
Abell 566 270 63 —1.8840.21 -2.3240.09
Abell 2751 454 368 -0.77+0.20 —-1.344+0.09

Abell 661 361 587 -0.62+0.20 —-1.06+0.08
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4.2 Sample Selection

One of the key observational properties of radio phoenices is their ultra-steep
nature. Therefore, we used the 150 MHz TGSS (resolution: 25”) and convolved
it to the resolution of 1.4 GHz NRAO VLA Sky Survey (NVSS; Condon et al.
1998: resolution 45”) and combined the two, to look for ultra-steep spectrum
sources. We selected bright (see below) sources that have a spectral index («)
< —2. The value of the spectral index in the selection of sources is somewhat
arbitrary, but was necessary to limit the sample size for follow-up observations.
The ultra-steep spectral index in combination with the sensitivity limit also
minimise the possibility of a source being a radio halo or relic which typically
have spectral indices of —1.3 to —1.1 (van Weeren et al. 2019). In addition, we
also imposed the following criteria:

e A 150 MHz TGSS total flux density S50 > 30 mJy (100 dectection);

e located in the vicinity of a known cluster position (within ~ 1 Mpc) from
the SDSS cluster catalogue (Wen et al. 2012) or the ROSAT All-Sky Sur-
vey (RASS: Voges et al. 1999) data;

e A morphology compatible with extended cluster emission

This sample of objects with an ultra-steep spectrum nature and extended mor-
phology is likely the tip of the iceberg of the population. Our search also yielded
ultra-steep spectrum objects that included previously known radio phoenices
and a serendipitous detection of Jupiter.! Our final sample consisted of 11 re-
vived fossil plasma sources which are new discoveries and three of which were
previously followed up. For this sample, we obtained deeper data at different ra-
dio frequencies with GMRT and/or LOFAR. Note that, previously known radio
phoenices were not re-observed. For three of the objects (Abell 2593, SDSS-C4-
DR3-3088 and 24P73), we also obtained pointed X-ray data. In Mandal et al.
(2020), we presented a detailed study of three of these revived fossil plasma
sources. To extend our sample of radio phoenices we inspected all the sources
that are classified as ‘revived fossil plasma sources’ (referred as ‘F’ in the very
recent review by van Weeren et al. 2019). If these sources have a filamentary
morphology, appear to be resolved and have a steep spectra (o <-1; with a hint
of a curvature towards high-frequency), we consider them in our sample of radio

1One of the target sources was not detected in follow-up observations. Closer inspection of
the TGSS observational details revealed that this was a chance-alignment of Jupiter moving
in front of a galaxy cluster.
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phoenices. This yielded a list of 25 sources including the new discoveries from
our search. This list of sources is provided in Table 4.1.

4.3 Observations and Methods

4.3.1 GMRT Data Reduction

We observed 6 of our targets (Abell 1914, SDSS-C4-DR3-3088, Abell 2593,
CIZAJ1926.144833, Abell 2751, Abell 661) with the GMRT at 325 MHz and
610 MHz (project code 31.018 and 33.014). For the remaining 16 sources
(Abell 2048, Abell 1033, Abell 133, Abell 85, 24P73, Ophiuchus, Abell 2256,
Abell 1931, MaxBCG J217.95869+13.53470, Abell 725, Abell 4038, MKWS,
Abell 565, Abell 2675, Abell 272, Abell 566), we used archival observations.
Note that, Abell S753, Abell 2443 and Abell 13 lack legacy GMRT observa-
tions. See Table 4.2 for the observation details. We processed the GMRT data
with the SPAM pipeline (Intema et al. 2017) that includes radio frequency in-
terference (RFI) mitigation schemes, direction-dependent calibration, and iono-
spheric modelling (Intema et al. 2009). The final images of these sources are
shown in Figure 4.3. The flux densities were set to the scale from Scaife &
Heald (2012). A conservative 10% uncertainty was adopted for the flux density
scale bootstrapping (Chandra et al. 2004) and was added quadratically to the
uncertainties of all flux density measurements from the GMRT observations.

4.3.2 LOFAR Data Reduction

For 10 sources, we obtained LOFAR data at 144 MHz and they were ob-
served in HBA_DUAL_INNER mode. 5 sources were observed as part of the LoTSS
(Shimwell et al. 2017; Shimwell et al. 2019) and the other 5 targets were observed
through pointed observations (project codes: LC0.037, LC6_015, LC9_027 and
LC11.015) ). See Table 4.2 for the observation details. The standard direction-
independent (DI) pipeline? (see de Gasperin et al. 2019 for the latest version)
was used to correct for the DI effects, as described in detail in van Weeren et al.
(2016a) and Williams et al. (2016). After the DI calibration was completed,
the data were processed with the version 2.2 of the direction-dependent (DD)
calibration and imaging pipeline in order to correct for DD effects. This is going
to be described in detail in Tasse et al. (in prep) and is summarised briefly in
Shimwell et al. (2019). This pipeline uses kMS (Tasse 2014, Smirnov & Tasse

2https://github.com/lofar-astron/prefactor
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2015) for DD calibration and DDFacet® (Tasse et al. 2018) for imaging with
direction dependent calibration solutions applied.

A further post-processing step is conducted to subtract all the sources except
for those in the vicinity of the targets and to perform additional phase and
amplitude self-calibration loops for each target. This method has already been
used in recent LOFAR studies (Hardcastle et al. 2019, Cassano et al. 2019,
Botteon et al. 2019) and will be described in detail in van Weeren et al. (in
prep.). Final images were processed by using WSCLEAN v2.8 (Offringa et al.
2014) with multi-scale multi-frequency deconvolution mode (Offringa & Smirnov
2017). The resulting images (see the legends) are shown in Figure 4.3.

Due to inaccurate beam models, the LOFAR flux scales are inaccurate and
need to be corrected by comparison with other surveys (van Weeren et al. 2016b,
Hardcastle et al. 2016). Here, we used catalogues from the TGSS Intema et al.
(2017) to cross-match point sources near the target and compare the flux den-
sities, similar to the approach used by Botteon et al. 2018b, Wilber et al. 2018,
Mandal et al. 2019.

4.3.3 VLA Data Reduction

MKWS8 has been observed with the VLA in the 1-2 GHz frequency band (project
code: SH0396), with the B-, C- and D-configuration for a total time of 9 hrs
(2, 5 and 2 hrs, respectively). The VLA data reduction follows the procedure
as described in Di Gennaro et al. (2018). The calibration solutions were then
applied to the target, and several self-calibration runs were performed to refine
the amplitude and phase calibration. During these runs, automatic clean masks
were employed with the PYthon Blob Detector and Source Finder (PYBDSF;
Mohan & Rafferty 2015). Additional rounds of self-calibration were performed
optimized for a bright source located outside of the primary beam, whose side-
lobes were affecting the quality of the image. These self-calibration rounds
were done by pre-subtracting all other sources in the field of view. The off-axis
interfering source was then subtracted using these optimized self-calibration so-
lutions from the uv-data. Final calibration uncertainties are of the order of 3%
for the flux density scale.

4.3.4 X-ray Data Reduction

Three of the sources (Abell 2593, SDSS-C4-DR3-3088 and 24P73) were observed
with Chandra ACIS-T in VFAINT mode as part of the Guaranteed Time Ob-

3https://github.com/mhardcastle/ddf-pipeline
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Figure 4.1: Radio power at 325 MHz for the sources in our sample as a function
of the Mxqg of the host cluster. The values of Msgg of the blue data points are
from Planck Collaboration et al. (2016). The red data points correspond to the
values of M500 that are taken either from Piffaretti et al. (2011) or derived using
the scaling relations from Arnaud et al. (2005). See Table 4.3 for the details.
The obtained Pearson and Spearman correlation coefficients from this plot are
0.48 +0.02 and 0.36 + 0.08, respectively.
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Figure 4.2: Projected distances of the radio phoenices from the cluster centre
as a function of their largest linear scales (LLS). The obtained Spearman and
Pearson correlation coefficient are 0.26 + 0.20 and 0.31 + 0.13 respectively. See
Section 4.4 for the details on how the cluster centre has been defined for this
analysis.
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Figure 4.3: Color-color diagram for all the radio phoenices presented in this
paper. The measured flux densities (with associated error bars) and the spectral
indices at different frequencies are provided in Appendix 4.5 and Table 4.4,
respectively. The light blue line shows the 1:1 line.
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servers (GTO) program (Obs IDs 20780, 20781 and 21710, respectively). For
the rest of the sources from the sample of 25 sources, we searched in the Chan-
dra and XMM-Netwon archives for pointed observations. See Table 4.2 for
the observation summary. Data were retrieved and processed with Ciao v4.12
(CalDB v4.9.0) and SAS v16.1.0 following standard reduction recipes, with the
aim of obtaining exposure corrected cluster images in the 0.5 — 2.0 keV energy
band. The X-ray images overlaid with contours from radio images are presented
in Figure 4.3. These images were used to determine the position of the radio
phoenices in the clusters and qualitatively constrain the dynamical state of the
host clusters.

4.3.5 Integrated spectral index

Due to the lack of homogeneous data available for the radio phoenices, perform-
ing detailed spectral analysis of the sample is beyond the scope of this paper. In
this paper we study the integrated spectral indices of the sources and investigate
the spectral behaviour in between 150 MHz and 1.4 GHz. To sample the same
spatial scales at 150 MHz and 325 MHz, we used the same inner wv-range of
200X to image both LOFAR and GMRT data. For the sources that do not have
any LOFAR 150 MHz data, we measured the total flux densities from the TGSS
(Intema et al. 2017) images. Similarly, we used the NVSS (Condon et al. 1998)
images to measure the total flux densities at 1.4 GHz. List of the measured flux
densities at different frequencies and the source of these values are provided in
Appendix 4.5.

4.4 Results

To date, 14 (candidate) radio phoenices were known to exist in clusters. Our
search yielded 11 new revived fossil plasma sources. Three out of 11 sources
had been presented in detail in Mandal et al. (2019) and Mandal et al. (2020).
This paper presents a sample of all radio phoenices known to date to investigate
the global physical properties of these sources and to understand the physical
origin of this class. In Table 4.2 the observation details are provided. Table 4.3
shows a selection of derived / measured global properties of the host cluster.
We have taken the mass of the host cluster from the Planck (Planck Collab-
oration et al. 2016) and MCXC (Piffaretti et al. 2011) catalogues (Note: the
Ms500 values taken from the MCXC catalogues do not include any error bars).
For Abell 2593, SDSS-C4-DR3-3088 and Abell 2048, we derived the mass by
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using the X-ray luminosity and the scaling relations of Arnaud et al. (2005)
(see Mandal et al. 2020 for the details). Figure 4.3 shows the images of these
radio phoenices (which are marked with black ellipses) derived from the obser-
vations (as reported in Table 4.2). Note that, no radio images have been shown
for Abell 13 and Abell S753, since they do not have LOFAR / GMRT data.
Figure 4.3 and 4.4 shows the contour images of these sources overlaid on X-ray
(Chandra or XMM-Newton) and optical (2nd Digitized Sky Survey Red) maps,
respectively. The optical images are marked with black circles that show pos-
sible galaxies that could have originated the plasma associated with the diffuse
radio emission (See Section 4.5 for more details). This association has been
done by inspecting morphological connection with an optical counterpart and
the respective redshift information.

First, we describe each of the 8 newly discovered sources and followed by
briefer descriptions of sources that were previously known:

New Discoveries

o CIZAJ1926.1+4833 is a low-mass (Ms00=3.09"025 x 1014 M) galaxy clus-
ter located at z = 0.098 (Planck Collaboration et al. 2016). The 325 MHz
GMRT image shows the presence of a bright radio source in the west of
the cluster with a complex filamentary morphology. This radio source has
an integrated spectral index of azos_ 1400 = —2.32 £ 0.11 and aj50_325
= -1.61 4+ 0.12, indicating that the spectra is curved towards higher fre-
quency. To the SE (with respect to the source) we also identify a very
long head tail galaxy (about 770 kpc). The tail of this galaxy is very
faint at the 610 MHz (figure in Appendix 4.A). The X-ray emission (from
XMM-Newton) is not peaked at the centre, suggesting that the dynamical
state could be somewhat disturbed.

e MKWS is a poor galaxy cluster (Msoo=1.10T035 x 10 M) located at
z = 0.027 (Planck Collaboration et al. 2016). Previous radio observations
(Bharadwaj et al. 2014) reported the presence of a central compact bright
radio source NGC 5718 (one of the BCG’s; marked with a black circle in
Figure 4.4). Our LOFAR 150 MHz image shows previously undetected
diffuse radio emission (located ~50 kpc towards NW side of NGC 5718)
which has an extremely steep spectrum (a150—1400 = —2.75 £ 0.06) and
filamentary morphology. A GMRT 610 MHz image is shown in the Ap-
pendix A where the diffuse emission is barely visible. Ttimer et al. (2019)
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did not find any presence of a cool core and classified MKW8 as a dis-
turbed system. Using wide-band VLA observations, we investigated the
polarisation properties of MKWS (see Appendix 4.A for the VLA Stokes I
image of MKW8). The total linear polarised intensity image, averaged in
the 1-2 GHz band, was obtained with the pyrmsynth tool? (see Di Gen-
naro et al. submitted for the details). No evidence of polarised emission is
detected in this source. We estimated an upper limit for the polarisation
degree of 0.8%.

Abell 565 is a low-mass cluster (Mszpp=1.62 x 1014M) located at a
redshift of z = 0.105 (Piffaretti et al. 2011). The GMRT 325 MHz map
shows that the radio emission has a complex and filamentary morphol-
ogy. The radio phoenix candidate has a spectral index of a150_1400 =
-1.79+0.05. The BCG of the cluster (WISEA J070819.134715224.7) is
morphologically connected with the diffuse radio emission (marked with
a black circle in Figure 4.4). There is no dedicated X-ray observation
available for this cluster and, as a result, we classify the dynamical state
of this cluster as uncertain.

Abell 2675 (Ms00=2.397033 x 10'*M; Planck Collaboration et al. 2016)
is located at a redshift of z = 0.071. In the XMM-Newton X-ray im-
age of this cluster, we do not detect any peaked X-ray emission at the
centre and classify it as an un-relaxed system. The BCG of the system
(WISEA J235542.59+112035.5) is the most likely candidate associated
with the diffuse radio emission. The measured integrated spectral indices
of the source are 325-1400 — —1.72 £ 0.08 and a150—-325 = —1.23 + 0.20.

Abell 272 (z = 0.088) is a low-mass galaxy cluster (Ms00=2.83 x 10** M;
Piffaretti et al. 2011). The two bright X-ray peaks are associated with two
cluster members: ZwCl1 0152.0+3337 06 & ZwCl 0152.04-3337 08 which are
marked as X1 and X2, respectively, in Figure 4.4. The LOFAR 150 MHz
radio image shows an elongated morphology in the north-south direction.
The elongated feature is also visible in the GMRT 325 MHz image (shown
in Appendix 4.A). However, some of the diffuse emission that is visible
at 150 MHz, is not well recovered at 325 MHz, suggesting that its spec-
trum is steep. The measured integrated spectral indices are az25-_1400

4https://github. com/mrbell/pyrmsynth
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= —2.43 + 0.07 and a350_325 = —1.64 £+ 0.18. We locate three galaxies
that are morphologically connected with the radio emission and are clus-
ter members: A (ZwCl0152.04+3337 03), B (ZwCl0152.04+-3337 04) and
C (ZwCl0152.04+-3337 05). The X-ray emission (see Figure 4.3) does not
appear to be peaked, hence we classify it as an un-relaxed system.

e Abell 566 (z = 0.097) was known (Harris et al. 1982) to host a very steep-
spectrum object: 4C63.10 (ass_408 ~ —1.7). In the GMRT 325 MHz
image presented in this paper, we find two BCGs of this cluster (marked
as ‘A’ ZwCl 0658.3+6320 e and ‘B’: ZwCl 0658.34+-6320 a in the optical
image). The location of the brightest radio emission coincides with the
position of the host galaxy ‘A’. The measured integrated spectral indices
of this source are azas5_1400 = —2.32 = 0.09 and «a159_325 = -1.88 £ 0.21,
indicating that the spectra is curved towards higher frequency. We do
not have pointed Chandra or XMM-Newton observations of this source.
In the Appendix 4.A, we showed a Suzaku X-ray image of this cluster.
Even though the cluster has regular morphology, it is not peaked at the
centre suggesting the dynamical state could be un-relaxed. This needs to
be confirmed with dedicated Chandra or XMM-Newton observations in
future.

e Abell 2751 (z = 0.107) is a very low-mass galaxy cluster (Mspp=1.26 X
10 Myg); Piffaretti et al. 2011) that has peculiar radio emission. To-
wards the west, we identify an elongated region extending towards the
south. The brightest part of the radio emission has an optical counter-
part with a galaxy (marked as ‘A’: PKS 0013-316 in the optical image).
The measured integrated spectral indices of the diffuse, filamentary re-
gion towards the east side of the cluster are aza5_1400 = —1.34 £0.09 and
a150—325 = —0.77 £ 0.20. At this location, we identify an optical galaxy
WISEA J001657.00-312134.9 (marked as ‘B’ in the optical image) that
could be associated with the diffuse radio emission. Note that the source
appears to have regions with a very steep spectral indices of < —2 (de
Gasperin et al. 2018).

e Abell 661 is located at a redshift of z = 0.12. The radio emission
has three distinctive features and only part of the diffuse emission at
the north is identified to have steep spectrum. From the north to the
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south, we have identified three optical galaxies which are marked as
‘A’ (WISEA082708.33+531108.0), ‘B’ (WISEJ082720.91+530748.2) and
‘C’ (WISEJ082729.73+530733.5) in the optical image. The eastern part
of the emission in the north has a very steep spectra (see Appendix for the
GMRT 610 MHz map) and filamentary morphology. X-ray observations
are needed in order to investigate the dynamical state of this cluster.

Previously known sources

e Abell 1914 is a well studied massive (Msoo=7.24T03% x 10'*Mg; Planck

Collaboration et al. 2016) galaxy cluster located at a redshift of z = 0.17.
Recent LOFAR and GMRT observations (Mandal et al. 2019) showed the
ultra-steep spectrum source (4C38.39), previously thought to be part of a
radio halo (Bacchi et al. 2003, Govoni et al. 2004), is a distinct source with
properties that are consistent with radio phoenices. Chandra observations
(Botteon et al. 2018a) showed that Abell 1914 has a very disturbed mor-
phology with possible shocks present. However, the shock is not located
at the radio phoenix.

In Mandal et al. (2020), we studied SDSS-C4-DR3-3088 (z = 0.046;
Simard et al. 2009) and Abell 2593 (2 = 0.041; Ulmer et al. 1981) in de-
tail with radio (LOFAR and GMRT) and X-ray (Chandra) observations
and classified them as radio phoenices. SDSS-C4-DR3-3088 contains what
looks to be a wide-angle radio tail. Abell 2593 has a morphology more
similar to a narrow-angle radio tail. Both of them show filamentary struc-
ture with patchy spectral index along the source. The dynamical states
of these clusters are not relaxed.

van Weeren et al. (2009) followed up Abell 2048 (z = 0.098; Struble &
Rood 1999) with GMRT and VLA observations and classified it as a relic
radio source. In Mandal et al. (2020) we studied this cluster with addi-
tional LOFAR data and recovered more extended diffuse emission com-
pared to previous studies. The dynamical state of this cluster was classified
as un-relaxed with XMM-Newton observations.

Abell 1033 (z = 0.126) is a moderately massive galaxy cluster that under-
went a recent merger and de Gasperin et al. (2015) presented the detection
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of a radio phoenix close to the moment of its formation. Later, with the
help of GMRT and LOFAR observations, de Gasperin et al. (2017) de-
tected another ultra-steep spectrum source that is related with the cluster
merger and classified as a gently re-energized tail (GReET).

e The radio phoenix in Abell 2443 (z = 0.108) was first shown in Cohen &
Clarke (2011). Later, with deep Chandra observations, Clarke et al. (2013)
demonstrated that the cluster is highly disturbed. A tentative shock at
the location of the radio phoenix was also reported.

e Slee et al. (2001) presented results from 1.4 GHz observations of four
sources in the clusters: Abell 133 (z = 0.057), Abell 85 (» = 0.055),
Abell 13 (z = 0.094) and Abell 4038 (z = 0.028). Even though Abell 133
has been identified as a cool-core cluster (Cavagnolo et al. 2009), Chan-
dra observations showed presence of dynamical disturbance (Randall et al.
2010). The X-ray emission in Abell 85 is peaked at the centre, however,
XMM-Newton observations have shown the presence of dynamical activ-
ity revealing that it is not fully relaxed (Durret et al. 2005). Abell 13 has
been classified as a system that has undergone a recent merger (Juett et al.
2008). Kale et al. (2018) showed an absence of a cool core in Abell 4038
and classified it as an un-relaxed system. In this work, we have shown
GMRT 325 MHz images for Abell 133 and Abell 85. These 325 MHz im-
ages reveal much more extended emission compared to the ones presented
by Slee et al. (2001) at 1.4 GHz. Note that we do not show any image for
Abell 13 in this paper. The 325 MHz flux measurements are taken from
Joshi et al. (1986).

e The radio source 24P73 was found to have an unusually steep spectrum
(Green & Joncas 1994) and van Weeren et al. (2011) classified it as a ra-
dio phoenix. The galaxy cluster associated with this source is currently
not confirmed due to high extinction from the Galactic plane. However,
using Hubble-R relation, van Weeren et al. (2011) estimated a redshift of
this source to be z = 0.15 + 0.1. Recently this source has been observed
with Chandra and the resulting image is shown in Figure 4.3. We do not
detect any peaked X-ray emission at the centre of the cluster and classify
as un-relaxed system.
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e Kempner & Sarazin (2001) detected diffuse radio emission in Abell 725

(z = 0.09) from the WENSS. In this paper we have shown the 325 MHz
GMRT image of the source. The brightest radio source is associated with
the elliptical galaxy (marked in the optical image). The diffuse radio
emission located towards the north-eastern side of this elliptical galaxy
(marked with a circle in the radio image), has an ultra-steep spectrum.
The X-ray gas is thought to be slightly elongated along the axis connect-
ing the ultra-steep spectrum source and the cluster centre (Kempner &
Sarazin 2001).

The Ophiuchus cluster is located at a redshift of z = 0.028 and is the
second brightest galaxy cluster in the X-ray sky. With deep Chandra
observations, Werner et al. (2016) showed that the core of the cluster is
dynamically disturbed with multiple sloshing induced cold fronts. Their
deep 1.4 GHz map reveals the presence of a very filamentary source to-
wards the NE of the cluster centre, that was classified as a radio phoenix.
Similar features were also reported in Murgia et al. (2010).

Abell 2256 (z = 0.058) is a well-studied massive galaxy cluster that is is
presently undergoing a merger with a smaller sub-cluster. Even though
the main focus of studies of this cluster in the past has been the radio
relic, halo and the long head-tail galaxy, this system is known to host
ultra-steep spectrum sources. ‘Source F’ is one of the objects that was
discovered by Bridle et al. (1979) and classified as a radio phoenix by
van Weeren et al. (2012a). This source is located towards the east of the
main relic. In this paper, we have shown the 325 MHz image of this source.

Abell 1931 (z = 0.17) is a low-mass (Ms0o=1.627293 x 10 M) galaxy
cluster. The Chandra image of this cluster is not peaked at the centre (see
Figure 4.3) and hence is classified as un-relaxed. With the use of LOFAR
150 MHz data, Briiggen et al. (2018) showed the presence of diffuse ultra-
steep emission in this cluster that has not been detected in 325 MHz and
610 MHz. A bright, red elliptical galaxy (SDSS J143212.84+441620.4)
was claimed to be the BCG and a possible host for the diffuse emission.

MaxBCG J217.95869+13.53470 (z = 0.16) is a low-mass (M500=1.00 x
10 M) galaxy cluster that is undergoing a merger event. With GMRT
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325 MHz & 610 MHz observations Ogrean et al. (2011) showed the pres-
ence of a radio phoenix towards the SW of the cluster that is not associated
with X-ray or optical emission. However, a bridge of faint radio emission
is connected with the central radio source (AGN). Shulevski et al. (2015)
presented a low-frequency spectral index map between 150 and 325 MHz
of this source, that does not show signs of patchiness in the spectral in-
dices. However, the source is only a few beam-widths across and beam
smearing can play a roll.

e Abell S753 (z = 0.014) is known to have an ultra-steep spectrum ra-
dio source: PKS B1400-33 (Sarazin 2013). Subrahmanyan et al. (2003)
presented the VLA 330 MHz and ATCA 2.4 GHz observations and iden-
tified the bright X-ray emission in this cluster to be associated with NGC
5419. The radio source has an integrated spectral index of < —1.4 between
85 MHz and 330 MHz and tends to get steeper (~-2) at higher (2.4 GHz)
frequency, suggesting a possible curved spectrum. Note that we do not
show any image for Abell S753 and refer to Subrahmanyan et al. (2003).

4.5 Common properties

In this section, based on the results presented in Section 4.4, we list physical
properties of the radio phoenices.

Connection with an AGN?

A key question that needs to be answered is what is the source of these fossil
electrons in the ICM? It is clear that galaxy clusters host a number of radio
galaxies that have an active galactic nuclei (AGN). In the results section, we
showed the presence of nearby optical galaxies / AGNs that belong to the host
cluster and have a tentative morphological connection with the diffuse radio
emission. The possible optical counterparts of these AGNs are marked in Fig-
ure 4.4. Note that, a morphological connection with an optical counterpart
is not obvious for the sources: Abell 2443, 24P73, Ophiuchus, MKW8 and
MaxBCG J217.95869+13.53470. Indeed, the plasma from an AGN can move
in the ICM with respect to its source of origin, making the identification of op-
tical hosts harder (Duchesne & Johnston-Hollitt 2019, Randriamanakoto et al.
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2020). At the location of the (possible) optical counterparts, the spectral in-
dex value (Abell 1914, SDSS-C4-DR3-3088, Abell 2593, Abell 2048, Abell 1033,
Abell 2443, Abell 133, Abell 2256, Abell 4038; see Table 4.1 for references) is
flatter (~ —0.8) which is in agreement with the expectation from the lobes of
an active AGN.

Radio power of the source and mass of the host cluster

Studying the correlation of thermal and non-thermal components in clusters
can be useful to understand the dynamics in the ICM. Since deep radio data at
325 MHz is available for a large fraction of the whole sample of radio phoenices,
we calculated the k-corrected 325 MHz radio power Psosni, = 47T5325MHZD%(1+
z)~(@*1) (the values of the measured flux densities and radio powers with asso-
ciated errors are reported in the Appendix 4.5). The spectral indices of these
sources vary over the frequency range from 150 MHz to 1.4 GHz (See Table 4.4).
Therefore, we used a conservative value of the spectral indices from —2 to —1.5
to calculate the k-corrected radio power. It is important to note that, using
this range of spectral indices, does not change the value of the derived radio
power significantly, given the fact that these sources reside in nearby Universe.
Using the mass reported in Table 4.3, we have investigated if there is a trend
between the derived radio power at 325 MHz as a function of the mass (Msqp)
of the host cluster (see Figure 4.1). The values of the Pearson (0.48 + 0.02)
and Spearman (0.36 £ 0.08) and correlation coefficients do not suggest a strong
correlation between these two measured quantities.

Position and Size of the sources

Previous studies of radio relics found that they are usually located in the out-
skirts of clusters and that there is a correlation between the largest linear size
(LLS) and the distance from the cluster centre (de Gasperin et al. 2014). We
therefore compare the LLS of the radio phoenices with the projected distance
from the cluster centre. Since the morphologies of these radio phoenices are very
filamentary and irregular compared to radio halos and radio relics, robustly es-
timating the ‘position of the source’ from a reference point is not trivial. There-
fore, by analogy with centre of mass, we define a parameter ‘centre of intensity’
which can be described as a unique point where the weighted relative position
of the distributed flux densities sums to zero. The regions of the emission that
go into these calculations are also marked in the radio images. We take the
contribution of the whole emission from the ‘phoenix’ source into account. If
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the flux density at a location (x,y) is I(x,y), the co-ordinates of the centre of
intensity (X and Y) are:

x = 2100y) xx (4.1)

> 1x,y)

y = 2lxy) xy (4.2)

> Ix,y)

Having found this position, the distance from the cluster centre is then calcu-
lated as the distance from the location of the pixel with the brightest emission in
X-ray, from (X,Y). The plot of projected distance vs LLS is shown in Figure 4.2.
We do not find any strong correlation between these two measured parameters.
The measured Spearman and Pearson correlation coefficients are 0.26 4+ 0.20
and 0.31 4+ 0.13, respectively. Note that we have used the RASS data for the
sources that do not have any Chandra or XMM-Newton observations. We have
also reported the values of R5q9 in Table 4.3. We note that the radio phoenices
are all located well within Rsgp of their host clusters.

Dynamical state of the host cluster

In Figure 4.3, we show the X-ray images overplotted with the contours from
the radio emission (in white). Images of only 18 sources are shown that have
dedicated X-ray observations (See Table 4.2 for the summary of the observation
details and Section 4.3 for the method of data reduction). Visual inspection
of X-ray images is one of the qualitative ways that can be used to identify
dynamical state of a cluster (Lovisari et al. 2017). Based on our visual inspection
of the X-ray emission and on the literature studies, we have summarised the
dynamical state of these systems of galaxy clusters in Table 4.3. For a more
quantitative analysis, it is important to study morphological parameters (such
as centroid shift, concentration parameters, power ratios etc.) of a cluster.
However, homogeneous deep X-ray data would be highly advantageous for this
purpose.

We see that all the 19 sources out of 25 sources that have pointed observation
reside in somewhat dynamically un-relaxed clusters. Systematic deep X-ray
observations will follow in future to characterise the dynamical state of the
clusters more accurately and map the temperature in different regions.
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Spectral properties

While sources in our sample have ultra-steep spectrum by selection, also all the
previously known radio phoenices show an overall ultra-steep radio spectrum.
Previous literature studies found that the spectral index measurements from
different observations tend to show a hint of a curved spectrum towards high
(~GHz) frequencies (Slee et al. 2001, Cohen & Clarke 2011, de Gasperin et al.
2017, Kale et al. 2018, Mandal et al. 2019, Mandal et al. 2020). For the newly
discovered sources, a hint of spectral steepening is also noticed while comparing
the spectral index measurements from 150 MHz (TGSS or LOFAR) to 325 MHz
and 325 MHz to 1.4 GHz (NVSS) measurements. The measured total flux den-
sities are listed in Appendix 4.5. See Table 4.4 for the values of spectral indices
as measured from these flux density measurements. In order to investigate the
overall spectral shape, we used so called three frequency ‘color-color’ plots which
is shown in Figure 4.3. Here, we have plotted the high-frequency spectral in-
dices (a325-1400) vs the low-frequency spectral indices (a150—325). The light
blue line shows 1:1 line. The fact that most of the sources lie below the identity
line, shows that these sources have a curved spectrum towards high frequencies.
However, it is important to note here that deeper high resolution, i.e. VLA
1.4 GHz observations are important to confirm this claim.

4.6 Discussion

In the last decades, the taxonomy of (diffuse) radio sources has become clearer.
However, in many cases for example, the distinction between ‘radio relics’ and
‘radio phoenices’ was not evident. For instance, some of the present day radio
relics (Abell 2256, Abell 3667 etc.) were previously thought to be in the category
of radio phoenices. Statistical follow-up observations of radio relics have made
the contrast with radio phoenices clearer. However, radio phoenices are still
a poorly studied class of the population of diffuse cluster radio sources. Here
we discuss insights obtained from the observations and results presented in the
previous sections.

Source of relativistic particles: AGN origin

From the optical maps presented in Figure 4.4, we observe that (most of) these
sources are morphologically connected with an AGN (radio galaxy) which im-
plies that lobes and tails of radio galaxies in clusters are likely candidates for the
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source of relativistic particles that power radio phoenices. The typical length
scales of these phoenices are < 500-600 kpc (see Table 4.4 for the LLS of the
phoenices). A definite identification of the host galaxy for these sources is
not trivial. However, we find that in general, nearby elliptical galaxies are
more likely candidates to be associated with these phoenices. Although, the
BCGs could also be a possible candidate for the source of seed particles (for ex:
Abell 133, Abell 725, MKWS etc.).

Location of the phoenices in the cluster

An interesting result is that all the radio phoenices are located well within the
Rs00 (at least in projection) of the cluster (See Table 4.3 and 4.4 for the Rsgo
and the distance from the cluster centre, respectively).

In the inner regions of clusters, the pressure of the ICM is higher compared
to the outskirts. These high pressure environments do not allow the free expan-
sion of the fossil radio plasma and the plasma remains more confined (Parma
et al. 2007, Murgia et al. 2011). Thus, low-frequency radio emission from these
fading plasma can last longer if their expansion is reduced by the high pres-
sure environment. In addition, if the expansion of the lobes is prevented, the
synchrotron losses are expected to be much higher due to the higher internal
magnetic fields (Bonafede et al. 2011) of pressure confined radio plasma. As a
result, the radio source could exhibit ultra-steep spectrum. On the contrary,
if radio plasma lives in the cluster outskirts, the ambient environment is not
dense enough to prevent the expansion of the lobes into the ICM. Due to the
expansion, the strength of the internal magnetic field also decreases, and so as
the radiative losses. Therefore, the radio emission can become too faint to be
detected, even at the lower-frequencies. For these reasons, steep-spectrum radio
phoenices are more likely to be found in dense environments. This is also one of
the key differences when compared to radio relics which tend to reside in cluster
outskirts (Feretti et al. 2012, van Weeren et al. 2019).

Spectral behaviour and acceleration mechanism

In Table 4.4, we reported the values of the integrated spectral indices of the radio
phoenices. Figure 4.3 shows the variation of high-frequency spectral indices
(a325—1400) With respect to the low-frequency spectral indices (ay50—325). Most
of the sources lie below the 1:1 line in this three frequency color-color diagram
indicating that the spectral indices are flatter at the lower (between 150 — 325
MHz) frequencies and steeper at higher (between 325 — 1400 MHz) frequencies;
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i.e. in general the radio phoenices show spectral steepening at higher frequencies
similar to the lobes of remnant radio galaxies that also have a curved spectra
(Murgia et al. 2011, Brienza et al. 2016) due to IC and radiative losses.

It has been shown that in the absence of dynamical processes, low-energy
relativistic electrons from lobes of radio galaxies can be poorly mixed with the
thermal ICM (Sarazin 1999; Petrosian 2001; Pinzke et al. 2013). Therefore,
temperature inside the radio plasma (that is mixed with the thermal plasma)
increases and also the sound speed is high. Under these conditions, a weak
shock in the ICM will not transfer as a shock in the lobe. Instead of shock
re-acceleration, it can compress these old lobes of radio galaxies adiabatically
(Ensslin et al. 1998, Enfilin & Briiggen 2002). Compression only shifts the
spectral shape of the spectrum towards higher frequencies and does not change
the underlying shape of the electron population.

It is important to note here, that all the previously known radio phoenices
tend to show a patchy distribution of spectral indices (see the respective ref-
erences on Table 4.3 for the spectral index maps). They do not have a clear
gradient in their spectral indices across the source®. This might be a key differ-
ence with merely aged tails from (remnant) radio galaxies that show instead a
spectral gradient across the lobes (Murgia et al. 2011, Shulevski et al. 2017). On
the other hand, as a contrast, radio relics also show spectral gradient and their
spectrum follow a power-law distribution (van Weeren et al. 2019, Rajpurohit
et al. 2020).

Therefore, for the phoenices, this suggests a possible mix of cosmic-ray par-
ticles that have different ages and losses. This in-homogeneous mixing of the
ICM and the relativistic particles from an AGN also implies an averaging of the
effective adiabatic index (% < Yad < %) that could lead to different adiabatic
compression ratios and re-acceleration efficiencies across the source. Hence, even
if we find that radio phoenices tend to follow a curved spectra, these sources
should not be thought of a reservoir of uniform cosmic-ray population.

Dynamical state of the host cluster

We find that 19 out of 25 sources in our sample (the rest of the sources do
not have pointed X-ray observations and hence, no information is available)
are residing in clusters that are dynamically un-relaxed (See Table 4.3 for a

5 Although, some of the newly discovered sources lack multi-frequency radio data to create
resolved spectral index maps that are essential to investigate spatial variation of spectral
indices.



SAMPLE OF RADIO PHOENICES IN GALAXY CLUSTERS 95

summary and Section 4.4 for the method of qualitative determination of the
dynamical states).

Dynamically un-relaxed clusters have (weak) shocks and ICM bulk motions
which can affect ghost plasma from radio galaxies (Jones et al. 2017a). In line
with our observations, recent simulations (Nolting et al. 2019 and O’Neill et al.
2019) have shown that old radio lobes in presence of (weak) shocks and/or
relative motion with respect to the ICM can show filamentary morphologies
and curved spectra. However, it is important to note that, to date, there has
not been a clear detection of a shock at the location of a radio phoenix. The
lack of a detection of a shock could potentially be related to our finding that
these phoenices are mostly located within the Rggo of a cluster. The Mach
number of a merger shock and its surface area increase with the distance from
the cluster centre (Vazza et al. 2012). Which essentially means, the central
regions of the ICM are crossed by weak shocks and they are much harder to be
detected (Botteon et al. 2018a).

Scaling relations

Studying the correlation between thermal and non-thermal components helps
to understand the dynamics in the ICM. For radio halos and relics it has been
found that the measured radio power and the mass (Msoo) of the host cluster
are correlated (radio halos: Cassano et al. 2010, Cassano et al. 2013; radio
relics: de Gasperin et al. 2014, Briiggen & Vazza 2020). For radio phoenices,
we do not notice any strong correlation between these two quantities (reported
in Figure 4.1). Also, we see that only four (Abell 1914, Ophiuchus, Abell 2256
and Abell 85) out of 25 sources, are located in (moderately) massive clusters;
the rest are mostly residing in lower-mass systems. The fact that these systems
seem to be located mostly in lower-mass systems could be because low-mass
clusters are more abundant than massive clusters. Indeed, clusters with mass
> 4 x 101 M, are rare in the local Universe (Planck Collaboration et al. 2016)
and our sample is mainly driven by the TGSS, which is sensitive only to the
luminous sources that are nearby.

In addition, we also do not find any correlation between the distance from
the cluster centre with the largest linear scales of the radio phoenices (see Figure
4.2). This is also in contrast with the scaling relations found by Bonafede et al.
(2012) and de Gasperin et al. (2014) for radio relics. The fact that there is a lack
of correlation between these measured quantities suggests that the formation of
these sources do not directly depend on the energy released due to the merger.
Rather, their formation may be more closely related to the state of AGN activity
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for respective cases.

It is important to note here that recently it has also been found that smaller
radio relics can occur at the periphery of clusters (Nuza et al. 2017) and analysing
the ‘shape’ of radio sources as a function of the distance from the cluster centre
could be a better proxy in order to distinguish radio relics and radio phoenices.
This will also enable us to understand the dynamics of the cluster and its rela-
tion with the non-thermal emission. Upcoming sensitive radio (such as LoTSS;
Shimwell et al. 2019) and X-ray (eRosita) surveys will be crucial to address this
question in an unbiased way.

Future study: polarization properties of radio phoenices

In future, it will be important to observe these radio phoenices at ~GHz frequen-
cies to determine the sources’ polarization fraction and the polarization angle.
Simulations indicate that if these sources are indeed shock compressed, there
should be a correlation between the total linear polarization and the viewing
angle because of the magnetic field ordering (Enfllin & Briiggen 2002). In our
sample, we could investigate the polarisation properties only for MKWS, being
able to put an upper limit for the polarisation degree (i.e. 0.8%). It could be
the case that the source is not intrinsically polarised. However, since the source
is located near the cluster centre (~50 kpc), it is likely that the source can suffer
extreme depolarisation due to the ICM (Rotation Measure: RM o< [ ne x Bjdl,
where n. and B dl the electron density and the perpendicular component of the
magnetic field integrated along the distance to the source L). We also do not
detect polarized signal from the BCG of this cluster. Future wide S-band ob-
servations with the VLA would be crucial to determine if strong depolarization
can occur from the ICM.

Drawing general conclusions on the polarisation properties for the whole
population is beyond the scope of this paper. But we also notice that these
phoenices are located mostly towards the centre of the cluster (see the Rsop
values in Table 4.3). This suggests that the sources could be highly de-polarized.
Also, if these sources are indeed associated with weak shocks, the expected
alignment and amplification of the magnetic field are also less. Finally, given
the fact that these phoenices have a very steep spectra, they could be very faint
at GHz frequencies. Therefore, statistical follow-up observations to study the
polarisation may not be trivial.
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4.7 Summary and conclusion

In this paper, we have presented an exploratory study in which we look for
ultra-steep spectrum sources using the 150 MHz TGSS and the 1.4 GHz NVSS.
Our search yielded 11 new discoveries that were followed up with radio and/or
X-ray observations. Based on the results from these observations, we classify
them in the category of radio phoenices. In addition, to extend our sample of
radio phoenices and to be as complete as possible we inspected all the sources
that are classified as ‘revived fossil plasma sources’ (referred as ‘F’ in the latest
review by van Weeren et al. 2019). Sources that are resolved, have a filamentary
morphology, have a steep spectrum (o <-1) with a hint of a curvature towards
high-frequency, were considered to be candidate phoenices. We present the
results from all the known or newly discovered radio phoenices along with their
common physical properties in order to establish the nature of this relatively
unexplored class of objects. Below we summarize our findings:

e These radio phoenices appear to have an AGN origin and are located well
within the Rsgg of the cluster. This is one of the key differences when
compared to radio relics that reside towards the outskirts of the cluster.
The high-pressure environments inside the cluster region do not allow the
free expansion of the fossil radio plasma (from an AGN), making it more
confined. Also, synchrotron losses are greater inside the cluster, which
could explain the unusually steep spectra of these sources.

e These sources show a spectral steepening towards high frequencies, sug-
gesting the integrated spectra is curved. Also, they have spatially non-
uniform spectral indices. So even if the phoenices tend to follow a curved
spectra, these sources should not be thought of a reservoir of uniform
cosmic-ray population. Resolved spectral index maps are also crucial tools
to distinguish between different class of diffuse radio sources and to probe
the energy distribution of relativistic particles within a (radio) source.

e From the X-ray observations, we notice that 19 of the sources (6 out of 25
sources do not have pointed X-ray observations) tend to live in clusters
that are dynamically un-relaxed, therefore supporting the scenario that
these are associated with ICM motion and/or shocks.

e We find that 19 out of 23 sources (2 of the clusters do not have any
measurements on their masses) are located in low-mass (< 4 x 1014M®)
clusters of galaxies. Also, for these sources, we compared: a) the 325 MHz
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measured radio power as a function of the cluster mass, and b) the largest
linear scale of the sources as a function of projected distance from the
cluster centre. We do not notice any strong correlations between these
measured quantities.

Our method to look for these ultra-steep spectrum sources in galaxy clusters
was driven by the TGSS at 150 MHz and only the brightest sources were followed
up which is necessarily the tip of the iceberg of this population. Future much
deeper and sensitive low-radio-frequency surveys such as LoTSS at 144 MHz
( Shimwell et al. 2019) & LoLSS at 53 MHz (de Gasperin et al. in prep)
will be excellent tools to further investigate the nature of these fossil electron
populations. Since these forthcoming surveys are an order of magnitude deeper
in terms of both resolution and depth, they will most likely also be able to
pick sources that are at higher redshift. Thus, it will be possible to compile
a more unbiased and complete sample of radio phoenices and investigate their
occurrence rate in clusters.
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Figure 4.3: Full-resolution radio (LOFAR 150 MHZ / GMRT 325 MHz/ GMRT
610 MHz) images of the radio phoenices. The black ellipses are marked to
visualise the candidate radio phoenix. In each of the radio images, the black
contours and dashed lines show the (1,2,4,...)X5X Oradio and -3X 0Oradio levels,
respectively. opadio 18 the measured rms noise in the respective radio maps. The
beam size is labelled in every image at the bottom left corner.
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Figure 4.3: Full-resolution radio (LOFAR 150 MHz / GMRT 325 MHz / GMRT
610 MHz) image contours (white; as shown in the Figure 4.3) of all the radio
phoenices, overlaid on exposure-corrected Chandra or XMM-Newton images in
the 0.5-2.0 keV energy band. The observation details are provided in Table 4.2.
In the radio image contours, solid and dashed white lines show the (1,2,4,...)x5x
Oradio and -3X opadio levels, respectively where 0,,qi0 is the local rms noise in
the radio images.
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Figure 4.4: Full-resolution radio (LOFAR 150 MHz / GMRT 325 MHz / GMRT
610 MHz) image contours (red; as shown in the Figure 4.3) of all the radio
phoenices, overlaid on DSS r-band optical images. In the radio image contours,
solid and dashed red lines show the (1,2,4,...)X5X radio and -3X Oyaqio levels,
respectively, where o;,4i0 is the local rms noise in the radio images.
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Figure 4.5: Additional radio and X-ray images. Top row (left to right): Abell
272 (GMRT 325 MHz); CIZAJ1926.1+4833 (GMRT 610 MHz); Abell 2751
(GMRT 610 MHz). Middle row (left to right): Abell 661 (GMRT 610 MHz);
MKW8 (GMRT 610 MHz) and MKWS8 (VLA 1.4 GHz). Bottom row: Abell
566 Suzaku image.
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Table 4.5: Total flux density measurements of candidate radio phoenices at 150,

325 and 1400 MHz

Sources 150 MHz 325 MHz 1400 MHz
(Jy) (Jy) (Jy) (Jy)

Abell 1914 4.6840.46 0.8340.08 0.04040.002
SDSS-C4-DR3-3088 1.834+0.18 0.4540.05 0.021+£0.002
Abell 2593 3.574+0.36 1.45+0.15 0.290+0.012
Abell 2048 1.574+0.25 0.5540.06 0.0194:0.004
Abell 1033 1.30+0.01 0.46+0.05 0.04640.001
Abell 2443 3.65+0.4 0.41£0.07 0.007£0.0006
Abell 133 10.9+1.2 4.19+0.42 0.21040.024
Abell 85 8.33+0.7 2.86+0.30 0.042+0.003
24P73 1.40+0.01 0.4140.04 0.012£0.003
Ophiuchus 6.3840.32 2.6040.13 0.63040.032
Abell 2256 0.5740.06 0.3440.03 0.02040.001
Abell 1931 0.0440.008 | 0.004=£0.0008 | 0.0005+0.001
MaxBCG J217.95869+13.53470 | 0.1440.01 0.06£0.01 0.001+£0.0005
Abell 725 0.7540.08 0.3940.04 0.110+£0.006
Abell 4038 4.3040.5 1.4040.15 0.06040.003
Abell 13 2.80+0.6 0.6340.10 0.030£0.002

Abell S753 10.1+0.04 8.5040.00 0.46040.0
CIZAJ1926.1+4833 1.1540.01 0.33£0.03 0.011+£0.001
MKWS8 1.1240.11 0.2740.03 0.002+0.0002
Abell 565 0.2740.03 0.10£0.01 0.0054-0.0003
Abell 2675 0.2640.03 0.10£0.01 0.0084:0.0004
Abell 272 0.7540.08 0.2140.02 0.006+0.0003
Abell 566 6.61+0.7 1.54+0.20 0.05240.001
Abell 2751 0.31£0.03 0.1740.02 0.02440.001
Abell 661 0.4240.04 0.2640.03 0.05540.001
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5.1 Introduction

Large-area radio surveys are very important for statistical studies of radio source
populations, addressing astrophysical properties and cosmological evolution of
radio galaxies, quasars and starburst galaxies. In the past, several wide-area
radio surveys were carried out at low radio frequencies, such as the Cambridge
Surveys (3C, 4C, 6C, and 7C at around 160 MHz: Edge et al. 1959, Bennett
1962, Pilkington & Scott 1965, Gower et al. 1967, Baldwin et al. 1985). How-
ever, calibration of low-frequency radio data is challenging due to the direction-
dependent, time-varying effects of the ionosphere that affects both the amplitude
and the phase of the radio signal. Since these effects are only prominent in the
MHz regime, the focus of wide-area/all-sky radio surveys switched to around 1
GHz in the last decades, resulting in the NRAO VLA Sky Survey (NVSS:Condon
et al. 1998), the Sydney University Molonglo Sky Survey (SUMSS: Mauch et al.
2003) and the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST)
survey (Becker et al. 1995; White et al. 1997).

The higher sensitivity and higher spatial resolution of surveys at GHz fre-
quencies also allowed us to probe deeper and deeper flux densities, and today we
have several deep surveys covering degree-scale fields, and sensitive to the sub-
mJy and pJy radio populations (see e.g. Prandoni et al. 2000a,b, 2006; Hopkins
et al. 2003; Schinnerer et al. 2004, 2007; Hales et al. 2014b; Smol¢ié¢ et al. 2017;
Prandoni et al. 2018). After many years of studies, it is now well established
that the sub-mJy radio population has a composite nature. Radio-loud (RL)
active galactic nuclei (AGNs) are dominant down to 1.4 GHz flux densities of
200-300 pJy and star-forming galaxies (SFGs) become dominant below about
100-200 pJy (Smolci¢ et al. 2008; Bonzini et al. 2013; Prandoni et al. 2018;
Bonato et al. 2020). A significant fraction of the sources below 100 pJy can
also show signatures of AGN activity in the host galaxy at other bands (IR,
optical, X-ray), but rarely display the large-scale radio jets and lobes typical of
classical radio galaxies. Most of them are unresolved or barely resolved on a few
arcsec scale, i.e. on scales similar to the host galaxy size. The origin of the radio
emission in these (so-called radio-quiet) AGN is debated: it may come from star
formation in the host galaxy (Padovani et al. 2011, 2015, Bonzini et al. 2013,
2015; Ocran et al. 2017; Bonato et al. 2017) or from low-level nuclear activity
(White et al. 2015, 2017; Maini et al. 2016; Herrera Ruiz et al. 2016, 2017;
Hartley et al. 2019). Most likely, such AGN are composite systems where star
formation and AGN-triggered radio emission co-exist over a wide range of rela-
tive contributions (e.g. Delvecchio et al. 2017). This scenario is also supported
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by the modeling work of Mancuso et al. (2017, see also Macfarlane et al. in
prep.).

Being sensitive to SFGs up to the epoch of the peak of their activity (z ~
2 — 3), and reaching for the first time the dominant radio-quiet (RQ) AGN
population, deep radio surveys probing the pJy regime can be used as a very
important dust/gas-obscuration-free tool to study both AGN activity and star
formation and how they evolve with cosmic time. However, to overcome un-
certainties introduced by low statistics, cosmic variance effects (Heywood et al.
2013) and other systematics (Condon et al. 2012), deep-radio surveys that cover
wide areas (>> 1 deg?) and have multi-band ancillary data are needed. Such
wide—area surveys are also useful to investigate the role of environment in driv-
ing the growth of galaxies and SMBH, and to better trace rare radio source
populations.

With the advent of a new generation of low-frequency telescopes and better
data processing techniques we can now revisit the radio sky at low-frequency.
With the Murchison Widefield Array (MWA; Lonsdale et al. 2009), Wayth
et al. (2015) have carried out the GaLactic and Extragalactic All-sky MWA
survey (GLEAM; Hurley-Walker et al. 2017), reaching a sensitivity of a few
mJy beam ™! at a resolution of a few arcminutes. The GMRT has significantly
improved the low-frequency view of the radio sky in terms of sensitivity and
angular resolution. This has already been shown in a few low-frequency surveys
centred around 150 MHz (e.g.: Ishwara-Chandra et al. 2010, Sirothia et al. 2009,
Intema et al. 2011, Intema et al. 2017).

The Low Frequency Array (LOFAR; van Haarlem et al. 2013) is one of the
key pathfinders to the Square Kilometre Array (SKA). Most of the LOFAR
antennas are based in the Netherlands, with baseline lengths ranging from 100
meters to 120 km. Additional remote stations are located throughout various
countries in Europe. The longest baseline of LOFAR can provide a resolution
of 0.3” at 150 MHz. The combination of LOFAR’s large field of view, wide
range of baseline lengths, and large fractional bandwidth makes it a powerful
instrument for performing large area and deep sky surveys. The LOFAR Two
Meter Sky Survey (LoTSS) is an an ongoing project in which the whole northern
sky is observed with a sensitivity better than 100uJy beam ™! at the resolution
of 6" allowed by the Dutch LOFAR stations. The first data release (DR1) is
described by Shimwell et al. (2017) and Shimwell et al. (2019). The LoTSS also
includes deeper observations of a number of pre-selected regions, where the aim
is to eventually reach an rms depth of 10 puJy beam™! at 150 MHz (Rottgering
et al. 2011). In order to scientifically exploit these more sensitive surveys (col-
lectively known as LoT'SS Deep Fields), complementary multi-wavelength data
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are necessary, most notably to identify the host galaxies of the extra-galactic
radio sources and determine their redshift. For this reason observations were
focused on fields with the highest quality multi-wavelength data available. The
Lockman Hole, the Bodtes and the European Large-Area ISO Survey-North 1
(ELAIS-N1) fields are the deepest of the LoTSS Deep Fields so far (see Tasse
et al 2020; Sabater et al. 2020; respectively paper I and II of this series). All
have rich multi-wavelength ancillary data, covering a broad range of the elec-
tromagnetic spectrum, from X-ray to radio bands.

The Lockman Hole (LH hereafter) is one of the best studied extragalactic
regions of the sky. It is characterized by a very low column density of Galactic HI
(Lockman et al. 1986) making it an ideal field to study extragalactic sources with
deep observations in the mid-IR/FIR/sub-mm (Lonsdale et al. 2003; Mauduit
et al. 2012, Oliver et al. 2012), optical/NIR (Muzzin et al. 2009; Fotopoulou
et al. 2012; Hildebrandt et al. 2016), and X-ray (Polletta et al. 2006, Brunner
et al. 2008). A variety of radio surveys cover limited areas within the LH region,
at several frequencies. The widest deep radio survey so far consists of a 6.6 deg?.
1.4 GHz mosaic obtained with the Westerbork (WSRT) telescope (1o sensitivity
~ 10 puJy beam™!; Prandoni et al. 2018). We refer to Prandoni et al. (2018)
for a comprehensive summary of the available multi-frequency and multi-band
coverage in this region (see also Kondapally et al. 2020, paper IIT of this series).

The Bootes (Boo hereafter) field was originally targeted as part of the NOAO
Deep Wide Field Surveys (NDWFS; Jannuzi & Dey 1999) which covers ~ 9
deg? in the optical and near infrared (K) bands. Ancillary data is available
for this field including X-ray (Murray et al. 2005; Kenter et al. 2005), UV
(GALEX; Martin et al. 2003), and mid-infrared (Eisenhardt et al. 2004). Radio
observations have also been carried out at 153 MHz with the GMRT (Intema
et al. 2011; Williams et al. 2013), at 325 MHz with the VLA (Croft et al. 2008,
Coppejans et al. 2015) and at 1.4 GHz with the WSRT (de Vries et al. 2002).

The Elais-N1 (EN1 hereafter) field has deep multi-wavelength (0.15um -
250pm) data taken as part of many different surveys (optical: the Panoramic
Survey Telescope and Rapid Response System; Pan-STARRS (Chambers et al.
2016) and Hyper-Suprime-Cam Subaru Strategic Program (HSC-SSP) survey,
u-band: Spitzer Adaptation of the Red-sequence Cluster Survey; SpARCS:
Muzzin et al. 2009, UV: Deep Imaging Survey (DIS): Martin et al. 2005, NIR J
and K band: the UKIDSS Deep Extragalactic Survey (DXS) DR10 (Lawrence
et al. 2007), MIR: IRAC instrument on board the Spitzer Space Telescope:
SWIRE; Lonsdale et al. 2003 and The Spitzer Extragalactic Representative
Volume Survey (SERVS; Mauduit et al. 2012).

Mahony et al. (2016) presented the first LOFAR 150 MHz map of the LH
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with a sensitivity of 160 puJy beam™! at a resolution of 18.7" x 16.4”. Williams
et al. (2016) presented the first LOFAR map of the Boo field at a resolution of
5.6 x 7.4 with an rms of 120 uJy beam~!. A deeper image of the Boo field,
reaching an rms of 55 pJy at its center, was presented by Retana-Montenegro
et al. (2018). Tasse et al. (2020, paper I) present the deepest, high-resolution
(6") low-frequency images and catalogues of the LH and Boo fields at 150 MHz
and also describe the general method followed for the data reduction of the
LoTSS Deep Fields. The even deeper LOFAR observations of the EN1 field are
presented separately by Sabater et al. (2020, paper II).

One of the immediate science products of deep radio surveys is the deter-
mination of the radio source counts, which can provide useful comparison with
counts predictions based on evolutionary models of radio source populations.
In the present paper, we collectively exploit the LH, Boo and EN1 deep LO-
FAR data to derive the deepest radio source counts at 150 MHz ever. The
derived source counts are compared with other existing determinations, as well
as with state-of-the-art radio source evolutionary models (e.g. Wilman et al.
2008; Mancuso et al. 2017; Bonaldi et al. 2019).

The outline of the paper is as follows. In Section 2 the data reduction and
the imaging process followed to obtain the deep images of the LH, Boo and
EN1 are described in brief. In Section 3, we summarize the source extraction
process and we describe the derived source catalogues and corresponding prop-
erties. This is followed by an analysis of the source size distribution and of the
catalogue incompleteness due to resolution bias (Section 4). Eddington bias and
related incompleteness are discussed in Section 5. Section 6 presents the derived
150 MHz source counts and their comparison with state-of-the-art evolutionary
models. We summarize our results in Section 7. Throughout this paper, we
have used the convention S, oc v®.



SOURCE COUNTS FROM LOTSS DEEP FIELDS 115
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Figure 5.1: LH (top left), Boo (top right) and EN1 (bottom) fields targeted
by LOFAR at 150 MHz. Light colors refer to the raw catalogues, cut at a
distance from the pointing center of 0.3 of the LOFAR 150 MHz primary beam
power. Darker colors refer to the final catalogues. The varying shape of their
footprints highlights the regions with available optical/IR data. The areas of
the optical /IR footprints are listed in Table 5.1.
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5.2 Observations and Data reduction

The observations and data reduction of the LoTSS Deep Fields are described in
detail in paper I, but for completeness we provide a brief summary below.

Each of the deep fields was observed using the LOFAR High Band Antenna
(HBA) in its HBA_DUAL_INNER mode. Observations were taken in approximately
8hr blocks and the total integration times were 112, 80 and 164 hours for the
LH, Boo and EN1 fields respectively'. The phase centers of the three pointings
are listed in Table 5.1 (R.A., DEC.). The calibration of the data was completed
in two steps. Firstly a direction independent calibration was performed using
the PREFACTOR pipeline? which is described in van Weeren et al. (2016a) and
Williams et al. (2016) and corrects for direction independent effects (see de
Gasperin et al. 2019). To efficiently deal with the large data rates, this pipeline
is run on a compute cluster connected to the LOFAR archive (see Mechev et al.
2018 and Drabent et al. 2019). The resulting data products are then calibrated
with the latest version of DDF-PIPELINE? which is briefly outlined in Section 5.1
of Shimwell et al. 2019 and detailed by paper I. This pipeline is based on the kMS
solver (Tasse 2014; Smirnov & Tasse 2015) and the DDFacet imager (Tasse et al.
2018) to calibrate for direction-dependent effects, such as ionosphere-induced
and beam model errors, and apply these solutions whilst imaging.

As described in Tasse et al. (2018), for each deep field a single good obser-
vation is selected and run through DDF-PIPELINE. The resulting sky model,
together with all observations from that particular field, are then input into a
second run of DDF-PIPELINE which calibrates all the data off that sky model,
before imaging all the data together and completing a final round of direction
independent and direction-dependent self-calibration. The frequency coverage
used to produce the images is 120 MHz to 168 MHz for Boo and LH and 115
MHz to 177 MHz for EN1%.

As described in papers I and II, the peak and integrated flux densities of
the final images were rescaled by factors of 0.920, 0.859 and 0.796 for the LH,
Boo and ENI1 fields respectively. These scaling factors were derived from the
comparison of the LOFAR flux densities with a variety of shallower radio sur-
veys available at various frequencies over these fields. The minimum sensitivity

LA full overview of the observation details is given in Table 1 of paper I (for the LH and
the Boo fields) and in Table 1 of Paper II (for the EN1 field).

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

3https://github.com/mhardcastle/ddf-pipeline

4The exact central frequency of the imaged band is therefore 144 MHz for LH and Boo,
and 146 MHz for EN1.
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reached at the center of the images (after rescaling) is o. ~ 22, 32, 20 uJy
beam ™!, respectively, at a resolution of 6" (see Table 5.1). Although dynamic
range effects are present around bright sources, in all cases the final image noise
levels are within ~ 10% of the noise levels predicted from 8-hr depths, assuming
an rms scaling with time t~°°. We note that the noise measured in the Boo
field is higher compared to the other two, also due to its lower declination.

5.3 Source extraction, masking and deblending

Initial source catalogues were extracted in each field using the PYthon Blob
Detector and Source Finder (PYBDSF: Mohan & Rafferty 2015). The strategy
followed for LH and Boo is detailed in paper I. In brief, the source detection
threshold was set at 50 for the peak flux and at 3o for the definition of the
contiguous pixels used for the source Gaussian fitting, where o is defined as
the local rms noise at the source position. To measure the background noise
variations across the images, a sliding box of the size of 40 x 40 synthesized
beams was used. For high signal-to-noise (>150) sources, the box size was
reduced to 15x15 synthesized beams in order to capture the increased local
noise level more accurately. For EN1 a slightly different set of parameters was
used (see Table C.1 of paper II). The PyBDSF wavelet decomposition mode
was used in all fields to better describe complex sources characterized by very
extended emission. A flag is assigned to each source according to the number of
Gaussian components fitted: ‘S’ and ‘M’ refer to sources fitted by a single and
multiple Gaussian components respectively, whereas ‘C’ means that the source
lies within the same island as another source. For a more detailed description
of the method and format of the catalogues, see the webpage® and Shimwell
et al. (2019). The catalogues were cut at a distance from the pointing centre
roughly corresponding to 0.3 of the 150 MHz LOFAR primary beam power
(corresponding to fields of view of about 25 deg?). The footprints of these initial
catalogues (hereafter referred to as raw catalogues) are shown in light colors in
Figure 5.1. The total number of sources over these footprints is respectively
50,112 (LH), 36,767 (Boo) and 69,954 (EN1).

Deep and wide optical and IR data are available over part of the LoTSS
Deep Fields. Over these common sub-regions, we could carry out an extensive
process of multi-wavelength cross-matching and source characterisation, that
allowed us to produce a cleaner and more reliable radio source catalogue. This

Shttp://www.astron.nl/citt/pybdsf/
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process is extensively described by paper III, and only briefly reported here.
Using a combination of statistical techniques and visual cross-matching, dis-
tinct PyBDSF components belonging to the same physical radio sources were
grouped together to form multiple-component and/or complex radio sources. In
addition, PyBDSF components were identified that needed to be deblended into
separate Gaussian components associated with different host galaxies. In the
same process, using the deep multi-wavelength datasets we were able to identify
the host galaxies of over 97% of the detected radio sources®. After masking,
the catalogues cover respectively 10.3 deg? (LH), 8.6 deg? (Boo) and 6.7 deg?
(EN1), and collect respectively 31,163 (LH), 19,179 (Boo) and 31,645 (EN1)
sources. In the following we will refer to these deblended/associated catalogues
as final catalogues. The footprints of the final catalogues are shown in dark col-
ors in Figure 5.1. The irregular shape of these footprints follows the optical /IR
sky coverage. We note that ‘holes’ are present in such footprints, due to the
fact that regions with very bright optical and/or radio sources (which typically
produce artifacts in their surroundings) were masked.

In addition we have pixel-matched the images in each waveband and ex-
tracted aperture-matched photometry from ultraviolet to infrared wavelengths,
deriving high-quality photometric redshifts for around 5 million objects across
the three fields (see Duncan et al., 2020, paper IV of this series, for more details).
The raw and final radio catalogues, as well as the optical /IR and photometric
catalogues, are available on the LOFAR Surveys Data Release site web-page”.

5.3.1 Visibility function of raw and final catalogues

Figure 5.2 shows the so-called visibility function (i.e. the cumulative fraction
of the total area of the noise map characterized by noise measurements lower
than a given value) for the LH (blue), Boo (red) and EN1 (green) fields. Raw
and final catalogues are indicated respectively by the dashed and solid lines. We
note that the visibility functions of final catalogues are significantly steeper than
those of the raw catalogues. This is due to the fact that the final catalogues
are mostly confined in the inner, most sensitive parts of the LOFAR fields.
As a consequence the median noise is significantly lower for final than for raw
catalogues (see Table 5.1).

697.6% for EN1 and LH; 96.9% for Boo.
Thttp://www.lofar-surveys/releases.html
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Table 5.2: Parameters describing the unresolved /resolved sources’ dividing lines
(see Egs. 5.2 and 5.3) for the LH, Boo and EN1 catalogues.

Field A B %rcsovad
raw final

LH | 115 3.0 34 25
Boo | 1.00 2.0 47 38
EN1 | 1.07 3.0 35 24

5.3.2 Source Size Deconvolution

Characterisation of resolved versus unresolved sources in our catalogues is im-
portant in order to correct the catalogues for the incompleteness introduced
by so-called resolution bias (described in Section 5.4). The total flux density
(Stotal) Of a source can be written as:

Stotal/Speak = emajamin/bminbmaj (51)

where Speax is the source peak flux density, Omin and 0, are the source full-
width-half-maximum (FWHM) axes, and bmin and bma; are the restoring beam
FWHM axes. In an ideal image, in the absence of noise, the total flux density
of a point source is equal to its peak flux density. In real images both the total
and peak flux measurements of point sources are affected by errors. This means
that not all sources with Siotal > Speak Would be genuinely resolved sources.
The Stotal/Speak ratio as a function of signal-to-noise ratio (SNR = Spear/0,
where o is the local rms noise), can be used to establish a statistical criterion
to establish if a source is likely extended or point-like (see e.g. Prandoni et al.
2000b, 2006). In Figure 5.2, the ratio of the total to peak flux densities is shown
as a function of SNR for both raw and final catalogues. A lower envelope of the
source distribution can be defined by the following equation:

Stotal/Speak = A/(]. + B/SNR) (52)

where A and B are two free parameters (see dashed lines in each panel of
Fig. 5.2). As expected, going to higher SNR, measurement errors get smaller.
At SNR>>100 the 2nd term of Eq. 5.2 can be neglected, and the Siotal/Speak
tends to A. In an ideal case, where radial smearing is taken care of, the ratio of
the total over the peak flux density for point sources should converge to a value
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of A=1 at very high SNRs. The DDFacet pipeline implements a facet depen-
dent PSF which, for deconvolved sources, accounts for the impact of time and
bandwidth smearing (Tasse 2014). However, due to imperfect calibration of the
PSF across the field and/or smearing of sources due to ionospheric distortions,
the value of the ratio at high signal-to-noise sources can be found to be higher
than 1 and can be field-dependent (as ionospheric effects are time and spatially
dependent). The values of A for the LH, Boo and EN1 field are respectively
1.15, 1.00 and 1.07 (see Table 5.2). This could potentially mean that the Boo
field is less affected by ionospheric smearing when compared with LH and EN1.
The B value also changes depending on the field, with Boo showing a lower
value than LH and EN1 (see Table 5.2), again indicating smaller errors in the
determination of source flux densities. We notice that the parameters given in
Table 5.2 provides a good description of both raw and final catalogues. The
lower envelopes can then be mirrored around the Sioai/Speak = A axis to get
the upper envelopes:

Stotal/Speak =A- (1 + B/SNR) (53)

Sources lying above the upper envelopes (dashed black lines in each panel) are
then considered to be truly extended or resolved sources. Sources below the
upper envelopes are considered to be point sources. The fraction of resolved
sources in each field is given in Table 5.2. In final catalogues the fraction of
resolved sources vary from 24-25% (EN1 and LH) to 38% (Boo). The ~ 10%
higher fractions observed in raw catalogues reflect the larger number of bright
extended sources detected in their larger FoV. These fractions should be consid-
ered as indicative, as they depend on the criteria used to define them. Sabater
et al., for instance, as part of their detailed analysis of the ENI1 field, used
more stringent criteria, which also include additional sources of errors for the
source fluxes, and estimated that between 4 and 11% of the sources in the EN1
raw catalogues are genuinely extended (see paper II for more details). Never-
theless, we decided to apply the same approach to all fields, and to both final
and raw catalogues, to enable a consistent statistical analysis of the source size
distribution in the three fields (see Sect. 5.4).
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Figure 5.2: Visibility functions of the raw (dashed lines) and final (solid lines)
catalogues presented in this paper. Blue, red and green colors correspond to
the LH, Boo and EN1 fields, respectively. The visibility functions represent the
cumulative fraction of the total area of the noise map characterized by a noise
lower than a given value. We caveat that the total area covered by the final

catalogues is much smaller than the one covered by the raw catalogues (see Tab.
5.1).
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Figure 5.2: Total to peak flux density ratio as a function of signal to noise
ratio (SNR = Speax/0) for both the raw (black transparent circles) and final
(A symbols in blue, red and green colors) catalogues in the LH, Boo and EN1
fields (respectively from top left panel). The dashed and solid lines represent
the unresolved source distribution lower and upper envelopes respectively (see
text for more details).
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5.4 Source Size Distribution and Resolution Bias

In deriving the source counts, the completeness of the catalogues in terms of
total flux density needs to be estimated. Such completeness depends on source
angular sizes, since, as shown by Eq. 5.1, a larger source of a given total flux
density will drop below the 5o limit of a survey more easily than a smaller
source of the same total flux density. This effect, called resolution bias, results
from the fact that the detection of a source depends on its peak flux. Following
Prandoni et al. (2001b, 2006), we can use Eq. 5.1 to calculate the approximate
maximum deconvolved size (On,ax) a source of a given total flux, Siotal, can have
before dropping below the 50 limit of the catalogue:

emax = 6N (Stotal/(50) -1 (54)

where ON = /bmajbmin is the geometric mean of the restoring beam axes. In
our case ON=bmaj=bmin=06".

In Figure 5.3 we show the deconvolved source sizes as a function of the total
flux density for both raw and final catalogues. Each panel corresponds to a
different field: LH (top-left), Boo (top-right) and EN1 (bottom). Deconvolved
sizes are defined as the geometric mean of the major and minor FWHM axes,
except for well resolved radio galaxies, which are better described by their major
axis. Deconvolved sizes of point sources are set to zero. As expected, the upper
envelope of the source size distributions approximately follow the O,.x — Stotal
relation (short-long-dashed line) in all fields.

Equations 5.1 and 5.3 can also be used to derive an approximate minimum
intrinsic angular size (Op,;n) that can be resolved reliably as a function of the
source peak flux density:

Omin = OnVA - (1 +B/SNR) — 1. (5.5)

The curve representing ©;, is shown in Figure 5.3 by the solid lines.

In order to quantify the fraction of sources larger than Oy ,y, and in turn
the incompleteness affecting our catalogue, we need to know the true intrinsic
radio source size distribution within the flux range probed by our survey. We
start assuming the empirical integral distribution proposed by Windhorst et al.
(1990) for 1.4 GHz-selected samples:

h(> ©) = exp[—In2(0/Oed)?] (5.6)

where ¢ = 0.62 and the median source size varies with the total flux density as
follows:

@med =k X (51‘4GHZ)m (57)
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with k=2" m = 0.3, S1.4an, expressed in mJy. The Windhorst et al. (1990) re-
lations are extensively used in the literature to estimate the resolution bias,
either for 1.4 GHz selected samples (see e.g. Prandoni et al. 2001b, 2018;
Huynh et al. 2005; Hales et al. 2014b), or for surveys at other frequencies,
including LOFAR HBA ones (Mahony et al. 2016; Williams et al. 2016; Retana-
Montenegro et al. 2018). We converted the median size - flux relation to 150
MHz assuming a spectral index o = —0.7. This assumption is appropriate for
radio catalogues dominated by faint sub-mJy radio sources. Indeed spectral
index analyses performed using shallower (Si50 mu, > 1 mJy) LOFAR obser-
vations of the Bootes and LH fields, report overall median spectral index val-
ues of alghGHz = —0.73 £0.33 and —0.78 £ 0.24, for AGN and star-forming
galaxies respectively (Bootes; Calistro Rivera et al. 2017), as well as a flatten-
ing of the spectral index going to lower flux densities, with a median value of
algdGHz — —0.71‘8:83 at Sisomuz ~ 1 — 2 mJy (LH; Mahony et al. 2016).

As shown in Figure 5.3 the median sizes of both raw and final catalogues (re-
spectively indicated by filled black-bordered magenta squares and golden circles
with error bars) are compared with the Windhorst et al. (1990) size - flux relation
converted to 150 MHz (long-dashed line). We see a discrepancy at intermediate
fluxes (10 — 100 mJy), where the measured sizes appear in slight excess to what
was predicted by Windhorst et al. (1990). We therefore decided to consider
also the median size — flux relation derived from the Tiered Radio Extragalactic
Continuum Simulation (T-RECS) catalogues at 150 MHz (Bonaldi et al. 2019,
dot-dashed line), which implement different size — flux scaling relations for star-
forming galaxies and AGN. This seems to better reproduce our measured sizes
at fluxes S1somuz ~ 10 — 100 mJy, where extended radio galaxies (with typical
sizes of hundreds of kpc) are expected to provide a significant contribution to
the total radio source population. We caveat, however, that the afore-mentioned
analysis is limited to flux densities Si50 Mmuz > 2 mJy, while the large major-
ity of the sources in the LoTSS Deep Fields are fainter. Most of these sources
cannot be reliably deconvolved, implying that no direct information on their
size distribution can be obtained. Several attempts have been made to estimate
the intrinsic source sizes at sub-mJy fluxes, based on deep samples carried out
over a wide range of observing frequencies (from 330 MHz to 10 GHz). Some of
these works have proposed a steepening of the Windhorst et al. (1990) median
size - flux relation at sub-mJy fluxes, with m = 0.4 — 0.5 in the range 0.1 — 1
mJy (Richards 2000; Bondi et al. 2003, 2008; Smoléié¢ et al. 2017). A smooth
transition from a flatter to a steeper relation at sub-mJy fluxes could again be
justified by a smooth transition from a flux regime dominated by extended radio
galaxies (S > 1 mJy) to a flux regime dominated by radio sources triggered by
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star-formation (or by composite SF/AGN emission), confined within the host
galaxy.

In order to establish which size-flux relation would best quantify the in-
completeness of our catalogues we have decided to include in our analysis the
results from other deep surveys. Figure 5.4 shows the existing measurements
of (median) source sizes in various flux bins for a number of surveys (different
colors/symbols refer to different observing frequencies). Also shown are the
median sizes derived by combining together the three LoTSS fields (raw and fi-
nal catalogues, respectively indicated by filled black-bordered magenta squares
and golden circles). To make the comparison meaningful, all fluxes referring
to a different observing frequency have been converted to 1.4 GHz, assuming
a = —0.7. Also shown are various size — flux relations: the ones proposed by
Bonaldi et al. (2019, converted to 1.4 GHz) and Windhorst et al. (1990) (dot-
dashed and long-dashed lines respectively), and some modifications of the latter.
The short dashed lines show the ones obtained by rescaling the Windhorst et al.
(1990) relation by 1.5x and 2x (i.e. assuming k=3 and k=4 in Eq. 5.7), while
the dotted line assumes a smooth transition between m = 0.3 and m = 0.5
going from mJy to sub-mJy flux densities, i.e.:

m =m(S) = 0.3+ 0.2 x exp(—S7? ,q,) (5.8)

with S7.4qn, expressed in mJy. Focusing on the sub-mJy regime, it is clear that
both the Windhorst et al. (1990) and the steeper m(S) relations are consistent
with the observed sizes, especially when considering only the 1.4 GHz surveys
(black filled triangles). Surveys undertaken at higher frequencies seem to point
towards the steeper relation, but these samples may be biased towards a flatter
spectrum population, resulting in an over-estimation of the flux densities once
converted to 1.4 GHz assuming a too steep spectral index. We also caveat that
higher frequency surveys more easily miss extended flux, and resolution bias
issues can indeed mimic a steepening of source median sizes getting close to
the flux limit of a radio survey. At larger flux densities (S1.4¢mz > 1 mJy) the
median sizes are observed to lie between the Windhorst et al. (1990) relations
described by k = 2 and k = 4, with a tendency for larger sizes going to lower
frequency. Indeed some source counts’ analyses of shallower LOFAR surveys in
the LH and Boo fields claimed in the past a better consistency with a k = 4
Windhorst et al. (1990) median size — flux scaling relation (Mahony et al. 2016;
Retana-Montenegro et al. 2018). It is interesting to note, however, that the
LoTSS final catalogues are characterized by smaller median sizes than the raw
catalogues at their faint end (51 4¢u, < 5 mJy), indicating that confusion signif-
icantly affects the measured sizes of the faintest sources, and that a significant
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number of faint sources were deblended. On the other hand, the final catalogues
tend to be characterised by larger sizes at the bright end (57 4gm, > 100 mJy),
likely as a consequence of the association of multiple components into single
sources, after visual inspection of the radio/optical images (see Sect 5.3). Af-
ter accounting for these effects, LoTSS median sizes (golden filled circles) are
consistent with the Windhorst et al. (1990) & = 2 size — flux relation up to
S1.4cHz ~ 2 mJy. Then they smoothly increase and become consistent with the
Bonaldi et al. (2019) relation at S1.4¢mz > 10 mJy. At Si4cm, > 100 mJy the
LoTSS source median sizes show large uncertainties. At these large flux densi-
ties also the Bonaldi et al. (2019) relation is poorly determined, being based on
a simulated catalogue covering a similar area to the one covered by the LOFAR
deep fields (25 deg?). It is interesting to note, however, that both are consistent
with the Windhorst et al. (1990) relation. Based on all the above considera-
tions, a good description of the observed median sizes can be obtained by the
following analytical form, which assumes the Windhorst et al. (1990) relation
with a varying k = k(5), i.e.:

_ {3-5 — 1.5 x exp(—S1.4cHz/2)  Siacu, < 4.5 (5.9)

24+1.5x eXp(*Sl_4GHZ/200) S1.acHz > 4.5

where S1 4gH, is expressed in mJy (see solid line in Fig. 5.4).

Another important consistency check regards the angular size distribution
of the sources. Figure 5.5 shows the cumulative size distributions of the final
catalogues combined together, in four flux density bins (yellow solid lines). Such
distributions can be considered reliable only down to a flux-dependent minimum
intrinsic size (see vertical grey lines), below which most of the sources cannot
be reliably deconvolved and they are conventionally assigned © = 0. The ob-
served distributions are compared with various realizations of the cumulative
distribution function described by Eq. 5.6, obtained by varying either the func-
tion exponent ¢ (left and right columns respectively) or the assumed median
size — flux relations (see various black lines). The original function proposed by
Windhorst et al. (1990) (Eq. 5.6 with ¢ = 0.62, see left column) does provide a
good approximation of the observed distributions, when assuming the original
Omeda — S relation described by Eq. 5.7, only at fluxes Sisomm, > 10 mJy (see
long-dashed lines). This is perhaps not surprising considering that this relation
was calibrated at 1.4 GHz down to a few mJy fluxes. At the lowest flux den-
sities (S1sommz < 1 mJy) we need to assume a steepening of the parameter m
(see Eq. 5.8), to get a good match with observations (dotted line in the top left
panel). This is consistent with what proposed for higher frequency deep surveys
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(as discussed earlier in this Section). At intermediate fluxes (S150mu. ~ 1 —10)
mJy, on the other hand, none of the discussed median size — flux relations can
reproduce the observed size distribution (see second-row panel on the left). It
is interesting to note, however, that if we assume a steeper exponent for the
distribution function described by Eq. 5.7 (i.e. ¢ = 0.80), we get a very good
match with observations at all fluxes, when assuming a flux-dependent scaling
factor (k = k(S); see Eq. 5.9) for the Windhorst et al. (1990) median size —
flux relation (black solid lines on the right). The median sizes derived from the
T-RECS simulated catalogues (Bonaldi et al. 2019) also provide good results
for ¢ = 0.80 (dot-dashed lines on the right), except again at intermediate fluxes
(S150MHuz ~ 1—10), where they show strong discrepancies with observations also
in Fig. 5.4. This seems to indicate that the number density of extended radio
galaxies in this flux density range is over-estimated in the T-RECS simulated
catalogues.

Correction for Resolution Bias

The correction factor ¢ that needs to be applied to the source counts to account
for the resolution bias can be defined as (Prandoni et al. 2001b):

c=1/[1 - h(> Om)] (5.10)

where h(> Oy ) takes the form of the integral of the angular size distribution
proposed by Windhorst et al. (1990, see Eq. 5.6), and Oy, is the limiting an-
gular size above which the catalogues are expected to be incomplete. Following
Prandoni et al. (2001b), this is defined as:

®lim = maX[®min> @max] (511)

where O, and Opi, are as defined in Egs. 5.4 and 5.5 respectively. We
notice that Oy, is always equal to O .y, except for the lowest flux bins, where
Omax becomes unphysical (i.e. tends to zero). O, accounts for the effect of
having a finite restoring beam size (that is Oy, > 0 at the survey limit) and
a deconvolution efficiency which varies with the source peak flux (see Prandoni
et al. 2001b for more details).

Figure 5.6 (left panel) shows the correction factor derived assuming the
median size — flux relations discussed above, combined with appropriate values of
the ¢ exponent in Eq. 5.6, based on our analysis of the source size distribution
(see Fig. 5.5 and related discussion). A caveat to keep in mind is that the
resolution bias correction does depend on both the source flux and the noise
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value at the source position (and/or the source signal-to-noise ratio; see Eqgs. 5.4
and 5.5). The corrections presented in Fig. 5.6 (left panel) account for local
and radial variations of the noise through empirical relations between source
flux and local noise or signal-to-noise ratio, specifically derived for each field.
Such relations describe average trends only, and hence the corrections presented
here should be considered as indicative. The corrections effectively applied
to the counts are based on the actual source flux, noise and signal-to-noise
ratio distributions. It is interesting to note, however, that, as a consequence
of radially-increasing noise (and/or limited dynamic range around bright radio
sources), the correction factor ¢ does not necessarily converge to 1 at large flux
densities. As shown in Fig. 5.6, in the masked regions of our fields this only
happens when assuming the shallower integral distribution function (¢ = 0.62).
For the steeper one (¢ = 0.80), the expected number density of very extended
sources is small, and resolution bias effects become negligible at Si50nm, > 500
mJy.
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Figure 5.3: Source intrinsic (deconvolved) angular sizes as a function of the measured
150 MHz total flux densities. Deconvolved sizes are defined as the geometric mean
of the major and minor FWHM axes, except for well resolved radio galaxies, which
are better described by their major axis. Deconvolved sizes of point sources are set
to zero. Raw (.) and final (A) catalogues of the LH, Boo and EN1 fields are shown
in the top left, top right and bottom panels, respectively. The short-long-dashed lines
in the three panels define the maximum size (Omax) & source can have for a given
measured total flux before dropping below the detection threshold. The solid lines
give the minimum size (Omin) below which deconvolution is not considered reliable.
Both lines have been drawn assuming the median noise in the masked area (see last
column of Table 5.1). The long-dashed lines indicate the Windhorst et al. (1990)
median size - flux relation, converted to 150 MHz, while the dot-dashed lines indicate
the median size - 150 MHz flux relation derived from the simulated T-RECS catalogues
directly at 150 MHz (Bonaldi et al. 2019). The filled black-bordered magenta squares
and golden circles with error bars represent the median source sizes for the raw and
final catalogues respectively. Medians are computed only for those flux bins where
unresolved sources represent less than 50% of the total number of sources.
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Figure 5.4: Source median angular size vs. 1.4 GHz total flux density, as es-
timated in some of the deepest radio samples available so far. Different col-
ors/symbols correspond to different observing frequencies: 330 MHz (grey filled
diamonds - Owen et al. 2009); 1.4 GHz (black filled triangles - Richards 2000;
Bondi et al. 2003, 2008; Muxlow et al. 2005; Prandoni et al. 2018); 3 GHz (red
empty squares - Bondi et al. 2018; Cotton et al. 2018); 5.5 GHz (blue stars
- Prandoni et al. 2006; Guidetti et al. 2017); 10 GHz (brown asteriscs - Mur-
phy et al. 2017). Also shown are the median sizes measured in our raw and
final catalogues (150 MHz), combined together (filled black-bordered magenta
squares and golden circles). We note that Guidetti et al. (2017) gives different
median sizes for the AGN and star-forming galaxy sub-populations. The latter
population is indicated as a circled blue star in the figure. All fluxes have been
converted to 1.4 GHz, assuming a spectral index a = —0.7. Various median
size — flux relations are shown for comparison: the ones proposed by Bonaldi
et al. (2019) and Windhorst et al. (1990) (dot-dashed and long-dashed lines
respectively), and some revised versions of the latter. The short dashed lines
show the relations obtained by rescaling the Windhorst et al. (1990) relation
by 1.5x and 2x (i.e. assuming k = 3 and k = 4 in Eq. 5.7); the dotted line
assumes a smooth transition between m = 0.3 and m = 0.5 going from mJy to
sub-mJy flux densities,a s described by Eq. 5.8; the solid line assumes a value
of k varying with flux density according to Eq. 5.9 (see text for more details).
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Figure 5.5: Source size cumulative distribution of final catalogues (yellow solid
line) in four 150 MHz flux density bins. The vertical grey lines in all panels pro-
vides an approximate indication of the minimum intrinsic angular size to which
the observed distributions can be considered reliable (most of the sources below
this line cannot be reliably deconvolved and they are conventionally assigned
© = 0). Also shown for comparison are various realizations of the cumulative
distribution function described by Eq. 5.6. The two columns correspond to
two different values for the function exponent ¢: the original one proposed by
Windhorst et al. (1990) (¢ = 0.62) on the left, and a steeper one (¢ = 0.80) on
the right. In addition we also vary the median size — flux relation. In particular
we assume the original Windhorst et al. (1990) relation (black long-dashed line),
the revised versions with flux-dependent m and k parameters, as described by
Egs. 5.8 and 5.9 (black dotted and solid lines respectively) and the one describ-
ing the T-RECS catalogues (Bonaldi et al. 2019; black dot-dashed line). All
such realizations are shown on the left; on the right we only show the realiza-
tions obtained using the Bonaldi et al. (2019) and the revised Windhorst et al.
(1990) k = k(S) relations.
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Figure 5.6: Left: Flux-dependent correction to be applied to source counts
to account for incompleteness due to resolution bias, for four median size -
flux relations: the one derived from the simulated T-RECS catalogues (Bonaldi
et al. 2019; dot-dashed lines), the one proposed by Windhorst et al. (1990, long-
dashed lines)), the revised version with m = m(S), which better describe source
sizes at 1.4 GHz sub-mJy fluxes (see Eq. 5.8, dotted lines), and the revised
version with k = k(S) proposed by us (Eq. 5.9, solid lines). We also vary the
q exponent of the integral distribution function. Based on our analysis of the
source size distribution (see Fig. 5.5 and related discussion), we assume the
original value proposed by Windhorst et al. (1990, ¢ = 0.62) for the Windhorst
et al. (1990) median size — flux relation and for the revised version with m =
m(S). We assume a steeper ¢ = 0.80 for the revised version with k = k(S)
and for the Bonaldi et al. (2019) relation (see legenda). Different colors refer
to different fields: LH (blue), Boo (red), EN1 (green). The corrections account
for noise variations in the masked images through an empirical relation between
source flux and source signal-to-noise ratio, calibrated for each field (we assume
here the median noise of the masked images; see last column of Tab. 5.1).
Right: Eddington bias for different underlying number-count distributions, as
illustrated in the top panel: source counts’ slope (v; dN/dS ~ S~7) derived from
the sixth-order polynomial fit proposed at 1.4 GHz by a) Hopkins et al. (2003)
(dot-dashed line) and b) Bondi et al. (2008) (dashed line), both converted to 150
MHz assuming a spectral index o« = —0.7; we also show a revised version of the
Bondi et al. (2008) fit, which assumes a constant Euclidean slope (7 = 2.5) from
2 mJy all the way down to 0.1 mJy (dotted line). The polynomial fit proposed
by Intema et al. (2017) at 150 MHz and valid only for the bright end of the
counts is also shown for reference (solid line). The flux boosting (Smeas/Strue)
corresponding to the three cases illustrated above is shown in the bottom panel
for two different source signal-to-noise ratios: SNR=5 and SNR=10.



134 SOURCE COUNTS FROM LOTSS DEEP FIELDS

5.5 Eddington bias

While correcting for resolution bias is important to account for missed resolved
sources, Eddington bias (Eddington 1913, 1940) should be taken into account
to get an unbiased census of unresolved sources. Due to random measurement
errors the measured peak flux densities will be redistributed around their true
value. In presence of a source population which follows a non-uniform flux
distribution, this will result in a redistribution of sources between number-count
flux density bins. The way the sources are redistributed depends on the slope
of source counts. If the source number density increases with decreasing flux,
the fluxes tend to be boosted and the probability to detect a source below the
detection threshold is higher than the probability to miss a source above the
threshold, artificially boosting the detection fraction. As a consequence the
catalogue incompleteness at the detection threshold is also biased.

There are two main approaches to correct for Eddington bias, both requiring
an assumption about the true underlying source counts distribution (see Hales
et al. 2014b for a full discussion): one can build the source counts using the
boosted fluxes and then apply a correction to each flux bin, or one can correct
the source fluxes, before deriving the counts. As demonstrated by Hales et al.
(2014a) the two approaches give very similar and consistent results, and we
decided to follow the latter approach. A maximum likelihood solution for the
true source flux can be defined as follows (see Hales et al. 2014b and references

therein):
as 4
Strue = Smedb : (1 + 1-— 7 > (512)

2 SNR?

where v = v(95) is the slope of the counts at the given flux density (dN/dS ~
S~7), and SNR is the source signal-to-noise ratio. The slope of the counts can
be modeled from empirical polynomial fits of the observed counts:

log <dN S 5> Zal (log S)’ (5.13)

It is then easy to demonstrate that:

n

y=25-> i-a;(logS)"" . (5.14)

i=0
In order to derive v we can use one of the several counts’ fits available in the lit-
erature. Intema et al. (2017) derived a fifth-order polynomial fit which describes
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the 150 MHz normalized counts of the TIFR GMRT Sky Survey (TGSS), but
this fit is only valid down to a flux limit of 5 mJy. The deepest fits available
in the literature have been obtained at 1.4 GHz. We start by exploring the
sixth-order (n = 6) polynomial fits obtained by Hopkins et al. (2003) and Bondi
et al. (2008) for 1.4 GHz normalized source counts (converted to 150 MHz using
a = —0.7%). The two cases are illustrated in the top right panel of Fig. 5.6 (dot-
dashed and dashed lines respectively), where the derived counts’ slope is shown.
Both cases are consistent with the Intema et al. 150 MHz fit (indicated by the
solid line) at bright flux densities (S > 100 mJy), while significant discrepancies
are observed at fainter fluxes, where the deeper 1.4 GHz fits better describe the
well-known flattening of the normalized counts. Both the 1.4 GHz fits show an
increasing slope below 10 mJy, reaching a maximum around 1 mJy. This max-
imum is more pronounced in the case of Bondi et al. (2008), and is consistent
with an Euclidean slope of v ~ 2.5. At S < 1 mJy both slopes show a rapid
drop. The reality and strength of this drop is unclear, as this is the flux regime
where the fits are less reliably constrained. We then explore a third case, i.e. a
modification of the Bondi et al. fit, which assumes a constant Euclidean slope at
flux densities S < 2 mJy. This represents an extreme scenario, which however
might be favoured by the recent 150 MHz source counts modeling proposed by
Bonaldi et al. (2019), that indicates a flatter slope in the flux range 0.1 — 1 mJy.
This last case is illustrated by the dotted line in Fig. 5.6 (top right panel). The
flux boosting expected for the three aforementioned scenarios is illustrated in
the bottom right panel of Fig. 5.6 for two signal-to-noise ratio values, SNR=5
and SNR=10.

Once the point source fluxes are corrected for Eddington bias, we can obtain
an estimate of the catalogue incompleteness at the detection threshold through
the use of Gaussian Error Functions (ERF).

8We caveat that assuming a single spectral index is a crude approximation. In principle
we should account for the intrinsic scatter in the spectral index distribution of the sources, as
well as for possible deviations of the mean spectral index with flux density, due to the varying
relative contribution of the individual source populations. Such an approximation is however
acceptable, since the largest uncertainties in this analysis come from the assumptions on the
counts’ slope at the faintest fluxes, which is very poorly known.
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Figure 5.7: Normalized 150 MHz differential source counts in the three LoTSS
Deep Fields, as derived from raw (top) and final (bottom) catalogues (filled
squares). Error bars correspond to the quadratic sum of Poisson and systematic
errors. Also shown are the counts obtained without applying the corrections
discussed in Sects. 5.4 and 5.5 (empty squares). The counts are derived by
using total flux densities for both point and extended sources. In both figures,
Wilman et al. (2008), Bonaldi et al. (2019) and Mancuso et al. (2017) 150 MHz
models are shown for comparison, as well as other existing 150 MHz counts’
determinations in the same fields (see legend). Since published 150 MHz counts
are missing for EN1, we show a recent determination obtained at 610 MHz
(Ocran et al. 2020) and rescaled to 150 MHz, assuming o« = —0.7. Also shown
are the counts’ best fits discussed in Sect. 5.5.



SOURCE COUNTS FROM LOTSS DEEP FIELDS

137

o7
BOO:
m This work
10* |
Foome
(yPrandoni+18 (1.4 GHz scaled)
o (OVernstrom+16 (3 GHz scaled)
= This work
% L}
= .
_ 1000 | ENE
| ' oOcran+20 (610 MHz scaled)
. m This work
0
N
@
a
n
o 100 F
Lo 2
L= /
10 £ |

LOFAR FINAL CATALOGUES

___ Models 150 MHz Bonaldi+19
____ Models 150 MHz Wilman+08
____ Models 150 MHz Mancuso+17

___ Bondi+08 1.4 GHz fit

100 1000

(mJy)

Figure 5.8: Normalized 150 MHz differential source counts in the three LoTSS
Deep Fields, as derived from final catalogues (filled squares), compared to counts
derived from higher frequencies surveys (see legend), and rescaled to 150 MHz
by assuming o« = —0.7. Error bars correspond to the quadratic sum of Poisson
and systematic errors. Also shown are the Wilman et al. (2008), Bonaldi et al.
(2019) and Mancuso et al. (2017) 150 MHz models and the counts’ best fits
discussed in Sect. 5.5. The counts are derived by using total flux densities for

both point and extended sources.
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Table 5.3: 150 MHz normalized differential radio-source counts as derived from
combining the raw and final catalogues of the three LoTSS Deep Fields. < S >
is the geometric mean of the respective flux density bin, expressed in mJy;
N(raw) and N (final) indicates the normalized source counts obtained from the
raw and final catalogues respectively (in Jy'-®sr~—1); +o, are the total errors
on the counts, estimated as the quadratic sum of Poissonian and systematic
errors. We note that only EN1 and LH sources contribute to the first flux

density bin.

< 8> | N(raw)T7wr | N(final)=7%*
020 | 262075 | 32.887210
0.29 | 34.007293% | 40.567%52
0.41 38.9412:27 45741278
0.57 | 44.80%%15 49,6412
0.81 49.195;% 48.785:;%
115 | 4839728 | 43407178
1.62 | 47.867353 42.361151
2.29 | 4847F3% | 41747230
3.24 | 55721280 | 51937372
4.59 | 60.257559 52.3014 42
6.49 | 79.17+L%8 73.0815-55
9.17 104.4159 105.4%72
154 | 160.0757 142,677
30.9 | 29057150 | 307.011%4
61.7 | 533240 | 597500
123 | 970.003%5 | 991.073%%
349 191120 16607 15!
1396 | 39157550 47931900
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5.6 Differential source counts

The differential source counts, normalised to a non-evolving Euclidean model,
obtained from the LoTSS Deep Fields are shown in Figure 5.7, together with
other count determinations obtained in the same fields from previous low-
frequency surveys (see legend). The top and bottom panels refer to counts
derived from the raw and final catalogues, respectively (see filled boxes). The
source counts obtained from the final catalogues are reported in tabular form in
the Appendix (Tables 5.5, 5.6 and 5.7, for LH, Boo and EN1 fields respectively),
and are also shown in Fig. 5.8, where they are compared to counts extrapolated
from higher frequencies. In deriving the counts we applied a ‘fiducial’ model
for the systematic corrections described in Sects. 5.4 and 5.5. Specifically we
assumed the Windhorst et al. (1990) size — flux relation with k& = k(S) (Eq.
5.9), in combination with a ’steep’ (¢ = 0.80 in Eq. 5.6) integral size distribu-
tion, to estimate the resolution bias, and we assumed the Bondi et al. (2008)
source counts best fit to estimate the Eddington bias. The uncertainties associ-
ated with such assumptions are factored into systematic error terms (see Sys™
and Sys™' columns in the counts’ tables), that are defined as the maximum dis-
crepancy between the ‘fiducial’ counts and those obtained assuming the other
discussed models (shown in Fig. 5.6). Also shown in Fig. 5.7 are the counts
obtained from the three LoTSS fields before applying the corrections for resolu-
tion and Eddington bias (empty boxes). As expected such corrections are only
relevant for the lowest flux density bins. We cut the source counts at a thresh-
old of ~ 70med, Where systematic errors dominate over Poissonian (calculated
following Gehrels 1986) by factors ~ 5 — 10.

The normalized 150 MHz source counts derived from the three LoTSS Deep
Fields are in broad agreement with the counts obtained from previous low- and
high- frequency radio surveys (see Figs. 5.7 and 5.8), and show the well known
flattening at .S < few mJy. However, when comparing the source counts derived
from raw and final catalogues, we notice a very interesting feature: the latter
show a much more pronounced drop at fluxes around a few mJy, which results
in a more prominent ‘bump’ in the sub-mJy regime. For a more quantitative
analysis of this feature we have combined the sources in the three fields and
produced a combined version of the source counts. This allows us to smooth out
field-to-field variations due to cosmic variance and/or residual systematics (like
e.g. residual flux scaling issues, see Sect. 5.2), as well as reduce the scatter at
bright fluxes, where Poissonian errors dominate. The combined counts derived
from raw and final catalogues are shown in Fig. 5.9 and listed in Tab.5.3. We
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Table 5.4: Coefficients for 7-th order polynomial function defined by Eq. 5.13,
which best-fit the LoTSS and TGSS 150 MHz normalized source counts. The
polynomial fit is shown in Figure 5.9.

Coefficient Value Error (%)
ag 1.656 0.016
ay -0.0987 0.0632
as 0.2048 0.0877
as 0.52745 0.15986
a4 -0.450223 | 0.166446
as 0.159674 | 0.078435
ag -0.028399 | 0.017124
ar 0.002032 | 0.001416

notice that in this case we included LH and Boo sources down to a 5o flux limit,
to increase the statistics available in the first two flux density bins. From the
comparison of the raw and final counts we see that the latter are systematically
lower by a factor 7 —14% in the range S ~ 1 — 10 mJy. This deficiency appears
to be counterbalanced by a 10 — 20% excess at fluxes 0.2-0.6 mJy. This sort
of compensation is consistent with being the result of source deblending, i.e. of
the splitting of confused (brighter) sources into multiple fainter ones (see Sect.
5.3 and paper III for more details).

It is interesting to note that none of the previous counts’ determinations
(neither at 150 MHz nor at higher frequency) show the pronounced ‘bump’ that
we observe at 150 MHz sub-mJy fluxes. We have therefore decided to update
the existing source counts best fits (shown in Figs. 5.7 and 5.8) with a new
one that better matches the faint end of the 150 MHz counts derived from our
final catalogues. The slope of the counts is modeled by a 7-th order polynomial
function defined in the log-log space, according to Eq. 5.13 (see Sect. 5.5 for
more details). To better constrain the bright end of the counts, where the
LoTSS Deep Fields provide poor statistics, we have included the counts derived
from the TGSS (Intema et al. 2017). The resulting coefficient values and their
uncertainties are listed in Table 5.4; the fitted curve is shown in Fig. 5.9.

Qualitative comparison with models

The source counts derived from the LoTSS Deep Fields provide unprecedented
observational constraints to the shape of the source counts at 150 MHz sub-mJy
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Figure 5.9: 150 MHz Euclidean normalized differential source counts as derived
from the LoTSS Deep Fields: raw catalogue are indicated by transparent black
circles and final catalogue by blue filled circles). Also shown are the counts
obtained from the TGSS (Intema et al. 2017, orange filled circles), which bet-
ter describe the counts’ bright end. Over-plotted is the best fit obtained by
modeling the counts in the log-log space with a 7-th order polynomial function,
according to Eq. 5.13 (see Table 5.4 for the values of the best-fit coefficients
and associated errors).

fluxes. As such they can be compared with counts predictions based on existing
evolutionary models of radio source populations. A comprehensive comparison
with models is beyond the scope of this paper, and will be the subject of forth-
coming papers, where counts and luminosity functions will be presented and
discussed for various radio source populations. Here we only provide some first
qualitative considerations.
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In Figs. 5.7 and 5.8 we compare the LoTSS source counts to the 150 MHz
determinations derived from the Wilman et al. (2008) and Bonaldi et al. (2019)
simulated catalogues® (black and dark violet shaded curves, respectively), as
well as from Mancuso et al. (2017) models (light blue curve). We notice that
the Bonaldi et al. (2019) and Wilman et al. (2008) source counts are very similar
at the bright end and better reproduce the observations than Mancuso et al.
(2017). On the other hand, Bonaldi et al. (2019) and Mancuso et al. (2017)
counts are very similar at the faint end, and in better agreement with the
observations than Wilman et al. (2008). Nevertheless, neither Bonaldi et al.
(2019) nor Mancuso et al. (2017) can reproduce the pronounced bump at sub-
mJy flux densities, observed in the counts derived from final catalogues (see Fig.
5.7, bottom panel, or Fig. 5.8). In addition all models appear to over-estimate
the counts derived from our final catalogues at intermediate fluxes (S ~ 2 — 20
mJy).

In an attempt to better understand where the evolutionary models fail, we
compare the observed source redshift distribution (using redshifts from paper
IV) with those of the Bonaldi et al. (2019) simulated catalogue. We restrict this
comparison to the EN1 field, as it is the deepest and has the most complete
optical coverage among the three LoTSS Deep Fields.

In Fig. 5.10 we show the redshift distributions of the sources in the EN1 field
(solid black lines) for various flux density bins. These distributions are compared
with the simulated distributions based on Bonaldi et al. (2019) evolutionary
models (blue histogram bars). We perform this analysis down to a flux limit of
0.25 mJy, i.e. down to a flux density where the effects of visibility function and
incompleteness can be neglected. In the flux bins spanning from 0.25 to 0.75
mJy we see a clear deficiency of the simulated sources, in agreement with the
observed excess in the counts. This deficiency is mainly associated with sources
at z < 1. At larger fluxes (S > 1), on the other hand, we see an excess of
simulated sources, which is also consistent with the deficiency observed in our
counts in the range 2 — 20 mJy. This excess seems to be associated with either
SFG or AGN at intermediate redshift (1 < z < 2).

9Bonaldi et al. (2019) present three simulated catalogues, each covering a different area of
the sky. The one used here is the so-called medium tier, which covers a 25 deg? field of view,
providing a very good match to the LoTSS Deep Fields. We use a new version of the catalogues
originally presented in Bonaldi et al. (2019), which better reproduce the observations at the
bottom and top of the covered frequency range (Bonaldi, private communication).
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Figure 5.10: Redshift distribution of the simulated sources in Bonaldi et al.
(2019) catalogue: the blue histogram corresponds to the total number of sources;
the red histogram corresponds to the AGN component only. The solid black
line shows the redshift distribution of the sources in the EN1 field. For a proper
comparison the y-axis represents the source density in each catalogue. Each
panel corresponds to a different flux density bin, increasing from left to right
and from top to bottom.

5.7 Conclusions

In this paper, we have presented the source number counts derived from the
LoTSS Deep Fields: the Lockman Hole (LH), the Bottes (Boo) and the Elais-
N1 (EN1). With central rms noise levels of 22, 33, 17 uJy beam™! the LH,
Boo and ENT1 fields are the deepest obtained so far at 150 MHz, allowing us to
get unprecedented observational constraints to the shape of the source counts
at 150 MHz sub-mJy fluxes. We compared the source counts derived from the
LoTSS deep fields with other existing source-counts determinations from low-
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and high- frequency radio surveys, and state-of-the-art evolutionary models.
Our counts are in broad agreement with those from the literature, and show
the well known upturn at < few mJy, which indicates the emergence of the star
forming galaxy population. More interestingly, our counts show for the first time
a very pronounced drop around S ~ 2 mJy, which results in a prominent ‘bump’
at sub-mJy fluxes. Such a pronounced ‘bump’ was not observed in previous
counts’ determinations (neither at 150 MHz nor at higher frequency). We believe
this is the result of a careful analysis aimed at deblending confused sources and
removing spurious sources and artifacts from the radio source catalogues (see
paper I1I). This ‘bump’ cannot be reproduced by any of the existing evolutionary
models and appears to be associated with a low-redshift (z < 1) population of
galaxies and/or AGN.
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Table 5.6: Bodtes 150 MHz source counts. See Table 5.5 for the caption

Smin | Smax | AS x Ns NTZ Sys™ | SysT [ NeotT [ Neor2
0.33 | 047 | 0.13 | 0.39 | 3939 | 44577070 | 2.21 | 333 | 1.06 | 1.21
0.47 | 0.66 | 0.19 | 0.44 | 3251 | 52.077097 | 0.40 | 3.42 | 1.01 | 1.08
0.55 | 0.93 | 0.27 | 0.78 | 2000 | 51.25%71% | 0.00 | 291 | 1.03 | 1.06
0.93 | 1.312 | 0.39 | 1.11 | 1088 | 46.07%}7%y | 0.04 | 220 | 1.02 | 1.04
1.32 | 1.87 | 0.55 | 1.59 | 651 | 45317153 | 0.00 | 247 | 1.02 | 1.02
1.87 | 2.64 | 0.77 | 2.22 | 373 | 43.407353% | 0.00 | 291 | 1.02 | 1.02
2.64 | 3.73 | 1.09 | 3.14 | 263 | 59.75759¢ | 0.00 | 4.43 | 1.01 | 1.18
3.73 | 527 | 1.54 | 443 | 152 | 49.94755% | 0.00 | 4.30 | 1.01 | 1.02
5.27 | 7.46 | 2.18 | 6.27 | 147 | 81.0677 % | 0.00 | 6.78 | 1.01 | 1.02
7.46 | 10.55 | 3.09 | 8.87 | 126 | 116.77133% | 0.00 | 6.50 | 1.01 | 1.01
10.55 | 21.09 | 10.55 | 14.91 | 140 | 139.2%7276 | 0.00 | 3.29 | 1.01 | 1.01
21.09 | 42.18 | 21.09 | 29.83 | 100 | 2817329 | 0.0 | 1.30 | 1.02 | 1.01
42.18 | 84.36 | 42.18 | 59.65 | 73 | 579.277>72 | 0.58 | 2.83 | 1.01 | 1.01
84.36 | 168.7 | 84.36 | 119.3 | 45 | 1010%;2%¢ | 5.22 | 545 | 1.01 | 1.01
168.7 | 674.9 | 506.2 | 337.5 | 28 | 141175;01 | 3.57 | 11.34 | 1.01 | 1.01
674.9 | 2700 | 2025 | 1350 | 12 | 4798%77%C | 9.21 | 47.8 | 1.00 | 1.00
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Nederlandse samenvattig

De oerknaltheorie suggereert dat ons universum ongeveer 13,7 miljard jaar gele-
den begon in een begintoestand van zeer hoge temperatuur en dichtheid. De
geschiedenis van de vorming van het heelal is al sinds de oudheid een onder-
werp van discussie en heeft in de afgelopen decennia veel belangstelling gekre-
gen vanwege de verbeteringen van de astronomische gegevens en technologische
vooruitgangen. Op grote schaal is ons huidige universum opmerkelijk homogeen
en isotroop. Studies tonen echter aan dat kleine variaties in de temperatuur van
de kosmische achtergrondstraling (CMB) uiteindelijk leidden tot kleinschalige
variaties in dichtheid. Onder invloed van de zwaartekracht groeiden deze klein-
schalige schommelingen in dichtheid hiérarchisch en vormden ze wolken van gas,
sterren, sterrenstelsels en uiteindelijk de grootste (massa’s tot 10'5 zonsmassa’s)
gravitationeel gebonden structuren: clusters van sterrenstelsels. Ongeveer 80%
van de massa van clusters bestaat uit donkere materie en de rest uit baryonische
materie. De enige interactie tussen donkere materie en baryonische materie is
door middel van zwaartekracht.

Clusters van sterrenstelsels groeien door het aantrekken van kleinere groepen
sterrenstelsels en door grote botsingen met andere clusters. Deze botsingen
kunnen een enorme hoeveelheid gravitationele energie vrijgeven die kan worden
verspreid door schokgolven en turbulentie die het intra-cluster medium (ICM)
kunnen opwarmen. Direct bewijs van dergelijke gebeurtenissen kan worden
gevonden door middel van rontgen waarnemingen van clusters van sterrens-
telsels. Bovendien kunnen schokken en turbulentie ook de magnetische velden
versterken en het ruimtelijk transport van de relativistische deeltjes (die ook bek-
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end staan als kosmische straling, CR: cosmic rays in het engels.) beinvloeden.
Onder invloed van magnetische velden kunnen deze relativistische geladen deelt-
jes synchrotronstraling uitzenden die we kunnen waarnemen op radiogolflengten.
Deze radiostraling heeft typisch een steile ‘spectrale index’, wat betekent dat
het helderder is op lagere frequenties en zwakker op hoge frequenties. De aan-
wezigheid van CR-elektronen en magnetische velden in het ICM die via syn-
chrotronstraling grote diffuse radiobronnen genereren, heeft fundamentele im-
plicaties voor zowel de fysica van het ICM als de evolutie van de grootschalige
structuur van het heelal.

In de afgelopen decennia is er aanzienlijke vooruitgang geboekt met het clas-
sificeren van diffuse radiobronnen in de ICM. Op basis van de morfologie en fysis-
che eigenschappen kunnen deze bronnen grofweg worden onderverdeeld in twee
categorieén: radio halo’s en radio-relikwieén. Beide soorten bronnen hebben
geen duidelijke optische tegenhangers (sterrenstelsels). Radio halo’s zijn diffuse
radiobronnen op Mpc-schaal, die zich doorgaans in het centrum van botsende
clusters bevinden en de vorm van de rontgenstraling van het systeem volgen.
Waarnemingen van radio halo’s suggereren dat deze bronnen hoogstwaarschijn-
lijk worden gecreéerd door het continu opnieuw versnellen van CR-elektronen
in het turbulente gas. Daarentegen worden radio-relikwieén meestal gevonden
aan de rand van botsende clusters en hebben ze een convexe vorm ten opzichte
van het centrum van de cluster. Aangenomen wordt dat radio-relikwieén de
door de botsingen veroorzaakte schokgolven traceren. In de eerste plaats wordt
gedacht dat schokken deeltjes versnellen via een mechanisme dat diffuse schok
versnelling (DSA) wordt genoemd. De efficiéntie van dit mechanisme blijkt
echter erg laag en onvoldoende te zijn om heldere radio-relikwieén te creéren,
zoals gevonden in recente waarnemingen. Om deze reden is de aanwezigheid van
reeds bestaande relativistische deeltjes (ook bekend als ‘zaad-deeltjes’ of ‘fossiel
plasma’) voorgesteld, aangezien simulaties aangeven dat versnelling van zaad-
deeltjes efficiénter is dan de DSA. Een soortgelijk scenario is ook voorgesteld
voor het genereren van radio halo’s die het bestaan van licht relativistische
zaad-elektronen vereisen. In dit opzicht is een van de belangrijkste vragen die
beantwoord moet worden de bron van deze fossiele elektronen in het ICM.

Het is inmiddels bekend dat clusters van sterrenstelsels actieve galactische
kernen (AGN’s) herbergen die CR-elektronen in het ICM injecteren en in de
aanwezigheid van magnetische velden radiostraling kunnen genereren. Dergeli-
jke AGN'’s staan bekend als radiostelsels en gaan vaak gepaard met enkele of
dubbele radiolobben die zich tot zeer grote schaal kunnen uitstrekken. Deze
energetische CR-elektronen uit de lobben van radiostelsels zijn belangrijke kan-
didaten die een zaad-populatie van relativistisch fossiel plasma kunnen leveren.
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Wanneer de centrale AGN van een radiostelsel uitschakelt, is er geen toevoer
van energetische elektronen naar de lobben en kunnen deze ‘AGN-restlobben’
zich uitspreiden in het omringende medium. Door verschillende processen (zoals
synchrotron en stralingsverliezen) wordt hun spectrum pas na enkele tientallen
miljoenen jaren steiler en worden ze zeer moeilijk te detecteren, zelfs op de laagst
waarneembare frequenties. Daarom is het bestuderen van deze fossiele plas-
mabronnen in clusters niet triviaal. Door botsingen aangedreven turbulentie,
schokgolven en bulkstromen van het omringende medium kunnen deze fossiele
elektronen echter opnieuw activeren en waarneembare radiogolven uitzenden.
Deze bronnen van ‘nieuw leven ingeblazen fossiel plasma’ (die ook bekend staan
als radio feniksen) bieden ons dus een unieke kans om deze anders onzichtbare
populatie elektronen te bestuderen. Tot op heden zijn er maar heel weinig radio
feniksen ontdekt. Om de onderliggende versnellingsmechanismen van deeltjes te
begrijpen en of er een verband bestaat tussen radiostelsels en versnellingsmech-
anismen in radio halo’s en relikwieén, is het essentieel om systematisch hun
gemeenschappelijke fysische eigenschappen te identificeren en ze te vergelijken
met die van radio halo’s en relikwieén.

Laagfrequente radiosurveys van de hele hemel zijn uitstekend om deze stud-
ies systematisch uit te voeren. Kalibratie van laagfrequente radio data is echter
altijd een uitdaging geweest vanwege de richtingsafthankelijke, tijd-variérende
effecten van de ionosfeer. De ionosferische effecten zijn veel ernstiger voor het
laagste frequentie deel van het radiospectrum, waardoor het een van de belangri-
jkste beperkende factoren is voor hoge resolutie laagfrequente radiowaarnemin-
gen. Bovendien is het blikveld bij deze lage frequenties veel groter dan bij hoge
frequenties. Daarom is het gebruik van traditionele technieken en het toepassen
van een enkele correctiefactor om ionosferische effecten in het gehele blikveld te
corrigeren te simplistisch en niet voldoende.

Zeer recent, met de komst van een nieuwe generatie laagfrequente telescopen
(zoals LOFAR, MWA, uGMRT, MeerKAT enz.) en betere kalibratietechnieken,
is het mogelijk geworden om de laagfrequente radiohemel te onthullen met
ongekende diepte en gevoeligheid. Deze instrumenten zijn ook enkele van de
belangrijkste padvinders voor de toekomstige generatie telescoop: de Square
Kilometre Array (SKA; zal worden gebouwd in Zuid-Afrika en Australi€). Ook
al is het aantal van zulke waarnemingen momenteel zeer beperkt, de complexiteit
van objecten die met deze nieuwe instrumenten worden waargenomen heeft de
traditionele taxonomie van diffuse radiobronnen al in twijfel getrokken. Het is
duidelijk dat het laagst waarneembare venster van de elektromagnetische stral-
ing een volledig onbekend terrein is en daarom vol potentie zit voor nieuwe ont-
dekkingen. Voordat we de wetenschappelijke vragen behandelen, is het echter
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erg belangrijk om ervoor te zorgen dat deze radiobeelden van diepe laagfre-
quente surveys nauwkeurig zijn gekalibreerd en betrouwbaar zijn. 'Radiobron
tellingen’ - een van de verschillende kosmologische tests om nieuwe kosmologis-
che modellen te controleren - is een onmiddellijk dataproduct van deze beelden
dat kan worden gebruikt als een controle van de datareductie en om de statistis-
che eigenschappen van de (zwakke) populatie van radiobronnen te onderzoeken.
In dit proefschrift hebben we twee verschillende aspecten behandeld:

e De aard van de nieuw leven ingeblazen fossiele (radio) plasmabronnen in
clusters van sterrenstelsels beter begrijpen en ze neerzetten als een aparte
klasse van radiobronnen (Hoofdstuk 2,3 en 4).

e De diepste radiobron tellingen bij 150 MHz (tot nu toe) afleiden uit diepe
laagfrequente radiobeelden en vergelijken met de andere bestaande studies,
evenals met state-of-the-art evolutionaire modellen (Hoofdstuk 5).

Hieronder beschrijven we in het kort de inhoud van elk hoofdstuk: In Hoofd-
stuk 2 hebben we de botsende cluster van sterrenstelsels Abell 1914 in detail
bestudeerd met diepe radio- (LOFAR, GMRT en VLA), rontgen (Chandra) en
optische (CFHT) data. Deze nieuwe waarnemingen laten zien dat de bron met
het ultra-steile spectrum in dit cluster, waarvan eerder werd gedacht dat het
deel uitmaakte van een radio halo, een aparte bron is met de eigenschappen die
consistent zijn met een radio feniks. Hoofdstuk 3 demonstreert de potentie
van laagfrequente radio surveys van de hele hemel voor het vinden en bestuderen
van van nieuw leven ingeblazen fossiele plasmabronnen in clusters van sterren-
stelsels. In dit hoofdstuk hebben we een subset van 3 kandidaten bestudeerd
(waarvan 2 nieuwe ontdekkingen) met behulp van nieuwe multi-band radio,
rontgen en oude optische data. Het artikel bespreekt de mogelijke gemeenschap-
pelijke eigenschappen van deze bronnen en we identificeren ze in de categorie
van radio feniksen. In Hoofdstuk 4 geven we een overzicht van alle bekende
(of kandidaat-) radio feniksen. Van de 25 getoonde bronnen zijn er 12 nieuwe
ontdekkingen. Voor deze bronnen presenteren we nieuwe radio (GMRT en/of
LOFAR) en, voor een deelverzameling, rontgen waarnemingen. Voor het eerst
worden de algemene fysische eigenschappen (de vorm, dynamische toestand van
de cluster, locatie van de feniksen in de cluster en spectraal gedrag) van de hele
steekproef van radio feniksen bestudeerd, om de aard van deze relatief onbek-
ende klasse van objecten te achterhalen. We vinden dat deze bronnen voorlopig
een AGN-oorsprong lijken te hebben en ruim binnen de binnenste regio’s van
de clusters liggen. De clusters blijken dynamisch niet ontspannen te zijn en
daarom ondersteunen we het formalisme dat feniksen worden geassocieerd met
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ICM-beweging en/of schokken. De steekproef die in dit hoofdstuk wordt gepre-
senteerd is waarschijnlijk nog steeds het topje van de ijsberg van deze klasse van
bronnen en toekomstige diepere laagfrequente radio observaties zullen cruciaal
zijn om een zuivere statistische steekproef van deze klasse te maken. Ten slotte,
presenteren we in Hoofdstuk 5 de tellingen van radiobronnen die zijn afgeleid
van zeer diepe radiobeelden die zijn waargenomen met de LOFAR-telescoop.
Tot op heden zijn dit de diepste tellingen die ooit zijn gemaakt bij 150 MHz.
Deze worden vergeleken met andere bestaande bepalingen, evenals met state-
of-the-art simulaties. Onder de 1 mJy zien we de (verwachte) afvlakking van
de genormaliseerde tellingen, voornamelijk geassocieerd met de opkomst van de
populatie van stervormende sterrenstelsels. In de toekomst zullen deze diepe
radiogegevens ons kritisch in staat stellen om de zwakke radiobronnen goed te
bemonsteren over verschillende waardes van helderheid en roodverschuiving.
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