
Alma mater studiorum - Università di Bologna

Dottorato di ricerca in astrofisica

Ciclo XXXIV

Study of new particle acceleration mechanisms
in galaxy clusters through low frequency radio

observations

Presentata da: Nadia Biava

Supervisore:
Prof.ssa Annalisa Bonafede

Co-supervisore:
Dott. Marisa Brienza

Coordinatore di Dottorato:
Prof. Andrea Miglio

Esame finale anno 2022

Settore Concorsuale: 02/C1 - Astronomia, Astrofisica, Fisica della Terra e dei Pianeti

Settore Scientifico Disciplinare: FIS/05 - Astronomia e Astrofisica





Abstract

Diffuse radio emission in galaxy clusters has been observed with different size and
properties. Giant radio halos (RH), Mpc-size sources found in merging clusters, and
mini halos (MH), � 0:1� 0:5 Mpc size sources located in relaxed cool-core clusters, are
thought to be distinct classes of objects with different formation mechanisms. In the
recent years, radio observations with the LOw Frequency ARray (LOFAR) are revealing
the unexpected presence of emission on Mpc-scales in relaxed clusters that host a central
MH and show no signs of major mergers. The study of these sources is still at the
beginning and it is not yet clear what could be the origin of their unusual emission.

The main goal of this thesis is to test the occurrence of these peculiar
sources and investigate their properties using low frequency radio observa-
tions. This thesis consists in the study of a sample of 12 cool-core galaxy clusters which
present some level of dynamical disturbances on large-scale. The heterogeneity of sources
in the sample allowed me to investigate under which conditions a halo-type emission is
present in MH clusters; and also to study the connection between AGN bubbles and the
local environment. Using high sensitivity LOFAR observations, I have detected large-
scale emission in four non-merging clusters, in addition to the central MH. Combining
LOFAR data with follow-up observations, I have performed detailed analysis of the most
interesting sources. I have constrained for the first time the spectral properties of dif-
fuse emission in these double radio component galaxy clusters. I have investigated the
connection between thermal and non-thermal emission for a better comprehension of the
acceleration mechanisms contributing to these sources. Furthermore, I derived upper lim-
its to the halo power for the other clusters in the sample, which could present large-scale
diffuse emission under the detection threshold. Finally, I have reconstructed the duty-
cycle of one of the most powerful AGN known, located at the centre of a galaxy cluster
of the sample. The results achieved in this Thesis evince the extraordinary potential of
sensitive low frequency observations for the study of steep-spectrum radio emission in
galaxy clusters.

The Thesis is structured as follows:

• In Chapter 1: I provide an overview on galaxy clusters, presenting the physics of the
intracluster medium and the properties of the radio sources located at the centre of
relaxed galaxy clusters.

• In Chapter 2: I provide technical information on LOFAR, underlying its potential
in the domain of galaxy cluster science and presenting data reduction techniques.

• In Chapter 3: I present the sample of cool-core clusters studied in this Thesis and
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the results based on LOFAR HBA observations. We detect a double component
diffuse radio emission in four clusters. For the other clusters we provide upper
limits to the halo power.

• In Chapter 4: I illustrate the detailed analysis performed on the cool-core cluster
RX J1720.1+2638, which hosts a double component radio emission. We found the
two components have different natures. We estimate for the first time the spectral
index of the large-scale diffuse emission and test the minor merger scenario.

• In Chapter 5: I report the results based on radio and X-ray analysis of the clusters
A1068 and MS 1455.0+2232. Both the clusters present a double radio component,
but only A1068 shows a clear steepening of the spectral index outside the cluster
core.

• In Chapter 6: I focused on the radio source at the centre of the cluster MS
0735.6+7421, performing spectral index analysis and reconstructing the duty cy-
cle of the central AGN. The results are then compared with timescales derived from
X-ray analysis.

• In the Thesis conclusions I summarise the highlights of this Thesis and discuss
future developments.

Throughout the Thesis we use the convention S / ��� for radio synchrotron spec-
trum and we adopt a �CDM cosmological model with 
� = 0:7, 
m = 0:3 and H0 =
70 km s�1 Mpc�1.

Part of the results obtained during the PhD project are reported in the following
papers:

• The ultra-steep diffuse radio emission observed in the cool-core cluster
RX J1720.1+2638 with LOFAR at 54 MHz
Biava N., de Gasperin F., Bonafede A. , Edler H. W. , Giacintucci S., Mazzotta
P. , Brunetti G. , Botteon A., Brüggen M., Cassano R. , Drabent A. , Edge A.
C. , Enßlin T. , Gastaldello F., Riseley C. J. , Rossetti M. , Rottgering H. J. A. ,
Shimwell T. W. , Tasse C. , van Weeren R. J.
2021, MNRAS, 508, 3995

• Constraining the AGN duty cycle in the cool-core cluster MS 0735.6+7421
with LOFAR data
Biava N., Brienza M., Bonafede A., Gitti M., Bonnassieux E., Harwood J., Edge
A.C., Riseley C.J., Vantyghem A.
2021, A&A, 650, A170

• A MeerKAT-meets-LOFAR Study of MS 1455.0+2232: A 590 kiloparsec
’Mini’-Halo in a Sloshing Cool-Core Cluster
C. J. Riseley, K. Rajpurohit, F. Loi, A. Botteon, R. Timmerman, N. Biava, A.
Bonafede, E. Bonnassieux, G. Brunetti, T. Enßlin, G. Di Gennaro, A. Ignesti, T.
Shimwell, C. Stuardi, T. Vernstrom, R. J. van Weeren
2021, MNRAS, 512, 4210

https://doi.org/10.1093/mnras/stab2840
https://doi.org/10.1051/0004-6361/202040063
https://doi.org/10.1093/mnras/stac672
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Chapter 1
Galaxy clusters

Galaxy clusters are the largest gravitationally bound objects in the Universe, with
typical total masses of the order of1015 M � and linear sizes of a few Mpc, hosting
hundreds to thousands of galaxies. The galaxies determine the optical appearance of
a cluster, but they contribute to only a small fraction (� 5%) of its total mass. The
space in-between the galaxies is �lled with a hot (T � 107 � 108 K ) and rare�ed
gas (electron densityne � 10� 3cm� 3 ), the intracluster medium (ICM), which emits in
the X-ray band through bremsstrahlung radiation (e.g. Mitchell et al., 1976; Serlemitsos
et al., 1977; Forman & Jones, 1982). Radio observations of galaxy clusters reveal di�use
synchrotron emission, indicating the presence of relativistic particles and magnetic �elds
in the ICM. Galaxy clusters can also host active galactic nuclei (AGNs) that emit particles
in two relativistic jets over large distances. These particles spiral along magnetic �eld
lines emitting synchrotron radiation visible in the radio band. A composite image of the
galaxy cluster Abell 2744 (Pearce et al., 2017) is shown in Fig. 1.1, illustrating all these
di�erent components. The ICM contains more baryons than the stars seen in the member
galaxies and constitutes� 15% of the total mass of a cluster, which is dominated for the
� 80% by dark matter (e.g., Blumenthal et al., 1984; White & Fabian, 1995; Jones &
Forman, 1999; Arnaud & Evrard, 1999; Sanderson et al., 2003; Vikhlinin et al., 2006)

In the current paradigm of structure formation, galaxy clusters are thought to form
by the hierarchical assembly of smaller structures in the gravitational �eld dominated
by dark matter (e.g. Peebles & Yu, 1970; Press & Schechter, 1974). Cluster mergers are
very energetic events, releasing energies up to� 1064 erg on a few Gyr timescale. This
energy is dissipated through shocks and turbulence in the ICM, which are expected to
accelerate cosmic rays (CRs) to relativistic energies and may amplify cluster's magnetic
�elds (e.g., Markevitch & Vikhlinin, 2007).

Spectroscopic observations show that cluster members move with a typical velocity
dispersion� v � 103 km s� 1 (e.g., Ruel et al., 2014). The typical crossing time,tcross, in
a cluster of size R is thus:

tcross =
R
� v

'
�

R
1Mpc

��
103 km s� 1

� v

�
Gyr: (1.1)

This implies that in a Hubble time (� 13.7 Gyr), the system has enough time to reach a
dynamical equilibrium in its centre while its outskirts are still a�ected by the accretion
physics (e.g., Walker et al., 2019, for a review). Clusters can then be divided in relaxed
(undisturbed) or merging (disturbed) systems, depending on their dynamical state. As
it traces the ICM distribution, the X-ray morphology of a galaxy cluster is indicative of
its dynamical state (e.g., Rossetti et al., 2016; Lovisari et al., 2017). Relaxed clusters
show a smooth and regular brightness distribution peaked at the centre, while disturbed
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2 Galaxy clusters

Figure 1.1: Composite image of the galaxy cluster Abell 2744, combining in white optical emission from star
and galaxies, observed with the VLT and Subaru Telescopes, in blue X-ray emission from the ICM, observed with
the Chandra satellite and in red synchrotron radio emission from cosmic rays and radio galaxies, observed with
the Jansky Very Large Array. Credits: Pearce et al. (2017); Bill Saxton, NRAO/AUI/NSF; Chandra, Subaru;
ESO



Galaxy clusters 3

clusters have an irregular morphology, often showing an elongation along one axis and a
number of sub-structures.

Under the assumption of dynamical equilibrium, it is possible to estimate the cluster
virial mass:

M vir '
Rvir � 2

v

G
'

�
R

1Mpc

��
� v

103 km s� 1

� 2

� 1015 M � (1.2)

where G is the gravitational constant andRvir is the virial radius. Otherwise, assuming
spherical symmetry and hydrostatic equilibrium of the ICM in the cluster gravitational
potential, it is possible to derive the cluster mass inside a given radius:

M (r ) = �
kT(r )r
�m pG

�
d logT(r )

d logr
+

d log� (r )
d logr

�
(1.3)

where k is the Boltzmann constant, � is the mean molecular mass of the considered
gas (typically � = 0:6 for the ICM), mp is the proton mass, and the density� (r ) and
temperature T(r ) pro�les can be inferred from X-ray observations (e.g., Ettori et al.,
2013, for a review). Typical scales used to estimate the cluster mass areR500 and R200,
de�ned as the radius within which the mean gas density is 500 and 200 times the critical
density of the Universe, respectively. These methods are best used in relaxed systems,
as they lead to large errors in the determination of the mass of merging clusters, where
the system deviates from hydrostatical equilibrium and spherical symmetry (e.g., Rasia
et al., 2006, 2012; Meneghetti et al., 2010).

1.1 X-ray radiation from clusters of galaxies

The X-ray emission coming from clusters of galaxies is spatially extended, so it does
not originate in individual galaxies. The characteristic luminosity for the most massive
clusters isLX � 1043� 1045 erg s� 1. The radiation is produced by thermal bremsstrahlung
(free�free radiation) from the hot gas which permeates the space between galaxies. Its
emissivity is described by:

� � ' Z 2neni(kT)� 1=2g� eh�=kT (1.4)

where Z is the charge of ions,ne and ni are the number density of electrons and ions,
respectively andg� is the Gaunt factor, a slowly varying function of frequency and tem-
perature (Sarazin, 1986). At low temperatures (kT � 2 keV) the X-ray emission of
clusters becomes dominated by line emission from highly ionised atoms and it can be
used to measure abundances of heavy elements and the cluster redshift. Temperature
and density of the ICM can be determined from X-ray spectral analysis. Given the weak
dependence of the ICM emission on the temperature, as a �rst approximation it can
be assumed spatially constant (T(r ) = T). Thus, under the assumption of isothermal
distribution of gas in hydrostatic equilibrium within the potential well associated with a
King pro�le (King, 1972), the gas density pro�le can be well described by the so-called
� -model (Cavaliere & Fusco-Femiano, 1976, 1978):

n(r ) = n0

�
1 +

�
r
r c

� 2� � 3�= 2

(1.5)

where n0 is the central number density andr c is the core radius of the cluster. The�
parameter comes from the ratio of the dynamical temperature, and the gas temperature
(� = �m p� 2

v=kT). The surface brightness pro�le of the X-ray emission in this model is:

S(r ) = S0

�
1 +

�
r
r c

� 2� � 3� +1 =2

(1.6)
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whereS0 is the X-ray surface brightness at the centre of the cluster. This model hence
permits to derive the parameters of the density pro�le by �tting the X-ray pro�le.

As we will explain in the following section, the central regions of relaxed clusters have
a cooling time shorter than the Hubble time, hence they are characterised by a cool-core,
i.e. they present a peaked X-ray surface brightness and a drop in temperature in the
central region (e.g., Molendi & Pizzolato, 2001; Hudson et al., 2010). Therefore, the X-
ray emission of these clusters is inadequately described by the� -model, which produces
a centrally �at density pro�le. Spectrally, cool-core clusters are well approximated by a
two-temperature model, where the inner temperature represents the multiphase status
of the core and the outer temperature is a measure of the ambient gas temperature. To
account for that, their X-ray surface brightness should be modelled by a double� -model
(e.g., Hudson et al., 2010; Giacintucci et al., 2017).

A dichotomy exists between cool-core and non cool-core clusters (e.g., Molendi &
Pizzolato, 2001), depending whether their central region shows a drop in the temperature
pro�le or not. This drop is due to the strongly peaked X-ray emissivity of relaxed systems
that leads to e�cient cooling of the gas in this dense environment. Conversely, disturbed
systems exhibit shallower X-ray emissivity, hence lower cooling rates. Therefore, the
properties of the cluster core are connected to its dynamical state: relaxed systems
naturally form a cool-core while non cool-core are typically found in perturbed objects
(e.g., Leccardi et al., 2010).

As mentioned before the X-ray morphology of a cluster can be used to classify its
dynamical state (Rasia et al., 2013) and discriminate between relaxed or merging systems
(Cassano et al., 2010). Various morphological parameters could be used to compute
the dynamical state of a system. According to Lovisari et al. (2017) the morphological
parameters more sensitive to the dynamical state of a cluster are:

ˆ the concentration parameter,c, de�ned as the ratio of the X-ray surface brightness
within 100 kpc over the X-ray surface brightness within 500 kpc (e.g. Santos et al.,
2008):

c =
S(r < 100 kpc)
S(r < 500 kpc)

; (1.7)

ˆ the centroid shift, w, de�ned as the standard deviation of the projected separation
� between the peak and the cluster X-ray centroid computed withinN circles of
increasing radiusR (Böhringer et al., 2010),

w =
�

1
N � 1

X
(� i � h � i )2

� 1=2

�
1
R

: (1.8)

Cool-core clusters are characterised by a compact core, i.e. large values ofc, and a
spherically symmetric distribution of gas, i.e. small values ofw. The opposite is the case
for merging systems.

Cool-core clusters can be perturbed by minor mergers with a subcluster or a small
group, causing the displacement of the gas from the central potential well, without dis-
rupting the dense core. The cool gas then starts sinking towards the minimum of the
gravitational potential setting a sloshing mechanism from which cold fronts develop (e.g.
Markevitch & Vikhlinin, 2007). Cold fronts are sharp arc-shaped X-ray surface brightness
discontinuities characterised by a jump in the temperature, with a lower temperature in
the denser internal region and an higher temperature in the more rare�ed external region.
The pressure across the front, instead, is almost continuous. Sloshing lasts for several
Gyr, so the perturbed cluster can appear quite relaxed excepted for the presence of cold
fronts.
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1.1.1 Cool-core clusters and AGN feedback

In the description of the thermal properties of the ICM presented in the previous
section we have considered the simple assumption of hydrostatic equilibrium. In reality,
the gas is subject to radiative losses, thus it will lose internal energy and the hydro-
static equilibrium cannot be maintained over arbitrarily long times. The cooling time is
described by the following formula:

tcool ' 8:5 � 1010

�
10� 3 cm� 3

ne

��
T

108 K

� 1=2

yr (1.9)

In general tcool is longer than the Hubble time roughly everywhere in the cluster, thus
the hydrostatic equilibrium should be established. However, the elevated gas density in
the central regions of relaxed clusters can signi�cantly reduce the cooling time, making
it shorter than the Hubble time. It is possible to de�ne a cooling radius (Rcool), the
radius at which tcool � 3 Gyr. Within this radius the cooling becomes so e�cient that, in
the absence of an external heating source, the mean temperature and pressure decrease
dramatically, forming the so-called cool-core. Initially it was proposed that the pressure
equilibrium in these systems could be re-established by the creation of acooling �ow,
i.e. large quantities of gas �owing inwards towards the cluster centre (Fabian, 1994).
During this process the gas is compressed by the external pressure and the increase of
central density further accelerates the cooling process. The result is an evident decrease
of temperature and increase of gas density withinRcool (e.g., Hudson et al., 2010), which,
from an observational point of view, produces a peaked surface brightness pro�le.

In cooling �ows the central gas is expected to reach temperatures signi�cantly below
1 keV, emitting atomic lines. However, high resolution spectroscopic observations with
Chandra and XMM-Newton X-ray telescopes did not detect such low temperatures. An-
other expectation of this cooling process is a large mass of cold gas at cluster centre, but
no clear evidence has been found for it in optical observations. Furthermore, it is ex-
pected that an excess of cold gas should give rise to an enhancement in the star formation
rate within the brightest cluster galaxy (BCG). However, the measured star formation
rates and molecular gas quantities are an order of magnitude below the expectations
(e.g., McNamara & O'Connell, 1989; Edge, 2001; McDonald et al., 2018). These pieces of
evidence imply that some source of heating must balance the radiative losses (Peterson
et al., 2003; Peterson & Fabian, 2006).

To date, feedback from AGN represents the most promising scenario to balance the
cooling (e.g. Fabian, 2012, and references therein). The energy released by accretion
of matter onto the central supermassive black hole of an AGN is of the order ofE =
�Mc 2 � 2 � 1062 erg, for a black hole mass ofM = 109 M � and an e�ciency of mass-
to-energy conversion of� � 10%. The principal evidence of the impact of the AGN on
the surrounding medium is represented by the detection of X-ray cavities at the centre
of relaxed clusters, on scales approximately coincident with the lobes of the central radio
galaxy (e.g., McNamara et al., 2000; Fabian, 2012; Hlavacek-Larrondo et al., 2012). The
radio emitting plasma released by the central AGN creates a low-density bubble that rises
buoyantly and expands, displacing the X-ray emitting gas and distributing energy to the
surrounding medium. One of the clearest examples of AGN feedback is represented by
the radio galaxy at the centre of the cluster MS 0735.6+7421 (Fig.1.2), studied in detail
in Chapter 6.

X-ray cavities allow us to perform �rst order measurements of the non-radiative energy
emitted by the jets. The AGN jets displace the ICM at the cavity location, doing work
against the surrounding plasma. The total energy required to create a cavity is equal to
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Figure 1.2: Composite image of the
galaxy cluster MS 0735.6+7421, combin-
ing in white optical data from the Hub-
ble Space Telescope, in blue X-ray data
from the Chandra satellite and in red ra-
dio data from the Very Large Array (Mc-
Namara et al., 2009).

its enthalpy:
Ecav =




 � 1

pV (1.10)

where 
 = 4=3 is the ratio of speci�c heats for a relativistic plasma,p is the pressure of
the gas surrounding the cavity andV is the volume of the cavity. The location and size
of a cavity can also be used to derive an estimate of its age (e.g., Bîrzan et al., 2004).
Three di�erent estimates are proposed in the literature:

ˆ the sound-crossing timescale: the time required by the bubble to reach the cavity
location (R) from the cluster centre, assuming it moves at the local sound speed
tcs = R=vcs (Omma et al., 2004);

ˆ the buoyancy timescale: the time required by the bubble to rise buoyantly at its
terminal velocity vt = (2 gV=SC)1=2, whereg is the gravitational acceleration,V is
the volume of the bubble,S the cross section andC is the drag coe�cient (C � 0:75,
see Churazov et al., 2001);

ˆ the re�lling timescale: the time required to re�ll the cavity volume as the bubble
rises upwardt re�ll = 2R=

p
r=GM (R), wherer is the cavity radius (McNamara et al.,

2000; Nulsen et al., 2002).

In general, the cavity ages calculated using the sound speed are the shortest, the re�lling
timescales are the largest, and the buoyancy timescales lie in-between the two. When
multiple systems of cavity are present in a single source, their ages could be used to
measure the interval between the AGN outbursts. An outburst interval shorter than the
cooling time ensures the heating of the surrounding medium. Multiple outbursts of short
duration are also required by simulations of galaxy evolution to prevent too much cooling
of gas from the galaxy's atmosphere or gas resulting from stellar mass loss (Ciotti et al.,
2010, 2017). However, multiple cavity systems have only been observed in a few massive
clusters and groups so far (e.g., Fabian et al., 2006; Vantyghem et al., 2014; Ubertosi
et al., 2021; Randall et al., 2015), probably due in part to observational limitations.
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1.2 Radio observations of galaxy clusters

Galaxy clusters show a large variety of radio sources with di�erent size, morphology
and spectral properties, which could either be associated with single galaxies or produced
by the non-thermal component of the ICM.

1.2.1 Radio galaxies

Galaxy clusters often host a number of AGNs, called radio-loud, which emit relativistic
plasma in two oppositely directed jets. The fast moving electrons spiral in magnetic �elds,
producing synchrotron emission visible at radio frequencies (De Young, 1984; de Young,
2002; Tadhunter, 2016). The sizes of these sources range from a few kiloparsec up to
megaparsec scale, and extend well beyond the host galaxy. In powerful sources the jet
in�ates large radio lobes and ends in bright hotspots, where the relativistic jets impact
with the ICM and the particles are accelerated. These sources are called FRII radio
galaxies, according to the Fanaro� & Riley classi�cation (Fanaro� & Riley, 1974). In
the less powerful sources (L1:4GHz � 1032 WHz� 1), called FRI radio galaxies, the jets
are sub-relativistic, so most of the acceleration takes place in the central regions, near
the core. For this reason, these sources are also named edge-darkened (no hotspots).
An example of these sources is reported in the upper panels of Fig. 1.3. More recently,
the FR0 class (Ghisellini et al., 2011; Sadler et al., 2014; Baldi et al., 2015) has been
proposed for those radio sources showing compact emission (<10 kpc), dominant at low
redshift. The nuclear and host galaxy properties of these sources are similar to those of
FRI radio galaxies, but their origin and possible connection with other classes is still to be
understood. Radio galaxies in galaxy clusters and groups often show signs of interaction
with the surrounding medium (e.g., Miley, 1980; Burns, 1998). The radio lobes of these
radio galaxies are bent due to the relative movement of the lobes with respect to the
ICM and the pressure exerted by the external gas, and are usually classi�ed as wide-
angle tail (WAT), narrow-angle tail (NAT) or head-tail (HT) radio sources, depending
on the opening angle of the two jets. See Fig. 1.3 for various examples of radio galaxies.

Some radio galaxies show multiple radio lobes that are related to di�erent phases of
AGN activity (e.g., Schoenmakers et al., 2000; Brocksopp et al., 2007; Hota et al., 2011;
Orrù et al., 2015). The spectral properties of the radio plasma can be used to estimate
the age of a radio lobe and so to reconstruct the duty cycle of restarted sources, i.e. the
fraction of time the AGN is active (e.g., Harwood et al., 2013, 2015; Brienza et al., 2020).
This method is complementary to age estimates from X-ray cavities, presented in the
previous section.

1.2.1.1 Plasma radiative age

An electron accelerated in a magnetic �eld emits synchrotron radiation. The power
irradiated by the particle is given by the Larmor formula:

Ps =
2e4

3m2c5

 2v2B 2 sin2 �; (1.11)

where
 = E=mc2 is the Lorentz factor,e, m, v are the particle charge, mass and velocity,
B is the magnetic �eld and � , called pitch angle, is the angle that the velocity vector
makes with the magnetic �eld lines.

For a population of electrons, the total emissivity is the convolution of the emission
of a single electron with the energy distribution of all particles. If the particle energy
distribution is assumed to be a power-law of the form:

N (E)dE = N0E � � dE (1.12)
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Figure 1.3: Di�erent types of radio galaxies: FRI source 3C 31 (upper left), FRII source 3C 98 (upper right),
WAT source 3C 465 (lower left) and HT source NGC 6109 (lower right). Adapted from Hardcastle & Croston
(2020).
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Figure 1.4: Radio spectral shapes of
di�erent spectral ageing models. All
spectral models have � inj = 0 :6. The
power-law spectrum depicts the spec-
tral shape before any energy losses.
From van Weeren et al. (2019)

then the total emissivity per unit frequency is:

S(� ) =
Z E 2

E 1
Ps(E; � )N (E)dE / � � � inj ; (1.13)

where the injection spectral index� inj = ( � � 1)=2 has typical values in the range 0.5-
0.8 (see e.g. Ja�e & Perola, 1973; Carilli et al., 1991; Komissarov & Gubanov, 1994).
Therefore, a power-law energy distribution of electrons produces a power-law spectrum
and the two spectral indices are related. Hence the study of the spectra of radio sources
gives us information on the energy distribution of the radiating electrons.

As particles radiate, they lose their energy according todE=dt / 1=E. So, in ab-
sence of further particle acceleration (as could be in a radio lobe), there is a preferential
cooling of higher energy electrons. The result is a spectrum which becomes steeper and
increasingly curved over time. Therefore, the age of a radio source could be derived by
the curvature of its spectrum, according to this formula:

t /
B 1=2

B 2 + B 2
CMB

[� b(1 + z)]1=2 (1.14)

whereB is the source magnetic �eld,BCMB = 3:18(1 + z)2 is the inverse-Compton (IC)
equivalent magnetic �eld and� b is the break frequency. A modern approach consists in
�tting the observed radio spectrum with a modelled spectrum, obtained by numerical
integration of the equations that describe the radiative losses of a particle population.

There are two main categories of spectral ageing models: the single injection mod-
els assume that the electrons are accelerated in a single event, while in the continuous
injection models the particles are continuously emitted throughout the lifetime of the
source. As the particles age, the radio spectrum steepens and curves at di�erent frequen-
cies according to the various models, as illustrated in Fig.1.4. The JP model (Ja�e &
Perola, 1973) and KP model (Kardashev, 1962; Pacholczyk, 1970) are two classical single
injection models and consider synchrotron and IC losses in a uniform magnetic �eld distri-
bution, where the electron population has a �xed pitch angle (in the KP model) or a more
realistic scenario with a randomised pitch angle (in the JP model). A third single injec-
tion model, the Tribble model (Tribble, 1993) considers a spatially non-uniform magnetic
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�eld by integrating the standard JP losses over a Maxwell�Boltzmann magnetic �eld dis-
tribution. The continuous injection (CI) models, are instead a di�erent class of models,
where it is assumed that the source is fuelled constantly by freshly accelerated particles,
and are constructed by combining individual JP or KP spectra of particle populations of
di�erent ages. The CI model (Pacholczyk, 1970) best describes active sources in which
the injection of particles is still ongoing, while the so-called CIOFF or KGJP/KGKP
model (Komissarov & Gubanov, 1994) assumes that the particle injection in the source
switched o� at a certain time. The assumption of a single injection works reasonably well
for resolved spectral studies because on small scales, particles can likely be considered as
part of a single acceleration event, while the continuous injection models are applicable
only to integrated spectra of selected regions, where particles can be considered con�ned.

However, the proposed models only consider the energy losses due to synchrotron and
IC emissions. Another e�ect that must be considered is the losses due to the adiabatic
expansion of the radio lobes in the surrounding medium. The e�ect of adiabatic losses is
to reduce the particle energy and the magnetic �eld in radio lobes (Scheuer & Williams,
1968), and so to shift the spectra towards lower (or higher) frequencies if there is a
single (or continuous) injection of particles, without changing its shape (Kardashev, 1962;
Murgia et al., 1999). So, the radiative ages derived from standard models could be
corrected for this e�ect, simply multiplying the associated break frequency for a corrective
factor, which depends on the linear expansion factor (� = r1=r0 for a spherical bubble,
wherer0 and r1 are respectivelly the initial and �nal radius of the bubble) and the index
of variation of the magnetic �eld (n, whereB(t) = B0� � n ).

As previously mentioned, the spectral age also depends on the source magnetic �eld,
which is di�cult to constrain observationally. For this reason, it is often derived assuming
the approximation of energy equipartition (e.g. Brunetti et al., 1997). This assumes
that the energy density of the magnetic �eld is equal to the energy density of particle
population (electrons + protons):

� B = � e + � p = (1 + k)� e

B 2

2� 0
= (1 + k)

Z 
 max


 min

N (
 )
m ec2 d

(1.15)

where B is the magnetic �eld, k is the ion to electron density energy ratio, andN (
 )
is the initial electron energy distribution, assumed to be a power-law. The value ofk is
typically assumed equal to 1, implying that energy is equally divided between electrons
and ions. When direct measures of the magnetic �eld strength were possible, it has been
shown that the typical values are a factor 2-3 below the equipartition values (Croston
et al., 2005; Kataoka & Stawarz, 2005; Migliori et al., 2007; Ineson et al., 2017; Turner
et al., 2018), suggesting the radio lobes contain higher electron energy densities than
assumed by equipartition.

When both radio and X-ray observations are available, a comparison between syn-
chrotron ages and cavity ages can be made. Bîrzan et al. (2008) found that the syn-
chrotron and buoyancy ages are weakly consistent and computed that if the synchrotron
ages would represent the true ages, the bubbles would be moving with a speed of� 4� 20
times higher than the buoyancy speed, i.e. supersonically. As a result, in these systems
we would expect to see shocks driven by the expanding bubbles. In fact, in some systems
shocks have been discovered (e.g., McNamara & Nulsen, 2007; Vantyghem et al., 2014).
However, this kind of investigation (radiative vs cavity age) remains limited and more
studies are needed to put �rmer constrains.
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1.2.2 Di�use radio emission

Di�use radio emission, not directly associated with cluster member galaxies, indi-
cates the presence of a non-thermal component of cosmic rays in the ICM, which emit
synchrotron radiation in the presence of� G magnetic �elds. This emission is classi�ed
as radio relics, giant radio halos or mini halos (van Weeren et al., 2019, for a review).
Radio relics are located at the periphery of the cluster possibly tracing particles that are
(re-)accelerated by shock waves. Radio halos and mini halos instead are di�use sources
located at the cluster centre. In this Thesis I focused mainly on mini halos and giant
radio halos (Fig. 1.5), which I will further discuss in the next sections.

Figure 1.5: Di�use radio emission in galaxy clusters. Giant radio halo at the centre of the merging cluster
Abell 2744 (left) and mini halo at the centre of the relaxed cool-core Perseus cluster (right). X-ray contours are
shown in white. From van Weeren et al. (2019).

1.2.2.1 Giant radio halos

Giant radio halos (RHs) are Mpc-size sources mostly found in massive, dynamically
disturbed clusters. Their radio morphology is typically smooth and regular, approxi-
mately following the distribution of the thermal ICM. This is quantitatively con�rmed
by the detection of a sub/nearly-linear spatial correlation between the radio and the
X-ray surface brightness, obtained through point-to-point analysis (Govoni et al., 2001;
Botteon et al., 2020b; Rajpurohit et al., 2021a,b). RHs present integrated spectral indices
in the range 1:1 � � � 1:4 (e.g., Giovannini et al., 2009). Spectral coverage with more
than two frequencies is rare to obtain, so deviations from power-law spectra are di�cult
to investigate (Rajpurohit et al., 2021a, e.g.,). A spectral steepening is observed in the
Coma cluster at frequencies higher than 1 GHz (Thierbach et al., 2003). Some halos
instead present an ultra-steep spectrum, with a spectral index up to� � 2 (e.g. Abell
521, Brunetti et al., 2008; Dallacasa et al., 2009). These are called ultra-steep spectrum
radio halos (USSRHs). The existence of USSRHs is expected if the integrated spectra of
radio halos present a cuto�, as a measure of the spectral index at frequency higher than
the cuto� frequency will be very steep.

RHs are not ubiquitous in clusters: only 30% of the X-ray luminous clusters (LX �
5� 1044 ergs� 1) host a RH (Venturi et al., 2007, 2008). Cuciti et al. (2015) found the oc-
currence fraction of RHs depends on the cluster mass: 60-80% of RH detected in massive
clusters (M 500 � 8 � 1014 M � ) against 20-30% in clusters below this mass. Clusters with
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Figure 1.6: Left panel: Concentration parameter c vs. centroid shift w from Cassano et al. (2010). With
di�erent symbols are represented: giant radio halos (red �lled dots), clusters without radio halos (black open
dots), mini halos (blue open dots). Right panel: P1:4 vs L 0:1� 2:4keV from Brunetti et al. (2009).

and without radio halos can be distinguished also according to their dynamical status,
typically inferred from the cluster's X-ray morphology (Cassano et al., 2010). Almost
all giant radio halos are found in dynamically disturbed clusters and clusters with RHs
can be well separated from clusters without RHs and clusters with mini halos (Fig.1.6,
left panel). The radio halo power correlates with the cluster X-ray luminosity (e.g.,
Brunetti et al., 2009; Cassano et al., 2013) and the cluster mass (Cassano et al., 2013;
Cuciti et al., 2021; van Weeren et al., 2021), while the upper limits to the radio power
of clusters with no detected RHs lie below the correlations (Fig.1.6, right panel). This
bi-modality could be interpreted as due to two populations of clusters at di�erent evo-
lutionary stages (Brunetti et al., 2007, 2009). Merging clusters host RHs and follow the
correlation, when clusters become dynamically relaxed, the RH synchrotron emission is
gradually suppressed and clusters populate the region of the upper limits.

RH emission is suggested to originate from electrons re-accelerated by turbulence
injected in the ICM during major merger events (Brunetti et al., 2001; Petrosian, 2001).
As direct acceleration of CRe from the thermal ICM is a very ine�cient mechanism (e.g.,
Petrosian & Bykov, 2008; Brunetti & Jones, 2014, for reviews), a population of seed
electrons, mildly energetic particles present in the ICM, which are then re-accelerated,
is required. CRe undergo radiative losses, due to synchrotron and IC emission, which
prevent to reach Mpc-scale distances through slow di�usion, unless they are continuously
generated or accelerated "in situ" throughout the radio halo volume (Ja�e, 1977). These
particles may be injected in the ICM by AGN activity, supernovae, galactic winds or
be generated by proton-proton interactions. Alternatively, it has been proposed that the
electrons responsible of RH emission are produced in the hadronic interaction between CR
protons and ICM protons (Dennison, 1980; Blasi & Colafrancesco, 1999). However, the
non-detection of 
 -rays in the Coma cluster, seem to disfavour this scenario (Brunetti
et al., 2012, 2017). Therefore, the re-acceleration of electrons is the most promising
explanation to date.
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1.2.2.2 Mini halos

Mini halos (MHs) are di�use radio sources with size typically� 0:2 R500 � 100� 500
kpc (Giacintucci et al., 2017, 2019), surrounding the central radio source associated to
the brightest cluster galaxy. MHs are common in relaxed clusters with a cool-core: 80%
of cool-core clusters withM 500 � 6 � 1014 M � host a mini halo (Giacintucci et al.,
2017), while no mini halos are found in non cool-core systems. This suggests that cluster
mergers do not play a major role in their origin. However, larger samples are required
to obtain better statistics and con�rm these results. A point-to-point radio and X-ray
surface brightness correlation is observed also in MHs. Contrary to RHs, they show a
super-linear behaviour, indicating a concentration of the ICM non-thermal component
around the central AGN (Ignesti et al., 2020).

Although smaller than RHs, MHs also require in-situ acceleration given the short
lifetime of synchrotron emitting electrons. The radio emission from MH does therefore
not directly originate from the central AGN, which however could be the source of seed
electrons. Similar to RHs, two possible scenarios have been proposed to explain the
origin of MHs: the hadronic and the turbulent re-acceleration models. The hadronic
model suggests that MHs are formed by the continuous injection of secondary electrons
in the central regions by inelastic collisions of cosmic-ray protons with the cluster thermal
proton population (Pfrommer & Enÿlin, 2004). The decay chain for the injection of
secondary particles also produces
 -rays. Accordingly, 
 -rays emission is expected in
galaxy clusters. However,
 -ray upper limits from the Fermi satellite and ground based
Cherenkov telescopes are not yet deep enough to put strong constraints on the hadronic
origin of MHs.

Another possibility is the re-acceleration of seed electrons in cluster cores by turbu-
lence. Unlike giant radio halos, where the turbulence is induced by major cluster mergers,
mini halos would trace turbulence in the cluster cores generated by gas sloshing in re-
sponse to a gravitational perturbation by a minor/o�-axis merger (ZuHone et al., 2013,
2015). The con�nement of most of the MHs by spiral-shaped X-ray cold fronts supports
this scenario (Mazzotta & Giacintucci, 2008).

One possibility to discriminate between the two models is to look for di�erences in the
integrated spectrum and spectral index maps. The hadronic model predicts a rather uni-
form spectrum with � � 1, while evidence for very steep spectra and/or for the presence
of spectral breaks at high frequencies would favour a re-acceleration scenario (ZuHone
et al., 2013, 2015). However, current MH observations cover a small frequency range
that does not permit to constrain their spectral curvature. Furthermore, the separation
between the contribution of the central AGN lobes and MH can be di�cult, making good
spectral measurements more challenging than in the case of giant radio halos.

Giant radio halos and mini halos have been considered since their discovery to be two
di�erent classes of sources. However, recent observations of radio emission with hybrid
properties suggest RHs and MHs could be physically related to each other. For example,
cluster merger events could transport CRe from cluster cores to larger scales, where
they are re-accelerated again (see e.g., Brunetti & Jones, 2014). Therefore, mini halos
could evolve into giant radio halos and vice-versa. Bonafede et al. (2014) discovered
a radio halo with size 1.1 Mpc in the strong cool-core cluster CL1821+643. If this
emission is caused by a merger event, the cluster is in a stage where the merger has
not yet been able to disrupt the cool-core. Similarly, radio halos with scales of 0.8-
1.0 Mpc are observed in the semi-relaxed clusters Abell 2261, RXCJ0232.2�4420 and
SPT-CL J2031-4037 (Sommer et al., 2017; Savini et al., 2019; Kale et al., 2019; Raja
et al., 2020), questioning the assumption that giant radio halos only occur in clusters
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undergoing major mergers. Another peculiar case is the sloshing, minor-merger cluster
Abell 2142, which presents a 2 Mpc radio halo with a double component (Farnsworth
et al., 2013; Venturi et al., 2017). The inner component has a higher surface brightness,
with properties similar to that of a mini halo. The outer larger component has a steeper
spectrum. They proposed that the inner component is powered by gas sloshing, while
the outer component might be re-accelerated by turbulence induced by a less energetic
merger event. Alternatively, the di�erent components are the result from a transition
between hadronic and turbulent re-acceleration processes.

With the advent of the Low Frequency ARray (LOFAR, van Haarlem et al., 2013),
two other cool-core clusters with steep-spectrum emission extending beyond the cool-core
region were discovered (PSZ1 G139.61+24.20 and RX J1720.1+2638, Savini et al., 2018,
2019). In order to explain these sources, the authors have proposed that minor/o�-axis
mergers could accelerate particles on Mpc-scales, without disrupting the cool-core. In
that case, both a giant radio halo and a mini halo could co-exist. As minor mergers are
less energetic than the major ones, the di�use emission on large scale should have a steep
spectrum, with � � 1:5 (Cassano et al., 2006; Brunetti et al., 2008; Cassano et al., 2012;
Brunetti & Jones, 2014). However, due to observational limitations it has to-date been
impossible to calculate the spectral index of the halo-like emission � it has only been
possible to place limits. The study of this new type of sources could help to shed light
on the origin of both giant radio halos and mini halos.



Chapter 2
The LOw Frequency ARray

The LOw-Frequency ARray (LOFAR, van Haarlem et al., 2013), is a new generation
radio interferometer operated by ASTRON centred in the Netherlands and with stations
distributed all around Europe. Using a new design, LOFAR covers the relatively unex-
plored low-frequency range from 10� 240 MHz (corresponding to wavelengths of 30� 1.2
m) and provides unique observing capabilities. LOFAR reaches sub-arcsecond resolution,
thanks to the long interferometric baselines, while the dense core array, allows to recover,
at the same time, very extended emission in the sky (Largest angular scale, LAS = 0.5
degrees). The e�ectively all-sky coverage of the dipoles gives LOFAR a large �eld-of-view
(FoV), essential for surveys. This makes LOFAR a powerful instrument in many �elds of
astrophysics. Six Key Science Projects (KSP) determined the design, development and
construction of LOFAR during its initial phase. Among these there is the Surveys KSP,
whose aim is to conduct wide and deep surveys of the northern sky. This project involves
a broad range of astrophysics topics such as: study the formation of massive galaxies,
clusters and black holes, the non thermal emission and magnetic �elds in galaxy clusters,
star formation processes in the early Universe and exploring new parameter space for
serendipitous discovery. More details on the LOFAR Surveys will be given in Section 2.2.

2.1 Stations

Currently, LOFAR comprises 52 individual stations distributed mainly in the northern
countries of Europe (Fig. 2.1). Most of the stations are placed in the Netherlands (38
stations). 24 of these stations are concentrated in an area of 2 km, constituting the Core
Stations (CS). Their distribution is optimised to achieve good instantaneousuv-coverage
required by many of the KSPs. At the centre of the core, a 320m diameter region referred
to as �the Superterp� contains 6 Core Stations, which provide the shortest baselines in the
array. The remaining 14 stations in the Netherlands, called Remote Stations (RS), are
approximately arranged in a logarithmic spiral distribution over an area roughly 180 km in
diameter. Other 14 stations, named as International Stations (IS), are located between
Germany (six stations), Poland (three stations), France, Ireland, Latvia, Sweden, and
the United Kingdom (one station each). A station in Italy is also planned as part of the
LOFAR2.0 upgrade, which will occur in the coming years.

LOFAR consists of an interferometric array of dipole antenna stations, which have
no moving parts. Pointing and tracking are then achieved by combining signals from
individual antennas to form a phased array. This allows for rapid re-pointing of the
telescope and o�ers also the possibility to performed multiple simultaneous observations
from a given station.

15
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Figure 2.1: LOFAR stations.

We report the LOFAR performances at di�erent frequencies in Table 2.1. To cover
the 10 � 240 MHz operating bandpass two di�erent types of antenna are used, which I
will describe in more detail below.

Low Band Antennas

The Low Band Antennas (LBA) are designed to operate from the ionospheric cuto�
of the radio window, near 10 MHz, up to the onset of the commercial FM radio band at
about 90 MHz. Due to the presence of strong interference at the lowest frequencies and the
proximity of the FM band at the upper end, this range is operationally limited to 30� 80
MHz by default. A digital �lter is employed to suppress the response outside of this band,
with the option of deselecting it for observations below 30 MHz. An image of an LBA
element and the LBA median response curve are reported in Fig. 2.2 (Upper panels).
The LBA element, or dipole, is sensitive to two orthogonal linear polarisations. Due to
hardware limitations (which will be removed in the LOFAR2.0 upgrade) in each station,
only half of the LBA dipoles can be used during a single observation. Two con�gurations
are possible, each consists of 48 dipoles that are grouped into an inner circle (�LBA Inner�
mode) and an outer annulus (�LBA Outer� mode). The choice of the con�guration has
a large impact on the size and shape of the main lobe of the primary beam and on the
positions and amplitudes of the side lobes, leading to di�erent instrument responses, as
reported in Table 2.1.
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Table 2.1: LOFAR e�ective area ( Ae� ), full-width half-maximum (FWHM) and �eld of view (FOV) at di�erent
frequencies and for di�erent station con�gurations (where D is the station diameter). From van Haarlem et al.
(2013).

Figure 2.2: Upper left : a single LBA dipole. The inset images show the molded cap containing the electronics
and the wires attachment points. Upper right : LBA median response curve for all LBA dipoles of a LOFAR
station. The peak of the curve is near 58 MHz. The strong radio frequency interference (RFI) below 30 MHz
and above 80 MHz are clearly visible. Lower left : image of a single HBA tile. The protective covering has
been partially removed to show the dipole assembly. Lower right : HBA median response curve for the HBA
LOW band for all HBA tiles of a LOFAR station. Various prominent RFI sources are clearly visible distributed
across the band including the strong peak near 170 MHz corresponding to an emergency pager signal. From van
Haarlem et al. (2013).
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High Band Antennas

The High Band Antennas (HBA) are optimised to operate in the 110� 250 MHz range.
Due to heavy RFI contamination above 240 MHz, the band is operationally limited to the
110� 240 MHz range. The total HBA frequency range is covered by three observing bands:
110-190 MHz (HBA LOW), 170-230 MHz (HBA MID), and 210-250 MHz (HBA HIGH).
At these frequencies, the total system noise is no longer dominated by the sky noise as in
the case for LBA, but by the electronics. Consequently, another design topology for the
HBA antennas was required. The HBA elements are grouped in 16 dual dipole antennas
and arranged in a4� 4 grid to form a single HBA �tile�. A single �tile beam� is obtained
by combining the signals from these 16 antenna elements in phase for a given direction
on the sky. An image of an HBA tile and the HBA median response curve are reported
in Fig 2.2 (Lower panels). The layout of HBA tiles within the core and remote stations
is di�erent. In the remote stations the 48 HBA tiles are contained in a single �eld, while
in the core stations the HBA dipoles are grouped in two sub-stations of 24 tiles each.
These sub-stations can be used together as a single station or separately as independent
LOFAR stations. The latter option has the advantage of providing many more short
baselines within the core and by extension and so more uniformuv-coverage, essential
for science cases that depend critically on the use of short baselines, as the search for
radio transients. In addition, many of the short baselines that result from the dual HBA
sub-stations are redundant and therefore can be used as diagnostics for identifying bad
phase and gain solutions during the calibration.

2.2 Surveys

LOFAR's design and capabilities make it a good survey instrument. The LOFAR
Multifrequency Snapshot Sky Survey (MSSS) was the �rst wide-area northern-sky survey
to be carried out with LOFAR. It surveyed the whole northern sky to a depth of around
10 mJy beam� 1 with a resolution of 2 arcmin (Heald et al., 2015). Currently, four surveys
are ongoing:

ˆ LOFAR Two-metre Sky Survey (LoTSS): wide-area survey performed in the HBA
frequency range 120� 168 MHz. Its goal is to observe the whole northern sky at a
resolution of 600and a sensitivity that depends on the declination and is typically
around 100� Jy beam� 1. It is a factor of 50 more sensitive and 5 times higher in
resolution than the TIFR GMRT Sky Survey at 150 MHz (TGSS, Intema et al.,
2017), and a factor of 10 more sensitive than the FIRST survey at 1.4 GHz (Faint
Images of the Radio Sky at Twenty-cm), the current best high-resolution sky survey
(see Fig. 2.3). A �rst data release covering an area of 424 square degrees (2% of
the planned coverage) in the region of the HETDEX Spring Field has been released
in 2019 (Shimwell et al., 2019). In Fig. 2.4 is reported the current status of the
survey, a second data release is planned for the beginning of 2022.

A stretch goal is to image large areas with the resolution of the International sta-
tions, around 0:500.

ˆ LoTSS deep �elds: LoTSS is also performing repeated observations of selected �elds
with the same frequency coverage, aiming to reach a sensitivity of� 10 � Jy beam� 1

(roughly �ve times deeper than the best all-sky LoTSS pointing) over combined sky
areas of many tens of square degrees. The �rst three �elds being observed are
Boötes, Elais-N1 and Lockman Hole, for each of which at least 100 hours of HBA
data are already available; additional �elds are planned. Combined with high-
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Figure 2.3: The image shows the rms, frequency and angular resolution (linearly proportional to the radius
of the markers) of LoTSS and LoLSS in comparison to a selection of existing wide-area completed (grey) and
upcoming (blue) radio surveys. The horizontal lines show the frequency coverage for surveys with large fractional
bandwidths. The green, blue and red lines show an equivalent sensitivity to LoTSS for compact radio sources
with spectral indices of 0.7, 1.0 and 1.5, respectively. From Shimwell et al. (2019).

quality ancillary data, this will allow to study star formation and AGN activity
across cosmic time.

ˆ LOFAR LBA Sky Survey (LoLSS): it plans to cover the entire northern sky in the
frequency range 42� 66 MHz, with the aim to achieve a resolution of 1500and an
average rms noise of1 mJy beam� 1. LOFAR is the only radio telescope that is cur-
rently capable of high-sensitivity, high-resolution observations at frequencies below
100 MHz (see Fig. 2.3). LoLSS will be a revolutionary tool to discover and study
ultra-steep spectrum sources, such as high redshift galaxies and quasars, old radio
plasma and the magnetosphere of exoplanets. The preliminary data release covers
740 square degrees of the HETDEX spring �eld region (Fig. 2.4) at a resolution of
4700with a median rms noise of5 mJy beam� 1 (de Gasperin et al., 2021).

ˆ WEAVE-LOFAR is a spectroscopic survey of the LOTSS sky with the WEAVE
�bre spectrograph on the William Herschel Telescope. It will provide redshifts for
the wide and deep tiers of LOTSS.

Part of the data analysed in this Thesis were observed as part of LoTSS and will be
presented in the following chapters.

2.3 Impact on galaxy cluster studies

Di�use radio emission in galaxy clusters is characterised by a steep spectrum, meaning
it is brighter at low frequencies, so an ideal target for LOFAR. With its dense core array
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Figure 2.4: Left: LoTSS DR2 processing status from https://lofar-surveys.org/status.html . Right:
LoLSS current and planned sky coverage. Yellow, blue and green dots cover the HETDEX region and con-
stitute the �rst data release. Red dots are scheduled to be observed by 2022. From de Gasperin et al. (2021). In
both the panels solid lines show the position of the Galactic plane with Galactic latitude: � 10, 0,+10 degrees.

LOFAR provides exceptional sensitivity to extended sources in the low frequency regime
(� 200MHz), expanding for order of magnitudes the number of known giant radio halos
and mini halos. According to Cassano et al. (2010), the LOFAR all-sky survey will detect
more than 350 radio halos at redshift� 0:6. In the HETDEX region 10 Planck PSZ2
clusters with radio halos and 12 candidates were detected (van Weeren et al., 2021).
These numbers increase to 53 radio halos and 20 candidates in the second data release
(Botteon et al., 2022), among which 35 are new discoveries. Based on these numbers
LoTSS should �nd � 260radio halos, in agreement with theoretical expectations. LOFAR
has also made it possible to expand the study of galaxy clusters towards lower masses
(M 500 � 5 � 1014 M � ) and higher redshift (z � 0:6, Cassano et al., Cuciti et al., Di
Gennaro et al., in preparation). The improved statistics o�ered by large samples, will
permit, for the �rst time, to carry out detailed studies of the properties of radio sources in
galaxy clusters and investigate their occurrence rates as a fuction of cluster mass, redshift
and dynamical state.

Furthermore, LOFAR has discovered new types of di�use radio sources in galaxy
clusters, including radio halos in relaxed clusters (Bonafede et al., 2014; Sommer et al.,
2017; Savini et al., 2018, 2019), mega halos (Cuciti et al., submitted) and radio bridges
that connect pairs of massive and pre-merging clusters (Govoni et al., 2019; Botteon
et al., 2020a)

These results indicate that our comprehension of di�use radio emission in galaxy
clusters is still at the beginning. In the coming years the number of sources discovered
in the low frequency regime may still increase thanks to the enhanced sensitivity in the
LOFAR2.0 upgrade and the advent of SKA (Square Kilometre Array) and its precursors.

2.4 Data reduction

In this Thesis I made use of both LOFAR LBA and HBA data. To obtain high-�delity
images, observations at low radio frequency require advanced calibration and speci�c
processing techniques to correct for systematic e�ects. The main source of corruptions is
the ionosphere. This introduces a time and directions-dependent delay di�erence between
antennas caused by the variation of the refractive index of the ionospheric plasma along
the wave trajectory. Further errors are due to time delay between all CS (connected to
the same clock) and any other station, and small di�erences in the station beam models
and shapes. A detailed discussion of the systematic e�ects inherent to LOFAR data is
reported in de Gasperin et al. (2019).

The standard procedure for interferometric data calibration consists in the character-
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isation of the telescope's response to systematic e�ects by observing bright, compact and
well-known sources (i.e. calibrators). Generally, a strong unresolved source of known �ux
density is observed as primary calibrator at the beginning and at the end of the obser-
vation, to measure absolute �ux calibration, band-pass and residual delays. Therefore,
all the e�ects that are time and direction-independent can be corrected on the target
�eld using the calibrator solutions. To track phase and amplitude variations in time, a
secondary (or phase) calibrator located nearby the target source, is observed multiple
times on short time intervals to remove the e�ects of signal corruption in the direction
of the target.

The low-frequency and large �eld-of-view of LOFAR observations require a di�erent
calibration strategy. In both HBA and LBA frequency range there are no sources strong
enough to dominate the �ux within the �eld of view and close to the target to be used
as phase calibrators. Furthermore, the large primary beam of LOFAR requires many
di�erent corrections for ionospheric distortions and beam model errors across the �eld of
view. Therefore, the best method to calibrate LOFAR data is to perform a self-calibration
using the target �eld itself to determine time and direction-dependent quantities. In LBA
observations, where ionospheric-induced phase variations are higher, the �ux density
calibrator is observed simultaneously to the target, with half of the available bandwidth
on the target �eld and half on the calibrator. In that way, time variations are tracked
and all the solutions to direction-independent systematic e�ects can be transferred from
the calibrator to the target.

The data calibration procedure requires di�erent steps, which are performed with
slightly di�erent approaches for LBA and HBA observations, as further detailed below.

2.4.1 LBA data

The calibrator data are reduced following de Gasperin et al. (2019), to isolate the
systematic e�ects of the polarisation alignment, the bandpass and the clock drifts. Since
in the low-frequency regime the latter e�ect is di�cult to isolate from the ionospheric
delay, the raw scalar phase solutions are transferred to the target. This also gives an
initial estimate of the ionospheric delay, using the solutions towards the direction of the
calibrator. After the application of the calibrator solutions, the data for the target �eld
require di�erent steps of calibration to correct for di�erential ionospheric e�ects. The
target �eld calibration procedure is described in de Gasperin et al. (2020). An initial
directions-independent (DI) calibration of the target �eld removes three systematic ef-
fects: the direction-averaged ionospheric delay, the Faraday rotation and beam variations
with time and frequency on top of the LOFAR beam model.

The primary errors remaining in the data at this point are the severe di�erential
directions-dependent (DD) e�ects caused by the ionosphere. To correct for these errors,
bright sources in the �eld of view, called DD-calibrators, selected based on their �ux
density, are used to estimate the ionospheric e�ects in their directions. Then, the �eld
of view is divided into facets given by the Voronoi-tesselation of the positions of the DD-
calibrators. Each facet is corrected with the calibration solutions of the corresponding
DD-calibrator during imaging with DDFacet(Tasse et al., 2018). A DD calibrated wide-
�eld image has a full resolution of1500.

The �nal data reduction step is the so-called 'extraction' and self-calibration of the
target, where a LBA-speci�c implementation of the extraction strategy described in van
Weeren et al. (2020) is used. In this step, all sources outside the region of interest are
subtracted from the full data set, using the model and the calibration solutions derived
in the DD calibration. To further re�ne the image quality of the target, di�erent steps
of scalar phase and slow diagonal amplitude self-calibration are performed at increasing
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time-resolution.

2.4.2 HBA data

HBA data are processed with the standard Surveys Key Science Project pipeline1

(see Shimwell et al., 2019; Tasse et al., 2021). The data are �rstly corrected for the DI
e�ects following the procedure described in Shimwell et al. (2017): the calibrator data
are �agged for interference with AOFLAGGER (O�ringa et al., 2012), and calibrated
using a model of the appropriate calibrator source, which has a �ux density scale set
according to Scaife & Heald (2012). The resulting calibration tables are used to derive
time-independent amplitude solutions and clock o�sets for each station. Similarly, the
target data are �agged, corrected for ionospheric Faraday rotation and calibrated using
the calibrator solutions. In the �nal step of the DI calibration pipeline, the data are
phase calibrated against a sky model for the target �eld, generated from the TGSS-
ADR1 catalogue (Intema et al., 2017).

The target data are then calibrated for the DD e�ects through the pipeline that uses
killMS and DDF(Tasse, 2014a,b; Smirnov & Tasse, 2015; Tasse et al., 2018) for DD
calibration and imaging, respectively. The pipeline �rstly operates on a restricted set of
data, which are spaced across the entire bandwidth. These data are self-calibrated to
build up a model of the radio emission in the �eld, which is then used to calibrate the full
data set. In the �rst step DDFis used to image the DI calibrated data and create a model
of the sky. The sky model is then used to select 45 facets and perform the �rst phase
of DD calibration using killMS , which creates an amplitude and phase solution for each
of the 45 facets every 60s and 1.95MHz of bandwidth. Several steps of DD calibration,
spectral deconvolution and imaging are performed, �nding phase and amplitude solutions
which are then used to calibrate the entire dataset. The full bandwidth high-resolution
imaging is performed with a resolution of600.

Finally, to improve the calibration on the target region, all the sources outside a small
region centred on the cluster are subtracted, using the DD gains, and then several cycles
of phase and amplitude self-calibration are performed in the extracted region usingDPPP
and WSclean2 (van Diepen et al., 2018; O�ringa et al., 2014). The �ux density scale is
set according to Scaife & Heald (2012), and subsequently aligned with LoTSS-DR2 data
release (Shimwell et al., 2022), where the �ux calibration uncertainty is estimated to be
10 per cent (Hardcastle et al., 2021; Shimwell et al., 2022).

1https://github.com/mhardcastle/ddf-pipeline/
2https://gitlab.com/aroffringa/wsclean



Chapter 3
Searching large-scale di�use emission in
cool-core clusters with LOFAR

Recent observations of galaxy clusters have revealed the unexpected presence of cluster-
scale di�use radio emission in a few cool-core clusters. These discoveries suggest that
some mechanism has (re)accelerated particles on scales larger than the core, in otherwise
relaxed clusters. A possible explanation is that these clusters underwent a minor merger
that has re-accelerated particles on large-scale without disrupting the central cool-core.
As minor mergers are less energetic than the major ones, particles should be accelerated
with a lower e�ciency, producing steep spectra radio emission (� � 1:5) and so brighter
at low frequencies.

In this Chapter1 we address two questions: Is this emission common in galaxy clusters
that exhibit cool-core and signs of interaction on large-scale? Is there a link between the
observed radio emission and the gas dynamics?

3.1 The sample

In order to test the minor-merger scenario as a possible explanation for the presence of
large-scale di�use emission in relaxed clusters, we selected a sample of clusters that have a
cool-core and some level of dynamical disturbances. This information has been extracted
from X-ray observations, through the computation of the morphological parameters. In
particular, we used the concentration parameter (c) and the centroid shift (w), de�ned
in Chapter 1. Large values ofc indicate a dense core, typical of cool-core clusters that
have not undergone a recent major merger, while large values ofw indicate a distribution
of gas not spherically symmetric, i.e. a merging cluster. Cassano et al. (2010) found
that most of clusters with c < 0.2 and w > 0.012 (i.e. merging) have a giant radio halo,
while no cluster with c > 0.2 and w < 0.012 (i.e. relaxed clusters) have a radio halo at
frequencies� > 610 MHz. LOFAR observations, instead, have revealed the presence of
halo-like emission in clusters classi�ed as relaxed, withc > 0.3 and w > 0.003 (Savini
et al., 2019).

We chose our targets from two X-ray samples of galaxy clusters: the ACCEPT sam-
ple (Cavagnolo et al., 2009) and the ME-MACS sample (Mann & Ebeling, 2012; Rossetti
et al., 2017). We selected all ME-MACS clusters that are classi�ed as cool-core by
Rossetti et al. (2017), according to the concentration parameter (c � 0:075), and all AC-
CEPT clusters that are classi�ed as cool-core by Cavagnolo et al. (2009) and Giacintucci
et al. (2017), according to the core entropy (K 0 � 30 � 50 keVcm2). We computed the

1The results presented in this Chapter are reported in an article in preparation.
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Figure 3.1: Morphological parameters
plot of the clusters in our sample. Blue
dashed lines indicates the c and w values
used to select clusters in our sample. Grey
dashed line indicates the w which separates
clusters with a radio halo ( w � 0:012) from
clusters without a radio halo, according to
(Cassano et al., 2010).

morphological parametersc and w of the selected clusters fromChandra archival observa-
tions that we have reprocessed in the standard way (search and removal of proton �ares,
correction for exposure map, identi�cation of point sources) usingCIAO2 v4.7 (Chandra
Interactive Analysis of Observation, Fruscione et al., 2006). Exposure-corrected images
have been created in the energy band 0.5 � 2 keV, and binned to a common resolution
of 4 kpc/pixel. We then selected all clusters withc > 0.2, i.e. clusters with a compact
core, andw > 0.003, i.e. larger than thew of the cluster RX J1720.1+2638, in which
di�use emission outside the cluster core has been observed by Savini et al. (2019). In
addition, we considered only clusters that could easily be observed with LOFAR, i.e.
with declination greater than 10� , and must have a redshift < 0.4 to resolve emission on
scales of 500 kpc at the resolution of2000. The �nal sample consists of 12 clusters listed
in Tab. 3.1 and shown in Fig. 3.1 in thec � w plot.

3.2 Radio observations

The selected clusters were observed with LOFAR at the frequency of 144 MHz. Four
of these were observed by LoTSS, while the rest as part of a dedicated proposal (project
LC10_010). The observational details are reported in Table 3.2. For the clusters observed
by LoTSS, we indicate both the project ID and the pointings used. Each observation
consists of an 8 hr time-on-source book-ended by 10 min scans on the �ux density cal-
ibrator using HBA stations in the HBA_DUAL_INNERmode, implying that only central
antennas are used for the remote stations to mimic the size of the core stations. All the
data were processed with the standard data reduction illustrated in Section 2.4.2. The
�ux density scale was set according to Scaife & Heald (2012), and subsequently aligned
with LoTSS-DR2 data release, where the �ux calibration uncertainty is estimated to be
10 per cent (Hardcastle et al., 2021; Shimwell et al., 2022).

The calibrated data were then imaged at di�erent resolutions using WSClean (O�ringa
et al., 2014). The high resolution images were produced using a Briggs weighting scheme
with robust = � 0:5, applying an inneruv-cut at 80� and using a pixel-scale of 100. For the
low resolution images, instead, we used a pixel-scale of 400, an uv-taper of 2000, and multi-
scale deconvolution to better model the di�use emission. These images were obtained
after the subtraction of the central source and of surrounding compact sources which
could in�uence the study of di�use emission. The source subtraction was computed in

2https://cxc.cfa.harvard.edu/ciao/
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Table 3.1: Properties of selected clusters.

Cluster name RA DEC z Scale M 500 c w

[kpc/ 00] [1014 M � ]

PSZ1G139.61+24 06:22:04.60 +74:40:51.6 0.270 4.17 7.6 0.362 0.0135

MS 0735.6+7421 07:41:44.31 +74:14:39.51 0.216 3.50 5.0 0.3366 0.0074

MS 0839.8+2938 08:42:55.99 +29:27:29.16 0.193 3.21 3.4� 0.4869 0.0076

Z2089 09:00:36.85 +20:53:40.62 0.235 3.67 3.2� 0.5935 0.0045

RBS 0797 09:47:12.72 +76:23:13.85 0.350 4.94 5.6 0.6790 0.0038

A1068 10:40:44.53 +39:57:11.94 0.139 2.45 3.8 0.5611 0.0071

A1204 11:13:20.50 +17:35:40.97 0.171 2.91 3.3 0.6558 0.0042

MS 1455.0+2232 14:57:15.11 +22:20:34.14 0.258 3.99 3.5� 0.5948 0.0080

RX J1532.9+3021 15:32:53.93 +30:21:01.24 0.362 4.89 4.7� 0.5899 0.0053

RX J1720.1+2638 17:20:10.10 +26:37:29.50 0.164 2.81 5.9 0.5 0.0030

RX J1720.2+3536 17:20:16.84 +35:36:26.89 0.391 5.30 6.1 0.4290 0.0159

MACS J2245.0+2637 22:45:04.58 +26:38:04.46 0.304 4.49 4.8� 0.4309 0.0091

Notes. Cluster mass from the Planck Sunyaev�Zel'dovich (SZ) cluster catalog (Planck Collaboration et al.,
2016). Values marked with � were estimated from the relation between M 500 and TX of Vikhlinin et al. (2009).
This method tends to underestimate the mass of cool-core clusters by 30% with respect to Planck SZ-based
estimates (see e.g. Giacintucci et al., 2017; Rossetti et al., 2017)

Table 3.2: Observation details.

Cluster name Project Field

PSZ1G139.61+24 LC8_022 P098+74

MS 0735.6+7421 LC10_010 /

MS 0839.8+2938 LT10_010 P129+29, P132+29

Z2089 LC10_010 /

RBS 0797 LC10_010 /

A1068 LC4_034 P157+40, P160+42, P161+40

A1204 LC10_010 /

MS 1455.0+2232 LT10_010 P225+22

RX J1532.9+3021 LC10_010 /

RX J1720.1+2638 LC7_024, LT10_010 P260+28, P261+25

RX J1720.2+3536 LC10_010 /

MACS J2245.0+2637 LC6_015 P341+26, P342+28
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the visibility space using a model from high resolution images usingWSclean. When
di�use emission is present, we applied a cut to theuv-range to exclude short baselines
and �lter out the emission on � 100� 200kpc scale. The value of theuv-cut varies from
target to target, depending on the extension of the sources that we want to subtract. We
then checked the residuals of �nal images to understand if we over/under subtracted the
BCG and in case we repeated the process adjusting the model.

3.3 Results

In this section we brie�y present each cluster, reporting information from the literature
and results from new LOFAR observations. A summary table with the classi�cation of
the radio emission detected with LOFAR at 144 MHz, its linear dimension and total �ux
density is reported in Table. 3.3. In Fig. 3.2� 3.13 we present the LOFAR images of
each cluster: high resolution image at 144 MHz (upper left panel); low resolution image
at 144 MHz (upper right panel); high resolution radio contours overlaid on opticalPan-
STARRS (Chambers et al., 2016) RGB images, created combining g, r, i bands (lower
left panel); low resolution radio contours overlaid on X-rayChandra image (lower right
panel).

For the clusters that present di�use radio emission we extract radial pro�les to un-
derstand if they consist of a single or two di�erent components. We also extract radial
spectral index pro�les for those clusters for which a spectral index map of di�use emission
is available. Finally, we estimate the radio power associated to putative giant radio halos
and derived upper limits in case of non detection.

3.3.1 Morphology

PSZ1G139.61+24

The cluster PSZ1G139.61+24 (heareafter PSZ1G139), located at z=0.27, presents an
elongated X-ray emission in the north-west south-east direction and a cold front towards
the north-west (Giacintucci et al., 2017; Savini et al., 2018). The cluster was observed
in the radio band with the Giant Metrewave Radio Telescope (GMRT) at 610 MHz and
LOFAR at 144 MHz. Both telescopes detect a central mini halo with an extension of
� 200kpc, whilst low-frequency LOFAR maps also show di�use radio emission beyond the
cluster core, reaching a total extension of� 500kpc. The central mini halo has a spectral
index of � � 1:3, while the di�use emission on larger scale has a steeper spectrum with a
2� lower-limit spectral index of � � 1:7 (Savini et al., 2018, 2019). We have reprocessed
the LOFAR data by Savini et al. (2018, 2019) using the procedure described in Section
2.4.2, obtaining signi�cant improvements in dynamic range and image �delity (Fig. 3.2).
The radio emission is distributed along the north-west south-east direction, following the
X-ray emission, and it extends even beyond the cold front, reaching a total extension of
� 760 kpc. The peak of radio emission is not associated to the brightest cluster galaxy,
it is instead associated to another radio galaxy, clearly visible in the higher resolution
(4:500� 3:800) zoom box in the upper left panel of Fig. 3.2. There is no obvious optical
counterpart of this source, that could be a foreground radio galaxy.

MS 0735.6+7421

The cluster MS 0735.6+7421 (hereafter MS0735), at z=0.216, hosts in its centre a pow-
erful radio galaxy with a de�ned core and outer lobes (McNamara et al., 2005; Cohen
et al., 2005). Chandra X-ray observations revealed two giant cavities, each roughly 200
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