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Zusammenfassung
Galaxienhaufen und -gruppen sind massereiche Strukturen, die sich als letztes in der En-
twicklungsgeschichte unseres Universums formten. Als solche spielt ihre Entstehung und
Entwicklung eine Schlüsselrolle im Verständnis der Strukturbildung und der kosmologis-
chen Parameter. In den letzten zwei Jahrzehnten hat sich herausgestellt, dass Galaxienhaufen
nicht den Vorhersagen von Modellen entsprechen, die lediglich gravitative Prozesse berück-
sichtigen. Skalierungsrelationen und Beobachtungen zeigen, dass eine nicht-gravitative
Erwärmung erforderlich ist, um zu erklären, warum beispielsweise das heiße Plasma, das
die Galaxienhaufen und -gruppen durchdringt, nicht auf niedrige Temperaturen abkühlt.
Immer mehr Hinweise legen nahe, dass Rückkopplungsmechanismen aktiver galaktischer
Nuklei (AGN) eine Erklärung dafür liefern: Das zentrale schwarze Loch speist sich aus Gas,
welches aus einer heißeren Phase abkühlt, und erzeugt seinerseits Stoßwellen und Wärme,
die die Strahlungsverluste des heißen Plasmas abschwächen.

Es gibt noch viel über die Rückkopplung von AGN zu verstehen. Derzeit ist nicht klar,
ob die relative Position des AGN und der Kühlregion des Haufens relevante Auswirkungen
auf diesen Arbeitszyklus haben kann. Liegt der AGN außerhalb der Kühlregion (oder
ist von dieser versetzt), kann sich das schwarze Loch möglicherweise nicht aus kaltem
Gas speisen, und der AGN kann seine Umgebung nicht effizient genug aufheizen, um
Strahlungsverluste zu unterdrücken. Während die Detektion von Spuren der Rückkopplung,
wie z. B. Stoßwellen und Blasen in massereichen Galaxienhaufen, leichter geworden ist,
fehlt es noch an Untersuchungen der Rückkopplung von AGN im unteren Massenbereich
von Galaxiengruppen, hauptsächlich wegen ihrer geringeren Oberflächenhelligkeit und
Ausdehnung. Auch ist es wichtig, die Rolle der Rückkopplung zu verstehen, wenn es um
die Eigenschaften der Heimatgalaxien von AGN geht. Die Simulation von Rückkopplung
muss die Merkmale, die wir in Galaxienhaufen und -gruppen beobachten, reproduzieren
können. Desweiteren kann die AGN-Rückkopplung auch eine wichtige Rolle bei der
Herstellung geeigneter Bedingungen für ausgedehnte Radioemission spielen, die durch die
Beschleunigung kosmischer Strahlung auf Skalen von Galaxienhaufen erzeugt wird und die
in gestörten Systemen häufig von Radio-Interferometern wie LOFAR beobachtet wird.

Während meiner Doktorarbeit habe ich Galaxienhaufen untersucht, in denen der Punkt
maximaler Kühlung von der Position des AGN versetzt ist. Zudem habe ich die AGN-
Rückkopplung in Galaxiengruppen mit geringer Masse untersucht. Dabei habe ich Beobach-
tungen von mehreren Teleskopen in verschiedenen Bereichen des elektromagnetischen Spek-
trums sowie Himmelsdurchmusterungen der neuen Generation von eROSITA (Röntgen)
und LOFAR (Radio) genutzt. Zusammen bilden sie eine große Stichprobe von Systemen
mit einer noch nie dagewesenen Fülle von Multi-Wellenlängen-Daten. Ich habe Werkzeuge
entwickelt, um Daten zu kalibrieren und zu analysieren, vor allem im Röntgen- und Ra-
diofrequenzbereich. Diese Daten habe ich kombiniert, um einen besseren Einblick in die
Wirkung der AGN-Rückkopplung in Haufen und Gruppen zu erhalten. Ich habe statistische
Methoden sowie Simulationen benutzt, um die Wechselwirkung zwischen dem hei0en
Plasma in Galaxienhaufen und der nicht-thermischen Emission von zentralen Radiogalaxien
zu studieren. Zuletzt habe ich eine Software entwickelt, um sehr niedrig-frequente (54 MHz)



Radiodaten von LOFAR zu kalibrieren und habe dies angewandt auf den interessantesten
Galaxienhaufen im HETDEX Feld, Abell 1550 (A1550).

Wir haben Hinweise darauf gefunden, dass Galaxienhaufen und -gruppen einer ähnlichen
Korrelation zwischen der Röntgenleuchtkraft des heißen Plasmas und der Radioleistung
des zentralen AGN folgen. Darüber hinaus haben wir gezeigt, dass Galaxien in der Nähe
des Haufen-/Gruppenzentrums mit höherer Wahrscheinlichkeit einen radiolauten AGN
beherbergen, da sie das Reservoir an kaltem Gas leicht anzapfen können, während Galaxien
außerhalb des Zentrums auf eher episodische Auslöser wie Verschmelzungen angewiesen
sein könnten. Wir haben keine Korrelation zwischen der Ausdehnung der zentralen Radio-
galaie und der Dichte des Galaxienhaufen gefunden, was ein Hinweis darauf sein könnte,
das andere Faktoren, wie Alter oder Leistung der Quelle wichtiger sein könnte. In Systemen
mit begrenzten Abständen (< 50 kpc) zwischen dem AGN und dem Ort höchster Abkühlung
haben wir festgestellt, dass der AGN-Arbeitszyklus nicht unterbrochen wird und dass das
Schwappen des Gases einen weiteren Versatz mit dem warmen Gas, das aus der heißen
Phase abkühlt, hervorrufen kann. Schließlich haben wir eine der ersten Niederfrequenz-
Beobachtungen (54 MHz) von LOFAR analysiert, bei der wir den gestörten Galaxienhaufen
Abell 1550 untersucht und mehrere diffuse Emissionsquellen mit stark unterschiedlichen
Eigenschaften gefunden haben, die wahrscheinlich durch die Beschleunigung kosmischer
Strahlung mit verschiedenen Beschleunigungsmechanismen entstanden sind.

Ich habe meine Ergebnisse in fünf, im Peer-Review-Verfahren veröffentlichten Erstautor-
Publikationen zusammengefasst, die ich hier vorstelle. Zusammenfassend gewährt meine
Dissertation neue Einblicke in AGN Rückkopplung in Galaxienhaufen und -gruppen. Außer-
dem habe ich die Möglichkeiten von LOFAR bei ultra-tiefen Frequenzen erkundet, um
diffuse, nicht-thermische Emission in Galaxienhaufen zu untersuchen.



Abstract
Galaxy clusters and groups are the latest, more massive structures to have formed in

our Universe. As such, their birth and evolution provides key information to understand
structure formation and constrain cosmology. In the last two decades, it has become
clear that galaxy clusters deviate from the predictions of models which incorporate only
gravitational processes. Scaling relations and observational constrains demonstrate that
non-gravitational heating is required to explain why, for example, the hot plasma permeating
clusters and groups is not cooling to low temperatures. Increasing evidence points indeed to
Active Galactic Nuclei (AGN) feedback as an explanation for these features: the central BH
feeds from gas which is cooling down from an hotter phase, and in turn produces shocks
and induce heating which quench the radiative losses of the hot plasma.

There is still much to understand about AGN feedback. It is currently not clear whether
the relative position of the AGN and of the cluster cooling region can have relevant effects
on this duty cycle. It is possible that, if the AGN lies outside of (or is offset from) the
cooling region, the BH might not be able to feed from cold gas, and the AGN not able to
heat its surroundings efficiently enough to quench radiative losses. Furthermore, while it has
become relatively easy to detect feedback features (e.g. shocks, bubbles) in massive clusters,
investigations of AGN feedback in the lower mass range of galaxy groups are still lacking,
mainly because of their low surface brightness and smaller dimension. It is also essential to
understand the role of feedback when it comes to the properties of AGN optical hosts, and
to model feedback prescriptions in our simulations in a way in which they can reproduce
the features we observe in clusters and groups. Finally, feedback can also have a relevant
role on setting the necessary conditions to power the extended radio emission produced by
the acceleration of Cosmic Rays (CR) on cluster scales, which is being frequently observed
in disturbed systems by low-frequency interferometers such as LOFAR.

During my PhD, I have studied clusters which show offsets between the peak of the
cooling and the AGN, as well as investigated feedback in the low-mass regime of galaxy
groups. In doing that, I have exploited observations by multiple instruments, in different
bands of the electromagnetic spectrum, as well as new-generation surveys provided by
eROSITA (X-ray) and LOFAR (radio), which together provide large sample of systems with
an unprecedented wealth of multi-wavelength data available. I have learnt and developed
tools to calibrate and analyse data, mainly at X-ray and radio frequencies, and combined
them to get a new, unexplored perspective of how AGN feedback acts in clusters and groups.
I have exploited statistical methods and simulations to study the interplay between the hot
plasma permeating clusters and the non-thermal emission by central radio galaxies. Finally,
we have developed a pipeline to properly calibrate LOFAR ultra low-frequency (54 MHz)
observations, applying it to one of the most interesting galaxy clusters in the HETDEX sky
field, Abell 1550 (A1550).

We have found evidence that clusters and groups follow a similar correlation between
X-ray luminosity of the hot plasma and radio power of the central AGN. The correlation
becomes tighter when we compare the total energy output from the AGN (which the radio
power is a proxy of) to the X-ray luminosity, and apparently holds for both relaxed and



disturbed systems. We showed that galaxies close to the cluster/group center are more
likely to host a radio-loud AGN, since they can easily tap into the cold gas reservoir,
while outer galaxies might rely on more episodic triggers, such as mergers. We found
no apparent correlation between the extent of central radio galaxy and the density of the
host group/cluster, suggesting that other factors, such as the age and radio power of the
source, might be more dominant. In systems with limited offsets (< 50 kpc) between AGN
and cooling peak, we determined that the duty cycle is not broken, and that gas sloshing
can induce further offsets with the warm gas which is cooling out from the hot phase.
Finally, we have analysed one of the first ultra low-frequency observations provided by
LOFAR, studying the disturbed galaxy cluster A1550 and finding multiple diffuse emission
sources with surprisingly heterogeneous properties, which are likely produced by different
cosmic-ray acceleration mechanisms. I have gathered all my findings into 5 first-author,
peer-reviewed publications, which I present here.

In summary, my thesis provides new insights into the current knowledge of AGN
feedback in clusters and groups, and explores the potentiality of LOFAR ultra low-frequency
observations to detect and investigate diffuse, non-thermal emission in galaxy clusters.
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1. Introduction

In the last century, our understanding of how the Universe works has undergone an extraordi-
nary evolution. It was only in the 1920s that Edwin Hubble observed the first extra-galactic
object: before that, astronomers could not prove that the extent of the Universe was larger
than the Milky Way. Furthermore, in that historical period astrophysics was restricted to the
optical band of the electromagnetic spectrum. In 1932, Karl Jansky discovered emission in
the radio band (wavelength 1 cm  l  10 m) from an extraterrestrial source. This event
marked the birth of radio astronomy, which quickly progressed after World War II thanks to
the evolution of modern antennas and radars.

From those years, technological developments have allowed us to extend our obser-
vations to all the frequencies of the electromagnetic spectrum. Optical telescopes easily
reach sub-arcsecond resolution, X-ray and Infrared (IR) emission is observed through space
telescopes orbiting around the Earth, while radio astronomy has developed interferometers
which combine signal from multiple antennas spread among the whole planet, reaching
uprecedented resolution in this band. As of today, the combination of multi-wavelength data
from different instruments is widely used to reach a better understanding of astrophysical
processes. The scale of the Universe does not include only stars anymore: we are able
to detect thousands of millions of galaxies. Furthermore, galaxies are often grouped in
clusters, and we are starting to comprehend that galaxies and clusters are distributed across
a giant filamentary structure, which is known as the Cosmic Web (see Fig. 1.1), that likely
permeates the whole Universe. It is around these giant filaments, which are constituted
by agglomerates of gravitationally-attracted matter, that galaxy clusters have merged over
time, slowly building the Universe that we observe today. Therefore, galaxy clusters can
act as cosmological laboratories: first, their numerical density as a function of the redshift
is highly sensitive to cosmology. Furthermore, they trace primordial Dark Matter (DM)
perturbations, and their mass function also provide key information to constrain the state
equation of Dark Energy.



2 Chapter 1. Introduction

In galaxy clusters we observe emission from almost all the frequencies of the elec-
tromagnetic spectrum. While IR and optical emission mainly originates from interstellar
dust and stars within the galaxies hosted in clusters, X-ray emission permeates the whole
extent of these systems. Radio detections usually come from Supernova Remnants (SNR)
and Active Galactic Nuclei (AGN) hosted in the core of galaxies, but we also observe
emission not associated to discrete objects, and that can extend through the whole cluster.
The physical processes from which these different kinds of emission originate affect and
interact with each other, altering the evolution of galaxy clusters.

In this thesis, we will mainly focus on the connections between the thermal X-ray
emission and the non-thermal radio emission in galaxy clusters and groups, which are both
strictly related to feedback, turbulence and particle acceleration processes. In the next
sections of this chapter we will introduce galaxy clusters and groups, as well as the main
properties of their thermal and non-thermal emission. We will also discuss the current
understanding of feedback processes, from the point of view of, both, observations and
simulations. Finally, we provide a layout of the motivation of this thesis and of the questions
that we will try to address, as well as a summary of the next chapters.

Figure 1.1: The bright filaments of matters and large voids which constitute the Cosmic Web. The image is
from the Millennium Simulation (Springel et al., 2006).

1.1 Galaxy clusters and groups
Galaxy clusters are the largest and more massive virialised structures in the Universe,
capable to host more than a thousand galaxies and often reaching extents of 1-2 Mpc. They
are located at the nodes of the filamentary structure known as Cosmic Web, and are formed
through mergers and mass accretion of smaller groups and clumps. DM represents ⇠80%
of the total mass of a cluster, which is usually of the order of ⇠ 1014 - 1015 M�. Galaxies
and baryons constitute the remaining ⇠20%, with baryons mostly (⇠90%) in the form
of a hot plasma (Intra-Cluster Medium, hereafter ICM), that fills the space in-between
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galaxies, while the remaining 10% is locked up in stars within galaxies (Lin et al., 2003).
Given the masses and velocities (⇠ 2000 km s�1) in play during cluster mergers, these
processes are among the most energetic in the Universe, reaching energies of the order of
E = 1

2Mv2 ⇠ 1064 erg (Markevitch et al., 1999).
The presence of gas in clusters is easily explained by hierarchical structure formation

models, with warm baryons swept towards the cluster together with collapsing DM, and
then heated to ⇠ 107 - 108 K by accretion shocks and adiabatic compression (see also
McNamara and Nulsen 2012). Therefore, the ICM shows thermal emission in the form of
Bremsstrahlung (due to Coulomb collisions of electrons and ions) and line emission, which
are observable in the X-ray band (e.g. Fig. 1.2) with luminosity range LX ⇠ 1043 �1045 erg
s�1 and emissivity JX(T ) µ n2, where n is the ICM density. The primary components of
this plasma are hydrogen and helium, ionized because of the high temperature. They are
mixed with heavier elements at ⇠1/3 of the solar metal abundance (Arnaud et al., 1992).

Figure 1.2: X-ray (XMM-Newton) and optical (SDSS) view of the Coma Cluster (Sanders et al., 2020).
Colorised is the Bremsstrahlung emission from the ICM.

It is well-known that structure formation operates as a bottom-up process: matter collects
to build stars and galaxies, while galaxies attract each other forming groups. Therefore,
clusters are the latest structures to be formed. The building blocks of galaxy clusters are
galaxy groups that, with masses ranging from ⇠ 1013 M� to ⇠ 1014 M�, lie at the peak of
the mass density in the current Universe (see e.g. review by Eckert et al. 2021). Although
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groups usually show lower gas fractions and flatter entropy profiles (Finoguenov et al.,
2005; Voit et al., 2005), it is yet not clear where the physical separation between galaxy
clusters and groups lies, or if it even exists beyond the obvious differences in mass and
gravitational potential. Observations have shown that very similar processes take place in
clusters and groups. Nevertheless, such processes could produce different consequences on
the environment, precisely because of the mass difference. We will return on this in the next
sections.

Groups, intended as the lowest-mass clusters, are the repositories of the majority of
baryons and host more than half of all galaxies (Eke et al., 2006). As such, to understand the
formation and evolution of galaxies, it is necessary to comprehend the processes undergoing
in galaxy clusters and groups. The large scale structure of the Universe agrees fairly well
with the LCDM model1 (Spergel et al., 2007; Vikhlinin et al., 2009; Allen et al., 2011).
However, additional physics is needed to explain the distribution and numbers of baryons
detected in galaxies and clusters (Bregman, 2007). Models incorporating radiative cooling
and gravitational heating alone fail to reproduce the observed amount of cold gas and stars,
leading to overcooling of the gas and, consequently, to mismatches in terms of star content
(i.e. too many young stars), galaxy luminosities and colors (McNamara and Nulsen, 2012).
A contribution from non-gravitational energy is therefore required to quench star formation
and reproduce the observed stellar mass function.

1.2 Cluster classification and the cooling flow problem
One of the most used classifications of galaxy clusters and groups is based on their dynamical
state and distinguishes them into merging and relaxed, with the latters mostly being cool
cores (see below). While in relaxed clusters massive galaxies, usually ellipticals, are often
observed to lie close to the centre because of dynamical friction, in merging clusters the
galaxy distribution does not follow this behaviour, since friction did not have the time to
play its role yet. Mergers can also produce turbulent motions, shocks and heat the cluster
gas, and a fraction of their energy is channelled into the acceleration of cosmic rays (CR)
and amplification of pre-existing magnetic fields (Brunetti and Jones, 2014). This leads to
the formation of diffuse non-thermal radio emission, such as giant halos and relics, that are
observed only in merging clusters. We will discuss this in more detail in Sec. 1.4.

On the other hand, cool-core clusters usually show a peak of surface brightness in
the centre. Their X-ray morphology often has a roundish, symmetrical shape, and their
surface brightness profile is well-described by the so-called double-b Model (Cavaliere and
Fusco-Femiano, 1976a), assuming that the gas is multiphase (see also Fig. 1.3):

SX(r) = ÂSX ,i(0)
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1Hereafter, we assume WL = 0.7 and Wm = 0.3 unless explicited otherwise.



1.2 Cluster classification and the cooling flow problem 5

Mon Not R Astron Soc, Volume 442, Issue 4, 21 August 2014, Pages 3192–3205, https://doi.org/10.1093/mnras/stu1030
The content of this slide may be subject to copyright: please see the slide notes for details.

Figure 2. Elliptical surface brightness profile fit by a double-β 
model. The blue points show the observed surface ...

Figure 1.3: Surface brightness profile of MS 0735.6+7421 fitted with a double-b Model (Vantyghem et al.,
2014). The red, dashed lines show the two components of the model.

where b ⇠ 0.75 (Arnaud, 2009) is defined as the ratio between the kinetic energy of
galaxies and the thermal energy of the gas. The name ’cool core’ is due to a visible drop in
the cluster temperature inside ⇠0.1R500

2. Such particular feature is a consequence of the
cooling of the ICM, that proceeds faster where the density is higher, as in the cluster centre.
More in details, the cooling time of the ICM can be estimated as:

tcool =
H

L(T )nenp
=

g
g �1

kT (r)
µXne(r)L(T )

, (1.2)

where g=5/3 is the adiabatic index, H is the enthalpy, X ⇠0.71 is the hydrogen mass
fraction, and L(T ) is the cooling function, defined as the bolometric power emitted as
thermal radiation by the plasma, normalised by the emission measure ėX = nenHV , with V
being the volume.

From early studies of cool cores, it was predicted that the cooling of the ICM, especially
at the cluster centre where the density is higher, would lead to the formation of a so-
called cooling flow. As the ICM in the centre cools off, its entropy decreases and it gets
compressed by the surrounding gas, producing an inflow towards the core. Therefore, the
density increases and the cooling becomes more and more relevant, with the gas temperature
rapidly reaching T < 104K and condensing onto central galaxies. The hot ICM, previously
lying out of the cluster core, replenishes the condensed gas, finally resulting in a steady

2The radius at which the density is 500 times the critical density of the Universe at that redshift.
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Figure 1.4: Observed correlations between the X-ray luminosity and the ICM temperature for samples of
galaxy clusters, groups and the Milky Way. The purple line shows the scaling relation which would be
produced by only considering gravitational heating. The image is from Donahue and Voit (2022).

cooling flow which was initially predicted to show rates of ⇠1000 M� yr�1 (Fabian, 1994).
This is commonly known as the standard cooling flow model.

In the late 90s, with the advent of new-generation X-ray telescopes such as Chandra and
XMM-Newton, it became clear that observations did not match such models. The observed
rates of star formation in clusters central galaxies (Brightest Cluster Galaxy, BCG) and
strength of line emission in the cores were only 1-10% of those predicted by the cooling
flow model (Peterson and Fabian, 2006), and the temperature was observed to never drop
below ⇠ Tvir/3 (Molendi and Pizzolato, 2001; Peterson et al., 2001), with Tvir being the
virial temperature, defined as the temperature at which a gravitationally bound system would
satisfy the virial theorem. This effect came to be known as the cooling flow problem.

It was then proposed that some heating source was probably compensating for the
radiative losses of the ICM. This also provided a possible solution for the long-standing
problem of the deviation from self-similar relations which has been observed in clusters
and groups. As a matter of fact, while one of the earliest findings of X-ray surveys implied
strong scaling relations between X-ray luminosity, mass and temperature of clusters, models
incorporating only gravitational heating were not able to reproduce such correlations (see
Fig. 1.4). On the other hand, non-gravitational processes are able to account for these
differences (Donahue and Voit, 2022).

As of today, feedback from central AGN constitutes the most likely solution to the
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cooling flow problem. In fact, BCGs in cool-core clusters and groups usually host radio
loud AGN (Mittal et al., 2009; Sabater et al., 2019), even though this trend seems to become
relatively weaker moving to the group regime (Bharadwaj et al., 2014a, 2015b). Observa-
tions have shown that the central AGN often interacts with the surrounding environment,
producing visible effects on the ICM and on the whole cluster, that will be the subject of
Sec. 1.3.

1.3 AGN feedback in galaxy clusters
Evidence for feedback
One of the challenges of the current cosmological model is to explain why so few baryons
have condensed into stars (Cole, 1991; White and Frenk, 1991a). Simulations which
incorporate only gravitational heating and radiative cooling predict that more than 20%
of baryons should lie into galaxies, while we only observe ⇠10% in stars (Balogh et al.,

Figure 1.5: ICM entropy vs. pressure in 4 galaxies with different properties: a star-forming galaxy within a
massive cluster (NGC 1275 in Perseus), a low star-formation galaxy in a small cluster (M87 in Virgo), an
elliptical, satellite galaxy with no star formation (NGC 4472 in Virgo) and the Milky Way. Red, diagonal lines
represent lines of constant temperature, while cyan, diagonal ones represent lines of constant density. Blue
contours represent constant cooling times. All 4 systems reach cooling times shorter than 109 yr at the same
distance of ⇠ 10 kpc from the corresponding center. The figure is from Donahue and Voit (2022).
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Figure 1.6: Chandra X-ray (blue) and Very Large Array (VLA) radio (red) observation of the galaxy cluster
MS0735+7421 (McNamara et al., 2005). The radio lobes clearly fill the giant cavities. The image physical
size is 800x800 kpc.

2001). The remaining fraction is found in the ICM, at temperatures much higher than those
initially predicted by models, and which prevent baryons to form stars. Furthermore, the
ICM in different systems is observed to reach a cooling time shorter than ⇠ 109 yr always at
distances of ⇠ 10 kpc from the center, regardless of the mass, gas density and temperature:
we see this behaviour from spiral to ellipticals, from groups to clusters (see Fig. 1.5).
This evidence pointed to some kind of heating source that could supply for the radiative
losses of the hot plasma. One of the first proposed solution involved Supernovae, which
show energetics (E ⇠ 1062 erg) comparable to that needed to quench cooling (Narayan and
Medvedev, 2001). However, the timescale and energy supply of Supernovae are too short
compared to cooling, which is a continuous process that last for several Gyr. Mergers were
also investigated as a promising source of heating: sloshing, i.e. an oscillation of the gas
within the cluster potential which is usually triggered by mergers, can mix hot gas from the
outskirts with the cold gas in the core, preventing a significant cooling flow (ZuHone et al.,
2010). Nevertheless, mergers are again too episodic to sustain the steady radiative losses of
the ICM.

In the early 2000s, an increasing number of X-ray observations of galaxy clusters
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and groups, mostly performed with the unprecedented resolution of Chandra, started to
detect disturbances in the ICM such as shocks, cold fronts (discontinuities between colder
and warmer gas clouds) and ripples (Fabian et al., 2006; Markevitch and Vikhlinin, 2007;
Gastaldello et al., 2009; Ghizzardi et al., 2010). The passage of a shock, produced by the
expansion of the radio galaxy through the ICM, compresses and heats the gas. For this
reason, it was pointed out that this kind of non-gravitational processes could provide a
possible solution to the cooling flow problem. As discussed in Eckert et al. (2021), the shock
energy can be as large as 1055 - 1061 erg (Liu et al., 2019b), which is often comparable to
the amount needed to quench ICM radiative losses. However, a single shock, because of
its episodic and transient nature, fails to compensate for the radiative losses due to cooling.
Nevertheless, the amount of heating provided by multiple shocks becomes relevant and is
able to quench cooling inside the inner cluster core (McNamara and Nulsen, 2012).

The conclusive solution to the cooling flow problem came from the discovery of cavities,
X-ray surface brightness depressions that are usually found to be spatially coincident with
the lobes of the central radio galaxy (e.g. (McNamara et al., 2000; Bîrzan et al., 2004;
Rafferty et al., 2006)). Observations of such bubbles mostly came from clusters (Fig. 1.6),
since their relatively high surface brightness compared to groups makes the detection of
ICM depressions easier (McNamara et al., 2005; Nulsen et al., 2005). Cavities have been
interpreted as regions of low-density relativistic plasma produced by the displacement of the
ICM caused by the expansion of the AGN radio lobes through the medium, which translates
into heating. AGN are powered by matter accreting onto the central SuperMassive Black
Hole (SMBH, see also Sec. 1.4). The released energy is of the order of EBH = eMc2 ⇠ 1062

erg for a SMBH of ⇠ 109M� with efficiency e ⇠ 0.1, which is consistent with those needed
to quench radiative cooling.

Cavities are produced by the AGN lobes excavating though the ICM. Therefore, heating
is thought to occur through dissipation of the cavity enthalpy, other than shocks produced
by the outburst. The energy required to excavate a cavity is the sum of the work done to
displace the ICM and the internal energy of the radio lobes:

H = Eint + pV =
g

g �1
pV, (1.3)

with p being the ICM pressure in an undisturbed region close to the cavity, V the cavity
volume (equal to the volume of the displaced ICM) and g is the ratio of the specific heats
of the plasma filling the cavities. For a relativistic plasma, g = 4/3 and H = 4pV . The
range of enthalpies (⇠ 1056 - 1061 erg) typically found for cavities is very similar to the
energy estimated for shocks, suggesting that the two processes could provide a comparable
contribution to heating (Forman et al., 2017). Potential uncertainties include projection
effects, that can lead to underestimate the size of the cavity, and systematic errors when
determining the thermodynamical properties of the ICM.

To assess whether the radiative losses from cooling can be counterbalanced by AGN
heating, an estimate of the cavity age is required. This can be done using three different
methods. The age can be assumed to be equal to the sound-crossing time ts = R/cs, i.e.
the time required to reach the current position R of the cavity at the speed of sound cs.
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Eckert+21

O’Sullivan+11
Cavagnolo+10
Bîrzan+08

Figure 1.7: Correlation between cooling luminosity of the ICM (x-axis) and cavity power (y-axis), estimated
as the ratio between 4pV and cavity age (Eckert et al., 2021). The cavity power acts as proxy for the heating
provided by AGN outflows. The blue line shows the best fit using a power law relation. The uncertainty is
indicated by the blue area, while cyan indicates the intrinsic scatter around the relation.

An alternative way is the refill time tref =
p

r/g, i.e. the time required for the gas to refill
the volume displaced by the formation of the cavity, with r being the cavity radius and
g = GM(< R)/R2 the gravitational acceleration at distance R. Since cavities do not usually
travel at sound speed, a good compromise between these two methods is the buoyancy
time tbuoy = R/vT , the time required for the cavity to rise buoyantly to its current position.
Here, vT = 1/

p
SC/2gV is the buoyancy velocity, with S being the cavity cross-section and

C = 0 = 75 the drag efficiency. These three estimates usually agree within a factor of 2,
providing cavity ages of the order of 107 yr (Rafferty et al., 2006).

Dividing the enthalpy for the age provides an estimate of the cavity power, a proxy
for the total feedback from the AGN. This is often found to be comparable to the energy
needed to quench ICM cooling (see Bîrzan et al. 2004 for a detailed description of the
methods). In fact, the mean power of the outbursts of the central AGN shows a relatively
strong correlation with the amount of radiative losses due to cooling (Fig. 1.7) (Bîrzan et al.,
2004; Nulsen et al., 2007). The existence of such tight link constitutes an unprecedented
support for AGN feedback as a solution to the cooling flow problem in clusters.

Therefore, the emerging picture is that outflows from the central AGN create bubbles
and drive weak (M ⇠ 1� 2) shocks, heating the ICM and also inducing gas and metals
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Figure 1.8: Dust (colored in black) and Ha emission (blue contours) in front of the BCG of the galaxy cluster
A2495 (Pasini et al., 2019). The yellow cross is the BCG optical center.

circulation across several hundreds of kpc (Ettori et al., 2013). The same outflows are
powered by cold gas accreting onto the SMBH: the availability of dense, cold gas translates
into outbursts, which in turn translate into mechanical heating through shocks and bubbles.
Heating prevents the gas from further cooling, and as a consequence this leads to less
heating, and with time to replenish the fuel of cold gas for the SMBH. This is known as the
AGN duty cycle.

In some cases, cavities are observed to be surrounded by bright shells of gas, which are
cooler than the surrounding ICM (McNamara et al., 2000; Blanton et al., 2001, 2003). The
weak shocks produced by AGN outbursts may also contain a fraction of the heating energy,
even though they are often hard to observe. Nevertheless, there are a few cases in which
relatively strong, large-scale shocks have been observed, such as Hydra A (Nulsen et al.,
2005) and MS0735+7421 (McNamara et al., 2005). When such powerful outbursts happen,
AGN feedback becomes relevant not only in the central region, but is likely able to affect
the global properties of the ICM. These events are observed only in 10% of all known cool
cores. Therefore, they should occur in a similar fraction of time across the lifetime of a
cluster (Gitti et al., 2012). This is in agreement with simulations, which predict that the
majority of the heating required to quench cooling over the lifetime of a cluster is provided
by rare, powerful outbursts (Nipoti and Binney, 2005).
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Finally, it is important to assess the consequences of AGN feedback not only on the
ICM, but also on the galaxy population. Since feedback mostly affects the cluster core,
the evolution of BCGs strongly depends on the AGN duty cycle. One of the most striking
evidence of ongoing cooling is the presence of warm, line-emitting gas at the center of
clusters, close to BCGs. This is revelead by line emission from ionised and/or molecular
gas (e.g., Crawford et al., 1999; McDonald et al., 2014; Hamer et al., 2016). The strength of
such line emission, mostly Ha , correlates with the presence of ICM (Edge, 2001; Hogan
et al., 2017b; Pulido et al., 2018), suggesting that the warm gas is cooling out of the hot
phase of the ICM, albeit at rates of ⇠ 1% with respect to those predicted by classical cooling
flow models. The availability of cold gas close to the BCG location could also help to
explain why these galaxies sometimes show ongoing star formation (McDonald et al., 2018).
Furthermore, in some cases a minor merger can trigger sloshing, which can in turn make
the cluster gas oscillate. In undisturbed objects, the BCG and the cooling peak are usually
found at the center, where the bottom of the potential well lies. However, sloshing can
move the gas and bring the peak away from the BCG (Haarsma et al., 2010; Hamer et al.,
2012; Barbosa et al., 2018). With cooling not centered on the BCG anymore, the availability
of fuel for the SMBH becomes more limited. It is currently not clear whether this can
have consequences, or even break, the AGN duty cycle. Pasini et al. (2019) have recently
investigated one of these cases in the galaxy cluster A2495, where they observed a ⇠10 kpc
offset between the BCG and the X-ray peak, as well as two putative generations of cavities.
They concluded that the offset does not break the link between heating and cooling, likely
because the offset is too small to prevent mechanical heating. Nevertheless, it is essential
to assess the frequency of these offsets, and to investigate whether in some cases they can
have consequences on the AGN duty cycle.

The impact of AGN feedback in galaxy groups
The observation of cavities, that has rapidly become a widely accepted method to investigate
AGN feedback, requires a combination of resolution and flux sensitivity that is hard to
achieve, even in galaxy clusters. Nevertheless, bubbles have also been observed in closeby
elliptical galaxy (e.g. Forman et al. 2005) and groups (e.g. Cavagnolo et al. 2010; O’Sullivan
et al. 2017). We remind to Eckert et al. (2021) for an up-to-date list of all groups in which
X-ray brightness depressions have been detected. Similarly to galaxy clusters, we observe
deviation from self-similar scaling relations, even though the gas fraction is usually lower
compared to most clusters (see also Sun et al. 2009). It is speculated that, albeit AGN
outflows and mechanical feedback through bubbles and weak shocks are still observed
in groups, these processes could act in a more gentle way compared to cluster. On the
other hand, it is likely that strong outbursts would be easily able to disrupt the environment
(Gaspari et al., 2011).

Recently, Randall et al. (2015) have presented a ⇠650 ks Chandra observation of the
galaxy group NGC5813. The resulting images (Fig. 1.9) show an unprecedented (at least
in the group regime) number of cavities, shocks and ripples. It was clearly shown that the
ICM gets re-heated through the passage of shock fronts, caused by outbursts of the central
AGN, suggesting that feedback produces relevant effects also in galaxy groups. In fact,
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Figure 1.9: Left: Adaptively smoothed 0.5-2 keV Chandra image of the galaxy group NGC5813. Detected
cavities and shocks are marked. Right: Temperature map of NGC5813. The re-heating of the ICM through the
passage of shocks is clearly visibile. Images are from Kim et al. 2019.

its impact on groups could actually be stronger than in clusters since, given the shallower
gravitational potential, even a relatively small energy injection could eject gas from the
group (Giodini et al., 2010), explaining the lower gas fractions cited above. Simulations
by Gaspari et al. (2011) seem to confirm that AGN feedback in groups may act differently
than in clusters: not through strong, episodic outbursts, but rather via a gentle, but persistent
heating characterised by subsonic outflows.

McCarthy et al. (2010) showed that, by including feedback from BH in cosmological
hydrodynamical simulations, it is possible to reproduce fairly well the same thermodynami-
cal profiles, gas and stellar fractions and Star Formation Rates (SFR) that are observed in
real galaxy groups. Understanding how feedback operates in the group regime could also
be of particular interest because their different environments compared to clusters could
translate into significant dissimilarities in the impact of this process.

Nevertheless, X-ray observations of groups deep enough to allow to perform analyses
of shocks and cavities are hardly feasible, apart from closeby systems, because of their
low surface brightness and small dimension (i.e. high definition required to resolve ICM
structures). Radio observations offer an alternative and cheaper way to assess AGN feedback
in the low-mass regime. In radio sources, a fraction of the total energy provided by the AGN
has been radiated away, while a much larger fraction is stored into the lobes and a similar
amount has been dissipated into the ICM during the expansion of the lobes. Therefore, the
radio power as measured from observations is a proxy for the total amount of feedback
from the AGN, that can then be compared to the raditive losses. The link between radio
power and total energy (i.e. kinetic luminosity) has been widely studied (Willott et al.,
1999; Cavagnolo et al., 2010; Smolčić et al., 2017; Hardcastle et al., 2019) with the aim to
determine their best-fit relation (Fig. 1.10). This implies to identify cavities on a relatively
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Figure 1.10: Compilation of kinetic luminosity (y-axis) vs. 1.4 GHz luminosity (x-axis) scaling relations
from the literature (see legend, Smolčić et al. 2017). Plotted data are from Bîrzan et al. (2004) and O’Sullivan
et al. (2011a).

large number of systems, which allows to associate the cavity power to the radio luminosity
and extract the underlying scaling relation. This can then be used to determine the kinetic
luminosity in objects for which deep X-ray observations are not feasible. Theoretical models
that involve assumptions on radio source age and environment can also be used to predict
such link. This approach comes at a cost, since both scaling relations and theoretical models
can lead to relevant uncertainties when estimating the kinetic luminosity and, in turn, its
relation to the cooling of the ICM. We will return on this throughout this thesis.

The role of simulations
Together with observations, numerical simulations also started to investigate if AGN feed-
back, in the form of mechanical heating through shocks and bubbles, could provide enough
heating to quench the ICM radiative losses. Brüggen and Kaiser (2002) employed hydrody-
namical simulations to show that cavities, inflated by central AGN, can increase the cooling
time and reduce the amount of cold gas. Brüggen (2003) provided more insights into this,
proving that bubbles are able to uplift cold gas from the center. The uplifted material can
then appear around cavities as bright rims with low temperature. This was found to be
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Figure 1.11: The different scales of the AGN feeding-feedback process. The figure is adapted from Gaspari
et al. (2020).

consistent with X-ray observations, which sometimes show low-entropy gas around cavities
(e.g., McNamara et al., 2000; Blanton et al., 2003).

With all the evidence converging towards AGN feedback as a solution to the long-lasting
cooling flow problem, numerical simulations turned to study how the accretion onto the
SMBH works, and how the energy injection occur in clusters and groups. Until two decades
ago, Bondi accretion (Bondi, 1952) was assumed to describe the accretion mode in most
astrophysical environments. Nevertheless, Bondi theory relies on assumptions which are
found to be inadequate, or at least unrealistic. The flow is assumed to be steady, adiabatic,
spherically simmetric and undisturbed. Furthermore, it does not account for magnetic fields
and feedback processes.

Gaspari et al. (2013) relaxed this assumptions using 3D simulations of an elliptical
galaxy embedded within a hot halo. They found that the accretion does not follow Bondi’s
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assumption, but it is rather chaotic and cold. Non-linear thermal instabilities lead to
condensation of cold clouds, which decouple from the hot phase of the ICM when the ratio
between the cooling time and the free-fall time tff =

p
2R3/GM approaches tcool/tff  10.

These clouds then ’rain’ onto the SMBH. The continuous collisions between clouds and
filaments quench the angular momentum, boosting the accretion.

With time, Chaotic Cold Accretion (CCA) was found to be consistent with observations.
For example, CCA predicts flat X-ray temperature profiles at the cluster center, which have
been observed in most cool-core systems (Gaspari, 2016). Furthermore, the timescale of
this process is consistent with what is needed to prevent significant cooling of the ICM, and
it is able to preserve the cool-core appearance of the cluster, preventing both overcooling
and overheating. Finally, Gaspari and Sądowski (2017) linked the micro- (⇠pc) and macro-
(⇠kpc to Mpc) scales of AGN feedback (see Fig. 1.11), providing a unified model which
accounts for, both, the physics of feeding and that of feedback.

Although CCA still shows some flaws that needs to be completely understood, like
predicting accretion rates which are too high compared to observations, as of today it
provides the best description of the accretion mode in ellipticals, groups and clusters.
Nevertheless, there are multiple questions that still need to be addressed, for example:

• What is the frequency of cold vs. hot accretion in galaxy clusters?
• How are feeding and feedback linked on the micro scales close to the SMBH?
• How is the feedback energy deposited within the ICM?
• Does the AGN duty cycle hold over the entire Hubble time?

Answering these and many others (see also Gaspari et al., 2020) will be the next step
forward to reach a more complete understanding of feedback. Thanks to the increasing
availability of multi-wavelength observations of galaxy clusters and groups, in the next
future it will also be possible to test cold accretion modes on large samples of objects. This
will help to better constrain our models, and to eventually discover outlier systems. In
particular, CCA needs to be able to reproduce the observed clusters and groups scaling
relations. In this thesis, I will investigate more deeply into this in Chapter 5.

1.4 Non-thermal emission in clusters and groups
Radio galaxies
Radio galaxies are galaxies characterised by radio emission driven by ⇠kpc to Mpc scale
jets (see left panel of Fig. 1.12). The central engine is an accreting SMBH, with masses
usually in the range 107-109 M�. Due to angular momentum conservation of the infalling
matter, an accretion disk forms around the SMBH. Here, the mass-energy conversion is
highly efficient, going up to 10% (Fabian, 1999). The activity of the SMBH is observable in
the radio band in the form of synchrotron emission, which indicates that relativistic particles
are being accelerated in the presence of magnetic fields. The energy density of radiating
electrons can be written as:
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U = kJ(n)B� p+1
2 +

B2

2µ0
, (1.4)

with J(n) being the volume emissivity, B the magnetic field, p the electron energy index
and k a constant which incorporates other physical constants, the observing frequency and
the integral over electron energies (see also Hardcastle and Croston 2020 for more details).
The minimum-energy condition from Eq. 1.4, which strongly depends on B, is close to
equipartition Ue =UB, in which the energy density of electrons and of the magnetic field
are equal. Such minimum usually corresponds to total energies ⇠ 1054 J, indicating that the
energy budget is likely higher for any deviation from the minimum-energy condition.

Synchrotron spectra of radio galaxies are well-described by a power-law in the form
S(n) µ na , with S(n) being the flux density at a given frequency n , and a being the spectral
index. More relativistic electrons lose energy faster, translating into a steeper spectral index,
that can therefore be useful to assess the radiative age of the electron population. Typical
spectral indeces of radio galaxies are ⇠-0.7 – -0.8. Their extent can go from a few kpc
to ⇠Mpc scale (Giant Radio Galaxies, GRG), and most exhibit a roughly symmetrical,
double-lobed shape centered on the optical host of the AGN, identified as the core. Some of
them show small regions (⇠kpc) of enhanced surface brightness close to the lobe edges,
referred to as hotspots. Their spectral index is usually flatter, suggesting the presence of a
younger electron population.

The most frequently used classification of radio galaxies was introduced by Fanaroff and
Riley (1974) and makes use of their radio power and morphology. Above P1.4GHz ⇠ 1024.5

W Hz�1, they usually show bright hotspots, well-separated lobes and collimated jets. Such
edge-brightened sources are referred to as FRII. Below this luminosity threshold, hotspots
are often absent or weak, there is a bright core and lobes are asymmetrical, extended and
often in contact with the central source. Such edge-darkened sources are referred to as FRI.

While it is possible to find FRI- and FRII-like radio galaxies at the centre of galaxy
clusters, multiple evidence suggests that the vast majority have amorphous structures, often
without collimated jets (Burns, 1990; Owen et al., 1985). On the other hand, moving to the
group regime, where the ICM density is lower, it is easier to find large sources (Mack et al.,
1998; Subrahmanyan et al., 2008; Cantwell et al., 2020). In a number of cases (e.g. Owen
and Rudnick, 1976; O’Dea and Owen, 1985), the jets and tails of radio galaxies are observed
to be bented, likely because they are left behind while the host galaxy moves through the
cluster environment. Low-frequency observations have also shown extended, low-surface
brightness lobes which are possibly associated to previous outbursts of the AGN (e.g. Owen
et al., 2000; de Gasperin et al., 2012).

To enable any kind of physical interpretation for radio galaxies, it has been (and it
still is) essential to be able to match them to their optical counterpart, i.e. the host galaxy.
This requires the combination of radio and optical images with resolution high enough to
prevent blending of multiple sources. Studying the properties of optical counterparts reveals
interesting features: first of all, the vast majority of the hosts are early-type (i.e. elliptical)
galaxies (see also Hardcastle and Croston 2020). Nevertheless, AGN can be also observed
in spirals (e.g., Heesen et al., 2022).
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Figure 1.12: Left: Radio galaxy at 1.4 GHz as detected by the MeerKAT telescope (Condon et al., 2021).
Top right: Radio halo (white contours) detected at 144 MHz by the LOw Frequency ARray (LOFAR) in the
galaxy cluster PSZ2G145.92-12.53 (Botteon et al., 2021). The X-ray emission by XMM-Newton in the 0.5-2
keV band is colorised. The beam is shown on the bottom left. Bottom right: Toothbrush radio relic (cyan)
observed by LOFAR (van Weeren et al., 2016; Rajpurohit et al., 2020).

Diffuse emission
As briefly discussed above, in merging clusters it is not rare to detect diffuse radio emission
extending from ⇠ hundreds kpc up to ⇠1-2 Mpc, which is not directly associated to
galaxies (e.g. Willson, 1970). These sources are produced when cosmic-ray electrons are
re-accelerated to ⇠GeV energies in the presence of pre-existing magnetic fields frozen in the
ICM (Brunetti and Jones, 2014; van Weeren et al., 2019). Since this is synchrotron emission,
we observe a power-law spectrum, similarly to radio galaxies, even though spectral indices
are usually steeper (a <�1).

In galaxy clusters the typical lifespan of relativistic electrons is of the order of ⇠ 108

yr (van Weeren et al., 2011). This can be estimated by combining the radiative losses by
synchrotron and Inverse Compton (IC):

t = 3.2⇥1010 B0.5

B2 +B2
CMB

[(1+ z)n ]�0.5, (1.5)

with t being the particle age in years, B the cluster magnetic field, BCMB = 3.25(1+ z)2

the equivalent magnetic field of the CMB, z the redshift and n the observing frequency in
MHz. Given the extents typically observed for diffuse radio emission, this age is much
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shorter than the time required to transport radiating electrons within the cluster volume,
that is estimated to be ⇠10 times higher. This is known as the slow diffusion problem, and
poses that CR electrons producing diffuse emission need to be continuously re-accelerated,
otherwise we would not be able to detect them. Throughout the years, multiple acceleration
mechanisms were proposed and tested with observations. To date, different processes
are associated to different kinds of diffuse emission, which will be discussed in the next
sections.

Radio Halos

Radio halos (RH) are typically centered in the central region of clusters (Cassano et al.,
2010), and extend up to ⇠ 1-2 Mpc (top-right panel of Fig. 1.12). They show a steep
spectral index (a ⇠ -1.3, Giovannini et al. 2009; Feretti et al. 2012), that is observed to be
relatively constant across the whole structure. RH often exhibit a roundish morphology,
but filamentary structures have also been detected sometimes (van Weeren et al., 2017;
Botteon et al., 2020a). Such morphology is often observed to follow the same distribution
of the ICM, suggesting a possible link of RH with the thermal gas (Govoni et al., 2001;
Rajpurohit et al., 2018; Bruno et al., 2021; Rajpurohit et al., 2021). They usually show no
or low polarisation, even though this is probably the consequence of beam depolarisation
due to low angular resolution.

It is observed that more massive clusters usually host more powerful halos (e.g. Cassano
et al., 2013; Botteon et al., 2022). The correlation (see Fig. 1.13) shows a relatively large
scatter, which has been recently shown to be, at least in part, due to different merging
histories of the host clusters (Cuciti et al., 2021). RH are almost exclusively observed in
disturbed clusters: in the sample of 75 clusters by Cuciti et al. (2021), 90% of halos are
found in merging systems. This has allowed to link the formation of such structures with
the dynamical state of the host. To date, the re-acceleration of electrons producing RH is
associated with large-scale MagnetoHydroDynamic (MHD) turbulence produced by mergers
(Brunetti and Jones, 2014; Cassano et al., 2010). Such turbulence, transferred to lower
scales, translate into electrons scattering because of inhomogeneities in the magnetic field
(i.e. second-order Fermi processes), and subsequently getting re-accelerated. Nevertheless,
this is not enough to accelerate electrons from the cluster thermal pool, therefore requiring
the existence of a population of mildly-relativistic particles. Other than turbulence (primary
or leptonic models), hadronic (or secondary) models predict that halos could be generated
when secondary electrons are produced by hadronic collisions between thermal and CR
protons (e.g. Pfrommer et al., 2008).

Thanks to the increasing surface brightness sensitivity of interferometers, radio halos
with significantly steep spectra (a > 1.6) are being discovered (e.g. Brunetti et al., 2008;
Macario et al., 2010; Bonafede et al., 2012; Wilber et al., 2018; Bruno et al., 2021; Duchesne
et al., 2022). While Ultra-Steep Spectrum Radio Halos (USSRH) are predicted from leptonic
models, hadronic models struggle to explain their origin. Furthermore, g-ray emission is
also expected from hadronic collisions, which has not been observed yet. Currently, this
evidence suggests that primary models do a better job in explaining the nature of radio
halos.
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Figure 1.13: Radio power at 1.4 GHz vs. M500 for the sample of galaxy cluster radio halos studied in Cuciti
et al. (2021). Downward arrows denote upper limits, i.e. clusters with no halo detection.

Radio Relics and fossil radio sources

Contrary to radio halos, relics are located at the edge of the cluster environment (bottom-
right panel of Fig. 1.12), have elongated shape and their extent ranges from ⇠500 kpc up
to ⇠Mpc (Vazza et al., 2012). Recently, high-resolution observations have also detected
filamentary structures within relics (Di Gennaro et al., 2018; Rajpurohit et al., 2020; de
Gasperin et al., 2022; Rajpurohit et al., 2022b). They trace electrons that are being re-
accelerated by ICM shock waves with relatively low (M < 3) Mach numbers (Finoguenov
et al., 2010; Akamatsu et al., 2013; Botteon et al., 2016), as they are observed to be co-spatial
with shocks detected through X-ray observations. Relatively large polarisation (up ⇠70% at
1.4 GHz, Ensslin et al. 1998; Bonafede et al. 2014; de Gasperin et al. 2022) is often detected
in relics, that usually show a clear gradient of spectral index, steeper in the direction of the
cluster centre and flatter moving towards the outskirts. Correlations are known between
their extent, the integrated spectral index and the radio power (van Weeren et al., 2009a;
Bonafede et al., 2012; de Gasperin et al., 2014).

The formation of these structures is attributed to Diffusive Shock Acceleration (DSA),
in which electrons get accelerated diffusively at the shock location (Ensslin et al., 1998;
Roettiger et al., 1999). As they scatter because of magnetic inhomogeneities, they cross
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Figure 1.14: Left: LOFAR 144 MHz and Chandra 0.5-2 keV images of the radio phoenix in the galaxy cluster
A2034 (Shimwell et al., 2016). Right: Optical (SDSS), radio (LOFAR) and X-ray (Chandra) images of the
GReET observed in A1033 (de Gasperin et al., 2017).

back and forward across the shock front, gaining energy at every crossing and eventually
producing a power-law distribution. However, this mechanism can be rather inefficient
in accelerating electrons from the thermal pool (Vazza and Brüggen, 2014; Vazza et al.,
2016; Botteon et al., 2020a; Brüggen and Vazza, 2020a), suggesting that a population of
midly-relativistic electrons could already exist prior to DSA processes. It has recently been
suggested that such electrons could be provided by tails and lobes of radio galaxies (van
Weeren et al., 2017; Stuardi et al., 2019).

Due to synchrotron and IC losses, relativistic electrons at higher frequency lose energy
faster. Old, faint populations of electrons can sometimes be revived through re-acceleration
mechanisms such as adiabatic compression (Enßlin and Gopal-Krishna, 2001). Indeed,
low-frequency observations have revealed the presence of ultra-steep sources tracing AGN
radio plasma (Fig. 1.14), often referred to as radio phoenices (Kempner and David, 2004),
in which the steep index is due to electrons energy losses (Clarke et al., 2013; de Gasperin
et al., 2015a; Mandal et al., 2019). Phoenices can show different morphology, and usually
have extents up to ⇠500 kpc. They are not exclusively observed in disturbed systems,
suggesting that mergers could not be necessary for their formation.

All currently known radio halos and relics have been detected in galaxy clusters with
M > 1014M� (van Weeren et al., 2019). On the other hand, diffuse emission in the galaxy
group mass regime has never been observed yet. There could be multiple reasons for
this dearth of data. Mergers in galaxy groups could be not strong enough to trigger
the turbulences and shocks required to re-accelerate seed electrons. The limited surface
brightness sensitivity of most radio telescopes and interferometers could even prevent us
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from detecting diffuse emission in groups.
Finally, in a few cases revived tails of radio galaxies (labelled Gently Re-Energised Tails,

GReETs) have also been detected, showing a flatter spectrum with respect to phoenices.
This is the case of A1033 (de Gasperin et al., 2017), in which a ⇠500 kpc long tail was
found to exhibit an almost flat spectral index across its whole extent. Since it is unlikely, for
a shock, to be able to re-accelerate all these electrons at the same time, second-order Fermi
processes were invoked (van Weeren et al., 2019) to explain GReETs. This mechanism is so
gentle that it barely compensate for the electron radiative losses, leading to the flat spectral
index distribution.

According to these models, extremely low-frequency observations are expected to detect
an increasing number of sources undergoing similar re-accleeration mechanisms (e.g., Cuciti
et al., 2018; Botteon et al., 2021; Ignesti et al., 2022; Brienza et al., 2022), as well as bridges
connecting RH and relics to the AGN plasma. We will return on this in Chapter 6.

Magnetic fields in galaxy clusters
It is been known for a long time that galaxy clusters and groups are embedded within
magnetic fields with B ⇠ µG (e.g., Jaffe, 1977; Carilli and Taylor, 2002). Large et al. (1959)
discovered a radio source in the Coma cluster which was later (Willson, 1970) classified as
the first cluster radio halo (see Sec. 1.4). The presence of large-scale synchrotron emission
indicated the presence of a magnetic field of ⇠ 2µG (if in equipartition) which permeated
the whole cluster.

It quickly became clear that magnetic fields are obiquitus in galaxy clusters (Klein
and Fletcher, 2015), and scientists started to look for methods to accurately measure their
strength. One of the most successful makes use of the Faraday rotation, i.e. the rotation
of the polarisation plane when a polarised radiation crosses a magnetised medium. Such
rotation is proportional to the medium density, which can be estimated through observations,
and to the magnetic field. An alternative method is to use equipartition, i.e. assuming
that the contribution of relativistic particles and magnetic field to the total energy of a
synchrotron source is equal (Feretti et al., 2012). Finally, it is in theory possible to derive
constraints on magnetic fields by comparing radio and X-ray emission at energy > 10 keV,
which is mainly produced by Inverse Compton (IC) scattering between ICM and CMB
photons. However, cluster emission is faint and hard to detect at high energy.

The strength of magnetic fields seems to decrease as the distance from the cluster centre
decreases (Bonafede et al., 2010). Although this looks in contrast with observations of
radio diffuse emission in the cluster outskirts (see Sec. 1.4), the contribution of shocks may
lead to amplify magnetic fields through adiabatic compression (Brüggen, 2013). Recently,
simulations by Chadayammuri et al. (2022) showed that amplification can be observed by
Faraday rotation measures.

There is still a lot to understand about magnetic fields in galaxy clusters. Their origin,
for instance, is still unknown, albeit different hypotheses have been proposed. It is likely
that magnetic field seeds already existed in the primordial Universe, which have then grown
during expansion. These seeds could have either been generated during inflation, and
therefore be observable in the CMB spectrum, or by AGN and galactic winds at z ⇠ 2�3
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(see Subramanian 2016 for a review).

1.5 Aims and outline of this thesis
This thesis is composed by the research I have conducted in my three years of PhD. The main
focus of the first two years is on AGN feedback in galaxy clusters and groups, with an eye
on large samples and, especially, the low-mass regime, which has been hardly investigated
before. To this end, I have vastly employed new-generation radio surveys of the sky, led by
interferometers such as LOFAR and MeerKAT, and X-ray space telescopes such as Chandra
and the newly-launched eROSITA. The combination of high-resolution and high-sensitivity
multi-wavelength data, as well as the coordination with optical telescopes, allowed us to
build samples of galaxy clusters and groups for which we were able to locate the central
radio galaxy, often associated with the BCG. We were therefore in possess of a wealth
of X-ray (ICM emission), radio (from the central AGN) and optical (BCG) observations
which would have been hard to imagine even just ten years ago. This data was then used to
investigate the mechanisms of AGN feedback in a way that was hardly possible before.

Finally, in my last year of PhD I focused instead on diffuse emission in galaxy clusters
as seen by the lowest frequency allowed by LOFAR, 54 MHz. Given the technical com-
plications of observing the sky at this frequency, the observations provided by LOFAR
are unprecedented, and allow us to explore a previously poorly-studied frequency regime.
This will provide more constrains on the re-acceleration processes which we think might
explain the different kinds of extended sources observed in disturbed systems. To this
end, while to-date I am still working on a publication which will focus on all the galaxy
clusters observed at 54 MHz in the HETDEX sky field, I have selected one among the most
interesting systems in this field, A1550, to show the capabilities of LOFAR. I have combined
data at different frequencies, finding a plethora of different kinds of diffuse emission, such
as a steep-spectrum radio halo, a relic, a phoenix, and possibly a re-accelerated radio tail.
All these sources were studied, also with the aid of X-ray observations, to understand the
mechanisms that produce them. In the next future, I will lead a further publication which
applies the same kind of analysis on all HETDEX clusters.

The questions that this thesis aims to address are the following:

• How does feedback act in galaxy clusters in which the AGN has been offset from the
center of the cooling region?

• How do AGN feedback mechanisms act in the lower-mass regime of galaxy groups?
What happens when we extend the analysis on large samples of clusters and groups?

• What are the differences, in terms of kinematic properties, between galaxies hosting
radio emission and not in galaxy groups? Does AGN feedback play a role in this
picture?
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• Does the link between central AGN and ICM hold even in disturbed galaxy clusters?
If yes, what keeps this link alive?

• What can we learn from 54 MHz observations of galaxy clusters? Can we better
constrain re-acceleration mechanisms by combining them with other multi-frequency
data?

I have gathered and published my results in 5 scientific, peer-reviewed journal articles,
which are discussed from Chapter 2 to Chapter 6 of this thesis:

1. T. Pasini, M. Gitti, F. Brighenti, E. O’Sullivan, F. Gastaldello, F. Temi, and S. L.
Hamer: A First Chandra View of the Cool Core Cluster A1668: Offset Cooling and
AGN Feedback Cycle. ApJ, 911, 66, April 2021.

2. T. Pasini, M. Brüggen, F. de Gasperin, L. Bîrzan, E. O’Sullivan, A. Finoguenov,
M. Jarvis, M. Gitti, F. Brighenti, I. H. Whittam, J. D. Collier, I. Heywood, and G.
Gozaliasl: The relation between the diffuse X-ray luminosity and the radio power of
the central AGN in galaxy groups. MNRAS, 497, 2163, September 2020.

3. T. Pasini, M. Brüggen, D. N. Hoang, V. Ghirardini, E. Bulbul, M. Klein, A. Liu, T.
W. Shimwell, M. J. Hardcastle, W. L. Williams, A. Botteon, F. Gastaldello, R. J. van
Weeren, A. Merloni, F. de Gasperin, Y. E. Bahar, F. Pacaud, and M. Ramos-Ceja: The
eROSITA Final Equatorial-Depth Survey (eFEDS): LOFAR view of brightest cluster
galaxies and AGN feedback. A&A, 661A, 13P, May 2022.

4. T. Pasini, A. Finoguenov, M. Brüggen, M. Gaspari, F. de Gasperin, and G. Gozaliasl:
Radio galaxies in galaxy groups: kinematics, scaling relations, and AGN feedback.
MNRAS, 505, 2628, August 2021.

5. T. Pasini, H. W. Edler, M. Brüggen, F. de Gasperin, A. Botteon, K. Rajpurohit, R.
J. van Weeren, F. Gastaldello, M. Gaspari, G. Brunetti, V. Cuciti, C. Nanci, G. di
Gennaro, M. Rossetti, D. Dallacasa, D. N. Hoang, and C. J. Riseley: Particle re-
acceleration and diffuse radio sources in the galaxy cluster Abell 1550. Accepted by
A&A, June 2022.

The chapters are not in chronological order (i.e. publication year order), but gathered in
a way that best allows the reader to reach a good comprehension of the topics. Chapter 2
discusses the work published in Pasini et al. (2021b), in which we combined radio, X-ray
and optical observations of the cool-core galaxy cluster A1668 to study feedback processes
and to investigate whether offsets between the central AGN, the ICM cooling peak and
the Ha gas can break the AGN duty cycle. Chapter 3 discusses the work published in
Pasini et al. (2020), in which we built a sample of 247 galaxy groups observed at radio
(VLA+MeerKAT) and X-ray (Chandra) wavelengths in the COSMOS sky field. We then
investigated correlations between the hot gas and the central AGN, with the aim of assessing
how feedback operates in the lower-mass regime of galaxy groups. Chapter 4 discusses
the work published in Pasini et al. (2022a), in which we applied the same kind of analysis
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previously performed on the COSMOS sample, on a much larger sample of 542 galaxy
clusters and groups observed by LOFAR and the new-generation X-ray telescope eROSITA
in the eFEDS field. We investigated the balance between the ICM radiative losses and the
heating provided by the central AGN, classifying our systems into relaxed or disturbed
based on their dinamical state, providing new information on the feedback processes in play.
Chapter 5 discusses the work published in Pasini et al. (2021a), in which we investigate the
kinematics of a large sample of 998 COSMOS spectroscopic galaxies, distributed among
79 galaxy groups, finding significant differences between those hosting radio emission and
those which are radio quiet. We then put our results in context with the current picture of
AGN feedback. Finally, Chapter 6 discusses the work published in Pasini et al. (2022b),
shifting the focus from AGN feedback to diffuse emission in galaxy clusters: we use
multi-frequency radio observations, as well as Chandra data, to study the different kinds
of extended emission detected in A1550, with the aim of providing new insights into
re-acceleration processes at low frequency. This publication will be soon followed by a
complete census of the diffuse emission observed at 54 MHz in all HETDEX galaxy clusters.
As a conclusion of this thesis, Chapter 7 put all these results in context with the above
scientific topics and issues, also including an eye on next-future projects that could help us
to further address the open questions in the field.





2. AGN feedback and offsets in A1668

A first Chandra view of the cool core cluster
A1668: offset cooling and AGN feedback cycle

T. Pasini, M. Gitti., F. Brighenti et al. Astrophysical Journal, 911, 66 (2021)
Abstract. We present a multi-wavelength analysis of the galaxy cluster A1668, performed

by means of new EVLA and Chandra observations and archival Ha data. The radio images
exhibit a small central source (⇠14 kpc at 1.4 GHz) with L1.4 GHz ⇠6 · 1023 W Hz�1. The
mean spectral index between 1.4 GHz and 5 GHz is ⇠ -1, consistent with the usual indices
found in BCGs. The cooling region extends for 40 kpc, with bolometric X-ray luminosity
Lcool = 1.9± 0.1· 1043 erg s�1. We detect an offset of ⇠ 6 kpc between the cluster BCG
and the X-ray peak, and another offset of ⇠ 7.6 kpc between the Ha and the X-ray peaks.
We discuss possible causes for these offsets, which suggest that the coolest gas is not
condensing directly from the lowest-entropy gas. In particular, we argue that the cool ICM
was drawn out from the core by sloshing, whereas the Ha filaments were pushed aside from
the expanding radio galaxy lobes. We detect two putative X-ray cavities, spatially associated
to the west radio lobe (cavity A) and to the east radio lobe (cavity B). The cavity power and
age of the system are Pcav ⇠ 9 ⇥1042 erg s�1 and tage ⇠5.2 Myr, respectively. Evaluating
the position of A1668 in the cooling luminosity-cavity power parameter space, we find
that the AGN energy injection is currently consistent within the scatter of the relationship,
suggesting that offset cooling is likely not breaking the AGN feedback cycle.

2.1 Introduction
In the last two decades, our understanding of the evolution of cool core galaxy clusters
has led to a picture in which the cooling of the Intra-Cluster Medium (ICM), the cold
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gas accreting onto the Brightest Cluster Galaxy (BCG), and the feedback from the central
radio source give birth to a tightly-connected cycle, known as Active Galactic Nuclei
(AGN) feedback loop (for reviews see e.g. McNamara and Nulsen, 2007; Gitti et al., 2012;
McNamara and Nulsen, 2012; Fabian, 2012; Soker, 2016). Multi-wavelength data provide
strong evidences of this cycle: cavities in the ICM, revealed through deep X-ray observations
and induced by the jets of the central radio galaxy (e.g., McNamara et al., 2000; Bîrzan
et al., 2004; Clarke et al., 2004; Fabian et al., 2006; Gentile et al., 2007), cold fronts (e.g.,
Fabian et al., 2006; Markevitch and Vikhlinin, 2007; Gastaldello et al., 2009; Ghizzardi
et al., 2010), optical line emission (Crawford et al., 1999; McDonald et al., 2010; Hamer
et al., 2016) and dust filaments (Van Dokkum and Franx, 1995; Laine et al., 2003) indicate
an extremely complex and dynamical environment, whose physical processes are still to be
completely understood.

Recently, a number of studies have revealed strong links between the central BCG, the
X-ray core and the cluster dynamics (Sanderson et al., 2009; Hudson et al., 2010; Rossetti
et al., 2016). In particular, spatial offsets between the BCG, the Ha line emission and the
X-ray emission peak (e.g. Haarsma et al., 2010; Hamer et al., 2012, 2016; Barbosa et al.,
2018) suggest that ICM sloshing and offset cooling, together with the AGN, can have a
significant influence on the cluster evolution. Indeed, all these elements affect the activity
of the central Supermassive Black Hole (SMBH) through motions of the gas, that could be
able to regulate the cavity production and, consequently, the feedback cycle, since the ICM
oscillates back and forth with respect to the central SMBH.

This was recently discussed in Pasini et al. (2019) for the cool core cluster A2495.
Spatial offsets have been observed in this cluster, with the X-ray peak being separated by ⇠
6 kpc from the BCG and ⇠ 4 kpc from the Ha line emission peak. The analysis presented
by the authors on two putative systems of X-ray cavities, hinted at in the shallow (⇠ 8 ks)
Chandra observation, suggests that even if cooling is not depositing gas onto the BCG core,
the coupling between the AGN power output and the cooling rate is still consistent with the
observed distribution for cluster samples. In a forthcoming publication we will present the
detailed analysis of the deeper Chandra observations of A2495, recently allocated (⇠ 130
ks, P.I. Gitti1), which will be key to probe the presence of two pairs of ICM cavities and test
the proposed scenario that the feeding-feedback cycle is not broken.

A1668 was selected, along with A2495, from the ROSAT Brightest Cluster Sample
(BCS; Ebeling et al. 1998) by choosing objects with X-ray fluxes greater than 10�11 erg
cm�2 s�1 and, among these, by selecting those characterized by logLHa > 40 from the
catalogue of Crawford et al. (1999). Of the obtained sample of 13 objects, A2495 and
A1668 still lacked Chandra observations, that were obtained jointly with new VLA data (P.I.
Gitti2). Pasini et al. (2019) have presented the results for A2495, making also use of Ha line
emission data and Hubble Space Telescope (HST) archival images. In this work we combine
the A1668 VLA and Chandra new observations in order to study the interactions between
the radio source hosted in the BCG and the ICM. As well as for A2495, we included Ha

1Proposal Number 22800391
2Proposal Number 12800143
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Frequency Number of spw Channels Bandwith Array Total exposure time
5 GHz (C BAND) 2 (4832 MHz - 4960 MHz) 64 128 MHz B 3h59m21s

1.4 GHz (L BAND) 2 (1264 MHz - 1392 MHz) 64 128 MHz A 2h59m28s

Table 2.1: Radio observations properties (project code SC0143, P.I. M. Gitti).

line emission data from Hamer et al. (2016); on the other hand, no HST data are available
for this cluster.

A1668 was previously observed in the radio band by TGSS (TIFR GMRT Sky Survey),
which gives an estimate for the 150 MHz flux density of 1589± 159 mJy; Hogan et al.
(2015) performed a 5 GHz radio analysis (the data they used are not the same presented in
this work), estimating a flux density of 21.0 ± 0.1 mJy. A1668 was recently included by
Bîrzan et al. (2020) in their sample of systems observed at 150 MHz by the LOw Frequency
ARray (LOFAR, van Haarlem et al. 2013), showing the presence of large radio lobes, each
extending for more than 50 kpc, and estimating a total flux density of 1.83 ± 0.44 Jy,
consistent with TGSS.

Richness-based estimate of the mass provided values of M200 ' 1.66·1014 M� (Andreon,
2016) and M2500 = 3.9 ±0.8

0.7· 1013 M� (Pulido et al., 2018). The cluster’s BCG, IC4130,
shows a Star Formation Rate (SFR), estimated from extinction-corrected Ha luminosity
obtained from long-slit observations, of SFR = 2.5 ± 0.3 M� yr�1 (Pulido et al., 2018),
and extends for ⇠ 85 kpc (diameter at the isophotal level of 25 mag/arcsec2 in the B-band,
Makarov et al. 2014). 3 Edwards et al. (2009) also presented IFU observations of the Ha
emission close to the BCG, finding a clear velocity gradient from positive values north of
the centre to negative values at the south. They also argued that the line emitting gas is
likely not at rest with respect to the BCG.

In this work, we adopt a LCDM cosmology with H0 = 73 km s�1 Mpc�1, WM= 1�WL
= 0.3. The BCG redshift is z = 0.06355 (Hamer et al., 2016) and the luminosity distance is
273.7 Mpc, leading to a conversion of 1 arcsec = 1.173 kpc.

2.2 Radio analysis
Observations and data reduction
IC4130, the BCG of A1668, was observed with the EVLA on 2011 June 17th in the 1.4 GHz
band, and on 2011 March 9th in the 5 GHz band, in A and B configurations respectively.
Details of the observations are shown in Table 2.1.

The sources J1331+3030 (3C286) and J1327+2210 were used for both the observations
as flux and phase calibrators, respectively. The data reduction was performed using the
NRAO Common Astronomy Software Applications package (CASA, version 5.3), applying
the standard calibration procedure after carrying out an accurate editing of the visibilities
with the CASA task FLAGDATA. We removed about 6% of the target visibilities at 5 GHz,
whereas at 1.4 GHz the data were highly contaminated by Radio Frequence Interferences

3HyperLEDA catalog.
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Figure 2.1: 5 GHz VLA map (ROBUST 0) of the radio source hosted in IC4130, the BCG of A1668. The
resolution is 1.14” ⇥ 1.00”, with a rms noise of 6 µJy beam�1. Contours are at -3,3,6,12,24,48 · rms. The
source flux density is 19.9 ± 1.0 mJy. The bottom-left white ellipse represents the beam.

(RFI), thus producing a visibility loss of ⇠ 40%.
We applied the standard imaging procedure, making use of the CLEAN task on a 7” ⇥

7” region centered on the radio source. We took into account the sky curvature by setting
the gridmode=WIDEFIELD parameter and used a two-terms approximation of the spectral
model exploiting the MS-MFFS algorithm (Rau and Cornwell, 2011).

Results
We produced total intensity radio maps by setting weighting = BRIGGS, corresponding
to ROBUST 0. This baseline weighting provides the best compromise between angular
resolution (determined by long baselines) and sensitivity to extended emission (provided by
short baselines). The uncertainty on the flux density measurements is 5%, estimated from
the amplitude calibration errors.

At 5 GHz (Fig. 2.1), the radio source exhibits a total flux density of 19.9 ± 1.0
mJy, consistent with Hogan et al. (2015), that corresponds to a luminosity of L5 GHz =
(1.8±0.1) ·1023 W Hz�1. The rms noise is 6 µJy beam�1. The source stretches Eastwards
for ⇠ 11 kpc, with a minor axis of ⇠ 5.7 kpc. There are no visible hints of larger emission
up to the scale we are sensitive to (60 kpc with the VLA B configuration at 5 GHz). The



2.2 Radio analysis 31

Figure 2.2: 1.4 GHz VLA map (ROBUST 0) of the radio source hosted in IC4130. The resolution is 1.44” ⇥
1.08”, with a rms noise of 17 µJy beam�1. Contours are at -3,3,6,12,24,48 · rms. The source flux density is
70.2 ± 3.5 mJy. The bottom-left white ellipse represents the beam.

Band Flux density rms beam Luminosity Volume Brightness Temperature Equipartition Field
[mJy] [µJy beam�1] [arcsec] [1022 W Hz�1] [kpc3] [K] [µG]

5 GHz 19.9 ± 1.0 6 1.14x1.00 16.8 ± 0.8 185 ± 22 39.6 ± 10.4 8.7 ± 0.1
1.4 GHz 70.2 ± 3.5 17 1.44x1.08 59.1 ± 2.9 359 ± 30 1129.3 ± 241.2 10.3 ± 0.1

Table 2.2: Radio properties of A1668 in the two bands observed. The axes of the radio galaxy are a = 10.9 ±
1.3, b = 5.7 ± 1.3 for the 5 GHz map and a = 14.0 ± 1.3, b = 7.1 ± 1.3 for the 1.4 GHz map. The flux density
is estimated within 3s contours, while for the volume we assumed a prolate elissoid shape.

equipartition magnetic field was estimated following the method described in Feretti and
Giovannini (2008), finding Heq(5 GHz) = 8.7 ± 0.1 µG.

The 1.4 GHz map (ROBUST 0, Fig. 2.2) shows no significant differences with respect to
the 5 GHz emission. The source flux density is 70.2 ± 3.5 mJy and the rms is ⇠ 17 µJy
beam�1. The radio source scale is slightly larger (⇠ 14 kpc for the major axis, ⇠ 7 kpc
for the minor axis), with a more developed west lobe; again, we did not detect any hint of
larger scale emission up to our sensitivity scale (70 kpc with VLA A configuration at 1.4
GHz). Some cool core clusters show diffuse emission in the form of radio mini-halos (e.g.,
Gitti et al., 2004; Govoni et al., 2009; Giacintucci et al., 2014). Giacintucci et al. (2017)
define for mini-halos a minimum radius of 50 kpc since, at smaller radii, diffusion and other
transport mechanisms are plausibly able to spread the relativistic electrons from the central
AGN within their synchrotron radiative cooling time. In Fig. 2.1 and Fig. 2.2, the radio
emission is coincident with the optical BCG, and the small scale suggests that it can all
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Figure 2.3: Spectral index map between 5 GHz and 1.4 GHz of the radio source hosted in IC4130. Contours
are the same as Fig. 2.2, and typical errors range from Da ' 0.1 for the inner and Da ' 0.5 for the outer
regions.

be accounted to the AGN/radio galaxy. It is possible that diffuse emission larger than our
sensitivity scale exists; however, given the extended double-lobe morphology of the LOFAR
150 MHz image presented in Bîrzan et al. (2020), the presence of a mini-halo in A1668
looks unlikely. The equipartition field is Heq(1.4 GHz) = 10.3 ± 0.1 µG. Radio properties
can be found in Table 2.2.

The radio source hosted in the centre of A1668 can be classified as a FRI galaxy, as
demonstrated by both the morphology (asimmetric lobes, no hotspots) and the 1.4 GHz
luminosity (L1.4 GHz = (6.3±0.3) ·1023 W Hz�1), that place IC4130 in the 70th percentile
of the BCG radio luminosity function presented in Hogan et al. (2015).

Spectral index map
The synchrotron spectrum follows a power law Sn µ na , where a is the spectral index.
The spectral index map (Fig. 2.3) was generated using the CASA task IMMATH, combining
1.4 GHz and 5 GHz maps produced with matched weighting=UNIFORM (to enhance the
resolution), UVRANGE=6.5-152 , and a resolution of 1.4” ⇥ 1.0”. The UVRANGE was set in
order to be sensitive to the same baselines (thus, physical scales) for both observations.

Table 2.3 lists the peak, the extended and the total radio emission flux densities at 5
and 1.4 GHz, together with the estimated spectral index between the two frequencies. The
radio core exhibits a flat index (a ' 0), as expected from optical thick regions where the
radiation is self-absorbed. Moving towards the outskirt the spectrum becomes steeper,
reaching a '�2.5 in the outermost part. The mean index is -0.99± 0.06, consistent with
the typical values found in BCGs (Hogan et al., 2015). Table 2.3 summarizes the spectral
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Region SC ±DSC SL ±DSL a ± Da
[mJy] [mJy]

Peak 7.5 ± 0.4 17.6 ± 0.9 -0.67 ± 0.06
Extended 12.4± 0.6 52.6 ± 2.6 -1.13 ±0.05

Total 19.9 ± 1.0 70.2 ± 3.5 -0.99 ± 0.06

Table 2.3: The first column shows the flux density values at 5 GHz (C band), while the second displays the
1.4 GHz (L band) values. The third column presents the corrispondent spectral index values. The extended
flux density was estimated as the difference between the total and the peak fluxes.

index properties.

2.3 X-ray Analysis
Observation and data reduction
A1668 was observed with the Chandra Advanced CCD Imaging Spectrometer (ACIS), with
the focal point on the S3 CCD, in cycle 12 (ObsID 12877, P.I. Gitti) for a total exposure
of ⇠ 10 ks. Data were reprocessed with CIAO 4.9 (Fruscione et al., 2006) using CALDB
4.2.1. We ran the Chandra_repro script to perform the standard calibration process. After
background flare removal, we used the Blanksky template files, filtered and normalized
to the count rate of the source in the hard X-ray band (9-12 keV), in order to subtract the
background. The final exposure time is 9979 s, with roughly ⇠ 6800 net counts in a 100”
(⇠ 120 kpc radius region (0.5-2 keV) centered on the cluster.

Point sources were identified and removed using the CIAO task WAVDETECT. Making
use of optical catalogues, we found that no astrometry correction was necessary. Unless
otherwise stated, the reported errors are at 68 % confidence level (1 s ).

Results
Surface Brightness Profile
In Fig. 2.4 we show the smoothed 0.5-2 keV image of A1668. The ICM exhibits a roughly
circular and regular morphology on large scales (> 30” ⇠ 35 kpc), while the cluster core
shows a region with enhanced emission in the NE-SW direction. Using the tool SHERPA
(Freeman et al., 2001), a surface brightness profile was produced from a background-
subtracted, exposure-corrected image, making use of 2"-width concentric annuli centered
on the X-ray peak. The profile was then fitted with a single b -Model (Cavaliere and Fusco-
Femiano, 1976b) over the external 30"-100" (35-120 kpc) interval, in order to exclude
the whole core region4. The result of the fit (c2/DoF ⇠ 1.71) and its extrapolation to
the core region is represented with the blue line in Fig 2.5. The best-fit values are: core
radius r0=10.0 ±0.7

0.4 arcsec (⇠ 11.8 kpc), beta=0.43 ±0.04
0.02 and central surface brightness

ampl=0.64 ±0.10
0.04 counts s�1 cm�2 sr�1.

4The assumption of 30”, that was already justifiable through visual inspection, will be furtherly supported,
in Sec. 2.3, by the estimate of the cooling radius
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Figure 2.4: Chandra image of A1668 in the 0.5-2 keV band, smoothed with a gaussian filter with a 3 pixel
radius.

Figure 2.5: 0.5-2 keV radial surface brightness profile of A1668. The blue line represents the single b -Model
fit performed in the external 30"-100" interval and extrapolated to the center, while the red line is the double
b -Model fit performed on every radius.
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rmin-rmax rmin-rmax Counts kT ±skT c2/DoF
[arcsec] [kpc] [keV]
0 - 12 0 - 14 1346 (99.6 %) 1.74 ±0.15

0.08 45/42
12 - 21 14 - 25 1274 (99.1 %) 2.09 ±0.33

0.16 62/47
21 - 33 25 - 35 1328 (97.8 %) 2.84 ±0.39

0.36 68/52
33 - 45 35 - 53 1111 (96.9 %) 3.65 ±0.66

0.51 60/50
45 - 60 53 - 70 1101 (93.8 %) 4.05 ±0.90

0.66 78/58
60 - 75 70 - 88 947 (91.2 %) 3.39 ±0.81

0.54 123/61
75 - 90 88 - 106 1006 (89.2 %) 3.51 ±0.75

0.55 98/64

Table 2.4: Fit results for the projected analysis. The first and second columns show the lower and upper limits
of the extraction rings in arcsec and kpc, while the third column represents the number of source photons
coming from each ring, with the percentage indicating their number compared to the total photons of the same
region. In the last two columns we report the values of kT, with associated errors, and the c2/ DoF.

The central brightness excess with respect to the b -Model is a strong indication of the
presence of a cool core in A1668, as we expected from the selection criteria described in
Sec. 6.1. This will also be confirmed by the spectral analysis (see Sec 2.3). We therefore
fitted the same profile on the entire radial range with a double b -Model (Mohr et al., 1999;
LaRoque et al., 2006), represented with the red line in Fig. 2.5 (c2/DoF ⇠ 1.49), which
provides a better description of the real trend; we found r01=15.6 ±4.2

2.7 arcsec (⇠ 18.3 kpc),
beta1=0.67 ±0.14

0.08 and ampl1= 0.59 ±0.11
0.14 counts s�1 cm�2 sr�1 for the first and r02=0.64

±0.32
0.76 arcsec, beta2=0.42 ±0.02

0.01 and ampl2=1.78 ±0.75
3.07 counts s�1 cm�2 sr�1 for the second

b -Model.

Spectral Analysis
Spectra were extracted with the CIAO task specextract in the 0.5-7 keV band; the
extraction was made from a series of concentric rings centered on the X-ray peak. Each
region contains at least ⇠ 1000 net counts. Background spectra were also extracted from the
Blanksky files of each region. We individually fitted every spectrum via Xspec (Arnaud,
1996, vv.12.9.1) using a phabs*apec model, approximating an absorbed, collisionally-
ionized diffuse gas. The redshift was fixed at z=0.06355 and the hydrogen column density
was fixed at NH = 2.20 · 1020 cm�2 (estimated from Kalberla et al. 2005). The normalization
parameter and the temperature kT were left free to vary. The observation was too shallow to
allow us to fit metallicity, which was instead kept fixed at a value of 0.3 Z�5,6. Note that
these fits do not take in to account projection effects. The best-fitting parameters are listed
in Table 2.4. The projected temperature profile of A1668 is shown in blue in Fig 2.6.

Projection effects were then taken into account extracting spectra from concentric rings
centered on the X-ray peak, containing more than 1500 counts, and fitting them with a
projct*phabs*apec model. Temperature and normalization were left free to vary, while
column density, redshift and abundance were frozen at the same values of the projected
analysis above. Results are listed in Table 2.5. The deprojected temperature profile of the

5This value was assumed after we tried to leave the metallicity free to vary. However, errorbars were too
large to keep it thawed.

6The exploited abundance table is from Anders and Grevesse (1989)
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Figure 2.6: Projected (blue) and deprojected (yellow) temperature profile of A1668. Bars in the x-axis
represent the range of the extraction rings, while in the y-axis are the errors for the temperature values.

cluster is shown in black in Fig. 2.6.
Following the same method described in Pasini et al. (2019)7, we estimated the electronic

density as :

ne =

s

1014
✓

4p ·N(r) · [DA · (1+ z)]2

0.82 ·V

◆
(2.1)

where N(r) is the apec normalization of the deprojected model, V is the shell volume
and DA is the angular distance of the source, estimated as DA = DL/(1+z)2. Table 2.5 lists

7Note the typo in Eq. 4 of that paper

rmin-rmax rmin-rmax Counts kT N(r) (10�4) Electronic Density Pressure Entropy tcool
[arcsec] [kpc] [keV] [10�2 cm�3] [10�11 dy cm�2] [keV cm2] [Gyr]
0 - 20 0 - 23.5 2506 (99.4 %) 1.68 ±0.12

0.06 10.3 ±0.6
0.6 2.67 ±0.01

0.01 13.4 ±1.1
0.4 19.5 ±0.5

0.2 1.4 ±0.1
0.1

20 - 40 23.5 - 46.9 2162(97.4 %) 2.51 ±0.52
0.36 12.5 ±0.8

0.8 1.07 ±0.01
0.01 7.7 ±1.4

1.0 51.8 ±2.0
1.4 4.3 ±0.6

0.6
40 - 65 46.9 - 76.2 1862 (93.7 %) 4.18 ±2.51

0.98 8.1 ±0.8
0.8 0.44 ±0.01

0.01 7.5 ±5.1
2.4 219.9 ±24.5

11.3 15.8 ±5.2
5.1

65 - 90 76.2 - 105.5 1653 (89.1 %) 3.36 ±0.63
0.50 16.9 ±0.9

0.9 0.44 ±0.01
0.01 4.2 ±0.7

0.6 120.7 ±3.5
3.0 11.7 ±1.7

1.8

Table 2.5: Fit results for the deprojected analysis. The first two columns report the limits of the annular regions
and the number of source photons from each ring, with the percentage indicating their number compared
to the total photons of the same region. The remaining columns report temperature, normalization factor,
electronic density, pressure, entropy and cooling time. The fit gives c2/DoF = 1.46.
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the density values for each ring, with the results showed in Fig. 2.7.
Making use of the deprojected temperature and density values, we can derive the cooling

time, the pressure and the entropy for each bin. Table 2.5 presents the pressure values,
calculated as p = 1.83nekT , while the entropy, that was estimated as S = kT n�2/3

e , is
presented in Fig. 2.8.

Figure 2.7: Density radial profile of A1668 derived from the deprojected analysis. Each bin defines an
extraction region.

The cooling time is defined as:

tcool =
H

L(T )nenp
=

g
g �1

kT (r)
µXne(r)L(T )

(2.2)

where g=5/3 is the adiabatic index, H is the enthalpy, µ ' 0.61 is the molecular weight
for a fully ionized plasma, X ' 0.71 is the hydrogen mass fraction and L(T ) is the cooling
function (Sutherland and Dopita, 1993). Results are listed in Table 2.5, while the cooling
time radial profile is shown in Fig. 2.9.

We thus estimated the cooling radius of the cluster, i.e. the radius within which the
ICM cooling is efficient, assuming tage ⇠ 7.7 Gyr, corresponding to the look-back time
at z=1, as an upper limit for the cluster age. Consequently, the intersection between the
profile best fit (blue line) and tage (red line) defines the cooling radius of A1668, being
rcool ⇡ 34” ⇡ 40 kpc.

The bolometric X-ray luminosity emitted within this radius was estimated by extracting a
spectrum from an annular region centered on the X-ray peak with r = rcool. Projection effects
were taken into account by using a second annular region with internal radius coincident with
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rcool and external radius ⇠ 100”. By fitting both spectra with a projct*phabs*apec model,
the bolometric luminosity inside the cooling region results Lcool = 1.9±0.1 ·1043 erg s�1.
Assuming a steady state cooling flow model, the Mass Deposition Rate of the cooling flow
of A1668 can be estimated as:

Ṁ ' 2
5

µmp

kT
·Lcool (2.3)

In this way, we obtain Ṁ ' 29.6±1.6 M� yr�1.
As a different approach, we performed a further fit of the spectrum of the cooling region

with a phabs*(apec + mkcflow) model, where the apec component approximates the
ICM emission along the line of sight outside of the cooling region, while mkcflow is a
multiphase component reproducing a cooling flow-like emission inside the cooling radius.
As above, the abundance was fixed at 0.3 Z�, while the temperature of the apec model was
left free to vary and bounded to the high temperature parameter of mkcflow. Redshift
and absorbing column density were fixed at the Galactic values (see above), while the low
temperature parameter of mkcflow was fixed at the lowest possible value, ⇠ 0.1 keV. The
fit gives c2/DoF = 105/100 and provides an upper limit of Ṁ < 5 M� yr�1. The bolometric
luminosity associated to the mkcflow model is Lmkcflow = 3.2± 0.1 · 1041 erg s�1. The
difference between the two estimates of the mass deposition rate reflects the Cooling Flow
(CF) problem: observed mass deposition rates do not match expectations from the standard
CF model, and heating contribution, likely produced by the central AGN, is required to
balance the ICM radiative losses.

Figure 2.8: Entropy radial profile of A1668 derived from the deprojected analysis. Each bin defines an
extraction region.
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Figure 2.9: Cooling time profile of A1668. Each bin defines an extraction region. The blue line represents
the best-fit function f(x)=(0.57±0.99)x0.73±0.43, while the red line is tage = 7.7 Gyr.

2.4 Discussion
Radio-X-ray combined analysis
In order to investigate the interactions between the cooling ICM and the BCG, we overlaid
the 1.4 GHz radio contours on the X-ray 0.5-2 keV cluster image. Since we are interested
in the core region, in Fig. 2.10 we show the resulting image, zoomed in the central 30⇥30
kpc.

The cluster X-ray cool core exhibits an elliptical nuclear region. Exploiting optical
catalogues, we found that the radio galaxy is coincident with the BCG nuclear region,
as expected. The emission centroid of the large-scale X-ray emission (RA=13h03m43.6s,
DEC=+19°16m17.4s), defined as the center of the isophotes, lies within this region, too. On
the other hand, the X-ray peak (RA=13h03m46.6s, DEC=+19°16m12.2s), is found to the
south of the nucleus of the BCG, exhibiting a significant offset of ⇠ 5.2”, corresponding to
⇠ 6 kpc.

In order to check for the possible presence of a field point-source that could bias the
detection of the X-ray peak, we extracted a spectrum from a ⇠ 4” circular region centered
on the peak, and fitted it with two models: phabs*apec and phabs*(apec+powerlaw).
The first fit gave c2/DoF ⇠ 78/79, while for the second c2/DoF ⇠ 71/77; the F-stat
method was then applied in order to check if the addition of the powerlaw component
provided a significant improvement of the fit. We obtained an F-value of 3.4 and p=0.035,
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Figure 2.10: Left Panel: 1.4 GHz radio (green) and Ha (black) contours overlaid on the 0.5-2 keV X-ray
image, zoomed towards the cluster centre. The cyan cross represents the X-ray emission centroid, coincident
with the BCG centre; the red and white crosses are the X-ray and Ha peaks, respectively. Right Panel: From
left to right, from top to bottom: 0.5-2 keV, 1.4 GHz, Ha and optical (SDSS) images of A1668. All images
are centered on the X-ray peak. The cyan cross represents the BCG.

correspondent to a null hypothesis probability of 1-p=0.965. This suggests that the addition
of the point-source emission component is not statistically significant. As a further check,
we looked for possible point-sources in high energy, optical and infrared catalogues, as well
as in a harder band (4-7 keV) X-ray image; however, we did not detect any point source
coincident with the X-ray peak. We thus conclude that the peak detection is likely not
biased, and therefore the offset is real.

This is analogous with what was found in A2495, that presents a similar-scale offset
between these two components, and with a number of recent works that found the same
feature in other clusters (e.g., Sanderson et al., 2009; Haarsma et al., 2010; Hudson et al.,
2010; Rossetti et al., 2016, and others; for a brief review of the state-of-the-art literature
about BCG/cool core offsets, see Pasini et al., 2019). We will return on this in Sec. 2.4.

A two-dimensional temperature map is often used in order to further investigate on the
cluster structure and its thermodynamical state, but the small number of photons prevents us
from producing such map. We also estimated the softness ratio as (S-H)/(S+H), where S and
H are the number of counts in the soft (0.5-2 keV) and hard (2-7 keV) band, respectively.
However, the statistics are still too poor and errors are too large to draw any conclusion
from such analysis.

Ha analysis

The presence of optical line emitting nebulae in galaxy clusters is linked to the thermody-
namical conditions of the cluster core; observational studies (e.g., Cavagnolo et al., 2008;
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McNamara et al., 2016) have argued that such warm structures are only found if the central
(⇠ 10 kpc) entropy falls below 30 keV cm2 or, alternatively, when tcool/t f f < 10-20 (Voit
et al., 2015), where t f f =

p
2R3/GM is the freefall time. The estimated entropy within

the central bin of our spectral analysis (r < 23.5 kpc, Table 2.5) is ⇠ 19.5 keV cm2, thus
satisfying the criterion for the presence of such nebulae in A1668. Hamer et al. (2016)
presented VIMOS observations of the Ha line emission of a sample of 73 BCGs, including
A1668, whose image is shown in Fig. 2.11.

The Ha structure presents a rather compact shape, extending for ⇠ 9” (⇠ 10.6 kpc). Its
total luminosity is LHa = 3.85 ± 0.30 · 1040 erg s�18, and Hamer et al. (2016) classified
it as a quiescent object, showing a simple, centrally-concentrated morphology9. To better
visualize the interplay of the three components, in Fig. 2.10 we also overlay the Ha contours
on the X-ray 0.5-2 keV image.

The line emission lies entirely within the BCG, but although it is also within the cool
core as defined from the cooling time profile, it only overlaps one end of the bright X-ray
ridge. This highlights a difference with A2495, in which the Ha structure connects the
galaxy with the X-ray peak, and with other systems (e.g., Bayer-Kim et al., 2002; Hamer
et al., 2012, 2016), in which the line emission seems to be mostly associated to the cooling
ICM, rather than to the BCG.

A significant offset of ⇠ 6.5” (⇠ 7.6 kpc) is present between the Ha (RA=13h03m46.4s,
DEC=+19°16m18.1s) and the X-ray peaks. The same feature, albeit smaller, was found in
A2495 by Pasini et al. (2019); offsets between these two peaks were also detected in A1795
(Crawford et al., 2005) and in a number of systems by Hamer et al. (2016). We will return
on this in Sec. 2.4.

As described in more details in Hamer et al. (2012), the ratio of the Ha plume extent
and the total velocity gradient of the warm gas provides an estimate of the projected offset
timescale. Pasini et al. (2019) showed that, for A2495, such timescale is comparable to the
age difference between two putative cavity pairs, suggesting that, for systems where the
BCG oscillates back and forth through the cooling region, this measure could be a good
indicator for the AGN cycle intermittency. In A1668, the Ha structure extends for D’⇠
7.7” from the BCG centre, corresponding to ⇠ 9 kpc, and shows a very smooth velocity
gradient from East to West. We measured a velocity difference of ⇠ +500 km s�1 between
the gas at the BCG centre and that at the tail of the Ha structure. This indicates a projected
timescale of T’= D’/V ⇠ 18 Myr. In order to correct for the projection effects we assumed a
most likely inclination of ⇠ 60 °, with a range of 30-75 ° (Hamer et al., 2012); the corrected
timescale can thus be estimated with T = T’ ⇥ cos(i)/sen(i), with i being the inclination. We
obtained in this way an offset timescale of ⇠ 10.4 Myr, with an upper and lower limit of ⇠
31.2 and ⇠ 4.8 Myr, respectively; this is consistent with the value of ⇠ 13 Myr estimated
for A2495, suggesting that the cold gas dynamics in the two systems are similar, and that
the timescale of AGN feedback intermittency is comparable.

8This estimate differs from Pulido et al. (2018) since it is not extinction-corrected and is obtained from
IFU observations.

9The morphology looks slightly different when compared to Edwards et al. (2009), whose IFU image
shows a somehow better ’resolved’ shape.
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Figure 2.11: 1.4 GHz radio (green) contours overlaid on the VIMOS Ha image (Hamer et al., 2016). The
mean seeing is 1.21”, and the map units are in 10�16 erg s�1 cm�2 Å. The white contours are the optical
isophotes from SDSS. The cyan cross represents the radio galaxy centre, coincident with the BCG core.

One can also estimate the mass of the warm gas by assuming that it is optically thin:

MHa ' LHa
4µmp

nHaeHa
(2.4)

where eHa ⇠ 3.3 ·10�25 erg cm3 s�1 is the Ha line emissivity, while nHa is obtained
assuming pressure equilibrium with the local ICM:

nHaTHa ' nICMTICM (2.5)

where THa ⇠ 104 K, TICM is the first value reported in Tab. 2.4 (⇠ 1.74 keV, since the
Ha structure is located within the first spectral bin), while nICM ⇠ 1.83ne, where ne is the
electronic density reported in the first row of Tab. 2.5. In this way, we obtain MHa ⇠ (2.4 ±
0.2) · 106 M�.

The [SII]l 6716/[SII]l 6731 line ratio provides an independent estimate of the density
of the ionised gas and is measured in Hamer et al. 2016 (Appendix F) as 1.21±0.2. As-
suming case B reionisation and a temperature of 104 K, this gives an electron density of
ne,Ha =350± 270 cm�3 which corresponds to a total density of nHa=640± 495 cm�3. These
values are comparable, within the (large) uncertainties, with the value of nHa=100± 8

3 cm�3

derived from Eq. 2.5. It is important to consider the impact of the assumed ionised gas tem-
perature (THa ) on the two measurements though. A lower THa would result in a higher ne,Ha
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from Eq. 2.5 but a lower ne,Ha from the [SII]l 6716/[SII]l 6731 line ratio measurement,
while a higher THa would have the opposite effect on both measurements. The VIMOS data
from (Hamer et al., 2016) are not sensitive enough to provide a reliable estimate of THa
for Abell 1668, but deep observations of other objects have found upper limits to THa that
are much lower than expected (e.g. THa < 5685 K in the Centaurus cluster, Hamer et al.
2019). Assuming THa = 5000 K, we find ne = 230±180 cm�3 and nHa=420± 330 cm�3

from the [SII] ratio and nHa=200± 16
6 cm�3 derived from Eq. 2.5, indicating that the two

measurements are consistent within the limits of the available data and assumed values.

Putative cavities and AGN feedback cycle
From the 0.5-2 keV X-ray image (see Fig. 2.12) it is possible to identify a number of ICM
surface brightness depressions. The present observation is very shallow (⇠ 10 ks), thus
the reader shall be warned about the significance of these deficits, that could possibly be
artifacts. However, we focused our attention on three of these features (showed in Fig.
2.12) that, due to their position, could possibly represent real ICM cavities. One of them
(A) lies within the radio galaxy West lobe; another surface brightness depression (B) is
detected in the radio galaxy East lobe, while a symmetrical (with respect to the X-ray peak),
similar-shaped brightness depression (C), is found at the opposite side of the cluster core,
not associated with the radio galaxy. It is noteworthy to mention that cavity A is also
coincident with the Ha line emission peak.

To investigate on these features, we estimated their significance as NM-NC/
p

NM +NC,
where NM and NC are the number of counts in regions of equal area close to the candidate
cavity and within the cavity, respectively. The number of counts is different depending
on the size of the elliptical region chosen to cover the putative cavity and, as previously
stated, the current observation requires us to be cautious, since the shape and extent of
the depression observed ’by eye’ can slightly change using different color scales. For this
reason, the upper and lower limits for the dimensions of these regions were estimated by
varying the axes of the ellipse until reaching a significance of 2s and 3s , respectively. The
assumed ’true’ size of the bubble is the mean between these two limits. Cavity A exhibits
a circular shape, with a diameter of 4.8 ± 0.6 kpc, while cavity B is more elliptical, with
a major axis of 5.2 ± 0.4 kpc and a minor axis of 3.0 ± 0.3 kpc. On the other hand, the
brightness deficit related to candidate cavity C is less enhanced and, in order to reach the
desired significances, requires the size to be larger than the observed depression. Therefore,
in the following analysis we will only discuss candidate cavities A and B, while cavity
C will not be considered. Following the method described in Bîrzan et al. (2004), we
determined the cavity power:

Pcav =
Ecav

tcav
=

4pV
tcav

(2.6)

where tcav is the age of the cavity, calculated as tcav = R/cs, with R being the cavity
distance from the BCG center, p is the pressure at the distance of the cavity, V is the
cavity volume and cs is the sound velocity. The volume was estimated assuming an oblate
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Figure 2.12: 0.5 - 7 keV image showing three surface brightness depressions: A and B lie in the west and
east lobes of the radio galaxy, respectively, while C is found at the opposite side of the core. Overlaid are the
1.4 GHz contours.

elipsoidal shape for both cavities, while for pressure and temperature we assumed the values
listed in Table 2.5 corresponding to the annular bin the cavities lie in.

We obtained the same age for both cavities: tcav = 5.2 ±0.7 Myr. This leads to Pcav, A
= 5.1 ±2.6 · 1042 erg s�1 for cavity A, and Pcav, B = 3.8 ±1.4 · 1042 erg s�1 for cavity B.
The age is consistent with the offset timescale estimated in Sec. 2.4. Finally, we compared
the estimated values of Pcav (in the hypothesis that the cavities are real) and Lcool with
the typical distribution observed for cool core clusters (Bîrzan et al., 2017). The result is
presented in Fig. 2.13.

The Lcool-Pcav relationship in A1668 is consistent within the scatter of the expected
distribution, despite being on its lower edge. The detected offsets, therefore, do not seem
to affect the feeding-feedback cycle, that is still maintained. The same result was found in
A2495, where the two cavity systems (i.e., the AGN) have enough energy to balance the
radiative losses within the cooling region. We then argue that small offsets are not able to
break the AGN feeding-feedback cycle.

Offsets, cooling and Ha emission: are sloshing and AGN activity shaping
the core of A1668?
As described in the previous sections, the core of A1668 contains a complex set of structures
whose origin is not immediately clear. It is worth reiterating that the available Chandra data
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Figure 2.13: Blue points are the data from Bîrzan et al. (2017), the orange ones are the values for A2495
(Pasini et al., 2019), while red represents the cavity system detected in A1668. Dashed lines represent, from
left to right, Pcav = Lcool assuming pV , 4pV or 16pV as the deposited energy.

is only a snapshot, providing somewhat limited information on the ICM. It should also be
remembered that all of the structures we observe are contained within the central ⇠ 20 kpc,
inside the stellar body of the BCG.

The offsets between the peaks of the radio, X-ray and Ha emission raise the question of
how these components came to be separated. The peak of emission from the hot ICM lies
not in the BCG nucleus, but ⇠6 kpc to the south. The radio emission is reasonably evenly
distributed Eastwards and Westwards with respect to the nucleus, but the Ha peaks in the
region of the west radio jet/lobe, extending around the western half of the radio structure
and overlapping the optical centroid of the BCG.

We suggest a qualitative scenario which might explain the relative morphologies of the
different components. At some point in the past, A1668 may have been a relaxed cluster
with a cool core. In that core, centred on the BCG, gas had begun to cool and condense
out of the ICM, forming the kind of filamentary Ha nebula observed in other cool core
cluster. The small velocity gradient in the Ha emission is consistent with such an origin.
At that stage, A1668 underwent a minor merger, which caused the core to begin sloshing,
oscillating around the centre of the cluster gravitational potential. Sloshing motions in the
plane of the sky are typically visible as a spiral pattern in the ICM, but if the plane of motion
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is aligned along the line of sight, the motions produce pairs of nested cold fronts, and the
cool ICM gas drawn out from the core can appear as a tail to one side of the BCG. Our
Chandra observation is too short for fronts to be visible, but we do see the tail: the ridge
structure.

At this stage, cooling (and Ha emission) would still have been centred in the core of the
BCG. About 5 Myr ago (⇠ cavity age), sufficient cooled material reached the central SMBH
to trigger an outburst. This produced the radio jets/lobes we observe, and as these expanded
they pushed aside the pre-existing Ha filaments and hotter ICM gas. This produced a
correlated Ha/radio morphology, with much of the Ha wrapped around the west jet/lobe.
It also disrupted the centre of the cool core, reducing the X-ray surface brightness as a
large part of the volume in the core of the BCG was filled by the radio lobes, producing the
apparent cavities in the ICM. This brings us to the current situation, where the brightest
X-ray emission is in the tail to the south of the BCG nucleus.

The expansion timescale of the radio lobes is only a few 106 yr. This is very short
compared to typical sloshing timescales. The hot ICM oscillates with sloshing timescale

given by tslosh = 2p/wBV where wBV = WK

⇣
1
g

d lnS
d lnr

⌘1/2
. Here dlsS/dlnr is the logarithmic

entropy gradient, WK=
p

GM/r3 and g=5/3 for the ionized ICM plasma. We also know
that the free-fall time in the cluster is tff =

p
2r/g. Our Chandra data are not sufficient to

accurately model the mass profile, but we know that the stellar velocity dispersion, s⇤, in
the inner regions of the BCG will follow the gravitational potential, so that tff ' r/s⇤ (Voit

et al., 2015). We can therefore approximate wBV as 1
t f f

q
6
5

d lnS
d lnr .

Our data do not allow the calculation of the entropy profile on scales r . 25 kpc (Fig.
2.8), thus we use the average slope dlnS/dlnr = 0.67 given by Hogan et al. (2017b) (see
also Panagoulia et al. 2014). This returns tslosh ⇠ 7tff. We do not know the scale of the
sloshing, but it must be greater than the length of the X-ray tail (⇠16 kpc). Based on the
measured s⇤=226±7 km s�1 (Pulido et al., 2018), at 16 kpc tff=70 Myr, and thus tslosh may
be as much as ⇠ 490 Myr. As expected this is considerably longer than the AGN expansion
timescale, confirming that if sloshing is occurring, it cannot yet have affected the structure
of the radio lobes.

As argued by Olivares et al. (2019), the fact that filamentary nebulae in cool core clusters
generally lack a significant velocity gradient indicates that the cool Ha or CO-emitting gas
they contain is at least partially tied to the surrounding ICM. It is unclear how the different
phases are connected, but it has been suggested that the denser material may be enveloped
by many diffuse layers of warmer gas (Li et al., 2018), or threaded through by magnetic
fields (McCourt et al., 2015), either of which could increase drag forces. We would thus
expect the Ha emission to trace the regions in which gas has most recently cooled from
the ICM, after modification by the expanding radio lobes. If the inflation of cavities has
disrupted the cooling region, we might expect the locus of any future cooling to be at the
new X-ray peak of surface brightness, source of the BCG nucleus. However, the lack of
Ha emission at that location suggests that cooling there is slower than it was near the BCG
core, and that no reservoir of cooled material has yet built up at that location.
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This scenario is of course speculative, given the constraints available from the data.
Several aspects are uncertain. All, part or none of the Ha emitting gas might have formed
as a result of the AGN outburst, with the expanding lobes triggering condensation (e.g., Qiu
et al., 2020). If the cluster is sloshing, we cannot know the scale or alignment of the motion
without deeper data. However, our scenario explains several basic facts: the radio and Ha
emission are correlated because the radio has at least partly determined the morphology of
the Ha-emitting gas. The X-ray offset is the result of sloshing, which has not affected the
radio sources or Ha because the radio source expansion timescale is short compared to the
sloshing timescale. The BCG is no longer the centre of ICM cooling because the AGN has
pushed aside the dense gas which fuelled the outburst.

The scenario also makes testable predictions. If the cluster is sloshing, we should
expect deeper Chandra data to reveal nested cold fronts, and the X-ray ridge should contain
relatively cool, high abundance gas. Deeper imaging should also allow us to more accurately
measure the morphology of any cavities, which should be correlated with the rado jets
and lobes. Higher resolution radio data may be required to make this comparison. Lastly,
we might expect higher resolution Ha imaging to reveal complex structure in the cooled
material, consistent with a filamentary nebula disturbed by an AGN outburst.

Alternative explanations for the origin of the Ha emission and spatial offsets
An alternative hypothesis that could explain the observed displacement of the Ha emission
is cooling in situ, perhaps stimulated by the same AGN outburst which originated the
X-ray cavities. Inhomogeneous cooling scenarios in clusters have been the object of a long,
lively debate (see early reviews by Fabian et al. 1991; Fabian 1994, and references therein).
Nowadays, many lines of evidence suggest that hot gas cools at a (mean) low rate and in a
spatially distributed fashion, when the ISM/ICM conditions are appropriate (see Hogan et al.
2017b; Pulido et al. 2018; Lakhchaura et al. 2018 for a quantitative discussion). The primary
trigger of this localized cooling (that is, the origin of thermally unstable perturbations)
might be turbulence (e.g. Chaotic Cold Accretion, CCA, see Gaspari et al., 2012, 2013;
Voit et al., 2015), lifting of low entropy gas by X-ray cavities (Revaz et al., 2008; Brighenti
et al., 2015) or the sloshing itself.

CCA implies the trigger of thermal instabilities, that is favoured by a central ( 10 kpc)
cooling time tcool ⇠ 1 Gyr (Hogan et al., 2017a; Pulido et al., 2018), or by tcool/t f f  10�20
(Voit et al., 2015). It is easier to ensue at the position of the X-ray peak, but it can be triggered
wherever these conditions are respected. Therefore, the displacement observed for the Ha
gas could be the result of CCA detached from the emission peak. CCA at the current
position of the peak could still be happening, but it could have not built yet enough material
to be detected in Ha . However, given the available X-ray observation, we are not in a
position to accurately estimate the cooling time in the central region of the cluster.

We can explore in some more detail the scenario where the warm gas derives from a
cool component of the ICM, originally located close to the nucleus of the BCG, uplifted by
the cavities and then cooled to 104 K. Following Archimedes’ principle, cavities can lift an
amount of gas equal to their displacement, though simulations suggest that the maximum
amount is only ⇠50% of this value (Pope et al., 2010). This corresponds to Muplift = 9 ·
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106 M� for cavity A, and Muplift = 3 · 106 M� for cavity B. The mass of the Ha plume is
lower (MHa ⇠ 2.4 · 106 M�, see Sec. 2.4). However, given the state-of-the-art correlation
between LHa and molecular gas mass Mmol (see e.g., Edge, 2001; Salomé and Combes,
2003; Pulido et al., 2018), that is usually found to be co-spatial with Ha , we would expect
to have Mmol ⇠ 109 M� (lower than the upper limit 1.5⇥109 M� quoted by Salomé and
Combes 2003). The total amount of gas would therefore be too large for the cavities to
uplift and this, along with the radio/Ha morphology, would imply the need for an earlier
cycle of AGN jet activity if uplift is responsible.

The observed Ha line emission could also be the remnant of the ISM of a gas-rich
galaxy which merged with the BCG. To test this hypothesis, we examined SDSS and DSS
optical images and catalogs in order to check whether a member galaxy could be interacting
with the BCG. However, the closest system lies more than 40 kpc away from the BCG, not
showing any hint of interplay. Therefore, the merging hypothesis looks unlikely with the
current data.

Finally, the warm gas could originate from the stellar mass loss in the BCG (Mathews,
1990; Li et al., 2019). With a total B-band luminosity LB ⇠ 1.3⇥1011 LB,� (Makarov et al.,
2014) and a stellar mass to ratio for an old population (M/LB)⇠ 7 (e.g., Maraston, 2005), the
expected mass loss rate is Ṁ⇤ ⇠ 1.35 M�/yr (Mathews, 1989). Thus, the observed amount
of emission line gas can be accumulated in less than 2 Myr. However, the displacement with
respect to the BCG center and its filamentary and disturbed distribution (Edwards et al.,
2009; Hamer et al., 2016) are not easily accounted for by this scenario.

2.5 Conclusions
We performed a multi-wavelength analysis of the cool core cluster A1668, by means of new
radio (EVLA) and X-ray (Chandra) observations and of Ha line emission data from Hamer
et al. (2016). The results can be summarized as follows:

• The radio analysis at 1.4 (L1.4 GHz ⇠ 6 ·1023 W Hz�1) and 5 GHz (L5 GHz ⇠ 2 ·1023 W
Hz�1) shows a small (⇠ 11 -14 kpc) and elongated FRI radio galaxy, with no hints of
larger scale emission at these frequencies. The mean spectral index is a = 0.99±0.06,
consistent with the usual values found in BCGs.

• The X-ray analysis confirms the classification of A1668 as a cool core cluster, with a
cooling radius of ⇠ 40 kpc inside which we estimate a bolometric luminosity Lcool ⇠
1.9 · 1043 erg s�1.

• The multi-wavelength analysis reveals two spatial offsets, with the first of ⇠ 6 kpc
being between the BCG nucleus and the X-ray peak, while the second of ⇠ 7.6 kpc
between the Ha and the X-ray peaks. This is similar to what was found in another
similar cluster, A2495, with two offsets of 6 and 4 kpc, respectively (Pasini et al.,
2019). The compact Ha emission structure extends for ⇠ 11 kpc and is mostly
co-spatial with the BCG, unlike A2495, where the line emission seems to be linked to
the cluster cool core, rather than to the central galaxy.
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• We identify three X-ray surface brightness depressions, one of them (A) coincident
with the west radio lobe and with the Ha peak, another one (B) lying within the east
radio lobe, while the third one (C) being more uncertain. For the system of cavities A
and B we determine an age of ⇠ 5.2 Myr. The Lcool-Pcav estimates for A1668 are in
agreement with the relationship observed for other systems (e.g., Bîrzan et al., 2017),
suggesting that the detected offsets are not able to break the AGN feeding-feedback
cycle.

• Finally, we discuss possible explanations for the multiphase gas and for the displace-
ments observed in the core of A1668. We propose that, initially, all the components
were spatially coincident in the cluster cool core. Sloshing was likely triggered by a
minor merger, causing some of the cool gas around the BCG to be drawn out into a tail
that we now observe as an X-ray ridge structure. On the other hand, the densest, most
rapidly cooling gas, still in and around the BCG core, condensed out to form the Ha
nebula. About 5 million years ago, the condensed material fuelled the central SMBH,
triggering the outburst that produced the observed radio jets/lobes. The expansion of
the lobes finally pushed aside the Ha nebula and the hot ICM, disrupting the cool core
centre. Alternative explanations for the misplacement of the Ha emission include
cooling in situ through thermal instabilities, uplift from the cavities, reminiscence
from a past merger with a gas-rich galaxy, or stellar mass loss from the BCG, although
the last three look unlikely (see Sec. 2.4).
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The relation between the diffuse X-ray
luminosity and the radio power of the central

AGN in galaxy groups

T. Pasini, M. Brüggen., F. de Gasperin et al. MNRAS, 497, 2163 (2020)

Abstract. Our understanding of how AGN feedback operates in galaxy clusters has
improved in recent years owing to large efforts in multi-wavelength observations and
hydrodynamical simulations. However, it is much less clear how feedback operates in
galaxy groups, which have shallower gravitational potentials. In this work, using very deep
VLA and new MeerKAT observations from the MIGHTEE survey, we compiled a sample
of 247 X-ray selected galaxy groups detected in the COSMOS field. We have studied the
relation between the X-ray emission of the intra-group medium and the 1.4 GHz radio
emission of the central radio galaxy. For comparison, we have also built a control sample of
142 galaxy clusters using ROSAT and NVSS data. We find that clusters and groups follow
the same correlation between X-ray and radio emission. Large radio galaxies hosted in
the centres of groups and merging clusters increase the scatter of the distribution. Using
statistical tests and Monte-Carlo simulations, we show that the correlation is not dominated
by biases or selection effects. We also find that galaxy groups are more likely than clusters to
host large radio galaxies, perhaps owing to the lower ambient gas density or a more efficient
accretion mode. In these groups, radiative cooling of the ICM could be less suppressed by
AGN heating. We conclude that the feedback processes that operate in galaxy clusters are
also effective in groups.
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3.1 Introduction

Over the past years, deep observations performed by both Chandra and XMM-Newton have
led the way for a better understanding of the X-ray emission produced by the Intra-Cluster
Medium (ICM), its consequent cooling and how this links to structure formation. Particu-
larly, multi-wavelength studies based on the combination of X-ray and radio observations
have shown that the ICM and the Active Galactic Nucleus (AGN) usually hosted in the
Brightest Cluster Galaxy (BCG) are part of a tight cycle in which the cooling of the hot
(⇠ 107 K) ICM is regulated by the mechanical feedback provided by the AGN itself (see
e.g. reviews by McNamara and Nulsen 2012; Gitti et al. 2012). In this scenario, AGN jets
and outflows produce shock waves and cold fronts (McNamara et al., 2000; Fabian et al.,
2006) and inflate bubbles in the ICM, known as X-ray cavities, that can be used to assess
the AGN mechanical power (Bîrzan et al., 2004; Rafferty et al., 2006), establishing a tight
feedback cycle with the diffuse gas. The impact of the AGN could be even stronger in
galaxy groups, where the gravitational potential is shallower. Here, even a relatively small
energy injection could eject gas from the group itself (Giodini et al., 2010). It has been
suggested that AGN feedback could thus set apart galaxy clusters from groups, especially
in terms of their baryonic properties (Jetha et al., 2007), albeit there is still no universal
agreement in the distinction between these objects.

Therefore galaxy groups, that are the repositories of the majority of baryons and host
more than half of all galaxies (Eke et al., 2006), are key in order to reach a complete
understanding of the AGN feedback cycle and of how it is able to influence the evolution of
galaxies and their environments (e.g., Giacintucci et al., 2011). However, X-ray observations
of galaxy groups are relatively difficult since most of them lie at the lower sensitivity limit
of the current generation of instruments. This normally prevents us from reaching the
combination of signal-to-noise ratio and resolution required to perform the same type of
analysis that is usually applied to galaxy clusters (see e.g., Willis et al. 2005). Nonetheless,
there are numerous studies of galaxy groups that make use of either deep observations, and/or
low-redshift samples. O’Sullivan et al. (2017) presented an optically-selected, statistically
complete sample of 53 low-redshift galaxy groups (Complete Local Volume Groups Sample,
CLoGS), for which they were able to perform a detailed X-ray analysis. They classified
groups into cool-cores and non cool-cores and studied the central radio galaxy (Kolokythas
et al., 2018), finding that ⇠ 92% of their groups’ dominant galaxies host radio sources.
Other studies are based on estimating the scaling relations between observables such as
temperature, luminosity, entropy and mass (e.g., Lovisari et al., 2015). Bharadwaj et al.
(2014a) estimated the central cooling time (CCT; see Sec. 3.4 for a definition) in a sample
of galaxy groups and found that the fractions of strong (CCT < 1 Gyr), weak (1 < CCT
< 7.7 Gyr), and non cool-cores (CCT > 7.7 Gyr) were similar to those in galaxy clusters.
They also found that BGGs (Brightest Group Galaxies) in their galaxy groups may have a
higher stellar mass than BCGs in clusters.

Simulations by Gaspari et al. (2011) showed that AGN feedback may be more persistent
and delicate in galaxy groups than in galaxy clusters. A small number of deep observations
of single, local objects also detected cavities and shocks (e.g., Nulsen et al., 2005; Gitti
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et al., 2010; Randall et al., 2015; Forman et al., 2017), allowing investigations of the balance
between the AGN energy injection and the gas cooling. X-ray cavities were also recently
observed by Bîrzan et al. (2020) in a sample of 42 systems, of which 17 are groups or
ellipticals.

Ineson et al. (2013, 2015) performed a study of the interactions between AGN and
their environment in a sample of radio-loud AGN in clusters and groups. They found a
correlation between the X-ray emission from the intra-group medium and the 151 MHz
power of the central radio source. They also argued that such a correlation could arise
from AGN in a phase of radiatively-inefficient accretion (Low Excitation Radio Galaxies,
or LERGs), while High Excitation Radio Galaxies (HERGs) stand out of the distribution
and show higher radio powers. The origin of such a relation is not obvious. In fact, X-ray
emission in clusters and groups is mostly due to line emission and Bremsstrahlung, that
consequently allow the ICM to cool from high (⇠ 107 K) temperatures. The time scale of
such radiative losses is thus strongly dependent on the distance of the diffuse gas from the
cluster (or group) core, varying from less than 1 Gyr in the centre of the strongest cool-cores
to ⇠ few Gyrs moving towards the outskirts. On the other hand, Nipoti and Binney (2005)
suggested that the AGN power output could act in cycles of ⇠ 108 yr. Hence, the time scales
of these two processes are usually significantly different. However, O’Sullivan et al. (2017)
found that groups typically show shorter cooling time at a given radius when compared to
clusters, due to the high cooling efficiency of line emission at kT < 2 keV.

Here, we study the relationship between the X-ray emission from the intra-group medium
and the radio emission from the radio galaxy hosted in the centre of a large (N = 247) sample
of X-ray detected galaxy groups in the 2 deg2 of the COSMOS field (RA = 10h00m28.6s,
DEC = +02°12m21.0s, J2000). This field was chosen as it offers a unique combination of
deep and multi-wavelength data. In order to account for the faintness of groups, we make
use of the deepest observations and catalogs.

This paper is organized as follows: in Sec. 3.2, we explain how we built the catalog
and we describe its main properties. In Sec. 6.2, we compare the groups with a sample
of galaxy clusters and explore the correlation between the X-ray and the radio emission
exploiting statistical tests and a Monte-Carlo simulation. In Sec. 3.4, we discuss the physical
implications of our results and put them into context. In Sec. 6.5, we draw the conclusions.
Throughout this paper, we adopt a fiducial LCDM cosmological model with H0 = 71 km
s�1 Mpc�1, WL = 0.7 and WM = 0.3.

3.2 The samples
Construction of the group sample
Gozaliasl et al. (2019) presented a catalog of 247 X-ray-selected galaxy groups in the
COSMOS field, obtained combining all available Chandra and XMM-Newton observations,
in the redshift range (spectroscopic for 183 groups, photometric for the remaining 64)
0.08  z  1.75 and with luminosities in the 0.1�2.4 keV band ranging from ⇠ 1041 to
⇠ 1044 erg s�1. The flux limit of the sample is ⇠ 3 ·10�16 erg s�1 cm�2. Setting a search
radius of 30” from the groups’ centre (assumed as coincident with the X-ray peak) and a
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Image Beam Sensitivity
[arcsec] [µJy/beam]

VLA-COSMOS Deep 2.5 x 2.5 12
MIGHTEE high-resolution 4.7 x 4.2 8.6
MIGHTEE low-resolution 9 x 7.4 4.1

NVSS 45 x 45 450

Table 3.1: Properties of the 1.4 GHz images exploited for the detection of central radio sources in the group
sample (see Sec. 3.2) and in the cluster sample (see Sec. 3.2).

redshift threshold of Dz = 0.02, we cross-matched this sample with the VLA-COSMOS
Deep Survey at 1.4 GHz (rms ⇠ 12 µJy beam�1, beam = 2.5"x 2.5", Schinnerer et al.
2010), to look for the radio galaxy hosted in the centre of every group. We chose to use
VLA-COSMOS to get the highest resolution available. At the mean redshift of our sample
(z ⇠ 0.7), the largest visible angular scale at this frequency corresponds to ⇠ 450 kpc. The
results were then inspected visually, exploiting COSMOS optical catalogs, to check the
bounty of the cross-match. We found that, out of the 136 groups for which BGG properties
are available, only in 41 (⇠ 30%) the detected radio source is hosted in the BGG. This is
consistent with recent works that observed offsets between the optical dominant galaxy and
the X-ray peak. Gozaliasl et al. (2019) found that only 30% of BGGs in COSMOS are
closer to the X-ray peak than 0.1R200, and that the peak is often not located at the bottom of
the potential well, where the dominant galaxy usually lie. We will return on this in Sec. 3.2.

Groups showing no central radio emission were then further inspected exploiting new,
deep MeerKAT observations of COSMOS that are part of the MIGHTEE survey (The
MeerKAT International GHz Tiered Extragalactic Exploration, Jarvis et al. 2016, Heywood
et al. in prep.). For these MIGHTEE COSMOS Early Science images, the thermal noise
component, measured from the circular polarization images (Stokes V), is 2.2 µJy/beam
in the image with 9"x 7.4"resolution, and 7.5 µJy/beam in the 4.7"x 4.2"resolution image.
However, in the map centre the "noise" will appear to be higher due to the contribution from
confusion (faint background sources below the formal noise limit). We obtain an estimate
of this thermal-plus-confusion noise by subtracting the model of the sky obtained by the
PyBDSF source finder (Mohan and Rafferty, 2015a)1 and generating a RMS map of the
image from this residual product using the same software. The mean RMS value over the
inner 20"x 20"region (where the primary beam attenuation is approximately negligible) is
then measured. For the MIGHTEE COSMOS Early Science map this measurement is 4.1
µJy/beam in the 9"x 7.4"image, and 8.6 µJy/beam in the 4.7"x 4.2"resolution image. The
properties of all the radio images are summarized in Table 3.1.

Our final sample (hereafter referred to as group sample) consists of 174 (155 detected by
both VLA and MIGHTEE and 19 only by MIGHTEE) objects for which we have redshifts
and both the X-ray emission (flux, luminosity, R200) and the radio emission (flux density,
luminosity, largest linear size) from the central radio galaxy, plus 73 groups for which the

1https://github.com/darafferty/PyBDSF
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Total VLA + MIGHTEE MIGHTEE
Detections 174 155 19

Upper limits 73 > 3s
Resolved 55 50 5

Unresolved 119 119 14

Table 3.2: Composition of the group sample. In a sample of 247 galaxy groups, we observed a central radio
source in 174 of them. 155 are detected by both VLA-COSMOS and MIGHTEE, while 19 only by MIGHTEE.
Among the 155 VLA+MIGHTEE detections, 55 are resolved, while 119 remain unresolved. Among the 19
MIGHTEE-only detections, 5 are resolved and 14 remain unresolved.

central source was undetected in the radio band. These are thus treated as 3s upper limits,
with s being the rms noise of the MIGHTEE low-resolution observation. The largest linear
size is defined as the linear size of the major axis of a source, and we will hereafter refer to
it as LLS. The 1.4 GHz luminosity was estimated as:

L1.4GHz = S1.44pD2
L(1+ z)�a (3.1)

where S1.4 is the flux at 1.4 GHz, DL is the luminosity distance at redshift z and a is the
spectral index, that was assumed ⇠ 0.6, since this is the mean synchrotron index usually
observed in radio galaxies.

The group sample was further divided into groups with resolved and unresolved radio
galaxies, following the same criteria presented in Schinnerer et al. (2007) and Schinnerer
et al. (2010). This classification is based on the assumption that the ratio between integrated
and peak flux density gives a measure of the spatial extent of a source in comparison to
the size of the synthesized beam(see Sec. 6.2 and appendix of Schinnerer et al. 2010 for
more details). We find that ⇠ 32% (55 objects) of the sample show well-resolved radio
sources, while for the remaining ⇠ 68% (119 objects) we only have upper limits on the
LLS. Exploiting MIGHTEE images, we found that no sources are spatially unextended due
to VLA lacking surface brightness sensitivity. Table 3.2 summarizes the composition of the
sample; all the properties of the objects are listed in Table 4, described in Appendix .1 and
available as online material.

Characteristics of the group sample
Fig. 3.1 shows the redshift and mass (M200, the mass within the radius corresponding to
200 times the critical density) distributions of the group sample. The redshift distribution of
resolved and unresolved radio sources show a similar behaviour: we detect both resolved,
high-redshift and unresolved, low-redshift radio galaxies. The masses of most groups,
estimated via the LX - M200 correlation (Leauthaud et al., 2010), lie within ⇠ 1013 and ⇠
1014 M�.

In Fig. 3.2 we show the X-ray and radio luminosity distribution functions of the group
sample. The X-ray distribution function suggests that there is no significant difference in the
intra-group medium emission between groups with resolved and unresolved radio galaxies.
However, the 1.4 GHz function shows that resolved radio sources are able to reach higher
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Figure 3.1: Top Panel: Histogram showing the redshift distribution of the group sample, classified into
objects with resolved (red) and unresolved (blue) radio galaxies and radio upper limits (green). Bottom Panel:
Mass (M200) distribution of the group sample. The mass was estimated through the LX - M200 correlation by
Leauthaud et al. (2010).

Figure 3.2: Top Panel: X-ray luminosity distribution function for the group sample in the 0.1-2.4 keV band.
The red line denotes groups hosting resolved VLA radio sources, the blue line unresolved ones, while the
black line represents the full sample. Bottom Panel: 1.4 GHz luminosity distribution function for the group
sample. The red line denotes groups hosting resolved VLA radio sources, the blue line unresolved ones, while
the black line represents the full sample.
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Figure 3.3: Malmquist bias for the group sample: X-ray luminosity in the 0.1-2.4 keV band vs. redshift.
Circles and triangles represent groups hosting resolved and unresolved radio sources, respectively. Green
arrows denote upper limits in the radio band. The dashed line represents the theoretical cutoff of the flux-
limited sample, produced assuming a surface brightness of ⇠ 10�15 erg s�1 cm�2 arcmin�2 in the 0.5-2 keV
band in a circle with a radius of 32", which corresponds to the construction of the COSMOS catalog. Some
objects lie under the cutoff, since in some of the COSMOS regions the X-ray sensitivity was higher due to
different sky coverages.

powers at these frequencies, while unresolved radio galaxies exhibit a break between 1031

and 1032 erg s�1 Hz�1. We also note that the radio distribution function of our groups’
sources spans the same luminosity range as BCGs in clusters (e.g., Hogan et al., 2015; Yuan
et al., 2016), despite the different environments.

Since our sample is flux-limited, it shows the typical Malmquist bias displayed in
Fig. 3.3. At low redshifts we have mostly low X-ray luminosity objects, while groups with
high luminosities are rarer. As we move to higher redshifts, we start to see more powerful
groups, while weak objects disappear due to their faintness. The fact that the distribution is
not perfectly aligned with the curve is likely due to how the X-ray catalog was produced.
Combining multiple observations, performed with different instruments and different sky
coverage, can lead to different flux sensitivities. We will return to this issue in Sec. 3.3.

A control sample of galaxy clusters
We constructed a sample of galaxy clusters in order to compare it to our main sample
of groups. The ROSAT Brightest Cluster Sample (BCS, Ebeling et al. 1998) is a 90%
flux-complete sample of 201 galaxy clusters in the Northern hemisphere with z  0.3, that
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Figure 3.4: Top Panel: Histogram showing the redshift distribution of the cluster sample. Bottom Panel:
X-ray luminosity vs. redshift for the cluster sample. The dashed line represents the theoretical flux cut.

reaches a flux limit of 4.4 ·10�12 erg s�1 cm�2 in the 0.1-2.4 keV band. Crawford et al.
(1999) presented the optical BCG position for 165 of the BCS clusters. We cross-matched
it with the NRAO VLA Sky Survey (NVSS, Condon et al. 1998) in order to find the
corresponding radio galaxy, using the same criteria discussed in Sec. 3.2. NVSS has a lower
resolution when compared to both VLA-COSMOS and MIGHTEE, but it still provides
good estimates of the properties of the radio sources we are interested in (e.g., flux density).
The survey is produced with VLA in D configuration, resulting in a largest visible angular
scale at 1.4 GHz of 970"that, at the mean redshift of the CS, corresponds to ⇠ 2500 kpc.
The final catalog (hereafter referred to as cluster sample) consists of 84 galaxy clusters for
which we have the same measurements (ICM X-ray luminosity, radio power of the central
source, redshift, LLS) as for the group sample, and 58 objects for which we only have upper
limits for the radio emission from the central galaxy.

We then exploited the red sequence members of the CODEX cluster sample (Finoguenov
et al., 2019) to calculate the fraction of radio galaxies that are BCGs. In clusters, 85 ±
6% of the central radio galaxies coincide with the BCG. This is different in galaxy groups,
where only ⇠ 30% of the central radio sources are hosted by the BGG. In most objects, the
X-ray peak should represent a good indicator of the center. Smolčić et al. (2011) found
that, in their sample of groups, radio galaxies are in fact always found next to the X-ray
peak, justifying our approach. However, Gozaliasl et al. (2019, 2020) showed that BGGs
defined within R200 have a broad distribution of their group-centric radii, and also show
kinematics not well matched to that of simulated central galaxies. It might be that radio
sources provide a better identification for central galaxies. This possibility needs to be
investigated through multi-wavelength observations and by performing a thorough study of
the dynamical properties of central radio galaxies, and will be the subject of a future work.

The top panel of Fig. 3.4 shows the redshift distribution for the cluster sample. The
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Figure 3.5: Top Panel: X-ray luminosity distribution function for the cluster sample in the 0.1-2.4 keV band.
Bottom Panel: 1.4 GHz luminosity distribution function for the cluster sample.

redshift range is much narrower than the group sample, with most clusters lying at z  0.15
and only a few objects reaching z ⇠ 0.35. On the other hand, the bottom panel shows the
Malmquist bias. The sensitivity of the X-ray observations of the cluster sample is uniform
for all the objects, leading to a smoother distribution with respect to the group sample.

Fig. 3.5 shows the X-ray and radio luminosity distribution for the cluster sample. While
the X-ray luminosity of groups never exceeds ⇠ 1044 erg s�1, clusters are able to reach ⇠
5 ·1045 erg s�1. On the other hand, the 1.4 GHz power of clusters stops at ⇠ 1033 erg s�1

Hz�1, while radio sources hosted in groups can, in some cases, be 10 times more powerful.
We will discuss this in more depth in the following sections.

3.3 Analysis
In the following, we will focus on the relationship between log(P1.4GHz) vs log(LX ) for
groups and clusters, where P1.4GHz is the 1.4 GHz power of the central radio source and LX
is the X-ray luminosity of the intra-group/cluster medium.

Correlation between X-ray and radio luminosity
In Fig. 3.6 we show the 1.4 GHz luminosity of the radio galaxy vs. the X-ray luminosity
from the intra-group medium for every group, where the sizes of symbols are proportional
to the LLS and colour denotes redshift. The upper limits in the radio band are represented
by down-sided arrows.

Groups hosting unresolved radio galaxies follow a narrow distribution (see squares in
Fig. 3.6) that suggests a possible connection between radio and X-ray luminosities, with
higher intra-group medium emission corresponding to higher power coming from the central
radio source. However, groups hosting big radio galaxies (up to ⇠ 600 kpc, see also Fig. 3.7)
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Figure 3.6: 1.4 GHz luminosity of the central radio galaxy vs. intra-group medium X-ray luminosity in the
0.1-2.4 keV band for the group sample. The points are sized by the radio LLS and colorized for the redshift.
Down arrows denote MIGHTEE radio upper limits. The grey area represents the best fit: logLR = (1.07
± 0.12) · logLX - (15.90 ± 5.13).

Sample N t/s p
Galaxy groups 247 5.04 < 0.0001

Galaxy groups, no res. groups 197 3.94 < 0.0001
Galaxy groups, uniform flux cut 175 4.16 < 0.0001

Galaxy clusters 142 2.99 0.0028
Full sample 389 6.66 < 0.0001

Full sample, no res. groups 339 8.84 < 0.0001

Table 3.3: Results of the partial correlation Kendall’s t test in the presence of a correlation with a third factor.
N is the sample size, t is the partial correlation statistic, s is the standard deviation, while p represents the
probability under the null hypothesis that the correlation is produced by the dependence on redshift.
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Figure 3.7: Largest Linear Size (LLS) vs. radio power at 1.4 GHz of the central radio galaxies for the group
sample. Circles represent groups hosting resolved sources, while triangles are unresolved ones. For the latter
class, the upper limits on the LLS were estimated as 1.5q , with q being the resolutions of the VLA (⇠ 2.5")
and MeerKAT (⇠ 9") observations.

with higher radio luminosities broaden the distribution. This is consistent with what we
have previously argued from the radio distribution function (Fig. 3.2), in which the function
for resolved objects is able to reach ⇠ 1034 erg s�1 Hz�1, while unresolved radio sources
never go above ⇠ 1031 erg s�1 Hz�1.

As discussed above, the Malmquist bias is able to produce spurious correlations when
two luminosities in different bands are compared. In order to test for Malmquist bias, we
used the partial correlation Kendall t test (Akritas and Siebert, 1996), as in Ineson et al.
(2015). This allows us to look for correlations between radio and X-ray luminosities in the
presence of upper limits and a dependence on redshift. The results, with the null hypothesis
being that the correlation is produced by the dependence on redshift, are presented in Table
3.3.

We found a strong correlation for the group sample, estimating p < 0.0001, with
p being the null hypothesis probability. However, as discussed in Sec. 3.3, the X-ray
minimum sensitivity used to build the catalog is not constant across the entire COSMOS
field. Especially at low fluxes, there is the chance that this could lead to ambiguous results.
To address this issue, we applied a further, uniform flux cut at 5 · 10�15 erg s�1 cm�2, and
repeated the test for this subsample. We still find p < 0.0001, supporting the hypothesis that
there is a intrinsic correlation between X-ray and radio luminosities. We also performed the
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Figure 3.8: 1.4 GHz luminosity of the central radio galaxy vs. ICM X-ray luminosity in the 0.1-2.4 keV band
for the cluster sample. The points are sized by the radio LLS and colorized for the redshift. Down arrows
denote NVSS radio upper limits. The grey area represents the best fit: logLR = (1.26 ± 0.20) · logLX - (25.80
± 9.04).

test excluding groups hosting resolved radio sources. In fact, as discussed in more detail in
Sec. 3.4, such objects could be characterized by a different balance between the X-ray and
the radio emission, thus widening the correlation. We estimated, even for this subsample,
p < 0.0001.

However, Bianchi et al. (2009) argued that the partial correlation Kendall’s t test
may underestimate the redshift contribution to the relation, particularly when it comes to
determining the functional correlation. On the other hand, they also showed that random
scrambling of their radio luminosities is not able to produce the observed slope of the
correlation with the X-ray luminosity, thus suggesting that a physical correlation may be
present. We will return to this issue in Sec. 3.3.

Comparison with the cluster sample

In Fig. 3.8 we show the 0.1-2.4 keV ICM luminosity vs. the 1.4 GHz power of the central
radio galaxy for the cluster sample. As in Fig. 3.6, the sizes of symbols are proportional
to the LLS, and colour denotes redshift. It appears that a correlation also exists in galaxy
clusters, albeit with more scatter compared to groups hosting unresolved radio sources.
However, unlike for groups, the LLS seems to be less correlated with the central radio
power, and there is only one radio source with LLS > 200 kpc. Since the cluster sample is
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Figure 3.9: 1.4 GHz luminosity of the central radio galaxy vs. ICM X-ray luminosity in the 0.1-2.4 keV band
for both the group sample (circles) and the cluster sample (diamonds). The points are sized by the radio LLS
and colorized for the redshift.

restricted to lower redshifts, one could argue that large and powerful radio galaxies could be
only found at z � 0.3. However, large radio sources in the group sample are already found
at z  0.3, where sources in the cluster sample are instead small (see Sec. 3.4 for a further
discussion). Moreover, Gupta et al. (2020) have shown that there is little redshift evolution
in the radio luminosity at fixed host stellar mass out to z ⇠ 1 for sources hosted in clusters.
However, their results do show strong mass evolution in the number of radio-powerful AGN.

Again we applied the Kendall t test in order to check whether the X-ray/radio correlation
is significant, with the results listed in Table 3.3. We found a null-hypothesis probability of
p = 0.0028. This suggests that clusters also show a correlation, even though it is weaker
than for groups. Finally, combining the two samples (group sample and cluster sample), we
obtain p < 0.0001.

The correlation for clusters and groups: comparison with simulated datasets
In Fig. 3.9 we show the X-ray luminosities vs the 1.4 GHz powers for both the group
sample and the cluster sample. Obvious is the dearth of data at LX < 5 · 1043 erg s�1 -
L1.4GHz ⇠ 1032 erg s�1 Hz�1, set by the flux cuts of our samples. Since we are dealing with
left-censored data (i.e., upper limits), any correlation that depends on data where the lowest
values are upper limits are hard to assess. This is a long-standing problem in astronomy
(see e.g., Feigelson, 1992).
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Figure 3.10: Null-hypothesis probability distribution of N=1000 scrambled datasets. The red dashed line
represents the null-hypothesis probability of the real data.

In order to investigate the effects of this left-censoring we performed a “scrambling test”,
that was applied to similar problems by, e.g., Bregman (2005) and Merloni et al. (2006). In
this test we keep each pair of X-ray luminosity and redshift of the group sample and ‘shuffle’
the associated radio fluxes, assigning each one to a random (LX /z) pair. Applying the newly
assigned redshift, we then calculate the radio luminosity from the flux. We produced 1000
scrambled datasets in this manner and calculated for each of them the null-hypothesis
probability through the Kendall t test. The distribution of such values is presented in
Fig. 3.10.

Out of 1000 ’shuffling’, the null-hypothesis probability was never found to be lower
than the real dataset. The distribution is similar to a lognormal, with the peak lying between
⇠ 2% and 20%. The mean sets around ⇠ 12.5 %, with a standard deviation of ⇠ 3.5 %. The
null-hypothesis probability of the real dataset lies more than 3s away from it, suggesting
that the correlation holds.

Alternatively, we can also simulate our population of radio and X-ray sources by
randomly drawing them from luminosity functions and redshift distributions, then applying
the respective flux cuts in the X-ray and radio and measuring the correlation. This Monte-
Carlo simulation can be performed with and without an underlying correlation between
X-ray and radio powers.

The simulation was performed along the following steps:
• We first draw a random redshift within the ranges z = 0.01�2 for the group sample
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and z = 0.01� 0.4 for the cluster sample, assuming a constant comoving source
density, i.e.:

dN
dz

=
4pcDL

2(z)
(1+ z)H0E(z)

, (3.2)

with N being the number of objects, c the speed of light, E(z)=
p

WM(1+ z)3 +WL
and DL the luminosity distance at redshift z.

• We then sampled N X-ray luminosities, assuming two different luminosity functions
as probability density functions (pdf). For clusters, we assumed the 0.1�2.4 keV
luminosity function (LF) of BCS (Ebeling et al., 1997a), since the cluster sample
was built starting from this catalog. On the other hand, for groups we used the LF
presented in Koens et al. (2013) that goes down to lower luminosities and out to z ⇠
1.1. Multiple studies have shown hints of negative redshift evolution of the LF, with a
reduction in the number density of massive, luminous clusters at high redshifts (e.g.,
Moretti et al., 2004; Koens et al., 2013). As usual, they use a Schechter function in
the form:

F(L) = F⇤ exp(�L/L⇤)L�a , (3.3)

where L is the X-ray luminosity in units of 1044 erg s�1, F⇤ is the normalization, L⇤ is
the luminosity at the function cutoff and a determines the steepness of the function at
L < L⇤. Following the same approach described in Koens et al. (2013) and Böhringer
et al. (2014), the redshift evolution is taken into account by parametrizing density and
luminosity evolution through a power-law:

F⇤(z) = F⇤
0(1+ z)A, (3.4)

L⇤(z) = L⇤
0(1+ z)B, (3.5)

where F⇤
0 and L⇤

0 are the values at the current epoch, A ⇠ -1.2 and B ⇠ -2 (Moretti
et al., 2004). As we first draw a redshift, we can then sample the X-ray luminosity.
The number of mock objects, N, was chosen to match the numbers in our samples.

• We estimated the flux and applied an X-ray flux cut of 2 · 10�15 erg s�1 cm�2 for
groups and 4.4 · 10�12 erg s�1 cm�2 for clusters, as for our samples.

• We associated every X-ray luminosity-redshift pair with a radio luminosity assuming
(i) no correlation between X-ray and radio power, (ii) logLR = (1.07 ± 0.12) · logLX -
(15.90 ± 5.13) for both clusters and groups, and (iii) the above correlation for groups,
and logLR = (1.26 ± 0.20) · logLX - (25.80 ± 9.04) for clusters. The correlations
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were estimated exploiting the parametric EM algorithm coded in the AStronomical
SURVival statistics package (ASURV, Feigelson et al. 2014), that takes into account
different contributions by detections and left-censored data.

The results for groups assuming no correlation between X-ray and radio power are
presented in the top panel of Fig. 3.11. The empty bottom-right area of the plot is produced
by the Malmquist bias. Apart from this, the distribution of simulated data looks significantly
different from both the group sample and the cluster sample. In fact, Fig. 3.6 shows no
groups with LX < 1043 erg s�1 hosting a radio galaxy with LR > 1033 erg s�1 Hz�1.
However, we can see such objects in the top panel of Fig. 3.11, despite the simulation having
the same flux cuts of the real observation. This means that groups are prevented by physical
limitations from being found at these luminosities: the lack of them in this region is not
produced by biases.

The middle panel of Fig. 3.11 shows simulated data assuming the same correlation
for clusters and groups. The plot still looks different from Fig. 3.9, in which low X-
ray luminosity clusters are offset from groups, producing a tail that stands out from the
distribution. In order to properly measure the differences between the simulated and the
real distributions, we used the two sample Kolmogorov-Smirnov test. The test estimates the
null-hypothesis probability that two samples belong to the same distribution. The X-ray
luminosities of the simulated clusters are drawn from the BCS luminosity function, that
is the same catalog used for building the cluster sample. Since the KS test is not accurate
when performed on two samples if one of them is drawn from the other one, we chose to
perform it only on radio luminosities. Comparing the simulated data of the middle panel of
Fig. 3.11 with the real dataset, the KS test gives a null-hypothesis probability of ⇠ 2.7%,
confirming that the two distributions are intrinsically different. This suggests that X-ray and
radio luminosities of clusters and groups could follow different correlations.

Finally, the bottom panel of Fig. 3.11 shows the results of the simulation assuming
two different correlations for clusters and groups. The distribution of the simulated data is
now similar to the real correlation, suggesting that this is the assumption that better fits our
data. This is also confirmed by the KS test, that gives a null-hypothesis probability of ⇠
39.1%, indicating that the two samples likely belong to the same distribution. We also argue
that, without providing any relation between radio and X-ray luminosity, the simulation
is not able to reproduce the correlation, indicating that the redshift is not the only factor
contributing the correlation. This supports the picture of a physical connection between
ICM and AGN emission.

3.4 Discussion
Large radio galaxies in galaxy groups
Fig. 3.6 and 3.7 show that AGN in the centre of groups typically reach only tens of kpc in
linear size and up to ⇠ 1032 erg s�1 Hz�1 in power. However, a few of them (⇠ 10) are
able to grow to hundreds of kpc, reaching radio powers comparable to massive clusters’
BCGs (Fig. 3.8) and surpassing such sources in terms of size. We then argue that the biggest
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Figure 3.11: 1.4 GHz power of the central radio source vs. X-ray luminosity of the ICM in the 0.1-2.4 keV
band for the simulated data. Top-left panel: No correlation. Top-right panel: Same correlation (see text) for
both galaxy clusters (diamonds) and groups (circles). Bottom panel: Two different correlations for galaxy
clusters (diamonds) and groups (circles).
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Figure 3.12: Ratio of LLS of the radio galaxy and R200 of corresponding group (in kpc) vs. radio power of
the radio galaxy. Circles represent groups hosting resolved radio sources, while triangles denote unresolved
ones.

radio galaxies are found in the centre of galaxy groups. This was already hinted by multiple
works on giant radio galaxies (e.g., Mack et al. 1998; Machalski et al. 2004; Subrahmanyan
et al. 2008; Chen et al. 2012; Grossová et al. 2019; Cantwell et al. 2020, and references
therein). However, this is the first time that they are included as sources in a large sample of
groups, and their link to the environment is studied with respect to ”classical” radio sources.
Large radio galaxies have been found in galaxy clusters, too. An example is the giant radio
fossil recently observed in the Ophiucus clusters (Giacintucci et al., 2020) that reaches a
size of ⇠ 1 Mpc. However, they look more like outliers produced by unusually energetic
AGN outburst, rather than widespread cases. This is also supported by Fig. 3.9, which
shows that the LLS of radio galaxies hosted in clusters is usually significantly smaller with
respect to sources found in groups. The cluster sample only shows one cluster with a central
radio source bigger than 200 kpc (⇠ 0.7% of the sample), while the group sample has 10 of
them (⇠ 4% of the sample), ranging from 200 to 600 kpc.

We suggest that the lower gas density in groups when compared to clusters and a
different, more efficient accretion mechanism could be responsible for this effect. This is
supported by Ineson et al. (2013, 2015), who found a very similar relationship between
intra-group medium and AGN luminosities and showed that large radio galaxies, lying in
the top region of Fig. 3.6, are mostly HERGs, powered by a radiatively efficient accretion
mode (e.g., Best and Heckman, 2012), while groups lying within the narrower radio power
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distribution mostly contain LERGs. Similarly, we tried to classify the radio galaxies of the
group sample into HERGs and LERGs, by retrieving optical spectra from the zCOSMOS
survey (Lilly and Zcosmos Team, 2005) and measuring the equivalent width (EW) of the
[OIII] line. Objects showing EW[OIII] < 5 Å were classified as LERGs, while radio galaxies
with EW[OIII] > 5 Å are HERGs. However, we were able to properly perform such analysis
only on 9 radio galaxies, 4 of which were classified as HERGs, and 5 as LERGs. This
was due to most objects not having a zCOSMOS detection, while for others the fit of the
spectrum was inconclusive. Therefore, since this sample is too small to draw any conclusion
from it, we will not discuss it and leave it for future follow-up works.

Fig. 3.12 shows the radio power of the radio galaxy on the x-axis, and the LLS and
corresponding group’s R200 ratio on the y-axis. The largest radio galaxies have dimensions
comparable to the group’s virial radius.

The power output supplied by such AGN could potentially have strong consequences
for the intra-group medium. However, the energy is transferred to the diffuse gas at large
distances from the centre (⇠ hundreds of kpc), due to the dimensions of the radio galaxy,
while the cores of groups are typically only ⇠ tens of kpc. This means that, when heating
mainly occurs through radio mode feedback (i.e., by generating cold fronts and X-ray
cavities), the centres of groups are less affected by such process, and thus cooling could be
less suppressed than in galaxy clusters. On the other hand, when shocks are the dominant
source of heating, it could still be enough to adequately quench radiative losses. This
scenario looks very similar to some galaxy clusters, that are shown to host giant cavities,
with lobes extending over the cooling region (e.g., Gitti et al., 2007). Some analyses of
singular groups already suggested that jets extending well over the core could violate the
standard AGN feeding-feedback model (e.g., O’Sullivan et al., 2011d; Grossová et al.,
2019). However, this is the first work to prove that a significant fraction of the galaxy groups
population effectively shows hints that support this scenario.

This hypothesis needs to be tested by performing a thorough study of the jets and
structure of these large radio sources, and possibly by comparing the results with a accurate
analysis of the diffuse gas within the cooling radius of the host group. Such a radius is
usually defined as the radius within which the cooling time of the ICM falls under the
lookback time at z=1, corresponding to 7.7 Gyr. While meticolous estimates of the cooling
radius are usually feasible for galaxy clusters, there are only a few, closeby groups (e.g.,
O’Sullivan et al., 2017) that have been observed with the required depth and resolution to
accurately measure it. Therefore, we are currently unable to perform this comparison for
our sample.

Do clusters and groups show the same X-ray - radio correlation?

In the previous sections we showed how, according to our analysis, the relation between
the X-ray luminosity and the power of the central radio source is not produced by biases
or selection effects. Clusters and groups seem to follow two different correlations, albeit
with a similar slope. Furthermore, central radio galaxies in some groups show enhanced
emission up to ⇠ 3 orders of magnitude. The hypothesis of two, distinct correlations is
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Figure 3.13: AGN power at 1.4 GHz for the group sample vs. mass (M200). Colors denote redshift, and the
points are sized for the LLS of the radio source. Down arrows represent radio upper limits.

supported by the analysis previously performed on our simulated datasets.
However, we suggest that clusters and groups could follow the same correlation, in

which the latter populate the low X-ray and low radio luminosity regions, while the former
are usually stronger. The correlation is mainly produced by groups and clusters that have
not recently experienced a significant interaction with the surrounding environment, while
those which have undergone recent mergers or accretion from other objects tend to broaden
the distribution. Specifically, we would expect these clusters to show a lower AGN power at
a given X-ray luminosity, since the lack of cooling ICM prevents the AGN from accreting
gas. This could also explain the low-radio luminosity tail of clusters. The result of this
scenario is a distribution that is narrower for galaxy groups, and then broadens because of
the difference between cool cores and merging clusters.

Recent results by Gupta et al. (2020) (hereafter G20) already suggested the existence of
a link between the large-scale properties of clusters and AGN feedback. Using SUMSS data
(843 MHz) for two different cluster samples (⇠ 1000 X-ray selected, ⇠ 12000 optically
selected), they have shown that the probability of a cluster hosting radio-loud AGN scales
with its mass. This could suggest a connection between AGN feedback and cluster mass. A
similar link was already explored by Hogan et al. (2015). G20 also found no evidence that
the AGN radio power scales with the cluster halo mass (see Fig. 10 of G20). However, their
sample is built taking into account every radio AGN within clusters, even those not hosted
in BCGs. Therefore, it is not straightforward to compare it to the properties of central radio
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Figure 3.14: 1.4 GHz power of the central radio source vs. X-ray luminosity in the 0.1-2.4 keV band for 71
of the cluster sample objects, classified into cool cores (blue diamonds), non-cool cores (red triangles) and
clusters with unknown dynamical state (cyan crosses). Grey circles represents groups hosting unresolved radio
sources, for comparison. The grey area is the best-fit relation for galaxy groups: logLR = (1.07 ± 0.12) · logLX
- (15.90 ± 5.13).

sources.
In Fig. 3.13 we show the AGN radio power at 1.4 GHz vs. the mass of the group

sample (M200). We find no hints of groups under M200 ⇠ 6 · 1013 M� hosting radio sources
with log P (erg s�1 Hz�1) > 32. This suggest that, even in the group regime, low-mass
objects usually host weaker radio sources, while radio-loud AGN are usually found at higher
masses.

One could argue that our sample is simply missing low-mass groups that host powerful
AGN. These objects could therefore be rare. Since we do not detect them with a ⇠ 250
objects sample, the probability of observing one has to be lower than 0.4%. This suggests
that, even if they do exist, they can be considered outliers. In the group sample, the only
process we found that could bring to these consequences is the combination of low density
medium and the more efficient accretion mechanism that produces large radio galaxies. (see
Sec. 3.4). However, all these sources are found at higher masses. Either low-mass groups
hosting radio-loud AGN do not exist or, if they do, they are extremely rare (p < 0.4%).

In order to support the hypothesis that clusters and groups follow the same correlation,
we were able to classify 38 clusters of the cluster sample (⇠ 30%) into cool-core and non-
cool core. The classification, based on the presence of optical line emission, is presented by
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Hogan et al. (2015).
There are 33 clusters for which we have no information about their dynamical state. Not

surprisingly, most cool cores populate the high-luminosity area of the plot. Furthermore, 4
out of 5 non-cool cores are found at low radio power. We thus argue that cool cores produce
the high-power tail of the correlation shown in Fig. 3.9, while more dynamically disturbed
clusters tend to broaden it.

One possible scenario is that the feedback cycle in galaxy groups is much tighter and the
central AGN can affect the entropy of the gas more efficiently, as seen in our group sample.
Over their lifetime, central radio galaxies can undergo phases of higher power, allowing
them to grow to hundreds of kpc. Once central radio galaxies have grown to a certain size,
the energy from the AGN is injected at greater radii with respect to the cooling radius (see
Sec. 3.4), weakening the efficiency of feedback and broadening the correlation between
X-ray luminosity and radio power. Via mergers and accretion, groups can grow to become
clusters (White and Frenk, 1991b). Events occurring during their lifetime, such as mergers,
accretion or any interaction with other objects, that significantly affect both the cooling of
the ICM and the central radio galaxy, can widen the distribution.

3.5 Conclusions
We have studied the correlation between the X-ray emission of the intra-group medium
and the radio power of the central AGN for a sample of 247 X-ray selected galaxy groups
detected in the COSMOS field. We compared the properties of these groups with a control
sample of galaxy clusters and with simulated datasets of X-ray and radio luminosities. Our
conclusions can be summarized as follows:

• Groups show a correlation between the intra-group medium emission and the radio
galaxy power, with more X-ray luminous objects hosting more powerful radio sources.
Using Kendall’s partial correlation t test, combined with data ’scrambling’ and Monte-
Carlo simulations, we showed that this correlation is not produced by the flux cut.
Groups hosting large radio sources (� 150-200 kpc) stand out of the correlation.

• Galaxy clusters are usually more luminous but show a similar correlation to groups,
albeit with more scatter.

• Despite the observational evidence of two, distinct correlations, we argue that clusters
and groups could follow the same correlation once the dynamical state is taken into
account. Groups populate the low-luminosity region, while cool-core clusters are
found at high luminosities.

• Mergers between galaxy clusters and the resulting changes to central cooling times, as
well as changes in the accretion mechanism, can increase the scatter in the observed
correlation.
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• Galaxy groups host a significantly higher fraction of large (LLS > 200 kpc) radio
galaxies (⇠ 4%) than clusters (⇠ 0.7%), albeit the redshift range of our cluster sample
is narrower. The growth of these radio sources, that in this work reach up to ⇠
600 kpc, is probably favored by the low ambient densities and aided by an efficient
accretion mode (HERGs). Radiative cooling of the diffuse thermal gas could be less
suppressed in these objects, since the AGN energy injection happens at larger radii
compared to the cooling region of the corresponding group.

More detailed studies are needed to address these results. Volume-limited catalogs are
essential in order to reduce biases that can be introduced by redshift-dependent luminosity
functions and other effects. Deep, high angular resolution observations of single groups and
optical spectra could also be helpful for a better understanding of the physical link between
the intra-group medium and the central AGN.
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.1 Properties of the group sample
The properties of the group sample are listed in Table 4. The full table is available as online
material, while a part of it is showed here; the listed properties include X-ray coordinates
of the group, redshift, M200, R200, X-ray luminosity, radio coordinates, flux density at 1.4
GHz, radio luminosity at 1.4 GHz and LLS (when resolved). The last column reports 1 if
the radio source was detected with both VLA and MeerKAT, and 2 if it was detected only
by MeerKAT.
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4. LOFAR view of feedback in eFEDS

The eROSITA Final Equatorial-Depth Survey
(eFEDS): LOFAR view of brightest cluster

galaxies and AGN feedback
T. Pasini, M. Brüggen., D. N. Hoang et al. A&A, 661A, 13P.
Abstract. During the performance verification phase of the Spectrum-Roentgen-Gamma

(SRG) eROSITA telescope, the eROSITA Final Equatorial-Depth Survey (eFEDS) was
carried out. It covers a 140 deg2 field located at 126� < R.A. < 146� and -3� < Dec. <+6�
with a nominal unvignetted exposure over the field of 2.2 ks. Five hundred and fourty-two
candidate clusters and groups were detected in this field, down to a flux limit FX ⇠ 10�14

erg s�1 cm�2 in the 0.5-2 keV band. In order to understand radio-mode feedback in
galaxy clusters, we study the radio emission of brightest cluster galaxies (BCGs) of eFEDS
clusters and groups, and we relate it to the X-ray properties of the host cluster. Using
LOFAR, we identified 227 radio galaxies hosted in the BCGs of the 542 galaxy clusters and
groups detected in eFEDS. We treated non-detections as radio upper limits. We analysed
the properties of radio galaxies, such as redshift and luminosity distribution, offset from
the cluster centre, largest linear size, and radio power. We studied their relation to the
intracluster medium of the host cluster. We find that BCGs with radio-loud active galactic
nucleus (AGN) are more likely to lie close to the cluster centre than radio-quiet BCGs. There
is a clear relation between the cluster X-ray luminosity and the 144 MHz radio power of the
BCG. Statistical tests indicate that this correlation is not produced by biases or selection
effects in the radio band. We see no apparent link between largest linear size of the radio
galaxy and the central density in the host cluster. Converting the radio luminosity into
kinetic luminosity, we find that radiative losses of the intracluster medium are in an overall
balance with the heating provided by the central AGN. Finally, we tentatively classify our
objects into disturbed and relaxed based on different morphological parameters, and we
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show that the link between the AGN and the ICM apparently holds for both subsamples,
regardless of the dynamical state of the cluster.

4.1 Introduction
Radio galaxies that sit at the centres of galaxy clusters and galaxy groups play an important
role in regulating the temperature of the intra-cluster medium (ICM) and intra-group
medium (IGrM). Radio-loud active galactic nuclei (AGN) are usually hosted by brightest
cluster galaxies (BCG) and they quench the cooling of the hot (⇠ 107 K) ICM through
mechanical feedback (see e.g. reviews by McNamara and Nulsen 2012; Gitti et al. 2012).
Effects of AGN feedback are manifested in the form of X-ray cavities and ripples in the
cluster atmosphere (e.g. McNamara et al., 2000; Bîrzan et al., 2004; Fabian et al., 2006;
Markevitch and Vikhlinin, 2007; Gastaldello et al., 2009). Consequences are also observed
in the thermodynamical properties of the ICM, such as the gas entropy distribution (e.g.
Cavagnolo et al., 2009) or in the transport of high-metallicity gas from the cluster centre to
the outskirts (e.g. Liu et al., 2019a). This type of feedback is generally positive, in the sense
that when the radiative losses of the ICM increase, the AGN counteracts this by heating
the ICM. The more gas cools and fuels the super-massive black hole (SMBH) at the centre
of the BCG, the higher the energy output that is able to quench the ICM radiative losses
and establish what is commonly known as the AGN feedback loop (see the review from
Gaspari et al. 2020). AGN feedback has been observed in systems ranging from isolated
elliptical galaxies (Croton et al., 2006; Sijacki et al., 2015; O’Sullivan et al., 2011b) to
massive clusters where it prevents the formation of cooling flows (McDonald et al., 2019;
Ehlert et al., 2011; Pasini et al., 2021b). Most of the AGN associated with BCGs are in
the so-called radio- or maintenance-mode (to distinguish it from the radiatively dominated
quasar-mode feedback), where the accretion rate is modest and the feedback is mediated
via mechanical work from powerful jets. A scaling relation between cavity power and
radio luminosity, spanning over seven orders of magnitude in radio and jet power, has been
observed in nearby systems (Bîrzan et al., 2004; Merloni and Heinz, 2007; Bîrzan et al.,
2008; Cavagnolo et al., 2010; O’Sullivan et al., 2011c; Heckman and Best, 2014).

It has been pointed out that AGN feedback may operate differently in galaxy groups,
where the gravitational potential is shallower (Sun, 2012). Here, less energetic AGN than in
clusters can have a larger impact on the IGrM (Giodini et al., 2010) because outbursts are
also capable of expelling cool gas from the central region (Alexander et al., 2010; Morganti
et al., 2013). As a result, AGN feedback may break the self-similarity between galaxy
clusters and groups, especially in terms of their baryonic properties (Jetha et al., 2007).
Hence, galaxy groups may be particularly interesting to study AGN feedback because
their different environment should be reflected in the properties of the central AGN (e.g.
Giacintucci et al., 2011).

Von Der Linden et al. (2007) found that brightest group galaxies (BGGs) and BCGs
lie on a different fundamental plane in terms of velocity dispersion, effective radius, and
average surface brightness and have experienced star formation for a shorter time than
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non-BCGs 1. In the companion paper by Best et al. (2007), they also argued that BCGs are
more likely to host radio-loud AGN than satellites of the same mass (cluster-hosted and
not), but are less likely to host an optical AGN. These differences are particularly pertinent
for BGGs. Main et al. (2017) studied the relation between AGN feedback and central (at
0.004R500) cooling time in a sample of 45 galaxy clusters. They reported a clear correlation
between AGN power, halo mass, and X-ray luminosity in clusters with a central cooling
time of < 1 Gyr.

X-ray observations of galaxy groups are more difficult than for galaxy clusters because
groups have lower surface brightnesses and emit at lower temperatures that are outside of
the sweet spot of most X-ray observatories (see e.g. Willis et al. 2005). Some notable work
on groups has been reported, however. Lovisari et al. (2015) presented scaling relations
in the group regime, and Johnson et al. (2009) and O’Sullivan et al. (2017) classified their
samples of groups into cool-core and non-cool-core. Kolokythas et al. (2018) focused on
central radio galaxies in the so-called Complete Local Volume Group Sample (CLoGS)
and found that ⇠ 92% of groups in their high-richness sample (26 objects) have dominant
galaxies (BGGs) hosting radio sources. They also argued that radio galaxies showing jets
are more common in bright groups, while radio non-detections are mostly found in X-ray
faint systems. In the CLoGS low-richness sample (27 objects) studied in Kolokythas et al.
(2019), the same authors report a radio detection rate of ⇠82% in the luminosity range
1020 �1025 W Hz�1 at 235 MHz. Malarecki et al. (2015) proposed that the lower densities
in the IGrM compared to the ICM allow the lobes of group radio galaxies to expand to large
distances. Werner et al. (2014) used far-infrared (FIR), optical, and X-ray data to study
eight nearby giant elliptical galaxies, all central members of relatively low-mass groups.
The authors found evidence that cold gas in these centrals galaxies is produced mostly by
cooling from the hot phase and that this cool gas fuels outbursts of the AGN. Dunn et al.
(2010) investigated a statistically complete sample of 18 nearby massive galaxies with X-ray
and radio coverage and reported that 10 of them exhibit extended radio emission, with 9
also showing indications of interplay with the surrounding hot gas.

Mittal et al. (2009) determined that all cool-core clusters in a complete sample of ⇠ 60
clusters show a central radio galaxy, while only half of the non-cool core clusters have
one. Interestingly, when this study was extended to galaxy groups, the trend became much
weaker (Bharadwaj et al., 2014b, 2015a). A similar result was recently discussed in Pasini
et al. (2020) (hereafter P20). In this paper, the authors studied a sample of 247 X-ray
detected galaxy groups in the COSMOS field, matching them to radio galaxies detected in
the VLA-COSMOS Deep Survey (Schinnerer et al., 2010) and in the COSMOS MeerKAT
survey (MIGHTEE, Jarvis et al. 2016). They found that more than 70% of their radio
galaxies are not hosted in BGGs, while in clusters, ⇠85% of the central radio galaxies are
associated with BCGs. They also discussed a correlation between the X-ray luminosity of
groups and the radio power from the central radio galaxy because more massive groups
seem to host more powerful sources. Pasini et al. (2021a) recently showed that in their
sample of groups, BGGs showing powerful radio emission are always found within 0.2

1hereafter we refer to them as satellites for more clarity.
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Rvir ⇠ 0.3R200 from the centre.
The extended ROentgen Survey with an Imaging Telescope Array (eROSITA) on board

the Spectrum-Roentgen-Gamma (SRG) mission (Predehl et al., 2021) was launched on July
13, 2019. The large effective area (1365 cm2 at 1 keV), large field of view (FoV, 1 deg
diameter), good spatial resolution (half-energy width of 26 ” averaged over the FoV at
1.49 keV, 16 ” on-axis) and spectral resolution (⇠ 80 eV full width at half maximum at
1 keV) of eROSITA allow unique survey science capabilities by scanning large areas of
the X-ray sky quickly and efficiently (Merloni et al., 2012). Thus, eROSITA is detecting a
large number of previously undetected groups and clusters, most of them with low surface
brightnesses and at low redshifts, even though the confirmation of these groups in the optical
is challenging for z < 0.1�0.2.

In this work, we exploit the results of the eROSITA Final Equatorial-Depth Survey
(eFEDS), a mini-survey designed to demonstrate the science capabilities of eROSITA. We
study the radio galaxies observed in cluster centres at a frequency of 144 MHz by the LOw
Frequency ARray (LOFAR, van Haarlem et al. 2013) in order to investigate their relation
to their host clusters. This paper is structured as follows: in Sec. 4.2 we give a detailed
description of how we built the sample. In Sec. 4.3 we show the results, compare them to
previous work, and analyse the implications for AGN feedback. Finally, in Sec. 4.4 we
summarise our results. Throughout this paper, we assume a standard LCDM cosmology
with H0 = 70 km s�1 Mpc�1, WL = 0.7 and WM = 1�WL = 0.3.

4.2 Sample
eROSITA observation of eFEDS and the cluster catalogue
eFEDS covers a 140 deg2 field located in an equatorial region, with R.A. from ⇠126 to
⇠146 deg, and declination from ⇠-3 to ⇠6 deg. This field was uniformly scanned by
eROSITA during the Performance Verification phase, resulting in a nominal exposure of
about 2.2 ks (unvignetted) over the field, which is similar in depth to the final exposure that
will be reached in four years in equatorial fields in the eROSITA all-sky survey (Liu et al.,
2021).

The eFEDS data were acquired by eROSITA over four days, between November 4 and
7, 2019. These data were processed by the eROSITA Standard Analysis Software System
(eSASS, Brunner et al. 2021). We refer to Ghirardini et al. (2021, hereafter G21) for further
details on the data processing. The source detection was performed using the tool erbox in
eSASS on the merged 0.2 – 2.3 keV image of all seven eROSITA telescope modules (TMs).
erbox is a modified sliding-box algorithm that searches for sources in the input image that
are brighter than the expected background fluctuation at a given image position. For each
candidate source, the detection likelihood and the extent likelihood are determined by fitting
the image with the source model, which is a b -model convolved with the calibrated point
spread function (PSF). Sources for which the extension is too broad to be fitted by the PSF
have a higher extent likelihood. For further details on the source detection procedure, we
refer to Brunner et al. (2021). We detect 542 candidate clusters over the full field (Liu
et al., 2021). This corresponds to a source density of ⇠ 4 clusters per square degree at the
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Table 4.1: LOFAR HBA observations of the eFEDS field

Telescope LOFAR
Project LC13_029, LT5_007,

LT10_010, LT14_004
Mode HBA_DUAL_INNER
Pointing eFEDS_128, eFEDS_131,

eFEDS_134, eFEDS_136,
eFEDS_139, eFEDS_142

P129+02, P132+02,
P134+02, P137+02,
P139+02, P126+02

G09_A, G09_B,
G09_C, G09_D

Calibrator 3C 196, 3C 295
Frequency (usable, MHz) 120–168
Central frequency (MHz) 144
Number of subbands (SB) 241
Bandwidth per SB (kHz) 195.3
Channels per SB 16
On-source time (hr) 184a

Integration time (s) 1
Frequency resolution (kHz) 12.2
Correlations XX, XY, YX, YY
Number of stations 73–75 (48 split core,

14 remote, 9–13 internationalb)
Notes: a: calculated from the total duration on all pointings, including simultaneous observations with two

LOFAR beams; b: international stations are not used in this study.

equatorial depth. Photometric redshifts are obtained through the multi-component matched
filter (MCMF) cluster confirmation tool (Klein et al., 2018). Optical data from the Hyper
Suprime-Cam Subaru Strategic Program (HSC-SSP, Aihara et al. 2018) and from the DESI
Legacy Survey (LS, Dey et al. 2019) were exploited. We refer to Klein et al. (2021) and
Liu et al. (2021) for further details. Spectroscopic redshifts derived from 2MRS (Huchra
et al., 2012), SDSS (Blanton et al., 2017), or GAMA (Driver et al., 2009) were used when
available (296 out of 542 clusters). For each cluster, a massive red-sequence galaxy near the
X-ray emission peak was selected as the BCG, following Klein et al. (2021).

The sample of clusters can be expected to be contaminated by spurious sources or by
misclassified AGN at a level of ⇠19.7% (see Liu et al. 2021). Cluster contamination is
therefore taken into account through the parameter fcont,i (Klein et al., 2019), which is
defined as

fcont,i =

R •
li

frand(l ,zi)dl
R •

li
fobs(l ,zi)dl

, (4.1)

where frand,z is the richness distribution of random positions at the cluster candidate redshift
zi, fobs(l ,zi) is the richness distribution of true candidates, and li is the richness of the
cluster candidate. The estimator fcont,i is correlated with the probability of a source being



80 Chapter 4. LOFAR view of feedback in eFEDS

a chance superposition. Applying a given cut to this parameter allowed us to reduce the
initial contamination of the cluster sample. When independence of contaminants in the
X-ray sample is assumed, the fractional contamination of the sample is simply the product
of the initial fractional contamination of the X-ray sample and the applied cut in fcont. For
example, applying a cut in fcont,i < 0.3 results in a sample of about 88% (477 out of 542)
of the eFEDS extended sources that are confirmed as galaxy clusters. When an initial
contamination of the X-ray sample of 20% is assumed (Klein et al., 2021), this fcont selected
sample is expected to contain ⇠6% contamination. Subsequent tests described in Klein et al.
(2021) confirmed the expected amount of contamination to be 6± 3%. For more details
about the X-ray catalog, we refer to Liu et al. (2021), while further details on the optical
confirmation and contamination can be found in Klein et al. (2021).

LOFAR observations of eFEDS and the radio source catalogue
The eFEDS field was observed with the LOFAR high band antennae (HBA) for a total of 184
hours (including simultaneous observations by two LOFAR pointings) between February
24, 2016, and May 27, 2020, by projects LC13_029 (100 hours), LT5_007 (32 hours),
LT10_010 (44 hours), and LT14_004 (8 hours). The eFEDS field is entirely covered by six
pointings of LC13_029 that are separated by 2.7 degree in a row. The LT5_007 observations
that are centred on the GAMA 09 field cover the central region of the eFEDS field with
four pointings separated by 2.4 degree. LT10_010 and LT14_004, as part of the LOFAR
Two-meter Sky Survey (LoTSS; Shimwell et al., 2017, 2019), are positioned on the LoTSS
grid where pointings are typically 2.58 degree apart. We present a layout of the LOFAR
observations of the eFEDS field in Fig. 4.1. The setup for all observations is described
in detail in Shimwell et al. (2017, 2019). The observing frequency is from 120 MHz to
187 MHz, but we removed the data above 168 MHz where the signal is highly contaminated
by RFI. Each pointing was performed by multiple chunks of 2 or 4 hours when the field
was at high elevation (i.e. an average elevation of 35 degrees). Bright radio sources 3C 196
and/or 3C 295 were observed for 10 minutes each before and after the observations of the
target fields and were used as primary calibrators. Details of the observations are given in
Table 4.1.

We adopted the standard calibration procedure that has been developed for LoTSS
(Shimwell et al., 2017, 2019). The calibration aims to correct for the direction-independent
and direction-dependent effects (e.g. ionosphere and beam model errors), which need to
be corrected for high-fidelty imaging with the LOFAR HBA. The data for each pointing
were separately processed with PREFACTOR2 (van Weeren et al., 2016; Williams et al.,
2016a; de Gasperin et al., 2019a) and DDF-pipeline3 (Tasse, 2014a,b; Smirnov and Tasse,
2015; Tasse et al., 2018; Tasse et al., 2021a). In detail, the processing was identical to that
described by Tasse et al. (2021a), with one exception: in order to deal with the effect of
sources that lie outside the target 8⇥8 degree field, but are still covered by the very N-S
elongated LOFAR primary beam, the first step of the pipeline for each image was to make a

2
https://github.com/lofar-astron/prefactor

3
https://github.com/mhardcastle/ddf-pipeline

https://github.com/lofar-astron/prefactor
https://github.com/mhardcastle/ddf-pipeline
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Figure 4.1: LOFAR observations of the eFEDS field, shown in the black region. The elliptical lines show the
LOFAR pointing locations in the projects LC13_029 (red), LT5_007 (green), LT10_010 (blue), and LT14_004
(blue). The major and minor axes of the ellipse (i.e. 4.0 degrees and 6.7 degrees) are the FWHM of the
LOFAR station beam along the RA and Dec axes, respectively.

very large (27⇥27 degree) image of the whole primary beam and subtract sources detected
by DDFacet that appeared in this image, but lay outside the target field.

The pipeline produces high-resolution (< 9”) images for each pointing with an rms noise
of ⇡170 µJy beam�1 in the pointing centre and ⇡335 µJy beam�1 in the regions 2.5 degree
from the pointing centres. Given the large LOFAR station beam (i.e. FWHM of 4 degrees
in an E-W direction at the central frequency of 144 MHz), the separation of 2.4–2.7 degrees
between the pointings leads to a significant overlap between the images. To increase the
fidelity of the images, we convolved the images to a common resolution of 8”⇥9” and made
a mosaic of the entire eFEDS field in the manner described by Shimwell et al. (2019) by
reprojecting each image onto a 50,000⇥27,000 pixel image with 1.5 arcsec pixels centred
on RA=9h, Dec=1 degree and then combining the reprojected images weighting by the local
image noise at each pixel, taking the primary station beam into account. No astrometric
blanking was carried out in the mosaicing, and each image was corrected before mosaicing
to the flux scale of Roger et al. (1973) in the manner described by Hardcastle et al. (2021).
The noise in the resulting mosaic is non-uniform, but reduces to ⇡135 µJy beam�1 in the
central parts of the image.

To produce a catalog of radio sources, we performed source detection on the high-
resolution (8”⇥9”) mosaic of the eFEDS field with the Python Blob Detector and Source
Finder (PyBDSF4; Mohan and Rafferty 2015b). Sources were detected with a peak detection
threshold of 5s (thresh_pix=5) and an island threshold of 4s (thresh_isl=4) that
limits the boundary for the source fitting. Here the local noise rms, s , was calculated

4
https://github.com/lofar-astron/PyBDSF

https://github.com/lofar-astron/PyBDSF
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Figure 4.2: Left: Scatter plot between the TGSS-ADR1 (scaled) and LOFAR flux densities for single-
Gaussian sources. The dashed blue line is the best fit of the LOFAR and TGSS-ADR1 (scaled) flux densities,
log10 (SLOFAR) = 0.92⇥ log10 (STGSS�ADR1;scaled)+ 0.03 [Jy]. The solid black line is a diagonal line with
slope 1. Right: RA and Dec offsets for the LOFAR and FIRST detected single-Gaussian sources. The
histograms of the offsets, including the best-fit Gaussian dashed lines, are plotted in the top and right panels.
The ellipse shows the peak location (i.e. 0.13” to the left and 0.04” to the top of the centre point) and the
FWHM (i.e. 0.70” and 0.82” in RA and Dec.) of the Gaussian functions that are obtained from the fitting of
the RA and Dec offset histograms.

using a box of (150⇥ 150) pixels2 that slides across the mosaic with a step of 15pixels.
Around bright sources, typically compact, where the pixel values are higher than 150s
(adaptive_thresh= 150), we used a smaller box of (60⇥60) pixels2 and a sliding step
of 15 pixels. The smaller box is more accurate for the estimate of the high noise rms around
bright sources. The source detection produces a catalog of 45,207 sources, most of which
(99.6 percent) have 144 MHz flux densities below 1 Jy.

The mosaic that is made with the standard procedure described above typically has a
flux density uncertainty of 10%. However, to further check the flux scale in the eFEDS
mosaic, we compared the integrated flux densities of the LOFAR detected sources with
those in the TGSS-ADR1 (TIFR GMRT Sky Survey - Alternative Data Release 1, Intema
et al. 2017) 150 MHz data, which have a similar central frequency. The LOFAR mosaic was
smoothed to the resolution of the TGSS-ADR1 (i.e. 25”) and regridded to match the spatial
dimensions of the TGSS-ADR1 image. Radio sources in the LOFAR and TGSS-ADR1 25”
images are detected with PyBDSF in an identical manner as for the LOFAR 8”⇥9” mosaic
above. There are 4,585 sources detected with both LOFAR and TGSS-ADR1 observations.
Sixty percent of these sources (i.e. 2,695) were modeled with a single Gaussian and were
used for the flux scale comparison. Because the observing frequencies for the LOFAR
and TGSS-ADR1 data are different, we rescaled the flux densities of the TGSS-ADR1
sources to match those at the frequency of the LOFAR data (144 MHz) by assuming a
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common spectral index of 0.8 (see Sec. 4.2 for a definition). We performed a linear fit to
the LOFAR and TGSS-ADR1 scaled flux densities, weighting by the LOFAR flux densities,
and obtained a relation log10 (SLOFAR) = 0.92⇥ log10 (STGSS�ADR1;scaled)+0.03 [Jy]. The
integrated flux densities of the radio sources in the LOFAR catalog are ⇠10% higher than
those in the TGSS-ADR1 catalogue. We assumed an uncertainty of 20% for the integrated
flux densities of the LOFAR detected sources. In Fig. 4.2 we present a scatter plot of the flux
densities of the LOFAR and TGSS-ADR1 detected sources. The LOFAR detected sources,
especially the faint ones, have higher flux densities than those found with the TGSS-ADR1
observations.

Following Shimwell et al. (2019), we checked the astrometry of the sources detected
with PyBDSF in the LOFAR 8”⇥9” mosaic by comparing their locations with those of their
FIRST 1.4 GHz counterparts. We used the FIRST survey because of its high astrometric
accuracy of 0.1” compared to the absolute radio reference frame (White et al., 1997) and
the comparable spatial resolution of both surveys (i.e. 5”⇥5” for FIRST and 8”⇥9” for
LOFAR). We cross-matched the sources within a radius of 9” in the LOFAR and FIRST
catalogues and found 10,709 sources in common, of which 6,601 are single-Gaussian
LOFAR sources. We calculated the offsets in RA and Dec for these single-Gaussian sources
and present them in Fig. 4.2. The histograms of the RA and Dec offsets are fitted with a
Gaussian whose location and standard deviation are defined as the systematic offsets and
total astrometric uncertainty. There are systematic offsets of 0.13” and 0.04” in RA and
Dec, respectively. The standard deviations of the offsets in RA and Dec are 0.70” and
0.82”, respectively. When this is compared to the offsets of FIRST and LoTSS sources
(Shimwell et al., 2019), our results on the RA and Dec offsets are a factor of two to seven
higher, and the standard deviations are a factor of two to three higher. These are likely due
to the lower declination of the eFEDS field compared with the declination of ⇡ 50� of the
LoTSS-DR1 field, which results in a larger elongated beam and slightly more disturbed
ionospheric conditions. However, the uncertainties are well within the resolution of the
LOFAR observations (i.e. 8”⇥9”).

Sample construction and properties
The catalogue of radio sources was cross-matched with the BCG positions (see Sec. 4.2) by
setting a sky threshold ⇠ 3q , with q being the synthesised beam of the interferometric radio
observation. The results were then manually inspected to check for the presence of false
positives (i.e. radio sources incorrectly associated with an optical BCG) or false negatives
(i.e. radio emission lying at more than 3q from the BCG, but with an obvious association to
it). We find no incorrect BCG-radio association, while two clusters were initially mistakenly
classified as non-detections. To limit contamination, we applied the same cut fcont,i < 0.3
as discussed in Sec. 4.2. According to Eq. 4.1, this implies that we statistically allowed for
6% contamination. This value, albeit conservative, produces a relatively small impact on
our results.

The final catalog contains a total of 227 clusters, with only ⇠1% (3 out of 230) of
objects lost to contamination. This is consistent with our expectations because the cut we
applied should result in a cluster catalogue that is ⇠99% complete (see Klein et al. 2021
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and Liu et al. 2021). Out of the parent sample of 542 X-ray clusters, 312 did not match
any of LOFAR radio sources. After applying the same contamination criteria, we were left
with 248 clusters without detected radio emission, which is a loss of ⇠21% of the original
sample. These were then treated as radio upper limits assuming a flux limit of 3s , where s
is the local rms noise of the LOFAR mosaic at the position of the cluster. The increase in
the number of clusters lost to contamination with respect to detections is easy to explain
when we consider that excluded objects are not real clusters, but mostly contaminants (e.g.
bright AGN). This makes finding a radio counterpart less likely. Again, we refer to Klein
et al. (2021) and Liu et al. (2021) for further details.

Nevertheless, not every cluster or group hosts radio galaxies in reality. Some groups only
contain a few (< 10) galaxies, and only ⇠1% of all observed galaxies are active (Padovani
et al., 2017). This fraction should also be significantly higher in overdense environments
such as clusters. Sabater et al. (2019) found that 100% of their sample of AGN in massive
galaxies (> 1011 M�) are always switched on above a 144 MHz luminosity of 1021 W
Hz�1. A strong link between radio AGN activity and the host galaxy mass is observed
(Best et al., 2005a; Sabater et al., 2013). As already discussed in Sec. 4.1, Kolokythas
et al. (2018, 2019) reported rates at 235 MHz of 92% and 82% for their sample of 26
and 27 galaxy groups, respectively. P20 reported a detection rate for COSMOS groups
of ⇠70%, with rms ⇠ 12µJy beam�1. Here, the same fraction is only 48% (given the cut
we applied for contamination). This is likely due to the lower signal-to-noise ratio (S/N)
of LOFAR eFEDS with respect to the single-target observations that were used to build
CLoGS, while P20 exploited the VLA-COSMOS Deep Survey. Furthermore, CLoGS was
built with low-redshift (z < 0.02) groups, while our sample reaches z ⇠ 1.3.

The luminosity of all the radio sources, including upper limits, was estimated as

L144MHz = S1444pD2
L(1+ z)a�1, (4.2)

where S144 is the flux density at 144 MHz, DL is the luminosity distance at redshift z , and a
is the spectral index Sn µ n�a , assumed to be ⇠ 0.8 for all radio galaxies because our study
is conducted at low frequency and most sources show a relatively extended morphology,
rather than being compact and point-like, as is usually observed at higher frequency.

The left panel of Fig. 4.3 presents the redshift distribution for the sample, classified
into detections and radio upper limits. The detection and non-detection distributions look
similar up to z ⇠ 0.9. The highest-z detection is at z ⇠ 1.1, while there is one radio upper
limit at z ⇠ 1.3. The right panel shows LX ,500kpc versus redshift with the same classification,
with LX ,500kpc being the 0.5-2.0 keV luminosity measured within a 500 kpc radius. The flux
sensitivity is FX = 1.5⇥ 10�14 erg s�1 cm�2. Further details on the eROSITA selection
function and completeness can be found in Liu et al. (2021).

4.3 Analysis and discussion
X-ray and radio luminosity distributions
In Fig. 4.4 we show the X-ray and radio luminosity distributions. The X-ray distribution, in
the left panel, spans the range from LX ,500kpc ⇠ 1041 erg s�1 to 4⇥1044 erg s�1 for objects
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Figure 4.3: Left: Histogram showing the redshift distribution of the sample, classified into radio detections
(red) and upper limits (blue). Right: LX ,500 vs. redshift for the sample. The dashed line denotes the theoretical
flux cut of the eROSITA observation.

Figure 4.4: Left: X-ray luminosity distribution for the parent sample of clusters and groups divided into
objects with (red) and without (blue) radio detection. Right: Radio luminosity distribution for clusters and
groups with radio detection.

with radio detections, while the range for clusters with upper limits is slightly narrower,
reaching 3⇥1044 erg s�1. Due to the high sensitivity of eROSITA, we are able to reach
lower luminosities than the existing X-ray samples of clusters and groups. The BCS sample,
compiled with ROSAT (Ebeling et al., 1997b), reaches LX ⇠ 1042 erg s�1, similarly to
the REFLEX II catalogue (Böhringer et al., 2014). On the other hand, our upper range is
lower than both the BCS and the REFLEX II, which extend well beyond LX ⇠ 1045 erg
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Figure 4.5: Histogram showing BCG offsets from the X-ray emission peak, assumed as the centre of the
cluster or group, for galaxies with AGN radio emission (red) and for those with radio upper limits (blue).

s�1, because our sample comes from a relatively small field in the sky. The forthcoming
eROSITA all-sky survey (eRASS, Bulbul et al. in prep.) will observe a large number of
clusters and groups, allowing us to extend our analysis to higher luminosities.

The radio luminosity distribution at 144 MHz, in the right panel, ranges from L144MHz ⇠
1029 erg s�1 Hz�1 to ⇠ 1034 erg s�1 Hz�1. Given the assumption on the spectral index made
above, the upper range of luminosities at 144 MHz corresponds to L1.4GHz ⇠ 1.6⇥ 1033

erg s�1 Hz�1. This is lower than other samples that have recently been studied at this
frequency. The catalogue of 1.4 GHz radio sources in galaxy groups analysed in P20
reaches L1.4GHz ⇠ 1034 erg s�1 Hz�1, similarly to the sample of BCG radio galaxies by
Hogan et al. (2015). Finally, we note that the sample studied at 235 MHz by Kolokythas
et al. (2018, 2019) ranges from L235MHz ⇠ 1027 to 1032 erg s�1 Hz�1. Converting from
144 MHz luminosity, eFEDS radio galaxies span from L235MHz ⇠ 6.8⇥1028 to 6.7⇥1033

erg s�1 Hz�1. Therefore our sample extends to higher radio powers, but does not reach as
deeply as CLoGS. Nevertheless, it consists of 227 clusters and groups, compared to the 53
groups that belong to CLoGS.

BCG offsets
Fig. 4.5 shows the histogram of the BCG offset from the centre of the host cluster or group.
The centre was estimated by fitting a two-dimensional b -model (Cavaliere and Fusco-
Femiano, 1976b) to the X-ray emission. Most BCGs with detected AGN radio emission lie
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Figure 4.6: Top: Projected LLS vs. radio power of eFEDS radio galaxies. Bottom: Projected LLS of the radio
galaxy vs. ICM central density.

within ⇠50 kpc from the cluster centre (⇠84%). For these clusters, the median value of the
offset distribution is ⇠15 kpc, with dispersion ⇠30 kpc. At larger offsets, it is easier to find
BCGs that do not host a radio galaxy. For clusters with no radio detection, the median is
⇠130 kpc with a dispersion of ⇠190 kpc.

Small offsets (<50 kpc) are expected and found in most relaxed clusters because even a
minor merger can induce sloshing and displace the X-ray emission peak from the BCG (e.g.
Hamer et al., 2016; Pasini et al., 2019; Ubertosi et al., 2021; Pasini et al., 2021b). Large
offsets (100-1000 kpc) are often an indication of a strongly disturbed cluster environment
(Rossetti et al., 2016; De Propris et al., 2021, and references therein). The relation of BCGs,
the triggering of the AGN, and the offset from the cluster centre has been widely discussed
and was recently studied in Pasini et al. (2021a). In that paper, the authors found that it is
more common for more central BCGs to show radio-loud AGN because in these galaxies the
accretion onto the central BH is boosted by the strong cooling in the cluster core. Similar
results have also been discussed in Burns (1990), Best et al. (2007), Cavagnolo et al. (2008)
and Shen et al. (2017). On the other hand, off-centre galaxies have to rely on more episodic
processes, such as cluster and group mergers and/or galaxy interactions. We find the same
results in this sample because, as discussed above, radio-loud AGNs are mostly found at an
offset <50 kpc.

Extent of BCG radio galaxies
Radio galaxies exhibit a plethora of different shapes and sizes. The reasons for the unusual
size of some giant radio galaxies (e.g. Brüggen et al., 2021; Dabhade et al., 2020) and
for the significantly smaller extent of some others (e.g. FR0, Baldi et al. 2015) have been
investigated previously. Hardcastle et al. (2019) presented the currently largest sample
of radio galaxies in which the relation between the radio power and the linear size was
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Figure 4.7: 144 MHz power of radio galaxies vs. X-ray luminosity of the host cluster. Symbol sizes are
proportional to the LLS of the source, and their colour indicates the redshift. Downward-pointing arrows
denote radio upper limits. Bars represent errors on both axes.

investigated. The location of a source in this diagram is indicative of its initial conditions
and current evolutionary state (Hardcastle, 2018). Kolokythas et al. (2018) found a clear link
between the 235 MHz power and the projected largest linear size (LLS) of their resolved
radio galaxies. The same relation was already found for cluster and field radio galaxies by
Ledlow et al. (2002) and is investigated for our sample of BCGs at 144 MHz (top panel
of Fig. 4.6). The LLS of radio galaxies was manually measured from the LOFAR eFEDS
mosaic, assuming an error equal to the synthesised beam. To exclude unresolved sources,
only those with a largest angular size LAS > 2⇥beam were taken into account.

Most sources show an LLS between 100 and 300 kpc, with the mean at LLS⇠235 kpc
and standard deviation ⇠ 160 kpc. Large sources mostly show a classical double-lobed
morphology, while the smallest ones are point-like. As previously observed, there is a
positive correlation between LLS and luminosity, with larger radio galaxies being more
powerful. The relation holds even at relatively high luminosities5. Nevertheless, we note
that we are likely missing large, low-power radio sources because of surface brightness
limitations. This issue has been extensively addressed in Hardcastle et al. (2019) based on a
significantly larger sample (23344 objects) of radio galaxies.

Multiple environmental factors are likely to contribute to the size of the radio source.
The most important factor is the age, which necessarily introduces scatter into any relation

5CLoGS only reaches LR ⇠ 1025 W Hz�1 at 235 MHz.
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Figure 4.8: Null-hypothesis probability distribution that the correlation is not real for 100 mock datasets
produced by the scrambling test. The dashed red line indicates the probability of the real sample.

with other physical quantities. Other factors include the location of the galaxy within the
host cluster, the density of the ICM at the position of the galaxy, the efficiency of the
accretion onto the AGN, and the radio power of the outburst (see e.g. Moravec et al., 2020,
and references therein).

To this end, in the bottom panel of Fig. 4.6 we show the LLS of the radio galaxy plotted
against the central density (at R = 0.02R500) of the host cluster, obtained by fitting the
cluster model by Vikhlinin et al. (2006) to density profiles (see G21 for further details). We
see no correlation of the LLS with the central density, suggesting that radio power is more
prominent than ambient density in determining the size of the radio galaxy and that the
contribution of other factors could affect a possible link.

Correlation between X-ray and 144 MHz radio luminosity
In P20, we have studied the correlation between the 1.4 GHz power of radio galaxies and the
X-ray luminosity of the host group for 247 galaxy groups in COSMOS. A similar correlation
between the mass of galaxy clusters, known to correlate with the X-ray luminosity (e.g.
Lovisari et al., 2020), and the radio power of BCGs has been found by Hogan et al. (2015).
Here, we focus on the same relation, but at the lower radio frequency of 144 MHz.

Fig. 4.7 shows the 144 MHz power of the radio galaxy plotted against the X-ray
luminosity of the host group or cluster. The size of the symbols is proportional to the LLS
of the radio sources, and the colour corresponds to the redshift. Upper limits are represented
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by downward-pointing arrows. There is a clear trend for stronger radio galaxies to be hosted
in more X-ray luminous clusters, as found by P20. However, the significant number of
radio upper limits makes it harder to determine whether the observed correlation is real or
produced by selection effects set by the sensitivity of the observation.

To ascertain if the correlation is genuinely detected, we performed the partial correlation
Kendall’s t (Akritas and Siebert, 1996) test. This tool has already been used in a number
of papers (e.g. Ineson et al., 2015; Pasini et al., 2020) to test correlations in the presence
of upper limits and redshift dependence. The algorithm estimates the null-hypothesis
probability that selection effects produce the correlation. If the probability is low, then it is
likely that the correlation is real. The test performed on our sample gives a null-hypothesis
probability p < 0.0001% (t = 0.1178, s = 0.0227), indicating that the correlation is real
and not generated by selection effects. This result is consistent with P20, who also found
that such a correlation, but at higher frequency, was not produced by biases.

Bianchi et al. (2009) argued that the Kendall t test may underestimate the redshift con-
tribution, particularly when the significance and the functional relation are to be determined.
For this reason, they performed a ‘scrambling’ test that has also been used in other works
(e.g. Merloni et al., 2006). The principle of this algorithm is to keep each LX/z pair because
their association comes from the source selection. Then they shuffled the corresponding
radio fluxes, assigning them to a new LX/z pair. The new radio luminosity is then computed
at the new redshift (see Eq. 4.2). If the correlation is real, it is expected to disappear when
the luminosity pairs are shuffled. We applied this test 100 times and estimated for each
cycle the null-hypothesis probability through the Kendall t test. The results are shown in
Fig. 4.8. In 100 cycles, the null-hypothesis probability is never found to be lower than the
real sample. The mean probability value lies at ⇠4%, with a standard deviation of ⇠9%,
while the peak lies between 0.7% and 5%. This result supports the hypothesis that the
observed correlation is real.

X-ray/radio correlation at 1.4 GHz
We compared our 144 MHz sample in eFEDS with a subsample of 137 systems from the
247 COSMOS galaxy groups studied at 1.4 GHz in P20. A further cross-match of our
sample with all-sky surveys at this frequency (e.g. NVSS, Condon et al. 1998) is not trivial
because of the significant differences in surface brightness sensitivity and resolution. For
this reason, the 144 MHz luminosities were converted into luminosities at a frequency of
1.4 GHz assuming a = 0.8±0.2. The assumed uncertainty on the spectral index dominates
the previous 144 MHz flux error. Combining the two catalogues, we obtain 364 galaxy
clusters and groups that allow us to assess the radio/X-ray correlation using a larger sample.
The corresponding logLR - logLX plot is shown in Fig. 4.9.

The distributions of COSMOS and eFEDS clusters and groups agree well. This is
confirmed by the two-dimensional Kolmogorov-Smirnov test, which gives p = 0.41 under
the null-hypothesis that the two samples are drawn from the same parent distribution. This
implies that our assumption of a uniform spectral index of a = 0.8 for every radio galaxy
is valid, although it introduces more scatter in the correlation. Still, a clear trend for more
massive groups and clusters hosting more powerful radio sources is seen. This is also
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Figure 4.9: 1.4 GHz power of radio galaxies vs. X-ray luminosity of the host cluster for the eFEDS and P20
samples. The colours correspond to the redshift. eFEDS data are represented by circles, while diamonds are
COSMOS systems. Downward-pointing arrows denote radio upper limits. Bars represent errors on both axes.
Errors on the y-axis are dominated by the assumed uncertainty on the spectral index. The best-fit relation is
shown in grey: logLR = (0.84±0.09) logLX � (6.46±4.07).

supported by the Kendall t test, which results in p < 0.0001 (t = 0.1331, s = 0.0138) for
eFEDS+COSMOS. The best-fit relation was estimated by exploiting the parametric EM
algorithm coded in the AStronomical SURVival statistics package (ASURV, Feigelson et al.
2014), which takes into account different contributions by detections and upper limits. We
find logLR = (0.84±0.09) logLX � (6.46±4.07). This estimate is marginally consistent
with the best-fit relations of P20 (logLR = (1.07± 0.12)⇥ logLX � (15.90± 5.13) and
Pasini et al. (2021a) (logLR = (0.94±0.43)⇥ logLX � (9.53±18.19)), obtained through
the same method and applying Bayesian inference, respectively.

The correlation may imply a link between radiative cooling from the ICM and the more
variable and episodic activity of the AGN. Because the X-ray luminosity is predominantly
driven by the cluster or group mass, this correlation may be produced by massive clusters
hosting more massive BCGs and in turn more massive BHs. In relaxed clusters, the cooling
of the ICM is able to efficiently feed the central AGN, leading to higher radio powers (Soker
and Pizzolato, 2005; Gaspari et al., 2011). This is reflected in the well-studied link between
the cavity power of systems hosting X-ray bubbles and the luminosity of the cluster cooling
region (e.g. Bîrzan et al., 2004; Rafferty et al., 2006; Bîrzan et al., 2017). Sun (2009) also
argued that small coronae of X-ray emitting gas in BCGs are able to trigger strong radio
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Figure 4.10: Kinetic luminosity of BCG radio galaxies estimated at 1.4 GHz vs. X-ray luminosity of the host
cluster or group for the eFEDS (blue) and P20 (red) samples. The black line represents the best-fit estimated
from Bayesian inference: logLkin = (1.07±0.11) logLX � (2.19±4.05). The grey area indicates 1s errors.

outbursts long before cool cores are formed in the host cluster, leading to heating in their
surroundings and even preventing their formation, especially in low-mass systems. The
correlation presented here shows a large scatter, especially at high luminosities. This might
for instance be caused by differences in the dynamical states, which we explore in the next
section.

Kinetic luminosity and AGN feedback
The radio luminosity is a measure of the instantaneous radiative loss rate of the radio lobes,
and as such is only indirectly related to the energy produced by the AGN through accretion
onto the SMBH. For an active source, only a small fraction of the total power supplied to
the lobes has been radiated away at any given time, while a much larger fraction is stored in
the lobes and a similar amount has been dissipated into the surrounding ICM during the
expansion of the jets through the ICM (Willott et al., 1999; Smolčić et al., 2017). The latter,
which we refer to as kinetic luminosity, is directly linked to the heating of the ICM and
contributes to quenching the radiative losses of the hot plasma (see Sec. 4.1 for references).

The relation of the kinetic and radio luminosity has been the subject of many works
(e.g. Willott et al., 1999; Bîrzan et al., 2004; Bîrzan et al., 2008; Cavagnolo et al., 2010;
O’Sullivan et al., 2011c; Smolčić et al., 2017). As thoroughly discussed in Hardcastle et al.
(2019), there are currently two methods to infer the kinetic luminosity. The first relies on the
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Figure 4.11: Left: Kinetic luminosity of BCG radio galaxies estimated at 1.4 GHz vs. X-ray luminosity of
the host cluster or group for the eFEDS sample. Data are classified into non-cool cores (red), moderately cool
cores (blue), and cool cores (black) based on the concentration parameter. Right: Same as in the left panel,
with data classified based on the Rscore (see discussion).

identification of X-ray cavities and is affected by assumptions on the cavity age and biased
towards small sources in cluster-rich environments (Bîrzan et al., 2012). The second method
relies on a conversion based on a theoretical model and, as such, can lead to unrealistic
results if the contribution of source age, environment, and redshift to the radio luminosity
are not taken into account properly. We refer to Hardcastle et al. (2019) and Appendix A of
Smolčić et al. (2017) for a detailed discussion of this scaling relation. Here, we assume the
relation adopted by Willott et al. (1999) to convert into the 1.4 GHz rest-frame luminosity
(Heckman and Best, 2014),

logLkin,1.4GHz = 0.86logL1.4GHz +14.08+1.5log fW , (4.3)

where Lkin,1.4GHz is the kinetic luminosity, L1.4GHz is the luminosity as measured at 1.4
GHz, and fW is an uncertainty parameter that we assumed, fW = 15, as estimated by X-ray
observations of ICM bubbles in galaxy clusters (e.g. Merloni and Heinz, 2007; Bîrzan et al.,
2008). We determined the kinetic luminosity for the radio galaxies of the eFEDS and the
P20 sample, and we compared it to the X-ray luminosity within 500 kpc of the host cluster.
The result is shown in Fig. 4.10.

In order to infer the relation of the X-ray and the kinetic luminosity, we applied Bayesian
inference on the two samples using the linmix6 package (Kelly, 2007). With this tool, we
performed a linear fit in the log-log scale of the form

Y = a +bX + e, (4.4)

6
https://github.com/jmeyers314/linmix

https://github.com/jmeyers314/linmix
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with a and b representing the intercept and the slope, respectively, while e is the intrinsic
scatter of the relation. We find a =�2.19±4.05, b = 1.07±0.11 and e = 0.25±0.05. We
note that the conversion from radio into kinetic luminosity, which also depends on external
factors such as the morphology and age of the radio source, the extrapolation of 1.4 GHz
fluxes, or the surrounding environment, and which relies on theoretical models, may have
introduced artificial scatter into the correlation.

Nevertheless, the plot suggests that in most clusters and groups, the heating from the
central AGN efficiently counterbalances the ICM radiative losses, as has been found in a
large number of publications (see the references above and McNamara and Nulsen 2007,
2012 for reviews). However, most of these papers take the luminosity from within the
cooling region into account, which is usually defined as the cluster region within which
the cooling time of the ICM is shorter than 7.7 Gyr. These usually range between ⇠50 and
⇠150 kpc (Bîrzan et al., 2017), and their extent can only be estimated through a deprojected
analysis of the thermodynamical profiles (i.e. temperature, density, and cooling time)
derived from X-ray observations. The detection of cavities as an indication for AGN heating
(McNamara et al., 2000; Bîrzan et al., 2004) usually requires deep, high-resolution X-ray
observations as well.

The kinetic luminosity–X-ray luminosity relation, estimated through survey data but
with the unprecedented sensitivity of eROSITA is able to provide a first insight into the
processes of AGN feedback of a large number of clusters and groups. Kinetic and X-ray
luminosity act as proxy for mechanical feedback and cooling luminosity, respectively, which
together constitute the ‘parent’ correlation usually found in cool core clusters. Nevertheless,
we performed the analysis on all our objects and did not distinguish between cool cores and
merging clusters. Main et al. (2017) found that in their sample of clusters, this correlation
only holds for cool cores. Their classification was based on the central cooling time,
determined through Chandra observations at 0.004R500 by Hudson et al. (2010). The
eROSITA observations do not yield cooling times at such small cluster-centric radii, and we
are not able to reproduce the same classification for our objects. Instead, we quantified the
dynamical state of clusters through the concentration parameter as defined in Lovisari et al.
(2017) and estimated for eFEDS clusters in G21 as

cSB =
SB(< 0.1R500)

SB(< R500)
, (4.5)

where SB is the surface brightness estimated inside 0.1R500 for the numerator and inside
R500 for the denominator. This parameter is an indicator of a centrally peaked X-ray
surface brightness profile, which correlates with the dynamical state of the cluster. Lovisari
et al. (2017) discussed the use of different thresholds to classify clusters into cool cores
and disturbed systems, showing how completeness (i.e. being able to select all clusters
belonging to a given class) and purity (i.e. being able to securely assign clusters to a given
class) change depending on the chosen threshold. Here, following the work cited above,
we chose to define as non-cool cores (NCC) clusters with cSB < 0.15, while cool cores
(CC) have cSB > 0.27. This classification allows for 100% purity for both subsamples,
but the completeness decreases to ⇠53% for CC and ⇠75% for NCC (see Lovisari et al.
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2017 for more details). Clusters with 0.15 < cSB < 0.27 cannot be securely categorised and
are arbitrarily referred to as moderately cool cores (MCC). In the left panel of Fig. 4.11
we show the Lkin–LX plot for the eFEDS cluster sample, in which clusters were classified
through the concentration parameter. We find that ⇠53% of clusters are NCC, ⇠28% are
MCC, and ⇠19% are CC. We see no obvious difference in the distribution between the
three subsamples. Therefore the dynamical state of the cluster does not seem to have a large
effect on the scatter in the X-ray/radio relation.

As discussed in more detail in G21, the concentration acts as an indicator of a cool core.
However, while a relaxed cluster will generally present a cool core, a cool core is not always
an indication of relaxation: a merger in its initial stage predominantly affects the cluster
outskirts and does not disrupt the cool core (see e.g. theoretical work by Rasia et al. 2015
and Biffi et al. 2016). This means that classifying the dynamical state of clusters based
on concentration alone is useful to distinguish disturbed objects with low concentration,
but does not provide a clear identification of relaxed clusters (see Fig. 9 of G21 and
related discussion). For this reason, we performed an alternative classification based on a
new morphological parameter first introduced in the same paper, the so-called relaxation
score (Rscore). Because a complete, physical definition of this parameter requires detailed
discussion of a number of parameters (see below), we refer to G21 for more insights,
and provide a brief description here. The Rscore combines a number of morphological
parameters that are usually determined for galaxy clusters, such as concentration, central
density, ellipticity (ratio of the minor and major axes of the cluster), and cuspiness (slope of
the density profile at a given radius). The resulting Rscore provides a clearer indication than
concentration alone of the dynamical state of a cluster. In particular, the Rscore should be
higher for relaxed objects, which show a high concentration, central density, ellipticity, and
cuspiness. On the other hand, the same parameter should decrease in disturbed clusters.

Following the discussion in G21, we defined as relaxed objects with Rscore > 0.0137.
The results of this alternative classification are shown in the right panel of Fig. 4.11. We
only plot clusters for which a proper estimate of the Rscore was feasible in G21. Objects
classified as relaxed through the Rscore and as CC through the concentration are generally
referred to as CC, those with low Rscore and concentration are NCC, and clusters with a
high concentration (same threshold as used for left panel) but Rscore < 0.0137 are labelled
unclear. We refer to G21 for a discussion and comparisons of the different classifications
and focus on the correlation here.

Even when a more accurate parameter such as the Rscore is introduced, the distinction
in the distribution between cool cores and merging objects is still unclear, as was instead
found in Main et al. (2017), for instance. Furthermore, it is not clear how this relation can be
present in disturbed systems. In these objects, the cooling of the ICM is slow and BCGs are
often hard to identify. Morphological parameters have been widely used to determine the
dynamical state of clusters, but a more secure classification based on the central cooling time
may be more useful for understanding in which clusters a connection of AGN and cooling
ICM can ensue. A possibility is that the link between AGN and their environment could
be produced, even in disturbed objects, by rapidly cooling coronae permeating the host
galaxy (Sun et al., 2007; Gastaldello et al., 2008; Sun, 2009). This idea has been suggested
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for NCC hosting radio AGN, such as A2028 (Gastaldello et al., 2010). It is also plausible
that small, low-entropy regions of the cluster core such as cool core remnants (Rossetti and
Molendi, 2010) could affect the AGN, leading to the observed relation. Another possibility
is that NCC do not in fact belong to the correlation. To test this, we studied the scatter
of the correlation after applying Bayesian inference only on CC. If NCC are not part of
the correlation, the scatter of the data should decrease when CC are fitted alone. We find
e = 0.17± 0.10, consistent within errors with the previous estimate. Nevertheless, the
uncertainty increases because of the relatively small number of CC, and further analyses
exploiting larger samples are needed to investigate this further.

4.4 Conclusions
We usedf eROSITA (X-ray) and LOFAR (radio) observations of the eFEDS field in order to
investigate radio galaxies hosted in BCGs. Our results are summarised below.

• Our sample yields 227 detections and 248 upper limits in the redshift range 0.01 <
z < 1.3 and luminosity range 1022 – 1027 W Hz�1 at 144 MHz. The remaining 67
clusters were excluded from the analysis to avoid contamination by misclassified
AGN (see Sec. 4.2). The radio detection rate is ⇠48%, which is lower than in other
samples of well-studied groups and clusters.

• BCGs hosting radio-loud AGN mostly (⇠84%) lie within 50 kpc from the cluster
centre. BCGs that are more offset tend to have lower levels of radio emission or lie
below our detection threshold.

• As was argued in previous works, larger radio galaxies are usually more powerful.
However, we note that a relevant selection effect is present in our sample because we
lack large, low-power radio sources because the surface brightness is limited. We see
no correlation of the central cluster density (R = 0.02R500) with the LLS, suggesting
that the luminosity is a better predictor for the size of the radio galaxy.

• We studied the relation of the 144 MHz radio galaxy power and the host cluster X-ray
luminosity measured within 500 kpc from the cluster centre and found a positive
correlation. Because of the large number of upper limits, we relied on statistical tests,
such as the partial correlation Kendall’s t test and the scrambling test, to show that
the correlation is not produced by selection effects in the radio band.

• Converting the 144 MHz power of radio galaxies into 1.4 GHz, we compared our
results with the correlation between the X-ray luminosity and the 1.4 GHz power of a
COSMOS galaxy groups sample first investigated by Pasini et al. (2020). We found
that the two samples agree well based on a Kolmogorov-Smirnov test, which under the
null-hypothesis that the samples are drawn from the same parent distribution, gives
p = 0.41. We estimated a best-fit relation logLR = (0.84± 0.09) logLX � (6.46±
4.07).

• We converted the radio powers of radio galaxies into kinetic luminosities, making
use of widely used scaling relations. Comparing the kinetic luminosity to the X-ray
luminosity within 500 kpc from the cluster centre, we found that in most objects the
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ICM radiative losses are efficiently counterbalanced by heating supplied from the
central AGN. We derived the best-fit relation applying Bayesian inference, obtaining
logLkin = (�2.19±4.05)+(1.07±0.11) logLX +(0.25±0.05).

• We classified eFEDS clusters into disturbed and relaxed objects based on two different
parameters: concentration, and the relaxation score (see Sec. 4.3 for a definition). No
significant differences in the Lkin �LX relation of the subsamples were visible.

Future prescriptions of radio-mode AGN feedback in simulations need to be able to
recover the properties described in this paper. In addition to massive halo gas fractions,
entropy slopes, and galaxy properties, they need to recover radio luminosities as a function
of the host cluster properties. With the new all-sky X-ray surveys, a correlation between
the cluster X-ray luminosity and the BCG radio power can be used to probe AGN feedback
across a wider range of host masses and to control for the effect of other observables.
Particularly, the synergy between eRASS (Bulbul et al. in prep.) and the LOFAR Two-
Metre Sky Survey (LoTSS, Shimwell et al. 2017), as well as the forthcoming LOFAR LBA
Sky Survey (LoLSS, de Gasperin et al. 2021), will provide samples of thousands of clusters
and groups for which the interplay between the AGN and the ICM can be investigated.
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Figure 12: eROSITA 0.2-2.3 keV images of eFEDSJ085022.3+001607 (left panel) and eFEDSJ085830.1-
010656 (right panel), smoothed with a 3s Gaussian filter. LOFAR 144 MHz contours at 3,6,12,24 · rms
(local) are plotted in green. The white cross represents the cluster X-ray peak, and the yellow cross is the BCG
position. For eFEDSJ085830.1-010656, the BCG is coincident with the X-ray peak.

The high flux sensitivity and spatial coverage of eROSITA and LOFAR at their respective
frequencies allows for interesting comparisons. In the past, the combination of X-ray and
radio observations of galaxy clusters and of their BCGs have led to a significant improvement
in the understanding of the thermal and non-thermal processes in these environments (e.g.
Gitti et al. 2010; Kolokythas et al. 2018; Botteon et al. 2020b; see Sec. 4.1 for more
references and reviews).

We used the eROSITA and LOFAR observations to search for systems showing interest-
ing morphologies and signs of possible interaction between the ICM and the central AGN.
In this section, we present four of the most interesting examples of these clusters. We focus
on AGN emission, and diffuse emission more directly associated with the ICM and clusters
dynamical state will be presented in a forthcoming paper (Hoang et al. in prep.). Table 2
summarises the main properties of these systems.

eFEDSJ085022.3+001607
eFEDSJ085022.3+001607 (left panel of Fig. 12) is located at a redshift of z = 0.196
(spectroscopic). The strongly elliptical and irregular morphology of the X-ray emission
and low concentration (cSB = 0.02) suggest that this cluster is disturbed. The BCG hosts
an elongated, head-tail shaped radio galaxy (major axis ⇠ 500 kpc), with a 144 MHz
luminosity of LR = (4.1±0.2)⇥1024 W Hz�1. The AGN lies at ⇠ 150 kpc from the X-ray
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Figure 13: eROSITA 0.2-2.3 keV images of eFEDSJ091322.9+040618 (left panel) and
eFEDSJ093056.f9+034826 (right panel), smoothed with a 3s Gaussian filter. LOFAR 144 MHz
contours at 3,6,12,24 · rms (local) are plotted in green. The white cross represents the cluster X-ray peak. For
eFEDSJ091322.9+040618, the BCG is coincident with the X-ray peak.

peak. Surface brightness discontinuities that coincide with the lobes of the radio galaxy are
detected in the X-ray image. However, the relatively low resolution does not reveal any
ICM cavities, which have never been detected around head-tails, however. The shape of the
non-thermal emission follows that of the hot plasma, with the jet extending towards the east
through the X-ray ripple. Meanwhile, the expansion in the opposite direction appears to be
halted.

eFEDSJ085830.1-010656

The irregular morphology and low concentration (cSB = 0.13) of eFEDSJ085830.1-010656
(right panel of Fig. 12) leads us to classify it as a non-cool core. The BCG hosts a wide-angle
tail radio galaxy with two tails departing in the S and SW directions for ⇠ 250 kpc each. The
tails are expanding into a lower-density region within the group. Deeper X-ray observations
are needed to study the ICM emission of this group because of its low surface brightness
and relatively high redshift.

eFEDSJ091322.9+040618

eFEDSJ091322.9+040618 (left panel of Fig. 13) is a low-redshift (z = 0.088, spectroscopic)
galaxy group classified as a disturbed cluster due to its irregular shape and low concentration
(cSB = 0.04). The radio galaxy extends for more than 200 kpc along the NW-SE axis. The
lobes are expanding into the SE and NW directions following the hot plasma. Diffuse
emission with unclear origin is detected in the SE direction, correspondingly to a low
surface brightness region, extending for ⇠ 150 kpc.
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Table 2: X-ray observables and BCG radio power for four relevant eFEDS clusters

Name z kT a [keV] La
bol [1043 erg s�1] cSB Lb

R [1024 W Hz�1]
eFEDSJ085022.3+001607 0.196 3.1±1.1

0.7 2.7±1.3
0.9 0.02 4.1±0.2

eFEDSJ085830.1-010656 0.224 2.1±1.7
0.8 2.1±0.5

0.4 0.13 25.0±1.0
eFEDSJ091322.9+040618 0.088 0.45±0.29

0.17 4.1±1.2
0.9 0.04 0.74±0.05

eFEDSJ093056.9+034826 0.09 0.61±0.75
0.27 2.7±1.2

0.9 0.21 0.77±0.02

Notes: a: estimated within 500 kpc. b: 144 MHz luminosity of the BCG.

eFEDSJ093056.9+034826
eFEDSJ093056.9+034826 (right panel of Fig. 13) is a galaxy group located at z = 0.09
(photometric). The elliptical shape and relatively high concentration (cSB = 0.21) classify
it as a moderately cool core. The BCG hosts a double-lobe elongated radio galaxy with a
major axis of ⇠ 600 kpc and LR = (7.7±0.2)⇥1023 W Hz�1. The long lobes (⇠ 300 kpc)
of the central radio galaxy extend far beyond the X-ray bright core of the group. The low
X-ray flux of this group makes it difficult to identify depressions in the surface brightness.
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Radio galaxies in galaxy groups: kinematics,
scaling relations and AGN feedback

T. Pasini, A. Finoguenov, M. Brüggen et al. MNRAS, 505, 2628 (2021)

Abstract. We investigate the kinematic properties of a large (N=998) sample of COSMOS
spectroscopic galaxy members distributed among 79 groups. We identify the Brightest Group
Galaxies (BGGs) and cross-match our data with the VLA-COSMOS Deep survey at 1.4 GHz,
classifying our parent sample into radio/non-radio BGGs and radio/non-radio satellites.
The radio luminosity distribution spans from LR ⇠ 2⇥ 1021 W Hz�1 to LR ⇠ 3⇥1025 W
Hz�1. A phase-space analysis, performed by comparing the velocity ratio (line-of-sight
velocity divided by the group velocity dispersion) with the galaxy-group centre offset, reveals
that BGGs (radio and non-radio) are mostly (⇠80%) ancient infallers. Furthermore, the
strongest (LR > 1023 W Hz�1) radio galaxies are always found within 0.2Rvir from the
group centre. Comparing our samples with HORIZON-AGN, we find that the velocities and
offsets of simulated galaxies are more similar to radio BGGs than to non-radio BGGs, albeit
statistical tests still highlight significant differences between simulated and real objects. We
find that radio BGGs are more likely to be hosted in high-mass groups. Finally, we observe
correlations between the powers of BGG radio galaxies and the X-ray temperatures, Tx, and
X-ray luminosities, Lx, of the host groups. This supports the existence of a link between the
intragroup medium and the central radio source. The occurrence of powerful radio galaxies
at group centres can be explained by Chaotic Cold Accretion, as the AGN can feed from
both the galactic and intragroup condensation, leading to the observed positive LR �Tx
correlation.
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5.1 Introduction

The hot plasma inside of galaxy clusters and groups is governed by processes that can
be observed at multiple wavelengths: from thermal cooling of the hot (⇠ 107 K) intra-
cluster medium (ICM) (e.g., Fabian, 1994; Peterson and Fabian, 2006), to line emission
produced by warm gas (e.g., Hamer et al., 2016; Pulido et al., 2018), to feedback from
central Active Galactic Nuclei (AGN). The latter can heat their surroundings and can prevent
the catastrophic cooling of the cool core (see reviews by, e.g., McNamara and Nulsen, 2007;
Gitti et al., 2012), establishing what is known as AGN feedback cycle.

Brightest Cluster Galaxies (BCGs) and Brightest Group Galaxies (BGGs) are the most
optically luminous and massive galaxies in a cluster and group, respectively. Usually they
lie at the centres of their host structures. Owing to their special location, the evolution and
assembly history of massive galaxies and of their hosts has been studied widely (Bernstein
and Bhavsar, 2001; Bernardi, 2007; Liu et al., 2009; Stott et al., 2010). Notably, BGGs
look dissimilar from other massive galaxies, showing different surface brightness profiles
and obeying different scaling relations, which suggests that their formation process may be
different, too (see e.g., Von Der Linden et al., 2007; Liu et al., 2008; Stott et al., 2008; Shen
et al., 2014).

In galaxy clusters, the evolution of BCGs is tightly linked to that of the host cluster (e.g.
Lin and Mohr, 2007). Several observational studies (e.g., Giodini et al., 2010; Giacintucci
et al., 2011; Ineson et al., 2013, 2015; Kolokythas et al., 2018; Pasini et al., 2020) and
numerical simulations (Gaspari et al. 2020 for a review) have demonstrated the importance
of AGN feedback in galaxy groups, that are known to be the hosts of more than half of all
galaxies (Eke et al., 2006). However, there is no consensus on where to draw the boundary
between galaxy clusters and galaxy groups. It is sometimes assumed that the boundary lies
close to the virial temperature of 1 keV since this is the temperature where the slope of the
relation between X-ray luminosity and virial temperature changes. However, this change of
slope could be caused by observational systematics (see e.g., Voit et al., 2018).

The trigger mechanism for radio-loud AGN activity is still unclear (e.g., Shakura and
Sunyaev, 1973; Merloni and Heinz, 2007; Best and Heckman, 2012), but gas that cools
out of the hot X-ray halo seems to play a key role (e.g., Best et al. 2005b). Shen et al.
(2017) found that, in a sample of 89 radio galaxies located in clusters and groups, AGN are
preferentially located in dense environments such as the cores, suggesting that their activity
is strongly linked to that of the host cluster. In the Chaotic Cold Accretion (CCA) scenario
(Gaspari et al., 2013; Gaspari, 2016) the AGN is frequently switched on and off through
self-regulated feeding and feedback cycles. CCA can occur in every galaxy with a hot halo,
regardless of the position. However, central galaxies - BGGs or not - lie in dense regions,
where the condensation is significantly stronger (Gaspari et al., 2019). Non-linear thermal
instabilities produced by the cooling plasma lead to precipitation, which is able to feed the
SMBH through inelastic collisions between the condensed cold clouds and filaments (e.g.,
Gaspari and Sądowski 2017; McDonald et al. 2018; Tremblay et al. 2018; Temi et al. 2018;
Juráňová et al. 2019; Rose et al. 2019; Schellenberger et al. 2020).

Pasini et al. (2020) presented a study of the relation between the ICM X-ray luminosity



5.2 The sample 103

of a sample of 247 X-ray selected galaxy groups in COSMOS (Gozaliasl et al., 2019) and
the radio luminosity produced by the corresponding central radio galaxy, defined as the
radio source at 1.4 GHz found closest to the X-ray emission peak. Cross-matching this
sample with optical catalogs, they found that only in 30 per cent of the groups central radio
galaxies were hosted in BGGs. This is consistent with Gozaliasl et al. (2019), who showed
that 70 per cent of COSMOS BGGs are found more than 0.1R200 away from the X-ray peak.
This suggests that BGGs do not always lie at the bottom of the potential well. This does
not seem to be the case for galaxy clusters, where ⇠ 85 per cent of central radio galaxies
were found in BCGs (Pasini et al., 2020). Nevertheless, there are some cases in which an
apparently brightest galaxy near a cluster centre has a significantly large velocity offset
with respect to the mean redshift of cluster members (> 300kms�1; Coziol et al. 2009;
Lauer et al. 2014), suggesting that these objects may not reside at the bottom of the cluster
potential well.

Recent work (e.g., Rhee et al., 2017; Gozaliasl et al., 2020) combines the cluster-centric
velocities and cluster-centric radii in a single diagram. This phase-space diagram can be
used to extract information about the assembly history of clusters (Mahajan et al., 2011;
Hernández-Fernández et al., 2014, e.g.). For example, one expects recently accreted galaxies
to show higher relative velocities and offsets from the centre than objects accreted at an
earlier time. Objects accreted early are usually found within the core of the virialised region
and show a small velocity spread (Noble et al., 2016; Gozaliasl et al., 2020).

In this paper, we investigate the kinematics of the hosts of radio galaxies in groups
(BGGs and ’satellites1’), comparing them to the kinematics of galaxies with no detected
radio emission. To this end, we rely on a recently published sample of X-ray galaxy groups
(Gozaliasl et al., 2019), combining it with optical, kinematic and spectroscopic data. All
host groups were identified in the 2 square degree COSMOS field, with a mass range of
M200 = 8⇥1012 �3⇥1014M�, where the upper limit of this range corresponds to a virial
temperature of ⇠ 4 keV.

This paper is structured as follows: In Sec. 2 we describe our sample and how we
compiled it. In Sec. 3.1 we perform a phase-space analysis and in Sec. 3.2, we compare it
to cosmological simulations. In Sec. 3.3 we explore the properties of our sample and derive
scaling relations in Sec. 3.4. In Sec. 3.5 we discuss implications for AGN feedback before
we conclude in Sec. 4.

Throughout the paper, we assume a standard LCDM cosmology with H0 = 70 km s�1

Mpc�1, WL = 0.73 and WM = 1�WL = 0.27.

5.2 The sample
Gozaliasl et al. (2019) presented a sample of 247 X-ray selected galaxy groups in the 2
square degree COSMOS field at a redshift range of 0.08  z < 1.53. The same sample was
also studied in Pasini et al. (2020) making use of radio data from the VLA-COSMOS survey
(Schinnerer et al., 2010) and of new MeerKAT observations that are part of the MIGHTEE

1Throughout this work, we will refer to non-BGGs as satellites for easier reading
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BGGs Satellites
Radio detection 28 51

No radio detection 42a 877b

Total 70 928

Table 5.1: Properties of the samples studied in this work.
a: 19 from the 50 groups with at least one radio galaxy detected and 23 from the remaining 29 groups.
b: 664 from the 50 groups with at least one radio galaxy detected and 213 from the remaining 29 groups.

survey (Jarvis et al., 2016). In this paper, they found evidence for a correlation between the
X-ray luminosity of galaxy groups and the radio luminosity of the central AGN (see Pasini
et al. 2020 for further details).

Before we can perform a dynamical analysis, we need to determine cluster membership
through spectroscopic redshifts. To this end, we have vetted the group membership catalog
of Gozaliasl et al. (2019) by applying the CLEAN algorithm of Mamon et al. (2013), which
removes the galaxies exceeding the escape velocity of the group as a function of cluster-
centric radius from the group. We kept groups with more than four member galaxies and
removed all of those galaxies that have no spectroscopic data. This resulted in a total of 79
groups, with 998 member galaxies, which limits our study to redshifts of z  1.0. Among
these members, we identified 70 BGGs, that were found to be the most massive in each
group by Gozaliasl et al. (2014, 2019). We have computed the gapper velocity dispersion
estimates sv following Beers et al. (1990).

If the most massive galaxy only has photometric redshifts, it gets excluded from our
sample. As a result, not every group has its BGG included in this work, and for some groups
the BGG identification could even be wrong if another galaxy was mistakenly identified as
BGG. Therefore, we performed a further check and found this to be the case only in one
group, where the galaxy previously classified as BGG was actually a satellite.

The spectroscopic member galaxies thus obtained were then matched to the VLA-
COSMOS Deep survey at 1.4 GHz (rms ⇠ 12 µJy beam�1, beam = 2.5"x 2.5", Schinnerer
et al. 2010). The cross-match was performed by assuming an association between radio
emission and optical galaxy when their angular distance is less than the width of the beam in
the VLA-COSMOS survey. We found that 50 groups host at least 1 radio source according
to our criteria, with a total of 79 detected radio galaxies (28 in BGGs and 51 in satellites).
19 of these groups host more than one radio galaxy, while for 31 we only detect one source.
Groups with no detected radio emission are therefore 29, with 236 member galaxies in total
(23 BGGs and 213 satellites). The remaining 683 galaxies (19 BGGs and 664 satellites) with
no radio emission belong to the 50 groups with at least one radio galaxy. The characteristics
of the samples are briefly summarized in Table 5.1.

The temperature of the groups was determined through the TX - LX scaling relation
(Giles et al., 2016; Kettula et al., 2015). A small subsample also had a direct measurement
of the temperature available (Kettula et al., 2013). We find that these measurements are
consistent with the scaling relation above.

The final catalog presents a set of multi-wavelength observables for each group (X-
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Figure 5.1: Cumulative 1.4 GHz luminosity distribution for all 79 galaxies with radio emission, divided into
BGGs (red) and satellites (orange). The y-axis reflects the relative fractions of BGGs (28 out of 79 galaxies)
and satellites (51 out of 79 galaxies) that compose the radio galaxy sample.

ray luminosity, temperature), for the member galaxies (spectroscopic redshift, velocity
dispersion, proper velocity, stellar mass) and for the corresponding radio source, when
present (1.4 GHz power, Largest Linear Size). A selection bias could be introduced by those
galaxies - and therefore the host groups - that do not show radio emission according to our
criteria. The reason for this could be the lack of an AGN, or limitations set by the sensitivity
of VLA-COSMOS. Among all observable galaxies, Padovani et al. (2017) claim that around
⇠ 1% host an AGN. Nevertheless, this value should increase in overdense environments
such as galaxy groups. Sabater et al. (2019) report a 100% detection rate for galaxies with
M> 1011 M�, but this fraction has been observed to strongly vary depending on the host
galaxy stellar mass (Kauffmann et al., 2003). Among our sample, ⇠ 8% host an AGN.
The radio luminosity distribution for all galaxies with detected radio emission is shown in
Fig. 5.1.

The luminosity distributions span the range LR ⇠ 2⇥1021 W Hz�1 - LR ⇠ 3⇥1025 W
Hz�1. The end of the range is lower than the BCG luminosity distribution of Hogan et al.
(2015) that reaches LR ⇠ 1027 W Hz�1. The reason for this is that we are only considering
galaxy groups, where the radio power of the central galaxy is generally lower than for
clusters. This was also found in Pasini et al. (2020) by investigating the same parent sample
used for this work, composed by 247 COSMOS galaxy groups. In Pasini et al. (2020), the
luminosity reaches ⇠ 1027 W Hz�1 in a small (< 5 out of 247 groups) number of outliers
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Figure 5.2: Left: Phase-space diagram for radio BGGs (red), non-radio BGGs (blue), radio satellites
(orange) and non-radio satellites (cyan). The x-axis represents the ratio between the distance from the group
centre and Rvir, while the y-axis is the ratio between the line-of-sight velocity and the (one-dimensional)
velocity dispersion. The different regions in the diagram indicate ancient infallers (left of black dotted
line), intermediate infallers (below the grey dashed line) and recent infallers (above the green line). Right:
Phase-space diagram restricted to radio BGGs and radio satellites only, with the points sized for the power of
the corresponding radio galaxy. The top-right histogram shows the offset distribution for galaxies with (red)
and without (blue) radio emission.

that show very extended AGN emission. The reason why these sources are excluded from
the present work is that no spectroscopic data is available for the optical host. Our analysis
will therefore be limited to LR < 1026 W Hz�1.

At the highest redshift of the sample (z ⇠ 0.98), the VLA-COSMOS sensitivity at 3s
corresponds to L1.4 GHz ⇠ 2⇥1023 W Hz�1. With the mean redshift setting around z ⇠ 0.4,
we should be able to pick most of the radio sources brighter than 1022 W Hz�1 at 1.4 GHz.
This yields a sample that is representative of the radio luminosity function usually observed
for radio galaxies (e.g. Hogan et al., 2015). Therefore, undetected radio emission should not
affect our analysis, which focuses on the comparison between BGGs with detected radio
emission (hereafter radio BGGs), satellites with detected radio emission (hereafter radio
satellites), BGGs with no radio emission and satellites with no radio emission.

5.3 Results and discussion
Phase-space analysis
We performed a phase-space analysis by comparing the cluster/group-centric velocity with
the cluster/group-centric offset of the hosted galaxies. This diagram conveys information



5.3 Results and discussion 107

about the assembly and accretion history of these objects. In the left panel of Fig. 5.2
we show the phase-space diagram for radio BGGs, radio satellites, non-radio BGGs and
non-radio satellites. Following Rhee et al. (2017) and Gozaliasl et al. (2020), the position of
each object in this diagram is an indicator of the infall time (tinf) of the galaxy, with ancient
infallers (6.45 Gyr < tinf < 13.7 Gyr) found to the left of the black dotted line in Fig. 5.2,
while intermediate infallers (3.63 Gyr < tinf < 6.45 Gyr) cover the whole offset range below
the grey dashed curve. Galaxies above the green line are classified as recent infallers, while
the remaining ones cannot be attributed to any of these classes. This does not affect the
following analysis since our purpose is to distinguish ancient infallers from all the other
objects. Out of 28 radio BGGs, only 5 (⇠ 18%) are not classified as ancient infallers, which
constitute ⇠82% of the sample. On the other hand, the sample of 42 non-radio BGGs is
composed of 33 ancient infallers (⇠78%), consistently with Gozaliasl et al. (2019), who also
found that BGGs are mostly ancient infallers. The sample of radio satellites show ⇠65%
ancient infallers. Finally, only ⇠41% of non-radio satellites present this classification.

The right panel of Fig. 5.2 shows objects with radio emission only (BGGs and satellites),
with the size of the symbols proportional to the power of the radio source. The top-right
histogram shows the offset distribution for galaxies with and without radio emission. The
comparison between the radio and non-radio samples in the histogram clearly indicates
that most of the galaxies with radio emission are ancient infallers (56 out of 79, ⇠ 71%),
strongly peaking at low offsets, while the distribution of the distances from the group centre
for galaxies with no radio emission is more uniform across Rvir. The phase-space analysis
applied to radio objects-only also suggests that powerful radio galaxies (LR > 1023 W Hz�1)
are always located close to the group centre (< 0.2Rvir). This is expected since central
galaxies switch the SMBH on much easily. The gas cooled out of the Intra-Group Medium
(IGrM) can feed the AGN if the galaxy lies close to the group density peak, where the
cooling is more efficient. Nevertheless, galaxies located in the outskirts or outside the
cooling radius of the group can still show radio emission. However, they might have to rely
on more episodic triggers, such as mergers or interactions with other objects. Only in a few
cases, their radio power is able to become comparable to those of central galaxies. This
happens especially because the low density in the outskirts of galaxy groups sometimes
allow them to grow rapidly in size (see also Pasini et al. 2020).

A further consequence of this is that radio BGGs have a higher chance than non-radio
BGGs to lie close to the group centre. This is particularly true for the most powerful ones
(LR > 1023 W Hz�1), that in our samples always lie within 0.2 Rvir. Therefore, the detection
of a powerful radio source in a group can help identify the group centre. Finally, it is worth
noting that no difference is visible in terms of velocity ratio between powerful BGGs and
those with LR < 1023 W Hz�1.

Comparison with cosmological simulations
Here, we compare our samples with the theoretical predictions from the HORIZON-AGN
(HZ) simulation2 (Dubois et al., 2014). The HORIZON-AGN simulation is a cosmological

2https://www.horizon-simulation.org
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Figure 5.3: Left: Probability density (obtained through a gaussian kernel density estimate) vs. velocity ratio
for radio and non-radio BGGs (red and blue), for radio and non-radio satellites (orange and cyan) and for
HZ-simulated BGGs (dashed gray).The subplot shows the same distribution restricted to only BGGs with
offset < 0.3Rvir. Right: Probability density vs. offset from the group centre for radio and non-radio BGGs
(red and blue), for radio and non-radio satellites (orange and cyan) and for HZ-simulated BGGs (dashed gray).

hydrodynamical simulation of 100 Mpc/h comoving box containing 10243 Dark Matter
particles. The simulation is performed with the adaptive-mesh refinement code RAMSES
(Teyssier, 2002) including gas dynamics, gas cooling and heating, and sub-grid models
for star formation, stellar and AGN feedback. The AdaptaHOP halo finder (Aubert et al.,
2004) was run on both the stellar and DM particle distributions to identify galaxies and
halos (see Laigle et al. 2019 and Gozaliasl et al. 2019 for further details). Each galaxy is
then associated with its closest main halo. To match the observational definition, the BGG
is identified as the most massive galaxy within the virial radius of the main halo.

The left panel of Fig. 5.3 shows the probability density distribution of the velocity ratio
for radio and non-radio BGGs and for radio and non-radio satellites. Here, instead of the
gapper velocity dispersion sv exploited in Fig. 5.2, we use the velocity dispersion estimated
from X-ray emission sv,V T (see below). The gray dashed curve represents the distribution
for simulated BGGs obtained by HZ-AGN, whose mass and redshift evolution were already
studied and compared to COSMOS BGGs and satellites in Gozaliasl et al. (2020). Here,
our purpose is to understand whether the dynamical properties of our four samples differ
significantly from each other, and how they compare to simulated galaxies.

The distributions of radio and non-radio BGGs peak at vprop/sv,VT ⇠ 0.4 and 0.5,
respectively. For radio BGGs, the mean velocity ratio is ⇠ 0.84 and the median velocity
ratio is ⇠ 0.63. For non-radio BGGs the mean velocity ratio is ⇠ 0.85 and the median is ⇠
0.78. Radio satellites have the peak velocity ratio around ⇠ 0.45, with a mean of ⇠ 0.78
and a median of ⇠ 0.59. The distribution for non-radio satellites is broader, setting the peak
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at ⇠ 0.3 but becoming the dominant sources at vprop/sv,VT � 1.6, with a mean of ⇠ 1.04
and a median of ⇠ 0.89. Finally, BGGs in the HZ-AGN simulation are strongly peaked
around vprop/sv,VT ⇠ 0.2, with a mean of ⇠ 0.49 and a median of ⇠ 0.41.

Given that the simulation represents the dynamics of the central galaxy, in the subplot
of Fig. 5.3 we select only BGGs within 0.3Rvir from the X-ray center, to see if this changes
the observed displacement of the curve with respect to HZ BGGs. We see no difference
in the distribution for radio BGGs, while the curve for non-radio BGGs becomes tighter.
Nevertheless, the distribution for HZ BGGs remains much more strongly peaked at low
velocity with respect to real BGGs, with a steeper decrease after the peak.

The probability distribution of offsets from the group centre, shown in the right panel
of Fig. 5.3, confirms that BGGs (radio, non-radio and simulated) are highly concentrated
within 0.2 Rvir. At higher radii the curves of radio and non-radio BGGs decrease in a
similar fashion, while the probability density of simulated BGGs already steepens at ⇠ 0.1
Rvir. Nevertheless, in simulations BGGs tend to be more massive than their observational
counterparts (e.g., Bahé et al., 2017; Henden et al., 2019; Bassini et al., 2020). For this
reason, they are closer to the centre and exhibit less spread in velocity. On the other hand,
satellites exhibit a broader distribution, with radio satellites prevailing at offsets  0.3, while
at outer radii non-radio satellites become dominant.

All BGGs were observed as a part of zCOSMOS survey (Lilly et al., 2007), with a
redshift error of ⇠55 km/s. Missing objects were covered by FORS2 program (George
et al., 2011), with a similar redshift precision, and at z > 0.7 by GEEC2 (Balogh et al.,
2011), with a redshift precision of 80 km/s. Based on the work of Saro et al. (2013), the
uncertainty of velocity dispersion measurement is high with typical number of spectroscopic
members of COSMOS X-ray galaxy groups. Better constraints on the velocity dispersion
are obtained using scaling relations of LX �M200 (Leauthaud et al., 2010) and M200 �sv,VT
(Carlberg et al., 1997). The log-normal scatter LX �sv,VT relation is measured to be 0.13
by Kirkpatrick et al. (2021). Using the velocity dispersion from scaling relations, the
disagreement with simulations consists in a wider tail above 0.7s extending to 2.5s . The
spread due to uncertainty in the mean redshift is typically 0.3sv,VT and always better than
0.45sv,VT and cannot explain the large tail.

Positional displacement of BGGs from the center of the halo is constrained to be within
0.1 Rvir in simulations, while our data shows much broader range of offsets between BGG
and X-ray peak. George et al. (2012) found that BGGs in the vicinity of X-ray centers
(within 0.25 Rvir) are good tracers of projected mass centers, with an offset less than 0.1
Rvir, but BGGs with strong offsets from X-ray center do not trace the center of mass and the
corresponding mass profiles suggest merging. Thus, the broad distribution of offsets within
0.3 Rvir is due to displacements of X-ray peak, while larger offsets are merger driven. For
the offset peak of HZ galaxies to match that of our data, it would require a systematic shift
of ⇠0.1 Rvir (10” - 60).

To quantify our results, we performed a Kolmogorov-Smirnov (KS) test to compare the
radio and non-radio BGG distributions with simulated BGGs. Our null-hypothesis is that
the samples are drawn from the same parent distribution. The KS-test on the phase-space
distributions of radio BGGs and simulated BGGs gives a null-hypothesis probability of
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Figure 5.4: Left: Stellar mass distribution for radio (red) and non-radio (blue) BGGs, and for radio (orange)
and non-radio (cyan) satellites. Right: Stellar mass distribution restricted to radio (red) and non-radio (blue)
BGGs.

p = 1.6⇥ 10�13, while the comparison between non-radio BGGs and simulated BGGs
results in p = 3.1⇥10�17. This suggests that the simulation is not able to reproduce our
samples, indicating that it may need additional physics to reproduce the true population of
BGGs.

Properties of the samples
The left panel of Fig. 5.4 shows the stellar mass distribution for the four samples: radio
BGGs, radio satellites, non-radio BGGs and non-radio satellites. Non-radio satellites
dominate the low-mass regime, from 109 M� to 5⇥ 1010 M�. Low-mass radio BGGs
start to appear around 3⇥1010 M�, while non-radio BGGs go down to 1010 M�. Radio
BGGs become dominant for stellar masses � 3⇥1011 M�. In order to compare the mass
distributions of the BGG samples, we show the histograms of radio and non-radio BGGs in
the right panel of Fig. 5.4. Out of 28 radio BGGs, 27 have M⇤ > 1011 M� (⇠96%), while
the same fraction for non-radio BGGs is ⇠83% (35 out of 42). The small size of the samples
does not lead to statistically significant results, but radio BGGs trend towards higher masses,
while it is less likely for a BGG with M⇤ < 1011 M� to host a radio galaxy.

This is even more significant when considering that massive BGGs are found in more
massive groups and vice versa, as discussed in several papers (e.g., Stott et al., 2010;
Gozaliasl et al., 2016) and shown in Fig. 5.5. This is in agreement with Gaspari et al. (2019)
who observed that more massive SMBHs correlate with larger and hotter X-ray halos. The
same is also found in cosmological simulations by, e.g., Bassini et al. (2019); Truong et al.
(2021). In combination with the result shown above that radio BGGs are usually more
massive than those with no radio emission, this suggests that radio BGGs are more likely to
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Figure 5.5: Galaxy groups M200 vs. stellar mass for the radio-BGG (red) and non-radio BGG (blue) samples.
The size denotes the distance of the BGG from the group centre, with bigger points indicating larger offsets.

be hosted in high-mass groups. Since radio-BGGs statistically exhibit smaller offsets from
the centre than non-radio BGGs (see Sec. 5.3), we can argue that this could affect the trigger
of the AGN. Indeed, Fig. 5.2 shows that a number of non-radio BGGs have large offsets.
This is not surprising considering that the group centre as we defined it, i.e., the bottom of
the potential well, is where the hot gas density is higher and cooling is faster, especially in
more relaxed systems. Stronger cooling implies more condensing mass (Gaspari et al. 2019)
which feeds the supermassive black hole (SMBH) (e.g., see the GR-rMHD simulations by
Sa̧dowski and Gaspari 2017). Nevertheless, there are also high-mass non-radio BGGs which
do not host a radio source, at least with our sensitivity limit. This could likely be explained
by the flickering duty cycle involved in the AGN feeding and feedback self-regulation
(Sec. 5.3) .

In order to determine whether one of our samples shows any divergence from standard
scaling relations, we investigated the correlation between X-ray luminosity and observed
velocity dispersion (sv) for groups hosting radio and non-radio BGGs, plotted in Fig. 5.6
(e.g., Wu et al., 1999; Mahdavi and Geller, 2001; Zhang et al., 2011; Gozaliasl et al., 2020).
None of the samples seem to show any deviation and both follow the same correlation. This
is confirmed by the KS test (p = 0.06), which suggests that the two distributions are similar
and that no discernible difference exists in the sv-LX correlation between the groups hosting
radio and non-radio BGGs.

We also looked for evidence of recent interactions with other galaxy groups by inspecting
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Figure 5.6: Observed velocity dispersion of the host group vs. X-ray luminosity for radio (red) and non-radio
(blue) BGGs. The black line represents the scaling relation obtained by computing the LX - M and the M -
sv,V T correlations presented in Leauthaud et al. (2010) and Mamon et al. (2013), respectively.

the Chandra and XMM-Newton observations used to build the original galaxy groups
catalog (Gozaliasl et al., 2019). We find that only for one group it is possible to detect hints
of mergers (LSS 17, see Smolčić et al. 2007). The images are too shallow to reveal anything
for the other objects. We will return to this issue in Sec. 5.3, but deeper X-ray observations
will be needed for this purpose.

It is well-known that the magnitude difference between the first- and second-rank
galaxies in a group/cluster is helpful to trace their merger history and evolution (Ponman
et al., 1994; Gozaliasl et al., 2014, 2019). Simulations have shown that mergers in galaxy
groups lead to runaway growth of the BGG (e.g., Cavaliere et al., 1986; Mamon, 1992),
at the expense of the second brightest galaxy. Therefore, the magnitude gap between the
BGG and the second-rank galaxy should increase in time, finally leading to a situation in
which the central, elliptical BGG, lying in an X-ray luminous halo, is surrounded by faint
satellites. These groups are known as fossil groups (Jones et al., 2003). Therefore, one
expects larger gaps in more relaxed groups, where the offset between the BGG and the halo
centre is lower. The magnitude gap - offset relation for our parent sample of galaxy groups
has already been studied in Gozaliasl et al. (2019). Here, we wish to understand how this
gap relates to BGGs with and without radio emission.

In Fig. 5.7, we show the R-band magnitude gap distribution for our brightest groups
galaxies, classified into radio and non-radio BGGs. The gap was measured within 0.5
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Figure 5.7: Magnitude gaps (R-band) of radio (red) and non-radio (blue) BGGs from the corresponding
second-rank galaxy.

R200, following (Jones et al., 2003). The second-rank galaxy of each group was picked,
regardless of it having spectroscopic or photometric identification, using the full membership
catalog studied in Gozaliasl et al. (2020). Both distributions peak around ⇠ 1, with a clear
concentration of objects before ⇠1.5. No clear difference in the trend is detected between
radio and non-radio BGGs, as also confirmed by the KS test (p = 0.13). Nevertheless,
our catalogs only have a few tens of objects, and analyses on larger samples could help to
address how the magnitude gap relates to radio and non-radio BGGs.

Scaling relations
Pasini et al. (2020) explored a correlation between the 1.4 GHz radio power of the central
AGN and the X-ray luminosity of the host galaxy group. Since the sample of radio BGGs
studied in this work is derived from the same parent catalog of X-ray groups (Gozaliasl
et al., 2019), we expect to find a similar correlation, which is shown in the left panel of
Fig. 5.8.

The sample was divided into relaxed objects (offset < 0.2Rvir and v < 0.5vdisp), high-
velocity objects (offset < 0.2Rvir and v > 0.5vdisp) and offset objects (offset > 0.2Rvir). We
find no significant differences between the three subsamples. We then applied Bayesian
inference to extract the best-fit relation, by using linmix3 (cf. Sec. 2.2 in Gaspari et al.

3https://github.com/jmeyers314/linmix.
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Figure 5.8: Left: 1.4 GHz AGN radio power vs. X-ray luminosity of the host group for the radio BGG
sample. The sample was divided into relaxed objects (cyan, offset < 0.2Rvir and v < 0.5vdisp), high-velocity
objects (yellow, offset < 0.2Rvir and v > 0.5vdisp) and offset objects (green, offset > 0.2Rvir). The black line
represents the best-fit relation obtained through a Bayesian statistical analysis (the intrinsic scatter is labeled
in the top-left corner). Right: 1.4 GHz AGN radio power vs. temperature of the host group. The classification
is the same as in the left panel. The grey line shows 1s errors on the best fit.

2019 for a discussion of its features). A linear fit in log-log scale was performed in the form:

Y = a +bX + e, (5.1)

with a and b representing the intercept and the slope, respectively, while e is the intrinsic
scatter of the relation. For the AGN power versus X-ray luminosity correlation, we find
a = �9.53± 18.19, b = 0.94± 0.43 and e = 0.96± 0.31. As expected, this estimate is
consistent with the slope of LR µ (1.07±0.12)LX presented in Pasini et al. (2020), obtained
through least-squares linear regression. However, we note that the errors are large due to
the small sample size. It is generally understood that the X-ray emission by clusters and
groups is tightly linked to the temperature of the ICM (Lovisari et al., 2020). Therefore,
if a correlation of the hot plasma with the AGN exists, we expect a similar link with
the gas temperature, too. The right panel of Fig. 5.8 shows the correlation between the
1.4 GHz AGN power and the X-ray temperature of the intragroup medium of the host.
Again, no difference is apparent among the subsamples. We find a = 30.57± 0.19 and
b = 2.35±1.25, with intrinsic scatter e = 1.01±0.32.

The significant positive and steep correlation with X-ray halo properties can be compared
with those by Gaspari et al. (2019), who found also key positive X-ray halo correlations
between the (direct/dynamical) SMBH masses and the observed Tx and Lx. Specifically,
their group-dominated sample show a slope MBH µ T 2.14±0.25

x , which is well consistent with
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the above mean relation. This suggests that, despite the AGN power being an instantaneous
measure (LR ⇠ PBH µ ṀBH), the mean LR �Tx is not drastically altered by the details of
the feedback duty cycle, except by introducing a larger intrinsic scatter (4⇥) due to the
chaotic intermittency. Such a variable duty cycle is a feature corroborated by a wide range
of numerical and observational studies (e.g., McNamara and Nulsen 2007; Gaspari et al.
2011; Fabian 2012; Prasad et al. 2015; Yang and Reynolds 2016). The LR �Lx relation
appears to be slightly steeper than the MBH �Lx, although still comparable within the 1-s
uncertainty. Overall, as we will discuss in Sec. 5.3, a hotter halo implies a larger gas mass,
stronger CCA feeding and stronger AGN feedback power, thus establishing major positive
correlations. In this regard, the LR �Tx relation can be used as a proxy to describe AGN
feedback and feeding rates.

In passing, it is worth noting that all BGGs found at distances of more than 0.2 Rvir from
the X-ray centre (green) lie underneath the mean best-fit line suggesting that, at a given
X-ray luminosity (or temperature), their radio luminosity is lower than in the more central
BGGs. Again, the centeredness of the system appears to be key to initiate stronger feedback
(and related feeding; see next Sec. 5.3).

AGN feeding and feedback cycle
In the previous sections, we showed that AGN activity is usually detected at the centres
of galaxy groups, regardless of the properties of the optical galaxy. The triggering of
the (mechanical) AGN activity thus appears to depend on the position of the host halo.
In CCA, the central position in the group promotes the condensation and inflow of low-
momentum gas from both the internal galactic gas and external intragroup medium. As a
consequence, in CCA the AGN radio power correlates with the X-ray halo temperature (and
luminosity), consistent with the results in Sec. 5.3. During CCA, inelastic collisions between
the condensed clouds and filaments drive a rapid inflow toward the micro scale (a few tens of
the Schwarzschild radius; Gaspari and Sądowski 2017). The ultrafast outflows and jets then
entrain gas at the meso-scale (⇠ 1 kpc), with their kinetic energy dissipated and released at
the macro-scale (tens kpc) via X-ray bubbles, shocks, and turbulence (e.g., Gaspari et al.
2011; Barai et al. 2016; Yang et al. 2019; Liu et al. 2019b; Wittor and Gaspari 2020). Thus,
the ensuing cooling flow of the central intragroup medium can be quenched rapidly by AGN
heating, leading to a new feedback cycle (Gaspari et al. 2020 for a review and unification
diagram of such processes). On the other hand, the AGN in non-centrals/’satellites’ can
only feed from the diffuse gas inside its host galaxy (‘internal weather’), and cannot easily
tap into the reservoir of the intragroup medium due to their large infall/relative velocity.
This is supported by our results, as powerful radio galaxies mostly lie at the group centre.

An alternative accretion mode for the SMBH is hot accretion. This mode can take
various forms, from pure Bondi accretion – usually based on idealized assumptions such as
the presence of a spherically symmetric, steady, adiabatic and gaseous atmosphere (Bondi,
1952) – to Advection-Dominated Accretion Flow (ADAF, Narayan and Yi 1995). Unlike in
CCA, in hot-mode accretion, the gravitational pull of the SMBH is strongly counterbalanced
by the thermal pressure of the hot X-ray halo, which needs to be overcome to allow the
inner SMBH feeding. As a result, hot-mode accretion is often feeble and ⇠ 2 orders of
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magnitude less intense compared with cold modes (e.g., Gaspari et al. 2013). Moreover, the
hot accretion modes would develop a negative trend between the SMBH mass and plasma
entropy/temperature (ṀB µ K�3/2

x µ T�3/2
x ), with hotter halos accreting relatively less gas

mass, which is ruled out by the observed SMBH mass versus X-ray halo scaling relations
(Gaspari et al. 2019) and by our retrieved positive correlation LR �Tx, a proxy for PBH �Tx
(Sec. 5.3). Finally, no major duty cycle is expected from this mode. This is in conflict
with a large intrinsic e and with what is usually found in groups and clusters. There AGN
feedback needs to rapidly suppress cooling of the hot halo via the AGN kinetic/radio power,
i.e. establish frequent and efficient self-regulation (McNamara and Nulsen, 2007; Gaspari
et al., 2011; Fabian, 2012; Gitti et al., 2012; Prasad et al., 2015; Yang and Reynolds, 2016).

Finally, we note that major mergers are unlikely to represent efficient triggers of the
AGN and produce the scaling relations discussed here. The typical timescale of ⇠ 5-6 Gyr
between two major mergers (e.g., Rodriguez-Gomez et al., 2015) is too long to provide
steady support for the feeding of AGN. This is also consistent with Sharma et al. (2021),
who recently showed that AGN activity is not enhanced by mergers. Moreover, we do not
find substantive evidence for violent mergers in our sample. Nevertheless, mergers can still
play a role over time in terms of supplying and preserving a significant amount of gas on
the outskirts of the group halo.

5.4 Conclusions
We have carried out a comparison of the kinematic and optical properties of four different
samples of COSMOS spectroscopic galaxy members: BGGs with and without radio emis-
sion, and satellites with and without radio emission. Scaling relations for the BGG samples
were also investigated. Our results can be summarised as follows:

• Out of 70 BGGs, 56 (⇠80%) are classified as ancient infallers, while the same fraction
for satellites is only ⇠42%. We find that the fraction of ancient infaller among radio
BGGs is ⇠82%, while the fraction of non-radio BGGs falling into this category is
⇠78%. This suggests that most BGGs, and in particular those hosting radio emission,
have been accreted by the group at an early time.

• We find that radio galaxies with LR > 1023 W Hz�1 always lie within 0.2 Rvir from the
group centre, which has been defined as the X-ray emission peak. This is consistent
with the current view of AGN feedback since the gas cooling out of the hot IGrM can
feed the central SMBH, while outer galaxies need to rely on more episodic triggers.

• Our samples were compared to simulated BGGs from the HORIZON-AGN simulation.
The ratio between the galaxy line-of-sight velocity and the group velocity dispersion
for real BGGs (both radio and non-radio) shows a broader distribution than simulated
galaxies, but still narrower than satellites. Statistical tests suggest that significant
differences exist between simulated and real galaxies, indicating that additional
physics may be needed to reproduce the true population of BGGs.

• We find that the stellar mass for radio BGGs is statistically higher than for non-radio
BGGs. This, in combination with the correlation between BGG mass and group mass,
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suggests that it is easier to find radio BGGs in higher-mass groups.
• We find positive correlations between the 1.4 GHz power of radio BGGs and the main

properties of the diffuse X-ray halo/intragroup medium, namely, LR �Tx and LR �Lx,
suggesting a link between AGN heating and cooling processes in the gaseous halo.

• We tested and discussed the two major AGN feeding/feedback scenarios. Our finding
that galaxies at group centres are often radio galaxies better supports the CCA scenario
since the AGN can feed from both the galactic and intragroup halo condensations via
a flickering duty cycle. This is more difficult to explain in hot accretion modes (e.g.,
Bondi or ADAF), which can only tap into the nuclear (r < 100 pc) pressure-supported
plasma region via continuous accretion. Unlike in hot modes, CCA becomes more
vigorous in hotter and more luminous/massive halos. Thus, CCA naturally induces
positive LR �Tx and LR �Lx correlations, as found in our samples.
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6. Particle re-acceleration in A1550

Particle re-acceleration and diffuse radio sources
in the galaxy cluster Abell 1550

T. Pasini, H. W. Edler, M. Brüggen et al. Accepted by A&A (2022)
Abstract. Radio observations of galaxy clusters reveal a plethora of diffuse, steep-spectrum
sources related to the re-acceleration of cosmic-ray electrons, such as halos, relics, and
phoenices. In this context, the LOw Frequency ARray Low-Band Antenna (LOFAR-LBA) Sky
Survey (LoLSS) provides the most sensitive images of the sky at 54 MHz to date, allowing us
to investigate re-acceleration processes in a poorly explored frequency regime. We study
diffuse radio emission in the galaxy cluster Abell 1550, with the aim of constraining particle
re-acceleration in the intra-cluster medium. We exploited observations at four different
radio frequencies: 54, 144, 400, and 1400 MHz. To complement our analysis, we made
use of archival Chandra X-ray data. At all frequencies we detect an ultra-steep spectrum
radio halo (Sn µ n�1.6) with an extent of ⇠ 1.2 Mpc at 54 MHz. Its morphology follows
the distribution of the thermal intra-cluster medium inferred from the Chandra observation.
West of the centrally located head-tail radio galaxy, we detect a radio relic with a projected
extent of ⇠ 500 kpc. From the relic, a ⇠600 kpc long bridge departs and connects with
the halo. Between the relic and the radio galaxy, we observe what is most likely a radio
phoenix, given its curved spectrum. The phoenix is connected to the tail of the radio galaxy
through two arms, which show a nearly constant spectral index for ⇠ 300 kpc. The halo
could be produced by turbulence induced by a major merger, with the merger axis lying in
the NE-SW direction. This is supported by the position of the relic, whose origin could be
attributed to a shock propagating along the merger axis. It is possible that the same shock
has also produced the phoenix through adiabatic compression, while we propose that the
bridge could be generated by electrons which were pre-accelerated by the shock, and then
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re-accelerated by turbulence. Finally, we detect hints of gentle re-energisation in the two
arms that depart from the tail of the radio galaxy.

6.1 Introduction
Radio observations reveal the presence of diffuse synchrotron emission in galaxy clusters
which is not directly associated with galaxies. This kind of emission is thought to be
produced by the (re-)acceleration of cosmic-ray (CR) electrons due to shocks and turbulence
in the intra-cluster medium (ICM) (Brüggen et al., 2012; Brunetti and Jones, 2014). The
synchrotron spectra of these electrons typically show a power-law distribution, S(n) µ na ,
with S(n) being the flux density at frequency n , and a being the spectral index.

Giant radio halos (RHs) are megaparsec-scale sources centred in the central regions
of merging clusters (Cassano et al., 2010). They usually exhibit a spherically symmetric
morphology, even though filamentary structures are sometimes detected (van Weeren et al.,
2017; Botteon et al., 2020a). The radio emission is spatially correlated to the distribution
of the ICM revealed by X-ray observations (Govoni et al., 2001; Giacintucci et al., 2005;
Rajpurohit et al., 2018), suggesting a link between thermal and non-thermal plasma. The
integrated spectral index of RHs typically ranges between �1.1  a �1.4 (Giovannini
et al., 2009; Feretti et al., 2012). Nevertheless, an increasing number of RHs with ultra-
steep spectra (USSRH) were discovered, with indices in the range �1.5  a  �2 (e.g.
Brunetti et al., 2008; Macario et al., 2010; Dallacasa et al., 2009; Bonafede et al., 2012;
Wilber et al., 2018; Bruno et al., 2021; Duchesne et al., 2022). The luminosity of RHs
correlates with the host cluster’s X-ray luminosity, making their detection easier in high-
mass objects (e.g. Cassano et al., 2013; Cuciti et al., 2015). Radio halos are mainly observed
in merging clusters (Cassano et al., 2013; Cuciti et al., 2015) and their origin is traced
back to mechanisms driven by large-scale turbulence (e.g. Brunetti et al., 2009; Cassano
et al., 2010; Eckert et al., 2017). Cuciti et al. (2021) found that, in their sample of 75
galaxy clusters, 90% of halos are hosted in disturbed objects, while only 10% are in relaxed
systems.

Cluster radio relics are usually found in the outskirts of merging galaxy clusters. They
exhibit elongated morphologies and high degrees of polarisation above 1 GHz (up to 70%,
Ensslin et al. 1998; Bonafede et al. 2014; Loi et al. 2019; de Gasperin et al. 2022). The
resolved spectral index in radio relics shows a gradient: it steepens towards the cluster centre
and flattens towards the outskirts. Their size can reach up to ⇠2 Mpc, and high-resolution
observations have revealed filamentary structures within relics themselves (Di Gennaro
et al., 2018; Rajpurohit et al., 2020; de Gasperin et al., 2022; Rajpurohit et al., 2022a,b).
The Largest Linear Sizes (LLS) and radio powers of relics are correlated, as well as the
integrated spectral index and the radio power (van Weeren et al., 2009b; Bonafede et al.,
2012; de Gasperin et al., 2014). Relics trace ICM shock waves with relatively low (M<3)
Mach numbers (Finoguenov et al., 2010; Akamatsu et al., 2013; Shimwell et al., 2015;
Botteon et al., 2016). The acceleration of electrons is believed to proceed via diffusive shock
acceleration (DSA) in the ICM (Ensslin et al., 1998; Roettiger et al., 1999), in which particles
scatter back and forth across the shock front gaining energy at every crossing. Nevertheless,
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this mechanism has been shown to be rather inefficient in accelerating electrons from the
thermal pool (Vazza and Brüggen 2014; Vazza et al. 2016; Botteon et al. 2020b; Brüggen
and Vazza 2020b; see Brunetti and Jones 2014 for a review). Recently, it has been suggested
that seed electrons could originate from the tails and lobes (driven by AGN outflows) of
cluster radio galaxies (Bonafede et al., 2014; van Weeren et al., 2017; Stuardi et al., 2019),
which alleviates the requirements of high acceleration efficiencies at cluster shocks (e.g.
Markevitch et al., 2005; Kang et al., 2012; Botteon et al., 2016; Eckert et al., 2016; Kang
et al., 2017). In some cases, double relics have been detected on opposite sides of the cluster
centre (e.g. Rottgering et al., 1997; van Weeren et al., 2010, 2012a; Bonafede et al., 2012;
de Gasperin et al., 2015a). In these clusters it is possible to constrain the merger history,
providing important information about the formation processes of relics.

Relativistic electrons with higher energies lose energy faster via synchrotron and Inverse
Compton (IC) radiation. Therefore, the emission at high frequencies fades first. An old
population of relativistic electrons, sometimes referred to as fossil plasma, can in some
cases be ’revived’, for instance by adiabatic compression (Enßlin and Gopal-Krishna, 2001),
leading to radio phoenices. These sources are characterised by steep and curved spectra
(a < -1.5, van Weeren et al. 2009a; Clarke et al. 2013; de Gasperin et al. 2015b; Mandal
et al. 2019). They can exhibit different morphologies, even though in most cases they look
elongated and filamentary (e.g. Slee et al., 2001). Compared to relics, phoenices are found
at smaller distances from the cluster centre (Feretti et al., 2012) and they are smaller (<500
kpc). They can also be found in relaxed objects (e.g. van Weeren et al., 2011), suggesting
that major mergers are not strictly necessary for their formation. An alternative mechanism
to re-accelerate old plasma was recently proposed by de Gasperin et al. (2017). This was
based on radio observations of Abell 1033 (A1033), in which long tails of radio bright
plasma, generated by a radio galaxy moving within the cluster environment, are seen to
brighten, in coincidence with a spectral index flattening. A possible explanation is that
instabilities, generated by the interaction of the magnetically confined plasma in the tails
and the turbulence in the surrounding medium, can lead to turbulent waves. These, in turn,
are able to accelerate seed electrons through second-order Fermi mechanisms. This source
was labelled Gently Re-Energised Tail (GReET) since the re-acceleration mechanism is
barely efficient enough to balance the radiative losses of the electrons. Low-frequency
observations of galaxy clusters are detecting an increasing number of tailed radio galaxies
undergoing similar re-acceleration processes (e.g. Cuciti et al., 2018; Wilber et al., 2018;
Botteon et al., 2021; Ignesti et al., 2022; Brienza et al., 2022; Pandge et al., 2022).

The contribution of the LOw-Frequency ARray (LOFAR, van Haarlem et al. 2013)
is essential to achieve a better understanding of re-acceleration processes because of its
unprecedented combination of sensitivity at low frequencies and resolution. Two surveys
are currently being carried out with LOFAR. The LOFAR Two-Metre Sky Survey (LoTSS,
Shimwell et al. 2017, < rms >⇠ 100µJy beam�1) will observe the Northern Sky at a
nominal frequency of 144 MHz (High Band Antennas, HBA) with a resolution of ⇠6".
This survey is currently undergoing the second Data Release (DR2, Shimwell et al. 2022),
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covering ⇠6000 deg2, while DR1 covered the HETDEX spring field1 (Shimwell et al., 2019).
Similarly to LoTSS, the Lofar LBA Sky Survey (LoLSS, de Gasperin et al. 2021) will
observe the Northern Sky at a nominal frequency of 54 MHz (Low Band Antennas, LBA)
with a resolution of ⇠15", with the first Data Release covering HETDEX (de Gasperin et al.,
2021). The data reduction and calibration of HETDEX is now completed. The analysis of
all known galaxy clusters in this field at 54 MHz, similarly to what was done at 144 MHz by
van Weeren et al. 2021 (hereafter VW21), will be carried out in a forthcoming publication
(Pasini et al. in prep.).

In this paper, we present LOFAR, Upgraded Giant Metrewave Radio Telescope (uGMRT)
and Very Large Array (VLA) observations of one of the most interesting HETDEX clusters,
Abell 1550 (alternatively PSZ2G133.60+69.04, hereafter A1550). This is a dynamically
disturbed cluster located at z ⇠ 0.254, with M500

2 ⇠ 5.88⇥1014M� (Planck Collaboration
et al., 2016). According to Wen and Han (2013), the cluster hosts about a hundred confirmed
member galaxies within R200 ⇠ 2 Mpc. Extended emission was already claimed by Govoni
et al. (2012) through 1.4 GHz Very Large Array (VLA) data in D and C configuration.
LOFAR observations at 144 MHz confirm the presence of diffuse emission (VW21, Botteon
et al. 2022), albeit on a greater scale of 1.8 Mpc. The difference in size is due to the high
sensitivity and low frequency coverage of LOFAR. A Chandra 7 ks archival observation is
also available, while the ROSAT All-Sky Survey (RASS) measures an X-ray luminosity of
LX ⇠ 3.5⇥1044 erg s�1 in the 0.1-2.4 keV band (Böhringer et al., 2000). In Sec. 6.2 we
discuss the data reduction and calibration, while in Sec. 6.3 we present our results which
are then discussed in Sec. 6.4. Finally, in Sec. 6.5 we summarise our main conclusions.
We assume a standard LCDM cosmology with H0 = 70 km s�1 Mpc�1, WL = 0.7 and
WM = 1�WL = 0.3, and errors are at 68% confidence level (1s ).

6.2 Data analysis
LBA observations
The galaxy cluster A1550 was observed by LOFAR in the 42 – 66 MHz band as part of the
HETDEX field, which is the first region of the sky targeted by LoLSS (de Gasperin et al.,
2021). The cluster is covered by four different pointings (see Table 6.1 for details), for a
total of 27 hours after data reduction and calibration.

Data were calibrated using the automated Pipeline for LOFAR LBA (PiLL3). The
pipeline was independently run for each of the pointings and it is described in detail in
de Gasperin et al. (2021). Here, we summarise the main steps. First, phase and bandpass
solutions of the calibrator are determined and transferred to the target field. Then, direction-
independent calibration of the target field is performed to correct for the direction-averaged
ionospheric delays, Faraday rotation and second-order beam errors. At this step, wide-
field images are produced and direction-dependent (DD) errors, mainly due to ionospheric

1RA: 11h to 16h and Dec: 45° to 62° (Hill et al., 2008).
2Mass within R500, defined as the radius at which the medium density is 500 times the critical density of

the Universe.
3Publicly available at https: //github.com/revoltek/LiLF
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Figure 6.1: A1550 seen in 144 MHz emission (red) as detected by LOFAR overlaid on the PanSTARSS
optical (RGB filters) image. The radio image has a resolution of 13"⇥8", and the beam is shown on the
bottom right. The most prominent structures that are discussed in the text are labelled. Compact sources are
subtracted to enhance diffuse emission as described in Sec. 6.2. The yellow cross marks the cluster X-ray
centre, defined as the peak of the emission and estimated from the Chandra image presented in Sec. 6.2.

inhomogeneities, still affect the data. To correct these errors, we adopt the following strategy
for direction-dependent calibration: we subtract all sources from the visibilities using the
model obtained during direction-independent calibration. Then, we re-add the brightest
source to the data and derive calibration solutions for the direction corresponding to this
source using self-calibration. Using these solutions and the improved source model, we
subtract the source again, this time more accurately. This cycle is repeated for all sufficiently
bright sources (DD sources) in the field of view (FoV). We then divide the FoV into facets
whose position and shape depend on the position of DD sources. Each facet is calibrated for
DD effects during imaging using the correction of the respective calibrator. This is done
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Observation Central frequency RA DEC Total exposure Target distance Antenna configuration
[hh:mm:ss] [deg:mm:ss] [deg]

P183+47 54 MHz 12:13:09.65 +47:15:17.30 6hr 2.75 LOFAR LBA_OUTER
P186+50 54 MHz 12:27:40.70 +49.46.59.83 7hr 2.09 LOFAR LBA_OUTER
P187+47 54 MHz 12:28:25.34 +47.16.29.19 7hr 0.45 LOFAR LBA_OUTER
P190+47 54 MHz 12:43:41.37 +47.17.41.33 7hr 2.48 LOFAR LBA_OUTER

P23Hetdex 144 MHz 12:21:08.60 +47:29:24.00 8hr 1.30 LOFAR HBA_DUAL_INNER
P26Hetdex 144 MHz 12:29:37.60 +49:44:24.00 8hr 2.13 LOFAR HBA_DUAL_INNER
P27Hetdex 144 MHz 12:38:06.70 +47:29:24.00 8hr 1.55 LOFAR HBA_DUAL_INNER

12435 400 MHz 12:28:54.00 +47:36:44.00 3hr 0.03 uGMRT BAND 3
18A-172⇤ 1.4 GHz 12:29:12.7 +47:42:25.38 1hr 0.09 JVLA C array
18A-172⇤ 1.4 GHz 12:29:12.7 +47:42:25.38 1hr 0.09 JVLA D array

Table 6.1: The table shows the details of the LBA, HBA, uGMRT and JVLA observations used for the
analysis of A1550. From left to right: pointing or observation name, nominal frequency of the observation,
coordinates of the phase centre, distance of A1550 from the phase centre and configuration of the antennae of
the related observation. ⇤: Project name.

using DDFacet (Tasse et al., 2018), and produces a DD-calibrated wide-field image. To
further improve image quality, we repeat the steps of the direction-dependent calibration,
starting from the DD-calibrated image.

It is still possible to optimise the calibration for a specific target of interest (not included
among DD sources), as in our case for A1550. Here, we adapted the extraction process
described in VW21 to LBA data. The procedure has already been tested in Biava et al.
(2021). During DD calibration, it is assumed that DD effects are uniform across the facet.
By selecting a smaller region (typically 150 – 200) around the target, it is possible to relax
this assumption and improve calibration (see also VW21 for more details). The extraction
region should contain enough flux density to allow a good calibration of the target.

The procedure consists of the following steps: first, we subtract all sources outside the
extraction region. We then shift the phase centre of the observation to the centre of the
region, and we average the data in frequency and time. We apply a correction to account for
the LOFAR primary beam response at the new phase centre through IDG (Image-Domain
Gridder, van der Tol et al. 2018). Pointings for which the beam response drops below 30%
are excluded, while all the others are combined and weighted so that pointings with higher
beam sensitivity contribute more to the extracted dataset. Then we perform self-calibration
cycles as in VW21 to further reduce the noise and improve the quality of the images. Final
imaging is carried out using WSClean (Offringa et al., 2014) applying suitable weighting
and tapering of the visibilities in order to obtain images at different resolutions. Also we
use multi-scale deconvolution (Offringa, 2016), and we assume that flux errors are ⇠10%,
as for LoLSS (de Gasperin et al., 2021).

In some cases we needed to highlight the emission from diffuse sources. When specified,
we subtracted compact sources as follows: first, we produced a high-resolution image by
applying Briggs -0.6 and cutting visibilities below 100l , which correspond to angular
scales above 350. We chose the resolution such that only compact sources with a Largest
Linear Size (LLS) below a given threshold are imaged. Through the predict option of
WSClean, the clean components of the previous image are stored as model. Finally, we
subtract this model out of the uv-data. This leaves us with only the visibilities of the diffuse
emission.
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Figure 6.2: First to last row: 54, 144, 400 MHz and 1.4 GHz, low- (left column) and high-resolution (right
column) images of A1550, produced by tapering visibilities at 30"and applying Briggs -0.6, respectively.
The yellow circle denotes R500 = 1173 kpc (Botteon et al., 2022). Row A, left panel: 54 MHz low-resolution
image. The beam is 38"⇥25", with rms noise s ⇠1.6 mJy beam�1. Contours are at [-3, 3, 6, 12, 24] ⇥s . Row
A, right panel: 54 MHz high-resolution image. The beam is 18"⇥11", with rms noise s ⇠1.5 mJy beam�1.
Row B, left panel: 144 MHz low-resolution image. The beam is 35"⇥32", with rms noise s ⇠0.14 mJy
beam�1. Row B, right panel: 144 MHz high-resolution image. The beam is 8"⇥4", with rms noise s ⇠69 µJy
beam�1. Row C, left panel: 400 MHz low-resolution image. The beam is 38"⇥26", with rms noise s ⇠0.28
mJy beam�1. Row C, right panel: 400 MHz high-resolution image. The beam is 6"⇥3", with rms noise
s ⇠ 60 µJy beam�1. Row D, left panel: 1.4 GHz low-resolution image. The beam is 32"⇥32", with rms noise
s ⇠ 26 µJy beam�1. Row D, right panel: 1.4 GHz high-resolution image. The beam is 13"⇥12", with rms
noise s ⇠ 18 µJy beam�1.
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HBA observations
A1550 was observed by LOFAR in the frequency range 120-166 MHz as part of the second
Data Release (DR2) of LoTSS (Shimwell et al., 2022). The cluster is covered by three
pointings (see Table 6.1 for details), for a total of ⇠24 hours. The data were processed
with a set of fully automated pipelines developed by the LOFAR Surveys Key Science
Project team: prefactor (van Weeren et al., 2016; Williams et al., 2016b; de Gasperin
et al., 2019b) and ddf-pipeline (Tasse et al., 2021b). These pipelines are able to correct
for both direction-independent and direction-dependent effects. The pipelines also include
flagging of the radio frequency interference (RFI). Then the uv-data is averaged in time and
frequency, and complex gains, clock offsets and phase delays are obtained and applied to
each station. The calibration of direction-dependent effects (DDE) is then performed using
the same facet method discussed for LBA.

In this work, we exploit the same datasets which were recently presented in Botteon et al.
(2022). New images were produced through WSClean with different sets of parameters,
depending on our purposes, applying multiple weighting schemes and visibility tapering.
The flux density scale was aligned with the LoTSS-DR2 data release (Botteon et al., 2022),
where the flux calibration uncertainty is estimated to be ⇠10% (Hardcastle et al., 2021).
Where explicited, compact-source subtraction was performed exploiting the same method
described in Sec. 6.2.

GMRT observation
A1550 was observed by uGMRT on September 17th, 2020, for a total integration time
of 3 hours (ObsID = 12435, PI V. Cuciti). Observations were carried out in band 3 (330-
500 MHz), with nominal frequency 400 MHz. 3C286 was used as absolute flux density
calibrators. Data reduction and calibration were carried out using the Source Peeling and
Atmospheric Modeling (SPAM) pipeline (Intema et al., 2009, 2017), which corrects for
ionospheric effects and removes direction-dependent gain errors. Direction-dependent gains
were derived through bright sources in the field of view. Finally, data were corrected for
the system temperature variations between calibrators and target. Imaging is carried out
through WSClean applying different weightings and visibility tapering. The flux uncertainty
is assumed to be 6% (Chandra et al., 2004). When specified, we applied the same compact-
source subtraction procedure described in Sec. 6.2.

JVLA observations
We obtained JVLA observations of A1550 in the 1-2 GHz JVLA L-band, in C and D antenna
configuration (Project ID = 18A-172, PI R. J. van Weeren). The former was performed on
January 19, 2019 for a total of 1 hour, pointed at RA=12h29m12.75s DEC=47°42025.4",
while the latter is a 1 hour observation performed on 20 September, 2018 and pointed at
the same coordinates. Data reduction was carried out with the National Radio Astronomy
Observatory (NRAO) Common Astronomy Software Applications package (CASA, version
6.1.2.7), exploiting 3C286 as primary calibrator for both observations, while J1219+4829
was used as phase calibrator. First, RFI and bad visibilities for calibrators and target were
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flagged. Amplitude and phase solutions were derived from the calibrators, and applied to
the target. For the purpose of self-calibration, phase-solutions are then calculated from
the model of the target, produced by a first, shallow imaging, and computed on a given
timescale for which the phase is assumed to be constant. After applying these solutions, the
cycle is repeated in order to increase the signal-to-noise ratio (S/N) and improve the quality
of the image, decreasing the interval at each cycle. After this step, datasets were accurately
combined to achieve longer integration time and increase the sampling of the uv-plane.
Final imaging is carried out with WSClean, and the flux uncertainty is assumed to be 5%.
When specified, we applied the same compact-source subtraction procedure described in
Sec. 6.2. Finally, for polarisation calibration, the leakage response was determined using
the unpolarised calibrator 3C147. The absolute position angle (the R-L phase difference)
was corrected using the polarised calibrator 3C286. The polarisation intensity (P) and
polarisation angle (Y) maps were derived from Stokes Q and U maps:

P =
p

Q2 +U2,

Y =
1
2

tan�1 U
Q
.

(6.1)

Finally, the fractional polarisation map was obtained as:

p =
P
I
, (6.2)

where I and P are the total intensity and polarisation intensity, respectively, of the
source.

Chandra observation
The Chandra data of A1550 (obsID 11766) were taken with the Advanced CCD Imaging
Spectrometer (ACIS) in S configuration, operating in VFAINT mode, with a short exposure
time of ⇠7 ks. The ACIS-S configuration consists of an array of 6 chips. We use the
ACIS-S3 chip, where the aimpoint of the telescope lies. Unfortunately, the cluster emission
covers a projected region larger than the CCD area (8.30 ⇥ 8.30). For this reason, part of
the cluster emission is out of the FoV and cannot be studied. The maximal area that can
be reached lies within a radius of 4 arcmin from the cluster centre, which corresponds to
⇠0.8R500.

The data were reprocessed with CIAO 4.114 using CALDB 4.8.4.1. The Chandra_repro
script was executed to perform the standard calibration process. Background flares were
removed and the Blanksky template files, filtered and normalised to the count rate of
the source in the hard X-ray band (9-12 keV), were exploited to model the background
contribution to the emission. Finally, point sources were identified and removed using the
CIAO task WAVDETECT with a default significance threshold of 10�6. The final exposure
time is 6948 s. Exposure-corrected images were produced in the 0.5-7 keV band.

4https://cxc.harvard.edu/ciao/
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6.3 Results
HBA and LBA comparison
In Fig. 6.1 we show the radio emission as detected at 144 MHz by HBA, overlaid on the
Panoramic Survey Telescope and Rapid Response System (PanSTARRS, Chambers et al.
2016) image of A1550. Projected at the cluster centre, an head-tail (HT) radio galaxy
(labelled as AGN+tail in the figure) dominates the emission. The galaxy is embedded within
the giant radio halo originally detected by Govoni et al. (2012). In the SW, a roundish
patch of emission (A) is observed, without a clear optical counterpart. NW of source A,
we clearly detect a source which resembles a radio relic, as already hinted at in VW21
and Botteon et al. (2022). From this image, it is not clear whether the putative relic and
source A are part of the same structure. From here, two filaments extend to the E and W
directions. The eastern filament (bridge) looks connected to the halo, as already found at
144 MHz by VW21 from low-resolution images. The western filament, labelled B, has
no clear counterpart as well, even though its morphology suggests that it could be a radio
galaxy, possibly unrelated to the diffuse emission. An elliptical depletion of radio emission
is observed between the bridge, the head-tail and source A. Finally, in the NE region of the
cluster, we observe an arc-shaped extension of emission. As already discussed in VW21, it
lies in front (at least in projection) of a group of galaxies with the same redshift of A1550.
Low-resolution images at 144 MHz showed that it is likely connected to the halo (VW21
and Botteon et al. 2022). We return on this throughout this paper.

With the purpose of unveiling the nature and morphology of each of these structures,
we produced images at different frequencies and resolution. In the left panels of the first
two rows in Fig. 6.2, we show the cluster as detected at 54 MHz and 144 MHz by tapering
visibilities at 30". The head-tail dominates the radio emission, with integrated flux density
inside 3s contours5 of S144MHz = 264±26 mJy and S54MHz = 707±71 mJy, respectively.
The putative relic and halo are clearly visible at both frequencies, and the morphology
and orientation of the NE extension suggest that it is connected to the halo. The bridge
connecting the candidate relic to the halo, while resolved in HBA, is hardly distinguishable
in the LBA image due to lower resolution.

In order to resolve all the detected structures, we produced high-resolution images
by setting Briggs -0.6 and excluding baselines shorter than 100l . The halo almost
disappears at both frequencies (see right panels of Fig. 6.2), while we are still able to see
the candidate relic and source A. At 144 MHz, the emission that connects source A to the
AGN/halo is split into two arms, which will be better defined and analysed in Sec. 6.4.
The lack of optical counterparts, together with the shape and orientation of the head-tail
radio galaxy and relic, might suggest that source A could be constituted by re-accelerated
electrons (see Sec. 6.4).

We then subtracted compact sources as described in Sec. 6.2 on the HBA and LBA
observations and tapered visibilities at 30", with the purpose of imaging more accurately the
diffuse emission. The resulting images are shown in Fig. 6.3. Without the AGN, it is much
easier to assess the different structures observed in A1550, and we can therefore estimate

5If not specified otherwise, all flux densities are calculated within 3s contours.
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Figure 6.3: Source-subtracted images of A1550 at different frequencies. Top left: 54 MHz source-subtracted
image of A1550 obtained applying Briggs -0.3 and tapering the visibilities to 30". The beam, shown
on the bottom left, is 46"⇥36", with rms noise s ⇠ 1.9 mJy beam�1. Contours are at -3, 3, 6, 12, 24 ⇥s .
Top right: 144 MHz source-subtracted image of A1550 obtained applying Briggs -0.3 and tapering the
visibilities to 30". The beam is 36"⇥35", with rms noise s ⇠ 0.14 mJy beam�1. Contours are the same
as above. Bottom left: 400 MHz source-subtracted image of A1550 obtained applying Briggs -0.3 and
tapering the visibilities to to 30". The beam is 36"⇥26", with rms noise s ⇠ 0.23 mJy beam�1. Bottom right:
1.4 GHz source-subtracted image of A1550 obtained applying Briggs -0.3 and tapering the visibilities to to
30". The beam is 32"⇥32", with rms noise s ⇠ 23 µJy beam�1.

their physical properties, such as flux density and extent, more accurately.
To estimate the flux density of the halo, we used the Halo Flux Density CAlculator

(Halo-FDCA, Boxelaar et al. 2021) on the subtracted maps. This code fits the surface
brightness of radio halos to 2D exponential models using Bayesian inference, and calculates
the flux density analytically. The plots of the halo models and masks used for the fit
are shown in Appendix .1. After accounting for the contribution of the radio galaxy tail
and masking both source A and NE extension, we measure a flux density for the halo of
S144MHz = 108±11 mJy, which is in agreement with what we measure from 2s contours,
and a maximum extent of ⇠1 Mpc. The fit also provides an estimate of the e-folding radius
of re = 183±4 kpc. We note that VW21 reported a flux density of S144MHz = 129±26 mJy,
while Botteon et al. (2022) provides an estimate of S144MHz = 145±18 mJy. The difference
with the previous results is likely related to the fact that although VW21 and Botteon et al.
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Source S54MHz S144MHz S400MHz S1.4GHz a144MHz
54MHz a400MHz

144MHz a1.4GHz
400MHz

[mJy] [mJy] [mJy] [mJy]
Halo 498 ±57 108 ± 11 25 ± 3 2.6 ± 0.2 �1.6 ± 0.2 �1.4 ± 0.1 �1.8± 0.1
Relic 265 ± 26 94 ± 9 25 ± 2 5.2 ± 0.3 �1.1 ± 0.2 �1.3 ± 0.2 �1.2 ± 0.2

Source A 165 ± 17 27 ± 3 3.1 ± 0.2 < 0.13⇤ �1.9 ± 0.2 �2.1 ± 0.1 /

Table 6.2: Flux densities and integrated spectral indices of halo, relic and source A at different radio
frequencies.⇤: 3s upper limit, with s being the rms noise of the 1.4 GHz image.
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Figure 6.4: Flux density as a function of frequency for the halo, the relic and source A at the four frequencies
covered in our analysis. Coloured areas denote flux density errors. We note that the flux density at 1.4 GHz
for source A is a 3s upper limit, with s being the rms noise of the 1.4 GHz image.

(2022) also used FDCA, they performed the fit with an elliptical model, while we used a
circle model. In Botteon et al. (2022), this resulted in radii of 377± 5 and 201± 4 kpc,
for the major and minor axes respectively. Given the wealth of radio data studied in this
work, the circle model appears to better suit the morphology of the halo emission. From the
LBA image, we find S54MHz = 498±57 mJy and projected LLS⇠1.2 Mpc. This implies a
relatively steep spectral index of a144MHz

54MHz =�1.6±0.2. The e-folding radius is estimated
to be re = 177±6 kpc, consistent within errors with HBA.

The putative relic shows S144MHz = 94±9 mJy, with a projected length of ⇠500 kpc.
With LBA, we measure S54MHz = 265±26 mJy. This implies a144MHz

54MHz =�1.1±0.2, which
is typical of relics (VW21). Finally, for source A we find S144MHz = 27± 3 mJy and
S54MHz = 165±17 mJy, resulting in a steep spectrum with a144MHz

54MHz =�1.9±0.2. A more
detailed investigation of spectral indices in this cluster is presented in Sec. 6.3. In Table
6.2, we summarise the flux densities at different frequencies of the halo, candidate relic and
source A. Their spectra are plotted in Fig. 6.4.
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The cluster at 400 MHz
In the third row of Fig. 6.2 we show the 400 MHz low- and high-resolution images of A1550.
The head-tail radio galaxy dominates the emission. To the West of the head-tail, the putative
relic is clearly visible, with a flux density S400MHz = 25± 2 mJy. Hence, its integrated
spectral index between 144 and 400 MHz is a400MHz

144MHz =�1.3±0.2, consistent with what
estimated at LOFAR frequencies. At 400 MHz we do not see the bridge, suggesting that
it has a steep spectrum. Furthermore, it is not trivial to understand whether the emission
between the head-tail and the candidate relic belongs to source A or comes from these two
sources. Instead, around the radio galaxy we clearly observe the radio halo.

As before, we then subtracted compact sources and tapered visibilities to a resolution of
30", with the result shown in the bottom-left panel of Fig. 6.3. We observe what is probably
a hint of emission of source A, even though it is detected barely at 3s significance. At
this frequency, we measure a maximal extent of the halo of ⇠950 kpc and a flux density
(with Halo-FDCA) of S400MHz = 25±3 mJy. This translates into a spectral index between
144 MHz and 400 MHz of a400MHz

144MHz = �1.4± 0.2, consistent within errors with the one
estimated between 54 and 144 MHz. The e-folding radius is re = 171±10 kpc, which is
comparable to those estimated at lower frequencies.

Finally, the flux density of source A at this frequency is S400MHz = 3.1±0.2 mJy. The
integrated spectral index between 144 and 400 MHz is as steep as a400MHz

144MHz =�2.1±0.2.
We therefore observe a steepening at higher frequencies, hinting that the spectrum of source
A might be significantly curved.

The cluster at 1.4 GHz
In the bottom panels of Fig. 6.2 we show A1550 at 1.4 GHz as observed by JVLA, at
low and high resolution. At this frequency the halo appears less extended, as expected,
but still clearly visible. We also detect the candidate relic, while we observe no emission
from source A and the bridge which are detected with LOFAR. NE to the halo, there is a
hint of what probably is the high-frequency counterpart of the extension. As above, we
performed the subtraction of compact sources, with the caveat that JVLA array D provides,
by definition, low-resolution, making the subtraction trickier. The result is shown in the
bottom right panel of Fig. 6.3.

The total extent of the halo is ⇠900 kpc. Similarly to what observed at 144 MHz,
the inconsistency with the previous measurement (⇠1.4 Mpc) by Govoni et al. (2012),
performed exploiting older VLA datasets, might be due to the exclusion of the NE extension
(allowed by the higher resolution), other than to a better uv-coverage of the most recent
observations. We estimate a total flux density for the halo (with Halo-FDCA6) of S1.4GHz =
2.6±0.2 mJy, implying a1.4GHz

400MHz =�1.8±0.1, consistent within errors with the spectral
index determined at LOFAR frequencies. Govoni et al. (2012) provided an estimate of ⇠ 7.7
mJy at the same frequency. However, their calculation included, both, the NE extension and
source A. Even after source subtraction we do not detect the latter, confirming that it might

6We note that, due to a less trivial source subtraction for JVLA, we had to use a larger number of masks
for the flux density estimate. See also Appendix .1.
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Figure 6.5: Spectral index and spectral index maps of A1550 between different frequencies. Top Left:
Spectral index map between 54 MHz and 144 MHz, generated by combining total intensity maps produced
with matching uv-cut 80l -14kl . Contours are at 3s from the LBA map. The beam is 25"⇥13". Top Middle:
Spectral index map between 144 MHz and 400 MHz, generated by combining total intensity maps produced
with matching uv-cut 80l -14kl . The beam is 20"⇥17". Top Right: Spectral index map between 400 MHz
and 1.4 GHz, generated by combining total intensity maps produced with matching uv-cut 140l -14kl . The
beam is 38"⇥32". Bottom Left: Spectral index error map between 54 MHz and 144 GHz. Bottom Middle:
Spectral index error map between 144 MHz and 300 MHz. Bottom Right: Spectral index error map between
400 MHz and 1.4 GHz.

have a steep spectrum. The e-folding radius is re = 174±18 kpc, consistent with the value
at lower frequencies within errors. For the candidate relic, we measure S1.4GHz = 5.2±0.3
mJy, leading to a1.4GHz

144MHz =�1.2±0.2.

Spectral analysis

To investigate the nature of the diffuse emission, we have produced spectral index maps
making use the frequency coverage available for A1550. First, HBA, LBA and uGMRT
maps were produced by applying the same visibility cut of 80 l -14 kl and Briggs -0.3,
in order to compensate for the different uv-coverage of the instruments and match spatial
scales. To avoid possible artefacts produced by the source subtraction, this procedure was
applied to the non-subtracted data. The spectral index map was generated by estimating a
and Da in each pixel as:
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where S1 and S2 are the flux densities at frequencies n1 and n2, respectively, while
s is the corresponding error. Similarly, spectral index maps between 1.4 GHz (VLA)
and 400 MHz were produced by applying a baseline cut at 140l -14kl and Briggs -0.3.
Visibilities were tapered at 30" to highlight the diffuse emission.

The spectral index map between 54 and 144 MHz is shown in the top-left panel of
Fig. 6.5. The spectral index looks flatter (-1< a <-0.5) in the position of the AGN and of
the point source S to A, as expected from compact objects where self-absorption is relevant.
A similar behaviour is observed in the patch labelled B, West to the candidate relic, with the
spectrum being flatter (a ⇠ -0.4) in the centre and becoming steeper (a ⇠ -0.8) moving
to the periphery. This suggests that source B is likely a double-lobed radio galaxy, even
though we cannot find any obvious optical counterpart. The region of the halo E to the
head-tail shows a steep index ranging between -1.2 and -2.2, which becomes even steeper
at the periphery and, more interestingly, West to the tail of the AGN, where source A is
located. In this region we observe a mean index of a ' �1.7, but it reaches a ' �2.3
around A. The bridge E to the candidate relic also shows a similar spectrum. At the position
of the relic, we observe a spectral index which steepens from a ' �0.5 to a ' �1.8 in
the westernmost region, even though the relatively low resolution makes it hard to observe
the typical gradients observed in relics. Finally, the NE extension shows a '�1.8 in the
direction of the cluster centre, while moving to the outskirts we observe a steepening to
a '�2.2.

In the top-middle panel of Fig. 6.5 we show the spectral index map between 144 and 400
MHz. We placed upper and lower limits on the spectral index where the emission was not
detected at the higher or lower frequency, respectively. This might be due to the different
frequency range of the instruments, and to the spectral curvature of the sources. We observe
a number of lower limits around the main emission, which are likely uGMRT calibration
artefacts which could not be improved. The region of the halo looks consistent with what
observed between 54 and 144 MHz, with a ranging between -1.2 and -1.9. Due to the
lower resolution set to detect the halo, it is hard to assess the spectral index gradient in the
relic. However, we observe a steep (a <�2) spectrum for source A, for which we are only
able to place upper limits because of the low emission detected by uGMRT. This indicates
a relatively high curvature at high frequencies, suggesting a cutoff in the electron energy
spectrum.

Finally, in the top-right panel of Fig. 6.5 we show the spectral index map between 400
MHz and 1.4 GHz. Upper limits are placed where no emission is observed with VLA.
Due to the lower resolution, it is hard to resolve all the structures which are observed by
LOFAR (especially HBA) and uGMRT. The spectral index across the halo is consistent with
what we found at lower frequencies, and steepens towards the candidate relic and source A,
which is not detected at 1.4 GHz. Hints of upper limits a <�2 can be observed around the
position of source A, even though they are not as clear as in the LOFAR-uGMRT map. In
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Figure 6.6: Chandra exposure-corrected, background-subtracted 0.5-7 keV image of A1550, smoothed to a
resolution of 30 kpc at the cluster redshift. LOFAR LBA contours are overlaid in white. The image is cut at
the edge of the CCD FoV.

the putative relic we seemingly observe a flattening of the spectrum moving towards the
cluster outskirts, even though the low resolution makes this result uncertain.

Diffuse radio emission and thermal plasma
The short exposure time of the Chandra observation does not allow us to perform a thorough
analysis of the ICM in A1550. Still, we can study the morphology of the X-ray emission
and compare it to the structures observed in the radio band.

In Fig. 6.6 we show the Chandra image of A1550 in the 0.5-7 keV band, where the
emission of the ICM is best visible. The morphology of the ICM looks roughly elliptical
(ellipticity7 = e ⇠ 0.75) from the current X-ray image. The morphological parameters
presented in Table A.2 of Botteon et al. 2022, such as concentration (c = (8.67±0.89)⇥
10�2) and centroid shift (w = (3.80±0.35)⇥10�2), confirm that the cluster is disturbed,
accordingly to the thresholds defined in Cassano et al. (2010). This is consistent with the
presence of radio diffuse emission. The X-ray peak is found at ⇠150 kpc (⇠38") from
the AGN, and the morphology of the emission seems to roughly correlate with that of the
radio halo. The archival observation does not show hints of either X-ray cavities or cold
fronts, apart from a ⇠ 50 kpc depression between the AGN and its tail. However, due
to the significant smoothing that was applied, it is currently hard to confirm whether this
structure is real, or just an artefact. This putative detection needs to be supported by a
surface brightness analysis to quantify the possible depression, which is not feasible with

7Estimated as the ratio between the minor and major axes.
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Figure 6.7: Results of the ptp analysis. Left: Grids used to sample the halo (black), the NE extension (red)
and the bridge+source A region (orange). The dimension of the squares is 1.5 times the radio beam, with
the beam being 22"⇥19". Right: Point-to-point correlation between radio (144 MHz) and X-ray surface
brightness. Black data represents the halo, red represents the NE extension, while orange refers to the SW
region including the bridge and source A.

the current Chandra observation. We do not detect X-ray emission in the region of the
candidate relic and source A, even though the small area of the CCD does not allow us to
cover the whole extent of the radio structure. A faint, arc-shaped patch of X-ray plasma
stretches in the NE direction. Interestingly, the NE radio extension seems to follow the same
morphology, and may be confined by the X-ray emission. This suggests that it could be part
of the radio halo, as also supported by our HBA and LBA observations which clearly show
that the extension is not detached from the halo emission. Nevertheless, this could also be
due to projection effects. The correlation between the X-ray and radio surface brightness
can be of help here to investigate which structures are part of the halo, and which constitute
a separate kind of diffuse emission (Bruno et al., 2021; Rajpurohit et al., 2021; Duchesne
et al., 2021). To this end we performed a point-to-point (ptp) analysis, in which the surface
brightness at the two bands was sampled through a grid. One of the first applications of this
analysis in galaxy clusters can be found in Govoni et al. (2001), and a dedicated algorithm
was recently published by Ignesti (2022). First, we drew three grids: one on the halo, one on
the NE extension and one on the bridge and source A (see Fig. 6.7). The size of the squares
was chosen to be 1.5 times the radio beam. This is large enough to allow for relatively
small error bars, especially for the X-ray image where the exposure time is short, but small
enough to provide enough statistics. Nevertheless, the available X-ray observation prevents
us from using smaller areas, which would increase our statistics.

The surface brightness was then extracted from each square through the procedure
extensively described in Ignesti et al. (2022). The analysis was carried out on the HBA
image, since the structures are better resolved, on the emission above 3s . The result is
shown for all three grids in Fig. 6.7. A sub-linear correlation is found for the halo, with slope
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k = 0.37±0.11. The Pearson and Spearman coefficients are 0.53 and 0.56, respectively,
suggesting that a correlation may exist, albeit weak. Given that such link is always observed
in radio halos (see references above), it is likely that the short exposure time of the X-ray
image, which led to the fit having low statistics, could be the reason for the relatively low
coefficients. Furthermore, the slope is flatter than the values usually found in halos, which
range between ⇠0.5 and ⇠0.7 (e.g. Rajpurohit et al., 2021). Similar sub-linear slopes
were also found in the Bullet cluster (Shimwell et al., 2014) and in A520 (Hoang et al.,
2019), and were interpreted as the halo being in a different evolutionary state with respect
to typical halos. Longer X-ray observations in the future may provide smaller error bars and
a larger number of bins, leading to a more reliable fit. On the other hand, we see no clear
correlation for NE extension and for the SW region. The Pearson and Spearman coefficients
are 0.18 and 0.13 for the NE extension, and -0.3 and -0.4 for the bridge and source A. The
distribution of their X-ray and radio surface brightness values across the plot looks random,
suggesting that they might not be part of the halo, but may constitute another kind of diffuse
emission. This is relevant especially for the NE extension, given that both LBA and HBA
detected patches of emission connecting it to the halo.

Finally, it would be interesting to perform the same kind of analysis at all four different
frequencies, to assess if and how the slope eventually changes. However, as discussed
above, the short X-ray exposure would significantly affect the results. Possibly, an accurate
comparison of the X-ray and radio morphology in A1550 will be performed in the next
future thanks to deeper observations.

6.4 Discussion
There are a number of interesting sources in A1550. As often observed in disturbed galaxy
clusters, the optical BCG which hosts the head-tail radio galaxy is found relatively far
from the X-ray peak (⇠ 150 kpc), suggesting that the hot gas is disturbed. This is also
supported by the lack of a central peak in the ICM, as well as from morphological parameters
estimated in Botteon et al. (2022) and already discussed above. The radio diffuse emission
spans a length of ⇠2 Mpc, suggesting that a major merger might have occurred. Optical
images are sometimes useful to assess the merger dynamics, but in the case of A1550
we do not see obvious hints from SDSS and PanSTARSS observations, since we do not
detect any evidence for a companion cluster. As also briefly discussed in VW21, SDSS
detects a subgroup of ⇠ 20 galaxies N of the extension, which shows the same redshift of
A1550. However, it lies far (⇠1 Mpc) from the cluster centre and from the diffuse emission.
Therefore, given also its relatively small extent, it is unlikely to be the cause of the extended
emission detected in A1550. The orientation of the candidate radio relic might suggest
that the merger axis lies in the NE-SW direction. This is also supported by the X-ray
surface brightness distribution that is elongated in the same direction. Nevertheless, it is
possible that diffuse emission is elongated along the line of sight, and that we are therefore
underestimating its size. A method to infer the orientation of a cluster through observations
of relics was recently suggested in Wittor et al. (2021). It exploits the ratio of the total
projected X-ray luminosity of the cluster to the projected X-ray luminosity emitted within
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the candidate relic region. If the ratio approaches ⇠ 1, it is likely that we are observing the
cluster merger face-on. On the other hand, lower ratios indicate that the cluster is elongated
in the plane of the sky. Unfortunately, the Chandra observation does not fully cover the
relic, preventing us from performing this test.

The ultra-steep radio halo and the NE extension
Regardless of the cluster orientation, the spectral index observed for the halo at all available
frequencies suggests that it is a USSRH. Despite the number of detected USSRH is still
low, radio halos with steep indices are being discovered more and more frequently in the
last years thanks to the improved observational capabilities of low-frequency instruments
such as GMRT, MWA (Murchison Widefield Array) and LOFAR (Shimwell et al., 2016;
Wilber et al., 2018; Bruno et al., 2021; Di Gennaro et al., 2021; Duchesne et al., 2022).
An in-depth analysis of all radio halos hosted in Planck clusters and observed in LoTSS,
including A1550, has recently been presented in Botteon et al. (2022). USSRH are a
prediction of turbulent re-acceleration models (Cassano et al., 2006; Brunetti et al., 2008),
in which particles are re-accelerated by turbulence (Brunetti et al., 2001; Petrosian, 2001;
Brunetti and Lazarian, 2011; Brunetti et al., 2017). On the other hand, the detection
of such steep indices is not expected from hadronic (or secondary) models, in which
the emission of halos comes from the production of secondary electrons from hadronic
collisions between thermal and CR protons (Blasi and Colafrancesco, 1999; Dolag and
Enßlin, 2000; Pfrommer et al., 2008). Given that the integrated spectral index observed for
the USSRH with LOFAR is a144MHz

54MHz ⇠�1.6, we expect an index for the spectral energy
distribution8 d = 2a �1 =�4.2. If there is no break in the spectrum, the energy budget
for these particles would be untenable (Brunetti et al., 2008). Therefore, a break at low
energies (⇠ GeV) should exist, suggesting a possible interplay between radiative losses
and turbulent re-acceleration during the lifetime of emitting electrons (Brunetti and Jones,
2014). Moreover, re-acceleration models predict that a large fraction of halos associated
with clusters of masses between 4-7 ⇥1014 M� should exhibit steep spectra (Cassano et al.,
2010, 2012; Brunetti and Jones, 2014; Cuciti et al., 2021). The mass of A1550 of ⇠ 6⇥1014

M� estimated from Planck Collaboration et al. (2016) falls in this range.9
Assuming a NE-SW merger axis, the morphology and orientation of the NE extension

suggest that this might also be a candidate relic. It is symmetric to the SW candidate relic
with respect to the X-ray peak, and both relics lie along the merger axis. It is possible that
the extension was generated by the re-acceleration of electrons caused by the counter-shock
of the front that produced the SW relic. However, the X-ray observation is too shallow
and the Chandra FoV too limited to detect any shock, in both directions. Furthermore, the
spectral index distribution looks rather uniform across the source, albeit it steepens in the
easternmost part. In fact, the same spectral index distribution seems more consistent with
the halo, and even slightly steeper in some regions. Low-resolution images at both LOFAR

8Defined as N(E) µ E�d , with E being the energy.
9Since the correlation between the halo luminosity and the cluster mass has recently been studied for the

whole LOFAR Planck-DR2 sample in Botteon et al. (2022), including A1550, we do not report it again in this
work.
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Figure 6.8: Left: High-resolution spectral index map of the candidate relic between 54 and 144 MHz. The
beam (15"⇥10") is shown on the bottom-left as a white circle. Only pixels with flux density above 4s are
shown. Middle: Polarisation degree map for the relic in A1550. Right: Polarised intensity map of A1550.
Magnetic field vectors are overlaid in green, while 3s total power contours of the relic are shown in white.
The vectors are corrected for Faraday rotation effect.

frequencies (see e.g. Fig. 6.3) show a patch of emission connecting the extension to the
halo. The Chandra observation also detects X-ray plasma in the same region which seems
to confine the radio emission. This supports the idea that the extension is part of the central
radio halo. If this were true, one would expect the point-to-point analysis for the halo and
the extension to have a similar brightness distribution. This is apparently not the case (see
Fig. 6.7 and Sec. 6.3), even though the X-ray exposure time is too short to allow for good
statistics. As for the bridge, deeper X-ray observations could shed light on the nature of
the detected NE emission. Similar structures have also been detected in other radio halos
(Markevitch, 2010; Bonafede et al., 2022; Hoang et al., 2019), and are presumably due to
advection of plasma by motions and shocks. In this case, the compression of magnetic fields
in such structure and the abrupt drop of the brightness upstream of the edge may also affect
the ptp correlation, which could explain why we do not see the same trend observed for the
halo.

The relic and the bridge
The source that we have classified as a relic shows an elongated shape and lies at ⇠1 Mpc
from the X-ray primary peak. However, due to the relatively low resolution of the LOFAR
spectral index map (left panel of Fig. 6.5) it is hard to assess whether there is a real spectral
index gradient towards the cluster centre. We have produced a high-resolution (15"⇥10")
spectral index map between 54 and 144 MHz (shown in Fig. 6.8) since these frequencies
provide the best combination of resolution, sensitivity and uv-coverage.

In the easternmost part, close to the bridge, the spectral index is as steep as a ⇠�2. Then,
moving towards the outskirts, we observe a flattening from ⇠�1.5 to ⇠�0.75, reaching
a lower limit of ⇠ �0.2 at the edge. The flatter spectrum is aligned with the presumed
orientation of the merger, suggesting that the shock front has first accelerated electrons
closer to the cluster centre, and is now travelling in the NE-SW direction. Unfortunately, we
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cannot independently confirm the presence of a shock at this location via X-ray observations.
We have produced polarisation maps for the candidate relic, as described in Sec. 6.2. As

shown in Fig. 6.8 middle panel, a large portion of the relic shows a degree of polarisation
which varies from ⇠ 10% to ⇠ 25%. Interestingly, the highest polarisation is found in the
SE region, close to the bridge and source A. The magnetic field vectors are aligned with
the source orientation (see right panel of Fig. 6.8). The combination of elongated shape,
spectral index gradient, location and degree of polarisation confirm the classification as a
relic.

As already discussed in Sec. 6.3, we measure a total extent of ⇠500 kpc at LOFAR
frequencies and ⇠460 kpc at 1.4 GHz. It is well-known that the radio power of relics
correlates with the relic LLS (Bonafede et al., 2012), as well as with the host cluster mass
(de Gasperin et al., 2014). To investigate whether the dynamic environment of A1550 has
affected such relations, we can compare the radio power, LLS and cluster mass with systems
studied in Bonafede et al. (2012), for the radio power-LLS correlation, and de Gasperin
et al. (2014) for the radio power-cluster mass correlation. We find that the properties of the
relic in A1550 are consistent with both relations.

We see that the relic is connected to the halo via a bridge. Similar cases of connected
diffuse emission were also detected in Markevitch et al. (2005), Markevitch (2010), in the
Toothbrush cluster (van Weeren et al., 2012b; Rajpurohit et al., 2018; de Gasperin et al.,
2020), in A3667 (Carretti et al., 2013; de Gasperin et al., 2022) and others (e.g. Bonafede
et al., 2018). In most of these clusters the halo is directly connected to the relic, at least
seen in projection. One of the most spectacular examples of bridges is found in the Coma
cluster where turbulence is believed to produce the radio emission in the bridge (Bonafede
et al., 2021). In A1550 the nature of sources is different from Coma, since the bridge is
apparently not related to the radio galaxy. If the merger proceeded along the NE-SW axis,
as suggested by the (projected) orientation of the relic and by the morphology of the X-ray
emission, then the bridge could consist of electrons that were pre-accelerated by the shock
(e.g. Fujita et al. 2016), and then re-accelerated by the substantial merger-driven turbulence
(e.g. Gaspari et al. 2014). However, the source of seed electrons is unclear. Furthermore,
an elliptical region void of radio emission, labelled as ’depletion’ in Fig. 6.1 and with a
major axis of ⇠ 400 kpc, is observed N of the radio galaxy. It is confined by the halo in
the E and the relic and the phoenix in the West. It is possible that this region is related to a
low-density region in the ICM since a spherical depression is also observed in the Chandra
image (see Fig. 6.6). It is currently not clear if and how this depletion can be physically
connected to the bridge.

Source A and gentle re-acceleration
In the HBA high-resolution map (see Fig. 6.2) we observe two faint arms10 that depart from
the bright tail of the central AGN, connecting the centre of the diffuse emission to source A,
and that might be related to previous outbursts of the AGN. Although the tail of the radio
galaxy looks well-confined, the high-resolution image seems to suggest that the electrons

10Also visible in Fig. 6.9.
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!!

Figure 6.9: Left: Regions from which the spectral index between 54 and 144 MHz was extracted, overlaid on
the high-resolution HBA map. Each region is as large as the smallest common circular beam (9.7"⇥ 9.7").
The AGN, the tip of the AGN tail and source A are labelled. Right: Results of the fit of the spectral index.
Top panel: flux density at 54 (blue) and 144 (orange) MHz for each region, starting from the AGN position.
Bottom panel: spectral index, fitted with a JP ageing model. The curve becomes dashed from the point where
the model was extrapolated, indicated by the grey vertical line.

which constitute the arms are originally injected from the head-tail. Corresponding to source
A, the surface brightness increases again, producing a roundish structure with no visible
counterparts in optical (SDSS) catalogues and spectral index a144MHz

54MHz =�1.9±0.2. When
moving to 400 MHz, from the spectral index map in the middle panel of Fig. 6.5 we find an
upper limit for the index of a400MHz

144MHz �2. This hints at a curved spectrum, as also shown
in Fig. 6.411. The increase in terms of surface brightness compared to the region closer to
the AGN, combined with the spectrum break-off, suggests that source A could be AGN
plasma (e.g. phoenix) which was revived through re-acceleration. To trace the behaviour of
the electron energy spectrum from the tail to source A, we have sampled the spectral index
in regions as large as the smallest common beam (9.7"⇥ 9.7") from high-resolution HBA,
LBA and uGMRT images, which allow us to resolve both the arms and source A, and to
get a reasonable statistics. This is done with the assumption that the arms are related to
the head-tail radio galaxy, even though it is possible that they might just constitute some
form of bridge/filaments, as observed E of the relic. We fitted the distribution by applying a
non-linear least squares regression, with a Jaffe-Perola (JP) electron ageing model (Jaffe
and Perola, 1973), which is assumed to be the same (i.e. same break frequency at same
distance) at all frequencies. According to that model, the ageing only depends on the
magnetic field and the projected velocity of the radio galaxy through the ICM. We have
assumed a minimum energy magnetic field of Bmin =

3.25p
3
⇥ 10�10(1+ z)2 T = 2.95 µG,

similar to ?. We fitted the model directly to the spectral index, with the only free parameter
being the radio galaxy velocity, to remove any dependence on the normalisation (see ?).
The sampling regions were drawn from the high-resolution HBA image, and are shown in

11The flux density for source A at 1.4 GHz is an upper limit.
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Fig. 6.9 together with the results of this analysis.
The spectral index between 54 and 144 MHz from the AGN to the tip of the tail, at a

distance of ⇠350 kpc, is in the range �0.58 < a144MHz
54MHz <�1.41. From the AGN position

to the tip, the index keeps getting steeper as we are moving further from where electrons are
injected. From the tip to source A, the distribution reaches a plateau around a144MHz

54MHz ⇠�1.9,
and then finally flattens at a144MHz

54MHz ⇠ �1.7 in the region of source A. The fit with a JP
ageing model is accurate (c2/DoF ⇠ 0.8) along the tail. However, when we move towards
the arms and source A, it seems that the spectral index remains fairly uniform and does
not follow a pure ageing model. This hints at some kind of re-acceleration process which
re-energised the electrons in the region of source A. An alternative explanation is that the
flatter regions are produced by an increase in the magnetic field strength. Nevertheless, this
would require a precise fine-tuning of the magnetic field, making this solution less likely.

A possibility is that old radio plasma from past AGN outbursts was compressed by the
same shock that produced the relic. The shock passing through fossil plasma could have
produced the steep, curved spectrum (see Enßlin and Gopal-Krishna 2001 and Sec. 6.1 for
more references). The curvature observed at 400 MHz for source A from Fig. 6.5 and the
(likely) location of the shock front support this hypothesis. The small size (⇠130 kpc radius)
of this source is also consistent with expectations from revived plasma (VW21), as well as
the apparently irregular distribution of the spectral index observed around source A (Kale
and Dwarakanath, 2012).

Finally, the plateau shown by the spectral index distribution in the region of the two
arms might point to some kind of gentle re-acceleration, which is barely able to compensate
for the radiative losses of the electrons. A similar case has been studied in de Gasperin
et al. (2017) in the galaxy cluster A1033, where the spectral index distribution across a long
(⇠500 kpc) radio galaxy tail remains level with increasing distance from the injection point
(i.e. the AGN). The re-acceleration that we see in A1550 might be similar, even though the
plateau in A1033 is reached at much steeper spectral indices (a ⇠ �4), at least between
144 and 323 MHz. In A1033, compression by shocks is unlikely to explain the plateau as
this would require precise geometrical tuning: the tail is so long that it would be hard for
a shock to re-accelerate all electrons at once. Furthermore, simulations have shown that
even mild (Mach number M < 2) shocks are able to disrupt radio galaxy tails (e.g. O’Neill
et al., 2019; Nolting et al., 2019). In A1550 the two arms are shorter than the tail in A1033,
but it remains unlikely for a shock to compress and re-accelerate all particles at the same
time across 300 kpc in order to produce a uniform spectral index (Fig. 6.9). Therefore, it is
possible that the same gentle re-energisation which was invoked for A1033 can explain the
two arms of A1550.

6.5 Conclusions
We have studied a plethora of diffuse emission sources in the galaxy cluster A1550 through
multi-frequency radio observations, ranging from 54 MHz to 1.4 GHz. Our results can be
summarised as follows:

• We observe an ultra-steep spectrum radio halo with a mean spectral index a ⇠�1.6,
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and an extent of ⇠ 1.2 Mpc at 54 MHz. The halo encompasses the head-tail radio
galaxy at the centre of the cluster, and extends towards the E. The detection of a
USSRH favours primary models for the origin of the relativistic electrons.

• We found a relic West of the head-tail radio galaxy, with a projected extent of ⇠ 500
kpc. From the relic, a bridge departs towards E and connects it to the halo, similarly to
other clusters (see Sec. 6.4 for further details). The X-ray emission morphology and
the orientation of the diffuse emission, and especially of the relic, point to a merger
which occurred in the NE-SW direction. Then, the bridge could consist of electrons
that were pre-accelerated by shocks, and then re-accelerated by the turbulence which
also produced the halo.

• E of the halo, we detect an extension at low-frequencies that appears to depart from
the halo. Even though its shape and orientation resembles a relic, the spectral index
distribution indicates that it is an extension of the halo, as also suggested by the
physical connection observed between the two. The point-to-point analysis performed
on radio and (short exposure) X-ray images does not provide conclusive results.

• Between the radio galaxy and the relic, we observe a roundish source that we classify
as a radio phoenix. This is supported by the steep and curved spectrum, which
shows a ⇠�1.9 at LOFAR wavelengths, but steepens at values a <�2.1 moving to
higher frequencies. These electrons may have been re-accelerated through adiabatic
compression by the same shock that has produced the relic.

• Two arms connect the tail of the radio galaxy to the phoenix. Our analysis shows
that the spectral index in the arms does not steepen with increasing distance from
the electron injection point. Instead, it reaches a plateau around a ⇠ �2, which is
maintained for more than 300 kpc. This is similar to the mild/gentle re-acceleration
observed in GReET sources. It is also possible that the same shock which produced
the relic and the phoenix was able to re-accelerate electrons along the arms, leading
to the observed plateau in the spectral index distribution. However, it remains difficult
for a shock that travels in the direction along the arms,to re-accelerate all electrons
across 300 kpc at once.

Determining the origin of the different sources in the cluster A1550 remains complex.
Deeper X-ray observations are needed to identify shocks in the ICM in order to determine
the orientation of the merger and study the turbulence that produced the USSRH. A1550 is
among the first of the LoLSS-HETDEX clusters which we have studied in detail at very low
frequencies. In the future, it will be possible to perform a similar analysis on a much larger
sample of objects. The synergy with other radio telescopes, such as GMRT and VLA, and
complementary X-ray data will be key to shed more light on re-acceleration processes in
galaxy clusters.
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.1 Results of the Halo-FDCA pipeline
In Fig. 10 we show the output of the Halo-FDCA pipeline for the estimate of the halo flux
density at the different frequencies. We fit a circle model and masked all the emission which
we do not classify as being part of the halo. We applied the same masks at all frequencies
except for 1.4 GHz, where we had to add more due to a trickier source subtraction (see Sec.
6.3).

Figure 10: From top to bottom, from left to right: 54, 144, 400 and 1400 MHz modelling of the radio halo,
halo centre as detected from a circle model, and residual images with masks applied to exclude sources from
the flux density calculation.



7. Conclusions

Today, the comprehension of galaxies and galaxy clusters evolution, which are tightly linked
to cosmology and to our understanding of the Universe, cannot disregard the role of AGN
feedback. The more we observe the cosmos, the more we realize that AGN feedback is
ubiquitous at all scales. It can limit star formation by sweeping cold clouds from galaxies,
or vice versa compress cold gas boosting star formation. It can limit the radiative losses
of the gas in clusters, preventing catastrophic cooling and establishing a duty cycle which
can last for several Gyr. Furthermore, it can solve the long-lasting problem of the excessive
cooling of baryons that is predicted from simulations not including feedback prescriptions,
which results in more luminous galaxies with respect to observations. It can explain the
observed scaling relations between SMBH and host galaxy, and it may also play a role in
the injection of primordial magnetic field seeds in the Universe (Vazza et al., 2021).

This thesis has therefore explored multiple aspects of AGN feedback which were
formerly poorly studied, with the purpose of addressing - or begin to address - previously
unanswered questions (see Chapter 1). In this section, we elaborate upon these questions:

• How does feedback act in galaxy clusters in which the AGN has been offset from
the center of the cooling region? We studied this scientific case in the galaxy cluster
A1668 (Chapter 2), and I had previously begun to study such offsets in A2495 (Pasini
et al., 2019). In both systems, we have shown that offsets of the order of ⇠10 kpc
are not able to break the feedback cycle: the link between the AGN and the ICM is
clearly mantained. This is easily derived by the analysis of cavity systems, which
demonstrates that mechanical heating is able to quench radiative losses even when
the AGN is offset from the cooling region. It is, however, still unclear if larger offsets
can lead to break the connection. This would be more likely to happen if the BCG
hosting the AGN moves out of the cooling region; nevertheless, it is possible that such
large offsets (> 50 kpc) could only be caused by major merger, which would disrupt
the cool core anyway. In the future, multi-wavelength analyses performed on similar
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systems could help to shed more light on this by investigating how smaller/larger
offsets affect the duty cycle.

• How do AGN feedback mechanisms act in the lower-mass regime of galaxy
groups? What happens when we extend the analysis on large samples of clus-
ters and groups? Even though the same radio-X analysis which is usually performed
on clusters is hard to apply in galaxy groups, due to surface brightness sensitivity
and resolution issues, in Chapters 3 and 4 we tried to address this question by means
of new-generation surveys at both spectrum bands. Our findings demonstrate that
clusters and groups follow the same correlation between X-ray emission of the ICM
and radio emission of the central radio galaxy. This suggests that the AGN duty
cycle in clusters and groups might be similar, even though it might have different
consequences. For instance, a possibility is that the central AGN could affect the gas
entropy more efficiently in groups. If the radio galaxy grows to large sizes, the energy
injection might happen at radii which are larger than the cooling region, weakening
the feedback efficiency and broadening the correlation. Scatter in the relation can also
be introduced by mergers, at both scales, and changes in the accretion mechanism
of the AGN. We demonstrated that it is possible to exploit survey data to investigate
AGN feedback, which opens a new window for future studies of large samples of
clusters and groups.

• Does the link between central AGN and ICM hold even in disturbed galaxy
clusters? If yes, what keeps this link alive? In chapter 4, thanks to the wealth
of data provided by eROSITA, we were able to classify our systems into disturbed
and relaxed, based on their dynamical state. Interestingly, we observe that the link
between the AGN and the ICM is apparently maintained even in merging clusters,
albeit cooling should be too slow to allow the trigger of any connection with the AGN
in these systems. In the same chapter we propose a number of possible explanations,
including hot, rapidly cooling coronae around galaxies and cool-core remnants, which
are small, low-entropy regions in merging clusters which are still cooling. In the
future, it is essential to pursue the analysis of large samples to better assess the nature
of this link, which is not predicted by current prescriptions of AGN feedback. This
will be pursued by means of new-generation surveys with unprecedented sensitivity,
such as eRASS in the X-ray band and LoTSS and LoLSS in the radio band.

• What are the differences, in terms of kinematic properties, between galaxies
with and without radio emission in galaxy groups? Does AGN feedback play
a role in this picture? In chapter 5, we show that powerful (LR > 1023 W Hz�1)
radio galaxies, in our sample of 998 systems, always lie within 0.2 Rvir from the
center of the host group, while radio-quiet galaxies are more widespread in the group
environment. This likely happens because it is easier, for central galaxies, to tap into
the gas reservoir of the host, and trigger the AGN. Such view is consistent with the
state-of-the-art model of accretion onto the SMBH, CCA, which predicts the observed
links between the radio power, the cooling and the gas temperature. On the other
hand, we showed that simulations cannot fully reproduce the kinematic properties of
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central galaxies in groups, suggesting that additional physics, likely related to AGN
feedback prescriptions, is needed to reproduce the true galaxy population.

• What can we learn from 54 MHz observations of galaxy clusters? Can we bet-
ter constrain re-acceleration mechanisms by combining them with other multi-
frequency data? Extreme low-frequency observations of the galaxy cluster A1550,
discussed in Chapter 6, reveal a plethora of diffuse emission sources, including an
ultra-steep radio halo, a relic, a phoenix, and hints of gentle re-acceleration in two
tails extending from the head-tail radio galaxy hosted in the cluster center. This
demonstrates the capabilities of LOFAR in helping to constrain the current models
of particle acceleration, as well as to observe poorly-known processes such as those
undergoing in GReETs. In the next future, I will lead the data reduction and analysis
of 54 MHz observations of all galaxy clusters in the HETDEX field which, combined
with 144 MHz and higher-frequency data, will provide even more evidence of diffuse
emission in galaxy clusters.

7.1 Other works and future prospects
In this thesis, I have presented the work I have personally conducted during my PhD.
Nevertheless, I have also taken part in other publications, mainly centered on the same
topics, that I shortly summarise here.

• In Bulbul et al. (2022), we have extended the X-ray eFEDS cluster sample, previously
studied in Pasini et al. (2022a) - see also Chapter 4 - by finding galaxy clusters that
were previously classified as point sources, mainly because of their high redshift or
because of a bright AGN at the center, which is dominating over extended emission. I
have led the radio analysis of this new sample, performed using LOFAR observations.
This publication is part of the eFEDS A&A Special Issue, similarly to Pasini et al.
(2022a).

• In Brienza et al. (2022), we have analysed the galaxy group NGC 507 through LOFAR
and GMRT observations. We found a clear example of interaction between old plasma,
which was injected by outbursts of the AGN, and group medium. The same plasma
was likely displaced by sloshing motions of the hot gas. Our observations demonstrate,
in accordance with simulations, that disturbances in the group medium can disrupt
the AGN lobes, mixing their material with the surrounding gas.

• In Shimwell et al. (2022), the LOFAR SKSP, which I am part of, published the
second data release of the LOFAR Two-metre Sky Survey (LoTSS). These 144 MHz
observations reach unprecedented sensitivity and resolution at this frequency, and
provide data of millions of radio sources which will be used for years to come.

Even though we are moving forward towards a more complete understanding of the
complex environments of galaxy clusters and groups, there is still much to do. As a
follow-up to A1550, I am already leading the analysis of 54 MHz observations of galaxy
clusters in HETDEX. Radio emission in these systems will be thoroughly investigated
at different frequencies, using LOFAR and, possibly, GMRT and VLA, to better assess
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particle acceleration processes, as well as signatures of AGN feedback. Follow-up X-ray
observations of A1668 (studied in Chapter 2) and A1550 (studied in Chapter 6) have already
been proposed with the X-ray telescope Chandra. If obtained, these data will help us to
analyse thermal emission in these clusters, to better assess feedback processes in A1668
and particle acceleration in A1550, respectively.

Ultimately, this thesis demonstrates the importance of combining radio and X-ray
observations when studying galaxy clusters and groups. The interplay between thermal and
non-thermal emission cannot be neglected, if one wishes to accurately assess their evolution.
It is therefore essential to pursue this kind of analysis by exploiting the unprecedented
wealth of data provided by new observatories, both ground- and space-based.



7.1 Other works and future prospects 149

Acknowledgements
When I first started my PhD in September 2019, I had no idea of what I could expect by
moving to a different country, with people I had never met before. It is never easy to tell
your family and girlfriend that you will be living 1500 km away for at least 3 years. COVID
obviously did not make things easier; nevertheless, 3 years later I feel extremely proud of
what I have achieved, but I would not have been able to reach anything without the huge
support that I got along the road.

As my heart is currently divided between Italy and Germany, I will start from the
fantastic people I have met in Hamburg. First of all, thanks to Marcus for showing me, every
single day, how exciting and fulfilling doing research can be. He has been a unique source
of inspiration, and I could not hope to receive more support than the one he is giving me. To
Francesco, for teaching me the right mindset to apply during this career, for always being
available whenever I needed, and for showing me that it is possible to coordinate research
and family, and still to be a great scientist. To Marco and Giulia, who have been nothing
less but a second family to me. These years would have not been the same without our
laughs, dinners and stupid office discussions. I could not imagine life in Hamburg without
you, and I will cherish these memories forever. Thanks to Henrik, one of the first friends I
have met in Hamburg and an incredibly talented young scientist, for being the best office
mate I could hope for, for our discussions and mutual support, and for helping me with the
german translation for this thesis. Thanks also to Gabriella, Sascha, Benedetta, and all the
friends and colleagues I have met along the way in this fantastic city I have fell in love with.

Sometimes there is no better feeling that being at home. In my life I have been lucky
enough to have a family which has always supported me; to my mum and dad, that helped
me from the very first day I was moving to Hamburg, and could not wait to see me every
time I went back home. To my sisters, Alice and Giulia; I could not be happier to see where
life has brought you with Filippo and Marco. To the newborn Anna, who gives me chills
every time I pick her up; I will try my best to be a good (and cool, hopefully) uncle. To
my grandparents, those who are still here and those who will always live in my heart, for
always making sure that I was fine despite not fully understanding what I was doing. And to
the rest of my (big) family, for always being a place where I can return whenever I need to.

It is really rare to find good friends, and especially to keep the friendship going for many
years as you grow up. Nevertheless, here we are, more than 20 years later: to the friends of
a lifetime, who are too many to be listed here. Many things have changed in our lives, but
us still sticking together is the best gift I could hope for. Special thanks to Mike for helping
me with the cover of this thesis. To the friends and collaborators I still have in Bologna (and
around Italy): Luca, Virginia, Gaia, Max, and my former master thesis supervisor, Myriam
Gitti, who is always available for me.

And finally, to my girlfriend, soulmate and best friend Giulia. For accepting to stay
apart for 3 years and still make things as easy as they could possibly be, for always being
my first fan, and for all the support she is giving me to pursue this difficult career: thank
you from the bottom of my heart.

Thomas





8. Bibliography

Aihara, H., Arimoto, N., Armstrong, R., Arnouts, S., Bahcall, N. A., Bickerton, S., Bosch, J., Bundy, K.,
Capak, P. L., Chan, J. H. H., Chiba, M., Coupon, J., Egami, E., Enoki, M., Finet, F., Fujimori, H., Fujimoto,
S., Furusawa, H., Furusawa, J., Goto, T., Goulding, A., Greco, J. P., Greene, J. E., Gunn, J. E., Hamana,
T., Harikane, Y., Hashimoto, Y., Hattori, T., Hayashi, M., Hayashi, Y., Hełminiak, K. G., Higuchi, R.,
Hikage, C., Ho, P. T. P., Hsieh, B.-C., Huang, K., Huang, S., Ikeda, H., Imanishi, M., Inoue, A. K.,
Iwasawa, K., Iwata, I., Jaelani, A. T., Jian, H.-Y., Kamata, Y., Karoji, H., Kashikawa, N., Katayama,
N., Kawanomoto, S., Kayo, I., Koda, J., Koike, M., Kojima, T., Komiyama, Y., Konno, A., Koshida, S.,
Koyama, Y., Kusakabe, H., Leauthaud, A., Lee, C.-H., Lin, L., Lin, Y.-T., Lupton, R. H., Mandelbaum, R.,
Matsuoka, Y., Medezinski, E., Mineo, S., Miyama, S., Miyatake, H., Miyazaki, S., Momose, R., More, A.,
More, S., Moritani, Y., Moriya, T. J., Morokuma, T., Mukae, S., Murata, R., Murayama, H., Nagao, T.,
Nakata, F., Niida, M., Niikura, H., Nishizawa, A. J., Obuchi, Y., Oguri, M., Oishi, Y., Okabe, N., Okamoto,
S., Okura, Y., Ono, Y., Onodera, M., Onoue, M., Osato, K., Ouchi, M., Price, P. A., Pyo, T.-S., Sako, M.,
Sawicki, M., Shibuya, T., Shimasaku, K., Shimono, A., Shirasaki, M., Silverman, J. D., Simet, M., Speagle,
J., Spergel, D. N., Strauss, M. A., Sugahara, Y., Sugiyama, N., Suto, Y., Suyu, S. H., Suzuki, N., Tait,
P. J., Takada, M., Takata, T., Tamura, N., Tanaka, M. M., Tanaka, M., Tanaka, M., Tanaka, Y., Terai, T.,
Terashima, Y., Toba, Y., Tominaga, N., Toshikawa, J., Turner, E. L., Uchida, T., Uchiyama, H., Umetsu, K.,
Uraguchi, F., Urata, Y., Usuda, T., Utsumi, Y., Wang, S.-Y., Wang, W.-H., Wong, K. C., Yabe, K., Yamada,
Y., Yamanoi, H., Yasuda, N., Yeh, S., Yonehara, A., and Yuma, S. (2018). The Hyper Suprime-Cam SSP
Survey: Overview and survey design. PASJ, 70:S4.

Akamatsu, H., Inoue, S., Sato, T., Matsusita, K., Ishisaki, Y., and Sarazin, C. L. (2013). Suzaku X-Ray
Observations of the Accreting NGC 4839 Group of Galaxies and a Radio Relic in the Coma Cluster. PASJ,
65:89.

Akritas, M. G. and Siebert, J. (1996). A test for partial correlation with censored astronomical data. MNRAS,
278(4):919–924.

Alexander, D. M., Swinbank, A. M., Smail, I., McDermid, R., and Nesvadba, N. P. H. (2010). Searching for
evidence of energetic feedback in distant galaxies: a galaxy wide outflow in a z ~2 ultraluminous infrared
galaxy. MNRAS, 402(4):2211–2220.

Allen, S. W., Evrard, A. E., and Mantz, A. B. (2011). Cosmological Parameters from Observations of Galaxy
Clusters. ARAA, 49(1):409–470.



152 Chapter 8. Bibliography

Anders, E. and Grevesse, N. (1989). Abundances of the elements - Meteoritic and solar. Geochim. Cos-
mochim. Acta, 53:197–214.

Andreon, S. (2016). Richness-based masses of rich and famous galaxy clusters. A&A, 587:A158.

Arnaud, K. A. (1996). XSPEC: The First Ten Years. In Jacoby, G. H. and Barnes, J., editors, Astronomical
Data Analysis Software and Systems V, volume 101 of Astronomical Society of the Pacific Conference
Series, page 17.

Arnaud, M. (2009). The b -model of the intracluster medium. Commentary on: Cavaliere A. and Fusco-
Femiano R., 1976, A&A, 49, 137. A&A, 500(1):103–104.

Arnaud, M., Rothenflug, R., Boulade, O., Vigroux, L., and Vangioni-Flam, E. (1992). Some constraints on the
origin of the iron enriched intra-cluster medium. A&A, 254:49–64.

Aubert, D., Pichon, C., and Colombi, S. (2004). The origin and implications of dark matter anisotropic cosmic
infall on ~L⇤ haloes. MNRAS, 352(2):376–398.

Bahé, Y. M., Barnes, D. J., Dalla Vecchia, C., Kay, S. T., White, S. D. M., McCarthy, I. G., Schaye, J., Bower,
R. G., Crain, R. A., Theuns, T., Jenkins, A., McGee, S. L., Schaller, M., Thomas, P. A., and Trayford,
J. W. (2017). The Hydrangea simulations: galaxy formation in and around massive clusters. MNRAS,
470(4):4186–4208.

Baldi, R. D., Capetti, A., and Giovannini, G. (2015). Pilot study of the radio-emitting AGN population: the
emerging new class of FR 0 radio-galaxies. A&A, 576:A38.

Balogh, M. L., McGee, S. L., Wilman, D. J., Finoguenov, A., Parker, L. C., Connelly, J. L., Mulchaey, J. S.,
Bower, R. G., Tanaka, M., and Giodini, S. (2011). Direct observational evidence for a large transient galaxy
population in groups at 0.85 < z < 1. MNRAS, 412(4):2303–2317.

Balogh, M. L., Pearce, F. R., Bower, R. G., and Kay, S. T. (2001). Revisiting the cosmic cooling crisis.
MNRAS, 326(4):1228–1234.

Barai, P., Murante, G., Borgani, S., Gaspari, M., Granato, G. L., Monaco, P., and Ragone-Figueroa, C. (2016).
Kinetic AGN feedback effects on cluster cool cores simulated using SPH. MNRAS, 461(2):1548–1567.

Barbosa, C. E., Arnaboldi, M., Coccato, L., Gerhard, O., Mendes de Oliveira, C., Hilker, M., and Richtler, T.
(2018). Sloshing in its cD halo: MUSE kinematics of the central galaxy <ASTROBJ>NGC 3311</AS-
TROBJ> in the <ASTROBJ>Hydra I</ASTROBJ> cluster. A&A, 609:A78.

Bassini, L., Rasia, E., Borgani, S., Granato, G. L., Ragone-Figueroa, C., Biffi, V., Ragagnin, A., Dolag, K.,
Lin, W., Murante, G., Napolitano, N. R., Taffoni, G., Tornatore, L., and Wang, Y. (2020). The DIANOGA
simulations of galaxy clusters: characterising star formation in protoclusters. A&A, 642:A37.

Bassini, L., Rasia, E., Borgani, S., Ragone-Figueroa, C., Biffi, V., Dolag, K., Gaspari, M., Granato, G. L.,
Murante, G., Taffoni, G., and Tornatore, L. (2019). Black hole mass of central galaxies and cluster mass
correlation in cosmological hydro-dynamical simulations. A&A, 630:A144.

Bayer-Kim, C. M., Crawford, C. S., Allen, S. W., Edge, A. C., and Fabian, A. C. (2002). The peculiar cooling
flow cluster RX J0820.9+0752. MNRAS, 337(3):938–952.

Beers, T. C., Flynn, K., and Gebhardt, K. (1990). Measures of Location and Scale for Velocities in Clusters of
Galaxies—A Robust Approach. AJ, 100:32.

Bernardi, M. (2007). The s -L Correlation in Nearby Early-Type Galaxies. AJ, 133(5):1954–1961.



s 153

Bernstein, J. P. and Bhavsar, S. P. (2001). Models for the magnitude-distribution of brightest cluster galaxies.
MNRAS, 322(3):625–630.

Best, P. N. and Heckman, T. M. (2012). On the fundamental dichotomy in the local radio-AGN population:
accretion, evolution and host galaxy properties. MNRAS, 421(2):1569–1582.

Best, P. N., Kauffmann, G., Heckman, T. M., Brinchmann, J., Charlot, S., Ivezić, Ž., and White, S. D. M.
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