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Stufen

Wie jede Blite welkt und jede Jugend

Dem Alter weicht, bluht jede Lebensstufe,
Bluht jede Weisheit auch und jede Tugend
Zu ihrer Zeit und darf nicht ewig dauern.

Es muf3 das Herz bei jedem Lebensrufe
Bereit zum Abschied sein und Neubeginne,
Um sich in Tapferkeit und ohne Trauern

In andre, neue Bindungen zu geben.

Und jedem Anfang wohnt ein Zauber inne,
Der uns beschitzt und der uns hilft, zu leben.

Wir sollen heiter Raum um Raum durchschreiten,
An keinem wie an einer Heimat hangen,

Der Weltgeist will nicht fesseln uns und engen,
Er will uns Stuf’ um Stufe heben, weiten.

Kaum sind wir heimisch einem Lebenskreise
Und traulich eingewohnt, so droht Erscfién,

Nur wer bereit zu Aufbruch ist und Reise,

Mag lahmender Gewdhnung sich effiiea.

Es wird vielleicht auch noch die Todesstunde
Uns neuen Raumen jung entgegensenden,

Des Lebens Ruf an uns wird niemals enden ...
Wohlan denn, Herz, nimm Abschied und gesunde!

aus Hermann Hesse: Das Glasperlenspiel
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1. Abstract

On the role of cosmic rays in clusters of galaxies

We take a multi-faceted approach to study the relativistic cosmic ray (CR) proton population in galaxy clusters.
CR protons may be accelerated by structure formation shock waves, injected from radio galaxies into the intra-
cluster medium, or result from supernova driven galactic winds. This thesis addresses the following questions:
do CR protons exist in galaxy clusters? What is the dynamic and cosmological impact of CRs? How can we
observe them? How can we describe CRs and their interactions? The first major part of this thesis investigates the
question of the dynamic influence of CRs on the intra-cluster medium and searches for unbiased tracers of their
existence using multi-frequency observational results. To this end, | develop an analytical framework to describe
the hadronic interactions of CR protons with the ambient thermal plasma. In the second part, a description of CR
gas for cosmological applications is presented that is especially suited for hydrodynamical simulations. During the
course of this work, | focus on developing a formalism for instantaneously identifying and estimating the strength of
structure formation shocks during cosmological simulations to accelerate CRs thréugivelishock acceleration.

Since the energetically dominant CR population is trapped by cluster magnetic fields, it can only be observed
indirectly through non-thermal radiative processes. CR protons interact hadronically with the ambient plasma and
produce mainly neutral and charged pions that successively decayfiays, secondary electrons, and neutrinos. |
develop an analytic formalism which describes the induced radio synchrotron, inverse Comptenagedission.
Comparing the expectegray flux to the upper limits obtained by theray observatory EGRET, | am able to
constrain the CR proton energy density in nearby cooling core clusters2@% relative to the thermal energy
density. In this context, | study the hypothesis that th&ude radio synchrotron emission of galaxy clusters is
produced by hadronically originating relativistic electrons and | develop a non-parametric criterion to obtain the
minimum energy state for an observed radio synchrotron emission: the excellent agreement between the observed
and theoretically expected radio surface brightness profile of the Perseus mini-halo and the small amount of energy
density in CR protons needed to account for the observed radio emission makes this hadronic model an attractive
explanation of radio mini-halos found in cooling core clusters. To explain the giant radio halo of Coma within the
hadronic model of secondary electrons, the CR proton-to-thermal energy density profile has to increase radially up
to moderate CR energy densities. Cosmological simulations that self-consistently follow CR acceleration at shock
waves predict such an energy density profile: strong shock waves, that occur predominantly in low density regions,
are able to ficiently accelerate high-energetic CRs, whereas weak central flow shocks inject only a low-energetic
CR population which is strongly diminished by Coulomb interactions. This implies that the dynamic importance of
the shock-injected CR energy density is largest in the low-density halo infall regions, but is less important for the
weaker shocks occurring in central high-density cluster regions.

As an extension of this work, | propose a new method in order to elucidate the content of the radio plasma bubbles
located at cool cores of galaxy clusters. Using the Sunyaev-Zel'dovich (B}t .etheAtacama Large Millimeter
Array and theGreen Bank Telescopshould be able to infer the dynamically dominant CR component of the plasma
bubbles in suitable galaxy clusters within short observation times. Future high-sensitivity multi-frequency SZ obser-
vations will be able to infer the energy spectrum of the dynamically dominant electron population. This knowledge
canyield indirect indications for an underlying composition of relativistic outflows of radio galaxies because plasma
bubbles represent the relic fluid of jets.

In the second major part of my thesis, | address the problem of constructing an accurate and self-consistent model
for the description of CRs that aims at studying the dynamic influence of CRs on structure formation and galaxy
evolution. This will not only allow the production of realistic non-thermal emission signatures of galaxies and
clusters of galaxies, but also allow in-vivo studies of dynantfeas driven by relativistic particles and the star
formation history. The developed model self-consistently traces relativistic protons originating from various kinds
of sources, such as structure formation shock waves and supernovae driven galactic winds, and also accounts for
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dissipative processes in the relativistic gas component. To this end, | develop a formalism for the identification and
accurate estimation of the strength of structure formation shdwkag cosmological smoothed particle hydrody-
namics simulations. Shocks not only play a decisive role for the thermalization of gas in virializing structures but
also for the acceleration of CRs througfffdsive shock acceleration. The formalism is applicable both to ordinary
non-relativistic thermal gas and to plasmas composed of CRs and thermal gas. | apply these methods to studying
the properties of structure formation shocks in high-resolution hydrodynamic simulations/A€& model and

find that most of the energy is dissipated in weak internal shocks which are predominantly central flow shocks or
merger shock waves traversing halo centers. Collapsed cosmological structures are surrounded by external shocks
with a much higher Mach number, but they play only a minor role in the energy balance of thermalization. | show
that after the epoch of cosmic reionization, the Mach number distribution is significantly modified liyceane
suppression of strong external shock waves due to the associated increase of the sound spediliséthadi



Kosmische Strahlung in Galaxienhaufen

Fir die Untersuchung der relativistischen Protonenpopuladngl( cosmic rays, CRs$n Galaxienhaufen haben

wir einen vielschichtigen Ansatz gewahlt. CR-Protonen kdnnen an StoRwellen wahrend der kosmischen Struk-
turentstehung beschleunigt werden, sie kdnnen von Radiogalaxien in das Gas des Galaxienhaufens injiziert werden
oder aus galaktischen Winden entstehen, die von Supernova-Explosionen angetrieben werden. Diese Doktorar-
beit hat sich mit folgenden Fragen befal’t: Existieren CR-Protonen in Galaxienhaufen? Welchen dynamischen und
kosmologischen Einflu haben CRs? Wie kdnnen wir diese beobachten? Wie kdnnen wir CRs und ihre Wechsel-
wirkungen beschreiben? Der erste Teil dieser Arbeit untersucht, ob CRs einen dynamischen Einflul3 auf das Gas in
Galaxienhaufens haben und sucht nach Indikatoren fur die Existenz von CRs unter der Verwendung von Daten aus
Multifrequenz-Beobachtungen. Zu diesem Zweck entwickle ich einen analytischen Formalismus, um die hadroni-
sche Wechselwirkung von CR-Protonen mit dem umgebenden thermischen Gas zu beschreiben. Im zweiten Teil
stelle ich eine Beschreibung fir CR-Gas in kosmologischen Anwendungen vor, das fur hydrodynamische Simula-
tionen besonders geeignet ist. Im weiteren Verlauf dieser Arbeit konzentriere ich mich auf die Entwicklung eines
Formalismus, der die Starke von Strukturentstehungs-StoRwellen unmittelbar wéhrend kosmologischer Simulatio-
nen genau bestimmt, um die CRs miffdsiver StoRBwellenbeschleunigung zu generieren.

Da die energetisch dominierende CR-Population durch Magnetfelder des Galaxienhaufens gebunden ist, kann sie
nur indirekt durch nicht-thermische Strahlungsprozesse nachgewiesen werden. CR-Protonen wechselwirken hadro-
nisch mit dem sie umgebenden Plasma und produzieren hauptsachlich neutrale und geladene Pionen, die sukzessive
in v-Strahlung, sekundére Elektronen und Neutrinos zerfallen. Ich entwickle einen analytischen Formalismus, der
die induzierte Radio-Synchrotronstrahlung, inverse Compton-Emission48tcahlung beschreibt. Durch Ver-
gleich des erwartetep-Strahlenflusses mit den mit Hilfe des EGRET-Satelliten gewonnenen oberen Grenzen an
die emittiertey-Strahlung ist es mir mdglich, die Energiedichte der CR-Protonen in nahen Galaxienhaufen mit
kalten Zentren auk 20% relativ zur thermischen Energiedichte zu beschranken. In diesem Zusammenhang unter-
suche ich die Hypothese, dal3 didse Radio-Synchrotronstrahlung von Galaxienhaufen durch hadronisch gener-
ierte relativistische Elektronen produziert wurde. Dazu entwickle ich ein nicht-parametrisches Kriterium, um den
energetisch begunstigten Zustand fur die beobachtete Radio-Synchrotronemission zu erhalten. Die ausgezeichnete
Ubereinstimmung des beobachteten mit dem theoretisch erwarteten Radiohelligkeitsprofil des Radiominihalos im
Perseus-Haufen sowie die kleine Energiedichte der CR-Protonen, die zur Erklarung der beobachteten Radioemis-
sion bendtigt wird, macht dieses hadronische Modell zu einer attraktiven Erklarung fir Radiominihalos in Galaxien-
haufen mit kalten Zentren. Um den riesigen Radiohalo im Coma-Haufen mit dem hadronischen Modell zu erklaren,
mufl3 das Profil der CR-Protonen-Energiedichte relativ zur thermischen Energiedichte mit gréReren Radien zu mo-
deraten CR-Energiedichten ansteigen. Kosmologische Simulationen, die der CR-Beschleunigung an StoRwellen
selbstkonsistent folgen, sagen solch ein Energiedichteprofil voraus: Starke StoRRwellen, die sich vor allem in un-
terdichten Regionen bilden, kdnnen hochenergetische CRs fitierg beschleunigen. Im Gegensatz dazu in-
jizieren schwache StrémungsstoRwellen nur eine niederenergetische CR-Protonenpopulation, die durch Coulomb-
Wechselwirkungen stark verringert wird. Daraus kann man schlieen, dal’ der dynamische EinfluR der CRs aus
StolRwellen am gréf3ten in unterdichten Akkretionsregionen und kleiner in den schwéacheren Stromungssto3wellen
ist, die in den zentralen dichten Haufenregionen vorkommen.

Als Erweiterung dieser Arbeit schlage ich eine neue Methode vor, um den Inhalt von Radioplasmablasen in den
kalten Zentren von Galaxienhaufen aufzuklaren. Unter Zuhilfenahme des Sunyaev-Zel'dovichikigssollten
dasAtacama Large Millimeter Arraynd dasGreen Bank Teleskagen dynamisch dominierenden CR-Bestandteil
in geeigneten Galaxienhaufen innerhalb kurzer Beobachtungszeiten identifizieren kénnen. Zukiinftige hochsen-
sitive Multifrequenz-SZ-Beobachtungen werden das Energiespektrum der dynamisch dominierenden Elektronen-
population messen kdnnen. Dieses Wissen kann indirekte Hinweise auf die zugrundeliegende Zusammensetzung
relativistischer Jets in Radiogalaxien liefern, da die Plasmablasen das Relikt der Jets darstellen.

Im zweiten groRRen Teil meiner Doktorarbeit beschaftige ich mich mit der Konstruktion eines genauen und selbst-
konsistenten Modells fiir die Beschreibung der CRs. Dieses zielt darauf ab, den dynamischen EinfluR der CRs
auf die Strukturentstehung und die Galaxienentwicklung zu studieren. Das Modell wird nicht nur realistische,
nicht-thermische Emissionssignaturen von Galaxien und Galaxienhaufen erzeugen kénnen, sondermiaach
Studien dynamischer, von CRs verursachtéelde in Verbindung mit Sternentstehung erlauben. Das entwick-
elte Modell folgt selbstkonsistent den relativistischen Protonen, die aus verschiedenen Quellen wie StoRwellen der
Strukturentstehung und von Supernovae verursachten galaktischen Winden entstehen. Auf3erdem werden auch dis-
sipative Prozesse der CRs berticksichtigt. Zu diesem Zweck entwickle ich einen Formalismus fiffidagAuon
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StoRwellen, der ihre Starke im Verlauf kosmologischer Séttjl.: smoothed particle hydrodynamyeSimulatio-

nen genau abschétzen kann. StoRRwellen sind nicht nur fur die Thermalisierung des Gases in virialisierten Struk-
turen verantwortlich, sondern auch fur die Beschleunigung von CRs dufitiside StoRwellenbeschleunigung.

Man kann den Formalismus sowohl auf gewdhnliches, nicht-relativistisches thermisches Gas anwenden, als auch
auf Plasmen, die aus einer Mischung von CRs und thermischen Gases bestehen. Eine Anwendung dieser Methoden
auf StoRBwellen der kosmologischen Strukturentstehung in hochaufgeldsten hydrodynamischen Simulationen im
ACDM-Modell zeigt, dal’ die meiste Energie in schwachen internen StoBwellen dissipiert wird, die vor allem zen-
trale Stromungs-StoRwellen oder von Haufenkollisionen induzierten Sto3wellen darstellen, welche die Halozentren
durchlaufen. Kollabierte kosmologische Strukturen sind von externen Stol3wellen mit viel gréReren Machzahlen
umgeben, die aber in der Energiebilanz der Thermalisierung nur eine untergeordnete Rolle spielen. Ich zeige, daf}
nach der Epoche der kosmischen Reionisation die Machzahlverteilung signifikant durchiizieete Unterdrtick-

ung der starken externen StoRRwellen aufgrund des damit verbundenen Anwachsens der Schallgeschwindigkeit des
difftusen Gases modifiziert wird.



2. Introduction and motivation

2.1. Motivation

An astonishingly complete picture of cosmology and structure formation emerged over the past decades to the
standard model o€oncordance cosmologyaccording to this model, the geometry of the observable Universe

is indistinguishable from a flat geometry on spatial hypersurfaces of constant time, implying that the total energy
density is similar to the critical density needed to close the Universe. The two dominant components of the Universe
seem to be a non-baryonic form of dark matter whose gravity is responsible for structure formation, and a yet
unknown form of dark energy, whose negative pressure is currently causing the Universe to accelerate. The mean
density of baryonic matter is approximately 15% of the total matter density, and baryonic matter is only visible
because the gravitational attraction of non-baryonic dark matter has drawn baryonic matter into deep potential wells
where a small fraction of it condensed to form stars and galaxies. The cosmological model is supported by many
observations ranging from big bang nucleosynthesis, cosmic microwave background radiation, measurements of
the Lymane forest and cluster abundances, to the accelerated expansion of the Universe as observed by highly
redshifted type la supernovae. This wealth of concurring observations is complemented by numerical simulations
of cosmological structure formation. They are an inevitable tool for studying the non-linear evolution of structure
formation, baryonic physics in clusters of galaxies, and galaxy evolution.

However, some inconsistencies with the standard model on galactic scales cast a doubt on this successful picture,
two of which shall be mentioned in the following: numerical simulations predict too much substructure in galactic
halos which is not observed, the so-calibstructure problemwWhile it is yet unclear what exactly causes these
low mass substructures (if they exist) to be devoid of stars, the solution might consist in finding a consistent physical
mechanism keeping those environments from forming stars. Secondly, it shall be pointed out that hydrodynamical
simulations still fail in successfully simulating the formation of galactic discs from first principles. The resulting
simulated disks and their angular momentum are too small, giving rise ntndar momentum problenThese
problems indicate that an essential ingredient in the physical description of cosmic structure formation processes
may have been neglected. This thesis investigates one prime candidate for such a missing link, namely cosmic rays.

Galactic non-equilibrium processes like shock waves and turbulence have generated magnetic fedmand
rays(CRs) in the interstellar medium. Cosmic rays are relativistic particles, mainly protonspadicles that play
a decisive role within our Galaxy: their pressure, along with that of the thermal gas, balances gravity, they trace past
energetic events such as supernovae, and they reveal the underlying structure of the baryonic matter distribution
through their interactions. Numerical simulations and semi-analytic descriptions of galaxy and cluster formation
have neglected these non-thermal components so far for simplicity despite their importance. Relativistic protons
are expected to impact on the star formation rate owing to their additional pressure and their significantly enlarged
cooling time compared to the thermal gas. This could lead toflacient and halo mass dependent feedback
mechanism which naturally explains why low mass dark matter halos, seen numerously in humerical structure
formation simulations, apparently do not exhibit high star formation rates. Secondly, the energy density of the
relativistic proton component might prevent the thermal gas from vigorously cooling at the early stages of the
assembly of the galactic disk leading to suppression of angular momentum transfer from thermal gas to dark matter.
Thus, the CR population might resolve naturally the substructure and the angular momentum problems.

On larger scales, clusters of galaxies provide useful laboratories for investigating non-equilibrium processes in-
cluding turbulence and resulting non-thermal components. Apart from the underlying dark matter component, the
main constituent of the intra-cluster medium is a thermal gas with temper&fliegfsa few keV that makes galaxy
clusters powerful X-ray emitters. This X-ray emission probes the morphology of the cluster’s baryonic component
and traces radiative processes such as radiative cooling, feedback and metal enrichment which provide important
indications as to the dynamical state of the cluster apart from carrying cosmological information. Evidence for
the existence of relativistic electrons and cluster-wide magnetic fields is provided by Mpc-dtosé diructures
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of radio synchrotron emission (the so called ‘cluster radio halos’ and ‘cluster radio relics’) and Faraday rotation
measures of radio lobes. To date, it is unclear which processes are responsible for the acceleration of these relativis-
tic electrons which cause the huge extended radio emission of clusters, leading to the sohestbedadio halo

problem Clusters of galaxies are also expected to contain significant populations of relativistic protons originating
from structure formation shocks, radio galaxies, and supernova driven galactic winds. The interplay of relativistic
protons, magnetic fields, and turbulence in connection with the central active galactic nucleus might provide an
efficient feedback mechanism that is able to prevent cluster cooling cores from catastrophic cooling which is not
observed in X-rays, theluster cooling flow problemThe individual morphology and the statistics of non-thermal
emission mechanisms induced by relativistic particles are tracers of the cluster evolution which first need to be
understood before using clusters as precision cosmological probes.

These considerations motivate the study of galactic and cosmological non-equilibrium processes in order to gain
insight into fundamental problems of cluster evolution and galaxy formation. This thesis seeks to put forward
first steps towards an understanding of the cosmological role of CR protons and opens up a new direction towards
cosmological research of structure formation while incorporating ideas and theories from cosmic ray and plasma
physics. The quantitative investigation of non-thermal components requires new analytical and numerical tools
which are developed in the course of this thesis to provide the foundation for answering the presented cosmological
problems. There are other candidates than CRs that may solve the presented cosmological riddles, but there is still
no consensus on the relative importance of these mechanisms. Thus, the first major part of this thesis is dedicated to
the study of CR protons in clusters of galaxies and their hadronic interactions with the ambient thermal plasma using
multi-frequency observational results. Developing an analytical framework for these interactions and applying it to
clusters of galaxies, we investigate the question of the dynamical influence of CRs on the intra-cluster medium. The
answer is subtle because on the one hand CRs do not seem to dominate the energy density of the central cluster
regions while they may be responsible for the hugéude radio synchrotron emission as observed in numerous
clusters. On the other hand, there are theoretical reasons to believe that CRs can dominate the outskirts of clusters
since strong structure formation shock waves dlieient in accelerating CRs and infalling spiral galaxies into the
cluster’s potential experience stripping of their CR rich interstellar medium there. In the second part, a description
of CR gas for cosmological applications especially suited for hydrodynamical simulations is presented. In the
course, | focus on developing a formalism of instantaneously identifying and estimating the strength of structure
formation shocks during cosmological simulations to accelerate CRs throfiigbivt shock acceleration. Both the
analytical and the numerical studies provide arguments in favor of a hadronic origin of radio synchrotron emitting
CR electrons and suggest a solution to the cluster radio halo problem. This enables valuable insight in the dynamical
relevance of CRs on cluster scales while providing the opportunity of interesting future discoveries and solutions to
the presented galactic problems.

2.2. Structure

An introduction to fundamental cosmological concepts and the theory of cosmic structure formation as relevant for
this PhD thesis is presented in Cha@etn this context, the formation and physics of clusters of galaxies is illus-
trated while relating these to multi-frequency observational signatures. An overview of the theoretical background
of galactic cosmic rays is presented in Chapterin the following, the key concepts of non-thermal emission
processes such as synchrotron radiation, inverse Compton emission, and pion decay yadycenhission are
introduced.

In Chapter5, | develop a theoretical framework for analytically modeling multi-frequency signatures resulting
from hadronic CR proton interactions with the ambient thermal plasma of the intra-cluster medium. These interac-
tions produce charged and neutral pions which successively decayliays and relativistic electrons or positrons.
Self-consistent analytical formulae describing hey source function resulting from decaying neutral pions and
the stationary spectrum of hadronically originating secondary electrons are derived. The latter allow the calculation
of accompanying synchrotron and inverse Compton emission and yield thus complementary information on the
non-thermal energetic content of clusters.

The formalism of the previous chapter is then applied in Chapternearby clusters of galaxies using multi-
frequency observations. Using EGRET upper limits onjtiray emission of clusters, | constrain the CR proton
population in galaxy clusters and study the hypothesis that fhesdiradio synchrotron emission of galaxy clusters
is produced by hadronically originating relativistic electrons. This model can be tested with future sensitjive
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observations of the accompanying neutral pion decays. TheyTely detection by the HEGRA collaboration of
the giant elliptical galaxy M 87 might be the first detection of hadronically origingtingys from a galaxy cluster
since both, the expected radjatay profile and the required amount of CR protons, support this scenario.

In Chapter7, | estimate magnetic field strengths and CR energy densities of radio emitting galaxy clusters by
minimizing the total non-thermal energy density contained in CR electrons, protons, and magnetic fietdasThe
sicalminimum energy estimate can be constructed independently of the origin of the radio synchrotron emitting CR
electrons yielding thus an absolute minimum of the non-thermal energy density. Provided the observed synchrotron
emission is generated by a CR electron population originating from hadronic CR proton interactions, | introduce
the hadronicminimum energy criterion which is a non-parametric approach yielding an absolute minimum energy
state and providing a solid foundation to scrutinize the hadronic model on the basis of radio synchrotron emission
alone.

The ChandraX-ray Observatory is finding a large number of cavities in the X-ray emitting intra-cluster medium
which often coincide with the lobes of the central radio galaxy. Therefore, it can be assumed that these cavities
are partly or completely inflated by CR gas of unknown composition (elegiraton or electrofpositron gas). In
ChapterB, | propose high-resolution Sunyaev-Zel'dovich (SZ) observations to unveil the yet unknown dynamically
dominant component of the radio plasma bubbles. The thermal and relativistic SZ emissiterehticompositions
of these plasma bubbles are calculated while simultaneously allowing for the cluster’s kinefie@ZFuture high-
sensitivity multi-frequency SZ observations will be able to infer the energy spectrum of the dynamically dominant
electron population in order to measure its temperature or spectral characteristics. This knowledge can yield indirect
indications for an underlying radio jet model.

In Chapte®, an approximative framework for treating the dynamical and radiaffee®s of CRs for cosmological
applications such as numerical simulations or semi-analytical methods is developed. Particle number, momentum
and energy conservation principles are used to derive evolution equations for the basic CR variables due to adiabatic
and non-adiabatic processes. These are compression, rarefaction, CR injection via shocks of supernova remnants
and structure formation shock waves, in-situ re-acceleration of CRs, CR sp#tialah, CR energy losses due to
Coulomb interactions, Bremsstrahlung, and hadronic interactions with the background gas, including the associated
v-ray and radio emission due to subsequent pion decay.

The properties of cosmological structure formation shock waves in high-resolution hydrodynamic simulations of
a ACDM universe are studied in Chapt0. | quantify their decisive role in the evolution of the thermalization
of the cosmic plasma as well as in accelerating relativistic CRs throufisidie shock acceleration. | develop
a formalism for instantaneously identifying and accurately estimating the strength of structure formation shocks
during cosmological smoothed particle hydrodynamics simulations for both, non-relativistic thermal gas and plasma
composed of CRs and thermal gas. Performing cosmological simulations, the influence of cosmic reionization on
the Mach number distribution as well as the spatial characteristics of the shock-injected CR energy is studied in
detail which allows conclusions on the dynamical relevance of CRs on cluster scales.

In Chapterll, | present the most important findings and conclusions while putting them into a cosmological
context and pointing out the future perspective.



Introduction and motivation




3. Cosmology and cosmic structure formation

Abstract

This chapter presents an introduction to the theory of cosmic structure formation as well as fundamental cosmological concepts
which are relevant for the scope of this PhD thesis. After introducing the family of Friedmann-Lemaitre cosmological models
together with some basic definitions in S&&t, the theory of the cosmological structure formation ranging from the linear into

the non-linear regimes is presented in S8 Finally, in Sect.3.3the interplay of diferent physical processes in clusters of
galaxies is highlighted while relating these to multi-frequency observational signatures.

3.1. Friedmann-Lemaitre cosmological models

The cosmological background model is described by the highly-symmetric Robertson-Walker metric which is char-
acterized by two free parameters: hypersurfaces of constant cosmic time are homogeneous and isotropic three-
spaces which are either flat, hyperbolically or spherically curved, and change with time according to a cosmic scale
factor. The homogeneous dynamics of the Universe is governed by this cosmic scale factor which obeys Fried-
mann’s equations being derived from Einstein’s field equations assuming the symmetry of the metric.

3.1.1. Geometry of space-time
3.1.1.1. Cosmological principles

The standard cosmological model is based upon two fundamental postulates:

e When averaged over fiiciently large scales, there exists a mean motion of radiation and matter in the Uni-
verse. From a reference system comoving with that mean motion, all averaged observables are isotropic.

e The position of any observer following this mean motion is not preferred over others, i.e. they experience the
same history of the Universe and measure the same averaged observable properties (the so-called cosmologi-
cal Copernican principle).

The first postulate is supported by observations of galaxy populations in the observed Universe today, which
is perceived to be isotropic on the largest scales 10h~Mpc ~ scale of a galaxy cluster). Another strong
argument in favor of isotropy is the perfect rotational invariance of the cosmic microwave background (CMB)
temperature in the comoving frame. Observers at rest in a frame comoving with the expanding Universe are called
fundamental observer3he smoothness of the CMBT /Ty ~ 107° on all angular scales measured, is an indication
of an isotropic and homogeneous distribution of matter and radiation at early times. Accepting the isotropy on
the spatial hyper-surface around a fundamental observer and applying the cosmological principle in space leads to
isotropy around any point on a spatial hyper-surface. Assuming further that the metric is an analytic function of the
coordinates immediately implies homogeneity.

3.1.1.2. Robertson-Walker metric

Taking the symmetry assumptions of isotropy and homogeneity motivated by observations, the metric can be written
in the form (for derivation seBlisner, Thorne & Wheelef1973 or d’Inverno(1992)

ds? = g, XX’ = Cdt® - a(t)? [dw? + f2(w) (d6® + sin? 6de?) |, (3.1)
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which is called théRobertson-Walker metridiere, Einstein’s sum convention was used ande {0, ..., 3}. If one
considers space-time as being filled with a fluid, then the coordinateg, ¢) are the coordinates of a comoving
fluid element wherev is the radial distance from the origin ard ¢) are the two angles characterizing a point on
the unit sphere around the origin. The coordinai®the proper time of a clock comoving with such an element
with constantw, 6, ¢. Specifically,

i sin(VKw) (K>0)
fu@w)=1{ w (K=0) . (3.2)
A sinh[V-Ku] (K <0)

Due to its high symmetry, the Robertson-Walker metric allows only two free parami&tenich is related to the
curvature of three-dimensional spatial hyper-surfaB%,= 6Ka 2(t). One distinguishes between threelient
geometries of an operK(< 0), a flat K = 0) and a closedK > 0) Universe according to the sign of the curvature.

It is important to notice thafy (w) and thereforéi|~Y/2 both have the dimension of length. The other pararnster
describes the conformal mapping between hyper-surfaces separated by time-like vectors and is a function of cosmic
timet only. In the dynamical context, this parameter describes the evolution of the Universe and is therefore called
the cosmic scale factor(@. Conventionally, it is normalized such that its value is unity at the present epotth

the radiug of the two-spheres is defined by= fx(w), then the metric takes the following form:

2
1-Kr2

This metric shows that hyper-surfaces of constant cosmicttforen a maximally symmetric space, i.e. a space with
constant curvature. However the curvature of the overall space-time can change with time. The time dependence
of the cosmic scale factor and the dependenc& an the matter content of the Universe uniquely determine
space-time.

ds? = c?dt? — a(t)?

+r?(de? + sir? 9d¢2)] . (3.3)

3.1.1.3. Cosmological redshift

Owing to the expansion of the Universe, photons are redshifted during their propagation from the source to the
observer. Consider a comoving source emitting light with a waveleagét t; which reaches the observer with
wavelengthl, att,. Photons travel on radial null geodesics of zero proper tirsfe=tb?dr? = c2dt? — a(t)?dw? = 0.
Because the comoving coordinate distamdgom the source to the observer is constant and time independent by

definition, it follows .
S o cdt ot a(to)
w= dw = — =const - — = . 3.4
A f 0 Bt~ alty) 34

The redshift is defined as the relative change in wavelengtlz £ 1,/1s. Relating the inverse of the emitted and
observed time intervals to the frequencies of the light= v andst, = v;! yields the important relation

calt) 1
Talty)  alty)

1+z

for alty) = 1. (3.5)

3.1.2. Homogeneous dynamics of the Universe
3.1.2.1. Einstein’s equations and Friedmann world models

According to General Relativity, space-time is a four-dimensional manifold, whose metric ¢gnisoa dynamical
field. The dynamics of this field is governed by Einstein’s field equatiaf35)

R 8rnG

Gyv = R;zv - Egpv = FTyv + Aguv > (3.6)

where both the energy-momentum ten$grof matter and radiation and the cosmological constaatt as sources
of gravity which itself couples to the right-hand side of the equation. These considerations show the inherent non-
linearity of the field equations. Her®,, = R%,, denotes the Ricci tensor al = R,,¢*" the Ricci scalat.

1The sign conventions for the formulae of General Relativity are chosen in agreement with the textbanlaf & Lifshitz(1975 implying
the particular choice of signature ¢ — —), where the zeroth component refers to the time. The sign convention for the Riemann tensor is

Riysy = T2, 5~ T + Tl —T7 T,

10



3.1.2 Homogeneous dynamics of the Universe

Friedmann’s solution of an expanding Universe solves Einstein’s equaBd)saésuming the energy-momentum
tensor of a perfect fluid, which is completely determined by the energy denslity pressure and the four-velocity
u, of the fluid,

Ty = (p + C—g)uﬂuv ~= PGpuv- 3.7)

With this energy-momentum tensor of EqB.%) and the metric of Eqn.3(1), the general set of Einstein’s field
equations 3.6) is reduced to two independent ordinaryfeiential equations for the three unknown functions of
time, a(t), p(t) and p(t):

a2 &G K A a 4 3p) A
&) =+ and a-‘é”G(“?)*? 59

where the dot denotes the derivative with respect to the coordinate.tithe two equations3(8) can be combined
to yield theadiabatic equation

% [ o(t)c?] + p(t)% [2®)] =o. (3.9)

This can also be independently obtained by virtue of the conservation equations of Einstein’s field equations,
T+, = 0, which itself is a necessary requirement for the contracted Bianchi ider@itigs= O to hold identi-

cally. The semicolon denotes the covariant derivative. The first term of the adiabatic equation is proportional
to the change of energy contained in a fixed comoving volume, which has the meaning of an “internal” energy,
whereas the second term is proportional to the change of the proper volume. S@Eystafes the first law of
thermodynamics in a cosmological context and conserves the entropy per comoving volume in thermal equilibrium,
S = (pc? + p)V/T = const. The first of Friedmann’s equatiors8) defines theHubble function Ht) which is a
measure for the expansion rate of the Univérse

& + Lm e +Q
adt)  at) axn) |

Ho = Sin@=2 = K= H2 (3.10)
dt a

The value of the Hubble function at the present epoch isHtkble constant Ity) = Ho, whose uncertainty is

commonly expressed &% = 100hkm s Mpct. Measurements of the CMB anisotropi&pérgel et al2003

and from Cepheid variable stars in distant galaxieeédman et aR001) converge on a value ¢f = 0.71 + 0.04.

Thecritical densityof the Universe is given by

2

—2~19.10%°h?gcenTs, (3.11)

Per = 81G

If the sum of all cosmological fluid densities equals spatial hypersurfaces are flat and the curvakuxanishes.
The energy density of cosmological fluids (radiatiqy&, matterp, curvaturek, and the cosmological constant
A) can be expressed in units of the critical density yielding

3p
PerC?’

Kc? Ac?
Qnm ﬁ, Qc=—5, and Q=

Q = = AC
' Per H2 3HZ

(3.12)

Taking the Hubble function of Eqn3(10 at the present time where the scale factor is normalized to unity and
recalling the previous definitions leads to an expression for the curvature

Qc:Qm+Qr+QA_1EQt0t_1, (3.13)

which defines the total densify.

3.1.2.2. Different Epochs of the Universe

The under-determined set of Friedmann’s equati@® (s completed by the equation of stafe= p(p,S). The
equation of state of all cosmologically relevant fluids (denoted by f) can be parameteriped bypc?, wherews

2The scaling of the density paramet€sandQm with the scale factor will be derived in Se8t1.2.2

11
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is assumed to be independent of time and temperature in the simplest cases. Inserting this expression3r@p Eqn. (
yields the following solution
pi(t) = proa >t (3.14)

In the course of its evolution, the Universe passed three epochs, in which its dynamics was mainly determined by
one of the components, radiation, matter and vacuum energy, respectively.

e Theradiation dominatedera is characterized hy, = % which is valid for a non-degenerate ultra-relativistic
gas in thermal equilibrium and leadsdpx a=*. In addition to a volume factor & for the dilution éfect as
the Universe expands, there is an additional facta fof the redshift of photon momentum.

e Thematter dominate@ra is described by a pressure-less fluigl,= 0, which is a good approximation for a
non-relativistic gas or fluid with the properfy< pc?. Thus, the density evolution reaolg o« a-3. The matter
density gets diluted at the same rate as the proper volume increases, which is the conservation law of the total
amount of energy in the comoving frame. Since the slope of the radiation energy gerastg function of
the scale factor is steeper than that of the matter depgityt follows that the early Universe was radiation
dominated. After a transition period, the so-calledtter-radiation equalityat agq with equal densities of
the two fluids, the matter dominated regime took over. The energy density of ordinary and relativistic matter
were equal when the scale factgt) was

Beq = (ﬂ) ~32x10°Q. 12—z~ 4200, (3.15)
Pm today

using current most favored density values as given below.

The period ofrecombinationoccurred during the matter dominated era and represents the epoch when the
Universe became transparent for photons. Before the time of recombination, the Universe was completely
ionized. In this state of hot primeval plasma, the photons where tightly coupled to the baryons by Compton
interactions between photons and electrons, and Coulomb interactions between electrons and protons. Be-
cause the mean free path of the photons was much shorter than the horizarH{eité, the photons were

in thermal equilibrium at this time. During the evolution of the Universe, its temperature decreased due to
cosmic expansion up to some point where thermal energy was no longer high enough to keep the proton-
electron plasma ionized. At this time, protons and electrons combined to form neutral hydrogen atoms and
the Universe became transparent for electromagnetic radiation, i.e. the photons decoupled from matter. These
photons reaching fundamental observers appear to originate from a spherical surface calleadteeof last
scatteringwith its radius being the distance a photon has traveled since the time of decoupliag-at089.

e Finally, the possible era of thdomination of a cosmological constaist described by a fluid with nega-
tive pressurew, = —1. This can be obtained from the definition of the energy-momentum tensor of the
cosmological constarnh, which is treated in this context as a perfect fluid component of the Universe,
87rGC"4TXV = Ag"”. After taking the trace of this equation and using the definitions in Egui2y, the
desired equation of state follows. This gives rise to a constant energy dersityzonst. The transition from
the matter dominated epoch into thedominated epoch occurred at

deqn = 3/2—: ~07 — Zegs =04, (3.16)

using density values fgr, andp, at the present epoch.

The cosmological constant represents a cosmological fluid which is constant in space and time, the physical origin
of which can not be successfully explained. Generalizing this behavior while allowing for variations in space
and time, a new field referred to as quintessence with the defasithas been invented\(etterich1988 Ratra

& Peebles1988 Wetterich1995. To date, the most sensitive measurements of the density parameters have been
carried out by the WMAP satelliteSpergel et al2003. They obtained the following values for the matter density

Qn = 0.27+0.04, baryonic densitf2, = 0.044+ 0.004, curvaturé. = 0.02+ 0.02, and the cosmological constant

Q, = 0.73+ 0.04. Previous considerations showed that the radiation defgity 3.2 x 10°h~2 is dynamically
negligible at the present epoch.
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3.1.2 Homogeneous dynamics of the Universe

3.1.2.3. Distances in cosmology

In an arbitrary curved space-time, such as that underlying General Relativity, the term “distance” no longer has a
unigue meaning. Due to the high symmetry of Euclidean space, “distance” combffersrdi properties which

are no longer equivalent in General Relativity, so that each desired property needs its own distance definition in
curved space-time. For the purpose of this thesis, foierdint distance scales are important, the proper distance,
the comoving distance, the angular diameter distance, and the luminosity distance. Distances bésvean di
time-like geodesic lines are measured by light signals, which are emitted at firom the source and observed at
timet,. Assuming the scale facta(t) to be a monotonic function, which is at least true piecewise, the coordinate
timet can be related in a unique way to the cosmic scale fagtahich occurs in the Friedmann equation.

Proper distance  The proper distance [on(7, Zs) is the elapsed coordinate time a light signal needs to propa-
gate from the source @ = z(ts) to the observer at, = z(t,) and is defined by Bpp = —Cdt = —cdaa?t =
—cda(aH)™*. The last step uses the definition of the Hubble parameter in Bo0) (and the minus sign arises
because of the choice of the coordinate origin at the observer and the requirement of an increasing distance the
further back one goes in time. This yields

c a(Z) da
DoropZo:22) = — f . (3.17)
Ho Jaz) Qual+ (1-Qm—Qu) + Qpd?

Comoving distance  The comoving distance Bm(z, Z) is the distance on the spatial hyper-surface to be-

tween the world-lines of a source and an observer locked into the Hubble flow. In other words it is the radial distance
on this hyper-surface with the scale factor, i.e. the cosmic expansion, divided out. Its defibitign=el dw can

be rewritten using the fact that photons travel on null-geodesics yieldhg,d= —ca'dt = —cda(aa)™ =
—cda(a?H)1. Hence,

c a(2o) da
Deom(Zo, Zs) = — = w(2, Zs) - (3.18)
Ho Jaz) Qma+(1-Qn - Qa)a2 + Qua

Angular diameter distance Theangular diameter distance J3(z, z) is defined such that the relation in Eu-
clidean space between the physical size of the cross-sédiohan object and the solid angd€ that it subtends

also holds in curved spacgéQ Dgng = 6A. Using the expression for the physical surface area of a 2-sphere centered
at the observer

oA

A = f dQ /-g® = dra@z)? 3 uw(z, z)] and — = , (3.19)
o « 4~ dna(ze)? 12[w(zo. 2]
one obtains the formula for the angular diameter distance
SA\Y2
Dand2o:2) = (5307) = 8(2) [z, 2] = 8(z2) ik [Deonlzo, 21 (3.20)

Luminosity distance Finally, theluminosity distance [an(%, z) relates the luminosity of a source atto the
flux received by an observer &,

2

az) _az)

alzg) | Dd% %) = 50y

The luminosity distance is proportional to the angular diameter distance which relates the physical size of the source
to its apparent angular size on the observer’s sky. The energy flux is furthermore diminished because the photons
are redshifted by(z,)a(z) %, and their arrival times are delayed by another facta(af)a(zs)~* yielding the final

formula.

The integral representation of both the proper and comoving distances leads to the nice property of their being
additive functions, i.e. two adjacent distances can be computed using the starting point of the first one and the ending
point of the second on®¢om(z1, ) + Deom(Z2, Z3) = Deom(z1, 23). The angular diameter distance and the luminosity
distance do not have the additive property in general.

Dium(Zo, %) = fk [Deom(Zo, Z5)]. (3.21)
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Figure 3.1.: Four distance definitions are plotted as a function of source redswith the observer being at redshift
zero. These are the proper distarig,, (solid line), the comoving distandB..m (dotted line), the angular diameter
distanceDang (dashed line), and the luminosity distarBgy, (dashed-dotted line). On the left-hand side an Einstein-de
Sitter cosmology is shown in comparison with the currently prefeN€®M cosmology on the right-hand side.

3.2. Structure formation

Theories of structure formation hypothesize that structure grows via gravitational instability from initial density
fluctuations within a very homogeneous and isotropic background distribution. The theory how these structures
formed includes the following three main aspects: (i) The properties of the initial conditions of the density fluctua-
tions generated by some physical mechanism which is not contained in the standard model of structure formation.
Among many theories, an inflationary period in the very early Universe would be the most promising idea relating
guantum fluctuations to macroscopic density perturbations and predicting the statistics of these seed fluctuations to
be GaussianGuth1981, Albrecht & Steinhardfi982. (ii) The nature of gravitationally interacting particle species

in the Universe and their interactions leading to the growth of structures, and (iii) the time evolution of the ampli-
tudes of the density perturbations in an expanding Universe by gravitational instability are the other two pillars. As
long as the density contrast is smaller than unity, it &sient to describe the evolution of the perturbations by lin-

ear perturbation theory until late times. In order to study the growth of structure in the non-linear regime governing
the formation of galaxies or clusters of galaxies, numerical N-body simulations have been a very successful tool.

3.2.1. Properties of dark matter

The dominant interaction governing the evolution and dynamics of galaxies, clusters and large scale structure is
gravitation due to the long range of its interaction and the fact that gravity can not be shielded like the electromag-
netic force. The importance of gravitation for cosmology is supported by the growing evidendarfomatter
constituting the major fraction of matter in our Universe today. Since dark matter does not couple to photons, it
has to be detected by means of its gravitational or weak interactions. The most stringent arguments in favor of this
matter to bedark, i.e. not interacting electromagnetically are the following: the time elapsed since the decoupling
of pure baryonic density perturbations from the primordial photon-baryon plasma was not long enough to produce
all the structure observed today with the size of density perturbations inferred from the anisotropies of the cosmic
microwave background. Furthermore, indirect evidence of dark matter can be inferred by the gravitBgochahe

visible matter or radiation such as flat rotation curves in spiral galaxies, by the analysis of peculiar velocity fields of
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3.2.2 Linear growth of density perturbations

galaxies averaged over very large scales, and by discrepancies of mass estimates for galaxy clusters by the gravita-
tional lensing &ect on background galaxies or the virial theorem on the one hand and the combined baryonic mass
in stars and hot plasma on the other hafllieh et al.2002 David et al.1995.

Dark matter is thought to be composed of yet undiscovered elementary particles which primarily interact by
gravity and carry neither an electromagnetic nor a strong charge in most scenarios while they can possibly interact
through the weak nuclear force. In order to account for a significant fraction of the critical degsityey must
have the property of being stable particles with very weak self-interaction rates such that the annihilation ceased in
the very early Universe before their number density had decreased too much. Another line of arguments in favor of
a very small self-interaction cross-section is its impact on the central structure of dark matteiybalodg et al.

2000. Dark matter might be detected by its annihilation signal from individual dark matter hatosHr et al.

2003 while this process could be responsible for the excess of the cosmolggiaalbackground around 10 GeV
(Elsasser & Mannhein2005 Strong et al2004). If the dark matter particle is non-relativistic, trans-relativistic,

or relativistic at the time of decoupling from weak interactions it is naw@d, warm, or hot, respectively. The
neutrino as a representativewsérm dark matteiseems to be ruled out of accounting for the bulk of dark matter,
since it predicts structure formation from the top down, starting with superclusters and subsequently separating into
clusters and galaxies\(hite, Frenk & Davis1983. This would contradict observational evidence that structure
formed bottom up leading to tHgerarchical modebf structure formation. This scenario is corroboratec:bid

dark matter model§CDM), with its most promising candidate the lightest super symmetric particle, presumably
the neutralino (sedungman, Kamionkowski & Griedi996 for a review).

3.2.2. Linear growth of density perturbations

The dark matter perturbations are characterized byémsity contrasé(x, a) at the comoving positios,

p(x.8) - (p(@))
@) 7

where(p(a)) = QmocraS is the volume averaged cosmological matter density. Provided the density co(wragt

is smaller than unity, the solution for matter under the influence of its own self-gravity can be found expanding the
linearized equations of motions in the Newtonian framework, because small perturbations imply weak gravitational
fields and space is locally flat. However, if the wavelength of the perturbations are of the order of the horizon scale,
general relativistic fiects need to be considered due to the fact that the horizon is comparable to the curvature
radius of space-time. Nevertheless, both the Newtonian and the relativistic approach yield for an adiabatic change
of volume elements in the linear regimex 1 the solution

6(x,a) = (3.22)

a2 beforeae, radiation dominated era: w, =

1
3
a afteras, matter dominated era:  wp =0 (3.23)

(5(6.) oc a3o.)f+l — {
as long as the Einstein-de Sitter limit holds, i&y(a) ~ 1. At late times, when this limit no longer applies in the
case of a non-zero cosmological constdnt, (= 1, Q4 # 0), the amplitude of the growing perturbation mode is

given by
6@ _ 9@ _

do _aﬁz

wheredy is the density contrast linearly extrapolated to the present and the density dependent growth function
g(a, Qm, Q,) is approximated by arroll, Press & Turnef1992

D, (a), (3.24)

-1
(3.25)

3@, Q. Q) = ggm(a) Q47(@) - Qn(a) + (1+ Qm(a)) (1 . QA(a))

2 70

3.2.3. Statistical description and initial conditions
3.2.3.1. Linear growth of perturbation modes

In linear perturbation theory, the density field grows homogeneously implying that individual Fourier modes evolve
independentlys(k, a) = D, (a)o(k). Here, the density field has been conveniently decomposed into Fourier modes
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using the conventioa(k,a) = [ d®xs(x,a)e . This approach is strictly only valid in flat space. Because obser-
vations seem to agree on space being flat at the present eéppelgél et al2003, the dynamics of Friedmann’s
equations guarantees that space is even flatter at earlier times and at late times, the interestingscatesh
smaller than the curvature radius of the Univerdd;(a).

A perturbation mode of a certain comoving wavelengtimters the comoving horizaly (a) = ¢/[aH(a)] if their
scales become comparable to each other and therefore causally connettediiifaeg), the density perturbation
enters the horizon during the radiation dominated epoakat < aeq, in which the expansion time-scalg, = H-1
is given by the radiation densipy, which is shorter than the collapse time-scale of dark matgtgr,

1 1
toxp~ — < ———
P VGor VGodm

This comparison shows that the radiation driven expansion prevents the collapse of dark matter perturbations within
the horizon, while perturbations on larger scales are fietted by this suppression and continue to grow according
to Egn. 8.23. It follows that the suppression factor for perturbations with dy (a.q) can be written as

~ teol (3.26)

2
fsup = (a;:;er) . (3.27)

The condition for the comoving wavelengttentering the horizon at the time of matter-radiation-equality is given
by 1 = du(@ented = C/[@entetH (Bentep]. Recalling the definition obeq in Eqn. B.19, @eq = Q//Qm, the Hubble
function in the Einstein-de Sitter regime can be approximated by

H(@) = Ho VO + Qma? = Ho QY% ¥ |1+ ?. (3.28)

Hence, inserting this equation into the expression for the comoving horizon yields a relation between the scale factor
at the time of entering and the perturbation mode of comoving wavelength

Lo Benter for Qenter <K< deq (3.29)
a:e}ﬁer for Beq < Aenter< 1 ’ '

Thus, the suppression factor in EqB.47) can be written using the expression for the wave number of the pertur-
bationk = 27 and the horizon size at the time of matter-radiation equadity; d;ﬁ(aeq),

2
foup = (%) : (3.30)

There is another process modifying the growth of structure if there are relativistic dark matter particles, so-called
hot dark matter (HDM). The free streaming of these particles exponentially damps density perturbations, which are
smaller than a certain minimum size necessary to keep them gravitationally bound.

3.2.3.2. Density power spectrum and transfer function

Assuming statistically isotropic and homogeneous Gaussian density fluctugtxnhey can be completely char-
acterized by the power spectrum which is defined by

(27)%6p(k — K')Ps(k,@) and (3.31)
A@T?(k, a)Pi(k, &). (3.32)

(8(k, a)5°(k, )
Ps(k, a)

Here the asterisk denotes complex conjugatin) is the normalization of the power spectrum (see S2et3.3,
andP;i(k, &) = (|6 (K)[%) is the primordial power spectrum at some very early time before any scale of interest has
entered the horizon. We introduced the concept oflitrear transfer function Tk, a) in order to relate the linear
perturbations of the modk at a given scale facta after matter-radiation equalitgeq to the initial perturbation
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3.2.3 Statistical description and initial conditions

modek;. Thus, the transfer function joins the Wfexted growth of fluctuations on the largest scales to the suppressed
growth on small scales and is defined for adiabatic perturbations as

2 (5%(k.a))
<3i2(ki’ a1)> ,

whereD, (a) is the linear growth factor between scale fa@and the present (Eqn3.24) and the normalization
scale factor is arbitrary, as long as it refers to a time before any scale of interest has entered the Ti¢kjzpn.
depends only on the matter content of the Universe, e.g. the properties of CDM particles and on the specific cos-
mology, because the growth factor depends on the density parafgtersdQ2,. However, it does not depend on
the initial amplitudes of the perturbationBardeen et al(1986 provide an accurate fitting function af(k, a) for
CDM models.
The growth of the density contrast,«c a®** (Eqn. @.23), makes the spectral changeRs o« a?G+1, At
Aenter < 8eq, the power spectrum has thus changed to

a
D.(a)

T?(k,a) = (3.33)

Pentei(K) o @254 o k*Pi(K) (3.34)

using Eqn. 8.29 for perturbation modes with wave numbérs> ko, i.e. 1 < dy(aeq). The most common variants
of inflationary models predict the total power of density perturbatioregaf; to be almost scale invariant. This
impliesk®Penter = cONst, or Pene(K) o« k=3. Consequently, the primordial spectrum has to scale kathP; (k) o k.
This scale invariantspectrum is called thelarrison-Zel'dovichpower spectrum. The initial power spectrum is
commonly parameterized as

Pi(K) o K™, (3.35)

which defines the spectral tit of (scalar) density perturbations. Summarizing the presented arguments, the linear
power spectrum has the following asymptotic behavia at a.q while assumings ~ 1,

k for k<ky
Ps(K) oc{ K3 for k> ko ° (3.36)

3.2.3.3. Normalization

Having discussed the shape of the power spectrum, its normalization will be considered in the following. There are
primarily three dfferent methods, normalizing the power spectrum i¢ént scales and unfortunately also leading
different answers. This representation follows the revieBdstelmann & SchneiddR001).

1. At the largest scales, normalization is done by the cosmic microwave background anisotropies which have
been measured over the full sky by the DMR experiment onboard the COBE (COsmic Background Explorer)
satellite at an angular scale ¢f~ 7° (Banday et al1997. The WMAP satellite $pergel et al2003 sup-
ported the measured normalization. CMB temperature fluctuations can be related to density perturbations and
after adopting a specific cosmology, this yields a characteristic shape of the density power spectrum. The
power spectrum can be normalized at the comoving wave nukrdoad related to the measured angular mul-
tipole scalef = fx(w)k. Both scalar and tensor perturbations give rise to CMB temperature fluctuations while
density perturbations amly determined by scalar perturbations. This could lead to a possible overestimate
of the normalization constant of the density power spectrum.

2. At intermediate scales of about i@ Mpc, the power spectrum is normalized by the local abundance of
galaxy clusters\hite et al.1993. Since galaxy clusters formed by gravitational instability from dark matter
density perturbations in the hierarchical model, the spatial number density of clusters is a measure for the
amplitude of dark matter fluctuations. Requiring the power spectrum to reproduce the observed local spatial
number density of clusters determines its normalization.

3. Finally, the power spectrum can be normalized by the local variance of galaxy counts, as suggbstéd &y
Peeble$1983, assuming galaxies to be biased tracers of the underlying dark matter perturbations. Measuring
the variance of galaxy numbers within spheres of radius Bipc leads to the results gajaxies~ 1. ASsuming
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Figure 3.2.: ACDM power spectrum of the density contrast, normalized to the local abundance of galaxy clusters using
h = 0.7. The solid curve shows the linear, the dashed curve the non-linear power spectrum using the foRreatzok
& Dodds(1996.

an expression for the bias, one can relate the variation in the galaxy counts to the dark matter fluctuations and
obtains the amplitud&(ty) of the power spectrum, using.32 and

k2dk |
og = o(R=8h"1 Mpc, to) = 4r WP5(k)W§(k) =1. (3.37)
The windowWk(k) denotes the three-dimensional Fourier transform of the Heaviside furtd{Rr |r|),
3[sinkR) — kRcoskR)]  3j1(kR)
(kR)3 - kR
wherej1(X) is the spherical Bessel function of the first kind.

Wr(k) =

(3.38)

3.2.4. Non-linear evolution and numerical simulations
3.2.4.1. Properties of non-linear evolution

The final goal of theoretical cosmology is to find self-consistent physical concepts which are powerful enough to
predict the evolution of the Universe and the structure formation leading to gravitationally bound objects consistent
with astronomical observations. One challenge is that the objects we are able to observe in the Universe are the
result of non-linear evolution, because clusters typically have a density cofitradi0® and galaxies even have
overdensities of ~ 10° for which linear perturbation theory is no longer applicable. The process of structure for-
mation proceeds inhomogeneously in the overdense regions caugergrti Fourier modes to couple. This can be
understood by considering linear growdifa, x) = D, (a)do(x) which acquires in addition to the time dependence a
spatial dependence for non-linear growd(a, x) = D..(a, X)do(X), such that the spatial multiplication translates to a
convolution in Fourier space. By the process of non-linear evolution non-Gaussian features are also introduced into
the distribution of density perturbations: the density contfdsis a lower bound by definition, i..> —1 so that

its original Gaussian distribution evolves into an approximately log-normal distribution in the course of structure
formation Qain et al2000. Thus, higher order moments are needed for the complete description of the statistical
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properties of the fields under consideration while the convergence dft@int statistics is not guaranteed. Re-
cently, other statistical approaches have been developed such as Minkowski functionals which provide a more robust
morphological description of highly non-linear structureetke et al1994 Kerscher et al1997, Schmalzing et al.

1999 Novikov et al.2000.

3.2.4.2. Numerical simulations

Fundamental equations ~ One way of studying the non-linear evolution is numerical integration of the equations
of motion with given initial conditions arising from linear theory, which is a reasonable approximation at high
redshifts. The continuum limit of non-interacting dark matter is described by the collisionless Boltzmann equation
coupled to the Poisson equation in an expanding background Universe:

%f(r,v,t) = f+@V)f —VOV,f =0,  AD(r,t) = 47rfo(r,v,t)dv, (3.39)

where f(r,v,t) denotes the distribution function in phase space amtbscribes the partial derivative éfwith

respect to the timeN-body simulationare particularly suited to solve these equations since phase space density is
sampled by a large numbbrof tracer particles which are integrated along characteristic curves of the collisionless
Boltzmann equation. The accuracy of this approach depends officiesuly high number of particles. Fitting
formulae describing the non-linear behaviorR (k) have been derived fro-body simulations bylain et al.

(1995 andPeacock & Dodd§1996. While the linear power spectrum declines on small scalks’, the amplitude

of the non-linear power spectrum is substantially increased on these small scales at the expense of larger-scale
structure (see Fig.2). For the largest scales the non-linear power spectrum remaifiecteal.

A simple model of the intergalactic or the interstellar medium can be obtained by modeling it as an ideal inviscid
gas which is coupled to dark matter through its gravitational interaction. The hydrodynamics of the gas is governed
by the continuity equation, the Euler equation, and the conservation equation for the thermalenergy

dv vp du P A(u, p)

%+va:0, Z=-r_vp, —=--W

dt dt Je dt P Jo (3.40)

whereA(u, p) describes external sinks or sources of heat for the gas, and we used the Lagrangian time derivative,
d/dt = 9/ot + vV. The equation of staté = (y — 1)pu closes the above system of coupleffetiential equations.

Numerical methods  Gravitational interactions of a collisionless fluid are computed in virtually all cosmological
codes by means of thé-body method. There are a diversity of methods for the approximation of the gravitational
field. Particle-mesh (PM) method&lypin & Shandarin1983 White et al. 1983 are the fastest algorithms (of
complexityN log N per time step) for computing tHeng-range gravitational forcen one particle exerted by the
others while they are not suited to obtain high spatial resolution: the discrete mass distribution is smoothed on
a three-dimensional mesh and the Newtonian potential is then obtained in Fourier space because of the algebraic
property of Poisson’s equation there. To increase the spatial resolskiort-range forcegan be computed by

direct summation between all pairs of particle®¢kney & Eastwood 981, Efstathiou et al1985 while putting

up with the higher complexitil? of the scheme. Within clustered regions, containing approximatélyagicles,

it is more dficient to refine the original mesh recursively by higher resolution Fourier-me€hesiimani997),
although leaving the problem of solving fast-Fourier transforms with non-periodic boundary conditions. Alterna-
tively, the adaptive refinement of the mesh can be obtained with the potential found in real space using relaxation
methods Kravtsov et al1997).

A different approach is pursued by hierarchical tree algoritfBases & Hut1986 Dehnen2000 which expand
the gravitational field into multipoles and have no resolution limit, in principle. This method is however very
inefficient compared to Fourier-based methods for regions with low density contrast. TreePM hybrid m&thods (
1995 Springel2009 combine these two fferent approaches: they use the tree methods for computing short-range
gravitational forces while exploiting the particle-mesh scheme for long-range scales.

Hydrodynamical solvers of cosmological codes are generally classified into two main categories: (1) Lagrangian
methods like smoothed particle hydrodynamics (SPH) and (2) Eulerian codes. SPH methods were first proposed by
Gingold & Monaghar{1977 andLucy (1977 and approximate continuous density fields by discrete distributions of
point particles. Subsequently, improved SPH techniques have been developed for cosmological applcasians (

19



Cosmology and cosmic structure formation

1988 Hernquist & Katz1989 Navarro & White1993 Springel & Hernquis2002 Springel2009. Contrarily,

Eulerian methods discretize space and represent continuous fields on a mesh. Originally, codes employed a mesh
which is fixed in spaceCen & Ostriker1993 Yepes et al1995 or adaptively moving Ren1998 while more

recently, adaptive mesh refinement (AMR) algorithms have been developed for cosmological appliBaigas (

& Colella 1989 Bryan & Norman1997, Norman & Bryan1999 Kravtsov et al2002).

Grid-based techniquesfer superior power for capturing hydrodynamical shocks, in some algorithms even with-
out the aid of artificial viscosity and showing low residual numerical viscosity. However, codes employing static
meshes still lack the resolution and flexibility necessary to tackle structure formation in a hierarchically clustering
Universe which is characterized by the presence of substructure at all stages of evolution. These techniques are
particularly seriously limited when studying the formation of individual galaxies in a cosmological volume because
internal galactic structure such as disk and bulge components arefficiestly resolved. Recently, a new gen-
eration of AMR codes finds more application in cosmologp€l et al.2002 Kravtsov et al.2002 Refregier &
Teyssier2002. However, some grid-based problems remain even here because these codes impose symmetries
which result in advection errors and the dynamics not being Galilean-invariant. Being interested in dynamical im-
plications of CRs on structure formation and galaxy evolution, one faces not only the problem of the interplay of
gravity and hydrodynamics of a plasma composed of CRs and thermal particles but in addition radiative processes
such as cooling and supernova feedback. To date, there is no AMR code encompassing these requirements although
there are recentfforts towards this goaK@ang & Jone2005 Jones & Kan@005.

In contrast, SPH methods appear better suited for these problems due to their Lagrangian nature because they
adaptively increase the resolution in dense regions such as galactic halos or centers of galaxy clusters which are the
regions of primary interest in this aspect of cosmology. One drawback of SPH is the dependence on the artificial
viscosity which has to provide the necessary entropy injection in shdkisaghar(1997) modified the parameter-
ization of the artificial viscosity in analogy with the Riemann problem. Although the discontinuities are broadened
over the SPH smoothing scale, post-shock quantities are calculated very accurately.

3.3. Clusters of galaxies

The standard model of cosmology envisions structure formation as a hierarchical process in which gravity is con-
tinuously drawing matter together to form increasingly larger structures. Clusters of galaxies currently sit atop this
hierarchy as the largest objects that have had time to collapse under the influence of their own gravisy3d3ect.

There are two dferent approaches to classify these uniquely useful tracers of cosmic evolution: the theoretical
approach characterizes them according to their dynamical state in combination with concurrent physical processes
(Sect.3.3.2 while the observational approach connects multifrequency signatures to obtain a complete understand-
ing (Sect.3.3.3. The presentation in this section has been inspired by revie®amizin(1988 andVoit (2005.

3.3.1. Cluster formation

Structure formation predicts the hierarchical build-up of dark matter halos from small scales to successively larger
scales. The gravitational pull of the density perturbations on the smallest scales causes them to deviate from the
Hubble flow and slows the expansion of their matter, eventually halting and reversing the expansion because the
density perturbations have larger amplitude on smaller mass scales. In the course of evolution, these small structures
merge and coalesce to form progressively larger structures as perturbations on larger mass scales reach the non-linear
regime. A full understanding of this hierarchical merging process requires numerical simulations, although its basic
concepts can be obtained by means of the analytical spherical collapse Bodel & Gott1972 Fillmore &
Goldreich1984 Bertschinge 985.

However, the accretion process in real clusters is not symmetric. Gravitational forces between infalling matter
clumps produce a time-varying collective potential which randomizes the velocities of the infalling particles yielding
a Maxwellian velocity distribution characterized by the velocity dispersion of the particles as the most probable state.
Since the energy and the angular momentum are not conserved for individual particles, phase mixing occurs which
results in damping of bulk motions. This process is knowwriakent relaxation(Lynden-Bell1967) and leads to a
state of virial equilibrium in which the total kinetic energy, is related to the total gravitational potential energy
Egrav through the equation

Egrav+ 2y = 47P 13 (3.41)
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whereP;; is the dfective pressure due to infalling matter at the boundaipf a collapsed system: in a steady state,
the momentum flux of particles exiting the boundary balances that entering, so the boundary is formally equivalent
to a reflecting wall which adds a pressure correction terffsetting some of the gravitational energyhé &
White 1986. Once the collapse of the cluster is completed, violent relaxation figertere, and the cluster relaxes
throughtwo-body interactiongChandrasekhak942 Spitzer & Harm1958. While these processes are unlikely to
be important for small substructures, they can be significant for large halos near the clustéCrmmdrasekhar
(1942 showed that a massive object moving through a homogeneous and isotropic Maxwellian distribution of
lighter collisionless particles fliers a drag force calledynamical frictionwhich is independent on the mass of
the lighter particles and leads to a slow-down of the massive object due to collective two-body encounters with the
lighter particles.

The final maximum entropy state of a relaxed collisionless system would be a self-gravitating isothermal sphere,
in which the velocity dispersionr, is constant and isotropic at every point gnglr) = o2/(22Gr?) (Lynden-Bell
1967). This model has the unfortunate property of an infinite mass and energy so that it is never realized in nature.
NumericalN-body simulations find that the profile of dark matter halos is described by a universaléaar(o,
Frenk & White1997, (NFW))

X . r
PO _ % ith x= —, (3.42)
oo XA+ X)2 rs
andrs = ry;r/C. ryir denotes the virial radius within which the mean matter density ipg@dc is the concentration
parameter, and
200 c?

cC= (m ..  ——F
3 In(l+c)- 15
Typical concentration parameters for simulated clusters are in the cangk .. 10 with the largest mass systems
showing the smallest concentration parameter and a typical scattec of 2. ..0.35 Jing 2000. Even with
this more sophisticated density profile the mass diverges logarithmically with radius. Thus, the cluster's mass and
relations linking that mass to observables depend crucially on the definition of the outer boundary of the cluster.
It turns out that there is no simple unique mass definition satisfying the needs of all applications. An example of
such a definition is obtained by truncating the isothermal sphere at the virial radius, arriving at a relation between
velocity dispersionr, and virial masdV;r, Myir o o2 (Evrard1989 Eke et al.1996 Evrard2004. On the other
hand, cluster masses in numerical simulations are frequently defined usfrigrids-of-friendslgorithm that links
neighboring mass particleBévis et al.1985 while clusters defined in such a way often show irregular boundaries
which complicates the connection to observatidiéige 2007).

Since the dynamical time scale of cluster evolution is of the order of 1 Gyr, itis impossible to observe the evolution
of individual clusters but rather how the demographics of the entire cluster population changes with redshift. An
important statistical concept is the cluster mass function in this context which yields the mass density of clusters
with mass larger thaM in a comoving volume elemen®(ess & Schechtelr974 and can be expressed as

~ (po) D (n+3)/6 B 1 (M)(n+3)/3
Mes(M, )M = vzm(z)Mz(“s)(M*) P o im)  |™

whereM, and{po) are the nonlinear mass today and the mean background density at the present epp¢(g)asd
the linear growth factor of density perturbations, normalized to unity today—1 denotes theféective exponent
of the dark matter power spectrum at the cluster scBlend et al.(1997) and Sheth & Tormen1999 proposed

a significantly improved analytic derivation of the mass function wh#ekins et al(2001) measured the mass
function of dark matter halos in numerical simulations and obtained results consistent with Sheth & Tormen'’s.

(3.43)

3.3.2. Dynamical state and physical processes

Baryonic plasma follows these transient potential wells provided by dark matter. The luminous content of galaxies
results from cooling processes and condensation within an extended dark matt&yhiédoX Reesl978. Clusters

have been traditionally characterized by accumulations of galaxies ranging from large groups of a few tens of
galaxies up to the largest clusters comprising few thousand galaxies. Clusters are the largest gravitationally bound
objects in the Universe and reach masses up a few timE¥M0 In the cores of galaxy clusters, hot plasma

has been detected both through its X-ray emission and by Compton up-scattering of photons from the cosmic

21



Cosmology and cosmic structure formation

microwave background radiation. This plasma shows typical temperatui€b of (1...10) keV and is dilute,
Ne ~ (1072...10%) cm3.

Clusters arevirtually closed systemahich do neither lose their intra-cluster medium (ICM) nor their member
galaxies’ Considering their entirety, they gather a very large sample of matter, thus providing a representative
sample of the whole Universe. Together with precise BBN baryon density estimates, this can be used to infer
the total matter densit,, = Qgm + Qp (White et al.1993. According to ROSAT resultsBfiel et al. 1992,
most of the baryons in clusters reside in the hot, X-ray emitting intra-cluster plasma and are not bound in stars.
From a flux limited sample of X-ray emitting clusteidphr et al.(1999 have compiled the gas-to-total mass ratio
(fiem) = 0.075h7%/2, Using the present day value of Hubble’s constant, one arrives at the following picture for a
galaxy cluster’s composition: 85% of the mass consists of dark mattet, 2% is made out of hot plasma, and the
reminder is locked into stars.

Dynamical friction decelerates more massive galaxies near the cluster’s core until they spiral towards the center
(Lecar1975. The kinetic energy removed from the massive galaxies is transferred to lighter galaxies or dark
matter particles so that their population expands in the cluster’s potential. Thus, dynamical friction generates mass
segregation in a cluster such that more massive galaxies are found preferably at smaller radii. Massive galaxies
spiraling into the cluster center will eventually merge to form a single supergiant elliptical galaxy if they are not
tidally disrupted Qstriker & Tremainel975 White 1976. This formation scenario explains naturally the extremely
high luminosities of cD galaxies which are sitting nearly at rest at the bottom of the cluster’s potential well and are
dominating the center.

Clusters of galaxies are constantly growing through mergers. A major merger where comparably massive clusters
with a mass raticS 3 collide occurs on average approximately every Gyr. Mergers inchitisionless shock waves
which dissipate gravitational energy associated with hierarchical clustering into thermal energy of the IGM apart
from the additional contribution due to adiabatic compression caused by the later infalling material which itself
is compressed at these shock wate®bservations of such shock waves reveal that the plasma lags behind the
dark matter clump which itself is coincident with th@etively collisionless subcluster galaxiddgrkevitch et al.

2004). Besides thermalization, the collisionless shock is able to accelerate electrons and ions of the high-energy tail
of the Maxwellian through diusive shock acceleration (for reviews deeiry 1983h Blandford & Eichler1987,

Malkov & Drury 2001). These energetic ions are reflected at magnetic irregularities through magnetic resonances
between the gyro-motion and waves in the magnetized plasma and are able to gain energy in moving back and forth
the shock front. Relativistic electrons emit synchrotron radiation in the presence of magnetic fields which has been
observed as extended radio relics observed in the cluster outskirts, thus tracing shock waves in the radio band (e.g.,
Rottgering et al1997). Additionally, merging subclumps stir turbulence with the largest eddies injected on the
scale of the merging impact parameter. Subsequently, the cluster is relaxing on a timescale which is longer than the
crossing time of the cluster,

r o,

-1
r
teross = ;U ~ 109 yr (M_pc) (Wm/s) < trelax < tHubble ~ 1010 yr, (3-44)

whereo, denotes the velocity dispersion. During this relaxation process, thermal energy is successively radiated
away through bremsstrahlung, a process which is miisient in the densest regions at the cluster center. This
process cools the cluster core so that the ICM responds in developing a denser core in order to maintain hydrostatic
equilibrium. Theoretically, this process is instable leading to catastrophic cooling of cluster cooling cores which

is not observed in X-rays, giving rise to the so-cal@aster cooling flow problemThe central plasma in relaxed
clusters with a short cooling time is observed to develop cool cores with central temperafiy but very little

X-ray line emission is seen from plasma$tTy/3 (Peterson et aR001, 2003. Some sort of physical heating
mechanism seems to inhibit condensation below this temperature or balancing the energy losses by a comparable

3In this context, virtually closed does not imply them to be isolated systems because there is no clean boundary separating the cluster from the
rest of the Universe and they accrete constantly mass through fiityesuly remote boundary surface.

4A shock wave can be generally defined as a transition layer which propagates through a plasma and changes its state. The thickness of the
transition layer (the shock front) is determined by the physical process responsible for the energy conversion from the kinetic energy of the
incoming plasma to internal degrees of freedom of the downstream plasma. In an ordinary gas shock the energy is transferred by two-body
collisions to the random thermal motion of the gas molecules and the thickness is of the order of a few collisional mean free paths. However,
in tenuous plasmas collisions are rare and the energy transfer proceeds through collective electrorffagtetitheis the thickness of these
collisionless shocks is of the order of the gyro-radius of a thermal ion (or the Debye length if electrditaticae important).
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amount of energy injection. A couple of candidates have been proposed for resupplying the heat radiated away, four
of which shall be presented in the following:

¢ Dissipation of mechanical energy released by the expansion and buoyant motion of radio bubbles inflated by
the central radio galaxie€hurazov et al2001, Briggen & Kaiser2001, Quilis et al.2001, Briiggen et al.
2002 Chandrar004 Hoeft & Briiggen2004 Dennis & Chandra2005 Ensslin & Vogt2005. The centers
of many clusters with low-entropy plasma whose cooling time is less than the Hubble time also contain active
galactic nuclei that are ejecting jets of relativistic plasma into the 1@&Mrigs 1990 which supports this
model. This scenario is theoretically compelling because the energy balancing mechanism provides a stable
self-adjusting feedback mechanism: If the radio galaxy activity is triggered by cold ambient plasma from the
core condensing onto the central supermassive black hole, the galaxy activity increases until it disrupts further
accretion.

e Thermal conductivity would allow the inward transport of heat from the hotter ambient ICM towards the
central core and thudisetting the coolingNlalyshkin 2001, Narayan & Medvede001, Voigt et al.2002,
Ruszkowski & BegelmaB002 Cho et al2003 Jubelgas et a004 Chandran & Maror2004). This scenario
faces severe problems to explain the absence of cooling: (i) thermal conductivity needs to be close to Spitzer’'s
estimate, and therefore not suppressed by magnetic fields. (ii) The required energy injection needs to be fine-
tuned because too strong conduction would erase the cool core, but too weak conduction cannot prevent the
cooling catastrophe, thus leading to an unstable solution for the conductively heated cool core. Furthermore,
it is unable to explain the existence of cold gas clouds which ne@@disat insulation from the keV plasma
(Soker2003 Nipoti & Binney 2004).

¢ A significant relativistic component, in the form of cosmic rays (CRs), present in the intracluster medium
and significantly frozen to the thermal plasma, can provide a temperature floor regardless of the nature of the
heating process. Such an addition qualitatively alters the conventional isobaric thermal instability criterion,
such that a fluid parcel becomes thermally stable when its thermal pressure drops below a threshold fraction
of its CR pressureGhandrar?004 Cen2005. The drawback of this model is, that an overall heating process
is still required to balance the radiative cooling losses while the energy density of CRs seems to be only a
small fraction of the thermal energy density within cool cofesgmmer & EnRlin20043.

e Supernovae driven galactic winds are another candidate for supplying the feedback that suppresses condensa-
tion, but is is questionable if this process can provide enough enerdistt oooling. The amount of energy
input needed to balance the radiative energy losses while avoiding overcooling) keV per gas particle
in the ICM (Voit et al. 2002 Tornatore et al2003. However, almost the entire supernova energy has to be
transfered to thermal energy of the ICM with implausible higiiceencies and virtually no radiative loses
(Kravtsov & Yepes2000 which is unlikely given the high central plasma densities.

To date, there is still no consensus on the relative importance of these mechanisms. The final solution might
require an interplay of dierent scenarios depending on still unknown boundary conditions. Overall, clusters of
galaxies provide useful laboratories for investigating the non-linear phase of structure formation, the interaction
of dark matter with baryonic physics, and studying the interplay active galaxies with the ICM with the additional
potential of yielding valuable insight into plasma physics.

3.3.3. Multi-frequency observations of clusters

The most important observational findings leading to the emergence of the previous physical interpretations will be
presented in this section. It provides the background for many implicit assumptions of the following chapters.

3.3.3.1. Optical properties of clusters

Observables in the optical band include the total luminosity of the cluster galaxies, that scales with the cluster mass,
the velocity dispersion of cluster member galaxies, responding to the depth of the cluster’s potential, and the amount
of gravitational lensing which background galaxies experience by the cluster’s potential. The first concentrations

of luminous objects in the constellations Virgo and Coma Berenices were already recognized by the end of the

eighteenth century biflessier(1784) andHerschel(1785. George Abell and collaborators performed pioneering
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work in compiling a nearly complete catalogue of nearby clusters according to well defined optical chibetila (
1958 Abell et al.1989. Today, optical cluster identification techniques extend and refine Abell’s basic approach
(e.g.Dalton et al. 1997, sometimes augmenting it with information on galaxy colors to enhance the cluster contrast
against the background galaxy counts (8ghcall et al2003.

Generally, cluster galaxies follow a luminosity function propose&blyechte(1976 when neglecting cD galax-
ies, with the number of galaxies per unit luminosity and per unit volume distributed according to

eL(X)dXx = "X ¥ exp(x)dx with x= % (3.45)
with a characteristic luminosit* corresponding to a characteristic magnitudg = -20.6, the normalization
¢* = 0.04h3/Mpc?, and the faint end slope = 5/4. Because the shape of the luminosity distribution function of
cluster galaxies is nearly universal, observing the high end tip of that distribution allows one to normalize the overall
cluster luminosity function, yielding estimates for both the cluster’s total optical luminosity and, less accurately, its
mass. The faint end slope of the luminosity functiorct 5/4 is smaller compared to that of the mass function of
a = 5/3: there needs to be a halo mass dependent physical mechanism which prevents these systems from forming
stars White & Frenk1991, Benson et al2003. Although there have been some scenarios proposed, including
energy injection through photoionization during the reionization ep8emgon et al2002 or tidal interactions
with neighboring galaxies and with the hierarchically growing cluster h@loe@lin2003), it is to date unknown
what causes these low-mass systems to be so faint.

Optical observations fier two complementary methods to infer the cluster's morphology and the true mass
concentrations, through the orbital velocities of the member galaxies and the degree to which the background
galaxy images are distorted by the cluster’s gravitational potential. Because the velocity distribution of galaxies
within a relaxed cluster is expected to be Gaussian in velocity space, one is able to fit the velocity distribution
expl-(vr — (v))z/(20-§D)] to these galaxies to obtain the one-dimensional velocity dispetsigrfor the cluster.

Using the approximation of galaxies as test particles in the cluster’s potential, one can apply the virial theorem of
Eqgn. 8.41) with Eyj, = 3Ma§D/2 to infer a mass estimate. Since clusters are dynamical systems that have not
finished forming and equilibrating, these estimates are generally uncertain.

Gravitational lensing of background galaxies has originally been proposgdioiy (1937 to infer the cluster
mass. Lensing is sensitive to the cluster’s morphology and mass distribution within a given projected radius
because the mass within this radius deflects photons towards our line-of-sight through the cluster center. When the
deflection angle is small compared to the angular impact parameter of the galaxy to the cluster center, the galaxy
images are tangentially stretchedrta This phenomenon is called “weak lensing”, and one can only determine
statistical properties of the lensing system by averaging over the field of view: due to intrinsic ellipticities of the
individual galaxies, statistical techniques using apertures with angular size of the oetderrieeded in order to
infer properties of the local gravitational field of the lens. Conventionally, this method is applied to faint distant
galaxy populations, whose shapes and sizes are weakly distorted by the gravitational tidal field of the deflecting
object. However, one has to assume, that the intrinsic ellipticities of galaxies are uncorrelated (for an excellent
review of this field, se®artelmann & Schneidez001).

3.3.3.2. X-ray emission of thermal plasma

Observables in the X-ray band include the overall X-ray luminosity of a cluster, emitted by the hot plasma trapped
in the cluster’s gravitational potential, the cluster’s temperature inferred from the X-ray spectrum of that plasma,
and the abundances of various elements inferred from the emission lines in this spectrum. Extended X-ray emission
from galaxy clusters was first observed in the early 197Gsréky et al.1971, Forman et al1972. For typical
cluster temperature&T = 2 keV) the emissivity of thermal bremsstrahlung dominates over the line emission while
the situation reverses below that temperature given heavy metal abundances relative to hydro@ed tihes
those found in the Sun. Clusters can radiate bolometric X-ray luminositieslyp+0l0*® ergs. The rate at which
the intra-cluster medium (ICM) radiates can be expressed in a cooling function of the plasma which is proportional
t0 NeNionAx(T), whereAx(T) « VKT in the regime of thermal bremsstrahlung. This X-ray emissivity is extremely
sensitive to any substructure due to its dependence on the square of the density.

Assuming spherical symmetry, the equation of hydrostatic equilibrium can be written

dingy _dinT, ___T()
dinr " dinr © T,

(3.46)
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wherep,, is the plasma densityf,; the plasma temperature, akdi(r) = GM(r)u/(2r) which can be identified with

the characteristic temperature of a singular isothermal sphere in the case of a density distributigsy (2Gr?).>
Assuming furthermore, that the plasma is isothermal yields the classical beta model for the X-ray surface brightness
of clusters Cavaliere & Fusco-Femiant®76. If the velocity dispersion of dark matter particles is also isothermal

with a constant velocity dispersiam,p, then Poisson’s equation implies

dinpp p do dinp
— - _ L~ _p— 3.47

dinr KT, dr Fdnr (3-47)
whereg = ;wa/(kTp). Taking the same assumptions (i.e. spherical symmetry, isotropy of velocities, a self-
gravitating system in a stationary stat€)ng (1966 has developed a self-consistent truncated density distribution
for clusters. For the phase space density he assumes

f(r,0)d® o o exp( © ))[ p(—M) - 1} dr d, (3.48)

0%
whereo, is the radial velocity dispersion in an untruncated cluster. The velocity distribution is thus truncated at
the escape velocitye: f(r,|v] > ve) = 0 wherevZ = —2d(r), and the potential vanishes at infinith(co) = 0.
Integrating this phase space density over all velocities yjeldsas a function ofd(r) which has to be solved for
self-consistently by inserting into Poisson’s equation. Since there is no simple analytic solutjgn) ftr this
potential,King (1962 provides the approximate solutigr) o« [1 + (r/rc)?]~%/2, wherer. denotes the core radius
that prevents the profile from becoming singular at the origin, and the plasma density becomes

r)\2 -38/2
pp(r) = pp(0) {1 + (r—c) ] ; (3:49)

where Eqn. 8.47) has been used. The expected X-ray surface brightness for an isothermal plasfgwitl is
then obtained by projection

2
Su(r) = fd rnz(r)Ax[Te(r)] _ s, [“(rr_)

c

-38+1/2
, (3.50)

whereSy is the central X-ray surface brightness. The observed X-ray surface brightness can be inverted using the
Abel integral equation to obtain the radial density profile (see AppeAglixBeta models generally describe the
observed surface brightness well up~o3r., with typical values ofs8 ~ 2/3 andr. ~ 0.1r; for rich clusters

(Jones & Formari984). Because dark matter profiles are rather of NFW type (E§42)) than following the

cored profile proposed by King, only the success of describing X-ray surface brightness profiles by beta profiles
for the ICM justifies their use. The real ICM is sometimes far from hydrostatic equilibrium especially during a
merger event and shows a wealth of structure such as cold fronts, X-ray cavities, and additional substructure. Thus,
these equations might yield misleading answers and need to be cross-correlated with additional information of
other wavebands. Indeed, a Fourier analysis of spatially-resolved plasma pressure maps of the Coma galaxy cluster
reveals the presence of a scale-invariant pressure fluctuation spectrum in the range between 40 and 90 kpc and is
found to be well described by a projected Kolmogg@ivoukhov-type turbulence spectrum. This indicates that at
least~ 10% of the total ICM pressure is in turbulent for@dhuecker et ak004).

Using the emission line fluxes, abundances of elements like iron, oxygen, and silicon are straightforwardly to
measure in the ICM. Collisional de-excitation is negligible because the ICM is so dilute. Thus, every collisional
excitation produces a photon that leaves the cluster. The observed spectrum can therefore be fitted by a optically-
thin spectrum of a collisionally-ionized, single temperature plasma, while adjusting the abundances in the model
to produce the best fit. Because the most abundant elements are nearly completely ionized in the hottest clusters,
these abundance determinations depend on the strength of the K-shell emission lines of iron, one of the rare lines
which can be measured in these environments. The total amount of iron obtained from these measurements exceeds
the total amount of iron contained within all the stars in the cluster galakieszini1997 and is comparable to

SHere,u = 4mp/(3 + 5Xy) is the mean particle weight assuming full ionization afid= 0.76 is the primordial hydrogen mass fraction.

25



Cosmology and cosmic structure formation

the amount of iron produced by all the supernovae that are believed to have exploded during the cluster’s history
(David et al.1997). Supernovae are believed to drive strong galactic winds that enrich the ICM with heavy elements
(Heckman et al1990. However, hydrodynamical simulation fail in producing these winds, because much of the
energy released by core collapse supernovae is transfered to the cool gas rather than driving a powerful gaseous
outflow (Mac Low & Ferraral999. Strong galactic winds might be driven by relativistic protons through Parker
instabilities of spiral disks solving thenrichment problenof high iron abundances of the ICM as the study of the
isolated Parker instability suggestéghasz & Lesct2003.

3.3.3.3. Sunyaev-Zel'dovich effect

Hot plasma in galaxy clusters can also be observed throughiétst en the cosmic microwave background (CMB).
Photons of the CMB experience inverse Compton collisions with thermal electrons of the hot dilute intra-cluster
plasma, an #ect predicted bySunyaev & Zel'dovich(1972 (for a comprehensive review, s@é&kinshaw1999.

At the angular position of galaxy clusters, the CMB spectrum is modulated as photons are redistributed from the
low-frequency part of the spectrum below a characteristic crossover frequency to higher frequencies implying a net
energy transfer from the thermal intra-cluster plasma to CMB photons, known as the thermal Sunyaev-Zel'dovich
(SZ) dtect. To lowest order, the distorted spectrum can be separated into an universal frequency-dependent function
that is independent of cluster parameters and the amplitude of the frequency modulation. This so-called @ompton-
parameter is proportional to the product of the probability that a photon passing through the cluster will Compton
scatter and the typical energy gain of a scattered photon:

KTe
yzf@nea'le. (351)

The line-of-sight integration extends from the observer to the last scattering surface of the CMB at zed4Aid0.
Here, o denotes the Thompson cross sectimg,the electron rest mas$e andn, are electron temperature and
thermal electron number density, respectively. The peculiar motion of a cluster with respect to the rest frame of
the CMB produces an additional spectral distortion due to the Dopfilctecalled kinetic SZféect. A detailed
introduction including the relativistic SZtect will be given in Sect3.2

The SZ dfect is independent of distances and represents thus an invaluable tool for detecting galaxy clusters out
to very high redshifts which are otherwise not detectable in optical or X-ray surveys. Because not all clusters will
be well resolved, the observables of SZ surveys are the line-of-sight Comptonization integrated over the solid angle
subtended by the cluster or the beam, whichever shows the small angular ¥xﬁe[ﬁydA oc fnekTedV. Thus,
theY parameter is a measure of the total thermal energy within a cluster. Additionally, the study of the cluster’'s
outskirts greatly benefits from the fact that the thermal 82at depends on the thermal pressure rather than the
density squared in the case of X-ray emissivity. Combining maps of theff8zt ethe X-ray surface brightness,
and from gravitational lensing, it might be possible to reconstruct the three-dimensional appearance of the cluster
(Zaroubi et al.2001). So far, the SZ #ect has only been exploited for cosmological purposes while we propose
to use high-resolution SZ observations to unveil the still unknown dynamically dominant component of the radio
plasma bubbles within cool cluster cores in Chagter

3.3.3.4. Non-thermal emission processes

In the previous three sections, techniques for inferring the dark matter, baryonic, and turbulent content of clusters
were presented while non-thermal radiation provides completely complementary information to these components.
CR electrons within the ICM have two preferred emission mechanisms: (i) their gyro motion around magnetic
field lines generates flluse radio synchrotron radiation and (ii) through inverse Compton collisions with photons

of the ambient starlight and the CMB, CR electrons are able to up-scatter these photons into the wave band ranging
from extreme ultra-violet (EUV) to the hard X-ray band. Observables in the radio band include the radio surface
brightness of a cluster, revealing a combination of the energy density of CR electrons and the magnetic field,
and the spectral index inferred from multi-frequency radio observations that traces the underlying CR electron
population. In contrast, inverse Compton emission reveals a cleaner signature of the CR electron population which
is not confused by magnetic fields. Combining these two emission processes unveils the energy density of the intra-
cluster magnetic field. An upper limit on the inverse Compton emission in combination with observed synchrotron
emission translates into a lower limit of the magnetic field strength.
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Diffuse extended radio synchrotron emission that cannot be attributed to individual galaxies in a galaxy cluster
is termed radio halo and shows a similar morphology compared to the thermal X-ray emissioKife.gt,al.

1989 Giovannini et al.1993 Deiss et al1997, Giovannini et al.1999 Liang et al.2000 while there are smaller
counterparts named radio mini-halos (eRedlar et al1990. In addition, there have been extended radio relics
observed in the cluster periphery (e gattgering et al1997 which may well coincide with merger shock waves
running into the shallower gravitational potential in the cluster outskirts as proposed(lin et al.(1998 and
successfully reproduced in a simulation of this procesRbgttiger et al(1999. A taxonomy of particle accelera-

tion processes leading to these radio appearances will be given irbSedt.has been recognized that radio halos

in galaxy clusters are preferentially associated with massiye-(0.5 x 10*° erg s1) clusters that are experiencing
violent mergers and have a seriously disrupted cluster core, as indicated by substructure in the X-ray images and
temperature maps (séerettil999 and references therein). The association of radio halos with clusters currently
experiencing the largest departures from a virialized state may account for both the vital role of mergers in accel-
erating the relativistic particles responsible for the radio emission as well as the rare occurrence of radio halos in
cluster samplesBuote2001). Based on these observatiois)3lin & Rottgering(2002 developed a redshift de-
pendent radio halo luminosity function and predicted large numbers of radio halos to be detected with future radio
telescopes.

Some clusters have also been reported to exhibit an excesghtdNX-ray emission compared to the expected
thermal bremsstrahlung of the hot ICMi¢u et al. 1996 Fusco-Femiano et al999 Sanders et aR005. This
emission is most probably produced by inverse Compton up-scattering of CMB photons by relativistic electrons
according to the formulac = vmity%Re4/3 (Hwang1997 Enf3lin & Biermann1998 Enflin et al.1999. Here,vinit
denotes the initial frequency of the photon which gets up-scattered to the final frequegya CR electron of
Lorentz factorycre ‘Mildly’ relativistic CR electrons f, ~ 100— 300) are injected over cosmological timescales
into the ICM and have a comparably long lifetimes of a few time3 yi€ars (se€arazin2002 and references
therein) that predestines them to be responsible for the excess EUV emission. Less energetic CR elffetrons su
from efficient Coulomb losses while more energetic CR electrons loose their energy on much shorter timescales
due to inverse Comptgsynchrotron losses. It has been proposed that a fraction of filus@icosmologicaj-ray
background radiation originates from the same inverse Compton processes of higher energetic electrons which are
freshly accelerated at shock waveséb & Waxman200Q Miniati 2002 Reimer et al2003 Berrington & Dermer
2003 Kuo et al.2009.

A different piece of evidence for magnetic fields comes from Faraday rotation which arises owing to the bire-
fringence of magnetized plasma causing the plane of polarization to rotate for a nonzero magnetic field component
along the propagation direction of the photo@$afke et al2007). Although this methods yields reliable magnetic
field strength, it is only applicable within finite windows given by the extent of the sources emitting polarized radia-
tion. To date, the most sophisticated methods use a maximum likelihood estimator for the derivation of the magnetic
power spectra\ogt & Enf3lin2009 which is based on the theory of turbulent Faraday screem@l{n & Vogt2003
Vogt & EnRlin 2003 yielding self-consistently the magnetic field strength and the magnetic autocorrelation length.
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Coma cluster Perseus cluster

Coma Cluster
0.5-2.0 keV

Figure 3.3.: Comparison of thermal X-ray emission and radio synchrotron emission of two prominent galaxy clusters, the
Coma clusterléft panel$ and the Perseus clusteight panelg. Theupper panelshow the X-ray emission and tkawver
panelsshow the radio synchrotron emission. The Coma cluster is characterized by the merging of the larger, brighter
central cluster and the fainter group of galaxies to the lower right (the field2i§° x 2.5° in both cases). The image of

the Perseus cluster shows the cluster core regieng@rcmir? for the X-ray map, % 9 arcmirt for the radio map). The

bright yellow spot in the center of the X-ray map is due to accreting plasma onto a giant black hole in the nucleus of the
central galaxy. The twin dark cavities are thought to be buoyant magnetized bubbles of relativistic particles produced by
energy released from the vicinity of the black hole (for the origin of the radio synchrotron emission, refer to Ghapter
(Credit: Com#X-ray: ROSAT/MPE/Snowden, Perseféray: NASA/IoA/Fabian et al., Conjeadio: DeisgEffelsberg, Persefradio: PedlaivLA).
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Abstract

This thesis exclusively studies extragalactic cosmic rays whose proton and nuclear component is little known. Galactic cosmic
rays are much better studied, however, numerous fundamental questions are still open, almost 100 years after their discovery by
Hess. This chapter presents an overview of the physics of cosmic rays. After introducing basic physical concepts of cosmic rays,
observational properties and theories about the origin of galactic cosmic rays are discusseddiri.Sedhe following, non-

thermal emission processes are introduced in Se2tncluding synchrotron radiation and inverse Compton emission. Finally,

the hadronic physics of inelastic cosmic ray collisions leading to pion decay ingu@ademission is presented in Sett3.

4.1. Galactic cosmic rays

Cosmic rays (CRs) were discoveredidgss(1912 and realized to originate outside the Earth. The Earth’s magnetic
field acts on energetic particles according to their charge fiadta them dterently coming from east or west, thus
proving that the majority of CRs are charged particles. The energy spectrum of highly energetic CRs'frem 10
(where the magnetic field of the Sun is no longer a concern) up ¥ e\ is well represented by a piecewise
power-law indicating that CR particles are produced in non-thermal processes. In contrast, on extragalactic scales
in the inter-galactic medium, there is hardly anything known about these non-thermal components because the
energetically dominant CRs below*f@V are trapped by cluster magnetic fields and can only be observed indirectly
through non-thermal radiative processes. This section is intended to give a short overview of the most important
observational findings and physical concepts which are the guiding lines for the further course of the thesis (for an
excellent introduction in this field, s&kchlickeisel(2002 or Lemoine & Sigl(2001)).

4.1.1. Physical concepts
4.1.1.1. Transport of cosmic rays

Consider a spatial random coordinai¢) of a CR particle ditusing in a fluid of bulk velocitw. For simplicity,

we restrict ourselves to the one-dimensional case. During a time interval which is much shorter compared to the
diffusion time, the particle’s position varies Ax = vAt + §x. The first contribution is due to the bulk motion of the
scattering medium and the second term is due to the random wlkidn with vanishing mean and the variance

(6x%) = 2D(x, p)At, whereD(x, p) denotes the diusion codficient. The distribution of galactic CRs is governed by

a competition between injection, escape, energy gain (acceleration), and energy loss (catastrophic and continuous)
processes. The transport equation which describes the balance of these processes is a Fokker-Planck type equation
that includes the description of fluid motions, radiative losses, and phase sffas@di It can be obtained by
considering the collisionless Boltzmann equation and working out the magneto-hydrodynamic forces acting on a
CR patrticle including the Lorentz force as well as pitch angle scattering on hydro-magnetic ®hilesy(1975.

The transport equation governs the evolution of the isotropic ffa&rtp) of the CR distribution function in phase

space, assuming weak anisotropy of the CR momentum distribution function:

9
ot

0 10 ,
f+é)—xu(x,p)f=—ﬁ%p Ax p)f +

14, §. o P
2ap r'(x, p)%f + (.)—)(D(X, p)c’)_xf + (X, p). (4.1)

The distribution is normalized such that the number density of Gdgs= f f4np?dp. The ‘friction’ term A
describes not only various kinds of energy losses but also the energy gain by first order procgsses/ia
(adopting relativistic particles), the second contribution on the right-hand side describes the energy gain through
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the second order Fermi process, the third term on the right-hand side describes sffasiandiand the last term
accounts for sources such as freshly injected CR particles at shocks whose origin can be understood by means of
plasma physical calculations. The physical meaning of these processes will be sketched in the following:

30

Synchrotron and inverse Compton lossesA relativistic charged particle of a Lorentz factpe (1-5%)~1/2
experiences Compton scattering with either real or virtual photons (which represent the magnetic field in
the case of synchrotron radiation). This causes the particle to emit photons in the forward direction into a
narrow cone of half-anglg~' with respect to its momentum leading to an energy loss which ffantively

be described by a friction force in opposite direction to its momentum:

A 4 2
Arad = % =0T (n—rE) (8 + pn)y>, 4-2)

rad 3
whereor denotes the Thompson cross sectian= B?/(8m) andep, are the energy densities of the magnetic
field (responsible for synchrotron losses) and the low energy photon field (causing the Coffgtbimehe
Thompson regime). The radiative losses of baryons are suppresseg/by{ such that they can be neglected
unless they are ultra-high energetic CRs with energid€' eV.

First order Fermi process. The contribution of the first order Fermi process can be described by a non
inertial entrainment due to the deceleration of the scattering medium: a compresséed ftow Q) produces

first order acceleration of charged particles. In this situation, the inertial foFee=s—p;(dv;/0%) that gives

rise to an accelerating power

Pacc = —<vjpi>g—2 = _%v 0 > Asc= —13’%(. (4.3)

Second order Fermi processCharged particles gyrate around, and travel slowly along magnetic field lines.
Occasionally, they get scattered on magnetic irregularities and plasma waves (mostly Alfvén waves). This
scattering process can be described by a random walk of the particle’s pitch angle with the magnetic field
direction, ¢, yielding the characteristic varian¢éu®) « vsAt wherevs denotes the average scattering fre-
guency and: = cosd. Because the particle scatter§ moving targets, the particle systematically gains
energy through random variations of the CR momendyrn: +8 pdu whereBa = va/cis the dimensionless
Alfvén velocity in the case of scattering Alfvén waves. The second order Fermi process is thus described by

a diffusion process in momentum space with the momentdfugion codicient

2
S

I Bavsp>. (4.4)

Diffusive losses from the disk.CRs experience momentum dependeffiiudion in a turbulent magnetic

field with a Kolmogorov-type spectrum on small scales. This process leads to a loss time scale which is
proportional top~Y3. In an equilibrium situation, this results in a steepening of the observed spectrum within
the disc byp~1/2 relative to the injected spectrum.

Radioactive decay.The observed isotope ratios resulting from radioactive decay provide a clock for cosmic
ray transport and yields the time scale offasive losses from the disk. For any given isotope, radioactive
decay can be a loss or a gain process in the equation of balance.

Coulomb and ionization lossesre strongest for protons or heavier nuclei, but also relevant for electrons. The
ionization process limits the lower energy of the proton spectrum to approximately 50 MeV after traversing

a path length through most of the interstellar medilath & Biermann1994). Energetic CRs experience
energy losses even within an ionized medium through Coulomb interactions. Coulomb Ifissestlky

remove the low-energetic part of the injected CR spectrum on a short timescale and redistribute these particles
and their energy into the thermal pool.

Catastrophic losses.Another loss process is the inelastic reaction of CR nuclei with atoms and molecules
of the interstellar medium. The CR protons interact hadronically with the ambient thermal gas and produce
mainly neutral and charged pions, provided their momentum exceeds the kinematic threshigd@é for

the reaction. The neutral pions successively decayyifriys while the charged pions decay into secondary
electrons and neutrinos.



4.1.1 Physical concepts

e Spallation. Spallation describes the destruction of atomic nuclei in a collision with a CR patrticle that is
in most cases a proton or an alpha particle. In this destruction process, many pieces of debris are formed
where commonly a single nucleon gets stripped and a distribution of lighter nuclei is obtained. Since the
abundances of the elements Lithium, Beryllium, and Boron are much larger in CRs than in the interstellar
medium, spallation processes are assumed to account for the origin of these elements. For any specific
isotope, spallation can again occur as a loss or a gain process in the equation of balance.

4.1.1.2. Cosmic ray acceleration

The CR spectrum obeys a piecewise power-law which is referred to as their non-thermal property. The most suc-
cessful theory in explaining this behavior describes the acceleration of energetic particles at shock waves traversing
magnetized plasma. The original idea dates badketoni (1949 and was modified in the context of astrophysical
shocks in the late seventies by several authidrsr(sky 1977 Bell 1978h Blandford & Ostriker1978.

Fermi's original theory Fermi realized that CRs gain energy when scatterifigr@agnetized clouds of gas
moving through the interstellar medium at veloaityfEntering the cloud, a CR ion scattef§magnetic irregularities

in the magnetic field which is tied to the partly ionized gas. Magnetic irregularities are ubiquitous in a plasma that
gets stirred by stellar winds, ionization fronts, supernova explosions, or by energetic particles moving through. In
the rest frame of the cloud: (i) the particle’s energy is conserved because of elastic collisions between the CR and
the cloud as a whole being more massive than the CR; (ii) the direction of the CR is randomized by the scattering
processes and leaves the cloud in a random direction. Performing a Lorentz transformation into the frame of the
cloud and out of it again after taking in account previous considerations yields an energyEg&in: 52 = (v/c)?

that is second order jfland becausg < 1, the average gain is small.

Diffusive shock acceleration Fermi’s original theory was modified to describe the mdieient acceleration

taking place in converging flows such as shock waves. A collisionless shock wave is able to accelerate ions from
the high-energy tail of the Maxwellian through a process caligdsive shock acceleratigffior reviews seérury

1983h Blandford & Eichler1987 Malkov & Drury 2001). These energetic ions are reflected at magnetic irregu-
larities through magnetic resonances between the gyro-motion and waves in the magnetized plasma and are able to
gain energy in moving back and forth the shock front.

A shock is a transition layer where the mean plasma velocity changes rapidly over a width determined by plasma
physical processes, and in dissipational shocks, most of the incident kinetic energy flux is converted into thermal
energy. Itis convenient to describe a shock with respect to its rest frame which we assume to be non-relativistic. The
shock transition layer separates two regions: the velocity field decays from its upstream supersomnic valye
to a subsonic ong < cs, Where the indices 1 and 2 refer to tinestream regimépre-shock regime) in front of the
shock and thelownstream regimépost-shock regime) in the wake of the shock wave, and the sound speed.

The strength of the shock is measured by the Mach numMbet v1/cs1. The Rankine-Hugoniot jump relations
for the density, velocity and pressure can be derived considering the conservation laws of mass, momentum, and
energy:

P11 = pova, (4.5)
Pi+pwi = P+ pavd, (4.6)
U2 02
(e1+P)pyt+ 5 = (2 +PIpy’ + 2. (4.7)

wherep, P;, ande; denote the density, the pressure, and internal energy density, respectively. The compression ratio
is defined as = p,/p; and can be written for polytropic fluids solely as a function of the Mach number using the

Rankine-Hugoniot jump relations:
__r+1 4.8)
v Yy VFR (@
In a strong shockA > 1), if the shocked plasma is non-relativistic, the adiabatic index5/3 and the compres-
sion ratio approaches 4 while a plasma with relativistic pressure Fagl/3 andr = 7. In the case of a strong
cooling shock wave, the compression ratio can go to infinity. Considerifigsdin of the CR pressure or an oblique

magnetic field, the simple jump condition is modified and can develop a precursor.

31



Cosmic ray physics

An energetic patrticle that has a higher individual velocity than the plasma flow in the shock frame may be able
to travel against the stream and gets trapped at the shock for a while and thereby experiences this system as a
permanently compressing flow. Thus, particles gain energy in going back and forth the shock front. In one cycle
coming from upstream, scattering downstream, and coming back upstream, particles gain typically an additional
fraction of vsp/C iIN Momentum (assuming relativistic particles). However, due to convection of the flow, the CR
population loses a fractiomy/c of its members that escape from this process downstream. Compared to Fermi's
original theory, this is a morefigcient acceleration mechanism (1st ordegjrowing to the symmetry breaking
shock front. In the linear regime, this process naturally leads to a CR power-law distribution in particle momentum,
p~®, which joins in a smooth manner into the shock-heated thermal distribution. The general expression for the
spectral index of such a CR populatiorvs= 3r/(r — 1) in three-dimensional phase space. For relativistic particles
the resulting energy distribution is then given By, a result which will be used frequently in the course of this
thesis.

There is a very esthetical way of deriving the distribution function resulting fréfusive shock acceleration that
uses the cosmic ray transport equatiBraqdford & Ostriker1978, which will be presented in the following. We
neglect the second order Fermi process and the radiative losses in the CR transport equation, and assume a sharp
shock transition which means that the shock width is much smaller than ftiisidn length of CRsD(x, p)/v.
Again, we consider a spatial random coordingtg of a CR patrticle dfusing in a fluid of bulk velocity. The fluid
velocity is described by(x) = v1 + (v2 — v1) 8(X) anddv/dX = (v2 — v1) 6p(X). Assuming this kinematic structure
of the shock implicitly accounts for shock heating through dissipation and acts therefore as a thermodynamical
background model. The stationary solution of the CR distribution function obeys the following transport equation:

55 = 3 5P5 T = 3D DT +010(Po () (4.9)
The last term is a special form of the source tesx p) that accounts for injection of a CR population at shocks.
This equation describes only the transport of the relativistic particle population over the shock wave while the
distribution of particles in thermal equilibrium constituting the Maxwellian is not explicitly followed and only taken
into consideration through their impact on the background velocity solution which we assume for the moment. The
injected CR distribution functiop(p) is normalized such thaicrinj = 7crNh1 = fg(p)47rp2dp, wheren denotes

the dficiency of CR injection relative to the thermal Maxwellian in the upstream regime. This equation can be
integrated on both sides of the shock front. Convection oppoffesidin ahead of the shock while it is not possible

to balance convection againstidision behind the shock when neglecting loss processes and accounting for particle
acceleration through flusive shock acceleration at the shock front. The only possible solution in this regime is a
spatially constant distribution function:

O pdx
(x p)z{ (P + 1P - fplexp - [ 2, x<o w10
f2(p), x>0

with fi(p) = f(—o0, p) and fo(p) = f(co, p) = f(0, p). The distribution function exponentially decreases from the
shock front into the upstream regime over fiuion lengthD;/v;. In particular, the relativistic pressure exponen-

tially decreases into the upstream regime and generates a precursor. The flux of particles at a given momentum must
be continuous. The continuity condition is obtained by rewriting the transport equat®nyielding

v of >
3dInp

9 af v of ]_ a a(fp?) =0g(p)  (4.11)

of
X D(X,P)&‘Fgm = P +ov1g(P)op(x) — [D(X,P)&‘F

0-

The continuity condition follows from integrating the transport equation and requiring the continuityTafere-

fore, the quantity in square brackets, which is the flux at a given momentum, must be continuous at the shock front.
Joining the solution left- and rightwards of the shock (E4nlQ) and using the continuity condition of Eqrd.L1),

we obtain a dierential equation for the transmitted distribution functie(p),

of, 3

p
anp 1 _r 1 [fi(p) +9(p) - 2(P)] —  fa(p) =ap™ . dp’ [fa(p)) + g(p)] P2, (4.12)

with the characteristic spectral index= 3r/(r —1). The distribution function of the accelerated CR population is in-
dependent of the functional form BX{(x, p) as long as it is positive. The CR power-law is governed only by the kine-
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matic structure of the shock front, i.e. the compression ratibthe shock, and does not depend on the incident ki-
netic energy flux. However, the transmitted distribution functipdepends on the functional form of the initial CR
distribution functionf; in the upstream regime and the injected CR populagign). As simple example, consider
no pre-existing CR distribution and a narrow injection in momentum SpaA@®,= ncrNm1op(P — pmj)/(47rpi2;]j).

The resulting CR population obeys a power-law in momentum:

flp) = 2 (2] o py). (4.13)
47rpi3r‘1j Pinj

The presented model mimics the necessary requirementsfioside shock acceleration of energetic particles: the

particle’s dfective velocity component parallel to the shock normal has to be larger than the velocity of the shock

wave and its energy has to be large enough to escape the “trapping” process by Alfvén waves being generated

in the downstream turbulencé@lkov & Volk 1995 Malkov & Volk 1998. Thus, only particles of the high-

energy tail of the Maxwellian are able to return to the upstream shock regime in order to become accelerated.

The complicated detailed physical processes of the specific underlying acceleration mechanism are conveniently

compressed into a few parameteisries & Kangl993 Berezhko et al1994 Kang & Jonesl995, one of which

defines the momentum threshold for the particles of the thermal distribution to be accel@pgted Xinjpn =

Xinj[2 kT2/(mpc?)]¥2. Theoretical studies of shock acceleration at galactic supernova remnants sygges5

implying an particle injectionficiency ofycr ~ 1074 (Drury et al.1989 Jones & Kandl993 Berezhko et al1994

Kang & Jonesl 995 Malkov & Vélk 1995.

4.1.2. Observational properties of galactic cosmic rays
4.1.2.1. Our Galaxy and the interstellar medium

Our Galaxy is a spiral galaxy which is characterized by a disc of stars and gas, mixed with interstellar dust, and
embedded into a spheroidal halo of old stars. The age of the system is about 13 billion years and the extent of the
disc is about 30 kpc across. The very center hosts a supermassive black hole with a niassi6fBl, (Schodel

et al.2002). In the outer parts, the mass of the Galaxy is dominated by dark matter while the innermost part is
dominated by baryonic matter. The mass ratio of dark matter to stars to interstellar matter in our Galaxy is about
100:10:1.

The gas in between the stars is composed of hot plasm@a3 keV), various stages of cooler gas including
molecular clouds, dust, CRs, and magnetic fiefslsofvden et all997, Valinia & Marshall1998 Pietz et al1998.

All three components, gas, magnetic fields, and CR protons are in equipartition with an energy density of about 1
eV per cnd, which is similar to the energy density of the CM&;us ~ 0.1 eV per cri. The average density of
neutral hydrogen gas with temperatures of a fewK@s about 1 particle per cérwhich is distributed in a disc of

scale height- 100 pc. In contrast, the hotter gas extends further from the symmetry plane, about 2 kpc on either
side. From the ratio of radioactive isotopes resulting from spallation to stable isotopes, the transport time of CRs at
1 GeV can be deduced to bex3L0’ years.

The magnetic field in our Galaxy has a total strength af%in the solar neighborhood, slightly increasing
towards the center. Less than half of the total magnetic field strength is arranged in a regular component showing
a circular ring-like pattern. Other spiral galaxies show that the underlying symmetry follows the structure of the
spiral arms. On smaller scales, there are occasional field reversals which are still parallel to the circle around the
center. Finally, at scales smaller than the scale height of the hot disk, the magnetic field can be described by a
Kolmogorov turbulence spectruns6ldstein et al1995. The magnetic field is regenerated at a time scale less or
equal to the rotational timescale, with circumstantial evidence suggesting that is happens at a few’tiyrass10
This again coincides with the time scale at which CREudie out of the disc. It is yet unclear which processes drive
this galactic system towards equipartition.

4.1.2.2. Energy spectrum of cosmic rays

The solar wind prevents low energetic charged particles from reaching the inner solar system due to interactions
with the magnetic field in the solar wind which act$eetively as a mirror. The solar wind is a steady stream of
magnetized plasma which the Sun emits into all directions and which is responsible for our being unable to observe
directly interstellar energetic particles of energie800 MeV. For protons above 10 GeV — or other nuclei of the
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Figure 4.1.: The CR all-particle spectrum observed bifelient experiments above 1@V (from Wiebel-Sooth & Bier-
mann1998§. The diferential flux was multiplied withe?7® to project out the steeply falling character. The “knee” can be
seen at 4 10 eV, the “second knee” at8 10'7 eV, and the “ankle” at X 108 eV.

same energy to charge ratio — thi#eet of the solar wind becomes negligible. Charged energetic particles gyrate
around the magnetic field of our Galaxy with the radius of gyration, called Larmor radius which is proportional to
the momentum of the particle perpendicular to the magnetic field diregiion,

_Pb.C 1 E B\™
"= 78" %% (10 GeV)(uG) AU, (4.14)

whereZ denotes the charge number of the nuclei Brile strength of the magnetic field. This shows that a charged
particle of 10 GeV within a1G magnetic field has a Larmor radius which is twice the Earth’s orbit around the Sun
and proves the negligiblefect of the solar wind on these particles. Highly relativistic particles abova @8 eV
per unitZ cannot gyrate in the disk of the Galaxy, their Larmor radius is larger than the thickness of the disk. These
particles must originate outside the Galaxy, and indeed at that energy there is evidence for a change both in chemical
composition and in the slope of the spectrum.

The energies of directly observable CRs range from a few hundred Me\kta@®° eV and the integral flux
ranges from 0.1 particle periyper s, per steradian, at 1 TeV per ufitip to 1 particle per ki per steradian, and
per century around 8 eV, a decrease by a factor o31071° in integral flux. The spectrum corresponds to the
differential flux and is defined as the number of particles at a certain eBevghin an infinitesimal energy interval
dE. The CR spectrum is shown in Fig.L CRs have a spectrum near?’ up to the knee, at about>¢10'° eV,
and then abouE~3! beyond, up to the ankle, at abou51.0'® eV, beyond which the spectrum becomes hard to
quantify, but can be described approximately By’ again. There is no other strong feature in the spectrum,
especially no signature of a ctit@t the upper end as predicted Byeisen(1966 andZatsepin & Kuzmin(1966
(see Sect4.1.3.3. There is limited evidence from the newest experiments (AGASA and HiRes)dec@nd knee
at 3x 10'7 eV, where the spectrum appears to dip. Both the first and the second knee may be at an energy which is
proportional to charge, i.e. at a constant Larmor radius, and therefore may imply a range in energies. The fraction
of heavy elements seems to continuously increase towards and beyond the knee to the ankle where the composition
appears to become light again, i.e. there is a transition to protons and alpha particles. These measurements support
the previous considerations. CR electrons have a spectrum which is similar to that of protons below 10 GeV as
inferred from radio synchrotron emission. Relative to the CR protons, CR electrons are however suppressed by a
factor of 100. The CR electron spectrum steepers 5 above this energy which can be measured directly.
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4.1.3. Origin of galactic cosmic rays — theories
4.1.3.1. Injection and acceleration

The problem of the CR origin can be naturally subdivided into two complexes, the injection and the successive
acceleration of CRs. There are threfefient theories explaining the injection of the CR abundances which need to
describe both their spatial distribution and the observed peculiar abundances of CRs compared to those of the inter-
stellar medium: Hydrogen and Helium are less abundant in CRs than in the interstellar medium. The abundances
of the elements Lithium, Beryllium, and Boron very much larger in CRs compared to the interstellar medium, by
several orders of magnitudes. The abundances of the CR sub-lron elements are also larger than in the interstellar
medium relative to Iron as are the abundances of odd-Z elements. The theories for the CR injection are outlined in
the following: (i) low mass stars accelerate selectively elements in their coronal activity to supra-thermal energies
that are injected into the interstellar mediuBh@piro1999. (ii) Using the observed similarity of the chemical
abundances of dust and CRéeyer et al.(1997) andRamaty et al(1997) suggest the injection of CRs by ionized
dust particles such that the selectidfeets and the sites of dust formation govern the final CR distribution. (iii)
The third model hypothesizes CR injection from stellar winds of heavy stars by analogy with the solar wind and
explains selectionféects by more ficient injection of doubly-ionized elements.

The idea of using supernova shock waves to accelerate CRs has been proposed lon@aaoeb§ Zwicky
(1934. The standard theory suggests that CR particles were accelerated thréiuglvalishock acceleration in
supernova shock waves which sweep up the powerful magnetized stellar winds of the predecessor stars until they
run into the ambient interstellar medium. This theory is able to explain the acceleration of particles up to energies at
the ankle at about 8 10" eV. The knee is explained as being due to a decrease of the accelefatiemey once
the Larmor radius of the accelerated particles matches the spatial extent of the shocked shell expanding into the
stellar wind. CRs at these energies cannot likcsently isotropized and confined in the downstream regime of the
shock which leads to an increase of their escape probability into the interstellar medium. The spatial constraint of
this acceleration process predicts a maximum energy per charge, or rigidity, which naturally explains the observed
transition towards heavier CR element composition at energies beyond the knee. Highly energetic electrons have
been directly observed in supernova shocks through their synchrotron and inverse Compton emission up to TeV
v-rays (Aharonian et al2004). Although CR protons are by a factor of about 100 more abundant than electrons at
1 GeV, the theory of CR proton acceleration has not been proven directly through observations and has to draw an
analogy to the electron acceleration.

4.1.3.2. Transport in the Galaxy

Galactic CRs are injected from their sources with a certain spectrum. In the interstellar medium, these energetic
particles are dfusively transported within turbulent magnetic fields with a Kolmogorov-type spectrum on small
scales, interacting constantly with matter, magnetic fields and photon fields. On their way to the observer, they
have a certain escape probability from the hot galactic disk which increases with momentum. As a consequence
their spectrum steepens in an equilibrium situationEby’®, compared to the injected spectrum. Along this line

of argumentation, one deduces from the observed CR spectriEn?éfthe injection spectrum of 23 without

taking re-acceleration into account. Synchrotron and inverse Compton losses are the dominant loss processes of
the CR electron spectrum above 10 GeV which leads to a steepening by unity. The observed electron spectrum at
these energies &> implies again an injection spectrumBf?3, thus providing an important consistency check.

Radio observations in various locations of our Galaxy and other galaxies show consistency with the expectation
that the average spectrum in the energy range above GeV is universal. During their travel inside the Galaxy, the
CR protons interact hadronically with the ambient interstellar medium and produce mainly neutral and charged
pions. The neutral pions successively decay intays while the charged pions decay into secondary electrons and
neutrinos. Future observations of thisay emission will certainly provide clean signatures on this aspect of CRs.

4.1.3.3. Cosmic rays above the ankle of the spectrum

After the discovery of the CMB, it was realized Breisen(1966 andZatsepin & Kuzmin(1966 that a CR proton

above the energy o510 eV should stfer strong losses from its interaction with the CMB: in such an interaction,

the CMB photon has an energy above the pion’s rest mass as seen from the reference frame of the a relativistic proton
which leads to the production of a pion. This collision leads to an energy loss of the CR proton of 20% about every
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~ 6 Mpc in the observer’s frame. Assuming a cosmological distribution of sources for protons at extreme energies,
the observed CR spectrum at the Earth is predicted to show a shafpatuiec 10'° eV, the GZK-cutd. On the

basis of the limited event statistics, the ditiie not observed leading to many speculations about the nature and the
origin of particles beyond the GZK-energy.

Cosmic rays between the ankle and the expected GZKfcate readily explained by many possible sources,
mostly of extragalactic origin. The only exception are galactic pulsars, especially those with very high magnetic
fields, called magnetars, which are thought to accelerate charged particles to energrésedf ¥ohile this sce-
nario would naturally circumvent the GZK-cufpit shows severe problems when accounting for adiabatic losses
of the particles’ transport from close to the pulsar out to the interstellar medium and it predicts a highly anisotropic
distribution on the sky given the strength of the galactic magnetic field. Another scenayioaréursts at cosmo-
logical distances which are able to produce these energetic particles in their relativistic outflowsxseen200Q
for a review). Yet another theory proposes the acceleration of highly energetic particles thrfugivedshock
acceleration at structure formation shock waves which propagate through the cosmic tenuousKxas et &l.

1996. These shock waves dissipate gravitational energy associated with hierarchical clustering into thermal energy
of the inter-galactic medium and have scales of many tens of Mpc, and shock velocikid9060 kmis. However,

the maximum energies of the accelerated CRs can hardly reach the energy of the GZkhautog a strong con-
tribution to the overall flux unlikely. The most conventional explanation are radio galaxies which drive powerful
relativistic outflows that interact strongly with the intergalactic medium in so-caliédpots These hot spots are

giant shock waves with sizes up to a few tens of kpc. Integrating over all known radio galaxies explains flux, spec-
trum as well as the chemical composition of CRs in this energy radijag 1984 Biermann & Strittmatted 987,

Rachen et al1993.

4.2. Non-thermal emission processes

The continuum emission processes of non-thermal particle populations extend over wide ranges of the electromag-
netic spectrum, from the radio to the high-eneygsay region. Overall, the continuum spectrum shows a complex
shape, but it can be approximated by a simple power-law form over wide wavelength intervals. In the inter-galactic
medium, CRs are only observable through their non-thermal emission processes because the energetically dominant
CR component below 20 eV is trapped by cluster magnetic fields. This fact emphasizes the importance of these
radiative processes within extra-galactic cosmic ray physics. The discussion of emission processes will be brief in
this section, and the emphasis lies on presenting underlying concepts and summarizing important results rather than
extensive derivations (for excellent books on this topics Jeeksorl975 Rybicki & Lightman1979.

4.2.1. Synchrotron radiation

The motion of a charged particle in a magnetic fiBlds described in classical electro-dynamics by the Lorentz
force

Lom) = ZxB) (4.15)

The accelerationd (dt) is normal to the velocity implying a constant magnitwds the velocity and thus a constant
Lorentz factory. Because there is no force acting on the charged particle in the direction of the magne#t; field
the component of the velocity parallel to #;, is constant. It follows that the velocity component normal to the
magnetic fieldv, = (> — v?)Y/2 is also constant. Thus, the particle moves in a helix with its axis parallel to the

[
magnetic field. The frequency of the projected orbit on a plane norntalisccalledgyration frequency

ZeB
_ ' 4.16
97 omyme (4.16)

In the following, we only consider electrons because the synchrotron radiation of protons is suppres$atby

A non-relativistic electrony ~ 1) emitscyclotron radiationat the frequencyy = eB/(2mmc) in a dipolar spatial
pattern with the symmetry axis perpendicular to the acceleration direction. As we increase the electron’s velocity
in a thought experiment, the higher harmonicsp$tart to contribute to the electron spectrum with a strength that
depends op = v/c. At relativistic velocities, ay increases, the gyration frequency decreases accordiggdtg .
Because of beamingftects of relativistic particles, the emitted radiation is concentrated in the forward direction
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into a narrow cone of half-anghe® with respect to the electron’s momentum. As the electron gyrates around the
magnetic field, an observer whose line-of-sight intersects the radiation cone sees a sequence of pulses with a period
equal to the Doppler shifted gyration frequengy= vq/(1 - BCog ) = vy/ sir? 0, whered denotes the pitch angle
between the particle’s momentum and the magnetic field. The width of the pulse is given by the time taken by the
cone to cross the observer’s line-of-sight,= 1/(2y>vq sind), assuming highly relativistic particles. The observed
frequency spectrum consists of a series of peak§ ahd its higher harmonics, with a ciit@t ~ 1/(27tAt). For

highly relativistic electrons, the harmonics are closely spaced, and in addition, they are broadened when considering
an ensemble of CR electrons owing to the distributiorr ahd an isotropic pitch angle distribution. The resulting
spectrum appears to be continuous and has a maximum attical frequency

3eBsing [ E \? B, E |2
- EV-1 _5 YoeH 4.17
Cr— (mec2) 6X(1uG)(1OGeV) GHz .17

The emitted power, i.e. the energy emitted per unit time and per unit frequency interval as a function of frequency
can be obtained from the Fourier transform of the electric field of synchrotron pulses, yielding

PandE.) = V3e*Bsing F( Y

o v_) with  F(x) = Xfoo Ks,3(£)dé, (4.18)

C

whereKs,3(¢) is the modified Bessel function of ordei35 The total power emitted at all frequencies is obtained by
integratingPsynd E, v) overv and over an isotropic distribution function of the pitch andl@) dé = dQ(6)/(4m) =
singdo/2:

4
F)sync = éUTCﬁZVZSB (4.19)

Consider an ensemble of CR electrons with energy in the rabg&£) and assuming their number density to be
distributed according to a power-law as motivated fudive shock acceleration:

n(E)dE = CE *dE. (4.20)

The power emitted by electrons as a function of frequency of the emitted radiation peaks at the critical frequency
given by Eqn. 4.17) and reads

V3e? ( 3e
2mec? \ 4mrmgc®
wherea, = (@e — 1)/2, v1 andy, are the critical frequencies corresponding to the enefgiendE,, respectively.

In general, the functio5(x, X2, p) depends on frequency while this dependency can be relaxed in the case of
4SO SO

) C(Bsing)™+y G (1, i p), (4.21)
V1 V2

Psyndv) = LEZ P(E, v)n(E)dE =

X1
G(Xa, Xo, P) = f X@D2E(dx > G(0,00,p) =

Dlae-3)/2 (3&e + 7) (30[e - 1)r(3cye +7
X2 3

4.22
e+ 1 12 12 ) (4.22)

whereF(x) is defined by Eqn.4.18 andT is the usual gamma function. Thus, in this case the emitted spectrum has
a very simple power-law formPsyndv) o« v=*, while the energy spectrum has to depart from this pure power-law
behavior at the endpoints.

For an isotropic distribution of particles and orientations of magnetic fields, the averaged emitted power into all
spatial directions is obtained by integration, using the isotropic distribution function of the pitch angle:

T (™ k+2) (k+3)‘1
— sing)“singdg =T (—— |T'| —| . 4.23
= [ @no “52)r (%5 (4.23)
This results in a replacement of the factor @it*! in Eqn. @.21) by
Vrt _[(ae+5 e+ 7\ *
- T= (=2 . (4.24)
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4.2.2. Inverse Compton emission

The interaction of an electron with electromagnetic radiation can be seen as the scattering of photons by electrons
where energy and momentum are exchanged between the interacting particles. An electron at rest that scatters a
photon gains energy in this process by acquiring the recoil velocity to satisfy momentum conservation. Accordingly,
the photon loses this energy as its wavelength is increased, giving riseGotiggton gect Using the conservation

of relativistic four-momentum, one obtains

E
Ei=

E . (4.25)
1+ — (1-cosd

—a )
whereE and E; indicate the energies of the incident and the scattered photon respectivelyjsatiid angle be-
tween the incident and the scattered directions. THerdintial cross-section for Compton scattering of unpolarized
radiation, obtained by using quantum electrodynamics, is given by the Klein-Nishina formula

doxn 1o E1)2 E E
. Z(E 5T E —sirfe|, (4.26)

whererg = €2/(m.c?) denotes the classical electron radius. When the scattering electron is already moving, energy
can pass either from the electron to the photon or vice versa, depending upon the kinematical details of the collision.
The process is calleiiverse Compton scatteringhen a photons gains energy. Generally, the expression for the
change in photon energy is very complé&elten & Morrison1966 while useful approximations can be obtained
considering Lorentz transformations.

Consider a Compton collision between a photon of endtggnd an electron with a Lorentz factgrin the
observer’s fram&. We perform now a Lorentz transformation into the electron’s rest ffBmgnergy transforms
as the time component of the energy-momentum four-vector, so that the photon Enénghe frameX’ before
scattering is given by’ = yE(1 — B cost), whered is the angle between the incident electron and the photon
direction in the observer’s fran® Thus, in the electron’s rest framxé, the photon scatters with an enefigy~ yE
for all but very small angles. If the photon has negligible energy jne. E’ < mec?, the interaction can be treated
in the Thompson limitvhich is characterized by elastic scattering of the photéfi:~ E’. After transforming
back into the observer’s frame, usiig = yE{(1 + fcost,), the energy of the scattered photortiris given by
E; ~ y?E. The energy of the inverse Compton scattered photon is therefore increased by g@%asttich can be
very large for highly relativistic electrons. However, this approximation is only valid if the fraction of energy lost
by the electron in a single collisioy?E/(ymec?) < 1.

The emitted power of Compton scattering generated by a single electron in an optically thin medium, such that
photons undergo a single scattering event before they are escaping from the source, is given by

4
PComp = éo'TquVZSph' (4-27)

The total number of incident photons per unit timedsrng,, Whereny, = g5n/(E) and(E) is the average incident
photon energy. The average energy of the scattered photafisfaris therefore E;) = 4/3-y?E. One realizes the
similarity of the synchrotron power in Eqri.(L9 to the power of Compton scattering in EqA.27): Pcomp/Psync =

epn/es. This is due to the symmetry of electromagnetism such that synchrotron emission can be considered to
represent the scattering by an electréivaotual photons of the magnetic field. Thus, in the presence of radiation and
magnetic fields, electrons can loose their energy either through synchrotron emission or through inverse Compton
scattering of the ambient electromagnetic radiation.

When a photon of energl is scattered by an electron with Lorentz facioithe energy of the emitted photon
depends on the incident and scattering angles through fiegatitial Klein-Nishina cross-section which yield the
scattering probability in a specific direction. Consider the scattering of photons with energy in theEaBgealE)
by an electron with energymec?. AssumingyE < mec? and isotropic incident radiation, the number of photons of
energyE; produced per unit energy interval iy and per unit time is given by

dN(El, E,)/) dE _ 3o1C f( E;

dtdE = 226 '\Z2E 2)n(E)dE where f(X) = 2xIn X+ x+ 1 — 22, (4.28)
1 4 9%
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4.3 Inelastic cosmic ray collisions

andn(E) is the number density of photon$(x) decreases monotonically frof{0) = 1 to f(1) = 0, withx = 1
corresponding to the maximum photon energy produced in the scattering. The Compton spectrum of the entire
electromagnetic field can be obtained by integrating the above expression for scattering from one single electron
over the electron energy distribution. Using the power-law distribution of &0y, the integration extends over

the range from
1 (Ep\!2 : 1 (Ep\Y2
E(El) ,71] to Vmaxzmm[)’Z»é(El) ] (4.29)

wherey; = E;/(mec?) andy, = E;/(mec?) are the cutffs of the electron distribution. Assuming < 3(E1/E)Y? <
v2, the energy spectrum of scattered photons is given by
307cC [ 2%*3(a2 + dae + 11)
8 (cve + 3)(ae + 1)(ae + 5)
which is a power-law with the same spectral index compared to the synchrotromrcaséqe — 1)/2, because in
both cases the produced energy of the photon is proportiondl #6the incident photon spectrum is a black body

distribution, then i
(@e-1)/2 _ (kT) et @e+5 ae+5
f ErnE)E = = s T2 )4 2 (4.31)

wherel” and{ are the gamma function and the Riemarnction, respectively.

Ymin = Max

I:)Comp( El) =

EIaV f E(”E‘l)/zn(E)dE, (430)
0

4.3. Inelastic cosmic ray collisions

As previously mentioned, CR protons interact hadronically with the ambient plasma and produce mainly neutral
and charged pions. The neutral pions successively decay-rags while the charged pions decay into secondary
electrons, positrons, and neutrinos:

T o V[V o €+ ve/Vet v+,

- 2y.

Synchrotron and inverse Compton emission of secondary CR electrons provide a biased tracer of the underlying
CR proton population due to the presence of possilffedint CR electron populations and the degeneracy of the
synchrotron emissivity with the magnetic energy density. In contrasty-tiag emission of ther’-decay provides

a cleaner signature of the underlying CR proton population. After deriving kinematical detailsmdtdeeay, the

pion production spectra resulting from the hadronic CR proton reaction with thermal protons are developed while
critically reviewing and comparing reaction models in the literature. Thus, this section shall serve as an introduction
to the next chapter where we develop the theoretical framework for hadronic CR proton reactions.

4.3.1. Relativistic kinematics
4.3.1.1. Threshold energy

Consider the inelastic CRp-p collision leading to the creation of a pion in the laboratory systgmy> p+ p+ 7.

To produce a new pion in this reaction, the minimum energy of the incoming protons has to be just enough in the
center-of-momentum system (CMSo produce the rest mass of all outgoing particles. From the invariance of the
four-momentum exactly at the threshold of pion production, we obtain

2ypmp = 2mp +my, (4.32)
BeyeMo = Bpypmp = 0. (4.33)

The threshold CMS energy of each of the proton)fsg)'mpc2 = myC?[1 + m,/(2my)]. We perform a Lorentz transfor-
mation such that one proton rests in the laboratory fraie, y.1,

’ ’ ’ ’2 12 12
() = (B, % )2 )= B 2 ) (4.34)
BpYp HBpY¥e Yp BpYp +BpYp +BpYp

1In this section, CMS quantities are denoted with a prime.
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Here, the 4’ sign accounts for the relativistic proton and the sign for the resting proton in the laboratory frame.
Thus, the threshold Lorentz factor of the relativistic proton for pion production is givepnby yi2(1 + B7) =
2y7 —1=2[1+m;/(2m,)]? - 1 = 1.22 GeV/(myc?).

4.3.1.2. Relativistic decay kinematics

Consider the decay of a massive particle of mssito two daughter particles of masseg andm, in the CMS.
Employing the conservation of the total CMS eneEjy= E; + E{ and momentum conservatiop, = —p;, we can
express the energy of one daughter particle solely by the masses of the involved particles:

M2 + M, — g
’ ab ,a
Ea,b = 2M C2' (435)
We perform now a Lorentz transformation to the laboratory system where the original\hassl an energy
Em = yMc?, transforming only the projection gf onto the boost axis,

Eab Y By Elb )
= . 4.36
( PabC ) ( By v )( p’ccosy’ (4.36)
Using the equalitys? = (y? — 1)/9? = (E? — M2c*)/E?, we arrive at the energy of the decaying particle in the
laboratory frame,

Ewm

M2+m§.b_mg,a M2c4
M| Ty

2M EZ,

Eap =

(M, mg, mp)c ™ cose’l , (4.37)

where p'(M, m,, my) is implicitly given by energy conservationpc=? + md)¥/2 + (p%c? + mp)2 = M. If M

decays isotropically, i.e. the emission probability is equally distributed in the CMS frame, the normalized angular
distribution function read$(¢')d9’ = dQ(¢")/(4n) = %sine’de’. Substituting the dimensionless ratio of the CMS
energy of the daughter particle to the mass of the parent parjielgM?> + n, — n¢ )/(2M?), and« = p'/(Mc),

we obtain the following form of Eqn4(37),

E() = Em(y + Bx cosd). (4.38)

The infinitesimal amount of energy emitted into the azimuthal afglis given by &(¢') = —BEwksing’de’.
Thus, the energy distribution of the produced particle is a constant function rangind=fsam= (n — B«)Em to

Emax = (7 + Bk)Ewm: 4

dE

1
dE = -———dE. 4.39
2BkEn (4.39)

f(E)dE = f(¢)

4.3.2. Pion decay induced vy-ray emission

Equation 4.37) simplifies significantly when both decay particles have zero mésss(2y):
E,(0) = %y,,m,,cz(l + B, cosY). (4.40)

This equation limits they-ray energy, becausel < cos#’ < 1. In particular, for ultra-relativistic pions, i.e.
m2ct/E2 < 1, we obtainE, (¢) = E, cog(¢’/2). They-ray energy distribution can be derived using Egh39) to
obtain the Green'’s function for thé-decay,

1 for 1E,(1 - Bx) < E, < 3EL(1+By),

f(EJE) =] ([E2-mect (4.41)

o, otherwise

Given the pion source function, theray source spectrum is given by

En,max e r’ E”
6, (r.E,) = f dE,— D)o Res, (4.42)
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4.3.3 Pion source function

whereRo_,», ~ 1 denotes the branching ratio asid_,,, = 2 the multiplicity of the pion decay inducegray
emission. The integration limitE, min and E; max can be found from the following considerations; max is the
maximum pion energy that is able to producg-gy of energyg,,

— E7 P v _
Ermax = m — oo, SiInce [Cosz(e /2)]min =0 (4.43)

From conservation of energy, we note tEat= E, , + E, . In the extreme case where theays are emitted in the
direction of motion,

1 1
Ey,min = éEn(l _ﬁn)’ and Ey,max = EEﬂ(l +ﬁn)~ (4-44)

Using this equation and rewriting the invariant square of the pion’s rest mass, we can éxprgs#s terms of

Ey,max:
rTﬁ 4

4.45
ymax t ——— 4Ey — ( )

1 1
(Eymin)(Eymax) = ZE72r(l _ﬁlzr) = Zmzzrc4 - E=BEmntEmx=E

This criterion can be reversed to put a lower limit on the pion energy integration. Thus, assuming the decay products
are distributed isotropically in their rest frame, tifedecay induced omnidirectional (i.e. integrated oversélid
angle) diferentialy-ray source function is given by

6(r,E)) = 2 f o q,r(r iﬁ”)c“ (4.46)

4.3.3. Pion source function

There are two analytical models in the literature that describe the hadronic CR proton reaction with protons of
the ambient thermal plasma while assuming isospin symmgtrys: &,:/2. Fermi (1950 proposed thdireball
modelwhich assumes a state of hot quark-gluon plasma in thermal equilibrium after the hadronic interaction that
subsequently ablates pions with energy dependent multiplicities. This model is only valid in the high-energy limit
for CR protons E, > myc?) and produces-rays with a power-law distribution that is characterized by the spectral
indexa, = 3(ap — 3), as we will see later on in Chaptér

In order to make detailed predictions for th&-decay induced-ray spectrum, more realistidfects near the
n%-production threshold have to be included followibgrmer’s model At low proton energies, it assumes the
CRp-p interaction to be mediated by the excitation ofAgg-resonance which subsequently decays into two pro-
tons and ar®-meson Gtecker1970). The production spectrum of secondafymesons is given by a convolution of
the normalized\z,»-isobar mass spectrum represented by a Breit-Wigner distribution with the energy distribution
function. The scaling model used at high energi&sphens & Badhwel981) uses Lorentz invariant cross sections
for charged and neutral pion production in p-p interactions inferred from accelerator data. The spectral index of the
resultingy-ray power-law emission resembles that of the parent CR proton populajieng,, and shows a dier-
ent asymptotic behavior compared to the simpler fireball model. This has important implications for predictions of
future TeVy-ray observations usingerenkov telescopes.

The pion production spectrum can be derived from general considerations including branching ratios and multi-
plicities of the hadronic reactiorsfeckerl971). The pion production spectrum describes the produced number of
pions per unit time, volume and energy intervald/ ¢t dV dE, dEp), and reads in this context

q?‘((E7U Ep) = Cmg(Ep)O—gp(Ep)éD(En - <En>)0(Ep - Eth)9 (447)

whereny is the target nucleon density in the plasmrg, the inelastic p-p cross sectiof,) the average energy of
a single produced pion, arig}, = 1.22 GeV denotes the threshold energy for pion production. Fafferdntial CR
proton distribution, the pion source function can be marginalized over the proton energy, yielding

2 2
e (E) = (B = 3 [ BT (ENEn ) (4.48)
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Note, that we use arfliective one-dimensional CR distribution functiéf(p) = 47p?f©®(p) which can often be
described by a power-law in momentum that is motivated fysive shock acceleration:

A —q A E —@p
fO(EY = Ncr ( pc ) P Mer p 4.4
p(Ep) GeV \GeV GeVv\Gev) (4.49)

where the last step is strictly only valid in the high energy limit for CR proté@s$ my,c?).

Fireball model  Following the representation bylannheim & Schlickeise(1994), pions are emitted from the
thermal fireball in the CMS with multiplicities

_ 1/4 1/4
g:gﬂo+gﬂ+=3(Ep E“‘) :3( Te ) : (4.50)

GeV GeV

where the kinetic CR proton energy is denotedThy= (p”c” + mjc?)¥2 — m,c? « pc, using the ultra-relativistic
approximation. It is well known that Eqn4 60 overestimates the number of pions at energies aboVeéSey.
Below that energy, the energy dependence of the mean pion energy is given by
Ep—-myc? 1( Tp
ENEp) = Kp——— =~ = [ ——
< n>( p) p é: 6 (GeV
since the limiting value of the inelasticitg, is roughly ¥2. Performing the integral of Eqr4 48 while approxi-
matingE, ~ T, when applying above’s definitions, the pion source function in the fireball model reads

3/4
) GeV, (4.51)

6E —%(‘YP—%)
a ) . (4.52)

_ ~ = — 1
e (Br) = 200(E7) = Lo Gev S
The error introduced by assuming a constant cross section for the inelastic pion prodng;,ti@rﬁz_mbarn, grows

logarithmically with pion energy.

Dermer's model  In contrast to the fireball model, the scaling behavior in the high-energy limit of Dermer’s model
can be described by a constant pion multipligi(f,) ~ ¢ = 2. This reflects the fact that two leading pion jets are
leaving the interaction site in direction of the incident protons diametrically and carrying the high longitudinal
momenta owing to Lorentz contraction of the interacting nuclei in the center of mass system and Heisenberg’s
uncertainty relationNachtmanri990. Thus, the energy dependence of the mean pion energy is given by

(Ex)(Ep) = K T E. (4.53)
p. p ‘(;_— 2§

Applying these definitions to Eqr4 48, the pion source function in Dermer’s model evaluates to

(4.54)

4,5, o 1 2B\
O (Ex) = 2000(Ez) = é‘f pcn\lnCRaJl;D(ap)Ge\r

GeV
The weak energy dependences of the pion multiplicity and the inelastic cross section can be absorbed in a semi-
analytical parameterization of the cross sectigfy(a,) (for details, see Chapté).

Electron source function Finally, the electron source function can be obtained by considering the transforma-
tion law of distribution functions,
Qe(Ee)dEe = %(En)dEn- (4-55)

The mean energy of the produced secondary electronsy €* + 3v) in the laboratory frame is given biEe) =
%(E,,i). Using the mean value of the electron energy allows to approximate the electron source function by

Ge(Es) = qni[En(Ee)]‘j—E’; - 4q,. (4E), (4.56)

which is the starting point for the discussion of non-thermal emission by secondary electrons in the next chapter.
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5. Hadronic cosmic ray proton interactions in
clusters of galaxies

Abstract

This chapter provides a theoretical framework for analytically modeling multi-frequency signatures resulting from hadronic cos-
mic ray proton (CRp) interactions with the ambient thermal gas of the intra-cluster medium (ICM). These interactions produce
charged and neutral pions which successively decayyinstys and relativistic electrons or positrons. Hhey source function
resulting from decaying neutral pions is presented for two popular models of the hadronic interaction of relativistic and non-
relativistic protons. Itis valid over a broad rangeyafay energies extending from below MeV up to TeV. Using thigy source

function, we derive an analytic relation betweenthey and bolometric X-ray fluxes: this relation can find application in com-
piling a suitable sample of galaxy clusters which are promising candidates for future detectifose)drays. The stationary
spectrum of hadronically originating secondary electrons is provided furthermore. It allows the calculation of accompanying
synchrotron and inverse Compton emission and yields thus additional and complementary information about the non-thermal
energetic content of clusters.

5.1. Introduction and definitions

In order to study non-thermal emission from galaxy clusters we model the synchrotron and inverse Compton (IC)
radiation of secondary cosmic ray electrons (CRe) produced in inelastic collisions by cosmic ray protons (CRp)
scattering € thermal nuclei as well as thgray spectrum produced by decaying pions being produced by these
CRp-p collisions. Throughout this thesis, we use the following definitions for tfereitial source functiog(r, E),

the emissivityj(r, E) and the volume integrated quantities, respectively:

dN .
q(r,E) = FAVdE" j(r,E) = Eqr,E), (5.1)
QE) = f AV o(r. E). JE) = EQE). (5.2)

whereN denotes the integrated number of particles. From the source function the integrated number density pro-
duction rate of particled(r), the number of particles produced per unit time interval within a certain voluine,

and the particle flus= can be derived. The definitions of the energy weighted quantities are denoted on the right
hand side, respectively,

Ar) = deq(r,E), Ar) = deEqr,E), (5.3)

£ = [ovam. L= [ovam, (5.4)
L L

¥ = Znpr F = Znp2 -3)

This chapter is structured as follows: after introducing the CRp population (B&gtwe develop an analytic
formalism describing the decay of secondary neutral pions into two high-epemys (Sect5.3). Section5.3.1
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uses the analytical fireball model for inelastic CRp interactions with nuclei of the intergalactic medium in the high-
energy regime of CRpH, > m,c?), following Mannheim & Schlickeise(1994). Based on that, we develop in
Sect.5.3.2an analytic formula describing theray spectrum by parameterizing importafiteets near the pion
threshold using an approximate description developedésmer(1986ab), which combines isobaricStecker

1970 and scaling modelsB@dhwar et al1977, Stephens & Badhwat981]) of the hadronic reaction. Using this
formalism, an analytig~,—Fx scaling relation is derived in the framework of a simple scenario of spatial distribution
of CRp (Sect5.4). Finally, Sect5.5deals with radio and X-ray emission of secondary electrons being produced by
decaying charged pions.

5.2. Cosmic ray proton population

The diterential number density distribution of a CRp population can be described by a power-law in momentum
ppu d
. PpC\ (Ccdpp
fo(r, Pp) dpp dV = ficrp(r) (@) (@
where the tilde indicates thatr, is not a real CRp number density while it exhibits those dimensions. We choose
the normalizatiomcry(r) in such a way that the kinetic CRp energy densiyy(r) is proportional to the thermal
energy densitgy(r) of the ICM,

) av, (5.6)

sorell) = Xerolr) eun(r) = fo " dp £t Py) Eun(py) (5.7)
Ficrp(r) My & (Myc2\'"™™ (0, -2 3—a,
2(p—1) (GeV) ( 2 2 )' (5-8)

The kinetic energy of CRExin and the thermal energy density of the 1G are given by

Exn(Pp) = +/P3C?+mgct —m,c?, (5.9)
3
en(r) = Ede Ne(r) kTe(r), (5.10)
1-3X
where do = 1+ —° (5.11)
1- X

counts the number of particles per electron in the ICM using the primottialmass fractiorXye = 0.24, and
B(a, b) denotes the beta-functiomiframowitz & Stegunl965. The functional dependence of the CRp scaling
parameterXcrp(r) is a priori unknown. In order to draw astrophysical conclusions for the CRp population in
clusters of galaxies, we adopt thre&elient models for the spatial distribution of CRp later on in Chafter

In contrast to relativistic electrons which loose their energy on relatively short time scales compared to the Hubble
time through synchrotron emission in cluster magnetic fields and IC scattering with photons of the microwave
background, the dominant energy loss mechanisms of CRp are electronic excitations in the Blasinaef al.
1997, defining a cooling timeGould1972

e Y\ dt ), 4metne

2 292 271-1
(ypmecﬁp]_@} , (5.12)

2

wheregyc denotes the velocity of the protop, its relativistic Lorentz factor, ana@y = (47te’ne/me)*/2 the plasma

frequency. Inserting typical values for cooling flows yields a lower fiudo the CRp momentum

tage n _
Pmin = ﬂp')/p m,C = 0.2 (G_yr) (10_2—;1_3) GeVc 1. (513)

In general, this gives rise to a spatially dependentf€aticthe CRp momentum which increases with time.
In order not to rely on too many assumptions, we do not impose a specific momentuinadit is possible
since the spectral index, varies in our model in between 2 and 3. Instead, we quantify the influence of a lower
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0.1 ‘ e ‘ e

1.0
Pmin [GCV c_l ]

Figure 5.1.: The ratio of CRp energy densitiegry(Pmin, @p) With and without a lower cut® py, in the CRp number
density distribution function as a function pf., for different values of the CRp spectral index(see Eqn.%.14). For
CRp the kinematically allowed threshold in order to produ&enesons hadronically is given lpg, = 0.78 GeVc .

cutoff pmin 0N the population of CRp by taking the ratio of CRp energy densiteg(Pmin, @p) With and without
a lower cutdf. This ratio as shown in Figh.1 can be written using the definition for the normalized lower CRp

momentum cutfi p = r‘%

o) _ (%5 52 + 25 (VIT PP~ )

ecrp(0, ap) B(””—z_z 3_—2"”) ’

(5.14)

whereB,(a, b) denotes the incomplete beta-functidxb(amowitz & Stegur965 with x = (1 + p?)~1. Combining
Fig. 5.1and Eqgn. $.13 demonstrates the small influence of Coulomb cooling to the CRp energy density within
cooling flows.

5.3. ~-ray spectrum from hadronic CRp interactions

5.3.1. Fireball model

The CRp interact hadronically with the thermal background gas and produce pions with relative multiglicities
%g,,i according to isospin symmetry and assuming thermal equilibrium of the pion cloud in the center oferass (
1950. The charged pions decay into secondary electrons (and neutrinos) and the neutral pigmaysto

T o WAV Vo €+ Ve/Vet VY,

- 2y.

Only CRp above the kinematic threshatg, = 0.78 GeVc! are able to produce pions hadronically and are
therefore visible through their decay products in both th@y and radio bands via radiative processes. Only
the CRp population above this threshold is constrained by this work while the lower energy part of this population
in general can not be limited by only considering hadronic interactions.
In the high-energy limit for CRpE, > my c?) the pion source function resulting from hadronic CRp-p interac-
tions can be calculated followingannheim & Schlickeise(1994) to be
Acrp(r) (6 Eo

S5 35, _—
0z0(r, Exo) dEzo dV = 2° opp C N (r) GeV (GeV

) dE,0 AV, (5.15)
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wherea, = 4/3 (ap—1/2), 0pp = 32 mbarn is the inelastic p-p cross section, ag@) = dwrNe(r) = ne(r)/(l—%XHe)

is the target nucleon density in the ICM. Th&decay induced omnidirectional (i.e. integrated ovarsblid angle)
differentialy-ray source function can be calculated in this energy regime assuming the decay products are distributed
isotropically in their rest frame, yielding

“ qﬂ'o(r9 E7r°)
4 (LE) = 2 f dE oL Er0) (5.16)
B+ [E2, -,

ficrp(r) (Grn,o cz)_“VBX(ay 1) ’

22 ppcn(r)

GeV | Gev 2°2

4E,mpoc?
4EZ+mP ct)

Owing to Lorentz symmetry, this formula is valid for both limiting energy regings,> my. c?/2 andE, <

m, ¢2/2. Because of an incomplete accounting of physical processes at the threshold of pion production like the
velocity distribution of CRp and momentum dependent inelastic CRp-p cross sectionSBdhoyerestimates the
number ofy-rays for energies arourtl, ~ my c2/2.

wherex = ( (5.17)

5.3.2. Dermer’s model

In order to make detailed predictions for th&decay induceg-ray spectrum, more realistidfects near the?°-
production threshold have to be included. This was done by using the code COSMOCR originally designed for
cosmic ray studies biliniati (2001). The underlyingAs/»-isobaric model was shown to work well at low proton
energies $teckerl970. It assumes the CRp-p interaction to be mediated by the excitation adf;fheesonance

which subsequently decays into two protons and-meson. The production spectrum of secondérymnesons is

given by a convolution of the normalized,,-isobar mass spectrum represented by a Breit-Wigner distribution with
the energy distribution function. The scaling model used at high eneffiegl{ens & Badhwak981) uses Lorentz
invariant cross sections for charged and neutral pion production in p-p interactions inferred from accelerator data.
COSMORCR includes also the contribution of the two main kaon decay modes to secondary pion spectra (following
Moskalenko & Strongl998 which areK* — u* + v, /v, (63.5%) andK* — z° + n* (21.2%) where the latter
channel also contributes to theray source function.

In order to derive an analytic formula describing the omnidirection@intialy-ray source function over the
energy range shown in Fig.2, we keep the behavior of the spectrum in the fireball modeEfor> m, ¢?/2 and
parameterize the detailed physics attfehreshold by the shape parametgwhich smoothly joins the two power
laws to the asymptotic expansion of Befunction of Eqn. §.16), yielding

~ - —5,77 %y /6y
~ 2-q, Ncrp(r) 4 (Mpo A\ [( 2E, | 2E, \™
a,(r,E,)dE, dV = oppcn(r) é Gev 3a, | Gev e 2 + e 2 dE,dv. (5.18)

The scaling behavior in the high-energy limit of Dermer’s model can be described by a constant pion multiplicity
¢ = 2 characterizing the two leading pion jets leaving the interaction site in direction of the incident protons dia-
metrically and carrying the high longitudinal momenta owing to Lorentz contraction of the interacting nuclei in the
center of mass system and Heisenberg’s uncertainty reldtiachfmanrl990. This assumption of constant pion
multiplicity of the scaling model is in contrast to the fireball moddiafinheim & Schlickeisel994), which as-
sumes a state of hot quark-gluon plasma in thermal equilibrium after the hadronic interaction subsequently ablating
pions with multiplicitiesée ~ [(Ep — Em)/GeV]Y4, whereEy = 1.22 GeV denotes the threshold energy for pion
production.

The y-ray source function peaks at the energymf ¢?/2 ~ 67.5MeV. It is well known, that the asymptotic
slope of they-ray spectrum, characterized by its spectral indgxreproduces the spectral index of the population
of CRp,a, = ap (Dermer1986h. This is again in contrast to the fireball model which predicts a steeper asymptotic
slope in they-ray spectrum for,, > 2, amounting tar, = 4/3 (¢p — 1/2). In the following we restrict ourselves to
Dermer’s model because it is better motivated by accelerator data.

By comparing the logarithm of the-ray source function of Eqn5(18 to numerically calculated spectra using
COSMOCR we recognized that the influence of the detailed physics at the threshold together with the kaon contri-
bution can be modeled in our semi-analytic approach in Ea8(by self-consistent scaling relations for the shape
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5.3.2 Dermer’s model

@y (Ey) ngl iy, [y cm® 57! GeV™']

E,[GeV]

Figure 5.2.: Upper panel: The omnidirectional (i.e. integrated overi4olid angle) dterentialy-ray source function
g,(E,) normalized by the target number densik(r) and CRp normalizationcgy(r) in order to be independent of the
spatial dependence of any specific model. The dotted lines show the simuleagdspectra while the solid curves
represent our models given by Eqb.X8 with the spectral indices from top to bottom, € {2.0, 2.4, 2.7, 3.0, 3.5}.
Lower panel:Relative deviation of our analytic approach to simulagedy spectra.

parameted, and the €ective inelastic p-p cross sectio, including the kaon decay modes. The shape parameter
¢, scales with the spectral index of theay spectrum as

dy = 0140, + 0.44, (5.19)

which models the functional behavior of the spectrum (compare&R). The dfective cross sectionrp, also
depends o, which can be modeled by

opp = 32 (0.96 + €*4~24%) mbamn (5.20)

On the one hand, the enhanced contribution to the normalization gfitnesource functio, (E,) for flat spectral
indicese, is due to the larger contribution of the chanpet p — K* + X relative top + p — #* + X for larger
energies, approaching asymptotically a value of 27 % at energies larger than Wiré&ti(2001) which we did not
account for a priori in our simple model. Secondly, this scaling behavior also includes higher order contributions to
the dtective pion multiplicity for harder spectra characterized by a lower spectral imgdex

The dfective description of the spectrum with the smooth peak characterized by the shape pasasiztets
to fail for very steep spectra ef, > 3.5 where relativistic kinematics at the threshold plays a crucial role. Then
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the higher number of decaying low energetfemesons results in a more concentrated peak on top of the boosted
broader distribution of decaying highly-energetic pions. The lower panel obFlghows that the relative deviation

of the semi-analytic approach of Eqb.18) to the simulated-ray spectra amounts below 0.2 for the spectral range
shown in Fig.5.2 which is stificient for the purpose of our work.

5.4. Energy band integrated y-ray luminosity: analytic ~ %,—Fx scaling
relation

In the following, we derive an analyti€,—Fx scaling relation which should serve as an approximate estimate for a
given cluster of galaxies. In our scenario, we parameterize the CRp energy density in terms of the thermal energy
density times an arbitrary spatial scaling functiegrp(r) = Xcrp(r) €im(r). The bolometric X-ray emission of the

hot thermal intra cluster electrons is given by the cooling function for thermal bremsstraRtyinigi & Lightman

1979,

Ax[ne(r). Te(N] = Agne(r)” VKTe(r). (5.21)
. 27 \Y2 B e _
with Ag = (m) %—m:jtc?’r Z% gg(Te) = 6.62x 102 erg s* e’ keV-*/2, (5.22)

wheren, is the electron number densifyj, the temperaturedi,, is the nucleon density in the ICM relative to the
electrons for primordial element compositiahthe charge numbérandgs ~ 1.2 is the frequency and velocity
averaged Gaunt factor.

In order to obtain the integratedray source density, for pion decay induceg-rays they-ray source function
a,(r, E,) in Eqn. 6.18 can be integrated over an energy interval yielding

E>

4(rEL,BE) = dE, q,(r, E,) = A,(ap) Ny (ap) Xcrp(r) ng(r) kTe(r), (5.23)
o pp(ep) e Grar Myo ©
where A, (ap) Gevmy, , (5.24)
moc2\ ay+1l -1 X
(&) (52 ) o
N,(ap) = PRy T , (5.25)
(8] st ) v,
Mo CZ 26,71
and x; = [1+( °E ) } for i e{1,2}. (5.26)
i

Here we introduced the abbreviatioh(¥)];2 = f(x2) — f(x1). Assuming Dermer’'s model theray spectral index
scales as, = ap in contrast to the fireball model wheag = 4/3 (o, — 1/2). The shape paramet&y is given by
the o,—d, scaling relation in Eqn.5(19 which strictly holds for Dermer’s model, but should also be valid for the
extended fireball model.

Comparing the integrateg-ray source density, (E;, E») of Eqn. 6.23 to that of thermal bremsstrahlung (Eqn.
(5.21)) we obtain an analytig",—Fx scaling relation for the ratio of-ray fluxes#, and bolometric X-ray fluxes
Fx,

F(E1<E<E)  Alap)Ny(ap) ((kTe)\"?
Fholergt B Ao keV V2 erg? ( keV ) Xere(1) (5.27)

where the prefactor is appropriately scaled yielding a dimensionless number which con&igtg,p{Eqn. 6.24),

N, (ap) (Ean. 6.29), andAq (Egn. 6.22). The¥,—Fx ratio scales linearly with the scaling functid@arp(r) given

by Egn. 6.7) and is independent of the underlying cosmology, however not of redshift due to the K-correction.
Inferred values for the expectedray flux 7, are consistent with those obtained Byflin et al.(1997) for the
spectral index of our Galaxy, = 2.7. It should be noted, that this scaling relation only applies accurately for
isothermal clusters.

1SettingZ? = 1 in Eqn. 6.22 is correct for a plasma of primordial element composition which consists of hydrogen and helium only, because
(nnZ2) = ny in this case. This is a reasonable approximation owing to the small contamination of heavier elements in the ICM.
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5.5. Stationary spectrum of hadronically originating secondary
electrons

This section is based on a formalism developeduiag & EnR3lin (2000. The steady-state CRe spectrum is
governed by injection of secondaries and cooling processes so that it can be described by the continuity equation

o (Blr. BT ) = (1. Eo). (5.28)

For Eq(r, p) < O this equation is solved by

00

fo(r, Ee) = ————
E( 9) |E9(r’ Ee)| Ee

dELGe(r, E). (5.29)

The cooling of the radio emitting CRe is dominated by synchrotron and inverse Compton losses giving

- dorc (BY(r) B2
—Ee(r, Ee) = 3m§Tc4( 8(7[) + g;ﬂf) E2, (5.30)

whereor is the Thomson cross sectioB(r) is the local magnetic field strength am,,;/(87) is the energy
density of the cosmic microwave background expressed by an equivalent field stBeggth= 3.24 (1+ 2)?uG.
The CRe population above a GeV is therefore described by a power-law spectrum

folr, B = n(c:;ReE(\;) (c;ETe\/) ’ (5.31)
Acrer) = 2" 71167 Anog TppME C* () Ficrp(r) , (5.32)
@e—2 o1 GeV B2(r) + B(ZZMB
e = {$r 2y e e ok -
1 in Dermer’'s model
A { 3 (%)_(ae_l) in the fireball model (5.34)

For the sake of consistency, we use Dermer's model throughout the chapter wheffedtieescross sectiop,, is

given by Eqgn. $.20 in contrast to the fireball model whewog,, = 32 mbarn. The approach of the scaling relation

of Egn. 6.20 is approximately valid for CRe although the decay channels of charged kaons provide a stronger
contribution to ther* branching ratio relative ta®-mesons resulting also in slightly higher injection rates for
electrons and positrons. fBerences in normalization and radio brightness morphology due toftieeetit models
governing the CRp-p interaction are small and irrelevant for our conclusions.

5.5.1. Synchrotron emission of secondary electrons

The synchrotron emissivity, at frequency and per steradian of a power law distribution of CRe (E§r81)) in an
isotropic distribution of magnetic fields and electrons within the halo volume (Egn. (6.88)bitki & Lightman
1979, is obtained after averaging over an isotropic distribution of electron pitch angles yielding

ju(r) = ca(ae) ficrd(r) B(r)‘”*l(cll)_ V (5.35)

with ¢; = 3eGeV?/(2mmg ¢,

V3n € ae+%F(&’fz‘l)r(&rf;)r(ae:s)

3271 meC? e+ 1 r(“e“”) ’

(5.36)

Co(ae) =
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whereI'(a) denotes thé&-function (Abramowitz & Steguril965 ande, = (ae — 1)/2 = ap/2 in Dermer's model.
In our models the magnetic fielB(r) was assumed to be spherically symmetric on cluster core scales and and to
follow the electron densityg(r) (Dolag et al.1999 2001):

ne(r) |*°
ne(0)

whereBy andag are free parameters in our model. Assuming the radio emisgiVityin Eqn. 6.35 to be only a
function of radius, then the line of sight integration yields the surface brightness of the radio halo

B(r) = Bo [ , (5.37)

R -
ju(r)rdr
S,(ry) = Zf _
N N

5.5.2. Inverse Compton emission of secondary electrons

(5.38)

The source functiogc owing to IC scattering of cosmic microwave background (CMB) photdham isotropic
power law distribution of hadronically originating CRe (EqB.32)) is (derived from Eqgn. (7.31) iRybicki &
Lightman1979 in the case of Thomson scattering),

B 2 1-ce —(a,+1)
Ge(nE) = (1) fic(ae) (%) (WEYMB) , (5.39)
B 293 (a2 + 4ae + 11) ae+5 ae+5
el = g ( . ) ( . ) (5.40)
~ 2
andqr) = 87 refcrdr) (KTows) (5.41)

h3c? ’

wherea, = (e — 1)/2 denotes the spectral indax, = €/(me ¢?) the classical electron radiug(a) the Riemann
Z-function Abramowitz & Stegurl965, andricgrd(r) is given by Eqn.%.32. After integrating over the IC emitting
volume in the cluster we obtain the particle fl#&XE,) (see Eqns.5.4) and 6.5). The same CRe population

seen in the radio band via synchrotron emission scatter CMB photons into the hard X-ray regime.y-ayhe
spectrum, there is a point of equal contribution of the IC spectrum of the CRe showing a decreasing slope of
-a, — 1 = —ap/2 - 1 (assuming Dermer's model) and the pion decay indyeesly spectrum being characterized

by the rising sloper, = ap, (see Eqn.%.18). In the high energy limitE, > my c?/2), the pion decay induced

y-ray spectrum declines with a slope-e, = —a, which is the same as the IC emission &gy = 2 and slightly
steeper for larger values af, (for illustration, see Fig5.3).
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Figure 5.3.: The simulated dferential flux ofy-rays from Perseus reaching the Earth. Shown are upper limits of the
IC emission of secondary CRe (power-laws, assuming zero magnetic field) as well as pion decay yrgycechission
(represented by broad distribution centeredm®gy =~ 67.5 MeV). The normalization of the spectrafféiring in their
values of the CRp spectral index = «, (Dermer’s model) depends on the assumed scaling between CRp and thermal
energy density. We fix this scaling parameXgg, assuming the isobaric model (Se@i2.1in Chapter6) by comparing

the integrated flux above 100 MeV to EGRET upper limits (Re@mer et al2003.

5.6. Summary and outline of astrophysical applications

For the first time we developed an analytic formalism to describe the neutral pion-decay indimedpectrum
self-consistently for a given fierential number density distribution of the CRp population being described by a
power-law in momentunp, and parametrized by the spectral indgx We derived an analyti¢,—Fx scaling

relation for the ratio ofy-ray flux to bolometric X-ray flux. Given the bolometric X-ray luminosity of a particular
cluster this formula estimates the expeciedhy flux ¥, owing to inelastic cosmic ray ion collisions and thus
provides observationally promising cluster candidates for constraining the CRp population. We furthermore present
formulae describing the synchrotron and inverse Compton emission of hadronically originating secondary electrons
assuming an isotropic distribution of magnetic fields following a smooth profile.

In order to obtain reliable flux estimates we are going to introduce in the following three possible spatial distribu-
tions of the CRp, whose population is either in fractional pressure equilibrium with the thermal particle population
(as assumed for selecting the clusters), experienced adiabatic compression during the formation of the cooling flow
cluster or is shaped by filision away from a central source of CRp. By modeling th@y emission of these
particular clusters and comparing to EGRET upper limits we are going to present bounds on the CRp population.
Furthermore, we will derive upper bounds on the CRp population by radio synchrotron emission of hadronically
originating CRe and will compare azimuthally averaged radio brightness profiles of the the Perseus radio-mini halo
and the radio halo of Coma.

The results of this chapter were worked out in collaboration with T.A. Enf3lin. This chapter coincides with the first
part of the paper entitletiConstraining the population of cosmic ray protons in cooling flow clusterswithy and
radio observations: Are radio mini-halos of hadronic origia®t has been published in the jourrsdtronomy &
Astrophysicswith the referencePfrommer & Enf3lin 2004, A&A, 413, 17
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6. Cosmic rays in nearby clusters of galaxies:
signatures and limits

Abstract

This chapter constrains the cosmic-ray proton (CRp) population in galaxy clusters and studies the hypothesis fheatethe di
radio synchrotron emission of galaxy clusters is produced by hadronically originating relativistic electrons. Assuming the CRp-
to-thermal energy density ratir, and the CRp spectral index to be spatially constant, we use an analytic relation between the
v-ray and bolometric X-ray fluxes to obtain observationally promising cluster candidates for constraining the CRp population.
After modeling the spatial distribution of CRp within the intra-cluster medium, we constrain this population by comparing to
EGRET upper limits. In nearby cooling flow clusters, we obtain limits on the CRp populatigggf< 20%. The synchrotron
emission from secondary electrons generated in CRp hadronic interactions allows even tighter limits to be placed on the CRp
population using radio observations. We obtain excellent agreement between the observed and theoretical radio brightness
profiles for Perseus, but not for Coma without a radially increasing CRp-to-thermal energy density profile. Since the CRp and
magnetic energy densities necessary to reproduce the observed radio flux are very plausible, we propose synchrotron emission
from secondary electrons as an attractive explanation of the radio mini-halos found in cooling flow clusters. This model can
be tested with future sensitiveray observations of the accompanyirfydecays. We identify Perseus, Virgo, Ophiuchus, and
Coma as the most promising candidate clusters for such observations.

We furthermore examine the CRp population within the giant elliptical galaxy M 87 using theyFay detection of the
HEGRA collaboration. In our scenario, therays are produced by decaying pions which result from hadronic CRp interactions
with thermal gas of the interstellar medium of M 87. By comparingythiay emission to upper limits from EGRET, we constrain
the spectral index of the CRp populationd, < 2.275 within our scenario. Both the expected ragiahy profile and the
required amount of CRp support this hadronic scenario. The accompanying radio mini-halo of hadronically originating cosmic
ray electrons is outshone by the synchrotron emission of the relativistic jet of M 87 by one order of magnitude. According to our
predictions, the future GLAST mission should allow us to test this hadronic scenario.

6.1. Introduction

6.1.1. Taxonomy of particle acceleration processes

Cooling flows are regions where the influence of non-thermal intra-cluster medium (ICM) components such as
magnetic fields and cosmic rays may be strongest within a galaxy cluster owing to strong observed magnetic fields,
central active galaxies, and increasing non-thermal-to-thermal energy ratio due to rapid thermal cooling processes.
They are also regions where such components are best detectable due to the high gas density which allows for
secondary particle production in hadronic interactions of cosmic ray nuclei with the ambient gas. By the term
cooling flow we do not rely on specific models but only on observed properties such as declining temperature
gradients and enhanced electron density profiles towards the center of the cluster. Occasionally, we refer to the term
cooling flow cluster as cool core cluster.

Non-thermal relativistic particle populations such as cosmic ray electrons (CRe) and protons (CRp) can be injected
into the ICM mainly by three diierent processes (followirigrunetti2002 which produce radio signatures thaffdr
morphologically as well as spectrally:

1. Shock acceleration: Natural acceleration mechanisms providing relativistic particles are strong structure
formation and merger shocks (e.glarris et al.198Q Sarazin1999. Detailed studies have been undertaken
on shocks of cosmological scalégifiati et al.200Q Takizawa & Naito2000. Fermi | acceleration processes
of CRe at these shock fronts produce large scale extended peripheral radio relics as profosdchst al.
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(1998. For instance two prominent relics in Abell 366¥dttgering et al1997) were successfully reproduced
in a simulation of this process iyoettiger et al(1999.

2. Reaccelerated electrons:Secondly, reacceleration processes of mildly relativistic CRe: (100 — 300)
being injected over cosmological timescales into the ICM by sources like radio galaxies, supernova remnants,
merger shocks, and galactic winds can provide fiigient supply of highly-energetic CRe. Owing to their
long lifetimes of a few times T0years these mildly relativistic CRe can accumulate within the ICM (see
Sarazin2002 and references therein), until they experience continuous in-situ acceleration either via shock
acceleration or resonant pitch angle scattering by turbulent Alfvén waves as originally propoddttby
(1977, reconsidered byschlickeiser et al(1987, and lately byOhno et al.(2002. These acceleration
processes of CRe possibly yield extended radio halos centered on the @dustest{i et al2001) while there
are also suggestions that radio mini-halos within a cooling flow cluster originate from these proGadses (
et al.2002. There is also evidence that reacceleration processes acting on fossil radio plasma produces small
filamentary radio relics at the cluster periphery, so-called revived radio gliogdéif & Gopal-Krishn&2001,
Enflin & Briggen2002 presumably by adiabatic compression in shock waves.

3. Particles of hadronic origin: Eventually, CRp can interact hadronically with the thermal ambient gas pro-
ducing secondary electrons, neutrinos, gfays in inelastic collisions taking place throughout the cluster
volume which would generate radio halos through synchrotron emission (first pointed Dahbjson198Q
Vestrand1982. In the ICM the CRp have lifetimes of the order of the Hubble tiriélk et al. 1996 Enf3lin
et al. 1997, Berezinsky et al1997), long enough to diuse away from the production site and to maintain a
distribution over the cluster volume. This process was reconsidered in more deBddyg Colafrancesco
(1999 and byDolag & EnRIlin (2000, the latter authors using numerical hydro-dynamical simulations in-
cluding magnetic fields. Recentlyliniati et al. (2001) have performed cosmological simulations of cluster
formation including injection processes of primary CRp. These authors conclude that under certain conditions
extended dtuse radio emission could be due to hadronically produced CRe. However, there are also claims
that extended radio halos cannot be generated by secondary electrons due to the morphological steepness of
predicted radio brightness profiles in contrast to observatiBnsgtti2002). Besides constraining the pop-
ulation of CRp in the ICM, this work will present arguments for the hadronic origin of radio mini-halos or
a substantial contribution of secondary electrons to these mini-halos. We further perform a parameter study
which shows that the large cluster radio halos could be also of hadronic origin, provided the CRp-to-thermal
energy density profile is radially increasing.

It is very difficult to distinguish between contributions of these three populations of cosmic ray (CR) patrticles to
non-thermal particle populations, especially if all of them account for injection of cosmic rays into the ICM in dif-
ferent strength depending on underlying governing physical processes and parameters. The hadronically produced
CRe may be reaccelerated by shocks or cluster turbulence and therefore mix ugetleatdCRe populations.

Radio observations of the radio halo in the Coma cluster find a strong steepening of the synchrotron spectrum
with increasing radiusGiovannini et al.1993. This behavior is expected for a reaccelerated population of CRe
(Brunetti et al.1999 2001). There is also a report of radial spectral steepening in the case of the radio mini-halo
of Perseus according ®ijbring (1993. This, however, could easily be an observational artifact owing to a poor
signal-to-noise ratio in the outer core parts of the cluster in combination with the ambiguity of determining the
large scale Fourier components owing to the nonuniform coverage of the Fourier plane and missing short-baseline
information: the so-called “missing zero spacing’-problem of interferometric radio observations. By comparing
the spectral index distribution of the three radio maps (92 cm, 49 cm, and 21 cm), there seems to be likewise a
possibility of radial spectral flattening depending on the chosen radial direction. The hadronic electron model does
not necessarily produce the radial spectral steepening without fine-tuning.

6.1.2. Assumptions

The purpose of this chapter is to apply our conceptually simple analytic instruments for describing the spectral
signatures in radio, X-rays, andrays resulting from inelastic cosmic ray ion collisions (as derived in Ch&pter

It is especially important to constrain the population of CRp within clusters of galaxies in order to understand
the governing physical processes of these objects and the important theoretical implications for the non-thermal
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6.1.3 The expected spectral index a;

content of the ICM, i.e. if non-thermal CR pressure plays an important role in supporting the intra-cluster ionized
gas EnRlin et al.1997). The assumptions of our models are:

e CRe are taken to originate from hadronic interactions of CRp with thermal ambient protons of the ICM and
the CRp population is described by a power-law distribution in momentum. The origin of this population
is not specified here, but CRp may be accelerated by shock waves of cluster mergers, accretiorCshocks (
lafrancesco & BlasiL998), or injected from radio galaxies into the ICNéltaoja1984 Enfilin et al.1997,

Blasi & Colafrancescd 999, or result from supernova driven galactic wind&(k et al. 1996.

e In our isobaric model, the energy density of CRp is assumed to be proportional to the thermal energy den-
sity of the ICM. In our scenario of adiabatic compression of CRp during the formation of the cooling flow
this proportionality is imposed prior to the transition. This assumption is reasonable if the thermal electron
population and the CRp were energized by the same shock wave assuming that there is a constant fraction
of energy going into the CRp population by such an acceleration process. As a third model we take a single
central point source injecting the CRp which results in a very peaked CRp profile (coBipar&999 Blasi
& Colafrancescd 999.

e The CRp spectral index is assumed to be independent of position and therefore constant over the cluster
volume. In some sense this represents an oversimplification which could be abandoned in order to repro-
duce some specific observational results, which however would be questionable without understanding the
underlying physical processes.

e The electron density and temperature profiles of the ICM are assumed to be spherically symmetric and were
taken from the literature. This assumption is justified in the cageral/s resulting from neutral pion decay
because we use cluster volume averaged spectra in order to compare to observation, and is not severe in
the case of radio emission, since the profiles are obtained from deprojected X-ray data. The magnetic field
configuration is assumed to be spherically symmetric on cluster core scales and follows the electron density
with a power-law index as a free parameter within the suggested r@xdgy(et al.2001, 1999.

e No reacceleration or ffusion process of CRe is taken into account in calculating the synchrotron and the
inverse Compton (IC) emission. Therefore we provide conservative estimates for the flux.

e The radio spectrum is taken to be quasi-stationary owing to the short electron cooling time which establishes
a stationary CRe population on very short timescales. There is a one-to-one correspondence between the CRp
power law index and that of the CRe population which is in addition determined by radiative synchrotron
losses and IC cooling.

6.1.3. The expected spectral index ap

The spectral index of the ICM CRp populatiopis not well constrained by observations. However, because galaxy
clusters are able to store CRp for cosmological timé&slK et al. 1996 EnRlin et al.1997, Berezinsky et al1997)

the spectral index of the global CRp population (allowing for spatifiedintiation) is expected to be that of the
injection process, if no re-acceleration processes modified the spectrum after injection. We discussfbeiefihy di
possible CRp sources in galaxy clusters:

Structure formation shock waveshave generated most of the thermal energy content of galaxy clusters. Therefore,

it is plausible to assume that they also produced most of the CR energy of clusters. Shock acceleration is able to
produce momentum power-law particle distributions characterized by a spectral index, which is in the test-particle
picture of non-relativistic shock acceleration

R+2
R-1’
whereR < 4 is the shock compression factor. The lowest spectral indices are therefore generated by the strongest
shocks, which are preferentially found in peripheral regions of the clusferi§ig et al. 1998 Miniati et al. 2000.

Thus, harder CRp populations;{j = 2.0...2.5) are mostly injected into the outskirts of clusters. However, motion

of the ICM gas transports thenfiieiently into the cluster center®niati et al. 2001).

Injection by radio galaxies: Active galactic nuclei (AGN) are able to produce large amounts of relativistic plasma.
The composition of this plasma is not known, however, the presence of CRp is assumed in and supported by many

(6.1)

Qinj =
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papers. The energetics of AGN igBcient to inject a significant CRp population into the thermal I RIin et al.

1997, 1998 Colafrancesco & Blasi998 Blasi 1999 Wu et al.2000 provided CRp are present in the radio plasma

and are able to leave it on cosmological short timescales. If the radio plasma releases all its CRp, a moderately
flat injection spectrum can be expected (agy = 2.5) since radio emission from radio galaxies indicates flat CRe
spectra. If, however, only a small fraction of the CRp is able to leave the radio plafiimsiwdily, an even flatter
spectrum (sayrin; ~ 2.2) can be expected due to increasing escape probability with momeB&wu®ir{2003.

Supernova Remnant{SNR) are known to be able to produce flag{ ~ 2.4) CR populations and they are believed

to be the main CRp source of our galax§cflickeiser2002 and references therein). The reason for the steeper

(ap = 2.7) galactic CRp spectrum is thought to be the momentum dependent escape probability from our Galaxy.
Thus, the spectrum of CRp escaping from galaxies should be flat aggin(2.4). The spectrum injected into

galaxy clusters could be even flatter, if termination shock waves of the galactic winds are able to re-accelerate them,
as proposed byolk et al. (1996.

The CRp population in galaxy clusters which is able to interact with the thermal gas and thus to produce observable
signatures will be a mixture of contributions of thefdrent sources, modified by acceleration and energy loss
processes. In order not to rely too much on a specific physical picture, we discuss simplified models, which should
be able to capture many typical situations.

6.1.4. Outline of the chapter

This chapter is structured as follows: after modeling the spatial distribution of CRp within cooling flow clusters
(Sect.6.2), we constrain this population by comparing to EGRET upper limits (%e8t. We furthermore obtain

limits on the CRp population by the morphology of radio brightness profiles in the case of Perseus and Coma
(Sect.6.4). We propose the hadronic scenario to explain the detection ofdigys of the elliptical galaxy M 87 by

the HEGRA collaboration in Seds.5. Finally, we investigate the detectability of the hadronically inducéii sk

y-ray emission by future satellite missions aderenkov telescopes in Se@t6. Throughout this chapter we assume

the standarcdaCDM cosmology withQy = 0.3, Q4 = 0.7, andH, = 70hyo km st Mpc™?, wherehyq indicates the
scaling withHo.

6.2. Spatial distribution of cosmic ray protons in cooling flow clusters

In the following, we introduce three models for the spatial distribution of CRp within clusters of galaxies. The
origin of the CRp population is not specified in the first two models, but the CRp may be accelerated by shock
waves of cluster mergers, accretion shocks, or result from supernova driven galactic winds. In contrast to that we
explore in the third model the flusion process of CRp away from a central AGN. Since it is unclear how CRp

are distributed spatially in detail, we investigate here thréiemint scenarios which should serve as toy models.

We pursue the philosophy of estimating physical parameters from observationally obtained electron density and
temperature profiles by using simplified model assumptions for the CRp population. In doing so we try to minimize
the dimensionality of parameter space as much as possible in order to track the main physical processes by means
of analytically feasible methods and not to rely upon too many assumptions. Therefore the presented CRp profiles
which are based on the assumption of spherical symmetry should not be interpreted as a precise estimate of the CRp
population but rather as a plausible spherically averaged scenario.

6.2.1. Isobaric model of CRp

In this model we assume that the average kinetic CRp energy deaggiir) is a constant fraction of the thermal
energy densityn(r) of the ICM

ecrp(r) = Xcrpéw(r) . (6.2)
This distribution might be maintained even in the case of a cooling flow cluster by mixing and ongoing turbulent
CRp dttusion processes exerted by relativistic plasma bubbles rising in the gravitational potential of the cluster

due to buoyant forcesChurazov et al2001, and references therein) which possibly leads to fractional pressure
equilibrium with the thermal particle population.
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6.2.2. Adiabatic compression of CRp

Here we assume the CRp population to be originally isobaric to the thermal population but to become adiabatically
compressed during the formation of the cooling flow while it did not relax afterwards. The phase space volume
stays constant during this transition and the momenta and volumes scale according to

,\1/3
n
Pp— P, = (n—Z) P =C"%py, (6.3)
r\—1
n
Vp oV, = (n—z) Vo =C1V,. (6.4)

Here the compression fact@r= C(r) = (ny/ng)(r) has been introduced, which is larger than unity within cooling

flows. Provided that the electrons have been in hydrostatic equilibrium during this transition, this iB(p)ies

Tested Ta(r), whereTgusierdenotes the electron temperature in the outer core region. This transformation implicitly
assumes that the ratio of the CRp number densities before and after the adiabatic compression equals that of the
electron population. If the ffierential number density distribution of the CRp population may be described by

a power-law in momenturp, then after adiabatic compression of CRp the functional shape of their distribution
remains unchanged, however shifted according to

v A _ ﬁ&Rp(r’) c plc -
f'(r,p) = oV (Gev) , (6.5)
Ferp(r) = ficrell (1] C(r')e 273, (6.6)

The normalizatiomcry(r) is chosen in such a way that the kinetic CRp energy density makes up a constant
fraction of the thermal energy density prior to cooling flow formation and is described by a scaling pardsagter

ecrpll) = Xcrpet(r) — ecrpll’) = Xerp(r) em(r’) - (6.7)
After adiabatic compression of CRp this scaling parameter has thus changed to
Xerp(r) = CE*3(r) Xcrp. (6.8)

Since any hadronically induced emissivity scales \M{glgp we obtain the following relation,

j adiabati((r) — C(ap+2)/3(r) J iSObari(‘(r) ) (69)

6.2.3. Diffusion of CRp away from a central AGN

Many galaxy clusters — especially those with a cooling flow — harbor a central galaxy, which often exhibits nuclear
activity. The relativistic plasma bubbles produced by the AGN may contain relativistic protons, which can partly
escape into the thermal ICM. Most of the CRp that have been injected into the cluster center arefiitieelgl
transported into the surrounding ICM (as assume@blafrancesco & Blasl998 Blasi 1999 or form relativistic
bubbles which rise in the gravitational potential of the cluster due to buoyant fat¢esgzov et al2001, and
references therein). An argument in favor of a significant central CRp injection into the ICM is the much more
efficient escape of CRp from the magnetic confinement of the radio plasma bubble during the very early stages
due to the bubbles higher geometrical compactness and and expected stronger turbulenga3éuegl003. In
addition to this, any galactic wind from a central galaxy will also inject CRp into the cluster center. In order to
treat these diusion processes analytically one has to distinguish between clusters containing a cooling flow region
or not. In the first case CRpftlision will shape their emission profiles owing to the peaked cooling flow profiles
while the emission strength in non-cooling flow clusters is mainly governed byffihetige injection timescale.

Cooling flow clusters: The transport of CRp through the ICM isfiisive, with a difusion codicient «(r, p)
which in general may depend on momentum and position. For illustration we use

«(r, p) = xo(r) (%)W , (6.10)
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with ko ~ 107"-3%cn? st being plausible values. By using this ansatz, we ignore likely deviations of fiusidn
codficient from Eqgn. §.10 in the mildly relativistic regime because these CRp are also not constrained by observa-
tions of their hadronic interactions. The ¢beientaqr describes the momentum dependence of tffeision and
is expected to begis ~ % for active CRp difusion in a Kolmogorov-like small-scale magnetic turbulence spectrum
andagiz ~ O for passive advective transport in a turbulent flow. In the latter eg®e= vwrb Awrb/3 ~ 107°cm? s71,
wherevy ~ 100 kny's andAy,, ~ 10 kpc are the turbulent velocity and coherence length, respectively.

In a stationary situation, which is a valid approximation for timescales longer than the typical @&gicdi
timescale in the case of a stationary or short-term intermittent CRp source, the CRp distribution functions is given

by

Q) (M dr QP
Bl Po) = = 4 Jo k(r',p)r?2  Ank(p)r’ (6.11)
where Qy(p) %p(’:\f (%)_mm (6.12)

is the averaged CRp injection rate of the central source. We assume it to be a power-law in momentum with spectral
index ain;, Which in general is not identical to the spectral index of the CRp population within radio plasma since
the escape fraction is expected to depend on momertEmfli( 2003. For the last step in EQn6(11) we assume

for simplicity the difusion codicient to be independent of position. Possible models of spatial distributions for
the difusion codficient depend strongly on many unknown quantities such as the domirfusi@ih mechanism
(active difusion versus passive advective transport), the velocity field, the turbulence scale, and the topology of
the magnetic field, only to mention a few. Therefore we are unable to guess a realistic profjé ¥avithout
enlarging the accessible parameter space tremendously. However since we expehiision diodicient not to
change dramatically over the cooling flow scale and since the distribution furigiom,) is suficiently steep in

radius (Eqn. §.11) our results should be approximately correct. The total CRp luminosity of the source can be
estimated from Eqn&(11) to be

_ mpCZQp,o ITIpC2 L-ani inj -2 3—a'inj
Lerp = 2(ain — 1) (Gev) B( 2 2 ) (6.13)

Within our model, the CRp distribution function within the thermal ICM can be written as

-1
_ Ncrpo € r Pp €\~
oll Po) = —5ev (h73 kpc) (Gev) ’ (6.14)

whereay, = ainj + agir.

In order to obtain a realistic estimate for théfdsion volume to be considered, the relevant length scale needs
to be taken into account. We define the characteristic SRaleby calculating the second moment of the time-
dependent distribution function of the first particles released by the source, yielding

_ p C \@dir/2
Raift = /2 Ndim tinj 4(P) = 80h;2/*kpc (@) , (6.15)

wherengim = 3 denotes the number of spatial dimensions. Here we assume a typical lifetie=08 h;é Gyr
andkp ~ 10?° cn? s™1. Beyond this scal®qir there can be a CRp population resulting frorffuiion away from
the central AGN which is however exponentially suppressed. Becauser#lyduminosity resulting from hadronic
CRp interactions scales as

[,yoc471fdrr2ﬁCRp(r) ne(r)ocfdrrl‘%, (6.16)

1This seems to be in contradiction to the identity of injection and equilibrium spectral index for a system without escape claimefl.lhBect.
Formally, we had to include particle escape from the galaxy cluster in order to be able to have a finite steady state solutidfusfdhe di
problem, as given by Eqn6(11). In the realistic case of a finite age of the system the stationary solution is only approximately valid in the
center of the galaxy cluster. However, only there existstacsently high target density to detect the CRp population. Therefore, although
we use a poor description of the CRp profile on large-scales, the estimaagdluxes should be $iciently accurate.
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6.3 Constraining the population of CRp by the integrated flux of y-rays in different clusters

we always obtain centrally peakeeray profiles, since the cooling radius is smaller than thiusiion scaler, <
Ryig, andg > 1/3 within cooling flow regions (compare Tab&1). Thus, they-ray luminosity is only weakly
dependent oRy;¢ as long as it reflects the correct order of magnitude.

In this work we constraimcgryo With the aid ofy-ray observations of galaxy clusters. From these constraints
limits on the averaged CRp luminosity escaping from the radio plasma of the central galaxy can be derived using

(6.17)

LCRp _ 47'CrT'I‘)CzﬁCRp0 h;é kpC (I’T’lpcz)l_wmj (amj -2 3- ainj)
2 72 ’

ko 2 (ainj — 1) GeV

where we again ignored any possible low-energy spectraff¢siace it can be included a posteriori with the help
of Fig. 5.1 As a rough estimate we find numerically

_ _ K Ncrpo
Lerp = L(ain) 10%¥h % erg st (1029 Cr?nz S‘l) (1&6 h%gcm3]’ (6.18)
with L(ainj) = 6.1, 2.2, 1.6, and 1.7 faw,; = 2.1, 2.3, 2.5, and 2.7, respectively. In Sé&cB.4we analyze these
constraints for our cluster sample in more detail.

Non-cooling flow clusters: In transforming the above considerations offudiion length scales to the case of
non-cooling flow clusters we point out the followingfidirences: in non-cooling flow clusters the core radius is
normally larger than the ffusion scaler. > Ryig, over which the electron density varies only slightly. Thus, a
stationary solution to the fiusion equation is not applicable in the case of a flat target profile. It follows that the
volume integrated-ray spectrum does not depend on thugiion codicient but only on the injection timi,; of
CRpinto the ICM of the cluster core. We therefore adopt a modification to fhesiin model for non-cooling flow
clusters. The averaged CRp luminosity of the central galaxy reads in this context

Nerp My C2 (mpcz)l‘“i"ig(amj—z 3—amj)'

ting 2 (ainj -1) \ GeV 2 2

Lerp = (6.19)

Here NCRp denotes the integrated number of CRp being injected into the ICM of the clustesaada,, because

there is no dfusion induced spectral steepening simply due to the fact that the even more energetic CRp which
are still significantly contributing to the-ray flux in the EGRET energy band are not able to leave the central core
region within a reasonable timescale.

6.3. Constraining the population of CRp by the integrated flux of
y-rays in different clusters

6.3.1. Cluster sample

Based on our analytic relation between they and bolometric X-ray fluxes (Eqrb.@7)), we compile a sample of
suitable clusters to obtain observationally promising cluster candidates for constraining the CRp population as well
as the future detection offtlisey-rays resulting from hadronic CRp interactions. As a simple scenario we choose
the CRp energy density to be a constant fraction of the thermal energy deggiy) = Xcrpéewn(r).

Applying the 7,—Fx scaling relation and taking bolometric X-ray fluxes frémavid et al.(1993 while fixing
Xerp = 0.01 X001 anday, = 2.3 we estimateg-ray fluxess, es{> 100 MeV) for the spectral sensitivity of EGRET
in order to choose our cluster sample (see TabB. Inferred values for the estimatgeray flux 7, estby means of
the#,—Fx scaling relation sensitively depend on the bolometric X-ray luminosity of the particular cluster such that
values forf, estin TableC.2represent a rough estimate. A detailed modeling using density and temperature profiles
will be described later on in Sed.3.2in order to obtain upper limits on the CRp population. By compayirgy
fluxes ¥, obtained from these two fierent methods we recognized an inconsistency for the Virgo and Centaurus
cluster: this discrepancy is explained by a too small aperture of the X-ray experiments analy2edidet al.
(1993 giving rise to an underestimation of the X-ray flux of these two nearest clusters in our sagle=(0.0036
and Zcentaurus= 0.0114) and therefore an underestimatefofes; for these two clusters. Moreover, we noticed a
systematic discrepancy of the order of 50% between thierdnt methods in cooling flow clusters which is due to
an insuficient accounting for the radial temperature variation in EG2%.
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Parameters of electron density profilegr) of our cluster sample are given in Talilel where the clusters are
ordered according to their property of containing a cooling flow (upper part) or not (lower part). Note that the
parameters are subject tdfeérent formulae&.20 and 6.2,

2 r2 -38/2
ne(r) = n; (1+ r_2) , (6.20)
i=1 G
~ 1/2
_ AT B (L PV
ne(r) = A0l x;ni (1+ %) . (6.21)

The last equationg(21) follows from deprojection of X-ray surface brightness profiles which are represented by
doubles-models. The derivation of this deprojection is given in Appenlix-or simplicity and consistency with

the X-ray surface brightness profiles givenNtohr et al. (1999 we ignored the weak dependency og(r) in

Egn. 6.21). In order to model the temperature profilegr) for our cooling flow cluster sample we applied the
universal temperature profile for relaxed clusters proposedley et al.(2001) to data taken from the literature,

-1

()T 6.22
() | 62

l'temp

Te(r) = To+ (T1 - To)

This equation matches the temperature profile well up to radii@Br,;;, which is suficient for our purposes since
we are especially interested in the core region of clusters. The parameters of the temperature profile for particular
cluster are given in Tabl€.2

6.3.2. Simulated +y-ray flux normalized by EGRET limits: the case of Perseus cluster

The volume integrated omnidirectionalfidirentialy-ray source functiorQ,(E,) can be obtained by integrating
Eqgn. 6.18. We integrated the volume out to a radius dﬁ;§ Mpc which corresponds to the characteristic distance
where the simplg-model of electron densities breaks down due to accretion shocks in clusters. The integration
kernelq,(r, E,) scales linearly witmcry(r) (as shown in Eqn.518) which is obtained by solving Eqns5.{)
and 6.10. By comparing the integrategtray flux above 100 MeVr, (> 100 MeV), to EGRET upper limits (see
Reimer et al2003, we constrain the CRp scaling parameteg,. The inferred value foKcgrpin the Perseus cluster
normalizes the dierentialy-ray flux
4 _ Q(E)
dE,  4nD?

(6.23)

in Fig. 5.3. The z%-meson decay induced distinct spectral signature resulting in the peak-edyaenergy of
My ¢?/2 ~ 67.5 MeV can be clearly seen.
Figure5.3 shows also upper limits on theffirentialy-ray flux owing to IC emission of hadronically originating
CRe represented by power-laws. The IC spectra are computed by means &.Bgrfo( different spectral indices
ap and zero magnetic field. Non-zero magnetic fields can be included since the IC spectra scale according to
BZ\s/(B(r)? + BE,,5) (see Eqn.§.32) which results in a lower normalization.

6.3.3. Results on the scaling parameter  Xcgp Using y-ray observations in different
clusters

By employing the technique described in S&cB.2we constrained the CRp scaling parametgg, using EGRET
upper limits of they-ray flux by Reimer et al.(2003. As described in that section, we infer theay flux of
this clusters originating from within a sphere of radida;§ Mpc. Owing to the vicinity of the Virgo cluster this
maximum radius subtends an angle on the sky which is larger than the width of the point spread function of the
EGRET instrumentfmax = 5.8° [E, /(100 MeV)[9%34 Reimer et al(2003). Thus in the case of Virgo we use this
smaller integration volume.

Figure6.1shows constraints fofcrp Using the isobaric model of CRp described in S&@. The adiabatic model
yields slightly tighter limits orXcgrp. For clusters like Perseus (A 426), Virgo, Ophiuchus, and Coma (A 1656) we
can obtain quite tight constraints on the population of CRp. For the sake of completeness, the full table of constraints
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6.3.4 Results on Lcryp in the AGN-diffusion model

Cool core cluster:

A85- & -

Perseus 4 b -

Aztoo}- = 1OHO A

Centaurus - < =

Ophiuchus - L —

Triagulum Australis |- & .

Virgo - 4 =

Non-cool core cluster:

Comal- o =

A2256 - & -

=21 A2319F & .

=23 A3571 & -

ap =27 Y ol i
— ap =23, radio 0.01 0.10 1.00 10.00

Xcrp = Ecrp/Em

Figure 6.1.: Upper limits on the CRp scaling parame}&jr, by comparing the integrated flux above 100 MeV to EGRET
upper limits assuming g-ray spectral index in Dermer’'s mode} = «,. The spatial distribution of CRp is given by the
isobaric model of CRp (see Se6t2.1). The blue arrow refers to the upper limit &g, inferred from radio brightness
profiles of the radio mini-halo of Perseus cluster for the parameter combirgierlOpuG, ag = 0.5, anda;, = 2.3.

for Xcrp Using the isobaric and the adiabatic model of CRp is shown in TaldeBecause in the adiabatic model
the CRp scaling paramet¥er, is a function of radius, the val ‘ﬂ.{'aba“cgiven in TableC.3refers to the unprimed
quantity in Eqgn. §.8) which reflects the outer core region of the cluster.

6.3.4. Results on Lcgpin the AGN-diffusion model

The procedure of inferring constraints on CRffusing away from a central source is mostly sensitive to the CRp
population of the central cooling flow region rather than the shock region in the outer parts of the cluster. In
order to constrain the CRp density parameigg,o and averaged CRp luminosiky:r, of the central active galaxy
in our AGN-diffusion model ofcooling flow clusterave have to calculate the volume integrated omnidirectional
differentialy-ray source functio,(E,) (see Eqn.%.2)). The integration kerned, (E,) is proportional toncrp(r)
(Eqgn. 6.18) which is obtained by solving Eqns5.6) and 6.14). By comparing the integrategray flux above
100 MeV to EGRET upper limits (seieeimer et al2003, we constrain the CRp density parameatggpo. In the
case ohon-cooling flow clusterse constrain the averaged CRp luminodity, with the aid of the integrated CRp
number parametdilCRp, yielding an indirect measure of a combination of the CRp escape fraction from the radio
plasma of the central galaxy and the averaged CRp luminosity of this source.

Upper limits on the CRp density parametekgo, number parameter of CRﬁbRp, and averaged CRp luminosity
Lcrp Of the central active galaxy (by means of Eq6.1()) are presented in Tablg.4 For the sake of better
comparison, Fig6.2 additionally illustrates the averaged CRp luminodityg, of the central active galaxy. This
shows that within this conceptually simple model we are able to put constrairtsggn The limits which are
strongest in the case of M87 in the Virgo cluster represent conservative bounds since we choose the active CRp
diffusion scenario resulting in spectral steepening of the CRp population. We obtain even tighter limits when
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Figure 6.2.: Cool core clustersUpper limits on the average CRp luminosltyg, of the central active galaxy by com-
paring the integrated flux above 100 MeV to EGRET upper limits assumipgag spectral index in Dermer’s model
@, = ap. The spatial distribution of CRp is is calculated according to tlieision model of CRp away from a central
AGN assumingy, = ainj + adir, Whereagiz = 1/3. Non-cool core clustersUpper limits on the average CRp luminosity
Lcrp Without any dffusion induced spectral steepening, .= . Note thatlLcg, scales in the case of cool core
clusters with the dfusion codicientx, while it only depends on the CRp injection tirfyg for non-cool core clusters (see
Sect.6.2.3.

assuming a passive advective transport of the CRp in a turbulent flow in which case we infer

Lerp = L(ap) 102h- 2 erg s (m) (6.24)
with L(ap) = 4.5, 4.8, 7.2, and 20.9 faw, = 2.4, 2.5, 2.7, and 2.9, respectively. These values are slightly smaller
than instantaneous jet power estimates of M87 being of the ordgs of 10°3 erg s (Bicknell & Begelmanl996
Young et al2002. In general, this demonstrates the ability of future high resolytioay observations to constrain
the energy fraction of CRp escaping from the radio plasma.

6.4. Radio emissivity of secondary electrons

6.4.1. The radio mini-halo in Perseus

In contrast toy-rays induced by hadronic CRp interactions whose spectral shape and normalization is only governed
by the spectral index, as free parameter, the resulting radio emission from secondary electrons also depends on
the morphology and strength of the magnetic fiB(d). Because only a subsample of cooling flow clusters contain
radio mini-halos which are not outshined by the central AGN we decided to concentrate on the Perseus cluster. It
has the fortunate property that the radio emission due to the central galaxy NGC 1275 is spatially resolved and can
be separated from theftlise emission due to the radio-mini halo.
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6.4.1 The radio mini-halo in Perseus

Table 6.1.: Upper limits on the CRp scaling paramel&z, inferred from radio brightness profiles of the radio mini-halo
of Perseus cluster for fierent values oBy, ag, anda,,.

Model ap Bo[uG] as Xicsgga”c Xg‘g;ba“c
2.3 10 0.5 0.016 0.006
2.1 10 0.5 0.014 0.005
2.5 10 0.5 0.033 0.011
2.7 10 0.5 0.096 0.031
2.3 5 0.5 0.027 0.009
2.3 20 0.5 0.012 0.004
2.3 10 0.7 0.017 0.006
2.3 10 0.9 0.019 0.006

O~NOOUT R WN P

6.4.1.1. Intracluster magnetic fields

Magnetic fields in galaxy clusters seem to be on the level @fG. Indirect estimates of magnetic field strength
assuming equipartition of energy density of the fields and that of a radio synchrotron emitting relativistic electron
population give low field strengths ef 0.1 uG. Also lower limits on the field strength of a comparable level can

be derived using the measurements or upper limits on IC scattered CMB photons in the hard X-r&ydydrack(j

et al. 1994 Fusco-Femiano et al999 EnGlin et al.1999. Conversely, Faraday rotation measurements indicate
magnetic fields strengths of severab in typical galaxy clusters and a few i@ in cooling flow regions of
clusters Carilli & Taylor 2002 for a review). Faraday rotation based measurements of the field strength depend
on estimating the magnetic autocorrelation length from fluctuations in the Faraday rotation maps. Although the
formerly used methods to estimate this length-scale seem to be questiderablia & VVogt2003 a refined analysis

gives comparable results for the magnetic field strengths (Mogt & Enf3lin 2003, in preparation).

6.4.1.2. Comparison of the morphology of radio emissivity from secondary electrons

The radio data was taken fraRedlar et al{1990 where we neglected the innermost data points because of enhanced
contribution to radio brightness of the radio jet of NGC 1275 and the outermost data points due to the limited
sensitivity on the larger scales of the specific VLA configuration likely leading to an artificial decline in the radio
surface brightness. The values for the azimuthally averaged radio surface brightness were converted assuming a
two-dimensional Gaussian beam which leads to a beamAyga = 7 (4 In 2)"* FWHM, FWHM,. Figure6.3

shows the radial distribution of radio brightne&3gr, ) as a function of impact parameter obtained by means of

Eqgn. 6.38 in comparison to the radio data. The CRp adiabatic and isobaric model being described th23eet.

both shown using model parametersagf= 2.3, By = 10 uG, andag = 0.5, where the latter two parameters refer

to Egn. 6.37). The normalization of the radio brightness depends on the assumed scaling between CRp and thermal
energy density. We fix this scaling parame¥gyz, by comparing the simulated radio brightness to the measured
data at 24.651;3 kpc. There is an excellent morphological concordance of the isobaric model of CRp and the radio
data for the radio-mini halo of the Perseus cluster. Since the required valXeggare plausible{ 0.01-0.1, see
Sect.6.4.1.3, the hadronic secondary CRe model is a very attractive explanation for the observed radio mini-halos
in cooling flow clusters.

6.4.1.3. Results on the scaling parameter  Xcrp using radio observations in different models

By comparing the simulated radio brightness to the measured radio dataﬁﬁhg%kpc which is the innermost
azimuthally averaged data point not being outshined by the radio galaxy cocoon of NGC 1275 we determine the
CRp scaling parametedcr,. Taking this point of reference yields more conservative upper limitXégg instead
of normalizing by the integrated radio surface brightness especially in the case of poorer morphological matches.
The inferred values foXcgp in Table6.1are shown for dterent combinations dgy, g, andap.

Deduced values of this scaling parameXgg, which are obtained by considering only pion decay induced sec-
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Figure 6.3.: The radial distribution of radio brightness as a function of impact paramet&hown are the CRp adiabatic

and isobaric model for model paramet&s= 10 uG, ag = 0.5, ande,, = 2.3 (details are described in the text) as well

as the azimuthally averaged radio brightness profile of the the Perseus radio-mini halo (data was takemfzomt al.

1990. The normalization of the radio brightness depends on the assumed scaling between CRp and thermal energy density.
We fix this scaling paramete{cr, by comparing the simulated radio brightness to the measured data at2}1G5.

ondary electrons resulting from hadronic CRp interactions in the ICM reflect upper limits because there are also
other mechanisms in galaxy clusters leading to relativistic populations of electrons (se®& BeBy analyzing the
variations of our model parameters in Tablé we conclude a weak dependenceXgk, onag while the magnetic
field strength at the cluster centgg and the CRp spectral index show a stronger influence oferp. The spectral
parameter of the magnetic fiedgs impacts mostly on the radial extensions of the radio brightness profiles while the
CRp scaling parameter reflects a degeneracy with resp&gtanda,.

Figure6.4shows the scaling parametésr(r) as a function of radius between CRp and thermal energy density
in the adiabatic model according to Eg6.8) for models defined in Tablé.1 The enhancement of CRp relative
to the thermal energy density owing to adiabatic compression of the CRp population during the formation of the
cooling flow can be clearly seen.

6.4.2. Constraints derived from the radio halo of Coma
6.4.2.1. Parameter study of the hadronic scenario

We also applied this formalism of synchrotron radiation emitted by secondary electrons as presentedis Sect.

to the radial distribution of radio brightness in the radio halo of the Coma cluster using radio data at 1.4 GHz by
Deiss et al(1997. Assuming the CRp population to be distributed according to the isobaric model, the spatial radio
brightness profile obtained by this secondary electron model declines too fast with increasing impact parameter

in order to account for the observed extended radio halo of Coma. To check whether this shortfall of the theoretical
model represents a serious problem for the hadronic model of radio synchrotron emission we are asking in turn for
the necessary radial variation of the CRp scaling param&jgi(r) that is able to explain the observed radio halo.
Deprojecting the azimuthally averaged observed radio surface brightness profile which is descrilgethbgled

yields (as laid down in Appendi&)

() = 22 Gﬁ_l)gﬁB(} 3ﬁ) (6.25)

2nre (1+ r2/r2
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6.4.2 Constraints derived from the radio halo of Coma
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Figure 6.4.: The deprojected scaling paramekeyrg(r) between CRp and thermal energy density in the adiabatic model
applied to the mini-radio halo of Perseus and presented for models which are defined i6.Table

whereSy = 1.1 mJy arcmin?, re = 450h;3 kpc, andBd = 0.78. By comparing the observed to the theoretically
expected radio emissivity at each radius we infer the ratio of CRp-to-thermal energy désgits). Figure6.5

shows a comparison ofcrp(r) and the ratio of magnetic-to-thermal energy denXigfr) = eg(r)/en(r) for par-

ticular model parametexs,, ag, andBy. Whereasy, and By impact mostly on the normalization of both scaling
parameterXcrp(r) andXs(r), the choice ofrg governs the relative curvature of these functiodis(r) o ne(r)2e-1

is curved in a convex fashion farg > 0.5 and exhibits concave curvature feg < 0.5 assuming the cluster to

be isothermal which is a valid approximation for Coma. While there are combinations of parameters for which
Xcrp(r) becomes larger than unity and thus question the hadronic sceBaniwe{ti2002), only small variations in
parameter space yield plausible valuesXgrp(r) (compare Fig6.5).

In order to quantify these considerations we perform a parameter study to exclude regions of parameter space
spanned by, g, and By where the hadronic scenario is challenged to account for the radio halo in Coma.
Figure 6.6 shows the resulting contour lines ¥try(r < 1h Mpc) = 1 andXcrg(r < 1hz3 Mpc) = 0.1 in
this parameter space. The gradiend@kp(r < 1h;é Mpc) points towards the lower right corner in Fig6 and
thus leaves the upper left region of parameter space where the hadronic scenario is able to account for the observed
radio halo depending on the specific choicegf SinceXg(r < 1h;3 Mpc) < 0.1 for the entire region of parameter
space investigated here there are no further constraints imposed on the hadronic scenario.

Choosing the energy density of the magnetic field to decline like the thermal energy density4.6.5, requires
Xcrp(r) to increase by a factor of less than two orders of magnitude from the center to the outer parts of the cluster in
order to reproduce the observed radio halo of Coma. This factor, however, is reduced for smaller vajuédtisf
further reduced due to the non-spherical morphology of Coma, as explained in the following. The X-ray emissivity
and the radio emissivity resulting from hadronic CRp interactiofftedin their scaling with the electron density
according to

Ax(r) o« ne(r)? and (6.26)
Ju(r) o Xerp(r) ne(r)*e+0/2) ~ Xep(r) ne(r)>* (6.27)

within the framework set by our model and depending on the particular choiggafida,. Thus, any anisotropy

like the Coma X-ray and radio bridge yields biased azimuthal averages when comparing observational to theoretical
radio surface brightness profiles where the latter uses density profiles obtained by deprojecting X-ray profiles.
Remarkably, this discrepancy is largest for large valueszofinda;, for which we infer the tightest limits on the
hadronic scenario (cf. Fi@.6) and thus softens these limits. This results in biased profil¥s&f(r) which increase
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Figure 6.5.: The deprojected CRp scaling parameXggp(r) required to account for the observed radio halo in Coma
within the framework of the hadronic scenario. The rising curves with increasing radius repxeggin} while the
declining curves shoviXg(r) for the particular choice of a magnetic field being frozen into the flow and isotropized,
i.e.ag = 0.7 (Tribble 1993.

too strongly towards larger radii (cf. al&wolag & Enf3lin2000. Pursuing an approach of averaging only along the
line of sight could attenuate the biasdvoni et al.2007).

An increase ofXcry(r) towards the cluster’s periphery is indeed observed in cosmological structure formation
simulations due to adiabatic compression inside the cluster which increases the thermal pressure at a higher rate
than the CRp pressurbl{niati et al.2001). Bearing in mind that the CRp-to-thermal pressure ratiblofiati et al.

(200)) is obtained from volume averages and the energy density stored in magnetic fields declines shallower in
comparison to the thermal energy density we conclude that our results arising the parameter study may be well in
agreement with these simulations.

6.4.2.2. The spectrum of the Coma radio halo

One might object that the CRp spectral index should be determined better owing to radio observations than the range
of ap = (2, 3) being considered in the previous parameter study (8ec2.). The following line of argumentation
shows, that this, on the contrary, is not the case. First, there is an ambiguity of relating the CRp spectrg) index
to the induced synchrotron spectral indexwhich is eithera, = ap/2 (Dermer’s model) oy, = (2¢p — 1)/3
(fireball model). When comparing multifrequency observations fbfiske radio emission of the ICM which extends
to several GHz the Sunyaev-Zel'dovich (SZ) distortion of the spectrum has to be taken care of. At these frequencies
of the Rayleigh-Jeans part of the Planck spectrum thef&€¢teamounts to a decrement which introduces aftuto
in the radio spectrum as can be seen in Big. Following En3lin (2002 the SZ luminosity reads for Coma in the
Rayleigh-Jeans part

FSoMa= —4.1x 1033, hoo/? Jy, (6.28)
wherevgh, = v/GHz2 However, the SZ amplitude is uncertain within a factor of 2 which stems mostly from density
profiles being inferred from X-ray observations and extrapolaté&iiQ. Furthermore, the multifrequency dataset
as compiled byThierbach et al(2003 is inhomogeneous because the solid angle over which the observed radio
fluxes have been integrated may vary among these observations. Finally, the quoted uncertainties may underestimate
the systematic uncertainties which e.g. result from incomplete accounting for point source subtraction.

2Here we corrected for a missing factor of 2 in Eqgn. (4EmRlin (2002 and changed the slope of theprofile to = 0.75 (Briel et al.1992).
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6.4.2 Constraints derived from the radio halo of Coma

By [uG]

Figure 6.6.: Parameter study on the ability of hadronically originating CRe to generate the radio halo of Coma. Shown
are contour lines 0Kcrp(r < 1h72 Mpc) = 1 (solid) andXcrp(r < 1hz3 Mpc) = 0.1 (dotted) in parameter space spanned

by a, and B, for three choices of magnetic field morphology characterizedyThe contour line oiXcr, = 0.1 for

ag = 0.3 has been omitted since it almost coincides with the contoXcgf = 1 for ag = 0.7. The lower right corner
represents the region in parameter space, where the hadronic scenario faces challenges for explaining the observed radio
halo of Coma.
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Figure 6.7.: Observed radio halo fluxes of the Coma cluster as compil@hi®rbach et al(2003. Shown are synchrotron
power-law spectra for élierent spectral indices, = «,/2. The spectra are modified at higher frequencies by means of
the SZ dfect while the SZ decrement (a negative flux at the Rayleigh-Jeans part of the Planck spectrum) is also shown
(dotted). The SZ flux is derived from the cluster volume up to the assumed position of the accretion shock.
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6.5. Probing the cosmic ray population of the elliptical galaxy M 87

This section examines the cosmic ray proton (CRp) population within the giant elliptical galaxy M 87 using the TeV
vy-ray detection of the HEGRA collaboration. In our scenario,th@ys are produced by decaying pions which
result from hadronic CRp interactions with thermal gas of the interstellar medium of M 87.

6.5.1. Detection of y-rays by the HEGRA collaboration: possible models

The giant elliptical galaxy M 87 is an intensively studied object in our direct extragalactic vicinity situated at a
distance of 17 MpcNeilsen & Tsvetanox2000. The announcement of the Texray detection of M 87 at a
4-¢ significance level by the HEGRA collaboratioAl{aronian et al2003 using imaging atmospheréerenkov
techniques was the first discovery of Tevrays from a radio galaxy with a jet whose axis forms a relatively
large angle with the line of sight of roughly 38 35° (Bicknell & Begelman1996. On the basis of the limited
event statistics the detected emission is inconclusive whether it originates from a point source or an extended source.
Despite testing for burstlike behavior of M 87 no time variation of the JeMdy flux has been found. This detection
provides the unique possibility for probingfidirenty-ray emission scenarios and thus provides new astrophysical
insight into high energy phenomena of this class of objects.

In the literature, there are threeffdirent types of model predictingray emission from objects like M 87: in
the first scenario, the GgYeV y-ray emission is generated by the active galactic nucleus (AGN), and possibly
related to processed radiation of the relativistic outfl@ermer et al1997. Particularly, inverse Compton (IC)
scattering of cosmic microwave background photdfiglectrons within the jet which have been directly accelerated
or reaccelerated as well as the Synchrotron Self Compton scenario could esalytemissionBai & Lee 2001).
Secondly, dark matter annihilation or decay processes could be another conceivable sgueearhission, such
as the hypothetical neutralino annihilatidg{tz et al.2000. Finally, hadronic cosmic ray proton (CRp) interactions
with the thermal ambient gas would produce pion decay indyeeys as well as inverse Compton and synchrotron
emission by secondary cosmic ray electrons (CRe¥itand1982. These processes are possible due to the long
lifetimes of CRp comparable to the Hubble tim&k et al. 1996, long enough to diuse away from the production
site and to maintain their distribution throughout the cluster volume. Because of the strong dependence of this
hadronic process on particle density, the giant radio galaxy M 87, located inside the central cooling flow region of
the Virgo cluster, is expected to be a major siteyghty emissionPfrommer & Enf3lin20043.

This work uses the hadronic scenario to model the resujtiray emission. Thus it probes the CRp population by
the recent Te\j-ray observations yielding either an upper limit or a detection on the CRp population, provided this
scenario applies. However, this approach only constrains the CRp within the central region of intracluster medium
(ICM) of the Virgo cluster which is dominated by the interstellar medium (ISM) of the radio galaxy M 87. In the
following, we use the term ICM for both. It should be emphasized that this hadronic scenario predicts stationary
vy-ray emission and will be ruled out if the emission is found to be time-variable (barring the existence of a second
component). This, however, would result in even tighter constraints on the CRp population owing to the absence of
inescapably accompanyingray emission.

6.5.2. Energy-integrated vy-ray fluxes: EGRET versus HEGRA

Provided the CRp population has a power-law spectrum, the relation of the hagh@yiflux 7, in different energy
bands can easily be found using the analytic formulae for the integyatay source density, namely Eqn$.23
to (5.26),

F(E1 < E, < Ep) _ 7?7(E1, E>)
F(Es < E, < Ed) 75(Es, Eq)

8, ay + 1’ a, -1
26, 26, )|

(6.29)

-1
where 77‘7(Ei, E))

and xj =

(6.30)

25,
1+ Myo &
2E;

Here we introduced the abbreviatiof(K)];¢ = f(xz) — f(x1). This relation for hadronig-ray fluxes is indepen-

dent of any specific model of CRp spatial distribution as long as the same physical mechanism governs the CRp
distribution in both energy bands. In passing by, it should be noted that we use Dermer’s model for the hadronically
inducedy-ray emission, where, = ap.
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6.5.3 Modification of the spatial diffusion model of CRp

Using the HEGRAy-ray flux for M 87 of 7, (E > 730 GeV)= 9.6x10*3y cm 2 s (Aharonian et al2003, and
requiring the expecteg-ray flux above 100 MeV to be smaller than the EGRET upper KM{E > 100 MeV) =
2.18x 108y cm 2 s7! (Reimer et al2003, we are able to constrain the CRp spectral indexgo< 2.275. For
this calculation, we assume a constant CRp spectral iné%\';(extending from the GeV to TeV energy regime. In
the case of steeper spectra in the TeV region, the CRp spectrum needs to be bent in a convex fashion or to exhibit a
low energy cutff in order to meet the requirement imposed by EGRET.

6.5.3. Modification of the spatial diffusion model of CRp

In this section, we also examine three models for the spatial distribution of CRp within the ICM. The isobaric and
the adiabatic model for the spatial CRp distribution does not specify their origin, but the CRp may be accelerated by
shock waves of cluster mergers, accretion shocks, or result from supernova driven galactic winds. Due to the better
spatial resolution of the-ray detection of M 87 compared to the EGRET limits, it is necessary to modify our model
for the spatial diusion of the CRp population to include a parameter governing the lifetime of the AGN source.

The relativistic plasma bubbles produced by M 87 likely contain relativistic protons, which can partly escape into
the thermal ICM EnR3lin2003. Most of the CRp that have been injected into the cluster center are eiffusivily
transported into the surrounding ICM or form relativistic bubbles which rise in the gravitational potential of the
cluster due to buoyant force€liurazov et al2001, and references therein).

Momentum dependent CRpfliision in a turbulent magnetic field with a Kolmogorov-type spectrum on small
scales would result in spectral steepening and therefore would violate the limits on the spectra@ﬁ;iﬂﬂained
in Sect.6.5.2provided there is no sharp upper cfiiio the CRp spectrum. Thus we adopt for simplicity the scenario
of passive advective transport of CRp in a turbulent flow withfeudion codficientx independent of momentum.

The time-dependent CRp distribution function reads for short (duratippoint-like injection with CRp injection
rateQ(pp) at timet = 0

(6.31)

fp(r,pp,t)zM x( r° )

(4t k)32 4tk
In a quasi-stationary situation, which is a valid approximation for timescales longer than the typicalfCRipili
timescale in the case of a stationary or short-term intermittent CRp source, the integrated CRp distribution function
is approximately given by

Q(pp)

f .32
4mKerc (6.32)

t r
ot py) = fo o (1, o) = ( W)
K

where erfck) denotes the complementary error function which is responsible for the spatifilatitee character-
istic diffusion scaleRgir = V6t«x. While assuming a power-law shap@dp,), the CRp distribution of Eqn5(6)
can be written within the framework set by this model as

~ -1
_ NcrpoC [ 1 r PpC\
fo(r, Py) =~ (—kpc) erfc( 4tK)(_GeV) . (6.33)

Following Sect6.2.3 the averaged CRp luminosity of M 87 can be estimated to be

Lerp  4tmyC? ficrpo kpe (mpc? Y e, -2 3-qp
Ko 2(ap-1) GeV 2 7 2 )

(6.34)

Considering an energy dependent mean-free-path fiusitbn would require fine-tuning of this model while simul-
taneously enlarging the accessible parameter space. While the resulting profiles should only be Skgidlg a

by this change, this could possibly alter our conclusions concerning the normalinggign However, this would

only add further uncertainty tacryo Which already depends on two unknown parameters, the lifetime of the source
t and the difusion codicientx.

6.5.4. Modeled vy-ray profiles

They-ray flux profilest,(r ., E, > Ewr) are obtained by integrating theray source function,(r, E,) of Eqn. 6.18
above a threshold enerdyy,, successively projecting and convolving the spherically symmetric profiles with the
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Figure 6.8.: Top: Modeledy-ray surface flux profiled,(r,) as function of impact parameter in our three diferent
models for the spatial distribution of the CRp population. They are normalized by comparing the integrayefiux
above 730 GeV to HEGRA data of M 87 within the innermost two data poiBisttom: Comparison of detected to
integratedy-ray flux 7,(6%) within the central aperture and the innermost annuli fdfedént models of spatial CRp
distribution as well as two ffierent widths of the PSF. The thick black lines correspona te 0.05° whereas the thin

grey lines are calculated for = 0.08°. The vertical dashed line separates the data from the noise level at a position
corresponding to, = 37.5 kpc.

point spread function (PSF) of HEGRA, PSE) = exp[-r2 /(20?)] /(2 0?). Resolution studies based on obser-
vations of the Crab Nebula with HEGRA indicate a widthoot= 0.08°, assuming a diierential spectral index of
@, = 2.7 (Daum et al.1997). However, for flatter power-law spectra being preferred by our hadneniy model
(see Eqgn.§.29), the width will be smaller owing to increasing megray energy. This leads to an increase of
y-ray induced particles of the air shower and therefore better quality of shower reconstruction according to a smaller
relative Poissonian error. For a rough estimate, we rescaled the width of the PSF using the scaling of theagnean
energies above the instrumental threshold, yielding 0.05° with «, = 2.2.

The line-of-sight integration was performed out to a radiuRgfx ~ 3 Mpc which corresponds to the character-
istic distance where th@model of electron densities is no longer applicable due to accretion shocks of the cluster.
The resultingy-ray profiles are shown in Fig.8 The normalization of the surface fluxes depends on the assumed
scaling between CRp and thermal energy density, which is fixed by comparing the integrated flux above 730 GeV
to the innermost twag/-ray flux data points of HEGRAAharonian et al2003 corresponding t@ = 0.126° or
r, = 37.5 kpc. Although there are distinct morphologicaffdiences visible in the three spatial CRp models, the
convolution with the PSF leads to very similar profiles for the expected HE§Ray counts within the uncertain-
ties. To demonstrate this, we compare the integrateay flux F,(E, > Eu,) for different annuli of equal solid
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6.5.5 Consequences and predictions for the CRp population in M 87

Table 6.2.: Consequences for the CRp scaling paramitgy, andricryo by comparing the integrated flux above 730
GeV to HEGRA data of the radio galaxy M 87 within the innermost two data points corresponding 126°. The
spatial distribution of CRp is given by the isobaric, the adiabatic, and thesdin model, respectively (see S&&R). In
the first two cases the values are calculated for a CRp population with and without lowgrgtavhile in the latter
case two dferent lifetimes of the source have been considered. Note that the averaged CRp lunhingsstales with
K29 = K/(:I.O29 cn? S_l).

TeV isobari diabati ™ -3
ooy XCrp . XCrp o Pcrpo [6M™]  Lerp [K20 €1g/S]
Pmin = 0GeVc™? 1 t=1Gyrky :

2.1 0.47 0.31 Bx 1077 1.1x10%

2.2 0.65 0.43 Dx 1077 16x10%

2.27 0.99 0.64 Dx10° 24%x10%
Pmin = 2GeVc? 1 t=3Gyrky :

2.1 0.42 0.28 Px 107 7.6x 10%

2.2 0.52 0.34 Ax 1077 11x10%

2.27 0.73 0.47 Bx 1077 1.6x10%

angle elements centered on the source to the HEGRA data for the fieredt widths of the PSF discussed above
(Fig.6.9).

6.5.5. Consequences and predictions for the CRp population in M 87

By employing the technique described in Séck.4 we explore the consequences for the CRp scaling parameters
Xcrp @andricrpo in the particular models of CRp spatial distributions. The resulting values, shown inGlapkave

been obtained using a PSF of width= 0.05°, however there are no significant changeXdg, for o = 0.08°. The
values of the CRp scaling paramek&sr, inferred from M 87 are comparable to the one in our Galaxy, which is of
order unity Parkerl969. Since the HEGRA-ray measurements probe only the central region of the Virgo cluster
which is dominated by the elliptical radio galaxy M 87, a composition of ISM and ICM is observed, potentially
mixed by convective motion within the cooling flo{urazov et al2001). Therefore we expecetcrp to be smaller

than in our Galaxy, but significantly higher than upper limits obtained in nearby cooling flow clusters, which are
less than 20%Kfrommer & Enf3lin200438.

In the case of dfusion of CRp away from M 87, we are able to constrain the averaged CRp lumihegjiyf
the central AGN by assuming a plausible value for théudion codicientx. The inferred values are of the same
order as instantaneous jet power estimates of ML&¢,~ 10* erg s? (Bicknell & Begelman1996. Thus, we
limit a combination of difusion dficiency of CRp into the ambient thermal medium and average jet power by this
approach.

Because of the scaling behaviorXdg, in the isobaric and adiabatic models, we quantify the influence of a lower
cutoff pmin on the population of CRp due to Coulomb interactions in the plasma by taking the ratio of CRp energy
densitiesscrp(Pmin) With and without lower cutfi (see Eqn. %.14). Such a cutfi yields lower values oXcrp
and therefore smaller contribution to theay flux in the energy range of EGRET once the CRp momentunticuto
Pmin €xceeds the kinematic threshabgh, = 0.78 Ge\t™! of the hadronic interaction. Thus, cooling of the CRp
population allows for steeper power-law distributions.

6.5.5.1. Synchrotron emission by hadronic CRe

Following the formalism described iRfrommer & EnRlin(20043, we compute the synchrotron emission of
CRe resulting from hadronic CRp interactions. Integrating the expected radio surface brightness profiles over
the solid angle element corresponding to theay emission region and assuming magnetic fields of the form
B(r) = 101G [ne(r)/ne(0)1°%, we expect hadronic synchrotron fluXes= Fo [v/(1.4 GHz)[%/?, whereFo = 11 Jy

and 16 Jy fow, = 2.1 and 2.2. However, this hypothetical radio mini-halo is outshone by the synchrotron emission
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of the relativistic jet, which shows a flux level &% 4, = (220+ 11) Jy Kuehr et al.1981). The hadronic radio
surface profiles which are characterized by a smooth morphology fall short by roughly one order of magnitude even
at impact parameters of some arc minutes compared to observed profiegrofinn et al(1996.

6.5.5.2. Predictions for next generation ~ Cerenkov telescopes and GLAST

There are three fferent scenarios predictingray emission from objects like M 87, namely processed radiation of
the relativistic outflow, dark matter annihilation, and the hadronic scenario. The predictions of these types of model
differ predominantly in morphology, existing time-variability, and spectral signatures. The radio galaxy M 87 which
is well within the field of view of the next generati@erenkov telescopes MAGFCHESS, and VERITAS should
therefore serve as a unique source for testing these scenarios. While the angular resolution of these telescopes is
comparable to the previously attained resolution, the flux sensitivities have strongly improved. These developments
should allow fory-ray spectroscopy bgerenkov experiments in the near future, providing the opportunity of
scrutinizing existing time-variation, and thus being able to constrdiiarénty-ray emission scenarios.

The LAT instrument onboard GLASTwill complement this research to even lower energies ranging from
20 MeV up to 300 GeV. Given a CRp population described by a single power-law spectraldademé%\’,
extending from the GeV to TeV energy regime as well as a CRp scaling parakgigof Table 6.2, we cal-
culated the expected integratgeray flux above 20 MeV. In the isobaric model, theray flux estimates are
F(> 20 MeV)/(y cm?s1) = 6.0x 108,13 x 1077, and 23 x 1077 for &Y, = 2.1, 2.2, and 2.27, respectively.
This is well above the sensitivity limit of GLAST. The energy resolution of GLAST will even provide the possibil-
ity to disentangle the pion decay induced signature from inverse Compton emission of high-energetic electrons or
positrons due to the energy resolution which is better than 10% andhisiesot to resolve the pion decay induced
peak in they-ray spectrum.

6.6. Detectability of 7y-rays by future satellite missions and ~ Cerenkov
telescopes

Based on the previous results we discuss the detectability of IC emission by secondary CRe and pion decay induced
y-ray emission by current and future satellite missions as well as operating andGetemekov telescopes.

6.6.1. Detectability of pion decay induced y-ray and IC emission with INTEGRAL

The imager IBIS which is the Imager on Board the “INTErnational Gamma-Ray Astrophysics Laboratory” (INTE-
GRAL)’ Satellite covers an energy range from 15 keV up to 10 MeV and is capable of high resolution imaging (12
FWHM) and source identification. Its spectral sensitivity reaches downtd®® y st cm2 keV! (30 in 10°

s,AE = E/2) to the continuum at 10 MeV. However, this is most probably néicant in order to detect the pion
decay induceg-rays of a particular cluster (compare Fig3). Assuming a CRp spectral index ef = 2.3 and
taking the results of Tablé.1we expect an IC emission of hadronically originating CRe in the Perseus cluster of

zi;(zo keV)= Fic 10"y cm2 st keV?, (6.35)

with Fic = 84, 4.2, and 2.3 folBy = 5 pG, 10 uG, and 20uG. Comparing these results to tpest-launch

spectral sensitivity of & 106 y s cm2 keV! to the continuum at 20 keV for an observation time of $q3c
detection) there is only a minor chance to detect IC emission of CRe. However, for steeper spectral indices or
a strongly inhomogeneously magnetized environment, IC fluxes can be enhanced at the expense of synchrotron
emission according tenf3lin et al.(1999.

3http ://hegral.mppmu.mpg.de/MAGICWeb/

4http ://www.mpi-hd.mpg.de/hfm/HESS/HESS.html
5http ://veritas.sao.arizona.edu/

6http ://glast.gsfc.nasa.gov/science/

7http ://astro.esa.int/Integral/

72



6.6.2 Possibility of pion decay induced y-ray detection by GLAST
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Figure 6.9.: Expected limits on the CRp scaling paramelgg, in the isobaric model by comparing the integrated
pion decay induced-ray flux above 100 GeV to sensitivity limits dterenkov telescopes of, ep(E > Eir) =
1012y cmr2 s (Ey/100 GeV} @ assuming ay-ray spectral index in Dermer's model = a,. Note that limits on
Xerp roughly < 0.01 for e, = 2.3 in the isobaric model provide good chances to degeelys in these particular clusters
with new generatioilCerenkov telescopes.

6.6.2. Possibility of pion decay induced  y-ray detection by GLAST

The “Large Area Telescope” (LAT) onboard the “Gamma-ray Large Area Space Telescope” (GlLgc®i&}luled

to be launched in 2006 has an angular resolution smaller t/%raB100 MeV while covering an energy range of

20 MeV up to 300 GeV with an energy resolution smaller than 10%. Assuming a photon spectral ingex®for
they-ray background the point source sensitivity at high galactic latitude in an one year all-sky survey is better than
6x10°% cm2 s71 for energies integrated above 100 MeV. Assuming the radio-mini halo in the Perseus cluster mainly
to originate from secondary electrons emitting synchrotron radiation then we expect the CRp scaling parameter to be
typically one order of magnitude below the upper limits obtained by comparing to EGRET data. This immediately
would imply a good possibility to detect pion decay indugerhy emission by GLAST preferentially in nearby
cooling flow clusters like Perseus and Virgo. Specifically for our secondary model of the radio mini-halo of Perseus,
while assumingy, = 2.3 in the CRp isobaric model we expect an integrataely flux above 100 MeV from Perseus

of F,(> 100 MeV)/(y cm2st) = 1.3x 108,7.4 x 10°°, and 56 x 10°° for By = 5uG, 104G, and 2uG. The
expectedy-ray flux is ever higher when including lower energetic photons.

6.6.3. Expected y-ray flux for Cerenkov telescopes

In the near future there will be fierentCerenkov telescope experiments operating with several telescopes simul-
taneously and therefore allowing stereoscopic observations. On the southern hemisphere there are the “Collab-
oration between Australia and Nippon for a Gamma Ray Observatory in the Outback” (CANGARO®)s-

8http ://glast.gsfc.nasa.gov/science/
Shttp://www.physics.adelaide.edu.au/astrophysics/

73



Cosmic rays in nearby clusters of galaxies: signatures and limits

tralia and the “High Energy Stereoscopic System” (HE88) Namibia. On the northern hemisphere there will
be the “Very Energetic Radiation Imaging Telescope Array System” (VERITA®)Arizona. All these tele-
scopes have comparable lower energy thresholdSypf= 100 GeV and provide flux sensitivities better than
Fy,exo(E > 100 GeV)= 1012y cm? s71. On the northern hemisphere there will also be the “Major Atmospheric
Gamma-ray Imagin@:erenkov detector” (MAGICY on the Canary Islands observing with a single dish telescope
of 234 n? providing an even lower energy threshold®fi, = 30 GeV.

Following the formalism described in Seét3.2and comparing the resultingray flux ¥, (E > Eu,) to expected
flux sensitivities ofCerenkov telescopeB, exo(E > Eiwnr), We obtain possible upper limits on the CRp scaling
parameteXcr, for an integrated volume out to a radial distance b;};;Mpc. TableC.5shows constraints fofcrp
using the isobaric and the adiabatic model of CRp described in&@2cEor the sake of better comparison, Fagd
additionally illustrates these limits using the isobaric model of CRp. By comparing these limits to those obtained
by analyzing synchrotron emission in the Perseus and Coma cluster (see6Talded assuming a substantial
contribution of hadronically originating CRe to these radio halos there is a realistic chance to detect extragalactic
pion decay induceg-ray emission in clusters like Perseus (A 426), Virgo, Ophiuchus, and Coma (A 1656).

6.7. Conclusions

We investigated hadronic CRp-p interactions in the ICM of clusters and simulated the resulting emission mech-
anisms in radio, X-rays, angl-rays assuming spherical symmetry. By applying this technique to a sample of
prominent clusters of galaxies including cooling flow clusters we succeeded in constraining the population of CRp.
Especially cooling flow regions are perfectly suited for constraining non-thermal ICM components due to their high
gas density and magnetic field strength.

6.7.1. The cosmic ray population of nearby galaxy clusters: EGRET constraints

From the literature we collected electron density and temperature profiles of seven cooling flow clusters and four
non-cooling flow clusters using our analytic scaling relation betweep-tlag and bolometric X-ray fluxes to obtain
observationally promising candidates.

In order to apply this method to our sample of clusters of galaxies we introduced three specific models for the
spatial distribution of CRp within cooling flow cluster. In our first two scenarios we characterized the kinetic
CRp energy densitycrp(r) to be a constant fraction of the thermal energy densiiyr) of the ICM parametrized
by Xcrp- The CRp isobaric model assumes the average pressure of CRp not to change during the formation of
the cooling flow while the adiabatic model hypothesizes this proportionality prior to transition because the CRp
experience adiabatic compression during the relaxation phase. In our third scenario we modeled the resulting
distribution of CRp difusion from a central source. By modeling the particylaray emission of our cluster
sample and comparing to EGRET upper limits we obtained upper bounds on the CRp scaling paXampeter
ecrp(r)/en(r). For Perseus and Virgo we infer the strongest upper limits which lie in the pegqge= [0.08, 0.18]
for different choices of the CRp spectral indgxe [2.1, 2.7].

6.7.2. Radio synchrotron emission by hadronically produced relativistic electrons

Furthermore, the radio emission due to hadronically produced secondary electrons emitting synchrotron radiation
was calculated and resulting radio brightness profiles were compared to measured data of the radio-mini halo of
Perseus as well as the radio halo of Coma. In the case of Coma our CRp profiles characterized by a flat CRp
scaling parameteXcg,p are not able to reproduce the observed radio profiles particularly in the peripheral regions

of the cluster. In the following we adjusted the radial behavioXeky(r) such that the synchrotron emission
resulting from hadronic CRe is able to account for the observed radio surface brightness profile and thus allowing
for an additional degree of freedom. The resulting increas¥cf(r) for larger radii could be due to adiabatic
compression which increases the thermal energy density at a higher rate than the CRp energy density. Even more

Ohttp://www.mpi-hd.mpg.de/hfim/HESS/HESS . html
llhttp ://veritas.sao.arizona.edu/
1%http://hegral .mppmu.mpg.de/MAGICHeb/
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important, the aspherical Coma cluster morphology reduces the required radial incragg(iin By exploring
the accessible parameter space spanned by parameters describing the magnetic field and the spectral index of the
CRp population we identify regions where the hadronic scenario is able to reproduce the observed radio profiles
preferentially for an energy density of the magnetic field which declines shallower than the thermal energy density.
We conclude that the secondary model for radio halos is still viable.

In the case of the Perseus mini-radio halo, we conclude upper limi¢¢@nwhich are ranging for the isobaric
model of CRp within the intervaXcrp € [0.01, 0.1] for conservative combinations of values of the magnetic field
B and the CRp spectral index, while upper limits for the CRp adiabatic model are typically half an order of
magnitude below. By comparing calculated radio brightness profiles to measured data of the radio-mini halo in
Perseus, we found excellent morphological agreement between the CRp isobaric model and the radio data especially
for the choice 0By = 10 uG, ag = 0.5, anda, = 2.3. In the course of this chapter we argued that this specific
choice of parameters for the magnetic fields in cooling flow clusters is also preferred by experiments like Faraday
rotation measurements and cosmological cluster simulations including magnetic fields. A discussitereritdi
acceleration mechanisms of CRp such as structure formation shocks, supernovae remnants, and injection by active
radio galaxies supports also a valuengfclose to the inferred one. Because of the required moderate CRp energy
density we propose synchrotron radiation by non-thermal secondary electrons from hadronic interactions as a likely
explanation of radio mini-halos. In order to scrutinize this model we provide predictignsayffluxes forCerenkov
telescopes as well as the INTEGRAL and GLAST satellites.

6.7.3. The cosmic ray population of the giant elliptical galaxy M 87

Using TeVy-ray detections of M 87 by the HEGRA collaboration, it is for the first time possible to constrain the
CRp population of an elliptical galaxy. By comparing to EGRET upper limits onytheey emission, we constrain

the CRp spectral index tmg%\’, < 2.275, provided the-ray emission is of hadronic origin and the population is
described by a single power-law ranging from the GeV to TeV energy regime.

By investigating three dierent models for the spatial distribution of the CRp and applying those to realistic
electron density and temperature profiles obtained from X-ray observations, we cafetdgtitux profiles resulting
from hadronic CRp interactions with the thermal ambient gas using an analytic formalism. After convolving with
the HEGRA point spread function, we compare the integratealy flux F,(E, > 730 GeV) for diferent annuli
of equal solid angle elements centered on the source. Based on the available data we find good morphological
agreement of all our models with these HEGRArenkov observations.

In the isobaric and adiabatic CRp model, the consequences for the CRp scaling padérgtirawn from
normalization of oury-ray flux profiles to HEGRA observations yield slightly smaller values when comparing
to our Galaxy withXcrp, ~ 1, depending on the CRp spectral index. This is because of the sensitivity of the
observations to both the ISM of M 87 and the ICM of the central cooling flow region of Virgo, wkgge S 0.2
(cf. Fig.6.1). Especially foraé%\’, ~ 2.1 or lower momentum cufts of the CRp population due to Coulomb cooling
processes, we obtain smaller contributions of CRp pressure to the ambient medium. By explorinfusiondi
model and comparing our constraints on the CRp lumindsiy, to mechanical jet power estimates of M 87, we
show the ability of TeVi-ray observations to constrain a combination of energy fraction of CRp escaping from the
radio plasma and average jet power of the AGN.

The expected radio emission by hadronically produced CRe is roughly one order of magnitude smaller compared
to the synchrotron emission of the jet. Therefore it will be a challenge for future radio observations to disentangle the
hadronic and jet emission components. FutDezenkov observations should at least be able to severely constrain
the parameter space offidirenty-ray emission scenarios. Investigating theay flux in the energy regime of
GLAST, we predict values which should allow to scrutinize this hadronic model in contrast to other scenarios.

6.7.4. Predictions for next generation  Cerenkov telescopes and GLAST

Finally, we analyzed the possibility of detecting such pion decay indyeey and IC emission by current and
future satellite missions as well as new generafimrenkov telescopes. Depending on the CRp spectral index,
the fragmentation of the spatial distribution of the magnetic field as well as its field strength, it wilfioailtli

for INTEGRAL to detect the IC emission of the hadronically originating secondary CRe while GLAST has the
potentiality to detect the distinct signature of the pion decay indye&y emission preferentially in nearby cooling
flow clusters. By investigating the opportunity of detecting extragalaetiys byCerenkov telescopes we argued
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in favor of four candidate clusters (Perseus (A 426), Virgo, Ophiuchus, and Coma (A 1656)) which are especially
suited to detect hadronically originatingray emission. These future experiments have the potential of entering a
new era of precision high energy cluster physics.

The results of this chapter were worked out in collaboration with T.A. EnR3lin. This chapter includes two publi-
cations: the second part of the paper entitl&bnstraining the population of cosmic ray protons in cooling flow
clusters withy-ray and radio observations: Are radio mini-halos of hadronic origimRich has been published in
the journalAstronomy & AstrophysicsRfrommer & EnRRlin 2004, A&A, 413, 17)and the letter entitledProbing
the cosmic ray population of the giant elliptical galaxy M 87 with observed ye&ys” which has been published
in the journalAstronomy & AstrophysicsFfrommer & Enf3lin 2003, A&A, 407, L73)
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7. Estimating galaxy cluster magnetic fields by
minimum energy criteria

Abstract

This chapter estimates magnetic field strengths of radio emitting galaxy clusters by minimizing the non-thermal energy density
contained in cosmic ray electrons (CRe), protons (CRp), and magnetic fieldscladsécal minimum energy estimate can

be constructed independently of the origin of the radio synchrotron emitting CRe yielding thus an absolute minimum of the
non-thermal energy density. Provided the observed synchrotron emission is generated by a CRe population originating from
hadronic interactions of CRp with the ambient thermal gas of the intra-cluster medium, the parameter spactas$ita
scenario can be tightened by means oftthdronicminimum energy criterion. For both approaches, we derive the theoretically
expected tolerance regions for the inferred minimum energy densities. Application to the radio halo of the Coma cluster and
the radio mini-halo of the Perseus cluster yields equipartition between cosmic rays and magnetic fields within the expected
tolerance regions. In the hadronic scenario, the inferred central magnetic field strength ranged ft@(Qoma) to 8 nuG
(Perseus), while the optimal CRp energy density is constrained te 2% of the thermal energy density (Perseus). We discuss

the possibility of a hadronic origin of the Coma radio halo while current observations favor such a scenario for the Perseus
radio mini-halo. Combining future expected detections of radio synchrotron, hard X-ray inverse Compton, and hadronically
inducedy-ray emission should allow an estimate of volume averaged cluster magnetic fields and provide information about their
dynamical state.

7.1. Introduction

Clusters of galaxies harbor magnetized plasma. In particular, the detectiofiusiedsynchrotron radiation from
radio halos or relics provides evidence for the existence of magnetic fields within the intra-cluster medium (ICM)
(for a review, seeCarilli & Taylor 2002). Since the detection rate of radio halos in galaxy clusters seems to be of
the order of 30% for X-ray luminous clusterGipvannini et al.1999, the presence of magnetic fields appears to

be common. Based on these observati@mg3lin & Rottgering(2002 developed a redshift dependent radio halo
luminosity function and predicted large numbers of radio halos to be detected with future radio telescopes.

A different piece of evidence comes from Faraday rotation which arises owing to the birefringent property of
magnetized plasma causing the plane of polarization to rotate for a nonzero magnetic field component along the
propagation direction of the photorSlérke et al2001). However, the accessible finite windows given by the ex-
tent of the sources emitting polarized radiation are a limitation of this method. The derived magnetic field strengths
depend on the unknown magnetic field autocorrelation length which has to be deprojected from the observed two
dimensional Faraday rotation measure maps using certain assumptions (see, Hom&Eire& Vogt 2003 Vogt &
EnRlin2003. A different approach is given by the energy equipartition argument if a particular cluster exhibits dif-
fuse radio synchrotron emission. The method assumes equal energy densities of cosmic ray electrons and magnetic
fields in order to estimate volume averaged magnetic field strengths.

The minimum energy criterion is a complementary method. It is based on the idea of minimizing the non-thermal
energy density contained in cosmic ray electrons (CRe), protons (CRp), and magnetic fields by varying the magnetic
field strength. As one boundary condition, the implied synchrotron emissivity is required to match the observed
value. Additionally, a second boundary condition is required mathematically which couples CRp and CRe. For the
classical case, a constant scaling factor between CRp and CRe energy densities is assumed. However, if the physical
connection between CRp and CRe is known or assumed, a physically better motivated criterion can be formulated.
As such a case, we introduce the minimum energy criterion within the scenario of hadronically generated CRe.

Classically, the equipartitigminimum energy formulae use a fixed interval in radio frequency in order to estimate
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the total energy density in cosmic ray electrons (CRe), a purely observationally motivated pro@&dbidge

1956 PacholczyKl970. However, this approach has a drawback when compariteyent field strengths between
galaxy clusters because a given frequency interval correspondgdredt CRe energy intervals depending on the
magnetic field strength8€ck2001). For this reason, variants of the minimum energy criterion have been studied

in order to place the magnetic field estimates on more physical grounds, based then on assumptions such as the fixed
interval in CRe energyRohl1993 Beck et al.1996 Brunetti et al.1997). The modified classical minimum energy
criterion does not specify a particular energy reservoir of the CRe. However, this apparent model-independence is
bought dearly at the cost of the inferred magnetic field strength depending on unknown parameters like the lower
energy cutff of the CRe population or the unknown contribution of CRp to the non-thermal energy density. In the
following, we use the termalassical minimum energy criterian its modified version, including e.g. a fixed interval

in CRe energy.

Natural candidates for acceleration mechanisms providing a highly-relativistic particle population are strong struc-
ture formation and merger shocks (eldarris et al.198Q Sarazin1999 or reacceleration processes of 'mildly’
relativistic CRe 4. ~ 100- 300) being injected over cosmological timescales into the ICM. Owing to their long
lifetimes of a few times 1Dyears, these mildly relativistic CRe can accumulate within the ICM Esgazin2002
and references therein), until they experience continuous in-situ acceleration via resonant pitch angle scattering
by turbulent Alfvén waves as originally proposed lgfe (1977 and reconsidered bgchlickeiser et al(1987,

Brunetti et al.(2001), Ohno et al(2002), Gitti et al. (2002, andKuo et al.(2003. However, this reacceleration sce-

nario also faces challenges as recent results infplynetti et al. (20048 show, that if the CRp-to-thermal energy
density ratio were more than a few percent, Alfvén waves would be dantfieiémtly such that the reacceleration
mechanism of the electrons is ifieient. Because nearly all conceivable electron acceleration mechanisms produce
a population of CRp which accumulates within the clusters volume, this represerftscamedamping source of

Alfvén waves! Kuo et al.(2004 presented an interesting line of argumentation to investigate the nature of radio
halos by comparing the observed and statistically predicted population. This approach might allow to measure the
life time of radio halos and thus help to conclude their physical origin with a future flux-limited, controlled, and
homogeneous radio halo sample.

In this work, we examine a minimum energy criterion within another specific model for the observed extended
radio halos o~ Mpc size: hadronic interactions of CRp with the ambient thermal gas produce secondary electrons,
neutrinos, andy-rays by inelastic collisions taking place throughout the cluster volume. These secondary CRe
would generate radio halos through synchrotron emisd€d@mison198Q Vestrand1982 Blasi & Colafrancesco
1999 Dolag & Enf3lin200Q Miniati et al. 2001, Pfrommer & Enf3lin20043. This scenario is motivated by the
following argument: The radiative lifetime of a CRe population in the ICM, generated by direct shock acceleration,
is of the order of 1®years forye ~ 10*. This is relatively short compared to the requirefidiion timescale needed
to account for such extended radio phenomearairfetti2002. On the other hand, the CRp are characterized by
lifetimes of the order of the Hubble time, which is long enough téudie away from the production site and to be
distributed throughout the cluster volume to which they are confined by magnetic fiéltkset al. 1996 Enf3lin
et al. 1997 Berezinsky et al1997). The magnetic field strength within this scenario is obtained by analogy with
the classical minimum energy criterion while combining the CRp and CRe energy densities through their physically
connecting process. Apart from relying on the particular model, the inferred magnetic field strengths do not depend
strongly on unknown parameters in this moglel.

The philosophy of these approaches is to provide a criterion for the energetically least expensive radio synchrotron
emission model possible for a given physically motivated scenario. To our knowledge, there is no first principle
enforcing this minimum state to be realized in Nature. However, our minimum energy estimates are interesting in
two respects: first, these estimates allow scrutinizing the hadronic model for extended radio synchrotron emission in
clusters of galaxies. If it turns out that the required minimum non-thermal energy densities are too large compared to
the thermal energy density, the hadronic scenario will become implausible to account for the extéindedatiio
emission. For the classical minimum energy estimate, such a comparison can yield constraints on the accessible
parameter space spanned by lower energyftatthe CRe population or the contribution of CRp to the non-thermal
energy density. Secondly, should the hadronic scenario be confirmed, the minimum energy estimates allow testing

lindeed, there are first hints for the existence of a 10 MeV - 100 MeV CRp population deriving from the detection of excited gamma-ray lines
from the clusters Coma and Virgty(idin et al.2004). If verified, that would make a high energy (GeV) CRp population very plausible.

?Likewise the minimum energy criterion within the reacceleration scenario of mildly relativistic §Re (00— 300) can be obtained by
minimizing the sum of magnetic, mildly relativistic CRe, and turbulent energy densities while allowing for constant synchrotron emission.
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for the realization of the minimum energy state for a given independent measurement of the magnetic field strength.
This chapter is organized as follows: after introducing synchrotron radiation of CRe 7S&d}t. analytic formu-

lae for hadronically induced emission processes are presented {Segt. The classical and hadronic minimum

energy criteria are then derived, the theoretically expected tolerance regions are given, and limiting cases are dis-

cussed (Sect.3). In Sect.7.4, we examine whether future observations of inverse Compton emission and hadroni-

cally inducedy-ray emission can serve as tests for the verification of the minimum energy criterion. Magnetic and

cosmic ray energy densities and their tolerance regions are inferred from application of the minimum energy argu-

ments in the Coma and Perseus cluster for both scenarios {JgctThis chapter concludes with formulae which

provide recipes for estimating the magnetic field strength in typical observational situation¥ (§edtaroughout

this chapter we use the present Hubble condtant 70 h;o km s Mpc™t, whereh;q indicates the scaling di,.

7.2. Theoretical background

This section presents our definitions and the theoretical background for this work. After introducing characteristics
of the CRe population and the synchrotron emission formulae, we focus on specifications of the CRp population. Fi-
nally, the section concludes with analytic formulae describing the hadronically ingue@adand radio synchrotron
emission processes.

7.2.1. Cosmic ray electrons and synchrotron emission

The diferential number density distribution of a CRe population above a MeV is often represented by a power-law
in energyke,

o Ee \% [ dE
fo(r, Ee) dEo V' = ficre(r) ( Geev) ( Ge:/) av. (7.1)
where the tilde indicates thatgre is not a real CRe number density although it exhibits the appropriate dimensions.
The normalizatiomcge(r) might be determined by assuming that the kinetic CRe energy degiffy) is expressed

in terms of the thermal energy density(r),

ecrell) = Xcrelr) m(r) = Ag, Ncre(r), (7.2)
2—-ae Ez
Ag(ae) = ze_e(\; [(GE;V) L : (7.3)

Here we introduced the abbreviatiof(K)];2 = f(x2) — f(x1). in order to account for cufts of the CRe population.
If the CRe population had time to lose energy by means of Coulomb interacGansgd1972, the low energy part
of the spectrum would be modified. This modification, which impacts on the CRe distribution furigtioke)
and thus orAg_(ae), can be approximately treated by imposing a time dependent lower enerdglyauthe CRe
population as described Pfrommer & Enf3lin(20043.

While the functional dependence of the CRe scaling param&fgyr) is a priori unknown, its radial behavior
will be adjusted such that it obeys the minimum energy criterion. The thermal energy density of tlag, i€liven

by

3

enn) = 3 dene(nKTL(0), (7.4)
1-3X

where do = 1+—21° (7.5)
1- X

counts the number of particles per electron in the ICM using the primdtdiaimass fractionXye = 0.24. T, and
ne denote the electron temperature and number density, respectively.

The synchrotron emissivity, at frequency and per steradian of such a CRe populatierd)( which is located
in an isotropic distribution of magnetic fields (Eqn. (6.36Rybicki & Lightman1979), is obtained after averaging
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over an isotropic distribution of electron pitch angles yielding

s (r) (o, +1)/2
(D) = Ac, (@) ficrd) [ ] o scrdr) By, 7.6)
2nnmgccy v
B, = +/8mep = ~ 31( ) G, 7.7
C EB. SeGeVZ GHz % ( )
A V3 Bl ae + 3T (357) L (357) T () (7.8)
Esyn 321 rnecz Qe + 1 r ((Ye;{?) s .

wherel'(a) denotes the Gamma-functioAlframowitz & Stegunl965 andw, = (ae — 1)/2. Note that for later
convenience, we introduce a (frequency dependent) characteristic magnetic field dBengtbh implies a char-
acteristic magnetic energy denskiy,. Line-of-sight integration of the radio emissivify(r) yields the surface
brightness of the radio emissi&(r.).

7.2.2. Cosmic ray protons
7.2.2.1. CRp population

In contrast to the previously introduced CRe population and owing to the higher rest mass of protons, we assume
the diferential number density distribution of a CRp population to be described by a power-law in momgntum
which for instance is motivated by shock acceleration studies:

p cdp,
fo(r, pp) dpp dV = ficrp(r) (GF()EV) (aﬁ) dv. (7.9)

The normalizatiomcgg(r) can be determined in such a way that the kinetic CRp energy desgiffr) is expressed
in terms of the thermal energy densify(r) of the ICM,

gcrp(r) = Xerplr) en(r) = Ag, Aicrp(r), (7.10)
3 myc®  (mpc? 1o ap—-2 3-qp
Ag(ap) = Z@-1 (Gev) B( >3 ) (7.11)

B(a, b) denotes the Beta-functiodramowitz & Steguril969.

Aging imprints a modulation on the low energy part of the CRp spectrum by Coulomb losses in the plasma.
This modification, which impacts on the CRp distribution functiy(r, pp) and thus orAg (ap), can be treated
approximately by imposing a lower momentum diitas described ifPffrommer & EnRlin(20043. On the other
side, highly energetic CRp with energies beyond 20’ GeV are able to escape from the galaxy cluster assuming
momentum dependent CRfldision in a turbulent magnetic field with a Kolmogorov-type spectrum on small scales
(Berezinsky et al1997. The finite lifetime and size of particle accelerating shocks also give rise to high-energy
breaks in the CRp spectrum. These low and high momentunffswace always present in the CRp population.
However, for CRp spectral indices betweert 2y, < 3 these spectral breaks have negligible influence on the CRp
energy density. If the breaks are neglected, the CRp energy density would divetge $oP at the high-energy
and for 35 «p at the low-energy part of the spectrum. In these cases, breaks have to be included by réglacing
in Egn. (7.10 with

- o omp? (mpc?) —23-m) L., — P
Ag(ap) = m(eev) [Bx(p)( 5 ) 2p (,/1+p2—1) . (7.12)
P
myC’

whereB(a, b) denotes the incomplete Beta-functidkbfamowitz & Stegurl965 and g; andg; are the lower and
higher break momenta, respectively.

x(P) (1+p) andp= (7.13)
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7.2.2.2. Hadronically induced 7y-ray emission

The CRp interact hadronically with the ambient thermal gas and produce pions, provided their momentum exceeds
the kinematic thresholgy,, = 0.78 GeVc™ for the reaction. The neutral pions decay igteays while the charged
pions decay into secondary electrons (and neutrinos):

T o WAV [V €+ Ve/Vet v+,
- 2y
Only the CRp population above the kinematic threshald is visible through its decay products jnray and
synchrotron emission.

An analytic formula describing the omnidirectional (i.e. integrated ovesdlid angle) diferentialy-ray source
function resulting fronr®-decay of a power-law CRp population is giverAfrommer & EnRlin(20043:

I - —5,1~y /0y
N 2-a, ficrp(r) i mo 2\ ™ [( 2 E, oy 2E, 27
a,(r,E,) dE, dV = oppcny(r) 2 eV 3a, | Gev 2 e dE, dv, (7.14)

whereny(r) = dirNe(r) = ne(r)/(1 - %XHe) denotes the target nucleon density in the ICM while assuming primor-
dial element composition witye = 0.24, which holds approximately. The formalism also includes the detailed
physical processes at the threshold of pion production like the velocity distribution of CRp, momentum dependent
inelastic CRp-p cross section, and kaon decay channels. The shape pafsarastethe &ective cross sectiosry,

depend on the spectral index of theay spectrun,, according to

6, = 014¢,*°+044  and (7.15)
32-(0.96+ **~24*) mbarn (7.16)

1R

Opp

There is a detailed discussionfirommer & Enf3lin(20043 how they-ray spectral index,, relates to the spectral
index of the parent CRp populatiap. In Dermer’s model, which is motivated by accelerator experiments, the pion
multiplicity is independent of energy yielding the relatien = o, (Dermer19864ab).

Provided the CRp population has a power-law spectrum, the integyatayl source density, for pion decay
inducedy-rays can be obtained by integrating theay source functiom, (r, E,) in Eqn. (7.14 over an energy
interval yielding

E
LLELE) = | 0B, 0, (1.E)) = Aap) Ag(ap) Xereln) nE(N KTe(r), (7.17)
U'pp(ap)Cdedtar [Bx (027—(;1, 027(;71)] ’
where A (ap) = — iy (7.18)
(&) 2o
2 26,771
and x = [“(%) ] for i € {1,2). (7.19)

They-ray number fluxF, is derived by means of volume integration over the emission region and correct accounting
for the growth of the area of the emission sphere on which the photons are distributed:

1+z
47t D2

HereD denotes the luminosity distance and the additional factorstof Account for the cosmological redshift of
the photons.

F(Ex. Ep) = f dV 4,[r. (1 + 2)Ey. (1 + 2)E,). (7.20)

7.2.2.3. Hadronically induced synchrotron emission

Following for instancebolag & EnRlin (2000 andPfrommer & EnRlin(20043, the steady-state CRe spectrum is
governed by injection of secondaries and cooling processes so that it can be described by the continuity equation

o2 (B B (r. E9) = (. Ex). (7.21)
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For Ee(r, p) < O this equation is solved by
= dE.qge(r, EL) . (7.22)
|E9(r7 Ee)| Ee e ¢

For the energy range of interest, the cooling of the radio emitting CRe is dominated by synchrotron and inverse
Compton losses:

fe( r, EE)

4o01C
3mgct

wherecy is the Thomson cross sectiars(r) is the local magnetic field energy density, arghs = B2,,5/(87) is
the energy density of the cosmic microwave background expressed by an equivalent field 8ggagth3.24 (1+
2)%uG. Assuming that the parent CRp population is represented by a poweT-Bwthe CRe population above a
GeV is therefore described by a power-law spectrum

—Ee(r, Ee) = [ea(r) + ecws] E2, (7.23)

_ ﬁCRe(r) Ee \*
W E) = o (@) , (7.24)
and fordn) = A () et (7.25)

&s(r) + ecms’
167%™ appmg ¢ ()
r = , 7.26
Acei (1) -2 o Gev (7.26)
where the fective CRp-p cross sectiar, is given by Eqn. 7.16).

The hadronically induced synchrotron emissivjtyat frequency and per steradian of such a CRe population
(7.24) which is located in an isotropic distribution of magnetic fields within the halo volume is given by Eén. (
However, the normalizationcge(r) of the CRe population is given by Eqnz.R5. The spectral index of the
synchrotron emission is related to the CRp spectral index, by (ae — 1)/2 = a;/2.

7.3. Minimum energy criteria

This section develops minimum energy criteria in order to estimate the magnetic field and studies the tolerance
region of the obtained estimates. As described in Setit.we discuss two dierent approaches when requiring

the non-thermal energy density of the source to be minimal for a particular (observed) synchrotron emission. The
classical minimum energy criterion used in radio astronofyh( 1993 Beck et al.1996 Brunetti et al.1997)

can be applied irrespective of the particular acceleration process of CRe, but unfortunately it relies on uncertain
assumptions or parameters. Provided the hadronic scenario of synchrotron emission applies, these dependencies
can be softened. The resulting minimum energy argument needs to be changed accordingly.

The philosophy of these approaches is to provide an estimate of the energetically least expensive radio emission
model possible in each of these physically motivated scenarios. Thus, the obtained minimum energy estimates
should not be taken literally in a sense that they are necessarily realized in Nature. However, the minimum energy
estimates allow scrutinizing the hadronic model for extended radio synchrotron emission in clusters of galaxies by
comparing to the thermal energy density. For the classical minimum energy estimate, such a comparison can yield
important constraints on the accessible parameter space.

The non-thermal energy density in the intra-cluster medium (ICM), which is the quantity to be minimized, is
composed of the sum of the energy densities in magnetic fields, CRp and CRe:

ENT = €B + ECRp t+ £CRe (7.27)

The CRp population also includes higher mass nuclei in addition to protons. For convenience, we introduce canon-
ical dimensionless energy densities by means of scaling with the critical magnetic energy agnsit2/(8m),
whereBg is defined in EqQn.q.7):

r ecrp(r) r
xr() = N = C:: , Xcrd) = ‘%ER—BQ() (7.28)
eplr Enlr E
xe() = 20 ynr) = O andygys = SV (7.29)
€B; EB, €B,
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7.3.1 Classical minimum energy criterion

After presenting the conceptually simpler classical minimum energy criterion, we will subsequently discuss the
hadronic minimum energy criterion.

7.3.1. Classical minimum energy criterion

This section presents the classical minimum energy criterion from a physically motivated point of view, probing
synchrotron emission from CRe characterized by a power-law distribution function without specifying their origin.
This approach implies putting up with a dependence of the inferred magnetic field strength on unknown parameters
like the lower energy cutd of the CRe population or the unknown contribution of CRp to the non-thermal energy
density.

7.3.1.1. Derivation

Assuming a proportionality between the CRe and CRp energy densitiegdge= KyXcre the non-thermal energy
composition equation7(27) can be written as

XNT = XB + (1 + Kp)XcRe (7.30)

This assumption is reasonable if for instance the thermal electron population and the CRp were energized by the
same shock wave assuming that there is a constant fraction of energy going into the CRp population by such an
acceleration process, provided injection processes alone determine the energies. In order to proceed, we need an
expression foij, (given by Eqgn. 7.6)) as a function of the dimensionless energy densities considered here:

AEsyn(ae) €B.

A
a-1 @-3
2 T4

iv(r) xcre(r) xa(r)**°, where (7.31)

e

6 = (7.32)
For consistency reasons, which will become clear in Se8t2 we introduce’ as a parameterization of the spectral
index. For typical radio (mini-)halo$, is a small quantity: the synchrotron spectral indgx= 1 corresponds to
6 = 0. Solving Eqn. 7.3)) for the CRe energy density yields

Xcre = Colas{l) Xs(r)™*°, where (7.33)

Cansdr) = 22D ) (7.39

AESyn SBC VS

is a convenient auxiliary variable. Combining Eqna30 and (7.33 yields the non-thermal energy density solely
as a function of the magnetic energy density

XNt = Xg + (1 + Kp) Cotasqr) Xa(r) . (7.35)

Requesting this energy density to be minimal for a given synchrotron emissivity yields the energetically least
expensive radio emission model possible in this approach:

( OXNT

) =1~ (1+Kp)(L+6) CoasdN)xa(r) > £ 0. (7.36)
0Xp

v

The corresponding CRp, CRe and magnetic energy densities are given by

Xew () = [(L+ k)L +06) Caasdn)]"*”, (7.37)
Xeraw (") = Colasdr) [(1+k)(L+6) Comsdn)] 7. (7.38)
XeRpyn(1) = Ko Xcraya(1). (7.39)

Note that these formulae deviate frétacholczyl1970, since we use a fixed interval in CRe energy rather than in
radio frequency (cf. Sect.1). However, they are equivalent to those obtainedhynetti et al.(1997).
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Estimating galaxy cluster magnetic fields by minimum energy criteria

7.3.1.2. Localization of classical minimum energy densities

We wish to quantify how tight our statements about the inferred minimum energy densities are, i.e. to assign a tol-
erance region to the minimum energy estimates. This region would have the meaning of a quasi-optimal realization
of the particular energy densities. The curvature radius at the extremal value is one possible way of characterizing
the ‘sharpness’ of the minimush:

1 aszT
2
XNT OXg

-1/2
O xg,Gauss= [ ] . (7-40)
XBmm

In order to avoid unphysical negative values for the lower tolerance leved gfwe rather adopt the following
logarithmic measure of the curvature:

921n XNT
Oinxg = | 371 o o

-1/2
a(In xg)?|, ] ' (7.4

Considering the linear representation@f this definition explicitly implies tolerance levels which are given by
exp(Inxs = oinx,). Applying this definition to Eqn. .39 yields the theoretical tolerance level of the estimated
minimum magnetic energy density,

2
() = | B [Coss (14 1) + XG0
Tlnxg =
Cclass(l + kp) (2 + 6)2
The tolerance level of the estimated minimum CRp energy density is given by

0InXxg

1/2

(r). (7.42)

Tlnxg» (7.43)

XBmin

TInxcrp = ‘

while the theoretical tolerance level of the estimated minimum CRe energy density can be obtained likewise. Ap-
plying this Gaussian error propagation to EGh3@, we obtain following general result:

TInxcrp = TN Xcre = A +6)on Xg - (7.44)

7.3.1.3. Equipartition condition

In order to investigate under which conditions the classical minimum energy criterion implies exact equipartition,
we examine the special cage- 0 of Eqn. {.37). The resulting minimal magnetic and CRp energy densities read

Xeomn(l) = \ (1 +Kp) Celas{r) » (7.45)

2 Celas >
XCRppy (1) = ‘fk‘zl%k;()r) T Xeg(D). (7.46)

This comparison shows that there exists exact equipartition between the CRp and magnetic energy dénsilies if
andk, > 1! In our Galaxyk, ~ 100 Beck et al.1999 anda, = acH, = 0.8 suggesting = —0.1 (Beuermann et al.
1985, which implies that these equipartition conditions are well fulfilled. Comparing this result with studies that
are using a combination of synchrotron emission, the local CRe density, #insediontinuuny-rays,Strong et al.
(2000 interestingly imply the same magnetic field strength as inferred from equipartition argurBenisdt al.
1999. The corresponding minimal CRe energy density is given by

oren = GRG0, (7.47)

The classical minimum energy densities in CRe and magnetic fields are in exact equipardittof indk, < 1!
In the limiting case = 0, the theoretical tolerance levels of the estimated classical minimum energy densities read

Oinxg, = Olnxcrgy = TInXcrgy — 1 (7.48)

30ne could picture this approach by assuming Gaussian statistics for the distribution of non-thermal energy densities. The curvature radius at
the minimum would then correspond to the width and thus yielding the 68%-confidence level with respect to this extremal value.
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7.3.2. Hadronic minimum energy criterion

This section deals with the hadronic minimum energy criterion and thus probes hadronically induced synchrotron
emission. If a significant part of the CRe population is known to be generated by hadronic interactions, the minimum
energy estimate allows testing for the realization of the minimum energy state for a given independent measurement
of the magnetic field strength. Thus, the proposed minimum energy criterion would provide information about the
dynamical state of the magnetic field.

7.3.2.1. Derivation

To derive the hadronic minimum energy criterion, we need an expression for the CRp energy density as a function
of the magnetic energy density which is obtained by combining Eqrg).4nd (7.25:

Xcrp(r) = Chaddr) [Xs(r) + Xcme] xg(r) ™7, (7.49)
_ A5 0 Jv(r)

R e O RETN O} (720

5 - av—l:a/e—Szap—Z. (7.51)

2 4 4

The paramete€,4(r) has the meaning of a hadronic synchrotron emissivity per target nucleon density and per
frequency. Its value decreases for any existing ffutothe parent CRp population as described by Edqrild).

For convenience we introduce the paramétehich ranges within|0.1, 0.2] for conceivable CRp spectral indices

ap =[1.6,2.8].

Assuming the hadronic electron source to be dominant, we can neglect the primary CRe population. In any case,
the energy density of hadronically generated CRe is negligible compared to the energy density of the parent CRp
population: Above energies efGeV the diferential hadromdxp = ficrp/ficre has typically values ranging between
kp 100 (Perseus) adq, 300 (Coma), where we inserted the typical values of the central density and magnetic
field strength. The tilde nkp indicates the slightly modified definition compared to the previous classical case.
Requiring minimum non-thermal energy density within the hadronic framework for a given synchrotron emissivity
yields

( OXNT

]
=0. 7.52
el (7.52)

0
): 1+ XCRp
aXB

v
By using Eqgn. 7.49 we obtain the following implicit equation for the minimum magnetic energy density:

[(1+6) Xcme + 0%g,,;, (1] Xa,,, (1) 2 = C A (N). (7.53)

The definition ofChaq(r) (7.50 reveals an implicit dependence on the parametrized spectral dndéowever, the

right hand side of the minimum energy criterion}3 is uniquely determined for a given spectral index and an
observed synchrotron emissivity at a particular frequency. Thus, the minimum energy density of the magnetic field
giving rise to an observed synchrotron emission in the hadronic model can either be obtained by solvidgpBgn. (
numerically or applying the asymptotic expansion which will be developed in 3&c.2

7.3.2.2. Asymptotic expansionfor ¢ # 0

The asymptotic expansion of the magnetic field energy density as a function of the small pasaioléiess from
the minimum energy criteriorv(53):

Xg (1) = Xgo(r) + 6Xa,(r) + 62X, (r) + O(6%), (7.54)
Xgo(1) = VChaalr) Xcme, (7.55)
Xg,(r) = X%'” (1 —InXxg, + X);T:B)(r), (7.56)

XB, 1 2 By X251
Xg,(r) = — [—— (In xg,) (2+Inxg,) + (7.57)
§ 2|2 =)
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Figure 7.1.: Comparison between the numerical solution and the second order asymptotic expan€iqgs forl (cool
core cluster, formerly referred to as cooling flow cluster) &gy, = 10~* (cluster without a cool core). The perfect match
indicates a fast convergence of the asymptotic solution for the ranfjbedhg considered.

A comparison between the humerical solution and the asymptotic solution for figcedit values of the parameter
Chagris shown in Fig.7.1 The particular values of the parame@gq, will be motivated in Sect7.5.2 This figure

should serve as mathematical illustration of the convergence behavior of the asymptotic expansion while keeping
the paramete€y g, fixed. The second order asymptotic solution perfectly agrees with the exact solution for the
ranges = [-0.15,0.2] of conceivable CRp spectral indices = [1.6, 2.8].

7.3.2.3. Localization of hadronic minimum energy densities

Considering the accuracy of the estimated minimum energy densities in the hadronic scenario, we can also apply
the logarithmic measure of the theoretical tolerance level as defined in E4f): (

Onxg(r) = [X%Tni + Chadr(XBmin + XCMB)] (ChaerBmin)_l/z

-1/2

X {ChadrXeue + X570 [(1+ 6)*Xg,,, + (2+ ) Xeme |} (1). (7.58)
The corresponding tolerance level for the minimum CRp energy density is obtained by applying Gaussian error
propagation7.43:
XcmB
N=(——=—+46 r). 7.59
Tosenl0) = (e +8) () (7.59
The consequences of these rather unwieldy formulae will become intuitively clear in the next section where charac-
teristic limiting cases are investigated.

7.3.2.4. Special cases

In order to gain insight into the hadronic minimum energy criterion, we investigate special cases of .Bgn. (
namelyé — 0, eg > ecus, andeg < ecmp, While simultaneously considering the resulting tolerance regions of
the previous Sec.3.2.3

1. § —» 0: The limit of § — 0 corresponds to a hard spectral CRp population described by a spectral index of
ap = 2.0 and thusy, = 1. There the dimensionless magnetic field energy density reads
1/2

XBoin (1) = VChadi(I) Xcms o [M . (7.60)

ynn(r)
86



7.3.2 Hadronic minimum energy criterion

We can formulate the corresponding dimensionless CRp energy density resulting from this minimizing argu-
ment:

XCRpymn (1) = Chadl(r) + vChaar) Xcm. (7.61)

Itis interesting to note that there are two regimesxgs ., namely

Chad,(r), for Chadr(r) > 0.0lvéﬁz,

XcRpmn (1) = {xBoymm(r), fOr Chac(r) < 0.01v 2. (7.62)

Only in the limit of a small paramet&y,q(r) ands = 0, there is an exact equipartition between the hadronic
minimum energy densities in CRp and magnetic fields!

The tolerance regions of the estimated minimum energy densities are also more intuitive to understand in the
limit § = 0 compared to the general case laid down in E@rbg):

1/2
XBO.mm(r) . - . .
TInxg, (1) 1+ o | implying two regimes:
1 for XBomin << XCMB>
Tinxe, (1) = { | X8y (1) (7.63)

1/2
M} , for Xgg,.. > XcmB -
In the previously studied classical cage4@), the tolerance region remains constant for all conceivable mag-
netic energy densities. In contrast to this, the hadronic scenario shows a increasing toleranceggiton

strong magnetic field strengthBy(min > 3.24 (1+ 2)?> uG) which is explained by the following argument: in

the limit of strong magnetic fields, the hadronically induced synchrotron emissiorayithl does not de-

pend any more on the magnetic field strength but only on the CRp energy density. This is, because the inverse
Compton cooling is negligible in this regime, implying that observed synchrotron emission is insensitive to
any variation of the magnetic field strength since all injected CRe energy results in synchrotron emission.
Therefore magnetic field estimates inferred from minimum energy arguments are rather uncertain in the limit
of strong magnetic field strengths.

The tolerance levels of the corresponding CRp energy density, derived from7Es®, §hows two limiting
regimes:

XBO,min(r) - XBO,min(r) 1/2 . .
e = [ 520) (0 ) mobin
1 for Xg, i < XcmBs
1/2
Jn XCRR) (r) = XCMB (7.64)
X, (T , for XBymin - XCMB -

The tolerance region of the inferred minimum CRp energy density decreases in the regime of strong magnetic
fields which can be understood by the same token as above, i.e. synchrotron losses dominate over the inverse
Compton cooling in this limit. Thus, the observed radio emission reflects accurately the CRp energy density
in the strong magnetic field limit.

. &g > ecmg: In the limit of eg > ecmp, the magnetic field energy density is an even stronger function of the
synchrotron emissivity and the number density of the ambient gas:

1v(r)

o) , (7.65)

1/(1+6)
XBmm(r) = [6 Chadr(r)] 1/(1+6) = 6Chadl(r)l/(l+6) o 6 :|

where we assumeld| < 1 in the second step. In the limit of strong magnetic fields and sénadkact
equipartition of the magnetic and CRp hadronic minimum energy density does not occur, because

XeRap (1) = 67/0*)Crga(1) Y0+ = Cpaa(r) (1~ 6 Ino). (7.66)
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3. ecvs > ¢g: In the opposite limit, we obtain the following minimum energy criterion for the magnetic field

energy density:
Xgn(r) = [(1+6) Xcums Chaal )] Y@+ (3.67a)
= (1+ g) [Xcm Chaad 1] @+ (3.67b)
8\ [ iv()scms |
* <1+ 2)[ v nn(r) ] ’ (3:67¢)

where we again assumédk 1 in the second step. In contrast to the previous limit, there is exact equipartition
between the magnetic and CRp hadronic minimum energy density to zeroth oéder in

(1 + 6)" A+ [ xopp Chagd 1) ) (3.68a)

(1~ 2) DouaCraa]¥® (3.68b)

XCRpmm(r)

7.4. Future testing

This section will discuss possibilities of measuring the magnetic field strength, averaged over the cluster volume, in
order to test for the realization of the energetically least expensive state given by the minimum energy criterion.

7.4.1. Inverse Compton emission

The CRe population seen in the radio band via synchrotron emission should also scatter photons of the cosmic
microwave background (CMB), the local radiation field of elliptical galaxies, and the thermal X-ray emission of the
ICM to different energy band§&€lten & Morrison1966 Reesl967). Combining measurements of inverse Compton
(IC) and synchrotron emission eliminates the uncertainty in number density of the CRe population provided the
inevitable extrapolation of the CRe power-law distribution for certain observed wavebands is justified. This enables
the determination of the magnetic field strenBttor an IC detection and a lower limit ddfor a given non-detection
of the IC emission.

The source functiomc owing to IC scattering of CMB photondtoan isotropic power law distribution of CRe
(Egn. (7.2)) is (derived from Egn. (7.31) iRybicki & Lightman1979 in the case of Thomson scattering),

1-ae —(ay+1)
acE) = a0 teld (B ] (] (7.69
3 20e+3 (a'g +4ae+11) @e+5 ae+5
fiel@d) = G 3P(aer5) @+ D) (2)4(2)’ (7.70)
andd(r) = 307 Acre(r) (KTovs)? (7.71)

h3 2 ’

wherea, = (ae — 1)/2 denotes the spectral indexa) the Riemann’-function (Abramowitz & Steguril965, and
Acre(r) is given by Eqn. 7.2). After integrating over the considered energy interval and the IC emitting volume in
the cluster, the particle flux, (E1, E2) is obtained (cf. EQn.7.20).

EnRlin & Biermann(1998 compiled non-detection limits of IC emission offiirent photon fields in various
wavebands from the Coma cluster and obtained the tightest limigsfoom the CMB photon field. The same CRe
population emitting radio synchrotron radiation scatters CMB photons into the hard X-ray band. Non-detection of
this IC emission by the OSSE experimeRephaeli et al1994) yields a lower limit on the central magnetic field
strength ofBcomd0) > 0.2 uG f3%43, wherefsg is the filling factor of the magnetic field in the volume occupied by
CRe. Provided the CRe power-law distribution can be extrapolated to lower energies, the limit given by the EUV
flux (Lieu et al.1996 predicts a magnetic field strength stronger tBapmn40) > 1.2 pG 5943,

The reported high energy X-ray excess of the Coma cluster by the Beppo-Sax sdtelite-Femiano et al.

1999 initiated other theoretical explanations about the origin of such an excess than IC up-scattering of CMB
photons by relativistic electrons. One possibility implies the existence of a bremsstrahlung emitting supra-thermal
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electron population between 10 and 100 keV which would also produce a unique Sunyaev-Zel'dovich signature
(EnBlin et al.1999 Enflin & Kaiser200Q Blasi et al.200Q Blasi 200Q Liang et al.2002, Colafrancesco et al.

2003. However, such a population is questioned on theoretical reaBet®§iar?001), and even the high X-ray
excess of Coma itself is under debaRoésetti & Molendi2004 Fusco-Femiano et a2004). The data analysis of

the RXTE observation of A 2256 yielded also evidence for a second spectral comgeaphtgli & Grube003.

On the basis of statistics alone, the detected emission is inconclusive as to whether it originates from a thermal
multi-temperature fluid or an isothermal gas in combination with a non-thermal IC power-law emission. Future
measurements with the IBIS instrument on-board the INTEGRAL satellite should provide even tighter upper limits
respectively detections of the IC X-ray flux of a particular cluster and should therefore allow even tighter lower
limits on the magnetic field strength.

7.4.2. ~-ray emission

This subsection outlines the method for estimating upper limits on the magnetic field strength using hadronic CRp
interactions. The method is based on the idea of combining hadronically ingt@gdand synchrotron emission
to eliminate the uncertainty in number density of the CRp population. For this purpose, one necessarily needs to
resolve the detailed broad spectral signaturg-odys resulting from the®-decay £°-bump centered om,c?/2 ~
67.5 MeV) as laid down in Eqn.4.17). This is to exclude other possible processes contributingfiiosdi extended
v-ray emission like IC radiation or dark matter annihilation. Because of possible other additional contributions to
the difuse synchrotron emission from CRe populations, e.g. primarily accelerated electrons, we are only able to
provide an upper limit on the magnetic field strength.

The proposed algorithm allows forftirent spatial resolutions of theray and synchrotron emission. The ap-
plication, we have in mind, is the determination of intracluster magnetic fields. In this)caamg observations of
the 7%-decay induced-ray emission signature are only able to provide integratealy fluxes of the entire clus-
ter due to their comparably large point spread functigfray fluxes depend on the thermal electron density and
temperature profiles which have to be derived from X-ray observations. However, if we assumed a comparable res-
olution iny-ray and synchrotron emission the dependences on the thermal electron population could be eliminated
(cf. Sect.7.2.2. The algorithm consists of the following two steps:

1. Choosing a constant scaling paramefgg, for the CRp population and performing the volume integral of
the energy integrategray source density, (7.17) yields they-ray flux according to Eqn.7(20. The CRp
parameteXcry is obtained by comparing the observed to the theoretically expgetag flux.

2. InsertingXcrp into the synchrotron emissivity;, (7.6) enables us to solve for the magnetic field strength as
function of angle on the sky when comparing to radio surface brightness observations.

Once a detailed angular distributiond¥decay induceg-ray emission from a particular astrophysical object is
available this algorithm may be implemented for the average of pixels contained within a certain solid angle. In this
case the spatial distribution of CRp may even be deprojected.

Is there a chance to apply this method to galaxy cluster magnetic fields with futaseinstruments? Because
of the necessity of resolving the broad spectral signaturg-i@ys resulting from ther®-decay centered or
67.5 MeV, the imaging atmospherfberenkov technique with a lower energy diittbove 10 GeV is not applicable.
Contrarily, the LAT instrument on-board GLAST scheduled to be launched in 2007 has an angular resolution better
than 35° at 100 MeV while covering an energy range from 20 MeV up to 300 GeV with an energy resolution better
than 10%. Assuming a photon spectral indexpt 2 for they-ray background, the point-source sensitivity at high
galactic latitude in a one year all-sky survey is better thari6-° cm2 s~! for energies integrated above 100 MeV.
Specifically, assuming a CRp spectral indgx= 2.3 and a flatXcr,, for simplicity, such a one year all-sky survey
is able to constraiXcrp < 0.01 (Perseus) an¥crp < 0.04 (Coma). Taking additionally into account theay flux
between 20 MeV and 100 MeV as well as a longer survey time will improve the sensitivities and yield even tighter
limits on Xcrp. Comparing these limits with energetically favored valueX@&f, , which are obtained by applying
hadronic minimum energy arguments to a given radio synchrotron emission (c7.Bigields comparable values
in the case of Perseus while the situation in Coma is less optimistic. However, a definitive answer to the applicability
of this method can not be given on the basis of minimum energy arguments because such a minimum energy state
is not necessarily realized in Nature.
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Table 7.1.: Individual parameters describing the extenddtlde radio emission in the Coma and Perseus galaxy cluster
according to Eqn.7.72. The maximal radius to which these profiles are applicable is denotegLbyThe radio data at

1.4 GHz are taken frorDeiss et al(1997) (Coma) andPedlar et al(1990 (Perseus) while the profile of the Coma cluster
at 326 MHz is taken froniovoni et al.(2001) which is based on radio observations\gnturi et al.(1990.

S0 le I'max
Cluster [y aremir?]  [h;ikpe] [ Mpe] B
1.4 GHz observations:
A1656 (Coma) nx1073 450 1.0 0.78
A426 (Perseus) .3x1071 30 0.1 0.55
326 MHz observation:
A1656 (Coma) & %103 850 0.7 1.07

7.5. Applications

In this section we apply the classical and hadronic minimum energy criterion to the radio (mini-)halos of the Coma
and Perseus galaxy clusters. For simplicity, the CRp and CRe spectral indices are assumed to be independent of
position and therefore constant over the cluster volume. If a radial spectral steepening as repGitacibyini

et al. (1993 in the case of the Coma radio halo will be confirmed by future radio observations evincing a better
signal-to-noise ratio, the CRp and CRe spectral index distributions would have to embody this additional degree of
freedom. We discuss in Se@t5.3that a moderate steepening would not significantly modify the hadronic minimum
energy condition while a strong steepening would challenge the hadronic scenario.

7.5.1. Classical minimum energy criterion

In a first step we have to deproject the radio surface brightness and electron density profiles: in analogy to X-ray
observations we assume the azimuthally averaged radio profile to be describgehinyde!,

r 27-36+1/2
S,(r)=So |1+ (ri) ] ) (7.72)
Cc
Deprojecting this profile yields the radio emissivity (cf. Appendix
. SO Gﬂ - 1 (1 ) . 2.2 —33
W(r) = Bl =, = jyoll+r/r . 7.73
W0 = 5 TR E 38) = juo(L+12/12) (7.73)

The individual parameters for the Coma radio halo and Perseus radio mini-halo are shown ih Tab¢h profiles
describe the extendedfllise emission where all point sources have been subtracted. Particularly, the extremely
bright flat-spectrum core owing to relativistic outflows of the radio galaxy NGC 1275 in the center of the Perseus
cluster has been excluded from the fit. The electron density profiles are inferred from X-ray observatoies by

et al.(1992 (Coma) andChurazov et al(2003 (Perseus).

In the following, we assume that the energy distribution of the CRe population above a MeV is represented
by a power-law in energ¥. with a lower cutdéf. As a word of caution, such an assumption might be a strong
simplification in the case of turbulent acceleration models yielding more complex energy distributions which are
considerably flatter at lower energiddrnetti et al.2001, Petrosiar2001, Ohno et al.2002 . We assume a CRe
spectral index ofre = 3.3 which translates into a synchrotron spectral index,0f 1.15. This is consistent with
radio data of Perseus and Coma; particularly when considering the spectfibetteeen 1 and 10 GHz owing to
the Sunyaev-Zel'dovich flux decremeiigiss et al1997 EnR3lin2002 Pfrommer & Enf3lin20043.

Applying the classical minimum energy criterion to théase synchrotron emission of the Coma cluster yields
a central magnetic field strength Bomdr = 0) = 1.1J:8]1 uG. In the case of the Perseus radio mini-halo we obtain
Bperseull = 0) = 7.2j‘2‘:§ uG. The indicated tolerance levels derive from the logarithmic definition of the theoretical
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Coma cluster: classical minimum energy criterion
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Figure 7.2.: Profiles of the CRe-to-thermal energy densiyge,,(r) (solid) and magnetic-to-thermal energy density
Xs,;, (1) (dotted) as a function of deprojected radius are shown. Tifiereint energy densities are obtained by means of

the classical minimum energy criterionpper panelsand the hadronic minimum energy criteridawer panel$. In the

latter scenario, profiles of the scaled CRp energy density are shown instead of CRe profiles. The left hand side shows
profiles of the Coma cluster while the right hand side represents profiles of the Perseus cluster. The light shaded areas

represent the logarithmic tolerance regiongf, (r) andXcre,, (1), respectively, while the dark shaded regions indicate
the overlap and thus the possible equipartition regions in the quasi-optimal case.
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accuracies of the minimum in Eqri.41). However, these values are highly dependent on the lower energy cuto
of the CRe populationz;, and the CRp proportionality parametgr Following the philosophy of this chapter
we adopt a physically motivated lower Coulomb diitof the CRe distribution of; = 0.1 GeV corresponding
to a relativisticy factor ofye ~ 200 (as suggested t8§arazin1999. We also adopt a conservative choice of the
proportionality constant between the CRe and CRp energy densitigs=0fl. An increase ok, would directly
increase the magnetic field strength by approximately the square root of this factor.

For a cluster-wide comparison of energy densities of magnetic fields, CRe, and CRp, it is convenient to introduce
a scaling with the thermal energy density by means of

xg(r) _ es(r)

Xp(r) = X))~ en(D)’

and (7.74)

_ Xcrpcrell) _ ecrpcre(l)

Xerperdl) = Xn(r) — em(r) (7.73)
Profiles of the CRe-to-thermal energy densiike,,, () and magnetic-to-thermal energy densiiy, (r) are shown
in Fig. 7.2for the Coma and Perseus cluster and otffiedént scenarios. The upper panels show the scaled energy
densities in the acceleration model of CRe, obtained by the classical minimum energy criterion. While the optimal
magnetic energy density is roughly a factor of two larger than the CRe energy density, they both can be in equipar-
tition for the quasi-optimal case of their distribution of energy densities, as indicated by the dark shaded regions. In
order to explain the observed synchrotron emission in the CRe acceleration scenario the CRe and magnetic energy
densities are only required to be below one percent of the thermal energy density.

7.5.2. Hadronic minimum energy criterion

Assuming a CRp spectral index @ = 2.3 when applying the hadronic minimum energy criterion to thtude
synchrotron emission of the Coma cluster yields a central magnetic field strengh,efr = 0) = 2.4’:% uG. In

the case of the Perseus cluster we obBpigse {r = 0) = 8.8jé§i8 uG. Both inferred profiles of the magnetic field are
relatively flat: while the magnetic field strength in the outer part of the radio mini-halo in Perseus)Q h;g kpc)
declines to a value of 55% of its central value, the magnetic field in the outer region of the radio halo in Coma
(r=1 h;é Mpc) only decreases to 72% of its central value.

As discussed in Sect..3.2.4 the hadronic scenario shows an increasing tolerance region for strong magnetic
field strengths which are expected to be present in the case of cool core clusters, such as RsteedsRerley
1993 Carilli & Taylor 2002, Vogt & Enf3lin2003. In this limit, synchrotron losses dominate over inverse Compton
cooling. This almost cancels the dependence of the synchrotron emissivity on the magnetic energy density. The
lower panels of Fig7.2 show the scaled energy densiti¥g, (r) and Xcry,, (1) as inferred from the hadronic
scenario. In both clusters the optimal CRp energy density is larger than the magnetic energy density within this
model. However, both energy densities can be again in equipartition for the quasi-optimal case of their distribution,
as indicated by the dark shaded regions.

Owing to the inverse dependence ®f x, and oinx., ON the magnetic energy density in the limit of strong
magnetic fields (cf. Eqns7(63 and (7.64), a large tolerance region ofg ,, immediately implies a well defined
localization ofXcry . In the Perseus cluster this results in a confinement for the CRp energy density-df%a%f
the thermal energy density. On the other hand, in the Coma cKigfefr) andXcrp, . (r) are required to increase by
less than one order of magnitude from the center to the outer parts of the cluster in order to account for the observed
radio halo. This increase might be partly due to azimuthally averaging the aspheric electron density distribution of
the Coma clusterfrommer & Enf3lin20043.

High values for the radio emissivity per target density and frequ€agy of order unity seem to reflect condi-
tions in cool core clusters (formerly referred to as cooling flow cluster) whereas smaller values seem to represent
conditions in clusters without cool cores as shown in the following:

AEp jV v N ne B jv
E = — —_— - 9 7.7
Chadr CC'”Ste’(1.4 GHz) (ne,O) (Jv,o) o)

whereCcoma= 9.4 x 10~* andCperseus= 1.5 x 1071,
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7.5.3. Possibility of a hadronic scenario in Perseus and Coma
7.5.3.1. Perseus radio mini-halo

The azimuthally averaged radio surface brightness profile of the Perseus mini-halo matches the expected emission
by the hadronic scenario well on all raditffommer & Enf3lin20048 while requiring almost flat profiles for CRp

and magnetic energy densities relative to the thermal energy dexsityandXg, respectively. Moreover, the small
amount of required energy density in cosmic ray protafig (~ 2% relative to the thermal energy density) supports

the hypothesis of a hadronic origin of the Perseus radio mini-halo not only because the hadronic minimum energy
criterion predicts a close confinement®jz, (See Sect7.5.2 but also because cosmological simulations carried

out by Miniati et al. (200)) easily predict a CRp population at the clusters center of this order of magnitude.

7.5.3.2. Coma radio halo

The energetically favored radial profile for the magnetic field strength in the Coma cluster is almost flat as predicted
by the hadronic minimum energy criterion (see Sédi.2. Provided these results would be realized in Nature, this
apparently contradicts profiles of the magnetic field strength as inferred from numerical simulations which seem to
follow the electron densitye(r) according taB(r) o ng(r)*e with ag € [0.5,0.9] (Dolag et al.1999 2007). It would

also contradict theoretical considerations assuming the magnetic field to be frozen into the flow and isotropized,
i.e.ag = 2/3 (Tribble 1993. Applying the flux freezing conditions to the electron density profile of CoBrée(

et al. 1992 yields an expected decline of the magnetic field strength from its central value to the magnitude at
1hz3 Mpc by a factor of~ 6.7.

However, there are other numerical, physical, and observational arguments indicating large uncertainties in the
origin, amplification mechanism, and specific profile of the magnetic field strength, thus leaving the hadronic sce-
nario as a viable explanation of the Coma radio halo: in contrast to the cited numerical simulations, there are other
cosmological simulationsdMiniati 2001, Miniati et al. 2001 which are able to produce giant radio halos in the
hadronic scenario and therefore reasonably flat profiles of the magnetic field strength. From the physical point of
view, there could be stronger shear flows or a larger number of weaker shocks in the outer parts of clusters which are
unresolved or not accounted for in current simulations. This would imply stronger additional amplification of the
magnetic field strength in the outer parts of clusters yielding a flatter profile of the magnetic field strength. Obser-
vationally, there are still uncertainties in the radio surface profiles which are increased by azimuthally averaging the
diffuse synchrotron emission in the presence of non-centrally symmetric emission components such as the so-called
radio-bridge in Coma around NGC 4839.

In order to account for the radio halo of Coma in the hadronic scenario, the proddgkptnd Xz needs to
increase by nearly two orders of magnitude towards the outskirts of the halo (cf. lower left paneltPFigeav-
ing aside the minimum energy criterion, this increase can be split arbitrarily among the magnetic and CRp energy
density ratios. For instance a constant magnetic-to-thermal energy densitXgatorresponding tag = 0.5
in an isothermal cluster, is still consistent within the theoretically expected tolerance regions, i.e. within a quasi-
optimal realization. However, the CRp-to-thermal energy density Xig would have to compensate for this by
increasing nearly two orders of magnitude towards the outskirts of the! Haiis choice of the magnetic field mor-
phology @g = 0.5) has been adopted in Fig.3which represents a parameter study on the ability of hadronically
originating CRe to generate the radio halo of Coma. Contour lines ofXaay( = (1,0.3,0.1,0.03,0.01) for the
ranger < 1h;3 Mpc are shown in parameter space spannedgogndBy. The gradient of the maximum Ofcrp
points downwards in Figr.3 and thus leaves the upper region of parameter space where the hadronic scenario is
energetically able to account for the observed radio halo. For the choigg-0£.3 andXg = 0.01 the maximum
of the CRp-to-thermal energy densi¢r, is smaller than 3% for the entire range of the radio halo. Conservative
choices for CRp spectral breaks have been adopted by means o7E. e assume a high-momentum break of
p2 ~ 2x 10" GeVc ! being derived from CRp éiusion Berezinsky et al1997) while the lower momentum cufi
assumes the CRp to be accelerated from a thermal Maxwellian distribpiion,3 \/2mpykTcoma = 0.01 GeWt!

(Miniati 2001). This choice of the lower cutbrepresents the energetically tightest constraint because taking into
account Coulomb losses would only weaken the energetic requirements. Moving away from the minimum energy
solution, especially in the inner parts of the cluster, the presented energetic considerations show that the hadronic

4Though, some part of this apparent increase is an artifact owing to azimuthally averaging the non-centrally symmetric synchrotron brightness
distribution (for a more detailed discussion on this topic,BEemmer & Enf3lin20043.
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Figure 7.3.: Parameter study on the ability of hadronically originating CRe to account for the radio halo of Coma.
Assuming the profile of the magnetic field to scale with the square root of the electron density yields a flat magnetic-to-
thermal energy density ratis. Shown are contour lines from the bottom to the top of iXaxf) = (1,0.3,0.1,0.03,0.01)

for the ranger < 1h73 Mpc in parameter space spanneddgyand B,. Conservative choices for CRp spectral breaks

have been assumed. The lower part represents the region in parameter space, where the hadronic scenario faces serious
challenges for explaining the observed radio halo of Coma.

scenario is a viable explanation of the Coma radio halo as long as the spatially constant CRp spectral index is
between ¥ < ap < 2.8.

Giovannini et al.(1993 found a strong radial spectral steepening fregn= 0.8 — 1.8 which would translate
within the hadronic scenario into a CRp spectral index steepening ef1.6 — 3.6. If the strong steepening will
be confirmed, the hadronic scenario will face serious challenges even when including conservative CRp spectral
breaks. However, an absent or weaker steepening of the CRp spectral index e g, #dh8 in the cluster center
to ap = 2.8 at the outskirts of the radio halo would only double the CRp energy density required to explain the
radio halo in the hadronic scenario. The studie&afvannini et al.(1993 are based on two synthesis aperture
radio maps obtained with flierent radio telescopes. The technique of interferometric radio observations generally
sufers from missing short-baseline information leading to an uncertainty of emission from larger structures: the
so-called “missing zero spacing”-problem. This uncertainty of the surface brightness distribution at a single fre-
guency is even increased for spatial distributions of the spectral index which represent a ratio of surface brightness
distributions yielding to possible observational artifacts at the outskirts of the radio halo. Thus, future observations
are required to decide whether the strong spectral steepening as a function of radius is an observational artifact or a
real characteristic of the radio halo.

Figure7.4compares radio synchrotron profiles of the Coma radio hal@dyoni et al(2001) which is based on
observations byenturi et al.(1990 using a synthesis aperture telescope with observatiorzelss et al(1997)
using a single-dish telescope. The statistical variance givébdwpni et al(200]) represents the rms scatter within
concentric annuli (shown in light grey) which is composed of measurement uncertainties and non-sphericity of the
underlying radio profile. Rescaling with the square root of the number of independent beams within concentric
annuli yields statistical uncertainties (black) however without taking into account systefnafias. top panel
shows an comparison of thefidirent profiles byGovoni et al.(2001) and Deiss et al(1997) (rescaled from its
original observational frequenaoy= 1.4 GHz to 326 MHz using the synchrotron spectral indgx= 1.15). There
seems to be an indication of spectral steepening as report€dobgnnini et al.(1993. However, for simplicity
we use a spatially constant CRp spectral index. Because of the more extended profile of the radio halo of the

5Due to the interferometric nature of the measurement and due to the non-completely synthesized aperture, we expect the true error bars to be
larger than the estimates given here suggest. However, a detailed discussion of this topic is beyond the scope of this work.
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Figure 7.4.: Top panel:Azimuthally averaged radio brightness profile of the radio halo in the Coma cluster as a function
of impact parametar,. Shown are the radio data at 326 MHzdvoni et al.2001) in combination with the &-error bars
(black) and the surface brightness fluctuations within concentric annuli (grey) which are based on observatonsrby
etal.(1990. Also presented is the model profile accordingtmvoni et al (2001) (dotted) and the model profile according

to Deiss et al(1997) (dashed) which is rescaled to 326 MHz using the synchrotron spectralindes.15 (cf. Table7.1).

Lower panel:Profiles of the magnetic-to-thermal energy denXigy, (r) in the Coma cluster as a function of deprojected
radius are shown within the hadronic minimum energy criterion. A comparison of the used synchrotron prddigssby

et al. (1997 (solid, tolerance region medium grey shaded) @&woni et al.(2001) (dotted, tolerance region light grey
shaded) shows no significantidirence within the allowed logarithmic tolerance regions (overlap is shown dark shaded).
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single-dish observation, we decided to adopt the profile obtaindddigs et al (1997 in our analysis shown in

Fig. 7.2 Nevertheless, the lower panel of Fig4 shows a comparison of the energetically favored magnetic-to-
thermal energy densitig,,.(r) as a function of deprojected radius within the hadronic minimum energy criterion

for both data sets. The tolerance regionsXgf, are drawn light shaded while the overlap X, using the

different synchrotron profiles is shown dark shaded. There is no signifi¢éaredice within the allowed tolerance
regions. Together with the previous considerations about spectral steepening, this indicates that a moderate radially
dependent spectral index does not significantly modify the hadronic minimum energy condition while a strong
steepening would challenge the hadronic scenario.

7.6. Minimum energy criteria in a nutshell

This section provides self-consistent recipes for applying the classical and hadronic minimum energy criterion in
typical observational situations. We present formulae for inferring magnetic field strengths solely as a function of
observed flux per frequency,, luminosity distance to the galaxy cluster, extent of the cluster measured in core
radius,r, observed frequency, and spectral index of theftlise synchrotron emissioa,, where the emissivity
scales ag, oc v™®.

The omnidirectional (i.e. integrated over 4olid angle) luminosity per frequency is given by the volume integral
of the synchrotron emissivity,,

L, =4n f dv j,. (7.77)

We choose a reference luminosify.,0 = 4 D?(1+ 27! 0 which corresponds to a flux at= 1 GHz of
F,0 = 1 Jy for a source at a luminosity distance®f= 100 h;é Mpc. This corresponds to a cluster like Coma
which is characterized by a core radius gf ~ 300h$ kpc.

7.6.1. Classical minimum energy criterion in a nutshell

Applying the classical minimum energy criterion, we infer an optimal magnetic field strength by rewriting/E3y, (

i) ) (oo

2 Lio\reo) B \1GHz) \0.1GeVv
Here Bfrﬂ?rig(ay) is given by Tabler.2, k, denotes the ratio between CRp and CRe energy dendtiedgnotes the
lower cutdf of the CRe population, ants denotes the filling factor of the magnetic field in the volume occupied
by CRe, which is thought to be of order unity. While deriving Egh78 we implicitly assumed the, > E;. We
also applied a lower Coulomb cufdo the CRe distribution oE; = 0.1 GeV (as suggested [8arazin1999, and
adopt a conservative choice for the cosmic ray energy scalikgofl.

In the case of the classical minimum energy criterion the tolerance region of the magnetic field strength is given
by Eqn. (7.42. The following substitutions might be useful when computing the tolerance levels of the magnetic
field, oins = oinxg/2, Which are equally spaced in logarithmic unitsBf In linear representation d8, this
definition explicitly implies the tolerance levels given by ex®la o, g). The scaled synchrotron index is given
by é§ = (a, — 1)/2, while the dimensionless magnetic energy den@ﬁsand the constar,s{,) are denoted by

Bclass — Bﬁl]asg(av) HG

'min in,

1-2a, 1/(a,+3)
] (7.78)

Belass 2 Bclass 2 v -2
lass  _ _min | _ | __min_
X, = [ B. ) (31;@) (1 GHz) ’ (7.79)
4L (1 -3 v -3
) = fuasden) il (LS ( ) , 7.
Celas{@y) clasd{@y) B Lo (fc,o) 1 GHz (7.80)

wherefgasda,) is given by Tabler.2

7.6.2. Hadronic minimum energy criterion in a nutshell

In the case of the hadronic scenario the energetically favored magnetic field stffjts given by

v
Brr;alg,tb = v XBmin BC = 31 MG VXBmin (m) ’ (781)
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Table 7.2.: Useful numerical values for particular choices of the synchrotron spectral indiexthe framework of the
minimum energy criterion in a nutshell are given for both scenarios. Note, that a priori, we assumefhin ¢toeCRp
distribution. For spectral indices, < 1 within the hadronic scenario, an upper diitteeds to be introduced for deducing
an equipartition magnetic field strength in order to meet the requirements of the regularity conditions.

@y Te ﬁ:,ans 3 folass Bﬂf,‘gro fhadr
(1G] (1G]

065 23 06 3Bx107
075 25 07 &x10’
085 27 08 4&x107
095 29 10 6&x107
1.05 31 12 @x10° 40 21x102
115 33 14 Bx10° 42 19x102
125 35 17 Dx10° 53 34x102
135 37 20 Px10° 7.3 82x107?
145 39 24 Hx10°% 130 39x10t?

wherexg,,, is given by Egns.{.54) through {.57). me is specified in Tabl&.2 for a few spectral indices,

where we assumed no ciitof the CRp distribution. Provided the synchrotron index 1, there must be an upper
cutof of the CRp distribution in order to ensure a non-divergent CRp energy density. This might be obtained by
means of Eqn.71.12). Owing to the non-analytic structure of the hadronic minimum energy criteri&3(in g,

we were forced to carry out an asymptotic expansiorxiQy which does not admit a comparable simple scaling of
the magnetic field as in the classical cag&g.

The theoretically expected tolerance levels of the magnetic figld, = onx, /2, are given by Eqn.7(58 while
neglecting the radial dependence in the nutshell approach. The following substitutions might be useful when com-
puting the magnetic field strengﬁmﬁ’fo and the corresponding tolerance region. The scaled synchrotron index is
given byé = (@, — 1)/2, while the dimensionless energy density of the CMBug, and the constar@iaq(a,) are
denoted by

2

Bems 2 v\
= =1 10 (—) 1+ 24 7.82
Xcme B2 08 1GHz (1+2) (7.82)
Lo (e V3 ne \ v \3
_ 1 Lv c e
Chadday) = fhaada) g Too (_Tc,o) (_neo) (1GHZ) , (7.83)

where fhaala,) is given by Table7.2, andneg = 1073 cm3,

7.7. Conclusions

We investigated the minimum energy criterion of radio synchrotron emission in order to estimate the energy density
of magnetic fields with the main focus on the underlying physical scenario. The classical scenario might find appli-
cation for cosmic ray electrons (CRe) originating either from primary shock acceleration or in-situ reacceleration
processes while the hadronic model assumes a scenario of inelastic cosmic ray proton (CRp) interactions with the
ambient gas of the intra-cluster medium (ICM) and thus leads to extenffededsynchrotron angray emission.

Generally, the hadronic minimum energy estimates allow testing the hadronic model for extended radio syn-
chrotron emission in clusters of galaxies. If it turns out that the required minimum non-thermal energy densities
are too large compared to the thermal energy density, the hadronic scenario has to face serious challenges. For
the classical minimum energy estimate, such a comparison can yield constraints on the accessible parameter space
spanned by the lower energy cfitof the CRe population or the unknown contribution of CRp to the non-thermal
energy density.

For the first time we examine the localization of the predicted minimum energy densities and provide a measure
of the theoretically expected tolerance regions of these energetically favored energy densities. The tolerance regions
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of the particular energy densities inferred from the classical minimum energy criterion are approximately constant
for varying magnetic field strengtks. On the contrary, the hadronic minimum energy criterion predicts constant
energy densities for varying magnetic field strength in the case otlpeompared tecug, While the tolerance

region of the CRp energy density decreases at the same rate as the tolerance raginarefises for highg.

Future observations should shed light on the hypothetical realization of such an optimal distribution of energy den-
sities in Nature: combining upper limits on the inverse Compton (IC) scattering of cosmic microwave background
photons & CRe within the ICM provides lower limits on the magnetic field strength. Unambiguous detection of the
n%-decay induceg-ray emission owing to hadronic CRp interactions in the ICM together with the observed radio
synchrotron emission yields strong upper limits on the magnetic field strength. These are only upper limits because
the inevitably accompanying hadronically generated CRe could have a non-hadronic counterpart CRe population
which also contributes to the observed synchrotron emission. A combination of IC detection in hard X-rays, radio
synchrotron emission, and hadronically indugedhy emission therefore simultaneously enables the determination
of the CRp population as well as a bracketing of the total magnetic field strength and the CRe population. Applying
the appropriate minimum energy arguments would yield information about both the dynamical state as well as the
fragmentation of the spatial distribution of the magnetic field.

Requiring the sum of cosmic ray and the magnetic field energy densities to be minimal for the observed syn-
chrotron emission of the radio halo of the Coma cluster and the radio mini-halo of the Perseus cluster yields in-
teresting results: within the theoretically expected tolerance regions, equipartition is possible between the energy
densities of CRp and magnetic fields, i.e. the minimum energy criterion always seems to choose equipartition to
be a quasi-optimal case. Applying the hadronic minimum energy criterion to filuselisynchrotron emission of
the Coma cluster yields a central magnetic field strengtBgfia = 2.4j:g uG while in the case of the cool core
cluster Perseus we obtaBperseus= 8.8725° nG. These values agree with magnetic field strengths inferred from
Faraday rotation which range in the case of clusters without cool cores withi@,[8 1G] while cool core clusters
yield values of~ 12 uG (Vogt & EnR3lin 2003. Within the hadronic model for the radio mini-halo in the Perseus
cluster, this results in a confinement for the CRp energy density of 2% of the thermal energy density while the
magnetic energy density reaches only 0.4% of the thermal energy density within large uncertainties. These energetic
considerations show that the hadronic scenario is a very attractive explanation of cluster radio mini-halos.

In order to account for the radio halo of Coma in the hadronic scenario, the prodegkpand g needs to
increase by nearly two orders of magnitude relative to the square of the thermal energy detmitgrds the out-
skirts of the halo. Moving away from the minimum energy solution and adopting for instance a constant magnetic-
to-thermal energy density, it is energetically possible to explain the observed synchrotron emission hadronically by
only requiring the magnetic and CRp energy density to be a few per cent relative to the thermal energy density (and
even less for the CRp in the cluster center, providgéd 2.3 and the cluster is isothermal). Such a magnetic energy
density corresponds to a central magnetic field strengthug® 6Assuming a lower magnetic field strength oiG
corresponding to a magnetic-to-thermal energy density of approximately 0.5% requires the CRp energy density to
be lower than 10% for the entire range of the radio halo.

The considered hadronic scenario assumes a CRp spectral index which is independent of position and thus the
radio emission does not show any spatial variations over the clusters volume. In principle, one could allow for
radial spectral variations of the CRp and thereby for the radio emission by adopting a particular history of this
population. For instance, one possible scenario would be given by continuous in-situ acceleration of CRp via
resonant pitch angle scattering by turbulent Alfvén waves. We discuss that a moderate radial steepening would not
significantly modify the hadronic minimum energy condition while a confirmation of the strong steepening reported
by Giovannini et al(1993 would seriously challenge the hadronic scenario.

As a caveat, it should be stressed that the inferred values for the particular energy densities only represent the
energetically least expensive radio synchrotron emission model possible for a given physically motivated scenario.
This minimum is not necessarily realized in Nature. Nevertheless, our minimum energy estimates are also interest-
ing in a dynamical respect: should the hadronic scenario of extended radio synchrotron emission be confirmed, the
minimum energy estimates allow testing for the realization of the minimum energy state for a given independent
measurement of the magnetic field strength. Within the tolerance regions, our minimum energy estimates in Perseus
and Coma agree well with magnetic field strengths inferred from Faraday rotation. Under the hypotheses of correct-
ness of the hadronic scenario, such a possible realization of the minimum energy state would seek an explanation
of a first principle enforcing this extremal value to be realized in Nature.

The results of this chapter were worked out in collaboration with T.A. Enf3lin. A paper efiidtichating galaxy
cluster magnetic fields by the classical and hadronic minimum energy critdr&abeen published in the journal
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Monthly Notices of the Royal Astronomical Sociaetjth the referencePfrommer & En3lin 2004, MNRAS, 352,
76.
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8. Unveiling the composition of plasma bubbles
in galaxy clusters with the SZ effect

Abstract

The ChandraX-ray Observatory is finding a large number of cavities in the X-ray emitting intra-cluster medium which often
coincide with the lobes of the central radio galaxy. We propose high-resolution Sunyaev-Zel'dovich (SZ) observations to infer the
yet unknown dynamically dominant component of the radio plasma bubbles. This chapter calculates the thermal and relativistic
SZ emission of dferent compositions of these plasma bubbles while simultaneously allowing for the cluster’s kinefie$Z e

As examples, we present simulations ofatacama Large Millimeter Array (ALMAQbservation and of @reen Bank Telescope

(GBT) observation of the cores of the Perseus cluster and Abell 2052. We predictietéction of the southern radio bubble

of Perseus in a few hours with tf@BT and ALMA while assuming a relativistic electron population within the bubble. In
Abell 2052, a similar detection would require a few tens of hours with either telescope, the longer exposures mainly being
the result of the higher redshift and the lower central temperature of this cluster. Future high-sensitivity multi-frequency SZ
observations will be able to infer the energy spectrum of the dynamically dominant electron population in order to measure its
temperature or spectral characteristics. This knowledge can yield indirect indications for an underlying radio jet model.

8.1. Introduction

TheChandraX-ray Observatory is detecting numerous X-ray cavities in clusters of galaxies, confirming pioneering
detections of th&ROSATsatellite. Prominent examples include the Perseus cluBtérringer et al1993 Fabian

et al. 2000, the Cygnus-A clusterCarilli et al. 1994, the Hydra-A clusterNIlcNamara et al2000, Abell 2597
(McNamara et al2001), Abell 4059 Huang & Sarazirl998 Heinz et al.2002, Abell 2199 Fabian2001), Abell

2052 Blanton et al2001), the vicinity of M84 in the Virgo clusterfinoguenov & Jone2007), the RBS797 cluster
(Schindler et al2001), and the MKW 3s clusten\azzotta et al2002. They are produced by the release of radio
plasma from active galactic nuclei (AGN) which are typically hosted by a cD galaxy located at the cluster center
and mainly reside within the cool cores of galaxy clusters.

While radio synchrotron emission provides evidence for the existence of cosmic ray electrons (CRes) and mag-
netic fields, the detailed composition of the plasma bubble governing its dynamics is still unknown. Minimum
energy or equipartition estimates of the nonthermal pressure in the radio bubbles give values which are typically
a factor of ten smaller than the pressures required to inflate and maintain the bubbles as determined from the sur-
rounding X-ray gas (e.gBlanton et al.2007). This indicates that the standard minimum energy or equipartition
radio arguments are missing the main component of the pressure and energy content of the radio lobes. Possibilities
include magnetic fields, cosmic ray proton (CRp) or CRe power-law distributions, or very hot thermal gas. Solv-
ing this enigma would yield further insight into physical processes within cool c@es/0ung2003 as well as
provide hints about the composition of relativistic outflows of radio galaxies because plasma bubbles represent the
relic fluid of jets (e.gCelotti et al.1998 Hirotani et al.1998 Sikora & Madejski2000.

Additionally, some of the clusters exhibit cavities in the X-ray emitting intra-cluster medium (ICM) without
detectable high frequency radio emission, for instance in Perseus, Abell 2597, Abell 4059, and the MKW3s cluster.
This category of X-ray cavities is also believed to be filled with radio plasma, but during the buoyant rise of the light
radio plasma bubble in the cluster’s potenttali{l & Northover1973 Churazov et a200Q 2001, Briiggen & Kaiser
200)) the resulting adiabatic expansion and synchrginwarse Compton losses dwindles the observable radio
emitting electron population producing a so-caligtbst cavityor radio ghost(Enf3lin1999. Possible entrainment
of the ICM into the plasma bubble and subsequent Coulomb heating by CRes generates further uncertainty of the
composition of the ghost cavity.
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If the radio bubbles contain a significant amount of very hot thermal gas, this might be detected by X-ray obser-
vations. However, this is quite fiiicult (e.g.,Blanton et al2003 due to the projected foreground and background
cluster emission, and the fact that the X-ray emissivity is proportional to the square of the density. If most of the
pressure in the radio bubbles were due to the very hot, low density thermal gas, it would have a very low X-ray
emissivity. Observationally, there has been a claimviazzotta et al(2002 to have seen hot X-ray emitting gas
within the ghost cavity of the MKW3s cluster. Obviously, it might be more useful to observe the radio bubbles with
a technique which was sensitive to thermal gas pressure, rather than density squared, as pressure is the quantity
which is missing. For this reason, in this chapter we propose high resolution Sunyaev-Zel'dovich (SZ) radio ob-
servations of the radio bubbles and radio ghosts in clusters, as the therm@¢&8Aizectly measures the thermal
electron pressure in the gas. The thermal 88at arises because photons of the cosmic microwave background
(CMB) experience inverse Compton collisions with thermal electrons of the hot plasma inside clusters of galaxies
and are spectrally redistributed (e$unyaev & Zel'dovich1972 Sunyaev & Zeldovichl98Q Rephaelil9953.

The proposed measurement is able to infer directly the composition of radio plasma bubbles and radio ghosts while
indirectly obtaining indications for a specific underlying jet model.

This chapter is organized as follows: after basic definitions concerning the thermal, kinetic, and relativistic SZ
effect in Sect.8.2 we introduce a toy model in Se@.3 describing projected maps of the SZ flux decrement
with spherically symmetric radio plasma bubbles. The models for the cool core regions of the Perseus cluster and
Abell 2052 are described in Se@4. Simulating arAtacama Large Millimeter Array (ALMAand aGreen Bank
Telescope (GBT9bservation of both clusters in Se8t5, we examine whether the plasma bubbles are detectable by
the SZ flux decrement. Five physicallyfidirent scenarios for the plasma composition of the bubbles are investigated
exemplarily using three characteristic SZ frequencies in S8@snd8.7. Finally, we discuss observing strategies
for ALMA and GBT. Throughout the chapter, we assum&@DM cosmology and the Hubble parameter at the
present time oHy = 70hyo km st Mpc™.

8.2. Sunyaev-Zel'dovich effect

The SZ dfect arises because CMB photons experience inverse Compton (IC) scattéefertyons of the dilute
intra-cluster plasma (for a comprehensive review,Biginshaw1999. At the angular position of galaxy clusters,
the CMB spectrum is modulated as photons are redistributed from the low-frequency part of the spectrum below a
characteristic crossover frequengyto higher frequencies. For non-relativistic electron populatians, 217 GHz,
while this characteristic frequency shifts towards higher values for more relativistic scattering electrons.

The relative changéi(x) in flux density as a function of dimensionless frequerey hv/(kTcmg) for a line-of-
sight through a galaxy cluster is given by

61(%) = g(X) ygas [1 + (X, Te)] — h(X) wgas+ [1(X) = 1(X)] Trer (8.1)

with the Planckian distribution function of the CMB

X3
[(X) = igi(X) = ig——, 8.2
(9 = i0i(¥) = lo— (8:2)
andig = 2(kTems)3/(ho)? whereTews = 2.725 K, k, h andc denote the average CMB temperature, Boltzmann’s
constant, Planck’s constant, and the speed of light, respectively.
The first term in Eqn.&.1) arises because of the thermal motion of non-relativistic electrons (thermdfe&®®) e
and gives the spectral distortion

(8.3)

o) = xteX (ex+1_4).

X
(ex-12\ e-1
The amplitude of the thermal Stect is known as the thermal Comptonization paramgjgthat is defined as the

line-of-sight integration of the temperature weighted thermal electron density from the observer to the last scattering
surface of the CMB at redshift= 1100:

g
Ygas = K& fdl ne,gaskTe- (8.4)

Here, o1 denotes the Thompson cross sectiog,the electron rest mas$, andnegas are electron temperature
and thermal electron number density, respectively. For non-relativistic electrons the relativistic correction term is
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8.2 Sunyaev-Zeldovich effect

zero,d(x, Te) = 0, but for hot clusters even the thermal electrons have relativistic corrections, which will modify
the thermal SZ #ect (Wright 1979. These corrections have been calculated in the literature (seReppaeli
1995h EnRlin & Kaiser200Q Dolgov et al.2001, Itoh & Nozawa2004), and can be used to measure the cluster
temperature purely from SZ observations (élgnsen et aR002.

The second term in Eqn8(1) describes an additional spectral distortion of the CMB spectrum due to the Doppler
effect of the bulk motion of the cluster itself relative to the rest frame of the CMB. If the component of the cluster’s
peculiar velocity is projected along the line-of-sight, then the Doppfecctleads to a spectral distortion referred
to as the kinetic SZféect with the spectral signature

x* e

The amplitude of the kinetic SAtect depends on the kinetic Comptonization parameggythat is defined as

Wgas = ﬁ_gasTgas =0T fdl ne,gas,B_gas (8-6)

whereTg,s is the Thomson optical depthyg,s is the average line-of-sight streaming velocity of the thermal gas,
Bygas = Ugas/C, @andBgas < 0O if the gas is approaching the observer.

Finally, the third term in Eqn.g.1) takes account of Compton scattering with relativistic electrons that exhibit an
optical depth of

Trel = 0T fd| Nerel- (8.7)

The flux scattered to other frequencies(igte While j(X)1r is the flux scattered from other frequenciescte:
hv/(KTcmg). It is worth noting, that in the limit of ultra-relativistic electrons and fok 10, one can neglect the
scattered flux, becaugéx) < i(x). In the following, we drop this approximation and consider the general case.
The scattered flux can be expressed in terms of the photon redistribution function for a mono-energetic electron
distributionP(t; p), where the frequency of a scattered photon is shifted by a factor

09 = fo o fo “dp 1(p) P(t ) i(/1). (8.8)

For a given electron spectrufa(p) dp with the normalized electron momentym= Beye andfdp fo(p) = 1, this
redistribution function can be derived following the kinematic considerationgrafht (1979 of the IC scattering

in the Thomson regime, whesg hv < mec? is valid. We use the compact formula for the photon redistribution
function which was derived binR3lin & Kaiser(2000:

31—
32pbt
3(1+1) {3+3p2+ p* 3+2p?

8p° Vi+p2 2p

The allowed range of frequency shifts is restricted to

P(t; p) [1 +(10+ 8p? + 4p*)t + tz]

[2arcsinhp) — | In(t)|]}. (8.9)

[In(t)| < 2arcsinhp), (8.10)

and thusP(t; p) = O for |In(t)] > 2arcsinhf). Similar expressions for the photon redistribution function using
different variables can be found in the literaturRephaelil995h EnRlin & Biermann1998 Sazonov & Sunyaev
2000.

The spectral distortions owing to the relativistic S#eet can be rewritten to include a relativistic Comptonization
parametey,

Oirei(X) = [1(X¥) = 1(X)]7rel = G(X)7, (8.11)
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Unveiling the composition of plasma bubbles in galaxy clusters with the SZ effect

where
io= %fdlnekfe, (8.12)
kTe = %, (8.13)
g = [0 -i(x]BKTe), (8.14)
BKTe) me _ mec[dine (8.15)

(KTe) ~ [dinekTe -

We introduced the normalized pseudo-thermal beta-pararié¢€g) and the pseudo-temperatuf&. which are
both equal to its thermodynamic analog in the case of a thermal electron distribution. If the CRe population is
described by the power-law distributioB.83, the CRe pressure is given by

la—1 -2 3-a\|™
Pere= ¢ f dp F(p) e p = nCRen[wgl (c]r ) [Bhlpz (QTTQ)L : (8.16)

wherege = v/c = p/ 41+ p? is the dimensionless velocity of the electr@y(a, b) denotes the incomplete Beta
function Abramowitz & Steguril965. In this case, the normalization of the CRe distribution functiép)dp is
determined by the CRe number densityge = fdpf(p). Here, we introduced the abbreviation

[F(P)]p; = F(p1) = F(p2) (8.17)
in order to account for the lower and upper diifm andp, of the CRe population.

8.3. Model for plasma bubbles

This section adopts an analytical formalism to describe buoyant plasma bubbles which was developed for the anal-
ysis of X-ray and radio emission dynilin & Heinz(2002. After a phase of supersonic propagation of the radio
plasma into the ambient ICM, the radio lobes quickly reach pressure equilibrium with the surrounding medium once
the AGN activity has terminated. During this stage, the bubble rises with constant velocity governed by the balance
of buoyancy and drag forces while the volume of the bubble expands adiabatically. Meanwhile, the surrounding
gas is approximately in hydrostatic equilibrium with the underlying dark matter potential. Synchrotron, inverse
Compton, and adiabatic losses diminish the observable radio emitting electron population within the plasma bubble
producing a so-called ghost cavity.

As an analytically feasible toy model, we assume spherical geometry of the plasma bubble and adopt the general
n-fold g-profile for the electron pressure of the ICM which might find application for cool-core clusters:

r 271-38yi/2
1+ (—) } . (8.18)
yi

The origin of our coordinate system coincides with the cluster center whilg th@nd x,-axes define the image
plane, and the-axis the line-of-sight to the observer. We choose the direction okttaxis such that the bubble
center is located in the -z plane atr = (ro cosf, 0, r¢ siné). Its projected distance from the cluster center amounts
to R; = ur¢ with u = cosg, while the radius of the bubble is denotedgy For an unperturbed line-of-sight which

is not intersecting the bubble, the observed thermal Comptonization parageterx,) of the cluster is given by

N ( X2+X2] (38,i-1)/2

N

Pe(r) = ne(NKTe(r) = > P

i=1

Yol (X1, X2) Z Yi

i

wherey; = o-T(rTbcz)‘lPiry,iB(%z"l,% is the central thermal Compton parameter of the respective indivgiual

profile andyng is the background contribution to the Comptonization which we set to zero in our analysis. In the
case of a line-of-sight intersecting the surface of the bubble, the two intersection pointg agez() with

Z.="T¢ \/1 — P \/rtz) =% = (X, — Teu)?. (8.20)
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8.4 Plasma bubbles of Perseus and Abell 2052

The thermal Comptonization parame€x;, X,) for the area covered by the bubble is given by

N 2 (38,i-1)/2 z,

X+ sgn 1 i—1

yo(Xa X2) = yai(Xa, %) = D b (1 + Lo XZ) [ 92 L. (5, %'2 )] : (8.21)
i1 M z

whereZq = B4(a, b)/B(a, b) denotes the regularized Beta function apdz) = 22/(r§’i + X2 435 + 2).
The amplitude of the kinetic SA%ect is proportional to the line-of-sight integrated electron density for which we
also assume a generafold B-profile:

3Bw,i /2

|1+ (%)z] . (8.22)

To avoid confusion, we adopt the notatigp andg,,; for the usual core radii and thigparameters in analogy to
the thermal SZ #ect. For an unperturbed line-of-sight which is not intersecting the bubble, the observed kinetic
Comptonization parameter, (X, X2) of the cluster is given by

N

Ne(r) = Z

i=1

N
wel (X1, X2) = Z wi

i=1

X2 + X2 (3ﬁu| 1)/2
: (8.23)

ll)|

wherew; = Bgagrrnir,i8( 24~ 1) is the central kinetic Compton parameter of the respective indivjghpabfile.
The kinetic Comptonization paramete(x;, x,) for the area covered by the bubble is obtained by analogy to the
previous case:

N 2 2\ (3Bui-1)2 _
wo(X, X2) = wai(Xa, X2) — Zwl( i ] [Sgn@]'q.,.(z)(l Hu )} . (8.24)

2 27 2

w,l

whereq,,i(2) = Z/(r; + X + X5 + Z°).

8.4. Plasma bubbles of Perseus and Abell 2052

Two of the most prominent examples of radio plasma bubbles in nearby galaxy clusters can be observed within
the cool core regions of the Perseus cluster (redghifteus= 0.0179) and Abell 20527505, = 0.0348). Their
proximity makes both clusters suitable targets for plasma bubble observations. Both clusters each host two bubbles
which reflect the relic plasma of a past cycle of jet activity in the cD galaxy at the cluster center. At the current stage,
the two radio lobes are in approximate pressure equilibrium with the surrounding medium and rise with a velocity
governed by the balance of buoyancy and drag forces while the volume of the bubbles expands adiabatically.

As in the previous section, the coordinate origin coincides with the cluster center and the new direction of the
X;-axis points towards positive values of the relative right ascension. Assuming spherical symmetry of the plasma
bubbles, their three dimensional position relative to the cluster center is degenerate because of prigaton e
Together with the cluster center, the center of the bubbles form a plane which we assume to be perpendicular to the
line-of-sightz. The azimuthal angle to the bubble centds measured from thg,-axis.

8.4.1. Perseus

Using deprojected electron density and temperature profiles derived from X-ray obsen@tiarezpv et al2003,

we obtain a pressure profile by fitting a doupl@rofile according to Eqn.8(18. In principle, we want the X-

ray pressure profile in the absence of the radio bubbles. Since the observed X-ray surface brightness profile was
derived assuming spherical symmetry including the region of the bubbles and does not extend into the very center
of the cluster due to the AGN at the center andXih&V/Newtonpoint spread function, our calculations somewhat
underestimate the SZfect of the bubbles. Table.6 shows the individual parameters of the two plasma bubbles
which are measured from the X-ray image of the central region of PerSab&( et al2000.
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Unveiling the composition of plasma bubbles in galaxy clusters with the SZ effect

In our model, we adopt the peculiar velocity of the Perseus clusteg,9& —136 km st with respect to the rest
frame of the CMB and approaching the obsertgudson et al1997.1 The induced kinetic SZfect gives rise
to a small attenuation of the SZ decrement at our fiducial frequency. However, it also leads to an inteffesting e
at the crossover frequeney ~ 217 GHz, and produces an enhancement of the SZ increment at higher frequencies
(cf. Sect.8.7).

8.4.2. Abell 2052

Despite the lower central pressure of Abell 2052 compared to Perseus, Abell 2052 lies at higher Galactic latitudes.
Thus, SZ flux confusion with Galactic dust emission is negligible in this case, which might be an observational
advantage.

The electron density profile of Abell 2052 is obtained by deprojecting the X-ray surface brightness pidfilerof
et al.(1999 by means of the deprojection formula given in Appendix APdfommer & EnR3lin(20044. Since the
X-ray surface brightness is represented by a doghieodel, the resulting density profile equals the square root
of two singleg-profiles added in quadrature. Refitting this electron density profile to match the profile defined by
Eqn. 8.22) yields the parameters given in Talflet.

In order to model the temperature profilegr) for Abell 2052, we applied the universal temperature profile for
cool core clusters proposed Bylen et al.(2001) to data taken fronBlanton et al(2001),

r —Ttemp -1
1+( ) ] , (8.25)
r'[emp

whereTg = 1.31 keV, Ty = 3.34 keV,I'temp = 20.6 h;g kpc, andpemp = 4.5. This equation matches the temperature
profile well up to radii of~ 0.3r;;, which is suficient for our purposes since we are especially interested in the
core region of Abell 2052. Combining the electron density and temperature profiles yields the radial variation in
the gas pressure, which we represent as a tgygeofile (TableC.6); for two of the components, the normalization
is negative. As noted for Perseus, what we really need is the pressure profile in the absence of the radio bubbles.
The observed X-ray surface brightness profile was derived assuming spherical symmetry including the region of the
bubbles. Probably as a result of this, the adopted pressure profile has more structure and a lower central pressure
than would be true of the pressure profile in the absence of the radio bubbles. Thus, our calculations somewhat
underestimate the SzAtect of the bubbles in Abell 2052. Since the southern bubble has a mushroom shape, we
decided to model it using a half-sphere with the line-of-sight grazing the face.

For our simulation, Abell 2052 is taken to be at rest in the CMB rest frame owing to the large uncertainties of
the velocity determination with the fundamental plane method to measure the Malmquist bias-corrected distance to
early-type galaxies{udson et al2004 Hudson2004).2

Te(r) = To+ (T2 — To)

8.5. Synthetic observations

8.5.1. Atacama Large Millimeter Array

To simulate arALMA observation of the central region of Perseus, we compute the frequency band-averaged SZ
flux decrementsl ),, which is defined by

_ f dvsl(V)R,(v)

(81)y, = &R0 (8.26)

1Using the fundamental planéjudson et al(1997 measure the Malmquist bias-corrected distance to early-type galaxies of the Perseus
cluster. Comparing these distances to the mean of the individual galaxy redshifts, they infer the peculiar velocity of the galaxy cluster,
Upec = (=136+ 307) km s1, where the uncertainty derives from the distance error added in quadrature with the cluster mean redshift error.
On the other hand, the predicted peculiar velocity derived from the IRAS redshift survey density field yigles+180 km st where the
velocity field was smoothed on a scale df ¢ Mpc which corresponds to the scale from which the clusters collapsed.

2Hudson et al(2009 have only 5 galaxies of Abell 2052 in their sample and infer a peculiar cluster veloaifof (-494+ 1062) km st
where the error is dominated by the error in the distance but also includes redshift uncertainties and sysfects8aeh as extinction. On
the other hand, the predicted peculiar velocity of Abell 2052 according the IRAS redshift survey density:figld=is-208 km st
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8.5.1 Atacama Large Millimeter Array

ALMA: Perseus cluster

relative R.A. [arcsec]
-60 -40 -20 0 20 40 60

20

40
& 10f =
—s 20 2
| = &}
= g
) -
s 0 0 ©
< [0
z A
P 2
= 20 §
= 0} )
[}
—

-40

20

-20 -10 0 10 20
relative distance [A7; kpc]

11.8 12.2 12.6 13.0 13.3

Figure 8.1.: SyntheticALMA observation of the cool core region of Perseus at the frequency band centered on 144 GHz.
The simulated SZ flux decrement of radio plasma bubbles is shown in units gdnodyf assuming an ultra-relativistic
electron population within the bubbles (scenario 1). The image is smoothed to the resolutiodbMA&ompact core
configuration (FWHM= 2.9”). The contour lines have a linear spacing df@mJyarcmirf. For comparison, the size of

the ALMAfield of view at this frequency is FWHM, ~ 36".

Here,R,,(v) denotes the frequency response of #ldViA receivers centered on a fiducial frequengywhich we
assume to be described by a top-hat function:

R.(v) = Lvelvo—Av/2,vo+ Av/2]
olV) = 0,v¢[vo—Av/2,vg+ Av/2]

We choose th&LMA frequency band 4 which samples the extremum of the SZ flux decrement and is characterized
by vo = 144 GHz andAv = 38 GHz Brown et al.2000. The requirement of obtaining the highest flux sensitivity
to the largest scales comparable to the field of view at this frequency (FNyHMGE”) calls for the most compact
configurationALMA Ewith a maximal baseline af,) = 150 m. Thus, we convolve the simulated SZ flux decrement
with a Gaussian to obtain the resolution of this configuration, FWHBI (v dy|) ~ 2.9”. Since Perseus lies at more
than 40 degrees of declination and is a Northern objgtMA will be challenged to observe it, reaching only
up to 25 degrees elevation. However, for the North-South elongaltddA configuration of about a factor of
(cos 68)™! ~ 2.4, the beam will be almost round. Assuming an ultra-relativistic electron population within the
bubbles yields the SZ flux decrement as shown in &iggywhich is similar in morphology to the X-ray image.

To investigate whether the plasma bubbles are detectable in the SZ flux decrement, we define the SZ flux contrast

p:

(8.27)

Ia—1Ig
= . 2
In + g (8 8)

Here, |5 andlg denote the mean SZ flux decrement of two equally sized solid angle elements within the field of
view, one of which measures the SZ flux inside and the other one outside the bubble. Prior information about
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Unveiling the composition of plasma bubbles in galaxy clusters with the SZ effect

Table 8.1.: Summary of predicted exposure times to obtaincadgtection of the plasma bubble (assuming an ultra-
relativistic electron population within the bubble) for thefeient combinations of telescopes and clustdgsand Ig

denote the mean SZ flux decrement of two equally sized solid angle elements within the field of view, one of which
measures the SZ flux outside and the other one inside the bubble.

Telescope: cluster Ia Ig exposure
[mJy amin?] [mJyamirr?]  [hours]
ALMA: Perseus 13.25 12.70 51
ALMA: Abell 2052 3.930 3.698 38
GBT: Perseus 11.31 10.85 2.1
GBT: Abell 2052 3.272 3.138 31

the angular position of the X-ray cavities allows one to maximize the SZ flux contrast. Adopting Gaussian error
propagation and introducinrgLMA's sensitivity per beam in terms of flux densits ma, Yields the uncertainty in

P

3
I

dp 2 Op ? TaLma
ot I o 8.29
(alA) (aIB) VNpeam ( )

2 2
_ 215 + 15 OALMA (830
(Ia + |B)2 VNpeam
Here, Npeam = T Avean’ (RAsov) is the number of statistically independent beams per flux averaged solid angle el-
ement,f < 0.5 measures the fraction of the solid angle of the bubble within the field of view, and the factor of
Anear’ (2As0v) accounts for the statistically independent degrees of freedom within the field of view. Combining
Eqns. 8.28 and 8.30 yields the signal-to-noise for therdetection of the bubbfe

S ya VNbeam(li - Ié)
P

2 - A Blog (8.32)
N ZUALMAaIIi + |é

We choose the field of view to be centered on the inner rim of the southern bubble such that equal solid angle
elements fall inside and outside the bubble, respectively. The simulated mean SZ flux decrements within the two
solid angle elements of the primary beam require only an integration time of 5.1 hours in order to ohtain a 5
detection of the plasma bubble assuming an ultra-relativistic electron population within the bubble. Uncertainties
in the amplitude of the kinetic SZffect and the geometrical arrangement and shape of the bubbles may slightly
modify this result. As a word of caution, this observation time allows a single bubble to be observed in a single
pointing while it might be advisable to map the entire central region including both bubbles to get a clearer picture
of the structure, and to be convinced that any holes seen in the SZ map at the radio bubbles were not just fluctuations
also seen elsewhere in the cluster center away from the radio bubbles.

The corresponding observation of Abell 2052 would require an integration time of 38 hours in order to obtain a
50- detection of the plasma bubble for the same plasma bubble content, the longer exposures mainly being the result
of the higher redshift and the lower central temperature of this cluster.

3The flux density sensitivity:a, ma for point sources, which should be approximately applicable in the case of the compact core configuration,
is given byButler et al.(1999:
V2kTsys
7 Adish Abeam VAL Av Ny ’
Here, Tsys ~ 65 K denotes the system temperatuhgisn = 7iD?/4 the collecting area of each disB (= 12 m), = 0.75 the aperture

efficiency, Apeam = 1.13 FWHM? ~ 9.3 arcseé the area of the secondary beas the integration timeAv = 38 GHz the bandwidth, and
Npi = n(n — 1)/2 the number of baselines,= 64 being the number of antennas.

OALMA = (8.31)
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8.5.2 Green Bank Telescope

Green Bank Telescope: Perseus cluster Green Bank Telescope: Abell 2052
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Figure 8.2.: SyntheticGBT observations of the cool core regions of Perséefs fane) and Abell 2052 ijght pane) at

the frequency band centered on 90 GHz. The simulated SZ flux decrement of radio plasma bubbles is shown in units of
mJyarcmirf assuming an ultra-relativistic electron population within the bubbles (scenario 1). The images are smoothed
to the resolution th&BT 3 mm receiver (FWHM= 8.0”). The contour lines have a linear spacing df@mJyarcmir?

(left pane) and 008 mJyarcmir? (right pane). For comparison, the size of tt@BT field of view at this frequency is

32’ x 32",

8.5.2. Green Bank Telescope

To simulate aGBT observation of the central region of both clusters, we compute the frequency band-averaged
SZ flux decrementdl),, in the frequency interval [86 GH84 GHz]. The resulting simulated SZ flux decrement
was convolved with a Gaussian of widih~ 3.4” to obtain the resolution of th&éBT 3 mm receiver. Assuming an
ultra-relativistic electron population within the bubbles yields the SZ flux decrement as shown &2ig.

To investigate whether the plasma bubbles are detectable in the SZ flux decrement, we adopt the concept of SZ
flux contrast of the previous section. The sensitivity of the upcor®@BJ Penn Array Receiver in terms of flux
density is given bysgr = 0.25 (At)"Y/2 mJy arcmin?, whereAt is the integration time in hour$/fason2004). We
choose the 32x 32" field of view of theGBTto be centered on the inner rim of the southern bubble of Perseus as
described above. Assuming an ultra-relativistic electron population within the bubble, we preglidetestion of
the plasma bubble after an integration time of 2.1 hours owing to the better sensitivity of the bolometric receivers
on theGBT. This observation time assumes a proper foreground subtraction of the Galactic emission components.

The corresponding observation of Abell 2052 would require an integration time of 31 hours in order to obtain a
50 detection of the plasma bubble for the same plasma bubble content. Again, the integration times correspond to
a single pointing on the southern bubble while mapping the entire central region would take respectively longer.

8.6. Composition study of plasma bubbles

In the following, we study exemplarily five physicallyftérent scenarios of the composition of the plasma bubble
which is as a whole in approximate pressure equilibrium with the ambient ICM. Although these scenarios might not
be realized in nature in these pure forms, a realistic SZ flux decrement can be obtained by linearly combining the
different scenarios due to the superposition property of the pressuiéepédt populations:
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Unveiling the composition of plasma bubbles in galaxy clusters with the SZ effect

1. The internal pressure is either dominated by CRps, magnetic fields, or ultra-relativistic CRes being character-
ized by a mean momentum ¢b) > 1 in this scenario. This is the most positive case for the detection of the
plasma bubbles in the SZ flux decrement, as the bubble volume does not contribute to the SZ flux decrement
significantly. Although this is the most positive scenario, it also is the one adopted by most analyses of radio
lobes.

2. This scenario assumes the internal pressure to be dominated by a compound of CRp and CRe populations
where the latter is described by a power-law distribution:

(@-1)p*

: —. (8.33)
[T

ferelP, @, P1, P2) =

The distribution function is normalized such that its integral over momentum space yields unity. The choice
of p; = 1, p. = 1%, anda = 2 implies a mean momentum ¢p) ~ 6.9 as well as a pseudo-temperature of
KTcre = 2.2msc? ~ 1.1 MeV and represents a plausible scenario for the relativistic composition of the bubble.
The CRp and CRe populations each contribute equally to the internal pressure of the bubble representing a
remnant plasma originating from the hadronic jet scenario.

3. The dynamically dominant internal pressure support is contributed to equal amounts by relativistic electron
and positron populations, respectively. Taking the same parameters for the CRe distribution of the previ-
ous scenario, this approach represents the remnant radio plasma originating from the electron-positron jet
scenario.

4. A trans-relativistic thermal proton and electron distribution wifla = 50 keV dominates dynamically over
the other non-thermal components:

fan(P.Bir) = }Qﬁ—ta';th)pz eXP(—,Bth i+ pZ). (8.34)

K> denotes the modified Bessel function of the second kislig@mowitz & Steguril965 which takes care
of the proper normalization angl, = mec?/(kTe) is the normalized thermal beta-parameter. The mean
momentum of this distribution amounts¢p) ~ 0.55.

5. This scenario assumes a dynamically dominant hot thermal proton and electron distributidaTyvith
20 keV which exhibits a mean momentum(@ ~ 0.33.

In all cases, the bubble’s sound velocity and thus the barometric scale height are much higher than the correspond-
ing values of the ambient ICM which implies a flat pressure distribution within the plasma bubble. This leads to a
reduced internal pressure with respect to the ambient ICM at the inner rim of the bubble and an excess pressure at
the outer rim of the bubble, which is responsible for the buoyant rise of the bubble in the cluster atmosphere.

Figure8.3 shows the spectral distortions due to the thermal $2cey(x), kinetic SZ d@fecth(x), and relativistic
SZ dfect of the various scenarios for the relativistic populations of the bubble composition. The spectral distortions
of the relativistic SZ &ect are given by(X) which have been defined in Egqn8.11) through 8.15. Please note,
that the scenarios 2 and 3 exhibit the same spectral distgsgignahd that the amplitude of the kinetic SHext
wgas s typically one order of magnitude smaller than the amplitude of the thermaffé& gy.s

The left panel of Fig8.4 shows the unconvolved SZ flux decrement along an impact parameter through the center
of the southern bubble of Perseus at &leMA frequency band centered og = 144 GHz. While the northern
bubble of Perseus would evince qualitatively the same behavior, it shows a shallower depth of its SZ cavity due
to its smaller geometrical size resulting in a weaker SZ flux contrast (cf.87l). The depth of the SZ cavity
at this frequency range is a measure how relativistic the respective electron population is, i.e. a deeper SZ cavity
indicates a higher mean momentum of the electron population. Our studies show a strong signaturedfeféhé di
bubble compositions on the SZ flux decrement. Thus, the combination of X-ray and SZ observations allows one
to circumvent the degeneracy between tlfeats of the bubble composition and of the bubble extent along the
line-of-sight on the SZ measurement. This enables us to distinguish a relativistic from a thermal electron population
inside the bubble using only a single frequency SZ observation by either a detection or non-detection of the bubble,
respectively.
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8.7 Kinetic Sunyaev-Zel'dovich effect
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Figure 8.3.: Spectral distortions due to the thermal SZeet g(x), kinetic SZ éfecth(x), relativistic SZ &ect due to a
population of ultra-relativistic CRegycre = —i(X) Bucre (With p; = 3, p; = 1%, ande = 2), relativistic SZ &ect due to
a population of power-law CResgege = [j(X) = i(X)] Bcre (With p1 = 1, p, = 103, ande = 2), and the relativistic SZfEect
due to a population of trans-relativistic thermal electrarswev = [j(X) — i(X)] Bin(50 keV), as well as due to electrons
with kT, = 20 keV, respectively.

8.7. Kinetic Sunyaev-Zel'dovich effect

8.7.1. General considerations

If the cluster is moving towards the observer, the CMB temperature in this direction is increased due to the Doppler
effect of the bulk motion of the cluster relative to the rest frame of the CMB (in this case, our convention is such
thatvgas < 0). This enhanced SZ emission implies a reduced SZ flux decrement for frequencies below the crossover
frequency of the thermal SZfect atv, ~ 217 GHz (for the non-relativistic case). Cosmologically, line-of-sight
cluster velocities follow a Gaussian distribution with vanishing mean since the large scale structure is at rest in the
comoving CMB-frame and with a standard deviatiowof; ~ 310 km § 1 as derived from a cosmological structure
formation simulation comprising the Hubble volunieikins et al2001, Schafer et al2004).

Theoretically, the turbulent motions of the ICM should also contribute to the kineti¢i8zt.eThe largest impact
is caused by two merging clusters along the line-of-sight which induces a bimodal streaming flow pattern on the
sky. However, radio plasma bubbles are mainly observed within cool-core clusters which represent relaxed clusters
where the ICM is approximately in hydrostatic equilibrium with the underlying dark matter potential. In this case,
only small scale turbulent vortices are expected which exhibit smaller angular momenta. For an isotropic distribution
of vortex orientations, line-of-sight integration and beam convolution average the resulting kinetie&zat to
zero. Thus, these turbulent motions can only contribute in second order to the thernft#@Z e

It would be useful to know the peculiar velocity of the galaxy cluster in order to remove the degeneracy of the
SZ cavity depth with respect to thefidirent bubble compositions and the kinetic $2et. In the case of a general
morphology of a galaxy cluster, in particular for non-axis-symmetric objects, it is impossible to unambiguously
deproject the cluster in order to derive the peculiar velocity given only a single frequency SZ observation and an
X-ray image Zaroubi et al1998 2007). For multi-frequency SZ observations of the entire clusighanim et al.
(2003 theoretically discuss possibilities in order to break parameter degeneracies between the Compton parame-
ter, the electron temperature and the cluster peculiar velocity for an appropriate choice of observing frequencies.
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Figure 8.4.: Unconvolved SZ flux decrement along an impact parameter through the center of the southern bubble of
Perseus. Théeft panelshows the SZ flux decrement at th& MA frequency band centered op = 144 GHz while

the right panelassumes a central fiducial frequencywgf~ 217 GHz. Compared are fiveftérent scenarios of the
composition of the plasma bubbles to the undisturbed SZ profile (dotted thin line), respectively. The three (two) set of
lines correspond to three (two)ftirently assumed average bulk velocities along the line-of-sight,of the thermal gas

of Perseus.

Considering possible gaseous substructure along the line-of-sight towards the radio plasma bubble and a possibly
non-spherical bubble geometry, it might be impossible to discriminate between morphologically similar bubble
compositions (scenarios 4 and 5) in the case of a single frequd@A or GBT observation.

8.7.2. Perseus plasma bubbles at different frequencies

The left panel of Fig8.4compares three set of lines corresponding fiedént average line-of-sight streaming veloc-

ities at theALMA frequency band which samples the extremum of the thermal SZ flux decrerpentid4d GHz).

The dfect of an overall decrease in the SZ flux decrement for the approaching clygter 300 km sy can be

clearly seen. The amplitude of the kinetic SZeet depends on the dimensionless average velocity of the thermal
gas, which amounts in our casefighs = vgag/C = 10°3. On the other hand, the amplitude of the thermal SZ ef-

fect depends on the inverse normalized thermal beta-paramﬁtef, kTe/(me€?) =~ 1072, where we inserted the
average temperature of the Perseus cluster. At the extremum of the thermal SZ flux decrement, the kinetic SZ flux
amounts to an approximately 10% correction to the thermalff&¢for the choice of our fiducial cluster velocity.
However, this small #ect is responsible for the qualitativefidirence of the observable SZ cavities resulting from
plasma bubbles: assuming a receding cluster and a dynamically dominant thermal proton and electron distribution
(scenarios 4 and 5), we still obtain a detectable depth of the SZ cavity which almost disappears for an approaching
cluster.
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8.7.2 Perseus plasma bubbles at different frequencies
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Figure 8.5.: Unconvolved SZ flux increment along an impact parameter through the center of the southern bubble of
Perseus at the frequency band centeredqon 470 GHz. Compared are fiveftBrent scenarios of the composition of

the plasma bubbles to the undisturbed SZ profile (dotted thin line), respectively. The two set of lines correspond to two
differently assumed average bulk velocities along the line-of-sighy,of the thermal gas of Perseus.

The right panel of Fig8.4 shows the unconvolved SZ flux decrement assuming a central frequengy-of
217.34 GHz and bandwidth ofv = 40 GHz. Allowing for finite frequency response of the instrument’s receivers,
this fiducial frequency corresponds to a vanishing frequency band-averaged thermal SZ flux decrement. Thus, the
kinetic SZ dfect represents the maiffect at this frequency showing a positive SZ flux decrement for a receding
cluster, i.e. we would detect a reduced flux of CMB photons in that direction. At this frequency range, a relativistic
electron population always causes a positive relativistic SZ flux decrement owing to the higher crossover frequency
ve 2 217 GHz and irrespective of the cluster’s velocity. Thifeet causes an enhanced SZ flux contrast of the
bubble for an approaching cluster compared to a receding one, depending on the specific composition of the plasma
bubble.

The interchange of SZ flux decrements foffelient bubble compositions is remarkable compared to the case of
vo = 144 GHz. The largest impact of the bubble’'s SZ cavity is provided by the trans-relativistic thermal electron
population of 50 keV owing to its comparably large frequency band-averaged SZ flux decrement. The SZ flux
decrements of the other bubble compositions are smaller because the crossover frequency of the thermal electron
population ofkTe = 20 keV lies closer to the non-relativistic crossover frequency while the amplitudes of the
spectral distortions of the relativistic electron populations are smaller (cf8FRj. Relativistic corrections to the
thermal SZ flux resulting from the thermal electrons with temperaturdsiof~ 3 — 7 keV are negligible: the
resulting profiles of the SZ flux decrement are similar in morphology to the kinetic SZ flux decrement and would
correspond at this frequency to an additional kinetic 8Za of only~ 10 km s1,

Owing to the proximity of the Perseus cluster to the Galactic plane, SZ observations at even higher frequencies
might be challenging due to the Galactic dust emission which represents the major Galactic foreground at these
frequencies (see e.@chlegel et al1998 Finkbeiner et al1999 200Q Schéafer et al2004). In an exemplary
manner, we also show the expected SZ cavity around a fiducial frequency which samples the maximum of the Sz
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flux increment For a cluster with a temperature of 5 keV, the normal thermal relativistic corrections disappear at
vo = 470 GHz when taking into account the detector’s finite frequency respomnse-6#10 GHz. Secondly, at this
frequency the kinetic SZféect has only a small additional contributioghanim et al.2003. Hence, one could

expect that the SZ signal from the bubble could be even more prominent. This is investigateddrb Kigich

shows the unconvolved SZ flux increment along an impact parameter through the center of the southern bubble of
Perseus aty = 470 GHz. The dierent bubble compositions qualitatively show the same behavior as for the SZ
decrement at the frequency band aroupe: 144 GHz. However, the SZ flux contrast of the bubble is much higher

as well as the degeneracy owing to the kinetic $2at is reduced. Thus, for clusters not being outshone by the
Galactic dust emission, observations at this frequency range seem to be most promising in order to infer the bubble
composition.

8.8. Observing strategy

The previous results imply the following observing strategy forAh®A compact core configuration or ti@&BT.

A short duration observation (a few hours) of the inner rim of the southern X-ray cavity within the Perseus cool-core
region should either yield asSdetection of an SZ cavity or not. The case of a significant detection either proves
the existence of a dynamically dominant CRp population, magnetic fields, or an ultra-relativistic CRe population
within the radio plasma bubble while the contrary excludes this hypothesis oortlevé.

Such a non-detection of the bubble would require a longer integration time in order to detect the SZ flux decrement
of the plasma bubble at the desired significance level. A detection of a very shallow SZ cavity indicates a dynam-
ically dominant hot thermal electron population within radio plasma bubbles. The underlying physical scenario is
degenerate for an observed intermediate depth of the SZ cavity (such as an SZ flux level in between our scenarios
3 and 4). Possibilities include trans-relativistic thermal electron distributions or soft CRe power-law distributions
exhibiting a spectral index of approximately= 3 as well as a small lower cufop; implying a mean momentum
of (p) ~ 1. Follow-up multi-frequency SZ observations in combination with X-ray spectroscopy could disentangle
the diferent scenarios and possibly estimate the temperature or spectral characteristics of the dynamically dominant
electron populationghimon & Rephael2002 Enf3lin & Hanser2004). The detection of such an SZ flux would en-
able one to draw conclusions concerning the particular jet scenario being responsible for the inflation of the plasma
bubble.

The case of a deep SZ cavity with an associated detection of dynamically dominant CRps, magnetic fields, or
ultra-relativistic CRes leads to an immediate question about the composition of radio ghosts. Thus, an additional
SZ observation of the ghost cavity in Perseus could yield answers about the potential entrainment of ICM into the
plasma bubble during its buoyant rise in the cluster atmosphere. If a large fraction of entrained gas in the bubble
provides significant pressure support, it must have experienced Coulomb heating through CRes in order not to be
detected in X-rays. This would result in a reduced SZ flux contrast of the ghost cavity and leads to a faint or
undetectable SZ flux decrement of the ghost cavity.

8.9. Conclusion and outlook

This chapter provides a theoretical framework for studying the SZ decrement of radio plasma bubbles within clusters
of galaxies. X-ray observations are proportional to the square of the thermal electron density and probe the core
region of the cluster. On the other hand, the &2d is proportional to the thermal electron pressure enabling the
detection of plasma bubbles further outwards of the respective clusters. Assuming spherically symmetric plasma
bubbles, we simulate a_MAand aGBTobservation of the cool core regions of the Perseus cluster and Abell 2052.

In this context, we investigate physicallyfidirent scenarios of the composition of the plasma bubbles: as long as
the bubble is dynamically dominated by relativistic electrons, protons, or magnetic fields, there exists a realistic
chance to detect plasma bubbles in the SZ flux decrement. Non-detection of radio bubbles with ffexiSat e

the position of X-ray cavities hints towards a dynamically dominant hot thermal electron population within radio
plasma bubbles. Detection of a non-thermal pressure support should be possible within a few hours observation
with ALMA or GBT in the case of Perseus and a few tens of hours in the case of Abell 2052.

4This might find application for a galaxy cluster with an X-ray cavity at high Galactic latitude (e.g., Abell 2052) or in the case of Perseus, once
the Galactic dust emission is properly removed.
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8.9 Conclusion and outlook

Pursuing high-sensitivity multi-frequency SZ observations, it will be challenging but not impossible to infer
the detailed nature of the fiierent possible populations of the bubble. For realistic observations, the frequency
dependence of the relativistic SZ signal is contaminated by the presence of the kinetic SZ signal. It would be optimal
to have a frequency channel centered on the crossover frequency of the therrffalcsi erder to infer the energy
spectrum of the dynamically dominant population and to measure the temperature or spectral characteristics of the
electron population.

The results of this chapter were worked out in collaboration with T.A. EnR3lin and C.L. Sarazin. A paper entitled
“Unveiling the composition of radio plasma bubbles in galaxy clusters with the Sunyaev-Zel'déhécti bas been
published in the journahstronomy & Astrophysics®frommer, Enf3lin & Sarazjr2005, A&A, 430, 799).
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9. A description of cosmic ray gas for
cosmological applications

Abstract

Galactic non-equilibrium processes like shock waves and turbulence have generated magnetic fields and cosmic rays (CRs) in
the interstellar medium. Cosmic rays play a decisive role within our Galaxy: their pressure, along with that of the thermal gas,
balances gravity, they trace past energetic events such as supernovae, and they reveal the underlying structure of the baryonic
matter distribution through their interactions. To study the impact of CRs, we develop an approximative framework to treat
dynamical and radiativefiects of CRs in cosmological simulations. The guiding principle is a balance between capturing as
many physical properties of CR populations as possible while simultaneously requiring as little extra computational resources as
possible. The CR spectrum is approximated by a single, constant spectral index power-law, with spatially and temporal varying
normalization and low-energy cutfoParticle number and energy conservation principles are used to derive evolution equations
for the basic variables due to adiabatic and non-adiabatic processes. Such are compression, rarefaction, CR injection via both
shocks of supernova remnants and structure formation shock waves, in-situ re-acceleration of CRs, CRfBmtia] iR

energy losses due to Coulomb interactions, Bremsstrahlung, and hadronic interactions with the background gas, including the
associateg-ray and radio emission due to subsequent pion decay. Furthermore, we explain how the formalism can be included
into smoothed-particle-hydrodynamics simulations.

9.1. Introduction

9.1.1. Motivation

The interstellar medium (ISM) of galaxies is very complex and its energy budget is composed of thermal and
non-thermal components. The non-thermal components are magnetic fields and cosmic rays which are known to
contribute roughly as much energy and pressure each as the thermal gas contributes to the ISM, at least in our own
Galaxy. Numerical simulations and semi-analytical models of galaxy and large-scale structure formation neglected
the dfects of these non-thermal components so far for simplicity despite their dynamical importance.

Although there have been some attempts to equip SPH galaxy formation codes with magnetic field descriptions
on the MHD level Dolag et al.1999, a fully dynamical treatment of the CR component was not yet attempted
due to the very complex CR physics involved. There has been sfforete furnish grid based MHD codes with
a diffusive CR component in order to study isolatéldets like Parker instabilitieK(iwabara et al2004 Hanasz
& Lesch 2003. However, these codes are not suited for galaxy formation simulations in a cosmological setting
due to the missing adaptive resolution needed and the many extra components like dark matter, stellar populations,
etc. Although there have been numerical implementations of discretized CR energy spectra on top of grid based
cosmological simulationsyiniati 2007), these implementations neglect the hydrodynamical pressure of such a CR
component. Additionally, the amount of computer resources required for these in terms of memory and CPU-time is
substantial. This renders such code to be unattractive for the purpose of galaxy formation and inhibits the inclusion
of CRs into expensive simulation runs in cases where it is not clear ab initio if CRs are crucial or not.

An accurate description of CRs would follow the evolution of their spectral energy distribution as a function of
time and space in addition to the computation of their dynamical, non-linear feedback to hydrodynamics. In order
to allow the inclusion of CRs and theiffects into numerical simulations and semi-analytic descriptions of galaxy
formation, we develop a simplified description of the CR dynamics and physics which should be a compromise
between two opposite requirements, namely: (i) as many physical properties and peculiarities of CR populations as
possible should be captured, and (ii) as little extra computational resources as possible should be used. The emphasis
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is given to the dynamical impact of CRs on hydrodynamics, and not on an accurate spectral representation of the
CRs. The guiding principles are energy and particle number conservations, and adiabatic invariants. Non-adiabatic
processes will be mapped onto modifications of these principles.

9.1.2. Approximations and assumptions

1.

Only the dominant CR proton population is modeled, assuming that the presemqeadfcles and heavier

ions would not change the dynamical picture. In contrast to heavier ippsyticles carry a significant
fraction of the total CR energy. Nevertheless, the assumption is a reasonable approximation, since the energy
density ofa-particles can be absorbed into the proton spectrum. As a coarse approximation, a GeV energy
a-particle can be regarded as an ensemble of four individual nucleons traveling together due to the relatively
weak MeV nuclear binding energies compared to the kinetic energy of relativistic protons. For hadronic
interactions the fact that the four nucleons are bound is of minor importance. Since Coulomb cooling is
proportional to the square of the nucleus’ charge, each of the four nucleonsaeptirticle is experiencing a

loss of kinetic energy which is identical to the loss that a free CR proton with exactly the same specific energy
would feel.

. The dynamically relevant physical quantities are the kinetic energy dengitgnd the average enerdyr =

ecr/Ncr of the CR population. For an assumed power-law spectrum with steep spectratviati®igh CR
momenta, these two quantities are completely determined by specifying the power-law normalization constant
C and the CR low-momentum cutay. No high-momentum cutd of the spectrum is considered, since for

a suficiently steep spectrumy(> 2), the high-energy range is dynamically unimportant. The dynamics

is dominated by particles with momenta closestripc (the particles at the lower cuto or aroundmyc,
whichever is larger).

. A momentum power-law CR spectrum with spectral inddgg assumed. This is not only consistent with the

observation of Galactic CR&(~ 2.75) but also predicted by typical CR acceleration arftldion models,
which usually give momentum power-law spectra (Sehlickeisei2002 for a review).

. The CR spectral index is assumed to be the same everywhere. This suppresses several typidid@R e

like spectral steepening due to transpditets, or spectral flattening due to fresh particle injection. However,
these &ects are not believed to be essential for for the global dynamics of the ISM to first order, justifying
our simplification. However, somefects can still be roughly captured by our descripfion.

9.1.3. Captured Physics

The framework is set up to include a number of essential physical processes of a CR gas like particle acceleration,
diffusion, and particle interactions. This should allow to study the impact of a variety of physical processes on
galaxies, clusters of galaxies, and the large scale intergalactic medium, e.g.:

1.

2
3
4
5.
6
7
8

hydrodynamical ffects of CRs

. CRinjection by difusive shock acceleration
. in-situ re-acceleration by plasma waves

. non-local feedback from CR injection due to CRfdsion

CR modified shock structures

. heating of cold gas by CRs
. CR driven galactic winds

. Parker instabilities of spiral galaxy disks

1Using momentum conservation, the formalisms to be presented in this chapter can be extended to account for a variable spectral index.
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9.1.4 Structure

9. morphology of gamma ray emission

10. morphology of radio emission due to secondary electrons

9.1.4. Structure

The basic formalism is introduced in Se6t2, in which the approximative description of the CR gas is intro-
duced and its adiabatic evolution described. Non-adiabatic processes are discussedid. SeRtinjection via
shocks of supernova remnants (S€c8.1), and of structure formation shock waves (S€c8.2; CR spatial dif-
fusion (Sect9.3.3; in-situ re-acceleration of CRs (Se&.3.4; CR energy losses due to Coulomb interactions
(Sect.9.3.5, Bremsstrahlung (Sed.3.9, and hadronic interactions with the background gas (8817, includ-

ing the associateg-radiation from ther®-decays (Sec®.3.9 and the radio emission of the electrons and positrons
resulting froms*-decays (Sec®.3.9. Sect.9.4 describes how the formalism can be included into a simulation
code based on Smoothed-Particle-Hydrodynamics (SPH). Conclusions and outlook are giver@inb.Sect.

9.2. Formalism

In this section, we develop the description of a CR population in a volume element, which is comoving with the
background fluid. This Lagrangian perspective allows a strongly simplified description, since the advective transport
processes are fully characterized by the description of fifeeteof adiabatic volume changes. We will introduce
convenient adiabatic invariant variables, which therefore would be constant in time if non-adiabatic processes were
neglected. Certainly, non-adiabatic processes have to be included, and we develop the formulae how the adia-
batic invariant variables change accordingly. The chosen formalism is well suited to be implemented in numerical
simulations. In Sec®.4, we explain how a SPH code has to be modified to include our CR description.

Since we only consider CR protons, which are at least in our Galaxy the dominant CR species, it is convenient to
introduce the dimensionless momentprs P,/(m, €). The diterential particle momentum spectrum per volume
element is assumed to be a single power-law above the minimum momgntum

Hp) = N _Cpeap-q). 0.1)

dpav
6(x) denotes the Heaviside step function. Note, that we us&ectige one-dimensional distribution functidfp) =
47p?£@)(p). The diferential CR spectrum can vary spatially and temporally (although for brevity we suppress this
in our notation) through the spatial dependence of the normaliz&tienC(x,t) and the cutf q = q(x,t). « is
assumed to be constant in space and time.

Adiabatic compression or expansion leaves the phase-space density of the CR population invariant, leading to
a momentum shift according o — p’ = (o/po)® p for a change in density fromg to p. Since this is fully
reversible, itis useful to introduce the invariant dtismd normalizatiogy andCy which describe the CR population
via Eqn. 0.]) if the ISM is adiabatically compressed or expanded relative to the reference densitiie actual
parameter are then given by

q0) = (o/po)? o and C(p) = (0/po) %" Co. (9.2)

These variables are a suitable choice to be used in a Lagrangian description of the ISM.
The CR number density is

Cqg Coql_"
Ner = fdp f(p) = ql == pﬂo (9.3)

provideda > 1. The kinetic energy density of the CR population is

C2
een= [ap tOITo0) = S0 |35 (52 250 e (Ve (0.4)

whereTy(p) = (V1+ p>—-1)m, ¢? is the kinetic energy of a proton with momentyB,(a, b) denotes the incom-
plete Beta-function, and > 2 is assumed. The average CR kinetic enérgy = ecr/Ncr is therefore

3 q"‘l( a-2 3—-«a > 2
TCR_[ 5 Bhlqz(—z . )+,/1+q 1l myca. (9.5)

119



A description of cosmic ray gas for cosmological applications

-«/_
¢ ®

— existing

Figure 9.1.: Schematic view of the interplay of thermal and non-adiabatic CR processes that govern the hydrodynamics.
The processes on the left-hand side are cooling processes that simultaneously shed light on the respective component. In
the case of CRs, the relevant observables are radio synchrotron and inverse Compton radiation by secondary electrons and
pion decay induceg-ray emission.

The CR pressure is

& [ Cm@ (a-23-
Pen= "5~ [dptmsp= g5 (52 257). ©6)

whereg := v/c = p/ /1 + p? is the dimensionless velocity of the CR particle. Note, that fer 2 < 3 the kinetic
energy density and pressure of the CR populations are well defined for theglimitO, although the total CR
number density diverges.

The adiabatic exponent of the CR population is defined by

d |Og PCR

~dloge | (9.7)

S

while the derivative has to be taken at constant entr®pyUsing Eqns. 9.2) and ©.6), we obtain for the CR
adiabatic exponent

_p [0PcrIC  9PcrOQ)  a+2 2 ,. -2 3-a\|*
yCR-PCR(aC Gt ) - S| B, (5 | (9.8)
Note that in contrast to the usual adiabatic exponent, the CR adiabatic exponent is time dependent due to its depen-
dence on the lower cufioof the CR populationg. Considering a mixture of thermal and CR gas, it is appropriate
to define an ffective adiabatic index by

_ dlog(P + Pcr)
h dlogp

YCR =

P P
_ Yth Pth + YCRr CR (9.9)

Yeft
Pth + Pcr

-
9.3. Non-adiabatic processes

The spectrum of a CR population within a volume is shaped by various physical processes, such as particle injection
and escape, continuous and catastrophic energy losses, and re-acceleration. Although all these processes leave
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9.3.1 CR injection by supernovae

their characteristic signatures in the CR spectrum, we have to describefthets én terms of our two dynamical
variablesC andq (or Cp andqp). In order to resemble the key features of the real CR dynamics using our simplified
description, we have to make the proper choice how to modify our variables byfitteedt processes. The guiding
lines are the energy and particle number conservation.

Imagine a non-adiabatic process leading to a changg ith the number density andgr in the energy density
of the particles during an infinitesimal time interval @his would imply changes irQ, g) which are given by

dc _ 0C/oncr 0C/decr dnCR (9 10)
dqg 09/0ncr  09/dscr |\ decr | '
Using the definitions in Eqns9(3) and Q.4) this can be evaluated to
decr — Tp(d) dncr
dc 9.11
ecr — Tp(d) Ncr ( )
dq = q decr— Tcrdncr (9.12)

-1 ecr—Tp(a)Ncr

These relations are reasonable which can also be demonstrated by the following thought experiments: if a process
increasescr and ncg simultaneously by the same factor+15, so that dcr/ecrk = dncr/Ncr = d, one gets
only a change in the normalization@d= ¢ C), but not in the cutfi (dg = 0), as it should be. If one adds an
infinitesimal amount of particlesdr with exactly the kinetic energy of the cdfd (), so that @cr = Tp(0) dncr,
the normalization is unchangeddd= 0), but the cutff is lowered (@) = —qdncr/((@ — 1)Ncr) = Ncr « GH9),
again as it should be.

The adiabatically invariant variables change according to

a+2

o\ ® decr — Tp(q) dncr
ac, = [(— dC =C s 9.13
° (Po) ® ecr— Tp(d) Ncr (0-13)

p\ Qo decr— Tcrdncr
d = [—= dg = , 9.14
o (Po) 9= a1 ecr— Tp(Q) Ncr (014

where we used for convenience a notation which is mixed in the variant and invariant variables. Ways to numerically
implement the evolutions @, andqy are discussed in Append&4.4

9.3.1. CRinjection by supernovae

Shock waves in supernova remnants are believed to be the most dominant CR injection mechanism in the galactic
context. A significant fractiogisy ~ 0.1— 0.3 of the kinetic energy of a supernova may end up in the CR population.
Therefore we set @r/dt)sy = {sndesn/dt and (& /dt)sy = (1 — Zsn) desn/dt, where dsy/dt is the SN energy

inj

release rate per volume. The increase in CR number density is givemdy/ @)sn = (decr/dt)sn/ Tk, Where
qa'”’_l 23
ini inj a — -
Tg{:mpcz[ > B“lqz( 5% )+,/1+q§]j—1 (9.15)

is the average kinetic energy of an injection power-law spectrum with spectral ingeand lower momentum
cutdf gij. A plausible value for the injection spectral indexdig; = 2.4. The low-momentum cufb can be

set toQy ~ 1/kT/(mp ¢?) since the power-law spectrum resulting from shock acceleration reaches down to the

thermal population with temperatukd. However, in numerical practice it may be more economical to use some
higher value forg, since in many circumstances Coulomb losses will rapidly remove the lower energy part of
the CR spectrum so that the energy of these CRs is transfered to the thermal gas shortly after injection. A slight
re-calibration of’sy can take this into account, so that a numerical code does not have to follow the appearance of
a temporarily existing, low energy, super-thermal CR population. A criteria to find an adegyaeyiven by the
requirement that the Coulomb-loss timescadéain) = [To(tinj)/(dTp(Cinj)/dt)c| (see Eqn. 4.48) of the particles

near the injection cutbshould be on the order of the simulation time-step.
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9.3.2. CR shock acceleration

In this section, we focus on CR acceleration processes at gas accretion and galaxy merger shock waves in the
framework ofdiffusive shock acceleratiaand modify the description dfliniati (2001). The shock surface separates
two regions: thaupstream regimelefines the region in front of the shock which is causally unconnected for super
sonic shock waves whereas ttiewnstream regimdefines the wake of the shock wave. The shock front itself is
the region in which the mean plasma velocity changes rapidly on small scales given by plasma physical processes.
Seen from the rest frame of the shock, particles are impinging on the shock surface at a rate per unit shock surface
p2v2 = pruy. Herevy andv, indicate the plasma velocities (relative to the shock’s rest frame) in the upstream and
downstream regime of the shock, respectively. The mass densities in the respective shock regime are denoted by
andpo.

We assume that after passing though the shock front most of the gas thermalizes to a Maxwell-Boltzmann distri-
bution with characteristic post-shock temperaflise

3/2

) myc? p?

where the number density of particles of the thermal distribution in the downstream regirsen,, as well as

T, can be inferred by means of the mass, momentum, and energy conservation laws at the shock surface for a gas
composed of CRs and thermal constituents. For cosmological applications, we have to consider the primordial
composition of the cosmological fluid, i.e. we replace the proton mmds/ the mean particle mags

_ 4m,
M =l = T 1+ X

fin2(p) = 47t (

(9.17)

where the hydrogen mass-fraction of the baryonic matter is denot¥d by0.76 and the ionization grade is given
by Xion-

Chapterl0 describes the formalism for instantaneously and self-consistently inferring the shock strength and all
other quantities in the downstream regime of the shock within the framework of SPH simulations. Supposing that
a fraction of these particles experiences stochadfiasive shock acceleration byfllising back and forth over the
shock front, the test particle theory offidisive shock acceleration predicts a resulting CR power-law distribution
in momentum space. Within our model, this CR injection process can be treated instantaneously. For a particle
in the downstream region of the shock to return upstream it is necessary to meet two requirements: the particle’s
effective velocity component parallel to the shock normal has to be larger than the velocity of the shock wave
and its energy has to be large enough to escape the “trapping” process by Alfvén waves being generated in the
downstream turbulencéAalkov & Volk 1995 Malkov & Volk 1998. Thus, only particles of the high-energy tail
of the distribution are able to return to the upstream shock regime in order to become accelerated. The complicated
detailed physical processes of the specific underlying acceleration mechanism are conveniently compressed into
a few parametersipnes & Kangl993 Berezhko et al1994 Kang & Jonesl1995, one of which defines the
momentum threshold for the particles of the thermal distribution to be accelerated,

/ZkT
Qinj = Xinj Pth = Xinj Fé (9.18)

Since Coulomb lossedteiently modify the low energy part of the injected CR spectrum, we propose to follow
the recipe presented at the end of S8c8.1], i.e. increasing the low energy spectral break without changing the
normalization of the CR spectrum.

In the linear regime of CR acceleration, the thermal distribution joins in a smooth manner into the resulting CR
power-law distribution atji,; so thatxy; represents the only parameter in oufulive shock acceleration model,

—Qinj
feriin () = Xion fin(Ginj) (qi) (P — Clnj)- (9.19)
inj
Fixing the normalization of the injected CR spectrum by such a continuity condition automatically dete@mgines
which depends on the second adiabatic invariant. The slope of the injected CR spectrum is given by

r+2
Qinj = ;, where r = p2_n (9.20)
r-1 p1 2
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9.3.2 CR shock acceleration

denotes the shock compression ra@&zl{ 1978ab, Drury 19833. In the linear regime, the number density of
injected CR patrticles is given by
ANcriin = f dp feriin(P) = Xion fin(Gling) ———- (9.21)
0 ainj — 1
This enables us to infer the particle injectioffi@ency which is a measure of the fraction of downstream thermal
gas particles which experiencdidisive shock acceleration,

3
ANcRjin 4 X =

TICRlin = N = ion% iy — 1

The particle injection iciency is independent of the downstream post-shock tempeiBiulidese considerations
allows one to infer the dynamically relevant injected CR energy density in the linear regime:

(9.22)

Agcriin = ncrjin TeR(@inj» Gin) Nin(T2). (9.23)

In our description, the CR energy injectioffieiency in the linear regime is defined to be the energy density ratio
of freshly injected CRs to the total dissipated energy density in the downstream regime,

A .
din = ;CRIIH’ where  Aggiss = £tz — ethal”- (9.24)
Ediss

The dissipated energy density in the downstream regixagss, iS given by the dterence of the thermal energy
densities in the pre- and post-shock regime while correcting for the contribution of the adiabatic part of the energy
increase due to the compression of the gas over the shock.
In order not to violate energy conservation as well as conditions of the linear theoffusiv shock acceleration,
4in has to obey a boundary condition which ensures that the dynamical pressure exerted by CRs is smaller than the
ram pressure of the floyylvf yielding
PL,Z _ (@ — 1)@ ncRiin o1 (0—2’3—01)<1’ (9.25)
pvg 6uv1vo | 1+qﬁ“. 2 2
wherea = aiy;. For practical purposes, which will be encountered for instance in cosmological SPH simulations,
this boundary condition can be strongly simplified. Thus, we propose the following modification of the CR energy
injection dficiency in order to account for the saturatidfeet at high values of the Mach number:

Ginj = [1 - exp(— fin )] Cmax: (9.26)
gmax

Numerical studies of shock acceleration suggest a valtig,eE 0.5 for the limiting case of the CR energy injection

efficiency Ryu et al.2003. These considerations allows one to infer the injected CR energy density in terms of the

energy injection fliiciency of difusive shock acceleration processes,

Agcrinj = dinjAdiss (9.27)

The average kinetic energy ®tr(inj, Ginj) Of an injection power-law spectrum with CR spectral index is
given by Egn. 9.15, however with the lower CR momentum cfitof Eqn. ©.18. In combination with the slope
@inj, the value ofx,; regulates the amount of kinetic energy which is transferred to the CRs. Theoretical studies of
shock acceleration at galactic supernova remnants suggest a ragge=@8.3 to 36 implying an particle injection
efficiency ofjcriin =~ 107 to 1073 (Drury et al. 1989 Jones & Kangl993 Berezhko et al1994 Kang & Jones
1995 Malkov & Volk 1995.

Fig. 9.2 shows the CR energy injectiofffieiencyin; as a function of spectral index,;. It can be clearly seen,
that our simplified model for the flusive shock acceleration fails in the limit of weak shocks and over-predicts
the injection #iciency. Especially in this regime, Coulomb losses have to be taken into account which remove the
low-energetic part of the injected CR spectrufiicgently on a short timescale (cf. Set3.5. This gives rise to an
effective CR energyféciency {coulomb Which is obtained by keeping the normalization of the CR spectrum while
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Figure 9.2.: CR energy injectionfiiciency for the difusive shock acceleration process. Shown is the CR energy injec-
tion efficiency iy (dotted) for the three post-shock temperatik@g/keV = 0.01,0.3, and 10. An ffective CR energy
efficiencyZcouomb (S0lid) is obtained by considering Coulomb losses which remove the low-energetic part of the injected
CR spectrum on a short timescale. We adopted the following values for our model paramgters,5, {max = 0.5, and

Ocoulomb = 0.03.

simultaneously increasing the cfitogi; — Ocouloms Thus, in the linear regime thetectively injected CR energy
density is given by
1-ainj
Aé&criin,Coulomb = ANcRr i Tcr(@inj» Acoutomb) (W) . (9.28)
inj
The dfective CR energyficiencylcouombin the linear regime is obtained by analogy to the previous considerations,

A<9CFz,Iin,Coqumb' (9.29)
A&giss

Following our suggestion for saturatioffects of the shock acceleration given in Eg®.2¢), we can obtain the

effectively injected CR energy density in the non-linear regiaer inj.coulomb ASSUMINg a dominant thermal gas

component, the spectral index, can be translated into the Mach number of the shadk, depending on the

adiabatic index of the thermal gas
2 (2 + ainj)
= 4 f— 9.30
Ml 1+ 2ainj - 3)/ ( )

For a pure thermal gas, the spectral indgx = 2 formally corresponds to an infinite Mach number.

flin,Coqumb =

9.3.3. CR diffusion

The ubiquitous cosmic magnetic fields prevent charged relativistic particles to travel macroscopic distances with
their intrinsic velocity close to the speed of light. Instead, the particles gyrate around, and travel slowly along mag-
netic field lines. Occasionally, they get scattered on magnetic irregularities. On macroscopic scales, the transport
can often be described as d@fdsion process if the gyro-radius can be regarded to be small. Tiasidn is highly
anisotropic with respect to the direction of the local magnetic field, characterized by a paratidla perpendicular

k. diffusion codficient. Both are usually functions of location and particle momentum.
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9.3.3 CR diffusion

Microscopically, the scattering of the CR on magnetic irregularities of MHD waves slows down the parallel trans-
port, but allows the perpendicular transport since it de-places the gyro-center of the CRs. Therefore, both micro-
scopic difusion codicients depend on the scattering frequengyy, but with inverse proportionalitiesg o vk,
andk, « vgean Particles are best scattered by MHD waves with a wavelength comparable to the CR’s gyro-radii,
which itself depends on the particle momentum. The various wavelength band#arendiy strongly populated.
Therefore, the scattering frequency is usually a function of the particle momentum. The exact functionality depends
on the small-scale plasma turbulence spectrum, on scales comparable to the CR gyro-radii.

In this picture (e.g. seBieber & Matthaeud 997, the difusion codicients can be written as

K|| = /(B%hm (931)
K = — (9.32)

-5 KBohm-
1+¢g2

Here,e <« 1 is the ratio of scattering frequeneycar to the gyro-frequency2 = v/r,, andkgonm = vr,/3 =
vpm,c?/(3Z e B is the Bohm difusion codicient. In most circumstances, will be many orders of magnitude
smaller than. Thus, from a microscopic point of view CR cross fieléfasion seems to be nearly impossible.
Macroscopically, the cross-field particle transport is much faster than the microsctipgiati codficient sug-
gests. The reason for this is that any small displacement from the initial field line, which a CR achieved by a
perpendicular microscopic filusion step, can strongly (often exponentially) be amplified if the CR travels along
its new field line Rechester & Rosenbluth978 Dufty et al. 1995. This is caused by diverging magnetic field
lines due to a random walk in turbulent environment. Tlifea should always be present to some level even if a
large-scale mean field dominates the general magnetic field orientation. The reditditigesdifusion codicient
k. is difficult to estimate from first principles (see the discussioBnftlin2003, but its dependence on the particle
momentum is the same as that of the parallludion codicient, due to the dominant role the paralleffdsion
plays in the €ective cross field transport. We therefore assume

«.(P) = 6. x(P) (9:33)

with typically 6, ~ 1074 — 1072 (Giacalone & Jokipiil999 EnRlin 2003, but seeNarayan & Medvedeg2007)
for arguments of a large¥, ~ 1071, In order to be flexible about the underlying MHD turbulence which fixes the
momentum dependency af we assume

K1(P) = &) (P) = ko B PP y® = ko pPryH L. (9.34)

The velocity factors expresses the reduction offfdision speed for non-relativistic particles. For a power-law
turbulence spectrur(k) dk o« k=*w» dk one obtaingl, = 2 — a4 andd, = 0, e.9.d, = % for a Kolmogorov-type
spectrum. We have included the paramekgein order to allow for low-energy deviations from a pure momentum
power-law dependence. Such deviations can e.g. be caused by modifications of the turbulence spectrum due to
MHD-wave-damping by the low-energy bulk of the CR population with small gyro-radii.

The equation describing the evolution of the CR spectfrp, t) due to difusion is

of 0 of
(%), = 2 939
where the diusion tensor
«ij(p) = ky(p) [o1 by + 6, (6 — bi by)] = &ij pPtyd2. (9.36)

is anisotropic with respect to the local main magnetic field diredtiein = B(x)/B(x). Since we are interested in a
simplified description, we have to translate Edh3f) into changes of CR number and energy density. Integrating
Eqgn. ©.35 over p leads to an equation governing the change in CR number density dugusiati:

Incr 9. 0 c —a+2+d; N
- Yi 2= |y 1
( at )diﬁ % 1 ax; {a—z—dp [q (1+)

1-4d, o-1-dy-d, 4+dp—«a
- 2 B@z( 2 T2 )]} (9:37)

125
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This can only lead to reasonable results if the condition 1 + d,, + d, is fulfilled. For a Kolmogorov-turbulence
diffusion codficient [, = 3, d, = 0), this translates into > 1.33.

One could assume that the transported energy is simphrlgs = Tcr(dncr)gis- However, this ansatz would
ignore that the more energetic particlefuse faster implying that theffective CR energy diusion is more rapid
than the CR number fiusion. In order to model this, we multiply Eqr@.85 by T,(p) and integrate ovep. This

leads to
Oecr . 8 [ Cmc? Cwe2edp N =
= — i —— (0% 1 _ l
( ot )diff O)QK”@X]{Q/—Z—dp q ( +q) ( +q)

, 1-d, a-1-dy—d, 4+dy—a
2 “ne 2 T2
d, o-2-dy—-d, 4+dy—-«a
LG (1t ) -

This equation can only lead to reasonable results if the conditisn? + d, + d, is fulfilled. For a Kolmogorov-
turbulence diusion codicient d, = % d, = 0), this translates inta > 2.33.

9.3.4. CR in-situ re-acceleration

The difusive propagation of CRs implies that CR particles scatter resonantly on plasma waves with wavelength
comparable to their gyro-radii. Since these waves are propagating, the CRs exchange not only momentum, but also
energy with the waves, leading to a re-acceleration of an existing cosmic ray population. Since the CR-number is
not changed by this process, we can state:

( BnCR ) -0
at re—acc

The change in the CR energy can be derived from the according Fokker-Planck equation for the 3-dimensional
momentum distribution functioi®(p) = f(p)/(4m p?) of an isotropic CR distribution:

af<3>(p)) 19 ( 5 af<3>)
—= == —(pPPDp—1/], 9.40
( B Jeace PPoR\" P ap (940

(9.39)

whereD, is the (pitch-angle averaged) momentum-spadkusion codicient. D, is a function ofp, which we
parameterize by

Dp = Do pt @yt . (9.41)
Taking the appropriate moments of Eq8.40 leads to evolution equation for the CR number density, E&39,

and for the CR energy density,
(asCR 1z, (a +ap ; a, — 2’ 2- az— ap) . ( \/rqz _ 1) o (1 N q2>(1-ay)/z],
1+q2
(9.42)

ot

) = C Dy myc*(2 + )
re—acc

which is valid fore > 2 - a, — a,.

The parameterization of the momentunffaion codficient is chosen to be similar to the one of the spatial
diffusion codficient because of a their related physical background: both are due to scattering on the same plasma
waves. Quasi-linear calculations of the Fokker-Planck transpofficieat of charged particles interacting with
plasma waves (se8chlickeiser2002 demonstrate that both, the spatial- and the momentdfusitin codicient
depend mainly on the pitch-anglefflision codficientD,,, = D,,.(p, ), whereu = cosé is the cosine of the pitch-
angleg:

Dp W(p, H) (9.43)
_ov (1 1)
= f mu(p’ M) (9:44)
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9.3.5 Coulomb losses

Here,V, is the phase-velocity of the scattering plasma waves which are usually assumed to be Alfvéwithves

Va = B/ +/4mp. In the relevant inertia ranges of the MHD-turbulence spectra, it is expected that the amplitude but
not the composition of waves change with wavelength and therefore the pitch-affigééodi codficient should be
separable irp andy, e.9.D,.(p, 1) = D1(p) D2(u). This allows to relate the two flusion codficients via:

Dy« = p?VaXe, (9.45)

whereX; is a constant of order unity, and is formally given by

([ [38523)

Therefore, in the framework of quasi-linear approximation, the parameters describing in-situ re-acceleration and
diffusion are related via
ap,=dp, a,=d,, and Dy = VZXy/xo, (9.47)

e.g. for a Kolmogorov-like spectrum of Alfvén waves = d, = % a, =d, =0, andX; ~ O(1).

9.3.5. Coulomb losses

The energy loss of a proton by Coulomb losses in a plasma is giv&ohid (1972:

dTp(p)\ _ 4me'ne [ (2mec?sp| p2
() e I (55)- 5 @40

Here,wp = +/4mene/my is the plasma frequency, and is the number density of free electrons. We note, that in
a neutral gas the Coulomb losses can approximatively be estimated with the same forrmdlizetaiten to be the
total electron number (free plus bound), although atomic charge shielfferjseshould lower the Coulomb losses
somehow.

In order to obtain the Coulomb energy losses of the CR population, one has to integrate. &jjrover the spec-
trum f(p). This integration can certainly be performed numerically. For fast #iacdeat applications, an approxi-
mative analytical expression might be more practical. We derive such an expression by replacing gheitetine
Coulomb logarithm with its mean value for the given spectrum, which can be writtghms= 3 Pcr/(my, ¢ ncr).2
The Coulomb energy losses are then

decr ~ 2nCene 2meC? (3 p) a-1 «a 1 a-1 a-2
(&), - e () s () s () e

Since Coulomb losses onlyfact the lower energy part of the spectrum and therefore should leave the normalization
undfected we propose to setrigk/dt)c = (decr/dt)c/Tp(d). This mimics the #ect of Coulomb losses on a
spectrum quiet well, since Coulomb losses remove the lowest energy particlesthiooesttty from the spectrum

and moves them into the thermal pool. Since also their energy is thermalizegdit = —(decr/dt)c and
(dnp/dt)c = —(dncr/dt)c. The second equation (proton number conservation) can be neglected for convenience due
to the smallness of thefect.

272

9.3.6. Bremsstrahlung losses

Bremsstrahlung energy losses of protons are usually negligible, since they are suppressed byré/faﬁt@r&

10" compared to the usually also small electron bremsstrahlung losses. Therefore, we do not included bremsstrahlung
energy losses of protons in our description.

2Also the stronger damped fast magneto-sonic waves are discuss@idiasteaccelerators due to their higher phase velocity Elgk 1979
Cassano & Brunet20095.

3This leads to a slight overestimate of the energy losses. A slight underestimate results bygejtingg?/ /1 + g2 in Egn. 9.49 As long
these two terms lead to similar loss rates our approximately treatment is a good description. Otherwise the integration has to be performed
numerically.
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9.3.7. Catastrophic losses

Another important process is the inelastic reaction of CR nuclei with atoms and molecules of interstellar and in-
tergalactic matter. The CR protons interact hadronically with the ambient thermal gas and produce mainly neutral
and charged pions, provided their momentum exceeds the kinematic thrqtshquz = 0.78 GeV for the reaction.

The neutral pions decay after a mean lifetime gfl® 1 s intoy-rays while the charged pions decay into secondary
electrons (and neutrinos):

T o W[V o €+ ve/Vet v+,

° = 2y
Using hadronic interactions, only the CR population above the kinematic threghdklvisible through its decay
products iny-ray and synchrotron emission. Because of baryon number conservation in strong and electro-weak
interactions, we always end up with pions and two protons in this CR-proton hadronic interaction (the possibly
produced neutron will decay after a mean lifetime of 886 s into a second proton). Thus, the CR number density is
conserved, implyingiakr/dt = 0.

To obtain a description of CR catastrophic energy losses, we start from the pion source function which describes
the pion production rate of a single relativistic proton of total endgy: ymyc?,

Si(Er. Ep) = = CanEpp(S(Eﬂ —(En) 6 pp(Ep) — Pinel (9.50)

dN
dE.dEydVdt
whereo,, =~ 32 mbarn is the total pion cross section on averagenane ne/(1 - %XHe) denotes the target nucleon
density in the ICM while assuming primordial element composition With = 0.24, which holds approximately.
Note, that this dterential pion source function is an approximation with respect to the pion energy. Because we
only use the integrated source function, this treatment is well justified. In Dermer’s nitehér19863b), which
is motivated by accelerator experiments, the pion multiplicity is independent of egerggpnstant, yielding the
mean pion energy,

To(p) Ep — myC?
(Ex) (Ep) = Kp—2— = Kpﬁ, (9.51)
& &

whereK, ~ 1/2 denotes the inelasticity of the reaction in the limiting regimautnheim & Schlickeisel994.4
Integrating the pion energy weighted source function over all pion endfgigields the energy loss of a single CR
proton owing to pion production,

dEp E"max _
- (T) = fo‘ dE, E, S(E, Ep) = cnné oppKp (Ep - n‘bcz) G(pp — Gthr)- (9.52)

Thus, the total energy loss of CRs is independent on the detailed mechanisms how the energy has been imparted on
pions during hadronic interactions. The change in energy density of CRs because of catastrophic losses is given by

d * dE _
_( ZCR) = f dp (p) (d—p) = ¢ TppKp scrlmMax(@, ), (9.53)
t cata 0 t n

whereecr is given by Egn. 9.4) in which the lower spectral breakhas to be replace by maxQr)-

9.3.8. Gamma ray emission

An analytic formula describing the omnidirectional (i.e. integrated ovesdlid angle) diferentialy-ray source
function resulting from pion-decay of a power-law CR population is giveRfiommer & EnRlin(20043:

24C oo “ 128, \¢ (2B, \"°1T°
S 3| LANEN TP

40n average, a leading nucleon and a pion jet leave the interaction site in direction of the incident protons diametrically and carrying the
high longitudinal momenta owing to Lorentz contraction of the interacting nuclei in the center of mass system and Heisenberg’s uncertainty
relation (Nachtmanril990.
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9.83.9 Hadronically induced synchrotron emission

The formalism also includes the detailed physical processes at the threshold of pion production like the velocity
distribution of CRs, momentum dependent inelastic CR-proton cross section, and kaon decay channels. The shape
parametes and the &ective cross section,, depend on the spectral index of theay spectrunw according to

0

1

014¢71%+044 and (9.55)
32-(0.96 + €*424*) mbarn (9.56)

1

Tpp

There is a detailed discussionfirommer & Enf3lin(20049 how they-ray spectral index,, relates to the spectral
index of the parent CR populatian In Dermer’s model, the pion multiplicity is independent of energy yielding the
relatione, = o (Dermer19864ab).

The derivation of the pion-decay inducgeray source function implicitly assumed the kinematic threstugid
to be above the lower break of the CR spectiynThis assumption is satisfied in the case of our Galaxy where a
flattening of the CR spectrum occurs below the kinematic energy threBhpld 1.22 GeV Simpsonl983. If the
inequalityq < gy is violated in the simulation for sticiently long timescales, the resultingray emission maps
have to be treated with caution: increasing the lower bggakthe CR spectrum implies a lower resulting pion
bump in the dfferentialy-ray source function arounm,c?/2 ~ 67.5 MeV.

Provided the CR population has a power-law spectrum, the integyatag source densityl, for pion decay
inducedy-rays can be obtained by integrating theay source functios,(E,) in Eqn. ©.54) over an energy interval
yielding

E 4C mMpCoppn [ My \* a+1 a—-1\]°
= (BB = ‘. dE, s,(E,) = 3a (Zmro) [Bx( 26 ’2_5)L’ (9.57)
26171
= [1+(";;’502) ] for i e {1,2). (9.58)
i

They-ray number fluxF, is derived by means of volume integration over the emission region and correct accounting
for the growth of the area of the emission sphere on which the photons are distributed:

1+z

Fy(E1, Ep) = D2

fdv 41 +2E1, (1 +2)Ey). (9.59)
HereD denotes the luminosity distance and the additional factors+ot Account for the cosmological redshift of
the photons.

9.3.9. Hadronically induced synchrotron emission

This sections describes the hadronically induced radio synchrotron emission while employing the steady-state ap-
proximation for the cosmic ray electron (CRe) spectrum. This is only justified if the dynamical findiw
timescales are long compared to the synchrotron timescale. Moreover, this section neglects possible re-acceleration
processes of CRes like continuous in-situ acceleration via resonant pitch angle scattering by turbulent Alfvén waves
as originally proposed byefe (1977 as well as CRe injection by other processes.

Following for instanceéDolag & Enf3lin (2000 andPfrommer & EnRlin(20043, the steady-state CRe spectrum
is governed by injection of secondaries and cooling processes so that it can be described by the continuity equation

o (EAEIT(ED) = (B0 (9.60)

For E¢(p) < O this equation is solved by

00

I Ee( Ee) | Ee

For the energy range of interest, the cooling of the radio emitting CRes is dominated by synchrotron and inverse
Compton losses:

fo(Ee) = dELSe(EY) (9.61)

4otC

3mg

—Ee(Ee) = |26 + 2pn| E2. (9.62)

QA
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where o is the Thomson cross sectiosg = B?/(8n) is the local magnetic field energy density, agg =
£cmB + EstarsiS the energy density of the cosmic microwave background (CMB) and starlight photorefigilsl =
BZ,/z/(87) can be expressed by an equivalent field stref@gle = 3.24 (1+ 2?nG. &sas has to be guessed,
calculated from information of the star distribution, or ignored.

Assuming that the parent CRp population is represented by a poweBl@wthe CRe population above a GeV
is therefore described by a power-law spectrum

C Ee \ %
B = Gev (Geev) : (9.63)
162_‘1e Opp n’% C4 nNC %Cz -l
andC, = 9.64
€ @e—2 o71GeV &g+ gpn GeV) ’ ( )

where the ffective CR-proton cross sectioty,, is given by Eqn. §.56).

The synchrotron emissivity, at frequency and per steradian of such a CRe populat@®68, which is located
in an isotropic distribution of magnetic fields (Eqgn. (6.36Rybicki & Lightman1979), is obtained after averaging
over an isotropic distribution of electron pitch angles yielding

. (a,+1)/2
iv = Ag,(ae)Ce L ] o gcre B, (9.65)
2nemgc®y v
B. = +Bren = 231( ) G, 9.66
C Bc 3eGeV2 GHz uw ( )
Van B e+ LT (3550 T (359)T (%)
AEsyn = 32 2 7 ) (9.67)
T MeC? ae+ 1 F(%)

wherel'(a) denotes th&-function (Abramowitz & Stegurl965), «, = (ae—1)/2 = /2, andB. denotes a (frequency
dependent) characteristic magnetic field strength which implies a characteristic magnetic energygensitg-
of-sight integration of the radio emissivify yields the surface brightness of the radio emisSpn

9.4. Smoothed particle hydrodynamics

In this section, we describe how the dynamicdigets of a CR population can be included into smoothed particle
hydrodynamics (SPH).

9.4.1. Lagrangian fluid dynamics

The Lagrange density of a magneto-hydrodynamical gas-CR medium is

. 1 .
L(r,r) = 5P i% — emlp, A) — ecrl(p, Co, Qo) — €8 » (9.68)

whereeyn, = p Ao (0/po)”1/(y — 1) is the thermal energy density of a gas with adiabatic indexd an entropy
described by the adiabatic invariaht Any adiabatic invarianX € {Ag, Co, Qo} is simply advected with an adiabatic
flow:

dX (dX (9.69)

d - \dt
where the right-hand side allows for non-adiabatic changes discussed i8.Sethe density evolves according to

)norradiabatic

dlnp/dt=-V -1, (9.70)
and the magnetic field according to the MHD-induction law:

(Z—?=Vx('r><B—anB) (9.71)
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9.4.2. SPH formulation

In smoothed particle hydrodynamics (SPH), the fluid is represented by an ensemble of particles, which carry the
mass, energy, and various properties of the fluid elements. Macroscopic properties of the medium such as the density
at positionr; of thei-th particle are calculated according to

pi =, mW(ri - rjl, ), (9.72)
j

wherem; is the mass of thg-th fluid element andV(r, h) is the SPH smoothing kernel. The SPH particle positions
ri are the dynamical variables of the simulation. However, in the approaSprafgel & Hernquis{2002, which
we extend in this work to an additional CR population and to allow for a general equation of state of the gas, also
the smoothing-kernel lengttg are dynamical variables of a Lagrangian function.
We introduce the CR spectrum of théh SPH patrticle

dNCR m  dNcr

m fi(p) = ™ Gpdm ~ p(r) dpadV p(r) fi(p) (9.73)

with the help of the CR number per momentum and unit gas rig@s Our power-law template spectra are then
described by

fip)=Cipo(p-a). (9.74)

whereC; = C(r;)/p(r;) denotes the CR normalization constant of itle SPH particle. Similarly, we introduce the

CR energy, CR density, and thermal energy per unit gas masswitk ecr/p, icr = Ncr/p, andéen = en/p,
respectively. The equations, defining these quantities and their changes due to adiabatic and non-adiabatic processes
in terms ofC andg, can be obtained from the corresponding formulae in the article by replécinigh C. For

instance, Eqn.9.4) yields

Ci 23
beni = [ dpf(AITH(R - m"l [581;2(“7 2“)+q. (\/1+q$—1)], (0.75)
and so on.

An elegant way of deriving the equations of motions for a SPH simulation uses the Lagrange formalism. The
SPH discretized Lagrangian is

L@t =y, 2 —st.+24.¢., (9.76)

wheres; = & + &cr is the total energy per mass of théh SPH particle, and = ({r;}, {hi}, {4;}), which is not to

be confused with the CR spectral cfitq, denotes all degrees of freedom of the system, namely the components
of the SPH particle positions and the smoothing lengtis and their velocities. The;s are Lagrange multipliers
introduced bySpringel & Hernquis{2002 in order to incorporate the choice of the smoothing lertgtimto the
Lagrangian via the function

4
i(a) = 3 h? pi = Msp, (9.77)

whereMspy is the required mass within the smoothing kernel.

Here, we have ignored the description of magnetic fields within the SPH-Lagrangian. We will treat magnetic field
evolution separately from this Lagrangian formalism, and add their forces ad-hoc to the momentum equations of
the SPH particles. This is along the linesl@lag et al.(1999, and seems to work well in typical cosmological
settings. However, we note that the dynamical influence of magnetic fields could also be included into the SPH
Lagrange-function aBrice & Monaghar{(2004gb) demonstrate.

If one derives the SPH-equation of motion from a Lagrangian, one obtains a dynamical system which obeys
energy and entropy conservation. Non-adiabatic processes, like shock waves, radiative energy losses and energy
exchange of the thermal and relativistic fluids, thermal conduction, and fBi&idh have to be added into these
equations. The way such process should be implemented in case of CR populations should become clear from this
work.
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9.4.3. Equations of motion

The equations of motions (of the adiabatic, non-magnetic part) of the SPH description follow from the Hamilton
principle, namely
doL oL 0
dtoqg 4q
The equation determining the smoothing length ofittie particle follows from the variation of the action with
respect to the Lagrange-multipligr. The corresponding part of the Euler-Lagrange equations yields

(9.78)

¢ =0, (9.79)

which for the special form chosen in Eq8.77) leads to an implicit formula foh; that has to be solved numerically
in practice.
Variation with respect tty leads to an equation fo;:

o0& o | _ 02 dpi[0e] " (9.80)
6hi (9hi 6pi ahi 6hi
Using now Eqn. 9.77), one gets
3m aé‘i . hi 3pi]_1
= —gi, wWith gi= |1+ ——| . 9.81
' 4nh3 dp; g g 3pi oh (9.81)
Furthermore, the thermodynamical pressure is defined as
O0E
P=-[=—]| , 9.82
(&), 662

whereS = S; denotes the entropy of a SPH particle volume element of\8izeV; = p;j/m and internal energy
E = m &. This pressure definition can be used to express the derivative of the SPH particle energy with respect to
the local density in terms of the total (thermal plus CR) thermodynamical pressure:

08 _ Pi _ P+ Pcri

dpi p?

(9.83)
One might argue that this derivation should only be correct for thermodynamic systems, and therefore not necessar-
ily for CR populations which do not exhibit a Boltzmann distribution function. However, the concept of entropy, and
the concept of adiabatic processes, which do not change phase space density and therefore leave entropy constant,
is well defined for an arbitrary distribution function. Therefore, Egn89 is a generally valid result, which can
also be confirmed by an explicit calculation.

Thus, the Lagrange-formalism for a variable SPH smoothing length introduc8gioygel & Hernquis(2002
for a polytropic equation of state can easily be generalized to a general equation of state by replacing the thermal
gas pressure by the total pressure of all fluid components. A calculation along the li@psrafel & Hernquist
(2002 shows that the SPH-particle equations of motion read

dv; P P
5 =M p—;Vi Wi (h) + g p—gvivvi,-(h,-) : (9:84)
j i j

with vj = Ij, P; = Pij + Pcri the thermal plus CR pressure, afj (hi) = W(Ir; — rjl, ).

5The internal energy per SPH particle of an ideal (thermajamelativistic) gas can be written ag & = m Zafdp f;i(p) Ta(p), wherea

is the index over the particle species (electrons, protons, etc.) with momentum-space distribution figdtnandTa(p) the relativistic
correct kinetic energy of the particles (Egf.5)). A straightforward calculation afz;/dp;, which uses the first equality in Eqr@.6), leads
then to Eqn. 9.83.
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9.4.4. Numerically updating the CR spectrum

Update the adiabatic invariant variablésandgq is most conveniently done via Eqr@.(3 and ©.14). However,

if the relative changes during a numerical time-step are large, e.g. due to rapid CR production at a location without
a substantial initial CR population, these equations would have to be integrated on a refined time-grid, or solved
with an implicit integration scheme. Both methods would be very time-consuming. Therefore, we propose another
updating scheme: from the initial variabl€(to) and go(to) at timeto, the corresponding momentary particle
numberricg and energy densitgcg, and average particle enerdyr are calculated according to Eqn8.23) to

(9.95. Thenricg, £cr, andTcr are updated according to the non-adiabatic CR energy and number losses or gains
during that time-step. And finally, these updated values have to be translated back into updated Gyfigsanfd

Oo(t1). This is easiest by first inverting EqrR.6) in order to calculate], and then to use Eqn¥.@) and 0.3) to get

the updatedCy(t;) andgo(t1). The inversion of Eqn.9.5) has to be done numerically fdicg ~ m, ¢2, e.g. using
pre-calculated numerical tables. However, for the asymptotic regimes we propose the following accurate inversion
formulae based on a Taylor expansion:

q4—(1
a + a , T= T / C2 <1
@@ = | " B-IB crilpe) =t (9.85)
@=2(r+1), 7=Ter/(Mc)>1
with g = (%) , andB = B(“—;Z, 3_7(’) (9.86)

9.5. Conclusion and outlook

We have shown how various adiabatic and non-adiabatic processes can be described for a simplified CR spectrum,
consisting of a power-law with fixed spectral index, but varying normalization and low-energfy. clitee CR

spectral index has to be chosen in advance to resemble a typical spectral index for the system under consideration.
We also explained how the CR gas can be self-consistently included into a SPH simulation code, e.g. by keeping
energy and particle number conserved up to numerical accuracy, by keeping CR entropy exactly conserved in
adiabatic processes, and by taking into account the dynamical forces from CR pressure gradients.

This work is aiming to set an initial framework for follow up work on the impact of CR populations on galaxy and
large-scale structure formation. Itis accompanied by two papers describing the implementation and testing of (i) the
CR formalism as described here into the GADGET simulation cddbelgas et ak009, and (ii) an SPH shock
capturing method allowing to follow CR injection at structure formation shock waves (see Ch@ptaPfrommer
et al.(2009). Further applications are in preparation.

The results of this chapter were worked out in a collaboration that was led by T.A. Enf3lin, and completed by my-
self, V. Springel, and M. Jubelgas. A paper entitiddlescription of cosmic ray gas for cosmological applications”
will be submitted to the journdafonthly Notices of the Royal Astronomical Society
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10. Structure formation shocks in cosmological
SPH simulations

Abstract

We develop a formalism for the identification and accurate estimation of the strength of structure formationdsimgks
cosmological smoothed particle hydrodynamics (SPH) simulations. Shocks not only play a decisive role for the thermalization
of gas in virializing structures but also for the acceleration of relativistic cosmic rays (CRs) thrdhugtivei shock acceleration.

Our formalism is applicable both to ordinary non-relativistic thermal gas, and to plasmas composed of CRs and thermal gas. To
this end, we derive an analytical solution to the one-dimensional Riemann shock tube problem for a composite plasma of CRs
and thermal gas. We apply our methods to study the properties of structure formation shocks in high-resolution hydrodynamic
simulations of theACDM model. We find that most of the energy is dissipated in weak internal shocks with Mach numbers

M ~ 2 which are predominantly central flow shocks or merger shock waves traversing halo centers. Collapsed cosmological
structures are surrounded by external shocks with much higher Mach numberatip tt000, but they play only a minor role

in the energy balance of thermalization. This is because of the higher pre-shock gas densities within non-linear structures, and
the significant increase of the mean shock speed as the characteristic halo mass grows with cosmic time. We show that after
the epoch of cosmic reionization the Mach number distribution is significantly modified bffieiers suppression of strong
external shock waves due to the associated increase of the sound speed fifisieegdis. Invoking a model for CR acceleration

in shock waves, we find that the average strength of shock waves responsible for CR energy injection is higher than for shocks
that dominate the thermalization of the gas. This implies that the dynamical importance of shock-injected CRs is comparatively
large in the low-density halo infall regions, but is less important for the weaker flow shocks occurring in central high-density
regions of halos. When combined with radiative dissipation and star formation, our formalism can also be used to study CR
injection by supernova shocks, or to construct models for shock-induced star formation in the interstellar medium.

10.1. Introduction

10.1.1. Structure formation shock waves

Cosmological shock waves form abundantly in the course of structure formation, both due to infalling pristine
cosmic plasma which accretes onto filaments, sheets and halos, as well as due to supersonic flows associated with
merging substructure®ilis et al. 1998 Miniati et al. 200Q Ryu et al.2003 Gabici & Blasi2003 Pavlidou &
Fields2005. Additionally, shock waves occur due to non-gravitational physics in the interstellar and intracluster
media, e.g. as a result of supernova explosions. Structure formation shock waves propagate through the cosmic
tenuous plasma, which is compressed at the transition layer of the shock while a part of the kinetic energy of the
incoming plasma is dissipated into internal energy of the post-shock gas. Because of the large collisional mean
free path, the energy transfer proceeds through collective electromagnetic viscosity which is provided by ubiquitous
magnetic irregularitiesfentzel1974 Kennel et al1985.

Cosmologically, shocks are important in several respects: (1) shock waves dissipate gravitational energy asso-
ciated with hierarchical clustering into thermal energy of the gas contained in dark matter halos, thus supplying
the intra-halo medium with entropy and thermal pressure support. Radiative cooling is then required to compress
the gas further to densities that will allow star formation. (2) Shocks also occur around moderately overdense
filaments, which leads to a heating of the intragalactic medium. Sheets and filaments are predicted to host a warm-
hot intergalactic medium with temperatures in the rangeKl& T < 10’ K whose evolution is primarily driven
by shock heating from gravitational perturbations breaking on mildly nonlinear, non-equilibrium strué¢teies (
sten et al1998 Cen & Ostriker1999 Davé et al.2001, Furlanetto & Loeb2004 Kang et al.2005. Thus, the
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shock-dissipated energy traces the large scale structure and contains information about its dynamical history. (3)
Besides thermalization, collisionless shocks are also able to accelerate ions of the high-energy tail of the Maxwellian
through difusive shock acceleration (DSA) (for reviews dexeiry 1983h Blandford & Eichler1987 Malkov &

Drury 2007). These energetic ions are reflected at magnetic irregularities through magnetic resonances between the
gyro-motion and waves in the magnetized plasma and are able to gain energy in moving back and forth through the
shock front. This acceleration process typically yields a cosmic ray (CR) population with a power-law distribution
of the particle momenta. Nonlinear studies of DSA have shown that a considerable part of the kinetic energy flux
passing through shocks can be channeled into nonthermal populations, up to about one-half of the initial kinetic
energy of the shocl8erezhko et al1995 Ellison et al.1996 Malkov 1998 1999 Kang et al2002. Note that CRs

have stticient momentum not to resonate with the electromagnetic turbulence in the shock front itself. They hence
experience the shock as a discontinuity, i.e. the CR population is adiabatically compressed by the shBckrie.g.,
1983h.

Indeed, CR electrons have been observed in the intra-cluster medium (ICM) of galaxy clusters through their
diffuse synchrotron emissiofifn et al. 1989 Giovannini et al.1993 Deiss et al.1997. In addition to these
extended radio halos which show a similar morphology compared to the thermal X-ray emission, there have been
extended radio relics observed in the cluster periphery (Bé@ftgering et al1997) which might well coincide
with merger shock waves as proposedmnfilin et al.(1999. Some clusters have also been reported to exhibit an
excess of hard X-ray emission compared to the expected thermal bremsstrahlung of the hot ICM, most probably
produced by inverse Compton up-scattering of cosmic microwave background photons by relativistic electrons
(Fusco-Femiano et al.999 Sanders et aR009. It has been proposed that a fraction of thudie cosmological
y-ray background radiation originates from the same procetses (& Waxmarn200Q Miniati 2002 Reimer et al.

2003 Berrington & Dermer003 Kuo et al.2005.

To date, there are two flierent scenarios explaining these non-thermal emission processes: (1) reacceleration
processes of ‘mildly’ relativistic electrong (~ 100 - 300) being injected over cosmological timescales into the
ICM by sources like radio galaxies, supernova remnants, merger shocks, or galactic winds, which all can provide
an dficient supply of highly-energetic CR electrons. Owing to their long lifetimes of a few timéyedrs these
‘mildly’ relativistic electrons can accumulate within the ICKdrazin2002), until they experience continuous in-
situ acceleration either via shock acceleration or resonant pitch angle scattering on turbulent Alfvénlgieves (
1977, Schlickeiser et al1987, Brunetti et al.2001, Ohno et al.2002 Brunetti et al.20043. (2) In the ICM, the
CR protons have lifetimes of the order of the Hubble tird8Ik et al. 1996, which is long enough to fiuse away
from the production site and to maintain a space-filling distribution over the cluster volume. These CR protons
can interact hadronically with the thermal ambient gas producing secondary electrons, neutringsagsih
inelastic collisions throughout the cluster volume, generating radio halos through synchrotron erfissiois¢n
198Q Vestrand1982 Blasi & Colafrancescd 999 Dolag & Enf3lin200Q Pfrommer & Enflin2003 20044b).
Cosmological simulations support the possibility of a hadronic origin of cluster radio hdiom({i et al. 2001).

10.1.2. Hydrodynamical simulations

Hydrodynamical solvers of cosmological codes are generally classified into two main categories: (1) Lagrangian
methods like smoothed particle hydrodynamics (SPH) which discretize the mass of the fluid, and (2) Eulerian
codes, which discretize the fluid volume. SPH methods were first propos&ihgld & Monaghan(1977) and

Lucy (1977 and approximate continuous fluid quantities by means of kernel interpolation over a set of tracer
particles. Over the years, the SPH techniques has been steadily improved for cosmological appl€atids (
1988 Hernquist & Katz1989 Navarro & White 1993 Springel & Hernquist2002, where it benefits from an
unmatched ease of including self-gravity.

In contrast, Eulerian methods discretize space and represent continuous fields on a mesh. Originally, Eulerian
codes employed a mesh which is fixed in spd@en & Ostrikerl993 Yepes et al1995 or adaptively movingRen
1998, while more recently, adaptive mesh refinement (AMR) algorithms have been developed for cosmological
applications Berger & Colella1989 Bryan & Normanl1997, Norman & Bryan1999 Kravtsov et al2002, which
can adapt to regions of interest in a flexible way.

Grid-based techniquedter superior capabilities for capturing hydrodynamical shocks. In some algorithms, this
can be done even without the aid of artificial viscosity, thanks to the use of Riemann solvers at the cell-level, so
that a very low residual numerical viscosity is achieved. However, codes employing static meshes still lack the
resolution and flexibility necessary to tackle structure formation problems in a hierarchically clustering universe,
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which is characterized by a very large dynamic range and a hierarchy of substructure at all stages of the evolution.
For example, techniques based on a fixed mesh are seriously limited when one tries to study the formation of
individual galaxies in a cosmological volume, simply because the internal galactic structure such as disk and bulge
components can then in general not béisiently well resolved. A new generation of AMR codes which begin

to be applied in cosmologyApel et al.2002 Kravtsov et al.2002 Refregier & Teyssie2002 may in principle

resolve this problem. However, a number of grid-based problems remain even here, for example the dynamics is
not Galilean-invariant, and there can be spurious advection and mixing errors, especially for large bulk velocities
across the mesh.

These problems can be avoided in SPH, which thanks to its Lagrangian nature and its accurate treatment of self-
gravity is particularly well suited for structure formation problems. SPH adaptively and automatically increases the
resolution in dense regions such as galactic halos or centers of galaxy clusters, which are the regions of primary
interest in cosmology. One drawback of SPH is the dependence on the artificial viscosity which has to deliver
the necessary entropy injection in shocks. While the parameterization of the artificial viscosity can be motivated in
analogy with the Riemann problefonagharl997), the shocks themselves are broadened over the SPH smoothing
scale and not resolved as discontinuities, but post-shock quantities are calculated very accurately. However, to date
it has not been possible to identify and measure the shock strengths instantaneously with an SPH simulation.

Being interested in dynamical implications of CRs on structure formation and galaxy evolution, one faces not
only the problem of the interplay of gravity and hydrodynamics of a plasma composed of CRs and thermal particles
but in addition radiative processes such as cooling and supernova feedback. To date, AMR codes have not yet
matured to the point that they can address all these requirements throughout a cosmological volume, although there
are recentforts along these lines (elgang & Jone005 Jones & Kang009. It would therefore be ideal if SPH
codes for structure formation could acquire the ability to detect shocks retiabilyg simulations. Previous work
on shock detection in SPH simulationésshet et al2003 was restricted to a posteriori analysis of two subsequent
simulation time-slices, which can then be used to approximately detect a certain range of shocks as entropy jumps.

10.1.3. Motivation and structure

This chapter seeks to close this gap in order to allow studies of the following questions: (1) the cosmic evolution
of shock strengths provides rich information about the thermal history of the baryonic component of the Universe:
where and when is the gas heated to its present temperatures, and which shocks are mainly responsible for it?
Does the missing baryonic component in the present-day universe reside in a warm-hot intergalactic medium? (2)
CRs are accelerated at structure formation shocks throufytside shock acceleration: what are the cosmological
implications of such a CR component? (3) Shock waves are modified by nonlinear back-reaction of the accelerated
CRs and their spatial flusion into the pre-shock regime: Does this change the cosmic thermal history or give rise
to other défects? (4) Simulating realistic CR profiles within galaxy clusters can provide detailed predictions for
the expected radio synchrotron apday emission. What are the observational signatures of this radiation that is
predicted to be observed with the upcoming new generatigaref/ instruments (imaging atmosphe@erenkov
telescopes and the GLAST satellite) and radio telescopes (LOFAR and extended VLA)?

The purpose of this chapter is to study the properties of structure formation shock waves in self-consistent cosmo-
logical simulations, allowing us to explore their role for the thermalization of the pristine plasma, as well as for the
acceleration of relativistic CRs through DSA. In particular, we develop a framework for quantifying the importance
of CRs during cosmological structure formation, including an accounting offtbete of adiabatic compressions
and rarefactions of CR populations, as well as of numerous non-adiabatic processes. Besides CR injection by struc-
ture formation shocks, the latter include CR shock injection of supernova remnants, in-situ re-acceleration of CRs,
spatial difusion of CRs, CR energy losses due to Coulomb interactions, Bremsstrahlung, and hadronic interactions
with the background gas, and the associatedy and radio emission due to subsequent pion decay. A full descrip-
tion of these CR processes and their formulation for cosmological applications is described in Ghaptkr the
numerical implementation within the SPH formalism is givenJdoypelgas et a(2009. In this work we provide
a crucial input for this modeling: a formalism for identifying and accurately estimating the strength of structure
formation shocks on-the-fly during cosmological SPH simulations.

The chapter is structured as follows: the basic cosmic ray variables are introduced k0Sedthe formalism for
identifying and measuring the Mach number of shock waves instantaneously within an SPH simulation is described
in Sect.10.3for a purely thermal gas as well as for a composite plasma of CRs and thermal gas. The numerical
implementation of the algorithm is discussed in S&6t4 In Sect.10.5 we compare shock tube simulations to
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analytic solutions of the Riemann problem which are presented in ApperlitesdB.2. Finally, in Sect.10.6
we perform cosmological non-radiative simulations to study CR energy injection at shocks, and the influence of
reionization on the Mach number distribution. A summary in S&e17 concludes the chapter.

10.2. Basic cosmic ray variables

Since we only consider CR protdnsvhich are at least in our Galaxy the dominant CR species, it is convenient to
introduce the dimensionless momentpra P,/(my Cignt). CR electrons witly < 100 experiencef&cient Coulomb

losses such that their energy density is significantly diminished compared to the CR energy &emaitin?002).

The diterential particle momentum spectrum per volume element is assumed to be a single power-law above the
minimum momentuny:

f(p) = =Cp“o(p-aq). (10.1)

dpdV

0(x) denotes the Heaviside step function. Note that we us&actige one-dimensional distribution functidgp) =
4mp?£C)(p). The diferential CR spectrum can vary spatially and temporally (although for brevity we suppress this
in our notation) through the spatial dependence of the normaliz&@tierC(r, t) and the cutfi q = q(r, t).

Adiabatic compression or expansion leaves the phase-space density of the CR population unchanged, leading
to a momentum shift according @ — p’ = (p/po)*/2 p for a change in density fromg to p. Since this is fully
reversible, itis useful to introduce the invariant diit;md normalizatiogy andCy which describe the CR population
via Egn. (0.]) if the inter-stellar medium (ISM) or ICM is adiabatically compressed or expanded to the reference
densitypp. The actual parameters are then given by

(o) = (o/po)? o and C(p) = (o/po) ¥ Co. (10.2)

These adiabatically invariant variables are a suitable choice to be used in a Lagrangian description of the CR popu-
lation.
The CR number density is

qu‘

Ner = f dp 1(p) = (10.3)

provided, thatr > 1. The kinetic energy density of the CR populat|on is

o ~2 3-
cor= [ 9 TP - L 38 (2 e (Vare-g)|. o

whereTp(p) = (V1+ p?-1)m, °|2igm is the kinetic energy of a proton with momentynandBy(a, b) denotes the
incomplete Beta-function where> 2 is assumed. The CR pressure is

m)cﬁght

My, -2 3-
'g“tf dpf(p)Bp=—6— B, (az : 2“), (10.5)

%

Pcr =

whereg = v/Cignt = p/ 1+ p? is the dimensionless velocity of the CR particle. The CR population can hydro-
dynamically be described by an isotropic pressure component as long as the CRs are coupled to the thermal gas
by small scale chaotic magnetic fields. Note that for 2 < 3 the kinetic energy density and pressure of the CR
populations are well defined for the lintit— 0, although the total CR number density diverges.

The adiabatic exponent of the CR population is defined by

d |Og Pcr

oo | (10.6)

YCR =

La-particles carry a significant fraction of the total CR energy. Nevertheless, the assumption of considering only CR protons is a reasonable
approximation, since the energy densityeeparticles can be absorbed into the proton spectrum. A GeV erepgyticle can be approxi-
mated as an ensemble of four individual nucleons traveling together due to the relatively weak MeV nuclear binding energies compared to
the kinetic energy of relativistic protons.
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while the derivative has to be taken at constant enti®pyJsing Eqns. 10.2 and (0.5, we obtain for the CR
adiabatic exponent

aC op T a9 ap

'}’CR=@ =——-59775(q)

3 3

P (HPCRaC 8PCRBQ) a+2 2 2o
27 2

-1
B, (“—_2 3_“)] . (10.7)

Note that in contrast to the usual adiabatic exponent, the CR adiabatic exponent is time dependent due to its depen-
dence on the lower cuficof the CR populationg. Considering a composite of thermal and CR gas, it is appropriate
to define an ffective adiabatic index by

P P
_ Yt + YcRr CR (10.8)
Pt + Pcr

_ dlog(Pt + Pcr)
Vet = dlogp

S

10.3. Mach numbers within the SPH formalism

The shock surface separates two regions: dpigream regimépre-shock regime) defines the region in front of the
shock whereas théownstream regimépost-shock regime) defines the wake of the shock wave. The shock front
itself is the region in which the mean plasma velocity changes rapidly on small scales given by plasma physical
processes. All calculations in this section are done in the rest frame of the shock which we assume to be non-
relativistic. This assumption is justified in the case of cosmological structure formation shock waves for which
typical shock velocities are of the order of*lkin s2.

Particles are impinging on the shock surface at a rate per unit shock sytfatele conserving their mass:

p1v1 = P2v2 = |. (10.9)

Herev; andv; indicate the plasma velocities (relative to the shock’s rest frame) in the upstream and downstream
regime of the shock, respectively. The mass densities in the respective shock regime are depotaddpy.
Momentum conservation implies

P1 + p1v? = Py + pov3, (10.10)

whereP; denotes the pressure in the respective redimél, 2}. The energy conservation law at the shock surface
reads

U 1Y
(81 + Pl)pl + 5 = (82 + PZ)pz + E (1011)

& denotes the internal energy density in the regiradl, 2}. Combining solely these three equations without using
any additional information about the equation of state, we arrive at the following system of two equations:

- (P2 = P1) p1p2
2 = paee = Pe=Powe (10.12)
pP2—p1
P2 282 + Pl + P2
- = —/— = 10.13
P1 281 + Pl + P2 ( )

Here we introduced the Mach number in the upstream reghhies v1/c1, which is the plasma velocity in units of
the local sound speed = +/yP1/p1.2

10.3.1. Polytropic gas

Non-radiative polytropic gas in the regime {1, 2} is characterized by its particular equation of state,

1 . i\
g = ——P; orequivalently P; = Pg l , (10.14)
y-1 Po

2Note, that the symbal (sometimes with subscript) denotes the sound velocity.
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wherey denotes the adiabatic index. This allows us to derive the well-known Rankine-Hugoniot conditions which
relate quantities from the upstream to the downstream regime solely as a functén of

M
P2 _ %, (10.15)
p1 (y-1M2+2
P,  2yMi-(y-1)
T, [2yM2 - (v - D) [y - DM + 2]
2 5 : (10.17)
T (y + 12M2

In cosmological simulations using a Lagrangian description of hydrodynamics such as SPH, it is infeasible to
identify the rest frame of each shock and thvlg unambiguously, especially in the presence of multiple oblique
structure formation shocks. As an approximative solution, we rather propose the following procedure, which takes
advantage of the entropy-conserving formulation of SBpFihgel & Hernquis2002. For one patrticle, the instan-
taneous injection rate of the entropic function due to shocks is computedAyj.dt, dvhereA denotes the entropic
function A(s) defined by

P = A(s)p?, (10.18)

ands gives the specific entropy. Suppose further that the shock is broadened to a scale of order the SPH smoothing
length fuh, wheref, ~ 2 denotes a factor which has to be calibrated against shock-tubes. We can roughly estimate
the time it takes the particle to pass through the broadened shock frahta§,h/v, where one may approximate
v with the pre-shock velocity;. Assuming that the present particle temperature is a good approximation for the
pre-shock temperature, we can also replaogith M;c;.

Based on these assumptions and ugig ~ AtdA;/dt, one can estimate the jump of the entropic function the
particle will receive while passing through the shock:

Ao AL+ AAL fhh dAl
M- =1 - 10.19
A A " MiciA dt’ ( )
A P, (pl )y
= = Z(E] = faMy), 10.20
A = Ble] = oW (10.20)
where , ! )
2yMI-(y-1D[(y-IM]+2
fa(My) = L , 10.21
(M) y+1 (y + M2 ( )

using Eqns.10.15 and (0.1§. Combining Eqns.X0.19 and (0.20, we arrive at the final equation which is a
function of Mach number only:

_ fuh dA
[TaOM) = L My = 2= (10.22)

The right hand side can be estimated individually for each particle, and the left side depends Mty Dreter-
mining the root of the equation hence allows one to estimate a Mach number for each particle.

10.3.2. Composite of cosmic rays and thermal gas

In the presence of a gas composed of cosmic rays and thermal componentsl & (10.13 are still applicable
if one identifies the energy densityand the pressurg; with the sum of the individual components in the regime
ie{l,2),

& = ECRri + &thi (10.23)
Pi = Pcri + Pwi. (10.24)

The sound speed of such a composite ga&s s +/yer.Pi/oi, Whereyes; is given by Eqn. 10.8. Note that in con-
trast to the single-component fluid, for the general case there is no equivalent to the equation of stai® (Eg)n. (
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in terms of the total energy density, because of the additivity of both pressure and energy density. For later
convenience, we introduce the shock compression rgtamd the thermal pressure ratig

P
Xs = P2 and Ys = th2 (10.25)

P1 B Khl

While taking the equation of state (Eqft0(14) for the thermal gas component, we assume adiabatic compression
of the CRs at the shoék

Pcrz = PcriXd™  and ecra = ecriXe™. (10.26)

Here we assume a constant CR spectral index over the shock which holds only approximately owing to the weak
dependence of the CR lower momentum ¢lugon the density (Eqn10.2).

For the composite of thermal and CR gas, it is convenient to defindtdéwtiee entropic functiomes and its time
derivative,

Ast = (Ph+Pcr)p ™, (10.27)
—dgfff = %py‘h_)’eﬁ. (10.28)

The expression for the time derivative of thegtive adiabatic function uses the approximation of adiabatic com-
pression of the CRs at the shock. Using the same assumptions like in the non-radiative case, we estimate the jump
of the entropic function for the particle on passing through the shock made of composite gas:

A Pero+ Pio) o fh  d
eff2 _ ( CR2 th2) 2 -1+ h Aeff,l‘ (10.29)

At (Popy* Py) o™ MiCiAera  dt

Combining Eqns.10.12, (10.13, (10.26, and (L0.29, we arrive at the following system of equations,

‘ 112
fl(X& ys) = Xs[PZ(Xs, ys) - Pl] [Pz(XS, ys)(xspl)‘Veﬂ,z(Xs,le) _ plp17er:.1]
2
2 1-2yer1 [ ThD dAer1
—Pi(xs—1)p, 7 (m ) = (10.30)
fo(Xs,ys) = 282(Xs, ys) + P1+ Pa(Xs, ys) — Xs[2e1 + P1 + Pa(Xs, ys)] = 0. (10.31)
The dfective adiabatic index in the post-shock regime is given by
Pcrao(Xs) + P
Y206, ye) = LR cra(Xs) + YthysPin1 (10.32)

P2(Xs, ys)

Given all the quantities in the pre-shock regime, we can solve for the rgaad ys of this system of two
non-linear equations. This system of equations turns out to be nearly degenerate for plausible values of pre-shock
guantities such that it might be convenient to apply the following coordinate transformation:

(Xs, ys) = (X5, Z5) with  z = ys; XS- (10.33)

The Mach numbeM; and the jump of internal specific energies can then be obtained by

P, P
My = % and (10.34)
plcl(XS - 1)
Uz Ys Pth
— = = where u= ————. 10.35
Up Xs (v —1p ( )

3Due to their much larger gyroradii and high velocities, CR protons should not participate in the plasma processes of collisionless shock waves.
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10.4. Numerical implementation

10.4.1. Polytropic gas

Applying the algorithm of inferring the shock strength within the SPH formalism in a straightforward manner will
lead to systematically underestimated values of the Mach number for SPH particles which arewaditatethe

SPH broadened shock surfacthne proposed algorithm of Sed0.3 assumes that the present particle quantities
such as entropy, sound velocity, and smoothing length are good representations of the hydrodynamical state in the
pre-shock regime, which is not longer the case for particles within the SPH broadened shock surface. To overcome
this problem, we define a decay time interglec = min[fah/(M;C), Atmad, during which the Mach number is set

to the maximum value that is estimated during the transition from the pre-shock regime to the shock surface. At
this maximum, the corresponding particle quantities are good approximations of the hydrodynamical values in the
pre-shock regime. We thus have a finite temporal resolution for detecting shocks, which is of order the transit time
through the broadened shock front. Note thi,y is just introduced as a safeguard against too long decay times

for very weak shocks.

Secondly, there is no universal valdig which measures the SPH shock broadening accurately irrespective of
the Mach number of the shock, especially in the regime of strong shocks. We therefore use the original algorithm
(with f, = 2) only for estimated Mach numbers wittes; < 3, while for stronger shocks, we apply an empirically
determined formula (calibrated against shock-tubes) which corrects for the additional broadening of strong shocks
and smoothly joins into the weak shock regime:

Mea = (aM+ cexp /) Mes, (10.36)

wherea = 0.09,b = 134, andc = 1.66. These numbers may depend on the viscosity scheme of the SPH
implementation.

10.4.2. Composite of cosmic rays and thermal gas

Our formalism of inferring the jump conditions for a composite of cosmic rays and thermal gas yields the density
jump, Xs = p2/p1, and the thermal pressure jump at the shagks Pio/Pim1 (Sect.10.3.9. As described in the
previous section (Sect0.4.]), the values for the estimated jump conditions are systematically underestimated in
the regime of strong shock#{; > 5) implying an additional broadening of the shock surface. Thus, we proceed
the same way as above: using the value of the density xynpe derive the Mach number of the shock through
Egn. (L0.39 and recalibrate it for strong shocks. In addition, we use the decayAtgagas before in the thermal
case to obtain reliable Mach number estimates. The post-shock density is then obtained by multiplying the stored
pre-shock density with the density jurmg

In the case of a thermal pressure jump at the shackve decided not to derive another empirical formula but
rather exploit CR physics at non-relativistic shocks. Since the CR population is adiabatically compressed at the
shock in the limit of strong shocks, the total pressure jump is nearly solely determined by the jump to the thermal
pressure in the post-shock regime, i.e. we can safely neglect the contribution of CRs to the pressure jump. This
assumption is justified as long as the CR pressure is not dominated by sub-relativistic CRs of low energy which
is on the other hand a very short lived population owing to Coulomb interactions in the ICM. Thus, the thermal
post-shock pressure favl; 2> 5 is estimated as

N 2y M2 — (yin — 1)

Py, 10.37
i1 1 (10.37)

whereM; is obtained by Eqn.10.36, andP; denotes the stored total pre-shock pressure.

10.5. Shock tubes

To assess the reliability of our formalism and the validity of our numerical implementation, we perform a sequence
of shock-tube simulations with Mach numbers ranging fibtn= 1.4 up toM = 100. We use a three-dimensional
problem setup which is more demanding and more realistic than carrying out the computation in one dimension.
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Figure 10.1.: Shock-tube test carried out in a periodic three-dimensional box which is longediirection than in
the other two dimensions where a shock with the Mach numidets 10 develops. The numerical result of the volume
averaged hydrodynamical quantiti@gx)), (P(X)), (vx(X)), and{M(x)) within bins with a spacing equal to the interparticle
separation of the denser medium is shown in black and compared with the analytic result in_eétipanels: Shock-
tubes are filled with pure thermal gas£ 5/3). Right panels:Shock-tubes are filled with a composite of cosmic rays and
thermal gas. Initially, the relative CR pressureXiss = Pcr/Pin = 2 in the left half-spacex < 250), while we assume
pressure equilibrium between CRs and thermal gag fo250.
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Figure 10.2.: Mach number distributions weighted by the change of dissipated energy per time infeug{d log M))

for our eight three-dimensional shock-tubé&&ft panels:Shock-tubes are filled with pure thermal gas=( 5/3). Right

panels: Shock-tubes are filled with a composite of cosmic rays and thermal gas. Initially, the relative CR pressure is
Xcr = Pcr/Pw = 2 in the left half-space, while we assume pressure equilibrium between CRs and thernZotas
panels:Shown are the change of dissipated energy per time intgiygl,(shown withx), the shock-injected CR energy
(Ucrinj) (+), and the theoretically expected injected CR enet&‘é‘i’;{) (o) which is calculated following Chaptéx
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10.5.1 Polytropic thermal gas

Here and in the following, we drop the subscript ‘1’ of the pre-shock Mach number for convenience. By comparing
with known analytic solutions, we are able to demonstrate the validity of our implemented formalism.

There exists an analytic solution of the Riemann shock-tube problem in the case of a fluid described by a poly-
tropic equation of state, = P/(y — 1) (cf. AppendixB.1). Unfortunately, a composite of thermal gas and CRs does
not obey this relation. Thus, we derive an analytic solution to the Riemann shock-tube problem for the composite
of CRs and thermal gas in Append®2. This analytic solution assumes the CR adiabatic index (BEdn6)) to be
constant over the shock-tube and neglects GRisibn such that the problem remains analytically treatable.

10.5.1. Polytropic thermal gas

We consider eight standard shock-tube teStsd(1978 which provide a validation of both the code’s solution to
hydrodynamic problems and our Mach number formalism. We consider first an ideal gaswBih3, initially at

rest. The left half-spacex(< 250) is filled with gas at unit density, = 1, andP, = (y — 1) 1, while x > 250

is filled with low density gag; = 0.2 at low pressure. The exact value of the low pressure gas has been chosen
such that the resulting solutions yield the Mach numbelrs- {1.4, 2,3, 6,10, 30,60, 100} (cf. AppendixB.1). We

set up the initial conditions in 3D using an irregular glass-like distribution of particles of equal mass in hydrostatic
equilibrium. They are contained in a periodic box which is longex-tlirection than in the other two dimensions,

y andz

In the left panel of Figurd 0.1, we show the result for the case of the Mach numbér 10 obtained with the
GADGET-2 code $pringel2005 Springel et al200]) at timet = 0.5. Shown are the volume averaged hydrody-
namical quantitiego(X)), (P(X)), (vx(X)), and(M(x)) within bins with a spacing equal to the interparticle separation
of the denser medium and represented by solid black lines. One can clearly distinguish five regions of gas with
different hydrodynamical states. These regions are separated by the head and the tail of the leftwards propagating
rarefaction wave, and the rightwards propagating contact discontinuity and the shock wave. The overall agreement
with the analytic solution is good, while the discontinuities are resolved withirBZ5PH smoothing lengths. De-
spite the shock broadening, the post-shock quantities are calculated very accurately. Our formalism is clearly able to
detect the shock and precisely measure its strength, i.e. the Mach nimnfédre pressure quantity drawn is not the
hydrodynamically acting pressure of the SPH dynamic$but(y — 1)ou, a product of two fields that are calculated
each using SPH interpolation. Thus, the observed characteristic pressure blip at the contact discontinuity has no
real analogue neither in the averagedomponent of the velocitiox (X)) nor in the averaged Mach numbeg¥1(x)).

The x-component of the velocityv.(X)) shows tiny post-shock oscillations which might be damped with higher
values of the artificial viscosity on the expense of a broader shock surface. The leftwards propagating rarefaction
wave seems to exhibit a slightly faster signal velocity compared to the sound velocity. This might be attributed to
the SPH averaging process which obtains additional information on the SPH smoothing scale.

In the left panel of Figurd 0.2 we show the Mach number distributions weighted by the change of dissipated
energy per time intervalduy,/(d log M)) for our eight shock-tubes. The sharp peaks of these distributions around
their expected values lol are apparent. This demonstrates the reliability of our formalism to precisely measure
shock strengths instantaneously during SPH simulations. The bottom panel shows their integral, i.e. the change of
dissipated energy per time interv&ly,). The rising dissipated energy with growing Mach number reflects the larger
amount of available kinetic energy for dissipation.

We additionally calculate the shock-injected CR energy using our formalisntfabidie shock acceleration de-
scribed in Chapte®. However, the injected CR energiycmno was only monitored and not dynamically tracked.

For comparison, we also show the theoretically expected injected CR e(lﬁé‘@%) = {inj (Un), wherediy; is

the energy fficiency due to dtusive shock acceleration (cf. Chap@efor details). The good comparison of the
simulated and theoretically expected shock-injected CR energy demonstrates that our formalism is reliably able to
describe the on-the-fly acceleration of CRs during the simulation.

10.5.2. Composite of cosmic rays and thermal gas

Again, we consider eight shock-tube simulations containing a composite of cosmic rays and thermal gas, providing
a useful validation of our CR implementation in solving basic hydrodynamic problems as well as our Mach number
formalism in the presence of CRs. In these simulations, we neither inject shock-accelerated CRs nor consider CR
diffusion: these processes would lead to CR modified shock structures and shall be the subject of a companion
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paper.

To characterize this composite fluid, we define the relative CR pres&we= Pcr/Pwm. Our composite gas
is initially at rest, while the left half-spacex (< 250) is filled with gas at unit densityy, = 1, Xcr2 = 2, and
Pz = (y — 1) 1P, while x > 250 is filled with low density gag, = 0.2, Xcr1 = 1, at low pressure. The exact
value of the low pressure gas has again been chosen such that the resulting solutions yield the Mach numbers
M =1{14,2,3,6,10,30,60, 100 (cf. AppendixB.2). Otherwise, we use the same initial setup as in S&rb.1
This CR load represents a rather extreme case and can be taken as the limiting case for our Mach number formalism
in the presence of CRs. Cosmologically, it may find application in galaxy mergers where the outer regions might be
composed of an adiabatically expanded composite gas containing a high CR component.

In the right panel of Figurd 0.1, we show the result for the case of the Mach numbér= 10 obtained with
GADGET-2 at timet = 0.3. The agreement with the analytic solution is good, while the discontinuities are resolved
within 2 — 3 SPH smoothing lengths. Despite the shock broadening, the post-shock quantities are calculated very
accurately. In the case of composite gas, our formalism is clearly able to detect the shock and measure its strength
with a Mach number accuracy better than 10%. Although the total pressure remains constant across the contact
discontinuity, the partial pressure of CRs and thermal gas interestingly are changing. This behavior reflects the adi-
abatic compression of the CR pressure component across the shock wave. A posteriori, this justifies our procedure
of inferring the thermal pressure jump at the shock for a composite of CRs and thermal gas ih0Ej. (

In the right panel of Figurd0.2 we show the Mach number distributions weighted by the change of dissipated
energy per time intervakdu,/(d log M)) for our eight shock-tubes. While our formalism is able to measure the
shock strength with a Mach number accuracy better than 10%, the distributions are sharply peaked. This demon-
strates the reliability of our formalism to measure shock strengths for the composite gas instantaneously during SPH
simulations.

The bottom panel shows the change of dissipated energy per time intégyatlpgether with the shock-injected
CR energy(UCR,inj) Concerning the amount of injected CR energy, we neglected cooling processes such as
Coulomb interactions with thermal particles: this wouliketively result in a density dependent recalibration of
the maximum CR energyfigciency/max Of the otherwise arbitrary absolute value of our fiducial density. In the case
of high Mach numbers, there is a good agreement between the simulated and theoretically expected shock-injected
CR energy while there are discrepancies at low Mach numbers: our formalism estimates volume averaged Mach
numbers with an accuracy better than 10%; this uncertainty translates to estimates of the densitygnchfhe
thermal pressure jumgp with a scatter among flerent SPH particles. In the regime of weak shocks, the CR energy
efficiency due to dtusive shock acceleratiafi, is extremely sensitive to these two quantities, leading to larger
uncertainties for the shock-injected CR energy in the case of a high CR load. However, the overall trend for the
shock-injected CR energy can still be matched in such an extreme physical environment.

10.6. Non-radiative cosmological simulations

10.6.1. Simulation setup

As a first application of our formalism, we are here interested in studying the spatial distribution of cosmological
structure formation shocks in combination with Mach number statistics. We focus on the “concordance” cosmolog-
ical cold dark matter model with a cosmological constax@PM). The cosmological parameters of our model are:
Omn=Qim+Q =03,Q, =004,Q, =07,h=07,n=1, andog = 0.9. Here,Q,, denotes the total matter
density in units of the critical density for geometrical closyig; = 3H§/(87tG). Qp andQ, denote the densities of
baryons and the cosmological constant at the present day. The Hubble constant at the present day is parameterized
asHo = 100h km s *Mpc~2, while n denotes the spectral index of the primordial power-spectrumggigitherms
linear mass fluctuation within a sphere of radids 8Vipc extrapolated ta = 0. This model yields a reasonable fit
to current cosmological constraints and provides a good framework for investigating cosmological shocks.

Our simulations were carried out with an updated and extended version of the massively parallel TreeSPH code
GADGET-2 (Springel2005 Springel et al2007) including now self-consistent cosmic ray physienglin et al.
2005 Jubelgas et aR005. Our reference simulation employedk256° particles which were simulated within a
periodic box of comoving size 100Mpc, so the dark matter particles had masses®%40° h-1 M, and the SPH
particles 6 x 108 h1 M,. The SPH densities were computed from 32 neighbors which leads to our minimum gas
resolution of approximately  10°h~1 M. The gravitational force softening was of a spline form (e4grnquist

146



10.6.2 Visualization of the Mach number

& Katz 1989 with a plummer equivalent softening length of i3Mpc comoving. In order to test our numerical
resolution, we additionally simulated the same cosmological model witth 28° particles, with a softening length
twice that of the reference simulation.

Initial conditions were laid down by perturbing a homogeneous particle distribution with a realization of a Gaus-
sian random field with th&cCDM linear power spectrum. The displacement field in Fourier space was constructed
using the Zel'dovich approximation, with the amplitude of each random phase mode drawn from a Rayleigh dis-
tribution. For the initial redshift we chosez,; = 50 which translates to an initial temperature of the gas of
Tinit = 57 K. This reflects the fact that the baryons are thermally coupled to the CMB photons via Compton in-
teractions with the residual free electrons after the universe became transparent until it eventually decoupled at
1 + Zgec = 100@Qph?/0.0125¥/5. In all our simulations, we stored the full particle data at 100 output times, equally
spaced in log(¥ 2) betweerz = 40 andz = 0.

In order to investigate thefeects of reionization on the Mach number statistics, we additionally perform two
similar simulations which contain a simple reionization model where we impose a minimum gas temperature of
T = 10* K at a redshift ofz = 10 to all SPH particles. We decided to adopt this simplified model to study its
effect on the Mach number statistics rather than a more complicated reionization history. A more realistic scenario
might be to add energy only to gas within halos above a certain density in combination with energy input from QSO
activity, and to describe the merging of the reionization fronts and their evolution into the lower density regions
(e.g.,Ciardi et al.2003.

The simulation reported here follow only non-radiative gas physics. We neglected several physical processes, such
as radiative cooling, galaystar formation, and feedback from galaxies and stars including cosmic ray pressure. Our
primary focus are shocks that are mostly outside the cluster core regions. Thus, the conclusions drawn in this work
should not be significantly weakened by the exclusion of these additional radiative processes.

10.6.2. Visualization of the Mach number

In the SPH formalism, continuous fieldgx) such as the hydrodynamical quantities are represented by the values
A at discrete particle positions = (X, yi, z) with a local spatial resolution given by the SPH smoothing length

h. To visualize a scalar quantity in two dimensions we employ the mass consecaitgrapproach for the
projection, where the particle’s smoothing kernel is distributed onto cells of a Cartesian grid which is characterized
by its physical mesh siz¢ The line-of-sight integration of any quantify(x) at the pixel at positiom = (X, y, 2) is
determined as the average of integration of all lines of sight passing through the pixel,

X+g/2 +/2
@ es = 97 Y 1 e dm(hl)A], (10.38)

y—g/2

withr = \/(xi - X2 + (yi — y)? + 2, and where the summation is extended over all particles in the desired slice of
projection. The functior is the dimensionless spherically symmetric cubic spline kernel suggestddimghan
& Lattanzio(1989.

The left-hand side of Figl0.3shows the time evolution of the density contrésiveraged over the line-of-sight
with a comoving projection lengthy; = 10h~* Mpc:

— <2(XL)>|OS
los I-proj Perit b ’

{1+ 6gadx.)) (10.39)
whereX denotes the surface mass density. The fine-spun cosmic web at high redshift evolves into a much more
pronounced, knotty and filamentary structure at late times, as a result of the hierarchical structure formation process
driven by gravity.

The right-hand side of Figl0.3 shows the time evolution of the density weighted temperature averaged over
the line-of-sight. Again, the growth of galaxy clusters visible as large bright regions with temperatures around
10K is clearly visible. Through dissipation, the shock waves convert part of the gravitational energy associated
with cosmological structure formation into internal energy of the gas, apart from the additional contribution due
to adiabatic compression caused by the material infalling at later times which itself is compressed at these shock
waves. The large black regions show voids which cool down during cosmic evolution due tfid¢ets:ewhile the
universe expands, non-relativistic gas is adiabatically expanded and cools accofBirgvtb” o« a2 for y = 5/3
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Figure 10.3.: Visualization of a non-radiative cosmological simulation at redshit 2 (top panel¥ andz = 0 (bottom
panelg. Shown are the overdensity of the géaftthand sidg¢ and the density weighed gas temperatuigh{-hand sidé.
These pictures have a comoving side length of iGMpc while the projection length along the line-of-sight amounts to

10h™* Mpc.
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Figure 10.4.: Mach number visualization of a non-radiative cosmological simulation at redskif2 (top panel¥ and

z = 0 (bottom panels The color hue of the maps on the left-hand side encodes the spatial Mach number distribution
weighted by the rate of energy dissipation at the shocks, normalized to the simulation volume. The maps on the right-
hand side show instead the Mach number distribution weighted by the rate of CR energy injectiomy ab®@, the
threshold of hadronic interactions. The brightness of each pixel is determined by the respective weights, i.e. by the energy
production density. These pictures have a comoving length oh1B®Ipc on a side. Most of the energy is dissipated in

weak shocks which are situated in the internal regions of groups or clusters, while collapsed cosmological structures are
surrounded by strong external shocks (shown in blue).
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when shock heating is still absent. Secondly, matter is flowing towards filaments during structure formation, hence
the voids get depleted, providing an additional adiabatic expansion of the remaining material.

Figure10.4shows a visualization of the responsible structure formation shocks and their corresponding strengths.
The color scaling represents the spatial Mach number distribution weighted by the rate of energy dissipation at
the shocks, and normalized to the simulation volume (left-hand side). The Mach number distribution weighted by
the rate of CR energy injection is shown in the right hand side, again normalized to the simulation volume. The
brightness of these pixels scales with the respective weights, i.e. by the rates of energy dissipation or injection,
respectively. The spatial Mach number distribution impressively reflects the nonlinear structures and voids of the
density and temperature maps of Fi§.3 It is apparent that most of the energy is dissipated in weak shocks which
are situated in the internal regions of groups or clusters while collapsed cosmological structures are surrounded by
external strong shocks (shown in blue). These external shocks are often referred to as ‘first shocks’, because here
the compressed gas has been processed for the first time in its cosmic history through shock waves.

Following Ryu et al.(2003, we classify structure formation shocks into two broad populations which are labeled
asinternal andexternalshocks, depending on whether or not the associated pre-shock gas was previously shocked.
Rather than using a thermodynamical criterion such as the temperature, we prefer a criterion such as the overdensity
¢ in order not to confuse the shock definition once we will follow radiatively cooling gas in galaxies (in practice,
we use the criterion of a critical pre-shock overdens8ity 10 for the classification of an internal shocExternal
shocks surround filaments, sheets, and halos viftienal shocks are located within the regions bound by external
shocks and are created by flow motions accompanying hierarchical structure formation. For more detailed studies,
internal shocks can be further divided into three types of shock waves: (1) accretion shocks caused by infall from
sheets to filaments or halos and from filaments to halos, (2) merger shocks resulting from merging halos, and
(3) supersonic chaotic flow shocks inside nonlinear structures which are produced in the course of hierarchical
clustering.

In contrast to the present time, the comoving surface area of external shock waves surpasses that of internal
shocks at high redshift, due to the small fraction of mass bound in large halos and the simultaneous existence of an
all pervading fine-spun cosmic web with large surface area. Also, there the thermal gas has a low sound velocity
c = /yP/p = 4/y(y - 1)u owing to the low temperature, so once théfule gas breaks on mildly nonlinear
structures, strong shock waves develop that are characterized by high Mach niwhberg/c. Nevertheless, the
energy dissipation rate in internal shocks is always higher compared to external shocks because the mean shock
speed and pre-shock gas densities are significantly larger for internal shocks.

We use the same color and brightness scale for the Mach number distribution weighted by the injected CR energy
rate normalized to the simulation volume (right-hand side of Eig4). We emphasize two important points which
have fundamental implications for the CR population in galaxy clusters: (1) there is an absence of weak shocks
(shown in yellow) when the Mach number distribution is weighted by the injected CR energy. This reflects the
Mach number dependent energy injectidghioiency: the CR injection is saturated for strong shocks which leads to
similar spatial distribution of both weightings, by dissipated energy as well as by injected CR energy. In contrast,
most of the dissipated energy is thermalized in weak shocks and only small parts are used for the acceleration
of relativistic particles (compare Fid.0.5. (2) The mechanism of energy dissipation at shocks is very density
dependent, implying a tight correlation of weak internal shocks and the amount of dissipated energy. This can be
seen by the strongly peaked brightness distribution of the dissipated energy rate towards the cluster centers. For
the CR-weighted case, this correlation is counteracted by the CR energy injdtitieney leading to a smoother
brightness distribution of the CR energy injection. This has the important implication that the ratio of CR injected
energy to dissipated thermal energy is increasing as the density declines. Relative to the thermal non-relativistic
energy density, the CR energy density is dynamically more important at the outer cluster regions and dynamically
less important at the cluster centers.

10.6.3. Mach number statistics
10.6.3.1. Influence of reionization

To quantify previous considerations, we compute theedéntial Mach number distribution weighted by the dis-
sipated energy normalized to the simulation voluriesgia, M)/(d logadlog M) at different redshifts. The top

left panel of Fig.10.6shows this Mach number distribution for our reference simulation with reionization (showing
a resolution of 2< 256%), while the top right panel shows this distribution for the simulation without reioniza-
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Figure 10.5.: CR energy injectionf@ciency for the difusive shock acceleration process. Shown is the CR energy injection
efficiencylinj = ecr/edissfor the three post-shock temperatukds/keV = 0.01, 0.3, and 10. We inject only CRs above the
kinematic thresholdnesnoia = 0.83 of the hadronic CRp-p interaction which are able to produce pions that successively
decay into secondary electrons, neutrinos,andys. We choose equipartition between injected CR energy and dissipated
thermal non-relativistic energy as saturation value of the CR energy injedfiorercy, i.e.{max = 0.5 (Ryu et al.2003.

tion. The lower left panel shows both distributions integrated over the scale fagig ®)/(d log M), in addi-

tion to the Mach number distribution weighted by the injected CR energy normalized to the simulation volume,
decr(M)/(dlogM) (see Sectl0.6.3.2. Internal shocks are shown with dotted lines and external shocks with
dashed lines. The lower right panel shows the evolution of the dissipated energy due to shock waves with scale
factor, d4isf(a)/(d loga), for the models with and without reionization.

Several important points are apparent: (1) The median of the Mach number distribution weighted by the dissipated
energy decreases as cosmic time evolves, i.e. the average shock becomes weaker at later times. (2) There is an
increasing amount of energy dissipated at shock waves as the universe evolves because the mean shock speed
is significantly growing when the characteristic mass becomes larger with time. This trend starts tdflavel o
redshiftz ~ 1 although the median Mach number in shocks continuous to decrease. (3) Reionization influences
the Mach number distribution predominantly at early times (however after reionization took place) and suppresses
strong external shock waveffieiently. The reason is that reionization of the thermal gas increases its sound speed
¢ = +/ynkT/p dramatically, so that weaker shocks are produced for the same shock velocities. (4) The time
integrated Mach number distribution weighted by the dissipated energy peaks at Mach nurgbatsd 3. The
main contribution in terms of energy dissipation originates from internal shocks because of enhanced pre-shock
densities and mean shock speeds. (5) External shocks dominate the Mach number distribution at early times while
internal shocks take over at~ 9 (depending somewhat on the resolution of the simulation). Their amount of
dissipated energy surpasses that in external shocks by over an order of magnitude at the present time. Internal
shocks play a more important role than external shocks in dissipating energy associated with structure formation.

The total shock-dissipated energy in our simulation box amourgit9= 2.27 x 10°* erg. This translates to a
mean energy deposition per particleEfssu/ (0crf2V) = 0.63 keV, whereu = 4m,/(3 + 5Xy) is the mean particle
weight assuming full ionization andy = 0.76 is the primordial hydrogen mass fraction. Our results agree well
with those ofRyu et al.(2003 in the case of internal shocks while our external shocks tend to be weaker. This
can be attributed to our fllering definition of interndéxternal shocks as we prefer a density criterion and use the
critical pre-shock overdensity> 10 for the classification of an internal shock.
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Figure 10.6.: Influence of reionization on the Mach number statistics of non-radiative cosmological simulations. The
top left panekhows the dferential Mach number distributiorfeliss(a, M)/(d logad log M) for our reference simulation

with reionization while thetop right panelshows this distribution for the simulation without reionization. Toeer

left panelshows both distributions integrated over the scale factqrM)/(d log M) in addition to the Mach number
distribution weighted by the injected CR energy rate normalized to the simulation voluggAd)/(d log M) (green).
Internal shocks are shown with dotted lines and external shocks with dashed linesowEneight panelshows the
evolution of the dissipated energy due to shock waves with scale faetga)/(d loga). The models with and without
reionization lie on top of each other.
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Figure 10.7.: Resolution study: Mach number statistics for non-radiative cosmological simulations with a reionization
epoch az = 10. Thetop left panekhows the dterential Mach number distributiorfeliss(a, M)/(d logad log M) for our
reference simulation with a resolution 0256 while thetop right panelshows this distribution for the simulation with a
resolution of 2x 128. Thelower left panekhows both distributions integrated over the scale factgpgM)/(d log M).
Internal shocks are shown with dotted lines and external shocks with dashed linesowEneaight panelshows the
evolution of the density-weighted temperature with redshift. Shown dferelint resolutions in our models with and

without reionization.
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10.6.3.2. Cosmic ray acceleration

In our non-radiative cosmological simulations we additionally calculate the expected shock-injected CR energy
using our formalism of dfusive shock acceleration described in EnB3lin et al. (2005). This formalism follows a
model based on plasma physics for the leakage of thermal ions into the CR population. However, in the present
analysis, the injected CR energyd#;nj/(d loga) was only monitored and not dynamically tracked. In our model,

the CR population is described by single power-law distribution which is uniquely determined by the dimensionless
momentum cutfi g, the normalizatiorC, and the spectral index. Considering shock injected CRs only, the
spectral index is determined lay= (xs + 2)/(xs — 1), wherexs denotes the density jump at the shock.

Our simplified model for the dliusive shock acceleration fails in the limit of weak shocks and over-predicts the
injection dficiency. Especially in this regime, Coulomb losses have to be taken into account which remove the
low-energetic part of the injected CR spectrufiiogently on a short timescale giving rise to dfeetive CR energy
efficiency. Thus, the instantaneous injected CR eneugy#;/(d loga) depends on the simulation timestep and the
resolution. To provide a resolution independent statement about the injected CR energy, we decided to rethermalize
the injected CR energy below the cfftqireshoig= 0.83. This cutdf has the desired property, that it coincides with
the kinematic threshold of the hadronic CR p-p interaction to produce pions which decay into secondary electrons
(and neutrinos) ang-rays:

T o W V[V o €+ ve/Vet v+,

° - 2y.

Only CR p above this kinematic threshold are therefore visible through their decay products in bpttayhend
radio bands via radiative processes, making them directly observationally detectable.
The lower left panel of Figl0.6shows the Mach number distribution weighted by the injected CR energy rate and

normalized to the simulation volumeggk(M)/(d log M) (solid green). Theféect of the CR injection ficiency
linj = ecr/ediss Can easily be seen: while the CR injection is saturated for strong sho¢ks,te= 0.5, in weak
shocks most of the dissipated energy is thermalized and only small parts are used for the acceleration of relativistic
particles. Hectively, this shifts the maximum and the mean value of the Mach number distribution weighted by the
shock-dissipated energy towards higher values in the case of the distribution weighted by the injected CR energy.
This dfect is even stronger when considering only CRs with a lowerfEqgte: 10, 30 which are responsible for
radio halos observed at frequencies above 100 MHz, assuming typical magnetic field stremgjthsl6f1 uG,
respectively. This follows from the mono-energetic approximation of the hadronic electron production and syn-
chrotron formula,

3eB

- 21TmeC

y2, where ye= %% (10.40)

Vs

ande denotes the elementary charge.

As the regime of strong shocks is dominated by external shocks where the CR injection is saturated, CRs are
dynamically more important in dilute regions and dynamically less important at the cluster centers compared to
the thermal non-relativistic gas. As weak shocks are mainly internal shocks we have to distinguish between their
different appearance: strong internal shocks are most probably accretion shocks produced by infalling gas from
sheets or filaments towards clusters, or peripherical merger shocks which steepen as they propagate outwards in
the shallow cluster potential, highlighting the importance of CR injection in the outer cluster regions relative to
thermally dissipated gas at shocks. In contrast, CR injection is dynamically less important in the case of flow
shocks at the cluster centers or merging shock waves traversing the cluster center. From these considerations we
again draw the important conclusion that the ratio of CR injected energy to dissipated thermal energy at shocks is
an increasing function of decreasing density. Such a CR distribution is required within galaxy clusters to explain the
diffuse radio synchrotron emission of galaxy clusters (so-called radio halos) within the hadronic model of secondary
electrons. For that, we assume a stationary CR electron spectrum which balances hadronic injection of secondaries
and synchrotron and inverse Compton cooling proce&esétti2002 Pfrommer & Enf3lin2004ab). However, to
make more precise statements about the origin of cluster radio halos, more work is needed which stufiés the e
of the CR dynamics including CR filision and other CR injection processes such as supernovae driven galactic
winds.
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10.6.3.3. Resolution study

To study numerical convergence we perform two additional simulations with a resolution b2, respectively,
for our models with and without reionization. Figur@.7shows this resolution study for non-radiative cosmological
simulations with a reionization epoch at= 10. The lower right panel of Figl0.7 shows the evolution of the
density-weighted temperature with redshiftl + §)T)v (2. Shown are dferent resolutions in our models with
and without reionization. The two fiiérently resolved simulations (2 256° and 2x 128) have converged well
at redshiftsz < 4. In our reference simulation, the adiabatic decay of the mean temperature is halted at slightly
higher redshift: because of the better mass resolution of this simulation, nonlinear structures of smaller mass can
be resolved earlier while converting part of their gravitational binding energy into internal energy through structure
formation shock waves. In the simulation with reionization, the temperature increases discontinuausly@t
declines again with the adiabatic expansion, until shock heating takes aver/at 8 (depending on the resolution
of the simulation). Atz = 0, all simulations yield a mean density-weighted temperature @8 keV. Comparing
this density-weighted energy to the shock-deposited mean energy per partitjg;6f 0.63 keV, we obtain the
mean adiabatic compression factor of the cosmic plagkd[(y — 1)Eqisd 10~ ~ 0.6. After the plasma has been
shock-heated, relaxation processes in the course of virialization let the plasma expand adiabatically on average.
Secondly, mildly non-linear structures characterized by a shallow gravitational potential are fiagigdeby the
Hubble flow which forces them to adiabatically expand.

The top left panel shows theftirential Mach number distributior’gisg(a, M)/(d logad log M) for our ref-
erence simulation with a resolution 0f2256° while the top right panel shows this distribution for the simula-
tion with a resolution of 2 128. The lower left panel shows both distributions integrated over the scale factor,
degisdM)/(dlogM). Internal shocks are shown with dotted lines and external shocks with dashed lines. One im-
mediately realizes that the question if the first shocks are fully converged among simulatioffierehtliresolution
is not well posed because nonlinear structures of smaller mass can be resolved collapsing earlier in higher resolu-
tion simulations. Accordingly, the fierential Mach number distribution is not well converged at redshifts 6
while the distribution is well converged far< 3. Since most of the energy is dissipated at late times, where our
differential Mach number distribution is well converged, the integrated distribugigg(a1)/(d log M) shows only
marginal diterences among theftirently resolved simulations. In particular, our statements about CR injection at
structure formation shocks are robust with respect to resolution issues.

10.7. Summary and conclusions

We provide a formalism for identifying and estimating the strength of structure formation shocks in cosmological
SPH simulations on-the-fly, both for non-relativistic thermal gas as well as for a plasma composed of a mixture of
cosmic rays (CRs) and thermal gas. In addition, we derive an analytical solution to the one-dimensional Riemann
shock tube problem for the composite plasma of CRs and thermal gas (Apjge8diln the case of non-relativistic
thermal gas, shock-tube simulations within a periodic three-dimensional box that is lonxggiréction than in the
other two dimensions show that our formalism is able to unambiguously detect and accurately measure the Mach
numbers of shocks, while in the case of plasma composed of cosmic rays (CRs) and thermal gas, the Mach numbers
of shocks are estimated with an accuracy better than 10%. In both cases, we find a very good agreement of the
averaged simulated hydrodynamical quantities (such as density, pressure, and velocity) and the analytical solutions.
Using our formalism for dtusive shock acceleration, we additionally calculate and monitor the shock-injected CR
energy, but without dynamically tracking this CR energy component; the latter will be studied in forthcoming work.
The good agreement between the simulated and theoretically expected shock-injected CR energy demonstrates that
our formalism is reliably able to accelerate CRs instantaneously during the simulation.

Subsequently, we identified and studied structure formation shock waves using cosmological Ryboloolgly-
namical SPH simulations for a concordamdg8DM universe in a periodic cubic box of comoving size TOtMpc.
We performed simulations with and without a reionization epoch at10 in order to investigate thefects of
reionization on the Mach number distribution. Our sets of simulations follow only non-radiative gas physics where
we neglected additional physical processes, such as radiative cooling, star formation, and feedback from galaxies
and stars including cosmic ray pressure. Since we are mainly interested in shock waves situated mostly outside the
cluster core regions, the conclusions drawn in this chapter should not be significantly weakened by the exclusion
of those radiative processes. Furthermore, these simplifications align our work with the mesh-based simulations of
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Ryu et al.(2003 and enable a direct comparison and verification of our results. We classify cosmological shock
waves as internal and external shocks, depending on whether or not the associated pre-shock gas was previously
shocked (cfRyu et al.2003. Rather than using a thermodynamical criterion such as the temperature, we prefer a
density criterion such as the overdensitin order not to confuse the shock definition once we will follow radia-

tively cooling gas in galaxies. External shocks surround filaments, sheets, and halos where the pristine adiabatically
cooling gas is shocked for the first time. Internal shocks on the other hand are located within the regions bound by
external shocks and are created by flow motions accompanying hierarchical structure formation. Their population
includes accretion shocks produced by infalling material along the filaments into clusters, merger shocks result-
ing from infalling halos, and flow shocks inside nonlinear structures which are excited by supersonic motions of
subclumps.

The Mach number distribution weighted by the dissipated energy shows in detail that most of the energy is dissi-
pated in weak shocks which are situated in the internal regions of groups or clusters while collapsed cosmological
structures are surrounded by external strong shocks which have a minor impact on the energy balance. The evolu-
tion of the Mach number distribution shows that the average shock strength becomes weaker at later times while
there is an increasing amount of energy dissipated at shock waves as cosmic time evolves because the mean shock
speed increases together with the characteristic mass of halos forming during cosmic structure formation. For the
same reason, internal shocks play a more important role than external shocks in dissipating energy associated with
structure formation, especially at small redshift. The energy input through reionization processes influences the
Mach number distribution primarily during a period following the reionization era and suppresses strong external
shock wavesféiciently because of the significant increase of the sound speed of the inter-galactic medium.

Weighting the Mach number distribution by the injected CR energy shows the potential dynamical implications
of CR populations in galaxy clusters and halos: the maximum and the mean value of the Mach number distribution,
weighted by the shock-dissipated energy fisdively shifted towards higher values of the Mach number when the
distribution is weighted by the injected CR energy. In other words, the average shock wave responsible for CR
energy injection is stronger compared to the average shock which thermalizes the plasma. The fundamental reason
for this lies in the theory of diusive shock acceleration at collisionless shock waves and can be phenomenologically
described by a CR injectiorfliciency: while the CR injection is saturated to an almost equipartition value between
injected CR energy and dissipated thermal energy for strong shocks, in weak shocks most of the dissipated energy
is thermalized and only small parts are used for the acceleration of relativistic particles. Relative to the thermal non-
relativistic energy density, the shock-injected CR energy density is dynamically more important at the outer dilute
cluster regions and less important at the cluster centers since weak shock waves predominantly occur in high-density
regions. This has the crucial consequence that the ratio of CR injected energy to dissipated thermal energy is an
increasing function as the density declines. Such a CR distribution within galaxy cluster is required to explain the
diffuse radio synchrotron emission of galaxy clusters (so-called radio halos) within the hadronic model of secondary
electrons. In order to draw thorough conclusions about the origin of cluster radio halos, more work is needed which
studies the fect of the CR dynamics comprising of CR injection and cooling processes as well agt@$todi
mechanisms.

We note that our new formalism for shock-detection in SPH simulations should have a range of interesting ap-
plications in simulations of galaxy formation. For example, when combined with radiative dissipation and star
formation, our method can be used to study CR injection by supernova shocks, or to construct models for shock-
induced star formation in the interstellar medium (8grnes2004. It should also be useful to improve the accuracy
of predictions for the production gfrays by intergalactic shocks (el§eshet et al2003.

The results of this chapter were worked out in collaboration with V. Springel, T.A. Enf3lin, and M. Jubelgas. A
paper entitled'Structure formation shocks in cosmological SPH simulations with relativistic particle populations”
will be submitted to the journaflonthly Notices of the Royal Astronomical Society
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11. Conclusions and theoretical prospects

In each of the proceeding chapters, | gave a discussion and conclusions of the main results found in the corre-
sponding sections. Here, | will reiterate the most important findings and conclusions while putting them into a
cosmological context and pointing out the future perspective.

In this thesis, | studied non-equilibrium processes such as cosmic rays (CRs) and magnetic fields in clusters of
galaxies. The influence of these non-thermal components on structure formation and galaxy evolution has been
neglected so far despite their importance. Although the standard model of concordance cosmology began its tri-
umphant success supported by various observations and numerical simulations, a few observational discrepancies
with the standard model on galactic scales challenge this successful picture. Some of the inconsistencies may be
circumvented by additionally considering the certainly existent non-thermal components. The advent of multi-faced
y-ray astronomy with the third generation(ﬁérenkov telescopes and the future satellite mission GLARN(ma-
ray Large Area Space TelescQmees well as new development in radio astronomy with the extended Wiefy(

Large Array) and the future LOFARLOw Frequency ARrgyproject call for advances in theoretical and numerical
astrophysics of non-thermal phenomena.

This thesis is organized into two main parts: the first major part is dedicated to an analytical study of CR protons
in clusters of galaxies and their hadronic interactions with the ambient thermal plasma using multi-frequency obser-
vational results. This detailed study is followed by a theoretical proposal for an observation aiming at unveiling the
still unknown dynamically dominant CR component of radio plasma bubbles. In the second part, a description of
CR gas for cosmological applications especially suited for hydrodynamical simulations is presented. In the course,
| focus on developing a formalism of instantaneously identifying and estimating the strength of structure formation
shocks during cosmological simulations to accelerate CRs throtigisisie shock acceleration.

The first main part starts with Chapterwhere | provide a theoretical framework for analytically modeling multi-
frequency signatures resulting from hadronic CR proton interactions with protons of the ambient thermal plasma.
These interactions produce charged and neutral pions which successively degasayg@nd relativistic electrons
or positrons. The-ray source function resulting from decaying neutral pions is presented for two analytical models
that describe this hadronic reaction: the simfileball modelassumes a state of hot quark-gluon plasma in thermal
equilibrium after the hadronic interaction that subsequently ablates pions with energy dependent multiplicities. Mo-
tivated by accelerator experimeniBermerproposed a model that is able to make detailed predictions for the pion
decay inducegd-ray spectrum while including more realistiffects near the pion production threshold. Using the
newly developed-ray source function, | derive an analytic relation between/thay and bolometric X-ray fluxes:
this relation can find application in compiling a suitable sample of galaxy clusters which are promising candidates
for future detection of dfusey-rays. The stationary spectrum of hadronically originating secondary electrons is
presented furthermore. It allows the calculation of accompanying synchrotron and inverse Compton emission and
yields thus additional and complementary information about the non-thermal energetic content of clusters. Unlike
hadronically induceg-ray emission, these non-thermal emission processes of secondary CR electrons provide how-
ever a biased tracer of the underlying CR proton population due to the presence of postEbndCR electron
populations and the degeneracy of the synchrotron emissivity with magnetic energy density.

In Chapter6, | apply this theoretical framework to clusters of galaxies in order to investigate the question of
the dynamical influence of CRs on the intra-cluster medium (ICM). Using the analytic relation betwagmand
bolometric X-ray fluxes, | identify a sample of observationally promising cluster candidates (including cooling core
clusters) for constraining the CR proton population. The spatial distribution of CRs within the ICM is assumed to
follow three diferent scenarios: in the isobaric model, the CR energy density is assumed to be proportional to the
thermal energy density of the ICM, i.¥cr = ecr/ewn - In the scenario of adiabatic compression of CRs during the
formation of the cooling core, this proportionality is imposed prior to the transition. A third model assumes a single
central point source injecting the CRs whose final distribution is governedffsidin. Comparing to EGRET
(Energetic Gamma Ray Experiment Telesgagaper limits on they-ray emission, | am able to constrain the CR
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proton population in the central regions of nearby galaxy clustedctg < 20%. This demonstrates that CRs

are not dynamically dominating the central cluster regions although the presence of CRs may thermodynamically
stabilize the cooling core. Additionally, | examine the CR proton population within the giant elliptical galaxy

M 87 using the TeVy-ray detection of the HEGRAHigh Energy Gamma Ray Astronojropllaboration. Both the
expected radia}-ray profile and the required amount of CRs support this hadronic scenario.

Furthermore, | study the hypothesis that thffudie radio synchrotron emission of galaxy clusters is produced
by hadronically originating relativistic electrons. Excellent agreement between the observed and theoretical radio
brightness profiles is obtained for the radio mini halo in Perseus. Since the CR proton and magnetic energy densities
necessary to reproduce the observed radio flux are very plausible, | propose synchrotron emission from secondary
electrons as an attractive explanation of the radio mini-halos found in cooling core clusters. To explain the giant
radio halo of Coma with the hadronic model of secondary electrons, the CR proton-to-thermal energy density profile
has to increase radially up to a moderate CR energy densKyf 10% while assuming plausible parameters for
the magnetic field and CRs. This model can be tested with future sensitayeobservations of the accompanying
n%-decays. Understanding the underlying formation mechanism of radio halos would open up a complementary
observational window for studies of the dynamical evolution and the interplayffefeint astrophysical processes
in galaxy clusters.

The trilogy of hadronic CR interaction is completed with Chagteshere | estimate magnetic field strengths and
CR energy densities of radio emitting galaxy clusters by minimizing the non-thermal energy density contained in CR
electrons, protons, and magnetic fields. Thessicalminimum energy estimate can be constructed independently
of the origin of the radio synchrotron emitting CR electrons yielding thus an absolute minimum of the non-thermal
energy density. Provided the observed synchrotron emission is generated by a CR electron population originating
from hadronic CR proton interactions, | introduce Haglronicminimum energy criterion which is a non-parametric
approach yielding an absolute minimum energy state and provides a solid foundation to scrutinize the hadronic
model on the basis of radio synchrotron emission alone. For both approaches, | derive the theoretically expected
tolerance regions for the inferred minimum energy densities. Application to the radio halo of the Coma cluster and
the radio mini-halo of the Perseus cluster yields equipartition between cosmic rays and magnetic fields within the
expected tolerance regions. In the hadronic scenario, the inferred central magnetic field strength rangésueom 2
(Coma) to 88 uG (Perseus), while the optimal CRp energy density is constrained toI®%of the thermal energy
density (Perseus). Using the non-parametric minimum energy approach, | discuss the possibility of a hadronic
origin of the Coma radio halo while current observations favor such a scenario for the Perseus radio mini-halo.
Combining future expected detections of radio synchrotron, hard X-ray inverse Compton, and hadronically induced
y-ray emission should allow an estimate of volume averaged cluster magnetic fields and provide information about
their dynamical state.

The previously presented methods for investigating the CR population are predominantly sensitive to the central
cluster regions due the present high plasma densities and magnetic field strengiibaltieaX-ray Observatory
is finding a large number of cavities in these central cooling core regions of the X-ray emitting intra-cluster medium
which often coincide with the lobes of the central radio galaxy. Usually, it is assumed that these cavities are
partly or completely inflated by CR gas of unknown composition (elegproton or electrofpositron gas). In
Chapter8, | propose high-resolution Sunyaev-Zel'dovich (SZ) observations to infer the still unknown dynamically
dominant component of the radio plasma bubbles. To this end, | calculate the thermal and relativistic SZ emission of
different compositions of these plasma bubbles while simultaneously allowing for the cluster’s kineffiec®Z4es
examples, | present simulations of an ALMAtacama Large Millimeter Arrayobservation and of a GBTqreen
Bank Telescopeobservation of the cores of the Perseus cluster and Abell 2052. | predictd@t®ction of the
southern radio bubble of Perseus in a few hours with the GBT and ALMA while assuming a relativistic electron
population within the bubble. In Abell 2052, a similar detection would require a few tens of hours with either
telescope, the longer exposures mainly being the result of the higher redshift and the lower central temperature of
this cluster. Future high-sensitivity multi-frequency SZ observations will be able to infer the energy spectrum of
the dynamically dominant electron population in order to measure its temperature or spectral characteristics. This
knowledge can yield indirect indications for an underlying radio jet model.

In the second major part of my thesis, | address the problem of constructing an accurate and self-consistent numer-
ical model for the description of CRs that aims at studying the dynamical influence of CRs on structure formation
and galaxy evolution. Galactic non-equilibrium processes like shock waves and turbulence have generated magnetic
fields and CRs in the interstellar medium. These CRs play a decisive role within our Galaxy: their pressure, along
with that of the thermal gas, balances gravity, they trace past energetic events such as supernovae, and they reveal
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the underlying structure of the baryonic matter distribution through their interactions. In collaboration with Torsten
EnRlin, | develop in Chapted an approximative framework to treat dynamical and radiatitecés of CRs in cos-
mological simulations. The guiding principle is a balance between capturing as many physical properties of CR
populations as possible while simultaneously requiring as little extra computational resources as possible. The CR
spectrum is approximated by a single, constant spectral index power-law, with spatially and temporal varying nor-
malization and low-energy cufio Particle number and energy conservation principles are used to derive evolution
equations for the basic variables due to adiabatic and non-adiabatic processes. Such are compression, rarefaction,
CR injection via both shocks of supernova remnants and structure formation shock waves, in-situ reacceleration
of CRs, CR spatial diusion, CR energy losses due to Coulomb interactions, Bremsstrahlung, and hadronic inter-
actions with the background gas, including the associgtery and radio emission due to subsequent pion decay.
Furthermore, we explain how the formalism can be included into smoothed-particle-hydrodynamics simulations.

Finally, in Chapterl0, | develop a formalism for the identification and accurate estimation of the strength of
structure formation shockduring cosmological smoothed particle hydrodynamics simulations. Shocks not only
play a decisive role for the thermalization of gas in virializing structures but also for the acceleration of CRs through
diffusive shock acceleration. The formalism is applicable both to ordinary non-relativistic thermal gas, and to
plasmas composed of CRs and thermal gas. To this end, | derive an analytical solution to the one-dimensional
Riemann shock tube problem for a composite plasma of CRs and thermal gas. | apply these methods to study
the properties of structure formation shocks in high-resolution hydrodynamic simulations €& model. |
find that most of the energy is dissipated in weak internal shocks which are predominantly central flow shocks or
merger shock waves traversing halo centers. Collapsed cosmological structures are surrounded by external shocks
with much higher Mach number, but they play only a minor role in the energy balance of thermalization. | show
that after the epoch of cosmic reionization, the Mach number distribution is significantly modified Ifiycaante
suppression of strong external shock waves due to the associated increase of the sound speefiusietigasi
Invoking a model for CR acceleration in shock waves, | find that the average strength of shock waves responsible
for CR energy injection is higher than for shocks that dominate the thermalization of the gas. This implies that the
dynamical importance of the shock-injected CR energy density is largest in the low-density halo infall regions, but
is dynamically less important for the weaker shocks occurring in central high-density regions of halos.

The developed numerical methods open up new possibilities to investigate the cosmological role of CR protons
while potentially providing the footing for answering some cosmological problems. At the centers of non-merging
galaxy clusters, the relaxation process is instable and would theoretically lead to catastrophic cooling of cluster
cooling cores which is absent in X-ray observations. The interplay of active galactic nuclei with the ambient plasma
in connection with CRs may play a significant role in the solution to this so-callester cooling flow problem
because CRs provide a temperature floor which thermodynamically stabilizes the cooling system. Strong galactic
winds might be driven by CR protons through Parker instabilities of spiral disks leading to the chemical enrichment
of the intergalactic medium. This mechanism might solve gahdchment problenof high iron abundances of
the intra-cluster medium. Hydrodynamical simulations of the CR component allow realistic predictions of radio
synchrotron, inverse Compton, apdlay emission. This is indispensable for the interpretation of future observations
in these wavelength regimes.

In our Galaxy, the energy density of the CR component is in equipartition with the thermal and the magnetic en-
ergy density. Tracing this CR population self-consistently may solve problems of the standard cosmological model
on galactic scales. To reconcile the amount of halo substructure in numerical simulations and observations, star
formation has to bef@ciently suppressed in low mass substructure within hydrodynamical simulations. The slow
cooling CR component is able to prevent these system from forming stars by blowing up the galactic gas disk which
is an elegant solution to thsubstructure problemUsing the formalism of instantaneously identifying and accu-
rately estimating the strength of shock waves, one can also address the probléinsdfedshock acceleration at
supernova remnants and simulate the resulting radiative processes. Cross-correlating the simulated maps with those
obtained from multi-frequency observations can yield important insight into plasma physical processes at supernova
shocks. Thus, successful studies of non-equilibrium processes in structure formation and galaxy evolution might
provide the opportunity of interesting future discoveries and resolve some cosmological problems. This would be
an important step towards a coherent understanding of cosmology.
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Conclusions and theoretical prospects
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A. Deprojection of X-ray surface brightness
profiles represented by double- S profiles

Owing to the enhanced electron density in the central region the X-ray surface brightnessSai@filein cooling
flow cluster can be represented by doybimodels,

r 21-36i+1/2
1+ (i) } , (A1)

rc‘
where the X-ray surface brightness profile is a line of sight projection of the squared electron density and the cooling
function relative to the squared electron dengify(T),

2

Sx(r) =S

i=1

S(ry) = f:mdzrﬁ(\/m) Ax [Te(\/m) (A.2)
_ f " rnz(r)Ax[Te(r)] (A3)
Thus the electron density(r) can be derived fronsx(r, ) by inverting the Abel equation
EOATE) = -= 5 [ d f/;x_fy:z ()
- a2 >0 (A5)

where the prime denotes the derivative. For the second equation we usag(itha bounded for — co. Using
Eqg. (A.1) this equation can be solved analytically yielding

-1

1
2(r) = B|5.36]|, A.6
ng(r) = Ax[Te(r)] Z 27Trc. 1+ r2/r )3ﬁi (2 BB) (A.6)

where8(a, b) denotes the beta-functioAlframowitz & Steguril965. Provided the central density(0) is known
and assuming furthermore the special case of equality of thggtparameter3; = 8., we arrive at the following
compact formula for the electron density profilgr)

ne(r) M X 221 n? (1 + f)_sﬁ " (A.7)
¢ ;\X[Te(r)] i=1 ! rgl ’ .
2 Sir e
n = ne(0) ( : J (A8)
= Sirg

Generalizing to n-folg-profiles can be obtained by means of induction.
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Deprojection of X-ray surface brightness profiles represented by double- profiles
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B. Riemann shock tube problem

B.1. Shock tube with thermal gas

The Riemann shock-tube calculation2§d(1978 has become a generally accepted test of numerical hydrodynam-
ical codes. As a baseline for later extension, we present in the section the quasi-analytical solution for the Riemann
problem in the standard case of a polytropic gas. Then, in Appeh@xve derive the quasi-analytic solution in
the case of a gas composed of CRs and thermal gas, wheré&dhtive adiabatic index depends on th&eatent
equations of state and changes across the shock-tube.

In the following, we summarize the key considerations which lead to the solution of the Riemann problem, for
completeness (see e@ourant & Friedrich4948 Toro 1997 Rasio & Shapird 991, for a compact representation).
For the initial state, we assume a state with higher pressure in the left half-space without loss of generality. At any
timet > 0, this leads to the development of five regions of gas witferént hydrodynamical states which are
numbered in ascending order from the right. These regions are separated by the head and the tail of the leftwards
propagating rarefaction wave, and the rightwards propagating contact discontinuity and the shock wave. Mass,
momentum and energy conservation laws are represented by the generalized Rankine-Hugoniot conditions for a
given coordinate system:

valp] = [pv],
valo] = [pv? + P, (B.2)
v? v?
Vg pE+s = [(p5+s+P)v.

Herevy denotes the speed of the discontinuity under consideration with respect to our coordinate system and we
introduced the abbreviatiorr] = F; — F; for the jump of some quantitf across the discontinuity. Within the
leftwards propagating rarefaction wave, the generalized Riemann invariants yield an isentropic change of state,
ds = 0, and conserve the quantity:

-1

For the last step, we assumed a polytropic equation of Btaté\o”. Appropriately combining these equations, the
solution can be expressed as follows:

0 ’
"=v +f &i)dp/ =v+ 2p) = const (B.2)
o P Y

p5’ X< _C5t’
2/(y-1)
ps |12 + (L=, —est < x< -ut,
p(Xt) = ¢ po —ut < X < vat, (B.3)
P2, UZt <X< vStv
pla X> USt,
Ps, X < —cst,
2 X 2 2y/(y-1)
P(xt) = Ps [—u Gt T Q-u )] , —Cst < X< —ut, (B.4)
Py = Ps, —ut < X < odt,
Pl, X > vdt,
O, X< _C5t7
_ 2\ (X _ < -
o) = Q-u )(T + 05), Cst < X < —uit, (B.5)
U2 = U3, -t < X< odt,
0, X > vgt.
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Riemann shock tube problem

Hereu? = (y —1)/(y + 1), ¢c1 = +/yP1/p1, andcs = +/yPs/ps are the speeds of soungjs the speed of propagation

of the rarefaction wave’s tail, andis the shock speed. The post-shock pressure is obtained by solving (numerically)
the non-linear equation, which is derived from the Rankine-Hugoniot conditions over the shock while ensuring the
conservation of the two Riemann invariants of Edh.2j:

P, 1- #2 2 Cs P, r-1)/(2y) ~
(p—l‘l) \y oL a1 <y—1>a[1‘(P—s) =0 (86

The density on the left of the contact discontinuityis= ps(P./Ps)*?, since the gas is adiabatically connected to
the left. The post-shock densiby is also derived from the Rankine-Hugoniot conditions,

Py + °Py
=p1|=——=—]. B.7
2= pn (st ®.7)
The post-shock gas velocity is obtained from the rarefaction wave equatigft,= v—c, and usage of the Riemann

invariantl'*: -1/
2C5 P2 v Y

= = 1 - — . B8

2= <y—1){ (7 ®8

and from Eqn. B.5) we derive the speed of propagation of the rarefaction wave'staics — v2/(1 — p?). Finally,
mass conservation across the shock yields

v2
Vg= —————. B.9
* T 1-pi/p2 (89

B.2. Shock tube for a composite of cosmic rays and thermal gas

B.2.1. Derivation

In contrast to the previous case, the composite of CRs and thermal gas does not obey a polytropic equation of state.
In this section, we present an analytical derivation of the Riemann shock-tube problem for the composite of poly-
tropic gas and a component that is adiabatically compressed at the shock such as relativistic gas or a homogeneous
magnetic field which is parallel to the shock front. For the analytical derivation, we adopt the following two approx-
imations: (i) We assume the CR adiabatic index (Ed0.4) to be constant over the shock-tube, and (ii) we neglect
CR diffusion. The first assumption is justified as long as the CR pressure is not dominated by trans-relativistic CRs
of low energy while the second assumption is a strong simplification with respect to simulating realistic shocks
including CRs Kang & Jone2005. However, including CR diusion complicates the problem significantly such
that it is not any more analytically tractable.

For the initial state, we again assume a state with higher pressure in the left half-space. At any timfive
regions of gas with dierent hydrodynamical states coexist, and are numbered in ascending order from the right.
We use the notatio®; = Pcrj + P ande; = ecri + emi for the composite quantities in region The full
solution of the initial value problem consists of determining 12 unknown quantities in the regions (2) apg (3):
U2, Pcra, Pih2, €cr2: €th2, @ndps, vs, Pcrs, Pins, €cra, €nz. The thermal gas obeys a polytropic equation of state,
i.e.emi = Pmi/(ym — 1) fori € {2, 3} and the regions (2) and (3) are separated by a contact discontinuity, implying
vanishing mass flux through it and thuws,= v3 andP, = P3. This reduces the dimensionality of our problem to
8 unknowns. In our approximation, the CRs are adiabatically expanded over the rarefaction wave and adiabatically
compressed at the shock while obeying a polytropic equation of state:

YCR YCR

Pcrz = PCRs(z—g) , &CR3 = ECRS(%) ,
02 YCR 02 YCR (B.].O)

Pcr2 = PCRl(p—l) , ECR2 = 8CR1(p—1) ,

which further reduces the dimensionality by 4 unknowns. Moreover, the thermal gas is also adiabatically expanded
over the rarefaction wave yieldir@,s = Pihs(os/pes)’". Hence, we need 3 more linearly independent equations for
the solution: 2 are obtained by considering the Rankine-Hugoniot conditions Q4)). i a stationary system of
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B.2.2 Solution of the Riemann problem

reference withyy = vs. The last equation is given by the Riemann invariéhtwhere the fective speed of sound

is given byc = /yesP/p:

0 ’ Y —
I'=v+ f C(p, )dp' =v+I(p) =const with 1(p) = f \/ACRXVCR‘3 + A x7n=3dXx. (B.11)
0o P 0

Here, we use the abbreviatioAs= y;A wherei € {th, CR} andA = P, p™ denotes the invariant adiabatic function
over the rarefaction wave. Introducing théfdirence of the adiabatic indices of the two populatians= yi — ycr,
the solution to the integrdlp) is given by

1(o) =

A R\ or-D)/(2A9) ol X
VACR [ Acr By YCR 1, 1=y} ith %) = — Anp™" . (B.12)
Ay 20y T 2Ay AcrpYeR + Ay p7

Although the second argument of the incomplete Beta-function is always nedégtivs,well defined as long as we
consider a non-zero CR pressure which is characterizekthy- 0, andycr suficiently far fromymw, i.e. Ay > 0.
For Acr = 0, the integral can be solved in closed form, yieldifg) = 2c(o)/(yih — 1)-

B.2.2. Solution of the Riemann problem

The densities leftwards and rightwards of the contact discontimigndp,, are obtained by solving (numerically)

the following non-linear system of equations. It is derived from matching the possible post-shock states (pressure
and density) with the possible post-rarefaction wave states while simultaneously ensuring the conservation laws
over the rarefaction wave and the shock:

|
o

[P2(%) — P1] (Xs — 1) — p1xs[1 (ps) = 1 (xp5)]?
[Po(X) + P1] (%s — 1) + 2[Xse1 — £2(Xs, X)]

f1(Xs, %)

B.13
fa(Xs, %) ( )

I
©

Here we introduced the shock compression ragie p,/p1 and the rarefaction ratig. = p3/ps. Furthermore, the
implicit dependences oxy andx; can explicitly be expressed as follows,

Pa(x) = P3(X) = PcrsX™® + PpsX", (B.14)
Pcra(Xs) = PcriX™, (B.15)
e2(Xs, %) = EcrT + o 1[Pz(Xr) — Pcra(Xs)]. (B.16)

' —

The roots of the non-linear system of equations (E18) immediately yield the post-shock pressure of the
fluid via Eqn. 8.14). The post-shock velocity, = v3 and the shock speed are then obtained from the Rankine-
Hugoniot relations,

02

\/[PZ(Xr)_ Py 222 (B.17)

P2pP1

vs = LE2_ (B.18)
P2 — pP1

Using the previous results, we can construct the solution to the generalized Riemann problem for CRs and thermal
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Riemann shock tube problem

gas as follows:

P5, X< _05t7
p(x9 t)’ _CSt <X< _Utt,
p(x,t) = 03, —ut < X < vot, (B.19)
P2, vot < X < vgt,
P1, X > vdt,
Ps, X < —Cst,
_ ACRp(X’ t)'YCR + A(hp(X, t)yth, _C5t <X< _Uttv
P(x,t) = P, = Ps, —ut < X < v, (B.20)
P1, X > vgt,
0, X < —Cst,
X - 1l _
Wxt) = 1Tt VAcrRp(X t)7er1 + Ay p(x, )=l —cst < X < —ut, (8.21)
U2 = U3, -t < X < ot
0, X > vgt.

Herecs = +/yersPs/ps is the dfective speed of sound, is the speed of propagation of the rarefaction wave'’s tail,
andos is the shock speed. Matching the rarefaction wave equation to the density of the post-contact discontinuity
yieldsu:

v = 1(o3) — 1 (ps) + \/'&CRP;CWl + Anpy (B.22)

The density within the rarefaction regime is obtained by solving (numerically) the non-linear equation for a given
(%, t), which is derived from the rarefaction wave equation,

106 0] = 1(os) + 5 + yJAcrp(x e+ A p(x -t = (B.23)
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C. Supplementary tables

C.1. Parameters of profiles for the sample of nearby galaxy clusters

Parameters of electron density profilegr) of our cluster sample are given in Talilel where the clusters are
ordered according to their property of containing a cooling flow (upper part) or not (lower part). Note that the
parameters are subject tdfdrent formulae@.1) and C.2),

2 r2\"35/2

Ne(r) = n; (1 + r_z) , (C.1)
i=1 Gi
AlTe(0)] 2 2 ﬁ )

Ne(r) AT X ; n; (1 + 2 ) . (C.2)

Equation C.2) follows from deprojection of X-ray surface brightness profiles which are represented by gouble
models. The derivation of this deprojection is given in ApperliX-or simplicity and consistency with the X-ray
surface brightness profiles givenNfohr et al.(1999 we ignored the weak dependencyTytr) in Eq. (C.2).

In order to model the temperature profil€gr) for our cooling flow cluster sample we applied the universal
temperature profile for relaxed clusters proposedlbyn et al.(2007) to data taken from the literature,

1+ (rt:mp)_n]_l . (C.3)

This equation matches the temperature profile well up to radii@Br.;, which is suficient for our purposes since
we are especially interested in the core region of clusters. The parameters of the temperature profile for particular
cluster are given in Tabl€.2

Te(r) = To+ (T1 = To)

C.2. Limits on cosmic ray protons in nearby galaxy clusters

Table C.3 shows constraints foKcgrp using the isobaric model and the adiabatic CRp model as explained in
Sect.6.3.3 For clusters like Perseus, Virgo, Ophiuchus, and Coma we can obtain quite tight constraints on the
population of CRp. Because in the adiabatic model the CRp scaling paraxggieis a function of radius, the
valuexg‘éjgbaticrefers to the unprimed quantity in E®.8) which reflects the outer core region of the cluster.

Table C.4 shows upper limits on the CRp density paramekgs,o, the CRp number parametét;Rp, and the
averaged CRp luminositycr, of the central active galaxy as explained in Séc8.4 This shows that within this
conceptually simple model we are able to put constraintisggg. The limits which are strongest in the case of M87
in the Virgo cluster represent conservative bounds since we choose the activefliRjpliscenario resulting in
spectral steepening of the CRp population.

C.3. Prediction of the diffuse y-ray emission in nearby galaxy clusters

Following the formalism described in Seét3.2and comparing the resultingray flux #,(E > Eur) to expected
flux sensitivities ofCerenkov telescopes, exp(E > Eiwnr), wWe obtain possible upper limits on the CRp scaling
parameteiXcr, for an integrated volume out to a radial distance hf;é?Mpc. TableC.5 shows constraints for
Xcrp using the isobaric and the adiabatic model of CRp described in 6&ct.By comparing these limits to
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Supplementary tables

those obtained by analyzing synchrotron emission in the Perseus and Coma cluster (séel)lahl assuming
a substantial contribution of hadronically originating CRe to these radio halos there is a realistic chance to detect
extragalactic pion decay inducgeray emission in clusters like Perseus, Virgo, Ophiuchus, and Coma.

C.4. Plasma bubbles in galaxy clusters: profiles of the Perseus cluster
and Abell 2052

The following TableC.6 gives supplementary information on the profiles of the Perseus cluster and Abell 2052 for
our investigation concerning the study of the composition of plasma bubbles in galaxy clusters with tfecSih e
Chapter8.

As an analytically feasible toy model, we assume spherical geometry of the plasma bubble and adopt the general
n-fold B-profile for the electron pressure of the ICM which might find application for cool-core clusters:

1+ (rl)z}_%/z. (C.4)

yii

N

Pe(r) = ne(n)KTe(r) = > P

i=1

The amplitude of the kinetic SZfect is proportional to the line-of-sight integrated electron density for which we
also assume a generafold g-profile:

N

ne(r) = >

r 271-3Buwi/2
14 (_) } . (C.5)
i=1

rw,i

The bubble parameters andry, correspond to the distance from the cluster center to the bubble center and the
bubble radius, respectively, and have been measured from the X-ray maps. The azimuthal angle to the bubble center
¢ is measured from the axis defined by positive values of the relative right ascensiomydeleotes the angle of
the normal vector of the mushroom-shaped southern bubble in A 2052 which we model as a half-sphere.
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C.4 Plasma bubbles in galaxy clusters: profiles of the Perseus cluster and Abell 2052
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C.4 Plasma bubbles in galaxy clusters: profiles of the Perseus cluster and Abell 2052
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C.4 Plasma bubbles in galaxy clusters: profiles of the Perseus cluster and Abell 2052
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