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Abstract

Doctor of Philosophy

Interplay between relativistic and thermal plasma in relaxed galaxy clusters

by Alessandro IGNESTI

Galaxy clusters are complex ecosystems, where galaxies with powerful active galac-
tic nuclei, thermal plasma, magnetic fields, and cosmic rays can interact and flourish
in spectacular astrophysical phenomena. Decades of studies have investigated these
systems, and as the boundaries of our knowledge were pushed forward, new ques-
tions emerged awaiting to be answered.

The main focus of this Thesis is the interplay between the relativistic and ther-
mal plasma of the intra-cluster medium. The study of the intra-cluster medium
(ICM) allows to understand the way energy is injected from large scale dynamics
and dissipated in different channels. These channels include viscous heating and
the generation of non-thermal components that, eventually, generate diffuse radio
emission. Furthermore, studying the ICM provides complementary insights into the
physics of cluster galaxy evolution. We mainly focus on the case of relaxed galaxy
clusters, where the connection between the central, massive, radio-loud galaxies and
the diffuse radio emission is still unclear. In this context, we investigate also the in-
teractions between the ICM and the cluster galaxies. The cornerstone of our works is
a multi-wavelength analysis based on radio and X-ray observations, which features
brand-new Low-Frequency Array (LOFAR) observations and new approaches to the
study of the spatial correlation between these emissions.

We anticipate here the highlights of our work:

� A comprehensive study of the spatial correlation between diffuse non-thermal
radio and thermal X-ray emission, that unveiled an intrinsic difference be-
tween disturbed and relaxed clusters. For the latter, we provide novel con-
straints on the possible role of the central active galactic nuclei (AGN) and
relativistic protons in the origin of diffuse radio emission;

� New observational evidences that the life-time of old radio electrons in cluster
radio galaxies is longer than expected. This is in line with other studies based
on low frequency radio observations. Overall, these evidences affect our view
of the life-cycle of relativistic plasma in galaxy clusters;

� A pilot study of the radio and X-ray emission of a jellyfish galaxy, that pro-
vided new insights into the physics of cluster galaxy evolution via ram-pressure
stripping.

In addition to these results, the original software and numerical procedures devel-
oped to carry out our studies constitute an important part of the Ph.D. Thesis.
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The Thesis is structured as follow:

� In Chapter 1 we provide an introduction to the physics of relaxed clusters, of
the ICM which pervades them, and of its complex interplay with the cluster
galaxies and the non-thermal, radio-emitting plasma;

� In Chapter 2 we explore the connection between the thermal and non-thermal
plasma in order to investigate the origin of radio mini-halos. We started by
studying the spatial correlation between radio and X-ray emission in a sample
of 7 relaxed clusters, then we used our results to explore the scenario of a pure
hadronic origin of the radio emission;

� In Chapter 3 we introduce the potential of LOFAR for our studies by present-
ing its scientific projects and the implications of low-frequency observations
for the study of galaxy clusters;

� In Chapter 4 we present the architecture of the LOFAR-Planck online auto-
mated catalog, a brand-new tool which we developed as part of the LOFAR
Survey Key Project to manage the future, statistical studies of large sample of
diffuse radio sources made possible by LOFAR;

� In Chapter 5 we present our studies of the so-called Kite radio source in the
Abell 2626 galaxy cluster. Due to the presence of four symmetric arcs, the
origin of this radio source has been a puzzle for years. We investigated its
nature by exploiting radio (LOFAR, JVLA and GMRT) and X-ray (Chandra and
XMM-Newton) observations;

� In Chapter 6 we explore the rich environment of the relaxed galaxy cluster
2A0335+096 with our proprietary LOFAR data and archival X-ray observa-
tions. We study the central galaxy, which shows evidence of radio-mode AGN
feedback associated with ICM sloshing and diffuse radio emission, and the
head-tail galaxy GB6 B0335+096, which stands out in the new LOFAR data
due to its Mpc-long radio tail;

� In Chapter 7 we present a detailed study of the jellyfish galaxy JW100 in the
galaxy cluster Abell 2626. Investigating this object allowed us to study how the
interaction with the ICM can dramatically impact on the galaxy evolution. We
carried out a radio and X-ray study of this galaxy and we discuss the results in
light of the most recent studies in this field;

� In Chapter 8 we summarize the highlights of this Thesis and we discuss the
future developments;

� In Appendix A we present in details PT-REX, the software we developed to
evaluate the spatial correlation between extended emission at different wave-
lengths which was used for our studies;

� � �
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Chapter 1

The ecosystem of relaxed galaxy
clusters

1.1 Galaxy clusters

Galaxy clusters are large structures composed by dark matter (∼ 85%) and baryons
(∼ 15%), with masses that can reach up to 1015 M� within linear sizes of a few Mpc
(e.g., Kravtsov and Borgani, 2012). The dark matter provides the gravitational well
where a fraction of the baryons (∼ 2%) can collapse, forming stars and galaxies. The
remaing fraction (∼ 13%) can be found in the form of hot and rarefied gas, with
typical temperature T = 107 − 108 K and density n = 10−4 − 10−3 cm−3, called
intra-cluster medium (ICM), that fills the entire cluster volume (e.g., Sarazin, 1986).
Galaxy clusters are of key importance of astrophysical studies because they are the
crossways of cosmology and astrophysics (e.g., Borgani, 2006). From the cosmolog-
ical point of views, galaxy clusters are probes to study the formation and evolution
of large-scale structures (e.g., Voit, 2005). By studying their distribution and mass-
function in the Universe, we can reconstruct the structure of the cosmic web and the
history of the mergers that lead to the formation of the largest and most massive
structures (Figure 1.1).

From the astrophysical point of view, galaxy clusters are closed-box environ-
ments in which we can study the interactions between galaxies, the formation of the
most massive galaxies, the history of the star formation in galaxies ( due to the fact
that the byproducts are retained in the cluster gravitational well), and a plethora of
phenomena produced by the interactions between the cluster galaxies and the ICM.
Galaxy clusters are also remarkable systems to study the physics of cosmic rays (CR)
acceleration. First, the hierarchical formation process provide an energy budget that
is channeled in the acceleration of these particles. Furthermore, due to their sizes,
galaxy cluster are efficient storehouses of CRs, which manifest as large-scale diffuse
radio emission.

1.1.1 Formation of galaxy clusters

According to the current picture of structure formation in the Universe, galaxy clus-
ters are produced starting from the gravitational collapse of primordial, random
density fluctuations, whose existence is proved by the studies of the cosmological
micro-wave background (CMB) (Bennett et al., 1996; Planck Collaboration et al.,
2011a). Once that the collapse started, matter is accumulated and grows via a hi-
erarchical sequence of accretion of smaller systems (e.g., Press and Schechter, 1974;
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Figure 1.1: Composite image, from the TNG100-1 simulation, which overlays a projection of the dark
matter density with the output of the cosmological shock finder, here used to derive the average
Mach number of shocks along each line of sight. All the gravitationally collapsed structures (in or-
ange/white) are surrounded by successive shock surfaces (blue) which encode their formation histo-
ries (Pillepich et al., 2018).

Blumenthal et al., 1984; Kaiser, 1986; Kaiser, 1991). These structures grow over cos-
mic time into today massive clusters of galaxies (e.g., Voit, 2005, for a review).

There are two different regimes of growth of the perturbations, which are lin-
ear and non-linear. The two regimes are defined by the magnitude of the density
fluctuation (or overdensity):

δ =
ρ− 〈ρ〉
〈ρ〉 (1.1)

where 〈ρ〉 = 3H(z)2

8πG is the mean mass density of the Universe.

For δ� 1 the fluctuation is in the linear regime, which can be treated analytically
(e.g., Peebles, 1980; Peebles, 1993). Galaxy clusters are instead highly non-linear
(δ � 1) objects, and this requires more complex approaches for studying the evolu-
tion of perturbations in this particular regime. Specifically, this regime is studied by
the means of large N-body simulations, such as the Millenium (Springel et al., 2005)
and the Illustris (Vogelsberger et al., 2014) simulations. Interestingly, the clusters
galaxies share a similar destiny by interacting gravitationally between them ending
in large, massive galaxies sitting at the center of the cluster’s gravitational well.

The hierarchical accretion of sub-clusters entails that the in-fallling sub-clumps of
matter enter the cluster producing a complex network of shocks. This gravitationally
driven shocks can heat the diffuse gas to the virial temperature of the potential well
that confines it (e.g., Voit, 2005, for a review), thus producing clusters with almost
self-similar entropy profiles (e.g., Voit, Kay, and Bryan, 2005; Ghirardini et al., 2017).



1.1. Galaxy clusters 3

1.1.2 Mass of galaxy clusters

The total binding mass is a fundamental parameter to understand the physics of
galaxy clusters because it sets their gravitational energy budgets that, ultimately,
drives both the dynamical interaction with other clusters and the evolution of the
cluster components. Historically, several methods have been developed to estimate
the cluster mass:

� Virial mass: Under the assumption of virial equilibrium, the cluster mass can
be estimated by knowing the position and redshift of a high enough number
of member galaxies:

M '
σ2

galRV

G
(1.2)

where σgal is the radial velocity dispersion of cluster galaxies, RV is the virial
radius of the cluster and G = 6.67 · 10−8 cm3 g−1 s−2 is the gravitational con-
stant. This simple approach, which is based on the strong (and not always
verified) assumption of virial equilibrium, led to the first observational evi-
dence of the existence of the dark matter in the Coma cluster (Zwicky, 1933).
They found that the viral mass was larger by a factor ∼ 10 than the sum of
the mass of the galaxies, hence an additional, and invisible, component was
necessary to explain the observation;

� Hydrostatic equilibrium: Under the assumption that the pressure force is bal-
anced by the gravitational force given by a spherical distribution of gas (i.e.,
the thermal component of the ICM, which we discuss in more details in the
following section), the pressure profile is:

dPgas

dr
= −ρgas

dφ

dr
= −ρgas

GM(< r)
r2 (1.3)

where Pgas and ρgas are the pressure and mass density of the gas, φ is the grav-
itational potential of the binding mass and M(< r) indicates the total mass
within the radius r. Therefore, by assuming the cluster gas as a perfect gas, the
pressure equilibrium lead to:

M(< r) = − rkTgas

Gµmp

(
dlnρgas

dlnr
+

dlnTgas

dlnr

)
(1.4)

where k is the Boltzmann constant, µ = 0.6 is the mean molecular mass, mp
is the rest proton mass and Tgas is the gas temperature, which can be derived
from X-ray observations (e.g., Ettori et al., 2013, for a review);

� Gravitational lensing: As the highest mass concentrations in the Universe, galaxy
clusters are extremely efficient gravitational lenses. Their matter distorts background-
galaxy images with an intensity that increases from the outskirts to the inner
regions. The most massive galaxy clusters produce the strongest distortions,
leading to the formation of “gravitational arcs” (Figure 1.2), or to the forma-
tion of systems of multiple images of the same source. Smaller masses (e.g.,
sub-clusters) produce weaker distortions, which can be only measured statis-
tically, that are impressed on the shape of distant galaxies that lie on the sky
at large angular distances from the cluster centers. The combination of these
lensing regimes can be used to map the mass distribution in galaxy clusters
(e.g., Meneghetti et al., 2010; Hoekstra et al., 2013);
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Figure 1.2: Einsten-ring captured by the Hubble telescope. Credit: NASA & ESA

� Dynamical analysis: When a large number of redshift measurements is avail-
able, the total mass can be inferred from the dynamical analysis of member
galaxies. This can be obtained by fitting the velocity dispersion data to the
solution of the Jeans equations (e.g., Binney and Tremaine, 1987), which de-
scribes the "flow" of a set of particles through phase-space in response to the
acceleration induced by a gravitational potential Φ:

n∇Φ = −nv̄ · ∇v̄−∇σ2 (1.5)

where n is the number density of the galaxies, v̄ is the mean velocity and σ the
velocity dispersion. With respect to the virial mass method, the Jeans analysis
permits to test different models of mass profiles to reproduce the gravitational
potential Φ inferred by the observations (e.g., Biviano, 2002, for a review). Al-
ternatively, the mass can be inferred using the “caustic technique”. In the line-
of-sight velocity v.s. projected radius diagram, cluster galaxies distribute in
a characteristic trumpet shape. The edges of the trumpet are called caustic
and, under the assumption of spherical symmetry, they trace the escape veloc-
ity profile of the cluster, thus they can be used to determine the cluster mass
profile (Diaferio and Geller, 1997);

� Scaling relations: As a consequence of the hierarchical formation driven by the
gravity, galaxy clusters have physical properties, such as the gas temperature,
that are expected to scale with the mass and redshift of the dark matter halo
because they mostly depend on the depth of the potential well. This induces
a connection between the thermal energy budget of a cluster and its gravita-
tional mass, which manifests as a series of scaling relations between the total
mass and several observable quantities. Three correlations are particularly im-
portant, i.e. the X-ray luminosity-temperature, mass-temperature, and X-ray
luminosity-mass relations, which are described by power-law functions (e.g.,
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Giodini et al., 2013; Mantz et al., 2016; Ettori, Lovisari, and Sereno, 2020). Scal-
ing relations are powerful tool that allow to derive the cluster mass more read-
ily than the other methods, but first they must be calibrated carefully.

In order to test and calibrate the relations, it is necessary to compare, for small
samples, the cluster masses, which can be measured through the methods de-
scribed above, with the their properties, which can be inferred from the ICM
X-ray emission or the Sunyaev-Zel’dovich effect (see Section 1.2.3). The cal-
ibrated relations permit, in turn, to derive the binding mass for larger sam-
ples of objects based on quantities that are more easily observed, such as the
X-ray luminosity. Deviations from the scaling relations can indicate that non-
gravitational processes, such as galaxy formation/feedback, may be a signifi-
cant contributor to the global energy budget in clusters.

Given the variety of the methods, the total mass of galaxy clusters can be recon-
structed by combining the different probes. However, it is necessary to account for
the intrinsic biases of each of these analysis. X-ray based methods assume the hy-
drostatic equilibrium and the spherical symmetry of the systems, thus they can fail
for disturbed clusters. On the contrary, the lensing analysis probes the cluster total
mass, including the dark matter component, without basing on strong assumptions
such as the equilibrium state of the clusters, i.e. the lens. However, this technique
measures the projected mass instead of the 3D mass, and, thus, it is more sensitive
than X-ray methods to projection effects, such as triaxiality and additional concen-
trations of mass along the line of sight. Given the richness and the quality of the
current observations, nowadays it is possible to minimize the biases by exploiting
rich datasets ranging from X-ray, to optical, to radio wavelengths (e.g., Sereno et al.,
2017; Tchernin et al., 2018).

1.2 The intra-cluster medium

The ICM is composed of thermal plasma, which is heated during the collapse into
the gravitational well, and non-thermal components, such as cosmic rays (CRs) and
magnetic field, which represent a minor but non negligible fraction of the total en-
ergy budget and affect the micro-physics of the ICM as a whole. The interplay
between these components give rise to a plethora of physical effects that end in a
multi-wavelength emission, which ultimately allows us to study and diagnose the
ICM. The principal processes, which are summarized in Table 1.1, includes X-ray
thermal emission, non-thermal radio emission, the Faraday effect, and the Sunyaev-
Zel’dovich (SZ) effect. Each of these processes provide us a different point-of-view
on the ICM, thus multi-wavelenths analysis are required to fully understand the
complete picture.

1.2.1 Microphysics

For the typical ICM temperature and density ( T ' 107 − 108 K, n ' 10−3 − 10−4

cm−3), the mean free path of the ICM electrons is (Spitzer, 1956):

λe '
33/2(kTe)2

4π1/2nee4lnΛ
' 23

(
Te

108 K

)2 ( ne

10−3 cm−3

)−1
kpc (1.6)
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Table 1.1: Summary of the physical processes resulting from the interactions of thermal plasma and
cosmic rays with the other components. We report their bolometric functional form without showing
the spectral dependencies (from Rudnick, 2019).

Thermal plasma Cosmic rays

Thermal plasma Bremsstrahlung (X-ray) π0 decay (γ-ray)
[nenpT0.5] [npnCRp]

H- and He-like line emission

Magnetic field Faraday rotation (radio) Synchrotron (radio)
[neB] [nCReB2]

Cosmic Microwave SZ effect (mm) Inverse Compton (X-ray)
Background [neT] [nCReT4

CMB]

where lnΛ ' 38 is the ratio of largest to smallest impact parameters for the collisions.
In comparison, the Larmor gyroradius-scale is (Braginskii, 1965):

λL ' 3× 10−12
(

kT
10 keV

)(
B

µG

)−1

kpc (1.7)

where B ∼ µG is the ICM magnetic field.

This defines λe � λL, thus implying that the ICM is a weakly-collisional plasma.
In this regime, plasma instabilities and kinetic effects play important roles in regu-
lating microphysical properties (e.g., Brunetti and Lazarian, 2011; Santos-Lima et al.,
2014). Specifically, in the ICM the ratio between Coulomb collision frequency and
plasma frequency is of the order of ∼ 10−16, thus the wave-particle interactions are
potentially more important than Coulomb collisions in driving the ICM properties.

This has important implications. First of all, the importance of micro-instabilities
and collisionless kinetic processes in the ICM opens to the possibility that a fraction
of the gravitational energy budget could be channeled into electromagnetic fluctua-
tions and particle acceleration mechanisms on much smaller scales, with fundamen-
tal implications for the dynamics of CRs (e.g. Brunetti and Jones, 2014, for a review).
Furthermore, due to the fact that wave-particles interactions can mediate momen-
tum exchange more efficiently than Coulomb particle-particle interactions, ICM be-
haves like a fluid that can be described with a reasonable approximation through the
hydro or MHD frameworks (e.g., Santos-Lima et al., 2017, and references therein).

Therefore the sound speed is cs =
√

γP/ρ ' 520
√

kT/(1 keV) ' 1000 km s−1,
where γ = 5/3 is the adiabatic factor, and P and ρ are the ICM pressure and mass
density, implying a crossing-time, τc:

τc =
L
cs
' 1 Mpc

1000 km s−1 ' 1 Gyr (1.8)

This is shorter than the cluster life-time, thus it entails the ICM is an efficient "memory-
foam mattress" of cluster physics, i.e. it can store, and show, a wealth of hydrody-
namical features that trace both the dynamical interactions that take place into the
cluster, such as merging, minor merging or processing of cluster galaxies, and the
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episodes of feedback by central active galactic nuclei (AGNs). These hydrodynam-
ical features include the wakes of the infalling objects, as well as the interfaces be-
tween the host ICM and the atmosphere of the infalling object. Furthermore, the
cluster dynamics can be traced by merger shocks, bow shocks, and sloshing motions
of the ICM (e.g., Markevitch and Vikhlinin, 2007; Roediger et al., 2013).

1.2.2 The thermal view

The most important diagnostic of the ICM thermal plasma properties is its X-ray
emission. Thanks to the very low density and high temperature of the electrons, the
ICM is optically thin and it is in a state of collisional equilibrium established between
the electrons and the heavy ions. As a consequence, the ICM mainly emits in the
X-ray band due to a combination of line emission from K- and L-shell transitions
of heavy ions (iron being the most prominent) and thermal X-ray bremsstrahlung,
whose emissivity is:

ε(T, ν) ' 6.8× 10−38neniT−1/2Z2g f f e−
hν
kT erg s−1 cm−3 (1.9)

where ne and ni are, respectively, the electrons and ions particle density, T and Z are
the temperature and metallicity of the plasma and g f f is the free-free Gaunt factor,
which absorbs the quantum correction to the classical Maxwell energy distribution
function (e.g., Sarazin, 1986). The emission is dominated by H and He and has its
peak around 1 keV. The sharp exponential cut-off of the spectrum permits to reliably
estimate the temperature of the emitting plasma.

The line-to-continuum ratio permits to measure the abundances of the heavy el-
ements in the ICM, whereas the Fe-L lines can be used as an additional thermometer
for low-temperature environments. The blending of thermal bremsstrahlung, re-
combination, collisional emission lines, and re-ionization taking place in the ICM of
the ICM can be summarized by the cooling function Λ(T) = lTα (Sutherland and
Dopita, 1993), where for thermal bremsstrahlung l ' 2.5× 10−27 and α = 1/2. The
resulting emissivity can be defined as:

ε(T) = nenpΛ(T) erg s−1 cm−3 (1.10)

For galaxy clusters, the typical X-ray luminosity is 1043 − 1045 erg s−1, thus making
them one of the most luminous X-ray sources in the sky that have been studied since
the advent of the first X-ray observatories such as UHURU (e.g., Gursky et al., 1971).

The β-model

The strong dependence of the ICM emission on the gas density permits to use the
X-ray surface brightness to infer the 3D distribution of the thermal gas. Under the
assumption that gas and galaxies are in equilibrium in the same potential, where the
galaxy mass profile is (King, 1962):

ρgal(r) =
ρgal,0[

1 +
(

r
rc

)2
]3/2 (1.11)
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where ρgal is the galaxy density, ρgal,0 is its central value, and rc is the core radius, it
is possible to demonstrate that the density profile of an isothermal gas, ngas, can be
described as:

ngas(r)
ngas,0

=

[
ρgal(r)
ρgal,0

]β

(1.12)

where ngas,0 is the central particle density and β = µmpσ2
r /kT ' 2/3 is the ra-

tio between thermal and gravitational energy (Cavaliere and Fusco-Femiano, 1976;
Cavaliere and Fusco-Femiano, 1978) .

This relation can be re-written in the so-called β-model:

ngas(r) = ngas,0

[
1 +

(
r
rc

)2
]− 3

2 β

(1.13)

Under the assumption that the X-ray emission is dominated by the thermal bremsstrahlung,
this density profile defines an emissivity profile εc(r, T) = neniΛ(T) ∝ ngas(r)2T1/2

that can be then converted into a surface brightness profile by using the Abel trans-
formation:

I(b) = 2
∫ +∞

r

ε(r)rdr√
r2 − b2

(1.14)

where I(b) is the surface brightness observed at the projected radius b.

Therefore, the X-ray surface brightness, IX, can be linked directly to the gas den-
sity profile as:

IX(b) = n2
gas,0rcΛ(T)B(3β− 0.5, 0.5)

[
1 +

(
b
rc

)2
] 1

2−3β

(1.15)

where B is the Beta function B(x, y) (e.g., Ettori, 2000).

This simple model hence permits to derive the parameters that describe the den-
sity profile by studying the observed IX profile. The β-model has been successfully
used to study and model the first X-ray observations of galaxy clusters made with
Einstein and ROSAT (e.g., Jones and Forman, 1984). Later, more detailed observa-
tions made with Chandra and XMM-Newton made clear two limitations of this model
(Arnaud, 2009), i.e. an over-estimate of the density for r >> rc, and the fact that
clusters are not isothermal, thus making the model physically inconsistent. Nev-
ertheless, this straightforward and flexible method is still largely used to infer the
main characteristics of the ICM in a first approximation.

Relaxed clusters are characterized by an enhancement of IX in the central region,
which also show a significantly lower temperature (i.e. a not-negligible temperature
gradient in the cluster). Therefore, the X-ray emission from the core results inade-
quately described by the β-model, which, due to the assumption of the King model,
inherently produces a centrally flat density profile. Spectrally, the central region of
these clusters is well approximated by a two-temperature model, where the inner
temperature represents the multiphase status of the core and the outer temperature
is a measure of the ambient gas temperature. To account for that, the β-model needs
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to be extended to a two-phase gas emission modeled as a double β-model. This ad-
dition, which entails a more complex physical treatment to infer the ICM properties
(e.g., Xue and Wu, 2000; Ettori, 2000), has proven to effectively model the X-ray sur-
face brightness of relaxed clusters (e.g., Hudson et al., 2010; Giacintucci et al., 2017).

X-ray emission as tracer of the cluster dynamic

Thanks to the exceptional quality of the observations provided by the last generation
of X-ray satellites Chandra and XMM-Newton, the morphology of the thermal X-ray
emission has been the principal probe of the dynamical state of the clusters (e.g.,
Markevitch and Vikhlinin, 2007; Laganá, Durret, and Lopes, 2019, and references
therein). Recently, the new X-ray observatory eROSITA (Predehl et al., 2020), which
thanks to its large field of view (1 degree) and special scanning mode provides ex-
ceptionally uniform and deep X-ray image covering, is delivering new remarkable
insights into the dynamics of galaxy clusters (Churazov et al., 2020; Ghirardini et al.,
2020).

The dynamical state can be discriminated based on the morphological parematers,
i.e. centre shift, power ratios, concentration parameter (e.g., Parekh et al., 2015; Ros-
setti et al., 2016), and spectral signatures, such as the central entropy and cooling
time, and entropy ratio of the X-ray emission (e.g., Cavagnolo et al., 2009; Hudson
et al., 2010). We can identify two main extreme cases of dynamical state (Figure 1.3).
On the one side there are the relaxed, cool-core clusters, which are dynamically re-
laxed clusters characterized by a regular morphology, peaked X-ray emission, and
low specific entropy at their centres. This class of clusters is the main focus of this
Thesis, thus it is introduced in details in the following section.

On the other side, there are the merging clusters, which are characterized by
irregular morphology, substructures in their X-ray brightness distribution and high
central entropy. The impact velocity, vimp, of two clusters with mass M1 and M2 at a
distance d can be estimated as:

vimp = 2930

√√√√√√(M1 + M2

1015 M�

)(
d

1 Mpc

) 1− d
d0

1−
(

b
d0

)2

 km s−1 (1.16)

where b is the impact parameter and d0 is the initial distance (e.g., Sarazin, 2002).
The order of magnitude of the velocity, combined with the typical masses of galaxy
clusters, entails that the merger between clusters of galaxies are the most energetic
events in the Universe, capable of releasing energies up to ∼ 1063 − 1064 erg during
one cluster crossing time of ∼ 1 Gyr (e.g., Markevitch and Vikhlinin, 2007). This
huge amount of kinetic energy is mostly converted into heat by large scale shock
waves traveling through the ICM with low Mach numberM =3-5, and is ultimately
dissipated through large scale turbulent motions of the gas. During their propaga-
tion, shock waves compress and heat the gas producing an increase in the X-ray
surface brightness and temperature in correspondence of the shock front. However,
shock waves are actually difficult to observe. Shocks with such low Mach numbers
are expected to produce relatively small density jumps (ρ2/ρ1 = 4M2/M2 + 3), im-
plying that they can be visible only if they have not moved yet to the very external
regions of the cluster where the X-ray emission is dominated by the background.
Furthermore, shocks are detectable only if they are moving along the plane of the
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Figure 1.3: Comparison between X-ray morphology of merging and relaxed clusters. Top: Composed
optical and X-ray image of the disturbed "bullet" cluster (Credits https://chandra.harvard.
edu/photo/2008/bullet/); Bottom: Smoothed X-ray image of the relaxed cluster Abell 2626. The
structure toward west is not related to the cluster but is instead produced by the jellyfish galaxy JW100
(see Chapter 7).

sky, otherwise their observable effects can be smoothed by projection effects.

https://chandra.harvard.edu/photo/2008/bullet/
https://chandra.harvard.edu/photo/2008/bullet/
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Figure 1.4: The CMB spectrum, undistorted (dashed line) and distorted by the SZ effect (solid line),
illustrated is for a fictional cluster 1000 times more massive than a typical massive galaxy cluster (Carl-
strom, Holder, and Reese, 2002).

1.2.3 The Sunyaev-Zel’dovich effect

The Sunyaev-Zel’dovich (SZ) effect is a small distortion of the Cosmic Microwave
Background (CMB) spectrum caused by the Inverse Compton (IC) scattering of the
CMB photons with the electrons of the hot ICM (Sunyaev and Zeldovich, 1972).
When a low-energy CMB photon encounters an high-energy ICM electron, the for-
mer gains energy via IC process, its frequency increases and it is blue-shifted. The
characteristic spectral signature of the SZ effect is a decrease in the CMB intensity at
frequencies ≤218 GHz and an increase at higher frequencies (Figure 1.4).

For a thermal distribution of electrons ne, the change in the background CMB
intensity, ICMB, is δICMB/ICMB∝ ICMBye ∼ 10−5 − 10−4, where ye is the Compton
parameter, which provides the integrated electron pressure of the ICM along the
line of sight:

ye =
σT

mec2

∫ +∞

0
neTedl (1.17)

where σT is the Thomson cross-section, me is the electron mass and Te is the electron
temperature.

For a source extended over a solid angle Ω, such as a galaxy cluster, the inte-
grated Compton paramter is:

Y =
∫

Ω
yedΩ ∝

1
D2

A

∫ +∞

0
dl
∫

A
neTedA (1.18)

where DA is the angular diameter distance and A is the are on the plane of the sky.

The SZ signal integrated over the solid angle of the cluster provides the sum
of the electrons weighted by temperature, which is a measure of the total thermal
pressure/energy of the cluster. Under the hypothesis of isothermal gas, Y results
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tightly related to the total mass of the cluster:

YD2
A ∝ Te

∫
nedV ∝ MgasTe ∝ fgasMtotTe (1.19)

where fgas is the fraction of the mass in form of ICM.

The connection between the integrated SZ signal and the total mass has been
specifically proven in Planck Collaboration et al. (2011b), where the Y500 −M500 cor-
relation is derived. The 500 subscript indicates that the quantities are computed
within R500, i.e. the radius within which the average density is 500 times the crit-
ical density of the Universe at the cluster redshift. In order to test the validity of
SZ effect as proxy of the cluster mass, the SZ-based estimates were compared with
those obtained with deep XMM-Newton observation. The results of 23 months of
Planck observations are reported in the PSZ2 catalog (Planck Collaboration et al.,
2016), the largest SZ-selected sample of galaxy clusters, and the deepest systematic
all-sky survey of galaxy clusters. The PSZ2 catalog provides SZ-based masses within
R500 for 1203 clusters with identified counterparts in external data sets, thus it is an
unmatched tool for statistical studies.

1.2.4 The non-thermal view

Magnetic field

The last decades of radio observations have proven that the ICM is magnetized and
filled with relativistic particles, highlighted by the presence of large-scale radio emis-
sion. These studies have revealed that the ICM magnetic field has a typical strength
of ∼ 1 µG, but it can rise up to 10-20 µG at the center of relaxed clusters, with im-
portant effect on energy transport in the ICM (e.g., Ryu et al., 2012, and references
therein).

The reference method to measure the magnetic field in galaxy clusters is the Fara-
day rotation measure (RM). When a linearly polarized radiation passes through a
magnetised plasma, the left and right circularly polarized rays propagate with dif-
ferent velocities. This leads to a rotation of the polarization angle proportional to the
wavelength λ of ∆Φ = RMλ2, where:

RM = 812
∫ L

0

ne

cm−3 ·
B‖
µG
× dl

kpc
rad m−2 (1.20)

where B‖ is the component of the magnetic field along the line-of-sight and L is the
depth of the magnetised screen.

RM measures, which are made possible by the serendipitous presence of polar-
ized source behind the ICM magnetic field, i.e. the magnetized screen, have permit-
ted to derive the magnetic field profile of galaxy clusters, as well as the global value,
finding that it can be well described in terms of the gas density as B(r) ∝ ngas(r)η

(e.g., Bonafede et al., 2010).

The origin and the evolution of cluster-scale magnetic field is still a matter of
studies. From a theoretical point of view, the first cosmic seed fields (B ∼ 10−34 −
10−10 G) can be generated in the very early Universe during inflation and first-order
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phase transitions (Widrow et al., 2012). Indeed, by studying the deflection due to
magnetic field of CR cascade produced by TeV blazars, it has been possible to set the
upper limits on the primordial magnetic field at the epoch of the CMB to B < 10−10

G (Neronov and Vovk, 2010). Later on, structure formation can cause further ampli-
fication via a small-scale turbulent dynamo in two main phases, exponential growth
of the magnetic field in the kinematic regime, and non-linear growth and stretching
of the coherence scales (e.g., Subramanian, Shukurov, and Haugen, 2006; Pakmor,
Marinacci, and Springel, 2014). Galactic activity can yield further localized seed-
ing, while further amplification in cluster outskirts might be produced via the mag-
netothermal instability or instabilities driven by cosmic rays accelerated by shocks
(e.g., Völk and Atoyan, 2000; Brüggen, 2013). At higher redshifts (z ' 2), star for-
mation should be able to induce small-scale dynamo by injecting turbulence from
supernova explosions (Beck et al., 2013). Furthermore, the existence of high-redshift
(z ∼ 0.7− 0.8) diffuse synchrotron sources points out a rapid evolution of the mag-
netic field strength, which permits to constrain the micro-physics of the ICM (Di
Gennaro et al., 2020). Cosmological simulations provide a valuable tool to combine
the different components and to model the evolution of magnetic fields from the
scale observed in the CMB up to the values observed today (e.g., Vazza et al., 2014,
and references therein).

Cosmic rays

Cosmological shock waves and turbulence driven in the ICM during the process of
hierarchical cluster formation work as accelerator of cosmic ray electrons (CRe) and
protons (hadrons or CRp). In addition, clusters host other accelerators of CRs, rang-
ing from ordinary galaxies (especially as a byproduct of star formation) to AGN and,
potentially, regions of magnetic reconnection (e.g., Brunetti and Jones, 2014, and ref-
erences therein).

The propagation of CRs injected in the ICM is mainly determined by diffusion
and convection, hence the time necessary for CRs to diffuse over distances L is τ '
(1/4)L2/D, where D is the diffusion coefficient, which can have a maximum value
of ∼ 1031 cm2 s−1 (Brunetti and Jones, 2014). For CRs with energies E &Gev, the
life-time, τ ∼ p/(dp/dt), is limited by energy losses, that varies for CRe and CRp:

� For CRe, energy losses are dominated by ionization and Coulomb losses at low
energy, and by synchrotron emission and Inverse Compton at high energy. The
resulting life-time, τe, can be described by:

τe '4×
{

1
3

( γ

300

) [( B
3.2 µG

)2

+ (1 + z)4

]

+
( nth

10−3

) ( γ

300

)−1
[

1.2 +
1
75

ln
(

γ/300
nth/10−3

)]}−1

Gyr

(1.21)

where nth is the density of the thermal plasma protons. For CRe with energies
E ∼ 5 GeV, i.e. those that are responsible of the observed radio emission, the
radiative age is commonly computed by neglecting Coulomb losses:

τe ' 3.2× 1010 B1/2

B2 + B2
CMB

[ν(1 + z)]−1/2 yrs (1.22)
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where ν is the observed frequency in MHz, B and BCMB are in units of µG, and
the latter is the CMB equivalent magnetic field BCMB = 3.25(1+ z)2 µG, which
is used to quantify the Inverse Compton energy losses;

� For CRp, the main channel of energy losses due to inhelastic proton-proton
collisions with the thermal ICM protons, which set a life-time, τp of:

τp '
1

cnthσpp
s (1.23)

where σpp is the inclusive proton-proton cross-section.

Figure 1.5: Life-time as function of the energy of CRp (red) and CRe (blue, lower curves) in the ICM at
redshift z = 0, compared with the CR diffusion time on Mpc scales (magenta, upper curves). Dashed
and continuous lines represent the estimates derived for an ICM magnetic filed of, respectively, 1 and
3 µG (Brunetti and Jones, 2014).

The comparison between τe, τp, and the diffusion time-scale over Mpc scale (Fig-
ure 1.5) points out two interesting implications. On the one hand, the long lifetimes
of CRp against energy losses in the ICM, and their likely slow diffusive propaga-
tion through the disordered ICM magnetic field in the large size of galaxy clusters,
make clusters efficient storehouses for cosmic rays. The consequent accumulation
of CRs inside clusters occurs over cosmological times, with the potential implication
that a non-negligible amount of the ICM energy could be in the form of relativistic,
non-thermal particles. On the other hand, the existence of Mpc-scale radio sources
(e.g., van Weeren et al., 2019), which we describe in the following Section, adds a
complexity to the puzzle. Indeed for particles with a radiative times of ∼ 107 − 108

yrs, such as the CRe producing the observed emission, the simple diffusion can not
explain the scales at which these particles are observed emitting radio waves, thus
additional processes are necessary to explain the observations (Brunetti and Jones,
2014, for a review).
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Diffuse radio sources

Diffuse radio sources are the principal evidence of the presence of magnetic field
and CRs in the ICM. In general, we define "diffuse" any kind of emission that is not
directly connected to a galaxy. Diffuse sources have in common a synchrotron radio
emission, with a spectrum S ∝ να, with a characteristics steep-spectrum emission
(α < −1). Here we present a taxonomy of diffuse radio sources (van Weeren et al.,
2019, and references therein):

� Radio halos: extended sources that follow the ICM distribution. This class
includes giant and mini radio halos. These source are observed at the cen-
ter of the clusters, with roundish shapes. Their sizes goes from hundred of
kpc (mini) to Mpc scales (giant), and generally they do not show polarized
emission. Combined radio and X-ray studies made clear that giant and mini-
halos flourish in different environments, where the the former are generally
observed in disturbed clusters and the latter in relaxed ones (e.g., Cassano et
al., 2010; Kale et al., 2015). Giant radio halos are though to originate from
re-acceleration mechanisms powered by merger-induced turbulence (Brunetti
and Jones, 2014, for a review). A more detailed discussion of mini-halos (MH)
is provided in Section 1.3.4;

� Radio relics: elongated radio sources observed at the periphery of dynamically-
disturbed clusters. They can extend up to Mpc scales and are highly polarized
(e.g., van Weeren et al., 2019, for a review). These sources are thought to orig-
inate from the acceleration (or re-acceleration) of electrons at the shock waves
propagating in the ICM. In fact a connection with shocks is observed in many
cases (e.g., Brunetti and Jones, 2014; van Weeren et al., 2019, for reviews);

� Revived AGN fossil plasma sources: extended sources tracing AGN radio
plasma that has somehow been re-energized through processes in the ICM,
unrelated to the radio galaxy itself. These sources have shown a plethora of
features, both in terms of radio spectral properties and position in the clus-
ter (e.g., de Gasperin et al., 2017; Mandal et al., 2020), that makes difficult to
outline a common process for their origin. The main observational properties
that the sources have in common is the AGN origin of the plasma, and their
ultra-steep radio spectra (α < −2).

Cluster radio galaxies

In addition to the diffuse emission related to the ICM, the radio emission in galaxy
clusters can be due to the presence of radio galaxies, associated both to the star for-
mation or the AGN. Here we report a brief overview of the different classes of radio
galaxies commonly observed in galaxy clusters:

� Brightest central galaxies (BCG): the most massive and luminous elliptical galax-
ies in the present day Universe (e.g., Lauer et al., 2014, for a review). They are
typically located at the center of galaxy clusters, near the bottom of the clus-
ter’s gravitational potential well, with small peculiar velocities relative to the
cluster mean. Most of them are radio-loud (e.g., Burns, 1990), and the radio
emission is mainly due to the AGN activity. However, there is strong obser-
vational evidence that star formation is not negligible, especially in relaxed
clusters (e.g., Donahue et al., 2015). The radio morphology BCG is generally
characterized by a single pair of anti-parallel jets of relativistic plasma ejected
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from the central AGN (e.g., Begelman, Blandford, and Rees, 1984). However,
a small fraction (∼ 10%) of them show a more "exotic" morphology with mul-
tiple jets and complex wing-like structures. The origin of these sources, which
take the name of X- or Z-shaped sources is still debated and often related to the
presence of binary black holes, or more complex interactions between the ra-
dio jets and the galactic environment (e.g., Wirth, Smarr, and Gallagher, 1982;
Gopal-Krishna et al., 2012);

� Tailed galaxies: galaxy clusters host the so-called tailed radio galaxies, FR I (Fa-
naroff and Riley, 1974) sources where the large scale, low-brightness emission
is bent by the environmental pressure (thermal or ram-pressure) in the same
direction, forming structures similar to tails. These radio galaxies are classi-
fied, in turn, into two classes, which are narrow-angle tailed sources (NAT),
with small angles between the tails (O’Dea and Owen, 1985), and wide-angle
tailed sources (WAT), with a larger angle between the tails (e.g., Feretti and
Venturi, 2002);

� Normal galaxies: for those galaxies whose energy output is not dominated by
the AGN, the main source of radio emission is the star formation (e.g., Condon,
1992, for a review). Specifically, the radio emission arises from synchrotron
emission of CRe released by supernovae, with a typical spectral index α '
−0.7, and free-free radiation of HII regions, with a flatter spectral index (α '
−0.1). However, the interactions with the ICM can dramatically impact on the
star formation, and hence the radio properties, of these galaxies. We discuss
this in the following section.

1.2.5 Cluster galaxies and their interplay with the ICM

The possibility that the evolution of the cluster galaxies is affected by the cluster en-
vironments was suggested immediately after the first detection of ICM (Gursky et
al., 1971). Since then, this interplay has been often invoked to explain the evolution
with the redshift of the populations of cluster galaxies, in particular the decrease of
S0 galaxies and the increase of spiral and star-forming galaxies at higher redshift
(Figure 1.6, e.g., Poggianti et al., 1999; Fasano et al., 2000).

The dominant process is considered to be the ICM ram pressure stripping that
is able to remove gas from the galaxies in their first infall in the cluster (Boselli and
Gavazzi, 2006). The condition for gas loss is that the ram-pressure overcome the
gravitational bound, and can be expressed as:

ρICMv2
gal = 2πGΣsΣg (1.24)

where Σs and Σg are the surface density of stars and gas, respectively, ρICM is the
ICM mass density, and vgal the in-fall velocity of the galaxy. The characteristic signa-
tures of ram pressure-processed galaxies are hydrogen deficiency, truncated gaseous
disks, and asymmetrical HI and Hα emission. The most extreme examples of galax-
ies undergoing strong ram pressure are the so called jellyfish galaxies (Fumagalli
et al., 2014; Smith et al., 2010; Ebeling, Ma, and Barrett, 2014), objects that show
extra-planar, unilateral debris visible in the optical/UV light and striking tails of Hα
ionised gas.
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Figure 1.6: Distribution of elliptical, S0 and spiral galaxies with the redshift (Fasano et al., 2000).

The effects of ICM ram pressure has been studied by the means of both the multi-
wavelength observations and the numerical simulations, finding that it is able to
dramatically impact on the galaxy evolution by abruptly quenching the star forma-
tion (see van Gorkom, 2004, for a review). However, it has been suggested that
this interaction could lead also to "ram pressure-induced" bursts of star formation
by enhancing the compression, and the subsequent collapse, of ISM cold gas (e.g.,
Gavazzi et al., 1995). A fascinating, and currently studied, possibility is that the
impact of the ICM could be closely related to the dynamical state of the cluster.
Cluster-(sub)cluster merging can give rise to bulk motions, shocks and temperature
structures within the ICM that can increase the efficiency of the stripping. In support
of this, recent studies found that the extended structures of jellyfish galaxies can be
used as proxy to determine the dynamics of cluster collisions (Ebeling and Kalita,
2019).

1.3 Relaxed galaxy clusters

In this Thesis we explore the physics of the interplay between the thermal and non-
thermal processes taking place in relaxed clusters. In the following, we introduce
the main actors of these ecosystems.
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Figure 1.7: 3D representation of the X-ray surface brightness of the Abell 478 galaxy clusters by ROSAT
HRI. The cooling region in this cluster extends up to 200 kpc, incorporating most of the prominent peak
(1 pixel=60 kpc, adapted from White et al., 1994)

1.3.1 Physiology of the cool core

In dynamically-relaxed clusters, i.e. those that have not been subjected to major
mergers in a time τ ∼ 3 Gyr, the ICM can cool down, lose energy and deposit at the
center of the gravitational well. Hence, in the region within few hundred kpc from
the center of the cluster the local increase of density heavily impacts on the cooling
time of the thermal gas, which can be expressed as (Sarazin, 1988):

tcool =
γ

γ− 1
kT

µXneΛ(T)
' 8.5× 1010

( ne

10−3

)−1
(

T
108 K

) 1
2

yrs (1.25)

where γ is the adiabatic factor, µ ' 0.6 is the mean molecular weight and X ' 0.71
is the hydrogen mass fraction.

In the physical conditions found in the central region of relaxed clusters, tcool
can result significantly short. Specifically, within Rcool, which is the radius at which
tcool ' 3 Gyr, the cooling becomes so efficient that, in absence of an external heat-
ing, the mean temperature and pressure at the center of relaxed clusters can decrease
dramatically, forming the so-called cool core. Following the drop of central pressure,
larger and larger masses of gas begin to flow down at the center of the cluster due to
the pressure of the overlying gas, ending in a significant mass flow called cooling flow
(Fabian, Canizares, and Boehringer, 1994). The result is an evident decrease of tem-
perature and increase of gas density within Rcool (e.g., Hudson et al., 2010), which,
from an observational point of view, produces an extremely high X-ray luminos-
ity (∼ 1045 erg s−1) and a characteristic peaked surface brightness profiles (Figure
1.7). As described in Section 1.2.2, the cooling emission is mainly due to thermal
bremsstrahlung and line emission. In the cold (kT < 2 keV), high-density cool cores
the line emission dominates the X-ray emission and permits precise measures of the
gas temperature and metallicity (e.g., Sarazin, 1986; Peterson and Fabian, 2006).

The efficiency of the cooling process can be expressed by the amount of matter
which crosses Rcool and flows towards the center, that is the mass inflow rate Ṁ.
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The cooling mass inflow rate can be estimated from the luminosity Lcool, which is
in turn inferred from the X-ray observations, associated with the cooling region. By
assuming that Lcool is all due to the radiation of the total thermal energy of the gas
plus the pdV work done on the gas as it enters, it is connected to the Ṁ as (e.g.,
Fabian, Canizares, and Boehringer, 1994):

Lcool =
5
2

Ṁ
µmp

kT (1.26)

Generally Lcool is ∼ 10% of the total X-ray luminosity, i.e., ∼ 1043-1044 erg s−1. Typ-
ical values of Ṁ are around 100 M� yr−1, which represents an huge amount of cold
gas deposited onto the central galaxy, and, as we discuss in the following section, is
one of the biggest controversies of the cooling flow model.

However, the simple cooling flow scenario has been severely challenged by the
observations over the years (e.g., Peterson and Fabian, 2006, for a review). The enor-
mous mass deposition predicted by X-ray observations has not been confirmed by
optical observations, that instead found that both the star formation and the molecu-
lar gas mass in the BCG are, in general, order of magnitudes below the expectations
(e.g., McNamara and O’Connell, 1989; Edge, 2001; McDonald et al., 2018). A notice-
ably exception in this sense is the Phoneix cluster, for which McDonald et al. (2013)
reports a star formation rate ∼ 800 M� yr−1, which would consume a 30-40% of
the predicted cooling flow. Furthermore, X-ray spectral analysis carried out with
the Reflection Grating Spectrometer on the XMM-Newton observatory revealed that
the gas in the central region does not cool at the rates predicted by the cooling flow
model (e.g., Peterson et al., 2003). These evidence have pointed out that the cooling
has to be balanced by some sort of heating process taking place in the ICM (for a
review Peterson and Fabian, 2006; McNamara and Nulsen, 2007; McNamara and
Nulsen, 2012; Gitti, Brighenti, and McNamara, 2012, and references therein).

A distinguishing characteristic of cool core clusters is the presence of warm, op-
tical line-emitting filaments of gas extending from the BCG (e.g., Hu, Cowie, and
Wang, 1985; Olivares et al., 2019, and references therein). Typically observed in
Hα, this warm gas has been shown to correlate with several properties of the cool
core, such as cooling rate and cluster entropy. However, their origin is debated (e.g.,
McDonald, 2011). They could be produced by cooling of ICM stimulated by the
bouyancy of a cavity in the ICM (McNamara et al., 2016) or by the chaotic cold ac-
cretion (Gaspari, Ruszkowski, and Oh, 2013). In the first model the filaments are
drifting away from the AGN dragged by a buoyant cavity. In the second scenario
the filaments are falling into the black hole, and no associated cavity is expected. In
both scenarios, molecular filaments are deeply related to the evolution of the central
galaxy, thus are important pieces of the cool core puzzle. Finally, it is interesting
mentioning that central molecular filaments share several similarities, both in terms
of spectral and thermal properties, with stripped molecular filaments observed in
jellyfish galaxies (e.g., Werner et al., 2013; Poggianti et al., 2019b), thus suggesting
that these objects are produced by similar physical processes.
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Figure 1.8: Composite image of the center of Hydra A with the radio (red), optical (green), and X-ray
(blue) emissions (Kirkpatrick et al., 2009).

1.3.2 The role of AGN feedback

The heating process invoked to explain the fallacies of the cooling flow model could
be explained by the non-gravitational energy input supplied by supernovae and
AGNs. Whereas supernovae are essential in the process of enrichment of the ICM to
the metallicity level observed (Domainko et al., 2004), they are energetically insuffi-
cient to balance the cooling (e.g., Borgani et al., 2002). On the contrary, the AGNs,
which are powered by accretion of material onto a black hole, could provide the en-
ergy to balance the cooling (e.g., Fabian, 2012, and references therein). Specifically,
the matter falling onto a black hole releases an energy of the order of EBH = ηMc2,
where η ' 0.1 is the efficiency. For supermassive black holes of masses ∼ 109 M�,
the amount of energy released during their formation and growth is of the order of
EBH ∼ 2 × 1062 erg, which represent a significant energy budget for heating pro-
cesses in the cool cores.

The most spectacular evidence of the impact of the AGN on the surrounding
medium is represented by the almost ubiquitous presence of X-ray cavities at the
center of relaxed clusters (e.g., Hlavacek-Larrondo et al., 2012; Shin, Woo, and Mulchaey,
2016). These structures are associated with radio-loud central galaxy (e.g., Mittal
et al., 2009) whose non-thermal radio jets and lobes fill them with radio-emitting
plasma (Figure 1.3.2). This association has been pointed out as evidence of that the
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AGN "radio-mode" feedback can deeply affect the surrounding ICM (e.g., McNa-
mara and Nulsen, 2007; Gitti, Brighenti, and McNamara, 2012; Bîrzan et al., 2020,
for reviews). In order to understand how deeply the feedback unfolds in the ICM,
it is crucial to estimate the energies involved in this process. The mechanical en-
ergy "stored" in the X-ray cavities, which reasonably is equal to (or slightly lower
than) the energy which was necessary to form them, can be inferred directly from
the X-ray observations. Under the assumptions of pressure equilibrium between the
cavity and the ICM and of adiabatic motion of the cavity, the total energy Ecav would
correspond to the work necessary to displace the gas, hence:

Ecav = Eint + pV =
γ

γ− 1
pV (1.27)

where Eint is the internal energy of the cavities, γ is the adiabatic index, which de-
pends on the contents of the cavities (γ = 4/3 for relativistic plasma or γ = 5/3
for thermal plasma), p is the external pressure, which can be inferred with the X-ray
spectral analysis, and V is the cavity volume, which can be assumed based on the
morphology of the cavity.

To compute the cavity power Pcav the mechanical energy has to be divided by
a characteristic time-scale, which can be buoyancy time, the crossing time given by
the local speed of sound, or the time required to the gas to fill the displaced vol-
ume (e.g., Bîrzan et al., 2008). The three estimates, although they are all consistent
within a factor∼ 2, provides estimate of the characteristic time of a few 107 yrs, thus
resulting in a Pcav ' 1042−44 erg s−1 that is consistent with the cooling luminosity
(Lcool ' 1043-1044 erg s−1). The study of the correlation between Pcav and Lcool, ob-
served in both clusters and groups (e.g., Bîrzan et al., 2008; O’Sullivan et al., 2011b;
Hlavacek-Larrondo et al., 2015; Kolokythas et al., 2018), permitted to constrain the
properties of the cavities and proved that their energy release is able to balance the
cooling. Moreover, observing that in some clusters Pcav largely exceeds Lcool (e.g.,
Rafferty et al., 2006) suggested that the heating could take place in violent burst.

Having found that the two processes are "energetically consistent" naturally poses
the question of how the energy can be channeled from the cavities to the ICM. Based
on both observations and numerical simulations, the emerging picture is that the en-
ergy budget of the cavities is dissipated in several forms while they are arising in the
gravitational well, such as turbulence produced during the motion of these struc-
tures (e.g., McNamara and Nulsen, 2007), and the non-thermal pressure provided
by the cosmic rays, originally stored in the radio plasma within the cavity, which
would be released when the radio bubble reach an equilibrium with the external
ICM (e.g., Fujita and Ohira, 2013; Jacob and Pfrommer, 2017a; Jacob and Pfrommer,
2017b; Ehlert et al., 2018). Finally, part of the energy injected by the AGN would be
channeled also in form of cocoon shocks with Mach number ∼ 1− 2, which arise
from the same dramatic AGN outbursts that produces the cavities, and warm-up
the ICM by releasing their kinetic energy (e.g., McNamara et al., 2000; Fabian et al.,
2006).

The discovery of clusters hosting several systems of cavities (e.g., Fabian et al.,
2006; Kokotanekov et al., 2018) suggested a cyclic nature of the AGN feedback. The
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Figure 1.9: Sketch of the three phases of the self-regulated AGN feedback loop.

general picture envisions a "self-regulated AGN feedback loop" (Figure 1.9) struc-
tured in three phases (McNamara and Nulsen, 2012). While the cooling is unop-
posed, the mass flow deposits large amount of gas onto the central galaxy, which
ends fueling the super massive black hole. As a result, the accretion initiates a phase
of intense AGN activity that can result in the release of energy in the ICM. The AGN
feedback can effectively balance the cooling, thus interrupting the mass inflow and,
hence, the fueling of the AGN itself. Once the AGN activity phase ends because of
the lack of fuel, the system reaches a relaxed phase in which both the cooling and the
heating are quenched. However, if this relaxed phase persists, the cooling flow can
start again, thus resuming the cycle. This cycle, which can both regulate the thermal
balance of the ICM and induce the circulation of gas and metals on the scales of sev-
eral hundreds of kpc (e.g., Liu et al., 2018, for recent results), represent an essential
factor of the evolution of the cluster and the galaxies in it.

Nevertheless, the nature of the mechanism that convey the energy from the black
hole to the ICM is complex and not yet fully understood. Great hopes in addressing
these questions are placed in the advances that will be made possible with the in-
coming Athena telescope, whose large collection area and high energy resolution will
allow to deeply investigate the micro-physics of the ICM, both in terms of thermal
and dynamical properties, in the surroundings of the AGN (Croston et al., 2013).

1.3.3 Origin and results of the cool core sloshing

Despite their name, relaxed clusters are not completely idle, on the contrary they can
be subject to minor, dynamical interactions that can drive kinetic energy in the gas
at different scales. The most prominent example in the central regions is provided
by the sloshing of the gas (Markevitch and Vikhlinin, 2007) and it can deeply affect
both the ICM properties and the evolution of cluster galaxies. The sloshing of the
cool core can be set in motion by infall of large dark matter sub-clumps following
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minor mergers (e.g., ZuHone, Zavala, and Vogelsberger, 2019), or by ram-pressure
slingshot following the passage of a sub-cluster with large impact parameter within
a larger structure (e.g., Hallman and Markevitch, 2004), and it can persists for sev-
eral Gyrs.

From the observational point of view, sloshing clusters are characterized by a
striking, spiral pattern of density discontinuities in the ICM X-ray emission (Figure
1.10) which can extend from the inner regions (< 100 kpc) up to the virial radius of
the cluster (e.g., Rossetti et al., 2013; Walker et al., 2020). This (spectacular) feature is
produced by the oscillation of the dense structures, which generates contact discon-
tinuities with the surrounding flows. The oscillation frequency, ω, can be estimated
as:

ω = ωk

√
3
5

dln(s)
dln(r)

(1.28)

where ωk =
√

σ/r is the Keplerian orbital frequency, r is the radius and s is the en-
tropy index (Owers, Nulsen, and Couch, 2011).

The displaced gas, in result of the oscillating motion, acquires angular momen-
tum and hence, instead of falling back radially, it forms a spiral. The contact discon-
tinuities are called cold fronts and, on the contrary of shocks, are characterized by a
pressure equilibrium between the two surfaces. Cold fronts have been widely ob-
served in clusters (e.g., Ghizzardi, Rossetti, and Molendi, 2010; Botteon, Gastaldello,
and Brunetti, 2018), thus providing evidence that minor dynamical events are com-
mon during the cluster life.

Cold fronts are remarkable probes of the ICM micro-physics (e.g., Zuhone and
Roediger, 2016, for a review). The temperature jump across these fronts implies
that either thermal conduction is intrinsically weak in galaxy clusters (e.g., ZuHone,
Markevitch, and Brunetti, 2011), or the magnetic field is oriented parallel to the front
surfaces, restricting conduction across the front (e.g., ZuHone et al., 2013a). Finally,
the developing (or not) of Kelvin-Helmotz instabilites along the cold front permit to
infer further constraints on the ICM viscosity and magnetic field (e.g., Walker et al.,
2017).

The ICM sloshing can affect the evolution of relaxed clusters. It can have an im-
portant role in determining the thermal evolution of the cluster core. It brings the
cold gas of the core into contact with hot gas, possibly facilitating a transfer of heat
between these phases, either via mixing of the hot and cold gas or by heat conduction
(ZuHone, Markevitch, and Johnson, 2010). This raises the possibility that sloshing
may be partially responsible for balancing the cooling in the cores of galaxy clusters.
Indeed numerical simulations proved that gas mixing and the conduction of heat
between the hot and cold phases in the cluster core raises the temperature and the
entropy of the core, and, in the absence of radiative cooling, could potentially elim-
inate the cool core entirely (e.g., ZuHone et al., 2013a). Moreover, by moving the
central gas, the sloshing can spread the heavy elements from the center outwards,
thus altering the metallicity gradients and, hence, the local radiative cooling effi-
ciency (e.g., Sanders, Fabian, and Taylor, 2005; Fabian et al., 2006; Simionescu et al.,
2010; Ghizzardi, De Grandi, and Molendi, 2014). Finally, the sloshing can affect both
the cluster galaxies, by producing over-dense regions in which the stripping is more
efficient, and the BCG, by altering the cooling flow onto it, i.e. the fueling of the
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Figure 1.10: Image of the Chandra X-ray observation of the Perseus cluster filtered with the gaussian
gradient magnitude method. The image reports the surface brightness gradients, hence highlighting
the sloshing pattern in the cluster (Walker et al., 2017).

central AGN (Pasini et al., 2019, for a recent result).

1.3.4 Radio mini-halos

Massive, relaxed clusters often host diffuse radio emission with a steep (α < −1)
spectrum at their center, the so-called radio mini-halos (MH, classified for the first
time in Feretti and Giovannini, 1996). In Figure 1.11 we report one of the first images
of the MH in the Persues cluster, which is considered the archetype of this kind of
sources. The radio emission, whose emissivity is generally higher than that of giant
radio halos (∼ 50 times, Cassano, Gitti, and Brunetti, 2008; Murgia et al., 2009),
has been observed surrounding the central radio galaxy and extending generally
up to ∼100-150 kpc (e.g., van Weeren et al., 2019, and the references therein). Re-
cently, the discovery of very steep spectrum (α < −2) emission on large scale (∼ 500
kpc) around a number of MHs (Savini et al., 2018; Savini et al., 2019) suggested the
possibility that low-energy CRe could be actually diffused on large scales also in re-
laxed cluster. At higher frequency, the radio emission is mostly confined within the
cool cores of the clusters, thus outlining a connection between the non-thermal ICM
components and the thermal plasma (e.g., Rizza et al., 2000; Gitti, Brunetti, and Setti,
2002; Mazzotta and Giacintucci, 2008; Giacintucci et al., 2014a). This intrinsic con-
nection is supported by the correlations observed between global radio and X-ray
luminosities (Bravi, Gitti, and Brunetti, 2016; Gitti et al., 2015; Gitti et al., 2018; Giac-
intucci et al., 2019; Richard-Laferrière et al., 2020). At the present time, we know 23
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Figure 1.11: VLA image at 330 MHz of the Perseus cluster from Burns et al. (1992).

MHs, observed in almost all the massive cool-core clusters (the incidence is ∼ 80%
for M500 > 6 · 1014 M�, Giacintucci et al., 2017), but current and future facilities, like
Low-Frequency ARray (LOFAR) and the Square Kilometre Array (SKA), may have
the potential to discover up to 104 new MHs (Gitti et al., 2018).

The origin of CRe in the MH volume is still debated. Two possible scenarios
have been proposed. One is the leptonic scenario, where the CRe, possibly injected
by the active galactic nucleus (AGN) of the central radio galaxy, are re-accelerated by
ICM turbulence. In this scenario the turbulence in the cool cores may be injected by
the dynamics of the gas cooling in the central region (e.g., Gitti, Brunetti, and Setti,
2002), by the AGN itself during so-called "radio-mode" AGN feedback (see Section
1.3.2), or by the gas dynamics driven by the cold fronts (e.g., ZuHone et al., 2013b).

The other scenario is the hadronic one, where CRe are produced by collisions be-
tween CRp and the thermal protons of the ICM (Pfrommer and Enßlin, 2004), with
a cascade:

p + p→ π0 + π− + π+ + anything

π0 → γγ

π± → µ± + νµ(ν̄µ)

µ± → e± + ν̄µ(νµ) + νe(ν̄e)

Once the CRp are released into the cluster, most likely by the central AGN (e.g.,
Blasi and Colafrancesco, 1999), they can diffuse on the scale of the observed radio
emission due to their longer radiative times (τCRp ' 1010 yr >> τCRe ' 108 years,
see Section 1.2.4). The most striking feature of this scenario is the expected γ-ray
diffuse emission that would be produced by the same collisions that inject the CRe.
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This latter mechanism was originally proposed also to explain the Mpc-scale radio
emission of giant radio halos (e.g., Blasi and Colafrancesco, 1999), but the lack of
clear detection from the Fermi telescope ruled out this possibility (Brunetti, Zimmer,
and Zandanel, 2017, and references therein). As we are going to discuss in Chapter 2,
the γ-ray emission that would be generated in the cool cores falls below the current
observational limits, thus leaving this possibility open for MH. On the other hand,
hadronic models cannot explain the large scale emission with very steep spectrum
that has been detected by LOFAR surrounding a number of MH (Savini et al., 2018;
Savini et al., 2019). Turbulent re-acceleration models have predicted steep-spectrum,
large-scale emission in minor mergers (e.g. Cassano et al., 2010; Brunetti and Jones,
2014). Therefore, if MH are hadronic, it is possible that in these cases we are looking
at MH surrounded by a region where CRe are re-accelerated by the dissipation of
energy injected by minor mergers.

Despite the debate on their origin, it is undeniable that the properties of MHs
are rooted into those of the hosting cool core and the central AGN, thus they can be
proxy of the internal physics of relaxed clusters. On the one hand, from the study of
the continuum radio emission we can infer the properties of ICM magnetic field and
cosmic rays, which locally affect the micro-physics and, thus, the thermal processes
that regulate the thermal balance of the cool core (e.g., Fujita and Ohira, 2013; Jacob
and Pfrommer, 2017a). At the same time, both the hadronic and leptonic processes
show that their main "ingredients", i.e. streaming cosmic rays or ICM turbulence,
can both explain the origin of the diffuse radio emission and, to a certain extent, the
heating of the cool core (e.g., Jacob and Pfrommer, 2017b; Zhuravleva et al., 2014,
respectively). Therefore, following the fascinating possibilities that MHs would be
a probe of the process that balance the ICM cooling, great effort will be spent in the
next years, thanks to present and incoming radio telescope such as the LOFAR and
the SKA, to expand the current statistic of MH and push further these studies (Gitti
et al., 2018).

� � �

In this Thesis, unless stated differently, we adopted a ΛCDM cosmology with H0 = 70
km s−1Mpc−1, ΩM = 1−ΩΛ = 0.3. We define the radio spectrum S ∝ να where S
is the observed radio flux density at frequency ν. The values are reported with a 1σ
confidence error.
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Chapter 2

The connection between radio and
X-ray emission in relaxed clusters

Based on Ignesti et al., 2020, A&A, 640, A37

2.1 Introduction

As discussed in Chapter 1.3.4, the two scenarios (leptonic or hadronic) proposed to
explain the origin of diffuse radio emission share two common aspects: the possi-
ble role played by the AGN as the source of relativistic particles and the physical
connection between the CRe and thermal plasma (as background medium for the
turbulence or targets for CRp collisions). This connection is expected to induce a
spatial correlation between the radio, IR, and X-ray, IX, surface brightness. In re-
acceleration models the IR-IX correlation is sensitive to the way turbulence is gen-
erated in the thermal background plasma and relativistic particles are accelerated
and transported in that turbulence. On the contrary, the correlation is particularly
straightforward in the case of secondary models, where the thermal plasma, which
generates the X-ray emission, also provides the targets for the inelastic collisions
with the CRp that produce the secondary electrons emitting in the radio band. In
this latter case, a super-linear scaling between radio and X-ray brightness is gener-
ally expected.

Radio and X-ray correlations can be studied through the point-to-point connec-
tion between radio and X-ray surface brightness. The importance of this correlation
has been discussed in the case of giant radio halos (e.g., Govoni et al., 2001; Brunetti,
2004; Pfrommer, 2008; Donnert et al., 2010; Brunetti and Jones, 2014). For these
sources, it is generally observed a sub-linear scaling between the two quantities, as
IR ∝ Ik

X, with k ≤ 1 (Govoni et al., 2001; Feretti et al., 2001; Giacintucci et al., 2005;
Vacca et al., 2010; Hoang et al., 2019).

Similar considerations apply to the case of MHs, and thus following this idea, in
this Chapter we explore, for the first time, the connection between IR and IX surface
brightness for a sample of MHs, which we describe in the following section. Explor-
ing these correlations potentially provides important information on the origin of
these sources and their connection with the central AGN.

In this Chapter we adopted ΛCDM cosmology, with H0 = 73 km s−1 Mpc−1,
Ωm = 1−ΩΛ = 0.27, and we define the synchrotron spectrum as S ∝ ν−α .
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Table 2.1: Physical properties of the clusters analyzed in this work.

Cluster name RAJ2000 DECJ2000 z M500 R500 RMH LX,R500

2A0335+096 03 38 44.4 +09 56 34 0.035 2.3+0.2
-0.3 0.92 70 4.4± 0.5

RBS 797 09 47 00.2 +76 23 44 0.345 6.3+0.6
-0.7 1.16 120 41.9± 5.4

Abell 3444 10 23 54.8 -27 17 09 0.254 7.6+0.5
-0.6 1.27 120 28.3± 4.0

MS 1455.0+2232 14 57 15.1 +22 20 34 0.258 3.5+0.4
-0.4 0.98 120 21.1± 2.2

RXC J1504.1-0248 15 04 05.4 -02 47 54 0.215 7.0+0.6
-0.6 0.98 140 68.4± 7.0

RX J1532.9+3021 15 32 53.8 +30 20 58 0.345 4.7+0.6
-0.6 1.04 100 41.6± 4.5

RX J1720.1+2637 17 20 12.6 +26 37 23 0.164 6.3+0.4
-0.4 1.24 140 17.2± 1.7

From left to right: Cluster name; J2000 hexadecimal coordinates; Redshift; Total mass and
radius at a mean over-density of 500 with respect to the cosmological critical density at red-
shift z in units of 1014 M� and Mpc, respectively; Average radius of the diffuse emission
in units of kpc defined as RMH =

√
Rmax × Rmin where Rmax and Rmin are the maximum

and minimum radius as derived from the 3σ iso-contour emission; Bolometric X-ray lumi-
nosity measured within R500 expressed in units of 1044 erg s−1. The values are taken from
Giacintucci et al. (2017) and references therein.

2.2 Cluster sample

We selected a sample of targets based solely on the quality of the radio and X-ray
data. In order to reliably evaluate the IR-IX correlation, we searched for relaxed clus-
ters with deep and well-resolved radio images in the literature, and deep archival
Chandra observations. The sample is composed of seven MHs, we report the phys-
ical properties in Table 2.1, and the details of the radio images and archival X-ray
observations in Table 2.2. Below we present a brief morphological description of
each cluster of the sample and of the previous literature results:

� 2A0335+096: The MH was first imaged at 1.4 GHz and 5.5 GHz by Sarazin,
Baum, and O’Dea (1995). The MH morphology in our images, obtained from
the same radio data (see Giacintucci et al., 2019, for details), is consistent with
the structure previously mapped. The central radio galaxy is a core-dominated,
double-lobe source and another patch of extended emission, which is inter-
preted as a fossil lobe from an older AGN outburst, is detected at ∼ 25′′(∼18
kpc) from the cluster center. The MH surrounds this structure extending for
∼ 100” (∼ 70 kpc). In the X-ray band we observe two cavities, which coincide
with the radio lobes, and a cold front located at ∼40 kpc from the center. The
region inside the cold front shows a number of small, dense gas blobs that may
be the shred of a cooling core disturbed by either Kelvin-Helmotz instabilities
or intermittent AGN activity. All of these properties relate to processes that
may act to disrupt or destroy any cooling flow (Mazzotta, Edge, and Marke-
vitch, 2003; Sanders, Fabian, and Taylor, 2009). The cluster hosts a head-tail
radio galaxy whose radio tail is close to the MH with a projected distance of
∼ 90 kpc. This suggests the possibility that the close-by passage of the galaxy
may have played a role in the injection of both CRe and turbulence in the ICM.
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� RBS 797: This cluster shows radio emission on three different scales. VLA ob-
servations at 4.8 GHz at high resolutions (∼ 0.4′′) revealed the presence of a
pair of jets connected to the central galaxy, oriented in the north-south direc-
tion and extended for ∼15 kpc. On the larger scale, the radio emission ob-
served at 1.4 GHz coincides with a striking system of cavities extending for
∼26 kpc in the east-west direction observed by Chandra in the X-ray band. The
misalignment of the cavities with respect to the inner jet system suggests that
the central AGN had different cycles of activity with the jets oriented in dif-
ferent directions (Gitti, Feretti, and Schindler, 2006; Gitti et al., 2013). Finally,
the cluster shows diffuse radio emission with a roughly spherical morphology
and a radius of ∼100 kpc (Gitti, Feretti, and Schindler, 2006; Doria et al., 2012).
We excluded the region of the cavities from the analysis of the MH.

� Abell 3444: The MH was reported first by Venturi et al. (2007) and then con-
firmed in Giacintucci et al. (2019). The BCG at the center of the low-entropy
cool core does not show jets (Giacintucci et al., in prep.). The morphology of
the radio emission seems orthogonal to the X-ray emission, with the IR de-
creasing rapidly eastward.

� MS 1455.0+2232: The MH is composed of a central region and a tail located
at the southeast. The northern part of the MH is delimited by a cold front.
The cluster, along with RX J1720.1+2637, has been reported by Mazzotta and
Giacintucci (2008) as a first evidence of the connection between cold fronts and
MHs.

� RXC J1504.1-0248: This cluster is characterized by an extreme X-ray luminosity
(Lbol = 4.3 · 1045 h−1

70 erg s−1), of which more the 70% is radiated inside the cool
core region. The exceptional X-ray luminosity suggests that we are observing
AGN-ICM interactions taking place in extreme conditions. The MH surrounds
the BCG, extending for ∼140 kpc, and it has a spectral index of α = 1.2. The
cluster also shows a pair of cold fronts located inside the radio emitting region
that highlight the presence of ongoing sloshing processes (Giacintucci et al.,
2011).

� RX J1532.9+3021: The Chandra observation shows a pair of cavities associated
with the BCG and a cold front located at ∼65 kpc from the center, partially as-
sociated with one of the cavities (Hlavacek-Larrondo et al., 2013). The MH
appears more extended toward the northeast, with a radius of ∼ 180 kpc,
following the morphology of the X-ray surface brightness. Giacintucci et al.
(2014b) estimated the total spectral index of the diffuse radio emission α = 1.2
by combining observations at 325 MHz, 610 MHz, 1.4 GHz, and 4.9 GHz.

� RX J1720.1+2637: This cluster was the first relaxed system in which sloshing
cold fronts were revealed by Chandra (Mazzotta et al., 2001) as well as one
of the first two clusters in which a connection between MH and cold fronts
was reported (Mazzotta and Giacintucci, 2008). The MH consists of a bright
central region that contains most of its flux density, and a fainter, arc-shaped
tail elongated for ∼230 kpc, and it is delimited by the cold front. Giacintucci
et al. (2014a) combined several radio observations spanning from 0.317 to 8.44
GHz to obtain a detailed spectral index map of the MH. They observed that the
spectral index varies within the MH. The central region shows α '1, whereas
the tail shows α '2-2.5. ZuHone et al. (2015) demonstrated via numerical
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simulations that the CRe in the tail could be efficiently re-accelerated by the
turbulence injected at the edge of the cold front.

2.3 Data analysis

2.3.1 Data preparation

The radio images used in this work have been presented in literature (see list of
references in Table 2.2). The images were obtained from high-sensitivity, pointed
radio observations with the Very Large Array (VLA) at 1.4 and 5.5 GHz and the Gi-
ant Metrewave Radio Telescope (GMRT) at 0.3 and 0.6 GHz. All observations used
to produce our MH images have a good sampling of the uv plane at short antenna
spacings, which ensures the detection of large-scale emission (above the image sensi-
tivity) on scales significantly larger than the measured extent of the MH (for details
see Giacintucci et al., 2017, their Table 10 and Figure 12). To enhance the diffuse
emission, a weighting scheme close to natural weighting was typically adopted dur-
ing the data imaging. Furthermore, the MH sizes do not appear to correlate with
the signal-to-noise ratio of the radio images (Giacintucci et al., 2017, Section B), thus
ensuring that the measured extent is not biased by the image sensitivity. Besides
a good uv coverage at short spacings, the observations also have a sufficiently high
resolution to disentangle the central radio galaxy from the surrounding diffuse emis-
sion. Higher resolution images, showing the smaller scale emission associated with
the central galaxy, are also presented in the previous works. Nevertheless, to avoid
any possible contamination of the radio galaxy emission into the diffuse MH, we
masked the central region of each MH using an appropriate mask with a size larger
than the radio beam (see Section 2.3.2).

Concerning the X-ray images, we retrieved the Chandra observations of the clus-
ters from the archive1 to produce the X-ray images and to derive the physical quan-
tities of the thermal ICM. When it was possible, we collected multiple observa-
tions to improve the sensitivity of our analysis. The datasets were reprocessed with
CIAO v.4.9 and corrected for known time-dependent gain and charge transfer in-
efficiency problems following techniques similar to those described in the Chandra
analysis threads2. To filter out strong background flares, we also applied screening
of the event files. We used CALDB v.4.7.8 blank-sky background files normalized
to the count rate of the source image in the 9-12 keV band to produce the appropri-
ate background image for each observation. We produced the exposure-corrected,
background-subtracted brightness maps in the energy range 0.5-2.0 keV. We used
this energy band because it is where the thermal ICM emission and Chandra sensi-
tivity are at their maximum, thus it assures an optimal count statistic for the analysis
using our data. We masked the X-ray point sources embedded in the cluster emis-
sion. The final X-ray images with the radio contours and the masks are presented in
Section 2.3.2.

2.3.2 Monte Carlo point-to-point analysis

Govoni et al. (2001) performed a point-to-point analysis of the radio and X-ray emis-
sion for a sample of clusters hosting giant radio halos. In their work they adopted a

1http://cxc.harvard.edu/cda/
2http://cxc.harvard.edu/ciao/threads/index.html
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Figure 2.1: Top: Chandra image of the RBS 797 cluster with the contours at the -3, 3, 24, 96σ levels of the
radio emission at 1.4 GHz (Doria et al., 2012). The resolution of the radio maps is 3′′x3′′ and 1σ = 10
µJy beam−1. Shown in green is a random mesh that samples the emission above the 3σ level with
cells of 4′′x4′′ size. The central cavities and the external sources were masked (gray) and, therefore
they were excluded from the sampling. Bottom-left: IR vs. IX plot where each point corresponds to a
cell of the sampling mesh. The red and green lines are, respectively, the best-fit power law estimated
for (IR | IX) and (IX | IR). The blue line is their bisector power law. The value of kSM is reported
in the legend ; Bottom-right: Histogram of the distribution of values of kSM produced by the Monte
Carlo point-to-point analysis with 1000 cycles. The best estimate of k is reported in the legend with the
associated 1σ error.
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Table 2.2: Archival radio and X-ray observations used in this work.

Radio observations

Cluster name Reference Frequency Beam RMS
[GHz] [arcsec×arcsec] [µJy beam−1]

2A0335+096 1 1.4
5.5

23.0×22.0
18.5×16.0

56
16

RBS 797 2 1.4 3.0×3.0 10

Abell 3444 1 0.6
1.4

8.0×8.0
8.0×8.0

58
35

MS 1455.0+2232 3 0.6 6.0×5.0 50
RXC J1504.1-0248 4 0.3 11.3×10.4 75
RX J1532.9+3021 5 1.4 3.4×2.9 15
RX J1720.1+2637 6 0.6 7.8×6.1 30

X-ray observations

Cluster name Chandra Obs ID Total exposure time
[ks]

2A0335+096 919, 7939, 9792 106
RBS 797 7902 40
Abell 3444 9400 37
MS 1455.0+2232 4192 92
RXC J1504.1-0248 17197, 17669, 17670 109
RX J1532.9+3021 14009 88
RX J1720.1+2637 3224, 4361 50

References of the radio maps: (1) Giacintucci et al. (2019) (2) Doria et al. (2012) and Gitti et al.
(2013) (3) Mazzotta and Giacintucci (2008) (4) Giacintucci et al. (2011) (5) Giacintucci et al.
(2014b) (6) Giacintucci et al. (2014a)

single grid of cells to sample the diffuse radio emission. Here we extend the single-
mesh point-to-point (SMptp) analysis introduced in Govoni et al. (2001). The case
of MHs is more difficult than that of giant, well-resolved, radio halos, because of
the small number of independent beams sampling the surface brightness. Further-
more, the sampling scale that allows the maximum number of cells is the angular
resolution of the image itself. However, using grids with cells as small as the beam
of the image could generate biases in the analysis of the spatial correlations, because
contiguous cells are not statistically independent.

For these reasons, we developed a new method to carry out spatial correlation
analysis of poorly-resolved sources, the Monte Carlo point-to-point (MCptp) analy-
sis, which basically is the combination of several cycles of SMptp analysis based on a
randomly generated grids tailored to the diffuse radio emission. By fitting the values
of IR and Ik

X as IR ∝ Ik
X, each cycle produced a different estimate of the k index (kSM).

Eventually, these measurements are combined to obtain a more reliable estimate of
the real scaling. For this reason, we developed a Python script, PT-REX, to perform
the SMptp and the MCptp analysis. We report the details of the code in Appendix
A, where we also discuss its usage and limitations. For this work, we combined 1000
SMptp iterations for each cluster, where we sampled the radio emission above the
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Figure 2.2: RXJ1720.1+2637 .
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Figure 2.3: MS 1455.0+2232 .

3σ level, and we used the BCES bisector fit (Akritas and Bershady, 1996) to estimate
the correlation.

Sampling of the diffuse radio emission

In Figures 2.2-2.7 we report for each cluster of the sample (with the exception of RBS
797, which is reported in Figure 2.1) the contours of the radio emission and the mask
used for the analysis overlapped on the X-ray image. We also present a random
mesh generated during the MCptp analysis, the corresponding SMptp analysis, and
the distribution of k produced by the MCptp analysis. The resolution and the noise
of each map are reported in Table 2.2. For each object we report:

� Left: X-ray surface brightness map smoothed with a 1.5′′ gaussian, with the
contours of the radio map at the -3, 3, 24, 96σ levels (white), the mask used
in the analysis (gray), and a random sampling mash (green). The cell size
matches the angular resolution of the radio image;

� Center: IR versus IX obtained from the presented mesh. The red, green, and
blue lines are, respectively, the best-fit slopes obtained with the BCES for (IX |
IR), (IR | IX), and the bisector. The estimated value of kSM is reported in the
label;

� Right: Distribution of indexes k produced after 1000 iterations of MCptp anal-
ysis.

Contaminations of the central source in SMptp analysis

In order to test that the adopted masking is sufficient to contain the contamination of
the central radio source in our analysis, we present here a comparison of the SMptp
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Figure 2.4: RX J1532.9+3021 .
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Figure 2.5: RXC J1504.1-0248 .
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Figure 2.6: Abell 3444 at 610 MHz (top) and 1.4 GHz (bottom) .
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Figure 2.7: 2A03335+096 at 1.4 GHz (top) and 5.5 GHz (bottom) .

analysis for two of our objects after the subtraction of the central source, namely
clusters RX J1532.9+3021 and RXC J1504.1-0248. We selected RXC J1504.1-0248 be-
cause it hosts the most luminous radio sources of our sample, therefore it should be
the most sensitive to possible contaminations. In the two observations, the central
sources were first imaged by selecting only baselines longer than, respectively, 10
and 15 kλ. The clean components were then subtracted from the uv-data to obtain
images of the diffuse emission alone.

In Figure 2.8 we present the images before and after the subtraction with the
same color-scale and surface brightness levels and the same resolution reported in
Table 2.2, and the corresponding SMptp analysis performed on the subtracted im-
ages by using the same grids presented in Section 2.3.2. We found that, for each
cluster, the two estimates of k obtained with the two different approaches are con-
sistent within the errors. Therefore, for the aims of this work the central source can
be masked instead of subtracted.

2.4 Results

We performed the MCptp analysis with 1000 cycles on each MH of the sample. For
each cluster, we set the size of the cells to match the resolution of the radio map and
we set the IR minimum threshold for the brightness measured in each cell (flux/cell
area) to 3σ. We excluded the region of the radio-filled cavities from the analysis for
2A0335+096, RBS 797 and RX J1532.9+3021.

We found clear evidence of a spatial correlation between the radio and X-ray
emission. To further corroborate this result, we ran the Spearman test for each clus-
ter, finding statistical dependence ρs > 0.6 and two-sided significance levels of de-
viation from zero Pc < 2 · 10−2. We also tested if the sampling size may affect the
results of the MCptp. We tried to vary the size of the cells from the 1× beam size
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Figure 2.8: Top: RX J1532.9+3021, before (left) and after the subtractions (center). The contours are at
2, 4, 8, 16, 32, and 64× 22 µJy beam−1. The plot (right) is the result of the SMptp analysis performed on
the subtracted image with the same grid presented in Section 2.3.2; Bottom: RXC J1504.1-0248, before
(left) and after the subtractions (center). The contours are at 2, 4, 8, 16, 32, and 64 × 0.9 mJy beam−1.
The plot (right) is the result of the SMptp analysis performed on the subtracted image with the same
grid presented in Section 2.3.2.

Table 2.3: Results of the MCptp analysis.

Cluster name k

2A035+096 [1.4 GHz] 1.33± 0.23
2A035+096 [5.5 GHz] 1.01± 0.15
RBS 797 1.27± 0.12
Abell 3444 [0.6 GHz] 1.29± 0.14
Abell 3444 [1.4 GHz] 1.23± 0.14
MS 1455.0+2232 1.00± 0.12
RXC J1504.1-0248 2.09± 0.33
RX J1532.9+3021 1.12± 0.17
RX J1720.1+2637 1.73± 0.14

to 1.5×beam size, finding that the increment of the cell size does not produce sig-
nificant differences in the results. For the whole sample we estimate k≥ 1 and for
the two cases with radio observations at two frequencies we do not find a significant
variation of k with frequency (Table 2.3).

2.4.1 Mini vs Giant halos

We note that the values of k we find for MHs are, generally, larger than 1. This is
interesting because it is different from the sub-linear or linear scalings (k ≤ 1) that
are reported in the literature for giant radio halos (Figure 2.9, where we report the
results presented in Govoni et al., 2001; Feretti et al., 2001; Giacintucci et al., 2005;
Vacca et al., 2010; Hoang et al., 2019; Xie et al., 2020; Botteon et al., 2020; Rajpurohit
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Figure 2.9: Distribution of index k for MH (red) and giant halos (blue) reported in literature. The
horizontal, dashed line points out the k = 1 threshold.

et al., 2020; Bruno et al., 2021).3 We observe that the medians of the two distribution
are only marginally consistent, with k = 1.27± 0.34 for MH and k = 0.74± 0.28 for
giant halos.

The slope of this spatial correlations basically describes the distribution of mag-
netic field and CRe in the thermal ICM, thus it may suggest an intrinsic difference
in the origin and dynamics of the CRs , or a different entanglement of magnetic
field and CRs, between relaxed and perturbed clusters. Specifically, the super-linear
correlation observed in MH indicates that the distribution of CRe is peaked at the
center of these clusters, thus suggesting a central origin of these particles. On the
contrary, the sub-linear scaling observed in giant halos may indicates that the CRe
in these clusters have diffused on scales larger than these of the thermal plasma. A
fascinating outcome of this results would be a new criteria to discriminate between

3The only exception is 1RXS J0603.3+4214 (Rajpurohit et al., 2018).
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the two classes of radio sources. However, a re-analysis of the cases of giant radio
halos adopting our procedure is required for a more quantitative statement.

2.5 Implications for hadronic models

The study of radio and X-ray brightness distribution provides important informa-
tion on the origin of diffuse radio sources and on the model parameters (e.g., Gov-
oni et al., 2001; Brunetti, 2004; Pfrommer, 2008; Brunetti and Jones, 2014). In this
work we focus on the hadronic model (See Chapter 1.3.4). The super-linear scaling
between IR and IX for MHs suggests that the number density of emitting electrons
rapidly declines from the center to the external regions. One possibility is that CRp
propagate from the central AGN and generate secondary particles which emit the
observed radio emission. As we will show in the following, in this scenario the
observed radio and X-ray spatial correlation can constrain the model parameters,
including the CRp luminosity of the AGN and the magnetic fields in the MH vol-
ume. We note, however, that steep IR profiles can also be explained by pure leptonic
models (e.g., Gitti, Brunetti, and Setti, 2002, for the MH in the Perseus cluster), which
are not analyzed in this work.

2.5.1 Model framework

In the context of a pure hadronic scenario, we assume the central AGN as the pri-
mary source of CRp, which are injected with a rate of

Q(p) = Q0 p−δ, (2.1)

where p is the proton momentum for which we assumed a power-law distribution
in momentum as typically assumed for CR sources in the ICM (Brunetti and Jones,
2014, for a theoretical discussion).

We assume a diffusive propagation of CR on scales much larger than the coherent
scale of the magnetic field in the ICM, (>>10 kpc, e.g., Brunetti and Jones, 2014). In
this case, the time required for a particle to diffuse up to the observed MH radius,
RMH, is τ = R2

MH/4D0, where D0 is the spatial diffusion coefficient. In this work
we assumed a diffusion coefficient D0 that does not depend on CRp energy. The
resulting spectrum of CRp as a function of momentum, distance, and time is:

Np(p, r, t) =
1

2π3/2r
Q(p)

D0

∫ ∞

r/rmax

e−y2
dy, (2.2)

where r is the distance from the source and rmax =
√

4D0t is the distance reached
by CRp in an interval of time t (e.g., Blasi and Colafrancesco, 1999). In this work we
assume the simplified case where stationary conditions for CRp distribution are es-
tablished. These conditions are generated by the interplay of diffusion and injection
from the central AGN and are valid under the following assumptions:

� CRp diffuse on a MH scale on a timescale that is considerably smaller than the
timescale of the energy losses of CRp with energy ∼ 100 GeV (∼ 1010 yr, e.g.,
Brunetti and Jones, 2014); this condition selects a minimum value of the spatial
diffusion coefficient (see Section 2.5.2 for details).

� The CRp injection rate from the AGN, LCRp, is fairly constant when averaged
and sampled on a sufficiently long timescale (smaller than the diffusion time)
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of about 100 Myr or longer. We note that this also includes the possibility of an
AGN duty-cycle, provided that its timescale is considerably smaller than the
diffusion time.

Assuming stationary conditions, Eq. 2.2 gives the stationary solution

Np(p, r) =
1

4πr
Q(p)

D0
. (2.3)

While they are diffusing over the cluster volume, CRp with kinetic energy above
300 MeV (e.g., Brunetti, Zimmer, and Zandanel, 2017) interact with the ICM thermal
protons in the cool core, for which we assumed a β-model distribution described in
Chapter 1.2.2:

nth(r) = n0

[
1 +

(
r
rc

)2
]− 3

2 β

, (2.4)

where n0 is the central proton density, rc is the core radius, and β describes the ratio
between thermal and gravitational energy of the plasma (e.g., Cavaliere and Fusco-
Femiano, 1976).

As a result of these interactions, secondary particles, that is, π0, positrons, and
electrons, are continuously injected into the cluster volume (e.g., Blasi and Colafrancesco,
1999; Pfrommer and Enßlin, 2004; Brunetti and Blasi, 2005). We follow the proce-
dures in Brunetti, Zimmer, and Zandanel (2017, their Section 3.4) to calculate the
injection spectrum of secondary electrons and positrons, Q±e (p, t), and calculate the
spectrum of electrons and positrons, N±e (p, t), assuming the stationary conditions:

N±e (p, t) =
1

∑rad, i

∣∣∣dp
dt

∣∣∣
∫

p
Q±e (p, t)pdt, (2.5)

where |dp/dt|rad, i are the radiative and Coulomb losses, and:

Q±e (p, t) =
8β′µm2

πnthc2

m2
π −m2

µ

∫
Emin

∫
p∗

dEπdp
Eπ β̄µ

βpNp(p, t)

× dσ±,0

dE
(
Eπ, Ep

)
Fe (Ee, Eπ)

(2.6)

where β̄µ =
√

1−m2
µ/Ē2

µ, Ēµ = 1/2Eπ(m2
π−m2

µ)/(β′µm2
π), β′µ = 0.2714, and dσ±,0/dE

is the differential inclusive cross-section for the production of charged and neu-
tral pions (we assume the cross-section in Brunetti, Zimmer, and Zandanel, 2017).
Fe (Ee, Eπ) is given in Brunetti and Blasi (2005):

Fe(Ee, Eπ) =
5
12
− 3

4
λ2

π +
1
3

λ3
π −

Pπ

2βπ

[
1
6
−
(

βπ +
1
2

)
λ2

π +

(
βπ +

1
3

)
λ3

π

]
for

γπ

c
(1 + βπ)

2 >
m2

π + m2
µ

2mπEe

(2.7)
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and:

Fe(Ee, Eπ) =
λ2

π βπ

(1− βπ)2

[
3− 2

3
λπ

(
3 + β2

π

1− βπ

) ]
− Pπ

1− βπ

{
λ2

π(1 + βπ)

− 2λ2
π

1− βπ

[
1
2
+ λπ(1 + βπ)

]
+

2λ3
π(3 + β2

π)

3(1− βπ)2

}
for

γπ

c
(1 + βπ)

2 ≤
m2

π + m2
µ

2mπEe

(2.8)

where λπ = 2m2
πEe/(m2

π + m2
µ)Eπ, and:

Pπ = − 1
βπ

m4
π

m4
π −m4

µ

{
4−

[
1 +

(
mµ

mπ

)2 ]2
}

. (2.9)

The secondary CRe injected into the ICM magnetic field, B(r), can generate, in
turn, synchrotron radio emission with an emissivity:

jR(ν, r) =
√

3
e3

mec2

∫ π/2

0
sin2θdθ

∫
N±e (p)F

(
ν

νc

)
dp

∝ Np(p, r)nth(r)
B(r)1+α

B(r)2 + B2
CMB

ν−α

∝
1

4πr
Q(p)

D0
nth(r)

B(r)1+α

B(r)2 + B2
CMB

ν−α

, (2.10)

where F
(

ν
νc

)
is the synchrotron kernel (e.g., Rybicki and Lightman, 1979), BCMB =

3.25(1 + z)2 µG is the cosmic microwave background (CMB) equivalent magnetic
field and the spectral index is α ' δ/2 (Brunetti, Zimmer, and Zandanel, 2017, and
references therein).

We assumed that the ICM magnetic field radial profile scales with the gas density
profile, nth(r), as:

B(r) = B0

[
nth(r)

n0

]η

, (2.11)

where η is the parameter that describes the scaling and n0 is the central gas density
(Eq. 2.4).

We follow the procedures in Brunetti, Zimmer, and Zandanel (2017) to calculate
the injection spectrum of neutral pions:

Q0
π(Eπ, t) = nthc

∫
p∗

dpNp(p, t)βp
dσ±,0

dE
(Ep, Eπ). (2.12)

Then the γ-ray emissivity produced by the π0 decay is:

jγ(r) = 2
∫ Emax

Emin

Q0
π(Eπ, t)√

E2
π −mπ

2c4
dEπ

∝ Np(p, r)nth(r)

∝
1

4πr
Q(p)

D0
nth(r)

(2.13)
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which produces a large-scale γ-ray halo surrounding the AGN.
Finally, due to the spherical symmetry of our model, radio and γ-ray emissivities
can be straightforwardly converted into a surface brightness profile by integrating
along the line of sight:

IR,γ(b) =
1

2π

∫ +∞

b

rjR,γ(r)√
r2 − b2

dr (2.14)

where IR,γ(b) is the surface brightness at the projected distance b obtained by inte-
grating the emissivity jR,γ(r) along the line of sight.
In this pure, hadronic framework, from the ratio of Eq. 2.10 and Eq. 2.13 we can
derive a relation between radio and γ-ray emission as

Lγ

LR
' A(α) <

B2 + B2
CMB

Bα+1 >, (2.15)

where A(α) is function of the spectral index and the quantities are averaged in the
emitting volume.

Equation 2.15 shows that for a source with an observed LR, which is assumed
to be generated only by secondary electrons, a larger (smaller) γ-ray luminosity is
predicted for weaker (stronger) magnetic fields. This is simply because for weaker
(stronger) magnetic fields a larger (smaller) number of secondary electrons is neces-
sary to explain the observed radio luminosity, which also implies a larger (smaller)
number of CR that generate the neutral pions and the γ-rays.

2.5.2 Application to a sub-sample of MHs

The model presented in Sec.t 2.5.1 is based on spherical symmetry. For this reason
we select only the most roundish MHs of our sample, namely RBS 797, RXC J1504.1-
0248, RX J1532.9+3021, and Abell 3444, for which we could extend our assumption of
spherical symmetry. Specifically, our model depends on a set of physical parameters:

� CRp injection spectrum;

� number density of thermal targets;

� ICM magnetic field;

� AGN CRp luminosity.

In the hadronic framework the spectrum of CRp can be constrained from the radio
spectrum of MHs as δ ' α/2. Due to the spherical symmetry of the clusters, we
could infer the parameters that describe the distribution of thermal plasma inside
the MHs (n0, β and rc, see Chapter 1.2.2) from the observed IX profile as (e.g., Sarazin,
1986):

Ix(r) =
√

πn2
0rcΛ(T)

Γ(3β− 0.5)
Γ(3β)

[
1 +

(
r
rc

)2
] 1

2−3β

(2.16)

where Λ(T) is the cooling function that describes the emissivity of a plasma with
a temperature T that we measured from the X-ray spectra (Sutherland and Dopita,
1993). The best-fit parameters are reported in Table 2.4. The remaining model pa-
rameters to constrain are, thus, the AGN CRp luminosity and the magnetic field in
the ICM. In the following we describe in detail the steps of our analysis. We report
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Table 2.4: Parameters of the nth profile estimated within RMH .

Cluster name n0 rc β
[10−3 cm−3] [kpc]

RBS 797 21.0 26.9 0.6
Abell 3444 14.5 24.1 0.5
RXC J1504.1-0248 15.9 22.2 0.5
RX J1532.9+3021 21.9 23.0 0.6

From left to right: Cluster name; Central proton density; Core radius; β index (Eq. 2.4).

the results of this analysis in Table 2.6.

ICM magnetic field implied by the IR-IX correlation

In the case of spherical symmetry, the radial profile of the ratio IR/IX depends on the
magnetic field model (Eqs. 2.10, 2.11, and 2.15). Specifically, the values of the index
k in Sect. 2.4 constrain a range of values for the couples B0-η. Therefore, for each
cluster, we calculated numerically the IR within the MH radius (Table 2.1) by testing
a wide range of combinations B0-η, then we compared them with the observed IX to
estimate the corresponding k-index. In Figure 2.10 we report the numerical estimates
compared with the observed k for each cluster. For RBS 797 the spectral index of the
diffuse emission was not measured unambiguously (Doria et al., 2012), therefore we
tested two extreme possibilities, α = 1.1 (δ = 2.2) and α = 1.5 (δ = 3.0).

We found that for a given value of k, larger values of B0 are obtained for larger
values of η. As a reference value, we assumed η = 0.5, which is the case where
magnetic field energy scales linearly with thermal energy for isothermal ICM. Un-
der this assumption, we constrain central values of the magnetic field of 11.8±4.8
and 18.5±5.5 µG for RBS 797 assuming α=1.1 and α = 1.5, 18.8±5.5 µG for Abell
3444, and we derive a lower limit of 14.5 µG for RX J1532.9+3021.

A value of η = 0.5 is inconsistent with the case of RXC J1504.1-0248, whose steep
scaling (k ' 2) is reproduced only by a peaked spatial distribution of the magnetic
field (0.6 < η < 1.3). On the one hand, by assuming a steeper profile for the mag-
netic field (η = 1), we estimate a central magnetic field B0 = 20.0± 18.5 µG. On the
other hand, assuming η=0.5 would require a CRp density radial profile steeper than
the ∝ 1/r profile of the stationary solution (Eq. 2.3) to produce a final IR as peaked in
the center as the observed one. This case would imply a more complicated situation,
including (1) a non-constant CRp luminosity of the central AGN showing a signif-
icant enhancement across the duty cycle, or (2) that the diffusion time that is nec-
essary for CRp to cover the MH scale is longer than (i) the AGN activity timescale,
and/or (ii) the energy losses of CRp.

Considerations on the diffusion coefficient D0

In our model the luminosity of the radio emission depends on the ratio Q0/D0, and
thus assuming a value of D0 has consequences on the estimate of CRp injection am-
plitude, Q0, and, ultimately, on the AGN CRp luminosity necessary to reproduce the
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Figure 2.10: Parameter spaces of k-index for the spherical MHs. The red lines locate the 1-σ confidence
interval for k measured for each MH. For RBS 797 we report the result obtained with α = 1.1. For Abell
3444 we report in red the result at 610 MHz and in green the result at 1.4 GHz. The horizontal, dashed
line points out the level η = 0.5 that reproduces the equilibrium between thermal and non-thermal
energy. For RXC J1504.1-0248 we report the η = 1 level with the black dash-dotted line and the lower
limit derived from the Fermi-LAT observation presented in Dutson et al. (2013). The lower limits for
B0 for the other clusters are below 1 µG and they are reported in Table 2.7.

observed radio emission.

Specifically, higher values of D0 result in a higher Q0 and LCRp. We assumed
that CRp can diffuse on the MH scale on timescales that are shorter than the CRp
cooling time. This cooling time is dominated by CRp-p collisions and is of the order
of several Gyrs (Brunetti and Jones, 2014). More quantitatively, the condition is that
the optical depth due to CRp-thermal proton collision calculated on a MH scale is
τ ' σppnthL, where σpp = 32 mBarn is the cross-section of the collision and L is
the spatial scale. As the CRp diffuse in the ICM, they move within different thermal
densities, which contribute to the total optical depth as dτ = σppnth(r(t))cdt, where
r(t) =

√
4D0t. Therefore, the time tmax required to dissipate all the injected CRp in

the thermal plasma within RMH can be derived by imposing that the total optical
depth is

τ = cσppn0

∫ tmax

0

[
1 +

(
RMH

rc

√
t

tmax

)2]− 3
2 β

dt = 1, (2.17)

where n0, rc , and β are the parameters that describe the β-model for each cluster.
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Table 2.5: Diffusion coefficients.

Cluster D1 Gyr
0 Dmin

0 tmax

RBS 797 6.9 1.1 6.4
Abell 3444 13.8 1.1 12.3
RXC J1504.1-0248 15.0 1.3 11.4
RX J1532.9+3021 10.5 0.9 12.1

From left to right: Cluster name; Diffusion coefficients that allows the diffusion of CRp
within RMH in 1 Gyr and that assures the complete dissipation of CRp within RMH in units of
1029 cm2 s−1; Time in Gyr required to dissipate all the injected CRp within RMH by adopting
Dmin

0 .

For a given tmax, the associated diffusion coefficient is Dmin
0 = R2

MH/4tmax. In Table
2.5 we report the diffusion coefficients that we estimated for each MH.

This gives a lower limit to the CRp luminosity and an upper limit to the timescale
for diffusion, which is shown to be longer than the timescale of cosmological cluster
evolution. Assuming a larger value of the diffusion coefficient allows the diffusion
of CRp on the MH scale, i.e. the establishing of a stationary CRp distribution, on
shorter timescales, and entails that a higher LCRp is required to reproduce the ob-
served radio emission. Therefore, as a reference value, we assumed a coefficient that
allows the diffusion of CRp over the MH radius in 1 Gyr (D1 Gyr

0 ), which we report
in Table 2.5 and Table 2.6 with the corresponding LCRp. We note that adopting Dmin

0 ,
instead of D1 Gyr

0 , results in values of LCRp that are a factor of Dmin
0 /D1 Gyr

0 ' 0.1
lower that the values that we report. The γ-ray luminosity does not change, because
it depends, instead, on the ratio Q0/D0, which is constrained by the observed radio
luminosity.

Constraints on the AGN CRp luminosity

Once the scaling between the magnetic field and the thermal density is constrained
by the observed scaling between IR and IX, we can derive the CRp luminosity of the
central AGN that is required to substain the observed radio luminosity of MHs. The
AGN luminosity, LCRp, is

LCRp =
∫

p0.2 GeV

Q0 p−δ
√

c2 p2 + m2
pc4dp, (2.18)

where mp is the proton mass and p0.2 GeV is the momentum for which the kinetic en-
ergy, pc, is 0.2 GeV. We note that for δ < 3 the exact choice of the minimum energy
is not relevant for the final result.

In order to obtain the value of Q0 to compute LCRp (Eq. 2.18) we matched the
observations with the IR profiles predicted by our model. We estimated the syn-
chrotron emissivity numerically with Eq. 2.10 by following the formalism presented
in Sect. 2.5.1 and by assuming the B(r) configurations that we constrained in Sect.
2.5.2. The radio emission depends on the ratio Q0/D0 (Eq. 2.10), therefore we es-
timated Q0, and thus LCRp, by assuming a diffusion coefficient D1Gyr

0 for which the
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Figure 2.11: Results for RBS 797 for δ=2.2 (top) and δ=3.0 (bottom). Left: Integrated radio (red) and
γ-ray (blue) luminosity; Right: Radio (red) and γ-ray (blue) surface brightness. We report the observed
IR profile and the 3σ level of the observation (dashed red line).

diffusion time of CRp in the MH is τ = R2
MH/4D0=1 Gyr. This implies an optimistic

diffusion coefficient and consequently a upper bound to the LCRp that is required by
the model. In Section 2.5.2 we discuss the consequences of different assumptions, in-
cluding the scenario of total dissipation of CRp within RMH, which entails the lower
bound for LCRp in our model. Finally we compared them with the observed IR
profiles measured in circular bins with the same resolution of the radio maps. We
report in Table 2.6 the parameters adopted and the results obtained. We estimate
that the AGN LCRp required in our model to reproduce the observed radio emission
is 1044-1046 erg s−1 (see Section 2.5.2). In Figs. 2.11, 2.12, and 2.13 for each cluster
we report the integrated radio luminosity and the surface brightness radial profiles,
predicted and observed, at the observed frequency.

2.5.3 Resulting γ-rays emission and comparison with current and future
observations

In the previous sections we used the IR-IX scaling to derive constraints on the model
parameters. In this section we check if the γ-ray fluxes are consistent with current
observational limits. We calculated numerically the γ-ray emission produced by the
π0 decay described in Sect. 2.5.1 within the same physical boundaries adopted in
Sect. 2.5.2 by implementing numerically Eq. 2.13. However, the approximation of
thermal density adopted to reproduce the MH volume (Eq. 2.4) could extrapolate
incorrectly the thermal density beyond RMH. Therefore, to calculate the total γ-ray
luminosity we used a double β-model to better describe the radial decline of the
thermal gas density beyond RMH.
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Figure 2.12: Results for Abell 3444 at 1.4 GHz (top) and RX J1532.9+3021 (bottom). For the latter, we
report reference values of LR and Lγ derived from the upper limit of the magnetic field (Table 2.6).
Left: Integrated radio (red) and γ-ray (blue) luminosity. Right: Radio (red) and γ-ray (blue) surface
brightness. We report the observed IR profile and the 3σ level of the observation (dashed red line).

Table 2.6: Parameters of the hadronic model.

Cluster name D1 Gyr
0 Rγ δ B0 η Q0/D0 L>0.2 GeV

CRp S>1Gev
γ

[cm2 s−1] [kpc] [µG] [erg s−1] [erg s−1 cm−2]

RBS 797 6.9·1029 650 2.2 11.8±4.8 0.5 1.7 1.5·1044 1.3·10−14

3.0 18.5±5.5 0.5 1.6·10−9 8.1·1045 2.1·10−14

Abell 3444 1.4·1030 400 2.6 18.5±5.5 0.5 1.1·10−5 4.2·1044 7.3·10−15

RXC J1504.1-0248 1.5·1030 320 2.5 20.0±18.5 1.0 4.4·10−3 4.2·1045 9.4·10−14

10.0 1.0 1.5·10−2 1.4·1046 3.3·10−13

1.0 1.0 2.2 2.0 · 1048 4.7 · 10−11

RX J1532.9+3021 1.1·1030 300 2.4 > 14.5 0.5 7.1·10−3 < 1.2 · 1045 < 5.2 · 10−15

From left to right: Cluster name; Diffusion coefficient for which CRp reach RMH in 1 Gyr;
Radius in which 85% of γ-rays are emitted; Index of the CRp injection spectrum (Eq. 2.1);
Central magnetic field (Eq. 2.11); Slope between the ICM magnetic field and the thermal
plasma (Eq. 2.11); Normalization of non-thermal emissivity, in units of

[( g cm
s
)δ cm−2

]
(Eq.

2.1); AGN CRp luminosity ; γ-ray flux expected from the total emitting region inside Rγ.

In Table 2.6 we report the radius containing 85% of the γ-ray emission and the
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Figure 2.13: Results for RXC J1504.1-0248 with B0 = 1 µG (top), B0 = 10 µG (middle), and B0 = 20
µG (bottom). Left: Integrated radio (radio) and γ-ray (blue) luminosity; Right: Radio (red) and γ-
ray (blue) surface brightness. We report the observed IR profile and the 3σ level of the observation
(dashed red line). We limited the profile up to RMH to avoid possible contamination by field sources
(see Section 2.3.2).

γ-ray flux. Figures 2.11, 2.12, and 2.13 report the integrated γ-ray luminosity and
surface brightness radial profiles at 1 GeV. The radio and γ-ray halos differ in terms
of size, because the jR (Eq. 2.10) declines faster than jγ (Eq. 2.13). According to our
results, the γ-ray halos extend beyond the cooling region, which contains instead
almost the totality of the radio emission. In the case of RXC J1504.1-0248, the value
of B0 is poorly constrained from the analysis presented in Sect. 2.5.2 (B0=20.0±18.5
µG). Therefore, for this cluster we compute LCRp and the γ-ray emission assuming
three values of the central magnetic field, namely B0 =1.0, 10.0, 20.0 µG. We note
that assuming B0 > 20 µG would produce results close to the case B0 = 20.0 µG (Eq.
2.15).

Diffuse γ-ray emission from galaxy clusters has never been firmly detected, so
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Table 2.7: Fermi lower limits for the central magnetic field B0.

Cluster name η B0,min
[µG]

RBS 797 0.3 0.5
′′ 0.5 0.7
Abell 3444 0.3 0.8
′′ 0.5 0.8
RXC J1504.1-0248 1.0 5.9
RX J1532.9+3021 0.3 0.5
′′ 0.5 0.8

From left to right: Cluster name; Magnetic field configuration (see Eq. 2.11); Lowest central
magnetic field B0 allowed by Fermi detection limit.

Figure 2.14: Predicted γ-rays spectrum for the MHs for parameters reported in Table 2.6 compared
with the Fermi-LAT 15 yr detection limit.

we tested the consistency of our model with the observational constraints. This is
shown in Figure 2.14, where we compare the expected γ-ray emission, computed
with the parameters reported in Table 2.6, with the Fermi-LAT detection limit after
15 years. In general, we find that the γ-ray fluxes predicted for the four MHs are
below the Fermi-LAT detection limit, hence our model constrained from the IR-IX
scaling does not violate the current non-detection of diffuse γ-ray emission.
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The Fermi-LAT detection limits can also be used to infer complementary limits
to the central magnetic field B0 in our model, because in our model a fainter mag-
netic field will result in stronger γ-ray emission (Eq. 2.15). For RBS 797, Abell 3444,
and RX J1532.9+3021 we used the results of the Fermi-LAT 15yr observations as con-
straints, whereas for RXC J1504.1-0248 we used the limit obtained by Dutson et al.
(2013) with the Fermi-LAT. In Table 2.7 we report the limits inferred for the configu-
rations of ICM magnetic field and LCRp constrained by our results. The Fermi-LAT
detection limit provides lower limits below 1 µG for RBS 797, Abell 3444, and RX
J1532.9+3021. On the contrary, for RXC J1504.1-0248 the lower limit is 5.9 µG, due to
the higher γ-ray emissivity predicted by our model.

2.6 Discussion and summary

In this work we have carried out, for the first time, a systematic study of the spatial
connection between thermal and non-thermal ICM components in relaxed clusters.
Here we summarize and discuss our results.

2.6.1 New scaling relation for MHs

The most important result of our work comes from the study of the spatial correla-
tion between non-thermal radio and thermal X-ray brightness for a sample of seven
MHs. We extended the strategy based on a single grid, which has been applied
to giant radio halos, by including a Monte Carlo approach in the generation of the
grid. This approach allows us to avoid the biases generated by the relatively small
(∼20-30) number of independent radio beams that cover the emission of MHs (after
excluding the regions contaminated by discrete sources).

We found evidence of a spatial correlation between IR and IX, where the radio
emission is generally more peaked than the thermal emission, thus indicating that
the ICM non-thermal components are more concentrated around the central AGN.
Our result further confirms the connection between thermal and non-thermal ICM
components in MHs, which has already been claimed by previous works that stud-
ied the correlations between radio and X-ray luminosity (Gitti et al., 2015; Kale et al.,
2015; Bravi, Gitti, and Brunetti, 2016; Gitti et al., 2018; Giacintucci et al., 2019) and
the morphological connection between cold fronts and MHs (Mazzotta and Giacin-
tucci, 2008).

Furthermore, the values of k that we measure for MHs differ from the case of
radio halos reported in the literature, where a sub-linear or linear scaling is gen-
erally found (Govoni et al., 2001; Feretti et al., 2001; Giacintucci et al., 2005; Vacca
et al., 2010; Hoang et al., 2019). This may suggest an intrinsic difference in the na-
ture of these radio sources, and, hence, that the IR-IX can represent a new criteria
to discriminate between the two kind of diffuse radio emission. However, further
test including large samples of giant and mini halos are now necessary to prove this.
The steep decline of the radio emission in MHs also suggests that secondary parti-
cles injected at the center by the AGN play a role, both directly or as seed particles
re-accelerated by other mechanisms.
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2.6.2 Comparison with hadronic models

We have considered a simple, reference hadronic model based on the injection of
CRp by the central AGN. The model is a pure hadronic scenario without including
the effect of re-acceleration. Furthermore, we assume that the combination of CRp
injection and diffusion generates stationary conditions in the ICM. We note that this
simple scenario connecting the AGN activity and the MH has already been proposed
to explain the origin of the Perseus MH (e.g., Boehringer and Morfill, 1988; Pfrom-
mer and Enßlin, 2004) and, in general, to evaluate the effect of CRp-driven streaming
instability on the heating of the cool cores and the connection with the formation of
MHs (e.g., Fujita and Ohira, 2013; Jacob and Pfrommer, 2017a; Ehlert et al., 2018).

We compared the observed scalings between IR and IX with our simple model
to infer combined constraints on the AGN CRp luminosity and the ICM magnetic
field, in terms of its central value B0 and the index of scaling with the gas density
η. We selected the four MHs of our sample with a roundish shape for which it
is possible to assume spherical symmetry in 3D. In this case, constraints deriving
from point-to-point correlations are similar to those deriving from the azimuthally
averaged brightness profile. Specifically, we derived B0 in the range 10-40 µG as-
suming η = 0.5, where smaller values of B0 would require smaller values of η, and
a LCRp = 1044-1046(D0/D1 Gyr

0 ) erg s−1, where we assumed a D1 Gyr
0 that allows the

diffusion of CRp in the MH volume in 1 Gyr.

We stress that, although these results are based on the assumption of stationary
conditions, they are obtained by sampling spatial scales of a few 100 kpc and con-
sequently they do not depend significantly on local variations. As a consequence,
we expect that only a strong violation of stationary conditions can affect our conclu-
sions.

The values of B0 that we found are consistent, although slightly larger than the
values reported by Carilli and Taylor (2002) for relaxed clusters. An independent ob-
servational test of pure hadronic models, where the AGN plays the main role in the
injection of the primary CRp, would thus result from detailed studies of the Faraday
rotation measure and depolarization of the discrete radio sources embedded in the
cluster core or in background (e.g., Bonafede et al., 2011).

γ-ray emission

The unavoidable consequence of a hadronic scenario is the production of γ-rays
with a luminosity that is close to the CRp luminosity of the AGN, where the γ-ray
luminosity depends on the model parameters. In Sect. 2.5.3 we calculated the γ-
ray emission under the assumption of the parameters reported in Table 2.6. The
expectations do not violate Fermi upper limits (Figure 2.14). We found that smaller
B0 produce a larger γ-ray luminosity, whereas larger D0 entail larger LCRp and fulfill
the stationary conditions for the CRp distribution in shorter timescales. The Fermi-
LAT detection limit allowed us to provide a lower limit for the central magnetic
field, which we report in Table 2.7. The Iγ profile is broader than the IR profile (Figs.
2.11, 2.12, and 2.13), although for the parameters used in Sect. 2.5.2 we find that the
radius where 85% of the emission is produced is larger than the core radius of the
cluster.
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Observation tests and limitations

The MH size predicted by our model depends on our assumptions on the diffu-
sion coefficient (see Section 2.5.2). Large diffusion coefficients produce MHs that
extend beyond the radius measured by current observations (Figs. 2.11, 2.12, and
2.13). Deeper observations of the MHs of our sample will allow us to test whether
the emission can extend on larger scales or is more confined, for example within
the region defined by cold fronts (e.g., Mazzotta and Giacintucci, 2008). These tests
will allow us to understand whether additional mechanisms, such as turbulent re-
acceleration, are necessary to explain observations (ZuHone et al., 2013b).

One of the main caveats in our analysis is the assumption of stationary condi-
tions. On the one hand, these are justified by the fact that in a cooling time the
CRp can diffuse on scales similar to or larger than that of MHs. On the other hand,
the duty cycles of AGN last for 107 − 108 years (Morganti, 2017), thus the MHs
would be powered by numerous bursts of injection of CRp, whose diffusion scale
is rmax =

√
4D0t, with t being the look-back time for the single burst. Consequently,

stationary conditions also imply that the phase of the interplay between the AGN
and MH is much longer than a single burst of activity of the AGN, thus, the MH
results from the integrated effect of many bursts and AGN active phases.

However, if the system has recently experienced unusually powerful AGN ac-
tivity (injection of CRp), the resulting spatial distribution of CRp would be steeper
than in our approximation. This would also result from a scenario where the LCRp
of the AGN active phases decreases with look-back time. The case of RX1504 where
a very steep trend between radio and X-ray brightness is found, might suggest that
the system had very strong CRp activity in the last 100 Myr or so.

2.6.3 Future prospects

We observed a difference in the distribution of radio and X-ray emission between
mini and giant halos. At the same time, our analysis made clear that reliably eval-
uating the IR-IX correlation MH halos requires a different approach than that used
for giant halos. Therefore, to confirm the different behavior that we observed, the
Monte Carlo point-to-point analysis and BCES fitting procedure presented in this
work should be extended to a large sample of targets, including both mini and gi-
ant radio halos. In this spirit, we are going to make publicly available the PT-REX
code (Ignesti in preparation, see Appendix A), which includes both the SMptp and
MCptp routines used in this work, as well as several statistical methods to evaluate
the IR-IX.

The estimates provided by our model could act as constraints for future theoret-
ical work aimed at addressing the connection between AGN feedback and cooling
flow quenching. Our results suggest that simple hadronic models can still match
the main observations of MHs. Further studies are now required to address the im-
plications of secondary production of electrons in the presence of ICM turbulence,
and the implications of interplay with the leptonic models in general in the origin
of the diffuse radio emission. The incoming Athena X-ray observatory will play a
crucial role in these studies by providing an unprecedented spectral resolution. In
particular, by combining radio images and Athena X-ray Integral Field Unit (X-IFU,



52 Chapter 2. The connection between radio and X-ray emission in relaxed clusters

Barcons et al., 2017) observations in a point-to-point analysis, we will be able to ex-
plore the spatial connection between the energy of CRe and the ICM turbulence.

The study of radio emission in galaxy clusters will greatly benefit from the present
and new radio observatories, such as LOFAR and SKA, that could potentially ob-
serve thousands of new sources. As mentioned in Chapter 1.3.4, LOFAR observa-
tions are already showing that relaxed clusters can host diffuse, ultra-steep spectrum
emission extending far beyond the sloshing region, suggesting a more complex sce-
nario involving "gentle" CRe re-acceleration due to ICM turbulence on large scales
(Savini et al., 2018; Savini et al., 2019). In this case, follow-up studies of point-to-
point brightness distribution based on our approach open up the possibility of dis-
criminating the contribution of hadronic collisions (pure hadronic or re-accelerated
secondaries) from that of turbulent re-acceleration of primary seeds, because the two
regimes should produce different scalings. By probing the steep spectrum emission
on larger scales at lower frequencies, we may expect to observe a flattening of the
radio and X-ray scaling, similar to what is observed in giant radio halos.

In the following Chapter we introduce LOFAR in details, and we discuss its po-
tential to revolutionize our understandings of diffuse radio sources.
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Chapter 3

The LOFAR revolution

3.1 The LOw-Frequency ARray

LOFAR,the LOw Frequency ARray (van Haarlem et al., 2013), is a new generation
interferometer operated by ASTRON and spread all over Europe (Figure 3.1). It is
the largest pathfinder of the SKA at low frequencies, accounting about 20,000 dipole
antennas. LOFAR observes the sky in the frequency range 10-240 MHz (correspond-
ing to wavelengths of 30-1.2 m), entering an uncharted observational window of the
electromagnetic spectrum with unprecedented resolution and sensitivity. LOFAR of-
fers high-resolution, sub-arcsecond observation, thanks to the the longest European
baseline, while the densely populated core, i.e. with plenty of short baselines, al-
lows to recover, at the same time, very extended emission in the sky. The effectively
all-sky coverage of the dipoles gives LOFAR a large field-of-view (FoV), essential for
surveying purposes. We report the LOFAR performances at different frequencies in
Table 3.2. This makes LOFAR a versatile instrument with potential breakthroughs in
many fields of astrophysics.

Figure 3.1: The LOFAR stations.

LOFAR comprises 52 individual stations distributed mainly on the northern part
of Europe. The majority of these stations, 38 in total, are located in the Netherlands,
and form the LOFAR Dutch array. The remaining 14 stations are built in Germany
(6), the UK (1), France (1), Sweden (1), Poland (3), Ireland (1) and Latvia (1). The
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Figure 3.2: LOFAR effective area (Aeff), full-width half-maximum (FWHM) and field of view (FOV)
at different frequencies and for different station configurations, where D is the station diameter (van
Haarlem et al., 2013).

construction of three additional stations (LOFAR 2.0 generation) in Latvia and Italy
has already been planned, further expanding the size of this international facility
(Figure 3.1). The LOFAR core consists in a strong concentration of 24 stations lo-
cated within a radius of 2 km near the town of Exloo, in the Netherlands. This area
was chosen because of its low population density and relatively low level of RFI.
The core station distribution has been optimized to achieve the good instantaneous
uv-coverage. At the heart of the core, a 320 m diameter island referred to as “the
Superterp” contains six core stations that provide the shortest baselines in the array
(Figure 3.3). The remaining 14 stations in the Netherlands are called remote stations.
They are approximately arranged in a logarithmic spiral distribution over an area
roughly 180 km in diameter around Exloo.

The fundamental receiving elements of LOFAR are two types of small, relatively
low-cost antennas (Figure 3.3) that together cover the 10-240 MHz operating band-
pass. Single antenna elements are connected via coaxial cables to the electronics
housed in a cabinet located on the edge of each station, where the hardware used
to perform the first data processing stage is located. The datastreams enter the
digital electronics section which is mainly responsible for beam-forming. Further
processing is done by the remote station processing boards utilizing low-cost, field
programmable gate arrays. Following the beam-forming step, the data packets are
streamed over the wide-area network to the correlator at the CEP facility. Here we
provide a basic description of the two type of antennas, a more technical review can
be found here1.

� The Low Band Antennas (LBA) operates in the 30-80 MHz band, which cover
the radio band from the ionospheric cutoff of the radio window near 10 MHz
up to the onset of the commercial FM radio band at about 90 MHz. The LBA
units consist of simple dual linear polarization droop dipoles connected to a
molded cap on the top of a vertical shaft of PVC pipe. The wires are connected
on a ground plane consisting of a metal mesh located above a foil sheet used to
minimize the vegetation growth underneath the antenna. The resulting LBA
element is shown in Fig. 7.3 (left panel). Despite this low-cost design, LBA

1 http://old.astron.nl/radio-observatory/radio-observatory

http://old.astron.nl/radio-observatory/radio-observatory
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Figure 3.3: Pictures of the Superterp (top), and the LBA (bottom-left) and HBA (bottom-right) stations.

dipoles allow an innovative all-sky covering at the lowest frequency on short
timescales, fundamental to study the large scale emission from the Galaxy and
for the monitoring of radio transients;

� The High Band Antennas (HBA) cover the higher end of the LOFAR spectral
response from 110 MHz to 250 MHz. This frequency range is limited to the
range 110-240 MHz due to the high RFI contamination above 240 MHz. A dif-
ferent, low-cost design was necessary for HBA to minimize the contribution of
the electronics to the system noise at this higher frequency. The HBA elements
are grouped in 16 dual dipole antennas and arranged in a 4×4 grid to form
a single HBA “tile”. A single “tile beam” is created by combining the signals
from these 16 antenna elements in phase for a given direction on the sky. A
polypropylene foil layer shields the contents of the tile by bad weather condi-
tions. In the core stations, HBA dipoles are distributed over two sub-stations
of 24 tiles each that can be used in concert as a single station or independently.
The advantage of the latter configuration is to provide a large number of short
baselines within the core, hence a significantly more uniform uv-coverage. In
addition, the dual HBA sub-stations result in the redundancy of many short
baselines yielding additional diagnostics for identifying bad phase and gain
solutions during the calibration process.

LOFAR is a pathfinder of SKA also for the management of data output, both in
term of data rate and big data analysis and archiving. LOFAR observations produce
an avarage of 13 Tbits/s of raw data, that entails an output volume is of the order
of ∼ 10 TB for an 8 hrs observation (which is the standard duration of the LOFAR
survey pointing, see following sections). Such amount of data requires specialized
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facilities to be handled and stored. For this reason, the CEP is backed up by several
data centers distributed in the LOFAR collaboration. Currently, the total amount of
data stored is of the order of 100 PB, which may seem impressive, but it corresponds
to only just the expected data output of SKA in a year.

3.2 Science with LOFAR

The science drivers for LOFAR determined the design, development and construc-
tion of the facility during its initial and commissioning phase, and have been divided
into six Key Science Projects (KSP):

� Epoch of Reionization: aims at searching for the redshifted 21 cm line signal that
marks the transition between the dark ages and the period after recombination
when the Universe became neutral. This process possibly started at z ∼ 20− 15
and nished at z ∼ 6. The redshift ranges z ∼ 30− 20 and z ∼ 12− 6 can be
probed by LOFAR;

� Cosmic Rays: will allow to understand the origin of high-energy CRs at energies
between 1015− 1020.5 eV through the detection of air showers of secondary par-
ticles caused by interaction of CRs with the Earth atmosphere. Both the sites
and processes for accelerating these energetic particles are still poorly known;

� Solar Physics and Space Weather: includes the denition of solar observing modes
and the development of the necessary software infrastructure for solar and
space weather studies;

� Transients: comprises the study of all time-variable astronomical radio sources,
including pulsars, gamma-ray bursts, gravitational waves, X-ray binaries, ra-
dio supernovae, are stars, and even exoplanets. Thanks to the all-sky monitor-
ing, LOFAR is expected to detect many new transient events, and to provide
provide alerts to the international community for follow-up observations at
other wavelengths;

� Cosmic Magnetism of the Nearby Universe: allows to study the polarized radio
synchrotron emission to unveil the structure and strength of the magnetic elds
of several objects,from the Milky Way, dwarf galaxies, galaxy halos, nearby
galaxy clusters, and up to the intergalactic laments related to the formation of
large-scale structures;

� Surveys: is one of the LOFAR science drivers since its inception. Due to its
nature, the Surveys KSP touches a broad range of astrophysics topics, with
possible cross-talks with the other KSPs. Four main science drivers have been
identied for the proposed surveys:

– Formation of massive galaxies, clusters and black holes using z ≥ 6 radio
galaxies as probes;

– Non thermal emission and components in galaxy clusters;

– Star formation processes in the early Universe using starburst galaxies as
probes;

– Exploration of new parameter space for serendipitous discovery.
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Figure 3.4: Image rms, frequency, and angular resolution (linearly proportional to the radius of the
markers) of LoTSS-DR1 in comparison to a selection of existing wide-area completed (grey) and up-
coming (blue) radio surveys. The horizontal lines show the frequency coverage for surveys with large
fractional bandwidths. The green, blue, and red lines show an equivalent sensitivity to LoTSS for
compact radio sources with spectral indices of -0.7,-1.0, and -1.5, respectively. (Shimwell et al., 2019).

3.3 LOFAR Two-metre Sky Survey

One of the main goals of LOFAR since its inception is to conduct wide and deep
surveys (Figure 3.4). Currently the ongoing surveys are:

� LOFAR Two-meter Sky Survey (LoTSS Shimwell et al., 2017), is a sensitive,
high-resolution survey of the northern sky at the frequency of 144 MHz. The
survey is currently ongoing (almost 1/2 of the sky has been observed, see Fig-
ure A.5) and the first full-quality partial data release incorporating direction-
dependent error correction has been recently published in Shimwell et al. (2019).
A new release based on improved calibration procedures and covering about
5000 deg2 area is planned for the second half of 2021;

� LOFAR LBA Sky Survey (LoLSS de Gasperin et al., in preparation), is the ultra-
low frequency counterpart of LoTSS and will produce an unprecedented view
of the sky at 54 MHz. The survey is currently ongoing;

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

� LOFAR Deep fields: LoTSS is also taking repeated observations of northern
hemisphere fields with the highest-quality multi-wavelength data over several-
degree scales. These observations, taken with the same frequency coverage as
the all-sky survey, will offer much higher sensitivity. The ultimate aim is to
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Figure 3.5: LOFAR Two-Metre Sky Survey DR2 processing status from https://lofar-surveys.
org/status.html.

reach depths approaching 10 µJy beam−1 (∼5 times deeper than the best all-
sky LoTSS pointings) over combined sky areas of many tens of square degrees.

LoTSS is designed to push further into new territory by accomplishing its pri-
mary observational objectives, which are to reach a sensitivity of less than 100 µJy
beam−1 at an angular resolution of ∼ 6 arcscond across the whole northern hemi-
sphere, using the HBA system of LOFAR (Figure 3.4). The current status of the
survey, and the upcoming progresses, are reported in Figure 3.5. The titanic out-
put of the survey, in terms of brand-new, high-quality, low-frequency observation
allows to carry out scientific studies in manifold directions. Indeed, the main sci-
entific motivations for LoTSS are to explore the formation and evolution of massive
black holes, galaxies, clusters of galaxies, and large-scale structure. The main con-
tributes of LoTSS in these fields of research are summarized in Shimwell et al. (2019)
and references therein.

Part of the results presented in this Thesis are the outcome of a direct involve-
ment with LoTSS. By joining the SKP galaxy cluster working group, we had ac-
cess to LoTSS observations of the relaxed cluster Abell 2626 and 2A0335+096 (in
co-observation), which are presented in Chapters 5 and 6. Moreover, we actively
contributed in two ongoing LoTSS projects. We developed the architecture of the
LoTSS-PSZ2 cross-check catalog (see Chapter 4), which will provide the largest sam-
ple of clusters hosting diffuse radio sources with SZ masses. Moreover, we con-
tributed to the final public release of the survey by developing a routine to automate
the selection of the calibration region (see Section 3.3.1) for any LoTSS source.

3.3.1 LoTSS data processing

In our work we made use of HBA continuum images obtained in the LoTSS sur-
vey. Observations at low radio frequency require advanced calibration and specific
processing techniques to obtain deep, high-fidelity images. The calibration chal-
lenges include the correction for the delay differences between antenna stations in-
troduced by ionospheric distortions, which must be corrected direction-dependently
being related to the free electron column density along each line of sight through the

https://lofar-surveys.org/status.html
https://lofar-surveys.org/status.html
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ionosphere, and the time-varying station beam shape. Indeed, LOFAR stationary an-
tenna units imply that sources are tracked across their motion in the sky by adjusting
the delays between the dipole elements. Further errors are due to small differences
in the station beam models and shapes. For a detailed discussion of the systematics
effects inherent LOFAR data we refer to de Gasperin et al. (2018).

In order to be corrected for all the direction-dependent and independent errors, a
specific pipeline, DDF-PIPELINE2, has been designed to process LoTSS observations
(Shimwell et al., 2019, and references therein). Here we report the stages of the
calibration:

1. Direction-independent spectral deconvolution and imaging;

2. Sky model tesselation in 45 directions;

3. Direction-dependent calibration cycle 1;

4. Bootstrapping the flux density scale;

5. Direction-dependent spectral deconvolution and imaging cycle 1;

6. Direction-dependent calibration cycle 2;

7. Direction-dependent spectral deconvolution and imaging cycle 2;

8. Direction-dependent calibration cycle 3;

9. Direction-dependent spectral deconvolution and imaging cycle 3;

10. Facet-based astrometric correction.

Recently, an additional step, the extraction, has been developed to further improve
the calibration of LoTSS data (van Weeren et al., 2020). In this step all sources are
subtracted, apart from those in a specific, small (< 1 deg), user-defined region, from
the visibility data. After the subtraction, the visibilites are phase-shifted at the center
of the region of interest, to allow to optimally combine observations from multiple
pointing centers with joint imaging and deconvolution. Eventually, the visibilites in
the region of interest are self-calibrate to further improve the final results. In order
to carry out a good self-calibration, the region of interest has to include, at least, one
bright point source with a flux above 0.1 Jy. Our contribution was the developing
of a routine that, for a given target, individuates the most suitable calibrators in the
corresponding LoTSS pointing, and defines a proper square box that includes both
the target and the calibrator.

3.4 A revolution for galaxy cluster studies

Here we briefly discuss the importance, and the potential, of the LOFAR observa-
tions, including those provided by LoTSS, in the study of galaxy clusters. Diffuse
radio source are ideal candidates for low-frequency radio observations because of
their steep spectral index (α < −1, e.g. van Weeren et al., 2019, and references
therein), which entails a significantly higher surface brightness at lower frequen-
cies and, hence, an easier and more solid detection.

Low-frequency observations probe low-energy particle that have typical life-
times of a factor ∼ 3 longer than the high-energy particles traced by high-frequency

2https://github.com/mhardcastle/ddf-pipeline

https://github.com/mhardcastle/ddf-pipeline
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Figure 3.6: Integral number of radio mini-halo candidates observable at 140 MHz by LOFAR (triangles)
and SKA1-LOW (circles), and at 1.4 GHz by SKA1-MID (squares) as a function of redshift, estimated
by assuming two reference values of B = 1µG (blue) and B = 30µG (red) (Gitti et al., 2018).

radio emission. This difference in time-scales is crucial when we study the interac-
tion between re-accelation processes and CRe, which are often invoked to explain the
origin of large scale radio emission. A re-acceleration process, and re-energization
in general, is effective only if the time-scale of the energy gain is smaller (or, at least,
equal) to the time-scale of the energy losses. In other words, low-frequency observa-
tions have the potential to open a window on a class of new, low-efficiency processes
related to the ICM micro-physics, in form of turbulence or gently compression of the
radio plasma by the thermal gas (for a review Brunetti and Jones, 2014, and refer-
ences therein).

For the case of giant radio halos, low-frequency observations allow to derive
strong constraints on the re-acceleration of the radio-emitting CRe. The re-acceleration
model predicts that while strong mergers would generate luminous radio halos, the
events involving lower energies would produce fainter, steep-spectrum sources (e.g.,
Cassano, Brunetti, and Setti, 2006; Brunetti et al., 2008; Brunetti and Jones, 2014; Cas-
sano et al., 2015). In this context, the detection of ultra-steep spectrum sources is a
crucial test for this class of models (e.g., Wilber et al., 2018; Savini et al., 2018).

In general, for cluster scale radio emission it is becoming increasingly clear that
the diffuse sources discovered at high frequency represent only the peak of the ice-
berg of the population of these objects because, in terms of energy and efficiency of
the processes that generated them, they are the extreme cases (e.g., Cassano et al.,
2015; Gitti et al., 2018). The fascinating prospective, and also the challenge posed
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by the new frontier opened by LOFAR, is that the number of known diffuse radio
sources is going to rise by order of magnitudes in the next years (Figure 3.6), thus
permitting us, for the first time, to carry out detailed and solid statistical studies of
the properties of radio sources in galaxy clusters.

In the following Chapters we are going to introduce the architecture of the LoTSS-
PSZ2 automated catalog (Chapter 4), which will support the statistical, large-sample
studies outlined in this Section, and then we will explore the brand-new LOFAR ob-
servations of the relaxed clusters Abell 2626 (Chapter 5) and 2A0335+096 (Chapter
6), concluding with the first low-frequency study of a jellyfish galaxy (Chapter 7).
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Chapter 4

The LoTSS-PSZ2 cross-check
catalog

4.1 Introduction

Radio studies of large samples of clusters can address fundamental questions, such
as the number of diffuse radio sources and how the fractions evolves with redshift
and cluster mass. Moreover, studies of large samples of radio halos can constrain the
re-acceleration model by testing its key predictions: the connections between merg-
ing systems and radio halos, the evolution of halos fractions with the cluster mass,
and the presence of faint, ultra steep-spectrum halos in systems with minor mergers
(e.g., Brunetti et al., 2009; Cassano et al., 2010; Cuciti et al., 2015; Cassano et al., 2016).

The first statistical studies, specifically for giant radio halos, are have been car-
ried out through the GMRT Radio Halo Survey (Venturi et al., 2007; Venturi et al.,
2008; Kale et al., 2013; Kale et al., 2015) for a sample of X-ray selected clusters in
the redshift range 0.2-0.4. The advent of cluster surveys based on the SZ effect has
permitted to define unbiased mass-selected samples, which is less biased than X-ray
selected samples toward relaxed systems (Rossetti et al., 2016; Rossetti et al., 2017;
Andrade-Santos et al., 2017; Lovisari et al., 2017). Moreover, as discussed in Chapter
1, the total mass set the energy budget of galaxy clusters, thus it is a crucial quanti-
ties for these studies.

However, all these studies are limited by the sensitivity of previous radio tele-
scopes (VLA, GMRT) and, most important, by the fact that the observations were
generally carried out at high frequencies (600-1400 MHz). In this context, LoTSS
represents a breakthrough by giving us, for the first time, the possibility to carry out
statistical studies of large samples of diffuse radio sources at low frequencies (e.g.,
van Weeren et al., 2020; Osinga et al., 2020; Di Gennaro et al., 2020).

LoTSS clusters can be selected according to their mass to compose samples for
statistical studies, where the mass can be inferred from the Planck 2nd Sunyaev-
Zeldovich Source Catalog (PSZ2) provided by the Planck collaboration (Planck Col-
laboration et al., 2016). The PSZ2 catalog is the largest SZ-selected sample of galaxy
clusters yet produced. It contains 1203 confirmed clusters, of which 858 are are in the
northern sky and therefore are set to be observed by the LoTSS. In order to effectively
carry out these studies, an efficient tool to organize the work of the LOFAR working
group and to summarize all the information already available for each cluster can be
highly useful.
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4.2 Architecture

For this reason, in collaboration with the SKP staff we developed an automated
cross-check catalog between the PSZ2 catalog and the LoTSS database, which tracks
the status of each pointing of the survey from the observation scheduling to the data
processing. Specifically, the catalog reports, for each one of the 858 PSZ2 cluster in
the northern sky, the following details:

� PSZ2 name: the first identification of the cluster;

� J2000 coordinates expressed in degrees;

� Alternative names of the cluster: a string showing all the alternative names of
the object from other catalogs (e.g. Abell);

� Redshift;

� M500: Mass of the cluster within R500 expressed in solar masses;

� Chandra and XMM-Newton archival observations: two strings comprising ob-
servation ID, availability status and total exposure time in ks for each observa-
tion covering the cluster;

� LoTSS pointings: a list of all the LoTSS pointing covering the cluster;

� Observation, calibration and extraction status: for each interested LoTSS point-
ing, the status (not started, scheduled or done) of the three stages of the pro-
cessing;

� Self-calibration status: if one or more extracted datasets are available, the sta-
tus of the final self-calibration is reported;

� Image and image status: a link to the preview of the final, extracted and self-
calibrated image of the cluster, and the final judgment on the quality/usability
of the image after a visual inspection by the SKP staff;

� PI and project: information of the project PI which is working on the cluster
and the statistical sample to which it belongs (if any).

To achieve this, we designed an architecture, which is schematized in Figure 4.1,
composed of:

� a Python 3.0 software, called archivist.py, which reads the inputs infor-
mation (PSZ2 name and coordinates) from a starting catalog, collects all the
remaining information by querying several servers and provides and ordered
output;

� a Google spreadsheet, which works both as primary input for archivist.py
and front-end interface for the user;

� a Google Drive cloud storage to permit the online preview of the images, by
also providing a backup storage for the catalog itself.

Google was naturally chosen as platform to develop the catalog because they pro-
vide public, flexible, and user-friendly Python APIs to manage both the spreadsheet
and the cloud storage. Moreover, the Google spreadsheet itself offers a set of on-line,
built-in tools to perform some basic operations on the dataset, as data filtering and
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Figure 4.1: Infographic of the catalog.

averaging. The catalog is accessed through the Google spreadsheet web page.

Behind the curtain, archivist.py runs by reading information from the on-
line catalog and using these information to collect the relevant details by querying
several servers (Figure 4.1). The coordinates of each cluster are used to locate them
on the LOFAR survey database hosted on the Herts server at the University of Hert-
fordshire and to retrieve the details about the observation and data processing status.
If a self-calibrated image is present in the LOFAR server in Leiden, a copy of that im-
age is uploaded on the Google cloud storage and a preview link is created. Then two
queries are sent to Simbad and Vizier astronomy databases, through the astropy
package (Astropy Collaboration et al., 2013), to collect the alternative names, the
redshift and the archival X-ray observations of the cluster. Finally, archivist.py
reports all these information on a string and upload it on the on-line spreadsheet
(Figure 4.2). This operation is repeated for each one of the 858 PSZ2 clusters with
declination above -2.0 degree, which is the nominal limit of LoTSS. On each run of
archivist.py, the entries for each cluster are updated automatically, with the ex-
ception of the image status, PI and project voices which are modified manually by
the SKP staff. In order to run the code, are necessary Google and Herts credentials
and a direct access to the Leiden Sterrenwatch network with permissions to read the
local disks where the images are stored.



66 Chapter 4. The LoTSS-PSZ2 cross-check catalog

Figure 4.2: Example of the catalog entry for Abell 2626 (PSZ2 G100.45-38.42), including the survey
image.

4.3 Results

The result is an on-line spreadsheet that can be easily accessed by everyone with
a Google account (Figure 4.2). The catalog can be read on-line, or it can be down-
loaded in several formats (e.g., .txt, .xlsx, .csv) to be analyzed off-line. As men-
tioned before, the built-in tools allow to filter the catalog in smaller samples based
on custom criteria, such as specific intervals in mass or redshift. These sub-samples
can be inspected as separated databases which are keep updated together with the
main database. The advantages of this architecture are double fold. On the one
hand, this automated catalog can be easily updated to keep track of the progress
of the LoTSS survey and the Chandra and XMM-Newton archive simply by running
archivist.py. On the other hand, different cross-check catalogs can be produced
simply by providing a different input catalog (e.g. Abell clusters or a custom one).
In this case, the cluster mass can be collected from the PSZ2 or MXCX catalog with
VizieR.

This catalog is already available and it is actively supporting the research of
the SKP Galaxy cluster working group. Several mass- and redshift-selected sub-
samples, designed to study different aspects of the origin of diffuse radio emission
with a solid statistical approach, have already been created. The study of large mass
selected samples in the LoTSS DR2 area, which is going to covers 5700 square de-
grees of the northern sky by 2021 (see Figure 3.5 in Chapter 3), is ongoing as a col-
laboration between Bologna, Leiden and Hamburg. The overview provided by this
catalog has also permitted to successfully plan observational proposals aimed to
follow-up the current observations (e.g., accepted GMRT proposal 38025, 128h, PI
Cuciti, with Ignesti). A complementary catalog, based on the same architecture and
covering the MCXC clusters is already online.
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Chapter 5

The great Kite in the sky

Based on Ignesti et al., 2018, A&A, 610 and Ignesti et al., 2020, A&A, 643, A172

5.1 Introduction

Figure 5.1: VLA at 1.4 GHz image of Abell 2626
with a resolution of 12.9×12.1 arcsec, with the
ROSAT X-ray contours on top (Rizza et al., 2000).

Among the radio sources observed in
galaxy clusters, the one at the center
of the relaxed galaxy cluster Abell 2626
(z=0.0553, Struble and Rood, 1999, the
adopted cosmology yields a luminosity
distance of 246.8 Mpc and 1 arcsec =
1.1 kpc)1 stands out for its unique prop-
erties. The discovery of diffuse radio
emission at the center of the cluster sur-
rounding the radio source 3C464 was
reported for the first time by Rizza et
al. (2000). In the first VLA image at
1.4 GHz, with a resolution of 12.9×12.1
arcsec, the source resembled an amor-
phous structure extended for ∼100 kpc
around the central galaxy IC5338 (Fig-
ure 5.1). Due to tits position and size, it
was originally classified as a MH (Gitti
et al., 2004), the class of diffuse radio
sources observed at the center of re-

laxed cluster which we discussed in Chapter 1.3.4.

In these VLA images the central radio source shows two symmetric substructures
embedded in the diffuse emission around the central galaxy (Figure 5.2), which are
uncommon for a MH. On the basis of a detailed analysis of the X-ray emission and
the presence of two optical nuclei at the center of the galaxy, Wong et al. (2008a) sug-
gested that these symmetric features could be the remnants of past activity of the
central active galactic nucleus (AGN), where the precession of the AGN might have
left two fossil plasma trails. This scenario was supported by the presence of two
nuclei in the BCG IC5338, which could have provided the gravitational influences
necessary to trigger the AGN precession.

1http://www.astro.ucla.edu/#7Ewright/CosmoCalc.html
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Figure 5.2: VLA image at 1.5 GHz of Abell 2626
from Gitti et al. (2004).

Follow-up, deeper observations car-
ried out with the Very Large Array
(VLA) at 1.4 GHz in A+B configuration
provided an high-resolution image at
1.5 arcsec that revealed that the source
is not amorphous, but instead most of
the emission comes from three elon-
gated and collimated structures that
were called "arcs" (Gitti, 2013a). The
arcs are observed in the northward (N),
westward (W) and southward (S) of the
central galaxy, with a junction between
the southern and western ones (Figure
5.4, top-right panel). The most puzzling features is the remarkably symmetric north-
ern and southern arcs and their concavity, which is directed outward and earned this
source the name of the "Kite". In these 1.4 GHz images the major and minor axis are
120 and 40 kpc, respectively. The minimum, projected distance of the arcs from the
central AGN is ∼ 25 kpc. The discovery of the third arc suggested a more complex
scenario than the one invoked by Wong et al. (2008a), which could have involved
AGN activity by both the nuclei of IC 5538, or a combination of multiple phases of
activity and the spin-flip of the black hole (e.g., Campanelli et al., 2007).

Figure 5.3: JVLA image at 5.5 GHz with a reso-
lution of 4.9×4.4 arcsec (colormap and white con-
tours), with the VLA 1.4 GHz image contours
smoothed to a comparable resolution (red) (Ignesti
et al., 2017).

New insights into its origin came
from further radio observations at a
different frequencies. By analyzing
archival GMRT data at 610 MHz, Kale
and Gitti (2017) discovered the presence
of a fainter fourth arc on the east (E),
thus completing the symmetry of the
system (Figure 5.4, top-left panel). They
produced a spectral index map between
610 MHz and 1.4 GHz with a resolution
of 8.0×4.3 arcsec, measuring a spectral
index in the arcs of α ∼ −2.5. The grav-
itational lensing was proposed as an al-
ternative to the precession scenario be-
cause the symmetric arcs resembled the
warped figures produced by this pro-

cess.

Subsequently, Ignesti et al. (2017) presented JVLA images of the Kite obtained at
3.0 and 5.5 GHz in C-configuration, finding that the arcs have a steep spectral index
α ∼ −3 up to 3 GHz, with no clear evidences of spectral index gradient along the arc
length. These results severely constrained the jet-precession scenario because if the
arcs were created gradually by the AGN, then a trend in spectral index was expected
due the radiative ageing of the plasma. Moreover, the 5.5 GHz images revealed the
presence of extended emission between the BCG and the arcs, thus supporting the
scenario that that radio arcs were embedded in the MH (Figure 5.3). Ignesti et al.
(2018) carried out a detailed study of the deepest Chandra observation available of
the cluster, discovering a cold front at the center of the cluster and that the edge of
the sloshing coincides remarkably well with the junction between the S and W arcs.
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Subsequent studies confirmed the presence of a cavity in the ICM located beyond
the S-W junction of the radio arcs and suggested that it was created by past AGN
activity (Kadam et al., 2019). The discovery of the cold front, i.e. of the presence of
sloshing, supported the idea that the arcs were the brightest part of an underlying
MH, whose CRe had been re-energized by the compression and/or the turbulence
(e.g., Mazzotta and Giacintucci, 2008; ZuHone et al., 2013b; Giacintucci et al., 2014a).

Recently, the LoTSS survey (see Chapter 3) provided a new observation at 144
MHz of this cluster made with LOFAR. As discussed in this Thesis, low-frequency
observation explore the life-cycle of low-energy CRe, thus they can provide precious
insights into the physics of diffuse radio emission. For this reason, we analyzed the
new LOFAR data to solve the mystery of the origin of the Kite (Ignesti et al., 2020b).

In this Chapter we revisit the work carried out during the Ph.D. project, and
presented in Ignesti et al. (2018) and Ignesti et al. (2020b), that contributed to solve
the mystery of the Kite. We present the analysis that lead to the discovery of the cold
fronts and the subsequent work in which we analyzed the new LOFAR data, which
connected all the pieces of the puzzle, and we finally propose a new explanation for
the origin of the source.

5.2 Data preparation

5.2.1 Radio data

In this work we present the analysis of the pointing P353+21 of the LoTSS survey
(Shimwell et al., 2017; Shimwell et al., 2019). The observation was made using the
Dutch High Band Antenna (HBA) array, which operates in the 120-168 MHz band,
for a total observation time of 8.33 hrs. We reduced the dataset using the direction-
dependent data-reduction pipeline DDF-PIPELINE2 v. 2.2 developed by the LOFAR
SKP, which we presented in Chapter 3. The data processing makes use of PREFAC-
TOR (van Weeren et al., 2016; Williams et al., 2016; de Gasperin et al., 2019), KILLMS
(Tasse, 2014; Smirnov and Tasse, 2015) and DDFACET (Tasse et al., 2018) to perform
the calibration and imaging of the entire LOFAR field of view. Then, we performed
additional phase and amplitude self-calibration cycles to correct the residual arti-
facts in a smaller region extracted from the observation and centered on the source
following the procedure presented in van Weeren et al. (2020)

We produced images at different resolutions using WSCLEAN v2.6 (Offringa et
al., 2014) and using several different Briggs weightings (Briggs and Cornwell, 1994),
with robust going from 0 to -2, and multi-scale cleaning (Offringa and Smirnov,
2017). An inner uvcut of 80λ, corresponding to an angular scale of 43′, was ap-
plied to the data to drop the shortest spacings where calibration is more challeng-
ing. Finally, we corrected for the systematic offset of the LOFAR flux density scale
produced by inaccuracies in the LOFAR HBA beam model by multiplying it with
a factor of 1.17 which aligns it with the flux-scale of the LoTSS-DR2 catalog that
is calibrated off the NRAO VLA Sky Survey (NVSS) flux-scale. Following LoTSS

2https://github.com/mhardcastle/ddf-pipeline
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(Shimwell et al., 2019), we adopt a conservative calibration error of 20%, which dom-
inates the uncertainties on the LOFAR flux densities. The resulting images, with an-
gular resolutions from 4 to 12 arcsec, are shown in Figure 5.4

We present here also the GMRT and the VLA images of Abell 2626 obtained from
archival observations. We retrieved the archival GMRT observation of the cluster at
610 MHz, with a time on target of 95 mins, (observation 561, PI Clarke) and we
processed it using the SPAM pipeline (see Intema et al., 2009; Intema et al., 2017,
for details). For the VLA observation we used the calibrated dataset presented by
Gitti (2013a). The images at 610 MHz and 1.4 GHz presented in this work were
made using WSCLEAN to match the images presented in, respectively, Kale and
Gitti (2017) and Gitti (2013a).

5.2.2 X-ray data

In this work we analyzed archival Chandra and XMM-Newton observations of Abell
2626 to produce images in the 0.5-2.0 keV band of the cluster. Specifically, we used
the Chandra observations 3192 and 16136, for a total exposure time of 130 ks, and the
XMM-Newton observations 0083150201 and 0148310101, for a total exposure time
of 55 ks. We reprocessed the Chandra datasets with CIAO 4.10 and CALDB 4.8.1
to correct for known time-dependent gain and for charge transfer inefficiency. In
order to filter out strong background flares, we also applied screening of the event
files3. For the background subtraction, we used the CALDB “Blank-Sky" files nor-
malized to the count rate of the source image in the 10-12 keV band. The data reduc-
tion of the XMM-Newton observations was performed using the Extended Source
Analysis Software (ESAS) integrated in the Scientific Analysis System (SAS v16.1.0).
Observation periods affected by soft proton flares were filtered out with the the mos-
filter and pn-filter tasks. For each detector and observation we produced count im-
ages, background images, and exposure maps. These were combined to create a
background-subtracted and exposure-corrected EPIC mosaic in the 0.5-2.0 keV band.

5.3 Image analysis and Results

At 144 MHz the source shows its striking, kite-like morphology at any resolution,
ranging from 4 to 12 arcsec (Figure 5.4). The arcs are more extended along the major
and minor axis than at higher frequencies, but their inner edges still have a projected
distance of ∼ 25 kpc from the AGN and we detect extended emission between the
AGN and the arcs. The LOFAR data reveal for the first time two large “plumes"
of emission emerging from the ends of the arcs in in the south-east and north-west
directions (Figure 5.4, middle and bottom-right panels), more than doubling the pro-
jected size of the Kite to ∼220 kpc (' 3.7′). The new data also reveals two lobes of
emission toward N-E and S-W. Finally, we observe extended emission associated
with the galaxy JW100 (IC5337), which we are going to discuss in details in Chapter
7.

In Figure 5.5 we report the contours of the mid-resolution (6.7′′×5.6′′, Figure 5.4
central panel) image where we label the various components of the radio emission
observed by LOFAR. In this image we measure a 144 MHz flux density S144 =7.7±1.6

3http://cxc.harvard.edu/ciao/guides/acis_data.html
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Figure 5.4: Images of the Kite at different frequencies involved in this work, the instrument and the
frequency are reported in the labels. Top-left: GMRT image at 610 MHz, the RMS is 120 µJy beam−1

and the resolution is 6.2′′×4.1′′; Top-right: VLA A+B image at 1.4 GHz, the RMS is 13 µJy beam−1

and the resolution is 1.5′′×1.4′′. In both images the contours are at the -3, 3, 6, 12 and 24 σ levels.
Middle: LOFAR image obtained with robust=-0.75, the final resolution is 6.7′′×5.6′′ and the RMS
is 120 µJy beam−1. The contours are at the -3, 3, 6, 12, 24, 48, 96, 192, 384 σ level; Bottom-left: LOFAR
image obtained with robust=-2, the final resolution is 4.2′′×3.2′′ and the RMS is 380 µJy beam−1.
The contours are at the -3, 3, 6, 12, 24, 48, 96 σ level; Bottom-right: LOFAR image obtained with
robust=-0.25, the final resolution is 12.2′′×7.7′′ and the RMS is 140 µJy beam−1. The contours are
at the -3, 3, 6, 12, 24, 48, 96, 192, 384 σ level. The surface brightness is reported in units of Jy beam−1.
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Figure 5.5: Contours of the LOFAR 144 MHz emission at a resolution of 6.7′′×5.6′′ (Figure 5.4, middle
panel) color-coded for the surface brightness level. We label the main features studied in this work.

Jy for the whole source. The surface brightness contours show that the arcs, whose
high brightness at low frequency (> 100σ) was expected due to their steep spectra
(Kale and Gitti, 2017; Ignesti et al., 2017), dominate the total emission of the Kite.

5.3.1 Spectral index map

In order to probe the properties of the relativistic electrons, we combined the new
LOFAR data with archival GMRT and VLA observation at 610 MHz and 1.4 GHz,
respectively, to produce a resolved, 3-band spectral index map. First we produced
new maps at the three frequencies using WSCLEAN with a uniform weighting for
the visibilities and a uv-range of 200-46000 λ in order to match the same spatial scale
in all wavelengths. The lower cut at 200 λ implies a largest recoverable angular scale
of ∼ 20′, hence it allows the detection of the complete structure of the Kite for each
band. The resulting images were smoothed to a common resolution of 7′′ × 7′′. The
resulting RMS noise of the LOFAR, GMRT and VLA maps are, respectively, 280, 150
and 35 µJy beam−1.

We combined the three maps to produce a spectral index map and the corre-
sponding error map. We compared the emission above the 3σ level of the LOFAR
image with the emission above 2σ for the GMRT and VLA images to probe the steep-
spectrum emission in the lobes. For each pixel of each map, we measured the flux
density, S, and its associated error, σS = [( f × S)2 + RMS2]1/2, where f = 0.2 is the
calibration error (Shimwell et al., 2019). For each frequency, we extracted random
values of the flux within the associated error by assuming a normal distribution. We
fitted the three boot-strapped flux densities with a power-law spectrum S(ν) ∝ να

to evaluate the spectral index. We repeated this procedure 500 times for each pixel,
thus ending with a normal-like distribution of values of α whose skewness depends
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on the relative uncertainties of the flux densities in each pixel. The final spectral in-
dex map in Figure 5.6 shows in each pixel the mean of these distributions, whereas
the error map shows the standard deviations. This approach allows to get reliable
errors on the spectral index that reflect the uncertainties of the three measurements.

Figure 5.6: Spectral index map (top) and relative error map (bottom) obtained combining LOFAR,
GMRT and VLA maps at, respectively, 144, 610 MHz and 1.4 GHz. The resolution is 7′′ × 7′′. We report
the contours at the 3, 6, 12, 24 σ levels of the LOFAR (continuous, σ = 280 µJy beam−1) and the VLA
(dashed, σ = 35 µJy beam−1) images produced with matching uv-range (200-46000 λ).

This spectral index map shows regions with different behaviours, in particular
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we can distinguish two distinct regions. The central region within the arcs shows a
flatter spectrum, −1 < α < −0.5, likely dominated by the central AGN. In the arcs
the spectral index is steeper, with α < −1.5. Thanks to the resolution and sensitivity
provided by the new LOFAR data, we observe, for the first time, a spatial gradient
along the arcs N and S, where the spectrum steepens moving from the centers of the
arcs to their ends. On the contrary, the arcs E and W do not show this trend, instead
they exhibit more uniform and steeper spectra (α < −2). Despite the low threshold
in surface brightness at the higher frequencies, we could not map the spectral index
of the lobes and the plumes. For the latter, we could derive only an upper limit for
the spectral index α < −1.5 by comparing their mean surface brightness at 144 MHz
(in units of Jy beam−1) with the 2σ level of VLA image.

Finally we used the LOFAR and VLA images produced for the spectral index
analysis to estimate the integrated spectral index of the Kite. By comparing the total
flux densities within the 3σ contours of the 144 MHz map, we estimated an inte-
grated spectral index α = −2.0± 0.4 between 144 MHz and 1.4 GHz, that entails
a k-corrected radio power at 144 MHz of P144 = 4πD2

LS144(1 + z)−α−1 =6×1025 W
Hz−1, where DL = 246.8 Mpc is the Luminosity distance.

5.3.2 Point-to-point analysis

We performed a point-to-point analysis to explore the spatial correlation between the
spectral index, α, and X-ray surface brightness, IX, which is a proxy of the thermal
plasma density. Observing (or not) a spatial correlation between the two quantities
could potentially provide an insight into the intrinsic relation between the thermal
plasma and the non-thermal ICM components, i.e. the magnetic field and the rela-
tivistic particles.

In this work we combined the observations of the cluster at 144, 610 MHz and
1.4 GHz with the Chandra X-ray image. By using the PT-REX code (see Appendix
A), we sampled the region of the Kite where the 610 MHz emission is above the 3σ
level with a grid whose cells are 12′′ × 12′′ in size to have a compromise between
the signal-to-noise of each cell and the number of significant points. On the one
hand, this sampling assures a reliable estimate of the spectral index for the low-
band (144-610 MHz) of the spectrum in each cell. On the other hand, it introduces
large uncertainties in the high-band (610 MHz-1.4 GHz) for those regions where the
radio surface brightness at 1.4 GHz is below 3σ. The grid includes the central region
(except the AGN and the jet-like feature which we excluded from this analysis), the
arcs and part of the emission in the NW-SE direction (see Figure 5.7). For each cell
of the grid, we measured the flux densities at the 3 frequencies and the IX from the
Chandra image of the cluster to produce the color-color plot (Figure 5.7).

We observe that the majority of the points are located below the 1:1 line, indicat-
ing a perfect power-law spectrum from 144 MHz to 1.4 GHz. This implies that the
spectrum of the radio emission is steeper in the 610 MHz-1.4 GHz band than in the
144 MHz - 610 MHz one in most of the Kite, i.e. the synchrotron spectrum is mostly
curved. This, in addition to the steep spectrum, indicates that the radio plasma of the
Kite is radiatively old. We observe that, in general, the flattest-spectrum emission is
associated with the regions with the brightest X-ray emission, as highlighted by the
colorscale, and we estimated Spearman ranks between α and IX of 0.5 and 0.7 for the
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Figure 5.7: Spectral index in 610 MHz-1.4 GHz vs spectral index in 144 MHz-610 MHz band, color-
coded for the X-ray surface brightness IX. The values were measured in the cells of the green grid that
is shown in the top-left corner, overlapped on the 3, 24, 96σ levels of the 144 MHz image involved in
the spectral analysis. Cells where the relative error on the spectral index is greater than 50% are shown
as upper limits.

low- and high-band, respectively. This indicates a spatial correlation between the
slope of the synchrotron spectrum and the density of the thermal plasma along the
arcs, that suggests a physical connection between the relativistic and thermal plasma
which we are going to discuss in Section 5.4.

5.3.3 X-ray analysis

Residual maps

The cluster is relaxed and the IX profile can be well described by a β-model profile
(see Chapter 1.2.2). Therefore, by subtracting from the observed IX a 2D β-model, fit-
ted to the images, we can highlight substructures in the ICM, such as over-densities
or depressions. We performed this analysis on both Chandra and XMM-Newton ob-
servations of the cluster using the package SHERPA (Freeman, Doe, and Siemigi-
nowska, 2001). In both observations we masked the central AGN and the close spiral
galaxy JW100, due to its extended X-ray emission not associated to the ICM emis-
sion. A detailed analysis of the X-ray emission of JW100 is going to be subject of
Chapter 7, and it is presented in Poggianti et al. (2019b). The best fit parameters
are core radius rc= 13.36′′, β = 0.45 for Chandra and rc= 18.08′′, β = 0.48 for XMM-
Newton, the results are shown in Figure 5.8.

We found in both the observations an excess in surface brightness (red regions
in Figure 5.8), which is extended from the center to the NE and crosses the northern
part of the Kite, and is associated with a local excess of the thermal ICM density with
respect to the mean gas density of the cluster. We observe also a depression in the
SW direction (dashed ellipse in Figure 5.8) aligned with the jet-like features observed
in the high-resolution observation at 1.4 GHz (Figure 5.4, top-right panel). The new
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Figure 5.8: Comparison of the radio emission with the residual X-ray images produced with Chandra
(left) and XMM-Newton (right) in the 0.5-2.0 keV band. Red indicates an excess with respect to the
β-model, whereas blue is a deficit. The contours are the 3, 24, 48, 192σ of the image presented in
Figure 5.4, middle panel. The images are smoothed with a gaussian filter of 2.5′′ for Chandra and 15′′

for XMM-Newton. the yellow cross and white mask indicate the position of, respectively, the AGN of
IC5338 and the galaxy JW100. The black dashed ellipse indicate the position of the tentative cavity.

LOFAR data show, for the first time, that the radio plasma fills this structure, thus
supporting the hypothesis suggested in Shin, Woo, and Mulchaey (2016) and Kadam
et al. (2019) that it could be a radio-filled cavity. Kadam et al. (2019) also estimated
an AGN mechanical power of 6.6×1044 erg s−1, that, as we see in Chapter 1.3.2, is
in the typical range for AGN radio-mode feedback in galaxy clusters. Therefore, we
conclude that this radio-filled cavity indicates that the radio plasma could have been
originally injected by the central AGN. Interestingly, the 144 MHz radio emission is
extended toward N-E as well, but we do not observe evident depression in that
region.

Spectral analysis

In order to investigate the nature of the spiral pattern that we found with the resid-
ual analysis, we carried out a spectral analysis of the cool core based on the Chandra
observation 16139 (total exposure 110 ks, PI Sarazin), which is the deepest obser-
vation of the cluster currently available. We produced a spectral temperature map
(Figure 5.9, top panel) by using the techniques described in O’Sullivan et al. (2011a).
The map pixels are ∼ 5′′ (10 ACIS physical pixels) square. The value in each pixel is
the best-fitting temperature obtained from an absorbed apecmodel fit to a spectrum
extracted from a circular region centred on the pixel, with a radius chosen to ensure
that it contains at least 1500 net counts. The effective resolution of the map is there-
fore determined by the size of the extraction regions, whose radii range from ∼ 5′′

in the cluster center to ∼ 20′′ in the outskirts. Since the spectral extraction regions
are larger than the map pixels, individual pixel values are not independent and the
maps are, thus, analogous to adaptively smoothed images, with more smoothing in
regions of lower surface brightness.

This map shows that the ICM exhibits an inner cold region with kTcold <2.8 keV
and an outer hot region with kThot ∼3.4 keV. Remarkably, the edge of these regions
coincides with the SW junction of the radio arcs observed at 1.4 GHz, whereas it re-
sults totally embedded in the 144 MHz emission. In the opposite direction, the cold
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ICM is not confined to the inner part of Abell 2626, but it is elongated outside in a
spiral-like shape that coincides with the northern spiral feature observed in the IX
residual map (Figure 5.8) and resembles the cold spirals often related to the sloshing
of the ICM described in Chapter 1.3.3 (e.g., Markevitch and Vikhlinin, 2007). The
temperature map also shows that the second brightest galaxy of the cluster, IC5337,
is leaving a trail of cold plasma (kT ∼2.3 keV). This points out that the X-ray emis-
sion of this galaxy is not related to the ICM, as we discuss this in detail in Chapter 7.

The X-ray residual (Figure 5.8) and the spectral temperature (Figure 5.9, top)
maps show that the ICM physical properties inside the 1.4 GHz SW radio arcs are
different from outside, so we focused our analysis on the region across the SW junc-
tion to understand why. By following the geometry of the cold region observed in
Figure 5.9, we divided the SW cluster region into several sectors. In these regions
we extracted the background-subtracted, exposure-corrected IX radial profiles and
we fitted them with a broken power-law model (as described in Nulsen et al., 2005)
in order to determine the position of the IX jumps that we observe in the 2D residual
map (Fig. 5.8). In two sectors to the south and to the west, which are shown in the
bottom-left panel of Fig. 5.9 (top panels) labeled as ‘Sector S’ and ‘ Sector W’, we
detected IX jumps located at distances from the core of 29.5 kpc and 26.4 kpc, respec-
tively. They are associated to an ICM compression factor of 1.32+0.15

−0.13 (Sector S) and
1.37+0.19

−0.17 (Sector W), both detected above the 3σ level (Figure 5.9, central panels). We
checked the solidity of our result by varying the extraction sectors (in both angular
width and radial binning), always finding a density jump detection above 3σ.

We then divided the sectors into several annuli, which are reported in Figure
5.9 (bottom-left panel), to extract the ICM temperature, density and pressure radial
profiles, by fitting the spectra of each annulus with both the projected wabs·apec
and the de-projected projct·wabs·apec Xspec models, making sure to place the
second and the third annuli across the IX jump. We report the temperature and
pressure profiles in Figure 5.9 (bottom panels). The profiles show that the IX jumps
coincide with a significant drop in the temperature toward the center, from 3.42+0.38

−0.28
keV to 2.50+0.19

−0.21 keV in Sector S and from 3.32+0.59
−0.36 keV to 2.31+0.29

−0.29 keV in Sector W.
We observed the temperature drops in both the projected and de-projected profiles
with a confidence level above 3σ. The pressure is instead continuous, thus indicating
rough pressure balance across the front, which is a signature of the presence of a
cold front. Therefore, we concluded that Abell 2626 shows a weak cold front which,
interestingly, coincide with the 1.4 GHz radio emission, i.e. high-energy CRe, but,
at the same time, it results embedded by the 144 MHz emission, i.e. the low-energy
CRe.

5.4 Discussion

5.4.1 Morphology and spectral index of the Kite

Before delving into the discussion, here we summarize all the new features of the
Kite discovered in our work. The LOFAR data show that the diffuse radio emission
at 144 MHz is more extended than what we observe at higher frequencies (Figure
5.4, 5.10). LOFAR reveals two diffuse plumes at the ends of the arcs in the NW-SE
direction. In the new images, we observe that the radio surface brightness outside
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Figure 5.9: Top panel: Pseudo-temperature map in the 0.5-2.0 keV band with on top the contours of the
144 MHz (silver, resolution 6.7×5.6 arcsec ) and 1.4 GHz (gold, resolution 1.5×1.4 arcsec resolution)
radio emission, the sectors used to extract the spectral profiles (white dashed) and the position of the
surface brightness jump (cyan). Central panels: Surface brightness radial profiles, expressed in units of
counts px−2 s−1, observed in the southern (left) and western (right) sectors. We report also the best-fit
to the broken power-law model. The dashed lines show the upper and lower confidence bounds of
the best-fit density ratios (corresponding to 1.32+0.15

−0.13 for the Sector S and to 1.37+0.19
−0.17 for the Sector W).

Bottom panels: Projected temperature (black) and de-projected pressure (red) profiles measured in the
sectors reported above. The black dashed line indicates the position of the front determined by the
broken power-law fit to the surface brightness profiles shown in the upper panels.
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the arcs drops by a factor ∼60 within ∼10 kpc, whereas in the plumes the emis-
sion declines more gradually in ∼ 50− 60 kpc. This indicates that in the arcs the
non-thermal components (i.e. the magnetic field and relativistic electrons), which
are traced by the radio emission, are efficently confined. The new observation also
reveals that the cold front, which appears to delimit the high-frequency radio emis-
sion, is, at the same time, enveloped by the low-energy, radio-emitting plasma which
fills the cavity located in front of the south-west jet observed at 1.4 GHz (Figure 5.8)
and aligned along the major axis of IC5338 (Figure 5.10). But above all, the new ob-
servation shows that the S+W and N+E arcs compose two main structures which are
almost symmetric with respect to the major axis (NW-SE).

The spectral index maps (Figure 5.6) shows that the Kite is a steep-spectrum
source (α < −1.5), in agreement with the previous results (Kale and Gitti, 2017;
Ignesti et al., 2017), but we observe a spatial gradient along the arcs N and S, where
the spectral index steepens from α ' −1.5 their centers to α < −2 toward their ends.
Further insights into the properties of the Kite come from the residual maps (Figure
5.8) and the point-to-point analysis (Figure 5.7). The spectral index map (Figure 5.6)
shows that the flattest regions of the arcs are located in the north and the south with
respect to the central galaxy, while the residual X-ray maps (Figure 5.8) show that
these regions coincide with an over-density of the thermal plasma, likely produced
by the sloshing of the cool core. These two pieces of information are combined in the
point-to-point analysis, where we observe that the flattest-spectrum emission comes
from the regions with the brightest X-ray emission, i.e. the higher-density sloshing
regions. The point-to-point analysis also reveals significant curvature in the spec-
trum, which is indicative of radiatively old plasma.

5.4.2 A new scenario for the origin of the Kite

Based on our results, we speculate on the origin of the Kite. On the one hand, on
the basis of the exceptional morphology and spectral index trends, we claim that is
very unlikely the Kite is a mini-halo. Moreover, the morphology revealed by LO-
FAR also discourages the lensing hypothesis (previously invoked in Kale and Gitti,
2017) because produce such a blend of collimated arcs and large plumes would re-
quire implausible combinations of lenses and scattering screens. On the other hand,
in the new image at 144 MHz the Kite shows remarkable similarities with two spe-
cific classes of radio galaxies, the Z-shaped (e.g., Zier, 2005; Hardcastle et al., 2019)
and X-shaped radio galaxies (e.g., Lal and Rao, 2007; Bruno et al., 2019; Cotton et
al., 2020). The Kite shares the double-axis morphology with these radio sources,
where the wings (i.e. the “plumes" of the Kite, see Figure 5.5) are more extended
than the lobes. Moreover, the central, giant elliptical galaxy IC5338, is elongated in
the same direction of the putative minor axis of the Kite from NE to SW. The extent
of this is shown by the smoothed SDSS contours in the bottom panel of Figure 5.10,
where a Gaussian kernel of width 1 arcsecond was used to improve sensitivity to
the extended stellar emission and avoid confusion with surrounding point sources.
Furthermore, the radio filled cavity (Figures 5.8) and the radio jets originating from
the central AGN (Figure 5.10) are aligned along the same NE to SW axis.

Therefore, we suggest that originally the Kite was a radio galaxy whose central
AGN produced the S-W cavity. In this framework, the peculiar, double-axis mor-
phology of the Kite can be then explained by the backflow model (e.g., Leahy and
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Williams, 1984; Hodges-Kluck and Reynolds, 2011). This hydrodynamical model,
which is one of the possibilities that have been invoked to explain X-shaped radio
galaxies, suggests that the plasma injected by the AGN along the jets can be redi-
rected by the hot-spots or high-pressure environment back to the galaxy. In the case
of axisymmetric backflow, Leahy and Williams (1984) noted that this process can
cause the emission to grow in directions perpendicular to the angle at which the
plasma impacts with the hot inter-stellar medium (ISM) of the galaxy. Therefore, for
the case of the Kite, we suggest that the plasma was injected in the NE-SW direction,
along the projected major axis of the IC5338 (Figure 5.10), to subsequently flow back
and be redirected in the NW-SE directions to finally form the plumes. The lack of an
AGN cavity toward NE could be due the presence of the northern over-density, that
hide, via projection effects, any potential, smaller structure in that region.

However, there are several properties of the Kite that make this object peculiar
and different from standard radio galaxies. First, the overall spectrum of the Kite
(α < −1.5) is steeper than the typical spectral index of active X-shaped radio galaxies
(α > −1.5, e.g., Lal and Rao, 2007), which indicates that the plasma is radiatively-
old. The steep spectrum measured in the 144-610 MHz band (Figure 5.7) suggests
that the break frequency of the spectrum, νbr, is below 144 MHz and, hence, that
we are observing only the radiatively-old part of the of the synchrotron spectrum.
Therefore, by assuming a putative νbr < 100 MHz and under the hypothesis that the
local magnetic field, B, is in the range 5-15 µG, which are typical for radio galaxies
(e.g., Croston et al., 2005), as discussed in Chapter 1.2.4 the radiative age of the arcs,
trad, can be estimated as:

trad ' 3.2× 1010 B1/2

B2 + B2
CMB

[(1 + z)νbr]
−1/2 yr (5.1)

Under these assumptions, we determine the lower limit to the radiative age of
the plasma to be between 5× 107 and 2× 108 yrs, which confirms that we are observ-
ing radio emission from old, fossil plasma. This time-scale is not far from the typical
duty-cycle of an AGN (∼ 108 years, e.g., Morganti, 2017) and, thus, we suggest that
the active phase that injected the relativistic plasma of the Kite likely ended recently.

Old radio plasma sitting in the center of clusters is expected to be uplifted due
to buoyancy on a certain timescale. This provides complementary constraints to
the age of the plasma in the Kite. The facts that the source preserves its X-shaped
morphology and the plumes still sit at ∼ 100 kpc from the central AGN implies that
the plasma did not have enough time to evolve buoyantly. According to Churazov
et al. (2001), the buoyant velocity of a bubble can be estimated as:

vb ' vk

√
2V

RSC
(5.2)

where vk is the Keplerian velocity, which we approximate to the cluster dispersion
velocity σv ' 680 km s−1 (Cava et al., 2009), S is the cross-section of the bubble, V its
volume, R the distance from the central AGN and C ∼ 0.6 is the drag coefficient.

By assuming the plumes as spherical bubbles with r = 25 kpc at a distance
R ' 100 kpc from the AGN, Equation 5.2 gives us a reference buoyant velocity
vb ∼ 700 km s−1. This velocity entails a upper limit to the dynamical time-scale of
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Figure 5.10: Top: Chandra X-ray image of Abell 2626 in the 0.5-2.0 keV band with the 3, 24, 96, 200σ
level contours of the emission observed at 144 MHz in white ( Figure 5.4, middle panel, σ = 120 µJy
beam−1) and the 3, 24, 96σ contours of the emission at 1.4 GHz in black (Figure 5.4, top-right panel,
σ = 13 µJy beam−1). In cyan is reported the position of the cold front observed in Ignesti et al. (2018);
Bottom: Composite SDSS image from bands i, r and g with the 3, 24, 96, 200σ contours of the emission
at 144 MHz in silver (Figure 5.4, middle panel), the 3, 24, 96σ contours of the emission at 1.4 GHz
in cyan (Figure 5.4, top-right panel) and SDSS composite image smoothed with a Gaussian kernel of
standard deviation 1 arcsecond at 6, 30, 150 times the RMS noise in the smoothed image (0.015 maggies)
in yellow.
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the plumes < 1.5× 108 [sin(θ)]−1.5 yr, where θ is the angle between plumes and the
line of sight, which is in agreement with previous constraints and suggests that the
plasma is not significantly older than a typical AGN duty cycle (∼ 108 yrs).

Secondly, contrary to what is generally observed or expected in back-flowing ra-
dio galaxies, in the Kite the plumes have a projected length in the NW-SE direction
that is almost double of the length of the jets, which we assumed originally directed
in the NE-SW direction. This could be both due to local environmental properties
(i.e. a stronger environmental pressure that restricted the expansion of the plasma in
the jet direction) combined with bouyant motions of the radio plasma in the plume
or complex projection effects due to a possible inclination of the Kite with respect to
the plane of the sky. The latter hypothesis is partially supported by the spread of the
color-color diagram (Figure 5.7), which could be due to the mixing of plasma with
different radiative ages, hence spectral indices, along the line of sight.

Finally, the most obvious difference with X-shaped galaxies is that the arcs of the
Kite are clearly detached from the central AGN (Figure 5.4, bottom-left panel) and,
on the contrary to what is observed for X-shaped galaxies, the brightest part of the
Kite are the arcs, where we observe also a gradient in spectral index and a spatial
correlation between the α and the X-ray emission (Figure 5.7).

The role of the ICM dynamics

We interpreted the presence of edge-brightened features as indication of a role played
by the ICM dynamics in the origin of this radio source. Interestingly, the radio spec-
tral properties of the Kite resemble those of the radio phoenix sources, an exotic class
of diffuse radio sources produced by the interplay of fossil radio plasma with shocks
and/or ICM motions (e.g., Clarke et al., 2013; Mandal et al., 2020). Specifically, the
arcs of the Kite resemble the complex, filamentary radio morphology of the radio
phoenices, whose filaments have patchy distributions of increased surface bright-
ness, and synchrotron emission typically that follow a curved spectra.

To tie together these scenarios, we speculate that after the end of the AGN ac-
tivity, when the plumes were already formed, the sloshing of gas in the cool core
has interacted with the fossil radio plasma (Figure 5.8, 5.10). The typical sloshing
crossing-time is of the order of 108 years (e.g., Ascasibar and Markevitch, 2006).
Therefore, according to our estimates, the Kite would be old enough to allow the
sloshing to impact significantly on its radio emission. On the basis of the temper-
ature maps presented in literature (Figure 5.9 (top panel), or Ignesti et al., 2018;
Laganá, Durret, and Lopes, 2019; Kadam et al., 2019), we suggest that the ICM mo-
tion could have interacted with the fossil plasma mostly in the N-S direction. The
motion of the thermal plasma could have enhanced the radio emissivity at the edges
of the radio galaxy by compressing the relativistic plasma and producing the bright
arcs of the Kite. The compression of radio plasma can efficiently enhance its radio
emission by a factor δI of:

δI ∝ x−
2
3 δ+1 (5.3)

where x is the compression factor and δ = 2α− 1 is the index of the electron spec-
trum Ne(E) ∝ Eδ (e.g., Markevitch et al., 2005).
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In the case of the Kite, by using a power-law spectrum instead of a curved
spectrum, we can derive a first-order estimate of the effects of compression. For
α < −1.5, hence δ < −4, even a small compression x ' 1.2 can results in a sig-
nificant enhancement δI >2. At the cold front, where the compression would be
more evident, we measure x =1.32+0.15

−0.13 for Sector S and x =1.37+0.19
−0.17 for Sector W,

whereas Kadam et al. (2019) measured slightly higher values of x (1.57± 0.08 and
2.06± 0.44). This compression would correspond to a δI & 3, that is consistent with
the surface brightness difference we observe in Figure 5.5 between the lobes (∼10-20
σ) and the arcs (> 100σ).

The local increase of the magnetic field due to the compression impacts also on
the spectrum of the emission by shifting the critical frequency of emission of the
electrons at higher frequencies. For a curved synchrotron spectrum, as we observe
here for the Kite, this compression can result in a flattening of the observed spec-
trum by moving the break frequency to higher values. This effect should be more
noticeable where the ICM compression, and consequently also IX, is stronger. This is
in agreement with the point-to-point analysis (Figure 5.7), which shows that the flat-
tening of the spectrum is most evident in the regions with the highest IX, and, thus,
it supports a scenario where the radio emission is driven by the local properties of
the thermal ICM.

The role of the central AGN

The steep spectral index of the arcs and the color-color plot indicates that the arcs
were formed after the end of the duty cycle, when the central AGN entered a low-
activity state. Indeed IC5338 does not show properties of AGN emission from the
optical (SDSS) or infrared (WISE) photometry, and it has a very low probability of
being quasars (Clarke et al., 2019). However, an AGN coincident with IC5338 is
clearly detected at 144 MHz (Figure 5.5), as well as at 1.4 GHz (Figure 5.4, top-right
panel). We note at the center of the galaxy there are two compact cores shown in
the SDSS image. The core to the SW is coincident with the 1.4 GHz radio emission
observed by Gitti (2013a) (and shown by cyan contours in the right image of Figure
5.10) and it exhibits hard X-ray emission (Wong et al., 2008a), thus it is likely the host
of the AGN. The presence of these two cores in close proximity suggests a merger
event had occurred to form IC5338, and there may be significant ongoing tidal forces
between the two cores. Evidence for a merger event helps to provide a mechanisms
for the supply and accretion of gas onto the AGN in the SW core (e.g., Ellison et al.,
2019, for a recent result).

The spectral index of the AGN (α =-0.8±0.1, Figure 5.6) indicates that the su-
permassive black hole is currently accreting material. Furthermore, at higher fre-
quencies the VLA high-resolution observations presented by Gitti (2013a) (Figure
5.4, 5.10) show the existence of a small (∼ 8 kpc), jet-like feature leaving the nucleus
of the central galaxy, and, thus, confirming that the AGN has entered a new activity
phase. The non-detection of an AGN in optical or infrared data hence suggests that it
is just obscured by the accretion disk and potentially intra-cluster dust along the line
of sight. Therefore, we can not exclude that the starting of a new duty cycle by the
central AGN could have played a role in the origin of the Kite by launching shocks
in the old radio plasma and/or by further compressing the fossil plasma from the
inside in the NE-SW direction.
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5.5 Summary and Conclusions

We presented the analysis of the Chandra and LOFAR observations of the galaxy clus-
ter Abell 2626 and its puzzling central radio source, also known as the Kite, which
has been previously classified as a radio MH. The Chandra data unveiled the sloshing
core of Abell 2626 and revealed a close connection between the cold front and the
radio emission, whereas the new LOFAR data have radically changed the general
picture of the Kite. We detected new components of the radio emission in the form
of plumes located at the ends of the arcs, which almost double the total length of the
radio source to ∼ 220 kpc with respect to the higher frequencies images. We com-
bined the new data with the archival datasets at 1.4 GHz and 610 MHz to map the
spectral index of the Kite from 144 MHz to 1.4 GHz. We find that the spectral index
of the arcs steepens at higher frequencies from α ' −1.5 to α < −2 with a steepening
trend from their centers to their ends. Then we compared the radio and the X-ray
emission and we found that the radio plasma fills a putative cavity located beyond
the S-W junction of the arcs which is aligned along the major axis of IC5338. Finally,
by performing a point-to-point analysis we found a spatial correlation between the
spectral index and the X-ray surface brightness, which is a proxy of the local ICM
thermal plasma density, where the flattest-spectrum parts of the arcs coincide with
the brightest X-ray regions. This result highlights that the properties of the radio
emission of the Kite are driven by the local properties of the thermal ICM.

On the basis of our findings, we propose that the Kite could be a relic radio galaxy
whose lobes have been shaped by the motion of the gas sloshing in the cool core.
Specifically, the morphology observed for the first time by LOFAR and the steep
spectrum of the lobes (α < −2) suggest that the Kite was originally an X-shaped
radio galaxy, likely produced by the back-flow of the radio plasma injected by the
AGN that was redirected by the galactic hot ISM along the plumes. The spectral
index and the size of the lobes set the lower limit for age of the system between
5× 107 and 2× 108 years. The curved radio spectrum and the spatial connection with
the cold front suggest that, subsequently after the end of the AGN activity, the fossil
radio plasma has been compressed by the ICM motion that enhanced locally the
emissivity of the radio arcs and flattened their spectral index. Such a combination of
phenomena can also explain its uniqueness among the radio sources because only
a very favorable combination of different mechanisms could have resulted in such
a spectacular radio source. This scenario can be now tested with tailored numerical
simulations, which can explore the physical boundaries of the back-flow and the
ICM compression, and future, high-resolution observations at 144 MHz carried out
with the LOFAR international stations, which could provide us images of the Kite
with a resolution of 0.3′′.
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Chapter 6

Stormy weather in 2A0335+096

Based on Ignesti et al., in preparation

6.1 Introduction

In this Chapter we will present the results of the LOFAR observation of the galaxy
cluster 2A0335+096, a low redshift (z = 0.035, which entails a luminosity distance
of 153.9 Mpc and an angular scale 1 arcsec = 0.694 kpc1), relatively low mass cluster
(M500 = 2.27× 1014 M� Planck Collaboration et al., 2014). This cluster hosts a MH
included in the sample in which we studied the thermal and non-thermal connec-
tion (see Chapter 2 of this Thesis or Ignesti et al., 2020a).

The MH was first imaged at 1.4 GHz and 5.5 GHz by Sarazin, Baum, and O’Dea
(1995). The central radio galaxy is a core-dominated, double-lobe source and an-
other patch of extended emission, which is interpreted as a fossil lobe from an older
AGN outburst, is detected at ∼ 25′′(∼18 kpc) from the cluster center (Bîrzan et al.,
2020). The MH surrounds this structure extending for ∼ 100” (∼ 70 kpc), thus mak-
ing it one of the smallest MH known (Giacintucci et al., 2017; Giacintucci et al., 2019).

From the thermal point of view, 2A0335+096 has a central temperature of 3.6
keV and a central entropy of 7.1 keV cm−2, which are amongst the lowest values
observed in relaxed cluster hosting a MH (Cavagnolo et al., 2009; Giacintucci et
al., 2017). In the X-ray band it present two cavities, which coincide with the ra-
dio lobes, and a cold front located at ∼40 kpc from the center, which points out that
the cool core is sloshing in the gravitaional well (Mazzotta, Edge, and Markevitch,
2003; Ghizzardi et al., 2006; Sanders, Fabian, and Taylor, 2009). It is worth noticing
that this is also one of the clusters with the lowest mass among those hosting a MH.
2A0335+096 hosts also the head-tail radio galaxy GB6 B0335+096 (z = 0.038), an FRI
galaxy characterized by an extended radio tail produced during its motion in the
ICM (for further details, see Sebastian, Lal, and Pramesh Rao, 2017).

The active environment in which we observe the MH, with the cavities pro-
duced by the AGN feedback and the sloshing, would entail a perturbed, turbulent
ICM. Therefore, it suggested the possibility that the cluster may host extended, ultra
steep-spectrum radio emission similar to that discovered by LOFAR in a few other
cases (as we discussed in Chapters 1.2.4, 1.3.4, 3 ). Therefore, in order to explore
this scenario, we obtained to observe the cluster with LOFAR in co-observing with
the LoTSS during the observation cycle 14 (LC14011, PI Ignesti). In this Chapter we
present the preliminary results and a comparison with GMRT data (Ignesti et al., in

1http://www.astro.ucla.edu/$#$7Ewright/CosmoCalc.html
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86 Chapter 6. Stormy weather in 2A0335+096

preparation)

6.2 Data processing and analysis

6.2.1 Radio data

In this Chapter we present the analysis of the LOFAR observation LC11014 (PI Ignesti).
The observation was carried out in co-observing with the LoTSS for a total obser-
vation time of 8.33 hrs, thus we followed the data processing routine described in
Chapter 3. We reduced the dataset using the direction-dependent data-reduction
pipeline DDF-PIPELINE v. 2.2 developed by the LOFAR Surveys Key Science Project2

(see Chapter 3). The data processing makes use of PREFACTOR (van Weeren et al.,
2016; Williams et al., 2016; de Gasperin et al., 2019), KILLMS (Tasse, 2014; Smirnov
and Tasse, 2015) and DDFACET (Tasse et al., 2018) to perform the calibration and
imaging of the entire LOFAR field of view. Then, we performed additional phase
and amplitude self-calibration cycles to correct the residual artifacts in a smaller re-
gion extracted from the observation and centered on the source, where the direction-
dependent errors are assumed to be negligible (see van Weeren et al., 2020, for fur-
ther details on this procedure).

We produced images at different resolutions using WSCLEAN v2.6 (Offringa
et al., 2014) and using several different Briggs weightings (Briggs and Cornwell,
1994), with robust going from -0.5 to -1.2, and multi-scale cleaning (Offringa and
Smirnov, 2017). An inner uvcut of 80λ, corresponding to an angular scale of 43′, was
applied to the data to drop the shortest spacings where calibration is more challeng-
ing. We corrected for the systematic offset of the LOFAR flux density scale produced
by inaccuracies in the LOFAR HBA beam model by multiplying it with a factor of
0.8284 which aligns it with the flux-scale of the point-sources mapped in the TGSS
survey. Following LoTSS (Shimwell et al., 2019), we adopt a conservative calibra-
tion error of 20%, which dominates the uncertainties on the LOFAR flux densities.
The resulting images, with resolutions between 6 and 50 arcseconds, are shown in
Figure 6.1. 2A0335+096 has a declination of +10◦, which resulted in a noise above
200 µJy beam−1, which is ×2 higher than expected for a typical LoTSS 8hrs obser-
vation (∼ 100 µJy beam−1), and elliptical beams. We note the presence of artifacts
surrounding the bright sources, such as the AGN of GB6 B0335+096 (Figure 6.1,
panel b), which appear to be due ionospheric issues during the observation (see de
Gasperin et al., 2018).

We present here also the GMRT image of 2A0335+095 obtained from an archival
observation at 610 MHz (cycle 17, project 17016, PI Raychaudhury). The time on
target is 75 mins, we processed the dataset using the SPAM pipeline (see Intema
et al., 2009; Intema et al., 2017, for details). The images at 610 MHz presented in this
work (Figure 6.1, panel a) were made using WSCLEAN. As a future development,
we plan to include in this study also the VLA data at 1.4 and 5.5 GHz presented
in Chapter 2. At this stage, we used the total flux density at 1.4 GHz reported in
(Giacintucci et al., 2014b) to evaluate the spectral index of the MH, which is not
detected in the GMRT image.

2https://github.com/mhardcastle/ddf-pipeline
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Figure 6.1: Multi-frequency view of 2A 0335+096. Top left: GMRT image at 610 MHz, σ=84 µJy
beam−1, resolution 5.90′′ × 3.65′′; Top right: LOFAR low-resolution image, σ=517 µJy beam−1,
resolution 51.53′′ × 15.88′′; Bottom left: LOFAR mid-resolution image, σ=231 µJy beam−1, resolu-
tion 14.43′′ × 5.05′′; Bottom right: LOFAR high-resolution image, σ=400 µJy beam−1, resolution
6.13′′ × 3.82′′; We report the -3, 3, 6, 24, 96σ levels in the LOFAR images and the -3, 3, 6, 12, 24σ in
the GMRT image.

6.2.2 X-ray data

In this work we analyzed an archival Chandra observation of the cluster to produce
an image in the 0.5-2.0 keV band of the cluster and to carry out a spectral anal-
ysis of the ICM emission. Specifically, we used the Chandra observation 7939 (PI
Sanders), for a total exposure time of 49.5 ks. We reprocessed the Chandra datasets
with CIAO 4.10 and CALDB 4.8.1 to correct for known time-dependent gain and for
charge transfer inefficiency. In order to filter out strong background flares, we also
applied screening of the event files3. For the background subtraction, we used the
CALDB “Blank-Sky" files normalized to the count rate of the source image in the
10-12 keV band. We further processed the image with the GGM filter (Sanders et
al., 2016) and the unsharp mask technique to search for edges in surface brightness
(Figure 6.2).

3http://cxc.harvard.edu/ciao/guides/acis_data.html
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Figure 6.2: LOFAR contours of the mid-resolution image (panel b, Figure 6.1, σ=231 µJy beam−1, reso-
lution 14.43′′ × 5.05′′ ) at the 3, 24, 96σ levels on top of the background-subtracted, exposure corrected
(top), the GGM-processed (bottom-left) and unsharp-masked (bottom-right, the negative residuals are
reported in black) Chandra images in the 0.5-2.0 keV band.

6.2.3 Spectral index map

We combine the 144 and 610 MHz images to map the spectral index of the central
source and the head tail galaxy. First we produced images in the same uv-range
(80-54000 λ) to reliable compare fluxes on the same scales, then we smoothed both
images to a resolution of 30′′ and we regrid the GMRT image as the LOFAR one to
be sure that each pixel covers the same angular direction. The final σ levels are 750
µJy beam−1 for the 144 MHz image and 410 µJy beam−1 for the 610 MHz one. The
two images were compared on a pixel-by-pixel basis and the spectral index α was
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Figure 6.3: Spectral index map between 144 and 610 MHz (top) and corresponding error map (bottom).
We report the 3, 12, 48, 192σ and the 3, 36, 144σ level of, respectively, the 144 (continue, σ=750 µJy
beam−1) and 610 (dashed, σ=410 µJy beam−1) MHz images produced to map the spectral index.

computed as:

α =
log
(

S610
S144

)
log
( 610

144

) ± 1
log
( 610

144

)
√(

σS,610

S610

)2

+

(
σS,144

S144

)2

(6.1)

where S and σS = [( f · S)2 + σ2]1/2 (where f = 0.2 according to Shimwell et al., 2019)
are the flux density and the corresponding error at the two frequencies, 144 and 610
MHz.
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We computed the spectral index (and the corresponding error) in each pixel with
a surface brightness above the 3σ levels, which give us a sensitivity to spectral index
α > −0.5. The results are shown in Figure 6.3, where we report the spectral index
map and the corresponding error map. The next step will be to combine LOFAR
and GMRT data with the VLA data appropriately imaged. We note that with the
VLA images at 1.4 and 5.5 GHz, with a σ of 56 and 16 µJy beam−1 (Chapter 2)4, we
will be able to map the spectral index down to α ' −(1− 1.1), which will permit a
more detailed characterization of the synchrotron spectrum of the MH and the initial
region of the radio tail within ∼ 100 kpc.

6.3 Discussion of the results

The new LOFAR observation probes, for the first time, the low-energy CRe of 2A0335.
As discussed in Chapter 3, this allows us to explore the effects of low-efficiency
phenomena, such as the ICM turbulent re-acceleration, on the evolution of the non-
thermal plasma in the cluster. Here we use the new data to analyze the central
source, which shows several components (Figure 6.4), and the radio galaxy GB6
B0335+096.

Figure 6.4: LOFAR contours of the mid-
resolution image (panel b, Figure 6.1, σ=231
µJy beam−1, resolution 14.43′′ × 5.05′′) where
we label the components of the central source
as referred in this work.

6.3.1 The central radio source

The combination of high resolution and sen-
sitivity to large-scale emission of the new
LOFAR data provides us a detailed view
of the structure of the central radio source.
In the mid-resolution LOFAR image (Figure
6.1, panel b, resolution 14.43′′ × 5.05′′), we
can observe the bright central emission of
the radio galaxy and its lobes with the MH
underneath, whereas in the Chandra X-ray
image we can see the cavity produced by
the radio-mode AGN feedback at the center
of the cluster coinciding with the northern
radio lobe (Figure 6.2, bottom-right panel).
In the high resolution image (Figure 6.1,
panel c, resolution 6.13′′ × 3.82′′), we de-
tect only the AGN-lobes system, plus an-
other structure toward north-west that has
been classified as a relic lobe (Giacintucci et
al., 2019). Finally, at the lowest resolution
of 51.53×15.88 arcsec (Figure 6.1, panel a,
resolution 51.53′′ × 15.88′′), we can still rec-
ognize the morphology of the central radio
galaxy and we observe a putative bridge between the central source and the radio
tail, although it is likely an artifact given by the resolution of the image.

4The σ can possibly change due to the uv-cut and beam smoothing necessary to match the LOFAR
uv-coverage.
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Here we focus on the study of the diffuse radio emission, whereas a detailed
analysis of a LOFAR observation of central AGN and its lobes can be found in Bîrzan
et al. (2020). In the low-resolution LOFAR image (Figure 6.1, panel a), which is the
deepest image we produced, we estimated the MH radius following Cassano et al.
(2015), i.e. RMH =

√
Rmin × Rmax =

√
75”× 127” = 97.6” ' 67 kpc. This is con-

sistent with the observed radius at 1.4 GHz (70 kpc Giacintucci et al., 2014b), and
generally smaller than the other MHs. However, due to the generally higher noise
of the image due to the low declination of the cluster and the bright, extended radio
galaxy at the center of the MH, we can not exclude that we are missing fainter and
more extended emission.

In the mid and low-resolution images we measure a total flux density of 1.15±0.23
Jy within the 3σ contours. In order to estimate the flux density of the diffuse emis-
sion only, we subtracted from the total the flux density of the AGN-lobes system
(0.75±0.15 Jy) and of the north-west relic lobe (0.17±0.03 Jy) measured within the
3σ contour of the high-resolution image (Figure 6.1, panel c), finding a net flux den-
sity of 0.23±0.05 Jy with a surface brightness, computed on the net area, of 9.3 mJy
beam−1. By multiplying the net surface brightness by the area of the radio galaxy
and the relic lobe, we measure an additional 0.21±0.04 Jy that would be due to the
diffuse emission, thus resulting in a total flux density of 0.44±0.09 Jy. By comparing
this measure with the flux density of the MH at 1.4 GHz reported in Giacintucci et al.
(2014b), which is 21.1±2.1 mJy, we estimated a spectral index α = −1.34± 0.09 be-
tween 144 and 1400 MHz. A more accurate measure will be possible by comparing
LOFAR and VLA data by the means of images designed to match the uv-coverage
and the baseline weights (Ignesti et al., in preparation).

We note that the MH in 2A0335+096 is at the low-end among the known MH
also in terms of radio power at 1.4 GHz and cluster mass, as well as the size (Giac-
intucci et al., 2014b; Giacintucci et al., 2017), thus representing a sort of outstanding
object in this sense. On the contrary, the k-index of the Iradio − IX correlation, both
at 1.4 and 5.5 GHz, is above 1, thus in agreement with the others MH (see Chapter 2
or Ignesti et al., 2020a). Unfortunately the MH could not be reliably mapped in the
new spectral index map (Figure 6.3) because of the low-quality of the GMRT obser-
vation, and we could map only the lobes and the relic lobe, which show an unusual
steep spectrum α ' −1.5. Interestingly, the GGM image presented in Figure 6.2
shows that the radio emission coincides with a bright, spiral-like edge in the X-ray
surface brightness. Such a feature can be interpreted as evidence of sloshing of the
cool core, in agreement with the previous results (Sarazin, Baum, and O’Dea, 1995),
and is usually connected with the origin of the diffuse radio emission (e.g., Mazzotta
and Giacintucci, 2008).

The new observation provided some insightful data that allow us to better de-
fine the nature of the MH and its interplay with the central AGN. The morphology
(Figure 6.1) and spectral map (Figure 6.3) show steep-spectrum (α ' −1.5), old ra-
dio lobes remnants of the past activity of the AGN. On the contrary, the surrounding
diffuse radio emission shows a slightly flatter spectrum (α = −1.34 ± 0.09), thus
suggesting that the CRe were not injected from the lobes and propagated on larger
scales, and indicating the presence of a re-acceleration mechanisms acting on the
100 kpc scales. 2A0335+096 is a very active environment in that sense, with multiple
possible sources of turbulence, as the AGN mechanical feedback and the sloshing,
that can power the radio emission. The close connection between the radio emission
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and the sloshing region suggests that the CRe are re-accelerated by the turbulence
produced by the sloshing (e.g., Mazzotta and Giacintucci, 2008; Giacintucci et al.,
2014a; Timmerman et al., 2020).

Alternatively, one might assume that, as shown in Chapter 2, the CRp generated
by the AGN escape the lobes at late times (e.g., Ehlert et al., 2018) and propagate
in the core generating CRe and, ultimately, diffuse radio (and γ-ray) emission. The
current data do not allow us to check the presence of spectral steepening in the MH
that might challenge this possibility (e.g., Brunetti and Jones, 2014) thus this remains
a viable scenario.

6.3.2 GB6 B0335+096

The most striking feature discovered by LOFAR is the giant radio tail of GB6 B0335+096,
which extends for almost 900 kpc, and is far more than what was observed in pre-
vious works (Sebastian, Lal, and Pramesh Rao, 2017). Interestingly, the high- and
mid-resolution images (Figure 6.1, panels a, b) show a curvature of the radio tail
within 100 kpc from the AGN. We detect hard X-ray 2-7 keV emission coming from
the AGN in GB6 B0335+096 associated with flat-spectrum radio emission (Figure
6.5), which points out that the AGN is currently active.

However, the extent of this tail is surprising. The maximum life-time of low-
energy CRe emitting at 144 MHz, which we can estimate by assuming the min-
imal energy loss magnetic field B = BCMB/

√
3 = 2.02 µG, is τ ' 3 × 108 yrs

(see Chapter 1.2.4). Under these favorable conditions, given the galactic velocity
(vg =

√
2× line-of-sight velocity = 960 km s−1, Sebastian, Lal, and Pramesh Rao,

2017) the expected length of a radio-emitting trail left behind by the galaxy would
be l ' v · τ ' 300 kpc, which is a factor ∼ 3 shorter than we observe. Moreover, the
actual difference is likely bigger because we can measure only the projected length
of the tail, which is the lower-limit of this actual length. This difference could be
explained by an exceptionally high galactic velocity, which is quite unrealistic, or
an extended CRe life-time due to the action of some physical process taking place
in the tail. Therefore, observing such a long component poses the same question as
observing Mpc-scale diffuse radio emission: how is possible that CRe have survived
that long in the ICM?

We investigated this issue by comparing the observations with simple numerical
calculations of the expected emission of an aging radio plasma to estimate the flux
density profile and the corresponding decline of the spectral index along the tail. In
order to reliably compare the flux densities at 144 and 610 MHz, we used the images
produced for the spectral analysis (Section 6.2.3) with matching uv-range (80-54000
λ) and resolution (30×30 arcsec). Based on the 3σ level of the 144 MHz emission, we
used the PT-REX code (see Appendix A) to sample the tail with 19 boxes, 60′′ × 60′′

in size, which would correspond to 45×45 kpc at the galaxy redshift, and we mea-
sured the flux densities at 144 and 610 MHz in each of them, producing a profile
of the emission along the tail (Figure 6.6). In this profile the 610 MHz emission is
present up to box n. 8. Then we derived the spectral index profile by comparing the
corresponding flux densities in each box. Where we do not detect emission above 3
σ at 610 MHz, we used the 2σ level of the GMRT image to derive an upper limit for
the real spectral index. By assuming that the tail is parallel to the plane of the sky,
this sampling can be roughly converted in a spatial scale, which sets a lower limit for
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Figure 6.5: LOFAR contours of the high-resolution image (panel c, Figure 6.1, σ=400 µJy beam−1,
resolution 6.13′′ × 3.82′′) at the 3, 24, 48, 96σ levels on top of the Chandra 0.5-2.0 keV (top left), 2.0-7.0
(top right) and PanSTARR r-band (bottom) images.

its actual length. Under such assumption, we can assume that each box is 45 kpc afar
from the next one and we can thus compute the distance of each box from the AGN
and its position along the tail. Under the assumption that the plasma left behind by
the galaxy does not have a proper motion, the time elapsed since the injection can be
estimated as τ ' d/vgal, where d is the distance from the AGN and vgal is the galaxy
velocity. It follows that the space grid defined by our sampling can be converted in
a "time grid" with the dynamic age of each chunk of the radio tail.

In this framework we can compare the observations with the numerical predic-
tion of the time evolution of the synchrotron emissivity of a radio plasma by taking
into account only the radiative cooling of CRe, which we discussed in Chapter 1.2.4.
Our estimate is conservative because we do not include the energy losses due to
adiabatic expansion of the plasma, and we assume an uniform magnetic field in
the tail. We computed numerically the synchrotron emissivity spectrum j(k), where
k = ν/νbr, for k = 0.1− 10 by assuming an injection index α = −0.6, based on the
spectral index observed at the beginning of the tail, and the minimal energy loss
magnetic field B = BCMB/

√
3 ' 2 µG.

To compare this model emissivity spectrum with our observation, we have first
to derive the corresponding values of k at 144 and 610 MHz by evaluating the νbr for
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each box. This can be done starting from the radiative time of a relativistic particle
population, trad, which can be estimated as discussed in Chapter 1.2.4. Under the as-
sumption that the radiative age of the plasma coincides with the time elapsed since
the injection, i.e. trad ' τ, we can derive a putative νbr for each chunk, and thus the
corresponding values of k at the two frequencies, k144 and k610.

By combining the synchrotron spectrum with the time-scale described by the
break frequency, we can compare the observed spectrum with the prediction in the
case of pure radiative ageing. Under the assumption that each cell defines a cylindri-
cal section of the tail with a radius of 22.5 kpc and height of 45 kpc5 and by using the
flux density at 144 MHz measured in the first cell to normalize the model spectrum
j(k), we can produce the expected flux density and spectral index profiles along the
tail.

We compared the observations with two set of simulations produced by assum-
ing vgal = 960 and 1600 km s−1. The former is computed by assuming that the
line-of-sight velocity is 1/

√
2 of the total velocity (Sebastian, Lal, and Pramesh Rao,

2017), the latter is an upper limit estimated by forcing the model to reproduce the
spectral index decline within the first half of the tail. We note that both the veloc-
ity are higher than the cluster velocity dispersion σ ' 600 km s−1 (calculated on
the basis of the M500 = 2.27 · 1014 M� and R500 = 0.92 Mpc reported in Giacin-
tucci et al., 2017). Under our assumptions, the higher is the velocity of the galaxy
the younger would be the age of the plasma in the tail, hence the emission (and the
corresponding spectral index) would decline slower. Finally, to estimate the state of
the ageing of the plasma, i.e. the change of νbr, along the tail, we used the model
synchrotron spectrum to sample the expected spectral index for values of νbr within
1-5000 MHz. Then, by comparing via interpolation the observed spectral index with
our predictions, we evaluated the break frequency profile along the tail. We report
the observed and predicted profiles in Figure 6.6

However, neither of the two models can reproduce the observations. They both
predicts that the flux density and the spectral index trends would be steeper than ob-
served, with the emission that would fall below the detection limit within∼500 kpc.
In the first 500 kpc (i.e. where we still observe the 610 MHz emission), the tail shows
several bright hotspots, which can be observed at both frequencies and they appear
as a change of slope of the otherwise declining trend in flux density. Because we nor-
malize the spectrum at the flux density observed at the begin of the tail, we expect
these hotspots to be the main cause of the difference between the observations and
the model. The question is if these features were produced by phases of higher AGN
activity or by external processes affecting the tail. However, beyond 500 kpc the ob-
served flux density differs from the model by more than 2 orders of magnitude, with
the 144 MHz emission which declines dramatically slower than expected. Therefore
we conclude that the simple ageing model, albeit the large galactic velocity and the
minimal energy loss magnetic field, is not sufficient to reproduce the data and some
other physical processes have to be included to contrast the radiative cooling of CRe.

5Such a rude assumption does not well describe the geometry at the end of the tail where it curves
toward east (cells n. 10-15). However, more advanced geometrical models including the rotation of
the cells would only marginally affect affect our conclusions, without changing the overwhelming
difference between the observed and predicted flux densities in these regions.
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Figure 6.6: Top: 3, 48, 96, 192σ levels of the 144 MHz radio emission (σ=750 µJy beam−1, resolution
30×30 arcsec) with the sampling cells on top; Bottom: Observed and modeled profiles of flux density
(top), spectral index (midddle) and break-frequency (bottom).
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The break frequency profile (Figure 6.6, bottom panel) shows a decline in the first
half of the tail, then a sudden flatten in the cells 7, 8 and 9 at values of 250 MHz, and
an apparent, inverted trend up to the end of the tail. Because the break frequency
of the spectrum is an indicator of the plasma age (see Chapter 1.2.4), observing its
values to be constant for ∼ 100 kpc (and likely way further, as suggested by the flat-
ter decline of the 144 MHz emission beyond cell n. 9) suggests that in that region
the radiative energy losses are balanced by some external process that is providing
energy to the radiative electrons.

To explain these findings, mechanisms of re-energization can be invoked. One
possibility is that micro-turbulence is generated in the tail by instabilities driven by
the interplay of the tail with the external medium (i.e. gentle re-acceleration, de
Gasperin et al., 2017). Alternatively, the observed profiles could be explained by a
compression due to the interaction of the tail with a weak shock. This latter sce-
nario would be characterized by the presence of a discontinuity in the X-ray surface
brightness in the proximity of the tail. However, the GGM filter does not reveal any
feature, neither we can search for it by extracting surface brightness profiles across
the tail because, due to an unfortunate coincidence, the galaxy is placed along the
edge of the CCD (Figure 6.2, left panel). Moreover, these phenomena would ex-
tend the radiative life of both the high- and low- energy CRe, i.e. would result in a
strong flattening of the spectral index, thus resulting in extended (>500 kpc) emis-
sion at both frequencies. On the contrary, observing that the 144 MHz emission is far
more extended than the 610 MHz one suggests that the re-energizing process is not
efficient enough to compensate the energy losses observed at 610 MHz, but its time-
scale is closer to the time-scale of the energy losses of the low-energy CRe, i.e. that
we are dealing with a low-efficient phenomenon. Therefore, we tentatively suggest
the ICM gentle re-acceleration as main process to power the low-energy CRe popu-
lation, contrast the radiative cooling and explain the presence of 144 MHz emission
at such a significant distance from the AGN.

6.4 Conclusions

Due to its capability to probe the low-energy CRe, LOFAR unveiled very interesting
features in 2A0335+096. We focused our analysis on two aspects, the nature of the
central extended radio emission and the puzzling properties of the radio tail of GB6
B0335+096. For the former, we could estimate for the first time the spectral index
of the diffuse radio emission, α = −1.34 ± 0.09, which is flatter than the spectral
index we observe in the lobes of the central radio galaxy (α = −1.5). We conclude
that the diffuse radio emission may be connected to the AGN (as primary source of
CR), but the spectral index suggests that additional processes, either due to turbu-
lent re-acceleration or hadronic cascade, played a role in the origin of the MH. On
the basis of the connection we observe between the 144 MHz radio emission and the
sloshing features highlighted by the GGM analysis, we suggest that the turbulent
re-acceleration may have played a role. However, with the current data it is difficult
to discriminate the two models.

For GB6 B0335+096, the new observation reveals that the radio tail is significantly
more extended at low frequency than previously observed, hence posing the ques-
tions of how the relativistic particles could have survived longer than expected. In
order to address this question, we studied the profiles of flux density and spectral
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index along the tail trying to reproduce them with a simple ageing model. It clearly
resulted that this was not possible, hence the role of re-acceleration mechanisms had
to be invoked to explain the observation.

From this work emerged that 2A0335+096 is a very interesting system worth of
future investigations. The central source could represent a laboratory to investi-
gate both the fate of AGN bubbles, specifically the final phase when they reach the
equilibrium with the surrounding medium, and the origin of diffuse emission. Fur-
thermore, the tail of GB6 B0335+096 allows to explore the interplay between fossil
plasma and ICM. These studies deserve to be carried out both by exploiting numer-
ical simulation to test the existing models and by comparing these new LOFAR data
with deeper radio observations at higher frequencies, such as the archival VLA ob-
servations of this cluster at 1.4 and 5.5 GHz. These observations will permit us to
better constrain the spectrum of the MH, specifically searching for evidence of spec-
trum curvature that could rule out the hadronic scenario. In addition, we will be
able to study the evolution of CRe in the first part of the tail, where we observe a
curvature, by the means of 3-frequency color-color plot (Ignesti et al., in prepara-
tion).
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Chapter 7

New windows on the ram-pressure
stripping

Based on Poggianti et al., 2019, ApJ, Volume 887, Issue 2, article id. 155, Ignesti et al., 2020, A&A, 643, A172,
and Müller et al., 2020, Nature Astronomy.

7.1 Introduction

In Chapter 1 we discussed how the ICM can affect the properties of the cluster galax-
ies. In this Chapter we will explore in details the effects of ICM ram pressure strip-
ping, which is considered the most efficient mechanism to remove gas from galaxies
in galaxy clusters (Boselli and Gavazzi, 2006). A multitude of observational stud-
ies have observed the smoking gun of this physical process at various wavelengths
with different techniques, mostly HI, Hα narrow band imaging, UV/blue light, and,
more recently, integral field spectroscopy (Kenney, van Gorkom, and Vollmer, 2004;
Chung et al., 2007; Hester et al., 2010; Smith et al., 2010; Merluzzi et al., 2013; Yagi
et al., 2010; Kenney et al., 2014; Fossati et al., 2016; Jáchym et al., 2017; Consolandi
et al., 2017; Gullieuszik et al., 2017; Moretti et al., 2018; Fossati et al., 2019; Bell-
house et al., 2019). The most extreme examples of galaxies undergoing strong ram
pressure are the so called jellyfish galaxies (Smith et al., 2010; Fumagalli et al., 2014;
Ebeling, Ma, and Barrett, 2014). They are characterized by extraplanar, unilateral de-
bris visible in the optical/UV light and striking tails of Hα ionized gas, where most
of the Hα emission in the tails is due to photoionization by massive stars born in situ.

We present here an X-ray and radio analysis of the galaxy JW100 (z = 0.06189)
in the galaxy cluster Abell 2626. JW100 (also known as IC5337) is an almost edge-
on spiral galaxy in the cluster Abell 2626. Selected by Poggianti et al. (2016) as a
stripping candidate, it is one of the jellyfish galaxies in the GAs Stripping Phenom-
ena (GASP,1 Poggianti et al., 2017a) sample. JW100 is characterized by one of the
most striking ionized gas tails in the sample, and it is also the most massive galaxy
of the GASP sample, with a stellar mass 3.2 × 1011 M� (Poggianti et al., 2017b).
JW100 hosts a central AGN (Seyfert2), that is detectable both in X-rays (Wong et al.,
2008b) and from MUSE emission-line ratios (Poggianti et al., 2017b). Poggianti et al.
(2019a) computed JW100’s current star formation rate (SFR) from the Hα luminosity
corrected both for stellar absorption and for dust extinction using the Balmer decre-
ment adopting the Kennicutt, 1998’s relation (SFR(M�/yr) = 4.6× 10−42LHα erg
s−1). They found a total (disk+tail) current star formation rate SFR = 4.0M� yr−1,
of which 20% is in the tail. Its mass and SFR place JW100 about 0.4 dex below the
SFR-mass relation for normal galaxies and ∼ 0.65 dex below the relation for jellyfish

1http://web.oapd.inaf.it/gasp/index.html

http://web.oapd.inaf.it/gasp/index.html
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galaxies (Vulcani et al., 2018), indicating that star formation has already decreased
due to gas stripping.

Poggianti et al. (2019a) studied the optical ionization mechanisms in the tails of
GASP galaxies, finding that the tail emission characteristics of the jellyfish galaxy
JW100 are peculiar. At odds with the majority of the other jellyfish galaxies, star for-
mation is not the obviously dominant ionization mechanism of the tail. According
to the [OIII]5007/Hβ vs [OI]6300/Hff diagnostic diagram, it has only a few star-
forming clumps in the tail and large amounts of ionized gas with an [OI]6300 line
excess. A high [OI]6300/Hα ratio is usually interpreted as a sign of the presence of
shocks (Rich, Kewley, and Dopita, 2011), and shock-heated molecular hydrogen has
been observed with Spitzer in some cluster galaxies undergoing ram pressure strip-
ping (Sivanandam, Rieke, and Rieke, 2010; Sivanandam, Rieke, and Rieke, 2014;
Wong et al., 2014). The exact source of the [OI] excitation in jellyfish tails is currently
unknown. Understanding why JW100 is so special in its tail ionization mechanism
might be the key to understand under what conditions are stars forming in the tails,
and when they are not. The interaction with the hot X-ray emitting ICM is expected
to be crucial to set the conditions of the gas in the tails (e.g., Tonnesen, Bryan, and
Chen, 2011). Such interaction might give rise to an X-ray tail, but so far there are
only a few X-ray emitting ram pressure stripped tails observed (Sun et al., 2010). In
this context, our findings provide new insights into the role played by the ICM, both
as possible source of photo-ionizing photons and magnetized medium. Moreover,
in this field of research these two bands are relatively less explored than the opti-
cal, infra-red and ultra-violet ones, thus our work is a precursor for future, similar
analysis.

7.2 Data analysis

We present here the X-ray and radio analysis of JW100 in the galaxy cluster Abell
2626. We analyzed the Chandra observation 16136 and 3192 and LOFAR and VLA
observations at 144 MHz and 1.4 GHz of the galaxy. The data processing does not
differ from the one carried out for the whole cluster, so we refer to Chapter 5, Section
2 for the detailed description. Here we report only the data analysis that we carried
out specifically for this source.

7.2.1 X-ray

Spectral analysis of the galaxy

We performed a spectroscopic analysis of the Chandra data with XSPEC v 12.10 (Ar-
naud, 1996). We defined the region of interest of the spectral analysis, i.e. the galaxy,
based on the MUSE observation to include the disk and stripped tail. Then, we de-
fined a control region to study the properties of the ICM at the galaxy clustercentric
distance, i.e. the average thermal properties of the ICM surrounding JW100 at the
same radial distance of the galaxy. The ICM of Abell 2626 has an almost spherical
symmetry (e.g., Wong et al., 2008a; Ignesti et al., 2018; Kadam et al., 2019), thus,
we expect all the thermal plasma at the same clustercentric distance of the galaxy
to have similar properties2. To maximize the photons statistics, we used as control
region a ring-shaped sector at the same distance of JW100. The galaxy region and

2We neglect here the possible, local increase in temperature due to the galactic Mach cone produced
by its supersonic motion.
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Figure 7.1: Left: Background-subtracted, exposure-corrected Chandra image of A2626 in the 0.5-2.0
keV band smoothed with a 1.5" gaussian beam, with the galaxy (cyan) and control (green) regions
highlighted; Right: Chandra X-ray image in the 0.5-2.0 keV smoothed to 1.5 arcsec with the contorus of
the Hα (silver) and stellar continuum (gold) emission.

the control region are shown in Figure 7.1 (left panel). We extracted a spectrum in
each of the two regions using the CIAO task specextract and then binned to give
at least 25 counts in each energy bin. Similarly, we extracted the background spec-
trum from the Blank-Sky files in the same regions. The point sources were removed
or masked using circular regions with a radius 1.8", according to the Chandra PSF
degradation far from the center of the observation, during the spectrum extraction.
Spectra have been extracted separately from the two observations generating inde-
pendent response matrices, and then, after background subtraction, fitted jointly in
the energy range 0.5-7 keV. The control region spectrum was fitted with an absorbed
thermal model (phabs*apec) and the results are reported in Table 7.1. We measure
a temperature kT=3.5 ± 0.1 keV , a metallicity Z=0.36±0.04 solar and an electron
density ne = 3.2 · 10−3 cm−3, that corresponds to a ICM density ρICM of 5.8·10−27

g cm−3. The properties of the ICM we derive here are in agreement with previous
results by Ignesti et al., 2018 and Kadam et al., 2019.

As a first result, we ruled out that a single thermal component (either only ISM
or ICM) can reproduce the observed emission from JW100 because we found that
the single-temperature model (apec model) does not produce a good fit, as shown
by the final statistics presented in Table 7.2 (χ2 =173.43, DOF=96). Therefore, we
modeled the spectrum extracted in the galaxy region as the combination of two com-
ponents. To model the cluster emission along the line of sight we used the absorbed,
thermal, single-temperature component (apec) described above whose properties
were fixed to that of the ICM measured in the control region (Table 7.1). Then, to
model the galactic emission itself, we explored two different models:

� A single-temperature apec model, which is a simplified model where the
galactic medium is a plasma emitting at a single temperature which is sup-
posedly different from that of the local ICM;

� A multi-phase, multi-temperature cemekl model (Singh et al., 1996), where
the plasma emission measure EM =

∫
nenHdV, i.e. the normalization of the
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Table 7.1: Results of the X-ray spectral analysis in the control region.

Obs ID. Exposure time Bkg exp. time Total counts Net rate
[ks] [ks] [cnts] [cnts s−1]

16136 104.7 672.5 29992 0.266 (92.7 % total)
3192 23.68 461.5 8445 0.337 (94.4 % total)

Model Parameters χ2, DOF, χ2
R

phabs*apec kT=3.50±0.10 keV, Z=0.36±0.04 499.02, 456, 1.0943

bolometric power emitted as thermal radiation, scales with the temperature as
EM ∝ Tα and the temperature has an upper limit Tmax . This model should
be appropriate for a scenario in which the galactic X-ray emission comes from
a multi-temperature plasma, that could be produced by the mixing of the hot
ICM and the cold ISM triggered by the ISM stripping, the thermal conduction
heating or the shock heating. In this case, we may expect the temperature of the
emitting plasma to range from the temperature of the ICM (kT=3.5± 0.1 keV)
to the temperature of the stripped ISM traced by the Hα emission (kT< 10−3

keV).

The photon statistics was not sufficient to obtain a solid estimate of the metallicity of
the plasma, so in both models we fixed it at the solar value, which is the metallicity
of the stripped gas measured from the MUSE data. We report the results of the fits
in Table 7.2 and the spectra with the best-fit models in Figure 7.2.

With the double apec model (χ2 =93.58, DOF=95) we recover a temperature
of 0.82+0.16

−0.05 keV for the galactic component, which is lower than that of the ICM.
In the apec+cemekl model we fitted the data at first by setting the Tmax param-
eter to match the temperature of the ICM (χ2 =93.84, DOF=95), then by letting it
free (χ2 =87.18, DOF=94). In the second case we recovered an upper limit of the
temperature Tmax=1.2+0.50

−0.26 keV, which is lower than the ICM temperature. The two
models (double apec vs apec+cemekl) are statistically indistinguishable and they
fit equally well the observations. For each model we measured the unabsorbed X-
ray luminosity in the 0.5-2.0, 0.5-10.0 and 0.3-10 keV bands associated to the galactic
spectral component, listed in Table 7.2.

Search for the bow shock

JW100 has a line-of-sight velocity of 1807 km s−1 with respect to the cluster (Pog-
gianti et al., 2017b) and, based on the orientation of the Hα tail we expect the total
velocity to have also a significant trasversal component. From the values of the
thermal properties of the ICM measured in the control region we estimate a local
sound velocity cs ' 1.5 · 104T1/2

ICM ' 960 km s −1, thus the galaxy should be moving
supersonically (with a tentative lower limit for the galaxy Mach number M '2).
Therefore, we may expect to observe two discontinuities in front of it, which are
the leading edge of the shock, i.e. the bow shock, and the contact discontinuity that
drives this shock. Measuring the jump temperature across the shock front could give
us an independent measure of the galaxy Mach number, thus of its velocity with re-
spect to the ICM. We note that bow shocks in front of jellyfish galaxies have never
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Table 7.2: Results of the X-ray spectral analysis in the galactic region.

Obs ID. Exposure time Bkg exp. time Total counts Net rate
[ks] [ks] [cnts] [cnts s−1]

16136 104.7 672.5 2502 0.0228 (95.6 % total)
3192 23.68 461.5 632 0.0260 (97.4 % total)

Model Parameters χ2, DOF, χ2
R

phabs*apec kT=1.99±0.14 keV 173.43, 96, 1.8066
Z=0.11±0.05

phabs*(apec+apec) kT=0.82+0.14
−0.05 keV 93.58, 95, 0.9851

[Z=1.00]
L0.5−2.0=1.99
L0.5−10.0=2.08
L0.3−10.0=2.21

phabs*(apec+cemekl) [kTmax= 3.50 keV] 93.84, 95, 0.9878
[Z=1.00]

α=0.88+0.31
−0.32

L0.5−2.0=3.40
L0.5−10.0=4.54
L0.3−10.0=5.00

” kTmax=1.20+0.51
−0.26 keV 87.36, 94, 0.9293

[Z=1.00]
α=2.07+3.32

−0.98
L0.5−2.0=2.31
L0.5−10.0=2.47
L0.3−10.0=2.68

Frozen parameters are indicated in []. We report the luminosity, L, in the (0.5-2.0), (0.5-10.0),
and (0.3-10.0) bands in units of 1041 erg s−1.

been observed (but see Rasmussen, Ponman, and Mulchaey (2006) for the tempera-
ture jump in NGC 2276 in a galaxy group).

We performed a morphological analysis to search for a brightness discontinuity
in front of the infalling galaxy by adopting several geometries, finding indications
of a surface brightness jump at ∼ 6” ∼ 6 kpc from the galaxy with a significance of
2σ (Figure 7.3). To have a spectroscopic confirmation, we further measured the tem-
perature profile across the surface brightness jump. We extracted the spectra in the
0.5-7.0 keV band in the supposedly post-shock (orange) and pre-shock (blue) regions
across the brightness edge (Figure 7.3) and we collected 1700 and 650 net photons in
the outer and inner sectors, respectively. In order to measure the temperature jump,
we model the ICM emission in front of the galaxy with an absorbed thermal model
(phabs*apec). Our spectral results may suggest a temperature jump at the shock
front (kTpre = 4.33+0.30

0.20 keV, kTpost = 4.88+0.56
−0.39 keV), although given the uncertainties

the pre-shock and post-shock regions are still consistent with being isothermal.
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Figure 7.2: Spectrum of the galactic emission composed by combining the observation 16136 (black)
and 3192 (red) and fitted with the apec+apec (left) and apec+cemekl (right) models.

From this analysis we therefore conclude that the Chandra data can neither con-
firm nor deny the existence of the shock front. This may be caused by the combina-
tion of the low data statistics and the complex morphology of the shock, as suggested
by the Hα surface brightness distribution. We note that with the expected mach
number M &2 we would have a physical temperature jump around 2. However,
projection effects would significantly decrease the jump and smear out the disconti-
nuity.

The Hα-X-ray spatial correlation

The fact that the morphology of the X-ray gas in the disk follows exactly the mor-
phology of the Hα gas suggests a physical link between these two components. Such
connection is indeed expected in these object, as pointed out in the simulations by
Tonnesen, Bryan, and Chen (2011), where the authors can reproduce the bright Hα
and X-ray emission of the galaxy ESO 137-001, and argue that bright X-ray emis-
sion occurs when the stripped ISM is heated and mixed with the high-pressure ICM
(≥ 9× 10−12 erg cm−3). The JW100 ICM pressure of ∼ 3× 10−11 erg cm−3 is above
this threshold, and about twice the pressure around ESO137-001, hence we suggest
that we are observing a similar process.

To further investigate the hypothesis of an interplay between hot ICM and cold
ISM, we studied the spatial correlation between the tracers of these components, i.e.
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Figure 7.3: Chandra image of JW100 in the 0.5-2.0 keV band (left), with the sectors in which we extracted
the surface brightness profile (white) and the spectra (blue and orange). The surface brightness profile
(right) is taken from the galaxy to the cluster center. Note that the x-axis is inverted to match the
pattern of the white sectors in the left panel. The vertical dashed line points out the location of the
tentative discontinuity, which is located between the orange and the blue sectors.

the X-ray and Hα emission. We explored this by performing two different sampling
of the Hα extended emission, which we corrected both for stellar absorption and
dust extinction computed from the Balmer decrement. On the one hand, we sam-
pled it according to the local, optical spectral properties derived with MUSE (see
Poggianti et al., 2019b, for further details on the MUSE analysis). In this way we
could discriminate the star forming regions from the LINERS ones, which we report
respectively in red and blue in Figure 7.4. To estimate the X-ray surface brightness of
each region, we extracted the corresponding spectra, where we removed the cluster
contribute by using the surrounding ICM emission as the background, and, then,
we fitted the spectra with an absorbed apec model. Due to the low statistics, we
could not estimate the local properties of each region, so, under the basic assump-
tion that the properties of the X-ray emitting plasma are the same all over the galaxy,
we fixed the temperature and the metallicity to the values that we estimated for
the whole galaxy (kT=0.82 keV, Z=1 Z�) and we derived the luminosity in the 0.5-
8.0 keV band from the fit normalizations, that we ultimately converted in surface
brightness (Figure 7.4, top panels).

However, this approach allowed us to divide the galaxy in only 9 regions. In or-
der to maximize the number of sampling cells, we exploited also a sampling based
on the Hα surface brightness (Figure 7.4, bottom panels). We sampled the LINER
emission in the Hα tail with 6× 6 arcsec cells by using the PT-REX code (see Ap-
pendix 1), ending with 19 points to study the spatial correlation. We computed the
X-ray surface brightness in units of counts s−1 cm−2, similar to the analysis pre-
sented in Chapter 2. In this case we could not discriminate the ionization mecha-
nism, but we had enough points to carry out a more detailed statistical analysis with
the BCES algorithm (Akritas and Bershady, 1996).

Figure 7.4 presents some striking results. First of all, in both the analysis we
found that the Hα and X-ray surface brightnesses correlate as IHα ∝ Ik

X, where IHα and
IX are the surface brightnesses of the two bands. This result confirms that the two
phases occupy the same volume and, hence, it suggests a physical relation between
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Figure 7.4: Spatial correlation between Hα and X-ray surface brightness where the sampling is based on
the optical spectroscopy (top) and the Hα surface brightness (bottom). We report in the left panels the
MUSE image with the corresponding sampling grids, including the cell labels and the optical spectral
classifications in the top-left image (where the black contours points out the stellar disk), and in the
right panels the IHα vs IX plots. In the bottom-right panel we report also the 95% confidence interval
of the fit.

the two emission processes. Interestingly, the correlation is different for star-forming
regions and for regions with an [OI] excess, with k = 0.87± 0.17 and k = 0.44± 0.17
respectively. The finest sampling produced, instead, a much steeper correlation with
k = 3.8± 1.1, that could be due to the fact that we included in this analysis the low
surface brightness region in the north-west part of the tail. In both cases the Spear-
man correlation coefficients are > 0.6, confirming the strong correlation between the
two emissions.

7.2.2 Radio

A plethora of Abell 2626 radio images obtained with different instrument are avail-
able, which provide us a multi-frequency view of JW100 at 144 MHz (Ignesti et al.,
2020b), 610 MHz (Kale and Gitti, 2017), 1.4 GHz (Gitti, 2013a) and 3.0 GHz (Ignesti
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et al., 2017). Here we focus on the analysis of the 144 MHz and 1.4 GHz emission,
based on the images presented in Chapter 5.
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Figure 7.5: Top: Composite SDSS image of JW100 from bands i, r and g. The blue-filled contours are
3, 6, 12, 24 ×RMS levels of the 1.4 GHz image (RMS=13 µJy beam−1 , resolution 1.5′′×1.4′′), the white
continuous contours are the 3, 5, 6, 12 ×RMS levels of the 144 MHz image (RMS=120 µJy beam−1,
resolution 6.7′′×5.6′′) presented in Ignesti et al. (2020b) (see Chapter 5); Bottom: Multi-wavelength
view of JW100 comprising of LOFAR 144 MHz radio emission (color map), MUSE Hα and stellar
continuum (silver and gold contours, respectively, from Poggianti et al., 2019b) and Chandra X-ray
emission in the 0.5-2.0 keV band (red contours).

In the disk, the radio emission globally coincides with the location of the Hα
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and X-ray emission (Figure 7.5). We observe a slight extension to the east of the
ram pressure edge, coinciding with the galaxy center, that is most likely due to the
radio continuum emission from the AGN, which is detected in the high-resolution
images at 5 GHz presented in Gitti (2013a, Figure 4) and Ignesti et al. (2017, Figure
1). However, we note that the "radio" disk is truncated with respect of the optical
disk. Outside of the disk, extended radio emission is detected at both frequency (for
the tapered reconstructed images at 1.4 GHz where this component is more evident,
see Figure 3 of Gitti, 2013b).

In order to probe the thermal or non-thermal origin of the radio emission, we
estimated the spectral index of the tail between the two frequencies. At 144 MHz we
measured a total flux density of 13.3±2.4 mJy, with 4.8±1.0 mJy associated with the
AGN. By subtracting the AGN contribution, we estimated that the emission from the
galaxy is 8.5±2.6 mJy. In order to to estimate the spectral index, we compared these
values with the flux densities measured in the same regions in the 1.4 GHz map that
we used for the spectral index analysis, thus with matching UV-range and resolution
(see Chapter 4 for further details). We found that both the extended emission and
the AGN have a spectral index α = −0.6± 0.1. We further estimated the spectral
index between 1.4 and 5.5 GHz using the VLA maps presented in Ignesti et al. (2017,
, Figure 1). At 5.5 GHz we do not observe diffuse radio emission in the tail, so by
considering the 3σ level, we could estimate only a lower limit for the spectral index
α < −0.5, which is in agreement with the estimate between 144 MHz and 1.4 GHz.

We compared our results with the findings of Tabatabaei et al. (2016), which fit-
ted the 1-10 GHz spectral energy distribution of nearby galaxies using a Bayesian
Markov Chain Monte Carlo technique in order to disentangle the thermal and non-
thermal contributions to the radio emission (e.g., Condon, 1992). They measured
a total spectral index (combination of thermal and non-thermal components) rang-
ing from -0.5 to -1.0. Then, by assuming α = −0.1 for the thermal radio emission,
they estimated a mean thermal fraction at 1.4 GHz of 10-13%. Therefore, the spectral
index we measured (α ' −0.6) entails that the radio emission is mostly (∼ 90%)
non-thermal, thus indicating that we are mainly observing synchrotron emission of
relativistic electrons diffused in the tail of JW100.

The principal source of non-thermal radio emission in galaxies is the synchrotron
emission of relativistic electrons accelerated by supernovae explosions (e.g., Con-
don, 1992), thus the non-thermal radio luminosity should scale with the galaxy SFR.
For the case of JW100, the expected L1.4GHz associated with the SFR (4 M� yr−1) can
be derived by using the Bell et al., 2003 calibration:

SFR = 3.25× 10−22
(

L1.4 GHz

[W Hz−1]

)
M� yr−1 (7.1)

The resulting radio luminosities are 2.5·1021 W Hz−1 and 9.8·1021 W Hz−1 for the
tail and the disk, respectively. These values are consistent with the observed L1.4GHz,
which are 5.7±1.2 and 11.2±0.8×1021 W Hz−1 respectively, thus suggesting that the
star formation is the main source of radio emission. However, we cannot exclude
a contribution of other sources, such as stripping of relativistic electrons from the
galaxy due to ICM winds. On the other hand, the k-corrected, monochromatic ra-
dio power at 144 MHz of the extended emission is 7.7×1022 W Hz−1. The observed
spectral index down to 144 MHz (α < −0.5) suggests that, at lower frequencies, we
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are observing the oldest/weakest electrons produced by the supernovae explosions.
Interestingly, at the end of the tail we observe radio emission at 144 MHz without a
counterpart at 1.4 GHz, which points out the presence of steep-spectrum emission
in that region.

7.3 Discussion

7.3.1 Origin of the X-ray emission

The galactic X-ray emission is extended on a scale≥ a dozen kpc, and it is clearly de-
tected above the local cluster emission (see Figure 7.1). We do not observe, instead,
any anisotropic features in the X-ray emission that may suggest the presence of jets
powered by AGN. Despite the statistical degeneracy between the models we tested,
overall the spectral analysis revealed that the X-ray emission is mostly thermal and
it is produced by a warm plasma with a temperature∼1 keV, which is not consistent
with neither the ISM (kT < 10−3 keV) or the ICM (kT=3.5 keV).

The X-ray emitting plasma might have different origins, such as star formation
within the tail or interplay between ICM and ISM, which, for the case of stripped
galactic tail (or, in general, for any cold cloud embedded in a hot wind), is in-
deed predicted by several numerical simulations (e.g., Tonnesen, Bryan, and Chen,
2011; Scannapieco and Brüggen, 2015; Gronke and Oh, 2018; Sparre, Pfrommer, and
Ehlert, 2020; Kanjilal, Dutta, and Sharma, 2020). In this latter scenario the evolu-
tion and the thermal properties of the stripped clouds are driven by the complex
balance between the ISM heating (which can be due to conduction, shock heating,
or complex hydrodynamical interactions such as the evolution of instabilities) and
ICM cooling. This interplay would lead to the formation of a mixing layer between
ISM and ICM with a temperature in between that of these two phases, which is in
agreement with our findings. However, the details of this complex process are still
unclear. We note that, in principle, a third scenario would be possible, i.e. extended
X-ray emission due to the stripping of the galactic hot corona during the infalling.
However, this tenue structure would dissipate very rapidly in the ICM (∼15 Myr),
thus disfavouring this scenario. Therefore, we do not discuss it in this Section, but a
detailed discussion can be found in the Appendix of Poggianti et al. (2019b).

The star-formation scenario

Concerning the first hypothesis, in the presence of SF, the dominant contribution to
the X-ray emission is expected from high-mass X-ray binaries, that have a lifetime
of a few 107 yr and dominate over the emission of low-mass X-ray binaries when
there is vigorous ongoing SF. A smaller contribution arises from the hot ISM ionized
by supernovae and massive stars. Each of these contributions, and the sum of the
two, correlate well with other SFR indicators, such as Hα and UV emission (e.g.,
Ranalli, Comastri, and Setti, 2003; Mineo et al., 2014). To test whether the observed
X-ray luminosity of JW100 is compatible with the SFR measured from the optical
lines, we use the LX − SFR calibration from Mineo et al. (2014), which we adapted
by converting from a Salpeter to a Chabrier IMF and from 0.5-8.0 keV to 0.5-10.0 keV
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assuming a factor 1.11, that is:

SFR = 1.32× 10−40
(LX(0.5−10)

[erg s−1]

)
M� yr−1 (7.2)

With this calibration, the X-ray luminosity of JW1003 (see Table 7.2) would corre-
spond to SFR=28±5 M� yr−1 (model apec+apec), SFR=60±11 (model apec+cemekl
with Tmax fixed), or SFR=33±6 M� yr−1 (model apec+cemekl without Tmax fixed).
Even excluding the region of the disk where the X-ray and Hα contours are com-
pressed by ram pressure, where the X-ray luminosity could be boosted, the derived
SFR would still be very high, ranging between 21±4 and 46±9 M� yr−1. In the
range 0.5-10keV, ∼ 50% of the counts come from the tail and assuming the shape of
the spectrum in the tail is similar to the total one this should correspond to a tail SFR
between ∼14±3 and ∼30±7 M� yr−1 depending on the X-ray model adopted.

The X-ray-based SFR values are much higher than those measured from the dust-
corrected, absorption corrected Hα luminosity (4M� yr−1 total,∼ 1M� yr−1 in the
tail, Poggianti et al., 2019b) even under the most generous assumptions. The scatter
in the LX − SFR relation in Mineo et al. (2014) is not able to account for the low Hα-
based SFRs, which is a factor between 6 and 30 lower than the X-ray-based values.
Using the LX − SFR relation in the 0.5-2 keV band from Ranalli, Comastri, and Setti
(2003), transformed from a Salpeter to a Chabrier IMF, yields slightly lower X-ray-
based SFR (between 14 and 24 ∼ 1M� yr−1) than with the Mineo calibration, but
these values are still higher than the Hα-based SFR by a factor between 4 and 6. It
is interesting to note that comparing the total X-ray emission (having excluded the
AGN) and the 1.4 GHz emission, the X-ray emission of JW100 is more than an order
of magnitude too high for its radio continuum emission, according to the relation
shown in Figure 1 of Mineo et al. (2014). Thus, while the radio continuum and the
Hα emission produce consistent estimates of the star formation, the X-ray emission
has a significant excess. We conclude that it is necessary to invoke an additional
source of X-ray emission other than the sources linked with ongoing star formation.

The ICM-ISM interplay scenario

We explore the possibility that the X-ray emission of JW100 could arise as conse-
quence of the ICM-ISM interplay. In this case, the warm plasma would be com-
posed either by heated ISM (either due to shock heating, thermal conduction from
the ICM, mixing of the ISM and the ICM), cooled ICM onto the colder, stripped ISM,
or a mixing of the two. Assessing the dominant process between heating and cool-
ing is crucial to understand the evolution of the star formation in the tail. On the one
hand, the cooling could actively enhance the star formation by providing an addi-
tional source of cold gas. On the other hand, an efficient heating of the ISM would
prevent the formation of molecular gas and ultimately quench the formation of new
stars.

The pure, thermal ICM cooling scenario can be tested by considering the Field
length for a static cold cloud immersed in a hot medium, λF = [κ(T)T/n2Λ(T)]1/2,

3We remind the Reader that X-ray point sources (AGN and candidate ULX) have already been
excluded from the calculation of the X-ray luminosities.
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where κ is the thermal conductivity, T and n are the temperature and number den-
sity of the hot gas and Λ is the cooling function. This is a measure of the bal-
ance between the cloud energy gain by conduction and the energy loss by radia-
tion (see McKee and Begelman (1990)). For a cloud size larger that λF, radiative
cooling dominates and the hot ICM condenses on the cloud. Numerically, λF ∼
136φ1/2

c T7/4
e,7 n−1

e Λ−1/2
−23 pc ≈ 450 kpc for the ICM surrounding JW100 (McKee and

Begelman, 1990). For this estimate we have adopted ne ∼ 3× 10−3 cm−3 and T ∼ 3.5
keV from the X-ray analysis above. The factor φc ≤ 1, which describes the suppres-
sion of the conductivity in a magnetized plasma, has been set ∼ 1. The value for
λF, much larger than the size of the JW100 cold ISM, makes the cooling scenario un-
palatable, unless φc � 1.

Therefore, the remaining scenarios are the pure ISM heating or the ISM-ICM
mixing. Unfortunately, all the spectral models we tested are statistically indistin-
guishable (Table 7.2), thus we can not discern between a single-temperature model
(that could favorite the idea that the X-ray emission comes solely from heated ISM)
and the multi-temperature model (which could describe a mixing of cold ISM and
hot ICM). The X-ray plasma metallicity would be a key probe to discern the models,
because in the ISM-ICM mixing scenario (or in the ICM cooling one) we would ex-
pect the metallicity to be lower (Z ' 0.1− 0.3 Z�, similar to the ICM metallicity we
report in Table 7.1) than that of the heated stripped gas, whose MUSE metallicity is
solar and supersolar. However, the existing X-ray data do not allow us to estimate
the metallicity of the X-ray emitting gas, and longer Chandra exposures are needed.
Another possibility to further explore this problematic is to analyze XMM-Newton
observation of this object because the better spectral resolution and effective area
could end in a better characterization of the X-ray spectral properties of the galaxy.
The XMM-Newton study of JW100, and other jellyfish galaxies, is going to be object
of a follow-up work.

Insights from the Hα-X spatial correlation

In general, we observe a positive correlation between X-ray and Hα surface bright-
ness (Figure 7.4), that indicates that the warm, X-ray emitting medium closely fol-
lows the spatial distribution of the stripped ISM. This result indicates that the X-ray
emission arises due to local, small scale (<6 kpc, which is the smallest sampling scale
we adopted) processes taking place in the stripping ISM. This is in agreement the
idea that the high-energy emission is a consequence of the local interplay between
ICM and ISM along the stripped tail and that it could be produced by the interface
between the two components which envelopes the stripped ISM (e.g. Gronke and
Oh, 2018; Sparre, Pfrommer, and Ehlert, 2020; Kanjilal, Dutta, and Sharma, 2020).

Interestingly, the spectral-based analysis shows that LINER regions are located
to the bottom-right with respect to the SF regions, i.e. that, for similar IX, SF regions
have an higher IHα than LINER ones. Moreover, the Hα-X surface brightness rela-
tion of even strongly star forming regions falls on the left with respect to the predic-
tion, which entails that the X-ray emission cannot be fully explained by the expected
emission due to SF under standard conditions. All the star-forming regions present
an excess of X-ray emission compared to the SFR calibration commonly used in the
literature, represented by the solid black line in Figure 7.4. At this point we can only
speculate on the possible origin for the discrepancy between the star-forming points
and the standard SFR relation line in Figure 7.4:
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� The standard SFR calibrations may not apply under the extraordinary physical
conditions in which stars form in the tail (IMF, different timescales probed by
the two indicators etc);

� There could be an additional source of X-ray emission due to ISM heating even
along the line of sight of star-forming regions (though its relative importance
should be lower than in the [OI]-excess regions). This is clearly possible, but
the effect should be conspicuous, because the observed X-ray surface bright-
ness of star-forming regions is a factor 5-8 higher than expected from the Hα
and, in order to reconcile the two SFR estimates, the majority of the X-ray flux
should arise from the ICM-ISM mixing. This effect might be seen from another
point of view. The main, underlying relation in Figure 7.4 (top panels) might
be the one traced by the blue points, in which the emission in Hα and X arise
from exactly the same process, e.g. ISM-ICM mixing. The star-forming points
would lie above this relation due to an excess of Hα flux due to star formation.

Figure 7.6: Sketch of the scenario outlined by our findings, where the warm, X-ray emitting
plasma (violet) forms between the stripped ISM filament (red) and the ICM (blue), produc-
ing different emissions.

Therefore, our data are consistent with the X-ray emission of JW100 coming from
warm regions that envelope the cold ISM produced by the ISM-ICM mixing or ther-
mal heating of the ISM due to the ICM, or shock heating (Figure 7.6). This warm
envelope could play the role of the additional source of ionization/excitation of the
stripped gas, causing the different optical line ratios, in particular the [OI], that has
been claimed by Poggianti et al. (2019a) to explain the exceptional LINER emission
of JW100.

On the basis of this, we speculate that the LINER emission is tracing those re-
gions of the tail that have been more affected by the ISM-ICM interplay. This spec-
ulation can be tested in the future both via observations and numerical simulations.
On the one hand, it will be crucial searching for extended X-ray emission in those jel-
lyfish galaxies with extended LINER emission in their tail (such as JO201 and JO194
from the GASP sample, Poggianti et al., 2019a). On the other hand, MUSE optical
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spectra can be compared with the predicted optical signatures expected from a cold
cloud embedded in a hot plasma, with properties similar to the ones we inferred
from the X-ray spectral analysis.
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Figure 7.7: Initial time evolution of magnetic field components, the vertical velocity and the gas density
in the simulation with a turbulent wind. This demonstrates the formation of a magnetic draping layer
that enables condensation and accretion of hot ICM onto the tail and hence magnetic field alignment
with the filamentary tail. Each panel measures 300 kpc × 450 kpc. We refer to Müller et al. (2021) for
furhter details about the simulations

7.3.2 Radio emission as probe of ISM-ICM interplay

The extended radio emission of JW100 does not seem to be related to the complex
scenario described above because the observed luminosity is in agreement with the
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SFR (see Section 7.2.2). However, a significant insight recently came from the study
of the jellyfish galaxy JO206 presented by Müller et al. (2021). JO206 shows an high
degree of polarized emission (∼ 50%), which indicates that the magnetic field of
the galaxy is extremely ordered along the stripped tail. The presence of an ordered
magnetic field can be explained by the action of the ICM accretion, that would be
able to deposit layers of magnetized plasma onto the galaxy (Sparre, Pfrommer, and
Ehlert, 2020). Accretion of draped magnetised plasma from the hot wind that con-
denses onto the external layer of the tail, which is then adiabatically compressed
and sheared by the velocity difference of the cold tail and the wind can explain the
high degree of fractional polarisation and ordered magnetic field (Figure 7.7). These
magnetised cold filaments in the jellyfish tail are then "lit up" by the synchrotron
emission from cosmic ray electrons that are accelerated in supernova remnants in
the interstellar medium and the star-forming tail. The streaming of electrons along
the ordered magnetic field would result also in a steepening of the spectral index
along the tail due to their radiative energy losses during the travel. Finally, such
an ordered magnetic field may prevent heat and momentum exchange (e.g. Vija-
yaraghavan and Sarazin, 2017), and favor in-situ star formation in the tail. In this
scenario, star formation in the tail should be a self-regulating process, achieving
a balance with the magnetic field in a sort of feedback: a strong and widespread
star-formation activity would disrupt the ordered magnetic field, which in turn is
fundamental to allow the star-formation process to continue.

Transposed to the case of JW100, this scenario has obvious connections with our
results. The draping of hot ICM onto the cold ISM would be consistent with the ICM-
ISM interplay that we invoked to explain the observed spectral properties. However,
it would favour the ICM cooling scenario over the ISM heating. This, apparently,
contradicts our speculation based on the Field length, which in turn disfavours the
ICM cooling. This could be reconciled by considering that, if the scenario proposed
for JO206 is valid also for JW100, then the presence of an ordered magnetic field
"shielding" the galaxy would suppress the thermal conduction perpendicular to the
magnetic field stripped tail directions (i.e. toward the surrounding ICM) and, hence,
it would overturn the estimate of the Field length by significantly enhancing the sup-
pression of the conductivity. The ICM draping is in agreement also with the spatial
correlation that we observe between the X-ray and Hα emission, where, under this
hypothesis, the former would be produced by the ICM drapes left onto the stripped
ISM. Another striking prediction of this model is the presence of steep-spectrum
radio emission produced by the streaming of CRe, injected by supernovae, along
the ordered magnetic field. This could be in agreement with the 144 MHz emission
that we observe without 1.4 GHz counterpart, i.e. with a spectral index significantly
steeper than -0.6.

However, further testing is required before directly connect the ICM draping hy-
pothesis to the results of the X-ray analysis. The temperature we measure (∼0.8 keV)
is lower than that of the ICM (3.5 keV), hence even by assuming that the draping is
able to deposit the hot plasma over the stripped ISM, an additional cooling phase
is required to match the temperatures. An important step to further explore this
scenario would be to obtain deep Chandra observations of JO206 to check if 1) this
galaxy show extended X-ray emission and 2) the thermal properties of such emission
resembles those we found in JW100.
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7.4 Conclusions and future prospects

We presented a multi-wavelength analysis of the jellyfish galaxies JW100. In partic-
ular, we studied the radio and X-ray emissions, which are still unexplored for these
galaxies, obtaining some valuable insights into the physics of the ram-pressure strip-
ping. On the one hand, the X-ray analysis revealed that the extended X-ray emission
is produced by a warm (kT ' 1 keV) medium, whereas the study of the spatial corre-
lation showed that this warm medium is closely connected to the cold, stripped tail
traced by the Hα emission. On the other hand, the radio analysis revealed that the
extended radio emission can be associated with the SFR, for the most part. However,
the low-frequency image revealed also the presence of steep-spectrum components
located at the end of the tail.

We suggest that our findings could be the result of the accretion of hot, magne-
tized drapes of ICM onto the galaxy (as suggested by Sparre, Pfrommer, and Ehlert,
2020; Müller et al., 2021). We speculate that this process kicked-off the interplay of
the ICM and the ISM over the stripped tail, which can explain both the presence of
a warm, X-ray emitting envelope following the ISM, and the additional source of
ionization in the tail which produced the large LINER emission observed by MUSE.

Investigating this process is crucial because it can push forward our understand-
ing of the thermal impact of the stripping, as a possible catalyst or obstacle for the
star formation, and of origin of magnetic field in these galaxies, with several impli-
cations for the galaxy evolution. From the observational point of view, these studies
can be carried out by expanding the samples of jellyfish galaxies with deep, multi-
wavelength data to study their radio and X-ray properties. The studies presented in
Poggianti et al. (2019b) and Müller et al. (2021), in that sense, represent pilot studies
to plan future observations.

Finally, we showed that low-frequency LOFAR observations, by probing the
steep-spectrum emission at the end of the tails, can be a keystone also in the study
of jellyfish galaxies. For this reason, we are planning to explore deeply the low-
frequency side of the jellyfish galaxies by analysing the LoTSS observations (GASP-
LOFAR MoU, PI Ignesti, Poggianti, McGee). In this context, low-frequency obser-
vations can unveil two unexplored fields of research. On the one hand, LOFAR ob-
servations can probe the low-frequency radio emission of the oldest relativistic elec-
trons injected by supernovae. By measuring the spectral index of their synchrotron
emission, it will be possible to infer the radiative age of these relativistic particles,
hence to estimate the time elapsed since the supernovae explosions that produced
them. Measuring this will provide a crucial constraint on the time-scale of the star
formation in these objects. On the other hand, the large-scale, ordered magnetic
field which would be originated by accreting magnetized ICM during the stripping,
in combination with the injection of relativistic electrons by supernovae, would re-
sult in extended, steep-spectrum radio emission enveloping the stripped filaments.
The study of these structures, which could be carried out only with LOFAR due to
its unprecedented sensitivity and resolution at low frequencies, will drive forward
our understanding of the origin of large-scale magnetic field in the tail of jellyfish
galaxies.
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Chapter 8

Conclusions

In this Thesis we tackled a series of open questions in the study of relaxed galaxy
clusters by focusing on the interplay between relativistic and thermal plasma. Our
analysis was based on a multi-wavelength approach which combined radio and X-
ray observations of our targets. We also developed new methods and suggested new
approaches to provide further insights in this field. Here we summarize the main
results of the Thesis:

� New insights from the radio and X-ray spatial correlation.
We studied, for the first time, the spatial correlation between radio (mini-halo)
and X-ray emission in relaxed clusters by means of the point-to-point analy-
sis (Chapter 2). For these studies we developed a new technique, the Monte
Carlo point-to-point analysis, which combines randomly-generated point-to-
point analysis to probe the parameter space of the spatial correlation. This new
tool, which we included in the software PT-REX developed during this Ph.D.
Thesis (Appendix A), allows to extend the point-to-point analysis to small or
poorly resolved sources, such as radio mini-halos, thus expanding the hori-
zons of the spatial correlation studies.

We found a clear evidence of spatial correlation between the two emissions,
with the radio surface brightness IR, which traces cosmic rays and magnetic
fields, having a distribution that declines more rapidly with radius than the
X-ray brightness IX. These results have two main implications. First, we found
that the spatial correlation discriminates between mini and giant halos, where
the former have a generally super-linear (more peaked) IR-IX scaling and the
latter are instead sub-linear (less peaked). This suggests that the radio-X spa-
tial correlation may highlight an intrinsic physical differences between these
sources. Second, our studies have been used to test the hadronic scenario.
Our results point to the central AGNs as the natural sources of cosmic rays in
relaxed clusters. Following this hypothesis, we demonstrated that the proton-
proton collisions can efficiently fill the ICM within a few hundred kpc from the
BCG with relativistic particles, which could either produce directly the radio
emission or be the seed for a subsequent re-acceleration, without violating the
Fermi-LAT detection limits.

� New discoveries with LOFAR.
The works presented in this Ph.D. Thesis exemplify how the new facilities,
such as LOFAR, are revolutionizing our understanding of non-thermal plasma
in galaxy clusters. Sensitive, low-frequency observations are probing the prop-
erties of low energy cosmic rays electrons, thus unveiling new phenomenolo-
gies and suggesting new physical mechanisms in the ICM. These mechanisms
affect the life-cycle of the cosmic rays and, therefore, of the cluster radio sources.
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Specifically, in our works we studied the LOFAR observations of two relaxed
clusters, Abell 2626 and 2A0335+096 (Chapters 5 and 6). Our studies indicated
that the dynamics and the micro-physics of the ICM are able to extend the life-
time of the relativistic plasma ejected by the radio galaxies, and to model it into
complex structures. These results are part of a larger upsurge of new results
that have been achieved in the past few years thanks to LOFAR and the LoTSS
observations.

However, the true potential of these new instruments lies in the possibility
to detect thousands of new sources, thus allowing us to carry out, for the first
time, statistical studies of large sample of diffuse radio sources. We contributed
in this ambitious project, which will involve the LOFAR community for the
next years, by developing the infrastructure of the LoTSS-PSZ2 automated cat-
alog (Chapter 4).

� New windows on the ram pressure stripping physics.
Radio and X-ray are still relatively poorly explored for ram pressure stripping
studies. Our results on the jellyfish galaxy JW100 (Chapter 7) showed that
they can instead provide important insights into the physics of this process,
which is crucial for the cluster galaxies evolution. On the one hand, we carried
out a deep spectral analysis of the X-ray emission of the galaxy, and, for the
first time, we studied the spatial correlation between the X-ray and optical Hα
emission. We found that the X-ray emission is produced by an envelope of
warm plasma formed in the interface between the stripped ISM and the ICM.
The presence of a warm plasma enveloping the tail can explain the peculiar
optical spectral properties of jellyfish galaxies. From the thermal point of view,
we found that the stripped tails of these galaxies resembles the cold filaments
observed at the center of relaxed clusters, thus imply that they could be pro-
duced by similar processes. In this context, due to the parallels between the
case of jellyfish galaxies and the more general case of the evolution of cold
clouds subjected to an hot wind, our findings can help constraining future nu-
merical simulations aimed to explore this complex problem.

On the other hand, JW100 represented the first study of the low-frequency ra-
dio emission of a jellyfish galaxy. We observe that the low-frequency radio
emission follows the stripped Hα tail and extends beyond the high-frequency
emission, thus suggesting the presence of steep-spectrum radio emission at the
end of the tail. Recent high-frequency polarimetric observations, assisted by
detailed numerical simulations, found that these features can be explained by
the presence of an ordered magnetic field produced by the draping of the ICM
onto the galaxy, and highly ordered along the tail. Our findings demonstrate
that, by probing the steep-spectrum emission, low-frequency observations can
provide complementary constraints for this complex process, thus pushing for-
ward our understanding of the physics of ram pressure stripping.

Overall, our results outline the path for future developments. The fascinating possi-
bility, emerged in our work, that the IR-IX spatial correlation could reliably discrimi-
nate mini and giant radio halos needs to be tested on larger samples. If confirmed, it
will be crucial in the next-generation statistical studies, when, thank to the potential
of the new observatories, the number of diffuse radio source will increase dramati-
cally. Our results in the studies of ram pressure stripping can be instead developed
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on shorter terms. Our findings encourage to explore the radio and X-ray emission of
other jellyfish galaxies, and provide the basis to design future survey studies of these
objects. A first important step in this direction has already been done by designing a
first sample of jellyfish galaxies to be observed with LOFAR within the LoTSS survey.

We are at the sunrise of a golden age for radio astronomy due to the arrival of fa-
cilities such as LOFAR, uGMRT, ngVLA, MeerKAT, and, ultimately, SKA. These next
generation instruments, combined with the new and incoming X-ray observatories
such as eROSITA or ATHENA, will assure great progresses in the studies of galaxy
clusters. In this exciting context, hopefully the results presented in this Thesis can
contribute to push forward our understanding of these complex ecosystems.
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Appendix A

PT-REX, the Point-to-point TRend
eXtractor

A.1 Introduction

In this Appendix we present the Point-to-point TRend Extractor (PT-REX ), a tool
designed to easily evaluate the spatial correlataion between different emissions, which
has been largely employed in this Thesis (see Chapters 2, 5, 6 and 7). Complex astro-
physical systems are characterized by multi-wavelength emission. It follows that the
only way to have a comprehensive understanding of their nature is to combine the
information derived from as many observations as possible. In the case of extended
sources, the study of the spatial correlation between emissions at different wave-
lengths is the key to understand the physical connection between the processes that
are taking place in the source. Observing a positive spatial correlation indicates that
the two components responsible for the emissions occupy the same volume, whereas
the relative scaling may provide some insights into the physical link between them.

These studies can been carried out by using the point-to-point (ptp) analysis
which is, basically, the comparison of surface brightness measured by two different
observation made by sampling the extended source with a grid. Under the assump-
tion that each cell of the grid cover the same space of the celestial sphere in each
observation, the ptp analysis is more flexible than a comparison between surface
brightness radial profiles because it can be seamlessly performed on asymmetrical
sources and it can be more responsive to the presence of substructures embed in
the extended emission, because their signals are not “blended" together by the az-
imuthal averaging1. Therefore, performing a ptp analysis can offer an additional
insight into the nature of a source.

1The drawback is that, contrary to radial profile which can be easily interpreted by assuming a
spherical symmetry of the system, understanding the physical meaning of a ptp trend could be not
trivial, especially for non-spherical objects.
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A.2 PT-REX

Figure A.1: The logo of PT-REX.

PT-REX is flexible python script to easily carry out
the ptp analysis on every kind of extended radio
source. PT-REX handles most of the operations
with the the Common Astronomy Software Applica-
tions (CASA) packages v.5.6 and 6.0 (McMullin et al.,
2007) developed by the National Radio Astronoly
Observatory. We integrated the CASA tools with a
variety of Python libraries from Astropy and Scipy.
The code is structured in a series of tasks to handle
the individual steps of a ptp analysis independently,
from defining a grid to sample the radio emission
to accurately analyze the data with several statistical
method.

A.2.1 Data preparation

PT-REX works by combining radio and X-ray im-
ages of an extended source. In order to have reliable results, input images must
have matching coordinates systems. Radio images can be produced with any pre-
ferred software, provided that they include information about the beam size and the
pixel/arcsec scale in their header to be read with CASA task imhead. Concerning
the X-ray images, multiple observations can be combined together to improve the
count statistic. The X-ray images can be provided as a single exposure-corrected
and background-subtracted image in units of surface brightness (e.g., photons cm−2

s−1) or by providing the count, background and exposure images separately. CASA
region files, which are necessary to define the grid and the masks (see Section A.2.2
and A.2.5) can be defined while running PT-REX by using the CASA viewer. Fi-
nally, ancillary information about the calibration error of the radio images and the
preferred statistic method (see Section A.2.6) have to provided before running the
analysis.

A.2.2 Sampling algorithm

The core of the ptp analysis is the sampling of the diffuse emission. We developed a
simple algorithm that converts a rectangular region provided by the user into a grid.
The region is intended to include the source which is going to be sampled, and thus
we refer to is as region of interest. The boundaries of the sampling grid, as cell size,
lower threshold in surface brightness to be sampled and regions to exclude, have to
be provided at the begin of the analysis. In order to have a reliable reconstruction
of the radio flux density, the cell size has to be large at least as the beam of the ra-
dio image. A larger cell-seize can be adopted to increase the signal-to-noise ratio of
each cell in the two observation. However, for a given source larger cells entail a
lower number of points to finally study the spatial correlation, which can eventually
impact in the study. A rule of the thumb is that 15 cells, at least, are necessary to
sample the diffuse emission to assure a reliable outcome of the analysis, so a com-
promise between resolution of the grid and signal-to-noise has to be found. Finally,
the threshold defines the lowest value of surface brightness that is going to be sam-
pled by the grid and it is expressed in unit of Jy beam−1.

The sampling algorithm is quite straightforward and it described in Figure A.2.
After a preliminary check on the cell-size, the region of interest is converted in a
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Figure A.2: Flowchart of sampling algorithm.

rectangular grid. At this step, the coordinates of each cell are defined in the pixel
units of the radio image. Then the radio surface brightness and the position with re-
spect of the mask are evaluated for each cell of the grid, starting from the bottom-left
to the top-right. These checks are done with the CASA task imstat. All those cells
that do not meet the requirements are excluded, whereas the others are converted in
J2000 coordinates and finally stored in a region file, which is the final output of the
routine. Every sampling grid can be loaded on the top of the radio image by using
the CASA viewer and it can be further modified manually to better adapt to the
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science case. After having defined a sampling grid, we can use it to compare radio
and X-ray emission.

A.2.3 Single-mesh analysis

We define a single-mesh ptp (SMptp) analysis a ptp analysis carried out by using
only a mesh to sample the radio emission. It is composed of two steps: first the radio
and X-ray surface brightness are measured in each cell, then they are compared in
a IR − IX plot to evaluate the spatial correlation. We present the flowchart of the
process in Figure A.3. The routine that collect the values of IR and IX is quite simple.
For a given sampling grid, which was previously created by using the sampling
algorithm, IR and IX are evaluated for each of its cell. For the radio image, the flux
density in each cell is measured with the CASA task imstat and the converted in
IR by dividing for the area of the cell, Ωc, in units of arcsec2. The associated error,
σR, is computed as:

σR =

√
( f · S)2 +

(
RMS · √Ωc/ΩB

)2

Ωc
(A.1)

where f and RMS are, namely, the calibration error and the RMS of the radio image
provided by the user, S is the flux density measured in the cell and ΩB is the beam
area. As for the X-ray images, When several X-ray observations of the same cluster
are involved, the total IX of a cell is computed as:

IX =
∑ Ncnt,i −∑ Nbkg,i

∑ qexp,i

1
Ωc

=
∑ SX,i · qexp,i

∑ qexp,i

1
Ωc

, (A.2)

where

SX,i =
Ncnt,i − Nbkg,i

qexp,i
(A.3)

is the flux measured for the i-th X-ray observation, Ωc is the angular area of the cell
in units of arcsec2, and Ncnt,i, Nbkg,i (in units of counts), and qexp,i (in units of counts
cm2 s photons−1) are, respectively, the values measured on the counts, the back-
ground, and the exposure map of the i-th X-ray observation. When no background
or exposure maps are provided, their values are set to, respectively, 0 and 1 for each
cell2. We derive the associated errors on SX,i by assuming a Poisson error for Ncnt,i
and Nbkg,i and computing the error propagation of Eq. A.2. During this phase, the
sampling is further refined by excluding all these cells that measure negative values
of IR and IX or upper limits in radio and X-ray, i.e. those values with relative uncer-
tainties greater than 100%.
Once the values of IR and IX have been stored, the fitting can begin. We fit the IR-IX

distribution with a power-law relation as:

IR = A · Ik
X (A.4)

We propose a set of different fitting algorithms to measure k and its associated er-
ror σk (see Section A.2.6). We also provide a direct estimate of the linear correlation
in the logarithmic space by estimating the Spearman and Pearson ranks with the

2This entails that, by providing only the count image, this procedure is valid for every other kind
of observation where the signal can be divided into counts, e.g. an optical image. This makes PT-REX
virtually able to compare radio emission with other kinds of emissions, as well as the X-ray emission.
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Figure A.3: Flowchart of the SMptp routine.

scipy library. At the end of this routine a data file with IR and IX and relative errors
is produced as output. These values can be used for further analysis, e.g. to be ex-
amined with a fitting method which is not included in PT-REX (for example LIRA,
Sereno, 2016) or, by combining multiple SMptp analysis of the same object observed
at different radio frequencies, to study the spatial correlation between spectral index
and IX. In addition to the data file, PT-REX produce a simple plot with the data and
the best-fit line together with the interval which has the 95% chance of containing the
true regression line. At this point we hope we have convinced the Reader that the
SMptp analysis is a fast and solid approach to evaluate the trend between radio and
X-ray emission. However, its reliability is limited by the assumption that the sam-
pling grid provides an unambiguous reconstruction of the real surface brightness of
the source. Such an assumption is valid for those sources that can be sampled by
large number of cell, i.e. whose radio emission is well resolved by the observation,
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but it may not be true for the other smaller or poorly-resolved objects. In the next
section we discuss how the ptp analysis can be extended also to these cases.

A.2.4 Monte-Carlo analysis

Extended sources may encompass smaller substructures (e.g. bright filaments em-
bed in the extended emission or surface brightness gradients). If the resolution of
the observation is sufficient to fully resolve them, i.e. the angular resolution is lower
than half of the angular scale of these features, the result of the SMptp analysis will
not depend on the sampling grid because the surface brightness will be reliably re-
constructed by every possible grid. Otherwise, if these substructures can not be
properly sampled by the observation/grid, the resulting SMptp analysis will be fa-
tally biased by the choice of the sampling grid. In this latter case, a more complex
approach is required to estimate the spatial trend.

The major feature introduced by PT-REX is the possibility to use an automatic,
randomly-generated sampling routine to combine several SMptp analysis into a
Monte Carlo ptp (MCptp) analysis. By repeating several cycles of SMptp analysis
with randomly-generated grids3, we can probe the parameter space of k to reliably
estimate the correlation. This routine makes uses of the sampling algorithm and the
SMptp routine presented in the previous sections. We present the flowchart of the
process in Figure A.4. After setting the number of Monte Carlo iterations (N), the
region of interest, the cell-size and the IR lower threshold are set, the python func-
tion numpy.random is used to generate a number N of coordinates (x, y) within
the region of interest. These coordinates are used to define N different, rectangular
regions centered in (x, y) and large enough to include the region of interest. Then
these N regions are converted in sampling grids by using the sampling algorithm
and used to carry out a SMptp analysis to measure k± σk.
At the endd of each cycle, a random value kb is extracted from a normal distribution

centered in k with sigma σk and is finally stored. This procedure enables us to trans-
pose the error of the fit in the following step. After all the N different grids have
been exploited, the result of the MCptp analysis, k, is computed as:

k = kb ± σkb (A.5)

where kb and σkb are the mean and the standard deviation of the distribution of boot-
strapped kb obtained at the end of each cycle. An histogram of the kb distribution is
produced in output, which may contain useful information about the source. On the
one hand, observing a dispersion significantly larger than the SMptp uncertainties
indicates that the random sampling affected the estimate, which is sign of a poor
sampling of the radio emission. On the other hand, an asymmetrical distribution
may indicate the presence of a secondary component in the radio source. For in-
stance, low-brightness, weakly-correlated components or strong X-ray point-sources
embed in the radio emission can produce a negative skewness in the distribution,
whereas the presence of point sources with a strong radio and X-ray emission can
induce a positive skewness.

MCptp analysis is advised for those sources that can be sampled with < 30 cells.
We suggest setting the number N to a minimum of 100 to adequately probe the

3It follows that the MCptp is more time-consuming than the SMptp.



A.2. PT-REX 127

Start

Input:
● Radio and X-ray maps
● Number of iteration( N)
● RMS and calibration 

error
● Fitting algorithm
● Cell size
● IR lower treshold
● Region of interest

Extract N couple of random
 coordinates (x,y)

within the region of interest

Go to next (x,y)

Boot-strap kb 
using k and the associated error 

Start loop for each couple (x,y)

Stop

Generate a rectangular region
 centered in (x,y) and

including the region of interest

Store kb

Output:
 kMC with the associated error, 

  histogram of 
the final kb distrubiotion

Sampling routine
to generate the grid

SMptp routine
 to estimate k 

Measure mean and std 
of the final kb distribution

Figure A.4: Flowchart of the MCptp routine.

parameter space of k.A scientific application of MCptp analysis to study radio mini-
halos in galaxy clusters is presented in Ignesti et al. (2020a).

A.2.5 Generate a mask

Field sources and those embed in the radio emission not associated with the ex-
tended source (e.g. central radio galaxies) can jeopardize the results of the ptp anal-
ysis. When the subtraction of those sources from the data is not possible, they can
be masked and excluded from the ptp analysis. PT-REX includes a tool that allows
the user to produce masks for the analysis simply by providing the regions intended
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to be excluded. The regions are used to define a matrix with the same size of the ra-
dio image that allows the sampling routine to recognize and exclude any unwanted
sources. Typically, there are two kind of sources that have to be masked:

� Those embed in the extended emission, as physically located within the source
but whose emission is not related it, or background and foreground sources
along the line of sight;

� Those that are outside the diffuse emission but within the region of interest;

As a simple rule of the thumb, we suggest to define carefully the regions to be
masked within the source. On the on hand, define a mask that exceeds the size
of the unwanted source can lead the sampling routine to exclude a number of cells
larger than the necessary, and thus to reduce the number of point to evaluate the
spatial correlation. On the other hand, a mask smaller than the source cold not con-
tain its contribute in the surface brightness, thus jeopardizing the analysis. As for
the sources close to the region of interest, they can be problematic during a MCptp
analysis. At the begin of the cycle a new region of interest is defined and some of
them can be erroneously included and sampled. So we suggest to adopt large masks
to safely account for their presence within 2×, both in width and in height, the size
of the region of interest.

A.2.6 Fitting algorithms

Fitting IR ∝ Ik
X is a crucial part of the ptp analysis, and different scientific problems

may require different statistic methods to evaluate the trend. For this reason, PT-
REX includes a range of fitting algorithms:

� Least squares (LS): data can be fitted with a power-law relation IR = A · Ik
X

by using the least-squares method with the scipy.optimize.curve_fit
method. Only the uncertainties on IR are taken into account. This method
estimates the best-fitting parameter of the power-law which minimize the dis-
tance from the data, under the assumption that the data intrinsically follow a
power-law distribution and the scatter is only due to observational errors. Due
to its assumptions, this method can be biased by outliers that can pivot the fit.
For a physical point of view, the assumption of an intrinsic, perfect correlation
between the two quantities may be questionable. In a complex, physical sys-
tem the apparent correlation between two quantities can depend on a third,
unknown factor. In this case, an internal scatter of the data is expected regard-
less of the quality of the observations and, thus, the base assumptions of this
method can lead to biases in the scientific conclusions. Therefore, although we
include this method for the sake of completeness because it has been largely
used in literature, we advise to use it cautiously;

� BCES orthogonal and bisector: The fitting method is the bivariate correlated er-
rors and intrinsic scatter (BCES) presented in Akritas and Bershady (1996). The
BCES regression offers several advantages compared to ordinary least squares
fitting, as measurement errors on both variables and it can account for an in-
trinsic internal scatter of the data. The fitting is performed by the bces mod-
ule4. By default, we assume the errors on IR and IX to not correlate. We in-
cluded in PT-REX both the orthogonal method, which is advised when it is not

4https://github.com/rsnemmen/BCES
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clear which variable should be treated as the independent one, and the bisector
method, which compute the best-fit as the bisector line between the two BCES
fit IR|IX and IX|IR;

� LinMix: this is a Bayesian method to account for measurement errors in linear
regression introduced in Kelly (2007). This method allows for heteroscedas-
tic and possibly correlated measurement errors and intrinsic scatter in the re-
gression relationship. The method is based on deriving a likelihood function
for the measured data, especially for the case when the intrinsic distribution
of the independent variables can be approximated using a mixture of Gaus-
sian functions. LinMix incorporates multiple independent variables, nonde-
tections, and selection effects (e.g., Malmquist bias). We implemented this al-
gorithm with the linmix module5. This method derives a likelihood function
for the data, thus the best-fit slope is estimated from the mean of the posterior
distribution. To run this method, a number of chains for the bayesian algo-
rithm, n_chain, and the number of gaussian to build the prior, K, has to be
defined by the user. This method is significantly more time-consuming than
the other options. We advise to use it when a large number of cells is involved
and the chose of the lower threshold is expected to impact on the fit.

A detailed discussion about the best fitting strategy to adopt for different science
cases could be found in Isobe et al. (1990), Akritas and Bershady (1996), Kelly (2007),
and Hogg, Bovy, and Lang (2010).

A.3 Application to a scientific case

We present here the application of PT-REX to study the radio MH in the RX J1347.5-
1145 galaxy cluster. The morphology of the mini-halo in RX J1347.5-1145 is not
spherical but, instead, is elongated, with the brightest part located toward north
with a fainter extension toward south. Also the X-ray emission exhibits an ellipti-
cal shape, although more symmetric than the radio emission, with the major axis
aligned along northwest-southeast. Finally, two large extended radio sources are
placed side by side with the mini-halo. The complex morphology of the system is
not suited to be analyzed with radial profiles, hence is a perfect candidate for the
ptp analysis. Whereas a detailed discussion of the nature of these objects, and the
insights we can obtain through the ptp analysis, are presented in Chapters 1 and 2,
here we use this MH to exemplify the outcomes of the different analysis tools in-
cluded in PT-REX.

We combined the VLA observation at 1.4 GHz presented in Gitti et al. (2007)
(RMS=0.04 mJy beam−1, beam 17.7′′ × 13.6′′) with an X-ray image in the 0.5-2.0 keV
band produced from the archival Chandra observation 2222 (PI Khan, exposure time
100 ks), which we processed following the standard analysis procedure6. We used
the 3σ level contours to define the region of interest, which indicates to PT-REX the
size and the position of the radio source, and the mask (Figure A.5). Note how we
tried to carefully define the mask within the region of interest, in contrast to the more
crude approach adopted outside the region. Then we define a first grid to sample
the emission above the 3σ level of the radio image. The beam area is 273.6 arcsec2 (23
pixel2), so we use cell with a 17.5′′ size and a total area of 289 arcsec2 (25 pixel2). The

5https://github.com/jmeyers314/linmix
6https://cxc.cfa.harvard.edu/ciao/threads/index.html
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Figure A.5: X-ray image of RXJ1347.5-1145 in the 0.5-2.0 keV band with the -3, 3, 24, 96σ level countours
of the radio image (1σ= 0.04 mJy beam−1). We report here the region of interest (green, dashed), a
random sampling grid (green, continuous) and the mask (grey).

resulting grid shown in Figure A.5 is composed of 16 cells. The final Spearman and
Pearson rank are 0.79 and 0.8, respectively, which indicate a strong linear correlation
and, hence, that the ICM component responsible of the radio and X-ray occupy the
same volume as expected in radio mini-halos. In Figure A.6 we report the resulting
SMptp analysis carried out with the algorithms implemented in PT-REX. Albeit the
large errors, they are all consistent within 1 σ and indicate a sub-linear correlation
between radio and X-ray emission. However, the low number of cells indicates that
the source is poorly resolved, so our results may be biased by the grid which we
used. So we performed also a MCptp analysis to test this possibility and to explore
the parameter space of k. We present here the results of 500 iterations of MCptp
analysis carried out with the BCES orthogonal fit. We used the mask and region of
interest presented in Figure A.5 with the same cell size and threshold adopted for
the SMptp analysis. In Figure A.1 we report the mean and the standard deviation of
the final distribution and of the first 50, 100 and 200 iterations.

In Table A.1 we report the results of the all the ptp analysis carried out. All
the method produced estimates of k that are in agreement within 1σ, although the
MCptp estimates a slightly steeper trend. The uncertainties of the MCptp analy-
sis decrease with the increase of the number of iterations, which indicates that the
routine has converged to a final estimate of k. The uncertainties of the MCptp are
also larger than the SMptp, regardless of the fitting method. This indicate that the
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Figure A.6: Results of the SMptp analysis carried out with the grid shown in Figure A.5 with the differ-
ent fitting algorithm: Least squares (top-left), BCES orthogonal (top-right), BCES bisector (bottom-left),
LinMix (bottom-right). We report the 95% confidence interval.

random sampling has significantly affected the estimate of k, i.e. it confirms the pres-
ence of some kind of sub-structures embed in the radio emission which is not prop-
erly resolved by the observation. We can therefore conclude that the ptp analysis
estimated a linear correlation between radio and X-ray emission in RXJ1347.5-1145
and suggests that higher-resolution observations may be requested to reveal the real
morphology of this radio source. The scientific interpretation of this result in the
context of origin of the radio emission is not trivial and it is beyond the scope of
this Appendix. Here we just mention that this result is in agreement with the results
presented in Chapter 2.

Another application of PT-REX can be found in Bruno et al. (2021) where the
ptp analysis was used to disentangle the several components of the diffuse radio
source observed in MACS 1149.5+2223 with LOFAR (Figure A.7). The ptp analysis
revealed that the source is composed of an halo, in which we observe a strong, sub-
linear correlation between radio and X-ray emission , which is in agreement with
previous results for giant radio halos (see Chapter 2), and a relic, which contrary to
the halo does not show correlation between the two emission. This result points out
a completely different connection between the thermal and non-thermal plasma in
the two sources, and we refer to Bruno et al. (2021) for a detailed discussion.
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kMC, 500 = 1.06±0.26
kMC, 200 = 1.07±0.26
kMC, 100 = 1.03±0.28
kMC, 50 = 1.09±0.28

SMptp: fitting method k

Least squares 0.66±0.19
BCES orthogonal 0.85±0.14
BCES bisector 0.88±0.12
LinMix 0.75±0.19

MCptp: number of iterations k

50 1.09±0.28
100 1.03±0.28
200 1.07±0.26
500 1.06±0.26

Table A.1: Left: Histogram with the distribution of k produced by 500 iterations of the MCptp routine.
We individually report the mean and standard deviation of the first 50, 100, 200 iterations and of the
total distribution.; Right: Results of the different ptp analysis.

Figure A.7: Ptp analysis of MACS 1149.5+2223 from Bruno et al. (2021). In the top-right corner we
report the contorus of the radio emission and the sampling grid used for the halo (red) and the relic
(green).
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