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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 < Bupe < 104G in the outskirts of the galaxy cluster A2249) and
intra-cluster filaments (Bype < 0.25 — 0.75 4G). 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 fluctuations of an isotropic and homogeneous
density field 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 filaments and sheets.
Vast void regions, emptied of matter, fill 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 diffuse 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 first evident that the gathering of galaxies in groups, clusters and
super-clusters in the local Universe was not consistent with being generated
by projection effects 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 different filaments 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

04

2dF Galaxy Redshift Survey

1p4

12b

13
<0

s ﬁ-‘
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 final state of the web was actually
already present in embryonic form in the over-density pattern of the initial
fluctuations, 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 different probes, namely different 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 different over-density 6, (with
respect to the cosmic average value (n) ~ 1076 cm™3) and correlation length
L environments: &, ~ 1072 — 10° and L > 10 Mpc (megaparsec) for voids,
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Op ~ 10° —10%, L ~ 1 — 10 Mpc for filaments, &, ~ 10> — 103, L ~ 1 Mpc for
cluster halos and §,, > 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 A (ACDM, where ”cold” indicates the non-relativistic speed of the
non-/weakly interacting ”dark” matter) help to predict the distribution of
"baryons” ! at both present and moderate redshift.

Initial conditions for the simulations are provided by different probes at
different 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 (,h? (where
h = Hy/100kms~! Mpc~! and Hy is the Hubble constant) with respect to
the total matter content (i.e. including dark matter) €2,,. Equivalently the
fraction f of baryons, defined as f, = /), can be used. While both €2,
and €2, evolve as (1 + 2)3, f; is independent from the redshift?.

The independent probes constraining the €, (or f;) 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 9124 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,  has been constrained to € > 0.017h~2 = 0.035 for h = 0.70

! According to the Standard Model of physics, baryons are composite particles made
of three quarks, which most stable and common configurations 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 €, 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 effect is negligible.
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(Rauch et al., 1997; Weinberg et al., 1997). Furthermore, the cosmological
models that involve ), 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-Escudé 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 Q,h% = 0.019 4 0.001 and showed
to be consistent with the Lya 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 € comes from the CMB
anisotropy map made by the Planck satellite (Planck Collaboration et al.,
2016b) Qph? = 0.02225 + 0.00023 (68% confidence 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 significant 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 Lya 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 filling the space between the galaxies, called the intergalac-
tic medium (IGM), present in different environments and thermodynamic
states: halos of galaxies; the circum-galactic medium (CGM); the diffuse
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 Hel). Reservoirs include
diffuse photoionized Lya forest and WHIM (see § 1.2.2) traced by OVI
(oxygen VI) and broad Lya absorbers. Blended colors (Lya and OVI) have
combined total of 25 4+ 8%, accounting for double-counting of WHIM at
10° — 10% 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 filamentary web encompassing electron densities n, ~ 1076 —
1074 em™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 of 7' ~ 10° — 107 K, building up the largest con-
stituent of the IGM hydrogen at present, ionized for the most part (Cen and
Ostriker, 1999; Davé et al., 2001). This shock-heated medium, enriched of
metals by AGN activity and outflows, can be observed into three distinct
phases depending on its temperature:

o T ~ 10°7%7 K: constituting the warm part of the WHIM, this gas
is partially ionized, with a mass fraction of neutral atomic hydrogen
frr > 107°, 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;

o T ~ 107763 K: the WHIM gets further ionised, with fz; > 10767
and can be observed through OVII lines. This diffuse 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);

e T ~ 10%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 diffuse 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 diffuse 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 profile distribution around massive halos

Direct measurements of the the majority of the missing baryons through
absorption lines and continuum thermal emission are still affected 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 diffuse 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 effect in plasma physics, called signal dispersion
(a sketch of the physical process and signal profile 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 definition 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 at z >
0.5 it is in principle possible to constrain the baryonic mass profile at twice
the virial radius surrounding different matter halos down to halo masses of
10'2M¢, (Mg 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 § 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 at z ~ 1100 and their am-
plification 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 fields 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 differential gas
rotation and turbulence. The latter elements are known to be key processes
for the amplification and sustain of magnetic fields observed in galaxies and
galaxy clusters (Widrow et al., 2012).

As a matter of fact, magnetic fields in astrophysical systems are observed
at all physical scales. The smallest astronomical objects known to hold a
magnetic field 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 fields 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 field in the Milky Way is
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~ 6uG in the region around the Solar System, increasing to 20 — 40uG in
the region of the Galactic center. Dense clouds of atomic (HI) and cold
molecular (Hg) hydrogen are observed in large radio filamentary structures
near the Galactic center. They host fields of up to several mG strength
(Heiles and Crutcher, 2005; Wielebinski and Beck, 2005; Beck, 2007) while
outside, the field at ~ 10—100 kpc scale is mostly parallel to the plane of the
Galactic disk. The diffuse 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 field (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 field reversals in the disk are
observed, as well as star-forming regions giving rise to several distortions in
the field morphology (Beck and Wielebinski, 2013, for a review). The scale
height of the Galactic halo magnetic field has been recently estimated to
2.0 + 0.3 kpc (Sobey et al., 2019).

As far as extragalactic magnetic fields 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 fields in other galaxies has been also
probed with respect to time, finding evidences in galaxies up to z = 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 amplification deter-
mined from magnetic field 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 fields coherent over Mpc-scales. The astrophysical objects
that have been found to entail magnetic fields 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 fields and relativistic
particles across the cluster volume. Courtesy of Chiara Stuardi
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ters and have been classified in different 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 fields 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. Diffuse
continuum radio flux ascribed to synchrotron emission always highlights the
presence of magnetic fields and relativistic particles. Through studies of the
Faraday rotation effect, quantified through the rotation measure (RM, we
refer the reader to Chapter § 3 of this work for definitions and details on the
Faraday rotation effect in radio astronomy), it has been found that those
clusters holding a cooling time of the gas much shorter than the Hubble
time (called relazed or cool core clusters), also hold central magnetic field
intensities of ~ 10 uG, whereas clusters showing a disturbed morphology,
turbulent motions and significant bulk kinetic energy of their components,
mainly due to recent past merging events (for this called disturbed or merg-
ing clusters), have smaller amplitude magnetic fields of ~ uG (Taylor et al.,
2001; Carilli and Taylor, 2002; Giacintucci et al., 2009; Kale et al., 2015;
Govoni et al., 2017). The fields 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 field
along the line of sight thanks to the Faraday effect which induces on the
polarized light from background sources (see further section § 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 firm conclusions on the radial trend of the magnetic field 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 § 3.2. Despite the current limitations, a correlation be-
tween the central electron density and mean central magnetic field strength,
has recently been confirmed using data for 9 clusters (Govoni et al., 2017).
However the mean central magnetic field does not seem to be correlated to
the other cluster properties, such as temperature. Also the magnetic field
profile, 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 field amplification 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-specific) limits on magnetic
fields over cosmological scales have also been obtained using different meth-
ods, so that, in general the strength is <nG (Blasi et al., 1999; Kahniashvili
et al., 2010; Bohringer et al., 2016). However, due to the different model
assumptions comparing these values with magnetic field 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 effect, but on a clever
statistical argument: they computed the RM difference 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 difference 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 difference ARM, s 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 field 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 fields have been sug-
gested to amount down to ~ 10 G, arguing that outflows from isolated
dwarf galaxies, observed to be magnetised both in voids and denser environ-
ments, can bring and diffuse magnetic fields into voids (Beck et al., 2013).
Another argument able to sets lower limit on the intergalactic magnetic field
(IGMF) comes from the highest energies. In fact blazars produce gamma
rays with energies > 1 TeV that interact with the diffuse 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-



1.3. THE MAGNETISED COSMIC WEB 23

Figure 1.5: Vazza et al. (2017): Volume rendering of the average temperature
(red colors) and average magnetic field strength (green+blue) along the
line of sight, for a primordial magnetogenesis scenario with initial magnetic
field By = 1 nG (left) or a cooling feedback model where magnetic fields
have been injected by AGN (right). For both quantities the mass-weighted
average along the line of sight are shown. Magnetic field strengths ranges
from 10~ 4G to 1 uG in both panels.

tering with the CMB photons. The flux and spectrum of this reprocessed
emission thus depends on the intensity of the IGMF, that acts by deflecting
the pairs off 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 field of
B >10"1 —107'5G (Neronov and Vovk, 2010; Tavecchio et al., 2010).

1.3.3 Why is it important to access the LSS magnetic field?

We outlined in the previous paragraphs what we know to date about the
magnetic fields coherently distributed over the largest cosmological struc-
tures. The effort to study magnetic fields has been driving the development
and improving performances of MHD simulations over the last two decades.
Cosmological magnetic fields have been tightly connected to particle ac-
celeration and have been demonstrated to produce effects 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 fields,
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 fields is an hypothesis being commonly
accepted but yet to be proven. These weak fields may then be amplified by
turbulence/dynamo and/or shock/compression arising during structure for-
mation and merger events. As the result of turbulent motions for instance,
different magnetic field scales have been shown to be able to survive (e.g.
Kahniashvili et al., 2013). However, the origin of seed fields remains an open
question. The CMB measurement provided upper limits to the intensity of
magnetic fields but hasn’t constituted a proof for their existence: are these
seed fields 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 fields 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 fields are today performed especially in the peaks of the
over-density distribution, while they are scarce and of difficult interpretation
in more rarefied environments.

The eventual discovery of primordial magnetic fields will imply inter-
esting physics that may involve the generation of currents during the early
phases of the Universe such as inflation, 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 fluctuations in the inter-galactic
plasma (Schlickeiser, 2012). In addition, resistive mechanisms (Miniati and
Bell, 2011) or ionization fronts around the first stars (Langer et al., 2005)
might provide further amplification to the primordial fields already in-place.
This general class of magneto-genesis models is commonly referred to as pri-
mordial models. The persistence of primordial magnetic field 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 Sokoloff, 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 fields at present, allows their intensity within
the range ~ 10734 — 10710 G.

If magnetic fields, 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 as astrophysical. Any magnetization process connected to galaxy
formation is found to be poorly efficient in small overdensity environments.
This is due to the dilution following the Universe expansion of the injected
fields, 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 field initial conditions taken from Vazza et al. (2017).

The largest scale magnetic field observed today are believed to result
from the amplification of the postulated seed fields outlined above. The am-
plification at all scales is driven by the field’s flux-freezing® within the plasma
which is adiabatically expanding (Marinacci et al., 2015), thus following the

structures growth as
2
3
B =B, (") (1.1)

(n)

where By is the seed magnetic field intensity and n/(n) is the local over-
density of the plasma with respect to the (comoving) critical value (n). How-
ever at large over-densities, namely the ICM, magnetic field 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 field lines. The small scale dynamo is an MHD process of
magnetic field amplification 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

3the term flua-freezing indicates that the flux ¢ = fSBdS of the magnetic field
through a closed surface S is constant over time. It directly follows from Ohm’s law
J = o(E + v x B) in absence of currents J = 0. B is then proportional to a surface and
thus B o« n?/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
By. 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 flows
(Haugen and Brandenburg, 2004) points to the large scale magnetic field
outside galaxy clusters (i.e. filaments and voids) as elite places where to-
day’s magnetic field still carries information on the initial conditions, namely
By. We note that from eq. 1.1 it appears not only the linearity between the
observed magnetic field B and the initial value By, but also the importance
of the characterization of the density environment n. Observing the large
scale magnetic field in under-dense environments such as filaments and voids
today has the remarkable value of informing us on the seed field intensity
and coherence length and thus probe the different magnetogenesis scenarios.

1.3.4 How do we probe the Cosmic Web magnetic field?

We outlined the scope and importance of understanding the initial magne-
tization conditions through probing today’s IGMF in filaments/voids. We
have seen that for the smallest overdensity environment lower and upper
limits based on clever arguments exists (see § 1.3.2), however IGMF into
voids offer 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 filamentary 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
§ 1.2.2) offer challenging but easier targets (with respect to voids) to differ-
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 field tomography
of foreground structures through the Faraday rotation effect which B in-
duces on linearly polarized light from background sources. Most recently a
new possibility came from the combination of the Faraday effect 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 fields
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
different methods in constraining the magnetic field amplitude in different
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 definitions and
concepts of the different methods.



Chapter 2

Synchrotron diffuse emission

2.1 Radio imaging of the IGM

The most straightforward way to think of finding, 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-filling 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 the Athena X-
ray Observatory' 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 spectrum S, o< v~% 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 < pJy arcsec™? 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

"http://www.the-athena-x-ray-observatory.eu
https:/ /www.skatelescope.org/
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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 Mpc? volume at z = 0.05.

also suggested the best targets for a first evidence to consist in close and
interacting pairs of massive galaxy clusters (Vazza et al., 2019). In fact,
diffuse 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 amplifica-
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 first 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 filament. 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 80" resolution image has an rms
sensitivity of 1 mJy beam™!. Contour levels increase by a factor of 2 starting
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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 field Bwun < 250 nG
(comoving, mass-weighted, at z = 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 filaments 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 fields (Govoni et al., 2019). Such
shock waves, despite having generally smaller Mach numbers than station-
ary accretion shocks in filaments, thanks to the higher densities and stronger
magnetic field of the ICM, they efficiently power arc-shaped segments of ra-
dio diffuse 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
fields 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 field value at A2249’s periphery to
be B > 0.4 uG, we find 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 Briiggen, 2007). In particular we will adopt the
formalism of Hoeft and Briiggen (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 n.(FE) 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 v = 5/3; b) from the shock strength, parametrized by the Mach number
M = v, /¢, where v, and ¢, 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 final contin-
uous energy distribution between the thermal Maxwell-Boltzmann and the
(freshly accelerated) relativistic regimes so that n'(Ewpim) = nRSA(Eym)
and thus the energy of the coldest accelerated electron (Eyp,, at which re-
sides the bulk of the electrons accelerated by weak shocks) is a fixed multiple
of the thermal energy. The total relativistic energy density ®. in the down-
stream region can thus be fully described in terms of a fraction & of the
kinetic energy density @ of the shock. Hence, the fraction &, referred to
as the electron acceleration efficiency, is a free parameter which can be con-
strained (together with the magnetic field 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 &, together with the magnetic field 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
HBO07 models the gas flow 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
(HBO7) 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 diffuse 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 fields at cluster outskirts: the ”Cor-
netto” radio relic in Abell 2249 (Locatelli et al.,
2020Db)

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 efficiency 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 Lisqn, = 4.1 £ 0.8 x 10
W Hz~! and integrated spectral index o = 1.15 £ 0.23. We infer for this
radio relic a lower bound on the magnetisation of B > 0.4 uG, a shock
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Mach number of M = 3.79, and a low acceleration efficiency 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 diffuse synchrotron sources extended
over ~ Mpc, usually found at the periphery of clusters of galaxies with on-
going mergers, showing a steep spectrum («a > 1, where S, x v~%) 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 profiles
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 Diffusive 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 efficiency by DSA in relics (e.g. Botteon et al., 2020a,
hereafter B4-20). Moreover, shock waves in the intracluster medium should
also accelerate protons that would create y-ray emission in the collision with
the thermal protons of the ICM. The level of the emission clearly depends
on the magnetic field, CRs and ICM energy densities, however these y-rays
have not been detected (Ackermann et al., 2016) even for the more massive
objects, which translates into limits on the maximum acceleration efficiency
of protons in structure formation shocks (< 1073, 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 flat-ACDM cosmology with
Hy =69.6 kms™! Mpc™! and Qj; = 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 is z = 0.0838 (Lagana et al.,
2019; Lopes et al., 2018; Bulbul et al., 2016); the velocity dispersion of its
constituent galaxies is between oy = 894 £ 50 (Lopes et al., 2018) and
976 + 38 kms~! (Oh et al., 2018). Lagana 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 first ~ 400 kpc from the cluster centre. They classified 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 Rso0 = 1.1f8€’ Mpec, M5gp = 3.731'8:%3 x 1014 Mg,
derived from Planck data (Planck Collaboration et al., 2016a). At larger
radii Rogp = 2.2 £0.1 Mpc and Mygy = 12.7 £ 1.5 X 1014M@ (Lopes et al.,
2018; Oh et al., 2018).

2.2.3 Radio observations

The low frequency observations of the A2249 field was carried out with
LOFAR. The LOFAR HBA (120 — 168MHz) observation was carried out
during Cycle 9 (Proposal 1d:LLC9_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 flux calibrator 3C295. A first calibration and imaging run was
performed using the LOFAR data reduction pipeline (v2.2%) 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° x 1.9°
region centred on the relic. This was done using the PYthon Blob Detector
and Source Finder (pybdsf; Mohan and Rafferty 2015). The resulting data
was then self-calibrated (phase only) through nine iteration steps and then
imaged using WSClean v2.4 (Offringa et al., 2014).

3https://github.com/mhardcastle/ddf-pipeline
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Figure 2.4: Left: LOFAR low resolution (20”) 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,...] X 30omms and are from the LO-
FAR image. Negative —30,m,s contours are shown with dotted lines Right:
uGMRT high resolution (8" x 6”) image of the relic, overlaid with LOFAR
contours, revealing filamentary substructures.
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We produced images at 6” and 20" (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 floor of 230(350) uJybeam~!. We determined and
applied a correction factor (van Weeren et al., 2016; Hardcastle et al., 2016,
see also) to match the LOFAR HBA flux densities of point-like sources with
the ones derived from the TIFR GMRT Sky Survey (TGSS; Intema et al.
2017). We assume flux 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 (WUGMRT), in Band-4 covering a frequency range of 550-950 MHz (pro-
posal DDT-C100). The data were flagged 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 pJybeam™! 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 configuration 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 15" off the relic position. This highly affected the
local sensitivity. The combined C+D image (Fig. 2.5) allowed a resolution of
about 30” and presents a number of separate patches of diffuse emission with
peaks just above the local 30 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, flux enhancement is also evident when comparing it
with regions at different 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* (The CHEX-MATE Collab-

“http://xmm-heritage.oas.inaf.it
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Figure 2.5: VLA (C+D configuration) archival observation (300”) image of
Abell 2249. White contour levels are drawn at [1,2,4,8,...] X 3 oyms and are
from the LOFAR image. The green circles highlight emission above 30y
of the local VLA rms background level (o, 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 3,6,100 of the low resolution (20”) LOFAR radio emission are
overlaid in white. A circle of radius 14’ 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.
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FV Ll, F700 MHz « AQ Rproj LAS LLS
mJy W Hz ! mJy arcmin? Mpc arcmin  Mpc

370+£70 59+12x10** 60+12 1.154+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): flux
density F,; luminosity L,; flux density at 700 MHz (uGMRT) Froommz;
spectral index between 144 and 700 MHz «, solid angle A2; projected ra-
dial distance from cluster center Ry.j; 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 filtering for soft proton flares (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 20” resolution and the regions used for the spectral
analysis. Given that the emission of the cluster is filling the entire field 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 fixed the Galactic Ny to 2.38 x 1029 cm™2 at HI LAB value (Kalberla
et al., 2005) given the negligible difference with the value (2.5 x 10?2 cm—2)
which estimates the possible contribution of molecular hydrogen (Willingale
et al., 2013).

2.2.5 Results

Morphology The extended diffuse 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]" from the cluster centre. The relic width is maximal at
its the mean azimuthal direction and is minimal at the azimuthal ends of
the diffuse 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 ~ 14.7’,
that is a linear distance of 1.40 Mpc at the redshift of A2249. The relic’s
largest angular scale (LAS) is ~ 13.2 corresponding to a physical size of
1.3 Mpc at the redshift of the cluster. The northern end of the diffuse
emission coincides with a bright unresolved radio source (A, Fig. 2.4 left
panel), of 400 mJybeam ™! 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 filamentary 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 diffuse
emission at the relic position above 3o, with a similar morphology as at lower
frequency (Fig. 2.4 right panel).

Radio spectrum & luminosity The flux density and luminosity of the
Cornetto relic at 144 MHz are Figqvu, = 37070 mJy and Liggvu, = 5.9+
1.2 x 10> WHz ™!, respectively. The integrated spectral index, calculated
from the ratio of the total flux densities at 144 and 700 MHz in the relic
region (determined at 144 MHz) is v = 1.15+0.23. The observed quantities
are summarized in Tab. 2.1.

Assuming o = 1.15 to be constant we extrapolated the luminosity at
1.4 GHz to be L1 4qm, = 4.1 0.8 x 1022 W Hz~!. 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 find
three different 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 diffuse 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 Rsg9 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 fluxes extracted from the green regions in Fig. 2.5.
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Figure 2.8: XMM pn spectrum extracted from the region of the relic radio
emission. The magenta line shows the instrumental background, the green
one the galactic foregrounds, the blue one the Cosmic X-ray Background,
the red line the ICM thermal emission and the cyan one the 90% upper limit
on the IC power law.

within the full annulus of kT" = 3.0 + 1.3 keV together with an electron
density n, = 6.44+1.5x10"* cm™3. Assuming that temperature we modeled
the expected IC emission as a power law with fixed photon index of 2.15 as
derived from the radio spectral index and extrapolated a 90% upper limit
of 1.0 x 10713 erg ecm™2 s~ ! in the 20-80 keV range. The X-ray spectrum
in the relic region and its modeling is shown in Fig. 2.8. It is equivalent to
the spectrum extracted from a region at the same radial distance from the
cluster but avoiding the relic emission (see Fig. 2.6), confirming that any
IC emission is clearly covered by the cluster thermal emission plus particle
background.
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2.2.6 Modelling of physical properties

Based on our observations we study the origin of the relic in A2249 and infer
limits on its magnetic field.

Diffusive Shock Acceleration Assuming DSA, the power emitted by
the Cornetto relic can be related to its shock properties (e.g. HB07; B+20):

3/2
e,d

vo/2 B2+ B2 p(2)

(o7
A Te,d Btz

LI/, obs = C

(2.1)

where A is the surface area of the shock spherical slab, calculated as ~ LLS?
(we assumed the spherical slab to be as deep along the LoS as extended in the
sky); neq is the downstream electron density; & is the (yet unknown) fixed
fraction of the kinetic energy flux ®./®; injected at the shock front into
suprathermal electrons; T, 4 is the downstream electron temperature and
Bewp is the equivalent field of the Cosmic Microwave Background evaluated
at the redshift of A2249. The normalisation C is 6.4 X 1034% when T, 4 in
units of [7 keV kj'], v in units of 1.4 GHz and B in [uGl].

Considering the values in Tab. 2.1, an integrated spectral index a0 =
1.15 (holding a Mach number M = /(a+1)/(a —1) = 3.79) and the
quantities derived from the XMM-Newton observations kg7, ~ 3.0+1.3 keV
and neq = 6.4 £ 1.5 x 10~%*em ™3, we can constrain the (B, &) parameter
space to reproduce Figqymp, (DSA curves in Fig. 2.9). For completeness,
we also consider the formulation of the model as found in B+20, which
enforces the relativistic invariance in the HB07 model, which is particularly
relevant for weak shocks. We obtain a magnetic field of B = 1.2 uG for
& = 1072 and B = 6.0 uG for & = 107*. The values for &, agree with
models for DSA from shocks with Mach numbers M = 3.5 — 4.0 (Kang
and Ryu, 2015). Larger efficiencies are hard to reconcile with DSA and (in
other objects) are used to argue for the existence of a pre-existing electron
population that may have been re-accelerated by an earlier episode of shock
acceleration. Re-acceleration has been invoked for most radio relics (all
observed at frequencies > 600 MHz) for which an underlying shock wave
has been detected in X-rays at their location, with the exception is the
radio relic in the El Gordo galaxy cluster (B+20). Instead, the efficiency
required to power the Cornetto relic can be explained by DSA electrons from
the thermal pool, by ~ a few uG magnetic field.
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Equipartition Synchrotron radiation provides information on both the
electron’s energy distribution and the magnetic field strength, B, in the
medium. A simplistic assumption to disentangle the contribution of rela-
tivistic cosmic-rays (CRs) from magnetic fields is to assume equipartition
between their energy densities in the plasma ecr = ep (e.g. Brunetti et al.,
1997; Beck and Krause, 2005). In this case, the total energy density of mag-
netic fields and of CRs eg +€cg also approaches a minimum value. Classical
equipartition formulae use parameters of the spectral energy distribution of
electrons not affected by energy losses. In the case of radio relics instead,
the spectrum of downstream emitting electrons results from the combination
injection, transport and energy losses. We thus derive equipartition condi-
tions assuming that the magnetic field in radio relics gets the same energy
density of downstream particles:

1 v B2
—pu 26 (1+Ek) = — 2.2
St (14 k) = o (22

where k is the ratio of energy budget between p and e, p and v are the gas
density and shock velocity computed for the media respectively upstream
(») and downstream () of the shock front. The jump conditions have been
derived from the shock Mach number M = 3.79. With this approach &, is
directly comparable with the values derived from DSA.

The results for B, k and & are degenerate, however the equipartition
assumption alone constraints the parameter space between the curves for
k = 0 (indicating a plasma where the energy budget is only given by e) and
B << 10uG resulting from &.(1 + k) << 1. Combined with equipartition
argument the efficiency selects the value of k.

Inverse Compton scattering Based on the observed radio flux and as-
suming a power-law distribution of relativistic electrons, we can estimate
the hard X-ray emission from Inverse Compton (IC) scatter from the same
electron population responsible for the observed radio emission (e.g. Govoni
and Feretti, 2004). Then we can compare this to recent upper limits ob-
tained using XMM-Newton observations in the 0.1-12 keV band. We quote
the flux estimates extrapolated in the 20-80 keV band for ease of compari-
son with previous estimates (e.g. Cova et al., 2019). The IC flux 90% upper
limit Fic < 110718 ergem™2s~! extrapolated in the 20 — 80keV band sets
a lower limit on B > 0.4uG. A magnetic field strength of Bj,y, = 0.6 uG (as
suggested above assuming &, = 1073) or lower would result into IC emission
larger than the Fic ~ 3.17- 10" ergcm=2s~! upper limit derived for A523
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Figure 2.9: The (B, &) parameter space assuming o = 1.15. The curves
show the points that reproduce the F}44 pmp, within 20 uncertainty assuming
DSA using HB07 (orange-white-purple) or B+20 (dashed black) formalism.
The green-violet shaded background shows the inverse Compton fluxes ex-
pected in the 20 — 80keV band. The dotted lines show the values obtained
assuming equipartition for different values of k.
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by Cova et al. (2019). For comparison, a = 1.15 and B = 6.0 uG (implying
& = 107* for DSA) produces Fic ~ 510" ergecm™2s7!, i.e. about one
order of magnitudes below present- day upper limits. The lower limit from
IC combined with the limit B << 10uG from energy arguments implies
efficiencies &, € [5- 1075 — 1072]. Larger values would violate equipartition.

2.2.7 Section summary

In this Section we presented the discovery of extended, diffuse radio relic in
A2249, found at low frequencies (120-168 MHz) with LOFAR. We have also
observed the new relic (called Cornetto relic) at 700 MHz with the uGMRT
and found patches of emission in coincidence of the brightest parts of the
relic also in VLA archival data at 1.4 GHz. The magnetic field at the relic
is estimated to be B > 0.4uG, depending on model assumptions and the
electron acceleration efficiency &, < 1072 of the putative merger shock. The
limits have been set from the absence of Inverse Compton emission in the
[0.1 — 12] keV energy band.

The Cornetto relic is among the largest relics discovered to-date (13.2,
corresponding to 1.26 Mpc) as well as the faintest one with such extent, once
extrapolated at 1.4 GHz, lying at about a factor ~ 10 below the observed
scaling relation between the radio power at 1.4 GHz and the LLS of radio
relics.

Its low luminosity is well explained by DSA for the inferred plasma
and shock parameters, unlike most other radio relics that require a higher
electron acceleration efficiency and invoke past acceleration events acting on
the seed electron population already present in the ICM thermal pool.

This discovery, only made possible by the unprecedented sensitivity of
LOFAR to large angular scales at low frequencies, may hint to a population
of low-power, faint and diffuse radio relics, for which re-acceleration has not
taken place (or not yet) or is inefficient with respect to standard DSA. This
can be explored by the new generation low-frequency arrays (e.g. LOFAR,
SKA-low).
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2.3 Upper limits to the magnetic field into cosmo-
logical filaments from LOFAR

Abstract Strong accretion shocks are expected to illuminate the warm-
hot inter-galactic medium encompassed by the filaments of the cosmic web,
through synchrotron radio emission. Given their high sensitivity, low-frequency
(large) radio facilities may already be able to detect signatures of this ex-
tended radio emission from the region in between close pairs of massive
galaxy clusters. In this work we exploit the non-detection of such diffuse
emission by deep observations of two pairs of relatively close (~ 10 Mpc) and
massive (Msoo > 10 M) galaxy clusters using the LOw-Frequency AR-
ray (LOFAR). By combining the results from the two putative inter-cluster
filaments, we derive new independent constraints on the median strength
of inter-galactic magnetic fields: Bype < 2.5 x 102nG (95% CL) assuming
that strong shocks M > 4 accelerate relativistic electrons with an efficiency
& = 0.01. Based on cosmological simulations and assuming a primordial
origin of the B-fields, these estimates can be used to limit the amplitude
of primordial seed magnetic fields: By < 10nG. We advise the observation
of similar cluster pairs as a powerful tool to set tight constraints on the
amplitude of extragalactic magnetic fields.

2.3.1 Context of the experiment

On the largest scales of the Universe (> 10 Mpc), galaxy groups and clusters
are connected by elongated distributions of galaxies called filaments and
sheets which are believed to be also permeated by diffuse gas, and possibly
by magnetic fields. Until now, a straightforward and direct detection of
inter-galactic medium (IGM) and magnetic field (IGMF) has been prevented
by the very low density of the plasma (nigy < 107* em™3) and its relatively
low temperature (Tigy < 107 K). However, increasing evidence (Nicastro
et al., 2018; Macquart et al., 2020) is recently confirming the long-lived
expectations for the warm-hot gas phase of the IGM (WHIM, with Ty ~
10° — 107, nwam ~ 1075 —10~%) to contain up to half of the baryon content
at low redshift (Cen and Ostriker, 1999; Davé et al., 2001).

Accretion shocks are believed to reside along and within the filaments of
the cosmic web as well as at the outskirts of galaxy clusters. These shocks
are expected to amplify magnetic fields and to accelerate particles up to
relativistic energies (Ryu et al., 2008). Their presence might then enable
the detection of the WHIM through its synchrotron emission signature at
radio wavelengths, and, indeed, the direct observation of the tip of the ice-
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berg of this diffuse emission has already been discovered at radio frequencies
(Govoni et al., 2019; Botteon et al., 2020b). In these few cases the plasma
conditions are still hotter and denser than what expected for the typical
WHIM and the detected emission lays within the clusters virial radii. Fur-
ther investigation in this direction will be supported in the near future by
the upcoming radio facilities (ngVLA, MeerKAT, SKA-mid) and especially
at very low frequencies (LOFAR, MWA, SKA-low). In fact, the low fre-
quency emission should be brighter up to further out the clusters virial radii
thanks to the expected spectral behaviour as S, o v~! with respect to fre-
quency v (Vazza et al., 2015b). A way to overcome sensitivity limitations is
to quantify the Faraday effect induced by magneto-ionized plasma along the
line of sight to a polarized background radio source and build a tomography
of the WHIM by means of a grid of background sources (see Akahori et al.
2014; Vacca et al. 2016). A thorough exploitation of this method currently
suffers from the lack of large and dense grids of polarized sources, however
it is expected to provide important results thanks to the upcoming radio
facilities (Locatelli et al., 2018). Complementary, recent upper limits on the
IGMF intensity and scale have been derived from the cross-correlation of
diffuse radio synchrotron emission with the underlying galaxy distribution
(Vernstrom et al., 2017; Brown et al., 2017) or by cross-correlating the dif-
ference in rotation measures of physically related pairs of extended radio
galaxies, compared with the one derived from randomly paired and close
lobes (Vernstrom et al., 2019; O’Sullivan et al., 2020; Stuardi et al., 2020).

Why is it important to assess the IGMF properties in the cosmic web
at late times? The magnetic fields in galaxies and galaxy clusters, com-
monly observed today, arise from strong amplification from efficient MHD
small-scale mechanisms (Ryu et al., 2008) which are responsible of a fast
saturation of the fields, thus erasing information on their initial conditions,
and in turn of their origin (Beresnyak and Miniati, 2016). Instead, in the
WHIM environment, the amplification of primordial magnetic fields is found
in simulations to be mainly driven by the field compression as its lines freeze
into the plasma plus the contribution of small scale shocks. These mecha-
nisms do not bring the field to saturation and provide a tool of assessing the
history and original conditions of the field by means of the level of magneti-
sation observed today (Vazza et al., 2014, 2015b; Donnert et al., 2018). For
the above reasons it is crucial to constrain the magnetic field in the WHIM
in order to determine the original scenario for the large scale magnetic field
origin and evolution in the Universe.

Cosmological MHD simulations predict the intensity of the IGMF at low
redshift to range within 1 and 100 nG (Dolag et al., 1999; Briiggen et al.,
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Figure 2.10: Diagram of the method outlined in Sec. 2.3.2. Thick boxes
highlight the most computationally expensive steps. Links labelled with the
letter ”i” are computed iteratively over the simulated pairs.

2005; Vazza et al., 2017). In this paper we introduce a novel method for
a robust inference of an upper limit on the initial By and current B val-
ues of the IGMF within the large-scale filaments of the cosmic web. The
method explores the amount of diffuse emission detected at 144 MHz with
LOFAR along the direction connecting pairs of galaxy clusters. We outline
the method used to explore the upper limits on the IGMF into cosmological
filaments in the following Sec. 2.3.2; we show its results in Sec. 2.3.3 and
discuss their assumptions and implications in Sec. 2.3.4; we draw our con-
clusions in Sec. 2.3.5. We note that throughout this section we assumed a
ACDM cosmological model, with baryonic and dark matter and dark energy
density parameters Qgy = 0.0455, Qpy = 0.2265, Q4 = 0.728 respectively
and a Hubble constant Hy = 70.2km s~ Mpc~.
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Figure 2.11: LOFAR low-resolution (20”) image at 144 MHz of the cluster
pair RXC_J1659-J1702. The dashed circles are centered on the clusters and
have corresponding radius R5g9. The red dashed boxes have been zoomed in
Fig. 2.19. We indicated the 5 Mpc unit at the redshift of the pairs z = 0.10.

The color bar is in units of Jy beam™".
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Figure 2.12: LOFAR low-resolution (20”) image at 144 MHz of the cluster
pairs RXC_J1155-J1156. The dashed circles are centered on the clusters and
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2.3.2 Method

In order to look for large scale emission from the cosmic web, we observed
pairs of galaxy clusters and the putative inter-cluster filaments connecting
them. The cluster pairs were selected from the MCXC Meta-Catalog of
X-Ray Detected Clusters of Galaxies® (Piffaretti et al., 2011) by applying
cuts in declination (6 > 10deg), redshift (z < 0.3) and maximum angular
separation (# < 5deg). These values are tailored to the proposed LOFAR
observations. The two most promising pairs that, according to cosmological
simulations, maximise the probability of a physical connection between the
clusters in terms of total mass and separation (real and projected), were
proposed and observed at the LOFAR during Cycle 9 (Proposal Id:LC9_020).
The most important properties of the two observed pairs of clusters are given
in Tab.2.2.

In a nutshell, after calibrating, imaging and removing contaminating
sources from the LOFAR data, we quantify the confidence of having ob-
served (or not) diffuse emission from the inter-cluster filaments by injecting
simulated diffuse emission produced by large scale (>Mpc) accretion shocks,
into the original radio visibility data (uvw) for a large (O(100)) subset of
simulated filaments/cluster pairs and by imaging them as done for the real
observations.

In this section we provide further details on the analysis performed on
the actual observations, the simulated data set prepared for the injection
and the injection procedure (also sketched by the diagram in Fig. 2.10).

LOFAR radio observations We observed the two cluster pairs RXCJ1659.7+3236-
RXCJ1702.743403 (hereafter RXC_J1659-J1702) and RXCJ1155.3+2324-
RXCJ1156.94-2415 (hereafter RXC_J1155-J1156) using LOFAR. The fields
containing these two targets were co-observed together with two pointings
of the LOFAR Two-meter Sky Survey (LoTSS; Shimwell et al., 2017) tak-
ing advantage of the multi-beam capabilities of the instrument. The ob-
serving setup of our observations thus follows that of LoTSS, namely 8 hr
on-source time book-ended by two 10 min scans on the flux density calibra-
tor in the frequency range 120-168 MHz using LOFAR in HBA_DUAL_INNER
mode (see Shimwell et al., 2017, for details). A first calibration and imag-
ing run was performed adopting the pipelines developed to analyze LoTSS
pointings (Shimwell et al., 2017, 2019), aiming to correct both for direction-
independent and direction-dependent effects exploiting PREFACTOR (Williams

Shttp://heasarc.gsfc.nasa.gov/W3Browse/all/mcxc.html
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et al., 2016; van Weeren et al., 2016; de Gasperin et al., 2019), KILLMS
(Tasse, 2014a,b; Smirnov and Tasse, 2015), and DDFACET (Tasse et al.,
2018). In particular, we made use the improved version of the direction-
dependent data reduction pipeline (v2.2°, the same used for the second
LoTSS data release DR2, Shimwell et al. in preparation) to produce im-
ages of the full LOFAR field-of-view at the central frequency of 144 MHz
at high (6”) and low resolution (20", shown in Fig. 2.11 and 2.12) using
a Briggs weighting scheme (robust=-0.5). We refer the reader to Tasse et
al. (submitted) for a thorough description of the steps performed by the
pipeline. Using sky models derived from the pipeline, we subtracted the
sources out of the uv-data in two different ways: either we subtracted all
sources (by means of their clean components) found in the high and low
resolution maps or we subtracted all sources detected in the high resolution
image. The model components were determined during the high and low
resolution images deconvolution making use of the PYthon Blob Detector
and Source Finder (PYBDSF; Mohan and Rafferty 2015). The subtraction
of the model components was performed in the visibility domain, adapting
the model components by the direction-independent antenna gains obtained
from the calibration. We then produced dirty images from the subtracted
data. The images include the residual contribution to the surface brightness
resulting from model approximation plus artefacts associated with imper-
fect model and solutions (Imempty) plus patches of faint extended emission
in the case in which only sources from the high resolution model were sub-
tracted (Imgiguse). The subtracted (dirty-)images Imempty at low resolution
(20”) have a rms noise floor of ~ 160 and 240 pJybeam™! for the two fields,
respectively. The noise difference is consistent with the amount of flagged
(i.e. discarded) data in the two observations.

Cosmological simulations We extracted the simulated inter-cluster fil-
aments from the suite of simulations of the cosmic web properties described
in Vazza et al. (2019) performed with the cosmological MHD code ENZO 7
(Bryan et al., 2014). They consist in a comoving 100% Mpc® box with a
uniform grid of 2400° cells (and 2400% dark matter particles) with linear
(comoving) resolution of 41.6 kpc per cell and dark matter mass mgy, =
8.62 x 10% M, per dark matter particle. Magnetic fields have been initial-
ized at z = 45 as a uniform background of of By = 0.1 nG and evolved
at run-time using the MHD method of Dedner (Dedner et al., 2002). We

Shttps://github.com/mhardcastle/ddf-pipeline
WWW.enzo-project.org
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Cluster name R.A. Dec. z Lx Moo Rs00  dop  Ligia
[h,m,s] [°.)] lerg/s] [Mz]  [Mpc]  [°]  [Mpc]
RXCJ1155.342324 115518 4232427 0.142 6.04-10* 5.60-10"% 1.19 0.93 8.25
RXCJ1156.942415 1156 58 +24 1529 0.139 1.50-10** 2.40-10™ 0.90 0.93 8.25
RXCJ1659.74+3236 16 59 44 +323649 0.101 1.12-10** 2.04-10" 087 1.57 10.13
RXCJ1702.743403 170242 4340343 0.095 4.04-10** 4.49.10% 1.01 157 10.13

Table 2.2: Main parameters of the two pairs of galaxy clusters observed in
this work, based on the MCXC Meta-Catalog of X-Ray Detected Clusters
of Galaxies (Piffaretti et al., 2011). In the last two columns, we provide the
angular separation of the two cluster centres and the 3-dimensional length
of the filament (considering the cluster to cluster distance).

note that a uniform initial magnetic field here would correspond to a scale-
invariant spectrum in the models used for Cosmic Microwave Background
(CMB) analysis (Aghanim et al., 2019; Paoletti and Finelli, 2019). We
also note that the run was non-radiative and did not include any treatment
for star formation or feedback from AGN. To a first approximation, these
processes are not very relevant for the radio and X-ray properties of the pe-
ripheral regions of galaxy clusters and filaments (Vazza et al., 2017), which
are our main focus.

Synchrotron emission model for cosmic shocks We produced syn-
thetic maps of synchrotron radio emission assuming that diffusive shock
acceleration (DSA, e.g. Kang et al. 2012 and references therein) accelerates
a small fraction of thermal electrons swept by structure formation shocks
up to relativistic energies, as in Vazza et al. (2019). We computed the radio
emission from electrons in the downstream cooling region of shocks using
the model of Hoeft and Briiggen (2007) and based on the shocks identified
in post-processing in the simulation. The total acceleration efficiency at
shocks, (M) (with M the Mach number) is assumed to be the combina-
tion of two variables: the kinetic energy flux dissipated onto the acceleration
of cosmic rays, (M), and the fraction going into electron acceleration, &/,
giving £ (M) = £ - »(M). Following Hoeft and Briiggen (2007), the radio
emission in the downstream of each shock is directly linked to the power-law
energy distributions N, o< v7? of electrons accelerated by the shock front
during a cooling time, through the integrated radio spectrum of I(v) oc v~%,
where s = (p — 1)/2 + 1/2, with p = 2(M? + 1)/(M? — 1) (Kardashev,
1962). With this approach and for the range of M > 5 shocks usually
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Figure 2.13: Example of mean gas temperature from the ENZO simulation.
Circles mark the projected virial region of clusters, magenta rectangles mark
filaments. The cluster field is placed at z = 0.1.
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Figure 2.14: Mock LOFAR-HBA observation (v = 140 MHz, 25" resolu-
tion, 250 pJy beam~! noised added) for the ENZO simulation presented in
Fig. 2.13. Circles mark the projected virial region of clusters, magenta rect-
angles mark filaments. The detectable emission (> 30) is marked with green
contours.
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found within and around simulated filaments, as well as for the < G mag-
netic fields in filaments (e.g. Vazza et al., 2017), the radio emission thus
scales as I(v) o« & B?v~2. The baseline model used in this work assumes
& = 1072, which is in line with DSA expectations for the maximal accel-
eration efficiency of relativistic electrons by strong shocks (e.g. Hoeft and
Briiggen, 2007; Kang et al., 2012; Bykov et al., 2019b), also is also com-
patible with the modelling of supernova remnants (e.g. Uchiyama et al.,
2007; Bykov et al., 2019a). However, we shall notice that in typically weak
(M < 4) shocks leading to radio relics in galaxy clusters (e.g. van Weeren
et al., 2019), the acceleration efficiencies implied by the observed relic ra-
dio fluxes can be much larger ({§¢ ~ 0.1 — 1, see e.g. Stuardi et al. 2019
and Botteon et al. 2020a), thus making our maximal value of ¢, = 1072 a
conservative one. We notice however that very recent particle-in-cell (PIC)
simulations (albeit in 1D and with some limiting assumptions) have derived
a ~ 5% electron acceleration efficiency by strong shocks (Xu et al., 2020).
For the remainder of the paper, the reader must thus bear in mind that
our limits on Bype must be accordingly rescaled if a different value of &, is
adopted.

Fig. 2.13 gives an example of filaments connecting a massive cluster to
other groups in its surrounding, in an ENZO cosmological simulation. A
small but significant fraction of radio emission from shocks running on fil-
aments connecting some of the pairs (e.g. M1-M2, M1-M4 and M1-M6 in
Fig. 2.13) is above the detection threshold in LOFAR-HBA for our base-
line model (see Fig. 2.14). In all cases, the detectable emission comes from
relatively small and localised patches, extended a few ~ 10" at most, with
irregular shapes. Detecting the radio signal from cosmic filaments is indeed
made challenging by the fact that the detectable fraction is just the tip of
the iceberg of the wider "radio cosmic web”, which makes a morphologi-
cal classification of the emission often ambiguous. Indeed advanced Deep
Learning techniques have been proposed for the detection of the cosmic web
in next radio surveys (Gheller et al., 2018). In the following section we use
this model to constrain the amplitude of the £, B? combination based on our
real LOFAR observations.

Generation of a mock catalog of inter-cluster filaments We selected
simulated pairs holding individual cluster masses Msoy > 103 M, and linear
(comoving) and projected angular distance of clusters in the pair within 20%
deviation from the values of the observed pair (see the last and second-last
columns in Tab. 2.2). We obtained 125 simulated cluster pairs selected for
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RXC_J1659-J1702 and 103 pairs for RXC_J1155-J1156. The cluster pairs
selected above mirror the separation selection criteria of our observations
but include less massive clusters that may not involve a physical connection
within one pair. We thus analysed in addition a sub-sample of high-mass
clusters (Msoo > 3 x 10'3Mg) for which a physical connection and the
presence of a inter-cluster filament was verified either manually and through
a high temperature cut Tyypny > 10° K of the WHIM within the inter-cluster
filament. We refer to this sub-sample as best.

For a given simulated cluster pair, a box has been drawn and extracted
along the direction connecting the pair. The box, including full information
from the simulation (~ 30k cells on average), has been rescaled to match
the angular scale and comoving transverse distance indicated by the pixel
size and redshifts of the observed clusters, and the intensity of synchrotron
emission has been scaled to match its luminosity distance by preserving the
total power (see the lower left panel in Fig. 2.15 for an example).

The flux density has been also multiplied by a constant factor fp =
[Bo/(0.1nG)]2. Under the assumption that the amplification of the magnetic
field into the simulated filaments is affected by negligible small scale dynamo
(Ryu et al., 2008), the amplification is thus mainly driven by the adiabatic
compression of the magnetic field lines following from flux freezing® into the
plasma condensing during structure formation (Vazza et al., 2017). The
magnetic field B at the end of the simulation is then scalable with respect
to the initial By. In turn, the synchrotron emission S, o< B? is also scalable
with respect to By as .S, « Bg. Since the synchrotron emission also depends
on the amount of relativistic electrons, parametrised in the HB07 model
by the electron acceleration efficiency &., we can test an arbitrary set of
simulations just by multiplying the synchrotron emission obtained from the
benchmark model (By = 0.1 nG) by an arbitrary factor fz o [By/(0.1nG)]?.

Injection of model radio emission into real LOFAR images The
rescaled simulated image of each mock pair of galaxy clusters was injected
into the source-subtracted Measurement Set (MS), following the procedure
sketched in Fig.2.10. In detail, each rescaled image was first Fourier-transformed,
then written into the MS and finally added to the visibilities of the source-
subtracted sky using WSCLEAN (Offringa et al., 2014). The writing pro-
cess of the visibility into the MS guarantees that the added model is sam-
pled by exactly the same angular scales as the observation recorded into

8the magnetic flux through a closed loop C enclosing the surface S is simply &5 =
fs B - dS, valid for ideal plasma conditions
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Figure 2.15: Example of source injection: the model of diffuse emission
between a pair of simulated galaxy clusters (masked within their Rog, indi-
cated by the green dashed circles) found in the simulation with By = 0.1 nG
(lower left panel) is multiplied by a factor fg = 1, 102, 10* imaged and
masked after being injected into the source-subtracted sky visibilities (up-
per left, upper central and upper right panels respectively), or it is in-
jected through the image-plane (lower central and lower right panels for
fB = 102, 10* respectively). The image with fp = 1 in the upper left panel,
due to the very low brightness of the model with By = 0.1 nG, results to
be equal to the source-subtracted sky image Imempty, in which the only fea-
tures are the residuals from the source subtraction process which fall outside
the masks. The white contours have been set to 5 times the rms value in

Imempty .
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the same MS. We note that such injection does not take into account di-
rection dependent effects that may act on the MS radio data. With the
same software, the resulting data-set was imaged and deconvolved with a
20" uv-taper and synthesized beam, and Briggs weighting scheme (Briggs,
1995) with robust=-0.25 and 2000 minor cycles (see Fig. 2.15 for output
examples). For realistic values of the normalisation parameter fp, the de-
tectable emission is fragmented into small and sparse patches, associated
with shocks internal to filaments. Therefore, we resort to statistical meth-
ods to assess the likelihood of each mock image to be compatible with our
observed LOFAR fields. We computed the integral of the image power spec-
trum Ps = logyg (fk’j::" P(K) dk’) where P(K') is the power spectrum and
Emin and kmax are determined by the image and beam size respectively (see
Fig. 2.21 for an example). The sky model subtraction can leave bright resid-
ual artefacts depending on the goodness of the model used. These residuals
can be as bright as ~ 0.1 Jy beam ™! around point-like sources and they may
dominate the integral of the image power spectrum Ps. A zero-padding
mask was manually generated for each pair of clusters in order to exclude
those artefact from the computation of Pg in all images.

2.3.3 Results

From the cumulative probability distributions of the statistic Pg resulting
from all the source injections, we can access how likely is for a model to pro-
vide an expected value smaller than the one recovered from the observations.
From the image Imempty, a 2.5 deg x2.5 deg square centered at the midpoint
of the cluster pair, in which all the sources (point-like plus extended) have
been subtracted, we compute I:’S = Ps(Imempty)- ]55 corresponds to the
total power in Imempty distributed over all scales from twice the beam size
(kmin) up to half the image size (kmax). All images resulting from injection
thus have Pg equal or larger than the one computed for Imeppty (red dotted
lines in Fig. 2.16). The statistic Ps resulting from the image in which diffuse
emission was not subtracted Imgjg,se are indicated by the blue dashed verti-
cal lines in Fig. 2.16. Total of 3.1,5.7mJy of diffuse emission were found in
Imgifruse in excess of Imempty for RXC_J1659-J1702 and RXC_J1155-J1156 re-
spectively. We outlined the probabilities for the different models in Tab. 2.3.
The table reports also results from injection performed in the image plane
(instead that in the wvw-plane) found in general to produce different prob-
abilities of non-detection with respect to injection through the uvw-plane.
We discuss this alternative method in Sec. 2.3.4.

The overall probability of a magnetic field model is simply the product of
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Figure 2.16: Probability distributions of finding statistics Pg smaller than
the values set by the cluster pair RXC_J1659-J1702 (upper panel) and
RXC_J1155-J1156 (lower panel) for scenarios with By as labelled. The ver-
tical lines show the Pg values computed without any injection from Imeppty
(red dotted), Imgigyse (blue dashed) Black and grey lines show results for
source injection performed respectively in the visibility and image domains.
The insets show a zoom on the bins where P(< Pg) = P(< Ps).



64 CHAPTER 2. SYNCHROTRON DIFFUSE EMISSION

the probabilities (of the model to produce lower statistics) of the two cluster

pairs, since the experiments have been run independently on each pair. We

compute these probabilities in the ”all” bottom lines in Tab. 2.3. A model

is more likely to be discarded, when its probability of having a smaller Pg

than in our LOFAR observations is very small (or very high alternatively).
Our main results can be so summarised:

e the primordial scenario with a seed magnetic field of By ~ 30 nG has
a small probability P(< Pg) ~ 0.05 of explaining the small power
excess in our observation of the RXC_J1659-J1702 and RXC_J1155-
J1156 pairs, we then reject it with a confidence level (CL) of > 95%.

e the models with a seed magnetic fields By < 30 nG yield non-negligible
(> 0.1) probabilities to produce a statistic equal to (o smaller than)
the one observed.

e by tightening the constraint on individual cluster masses and on the
presence of a inter-cluster filament connecting the clusters, the model
with By = 10 nG can be rejected as well with CL> 95%.

e If any of the patches of diffuse emission observed is produced by shocks
in the WHIM, then the By = 0.1 nG model is highly disfavoured,
as it is basically unable to produce any detectable emission (i.e the
probability in Tab.2.3 of this model to produce less diffuse emission
than what found in Imeppty are always ~ 1; we note that they have
not been plotted in Fig. 2.16). Although we do not reject this scenario,
we consider it implausible (see Sec. 2.3.4).

2.3.4 Discussion

From the original simulation holding By = 0.1 nG, we extract the probabil-
ity distribution functions (PDF) of the magnetic field values Byyp. across the
mock filaments selected according to the properties of the observed cluster
pairs. We plot the resulting PDF(log Bpe) in Fig. 2.17. Given the expected
lack of dynamo amplification in the WHIM, the magnetic field distributions
PDF (log Buwpc) corresponding to the other By models can easily be rescaled
linearly with the input seed field. We find a skewed distribution encom-
passing Buype = 1.0 — 7.4 nG values (90% confidence range) with median
Byipe = 2.5 nG (equivalent to log (Bype/nG) = —8.6) for the full sample.
We note that the value of the magnetic field that produces the simulated
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name fg By uvw-plane image-plane
[HG] IHlempty Imgiffuse Irnempty Imgiffuse
RXC_J1659-J1702 1 0.1 1 1 1 1
102 1 0.98 0.98 0.86 1
10 10 0.38 0.39 0.40 0.40
*best 0.23 0.23 0.24 0.24
10° 30 0.20 0.22 0.23 0.23
RXC_J1155-J1156 1 0.1 1 1 1 1
102 1 0.77 0.96 0.85 0.97
104 10 0.55 0.69 0.77 0.81
*best 0.14 0.14 0.18 0.18
10° 30 0.09 0.18 0.31 0.40
all 1 0.1 1 1 1 1
102 1 0.75 0.94 0.73 0.97
104 10 0.21 0.21 0.31 0.32
*best 0.03 0.03 0.04 0.04
105 30  0.02 0.04 0.07 0.09

Table 2.3: Probabilities of obtaining a statistic Pg lower than the one ob-
served in Imempty and Imgiguse, computed from source injection performed
in the wvw-plane and in the image-plane. We highlight with bold face the
values used to derive the limits on B and By in this work.
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Figure 2.17: PDFs of the log By field across all the simulated filaments in
the By = 0.1 nG model, for all the pairs in the mock sample (black line) and
for the best sub-sample (red line). The dashed blue lines show the log Buipe
distribution from all pairs weighted over the pixels emissivity. The filled
hatched areas encompass the 10 — 90 percentile ranges. The vertical solid
lines show the median of the distributions.
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Figure 2.18: Average profile of mass-weighted magnetic field strength for all
inter-cluster filaments extracted to resemble the two cluster pairs studied
in this work and for the best sub-sample, resulting from the By = 0.1 nG
model. The solid lines give the median value of the two samples (with 235
and 142 objects, respectively) while the filled areas encompass the 10 — 90th
percentiles of the distributions.

synchrotron emission lays in the high part of the Bypp. distribution, as can
be seen from the emission-weighted By distribution in Fig. 2.17. We also
give in Fig.2.18 the average profiles of mass-weighted magnetic field strength
for all simulated filaments extracted with the procedure above, for the two
cluster pairs. On average, the profile of magnetic field is very uniform across
10 — 20 Mpc, with an average magnetic field along the line of sight for these
objects of ~ 2—3 nG and a tail of rare and massive filaments that can reach
~ 10 nG.

To interpret the results provided in Fig. 2.16 and Tab. 2.3, we postu-
late three different assumptions that exploit the different type of source-
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subtraction performed in the analysis, and that can be used to derive dif-
ferent priors from our data (vertical lines in Fig. 2.16):

I: none of the residual diffuse emission after the point-like source sub-
traction (Imempty) is produced by the shocked cosmic web;

IT : all of the residual diffuse emission in excess of Imempty (i-e. Imgifuse)
is produced by the shocked cosmic web;

III : at least some of the excess diffuse emission present in Imgiguse comes
from the cosmic web.

Provided that we can fix the & acceleration efficiency at strong shocks
(€ ~ 1072), the assumption that none of the observed emission comes
from cosmological shocks (I), produces in principle tighter constraints on
Bnipe (and By), since P(Ps(Imempty)) < P(Ps(Imgifuse)) always. In prac-
tice, the constraints are just slightly tighter due to the small amount of
diffuse emission found into Imgiguse With respect to Imempty. Thus, under
the first hypothesis that we did not observe the cosmic web emission, by
scaling the By distribution to match the By = 30 nG model (i.e. a factor
%x300) we infer an upper limit to the current median IGMF into filaments
of B < 0.8 uG with 95% confidence (the same confidence level that applies
to the rejection of By > 30 nG models of the primordial magnetic field
scenario). By considering the best sub-sample of cluster pairs with higher
masses and connected by an inter-cluster filament we can further improve
the constraints on B by rejecting with a CL> 95% also the By = 10 nG
model. Equivalently, this limit also sets Bype < 0.25 pG with the same
CL. In principle we can not exclude that the observed pairs do not hold an
inter-cluster filament, however this probability has been addressed in several
works and amounts to < 20% for the mass range and separation of these
two pairs of clusters (Colberg et al., 2005; Locatelli et al., 2018).

The assumption that the excess diffuse emission present in Imgiguge With
respect to Imempty is entirely due to shocked plasma of the WHIM (hypoth-
esis II) can be readily tested by looking in detail at the diffuse emission
patches which have been detected. In Fig. 2.19 we present close-up clip-
pings of the diffuse patches found close to the pair RXC_J1659-J1702, taken
from the low resolution LOFAR images (before source-subtraction). They
are meant to help in assessing the nature of some of the diffuse emission,
indicated by the dashed red circles in the panels of Fig. 2.19. We also
marked with green X symbols the position of sources already known from
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Figure 2.19: Zoom-in low resolution sky images (20", see the magenta solid
circles) centered over the patches of diffuse emission found in Imgigse Of
RXC_J1659-J1702 as indicated by the dashed red circles. Green X symbols
show the position of FIRST sources. Orange crosses show the position of
SDSS galaxies with known spectroscopic redshift. Panels are numbered from
1 to 9 going from left to right and top to bottom. 1” = 1.84 kpc at z = 0.10,
we marked the 500 kpc scale in panel 2 for comparison. color bars are in

Jy beam ™.
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the VLA Faint Images of the Radio Sky at Twenty-centimeters (FIRST)
survey (Becker et al., 1995). Most of the diffuse emission is plausibly linked
to the lobes of radio-galaxies already detected at higher frequencies. Panel
7 (panels are numbered from 1 to 9 from left to right, top to bottom) shows
what look like either a radio lobe or an artefact linked to a low-frequency
point source. Panels 2, 5 and 6 instead show diffuse emission which is nei-
ther obviously not-linked to radio galaxies, nor to deconvolution artefacts.
However, looking at their coordinates, sources 5 and 6 are found to be dis-
tant from the axis connecting the clusters, albeit within the imaged portion
of the sky around the pair (see also Fig. 2.11). This makes their physical
connection to the putative inter-cluster filament unlikely, even if the shocked
cosmic web is expected to fill the space in between clusters in a non-trivial
way, as shown in Fig.2.14. Furthermore, the point-like source embedded
into the diffuse emission in panel 6 is also found to be at a different redshift
with respect to the cluster pair. For the above reasons, these patches can
hardly be used in the comparison with the simulated inter-cluster filaments.
The diffuse patches in panel 2 instead embed optical galaxies with redshift
z = 0.087, 0.093, consistent with the cluster pair z = 0.095 — 0.101, however
they are likely dying faint radio lobes, with no FIRST counterpart. Since
there is no easy way to cross check all the different patches, we still com-
puted the statistics for the most conservative scenario by assuming that the
level of observed diffuse emission in excess of Imempty is entirely due to the
cosmic web. In this case, the level of confidence associated to the rejec-
tion of the same models loosens. However, the models rejected by casting
hypothesis II are the same ones resulting from hypothesis I, though with
slightly lower or even equal CL. (e.g. for the By = 30 nG model the CL for
its rejection decreases from 98% to 96% and all lower By models remain un-
changed. Furthermore, since hypothesis II has been falsified already by the
examples described above and shown in Fig. 2.19, hypothesis I is strengthen
in favor of hypothesis II and we thus refer to the former in order to draw
our conclusions.

For completeness, a third additional and interesting way is instead the
complementary hypothesis to the first one: we assume that at least some of
the diffuse emission in excess of Imempty comes from the cosmic web. The
associated probabilities is then trivially P(> Ps) = 1 — P(< Pg). In this
case we are not interested in the level of diffuse emission in Imgjgyge, Since we
want to produce at least the one in Imeppty. Though disfavored, this scenario
can not be discarded a priori since this would imply checking (e.g. through
cross-correlations) all the different patches of diffuse emission in Imgigyge
and proving that all of them are not connected to the emission from the
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Cosmic Web, it is then instructive to inspect its implications. Under the
assumption that we did see the cosmic web emission at least in part, then
the By = 0.1 nG model is ruled out with high confidence > 99% since it is
not able to produce any observable emission brighter than the noise level of
our LOFAR observation. In this scenario, By > 0.1 nG can be set as a lower
limit to the primordial magnetic field intensity and in turn B > 2 nG as the
median value for the magnetic field into filaments today.

We have assumed that the normalisation fp acting on the flux density
is equivalent to a normalization of the final magnetic field strength By as

f 113,/ % under the assumption of constant electron acceleration efficiency &, ~
1072, We note that changing the magnetic field changes the Lorentz force
acting on the electrons and thus the characteristic frequency of their emission
Vg X BMpC'yQ, where v is the Lorentz factor of the electrons. However, since
we always consider images at 144 MHz a change of Bypc turns into a change
in the Lorentz factor of the electron population responsible for the 144 MHz
emission, rather than a change in frequency. In addition, electrons with
different ~ hold different cooling times Ateoo =~ 24.6/(B%y)yr. We thus
want to check that the re-normalization of By within models considered
still produces electron populations consistent with the observation of their
emission. In Fig. 2.20 we plot the expected dependencies of the Lorentz
factor from the magnetic field strength in producing particles emitting at
144 MHz (red solid line) and population cooling over different timescales
(black lines). For all the re-normalized model considered, the Lorentz factor
7 ranges between 8 x 10% and 1.5 x 10*, whereas the cooling time is always
larger than 5 Gyr, and larger than the Hubble time for any Bupe < 0.5 uG.
Electrons with v ~ 103~% are less energetic than the ones responsible for
the 144 MHz emission in the benchmark model (By = 0.1 nG). Hence, they
can easily be produced by DSA and they do not age too fast so that we
can still observe their emission. With this respect we note that the stronger
shock population responsible for the DSA in the cosmic web follows the
LSS formation and thus peaks at late times (i.e. z < 1, corresponding to
a lookback time of < 7 Gyr), thus preventing the cooling of the particles
before our observation even for the model with largest Bype = 750 nG
(Bo = 30 nG).

While checking that the source injection procedure (presented in Sec. 2.3.2
and sketched in Fig. 2.10) is actually needed in order to derive robust limits
on Buype and By we also demonstrate that the method is essential to inter-
pret observations in details by means of the outcome of simulations when
dealing with radio data. With this respect, we produced the same statistic
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Figure 2.20: Lorentz factor « of the electrons mainly responsible for the
144 MHz emission as function of the magnetic field strength (red line). The
vertical dotted lines show the median values of Bypp. retrieved for the simula-
tions starting with By as labelled. The black lines show the set of parameters
for electrons loosing their energy in different timescales, as labelled. In all
models considered electrons have v within the range [8 x 103; 1.5 x 10%] and
cooling time is longer than 5 Gyr.
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Figure 2.21: Power spectrum of the brightness of the injected filament shown
in Fig. 2.15 for different By models, as labelled. The vertical cyan dotted
lines show the integration scale limits used to compute Pg. They correspond
respectively to about half the largest scale in the image k~! = 2173"” ~
483 pixels and k! = 40" (corresponding to twice the synthesized beam
FWHM scale). Black lines show P(k) resulting from the source injection
into uvw visibilities whereas grey lines show the result from the image-plane
addition of the simulated image onto Imempty. The lower panel shows the
same power spectra as in the upper panel, divided by the Imepypty line.
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Ps for the simulations directly added to the residual image Imeppty in terms
of simple image sum, rather than following the central FFT + write + sum
procedure involving visibilities. This procedure is much simpler and faster
(shortening the computing time of a factor ~ 600). In Fig. 2.21 we plot the
power spectra resulting from the injection in the RXC_J1659-J1702 field of
one source as example (images of the same source are shown in Fig. 2.15) in
order to inspect differences between the injection through the uvw- (black
lines) and image-plane (grey lines), for the different By models. As can be
seen by comparing the black and gray lines, when the injection is performed
within the image-plane the level of simulated emission at large scales is gen-
erally underestimated. As a consequence the models are consistent with
the data with different probability up to £30%P(< Ps) (see the values in
Tab. 2.3). We interpret the difference in the results as due to the lack of
model convolution with the instrument’s Point Spread Function (PSF). In
addition, the lack of convolution of the emission with a visibility weighting
scheme able to maximise the evidence for extended diffuse emission into the
data may also play a similar role. As far as an upper cut on the scales of the
emission (corresponding to a lower bound on the baseline length in radio
interferometers) is taken into account, and detailed power spectrum infor-
mation does not constitute the largest budget of uncertainty in one analysis
(in our case is the scatter in the properties of the -unknown- inter-cluster
WHIM), the image sum is a much faster approach than the source injection
through the uwvw-plane, however it shall be used with caution as results are
biased by a different sampling of the scales. The strength of the bias depends
either on the sampling (window) function and the source power spectrum.
As a final caveat, our analysis assumes that for strong shocks in and
around filaments, the acceleration efficiency of electrons is the one suggested
by DSA, i.e. & ~ 1072, This assumes, in turn, that despite the rather low
particle density and magnetisation, shocks can form and produce particle
acceleration similar to what already observed for the outer regions of galaxy
clusters in form of gaint radio relics (see van Weeren et al., 2019, for a
review). Moreover, our analysis assumes that the acceleration of electrons
at shocks can proceed independently on the obliquity between the upstream
magnetic field and the shock normal. However, recent numerical works by
Banfi et al. (2020) have shown that shocks surrounding the cosmic web
are more often quasi-perpendicular than random chance, as an effect to
the peculiar gas velocity flow following the formation of filaments. In this
case, the vast majority of shocks in filaments are quasi-perpendicular and
thus likely to be suitable for efficient electron acceleration (Xu et al., 2020).
Furthermore, Masters et al. (2017) recently reported a significant electron
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acceleration by the strong quasi-parallel shock while crossing the Saturn
bow shock by the Cassini space mission, i.e. in plasma conditions similar
to the ICM. The acceleration seems to occur in the portion of the shock
where upstream cosmic-ray streaming instabilities generate perpendicular
small-scale magnetic field components, leading to particle acceleration.

2.3.5 Section summary

In this work, for the first time, we attempted to combine dedicated LOFAR-
HBA observations of inter-cluster filaments and numerical simulations of the
magnetic cosmic web, in order to derive upper limits on the magnetisation
of the WHIM.

While our LOFAR observations do detect patches of diffuse emission of
unclear origin their morphology does not allow us to firmly associate the
origin of the most prominent ones to the cosmic web. However, the presence
of a faint diffuse large scale excess in comparison with numerical models
allows us to derive inferences on the average magnetisation of such filaments,
and possibly on the allowed initial amplitude of primordial seed magnetic
fields. As a main outcome of our work (following from assuming that our
observations constitute non-detections of diffuse emission from the cosmic
web and fixing £, = 0.01 for strong shocks), we derive an upper limit for
the median magnetic field strength in filaments connecting massive galaxy
clusters: Bype < 0.2 — 0.6 uG, depending on whether future measurements
will prove or exclude the presence of the WHIM between the observed cluster
pairs. Based on the dynamical evolution of magnetic fields given by present
simulations (which is mostly dominated by simple compression of magnetic
field lines), this also implies an upper limit of By < 10 — 30 nG on the
amplitude of primordial seed fields.

As a mutually exclusive interpretation of our data, if some of the detected
emission may partially come from the shocked WHIM, this would imply a
median magnetic field of order of Bype > nG (see e.g. Fig. 2.17). This
would be an important outcome as it would also possibly indicate primordial
magnetic fields with intensity By > 0.1 nG.

Given the uncertainties connected to our method and the limited statis-
tics of "detections” in our sample, we propend for the first interpretation of
our result.

To put our new limits in comparison with other recent works (Hackstein
et al. 2016; Pshirkov et al. 2016; Vernstrom et al. 2017; Brown et al. 2017;
Vernstrom et al. 2019; O’Sullivan et al. 2020; Natwariya 2020, and Paoletti
and Finelli 2019 for joint BICEP2/Keck - Planck 2018 updated results),
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we show them in Fig. 2.22 separating the limits inferred for the IGMF or
the magnetic field intensity of the IGMF (red arrows), the fields limits of
the WHIM derived in this work (green arrows) and for the primordial mag-
netic field intensity By (blue arrows). We note that our limits are still in
agreement with the recent limits 0.134 < By/nG < 0.316 set by the level
of excess diffuse emission observed by ARCADE2 and EDGES 21cm line
experiments (Natwariya, 2020). Furthermore, an apparent tension seems to
arise between our lower limit to Bype into filaments and the one derived
from other probes such as the level of anisotropy in the arrival direction of
charged ultra-high-energy cosmic rays used to limit the average amplitude
of magnetic fields in voids to < 1nG (Hackstein et al., 2016), or from the
non-detection of a trend of rotation measures from distant radio sources with
respect to redshifts (Pshirkov et al., 2016). Although computed over similar
linear scales > Mpc and globally refer to the IGM, they can still hardly be
directly compared since referred to different IGM environments (e.g. voids,
filaments, averaged). Interestingly a recent work has suggested that primor-
dial magnetic fields with amplitude ~ 0.1 nG would possibly alleviate the
existing tension between cosmological and standard candle-based estimates
of Hy (Jedamzik and Pogosian, 2020).

While it is hard to derive conclusive limits from these data, as no robust
detection (although tentative) of the diffuse emission from the cosmic web
can be claimed, this first attempt stresses the potential of low-frequency
radio observations in constraining extragalactic magnetic fields, and its rel-
evance to the study of cosmic magnetogenesis. With the analysis and the
values obtained in this work, we can forecast to produce tighter constraint
than the ones posed by CMB experiments by covering a ~ x10 larger sample
of cluster pairs similar to the ones analysed here even in the case of other
non-detections.
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Figure 2.22: Summary of the current upper and lower limits to the volume-
averaged IGMF (red arrows), B in the filaments’ WHIM (green arrows) and

By (blue arrows).
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Chapter 3

Faraday Rotation

3.1 The Faraday effect as a probe of the IGMF

The Faraday rotation effect is a powerful probe to detect magnetic fields
embedded into an ionised gas. This set up is generally met across the IGM,
usually assumed as an ideal plasma permeated by the IGMF. The Fara-
day rotation effect was first discovered in 1845 by Michael Faraday and it
provided the very first evidence of the fundamental relation between elec-
tromagnetic phenomena and light, subsequently successfully theorized by
James Clerk Maxwell a few years later. It consists in the rotation of the po-
larization angle 1) of linearly polarized light of wavelength A passing through
a dielectric material in the presence of a magnetic field. The polarization
angle 1) rotates proportionally to the square of the wavelength A? of the
incoming light. The constant of proportionality is called rotation measure
(RM), such that:

W — g = RMN? (3.1)

where 1 is the angle of the polarization plane of the light at A = 0,
or equivalently the polarization angle before the light passes through the
magnetised dielectric (RM = 0, see Eq. 3.4 below). In practice, since
A = 0 is non-physical, 1y can be approximated to the polarization angle
at energy large enough so that RMA? becomes negligible. For instance,
for low RM wvalues such the ones expected in the filament of the cosmic
web RM ~ 1 — 10radm™? this condition is met at lower energies (i.e.
lower frequencies) with respect to the larger RMs arising from the ICM
RM ~ 10 — 100radm~2 (Govoni et al., 2006, 2010; Bonafede et al., 2013).
By measuring the polarization angles 11 and 1o at different wavelengths

79
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A1 # A9 one can compute the quantity
Atp = thg — g = Yo + RMA; — (o + RMA) = RMAN? (3.2)

where we defined AX?2 = A2 — \2. The rotation measure is then obtained
from observable quantities as

rad} Ay 33)

M [mz = ax
The RM factor was experimentally found to be proportional to: a) the
amount of free electrons into the dielectric material (or equivalently the
ionization fraction of a gas); b) the magnetic field strength in the direc-
tion parallel to the direction of propagation of the light By; c) the distance
travelled through the magneto ionized medium [ dl’. The constant of pro-
portionality can be directly derived from Maxwell equations and it relates
it to the microphysics as

e3

RM /L ne(1)By (1) dl (3.4)

2rm2ct

and by inserting the universal constant values, a more convenient form for
astrophysical use can be considered:

rad observer ne(l) BH(Z) dl
M =081 |— _— .
i 08 |:II12:| /source cm™3 MG pc (3 5)

The RM thus carries the combined information on the magnetic field weighted
by the free electron content along the path between the source of linearly
polarised light and the observer. Astronomers would not benefit from this
effect if the sky was empty of sources of linearly polarised light. Luckily
enough, synchrotron radiation powered by electrons holding a power-law
energy distribution with index s generally retains, at the source, a few per-
cent of linear polarization with respect to the total intensity, that is about

s+1
s+7/3

(Rybicki and Lightman, 1986). Moreover, synchrotron emission is the mech-
anism that produces light for most radio galaxies detected above a few
~ mJy in the form of powerful radio jets and lobes of relativistic particles
ejected from AGN. Deeper surveys may instead start to scratch the brightest
end of the population of the so-called star-forming radio galaxies. In this

p[%] =

(3.6)
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case, the sum of the synchrotron emission released over all the supernova
events into the early-type galaxies’ lifespan is detected at ~GHz frequen-
cies below ~ 0.1mJy (Seymour et al., 2008). Considering that the LSS of
the cosmic web develops only at late times with respect to the age of the
Universe, that is about z < 0.1, whereas the distribution of radio galaxies
and AGN peaks at higher redshift (Peacock, 1985; Willott et al., 2001), deep
observations at radio wavelengths can provide us with a relatively dense grid
of background sources of linearly polarized light. The denser the grid, the
better will be the tomography of the magnetic field of the foreground LSS.
We note that the existence of synchrotron radio sources is not the only (nor
the main) reason to make the radio band the optimal one for measuring
the Faraday effect in astronomy: the dependence of RM from AM? in fact
greatly favours large wavelengths (i.e. low frequencies) with respect to short
ones (i.e. high frequencies) when measuring small RMs, such as the values
expected to arise from the relatively small densities (n. < 10~*cm™3) and
weak magnetic field strengths (B ~ 0.1 uG) of the cosmic web. If extended
along a ~ 1 Mpc region along the LoS, such values would imply a rotation
of the polarization angle with RM ~ 8rad m™2.

Evidence for the substantial magnetisation in the periphery of galaxy
clusters has been presented already through the Faraday rotation effect.
For instance, Bonafede et al. (2013) detected an excess in the RM computed
along one sector of the Coma cluster, where also a radio relic is present. The
observed RM requires significant amplification in excess to the B nz/ 3
drop due to the decreasing gas density, in the frozen-field approximation
(Murgia et al., 2004; Bonafede, 2010). This result was found to be com-
patible with an enhancement of gas density and magnetic fields due the
interaction of the cluster atmosphere with an infalling filamentary accre-
tion, over ~Mpc scales, which has also been suggested by radio continuum
data (Brown and Rudnick, 2011).

O’Sullivan et al. (2019), using data from the LOFAR Two Metre Sky
Survey (LoTSS), by studying the Faraday rotation measure (RM) and de-
polarisation of the RM signal through several LoS across the giant (LLS=
3.38 Mpc) radio galaxy J1235+5317 (z = 0.34), found a mean RM differ-
ence between the lobes of 2.540.1rad m~2, together with an RM variations
at small scales of ~ 0.1radm™2. In addition to this, they checked for the
presence of foreground LSS filaments based on optical spectroscopic source
catalogues in the local universe and found an excess of filaments intersect-
ing the LoS to one of the two radio lobes with respect to the other. By
associating the entire RM difference between the lobes to the LSS filaments
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excess allowed the authors to infer a gas density-weighted IGMF strength
of 0.3uG.

Similarly Stuardi et al. (2020) studied the polarization properties at low
(LOFAR) frequencies of a large sample of radio galaxies (lobes) selected with
a lower cut on their physical size and under-dense local environment. This
features make the catalogue suited to probe the weak intergalactic magnetic
field characterised by small RMs (Akahori and Ryu, 2015), to which LOFAR
is very sensitive (< 1rad m~2). Their analysis showed that indeed the lobes
expand into a low-density local environment (n, < 107> cm™3), permeated
by weak (< 0.1xG) magnetic fields with fluctuations on scales of 3 — 25 kpec.

Last but not least, the correlation of RM from radio galaxy lobes can
be profitably exploited to constrain the IGMF strength (Vernstrom et al.,
2019), as we already discussed in the Introduction (see Sec. 1.3.2).

Dense RM grids are available today down to the ~ deg? scale (Brown
et al., 2003; Anderson et al., 2020; Riseley et al., 2020). In order to probe
single LSSs the angular scale must be reduced while keeping the surface
density of sources large enough (Vacca et al., 2016; Akahori, 2018) and
complementary proxies for the LSS presence and characterization are needed
in order to disentangle the n.B) product in Eq. 3.4. Deep observations with
current instruments are crucial to this aim (Akahori et al., 2014). Within
this context, in this Chapter we present studies on the feasibility and issues
of accessing the RM contribution of the cosmic web from both a theoretical
and observational point of view.

In Sec 3.2, by means of cosmological MHD simulations, we model the
likelihood of distinguishing filament RM signal from a random grid of radio
background sources detected around massive galaxy clusters, as function of
their number and signal to noise, assuming realistic/nominal instrumental
set-up for current/future experiments. We demonstrate that predictions and
detection chances are highly dependent on the RM scatter intrinsic to the
source population which may be due to either the near-source or the fore-
ground environment (see also Vacca et al. 2016), as well as to the physical
processes that seed and amplify magnetic fields. The work is aimed to de-
sign future experiments with a proper strategy able to minimize systematic
erTors.

In Sec. 3.3 we develop such strategies over the interferometric observation
of a best-candidate LSS target, found around the massive galaxy cluster
Abell 2744. Although the experiment benefits from a large amount of data
and a thorough and motivated strategy, it can not be yet addressed as
conclusive due to the presence of large systematics. However, our work
becomes paramount to clearly address what further steps and developments
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shall be undertaken in the near future to access similar important scientific
goals.

3.2 The Challenge of Detecting intra-cluster Fila-
ments with Faraday Rotation (Locatelli et al.,
2018)

Abstract The detection of filaments in the cosmic web will be crucial to
distinguish between the possible magnetogenesis scenarios and future large
polarization surveys will be able to shed light on their magnetization level.
In this Section, we use numerical simulations of galaxy clusters to investi-
gate their possible detection. We compute the Faraday Rotation signal in
intra-cluster filaments and compare it to its environment. We find that the
expected big improvement in sensitivity with the SKA-MID will in princi-
ple allow the detection of a large fraction of filaments surrounding galaxy
clusters. However, the contamination of the intrinsic Faraday Rotation of
background polarized sources will represent a big drawback to the number
of objects that can be significantly detected. We discuss possible strategies
to minimize this effect and increase the chances of detection of the cosmic
web with the large statistics expected from future surveys.

3.2.1 Faraday rotation in galaxy clusters

Magnetic fields in the Universe are observed to permeate a very wide range
of spatial scales, from planetary (~ 10°m) to galactic (~kpc), up to galaxy
cluster scales (~Mpc). However, at the largest scales, their value is con-
strained only in the regions where the plasma density and temperature allow
their observation, i.e. in the ICM (e.g. Feretti et al. (2012) and references
therein for a review). The amplification of magnetic fields in cosmic struc-
tures might have proceeded in a bottom-up small-scale turbulent dynamo
(e.g. Ryu et al., 2008). Under such conditions, the dynamo should have
erased most traces of the initial magnetization seeds, bringing the mag-
netic energy density close to equipartition with the plasma kinetic energy in
galaxy clusters. This scenario well explains the observed magnetic fields in
galaxy clusters, i.e. for densities and temperatures of n > 1074 [cm ™3] and
T ~ 1 — 10 keV, respectively, as supported by numerical simulations (e.g.
Dolag et al., 1999; Vazza et al., 2017; Donnert et al., 2018).
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On the other hand, the magnetization in the intergalactic medium (IGM)
outside the virial radius of galaxy clusters (n < 10~* cm™3 and temperature
~ 105 — 107 K), is instead still largely unconstrained, despite that this gas
phase should contain a large fraction (~ 50 — 60%) of the baryonic mass of
the Universe. Measuring the magnetic field intensity and morphology in the
IGM is crucial to constrain the primordial origin of extragalactic fields, out
of which present day magnetic structures might have evolved (e.g. Widrow
et al., 2012). Unluckily, direct observations of magnetic fields in the IGM
are made challenging by the very high sensitivity required for the imaging
(at most wavelengths).

Among the techniques nowadays available to study extragalactic mag-
netic fields there are several promising algorithms which apply to the rota-
tion measure (RM) of linearly polarized signals emitted by radio galaxies.
In particular, RM Synthesis (Brentjens and de Bruyn, 2005) is a power-
ful tool to extract valuable information from both magnetized layers and
emitting sources along the line-of-sight (LOS). Attempts to constrain ex-
tragalactic magnetic fields on statistical bases have set upper limits at the
level of 0.3 —7 G (Xu et al., 2006; Oppermann et al., 2015)!. Very recently,
the possible detection of the RM contribution by filaments overlapping the
polarised emission by a giant radio galaxy has been presented by O’Sullivan
et al. (2019) using LOFAR observations.

The application of RM Synthesis to galaxy cluster outskirts and fil-
aments is limited by the low statistics of strong and diffuse background
sources. In particular, diffuse sources would be of great interest since they
probe several LoSs through the magnetized plasma. While the JVLA may
already provide a detection threshold in polarization which is low enough to
detect the ”tip of the iceberg” of faint background sources as well as of the
diffuse emission from shocks around filaments and clusters, a larger statistics
of faint (< 10 — 100 uJy) sources is expected from future radio facilities.

In particular, planned large radio polarisation surveys (e.g. with ASKAP,
MeerKAT and the SKA-MID) will enable the use of hundreds of sources in
the background of massive galaxy clusters for background RM studies (Gov-
oni et al., 2013; Akahori et al., 2014; Johnston-Hollitt et al., 2015; Govoni
et al., 2015; Bonafede et al., 2015; Loi et al., 2019b,a). Moreover, statistical
methods based on Bayesian inference are also being developed to allow a
robust removal of the various galactic and extragalactic foreground contri-

!Upper limits in the same range have been reported by statistical studies of cross-
correlation between radio surveys and galaxy catalogs by Vernstrom et al. (2017) and
Brown et al. (2017).
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bution to the observed RM (Vacca et al., 2016). The deployment of large
systematic polarization surveys will also enable the use of Fast Radio Burst
as powerful lighthouse to study cosmic magnetic fields via RM analysis (Aka-
hori et al., 2016; Vazza et al., 2018a; Akahori et al., 2018).

To date, only a few hints of the hottest (~ 10°—107 K) phase of the IGM,
called the Warm Hot Intergalactic Medium (WHIM, see Nicastro (2016) for a
recent review), have been detected by X-ray observations of cluster outskirts
(e.g. Eckert et al., 2015, for A2744). Complementary to this, also microwave
observations of the Sunyaev-Zeldovich (SZ) effect from single objects (e.g.
Planck Collaboration et al., 2013; Bonjean et al., 2018) or via stacking (e.g.
de Graaff et al., 2019) proved to be effective in detecting gas in filaments
connecting closely interacting clusters.

Present or future available X-ray and SZ data provide a straightforward
estimate of the gas density. Since the RM induced by a magnetized medium
on polarized light depends linearly on the product of the magnetic field
along the LoS (B)) and the density of the free electrons in the medium, RM
observations can provide a powerful estimate of B if robust estimates of
the thermal electron density are available.

Here, we use numerical simulations to address for the first time the pos-
sibility of detecting at least the high-RM end of the magnetised cosmic web,
by focusing on the observations of intra-cluster filaments connected to mas-
sive galaxy clusters via the Faraday Rotation effect. Despite the unavoidable
uncertainties related to the correlation of density and magnetic field fluctua-
tions in the WHIM of intra-cluster filaments, which affect the interpretation
of RM data, this approach has the advantage of being independent of the
distribution of relativistic electrons on such a large scale, which introduces
instead other uncertainties (mostly connected to the unknown particle accel-
eration efficiency in such rarefied environments) in the quest for large-scale
synchrotron emission from the cosmic web (e.g. Brown, 2011; Vazza et al.,
2015b; Vernstrom et al., 2017; Brown et al., 2017)

3.2.2 Predictions of magnetic fields in filaments

The plasma conditions of the WHIM of typical cosmic filaments are pre-
dicted to be supersonic (M ~ 1 — 10), with gas accretion mostly leading
to predominantly compressive turbulence (Ryu et al., 2008). In particular,
under the assumption of a small-scale dynamo amplification of weak seed
magnetic fields and assuming a turbulent forcing time of ~ 10 teqqy (where
teddy ~ leddy/0v is the eddy turnover time for an eddy with linear size leqqy
and a velocity dispersion o,), Ryu et al. (2008) predicted a magnetic field
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strength of

Brms >~ (87T €turb ¢)1/2 (37)

where €qyp is the turbulent kinetic energy density and ¢ is a factor
that accounts for the growth of magnetic energy under the typical local
conditions. Ryu et al. (2008) estimated ¢ ~ 0.3 — 0.4 and based on the
gas conditions in their simulated filaments they concluded that that Byys ~
10 — 102 nG for the most massive and hot (> 107 K) filaments.

Based on the above picture, Cho and Ryu (2009) suggested the follow-
ing formula for the RM dispersion across different lines of sight crossing a
filament’s volume:

e Lfla 12 lead 12 Bims
~ 5 rad /m> n Y 3.8
ORM rad/m 10~4ecm—3 <5 Mpc) 0.3 Mpc 100 nG (3.8

where n. is the thermal electron number density, Lgi, is the filament
thickness and lcqqy is the integral scale of the magnetic field power spec-
trum. It shall be remarked that in the above picture the typical magnetic
field strength, B, and the typical RM dispersion are reached regardless
of the seed magnetic field, because in this scenario the final magnetisation
is dominated by the dissipation of kinetic into magnetic energy, in a process
in which any dependence on the initial seed field is soon lost.

While in the above case the scales and the strength of the amplified
field By are linked together, direct numerical simulations of magnetic field
growth in filaments have disputed the above picture, which was derived
assuming an entirely solenoidal forcing of turbulence in the IGM, forced
for ~ 10 dynamical times (Ryu et al., 2008). Fully MHD cosmological
simulations have indeed recently investigated the presence of small-scale
magnetic dynamo amplification in cosmic filaments, reporting little-to-no
evidence for volume-filling dynamo amplification (e.g. Briiggen et al., 2005;
Vazza et al., 2014; Marinacci et al., 2015; Vazza et al., 2017), opposite to the
case of galaxy clusters simulated with the same techniques, in which case a
small-scale dynamo has been observed (e.g. Dolag et al., 1999; Vazza et al.,
2017). The physical reason is that there is only a fairly limited number of
dynamical times for amplifying the field as the magnetic eddies are advected
onto the neighboring clusters, with velocities of several ~ 10? km/s, and
moreover the input turbulent energy is predominantly supersonic (e.g. Vazza
et al., 2014; Gheller et al., 2016). This suggests that in general the medium
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in filaments is an environment disfavoring the onset of efficient dynamo
amplification.

In the lack of small-scale dynamo amplification, the magnetic field am-
plitude is anchored to the amplitude of the seed field via compression:

ne \ “F
BﬁlaJow = BO : <<n>> (39)

where By is the seed field, (n) is the cosmic mean (gas) density and ap ~ 2/3
for isotropic gas compression. Cosmic filaments are only mildly non-linear
objects of the cosmic web, and their average density is ne ~5—10 (n) (e.g.
Colberg et al., 2005; Dolag et al., 2006), hence their average magnetic field
is only ~ 3 — 5 times larger than the original By seed field. However, recent
MHD simulations of cosmic filaments showed that the axial gas density pro-
file of filaments is stratified at least over one decade (Gheller et al., 2015),
as well as that the gas density fluctuations within filaments can extend up
to ~ 2 —3 decades in range, due to presence of substructures (Gheller et al.,
2016). Hence while Eq. 3.9 gives a lower limit on the average magnetic fields
in filaments for a given primordial magnetic seed, the internal distribution
of magnetic field fluctuations can be as large as Bgja high ~ 102 — 10% By in
simulations (Gheller et al., 2016). If this also happens in the real Universe,
we should expect that the distribution of RMs from filaments can stretch
over ~ 4 — 5 orders of magnitude, since density and magnetic field fluctu-
ations are well correlated in the compressive regime (at scales > 100kpc),
which would likely bias detections of RM towards the highest value of the
distribution.

A scenario complementary to the ”primordial” one is the one in which
the seeding of magnetic fields in large-scale structures is entirely due to the
"pollution” of magnetic fields by AGN and galactic activities (e.g. Donnert
et al., 2009; Xu et al., 2009). In this case, little correlation should be ex-
pected between density and magnetic field fluctuations, yet the range of
magnetic field values in filaments (and hence of RMs) is expected to be
much more extended than in a primordial scenario, owing to the dilution of
ejected magnetic fields away from sources, as well as by the expected drop
in the number density of sources moving into the less dense Universe (e.g.
Marinacci et al., 2015; Vazza et al., 2017).



88 CHAPTER 3. FARADAY ROTATION

3.2.3 Simulations of extragalactic magnetic fields

We simulated the formation of massive galaxy clusters using a customised
version of the cosmological grid code ENZO (Bryan et al., 2014). We used
the Dedner formulation of MHD equations (Wang and Abel, 2009) and used
adaptive mesh refinement (AMR) to increase the dynamical resolution (e.g.
Xu et al., 2009).

In this work, we mostly focus on non-radiative cosmological simula-
tions that include only the effects of cosmic expansion, gravity and (mag-
neto)hydrodynamics. However, in Sec .3.2.9 we also include for completeness
simulations with cooling and feedback by AGN.

Each cluster forms in a volume of (260 Mpc)? (comoving), and is simu-
lated starting from a root grid 2563 cells and using 256% dark matter parti-
cles. The initial density perturbation field is taken from a suite of existing
cluster simulations (e.g. Vazza et al., 2010, and other works derived from
this). The innermost ~ 25 Mpc?® volume, centred on where each cluster
forms, has been further refined 5 times (2°)using AMR. Mesh refinements
are initiated wherever the cell gas density is > 1% higher than its surround-
ings. This give us a maximum spatial resolution of Axpax =~ 31 kpc. The
mass resolution for dark matter particle in the high resolution region is
mpy = 9.1 - 1010M@ for all clusters.

The assumed cosmology in this Section is a ACDM model with: Hy =
72kms™! Mpc™!, Qum = 0.258, €y, = 0.0441 and Qp = 0.742.

In this work we focus on three massive (Moo ~ 10 M) simulated
galaxy clusters, drawn from a larger sample: a) cluster "el”, with a virial
mass of Mgy = 1.12- 10 M, and a virial radius of 2.67 Mpc, which was
interested by a major merger at z =~ 0.1; b) cluster "e14”, with a virial mass
of Mipp = 1.00- 10" M, and a virial radius of 2.60 Mpc, which is in a fairly
relaxed dynamical state by z = 0; c) cluster 7el8b”, with a virial mass of
Migp = 1.37- 1015M@ and a virial radius of 2.80 Mpc, which was interested
by a major merger at z =~ 0.5 and still is in a perturbed dynamical state at
z = 0.

Our baseline model for the magnetic field in clusters is a simplistic ” pri-
mordial” seeding scenario, in which we initialised the magnetic field to a
uniform value By across the entire computational domain, along each coor-
dinate axis (Wittor et al., 2017; Vazza et al., 2018b). The initial magnetic
seed field of 0.1 nG (comoving) is chosen to be below the upper limits from
the analysis of the CMB (e.g. Subramanian, 2016), as well because with this
initial magnetic field strength our simulations are able to produce a reason-
able match to observed radio relic power (Wittor et al., 2017) as well as to
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Figure 3.1: Projected gas density (left) and RM (right) for our cluster e18b
at z = 0, for the non-radiative run with primordial magnetic fields. Each
box has sides 22 x 20 Mpc?. X and Y coordinates show pixel number. Pixels
have resolution of ~ 31 kpc.
In the RM map, we show with red colors pixels with RM > 0 and with
blue colors the pixels with RM < 0.

the observed Faraday Rotation profile for the Coma cluster (Vazza et al.,
2018b). An example of the projected gas density and RM for one of our
simulated clusters is given in Fig.3.1, which shows the volume around each
clusters that will be subject of our filament analysis. We notice already
that the visible part of filaments connected to our objects is only a small
fraction of the much more extended (and more rarefied) length of typical
cosmic filaments, which is of several tens of Mpc in the cosmic volume (e.g.
Gheller et al., 2015).

These simulations are non-radiative and there are no sources of thermal,
kinetic or magnetic feedback. In order to bracket uncertainties, we will also
test in Sec. 3.2.9 resimulations of the same clusters using an alternative
scenario in which magnetic fields in the same objects have been seeded by
past activity of AGN.

3.2.4 Filament selection and properties

Starting from the small sample presented above, we pre-selected filaments
in each cluster and analyzed their projected properties along the three co-
ordinate axis, in order to have preliminary set of 9 independent targets for
our mock observation of RM in filaments.

For every 2-dimensional radial shell (with a fixed radial bin of Az =
31kpc), and starting from Rjgo, we selected all the pixels with a projected
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density in the range 66 — 98% of the density distribution, which efficiently
tracks the gas which is in filaments but not clumped (by self-gravity and
over-cooling) into dense substructures. Additionally, we limited our analy-
sis to the 7' > 10° K projected temperature, in order to include only gas that
can be potentially associated to soft X-ray emission. This procedure is de-
signed to broadly mimic the selection based on X-ray or optical observations,
which will become available in the next decade based on the combination of
large surveys (e.g. Euclid, eRosita and more in the future, Athena).

The filaments were termed with the first three characters referring to
the simulated cluster from which they were taken (e01, €14 or e18); a letter
telling the axis along which the cluster was observed in order to retrieve
different realizations (X, Y or Z); one or two letters telling the filament di-
rection on the sky with respect to the cluster (N=North, S=South, E=FEast,
W=West). Although automatic algorithms for the detection of cosmic fila-
ments in 3-dimension have been developed also for our simulations (Gheller
et al., 2015), here in the further analysis of data for simplicity we proceeded
to the visual identification of single filaments around each cluster. The final
dataset used for the following analysis consists of 29 filaments in total.

3.2.5 Mock Rotation Measure observations

Our predictions assume a uniform random distribution of polarised radio
sources in the background of our clusters. For all 29 filaments in our sam-
ple, we extracted an increasing number (Ng = {5, 10, 15, 20, 25, 40, 65, 100})
of sources at random locations, and computed the statistical distribution of
RM across the Faraday screen produced by each cluster and its environment
(within a ~ 253 Mpc?® volume). For each run, we considered an equal num-
ber of sources in a ”control field” (i.e. a field where there are no filaments
or galaxy groups) as well as in a ”filament” field (selected as above).

Beyond the effect of external RM from the cosmic web, for each mock
observation we additionally included:

e A fixed contribution to RM from the Galactic foreground. We re-
stricted ourselves to targets at high galactic latitude (> 80°), for which
the RM contribution is in general of |[RMga| < 10 rad/m? (Opper-
mann et al., 2015). In particular, we assumed here for simplicity a
fixed +6.0 rad/m? contribution to each field, noticing that this con-
tribution should in general be the easiest to disentangle in real ob-
servations, because the extent of the typical size of filaments around
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galaxy clusters we consider here is < 0.1 —0.5°, i.e. much smaller than
the typical angular scales of variations of the Galactic foreground. For
example, based on Eq. 20 in Anderson et al. (2015), we can estimate a
typical RM fluctuation of < 0.5 rad/m? across 0.5° from the Galactic
foreground.

e a residual contribution to the RM, RM,s, which includes an inter-
nal contribution to each background source RMg.; a contribution
from other extragalactic sources as intervening MglII absorbers RMg11
(Joshi and Chand, 2013); a residual RM after Galactic foreground sub-
traction which can be present on scales smaller than the one used to
fit the Galactic contribute RMmw res. This value has been estimated
by Schnitzeler (2010) to be normally distributed with standard devia-
tion oyes < 6 rad/m? and has been confirmed by Banfield et al. (2014,
ogRs in their work). We follow their procedure and put RMg;c, RMgr
and RMyw res together in RM,.s. However Banfield et al. (2014) note
that the value is dependent on the background source population. At
1.4 GHz, the WISE-AGN population defined in Jarrett et al. (2011)
biases the estimate of o5 and shows a larger oyes = 12 £ 0.2 rad/ m?2.
We thus consider the latter as a more conservative case, while we con-
sidered oyes = 6 rad/ m?2 as a standard case based on literature works
(Schnitzeler, 2010; Banfield et al., 2014) that can be optimized e.g.
using only star-forming nearby galaxies for background studies.

We thus randomly draw the RM,¢s value from a Gaussian distribution
with standard deviation op..s = 12 or 6 rad/mQ, depending on the
assumed background source population.

e The estimated error to RM §gar = v/3/(S/Np AN2,) (Brentjens and
de Bruyn, 2005; Rudnick and Owen, 2014) where S/Np is the signal-
to-noise ratio of the source in the polarized image and AN2__ is the
difference between the largest and smallest observed A\%2. Also for
the latter we considered two possible different values: a) JVLA-like
observations in which gy = 8 rad/m? (assuming wide total band-
width Arv ~ 1GHz, L-band observations of background sources with
S/Np > 3); b) SKA-MID-like observations in which égy = 1 rad/m?
which corresponds to current estimates for SKA-MID performances
(e.g. Govoni et al., 2015).

The simulated statistics are important to assess the crucial improvements
in the significance of detections, as a function of the number of detected RMs
(Ng) in the field and in filaments.
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3.2.6 Non-parametric tests of RM distributions

We tested the null hypothesis that two random sets of RMs in filament and
control field to belong to the same parent distribution. For each random
run, the two sets of RMs are assembled by extracting Ng random values
from the simulated distribution of RMs inside and outside the projected
filamentary environment respectively, and added with noise, as defined in
the previous section 3.2.4.

In detail, we performed the random extraction of 1000 trials for an
increasing number of Ng sources, and computed the distribution of p-values
from the Mann-Whitney (M-W) U test (Neuhduser, 2011). We reject the
null hypothesis whenever the p-value of the test is lower than or equal to
a = 0.05, where « is the significance level. The Mann-Whitney U test has
the advantage to test the equivalent null hypothesis that it is equally likely
that a randomly selected value from one sample will be less than or larger
than a randomly selected value from a second sample, which is precisely
what we want to determine. This test does not require any assumption on
the two compared distributions (non-parametric test).

Compared to the other more widely used non-parametric test: the Kolmogorov-
Smirnov (K-S) D test, the M-W U test is known to be more reliable for small
samples and therefore best suited for our analysis.

The number of rejected U tests (between the filament and control sets of
Ng RM values each) over the 1000 tests randomly picked, is defined as the
rejection fraction corresponding to the number Ng. High values of the re-
jection fraction (given in the following figures) will indicate high chance to
detect a RM excess scatter in the filament set, with respect to the control
field. Our fiducial rejection fraction threshold for calling a filament as de-
tectable is set to 0.2. Though it gives a still low chance probability (1/5 of
the times we test it against a control field), rejection fractions above this
level are shown to actually improve with an increasing number of polarized
background sources Ng. Lower rejection fractions are instead still domi-
nated by systematics related either to the instrument or to the background
source models.

3.2.7 Detectability of intra-cluster filaments using RM

We can now assess the chances of detecting the magnetic cosmic web con-
nected to massive galaxy clusters under realistic observing conditions, by
focusing on the challenge of significantly distinguish the excess RMs in fil-
aments compared to control fields. In this mock observing procedure, we
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assume to know the approximate location of filaments in the cluster neigh-
borhood based on the X-ray or optical data (e.g. Eckert et al., 2015; Connor
et al., 2018), and studying how many detected RMs will be necessary to sta-
tistically distinguish filaments from control fields, based on the outcome of
the M-W test (averaged over 1000 independent realizations for each number
of sources).

First, we show in Fig. 3.2 the rejection fraction of all the filaments in the
sample for both a JVLA-like observation (upper panel) and a SKA-MID-
like one (lower panel), as a function of Ng and in the ideal case in which
there is no contamination from the residual RM on background sources
(0res = 0 rad/m?). In this case, the key factor for the efficient detection of
filaments compared to control fields is the sensitivity of the radio telescope.
Even without the contamination from background and intervening sources,
a JVLA-like observation will be able to significantly detect a handful of
objects only by observing Ng > 50 sources. On the other hand, with the
~ 8 times increased sensitivity of the SKA-MID we observe a remarkable
improvement in the simulated detection rate, with the majority of objects
in the sample being fully (or marginally) detectable for a large number of
sources. Even with ~ 10 sources per filament, a half of the objects in our
sample should be statistically detectable against control fields.

However, the situation dramatically changes as soon as the additional
contribution from the residual RM is included in the analysis.

In Fig. 3.3 we plot the rejection fraction of all the filaments in the sample
for both a JVLA-like observation (left panels) and a SKA-MID-like one
(right panels), as function of Ng.

For the magnetic field model considered here, it seems challenging for
any JVLA-like observation to robustly distinguish the RM distributions of
filament and control field sets, also with the unrealistically large number of
Ng = 100 sources per single object. This is due to the low RM contribution
of the Faraday screen (i.e. the magnetized plasma in the filament) when
compared with the scatter of the assumed distribution of RM produced both
internally and along the line of sight outside the filament (o.s). Banfield
et al. (2014) attribute the RM scatter along the line of sight as a contribution
of both internal RM and intervening magnetized substructures and show
that it can vary with the background source population. By considering
the possibility of selecting only background sources with 6 rad/m? (Fig. 3.3,
lower panels) our test show that a tentative detection of a few prominent
filaments becomes possible for Ng > 50 sources.

Even in the most optimistic situation considered here, i.e. a survey
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Figure 3.2: Fraction of rejected MW tests between target and control sample
RM distributions (i.e. fraction of detections), for a given number Ng of avail-
able polarized background sources (i.e. RMs) in and around a filament. We
assumed a primordial seeding scenario and set oyes to 0 rad/ m? for the resid-
ual RM on background sources. Different colors mark different filaments,
whereas equal symbols point to the same mock central cluster. The solid
black line show the median of the distribution. Upper panel: JVLA-like
RM sensitivity gy = 8radm™2; Lower panel: SKA-MID-like sensitivity
drm = lradm™2. Color and mark codes of filaments are consistently kept
through all the plots in this work.
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Figure 3.3: Rejection fraction for an increasing number of detected RM as
in Fig. 3.2, but by assuming o,es = 12 rad/m? for the residual RM of sources
(top panels), while the lower panels we assumed oyes = 6 rad/m?.
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with SKA-MID and a low contribution from residual RM on sources, the
statistical detection of intra-cluster filaments will be feasible only for a small
fraction of objects.

All our results can be summarized as follows:

e On average, with our procedure we estimate that galaxy clusters have
3.3 £ 0.9 projected filaments which can be identified by X-ray inspec-
tion. This result is consistent with the results by Colberg et al. (2005),
who found that ~ 80% of clusters have 1 to 4 projected connections
between them.

e Filaments selected in our procedure are on average ~ 10 — 50 times
denser than the smooth environment around galaxy clusters, have a
mean temperature of T ~ 1 —5- 107 K and an average magnetic field
of Byms ~ 10 — 50 nG (see Sec. 3.2.8).

e The typical RM in filaments is in the range ~ 0.2 — 2 rad/m? for
the primordial seeding scenario considered here, i.e. a factor ~ 102
larger than the average RM distribution in our control fields for the
detectable ones, ~ 30 times larger for filaments in general. However,
the distributions of RMs can reach up to ~ 10 rad/m? in a few % of
the cells, and the chances of confirming the presence of magnetic fields
in filaments rely on the detection of such rare fluctuations.

e The rejection fraction has been fitted with a power-law trend with
respect to the number of detected sources Ng. Considering the 7 fil-
aments with the highest rejection fraction in the most favorable case
(i.e. extragalactic residual RM noise small or absent) , Fig. 3.2, lower
panel), the best fit gives rej. frac. N%55i0'05 before saturation.
To this end, just the filaments showing an improved rejection fraction
above detection threshold even for small samples (Ng = 5,10, 15) were
considered. Including the other filaments would affect the trend with
random low rejection rates.

e Limited to the most favorable objects and for low contribution from
residual RM on the sources, the increased sensitivity that will be pro-
vided by SKA-MID compared to JVLA-like observations improves the
rejection fractions distribution by a factor ~ 3(1.5) at Ng = 100 (20),
while the number of observations with a rejection fraction larger than
0.5 increases from 0(0) to 9(3) over 29 objects.

e The actual limiting factor for the detection of filaments is the extra-
galactic residual RM scatter ops, more than the number of detected
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sources Ng throughout the field. Going from o5 = 0 md/m2 to
Ores = 6(12) rad/m? the rejection fraction median drops down by a
factor 3(3.3) even for the SKA-MID-like observation with 100 sources
per set, and the observations with a rejection fraction larger than 0.5
falls from 31% to 0% even for this large Ng value.

Given the results above, how do we plan an observation able to retrieve
a sufficient number of polarized background sources?
The current estimate for the surface density of polarized sources ng at the
highest resolution (1.6”) at 1.4 GHz is given by Rudnick and Owen (2014)
who find n, = 45(P/30uJy)~%6 deg?, determined in the GOODS-N field
down to a sensitivity of 14.5 uJy. Assuming a physical area Ag and a dis-
tance z for the target, we can estimate the necessary sensitivity Py in a
similar observation (1.6” resolution at 1.4GHz) to sample a typical intra-
cluster filament and detect a number Ny of polarized sources

N\~

< 100>
where we assumed the following scaling between physical and angular

size of an object with redshift z to be 1.857[kpc/”](2/0.01)%9! (this relation
is correct within a 7% relative error for the redshift range 0.01 < z < 0.3).
We remark that the estimate of Py given here is valid, strictly speaking,
only for a ~ (1.5”)2 synthesized beam. Determining the sensitivity at lower
resolutions this is not a trivial task. In fact, beam depolarization effects are
introduced and they can be properly taken into account just by modeling
the polarization structure of the background source populations.
The SKA-MID survey is planned to reach 0.09 pJy in 1000 hrs at 1.4 GHz fre-
quency and with a ~ 3 times finer resolution (~ 0.5” Bonafede et al. 2015).
A typical intra-cluster filament would thus cover ~ 0.55deg? in the sky,
which is approximately the putative SKA-MID field-of-view (~ 0.49 deg2).
A JVLA observation with similar settings (1GHz total bandwidth centered
at 1.4GHz, A-configuration array with resolution 1.5”, 40% flagged data)
would cover the target with a 4 pointings mosaic, requiring 68hrs of total
observing time to reach the required sensitivity of 3u Jybeam ™' (17h per
single pointing).
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In summary, while a ~ X8 increase in RM sensitivity with the SKA-MID
will in principle allow the detection of a ten-fold larger amount of filaments
surrounding galaxy clusters, in practice the unavoidable disturbance by the
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intrinsic RM noise of polarized sources will dramatically limit the number
of objects for which detections of RM can be made statistically significant
compared to control fields.

3.2.8 Properties of most likely detectable filaments

What features make a filament more likely to be detected compared to the
others?

To address this question we computed the distribution of the projected
gas density and mean magnetic field for the entire distribution of pixels in
filaments or control fields, and contrasted this with the distribution from a
subset of the 4 most detectable filaments (Fig.3.4), based on the previous
Section.

Somewhat surprisingly, both the distribution of projected gas density
and of projected magnetic field strength do not significantly differ when
we compare lines of sight crossing detectable filaments with the rest of the
population (while, of course, lines of sight crossing filaments are significantly
denser and more magnetised than lines of sight crossing pixels in the control
fields). However, the RM also depends on the distribution of scales in the
magnetic field (as in Eq. 3.8).

We thus computed the power spectra of magnetic fields in different 3-
dimensional sub-volumes in the field of our cluster e18b, motivated by recent
simulations by our group, in which the signature of magnetic dynamo in
the innermost cluster regions clearly stems in power spectra (Dominguez-
Fernéndez et al., 2019). in particular we selected a cubic 43 Mpc?® box
coincident with a clearly detectable filament connected to the cluster (right
of the cluster centre in Fig.1), a similar box coincident with an undetectable
filament (left of the cluster centre), and a cubic volume on an empty ” control
field” located at the cluster virial radius of e18b. The 3-dimensional power
spectra of magnetic field and of the density-weighted velocity field (p!/? ?)
were computed with a standard Fast Fourier Transform (FFT) algorithm,
similar to our previous work (e.g. Vazza et al., 2014), and are shown in
Fig. 3.5.

Regions containing filaments show a ~ 5—10 larger kinetic energy budget
at all scales, while the magnetic field energy is even 103 —10* larger than the
control volume for £ > 10 (< 400 kpc) scales. On such scales, the magnetic
energy in the detectable filament is a few percent of the kinetic energy,

2We notice that the density weighting in the velocity spectra ensures that the magnetic

and velocity spectra have the same units and can be quantitatively compared, as in Vazza
et al. (2018b).
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while it is < 107 of the kinetic energy in the undetectable filament. The
visual inspection further suggests that the sub-volume around the detectable
filament contains more gas substructures, which are likely responsible for
enhanced density fluctuations and for the mixing of magnetic field lines on
small-scales. While the clumpiest part of this volume is excised from our
RM analysis (see Sec.3.2.4), a higher degree of structures within the filament
implies that the environment has surely been subject to a higher dynamical
activity in the recent past, which significantly boosted the magnetic field
beyond compression.

In summary, the most promising filament targets seem to be charac-
terized by a higher level of substructures, associated with ongoing clump
accretion, which enhances the tangling of magnetic field lines on < 400 kpc
scales, boosting the overall RM signal.

3.2.9 Alternative models of magnetic fields in filaments

In order to bracket uncertainties related to the (unknown) origin of extra-
galactic magnetic fields and on the details of gas physics, we first opposed our
baseline ”primordial” scenario to a second ”astrophysical” scenario, in which
we employed radiative simulations with a simple prescription for feedback
from AGN. In such runs the gas loses energy at run-time assuming equilib-
rium cooling for a primordial chemical composition, and the launching of
bipolar thermal jets from simulated AGN, which also deliver a fixed frac-
tion (= 1%) of the feedback energy into magnetic energy (see Vazza et al.
(2017) for more details). In Fig. 3.6, we show the example of the RM for
cluster e18b at z = 0, which well illustrates how in this second simulation
the number of gas substructures is increased, while the level of RM in the
diffuse WHIM is smaller compared to the primordial case, owing to the di-
lution of local sources of magnetisation outside of clusters. The right panel
in the same Figure also shows the overall change in the distribution of RM
in control fields and in filaments for the entire dataset in the two cases.

In the AGN seeding model we measure a tail of very high RM values
(RM> 20 rad/m?) in the ICM and filaments, and lower RM values in the
control field (which produces a larger contrast between them). Despite the
high contrast, telling the two models apart based on the statistical analysis
of observable RMs becomes more difficult (see Fig. 3.7) since virtually no
filaments would be detectable in the AGN model, not even by considering
no contamination from residual RM (o5 = 0 rad/m?), and even for a SKA-
MID-like observation (Fig. 3.7, right panel).

However, a possible way to investigate the AGN seeding scenario, in
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Figure 3.7: Same as Fig. 3.2 for the AGN seeding scenario.

the limit of a large number of background sources, would be to select only
RM distributions in the close proximity of dense substructures within fila-
ments (which are presently masked out in our analysis), where small scale
fluctuations in RMs are expected to be more significant compared to the
fluctuations of the Galactic foreground and to the residual scatter of RMs.

Second, we investigated a more optimistic primordial scenario, assum-
ing a 10 times larger initial magnetic seed field (Binj;=1 nG) compared to
our baseline primordial model. This case is meant to bracket the possibility
that magnetic fields in real filaments are stronger than what is captured by
MHD method, which may be potentially affected by resolution effects as any
finite-volume method (see however discussion in Vazza et al. (2014)). The
assumed Bjnit=1 nG field is still below the most recent upper limit obtained
by CMB analysis by Planck Collaboration et al. (2016b). For simplicity
we obtained this model by upscaling the magnetic field and the RM in our
baseline model by x10 in post-processing, which is motivated by the fact
that magnetic fields in filaments are expected not to be in the saturated
dynamo regime (Ryu et al., 2008; Marinacci et al., 2015).

For this optimistic case, the chances of detecting the magneto-ionic fil-
amentary medium are dramatically improved (see Fig. 3.8). For example,
setting opes = 6 rad/ m?2 makes JVLA-like observations of filaments to reach
a rejection fraction larger than 0.5 in ~ 34% of the sample with Ng = 100
detected polarized sources, and ~ 7% with Ng = 20 sources. With the
SKA-MID more than a half of our objects will be significantly detectable
with Ng = 100 sources. Even for a small number of available polarized
sources Ng = 5 about ~ 10(17)% of filaments have a chance of > 1/5 to be
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Figure 3.8: Same as Fig. 3.3 (lower panels) for the primordial seeding sce-
nario with Binit = 1 nG.

distinguished from the control field in a JVLA(SKA-MID)-like observation.

We conclude that filaments still represent a key case to test hypothesis
on the initial magnetization level at large scales (>Mpc) since the magnetic
field normalization plays a key role in their detection rate.

3.2.10 Section summary

In this work, for the first time, we assessed the possibility of detecting the
cosmic web around massive filaments with radio polarisation observations
and under realistic observing conditions. Our investigation has been moti-
vated by the expected increase in performances of new large radio facilities.
In particular, the planned sensitivity of the SKA will produce a leap in our
capability to measure non-thermal constituents of the cosmic web. While
continuum surveys should lead to the discovery of hundreds of new extended
radio sources in galaxy clusters (e.g. Cassano et al., 2015; Nuza et al., 2017),
the expected flurry of accurate polarization data from extended and point-
like sources should finally enable the detection of the magnetized cosmic
web around galaxy clusters, and to further study the topology and spatial
distribution of magnetic fields on > Mpc scales, also representing a power-
ful new tool to locate and study the WHIM component of ”missing baryons”.

Unlike other works in the past, here we considered the real exercise that
future radio observations will have to face, i.e. the challenge of statistically
comparing distributions of RMs in putative filaments and in nearby con-
trol fields, by taking into account realistic level of contamination from the
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Galaxy, different populations of background sources, and also including a
realistic RM sensitivity. To assess the detection rate, we used the statistical
M-W estimator (Neuhduser, 2011).

The results of our analysis show that pushing the instrumental RM sen-
sitivity to < 1 rad/m? is key to probe magnetic fields in filaments, due to
the higher statistics of detectable polarised sources, which will allow us to
distinguishing filaments from nearby control fields in a statistically robust
way. However, our analysis shows that strong limitations to this search
arise because of the spurious contributions to the RM on the polarized radio
sources (e.g. Banfield et al., 2014; Lamee et al., 2016).

These spurious contributions can be never fully avoided, but minimized

by selecting relatively nearby populations less affected by contributions to
the RM along the LoS, or even populations showing smaller intrinsic RM
scatter (e.g. WISE-Star radio sources (Banfield et al., 2014)) through cross-
correlation with optical /infrared catalogs or self-consistently operating suit-
able cuts on their radio properties. In the scenario in which extragalactic
fields have been mostly seeded by galaxies and AGN, we expect an extremely
small detection rate of filaments around galaxy clusters via RM studies.
Conversely, the systematic detection of RM from filaments (assuming the
intrinsic contribution from sources can be opportunely minimized and the
RM sensitivity is large enough) will provide an important hint for significant
levels of volume-filling magnetic fields already in the early Universe (as a
result of a primordial magnetogenesis), or to an anomalously large amplifi-
cation efficiency of large-scale motions in the WHIM.
Regardless of the magnetic seeding scenario, the filaments with the highest
chances of detection via RM analysis in our sample are the ones with more
gas substructures, which induce a higher level of compression and localized
field amplification.

We caution that, since the target of our analysis are filaments in rich
environment populated by hundreds or thousands of galaxies, making exact
prediction on the role of magnetic seeding by galaxies remains challenging.
The reliability on astrophysical seeding models depends on the still open
issue of reaching a precise characterization of sub-grid star formation and
AGN feedback, as well as the interplay between galaxies and the magnetized
intergalactic medium around them.

However, our work strengthens the idea that the actual magnetization
level of filaments (and in turn that of the entire Universe) will crucially affect
the success of future large polarization surveys in their attempt of detecting
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the Cosmic Web.
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3.3 The Pandora’s cluster: Abell 2744

In order to discriminate between competing mechanisms for the origin of
the observed extragalactic magnetic fields it is vital to detect magnetic fields
outside of the virial radius of galaxy clusters (see Fig. 1.6). As already dis-
cussed in the introduction of this Chapter (Sec. 3.1 and 3.2.1), quantification
of the Faraday rotation effect has already been proven to retain valuable in-
formation of the magnetic fields coherently distributed over large physical
scales (Bonafede et al., 2013; Vernstrom et al., 2019; O’Sullivan et al., 2020;
Stuardi et al., 2020).

In this Section we aim to inspect the RMs in the direction of a fila-
ment connected to the massive galaxy cluster Abell 2744, and to translate
any excess with respect to a control sample composed by the RM from
surrounding field sources, into a level of magnetisation of the WHIM. The
feasibility of this study has been investigated and motivated by means of
magneto-hydrodynamical cosmological simulations that we used to estimate
the RM from filaments connected to a galaxy cluster with size similar to
A2744.

3.3.1 Abell 2744

A2744 is a massive galaxy cluster containing a total mass of 1.8 x 10 M,
within a radius of 1.3 Mpc at redshift of z = 0.306. Eckert et al. (2015)
combined X-ray and optical/near IR observations to detect the gas in five
filaments around A2744, three of which are connected to the outer parts
of the virial volume. The robust mass modelling of A2774 performed by
Eckert et al. (2015) makes it a very promising candidate to study magnetic
fields in filaments, since the location and the projected density of these
gas structures are known with accuracy. Eq. 3.4 shows that n. has to be
characterized /assumed in order to break the degeneracy of the magnetic
field on RM.

Several multi-wavelength datasets of A2744 are already available for a
proper reconstruction of the plasma structure for the modeling of the mag-
netic field. In particular, Eckert et al. (2015) used XMM-Newton obser-
vations and weak-lensing to study a larger field of view containing cluster
outskirts. A2744 has been imaged with CFHT/MegaCam (Braglia et al.,
2009) in the i-band in 2009 providing data with higher quality with respect
to the previous Subaru/SuprimeCam observation (Merten et al., 2011), over
a ~ 60" x 60’ field of view. More recently, the weak-lensing mass distribu-
tion was updated with newer Subaru/SuprimeCam data (Medezinski et al.,
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Figure 3.9: Multi-frequency overlaid image of the galaxy cluster Abell 2744:
optical (BRz colors, Medezinski et al. (2016)), X-ray (blue), and radio (red,
Pearce et al. (2017)). The radio emission highlights the presence of magnetic
fields across the cluster volume.
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2016). The cluster has also been observed using WFI at the MPE 2.2m tele-
scope at La Silla Observatory, providing imaging in the B, V and R-bands
over a 34" x 34’ field of view (taken between September 2000 and October
2011). We exploit their observations together with the XMM-Newton Xray
Observatory providing extremely high quality data which already enabled
Eckert et al. (2015) to detect large-scale filaments of gas connected to the
cluster itself. Redshift information has been retrieved from the spectro-
scopic catalogue made by Owers et al. (2011) with the AAOmega MOS on
the Anglo-Australian Telescope (AAT).

3.3.2 Forecasts and strategy

In the previous Section (3.2) we showed already several sample maps of RM
from mock galaxy clusters and filaments. Gas and DM substructures are
being accreted through large filaments connected to (central) virial volumes,
and along these directions the RM is increased by a factor of ~ 10 — 100
compared to the RM in the cluster periphery. A further example is provided
in Fig. 3.11, showing the simulated evolution of a ~ 10 M galaxy cluster
with the ENZO grid code (Bryan et al., 2014), starting from a weak primor-
dial magnetic field (By = 107!° G comoving) later amplified by compression
and turbulence.

In the range of gas parameters inferred for the filaments of A2744 (Eck-
ert et al. 2015, n ~ 107*cm™> and T ~ 107 K) the simulated RM is
> 10radm~? for about the half of the area covered by filaments. This
may very likely constitute a lower limit on the true distribution of RM. In
fact, the limited spatial resolution in the simulation (which limits the dy-
namo amplification) and also the analysis of the outer regions of the Coma
cluster (however still inside the virial radius, Bonafede et al. 2013) showed
excess magnetic field compared to theoretical expectations. On the other
hand, we will gain crucial information even in the unlikely scenario in which
no significant RM (< 10rad m~2) would be detected.

We applied for dedicated JVLA observations with the goal of detect-
ing the magnetic field in the filaments through the RM of sources located
within/behind the filaments. The best strategy for our purposes was to ob-
serve the targets at ~GHz frequency (as demonstrated by Akahori et al.,
2018) with high resolution. High resolution is required in order to avoid as
much beam depolarization as possible. Beam depolarization is the decrease
of the observed polarised signal as a result of the average over under-resolved
cells where the linear polarization vector has different orientation. The above
conditions can be met by using large interferometer arrays reaching ~ arc-
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Figure 3.11: Map of RM for a simulated ~ 10 Mg cluster. The white
contours trace the X-ray isocontours and the virial radius of the cluster is
additionally shown in white.
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second resolution, such as the Very Large Array (VLA) L band receiver
in its most extended configuration (A). During 2017 we proposed and ob-
tained such kind of VLA observations (proposal ID VLA_16B_190, P.I. Franco
Vazza) centered on one of the X-ray diffuse structures (in the SE direction)
observed from Eckert et al. (2015). In early 2019, with the same instrument
and setup, two additional pointings with similar exposure were proposed and
obtained (proposal ID VLA _19A-324, P.I. Nicola Locatelli), each centered on
another extended structures around A2744 (E and NW filaments).

A crucial aspect of the observations is their long exposure, amounting to
about 20 hours per target, aiming at reaching sufficient signal-to-noise ratio
(S/N) also for faint sources. This requirement meets either the need for
constructing the densest available grid of background sources, as the source
density increases towards lower flux densities, and to exploit a strength of
the RM synthesis method (Brentjens and de Bruyn, 2005): the accuracy d¢,,
on the RM (i.e. the minimum |[RM] than can be measured) in fact is given

by
B V3
a S/NU7Q()‘12nax - )‘2

min)

5p (3.11)

where Apax and Ay are the maximum and minimum observing wavelengths,
so that the sensitivity to low RMs increases as the signal-to-noise ratio with
which a source is detected in polarisation S/Ny q.

Archival observations of the target (Pearce et al., 2017) are available and
can be used to estimate the number of sources that would be detectable in
polarisation at a given sensitivity level. We need to detect at least 10-15
sources with RM> 10radm~?2 in order to trace the magnetic field profile
in the filaments. A control sample will be also needed to assess if an en-
hancement of RM is detected in the sources seen through the filament, and to
estimate the Galactic contribution to the observed RM. A2744 is at Galactic
latitude (gb = —81.2deg ). Statistical reconstruction methods by Opper-
mann et al. (2012) indicate that the Galactic contribution is ~ 6.3 rad m—2
in the sky region of our target, although this values is obtained over a ~deg
angular scale. Estimates of the turbulent ISM structure that builds the
Galactic RM foreground ora 1sm over smaller scales can be obtained from
the best-fit of the RM second-order transfer function (e.g. Haverkorn et al.,
2006) computed by Anderson et al. (2015):

2‘712aM,ISM(9) ~ 202 x 10049108109 15q m 2 (3.12)

(eq.19-20 in their work) where 6 is the angular scale in degrees and orwm 15M
predicts the scatter induced by the ISM on the observed RM at that angular
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scale. From their work we derive a oigm ~ 8radm ™2 over a 0.5 deg (= 30')
angular scale. This value can effectively affect our analysis since it is of
the same order of the putative contribution from the LSS that we want
to observe. However, we will be able to further investigate this issue and
potentially break the ISM-WHIM degeneracy by computing the mean RM
of the sources in the control regions, that is, from sources around the cluster
but outside the filaments (in projection).

In addition to the Galactic foreground, another uncertainty ora src arises
from the intrinsic scatter of the magneto-ionised local environment of the
background source population, as already demonstrated in the previous
Sec. 3.2. The orm src is expected to amount to a similar level than oray 1 (0.5") ~
8radm~2 (Schnitzeler, 2010). The sum of the above contribution may ac-
tually be dominant with respect to the LSS signal in general, however we
recall that A2744 offers the first opportunity of X-ray selected filaments, in a
LSS environment which bounds WHIM to ICM properties, and is thus char-
acterised by larger densities and magnetic field strength than the average
WHIM.

Assuming that sources will be polarised at the level of 5% (see Rudnick
and Owen, 2014), and taking into account the decrease in sensitivity due to
the primary beam response, our observations are meant to reach a noise rms
of 2.5 1Jy beam ™! in order to observe the 20 brightest sources in polarisation
with a signal to noise > 3.

3.3.3 VLA L-band data

Observations of the S-SE outskirts of A2744 were carried from 19 to 21
Jan 2017 during five different observational runs (proposal ID VLA_16B_190)
collecting a total of 17.5 hrs including calibration rounds.

Observations of the E and NW outskirts of A2744 instead were carried
with the same receiver and configuration but from 02 to 17 Jan 2019 dur-
ing eight different observational runs (proposal ID VLA_19A-324) collecting
about the same total time for each target, also including calibration time
slots. The target coordinates (pointing centers) are reported in Tab. 3.1,
where the observation times have also been outlined. Data were taken with
the L-band receiver (1 — 2 GHz), in the A-configuration array, and have
full Stokes information. The A-configuration gives the largest baselines and
hence highest resolution (~ 1”). High resolution is needed to limit beam
depolarization and to determine small-scale RM fluctuations. The largest
angular scale (LAS) achievable by the L-band receiver is LAS~ 53”. A2744
has also been selected due to its very low Galactic latitude, giving a prior
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date S-SE NW E
m B b
07 Jan 2017 4
08 Jan 2017 4
19 Jan 2017 2
20 Jan 2017 4
21 Jan 2017 3
02 Oct 2019 25 25
03 Oct 2019 2.5 25
04 Oct 2019 25 25
08 Oct 2019 2.5 25
13 Oct 2019 25 25
15 Oct 2019 2.5 25
16 Oct 2019 25 25
17 Oct 2019 2.5 25
total 17 175 17.5

Table 3.1: Outline VLA observations of A2744 outskirts. Target coor-
dinates: S-SE (00h 14m 50.54s —30deg30'27"); NW (00h 13m 50.00s
—30deg 15'49"); E (00h 15m 06.50s —30 deg 20'07").

RMga = 6.3rad m~?2 foreground level (Oppermann et al., 2015). The same
low Galactic latitude however limits the target maximum elevation above
the horizon at the VLA site to 6 = 26°. This generates a UV coverage
which produces a stretched synthesized beam at the maximum resolution
(1.5" x 3"). We apply a 3" tapering to the visibilities and impose a fixed
restoring beam of 3” x 3" during imaging, roughly corresponding to the res-
olution at the lowest frequency (1 GHz). This is required to correctly align
the phases when producing images from different spectral channels having
different synthesized beam sizes. The resulting point spread function (PSF)
is sampled with a 0.4” angular cell size, corresponding to 1.830 kpc at the
cluster’s redshift z = 0.308. Radio frequency interference (RFI) and bad
raw data were flagged both manually and through the rflag routine of the
CASA? software. For each observation, a first direction-independent stan-
dard calibration was performed: the fluxes and bandpass behaviour were
calibrated with models of the source 3C138 made available by the NRAO;
the source J0011-2612 was used as phase calibrator. Further analysis of the
S-SE field calibration are presented in the next Sec. 3.3.4.

3https://casa.nrao.edu/casadocs
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Figure 3.12: 3C138 spectrum computed from parallel-hand (RR and LL)
visibility amplitudes. Errorbars are not visible in the upper panel, where
black dots represent all visibilities averaged over time and sub-band. Stan-
dard deviation of visibility amplitudes are used as errorbars to the residuals
in the lower panel. The power-laws fits the data of each observations inde-
pendently. Flux density differs from the model of lower than 3%.

3.3.4 Data calibration

We present the initial direction-independent phase and flux calibration of
the antenna correlations. Phase and amplitude, bandpass and polarization
solutions for the antenna gains were computed and applied to the primary
and polarization calibrator 3C138 and phase calibrator J0011-2612 as well
as to the target.

The calibrated parallel hand antennae correlation amplitudes are plotted
for all the sub-bands (64 MHz wide) in Fig. 3.12 for all 2017 observations.
The obs-wise colored dots and errorbars in Fig. 3.12 show the mean and
standard deviation values of each sub-band. The blue dashed line shows the
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model of 3C138 derived from Perley and Butler (2013), involving a spectral
index a = 0.69 + 0.03 (with S, = v~¢). The residuals shown in the lower
sub-panel of Fig. 3.12 are within < 3% of the model flux at any frequency.
We note that data at 1.6 GHz have been flagged due to the presence of
intense RFIs across all nights.

In order to test the polarization calibration, we imaged the primary
calibrator 3C138 in full-Stokes producing a spectral cube with channel width
16 MHz in the band 1-2 GHz using a standard gridder, Hogbom deconvolver
and Briggs weighting scheme (robust=-0.25). Using a fixed restoring beam
of 3" the source is unresolved in all channels.

In Fig. 3.13 and 3.14 we show for each of the five observations the frac-
tional Stokes parameters Q, U, and V, i.e. divided by Stokes I. At 3" resolu-
tion 3C138 is unresolved at 1 GHz, the peak surface brightness then equals
the flux density of the calibrator.

In the upper panels we show the fractional polarization parameters, plus
the linear polarization L = \/Q? + U? in black and |V| in green. In the bot-
tom panels we computed the polarization angle ¥ = —0.5tan(U/Q). The
blue dashed line shows the parallactic angle of 3C138 as derived by Perley
and Butler (2013). Perley and Butler (2013) also derive a fractional polar-
ization of 3C138 of {5.6, 7.5, 8.4, 9.0}% at {1.05, 1.45, 1.64, 1.95} GHz.

Despite the spectral ambiguities of the total intensity in the images of
3C138 that in turns reflect into the Q and U intensities, We note that both
the source spectrum and the fractional polarization features remain consis-
tent with the expectations: both the spectral index, the degree of polariza-
tion P/I = 7.5% at 1.45 GHz, its spectral trend, RM=0 and ¢ = —11 deg
are retrieved during all observations. We conclude that the target (on-axis)
fractional polarization will be well-behaved.

3.3.5 Full-Stokes wide-field imaging

After a first round of imaging of the VLA data centered on the S-SE field
presented above, a thorough inspection of the full-Stokes data cubes showed
suspicious polarization behaviour, that is to say, a non-negligible Stokes V
flux density of all point-like sources with a trend dependent on the sky po-
sition (thus hint of a direction-dependent effect), in addition to unexpected
spectral features, such as very flat and even inverted spectra across (too)
many of the same point-like sources. This motivated us to investigate the
calibration and imaging of the data. Insight on calibration have been pre-
sented in the previous Sec. 3.3.4. We concluded that on-axis parallel- and
cross-hand calibration have been run successfully. This is consistent with the
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polarization angle computed as —0.5 arctan(U/Q) and converted in deg.
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direction-dependent nature of the systematic error. From the interferome-
ter measurement equation, in fact, we know that direction- (i.e. baseline-)
dependent features own to the image-plane and can not be corrected during
standard antenna-dependent gain calibration, which concerns visibilities.

We recognized the arising Stokes V trend as an instrumental polariza-
tion leakage, first pointed out by Bhatnagar et al. (2008). This systematic
error constitutes a major difficulty in imaging the polarization of VLA A-
configuration data: instrumental polarization leakage from total to polar-
ized intensity (and vice-versa) becomes non-negligible for faint sources, for
which the true fractional polarization equals the instrumental contribution
of a few percent of their total intensity. This effect must be thus solved out
rather than just taken into account in the polarization interpretation and its
managing has to be worked in the image-plane rather than in the uv-plane
because, as we said, it is an intrinsically direction-dependent effect and it
thus cannot be included in the calibration (i.e. direction-independent, or
antenna-dependent) part of the measurement equation.

The way this issue it is dealt with is by using a gridder called AW-
projection (AWP) during imaging (Jagannathan et al., 2017) that relies
on a detailed characterization of the full-Stokes antennae illumination pat-
tern (AIP). Since the AIP is dependent both on direction (i.e. the pixel),
time, frequency and polarization, its characterization and computation dur-
ing image gridding is computationally challenging. An R&D version of AWP
algorithm is implemented and updated in CASA from version 5.5 on. We
notice that CASA developers clearly warn that R&D algorithms are not
considered as stable (see the documentation?®). The direction-dependency
becomes particularly demanding: in fact the whole primary beam (PB) has
to be considered, and this requires a large number of pixels when widely
spaced array configurations are used. The L-band JVLA in configuration
A needs ~ 10° pixels, over which an independent interpolation of the AIP
value has to be computed. In addition, we notice that the AIP for the VLA
L-band receiver has been produced by ray-tracing only for the total inten-
sity. This means that the correction of the leakage between the polarizations
can be described to first order only for parallel-hand visibility products (i.e.
Stokes I and V), while for the cross-hand visibilities (i.e. Stokes Q and U)
the correction is limited to the fact that if I is more accurate, then its leakage
onto Q and U is smaller, however still present. The correction on Q and U

“https://casa.nrao.edu/casadocs
Shttps://casa.nrao.edu/casadocs/casa-6.0/imaging/synthesis-imaging/
wide-field-imaging-full-primary-beam
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is thus applicable today only to second-order, however it remains necessary.
We refer the reader to Jagannathan et al. (2017) and references therein for
insight on this issue.

Within this framework, I spent a three-months period (Sep-Dec 2019)
at the Inter-university Institute for Data Intensive Astronomy (IDIA) in
Cape Town (SA) to learn and test the AWP on our VLA data. IDIA ex-
ploits the Ilifu regional computing node % based in Cape Town, for high
performance computing dedicated to data-intensive astronomy, especially
oriented to the SKA precursor MeerKAT telescope. The Ilifu facility is
equipped with a SLURM architecture which supports GPU parallel process-
ing and dynamic job/task scheduling to maximise exploitation of the com-
putational resources’. In particular we submitted jobs using SLURM-batch
(sbatch) scripts invoking python/MPICASA routines. The sbatch scripts
set —-cpus-per-task=1 and --ntasks-per-node=3 resources distributed
over ——nodes=12 nodes, each exploiting a full —~—mem=236GB memory for a
single image. This is a critically large amount of resources today.

After direction-independent calibration of all observations independently,
data were re-grouped by sub-band into 16 sets from 1 to 2 GHz, with 64
MHz sub-bandwidth each. Each sub-band set was imaged into four chan-
nels of 16 MHz width each. Each channel was imaged separately asking
for the computing resources outlined above. 102402 pixel full-Stokes im-
ages were created for each channel with 3” resolution, sampled by 0.4” sized
pixels using Briggs weighting scheme with robust parameter 0.5 and de-
convolved with Hogbom algorithm for maximum 50k minor iterations before
a 50 threshold over 10 uJybeam™! was reached. Through the awproject
gridder (the CASA implementation of the AWP), the AIP was computed at
every 30 deg rotation with respect to the sky and rotated at every 10 deg,
using 512 w-planes. To produce each of the full-Stokes 16 MHz deconvolved
channel images with the (very high amount of) resources allotted, about a
week was required, that meant to spend about a month to produce images
of the 4 channels over a 64 MHz sub-band using all observations (~ 17 hours
exposure). This fact constituted (and still does) a bottleneck for the pro-
duction of science-ready image products to analyse. We produced images
of 24 channels distributed over 6 sub-bands conveniently chosen to cover
about homogeneously the \? space during progress, thus clustering more to
the low-frequency half of the L wide-band.

In order to find faint sources, we also produced a single total intensity

Shttp://www.ilifu.ac.za/il/home
"see https://docs.ilifu.ac.za/#/ for Ilifu-SLURM documentation
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Figure 3.15: A2744 S-SE field image at 3" resolution. The RM of each source
is derived using RM synthesis. It is represented as a circle with radius in
arcseconds equal to the RM in radm~2 (see Tab. 3.2 for the values). Red
and green circles indicate positive and negative values respectively.
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image using all observations (17.5 hours) and all the available (i.e. not
flagged from RFI) bandwidth, by properly modeling the primary and syn-
thesized beam chromaticity through a polynomial fit versus frequency of the
model components found during deconvolution (i.e. nterms=3 in the CASA
tCLEAN task). The full-bandwidth full-observation image allows to reach
a smaller rms noise level than the single channel images. Thanks to the
larger S/N of the sources we thus manged to perform self-calibration of the
antenna gains, increasing the S/N further. Since the full-data image pro-
duction is mainly driven by faint source detection, we thus imaged only the
Stokes I and used the wproject gridder for flat-sky approximation, without
the need to correct for the AIP direction-dependent effect (and in turn to
require large amount of computational resources). In Fig. 3.15 we show the
deepest image (Stokes I) of the S-SE field of A2744, reaching an rms noise
of 3.6 Jy beam™!.

By using the PYthon Blob Detector and Source Finder (PyBDSF; Mohan
and Rafferty 2015) on Fig. 3.15, we built a source catalogue holding a large
source surface density of ~ 400 deg™2. In Fig. 3.16 we combined the Fig. 3.15
(red) with the X-ray smoothed map of A2744 as found by Eckert et al. (2015)
(green), highlighting the LSS.

3.3.6 Preliminary RM results and discussion

From the PyBDSF source catalogue we were able to look for polarised emis-
sion in the direction of the sources even though they were not visible in
the single channel images because of the larger noise level. We thus ex-
tracted full-Stokes information across the LoS to the sources and run the
RM-synthesis algorithm RM-tools® (Purcell et al., 2020). The algorithm
provides valuable information on the source polarization properties. In par-
ticular we looked for the position of the peak in the Faraday spectrum that
we assume as the source RM value (see Brentjens and de Bruyn, 2005, for
definitions and details), its uncertainty as given by Eq. 3.11 and g (see
Eq. 3.1). In Tab. 3.2 we report the polarised sources with S/Nqu > 3
by their location and RM. In the same table we also include the value of
the X-ray surface brightness in units of 10~7 photons keV~! ecm™2s7! for the
source positions covered by the XMM map. We considered a background
noise of 5 x 1077 phkeV~tcm 257! derived as rms value computed in a re-
gion outside the relevant LSSs in the XMM map, at similar angular distance
(with respect to the filaments) from the cluster center. In Fig. 3.15 and 3.16,

8available at https://github.com/CIRADA-Tools/RM-Tools
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Figure 3.16: A2744 S-SE field multi-wavelength image. Green: XMM-
Newton (Eckert et al., 2015); Red: VLA (see Fig. 3.15). As in Fig. 3.15,
the RM of each source is represented as a circle with radius in arcseconds
equal to the RM in radm~2. Magenta and white circles indicate positive
and negative values respectively.
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RA DEC RM Fx Note
hms deg " radm=2 107" phkeV~!lcm™2s7!

00 12 56.52 -30 16 08.04 +33 %7

00 13 17.55 -30 41 55.65 +6=+4

00 13 25.56 -30 35 42.00 +16+8

00 13 40.13 -302216.93 +4+9+4 14+5 Foreground
00 13 41.23 -30 09 26.64 +13+2

00 13 44.52 -30 21 28.80 43141 14+£5 Foreground
00 14 35.35 -303500.24 +49+1 4+5

00 14 39.41 -30 28 21.00 +5=+3 945

00 14 40.20 -30 31 40.44 +18+5 6+5

00 14 42.74 -30 35 15.36 +16£8 2£5

00 15 06.43 -30 32 05.28 +128£6 (==

00 15 32.76 -30 31 46.56 —5+2

0016 12.14 -30 152844 —4+£5

00 16 17.62 -30 50 21.84 +10+6

Table 3.2: RM values derived from RM synthesis on the imaged VLA data
of the S-SE field of A2744.

around the polarised sources we drew circles with radii (in ”) equal to the
RM values in rad m~2, with opposite colors indicating positive/negative val-
ues respectively.

X-ray information is available for very few sources. For two of these,
namely the bright lobes of a powerful FRII radio galaxy located at W-NW
direction of A2744, we also retrieved redshift information that places the
sources in front of A2744 and its related LSSs. The very low statistics un-
fortunately does not allow to drive any conclusion from a combined analysis
of RMs and X-ray data. Part of the discrepancy between the low statistics
and our expectations (see Sec. 3.3.2, above) resides in the rms noise held
by our deepest observation being about a +50% in addition to the assumed
value of 2.5 uJy beam™!.

Another contribution may come from the putative RM signal, that is
grounded into the noise of a single channel, but coherently sums up with
the signal embedded in all the other channels and thus emerges within the
RM-synthesis technique and it is not deconvolved. This case is analogue as
to compare the sum of different snapshots of a same source, taken at different
times, with the image produced by deconvolution of all the visibilities (at
the different times) considered at once. In the latter case in fact the noise
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would not just decrease as the square root of the total exposure time, but it
would also be de-correlated from the brightest pixels of the source through
the PSF deconvolution procedure.

However, by looking in detail at the spectra of the sources, in both total
intensity and polarization (not shown), we do not ascribe the poor polar-
ization outcome to the image rms noise level. In fact, in addition to the
exceedingly large time needed for imaging, preventing multiple deconvolu-
tion runs in case of errors/mistakes, the resulting spectra (and images, not
shown here) show that the instrumental polarization was not satisfactorily
removed in many channels, which have to be discarded afterwards after user
inspection. The reason of the failure of the awproject gridder over such
channels remained unknown since just recently, when by private communi-
cation with the NRAO staff members involved with the development of the
awproject gridder we were notified of a coding error in the computation of
the Stokes U.

This error unfortunately affects the data so that they can be neither
trusted nor used.

What lesson can be learned from the outcomes of this experiment so far?
Radio astronomy is rapidly moving towards the big-data era, where storage
and computational challenges will be part of the everyday concerns. The
strategy of SKA precursors such as MeerKAT is being directed towards the
delivery of science-ready products to the end user in order to save her/him
from the need of indispensable large infrastructures for the data collection
and analysis. In this respect polarization studies require a big part of the
effort. The risk of neglecting or underestimating the problems that it brings
out is to loose a half of the interferometric data products (namely the cross-
hand correlations RL and LR). In turn, we will loose the opportunity to
explore a lot more of valuable and new physical insights involving polar-
ization. In particular, current studies involving polarization of field (i.e.
off-axis) sources at L-band is constrained to the ones holding large polar-
ization fractions (Anderson et al., 2018; Sebokolodi et al., 2020), indeed a
rather small class of objects. Development of efficient and accurate algo-
rithms for antenna polarization calibration and imaging is thus capital not
just to maximise the science outcomes, but to make them worth at all.



Chapter 4

Fast Radio Bursts

4.1 Fast Radio Bursts as a probe of the IGM

Fast Radio Bursts (FRBs) are a recently discovered class of rapid radio
transients and provide the first case of extragalactic rapid radio pulses. In
this short introduction on the topic we want to focus on the properties of
FRBs that make them suitable probes for, both, the IGM baryonic content
and its magnetic field.

FRBs are flashes observed at radio frequencies (~GHz) with brightness
among the highest known for radio sources in general (1 — 100 Jy). Their
brightness, combined with their extremely short duration (~ 0.1 —1 ms), re-
quires a coherent non-thermal emission mechanism to produce them (Katz,
2014). Their discovery (Lorimer et al., 2007) curiously followed their ac-
tual observation by more than six years as the first FRB was found into
archival pulsar observations of the Parkes telescope by searching for unusu-
ally large dispersion measures (see Keane and Petroff, 2015, for an outline
of the searching method) and was exceptionally bright bringing the receiver
to saturation.

Dispersion is indeed one of the most prominent features of this class
of transients and first drove their very identification as a new class, and
especially as extragalactic objects. It consists in a delay of the time of
arrival (TOA) of low frequencies with respect to high ones, producing a
characteristic curve TOA oc v~2 in the (v, TOA) space or dynamic spectrum,
as can be seen in Fig. 4.1. The constant of proportionality of the relation,
that produces the slope seen in Fig. 4.1, is defined as the dispersion measure
(DM) and is physically produced by the column density of free electrons
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Figure 4.1: Lorimer et al. (2007): Signature in the dynamic spectrum of the
first FRB, where the dispersed behaviour TOA oc v~ 2 is clearly seen. The
inset shows the de-dispersed pulse profile integrated over the bandwidth.
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along the light travel path from the source to the observer

obs
DM = / ne dl (4.1)
src
where again we use n. to indicate the free-electron density. The first indi-
cation of the extragalactic nature of FRBs came indeed from the observed
value of their DM being way too large to be explained by the Milky Way free
electrons alone. A very interesting consequence is that, despite the absence
of a redshift measurement, by attributing all or part of the DM excess with
respect to the Milky Way to the IGM free-electron content, the residual
DMexcess = DMops — DMyw can and have been used as measurement (actu-
ally, an upper limit) to the distance of the FRB source. Complementary, the
same argument can be recast from an inverse perspective to constrain the
IGM baryons along one LoS in the case of localization of the FRB source
and its redshift through other methods such as high resolution (interfer-
ometric) imaging of the pulse (Bailes et al., 2017; Bannister et al., 2019;
Kocz et al., 2019). FRB localization nowadays have been accomplished in
several cases (Chatterjee et al., 2017; Michilli et al., 2018; Ravi et al., 2019)
and have provided the smoking guns in favor of the FRB extragalactic ori-
gin. The redshift information from the small sample of located FRBs have
been used to demonstrate that FRBs can be used as powerful cosmologi-
cal probes and to derive an independent estimate of cosmic baryon density
Qp = 0.051f8:8§%h7_01 with 95% CL (Macquart et al., 2020). A larger sample
will not just narrow down the constraints on this parameter, but could also
disentangle the fraction of baryons that reside in the IGM figm and their
distribution around the most massive haloes (McQuinn, 2014) as well as the
ionization fractions of hydrogen X,y and helium X, pg. (Macquart, 2018).
In addition to dispersion of the signal, similarly also the radio signal
is scattered both in time and frequency by n. variability on short (i.e. ~
comparable to observation) timescales. This effect is called scintillation and
currently prevents the determination of the spectral index of FRB emission
from ~GHz observations (Ravi et al., 2016; Macquart et al., 2019). Although
to-date FRBs have been individually observed at a range of different radio
frequencies from 328 MHz (Pilia et al., 2020) up to 5 GHz (Gajjar et al.,
2018), multi-frequency observations have not yet been successful to observe
FRBs in multiple bands at once (e.g. Scholz et al., 2016a; Guidorzi et al.,
2019; Chang et al., 2019). This fact raises the interesting question whether
FRBs are an intrinsically narrow-band phenomenon (Hessels et al., 2018)
or their observations is simply too dim or affected by (self-)absorption at
higher frequencies.
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The proposed models for either the source and emission mechanism(s)
that power FRBs are many and different (see Platts et al., 2019, for a re-
view). A breakthrough in the determination of the possible source recently
came from observations of a very powerful radio impulse of very short du-
ration comparable with the FRB ones, launched by the known Galactic
magnetar SGR 193542154 (Bochenek et al., 2020; The CHIME/FRB Col-
laboration et al., 2020). Defining this pulse an FRB is ambiguous, since
its Galactic nature does not provide it with any D Meycess in excess of the
Galactic value in the direction of SGR 1935+2154. However, by computing
the isotropic luminosity of the burst and placing it to the distance of the
closest known FRB, the resulting brightness would be perfectly consistent
with that of the other FRBs and the signal would still be detected by the
most sensitive single-dishes (Kirsten et al., 2020). Interestingly, high energy
flaring activity was also observed by different probes in coincidence with the
radio pulse from the same source (Ridnaia et al., 2020; Mereghetti et al.,
2020; Tavani et al., 2020; Li et al., 2020). This opens up the opportunity
to observe a similar correlation also for extragalactic FRBs and to test the
hypothesis of the magnetar model for their origin. Before this potential
discovery, indirect ways to constrain the source/emission models had to be
pursued, and the result they produced can not yet be considered in general
as disproven by the bursts from SGR 1935+2154. Within this context, in
2018, we developed and adapted one method to inspect the various source
models of stellar-like origins by means of a classical cosmological test used
first introduced for Gamma Ray Bursts (GRBs) and known as (V/Vj,ax) test.
We present this analysis (published in Locatelli et al., 2019) in Sec. 4.2.

In addition their application to study the baryon content of the IGM,
FRBs may come into play also for the inspection of the IGMF. In fact, several
FRBs have been observed with a high linear polarization (Michilli et al.,
2018; Day et al., 2020; Cho et al., 2020; Connor et al., 2020). As we have
seen in Chapter 3, any polarized signal travelling through the IGM is subject
to the Faraday effect if the IGMF is actually present. A great potential
advantage of FRBs with respect to the currently used synchrotron radio
galaxies as background source RM grid is that polarized FRBs experience
both dispersion and polarization-angle rotation. These two effects are both
dependent on the free-electron column density along the LoS. The ratio
RM/DM and 4.1) is then a proxy of the average magnetic component parallel
to the LoS (Akahori et al., 2016):

RM _ [i,sneBydl
DM — [ gnedl

=(B)) (4.2)
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where Bj is the component of B parallel to the LoS direction, positively
oriented from the source to the observer.

To properly relate the IGMF intensity to the retrieved value (B)) =
RM/DM a few considerations have to be taken in mind:

e it is an averaged (n.-weighted) value: for the only IGM the average
cancels out at about every coherence length and it is thus dependent
on over what scale the B)| (vector) sum is dominant; a more instructive
value about the IGM magnetisation would need to know in addition
Bims, which however it is not probed by this method;

e it is again an average value: if the Milky Way magnetic field or the host
galaxy magnetic field, or the near-source environment magnetization
dominate the integral of Bjn., then we do not obtain any information
on the IGMF. With this respect addressing the FRB source origin,
environment and preferred host galaxy type is necessary.

In the favourable case in which RMs from FRBs do include non-negligible
information on the IGMF (see Hackstein et al., 2019, for a thorough analysis
on the feasibility and limitations), one can ask whether they also provide
with a comparable/denser grid than the number of available polarized back-
ground radio galaxies per square degree. In order to assess this question
the true sky rate over a flux density threshold is the most useful quantity to
constrain. The following Sections also aim to assess this quantity by means
of either theoretical arguments based on the available FRB population (up
to within 2018, Sec. 4.2), or by proposed new instrumental characterization
and setup to build an efficient strategy for FRB detection and rate deter-
mination (Sec 4.3). We anticipate here that constraining the FRB rate is
complementary to address the FRB spectral index, or the correlation (if
any) between brightness and observing frequency in the case of intrinsic
narrow-band phenomenology of FRBs.

4.2 FRBs’ cosmological distribution: the V/V.
test (Locatelli et al., 2019)

Abstract We have applied the luminosity—volume test, also known as
(V/Vinax), to fast radio bursts (FRBs). We compare the 23 FRBs, dis-
covered by ASKAP, with 20 of the FRBs found by Parkes. These samples
have different flux limits and correspond to different explored volumes. We
put constrains on their redshifts with probability distributions (PDFs) and
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applied the appropriate cosmological corrections to the spectrum and rate in
order to compute the (V/Viyax) for the ASKAP and Parkes samples. For a
radio spectrum of FRBs F,, o« v~ 16, we found (V/Vipax) = 0.68+0.05 for the
ASKAP sample, that includes FRBs up to z = 0.72f8:3§, and 0.54 + 0.04
for Parkes, that extends up to z = 2.14_'8:;1;. The ASKAP value suggests
that the population of FRB progenitors evolves faster than the star forma-
tion rate, while the Parkes value is consistent with it. Even a delayed (as a
power law or Gaussian) star formation rate cannot reproduce the (V/Viax)
of both samples. If FRBs do not evolve in luminosity, the (V/Vnax) values of
ASKAP and Parkes sample are consistent with a population of progenitors
whose density strongly evolves with redshift as ~ 228 up to z ~ 0.7.

4.2.1 Context of the experiment

By the end of 2018, a collection of 52 FRBs was made available through a
database! (described in Petroff et al., 2016). The large values of the observed
dispersion measure DM, (Lorimer et al., 2007; Thornton et al., 2013) and
the detection of the host galaxy for the repeating FRB 121102 (Marcote
et al., 2017), still seemed to favour their extra—galactic nature, while the
Galactic scenario was not yet definitely discarded. The only known host
galaxy redshift z ~ 0.19 (Chatterjee et al., 2017; Tendulkar et al., 2017)
by the time was also well consistent with the distance estimated from the
observed DM. Despite the confirmed extra—galactic origin of this source, the
fact that it remains the only repeater holds the possibility that it could be
representative of a different class.

The ’debate’ on the origin of FRBs reminds much of the similar case of
Gamma Ray Bursts (GRBs) (see Kulkarni, 2018). Indeed, if extragalactic,
FRBs have v L, luminosities around 10*3 erg s and energetics of the order
of 1040 erg (Fig. 4.2).

Such large energies and short duration imply a huge brightness temper-
ature, of the order of T ~ 103* — 1037 K. This in turn requires a coherent
radiation process possibly originating from masers or compact bunches of
emitting particles, as it has been recognised by many authors (Ghisellini,
2017; Kumar et al., 2017; Yang and Zhang, 2018; Ghisellini and Locatelli,
2018; Katz, 2018).

Many of the proposed progenitor theories of extragalactic FRBs include
merging of compact objects such as neutron stars (Totani, 2013); or white
dwarfs (Kashiyama et al., 2013). FRBs could be flares from magnetars

'Fast Radio Burst Catalog (FRBCAT) http://frbcat.org/
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Figure 4.2: Energy (vE,) as a function of redshift for FRBs detected by
ASKAP (red circles) and Parkes (blue squares). The dashed lines corre-
spond to the fluence limit for ASKAP and Parkes (red and blue respectively)
obtained assuming the average FRB duration of the respective samples. The
top and right panels show the energy and redshift distributions of the two
samples (same colour coding of the central plot). The thin curves repre-
sent, for each data point, the 1o uncertainty on the energy produced by the
uncertainty on the redshift.
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(Popov and Postnov, 2010; Thornton et al., 2013; Lyubarsky, 2014; Be-
loborodov, 2017); or giant pulses from pulsars (Cordes and Wasserman,
2016); or they could be associated to the collapse of supra-massive neu-
tron stars (Zhang, 2014; Falcke and Rezzolla, 2014); or dark matter induced
collapse of neutron stars (Fuller and Ott, 2015). An updated list of FRB
theories can be found in Platts et al. (2019).

A classical way to probe the unknown distance of a population of objects
is through the (V/Vmnax) test (also called luminosity—volume test). Firstly
proposed by Schmidt (1968), the (V/Vijax) tests whether the distribution
of objects is uniform within the volume of space defined by the observa-
tional selection criteria. Among other advantages, it is suitable for samples
containing few objects and allows to combine samples of sources obtained
with different selection criteria. Historically, it has been employed to study
the space distribution of quasars and to assess the cosmic evolution of their
population.

For a uniform population of sources with measured fluxes F', V/Vipax
are the ratios of the volume V within which each source is distributed to
the maximum volume Vi, within which each source could still be detected
(which is individually defined by the sample selection flux limit). In an
Euclidean space V/Vijax should be uniformly distributed between 0 and 1
with an average value (V/Vpnax) = 0.5. Equivalently the cumulative source
count distribution is N(> F) oc F~3/2,

The standard Euclidean approach to the luminosity—volume test has
been performed on FRBs by different authors: Oppermann et al. (2016)
find N(> F) o« F~™ with 0.8 < n < 1.7; Caleb et al. (2016), report n =
0.9 £+ 0.3 while Li and Zhang (2016) find a much flatter population with
n = 0.14 +0.20. More recently, James et al. (2019) (hereafter J19) updated
these results with 23 new FRBs (Shannon et al., 2018) discovered by the
ASKAP array through the CRAFT survey (Macquart et al., 2010). They
find n = 1.52 + 0.24 for the combined ASKAP and Parkes FRB samples.
However, for the first time, they compare different surveys with sufficient
statistics, claiming a significant difference between the ASKAP CRAFT
(n =2.204+0.47) and Parkes HTRU (n = 1.18 +0.24) surveys, respectively.

However, the assumption of a uniform distribution in Euclidean space
for the number counts — (V/Viax) test does not deal with the transient
nature of FRBs. In this work we performed the volume-luminosity test
using the redshift estimated through the DM. We accounted for the possible
uncertainty on z in terms of a probability density function (PDF) which
encodes the uncertainties on i) the Galactic free electron density model; ii)
the baryon distribution in the Inter-Galactic Medium (IGM) and iii) the
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free electron density model of the FRB host environment. Furthermore, we
applied to each FRB the appropriate K—correction and accounted for the
proper transformation from the observed to the intrinsic rate.

In §4.2.3 we present the two FRB samples used; in §4.2.4 we describe
how to derive their (V/Vijax) accounting for their cosmological nature. A
Monte Carlo approach is adopted to perform the (V/Viyax) for cosmological
rate distributions (4.2.6) and compare with the real samples in §4.2.7. In
§4.2.8 we discuss our results, and in §4.2.9 we draw our conclusions. In this
Chapter, we adopt a standard cosmology with Q. = 0.286, h = 0.696 and
Qp =0.714.

4.2.2  (V/Viyax) value estimation

The V/Viax computed in this work (Eq. 4.21), which accounts for the cosmo-

logical k-correction and proper rate of transient FRBs, is derived as follows.

We considered the relation:

(1+2)E,(ve) dve  E,(ve)
4nD%(2)  dvons 4mD?(2)’

F (Vobs) = (4.3)
where F(v) = F(v) weps is the fluence of an event of duration wyps, and we
used the relation between luminosity distance and proper distance: Dy =
(1 + 2)D; analogously:
E, (V)
Fi (v - —v\Te) |, 4.4
hm( obs) 47TDI2naX(ZmaX) 9 ( )
where FE, is the intrinsic energy density, ve = vops(1 + 2) and v, = vops(1 +
Zmax) are the emitted frequencies at proper distances D(z) and Dyax(Zmax)s
respectively.
We assumed that FRBs have a power-law energy spectrum spectral slope
«, at least in a frequency range comparable to that probed by the observer
frame frequency vohs >~ 1.3 GHz. Therefore, we could write:

dE x v~ %dv

Bn) = B (%)

Ve

- By (el

Vobs (1 + Zmax)

- mo-(f) (45)

1+ Zmax
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Combining eq.4.3, 4.4 and 4.5 we obtained:

D(z)  _ []ﬁim(uobs) ( 1+z >_a] 1/2‘ (4.6)

Dmax(zmax) J—"(Vobs) 1+ Zmax

From the antenna equation, the signal-to-noise ratio of an event of duration
Wehs 18 defined as:

G F(v)VNpAv weps

S/N =
/ 77Tsys

: (4.7)

where G is the antenna gain, Np is the number of polarizations, 7 is the effi-
ciency and Ty is the antenna temperature. The S/N can also be described
in terms of the fluence as:

F(v) GVNpAY

S/N =
/ v/ Wobs 77Tsys

(4.8)

The limiting threshold over which an FRB is detected can also be described
in terms of S/N:

Flim (V) GV NpAv
/Ny = T GV PRV (49)
Wobs 77Tsys

where W/ . = Wyest (1 + Zmax); all the parameters related to the observing
conditions/setup (G, Np, Av, nand Ty) are the same when we want to look
for the maximum distance at which the FRB could be observed. However,
the observed duration of the transient event changes with redshift. We thus

related the ratios of observed and threshold values with a function of their

redshifts:
F(v) _ S/N < 1+ 2 )1/2 (4.10)

JT"lirn(V) S/Nlim 1 + Zmax ‘ .
Through Eq. 4.10 we recast Eq. 4.6 in terms of the S/N with respect to
S/Nlim

1
2

, (4.11)

D(z) [S/th< 142 >—§—a

Dmax(»zmax) S/N 1+ Zmax

retrieving Eq. 4.21. Equivalently one can write it as
S/N
S/Niim

We put in the right-hand side (RHS) of eq. 4.12 all the terms depend-
ing on zpmax. We defined the function Y (zmax) as the RHS. T (zmax) can

D2(2)(1+2)27 = D2 (2) (1 + 2max)2 ™ = T(zmax).  (4.12)
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be evaluated using the left-hand side (LHS) of the same equation, that is,
combining the observed, instrumental and cosmological information. If the
functions Dyax(z) and Y(z) are invertible one can in principle solve the
above equation for zy.x. We note that only for a > —1/2 this function is
monotonic and invertible. Under this assumption

S/N

i D2(2) (1 + z)2T| (4.13)

Zmax = T_l |:

The function T depends on cosmology through the definition of D(z)

cdz

D(z) = / ,
0 Hov/Qmax(1+2/)3 + Qp(1+2/)2 + Qp

(4.14)

and from the spectral index « of the intrinsic FRB specific luminosity.

The estimates of the spectral index is given considering the 23 ASKAP
burst signals (Shannon et al., 2018) detected in-band (336 MHz) centred at
1.32 GHz showing intense fine-scale features (Macquart and Ekers, 2018).
They calculate a mean spectral index a = 1.6f8:§. This represents the
current best (and only) estimate of the spectral index for a non-repeating
FRB, as far as any broad-band information will be given.

The analytic form of Eq. 4.13 is not straightforward to obtain so we
solved it numerically.

In Eq. 4.13 the ratio between a threshold and the corresponding observed
quantity are present (instead of just the observed one). This fact removes the
dependency of the test from any survey parameter, since they would play the
same role in the definition of both terms in the ratio. The independence of
the ratio between observed and threshold S/N from the survey area and time
coverage, or any other observation parameter, has been previously proven
by J19 in a rigorous way. Our derivation can be helpful in giving an intuitive
and straightforward proof of the fact.

The (S/N)/(S/N)um approach has also the advantage that any other
quantity which varies linearly with the fluence F(v) can be used in its place
in Eq. 4.13 (Oppermann et al., 2016). The smartest choice is to use the
signal-to-noise ratio (S/N), which is the ratio between the amplitude of the
time-integrated FRB signal and the standard deviation of the noise in the
continuum (Petroff et al., 2016).

We chose to use S/N as S/Nyy, is the quantity which is actually defined
in a survey in order to claim a detection, rather than the flux density F),
or the fluence F,. Moreover, the way the S/N is defined is in principle
independent from the pulse broadening effect whenever a signal is detected.
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In fact, highly—broadened signals could not be recognised as FRB candidates
by searching pipelines, but a non-detection does not affect the completeness
of the sample in a (V/Viax) test.

4.2.3 Data samples

The ASKAP array of radio telescopes and the Parkes telescope provided two
relatively large and well defined samples of FRBs which allow us to perform
statistical analysis. From the online catalogue FRBCAT? (Petroff et al.,
2016), we collected all ASKAP and Parkes FRBs that have been confirmed
via publication with a known signal to noise ratio (S/N) threshold.

ASKAP We considered the 23 FRBs detected by ASKAP and recently
published by Shannon et al. (2018) and Macquart and Ekers (2018) The
ASKAP survey has an exposure of 5.1 x 10° deg? h covering a sky area of
20 deg?. It has a unique S/N threshold of 9.5 which corresponds to a limiting
fluence of 23.16 X (weps/1 ms)*/? Jy ms (Shannon et al., 2018). Although
FRB 171216 has been detected with a S/N = 8 in a single beam, it has a
S/N = 10.3 considering its detection in the two adjacent beams (Shannon
et al., 2018) and we then included this event in our sample.

The ASKAP sample is shown in Fig. 4.2 (red circles). To properly
compare the energy density of FRBs at different redshifts we evaluated the
energies at the observed frequency rons = 1.3 GHz for all the FRBs. We
applied the K—correction assuming an energy power law spectrum E, oc v~¢
with o = 1.6 (Macquart and Ekers, 2018). Therefore the K—corrected en-
ergy density is given by eq. 4.5. E,(Vobs) = Eu(threst)(1 + 2)¢. The red
dashed line corresponds to the ASKAP limiting fluence assuming the av-
erage intrinsic duration of the ASKAP sample (wyest) = 2.2 ms. The ob-
served pulse duration (which defines the limiting curve - see above) scales
as Weps = (Wrest) (1 + 2). Because of the large field of view and the high flu-
ence threshold, the ASKAP survey is more sensitive to nearer and relatively
powerful events. This is evident in the redshift and energy distributions (top
and left panels of Fig. 4.2) of the ASKAP sample whose mean values are
(z) = 0.25 and (E) = 4.3 x 10*! erg respectively.

Parkes Among all Parkes FRBs we found 20 verified events with known
S/N threshold. In this case, since FRBs were detected in various surveys
with different instrumental setups, the S/N threshold is not equal for all

2available at http://www.frbcat.org
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FRBs and therefore the corresponding fluence limit is not unique. The
mean fluence limit of this sample results 0.54 X (weps/1 ms)*/? Jy ms and is
represented by the dashed blue line in Fig. 4.2. Compared with ASKAP, the
Parkes telescope is characterised by a smaller field of view (~ 0.01 deg?) and
a lower fluence limit being thus sensitive to more distant and less powerful
events on average (cf. the distributions in the top and left panels of Fig. 4.2).
The total exposure of the HTRU survey made at Parkes is 1441 deg? h
(Champion et al., 2016). The mean redshift and energy of the Parkes sample
are (z) = 0.67 and (E) = 7.2 x 100 erg, respectively.

The total sample includes 43 FRBs. When different data analyses for
the same FRB were found, we chose the one computed with the method
presented in Petroff et al. (2016) (if available) in order to build a uniform
sample and because alternative searches tend to under—estimate the S/N
(see Keane and Petroff, 2015).

Table 4.2 lists the galactic longitude and latitude (gl and gb), the ob-
served dispersion measure (DM,ps), the signal to noise ratio (S/N), the sur-
vey S/N threshold (S/Nyy), fluence F(vgps), duration weps and flux density
F(vops) all evaluated at the observed frequency vops, the redshift calculated
as presented in §3 and the references of the S/Nyy, for all the 43 FRBs in
our sample.

4.2.4 Method

Redshift information is necessary to perform the luminosity-volume test for
a cosmological population of sources. In order to estimate z Ioka (2003)
and Inoue (2004) proposed a linear relation between the redshift and the
dispersion measure due to the IGM (DMgym):

DMjgum = C - 2, (4.15)

where C' = 1200 [pc/cm®]. The redshift of a transient radio source can
be estimated from the residual dispersion measure DMgycess, that is, once
the Milky Way contribution is subtracted out from the observed DMgpg
measured for the particular source:

DMexcess = DMobs - DMMW
+ DMiawm, (416)

where DM},t is the dispersion measure of the host galaxy environment. The
Milky Way dispersion measure DMy is estimated in this work using the
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138

FRB name | gl gb DM,ps S/N S/Nim Fluence weps  Flux z2T Ref.
deg deg pc/cm3 Jy ms ms Jy
ASKAP
180525 349.0 50.7 3881 274 9.5 300 3.8 789  0.1747570 Mals
180324 245.2  -20.5 431 9.8 9.5 71 43 1651 0.17275392  Mals
180315 132 209 479 10.4 9.5 56 2.4 2334 021570995 Mal8
180212 338.3 50.0 1675  18.3 9.5 96 1.81 53.04 0.02270320 Shis
180131 0.6  -50.7 657.7  13.8 9.5 100 45 2222 0.420735Y%  Shi18
180130 59 518 3435 102 9.5 95 4.1 2317  0.132%5355  Shi8
180128.2 | 327.8 486 4959 9.6 9.5 66 2.3 28.7  0.270709% Shis
180128.0 | 326.7 52.2 4414 124 9.5 51 2.9 176 022170397 Shis
180119 199.5 504 4027 159 9.5 110 2.7 40.74  0.17570393  Shis
180110 7.8 519 7157  35.6 9.5 420 3.2 131.25 0.472%5295 Shi8
171216 273.9 484 2031 103 9.5 40 1.9 21.06 0.0347073 Shis
171213 200.6 -48.3 1586  25.1 9.5 133 1.5 88.67 0.013702% Shis
171116 205.0 —49.8 6185  11.8 9.5 63 3.2 19.69  0.3727010%  Sh1s
171020 29.3 513 1141 195 9.5 200 3.2 625  0.00670252 Shi8
171019 525  -49.3 460.8  23.4 9.5 219 54 4056 0.245703%1  Shig
171004 2822 48.9 304 10.9 9.5 44 2 22. 0.0957053,  Shig
171003 283.4 46.3 463.2  13.8 9.5 81 2 40.5  0.232703%  Shis
170906 34.2 495 3903 17 9.5 74 25 29.6  0.173703% Shis
170712 329.3 -51.6 312.79 12.7 9.5 53 14 3786  0.109707% Shis
170707 269.1 -50.5 2352 9.5 9.5 52 3.5  14.86  0.0537075% Shi1s8
170428 359.2 —49.9 991.7  10.5 9.5 34 44 773 071615555 Shi8
170416 337.6 50  523.2 13 9.5 97 5 144 0.293%07%  Shig
170107 266.0 51.4 609.5 16 9.5 58 2.4 2417 03761010 Bal7

Table 4.1: Observational and instrumental parameters of FRBs in our sample. {: Redshifts z are calculated from
DMs as in §3. In the last column we report the references for the S/Ny;,: Mal8: Macquart and Ekers (2018); Sh18:
Shannon et al. (2018); Bal7: Bannister et al. (2017); Bh18: Bhandari et al. (2018); Kel6: Keane et al. (2016);
Pel7: Petroff et al. (2017); Pel5: Petroff et al. (2015); Sh16: Shand et al. (2016); Ch16: Champion et al. (2016);
Scl6: Scholz et al. (2016b); Th13: Thornton et al. (2013); Kel2: Keane et al. (2012). Parkes FRBs parameters
are taken from Petroff et al. (2016) when available, or from the reference in the last column.
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model of (Yao et al., 2017, YMW16 hereafter). The redshift of the source
can be estimated using Fq. 4.16.

In principle, a large uncertainty on the redshift estimate is expected
due to either the local environment and host galaxy free electron density
and inclination (Xu and Han, 2015; Luo et al., 2018), and to the high vari-
ance 03,,(z) of the unknown baryon halos and sub-structures along the
LoS (McQuinn, 2014; Dolag et al., 2015). In order to take into account
these two sources of uncertainty — affecting DMj,os¢ and DMigm respectively
in Eq. 4.16 — we calculated the (V/Vi,ax) building appropriate probability
functions for the redshifts PDF(z), rather than a unique value as obtained
through Eq. 4.15.

Firstly we needed to model the host galaxy contribution DMyog. Xu
and Han (2015) estimated DMy, for different galaxy morphologies and in-
clination angles ¢ with respect to the LoS. In particular, for spiral galaxies
they fitted skew normal functions f(DM,i) to the DMyg distributions for
different values of the inclination angle i. We found the overall DMy,os; PDF
(P(DMpost)) by averaging the functions f(DM, 1), each weighted with the
probability of the inclination angle sini. We extracted the DMyqg values
from P(DMyest). This allowed us to calculate the redshift zpeak, correspond-
ing to the most probable value to be associated to the DMegycess Of the j—th
FRB. The DM distribution of the host galaxy and environment has been also
estimated by Luo et al. (2018). They obtained in general a smaller contri-
bution of DMyst to the DMeycess than what derived by Xu and Han (2015).
This is probably due to the simplistic but more conservative assumption of a
MW, M31-like galaxy as a host environment in the latter work, from which
we derived the DMy, distribution.

The other source of uncertainty is related to the variance of DMigm.-
This has been studied for example by McQuinn (2014) and Dolag et al.
(2015). We considered the scenario giving the largest opm(z) as reported
in McQuinn (2014), obtained with a baryon (i.e. n.) distribution tracing
the dark matter halos above a certain mass threshold. Although dedicated
simulations show smaller uncertainties (McQuinn, 2014; Dolag et al., 2015)
we chose the most conservative opy(2) relation, represented by the power-

law function:

379.2
UDM(Z) = 701200 Z0'313, (4.17)

where Ciag is the coefficient C' in units of 1200pc cm™3.

We calculated a lower (zin¢) and upper value (zgyp) for the redshift in
the PDF by introducing the left and right standard deviations opy(z) re-
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spectively in the RHS of Eq. 4.16:

DMexcess = C' - Zing + UDM<Zinf) + %20:;7 (418)
D Mexcess = C- Zsup — ODM (Zsup)‘ (419)

In the second equation a null DMy, contribution gives an upper limit
to the redshift distribution. The PDF was then shaped as an asymmetric
Gaussian: the peak of the PDF was assigned to the redshift zpcax; the left
and right dispersion are opm(Zinf) = Zpeak — Zinf a0d ODM = Zsup — Zpeak
respectively, where ziyr < Zpeak < Zsup-

To calculate the Galactic contribution to the DM (DMyw) we consid-
ered two n. models: the NE2001 model (Cordes and Lazio, 2002) and the
model of YMW16 3. Assuming different models for the MW free electron
contribution did not significantly affect the redshift distribution of the FRB
sample. The same result has also been found by Luo et al. (2018) who also
considered the presence of a free electron dark halo around the Milky Way.
Its effect is found to be negligible however. This enabled us to base our
analysis assuming one of the DM models without loosing generality. We
considered the YMW16 as our baseline model.

Up to now we accounted for the stochastic dispersion around the DM (z)
relation. However, an additional source of uncertainty can systematically
arise from the choice of the average DMigm(2) relation, namely the C' coef-
ficient of Eq. 2. In fact simulations (Dolag et al., 2015) show a lower value
than the one derived from modelling of the free electron density in the IGM.
To account also for this systematic effect we calculated redshift uncertainties
assuming different values of C' in the range [950, 1200].

In general, large values of C' decrease both the redshift z and the max-
imum observable redshift z.x, but by a slightly different amount, making
the average (V/Viax) to also decrease. However, the relative change of the
(V/Vinax) values, for the C values considered, is limited to less than 3% for
all spectral indices. For simplicity, we thus assumed C' = 1200.

30Online calculators are available respectively at:
https://www.nrl.navy.mil/rsd/RORF /ne2001/model.cgi
http://www.atnf.csiro.au/research/pulsar/ymw16
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4.2.5 (V/Viax) of the FRB samples

The cosmological (V/Vihax) test is defined as the average over the sample of
the ratios between the volume of space included within the source distance
and the maximum volume in which an event, holding the same intrinsic
properties, could have been observed. A large value of (V/Vjax) indicates
sources distributed closer to the boundary of the volume probed by the given
survey. Conversely, a low (V/Vipax) value indicates a population distributed
closer to the observer with respect to the total survey—inspected volume.
In terms of comoving distance D(z), we express:

<VLX> - zifi [%} (4.20)

i=0 max

where N is the total number of FRBs in one sample, D(z) and z are, respec-
tively, the comoving distance and redshift of each object. Dyax and zmax
are the same quantities that would be evaluated if that same source was
observed at the limiting threshold of the same survey that found it, that
is if its measured fluence F, (or S/N) coincided with the survey detection
thresholds, F, jim (0r S/Niim), assuming the same intrinsic properties of the
event.

The largest volume which can be probed oc D3 (Zmax) is uniquely de-
fined by the survey (e.g. instrumental) parameters once a cosmology is
assumed. It can be expressed in terms of the maximum possible redshift
Zmax at which a given source can be observed with the survey considered.
In practice, we solved for zpax Eq. 4.11 (see Sec. 4.2.2 for the complete
derivation):

D(z) _

Dmax (Zmax)

N 1
S/Nlim 1+2z B
e G I

for each FRB in our sample. Here « is the observed spectral index of FRBs.
Our formulation of the luminosity—volume test has been implemented for
transient events embedded in a non-Euclidean cosmological volume and
can be used with any user-defined luminosity function, source distribution,
source spectral index and cosmology.

Following Shannon et al. (2018), we assumed a power—law spectrum for
the whole FRB population, with non—evolving spectral index . We consid-
ered three possible values of the spectral index oo = 0, & = 1.6 (see Macquart
and Ekers, 2018) and « = 3 in order to test how the spectral slope affects
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« ASKAP Parkes full sample
0 | 0.634+£0.054 0.443+£0.048 0.538 +0.109
1.6 | 0.681 +0.049 0.538 +0.046 0.624 4+ 0.086
3 10.711+£0.046 0.593 £0.045 0.652 £ 0.075
(z) | 0.429 £0.063 0.820+0.120 0.624 +0.218

Table 4.3: (V/Viax) for different values of the spectral index a. Values were
obtained for the full sample and for the ASKAP and Parkes sub-samples. We
assumed C' = 1200. The mean redshift (z) in each sample is also reported.

(z) CSFR (MD14) SGRBs (G16) Const.
0.429 | 0.536 0.519 0.474
0.624 | 0.544 0.519 0.464
0.820 | 0.549 0.516 0.457

Table 4.4: (V/Viax) obtained at different (z) for populations extracted via
the Monte Carlo method from the three tested redshift distributions de-
scribed in the text.

the estimate of (V/Vinax). Redshift were obtained through a Monte-Carlo
extraction, as described at the beginning of this section. By estimating zyax
for each FRB we can computed (V/Vipax) for the two samples of ASKAP and
Parkes FRBs and for the full combined ASKAP+Parkes sample. We then
repeated the test 10% times to account for the stochastic uncertainty on red-
shift. Considering a spectral index of 1.6 as found by (Macquart and Ekers,
2018), we found (V/Vipax) = 0.681 £0.049 and (V/Vipax) = 0.538 +0.046 for
ASKAP and Parkes, respectively, and (V/Viax) = 0.624 £ 0.086 for the full
sample. Values of (V/Vihax) for different values of the spectral index « are
reported in Table 4.3. By looking at Eq. 4.20 and 4.21 we already expect,
for a fixed (sub-)sample (V/Vpax) to increase with increasing «. Instead,
It is instructive to compare the above scenarios of the (V/Viax) trend with
(z), with expectation from known distributions of sources that potentially
constitute the FRB engines.

4.2.6 Comparison with simulated populations

We compared the values of the (V/Vi,ax) obtained for the ASKAP and
Parkes samples with the (V/Vihax) expected for different cosmological pop-
ulation of sources. We tested three different redshift density distributions:
i) the cosmic star formation rate (Madau and Dickinson, 2014, hereafter
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MD14); ii) the short GRBs redshift distribution (as found by Ghirlanda
et al., 2016, hereafter G16); iii) a constant density distribution (i.e. no
evolution).

We called ’energy function’ (EF) the density of sources (in the comoving
volume) as a function of their radiated energy (in analogy with the luminos-
ity function). For simplicity, we here neglected any EF evolution in cosmic
time, considering only the density evolution corresponding to three cases
above.

Synthetic populations were generated through a Monte Carlo extraction
from a PDF proportional to a given 1 (z) which represents the source den-
sity (i.e. per unit comoving volume) rate (i.e. per unit comoving time). The
sub-scripts k = 1, 2, 3 refer to the three cases considered above. By account-
ing for the cosmological time dilation and volume, the sampling probability
density function is:

Lav
dz

We then used the following procedure: we assumed a value of zp.x as the
maximum redshift at which a FRB population can be detected and generate
a fake FRB sample from z = 0 to z = zpax. Then we evaluated the average
(V/Vmax) and average (z) of the synthetic sample corresponding to that
Zmax- The (V/Viax) calculated from these events was then assigned to the
mean redshift (z) of the simulated FRBs, and the pair set a point in the (z)
versus (V/Viax) plane in Fig. 4.3. We repeated this procedure for all values
of zmax in order to obtain the model curves in Fig. 4.3.

The value of zpax is linked to the value of the intrinsic energy of the
FRB through Eq. 4.12, once the dependence of S/N on the energy, intrinsic
duration and distance is made explicit (see Appendix A):

EV(Vobs)

= 4.23
47 A (Wyest /ms)1/2’ (4.23)

pdf(2) dz o< Yg(z) - (1 + 2) (2)dz. (4.22)

[N

D?nax(ZmaX) (1+ ZmaX)a+

where Diax(Zmax) is the proper distance at redshift zmax; Eu(Vobs) is the
energy density of the FRB at the observed frequency vops >~ 1.3 GHz. The
constants A = 23.16 Jy ms for ASKAP and A = 0.54 Jy ms for Parkes
specify the fluence limit of the two instruments:

w’ Wrest \ 1/2
Fiim(Vobs) = Ay/ =225 = A (—eﬁt> (14 2max)/? [Jy ms], (4.24)
ms ms
where w! . = Wrest(1 + Zmax) is the pulse duration we would observe if

the FRB were located at redshift zp.x. Therefore fixing zpmax for a given
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extraction implies choosing the same intrinsic energy density E, (vops) for
all FRBs of the fake sample generated according to that zyax.

We note that the resulting curve (V/Vpax) as a function of (z) is actually
independent of the instrument (i.e. of the A parameter). In fact, if the A
parameter is changed (namely, for different flux limits of the survey), at
a given zmax the corresponding value of E,(vops) changes, but the curve
remains the same.

4.2.7 Results

The (V/Viax) test that we performed here includes the cosmological terms
(K—correction and time dilation) arising from considering FRBs at cosmolog-
ical distances as derived from their large observed dispersion measures. The
(V/Vmax) for the FRB sample (ASKAP+Parkes) and individually for the
two sub-samples (ASKAP and Parkes) are shown in Table 4.3 for different
assumed spectral index « of the FRB intrinsic spectrum.

Fig. 4.3 shows the (V/Viax) values distributions, obtained from the
Monte-Carlo extraction, as a function of the average redshift for the two
samples for ASKAP and Parkes. Values obtained assuming different « are
shown in Fig. 4.4. Solid contours show 1-, 2- and 3-0 level of confidence
estimated via a bootstrap re-sampling of the FRB population’s redshift.

The different curves show the expected (V/Vinax) as a function of mean
redshift for the assumed density distributions (see § 4.2.6). The extension
of the curves before their respective turnover is due to the different red-
shift where the assumed density distributions peak (see also Fig.4.5, bottom
panel).

We find the values calculated for the sub-samples differing of A(V/Vijax) =
0.12. We note that they probe different volumes. The Parkes (V/Vipax) is
fully consistent with a cosmic stellar population (CSFR — cyan solid line
in Fig. 4.3) or its delayed version (dot—dashed green line in Fig. 4.3). The
ASKAP sample instead deviates from the CSFR scenario. An evidence for
the difference between the ASKAP and Parkes FRB populations has also
been reported by J19, who find different slopes of the source count distribu-
tion for the two sub-samples. They also report the difference to be incon-
sistent with the one which is expected to be due to the different volumes
probed by the two surveys.

The larger (V/Viax) obtained for the ASKAP sample suggests a faster
evolution with respect to the CSFR up to the distances currently explored by
the ASKAP survey. This large value can not be explained even considering
a delayed-CSFR (green dot—dashed line in Fig. 4.3) or a different spectral
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Figure 4.3:  (V/Viax) of the ASKAP and Parkes FRB samples (red and
blue squares, respectively) computed accounting for the cosmological terms
(K—correction and rate) and the redshifts dispersion. Contours represent
the 1-, 2- and 3-0 uncertainties on (V/Vipax). A spectral index a = 1.6 is
assumed in this figure. Similar plots obtained with other possible values
of the spectral index are shown in Fig. 4.4. The lines show the trends of
(V/Vimax) as a function of increasing average redshift (i.e. survey depth).
The different colours (styles) thick lines show the results of the evolution of
(V/Vinax) obtained assuming different star formation rates (as labelled, see
also §4.2.8).
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Figure 4.4: Same as Fig. 4.3 where we assumed different FRB spectral index
«. Left panel: a = 0; right panel: a =3

index for the FRB spectrum, nor a different DMgnm(2z) relation. Overall,
the ASKAP FRBs hint to a population of sources with a redshift density
distribution different from those considered above (i.e. CSFR, delayed—
CSFR as derived for short GRBs or constant formation rate).

4.2.8 Discussion

We have found that none of the population distributions adopted can ac-
count for the observed (V/Vijax). We demonstrate here that this result is
independent of the particular shape of the energy function, as long as it does
not evolve in cosmic time. In the procedure we have adopted, each point
of the curves in Fig. 4.3 corresponds to a population of sources having the
same energy, calculated in such a way that its fluence corresponds to the
limiting fluence once the source is at its zmax. Smaller (z) correspond to less
energetic sources.

In reality we have a distribution of energies, each corresponding to a
different (V/Vpax), and (z). However all these pairs of values still belong
to the plotted curves. As an example, consider a specific EF, say a power
law in energy N(E) oc E~1, with T positive. There will be many points at
low energies, corresponding to smaller (z) for the curve in Fig. 4.3. Many
sources at lower (z) means that the corresponding (V/Vijax) will dominate
in the computation of the final (V/Vi,ax). Still, the final value is constrained
to be within the minimum and maximum values of the curve. As can be seen
in Fig. 4.3 no curve can account for the (V/Viax) of the ASKAP sample.
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Cosmic star formation rate Motivated by the strong hints on compact
objects as sources of FRBs we considered a population with a rate density
distribution described by the cosmic star formation:

(14 2)n
1+ (11127)@

We adopted the parameters as reported by Madau and Dickinson (2014),
ap = 0.015, a1 = 2.7, a3 = 5.7, and 2z, = 1.9. For a; > 0 and az > 1 the
formation rate peaks at z, with an increasing rate, for z < z,, with slope
ai. The (V/Viax) as a function of (z) obtained with this function is shown
in Fig. 4.3 (solid cyan line). The comparison with the ASKAP and Parkes
values shows that a density evolution of FRBs following the star formation
rate (Eq. 4.25) is consistent with the the Parkes (V/Viax) value, but is
largely below the ASKAP point (which is ~ 2 — 30 above the expectation
for a population distributed as Eq. 4.25).

¥(z) = ao (4.25)

Phenomenological ” FRB formation rate” The increase with redshift
(x (14 2)P* at low z) of the CSFR as represented by Eq.4.25 is too shallow
to account for the ASKAP point. In order to account for the values of
(V/Vinax) of both the ASKAP and Parkes sub-samples we used the form:

zpl

FRBFR(z) = po— .

(4.26)

The large (V/Vinax) of ASKAP is found at an average redshift significantly
smaller than the redshift where the CSFR peaks (see the bottom panel of
Fig. 4.5). We have verified that we can reproduce both the ASKAP and the
Parkes (V/Vinax) values using, for instance, po = 1. p; = 3.7, p2 = 4.8 and
zp = 0.6. In this purely empirical model, py is the density rate measured
today (z = 0), pp is the slope of the density rate before it reaches its peak
zp while at z >> z, the function has slope p;/ps. We stress that numerical
values provided for the parameters do not correspond to a formal fit and
other possible functional forms could well be consistent with the two points.
Proper model selection and parameter fitting is out of the scope of the
current work. Here we wanted to find an empirical density distribution
which we can a-posteriori compared with the cosmic star formation rate.

The model described above is shown by the solid red line in Fig. 4.5
(top panel). For comparison, also the model curve obtained from the CSFR
described in the previous section is shown (dotted cyan line).



4.2. FRBS’ COSMOLOGICAL DISTRIBUTION: THE V/Vy\iax TEST149

SFR (MD14)
== . SFR (delay 1)
=== SFR (delay 2) 7]
mmmm FRBFR

Figure 4.5: Simulated populations obtained from different redshift density
distributions 1, (z). Upper panel: (V/Viax) as function of the average ob-
servable redshift. Contours show the ASKAP and Parkes confidence levels
assuming o = 1.6 (see Fig. 4.3). Bottom panel: normalised source rate as
function of redshift. Distributions are normalised to their integral.
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Delayed cosmic star formation rate One possibility (e.g. motivated
by the similar case of short GRBs) is that the progenitors of FRBs produce
the radio flashes at some advanced stage of their evolution. This would
introduce a delayed density distribution which in the simplest case can be
modelled starting from the CSFR as (see G16)

oo
V() = [P~ 1) (4.27)
z

. For the delay function we considered (1) a normal PDF centred on 4 Gyr
with a dispersion ¢ = 0.1 Gyr, and (2) a power-law with slope oc 77! with a
minimum delay equal to 1 Gyr. The latter is what is expected for the merg-
ing of compact objects (Greggio, 2005; Belczynski et al., 2006; Mennekens
et al., 2010; Ruiter et al., 2011; Mennekens and Vanbeveren, 2016; Cao et al.,
2018). The (V/Vpax) curves obtained with these two models are shown in
Fig. 4.5 (top panel) by the dashed (magenta) and dot-dashed (green) lines,
respectively. The resulting source rate are plotted in Fig. 4.5 (bottom panel)
in purple and green colour respectively. Although they peak at later times
by construction, none of the delay models look to be consistent with the
ASKAP data. In fact the effect of the delay is just to move the maximum
value attainable for the (V/Viax) to later times (i.e. smaller redshifts), but
does not increase enough to become consistent with the ASKAP value (cfr
Fig 4.5, upper panel).

4.2.9 Section summary

We have performed the (V/Viax) test for two different FRB samples, assum-
ing that their distances are cosmological. Having characterised each sample
through its average redshift, we have verified that the value of (V/Viax) for
the Parkes sample is similar to the one derived assuming that FRBs follow
the star formation rate. This would indicate that FRBs can be associated
to compact stellar objects, such as neutron stars. Instead, for the ASKAP
sample, sampling a closer volume but slightly more energetic FRBs, the
value of (V/Vpax) is larger than the one derived with a population follow-
ing the star formation rate. This result depends negligibly on the assumed
FRB spectral index and has been determined accounting for the different
sources of uncertainty on the estimate of the redshift of FRBs taking on a
conservative approach.

At face value, this suggests that the progenitors of FRBs evolve in cosmic
time faster than the star formation, and reach their maximum at redshift
between the average redshift of the ASKAP and Parkes samples. Such fast
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evolution at relatively low redshifts can be due to a density evolution faster
than the star formation rate, or to a luminosity (and energy) evolution
superposed to a standard star formation rate. This is intriguing, because it
would suggest a very peculiar population for the FRB progenitors, but at this
stage we are not able to disentangle between these possibilities. A possibility
is that, similarly to short Gamma Ray Bursts, there is a delay between the
formation of the stars producing the FRB phenomenon and the FRB event.
However, we verified that this cannot produce the steep rise (as a function
of redshift) of event rate up to z ~ 0.3 — 0.4 needed to account for the
observed ASKAP (V/Viax). The phenomenological 'FRB formation rate’
we have found, that can fit both the ASKAP and Parkes (V/Vi,ax) cannot
be interpreted in a simple way on the basis of known population of sources.
While the investigations of possibilities is demanded to a future work, we
stress the need of having surveys exploring the same (large) sky area of
ASKAP, but with a fluence limit comparable to Parkes. This will show how
the FRB population evolves in time in the interesting 0.3—2 redshift range.

4.3 The Northern Cross FRB project at 408 MHz
(Locatelli et al., 2020a)

Abstract Fast radio bursts remain one of the most enigmatic astrophys-
ical sources. Observations have significantly progressed over the last few
years, thanks to the capabilities of new radio telescopes and the refurbish-
ment of existing ones. Here we describe the upgrade of the Northern Cross
radio telescope with the ultimate goal of turning the array into a dedicated
instrument to survey the sky for fast radio bursts. We present test observa-
tions of the pulsar B0329+54 to characterize the system performance and
forecast detectability. Observations with the system currently in place are
still limited by modest sky coverage (~ 5.9 deg?) and biased by smearing of
high dispersion measure events within each frequency channels. In its final,
upgraded configuration, however, the telescope (N-S arm) will be able to
carry out unbiased fast radio burst surveys over a ~ 350 deg? instantaneous
field of view up to z ~ 5, with a (nearly constant) ~ 760 (7/ms)~%° mJy
rms sensitivity.

4.3.1 Context of the experiment

The FRB excess of dispersion measure with respect to the Galactic contri-
bution is nowadays accepted as a convincing evidence of their extragalactic
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origin, but, beyond this, little is still known about their nature and physics
(for a review on the topic, see Petroff et al., 2019; Cordes and Chatterjee,
2019). Almost one hundred FRBs have been observed to date and only a
handful of them appear to repeat (Spitler et al., 2016; CHIME/FRB Col-
laboration et al., 2019a,b; Kumar et al., 2019). A few FRBs have been
localized, confirming their extragalactic origin, and their host environments
have been found fairly different (Chatterjee et al., 2017; Michilli et al., 2018;
Ravi et al., 2019). This scenario seem to indicate that FRBs may not be
a single class of events and a significant effort is nowadays undertaken to
localize more bursts (Bailes et al., 2017; Bannister et al., 2019; Kocz et al.,
2019).

Beyond localization, the detection of a larger number of FRBs is crucial
to discriminate among possible different populations (Caleb et al., 2016; Ni-
ino et al., 2018; Macquart and Ekers, 2018; Keane, 2018; James et al., 2019;
Locatelli et al., 2019), their emission mechanism (Lyutikov, 2017; Ghisellini,
2017; Ghisellini and Locatelli, 2018) and their astrophysical environment
(see Platts et al. 2019 for an updated review). Moreover, a larger statistic is
necessary in order to use FRBs as effective cosmological probes (McQuinn,
2014; Macquart, 2018; Akahori et al., 2018; Vazza et al., 2018a; Hackstein
et al., 2019; Ravi, 2019).

Initially, FRBs were detected at GHz frequencies (Lorimer et al., 2007;
Thornton et al., 2013; Spitler et al., 2014; Burke-Spolaor and Bannister,
2014; Petroff et al., 2015; Bhandari et al., 2018; Patel et al., 2018; Shannon
et al., 2018), but recent observations in the 400 — 800 MHz range have enor-
mously increased the FRB statistics (e.g., Caleb et al., 2016; CHIME/FRB
Collaboration et al., 2019a,b) and placed increasingly better upper limits
on their event rate (Sokolowski et al., 2018; Sanidas et al., 2019; ter Veen
et al., 2019), showing the advantage of the large field of view (FoV) intrinsic
to low frequency observations.

In this work we describe the ongoing effort to turn the Northern Cross
(NC) radio telescope into a dedicated FRB survey machine observing at
408 MHz. We describe the current status of the instrumentation and related
observations, and the forecast for upcoming surveys.

The Section is organized as follows: in § 4.3.2 we describe the current
instrument status and recent upgrade, in § 4.3.3 we present test observations
that characterize the system, in § 4.3.4 we forecast the FRB detection with
the NC and we conclude in § 4.3.5.
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Figure 4.6: Aerial view of the Medicina Radio Astronomical Station. In the
foreground, the Northern Cross with its two orthogonal arms.

4.3.2 Instrument description

The NC is a T-shaped radio interferometer operating at 408 MHz, located
at the Medicina Radio Astronomical Station (Bologna, Italy). Its orthogo-
nal arms are aligned along the North-South (NS) and East-West directions
respectively (Figure 4.6). Historically, the NC was used to survey the sky,
producing several catalogues of extragalactic radio sources (e.g., Colla et al.,
1970; Ficarra et al., 1997; Pedani and Grueff, 1999).

The NS arm has 64 reflective cylinders, 7.5 x 23.5 m each, for a total col-
lecting area Ans = 11280 m?. However, as the antenna efficiency is ~ 0.71
(Bolli et al., 2008), the effective area is reduced to Ans eff ~ 8000 m?. Each
cylinder focuses the incoming radiation on 64 dipoles with single polariza-
tion, placed on the focal line; cylinders are spaced 10 m apart, leading to a
total arm length of 640 m. The East-West arm was not used in this work.

The NS arm underwent an upgrade of six of the antenna and receiving
system (see Montebugnoli et al., 2009, for details) which is currently being
extended to all antennas in the N-S arm. The focal line of sixteen cylinders
has been modified in order to group the signals of sixteen dipoles together,
providing four analogue signals per cylinder, i.e. 64 receiving inputs for the
refurbished sector (Figure 4.7). The analogue receivers and digital backend
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Figure 4.7: Scheme showing the refurbished section of the NS arm. The red
circles indicate the position of the four receivers located on the focal line of
each cylinder.

systems, as well as the firmware design, are accurately described in Perini
(2009b,a); Perini et al. (2009); Comoretto et al. (2017); Magro et al. (2017,
2019) respectively. We refer the reader to these works for more technical
details.

For what concerns our analysis, we briefly mention that the final chan-
nelized data streams are stored to disk using a simple binary format and
are then correlated to generate calibration coefficients (see § 4.3.3). The fre-
quency channels of interest from the fully sampled beam are saved to disk
using a modified version of the SIGPROC Filterbank file format (Lorimer,
2011), where the complex voltages, rather than the power, are stored. This
modification reduces the processing requirements (i.e. eliminates per-sample
processing), resulting in the system being capable of writing data to disk in
real time, and allows for custom offline software to convert the file to differ-
ent file types such that no signal information is lost. For the tests described
in this work, custom filterbank files are converted to filterbank compatible
files.

The system (front end and back end) described in the references above
is already a major upgrade over the pulsar back end used in the late '90s
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Table 4.5: Characteristics of the current acquisition system.

N. of frequency channels 1024

Channel width 781.25 kHz

Time resolution 1.08 us
Multibeam beamformer

N. bits 16 complex

N. channels 384

N. beams 4

Max. time resolution 69.12 us

Max. throughput 355.56 Mb/s
Single beam beamformer

N. bits 16 complex

N. channels 21

Throughput 311.11 Mb/s

for pulsar searches and timing (D’Amico et al., 1996), however, we have
already started to further optimize the system for FRB observations. The
beamformer will be re-designed in order to produce up to twenty indepen-
dent beams, placed anywhere inside the single element FoV. We outlined
the most useful information characterizing the instrument in Table 4.5.

4.3.3 Test observations

We performed test observations in order to validate the system for FRB
studies. As described in § 4.3.2, the digital beamformer requires that the
receiver signals are corrected for the corrupting effects that enter along the
RF path. This calibration procedure is done through standard interferomet-
ric techniques where the channelized complex voltages v from each receiver
pair (4, j) are recorded and cross correlated to form visibilities V;;:

Vig = (ui(t) v} (1)) at, (4.28)

where ()a¢ indicates the average over the integration time At and * is the
complex conjugate. A software correlator is used to evaluate the right hand
side (RHS) of equation 4.28 by integrating the cross products over At =
1.13 s, that is a trade-off between S/N and fringe smearing.
The instrumental corruptions can be described by complex receiver gains
g:
Vii(t,v) = gi(t,v) g; (t,v)Vis(t,v), (4.29)
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where V° are the observed visibilities, i.e., the visibilities that are corrupted
by the instrumental response. The calibration procedure involves determin-
ing the instrumental gains g that can be solved for if the visibilities V;; are
known, i.e., through the observation of a calibration source. We observed
Cas A, a standard calibrator for which we assumed a 4467 Jy flux density
at 408 MHz (Perley and Butler, 2017). Observations were carried out for
~ 2 hours in the single beam mode (details are reported in Table 4.6). Six
cylinders are formed by a total of 24 receivers, leading to 276 independent
baselines, most of which are redundant due to the regular configuration grid
(see Figure 4.7 for a reference scheme of the array used).

Table 4.6: Specifications of the NC test observations.

Central observing frequency 408 MHz
Analogue bandwidth 16 MHz
Total number of cylinders 6
Total number of receivers 24
Longest baseline (NS) 50 m
Receiver FoV ~ 38 deg?
Receiver FoV FWHM North—South 5.9°
Receiver FoV FWHM East—West 6.4°

Visibility data were edited and flagged, and calibration equations solved
using two different minimization methods (Boonstra and van der Veen,
2003), obtaining consistent solutions. Examples of visibilities compensated
for the delay corresponding to the position of Cas A at the local meridian
are shown in Figure 4.8. The bottom panel clearly shows that, after cali-
bration, the real part of the visibilities has maxima aligned in the desired
direction, at hour angle w = 0°.

We used the derived antenna gains, combined with the geometric delay
compensation coefficients, to beamform the six cylinder array towards the
pulsar PSR B0329+54 (Cole and Pilkington, 1968). PSR B0329+54 has a
714 ms period (Hobbs et al., 2004), a Sy = 1500mJy flux density at
400 MHz (Lorimer et al., 1995) and a DM = 26.7641 pc cm™3 dispersion
measure (Hassall et al., 2012). It was observed for ~ 20 minute around
transit.

We considered 20 s-long observations that were de-dispersed and over
which the pulsar profile was folded. The pulsar is visible in each 20 s obser-
vation, and we used data taken closest to transit to estimate a S/N ~ 422
(Figure 4.9), which, in turn, implies an rms noise og = % ~ 3.6 mJy -
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Figure 4.8: Real part of the complex visibilities corresponding to the transit
of Cas A before (top panel) and after (bottom panel) calibration. Only the
central channel at 407.6875 MHz is shown. Fringes show the main peak at
transit (w = 0°) where they are phased, i.e. where the geometrical delay is
compensated. Each colour corresponds to one of the 276 independent base-
lines. Fringe spacing is proportional to baseline lengths, therefore redundant
visibilities appear grouped in subsets that have similar fringe frequencies.
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where g indicates the sensitivity of the six cylinder array.

The derived sensitivity can be used to determine the System Equivalent
Flux Density (SEFD) of a single receiver, which is the quantity that we
ultimately want to characterize. The receiver sensitivity o is given by:

o= Aog (4.30)

where A = 24 is the ratio between the area corresponding to six cylinders and
one receiver respectively. The receiver SEFD is then given by the radiometer
equation (for a similar approach, see Amiri et al., 2017):

SEFD:J\/NPB :Adﬁ\/Nth, (431)

where Np is the number of polarizations measured, B the bandwidth and ¢
the observing time. In our case we have Np = 1, B = 16 MHz, t = 20 s,
obtaining SEFD ~ 1530 Jy.

4.3.4 FRB survey design

The system characterization allows us to forecast the FRB detectability with
the NC. The telescope can already be used to observe known - i.e. repeating
- FRBs, but, given its large FoV, it is best suited to carry out blind surveys
to detect new FRBs.

The NC cylinders can be synchronously steered in declination by a com-
mon driveshaft that can be disabled, allowing each cylinder to be moved
independently. The elevation range that can be observed without shadow-
ing spans 45° from zenith, therefore 0 < § < 90° is the maximum observable
declination range. Recalling that the receiver FoV is ~ 6° (full width at half
of maximum, FWHM), 15 pointings are needed to cover the 90° declination
interval. We therefore envisaged three different modes to observe FRBs with
the NC:

I A pilot blind survey: the hardware and software upgrade described in
§ 4.3.2 has been completed for eight cylinders which can, in turn, be
split in two groups of four cylinders, each pointing 6° apart. With the
current beamformer, each pointing can be tiled with four beams, each
1° x 1.6° wide, placed along the right ascension direction. Such survey
will cover Aoy ~ 5.9deg? instantaneously with a sensitivity o:

_ SEFD
AVB

or ~ 760 (7/ms) %5 mJy (4.32)
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Figure 4.9: Observed profile of B0329+54. Bottom panel: intensity profile
as a function of rotational phase and channel width, integrated over 20 s. We
note a slight decrease at the band edges due to the sensitivity loss. Central
panel: same as the bottom plot but as a function of a single-pulse time
(~ 700 ms) over the 16 MHz bandwidth. The blanked horizontal bands
represent time affected by RFI and, therefore, discarded. We note that
no further flagging was needed. Top panel: pulse profile integrated over
frequency and 20 s.
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where A1 = 16, i.e. the number of receivers corresponding to four
cylinders and 7 is the observed time expressed in milliseconds (see
also equation 4.33 below);

IT A blind survey that covers the widest possible area: once the whole NS
arm is upgraded, the layout of the pilot blind survey can be extended
to observe the whole declination range that can be accessed instanta-
neously, i.e. 0 < 9§ < 90°, covered by fifteen pointings spaced 6° apart.
Each pointing is observed with four cylinders, i.e. leading to the same
sensitivity as per the survey I. The current system cannot take full ad-
vantage of the increased sky coverage as the four independent beams
only cover ~ 10% of the receiver FoV. For this survey we therefore con-
sidered that the improved multibeam and channelization capabilities
anticipated in § 4.3.2 are already deployed on all the sixty cylinders.
If twenty independent beams are independently placed within the re-
ceiver FoV, the instantaneous sky coverage improves dramatically to
Apgv ~ 350deg?. We will use this layout as our best case for FRB
observations;

e Follow up of known (repeating) FRBs. Known sources can be followed
for ~ 30 minutes as they transit through the receiver FoV. If sixty
cylinders are beamformed together in a 4.5 x 1.6° beam, a gy ~
50 (1/ms)~%® mJy sensitivity can be achieved.

A limitation of the current acquisition system is the relatively coarse fre-
quency resolution that can lead to time smearing of high DM events (see
Fig. 1.3, where the signal is both broadened over the observing band and its
S/N is reduced by the dispersion). For a transient event of intrinsic duration
t;, equal or shorter than the time sampling width At;, the observed time 7
is defined as (e.g., Amiri et al., 2017):

T = /A + 12+ 12, (4.33)

where tg is the scattering time and ¢; is the intrinsic time duration of the
event. If the signal propagates through an ionized plasma, it experiences an
additional dispersion delay tpy; so that:

VI R (4.34)
where the dispersion time is (e.g., Burke-Spolaor and Bannister, 2014):
DM Avg, ( v >3
tDM =8.3 C HUS, 4.35
[ 25| [MHZ] \ [GHZ] (4.35)
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where Avgy, is the channel width and v is the observing frequency. With the
current system, an FRB with a DM = 665 pc cm™ (the mean of the known
FRB population, Bhandari et al., 2018) would experience an intra-channel
dispersion (smearing) 7:

T o~ tpM ~ 64 ms, (436)

that becomes 248 ms for the highest DM observed to date, 2596 pc cm™>
(Bhandari et al., 2018). A smaller channel width reduces the intra-channel
smearing, normally implying an increase of the sampling time that, however,
needs to remain sufficiently small to properly sample the burst duration. We
quantified the impact of the intra-channel smearing for the surveys I and II
by estimating the FRB event rate following Connor (2019). Table 4.7 sum-
marizes the main specifications of both surveys, where, like we defined above,
survey II already employs the finer channelization anticipated in § 4.3.2.
Event rate estimates require the knowledge of the FRB cosmological
distribution, their spectral index, their distribution in duration and their
intrinsic luminosity. In particular, we adopted the following assumptions:

e a linear relation between the FRB dispersion measure and its redshift,
i.e. DM = 1000 z pc cm™? (Inoue and Ioka, 2012; Dolag et al., 2015);

e a log-normal distribution for the FRB luminosity function at 1.4 GHz
Lchy, peaking at 1032 erg s~ and full-width at half maximum of 1.5;

e a constant spectral index 8 = 1.5 for each event?, consistent with
the average spectral index of known FRBs (Macquart et al., 2019).
Although this assumption is likely incorrect, it only affects the rates
observed at different frequencies and not the rates observed by the two
surveys.

We assumed that the FRB cosmic evolution either follows the cosmic star
formation rate (CSFR, Madau and Dickinson, 2014), or a phenomenological
formation rate (FRBFR, Locatelli et al., 2019). In their work, Locatelli
et al. (2019) model the FRB cosmological evolution following the observed
distribution of the events with DM < 1000 pc ecm ™2 (Shannon et al., 2018;
Macquart, 2018). In this model, the evolution is faster than the CSFR model
and peaks at earlier redshifts. The cumulative event rate Rs above a given
flux density threshold is shown in Figure 4.10 (Figure 4.11) for the CSFR
(FRBFR) model. We also calculated the bias parameter b:

18, < v™#, where S, is the flux density at the frequency v.
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Figure 4.10: Upper panel: cumulative event rates Rs normalized to their
relative peaks. The black solid line represents the theoretical prediction for
the ideal case with no intra-channel smearing. The curve was fitted by a
power law above the detection threshold. The best-fit power law is plotted
as a grey dotted line and its slope is reported in legend. The dashed red
line and the solid cyan line show case I and II from Table 4.7 respectively.
The cyan and black lines are virtually overlapping. The vertical dashed line
represent the 1007 detection threshold - which is the same for both surveys.

Lower panel: bias parameter b as
details).

a function of flux density (see text for
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Figure 4.11: Same as Figure 4.10, for the FRBFR model.

Survey Atb Al/ch AFoV g

type pus  kHz O  mly (7/ms)"%5
I 70 781 5.9 760

I1 276 3 350 760

Table 4.7: NC parameters for the two proposed surveys (see text for details):
survey type; sampling time; channel width; instantaneous sky coverage; ex-
pected noise level (per millisecond).
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Rs(Aven)

b PN e
Rs(AVch — 0)’

(4.37)

i.e. the ratio between a given rate and the ideal rate - i.e., the rate unaffected
by intra-channel smearing.

There is a significant loss of events due to intra-channel smearing for the
survey I, with a magnitude that depends upon the chosen FRB model. In
the CSFR case, there is essentially no event loss at the bright end of the
cumulative event rate, whereas the completeness decreases to 17% at the
detection threshold. For the FRBFR case, the loss is already significant for
bright events. The reason for this difference is due to the fact that low-
redshift events have a higher DM in the FRBFR model than the CSFR one,
leading to a higher intra-channel smearing.

Survey II has, conversely, essentially no incompleteness (i.e., b = 1),
regardless of the evolutionary model. This implies that the channelization
adopted for survey II leads to an unbiased estimate of the true event rates.

The bias introduced by intra-channel smearing is redshift dependent as
more distant events generally entail larger dispersion measures. Figure 4.12
displays two DM maps obtained from a cosmological simulation of the in-
tergalactic medium (see Vazza et al., 2017, for the simulation details) that
clearly show that larger DM values corresponds to larger cosmological vol-
umes and, therefore, higher redshift events. The lower panel of Figure 4.12
quantifies this effect using the linear DM-z relationship. For the survey I
case, the dispersion of high redshift FRBs leads to a S/N decrease of about
one order of magnitude at z ~ 1, that is, only the brightest events are ob-
servable at high redshift. For survey II, conversely, the S/N only changes
by ~ 40% up to z = 5. We finally assessed how much survey I and II
constrain the FRB statistical properties. We assumed that the probability
density function P of observing M events follows a Poissonian distribution
(Vedantham et al., 2016; Amiri et al., 2017):

P(M|N(a)=C (4.38)
where N is the number of expected events and C' is a normalization factor,
chosen so that [ P(a)da = 1. We assumed a power law shape for the event
rates IV:

S\
N () = 300 (1 Jy) x FoV x Ngay sky 'day~!, (4.39)

where we used the event rate from CHIME/FRB Collaboration et al. (2019a)
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Figure 4.12: Upper panel: Simulated dispersion measure map from a cos-
mological simulation, for a full lightcone with a~ 1° aperture including the
cosmic web up to z = 1 (left) or z = 3 (right). Lower panel: detection
threshold as a function of the burst redshift, assuming a z — DM linear rela-
tion and a 1 ms burst duration, for survey I (dashed-red line) and II (solid

cyan line) respectively.
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Figure 4.13: Constraints on the slope of the event rates for the survey II
(top ) and T (bottom panel) respectively. The probability is plotted as a
function of 0 (blue), 1 (orange), 2 (green), 10 (red) observed events over
N () expected events for 30 observing days (720 hours). Horizontal dashed
lines show the 5% and 95% confidence levels respectively.

as our pivotal value, that is, 300 events brighter than 1 Jy observed in the
400 — 600 MHz range.

The probability to find a slope smaller than « is thus given by the inte-
gral:

P(<a) = /_ PN () del, (4.40)

while the probability of finding a slope greater than « is 1 — P(< «). Con-
straints on the slope of the event rates are shown in Figure 4.13 for survey I
and IT assuming a fiducial duration of 30 days. Due to its larger FoV, sur-
vey II will place better constraints on the event rate slope than survey 1. A
non detection, in particular, will be able to rule out flat slopes, constraining
a > 0.35 at the 95% confidence level.
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Assuming a = 1 (consistent with estimates at GHz frequencies; Vedan-
tham et al., 2016; Amiri et al., 2017), we expect ~ 40sky ! day ! events
above the survey detection threshold, leading to one detection every three
days for survey II. For survey I we expect to detect one burst in ~ 112571
days (continuous), where the bias term incorporates the dependence upon
the FRB evolutionary model due to DM smearing.

The amount of data collected by the different survey modes (I and II)
can be estimated from the test observation described above (Sec. 4.3.3).
The output has been quantified in 2 bytes (for a 16-bit complex number)
for each frequency channel, time bin and synthesized beam. The total out-
put thus depend on the observing mode. Considering the values given in
Tab. 4.7, survey type I will produce ~ 400 GB per 24h observation. The full
N-S arm in used for survey type II will produce about ~ 800 TB every 24h
of observation. Currently the telescope is equipped with a 100 TB storage
capacity, which will be increased to cover the estimated data output. Buffer-
ing and on-line search strategies, which may help reducing the required total
capacity have not been considered in this work.

4.3.5 Section summary

In this Section we have described how the Northern Cross radio telescope is
currently being equipped to carry out FRB surveys at 408 MHz. The current
system uses a 16 MHz bandwidth divided in 21, 781 kHz wide channels
and consists of eight cylinders whose inputs can be combined into either a
single beam or four independent ones with a sub-ms time sampling. Tests
of the digital and software back-end were carried out with six cylinders
by observing the pulsar PSR B0329+54 from which the receiver SEFD =
1530 Jy was derived. Based on the derived SEFD, we presented forecasts for
FRB searches using two different models of their cosmological evolution for
two cases, one which uses the current system with eight cylinders (survey I)
and an advanced one that uses sixty cylinders (survey II), for which we
assumed the back-end upgrades in terms of multi beam capabilities and
finer channelization that are currently under development. For both cases
the rms sensitivity is o7 = 760 (7/ms)~%® mJy, with an instantaneous sky
coverage of 5.9deg? and 350 deg? respectively.

We found that the survey I is expected to detect one FRB every ~
112 days, although this rate suffers from smearing of high DM events and,
therefore, depends upon the underlying FRB evolutionary model. Survey II
is, conversely, immune from intra-channel smearing and is expected to yield
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one detection every three days, independently of the FRB model. Due to
its large FoV, it is expected to probe FRBs up to z ~ 5 with an almost
constant detection threshold. Based on the current low frequency event
rates (CHIME/FRB Collaboration et al., 2019a), survey II will be able to
constrain the slope a of the event rate. In particular, in the case of no
detections, a 720 h campaign will yield o > 0.35 at the 95% confidence
level. Assuming a fiducial slope o = 1, we expect ~ 40 sky~! day~! events
above a 100y detection threshold, that is, one detection every three days.

While the upgrade to carry out survey II is ongoing, the current system is
being used to monitor repeating FRBs and improved localization capabilities
are being considered by deploying receiving systems at 408 MHz at the other
Italian radio astronomical stations.
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Conclusions

The driving mechanism for the amplification of the magnetic fields and parti-
cle acceleration in collisionless plasma, in regimes where small scale dynamo
is small or negligible, is the compression of the magnetic field lines together
with the plasma. The role of mild (M ~ 2—4) and strong (M > 5) shocks is
paramount for the compression and heating of the plasma over Mpc scales.
So, in Sec 2.2, within this scenario and by means of total energy minimiza-
tion arguments, we have been able to test the magnetic field strength in the
outskirts of the cluster A2249. We constrained it to 0.4 uG < Byipe < 10 uG
and we derived for the first time constraints also on the electron acceleration
efficiency in radio relics of 5 x 107° < &, < 1072, These values have been de-
rived thanks to the serendipitous discovery with LOFAR of a new and very
faint radio relic. The magnetic field is well line with the estimates in other
radio relics, of the order of a few G (van Weeren et al., 2019). For instance,
IC emission places lower limit to B > 1.6 4G in the Toothbrush relic (Ita-
hana et al., 2015), B > 0.7 uG in RXC J1053.7+5453 (Itahana et al., 2017)
and B > 3 uG in A3667 (Finoguenov et al., 2010) relics. Equipartition argu-
ments also place B ~ pG in radio relics (e.g. Stuardi et al., 2019), while DSA
modeling usually constrains a wider range (1 uG < B < 20 uG), but has the
advantage of providing also the electron acceleration efficiency &, (Vazza
et al., 2015a; Botteon et al., 2020a). With this respect, we found that for
the ”Cornetto” relic £, < 1072 relaxes the tension (which holds for brighter
relics instead, & > 1072, Botteon et al. 2020a) between the proposed model
for particle acceleration, namely DSA, and the cluster plasma thermody-
namics. This finding, obtained within this PhD thesis, has strengthened the
expectation that stronger formation shocks may indeed illuminate also fila-
ments of the cosmic web. Furthermore, this new relic may represent a first

169
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evidence for a sub-class of low frequency faint radio relics, yet unexplored
due to selection biases now breached by the LOFAR unprecedent sensitivity.

Further out and deeper into the cosmic web also, we have been able
to constrain Bype < 0.25 — 0.75 uG from low frequency observations of
pairs of galaxy clusters (Sec. 2.3). In a primordial seeding scenario, this
can be translated into constraints on the primordial field strength of By <
10 — 30 nG. This limit on By is somewhat looser than the ones derived
from other independent probes (see Fig. 2.22 and references therein) that
place Byipe to a few nG. We recall that our estimate constitutes a first
case for the magnetization strength in the environment proper of (massive)
cosmological filament between galaxy clusters, where the magnetic field has
strengthen thanks to the larger density of the environment with respect
of the volume-filling sheets and voids. We also showed how increasing the
modest sky coverage used so far (only a few deg?), over other massive cluster
pair candidates, will rapidly narrow down the window of By even in the case
of systematic non-detection of diffuse emission.

In Sec 3.2, we showed that similar field estimates could be tested at the
same depth (~ 0.1 uG), to date, by exploiting grids of polarized background
sources. In fact a Byipe ~ 0.1 G would result in a ~ 8rad m~2 contribute to
the rotation of the polarization plane in ~Mpc-deep filaments (where ne ~
10~*cm™3). This number is about the sensitivity of the current large radio
telescope arrays (JVLA). We provided tools for estimating the requirements
to be met by future polarization surveys (e.g. MeerKAT, ASKAP, SKA-
Mid) by means of number of sources, RM sensitivity and noise level (i.e.
exposure time), in order to break the limits down. We also investigated
sources of systematic errors and quantified their effect on the probability
of detecting a statistical difference of RM contributed by Faraday rotation
from the cosmic web, with respect to a control field.

Unfortunately, the ultimate experiment set to provide the observational
support to this forecasts (Sec. 3.3) has met new, unexpected and unsolved
challenges. We could not test the magnetisation of the LSS around the
massive galaxy cluster A2744, yet we built a very useful dataset that will
be crucial to explore the methods, currently under development, to extract
the very faint polarization information across the full primary beam of radio
telescopes, cleared from instrumental leakage.

Finally, on a separate yet complementary thread, we investigated the
population properties of FRBs. By recalling that they have already been
proposed as powerful probes of both the IGM and IGMF models, in Sec. 4.2
we focused on their distribution in space to constrain the class of progeni-
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tors and their cosmological evolution, finding hints for a star-like origin, as
supported by the most recent and rapid developments of the field, and the
presence of either an evolution at low redshift of their luminosity function or
un-diagnosed selection effects biasing the available samples. With the aim
of further exploring this issue, together with the goal of providing the global
FRB community with a wide-area survey, down to 408 MHz, in Sec. 4.3 we
studied, proposed and (most surprisingly) are actually implementing a re-
furbished very powerful survey instrument for FRB detection: the Northern
Cross in Medicina, which already started pilot activity with know repeating
FRB monitoring. The goal is to come to the full exploitation of the N-S arm,
which would provide the largest effective area (Ang s =~ 8000 m2) dedicated
to FRB search to date, and to increase the current instrument sensitivity to
FRBs. We demonstrated that this can be accomplished by optimising the
channel width to 1-10 kHz to prevent dispersion smearing. While the system
update will require some time (~ months), on shortest timescales the eight
first available antennas are being probed and used in single- and multi-beam
mode to observe know repeating FRBs (CHIME/FRB Collaboration et al.,
2019b) and the galactic magnetar SGR 193542154 (Bochenek et al., 2020)
both individually and in collaboration with the network of Italian VLBI an-
tennae for localizing FRBs (Pilia et al., 2020). We hope to make this old
yet new instrument very soon again available to the Bologna, Italian and in
future possibly international communities.

As a final remark, we notice that the PhD project has been run in co-
incidence with the beginning of a fortunate era of radioastronomy, in which
several large and powerful instruments have been made available (JVLA,
uGMRT, LOFAR, MeerKAT). We tried our best to exploit their different
features such as high and low resolution, wide bandwidth, different fre-
quency ranges and deep observations, in order to nail down the strength
of magnetic fields outside galaxy clusters. Our feeling is that, despite the
difficulties met both in the data analysis and the following non-trivial inter-
pretation, this PhD thesis has advanced both the knowledge of targets (fast
radio bursts, inter-galactic magnetic fields, acceleration mechanisms) as well
as it has refined the understanding of the methods involved (interpretation
of diffuse emission, Faraday effect, population statistics and instrumental
development). The next years look very promising for obtaining deeper in-
sight in the same directions taken in this work, also thanks to the additional
deployment of other paramount projects such as the Square Kilometer Ar-
ray for the radio and the eROSITA and Athena Observatories for the X-ray
domain.
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