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Resumen

Las principales actividades investigadoras de mi tesitodalcse han centrado en el estudio de la
emisiobn no térmica debida a rayos cosmicos y materiarasuctumulos de galaxias. Mi trabajo
ha combinado tanto la realizacién de observaciones aaitagias, gracias a mi participacion en
el experimento Major Atmospheric Gamma Imaging Cherenk&&GIC), como trabajo teodrico
basado en modelos fenomenolbgicos y simulaciones noaserMAGIC es un sistema de dos
telescopios Cherenkov (Imaging Atmospheric Cherenkosgstalpes - IACTS), situado en la Isla
Canaria de La Palma, que observan el cielo a energias stgsea 50 GeV.

En un buen nlmero de cimulos de galaxias se observa, erefrdas de radio, la presencia
de emision sincrotron difusa en forma de halos o mini-hglee demuestran la presencia de elec-
trones de alta energia. La explicacion de este fenomgpang todo un reto y todavia, a dia de
hoy, permanece una cuestion abierta entre los dos mod&hagpales propuestos: el hadronico
y el de re-aceleracion. Este Gltimo prevé que las turimises re-aceleran una poblacion pre-
existente de electrones hasta energias lo bastante altas gara producir la emision obser-
vada. El modelo hadrbnico prevé que esta emision sealaeblas interacciones hadronicas
entre los protones de los rayos cosmicos, que pueden aaxsa@n los cUmulos desde tiempos
cosmologicos, y los protones del gas de cimulo. En estasagtiones hadronicas se forman
piones que se desintegran en electrones y fotones de attfianiesta poblacion de electrones,
llamada secundaria, puede generar la emision difusavamteen radio. Una manera para poder
discriminar entre ambos modelos es la busqueda de laamési frecuencias gamma de los fo-
tones producidos por la desintegracion de los piones dad@sta se espera solo en el modelo
hadronico. Un parte fundamental de esta tesis doctoradibaledicada a la bUsqueda de emision
gamma en cimulos de galaxias. Con este objetivo, he lidenad campafa de observacion del
cumulo de Perseus con los telescopios MAGIC que ha resudrda observacion mas profunda
(85 horas) de un cimulo a altas energias. Por primera vag elservaciones han conseguido
poner a prueba la fisica adoptada en las simulaciones-tlidéanicas de formacion de cimulos,
sugiriendo que la eficiencia de la aceleracion de los ragesicos es menor de la esperada o
gue los fenbmenos de transporte de rayos cosmicos ermuioslas son particularmente rele-
vantes. Cabe destacar que durante esta campaha de olisedeaPerseus han sido detectadas
dos fuentes del cimulo: las galaxias IC 310 y NGC 1275.

Por otra parte el nuevo observatorio de radio LOFAR jugandos proximos afios, un pa-
pel fundamental en el estudio de la emision radio difusadelimulos. Uno de sus proyectos
principales es la realizacion de un survey que nos propaacé una poblacion de cimulos con
emision radio hasta distancias e 1. Se espera que el estudio de esta poblacion permita la
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caracterizacion del mecanismo base que genera los halos-$atos en radio. Como parte de
esta tesis he estudiado en detalle esta posibilidad paaa@bel modelo hadronico. Para ello, he
desarrollado un modelo fenomenoldgico que me ha perntiglr, utilizando la simulacion cos-
molbgica de materia oscura MultiDark, un catalogo queaepce las caracteristicas principales
de los cimulos tales como las observadas en rayos X. Hagmlstin nuevo modelo hadronico
a partir de anteriores resultados analiticos y de simutéd, y he calculado la emision en radio y
en rayos gamma de los cumulos del catalogo simulado. Hstigado la relacion de la emision
radio con la emision en otras frecuencias asi como la&mdé luminosidad en radio de dichos
cumulos. Al mismo tiempo he investigado el role que juegardiferentes parametros como el
campo magnético, la presion de los rayos cosmicos yitargnlos fenomenos de transporte de
los rayos cosmicos en los cumulos. De esta forma he po@idoomo las futuras observaciones
de LOFAR podran ayudar a identificar el mecanismo base quergéos halos y mini-halos en
radio.

Finalmente, otra parte importante de mi tesis doctoral tia dedicada a la busqueda in-
directa de materia oscura. La naturaleza de la materiaagsuuna cuestion cientifica funda-
mental que concentra muchos esfuerzos de investigaawn tedricos como experimentales.
Los productos secundarios de la desintegracion o angjoiiae materia oscura pueden generar
un espectro muy complejo desde frecuencias radio hasta garSBabemos que un 80% de la
masa total de los cUmulos es materia oscura y, por esta,raab candidatos excelentes donde
buscar este tipo de emision. He utilizado las observasideételescopio MAGIC del cimulo
de Perseus para investigar la naturaleza de la materiaaostambién he investigado las posi-
bilidades de que el satélite de la NAS&rmi pueda detectar emisibn gamma, en el rango de
energia de 20 MeV-300 GeV, debida a la desintegracibnquédacion de materia oscura en es-
tructuras extra-galacticas. La mayor ventajddamisobre los IACTs existentes es que observa
constantemente todo el cielo y puede tratar sin problemagusmtes extensas. Utilizado una
simulacion cosmologica del Universo local, realizada gigproyecto CLUES, he determinado
gueFermipodria detectar indicios de emision debida a materiarasen particular para el caso
de desintegracion, en los cUmulos mas cercanos y tanebiéos filamentos del Universo local.



Summary

The main research activities of my PhD thesis are focuset@®study of non-thermal emission
coming from cosmic rays (CR) and dark matter (DM) in clustdrgalaxies. My research work
combines both observational and theoretical approadmesitmer thanks to my participation in
the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) exkpent. MAGIC is a system
of two Imaging Atmospheric Cherenkov Telescopes (IACTsated on the Canary Island of La
Palma (Spain), which observes the sky at energies above 80 Ge

Extended radio synchrotron emission is observed in sonaxgalusters, the so-called radio
halos and mini-halos (RHSs), probing the presence of hightggnCR electrons. The explana-
tion of this phenomenon is very challenging and currentlyaded between the re-acceleration
and the hadronic models. In the first one, turbulences axgtitdo re-accelerate a pre-existing
population of electrons up to emitting energies. In the badrmodel, the CR protons, accumu-
lated in the cluster over cosmic times, interact hadrolyjicaith the protons of the intra-cluster
medium (ICM) giving pions, which then decay to electrons aigh-energy photons. This so-
called secondary electron population can generate thevadas&Hs. A clear way to disentan-
gle between the two models is to search for the high-energyrgaray emission coming from
the CR hadronic interactions, which is not expected in thaceeleration model. | devoted a
large part of this thesis exploring this possibility by leaga deep observation campaign of the
Perseus galaxy cluster with the MAGIC telescopes. This eagmaesulted in the longest obser-
vation ever (85 hours) of a cluster at very high energies (YHHGr the first time, this permits
to probe the underlying physics of cosmological hydrodyieasimulations of cluster formation
by putting the strongest constraint to date to the CR-toatlaé pressure. This suggests the CR
acceleration fficiency at structure formation shocks is lower than expeotetthe presence of
non-negligible CR transport processes such faslon and streaming. Additionally, during the
Perseus cluster MAGIC observation campaign, VHE emissias @etected for the first time
from the head-tail galaxy IC 310 and the central radio gaN$@C 1275.

The next generation radio observatory, LOFAR, will play adamental role providing us
with a galaxy cluster survey up to redshift~ 1. RHs population studies will then permit
the characterization of the underlying physical mechasisinexplore this possibility for the
hadronic model case. | develop a phenomenological modelpgranits to create a complete
cluster mock catalog from the MultiDark N-body simulatiohiah well reproduces the observed
X-ray cluster properties and statistics. | then construsewa hybrid hadronic model, merging
previous simulation and analytical results, and compugesymchrotron radio and gamma-ray
emission due to CR interactions with the ICM. Using the moatalog, | then investigate the

Vil



radio scaling relations and the cluster radio luminosityction. | explore the role of dlierent
parameters like the magnetic field, the CR-to-thermal piressand the CR transport proper-
ties. In this way, | show how future LOFAR observations canstmain the physical mechanism
generating RHSs.

| devoted part of my PhD activities also to DM indirect seash The nature of DM is a
pressing scientific question and it is the object of manytsigcal and experimentafierts. The
secondary products of the decay or self-annihilation ofyniaid particle candidates can generate
a complex spectrum from radio up to gamma-ray frequenciesuf30% of the mass of a galaxy
cluster is in the form of DM; therefore they are good candiddbr DM indirect searches. |
use the VHE MAGIC (single telescope) observations of thes®es galaxy cluster to test the
DM nature. In addition, | investigate the potentiality oBtNASA gamma-ray satellitBermi
(20 MeV-300 GeV) in detecting DM annihilation or decay inregjalactic structuregermihas
the advantage over the existing IACTs of a full-sky surveg tre ability to deal with extended
regions. Using a constrained N-body cosmological simatatf the local Universe from the
CLUES project, | show that indedeermi might detect DM induced gamma-ray emission from
nearby galaxy clusters as well as from filaments of the cosweia, particularly for some DM
decay models.
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Chapter 1

Introduction: Non-Thermal Signatures of
Structure Formation

My profession is to be forever journeying, to travel
about the Universe so that | may know all its conditions.

Abu Ali ibn SinaakaAvicenna

Modern cosmology has reached an important point where aweidety of observations support
a single model for the structure formation and evolution.c@ding to the so-called concor-
dance model, the cosmological hierarchic clustering mddeje-scale structures grow through
merging and accretion of smaller systems into larger onbs.geometry of the Universe is in-
distinguishable from a flat geometry which implies that thi@ltenergy density is similar to the
critical density. The Universe seems to have two dominamtpmments: a non-baryonic form of
matter - the dark matter - whose gravity is actually resgaador the structure formation, and
an unknown form of energy - the dark energy - responsibletferaurrent acceleration of the
Universe. The total matter density is composed by approaind 7% of baryonic matter, just a
tiny fraction of the total matter-energy content of the Wnise. Baryonic matter is visible only
because of the dark matter gravitational attraction thaatvdrit into deep potential wells to form
the structures we observe nowadays.

The concordance model is supported by many observatiomgnafrom cosmic microwave
background radiation, big bang nucleosynthesis, anderlastundances, to the Universe accel-
erated expansion as observed by type la supernovae. Thogiglemented by numerical sim-
ulations of cosmological structure formation which are av@dul tool to study the non-linear
evolution of structure formation and the baryonic physpralcesses in clusters of galaxies. Ac-
cording to the hierarchic model, clusters are the latestrandt massive gravitational bound
systems that form in the Universe. They provide us with thigus opportunity to study an
ecosystem, a volume that is a high-density microcosm ofékeaf the Universe. Clusters of
galaxies are indeed a powerful tool to study the latest pbbe structure formation and have
therefore an important cosmological impact.

The work in this thesis represents affiogt to answer some of the still many remaining open
guestions in our view of the cluster formation and therefoiréhe Universe evolution. This
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goal is pursued through the study of the non-thermal emmssigalaxy clusters, investigating
both the role of cosmic rays and of dark matter in the clust&oment. This is done both
from a theoretical and an observational point of view, thst thanks to my participation in the
Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) estment, at the Roque de los
Muchachos observatory (La Palma, Spain), observing theaskyergies above 50 GeV. This
chapter provides an introduction to the thesis scientifsecautlined above, and to the gamma-
ray astronomy, and it is partially inspired to Pfrommer (20@andanel (2007), Sanchez-Conde
(2009) and Prandini (2011).

1.1 TheACMD Cosmological Model

The scientific community seems to agree on a standard cogioalicture of the Universe, the
so-calledA Cold Dark Matter ACDM) paradigm. This scenario, based on General Relativity,
emerged after more than 80 years of continuos work and itwsagapable to explain the obser-
vations in general terms, as well as to reconcile them witbregruent theoretical picture of the
Universe and its evolution. In th&CDM model, the geometry of the Universe is flat, meaning
euclidean, and its energy-matter density is distributed 4% of baryonic matter 23% of still
unknown non-baryonic dark matter (DM) and approximatel96/& the even more mysterious
dark energy. The model arose from the Big Bang scenario ihwtiie Universe evolved from

a highly compressed state existing about’@ars ago. This whole scenario has survived to
almost all kinds of tests and observations up to now and pemmexplain in a satisfactory way
the thermal history, relic background radiation, abune@asfcelements, large scale structure and
many other properties of the Universe. However, our knogead partial, and the are still many
open questions that we have to face.

1.1.1 An Introduction

The fundamental equation of tieCDM paradigm encloses the symmetry of the problem, i.e.
the metric, the physical properties of energy-matter auntee. the equation of state, and, more
important, relates the geometry of the Universe with itggywnatter content. This is known as
the Einstein equation which can be written as:

8nG
ct
whereG is the gravitational constant,the speed of light anR; andR are the Ricci tensor and
scalar respectively, obtained by contraction of the Riemaurvature tensor. The quantity
is the metric tensor that describes the geometry of spawe-A is the so-called cosmological
constant, and;; is the energy-momentum tensor that describes the digoibat energy-matter.
This equation has the important meaning, which is also the&acept of the General Relativity,
thatthe geometry of space-time igected by the matter and the matter distribution is influenced
by the space-time geometry

1
Rij - > R-Agj = Tij (1.1)
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The cosmological constantrepresents gacuum energythe so-called dark energy - associated
with space-time itself and is a source of gravitational fiflde contribution of this factor to the
total energy of the Universe seems to be crucial accordinigeg@nalyses of type la supernovae
and the estimations of the cosmological parameters frontdisenic microwave background
(CMB). Indeed, the evidence of the Universe acceleratingaegion raised the possibility that it
contains a bizarre form of matter or energy that is grawatatlly repulsive. The cosmological
constant is an example of this type of energy.

The concordance cosmological model is based upon two fuedeinpostulates: th€osmo-
logical and Copernicanprinciples. The first states thah syficient large scales the Universe
is both isotropic and homogeneouksotropy is the property of looking the same in every di-
rection, while homogeneity is the property of being idegitieverywhere in space. Isotropy is
supported by observations of galaxy populations on thetdrgcales (much larger than the scale
of a galaxy cluster). Another strong argument in favor otrspy is the extremely low CMB
anisotropy level, around 1®on all measured angular scales. However, isotropy doesawst n
essarily imply homogeneity without the additional assuorpof the Copernican principlehe
observer is not in a preferential place

The Robertson-Walker metric describes an isotropic anddgemeous space-time. In spherical
polar coordinates, the line element for this metric is:

d< = g;dXdX = c2dE? - a(t)? +12(d9? + sirPdde?) (1.2)

1-Kr?

wherea(t) is thecosmic scale factofor expansion parametgrandK is thecurvature parameter
that takes values 1, 0 e1l, which means open, flat and closed universe, respecti@ahgn this
metric, it is possible to solve the Einstein equation andlyefriedmann equation:

a K 8rG A

2
2 _ _
H —(a) +§— 3 ptot+§ (1.3)

where the dot on the scale parameter represents the deniwaiih respect to cosmological
proper time,py IS the total average energy density of the universe ldnd the Hubble pa-
rameter. The Hubble parameter value at present tinkly is 70.4 + 1.4 km s Mpc™? (Jarosik
et al., 2011). In equation 1.3, the Universe is flat provideat the energy density equals the
critical density:

e
- 8rG

or, alternatively, the space is closdd € 1), open K = —1) or flat (K = 0) according to whether
the density paramet&® = pyo/pc IS greater than, less than, or equal to unity. The abundance
of a substance in the Universe (matter, radiation or vacuuengy) is usually expressed in units
of p.. One can define the density of a given substace: pi/p. such a2 = %;Q;. At the
present epoch, we have for the matter, cosmological congtaiation and curvature,, =
81Gpm/3H3, Qx = A/3H3, O = 8rGp,/3H3 andQx = —K/aZH3, respectively. Therefore, the
Friedmann equation can be written for the present epochlgiagpl = Qq, + Q5 + Q Where

Pc (1.4)
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the radiation contribution is typically neglected due ®tiny value today{ 10°°). The latest
results (Jarosik et al., 2011) suggest that:

- Q, = 0.0456+ 0.0016
- Qym=0.227+0.014

- 0, =0728582

whereQy, is the baryon density¥2qn, is the DM density and),, = Qy, + Qgm. This means that
about 23% of the Universe content is non-baryonic DM, and D dark energy make about
96% of the total density of the Universe.

On the other side, the expansion of the Universe means thattie factoa(t) has been increas-
ing since the earliest times after the Big Bang. THiges the light emitted by distant objects.
In particular, for an emitted wavelength; and an observed wavelengih,s, the redshift is
definedz = j:—:i — 1. Finally, a general expression for the expansion rateetXhiverse is:

E@2)° = H3 [Qm(1+2)° + Q| (1.5)

where the radiation contribution is again neglected as agethe curvature one, which is null.

A complete mathematical derivation of thA&CMD model and an extensive discussion on these
topics can be found in e.g. Weinberg (1972), de Felice & @4A990) and Coles & Lucchin
(2002).

1.1.2 Structure Formation

In the hierarchical scenario, structures grow via gramatet! instability from initial density fluc-
tuations within a very homogeneous and isotropic backgtalistribution. The small primordial
density fluctuations grow due to non-linear gravitationaidlation and finally become the first
virialized structures called halos. Gravitation is the dwant interaction governing the evolution
and dynamics of galaxies, clusters and large scale stegtiure to the long range of its interac-
tion. The importance of gravitation for cosmology is suppdby the growing evidence for DM
constituting the major fraction of matter in our Universéelmost stringent argument in favour
of this matter to be dark, i.e. not interacting electromaigaéy, is the fact that the time elapsed
since the decoupling of pure baryonic density perturbatfoom the primordial photon-baryon
plasma is not long enough to produce all the structures wvbddnday with the size of den-
sity perturbations inferred from the CMB anisotropies (sgg Bergstrom, 2000; Bertone et al.,
2005). Furthermore, indirect DM evidences can be infercedekample by the gravitational ef-
fect on visible matter or radiation such as discrepanciesads estimates for galaxy clusters by
the gravitational lensingfiect on background galaxies (see e.g. figure 1.1), flat rota&tioves

in spiral galaxies, and by the analysis of peculiar velofigids of galaxies averaged over very
large scales (see e.g. Bergstrom, 2000; Bertone et ak)200

DM is thought to be composed of yet undiscovered elementantyctes which primarily interact
by gravity; they carry neither an electromagnetic nor argjroharge while they can possibly
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Figure 1.1: The 1E 0657-56 galaxy cluster, also known as lbnélet cluster. The hot X-
ray emitting gas is shown in red. The blue hues show the mdis&ibution mapped by
observations of gravitational lensing of background gaxThe clear discrepancy between
the gravitational lensing result and the gas distribut®m direct evidence that DM exists
(Markevitch, 2006; Clowe et al., 2006).

interact through the weak nuclear force (see also sectidr2)l. If the DM particle is non-
relativistic, trans-relativistic or relativistic at therte of decoupling from weak interactions it is
named cold, warm or hot, respectively. Light particlese Iileutrinos, are representative of hot
DM and seem to be ruled out since they would predict a scemanidich large structures form
early and smaller ones (such as galaxies) form some timebgtéagmentation. This would
contradict observational evidences that structure forbetbm up leading to the hierarchical
model of structure formation as, for example, shown in figui& This scenario is corroborated
by cold DM (CDM) models, with its most promising candidate tightest super-symmetric
particle (see e.g. Bertone et al., 2005; see also sectioR)1.(hdeed, massive particles (with
~GeV masses or more), which are moving with non-relativiggiocities when they decoupled
from radiation in the early Universe, can clump on smallales. However it has to be noticed
that even though particle physics and structure formatienlranism do not favour both hot and
warm DM candidates, they could exist and partially contieto Q..

Although the large scale structure picture seems very ceaadays, our understanding is still
far from being complete. In particular, the description loé £volution of structures from pri-
mordial density fluctuations is complicated by the actiomainy physical processes. The most
widely adopted approach to the problem of large scale stredbrmation involves the use of
N-body cosmological simulations (see Bagla, 2005 for aes@yi The structure evolution is
often approximated with non-linear gravitational clustgrfrom specified initial conditions of
DM particles and can be refined by introducing tiieets of gas dynamics, chemistry, radiative
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Figure 1.2: The large scale structure of the Universe, as observed b$ldan Digital Sky
Survey (Eisenstein et al., 2011). Each point represent$aaxygal he center of the image is
the observer position, namely the Earth. Image taken frormsdss3.org.

transfer and other astrophysical processes. The maingmmotl N-body simulations is the huge
number of particles, N, as the number of interactions negthrbe computed is proportional
to N2. The highest resolution simulations at present includeymmaitiions of particles, see for
example figure 1.3. Many simulations only work with CDM, amiakes up to about/6 of the
total matter content of the Universe, and therefore inclualg the gravitational force. In fact,
incorporating baryons in simulations dramatically insestheir complexity.

N-body cosmological simulations based on i@DM paradigm are in good agreement with a

wide range of observations, such as the abundance of dustter< 1 and the galaxy-galaxy
correlation functions (see e.g. Primack, 2001 for a revié&ote that there are also some impor-
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Figure 1.3: A recent example of N-body cosmological simulation: the fiddrk Run 1
(Prada et al., 2011). It is a simulation of 284&articles in a box of 1 i Gpc on a side. The
brightest visible spot corresponds to the most massivexgalmster present in the entire
simulation box. Image taken from www.multidark.org.

tant discrepancies (see e.g. Taoso et al., 2008 and van desefeet al., 2012 for a discussion).
For example, the so-callealissing satellite problemthe number of satellite halos in Milky

Way-sized galaxies as predicted by simulations exceedauh#er of observed dwarf galax-
ies (Klypin et al., 1999). However, new ultra-faint dwarflapges recently detected with the
Sloan Digital Sky Survey (SDSS) seem to importantly allevifis discrepancy between CDM
predictions and observations (Simon & Geha, 2007).

1.1.3 Clusters of Galaxies

As explained in the previous section, structures form tghoa hierarchical process in which

gravity is continuously drawing matter together to formreasingly larger structures. Clusters
of galaxies are the latest and most massive gravitatioballyd systems in the Universe. With
radii of few Mpc and total masses ef (10** — 10'°) M, they represent the top stage of the
hierarchical structure formation. The total cluster masdivided up in about 5, 15 and 80% of
galaxies, gas and DM, respectively (see e.g. Sarazin, 1888ait, 2005 for a general overview).

The hot gas, called intra-cluster medium (ICM), has beeedaletl in galaxy cluster cores through
its thermal bremsstrahlung X-ray emission showing typteahperatures of 1 to 10 keV and

electron densities of 1®to 102 cm3.



8 Introduction: Non-Thermal Signatures of Structure Formation

Clusters of galaxies are constantly growing through merged accretion shocks (collectively
called “structure formation shocks”). Recently, high leson X-ray observations bZhandra
and XMM-Newtonorbiting telescopes have provided confirmation of thisyet(e.g. Rosati
et al., 2002; Voit, 2005). During the course of cluster addgrenergies of order of the final
gas binding energy 3 x (10°* — 10°%) erg should be dissipated through these structure forma-
tion shocks as well as turbulence. Therefore, even a snaadtién of this energy channeled
into non-thermal particles can have a major observableetprence. In fact, relativistic elec-
trons, emitting synchrotron radiation in the presence ofjmegic fields, have been observed as
extended radio relics in the cluster outskirts, clearlgitrg shock waves (see e.g. figure 1.4).
Shocks and turbulence are likely to accelerate non-theeheatrons and protons to high ener-
gies (e.g. Jde, 1977; Schlickeiser et al., 1987; Miniati, 2002, 2003; it & Lazarian, 2007;
Pfrommer et al., 2007, 2008; Pfrommer, 2008). Clusters lmetoome to dierent types of en-
ergetic outflows and the ICM can function as dhogent energy reservoir. Most clusters are
seen to harbour radio galaxies around their central regwhese large, powerful jets of rela-
tivistic plasma are interacting vigorously with the ICM (He et al., 1998; Forman et al., 2003;
Fabian et al., 2006a, 2011a). Although rarely seen in pteganclusters, other sources which
should have been active in the past are galactic winds,ut8ows driven by the joint action of
numerous supernovae (Volk et al., 1996). Along with durgm@nergy, these sources can inject
substantial quantities of non-thermal particles into tG#1] or could have done so in the past.
Therefore, it is clear that non-thermal phenomena provatepiementary information for the
formation and evolution history of galaxy clusters.

05

Declination

53° o0’

52° 55'

22" 44™ 003 43™ 30° 00® 42™ 308 oo®
Right Ascension

Figure 1.4: GMRT 610 MHz observation of the radio relic of the CIZA J2&B5301
cluster from van Weeren et al. (2010). The radio relic hasxénsion of about 2 Mpc and it
is clearly tracing a merging shock.
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1.2 Non-thermal Phenomena in Clusters of Galaxies

Many galaxy clusters show large scal&dse synchrotron radio emission in the form of so-called
radio halos which prove the existence of magnetic fields aladivistic electrons permeating the
ICM (e.g. Feretti, 2003; Ferrari et al., 2008). Similar ptations of electrons but with harder
spectra may produce gamma-raysogently via inverse Compton (IC) up-scattering of the cos-
mic microwave background (Loeb & Waxman, 2000; Totani & ké#ena, 2000; Miniati, 2002,
2003; Petrosian et al., 2008). Observations in the hardyXegime may suggest the presence of
a non-thermal component due to the IC scattering of cosmicawiave photons by relativistic
electrons (see Rephaeli et al., 2008 for a recent reviewyvader, recently Ajello et al. (2009)
have found no evidence of a hard tail above the thermal eom$sia large sample of clusters.
Faraday rotation measurements also provide a powerfultéoptobe the strength of the intra-
cluster magnetic fields (Kim et al., 1991) and even theirhgtion (Clarke et al., 2001). Thus
the ICM is now being known to be permeated by magnetic fieldls strength®8 ~ (1 - 10) uG
(Carilli & Taylor, 2002; Vogt & Enf3lin, 2005), which allow foparticle acceleration in shocks
up to gamma-ray emitting energies.

In analogy with shocks within our Galaxy, such as those iresupva remnants, galaxy clusters
should also be acceleration sites for relativistic protand heavier relativistic nuclei. Due to
their higher masses compared with the electrons, protodshaalei are accelerated more ef-
ficiently to relativistic energies and are expected to shaati@ of the spectral energy flux of
cosmic ray (CR) protons to CR electrons above 1 GeV of aboQtaklit is observed in our
Galaxy (Schlickeiser, 2002). CR protons also have radiatooling times that are larger than
the corresponding cooling times of CR electrons by the sgjaathe mass ratio, and hence can
accumulate for cosmological times in a galaxy cluster Rl al., 1996). The magnetic fields
play another crucial role by confining non-thermal protorithin the cluster volume for longer
than the Hubble time (Volk et al., 1996; Berezinsky et a@97). The ICM gas should pro-
vide ample target matter for inelastic proton-proton sadins leading to pion-decay gamma-rays
(Volk et al., 1996; EnBlin et al., 1997; Pfrommer & EnR3li®d38, 2004a; Pfrommer et al., 2008;
Pfrommer, 2008) as well as secondary electron injectiom(i3®n, 1980; Vestrand, 1982; Blasi
& Colafrancesco, 1999; Dolag & Enf3lin, 2000; Pfrommer & Enf32004a; Fujita et al., 2007;
Pfrommer, 2008).

As explained above, galaxy clusters present very large -toaléght ratios. In fact, DM makes
up about 80% of their mass. DM annihilation or decay coulddftge generate non-thermal
emission from radio up to gamma-ray frequencies (Cola&aoa et al., 2006; Pinzke et al.,
2009; Jeltema et al., 2009; Cuesta et al., 2011; Dugger, &Hl0; Pinzke et al., 2011; Sanchez-
Conde et al., 2011; Gao et al., 2012).

1.2.1 Cosmic Rays

The difuse radio emission observed in many galaxy clusters cangseaed in two classes:
radio relics and radio halos (see e.g. Kempner et al., 208&aft et al., 2008). Radio halos
(RHs) are located at the center of clusters and are chaweddny a regular and un-polarized
morphology with clear similarities with the thermal X-raynission (see figure 1.5). On the
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contrary, radio relics typically lie at the cluster out$g&jthave a irregular morphology, and often
show a high degree of polarization. While relics seem taotliyerace structure formation shocks
(see e.g. figure 1.4 and van Weeren et al., 2010), the exmarfar the RH phenomenon is
challenging and still an open question.

Two principal models have been proposed to explain RHs. énf‘tladronic model” the radio
emitting electrons are produced in CR proton-proton irttgwas with the ICM, requiring only
a very modest fraction of a few percent of CR-to-thermal sues (see e.g. Enf3lin et al., 1997,
Miniati et al., 2001; Pfrommer & Enf3lin, 2003, 2004a,b; Bletal., 2007; Pfrommer et al., 2008;
Pfrommer, 2008; Kushnir et al., 2009; Donnert et al., 2000eshet & Loeb, 2010; Keshet,
2010; EnRlin et al., 2011). As explained above, CR protone hadiative cooling times larger
than electrons by the square of the mass ratio and can acatemulclusters for cosmological
times. Indeed, CR electronsfier more severe energy losses via synchrotron and IC emigsion
GeV energies, and bremsstrahlung and Coulomb losses b8@W&V. In the “re-acceleration
model”, RHs are thought to be the result of electrons acatddrduring powerful states of ICM
turbulence, as after a cluster merger (see e.g. Giovannahi,d993; Gitti et al., 2002; Brunetti
& Blasi, 2005; Brunetti & Lazarian, 2007, 2011; Brunetti & 2009). This, however, requires
a suficiently long-lived CR electron population at energies acbd00 MeV which might be
maintained by re-acceleration at a rate faster than thermgpptocesses. A detailed discussion
on the strengths and weaknesses of these two models canrakifoanf3lin et al. (2011).

RHs can be divided in two classes. Radio halos are typicakpa@ated with merging clusters
and have very large extensions, e.g. the Coma cluster hadraextension of about 2 Mpc
(see figure 1.5). Radio mini-halos are associated with v&axed clusters, having a cool core
harboring the halo and typical extension of few hundred kepg, the Perseus cluster mini-halo
has an extension of about 0.2 Mpc (see figure 1.5). The oldemaephological similarities
with the thermal X-ray emission suggest RHs may be of hadrongin. Indeed, the hadronic
model would naturally explain the RHs generation mecharasoh moreover, directly predict
the existence of radio halos and mini-halos depending orltrster dynamical state. In fact,
cool-core clusters (CCCs) are characterized by very highntal X-ray emissivity and very
peaked ICM densities with respect to the non cool-core efagNCCCs) (see e.g. Croston et al.,
2008). This dramatic ¢lierence in the ICM density of CCCs and NCCCs would reflect in the
two observed classes of RHs as the hadronic model emiss\ptpportional to the gas density
squared.

The RH luminosity seems strongly correlated also with thstelrs thermal X-ray emissivity (see
e.g. Brunetti et al., 2009; Enf3lin et al., 2011 and chapteH6jvever, a large fraction of clusters
do not exhibit significant diuse synchrotron emission of any kind. Galaxy clusters vighsame
thermal X-ray luminosity show an apparent bimodality wigspect to their radio luminosity. Ei-
ther they harbor a RH or they do not have any detectalffasdi radio emission. This suggests
the existence of a switch-gswitch-df mechanism able to change the radio luminosity by more
than one order of magnitude. While such a mechanism couldabiyaealized in the frame-
work of the re-acceleration model (Brunetti et al., 200B§ dlassicalhadronic model predicts
the presence of RHs in all clusters. The failure to reprodheebserved cluster radio-to-X-ray
bimodality was one of the main criticisms against the haidramodel. Another criticism to the
classicalhadronic model is the fact that it does not reproduce sometrsppdeatures observed
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Coma cluster Perseus cluster

Coma Cluster
0.5-2.0 keV

Figure 1.5: Comparison of thermal bremsstrahlung X-ray emission (topd radio syn-
chrotron emission (bottom) of the Coma (left) and Perseightjrgalaxy clusters. Coma is
characterized by the merging of a large bright central ehesbd a fainter group of galaxies to
the lower right (the field is 5x 2.5 deg in both images). The Perseus images show the cluster
core region (6 6 arcmir? for the X-ray map, 9 9 arcmir? for the radio map). The bright
yellow spot in the center of the X-ray map is due to accretilagipa onto a giant black hole
in the nucleus of the central galaxy NGC 1275. The twin davities are thought to be buoy-
ant magnetized bubbles of relativistic particles produsg@nergy released from the vicin-
ity of the black hole (Fabian et al., 2003). (Credits: Cédaeay: ROSAT/MPE/Snowden,
Perseuy&-ray: NASA/lIoA/Fabian et al., Comieadio: DeisgEffelsberg, Persefradio: Ped-
lar/VLA).

in clusters, as the total spectral curvature claimed in tom& cluster radio halo or the spec-
tral steepening observed at some RH edges. In a recent woi}finket al. (2011) asses these
problems by analyzing how the CR distribution is shapediwighcluster. While CR advection
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tends to result in centrally enhanced CR profiles, the prajagin form of CR streaming and
diffusion tends to produce flat CR profiles. Thalent €fects of such CR transport phenomena
may account, in the hadronic model, for the observed ramig-tay bimodality, as shown by
EnRlin and collaborators and in this thesis (see chaptear@®),can have an important impact
in clusters in general. These phenomena were not considerstlier analytical works (see
e.g. Pfrommer & Enf3lin, 2004a,b) as well as in hydrodynanmwations (see e.g. Pfrommer
et al., 2008; Pinzke & Pfrommer, 2010) for seek of simpliciiyt can have a dramatic impact.
Note that the ffect of CR transport processes could also explain the spéeatares observed
in some clusters (see Enf3lin et al., 2011 for details).

More recently, Basu (2012) has presented the first scaliagoes between RH luminosity and
integrated Sunyaev-Zel'dovich (SZjfect measurements, using tR&anckall-sky cluster cata-
logue and published radio data. While the correlation agnes| with previous scaling measure-
ments based on X-ray data, Basu has found no strong indidati@ bimodal cluster population
split between radio-loud and radio-quiet objects. Thisesis further investigated in chapter 6
of this thesis.

A clear way out to disentangle between the hadronic and tHaeceleration models is to search
for the gamma-ray emission resulting from the neutral pienays, secondary product of the
hadronic CR interaction with the ICM, which is not predictedbe present by the re-acceleration
model. Such observationaffert has been undertaken in the last few years without beifey ab
to detect cluster gamma-ray emission. For space-basettrchisservations in the GeV-band,
see Reimer et al. (2003), for the results of the EGRET stedind Ackermann et al. (2010a),
Ackermann et al. (2010b), Zimmer et al. (2012) and Han e8&I12) for recent results from the
Fermisatellite. In particular, very recently, Han et al. (201@yé& claimed an evidence forttlise
gamma-ray emission in tHeermi satellite data of the Virgo cluster which however needs to be
carefully scrutinized by varying the uncertain foregrounadeling. However, this detection has
been not confirmed by a dedicated analysis fromFéemi collaboration itself. For ground-
based observations at energies above approximately 10098e\erkins et al. (2006), Perkins
(2008), Aharonian et al. (2009a), Aharonian et al. (200@m)mainko et al. (2009), Galante
et al. (2009), Kiuchi et al. (2009), Acciari et al. (2009a)eksic et al. (2010a) and Aleksic et al.
(2012a). Despite the negative detections, significanttcaings on the gamma-ray predictions
have been obtained both froRermi and Cherenkov telescopes. Indeed, a very important step
forward in this direction has been the work presented in ttesis. | am in fact the P.I. of a
long-term gamma-ray observation campaign of the Persesteclwith the MAGIC gamma-ray
telescopes. The results of this three-yedisreare presented in chapters 3 and 4.

Another important step forward in this scenario would conoenf detailed RH population anal-
yses. Actually, only about 30 clusters harboring RHs arenknsee Enf3lin et al., 2011 for
an almost up-to-date list). Only two X-ray flux-limited stes, relevant for the universality of
the conclusions, have been performed and only few of theideres clusters resulted to host
a RH (Giovannini et al., 1999; Venturi et al., 2008). With Bugmall samples, the conclusions
that can be drawn on the underlying mechanisms acting in He dg&neration are not very ro-
bust. Fortunately, this is going to change thanks to the-gereration radio observatory Low

1See Elliot Bloom talk at the UCLA Dark Matter 2012 confereficttps;/hepconf.physics.ucla.eftlm12).
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Frequency Array (LOFAR) whichfiicially started operations in 2020In fact, a deep cluster
survey is part of the LOFAR science key projects. This withis@rovide us with a large number
of radio-observed galaxy clusters up to redshif 1 (see e.g. Cassano et al., 2010; Rottgering
et al., 2012 and chapter 6). This would hopefully permit adly determine the RH character-
istics against the galaxy cluster properties investiggtie relations between radio-lgigdiet,
non cool-corgcool-core and non-mergipmerging clusters, and exploring the role offdrent
parameters like the magnetic field, the CR-to-thermal pires&nd the CR transport properties.
The chapter 6 of this thesis is dedicated to this topic, prasg predictions for the LOFAR
survey in the case of the hadronic model.

1.2.2 Dark Matter

As anticipated above, a large amount of astrophysical ecele suggests that most of the Uni-
verse matter content is in the form of CDM. The precise natdieM is however still one of
the most important open questions in modern physics. Matgrdnt candidates have been pro-
posed as DM constituents, yet for the time being there is ieeace in favour of any model. One
of the most studied scenarios is that of weakly interactiagsive particles (WIMPs) for which
the most representative candidate is the supersymmefhieit particle, namely the neutralino.
See for example Bertone et al. (2005) and Bertone (2010) feviaw on the topics introduced
in this section.

What is supersymmetry? In the standard model of particlesigbythere is a fundamental dis-
tinction between bosons and fermions: while bosons arentieesiction mediators, fermions are
the matter constituents. Therefore, it is natural to askefe exists a symmetry relating them in
such a way to give a unified description of matter and intevast There are other major reasons
to be interested in supersymmetry, e.g. the hierarchiclpnotand the unification of coupling
constants. The most studied supersymmetric model is themairsupersymmetric extension
of the standard model (MSSM); it is minimal in the sense thabntains the smallest possible
field content necessary to give rise to all the standard nmicelds. A fundamental ingredient of
the MSSM is the R-parity conservatidnThe consequence of the R-parity conservation is that
superpartners can only decay into an odd number of supegpanlus standard model particles.
The lightest superpartner, i.e. the lightest supersymaomgdirticle (LSP), is stable and can only
be destroyed via pair annihilations, making it an excell2kt candidate. In order to determine
the LSP in a given supersymmetric scenario, it is necessaspécify how supersymmetry is
broken. In fact, if supersymmetry is not broken, each sugrémpr would have a mass identical
to its standard model counterpart, which is clearly not tsec In the MSSM framework, the su-
perpartners of th&, W; gauge bosons (or the photon afdequivalently) and the neutral Higgs
bosonsH? andHJ, are callechinos winos andhiggsinos respectively. These states mix into
four Majorana fermionic mass eigenstates catiedtralinos The lightest of the four neutralinos
is also calledheneutralino and it is denoted simply asThe neutralino, being of course not the

2www.lofar.org
3The R-parity is a multiplicative quantum number definedRas (—1)%8+-+2S whereB is the barion numbet,
is the lepton number arglis the spin.
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only option, is however up to date the most studied DM caridida

In general, WIMPs can self-annihilate or decay. In the candéannihilating DM, WIMPs are
favored by the fact that they naturally have a relic densigt tnatches the observed DM abun-
dance (see e.g. Bertone et al., 2005), while for decaying iDivis been shown that WIMPs can
have decay lifetimes larger than the age of the Universeaamtherefore viable DM candidates
(see e.g. Arvanitaki et al., 2009). The secondary produdiseoDM decay or annihilation can
generate non-thermal emission from radio to gamma-rayiéeges (Colafrancesco et al., 2006;
Pinzke et al., 2009; Jeltema et al., 2009; Cuesta et al.,;Z0ddger et al., 2010; Pinzke et al.,
2011; Sanchez-Conde et al., 2011; Gao et al., 2012). licpkt, being the gamma-ray range
not as crowded as other frequencies, is a powerful tool tdystie DM nature as a comple-
mentary approach to direct searches. The classical DM garayneandidates are the Galactic
Center and dwarf spheroidal galaxies, satellites of thé&iVay. The Galactic Center, being so
close, would be the most promising target for DM searchesveder, it is an extremely crowded
region and it is very diicult to understand the corresponding gamma-ray emissignAdaro-
nian et al., 2006a). Dwarf spheroidal galaxies are the thjeith the higher mass-to-light ratio
in the Universe and they are not expected to contain any tyfpackground emission which
could render the DM searches more challenging. Indeed afreegonsidered the best targets for
DM searches (e.g. Aliu et al., 2009a; Aleksi¢ et al., 201dn&ez-Conde et al., 2011).

As explained above, about 80% of galaxy cluster mass is m fafrDM. So even if the cluster
mass-to-light ratios are not as high as the dwarf ones, the amount of DM content make them
very good candidates for DM searches. There are two maimégatyes of clusters over dwarf
galaxies. The first is that clusters are known to exist. Tharflgalaxies detection and study is
often based on the dynamics of a handful of stars which somestrenders dlicult their precise
determination; this is particularly true for the best calades, the ones with the higher mass-to-
light ratios (see e.g. Willman et al., 2011). The second athge is the DM substructureffect.

In the ACDM paradigm, the smallest dense halos form first and lategent® originate larger
structures. This hierarchical scenario has as direct cuesee the presence of a large amount
of substructure in CDM halos. As the DM annihilation sigrsaproportional to the DM density
squared, this clumpy distribution of sub-halos insidedatgalos may boost the DM annihilation
flux considerably. This would impact also a DM decay signaliba fainter way being it directly
proportional to DM density. In clusters, substructures sgmificantly enhance the DM signal
over the smooth halo (Pinzke et al., 2011; Sanchez-Conde, &011; Gao et al., 2012), while
this dfect is less important for dwarf spheroidal galaxies.

The left plot in figure 1.6 shows the comparison between tlagiapdistribution of the DM
annihilation signal of few promising dwarfs and clustemirSanchez-Conde et al. (2011) (work
of which | am third author), where the substructufieet is included. Note particularly that the
cluster signal is very flat out to the outskirts, and this ie thuthe substructurefect. The central
part of dwarfs has still a higher DM signal, but integratimgiothe whole cluster extension results
in a comparable or even higher DM annihilation signal witspect to Milky Way satellites. The
right plot in figure 1.6 shows the cumulative DM annihilatiominosity and substructure boost
in dwarfs, galaxy-size objects and clusters form Pinzkel.e2@11). The substructure boost
in clusters is about two orders of magnitude higher than iarésv Despite Sanchez-Conde
et al. (2011) and Pinzke et al. (2011) use twfiatent substructure treatments, their absolute
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Figure 1.6: DM substructures féect in galaxy clusters. The left plot shows the DM anni-
hilation signal spatial distribution (normalized suchtthids independent from the chosen
particle physics modefsysy) of few dwarf and cluster good DM candidates (figure from
Sanchez-Conde et al., 2011). Substructures render theeclDM signal very flat up to their
outskirts. The right plot shows the cumulative DM annitdatluminosity and substruc-
ture boost for dwarfs, galaxy-like objects and clusterautigirom Pinzke et al., 2011). The
substructure boost in clusters is around two orders of niadmihigher than in Milky Way
satellites.

conclusions on the signal boost and comparison betweerfslamad clusters are consistent.
Concluding, galaxy clusters can be considered DM candidadegood as dwarfs are, or even
better, but when there is the possibility to integrate upghtrtviral radii. This is of course an
important aspect to consider when planning observationct, existing Cherenkov telescopes
(see next section) have field of views which are comparalile elister extensions (about few
degrees) making DM cluster studies very challenging. Onother hand, thé-ermi gamma-
ray satellite, constantly surveying all the sky, can moglgaleal with very extended sources.
FermiLAT data have been already used to search for DM inducedseonisn clusters (Acker-
mann et al., 2010b), even producing a claim of detectioneénMingo cluster (Han et al., 2012)
which however has been not confirmed by feemi collaboration itself. In chapter 3 of this
thesis, the DM content of the Perseus galaxy clusters isiigated using the MAGIC telescope
observations, while in chapter 5 a cosmological simulatibthe local Universe is used to in-
vestigate the possibilities for tHeermi satellite to detect DM in extragalactic structures, mainly
clusters.

1.3 The Gamma-ray Astronomy

A considerable part of the work of this thesis has been doimg tise MAGIC telescopes. There-
fore this section is meant to be an introduction to gammaastyonomy and in particular to
Cherenkov telescopes.
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1.3.1 A Brief Introduction

The CR discovery came from the Italian physicist Domenicoiand the Austrian physicist
Viktor Hess. Hess announced the experimental evidence ariaed radiation that constantly
impinges the Earth atmosphere in 1912. For this discovesgshivas awarded with the Nobel
prize for Physics in 1936.

Excluding neutrinos, which are weakly interacting paes;l CR radiation mainly consist of
charged patrticles, such as protons (908sparticles, ionized heavier elements nuclei, and elec-
trons, while only about A% of the total radiation consist of photons with an energyhlar than

1 MeV, the so-calledjamma-rays

As the main part of CRs are charged, they interact with magyfietds. This implies that these
particles arrive isotropically to the Earth, making impb#esthe reconstruction of both the emit-
ter original direction or of an eventual signal time struetuThis is the reason of the CR origin
being still a challenge after one century from the discovdiye particles keeping directional
information about their origin are the neutral ones becawsaftected by magnetic fields. Neu-
trons, neutrinos and photons are in this category. Here werainly interested in photons.
Indeed, gamma-raytsace back to the origin of their generatararry energy information about
their generatorandpreserve the time structure of the emission sigtial commonly believed
that very high energy gamma-rays are destined to play aatrrade in the exploration of non-
thermal phenomena in the Universe in their most extreme aotent forms.

1.3.2 The Detection of Gamma-rays

Gamma-rays can be detected by ground-based instruments satdllites. In these two cat-
egories, here we are mainly interested in the so-called imgagjtmospheric Cherenkov Tele-
scopes (IACTs) and in the NASA satelliiEermi (see next section). The detection from space
is “easy” to achieve through pair-production tracking,imtihe main limitation being the needed
detection area of satellites. On the contrary, CRs canndirbetly detected by the ground-based
telescopes because they hardly reach the Earth.

CRs from space collide with the nucleons, mainly nitrogeaspnt in the Earth atmosphere. In
such collisions, new particles are created which themsehteract with the atmospheric atoms,
leading to the creation of an atmospheric shower. Depermlinghether the incident particle is
a hadron (nucleus) or an electromagnetic particle (eleatrgohoton), the distinction between
electromagnetic and hadronic showers is made as shown ne figu.

The observations of gamma-rays using atmospheric shos/possible by detecting the electro-
magnetic radiation of the secondary shower particles. aging technique employed by the
IACT instruments is based on the detection of the Cherenilgbw émitted by these secondaries.
This dfect was discovered from the Russian physicists Pavel Ckeveand Sergey Vavilov in
1934. The Cherenkovfiect occurs when a charged particle travels in a dielectridinme, of
reflective indexn, with a speed exceeding the light speed in the medigm When a charge
moves in a dielectric medium, a polarization occurs. Whenctiarged particle velocity is su-
perluminal,v > c/n, the particle is moving faster than the electromagnetiarimétion inducing
the polarization. As a consequence, a coherent wave frgeaap, and the emitted radiation is
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Figure 1.7: Schematic development of atmospheric showers. An eleetyoetic shower on
the left and a hadronic shower on the right.

calledCherenkov lightThe Cherenkov radiation emitted by a shower has a typieaitspm that
spans from 300 to 600 nm, where the lower limit is mainly duth®bozone absorption and the
upper one principally to the Rayleigh and Mie scattering.

The primary target for the ground-based gamma-ray instnisnis obviously the identification
of the diferences between electromagnetic and hadronic cascadese t8e gamma-ray-to-
charged CRs ratio is very small, about4,0a very powerful technique is needed to separate
the gamma events from the dominating hadronic ones. A ssitdasmethod is thémaging
technique Basically, it consists in studying the atmospheric shevimr analyzing the images
produced by the Cherenkov photons when they are focused tame.pTrhe IACT instruments
can be considered as operators transforming the arrivattthns of the detected photons into
points of ashower imagea parabolic mirror surface reflects the incoming light aodaentrates

it into a pixelled camera which converts the electromagnetdiation into electric signal. In
figure 1.8, left image, a schematic view is presented.

The images formed on the camera havestiptical shapewhose edges represent the head an
the tail of the shower, while the inner pixels corresponddacore. The shape, orientation and
light content of an image can be used to infer physical in&tram about the particle producing
the atmospheric shower, such as energy, incident direahidneventually, the particle type. The
elliptical image can be parameterized by a set of paramékerso-calleimage parameterghat
permit to extract all the physical information describedwah These parameters were introduced
by A. M. Hillas in 1985 (Hillas, 1985) allowing a ground-bastelescope to achieve a clear
detection of a source for the first time in history, the CralibiNa detection from the Whipple
collaboration in 1989 (Weekes et al., 1989). In fact, thegeparameters are also callddlas
parameters The extraction of the Hillas parameters is based on the otatipn of the image
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Figure 1.8: On the left, the schematic view of the IACT detection of an@pheric shower
is shown. When the primary particle interacts with the atphese, an atmospheric shower
is generated, characterized by a head (dark blue) and &idhil i§lue). The Cherenkov light
(blue lines) propagates to the ground at increasing andleimgreasing shower development
and atmospheric depth. Photons are reflected onto the ftaad @t a distance from the
center of the camera which reflects the shower impact paeanmat. the distance from the
telescope axis. Figure from Prandini (2011), adapted fropelz Moya (2007). On the right,
the schematic view of the Hillas parameters calculatedrdaog to the imaging technique is
shown.

moments. Figure 1.8, right scheme, shows the parameienzaitan elliptic image. The main
Hillas parameters are:

e Size the total number of photo-electrons collected in a showsge. In first approxima-
tion, the size is proportional to the primary particle eyerg

e Width the half width of a shower ellipse minor axis. It is correlatto the transversal
development of a shower and since an hadronic shower hagex laansversal momen-
tum with respect to a gamma one, the Width parameter is irapbfor the signal-to-
background discrimination.

¢ Length the half length of the major axis of a shower ellipse. It isretated to the longitu-
dinal development of a shower.

¢ Alpha the angle between the major axis of an ellipse and the dreétom the image
center of gravity (i.e. the center of the ellipse) to the mefiee point. Since the reference
point should be the source position in the camera, imagasew by primary gamma-
rays have Alpha close to zero. Instead, images produceditmagy charged CRs have a
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random Alpha distribution because the hadron directioesnaarly isotropic. For these
reasons, the Alpha parameter is very powerful for the sitmdlackground separation.

e Dist: the distance of an ellipse center of gravity from the canoerater. It provides in-
formation about the distance of the shower maximum from ¢hestope axis and about
the impact parameter. The Dist is very important for the gnestimation of a shower
primary particle.

When an image is parameterized, it can be tagged as backfrceirwith a good approximation
hadron-like or asgamma-like depending on the values of its Hillas parameters. Thisqaoe

is calledgamma-hadron separatioand it is based on the fact that gammas and hadrons are
characterized by lierent parameter values. A detailed description of thisgutace will be done

in the next chapter. However, the basic idea is th&edent primary particles induceftirent
image topologies. For example, during the data taking tlest¢epe points directly to a source,
thus it is expected that images induced by gamma-rays havedjor axis pointing toward the
camera center. Instead, images induced by charged CRs havel@amly distributed arrival
directions. In light of this, the Alpha distribution for hawhs should be uniform, while that for
gammas should be peaked at low angles.

Figure 1.9: Schematic view of a shower image formation for a steresctjd@T. Figure
form Prandini (2011), adapted from Hinton & Hofmann (2009).

In case of having a multiple telescope systems, each detecsgnchronized and operated to-
gether with the others in the so-callstéreoscopiecnode. The showers are seen undéiedent
angles by each telescope, and the process of charactnizdtthe primary particle is largely
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simplified. Indeed, when two or more telescopes registeséime shower, the determination
of the incoming direction of the primary particle becomeasightforward as can be seen in
figure 1.9. Additionally, also the background suppresssomiich more gicient.

1.3.3 Existing Instruments

The imaging technique was pioneered by the Whipple colktimr whom 10 m telescope was
located at Mount Hopkins in Arizona (United States), andttethe discovery of TeV emission
from the Crab Nebula in 1989. The High Energy Gamma Ray Astron(HEGRA) telescope

array at the Roque de Los Muchachos observatory on the Ckstangl of La Palma (Spain) was
the first system to use multiple telescopes and thereforsténeoscopic technique.

Figure 1.10: View of the four existing IACTs. From top to bottom and leftright, MAGIC,
HESS, VERITAS and CANGAROO-III are shown, respectively.

Nowadays, the largest IACT system is represented by the #m MAGIC telescopes located
at the Roque de los Muchachos Observatory in La Palma, whilthevpresented in detail in

the next chapter. MAGIC is larger in the sense of the telessajiameter, not of the number of
telescopes. There are other three IACTs which, togethér MAGIC, lead the field at present:
CANGAROO-III (see e.g. Mori & Cangaroo Collaboration, 20ahe High Energy Stereoscopic
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System (HESS; see e.g. de Ona Wilhelmi, 2009) and the Vegygetic Radiation Imaging Tele-
scope Array System (VERITAS,; see e.g. Otte et al., 2009) s& hast experiments are all com-
posed by four telescopes, but of smaller diameter with @4peMAGIC. HESS and VERITAS
are made of 12 m telescopes, while CANGAROO-III is made of lf@lescopes. These IACTs
are shown in figure 1.10. While MAGIC and VERITAS are locatedhe northern hemisphere,
being VERITAS on Mount Hopkins. HESS and CANGAROO-III aredted in the southern
hemisphere, on the Khomas Highland (Namibia) and WoomeuatfAlia), respectively.

There already exists a plan for the development of next g¢ioarlACTs. The current idea is
to construct a giant array of Cherenkov telescopesfééidint sizes, called Cherenkov Telescope
Array (CTA). The main purposes of the project include thaiathent of a low energy threshold
and a high sensitivity, one order of magnitude better tharcthirent generation of IACTs (Actis
etal., 2011).

Orbiting in space around the Earth, we currently have twtrimsents: the small Italian satellite
Astro-rivelatore Gamma a Immagini Leggero (AGILE; see @ayani & AGILE Team, 2011)
which, despite the performance not comparable Wwéimi, has been and is very successful, and
the NASA Fermi Gamma-ray Space Telescope satellite (see e.g. Atwood, &0819). Fermi

is a new generation of high-energy gamma-ray observatosigded for making observations
in the energy band from 10 MeV to about 300 GeV. It follows ie tbotsteps of the CGRO-
EGRET experiment, which was operational between 1991 a®98.1Htectively, theFermi
Large Area Telescope (LAT), one of the two instruments onrdboathe satellite (the other being
the Gamma Burst Monitor), is the successor of EGRET (Hartetaal., 1999), with greatly
improved sensitivity, resolution and energy range.

Figure 1.11: Fermi satellite 2-years all-skymap from Nolan et al. (2012).

In particular, the LAT is a pair-conversion telescope. TH& Limproved sensitivity with re-
spect to EGRET stems from a large pedieetive area{8000 cn?, about 6 times greater than
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EGRET), large field of view+{2.4 sr, nearly 5 times greater than EGRET), good backgroend r
jection, superior angular resolution (68% containmeni@rg0.6 deg at 1 GeV) and improved
observing €iciency (it is constantly surveying all the sky, making a fXbosure of it in about
3 hours). The sensitivity is about 50 times better than th&®GRET at 100 MeV and even
more at higher energies. It can locate sources to positem@lracies of 30 arcsec to 5 arcmin,
depending on energy.

The Fermi satellite was successfully launched in June 2008, and begiy survey in August
2008. TheFermiLAT instrument in 3 months produced a deeper and betteltved map of
the gamma-ray sky than any previous space mission, regalaing our view of the very-high
energy Universe. In figure 1.11, the 2-years all-skymapeaniis shown. It is particularly
impressive to think that the 2-yealFermi catalog contains 1873 sources (Nolan et al., 2012),
while EGRET could detect only 271 sources in nearly ten yeagperation (Hartman et al.,
1999).

IACTs and space-born instruments, working iffelient energy bands and withi@rent philoso-
phies, are complementary tools for the study of the highggnehenomena in the Universe.

1.4 Outline

As explained in the previous sections, the main researdVitaes of this PhD thesis are focused
on the study of non-thermal emission coming from CR and DMusters of galaxies, with the
ultimate purpose of a better understanding of the clustglugen and therefore of the Universe
formation history. This work combines both observatiomal theoretical approaches, the former
thanks to my participation in the MAGIC experiment.

This first chapterserves to define the thesis scientific case and to make a shoduction on
gamma-ray astronomy, which is the dominant part of this wdarke thesis in then divided in
three parts.

Thefirst partis dedicated to the gamma-ray observations of the Perséasygduster with the
MAGIC telescopes. Ichapter 2 the MAGIC instruments are described and the analysis chain
is explained in detail. Irthapter 3 the MAGIC-I (single telescope) observation of the Perseus
cluster performed in 2008 is presented. Constraints on thatlpossible CR and DM-induced
emissions are derived. Subsequentlycivapter 4 the stereoscopic observation campaign of
the Perseus cluster performed from 2009 to 2011, for whicld the P.1.,, is presented. This
campaign resulted in the detections of the head-tail gdl@310 and of the central cluster radio
galaxy NGC 1275. The resulting 85 hours of stereoscopic dgieesent the deepest galaxy
cluster observation ever made at very high energy. Indéegdpérmits to put the most stringent
constraints on the CR induced emission in clusters to date.

The second partis dedicated to theoretical predictions. dhapter 5 a constrained N-body
simulation of the local Universe from the CLUES project i®digo produce all-sky maps of
the extragalactic DM annihilation and decay signals. Itheven that theFermi satellite might
detect DM induced gamma-ray emission from nearby galaxsteta as well as from filaments
of the cosmic web, particularly for some DM decay models.chapter 6 the MultiDark N-
body simulation is used to create a complete cluster moadaatvhich well reproduces the
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observed X-ray cluster properties and statistics throughemomenological model in which a
gas density is assigned to each DM-only simulated MultiD@lo using only its total mass.

A new hybrid hadronic model is then constructed merging ipres simulation and analytical
results. This permits to compute théfdse radio and gamma-ray emission due to hadronic CR
interactions with the ICM. In particular, predictions ftiet LOFAR cluster survey are presented,
investigating how this can constrain the physical mectmamjenerating RHs

Thethird and lastpart is dedicated to present the conclusions and future prospéthe work
done in this thesis.
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Chapter 2
The MAGIC Telescopes

A perfection of means, and confusion of aims,
seems to be our main problem.

Albert Einstein

Since fall 2009, MAGIC (Major Atmospheric Gamma-ray Imagi@herenkov) is a stereoscopic
system of two IACTs observing the sky at energies above appaiely 50 GeV. It is located
at the Roque de los Muchachos observatory on the Canandlsfdra Palma at 2200 m above
the sea level. The telescopes have been recently rensiAEIC Florian Goebel Telescopas
memory of our colleague who accidentally died in 2008.

This chapter describes in detail the MAGIC instruments dradorresponding data analysis
chain which is then applied to obtain the results presemi¢ioe next two chapters. This chapter
is partially inspired to Zandanel (2007) and Prandini (2011

2.1 The Instrument

The second telescope, MAGIC-II, is basically an improvediom of the first telescope, MAGIC-

I, which has been operating alone from August 2004 to Noverb@9. Thanks to its unique
characteristics such as the low energy threshold, thedightture and fast electronics, MAGIC-

| has been the suitable instrument for the observation ofde wange of objects. However, the
improvement obtained passing fonrmonoto stereoscopi®bservations has been dramatic as
demonstrated by the growing number of new detections MAGIiexved since fall 2009. As
a matter of fact, the Perseus cluster head-tail galaxy |G Bidgsented in chapter 4, has been
the first source detected by the MAGIC stereoscopic systdm.dEtection of the radio galaxy
NGC 1275, at the center of the Perseus cluster, also presantehapter 4, is another great
success of the new MAGIC system. In figure 2.1, the two telgssare shown.

In the following sub-sections, the main hardware charattes of the MAGIC telescopes are
described. As MAGIC-II is an improved clone of MAGIC-I,ftBrent technical solutions were
adopted at the time of its construction. In particular, taenera and readout system were sub-
stantially diferent in the two telescopes. However, during summer 201 pgrade of MAGIC-I
has started which will hopefully finish in summer 2012. At tirae of writing this thesis, the
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Figure 2.1: Picture of the two MAGIC telescopes while pointing at the.sky

readout of the two telescopes are identical while the cameMAGIC-I is still waiting to be
replaced by a clone of the MAGIC-II one. After this upgrades two instruments will be almost
identical, with great advantage for the data analysis amglgzity of maintenance. In the fol-
lowing, when not explicitly mentioned, the presented detstiould be considered valid for both
instruments.

2.1.1 Structure and Drive System

MAGIC was conceived as a fast pointing system so lightnessoma of the main goals; indeed,
the structure holding the mirrors is a very lightweight aarliiber frame. The carbon fiber also
guarantees a good resistance to atmospheric agents utatyi@aggressive in the island. The
rest of the support is made of aluminum. The total weight efftame is of 5.5 tons.

MAGIC is a system made of twalt-azimuth mountelescopes. In figure 2.2, the structure of one
of the two telescopes, MAGIC-I, can be appreciated in detéié whole structure is mounted on
a circular rail with a diameter of 19 m. There is a tower whiehnmits the access to the camera.
This latter is located at a distance of around 17 m from thectdt and is carried by a single

aluminum tubular arc supported by narrow steel cables ataddo the main structure. The

weight of the camera is around half a ton, and the small bendinavoidable during the tele-

scope tracking, is corrected via re-orientation of the angr The azimuth motion is controlled

by two motors while the zenith motion by one. A starguider esam mounted at the center of
the reflector system, monitors the positioning of the telpsdy viewing both the camera of the
telescope and the corresponding section of the sky starfidid lightweight structure permits

very fast repositioning of the telescopes to any positiaiésky within about 30 s. This feature
was designed to instantly react to Gamma-Ray Burst (GRB)saleom dedicated satellites in

the KeVMeV domain.



2.1 The Instrument 29

Figure 2.2: Picture of the MAGIC-I telescope. The structure is well bigi particularly the
reflecting surface, the camera and the access tower.

2.1.2 Reflector

The reflector surface is parabolic in order to minimize tmeetispread of the Cherenkov light
flashes on the camera plare ns instead of 6 ns in the spherical surface case, wherejituaty
duration of a Cherenkov flash is less than 5 ns). The timetstreipreservation is important to
minimize the trigger integration window, reducing the nw@nbf random coincidence trigger
due to the night sky background (NSB) which does not have ahgrent time structure, and
also to increase the signal-to-noise ratio.

The parabolic reflector has a diameter of 17 m and is composécis movable panels. These
are adjusted by the Active Mirror Control (AMC) during thetal@aking depending on the tele-
scope position. The total reflecting area is of about 240 m

Three diferent types of mirrors are installed:

¢ 1 n? Aluminum Mirrors.These are composed of an aluminum box open on the upper side
where an honeycomb aluminum structure is inserted in olguarantee the necessary
rigidity of the mirror. A thin aluminum plate is located onrethop and glued to the hon-
eycomb. The upper side of the plate is finally polished usisgecial diamond milling
machine which makes the surface reflective. The reflectinigse, spherically shaped, is
protected by a final layer of quartz-based material whichscthee mirror and protects the
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surface from scratches and the aluminum from oxidation. rmiveor surface has a high
reflectivity of about 90% in the wavelengths range 3@DO0 nm. This innovative technol-
ogy was indeed motivated by the demand of keeping the weigheaelescope as small
as possible. MAGIC-II has 143 of such mirrors out of 247.

e 0.25 n? Aluminum Mirrors. The same as before but for the dimension. The MAGIC-
| reflective surface is made of such mirrors, in number of fper moving panel. The
change to 1 rimirrors in MAGIC-II reduced costs and manpower.

e 1 n? Glass Mirrors.The remaining 104 mirrors of MAGIC-II are produced as a saobw
of 2 mm glass plates around a aluminum honeycomb layer. Tdmedl glass surface is
coated with a reflecting aluminum layer and a protecting tguemating. These mirrors
have a PSF which almost doubles that of the aluminum mirrotgHe light spot is still
well inside the size of a camera pixel.

Starguider

In order to monitoring the tracking system on-line, a sésiCCD-camera has been installed
in the center of each mirror dish. It has & 4legx 4.6 deg field of view and images the sky
in the telescope pointing direction as well as part of the exam Six reference points (LEDS)
on the camera frame indicate its position, while individsiars get recognized by a dedicated
software and compared to starfield catalogs. With this madron, the real pointing position of
each telescope can be retrieved.

2.1.3 Camera

The MAGIC-I camera has a diameter 06In, 450 kg weight and covers3deg of field of view
(FOV). Itis composed of 577 pixels, positioned in a hexad¢istracture, collecting the incoming
light by high Quantum Hiciency (QE) PhotoMulTipliers (PMTs). The PMTs are hemispded
tubes, out of which 397 haveldeg FOV 1 diameter surrounded by 180 of20deg FOV
1.5”. The smaller pixels are also call@ther pixelsbecause they occupy the inner region of
the hexagon, while the bigger ones are cabieiter pixels The motivation to use two fferent
PMT sizes is due mainly to a compromise between performaaecescosts. The typical time
response of each PMT is below 1 ns full-width half-maximurd/¢gfM). The photo-catode QE
is enhanced up to a 25% peak value and extended to the UV bycekpeating on the PMT
surface acting as a wavelength shifter. In front of eachlphere is a light guide consisting of
a thin aluminum tube, in the approximate form of a Winstonesamhich guides the light inside
the PMTs with an incident angle of about 40 deg. Each conetislipectly into the PMT tube
and is 5 cm long with an hexagonal shape at the end. In this thaye are no dead regions
between the pixels. The left scheme in figure 2.3 shows the NLAEamera design.

The camera is protected by a transparent plexiglass windtlwam uniform transmission over
all wavelengths down to 300 nm and a low absorption. The carhas two lids which are
opened during the data taking and protect the camera froigtiteluring the day. Additionally,
there are a water and air cooling and heating system. Theevdaohera structure can be moved
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Figure 2.3: On the left, the scheme of the MAGIC-I camera. The 397 inneelpiand the
180 outer pixels are clearly recognizable. On the rightsttteeme of the improved MAGIC-
Il camera.

forward and backward with respect to the mirror dish to gedent focuses, ranging from 1 km
to infinity.

The MAGIC-II camera, which design is shown in the right sclkevhfigure 2.3, has a circular
shape and the same FOV of the camera of MAGIC-I. It is equippeidrmly with 1039 pixels
of 0.1 deg, grouped in clusters. Each cluster comprises sevelsixa hexagonal configuration.
The modular design allows an easier control and maintenainitee camera. Besides the larger
number of pixels, the real improvement of the MAGIC-II camés the installation of increased
QE PMTs which reach a peak QE of 34%.

2.1.4 Readout and Trigger System

The PMT signals are amplified by ultrafast and low-noisediapedance pre-amplifiers in the
camera housing. The amplified analog signals are tranghutter optical fibers using Vertical
Cavity Surface Emitting Laser Drivers (VCSELSs, with a waredth of 850 nm). Such a type of
transmission over optical links drastically reduces thehieand size of the cables, protects the
transmitted signal from ambient electromagnetic noiséénine and gets a large band width.
Since gamma-ray signals are very short in time, a very fagtaet electronics is needed. The
pulses have to be first processed to generate the triggeal agd then digitized at ultra-fast
speed. Afterwards they have to be stored for the subsequahtsss. In the receiver board
the signal is converted back to electric and, if passing fiigger requirements, digitized. The
digitization system is also referred as the Flash Analogitpt&l Converters (FADCSs), in virtue
of the high speed of digitization where pulses are sampl#ueadpeed of 2 GSampge

The 2 GSampls digitization and acquisition system is based upon a lowgr@malog sampler
chip called Domino Ring Sampler. The analog signals areedtor a multi-capacitor bank that
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is organized as a ring [ffier, in which the single capacitors are sequentially enabjed shift
register driven by an internally generated 2 GHz clock lockg a phase lock loop (PLL) to a
common synchronization signal. Once an external triggetle@n received, the sampled signals
in the ring bufer are readout at the lower frequency of 40 MHz and digitizéith & 12 bits
resolution.

The MAGIC trigger is a multi-level decisional system withogrammable logic. Its purpose
is to set out the beginning of the image acquisition procéssilsaneously with the shower
detection. The trigger system should discriminate the @fiaov flash induced signals from the
background. Therefore, it selects very fast events hapganicompact regions of the camera.
In MAGIC-I, the trigger area covers9 deg diameter FOV, while the uniform camera design of
the MAGIC-Il camera permits an increased trigger area®d2g diameter FOV. This increases
the potentiality to study extended sources and to perfoyrssins. Moreover, it enhances the
efficiency of point-like sources observation of about 15%.

The trigger system is composed of three decisional level:

e Level Zero Triggel(LOT): this is the first decisional level. Its task is to chetthe signal

from each PMT is greater than a fixed thresha@¢riminator thresholjiset via software
(see figure 2.4 left scheme). If this happens, a fast sigh#iemrder of a Cherenkov flash
duration, is generated. A pixel is considered lighted whesignal passes the level zero
trigger.

Level One Trigge(L1T): to get advantages from the spatial compactness ofi¢éseed
signals, this level requires a temporal coincidence (iplidity) of the signal selected by
LOT and then introducestapologyin order to combine temporal and spatial information
(see figure 2.4 right scheme). The requirement is to accdyttbose signals having
a certain amount of adjacent lighted pixels with a companftigaration (i.e. if a pixel is
taken away, the others must remain still connected). Tipisltgy is called Close Compact
Next Neighbors (CCNN).

Level Two Triggel(L2T): this level can be used to perform a rough analysis arepply
topological constraints on the images. It consists of afdeb&-up tables (LUTs) enabled
from L1T and acting on the trigger cells with a tree-struetliset of programmable fast
memories. Using some topological constraints, such ag a¥atiation of the image size
by L2T, it is possible to significantly reduce the NSB rate;npiéting a reduction of the
discriminators and thus of the energy threshold. Howevertounow the L2T has been
used just in flag-mode, i.e. the events are tagged with L2 hbutejected yet.

Level Three TriggeL3T): this is used when the two telescopes are operateceest
scopic mode. Practically, it is a coincidence trigger rejerevents triggered by only one
telescope. In order to minimize the L3T coincidence windthwe, triggers produced by
the individual telescopes are delayed by a time dependirtepointing direction. This
reduces the overall trigger rate to a value which is mandgdapthe data acquisition
system.
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Figure 2.4: Left: schematic view of the level zero trigger (LOT). Riglsthematic view of
the level one trigger (L1T).

Eventually, after passing the trigger conditions, everdsiigitalized by the FADCs and stored.
Time and trigger information for each event are also reablededicated digital modules which
are read-out together with the FADC modules.

2.2 Data Taking and Analysis Chain

As explained in chapter 1, IACTs detect the Cherenkov lightlpced by atmospheric showers
which appears in the form of fast light pulses of a few nanosds duration. The steps leading
from the Cherenkov pulses reflection to the data storage eardumed in the following main
points:

e The Cherenkov light that reaches the mirror surface is fedus the focal plane onto the
camera.

e PMTs convert the photon signal to a current signal which ipldrad inside the camera.

e The resulting amplified electric pulses are re-converted light pulses and sent to the
data acquisition system through optical fibers.

e The signal is converted once more into electric pulsesgérgd and the final signal is
digitized by the FADC system.

The collected digital signals, calledw data are stored to disk and analyzefilime. The data
analysis is performed with the standard MAGIC collabomratsoftware called Magic Analysis
and Reconstruction Software (MARS) working in the ROOT feawork, both on G+ platform.
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2.2.1 Data Taking

IACTs collect the data during night. The sunlight is a domiimg background that makes it
impossible to register the faint Cherenkov flashes. Thehegatonditions are an essential factor
influencing data quality. Main causes of bad quality datatlaeepresence of clouds in the sky,
high humidity andcalima(desert sand coming from Africa typical of Canary Islands).

Since MAGIC is a stereoscopic system, the standard datagg@kocedure is the so-called stereo
observation mode in which the two telescopes observe atathe §ime and only events seen by
both telescopes are recorded. However, each telescopakeaddta individually, in the so-called
mono observation mode.

Figure 2.5: Geometry of the wobble data taking mode on the MAGIC-I caméitze W1,
W2, W3 and W4 positions are indicated as black circles andvtitgble circle itself is indi-
cated in red. The camera center is the blue cross.

MAGIC can adopt two dterent data taking modes; the @ff mode, in which the signal and
background events are collected separately pointing fterdnt sky regions, and the wobble
mode (Fomin et al., 1994), in which each telescope is altedhavery 20 minutes between four
sky positions at @ deg dfset from the source position. This technique permits On afidcO
be collected simultaneously thus halving the observaiioe.t In figure 2.5, the geometry of
the MAGIC wobble data taking mode is shown. There are fourtipos (W1, W2, W3 and
W4) located at @ deg from the camera center. When tracking in wobble moeaetellescopes
point alternatively to these positions, switching each 26utes. In camera coordinates, the
source is therefore located in one of these positions (whikethe camera center in case of
OryOff mode). In this way, when the source is e.g. in W1, the backgi@an be extracted from
the other three positions. There also exists the possilitising only two of the four wobble
positions. Lately, the four wobble positions have becorapddrd as they permit a more accurate
background estimation.



2.2 Data Taking and Analysis Chain 35

2.2.2 Data Reduction

The main steps of the data reduction are the following:

¢ Signal Extraction and CalibrationThe executable MARS program CALibrate Light Sig-
nals and Time @sets (CALLISTO) performs the signal extraction from the FABlices
recorded in the raw data. The charge of each triggered esehéen calibrated and con-
verted into number of photo-electrons (phes).

¢ Image CleaningThe background surrounding each shower image is rejectédsall the
information regarding the pixels not involved in the showeage is discarded, resulting
in greatly reduced data file dimension. The Hillas paransedes then calculated for each
cleaned image (see section 1.3.2). This is done by a MARSramogalled STandard
Analysis and Reconstruction (STAR). Figure 2.6 illustsdtds step.

Figure 2.6: Example of a shower induced image before (left panel) aret &fight panel)
the image cleaning. The superimposed ellipse shows thasHithrametrization.

e Data Quality SelectionAfter the image cleaning, data of bad quality are rejectethina
due to bad weather or hardware problems. In particular, beativer conditionsfiect the
data in a non-predictable way, since a model for showerdalewesnt in every atmospheric
condition does not exist. Therefore, daffeated by the presence of clouds, high humidity
or calima are discarded. The MAGIC analysis is not providdih & standardized data
guality selection because Hillas parameters are largaiaha from event to event and
depending on the precise atmospheric conditions and tgescsetting. Generally, at this
level, therate after the image cleaning is the main parameter to performaétyselection
on single file basis.

e Stereoscopic Image Reconstructiohhe analysis chain described up to here is applied
to the data collected by both telescopes separately, indiepdly if taken in mono or



36 The MAGIC Telescopes

stereo observation mode. Therefore, in case of stereasobpervations, two sets of files
containing two diferent views of the same cleaned showers are available. ThRIMA
program called SuperSTAR reduces the two sets of files ingdesone, containing all the
necessary information. In this step, additional image patars, referring to stereoscopic
view of a shower, are also calculated (such as e.g. the pyipaaticle incoming direction).

¢ Gamma-Hadron Separation and Energy Reconstrucildrese tasks are performed via the
Random Forest (RF) method (Albert et al., 2008b) in two sgbsat steps: th&aining
andtestphases. In the training phase, two specific matrices, onthéogamma-hadron
separation and one for the energy reconstruction, arescteaing Monte Carlo (MC) sim-
ulations and real data. These matrices are applied to baithmd MC data in the test phase
where two new parameters are assigned to each eveltadit®nnesand reconstructed
energy. The hadronness is a real number, ranging from O &ldked to the probability of
a event to be hadron-like+(1) or gamma-like£ 0). Therefore, while gamma-like events
are peaked at 0, hadron-like events are peaked at 1. As egglabove and in the previ-
ous chapter, hadronic showers represent the large magdribe collected events, hence,
the hadronness parameter is used to reject the hadronHduweess and select the events
most likely produced by gamma-rays. Actually, the energpnstruction of stereo events
can also be performed using look-up tables based on thesvafusome selected image
parameters. Although this method is simpler than the RF atkth provides a better
energy resolution, especially at low energies, thanks ecstitower 3D parameters which
are well reconstructed in stereo observations. The matace calculated by the MARS
program Optimize STandard Energy Reconstruction and Imagdysis (OSTERIA) for
mono data, and by Compressed Osteria Alias Computationedfifdronness parameter
(COACH) for stereo data. Finally, the MErge and Link Imagegpaeters Before Energy
Analysis (MELIBEA) program applies them to the real and MGada

2.2.3 Signal Search

There are two approaches for the detection of a signalAlpleaand Thetatechniques.

The standard approach for mono observations consistsnig tis¢ so-calledlpha plot which

is the distribution of the absolute value of thgparameter. This parameter, already introduced
in section 1.3.2, is the angle between the major axis of apselland the direction from the
image center of gravity (i.e. the center of the ellipse) t® tbference point (i.e. camera center
or wobble positions in O®ff or wobble observation mode, respectively) as shown in figufe
left scheme. This parameter has a high gamma-hadron disatimy power, allowing the ex-
traction of gamma events over the background: while gammeats\whave small Alpha values,
the hadronic events are uniformly distributed in an Alphat.pl

An alternative is to use the Disp parameter which is charaet@ by the fact that no a priori
assumption on the source position is made. Dispis defined as the distance between the image
center of gravity and the unknown source position, whictssuaned to lie on the ellipse major
axis as shown in figure 2.7 right scheme. The Disp can be estihiy using theelongationof

the image, defined as the ratio of the Width and Length paemn&tee section 1.3.2). The basic
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Figure 2.7: On the left: schematic view of the Alpha parameter. On thhtrigchematic
view of the Theta parameter. The Disp parameter providespwgsible solutions and the
correct one is established by using a head-tail discrirninat

idea is that shower images which are closer to the sourcéigrosire most roundish, i.e. their
elongation is close to 1, while shower images which are &rdway from the source position
are more elliptical. As shown in figure 2.7, the Disp caldolatprovides two possible source
positions that lie on the shower image major axis and thezefbead-tail discriminatois used

to disentangle between them. The Thefmrameter is the angular distance between the nominal
and the reconstructed source position, i.e. the distarteeba the camera center (in the case of
OryOft observation mode) and the source position found with the Bisethod. The number of
background events is independent from the arrival diractilous, for geometrical reasons, it is
proportional tah? (N o« 276 dd o« dg?). Since the hadronic events are uniformly distributed and
the gamma ones are peaked at values close to 0 dég)at gives an equivalent alternative to the
classical Alpha plot. In particular, this is the method usedase of stereoscopic observations.
As a convention in the IACT world, a source is consideredaeteif significance of the excess
events is above &, where the significance is defined according to the formula 17 of Li & Ma
(1983). The number of excess events is calculated by stinigathe background events from
the number of signal events. This is done in the so-caligdal regiona < ac, or % < 62, for

an Alpha or Theta plot, respectively, as shown in figure 2.8.

Details on the Disp RF calculation as performed by the MAGd@aboration, as well as on the
other steps of the stereo analysis, can be found in Aleksat €2012c). Details on the origial
mono analysis can be found in Albert et al. (2008c) and Alialef2009b).

2.2.4 Flux Estimation

In case of detection, the final goal of the data analysis ic#heulation of the observed source
flux. Thedifferential fluxof a source is the number of photons of a given endigybserved
by the telescope per unit surface and tif(&) = dN(E)/dAdt wheret is the effective time
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Figure 2.8: Alpha (left) and Theta (right) plot, in the energy range 30000 GeV, for about
2 hours of Crab Nebula data taken with the MAGIC-I telescap2007. Signal regions are
acut = 10 deg and?, = 0.05 deg. Red crosses represent the signal while the blueslite i
background.

andA is the dfective collection area. The IAC@&ffective areas the area in which atmospheric
showers can be potentially observed by the telescopegddig the detectionfigciency, after all

analysis cuts. It depends principally on the incident garnayaenergye and on the zenith angle
of observatior®; it increases with energy and with zenith angle. THedive area is defined as:

Nanalysis(E, ®)
Nsim(E)
whereNgim(E, ®) is the number of simulated gamma evells;, is the simulated incident area

andNanaysid E, ®) is the number of simulated gamma events after all the aisadysps and the
chosen cuts. Eventually, thefldirential flux is obtained as:

Aeff(E’ ®) = Asim (2-1)

N, (E)
Actilers

whereN, (E) is the excess number obtained from an Alpha or Theta pldteratiopted (recon-
structed) energy bin.

The calculation of the source flux or of a flux upper limit inea$ non-detection (see below), is
done with the MARS executable fluxic filects on the spectrum determination introduced by the
limited energy resolution are usually correctedunyoldingthe final spectrum.

f(E) = (2.2)

Flux Upper Limits

In case of a non-detection, flux upper limits are calculat8dpposing the source gamma-ray
flux dN/dE dA dtis known, the number of events collected by the telescopedegredicted
as:
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Novo= [ [ S gagier(©)dtde 23)

which, dividing the observed excess number in bins of rettoated energy, becomes:

obs(Emln, max) f f dE dAtheff(E, Emin, Emax) dtdE (2-4)

where Epnin and Enax are the bin limits. When no signal is detected, the numberbsteoved
excess events fluctuates statistically around an averdge @B0. From the number of observed
events, it is possible to derive an upper limit on the numibebservable events, typically giving
a confidence levélof 95%:

>95%(Em|n, max) > f f dE dAtheff(E, Emin, Emax) dtdE- (2-5)

N. 950, has to be transformed into a flux upper limit.

The informations known at this stage of the analysis arentiraber of signaNg>* and back-
ground N§§§k events observed within the signal region, the statisticaletainty on the back-
ground events and the global systematic uncertainty oneatectbr éiciency. Starting from the
observed excess numheg}e = N3P° Nggfk, an upper limit can be obtained constructing a prob-
ability density function (PDF) foNsign, given a hypothesis on the excess and background event
numbers and inverting the original PDF to get the PDF for thieiper of the excess events. In
order to invert the PDF, two statistical approaches exiayesian and a frequentist approach.
The MAGIC collaboration publishes upper limits using thestl method, precisely the Rolke
et al. (2005) method, assumiigign is Poissonian distributed aidl.c« is Gaussian distributed.
The considered systematic uncertainty is about 30% and#aa by adding up the individual
contributions in quadrature. Theffirent sources of systematic uncertainties are mainlyeelat
to the diferences between the real experimental conditions andriindaged ones (see Albert
et al., 2008c for a detailed discussion on the systematicgtr

In the case of no detection, neither the source energy spectN/dE nor the time evolution

dN/dt are known. Hence, some assumptions need to be made. Typapbwer-law spectrum

is assumed:
dN E\
JEdAdt © (E_o) (2.:6)

whereEg is the mean energy at which the limit is calculated (estich&tem MC data) andr

is the hypothetic spectral index. Here, the light cut\ydt has to be assumed approximately
constant. If this is not possible, the observation time wimds splitted into small intervals
where the approximation can be considered valid. differentialflux upper limit in the energy
bin [Emin, Emay is therefore obtained as:

1A confidence intervais an interval N, Nup] out of which only a percent of events can be found. The
correspondingonfidence levgCL) for the interval iSCL = 100 (1-¢) [%]. Therefore, an upper limit of confidence
level CL is defined by a confidence interval [{Q,5] and coincides with the numbé,, above which only a percent
of £ events can be found®?(N > Nyp) = ¢
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N>95%(Emin, Emax)

f(;“ < —a £l (27)
tefff(%) Act(E, Emin, Emay) dE
while theintegral flux upper limit above a certain energy threshglgis:
ul ul “(E -
wen=1s [ (E) e e
Ein 0

2.3 Performance

The improvement obtained upgrading to stereo observatiasdeen impressive (Aleksic et al.,
2012c). This can be appreciated in figure 2.9 left panel, et integral sensitivity achieved
by MAGIC-I and by the stereoscopic system is shown and coetptr the integral flux of the
Crab Nebula, the standard candle of gamma-ray astronongjintdgral sensitivity has improved
from a factor of 2 to a factor of 3, depending on the energié adngular resolution achieved by
the MAGIC stereoscopic system is also shown in the right paiffegure 2.9, going from about
0.1 deg at 100 GeV to about® deg at energies above 1 TeV, thus improving up to a factor of
2 the MAGIC-I angular resolution (Colin et al., 2009).
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Figure 2.9: On the left, the MAGIC-I and MAGIC stereoscopic integral siéuity, i.e. the
flux of a source above a certain energy for whi§ces¢Nbackground = 5 after 50 hours
of effective observation time achieved by MAGIC-I (solid grayelirand by the MAGIC
stereoscopic system (black line, where solid is from datadashed from MC simulations).
On the right, the stereoscopic system angular resolutiaf@asction of the estimated energy
obtained with a Crab Nebula data sample (points) and cordpaith the MC simulations
(lines). Figures taken from Aleksic et al. (2012c).

The energy threshold of the stereoscopic system is appat&iynof 50 GeV (Aleksi¢ et al.,
2012c) while the MAGIC-I threshold was around-6@0 GeV (Albert et al., 2008c). The energy
resolution finally achieved by the stereoscopic system ighaiut 20% at 100 GeV and 15%
around 1 TeV, while for MAGIC-I it was of about 26% and 19%, pestively (Albert et al.,
2008b).
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In the next chapter 3, the observations of the Perseus galasters performed in 2008 only
with the MAGIC-I telescope will be presented, while chaptes dedicated to the cluster large
observation campaign performed form 2009 to 2011 with tleeesscopic system. Note that
the serendipitous detection of the cluster head-tail gal@x310 was the first detection of the
newly inaugurated MAGIC stereoscopic system. The subseglstection of the cluster central
radio galaxy NGC 1275 has also represented a big success sfefeoscopic system given the
extreme spectral characteristics of this source.



42

The MAGIC Telescopes




Chapter 3

The MAGIC-I Observation of the Perseus
Galaxy Cluster

The beginning is the most important part of the work.
Plato

As anticipated in the Introduction, gamma-ray observatmigalaxy clusters are very important
in order to shed light on the RH generation mechanism and Mrs@arches. This chapter is
dedicated to the results of the Perseus clustenoobservation performed by the MAGIC-I
telescope during November-December 2008 for a téfatave time of 244 hours. The physical
motivations for which Perseus was chosen over other gallasters, together with its main
characteristics, are presented. After describing the skt@ple, the analysis and the obtained
flux upper limits, the implications for the CR pressure arglbssible DM annihilation induced
gamma-ray emission are discussed.

The work presented in this chapter has been published wattitth MAGIC Gamma-Ray Tele-
scope Observation of the Perseus Cluster of Galaxies: taptins for Cosmic Rays, Dark Mat-
ter and NGC1275n the Astrophysical Journal in 2010 (APJ 710, 634, 2010;kaie et al.,
2010a). | am the corresponding author of this publicatiaretber with Christoph Pfrommer.
My main contributions are the MAGIC data analysis and theepayriting. | also substantially
contributed to the theoretical interpretation of the atali results.

3.1 Target Selection and Preliminaries

The Perseus cluster, also called A426, is at a distance 8fM@c (z = 0.018). It is the brightest
X-ray cluster (Edge et al., 1992) and hosts a massive cofimgwith high central gas densities
of 0.05 cnt3 (see table 3.1). Perseus furthermore hosts a luminous naitiehalo — difuse
synchrotron emission that fills a large fraction of the austore region — and shows a source
extension of 200 kpc (Pedlar et al., 1990). This radio mini-halo is welldaled by the hadronic
scenario where the radio emitting electrons are produckddnonic CR proton interactions with
ambient gas protons requiring only a very modest fractioa f&fv percent CR pressure relative
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to thermal pressure (Pfrommer & Enf3lin, 2004a). In paréiguhe similarity of the thermal X-
ray emission and that of the radio mini-halo comes aboutrabyuas both processes scale with
the number density squared. An alternative model for th@rachission has been proposed by
Gitti et al. (2002) which explains the radio mini-halo byaeeeleration of relativistic electrons
through second order interactions with magneto-hydrooya@VHD) turbulence. However, it
remains to be shown whether the necessary turbulent energpjtd can be provided throughout
the entire cooling flow region of Perseus. These conditiansige high target densities for
hadronic CR interactions and enhance the resulting ganaméeix.

The Perseus galaxy cluster was carefully chosen over ottemby clusters after considering
the expected gamma-ray emission from the pion-decay and hiation as explained in the
following subsections.

z Dium Rooo Maoo Lxo1-24akev  Tx L14 GHz
[Mpc] [Mpc] [M o] [ergs?] [keV] [ergs*Hz?]
0.0183 77.7 1.9 T1x 10" 831x 10" 6.8 338x 10°t

Table 3.1: Properties of the Perseus galaxy cluster. The data are fakenReiprich &
Bohringer (2002), Pedlar et al. (1990) and Churazov e2al03).

3.1.1 Cosmic Ray Induced Emission

In the course of this work, cosmological simulations of thenfation of galaxy clusters are used
to inform about the expected spatial and spectral chaiatibsrof the CR induced gamma-ray
emission. A clear detection of the IC emission from shoaketerated CR electrons will be

challenging for IACTs due to the large angular extent of ¢hascretion shocks that subtend
solid angles up to six virial radii. For these instrumentti® $patially concentrated pion-decay
gamma-ray emission resulting from hadronic CR interastithrat dominates the total gamma-
ray luminosity (Pfrommer et al., 2008; Pfrommer, 2008) dtidne more readily detectable than
the emission from the outer region.

To address the question of universality and predictabditthe expected gamma-ray emission,
the work of Pinzke & Pfrommer (2010) has been taken as refereifhey have simulated a

sample of 14 galaxy clusters that span one and a half decadeass and show a variety of

dynamical states ranging from relaxed cool-core clustevsdlent merging clusters. In order to

find the most promising target cluster in the local Univemselitecting the pion decay emission,
they computed the scaling relations between gamma-raylsity and cluster mass of the sam-
ple (Pfrommer, 2008) and used these to normalize the CR @wlamission of all clusters in a

complete sample of the X-ray brightest clusters (the exddittiFLUGCS catalogue of Reiprich

& Bohringer, 2002). This favors high-mass, nearby galakster with a scalin(\:j\/lgoo/D2

lum?

whereM,q is the virial mas§ Dy, the luminosity distance, angl~ 1.32 a weakly model de-

1The virial massM, and the virial radiuRR, are defined as the mass and radius of a sphere enclosing a mean
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pendent scaling parameter that provides the rank ordedogrding to the brightness of each
individual cluster (Pfrommer, 2008). As a second criterilmnv zenith angle observations, i.e
below 35 deg, are required. This ensures the lowest possilelgy threshold and the maximum
sensitivity for the detector. The most promising targetsengarefully modeled, accounting for
the measured gas density and temperatures from thermal Kreasurements while assuming
a constant CR-to-thermal gas ratio (Pfrommer & EnR3lin, 200&luster-wide extended radio
synchrotron emission that informs about present highggnerocesses were additionally taken
into account before the selection of the Perseus clustéreasbst promising source. Although
other clusters showed a somewhat higher gamma-ray flux iRitteke & Pfrommer (2010) sim-
ulations (e.g. Ophiuchus), the facts that Perseus is ofislerat low zenith angles and that the
expected emission is more spatially concentrated make ibést suited target for this observa-
tion.

3.1.2 Dark Matter Content

Typically up to 80% of the total mass of a galaxy cluster isha form of non-baryonic DM.
Since the DM annihilation gamma-ray signal is expected tgtoportional to the integrated
squared DM density along the line of sight (Evans et al., 28@4gstrom & Hooper, 2006), it is
obvious that galaxy clusters could be good candidates toflmoDM as well (Sanchez-Conde
et al., 2011; Pinzke et al., 2011). This is true despite thetfeat they are located at much larger
distances than other potential DM candidates, such as dphgroidal galaxies satellites of the
Milky Way or the Galactic Center. One obvious reason is thgehamount of DM hosted by
clusters compared with the rest of candidates. Perseugx@mple, is located 1000 times
farther than Milky Way dwarfs, but it contains roughly sixders of magnitude more DM than
the Willman 1 dwarf galaxy, one of the most promising DM calaties according to recent works
(Strigari et al., 2007; Aliu et al., 2009a). Additionalljre presence of substructures could be of
crucial importance. Substructures in clusters may sigaitly enhance the DM signal over the
smooth halo, while we do not expect this to be of special exlee for dwarf galaxies since their
outer regions are severelyfected by tidal stripping (Sanchez-Conde et al., 2011;Keire al.,
2011).

Essentially, the annihilation flux is proportional to theguct of two parameters (see e.g. Evans
et al., 2004 for details): a first one that captures all théigdamphysics (DM particle mass, cross
section, etc)fsysy, and a second onéd,,, that accounts for all the astrophysical considerations
(DM distribution, telescope PSF, etc). The particle phy$actor just acts as a normalization in
the expected annihilation flux, so it can be neglected wheiopeing a comparative study — as
in this section. Concerning the astrophysical factor, thé distribution is commonly modeled
with radial density profiles of the form(r) = ps/[(r/rs)” (1 + (r/rg)*)¥="/], whereps andrs
represent a characteristic density and a scale radiusatespge (Kravtsov et al., 1998). These
density profiles are well motivated by high-resolution Ndpa@osmological simulations. Here
the Navarro-Frenk-White (Navarro et al., 1997; hereafte"W DM density profile, with &,8,y)

= (1,3,1), is adopted. For a NFW profile, 90% of the DM annildatflux comes from the

density that is\ = 200 times the critical density of the Universe.
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region withinrs, so that the corresponding integrated luminosity is propoeal tor3p2. One
can derivers and ps for Perseus, assumingsg = 7.7 x 10'* M, (as given in table 3.1) and
a concentration of6 (as given by the Bullock et al., 2001 virial mass-concdianascaling
relation). The result iss = 0.384 Mpc andps = 1.06 x 10" M, Mpc~3, which translates into a
total value ofJasyo ~ 1.4 x 10'® GeV? cm® for the scale radius region.

In the case of Coma, although slightly15%) more massive than Perseus, the fact that it is
located significantly farther (101 Mpc) translates intoigltgly lower annihilation flux. Virgo,
only 17 Mpc away from us, gives a larger DM annihilation fluxt bere the large extension of
the region from which most of the annihilation flux is expelcte come compared with Perseus
(rs ~ 1.2 deg and ¢ ~ 0.3 deg, respectively) could represent an obstacle from teerghtional
point of view. Source extension is of special relevance iogls telescope IACTs, for which
point-like sources (sources with an angular extensionlemal similar to the telescope PSF) are
more readily observable.

3.2 MAGIC Observation and Results

MAGIC-I observed the Perseus cluster for88ours during November and December 2008, at
zenith angles between 12 deg and 32 deg, which guaranteé&satest energy threshold. The
observation was performed in wobble mode pointing altérebtto two different sky directions,
each at & deg distance from the nominal target position.

Part of the data have been rejected mainly due to the bad greaihditions during some obser-
vation days. The total data rejected amount+t@7%, resulting in 24} hours &ective obser-
vation time of very high data quality. Another independemdlgsis was performed on the data
from Saverio Lombardi giving compatible results.

3.2.1 Results

Given the good data quality and the low zenith angles of afagiein, the analysis energy thresh-
old results to be 80 GeV. Beyond this threshold, no signitiexcess of gamma-rays above the
background was detected in 24.4 hours of observation. Indi§ul, thea-plot for energies
above 250 GeV, where the best integral sensitivity is okthinom a Crab Nebula data sample,
is reported. A signal regiom < 6 deg and a hadronness cut d®are chosen by optimizing the
analysis on a Crab Nebula data sample.

In figure 3.2, the significance map for events above 150 Ge\hénabserved sky region is
shown. The source independent Disp method has been usedinigiies the rise of the energy
threshold from 80 GeV to around 150 GeV (see Domingo-Sarmiaretal., 2005 for a detailed
description). The significance distribution in the map issistent with background fluctuations.
In figure 3.2, X-ray contours from thEMM-Newtonobservations (Churazov et al., 2003) are
also shown.

In sections 3.3 and 3.4, the implications of this observatoy the CR and DM annihilation in-
duced gamma-ray flux, respectively, will be discussed. t8ie true density profile as obtained
by X-ray measurements (Churazov et al., 2003), the spdimiacteristics of the CR induced
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Figure 3.1: Perseus-plot as seen by MAGIC in 24 hours above 250 GeV using a hadron-
ness cut ok 0.05. The blue crosses represent the signal, the red shaded reghe back-
ground. The vertical black dotted line represents the siggon o < 6 deg. Displayed
are only events above 250 GeV since the best integral satysiaround 16% of Crab, is
obtained from a Crab Nebula data sample in this energy range.

gamma-ray signal can be modeled. The Pinzke & Pfrommer (26ith@ulations indicate that
60% of the total gamma-ray flux are contained within a cirdieadliusros = 0.15 deg (this
angular scale corresponds to a physical radius of 200 kphg flix from within this region
is compared to the upper limits. As the characteristics efdbnsidered emission region are
close to a point source, point-like upper limits are usede $ame conclusion is valid also for
the DM annihilation signal. In this case, as explained irtisac3.1.2, the 90% of the expected
emission is coming form the scale radius region. For Persgus0.3 deg, which is somewhat
extended compared to the telescope angular resolutionetwthe fact that the NFW profile
is very steep implies that the main DM emission comes fronctre of the source that can be
considered approximately point-like compared to the MA@Hgular resolution.

To compute flux upper limits, specific spectral indices tretehbeen motivated by an astrophys-
ical scenario in mind (see the following sections) are agsinhis “scenario-guided” approach
permits to provide the tightest limits on physically mote@ parameters and underlying astro-
physical models. In the next sections, flux upper limits cated using a power-law gamma-ray
spectrumF o« E! with spectral indexe¥ of —1.5, —-2.2 and-2.5 are used. In table 3.2, the
corresponding integral flux upper limits for energies abb®@ GeV are listed.

In section 3.3, an integral flux upper limit set above giveergy thresholds are used in order
to trace the energy range where models are better constrdiméable 3.3 the obtained integral
flux upper limits forl” = —2.2 are shown. Note that the integral upper limits above 80 Ga\ot
calculated (as a cumulativeplot for energies above this value is not shown). This isabee
the gamma-hadron separation for events below 100 GeV worssubstantially dierent way
with respect to the higher energy events. Therefore, eveitsv 100 GeV and the events of
higher energy are analyzed separately, witfedént sets of analysis cuts.
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Figure 3.2: Significance map for events above 150 GeV in the observeag®eduster sky
region. The significance distribution is consistent witlchgaound fluctuations. Black con-
tours fromXMM-Newtonobservations in the X-ray band (Churazov et al., 2003) e al
shown. The angular extent of the outermost contours is appetely Q45 deg, which cor-
responds te- 610 kpc.

Finally, for completeness, in table 3.4 thdfdrential flux upper limits for the assumed spectral
indexes are shown in fierent energy intervals. Spectral energy density (SED) wijppés can
also be obtained from thosefiirential flux upper limits.

r FUL [xl(le Cn'r2 S_l]

-1.5 4.63
-2.2 6.55
-2.5 7.52

Table 3.2: Integral flux upper limits for a power-law gamma-ray spectrwith spectral
indexT for energies above 100 GeV. The corresponding upper limiti®number of excess
events is 186.

3.2.2 Comparison to Previous Observations

There are few existing IACT observations of galaxy clus(Beskins et al., 2006; Perkins, 2008;
Aharonian et al., 2009a,b; Domainko et al., 2009; Galaraé €2009; Kiuchi et al., 2009; Acciari
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En[GeV] Fy. [x1012cm?s

100 6.55
130 6.21
160 6.17
200 5.49
250 4.59
320 3.36
400 1.83
500 1.39
630 0.72
800 0.65
1000 0.47

Table 3.3: Integral flux upper limits for a power-law gamma-ray spectrwith spectral
indexI" = —2.2 above a given energy threshdig,.

I [80-100] [100-160] [160-250] [250-400] [400-630] [630310 [10%-109]

-1.5 1307 236 126 4.33 0865 Q168 Q015
-2.2 1448 253 132 4.53 0897 Q174 Q018
-2.5 1506 258 133 4.57 0903 Q176 Q018

Table 3.4: Differential flux upper limits in units of 18' cm2 s TeV! for a power-law
gamma-ray spectrum with spectral indein energy ranges in units of GeV.

etal., 2009a). In section 3.3.3, the limits on the CR-ta+tied pressure obtained by other IACTs
will be compared with those derived in this work. Howeveerthare two observations of the
Perseus galaxy cluster made by WHIPPLE (Perkins et al., )28 VERITAS (Acciari et al.,
2009a) with which the obtained upper limits can be directignpared.

The WHIPPLE collaboration observed the Perseus galaxyeslBerkins et al., 2006) for

13 hours obtaining an integral upper limit above 400 GeV.684 1072 cm2 s~ assuming a
spectral indeX” = —2.1. This value can be compared with the integral upper linovat00 GeV

of 1.83x 102 cm2 st withI' = —-2.2 (see table 3.3). The MAGIC-I upper limit is significantly
lower than the WHIPPLE one; clearly, this is not a surpriseéh@sMAGIC telescope belongs
to a new generation of IACTs. More recently, the VERITAS abbiration observed Perseus
(Acciari et al., 2009a) for~ 8 hours and obtained an integral upper limit above 126 GeV of
1.27x 10 cm? st assuming” = —-2.5. This value can be compared with the corresponding
integral upper limit above 100 GeV of52 x 10712 cm™ s (see table 3.2). Despite the fact
that the VERITAS sensitivity of about 1% of Crab Nebula (Gdteal., 2009) is better than the
MAGIC-I one, the MAGIC-1 upper limitis slightly better thahat found by Acciari et al. (2009a)
as expected from the significanti@grence in observation time.
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3.3 Cosmic Ray Induced Emission

The upper limits on the integrated flux (table 3.3) are usguit@onstraints on the CR-to-thermal
pressure distribution and pursue threfetent approaches. (1) The Pinzke & Pfrommer (2010)
high-resolution hydrodynamical simulations of clustamfiation and evolution are used to pre-
dict the gamma-ray emission and to obtain limits on the Gizewmal pressure. (2) Follow-
ing Pfrommer & Enf3lin (2004a), a simplified approach thauasss a constant CR-to-thermal
energy density, a power-law spectrum in momentum, is ugsadltfze resulting CR-to-thermal
pressure limits are compared to those obtained by other I18iServations. (3) The observed
luminosity of the radio mini-halo is used to place a lowerition the expected gamma-ray flux
in the hadronic model of the radio mini-halo. This trangdatéo a minimum CR pressure that
is crucial for disentangling the emission mechanism in #wa and provides a clear prediction
for the expected gamma-ray flux.

3.3.1 Cosmological Simulations

The Pinzke & Pfrommer (2010) simulations are high-resolutluster simulations that included
radiative hydrodynamics, star formation, supernova faekpand followed CR physics spec-
trally and spatially by tracing the most important injectiand loss processes self-consistently
while accounting for the CR pressure in the equation of nmotlfrommer et al., 2006; Enf3lin
et al., 2007; Jubelgas et al., 2008). Note that the overathabzation of the CR distribution
scales with the maximum acceleratidfi@ency at structure formation shock waves. Following
recent observations at supernova remnants (Helder et0fl9)2as well as theoretical studies
(Kang & Jones, 2005), they adopt a realistic value of thispeter and assume that 50% of the
dissipated energy at strong shocks is injected into CRswhis dficiency rapidly decreases for
weaker shocks (Enf3lin et al., 2007).

Pinzke & Pfrommer (2010) computed the gamma-ray emissgmesiand found that it obeys a
universal spectrum and spatial distributiohhe CR distribution has a spectral indeXof —2.5

at GeV energies and experiences a flattening towards higeegies resulting il ~ —2.2 at en-
ergies above a few TeV. Hence, the resulting gamma-rayspedtom CR induced pion-decay
shows a characteristic spectral indeX'o —2.2 in the energy regime ranging from 100 GeV to
TeV. Thespatial distributionof the CR number density is mainly governed by adiabaticsjpart
processes (Pfrommer et al., 2007) and similarly attaingpproximate universal shape relative to
that of the gas density. These findings permit to reliably ehtdte CR signal from nearby galaxy
clusters using their true density profiles as obtained bgyrneasurements that are mapped onto
the simulated density profiles.

In addition to CR protons, Pinzke & Pfrommer (2010) modeleldtivistic electrons that have
been accelerated at cosmological structure formationkshgimary CR electrons) and those
that have been produced in hadronic interactions of CRs avithient gas protons (secondary
CR electrons). Both populations of CR electrons contritboiitne gamma-ray emission through
Compton up-scattering photons from the CMB as well as theutatiwe star light from galaxies.

It turns out that the pion-decay emission of the cluster aarteis over the IC contribution — in
particular for relaxed systems (Pfrommer, 2008).
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Figure 3.3: Integral flux upper limits (table 3.3) are compared with dated integrated
spectra of the gamma-ray emission from decaying neutrakgiwat result from hadronic CR
interactions with the ambient gas in the Perseus clusteditiddally shown are minimum
gamma-ray flux estimates for the hadronic model of the radgm-halo of the Perseus cluster
(dash-dotted with minimum flux arrows, see main text for ifSta

In the optimistic CR modelr&diative physics with galaxi¢sthe cluster total gamma-ray flux
within a given solid angle is calculated. In contrast, thession from individual galaxies and
compact galactic-sized objects are cut in the more conesvaodel (adiative physics without
galaxieg. These gas clumps dissociate incompletely in the ICM duegdficient numerical
resolution as well as so far incompletely understood playsicoperties of the cluster plasma.
Everything contributes to the gamma-ray emission from atelu To assess the bias associated
with this issue, the analysis is performed with both lingtcases bracketing the realistic case.
In figure 3.3, the integral flux upper limits obtained in thisnk (see table 3.3) are compared with
the simulated flux that is emitted within a circle of radigg = 0.15 deg. The upper limits are a
factor of two larger than the conservative model and a faaft@r5 larger than the most optimistic
model predictions implying consistency with the cosmatagcluster simulations of Pinzke &
Pfrommer (2010). Note however that the simulated flux reprissa theoretical upper limit of
the expected gamma-ray flux from structure formation CRgeting the maximum acceleration
efficiency would decrease the CR number density as well as tb#ingsgamma-ray emission.

3.3.2 Constraints on the Cosmic Ray Pressure

In figure 3.4, the simulated gamma-ray surface brightnegsaoha cooling flow cluster of mass
similar to Perseus is shown. As the CR induced gamma-raydlaxadially declining function
sois the CR pressure. A quantity that is of great theoreitatest is the CR pressure relative to
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Figure 3.4: Left: simulated gamma-ray emission at energies 100 GeV from a cluster
that has twice the mass as Perseus (using the simulatiore afaling flow cluster g51
from Pfrommer et al. 2008). The sum of pion-decay inducedrgarmays (which dominates
the central and the total flux) and the IC emission of CR edestraccelerated at formation
shocks and by hadronic CR interactions are shown. Rightfilprof the CR-to-thermal
pressure (volume-weighted) of this cluster (Pinzke & Pfnoen, 2010).

the thermal pressudé-r = Pcr/Pi as itis a good measure of the dynamidétets of the CRs on
the ICM and gives clues on the dynamical state of a clusteth®might-hand side of figure 3.4,
the profile of the CR-to-thermal pressure (volume-weightédhis simulated cluster is shown.
Moving from the periphery towards the center, this quansity steadily declining function until
it approachs the cooling flow region around the cD galaxy if ¢tuster (similar to NGC 1275)
where the CR pressure rises dramatically relative to thah@fthermal gas which cools on a
short time scale (Pfrommer et al., 2006). The volume avela@€.r) = (Pcr)/(Pn) = 0.02,
dominated by the region around the virial radius, while tagorof CR-to-thermal energy is
given by Ecgr/Eq = 0.032. Perseus has a smaller mass and a corresponding tempehatiure
is only half of that of the simulated cooling flow cluster ohPke & Pfrommer (2010). Noting
that Xcr o< 1/Py, o« 1/KT,2 these values are expected to be a factor of about 2 largerse s
yielding (Xcr) ~ 0.04 for the entire cluster anKcr) ~ 0.02 for the core region that is probed
with the present observation.

The conservative model prediction is scaled by a factor & to reach the upper limits (see
figure 3.3) which implies that this observation constraivesrielative pressure contained in CRs
to < 8% for theentire clusterand to< 4% for thecluster core region The presence of dense

2Note that for a CR population in clusters that have been acateld in structure formation shocks the relativistic
limit Ecr/Ewn = 2(Pcr)/{Pw) is not applicable since the CR pressure is dominated by éms-relativistic regime.
This implies a somewhat harder equation of state for the Citsanrarger adiabatic index and yields the relation
Ecr/Eth = 1.6(Pcr)/{Pn).

3This relation only holds for regions with long thermal coglitimes compared to the dynamical time scale. In
particular it breaks down towards the center of a cooling ttwster where the thermal gas cools on a shorter time
scale such that the forming cooling flow causes adiabatitraction of the CR population.
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gas clumps potentially biases the simulated gamma-ray flgix &nd hence the inferred limits
on Xcr low. Another source of bias could be unresolved point saumgide the cluster such as
active galactic nuclei (AGN). In the presented simulatiémh@ cool core cluster g51, the bias
due to subclumps amounts to a factor of 1.5 but it could be gis &8 2.4 which is the mean
difference between the conservative and optimistic model swthesPinzke & Pfrommer (2010)
scaling relations. Note however that the latter case isdyrexcluded by the present upper limits
provided the maximum shock acceleratidficency is indeed as high as 50%. While there are
indications from supernova remnant observations of onegegion (Helder et al., 2009) as well
as theoretical studies (Kang & Jones, 2005) that suppott bigh dficiencies, to date it is
not clear whether thesdfeiencies apply in an average sense to strong collisiontessks or
whether they are realized for structure formation shocksgiter redshifts.

In figure 3.4, a simulation where CRs are acceleratesd onsfratture formation shocks is
compared with one where CRs are additionally injected thinasupernova feedback within the
star forming regions of the Pinzke & Pfrommer (2010) simolaé. Outside the cD galaxy,
there is no significant visible fierence which suggests that the CRs injected into the ICM by
supernova driven winds are negligible compared with thaselarated by structure formation
shocks. While this is partly an artifact of the simulationattneglect CR diusion, this behavior

is expected due to the adiabatic losses that CRersas they expand from the compact galactic
ISM into the dilute ICM.

3.3.3 Simplified Approach and Comparison to Previous Resust

There are few existing IACT observations of galaxy clustemsne of which derived limits on
the CR-to-thermal pressure contained in clusters, inqdeati the WHIPPLE observation of the
Perseus cluster (Perkins et al., 2006) and the HESS observaif the Abell 85 (Aharonian
et al., 2009a; Domainko et al., 2009) and Coma (Aharoniah,e2@09b) clusters. These work
used simplifying assumptions about the spectral and dphsimibution of CRs. They typically
assumed a single CR power-law distribution with a spectrdéx of[" = —2.1 (that provides
optimistic limits on the CR-to-thermal pressure) and assditmat the CR energy density is a
constant fraction of the thermal energy density throughioeientire cluster. Based on these two
assumptions, WHIPPLE and HESS found in Perseus and Ab&ERFEy, < 0.08, respectively,
while HESS founcEcg/Ein, < 0.2 in Coma.

To facilitate comparison with these earlier works, the datalysis is repeated with a spectral
indexI' = —2.1 obtaining an integral upper limit ofy_ (> 100 GeV)= 6.22x 10 2cm2 s,
Following the formalism of Pfrommer & Enf3lin (2004a), thengaa-ray flux of a CR popu-
lation withT" = —2.1 is computed within a circular region of radiugs = 0.15 deg or equiv-
alently 200 kpc. In thasobaric model of CRsthe CR pressure is assumed to scale exactly
as the thermal pressure and constiagr/Ey, < 0.053 which corresponds to an averaged rel-
ative pressure ofXcr) = (Pcr)/{Pmn) = 0.033. In theadiabatic model of CRghe centrally
enhanced CR number density due to adiabatic contractiongltine formation of the cool-
ing flow (Pfrommer & Enf3lin, 2004a) is taken into account. T®R population is assumed
to scale originally as the thermal population but was cosged adiabatically during the for-
mation of the cooling flow without relaxing afterwards (teen@ture and density profiles are



54 The MAGIC-I Observation of the Perseus Galaxy Cluster

taken from Churazov et al., 2003). In this model, an enhageedma-ray flux level for virtu-
ally the same volume averaged CR pressure (or vice versdjtasned for a given flux limit,
hence one can put a tighter constraint on the averaged CRupees Therefore, the present
observation constrainScr/Ey, < 0.03 which corresponds to an averaged relative pressure of
(Xcr) = (Pcr)/(Pin) = 0.019.

How these tighter limits can be reconciled with the simolatbased slightly weaker limit? The
simulated CR profile has to be compared to a CR distributiahdbes not show any enhance-
ment relative to the gas density. In the central region far200 kpc, the adiabatic compression
factor of 1.7 matches that in the simplified approach — sugggthat the simple adiabatic model
captures the underlying physics quite realistically. ety the pressure of a power-law spec-
trum withT" = 2.1 has to be related to the simulated concave spectrum of @g&zkfrommer
(2010). Noting that the gamma-rays at 100 GeV are producedmyrotons at 1 TeV, both
spectra are normalized at 1 TeV and one finds that the sindutggectrum contains a larger
pressure by a factor of 1.8. This factor brings the limit af gimplified adiabatic model into
agreement with the simulation-based limit of the relative [@essuréXcr) < 4% for thecluster
core region Finally, since gamma-ray observations are only sendititbe cluster core regions
(the emission is expected to peak in the center due to thetaigkt gas densities), they can-
not constrain the average CR-to-thermal pressure witlaretttire cluster. Hence cosmological
cluster simulations are used to address how much CR-toaddgaressure could be additionally
hidden in the peripheral cluster regions.

3.3.4 Minimum Gamma-ray Flux

For clusters that host radio (mini-)halos, a minimum ganraaflux in the hadronic model of
CR interactions can be derived. The idea is based on the@ich steady state distribution of CR
electrons loses all its energy to synchrotron radiatiorstoong magnetic fieldsB(> Bcyg =~
3.2uG) so that the ratio of gamma-ray to synchrotron flux becomdspendent of the spatial
distribution of CRs and thermal gas (Pfrommer, 2008). This lbe easily seen by considering
the pion decay induced gamma-ray luminogityand the synchrotron luminosity, of a steady
state distribution of CR electrons that has been genergtéddronic CR interactions:

L, = A f dV NcrNgas (3.1)
(av+l)/2

L, = f dV ncrNgas————— (3.2)
EcmB t €B

~ A, f dV ncrNgas  for g > ecue. (3.3)

whereA, and A, are dimensional constants that depend on the hadronicgshg&ithe inter-
action (see chapter 6, Pfrommer et al., 2008 and Pfrommeé8)2nd«a, ~ 1 is the observed
synchrotron spectral index. Hence a minimum gamma-ray fiuthé hadronic model ca be
derived as:
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wherelL, is the observed luminosity of the radio mini-halo abg,,, denotes the luminosity
distance to the respective cluster. Lowering the magnetld fivould require an increase in
the energy density of CR electrons to reproduce the obsewechrotron luminosity and thus
increase the associated gamma-ray flux.

Using the values of table 3.1, the minimum gamma-ray flux eattadronic model of the radio
mini-halo results to beF, min(> 100 GeV) = 6 x 103cm™? s, assuming a power-law CR
distribution withI'2 —2.3. This lower limit is independent of the spatial distrilutiof CRs and
magnetic fields. Note that the spectral index is consistétfit te radio data. It turns out that
the requirement of strong magnetic fields violates the gneogditions in clusters as it implies
a magnetic energy density that is larger than the thermabgrdensity — in particular at the
peripheral cluster regions. The minimum gamma-ray flux derdrequires a constant (large)
magnetic field strength throughout the cluster while thertia energy density is decreasing
by more than a factor of 100 from its central value. This wauigly that the magnetic field
eventually dominates the energy density at the virial negioSuch a configuration would be
impossible to achieve in first place as the magnetic energgityetypically saturates at a fixed
fraction of the turbulent energy density which itself isypalsmall fraction of the thermal energy
density in clusters (Schuecker et al., 2004). Hence thessiderations call for lowering the
assumed cluster magnetic fields which should strengthdowrer limits on the gamma-ray flux
considerably — however at the expense that these limitsitrdneeak dependence on the spatial
distribution of magnetic fields and CRs.

Estimates of magnetic fields from Faraday rotation meaqiRbts) have undergone a revision
in the last few years with more recent estimates typicallthaorder of a fewuG with slightly
higher values up to 109G in cooling flow clusters (Clarke, 2004; Enf3lin & Vogt, 2006jor
the Perseus radio mini-halo, Faraday RMs are available@miery small scales (Taylor et al.,
2006), i.e. few tens of pc. RM estimates are of the order @000 rad M leading to magnetic
field values of~ 25uG assuming the Faraday screen is localized in the ICM. Tlugjeker,
appears to be unlikely as variations of 10% in the RM are oleskon pc-scales (Taylor et al.,
2002), while ICM magnetic fields are expected to be orderedigmificantly larger scales of a
few kpc (Taylor et al., 2006; Vogt & EnR3lin, 2005; EnRlin & \Mp@006). Application of the
classical minimum-energy argument to the Perseus radichmio data leads to estimates for
the central magnetic field strength Bf ~ 7uG or evenBy ~ 9uG for the more appropriate
hadronic minimum-energy argument (Pfrommer & Enf3lin, 204

The cooling flow cluster g51, morphologically similar to Bemns and with a masel,o =~
10 M,, is selected from the Pinzke & Pfrommer (2010) sample. Theraemagnetic field
strength is conservatively taken aslOuG and the magnetic energy density is parametrized in
terms of the thermal energy density by « £3> which ensuregg < &p/3 in the entire clus-
ter. This permits to strengthen the physically motivateddolimit to 7, pnys min(> 100 GeV)=
8.5 x 108 cm2 st as shown by the dash-dotted line in figure 3.3. In the hadromdel,
this minimum gamma-ray flux implies a minimum CR pressuratiet to the thermal pres-
sure. Figure 3.3 shows that the minimum fl#X ,nysmin IS @ factor of 3.6 lower than the
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simulated flux for Perseus in the conservative model. As se&ect. 3.3.2, this model cor-
responds to a relative CR pressure(¥tr) = (Pcr)/(Pw) = 0.04 where the averages rep-
resent volume averages across the entire cluster. Hencaimunn relative CR pressure of
(Xerminy = (Pcrmin)/{Pwny/3.6 = 0.01 is obtained. This minimum CR pressure corresponds to
a minimum total CR energy &Ecrmin = Ecrmin/Eth X En = 1.6(Xcrmin) X En = 9 x 10°%erg
where the temperature and density profiles are integrated ¥-ray observations (Churazov
et al., 2003) to obtain the total thermal energyFaf = 5.7 x 10°%erg. These considerations
show the huge potential of combining future TeV gamma-ray adio observations in con-
straining physical models of the non-thermal cluster eimisand to obtain important insights in
the average distribution of cluster magnetic fields.

3.4 Dark Matter Annihilation

As discussed in section 3.1.2, the expected DM annihildhioris proportional to the product of
a factor that encloses all the particle physics and a secoadhat accounts for all the involved
astrophysics. Therefore, in order to obtain an estimaté@fannihilation flux, one needs to
choose a particular particle physics model in addition ®riodeling of the DM distribution.
Although the uncertainties in the particle physics fackgysy are very large and spread over
some orders of magnitude (see e.g. Albert et al., 2008d) cibinmon to use the most optimistic
value for a given energy threshold of the telescope. Thisfgust acts as a rescaling factor in the
total flux, so one could change to another particle physicdethwimply by rescaling for its new
value. Here it is assumed to lhg,sy = 10732 GeV-? cm?® st above 100 GeV, which corresponds
to one of the most optimistic allowed scenarios with the redimo as DM particle (Sanchez-
Conde et al., 2007). Taking than a value af 10'® GeV? cm® for the integrated astrophysical
factor insiderg, as given in section 3.1.2, the maximum DM annihilation flaxénergies above
100 GeV is about B x 1018 cm™2 s1. The comparison with the upper limits obtained by this
observation is not very constraining. Assuming a generic &wihilation spectrum without
cutof and spectral index -1.5 as a good approximation (e.g. Akseal., 2008d; Aliu et al.,
2009a), it can be seen from table 3.2 that a boost in flux of theraf 1¢f is needed to reach the
predicted DM annihilation flux values, singg, (>100 GeV)=4.63x 1012cm2 s,

This boost factor could come from fterent uncertainties that may enhance the annihilation
gamma-ray flux notably and that were not taken into accouniheénabove calculation. One
of them, the presence of substructures, could play a crucialfor Perseus, as explained in
section 3.1.2. As shown in Sanchez-Conde et al. (2011¢ffest could enhance the expected
annihilation flux by a factor of about 30 for Perseus-sizeosalPinzke et al. (2011), using a
different formalism, found substructure boost factors as héghth However, with IACTs it is
challenging to make use of these large boost factors asdbwdribution is spread on large angu-
lar scales up to the virial extend of the cluster. Finallgpailecently proposed mechanisms in the
particle physics side, such as the internal bremsstral{Briggmann et al., 2008) and the Som-
merfeld dfect (Lattanzi & Silk, 2009; Pinzke et al., 2009), could enteathe DM annihilation
flux by more than one order of magnitude for some particle jgsysodels.

It is worth noting that the result obtained here for the bdastor needed in order to probe
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the predicted DM annihilation flux is comparable with praxsmbservations of the Milky Way
satellite galaxies (Albert et al., 2008d; Aliu et al., 20R9a

3.5 Conclusions

The Perseus cluster was observed by MAGIC-I during NoverahdrDecember 2008 result-
ing in 24.4 hours fective observation time of very high data quality. No sigifit excess of
gamma-ray was detected above the energy threshold of 80 GeV.

Using simplified assumptions (power-law CR spectra, conistio of CR-to-thermal energy
density) that have been adopted in earlier work, a limit an@R energy oEcr/Eyn < 5% is
derived. This limit could be tightened furthermore by caiesing an adiabatically contracted CR
population during the formation of the cooling flow yieldiBgr/E < 3%. Using cosmological
cluster simulations, it turns out that these assumptioasat fulfilled for CR populations that
have been accelerated by structure formation shocks: wWigladiabatic model seems to match
the simulated CR profiles towards the center very well, thpeeted ratio of CR-to-thermal pres-
sure is increasing towards the peripheral cluster regiansing the volume averaged pressure
across the entire cluster to increase by a factor of two. thtiaxh, the CR spectral distribution
shows a concave curvature with a spectrum that flattens tswagh energies with a spectral
index of ' ~ —2.2 in the TeV regime. This implies that the CR pressure is ecédiy an
additional factor of almost two. Using the prediction fronm&e & Pfrommer (2010) simula-
tions, the upper limit on the CR-to-thermal pressure avetagrross thentire cluster volume
is (Xcr) < 8% and it is< 4% for thecluster core region This corresponds to an upper limit
on the CR energy OEcr/En < 13% and< 6.5%, respectively. Note that this is the first work
where results from cosmological simulations and obsewmatidata analysis were combined.
This demonstrates the need for cosmological simulationsdar to make more reliably predic-
tions on CR spectra providing a safeguard against too diegbiand optimistic models leading
to limits that are too tight.

The upper limits resulting from the data analysis are a faafte: 2 larger than the conservative
model prediction for the CR induced gamma-ray emission amté in agreement with the
cosmological cluster simulations of Pinzke & Pfrommer @D1Using minimum gamma-ray
flux arguments show that improving the sensitivity of thisetvation by a factor of about seven
would permit to critically test the hadronic model for the$tus radio mini-halo. Note however
that the new hadronic model developed in chapter 6 of thisishie characterized by a wider
parameter space with respect to previous models, as thesedénere, and therefore even deeper
observations may be needed to test it.

As DM dominates the cluster mass, significant gamma-ray somgesulting from its annihi-
lation is also expected. With the assumed particle physiocdei one of the most optimistic
allowed scenarios (Sanchez-Conde et al., 2007) with tiradeno as DM patrticle, the boost
factor for the typically expected DM annihilation inducedission is constrained to 10*. Note
that possible contributions from internal bremsstrahjudgmmerfeld enhancement as well as
boost factors due to substructures are neglected in thermgeskcalculation.
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Chapter 4

The MAGIC Stereoscopic System
Observation of the Perseus Galaxy Cluster

Would you believe it, Ariadne?
The Minotaur scarcely defended himself.

Jorge Luis Borges

This chapter is dedicated to the results of the Perseuseckistreoobservation campaign per-
formed with the MAGIC telescopes from October 2009 to Fely2®11 for a total &ective
time of 845 hours. This chapter is divided in three parts. The first tadgdescribe the de-
tections of the head-tail galaxy IC 310 and of the centralaghlaxy NGC 1275, while the
last part presents the implications of the whole obseraatampaign for the cluster CR induced
emission.

The work presented in this chapter has been published ie $eparated articles. The IC 310
serendipitous detection has been published with theD#teection of very high energy gamma-
ray emisson from the Perseus cluster head-tail galaxy IC31¢he MAGIC telescopen the
Astrophysical Journal Letters in 2010 (APJ Letters, 723)1,2010; Aleksic¢ et al., 2010b). | am
the corresponding author of this publication together Withan Sitarek and Saverio Lombardi.
The NGC 1275 detection has been published with the@i#ieection of very-high energy gamma-
ray emission from NGC 1275 by the MAGIC telescapéie Astronomy & Astrophysics Letters
in 2012 (A&A Letters, 539, L2, 2012; Aleksic et al., 2012b)am the corresponding author of
this publication together with Saverio Lombardi, Pierreli€@and Dorothee Hildebrand. Fi-
nally, the implications of the whole observation campaignthe cluster CR induced emission
have been published with the titonstraining Cosmic Rays and Magnetic Fields in the Perseus
Galaxy Cluster with TeV observations by the MAGIC telessapahe Astronomy & Astro-
physics Journal in 2012 (A&A, 541, A99, 2012; Aleksit et @012a). | am the corresponding
author of this publication together with Christoph Pfronmpf@erre Colin, Anders Pinzke and
Saverio Lombardi. | was the P.I. of the Perseus cluster cgnga&oposal and co-P.l. of the
NGC 1275 proposal. My main contributions to these artickesthe MAGIC data analysis and
the paper writing. | also substantially contributed to thedretical interpreation of the obtained
results.
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4.1 The Detection of the Head-Tail Galaxy IC 310

Most of the presently known extragalactic very high enelgflE, > 100 GeV) gamma-ray emit-
ters 40) are blazars (Urry & Padovani, 1995). So far only two raghitaxies, M 87 (Aharonian
et al., 2003) and Cen A (Aharonian et al., 2009c), and twdbatat galaxies, NGC 253 (Acero
et al., 2009) and M82 (Karlsson et al., 2009), have beenlglentified in this energy range.

IC 310 @ = 0.019) is a head-tail radio galaxy located in the Perseuserl@tt06 deg (corre-
sponding to~ 1Mpc) from the central galaxy NGC 1275. Head-tail radio geda display a radio
morphology consisting of a bright head, close to the optieddxy, and a fainter elongated tail.
In the standard explanation, the jets are bent towards oaetidin creating the “head” structure.
At larger distances they fan out in a characteristic tait txdends over many tens to hundreds
of kpc. When the ICM flow impacting these galaxies (in thestif'eame) is super-sonic (Mach
number larger than 1), the ram pressure of the ICM causestbeg bend (Begelman et al.,
1979). If the flow is trans-sonic (Mach numberl), the thermal pressure gradient of the inter-
stellar medium of these galaxies, due to their motion thioilng ICM, determines the bending
(Jones & Owen, 1979). In this last model, the inflow is de@tt and heated by a bow shock
in front of the galaxy, which also generates a turbulent wihke: re-accelerates the relativistic
particle population in the tail and illuminates the tail.

The radio contours of IC 310 show an extended emission, ipgiiwvay from the direction of
NGC 1275. The length of this tail measured in radio variesvbeh 012 deg and @7 deg
(Sijbring & de Bruyn, 1998; Lal & Rao, 2005). The X-ray imagel@ 310 observed byXMM-
Newtonis compatible with a point-like emission from the core anthwio X-ray emission from
its extended radio structure (Sato et al., 2005). Interghti Sato et al. (2005) also showed
that the X-ray emission may originate from the central AGNhe BL Lac-type object. Other
observed characteristics of IC 310 (e.g. no strong emidsies, spectral indexes in radio and
X-ray) suggest that it may also be a dim (weakly beamed) bigzector et al., 1999).

The LAT instrument on board thieermi satellite (Atwood et al., 2009) has recently detected
IC 310 (Neronov et al., 2010) with 5 (3) photons above 30 Gedbya 100 GeV). At lower
energy (i.e. from 100 MeV to 1 GeV), only the central galaxyGI&275 is visible (Abdo et al.,
2009; Neronov et al., 2010). This triggered the interesthef MAGIC collaboration which
resulted in the IC 310 serendipitous detection in the Perdata collected from November 2008
to February 2010 presented here.

4.1.1 Observation and Analysis

The MAGIC-I telescope observed the Perseus cluster forahdd®4 hours between November
2008 and February 2010. The analysis of the 33.4 hours oftaleta in 2008 is presented in the
previous chapter (Aleksi€ et al., 2010a) and focused ompkiysics of the Perseus cluster. Note
that the skymap presented in chapter 3, figure 3.2, does put significant excesses from the
IC 310 position. Since the end of October 2009 the second MABlescope was also taking
data, allowing the stereoscopic analysis.

Observations were performed in wobble mode with data egsalit in two pointing positions
offset by 04 deg from the direction of NGC 1275. IC 310 was in the field efwiat the angular
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Figure 4.1: ¢>-distribution of the IC 310 signal and background estimatenf stereo ob-
servations taken between October 2009 and February 2014leel). a-distribution from
mono observations taken between September 2009 and Fel2@Ed (middle panel), and
November-December 2008 (right panel). Only the pointingitimn 025 deg away from

IC 310 is used. The cuts result in an energy threshold (defased peak of the fferen-

tial MC energy distribution) ot~ 260 GeV for both mono and stereo data (see the text for
details).

distance of @5 deg and 1 deg for individual wobble positions. Since thama-ray collection
area in the latter case is significantly lower (by a factor &), only data with ®5 deg dfset are
used here for the signal search and for obtaining the speana the light curve. The mono and
stereo data are analyzed separately. The mono and stereaapartially independent systems,
differing in the analysis method, thus there can be some resgsi@matic error between them.
Additionally, IC 310 was not observed in the standard woldtiservation mode; this increases
the systematic error from the background estimate. Incsigp@ranalyses were performed on the
data also from Julian Sitarek and Saverio Lombardi givingeatible results.

Finally, Fermi data taken during the period between 2008 August 4 and 2d¢@3ihas also
been analyzed in collaboration with the authors of Nerori@l.€2010).

4.1.2 Results

A final sample of 20.6 hours of stereo data, after the datatgualeck, is obtained for the period
from October 2009 to February 2010. Téredistribution of the signal coming from IC 310 and
the background estimation are shown in figure 4.1 (left pafiéle source is detected with6o
significance.

The source is also detected in the 27.5 hours of mono dataef@bpr 2009 — February 2010)
with a significance of & o. Note that since part of the MAGIC-I data set are also used in
the stereo analysis, the two significances are not compl@tdependent. The correspond-
ing a-distribution is also shown figure 4.1 (middle panel). Thé&etent signal significance
obtained in stereo (B0) is similar to the one of mono scaled to the same observaime t
(8.60 x v20.6 hr/27.5 hr= 7.50). This is because the mono data have been taken over a longer
time period, including a higher emission state in Octobé&i®(see below). Moreover, in the
significance calculated according to Li & Ma (1983), for athgignal-to-background ratio (as in
the case of excellent gamma-hadron separation obtainédrenosobservations), the background
is overestimated and this lowers the significance. A pdgf&ctown background oNp,cx events
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Figure 4.2: Significance skymap from the MAGIC stereo observation (42-$dboth point-
ing positions) for energies above 400 GeV. An enlargemerhefiC 310 region overlaid
with the NVSS (NRAO VLA Sky Survey at 1.49 GHz; Condon & Broiér 1988) con-
tours (top left inserted panel), and the corresponding @r(agttom left inserted panel), are
also shown. The NVSS data were obtained whithdin (Bonnarel et al., 2000). Positions of
IC 310, NGC 1275 and NGC 1265 are marked with black, white,geén crosses respec-
tively.

will fluctuate with an RMS ofv/Npaci, thus a significance of a weak signalify events can be
approximated bWex/ VNpack. This formula scaled to the same observation time gives laehig
value for stereo, 1@, than for mono, 2, observations.

It is interesting to note that the 11.2 hours of good qualtitgno data taken at the end of 2008
do not show any significant excess at the position of IC 318 figeire 4.1, right panel). These
data yield an upper limit for the fluk (> 300GeV)< 1.9% CU?

In figure 4.2, the significance skymap of the Perseus clustgom above 400 GeV is shown. The
bright spot is consistent with the position of IC 310. In tlamels inserted in figure 4.2, archival
(non-simultaneous) IC 310 VLA radio data (Condon & Brodkyit988) are also shown.

The MAGIC stereo observations reveal a flat SED between 150 &wl 7 TeV without any
visible curvature or cut4d as shown in figure 4.3. The feerential fluxdN/dE in units of
cm?s1TeV-? is well described by a pure power law asi(k 0.2) x 103(E/TeV) 200:014
(x?/Ngot = 2.3/4). The mean gamma-ray flux above 300 GeV obtained from thecstbserva-
tions between October 2009 and February 2010..£8.5) x 1072 cm? s72, corresponding to
(2.5 + 0.4)% CU. Comparing this with the upper limit from the 2008 dsuggests variability of

1CuU stands for Crab Units defined as the fraction of the Crahulefhux defined by eq. 2 of Albert et al. (2008c),
that corresponds, e.g. for energies above 300 GeV, #1201t cm? s2.
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Figure 4.3: SED of IC 310 obtained with 20.6 hours of the MAGIC stereo dhtkcircles).
Open triangles show the flux measurements fromR&eni-LAT from its first two years
of operation. Archival X-ray (Sato et al., 2005), opticalnigky & Kowal, 1968), infrared
(Knapp et al., 1989) and radio (Gregory & Condon, 1991; Beekal., 1991; Condon et al.,
2002; White & Becker, 1992; Douglas et al., 1996) data okthiffrom the NED database
are shown with grey dots. The solid line shows a power law fithe MAGIC data, and
the dotted line is its extrapolation to GeV energies. A zdorof the MAGIC points is also
shown.

IC 310 on a one-year time scale.

The light curves of the IC 310 gamma-ray emission above 300@»ained both with the mono
and stereo data are presented in figure 4.4. Hints of vatiatén be seen in the data. Fitting the
individual light curves assuming constant flux yieldgngo; = 27.6/7 (for mono, corresponding
to 350 ) and 175/4 (for stereo, corresponding to03-). The largest deviations from the mean
value are for the intervals 1314 October 2009 (3 o in mono above the mean flux), and-46
November 2009 (3 in mono, 32 ¢ in stereo above the mean flux).

Until February 2010, thBermiLAT instrument observed only three photons with energiesa
100 GeV from the direction of IC 310 (Neronov et al., 2010)islinteresting to note that one
of those gamma-rays was observed on 15th of October, neairigident with the higher flux
seen in mono. The standafdrmilikelihood analysis gave a “Test Statistics” value of 7Mfiro
IC 310 above 1 GeV (corresponding te-é@ o detection)’. Assuming a simple power law for
the spectrum, a dfierential flux ofdN/dE = (9.5+2.9)x 10° (E/10GeV)15&025cm2 571 Tev!

is obtained. Thé&ermispectral index is very hard, mostly due to the last point.

2Note that this significance is not calculated according éolh& Ma (1983) method.
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Figure 4.4: Light curve (in 10-day bins) of the gamma-ray emission alR@GeV obtained
with the mono (open squares) and the stereo (full circlesfaWAdata. The open square with
an arrow is the upper limit on the emission in November-Dduemn2008. Vertical grey lines
show the arrival times of 100 GeV photons from thieermiLAT instrument. The horizontal
dashed line is a flux level of 2.5% CU.

4.1.3 Discussion

The MAGIC angular resolution is not ficient to determine the location of the VHE emission
region within the radio galaxy. Therefore, it is not clearatier the observed gamma-ray emis-
sion is connected with the tail of the source or if it is progd@t the base of the jet, close to
the central engine of the source (as in blazars). The stnogigdtions of variability disfavor
the gamma-ray production at the bow shock, discussed bynseret al. (2010), because in this
case the emission should be steady on time scales of thaieapdars. Variability with a time
scale of a year (a week) constrains the size of emissionmagibe< 10*® cm (< 2 x 10'° cm)
across, assuming no Doppler boosting of the flux, which ishramaller than the total size of
the tail (~ 10?4 cm). Additionally, one can estimate the mass of the centeadkbhole, Mgy,

of an active galaxy using the correlation between black htdss and the central velocity dis-
persion of the host galaxy (Tremaine et al., 2002). The nredskelocity dispersion in IC 310
(230 km's, McElroy, 1995) yieldgy = 2.4 x 10BM,, corresponding to a Schwarzschild radius
of Rsy = 7 x 10 cm. This indicates that the most probable location of thergarmay emission
region is in the innermost part of the jet (as e.g. for M 87,Aegari et al., 2009b).

The extrapolation of the IC 310 spectrum obtained with the®li@ telescopes is in good agree-
ment with theFermi spectrum below 60 GeV. On the other hand, there is a largatieviin
the highest energy bin measured Bsrmi (see figure 4.3). The gamma-ray flux from MAGIC
observations in this energy bin predicts 0.6 photons, whidotons were observed IBgrmi
LAT. Assuming a Poisson distribution, the probability oftaiming> 4 photons is 3t x 1073
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(corresponding to .Z standard deviations) so the discrepancy may be a statifitictuation.
However,FermiLAT, having an energy resolution ef 10%, observed 3 of the 4 photons with
nearly the same energies (98.5, 105, and 111 GeV). If corditnyefuture observations, these
events may indicate the presence of a peculiar peak or buithe ifC 310 spectrum given that
the remaining~ermi-LAT data agree with the MAGIC measurement. The detectiosuzh a
relatively narrow feature in the spectrum of a radio galaxayrbe a clue regarding the particle
acceleration mechanism at the base of AGN jets (e.g. “digghma-ray emission during ac-
celeration of particles, Neronov & Aharonian, 2007). TlEsains a suggestion since the source
seems to be variable, and the MAGIC drefmidata used here were not taken simultaneously.
The combined MAGIC andrermi spectrum (besides the above mentioned bump) is consistent
with a flat E-2 spectrum stretching without a break over more than 3 ordersagnitude in
energy (2 GeV — 7 TeV). This is similar to the flat VHE spectrdvb87, another radio galaxy
detected at TeV energies (Aharonian et al., 2006b; Albedl.e2008a; Acciari et al., 2008).
Such an extended fl& 2 spectrum is hard to obtain in a simple one-zone synchrotetfa s
Compton (SSC) model (e.g. Maraschi et al., 1992). Insteathlde model of emission might
be IC scattering of external infrared background photoosifaccretion flow or from the inner
jet (see e.g. Neronov & Aharonian, 2007). Alternatively,a fipectrum can be produced in the
hadronic models (e.g. Mannheim, 1993, Mucke et al., 2008more complicated, multi-zone
leptonic models, the GeV-TeV emission of a few slightly sddfinverse Compton peaks can also
emulate a flat spectrum (e.g. spine-sheath layer modelc@hige& Ghisellini, 2008). Finally,
using the model by Dominguez et al. (2011), the change isgibetrum due to the absorption in
the extragalactic background light radiation field is witktie error of the spectral slope.

Note that this is the first source discovered above 300 Ge\W&WMAGIC telescopes working
together in stereo mode.

4.2 The Detection of the Radio Galaxy NGC 1275

NGC 1275 ¢ = 0.0179), the central dominant galaxy of the Perseus clusagbons one of the
closest AGN, already included in the original Seyfert liSeyfert, 1943). The AGN is a very
bright radio source showing an extended jet with FafigRdey | morphology (e.g. Vermeulen
et al., 1994; Buttiglione et al., 2010). The optical emissabthe nucleus is variable and strongly
polarized from 3% to 6% (Maza, 1979; Martin et al., 1983), iyinm that the relativistic jet con-
tributes significantly to the optical continuum (Angel & Skmnan, 1980). The source has also
been classified as a BL Lac object (Veron, 1978). The jet as®s its inclination from 10 deg
to 20 deg on milliarcsecond scales up to 40 deg to 60 deg a@od scales (Krichbaum et al.,
1992). Due to its brightness and proximity this source isligesuited to study the physics of
relativistic outflows and the “feedbackffects of the jet on the cluster environment (e.g. Fabian
et al., 2008).

NGC 1275 is one of the closest gamma-ray emitting AGN. It was$ inambiguously detected
in the high-energy (HE, 100 Me¥ E < 100 GeV) gamma-ray range ermi, during the
first four months of all-sky-survey observations, with aer@ge flux above 100 MeV d¥, =
(210 + 0.23) x 107 cm? st (Abdo et al., 2009). The derential energy spectrum between
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100 MeV and 25 GeV was described by a power law with a specitak of—2.17+0.05. While

no variability was observed during these four months of ola®ns, subsequent results based
on the first yeaFermiLAT observations (Kataoka et al., 2010) show evidence aof¥ariability

on time scales of months. Furthermore, the average gamynspectrum show a significant
deviation from a simple power law, indicating an exponédrtia-off at the break photon energy
of Ec = (422 + 19.6) GeV.

More recently, the results obtained from the first two ydaasni-LAT observations (Brown &
Adams, 2011) have given clear evidence for variability ometiscales of days above 800 MeV,
revealing that several major flaring events occurred duttiregtwo-year observation period. A
harder-when-brighter correlation between flux and spkeictdex was also found. Brighter and
therefore harder GeV states are then promising for triggering observatiangHE. Finally,
present upper limits at VHE provided by MAGIC-I (previousagher; Aleksic et al., 2010a)
and VERITAS (Acciari et al., 2009a) combined with tRermiLAT results mentioned above
suggested that NGC 1275 may have a break or filitdhe spectrum around tens of GeV.

This section is dedicated to the VHE detection of NGC 127%h&Rerseus cluster stereo data
collected from August 2010 and February 2011 by the MAGI€debpes. The same data also
confirm the VHE variability of IC 310.

4.2.1 Observation and Analysis

The Perseus galaxy cluster region was observed in steree bydtie MAGIC telescopes during
two different periods. The first campaign was carried out betweeob®c009 and February
2010, for a total observation time of &hours. This resulted in the IC 310 detection(Aleksi¢
et al., 2010b). The latest campaign was performed betwegn#2010 and February 2011, for
a total observation time of 53 hours. This resulted in the detection of NGC 1275 at VHE pre-
sented in this section. During this last campaign, Persassolserved in the wobble mode, with
data equally split in four pointing positions located syntnecally at 04 deg from NGC 1275,

in order to ensure optimum sky coverage and background astim The survey was carried
out during dark time at low zenith angles (from 12 deg to 36)detpich guaranteed the lowest
energy thresholdy 50 GeV).

After the application of standard quality checks9 fours of data were rejected mainly due to
non-optimal atmospheric conditions. The final sample isefoee composed by 4B hours of
good quality stereo data. Independent analyses were petbon the data also from Saverio
Lombardi, Pierre Colin and Dorothee Hildebrand giving cauitge results.

4.2.2 Results

Theé?-distribution of the signal and background (estimated fdistinct regions), for energies
above 100 GeV, are shown in figure 4.5. NGC 1275 is detectddansignificance of & o. It

is worth noting that the background estimation is n¢eted by a possible IC 310 contribution,
since the latter source is not detected in the present data.

The NGC 1275 dierential energy spectrum between 70 GeV and 500 GeV can belsby

a simple power lawy?/ngot = 0.76/1):
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Figure 4.5: ¢>-distributions of the NGC 1275 signal and the backgroundregion from
45.7 hours of MAGIC stereo observations taken between Augusd 2d February 2011,
above an energy threshold of 100 GeV. The region betweenarerthe vertical dashed line
(at 002 degreed represents the signal region.
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in units of cm?2 s TeV4, with ' = —4.1 + 0.755 = 0.35ys:> The mean flux above 100 GeV is
F, = (1.3% 0.25ta + 0.35ys) X 1071 cm2 571, corresponding to (B + 0.4sar + 0.6¢y5)% CU. The
steepness of the spectral index measured by MAGIC stronglyats the presence of a break or
cut-off in the NGC 1275 spectrum around tens of GeV, as already stegheyg theFermiLAT
results (Kataoka et al., 2010; Brown & Adams, 2011), and issent with the upper limits
on the flux at VHE provided by MAGIC-I (Aleksit et al., 2010a)d VERITAS (Acciari et al.,
2009a). The rapid decline in the spectrum, which causes @€ M275 signal to vanish above
approximately 500 GeV, permits investigating the possitiinduced gamma-ray emission in
the Perseus cluster environment above that energy (sesewidn; Aleksic et al., 2012a).

In figure 4.6, the SED is compared with the results in the 100/ M&00 GeV range provided
by FermiLAT, averagingFermi data over the first year (Kataoka et al., 2010) and the first two
years (Brown & Adams, 2011). The comparison suggests thgn#isant spectral steepening
occurs around 100 GeV. However, the present non-simultaneous data doemotipdiscussing
whether the spectral change corresponds to a break betwegmotver laws or an exponential
cut-of.

3The systematic errors of the flux normalization and the gnspgctral slope considered here have been esti-
mated to be 23% and0.3, respectively, whereas the systematic error on the ersedg is 17%. These values are
more conservative than those presented in Aleksit et@L3@), given the flux weakness and the spectral steepness
of NGC 1275, as measured by MAGIC.
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Figure 4.6: NGC 1275 SED measured by MAGIC between 70 GeV and 500 GeVd(fille
squares), together with the results above 100 MeV achiaweed the first year (filled circles;
Kataoka et al., 2010), and from the first two years (opene&scBrown & Adams, 2011)
of FermiLAT observations. The power-law fits to tlermiLAT data (extrapolated up to
1 TeV) are also shown, together with the exponential poaerfit provided in Kataoka et al.
(2010).

The August 2010 to February 2011 light curve of NGC 1275 caegbéor an energy threshold
of 100 GeV and with a monthly binning is shown in figure 4.7. N@ence of variability can be
derived from these measurements. In fact, fitting the liginte with a constant flux hypothesis
yields ay?/nqos = 7.4/6, corresponding to a probabili§(y?) = 0.29.

No significant excess events coming from IC 310 have beerdfouthe observations presented
here. The corresponding integral flux upper limit above 3@¥ @ F}"(> 300 GeV)= 1.2 x
102 cm2 s71, for a spectral index of = —2.0 (i.e. the spectral index of the source measured
by MAGIC). This value is about a factor 3 lower than the avermgegral fluxF, (> 300 GeV)=
(3.1+£0.5)x 10*? cm? s measured by MAGIC from October 2009 to February 2010, thereb
confirming the variability of the latter source on a year tiscale.

4.3 Constraining Cosmic Rays and Magnetic Fields

Eventually, the MAGIC telescopes observed the Perseugeclusstereoscopic mode from Oc-
tober 2009 to February 2011 for a total-o85 hours of &ective observation time. This section
is dedicated to derive constraints on the possible CR irdlgaenma-ray emission in the Perseus
cluster and, assuming the hadronic model is applicablegaatio mini-halo emission, on the
ICM magnetic filed values.

Galaxy clusters are also very promising targets for comstrgthe DM annihilation cross section
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Figure 4.7: NGC 1275 light curve between August 2010 and February 20&teadn energy
threshold of 100 GeV, and with a month time-scale binning.hibs of variability are seen
in the data. The dashed horizontal line represents theamrfsinction resulting from the fit
to the data. For the December 2010, January 2011, and Fgl20dt data, the upper limits
on the flux above 100 GeV for a spectral indexioE —4.0 are also shown (open dashed
arrows).

or decay rate (Colafrancesco et al., 2006; Pinzke et al9;2Bfltema et al., 2009; Cuesta et al.,
2011; Dugger et al., 2010; Sanchez-Conde et al., 2011kPiakal., 2011; Gao et al., 2012).
However, the presence of the NGC 1275 signal at energi€&®©0 GeV, combined with the
expected flat DM annihilation emission profile out to thealiradius owing to the substructures
that dominate the cluster emission (Sanchez-Conde &ll; Pinzke et al., 2011; Gao et al.,
2012), calls for novel analysis techniques. Thereforeh sunalysis is deferred to future work

4.3.1 Cool-core versus Merging Clusters

The Perseus cluster was selected for the MAGIC observadisiitss the most promising target
for the detection of gamma-rays coming from neutral pionage@sulting from hadronic CR
interactions with the ICM (Aleksi€ et al., 2010a; Pinzke &dmmer, 2010; Pinzke et al., 2011).
See the previous chapter 3 for details.

One of the most important questions in studies of non-thechater emission is the origin of
giant radio halos in merging clusters and radio mini-hato€CCs and whether they have a
common physical origin. Hence it is instructive to compdre prospects for detecting VHE
gamma-ray emission from two representative clusters df @aadel class, namely Coma and
Perseus. First, assuming universality of the gamma-ragtapa, Coma is expected to be fainter
than Perseus by approximately a factor of 3.4. This is maelyause of the lower central gas
density in Coma (Pinzke et al., 2011). Second, the Coma >enaigsion is more extended than
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in Perseus by the ratio of the half-flux radii ofl8 deg0.11 deg=1.6 (Pinzke & Pfrommer,
2010). Since the IACT sensitivity drops almost linearlytw#ource extension for the angular
scales considered here, this makes it even more challetgidetect the Coma cluster. Third,
the CR spectral index is expected to steepen due to CR trarmpaesses such as streaming
and difusion (En@lin et al., 2011). The following line of argumesk®ws that this third point
slightly favors Coma as a target source, but the sum of afitpailearly favors Perseus:

e Coma should have a central magnetic field strengtBoof 4.7°35 uG according to Fara-
day RM studies (e.g. Bonafede et al., 2010). While GHz-rabgervations probe 2.5 GeV
electrons that are produced in hadronic interactions of @@ GR protons, gamma-rays at
200 GeV are from 1.6 TeV CRs: hence, for Coma, one has to etatgpa factor of 50 in
energy to connect the CRs probed by radio halo observatidhghose probed by IACTs
and a weak bias due to possible CR spectral steepening istedpe

e For Perseus, a strongBg ~ 20uG is expected from adiabatic magnetic field compression
during the formation of the cool core (see also chapter 3)il&\BHz-radio observations
probe 1.2 GeV electrons and the 20 GeV CR protons that genti@de electrons hadron-
ically, the MAGIC gamma-ray constraints at 1 TeV corresptn@ TeV CR protons (since
the detection of VHE gamma-ray emission from NGC 1275 reqdetifficult to observe
diffuse emission at lower energies). Hence the CRs probed bwdie sbservations and
those probed by MAGIC are a factor of 40Gtdrent in energy. A possible CR spectral
steepening, due to e.g. CRfidision, would induce a larger bias in the CR pressure and
magnetic field constraints. Assuming a change in the spgenttex by 0.2 between 20
GeV and 8 TeV implies a decrease of the VHE gamma-ray flux bytifaf 3.3 — 1.6
times larger than the corresponding decrease of flux for Gonex the eight times smaller
energy range).

In summary, Perseus appears to be the most promising targittecting CR-induced gamma-
ray emission. Assuming that the energy dependence of theaDRaort and the associated spec-
tral steepening is representative for clusters, Coma wgddire ten times longer integrations
to detect the corresponding gamma-ray in comparison teBsrdHowever, CCCs and NCCCs
are complementary and equally deep or deeper observationsrging clusters that host giant
radio halos — such as Coma — are needed.

4.3.2 Observation, Analysis and Results

The Perseus cluster region was observed by the MAGIC tghesdoom October 2009 to Febru-
ary 2011 for a total of about 99 hours. During the October 206@bruary 2010 campaign
(45.3 hours), the data were taken in the so called soft-sterggetrimode with the first tele-

scope trigger working in single mode and the second telespeqrding only events triggered
by both telescopes. The soft-stereo trigger mode may rasslightly degraded performance
at the lowest energies with respect to Aleksic et al. (2p1at has a negligible impact at the
energies of interest here. During the August 2010 - FebrR@iyl campaign (58 hours), data
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were taken in the standard full-stereo trigger mode wheeatsware triggered simultaneously by
both telescopes.

The final data sample consists of. Bsours of &ective observation time. The data quality check
resulted in the rejection of about #4hours of data, mainly due to non-optimal atmospheric
conditions. In order to combine data taken witfelient trigger modes, a high cut on the shower
image Size has been applied. Only events with image Sizeeab®¥ photo-electrons in both
telescopes were kept (the standard analysis uses 50 plectoeas cuts). With this cut, the
rate and image parameter distributions of the backgrouedts\are compatible between the two
samples.

The left panel of figure 4.8 shows the significance skymapiobthwith this analysis with an
energy threshold of 150 GeV. The two AGNs detected duringcémpaign can clearly be seen
(NGC 1275 in the center and IC 310 in the lower-right part).
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Figure 4.8: Left panel: significance skymap of the Perseus cluster abhd%eGeV. The
positions of NGC 1275 (white cross), which coincides wita ttuster center, and the head-
tail radio galaxy IC 310 (black cross) are marked. Right pasignificance skymap of the
Perseus cluster region above 630 GeV. The central whiteeaimarks the A5 deg region
used to derive constraints (see main text for details). TUwtagl energy thresholds are ob-
tained assuming a spectral index of -4 as observed in NGC.1275

In this section, the attention is focused on the pion-de@ayrga-ray emission resulting from
hadronic CR interactions with thermal protons of the ICMs@wlogical simulations of Pinzke
& Pfrommer (2010) suggest that the spectral energy didtabwf gamma-rays follows a power-
law, F o« E', with a spectral index of = —2.2 at the energies of interest here (Aleksic et al.,
2010a). The simulated signal is extended with approxim&@?%o of the emission coming from
a region centered on NGC 1275 with a radius dff0deg (see figure 13 of Pinzke & Pfrommer,
2010). The emission from NGC 1275 is dominant below about 8¥ and with a spectral
index of about-4. Therefore, since the expected CR-induced signal is mactieh than the
measured NGC 1275 spectrum, it should appear at higheriesengh no break or cutfbin
the energy range covered by MAGIC. Hence, the data analy/Bisited to energies 630 GeV
for which the NGC 1275 signal vanishes. The right panel ofrBgti8 shows the significance
skymap above 630 GeV. In contrast to NGC 1275, the spectrui@ &10 is very hard and
remains detectable above 600 GeV. IC 310 36 deg& 10 PSF) away from the cluster center,
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Figure 4.9: #?-distribution above 630 GeV of the signal (data points) aackiground (gray
filled region) at the cluster center. The dashed line reptesthe signal region cut within
which the excess event number is estimated. Here it comespim 002 ded. The quoted
energy threshold is obtained assuming a spectral indexas ebserved in NGC 1275.

far enough so that its emission does not leak into the siggzabn. However, if not explicitly
accounted for, it couldfgect the estimated background. Here, the background is mezhaith
three df-source positions at.® deg from the camera center and.28 deg away from IC 310.
This distance guarantees that there is no contaminatiom @310.

In figure 4.9, theg?-distribution of the signal and background at the clustetteefor energies
above 630 GeV is shown. Since the emission is expected to be emtended than the MAGIC
PSF, the cut in thé? distribution which defines the signal region must be optadizFirst, the
6>-distribution of the expected signal is estimated conandethe simulated surface brightness
of the Perseus cluster emission smoothed with the MAGIC B8&€ond, the background level is
estimated from the data. Finally, the significance for sigiedection is calculated as a function
of the #? cut. The derived optima#? cut was close to .02ded. As shown in figure 4.9, no
significant excess is found within 0.02 deg

Upper limits (ULs) are derived for several energy thresholdhe d¢ective area of MAGIC
is calculated using point-like source MC simulation and lthes have to be corrected to take
into account the expected source extension. To calcul&etinrection factor, the fraction of
the total events inside the signal region for a point-likarse is compared to the expected CR
induced signal. Therefore, the presented ULs can be comipatle the theoretical expectations
for the region within a radius of.05 deg. In table 4.1, the integral flux ULs above specified
energy thresholds calculated for a spectral index2®f are presented. The point-like ULSs,
significance and ULs in number of events are also shown. Tiegral ULs for energies above
Ey, = 1 TeV corresponds to the best sensitivity for sources widtspl index—2.2 and it is
the most constraining value; for this reason this UL is addgdor the following discussion.
For purposes that will be clear in the following, thel® deg integral flux UL above 1 TeV
is recalculated for spectral indexes-62.1, —2.3 and-2.5 resulting in 137, 138 and 139 x
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EalGeV] ofiye NG For R°

630 0.58 84.7 293 322

1000 0.15 414 125 1.38
1600 0.33 38.7 1.07 1.18
2500 0.38 28.8 0.79 0.87

Table 4.1: Integral flux ULs k. for a power-law gamma-ray spectrum with spectral index
—2.2 above a given energy thresholg, Both for a point-like source (PL) and for al8 deg
extended region, in units of 1& cm2 s1. Additionally shown are the corresponding sig-
nificanceo-fi'Ma and ULs in number of eventsﬂ'ﬁ_l (before applying the source extension
correction).? Note that the significance reported fop E 630 GeV is slightly diferent than

in figure 4.9 because fiierent cuts were applied. In particular, computing ahelistribution

a hard gamma-ray selection cut, which is normally adoptedédtection purpose, is adopted,

while computing the flux ULs softer cuts are used in order tuce the systematic errors.

107 cm? s, respectively.

4.3.3 Implications for Cosmic Rays and Magnetic Fields

In this section, dierent approaches are adopted to constrain the CR presstibudion in the
Perseus cluster with the MAGIC ULs. This permits to expldre underlying plasma physics
that produce the CR distribution. These approaches indlLide simplified analytical approach
that assumes a constant CR-to-thermal pressure and a mompotver-law spectrum, (2) an
analytic model of CRs derived from cosmological hydrodyreaainsimulations of the formation
of galaxy clusters, and (3) the use of the observed lumiypasitl surface brightness profile of
the radio mini-halo in Perseus to place a lower limit on thpested gamma-ray flux in the
hadronic model of radio mini-halos. This provides a minim@R pressure which, using tight
gamma-ray limitgletections, checks the hadronic model of the formationdibranini-halos. (4)
Alternatively, by constructing a CR distribution that isjallowed by the flux ULs, and requiring
the model to match the observed radio mini-halo data, a lbméron the magnetic field strength
can be derived. Note, however, that this limit assumes beabbserved synchrotron emission is
produced by secondary electrons resulting from hadronien®Ractions.

1 - Simplified Analytical Cosmic Ray Model

A simplified analytical model is adopted assuming a power&R momentum spectrunt, o

p', and a constant CR-to-thermal pressure ratio, i.eisthigaric model of CRfollowing the ap-
proach of Pfrommer & Enf3lin (2004a) (the low-momentum é@ubm the CR distribution func-
tion is assumed to bg = 0, this can be easily generalized to an arbitrgnysing e.g. figure 1
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I XCR,max [%] xCR,min [%] XCR,max/XCR,min F;min

-2.1 0.77 0.42 1.8 7.4
-2.2 1.12 0.35 3.2 4.3
-2.3 2.17 0.38 5.7 2.4
-2.5 11.6 0.67 17.3 0.8

Table 4.2: Constraints on CR-to-thermal pressure ratio in the Perslesger core Xcrmax
which is assumed to be constant in the simplified analyticealeh Those constraints
are compared to minimum CR-to-thermal pressure rad@gmin, and minimum gamma-
ray fluxes in the hadronic model of the Perseus radio mira-h&IMinimum gamma-ray
flux in the hadronic model of the Perseus radio mini-h&Qmin(> 1TeV), in units of
10 em?sL.

of Pfrommer & EnRlin 2004a). Since a priori the CR spectrdext I is unconstrained, it is
assumed to vary within a plausible range-&1 < I' < —2.5. The central value of this spec-
tral range is compatible with the radio spectral index in¢bee of the Perseus radio mini-halo
of @, = -I'/2 ~ 1.25 (Sijbring, 1993). To model the thermal pressure, the oreaselectron
temperature and density profiles for the Perseus clustergzbv et al., 2003) are adopted. The
temperature profile has a dip in the central cool core regnmhaiherwise a constant tempera-
ture of KT = 7 keV. The density profile is hybrid in the sense that it corabiinsteinX-ray
observations on large scales with high-resolut®M-Newtonobservations of the cluster core
(Churazov et al., 2003).

Table 4.2 shows the resulting constraints on the CR-tasthbpressure ratio{cg = (Pcr) / {Pt),
averaged within the virial radiu®}i; = 2 Mpc, defined as the radius of a sphere enclosing a
mean density that is 200 times the critical density of theverse. The inferred constraints on
Xcr strongly depend ol due to the comparably large lever arm from GeV-CR energhest (t
dominate the CR pressure) to CR energies at 8 TeV. Using tegral flux UL above 1 TeV,
Xcr Is constrained to be between 0.77% and 11.6%I{fearying between -2.1 and -2.5). For a
spectral index of -2.2, favored by the simulation-basedehofiPinzke & Pfrommer (2010) at
energies> 1 TeV, Xcr < 1.1%.

2 - Simulation-inspired Cosmic Ray Model

For a more realistic approach, cosmological hydrodynalnsicaulations must be used. These
have considerable predictive power, e.g. calculating Reectrum self-consistently rather than
leaving it as a free parameter, and permit tests of variosisnagtions about the underlying CR
physics. The universal spectral and spatial CR model dpeelby Pinzke & Pfrommer (2010)
is used. This model uses only a density profile as input whachbe inferred from cosmological

4The hadronic interaction physics guarantees that the CBirgppéndex coincides with that from pion-decay
gamma-ray emission.



4.3 Constraining Cosmic Rays and Magnetic Fields 75

| Perseus ... sim.-based analytics w/ gall.
| sim.-based analytics w/o gal. |
i sim.-based analytics w/o gal. (x0.8)
_ 1012k \ === Fimn
“.‘E F
o L
— L
%)
: g
Z
L
A 108
\_; r
L L
1014 L L L L M| ' S
1000
E [GeV]

Figure 4.10: Integral flux ULs of mono (point-like ULs, upper arrows; seevpous chapter;
Aleksit et al., 2010a) and stereo (solid arrows; table dhBervations are shown. These are
compared to the integrated spectra of the gamma-ray emifsiom decaying neutral pions
that result from hadronic CR interactions with the ICM in therseus cluster coming from
within a radius of 015 deg around the center. Also shown is the minimum gammduay
estimates for the hadronic model of the Perseus radio nailoi-{@ashed line with minimum
flux arrows) using the universal gamma-ray spectrum reguftiom pion decay (Pinzke &
Pfrommer, 2010) and adopting the spectral index -2.2.

simulations or X-ray observations. This analytic approaidels the CR distribution, and the
associated radiative emission processes from hadromi@airtions with gas protons, from radio
to the gamma-ray band. See also chapter 6 where dyknd model is constructed by merging
the simulation-driven approach of Pinzke & Pfrommer (2041®] the analytical results of Enf3lin
etal. (2011).

There are at least two major uncertainties in modeling th@y®ics that significantlyféect the
resulting spatial and spectral CR distribution: the CR Breéion dficiency and the microscopic
CR transport relative to the thermal plasma. The overalinabzation of the CR and gamma-
ray distribution scales with the maximum acceleratifiiceency at structure formation shocks.
Following recent observations (Helder et al., 2009) andnbigcal studies (Kang & Jones, 2005)
of supernova remnants, here a value of 50% is adopted (sethalsorresponding discussion in
the previous chapter 3). The Pinzke & Pfrommer (2010) coegioal simulations only consider
advective transport of CRs by turbulent gas motions whidadlpces a centrally enhanced profile.
However, active CR transport such as CRudion and streaming flattens the CR radial profile,
producing a spatially constant CR number density in thetiigicase. As a consequence, this
produces a bimodality of the flluse radio and gamma-ray emission of clusters, since more cen
trally concentrated CRs will find higher target densitiesifadronic CR proton interactions (see
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chapter 6; Enf3lin et al., 2011).

As in chapter 3, an optimistic CR modalifiulation-based analytics with galaxjeend a more
conservative ones(mulation-based analytics without galaXiese used in order to bracket our
ignorance. The hybrid electron density and temperaturgl@foom X-ray observations of the
Perseus cluster are adopted (Churazov et al., 2003). Theetatare profile is here modified
in the outer cluster regions (beyon®B,qo ~ 400 kpc) in order to reproduce the characteristic
decline toward the cluster periphery as found in simulai@inzke & Pfrommer, 2010; Pfrom-
mer et al., 2007) and in a nearby sample of d€bdandracluster data (Vikhlinin et al., 2005).
While this modification has little influence on the expectedngna-ray emission (in projection
onto the core region) as the densities drop considerabhesetregions, the resulting profiles for
the CR-to-thermal pressure ratio are changed.

Figure 4.10 shows the expected spectrum of Perseus withapariure of radius.Q5 deg as
calculated using the semi-analytical model of Pinzke & Riineer (2010). The MAGIC limit for

E, > 1 TeV falls below the flux level of the conservative modey 20%; thereby constraining
assumptions about the adopted CR physics in the simulaiwhghe resulting CR pressure.
Figure 4.11 shows the CR-to-thermal pressure rdge = (Pcr) / (Pw) as a function of radial
distance from the Perseus cluster center, in units of tha vadius,R,;; (to computePcr, a low-
momentum cutfi of the CR distribution off = 0.8 m,c is adopted, as found in cosmological
simulations by Pinzke & Pfrommer, 2010). The raXgk rises toward the outer regiorsecause

of the higher CR acceleratiorffieiency in the peripheral strong accretion shocks compared t
the weak central flow shocks. Adiabatic compression of a unéxbf CRs and thermal gas
reduces the CR pressure relative to the thermal pressuredhe softer CR equation of state.
The strong increase of % toward the cores a remnant of the formation of the cool core in
Perseus. During this transition, the mixed gas of CRs arrdiélgoarticles has been adiabatically
compressed. While the thermal gas radiates on a compdyatast thermal bremsstrahlung
timescale, the long hadronic interaction time scale forggtec CRs ensures an accumulation of
this population, thus diminishing the thermal pressurgsuprelative to that in CRs.

The MAGIC flux limits constrainXcg of the simulation-based analytical model to be less than
1.6% within Q15 deg (200 kpc). Assuming this spatial CR profile yields atGfermal pres-
sure ratio< 1.7% within R ~ 2 Mpc and< 5% within 20 kpc (adopting the conservative
model). TheXcr-limit within the virial radius is larger by a factor of 1.5dh that of the simpli-
fied approach because the concave curvature of the simgpgatrum accumulates additional
pressure toward GeV energies relative to a pure power-law.

With these gamma-ray flux ULs, the CR physics in galaxy chssi® constrained: this either
limits the maximum acceleratiorficiency of CRs at strong structure formation shocks &0%

or indicates possible CR streaming antfuBion out of the cluster core region. The latter would
populate the peripheral cluster regions a@g would increase toward the cluster periphery at

SNote that the models “with galaxies” and “without galaxiesffer from those used in the previous chapter
where they were based on the simulated Pinzke & Pfrommei0)2€laister g51 (which is similar in morphology
to Perseus). On the contrary, here the universal CR modglingl by Pinzke & Pfrommer (2010) from 14 galaxy
clusters that span almost two decades in mass, is used. Eegapmormalization (between the two models)
therefore increased from 1.5 to 2.4 and the gamma-ray flurénrodel “without galaxies” used hereféis by
10%.



4.3 Constraining Cosmic Rays and Magnetic Fields 77

O T T T wamaomt
i N , scaledto 0. 7
. Perseus - xC§(<R), scaled to 0.18UL 7
r - = = = Xcr(R) model g
b - — = = XR(<R) model
/\ Il
oS L
\%
N
2
o
o
\%
1
o
<
001 L L SR | L L o |
0.01 0.10 1.00
R/Rir

Figure 4.11: CR-to-thermal pressure ratcr = (Pcr) / (Pin) at the radial distance from
the Perseus cluster cent®/R,ir (red lines), and integrated up RYR,;; (blue lines), using
the simulation-based analytical model of CRs (Pinzke & Rifreer, 2010). The simulation
model (dashed) is contrasted to a model that has been scaléte MAGIC constraints
obtained here (solid).

the expense of a decrease of the centi@d (Enl3lin et al., 2011) compared to the simulation
model. The X-ray morphology of the central region in Pers&usws spiral structure in the
density and temperature maps with an anti-correlation di boantities (Fabian et al., 2011a).
This resembles sloshing motions after a past merger evaygesting that Perseus is currently
relaxing. If CR streaming and filusion out of the central core region is indeed correlated wit
dynamical relaxation of a cluster after a merger event agestgd by Enf3lin et al. (2011), this
would render CR transport more plausible for explaininggimaller gamma-ray flux relative to
the simulation model. By the same token, it may argue for aeregtended gamma-ray emission
signature than that seen in the radio, further justifying ldrger source extension ofl® deg
adopted here (which is twice that of the largest radial ekxt#rthe mini-halo of 075 deg).

3 - Minimum Gamma-ray Flux

As explained in the previous chapter (section 2.3.4), fosters with radio (mini-)halos, a min-
imum gamma-ray flux in the hadronic model of radio (mini-Jysatan be derived. The point is
that lowering the magnetic field strength would require@asing the CR electron energy density
to reproduce the observed synchrotron luminosity and thereases the associated gamma-ray
flux. The maximum emission radius of the Perseus radio mafo-bf 100 kpc corresponds to an
angular size of @75 deg, well within the MAGIC PSF; hente does not need to be cut to match
the angular region tested here. The magnetic files is asstonfeB > Bcyg everywhere in the
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radio-emitting region, and (in order to obtain this minimgamma-ray flux) it is required a con-
siderable drop in the CR distribution outside the radio rhigio. The large magnetic field can
be realized by adiabatically compressing the magnetic fietthg the formation of the cool core
and the edge of the radio emitting region can be caused byi@nrefjpredominantly toroidal
magnetic field which ficiently confines CRs to the central region (see e.g. LyutiRo06; Dursi
& Pfrommer, 2008; Quataert, 2008; Parrish & Quataert, 2600&mmer & Dursi, 2010; Enf3lin
etal., 2011).

In contrast to what done in the previous chapter (Aleksiélet2010a), here thabsolutemin-
imum gamma-ray flux is derived rather than the “physical” imiom gamma-ray flux that de-
pends on the assumed magnetic field distribution. The sefrlthe minimum gamma-ray flux
F,min(> 1 TeV) and the minimum CR-to-thermal pressure ra¥gg min = XcrF,min/F.iso are
presented in table 4.2 and figure 4.10 (assuriirg—2.2). Here,F, s, is the gamma-ray flux in
theisobaric model of CRsThe ratio of the maximum to minimum CR pressures max/ Xcrmin
varies between 1.8 and 17.3 for a spectral index betwezh < I' < -25. For the spec-
tral indexI' = —-2.2 of the universal gamma-ray spectrum around TeV enerdiesrdtio is
Xcrmax/ Xcrmin = 3.2. This puts the long-sought gamma-ray detection of clastier partic-
ular for Perseus, within the reach of deeper campaigns Wehpbssibility of scrutinizing the
hadronic emission model of radio (mini-)halos.

4 - Implications for the Cluster Magnetic Field

An absolute lower limit on the hadronic model gamma-ray smiscomes from assuming high
magnetic field strength8(> Bcys) everywhere in the radio-emitting region. Using the MAGIC
ULs, this argument can be turn around to derive a lower limitlee magnetic field strength
needed to explain the observedtdse radio emission within the hadronic model (Pfrommer &
EnRlin, 2004b). Lowering the gamma-ray limit will tighteim¢rease) the magnetic field limit.
If this conflicts with magnetic field measurements by mearsloér methods, e.g. Faraday RM,
this would challenge the hadronic model of radio (mini-ffsal This depends on the assumed
spatial structure oB that here is parametrize as:

ne(r) \*®
B(r) = Bo (ne(o)) : (4.2)
as suggested by the CCC cosmological MHD simulation of Da&oTeyssier (2008). This last
work demonstrates a tight correlation of the magnetic figlth the ICM gas density and high-
lights the importance of cooling processes in amplifying tiagnetic field in the core of galaxy
clusters up to one order of magnitude above the typical dicggiion obtained for a purely adia-
batic evolution. Moreover, such a parametrization is faddoy Faraday RM studies (Bonafede
et al., 2010; Kuchar & Enf3lin, 2011, and references therdtecent Faraday RM studies yield
estimates for the central magnetic field of typically® for merging clusters (Bonafede et al.,
2010, for Coma) and significantly higher values in CCCs oliath16uG (Kuchar & Enflin,
2011, for Hydra A). For the Perseus cluster, as discussdteiprevious chapter, Faraday RMs
are available only on very small (Taylor et al., 2006), anglies magnetic field strengths of
~ 25uG.
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The point-source subtracted azimuthally averaged subfaghtness profile at 1.38 GHz (Pedlar
et al., 1990) of the Perseus radio mini-halo is fitted wigiraodel as:

r 21—-36+1/2
1+ (r—L) ] , (4.3)

Cc

Sy(rJ_) = S()

whereSy = 2.3 x 101 Jyarcmin?, r, = 30 kpc, ang3 = 0.55. This profile is valid within a
maximum emission radius of 100 kpc. An Abel integral depetga then provides the radio
emissivity distribution (see Appendix of Pfrommer & Enf3i004a). To constrain the magnetic
field, the following steps are done:

1. Given a model for the magnetic field characterizedvbyand an initial guess foB,, the
Xcr(r) profile is derived such that the hadronically produced bywiton emission matches
the observed Perseus radio mini-halo emission.

2. Using thisXcg(r) profile, the pion-decay gamma-ray surface brightnesslerisficalcu-
lated. Xcr(r) is then scaled such as the flux coming within a radius.db@eg match the
corresponding MAGIC UL. This scaling factor depends on tlie <pectral index’, the
radial decline of the magnetic fieles and the initial guess fdB,.

3. TheXcr(r) determined in the previous two steps is used to re-cakettes radio emission
and find theB, value that matches the observed synchrotron (note thagos Bcys
and a radio spectral index of, = 1, the solution is degenerate, as can be seen from
equation 3.1).

Table 4.3 gives the resulting lower limits f&. These depend sensitively on the assumptions
of I' andag. The hardest CR spectral indices correspond to the tighiess on By. This is
because for an UL for CR energies of around 8 TeV (as probed TgVlgamma-rays) and a
CR population with a softer spectral index there is a compgrirger fraction of CRs at 25
GeV available which produce more radio-emitting electromierefore, lower magnetic field
strengths can be accommodated while still matching therebdesynchrotron flux. On the other
hand, for a steeper magnetic decline (larggy, the CR number density must be higher to match
the observed radio emission profiles. This would yield a @iglamma-ray flux, so the ULs are
more constraining, and implies tighter lower limits 8.

The inferred values for the minimum magnetic field strengtthable 4.3 range from 2 to 13G

for the values of” andag used here and suggested by radio observations. These andower
than the thermal equipartition value in the center of PexsBiy, =~ 80uG, or magnetic field
estimates from the Faraday RM (Taylor et al., 2006). In tdbB the corresponding values for
the CR-to-thermal pressure ratio (at the largest emissidius at 100 kpc), such that the model
reproduces the observed radio surface brightness prafiedalitionally shows.Since they are

SNote that hereXcr is uniquely determined by the adopted model for the magffietit and the observed syn-
chrotron surface brightness profile. Thidtdis from the simplified analytical CR model wheter = const and
contrasts with the simulation-based model whégg(r) is derived from cosmological cluster simulations of Piazk
& Pfrommer (2010).



80 The MAGIC Stereoscopic System Observation of the Perse@alaxy Cluster

Minimum magnetic fieldBomin [£G]:

ap r

2.1 -2.2 -2.3 -2.5

0.3 5.86 4.09 3.15 2.06
0.5 8.62 6.02 4.63 3.05
0.7 131 9.16 7.08 4.68

CorrespondingXcr (100 kpc) [%0]:

0.3 1.7 2.5 4.9 26.7
0.5 1.7 2.5 4.8 26.1
0.7 1.6 2.3 4.5 23.6

Table 4.3: Constraints on magnetic fields in the hadronic model of thrsdRes radio mini-
halo and the corresponding CR-to-thermal pressure ratithéalargest emission radius of
100 kpc) such that the model reproduces the observed radaxsibrightness profile.

derived from flux ULs they are also ULs on the CR-to-thermabgure ratio. The corresponding
values forXcr in the cluster center are lower than 5% for the entire paransgiace probed here.
Concluding, there is still considerable leeway for the badr model as an explanation of the
radio mini-halo emission.

4.4 Conclusions

MAGIC observed the Perseus cluster for a total of about 83shotihigh quality data between
October 2009 and February 2011. This campaign resulteceisarendipitous detection of the
head-tail radio galaxy IC 310 (Aleksic et al., 2010b) aneldletection of the central radio galaxy
NGC 1275 (Aleksic et al., 2012b).

The IC 310 observed SED is flat with affdirential spectral index 6£2.00 + 0.14. The source
mean flux above 300 GeV between October 2009 and Februanif@0+0.5)x10 2 cm? s,
corresponding to (8 + 0.4)% CU. Only an upper limit, of 9% CU of above 300 GeV, was ob-
tained with the 2008 data. IC 310 is not detected in the Aug040 - February 2011 data,
resulting in an UL ofF}"(> 300 GeV)= 1.2 x 10 ** cm? s™* which is a factor~ 3 lower than
the mean flux measured between October 2009 and February @ifirming the year time-
scale variability of the source at VHE. Strong hints 807) of flares are also identified in the
middle of October and November 2009. The MAGIC results fawwscenario with the IC 310
VHE emission originating from the inner jet close to the calnéngine. More complicated mod-
els than a simple one-zone SSC scenario, e.g. multi-zone &&&nal Compton or hadronic,
may be required to explain the very flat spectrum and its ext@rover more than three orders
of magnitude in energy.
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The NGC 1275 dterential energy spectrum between 70 GeV and 500 GeV can loeilukxs
by a power law with a steep spectral indexioE —4.1 + 0.7 + 0.3sys; and the average flux
above 100 GeV i, = (1.3 £ 0.2 + 0.35ys) x 107 cm™? s71. These results, combined with
the power-law spectrum measured in the first two years ofrgagens byFermiLAT above
100 MeV, with a spectral index df ~ —2.1, strongly suggest the presence of a break or fut-o
around tens of GeV in the NGC 1275 spectrum. The source ligivecabove 100 GeV does not
show hints of variability on a month time scale.

No significant excess of gamma-rays was detected from thee®ercluster central region at
energies above 630 GeV where the NGC 1275 emission vanishes.flux UL for the CR-
induced emission above 1 TeV, for a region of radius d60deg around the cluster center,
corresponds t0.38x 103 cm2 s7L.

Using a simplified analytical approach, the CR-to-thermrabpure can be constrainedXer <
0.8% and 12% (for a CR or gamma-ray spectral indexarying between -2.1 and -2.5). For the
spectral index at TeV energiesloE —2.2, favored by simulationcr < 1.1%. The simulation-
based approach give&r < 1.7%. This latter value is a factor of 1.5 less constrainingabiee
of the concave curvature of the simulated spectrum that iggeehpartial pressure toward GeV
energies relative to a pure power-law spectrum.

The MAGIC UL is a factor of 1.25 below the simulation model anfdr the first time — limits the
underlying physics of the simulation. This could eitheriaade that the maximum acceleration
efficiency of CRs relative to the total dissipated energy amnstrstructure formation shocks is
< 50% (i.e. smaller than the value assumed in the simulationg)ay point to CR streaming
and difusion out of the cluster core region that lowers the cegalvalues (see chapter 6 and
EnR3lin et al., 2011). The observed spiral X-ray structuréhe central cluster region suggests
that Perseus is currently in a relaxation state followingst pnerging event. If a net outward CR
transport is indeed correlated with a dynamical relaxasiate of a cluster, this would render
CR transport a plausible agent that lowers the gamma-rayirflaemparison to the simulation
model that neglects this mechanism.

Adopting a strong magnetic field everywhere in the radioteng region 8 > Bcyg) Yields
the minimum gamma-ray flux in the hadronic model of radio rfiaios. This is a factor of 2
to 17 below the MAGIC ULs for spectral indices varying betwe2.1 and -2.5. For = —2.2,
following the universal CR model, the minimum gamma-ray fla factor of 3.2 lower than the
MAGIC ULs.

Matching the radio emission profile (i.e. fixing the radial @file for a given magnetic field
model) and by requiring the pion-decay gamma-ray flux to m#te MAGIC flux ULs (i.e. fix-
ing the normalization of the CR distribution), lower limig the magnetic field distribution can
be derived. The inferred values are@ < Bomin < 13 uG for the parameter space spanned by
the magnetic field strength radial indey and the CR spectral inddxused here. SincBgnin

is smaller than recent field strengths estimates througdd@grRM studies in cool core clusters
(e.g. Kuchar & Enf3lin, 2011), this argues that the hadrorodehis an interesting possibility in
explaining the radio mini-halo emission.

This displays the potential of future gamma-ray observatiof Perseus to further refine the
parameters of the hadronic model and for eventually astesalidity in explaining RHs. This
is true for the currently operating Cherenkov telescopessfanthe future planned CTA whose
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sensitivity is meant to be about an order of magnitude higfean current instruments.
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Chapter 5

Dark Matter Decay and Annihilation in
Extragalactic Structures

Water, water, every where,
And all the boards did shrink.

Water, water, every where,
Nor any drop to drink.

Samuel T. Coleridge

This chapter is dedicated to study the DM induced gammasagseon of the extragalactic struc-
tures, particularly galaxy clusters, as would be obserwethb Fermi satellite. Aconstrained
cosmological simulation of the local Universe is used tostarct all-skymaps of the DM anni-
hilation and decay emissions. These are then analyzed atimgiFermi 5-years observations,
adopting some representative DM annihilation and decayetspdnd calculating signal-to-noise
ratios.

This work has been published with the tifbark Matter Decay and Annihilation in the local
Universe: CLUES from Fermn the Astrophysical Journal Letters in 2011 (APJ Letter§,72
L6, 2011; Cuesta et al., 2011) and in a subseqgasatumin 2012, where an error on the pixel
area computation has been corrected. | am the third authtbrsopaper. My main contribution
consisted in development of the code with which the DM anaiin and decay all-skymaps
are obtained from the simulation, together with Antonio de§ta. Thd-ermiobservation sim-
ulations and choice of the DM models have been done by Tekmkeand Stefano Profumo.
The DM annihilation and decay all-skymaps obtained fromused Constrained local UniversE
Simulations (CLUES; www.clues-project.org) box are mackglable on-line in a website made
my myself (side.iaa.¢darkmattermagk | also contributed significantly in the paper writing and
in the final analysis.

5.1 Constrained Simulations of the Local Universe

In order to get a detailed description of the DM density distiion in the local Universe, a
high-resolution cosmological simulation box from the CLYBroject is used. This simulation
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180:Mpc/h

PERSEUS

Figure 5.1: Large scale DM density distribution of the local Universetliie Box160CR
constrained simulation of the CLUES project. The image shawlice through the center of
the box and its boundary is periodically wrapped to get a lsidgth of 180h~ Mpc. Figure
from www.clues-project.org.

set provides a realistic local density field which is corgistwith theACDM cosmology (see
Yepes et al. 2009 and Gottloeber et al. 2010 for more detllsde the focus is on gamma-rays
from large structures in the local Universe such as nearkgxgalusters, therefore we choose
the Box160CR simulation (see figure 5.1) which is a consédhirealization of 1024particles

in a cube of 16~ Mpc! on a side ran using the ART cosmological code (Kravtsov t%7,
Gottloeber & Klypin 2008). The initial conditions are sesaming WMAP3 cosmology and
implements the constraints from the observed density fekthat the simulation reproduces the
observed matter distribution in the local Universe on lasgales at redshiiz = 0 (Hoffman &
Ribak 1991, Klypin et al. 2003). The massive clusters sudtirg®, Coma and Perseus, together
with the Great Attractor, are well reproduced. However,fthal positions of these objects are
not exactly at their observed positions, with a typical een@wund 5h~* Mpc.

This cosmological simulation permits to produce all-skpsaf the local DM density and den-
sity squared, which are proportional to gamma-ray emisdiento particle DM decay and an-
nihilation, respectively (to include more distant struesj one could use a box replication tech-
nique as in Zavala et al. 2010). Luminosities are computédviong the method described in
Kuhlen et al. (2008). The flux is proportional {0, my/4nd? for decay andy,; mypo;/4rnd? for

IHereh™! indicates that the quantity is normalized to a valuélgf= 100 km s* Mpc™?, as typically done with
cosmological simulations.
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annihilation, where runs from 1 to the number of particles in each pixaj,is the mass of the
simulation particlep; is the density associated to th¢h particle, computed using the sphere
which contains its 32 nearest neighbors (no smoothing keragused), and, is the distance to
the observer. Only particles betweeh3 Mpc and 80h~! Mpc from the observer, placed at the
right distance from the Virgo cluster, which is the most d¢oaised object in the simulation, are
taken into account. A proper description of the density fielthe innermost %1~ Mpc would
require a higher resolution simulation (as in LibeskindleR@10). This region, being empty of
massive large structures, is not considered here. Fluxebianed in a Cartesian grid of 3600
and 1800 pixels in galactic longitude and latitude, respelst This corresponds to an angular
resolution of roughly 0.1 deg per pixel, reproducing thet lb@gular resolution ofFermi.

Due to the finite resolution of the simulation, the very innenter of DM halos cannot be re-
solved. For this reason, the flux is corrected in every pixetse the centers of DM halos lie
(see Kuhlen et al. 2008). For each halo, a NFW profile (Navetral., 1996) is adopted and
extrapolated up to the halo center. The scale radio$these halos is calculated from the virial
mass-concentration relation of Maccio et al. (2008). Tgporrections do not exceed5%
and~250% of their original value for decay and annihilation pestively. Note that no boost
factor due to DM substructures, or any othéfeet (such as adiabatic contraction from baryons
or Sommerfeld enhancement), is included here.

The resulting all-skymaps are shown in figure 5.2, where knobjects are highlighted. These
maps are used as input for tRermi-LAT observation simulations as described in the next sec-
tion.

5.2 Fermi Satellite Observation Simulations

Using the full DM density and density squared skymaps, tiitedFermi-LAT observations
are produced using thgtobssim routine, part of thé=ermi Science Tools package (v9rl5p2),
which incorporates th&ermiLAT effective area and point spread function and their energy
dependence. All simulations are run to generate a 5-yeamnaditson in the default scanning
mode and using the P83_DIFFUSE release of the LAT instrument response functions.

In the present study, two examples for the gamma-ray speditem decay or annihilation of
the DM particle are adopted as representative of more geclasses of DM models. The first
model features a DM particle with a mass of 1.6 TeV yieldinga pf u*u~ (Bergstrom et al.,
2009), which was shown to fit accurately the PAMELA data inuRa&p & Strumia (2010). In
this case, gamma-ray emission is produced directly in tla §tate radiation (FSR) as well as
through inverse IC of the high energy ande™ produced & of CMB photons. The expected
contributions from both FSR and IC are included (see Ackemet al. 2010b for details). Given
that the energy loss time scales for high-energy electradspasitrons produced by muon de-
cays are much shorter than thé&dsion time scales in the structures considered heffi@istion is
neglected, and the emission of said electrons and poskran€ up-scattering of CMB photons
is calculated. This yields a significant low-energy compunextending all the way up to ener-
gies relevant foFermi (Profumo & Jeltema, 2009). A second, more conventional,ehisdalso
adopted and it inspired by what expected in e.g. supersynomeddels with a bino-like lightest
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Figure 5.2: DM distribution in the local Universe constrained cosmadag) simulation
Box160CR. These all-skymaps are Cartesian (equirectangléte carrée) projections in
Galactic coordinates. Top panel shows the density distobuwhereas the bottom panel
displays the distribution of density-squared. The mapsal@-coded according to the lgg

of the DM flux, and units are Ged? cm2 kpc sr! for decay map and Geyc* cm kpc
sr! for the annihilation map. Large structures reproduced kysimulation such as Virgo,
Coma, and Perseus clusters, together with the Great Aitrace labeled. Images are done
with HEALPIx (healpix.jpl.nasa.gov).
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supersymmetric particle: a 100 GeV neutralino yielding argtantiquark pair (ob flavor, for
definiteness). The primary source of gamma-rays here iseb@&ydof neutral pions produced in
thebb hadronization chains. _
TheFermisimulations of the gamma-ray signal from DM annihilatiootfibtobb andu*u~) are
normalized to a DM flux in thé&ermienergy range of & 108 cm™2 st integrated over the full
sky. This is chosen in order to obtain good statistics to cnapetween dierent extragalactic
structures. Fobb, this flux corresponds to a cross-section of226m*s™t. This cross-section
value has already been excluded by current indirect semsglie Fermi, PAMELA and HESS
(see e.g. Cirelli et al. 2010 and Papucci & Strumia 2010).tMstextreme case is maintained for
comparison purposes. Foru~, the same total flux corresponds to an annihilation crossese

of 5.8 x 10-23cnm®s™t, which gives a good fit to the PAMELA positron excess. Thisiedbk only
marginally excluded in Ackermann et al. (2010Db) if clust#bstructures are considered, and also
in Papucci & Strumia (2010) if the Milky Way DM halo follows af\\V profile.

In the case of DM decay as e.g. in supersymmetry with very weglarity violation, a total
Fermi flux over the full sky of 15 x 10°® cm™ st is simulated. This corresponds to a decay
lifetime of r ~ 10?° s for bb andr ~ 3 x 10°° s for u*~. These lifetimes are not currently
excluded by other gamma-ray constraints and the latter giges a good fit to the PAMELA
measured positron fraction excess (e.g. Papucci & Strufif;Xirelli et al. 2010; Chen et al.
2010; Meade et al. 2010; Zhang et al. 2010).

The observation simulations also include realistic tresatts of both Galactic and isotropic dif-
fuse backgrounds. In particular, the gamma-ray emissan the Galaxy is quite variable across
the sky, an important consideration when comparing the @rgesignals from known objects.
For example, structures lying at low Galactic latitudeg like Great Attractor will have much
higher gamma-ray backgrounds than high latitude objekésthe Virgo cluster. Therefore, 5-
yearFermiobservations of the Galactic and isotropiffase backgrounds are simulated using the
gll iem v02.fit andisotropic_iem v02.txt background models, respectively, released by
the Fermi collaboration. The output background maps are then usednbgpuate signal-to-noise
(S/N) all-skymaps as shown in figure 5.3 and detailed in the neotien.

5.3 Results and Discussion

The main result of this chapter is shown in figure 5.3 and taélle the $N prediction for the
extragalactic gamma-ray emission in the 100 MeV-10 GeVgnemge from DM annihilation
and decay in the local Universe as it would be seen byFdreni satellite after 5-years of ob-
servations. This is the first time that a constrained cosgicéd simulation is used to generate
maps that are consistent with both the currently acceptsehotogy and the observed local Uni-
verse. These maps assume a particle mass of 100 GeV whidtilates or decays through the
bb channel. Maps for the DM model yielding u~ are similar but present lower/I$. Pixels
are binned in squares of 1 deg which matchesFgreni-LAT PSF at around 1 GeV as well as
the typical angular size in the sky of nearby clusters. Ireotd make a quantitative analysis of
DM detectability in some large nearby structures, inclgdituster and filamentary regions, in
table 5.1 the photon number counts arid 8om annihilation and decay in the 1 GeV-10 GeV
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Figure 5.3: SN all-skymaps from 5-yeaFermi simulations for DM gamma-rays in the
energy range 100 MeV-10 GeV built from the Box160CR consémisimulation of the
local Universe. Results for DM decay (top) and annihilatfbottom) are shown for thib

channel model.



5.3 Results and Discussion 91

energy range are computed, for both bieandu*u~ channels. Here, the/S is defined as the
signal over the square root of the signal plus the backgrgamima-ray emission. This choice
of energy range maximizes thgN\Sratio as compared to the 100 MeV-10 GeV range, as the
FermiLAT sensitivity is significantly worse at lower energies.

In the case of DM decay, nearby clusters and filamentary nsgiould be detected for decay
lifetimes longer than those currently ruled out by other ge¥ray constraints. This shows that
extragalactic structures are excellent targets to search $ignal or to place constraints on DM
decay models, including those fitting the PAMELA positroriadalt is important to note that
according to table 5.1 the most promising clusters for DMiigtsl are high galactic latitude
objects, like Virgo and Coma, which comes as no surprisengiliat they are lessfi@cted by
the Galactic background. Moreover, th&Ss not very sensitive to the area of the region under
analysis, provided that the aperture radius is no more tharmlégrees, where the signal saturates
and therefore the background noise makes fhiedecrease. Note that, in the case of DM decay,
the filamentary structure of the cosmic web constitutes gresting target for DM searches.
This is the first time that flaments have been consideredrgets&afor DM searches. In this
case the gamma-ray luminosity is just proportional to thelemed mass, whereas this is only
approximately true for annihilation (Pinzke et al., 200Bhis means that massive extragalactic
objects dfer the best chance for detection (see table 5.1). Large fiitmmaé DM match and even
exceed the values ofIS as compared to those in large clusters, although cautimmdive taken
regarding the exact orientation in the sky of these filamagstsome variation in smaller volume
constrained simulations is found. Superclusters sucheasetfion marked in figure 5.3 show
even more significant values. Hence, these features of the &ale structure of the Universe
may prove to be a very promising novel way to detect decayiMyvidth Fermi. This is an
important result as thEermi collaboration and other authors have started to severeigtian
models of annihilating DM (Ackermann et al. 2010b, Abdo efall0c, Abdo et al. 2010a, Abdo
et al. 2010b) while decaying DM has comparatively receivausalerably smaller attention (see
e.g. Dugger et al. 2010). Currently available gamma-rayentagions provide less stringent
constraints in this case, and from a theoretical standpdedaying DM is a generic prediction
of many theories beyond the Standard Model of particle misygor both neutralino DM and
models that explain the PAMELA positron excess.

The results obtained here do not show any strong hint in fa¥@ possibleFermi detection

of extragalactic gamma-rays induced by DM annihilation.wdeer, this cannot be excluded
completely as boost factors from DM substructures (seeSagchez-Conde et al., 2011 and
Pinzke et al., 2011), adiabatic compression and Sommegfielck that may significantly enhance
the final gamma-ray emission are not considered. Besidepyédicted signals will be enhanced
due to recent determinations of the cosmological paramngiasuggesting a higher value than
the one assumed here, which is consistent with WMAP3 cosyyolo

These conclusions should be complemented by an analydie @falactic components, mainly
from DM subhalos like those hosting the DM-rich dwarf spheabgalaxies around the Milky
Way. This has been recently addressed in Anderson et al0f2@ked on the analysis of a high-
resolution simulation of a galactic DM halo, as in previoapers by Kuhlen et al. (2008) and
Springel et al. (2008). Note that the presence of any galémtegrounds has a potentidfect on
the significance of the predictions presented here, althoaty the Galactic Center and massive
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subhalos have been shown in these papers to be relevantoworéne annihilation or decay
of DM in Galactic subhalos will produce gamma-ray photomsilgir to those from DM in local
extragalactic structures and thus if these happened to ibeident in the sky it would only
enhance the signal. Nevertheless, a spectral confirmatitie potential DM signal is necessary
to validate any claim of detection. On the other hand, thesalts on DM search will benefit
from additional hints from the study of the angular powerctpen of the gamma-ray flux (e.qg.
Fornasa et al. 2009, Hensley et al. 2010, see also Zavala2&tidl for a similar approach to that
presented here, extended to more distant contributions).

Concluding,Fermi will be able to place strong constraints on the DM nature lbigahg ex-
tragalactic objects, in particular for decay. The thecedtpredictions from constrained simu-
lations presented here provide the astroparticle commuwith the most interesting prospects
for the detection of the elusive DM particle. In fact, the signall-skymaps produced here,
and freely available on-line (side.iag@arkmattermag} have also been used in Gobmez-Vargas
et al. (2012) (work of which I am third author) to study thermi prospects for the extragalactic
detection ofjuvySSM gravitino DM.
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Object bb channel wru~ channel background
ann dec

Coma 1 deg 5.297 (44) 5.297 (44) 1.237 (7) 2.109
Coma 2 deg 5.068 (68) 7.583 (114) 0.818 (9) 2.741
Coma 5 deg 3.245 (85) 10.078 (303) 0.445 (11) 3.245
Virgo 1 deg 5.041 (36) 5.646 (43) 0.000 (0) 1.118
Virgo 2 deg 5831 (68) 10.025 (147) 1.132 (10) 3.116
Virgo 5 deg 4.185 (102) 15.588 (488) 0.666 (15) 5.068
Perseus 1 deg 0.777 (8) 4.178 (51) 0.298 (3) 1.323
Perseus 2 deg 0.503 (10) 4.042 (88) 0.152 (3) 1.041
Perseus 5 deg 0.271 (14) 3.156 (168) 0.077 (4) 0.807
GAttractor 1 deg 0.175 5) 1741 (51) 0.070 (2) 0.592
GAttractor 2 deg 0.130 (8) 1.654 (103) 0.033 (2) 0.438
GAttractor 5 deg 0.089 (15) 1.379 (234) 0.024 (4) 0.343

Filamentld = 65Mpc¢h 0.224 (14) 4.485

(290) 0.112 (7) 1.379

Filament2,d = 40Mpcgh 0.517 (46) 6.541

(602) 0.135 (12) 1.797

Filament3,d = 65Mpgh 0.226 (54) 3.117

(750) 0.079 (19) 0.756

Filament4d = 55Mpgh  0.380  (60)  5.486

(881) 0.120 (19) 1.338

Superclusterld = 45Mpgh 0.640 (101) 8.915

(1445) 0.177 (28) 2.343

Table 5.1: /N ratio and number of photon counts (in brackets) in the 1 Gé\VseV energy range for theftkrent DM models.
For cluster regions, three ftkrent radii are considered (1, 2, and 5 degrees). Filameits4lrepresent elongated regions
connected to these clusters which are potentially inteigstue to their high 8. Median distance of halos belonging to these
filaments is indicated. Supercluster 1 is a collection ofsivashalos which accidentally lie along the line-of-sigBackground
counts from the Galactic plus extragalactidtase in the same regions are also listed. The annihilatidnbtecase is shown
for comparison purposes only as the corresponding crasisds already excluded by current observational coitggaNote

however that we are not considering any signal boost factor.

€6



94

Dark Matter Decay and Annihilation in Extragalactic Stru ctures




Chapter 6

On the Physics of Radio Halos: Scaling
Relations and Luminosity Function

There are many aspects of the Universe
that still cannot be explained satisfactorily by science;
but ignorance only implies ignorance that may someday beuenred.

Isaac Asimov

This chapter is dedicated to make predictions for the RH [adjon of a complete cosmological
sample of galaxy clusters obtained from the MultiDark N¥pa@dsmological simulation. A
phenomenologicainodel is constructed in order to assign to each DM-only sated halo a
gas density profile as to reproduce the basic observed Xhiayec properties. Assuming then
that RHs are generated by secondaries of the hadronic CRagtitns with the ICM, a new
hybrid hadronic model is constructed merging the result of previogdrodynamic simulations
and analytical works. In particular, the CR transport pmeaona modeling is included in the
approach presented here. The radio-to-X-ray and radBZt@bserved scaling relations are
reproduced. It is shown that theybrid hadronic model constructed here is a perfectly viable
explanation for RHs and it is not in tension with any curreln$e@rvational constraint. The radio
luminosity function at 1.4 GHz is calculated and compare@xisting observations. Finally,
predictions for the LOFAR survey at 120 MHz are presented.

At the time of writing this thesis, the work presented in tbepter is going to be submitted
for publication in few weeks. | will be the first author of tipaper having done all the work in
collaboration with Christoph Pfrommer and my thesis sujgenfranciso Prada.

Note that in this chapter the cluster m&ds and radiusk, are defined with respect tb = 200
or A = 500 times the Universeritical density. Additionally,Q),, = 0.3, Q, = 0.7 andHg =
100x hyo km st Mpc™t wherehyo = 0.7.

6.1 Methodology

The two fundamental ingredients of this work are the cosigiold simulation of the Universe
from which the complete cluster sample is constructed, aa@mission model. Here, the Multi-
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Dark simulation is used and will be described in sectionl§ dlong with the final cluster sample.
As it will be shown, for any given cluster, the necessary éuggnts for the emission model are
mass, temperature, and gas density distribution. The @imgluster sample is constructed from
an N-body cosmological simulation, i.e DéM-only simulation, where a gas density profile, phe-
nomenologically constructed from state-of-art X-ray akagons, is assigned to each object as
shown in section 6.1.2. In doing this, it is shown that therapph can reproduce the known
X-ray cluster characteristics, such as the X-ray lumirydsihction (XLF), the luminosity-mass
relation,Lx — M, and theYx — M relation, wheréry = My.ks T with an X-ray-derived gas mass
Mgas and the temperaturk (Kravtsov et al., 2006). Moreover théz — M relation is compared
to SZ-derived measurements. Only if the model matchesabtaikluster data on the gas prop-
erties, it can be used to explordéférent parametrizations of CR physics and its implicati@ns f
the radio and gamma-ray emission, explained in sectio®6.1.

6.1.1 MultiDark Simulation and Final Cluster Sample

The MultiDark simulatiot used in this work is described in detail in Prada et al. (2Girig
Riebe et al. (2011) (see also figure 1.3). It is a N-body coegiocal simulation done with
the Adaptive Refinement Tree (ART) code (Kravtsov et al., 798 2048 particles within a
(1000 Mpch)2 cube. The latest WMAPS5 and WMAP7 cosmological parameters wesed.
This simulation is particularly well suited for the purpadehis work because of its large number
clusters.

The technique described in Hu & Kravtsov (2003) is used tovedriM oo andRyqg provided by
the MultiDark halo catalog tdlsqo andRsqo. In creating the cluster sample, only distinct halos
are selected, i.e. those halos that are not sub-halos ofthaywalo, which by definition are not
galaxy clusters.

Additionally, the main emission mechanism in the ICM is ased to be the thermal bremss-
trahlung, which is true only above approximatelx 30’ K ~ 2.6 keV (Sarazin, 1988). Below
this temperature, there could be other important coninbgtto the emission, e.g. from atomic
lines. Therefore, a mass cut Bhg > 1x 10" h™* My, ~ 1.4 x 10" h;J M,, is imposed such as
itensurekgT > 2.6 keV, assuming th&lsqo — T, relation of Mantz et al. (2010).

The LOFAR radio observatory is expected to detect RHs updshié z ~ 1. Thus, diterent
simulation snapshots up to= 1 are used. In table 6.1, the total cluster number fieint
redshifts in the final sample of this work is shown.

6.1.2 Gas Density Modeling

A phenomenologicapproach is adopted to construct the gas density profilesttifrom X-ray
observations. A suitable X-ray sample that provides theeg@formation is the Representative
XMM-NewtonCluster Structure Survey (REXCESS) sample (Croston e2@08; Pratt et al.,
2009). Itis a sample of 31 galaxy clusters dféient dynamical states at redshifi6< z < 0.18
with detailed information of the de-projected electronglgnprofiles (Croston et al., 2008). In

Twww.multidark.org
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Redshiftz Number of Halos

0 13763
0.2 12398
0.3 10783
0.4 7789
0.61 5187
0.78 3372

1 1803

Table 6.1: Number of halos in the MultiDark snapshots at redshifior Mygp > 1 X
10" h™ Mg » 1.4 x 10" hyJ Mo.

figure 6.1, the 31 electron density profiles of the REXCESSpdamolor-coded by CCCs and
NCCCs are shown.

C T i
i REXCESS NCCC i
. RECXESS CCC
10°= GNFW fit NCCC E
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“?E 10 ? E
o C ]
=7 ]
Eﬂ.)
10° i
lo°p N
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Figure 6.1: Electron density profiles of the 31 clusters in the REXCES8m@a. Grey and
black lines represent NCCCs and CCCs, respectively. Tredohd red lines represent the
GNFW mean profile for NCCCs and CCCs, respectively.

In order to obtain a general electron density profile thaltlvalattached to the simulated clusters,
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the REXCESS data are fitted with a generalized Navarro-Fvdhke (GNFW) profile,
No
XL +x]7

wherex = R/R. andR; is the cluster core radius. To reduce the dimensionalityheffit, the
representative values & = 0.2Rs00, « = 1 ands = 2.5 are fixed. The REXCESS profiles
are fitted in log-log space, separating them in the two caiegof NCCCs and CCCs as shown
in figure 6.1. The resulting fits are shown in blue and red ferRiCCC and CCC population,
respectively. The results agncec = 1.02x 102 hi? em®, ngcee = 8.32x 1072 hi> cmr®,
Bnecee = -0.093 an(ﬁccc = 0.592.

The next step is to introduce a mass-scaling in order to applENFW profiles to all simulated
clusters. The gas mass fraction-mass scafijagoo — Msoo of Sun et al. (2009) is used (their
equation 8).fgass00 Can be expressed in the following way:

Ne(X) = (6.1)

Rs0o
MgasSOO _Jo P gast
Mso0 Mso0

1:gassoo = (6.2)
With pgas = NeMy/(Xn Xe) Wherem, is the proton masssy = 0.76 is the primordial hydrogen mass
fraction andX, = 1.157 the ratio of electron-hydrogen number densities inulg fonized ICM
(Sarazin, 1988). For each clusiga mass-scaledjas profile is then defined @aga.si = Ci pgas
with:

Ci = (0.0656+ (0.0064y;))h;3°

0.135:(0.03
Msoqi (0.030) Msoqi

1.04x 108n-IM,, Y,

(6.3)

whereg; andg, are random Gaussian number which are used in order to sentlatnatural
scatter of the gas profilés.

Hence, each cluster in the final sample has assigned a gasydenadile pg.s that obeys the
observedfgass00— Msgg relation and is uniquely determined by the object DM midsg,; and by
its property of being a NCCC or CCC. The latter property isgassd to each halo depending on
its merging history. In particular, theffiset parameteX,; computed for the MultiDark catalog
is used. This is defined as the ratio between the distance tihenmalo center to the center
of mass and the virial radius. The parameter assesses tlaendhal state of the cluster and
whether the halo experienced a recent merger or not. Cuofesgrvations reveal a ratio of
NCCCs and CCCs of about 50% (see, e.g. Chen et al., 2007; ISandet al., 2009). Since
there is a correlation between merging clusters and NC@€snedian of the, distribution is
used to separate the sample into CCCs and NCCCs (with NCCtheses halos with the larger
dynamical dfsets). Clearly, this is an over-simplification, and futureay surveys will have to
determine this property also as a function of redshift.

°The values @064 and M3 quoted in equation 6.3 do not represent the proper sattbe fgass00 — Msoo
relation but reflect the parameter errors. The parametaesalre rescaled to a Hubble constartgfused in this
work.
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The redshift evolution of the gas profiles is also accounted While the NCCC and CCC
gas profiles as derived from the REXCESS cluster sample arelyngsed to define a profile
shape, the normalization of the gas profiles is set by theretsenal fyass00— Msoo relation (Sun
et al., 2009). The 43 clusters used in Sun et al. (2009) halghies 0012 < z < 0.12 with

a median ofz ~ 0.04. Thus, the phenomenological gas profile is represestafithe cluster
population az = 0. To extend this profile to high-a self-similarscaling of the gas density as
Pgad?) = E(2)°pgadz = 0) is included, wher&(2)? = Qu(1 + 2)* + Q4.

6.1.3 X-ray and SZ Scaling Relations

In order to check whether the phenomenologically derivesdayafiles are reproducing observa-
tions, the bolometric X-ray thermal bremsstrahlung lursiboL,, of the MultiDark clusters is
calculated as in Sarazin (198&)nd compared with the observieg, — Msg relation and XLF
To assign a temperature to the MultiDark clusters (that esled for calculatind.,, andYy), the
T — Msgg relation by Mantz et al. (2010) is used,
Tei E(2M
Ioglo(%) =A+B |0910(w1+%f|\(/)i3) (6.4)

whereA = 0.91, B = 0.46, T is the cluster temperaturet centrally excised (see Mantz et al.,
2010) andks is the Boltzmann constant. Mantz et al. (2010) report a scafto,x = 0.06,°
which is applied to the MultiDark clusters using Gaussiaviates.

In the top left panel of figure 6.2, the comparison betweerltge- Msqo relation obtained here
and observations by Mantz et al. (2018}l (data, see their table 7) is shown. Their sample is
composed of 238 clusters ad2 < z < 0.46 with a median ot ~ 0.2 and self-consistently takes
into account all selectionfiects, covariances, systematic uncertainties and theechnstss func-
tion. For this reason, the Mantz et al. (2010) data are coetptr the result obtained with the
MultiDark snapshot at = 0.2, where the comparison is limited to the mass range coveréukb
observations. Overall, there is reassuring agreementegtthe phenomenological model con-
structed here and the data, which probe the model most glosedcales around the cluster core
radii (where the contribution tby per logarithmic interval in radius,Lg /d Inr o r3n?(r) vVks T
attains its maximum). In table 6.2, thgy, — Msqg scaling relation and its scatter forfidirent
redshifts are shown. The scatter of the MultiDark sampldl aedshifts is Gaussian distributed

3The procedure is checked by fitting each of the 31 REXCESSeartsvith equation 6.1 and calculatihgy
with the measured gas temperature of each cluster. As d,rfmubbserved luminosity is underestimated by a mean
(median) of about 21% (20%). This is reasonable considéhiaithe parameter&;, « andy are not allowed to vary
between dierent objects. Additionally, atomic line emission, whichywive a noticeable contribution, particularly
for low-mass clusters and in the cluster outskirts of lagystems, is neglected.

4The mean (median) flerence az = 0 betweenly, Within Ragg or within Rsgg is ~ 5% (~ 7%). While Ly
refers to the quantity calculated withiRggo, note that the XLF for luminosities calculated withRag will be barely
changed.

5Scatter is calculated as,, = =N IYi — (A+ B X)]2} /N — 1 where the sum extends over the data points
as}’ i=1
Xi, Yi, andA andB are the fit parameters.
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with a standard deviation of,x ~ 0.18 matching the observational result of Mantz et al. (2010),
which report a scatter afy, = 0.185.
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Figure 6.2: X-ray and SZ scaling relations. Grey triangles show the Ndaltk sample (lim-
ited to the mass range covered by observations), the blaekdithe corresponding scaling
relation, and the blue line is the observational result. Alaek crosses represent the median
values of the quantity in question for a given mass bin (iagid by horizontal error bars),
and the vertical error bars represent the standard deviaiibin a bin. Top Left.Bolometric
X-ray luminosity-to-mass relatiot,,o — Msgg, atz = 0.2 compared to the observational sam-
ple by Mantz et al. (2010) with a median o¥ 0.2. Top Right. % — Msgg scaling relation in
comparison to the observational sample by Mantz et al. (RE&tom. %z — Msgg Scaling
relation atz = 0.16 in comparison to the observational sample by Planck Gaoiktion et al.
(2011) with a median redshift of aboutl®. The bottom panels show the relativéelience

to the observational scaling relations.

In the top right panel of figure 6.2, thé — Msqg relation obtained here is compared to observa-
tional data (Mantz et al., 2010). The phenomenological rhageees nicely at high-mass end,
but under-predicts the observed scaling at low masses hyt 2086 (at the 1 level). This

is the same level of deviations from the data as in the cadsg pfvhich is more significant
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Redshiftz A B Oyx

0 -2141+011 150+001 0.179
0.1 -2130+0.12 150+001 0.179
0.2 -2150+013 151+001 0.178
0.4 -2113+ 017 149+001 0.178
0.61 -2159+022 153+001 0.177
0.78 -20.73+ 029 148+002 0.177

1 -2045+ 042 146+003 0.177

Table 6.2: Lol — Msgo scaling relations in the form of lqg (Lol / E(2) o3 10 erg s1) =
A+ B l0g;g (E(2) Msqo / h;g Mo). The relation scattaryy is also shown.

due to the smaller scatter in thfg relation. The diterential contribution to the thermal energy
per logarithmic interval in radius (and hence to the integfaComptony parameter) is given
by dY/dInr o« r3P(r), with the thermal gas pressuRa, = Ng.deT. It peaks at scales slightly
smaller tharRsqo with 1-0- contributions extending out toRgq, (Battaglia et al., 2010). Hence,
the observational scaling constrains the model on thoge kgales, quite complementary to the
X-ray luminosity. The deviation at small masses eitherdatis diferent assumptions abofyt

the gas temperature, orfiirent selectionféects of either the observational sample used to cal-
ibrate the model or to compare the scaling relation to. Bgntz et al. (2010) determine their
masses by adopting a constant valueffgg in contrast to the approach adopted here which uses
the observedgyassoo — Msgg relation given by Sun et al. (2009). Additionally, here, teatrally
includedtemperature of Mantz et al. (2010) is used throughout alinbek, while Mantz et al.
(2010) use theentrally excisedemperature to calculaté;. This assumption also impacts the
scatter of thery — M relation. In fact, the use of theentrally includedtemperature results in a
scatter ofoyx = 0.11 (see table 6.3 where th& scaling relations obtained here are reported),
significantly higher than the value of,x = 0.052 found by Mantz et al. (2010).

In the bottom panel of figure 6.2, thgz — Msgg relation (calculated as in equation 3 of Battaglia
et al., 2011) is compared to the observed scaling relatidfiarick Collaboration et al. (2011).
Their sample contains clusters upze 0.45 and has a median af~ 0.15; hence, the compari-
son is done with the MultiDark snapshot 0.16 (containing 11419 clusters above the adopted
mass cut) which however is not used throughout the rest oitiik. The model reproduces the
data remarkably well, except for the high-mass end wherelsiions have a weaker constrain-
ing power due to the comparably small box size in comparigding survey volume d?lanck In

table 6.4, the SZ scaling relations foifférent redshifts are reported. The corresponding scatter
of oyx = 0.11 compares well with thBlanckresult ofoyy ~ 0.1.
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Redshiftz A B Oyx

0 -9.18+0.07 161+0.01 0.109
0.1 -8.85+0.07 159+0.01 0.109
0.2 -8.82+0.08 159+ 0.01 0.109
0.4 -8.79+0.10 159+0.01 0.108
0.61 -8.65+0.14 159+0.01 0.109
0.78 -836+0.18 157+0.01 0.109

1 -828+0.26 157+0.02 0.109

Table 6.3: Yx s00— Msgo scaling relations in the form of lqg (E(2) Yx 500/ h;5> Mo keV) =
A+ B l0g;g9 (E(2) Msqo / h;g Mo). The relation scattaryy is also shown.

Redshiftz A B Oyx

0 -2793+ 007 160+001 0.109

0.1 -27.74+ 007 159+001 0.109
0.16 -27.76+0.08 159+001 0.109

0.2 -27.65+008 159+001 0.109

0.4 -2757+010 159+001 0.108
0.61 -2750+0.13 159+001 0.109
0.78 -27.15+018 158+001 0.109

1 -27.01+026 158+0.02 0.109

Table 6.4: Ysz500 Msgp  scaling relations in  the form  of

logip (E(@7%2 Yszsoo / h;e® Mpc?) = A+ B l0gyy (E(2) Msgo / hl Mo). The

relation scatterryy is also shown.

6.1.4 X-ray Luminosity Function

The XLF study has been somehow abandoned during the lastgeato the dficulties of using
the X-ray luminosity for cosmological purposes. The X-rayigsivity scales with the square of
the gas density, which makes it subject to density variateomd clumping. This implies large
scatter that causes a large Malmquist bias and underlieasatessity of careful mock surveys
that need to address all systematics.

Nevertheless, it provides a complementary check for theatmdlt here. To this end, tHROSAT
brightest cluster sample (BCS) XLF (Ebeling et al., 199thvei mediarz ~ 0.08), which is in
good agreement with results from tROSATESO Flux-Limited X-ray (REFLEX; Bohringer
et al., 2002) and HIFLUGCS (Reiprich & Bohringer, 2002)taken as reference. Note that the
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XLF is fully determined by the mass function and the— Msqq relation after taking into account
the observational biases. This means that applyind.the Msqg relation by Mantz et al. (2010)
directly to the MultiDark mass function should yield an usded XLF. Figure 6.3 shows the
bolometric and soft-band (D-2.4 keV) XLFs obtained in this way using the Mantz et al. (2010)
results applied to the MultiDark = 0.1 snapshot, the BCS XLFs (for which bolometric band
there is only the Schechter fit available), and the bolomettiF obtained from the MultiDark
cluster sample at = 0.1 through the model constructed here. While the soft-bané& Kiz
Mantz et al. (2010) agrees well with the BCS data points, viates from the corresponding
Schechter fit at low luminosities. This is also true in thednaétric band, where the Mantz et al.
(2010) XLF and the model predictions agree well, but deviiaa the BCS Schechter fit at low
luminosities. This may be an artifact due to the use of Sdeedh instead of the data points
or may point to incompleteness of the BCS sample. Note taPtissonian errors of the XLF
obtained from the MultiDark simulation are a lower limit assmic variance is neglected. The
XLF will become again an important topic with the upcomingriah of the eROSITA satellite
(see e.g. Cappelluti et al., 2011) and further studies sdhiection are desirable.

Summarizing, the adopted phenomenological approachgeewiiable gas densities that repro-
duce the observed scaling relations of the ICM as well as ttfe Xhus, it can be applied in the
following to model the CR population in galaxy clusters angtedict the radio and gamma-ray
emission of the MultiDark-derived sample.

6.1.5 Cosmic Rays Modeling

In this section, a general model to calculate the clustectswtron (and gamma-ray) emission
coming from secondaries of CR hadronic interactions withltbM is built. A power-law CR
proton distributionf (p)dp = Cp*dp, is adopted, which is thefective one-dimensional momen-
tum distribution (assuming isotropy in momentum space)stéat, the synchrotron emissivify

at frequency and per steradian of a steady-state electron populatiosded (adapted from
Pfrommer et al., 2008 and Enf3lin et al., 2011),

jv = AvC(R)Pgas(R)

(a-2)/4
es(R) (€B(R)) ’ (6.5)

EB(R) + €cvB €B,
where the abbreviations, andeg_ are defined in appendix Acys = (3.27(1+ 2))?/8r is the
CMB energy density, anes = B?/(8r) denotes the magnetic energy density. The magnetic field
is assumed to scale with gas density as

(6.6)

B(R) = B, (pgaiR) )“B ,

Pgaio)

whereBy is the central magnetic field arg a parameter representing the rate of decline of the
magnetic field strength toward the cluster outskirts (see aéction 4.3.3). The radio surface
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Figure 6.3: Bolometric X-ray luminosity function. Shown are thel@ 2.4 keV data points,
the Q1-2.4 keV and bolometric Schechter fits of the BCS sample fromikbeit al. (1997).
The BCS sample is composed by clusterz at0.3 with a median of ~ 0.08 and therefore
is compared to the MultiDark = 0.1 snapshot. The Mantz et al. (201016 2.4 keV result
well compares with the BCS data points but deviates from tiieesponding Schechter fit.
Finally, the Mantz et al. (2010) bolometric result and thdéobwetric prediction from the
model constructed here are also shown. The XLFs are catcuiaequally log-spaced mass
bins; the reported error bars represent the Poissonianseriote that the comparison is
limited in the luminosity range covered by the MultiDark gaey where the lowest part is
cut because in that range the XLF rapidly drops due to the gmgbonass cut.

brightnessS,(R.) and luminosityL, at a given frequency are given by

SR = 2 °° jy(R)\/RZ%RidR, 6.7)
L, = 4r f aVi,(R) . (6.8)

The flux is given byF, = L, /(47D?) whereD is the luminosity distance.

The spatial CR distribution within galaxy clusters is gowat by an interplay of advection, CR
streaming and diusion. The advection of CRs by turbulent gas motions is datath by the
largest eddy turnover timey, ~ Ly /vw, Wherely, denotes the turbulent injection scale (typ-
ically of order the core radius) ang, the associated turbulent velocity that gets close to the
sound speeds for transsonic turbulence after a cluster merger and reléxesmall velocities
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afterwards. In contrast, the crossing time of streaming @RS Ly, iS 75t ~ xB Lw/vst With the
streaming velocity given by ~ vs andyg < 1 parametrizes the magnetic bending scale and
hence magnetic bottlenecks for the macroscopifusive CR transport, which are critical in
lowering the microscopic streaming velocity of CR by somdtdifiactor. Hence, a turbulent
propagation parameter can be definedyass 7/7y Which indicates the relative importance
of advection versus CR streaming as the dominant CR transperhanism. After a merger,
turbulent advective transport dominates yieldiyg > 1 which results in centrally enhanced
CR profiles. In contrast, in a relaxed cluster, CR streamhmaukl be the dominant transport
mechanism implyingy, ~ 1 and producing flat CR profiles (for a detailed discussiorheté
processes, see Enl3lin et al., 2011).

The approach here is to keep the spectral shape of the Chbdigin function as determined
from cosmological hydrodynamical simulation of clustéd?ggke & Pfrommer, 2010) that how-
ever did not account for CR streaming. Hence the spatial GRilolition has to be modified to
include dfects of CR streaming and use the analytical result from Brétlal. (2011). In that
way, a model is built that includes the necessary CR trangbysics and is able to predict the
radio and gamma-ray emission and to reproduce the main\azs&H properties. Note that
this approach is not fully self-consistent and points tortkeessity of future hydrodynamical
simulations to include thefiect of CR streaming andftiusion on the CR spectrum.

To construct such a model, the approach of Enf3lin et al. (RBaxe to be generalized in order
to account for the GNFW gas profiles (section 6.1.2) and tludecthe mass-scaling of the CR
normalization obtained from simulations (Pinzke & Pfromm2910). While details are given in
appendix B, the main steps are shown here. When turbuleettdm completely dominates the
CR transport, the CR normalization can be written (Enf3lial 2011)

)T:%mwm, 6.9

whereP(R) = ng(R)ks T (R) is the pressur@cr = (¢+2)/3,y = 5/3, and the advective CR profile
n(R) = (P(R)/Po)Y” has been introduced. Solving the continuity equation fos @Rlin et al.
(2011) derive the CR density profile,

mam:mmmqugy (6.10)

whereR, = yyR. andR; is the characteristic radius, of order the core radius, dthvthe
turbulence is supposed to be injected. Now, gbmi-analyticaimass-dependent normalization
of the CR profile of Pinzke & Pfrommer (2010) is introducedtstitat

~ Caav(R) 1/Bcr ~ Chybrid(R) 1/Bcr
n(R) = ( C, =7 ¢, , (6.11)
which efectively redefine€,4(R) by the CR normalization of the hybrid model,
~ R T(R
Chybria(R) = C(R) ’%’S)% (6.12)
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Here,C(R) is the normalization CR profile of equation 22 of Pinzke &dPfimer (2010) and
T(R) is the temperature decline toward the cluster periphepgeted by the fit to the universal
temperature profile derived from cosmological cluster sations (Pfrommer et al., 2007; Pinzke
& Pfrommer, 2010) and deephandraX-ray observations (Vikhlinin et al., 2005). Eventually,
the final hybrid CR normalization iI§(R) = Co(ocr(R)/pcro)’<r within R, of equation B.2, and
C(R) = C(R.) for R> R, andR < R_, respectively.

The last step is to generalize the case of one CR populatitnangingle spectral indexto in-
clude spectral curvature as suggested by Pinzke & Pfrom20460{) who model the CR spectrum
with three diferent power-law CR populations with spectral indices;of (2.15,2.3, 2.55). The
presented formalism can be easily extended to account fiiphelCR populations by extending
the terms with a single to sums over the three spectral indices (see Pinzke & Pfran#@20).
This extension has to be applied Ag, to the factor &(R)/es,)@2/# of equation 6.5, and to
equation 6.9. While the modifications are straight forwarthie first two cases (and are adopted
for the hybrid model, see appendix A), introducing a sum a@xen equation 6.9 would make
impossible to analytically solve foy(R) in equation 6.11. For simplicity, in the last case, only
a = 2.3 is used. For the highly turbulent cases, i.e. fgy, = 100 (1000), the radial shape and
normalization of the semi-analytical model of Pinzke & Pimoer (2010) is recovered within
1% (0.1%).

The final model for the CR distribution function built hereshtae following properties: (i) it
accounts for X-ray-inferred (CCC and NCCC) gas profiles dodter-mass scalings of the gas
fraction, in addition to the universal temperature drophie outskirts of clusters, (ii) a cluster-
mass dependent CR normalization and universal CR spectsuderdved from cosmological
hydrodynamical cluster simulations, (iii) affective parametrization of active CR transport pro-
cesses, including CR streaming anffusion, which permits to exploreftiéerent turbulent states
of the clusters in the MultiDark sample.

In the left panel of figure 6.4, the final hybrid CR normalimatiis shown for the NCCC and
CCC cases and for filerent values ofy,. As expected, féective CR streaming (i.e. negligible
advective turbulent transport or equivalengly ~ 1) flattens the spatial CR profiles irrespective
of the cluster state. Additionally, in the right panel, theafihybrid model profile is compared
with the semi-analytical advection-only case (adopting @NFW gas profiles and the outer
temperature decrease to the model proposed by Pinzke & Rfeop2010) and with the exact
analytical solution as in Enf3lin et al. (2011), but for the &M profiles (adoptingr = 2.3
andyy = 100, see appendix B for details). The profiles are normal@&d@ilR,,,. The main
differences between the final hybrid model (and the semi-aoalytiodel) on the one side and
the analytical solution on the other side is the inclusiortha simulation-based “reference”
profile C for the advection-only case and the universally observetpézature drop towards
the outskirts of clusters in the hybrid model. Note that thefifes of the model built here are
generally more centrally peaked in comparison to the aicalyGNFW case, which is due to the
enhanced radiative cooling in the Pinzke & Pfrommer (201®ugations that did not account
for AGN feedback. Thanks to the flexible parametrizatiorhim liybrid model, this can be easily

5The choice ofr in equation 6.9 has only a minoffect on the results. Varying within 2.15— 2.55 leaves the
radial shape and the normalization unchanged wittB&®
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Figure 6.4: In the top panel, the final mod€ling is shown for the NCCC and CCC cases
and for diferent values ofy,. Ciina is normalized taCy = C(0,yy, = 100) where the CR
populations are fixed to have a constant total CR number aguatien 36 of Enflin et al.
(2011) integrating ufRogo. The bottom panel compares tBg,, and pure semi-analytical
cases (plugging in the GNFW gas profiles plus the temperatuter decrease) with the
analytical GNFW case (withh = 2.3) for vy, = 100. In the latter plot, the CR profiles are
normalized taCqy 1 = C(0.1Ryqq).

counteracted by changing, and ag, however, at the expense that these parameters are now
degenerate with the assumptions about the CR profile in thecidn-dominated regime and
other possibleféects not considered here as e.g. cluster asphericity (se@ext section 6.2).
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6.2 Radio Surface Brightness Modeling

The CR model built in the previous section is used here toogkpre the emission characteris-
tics of four well-observed RHs. Hence the measured gas anpleature profiles derived from
X-ray observations of each cluster are adopted. The finaliadludes an overall normaliza-
tion gcr of the CR distribution function and the hadronically-inddaon-thermal emission (see
appendix A). Note that this parameter can be interpretedwascional that depends on theax-
imum CR accelerationficiency g({pmas), (Pinzke & Pfrommer, 2010) bwinly for yy, > 100.
Additionally, the CR-to-thermal pressuxXer = Pcr/Ps Will be analyzed, where the CR pressure
is given by

QCRCW})CZ 3 -1 3—-q
PCR:T;AiBU(Mz) S| (6.13)

Here,cis the speed of lighty = 0.8, and the normalization factors of the individual CR popula
tions are given by; = (0.767,0.143 0.0975) (Pinzke & Pfrommer, 2010, see also appendix A).
Four galaxy clusters are taken as example. The giant radas lbh Coma (Deiss et al., 1997)
and Abell 2163 (Feretti et al., 2001; Murgia et al., 2009)hbaterging NCCCs, and the radio-
mini halos of Perseus (Pedlar et al., 1990) and Ophiuchusq@et al., 2009; Murgia et al.,
2009) both non-merging CCCs. The radio emission of thessanisi is representative of a wide
class of RHs and, additionally, Perseus, Ophiuchus and Gomamong the most promising
clusters for gamma-ray observations (Pinzke & Pfrommet028inzke et al., 2011). Their main
characteristics are detailed, together with the main patars adopted for the modeling and the
corresponding results, in table 6.5 at the end of this chapigure 6.5 shows the corresponding
surface brightness and CR-to-thermal pressure. Notelthaetclusters are modeled at 1.4 GHz
and WithinRzoo.

The Coma giant radio halo has a morphology remarkably sirtdléhe extended X-ray thermal
bremsstrahlung emission, although the radio peak seenesdsplaced by about@5 deg with
respect to the X-ray one and the radio emission declines siovdy going toward the cluster
outskirts (Briel et al., 1992; Deiss et al., 1997). Note tihad clearly non-spherical, showing
an elongation in the East-West direction. The full widthf maximum (FWHM) of the Deiss
et al. (1997) radio observation beam i4%6 deg, so almost two orders of magnitude larger
than the X-ray observation of Briel et al. (19927 Gaussian smoothing is therefore applied to
the theoretical surface brightness of equation 6.7 withyothing= FWH Madio/2.355. Different
values ofag = (0.3,0.4,0.5,0.6,0.7) and of they,, parameter from 1 to 100 are investigafed.
The central magnetic field is fixed 18 = 5 4G (Bonafede et al., 2010) argir is used as
normalization factor to match the radio observations. Tést lfit to the data is obtained for
vw = 1 andag = 0.6, however, values as high ag ~ 4 can be accommodated. The total radio
luminosity is reproduced within about 20%. The gamma-ray (gee appendix C) withiRxgg

for the best fit case and for energies above 100 MeV (100 GeW) is 4.1 x 107° (1.5 x 10712
cm? st They, = 1 case is therefore in tension with the limit recently setFeymi-LAT

"Note therefore that the fierence in position of the radio and X-ray peaks is negligibtehe modeling.
8The CR number is fixed foyy, = 100 using equation 36 of EnRlin et al. (2011), integratindRug, and then
forced to be the same at lowgy, values, i.e. the CR number is conserved during CR streaming.
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Figure 6.5: Surface brightness modeling of the Coma, Abell 2163, Peraad Ophiuchus
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RHs. Left panels show the RHs’ azimuthal average surfagghtméss, while right panles
show the corresponding CR-to-thermal press¥gg(r) and the RH radial extension. Note
how different parameter values, giving almost the same surfachtbegs shape, result in

very differentXcg profiles. In the Abell 2163 and Ophiuchus cases, 10% errcr doataken

instead of the errors reported by Murgia et al. (2009). Téisue also for Perseus, for which
Pedlar et al. (1990) do not report errors.
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(Zimmer et al., 2012) of, y (> 100 MeV) ~ 2.5 x 10° cm™ s™1. Note that using a slightly
higheryy, value, the prediction becomes again in agreement with gamagnabservations. In
fact, foryy, = 4 one obtaing=,(> 100 MeV) = 9.6 x 10° cm? s* (andF,(> 100 GeV) =
3.6x10Bcm?s?).

The Abell 2164 giant radio halo is also closely correlateth®cluster thermal X-ray structure
showing a slower decline going toward the cluster outskiith respect to the bremsstrahlung
emission (Feretti et al., 2001). It also appears to be ntversgal, being its shape elongated in the
East-West direction. For the modeling, the surface brigégrprovided in Murgia et al. (2009) is
used, where the radio image has a circular Gaussian beanFWitH M,,q4i, = 62"=0.017 deg.
The position of radio and X-ray peaks is displaced by aboubh@ Matteo Murgia has kindly
provided the radio surface brightness computed with régpebe Reiprich & Bohringer (2002)
X-ray position (however, it is almost unchanged). TH& HMaq, is larger than the resolution
of theROSATsatellite from which the gas density is taken. Once conddfie angular sizes to
physical sizes, the corresponditrgnootningiS Of the order of the Coma one because of the high
distance of Abell 2163. Therefore, a Gaussian smoothingpsied also in this case. The same
procedure as in Coma is followed, using agBin= 5 uG. The best fit to the data, and also
the only acceptable one, is obtained Qr = 1 andag = 0.3, i.e. the flattest possible surface
brightness. The total luminosity is recovered within abbd%. The corresponding gamma-ray
flux within Rygo for energies above 100 MeV (100 GeVHs = 4.2x1071°(1.5x10 ) cm2 s,
about two orders of magnitude lower than the upper limit imlaté by Fermi-LAT (Ackermann
etal., 2010a).

The Perseus ffuse radio emission is the best known example of radio-milu (Redlar et al.,
1990) and Perseus itself is surely one of the best studietieckiin X-rays (e.g. Churazov et al.,
2003; Fabian et al., 2006b, 2011b). Also in the Perseus ckese,similarities between radio and
thermal X-ray structures are found. The fitting procedurdase as before but now adopting
Bo = 10 uG (see chapters 3 and 4 for a discussion on the Perseus, amciepon CCC and
NCCC, magnetic fields). The best fit to the data is obtainedgfoe 3 andag = 0.4, however,
values as high ag,, ~ 100, and as low ag,, = 2, can be easily accommodated. The total
luminosity is recovered within about 10%. The gamma-ray ¥ithin Ryo for the best fit case
and for energies above 100 MeV (100 GeVJis= 1.4x 108 (5.1x 10*?) cm™? s™*. Adopting

yw = 100 andag = 0.3, the corresponding gamma-ray flux above 100 MeV (100 GeV) is
F, = 49x107° (1.8 x 10*?) cm? s*. Note that the central galaxy NGC 1275 flux above
100 MeV measured b¥ermiis of about 2x 10" cm™2 st (Abdo et al., 2009), well above
the values predicted here which however refer to the whalstet. These predictions can be
compared to the upper limit above 1 TeV, and for a region withi5 deg around the cluster
center, recently obtained by Aleksic et al. (2012a). Fenth = 3 (yw = 100) case, a flux of
F,(> 1 TeV,< 0.15 deg)= 7.3x 10 (5.5x 107*%) cm™ s7* is obtained. This is well below the
MAGIC collaboration upper limit of, . (> 1 TeV, < 0.15 deg)~ 1.4 x 103 cm2 s7%. Note
also that, in the case ¢f, = 100, theg({,max) Parameter is 62, about half of the value adopted
by Pinzke & Pfrommer (2010).

The Ophiuchus cluster has been widely studied both in radibXarays in the last few years
because of a claim of presence of a non-thermal hard X-rbfEekert et al., 2008; Fujita et al.,
2008; Govoni et al., 2009; Murgia et al., 2009; Pérez-Toaeal., 2009; Nevalainen et al., 2009;
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Murgia et al., 2010; Million et al., 2010). It was classifieslaamerging cluster by Watanabe et al.
(2001), but more recently Fuijita et al. (2008) did not foungt avidence of merging and, on the
contrary, classified it as one of the hottest clusters witha-core (see also Million et al., 2010).
Its radio mini-halo displays similarities with the thermé&ray emission. For the modeling,
the surface brightness provided by Murgia et al. (2009) edusThe position of radio and X-
ray peaks seems displaced by about 24”. Again, Matteo Muraggkindly provided the radio
surface brightness computed with respect to the Reiprichd&rBger (2002) X-ray position,
however the change is not very significant. The modelinggedas before, adopting a central
magnetic field value 0By = 10 uG. The best fit to the data is obtained f@r = 5 andag = 0.7,
however, values as high &g ~ 100, and as low ag, = 2, can be easily accommodated. The
total luminosity is recovered within about 20%. The gammagaftux within Ryo for the best

fit case and for energies above 100 MeV (100 GeWB,is= 1.2 x 1070 (4.3 x 10 cm2 s,
Adoptingyy, = 100 andg = 0.3, the corresponding gamma-ray flux above 100 MeV (100 GeV)
isF, =83x10(3.1x10"%) cm?s. The gamma-ray flux is, in both cases, about two orders
of magnitude lower than the upper limit obtainedfgrmi-LAT (Ackermann et al., 2010a). Note
also that, in the case ¢f, = 100, theg({,max) Parameter is 014.

After these detailed considerations on four individual Ride following points need to be sum-
marized:

1. The model parameter space for Coma and Abell 1263 giaas hsimuch more reduced
than for the mini-halo cases. In fact, very low; values are needed in order to get ac-
ceptable fits. Higheyy, values would be expected for the merging NCCC cases (Enf3lin
et al., 2011). However, there are three main factors thatenetine merging NCCC fits not
conclusive and can alleviate this problem. i) Primary etats accelerated in outer shocks,
not consider here, could have an important contributiomm@éRH emission. ii) Merging
clusters are not spherical symmetric, which is the apprakon made here, and this is
clearly the case both for Coma and Abell 2163. Finally, idppting the simulation-driven
C from Pinzke & Pfrommer (2010) in the hybrid CR model, may brin a too steep cen-
tral CR normalization which result in lower requireq, values with respect to a flatter
choice. To test this last point, the Coma surface brightrsefiged using a model without
C obtaining that values as high @g ~ 8 can be accommodated. However, the= 1
case still represents the best fit model, it is indeed ffected by such arguments as the
CR profile is always flat in this case. Despite these issuexCtma and Abell 2163 RHs
can be reproduced fairly well, solving previous problemshefclassicalhadronic model
(see e.g. Donnert et al., 2010a).

2. RHs measurements set more stringent constraints on threrha model than gamma-
ray observations, apart for the Coma case. Gamma-ray @issry are a fundamental
tool to disentangle between the hadronic and re-accederaiodel. However, gamma-ray
predictions should be scaled down with respect to previesslts (Pinzke & Pfrommer,
2010; Pinzke et al., 2011) in light of the what is presentect l{see also Enfilin et al.,
2011).

3. The magnetic field values adopted here are perfectly eesgent with other observational
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constrains, solving previous tensions of ttiassicalhadronic model (see e.g. Jeltema &
Profumo, 2011). Indeed, filerentB, values could be adopted without entering in tension
with other observational constraints with the exceptiorComa for which a higheB,
value would be in contradiction with Bonafede et al. (2020hile a lower one could
result in a higher gamma-ray emission in contrast with therder et al. (2012) limit.

4. When considering the, = 100 case, plausible only for Perseus and Ophiuchugygke
parameter can be interpreted as a functional that deperttie omaximum CR acceleration
efficiencyg({pmax) Used in Pinzke & Pfrommer (2010). This value should thenrbearsal,
i.e. it should be the same in all clusters. HeJgzperseus= 0.52 andgcr ophiuchus= 0.014,
asBy = 10 uG is fixed in both cases angkr used as normalization. This discrepancy
can be easily solved by increasjloyvering the Persey®phiuchus central magnetic field
(e.9. Boperseus= 20uG andBg ophiuchus= 1 #G). Note however that, at this stage, this is not
conclusive as anyy, value can virtually be chosen for both clusters.

5. With this reduced cluster sample, no definitive concllusia the parameters used in the
modeling can be drawn as manyfdrent choices could be done on the magnetic field,
theyy, andag parameters. This is particularly true for the analyzed fhados, for which
almost all the {y,, ag) parameter space is available (note also thaythandag variables
are of course degenerate). Such a study performed on alhtiveskRHs is highly desirable
but beyond the scope of this work which instead investigdted OFAR cluster survey
potentiality.

The hadronic model built here reproduces the main chaistitsrof both giant and mini-halos
without entering in tension with any existing observaticuanstraint. As it will be shown in the

next section, it can also reproduce the radio-to-X-rayisgaklation, solving previous issues of
theclassicalhadronic model, and the radio-to-SZ scaling relation.dtéfiore fully accomplishes

the initial purposes.

6.3 Radio Scaling Relations

An explained in chapter 1, there exist an apparent bimgdaditween the radio and X-ray cluster
emission. Clusters with the same X-ray luminosity both lRids and do not show anyfilise
radio emission (e.g. Brunetti et al., 2009; Enf3lin et al.1P0 More recently, a study of the
radio-to-SZ scaling relation showed the absence of any &fretrong bimodality dividing the
cluster population into radio-loud and radio-quiet clust@Basu, 2012). In this section, these
two scaling relations are investigated.

Figure 6.6 shows the general scaling relations of the finaht@iel of section 6.1.5 applied to
the MultiDark sample. Both the radio-to-X-ray and the ratheSZ scaling relations are shown,
varying diferent parameters ag,, By, @g and the redshift. Thgcgr-normalization parameter
is fixed to 0.5 for all cases, ensuring an average CR-to-thlepmessure at 2%-level ([@b%-
level) within Rsgo (Rsgo/2). Here, the radio luminosity is calculated a#t IGHz within Rsgo.®

9The mean (median) fierence between calculatithg within Ragg or Rsog is 5.3% (5.6%).
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Figure 6.6: Radio-to-Xray and radio-to-SZ general scaling relationpradicted by the final
CR model constructed here. The left panel shows howLihesH; — Lx pol relation varies
changing diterent parameters. In the right panel, the same but folLilesHz; — Yszs00
relation. Note that in each plot there are two separatedlptipns for each model realization,
the top one is the CCC population while the bottom one is th€N@opulation. The textin
the plots indicates the parameters which are kept fixed.gEherormalization parameter is
fixed to 0.5 for all cases. See main text for details.

The CR number is fixed foy,, = 100 using equation 36 of Enf3lin et al. (2011), integrating up
Rs00, and then forced to be the same at lowgrvalues, i.e. the CR number is conserved during
CR streaming; this will be the case also in the following. &lot particular how the dierent
parametersféect in diferent ways the NCCC and CCC populations for thg g, — Lx pot @nd

L14 cHz — Ysz relations. This is mainly the result of thefidirent dependence on gas density of
Ly andYgz.

The model predictions should now be compared to obsenatibar this purpose, a particular
realization of the model is chosen as representative. ThiiDéuk z = 0.2 sample (which
well compares with the redshift of the observational sasipéee below and appendix D) is
artificially, and randomly, divided in radio-quiet and radoud clusters, with the latter being
10% of the total. Radio-quiet clusters are characterizegpy 1 and randomly and uniformly
distributed central magnetic field in the intervals [, 5.5] 4G and [5 10] uG for NCCCs and
CCCs, respectively. Radio-loud clusters are charactbyaandomly and uniformlyy, values

in the intervals [4080] and [1 5] for NCCCs and CCCs, respectively, and central magnetut fie
values in the intervals [8, 7.5] uG and [75, 12.5] uG for NCCCs and CCCs, respectively. The
ap value is fixed to 0.5. Also here, tligrr-normalization parameter value is fixed to 0.5 for all
the clusters, ensuring the median average CR-to-thermeakpre of about 2% (@%) within
Rsoo (Rsoo/2). Note that these choices are not driven by any considerapart the need to
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Figure 6.7: Radio-to-X-ray and radio-to-SZ scaling relation prediog from the final CR
model (see main text for the details of the chosen param)eterspared with observations.
Left. LyacHz — Lx.pol prediction compared to the observational sample consimuict ap-
pendix D.Right. L4 gz — Ysz prediction compared to the observational sample C07 from
Basu (2012).

reproduce observations. Indeed, existing observatiomodmermit robust clues at all on which
values should take these parameters in clusters, withlggsise only exception of the magnetic
field. Itis clear the need of large population studies ofeaxhiserved clusters in order to be able
to draw robust hypothesis on the interplay of thiedient parameters in the modeling. Figure 6.7
shows how the model prediction compares with the observéid-ta-X-ray and radio-to-SZ
scaling relations.

For comparison with the observed 1.4 GHz radio-to-X-rayisgaelation, the sample shown as
black (halos) and red (mini-halos) crosses (plus some uppés) in the left plot of figure 6.7

is constructed in appendix D. This sample is obtained froomBtti et al. (2009), Enf3lin et al.
(2011), and Govoni et al. (2009) and has a median redshift #f0.18. The corresponding
observational scaling relation in the form of lg}1 4 gHz = A+ B 100, Lx pot hasA = —-50.433+
2.226 andB = 1.803+ 0.049, and a scatter ofy, ~ 0.44 (upper limits are not included in the fit
and units are as in figure 6.7). The reader is reminded to Buweial. (2009) and Enf3lin et al.
(2011) for an extensive discussion on this topic. Howewete that, as interestingly underlined
also by Murgia et al. (2009), in contrast with radio halosnriialos seem to span a wide range
of radio luminosity. The Perseus mini-halo (Y-axis highest cross in the left plot of figure 6.7),
for example, has a radio luminosity which is almost two orolemagnitude higher than radio
halos at the same X-ray luminosity. On the other hand, thauW@phs mini-halo (Y-axis lowest
red cross in the left plot of figure 6.7), which is a represtwvegaof other few such examples
recently detected in CCCs (i.e. A2029 and A1835), has a fladinosity which is much lower,
more typical of halos in merging clusters, and actually wetbe shown upper limits. Note
also that the determination of the , — Lx yo relation slope is not very robust because of the
few known RHs and the uncertainties in the measurementsibdte radio and X-rays. The
recently detected mini-halos with very low luminositiege ar clear example of the uncertainty
and the large scatter that this relation may have. On the b#red, X-ray luminosities for the
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same object from e.(ROSATand Chandracan easily diter by a factor of few. The left panel
of figure 6.7 additionally shows the Kushnir et al. (2009)&l@rediction o~ 1.2, arbitrarily
normalized for visual purposes, from their simple anabjtiadronic model.

For the comparison to the observed 1.4 GHz radio-to-SZrsgadilation, the result obtained by
Basu (2012) with the sample of radio halos from Cassano €@07) (CO7; median redshift of
z ~ 0.18; note that no mini-halos are included) is taken as retererior this sample, Basu
(2012) quotesYsz within the halo radii given by Cassano et al. (2007). Thesh taave a
median of about & ho3 Mpc which well compares with the MultiDark= 0.2 snapshot median
Rsoo ~ 0.4 h;J Mpc. For the CO7 sample, Basu (2012) obtains a scaling oelati the form
of log;gL14 gHz = A+ B 100, Ysz With A = 297 + 0.8 andB = 1.17 + 0.18, and a scatter of
oyx = 0.28 (units are as in figure 6.7). Note however that this caneatdnsidered definitive,
as for the radio-to-X-ray case, and these scaling relatearthinations are likely going to be
improved in the near future.

Figure 6.7 can now be analyzed. The normalization of the teadebe arbitrarily varied chang-
ing ger as long as the resultingcr respects the current observational constraints (e.g.sKlek
et al., 2012a) and remains below few percents. As explaibesiea the choice ofcg = 0.5
ensures average CR-to-thermal pressures at 2%-levehvRikd, and therefore the available pa-
rameter space is quite wide. The model built here can botheramluster radio bimodality or
not, depending on the parameters adopted for the two aatifiztdio-loud and radio-quiet pop-
ulations. However, note that tHg 4 gy, — Lx poi radio-loud and quiet populationfirence is
larger than thé., 4 g1z — Ysz one which exhibits more a sort of continuum going from theagad
loud CCCs to the radio-quiet NCCCs. This is becaugg, scales aséaswhile Ysz @Spgas AS @
consequence, the highly peaked gas profiles of CCCs havepast onYs; than onlLy . This
can mimic the observed discrepancy of the presence of a failityth L; 4 gz — Lx po @and the
absence of itirLy4 gHz — Ysz. Regarding the slope of the model, it igtdiult to give a definitive
determination because, again, this depends on the adoatatheter values and, particularly,
on relative diference introduced between the NGCCC and the radio-loyduiet populations.
However, note that the model 4 cnz — Lx.vol SlOpe is slightly shallower than the observed re-
lation, more similar to the Kushnir et al. (2009) predicti@md that the moddl; 4 g, — Ysz
slope compares quite well with the observed one. The modwitisdditionally tuned to match
observations due to the many uncertainties and lack of tobss both in the observations and
modeling at this stage

6.4 Radio Luminosity Function

Figure 6.8 shows the radio luminosity function (RLF) at 1.8z obtained from the repre-
sentative realization of the final CR model detailed in thevmus section, and compares it with
observational results. As for the X-ray emission, the RLéoisipletely determined by the cluster
mass function and the radio luminosity-to-mass relatiorgughlL; 4 gHz— Lx boi OF L1.4 gHz— Ysz,
with the additional uncertainty of the fraction of radiastbclusters. Therefore, figure 6.8 also
shows the “true” RLFs obtained applying thes grz — Lx bot @NdL1 4 cHz — Ysz relations to the
MultiDark z = 0.2 snapshot using thelir o andYszs00, as obtained from the phenomenological
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model, respectively. Pay attention that this is done usinly the halos defined as radio-loud
clusters, not all of them, and the cases for 100%, 25%, 10%&aid4d % radio-loud clusters are
shown. As clear from figure 6.8, this isfilirent from what is obtained with the model built here,
where a fraction of radio-loud cluster is indeed defined, thatradio-quiet population is also
contributing to the RLF, dominating at low luminosities. fact, the top left plot of figure 6.8
also shows how the model RLF builds up from the quiet and laemlfations for the 25% and
1% radio-loud cases.

In appendix D, an attempt to construct a RLF from existinga}-flux-limited radio surveys
is made. There exist two such studies, the cluster radicegutene with the National Radio
Astronomy Observatory (NRAO) Very Large Array (VLA) sky sey (NVSS) at 14 GHz of
Giovannini et al. (1999) and the one done with the Giant Medree Radio Telescope (GMRT)
at 610 MHz by Venturi et al. (2007, 2008). For the latter, oae also constructa RLF at 1.4 GHz
using the corresponding RH follow-up measurements. Thatifnas of radio-loud clusters are
about 6%, 18% and 24% for the NVSS 1.4 GHz, GMRT 610 MHz and GNIRTGHz samples,
respectively. As explained in appendix D, the 1.4 GHz NVSS-RWwith a median redshift
of z ~ 0.18) is finally taken as reference for the comparison with plzg®n. Note that the
observational RLF determination is not very robust at thegs; the very dierent percent of
radio-loud clusters found in flerent studies is indeed an indicator of this.

There is a general good agreement between the NVSS surudy aed both the model RLF
and the “true” RLFs, particularly for fraction of radio-ldwclusters between 10% and 1%. The
larger discrepancy seems to be present in the RLF obtainedtfielL; 4 g, — Lx boi Where the
observed relation scatter is producing a high luminosityofaobjects contradicting the NVSS
result. On the other side, the RLF obtained fromlthe g1, — Ysz sSeems the one better matching
the NVSS result. Note however that both facts may be arsifdae to the interplay of the two
relation scatter and the still small statistic of the MulilRz = 0.2 snapshot at very high masses.
Figure 6.8 shows that it will be flicult to discriminate betweenfiierent scenarios at high radio
luminosities (or masses). Indeed, the bottom right plot gfirfe 6.8, where the model RLF
and the “true” RLFs are compared at 10% radio-loud clustsetion, suggests that the lower
luminosity (mass) clusters will be the most useful in disegling between dierent models. It
is clear the key role of the upcoming LOFAR cluster survewibich predictions are presented
in the following. Note also the clear low-luminosity decsean the RLFs that is an artifact due
to the adopted mass cut (see section 6.1) and the scatter vakh luminosities.

Figure 6.9 shows the predictions at 120 MHz obtained withrdpresentative realization of
the model detailed in the previous section with 10% of rddigd clusters. Both the RLF (top
left panel) and the cumulative number density (bottom |eiftgd) are shown at the ftierent
MultiDark snapshots of table 6.1. Additionally shown is tixpected LOFAR Tier Joint-
sourceflux limit of FES = 0.5 mJy (Rottgering et al., 2012) converted to a luminosityitiat

a given redshift. This flux limit is clearly underestimatex hearby RHs which extension in
the sky can be as large as e.g. 1 deg in the Coma cluster casedeinto make more reliable
predictions, in the following, the RH flux limit is calculatevith the equation 10 of Cassano
et al. (2010) takindRsoo as halo extension and requiring the mean flux within the Ritfaalius
to be higher thar=£>. This may result in an overestimation of the flux limit for C§Qvhich
radio emission is more centrally concentrated than NCC@= miediarRsqo of the MultiDark



6.4 Radio Luminosity Function

AARARARARARA N AR RN (ARARRAREN (ARARRRRAN AR RN ARLN AR ARR AR [AARARARAN (ARARRAREN (ARARRRRAN [AARARARAN (ARARRAREN T
: loud (25%) 1 NVSS survey (Giovannini et al. 1999)
= | quiet (75%) - - - - - |
T, i loud (1%) -
I 4| ’ uiet (99% T 7
I I i L (99%) i ;EEHH—H::M
o L H ] L*1 !
5 I ¥ *:‘H fl
\“&_i _4j 4 r*'-]’{ _
s
. r T = 1
£ e + Wb .
5 [ T &
= | | Observed. ; gy, - Lx, vl T
T [ This Work T+ 25% radio-loud [x’% ]
5 ° + 25% radio-loud I + 10% radio-loud 'II 7
S r + 10% radio-loud T 5% radio-loud % ]
8 5% radio-loud e + + 1% radio-loud s % 1
1% radio-loud l  + 100% radio-loud ]
-10+- -+ —
72 Ly '
N2 bt - g
T ™=
L beei 1 = i
o el -
o }_}m*‘*’.‘,{ 1 ,{W“-‘d. [
(3]} L li‘j 1 [ 4
B 4 &jll* ‘ [P g}
g -4 »{@- £ i + == -
@ [ "t T =
|81 =
g | Pt I 2
£ 5t §’§I; T Fiz, 7
5 [ Observed, ,gu,- Yz, 500 y;ﬁ |§I l
=] + 25% radio-loud # ison f % ’I}‘
S -8 + 10% radio-loud - Comparison for 10% loud ,}% E
S r 5% radio-loud T + This Work 1
2 1% radio-loud i 1+ From Observed, , g~ Ly po
- L+ 100% radio-loud From Observed., 4 gu,~ Ysz. 500 ]
S10R [T [T [T [T [T LT b [T [T [T [T [T [

27 28 29 30 31 32 33 27 28 29 30 31 32 33
10G10 Ly 4 oz [17%5 €79 §* HZ'] 10G10 Ly 4 oz [ €79 S* HZ]

Figure 6.8: Radio Luminosity Function at 1.4 GHz. The top left panel shake prediction
of the final CR model (see main text for the details of the chgsrameters) for éierent
percent of radio-loud clusters. Additionally shown is hdwe RLF builds up from the quiet
and loud populations for the 25% and 1% cases. The top rigiel gaows the result obtained
applying the observet; 4 gz — Lx bol directly to the MultiDark mass function at= 0.2,
using thelLx o Of each halo as obtained from the phenomenological modeldifterent
percent of radio-loud clusters. The bottom left panel shihesresult obtained applying the
observedL1 4 gHz — Yszsoo directly to the MultiDark mass function at = 0.2, using the
Yszs00 Of each halo as obtained from the phenomenological modedifierent percent of
radio-loud clusters. The bottom right panel shows the coispa between the three ap-
proaches for 10% of radio-loud clusters. The NVSS survey REievannini et al., 1999)
is also shown in all panels. Horizontal error bars repreti@imass bins while the vertical
error bars are Poissonian uncertainties. The light graiith arrow shows the value above
which the RLF can be considered ndiezted by the low-luminosity decrease tail produced
by the adopted mass cut (see section 6.1) and the scatter lirakt luminosities.

117



118

On the Physics of Radio Halos: Scaling Relations and Lumeosity Function

= 21 z=0 b
N r ] z=0.1
T e 2=0.2
w 1 2=04
g 4 T = z=0.61 ]
) 3 z=0.78
"9 r g =1
m\/ L = =]
g | e
EO 6 feae st _
wg | e
= e
s w’it!
S 8
8 T A
> LOFAR Ly, ;=02 061 1
o [ 120 MHz
100 i, [ [ [ [ [ L
28 29 30 31 R 32 . 33 34
10016 Lyoo wi, 115 €7g §" HZ']
&
0
o
=
of
N
I
=
3 5
N r
= 5
ELOFARL&,Z:I;2 j;l/l\l
-10L 120 MH\Z ““““ [ Lo L [ L
28 29 30 31 32 33 34

10010 Lo wi, 1155 €19 §" HZ]

Mpc? (10% erg §' HZY)Y

5
70

Anin

Mpc?]

3
70

1010 1(>Lyz i) [

1090 d/dL 0 i, [

10y, |An/n|

Fits to di/dL
Analytical Model

[ LOFARLs, :=02
[ 120 MHz

30 31 32
10G10 L12o mw 175 €79 S HZ']

33

i’ Simulation
E Analytical Model

ELOFARLy, ..
120 MHzT 2702

30 31 2 32 .
10910 Lyzo wiz 1175 €7 $' HZ]

33 34

Figure 6.9: Radio luminosity function (top left panel) and cumulativenmber density (bot-
tom left panel) at the dierent MultiDark samples of table 6.1 at 120 MHz for the model
realization described in section 6.3 with 10% fraction afioaloud clusters. By fitting the
RLF with a 2-order polynomial function and modeling the 3efygarameters with respect
to the redshift evolution, an analytical model for evolviR§F is obtained (see main text
for details). The right panels show the comparison of the Fitd-(top) and the cumu-
lative number density of the MultiDark samples (bottom) he result obtained with the
analytical model. The bottom panels of these two plots shHmvrelative diferences as
An/n = (Nanayticai— Nfit) /Nt . Additionally shown is the LOFAR Tier fioint-sourceflux limit

of F5'°US = 0.5 mJy (Rottgering et al., 2012) converted to a luminosityitiat a given redshift.
Horizontal error bars represent the mass bins while thécegédrror bars are Poissonian un-
certainties. The light gray line with arrow in the top leftingh shows the value above which
the RLF can be considered ndiected by the low-luminosity decrease tail produced by the
adopted mass cut (see section 6.1) and the scatter in thiuhafwsities.
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sample is about.@ h;; Mpc at all redshifts. This translates to a flux limit of aboGt®Jy at
z=0.1, 7 mJy az = 0.2 and 05 mJy, as the point-source value zat 0.6.

In order to make a more quantitative prediction, an anayticodel which describes the evolving
RLF is built. The 120 MHz RLF at dierent redshifts is fitted as a 2-order polynomial function in
the form of log, dn/dL120 mrz = Ao + A1 10010 L120 mrz + A2 (10010 L12o mrz)? (0nly luminosities
higher then log, L120 120mHz = 29.25 are used in order to exclude the artificial low-luminosity
decrease). An analytical form for the dependence of theethberameterg\y with respect to
the redshift is obtained a& = Ao + A1 (1 + 2).1° The right panels of figure 6.9 compare
the RLF fits (top) and the cumulative number density (botttorthe result obtained with the
derived analytical model. The results obtained with theefaivell compare with the prediction
at a given redshift showing a significant deviation only atyvieigh luminosities, and at very
low luminosities for the highest considered redshifts, reheowever the very small statistic
significantly dfects the result.

This analytical model describing\#(L, z)/dVcdL, whereV¢ is the comoving volume, is then
used to calculate the total cumulative number of RHs in tlyeaslove a given flux valuE as

= AVe [ dNALD)
N(> F :f f 6.14
cP=] o edl (6.14)

whereL(F) = 47D(2)?F andD(2) is the luminosity distance computed from the correspagdin
redshiftz. The result is shown in the left panel of figure 6.10 for thetipalar realization of
the model described in the previous section with 10% fraabioradio-loud clusters (black solid
thick line; only luminosities above lqgli2o 120mHz > 29.25 are integrated). The total is obtained
integrating up ta, = 2 as above this value only few clusters survive the adoptessmat and
none would be detectable. The lower redshift limit (indéchas O in figure 6.10) iz = 0.018
as the closer known RH, i.e. Perseus. Additionally showrois the total result builds up in
different redshift bins. This is compared to the RH total cunnegatumber obtained usinanly
the 10% radio-loud clusters (black dashed thick line; thiddne constructing the corresponding
RLF and repeating the above steps to build an analytical madhere only luminosities above
09,4 L120 120mHz > 30.75 are integrated).

The right panel of figure 6.10 shows the total number of RH$ wWwauld bedetectableby the
LOFAR Tier 1 survey, where its sky coverage (about half skylaken into account. This is
calculated with equation 6.14 takihg= Fi, whereF,, is calculated with the equation 10 of
Cassano et al. (2010) as explained above. The lower flux isntétken to bng(f, meaning that
whenFi, < 0.5 mJy, i.e. at redshift above approximately 0.6, it is fixed at 0.5 mJy.

LOFAR Tier 1 at 120 MHz should be able to detect a total of at3s@t0 clusters hosting RHs
above 0.5 mJy. The precise number is strongly dependenteomnitherling assumptions. There
are two main uncertainties in the model constructed here:fricction of radio-loud to radio-
quiet clusters and the corresponding relative normabnafhich is the result of the interplay
of theyy, Bo, as, Ocr, and thereforeXcg, parameters). The fraction of radio-loud clusters mostly
affects the number of medium-to-high luminosity RHs (as carele@ $rom the 1.4 GHz RLFs in

10The values of these parameters Asg = —-43679, A1 = 10975,A10 = 29.68,A11 = —7.17,Ay0 = —0.51
andA,; = 0.12, and units are as the top left plot of figure 6.9.
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Figure 6.10: Cumulative number of RHs above a certain flux limit in all thg at 120 MHz.
Shown is the result of the model realization described iniged.3 with 10% fraction of
radio-loud clusters (black solid thick line) and the resldtained usingnly the 10% radio-
loud clusters (black dashed thick line). Additionally shmovs how the model total RLF
(black solid thick line) builds up in dierent redshift bins. Note that the total number of
(detectable) RHs would be dramatically reduced in the mesef a break in the model at
some low mass-scale, or some sort of mass-dependence inotel parameters causing
a lowering of the RH luminosities at low masseseft. Total number of RHs in the sky.
Right. Number of detectable RHs by the LOFAR Tier 1 survey considgitis sky coverage
(half sky) and flux limit at diterent redshifts, due to correspondingfelient source angular
extensions, calculated with equation 10 of Cassano et@l0j2 The lower flux limit is taken
to beFSF’GS = 0.5 mJy. See main text for details.

the top left panel of figure 6.8). While the total number of Réldominated by low-luminosity
RHs, suggesting that the radio-loud fraction is fractioafisminor importance for the detectable
number, the opposite is the case. Because of the fixed flug bimly the most luminous clusters
at each redshift are observable so that the total numbertet@ble RHs scales almost linearly
with the radio-loud fraction. The second uncertainty iseased by comparing the total result of
the model (black solid line) with the RLF obtained only frohetradio-loud population (black
dashed line). Their dlierence assesses the uncertainty in the modeling for a fiaetdn of
radio-loud clusters as all the configuration between thel soid dashed lines can be virtually
realized changing the relative normalization of the loud guiet populations.

The total number of (detectable) RHs is expected to be qugie. hThis is mainly due to ne-
glecting an eventual mass-dependence in the model pananastd, more importantly, to the
assumption that the model holds down to masses of aiedst~ 1.4 x 10 h;5 M, without any
break. In fact, looking at the radio-to-X-ray and radioSd-scaling relations of figure 6.7, one
can see that most of the RHs in the MultiDark sample, alsohferadio-loud population, lie at
low masses and therefore at low luminosities unproved byeatiobservations. The presence of
a break at some low mass-scale, or some sort of mass-deperndehe model parameters caus-



6.5 Conclusions 121

ing a lowering of the RH luminosities, would eventually riksua dramatically reduced number
of total (detectable) RHs. This would be in better agreemett recent predictions of a few to
hundreds observable RHs by e.g. Cassano et al. (2010) aredl &URicker (2011), while Enf3lin
& Rottgering (2002) also found that thousands of RHs wowdddbtectable by future surveys.
However, current information do not permit to make any t#éaassumption in this sense.
Another relevant issue in such surveys is the identificatidRHs and their hosting clusters (see
also Cassano et al., 2010). RHs constitute a small part oérnliee radio source population
and therefore need to be distinguished from the emissioduysex by other sources. A good
approach in this sense is to use X-ray samples of galaxyeckisthis underlines the importance
of the future eROSITA mission also for the cluster non-theremission study as it is expected
to detect around PCclusters up to redshift ~ 1.3 (see e.g. Cappelluti et al., 2011).

The results presented here show the potentiality of the L®OBArvey, and other future radio
instruments, in determining the (120 MHz) RLF propertiea wrery broad range of luminosities.
In particular, it should permit a robust determination & tumber of clusters hosting RHs at a
given luminosity (mass). This will be extremely helpful iatdrmining the parameter values for
the new hadronic model and eventually in elucidating the RRegation mechanism.

6.5 Conclusions

In this chapter, predictions for the RH population are pnésg assuming that RHs are generated
by secondaries of the hadronic CR interactions with the IBMomplete cosmological sample
of galaxy clusters is built from the MultiDark N-body simtitan (Prada et al., 2011) using seven
snapshots fromz = 0 up toz = 1 and selecting galaxy clusters by imposing a low mass cut at
Moo = 1.4 X 10" h;(])' Mo.

First, aphenomenologicahodel is constructed from the observed REXCESS clusterrgéites
(Croston et al., 2008) and cluster mass-to-gas fractiatiogl (Sun et al., 2009). This assigns a
ICM gas density to a DM halo given only its total mass. In thesywa cosmological complete
mock catalog of galaxy clusters is obtained such as it matttieeobservedy o -to-mass)Yx-to
mass and¥sz-to-mass relations, and the X-ray luminosity function.

A new hybrid hadronic model for the CR distribution in clusters is theiitbuerging previous
results from simulations and analytical works. The senabgical mass-dependent universal
normalization CR profile, obtained from the hydrodynamigstér cosmological simulations of
Pinzke & Pfrommer (2010), is merged with the analytical maddEnlin et al. (2011), which
includes the treatment of CR transport processes. WhiledvBaion tends to result in centrally
enhanced CR profiles, the propagation in form of CR strearmnmydifusion tends to produce
flat CR profiles. The latter phenomena were not consideredeviqus works for sake of sim-
plicity but turn out to be dramatically important. Note thhe choice to adopt the Pinzke &
Pfrommer (2010) simulation-derived universal profile,ypgding a mass-scaling, may introduce
an overcooling problem. This can be counteracted by charbey,, andag values, governing
the CR transport processes and the magnetic field radiahdeokspectively. However, the risk
is that, when modeling a given galaxy cluster, the fingvalue may be biased as the CR trans-
port efects are degenerate with the initial CR profile, thevalue, and other possibldfects
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not considered here as cluster asphericity and the cotibtbaf primary electrons accelerated
in outer shocks. Additionally, by adopting the result of e & Pfrommer (2010), which is
parameterized with three CR spectral indexes- (2.55,2.3,2.15), the possible CR transport
effects on the CR spectral index are also neglected (see Enfdlin 2011 for details).

The Coma and Abell 2163 giant radio halos, and the Perseu@ghidichus radio mini-halos are
modeled at 1.4 GHz. The new hybrid hadronic model can rep@the surface brightness both
of giant and mini-halos, solving problems of thiassicalhadronic model, and the total radio
luminosity is recovered within a maximum of 20%. No tensiaiith existing observational con-
straints are found. Note that radio measurements put stiingpnstraints than corresponding
gamma-ray observations, with the exception of the Comaeliusmse. Gamma-ray measure-
ments are fundamental to disentangle between the hadrodiceaacceleration models. The
results presented here show however that gamma-ray poedicchould be scaled down with
respect to previous works (e.g. at least a factor of two fos®es with respect to what used
in chapter 3 and 4). Note in fact that the parameter spaceeohdw hybrid hadronic model
constructed here is largely extended with respect to pusvioodels.

The radio emission of the clusters in the mock catalog isutaled, showing how dierent
parameter choices in the CR modeling méget the final result. A representative realization of
the CR model is adopted and compared with existing obsenstiThanks to the inclusion of
the CR transport phenomena, the hadronic model built hereeg@oduce the apparent cluster
bimodality observed in the radio-to-X-ray scaling relati@runetti et al., 2009; Enf3lin et al.,
2011) and, at the same time, it can reproduce the radio-tee8ling relation recently presented
by Basu (2012) which does not show any evidence of bimoddihis discrepancy may be only
apparent as both results can be reproduced here with thersade.

The 1.4 GHz RLF is then calculated and compared with the gbdeone (Giovannini et al.,
1999) finding a good agreement. The comparison betweBareit RLFs illustrates that the low
luminosity (mass) regime is the most promising range whereonstrain dierent models by
clearly determining the RH fraction against the total gglakister population. Therefore, the
120 MHz RLF and cumulative number density are calculateddeioto make predictions for the
LOFAR cluster survey. The total cumulative number of RHsva@certain flux limitis obtained,
showing that, under the assumptions made here, LOFAR Tiet28MHz is expected to detect
about 3500 RHs above 0.5 mJy. The precise number is stromgigrdient on the underling
assumptions and, in particular, on the fraction of radigdlclusters and on the assumption that
the model holds down to masses of abMybo ~ 1.4 x 10" ho3 M, without any break. Most of
the RHs in the MultiDark sample lie at low masses and theeefbiow luminosities unproved
by current observations. The presence of a break at some &ss-stale, or some sort of mass-
dependence in the model parameters causing a lowering BHHeminosities, would eventually
result in a dramatically reduced number of total (deteefaBHS.

Concluding, this chapter shows the potentiality of obsgowa by LOFAR, and other next-
generation low-sensitivity radio instruments, in detenimg the RLF properties in a very broad
range of luminosities. In particular, they should permibbust determination of the number of
clusters hosting RHs at a given luminosity (mass) and tbegeglucidate the relation of the ra-
dio emission with cluster dynamical states in synergy witiufe X-ray missions like eROSITA.
This will be extremely helpful in determining the parametatues for the new hadronic model
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built here and eventually in elucidating the RH generati@thanism.
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Name Z D Ad L1.4 GHz obs Fit Parameters L1.4 GHz model References
[hog Mpc]  [ho2 Mpc]  106°! [hyg erg st Hz ™ Yius OB 10* [h;2 erg s* Hz™Y]

Coma 0023 101 215 072 1,0.6 0.86 1,2, 3]
4,0.3 0.90

A2163 0203 962 207 1536 1,0.3 13.43 3, 4]

Perseus 018 78 015 440 3,04 4.80 3,5, 6,7]
100, 0.3 3.97

Ophiuchucs ©28 121 041 019 5,0.7 0.19 3, 4]
100, 0.3 0.23

Table 6.5: Modeled radio halos and mini-halos. Top rows are giant radios, while the bottom are mini-haloAd represents
the approximate dimension of the RHy 4 gz obs IS the total luminosity at 1.4 GHzMyoo and Rygp are taken from Reiprich

& Bohringer (2002). The Compagas and temperature are from Briel et al. (1992), while for A 2E6®1 Ophiuchus they are
from Reiprich & Bohringer (2002). For Perseuyggsis from Churazov et al. (2003) and the temperature centpaisdmodeled
as in Pfrommer & Enflin (2004a). For all clusters, the outenperature decrease is also adapted. Note that despitacthe f
that Ophiuchus is a CCC and has a central temperature dig)stacth temperature in the central part is used becausefitie di
important only below 3@1;3 kpc (see Million et al., 2010) and therefore it is not critifta the surface brightness modeling. The
Fit Parameters column indicates the best fit values (top)oémel permitted values for the modeling (bottom), &ad cHz model

is the corresponding predicted total luminosity at 1.4 GHthiw Rygp. See the main text for details. References: [1] Deiss et al.
(1997) [2] Briel et al. (1992) [3] Reiprich & Bohringer (22D[4] Murgia et al. (2009) [5] Pedlar et al. (1990) [6] Chusazt al.
(2003) [7] Pfrommer & Enf3lin (2004a).
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Chapter 7

Conclusions and Future Work

Morality is temporary,
wisdom is permanent.

Hunter S. Thompson

The topic of this PhD thesis is the study of non-thermal eifmmssoming from CR and DM in
clusters of galaxies. The main purpose is to gain a betteenstethding of the formation history
of these objects and therefore of the Universe itself. Mgaesh work combines both observa-
tional and theoretical approaches, the former thanks to antygpation in MAGIC gamma-ray
experiment exploring the Universe at energies above 50 Beké, the main contributions that
this work brings to the above research field (see chapterel3anmarized. Eventually, | also
detail some of the aspects that | consider important to beeaddd in the near future.

A large part of this thesis is devoted to the search for tha-eigergy gamma-ray emission com-
ing from the CR hadronic interactions in galaxy clustersctsa discovery would dramatically
help in disentangling between the hadronic and re-acdaaranodels of RHs, favoring the
former. | leaded a deep observation campaign of the Persdasygcluster with the MAGIC
telescopes (described in detail in chapter 2) resultinge@ldngest observation ever of a cluster
at VHE. The single-telescope observation performed in Ndr-December 2008 for a total
of about 25 hours is described in chapter 3 together withrii@ications for the possible CR-
induced emission. This first observation is not enough seegb constrain emission models
and only upper limits on the CR-to-thermal pressure, at @l leffew percents, are obtained.
The MAGIC stereo observation campaign performed from Qet@®09 to February 2011 for
a total of about 85 hours is described in chapter 4. During ¢himpaign, VHE emission was
discovered from the two Perseus cluster galaxies IC 310 &@ M275. This very deep obser-
vation permits, for the first time, to probe the underlyinggibs of cosmological hydrodynamic
simulations of cluster formation by putting the strongesistraint to date to the CR-to-thermal
pressure. This suggests the CR acceleratttiniency at structure formation shocks is lower
than 50%, an optimistic but realistic value adopted in cdsgioal simulations, or the presence
of non-negligible CR transport processes such &isglon and streaming out of the cluster core
region. Adopting a strong magnetic field everywhere in tltBo@mitting region B >> Bcyg)
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yields the minimum gamma-ray flux in the hadronic model of REiepending on the assumed
CR spectral index value, this flux is a factor of 2 to 17 beloe MAGIC stereo upper limits.
This puts the long-sought gamma-ray detection of clustensarticular for Perseus, within the
reach of deeper IACT campaigns with the possibility of saraing the hadronic emission model
of RHs.

As about 80% of the mass of galaxy clusters is in form of DMséhebjects are also good can-
didates where to search for the secondary products of Divhdation or decay. Amongst these
secondary products, gamma-ray emission is expected atlsgaién many DM scenarios. This
is investigated in chapter 3 for the Perseus cluster casg tis¢ MAGIC single telescope obser-
vation. The comparison with theoretical models is not vepnmsing. In fact, with the assumed
particle physics model, one of the most optimistic alloweergarios with the neutralino as DM
particle, boost factor values of the order of'Hie needed to reach the expected DM annihila-
tion induced emission. Note, however, that possible couations from internal bremsstrahlung,
Sommerfeld enhancement as well as boost factors due torgcoses are neglected in chap-
ter 3. In fact, recent studies on the substructufBescein clusters show that their contribution is
dramatically important, implying a flat DM annihilation ession profile out to the virial radius.
This, together with the presence of the NGC 1275 signal agérsx< 600 GeV in the MAGIC
stereo data, calls for novel analysis techniques for DMcdesrin Perseus.

With the idea that extragalactic structures, such as gatéusters, are good DM candidates,
in chapter 5 | investigate the potentiality of the NASA gamrag satelliteFermi in detecting

a DM annihilation or decay-induced signal from them. Usingoastrained cosmological N-
body simulation of the local Universe, provided by the CLU&Sject, | build all-skymaps of
the density and density-squared DM distribution which a@pprtional to the DM decay and
annihilation emission, respectively. In this kind of siratibn, and therefore in the resulting all-
skymaps, the main structures visible in the sky are wellaépced, such as the Virgo, Coma
and Perseus clusters and the Great Attractor. Running i5he¥ani observation simulations
on these maps, for some representative DM models, permgtutty the signal-to-noise all-
skymaps. Eventually, | show th&ermi might detect DM induced gamma-ray emission from
nearby galaxy clusters as well as from filaments of the cosweie, particularly for some DM
decay models.

The last part of the thesis is dedicated to the CR inducedssonigh clusters focusing on the radio
domain. The next generation radio observatory, LOFAR, pldly a fundamental role providing
us with a galaxy cluster survey up to redshzift 1. RH population studies will then permit the
characterization of the underlying physical mechanismegplore in detail this possibility for the
hadronic model case in chapter 6. Basing on the observeteclgas profiles and mass-to-gas
fraction relation, gghenomenologicahodel is constructed where a gas density can be assigned
to a DM halo given only its total mass. This permits to creat®smological complete cluster
mock catalog from the MultiDark N-body simulation which \wedproduces the observed X-ray
cluster properties and statistics such as the obsérygg-to-mass)Yx-to mass and/sz-to-mass
relations, and the X-ray luminosity function. | then constra newhybrid hadronic model for
the CR distribution in clusters, merging previous resulte simulations and analytical works.
In particular, it includes the treatment of CR transportgeisses. While CR advection tends to
result in centrally enhanced CR profiles, the propagatidorim of CR streaming and fiusion
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tends to produce flat CR profiles. The latter phenomena areomsidered in previous works for
sake of simplicity but turn out to be dramatically important

| show that this new hadronic model is able to match the oleseRH properties of four repre-
sentative cases (Coma, Abell 2163, Perseus and Ophiuchtbhs)ientering in tension with any
existing constraint. Note also that the corresponding gasraw predictions should be scaled
down with respect to previous works (e.g. at least a facttwoffor Perseus with respect to what
considered in chapter 3 and 4). | then calculate the radiegaon at 1.4 GHz for the clusters
in the MultiDark mock catalog and compare them to observetirgg relations. Thanks to the
inclusion of the CR transport phenomena, this new hadromdehcan reproduce the appar-
ent cluster bimodality observed in the radio-to-X-ray swaltelation. At the same time, it also
reproduces the radio-to-SZ scaling relation which doesshotv any evidence of bimodality.
As both results can be reproduced here with the same moeetotinesponding observational
discrepancy may be only apparent.

The 1.4 GHz RLF is then compared to the observed one, findingd ggreement. The compar-
ison between dierent RLFs illustrates that the low luminosity (mass) regigthe most promis-
ing range where to constrainftBrent models by clearly determining the RH fraction agaimet
galaxy cluster population. Therefore, the 120 MHz RLF anthelative number density are cal-
culated, making prediction for the LOFAR cluster surveytddgict that the LOFAR Tier 1 cluster
survey at 120 MHz should detect a total of about 3500 RHs abdvenJy. The precise number
depends on the underlying assumptions, in particular, effréiction of radio-loud clusters. Ad-
ditionally, most of the RHs in my mock catalog lies at low mesand thus at low luminosities
unproved by current observations. The presence of a breséina¢ low mass-scale, or some
sort of mass-dependence in the model parameters causingearg of the RH luminosities,
would eventually result in a dramatically reduced numbetotdl detectable RHs. However,
current available information do not permit to make anyatdie assumption in this direction.
Eventually, | show that observations of LOFAR, and othertrgeeneration low-sensitivity radio
instruments, will be able to determine the RLF propertiea \rery broad range of luminosities.
In particular, they should permit a robust determinatiothefnumber of clusters hosting RHs at
a given luminosity (mass) and therefore elucidate theicglaif the radio emission with cluster
dynamical states. This will be extremely helpful in detering the parameter values for the new
hadronic model constructed here and eventually in illtisigehe RH generation mechanism.

Despite the important steps forward done in the last fewsyatis not yet possible to say any
conclusive word on the formation mechanism of RHs nor on the&sible cluster CR induced
gamma-ray emission. So far, the most constraining gamméma comes from the MAGIC
observations of the Perseus galaxy cluster contained ptehd and 4. Despite this large cam-
paign, we are still far from the theoretical minimum gamragftux and the parameter space for
the hadronic model is still wide and far from being really stvained. In order to reach a deeper
level of knowledge, additional IACT observations, of the@rof hundred of hours, are needed.
While this is a goal within the reach of current existing |1A€; There are many technicakidcul-
ties in such long-term observation campaigns given thatsheuld be spread over many years.
The planned next generation IACT instrument, CTA, is expetd have a much better sensitivity
than existing IACTs. Therefore, | find fundamental to stualy teasibility and possible outcome
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of CTA cluster observations in elucidating the RH generatieechanism. ThEBermigamma-ray
observations are also very important in this seff®emihas the advantage over existing IATCs
of a full-sky survey and it can more easily deal with very exled sources. Integrating over 5
or more yearsi-ermicould indeed probe the expected cluster gamma-ray emi€3aih IACTs
andFermi must be used in synergy in order to profit from their respecsivengths and energy
ranges.

We actually might be closer to some important insights omtivethermal cluster emission in the
radio regime where the LOFAR observatory is already in dp@raA cluster survey is part of the
LOFAR science key projects and will soon provide a large petjpan of radio-observed galaxy
clusters up to high redshift. The LOFAR predictions, pr@ddn chapter 6 for the hadronic
model, are only a beginning in this direction. The new hadrarodel developed here is charac-
terized by a much larger parameter space with respect taomehadronic models and further
work should be done investigating its full potential. Adaiitally, some open issues should be
addressed in detail to understand their impact. In pagictihe possible CR transportect on
the CR population spectral index, the contribute of prinedegtrons accelerated in outer shocks,
which may be important over the total emission in the clusteskirts, and cluster asphericity.
The modeling of all know RHs in a comprehensive work will atsglp in understanding the
hadronic model. Meanwhile, upcoming LOFAR results will ipérto better characterize the
model parameters and eventually to elucidate the RH geoematchanism.

The nature of DM is a pressing scientific question with vergm@mplications in almost all
physics fields. After manyfBorts done in the past years, both with direct and indirecatein
techniques, the theoretical window for the DM particle igmwally starting to narrow down.
Observations of the secondary products of the DM annibitatr decay are a crucial way to
understand the DM nature. Instruments in the gamma-rayneegire particularly well suited
for these purposes because many DM candidates are expecggeetrise to a very peculiar
gamma-ray spectrum. In this sense, some observations laadybeen performed by existing
IACTs andFermi. It should be noted that our current knowledge places exgjstistruments,
particularly ICATs, quite far from theoretical predict®rparticularly for super-symmetric DM.
Despite this, deep observation campaign on DM candida@sléHibe continued as a possible
positive outcome would be an incredible scientific breaktigh. Multi-frequency studies from
radio to gamma-ray frequencies are also fundamental toatwéstigate the DM nature.

From an astrophysical point of view, the full characteiatof the most promising objects
for DM detection is vital. In particular, | found of fundamtahimportance to characterize the
effect of DM substructures. Indeed, its impact on the DM induesussion can be dramatic,
particularly for galaxy clusters. However, we are still feom a satisfactory knowledge of the
DM substructure, therefore, its study by means of cosmo@gimulations as well as analytical
work is fundamental.

According to the currently accepted cosmological scenatractures grow hierarchically from
small halos to larger ones and clusters of galaxies are tbstlabjects to form. Clusters have
an enormous importance in cosmology because they reprasemtcellent way to test models
on the origin and evolution of the Universe. The cluster pagon provides important informa-
tion on cosmological parameters through its mass functiower spectrum and secondary CMB
anisotropies. In order to make such studies, large andttally complete cluster samples are
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needed. X-ray surveys are still the mosiieent way to detect clusters and to select well-defined
samples. In fact, X-ray observations provide accurate areagents of many cluster physical
parameters as the bremsstrahlung luminosity which islyigittrrelated to the cluster gravita-
tional mass, ICM density distribution and temperature. réfme, most of the cosmological
studies involve galaxy cluster samples based on X-ray ghsens. Besides the scope of prob-
ing cosmological models, the physical information thatlsarxtracted from X-ray observations
is also crucial in the understanding of the cluster nonrfaprocesses as shown in chapter 6.
The future X-ray instrument eROSITA will be of maximum impance as it is expected to de-
tect about 10 clusters up to redshift 1.3. With such a large cluster sampéewill be able to
strongly constrain the cosmological model and also to dtaailly increase the knowledge of
many cluster physical parameters. In this sense, the symetig large mock-like cluster sample
from N-body cosmological simulations is fundamental bathdosmology purposes and to study
the non-thermal processes in galaxy clusters. Anotherumsnt that is very important in this
framework is thePlancksatellite. The identification of the secondary anisotrepkthe CMB,
generated after the re-combination era, is crucial for @sgical studies. This is done identify-
ing the distortions in the CMB spectrum caused by the the@@adffect. The SZ fect can be
separated from the primary CMB anisotropies and used tg shedcosmic structure evolution.
In particular, the galaxy clusters thRalanckdetects via the SZfect can be used as cosmolog-
ical probes. Again, the synergy with N-body simulationsesywimportant. The production of
mock-like catalogs of SZ clusters and SZ all-sky maps aevagit tools for cosmology studies
in conjunction with theéPlancksatellite results.

Concluding, the approaches used here open the road to mang &pplications in the radio, SZ,
X-ray and gamma-ray fields. The study of non-thermal emimssicgalaxy clusters, combined
with cosmological analyses of large cluster samples, widlvwle a deeper knowledge of the
structure formation and eventually of the Universe evolutiistory.
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Appendix A

Radio Emission Calculation

The factorA, for the synchrotron radio luminosity calculation of eqoatb.5 is (see also Pfrom-
mer et al., 2008 and Enf3lin et al., 2011):

162_ae 02 ae—2 2\ ae—1
A=A, TppMe il meC” , (A.1)
N (e — 2)oreEgc My \Me GeV
with:
Var Bt ae+ 5T (%557 T (357 T (257
Ay, = oo 0o+ 3T (551 (37) 1 (4] (A.2)

32t mC? ae+ 1 r(ae4+7)
wherea, = a + 1, the dfective inelastic cross-section for proton-proton intéoas o, =
32 (096 + e*+4#24) B, = /8rep, ~ 31(GLHZ) uG, andr is the Gamma-function (Abramowitz
& Stegun, 1965)Ag, ., is expressed in erg, ady is expressed in erg chy™* srt.

The generalization of the radio luminosity calculationticee CR spectral indexes and the inclu-
sion of the maximum CR acceleratioffieiency parameteycg, following Pinzke & Pfrommer

(2010), changes, into:

es(R)
ea(R) + ecms

eB(R))# |

€B,

Jvina = G9crRC(R)pgadR)

x ZilAiAv,i( (A3)

where the sum is over the three CR spectral indexes(2.55, 2.3, 2.15) with the corresponding
factorsA; = (0.767,0.143 0.0975) found by Pinzke & Pfrommer (2010).
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Cosmic Rays Modeling Details

Following closely EnRlin et al. (2011), when turbulent achien completely dominates, the CR
normalization can be expressed as in equation 6.9. Howbkwér, propagation and advection
shape the CR profile. This is analytically developed by sguhe continuity equation for
CRs and obtaining the CR density profiler of equation 6.10. Assuming for simplicity that
P(R)/Po = ng(R)/ng, SO neglecting the temperature dependence, with a stagganfile for the
electron density,

Ne = N (1 + @) , (B.1)
the solution of equation 6.10 is physical only feir between
3B ( 2Ry )2
R, = R11+4/1- , B.2
- 27 ( 3ﬁCIR* ( )

while it is non-stationary outside these radii where it is@&&(R) = pcr(R.) for R > R, and
R < R, respectively. The reader is referred to Enl3lin et al. (2@drfurther details. Eventually,
the final CR normalization profil&G(R) = Co(ocr(R)/pcro)’<R, results to be

—Be
C(R) =Cy (1 + %) eXp(RE*,BCR) (BS)
for R. < R < R,, whereB; = 38 Bcr/2y, andC(R) = C(R,) for R < R_ andR > R, respec-
tively. Therefore, dferent CR transport cases are obtained varying the valueedfansport
parametery,. A high yy, value corresponds to the advection-dominated case, wieleCR
profile is flat wheny,, ~ 1 (Enf3lin et al., 2011).

Figure B.1 shows a comparison betwégy, of equation 6.9 an@ of equation B.3 considering
the NCCC Coma and CCC Perseus cases. While for Comapinefile of Briel et al. (1992) is
adopted, Perseus needs a doybfeofile. Both the approximatioR(R)/Py = ne(R)/ng and the
proper Perseus pressure profile are used (X-ray data froma@bwet al., 2003). Note that the
EnRlin et al. (2011) formalism is exact only for the approatian P(R)/Py = ne(R)/ng wheren,



148 Appendix B

[ PERSEUS Simplep

SIMPLE Comap I COMA Simplep
ComaP - - - - - Transportp y,=100 TransportP, y,,=100
10 Perseup 3 Transporp Y =10 -« ee e Transport, Y, =10 oo 3
Persue®, - ---- ¥ Transporp y,=1 - --- - r TransportP, y,=1 - ---- 3
Persued, oo T Semi-analytical L Transporp y,=100 ]

Transporp Y, =10 -oovevoe ]
Transporp y,=1 - - - - -
Semi-analytical E|

10°

C(R)/C,

10 F

- N I N AN

L A L L i
10° 10° 10t 10° 10? 10? 10° 10° 10"
R/RZOD R/RZDO R/RZDD

Figure B.1: Comparison of dferent CR profiles. The left plot shows theempleadvective
Cagv Of equation 6.9 for the Coma and Perseus cases both negléutinemperature depen-
dence ) and considering itF). The temperature profile of Coma has been modified so that
it follows the characteristic decline toward the clusterigigery. Perseus is a CCC and it is
characterized by a central dip in the temperature profileckvimmay importantly fiect the
final CR profile, so the temperature profile as given in Churaal. (2003) is adoptedPq).
Also shown is the case where only the characteristic detdiward the cluster periphery is
applied P5). The other two right plots show theansportcase of equation B.3 for Coma and
Perseus for dierent values of, in comparison with thesimplecase. Additionally shown
is the result in case &B(R) = Csemi-analytica(R) = C(R)pgadR)/m, whereC(R) is the mass-
dependent universal normalization CR profile found in cdsgioal simulations (Pinzke &
Pfrommer, 2010). Theimpleandsemi-analyticalprofiles are normalized &, = C(0). The
transport cases are normalizedCat= C(0, yyy = 100), where the CR populations are fixed
to have a constant total CR number as in equation 36 of Enf3ih €011) integrating up
Rooo. Here,a = 2.3.

is ap-profile. Nevertheless, the above formulae is used alsoddRis as a good approximation,
i.e. C(R) = Co(ocr(R)/pcro)cr within R, of equation B.2, an€(R) = C(R.) for R > R, and

R < R, respectively;R; in equation B.2 is taken to be equal to the Perseus dgipiefile
outer core radius ang, = 0.8. The relevant parameters arg and the exponential factor of
equation 6.10. In fact, as will be clear in the following, tiw® radiiR, are not critically &ected
by the detail ofy(R). Therefore, despite the approximation, this approactucap the main CR
transport €ects also for the Perseus case.

Figure B.1 additionally shows the result in c&(&) = Csemi-anaiyiicalR) = C(R)pgaS(R)/mD where
C(R) is the universal normalization CR profile found in cosmadadj simulations (Pinzke &
Pfrommer, 2010). As expected, the CR profile driven by sitmuta is characterized by a more
centrally peaked profile with respect to the analytical cas&te also the flatter profile of Coma
with respect to Perseus, which reflects their NCCC and CCs3ifieation, respectively. Finally,
the dfect of varying the turbulent cluster state by meangp€an be clearly appreciated.

The goal is to generalize the Enf3lin et al. (2011) approadheécGNFW gas profiles of sec-
tion 6.1.2, in addition to the universal temperature drophi@ cluster outskirts, and merge it
with theC universal CR normalization obtained from simulations. piiog the profileChyprig =
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C(R)pganR)%?) into equation 6.11, there is not an analytical solution fpragion 6.10 as in Enf3lin
et al. (2011). This results in a 5-order equation; a numksickution would not be of practical
use for the large MultiDark sample. For simplicity, as in Berseus case, the above formulae is
adopted after some convenient modifications detailed ifafh@ving.

In the case oP(R)/Py = neanrw(R)/No, With negnrw given by equation 6.1, there exist an exact
analytical solution following the Enf3lin et al. (2011) theeent. Therefore, in order to evaluate
the systematic error introduced with the above describgaoagh, figure B.2 comparé€yR)

of the GNFW exact solution and the approximate case wherg&nifin et al. (2011) formulae
is used but adoptin@(R)/Py = Necnew(R)/No. In the second cas®._ is fixed to 10°R/Rug0

to mimic the typicalR_ value of the exact solution, otherwise an unphysical stafufe would
appear ak 102R/Ryqo. This latter approximation is kept in the final hybrid modedte however
that this does not change at all the model surface brighanes$sotal luminosity. As clear from
figure B.2, there is almost noftierence between the two cases. This shows that the appreximat
approach strategy can be safely followed in order to derifeglyaworking model capturing the
main CR transportféects.

SummarizingChywrig Of equation 6.12 defines the final hybrid CR normalizatiorfifgavhich is
C(R) = Co(ocr(R)/pcro)Per within R, of equation B.2, an€(R) = C(R.)forR> R, andR < R_,
respectively. Note that in the final formulatioR, of equation B.2 becomes the characteristic
radius of the GNFW gas profile of section 6.1.2, Rg.= 0.2Rsq0, andp, = 0.8 (varying the
value ofgy between 0.4 and 1.2 has no impact at all).
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Figure B.2: Comparison of2(R) for the GNFW exact solution and the approximated case
where the EnRlin et al. (2011) formulae is used but VI#{R)/Py = neenew(R)/no. Both

the NCCC and CCC cases for the respective GNFW profiles dkfivesection 6.1.2 are
shown. From top to bottomyy, = 100,y = 10 andyy, = 1. The normalization is done

at Cp = C(0,yw = 100) of the exact model where the CR populations are fixed ve ha
a constant total CR number as in equation 36 of Enf3lin et 8L Rintegrating umRxoo.

Note that theC(0,yy, = 100) value for the CCC case is identical between the exact and
approximated model, while there is a smalfeience of about 9% in the NCCC case. Here,
a=23.
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Gamma-ray Emission Calculation

The gamma-ray flux above a certain enekgycan be written as (see e.g. Pinzke & Pfrommer,
2010):

FAE) = gz | ViR c1)

where the omnidirectional (i.e. integrated over thesélid angle) gamma-ray emissivity above
E, is j,(R) = A/C(R)pgadR). The parameteh, is (Pinzke & Pfrommer, 2010):

Amac g ) Toni (M |
k3n‘% =1 'a/i(Si 2m,,o

a+1 -1 2
X[ﬁx( 25i P 25i )]Xl (C.Z)

Ay = Jcr Dy,brea

2 20 .

1+ (ZEOM ) ] [Bx(a, b)]¢ = Bx(a b) — By (a b) andp denotes the incomplete
Beta-function (Abramowitz & Stegun, 1965), and= 0.14e;° + 0.44. The termD, preak =
D,(E,. E, brea) represent diusive CR losses due to escaping protons from the clustereat th
equivalent photon energy for the breBkycax (see Pinzke & Pfrommer, 2010 for detailgy, is
expressed in cAst gL,

wherex; =
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Appendix D

Observational Radio-to-X-ray Scaling
relation and Radio Luminosity Function

For comparison with the observed 1.4 GHz radio-to-X-rayisgaelation, all the radio halos in
the Enf3lin et al. (2011) list are used and the correspondingyXpolometric luminosities taken
from Brunetti et al. (2009). Four mini-halos from the Enf#iral. (2011) list are used (excluding
RXCJ1314.4-2515 and Z7160 because X-ray bolometric measnts are not present for them,
and A2626 because its bolometric X-ray luminosity wouldcpla as an extreme outlier with
respect to the others). The Ophiuchus, A2029 and A1835 halus are also added (Govoni
et al., 2009). X-ray bolometric luminosities are taken fdrReiprich & Bohringer (2002) for
Perseus, A2142, A2029, PKS0745-191 and Ophiuchus, froniBger et al. (1998) for A2390,
and from Cavagnolo et al. (2009) (ACCEPT: Archive of Chartiaster Entropy Profile Tables;
httpy//www.pa.msu.ediastrgMC2/accept) for A1835. Mini-halos do not have errors on the X-
ray bolometric luminosity and therefore a 10% error is assdithis is true also fok4 gz

of all mini-halos apart A2390). The final observational séenmgf RHs has a median redshift
or z ~ 0.18. Regarding the non-detected clusters in the Enf3lin gR@all) list, only the 8
clusters for which ACCEPT bolometric X-ray luminositiesaised. Figure 6.7, left panel, shows
the corresponding radio-to-X-ray scaling relatibfy gy — Lxbo- The fit to observations, in
the form of logy(L14 cr/h;E erg s* HZ™) = A + B log,o(Lx poi/h;2 €rg s?), results inA =
-50.433+ 2.226 andB = 1.803+ 0.049 and has a scatter of, ~ 0.44.

Additionally, in figure D.1, an attempt to construct a RLFrfrexisting X-ray flux-limited radio
surveys is made. There exist two such studies, the clustiér survey done with the NVSS
survey at 14 GHz of Giovannini et al. (1999) and the one done with GMRT Hd 81Hz by
Venturi et al. (2007, 2008). From both of them only RHs aredteld, i.e. radio relics or other
diffuse radio emissions of unclear classification are not censitd The 1.4 GHz NVSS survey
contains 13 RHs out of 205 analyzed clusters and the 610 MHRG&lIrvey contains 6 RHs out
of the observed 34. The sample finally analyzed by Ventuili €807, 2008) is composed by 50
clusters and a corresponding RLF at 1.4 GHz, using the 12pt&Hs, can also be constructed
with the existing 1.4 GHz follow-up measurements. The fomd of radio-loud clusters are
about 6%, 18% and 24% for the NVSS 1.4 GHz, GMRT 610 MHz and GNIRTGHz samples,
respectively. The corresponding median redshift is 0.13; @nd 0.25. The RLF is calculated
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using the classicalax estimator (see e.g. Felten, 1976) correcting it for thenmgleteness and
sky coverage of the surveys. The most problematic aspedbtairong these RLFs, apart the
few available objects, is the calculation of a meaningfut fimit. This is calculated by fitting
the upper envelope of the luminosity-distance distributbthe three populations, as shown in
the insets of figure D.1, following the procedure adopted bydBrick et al. (2011). Note that
it is particularly hard to calculate a meaningful flux limdrfthe GMRT survey due to its poor
luminosity-distance RHSs distribution. Therefore, the G4z NVSS RLF is taken as reference.
However, note that several issues céeé this result as e.g. the very reduced number of objects,
and therefore the flux limit determination, and the Malmg&ddington bias. Indeed, the very
different fraction of radio loud clusters obtained frornffelient studies is a clear indicator of the
large uncertainty in the RLF.

Mpc?® (10% erg s' Hz')']
A
|
|

I —3— ; ]

-6+ - : |

= g 1
] 8- e g :
S I |
= - 0O GMRT 610 MHz 3 + 1
= -10~ O NVSS 1.4GHz 3 .

30 31 32 33
log,, L, [h;z0 erg sTHz]

Figure D.1: Radio luminosity function obtained from existent obsein/ad. The three insets
show the luminosity-distance distribution of the three pla® (see main text for details)
where the solid line is the fit to the upper envelope poputatiedicated in green, employed
to calculate the flux limit for the classic®l,ax estimator. The choice of the upper envelope
population is somehow arbitrary, particularly in the GMRaBes due to the poor luminosity—
distance distributions. The horizontal error bars repreiee mass bins while the vertical
error bars are Poissonian uncertainties.
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