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Abstract

The origin of ultra-high-energy cosmic-rays (UHECRs), diffuse neutrino, and gamma-
ray background is among the major mysteries in astrophysics. The diffuse gamma-ray
background (DGRB) corresponds to the one that remains after subtracting all individual
sources from observed gamma-ray sky. The DGRB provides a non-thermal perspective of
the universe that is also explored through the extragalactic UHECRs and neutrinos. The
observed energy fluxes of these three components are all comparable suggesting that they
may have a common origin. Several types of astrophysical sources have been predicted as
the contributors to high-energy multi-messengers. They possibly have contributions from
different source populations such as star-forming galaxies (SFGs), pulsars, active galactic
nuclei (AGNs), gamma-ray bursts (GRBs), and from galaxy clusters.

In particular, clusters of galaxies can potentially produce cosmic rays (CRs) up to
very-high energies via large-scale shocks and turbulent acceleration. Due to their unique
magnetic-field configuration and large size, CRs with energy < 107 eV can be trapped
within these structures over cosmological time scales, and generate secondary particles,
including neutrinos and gamma rays, through interactions with the background gas and
photon fields. In this Thesis, we combined three-dimensional (3D) cosmological MHD
simulations of clusters of galaxies with the propagation of CRs using Monte Carlo simu-
lations, considering redshifts z < 5, and computed the contribution of clusters to the
diffuse background of neutrinos and gamma-rays. We used the distribution of clusters
within this cosmological volume to extract their properties, including mass, magnetic fi-
eld, temperature, and density. We propagated CRs in this environment considering all
relevant photohadronic, photonuclear, and hadronuclear interaction processes. We have

found that for CRs injected with a fraction ~ (0.5 — 3)% of the clusters luminosity, spec-



tral power law indices a = 1.5 — 2.7 and cutoff energy E.x = (10 — 5 x 10'7) eV, the
clusters contribute to a sizeable fraction of the diffuse flux of neutrinos observed by the
IceCube, but most of the contribution comes from clusters with M > 10 M, and redshift
z < 0.3. This contribution is even higher when we include the cosmological evolution of
the CR sources, namely, AGNs and star-forming regions. Similarly, for the integrated
diffuse gamma-ray flux, we have found that the clusters can contribute to up to 100% of
the diffuse gamma-ray flux observed by the Fermi-LAT above 100 GeV, for CR injection
power corresponding to ~ 1% of the clusters luminosity, spectral indices « = 1.5 — 2.5
and energy cutoff E.. = (10 — 10'7) eV. The flux is dominated by clusters with mass

101 < M/M, < 10" in the redshift range z < 0.3. Our results also predict the po-

~J

tential observation of high-energy gamma rays from clusters by experiments like HAWC,
LHAASO and even the upcoming CTA.

We believe that this work has provided important new results in the area of gamma-
ray and multi-messenger astrophysics. Firstly, they are a step forward computationally,
as they comprise the most detailed calculations to date of this type of process, employing
techniques that are rarely used together (3D simulations of particle propagation with cos-
mological MHD simulations). Secondly, our results provide an estimate of a flux of gamma
rays and neutrinos from galaxy clusters that should be taken into account when interpre-
ting the diffuse gamma-ray and neutrino background. This has immediate implications
for all studies that depend on accurate estimates of this background, ranging from models
of individual extragalactic high-energy gamma-ray and neutrino sources to dark-matter
searches. Moreover, our results established a clear connection between the fluxes of these
two messengers, which, combined, enables us to indirectly study CRs in clusters even if

they are not directly observable.



Resumo

A origem dos raios césmicos de ultra-alta energia (UHECRS), ¢ da emissao difusa de
neutrinos e de raios gama esta entre os principais mistérios da astrofisica. O fundo difuso
de raios gama (DGRB) corresponde aquele que permanece apds subtrairem-se todas as
fontes individuais do céu de raios gama observadas. O DGRB fornece uma perspectiva
nao térmica do universo que também é explorada através dos UHECRS e neutrinos extra-
galacticos. Os fluxos de energia observados desses trés componentes sao todos comparaveis,
sugerindo que eles podem ter uma origem comum. Varios tipos de fontes astrofisicas foram
sugeridas como contribuintes para esses multi-mensageiros de alta energia. Eles possivel-
mente tém contribuicoes de diferentes populagoes, como galaxias com formacao de estrelas
(SFGs), pulsares, nucleos galdcticos ativos (AGNs), surtos de raios gama (GRBs), e de
aglomerados de galaxias.

Em particular, aglomerados de galaxias podem potencialmente produzir raios césmicos
(CRs) até energias muito altas por meio de choques de grande escala e aceleragao tur-
bulenta. Devido a sua configuracao unica de campo magnético e grande extensao, os
CRs com energia < 107 eV podem ficar presos dentro dessas estruturas em escalas de
tempo cosmoldgicas e gerar particulas secundarias, incluindo neutrinos e raios gama, por
meio de interacoes com o gas de fundo e os campos de radiagao. Nesta Tese, combina-
mos simulagbes MHD cosmoldgicas tridimensionais (3D) de aglomerados de galdxias com
a propagacao de CRs usando simulagdes de Monte Carlo, considerando redshifts z < 5,
e computamos a contribuicao dos aglomerados para o fundo difuso de neutrinos e raios
gama. Usamos a distribuicao de aglomerados dentro do volume cosmoldgico para extrair
suas propriedades, incluindo massa, campo magnético, temperatura e densidade. Pro-

pagamos os CRs neste ambiente considerando todos os processos relevantes de interacao



fotohadronica, fotonuclear e hadronuclear. Verificamos que para CRs injetados com uma
fragao ~ (0,5—3)% da luminosidade dos aglomerados, indices do espectro de lei de poténcia
com fndices a = 1,5 — 2,7 e energia de corte Fp., = (101® —5 x 10'7) eV, os aglomerados
contribuem para uma fracao consideravel do fluxo difuso de neutrinos observado pelo Ice-
Cube, mas a maior parte da contribuicao vem de aglomerados com M > 10 M e redshift
z < 0.3. Esta contribui¢ao é ainda maior quando incluimos a evolugao cosmoldgica das
fontes de CRs, isto é, AGNs e regioes de formacao estelar. Da mesma forma, para o fluxo
de raios gama difuso integrado, verificamos que os clusters podem contribuir com até 100%
do fluxo de raios gama difuso acima de 100 GeV, observado pelo Fermi-LAT, para poténcia
de injecao de CRs correspondente a ~ 1% da luminosidade dos clusters, indices espectrais
a=1,5-2,5 e energia de corte Epa, = (101 —10'7) eV. O fluxo é dominado por clusters
com massa 10 < M /Mg < 10'° na faixa de redshift z < 0,3. Nossos resultados também
preveem a observagao potencial de raios gama de alta energia (> 10'? eV) de aglomerados
por experimentos como HAWC, LHAASO e até mesmo o proximo CTA.

Acreditamos que este trabalho tenha fornecido novos resultados importantes para a area
da astrofisica de raios gama e multi-mensageiros. Em primeiro lugar, eles sao um avango
computacional, pois compreendem os calculos mais detalhados até hoje desse tipo de pro-
cesso, empregando técnicas raramente usadas em conjunto (simulagdes 3D de propagagao
de particulas com simulagés MHD cosmolégicas). Em segundo lugar, nossos resultados
fornecem uma estimativa de um fluxo de raios gama e de neutrinos de aglomerados de
galdxias que devem ser levados em consideragao ao se interpretar o fundo difuso dessas
emissoes. Isso tem implicagoes imediatas para todos os estudos que dependem de estimati-
vas precisas desse fundo, desde modelos de fontes extragalacticas individuais de raios gama
e neutrinos de alta energia até pesquisas de matéria escura. Além disso, nossos resultados
estabelecem uma conexao clara entre os fluxos desses dois mensageiros, neutrinos e raios
gama que, combinados, permitem-nos estudar indiretamente CRs em aglomerados, mesmo

que nao sejam diretamente observaveis.
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propagation in the intergalactic medium. . . . . . . ... .. ...
This diagram shows the photon flux for individual clusters (collected at the
edge ~ 2 Mpc) of different masses (upper panel) and redshifts (lower panel).
The spectral index of the CR spectrum has a power-law index o« = —2 and
an exponential energy cut-off E., = 10'7 eV (Hussain et al., 2022).

Gamma-ray flux at the edge of individual clusters (radius ~ 2 Mpc) of mass
M ~ 10" Mg (red); and 10 M, (green), at redshift z ~ 0. We considered
CR sources located at the center of the cluster (solid lines), at 300 kpc
(dashed lines), and at 1 Mpc away from the center (dash-dotted lines). The
spectral index of the CR spectrum has a power-law index o = —2 and an

exponential energy cut-off E,., = 10’7 eV (Hussain et al., 2022). . . . . . .
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In this figure we compared the spectrum of UDS (solid lines) with the
random realization of sources (dashed lines) for different radshift intervals
in both panels. The spectral index and cutoff energy in both panels is
a = 2.0 and F,. = 10'7 eV. In the upper panel, the UDS and the sources
random realization SMP1 models are compared, while in the lower panel
they are both compared to SMP2 model too (see text for more details). In
the lower panel, blue lines represent the flux for redshift interval 0 < z < 0.01
and green lines are for 1.5 <2 <5.0. . . .. .. ... L.
In this figure, we compared the total photon flux of UDS (solid lines) with
the random distribution of sources (SMP, dashed lines). Bottom panel:
Total flux of gamma rays for @ = 2 and Ey.x = 107 eV over the entire
redshift range (solid lines) and also for different redshift intervals. The
figure also compares the flux including the separated contributions of the
evolution of the CR sources (AGN and SFR) with the flux when there is
no source evolution. The observed flux by Fermi-LAT is depicted too from
Ackermann et al. (2015) (Hussain et al., 2022). . . .. ... ... .. ...
Effect of EBL attenuation on the gamma-ray flux for two redshift intervals
and three different EBL models (Gilmore et al., 2012; Dominguez et al.,
2011; Stecker et al., 2016) (Hussain et al., 2022). . . . . . . . .. ... ...
Integrated gamma-ray flux from the entire population of clusters. The pink
shaded region represents the integrated gamma-ray flux obtained in this
work for Fo.. = 10 — 107 eV and spectral index o = 1.5 — 2.0. We
compare our results with the total gamma-ray flux from clusters obtained
in previous works Zandanel et al. (2015); Murase et al. (2013); Nishiwaki
et al. (2021), and also with the DGRB from Fermi LAT (Ackermann et al.,
2015) and the upper limits from HAWC Harding (2019) and the CASA-MIA
Chantell et al. (1997) experiments. . . . . . . . .. ... ... ... ....
Reduction in the gas density due to star formation and stellar and AGN
feedback in clusters of galaxies as a function of their masses (see Fabjan

et al., 2010; Planelles et al., 2014; Lovisari et al., 2015, for review) . . . . .
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Total gamma-ray flux for o = 2.0 and E,,.x = 107 eV over the entire redshift
range (solid black line). It is compared with the total gamma-ray flux we
obtain when accounting for the gas loss of the clusters due to star formation
and AGN feedback (black dashed line). The DGRB from Fermi-LAT and
upper limit from HAWC (Harding, 2019) and CASA-MIA (Chantell et al.,
1997) is also shown. See text for details. . . . . . .. ... ... ... ...
Contribution to DGRB from different types of astrophysical sources. The
pink band is plotted for the fiducial range of parameters in our work a =
1.5—2.5, Epax = 1016 — 107 eV. Besides showing the observed DGRB flux
from Fermi-LAT (Ackermann et al., 2015) and upper limits from HAWC
(Harding, 2019) and CASA-MIA (Chantell et al., 1997) (as in Fig. 5.7),
this figure also presents the sensitivity curves obtained for point sources
from LHAASO (Di Sciascio et al., 2016), HAWC (Abeysekara et al., 2013),
and the forthcoming CTA North and South observatories (CTA, 2018) for
comparison (gray curves). We also showed the contribution from individual
sources to DGRB i.e. blazars (Ajello et al., 2015), AGNs (Di Mauro et al.,
2013), and SFGs (Roth et al., 2021). . . . . . ... ... ... ... ....

High-energy neutrinos (blue band) and gamma-rays (pink band) from the
entire population of galaxy clusters obtained in this work. We compare the
gamma-ray flux with the DGRB observed by Fermi-LAT (Ackermann et al.,
2015), and the upper limits from HAWC (Harding, 2019) and CASA-MIA
(Chantell et al., 1997). We also compare the neutrino flux with the diffuse

neutrino background observed by IceCube (Aartsen et al., 2015). . . . . .

CR Energy vs deflection angle. This figure shows the deflection angle (due to
the magnetic field) of CRs in the energy range (10'® —102?!) eV, as a function
of the energy and for two maximum magnetic field intensities: B = 107 G
and 107!% G. Our results are in good agreement with Dolag et al. (2004);
Sigl et al. (2004); Alves Batista et al. (2017). . . . .. .. ... ... ...
Energy vs deflection angle. This plot shows the deflection per distance bins
(maximum distance is 100 Mpc) considering an energy range at the source

(10 — 102 V. . o



B.3

B.4

C.1
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Here we plotted the flux of ultra high energy CRs for different distance (d)
observers. For 100 Mpc and 50 Mpc distances, one can see the suppression
of CRs flux due to photopion production, the GZK limit (Greisen, 1966;
Zatsepin and Kuz'min, 1966). We note that the appearance of the bumps
in the green and red curves is due to the interactions of CRs with CMB that
are more pronounced at energy > 5 x 10%eV. .. ...
Upper panel shows the suppression of CRs flux due to magnetic field at
energy 10 eV, for three values of the magnetic field B = 107 and 1072
G. Lower panel shows the flux of neutrinos arriving at different distances
(d) from the sources. We note that the change of slope in the lower panels
around E ~ 5 x 10'7 eV is because above this energy, the interactions of
CR with the CMB starts to dominate over the EBL. The bump is the upper

panel has the same origin as in Fig. B.3. . . .. ... ... ...

Upper panel shows the flux for different combinations of of a and E,,.,. In
the lower panel blue color represents the combination of o and F,,,, which
are suitable to reproduce Fermi-LAT gamma-ray flux (Ackermann et al.,

2015). The red color region can overproduce the data for the energy bin

(300 — 600) GEV. . o o oot

Spectrum (in arbitrary units) of CRs for cluster 1 (left, M ~ 10 M)
and cluster 2 (right, M ~ 5 x 10" M). Here we assume only proton
composition at injection: The lines in each plot correspond to: the injected
spectrum (red), the flux for a CR source in the centre of the cluster (orange),

at 200 kpc (green) and 1 Mpc (blue) away from the centre (Hussain et al.,

Spectrum (in arbitrary units) of CRs for cluster 1 (left), mass 10'® M, and
cluster 2 (right column), mass 2 x 10 M. We assume different compositi-
ons at injection: iron (upper panels) and nitrogen (lower panels). The lines
in each plot correspond to: the injected spectrum (red), the flux for a CR
source in the centre of the cluster (orange), at 200 kpc (green) and 1 Mpc
(blue) away from the centre (Hussain et al., 2019). . . . . . . . ... .. ..
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Chapter 1

Introduction

1.1 Cosmic-rays, Gamma-rays and Neutrinos

1.1.1 Cosmic-rays

Cosmic-rays (CRs) are relativistic particles arriving on earth from all directions. Spe-
cially, the most energetic ones, the ultra-high-energy cosmic rays (UHECRs) have energy
E > 10'® eV which is ~ 10° times greater the energy of the particles produced in the most
powerful accelerator the large hadron collider (LHC) on earth (Zatsepin and Kuz'min,
1966; Aab et al., 2017; Das et al., 2021). There are many experiments, like e.g. Volcano
Ranch array in New Mexico (Linsley and Scarsi, 1962; Abbasi et al., 2005; Norman et al.,
1995), and more recently, Pierre Auger Observatory (Auger-Collaboration, 2015) which
observed CRs in a very wide energy range E = (10° — 10?!) eV. Linsley and Scarsi (1962)
discovered the first CR with an energy of about E ~ 10?° eV in the Volcano Ranch array,
USA. In 1991, Fly’s Eye (Abbasi et al., 2005) detected CRs with energy 3 x 10?° eV and
in 1994, AGASA (Yoshida et al., 1994) detect CR with energy 2 x 10%° eV.

In Fig. 1.1, we show the all particle CR spectrum from different air shower experiments.
In general, the flux of low energy CRs (E < 10% eV) and intermediate energy CRs (10 <
E/eV < 10'®) are comparatively higher than that of UHECRs E > 10'® eV flux as shown
in Fig. 1.1. There are many features in the spectrum of CRs measured by the Pierre Auger
Observatory. These features (the change in the slop of the spectrum) may be an indication
of change in the CR composition at different energies as well as the change in the potential

sources (Schroder, 2019).
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Figure 1.1: All particle CR spectrum from different air shower experiments. There are many
features that can be seen such as the “knee,” (~ 5x 101% eV) the “second knee” (~ 5x 1017 eV)
the “ankle” (~ 6 x 1018 eV), the “new kink” (~ 10*° eV), and the “toe” (~ 102° eV). The new
measurement details is shown by the inset figure. This figure is taken from Schréder (2019).

1.1.2 CR composition

Generally, CRs are a mixture of charged particles of different compositions that are
produced at the acceleration sites in astrophysical sources. Also the interactions of pri-
mary CRs during their propagation medium lead to the production of secondary particles,
enriching the composition, for instance, in light elements (e.g., p, He, Li) and electrons.
The composition of CRs in terms of nuclear species is largely uncertain above PeV energy
(Tjus and Merten, 2020; Aab et al., 2015; Sokolsky and Thomson, 2020). For lower energy
CRs (of galactic origin) the chemical composition is better defined. At energies around few
GeV, proton is the most abundant element in the CR composition (see Tjus and Merten,
2020, and reference therein) and at TeV energy the most abundant species are proton and
helium Ahn et al. (2009); Yoon et al. (2011). Around PeV energy the KASCADE data
Apel et al. (2014); Arteaga-Velazquez et al. (2015, 2017) reported that the CR composition
is dominated by heavy nuclei than the light elements. In the supernova paradigm (where

the CRs can be accelerated up to energy 107 V), the chemical composition is dominated
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by the iron nuclei (Apel et al., 2011; Sveshnikova et al., 2013; Aloisio et al., 2014). In the
energy range (107 — 10'8) eV, the light composition is dominant as observed by Pierre
Auger Observatory (Aab et al., 2014) and indirectly by LOFAR (Buitink et al., 2016).
Generally, below energy 10'® eV, the CRs flux composition consists mainly of protons
and helium, with little percentage of iron nuclei as well, predicted by different air-shower
experiments (Abbasi et al., 2010; Apel et al., 2013; Aab et al., 2014; Unger et al., 2015;
Thoudam et al., 2016; Buitink et al., 2016; Dembinski, 2019; Tjus and Merten, 2020).

For UHECRs (> 10'8 V), there are observations suggestive of the dominance of heavier
nuclei (Aab et al., 2016, 2017, 2018). The HiRes data (Sokolsky and Thomson, 2007;
Aloisio et al., 2011; Tjus and Merten, 2020) suggested a proton distribution mostly, but
the Auger data indicates substantial composition of heavier nuclei (Aab et al., 2016, 2017,
2020; Sokolsky and Thomson, 2020).

1.1.3 Sources of CRs

Observational evidences endorse the view that CRs with energy lower than £ < 10'8
eV come mostly from the Milky-Way and the local group of galaxies (Tjus and Merten,
2020). The sudden steepening of the CR energy spectrum (the knee, see Fig. 1.1) is
observed at an energy of about ~ 10'® eV and the second knee occurs at ~ 5 x 107 eV.
CRs acceleration up to the first ’knee’ has long been associated with supernovae remnant
(SNR). This standard model of galactic CRs origin is discussed in detail in several works
(e.g., Baade and Zwicky, 1934; Aharonian, 2004; Blandford et al., 2014; Tibolla and Drury,
2014; Katou and Amano, 2019). A theory which proposes a natural way to accelerate the
CRs in the shock fronts of SNR shells is diffusive shock acceleration (DSA) in which the
first order Fermi process operates (e.g., Tibolla and Drury, 2014; Katou and Amano,
2019, for review). This acceleration picture of galactic CRs was further strengthened by
the detection of TeV gamma rays emission from SNRs by Imaging Atmospheric Cherenkov
Telescopes (IACTs) (Aharonian et al., 2006; Inoue et al., 2005; Murase et al., 2015; Cerruti
et al., 2017; Paliya et al., 2015). Further support also comes from Fermi-LAT and Chandra
satellites at lower energies when they observed the prominent SNR Tycho (Slane et al.,
2014; Caprioli and Spitkovsky, 2014) indicating that the particle acceleration is linked
mostly with protons on account of ~ (10 — 20)% of the explosion energy.

The origin of UHECRs is even less understood. Many evidences endorse the extra-
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galactic origin of CRs with energies around 10'® eV or higher, but it is still not clear at
which energy there is a transition between galactic and extragalactic CRs (see e.g., Aloisio
et al., 2012; Parizot, 2014; Giacinti et al., 2015; Thoudam et al., 2016; Kachelriess, 2019;
Alves Batista et al., 2017; Castelvecchi, 2017; Alves Batista et al., 2019; Aab et al., 2020).
Berezinsky (2006); Globus et al. (2015); Giacinti et al. (2015); Beresnyak (2017) discussed
different models of transition from galactic to extragalactic CRs with different composi-
tion of injected particles. They found that the transition energy is different for different
composition (with changing mass composition from galactic iron to extragalactic mixed
composition of different nuclei) and for different models of CRs propagation.

Greisen (1966) and Zatsepin and Kuz'min (1966) first pointed out that UHECRs would
interact with the microwave background radiation and loose up to 20% of their energy.
These losses constrain the distance of the sources which produce the observed UHECRs,
to the local Universe (within ~ 100 Mpc) (e.g., Medina Tanco et al., 1997; de Gouveia
Dal Pino and Lazarian, 2000; Ahlers et al., 2018; Anchordoqui and Soriano, 2019; di Matteo
et al., 2021). Recently, in Aab et al. (2018) they found evidence of increasing contribution
from nearby sources due to the increased attenuation suffered by the CR from distant
sources. Several types of astrophysical sources have been predicted as the sources of high-
energy CRs such as active galactic nuclei (AGNs), star-forming galaxies (SFGs), starburst
galaxies (SBGs), gamma-ray bursts (GRBs), and clusters of galaxies (e.g., Kotera et al.,
2009; Aab et al., 2016, 2018, 2020; Waxman, 2017; Zhang et al., 2018; Sokolsky and Thom-
son, 2020). Pierre Auger observations associate the origin of UHECRs with nearby active
galaxies (e.g., Auger-Collaboration, 2015) and SFGs (e.g., Liu et al., 2014; Anchordoqui
and Soriano, 2019; Alves Batista et al., 2019). Radio galaxies and blazars are in particular
(see e.g., Tjus and Merten, 2020, and reference therein), the most powerful candidates
which seem to be able to accelerate CRs to ultra-high-energies either in the nuclear region
or along the jet, both by shock acceleration or by magnetic reconnection (e.g., Ptitsyna
and Troitsky, 2010; Kadowaki et al., 2015; Rodriguez-Ramirez et al., 2019; Alves Batista
et al., 2019; Anchordoqui and Soriano, 2019; Aab et al., 2020; Medina-Torrejon et al.,
2021). The acceleration of heavy nuclei (e.g. N, Fe, etc) is possible in more abundant
lower power Seyfert galaxies (e.g., Anjos and Coimbra-Araijo, 2017; Mbarek and Capri-
oli, 2019) and also by tidal disruption events by the supermassive and intermediate mass

black holes (Farrar and Gruzinov, 2009; Alves Batista and Silk, 2017).



Section 1.1. Cosmic-rays, Gamma-rays and Neutrinos 5

There are many other restrictions posed by radiative losses and interactions of CRs
with the background environment on the CR acceleration models and sources (Aharonian
et al., 2002; Protheroe, 2004; Aloisio et al., 2014; Feng et al., 2016). The interactions of the
CRs as well as their radiative losses depend on the configuration of the background density;,
photon and magnetic fields, as well as of the energy of the CRs. A comprehensive review on
extragalactic magnetic fields distribution is presented in Alves Batista et al. (2017); Vazza
et al. (2017); Hackstein et al. (2018), reporting a large uncertainty and many differences
across models.

The interaction of CRs with magnetic fields is of primary importance for the accelera-
tion, evolution and dynamics of these particles (Blasi et al., 2007; Bonafede et al., 2012).
CRs can be trapped and accelerated via the scattering with magnetic field fluctuations
in shocks and/or turbulent driven outflows (Brunetti and Lazarian, 2007; Brunetti et al.,
2009; Blasi, 2013; Vazza et al., 2017; Brunetti and Vazza, 2020). Most probably, the AGN
jets and the accretion disks are the most prominent sites to accelerate CRs to very high
energy by first order Fermi-acceleration due to the presence of highly turbulent magne-
tic field in these environments (e.g., Winchen and Buitink, 2018; Tibolla and Blandford,
2018; Katou and Amano, 2019). The outskirts of AGNs and galaxy clusters might be
most promising sites for second order Fermi-acceleration. Other potential sources of high-
energy CRs are starburst galaxies (e.g., Anchordoqui, 2018; Peretti et al., 2019, 2020,
2021; Ambrosone et al., 2021; Kornecki et al., 2022) due to high gas density and the pre-
sence of supernova explosions associated to high star-formation rate. Starburst galaxies in
special can accelerate heavy nuclei because photo-disintegration can be avoided in these
sources if particles escape from the nuclear region and are reaccelerated by the shocks in
the starburst wind. Due to the complexity of the astrophysical environments the different
acceleration mechanisms mentioned above are still under debate.

There are many studies which describe clusters of galaxies (e.g., the nearby Virgo
cluster) as potential sources of UHECRs (e.g., Murase et al., 2008; Dolag et al., 2009;
Murase and Beacom, 2013; Fang and Olinto, 2016; Fang and Murase, 2018). The Radio
galaxy Virgo-A (M87) in the center of Virgo cluster can be the most appropriate source
of UHECRs (e.g., Medina-Tanco and EnBlin, 2001; Kobzar et al., 2019). Galaxy Clusters
host several potential accelerators of CRs, from ordinary to active galaxies (Volk et al.,

1996; Liu et al., 2014), shock waves driven in the ICM during the phenomenon of cluster
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formation (Zhang et al., 2021) and cluster merging (see Brunetti and Jones, 2014, for a
review). The lifetime of CRs against energy losses in the ICM is long and their likely slow
diffusive propagation through the ICM magnetic field, together with the large size of the
galaxy clusters, make them prominent hosts of CRs produced within their volume (Vazza

et al., 2016).

1.1.4 Diffuse neutrino and gamma-rays background

Neutrinos are produced whenever CR ions interact with matter or photons near their
accelerations sites. They are ideal messengers to carry out information about the en-
vironment of astrophysical sources where they are produced because magnetic field and
intervening matter cannot deflect them. The IceCube neutrino observatory reported evi-
dence of an isotropic distribution of high-energy neutrinos with ~ PeV energies (Aartsen
et al., 2017, 2020). Their origin is not known yet, but the isotropy of the distribution
suggests that they are predominantly of extragalactic origin. They might come from va-
rious types of sources, such as starbursts galaxies, galaxy mergers, AGNs (Murase et al.,
2013; Kashiyama and Mészaros, 2014; Anchordoqui et al., 2014; Fang and Murase, 2018),
SNR (Chakraborty and Izaguirre, 2015; Senno et al., 2015), gamma-ray bursts (Hiimmer
et al., 2012; Liu and Wang, 2013) and cluster of galaxies (Murase et al., 2008; Blasi, 2013;
Murase and Beacom, 2013; Fang and Olinto, 2016; Fang and Murase, 2018; Hussain et al.,
2019). Since neutrinos can reach the Earth without being deflected by magnetic fields or
attenuated due to any sort of interaction, they can help to unveil the sources of UHE-
CRs that produce them. In this context, the most probable high-energy neutrino source
detected by IceCube is TXS 0506 + 056 (IceCube-Collaboration et al., 2018).

Another by product of high-energy and UHECRs is gamma-ray radiation. This is also
produced when CRs interact with gas and photon fields in the astrophysical environments.
In particular, the diffuse gamma-ray background (DGRB) is the measured radiation that
remains after subtracting all known sources from the observed gamma-ray sky. The DGRB
gives a non-thermal perspective of the Universe, at high-energy (10'° < E/eV < 10'®). The
DGRB was measured by EGRET (e.g., Sreekumar et al., 1998; Strong et al., 2004) and
the Fermi-LAT (e.g., Ackermann et al., 2012, 2015; Fermi-LAT et al., 2015; Ackermann
et al., 2019). It is most probably due to the summed contributions of different unresolved

sources, such SFGs, (e.g., Tamborra et al., 2014; Roth et al., 2021), pulsars, AGNs,
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(e.g., Di Mauro et al., 2013; Ajello et al., 2015), GRB (e. g., Stecker and Venters, 2011;
Ackermann et al., 2012; Fornasa et al., 2013; Di Mauro and Donato, 2015; Albert et al.,
2021) and cluster of galaxies (e.g., Zandanel et al., 2015; Alves Batista et al., 2019), or
in other words, the same class of sources that are believed to produce high-energy CRs
and neutrinos. Recent studies indicate that individual class of sources such as SFGs and
AGNSs can contribute to a fairly large fraction to the DGRB for energies below TeV (e.g.,
Fornasa and Sanchez-Conde, 2015; Ackermann et al., 2015; Roth et al., 2021), but the
uncertainties towards larger energies remain.

The origin of UHECRs, high-energy neutrinos and the diffuse gamma-ray emission are
among the major mysteries in astroparticle physics. The fact that the observed energy
fluxes of HECRs and UHECRSs, high-energy neutrinos, and diffuse gamma rays are all
comparable suggests that these messengers may have some connection with each other
(Ahlers and Halzen, 2018; Alves Batista et al., 2019; Ackermann et al., 2019). The flux of
these high-energy multi-messengers is shown in Fig. 1.2. The three fluxes could, in princi-
ple, be explained by a single class of sources, like starburst galaxies or active galaxies, or
even their summed contribution in clusters of galaxies (e.g., Fang and Murase, 2018; Ah-
lers and Halzen, 2018), but this is not clear yet. The study of these high-energy connected
phenomena in the framework of the largest scale structures of the Universe, namely, the
clusters of galaxies, may help to elucidate their origin. This is the main goal of this Thesis

(see more in Section 1.3 below).

1.2 Clusters of galaxies and production of high-energy multi-messengers

Clusters of galaxies are the largest gravitational bound structures that exist in the
Universe. They are believed to be the result of very violent processes such as accretion and
merging of smaller structures into larger ones. These processes can release large amounts
of energy (~ 10% — 10% erg), part of which can accelerate CRs to very-high energies
(Voit, 2005; Brunetti and Jones, 2014; Bonafede et al., 2021; Nishiwaki et al., 2021). The
formation and evolution of clusters depends on both baryonic and dark matter. In fact,
clusters of galaxies (e.g., Bullet cluster) are the most prominent sources of dark matter
in the Universe (Robertson et al., 2016). Their typical size is of the order of ~ Mpc
and magnetic field strength is ~ (107® — 107%) G. Galaxy clusters emit X-rays radiation
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Figure 1.2: Flux of high-energy multi-messengers: CRs, neutrinos and gamma-rays from

different experiments (Gaisser 2017). It can be seen that these three fluxes are all comparable.

produced by thermal Bremsstrahlung in the hot (~ 107 — 10® K) gas bound by their
potential well (e.g., Montes and Trujillo, 2019).

CRs are accelerated by shock waves and turbulence through the intracluster medium
(ICM). These can be also re-accelerated by similar processes in more diffuse regions of
the ICM, including relics, halos, filaments, and cluster mergers (e.g., Brunetti and Jones,
2014; Brunetti and Vazza, 2020; Bonafede et al., 2021; Nishiwaki et al., 2021, for reviews).
Furthermore, clusters of galaxies are attractive candidates for UHECR production due
to their extended sizes (~ Mpc) and magnetic field strength (e.g., Fang and Murase,
2018; Kim et al., 2019). Clusters also naturally can introduce a spectral softening due
to the fast escape of HECRs from the magnetized environment which might explain the
second knee that appears around ~ 10'7 eV, in the CR spectrum (Apel et al., 2013)
(Fig. 1.1). As described in Section 1.1, CRs with energies F > 7 x 10'® eV have most
likely an extragalactic origin (e.g., Aab et al., 2018; Alves Batista et al., 2019), and those
with £ < 107 eV are believed to have Galactic origin (see e.g., Blasi, 2013; Amato
and Blasi, 2018). CRs with £ < 10" eV can be confined within clusters for a time

comparable to the age of the Universe due to the large size of these structures (~ Mpc)
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and their magnetic-field strength up to B ~ uG (Dolag et al., 2005; Brunetti and Jones,
2014). Therefore, clusters are important reservoirs of CRs that can produce high-energy
photons and neutrinos through collisions with the gas in intracluster medium (ICM), or
through processes involving energetic electron—positron pairs produced as secondaries of
hadronic and/or leptonic interactions. (e.g., Berezinsky et al., 1997; Rordorf et al., 2004;
Kotera et al., 2009; Fang and Olinto, 2016; Fang and Murase, 2018; Brunetti and Vazza,
2020; Nishiwaki et al., 2021). Electron-positron pairs produce Synchrotron and Inverse
Compton (IC) emission in radio to gamma-ray wavelengths (Jeltema and Profumo, 2011;
Gu et al., 2019; Yuan et al., 2019; Sobacchi and Lyubarsky, 2020) and thus, non-thermal
radio to gamma-ray and neutrino observations can constrain the properties of CRs in
clusters (Berezinsky et al., 1997; Wolfe and Melia, 2008; Yoast-Hull et al., 2013; Zandanel
et al., 2015). Conversely, the diffuse flux of gamma rays and neutrinos depend on the energy
budget of CR protons in the ICM. Moreover, it seems that the turbulence in the ICM alone
cannot reaccelerate electrons to TeV energies (Brunetti et al., 2017). Thus, the HE gamma-
ray emission in the ICM can in principle be only powered by the process of continuous
injection of secondary particles coming from CR hadronic interactions (pion-decay and
IC from TeV secondary electrons). Also, the CR interactions with the cosmic microwave
background (CMB) and the extragalactic background light (EBL) ! are promising channels
to produce HE gamma-rays especially for CRs with energies > 10! eV (e.g., Blasi et al.,
2007; Murase and Beacom, 2013; Prokhorov and Churazov, 2014; Brunetti and Jones, 2014;
Murase and Waxman, 2016; Brunetti et al., 2017; Nishiwaki et al., 2021).

To calculate the fluxes of CRs and secondary particles from clusters, there has been
many analytical and semi-analytical works (Berezinsky et al., 1997; Wolfe and Melia, 2008;
Murase et al., 2013; Fang and Olinto, 2016; Fang and Murase, 2018; Hussain et al., 2019;
Brunetti and Vazza, 2020; Nishiwaki et al., 2021), but in most of the approaches, the
ICM model is overly simplified by assuming, for instance, uniform magnetic field and gas
distribution. There has been more realistic numerical approaches in Rordorf et al. (2004)
and Kotera et al. (2009) who explored the three-dimensional (3D) magnetic field effects

in clusters. They predicated that the diffusive neutrino flux around PeV energy produced

! The EBL corresponds to the sum of the starlight emitted by the first stars formed before galaxies and
by galaxies through the history of the Universe (Stecker et al., 2006, 2016; Aharonian et al., 2006; Finke
et al., 2010; Dominguez et al., 2011; Gilmore et al., 2012).
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in clusters of galaxies via hadronic interactions may have a chance to be detected by the
IceCub, but the observation of gamma-rays produced in this process will be even more
difficult.

In the case of neutrinos, more recenlty, Fang and Olinto (2016) and Fang and Murase
(2018) estimated the flux from clusters assuming an one-dimensional model for the back-
ground fields, isothermal gas distribution, a radial profile for the total matter (baryonic
and dark) density, and a turbulent magnetic field with coherence length ~ 100 kpc. They
obtained a flux which is comparable to IceCube measurements.

Likewise, in the case of the gamma-ray emission, several studies have estimated the dif-
fuse gamma-ray (DGRB) flux from clusters of galaxies (e.g., Kotera et al., 2009; Zandanel
et al., 2015; Fang and Murase, 2018; Nishiwaki et al., 2021) also considering an oversimpli-
fied ICM. Besides, these studies have not accounted for the contributions from less massive
clusters < 10'* M. These studies concluded that the clusters of galaxies cannot contri-
bute significantly to the DGRB. In Murase et al. (2013), they estimated the gamma-ray
flux from clusters using a purely hadronuclear scenario (pp-interaction) claiming that these
sources would contribute to a large fraction to the DGRB.

In this Thesis, we revisit and extend these previous analyses of the production of dif-
fuse gamma-rays and neutrinos by clusters of galxies, employing a more rigorous numerical
approach. We take into account the non-uniformity of the gas density and magnetic field
distributions in clusters as well as their time evolution, as obtained from 3D-MHD cosmo-
logical simulations. Numerical three-dimensional (3D) MHD simulations of self gravitating
fluids have become routinely used to study the non-linear clustering of dark matter, the
formation of galaxy clusters, the merging of galaxies, and the evolution of the intergalactic
gas (e.g., Dolag et al., 1999, 2002, 2005; Vazza et al., 2017; Barai and de Gouveia Dal Pino,
2019; Hopkins et al., 2020, 2021). We inject CRs into this cosmological environment and
follow their propagation and cascading due to interactions with this background which
leads to the production of neutrinos and gamma-rays. We consider different locations of
CR sources within the clusters, and the mass dependence of the physical properties of
the clusters. This last consideration is important because massive clusters (2 10'° M)
are much less common than lower-mass ones (< 103 M), (Rosati et al., 2002; Jenkins
et al., 2001). Consequently, more massive clusters, which can confine CRs of energy above

PeV for longer time, are probably more relevant for production of high-energy neutrinos.
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We also investigate the propagation effects outside the clusters, in order to compute the
fluxes of diffuse gamma-rays and neutrinos up to the Earth. To this end, we follow the
propagation and cascading of CRs and their by-products in cosmological background si-
mulations as performed by Dolag et al. (2005) and use a Monte Carlo code, CRPropa 3
(Alves Batista et al., 2016), that accounts for all relevant photohadronic, photonuclear,
interaction processes in the turbulent ICM and IGM.

Below in Fig. 1.3, we present a schematic diagram that illustrates the potential pro-

duction of gamma-rays and neutrinos by a cluster of galaxies.

Simulated Coma cluster (Bob Franke)

High-energy particle
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PpEp - | + e

" Abell 1656 Coma-cluster

% - P+
n :~~'f+e+v
y o> e+
r a%y

Gamma-ray cascade in
the intergalactic medium
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Nina McCurdy and Joel R. Primack - Cherenkov telescopes

Figure 1.3: Schematic diagram illustrating CR, neutrinos, and gamma-rays potential pro-
duction and observations. Neutrinos can be detected by the IceCube and the gamma-rays
can be observed by Cherenkov radiation detectors and telescopes such as VERITAS, HAWC,
LHAASO, and CTA.

1.3 Objectives and Plan of this Thesis

The detailed goals of this Thesis are the following:



12 Chapter 1. Introduction

e derive the properties and evolution of clusters of galaxies and the ICM and IGM by
means of 3D MHD cosmological simulations at different redshifts from z = 5 to z = 0.

For that, we will use the simulations performed by Dolag et al. (2005).

e To derive the CR interactions that are important in the magnetized turbulent envi-
ronment of the ICM and IGM to produce secondary particles, like electron-positron

pairs, gamma-rays and neutrinos.

e To inject test particles (CRs), employing the CRPropa 3 code (Alves Batista et al.,
2016), in the turbulent environments built out of the MHD simulations and follow
their trajectories and deflections in the background magnetic field, as well as to
evaluate their energy losses due to interactions with the background radiation and

density fields.

e Finally, to derive the resulting CR spectrum after propagation and re-acceleration in
the ICM and IGM, and compute the flux of neutrinos and gamma-rays, comparing
our results with the observed spectrum of IceCube and Fermi-LAT, respectively, as
well as, with forthcoming observatories like the CTA and LAAHSO, providing new

constraints for the clusters emission.

The plan of the next Chapters is as follows: in Chapter 2, we will describe the 3D-MHD
simulations of the galaxy clusters and IGM as well as the properties of the clusters derived
from the simulations. In Chapter 3, we derive the interaction rates and mean free path of
all relevant CR interactions in the ICM and IGM. We also discuss the CR propagation in
individual clusters. The main results of this thesis are presented in Chapters 4 and 5. In
Chapter 4, we compute the contribution of the clusters to the diffuse neutrinos background
and in Chapter 5, we derive the diffuse gamma-ray emission. Finally, in Chapter 6 we

present our conclusions and future perspectives.



Chapter 2

Three Dimensional MagnetoHydroDynamical

Cosmological Simulations of Clusters of Galaxies

Magnetohydrodynamics (MHD) is an adequate theoretical framework to probe a wide
variety of astrophysical environments as predicted by many studies (e.g., Hawley et al.,
1995; Giacomazzo et al., 2006; Priest, 2012, and reference therein). This Chapter is dedica-
ted to describe the MHD background cosmological simulations which we used to describe
the evolution of the large scale structures of the universe. It is organised as follows: In
Section 2.1, we discuss the setup of these simulations (Dolag et al., 2005). In Section 2.2,
we present the properties of the clusters of galaxies, obtained from the simulations for
different redshifts, namely, the magnetic field, density, temperature, gas mass, and dark
matter distributions. In Section 2.3, we discuss the compatibility of the results of our

MHD simulations with the observations.

2.1 Setup conditions of the 3D-MHD Cosmological Numerical

Simulations

We are interested in studying the propagation of CRs in the ICM and IGM over cos-
mological times. In order to describe appropriately the background multidimensional pro-
perties and evolution of the large scales structures, we employ the 3D MHD cosmological
simulations performed by Dolag et al. (2005) with the GADGET (GAlaxies with Dark
matter and Gas intEracT) code (Springel et al., 2001; Springel, 2005). GADGET is a
Lagrangian code that employs smoothed particle hydrodynamics (SPH) to integrate nu-
merically the MHD equations. Appendix A provides a brief technical description of this
code (see also Springel et al., 2001; Springel, 2005).
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The MHD simulations presented here are performed by GADGET-2 code (Springel,
2005) and the magnetic field in them is treated in the framework of ideal MHD (e.g.,
Dolag et al., 1999). We provided a brief detail of the ideal MHD equations and the SPH
method in the Appendix A (see also Dolag et al., 1999; Springel et al., 2001, for details). In
these simulations (Dolag et al., 2005), along with the induction equation for magnetic field
they also consider the back-reaction of the field based on Maxwell tensor. As the initial
conditions of the simulations Dolag et al. (2005) assumed a homogeneous seed magnetic
field exists at high redshift, following Dolag et al. (2002). They performed two simulation
for two seed magnetic field (107! and 2 x 107! G) and found a good match with the
observations in both cases (Dolag et al., 2002, 2005).

These simulations used similar initial density fluctuations as those of Mathis et al.
(2002); Hoffman and Ribak (1991), which were constructed from the IRAS 1.2—Jy ga-
laxy survey. These initial conditions provide a good match to the large-scale structures
observed in the local Universe (Mathis et al., 2002). In the simulations, they set the gra-
vitational force resolution is ~ 10 kpc. Radiative cooling was not accounted for either
and the magnetic field pressure remains below the thermal pressure. The simulations also
neglected the injection or amplification of magnetic fields due to galactic winds or AGNs
during the cluster formation. In fact, no AGN or star formation feedback were inclu-
ded in these cosmological simulations. We will include these effects in the calculations
of the fluxes of CRs, neutrinos and gamma-rays through the introduction of correction
functions (see Chapters 4 and 5). The background cosmological parameters assumed are
h = Hy/(100 km s™* Mpc™') = 0.7, Q,, = 0.3, Q4 = 0.7, and the baryonic fraction
/), = 14%. An adiabatic equation of state for the gas with adiabatic index v = 5/3
was considered. The simulated domain is a 3D box with a volume (240Mpc?) and covers

a redshift range 0 < z < 5.0. The boundary conditions of the simulations were periodic.

2.2 Properties of the Galaxy Cluters derived from the Simulations

The 3D MHD simulations provide the general properties of the background, including
the magnetic field, gas density, and temperature. In this work, we consider seven snapshots

of these simulations with redshifts z = 0.01; 0.05; 0.2; 0.5; 0.9; 1.5; 5.0, each having the

3

same volume (240 Mpc)®. Fig. 2.1 shows the density distribution of the entire volume
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Figure 2.1: Large scale distribution of filaments with clusters of galaxies along them, in a domain of
240 Mpc? (see also Dolag et al., 2005).
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Figure 2.2: This figure shows the temperature (upper panel) and magnetic field (lower panel) for one of
the eight regions of our background 3D-MHD cosmological simulation at redshift z ~ 0, with dimension
240 Mpc® (Hussain et al., 2021).
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Figure 2.3: This plot is a 2D slice in the (Z, X) plan of the magnetic field of the simulated domain
corresponding to the region of the Virgo cluster centered at at (113.9, 138, 116.36) Mpc in Fig. 2.1 (see
also Dolag et al., 2005).

of the simulation at the local universe, at redshift z ~ 0. We have divided the domain
of each snapshot into eight regions. Fig. 2.2 shows the temperature and magnetic-field
distributions for one of these regions, also at redshift z ~ 0. The filaments in Figs. 2.1
and 2.2 are populated with galaxy clusters and have dimensions ~ 50 Mpc®. The voids
have dimensions of the same order, which are compatible with observations (e.g., Govoni
et al., 2019; Gouin et al., 2020, for review).

In Fig. 2.3 we show a two dimensional map of the magnetic field distribution for the
region of the simulated domain corresponding to Virgo cluster. This was extracted from
a region near the center of our simulation at z ~ 0 which corresponds to Virgo cluster,
in Fig. 2.1. The magnetic field we obtained from this region is quite compatible with
observation of Virgo cluster. For more detailed description about the temperature and
density see Dolag et al. (2005).

We have identified clusters in the densest regions of the isocontour maps of the whole
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Figure 2.4: Maps of gas density (upper row), temperature (middle row), and magnetic field (bottom row)
of two clusters of masses ~ 10'* M, (left panels) and ~ 105 M, (right panels), at redshift z ~ 0 (Hussain
et al., 2021).

volume, in each redshift (e.g., Fig. 2.2). We then selected several (around 50) clusters with
distinct masses ranging from 102 to 106 M., which we assumed to be representative of
all the clusters in each corresponding snapshot (redshift). The mass range we considered is
compatible with previous studies and observations as well (see Jenkins et al., 2001; Rosati
et al., 2002; Schneider, 2014; Fang and Olinto, 2016; Bocquet et al., 2016). As an example,
Fig. 2.4 illustrates relevant properties for two of these clusters with masses ~ 10 M
(left panel) and ~ 105 M, (right panel) at redshift z ~ 0. To estimate the total mass
of a cluster from the simulations, we integrated the baryonic and dark matter densities
within a radius of ~ 2 Mpc, assuming an approximate spherical volume. We note that this
specific evaluation is not much affected by the deviations from spherical symmetry that
we detect in Fig. 2.4.

To illustrate general average properties of the simulated clusters, we converted the

Cartesian into spherical coordinates and divided the cluster in 10 concentric spherical shells
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of different radii (Rgnenn). Starting from the center of the cluster, the shells were first divided
in intervals of 100 kpc, then between 300 kpc and 1500 kpc, they were divided in intervals
of 200 kpc, and the last shell in the outskirts was taken between 1500 kpc < r < 2000 kpc.

Fig. 2.5 depicts volume-averaged profiles of different quantities as a function of the
radial distance for a cluster of mass ~ 105 M, at four different redshifts. The overdensity
in Fig. 2.5 (bottom-right panel) is defined as A = p(r)/ppary, Where p(r) is the total
density at a given position r and ppary is the mean baryonic density, ppary = Qpary X
Perit, Perit = SH?/87G ~ 1072 gem™3. The over-density is obviously dimensionless as
shown in Fig. 2.4 and 2.5. We see that, in general, these radial profiles are very similar
across the cosmological time, except for the temperature that varies non-linearly with
time by about four orders of magnitude in the inner regions of the cluster. Fig. 2.5 shows
profiles for the temperature, gas density, magnetic field and overdensity for a cluster of
mass ~ 101 M, as a function of the azimuthal (¢) angle for different latitudes (#), within
a radial distance of R = 300 kpc, at a redshift z ~ 0. We see that there are substantial
variations in the angular distributions of all the quantities. These variations characterize
a deviation from spherical symmetry that may affect the emission pattern of the CRs and
consequently secondary gamma rays and neutrinos (see Chapter 4 and 5).

We also find that the magnetic field strength of a cluster depends on its mass: the
heavier the cluster, the stronger the average magnetic field is, due to the larger extension
of denser regions (see middle column of Fig. 2.4 and Fig. 2.6). Inside all clusters, magnetic
fields vary in the range 107! < B/G < 107° and have volume-averages between 1078 G
and 107% G (see also Dolag et al., 2005; Ferrari et al., 2008; Xu et al., 2009; Brunetti and
Jones, 2014; Brunetti et al., 2017; Brunetti and Vazza, 2020).

We can compare our background simulation with the so called 8 model (Schneider,
2014) for the density profile of galaxy clusters which is defined as:

—38/2
14 (1)1 6 (2.1)

nicm (7“) = NICcM,0
C

Where 5 = 0.8, r. = 0.1 ry;, is the core radius of the cluster (where the ry; is defined as
the radius within which the average density of the structure is ~ 200 times the background
density). The -model is based on the assumption of isothermal distribution of the total
(dark and luminous) matter, and the temperature of the gas does not depend on the radius.

In the upper panel of Fig. 2.7, we compare the radial density profile of our simulated
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Figure 2.5: Upper panel: Volume-averaged profiles as a function of the radial distance from the center for
a cluster of mass M ~ 10'° M, at four different redshifts. The quantities shown are: dark-matter mass
(top left); gas number density (top center); gas mass (top right); magnetic field (bottom left); temperature
(bottom-center) and overdensity (bottom right). Lower panel: Volume-averaged profiles as a function of
the azimuthal (¢) angle for different latitudes (), within a radial distance R = 300 kpc from the center,
for a cluster of mass M ~ 10'® M. From top left to bottom right clockwise, temperature, gas number

density, overdensity, and magnetic field (Hussain et al., 2021).
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Figure 2.6: Upper panel shows the whole volume-averaged value of the magnetic field as a function of
the cluster mass. Lower panel compares the volume-averaged magnetic field as a function of the radial

distance for clusters of different masses (Hussain et al., 2021).
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cluster of mass 10° M, with the S-model using nIcM,0 ~ 1072 em ™2 and 7y, ~ 2 Mpec.
We see that both profiles look similar up to ~ 103 kpc (see, Schneider, 2014, for review).
Above this scale, the density distribution of our simulated clusters decays much faster than
the that of the g-model. We note that the latter was the model employed by Fang and
Olinto (2016) in their semi-analytic study of CR propagation and neutrino production in
galaxy clusters. In Chapter 5, we will compare our results with theirs and we will see that
this difference in the density profiles is important to explain the resulting differences in
our study with regard to their model.

Clusters have typical masses in the range 10" < M/Mg < 5 x 10'°. To estimate
the total flux of CRs, neutrinos, and gamma-rays we will we need to evaluate the to-
tal number of clusters in our background simulations as a function of their mass, at
different redshifts. From the entire simulated volume, (240 Mpc)3, we selected 20 sub-
samples of (20 Mpc)? from different regions, as representative of the whole background.
We then calculated the average number of clusters per mass interval in each of these
sub-samples (dNeusters, ave/dM ), between 102 Mg and 5 x 10 M. To obtain the total
number of clusters per mas interval we multiplied this quantity by the number of intervals
N = (240 Mpc)3/(20 Mpc)? in which the whole volume was divided. So, the total number
of clusters per mass interval was calculated as (dNejusters, ave/dM ) x N. Since we have seven
redshifts in our cosmological background simulations, z = 0.01, 0.05, 0.2, 0.5, 0.9, 1.5, 5.0,
we then have repeated the calculation above for each snapshot to obtain the number of
clusters per mass interval at different redshifts. We note that the number of clusters per
mass interval we obtained from our MHD cosmological simulation at different redshifts
is comparable with results from other large-scale cosmological simulations (Jenkins et al.,
2001; Rosati et al., 2002; Bocquet et al., 2016) (see lower panel of Fig. 2.7) and also with

predictions from observations (Giovannini et al., 1999; Tinker et al., 2008).

2.3 Compatiblity of our MHD Simulations with Observations

The 3D MHD cosmological simulations of large scale structures employed here (from
Dolag et al., 2005), though performed more than a decade ago, are still very updated and
more than appropriate for the computation of the CR, neutrino and gamma-ray fluxes we

have carried out in this Thesis, as we are going to describe in the next Chapters, in spite of
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Figure 2.7: Comparison of the density profile of a cluster of mass 10'® M, from our simulation with the
B-model (Schneider, 2014) used by Fang and Olinto (2016), given in the upper panel. The lower panel
shows the number of clusters per mass interval in our cosmological simulation for different redshifts (black
lines). It is compared with other large scale cosmological simulations in green lines (Bocquet et al., 2016)
and in red line (Jenkins et al., 2001). We note that in Jenkins et al. (2001) (red line) it is presented the
total count of clusters as a function of mass starting at redshift z = 14 up to z = 0. This explains the

difference with regard to the other curves.
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their minor limitations (see Chapters 4 and 5). In particular, these simulations have been
extensively compared with the observations. The correlation of Faraday rotation measure-
ments with x-ray surface brightness for different galaxy clusters was directly obtained from
the simulations (see Fig. 5 of Dolag et al., 2005) and compared with the observations of
the two massive clusters A 119 (Feretti et al., 1995) and Coma (Feretti et al., 1999). The
magnetic field strength as a function of the baryonic overdensity A was also derived (see
Fig. 7 and 8 of Dolag et al., 2005), they evaluated the projected gas density for a region
centred in a large structure around Centaurus, Pavo and A3627. In summary, the results
of these simulations on the density, magnetic field and temperatures of clusters of galaxies

are comparable with observations of clusters of galaxies.

2.4 Summary of this Chapter

In this Chapter, we presented the properties of the clusters of galaxies derived from the
3D-MHD cosmological simulations performed by Dolag et al. (2005). This is a simulation
of large-scale structure formation to study the build-up of density structures and magnetic
fields in the intergalactic medium. The basic assumption of this simulation is that cosmo-
logical magnetic fields grow as a result of MHD turbulent processes driven by structure
formation. The predicted structure of the the magnetic field, density and temperatures
in the galaxy clusters, filaments, and voids from these simulations are in good agreement
with the observations (e.g., Edge and Stewart, 1991; Ferrari et al., 2008; Feretti et al.,
1995, 1999; Dolag et al., 2005; Sanders et al., 2016; Simionescu et al., 2019).

In the next Chapters we are going to use this MHD background to probe the ICM and
study the propagation of CRs and production of their by-products, specially gamma-rays

and neutrinos.



Chapter 3

Propagation of Cosmic-Rays and their Interaction

Processes

The CRs interact with the density and electromagnetic fields as well as with the back-
ground relevant photon fields that include Bremsstrahlung, CMB and EBL during their
propagation in the intracluster (ICM) and intergalactic medium (IGM). Due to these inte-
ractions, CRs produce secondary particles e.g., gamma-rays and neutrinos. To understand
the microphysics of CRs and their losses, one has to explore the different propagation
mechanisms and interaction processes. In the first half of this Chapter, we discuss the pro-
pagation of CRs. In the second half, we focus on different types of interaction processes
and their importance in the ICM and IGM.

This Chapter is designed as follows. In Section 3.1, we present a description of the
acceleration and propagation model of CRs using Monte Carlo simulations, based on the
publicly available code CRPropa 3 (Alves Batista et al., 2016; Merten et al., 2017). The
derivation of the photon fields CMB, EBL, and Bremsstrahlung is presented in Section 3.2.
In Section 3.3, we describe the CR interaction mechanisms. In Section 3.4, we present the
calculation of CR interactions in clusters of galaxies. In Sections 3.5 and 3.6 we describe

the diffusion regimes and propagation of CRs in clusters of galaxies.

3.1 Overview of CRPropa 3 code

There are many Monte Carlo codes to study the propagation of high-energy CRs (e.g.,
Aloisio et al., 2012, 2017; De Domenico et al., 2013), but CRPropa 3 is the most suitable
for our research purposes as summarized below. For a more detailed description we refer

to Alves Batista et al. (2016); Heiter et al. (2018).
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CRPropa 3 is a publicly available Monte Carlo code developed to study propagation
of high-energy cosmic rays (HECRs), up to iron nuclei, and their secondaries including
gamma-rays and neutrinos through galactic and extragalactic environments (Alves Batista
et al., 2013, 2016, 2017). It takes into account all the relevant interactions of CRs: pion
production, photodisintegration and energy losses by pair production of all relevant nuclei
in the low-energy photon fields (e.g. CMB and EBL). It also considers the nuclear decay
process. Furthermore, it computes the deflection of CRs in galactic and extra-galactic
magnetic fields.

We can model the production of neutrinos and gamma-rays and the propagation of elec-
tromagnetic cascades for different source distributions and magnetic environments using
CRPropa 3. It has been used to predict the spectra of CRs with different composition for
a very wide energy range, 102 — 10?2 eV, and different arrival direction (Di Sciascio and
luppa, 2014; Aab et al., 2015; Di Sciascio et al., 2016; Yue et al., 2020; Verzi et al., 2017).
The code is very flexible with shared-memory parallelization (using OpenMP) and python
interface. One of the builders of CRPropa, Rafael Alves-Batista is a former postdoc in our
group and has collaborated with us in this project. A more detailed technical description
of the code and its several sub-routines (or modules) is presented in next sub-sections.

A flow chart for the functioning of CRPropa 3 code together with the background MHD

simulations of the galaxy clusters performed in this thesis is given in Fig. 3.1.

3.1.1 Propagation of Cosmic Rays

The propagation of CRs can be investigated based on the solution of the Lorentz
force equation (single particle approach) or the transport equation (stochastic differential
equation -SDE - many particle approach). In the CRPropa code (Alves Batista et al.,
2016) the propagation of CRs is studied using both approaches. The main advantage
of using the Lorentz equation approach that no assumptions have to be made on the
diffusion tensor and arbitrary magnetic field configurations can be used. This makes the
simulation more realistic and precise. In addition to that, we can trace the trajectory of
distinct particles. However, this method becomes computationally too expensive and time
consuming when propagating particles have energies below PeV (e.g., transport of CRs in
the galaxies and clusters of galaxies (Kotera et al., 2009; Fang and Olinto, 2016; Merten
et al., 2017). On the other hand, the propagation of CR using the SDE enables a good
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Figure 3.1: Schematic diagram of the combination of the CRPropa 3 code with the background MHD
simulations of the clusters that we employ in this Thesis in order to produce the propagation and fluxes

of CRs, neutrinos and gamma-rays.
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approximate description in different astrophysical environments. The main approximation
in this method is to model the transport of the particles via a diffusion tensor (see e.g.,
Strong and Moskalenko, 1998; Wiener et al., 2013; Merten et al., 2017; Evoli et al., 2017;
Lazarian and Xu, 2021; Xu and Lazarian, 2020; Peretti et al., 2019, 2020, 2021, for detail).
Therefore, in this Thesis, we will use the SDE approach to investigate the propagation of
CRs in the ICM. In the following paragraphs we describe briefly both approaches.

3.1.1.1 Lorentz Equation of Motion

The equation of motion for the propagation of CRs in the magnetic field (B) is given

by its momentum change under the effect of the Lorenz force,
P = ¢(i x B). (3.1)

Where P, ¢, and r are the particle momentum, charge and position, respectively. This
equation is solved in time using a 5th-order Runge-Kutta (R-K) method ! (Cash and Karp,

1990). This method is adequate for variable step size algorithms, as is the case.

3.1.1.2 Stochastic Differential Equation approach

CRs can be deflected by magnetic fields. Their transport in turbulent media is very
complex and requires a detailed modeling to describe the stochastic variations of the pitch
angle of the particles in the magnetic fields. For the energies and magnetic field strengths
relevant for this study, the propagation of CRs is diffusive or semi-diffusive (see Section
3.5), which leads to scatterings that can be interpreted by means of diffusion coefficients.

To investigate the flux of different particle species and the change of their energy
spectrum by processes like advection, diffusion in space and adiabatic cooling, transport
equations must be used (Strauss and Effenberger, 2017). The Fokker-Plank equation (FPE,
(Risken, 1996)) which is a parabolic partial differential equation describes particle evolution
accounting for these processes:

an(Xat;}Ct,) _ 0 X ' !

7

[B'j (X7 t)n(x, Ly, t/)] (32)

I R-K methods are the classes of formulas for the numerical integration of the initial value problems.
R-K performs several evaluations of a given function around a point and then compute the value for the
next point using a weighted average of those values. It can also incorporate the change in step size of

integration as often required (Cash and Karp, 1990).
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Here, A;(x,t) is a drift vector, B;;(x,t) is the diffusion tensor, n(x,¢;y,t') is the particle
number density at position x and time ¢ depending on the time ¢ at position y. y and x
are the phase space vectors.

Here we use the Parker transport equation (which is modified from of the Fokker-Plank
equation) which gives a good description for the particle transport problem in diffusion

regimes (Strong and Moskalenko, 1998):

on B R 10/, On 1 . on
P +u.Vn =V.(kVn) + Ea—p(p /fppa—p> + g(Vu)

where u is the advection speed, k is the spatial diffusion tensor, p is the absolute mo-

S+ SEpD). (33

mentum, kp, is the diffusion coefficient of momentum used to describe the particle re-
acceleration, n is the particle density and S(#,p,t) is the source of CRs (distribution of
CRs at the source). CRPropa 3 (Alves Batista et al., 2016) employs the module presented
in Merten et al. (2017) to solve the transport stochastic diffusion equation (SDE). To solve
the SDE, an adaptive algorithm is applied so that we can vary the integration time step
depending on the local magnetic field. Because the phase-space elements (pseudo particles)
are independent of each other this makes it easier to parallelise the SDE integration.

For most galactic applications, spatial and momentum operators in Equation 3.3 can

be separated, so that we have

7 = Adt + D,dd, (3.4)

dp = Aydt + Dppdw,

where dt is the time increment, A and A, is the transport vector in spatial and momentum
coordinates, D, and D,, is the spatial and momentum diffusion tensor, respectively, and
dw' = V/din" is the 4-dimensional Wiener process 2. We can solve tensors D, and D,,
using the spatial diffusion tensor ~# and momentum diffusion tensor x,,. We are solving
the equations in the local frame of the magnetic field, and we can neglect the drift term.
Hence, the diffusion tensor is always diagonal and gives the following relations (for detail
see Kopp et al., 2012):

Dij = 0ij/26ij,  Dyp = \/GFyyp, (3:5)
where D;; = D,. This SDE method is compatible with the single particle tracking appro-

ach, but it requires the knowledge of the diffusion tensor at the start of simulation. This

2 Wiener process is the solution of the diffusion equation with zero drift and a constant diffusion coef-

ficient that is equal to 1 (Markov process see e.g., Zhang, 1999; Wang et al., 2019).
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is somehow opposite to full orbit simulations where the elements of the diffusion tensor
are obtained from the particle trajectories determined from the direct solution of their
equation of motion.

In the Euler-Mayurama code scheme (Zahri, 2009; Mao, 2016) ®, at each time step all
three vectors of the the trihedron should be calculated (Mao, 2016). which can be used
to integrate the SDE when the local orthonormal basis is known, the tangential vector of
the magnetic field line € is calculated via the Cash-Karp (CK) algorithm, an adaptive 5th
order R-K algorithm (Cash and Karp, 1990). The methods we are using here also have
variable step size and we also use the R-K method. With this algorithm we are able to
adapt the time integration step to minimize the number of steps. The local truncation error
for the field line integration can be set by the user. In this way the overall computation
time is reduced without any losses in accuracy (Alves Batista et al., 2016; Merten et al.,

2017).

3.1.1.3 Sources and Spectrum

In CRPropa 3, there are many classes of sources which can emit particles in a specific
direction or isotropically, such as uniform distributions within a volume or in one-dimension
(1D) direction; a uniform distribution on the surface of a sphere; a grid containing the
density of sources in each cell; a list of individual sources. These sources can emit particles
in a specific direction, or isotropically. They are implemented within the source class
module of CRPropa 3.

CRs can be injected with a monochromatic or a power law spectrum, and a single or
many particle types can be defined. In this work we considered sources with a power law

spectrum

3 EM scheme can be derived using Equations (3.4): #,11 = #, + D, A&, here D, Ad, = (\/Tfﬂmné't +
261 1M1 160 + QHLQWL,Qé'b) \/E, h = tiy1 — t; the integration time step. The orthonormal basis
is the local trihedron of the magnetic field line E(fn), if it is interpreted as in 3D space curve. It is
defined using the Frenet-Serret-equation (Marris and Passman, 1969) as é; = gcoh /Beohs gcoh is the
coherent background field vector, €;.A¢;/k, k = |d?r/ds?| is the curvature of parametric field line r(s) and

— —

b = € X €, where €, is the vector normal to the magnetic line.
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where « is the spectral index for injected iron and proton distributions, respectively, and

FEhax is the maximum energy.

3.1.1.4 Observer

Size and position of the observer can also be fixed in CRPropa 3 code. There are
observers designed for detection in the one-dimensional (1D) mode, and in 3D. In 3D
mode, the observer can be defined as a sphere of a given radius R,,s. The propagation of

CRs ends if any of the following conditions are met:
e the particle reaches the observer;
e the energy of the particle becomes smaller than a given minimum energy;
e the trajectory length (user’s choice) exceeds the maximum allowed propagation length.

While studying the CR propagation using the SDE we implemented a module that accounts
for the time evolution of CR distribution at different time steps defined by the user (see
Merten et al., 2017, for details).

3.1.1.5 Energy Loss Algorithm

To study different kinds of CR interactions and energy loss processes CRPropa 3 (Al-
ves Batista et al., 2016) uses the Monte Carlo method which is the best approach to study
the probability of different processes to occur during the propagation of CRs in astrophysi-
cal environments (see also Alves Batista et al., 2016, for detail). In CRPropa 3, photopion
production and photo-disintegration processes are considered as stochastic, while the pair
production and adiabatic losses are considered as continuous energy loss processes. All
the interaction channels depend on their mean free paths that are discussed in the next

sections.
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3.2 Background Photon Fields

The cosmic microwave background (CMB) radiation is the leftover heat from the time
when Universe began and is also known as relic radiation (e.g., Sunyaev, 1974). This
radiation exists everywhere and is in the microwave part of the electromagnetic spectrum.
The CMB is well-understood and measured. It has a blackbody spectrum with temperature
T ~ 2.7 K, and therefore, can be described by the Planck distribution (Penzias and Wilson,
1965; Dicke et al., 1965). Thus, the energy density of CMB is given by

n(e) = — L (3.6)

2R3 orsT _

The extragalactic background light (EBL) is a diffuse photon field corresponding to the
starlight emitted by galaxies through the history of the Universe. It also has an important
contribution from the first stars which are formed before galaxies. It is visible mostly
in the optical and infrared bands of the electromagnetic spectrum. Due to the lack of
unique spectral signature the measurements of EBL are very difficult. There are several
components of the Universe that can affect the EBL spectrum, the most prominent one
is the obsorption by the dust. Many works (e.g., Stecker et al., 2006, 2016; Finke et al.,
2010; Kneiske et al., 2004; Dominguez et al., 2011; Gilmore et al., 2012) have tried to model
this background radiation. In our simulations of CR propagation we used the models by
Stecker et al. (2006, 2016); Dominguez et al. (2011); Gilmore et al. (2012) (see Chapter
4). Both radiation fields (CMB and EBL) impact the propagation of HECRs in the energy
range of interest of this work.

To perform the CR propagation in the ICM, we also need the distribution of photons
within the clusters. The hot X-ray radiation produced in the ICM is the Bremsstrahlung

radiation *

(e.g., Brunetti and Jones, 2014). These thermal X-ray photons produced
in the hot ICM (T ~ 107 — 10® K) may serve as the target fields for CRs interactions
depending on their density in the central regions of clusters, in particular, this effect may
be considerable.

Here we explain in detail the implementation of local Bremsstrahlung photon field of

the ICM and also compare our background simulation with some results in the literature.

The Bremsstrahlung photon density in different regions of the cluster is not constant. As

4 Radiation due to the acceleration of a charge in the Coulomb field of another charge is called Brems-

strahlung or free-free emission.
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stressed in Chapter 2, the Cartesian coordinates of the background simulation of a given

cluster can be converted to spherical coordinates using the transformations given below

R=\/(C, = X)2+(C, = V)2 +(C. - 2)% (3.7)

¢ = tan™"! <g§j—:§>, 0(0,7) = tan™* <\/(Cx — )((()jit(zc)’y — Y)2>. (3.8)

Using these transformations one can divide a cluster in shells of different radius. Starting
from the center of the cluster, the shells were first divided in intervals of 100 kpc, then
between 300 kpc and 1500 kpc, they were divided in intervals of 200 kpc, and the last shell
in the outskirts was taken between 1500 kpc < Rgpen < 2000 kpc. We use this configuration
to calculate the photon density distribution due to Bremsstrahlung in each shell using a

procedure given below. The specific intensity I, of Bremsstrahlung field is defined as

I, = Bl,<1 - exp(—n)), (3.9)

2hv? /c? e

B,(T) = d J =2 1
(T) exp(hv/kgT) — 1 and J, (310)

T drw
For an optically thin region where there is no absorption of photons, 7, &~ Rshellé_ﬁj and

Equation (3.9) with first order expansion ° becomes

RS e
I,=B,(1-(1-17)) =B,7n, = RgaJ! = 4h Lo el (3.11)
™
The number of photons per unit energy is
dnpy,  4nl, 4w g 1 &
_ = T Rypnd® = —— % Rypae®, 3.12
de che  che X Hshell Jy che 7 Hshen® (3.12)
e/7(v,n,t) is given by:
dw
ef(v,n,t) = g = 08 10738 2% nn, T 2e kst g (3.13)
=—1In
9= dhv /)’

where gg is the Gaunt factor. The spectrum described by the Equation (3.13) is flat for
hv < kgT and exponentially decreasing for hv > kgT. The values of gg for hv/kgT

Se =18 4L 4.
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are not important because the spectrum cuts off at these values. Actually, gg is unity for
hv = kgT and is in the range 1 — 5 for 107 < hv/kgT < 1 (see Fig. 5.3 in Rybicki and
Lightman, 1986).

Using Equations (3.9 - 3.13) we calculate the Bremsstrahlung photon field. The number
of photons per unit energy is plotted in Fig. 3.2 as a function of the photon energy for two
background gas temperatures (10* K and 8 x 107 K). One can see that the Bremsstrahlung
photon field, for high temperature is not important, specially for low density gas. This is
3

the case of the optically thin ICM, for which the maximum number density is ~ 1072 cm™

and the temperature is above T > 5 x 10° K.
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Figure 3.2: Bremsstrahlung photon field as a function of the background gas temperature for different gas
densities. It is important only for low temperature and high density. Emission plus absorption (Equations

3.9, 3.11, and 3.12) is compared with emission only.

In Fig. 3.3 we compare the radiation fields for two EBL models (Dominguez et al.,
2011; Gilmore et al., 2012) with the Bremsstrahlung photon fields of two clusters of masses
10% Mg, (cluster 1) and 2 x 10* M, (cluster 2). For both clusters, we calculated the
internal photon field at the central region (R < 100 kpc) and in the outskirts. It can be
seen that the Bremsstrahlung photon field is dominant at X-rays, but only near the center
of the clusters, while the EBL dominates at infrared and optical wavelengths mainly.

The mean free path (MFP) of CRs interactions with the Bremsstrahlung photon fields
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Figure 3.3: Panel (a) shows the Bremsstrahlung photon field of two clusters of distinct masses
(1015 Mg and 2 x 10'* Mg), cluster 1 and 2, respectively chosen from our background MHD simula-
tion (Dolag et al., 2005). Panel (b) shows the comparison of two EBL models with the local photon field

of the two clusters in the central region and in the outskirt.
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in each shell were also calculated (see Fig. 3.6 ) and implemented in CRPropa 3. Our
computation of these quantities in CRPropa 3 have revealed no significant contribution of
the Bremsstrhalung photons to the production of neutrinos or gamma-rays. Indeed, the
upper panel of Fig. 3.6 indicates that the MFP for these interactions is larger than the
Hubble horizon. Thus, deviations from spherical symmetry for this photon field will not

be relevant in this study.

3.3 Interactions and Energy Losses of the Cosmic-Rays

In this Section, we discuss all the interactions and radiative losses during the propaga-
tion of CRs. We include the CR interactions and their energy losses due to interactions with
magnetic fields, and the background radiation fields (Bremsstrhalung, CMB and EBL).

Here we assume that CRs were produced (accelerated) ® in astrophysical sources (CR
accelerators) inside the clusters, like the surroundings of black holes in the nuclei of gala-
xies, relativistic jets, starburst galaxies, etc (see Chapter 1). These sources can produce
relativistic particles (CRs) which include protons, ions, and electrons and positrons. The
energy loss time of electrons/positrons is much faster than that for protons/ions. They lose
most of their energy before they escape from the source, via curvature radiation in strong
magnetic fields, synchrotron radiation, and inverse Compton radiation (e.g., Fang et al.,
2012; Fang and Murase, 2018; Alves Batista et al., 2015, 2019; Rodriguez-Ramirez et al.,
2019; Aab et al., 2020). On the other hand, the protons/ions are more stable and therefore,
survive and can escape from the sources, being able to propagate over large distances in the
cosmos until they reach the Earth, the larger their energy the better (e.g., Knezevié¢, 2014;
Buckman et al., 2020; Mollerach and Roulet, 2020; Sokolsky and Thomson, 2020). That
is why we investigate the propagation of CRs considering protons/ ions. Now, a CR when
propagating in the turbulent magnetized intergalactic medium (IGM), will be deflected in
the magnetic field, will collide with other lower energy nuclei of the background, and also
interact with the background photons (CMB and EBL). CRPropa 3 is able to consider
all these interactions. These interactions produce gamma-rays; the interactions of these

gamma-rays with background photons lead to the production of electron-positron pairs;

6 The investigation of the mechanisms of CR acceleration is out of the scope of this Thesis. Instead,
we assume that the CRs are accelerated to their high-energies in known sources or accelerators inside the

clusters and then we follow their propagation through the environment.
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Figure 3.4: Schematic diagram of CRs and gamma-rays air shower (Mastichiadis, 2016)

these pairs in turn will interact with CMB and produce secondary gamma-rays.

We note that the chemical composition of the CRs that we consider in this work is of
only protons because they are more abundant at energies below 10'® eV (Apel et al., 2013;
Buitink et al., 2016; Thoudam et al., 2016; Dembinski, 2019; Tjus and Merten, 2020), see
however Appendix D for a comparison of CR spectra of different compositions.

In Fig. 3.4, we show the schematic diagram of CR interactions with the background

fields (Mastichiadis, 2016). We describe these processes below.

3.3.1 PhotoPion Production
Photopion production occurs when a CR scatters off a background photon. This in-
terction process for a protons can be written as

p+
p+vy—

p+7t
The pions produced in this process decay and then produce gamma-rays and neutrinos
(see Fig. 3.4 and 3.5.) The threshold energy for a pion production can be written as

mrc*(m, + 0.5m;)
2e

By = (3.14)
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where m,, and m, are the masses of proton and pion. For a background photon of energy
€ ~ 1072 eV the threshold energy (Ey,,) for this process is ~ 6 x 10! (Heiter et al., 2018).
Protons lose ~ 20% of their energy in photo-meson processes. The effective cutoff in
this process takes place at energy 6 x 101 eV, the GZK limit (Greisen, 1966; Zatsepin and
Kuz'min, 1966)). For detailed calculations of the photopion production loss mechanisms
see e.g., Miicke et al. (2000) and Harari et al. (2006).
For a nucleus of mass number (A) and atomic number (Z), the mean free path (\) for

photopion production can be written as (Alves Batista, 2015)

ze (A - Z)“)l’ (3.15)

A 118 Mp(”(w/A) T OM(E/A)

where A, and A, are the mean free path of neutron and proton, respectively, a = 2/3 if A <
8, otherwise a = 1. The above Equation 3.15 is an approximation (see Kampert et al.,
2013, for detail). In CRPropa 3 photopion production is handled by the SOPHIA code
(Mucke et al., 1999; Miicke et al., 2000). We will further discuss the mean free path of this

process in the next Section.

p p

% 1’ %

Figure 3.5: Schematic diagram of photopion production that leads to ~-rays.

3.3.2 Bethe-Heitler Pair Production

The production of ete™ pairs on a nucleus with energy F, mass number A and atomic
number 7 is:

Y+ A—=efe + A (3.16)
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The cross-section for the interaction of a proton of energy E = ~,m,c* with a photon of
energy r = ¢/mec? is given by

1 €08 Opin (7p, )
(oH(Yp, ) = 5/ (1 — B, cos8)o(s)dcosb, (3.17)
—1

where 6 is the angle between photon and proton momenta, 6,,;,(7v, x) is the minimum
value of the angle, s = mf,c4 + 2eE(1 — B, cosf) is the square of center of mass energy,
By =wv/c , and opy is the Bethe-Heitler cross-section. For head-on collision the Equation

3.17 can be written as (Motz et al., 1969; Maximon, 1977):

1 Smax('Ypy 5’3)
(oBu(Yp, T)) = m/ o(s)(s— mic"‘)dcos Ods, (3.18)
p Smin
where
Smin = (Mpc? + 2m.c?)? ~ 0.88 GeV?, (3.19)
and
Smax (7, T) = mf?c4 + 29,myc® mec (1 + B,). (3.20)

In this process the proton looses a small amount of energy usually defined by Ay, = m./m,,.
The energy loss rate for a nucleus of atomic number Z can be written as (Schlickeiser,

2013)

_%§:3m02f”@%ém%n62$3¢§{ (3.21)

where o7 is the Thomson cross-section, ¢(§) is given by Blumenthal (1970). The threshold
energy in this process can be defined as (Alves Batista, 2015; Heiter et al., 2018) meqc*(ma+
m.) /€, where m 4 is the mass of the nucleus. For a background photon of energy € ~ 1073 eV
the threshold energy for pair production is ~ 5 x 107 eV (Alves Batista, 2015; Heiter et al.,
2018) which is roughly two orders of magnitude less than photopion production. The high-
energy electrons produced in this process can produce gamma-rays of energy < 10 eV
through inverse Compton scattering. This process is considered as a continuous energy
loss in CRPropa 3 due to the very small inelasticity of the order of ~ 1073, To implement
this process in CRPropa 3, a parametrization is followed from Chodorowski et al. (1992)

and the energy distribution of pairs produced follows from Kelner and Aharonian (2008).
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3.3.3 Photo Disintegration

The photo-disintegration process is described as the splitting of heavy nuclei into light
nuclei due to their interaction with the background photons. In this process the nucleus
often emits particles like neutron, proton and/or alpha.

The cross-section of photo-disintegration is the combination of two processes, the giant

dipole resonance (GDR) and quasi-deuteron (QD):
o(e) = ogpr(€) + oqgp(€), (3.22)

where ogpr and oqgp are given by Koning and Delaroche (2003); Koning et al. (2005, 2013).
The TALYS 1.8 code (Koning et al., 2005; Khan et al., 2005) is used in CRPropa 3 for
the photo nuclear cross-section and also to predict the photo-disintegration products of

different nuclei and their isotopes.

3.3.4 Nuclear Decay (electrons, photons, neutrinos)

Nuclear decay is the process in which an unstable heavy nucleus converts to a light
nucleus by emitting beta or alpha, or both particles. Radiation like gamma-rays can also
be produced in this process. These unstable nuclei can be produced by the photopion
production or photo-disintegration. For a nucleus of mass number A and atomic number

Z, alpha and beta (£) decay can be written as:

2X  — 273X' 45 He, (3.23)
72X = s.X +e +7, (3.24)
2X = 5 X' +et +u,, (3.25)

where X’ represents the new nucleus after the decay. This process is implemented in

CRPropa 3 based on NuDat 2.6 database (see Sonzogni, 2005, for details).

3.3.5 Electromagnetic Pair Production

This process is defined as the creation of electron-positron (e*) pairs due to the collision
of two photons, a gamma-ray photon and a lower energy background photon: v+ v —

et +e . The flux of high-energy gamma-rays traversing large distances can be attenuated
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due to pair production (Kneiske et al., 2004; Gilmore et al., 2009). It is possible only above
the kinetic energy threshold given by (Aharonian and Atoyan, 1991; Pe’er and Waxman,
2004; Ioka et al., 2007):

E.,e(1 — cosf) > 2m2c’, (3.26)

where E., and € are the energies of the emitted gamma-ray and the background photons,
respectively, and 6 is the collision angle in the laboratory reference frame. The optical
depth is defined as:

dr = (1 — cos ) nyy 0., de dS2 dl, (3.27)

where df) is the solid angle of the target photons, [ is the path along the gamma-ray
emission and npy is the photon density of the surrounding field. For a pair production, the
77 interaction cross-section o, is defined as (Lee, 1998)

14 ¢
1-¢

30’T
16

(e ) = S = ) 206 24 3= O (55| (329)
(2771602)2]é

c=|1-

for more detail about the energy cascade in this process see Lee (1998) and Heiter et al.

(3.29)

(2018). For double pair production in CRPropa 3, the parameterization is taken from
Brown et al. (1973) and for triplet pair production it is followed from Lee (1998).

3.3.6 Inverse Compton Scattering

The Inverse Compton Scattering (ICS) can produce high energy X-rays and/or gamma-
rays in many astrophysical environments. The ICS is described as the scattering of a low
energy photon (€) by a relativistic electron. The cross-section (o¢s) of this process is given

by Lee (1998)

3(7ng641><
8s H
1 1+ H
@+2H—£ﬂ—2H%—}ﬁ@—3ﬂ2—H%( i )}, (3.30)

o1cs =

2
H(+ H) 1-H
where H = (s—m?2ct)/(s+m?ct), s is the square of center of mass energy and we are in the
Klein-Nishina regime if s > m?c? (Lee, 1998). For further detail and its implementation

in CRPropa 3 see Alves Batista (2015); Heiter et al. (2018).
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3.3.7  Synchrotron Radiation

The CRs, especially the electrons and positrons, may loose their energy via synchrotron
radiation. Synchrotron emission is a type of non-thermal radiation generated by relativistic
charged particles spiraling around magnetic field lines. Since the electrons are always
changing direction, they are accelerating and emitting photons with frequencies determined

by their speed. The synchrotron radiation power can be written as (Gliozzi et al., 1996)

4
P= gUTﬂ2'Y2€B, (3.31)
where o1 is Thompson cross-section, eg is the energy density of the magnetic field At

fixed energy the synchrotron energy losses are more effective for an electron than a proton

2 4

because, o o« m~* and v = %, so that P o« m™. In Astrophysical sources, the
synchrotron emission is observed wherever relativistic electrons are present. This radiation
is observed in sources such as pulsars, SNRs, AGNs, galaxy clusters, generally from radio to
X-ray wavelengths (Aharonian et al., 2006; Brunetti et al., 2008; Ishibashi and Courvoisier,
2011; Shulevski et al., 2015; Holler et al., 2015; Nagai and Kawakatu, 2021).

Synchrotron losses are implemented following Jackson (1999). The energy loss per unit
distance for a relativistic charged particle can be written as (Heiter et al., 2018)

dE 1 e*y'pt

dr 2
dr  6mey 12

(3.32)

where 1, = p/qB, is the gyroradius, p, ¢, v the momentum, charge and Lorentz factor
of the partilce, respectively, here 5 = v/c, and €, is the permittivity of free space. The
typical energy range of this radiation is < GeV. There are many galactic (e.g., Pshirkov
et al., 2011; Jansson and Farrar, 2012; Kleimann et al., 2019) and extra-galactic magnetic
field (e.g., Dolag et al., 2005; Alves Batista et al., 2017; Hackstein et al., 2018) models

implemented in CRPropa 3.

3.3.8 Adiabatic Losses

The adiabatic expansion of the universe is also a source of energy loss, especially for
CRs traveling from large distances. For a CR of energy E this energy loss can be written

as (Berezinsky and Gazizov, 2006)

: (3.33)
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where Fy denote the initial energy. Adiabatic energy losses are not very prominent for
UHECRs, but they are dominant if the the energy of CRs is < 1 EeV, specially from large
redshift.

3.4  Mean Free Paths for Different CRs Interactions

As remarked, we employ the Monte Carlo method (CRPropa 3) to study particle pro-
pagation in clusters of galaxies. In order to calculate the different CR interactions we
calculated their rates. We implemented the spatially-dependent interaction rates into the
code, based on the gas and photon density distributions for the clusters of different masses
obtained from the MHD simulations. Here we describe and compare the mean free paths
(MFP), A, for the different interactions of CRs.

The MFP for pair production A, for a gamma-ray of energy FE, propagating through
background photons with energy €, A, is given by (Alves Batista, 2015)

1 Smax

MH(E

> npn(€)
L (Ey) = 8_E§ /emm 1’6—25077(5)dsde, (3.34)

Smin
where s is the square of center of mass energy and can be written as s = 2E,€(1 — cos§),

2ct, and Spax = 4F-€mqe. For the

6 is the same angle defined in Equation 3.26, sy, = 2m
EBL photon field ey, and €nax are ~ 1073 eV and ~ 10 eV, respectively.
The MFP of inverse Compton scattering (ICS) (where E is the energy of the incident

photon, and € is the energy of the background photon) can be written as

B 1 oo [omez o (€)
/\ICI’S<E) = W/o / p62

Smin

where s = m2c! + 2Fe(1 — Beosh), B = /1 —m2c/E?, spm = m2ct, and spax =
m2ct + Fenax(1 + B) (see KachelrieB et al., 2012, for detail). In Equations (3.34) and

orcs(s)(s —m2ct)dsde, (3.35)

(3.35) mpp is the background photon field, o,, (Equation 3.28) and ojcs (Equation 3.30)
are the cross-section for the electromagnetic pair production and ICS, respectively (see
also Alves Batista, 2015, and reference therein).

The MFP for photopion production for a proton of mass m,, energy E,, and Lorentz
factor yp = E,/m,yc* = (1 — $2)7'/2, traversing an isotropic photon field of energy € can

be written as (Miicke et al., 2000)
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_ 1 o [Emax g h(€>
1 2 4
W) = g / h / 2 (5 — i) (s)dsde (3.36)

where 0, is the photohadronic cross-section, s = mf)c4+2Epe(1 — B, cos ), 6 is the collision
angle between the momenta of proton (ﬁp) and photon (157), Smax = MC" + 2E,6(1 4 5,),
and ey, = (sgn—m2ct)/2(E,+Pyc). The threshold energy for the production of photo-meson
is stn = (mpc® + mgoc?)?.

The MFP of the interactions of CRs with the background photon fields is plotted in
Fig. 3.6 for a cluster of mass 10'® M, as an example. The figure compares the MFP
due to Bremsstrahlung with the EBL and CMB contributions. For modeling the EBL, we
considered Gilmore et al. (2012) and Dominguez et al. (2011). For the clusters we only
used the Bremsstrahlung photon field within a radius of 100 kpc from the center of the
cluster i.e., the densest region, see Fig. 2.4 in Chapter 2. The MFP for single and double
pair production is plotted in the lower panel of Fig. 3.6. Lower panel indicates that the
pair-production in the CMB photon field is much more dominant than the contributions
due to EBL and the Bremsstrahlung. Specially Bremsstrahlung contribution, it is very
unlikely to occur because the MFP is greater than the size of the universe (> 10 Mpc)
at energy E =~ 10'7 eV. For double pair production the MFP for EBL also is larger than
> 10* Mpc.

For triplet pair production (upper panel of the Fig.3.6) the MFP for CMB is of the order
10 kpc, i.e., much smaller than the total trajectory length (10~* — 10® Mpc) of the CRs
inside the cluster, so that it is much more dominant than the EBL and Bremsstrahlung
contributions. The EBL triplet pair-production is also important as its MFP is 10 Mpc, but
for Bremsstrahlung it is again comparable to the size of the universe. In summary, high-
energy CR interactions with CMB photons is a well established dominant phenomenon
known as GZK process and it can be seen that the MFP of this interaction is much smaller
than the EBL and the local Bremsstrahlung photon field contributions.

Upper panel of Fig. 3.6 also shows that the MFP of photopion production in the local
Bremsstrahlung is greater than the size of the universe (> 10° Mpc) and for the EBL is of
the order of ~ 10% Mpec. In the case of ICS (Fig. 3.6 upper panel) the CMB interaction
with CRs is also more dominant at energy < 10'7 eV. The MFP for EBL (=~ 100 Mpc) is
two orders of magnitude smaller than that of local Bremsstrahlung (> 10* Mpc) at energy

E =~ 10'7 eV and also larger than the size of the universe.
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Fig. 3.6 also shows that we can neglect the CRs interactions with the local Bremss-
trahlung photon field for energy £ > 106 eV.

We also implemented the hadronuclear interaction (CR interactions with the gas inside
clusters) using a separate module. The parameterization of this process is followed from
Kelner et al. (2006); Kafexhiu et al. (2014). For proton-proton (pp) interaction, the rate,
defined as the inverse of MFP, is

)‘;;} (Ep, 1) = Kppopp(Ep)ni(r:) (3.37)

Where K, = 0.5 is the inelasticity factor, n;(r;) is the gas number density and E, is
the energy of the protons. To obtain the number density we assume that the background
gas consists of only protons and electrons, which is a reasonable assumption for the ICM.
Therefore, the gas density is dominated by the proton mass, pgs = MprotonTgas ==
Ngas = Pgas/Mproton(1/cm?). For o,, = 70 milli-barn (mb) = 1barn = 1072 m?, we

used (Kelner et al., 2006; Kafexhiu et al., 2014):

oy = [30.7 — 0.96log (%) +0.18log (E%l)] x [1 - (%’j)l'gr mb, (3.38)
where E, is the energy of the proton and E;)h is the threshold kinetic energy E;h =2m, +
my/m, ~ 0.2797 GeV. We used Equations 3.37 and 3.38 to calculate the MEP of pp
interaction Ap,. This MFP and the one calculated in the Bremsstrahlung photon field,
Apy, as a function of the distance in the cluster, are plotted in Fig. 3.7. One can see that
the MFP for photopion production is much larger than the size of the universe (as we have
already seen in Fig. 3.6) and the MFP of pp interaction is comparable with the trajectory
length of the CRs inside the cluster of galaxies. Thus, the proton-proton interaction is
most likely to occur than photo-pion production due to Bremsstrahlung.

Fig. 3.8 shows the distribution of the trajectory lengths, for different energy bins of
CRs. There is a substantial number of events with trajectory length greater than D > 103
Mpc for each energy bin. Thus, the trajectory lengths of CRs are comparable to the MFP
of pp-interactions (see upper panel of the Fig. 3.7) and photopion production in the CMB
and EBL case (see upper panel of the Fig. 3.6), so that these interactions can produce

secondary particles including gamma rays and neutrinos.
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Figure 3.6: MFP of different interactions of CRs with the background photon fields, considering a cluster
of mass 10'® M. Panel (a) shows the MFP of ICS, photopion production and triplet pair production for

CMB, an EBL model and the local Bremsstrahlung photon field. Panel (b) shows the MFP of single and
double pair production for the same background photon fields.
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Figure 3.7: This diagram shows the MFP for proton-proton interactions in panel (a) and photo pion
production in panel (b) for the Bremsstrahlung photon field inside a cluster of mass 10'® My. It can be
seen from panel (b) that the CRs interactions with Bremsstrahlung radiation is very unlikely to occur

because the MFP is larger than the size of the Universe.
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Figure 3.8: This figure shows the distribution of the total trajectory length of CRs inside a cluster of mass
10'® Mg, as a function of their energy bins. The length of trajectories of CRs inside clusters is comparable
with the MFPs (Hussain et al., 2021).

3.5 CR Propagation Regimes in Clusters of Galaxies

Propagation of CRs in clusters of galaxies can be diffusive or semi-diffusive, depending
on the Larmor radius (1, = 1.08E15/Z B, pc) (e.g., Hillas, 1984) of the particles and the
magnetic field of the ICM, where Z is the atomic number. The diffusive regime corresponds
to 1, € Reuster, and the semi-diffusive is for r, 2 Reuster, Wherein Reuster i the radius
of the cluster, typically ~ 1Mpc. Because B ~ uG, for the CR energy range of interest
(101 — 10" eV), 7, < Reuster- S0, for high-energy CRs (> 10'° eV) we are in a diffusive
or semi-diffusive regime. CRs in this energy range would be confined completely by the
magnetic field of the clusters for a time comparable to the Hubble time (e.g. Wiener et al.,
2013; Brunetti and Vazza, 2020; Nishiwaki et al., 2021). For instance, a CR with energy
~ 10'7 eV in a cluster of mass ~ 10 M, with central magnetic field strength ~ uG has
rr, ~ 0.1 kpc much smaller than the size of the cluster (~ 1 Mpc) and the trajectory length
of this CRs inside the cluster is ~ 10®> Mpc. The confinement time for this CR can be
calculated as teon ~ 1000 Mpc/c ~ ty (e.g. Hussain et al., 2019). CRs with Larmor radius

larger or comparable to the Reyser, which is the case for CRs with > 1012 eV, will have a
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ballistic propagation and will not be confined in a cluster. The flux of CRs that can escape
a cluster depends on its mass and magnetic-field profile, with the latter directly correlated

with the density distribution, being larger in denser regions.

3.6 Diftusion Parameter and CR Propagation in the ICM

We selected clusters of different masses from the 3D-MHD cosmological simulation
(Figs. 2.4 and 2.5). Using CRPropa 3, we injected CRs at the center of these clusters
with energy in the range 10 — 10! eV and propagated them through different distances
100 kpe, 500 kpe, 1 Mpc ete. Their cascading and energy losses due to interaction with
the environment, were computed as described in the previous sections.

In Appendix B, for comparison and testing of the numerical methods here employed,
we present a complementary study where we explored the propagation of CRs in a much
simpler background configuration with uniform distribution of radiation and a turbulent
magnetic field with a Kolmogorov spectrum (e.g., Kolmogorov, 1991; Boldyrev and Cat-
taneo, 2004; Bovino et al., 2013).

Fig. 3.9 illustrates the propagation of two particles with energy of 10 PeV (thick line),
500 PeV (thin line). One can see from the Fig. 3.9, that the trajectory of the low energy
CR is diffusive and that of high-energy is more ballistic.

The spectrum of CRs from the center of the simulated Virgo cluster (see Fig. 2.3 of
Chapter 2), collected at the edge of the cluster, is shown in Fig. 3.10. This simulation
was primarily designed to test the influence of the diffusion parameter on the CR distri-
bution. We use different values of this parameter ¢ = x; / k|, where kj is the diffusion
coefficient parallel and, &, is the diffusion perpendicular to the background magnetic field.
The perpendicular diffusion coefficients is proportional to the parallel diffusion coefficient
and rather uncertain (see e.g., Le Roux et al., 1999; Wiener et al., 2013; Peretti et al.,
2019, 2020, 2021; Xu and Lazarian, 2020; Lazarian and Xu, 2021). Following Strong and
Moskalenko (1998); Merten et al. (2017), the parallel diffusion coefficient can be written
as:

H” = A(e)/ﬁ:o (3.39)

(xiov)
4x109V/ "’
where p is the rigidity of the CR which is defined as p = r B¢ (unit is in Volt), B is the
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Figure 3.9: Trajectories of CRs through a cluster of mass ~ 10'® Mg selected from our background
simulation. The thick line corresponds to a CR with energy of 10 PeV, and the thin line to a CR with
energy 500 PeV (Hussain et al., 2022).
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Figure 3.10: CR spectrum (in code units) observed at 2 Mpc away from the center of a simulated cluster
that characterizes the Virgo cluster (Fig. 2.3 of Chapter 2). The spectrum is shown for two different
values of the diffusion parameter e = ry /5.

magnetic field and c is the light speed, ro = 6.1 x 10** m?/s and o = 0.3 which is chosen
to fit the observational data of CRs (Heinbach and Simon, 1995). A(e) = 1.02/(1 + 2¢)
is a normalization constant which is derived in such a way that the trace of the diffusion
tensor remains constant for different values of the diffusion parameter ¢ (Merten et al.,
2017). The energy loss time scale is largly dependent on the trace of the diffusion tensor
and thus of the parameter e.

The difference in the diffusion parameter € is clearly presented in Fig. 3.10. We
injected the CRs at the center of the simulated Virgo cluster and collected them at the
edge (~ 2 Mpc). We considered their interactions with the magnetic field and photon fields
during their propagation inside the cluster. It is observed that a larger parallel diffusion
coefficient x| > r, (e < 0.1) prevents a faster escape of smaller energy CRs from the
cluster environment and vice versa.

For the derivation of the flux of neutrinos and gamma-rays that we will present in the
next Chapters 4 and 5, we consider all the relevant losses. We used the SDE approach

for the propagation of particles in the clusters and fixed the value of diffusion parameter
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€ = 0.1. This is essentially an approximation to make clear that the perpendicular diffusion
coefficient is smaller than the parallel (with respect to the particle momentum), such that
quasi-linear theory (QLT) 7 can be applied (Blandford and Eichler, 1987; Wiener et al.,
2013). By fixing the diffusion parameter, we are assuming a preferred orientation for the
magnetic field in each cell. However, by averaging over large number of particles, this
preference is washed out especially at energy > 10 PeV, because at higher energies the
resulting parallel diffusion coefficient has very weak dependence on the CR energy (Xu
and Lazarian, 2020). In the limit of large statistics the results should converge, regardless
of the diffusion parameter as one can see for energy > 10 PeV from Fig. 3.10. Note that
we obtain the magnetic field configuration from the MHD simulation and implement its
intensity and direction in each position in the CRPropa 3. Indeed, to study the propagation
using the SDE approach (QLT) we have to specify the direction of the magnetic field.
We further notice that, According to the QLT, the Mach number M4 ® of the turbulent
plasma of the ICM is ~ 1 — 5 (Blandford and Eichler, 1987). In such a trans-Alfvenic
or super-Alfvenic turbulent environment as the ICM (M, 2 1), where the dynamical
effect of the magnetic field is less dominant, the transport of the CR can be considered
approximately isotropic £ ~ £, (Xu and Yan, 2013). Nevertheless, the relation between
parallel and perpendicular diffusion coefficient in the ICM is yet rather uncertain and
debatable. This is one of our future topics to explore further, i.e., the diffusion of CRs in

the ICM.

3.7 Summary of this Chapter

In this Chapter, we described briefly the code and the methodology we employ in this
work for calculation of CR propagation using the CRPropa 3 Monte Carlo code. The

trajectory of CRs can be diffusive or ballistic depending on their energy and the source

7 QLT is the simplest theory of cosmic ray propagation and diffusion in plasma turbulence and instability
saturation. It is the most applied approach to determine spatial diffusion coefficients and other transport
parameters in the turbulent plasma. It describes the slow evolution of the turbulent field and its relaxation
that leads to the marginally stable states. The QLT is only applicable if the turbulence in the magnetic
field is very small in comparison to the mean field strength (Schlickeiser and Miller, 1998; Schlickeiser,

2011). This approximation is comparable to a first-order perturbation theory (Schlickeiser, 2011)).
8 where M4 = V1, /Va, where V7, is the turbulent velocity of the plasma, and V4 is the Alfven velocity.
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which emits them. As we are studying the ICM, therefore, the trajectories of CRs with
energy < 10eV are mostly diffusive.

We have also described all the relevant CR energy loss processes including photopion
production, photodisintegration, nuclear decay, proton-proton (pp) interactions, and adi-
abatic losses. To see the importance of these processes we compared their MFPs in the
ICM. We have found that in the ICM high-energy photons and neutrinos can be produced
either through inelastic proton-proton collisions and subsequent neutral-pion decay, or by
processes involving energetic electron-positron pairs produced as secondaries of the ha-
dronic interactions. Moreover, interactions of CRs with the Bremsstrahlung photon field
are important only in the central region of the clusters of galaxies to produce secondary
particles. The interactions with the CMB and EBL photon fields are more relevant, being
those with the CMB dominant.

The effect of the diffusion parameter on the spectrum of CRs in the ICM was also
studied. We found that a large parallel diffusion coefficient is more suitable to study the
transport of CRs inside clusters as suggested by the previous studies (see e.g., Blandford
and Eichler, 1987; Wiener et al., 2013, for review). This preliminary study of CR propa-
gation in an individual cluster has provided important information and the basis for the
more general study that followed it, where we considered CR propagation over the entire
distribution of simulated clusters of galaxies, over cosmological times, in order to derive
the integrated flux of neutrinos and gamma-rays. For the computation of these fluxes in
Chapters 4 and 5, we will focus on the propagation of CRs with proton composition only,
as this is the most abundant component in the ICM and IGM (e.g., Kotera et al., 2009;
Aab et al., 2017, 2016; Fang and Olinto, 2016; Aaboud et al., 2016; Fang and Murase, 2018;
Aab et al., 2020; Sokolsky and Thomson, 2007, 2020). Also, the Larmor radius of heavy
nuclei is comparatively smaller than that of protons (Hillas, 1984), therefore, protons es-
cape more easily from their host galaxies into the IGM. Thus, it is reasonable to assume
that they also dominate the IGM compared to other species. At higher energies > 108 eV,
heavy nuclei might be dominant because the acceleration of CRs is rigidity-dependent (e.g.,
Unger et al., 2015; Sigl, 2017; Mollerach and Roulet, 2020; Tjus and Merten, 2020).

In next Chapters 4 and 5, we will study the transport of CRs in the ICM using the
SDE approach by assuming a large parallel diffusion coefficient (¢ = 0.1). Furthermore, we

will show the results of the implementation of the interaction processes (discussed above)
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during the CRs propagation into the ICM and IGM, in order to compute the fluxes of

gamma-rays and neutrinos with the CRPropa 3 code.



Chapter 4

Production of High Energy Neutrinos by Galaxy

Clusters

In this Chapter, we study the production of high-energy = TeV neutrinos by clusters of
galaxies. There are previous studies that have estimated the flux of neutrinos from clusters
of galaxies (e.g., Zandanel et al., 2015; Fang and Olinto, 2016; Fang and Murase, 2018;
Nishiwaki et al., 2021). However, in all of them the ICM and IGM are over simplified.
In most cases it is considered spherical symmetric profiles of the density and magnetic
field. Here we employ the most detailed simulations to date of three-dimensional particle
transport in cosmological MHD environments in order to obtain the diffuse flux of neutrinos
from clusters of galaxies (see also Chapter 5 for the derivation of the diffuse gamma-ray

flux). The results of this Chapter have been published in Hussain et al. (2021).

4.1 Setup for the Calculations and Basic Assumptions

The background MHD simulations of the galaxy clusters presented in Chapter 2 (see
Fig. 2.1 - 2.5), provide the magnetic and density field configuration for galaxy clusters
with mass in the interval 10? < M/M, < 10' in the redshift range z < 5.0. Using
these background fields along with the Bremsstrahlung, CMB, and EBL photon fields
described in Section 3.2, we computed the propagation and total flux of CRs with all re-
levant interactions during the propagation, namely, photopion production, Bethe-Heitler
pair production, electromagnetic pair-production (single, double and triplet), nuclear de-
cay, photo-disintegration, inverse-Compton, adiabatic and synchrotron losses (see Section
3.3 and 3.4). Regarding the interaction of CRs in the ICM with the background pho-
ton fields, we found that the EBL is dominant at infrared and optical, but at X-rays the
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Bremsstrahlung field is more important (see Chapter 3, Fig. 3.6)

To study the propagation of CRs in the diffuse ICM, we used the transport Equa-
tion as implemented in CRPropa 3 (Section 3.1.1). The diffusion parameter considered
in these simulations is € = 0.1, see Chapter 3 for discussion (see also Blandford and Ei-
chler, 1987; Wiener et al., 2013). We inject CRs isotropically with a power-law energy
distribution with spectral index o and exponential cut-off energy FEy.. which follows the
relation dNcg p/dE < E; “exp(—FE;/Fumax) (Section 3.1.1). We take different values for
a=~15-2.7, and for Ey. = (5% 10" —10'®) eV which are compatible with e.g., Brunetti
and Jones (2014); Fang and Olinto (2016); Brunetti et al. (2017); Hussain et al. (2019).

As stressed in Chapter 2, the lower and upper limits of the mass of the galaxy clusters
are taken to be 102 M and 5 x 10'® My, respectively. This is because for 101 < E/eV <
10, clusters with mass M < 10'2 M, barely contribute to the total flux of neutrinos,
due to low gas density, while there are few clusters with M > 10'® M, at high redshifts
(z > 1.0) (Komatsu et al., 2009; Ade et al., 2014).

The amount of power of the clusters that goes into CR production is left as a free
parameter to be regulated by the observations. We here assume that about (0.5 — 3)% of
the cluster luminosity, which is dominated by the X-ray luminosity, is available for particle
acceleration (e.g. Gonzalez et al., 2013; Brunetti and Jones, 2014; Fang and Olinto, 2016;
Brunetti and Vazza, 2020, for reviews).

We did not consider the feedback from active galactic nuclei (AGN) or star formation
rate (SFR) in our background cosmological simulations (as performed e.g. in Barai and
de Gouveia Dal Pino, 2019; Hopkins et al., 2021). AGN are believed to be the most
promising CR accelerators inside clusters of galaxies and star-forming galaxies contain
many supernova remnants that can also accelerate CRs up to very-high energies (E 2
100 PeV) (He et al., 2013). AGN are more powerful and more numerous at higher redshifts
(e.g., Hasinger et al., 2005; Khiali and de Gouveia Dal Pino, 2016; D’Amato et al., 2020),
and their luminosity density evolves more strongly for z 2 1. Also, supernovae are more
common at high redshifts (He et al., 2013; Moriya et al., 2019). Therefore, it is reasonable
to expect that, if high energy cosmic ray (HECR) sources have a cosmological evolution
similar to AGN or following the star-formation rate (SFR), then the flux of neutrinos may
be higher at high redshifts due to the larger CR output from these objects.

For the evolution of AGN sources and SFR we consider the following parametrization
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(Hopkins and Beacom, 2006; Heinze et al., 2016; Yiiksel et al., 2008; Wang et al., 2011;
Gelmini et al., 2012; Alves Batista et al., 2019):

(

(1+2)** ifz <1,
Ysrr(z) = % (142)7%3 if 1 < 2 < 4, (4.1)
((14+2)7%0 itz >4,
( (14 2)3* if 2 < 0.97,
Yaan(z) = # q 10199(1 4 2)7026 §f .97 < 2 < 4.48, (4.2)
\ 10%66(1 + 2)=78 if 2 > 4.48,

where A = 360.6 and B = 6.66 are normalization constants in Equations (4.2) and (4.1),
respectively. For AGN evolution ¥4gn(2) o< (1 + 2)°, for low redshift z < 1 (Gelmini
et al., 2012; Alves Batista et al., 2019) and also according to (Gelmini et al., 2012; Heinze
et al., 2016), in Equation (4.2), m > 1.5 for AGN, so we consider m = 1.7. Typically, the
luminosity of AGNs ranges from 10*? to 10" erg/s and their evolution depends on their
luminosities. The AGNs with luminosity ~ 10%—10% erg/s are more important as they are
more numerous and believed to be able to accelerate particles to ultra-high energies (e.g.
Waxman, 2004; Khiali and de Gouveia Dal Pino, 2016). AGNs with luminosities greater
than 10%° erg/s are less numerous (Hasinger et al., 2005) and their evolution function
agn(z) is different from Equation (4.2). For no source evolution we have ¢(z) = 1.

The total flux of CRs is estimated from the entire population of clusters. The number
of clusters per mass interval dN/dM at redshift z is presented in Section 2.2, which was

obtained from our cosmological simulations. It is related to the flux through:

Zmax Mmax

E*®(E) = /dz / de]\]\; EQdN(E/(ldEZ)’M’z) <4ﬁ3%(2))

(4.3)

Zmin min

where 1., (2) stands for ¥gpr(2) and ¥agn(z), N is the number of CRs per time interval dt
with energies between E and F + dE that reaches the observer. The quantity E? dN JdE
in Equation (4.3) is the power of CRs calculated from our propagation simulation and is
several orders of magnitude smaller than the luminosity of observed clusters (e.g., Brunetti
and Jones, 2014).

In order to convert the code units of the CR simulation to physical units, we have used

a normalization factor (Norm). To calculate Norm, we first evaluate the X-ray luminosity
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of the cluster using the empirical relation Lx o ng M.y (e.g., Schneider, 2014), where
fy = M, /M, denotes the gas mass (M,) fraction with respect to the total mass of the
cluster within the Virial radius (M,;,) and then, since we are assuming that (0.5 — 3)%
of this luminosity goes into CRs, this implies that Norm ~ (0.5 — 3) % Lx/Lcrsim and
LcRsim 18 the luminosity of the simulated CRs. Therefore, the CR power that reaches the
observer (at the Barth) is ~ E? dN/dE x Norm. In Equation (4.3) d; is the luminosity

distance, given by:

d, = (1 +z)Hi0/Ed(ZZ/,), (4.4)
with
E(2) = /Qu(1+2)3 + Q) = Hh(r?’ (4.5)

where the Hubble constant, as well as the matter (€2,,) and dark-energy (£2,) densities

which are described in Chapter 2, assuming a flat ACDM universe.

4.2 CR Flux from the Galaxy Clusters

We selected different injection points inside the clusters of different masses in order
to study the spectral dependence with the position, which may correspond to different
scenarios of acceleration of CRs. For instance, the larger concentration of galaxies near
the center must favor more efficient acceleration, but compressed regions by shocks in
the outskirts may also accelerate CRs. The schematic diagram of the simulation of CRs
propagation is shown in Fig. 4.1. CRs are injected at three different positions within
each selected cluster denoted by Rogm.i. The spectra of CRs have been collected by an
observer in a sphere of 2 Mpc radius (Rops), centred at the cluster, with a redshift window
(—0.1 < z < 0.1) for all the injection points of CRs. All-flavour neutrino fluxes are also
computed at the same observer (see Section 4.3 below).

The spectrum of CRs obtained from our simulations is shown in Figs. 4.2 and 4.3. Its
dependence on the position where the CR source is located within the cluster for z = 0.01 is
shown for three clusters of different masses in Fig. 4.2. Particles injected at 1 Mpc distance
away from the clusters center can leave them in short time, with almost no interaction, as
both the magnetic field and the gas number density are very low compared to the central

regions. On the other hand, CRs injected at the center or at 300 kpc away from the cluster
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Figure 4.1: Scheme of the CR simulation geometry. They are injected at three different positions inside
each cluster represented by Rofset, and Rops is the radius of the observer (Hussain et al., 2021).
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Figure 4.2: This figure shows the CR flux of individual clusters of distinct masses, M ~ 10'® (red); 10
(green); and M ~ 10'3 M, (blue color) at redshift z ~ 0. The sources of CRs are located at the center of
the cluster (solid), at 300 kpc (dashed), and at 1 Mpc (dash-dotted lines) away from the centre. The flux
is computed at the edge of the clusters. The spectral parameters are o = 2 and Eya = 5 x 107 eV, and

it is assumed that 2% of the luminosity of the clusters is converted into CRs (Hussain et al., 2021).

center can be easily deflected by the magnetic field and trapped in dense regions. This
explains the higher CR flux for the injection point at 1 Mpc in Fig. 4.2. Also, because
the confinement of CRs in the central regions of the clusters is comparable to a Hubble
time, and because of the value of the MFP for the relevant interactions (Section 3.4), the
production of secondary particles including neutrinos and gamma rays in the clusters is
substantial, as we will see in Section 4.3. Fig. 4.2 also shows that the CR flux is larger for
smaller cluster mass (see justification for that in Section 4.4.)

In Fig. 4.3 we show the CR spectrum of all the clusters at different redshifts integrated
up to the Earth. Although the spectra in this diagram have been integrated up to the
Earth, we have not considered any interactions of the CRs with the background photon

and magnetic fields during their propagation from the edge of the clusters to the Earth.
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Figure 4.3: This figure shows the total CR flux (at the Earth distance) from all the clusters distributed
in different redshifts: z ~ 0 (blue); z = 0.05 (orange); z = 0.2 (green). The total CRs flux for the redshift
range z < 0.3 is given by the red dotted line (Hussain et al., 2021).

Though not quantitatively realistic, it provides important qualitative information. One
obvious result is that most of the contribution in the CR flux comes from clusters at low
redshifts. Moreover, there is a significant suppression in the flux of CRs at > 10'7 eV,
which indicates the trapping of lower-energy CRs within the clusters (Alves Batista et al.,
2018; Hussain et al., 2019), as discussed in Chapter 3.

4.3 Flux of Neutrinos

To calculate the neutrino flux, we integrate a relation similar to Equation (4.3) for
neutrino species, and the procedure is the same as described in Section 4.1. In order
to calculate the flux of neutrinos corresponding to injected CRs with a given power-law

spectrum with spectral index «, dNcr/dE < E;® exp{—FE;/Emax}, we can normalize the
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spectrum as follows:

In(E max Emin — EZ
J<a) - ECR, maxn( CR’ / ) EZl ) eXp (_ ) (46)
f Eilfo‘ exp (_Ei;x) dFE o
Emin

Where, E; is the injection energy of the simulated CRs, E,,.x is the exponential cut-off
energy, and Ecr, max 1S the maximum injection energy of the CRs.

In general, neutrino production occurs mainly due to photopion production and pp-
interactions. In Fig. 3.6 of Chapter 3, where the MFP for different interactions are
depicted, we see that protons with energies &/ < 10'7 eV produce neutrinos principally due
to pp-interactions, while for £ > 1017 eV, they produce neutrinos both, by pp-interactions
and photopion process. We have seen also in Fig. 3.6 of Chapter 3 that the total trajectory
length of CRs inside a cluster is comparable or larger than A for these interactions and
thus, neutrino production is inevitable.

In Fig. 4.4 we show the dependence of the neutrino flux with the position of the
corresponding CR source within clusters of different masses. As in the case of the CR flux,
it can be seen that there is less neutrino production for the injection position at 1 Mpc
away from the center of the cluster. Furthermore, massive clusters produce more neutrinos
than the light ones (see justification for this behaviour in Section 4.4). In Fig. 4.5 we
present the redshift distribution of neutrinos as a function of their energy, observed at a
distance of 2 Mpc away from the center of individual clusters with different masses. Most
of the neutrinos are produced in the range z < 0.3.

In Figs. 4.6 and 4.7, we present the total flux of neutrinos from the whole population
of clusters, as measured at Earth, integrated over the entire redshift range within the
Hubble time (solid brown curve in the panels). In the upper panel of Fig. 4.6 and in
Fig. 4.7, the injected CR spectrum is assumed to follow £~ with an exponential cut-off
Frax = 5 x 10 eV. Also, we assumed in these cases that 0.5% of the kinetic energy of the
clusters is converted to the CRs. Besides the total flux, this panel also shows the flux of
neutrinos for several cluster mass intervals. The softening effect at higher energies is due to
the shorter diffusion time of the CRs, and to the mass distribution of the clusters, as higher
flux reflects lower population of massive clusters. In Fig. 4.7 we present the integrated flux
in different redshift intervals and it can also be seen that the clusters at high redshift

contribute less to the total flux of neutrinos. Those at z > 1 barely contribute to the flux
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Figure 4.4: This figure shows the neutrino flux of individual clusters of distinct masses: M ~ 10'° (red);
10* (green) and 10'3 Mg (blue color). The CR sources are located at the center of the cluster (solid
lines), at 300 kpc (dashed lines), and at 1 Mpc away from the center (dash-dotted lines). The flux is
computed at the edge of clusters. The CR injection follows dN/dE o E=2, Epax = 5 x 10%¢ eV, and it is
assumed that 2% of the luminosity of the clusters is converted to CRs (Hussain et al., 2021).
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Figure 4.5: Redshift distribution of the neutrinos as a function of their energy, as observed at 2 Mpc away

from the center of clusters with different masses (Hussain et al., 2021).

due to the low population of massive clusters and their large distances. Figs. 4.6 and 4.7
also compares our results with the IceCube observations. We see that for the assumed
scenario for CRs injection in upper panel of Fig. 4.6 and in Fig. 4.7, they can reproduce
the IceCube observations (Aartsen et al., 2015) for E > 20 TeV . In lower panel of Fig. 4.6,
instead, we have assumed that 2% of the kinetic energy of the clusters is converted into
CRs, with a CR energy power-law spectrum E~2, with F,.. following the dependence
below with the cluster mass and magnetic field:

M, 23 /B G
_ 18 cluster cluster
B = 2.8 x 10 (1015 @) ( e ) eV, (4.7)

which is similar to Fang and Olinto (2016). This condition is derived by Fang and Olinto
(2016) comparing the time of acceleration of a CR to an energy ~ 10 eV in a magnetic
field ~ 1075 G of a shock in the cluster, with the diffusive escape time from the accele-
ration region (see Inoue et al., 2007, for detail). In this scenario we find that the clusters
contribution to the neutrino flux is smaller than IceCube measurements.

For all diagrams of Fig. 4.6 and 4.7, we also compare our results with those of Fang
and Olinto (2016) (blue lines) who have performed the most detailed evaluation of the
neutrino flux from galaxy clusters before our work (see more details about their model

in Section 2.2). The total fluxes in both are similar, in general. Moreover, we see that
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in both cases, the largest contribution to the flux of neutrinos comes from the cluster
mass group 10" M, < M < 10% M. However, the contribution from the mass group
102 Mo < M < 10" My in our results is a factor twice larger than that of Fang and
Olinto (2016), and smaller by the same factor for the mass group M > 10 M, at energies
E > 0.01 PeV (upper panel of Fig. 4.6).

A striking difference between the two results is that, according to Fang and Olinto
(2016), the redshift range 0.3 < z < 1 amounts for the largest contribution to neutrino
production, but in our case the redshift range 0.01 < z < 0.3 provides a more significant
contribution (see Fig. 4.7). Besides, there is a difference of factor ~ 2 to ~ 3 between
ours and their results at these redshift ranges. This difference may be due to the more
simplified modeling of the background distribution of clusters in their case specially for
the lower mass group (10'? M, < M < 10™ M) at high redshifts (z > 1).

In Fig. 4.8, we present the total neutrino spectra calculated for different spectral indices
of the injected CRs, while in Fig. 4.9 we show the total neutrino spectra calculated for
several cut-off energies. In order to try to fit the observed IceCube data, we have considered
a 3% conversion of the kinetic energy of the cluster into CRs in Figs. 4.8 - 4.11.

So far, we have computed the CR and neutrino fluxes from the clusters, considering
no evolution function with redshift for both CR sources, AGN and SFR, i.e. we assumed
Yey(2z) = 1in Equation (4.3). In Fig. 4.10, we have included these contributions and plotted
the flux of neutrinos for the redshift ranges: z < 0.3, 0.3 < z < 1.0, and 1.0 < z < 5.0.
The flux is obtained for spectral index a = 2 and cutoff energy F. = 5 x 1017 eV.

Clusters can directly accelerate CRs through shocks, but any type of astrophysical
object that can produce HECRs can also contribute to the diffuse neutrino flux. In the
former case, the sources evolve only according to the background MHD simulations, dubbed
here “no evolution”, whereas in the latter some assumptions have to be made regarding
the CR sources. In Fig. 4.10, we illustrate the impact of the source evolution. We consider,
in addition to the case wherein sources do not evolve, SFR and AGN-like evolutions (see
Equations 4.2 and 4.1 and accompanying discussion). Our results suggest that, while the
neutrino fluxes for the AGN and the SFR evolutions are relatively close to each other, the
case without evolution contributes slightly less to the total flux. We find that an AGN-
type evolution enhances the diffuse neutrino flux at high redshifts (z 2 1.5) compared to

scenarios wherein the sources evolve as the SFR (or without any evolution), while they
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Figure 4.6: Neutrino spectrum at Earth obtained using our simulations (brown lines), compared with
the IceCube data (markers) (Aartsen et al., 2015), and Fang and Olinto (2016) results (blue lines). The
panels show the total flux integrated over all clusters and redshifts between 0.01 < z < 5 (solid thick
lines). The upper panel shows the neutrino spectra (thin blue and brown lines) for cluster mass ranges of:
10'2 Mg < M < 10 My, (dash-dotted), 10* Mg < M < 10'5 M, (dashed), and M > 101 Mg, (dotted
lines). The upper panel corresponds to the case with a = 1.5 and Ep.x = 5 x 106 eV, whereas in the
lower panel o = 2 and Fy,.x follows Equation 4.7. These diagrams do not include the redshift evolution of
the CR sources, 1., = 1 in Equation 4.3. It is assumed that 0.5% and 2% of the luminosity of the clusters

is converted into CRs in the upper and lower panel, respectively (Hussain et al., 2021).
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Figure 4.7: This figure shows the neutrino spectrum for different redshift ranges: z < 0.3 (dotted lines),
0.3 < z < 1.0 (dashed), and 1.0 < z < 5.0 (dash-dotted lines). The solid blue and brown lines correspond
to the total spectrum in Fang and Olinto (2016), and in this work, respectively. The CR injection in this
figure follows dN/dE o E=1° and Epax = 5x 106 eV. This figure does not include the redshift evolution

of the CR sources, 1., = 1 in Equation 4.3. It is assumed that 0.5% luminosity of the clusters is converted

into CRs (Hussain et al., 2021).
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Figure 4.8: Total spectrum of neutrinos for different injected CR spectra, ~ E~%, with a = 1.5 (blue),
1.9 (orange), 2.3 (green), 2.7 (red). We consider Eyax = 5 x 1017 eV. This figure does not include the
redshift evolution of the CR sources, 9., = 1 in Equation 4.3. It is assumed that 3% of the luminosity of

the clusters is converted into CRs (Hussain et al., 2021).
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Figure 4.9: Total neutrino spectrum for different cutoff energies i.e., Eq: = 5 x 1015 (red), 10'¢ (green),
107 (orange), and 5 x 1017 eV (blue). In the upper panel the spectral index is a = 2, and in lower panel
a = 1.5. This figure does not include the redshift evolution of the CR sources, 1., = 1 in Equation 4.3.
It is assumed that 3% of the luminosity of the clusters is converted into CRs (Hussain et al., 2021).
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Figure 4.10: Neutrino spectrum for different assumptions on the evolution of the CR sources: SFR (blue),

AGN (green), and no evolution (brown). The fluxes are shown for different redshift ranges: z < 0.3
(dotted lines), 0.3 < z < 1.0 (dashed), and 1.0 < z < 5.0 (dash-dotted lines). The CR injection spectrum
has parameters a = 2 and Fp. = 5 x 1017 V. It is assumed that 3% of the luminosity of the clusters is
converted into CRs (Hussain et al., 2021).

are both comparable at small redshifts (z < 0.3) which in turn, provide the dominant
contribution to the total neutrino flux.

In Fig. 4.11, we plotted the flux for different combinations of spectral index a and
E 4z, with different source evolution assumptions as in Fig. 4.10. In both panels all the
combinations of a and Ey,.y are roughly matching with IceCube data (Aartsen et al., 2015),
except = 1.5, and E,,., = 5 x 107 €V in the upper panel as it overshoots the IceCube

points (Aartsen et al., 2015).
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Figure 4.11: Flux of neutrinos for different assumptions on the evolution of the CR sources: no evolution
(solid lines), SFR (dashed lines), AGN (dotted lines) and AGN 4 SFR (dash-dotted lines). In upper panel
green and red lines represent a = 1.5 for Ep.c = 106 and 5 x 10'7 eV respectively. In lower panel orange
and blue lines correspond to a = 2 for Epax = 106 and 5 x 10'7 eV, respectively. In both panels we
assumed that 3% of the luminosity of the clusters is converted into CRs (Hussain et al., 2021).
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4.4  Discussion

In our simulations, the central magnetic field strength and gas number density of the
ICM are ~ 10 G and ~ 1072 cm™3, respectively, for a cluster with mass 10'° M, at
z = 0.01, and both decrease toward the outskirts of the cluster. These quantities depend
on the mass of the clusters, being smaller for less massive clusters (see Figs. 2.4 - 2.6 in
Chapter 2). Thus, high-energy CRs will escape with a higher probability without much
interactions in the case of less massive clusters (see Fig. 4.4). Lower-energy CRs, on the
other hand, contribute less to the production of high-energy neutrinos. Therefore, we have
a lower neutrino flux from less massive clusters. In contrast, for massive clusters, higher
magnetic field and gas density produce higher neutrino flux due to the longer confinement
time, as we see in Fig. 4.4.

We tested several injection CRs spectral indices (o ~ 1.5—2.7), cut-off energies (Eyax =
5x 10 —10'8 V), injection power (with a fraction of (0.5—3)% of the clusters luminosity),
and source evolution inside the clusters with the options (AGN, SFR, or no evolution), in
order to try to interpret the IceCube data (Aartsen et al., 2015) (see Figs. 4.6 to 4.11).
Overall, our results indicate that galaxy clusters can contribute to a considerable fraction
of the diffuse neutrino flux measured by IceCube at energies between 100 TeV and 10 PeV
(Aartsen et al., 2015), or even all of it, provided that that protons compose most of the
CRs. The resulting flux has revealed to be more sensitive to the values of the spectral
index and the cut-off energy than to the CR injection power, in the studied range.

Our results also look, in principle, similar to those of Fang and Olinto (2016) with
no source evolution, who considered essentially the same redshift interval, but employed
semi-analytical profiles to describe the cluster properties. In particular, in both cases,
the largest contribution to the flux of neutrinos comes from the cluster mass group 10 <
M < 10 M. However, they did not consider the interactions of CRs with CMB and EBL
background as they considered them subdominant compared to the hadronic background
following Kotera et al. (2009). But, we have seen in Fig. 3.6 of Chapter 3 that the MFP
for pp-interaction and photopion production in the CMB are comparable for CRs of energy
> 10'7 eV. Therefore, the neutrino production due to CR interactions with the CMB is
not negligible. Perhaps the most relevant difference between our results and theirs is that,

in their case, the redshift range 0.3 < z < 1 makes the largest contribution to neutrino
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production, while in our case this comes from the redshift range z < 0.3, when considering
no source evolution (see Fig 4.7).

When including source evolution, there is also a dominance in the neutrino flux from
the redshift range z < 0.3, though the contribution due to the evolution of star forming
galaxies (SFR) from redshifts 0.3 < z < 1 is also important. Overall, the inclusion of
source evolution can increase the diffuse neutrino flux by a factor of ~ 3 (when considering
the separate contributions of AGN or SFR) to ~ 5 (when considering both contributions
concomitantly) in the cases we studied, compared to the case with no evolution, which is
in agreement with Murase and Waxman (2016). Also, our results agree with the IceCube
measurements (Aartsen et al., 2015) for £ 2 10' eV and are in rough accordance with
Fang and Murase (2018). Nevertheless, since there are uncertainties related to the choice of
specific populations for the CR sources, obtaining a full picture of the diffuse high-energy
neutrino emission by clusters is not a straightforward task.

It is also worth comparing our results with Zandanel et al. (2015), who evaluated the
neutrino spectrum based on estimations of the radio to gamma-ray luminosities of the
clusters in the universe. Although our work has assumed an entirely different approach,
both results are consistent, especially for a CR spectral index o ~ 2. High-energy (F >
107 eV) CRs can escape easily from clusters, effectively leading to a spectral steepening
that was not considered by Zandanel et al. (2015). However, not all the clusters are
expected to produce hadronic emission (Zandanel et al., 2014, 2015). In fact, we observe
less hadronic interactions in the case of low-mass clusters (M < 10 M), which could
further limit the neutrino contribution from clusters.

The cluster scenario may get strong backing due to anisotropy detections above PeV
energies. Recently, only a few sources of high-energy neutrinos have been observed (Aartsen
et al., 2013, 2015; Albert et al., 2018; Ansoldi et al., 2018; Aartsen et al., 2020), but there
are also expectations to increase the observations with future instruments like IceCube-
Gen2 (The IceCube-Gen2 Collaboration, 2020), KM3NeT (KM3Net, 2016), and the Giant
Radio Array for Neutrino Detection (GRAND) (Alvarez-Muiiiz et al., 2020). Specifically,
neutrinos from clusters are more likely to be observed if the flux of cosmogenic neutrinos

is low, which might contaminate the signal, as discussed by Alves Batista et al. (2019).
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4.5 Conclusions

We considered a cosmological background based on 3D-MHD simulations to model the
cluster population of the entire universe, and a multidimensional Monte Carlo technique
to study the propagation of CRs in this environment and obtain the flux of neutrinos that

they produce. Our results can be summarized as follows:

e We found that CRs with energy £ < 10'7 eV cannot escape from the innermost
regions of the clusters, due to interactions with the background gas, thermal photons
and magnetic fields. Massive clusters (M > 10 M) have stronger magnetic fields
which can confine these high-energy CRs for a time comparable to the age of the

universe.

e Our simulations predict that the neutrino flux above PeV energies comes from the
most massive clusters because the CR interactions with the gas of the ICM are rare

for clusters with M < 10'3 M.

e Most of the neutrino flux comes from nearby clusters in the redshift range z < 0.3.
The high-redshift clusters contribute less to the total flux of neutrinos compared to

the low-redshift ones, as the population of massive clusters at high redshifts is low.

e The total integrated neutrino flux obtained from the interactions of CRs with the
ICM gas and CMB during their propagation in the turbulent magnetic field can ac-
count for sizeable percentage of the IceCube observations, especially, between energy

100 TeV and 10 PeV.

e Our results also indicate that the redshift evolution of CR sources like AGN and

SFR, enhances the flux of neutrinos.

Finally, more realistic studies considering cosmological simulations that account for
AGN and star formation feedback from galaxies (e.g. Barai and de Gouveia Dal Pino,
2019; Hopkins et al., 2021) will allow to constrain better the redshift evolution of the CR
sources in the computation of the total neutrino flux from clusters. Furthermore, in the
future, IceCube will have detected more events. Then, combined with diffuse gamma-ray
searches by the forthcoming CTA (CTA, 2018), it will be possible to better assess the

contribution of galaxy clusters to the total extragalactic neutrino flux.



Chapter 5

The Diffuse Gamma-Ray Flux from Clusters of

Galaxies

As stressed in Chapter 1 , the origin of the diffuse gamma-ray background (DGRB)
detected by EGRET (Colafrancesco and Blasi, 1998; Sreekumar et al., 1998; Strong et al.,
2004) and Fermi-LAT (Ackermann et al., 2012, 2015; Yang and Wang, 2020; Neronov
and Semikoz, 2020), the one that remains after subtracting all individual sources from
observed gamma-ray sky, is unknown. The DGRB gives a non-thermal perspective of
the universe that is also explored through the extragalactic UHECRs and neutrinos. The
observed energy fluxes of these three components are all comparable (Ahlers and Halzen,
2018; Fang and Murase, 2018) and suggest that they may have a common origin. In this
Chapter, we combine the same cosmological MHD simulations of clusters of galaxies with
the propagation of CRs using Monte Carlo simulations, considering redshifts z < 5, in
order to compute the flux of gamma-rays due to the large scale structures. The results of

this Chapter have been recently submitted to publication (Hussain et al., 2022).

5.1 Introduction

The DGRB possibly encompasses contributions from different source populations such
as star-forming galaxies (SFGs), pulsars, active galactic nuclei (AGNs), gamma-ray bursts
(GRBs) (Stecker and Venters, 2011; Fornasa et al., 2013; Di Mauro et al., 2013; Di Mauro
and Donato, 2015; Ajello et al., 2015; Albert et al., 2021; Roth et al., 2021) or, even
more likely, from the integrated contribution of all these sources within clusters of galaxies
(Murase et al., 2013; Brunetti and Jones, 2014; Brunetti et al., 2017).

As discussed in Chapter 1 and 4, several analytical and semi-analytical models have
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been employed to estimate the fluxes of gamma rays and neutrinos stemming from CR
interactions in the intracluster medium (ICM) (Berezinsky et al., 1997; Rordorf et al.,
2004; Kotera et al., 2009; Fang and Murase, 2018), but in all these studies the ICM is
assumed to have spherically symmetric distributions of magnetic fields and gas. In this
Chapter, we extend the study described in Chapter 4 (Hussain et al., 2021), and use the
same approach to compute the diffuse gamma-ray flux from the galaxy clusters, at the
Earth. Distinctly from the neutrino flux computed in Chapter 4, the calculation of the
DGRB requires not only the evaluation of the flux that emerges from the clusters, but also

its propagation and cascading into the IGM.

5.2 Simulation Setup

The simulation setup is the same as described in Chapters 2 to 4. We employ the 3D-
MHD cosmological simulations described in Chapter 2. We are interested in high-energy
gamma rays with £ 2> 10 GeV and thus consider CRs with energies 10" < E/eV < 109,
The upper limit can be achieved by primary sources, such as AGNs (Fang and Murase,
2018; Murase et al., 2008). As remarked in Chapter 3, for magnetic fields of B ~ 1 uG, the
Larmor radius of CRs with £ ~ 10! eV is r, ~ 10 kpc, so that they cannot remain trapped
within clusters for too long. On the other hand, CRs with lower energies remain confined,
producing secondaries due to their interactions with the ICM gas and the Bremsstrahlung
radiation, as well as with the cosmic microwave background (CMB) and the extragalactic
background light (EBL) (e.g., Pfrommer, 2008; Murase et al., 2008; Fang and Olinto,
2016; Hussain et al., 2021).

We explore the propagation of CRs in the simulated background of clusters in the
same way as described in Chapters 2 and 4. The propagation has two steps (see Fig. 5.1)
and we assume that the CRs are predominantly composed by protons only (see Chapter
1 for discussion). In the first step, we compute the gamma-ray flux produced by CR
interactions in the clusters by considering all relevant interactions that generate both
electrons and photons (see Section 3.4). In the second step, we perform the propagation
of the gamma rays collected at the boundary of the clusters up to Earth. We consider
the electromagnetic cascade process initiated by these gamma rays in the intergalactic

medium, including inverse Compton scattering, single, double, and triplet pair production,
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Figure 5.1: Schematic diagram of gamma-ray production in clusters of galaxies and its propagation in

the intergalactic medium.

with the CMB, the EBL (Gilmore et al., 2012), and the radio background ' (Protheroe and
Biermann, 1996) (see Sections 3.3 and 3.4). We did not consider the effects of intergalactic
magnetic fields outside the cluster in this step, since they are highly uncertain and are not
expected to majorly affect the gamma-ray flux at energies above ~ 100 GeV (Vazza et al.,
2017; Alves Batista and Saveliev, 2021).

To convert the code units of the CR simulations to physical units, we have followed the
same procedure described in Section 4.1 (see also Hussain et al., 2021). We considered
here that 1% of the cluster luminosity goes into CRs which is consistent with Fermi-LAT
predictions of gamma rays from clusters (Ackermann et al., 2014; Brunetti and Jones,

2014) 2. We adopt for the injected CR spectral index the values a = 1.5 — 2.5, and for

! Extragalactic radio background is based on the observed luminosity functions and radio spectra of

normal galaxies and radio galaxies.
2 We note that the fraction of the cluster luminosity that goes into CRs is slightly different from that

adopted in the study of the neutrino emission described in Chapter 4. There, we left this fraction as a
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Frnae = 10' — 5 x 10'7 eV, which are the most suitable combination able to reproduce the

Fermi-LAT observations, as we describe in Appendix C (see also Fig. 5.7).

5.3 'The flux of gamma rays

The high-energy gamma rays produced inside clusters have the energy range 10 <
E/eV <5 x 10%, as shown in Figs. 5.2 and 5.3 , which depict the flux collected at the
edge of clusters with different masses and redshifts. The Fig. 5.3 shows the dependence
of the photon flux on the position of the CR sources inside the clusters. As expected,
the photon production is smaller when the source is located farther away from the center.
The CRs can escape more easily from the less dense and lower magnetic fields in the
outskirts of the clusters and thus produce less photons. In addition, , both figures also
shows that massive clusters can produce more photons than lighter ones. The mass range
of clusters in our background simulation is 10 < M/M, < 5 x 10 and clusters with
masses < 1012 M, barely contribute to HE gamma-ray flux. This occurs due to the lower
interaction rate between CRs and the intracluster environment, which is a consequence
of the interplay between the Larmor radius, determined by the magnetic field, and the
cluster size. Also, there are fewer clusters with mass > 10'® M, especially at high redshift
(z > 1). Therefore, the major contribution to gamma rays flux comes from clusters in the
mass range 10" < M/M, < 10%.

We present the integrated gamma-ray spectrum from all clusters in the redshift interval
z < 5.0, propagated up to the Earth, in Figs. 5.4, 5.5, 5.7, 5.9, and C.1. The total flux

(®) was computed as follows:

Zmax My,

(5.1)

AN L dAN(B/(1+z2), M, z) (@/}ev(Z)f(M))
dM dE

E*®(E) = / dz / M B dmdi (2)

Zmin min

The above equation is the same as the Equation 4.3 of Chapter 4 except for the factor
f(M) which represents the gas density correction in the clusters due to star-formation
and AGN feedback. The values employed here as a function of the mass of the clusters

are described below (see Fig. 5.8 and 5.9). They have been constrained by observations

free parameter, given the uncertainties associated to it, and in order to reproduce the observed flux of

neutrinos, we adopted values between (0.5 — 3.0)% for this ratio.
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Figure 5.2: This diagram shows the photon flux for individual clusters (collected at the edge ~ 2 Mpc)
of different masses (upper panel) and redshifts (lower panel). The spectral index of the CR spectrum has

a power-law index o = —2 and an exponential energy cut-off Ep . = 107 eV (Hussain et al., 2022).
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Figure 5.3: Gamma-ray flux at the edge of individual clusters (radius ~ 2 Mpc) of mass M ~ 1015 M
(red); and 10 Mg (green), at redshift z ~ 0. We considered CR sources located at the center of the
cluster (solid lines), at 300 kpc (dashed lines), and at 1 Mpc away from the center (dash-dotted lines).
The spectral index of the CR spectrum has a power-law index o = —2 and an exponential energy cut-off
FErmax = 1017 eV (Hussain et al., 2022).
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(Fabjan et al., 2010; Planelles et al., 2014; Lovisari et al., 2015). For the computation of
the neutrinos, we had assumed f(M) =1 (see justification below).

The universe is believed to be isotropic and homogeneous at very large scales (Schneider,
2006). Therefore, for the propagation of gamma rays from the clusters to Earth, we
assumed a nearly uniform distribution of sources (UDS) in comoving coordinates. In order
to understand how much our results depend on the assumption of UDS, we have computed
the gamma-ray fluxes for two different random distributions of sources (SMP1 and SMP2)
within the same distance ranges and compared them with the UDS results. To do the
random realization of the sources we calculated the number of clusters (Nejysters = cluster
density x volume of a sphere of radius z,,, ) distributed within the maximum distance
given by the maximum redshift (2, = 5.0) of our MHD background and used these
distributions in our simulations of gamma-ray propagation. The comparison of the UDS
results with the two different random distributions of sources is shown in Fig. 5.4. The
results are similar for both cases and we adopted the UDS distribution to compute the
integrated total flux of gamma-rays in the figures that follow.

Fig. 5.5 depicts the total flux for different redshift intervals: z < 0.3, 0.3 < z < 1.0,
and 1.0 < z < 5.0. The dominant contribution to the total flux of gamma rays comes
from sources at low redshifts (z < 0.3), for which the effect of the EBL attenuation is less
pronounced. This effect is more prominent at higher redshifts and also depends on the EBL
model adopted Gilmore et al. (2012); Dominguez et al. (2011); Stecker et al. (2016) (see
Fig. 5.6). Fig. 5.5 shows the results for the EBL model from Gilmore et al. (2012), which
predicts a slightly larger gamma-ray cut-off energy for the flux. Also, our treatment of the
pp-interactions (Kelner et al., 2006; Kafexhiu et al., 2014) is only an approximation and
contains uncertainties due to the unknown pp cross-section at energies beyond the reach
of the LHC (Aaboud et al., 2016). The figure also highlights the effects of the evolution
of the CR sources on the gamma-ray flux, distinguishing the separated contributions of
AGN and SFR, following the same procedure as in Alves Batista et al. (2019); Hussain
et al. (2021). Similarly to the neutrinos, we find that an AGN-type evolution enhances
the diffuse gamma-ray flux at high redshifts (z 2 1.5) compared to scenarios wherein the
sources evolve as the SFR (or without any evolution), while they are both comparable at
small redshifts (z < 0.3) which in turn, provide the dominant contribution to the total

gamma-ray flux.
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Figure 5.4: In this figure we compared the spectrum of UDS (solid lines) with the random realization of
sources (dashed lines) for different radshift intervals in both panels. The spectral index and cutoff energy
in both panels is @ = 2.0 and Ey., = 107 eV. In the upper panel, the UDS and the sources random
realization SMP1 models are compared, while in the lower panel they are both compared to SMP2 model
too (see text for more details). In the lower panel, blue lines represent the flux for redshift interval

0 < z < 0.01 and green lines are for 1.5 < z < 5.0.
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We further notice that the flux of gamma rays above energies ~ 1012 eV can also be
attenuated by interactions with the local optical and infrared photon fields of clusters, in
addition to the EBL. Nevertheless, this attenuation effect is more dominant for sources
at redshift z > 0.3 as predicted by Murase and Waxman (2016). In our case, the major
contribution corresponds to sources at z < 0.3. Therefore, we expect that this interaction
channel has likely a minor impact on our results.

The shaded region in Fig. 5.7 shows the total flux of gamma rays for the entire redshift
range 0 < z < 5.0, calculated for @ = 1.5 — 2.5 and E., = 106 — 10'7 eV, including
the AGN sources evolution. In Fig. 5.7 we compare our flux with the expected flux from
Coma-like clusters (Nishiwaki et al., 2021), the flux from clusters obtained by Murase et al.
(2013), and the flux from Zandanel et al. (2015) for 100% (solid line) and 30% (dashed
line) radio-loud clusters in the redshift range 0.044 < z < 0.2.

Besides the observed flux by Fermi LAT, we also present in Fig. 5.7 the upper limit
for the DGRB obtained by the currently operating experiment HAWC with 815 days of
observations (Harding, 2019) and the high-energy limit on gamma-rays obtained by CASA-
MIA (Chantell et al., 1997). The flux we obtained is comparable with the observational
upper limits of HAWC.

In Fig. 5.9 we have recalculated the total diffuse gamma-ray flux (black dashed line)
considering correction factors f(M) ~ 0.95 for clusters with M > 10 My, f(M) ~ 0.8
for M 2> 10" M, f(M) ~ 0.3 for M 2 10" Mg, and f(M) ~ 0.3 for M = 102 M, see
Fig. 5.8 (see also Lovisari et al., 2015). The gas density of clusters can be reduced due to
AGN-feedback and star-formation. Consequently, this can decrease the flux by a factor 2

or so (see Fig. 5.9).

5.4 Discussion and Conclusion

Our results indicate that the clusters can contribute to a sizeable fraction of the DGRB
observed by Fermi-LAT especially above 100 GeV, for CR spectra with index a = 2.0 —2.5
and Eyax = 10'® — 107 eV. The spectral indices considered here are consistent with the
universal CR model by Pinzke and Pfrommer (2010) used by Fermi-LAT to explore the CR
induced gamma-ray emission from clusters Ackermann et al. (2014), and by H.E.S.S. for the

Coma cluster (o = 2.1 — 2.4) (Aharonian et al., 2009), while the Fy,., range is compatible
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Figure 5.7: Integrated gamma-ray flux from the entire population of clusters. The pink shaded region
represents the integrated gamma-ray flux obtained in this work for Eya., = 106 — 1017 eV and spectral
index a = 1.5 — 2.0. We compare our results with the total gamma-ray flux from clusters obtained in
previous works Zandanel et al. (2015); Murase et al. (2013); Nishiwaki et al. (2021), and also with the
DGRB from Fermi LAT (Ackermann et al., 2015) and the upper limits from HAWC Harding (2019) and
the CASA-MIA Chantell et al. (1997) experiments.
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Figure 5.9: Total gamma-ray flux for @ = 2.0 and Eya, = 1017 eV over the entire redshift range (solid

black line). It is compared with the total gamma-ray flux we obtain when accounting for the gas loss of
the clusters due to star formation and AGN feedback (black dashed line). The DGRB from Fermi-LAT
and upper limit from HAWC (Harding, 2019) and CASA-MIA (Chantell et al., 1997) is also shown. See

text for details.
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with the fact that the clusters can confine mainly CRs with energies £ < 1017 eV (Inoue
et al., 2007; Fang and Olinto, 2016; Hussain et al., 2021).

The gamma-ray flux we obtained from the entire population of clusters, specially for CR
spectral index ~ 2 and energy cutoff ~ 1017 eV, is comparable with Murase et al. (2013)
(Fig. 5.7). In Murase et al. (2013), they estimated the gamma-ray flux from clusters using a
purely hadronuclear scenario (pp-interaction) claiming that these sources would contribute
with at least 30% — 40%, or even 100% but for softer spectra (a 2 2.2), to the DGRB. In
comparison with the estimated spectrum for Coma-like clusters (Nishiwaki et al., 2021),
our gamma-ray flux is a little higher. In both studies (Murase et al., 2013; Nishiwaki et al.,
2021), besides the oversimplified ICM magnetic-field and density distributions, assumed
to have radial profiles, they did not account for the contributions from clusters of mass
< 10" Mg. In Coma-like clusters (Nishiwaki et al., 2021), where masses are ~ 10 M,
the average density is ~ 1076 Mpc™3, but it is ~ 10~* Mpc™ for cluster masses of a
few 10'* M, (as considered in Nishiwaki et al. (2021); Murase et al. (2013)), and can be
even larger for masses < 10 M., as predicted by large scale cosmological simulations
(Jenkins et al., 2001; Rosati et al., 2002; Bocquet et al., 2016) and obtained in our MHD
cosmological simulations. Because we are considering here the entire mass range (1012 <
M/M < 5 x 10'), the density is higher by an order of magnitude, and this is the main
difference between ours and these previous studies (Murase et al., 2013; Nishiwaki et al.,
2021). Also, we find that the major contribution comes from the most abundant mass
interval of clusters (10" < M/M, < 10'® ). Another relevant study (Zandanel et al.,
2015) estimated the flux using a simple relation between the gamma-ray luminosity and
the cluster mass. They constrained the radio-loud cluster count from observations by
the Radio Astronomy Observatory Very Large Array sky survey (Giovannini et al., 1999;
Cassano et al., 2010) and also assumed that the radio luminosity scales linearly with the
hadronic high-energy emission. The flux they obtained for o = 2.0, assuming that all
clusters are radio loud but in a limited redshift range of 0.044 < z < 0.2, is comparable
to our results, as shown in Fig. 5.7. However, if only 30% of the population of clusters is
radio loud, then their estimated fluxes are much lower. Also, they omitted the absorption
of gamma rays due to interactions with the EBL, which for £ 2 1 TeV is relevant only at
high redshifts (Dominguez et al., 2011).

Though individual source populations such as blazars (Ajello et al., 2015), misaligned-
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AGNs (Di Mauro et al., 2013) and star-forming galaxies (SFGs) (Roth et al., 2021) can
contribute to a fairly large fraction to the DGRB for energies below TeV (Fornasa and
Sanchez-Conde, 2015), and even considering more recent claims that indicate that SFGs
alone can explain the DGRB observed by Fermi-LAT (Roth et al., 2021), our results
demonstrate that the cumulative gamma-ray flux from clusters can dominate over the
contribution from individual classes of sources at energies 2 100 GeV (see Fig.5.10). The
implications of our calculations are extremely important considering that the contribution
from clusters is guaranteed if high-energy CRs are present in the ICM.

Finally, as remarked, our MHD simulations do not include radiative-cooling, or the
amount of gas that is converted into stars or removed from the clusters due to stellar
and AGN feedback. This implies a slight overestimation of the density in the structures,
especially for clusters of mass < 10'* M, (see Fabjan et al. (2010); Planelles et al. (2014)).
Based on the observational results (Lovisari et al., 2015), we have also estimated the total
gamma-ray flux taking into account the expected decrease of the gas density as a function
of the cluster mass. A comparison between the dashed and solid black lines of Fig. 5.9
indicates a small reduction of the flux by at most a factor 2. Future more realistic MHD
cosmological simulations that account directly for the CR sources evolution and feedback
(see e.g., Barai and de Gouveia Dal Pino, 2019; Hopkins et al., 2021) may allow to constrain
better the contribution of clusters to the DGRB.

As shown in Fig. 5.7, our results are comparable with the upper limits of HAWC at very
high energies for the DGRB. A similar evaluation or prediction has not been performed
yet by other facilities like the Large High Altitude Air Shower Observatory ((LHAASO,
Di Sciascio et al., 2016)) or the forthcoming Cherenkov Telescope Array (CTA, CTA, 2018).
Nevertheless, considering the sensitivity curves for point sources obtained in both cases,
the gamma-ray flux we derived has likely the potential to be detected by these facilities
too (see Fig.5.10).

Our results were obtained through the most detailed simulations to date of three-
dimensional particle transport in cosmological environments. Combined with the other
known components of the DGRB, our results strongly constrain the fraction of the diffuse
flux that could be ascribed to unknown components such as the elusive dark matter.
Moreover, it establishes a clear connection between the fluxes of two messengers, neutrinos

and gamma rays, which, combined, enables us to indirectly study CRs in clusters even if
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Figure 5.10: Contribution to DGRB from different types of astrophysical sources. The pink band is
plotted for the fiducial range of parameters in our work o = 1.5 — 2.5, Ea = 1016 — 1017 eV. Besides
showing the observed DGRB flux from Fermi-LAT (Ackermann et al., 2015) and upper limits from HAWC
(Harding, 2019) and CASA-MIA (Chantell et al., 1997) (as in Fig. 5.7), this figure also presents the
sensitivity curves obtained for point sources from LHAASO (Di Sciascio et al., 2016), HAWC (Abeysekara
et al., 2013), and the forthcoming CTA North and South observatories (CTA, 2018) for comparison (gray
curves). We also showed the contribution from individual sources to DGRB i.e. blazars (Ajello et al.,
2015), AGNs (Di Mauro et al., 2013), and SFGs (Roth et al., 2021).
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they are not directly observable.



Chapter §

Conclusions and Future Perspectives

6.1 Summary: what we have learned

In this Thesis, we explored the contribution of clusters of galaxies to the observed diffuse
neutrino and gamma-ray combining cosmological MHD and CR Monte Carlo simulations,
considering all relevant CR interactions during propagation in the intracluster medium and
the subsequent gamma-ray cascading in the intergalactic medium. Our results indicate that
clusters can contribute to a fairly large fraction of the highest energy photon flux observed
by Fermi-LAT. We also predict the observation of gamma rays from these sources by future
observatories (CTA and LHAASO). The neutrinos flux we obtained provides a substantial
fraction of the observed emission by the IceCube at the highest energies.

This work provides relevant results in the area of gamma-ray and multi-messenger
astrophysics. Firstly, it is a major step forward computationally, as it comprises the most
detailed calculations to date of this type of process, employing techniques that are rarely
used together (3D simulations of particle propagation with cosmological MHD simulations).
Secondly, our results provide an estimate of a flux of neutrinos and gamma rays from galaxy
clusters that should be taken into account when interpreting the diffuse gamma-ray and
neutrino background. It has immediate implications for all studies that depend on accurate
estimates of this background, ranging from models of extragalactic high-energy gamma-ray
sources to dark-matter searches.

In the first Chapter 1, we described the observational and theoretical motivation for
this work. We also discussed the importance of our work in the larger context of multi-
messenger astrophysics and particle astrophysics.

In Chapter 2, we presented a detailed analysis of the large scale background cosmo-
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logical MHD simulations of the large scale structures and galaxy clusters employed here,
using the SPH GADGET code (Dolag et al., 1999; Springel et al., 2001; Dolag et al.,
2005). We discussed the properties of the galaxy clusters based on the simulations and
presented 2D cuts of the distributions of the magnetic fields, density and temperature
in simulated clusters of different masses. We found that the clusters have no spherical
symmetric which can affect the emission pattern of the multi-messengers (CRs, photons
and neutrinos) from these structures. The number density of clusters of different masses
within the total volume of our cosmological simulation is comparable with the cosmological
simulations Jenkins et al. (2001); Bocquet et al. (2016) and with the observations as well
Tinker et al. (2008).

Chapter 3 was dedicated to discuss the propagation of CRs and the interaction proces-
ses. In the first part we described the Monte Carlo code CRPropa 3 (Alves Batista et al.,
2016) that we employed here to investigate the propagation of CRs. We discussed both
the ballistic and diffusive regimes of CRs depending on their energy and the background
astrophysical environments. We argued that the SDE approach is more suitable to study
the propagation of CRs in the turbulent ICM. In the second part of Chapter 3, we des-
cribed all the relevant CR interaction rates of energy loss namely, photopion production,
photodisintegration, nuclear decay, proton-proton (pp) interactions, and adiabatic losses.
We also derived the rates of electromagnetic cascade processes of gamma rays including
inverse Compton scattering, single, double, and triplet pair production. To see the im-
portance of these processes we compared their mean free paths (MFPs) in the context of
the ICM and intergalactic medium. In addition, we also discussed all the relevant photon
fields in ICM/IGM, i.e., the CMB, EBL, and Bremsstrahlung. We found that the most
important channel to produce high-energy photons and neutrinos in the ICM are inelastic
proton-proton collisions and CRs interactions with the CMB.

The main results of this Thesis were presented in Chapters 4 and 5, on the production
of high-energy neutrinos and gamma-rays, respectively, from the clusters of galaxies.

In Chapter 4, we presented the integrated flux of neutrinos from the entire population
of clusters of galaxies in the redshift range z < 5.0 and mass range 10" < M /M, < 106,
We used the most rigorous numerical approach to take into account the non-uniformity
of the gas density and magnetic field distributions in clusters, as obtained from 3D-MHD

simulations. Our cosmological simulations indicate that the magnetic field and gas density
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distributions in massive clusters (with M > 10 M) are larger than in the lower-mass
ones, and that massive clusters (M > 10 M) are less abundant at high redshifts (Jenkins
et al., 2001; Rosati et al., 2002; Hussain et al., 2021). The neutrino flux from clusters we
obtained (see also Hussain et al., 2021) is comparable with observations by the IceCube
Neutrino Observatory, especially between the energies 100 TeV and 10 PeV. Most of the
contribution to the total flux comes from clusters at redshift z < 0.3 with masses M 2
10M,. Furthermore, our results also predicted that the next generation of neutrino
observatories (e.g., IceCube-Gen2) might be able to observe high-energy neutrinos from
clusters.

In Chapter 5, we presented the contribution of clusters of galaxies to the observed diffuse
gamma-ray background (DGRB). In that context, we used the same cosmological MHD
simulations as in Chapter 4 in the same mass and redshift range to probe the background
ICM. We computed the flux of gamma-rays arising from the cluster population and their
cascading through the IGM until arrival in the Earth. We have found that the total
gamma-ray flux from the clusters can contribute up to 100% of the diffuse gamma-ray flux
above 100 GeV observed by the Fermi-LAT. The major contribution comes from clusters
with mass 10'® < M/M, < 10" in the redshift range z < 0.3. Our results are also
comparable with the upper limits of HAWC at very high energies of the DGRB.

A final remark is in order, an important aspect that differed a little in the computation
of both diffuse fluxes of neutrinos and gamma rays, was the assumed power of injected
CRs inside the clusters, which is a free-parameter in our simulations, barely constrained
by observations. In the case of the neutrino study (Chapter 4), we injected a CR power
with (0.5 — 3)% of the cluster luminosity, while in the case of the gamma-rays (Chapter
5), we considered a fraction of 1%, which we found to be more than enough to reproduce
the observed emission by the Femri-LAT. Also remarkable is the fact that while the flux of
neutrinos is dominated by contributions from more massive clusters, the flux of gamma rays
has also important contribution from less massive ones. This means that the luminosity
fraction that is injected in the CRs that will produce the observed neutrino flux does not
have to be the same as the one that will produce the observed DGRB. A better constraint
of this parameter will be provided by confronting our predictions with observations of the
forthcoming observatories and experiments.

At last, we summarize our results in Fig. 6.1, the high-energy fluxes of gamma-rays and
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Figure 6.1: High-energy neutrinos (blue band) and gamma-rays (pink band) from the entire population
of galaxy clusters obtained in this work. We compare the gamma-ray flux with the DGRB observed by
Fermi-LAT (Ackermann et al., 2015), and the upper limits from HAWC (Harding, 2019) and CASA-MIA
(Chantell et al., 1997). We also compare the neutrino flux with the diffuse neutrino background observed
by IceCube (Aartsen et al., 2015).

neutrinos from clusters are comparable with the DGRB (observed by Fermi-LAT above
energy 5 x 10 eV) and the diffuse neutrino background (observed by IceCube above
energy 10 eV), which makes them very attractive candidates for the observations of

these high-energy multi-messengers.

6.2 Future Perspectives

The results of this work open new window for the search of multi-messengers especially
high-energy neutrinos and gamma-rays from clusters of galaxies. These cosmic messengers
provide us information about their sources and the properties of intergalactic medium.

Our results are based on the non-radiative MHD simulations that did not consider
the radiative-cooling, or the amount of gas that is converted into stars or removed from

the clusters due to stellar and AGN feedback. The most immediate research work that
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can be done in this direction is to consider more realistic background MHD simulations
that account for the sources evolution such as SFR and AGN-feedback (e.g., Barai and
de Gouveia Dal Pino, 2019; Hopkins et al., 2021) which will allow us to constrain better
the contribution of clusters to the neutrinos and DGRB.

Another obvious channel, is to explore further the effects of CR chemical compositions
on the neutrino and DGRB fluxes. In the present study, we focused on the most abun-
dant component, the protons. If there are heavier nuclei in clusters, then they should be
subdominant with respect to protons because the CR acceleration depends on the rigidity
(energy over charge). Even though, we expect a much smaller contribution from heavier
elements (see e.g., Kotera et al., 2009), it will be straightforward to perform similar simu-
lations as those carried out here combining the cosmological with Monte Carlo simulations,
in order to quantify these contributions. In this context, we did a preliminary study where
we computed the flux for three different primary composition Fe, N, p of CRs, from two
individual clusters which are presented in the Appendix D.

Employing similar methods as those applied in this Thesis, we can also explore the
MWL emission by modeling the reacceleration and propagation of CR protons and elec-
trons from individual sources like Virgo, Centaurus, Perseus, Coma cluster (e.g., Nishiwaki
et al., 2021). Our results also indicate that the distribution of magnetic field and density
in clusters deviate from spherical symmetry. Though it does not affect the high-energy
emissions too much, it may affect largely the low energy emission such as in the radio halo
of the clusters which is commonly attributed to synchrotron emission.

In galaxy clusters, the most prominent processes that can produce high-energy particles
in turbulent media is diffusive shock acceleration, and magnetic reconnection also appears
as a powerful candidate particularly for reacceleration in the turbulent environment (Hillas,
1984; Berezinsky et al., 1997; Murase et al., 2008; Pfrommer, 2008; Pinzke and Pfrommer,
2010; Lazarian et al., 2012; Kowal et al., 2012; Blasi, 2013; Murase et al., 2013; de Gouveia
Dal Pino and Kowal, 2015; Bonafede et al., 2021; Brunetti and Jones, 2014; Brunetti et al.,
2017). CRs are present in galaxies and clusters with an approximate equipartition to the
thermal turbulent gas and magnetic energy densities that can have a significant impact on
the interstellar medium (ISM) and ICM, through the dynamical coupling between gas and
CRs. These CRs can heat up the gas in galaxies. Being of non thermal nature, CRs do not

cool quickly as compared to the gas which allow them to escape from the disc of galaxies.
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The escaping of CRs produce a gradient of pressure which can create a gas outflows from
the galactic discs. This process is responsible for launching the galactic-scale winds and
quenching the star-formation by the removal of gas (Hopkins et al., 2020). Therefore, CRs
coupled with magnetic field are crucial to understand the dynamics of gas in galaxies and
clusters. More importantly, they can play a central role in the evolution of galaxies. We
can also study the evolution of these sources that host AGN jets composed of CRs and
magnetic field, with the same tools we have employed here.

Apparently, black hole jets embedded in large-scale structures (e.g., galaxies and clus-
ters) are the major contributor in the production of multi-frequency cosmic particles and
the evolution of these sources. Thus, to probe the multi-messenger and MWL emission
from galaxies and clusters, the study of AGN jets (e.g., blazars) have antic importance.
The spectra of blazars are fully dominated by the jet emission, so we can model these
jets and accretion flow through the MHD or general-relativistic (GR) MHD simulations
(de Gouveia Dal Pino et al., 2020; Medina-Torrejon et al., 2021; Kadowaki et al., 2021).
The emission of non-thermal radiation over the whole electromagnetic spectrum from bla-
zars is commonly explained due to synchrotron emission, inverse Compton scattering, and
subdominant hadronic interactions. With these background environments (MHD or GR-
MHD) combined with Monte Carlo simulations, we can constrain the MWL emission from
blazars, especially HE neutrinos and gamma-rays because they are among the brightest
gamma-ray sources in the sky (Ackermann et al., 2015; Rodriguez-Ramirez et al., 2019;
Alves Batista and Saveliev, 2021). By modeling the time-dependent blazar jets, we can
also investigate the spectral lags (the time delays between photons of different energies)
that can arise in acceleration and emission patterns, employing the same combination of
MHD and Monte Carlo particle simulation techniques used in the present work.

We did not consider the effect of axion-like particles (ALPs) while estimating the
gamma-ray flux from clusters of galaxies. ALPs are hypothetical particles predicted by
several theories beyond the standard model, especially by the string theory Witten (1984);
Conlon (2006); Ringwald (2012); Cicoli et al. (2012). These particles can be one of the
best candidates to account for dark matter (Alonso-Alvarez et al., 2020). Several studies
constrained the ALPs through a detailed Chandra spectroscopic analysis of clusters hos-
ting AGNs Marsh et al. (2017); Berg et al. (2017); Reynolds et al. (2020); Schallmoser
et al. (2021); Sisk-Reynés et al. (2022). Coupling of ALPs with photons in a magnetized
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plasma like in galaxy clusters can modulate the X-ray and gamma-ray spectra from these
sources (Sisk-Reynés et al., 2022). This modulation effect can appear either in the form of
flux excess or distortion of spectra or both (Galanti et al., 2022). Also, the absorption of
high-energy photons (2 10'? ¢V) by EBL can be avoided by the inter-conversion of photon
and ALPs (Raffelt and Stodolsky, 1988; Reesman and Walker, 2014; Harris and Chadwick,
2014; Galanti et al., 2020)

This is one of the future endeavors to study the emission of gamma-rays from galaxy
clusters including the effect of ALPs.

In summary, there are many important open issues to be further explored and cons-
trained in the context of the propagation of CRs and their secondaries from large scale
structures in which we can apply the methodology and results described in this work.

These issues include:
e What is the actual distribution and composition of CRs in the ICM?

e What are the real effects of SFR and AGN feedback on the galaxy clusters evolutions

and how they affect the CR, gamma-ray and neutrino flux?
e What is maximum energy that can be achieved by CRs in the clusters of galaxies?
e What is the contribution to the emission of gamma rays in galaxy clusters?
e What are the acceleration mechanisms that produce UHECRSs?
e What is the role of CRs and magnetic fields, in the evolution of clusters of galaxies?

e Will the predictions and constraints on the diffusive gamma-ray and neutrino fluxes
from galaxy clusters provided in this Thesis be confirmed by forthcoming observa-
tories such as CTA and LHAASO for gamma-rays and IceCube-Gen2 and GRAND

for extragalactic neutrinos?

Finally we would say, there is no end in sight for the work of multi-messenger and
MWL study of astrophysical sources, a pleasant prospect for any science, and for me in

particular.
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Appendix A

GADGET Code

A.1 Basic MHD Equations

In the collisionless dynamics and gravity, dark matter and stars are modeled as self

gravitating fluid. They can be described by the collisionless Boltzmann equation,

af _of  Of 020f
i ot " or orov (A1)

V20(r,t) = 47TG/f(r,v,t)dv, (A.2)

where f(r,v,t) is the mass density in particle phase space and ® is the self-consistent
potential and the solution of the above Poisson’s equation A.2. Dolag et al. (1999) solved
this coupled system using a N-body approach (Dolag et al., 2002, 2005).

The IGM, ICM, and/or ISM can be described by modeling it as an ideal gas (e.g.,
Dolag et al., 1999, 2002; Springel et al., 2001). Then the equation of continuity for the
ideal, inviscid gas is,

dp

% + pV.U = 0. (A3)

The general equation of motion, under the condition of electrical neutrality of the plasma

can be written

p%:—VPijx B+F, (A.4)
where
Jx B=(Vx B)x B/u=(BN)B/u— V(B/(u), (A.5)

the first term on the right-hand side of equation A.5 is the magnetic tension and the second
term (B?%/2u) represents the magnetic field per unit area (u is the magnetic permeability),
and F' represents the effect due to gravity and viscosity in equation A.4. Further, the

evolution of thermal energy (u) per unit mass, according to the first law of thermodynamics
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du B? A(u, p, B)
G v lurps )y 2nZ) A,
T (u + P+ 87r) v p (A.6)

Where A(u, p, B) is a net cooling function that describes the sources of heating and radi-
ative losses for the gas. In equations A.3, A4, and A.6 the p and P are the density and
thermal pressure of the gas, respectively. We used the Lagrangian time derivatives which
is defined as % = % + 0.V, in equations A.3 and A.4. The equation of state for the ideal
gas is P = (1 — v)pu, where the « is the adiabatic exponent, For the mono-atomic ideal
gas its value is v = 5/3.

The induction equation for the ideally conducting plasma (with neglible resistivity) is

e.g.,

dB = . .
Theoretically, we can neglect the last term of equation A.7. But numerically, it will not
vanish, exactly. One has to take care of this fact as it is done in all numerical simulations
(e.g., Dolag et al., 1999, 2005).

The back-reaction of the magnetic field on the plasma can be calculated by the Lorentz
force,

B2 1 = -
)+

L= —v(g (B.V)B. (A.8)

The Lorentz force in the tensor form is,

L.

I 8@ ’

_ OM;; 1 <

- — ]_ —
where M;; = — (BB, - 5B?éij) (A.9)

The GADGET code developed by Springel et al. (2001) is a Lagrangean code that
employs the Smoothed Particle Hydrodynamics (SPH) technique (e.g., Gingold and Mo-
naghan, 1977; Monaghan, 1982, 1992; Steinmetz and Mueller, 1993). SPH is a particle
interpolation method where any physical quantity is expressed in terms of its values at a
set of disordered points (the SPH particles). SPH employs the Lagrangian equations of the
fluid described above and does not need a grid to calculate spatial derivatives, thus avoi-
ding problems associated with mesh tangling and distortion. The derivatives are calculated
by analytical differentiation of interpolation formulae (as described below, in Section A.2).
GADGET can be used for isolated self-gravitating systems including gas and also for cos-

mological SPH/N-body simulations. This code uses either a tree algorithm or the special
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purpose hardware GRAPE (Gravity Pipe) in order to compute the interactions between
neighbor SPH particles (Ito et al., 1993; Steinmetz, 1996). Dolag et al. (1999, 2005) used
GRAPE to calculate the gravitational forces of the two components: dark matter (which

interacts only through gravity) and baryonic gas.

A.2 SPH Description of the Fluid Equations

Smooth-particle hydrodynamics (SPH, Monaghan (1992)) replaces parcels of the flow
with smoothed particles of variable radius. The average mass density of an ensemble of
these types of particles with mass m, at position 7, is defined as (p(7)) = > m,W (7 —
7,h). The radius of extended particles is specified by the SPH kernel W (o7, h) (also
denominated smoothing or weigh function), that depends on the distance 67" from the
point of consideration and the finite width h (also denominated the SPH particle smoothing
length). Dolag et al. (2005) followed the kernel from Monaghan (1992).

Following the SPH description as described in (e.g., Monaghan, 1992; Dolag et al.,
1999) the momentum equation for a particle at a position 7, takes the form (without the

magnetic force component)

d’Ua Pb pa — -
(52 e = Zmb<? o ) X VW (7 = 7, ) (A.10)
b b pa
Similarly, the internal energy (u,) equation can be written as
dii, P, 1 L S
( 7 ) = Zﬂ%(p_g + §HQb> (Vg — Up) X VW (7, — Th, h) (A.11)
b

These equations are supplemented by the equation of state of ideal gas, P = (y—1)pu —
P, = (v — 1)pu;, with v =5/3. Where P,, P,, and p,, py, are the pressure and density at
positions 7, and 73, respectively. To capture shocks, Monaghan (1992); Dolag et al. (1999);
Springel et al. (2001) incorporate the viscosity tensor 1.

In the SPH language the induction equation A.7 becomes,

dB,; 1 = = L
Tj = E ;mb(Ba,jvab — Ba?}ab’j) X VaW(ra — Ty, h) <A12)

and the equation A.9 takes the form

(5) -Sn[(%) - () xrwran
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To describe the complete equation of motion in MHD we added equations A.10 and
A.13

(dc@ N ;mb ([% * % * Hab} * KP—Z{) + (%)J) X VoW (7 — 7, h). (A.14)

a

For more detailed implemention of the GADGET code and SPH technique one can see
Monaghan (1992); Steinmetz and Mueller (1993); Dolag et al. (1999, 2005); Springel et al.
(2001); Springel (2005) (and reference therein).



Appendix B

Simulation of CR propagation into a turbulent
magnetic field environment with uniform background

radiation

Employing the CRPropa 3 code (Alves Batista et al., 2016), we simulated the propa-
gation of CRs in a three-dimensional turbulent environment. We assume the turbulent
magnetic field with a Kolmogorov spectrum (e.g., Kolmogorov, 1991; Boldyrev and Cat-
taneo, 2004; Bovino et al., 2013). We consider uniform distribution of sources at different
distances, emitting UHECRs in the energy range (10'® — 10?!) eV with spectral index
E~1. We obtained the resulting CR, and neutrino spectra, as well as the deflection angle
distribution of the CRs.

Fig. B.1 shows the CR spectrum that arrives at the observer after propagation in a
background turbulent magnetic field with maximum intensities 107° G and of 107° G
(107 = nG). Figs. B.1 and B.2 present the average deflection angle of CRs per energy
bins. It can be seen that the deflection angle for the CR of energy < 10'? eV is much larger
than that of the CRs with energy > 10 eV. Fig. B.1 also indicates the larger deflection
angle due to stronger magnetic field, as expected. Our results are in good agreement with
previous predictions (e. g., Medina Tanco et al., 1997; Sigl et al., 2004; Dolag et al., 2004;
Tinyakov and Tkachev, 2005; Alves Batista et al., 2017; Ardmburo-Garcia et al., 2021).

We observe the suppression of CRs flux in Figs. B.3 and B.4 (appears as bumps at
energy 5 x 101 eV), due to photopion production which is compatible with the GZK cutoff
(Greisen, 1966; Zatsepin and Kuz'min, 1966). This suppression is occur obviously due to
CRs interactions with the CMB which are more noticeable at high energies (E > 109 V).

Upper panel of Fig. B.4 shows the suppression of the flux of CRs due to the magnetic
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Figure B.1: CR Energy vs deflection angle. This figure shows the deflection angle (due to

the magnetic field) of CRs in the energy range (10'® — 10%!) eV, as a function of the energy
and for two maximum magnetic field intensities: B = 1072 G and 107!° G. Our results are
in good agreement with Dolag et al. (2004); Sigl et al. (2004); Alves Batista et al. (2017).
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Figure B.2: Energy vs deflection angle. This plot shows the deflection per distance bins (maximum
distance is 100 Mpc) considering an energy range at the source (10'® — 102!) eV.

field for energies < 5 x 10'® eV. One can see that the suppression is prominent for high
gles 5

magnetic field B = 1 nG ). In the lower panel of Fig. B.4 we show the flux of neutrinos from
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Figure B.3: Here we plotted the flux of ultra high energy CRs for different distance (d) observers. For
100 Mpc and 50 Mpc distances, one can see the suppression of CRs flux due to photopion production, the
GZK limit (Greisen, 1966; Zatsepin and Kuz'min, 1966). We note that the appearance of the bumps in
the green and red curves is due to the interactions of CRs with CMB that are more pronounced at energy
>5x 10 eV.

CR sources at different distances. These neutrinos are the product of hadronic interactions
of HECRs with the photon fields (CMB and EBL). The EBL interactions are more effective
at large distances (see Fig. 3.6). Also, the CRs have more time to interact, therefore, the
flux of neutrinos for 100 Mpc distance is higher than that of 10 Mpc. Note that the results
presented in Figs. B.3 and B.4 are in arbitrary code units. We did not normalize the flux

of CRs and neutrinos with respect to any specific type of astrophysical source.
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Figure B.4: Upper panel shows the suppression of CRs flux due to magnetic field at energy 10'® eV, for
three values of the magnetic field B = 102 and 1072 G. Lower panel shows the flux of neutrinos arriving
at different distances (d) from the sources. We note that the change of slope in the lower panels around
E ~ 5 x 107 eV is because above this energy, the interactions of CR with the CMB starts to dominate
over the EBL. The bump is the upper panel has the same origin as in Fig. B.3.



Appendix C

Gamma-rray Flux Dependence with the CR Spectral

Parameters

In the upper panel of Fig. C.1, we plotted the flux for different combinations of the
parameters a and Fy,,,. We have constrained, in the lower panel of Fig. C.1, the combina-
tions which are able to reproduce the current observed gamma-ray flux by the Fermi-LAT
(Ackermann et al., 2015). The most suitable values for the spectral index are v = 2.0—2.5,

and for Ey., the entire tested range = (106 — 10'7) eV.
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Figure C.1:
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Upper panel shows the flux for different combinations of of o and FEax.

In the lower

panel blue color represents the combination of o and FE,,., which are suitable to reproduce Fermi-LAT

gamma-ray flux (Ackermann et al., 2015). The red color region can overproduce the data for the energy

bin (300 — 600) GeV.
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CRs Propagation of Different Composition of Primaries

in the ICM

We here discuss the propagation of CRs of different chemical composition inside two
individual clusters of masses M ~ 10% My (cluster 1) and M ~ 2 x 104 M, (cluster
2). We assume the power law index E~! for the CR injection, with energies between 10
and 10" eV. We take into account all relevant photohadronic and photonuclear processes,
namely photopion production, Bethe-Heitler pair production, photodisintegration during
the propagation of CRs in clusters, as well as the adiabatic energy losses due to expansion
of the universe (see Chapter 3). We consider the injection of protons, nitrogen, and iron
nuclei, all with the same power, in three different positions in the clusters: the central
region, 200 kpc and 1 Mpc away from the centre. These choices correspond to different
scenarios of CR acceleration in clusters. They can be accelerated by sources near their
central regions, or by shocks in their outskirts. The CR fluxes are computed by an observer
located at the edge of the cluster, i.e., in a sphere of 1 Mpc radius around the center of the
cluster for all injection scenarios. Neutrino fluxes are also calculated by the same observer,
but only for the CR injection in the central region.

In Figs. D.1 and D.2, we show how the CR spectrum for different species depends on
the position where the CRs are injected in the cluster. Fig. D.1 is for protons, and Fig. D.2
is for nitrogen, and iron primaries. From Figs. D.1 and D.2 one can see that the injected
spectrum (E~1) is clearly modified for all the three primaries due to interactions inside
the clusters. The flux is presented in (arbitrary) code units, i.e., we did not normalize
our flux with respect to the luminosity of the clusters. Higher-energy CRs can escape

the cluster, whereas the lower energy ones remain trapped within it, suffering continuous
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Figure D.1: Spectrum (in arbitrary units) of CRs for cluster 1 (left, M ~ 10'* Mg) and cluster 2
(right, M ~ 5 x 10'* Mg). Here we assume only proton composition at injection: The lines in each plot
correspond to: the injected spectrum (red), the flux for a CR source in the centre of the cluster (orange),

at 200 kpc (green) and 1 Mpc (blue) away from the centre (Hussain et al., 2019)

electromagnetic cascading thus explaining the decrease of the flux of CRs at energies F <
10% eV (see also Alves Batista et al., 2018). Even very small magnetic field fluctuations in
the ICM, can be enough for the confinement of the CRs in the very large volume of galaxy
clusters for a time-period comparable to the age of the clusters themselves (Brunetti and
Jones, 2014). This magnetic horizon effect effectively limits the energy of CRs that can
escape from clusters, suppressing the contribution of the lower-energy ones. The spectrum
of protons is entirely different from that of heavy nuclei (Fe, N) due to photo-disintegration

and nuclear decay processes which are obviously important for heavy nuclei.
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Figure D.2: Spectrum (in arbitrary units) of CRs for cluster 1 (left), mass 10® Mg, and cluster 2 (right
column), mass 2 x 10® M. We assume different compositions at injection: iron (upper panels) and
nitrogen (lower panels). The lines in each plot correspond to: the injected spectrum (red), the flux for a
CR source in the centre of the cluster (orange), at 200 kpc (green) and 1 Mpc (blue) away from the centre
(Hussain et al., 2019).
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