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Abstract

The quest for the first detection of a galaxy cluster in the highenergyγ-ray
regime is ongoing, and even though clusters are observed in several other
wave-bands, there is still no firm detection inγ-rays.

To complement the observational efforts we estimate theγ-ray contributions
from both annihilating dark matter and cosmic-ray (CR) proton as well as CR
electron induced emission.

Using high-resolution simulations of galaxy clusters, we find a universal
concave shaped CR proton spectrum independent of the simulated galaxy
cluster. Specifically, theγ-ray spectra from decaying neutral pions, which are
produced by CR protons, dominate the cluster emission. Furthermore, based
on our derived flux and luminosity functions, we identify thegalaxy clusters
with the brightest galaxy clusters inγ-rays. While this emission is challenging
to detect using the Fermi satellite, major observations with Čerenkov tele-
scopes in the near future may put important constraints on the CR physics in
clusters.

To extend these predictions, we use a dark matter model that fits the re-
cent electron and positron data from Fermi, PAMELA, and H.E.S.S. with re-
markable precision, and make predictions about the expected γ-ray flux from
nearby clusters. In order to remain consistent with the EGRET upper limit
on theγ-ray emission from Virgo, we constrain the minimum mass of sub-
structures for cold dark matter halos. In addition, we find comparable levels
of γ-ray emission from CR interactions and dark matter annihilations without
Sommerfeld enhancement.
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CHAPTER 1
Introduction

In the last decade the field ofγ-ray astronomy has developed tremendously.
Despite the success of the field, the galaxy clusters, which are largest bound
objects in the Universe, still remains dark at high energieseven though they
are expected to harbor significant populations of dark matter and cosmic-rays
that give rise toγ-rays.

This thesis introduces the topic ofγ-rays emission from clusters of galaxies.
Specifically, we develop a formalism for making reliable predictions about
theγ-ray emission. We use these models to estimate theγ-ray emission from
clusters as well as study the prospects of detecting dark matter. Combining the
predictions with observations we put constraints on the cosmic-ray physics.

1.1 Outline of Thesis
The included background material is a mixture of both, the underlying
astrophysical concepts that is intended to put the accompanying scientific
papers into the right context, as well as details that are needed to understand
parts of the discussion in the papers. The interested reader is pointed to good
reviews and papers on the topics presented. The main results from the papers
in the thesis are included in the introductory text, whereasmost of the details
are left for the papers. Basic knowledge about general relativity, particle
physics, cosmology, and thermodynamics is assumed (see [1] for a good
book that covers the necessary parts of the above topics, and[2,3] for more
details).

The thesis has been divided up into eight chapters:
Chapter 2 introduces the field of cosmology. Specifically, it focus on the

matter budget of the Universe, where the need of dark matter is emphasized.
In addition, a brief overview of dark matter candidates is presented, where
weakly interacting particles, supersymmetry, and neutralinos are discussed in
more detail.

Chapter 3 provides a general overview of the formation of structures,with
the emphasis on galaxy clusters. We discuss the density profile, substructures,
and the components of galaxy clusters.
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Chapter 4 summarizes the theory of non-thermal processes. This includes
the transport and acceleration of cosmic-rays as well as theassociated syn-
chrotron, inverse Compton, and neutral pion decay emission.

Chapter 5 briefly discusses cosmological simulations, where especially the
implementation of cosmic-ray physics is emphasized.

Chapter 6 summarizes the observational part of non-thermal processes in
galaxies and galaxy clusters.

Chapter 7 continues the discussion in previous chapter on non-thermal pro-
cesses, with a detailed overview of theγ-ray emission from galaxy clusters.
Specifically, we provide a model for estimatingγ-ray emission from cosmic-
rays in clusters. In addition, we predict theγ-ray emission induced by cosmic-
rays and annihilating dark matter, and compare it toγ-ray observations of
clusters.

Chapter 8 summarizes the main results of this thesis as well as the accom-
panying papers. In addition, an outlook for the future is presented.

1.2 Author’s Contribution
Paper I is the main paper in this thesis and it is the result of severalyears
of work. I started by generalizing the cosmic-ray model in the cosmological
codeGADGET3 as well as performing several tests such as shock tubes and
cooling tests. After the cosmic-ray implementation, I ran 14 high resolution
galaxy clusters, where I wrote a large part of the software for analyzing the
output from the simulations. Both the analysis and the writing of the paper
was done in close collaboration with my coauthor Christoph Pfrommer.

Paper II was executed in a rather short time-span of about six months.
Most of the work in this paper was done by me. This includes developing the
software for calculating the flux from annihilating dark matter, running the
software, and partly interpreting the result. I more or lessoutlined the paper,
where my coauthors filled in the details.

Together with Christoph Pfrommer I did the pre-analysis toPaper III ,
which lead to a successful observational proposal togetherwith parts of the
MAGIC collaboration. In the pre-analysis I used theγ-ray formalism devel-
oped in Paper I to select the brightest cluster in the field of view of the
MAGIC telescope. Together with Christoph, we found this cluster to be the
Perseus cluster. After the observation of Perseus, I was partly involved in the
cosmic-ray analysis of the MAGIC data.

1.3 Useful Constants, Units, and Acronyms
In astronomy and astrophysics, Gaussian or CGS (centimeter, gram, second)
units are traditionally used. In table1.1 and for the remainder of this thesis
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Physical Constants and Units

Gravitational constant GN = 6.672 10−8 cm3 g−1 s−2

Speed of light c = 2.99792458 1010 cm s−1

Boltzmann’s constant kB = 1.38065 10−16 erg K−1

= 8.61734 10−5 eV K−1

Planck’s constant ~ = 1.0546 10−27 erg s

Electron mass me = 9.10953 10−28 g

Proton mass mp = 1.67265 10−24 g

Electron charge e= 4.803 10−10 esu

Electron volt 1 eV = 1.602 10−12 erg

Erg 1 erg = 10−7 J

Gauss 1 G = 10−4 T

Esu 1 esu = 1 g1/2 cm3/2 s−1

= 3.3356 10−10 C

Astronomical Constants

Parsec 1 pc = 3.0857 1018 cm

= 3.1415 ly

= 2.0626 105 AU

Solar mass M⊙ = 1.989 1033 g

Solar luminosity (bolometric) L⊙ = 3.84 1033 erg s−1

Hubble constant H0 = 100h km s−1 Mpc−1

Hubble parameter h = 0.7

Critical density Universe ρcrit = 1.9 10−29h2 g cm−3

= (5−6) protons m−3

Table 1.1:Astrophysical constants and units used in the thesis.

CGS units are adopted, unless otherwise stated. Most of the constants in CGS
differ by factors of ten compared to SI units, however, the formulas related
to electromagnetism are inherently different. This is related to the fact that in
CGS the permittivity of free spaceε0 and the permeability of free spaceµ0 are
both set equal to 1. The definition of charge is also different,while the electric
and magnetic fields have the same units in CGS.
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Frequently Used Acronyms in This Thesis

Short Name Full Name Section

AGN Active Galactic Nuclei 3.1.1

CDM Cold Dark Matter 2.3

CMB Cosmic Microwave Background 2.2

CR Cosmic-Ray 4.1

CRe Cosmic-Ray Electron 4.1.2

CRp Cosmic-Ray Proton 4.2.3

EGRET The Energetic Gamma Ray Experiment Telescope3.1.3

EOM Equations Of Motion 3.1

FLRW Friedmann-Lemaître-Robertson-Walker 2.1

FSR Final State Radiation 2.3.3

GUT Grand Unified Theory 2.3.2

HESS High Energy Stereoscopic System 2.3.5

HXR Hard X-Ray 6.1.2

IACT Imaging Air Čerenkov Telescope 6.1.2

IC Inverse Compton 4.2.2

ICM Intra-Cluster Medium 3.1.1

IGM InterGalactic Medium 3.2

ISM InterStellar Medium 3.2

KN Klein-Nishina 4.2.2

ΛCDM Λ Cold Dark Matter 2.2

MHD Magneto HydroDynamics 6.2

MSSM Minimal Supersymmetric Standard Model 2.3.2

MW Milky Way 3.1.2

NFW Navarro-Frenk-White 3.1.2

PAMELA Payload for Antimatter Matter Exploration

and Light-nuclei Astrophysics 2.3.5

pIC Primary Inverse Compton 4.2.2

sIC Secondary Inverse Compton 7.1.1

SPH Smoothed Particle Hydrodynamics 5

SUSY SUperSYmmetry 2.3.2

WHIM Warm-Hot Inter-galactic Medium 3.2

WIMP Weakly Interacting Massive Particles 2.3.1

WMAP Wilkinson Microwave Anisotropy Probe 2.2
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CHAPTER 2
The Cosmological Framework

This chapter provides a comprehensive overview of the evolution and energy
content of the Universe that we live in. The standard model of cosmology is
introduced and the requirement for dark matter is emphasized. In addition,
different dark matter models are presented, with the main discussion focusing
on the neutralino - a particle predicted by supersymmetric theories. There are
several excellent reviews on these topics in the literature, see e.g. [2, 3] for
a more detailed treatment of cosmology and see [4–6] for reviews of dark
matter.

2.1 The Standard Model of Cosmology
On large scales, the expanding Universe appears to be both isotropic and ho-
mogeneous. The geometry of such a universe is described in general relativity
by the Friedmann-Lemaître-Robertson-Walker (FLRW) metric.In spherical
comoving1 coordinates (r,θ ,φ ,t) this metric is given by

ds2 = c2 dt2−a(t)2
[

dr2

1−k r2 + r2(dθ2+sin2θdφ2)
]

, (2.1)

wherek is −1,+1,0 for a universe with negative, positive, or flat curvature.
The time dependentcosmic scale factoris denoted bya(t). This factor, in
unit length, describes the evolution of the Universe. At present epoch (t0) we
denote the scale factor witha0 ≡ a(t0). In fact, in the following discussion we
represent all quantities at present time with a subscript zero.

In 1922 Friedmann solved Einstein’s equations for an expanding universe
[7]2 under the assumption that the energy-momentum tensor describes a per-
fect fluid with a given mass densityρ and pressurep. Together with the FLRW
metric in Eqn.2.1, he reduced Einstein’s field equations to two differential

1These coordinates move along with the overall expansion of the Universe so that a particle at
rest to these coordinates remains at rest if no forces are acting on it.
2This pioneering work was later translated into English, which can be found in [8].
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equations:
[

ȧ(t)
a(t)

]2

+
kc2

a(t)2 =
8πGN

3
ρtot , and (2.2)

d
dt
[ρa(t)3c2]+ p

d
dt
[a(t)3] = 0. (2.3)

Here the dot denotes the derivative with respect to the time coordinatet, and
ρtot = ρm+ρrad+ρΛ is the contribution to the total energy density from mat-
ter, radiation energy (ρrad = 3p/c2), and vacuum energy (ρΛ = Λc2/8πGN,
also referred to as dark energy). We denote the cosmologicalconstant byΛ,
which acts like a negative pressure and is expected to accelerate the current
expansion of the Universe. Equation2.3 is the cosmological equivalent of the
standard thermodynamic equation, and expresses that the change in volume
from pressure induced work is equal to minus the change in energy of the co-
moving volume. It also states the first law of thermodynamicsin a cosmology,
S= (ρc2+ p)V/T = constant, where the entropyS per comoving volume is
conserved in thermal equilibrium with the temperatureT. Equation2.2is usu-
ally referred to as the Friedmann equation and defines theHubble function3

H(t). It is given by the rate of expansion of the Universe4,

H(t) ≡ d
dt

ln

[

a(t)
a0

]

=
ȧ(t)
a(t)

−→ H(t)2 = H2
0

{

Ωrad

[

a0

a(t)

]4

+Ωm

[

a0

a(t)

]3

−Ωcurv

[

a0

a(t)

]2

+ΩΛ

}

.

(2.4)

At the present epoch the value of the Hubble function defines the Hubble
constant H(t0)≡ H0 = 100hkm s−1Mpc−1, whereh is theHubble parameter,
currently measured to beh = 0.68 [9] and h = 0.72 [10]. In this thesis we
adopt a compromise between the two values, i.e.h≈ 0.7. The energy density
of cosmological fluids at present epoch,Ω, is expressed in terms of thecritical
density, ρcrit, yielding

Ωrad=
ρrad,0

ρcrit
=

3p
ρcrit c2 , Ωm =

ρm,0

ρcrit
, Ωcurv =

kc2

H2
0

, and ΩΛ =
Λc2

3H2
0

,

(2.5)
where the critical density of the Universe is defined to be

ρcrit ≡
3H2

0

8πGN
≃ 1.9×10−29h2 gcm−3 . (2.6)

3The Hubble function can be used to express Hubble’s law, which relates the separation velocity
υ between objects located at a distanced from each other in the uniformly expanding Universe.
4In this derivation we use thatρm = ρm,0 [a0/a(t)]3 andρrad = ρrad,0 [a0/a(t)]4. The density
evolution in terms of the scale factor arises from dilution effects as the Universe expands (a
volume factora3), where the extra power for the radiation comes from the redshift of photon
momentum.
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Here the energy density for matter (Ωm) is written as a sum of the energy
density due to baryons (Ωb) and dark matter (ΩDM), where the latter is about
six times more abundant.

Using the Hubble function in Eqn.2.4at present time, the curvature energy
density can be expressed as

Ωcurv = Ωm+Ωrad+ΩΛ−1≡ Ωtot−1, (2.7)

which defines the total energy densityΩtot. Current observations suggest that
the sum of the cosmological densitiesρtot exactly adds up toρcrit, hence im-
plying that the curvature of the Universe is flat and thatΩcurv = 0. In a flat
universe the scale factor is commonly normalized to unity,a0 ≡ 1. We use this
normalization for the remaining of this thesis.

2.1.1 Distances in Cosmology
In the general relativistic paradigm, distances in curved space time have an
ambiguous meaning. The cosmological redshiftz is often used as a distance
unit in cosmology and astrophysics, and is defined as the relative change in
radiation wavelengthλ due to the expansion of the Universe. It measures the
distance between time-like geodesic lines (i.e. ds> 0) of light emitted at time
temit from a source that is detected at some later timetobs by an observer.
Alternatively, this can be written as the change in the scalefactor between the
time of the emission and observation of the radiation,

1+z≡ λobs

λemit
=

a(tobs)

a(temit)
. (2.8)

Using the definitions of the Hubble parameter and the redshift above, it fol-
lows that

H(t) =
d
dt

ln

[

a(t)
a0

]

=
d
dt

ln

[

1
1+z

]

=
−1

1+z
dz
dt

. (2.9)

Now combining Eqn.2.4and Eqn.2.8we arrive at

dt
dz

=
−(1+z)−1

H0

√

Ωrad(1+z)4+Ωm(1+z)3−Ωcurv(1+z)2+ΩΛ
. (2.10)

Integrating previous equation, we obtain the time difference between present
time and some earlier look-back timet1:

t0− t1 =
1

H0

∫ z1

z0

dz(1+z)−1
√

Ωrad(1+z)4+Ωm(1+z)3−Ωcurv(1+z)2+ΩΛ
. (2.11)

Inserting experimental values of the energy densities (seesection2.2 for
proper values) andt1 = 0 (the time of the big bang, i.e.z1 → ∞) we arrive,
with our choice ofh, at an age of the Universe of 13.5 Gyrs. It is also use-
ful to define theHubble time, tH = 1/H(t) ≈ 14 Gyrs for t = t0, which is a
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simple way of estimating the age of the Universe. In addition, we define the
Hubble radius(also referred to as thehorizon) throughdH(t) = c/H(t). The
horizon defines the region that is causally connected, i.e. the largest region
which could have been in contact with an observer, and as the Universe ex-
pands the causally connected regimes grow. At present time the size of the
horizon is simply13.5 Gly.

In curved space-time, the term “distance” is no longer uniquely determined.
This stems from the fact that it combines different properties that are no
longer equivalent in general relativity, hence each desired property requires
its own distance definition. For this thesis two different distance scales are
frequently used: the proper distance, and the luminosity distance. Note that
for low redshifts, the effect from radiation energy densityon measured dis-
tances is neglible, however, this contribution is includedin the discussion for
consistency.

Proper Distance

The proper distanceDprop is defined using the time a light signal needs to
propagate from a source at redshiftzemit to an observer at redshiftzobs. It
is calculated asdDprop ≡ −cdt = −cda(aH)−1, where the definition of the
Hubble parameter in Eqn.2.4 has been used in the last step and the minus
sign emerges from the requirement of an increasing distancethe further back
in time one travels. Integrating the above equation yields,

Dprop =
c

H0

∫ a(zobs)

a(zemit)

da
√

Ωrada−2+Ωma−1+Ωcurv+ΩΛ a2
. (2.12)

Luminosity Distance

Here we define the luminosity distanceDlum of a source with the luminosityL
at the redshiftz. The fluxF measured at a telescope (i.e. the total energy per
unit area and time) at the timetobs= t0,

F =
L

4π a(t0)2 r2 (1+z)2 ≡ L

4πD2
lum

, (2.13)

where we have accounted for the expanding Universe that dilute the photon
flux, the stretch of the photon wavelength, and the increase in the time inter-
val between emitted photons. This implies that the luminosity distance to the
source is given by

Dlum =

√

L
4π F

= a(t0) r (1+z) . (2.14)

2.2 The Energy Budget of the Universe
In recent years, the field of cosmology has evolved tremendously and has now
entered an era of “precision cosmology” in which many of the cosmologi-
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cal parameters have been measured to a high degree of accuracy. To date, the
most successful experiment measuring the density parameters has been carried
out by the Wilkinson Microwave Anisotropy Probe (WMAP) satellite [11]
that measures the 2.73 K blackbody spectrum of the nearly isotropic cosmic
microwave background(CMB). This background of photons originates from
the epoch when radiation decoupled from matter at a redshiftof about 1000,
which corresponds to about 400000 years after the big bang. In the hot, dense
medium present in the early Universe, radiation was in thermal equilibrium
with matter. However, as the Universe expanded, it cooled down, and when it
reached a temperature of about3×103 K the thermal energy was not enough
to prevent the electrons from combining with nuclei and forming atoms. Since
the probability for a photon to hit a neutral atom instead of acharged parti-
cle was much smaller, the Universe hit a point when it became transparent to
the photons (i.e. photons “freeze out”). Another way of describing this effect
is that the expansion rate of the UniverseH & Γ = nσυ, whereΓ is the in-
teraction rate per particle (the width),n is the target number density,σ the
cross-section, andυ the velocity between particles. The photons that freeze-
out essentially move unscattered through the Universe. So the CMB photons
that we observe today provide a snapshot of the Universe only400000 years
after the big bang. In Fig.2.1such a snapshot is shown, where the anisotropies

Figure 2.1:All sky image from the Wilkinson Microwave Anisotropy Probesatellite
of the cosmic microwave background (CMB). The color coding shows the temper-
ature fluctuations that are of the order 0.001% of the CMB blackbody temperature
spectrum. The powers of the anisotropies are an important probe for the cosmological
parameters. Courtesy NASA / WMAP Science Team.

in the CMB are of the order10−5 K. This is currently the best evidence for the
isotropic Universe. The magnitude of these small temperature fluctuations on
different angular scales are successfully used to probe cosmological parame-
ters. Seven years of data taking with WMAP (WMAP7) have resulted in the
following values for the energy budget of the Universe:Ωmh2 = 0.13±0.01,
Ωbh2 = 0.02±0.006, ΩΛ = 0.73±0.03, and|Ωcurv| < 0.01. The radiation
energy densityΩradh2 < 10−4, thus neglible at present time. These values are
expected to be measured even more accurately with the successor to WMAP,
namely the PLANCK satellite that was successfully launched in May 2009
and is currently taking data.
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Figure 2.2: The energy budget of the Universe at present time. The total energy is
clearly dominated by the dark energy and dark matter, while ordinary matter con-
tributes only with a small fraction. The numbers denote the amount of energy each
component contribute to the total. The figure is adapted from[12].

The data from the WMAP forms the cornerstone for the standard model
of big bang cosmology, which is referred to as theΛ cold dark matter model
(ΛCDM). This model is a result of measurements of e.g. the CMB [11,13,14],
the large scale structures in the Universe [15,16], the distribution of light ele-
ments [17] (referred to as the big bang nucleisynthesis or in short BBN), and
the light from Type Ia supernovae [18,19], that indicate that the expansion of
the Universe is accelerating. Note that, in combination, all these probes shrink
the error bars on the cosmological parameters even further.The resulting en-
ergy budget of the Universe is shown in the pie chart in Fig.2.2.

2.3 Dark Matter
In 1933, Fritz Zwicky observed the Coma galaxy cluster [20]. He realized that
the amount of matter in Coma exceeds the luminous matter by over two orders
of magnitude. Since then, numerous experiments and observations have been
performed that strongly argue for a type of particle that mainly interacts grav-
itationally. Some of the most successful probes that strongly favor dark matter
include measurements of the rotation curve of galaxies (e.g[21]), probes of
the CMB anisotropies, gravitational lensing surveys [22], X-ray data of hot
gas in clusters [23], large scale structures [15, 16], and observations of the
“bullet cluster” [24]. This type of matter is called dark matter, since the cou-
pling to electromagnetic radiation has to be suppressed (otherwise we would
have seen it). Specifically, the dark matter particle has to be non-baryonic to
be consistent with e.g. the BBN data [17]. In addition, simulations of the for-
mation of large scale structures in the Universe [25] require a particle that is
non-relativistic at freeze-out (i.e.cold dark matter, CDM) in order to match
observations of large scale structures.
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2.3.1 The Miracle of Weakly Interacting Massive Particles
As we saw in previous section, observations favor a dark matter particle that
is non-baryonic and non-relativistic at freeze-out (whichargues for a massive
particle). Furthermore, it has to be stable enough to make upthe missing mat-
ter both in the early Universe and at present time. Particleswith these proper-
ties form a category of models calledweakly interacting massive particles–
WIMPs. The success of WIMP models arises from the “WIMP miracle” as it
predicts the right order of magnitude of dark matter in the Universe (i.e. the
ΩDM predicted independently by particle physics agrees with cosmological
data). When the interaction rate of the WIMPs falls below theexpansion rate
of the Universe, the WIMPs decouple from ordinary matter, and their number
densities freeze in. The dark matter energy density can then be estimated by
solving the Boltzmann equation that relates the abundance of particles in an
expanding background [4]. For WIMPs that are non-relativistic at freeze-out,
the Boltzmann equation can be solved numerically with a solution that has
only a weak explicit mass dependence. For many of the viable dark matter
models where the lightest dark matter particle is stable andnon-relativistic
at freeze-out, the following solution provides a good estimate of the WIMP
density:

ΩDM h2 ≈ 3×10−27cm3s−1

〈συ〉 . (2.15)

Here the value of the Hubble parameterh≈ 0.7, and〈σ υ〉 denotes the ther-
mally averaged interaction rate whereσ is the cross-section andυ the rel-
ative velocity of annihilating WIMPs. Particle physics suggest thatσυ ∼
α2/M2

DM ∼ 10−26cm3s−1, whereα is the fine structure constant andMDM de-
notes the mass of the dark matter particle that is typically about100 GeV/c2.

There are many candidate particles that fall into the WIMP category, such
as: supersymmetric particles like neutralinos and gravitinos, Kaluza-Klein
particles (see e.g. [26]) that arise from curled up extra dimensions, inert Higgs
models [27,28] where an extra Higgs doublet is added, wimpzillas [29] that
are super-heavy non-thermally produced relics from the early Universe, and
topological extended objects called Q-balls [30]. It should also be mentioned
that there are particles that do not fall under the WIMP category that are not
ruled out by experiments. These particles could make up a fraction or the
whole of the missing matter. Examples of such particle modelsinclude; neutri-
nos, sterile neutrinos [31], and the non-thermally produced axions (e.g. [32]).

2.3.2 Supersymmetric Partners
So far, supersymmetry (SUSY) is a hypothetical symmetry of Nature, for
which no experimental evidence exist. However, parts of theSUSY parameter
space will be probed by the large hadron collider (LHC) which recently started
its operation at CERN. The strength of SUSY lies in the fact thatit is theoret-
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ically very well motivated. Specifically, it is an essentialpart of current string
theory models. The symmetry is based on the postulate thatfor every fermionic
degree of freedom there is a bosonic degree of freedom and vice versa. In par-
ticle physics, this implies that the divergences from loop-corrections to the
Higgs boson mass at grand unified theory (GUT) scale (∼ 1016 GeV) would
be removed completely or in some cases softened to the level where only ul-
traviolet logarithms5 remain (as long as SUSY is unbroken). The fact that the
strength of particle interactions for standard model particles (i.e. the coupling
constants for the electromagnetic, weak and strong force) unify at the GUT
scale – which it would not do in non-SUSY GUT models – also motivates
SUSY. For cosmology, the main motivation lies in the fact that the lightest
supersymmetric partner is a natural candidate for the dark matter.

As mentioned above, the fermions and bosons can change into each other.
At each vertex where these interactions occur, the quantum numberR has
to be conserved. In SUSY, this quantum number can be parameterized as a
mix of the spin, baryon, and lepton quantum numbers. For standard model
particlesR= 1, while R= −1 for supersymmetric partners. WhenR-parity
is conserved, we can draw three important conclusions: SUSYparticles will
only be created in pairs from standard model particles; the decay of a SUSY
particle will result in an odd number of SUSY particles; and the lightest SUSY
particle will be stable.

In unbroken SUSY, the standard model particles only differ in the spin
with the corresponding SUSY particles. Consequently, their masses should
be equal. If this unbroken symmetry is realized by Nature, then SUSY parti-
cles would have already been detected. Thus,the symmetry has to be broken
at low energies. The way SUSY is broken is not clear, and there are several
different models that can be used to break the symmetry. The main problem
is that SUSY breaking destroys the predictability of the theory in the sense
that it introduces a large number of unknown parameters thatmake it diffi-
cult to put hard limits on the parameters with present-day numerical methods.
However, by making simplifying assumptions, one can reducethe degrees of
freedom. An example of such a model is the the minimal supersymmetric
standard model (MSSM), where an explicit breaking term is used that does
not re-introduce large loop corrections to the masses, i.e., ΛSUSY/Eweak∼ 1.
This implies that the scale where SUSY breaks (ΛSUSY) is related to the elec-
troweak breaking. Furthermore, since the mass of the SUSY particle is pro-
portional toΛSUSY, the SUSY particle should not have a mass much larger
than the electroweak breaking scale of 250 GeV. This is reasonable from a
cosmological perspective, since the energy density contribution of the lightest
supersymmetric particle will then be of the right order of magnitude to make
up for the dark matter.

5The ultra-violet logarithms are of the form log(ΛGUT/Eweak), whereΛGUT is the GUT scale
andEweak is the electroweak scale.
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The Minimal Supersymmetric Standard Model

The MSSM is the minimal extension to the standard model that realizes SUSY.
It conservesR-parity and is defined from the particle content and gauge cou-
plings. Before symmetry breaking, there is a one-to-one particle degree of
freedom correspondence between the standard model of particle physics and
MSSM, where the only addition comes from the Higgs sector. A single com-
plex scalar Higgs doublet is not enough to give masses to the quarks, and a
second Higgs doublet is needed to make the theory free from anomalies. This
results in five physical states: two neutral scalar Higgs particles h0 andH0,
one neutral pseudo-scalar stateA0, and two charged scalarsH±.

The Lightest Supersymmetric Particle – the Neutralino χ
There are some models that suggest that a decaying6 photino or a gravitino
(i.e. the SUSY partner of the photon and graviton, respectively) could account
for the missing matter in the Universe, but for various reasons [33] the most
feasible supersymmetric dark matter candidate is the neutralino, which is the
lightest supersymmetric particle for a large fraction of the parameter space in
the MSSM.

The attractiveness of the neutralino comes from the fact thatit fulfills all
the criteria inferred from observations, i.e, electrically neutral, massive, long
lived, and only weakly interacting. Also, it has gauge couplings and a mass
that seem to give a contribution toΩm ∼ 0.25 for a wide span of the parameter
space.

In MSSM we obtain fermionic supersymmetric partners,H̃0
1 andH̃0

2 , of the
electrically neutral parts of the two Higgs doublets. These supersymmetric
partners can mix quantum mechanically with each other and two other neutral
states,B̃ andW̃3, which are the supersymmetric partners of the photon and
the Z0. When diagonalizing the mass matrix of these four fields, four mass
eigenstates called neutralinos are created:

χ = N∗
10B̃+N∗

20W̃
3+N∗

30H̃
0
1 +N∗

40H̃
0
2 , (2.16)

whereχ is the lightest of the four neutralinos and therefore one of the best
dark matter candidates (for a review see e.g. [4]). The coefficientsNi0 result
from the diagonalization of the neutralino mass matrix and the subscript0 just
denotes the lightest neutralino. One often introduces a parameter describing
the gaugino fraction of the neutralino,fg = |N10|2+ |N20|2. If fg > 0.5, then
the neutralino is mainly a gaugino, and iffg < 0.5, then it is mainly a higgsino.
Using different values of; the ratio of the two Higgs-field vacuum expectation
valuestanβ , Mi (which are three independent gaugino mass parameters that
are all related in most GUT models), andµ (often referred to as “higgsino-
mass-parameter”), different constraints onfg can be constructed. The most
interesting models generally haveχ as a higgsino if the mass is large enough

6The particles still have to be stable enough to make up for themissing dark matter.
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(∼ TeV), and a gaugino or a mix for low-mass models. The current low limit
of the mass from the ALEPH collaboration is around 32 GeV [34].

A numerical package,DARKSUSY [35] allows to compute, for given
MSSM parameters, many important quantities like the dark matter energy
density, detection rates and annihilation rates to variouscosmic-ray particles
in galactic halos.

2.3.3 Searching for WIMPs
So far, WIMPs have only been observed indirectly through their gravitational
influence on baryonic matter. There are several ongoing dark matter searches
(see e.g. [5]): Direct searcheswhere the experiments are typically optimized
to look for dark matter that scatters of nuclear material. Infact, a few ex-
periments have observed an excess of events compared to the expected back-
ground, which has been interpreted to originate from dark matter. Although,
the number of excess events are still to few to be convincing and the most sig-
nificant excess measured by DAMA experiment is quite controversial since
the result has been hard to reconcile with the upper limits from other direct
detection experiments.Acceleratorsare also important in the search for dark
matter. The most powerful accelerator is LHC that collides protons with a cen-
ter of mass energy of 14 TeV. Most of the energy is carried awayby standard
model particles that deposit their energy in the detector while dark matter is
expected to show up as missing energy. A third way to look for dark matter is
throughindirect searches. This is an important probe for WIMPs that annihi-
late (e.g. neutralinos) into standard model particles, such asγ-rays, neutrinos,
and cosmic-rays. Since the annihilation rate is enhanced inregions with the
highest density of dark matter, most indirect searches target these regions. The
differentialγ-ray flux from annihilating WIMPs, with the angleψ between the
observation and the galactic center, is given by

dΦ(ψ)

dEγ
=

〈συ〉
8π

dNγ

dEγ

∫

lineofsight

[

ρDM(l)
mDM

]2

dl(ψ) , (2.17)

which has thecharacteristic density square dependence. The resulting photon
yield (number of photons per annihilation and energy interval) is given by

dNγ

dEγ
= ∑

f

bf
dNf

dEγ
+2bγγδ (Eγ −MDMc2)+bXγδ (Eγ −M2

Xc2/4MDM) . (2.18)

Here bx denotes the branching ratio to thex final state. The first term in
Eqn.2.18represents the contribution from WIMP annihilation into final states
that generateγ-rays indirectly through fragmentation or decay. These typeof
processes result in a continuous energy spectrum. The secondterm represents
processes that directly annihilates into twoγ-rays, while the third term corre-
sponds to annihilation into one photon and some other neutral particle (typi-
cally aZ or a Higgs boson). Even if these processes are suppressed, they can
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for certain models or regions in the MSSM parameter space, give rise to sig-
nificant amounts of monochromatic light that is visible as a line an observed
γ-ray spectrum.

In Paper II , we considerγ-rays coming from two types of processes, final
state radiation (FSR) and IC. The emission resulting from IC is distributed
over a broad energy range and is calculated through the formalism described
in section4.2.2, where the electron spectrum is calculated by DarkSUSY. The
FSR has a characteristic steeply rising energy spectrum with a sudden cutoff
at the mass of the dark matter particle. Below follows a briefdescription of
the FSR.

2.3.4 Final State Radiation from WIMP annihilation
When WIMPs annihilate into charged particlesXX̄, first order quantum elec-
tro dynamical corrections, generate diagrams of the type shown in Fig. 2.3.
Typically the FSR shown in diagram (a) and (b) dominate over the virtual in-
ternal bremsstrahlung in diagram (c) that is a strong function of the details of
the annihilation process. InPaper II , we only consider FSR and therefor we
leave out virtual internal bremsstrahlung in the remainingdiscussion.

Figure 2.3: Corrections to WIMPs annihilating into pairs of charged particles. The
leading order contributions to the diagrams (a) and (b) are called final state radiation.
The spectral distribution is universal and only have a weak dependence on the final
state particle spin. Diagram (c) is usually referred to as virtual internal bremsstrahlung
and strongly depends on the details of the annihilation processes. Figure adapted from
[36].

The photon spectrum from resulting from FSR is universal withonly a weak
dependence of the underlying particle physics model. The photon yield from
this process is given by (see e.g. [36] and [37])

dNXX̄

dx
≈ αQ2

X

π
FX(x) log

[

4M2
DM (1−x)

m2
X

]

. (2.19)

Here, the normalized photon energyx = Eγ/MDMc2, α = e2/~c is the fine-
structure constant,Q2

X andmX the charge and mass of the particleX, respec-
tively. The functionFX(x) depends on the spin of the final state and is given
by

Ffermion(x) =
1+(1−x)2

x
(2.20)
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for fermions. Notice the sudden drop in the spectrum asEγ approachesmDMc2.

2.3.5 Sommerfeld Enhancement
Recently, data from a new generation of cosmic-ray detectors were interpreted
as the indirect detection of dark matter annihilation. In particular, the positron
fraction measured by the PAMELA7 satellite [38], and the sum of electrons
and positrons measured by the Fermi-LAT8 [39,40] and H.E.S.S.9 [41] exper-
iments, indicates an excess compared to the expected background (see sec-
tion 6.1.1 for more details about the measured CR spectra). Since no such
excess was found in data from antiprotons [42] and the diffuseγ-ray emission
[43], certain groups of dark matter models became favored: i) leptonic mod-
els where the dark matter particle directly annihilates into µ+ andµ− [44],
and ii) dark matter annihilating to a light scalar particle that decay predomi-
nately into leptons, as the Arkani-Hamed et al. (AH) type of models [45] and
the Nomura et al. (N) type of particles [46]. In both the AH and N type of
models, an enhancement of the annihilation cross-section calledSommerfeld
enhancementnaturally arises.

A simple classical example can be used to illustrate this enhancement ef-
fect. Consider a point particle with a trajectory that intersects a stellar enve-
lope with radiusR. Neglecting gravity, the cross-section for the particle to
collide with the star is then given byσ0 = πR2. However, when the effect
from gravity is included, a particle coming from a larger distance thanR will
be pulled towards the star, increasing the actual cross-section to σ = πb2

max.
Herebmax denotes the largest impact parameter10 for which the particle will
hit the star having radiusR. If we assume that the velocity of the particle at
infinity is υ, and use conservation of energy and angular momentum, we find
that σ = σ0S= σ0(1+υ2

esc/υ2), whereS is the boost-factor andυesc the es-
cape velocity. Interestingly, this effect introduces a velocity dependence in the
cross-section. In summary, when the relative velocity is low between a parti-
cle and an extended object located in an attractive potential, the cross-section
for a collision is a function of the relative velocity and canby enhanced by a
large factor.

Next consider a dark matter particleχ that couples to a force mediatorφ
with the coupling constantλ . Here we use natural units for simplicity, where
c= ~= 1. For s-waveχχ annihilation in the non-relativistic limit, the reduced

7Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics.
8The Fermiγ-ray telescope consist out of two instruments: the Large Area Telescope (LAT) and
theγ-ray Burst Monitor (GBM).
9High Energy Stereoscopic System.

10The smallest distance between the moving particle and the star that is perpendicular to the
velocity vector of the particle.
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two-body wavefunction obeys the radial Schrödinger equation,

1
mχ

ψ ′′(r)−V(r)ψ(r) =−mχυ2ψ(r) , (2.21)

where the s-wave wavefunctionΨ(r) = ψ(r)/r, and the velocity of each par-
ticle in the center-of-mass is denoted byυ. We assume that the interaction
occurs via a Yukawa potential,

V(r) =− λ 2

4πr
e−mφ r , (2.22)

where the interaction is point like in the absence of the potential. Defining the
parameters,

α =
λ 2

4π
εv =

υ
α

εφ =
mφ

αmχ
, (2.23)

we can rewrite Eqn.2.21as,

ψ ′′(r ′)+

(

ε2
v +

1
r ′

e−εφ r ′
)

ψ(r ′) = 0, (2.24)

where the radial coordinate has been rescaled withr ′ = αmχ r. After some
work, one can show that the cross-section is enhanced by (see[45] for a de-
tailed discussion and [47] for the full derivation),

S≡ |ψ(∞)/ψ(0)|2 → π/εv

1−e−π/εv
when mφ → 0, (2.25)

where we in the last step have used the analytic solution to Eqn2.24that is
valid in themφ → 0 limit. Note that S∼ 1/υ for small velocities. For a nonzero
mass of theφ , there are two important qualitative differences: (i) Whenthe
velocity of the dark matter particle is low enough, the deBroglie wavelength of
the dark matter particle(mχυ)−1 increases beyond the range of the interaction
(m−1

φ ), i.e. εv < εφ , and the Sommerfeld enhancement saturates atS∼ 1/εφ .
(ii) For specific values ofmφ , the potential develops bound states, that give
rise to resonant enhancements of the Sommerfeld enhancement. These effects
are derived by numerically solving Eqn.2.21.

For most purposes, a mass range ofmφ ∼ 100MeV− 1GeV is required,
and for reasonable values ofα, this implies thatεφ ∼ 10−2 − 10−3, yielding
a Sommerfeld enhancement by a factor of up to103−104. Subsequent, more
detailed work, make Sommerfeld enhancement with a factor larger than102

less likely [48].
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CHAPTER 3
Galaxy Clusters

Clusters of galaxies are the largest gravitationally boundobjects known in
the Universe. They are formed through the hierarchical buildup of structures.
Within the framework of structure formation, the dark matter density profile
of virialised objects is found to follow a universal law. In addition to the dark
matter are the baryons, which themselves form different components in a viri-
alised object. In Section3.1 the concepts of structure formation, dark matter
density profiles and substructures are introduced. In Section 3.2 the compo-
nents of a cluster are defined.

3.1 Formation of Structures
Small density fluctuations present in the (very homogeneousand isotropic)
early Universe are hypothesized to have induced gravitational instabilities that
were the seeds of the structures that we observe today. For the matter dom-
inated era of the Universe, these fluctuations are well described by the dark
matter density contrastδ (x, t) at the comoving positionx through

δ (x, t) =
ρ(x, t)−〈ρ(t)〉

〈ρ(t)〉 , (3.1)

where〈ρ(t)〉 = Ωmρcrita(t)−3 represents the volume averaged cosmological
matter density. As long as the density contrast is smaller than unity, the evolu-
tion of the small perturbations can be described by the linearized equations of
motion (EOM) in the Newtonian framework. We describe the density fluctua-
tions through the power spectrum defined by the ensembled-averaged power

P(k, t)≡ 〈|δ (k, t)|2〉 , (3.2)

where
δ (k, t) = (2π)−3/2

∫

δ (x, t)ei k·x d3x (3.3)

is the Fourier transform ofδ (x, t). The wave number of the perturbations is
denoted byk and it is related to the comoving scale of structuresλ , through
k= 2π/λ . In fact, only scales that are smaller than the size of the horizon are
allowed to grow, but as the Universe expands, larger and larger scales “enter”
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the horizon. We define this time (tc) by when the comovingλ is equal to the
comoving Hubble radiusdH(t) = c/[a(t)H(t)].

The most commonly used inflationary models predict that the total power of
density perturbations isalmost scale invariantat the timetc. Specifically, re-
sults scale invariance in a constant three dimensional power spectrum∆2(k, tc)
at timetc [2]:

∆2(k, tc)≡
d〈δ 2(k, tc)〉

dlnk
∝ k3P(k, tc)≈ const. (3.4)

In the matter dominated Universe isa(t) ∝ t2/3 (derived from Eqn.2.4), hence
the condition for scales entering the horizon yields:

λ ∼ dH(tc)∼
ctc

a(tc)
∝ a(tc)

1/2 ⇒ a(tc)
2 ∝ 1/k4 . (3.5)

SinceP(k, t) ∝ δ 2(x, t) ∝ a(t)2, where we in the last step have used the linear
solution to the cosmological fluid equations that determinethe evolution ofδ
over time, we find

P(k, t) = P(k, tc)
a(t)2

a(tc)2 ∝ a(t)2k. (3.6)

In other words, scale invariant fluctuations produces a power spectrum
P(k, t) ∝ k on scales that re-enter the horizon during the matter dominated
era.

Comoving scales smaller thanλeq ∼ cteq(1+ zeq) re-enter horizon during
the radiation dominated era. Here the subscripteqdenotes the epoch of equal
matter and radiation energy densities atzeq∼ 4200. Especially, for very small
scales that re-enter when the Universe is strongly radiation dominated, there
is almost no growth of fluctuations after re-entering the horizon. Thus,

k3P(k, t)≈ k3P(k, tc)≈ const ⇒ P(k, t) ∝ k−3 , (3.7)

where the transition between scales that enter in the different energy domi-
nated regimes is slow.

A more accurate parameterization of the power spectrum is given by

P(k, t)≈ T2(k, t)Pi(k) , (3.8)

wherePi(k) is the initial power spectrum that arise just a fraction of a sec-
ond after big bang. In most modelsPi(k) = kns, where the spectral index
ns varies between 0.7 and 1.3. The preferred spectral index fromWMAP
is ns ≈ 0.963± 0.012 [11]. Thus, indicating a small deviation from scale-
invariant fluctuations. The growth of the fluctuations after they re-enter the
horizon are described by the linear transfer function denoted by T(k, t). It
depends on the nature of dark matter and the parameters of thebackground
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cosmology. Bardeen et al. [49] derive a transfer function using full numerical
calculations of all relevant physical processes. For example, dark matter par-
ticles that are moving with high velocities (hot dark matter) erase structures
on small scales by free-streaming so thatT(k, t)→ 0 for largek. Conversely,
slow moving dark matter, i.e. CDM, do not suffer from the free-streaming of
particles, hence most of the small scale power survives. The two dark matter
alternatives thus produce two very different scenarios in the late stage of struc-
ture formation: the “top-down” model exemplified by hot darkmatter that first
form superclusters that subsequently fragment into galaxies; the “bottom-up”
picture induced by CDM, which starts by forming small-scalestructures that
later merge and form larger ones. In fact, observations of the structures on
different scales in the Universe seem to prefer the bottom-up scenario. This
is demonstrated in Fig.3.1 where the power spectrum as a function ofk and
λ is shown. It includes measurements of the clumping of hydrogen in the
inter-galactic medium (the Lyman-alpha forest), lensing surveys, and galaxy
clustering observations, which are all good probes of the small scale structures
(λ ≪ λeq) and the CMB, which is a good probe of the large scale structures
(λ ≫ λeq). The slopes in the observed power spectrum agree very well with
those predicted by the bottom-up scenario.

Figure 3.1: Measurements of the power spectrum for different scales. Data taken
from measurements of the clumping of hydrogen in the inter-galactic medium, lensing
surveys, and galaxy clustering observations. Figure adapted from [50].
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The power spectrum is commonly normalized through the local variance of
galaxy counts, where galaxies are assumed to trace the underlying dark matter
density fluctuations. These mass perturbations are given by the convolution
between the density perturbations and a spherical window functionW(r) that
approaches zero for some characteristic radius:

δM
M

(r) =
∫

δ (x)W(|x− r|)d3x. (3.9)

The variance of the mass scale is defined as

σ2 ≡ 〈|δM/M|2〉= 1
(2π)3

∫

P(k)|W(k)|2d3k, (3.10)

whereW(k) is the Fourier transform ofW(r). Early galaxy surveys, as sug-
gested by Davis & Peebles [51], indicated that the local mass distribution
δM
M ≈ 1 within a sphere of radius8h−1 Mpc. Hence the normalization of

the power spectrum is traditionally chosen to beσ8,galaxies≈ 1, whereσ is
calculated withW(r = 8h−1 Mpc) being a top hat window function. More
recent measurements of the normalization using a combination of WMAP
data in conjunction with baryon acoustic oscillation data and H0 data, yields
σ8 = 0.809±0.024 [52].

3.1.1 Cluster Formation
As the density contrastδ approaches unity, the linear perturbation theories
break down. In fact, most of the objects that we observe in theUniverse today
are a result of non-linear evolution, where galaxies typically have an overden-
sity of δ ∼ 106 and galaxy clusters a density contrast ofδ ∼ 103.

The formation of galaxy clusters starts on the smallest scales and succes-
sively build up on larger scales according to the hierarchical scenario predicted
by structure formation theories and supported by observations (see [53] and
references therein). The Hubble expansion is slowed down locally because of
the gravitational pull from density perturbations, and eventually the expan-
sion is reversed. The small structures merge and form larger structures as the
perturbations on larger scales reach the non-linear regime. However, the ac-
cretion process is not symmetric and the gravitational interactions between the
clumps produce a collective potential which randomizes thevelocities yield-
ing a Maxwellian velocity distribution of the in-falling particles. This results
in damping of bulk motions, known asviolent relaxation[54], and causes a
state of virial equilibrium. Once the collapse ends, the cluster relaxes mainly
through two-body interactions whereby an object moving through a homoge-
neous and isotropic Maxwellian distribution suffers from adrag force called
dynamical friction. During the relaxation process of a cluster, thermal energy
is radiated away through bremsstrahlung, which is most efficient in the dense
parts. The cluster core then cools, resulting in a contraction of the central bulge
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(intra-cluster medium, ICM) to maintain hydrostatic equilibrium. One might
expect that this would lead to run-away cooling. However, X-ray spectroscopy
shows that the temperature drop towards the center is limited to about a fac-
tor three. This is sometimes referred to as the cluster cooling flow problem
(for recent review see [55]). The solution to the problem is some sort of heat-
ing mechanism that injects energy and keeps the ICM hot. Manyfeedback
models have been proposed, such as: supernovae driven windsinjecting en-
ergy, a significant CR component in the ICM providing a floor intemperature
due to the long CR cooling time, or thermal conductivity thatwould result in
inward heat transfer from the surrounding matter. However,the most popu-
lar candidate that can provide the necessary feedback are the super massive
black holes that actively accrete ambient matter. These astrophysical objects
are called active galactic nuclei (AGNs), and they eject relativistic plasma jets
into the ICM [56] and create bubbles that dissipate mechanical energy through
expansion and buoyant motion.

3.1.2 Universal Density Distribution
One way of studying the non-linear evolution of structures is with numerical
simulations that iteratively integrate the EOM. The startingconditions for the
simulations are typically given by the density field predicted by linear theory
at some high redshift. Pure N-body simulations, where the hydrodynamical
forces are neglected, are a common way to probe the matter distribution in
collapsed objects (dark matter halos). Specifically, N-body simulations find
that the density profile of the main dark matter halo is well described by a
universal law [57] (Navarro-Frenk-White, NFW) given by

ρ(x) =
δcρcrit

x(1+x)2 , (3.11)

with x= r/rs and the scale radiusrs= rvir/c. The virial radiusrvir is defined to
be the radius where the mean matter density is∆vir ρcrit. In the same way, we
can define the virial mass of the cluster asMvir = ∆vir ρcrit(4π/3)r3

vir . In this
thesis all virial quantities are defined using∆vir = 200, which is a commonly
used value for the density contrast of the halo. The characteristic overdensity
of the haloδc is derived by matching the mean matter density to the volume
integral of Eq.3.11and is given by

δc =
200
3

c3

ln(1+c)− c
1+c

. (3.12)

Herec denotes the concentration parameter which is a decreasing function of
increasing mass, as expected from CDM models, and is (for simulated clus-
ters) in the rangec ∼ 4− 10. There have been several attempts to derive a
c−M scaling relation for halos with a mass& 1012M⊙ (e.g. from X-ray mea-
surements [58] and from simulations [59, 60]), but the truec−M scaling is
still not settled.
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Recently, very high resolution simulations of Milky Way (MW) halos have
found that the NFW profile fails to predict the right behaviorof the density
profile in the very center. Specifically, the two leading simulation groups dis-
agree about the inner density slope. The Aquarius consortiumclaims a more
shallow central profile ( [61, 62], Aquarius), while a competing group pre-
dict a steeper profile ( [63–65], Via Lactea II and GHALO). However, both
groups find that density profiles are slightly better modelled by the Einasto
profile [66] (specifically it gives a better representation of the density profile
for a wide mass range [67]) parameterized by

ρ(r) = ρ−2exp

(

− 2
α

[(

r
r−2

)α
−1

])

, (3.13)

where the characteristic radius is denoted byr−2 and the density at that radius
ρ−2 ≡ ρ(r−2)= δcρcrit/4. The shape parameterα is important for determining
the inner slope of the dark matter profile. The Aquarius group findsα = 0.17,
while Via Lactea II and GHALO simulations indicate thatα = 0.142−0.17.

It should be pointed out that the density profiles above are derived from
pure N-body simulations, and that hydrodynamical simulations which include
baryons can result in even steeper slopes in the central regions of the dark
matter halos due to adiabatic contraction (see e.g. [68]).

3.1.3 Substructures
If dark matter consists of self annihilating particles, such as supersymmetric
neutralinos, then the expectedγ-ray flux would have a density square depen-
dence (see section2.3.3for more details). For this reason it is important to un-
derstand the dark matter density profiles in the center of halos (where the den-
sity is as highest). In addition to the annihilation luminosity from the smooth
main dark matter halo, one expects substructures to boost the total annihilation
luminosity by factors of few up to about104. In the cold dark matter scenario,
collisional damping and free streaming sets the smallest mass of dark matter
halos (Mlim) to about10−3−10−11M⊙ [69–71]. The main population of sub-
halos resides in the outer part of the halo since many of the subhalos in the
inner part have been tidally stripped1 [72,73]. The radial dependence of the
expected enclosed luminosity from a MW size halo is shown in Fig. 3.2. The
figure shows that the shape of the dark matter substructure luminosity is in-
sensitive toMlim while the normalization is proportional toM−0.226

lim . It should
be noted that this normalization is derived from subhalos with a smallest mass
that is more than1010 times larger than the theoretical lower limit. Extrapo-
lating down to the lower limit ofMlim results in a boost in the luminosity from
substructures of about 200, which could in principle be larger considering the

1The longer a subhalo has been part of the main halo the more drastic is the tidal stripping.
This results in a suppressed substructure population in galaxies that formed long ago, while the
population is greater in galaxy clusters that are still assembling today.
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Figure 3.2: Radial dependence of annihilation luminosity and enclosedmass of var-
ious halo components. The blue line show the enclosed dark matter mass in units of
Mvir and the vertical line indicates the virial radiusrvir of the simulated halo. The
red line gives the luminosity of the smooth main halo in unitsof Lvir , its value at
rvir . The green lines denote the luminosity from the smooth subhalo annihilation com-
ponent for different lower limits of the subhalo mass; thicksolid line is derived from
Mlim = 105M⊙, the thin lines in descending orderMlim = 106,107, and 108M⊙. Figure
adapted from [74].

sub-substructures present in the substructures. In [75] the authors find a more
moderate substructure boost of a factor few up to about a factor ten. The origin
of this discrepancy is still not settled.

In Paper II , we use a Sommerfeld-enhanced dark matter model with a di-
rect muon decay mode [44] that provides a good fit to recent measurements
of high-energy electrons and positrons near the Earth. This new data exceeds
what is predicted by realistic background models without any explicit source
of dark matter, or some other primary astrophysical source of positrons (see
section6.1.1for details). Hence, it is interesting for the dark matter commu-
nity. Combining the best fit dark matter model with the substructure boost of
about 200 we calculate the expectedγ-ray flux from galaxy clusters, and using
the constraints provided by upper limits from theγ-ray satellite EGRET2 (the
predecessor to the recently launchedγ-ray satellite Fermi) on the Virgo clus-
ter [76] we can constrain the boost from substructures. We find that if the dark
matter interpretation of thee+/e− excess is correct, thenMlim > 5×10−3 M⊙
and hence the free streaming scale in the linear power spectrumk< 35 kpc−1.
If the Fermi satellite were to detect the Virgo cluster inγ-rays, this limit could
be constrained even further to aboutMlim > 103 M⊙.

2The Energetic Gamma Ray Experiment Telescope.
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3.2 Components of Galaxy Clusters
Most of the galaxies observed in the Universe are associatedwith groups or
clusters of galaxies. They contain tens up to thousands of galaxies, reaching
a virial mass of a few times1015M⊙ and a size of the order of Mpc. The
space between galaxies, is filled with a rarefied plasma, muchlike a cosmic
filamentary structure, with a density of about 10 to 100 timesthe average den-
sity3 of the Universe. Theintergalactic medium(IGM) is a collective name
for the whole cluster and the surrounding filamentary structure, extending for
some clusters out to tens of Mpc - depending on the conventionused for the
IGM. As ambient gas falls into the filaments, it is heated up totemperatures
kBT ∼ 10−1000eV(T ∼ 105−107 K), producing an ionized plasma. At the
higher end of these temperatures and above, the medium usually goes un-
der the namewarm-hot inter-galactic medium(WHIM) [ 77]. The cores of the
galaxy clusters (i.e. the ICM) is filled with a super heated, rarefied (electron
density10−4−10−1cm−3) gas, consisting of electrons, ionized hydrogen, he-
lium, and partially ionized heavier elements. The most prominent radiation
from the ICM is in the X-ray band and comes from the hot gas thatemits
thermal bremsstrahlung and free-free emission4. From measurements of the
dilute X-ray emitting hot plasma the temperature in the ICM has been deter-
mined tokBT ∼ (1−10)keV and according to observations from the ROSAT5

X-ray satellite, this is where most of the baryons in a cluster reside [78]. The
bulk of the stars are found in galaxies within the ICM, and this interstellar
medium (ISM) usually reaches high densities of about& 103 particles/cm3.
The gas-to-total-mass ratio for galaxy clusters from a flux limited sample of
X-ray emitting clusters has been determined by Mohr et al. [79]: ∼ 85%dark
matter,∼ 12%hot plasma, and the rest of the mass is in stars∼ 3%.

3For a flat universe the average density is equal to the critical density of the Universe which is
(depending on the Hubble constant) about five to six hydrogenatoms per cubic meter.
4Thermal bremsstrahlung from e.g. an ionized hydrogen cloudis produced by free electrons
scattering off ions without being captured, hence it is often called free-free emission.
5RÖntgen SATellite.
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CHAPTER 4
Non-thermal Processes – Theory

The basics of cosmic-ray (CR) physics are discussed. In addition, we describe
associated non-thermal radiation processes: synchrotron, inverse Compton
(IC), and pion decay emission.

4.1 Cosmic-ray Physics
The discovery of extra-terrestrial, high energy particles (CRs) bombarding the
Earth’s atmosphere was made by Victor Hess in 1912. Even thoughthe discov-
ery was made almost 100 years ago, the origin of these CRs is not completely
settled. In 1949, Enrico Fermi introduced the concept of second order (Fermi)
acceleration, which provided an insight into the acceleration processes gener-
ating these high energy particles. However, it turned out that this acceleration
mechanism is too slow and inefficient to explain the observedCR data. It was
later shown that if a shock wave is present in the system, the acceleration
process is much more efficient. Moreover, if the acceleratedparticles orig-
inate from the high-energy tail of the thermal distributiondescribed by the
Maxwellian, then the spectral distribution match the observed CR data.

The injected CRs are subject to both transport and cooling effects which
are explained in section4.1.1. In section4.1.2we outline several acceleration
processes with the emphasis on diffusive shock acceleration. Discussion of
the observational evidence and predictions of CRs is deferred until chapter6.

4.1.1 Cosmic-ray Transport
The full treatment of CR transport is complicated and is governed by the com-
petition between the following processes: injection, escape, acceleration, and
energy losses (both catastrophic and continuous). The transport equation that
accounts for these processes is a Fokker-Planck type equation that follows
the fluid motions, radiative losses, and phase space diffusion [80]. The trans-
port equation traces the evolution of the isotropic CR phasespace distribution
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function f (x, p) and is given by:

∂ f
∂ t

+
∂
∂x

[

υ f −D(x, p)
∂ f
∂x

]

=− 1
p2

∂
∂ p

p2
[

A(x, p) f +Γ(x, p)
∂ f
∂ p

]

+S(x, p) ,

(4.1)
where thex and p dependence off and υ have been omitted for readabil-
ity. The distribution function is normalized such that the CRnumber density
nCR =

∫

f 4π p2dp. The first term on left hand side governs the time evolution
of the distribution and the second term represents the particle current due to
convection, whereυ is the advection velocity. The third term represents the
diffusion, whereD(x, p) denotes the diffusion constant. The term denoted by
A(x, p) describes various types of energy losses (synchrotron and IC losses,
Coulomb and ionization losses, and catastrophic losses) aswell as the energy
gain from first order Fermi acceleration (Aacc= −(p/3)(∂υ/∂x), defined in
next section) and the term associated withΓ(x, p) accounts for the energy gain
from second order Fermi acceleration. The last term on the right-hand side
S(x, p) is the source term which accounts for the CRs injected at the shock.
It should be noted that both the effect from radioactive decay and spallation,
which describes the destruction of atomic nuclei should also be taken into ac-
count. However, in the ICM the abundance of heavier elementsis suppressed
compared to e.g. the ISM, hence we neglect these effects in the following
discussion. For more details see e.g. [81].

4.1.2 Cosmic-ray Acceleration
The injected CR spectrum is generated by several non-thermalprocesses and
obeys a piecewise power-law. This type of behavior is typically explained by
energetic particles that have been accelerated at shock waves traversing the
magnetized plasma. The mechanism for this type of process wasoriginally
suggested by Fermi (1949) and involves charged particles that are reflected
on moving magnetic irregularities or plasma waves. Each CR particle then ei-
ther gains or loses energy upon reflection. However, since the CRs encounter
moving targets with the average velocityυm they gain energy on average. This
random scattering process is usually calledsecond order Fermi acceleration,
because the fractional energy gain per collision is given byξ ∼ β 2

m = (υm/c)2.
This is quite a slow and inefficient acceleration process since the dimension-
less velocity of the plasma wavesβm ≪ 1. A much more efficient acceleration
process isfirst order Fermi accelerationwhich is linear inξ ∼ β . This process
is similar to second order Fermi acceleration, but with the exception that there
is a shock front traveling with the dimensionless velocityβsh present in the
system. The shock represents a region where there is a pressure and density
gradient that propagates faster than the speed of sound in that medium. The
difference in density between the medium in front of the shock and that be-
hind the shock differs by a factor that depends of the equation of state. On
each side of the shock, particles propagate through diffusive movement, with
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a diffusion constant that usually is a function of the energyand the value of
magnetic field in the region of the shock. A CR particle in the wake of the
shock (downstream) might scatter upstream through the shock, gain energy,
and then scatter back downstream again. If repeated during many cycles, the
total gain in energy might be substantial. Using a simplifiedbut still realistic
diffusion model, the energy gain per cycle for a charged testparticle can be
calculated with∆E = ξ E. After n cycles, the total energy gain is

En = (1+ξ )nE0 , (4.2)

whereE0 is the initial energy of the particle. During each cycle, theparticle
also has a probability to escape from the accelerator region. We denote this
probability byPesc, thus the probability to remain in the region aftern cycles
is (1−Pesc)

n. The number of cycles that are needed to reach the energyE is
derived from Eqn.4.2, yielding

n= ln

(

E
E0

)

/ ln(1+ξ ) . (4.3)

Finally, the fraction of particles accelerated to energiesgreater thanE is given
by

N(> E) ∝
∞

∑
m=n

(1−Pesc)
m =

(1−Pesc)
n

Pesc
. (4.4)

In combination with Eqn.4.3 the distribution follows a power-law function,

N(> E) ∝
1

Pesc

(

E
E0

)−α
. (4.5)

whereα ≈ Pesc/ξ . In the following section we will determine both the nor-
malization constant and the spectral index of the power-lawdistribution.

Diffusive Shock Acceleration

In the context of astrophysical shocks the process ofdiffusive shock accelera-
tion is commonly used. This is a first order Fermi acceleration process, where
a collisionless shock wave is able to accelerate ambient ions in the high-energy
tail of the Maxwellian (for reviews see e.g. [82]).

In order to quantify the properties of diffusive shock acceleration we as-
sume the shock to be non-relativistic and describe it with respect to its rest
frame. The shock separates the surrounding fluid into two regions: the up-
stream regime (pre-shock regime, denoted by the subscript1) in front of the
shock where the supersonic velocityυ1 > cs1, and the downstream regime
(post-shock regime, denoted by the subscript2) in the wake of the shock
where the subsonic velocityυ2 < cs2. Here we denote the sound speed by
csi =

√

dPi/dρi , wherePi andρi denote the pressure and density in the dif-
ferent regions, respectively. The strength of the shock is typically given by
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the Mach numberM = υ1/cs1 = (ρ1υ2
1/γP1)

1/2. Using the conservation laws
of mass, momentum, and energy, we can derive theRankine-Hugoniot jump
relationsin the restframe of the shock:

ρ1υ1 = ρ2υ2 (4.6)

P1+ρ1υ2
1 = P2+ρ2υ2

2 (4.7)
ε1+P1

ρ1
+

υ1

2
=

ε2+P2

ρ2
+

υ2

2
, (4.8)

whereεi denotes the internal energy density in the different regions. If the
fluid is an ideal gas with the adiabatic indexγ, then the equation of state
Pi = (γ −1)εi and the jump conditions define the compression ratio,

rc ≡
ρ2

ρ1
=

γ +1
γ −1+2/M 2 . (4.9)

If the shocked plasma is non-relativistic, the adiabatic index γ = 5/3, which
result in a shock compression ratio approaching 4 for a strong shock (M ≫ 1).
In the case of a relativistic plasma the adiabatic index isγ = 4/3 and the shock
compression ratio approaches 7 for a strong shock. Energeticparticles with a
high enough initial velocity gain energy by going back and forth across the
shock front. As pointed out in the previous section, the fractional energy gain
from each cycle is of the orderβsh, and the fraction of particles lost due to the
relativistic particles that escape downstream is alsoβsh. In the linear regime,
the particle momentum distribution is a power-law given byp−α that joins
with the shock-heated thermal distribution.

We now go on and use the theory of diffusive shock acceleration [83] to
derive the CR distribution function (including its normalization and spectral
index) by solving the CR transport equation in Eqn.4.1. We assume that the
second order Fermi process and radiative losses in the CR transport equation
can be neglected. In addition, we assume a sharp shock transition where the
shock width is much smaller than the diffusion length of CRs,D(x, p)/υ. The
fluid velocity is given byυ(x) = υ1+(υ2−υ1)θ(x), whereθ(x) is the Heav-
iside step function. The stationary solution to the CR distribution function
obeys the following equation:

υ
∂
∂x

f − p
3

∂υ
∂x

∂
∂ p

f =
∂
∂x

D(x, p)
∂
∂x

f +υ1g(p)δD(x) , (4.10)

whereδD(x) is the Dirac delta function. The last term is the source term that
in this case represents a shock injected CR population. It should be men-
tioned that this equation only accounts for the transport ofthe relativistic
particles over the shock, while the particles in thermal equilibrium are not
explicitly followed. However, the thermal reservoir does impact the back-
ground velocity solution. We account for this effect by normalizing the in-
jected CR distributiong(p) such that number density of the CR distribution
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nCR,inj = ηCRnth1 =
∫

g(p)4π p2dp. Herenth1 represents the number density
of the thermal distribution andηCR denotes the efficiency of CR acceleration,
which is a complicated function describing the interplay between CRs and
thermal particles. While it is not possible to balance both sides in the wake
of the shock, integrating Eqn.4.10 and taking into account that convection
opposes diffusion in front of the shock, results in the following solution:

f (x, p) =







f1(p)+ [ f2(p)− f1(p)]exp

[

∫ x

0

υ1dx′

D(x′, p)

]

, x< 0

f2(p) , x> 0,
(4.11)

wheref1(p)= f (−∞, p) and f2(p)= f (∞, p)= f (0, p). Since the flux of parti-
cles having a given momentum must be continuous over the shock, it is useful
to derive a continuity condition. In order to derive this condition, we rewrite
the transport equation in Eqn.4.10in the following way

∂
∂x

[

D(x, p)
∂ f
∂x

+
υ
3

∂ f
∂ ln p

]

= υ
∂

∂x∂ p3

(

f p3)+υ1g(p)δD(x) . (4.12)

The continuity condition now follows from integrating this equation and si-
multaneously requiring that the distribution functionf is continuous over the
shock, yielding

[

D(x, p)
∂ f
∂x

+
υ
3

∂ f
∂ ln p

]0+

0−

= υ1g(p) . (4.13)

Joining the solution in the upstream and downstream region (Eqn.4.11) with
the continuity condition in Eqn.4.13, we can derive the resulting CR distribu-
tion f2(x),

∂ f2
∂ ln p

=
3rc

rc−1
[ f1(p)+g(p)− f2(p)]

−→ f2 = αinj p
−αinj

∫ p

pmin

dp′
[

f1(p
′)+g(p′)

]

p′αinj−1 , (4.14)

with the spectral indexαinj ≡ 3rc/(rc−1). Interestingly, this distribution func-
tion is independent of the functional form ofD(x, p) as long as it is positive.
If we assume that there is no pre-existing CR population (i.e. f1 = 0) and a
narrow injection in momentum space,g(p) = ηCRnth1δD(p− pinj)/(4π p2

inj),
then the CR population obeys a power-law in momentum:

f2(p) =
αinjηCRnth1

4π p3
inj

(

p
pinj

)−αinj

θ(p− pinj) . (4.15)

This model mimics the requirement of diffusive shock acceleration of ener-
getic particles where only particles in the high-energy tail of the Maxwellian
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are able to return upstream and become accelerated. In reality, this is a
complicated physical process. However, the essence of sucha process can
be captured by only a few parameters [84–86]. The momentum threshold
for the particles to be accelerated from the thermal population is given by
pinj = xinj pth = xinj

√

[2kBT2/(mpc2)], whereT2 denotes the post-shock tem-
perature andkB is Boltzmann’s constant. Theoretical studies of galactic super-
nova remnants1 suggest the valuexinj ∼ 3.5 (i.e. the pivot point connecting the
CR power-law to the shock heated thermal population is a factor 3.5 larger
compared to the mean thermal momentum), resulting in a fraction of injected
particles ofηCR ∼ 10−4 [87,88].

It should be noted that the derivation of Eqn.4.15 is done using the CR
distribution function in three-momentum dimensions,f (3), whereαinj → 4 for
M → ∞. The derivation is also valid for the commonly used one-dimensional
distribution functionf (1) ≡ 4π p2 f (3), where the spectral index is given by

αinj =
rc+2
rc−1

→ 2 for M → ∞ , (4.16)

where M =

√

2(2+αinj)

1+2αinj −3γ
. (4.17)

In Paper I and for the remainder of this thesis we use thatf (x) = f (1) unless
otherwise stated.

Modelling Diffusive Cosmic-ray Electron Acceleration

In this section we discuss the high energy, steady state cosmic-ray electron dis-
tribution that is present within structure formation shocks in galaxy clusters.
The distribution function follows from the process of diffusive shock acceler-
ation that uniquely determines the spectrum of a freshly injected relativistic
CR electron (CRe) population in the post-shock region. We leave the details
of this discussion toPaper I (see section 2.4.1 and Appendix B2).

In clusters of galaxies, shocks are able to accelerate ions and electrons
through diffusive shock acceleration. The highly relativistic electrons cool
through IC emission on such a short time scaleτsync< 108 yrs (compared to
the long dynamical cluster timescaleτdyn∼ 2 Gyr) that we can introduce a CR
electron population that exist in the shock volume only; this is defined to be
the volume where energy dissipation takes place. Within this volume, which
is co-moving with the shock, we use the steady-state solution for the distribu-
tion function of relativistic electrons and we assume no relativistic electrons in
the post-shock volume, where no energy dissipation occurs.Thus, the cooled
CR electron equilibrium spectrum in the GeV energy regime can be derived
from balancing the shock injection with the IC/synchrotroncooling: First as-

1A supernova remnant consist out of fast moving stellar material that has been ejected as a result
of a supernova explosion, and the ambient interstellar medium it sweeps up and shocks along
the way.
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sume an injected electron power-law spectrum given by Eqn.4.15, where we
replace the normalization byCinj ∝ ρ . In addition, assume that the spectrum
is both local and stationary to the shock (i.e. the spatial and time dependence
dependence disappears) which is motivated by the short cooling timescale of
highly-relativistic CRes. Using Eqn.4.1under these assumptions, yields

S(x, pe) =Cinj p
−αinj
e =

∂
∂ pe

[ f (pe)A(x, pe)] (4.18)

where we introduced the dimensionless electron momentumpe = Pe/(mec),
wherePe is the electron momentum. The loss termA(x, pe) = ṗ(pe)IC,synch∝
(εB + εph) is given by the IC and synchrotron cooling in Eqn.4.37 and
Eqn.4.29, respectively. HereεB is the magnetic energy density, andεph de-
notes the photon energy density, taken to be that of CMB photons. The solu-
tion to Eqn.4.18is given by

f (pe) ∝
1

εB+ εph

∫ ∞

pe

Cinj p
−αinj dp=Ce p−αe

e , where Ce ∝
ρ

εB+ εph
.

(4.19)
Here,αe = αinj +1 is the spectral index of the equilibrium electron spectrum,
αinj is the injected spectral index given by Eqn.4.16.

The shape of the steady state electron power-law spectrum in Eqn. 4.19
changes when the energy of the accelerated electrons reaches a maximum
electron energy that is determined by the competition of diffusive accelera-
tion and radiative losses [89]. At high energies, close to the maximum energy,
the Klein-Nishina suppression causes the efficiency of IC cooling to drop,
which results in a pile-up (for details see e.g. [90]) of electrons around that
energy. However, a super-exponential term describing the maximum energy
of electrons reached in this process effectively cancels this pile-up feature.
This results in a prolonged power-law up to the electron cutoff momentum
pe ∼ pmax [91]. We account for this effect by using the following parameter-
ization of the shock injected electron spectrum,

fe(x, pe) = Cep
−αinj
e [1+ j(x, pe)]

δe exp

[ −p2
e

p2
max(x)

]

, (4.20)

wherex is the distance from the shock surface,j(x, pe) andδe describe the
characteristic momentum and shape of the pile-up region. Thefurther away
the electrons have been advected from the shock, the less likely it is that they
will return to the shock wave. Hence, the continuous radiative losses cause the
cutoff to move to lower energies as the electrons are transported advectively
with the flow downstream. Integration over the post-shock volume causes
the cutoffs to add up to a new power-law that is steeper by unity compared
to the injection power-law in Eqn.4.15. Hence, the shock-integrated distri-
bution function shows three regimes: (1) at low energies (but large enough
in order not to be affected by Coulomb losses) the original injected power-
law spectrum, (2) followed by the cooled power-law that is steeper by unity,
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αe = αinj +1, and (3) an ultimate cutoff that is determined from the magnetic
field strength and the properties of the diffusion of the electron in the shock.

The fact that we observe X-ray synchrotron emission at shocksof young
supernova remnants [92,93] necessarily requires the existence of high-energy
CR electrons withEe ≃ 25 TeV. The photon energy of non-thermal syn-
chrotron emission generated by CR electrons with energiesEe > GeV (see
section4.2.1for further details) is given by

hνsync=
3eBh

2π mec
γ2 , (4.21)

whereγ ∼ 5×107 (Ee ∼ 25TeV) and magnetic fields of order100µG are re-
quired to reach X-ray energies of order 10 keV. To keep the highly relativistic
electrons from being advected downstream requires a small diffusion length
(
√

4D(Ee)t). This confines the electrons to the shock regime, hence they can
diffuse back upstream crossing the shock front again. We therefore use the
smallest diffusion length which leads to the most efficient shock acceleration
(referred to as the Bohm diffusion limit2 as the electron propagation model at
the shock. Balancing Bohm diffusion with synchrotron/IC cooling of electrons
enables us to derive the maximum energy of the accelerated CRelectrons at
the position of the shock surface [89,94]

Emax=

[

Beu2 mecτloss
rc−1

rc (rc+1)

]0.5

, (4.22)

where diffusion parallel to the magnetic field has been assumed. Hereu de-
notes the flow velocity in the inertial frame of the shock (u=υsh), and the elec-
tron loss timescale due to synchrotron and IC losses reads (see sections4.2.1
and4.2.2)

τ−1
loss=

Ė
E

=
4σT γ
3mec

(εB+ εph) . (4.23)

Here the Thomson cross-section is given by

σT =
8π
3

r2
e where re =

e2

mec2 . (4.24)

Inserting typical numbers for different cluster regions reveals that the electron
cutoff energy,Emax∼ (50−100)TeV insideRvir (see Table 2 inPaper I ).

2Bohm diffusion corresponds to one scattering event per cycle due to magnetic perturbations
δB. The diffusion constant is given byD(E) ∝ η E/B. In the limit of Bohm diffusion,η =
(B/δB)2 → 1, and the scattering is the most efficient possible which confines the CRs to the
injection region. Thus maximizes the possibility for many shock crossings and induce a higher
maximum energy for a given time.
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4.2 Non-thermal Emission Processes
Cosmic-rays with an energy below about1015 eV are rare in the IGM since
magnetic fields confine most of them to the ISM and ICM. However, these
CRs do exist and are observable through their non-thermal emission, which
emphasizes the importance of radiative processes as a probeof the extra-
galactic CR spectrum and CR distribution. The emission originating from
non-thermal particle populations extends over a wide energy range, from the
radio to the high-energyγ-ray regime.

In the following section, a brief description of the most important non-
thermal processes is presented (for a good review on this topic see [95]).

4.2.1 Synchrotron Emission
The velocityυ of a charged particle moving in a magnetic fieldB with the
massmand the energyE = γmc2 is governed by the Lorentz-force

d
dt
(γmυ) =

Ze
c
(υ×B) . (4.25)

Here the charge of the particle is given byZe. The particle moves in a helix
with the axis parallel to the magnetic field lines since the acceleration of the
particle is perpendicular to both the magnetic field and the propagation direc-
tion. The frequency of the projected orbit on a plane normal toB is given by
the gyration frequency:

νg =
ZeB

2πγmc
. (4.26)

For relativistic particles, beaming effects concentrate most of the synchrotron
radiation into a narrow cone with the opening angle∼ 2/γ along the particles
instantaneous velocity vector. The observed gyration frequency is Doppler
shifted and given byν ′

g = νg/(1−β cos2θ)≃ νg/sin2θ , whereθ denotes the
pitch angle between the magnetic field and the particle’s momentum.

The emitted power (in units of energy emitted per unit time andfrequency
interval) as a function of frequency for an electron is givenby [95]:

Psync(γ ,ν ,θ) =
√

3e3Bsinθ
mc2 F

(

ν
νc

)

, F(x) = x
∫ ∞

x
K5/3(ξ )dξ , (4.27)

whereK5/3(ξ ) represents the modified Bessel function of order5/3. The spec-
trum is strongly peaked with an exponential fall off. It has amaximum at the
critical frequencyνc given by

νc =
3eBγ2 sinθ

4πmc
. (4.28)

Note that the spectrum peaks very close to the mean synchrotron photon en-
ergy given by Eqn.4.21.
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Integrating the emitted power spectrum over all frequencies and over the
isotropic function of the pitch angle, yields the total power emitted:

Psync(γ) =
4
3

σTcβ 2γ2εB , (4.29)

whereεB = B2/8π denotes the energy density of the magnetic field. Note
that Psync ∝ m−2, hence the synchrotron emission induced by heavy charged
particles, such as the proton, is heavily suppressed.

Consider an ensemble of CR electrons with energies within the range
(γmi, γma) and assume their number densities to be distributed as a power-law
in normalized energy:

ne(γ)dγ =Ceγ−αedγ , (4.30)

whereαe is the spectral index andCe the normalization of the power-law. The
total power emitted by the electron as a function of unit frequency and unit
volume is given by

Psync(ν) =
∫∫ γma

γmi

Psync(γ ,ν ,θ)ne(γ)dγ dΩ

≈
√

3πe3

4mec2

(

3e
4πm3

ec5

)αν

CeB
αν+1ν−αν

2(αe−3)/2

3

(

3αe+7
αe+1

)

× Γ
(

3αe−1
12

)

Γ
(

3αe+7
12

)

Γ
(

αe+5
4

)

Γ
(

αe+7
4

)−1

(4.31)

whereαν = (αe− 1)/2. In the last step have assumed thatγmi ≪ γ ≪ γma

and that both the particle velocities and orientation of themagnetic fields are
isotopically distributed. In this case the emitted power spectrum is given by
the simple power law,Psync∝ ν−αν .

4.2.2 Inverse Compton Emission
A photon that scatters on an electron at rest transfers some of its energy to the
electron in order to satisfy energy and momentum conservation. This is called
the Compton effect, orCompton scattering. If both the electron and photon
have some initial momenta, the photon can either gain or loseenergy, depend-
ing on the details of the collision. If the photon gain energyas a result of the
scattering the process is calledinverse Compton scattering. For an excellent
review on the topic of Compton scattering see [95].

In the following we consider interactions of highly relativistic electrons,
γ ≫ 1. First we discuss the simplified case when the energy of the incoming
photon in the electrons rest frame (E′) is much less thanmec2. This corre-
sponds to theThomson limitwhere the Compton cross-section is independent
of the energy of the incoming photon. Increasing the electron energy further,
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violates theE′ ≪ mec2 constraint. We then leave the Thomson limit and enter
theKlein-Nishina(KN) regime, where the relativistic scattering cross-section
was first computed by Klein and Nishina. In the KN regime, the electron re-
coil effect becomes important and the energy transfer between the electron to
the photon becomes less efficient compared to the Thomson limit.

Thomson Limit

In an observer’s frame (K frame), consider a relativistic electron with the en-
ergy γmec2 that scatters on a photon with energy in the range (E, dE +E).
We denote the scattered photon energy byEγ . It is also useful to define the
quantities in the rest frame of the electron (K′ frame), where we use primed
quantities to represent the rest frame. The algebra becomes easier if the scat-
ter occurs in theK′ frame, hence we start by transforming the photon’s initial
energy intoK′:

E′ = Eγ(1−β cosθ) , (4.32)

whereθ is the angle between the incoming photon and electron. Afterscatter-
ing in theK′ frame we get that

E′
γ =

E′

1+ E′
mec2 (1−cosθ ′

γ)
, (4.33)

and finally transferring the scattered photon energy back tointo K, yields

Eγ = E′
γγ
[

1+β cos(π −θ ′
γ)
]

≈ E′
γγ
(

1−cosθ ′
γ
)

. (4.34)

The maximum energy of the scattered photon is given byEγ ,max≈ 2γE′
γ ,max.

In the Thomson limitγE′ ≪ mec2 ⇒ E′
γ ≈ E′, hence the maximum gain in

energy for the photon from the scatter is a factor4γ2. In the same way, the
minimum gain in energy is1/(2γ) where we have used thatβ ≈ 1− 1

2γ−2.
We now go on and consider an incident photon gas that is isotropically

distributed and follows a black body spectrum with temperatureT:

nph(E) =
d2N

dV dE
=

1
π2(~c)3

E2

exp(E/kBT)−1
, (4.35)

where the the typical energy of a photon before scattering is< E >=
εph/nph ≈ 2.70kBT. Herenph andεph are the number- and energy-density de-
rived by integratingnph(E) andEnph(E) over the energy, respectively. Further-
more, integrating the isotropic photon distribution over the scattering angle
yields the factor4/3, hence the mean energy of a Compton-scattered photon
< Eγ > in the Thomson limit is given by

< Eγ >=
4
3

γ2 < E >≈ 4γ2kBT . (4.36)



50 NON-THERMAL PROCESSES– THEORY CHAPTER 4

The emitted power from an electron that Compton scatters against an isotropic
photon field in the Thomson limit is given by

PIC(γ) =< Eγ >
dNγ

dt
=

4
3

σTcγ2εph, (4.37)

where the scattering rate of an isotropic photon distribution is given by
dNγ/dt = σTcnph. We can compare the synchrotron power (Eqn.4.29) to the
power of the Compton scattering (Eqn.4.37): PIC(γ)/Psync(γ) = εph/εB. The
similarity of the two different radiation mechanism is related to the symmetry
of the electromagnetic radiation. In more detail, the synchrotron emission can
be described by the scattering of virtual photons of the magnetic field. Hence,
in the presence of both radiation fields and magnetic fields, scattered electrons
can loose energy through synchrotron emission and IC emission.

The photon spectrum resulting from a relativistic electron that interacts with
an isotropic distribution of photons is given by

d2Nγ

dt dEγ
=

2πr2
ecnph(E)dE

γ2E
f

(

Eγ

4Eγ2

)

, where

f (x) = 2xlnx+(1+2x)(1−x) . (4.38)

The total IC spectrum results from the integration of Eqn.4.38, nph(E), and
the electron distributionne(γ) over γ andE. Using the electron power-law
distribution of Eqn.4.30, the integration limits of Eqn.4.38are given by

γ̃mi =max

[

1
2

(

Eγ

< E >

)1/2

, γmi

]

to γ̃ma=min

[

γma,
1
2

(

Eγ

< E >

)1/2
]

,

(4.39)
whereγmi andγma are the lower respectively the upper energy cutoff of the
electron distribution. Assuming thatγmi ≪ 1/2(Eγ/<E>)1/2 ≪ γma, the total
scattered power per unit volume and unit energy:

PIC(Eγ) = Eγ
dNγ ,tot

dt dEγ dV
= Eγ

∫∫

ne(γ)dγ
dNγ

dt dEγ

= λ̃0 fIC(αe)

(

αe−1
2

)(

Eγ

kBT

)−αν

, (4.40)

fIC(αe) =
2αe+3(α2

e +4αe+11)
(αe+3)2(αe+5)(αe+1)

× Γ
(

αe+5
2

)

ζ
(

αe+5
2

)

, (4.41)

andλ̃0 =
2r2

eCe (kBT)3

π(αe−1)~3 c2 , (4.42)

which has the same power-law spectral indexαν = (αe− 1)/2 as the syn-
chrotron emission. HereΓ andζ represent the gamma function and the Rie-
mannζ function, respectively.
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Klein-Nishina formula

If we relax the condition thatγE≪mec2, the Thomson limit is no longer valid.
Hence one have to take the full differential Klein-Nishina cross-section into
account. This results in a more general expression for the scattered photon
spectrum per electron that is valid in the full energy range:

dNγ

dt dEγ
=

3σTc
4γ2

nph(E)dE

E

[

2qlnq+(1+2q)(1−q)+
1
2

(Γq)2

1+Γγq
(1−q)

]

,

(4.43)
where

Γγ =
4Eγ
mec2 , and q=

Eγ

Γγ(γmec2−Eγ)
. (4.44)

One can easily verify that when imposing theΓγ ≪ 1condition, then Eqn.4.43
turns into Eqn.4.38 that is valid in the Thomson limit only. The range of
kinematically allowed values for the outgoing photon energy is given by

E ≤ Eγ ≤ 4Eγ2/(1+Γγ) , (4.45)

and the corresponding range inq is

1≫ 1/(4γ2)≤ q≤ 1. (4.46)

There is no easy way to find a simple analytic expression for thetotal IC emis-
sion in the Klein-Nishina regime. However, for an electron power-law distri-
bution (see Eqn.4.30) in the extreme Klein-Nishina regime whereΓγ ≫ 1,

one can show that asymptoticallydNγ ,tot/dEγ ∼ E−(αe+1)
γ ln(EγkBT/m2

ec4), in

contrast to the Thomson limit wheredNγ ,tot/dEγ ∼ E−(αe+1)/2
γ [96].

In Paper I , we derive a semi-analytic expression for the IC emission that
is valid in the KN energy regime. We use a power-law distribution of electrons
and limit the electron spectral index to the range2.5< αe < 4.5. From the IC
spectra in the asymptotic low- and high-energy regime, together with the result
of numerical calculations at intermediate energies, we arrive at the following
integrated IC source function:

λIC ≡
∫

dEγ
[

d3Nγ ,tot/(dtdEγ dV)
]

∝ E−αν
γ fKN(Eγ ,αe) , (4.47)

fKN(Eγ ,αe) =







1+

{

Eγ EKN

(GeV)2

[

AKN ln

(

Eγ

EKN

)

+1

]
1

αKN

}βKN






αKN
βKN

,

(4.48)

where the asymptotic behavior of the IC spectrum is imposed by
αKN = −αe+αν . In addition, we use three free independent fit variables,
EKN , βKN , andAKN .
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Inverse Compton Radiation from Shocks

In the following, we provide a simple and accurate semi-analytic formula that
captures the primary IC emission (pIC, i.e. IC emission fromshock accel-
erated electrons) from galaxy clusters for strong, and intermediate strength
shocks (i.e.αinj ≃ 2−2.7) with an accuracy of five percent or better. The shock
accelerated electron population suffers from cooling losses in the high en-
ergy regime which super-exponentially suppresses the electrons in this energy
regime. From the freshly shock injected electrons we derivea semi-analytic
formula for pIC emission that is valid in the full energy range, hence it is
not limited by Klein-Nishina suppression. The discussion below summarizes
section B3 in the appendix ofPaper I .

Using the exact emission spectra in the asymptotic low- and high-energy
regime, together with the result of numerical calculationsat intermediate en-
ergies, we parameterize the integrated source function forpIC emission by the
following,

λpIC = λ̃0(Ce) fIC(αe) fKN(Eγ ,αe)

(

Eγ

kBT

)− αe−1
2

×
(

1+0.84

√

Eγ

EIC,cut

)δIC(EIC,cut,αe)

exp

(

−
√

4.07Eγ

EIC,cut

)

,

(4.49)

where Bohm diffusion has been assumed. The normalization constants̃λ0(Ce)
and fIC(αe) are given by Eqns.4.42and4.41, respectively. The exponential
cut-off energyEIC,cut in the IC spectrum, is given by the resulting energy of the
CMB photons that are IC up-scattered by a CRe population, with the typical
energy given by the maximum energy of the electrons (see Eqns.4.36 and
4.22). The KN term, fKN(Eγ ,αe), defined in Eqn.4.48, make sure that the
CR spectrum has the right spectral shape in the KN regime. In addition, we
fit a shape parameter between the spectral asymptotic regimes denoted by
δIC(EIC,cut,αe). In the process of finding a good fit, we allowed for multiple
free parameters in Eqn.4.49. In the end, however, we only allowedδIC to vary
and fixed all the other free parameters at typical values to keep the formula as
simple as possible. InPaper I , we find that the fits agree within a few percent
with the numerically calculated IC emission in the dominating flux regime.
Finally it should be noted that the spectral shape of Eqn.4.49 is similar to
the one found in [91], derived from supernovae shocks. The main difference
stems from their approximate treatment of the KN suppression.

4.2.3 Cosmic-ray Proton Induced Emission
This section gives a short summary of the theoretical framework used to an-
alytic model CR proton (CRp) interactions with ambient thermal gas and the
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ICM [97]. For most purposes, one can ignore the shock accelerated CRes
outside the region of shocks, since IC and synchrotron losses induce a short
cooling timescaleτ . 108 yrs compared to the dynamical timescale of galaxy
clustersτ ∼ 109−1010 yrs. The CRps, however, have time to accumulate since
their dynamical timescale is of the same order as the Hubble time.

For CRps with momentum exceeding the kinematic threshold0.78GeV/c,
CRp-proton interactions are able to produce pions which successively decay
into γ-rays, secondary relativistic electrons, positrons, and neutrinos through:

π± → µ±+νµ/ν̄µ → e±+νe/ν̄e+νµ + ν̄µ

π0 → 2γ .

Extracting the resultingγ-ray spectrum is quite involved and not very well
understood. In the next sections we will discuss one approach to the problem.

Dermer’s Model

To model both the IC spectra from secondary electrons produced in CRp in-
elastic collisions of thermal nuclei as well as theγ-ray spectrum produced
through decaying pions, it is useful to define the differential source function

q(r,Eγ) =
d3Nγ ,tot

dtdVdEγ
, (4.50)

whereNγ ,tot denotes the total number of photons with the energyEγ . There are
two analytic models that describe the hadronic CRp interactions with protons
while assuming isospin symmetry,ξπ0 = ξπ±/2. We use the model called Der-
mer’s model [98, 99], which allows one to make detailed predictions for the
π0-decay inducedγ-ray spectrum in the GeV and TeV regime. For low energy
protons, the model assumes CRp-proton interactions to be mediated through
the∆3/2 resonance:

CRp+ p → n+∆++ where ∆++ → p+π+

CRp+ p → p+π++∆0 where ∆0 →
{

p+π−

n+π0
. (4.51)

This results in an one-to-one mapping of the CRp spectral index (α) to the
final γ-ray power-law, i.e.αγ = α. The pion production spectrum is derived
from the particle physics and include both branching ratiosand multiplicities
of the hadronic reaction [100]. Assuming a constant pion multiplicity3 ξ = 2,
and using the effective one-dimensional CR distribution function in Eqn.4.15,
where the normalization is replaced by the factorC (units of inverse volume),
we can write the differential pion source function in Dermer’s model as

qπ±(Eπ) = 2qπ0(Eπ) =
24−αγ

3
nNCσpp(mpc)−1

(

2Eπ

mpc2

)−αγ

. (4.52)

3This reflects the fact that two leading pion jets are leaving the production site, in the opposite
direction to the incident protons.
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Here denotesmp the mass of the proton,σpp is a semi-analytic parameteriza-
tion of the cross-section defined in Eqn.4.54, and the target nucleon density
in the ICM is denoted bynN = ne/(1− 0.5XHe), where we use the primor-
dial 4He mass fractionXHe = 0.24. We can now derive a semi-analytic model
for the differential source function of theπ0 inducedγ-rays that have been
integrated over a4π solid angle. To this end we introduce a shape parame-
ter δγ [97], which smoothly joins the two power-laws in Eqn.4.53with the
asymptotic behavior of a model called the fireball model [101] that works fine
in theEγ ≫ m0

πc2/2 andEγ ≪ m0
πc2/2 regimes, yielding

qγ(Eγ)dEγdV ≃ 24C
3αγ

σppnN

mpc

(

2mπ0

mp

)−αγ

×
[

(

2Eγ

mπ0c2

)δγ

+

(

2Eγ

mπ0c2

)−δγ
]−αγ/δγ

dEγdV. (4.53)

The shape parameterδγ = 0.14α−1.6
γ +0.44, and the effective cross-section,

σpp = 32(0.96+e4.4−2.4αγ )mb, (4.54)

are tuned to agree with the numerically calculated spectra from COSMOCR
[102], which includes detailed particle physics at the energy thresh-
old for pion production. Theγ-ray source function peaks at the energy
mπ0c2/2 ≃ 67.5 MeV, as shown in Fig.4.1. The solid line that represent
our semi-analytic approach agrees very well with the numerically calculated
spectra represented by dotted lines. The asymptotic slope ofthe spectrum is
characterized by the spectral indexαγ , which reproduces the CRp spectral
index throughαγ = α 4.

The Gamma-ray Production Rate from Decaying π0 Mesons

The number of photons produced per unit time interval within agiven volume
is given by

Lγ =

∫

dVλγ , (4.55)

whereλγ denotes the integrated number density production rate of photons.
We obtain this quantity by integrating the differentialγ-ray source function

4Note that in Fermi’s fireball model [101] the asymptoticγ-ray slope scales asαγ = 4/3(α −
1/2), however, Dermer’s model is better motivated by accelerator data.
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Figure 4.1: Upper Panel:The 4π solid angle integrated differentialγ-ray source
function qγ(Eγ) normalized by the target number densitynN and CRp normaliza-
tion ñCRp = C(GeV/mpc2)1−α . The dotted lines show the simulatedγ-ray spec-
tra from COSMOCR, while the solid curves represent the semi-analytic models
given by Eqn. (4.53), with the proton spectral indices from top to bottom,α =
{2.0, 2.4, 2.7, 3.0, 3.5}.
Lower Panel:Relative difference of our analytic description ofqγ to the simulated
γ-ray spectra.
Figure adapted from [103].

qγ (Eγ) over the photon energy:

λγ = λγ(E1,E2) =
∫ E2

E1

dEγ qγ(Eγ)

=
4C

3αγ δγ

mπ0 cσppnN

mp

(

2mπ0

mp

)−αγ [

Bx

(

αγ +1

2δγ
,
αγ −1

2δγ

)]x2

x1

,

wherexi =

[

1+

(

mπ0c2

2Ei

)2δγ
]−1

for i ∈ {1,2} , (4.56)
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and where the abbreviation[ f (x)]x2
x1
= f (x2)− f (x1) has been introduced.

The Gamma-ray Production Rate from High-energy Electrons

The steady-state CRe spectrum above a GeV is determined from injection of
secondary particles through neutral pions decaying balanced with the cooling
from IC and synchrotron losses. It is given by [104]:

fe(Ee)dEe =
Ce

mpc2

(

Ee

mpc2

)−αe

dEe, (4.57)

andCe =
162−αeσppnNCmec2

(αe−2)σT (εB + εCMB)

(

mp

me

)αe−2

, (4.58)

where the spectral index of the CRe population is unity steeper than the un-
derlying CRp population,αe = α + 1. The local magnetic field energy den-

sity is parameterizedεB = εB,0

(

εth
εth,0

)2αB
, whereεB,0 andαB are free parame-

ters [105]. The energy density of the CMB is expressed asεCMB =B2
CMB/(8π)

with the field strengthBCMB = 3.24µG. Using the isotropic CRe power-law
distribution in Eqn.4.57, originating from pion decay, the integrated source
function for secondary electrons that IC up-scatter CMB photons:

λsIC(E1,E2) =

∫ E2

E1

dEγ qIC(Eγ) =

∫ E2

E1

dEγ
PIC(Eγ)

Eγ
(4.59)

= λ̃0 fIC(αe)

[

fKN(Eγ ,αe)

(

Eγ

kBTCMB

)−αν
]E1

E2

. (4.60)

Here λ̃0, fIC(αe), and fKN(Eγ ,αe) are given by Eqns.4.42, 4.41, and4.48,
respectively.
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CHAPTER 5
Numerical Simulations

One way to study the evolution of non-linear structure formation is using
numerical simulations, where the EOM are numerically integrated for given
initial conditions. The initial conditions are extracted from the linear theory,
which is a good approximation at high redshifts because of the lack of dense
structures. There are a vast number of methods to calculate the gravitational
part, where the fastest algorithm is theparticle-mesh(PM) method [106,107].
At each timestep, the number of computational operations ofthis method
scales asN lnN, whereN is the number of particles. The discrete mass res-
olution is smoothed on a three-dimensional mesh and by mapping to Fourier
space, the Newtonian potential can be extracted. This methodefficiently esti-
mates the long range gravitational force that one particle experiences due to
other particles. The short range gravitational force needs abetter spatial res-
olution, and for small simulations is computed through direct summation of
particles. However, this is aO(N2) process and therefore very time consum-
ing. There are a few approaches that can be used to ameliorate this problem
— one of the most useful for cosmological simulations is thehierarchical tree
algorithm [108, 109], where the gravitational field is expanded with varying
accuracy into multipoles, depending on density and distance. This approach
is very inefficient in low-density regions compared to Fourier-based methods,
but a combination of PM methods and the Tree approach, TreePMhybrid
methods [110,111], are powerful over all dynamical scales.

Solving the hydrodynamical part numerically is a much more complex and
time consuming problem than the pure gravity part. The two main hydro-
dynamical methods are (1)smoothed particle hydrodynamical(SPH) meth-
ods or (2)grid based Eulerian codes. The SPH methods, first developed by
Gingold et al. [112] and Lucy [113], discretize the continuous mass density
field (the fluid) and follow discrete particles or fluid elements. These elements
carry information about mass, position, internal energy, and other relevant
properties. The dynamic equations are obtained from the Lagrangian formula-
tion of the hydrodynamic conservations laws. Conversely, the Eulerian meth-
ods [114, 115] discretize space instead and solve for continuous fields ona
mesh. This gives the advantage of capturing hydrodynamical shocks without
the need for artificial viscosity as in the case of SPH methods. The downside
of the cosmological grid codes is their inefficient treatment of the huge spread
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in spatial scales, although adaptive mesh refinement (AMR) codes have made
some progress [116, 117]. However, problems like advection errors and the
failure to satisfy Galilean-invariance are still present.

5.1 Gravity
In an expanding background, the dynamics of dark matter is described by the
collisionless Boltzmann equation coupled to the Poisson equation:

d
dt

f (r,υ, t) ≡ ∂ f
∂ t

+(υ∇) f −∇Φ∇v f = 0,

∆Φ(r, t) = 4πGN

∫

f (r,υ, t)dυ , (5.1)

where f (r,υ, t) describes the phase space distribution function andΦ(r, t)
denotes the force field acting on the particles in the fluid. The∇ denotes the
partial derivate in three spatial dimensions,∆ = ∇2 is the Laplace operator,
andGN is the Newtonian gravitational constant. ForN tracer particles these
coupled differential equations are solved approximately at each timestep using
N-body simulations that integrate the collisionless Boltzmann equation.

In the case of direct summation overN particles, which is the simplest sce-
nario, the force field and theequations of motioncan be expressed in the fol-
lowing way,

ẍi = −∇iΦ(xi),

where Φ(xi) = −GN

N

∑
j=1

mj

[(xi −x j)2+ ε2]
1
2

. (5.2)

Hereε denotes the gravitational softening (for this simple case it is usually
referred to as the Plummer length) that is introduced to prevent large-angle
particle scattering’s as well as bound particle pairs, and ensure that the two-
body relaxation time is sufficiently large. The mass of particle j is denoted by
mj and the double dot denotes the time derivative taken twice.

5.2 Smooth Particle Hydrodynamics
The IGM and ISM are modelled separately as ideal gases coupledgravita-
tionally to dark matter. Together with the equation of stateP= (kB/m)ρT =
(γ −1)uρ , the hydrodynamics of the gas is fully described by the continuity
equation (mass conservation), the Euler equation (momentumconservation),
and the transport of specific internal energy (conservationof energy):

dρ
dt

+ρ∇υ = 0,
dυ
dt

=−∇P
ρ

−∇Φ,
du
dt

=
T
m

ds
dt

− P
ρ

∇υ. (5.3)
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Herem denotes the typical mass of a gas particle,γ the adiabatic index,ρ
the matter density,P the pressure of the gas,u the specific internal energy
of the gas (in units of energy/mass), andd

dt ≡ ∂
∂ t +υ∇ the Lagrangian time

derivative. The conservation of energy follows from the thermodynamic re-
lation du = (T/m)ds− (P/m)dV = (T/m)ds+P/ρ2dρ , which describes the
changes in energy due to entropy and volume changes. For an adiabatic gas
the entropy term vanishes (s= constant). However, external heat sources and
cooling processes have to be incorporated intods.

The form of the hydrodynamical equations in Eqn.5.3is not efficient to use
in SPH simulations, and needs to be re-written. This is done ina Lagrangian
formalism, which is the strength of SPH methods since it adaptively increases
the resolution in dense regions and is therefore appropriate for cosmological
simulations. However, the drawback is the dependence on theartificial viscos-
ity needed to provide necessary entropy injection in shocks. Considering the
Riemann problem1, the discontinuities are broadened over the SPH smoothing
scale but the post-shock quantities are calculated very accurately.

All macroscopic properties of the SPH fluid are related to thedensityρ .
At the beginning of each timestep in a SPH simulation, the density is the
first quantity to be calculated and the remaining hydrodynamical parameters
are then derived from this. The density at positionri of the i-th particle is
calculated with

ρi = ∑
j

mjW(|ri − r j |,hi) , (5.4)

where mj is the mass of thej-th fluid element andW(r,h) the adaptive
SPH smoothing kernel2 [111] implicitly obeying the continuity equation. The
EOM, describing the evolution of the dynamical variables foran SPH simula-
tion, are derived through the Lagrangian formalism using an SPH discretized
Lagrangian

L (q, q̇) = ∑
i

mi

2
ṙ2
i −∑

i

miui +∑
i

λiφi , (5.5)

where the degrees of freedom of the system are represented byq =
({ri},{hi},{λi}), and the total energy per mass of thei-th particle is de-
noted byui = εi/ρi . Lagrangian multipliers (λi) were introduced by Springel
& Hernquist [119] to incorporate the choice of smoothing lengthhi into the
Lagrangian via the function

φi(q) =
4π
3

h3
i ρi −MSPH. (5.6)

HereMSPH= m̄NSPH is the required mass within the smoothing kernel,m̄ the
average particle mass, andNSPH the typical number of smoothing neighbors

1The Riemann shock-tube calculation of Sod (1978) [118] is a frequently used test of numerical
hydrodynamical codes.
2The kernel drops to zero atr = h and has the units of inverse volume.
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chosen to be only slightly varying. Now, using theEuler-Lagrangeequation

∂L

∂q
− d

dt
∂L

∂ q̇
= 0, (5.7)

and taking the variation with respect to the Lagrangian-multiplier λi, it will
force φi = 0. This means that small smoothing lengths are associated with
dense structures, and vice versa. Hence,SPH provides good resolution in high-
density regimes, while the resolution in low-density structures is poor.

Taking the variation of the remaining degrees of freedom, wecan derive
the EOM of the adiabatic part (s= const). However, since this would involve
some quite laborious SPH arithmetic, we refer the interested reader to [119],
and simply present the resultant EOM:

dυi

dt
=−

N

∑
j=1

mj

[

gi
Pi

ρ2
i

∇iW(|ri − r j |,hi)+g j
Pj

ρ2
j

∇iW(|ri − r j |,h j)

]

, (5.8)

wheregx are defined by

gx =

[

1+
hx

3ρx

∂ρx

∂hx

]−1

for x= i, j . (5.9)

Note that Eqn.5.8 conserves the total energy, entropy, momentum, and an-
gular momentum. Non-adiabatic processes such as, shock waves, radiative
energy losses, thermal conduction, and CR diffusion, can beadded to this. For
a detailed derivation of the EOM including the artificial viscosity and imple-
mentation of non-adiabatic processes, see [119,120].

5.3 Cosmological Simulations
When it comes to simulating cosmological structures, such as clusters of
galaxies, SPH codes are superior to the grid codes simply because of the
huge spread in the dynamical scales. The initial conditions for the simula-
tions are created from the initial density field in the early Universe. Usually
one assumes that the density field is Gaussian, where the power spectrum of
fluctuations is calculated for the adopted cosmological model (e.g. [121]). The
density field is evolved to a chosen later epoch (typically aroundz∼ 50−100)
using models similar to the linear transfer function discussed in section3.1.

In order to make reliable predictions about non-thermal processes in galaxy
clusters, several important physical processes have to be carefully modelled.
In Fig. 5.1, theupper central partshows the standard processes that are usu-
ally considered in cluster simulations. A gas cloud suffersfrom radiative cool-
ing, which forces it to contract and eventually leads to the formation of stars
in the densest regions. This occurs in the central parts of thecluster as well
as in substructures that form individual galaxies. Once themassive stars run
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out of nuclear energy, they explode in supernovae that drivestrong shocks
into the ambient ISM, providing it with thermal and turbulent energy. Addi-
tional sources of energy are the AGNs that convert gravitational energy asso-
ciated with the accretion of a super-massive black hole intolarge-scale jets
that re-inject thermal energy. On even larger scales, the hierarchical cluster-
ing induces structure formation shocks that dissipate gravitational energy into
the thermal gas, hence supplying the ICM with entropy and pressure support.
These processes are associated with three main observables:(1) X-rays com-
ing from “hot” electrons in the ICM that give rise tothermal bremsstrahlung.
(2) These thermal electrons also up-scatter CMB photons which is seen in
the CMB spectrum (Sunyaev-Zel’dovicheffect, [122]). (3) Thegalaxy spectra
probe the stellar population and are usually observed in thevisible and infra-
red wavelengths. Thelower partof Fig. 5.1shows the most relevant CR pro-

Figure 5.1:Schematic overview of the relevant physical processes in galaxy clusters.
Right-hand side: shows the interplay between different populations (blue)with gain
(green) and loss (red) processes.Left-hand side: shows the cluster observables (yel-
low) connected to the some of the physical processes. Figureadapted from [123].

cesses within clusters. The CRs are accelerated to high-energies in collision-
less shocks through diffusive shock acceleration. This acceleration process
typically yield CR populations that are power-laws in momenta. The acceler-
ation of the CRs takes place on galactic scales through supernovae explosions,
in the jets and inflated bubbles created by AGNs, and through structure for-
mation shock waves on scales up to tens of Mpc. The CR cooling times are
often much longer than the thermal cooling times. Specifically, the high en-
ergy CR protons cooling times are of the order of the Hubble time, thus they
can propagate over macroscopic distances. The transport of the CRs relative to
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the advected gas can often be regarded as a diffusion processthat redistributes
the CR energy macroscopically. This is analogous to thermal heat conduction
that relocates the thermal energy of the ICM.

One of the problems associated with cosmological simulations is the well
knownover-cooling problem(see e.g. [124]). This occur in simulations with
radiative cooling but without any significant feedback, thus allowing for too
many baryons to cool and condensate. The problem is mainly limited to the
central regime of clusters, giving rise to too high densities, too low tempera-
tures, and unphysically high stellar fractions compared tocluster observations.
Initially it was thought that supernovae feedback was enough to counteract
the over-cooling, however, it still constitute a serious problem for cosmolog-
ical simulations. Lately it has been shown that the feedback from AGNs is
powerful enough to quench the starformation, and suppress cluster cooling
flows [125,126].

5.4 Cosmic-ray Implementation
5.4.1 Model
Numerical simulations and semi-analytic descriptions of galaxy and galaxy
cluster formation have only in the last few years started to implement the
non-thermal component, despite its importance. Especiallyimportant is the
relativistic proton pressure contribution to the total pressure, which can build
up during a long time because of the much longer cooling time of CRs com-
pared to the thermal population. In the parallel TreePM SPH codeGADGET3
(updated and extended version ofGADGET2 [111, 127]), which we use for
our high resolution galaxy cluster simulations, we follow the most important
injection and loss processes of CRs self-consistently while accounting for the
CR pressurePCR in the EOM.

To fully describe the transport of CRs with time and space, a Fokker-Planck
equation (see Eqn.4.1) [80] that follows the evolution of the isotropic CR dis-
tribution function in phase spacef (x, p) should in principle be solved for each
timestep. However, due to the entangled magnetic fields in the gas, the CRs
are advected along with the gas. Hence,the transport of CRs can conveniently
be described in terms of the motion of gas particles. The injected spectra fol-
low from diffusive shock acceleration, where energetic ions that experience a
shock wave are reflected on magnetic irregularities and are able to gain energy
by diffusing back and forth across the shock. As we saw in section 4.1.2, the
distribution function resulting from this process is a power-law in momentum.

In each SPH fluid element inGADGET3 we model the CR population as
relativistic protons, since they are the dominant CR population. The energy
density of heavier particles, such asα-particles, can be absorbed into the pro-
ton spectrum and regarded as an ensemble of four individual nucleons. We
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allow for multiple CR populations, where each CR populationfi(p) is repre-
sented by a one-dimensional isotropic power-law distribution function given
by

f (1)i (p)≡ fi(p) =
d2Ni

dpdV
=Ci p

−αi θ(p−qi) . (5.10)

Hereθ(x) denotes the Heaviside step function,αi the fixed CRp spectral in-
dex, qi the lower momentum cut-off, andCi the CRp amplitude3. We use a
dimensionless momentump = Pp/mpc, wheremp is the proton mass andPp

the proton momentum. This approach allows for an accurate spectral descrip-
tion as the superposition of power-law spectra enables a continuous curvature
of the composite spectrum. This setup is a generalization of the CR method
used in [120,128], where a single power-law distribution was used. Hence, we
refer to those papers for the details about how to implement self-similar CR
physics in hydrodynamical simulations. However, for consistency, we sum-
marize the main steps below.

The total partial pressure of the CRs are given byPCR = ∑i PCR,i , where the
pressure for each CR population is given by

PCR,i =
mpc2

3

∫ ∞

0
dp fi(p)β p=

Cimpc2

6
B 1

1+q2
i

(

αi −2
2

,
3−αi

2

)

. (5.11)

Here Bx(a,b) denotes the incomplete beta function andβ = υ/c =
p/
√

1+ p2 is the dimensionless velocity of the CR particle. For a mixture
of thermal gas and CRs we define an effective adiabatic index through

γeff ≡
dln(Pth+∑i PCR,i)

dlnρ

∣

∣

∣

∣

S
=

γthPth+∑i γCR,iPCR,i

Pth+PCR
, (5.12)

where the first equation is taken at constant entropy. The CR adiabatic index
is given by

γCR,i =
ρ

PCR,i

(

∂PCR,i

∂Ci

∂Ci

∂ρ
+

∂PCR,i

∂qi

∂qi

∂ρ

)

=
αi +2

3
− 2

3
q2−αi

i β (qi)

[

B 1
1+q2

i

(

αi −2
2

,
3−αi

2

)]−1

. (5.13)

The EOM in Eqn.5.8 has an explicit dependence on the total pressure
P = PCR+Pth, where the thermal pressurePth is calculated from the equa-
tion of state for an ideal gas and the CR pressurePCR is calculated through
Eqn.5.11. The evolution ofPCR is fully determined byCi, qi , andαi , which
are our independent variables. The CR number density forαi > 1 is given by

nCR,i =

∫ ∞

0
dp fi(p) =

Ciq
1−αi
i

αi −1
(5.14)

3The spatial- and time-dependence are suppressed for brevity for bothC=C(r, t) andq= q(r, t)
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and the kinetic energy density of a CR population

εCR,i =
∫ ∞

0
dp fi(p)Tp(p) =

Cimpc2

αi −1
×

[

1
2
B 1

1+q2
i

(

αi −2
2

,
3−αi

2

)

+q1−αi
i

(

√

1+q2
i −1

)]

,

(5.15)

whereTp(p) = (
√

1+ p2−1)mpc2 denotes the kinetic energy of a proton.
Adiabatic processes leave the form of the power-law invariant, but change

the normalization and the cutoff in a simple way. Specifically, they connect
these variables to the density and their adiabatic invariantsC0,i andq0,i :

qi(ρ) =
(

ρ
ρ0

)
1
3

q0,i and Ci(ρ) =
(

ρ
ρ0

)

αi+2
3

C0,i . (5.16)

Hence, the variablesq0,i andC0,i are a convenient choice for cosmological
simulations based on a Lagrangian formalism.

Non-adiabatic processes such as cooling, acceleration, and injection pro-
cesses change these adiabatic invariants. We explicitly model changes to the
CR number and energy density in each of these processes whileemploying
the conservation ofnCR andεCR as a guiding principle. For small changes, we
use a Taylor expansion to relate changes in CR number and energy density to
changes in(Ci ,qi):

(

dCi

dqi

)

=

(

∂Ci/∂nCR,i ∂Ci/∂εCR,i

∂qi/∂nCR,i ∂qi/∂εCR,i

)(

dnCR,i

dεCR,i

)

.

To account for CRs cooling, we adopt a model for Coulomb losses4 in a
plasma that is valid when the CR Lorentz factorγ ≪ mp/me [129]:

−
[

dTp(p)
dt

]

coul
=

4πe4ne

meβc

[

ln

(

2mec2β p
~wpl

)

− β 2

2

]

, (5.17)

where the plasma frequency is denoted bywpl andne is the number density
of the electrons. In addition, we model the losses that is dueto hadronization
[120]:

−
[

dTp(p)
dt

]

had,i
= cnNσpp(αi)KpTpθ(p−qthr) . (5.18)

HereKp ≃ 1/2 denotes the inelasticity of the reaction andTp the kinetic en-
ergy of the proton. The kinematic threshold for pion production from CRps
interacting with ambient gas isqthrmpc2 = 0.78GeV.

4A result of CRp Coulomb interactions with ambient plasma leading a transfer of kinetic energy
to surrounding ions and electrons.
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The cooling timescales derived fromτi = εCR,i/(ε̇CR,i)cool, where
−(ε̇CR,i)cool=

∫ ∞
0 dp fi(p)

[

(Ṫp)coul+(Ṫp)had,i
]

is shown in Fig.5.2for an elec-
tron densityne = 1cm−3. Note the small cooling timescales at low momen-
tum for Coulomb cooling and the constant cooling at higher momentum due
to hadronic cooling (also referred to as catastrophic cooling).
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Figure 5.2:Cooling times for cosmic-ray proton (CRp) spectra in a hydrogen plasma
with ne = 1cm−1. Thin solid lines show the total cooling times with spectralindices
(2.25, 2.5, 2.75) as a function of the cut-offqi . Coulomb and hadronic loss times are
displayed separately with dotted and dashed lines, respectively. The thick solid line
shows the total cooling times of a mono-energetic CRp population with p= q. Figure
adapted from [120].

5.4.2 Tests
To test the changes done to shock injection and accelerationmechanisms in the
generalizedGADGET3, we have simulated one-dimensional shock-tubes for a
composite plasma of thermal gas and CRps with a spectral index αi = 2.9. This
one-dimensional Riemann shock-tube problem is solved analytically using the
Rankine-Hugonit jump relations in Eqns.4.6-4.8, see [130] for more details.
Starting with higher pressure and density in the left end of the tube, we let
it evolve with time and look at a snap-shot at a later time. In Fig. 5.3 the
analytic solution in color is over-plotted the simulation for a Mach number
M = 30 shock, and as one can see the two solutions agree very well. The
enhanced figure in the pressure panel shows the partial pressure components
in the shock-front, where the top green line is the pressure in theαi = 2.005
spectral bin, which roughly corresponds to aM = 30 shock (see Eqn.4.17).
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To test the cooling mechanism defined in section5.4, we simulate a freely
cooling CRp population without any injection. At a fixed point in space, this
population is modelled by

∂ fi(p, t)
∂ t

+
∂

∂ p
[ṗi(p) fi(p, t)] = 0, (5.19)

where

ṗi(p) =

{

[

dTp(p)

dt

]

coul
+

[

dTp(p)

dt

]

had,i

}

[

dTp(p)

dt

]−1

(5.20)

describes the momentum loss rate due to Coulomb cooling and hadronic losses
via the creation of hadrons. Note that Eqn.5.19is derived from the isotropic
Fokker-Planck equation (Eqn.4.1) usingA(x, p) = ṗ. In Fig.5.4, we compare
the the time evolution of very accurate cooling simulations[131] to our ap-
proximate simulation using the simplified but efficient formalism incorporated
into GADGET3. For short timescales (. 50Myr) most of the spectral evolution
occurs in the low-energy cut-off, and the approximate description captures
the evolution fairly well. The low energy cut-off for both theultra-relativistic
and non-relativistic CRp populations approaches the trans-relativistic regime
which is the equilibrium point between Coulomb cooling and hadronic losses,
corresponding top≃ 1. After a few cooling times our approximate treatment
of the CRps becomes inaccurate. However, for first order effects of the CRp
dynamics that we consider, the level of accuracy is sufficient.
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Figure 5.3:Shock-tube test in a periodic three dimensional box developing a Mach
numberM = 30 shock in the x-direction. The tubes are filled with a composite of
cosmic-ray protons (CRps) with a spectral index 2.9 and thermal gas. Initially, the
CRp to thermal pressure ratio,XCR = PCR/Pth = 2, in the left space (x< 250), while
pressure equilibrium is assumed for (x > 250). Shown are the volume averaged hy-
drodynamical quantities,〈ρ(x)〉,〈P(x)〉,〈υx(x)〉,〈M (x)〉; the results from simulations
and analytic methods are represented by lines in black and color, respectively. For
the pressure, the red line denotes the total pressure, greenCRp pressure, and orange
the thermal pressure at timet. The blue line represents the initial total pressure. In
the compressed shock region (enhanced figure), the pressurefrom αi = 2.005 (top
green) clearly dominates over the CRp pressure from the initial CRp population with
αi = 2.9, that dominates everywhere else.
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Figure 5.4:Spectral energy distribution of a freely cooling cosmic-ray proton (CRp)
population of a given volume. The initial CRp populations used are for the left panel
(C0,i ,q0,i ,αi ) = (1,10−3,2.5) and for the right panel (C0,i ,q0,i,αi ) = (1,102,2.5). Spec-
tra are shown from top down in age (0.01,0.1,1,10,100,300) Myr. The approximate
solutions inferred from GADGET3 are displayed by solid lines and the numerically
exact solutions [131] are represented by dotted lines.
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CHAPTER 6
Non-thermal Processes –
Observations and Predictions

The formation process of galaxy clusters induces turbulenceas well as fre-
quently occurring merging and accretion shocks. These processes are thought
to accelerate large quantities of non-thermal electrons and protons to high
energies. On smaller scales, such as galaxies, there is convincing evidence of
non-thermal populations. Especially, in the MW, the CRs are observed directly
as well as indirectly through radio, X-ray,γ-ray emission.

In section6.1.1the observed CR spectrum in the MW is discussed. In ad-
dition, we summarize the latest measurements and interpretations of the elec-
tron/positron data. This is followed by a brief summary of therecent discov-
ery of diffuseγ-ray emission from starburst galaxies. Finally, in section6.2
we outline the main result of the CR study inPaper I and provide a semi-
analytic framework for estimating both the CRp spectra and distribution in
galaxy clusters.

6.1 Galactic Cosmic-rays
6.1.1 Cosmic-rays in the Milky Way
In our galaxy, the Milky Way, the main source for accelerating particles to
high energies is thought to be supernova remnants. The emission induced
by remnants has been observed over a wide energy range, e.g. radio syn-
chrotron emission, X-rays, andγ-rays from IC and pion decay. The observed
CRs consist mainly of protons (∼ 90%), while Helium ions (∼ 10%), elec-
trons/positrons (∼ 1%), and heavy ions (∼ 1%) are more rare. Because CRs
propagate along the magnetic field lines, irregular magnetic fields in our
galaxy and in the IGM, makes it very hard to trace the CRs back to the original
source. The magnetic field in the solar wind prevents the low energy particles
from reaching the inner part of the solar system. However, for protons and
charged ions with an energy greater than about10GeV the effect from the so-
lar wind becomes neglible. For very high energy particles, the radius of which
the particles gyrate around the magnetic field in our Galaxy becomes compa-
rable to characteristic scales in the Galaxy. This radius is called the Larmor
radius and it is proportional to the momentum of the particle, p⊥, perpendic-
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ular to the magnetic field lines:

rL ≡ p⊥c
ZeB

≈ 2
Z

(

E
10GeV

)(

µG
B

)

AU . (6.1)

HereZ denotes the charge number of the nuclei andB is the strength of the
magnetic field. In the solar neighborhood the magnetic field is about6µG
while a slightly larger value is measured in the central parts of our galaxy.
Thus, on a short timescale and for a magnetic field strength similar to the
solar neighborhood, CRs are mainly confined below the energy∼ 4×1018eV
since their Larmor radius are smaller than the thickness of the galactic disk.
However, because of interaction with the ISM, the Galactic CRs can diffuse
out of the disk on a timescale∼ 108 yrs. In an equilibrium situation, diffusion
steepens the injected spectrum (observations of supernovaremnants suggest
an injection spectrum of the formE−2.4 [81]) by E−1/3, which is derived from
Kolmogorov diffusion. This is thought to be the reason why observations find
a CR spectrum ofE−2.7 below∼ 3×1015eV.

The observed CR spectrum follows a piecewise power-law distribution,
dN(E)/dE ∼ E−α . This distribution scaled by a factorE2.5 is shown in
Fig. 6.1. There are three distinct features visible: the knee at∼ 3× 1015eV
where the slope changes from−2.7 to about−3.1, the ankle at∼ 4×1018eV
where it flattens to−2.7 again, and a cutoff at∼ 5×1019eV, which is the ex-
pected energy of the Greisen-Zatsepin-Kuzmin limit [132]. Because CRs with
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Figure 6.1:Cosmic ray flux scaled with factorE2.5 as a function of energy. There are
three features visible, the knee (∼ 3×1015eV), the ankle (4×1018eV) and a cutoff
at the expected energy of the Greisen-Zatsepin-Kuzmin limit (5× 1019eV). Figure
adapted from [133].

energies above4×1018eV are observed (with a Larmor radius larger than the
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galactic thick disk) they are thought to be of extra-galactic origin, which mo-
tivates the existence of CRs in other galaxies as well as galaxy clusters. Note
that because of confinement, galaxies and galaxy clusters below this high en-
ergy are unlikely to be observed directly through CRs, and therefore there
exist no solid detection of an extra-galactic CR spectrum. However, the extra-
galactic CR spectra can be probed indirectly by non-thermalradio and X-ray
data in combination with an eventual observedγ-ray spectrum.

In addition to the observed high energy CR spectrum in Fig.6.1, there are
observations of low energy CRes. For the CRe spectrum above10GeV the
dominant loss processes are IC and synchrotron radiation, which steepen the
spectrum by order unity. The measured electron spectrum at these energies is
shown in the right panel of Fig.6.2. The most accurate measurements, per-
formed by Fermi-LAT [40], indicate a slightly flatter spectrum than what is
predicted from conventional models, moreover, it shows a small excess in the
upper GeV energy range. This excess agrees with the spectrum measured by
the H.E.S.S. experiment [41]. An even more pronounced excess is seen in
the measured positron fraction [38], shown in the left panel of Fig.6.2. Cur-
rently there are many explanations to these observed spectra: nearby pulsars
where the energetics is convincing but the smoothness of theFermi data hard
to model (e.g. [134]), a dark matter particle that mainly annihilates or decays
into leptons provides an excellent fit to the data but large boost factors are
needed (e.g. [44]), and there are also suggestions of alternative mechanisms
for accelerating particles in supernova remnants (e.g. [135]). Currently it is
too early to rule out many of the models due to insufficient data as well as the
large freedom in many of the proposed models.

6.1.2 Cosmic-rays in Starburst Galaxies
Even though the first CRs in our galaxy were discovered over 100years ago,
there has not been any convincing observation of CR populations in other
galaxies until very recentγ-ray measurements. In fact, a fewγ-ray observa-
tories detected extended diffuse emission from nearby galaxies with a high
star formation rate. The high star formation rate is usually triggered by a
major merging event, and is accompanied by a high supernova rate. The ex-
tended morphology of the detections indicate that the emission originate from
CRs. Even if these observations are few, it hints that CR populations are com-
mon in this type of galaxies. The first detection was made by theimaging air
Čerenkov telescope (IACT) called H.E.S.S., which discoveredγ-rays with en-
ergies> 220GeV from NGC 253 [137]. Not long after, the VERITAS1 IACT
discoveredγ-rays with energies> 700 GeV from M82 [138]. By the end of
2009, these galaxies were also seen by the Fermi satellite [139] with the γ-ray
detector LAT on board. The data from theγ-ray measurements are unfortu-

1Very Energetic Radiation Imaging Telescope Array System.
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Figure 6.2: The observed cosmic-ray (CR) electron and positron excesses. Left
Panel:The positron fraction measured by the PAMELA experiment (red crosses) is
contrasted to the expected data (black line). Clearly indicating an excess of positrons.
Figure adapted from [38]. Right Panel:Electron CR spectrum from the Fermi-LAT
(red filled circles) is contrasted to a conventional diffusive model (blue dashed line).
The grey band shows the systematic errors and the grey data points are measurements
from other experiments. The Fermi data indicate a small excess in the 100 GeV to
1 TeV energy regime. Figure adapted from [136].

nately not good enough to distinguish emission induced by CRprotons (ions)
from the emission that is expected from primary electrons that up-scatter low-
energy photons from massive stars and ambient radiation fields. If the ob-
served radio synchrotron emission in M82 [140] originates from secondary
electrons, it can be used to place an upper limit on theγ-ray flux produced by
CRps as well as constrain the CRp spectral index. Hence, helping to further
discriminate betweenγ-rays induced by CRps and those coming from primary
CRes. Conversely, if the observed radio emission originates from synchrotron
emitting primary CRes, then one would additionally expect infrared and CMB
photons to be IC up-scattered into the hard X-ray (HXR) up to theγ-ray energy
regime. However, the observed diffuse HXR emission from M82shows that
the thermal bremsstrahlung accounts for most of the observed emission [141],
hence constraining the non-thermal component. In combination with measure-
ments of the magnetic field this allows one to further constrain the CRe pop-
ulation.

6.2 Cosmic-rays in Galaxy Clusters
In the ΛCDM Universe, large scale structure grows hierarchically through
merging and accretion of smaller systems into larger ones, and clusters are
the latest and most massive objects that had time to virialise. Approximately
every Gyr a major merger occurs with a mass ratio. 3 in the constantly grow-
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ing galaxy cluster. As shown in Fig.6.3, these merger events createshock
wavesthat both dissipate thermal energy into the IGM andaccelerate protons
and electronsthrough diffusive shock acceleration. Observations of extended
radio emission (radio halos and radio relics, see section6.3.1 for more de-
tails) demonstrate the presence ofsynchrotron emitting electronswith energies
reaching∼ 10GeV in more than 50 merging clusters [142,143], although the
precise origin of the CRes in radio halos is still unclear. Thecurrent favored
theoretical explanation to the observed radio synchrotronemission suggest
that there exist a large population of mildly-relativisticelectrons in the ICM.
These electrons have aγ ∼ 100−300 and a cooling time that is of the same
order as the Hubble time, hence they had time to accumulate inthe ICM [144].
When these electrons experience merger-induced shocks andturbulence, they
can be re-accelerated to higher energies, see [145] and the references therein.
The resulting electron spectrum from such a mechanism is a convex shaped
spectrum. In this model, the electronsIC up-scatterCMB photons mainly into
the ultra violet (UV) and HXR energy regime. In fact, some clusters show an
excess in UV/HXR emission compared to expected thermal bremsstrahlung
of the hot ICM (see e.g. [146–148]). The IC emission induced by the high
energy tail of the CRe spectrum has also been proposed (see e.g. [149,150])
to constitute a fraction of the diffuse cosmologicalγ-ray background. There
are, however, several shortcomings of the re-accelerationmodel where the
two most severe are listed below: (1) Recent observations with both the on-
going Swift/BAT all-sky survey as well as the Suzaku X-ray satellite [151],
produce upper limits that are in disagreement with previousclaimed HXR ex-
cesses, thus constrain the CRe populations in those clusters. In addition, can
secondary electrons that radiate through non-thermal bremsstrahlung explain
many of the observed HXR excesses [152,153]. See section6.3.2for further
discussion. (2) In e.g. [154] it is pointed out that in order not to overproduce
the observed X-ray excesses and at the same time account for the radio emis-
sion, a very low magnetic field ofB∼ 0.3µG is required, which is about an
order of magnitude below those magnetic field strengths inferred from Fara-
day rotation measurements. Although, considering that there might be spatial
variations in the field strength, this problem is softened.

There is an alternative viable explanation to the observed synchrotron emis-
sion. It relies on the presence of significant populations ofCR protonsas well
as more locally confinedprimary CR electrons. The CRs originate from dif-
ferent sources, such asstructure formation shocks, radio galaxies, and super-
novae driven galactic winds. The magnetic fields confine the non-thermal pro-
tons within the cluster volume for longer than a Hubble time,i.e. any protons
injected into the ICM accumulates throughout the cluster’shistory [155–157].
Hence, CRps can diffuse away from the production site, establishing a smooth
distribution throughout the entire ICM. InPaper I we show that the CRp en-
ergy spectrum has a universal concave shape and follows an approximate uni-
versal distribution in the ICM. When CRps interact with ambient gas protons,
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Figure 6.3: Schematic overview of the relevant non-thermal radiative processes in
galaxy clusters. Both gravitational and non-gravitational energy sources (red) are
able to accelerate particle populations to relativistic energies (blue) through different
plasma processes (green). Cosmic-ray populations are probed through non-thermal
emission (yellow) where electron populations can induce radio synchrotron emission
as well as inverse Compton emission in both the X-ray andγ-ray energy regime. Con-
trary, the cosmic-ray proton populations have a characteristic spectral signal, with the
spectral peak atmπ0/2= 67 MeV/c2. Figure adapted from [123].

it results in the production of pions that decay successively into secondary
electrons, neutrinos, andγ-rays. The secondary CR electrons can in the pres-
ence of ubiquitous ICM magnetic fields emit a halo of radiosynchrotron emis-
sion[97,104,158–161] as well as up-scatter CMB photons through IC into the
HXR andγ-ray energy regime [97,105,154–156,162–164]. In addition, con-
sidering that accretion shocks frequently occur in the outskirts of clusters, the
resulting pIC can easily extend the halo without inferring unrealistic CR en-
ergy densities [105]. For a more detailed comparison between re-acceleration
models and hadronic models see [165].

There is only little known theoretically about the spectral shape of the
CR population in the ICM. It is an interesting question whether it corre-
lates with injection processes or is significantly modified by transport and
re-acceleration processes of CRs through interactions with magneto hydrody-
namical (MHD) waves. The most important processes shaping the CR spec-
trum are: (1) acceleration by structure formation shock waves [114,166,167],
MHD turbulence, supernovae driven galactic winds [138], or active galactic
nuclei (AGN), (2) adiabatic and non-adiabatic transport processes, in partic-
ular anisotropic diffusion, and (3) loss processes such as CR thermalization
by Coulomb interactions with ambient electrons and catastrophic losses by
hadronic interactions.
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Strong (high Mach number) shocks that inject a hard CR population occur
either at high redshift during the formation of the proto-clusters or today at the
boundary where matter collapses from voids onto filaments orsuper-cluster
regions. In contrast, are merger shocks, weak to intermediate strength shocks
with typical Mach numbers in the range ofM ≃ 2. . .4 [167–169]. AGNs
and supernova remnants are also expected to inject CRs with aspectra,αinj ≈
2.2−2.4 [81,155,170], but it is not clear whether they are able to build up a
homogeneous population of significant strength.

In the following we give a brief summary of the CRp spectrum that we
obtain from the simulations inPaper I and discuss the relevant physics that
gives rise to it. Given our assumptions, we find that the CRs follows a universal
spectral shape and that the spatial CR distribution is approximately universal.
This behavior enables us to construct a semi-analytic CR spectrum and to
compute theγ-ray spectrum as well as secondary decay spectra (electrons,
neutrinos) semi-analytically.

6.2.1 A Universal Cosmic-ray Spectrum
In Fig. 6.4, we show the median CR spectrum of all 14 galaxy clusters as well
as the associated spectral indexα. The CR spectrum of every cluster,fv(p),
has been normalized at the dimensionless proton momentump= Pp/mpc= 1.
We note that it shows a remarkably small variance across our cluster sam-
ple which indicates a universal CR spectrum for galaxy clusters. There are
three important features in the spectrum: (1) Alow-momentum cutoffdue to
efficient Coulomb cooling at these low momenta withp . 1. (2) In the mo-
mentum range betweenp ≃ 1− 106, the spectrum has aconcave shapein
double-logarithmic representation, i.e. it is a decreasing function with energy
in the GeV/TeV energy regime. This is quantified by the momentum depen-
dent spectral index (shown in the lower panel of Fig.6.4) which ranges from
α ∼ 2.5 at energies above a GeV toα ∼ 2.2 around 100 TeV. (3) There is
a diffusive breakin the spectrum at high momenta where the spectral index
steepens by 0.3. The CRs above these energies can diffusivelyescape from the
cluster within a Hubble time. The particular value of the steepening assumes
that the CRs scatter off Kolmogorov turbulence (seePaper I for details).

In Paper I we also found a universal CR spectrum within each cluster, as
well as an approximate universal spatial profile, where the outer part is, how-
ever, sensitive to recent dynamical activity. In addition,we found that in the
ICM, the spectral shape does not strongly depend on the radius. This is a cru-
cial finding as it enables us toseparate the spectral and the spatial partof the
CR distribution.

The main reason for the concave universal spectra and approximate univer-
sal spatial profile is the very similar, on average, formation history of galaxy
clusters (Pinzke & Pfrommer in prep.). Especially the concave shape is un-
derstood by the cosmological Mach number distribution thatis mapped onto
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Figure 6.4: Spectral universality across our cluster sample: we show the median
cosmic-ray (CR) proton spectrum (solid line) as a function of dimensionless CR mo-
mentump = Pp/mpc for a sample of 14 galaxy clusters together with the 68 per-
centiles (dotted lines). The CR spectrum of every cluster,fv(p), has been normalized
at p = 1. Note the small variance between different clusters belowthe diffusive break,
which indicates a universal CR spectrum for galaxy clusters. The large scatter in the
p= 106−108 momentum regime is a consequence of the strong radial dependence of
the diffusive break. The lower panel shows the CR spectral indexα =−dln f/(dlnp)
of the cluster sample.

the CR spectrum [167]. This mapping depends on the shock acceleration ef-
ficiency as a function of shock strength as well as on the property of the
transport of CRs into galaxy clusters. Nevertheless, we caneasily understand
the qualitative features: the typical shocks responsible for CR acceleration
are stronger at higher redshift since they encounter the cold unshocked IGM.
This implies the build-up of a hard CR population. Since the forming ob-
jects have been smaller in a hierarchically growing Universe, their gravity
sources smaller accretion velocities which results in smaller shock velocities,
υsh. Hence the energy flux through the shock surfaces,Ėdiss/R2 ∝ ρυ3

sh, that
will be dissipated is much smaller than for shocks today. Thiscauses a lower
normalization of this hard CR population. With increasing cosmic time, more
energy is dissipated in weaker shocks which results in a softer injection spec-
trum. Despite the lower acceleration efficiency, the normalization of the in-
jected CR population is larger than that of the older flat CR population which
yields an overall concave spectral curvature. We will studythe details of the
CR acceleration and transport that leads to that particularspectrum in a forth-
coming paper (Pinzke & Pfrommer, in prep.).
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6.2.2 The Spatial Distribution of Cosmic-rays
We quantify the spatial part of the CRp spectrum through the dimensionless
normalization of the CRp spectrum,C̃(R) =mpC(R)/ρ(R), whereC(R) is the
normalization of the total CRp distribution. The physical effects that shape the
profile ofC̃ include acceleration of CRs at structure formation shocks,the sub-
sequent adiabatic transport of CRs during the formation of the halos as well
as non-adiabatic CR cooling processes; primarily hadronicinteractions. At the
same time we have to consider the assembly of the thermal plasma and CRs
within the framework of structure formation that is dominated by CDM. Hi-
erarchical structure formation predicts a difference in the halo formation time
depending on the halo mass, i.e. smaller halos form earlier when the average
mass density of the Universe was higher. This leads to more concentrated den-
sity profiles for smaller halo masses; an effect that breaks the scale invariance
of the dark matter halo profile [171]. The central core part is assembled in
a regime of fast accretion [172]. This violent formation epoch should have
caused the CRs to be adiabatically compressed. In the further evolution, some
cluster have been able to develop a cool core which additionally could have
caused the CRs to be adiabatically contracted. On larger scales, the gas distri-
bution follows that of dark matter (at least in the absence ofviolent merging
events that could separate both components for timescales that are of order of
the dynamical time). On these scales, the CR number density roughly traces
the gas distribution [105]. Overall, we expect the spatial CR density profile rel-
ative to that of the gas density to scale with the cluster mass. If non-adiabatic
CR transport processes have a sufficiently weak impact, these considerations
would predict flatterC̃-profiles in larger halos as these halos are less concen-
trated.

Our goal is to characterize the trend ofC̃-profiles with cluster mass and
to test whether we can dissect a universal spatial CR profile.To this end, we
adopt a phenomenological profile that allows for enough freedom to capture
these features as accurately as possible. Note, that we adopt a conservative
limit of the central profile value since the core regions in our radiative simu-
lations show too much cooling, and we possibly lack of important CR physics
such as anisotropic CR diffusion that could smooth out any strong inhomo-
geneity at the center.

In Fig. 6.5we show the mean of thẽCM profiles from the cluster simulation
sample. We subdivide or sample in two different mass intervals: large mass
clusters (top red), and small mass clusters (bottom blue), in the mass range
1×1015 < Mvir/M⊙ < 3×1015, and7×1013 < Mvir/M⊙ < 4×1014, respec-
tively. The error-bars show the standard deviation from sample mean and the
solid lines the best fit. ThẽCM profile of our large mass clusters is almost flat
and shows only a very weak radial dependence. In contrast, the C̃ profile of
our small clusters has a rather steep and long transition region and is increas-
ing towards the center. The difference in normalization, transition width, and
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Figure 6.5:The profile of the dimensionless normalization of the CR spectrum,C̃M .
We show the meañCM and the standard deviation across our cluster sample which has
been subdivided into two different mass intervals: large- (red), and low-mass clusters
(blue) representing the mass range 1×1015 < Mvir/M⊙ < 3×1015, and 7×1013 <
Mvir/M⊙ < 4×1014. The solid lines show the best fit.

transition radius between low mass and large mass clusters indeed suggests
that C̃M scales with the cluster mass in a way that we anticipated – they all
increase slowly with mass.

6.2.3 Modelling the Spatial and Spectral CR Distribution
We want to model the CR spectrum analytically with as few CRp populations
as possible. In that way we can easily obtain the total CR spectrum by super-
position and apply a simple analytic formula to estimate theinduced radiative
processes. To that end, we use a total CRp spectrumfv(p,R) that is obtained
by summing over the individual CRp populationsfi (Eqn4.15); each being a
power-law in particle momentum with the total CRp amplitudeCv(R),

fv(p,R) =Cv(R)g(ζp,max)Dp(p, pbreak,q)∑
i

∆i p−αi , (6.2)

where we assume universal spectral shape throughout the cluster. The nor-
malization of fv depends on: (1) The maximum shock acceleration efficiency
ζp,max, whereg(0.5) = 1 andg(ζp,max < 0.5) < 1 (functional will be studied
in Pfrommer in prep.). (2) The spatial part of the CR spectrum is derived from
the fit to the meañCM in Fig. 6.5. (3) The dimensionless, and approximate ra-
dial independent normalization for each CR population is denoted by∆i. We
capture this quantity through a fit to the median of our cluster sample of the
CR spectrum in Fig.6.4. Because we normalize the spectrum atp = 1, this
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ensures that the normalized spectrumfv(p,R)/ fv(1,R) = ∑i ∆i p−αi becomes
independent of radius (cf. equation6.2). (4) TheDp(p, pbreak,q) quantity en-
sures the low-momentum slope∼ p2, as appropriate from the phase space
volume that is populated by CRs [120], as well as the diffusive losses of CRs
that steepen the spectrum at high energies byδ = 1/3 assuming Kolmogorov
turbulence.

6.3 Non-thermal Emission from Galaxy Clusters
6.3.1 Radio Emission
The first evidence of a significant population of relativisticelectrons (γ . 104)
and magnetic fields in the ICM of galaxy clusters emerged frommeasurements
of extended diffuse synchrotron radio emission. These diffuse radio sources
can be classified into two categories: radio halos and radio relics.

Clusters that are currently undergoing a merger or are in thetail end of a
merger, are typically associated withgiant radio halosthat are about a Mpc
in size or larger. The radio halos are centrally peaked, tracethe thermal emis-
sion, have a steep spectrum with a radio spectral index of 1.1-1.2, and show
no sign of polarized emission. The radio power from these sources seems to
strongly correlated with the X-ray luminosity of the host cluster [173]. There
are observational claims of variations of the spectral index in the peripheral
cluster regions. Some cooling-flow clusters exhibit aradio mini-halowith a
size of a few hundred kpc to half a Mpc. These (mini-)halos havea low-surface
brightness. The synchrotron radiating electrons have shortradiative lifetimes
of τ ∼ 108 yrs, in particular in the case of mini-halos due to the strongmag-
netic fields that are present in the cooling-flow cores [174]. The origin of the
synchrotron emitting electrons in these sources can be explained by MHD tur-
bulence that re-accelerate the mildly relativistic electrons. The turbulence is
thought to be injected by a merger (halos), residual sloshing gas motions in
the cool cores, or buoyantly rising AGN bubbles (mini-halos). Another plausi-
ble scenario is that the emission originate from secondary electrons produced
through CRps interacting with ambient gas particles.

Theradio relics or radio “Gischts”, are located in the periphery of clusters
and have an inhomogeneous morphology that appear spatiallyelongated. The
radio spectrum is also steep and the emission is polarized. There are several
astrophysical sources that are classified as radio relics [175]. Examples of such
sources are old AGNs that either host a synchrotron cooling plasma or are re-
heated through some merger event, as well as large structureformation shocks
that emits synchrotron emission through the injected primary electrons [94].
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6.3.2 Hard X-ray Emission
For several clusters there are observational claims of an excess to the thermal
spectrum in the energy range 20 keV to about 300 keV. We refer to this ra-
diation as HXR emission (for review see [143]). However, due to substantial
observational and systematic uncertainties, as well as a lack of spatial informa-
tion, the evidence for the HXR is quite equivocal. In addition are upper limits
from recent X-ray observations (Suzaku [151] and Swift/BAT [176]) in dis-
agreement with previously claimed HXR excesses. Future X-ray experiments,
such as NuSTAR2, will hopefully pin down the extent of HXR emission, and
in combination withγ-ray measurements answer the question of the origin of
this emission.

In the following we provide a short summary of the two most popular
processes that have been suggested to produce, with some difficulties, the
questionable extended HXR emission observed in several merging clusters:
bremsstrahlung (thermal and non-thermal) emission from a non-relativistic
electron population and CMB photons that are IC up-scattered by highly rela-
tivistic electrons which in addition can produce the observed radio emission.

Bremsstrahlung Emission

For a modest observation time of a cluster, it is very difficult to measure a
multi-temperature plasma. Even for very deep observations it is extremely dif-
ficult to detect hot thermal components (& 15 keV) with current X-ray capa-
bilities such as Chandra or XMM-Newton3. However, if regions with large dif-
ferences in temperatures are present in the ICM, then the thermal conductivity
have to be strongly reduced. This could be realized by e.g. tangled magnetic
fields [152] that are draped around shock-heated dense cores [177,178]. Fur-
thermore, the thermal bremsstrahlung interpretation would also require high
temperatures, well above the mean temperature. To avoid these problems, an
alternative explanation using non-thermal bremsstrahlung has emerged. Here
the HXR emission from clusters is modelled as bremsstrahlung from a super-
thermal electron tail that rise from the thermal electron distribution due to tur-
bulence induced acceleration in the ICM [152,179]. Instead of a non-thermal
electron population accelerated from turbulence, one can consider a non-
thermal secondary electron population that radiate through bremsstrahlung
emission. In fact, these secondary electrons might explainthe observed HXR
excesses seen in several clusters [153,180]. To generate HXR emission with
non-thermal bremsstrahlung requires electrons with comparable or slightly
higher energies than the photons. At these energies the electrons would suf-
fer from severe Coulomb losses. A continuous production of HXR emission
as the one seen in the Coma cluster would heat the ICM into absurd temper-

2The Nuclear Spectroscopic Telescope ARray.
3X-ray Multi-Mirror Mission - Newton.
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atures of about1010 K within a Hubble time [179]. Hence, the non-thermal
bremsstrahlung has to be a short-lived process in galaxy clusters.

Emission from Relativistic Electrons

To explain the HXR with IC emission from CMB photons and star-light, elec-
trons with energies of a few GeV or 100 to a few hundred MeV are required,
respectively. Electrons with this high energies are thoughtto originate from
a re-accelerated or secondary electron population. In addition, primary elec-
trons could give rise to the HXR emission through IC, although an additional
electron population still would have to be present in order to explain the dif-
fuse radio emission.

The characteristics of IC produced emission induced by a re-accelerated or
secondary electron population are very similar to those of radio synchrotron
emission and can be summarized as: (1) Radio to X-ray flux is roughly equal
to the ratio between magnetic field density to CMB energy density (see sec-
tion 4.2.2). (2) Nearly equal power-law index between radio and X-ray emis-
sion. (3) If the spatial X-ray profile is generated by IC up-scattered CMB
photons then it is generally more shallow than the one from radio emission.

The observed radio emission in combination with the above characteristics,
allows one to put upper limits on the volume averaged magnetic field strengths
of the order of0.1 µG. The constraints on the central magnetic fields are
typically a factor few higher, but still far from the values inferred from Faraday
rotation measurements. This is a problem for the IC model, however, there are
ways around it, see e.g. [179] for a more detailed discussion on this topic.
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CHAPTER 7
Gamma-rays from Galaxy Clusters

In this chapter we discuss both the expectedγ-ray flux induced by CRs as well
as the potential flux from dark matter. We complement the predictions with a
selection of the most constrainingγ-ray observations so far.

In section7.1we present the semi-analyticγ-ray model that we developed
in Paper I for CR induced emission. We apply the model to the Perseus and
Coma galaxy clusters and present up-to-dateγ-ray flux estimates on those
clusters. In addition, we use mass-to-luminosity scaling relations to predict
theγ-ray flux from over 100 clusters. We also discuss the expectedγ-ray flux
from the dark matter model used inPaper II and make a careful comparison
of the γ-rays induced by CRs and dark matter. In section7.2 we provide a
summary of recentγ-ray observations and discuss the implications.

7.1 Predictions
7.1.1 Cosmic-ray Induced Gamma-rays
Although there is no clear observational evidence yet for a relativistic proton
population in clusters of galaxies, these objects are expected to contain signif-
icant populations of CRps originating from different sources, such as structure
formation shocks, radio galaxies, and supernovae driven galactic winds. The
clusterγ-ray emission is crucial in this respect as it potentially provides the
unique and unambiguous evidence of a CRp population in clusters through
observing the pion bump in theγ-ray spectrum. Specifically, there are three
main observables for theγ-rays induced by CRs: the morphological appear-
ance of the emission, theγ-ray spectrum, and theγ-ray flux. In the following
sections, we will discuss these observables in more detail.

Spectrum

The analytic framework developed in section4.2.3 is used to map the CRs
to theγ-rays, which we apply in Fig.7.1 where we relate the universal CRp
spectrum toγ-rays. Specifically, in the upper part we show the CR spectrum
within the virial radius of a simulated Coma-like galaxy cluster. It is shaped
by diffusive shock acceleration at structure formation shocks, adiabatic trans-
port, and the relevant CR loss processes. Three distinct features are visible
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in the spectrum: a cutoff close to the proton rest mass atmpc2 ≃ 1 GeV, a
concave shape for proton energies abovempc2, and a steepening due to dif-
fusive losses at energiesEp & 1016eV × [κ0/(1029 cm2 s−1)]−3, whereκ0 is
the value of the diffusion coefficient at 1 GeV. The dotted lines represents
different values of the diffusion coefficient which is varied by a factor two
from its fiducial value. These features are mapped onto the pion decayγ-ray
emission spectrum as a consequence of hadronic CR interactions. This can

Figure 7.1: Upper Panel:CR spectral distribution within the virial radius of a Coma-
like cluster. It shows three distinct features: a cutoff around GeV energies, a concave
shape, and a steepening at high energies due to diffusive losses.Lower Panel:we
show the intrinsicγ-ray number flux weighted by the photon energy that does not take
into account photon propagation effects. The arrows indicate the spectral mapping
from the CR spectrum to the photon spectrum. The pion decay flux is denoted in blue
color, the secondary inverse Compton (sIC) in red, and the primary inverse Compton
(pIC) emission in green. Due to the large uncertainty in the diffusion coefficientκ ,
we demonstrate how varyingκ by a factor of two changes the correspondingγ-ray
spectrum at high energies (dotted lines). The green band shows how the pIC emission
changes if we vary the maximum electron injection efficiencyfrom 0.05 (top) to 0.01
(bottom).

be seen in the lower part of Fig.7.1, where the arrows indicate the spectral
mapping from the CR spectrum to the photon spectrum. In a hadronic inter-
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action, CRs produce pions that decay into photons with an energy that is on
average smaller by a factor eight compare to the original CR energy. At CR
energies that are larger than the hadronic reaction threshold, the CR power-
law behavior is linearly mapped onto the pion decay inducedγ-ray spectrum
(solid blue line). This emission component clearly dominates the total photon
spectrum and therefore shapes the total emission characteristics in the central
parts of the cluster, where the densities are high. Secondary CR electrons and
positrons up-scatter CMB photons into theγ-ray regime through secondary
IC. This emission component originates from the flat high-energy part of the
CR spectrum and produces a rather flat sIC spectrum up to the extended KN
regime around 100 TeV, where the spectrum dramatically steepens (solid red
line). The dash-dotted red line shows the effect from the diffusive CR break
on the sIC. It is not observable in the sIC component for largeclusters while
it can move to energies below the KN break for small enough clusters. The
spectrum shown in green color represents the energy weighted photon spec-
trum resulting from the IC process due to electrons accelerated at structure
formation and merger shocks. The exponential cutoff is due tosynchrotron
and IC losses which lead to a maximum energy of the shock-accelerated elec-
trons. The green pIC band shows the effect of the maximum electron injection
efficiency, where we use an optimistic value ofζe,max= 0.05 (see e.g. [181])
in the top and a value ofζe,max= 0.01 at the bottom.

Morphology

Many of the galaxy clusters within a distance of a few 100 Mpc,have a virial
radius corresponding an angular extent of a degree or more. Since IACTs and
the Fermi satellite can reach an angular resolution of 0.1 degrees, they can
potentially study theγ-ray morphology of clusters.

The morphology of the pion inducedγ-ray emission roughly follow that
seen in thermal X-rays albeit with a slightly larger extent [105]. This similarity
stems from the fact that theγ-ray source function is proportional to both the
CR and gas densities,λγ ∝ nCRnth. In Fig. 6.5 we show that CRs in large
clusters follow the gas while there is a factor ten offset between the central
and outer part in smaller clusters. The primary electrons that are accelerated
directly at the structure formation shocks should be visible as an irregular
shaped IC morphology, most pronounced in the cluster periphery (see [105,
162] andPaper I ).

The central parts of clusters are characterized by high gas and CR densities,
and magnetic fields – at least compared to average values of the ICM. Even
though the cluster core region only makes up a fraction of thetotal volume
of the ICM, the high densities result in a significantγ-ray flux contribution to
the total flux from the cluster. In contrast to the cluster center, the warm-hot
inter-galactic medium (WHIM) is characterized by on average low gas and
CR densities, and magnetic fields. The low densities cause a smaller totalγ-
ray flux from this region compared to the cluster core regions. However, the
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WHIM of the super-cluster region contains a large number of galaxies and
groups that are accreted onto the cluster. This generates more shocks com-
pared to the cluster core region. The cluster characteristics in the two regions
give rise to different normalizations of the individualγ-ray emission com-
ponents, but with a similar shape as the spectra shown for theentire cluster
in Fig. 7.1. Specifically,the flux is comparable from the pIC and pion decay
emission for energies above the pion bump in the WHIM. Conversely,the flux
is completely dominated by the pion decay emission in the core part of clusters.

Semi-analytic Gamma-ray Model

In this section we quantify the dominatingγ-ray flux coming fromπ0-decay.
Specifically, we give a brief description of a semi-analyticformula for the inte-
gratedγ-ray source function that is based on our semi-analytic CR formalism.
Using the gas density profile of the cluster along with its virial radius and
mass, this formula enables us to predict theπ0-decay inducedγ-ray emission
from that cluster. In addition, we makeγ-ray flux predictions for the Coma and
Perseus cluster using their true density profiles as inferred from X-ray obser-
vations. It should be noted that the formalism has been tested on our simulated
clusters inPaper I , and can reproduce both the spectra and morphology of
theγ-rays very accurately.

We use the semi-analytic model for the CR distribution in clusters that we
provide in Eqn6.2, in combination to the formalism in [105], to predict the
γ-ray emission from galaxy clusters1. We obtain the volume weighted and
energy integrated and omnidirectional (i.e integrated over the4π solid angle)
γ-ray source function due to pion decay,

λπ0−γ(R,E) = Aλ (R) λ̃π0−γ(E), (7.1)

Aλ (R) = C̃M(R)
ρ(R)2

ρ2
0

, (7.2)

λ̃π0−γ(E) = g(ζp,max)Dγ(Eγ ,Eγ , break)
4mπ0c
3m3
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, (7.3)

where the sum extends over our three CR populations,C̃M(R) is the fitted
spatial profile to the dimensionless normalization of the CRp spectrum (see
Fig. 6.5), while ∆ andα are the fitted normalizations and spectral indices of
the three CRp populations. We introduced an auxiliary variableρ0 for dimen-

1In addition, the semi-analytic CR formula allows us to estimate the secondary radio syn-
chrotron emission as well as the hadronically induced neutrinos.
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sional reasons to ensure thatAλ is dimensionless. In Eqn7.3 we have also
introduced the abbreviation

[Bx(a,b)]
x2
x1
= Bx2 (a,b)−Bx1 (a,b) , (7.4)

whereBx(a,b) denotes the incomplete Beta-function. The shape parameterδi

allows us to accurately predict the emission close to the pion bump in combi-
nation with the effective inelastic cross-section for proton-proton interactions,
σpp, i . In addition, theDγ(Eγ ,Eγ , break) term describes the diffusive CR losses
due to escaping protons from the cluster at the equivalent photon energy for
the break,Eγ , break. Finally we note that the semi-analyticγ-ray model is de-
rived within Rvir. Applying the model to the region outsideRvir, but within
3Rvir , would increase theγ-ray flux by less than10% for small mass clusters
and less than30% for large mass clusters.

Using the semi-analytic formalism discussed above we calculate theγ-ray
fluxes for Coma and Perseus above 100 MeV and 100 GeV (see table7.1).
Comparing the 100 MeV-flux in our model to the EGRET upper limit on the
Coma (Perseus) cluster [76], we find that it falls short of our semi-analytic
prediction by a factor of about 9 (2.5). With the two-year data by Fermi, this
upper limit on Coma will improve considerably and is expected to become
competitive with our predictions. With this at hand, we willbe able to put im-
portant constraints on the adopted CR physics in our simulations. In particular,
we can test our assumptions about the maximum shock acceleration efficiency
at structure formation shocks. Since Fermi detectedγ-rays from the central cD
galaxy in Perseus, NGC1275, at a level that is about five timeshigher than the
EGRET upper limits, this indicates that the source is variableon timescales of
years to decades [182]. Hence it restricts and complicates the detectability of
the extended pion-day emission that might be buried underneath.

In the TeV regime, we integrate our model prediction within asolid angle
that is comparable to the point-spread function of IACTs. The best current
upper limit for Coma [183] falls short of our semi-analytic prediction by a
factor 20. The best current upper flux limit for Perseus (usinga spectral index
of −2.2, Paper III ) is only a factor of two larger than our flux prediction and
clearly within reach of future deeper TeV observations. Thisdemonstrates
the huge potential of nearby cool core clusters to detect non-thermalγ-ray
emission as suggested by [97].

Gamma-ray Scaling Relation

We use the mass-to-luminosity scaling relations as derivedin Paper I in com-
binations with the virial masses of galaxy clusters of the extended HIFLUGCS
catalogue [184] – the “HIghest X-ray FLUx Galaxy Cluster Sample” from the
ROSAT all-sky survey – to predict theirγ-ray emission.2 In Fig. 7.2, we show

2We have also added the Virgo cluster to the sample that we nevertheless refer to as extended
HIFLUGCS catalogue in the following.



88 GAMMA -RAYS FROM GALAXY CLUSTERS CHAPTER 7

Table 7.1:γ-ray flux comparison of the Coma and Perseus galaxy cluster.

Eγ Experiment θ Fγ ,UL(> Eγ) Fπ0−γ(> Eγ)
(5) Fγ,UL(>Eγ)

Fπ0−γ (>Eγ)

[GeV] [deg] [phcm−2s−1] [phcm−2s−1]

GeV-regime Coma 100 MeV EGRET(1) 5.8(4) 3.81×10−8 4.20×10−9 9.1

Perseus 100 MeV EGRET(1) 5.8(4) 3.7 ×10−8 1.46×10−8 2.5

TeV-regime Coma 1 TeV H.E.S.S.(2) 0.2 1.1 ×10−12 4.86×10−14 23.0

Perseus 1 TeV MAGIC(3) 0.15 4.7 ×10−13 1.75×10−13 2.7

Perseus 100 GeV MAGIC(3) 0.15 6.55×10−12 3.2 ×10−12 2.0

Notes:
(1) [76], (2) [183], (3) Paper III , (4) Since the flux is dominated by the
region insideRvir we useRθ = Rvir . (5) γ-ray fluxes are obtained within our
semi-analytic model that is based on our conservative model. Theγ-ray flux
level depends on the maximum shock acceleration efficiency of CRs,ζp,max,
for which we assume an optimistic value of 0.5. Smaller efficiencies imply
smaller fluxes.

the γ-ray flux for radiiR< Rvir and energies above 100 MeV and 100 GeV,
as a function of the identifier (ID) in the extended HIFLUGCS catalogue. We
specifically name those clusters that have a flux in our optimistic model (see
section 2.5 inPaper I for details), which is larger than the sensitivity of the
Fermi all-sky survey after two years of data taking. We find that thebright-
est clusters inγ-rays are Virgo, Ophiuchus, Coma, Perseus and Fornax. This
result agrees well with previousγ-ray studies using galaxy clusters from the
HIFLUGCS sample [154,185]. In Paper I we additionally address the effect
of source extinction on detection significance of the Fermi satellite. We found
that for most clusters the flux is very similar to what we foundin Fig. 7.2.
We note that this procedure of using scaling relations does not take into ac-
count deviations of individual systems from the meanγ-ray flux at a given
cluster mass. One would rather have to model each system separately using
the semi-analyticγ-ray model.

7.1.2 Dark Matter Induced Gamma-rays
The light from galaxy clusters travels for many million yearsto reach the
Earth, which weakens the signal significantly. However, clusters are so mas-
sive and dense that the density square dependence of the flux counteracts the
losses due to distance. In fact, the flux ratio of a nearby cluster (Virgo) to a
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Figure 7.2:Predictedγ-ray flux in clusters and groups in the extended HIFLUGCS
catalog to which we also add the Virgo cluster. For each cluster and group, we account
for the flux from the region within one virial radius. The leftaxis shows the flux above
100 MeV while the right axis accounts for the flux above 100 GeV. The black line
refers to our optimistic model where we include the flux contribution from galaxies
and the red line shows the flux without galaxies. We name the clusters and groups
with Fπ0−γ(Eγ > 100MeV) > 2×10−9phcm−2s−1 in our optimistic model which
roughly corresponds to the sensitivity of the Fermi all-skysurvey after two years of
data taking.

prominent dwarf spheroidal3 (Draco) is given by (seePaper II )

Fcluster

Fdwarf
≃
(

80kpc
17Mpc

)2(2×1014M⊙
108 M⊙

)0.83

≃ 3.8, (7.5)

indicating that the annihilation flux from clusters are expected to dominate
over the dwarf galaxies. In addition, we expect substructures to boost the dark
matter annihilation signal compared to the contribution from the smooth halo.
This enhancement is damped for galaxies that formed long ago since the sub-
structures had time to tidal strip. Conversely, are galaxy clusters still forming
today with a large population of intact substructures as a result. The charac-
teristic spectrum generated by FSR in connection to dark matter annihilating
may in addition be more easily detectable in clusters, as theaverage intensity
of starlight, which can give a masking signal due to IC scattering of the co-
piously produced electrons and positrons, is lower than in the MW. However,
using clusters as probes for dark matter suffers from the expected background
of γ-rays originating from CR inducedπ0 that decay as well as time varying
unresolvedγ-ray sources such as AGNs. Hence, it is important to have a real-
istic background model as the one outlined in section7.1.1(seePaper I for
details). In this way one can optimize the search of dark matter by considering
specific models with an expected high signal-to-noise. In fact, for a variety

3Dwarf galaxies, such as spheroidals, are popular targets tosearch for dark matter as they are
close and have a smallγ-ray background.
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of particle models, the expectedγ-rays from annihilating dark matter in clus-
ters are predicted to be potentially observable by the Fermi- LAT (see e.g.
Paper II and [185]).

For WIMPs annihilating primarily into leptons, such as the dark matter
models proposed to explain the Pamela positron excess, a striking γ-ray signal
from FSR may be present. In [44], a dark matter model where the WIMPs
annihilate toµ−/µ+ pairs that quickly decay into electrons and positrons
was found to fit the Pamela/H.E.S.S./Fermie+/e− data with remarkable pre-
cision. In this scenario, a significant population of energetic electrons and
positrons can be build up, that IC up-scatter CMB photons or other photon
fields in the ICM. Specifically, inPaper II we use a Sommerfeld-enhanced
direct muon annihilation mode with the dark matter massmχ = 1600 GeV
and effective enhancement factor 1100 relative to the standard annihilation
cross-section〈συ〉0 ∼ 3× 10−26cm3s−1. With this model we naturally pro-
duceγ-rays through FSR and IC of CMB photons. Below we discuss boththe
morphological appearance and spectrum resulting from thisemission.

Morphology

It is interesting to investigate how the distribution of dark matter compares
to the one expected from CR induced emission. Especially, it is important to
optimize dark matter surveys in such a way that the signal-to-noise is maxi-
mized, e.g. if the boost from substructures is significant then it is essential to
efficiently account for this emission from the outer parts ofclusters because
of the expected low background.

In Fig. 7.3, we show the expected surface brightness above 1 TeV from
CR induced emission as well asγ-rays coming from dark matter. We adopt
the dark matter model inPaper II , where the boost from substructures is in-
cluded but the potential boost from SFE is omitted. We model the dark matter
distribution with an Einasto density profile and note that thesurface brightness
profile resulting from a NFW profile is very similar. The CR induced emission
is modelled by the semi-analytic formalism presented in section 7.1.1. We find
that the pion decay emission dominates the central parts of both clusters. In-
terestingly, the CR induced emission in Fornax is suppressed outside the core
regime (i.e. the region outside about ten percent of the virial radius), thus indi-
cating a high signal-to-noise from annihilating dark matter in this regime. For
energies around a GeV, the dominating dark matter flux component originate
from annihilations toµ+/µ− pairs that decays intoe+/e− pairs that up-scatter
CMB photons. This emission has a similar profile, but is even more dominated
by the CR induced emission in the central parts of the cluster. To understand
the differences between the two energy regimes we look at thedetails of the
spectra.
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Figure 7.3:Surface brightness profile above 1 TeV comparingγ-rays from dark matter
and cosmic-rays (CRs). The blue lines show final state radiation from annihilating dark
matter. They have been boosted by substructures using the limiting substructure mass
Mlim = 10−6M⊙. The red lines show the CR inducedγ-ray emission. Solid and dotted
lines show the surface brightness from the Fornax and Coma cluster, as a function
of the virial radius, respectively. Notice the small variation in brightness from the
dark matter component, which are due to weak mass dependencein the concentration
parameter. It is also interesting to note that the Fornax cluster is dominated by the
γ-rays from annihilating dark matter outside the core regime. Figure from work by
Pinzke, Bergström, and Pfrommer in preparation.

Spectrum

Using the dark matter model presented inPaper II we calculate the expected
spectra from three clusters in Fig.7.4. The annihilating dark matter is assumed
to give rise to both FSR (characterized by a steep increase and a sudden cutoff
at mχ ) and secondarye+/e− pairs that up-scatter CMB photons (character-
ized by a broad bump around 1 GeV formχ ∼ 1 TeV). We find that the dark
matter annihilation signal (i.e. including SFE) in Fornax and Virgo should
be clearly visible by Fermi and that it dominates over the CR induced sig-
nal. The annihilation signal within 3.5 degree is similar forFornax and Virgo
– these are clusters with a comparable distance but the latter being twice as
heavy: the larger signal of Virgo due to its larger mass is counteracted by the
larger substructure boost of Fornax for the same angular extent. Using the
integrated flux above 100 MeV, we can place a lower bound on thelimiting
massMlim ≥ 5×10−3M⊙, in order to not overproduce the EGRET flux upper
limit on Virgo. Considering that Fermi is about an order of magnitude more
sensitive allows us to finally scrutinize the dark matter models motivated by
the recent Fermi, H.E.S.S., and PAMELAe+/e− data after a few years of
surveying (Paper II ).
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Comparing different clusters, ∆θ=3.5 deg
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Figure 7.4:Differential spectra for 3 different clusters observed within a solid angle
of diameter∆θ = 3.5 degree (neglecting the contribution of the Milky Way’s halo).
We show the inverse Compton (IC) up-scattered cosmic microwave background pho-
tons from e+/e− pairs that themselves result from dark matter annihilatingto µ+/µ−

(solid) as well as the final state radiation (dash-dotted). We include both the Sommer-
feld enhancement (SFE) and the enhancement from cluster substructures down to a
limiting substructure mass ofMlim = 5×10−3M⊙.

7.1.3 Gamma-ray Emission – CRs versus Dark Matter
In Fig. 7.5, we compare the expected flux from annihilating dark matter to
the flux induced by CRs. The flux is calculated for energies above 1 GeV and
originate from the region within the virial radius of the clusters and groups in
the extended HIFLUGCS catalog. We find that the emission from CRs is dom-
inating the dark matter induced emission by at least a factorfew. This again
points to the importance of understanding the spectral (andspatial) properties
of CR induced emission; with a good handle on the CR background, the hid-
denγ-ray signal originating from annihilating dark matter could potentially be
dug up. It should also be noted that the spread in the luminosity-scaling rela-
tions could potentially increase the ratio for several of the clusters, so that the
dark matter emission from these clusters dominate the totalγ-ray emission.

In order to discover dark matter in galaxy clusters it is essential to be able
to separate the spectral characteristics of CR and dark matter induced emis-
sion. To this end, we show in Fig.7.6, the dark matter annihilation spectrum
contrasted to the dominating CR induced pion decay spectrum. The dark mat-
ter annihilation flux is substantially boosted due to substructures in clusters.
Thus, providing hope that even in the absence of SFE, this flux isof the same
order of magnitude as our conservative model of CR inducedγ-ray emission
(see section 2.5 inPaper I for details). Furthermore, the very distinctive spec-
tral properties of the dark matter-inducedγ-rays and the universality of the CR
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Figure 7.5: Predictedγ-ray flux ratios from dark matter and CRs in clusters and
groups. Using mass-luminosity scaling laws we estimate theγ-ray flux above 1 GeV.
We take the ratio of the emission expected from annihilatingdark matter (final state
radiation and dark matter annihilating toµ+/µ− pairs that decays into e+/e− pairs
that up-scatter CMB photons) as well as CR induced emission.We assume that the
dark matter emission is boosted by substructures (about a factor 220) and additionally
include the contribution from the Milky Way halo. For each cluster and group, we as-
sume that the emission to reside from the region within one virial radius. We write out
the name in black for the 12 brightest (i.e. dark matter induced emission) clusters and
groups, and in red if the flux exceeds 10−11phcm−2s−1. Figure from work by Pinzke,
Bergström, and Pfrommer in preparation.

spectra suggest that spectral subtraction techniques could be applied to detect
the annihilation signal and characterize the properties ofdark matter.

7.2 Observations
So far there has been no confirmed detection of diffuseγ-ray emission from
galaxy clusters. In addition, there is no direct observational evidence for
CR ions in the ICM of any cluster. Although, observations byγ-ray satel-
lites [76, 186] and IACTs (see [183, 183, 187–192] as well asPaper III ),
and shower particle detectors [193] have providedγ-ray flux upper limits
which can constrain CR populations. These limits will improve, as in the last
years severalγ-ray experiments have emerged, where e.g. Fermi, H.E.S.S.,
MAGIC4, and VERITAS are all sensitive enough to probe galaxy clusters or
at least further constrain the underlying particle models.

4Major Atmospheric Gamma Imaging Cerenkov telescope.
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Comparing CR and DM w/o SFE, ∆θ=3.5 deg
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Figure 7.6:γ-ray emission from cosmic-rays and dark matter of Fornax within a solid
angle of∆θ = 3.5 degree. We compare the hadronically induced pion decay spectrum
shown with (dotted blue line) and without (solid blue line) the contribution due to
galaxies and dense point sources to the substructure boosted dark matter annihilation
signal without Sommerfeld enhancement (dash-dotted). We include the Milky Way
contribution for the dark matter and assume a standard valuefor the limiting substruc-
ture mass ofMlim = 10−6M⊙.

7.2.1 Gamma-ray Satellites
The advantage ofγ-ray satellites is the continuous monitoring of the entireγ-
ray sky in combination with a good sensitivity in the upper MeV band where
an eventualγ-ray signal from hadronic CRs is expected to be strongest. The
downside is the small effective area that can detect photonsas well as the bias
from unresolved time varying sources. However, so far, provides the Fermi-
LAT satellite the most stringent flux upper limits on a large sample of clusters
for energies up to GeV [186]. This data is accumulated nearly uniformly over
a 18-month observation period, which imply that the signal is biased by the
foreground emission in the galactic plane as well as other bright γ-ray sources
in the line of sight. In Fig.7.7, we show the upper limits derived from Fermi-
LAT together with the ones set by EGRET [76]. Since the best upper limits
are a factor few from theγ-ray predictions, it would take several years of
observation until Fermi-LAT seriously can probe the expected γ-ray emission.
Although, it should be noted that theγ-ray estimates from Pinzke & Pfrommer
(Paper I ) in Fig. 7.7are derived from our mass-luminosity scaling relations,
which might underpredict the emission from cool core clusters with a factor
up to about ten.
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Figure 7.7:γ-ray photon flux upper limits derived from Fermi-LAT observations of
galaxy clusters are compared to EGRET results [76] and to recent predictions based
on the numerical simulationsPaper I (flux from within one virial radius) and [194].
Figure adapted from [186].

7.2.2 Imaging Air Čerenkov Telescopes
TheČerenkov telescopes have a large collective area and they probe the high
energyγ-ray regime where the background emission from AGNs are softened.
However, the experiments are often expensive and the competition to observe
sources is tough, hence accumulating major observation time on a single target
might take many years.

In Figure7.8, we compare integral flux upper limits obtained from about
24 hours of observation of the Perseus cluster to the estimatedγ-ray flux us-
ing the semi-analytic formalism developed inPaper I . We assume the flux
to be emitted within a circle of radiusR= 0.15 degree for our two models,
with and without galaxies (see section 2.5 inPaper I for details). The upper
limits are a factor of 2 larger than our conservative model and a factor of 1.5
larger than our most optimistic model predictions, implying consistency with
our cosmological cluster simulations. We note, however, that our simulated
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flux represents a theoretical upper limit of the expectedγ-ray flux from struc-
ture formation CRs; lowering the maximum acceleration efficiency would de-
crease the CR number density as well as the resultingγ-ray emission. This
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Figure 7.8:MAGIC integral flux upper limits are compared with simulatedintegrated
spectra of theγ-ray emission from decaying neutral pions that result from hadronic
CR interactions with the ambient gas in the Perseus cluster.The conservative model
without galaxies (solid) is contrasted to the model with galaxies (dashed). We scaled
the conservative model with a factor of 2 so that it is just consistent with the upper
limits (dotted). In our simulations, we assume an observationally motivated large value
for the maximum CR energy injection efficiency at structure formation shocks and
convert half of the dissipated energy to CRs at strong shocks. Smaller values would
imply smallerγ-ray fluxes. Additionally shown are minimumγ-ray flux estimates for
the hadronic model of the radio mini-halo of the Perseus cluster (dash-dotted with
minimum flux arrows; seePaper III for details). Note that a non-detection ofγ-rays
at this level seriously challenges the hadronic model.

allows us to constrain a quantity that is of great theoretical interest, the CR
pressure relative to the thermal pressureXCR = PCR/Pth, as it directly assesses
the CR bias of hydrostatic cluster masses since the CR pressure enters in the
equation of motion. The thermal pressure is derived from the measured tem-
perature profile, while the CR pressure is derived from semi-analytic version
of Eqn5.11that is proportional toC(R). We find that the volume average rela-
tive pressure〈XCR〉 ≃ 0.04 for the entire cluster and〈XCR〉 ≃ 0.02 for the core
region. We have to scale our prediction by a factor of∼ 2 to reach the upper
limits (cf. Figure7.8) which constrains the relative pressure contained in CRs
to < 8% for the entire clusterand to< 4% for the cluster core region. Note
that the result could potentially be biased by unresolved point sources inside
the cluster such as an AGN. Improving the sensitivity of the presented type
of observations will help in answering these profound plasma astrophysics
questions.
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As dark matter dominates the mass of galaxy clusters, a substantial amount
of γ-rays might be emitted. Hence, the resultingγ-ray data from the Perseus
observations with MAGIC (Paper III ) was also used for a dark matter analy-
sis. It turned out that assuming standard dark matter neutralino models, boost
factors could be constrained to be< 104. These dark matter limits are compa-
rable with previous MAGIC observations of MW satellite galaxies [195,196].
However, since Perseus is not an optimal source for dark matter searches, es-
pecially considering the expected high CR inducedγ-ray flux from this cluster,
this limit might improve considerably for other cluster.
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CHAPTER 8
Summary and Outlook

In this thesis we have studied the morphologically extendedγ-ray emission
from galaxy clusters. This emission is expected to originatefrom cosmic-rays
(CRs) and possibly also annihilating dark matter.

Theγ-rays coming from neutral pions should dominate the totalγ-ray flux
from galaxy clusters. However, the predicted emission of specific dark matter
models with a characteristic spectrum and a realistic boostfrom substructures
could potentially show up as features in theγ-ray spectrum. The first detection
of γ-rays from clusters, using currentγ-ray satellites, is most likely a few
years into the future, but a major observation with an imaging air Čerenkov
telescope (IACT) could potentially detect or put constraining upper limits on
the expected diffuseγ-ray emission from a bright galaxy cluster.

8.1 Summary of Papers
In Paper I our aim was to theoretically understand the connection between
the non-thermalγ-ray emission and the generating relativistic components.In
addition, to complement the observational efforts, we derive a semi-analytic
formalism that enables us to predict the expectedγ-ray emission from galaxy
clusters.

To this end, we use high-resolution simulations of 14 galaxyclusters that in-
clude self-consistent CR physics. We derive theγ-ray fluxes originating from
CRs through our cosmological simulations and we find that thedominating
γ-ray emission obeys auniversal spectrum and spatial distribution. This is
inherited from the universal concave spectrum and the approximate universal
distribution of CRs relative to that of the gas density in galaxy clusters. The
CR distribution has a spectral index ofΓ ≃ −2.5 at GeV energies and expe-
riences a flattening towards higher energies resulting inΓ ≃ −2.2 at energies
above a few TeV. Hence, the resultingγ-ray spectrum from CR induced pion-
decay shows a characteristic spectral index ofΓ ≃ −2.2 in the energy regime
ranging from 100 GeV to TeV.

The γ-ray emission components can be summarized as follows. Theπ0-
decay is characterized by the so-called pion bump followed by a concave cur-
vature and a diffusive break. The spectrum of the primary inverse Compton
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(IC) emission component follows a power-law truncated by anexponential
cutoff. In contrast, the secondary IC component has a power-law with similar
spectral index that is truncated by the Klein-Nishina break.

The derived flux and luminosity scaling relations allow us to predict the
γ-ray emission from several galaxy clusters, with Virgo, Perseus, Coma,
and Ophiuchus being the brightest. In addition, we find that it would be
challenging for Fermi to detect this emission in the near future, but after
several years of surveying it can potentially detect the first cluster inγ-rays or
at least put important constraints on the CR physics.

The underlying goal ofPaper II was to investigate potential constraints
galaxy clusters could impose on astrophysics using populardark matter
models motivated by recente+/e− data. Most of these models require
an anomalous boost factor of about 1000, which can to a large extent be
accounted for using Sommerfeld enhancement (SFE). Theγ-ray signal
originating from the annihilation dark mater, might in addition be boosted,
as small clumps of dark matter in the outer parts of galaxies and clusters are
expected to contribute to the flux.

We find that in order to not overproduce the EGRET flux upper limiton
the Virgo cluster, the minimum substructure mass is constrained toMlim ≥
5× 10−3M⊙. In addition, a non-detection ofγ-rays at the predicted level by
Fermi would provide a serious challenge for the standard assumptions of the
CDM power spectrum, or call for a new dynamical effect duringnon-linear
structure formation that wipes out the smallest structures.

In the absence of SFE and with the standard assumption of the limiting
mass of substructures, we find that the dark matter annihilation flux is of
the same order of magnitude as the CR inducedγ-ray emission. The very
distinctive spectral properties of the dark matter-induced γ-rays and the uni-
versality of the CR spectra suggest that spectral subtraction techniques could
be applied to detect the annihilation signal and characterize the properties of
dark matter.

Paper III is the result of an observational proposal based on theγ-ray
formalism developed inPaper I . It is the first work where results from
cosmological simulations and observational data analysisare combined.

The Perseus cluster was observed by MAGIC for 24.4 hours of effective
live-time. The upper limits resulting from the data analysisare a factor of
∼ 2 larger than our conservative model prediction for the CR-inducedγ-ray
emission and hence in agreement with our cosmological cluster simulations.
Even though Perseus was not detected inγ-rays, the flux upper limits were of
such a good quality that the ratio of CR-to-thermal energy density could be
constrained toECR/Eth < 3% (using standard simplifying assumptions). This
would be the most stringent constraint on the CR energy usingγ-ray obser-
vations to date. However, using cosmological cluster simulations, it turns out
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that these assumptions are not fulfilled for CR populations that have been ac-
celerated by structure formation shocks. Using our semi-analytic formalism
for theγ-ray emission, we obtained an upper limit to the CR-to-thermal pres-
sure averaged across the entire cluster volume ofXCR < 8% and< 4% for
the cluster core region. This corresponds to upper limits on the CR energy of
ECR/Eth < 13%and< 6.5%, for the entire cluster volume and the cluster core,
respectively.

8.2 Outlook
While no galaxy cluster has yet been detected inγ-rays, our estimations indi-
cate that Perseus is among the most likely clusters to be detected by IACTs
(Paper III ). Using the newly inaugurated second MAGIC telescope and op-
erating the telescopes in stereo mode, a total observation time of about 150
hours may yield a detection of the CR-inducedγ-ray emission or definitively
probe the validity of the hadronic model of radio (mini-)halos. Since the emis-
sion of the central active galactic nuclei (AGN) dominates the accessible en-
ergy range of the Fermi-LAT satellite, it could potentially hinder the satellite’s
detection of the CR and dark matter-inducedγ-ray emission in this cluster.
Similar problems might also arise in other clusters. However, because of the
expected spectral cut-off at high energies, major observations with IACTs will
likely constitute the cornerstones in the quest for a first detection of diffuse
γ-ray emission from galaxy clusters. For these cluster observations, which re-
quire a significant amount of accumulated live-time on the target, the process
of selecting the most suitable cluster becomes even more important. Hence,
multi-wavelength observations, detailed theoretical studies as well as accurate
cosmological simulations are all required for a successfulsource selection.

Additionally, we have seen that the most sensitive currentγ-ray satellite,
Fermi, is several years away to seriously probe theγ-ray emission. How-
ever, exploiting the all sky advantage ofγ-ray satellites might improve the
situation. A stacked cluster analysis can improve the limits by a factor of a
few. The details of such an analysis would require careful modelling of back-
ground sources such as AGNs, which would most likely have to be cut out. In
this case, detailed radio observations of clusters are essential to discover the
AGNs.

Theγ-ray flux coming from annihilating dark matter might be substantial if
the signal is boosted by e.g. substructures, the existence of which is indicated
by simulations containing only dark matter. In this scenario, the received flux
would be dominated by emission from the outer parts of a cluster. Since the
γ-ray acceptance of IACTs radially drops quite dramatically from the pointing
position, satellite based experiments with a more constantacceptance, such as
Fermi, would benefit more from this type of boost. The dark matter search
might also benefit significantly from a stacking analysis, especially since the
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expected background of CRs can be neglected if no signal is detected. Taking
into account specific dark matter models with characteristic spectral features,
such as the one expected from final state radiation, considerably increases the
nominal flux. However, considering the steep spectral rise just below the mass
of the dark matter particle and an expected mass in the upper GeV range, those
models are better probed by IACTs.
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