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Abstract

Magnetic fields are known to permeate space over a remarkable range of
scales, from meter-large bodies up to �Mpc wide clusters of galaxies. It
is still debated whether their origin is either ”primordial”, involving their
early formation in the homogeneous universe, or ”astrophysical”, i.e. from
feed-back into the inter-galactic space by the first dense and highly mag-
netised structures formed (e.g. stars, galaxies, AGN). Observing galaxy
cluster outskirts and filaments of the cosmic web have been proposed as
keys to test the above scenarios, as the current strength and morphology of
their evolved magnetic field is believed to correlate with the initial condi-
tions in the most rarefied environments. In this thesis, we push different and
complementary observational techniques of radio-astronomy (namely direct
imaging, Faraday rotation and fast radio burst studies) on dedicated data
from new generation instruments, in combination with state-of-the-art cos-
mological simulations, in order to constrain the properties of the magnetic
fields at �Mpc scale at low redshift. This work provides relevant advances
into observational constraints of magnetic fields in cluster outskirts (e.g.
0:4�G < BMpc < 10�G in the outskirts of the galaxy cluster A2249) and
intra-cluster filaments (BMpc < 0:25 � 0:75�G). We explore the feasibil-
ity and possible systematics of Faraday rotation studies with new and next
generation instrumentation (JVLA, SKA) and provide new perspectives to
best exploit their use. We also constrain the population properties of tran-
sient phenomena known as fast radio bursts (FRBs), which can be used as
background sources for the study of the large scale structures. Our findings
hint to either an evolving luminosity function of FRBs or to the presence
of un-diagnosed selection effect in the current avaliable samples. Finally,
we plan (and implement) the refurbishment of an old radio telescope, the
Northern Cross in Medicina, for dedicated FRB search. We characterise the
instrument sensitivity at the frequency of 408 MHz and use it to estimate
detection rates with respect to different possible and complementary set-up,
e.g. a follow-up mode of known FRBs and a wide-area survey.
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Chapter 1

Introduction

1.1 What is the Cosmic Web? What is it alike?

The evolution of small scale 
uctuations of an isotropic and homogeneous
density �eld under the contrasting actions of gravity, space time expansion
and a cosmological constant has brought the Universe to be observed at
its largest scales as a nonlinear pattern in the displacement of its bright-
est occurrence: the galaxies. Groups and clusters of galaxies are the most
prominent patterns in the galaxy distributions. They are connected by other
elongated ensembles of aligned galaxies which we call �laments and sheets.
Vast void regions, emptied of matter, �ll the volumes in between the large
scale network (see Fig. 1.1 for a portion of the observed infrared (IR)/optical
galaxy distribution). The cosmic structures normally encompass large con-
tributes of matter other than galaxies, such as di�use hot gas and dark
matter.

Despite the large angular scales outlined by the cosmic structures and
the wide area that they cover across the sky, it is just very recently that we
have been able to witness the cosmic web pattern: only forty-four years ago
it became �rst evident that the gathering of galaxies in groups, clusters and
super-clusters in the local Universe was not consistent with being generated
by projection e�ects of a random distribution in space (de Vaucouleurs,
1976).

It became soon evident that the densest condensations of matter were
joined by "chains" of galaxies (which could be either straight or slightly
curved) and that the plains joining di�erent �laments were also populated by
galaxies (Einasto et al., 1980) forming proper sheets delimiting the already
known cosmological voids (Einasto et al., 1975).

11



12 CHAPTER 1. INTRODUCTION

Figure 1.1: Colless et al. (2001): 2dF Galaxy Redshift Survey.

The actual name of "Cosmic Web" has been introduced by Bond et al.
(1996), who also resolved the tension between the competing bottom-up
and top-down theories about the large scale structure (LSS) formation by
providing the numerical proof that the �nal state of the web was actually
already present in embryonic form in the over-density pattern of the initial

uctuations, and was later on sharpened by the nonlinear growth of the
structures themselves.

Numerical methods and simulations in particular constituted a funda-
mental tool to understand the cosmic web since its discovery (Klypin and
Shandarin, 1983) due to the non-linearity of its evolution and became always
more detailed, capable and prominent in the study of its global properties
as well as of its features as seen by di�erent probes, namely di�erent wave-
lengths. Cosmological parameters implemented into simulations together
with numerical recipes for the description of physical processes spread over
a large set of scales constitute nowadays the benchmark upon which theories
are probed by observations. The various elements of the Cosmic Web are ex-
pected to dominate the matter distribution in di�erent over-density � n (with
respect to the cosmic average valuehni ' 10� 6 cm� 3) and correlation length
L environments: � n � 10� 2 � 100 and L > 10 Mpc (megaparsec) for voids,
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� n � 100 � 102; L � 1 � 10 Mpc for �laments, � n � 102 � 103; L � 1 Mpc for
cluster halos and� n � 103; L � 0:1 Mpc for galaxy halos.

1.2 Why is it important to characterize it?

1.2.1 The "missing baryon" problem

Large-scale and high-resolution hydrodynamic simulations of cosmological
volumes assuming standard cold dark matter model with a cosmological
constant � (�CDM, where "cold" indicates the non-relativistic speed of the
non-/weakly interacting "dark" matter) help to predict the distribution of
"baryons" 1 at both present and moderate redshift.

Initial conditions for the simulations are provided by di�erent probes at
di�erent redshifts on the cosmological parameters describing the energy den-
sity content of what composes our Universe. One (relevant) example is the
cosmological parameter describing the baryon energy density 
bh2 (where
h = H0=100 km s� 1 Mpc� 1 and H0 is the Hubble constant) with respect to
the total matter content (i.e. including dark matter) 
 m . Equivalently the
fraction f b of baryons, de�ned asf b � 
 b=
 m , can be used. While both 
 b

and 
 m evolve as (1 +z)3, f b is independent from the redshift2.
The independent probes constraining the 
b (or f b) parameter in partic-

ular, are namely the observations of the Lyman� (Ly � ) forest at z = 2, the
observed light element ratios attributed to standard nucleosynthesis (Cen
and Ostriker, 1999) and the Cosmic Microwave Background (CMB) radia-
tion maps. The Ly� forest is the set of the many lines corresponding to
the n = 2 ! n = 1 atomic transition of the hydrogen neutral atom that
show up as absorption features in the optical spectra of distant quasars,
each red-shifted from the rest wavelength of 912�A according to the posi-
tion of the intervening neutral hydrogen cloud that generates it along the
line-of-sight (LoS) from the quasar to the observer (Lynds, 1971; Weinberg
et al., 2003, for a review). By computing the amount of neutral hydrogen
at z = 2, 
 b has been constrained to 
b � 0:017h� 2 = 0 :035 for h = 0 :70

1According to the Standard Model of physics, baryons are composite particles made
of three quarks, which most stable and common con�gurations are protons (Up-Up-Down
quarks) and neutrons (Up-Down-Down quarks). Strictly speaking electrons are elementary
particles called leptons, not baryons, but a convention in astronomy is to group them
together under the same category.

2For completeness 
 b is also slightly decreasing with time as in the cores of the stars
some of the rest mass of the baryons is converted by nuclear fusion into photons and
neutrinos. However this e�ect is negligible.
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(Rauch et al., 1997; Weinberg et al., 1997). Furthermore, the cosmological
models that involve 
 b together with the standard theory for the growth of
structure reproduce also other observed features of the Ly� forest such as
column density and equivalent width distributions (Cen et al., 1994; Hern-
quist et al., 1996), their redshift dependence (Miralda-Escud�e et al., 1996)
and spatial correlations.

Independent on Ly� observations and before the accurate measurement
of CMB anisotropies, the observed light-element abundance ratios from ex-
tragalactic HII regions combined with standard nucleosynthesis provided
another test of expected baryon density 
bh2 = 0 :019� 0:001 and showed
to be consistent with the Ly� measurement(Burles and Tytler, 1998a,b;
Cyburt et al., 2016, for an updated review). However, with the advent
of CMB measurements, the cosmological parameters have been estimated
with much higher precision and today the argument has been reversed
in favour of estimates of the primordial abundance ratios of the light el-
ements. The most recent expected value for 
b comes from the CMB
anisotropy map made by the Planck satellite (Planck Collaboration et al.,
2016b) 
 bh2 = 0 :02225� 0:00023 (68% con�dence limit).

The above measurements provided information on the baryon content
of the Universe at high redshift (z � 2). The same picture at low redshift,
however, has been found to lack of a signi�cant amount of ordinary matter
(Fukugita et al., 1998). Surveys of galaxies collected only up to� 10% of
the baryons in gravitationally collapsed objects such as galaxies, groups, and
clusters. This long-standing issue has been known since two decades as the
"missing baryon problem" (Cen and Ostriker, 1999).

Meanwhile, the list and abundance of metals has been incremented to-
wards lower redshift through the detection of other absorption lines in ad-
dition to the Ly � such as the OVI line in the far ultraviolet, the OVII and
CV lines in the soft X-ray band (see Nicastro et al., 2017; Shull et al., 2012,
for reviews of the baryon budget). The largest reservoirs of baryonic matter
is believed to be (and has been partially already found) the plasma phase of
ordinary matter �lling the space between the galaxies, called the intergalac-
tic medium (IGM), present in di�erent environments and thermodynamic
states: halos of galaxies; the circum-galactic medium (CGM); the di�use
medium residing within (intra-cluster medium, ICM) and outside (warm-
hot intergalactic medium, WHIM) the virial radius of clusters of galaxies.
The latter medium, the WHIM, distributed over the largest scales, is partic-
ularly relevant and deserves a more detailed description, since it is believed
to account for the remaining 80%� 90% of cosmological baryons outside
collapsed structures in the local Universe.
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Figure 1.2: Shull et al. (2012): summary of current measurements of the
low-redshift baryon census. Slices of the pie-chart show baryons in collapsed
form (galaxies, groups, clusters), in the circumgalactic medium (CGM) and
intra-cluster medium (ICM) and in cold gas (HI and HeI). Reservoirs include
di�use photoionized Ly � forest and WHIM (see x 1.2.2) traced by OVI
(oxygen VI) and broad Ly� absorbers. Blended colors (Ly� and OVI) have
combined total of 25 � 8%, accounting for double-counting of WHIM at
105 � 106 K with detectable metal ions. The collapsed phases (galaxies,
CGM,ICM, cold neutral gas) total 18 � 4%. Formally, 29 � 13% of the
baryons remain unaccounted for.
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Finding the \missing" baryons and their thermodynamic and spatial dis-
tribution is very important as they hold the boundary conditions of accretion
onto, and feedback within, galactic halos.

1.2.2 The warm-hot inter-galactic medium (WHIM)

According to hydrodynamical simulations, during the continuous process of
structure formation, in particular after z = 2, baryons in the IGM con-
dense into a �lamentary web encompassing electron densitiesne ' 10� 6 �
10� 4 cm� 3. Stationary shock waves of cosmological scale (� Mpc) form at
the accreting boundaries of the collapsing structures, heating the in-falling
gas up to temperatures ofT ' 105 � 107 K, building up the largest con-
stituent of the IGM hydrogen at present, ionized for the most part (Cen and
Ostriker, 1999; Dav�e et al., 2001). This shock-heated medium, enriched of
metals by AGN activity and out
ows, can be observed into three distinct
phases depending on its temperature:

� T � 105� 5:7 K: constituting the warm part of the WHIM, this gas
is partially ionized, with a mass fraction of neutral atomic hydrogen
f HI > 10� 6, can be observed through OVI and CV absorption lines.
This phase has been detected (Shull et al., 2012). It has been estimated
to contain a 15% fraction of the baryons which had not been previously
included in the observed budget. This brought the total observed
fraction to � 60% leaving a smaller -still large, however-� 30 � 40%
fraction of missing baryons to be searched for;

� T � 105:7� 6:3 K: the WHIM gets further ionised, with f HI > 10� 6� 7

and can be observed through OVII lines. This di�use phase in partic-
ular is expected to include the vast majority of the missing baryons
(30� 40%), and the detection through OVII absorption lines has been
claimed in recent years (Nicastro et al., 2018);

� T � 106:3� 7 K: this hot WHIM phase is found at the outskirts of
galaxy clusters and large groups. It is basically in plasma phase (i.e.
fully ionised) and constitutes the coldest end of the hotter intra-cluster
medium, with T > 107 K commonly observed as di�use Bremsstrahlung
emission in the X-ray band at the core of clusters. Eckert et al. (2015)
reported X-ray observations of the plasma at 107 K distributed into
radial structures around the cluster Abell 2744. The di�use hot gas
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Figure 1.3: Lorimer (2008): Dispersion smearing acting on the signal pro-
duced by a transient radio source (e.g. a pulsar) while travelling through an
ionized medium to the observer.

structures are coherent over scales of 8 Mpc and coincide with over-
densities of galaxies and dark matter, with baryonic mass accounting
for 5 � 10% of their total mass.

1.2.3 Baryon pro�le distribution around massive halos

Direct measurements of the the majority of the missing baryons through
absorption lines and continuum thermal emission are still a�ected by large
uncertainties (Shull et al., 2012; Nicastro et al., 2018, e.g.) or limited by
constraints on the high densities and temperatures required (Eckert et al.,
2015). In addition to these observables, every di�use ionized baryon along a
LoS would contribute equally to delaying the arrival time of any radio signal,
as a function of its frequency, coming from extragalactic distance. This is
a well known and studied e�ect in plasma physics, called signal dispersion
(a sketch of the physical process and signal pro�le is provided in Fig. 1.3).
Unfortunately, the arrival time of radio waves from stationary sources is
degenerate with frequency, since they are continuously emitting, defying the
same de�nition of any arrival time. It is however possible to measure arrival
times from transient radio sources, such as pulsars. The dispersion of their
(periodic) pulses is indeed widely used to inform about the baryon content
(free-electrons) of the inter-stellar medium (ISM) of the Milky Way (Cordes
and Lazio, 2002; Yao et al., 2017). If we do not consider the Magellanic
Clouds, pulsars are known and observed only within our galaxy and cannot
be used to probe further distances, thus preventing a similar method to be
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used for informing about the IGM.
Luckily enough, this used to be true only until recent years, that is

before the discovery of a new class of extragalactic transient radio sources,
known as Fast Radio Bursts (FRBs) (Lorimer et al., 2007). As transient
sources their signal is dispersed across the observed frequency band, and as
extragalactic, what disperse it is the integrated free electron density along
the LoS, namely the IGM, in addition to contributions from plasma local to
the (unknown) emitting source, host galaxy, and the Milky Way ISM (Ioka,
2003; Inoue, 2004; McQuinn, 2014). By building a large sample (hundreds)
of dispersion measurements from arcminute-localized FRBs located atz >
0:5 it is in principle possible to constrain the baryonic mass pro�le at twice
the virial radius surrounding di�erent matter halos down to halo masses of
1012M � (M � is the solar mass), thus in environments not accessible from
and complementary to the other probes (McQuinn, 2014).

For a deepened dissertation on FRBs as probes of the IGM we refer the
reader to the following x 4.1.

1.3 The magnetised cosmic web

1.3.1 Is the Universe magnetised?

There is a rather clear understanding of the LSS formation from the small
inhomogeneities observed in the CMB radiation atz ' 1100 and their am-
pli�cation through gravitational collapse resulting from the energy density
balances between light, matter, curvature and a cosmological constant, up
to the local Universe at z = 0, but how did magnetic �elds in galaxies and
clusters of galaxies form and evolve? are they also present in the LSS web
or not at all or up to which extent? Key processes for structure formation
are gas dynamics and gravitational collapse, together with di�erential gas
rotation and turbulence. The latter elements are known to be key processes
for the ampli�cation and sustain of magnetic �elds observed in galaxies and
galaxy clusters (Widrow et al., 2012).

As a matter of fact, magnetic �elds in astrophysical systems are observed
at all physical scales. The smallest astronomical objects known to hold a
magnetic �eld are asteroids (Kivelson et al., 1993; Vallee, 1998; Weiss et al.,
2012, and references therein), planets and their satellites (Kivelson et al.,
2004; Kivelson, 2015, for a review). Main sequence stars also commonly
hold magnetic �elds of � G order with smaller features such as sunspots and
solar prominences reaching up to 100� 1000 G (= 0:1 T).

At larger scales, the average total magnetic �eld in the Milky Way is
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' 6� G in the region around the Solar System, increasing to 20� 40� G in
the region of the Galactic center. Dense clouds of atomic (HI) and cold
molecular (H2) hydrogen are observed in large radio �lamentary structures
near the Galactic center. They host �elds of up to several mG strength
(Heiles and Crutcher, 2005; Wielebinski and Beck, 2005; Beck, 2007) while
outside, the �eld at � 10� 100 kpc scale is mostly parallel to the plane of the
Galactic disk. The di�use and polarized radio emission from the Milky Way
as observed with radio telescopes and with the WMAP satellite, as well as
Faraday rotation measures (RM) from polarized background sources, both
within and outside the Galaxy (e.g. from pulsars and extragalactic radio
sources) have been also extensively analyzed to obtain a three-dimensional
structure modeling the Milky Way's magnetic �eld (Sun et al., 2008; Jansson
and Farrar, 2012; Van Eck et al., 2011). These same surveys revealed many
structures in the magnetized interstellar medium at the small (i.e. parsec)
scales (Reich, 2006). The 3D large-scale structure follows the spiral arms
determined from the star (optical) distribution, similar to what observed
in other galaxies. Furthermore large-scale �eld reversals in the disk are
observed, as well as star-forming regions giving rise to several distortions in
the �eld morphology (Beck and Wielebinski, 2013, for a review). The scale
height of the Galactic halo magnetic �eld has been recently estimated to
2:0 � 0:3 kpc (Sobey et al., 2019).

As far as extragalactic magnetic �elds are concerned, they have been
observed in galaxies other than the Milky Way since late '70s (Segalovitz,
1976; Tosa and Fujimoto, 1978) and their intensity and morphology has been
extensively presented in many review papers (we refer the reader to Kron-
berg, 1994; Widrow, 2002; Beck, 2012) and reproduced by magneto-hydro-
dynamical (MHD) simulations (Pakmor et al., 2014; Rieder and Teyssier,
2016, 2017). The presence of magnetic �elds in other galaxies has been also
probed with respect to time, �nding evidences in galaxies up toz = 2 (Kro-
nberg et al., 1992; Athreya et al., 1998; Kronberg et al., 2008; Mao et al.,
2017). These observations also test how the origin and ampli�cation deter-
mined from magnetic �eld intensity and morphology are consistent between
galaxies in the local Universe and at higher redshift.

1.3.2 Is the cosmic web magnetised?

Galaxy clusters and the intergalactic medium are well known to be perme-
ated by magnetic �elds coherent over Mpc-scales. The astrophysical objects
that have been found to entail magnetic �elds over such large scales are
mostly observed in the radio bands within or around massive galaxy clus-
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Figure 1.4: Multi-frequency overlaid image of the galaxy cluster
RXCJ1314.4-2515: optical (BRz colors), X-ray (blue-red), and radio (green).
The radio emission highlights the presence of magnetic �elds and relativistic
particles across the cluster volume. Courtesy of Chiara Stuardi
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ters and have been classi�ed in di�erent fashions depending on location,
morphology, spectrum, degree of polarization and luminosity. Namely they
are giant radio halos, mini-halos and radio relics (we refer the reader to van
Weeren et al., 2019, for a recent review with emphasis on radio observations
and properties). An example of the phenomenology of magnetic �elds in
galaxy clusters is provided in Fig. 1.4. The X-ray thermal emission of the
galaxy cluster RXCJ1314.4-2515 observed by the XMM-Newton satellite in-
strument is overlaid to the optical image of the sky background crowded by
galaxies. The green patches indicate radio emission detected at� 1 GHz
with the Jansky Very Large Array (JVLA) radio interferometer. Di�use
continuum radio 
ux ascribed to synchrotron emission always highlights the
presence of magnetic �elds and relativistic particles. Through studies of the
Faraday rotation e�ect, quanti�ed through the rotation measure (RM, we
refer the reader to Chapterx 3 of this work for de�nitions and details on the
Faraday rotation e�ect in radio astronomy), it has been found that those
clusters holding a cooling time of the gas much shorter than the Hubble
time (called relaxed or cool core clusters), also hold central magnetic �eld
intensities of � 10� G, whereas clusters showing a disturbed morphology,
turbulent motions and signi�cant bulk kinetic energy of their components,
mainly due to recent past merging events (for this calleddisturbed or merg-
ing clusters), have smaller amplitude magnetic �elds of� � G (Taylor et al.,
2001; Carilli and Taylor, 2002; Giacintucci et al., 2009; Kale et al., 2015;
Govoni et al., 2017). The �elds in the central regions of these clusters are
turbulent, with coherence lengths of 10 kpc and spatial scales in the range
5-500 kpc (Feretti et al., 2012).

One existent method to overcome the sensitivity limitations of direct
imaging at radio wavelengths is to recover information on the magnetic �eld
along the line of sight thanks to the Faraday e�ect which induces on the
polarized light from background sources (see further sectionx 3.2 for de-
tails on the method). However the sparse grid of available background radio
sources, limited by the instrument sensitivities, nowadays still prevents to
reach �rm conclusions on the radial trend of the magnetic �eld in galaxy
clusters. Future radio facilities at � GHz frequencies such as MeerKAT and
SKA-MID are expected to be game-changers with this respect, as we will
show later on in x 3.2. Despite the current limitations, a correlation be-
tween the central electron density and mean central magnetic �eld strength,
has recently been con�rmed using data for 9 clusters (Govoni et al., 2017).
However the mean central magnetic �eld does not seem to be correlated to
the other cluster properties, such as temperature. Also the magnetic �eld
pro�le, minimum, maximum and relevant scales and its power spectrum in
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galaxy clusters are still poorly known (van Weeren et al., 2019). For a more
theoretical review about magnetic �eld ampli�cation mechanisms in clusters
we refer the reader to Vazza et al. (2017) and Donnert et al. (2018).

Volume-averaged (i.e. not location- or object-speci�c) limits on magnetic
�elds over cosmological scales have also been obtained using di�erent meth-
ods, so that, in general the strength is� nG (Blasi et al., 1999; Kahniashvili
et al., 2010; B•ohringer et al., 2016). However, due to the di�erent model
assumptions comparing these values with magnetic �eld strengths observed
in single cosmological objects (e.g. galaxy clusters) is non trivial and has to
be taken with caution.

In addition, very recent and innovative works used both archival and
new radio polarization data to estimate the all-sky contribution of the in-
tervening IGM again exploiting the Faraday rotation e�ect, but on a clever
statistical argument: they computed the RM di�erence in pairs of extra-
galactic polarized sources located adjacent to each other on the plane of the
sky (Vernstrom et al., 2019; O'Sullivan et al., 2020). This di�erence includes
several and same contributions from diverse media along the LoS for all pairs
(e.g. ISM, Milky Way halo, local environment of the source, etc.), apart from
a putative IGM contribution that acts only in case that the extragalactic
radio sources included in the pair are not physically related to each other.
By comparing the root-mean-square RM di�erence �RM rms separately over
a set of physically related pair of sources (namely the radio lobes of a radio
galaxy) and over a set of random pair of unrelated background sources, the
average RM scatter caused by the magnetised and ionised IGM has been
extracted and upper limits on the IGM magnetic �eld strength have been
set to � 40nG (Vernstrom et al., 2019) and� 4nG (O'Sullivan et al., 2020)
respectively using data from the NVSS (Condon et al., 1998) at 1.4 GHz
and the the LOw Frequency ARray (LOFAR) at 144 MHz.

Finally, in cosmic voids, lower limits to magnetic �elds have been sug-
gested to amount down to � 1015 G, arguing that out
ows from isolated
dwarf galaxies, observed to be magnetised both in voids and denser environ-
ments, can bring and di�use magnetic �elds into voids (Beck et al., 2013).
Another argument able to sets lower limit on the intergalactic magnetic �eld
(IGMF) comes from the highest energies. In fact blazars produce gamma
rays with energies� 1 TeV that interact with the di�use extragalactic back-
ground light (EBL) before propagating to cosmological distances (� 10� 100
Mpc) (Aharonian et al., 2007; Franceschini et al., 2008). The interactions
of � TeV gamma rays with the EBL leads to the production of electron-
positron pairs in the intergalactic space that in turns emit a secondary cas-
cade of lower-energy (� GeV) gamma rays through inverse Compton scat-
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Figure 1.5: Vazza et al. (2017): Volume rendering of the average temperature
(red colors) and average magnetic �eld strength (green+blue) along the
line of sight, for a primordial magnetogenesis scenario with initial magnetic
�eld B0 = 1 nG (left) or a cooling feedback model where magnetic �elds
have been injected by AGN (right). For both quantities the mass-weighted
average along the line of sight are shown. Magnetic �eld strengths ranges
from 10� 4 � G to 1 � G in both panels.

tering with the CMB photons. The 
ux and spectrum of this reprocessed
emission thus depends on the intensity of the IGMF, that acts by de
ecting
the pairs o� the LoS and thus diluting the intrinsic emission over a large
solid angle. The non-detection of this secondary emission from blazars in-
ferred from observations carried by the Fermi/Large Area Telescope, can
thus be translated into lower limits on the intergalactic magnetic �eld of
B � 10� 15 � 10� 16G (Neronov and Vovk, 2010; Tavecchio et al., 2010).

1.3.3 Why is it important to access the LSS magnetic �eld?

We outlined in the previous paragraphs what we know to date about the
magnetic �elds coherently distributed over the largest cosmological struc-
tures. The e�ort to study magnetic �elds has been driving the development
and improving performances of MHD simulations over the last two decades.
Cosmological magnetic �elds have been tightly connected to particle ac-
celeration and have been demonstrated to produce e�ects on turbulence,
large-scale plasma motions, convection, cloud collapse, viscous dissipation,
heat and momentum transport processes by inhibiting heat conduction, spa-
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tial mixing of gas, and propagation of cosmic rays (Vazza et al., 2017). All
these are key elements and processes that shape the large scale structure
formation and evolution.

Despite the recognition of the role played by large scale magnetic �elds,
and their present observations, their origin remains largely uncertain. The
question on their origin is a rather fundamental one in particular. The
pre-existance of much weaker seed �elds is an hypothesis being commonly
accepted but yet to be proven. These weak �elds may then be ampli�ed by
turbulence/dynamo and/or shock/compression arising during structure for-
mation and merger events. As the result of turbulent motions for instance,
di�erent magnetic �eld scales have been shown to be able to survive (e.g.
Kahniashvili et al., 2013). However, the origin of seed �elds remains an open
question. The CMB measurement provided upper limits to the intensity of
magnetic �elds but hasn't constituted a proof for their existence: are these
seed �elds in place already at its epoch and just too weak to be detected or
they have formed later on? With this respect, may the seed �elds be pro-
duced locally in early stars and/or (proto)galaxies and then injected in the
interstellar and intergalactic medium (Rees, 2006)? They could also arise
during galaxy formation, at later epochs of the Universe, being powered by
magnetized winds and jets expanding into the IGM from the galaxies. These
questions are as important as they are tough to be answered, since observa-
tions of magnetic �elds are today performed especially in the peaks of the
over-density distribution, while they are scarce and of di�cult interpretation
in more rare�ed environments.

The eventual discovery of primordial magnetic �elds will imply inter-
esting physics that may involve the generation of currents during the early
phases of the Universe such as in
ation, phase transitions and baryogenesis
(Harrison, 1973; Kahniashvili et al., 2010, 2011; Widrow et al., 2012; Durrer
and Neronov, 2013; Kahniashvili et al., 2016; Subramanian, 2016). Physical
processes have been proposed to act in the early phases of the Universe. A
small and incomplete sample includes the \Biermann-battery" mechanism
(Kulsrud et al., 1997) and aperiodic plasma 
uctuations in the inter-galactic
plasma (Schlickeiser, 2012). In addition, resistive mechanisms (Miniati and
Bell, 2011) or ionization fronts around the �rst stars (Langer et al., 2005)
might provide further ampli�cation to the primordial �elds already in-place.
This general class of magneto-genesis models is commonly referred to aspri-
mordial models. The persistence of primordial magnetic �eld structures in
voids today depends on the particular magnetization mechanism at play:
they may be characterized by large (Zel'dovich, 1970; Turner and Widrow,
1988) or small (� Mpc, Chernin 1967) coherence lengths. Their observation
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could possibly also inform on the generation of primordial helicity (Semikoz
and Sokolo�, 2005; Campanelli, 2009; Kahniashvili et al., 2016). To provide
an idea of the room for improvements of the current knowledge, the uncer-
tainty in primordial magnetic �elds at present, allows their intensity within
the range � 10� 34 � 10� 10 G.

If magnetic �elds, instead, were triggered and released by processes in-
volved within the formation of stars and/or galaxies, they might have af-
fected their thermodynamic state acting on the transport of heat and en-
tropy, heavy nuclei and cosmic rays in the cosmic structures simultaneously
forming (Planelles et al., 2016). We will generally dub this second class of
models asastrophysical. Any magnetization process connected to galaxy
formation is found to be poorly e�cient in small overdensity environments.
This is due to the dilution following the Universe expansion of the injected
�elds, as well as the reduction in the number of sources in regions of lower
density (Widrow et al., 2012). Fig. 1.5 shows two examples of the simu-
lated IGMF intensity and spatial distribution at z = 0 for the two classes of
magnetic �eld initial conditions taken from Vazza et al. (2017).

The largest scale magnetic �eld observed today are believed to result
from the ampli�cation of the postulated seed �elds outlined above. The am-
pli�cation at all scales is driven by the �eld's 
ux-freezing 3 within the plasma
which is adiabatically expanding (Marinacci et al., 2015), thus following the
structures growth as

B = B0

�
n

hni

� 2
3

(1.1)

where B0 is the seed magnetic �eld intensity and n=hni is the local over-
density of the plasma with respect to the (comoving) critical valuehni . How-
ever at large over-densities, namely the ICM, magnetic �eld has been found
to keep memory of the past turbulent activity of the cluster rather than
the original conditions (Beresnyak and Miniati, 2016). This independence
from initial conditions in galaxy clusters and more generally in turbulent
plasma is due to the small scale dynamo acting in addition to the adiabatic
compression of the �eld lines. The small scale dynamo is an MHD process of
magnetic �eld ampli�cation driven by turbulence and shear motions in the
plasma (Ryu et al., 2008). The exponential growth of the magnetic intensity
under small scale dynamo action enables its detection through synchrotron

3 the term 
ux-freezing indicates that the 
ux  =
R

S B dS of the magnetic �eld
through a closed surface S is constant over time. It directly follows from Ohm's law
J = � (E + v � B ) in absence of currents J = 0. B is then proportional to a surface and
thus B / n2=3 , where n is the average density of the plasma.
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emitting electrons but in turn rapidly erases information on the initial value
B0. Turbulence can be set into the ICM by merging events and stationary
accretion of matter onto the cluster. Not only the amount of turbulence is
expected to be larger in the ICM with respect to the IGM, but also simu-
lations indicate the turbulence to be sub-sonic in the former, opposed to a
transonic or mildly-supersonic regime in the latter case (Ryu et al., 2008),
although actual conditions depends also on individual object history and
other poorly known plasma conditions (such as the age of the system, the
nature of the turbulent forcing, the magnetic Reynolds number, Federrath
et al. (2014); Beresnyak and Miniati (2016)). This trend in combination
with a suppression of the small scale dynamo in highly supersonic 
ows
(Haugen and Brandenburg, 2004) points to the large scale magnetic �eld
outside galaxy clusters (i.e. �laments and voids) as elite places where to-
day's magnetic �eld still carries information on the initial conditions, namely
B0. We note that from eq. 1.1 it appears not only the linearity between the
observed magnetic �eld B and the initial value B0, but also the importance
of the characterization of the density environment n. Observing the large
scale magnetic �eld in under-dense environments such as �laments and voids
today has the remarkable value of informing us on the seed �eld intensity
and coherence length and thus probe the di�erent magnetogenesis scenarios.

1.3.4 How do we probe the Cosmic Web magnetic �eld?

We outlined the scope and importance of understanding the initial magne-
tization conditions through probing today's IGMF in �laments/voids. We
have seen that for the smallest overdensity environment lower and upper
limits based on clever arguments exists (seex 1.3.2), however IGMF into
voids o�er little chance to be directly measured due to the sparsity/absence
of galaxies and the very low density of the plasma which they encompass.
Higher chances may be obtained from the �lamentary environment in the
Cosmic Web. Higher densities reaching up to cluster values at their out-
skirts and a larger number of galaxies embedded in the hot plasma (see
x 1.2.2) o�er challenging but easier targets (with respect to voids) to di�er-
ent techniques which are commonly used in galaxy cluster observation and
characterization. These techniques include direct X-ray and radio contin-
uum imaging of the hot and magnetised plasma, magnetic �eld tomography
of foreground structures through the Faraday rotation e�ect which B in-
duces on linearly polarized light from background sources. Most recently a
new possibility came from the combination of the Faraday e�ect with, the
signal dispersion of radio waves from extragalactic transient sources. (Vazza
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Figure 1.6: Overview of the distribution of extragalactic magnetic �elds
predicted by the simulations in Vazza et al. (2017) and of the approximate
observational limits which can probe them.
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et al., 2017, we report their plot in Fig. 1.6) outlined the strengths of the
di�erent methods in constraining the magnetic �eld amplitude in di�erent
overdensity environments at the largest scales, from voids up to clusters.
In this work we make use of these three methods at various level of details
and development to study the magnetized Cosmic Web, and the structure
of the Chapters closely follows this method's division. We refer the reader
to the begin of each section for more details on all the useful de�nitions and
concepts of the di�erent methods.



Chapter 2

Synchrotron di�use emission

2.1 Radio imaging of the IGM

The most straightforward way to think of �nding, discovering, detecting a
general target is usually by means of its direct observation by obtaining
an image of it. With this respect, the WHIM makes no exception and the
most promising windows to detect it in emission are certainly the X-ray
and radio bands (see Nicastro, 2016, and references therein). While the X-
ray band would hopefully provide evidence for the volume-�lling fraction of
the hottest and densest phases of the WHIM (see an example in Fig. 2.1),
the radio domain is expected to encompass the emission from the (small)
fraction of relativistic electrons of the WHIM that might be accelerated by
quasi-stationary strong accretion shocks, forming at the boundaries of the
gravitationally collapsed LSS (Ryu and Kang, 2003; Pfrommer et al., 2006).
Indeed, several current and future large ground-based and satellite facilities
are being built and deployed also for this very purpose, such as theAthena X-
ray Observatory1 and the already operative radio telescopes LOFAR, MWA,
ASKAP, MeerKAT as well as the the next-generation Square Kilometer
Array (SKA) 2.

From cosmological simulations the radio emission is expected to have a
steep spectrumS� / � � � with � = 1 :1 � 0:1 (� is the spectral index), mak-
ing the low frequencies more suited to the goal. In addition, the emission
is expected to produce a very faint� � Jy arcsec� 2 signal at 100 MHz over
large (� deg) scales (Keshet et al., 2004; Brown, 2011; Vazza et al., 2015b;
Brown et al., 2017; Vernstrom et al., 2017; Vacca et al., 2018). Simulations

1http://www.the-athena-x-ray-observatory.eu
2https://www.skatelescope.org/

29
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Figure 2.1: Vazza et al. (2019): Projected X-ray emission (0.8-1.2 keV)
and mock radio emission (260 MHz) from the cosmic web, for a simulated
1003 Mpc3 volume at z = 0 :05.

also suggested the best targets for a �rst evidence to consist in close and
interacting pairs of massive galaxy clusters (Vazza et al., 2019). In fact,
di�use radio emission from very close pairs has already been imaged using
LOFAR (Akamatsu et al. 2017, for a tentative detection and Govoni et al.
2019; Botteon et al. 2020b for direct imaging of X-ray plus radio bridges,
also presented in Fig. 2.2). In these cases, the galaxy clusters involved are
very close to each other and thought to be in a pre-merger phase where their
ICM is maximally compressed and heated at the interface between them, at
the intersection of their virial radii. Despite the dense and hot environment
still characteristic of the ICM and the possible presence of further ampli�ca-
tion mechanisms required from their special conditions (Brunetti and Vazza,
2020), they represent clear cases of methods and targets that can hopefully
be inspected with deeper observations.

Within this context we present in Sec. 2.3 a �rst attempt to observe
with LOFAR (144 MHz) the radio emission from the WHIM in between
best-candidate pairs of galaxy clusters characterized by large separations
(� 10 Mpc). Despite being too distant between each other to involve cur-
rent merging activity they have been selected to hold a high chance to be
physically connected by an inter-cluster �lament. Even the no-detection
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Figure 2.2: Govoni et al. (2019): LOFAR image of a radio bridge connecting
the galaxy clusters A399 and A401. The 8000resolution image has an rms
sensitivity of 1 mJy beam� 1. Contour levels increase by a factor of 2 starting
at 3 mJy beam� 1. Red contours show� 3 mJy beam� 1.
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of any clear evidence for radio emission related to the (putative) shocked
WHIM can provide useful information on the maximum level of compres-
sion and magnetisation of the inter-cluster medium. In fact, with the help of
a novel method developed to compare observations with the direct outcome
of realistic and physically motivated cosmological simulations we will trans-
late a no-detection into constraints on the magnetic �eld BWHIM < 250 nG
(comoving, mass-weighted, atz = 0. See Sec. 2.3.4).

At present, one additional way to constrain properties of the large-scale
IGM is to observe the ICM at the peripheries of galaxy clusters where accre-
tion shocks from �laments might be present (Bagchi et al., 2006; Giovannini
et al., 2010; Farnsworth et al., 2013), or, to observe the peripheries of merg-
ing galaxy clusters displaying a disturbed X-ray morphology. In this latter
case, the shock waves generated by the merger are launched into the ICM
and they are able to compress both the gas (Akamatsu and Kawahara, 2013;
Akamatsu et al., 2017) and the magnetic �elds (Govoni et al., 2019). Such
shock waves, despite having generally smaller Mach numbers than station-
ary accretion shocks in �laments, thanks to the higher densities and stronger
magnetic �eld of the ICM, they e�ciently power arc-shaped segments of ra-
dio di�use emission over the cluster-scale known as radio relics (see below
Fig. 2.3 and Sec. 2.2.1 for additional details or refer to van Weeren et al.,
2019, for a recent review). Despite they are still characteristic of the ICM,
they provide valuable information on the medium up the shock front and
light up the details of particle acceleration, gas distribution and magnetic
�elds at the interface between the ICM and the WHIM.

Within this context, in the following Sec. 2.2 we present the discovery
at low frequency of a new and peculiar radio relic (published in Locatelli
et al., 2020b), found at the periphery of the disturbed galaxy cluster A2249.
In addition to constraining the magnetic �eld value at A2249's periphery to
be B > 0:4� G, we �nd that the relic displays the lowest average surface
brightness reported to date among its class. This last feature, not only
makes the new relic peculiar, but it may provide the evidence for a sub-class
of radio relics for which the faint emission can be accounted for without the
need for a supra-thermal population of seed electrons already in place before
the shock passage, frequently invoked for brighter radio relics (Vazza et al.,
2016; Botteon et al., 2020a).

In this Chapter, we model the synchrotron emission simulated/observed
either at the periphery of or in between galaxy clusters as produced by
relativistic electrons accelerated from the thermal IGM plasma by the Dif-
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fusive Shock Acceleration (DSA) mechanism (Bell, 1978a,b; Blandford and
Ostriker, 1978; Hoeft and Br•uggen, 2007). In particular we will adopt the
formalism of Hoeft and Br•uggen (2007), hereafter HB07. The authors in
their work adapt the Fermi-I-like mechanism of DSA to the case of shocks
launched in the ICM environment, to derive the energy distribution of rel-
ativistic electrons ne(E ) resulting in the downstream region after the shock
passage, extracted from the thermal pool of the ICM. Such distribution is
only dependent on: a) the thermodynamic properties of the plasma which is
assumed to be ideal and governed by a polytropic equation with adiabatic in-
dex 
 = 5=3; b) from the shock strength, parametrized by the Mach number
M � vu=cu where vu and cu are the shock and sound speeds respectively in
the upstream medium (i.e. before the shock). The population of relativistic
electrons modeled in such way relies on the assumption of a �nal contin-
uous energy distribution between the thermal Maxwell-Boltzmann and the
(freshly accelerated) relativistic regimes so thatnth

E (Emin ) = nDSA
E (Emin )

and thus the energy of the coldest accelerated electron (Emin , at which re-
sides the bulk of the electrons accelerated by weak shocks) is a �xed multiple
of the thermal energy. The total relativistic energy density � e in the down-
stream region can thus be fully described in terms of a fraction� e of the
kinetic energy density � k of the shock. Hence, the fraction� e, referred to
as the electron acceleration e�ciency , is a free parameter which can be con-
strained (together with the magnetic �eld strength) by the power-law index
of the relativistic energy distribution of the electrons.

The details linking the relativistic component of an arbitrary energy
distribution of charges to the synchrotron plus Inverse Compton losses are
very well known since decades (Rybicki and Lightman, 1986), especially for
power-law distributions such as the one produced by DSA. The spectral
and intensity features of the observed emission can thus be directly used to
constrain � e together with the magnetic �eld B responsible for the emission.
In particular we refer to the spectral index � (and normalization) of the
observed radio emission. We note here that the formalism developed by
HB07 models the gas 
ow in the downstream region as steady and laminar
to avoid the formation of turbulence, whose dissipation is not included in the
model. The total emission is computed by summing up all contributions of
acceleration and losses within the plasma from the shock front to the distance
where the electron spectrum is too cool and its radio emission becomes
negligible. While considering the above essential formulation of DSA for
shocks in the IGM as our benchmark model powering the synchrotron radio
emission analysed in this Chapter, we refer the reader to the original work
(HB07) for further details on the theory and its analytic treatment.
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Figure 2.3: Slice from the artwork-rendered cosmological simulation (winner of the
NRAO 2020 Image Contest) of radio relics arising from a galaxy cluster merger (the
simulation is from Wittor et al., 2020). The X-ray emission from the hot plasma is
shown red/yellow colors, while the blue patches highlight the radio di�use emission
forming the � Mpc-wide arc-shaped structures known as radio relics. The full video
is publicly available at https://vimeo.com/464248944/3fc17a5b8b.

2.2 Magnetic �elds at cluster outskirts: the "Cor-
netto" radio relic in Abell 2249 (Locatelli et al.,
2020b)

Abstract The origin of radio relics is usually explained via DSA or re-
acceleration of electrons at/from merger shocks in galaxy clusters. The case
of acceleration is challenged by the predicted low e�ciency of low-Mach
number merger shocks, unable to explain the power observed in most radio
relics. In this Section we present the discovery of a new giant radio relic
around the galaxy cluster Abell 2249 (z = 0 :0838) using LOFAR. It is special
since it has the lowest surface brightness of all known radio relics. We study
its radio and X-ray properties combining LOFAR data with uGMRT, JVLA
and XMM. This object has a total power of L 1:4 GHz = 4 :1 � 0:8 � 1023

W Hz � 1 and integrated spectral index � = 1 :15 � 0:23. We infer for this
radio relic a lower bound on the magnetisation ofB � 0:4 � G, a shock
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Mach number of M � 3:79, and a low acceleration e�ciency consistent with
DSA. This result suggests that a missing population of relics may become
visible thanks to the unprecedented sensitivity of the new generation of radio
telescopes operating at low frequencies.

2.2.1 Radio relics into context

Radio relics are elongated, arc-shaped di�use synchrotron sources extended
over � Mpc, usually found at the periphery of clusters of galaxies with on-
going mergers, showing a steep spectrum (� > 1, where S� / � � � ) with
local steepening from the outer region towards the cluster centre (e.g. van
Weeren et al., 2019, for a review). Radio relics are strongly polarized at
high frequencies, with a polarization fraction around 20� 30% at 1.4 GHz
and � 70% at 5 GHz (van Weeren et al., 2010; Kierdorf et al., 2017; Loi
et al., 2017). Several radio relics have also been found to trace the position
of shock waves, as detected as discontinuities in the X-ray brightness pro�les
of the intra-cluster medium (ICM) (Akamatsu and Kawahara, 2013; Botteon
et al., 2018). Merger shock waves are believed to be generated when clus-
ters of galaxies collide, and then propagate along the direction of the merger.
Shocks are more easily seen edge-on as projection boosts their surface bright-
ness, and the same observational bias should also apply to radio relics. The
kinetic energy dissipated at shocks should be related to the powering of the
radio emission, via Di�usive Shock Acceleration (DSA, Bell 1978a; Jones
and Ellison 1991), as originally proposed by Ensslin et al. (1998). However,
the Mach numbers that are independently inferred from discontinuities ob-
served in X-rays are generally too weak (M � 2) to account for the required
electron acceleration e�ciency by DSA in relics (e.g. Botteon et al., 2020a,
hereafter B+20). Moreover, shock waves in the intracluster medium should
also accelerate protons that would create
 -ray emission in the collision with
the thermal protons of the ICM. The level of the emission clearly depends
on the magnetic �eld, CRs and ICM energy densities, however these
 -rays
have not been detected (Ackermann et al., 2016) even for the more massive
objects, which translates into limits on the maximum acceleration e�ciency
of protons in structure formation shocks (< 10� 3, Vazza et al. 2016). This
conundrum can be by-passed when invoking a pre-existing population of
mildly non-thermal electrons that get re-accelerated by the shocks (Pinzke
et al., 2013; Kang and Ryu, 2015; Markevitch et al., 2005). In a few cases,
Active Galactic Nuclei (AGN) could have supplied the relativistic electrons
in the upstream region of the shock that creates the relic (Bonafede et al.,
2014; van Weeren et al., 2017; Stuardi et al., 2019). Both acceleration and
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reacceleration processes operate in the ICM and should contribute to the
population of radio relics. We will adopt a 
at-�CDM cosmology with
H0 = 69:6 km s� 1 Mpc� 1 and 
 M = 0 :286 throughout this Section.

2.2.2 General properties of Abell 2249

In this work we present the discovery of a giant radio relic found at the
periphery of the galaxy cluster Abell 2249 (hereafter A2249; RA 257.44080,
DEC 34.45566). It has been studied in detail at various wavelengths by a
number of authors: the cluster mean redshift isz = 0 :0838 (Lagan�a et al.,
2019; Lopes et al., 2018; Bulbul et al., 2016); the velocity dispersion of its
constituent galaxies is between� vel = 894 � 50 (Lopes et al., 2018) and
976 � 38 km s� 1 (Oh et al., 2018). Lagan�a et al. 2019 provided detailed
XMM-Newton maps of temperature (peaking in the 4-7 keV energy band),
pseudo-pressure, pseudo-entropy and metallicity in the central region, within
the �rst � 400 kpc from the cluster centre. They classi�ed A2249 as a
non-cool-core (NCC) disturbed cluster. Moreover, a Dressler & Shectman
three-dimensional test of the galaxy redshifts provides further evidence that
the cluster is disturbed (Lopes et al., 2018). The radius and mass of the
cluster are respectively R500 = 1 :1+0 :3

� 0:1 Mpc, M500 = 3 :73+0 :18
� 0:19 � 1014 M � ,

derived from Planck data (Planck Collaboration et al., 2016a). At larger
radii R 200 = 2 :2 � 0:1 Mpc and M200 = 12:7 � 1:5 � 1014M � (Lopes et al.,
2018; Oh et al., 2018).

2.2.3 Radio observations

The low frequency observations of the A2249 �eld was carried out with
LOFAR. The LOFAR HBA (120 � 168MHz) observation was carried out
during Cycle 9 (Proposal Id:LC9 020). The centre of the pointing was not
at the cluster centre, but at coordinates 17:01:13 +33:20:15 (RA, DEC), at a
distance of 2.1 degrees. The on-source time is 8 hr with two scans of 10 min
each on the 
ux calibrator 3C295. A �rst calibration and imaging run was
performed using the LOFAR data reduction pipeline (v2.23) involving both
direction-independent (de Gasperin et al., 2019) and -dependent calibration
of the data (Shimwell et al., 2017). Exploiting the sky models derived from
the pipeline, we subtracted from the uv-data all sources outside a 1.9� � 1:9�

region centred on the relic. This was done using the PYthon Blob Detector
and Source Finder (pybdsf; Mohan and Ra�erty 2015). The resulting data
was then self-calibrated (phase only) through nine iteration steps and then
imaged using WSClean v2.4 (O�ringa et al., 2014).

3https://github.com/mhardcastle/ddf-pipeline
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Figure 2.4: Left: LOFAR low resolution (2000) image of Abell 2249, showing
a spectacular large-scale radio relic. The red cross marks the cluster center.
Contour levels are drawn at [1; 2; 4; 8; : : : ] � 3 � rms and are from the LO-
FAR image. Negative � 3� rms contours are shown with dotted linesRight:
uGMRT high resolution (8 00� 600) image of the relic, overlaid with LOFAR
contours, revealing �lamentary substructures.
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We produced images at 600and 2000(Fig. 2.4, left panel) resolution using
a Briggs weighting scheme with robust -0.5. The image at higher (lower)
resolution has a rms noise 
oor of 230(350)� Jybeam� 1. We determined and
applied a correction factor (van Weeren et al., 2016; Hardcastle et al., 2016,
see also) to match the LOFAR HBA 
ux densities of point-like sources with
the ones derived from the TIFR GMRT Sky Survey (TGSS; Intema et al.
2017). We assume 
ux density uncertainties of 20% , similar to the LOFAR
Two-meter Sky Survey images (Shimwell et al., 2019).

We also observed the cluster with the upgraded Giant Meter Radio Tele-
scope (uGMRT), in Band-4 covering a frequency range of 550-950 MHz (pro-
posal DDT-C100). The data were 
agged and calibrated using CASA. We
then ran several rounds of direction-dependent self-calibration using the
LOFAR DDF-pipeline (see above). The image reaches a noise level of
16� Jybeam� 1 at 700 MHz.

We have also analysed two short snapshot observations at 1.46 GHz
from the VLA archive. About 8 min (four 2-min scans well spaced in time)
and 25 min (single scan) in C and D con�guration were available (project
codes AS220 and AG294, respectively). We obtained a combined image
of the intersecting part of the bands after standard calibration of the two
individual datasets. The pointing was set on the brightest central galaxy
(BCG), which is about 150 o� the relic position. This highly a�ected the
local sensitivity. The combined C+D image (Fig. 2.5) allowed a resolution of
about 3000and presents a number of separate patches of di�use emission with
peaks just above the local 3� in the region of the relic (highlighted by the
green circles in Fig. 2.5), with roughly the same morphology of the uGMRT
image. The image clearly shows signal to noise degradation with increasing
distance from the BCG, due to the relatively small primary beam size of the
archival VLA observations. The Cornetto relic is located at the boundaries
of the PB, however, 
ux enhancement is also evident when comparing it
with regions at di�erent azimuthal angles but same distance from the phase
center (not shown).

2.2.4 X-ray: XMM observation

A2249 (also known under the name PSZ2 G057.61+34.93) has been observed
as part of the XMM Heritage Cluster Project 4 (The CHEX-MATE Collab-

4http://xmm-heritage.oas.inaf.it
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Figure 2.5: VLA (C+D con�guration) archival observation (300 00) image of
Abell 2249. White contour levels are drawn at [1; 2; 4; 8; : : : ] � 3 � rms and are
from the LOFAR image. The green circles highlight emission above 3� rms

of the local VLA rms background level (� rms is evaluated at the same radial
distance from the phase center to account for PB corrections).
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Figure 2.6: Background subtracted, exposure corrected and adaptively
smoothed XMM image in the 0.7-1.2 keV band of A2249. The 144 MHz
contours at 3,6,10� of the low resolution (2000) LOFAR radio emission are
overlaid in white. A circle of radius 140 is drawn to guide the eye for the
two sectors used in the spectral analysis described in the text: one encom-
passing the relic radio emission and one test region of the same extension at
the same radial distance from the cluster centre.



2.2. THE CORNETTO RELIC IN A2249 41

F� L � F700 MHz � �
 Rproj LAS LLS
mJy W Hz � 1 mJy arcmin2 Mpc arcmin Mpc

370� 70 5:9 � 1:2 � 1024 60� 12 1:15� 0:23 28:46 1:40 13:2 1:3

Table 2.1: Properties of the Cornetto relic in Abell 2249 (z = 0 :0838) ex-
tracted from the LOFAR image at 144 MHz (if not stated otherwise): 
ux
density F� ; luminosity L � ; 
ux density at 700 MHz (uGMRT) F700 MHz ;
spectral index between 144 and 700 MHz� , solid angle �
; projected ra-
dial distance from cluster center Rproj ; largest angular scale LAS; largest
linear scale LLS.

oration et al., 2020), a large and unbiased sample of 118 clusters, detected
with a high signal-to-noise ratio in the Second Planck SZ Catalogue. We
reduced the data with SAS v 16:1. The observation with OBSID 0827010501
has a total clean exposure time of 20:4 ks with MOS1, 20:7 with MOS2 and
16:1 with pn after �ltering for soft proton 
ares (81% of the total time for
MOS and 93% for the pn). We estimated the amount of residual soft protons
following the procedure described in Cova et al. (2019) and found it to be
negligible. For a full description of data reduction, image production and
spectral extraction we refer to Ghirardini et al. (2019). In Fig. 2.6 we show
the XMM image in the 0.7-1.2 keV band with the overlay of the radio con-
tours at 144 MHz with 2000resolution and the regions used for the spectral
analysis. Given that the emission of the cluster is �lling the entire �eld of
view of XMM for the estimate of the sky background components in a similar
way to Snowden et al. (2008) we used a spectrum from the ROSAT All-Sky
Survey extracted from an annulus between 0.5 and 1 degree from the source.
We �xed the Galactic N H to 2:38 � 1020 cm� 2 at HI LAB value (Kalberla
et al., 2005) given the negligible di�erence with the value (2:5 � 1022 cm� 2)
which estimates the possible contribution of molecular hydrogen (Willingale
et al., 2013).

2.2.5 Results

Morphology The extended di�use emission at 144 MHz (Fig. 2.4) is arc-
shaped and oriented perpendicular to the radial direction from the cluster
centre, in the North-East-East sector of A2249, spanning an angular radial
range [11:0; 17:0]0 from the cluster centre. The relic width is maximal at
its the mean azimuthal direction and is minimal at the azimuthal ends of
the di�use emission, giving the radio relic a shape very similar to a crescent
moon or the popular Italian sweet bun named "cornetto". The brightest



42 CHAPTER 2. SYNCHROTRON DIFFUSE EMISSION

part of the relic at 144 MHz is found at an angular radial distance of' 14:70,
that is a linear distance of 1.40 Mpc at the redshift of A2249. The relic's
largest angular scale (LAS) is' 13:20, corresponding to a physical size of
1.3 Mpc at the redshift of the cluster. The northern end of the di�use
emission coincides with a bright unresolved radio source (A, Fig. 2.4 left
panel), of 400 mJybeam� 1 at 144 MHz. The BCG of A2249 is visible in the
south-west direction. Deconvolution artefacts remained around the bright
sources A and BCG. The relic also shows elongated patches of emission of
a few arcminutes, in analogy with the �lamentary structures described in
other radio relics (Owen et al., 2014; Pearce et al., 2017; Rajpurohit et al.,
2018), whose origin is still unclear. The image at 700 MHz also shows di�use
emission at the relic position above 3� , with a similar morphology as at lower
frequency (Fig. 2.4 right panel).

Radio spectrum & luminosity The 
ux density and luminosity of the
Cornetto relic at 144 MHz are F144 MHz = 370� 70 mJy andL 144 MHz = 5 :9�
1:2 � 1024 W Hz � 1, respectively. The integrated spectral index, calculated
from the ratio of the total 
ux densities at 144 and 700 MHz in the relic
region (determined at 144 MHz) is� = 1 :15� 0:23. The observed quantities
are summarized in Tab. 2.1.

Assuming � = 1 :15 to be constant we extrapolated the luminosity at
1.4 GHz to be L 1:4 GHz = 4 :1 � 0:8 � 1023 W Hz � 1. The Cornetto relic (red
star, Fig. 2.7) is found to lie below the observed scaling relation between the
radio power at 1.4 GHz and the largest linear size (LLS) of a sample of known
radio relics presented in Nuza et al. (2017), extracted from the NRAO VLA
Sky Survey (NVSS, Condon et al. 1998). From archival VLA images we �nd
three di�erent regions across the relic with matching 3� contours between
144 MHz and 1.4 GHz. We computed the integrated power for these three
regions and plotted them in Fig. 2.7 (red circles). The correlation in Fig. 2.7
has already been shown to be determined largely by the NVSS sensitivity
(Nuza et al., 2017). The LOFAR observations presented here seem to open
the window to a population of faint and di�use relics that have not been
seen to date.

X-ray properties at the position of the relic We extracted XMM
MOS and pn spectra from an angular sector which covers the relic radio
emission as shown in Fig. 2.6. The region extends beyond R500 and therefore
the thermal emission is below the background. The temperature obtained is
prone to large systematic errors and we therefore rely on the value obtained
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Figure 2.7: The luminosity at 1.4 GHz is plotted against the LLS for the
radio relics detected in the NVSS (Nuza et al., 2017). The red star shows
the power of the Cornetto relic extrapolated to 1.4 GHz. The red circles
correspond to 
uxes extracted from the green regions in Fig. 2.5.
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