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Abstract

The large-scale structure of the Universe forms a web-like pattern, where low-
density laments of gas and dark matter connect the densest nodes, where galaxy
clusters are located. Recent low-frequency radio observations have revealed the
presence of diffuse radio emission on megaparsec scales, along the densest regions
of these cosmic-web laments. The discovery of these bridges has triggered the de-
velopment of theoretical models to explain the emission. These models can be tested
with multifrequency studies, that are able to shed light on the particle acceleration
mechanisms and the properties of magnetic elds in these previously unexplored
regions of the Universe.

The primary aim of this Thesis is to investigate, for the rst time, the proper-
ties of cosmic-web bridges and laments, focusing on their spectral characterisa-
tion, magnetic eld properties, and occurrence.

In particular, in this Thesis | will focus on the multifrequency study of the most
prominentand rst discovered example of a radio bridge, located between the galaxy
clusters Abell 0399 and Abell 0401. For the rst time, | characterize the radio spec-
trum of the bridge analysing high-sensitivity observations at 60, 144, and 400 MHz.
Additionally, | have expanded the sample of radio bridges by studying other promis-
ing systems, such as the merger between Abell 2061 and Abell 2067 in the Corona
Borealis Supercluster, where | nd extended diffuse emission reaching beyond the
radio halo in Abell 2061 towards Abell 2067. The only two intercluster bridges
con rmed thus far are associated with highly dynamic regions between merging
galaxy clusters, but fainter, more extended laments on scales of tens of mega-
parsecs remain undetected. A promising method for locating these cosmic laments
is through the study of galaxy superclusters, which increase the probability of de-
tecting lamentary structures. To gain a comprehensive understanding of magnetic
elds in these poorly explored environments, | employed the Faraday rotation mea-
sure of linearly polarised sources along the line of sight to magnetised plasma in
three rich superclusters: Corona Borealis, Leo, and Hercules. With this method, | de-
tected the presence of magnetic elds at levels higher that what is predicted solely
by the adiabatic compression of a primordial seed in cosmic laments. These results
indicate that in superclusters of galaxies different mechanisms of magnetic eld am-
pli cation may be at play, such as dynamo ampli cation or AGN and galaxy feed-
back. This work is a step toward constraining theoretical models of cosmic magneto-
genesis and particle-acceleration mechanisms on the largest scales.

Overall, the work presented in this Thesis highlights the importance of radio
observations as probe of the non-thermal emissions and magnetic elds in cosmic

laments, advancing our understanding of their physical nature and role in large-
scale structure formation.
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Thesis Outline

This Thesis is structured as follows:

« In Chapter 1, | provide an overview of the hierarchical structure formation of
the Universe, that brings to the formation of the Cosmic web, with a particular

focus on interacting galaxy clusters and the synchrotron emission detected in
the intercluster laments.

¢ In Chapter 2, | introduce the physics of polarization and focus on the methods

used in practice to measure the Faraday rotation in radio observations and
infer the origin of cosmic magnetic elds.

¢ In Chapter 3, | highlight the importance and the challenges of wide- eld radio
interferometry for the detection of the diffuse emission in the large-scale struc-
ture of the Universe, introducing the two instruments used in this Thesis: the

LOw Frequency ARray (LOFAR) and the upgraded Giant Metrewave Radio
Telescope (UGMRT).

* In Chapter 4, | present the work conducted to investigate the properties of the
non-thermal emission in the interacting clusters pairs Abell 0399-Abell 0401
and Abell 21-PSz2 G114.9 with uGMRT observations at the central frequency
of 400 MHz. In both system the diffuse emission between the clusters remain
undetected at the observing frequency. | develop a method to place limits on
the emission of radio bridges, and derive an upper limit to the steep spectral

index of the radio bridge in Abell 0399-Abell 0401, already detected at 140
MHz.

* In Chapter 5, | present the follow-up work on the radio bridge in Abell 0399-
Abell 0401, where | conduct a multifrequency study with very low frequency
observations with LOFAR at 60 MHz. | detect the radio bridge with high sig-
ni cance and | am able to measure a spectral index, for the rsttime, between
60 and 144 MHz. | also produce spectral index maps and, with the limits de-
rived with the previous uUGMRT observations, | am able to constrain a radio
spectrum for the bridge. The comparison with the synchrotron spectrum from
theoretical models predictions allows us to set some constrain on the parti-

cle accelerations mechanism at play and the magnetic eld strength in these
regions.

 In Chapter 6, | report the results on the study performed on the merging sys-
tem Abell 2061-Abell 2067 in the Corona Borealis Supercluster. | analysed deep
LOFAR observations at 144 MHz to follow up on the possible inter-cluster la-
ment suggested by previous 1.4 GHz observations. | investigated thermal-non
thermal relations to describe the nature of the diffuse emission. | detect diffuse
radio emission on an 800 kpc scale, which is more extended than previously
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known, reaching beyond the radio halo in Abell 2061 towards Abell 2067. | ex-
plored three different dynamical scenarios to explain the nature of the diffuse
emission, which could be an unique candidate radio bridge.

* In Chapter 7, | present the work | conducted to constrain the magnetic eld
strength in low-density environments inside the boundaries of superclusters
of galaxies using the Faraday rotation measure of polarized sources detected
at 1.4 GHz and 144 MHz. | constructed a catalog of 4497 polarized sources in
the background of three rich superclusters of galaxies, with the literature NVSS
and LoTSS data and additional non released LoTSS DR3 data. | constrain the
magnetic elds in the low-density regions of superclusters, and the detected
value suggests that the adiabatic ampli cation of the magnetic eld detected in
laments of the cosmic web can not account for the magnetic eld detected in
superclusters. Hence, | conclude that different mechanisms of magnetic eld
ampli cation may be at play in laments, such as dynamo ampli cation or
AGN and galaxy feedback.

* In Chapter 8, | summarize the results achieved in this Thesis and | provide an
outlook on future work.

The results obtained during the PhD project and detailed in this Thesis are reported
in the following publications:

» Probing diffuse radio emission in bridges between galaxy clusters with uGMRT
G. V. Pignataro, A. Bonafede; G. Bernardi ; C. J. Riseley ; D. Dallacasa ; T.
Venturi
A&A, 682, A105 (2024)

DOI: 10.1051/0004-6361/202346243

« Abell 0399-Abell 0401 radio bridge spectral index: First multi-frequency detection
G. V. Pignataro , A. Bonafede, G. Bernardi, F. de Gasperin, G. Brunetti, T. Pasini,
F. Vazza, N. Biava, J. M. G. H. J. de Jong, R. Cassano, A. Botteon, M. Bruggen,
H. J. A. Rottgering, R. J. van Weeren and T. W. Shimwell
A&A, 685, L10 (2024), Letter to the Editor
DOI: 10.1051/0004-6361/202450051

* Mind the gap between A2061 and A2067: Unveiling new diffuse, large-scale radio
emission
G.V. Pignataro, A. Bonafede, G. Bernardi, M. Balboni, F. Vazza, R.J. van Weeren,
F. Ubertosi, R. Cassano, G. Brunetti, A. Botteon, T. Venturi, H. Akamatsu, A.
Drabent, M. Hoeft
A&A, 691, A99 (2024)
DOI: 10.1051/0004-6361/202451529



« Detection of magnetic elds in superclusters of galaxies
G.V Pignataro , S.P. O'Sullivan, A. Bonafede, G. Bernardi, F. Vazza, E. Carretti;
(Submitted to A&A)
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Chapter 1

The Hierarchical Structure of the
Universe

1.1 Introduction to the Cosmic Web

The large-scale structure (LSS) we observe in our Universe is the result of a hierar-
chical process rooted in a cold dark matter (CDM) cosmology, where small density
uctuations grow under the in uence of gravity on a homogeneous and isotropic
background, leading to the formation of galaxies, galaxy groups, and ultimately
massive clusters and superclusters of galaxies (e.g., White and Rees 1978). It now can
be described as an intricate web-like pattern, where galaxies are distributed along
laments in an orderly way.

This so-called 'Cosmic Web' (Bond, Kofman, and Pogosyan, 1996) is composed of
three main building blocks: densest condensations of groups and clusters of galax-
ies, connected by less dense laments and sheets (Einasto, Joeveer, and Saar, 1980;
Vogelsberger et al., 2014), that extends through large underdense voids (Einasto et
al., 1975). The formation of large-scale structure follows a bottom-up scenario, galax-
ies and smaller objects form rst, and progressively larger structures emerge over
time through gravitational merging and accretion (Kravtsov and Borgani, 2012). Un-
derstanding the details of this process, along with the role of gas dynamics in the
physical processes governing galaxy formation and evolution, is key to unraveling
the mechanisms that characterize both the thermal and non-thermal properties of
the Cosmic Web, including the origin and nature of magnetic elds in the largest
structure of the Universe. In fact, the presence of primordial magnetic elds in the
Cosmic Web is one of the principal fundamental questions being investigated today
(Vazza et al., 2015; Vazza et al., 2017). While the dark-matter skeleton of the cosmic
web is closely traced by galaxies and galaxy clusters, the particle counterpart of I-
aments is more dif cult to investigate, given the low signal and densities involved.
Since relativistic particles and magnetic elds are thought to have a spatial distribu-
tion more extended than that of thermal baryons, we focus current observations on
the outskirts of galaxy clusters and beyond.
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Recently, signi cant progress has been achieved with radio, X-ray and Sunyaev—Zeldovich

(S2) effect observations, alongside polarisation studies that trace interactions be-
tween baryons, magnetic elds, and relativistic particles in these vast structures.

1.2 The Cosmic Web and Galaxy Clusters

Galaxy clusters are the largest structures in the Universe bounded by the gravita-
tional force and are found at the nodes of the Cosmic Web. Their masses range be-
tween 10 M and 10'°M ,with 100 1000 galaxy members inside typical radii
of 1 3 megaparsecs (Mpc). While clusters can be highly populated, galaxies only
representthe 5% of the total mass, and the dark matter (DM) component is domi-
nant( 80%). The remaining  15% of the mass is in the form of hot (T 10" 10
K)raried ( ne 10 cm 3) plasma that lIs the space in-between galaxies, called
the intracluster medium (ICM) (Sarazin, 1986). Galaxy clusters are ideal subjects
for investigating structure formation processes from various perspectives, starting
from their unique physical and environmental properties, to their interactions on
larger scales. In particular, for the aims of this Thesis, galaxy clusters serve as crucial
probes for studying the presence of bridges and laments of gas that connect them,
as well as the magnetic elds in these structures.

1.2.1 Formation and Evolution of Galaxy Clusters

In the hierarchical structure formation model that is at the basis of standard cos-
mologies such as theL CDM galaxy clusters are the last formed structures. In this
Thesis, we adopt aL CDM cosmology (Allen, Evrard, and Mantz, 2011), with mat-
ter content parameter Wy, = 0.30, dark energy content parameter W_ = 0.70, and
Hubble constant Hy = 70km's ' Mpc 1.

The history of galaxy clusters can be traced back to temperature anisotropies
now observable in the Cosmic Microwave Background (CMB, Planck Collaboration
et al. 2020); these are the consequence of primordial, randomly distributed, density
uctuations. Overdensities naturally evolved in at a slower rate with respect to the
Hubble ow expansion, until their own gravitational eld reached the point of in-
stability. The collapse of the overdensities in an initial halo of dark matter is then
followed by accretion of smaller halos, which in time evolves to present day galaxy
clusters (e.g., Coles and Lucchin 2002). The linear and non-linear evolution of the
instabilities that leads to the formation of the Cosmic Web can be followed with large
and computationally-expensive cosmological simulations, of which prime examples
are the Millennium simulation (Springel et al., 2005), the Bolshoi simulation (Klypin,
Trujillo-Gomez, and Primack, 2011), and the lllustris (Vogelsberger et al., 2014) and
lllustris TNG (Springel et al., 2018) simulations (see Fig. 1.1). In particular, the new
lllustris TNG-Cluster simulation (Nelson et al., 2024) is a project that resimulates

350 galaxy clusters and enables the study of the ICM properties, the central su-
permassive black holes (SMBHSs) and brightest cluster galaxies (BCGs), as well as
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cooling and active galactive nuclei (AGN) feedback to compare against current and
upcoming observations.

Cluster formation is a process that has an enormous dynamic range, and the for-
mation and evolution of galaxies in clusters is still not fully understood since cluster
member galaxies show many differences with respect to eld galaxies. Most differ-
ences are attributed to the dense environment that can affect the galaxy interstellar
medium (ISM) through ram pressure stripping (Gunn and Gott, 1972), evaporation
(Cowie and Songaila, 1977), merging and other dynamical processes (e.g. Gorkom
2003). Galaxies are important components of the cluster system, however the stellar
component in clusters is not the dominant one, not even among baryonic matter: in
fact, while massive galaxy clusters have a baryon fraction approaching the cosmic
baryon fraction (ry/ rior  0.17, Spergel et al. 2003), stars in cluster make up only
rs/ roe  0.02 (Lin, Mohr, and Stanford, 2003). Therefore, baryons must be present
in a different component. Considering that clusters potential wells are extremely
deep, it is reasonable to assume that baryons can not escape. Most baryons must be
in form of gas, with a fraction of rgad rit  0.15.

1.2.2 The Intracluster Medium

The ICM makes up the largest part of the baryonic matter in galaxy clusters. It is
described as a weakly collisional plasma at high temperatures of T 10’ 10® K,
mostly consisting of thermal electrons with low density of ne 10 2 10 “cm 3
and typical metallicity of Z 0.2 0.3Z . TheICM emits in the X-ray through opti-
cally thin bremsstrahlung emission, which is a key instrument for the identi cation

of their dynamical state (e.g. Lovisari et al. 2017). Additionally, a fraction of galaxy
clusters show diffuse radio emission from synchrotron radiation of relativistic elec-
trons accelerated in magnetic elds over scales that, in some cases, are comparable
with the extension of the thermal gas (van Weeren et al., 2019).

Thermal Components

Due to the high temperature (T 108K) of the gas, galaxy clusters are luminous X-
ray sources and this emission is primarly caused by thermal bremsstrahlung from
the ICM. Sarazin (1988) reviewed the physical properties of hot diffuse plasma: the
particles are assumed to have a Maxwell-Boltzmann distribution at the temperature
T; the particles mean free paths are generally much shorter than the length scales of
clusters (1 Mpc) so the ICM can be well approximated as a collisional uid. At the
characteristic low densities of the ICM, excitation and de-excitation processes are
described in the framework of collisional ionization equilibrium (CIE) (Smith and
Hughes, 2010). The emissivity of the bremsstrahlung process (g,), at frequency nis

en = aZ2nen T Y2 g (eft, (1.1)
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