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ABSTRACT

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, CRs with energy ≤1017 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 photons. In this work, we compute the contribution from clusters of galaxies to the diffuse
neutrino background. We employ 3D cosmological magnetohydrodynamical simulations of structure formation to model the
turbulent intergalactic medium. We use the distribution of clusters within this cosmological volume to extract the properties
of this population, including mass, magnetic field, temperature, and density. We propagate CRs in this environment using
multidimensional Monte Carlo simulations across different redshifts (from z ∼ 5 to z = 0), considering all relevant photohadronic,
photonuclear, and hadronuclear interaction processes. We find that, for CRs injected with a spectral index α = 1.5–2.7 and
cutoff energy Emax = 1016 –5 × 1017 eV, clusters contribute to a sizeable fraction to the diffuse flux observed by the IceCube
Neutrino Observatory, but most of the contribution comes from clusters with M  1014 M and redshift z ࣠ 0.3. If we include
the cosmological evolution of the CR sources, this flux can be even higher.
Key words: magnetic fields – neutrinos – galaxies: clusters: large-scale structure of Universe.

1 I N T RO D U C T I O N
The IceCube Neutrino Observatory reported evidence of an isotropic
distribution of 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 various types of sources, such as
galaxy clusters (Murase, Ahlers & Lacki 2013; Hussain, Alves
Batista & Dal Pino 2019), starbursts galaxies, galaxy mergers, active
galactic nuclei (AGNs; Murase et al. 2013; Anchordoqui et al. 2014;
Kashiyama & Mészáros 2014; Khiali & de Gouveia Dal Pino 2016;
Fang & Murase 2018), supernova remnants (Chakraborty & Izaguirre
2015; Senno et al. 2015), gamma-ray bursts (Hümmer, Baerwald &
Winter 2012; Liu & Wang 2013). 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 ultra-highenergy cosmic rays (UHECRs) that produce them.
Their origin and that of the diffuse gamma-ray emission are
among the major mysteries in astroparticle physics. The fact that
the observed energy fluxes of UHECRs, high-energy neutrinos, and
gamma rays are all comparable suggests that these messengers may
have some connection with each other (Ahlers & Halzen 2018;
Ackermann et al. 2019; Alves Batista et al. 2019a). The three fluxes
could, in principle, be explained by a single class of sources (Fang &
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Murase 2018), like starburst galaxies or galaxy clusters (e.g. Murase,
Inoue & Nagataki 2008; Kotera et al. 2009; Alves Batista et al. 2019a,
for reviews).
Clusters of galaxies form in the Universe possibly through violent
processes, like accretion and merging of smaller structures into
larger ones (Voit 2005). These processes release large amounts of
energy, of the order of the gravitational binding energy of the clusters
(∼1061 –1064 erg). Part of this energy is depleted via shock waves and
turbulence through the intracluster medium (ICM), which accelerate
CRs to relativistic energies. These can be also re-accelerated by
similar processes in more diffuse regions of the ICM, including
relics, haloes, filaments, and cluster mergers (e.g. Brunetti & Jones
2014; Brunetti & Vazza 2020, for reviews). Furthermore, clusters
of galaxies are attractive candidates for UHECR production due to
their extended sizes (Mpc) and suitable magnetic field strength
(∼1 μG) (e.g. Fang & Murase 2018; Kim et al. 2019). Those with
energies E > 7 × 1018 eV have most likely an extragalactic origin
(e.g. Aab et al. 2018; Alves Batista et al. 2019b), and those with E
࣠ 1017 eV are believed to have Galactic origin (see e.g. Blasi 2013;
Amato & Blasi 2018), although the exact transition between galactic
and extragalactic CRs is not clear yet (see e.g. Aloisio, Berezinsky &
Gazizov 2012; Parizot 2014; Giacinti, Kachelrieß & Semikoz 2015;
Thoudam et al. 2016; Kachelriess 2019).
CRs with E ࣠ 1017 eV can be confined within clusters for a time
comparable to the age of the Universe (e.g. Hussain et al. 2019).
This confinement makes clusters efficient sites for the production
of secondary particles including, electron–positron pairs, neutrinos
and gamma rays due to their interaction with the thermal protons
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2 NUMERICAL METHOD
2.1 Background MHD simulation
To study the propagation of CRs in the ICM we consider the largescale cosmological 3D-MHD simulations performed by Dolag et al.
(2005), who employed the Lagrangian smoothed particle hydrodynamics (SPH) code GADGET (Springel, Yoshida & White 2001;
Springel 2005). These simulations capture the essential features of
the mass, temperature, density, and magnetic field distributions in
galaxy clusters, filaments, and voids.
We consider here 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 same

Figure 1. 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 = 0.01, with dimension 240 Mpc3 ,
performed by Dolag et al. (2005).

volume (240 Mpc)3 . We have divided the domain of each snapshot
into eight regions. Fig. 1 shows the temperature and magnetic field
distributions for one of the regions, at redshift z = 0.01.
The filaments in Fig. 1 are populated with galaxy clusters and have
dimensions ∼50 Mpc3 , while the voids have dimensions of the same
order, which are compatible with observations (e.g. Govoni et al.
2019; Gouin et al. 2020). In this simulation, the comoving intensity
of the seed magnetic field was chosen to be B = 2 × 10−12 G, which
leads to a quite reasonable match with the field strength observed in
different clusters of galaxies today. Feedback and star formation were
not included in these cosmological simulations. The background
cosmological parameters assumed are h ≡ H0 /(100 km s−1 Mpc−1 ) =
0.7, m = 0.3,  = 0.7, and the baryonic fraction b / m =
14 per cent.
2.2 Simulation setup for cosmic rays
The simulations described in the previous section provide the
background magnetic field, gas density, and temperature distributions
of the ICM. In order to study the CR propagation in this environment,
we employ the CRPropa 3 code (Alves Batista et al. 2016), with
stochastic differential equations (Merten et al. 2017).
In these simulations, we assume that CRs are composed only by
protons. We consider all relevant interactions during their propagaMNRAS 507, 1762–1774 (2021)
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and photon fields (e.g. Berezinsky, Blasi & Ptuskin 1997; Rordorf,
Grasso & Dolag 2004; Kotera et al. 2009). Non-thermal radio to
gamma-ray and neutrino observations are therefore the most direct
ways of constraining the properties of CRs in clusters (Berezinsky
et al. 1997; Wolfe & Melia 2008; Yoast-Hull et al. 2013; Zandanel
et al. 2015). Conversely, the diffuse flux of gamma rays and neutrinos
depends on the energy budget of CR protons in the ICM. Clusters
also naturally can introduce a spectral softening due to the fast escape
of high-energy CRs from the magnetized environment which might
explain the second knee that appears around ∼1017 eV, in the CR
spectrum (Apel et al. 2013).
To calculate the fluxes of CRs and secondary particles from clusters, there are many analytical and semi-analytical works (Berezinsky
et al. 1997; Wolfe & Melia 2008; Murase et al. 2013), but in most
of the approaches, the ICM model is overly simplified by assuming,
for instance, uniform magnetic field and gas distribution. There are
more realistic numerical approaches in Rordorf et al. (2004) and
Kotera et al. (2009) exploring the 3D magnetic fields of clusters.
More recently, Fang & Olinto (2016) estimated the flux of neutrinos
from these objects assuming an injected CR spectrum ∝ E−1.5 , an
isothermal gas distribution, a radial profile for the total matter (baryonic and dark) density profile, and a Kolmogorov turbulent magnetic
field with coherence length ∼100 kpc. They found these estimates
to be comparable to IceCube measurements. Here, we revisit these
analyses by employing a more rigorous numerical approach. We
take into account the non-uniformity of the gas density and magnetic
field distributions in clusters, as obtained from MHD simulations.
We consider additional factors such as the location of CR sources
within a given cluster, and the obvious mass dependence of the
physical properties of clusters. This last consideration is important
because massive clusters (1015 M ) are much less common than
lower mass ones (࣠1013 M ). Consequently, clusters that can confine
CRs of energy above PeV for longer are probably more relevant for
detection of high-energy neutrinos.
Our main goal is to derive the contribution of clusters to the diffuse
flux of high-energy neutrinos. To this end, we follow the propagation
and cascading of CRs and their by-products in the cosmological
background simulations by Dolag et al. (2005). We use the Monte
Carlo code CRPropa (Alves Batista et al. 2016) that accounts for all
relevant photohadronic, photonuclear, and hadronuclear interaction
processes. Ultimately, we obtain the CR and neutrino fluxes that
emerge from the clusters.
This paper is organized as follows: in Section 2, we describe the
numerical setup for both the cosmological background simulations
and for CR propagation through this environment; in Section 3, we
characterize the 3D-MHD simulations and present our results for the
fluxes of CRs and neutrinos; in Section 4, we discuss our results;
finally, in Section 5 we draw our conclusions.
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2.2.1 Cosmic-ray propagation
To investigate the flux of different particle species and the change of
their energy spectrum, we use the Parker transport equation, which is
a simplified version of the Fokker–Planck equation. It gives a good
description of the transport of CRs for an isotropic distribution in the
diffuse regime. It is given by


1 ∂
∂n
∂n
+ u.∇n = ∇.(κ∇n) + 2
p 2 κpp
∂t
p ∂p
∂p
∂n
1
+ S(x, p, t).
(1)
+ (∇u)
3
∂ ln p
Here, u is the advection speed, κ is the spatial diffusion tensor, p is the
absolute momentum, κ pp is the diffusion coefficient of momentum
used to describe the reacceleration, n is the particle density, x gives
position and S(x, p, t) is the source of CRs (distribution of CRs at
the source).
Propagation of CRs can be diffusive or semi-diffusive, depending
on the Larmor radius (rL = 1.08E15 /Bμ G pc) of the particles and the
magnetic field of the ICM. The diffusive regime corresponds to rL
Rcluster , and the semidiffusive is for rL  Rcluster , wherein Rcluster
is the radius of the cluster, typically ∼1 Mpc. Because B ∼ μG, for
Rcluster , so we are
the energy range of interest (1014 –1019 eV), rL
in the diffusive regime. CRs in this energy range could, in principle,
be confined by the magnetic field of the clusters for a time longer
than the Hubble time (tH ∼ 14 Gyr) (e.g. Fang & Murase 2018). For
instance, a CR with energy ∼1017 eV in a cluster of mass ∼1014 M
with central magnetic field strength ∼1 μG has rL ∼ 0.1 kpc much
smaller than the size of the cluster (∼2 Mpc) and one can demonstrate
that the trajectory length of this CR inside the cluster (which gives
the total distance it travels inside the cluster until the observation
time) is ∼103 Mpc (e.g. Hussain et al. 2019). The confinement time
for this CR can be calculated as tcon ∼ 1000 Mpc/c ∼ tH (e.g. Hussain
et al. 2019). Hence, CRs with energy E > 1017 eV have more chances
to escape the magnetized cluster environment. 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 R E S U LT S
3.1 Cosmological background
Our background simulation includes seven snapshots in the redshift
range 0.01 < z < 5.0. We have identified clusters in the densest
regions of the isocontour maps of the whole volume, in each
snapshot (see Fig. 1). We then selected five clusters with distinct
masses ranging from 1012 to 1016 M , which we assumed to be
representative of all the clusters in the corresponding snapshot.
Finally, we injected CRs in each of these clusters to study their
MNRAS 507, 1762–1774 (2021)

propagation and production of secondary particles. As an example,
Fig. 2 illustrates relevant properties for two of these clusters with
masses ∼1014 M (left-hand panel) and ∼1015 M (right-hand
panel) at redshift z = 0.01. To estimate the total mass of a cluster
from the simulations, we integrated the baryonic and dark matter
densities within a volume 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.
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 of different radii (Rshell ).
Starting from the centre of the cluster, the shells were first divided
in intervals of 100 kpc, then between 300 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. 3 depicts volume-averaged profiles of different quantities as a
function of the radial distance for a cluster of mass ∼1015 M at four
different redshifts. The overdensity in Fig. 3 (bottom-right panel) is
defined as  = ρ(r)/ρ bary , where ρ(r) is the total density at a given
point and ρ bary is the mean baryonic density, ρ bary = bary × ρ crit ,
ρ crit = 3H2 /8π G. 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. This behaviour can be attributed to
the presence of more complex structures in these regions (see Fig. 2).
In fact, we identify in our simulations temperature fluctuations along
the cluster filaments which are indicative of the presence of several
strong shocks. These are important agents that cause compression
and heating of the gas, followed by radiative cooling too (see also
Dolag et al. 2005, for more details). Moreover, X-ray observations
of rich clusters of galaxies have shown that several of them have cool
cores where the temperature decreases towards the centre, Peres
et al. (1998), Durret, Neto & Forman (2005), Lima Neto (2005),
Rasia et al. (2015), and Foëx, Chon & Böhringer (2017). This could
be the case, for instance, of the clusters at z = 0.05 and 0.5 in the
diagrams of Fig. 3. On the other hand, clusters without cool cores
have non-thermal processes (driven e.g. by AGN activity, shocks,
and thermal conductivity) in the inner regions that may prevent the
formation of cooling flows towards the centre (Miralda-Escude &
Babul 1994).
Fig. 4 shows profiles for the temperature, gas density, magnetic
field, and overdensity for a cluster of mass ∼1015 M , as a function
of the azimuthal (φ) angle for different latitudes (θ), within a radial
distance of R = 300 kpc, at a redshift z = 0.01. 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.
We also found 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 Figs 2 and 5). Inside all clusters, magnetic fields vary in
the range 10−8 < B/G < 10−5 (see Fig. 5) (see also Dolag et al. 2005;
Ferrari et al. 2008; Xu et al. 2009; Brunetti & Jones 2014; Brunetti,
Zimmer & Zandanel 2017; Brunetti & Vazza 2020).
In the upper panel of Fig. 6, we compare the radial density profile
of our simulated cluster of mass 1015 M with the model used by
Fang & Olinto (2016). We see that both profiles look similar up to
∼103 kpc. Above this scale, the density distribution of our simulated
clusters decays much faster than the assumed distribution in Fang &
Olinto (2016).
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tion including photohadronic, photonuclear, and hadronuclear processes, namely photopion production, photodisintegration, nuclear
decay, proton–proton (pp) interactions, and adiabatic losses due to
the expansion of the Universe. The cosmic microwave background
radiation (CMB) and the extragalactic background light (EBL) are
two essential ingredients, but other contributions comes from the
hot gas component of the ICM, of temperatures between ∼106 –
108 K, that produces bremsstrahlung radiation (Rybicki & Lightman
2008) and serves as target for pp-interactions. This is calculated in
Section 3.1.
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Figure 3. Volume-averaged profiles as a function of the radial distance from
the centre for a cluster of mass M ∼ 1015 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 centre), and overdensity (bottom right).

To estimate the total flux of CRs and neutrinos, we need to evaluate
the total 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)3 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 (dNclusters, avg /dM), between 1012 and 1016 M . To
obtain the total number of clusters per mass interval we multiplied
this quantity by the number of intervals N = (240 Mpc)3 /(20 Mpc)3 in
which the whole volume was divided. So, the total number of clusters
per mass interval was calculated as (dNclusters, avg /dM) × 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

Figure 4. Volume-averaged profiles as a function of the azimuthal (φ) angle
for different latitudes (θ ), within a radial distance R = 300 kpc from the
centre, for a cluster of mass M ∼ 1015 M . From top left to bottom right
clockwise, temperature, gas number density, overdensity, and magnetic field.

per mass interval at different redshifts. The histogram containing the
number of clusters per mass interval is shown in the lower panel of
Fig. 6 for different redshifts.
To calculate the photon field of the ICM, we assume that the
clusters are filled with photons from bremsstrahlung radiation of
the hot, rarefied ICM gas (see Figs 1–4). For typical temperatures
and densities, we can further assume an optically thin gas. Taking
a photon density (nph ) distribution with approximately spherical
symmetric within the cluster, we have the following relations for
MNRAS 507, 1762–1774 (2021)
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Figure 2. Maps of gas density (left column), magnetic field (middle column), temperature (right column) of two clusters of masses ∼1014 M (upper panels)
and ∼1015 M (bottom panels), at redshift z = 0.01.
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Figure 6. Comparison of the density profile of a cluster of mass 1015 M ,
from our simulation with the model used by Fang & Olinto (2016), given
in the upper panel. The lower panel shows the number of clusters per mass
interval in our MHD background simulation for different redshifts.

an optically thin gas (Rybicki & Lightman 2008):
dnph
4π Iν
=
,
Iν = Rshell Jνff ,
(2)
d
ch
where Iν is the specific intensity of the emission, c is the speed
of light, h is the Planck constant, is the photon energy, Rshell is
the radius of concentric spherical shells, and Jνff is related with the
bremsstrahlung emission coefficient:
4π Jνff =

ff
ν (ν, n, T )

= 6.8 × 10−38 Z 2 ne ni T −1/2 e−hν/kB T ,

(3)

which is given in units of erg cm−3 s−1 Hz−1 .
In Fig. 7, 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 ∼1015 M (cluster 1) and
∼1014 M (cluster 2). For both clusters, we calculated the internal
photon field at the center (R < 100 kpc) and for the (700 < R / kpc <
900). It can be seen that the bremsstrahlung photon field is dominant
at X-rays, but only near the centre of the clusters, while the EBL
dominates at infrared and optical wavelengths mainly.
The interaction rates of CRs with the bremsstrahlung photon fields
in each shell were also calculated (see Fig. 8 and Appendix A) and
implemented in CRPropa. We note that though the assumption of
spherical symmetry for evaluating the bremsstrahlung radiation and
its interaction rate with CRs seems to be in contradiction with the
results of Fig. 4, our computation of these quantities in CRPropa have
revealed no significant contribution of the bremsstrhalung photons
to neutrinos production. Indeed, the upper panel of Fig. 8 indicates
that the λ 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.
MNRAS 507, 1762–1774 (2021)

Figure 7. Comparison of EBL with the bremsstrahlung radiation of the ICM
as a function of the photon energy. The bremsstrahlung is calculated for two
clusters at different radial distance intervals. Cluster 1 has mass 1015 M ,
and Cluster 2 , 1014 M .

We have also implemented the proton–proton (pp) interactions
using the spatial dependent density field extracted directly from the
background cosmological simulations, using the same procedure
described by Rodrı́guez-Ramı́rez, de Gouveia Dal Pino & Alves
Batista (2019). We further notice that, for the computation of the CR
fluxes, the magnetic field distribution has been also extracted directly
from the background simulations, without considering any kind of
space symmetry.
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Figure 5. Upper panel shows the whole volume-averaged value of the
magnetic field as a function of the cluster mass. Lower panel compares
magnetic field profiles of three clusters of different mass.

High-energy neutrinos in galaxy clusters

1767

3.3 CR flux calculation

Figure 8. The upper panel shows the mean-free path λ for CR interactions
which produce neutrinos. It is shown λ for photopion production in the
bremsstrahung photon field (red solid line), CMB (red dashed line), and EBL
(red dotted line). Also shown is λ for pp-interactions (green) calculated within
a sphere of radius r = 100 kpc around the centre of a massive cluster (with
mass 1015 M and shown in Fig. 2). The λ for the interaction of high-energy
gamma rays with the local gas of the ICM (yellow) is also depicted. The thick
black line represents the Hubble horizon in the upper panel. Lower panel
shows the distribution of the total trajectory length of CRs inside the cluster
as a function of their energy bins.

3.2 Mean free paths for different CR interactions
CRPropa 3 employs a Monte Carlo method for particle propagation
and previously loaded tables of the interaction rates in order to
calculate the interaction of CRs with photons along their trajectories.
We implemented the spatially dependent interaction rates into the
code, based on the gas and photon density distributions for the
clusters of different masses. The mean free paths (λ) for the different
interactions of CRs are described in Appendix A.
The values of λ for all the interactions of CRs with the background
photon fields and the gas, are plotted in the upper panel of Fig. 8.
For photopion production, we compare λ due to interactions with the
photon fields (i.e. the bremsstrahlung radiation, red solid line) of a
cluster of mass 1015 M with the EBL (red-dotted line) and the CMB
(red-dashed line). For the bremsstrahlung radiation, we considered
only the photons within a sphere of radius 100 kpc around the centre
of the cluster (i.e. the densest region, which is shown in Figs 2 and 4).
High-energy CR interactions with CMB photons is a well-understood
process that limits the distance from which CRs can reach Earth
leading to the GZK cutoff. The upper panel of Fig. 8 shows that
λ for this interaction is much smaller than that for the EBL and
bremsstrahlung. So, CR interactions with CMB photons dominate
at energies E  1017 eV. We also see that λ for bremsstrahlung is
greater than the size of the Universe (∼106 Mpc), and for EBL, it
is ∼103 Mpc. The λ for pp-interactions (green line) is much less
than the Hubble horizon. Therefore, this kind of interaction is more
likely to occur than photopion production specially at energies <1017
eV. Upper panel of Fig. 8 also shows that we can neglect the CR

To study the propagation of CRs in the diffuse ICM, we used the
transport equation as implemented in CRPropa 3 by Merten et al.
(2017, see also equation 1). There are three possible scenarios in
CRPropa3 for each particle until its detection: the particle reaches
the detector within a Hubble time; the energy of the particle becomes
smaller than a given threshold; or the trajectory length of a CR
exceeds the maximum propagation distance allowed.
We inject CRs isotropically with a power-law energy distribution
with spectral index α and exponential cut-off energy Emax which
follows the relation dNCR,E /dE ∝ Ei−α exp(−Ei /Emax ) (see Appendix B). We take different values for α  1.5–2.7, and for Emax =
5 × 1015 –1018 eV (e.g. Brunetti & Jones 2014; Fang & Olinto 2016;
Brunetti et al. 2017; Hussain et al. 2019, for review).
As stressed, the lower and upper limits of the mass of the galaxy
clusters are taken to be 1012 and 1016 M , respectively. This is
because for 1014 ࣠ E/eV ࣠ 1019 , clusters with mass M < 1012 M
barely contribute to the total flux of neutrino, due to low-gas density,
while there are few clusters with M  1015 M at high redshifts (z
> 1.5) (Komatsu et al. 2009; Ade et al. 2014). The closest galaxy
clusters are located at z ∼ 0.01, so we consider the redshift range
0.01 ≤ z ≤ 5.0.
The amount of power of the clusters that goes into CR production
is left as a free parameter to be regulated by the observations (e.g.
Gonzalez et al. 2013; Brunetti & Jones 2014; Fang & Olinto 2016,
for reviews). We here assume that about 0.5–3 per cent of the cluster
luminosity is available for particle acceleration.
We did not consider the feedback from active galactic nuclei
(AGNs) or star formation rate (SFR) in our background cosmological
simulations (as performed e.g. Barai et al. 2016; Barai & de Gouveia
Dal Pino 2019). AGNs 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  100 PeV) (He et al. 2013). AGNs are more
powerful and more numerous at higher redshifts (Hasinger, Miyaji &
Schmidt 2005; Khiali & de Gouveia Dal Pino 2016; D’Amato et al.
2020), and their luminosity density evolves more strongly for z  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 highenergy cosmic ray (HECR) sources have a cosmological evolution
similar to AGN or following the 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 (Hopkins & Beacom 2006;
Heinze et al. 2016) and SFR (Yüksel et al. 2008; Wang, Liu &
MNRAS 507, 1762–1774 (2021)
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interactions with the local bremsstrahlung photon field, as well as
the interaction of high-energy gamma rays with the local gas of the
ICM (yellow) in photopion production.
Particles trapped in the magnetic field of clusters propagate over
different distances depending on their energy, before escaping. As
stressed before, we call this distance the trajectory length of CRs. The
lower panel of Fig. 8 shows the distribution of this quantity for CRs
inside clusters. We note that there is substantial number of events
with trajectory length greater than D  103 Mpc for each energy
bin. Therefore, the trajectory lengths of CRs are comparable or even
larger than the mean free paths of pp-interactions and photopion
production in the CMB and EBL cases (see upper panel of Fig. 8),
so that these interactions are inevitable and can produce secondary
particles including gamma rays and neutrinos.
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Aharonian 2011; Gelmini, Kalashev & Semikoz 2012) we consider
the following parametrization:

(4)

(5)

where A = 360.6 and B = 6.66 are normalization constants in
equations (5) and (4), respectively. For AGN evolution ψ AGN (z) ∝ (1
+ z)5 , for low redshift z < 1 (Gelmini et al. 2012; Alves Batista
et al. 2019b) and also according to (Gelmini et al. 2012; Heinze et al.
2016), in equation (5), m > 1.5 for AGN, so we consider m = 1.7.
Typically, the luminosity of AGNs ranges from 1042 to 1047 erg s−1
and their evolution depends on their luminosities. The AGNs with
luminosities ∼1044 –1046 erg s−1 are more important as they are more
numerous and believed to be able to accelerate particles to ultrahigh
energies (e.g. Waxman 2004; Khiali & de Gouveia Dal Pino 2016).
AGNs with luminosities greater than 1046 erg s−1 are less numerous
(Hasinger et al. 2005) and their evolution function (ψ AGN (z)) is
different from equation (5). For no source evolution, ψ(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 given in the lower panel of Fig. 6, which was obtained from our
cosmological simulations. It is related to the flux through:
zmax
E 2 (E) =

M
 max

dM

Dz
zmin

dN 2 DṄ (E/(1 + z), M, z)
E
dM
dE

Mmin



ψev (z)
4πdL2 (z)



(6)

where ψ ev (z) stands for, ψ SFR (z) and ψ AGN (z), Ṅ is the number
of CRs per time interval dt with energies between E and E + dE
that reaches the observer. The quantity E 2 dṄ /dE in equation (6) 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 & Jones 2014).
The kinetic energy from shocks in the clusters can be dissipated
into heating in the ICM and produce X-ray radiation Kang et al.
(2007). If a fraction of the kinetic energy is converted into CRs,
as expected, then the power of CRs can be directly correlated to
the luminosity of the clusters which in turn depends mainly on the
gas density. Here, we assume that the total bolometric luminosity of
all the sources inside the clusters scales to their kinetic power, and
the X-ray luminosity is the dominant component of this luminosity
(Kushnir, Katz & Waxman 2009). As remarked before, we further
assume that (0.5–3) per cent of this luminosity goes into CRs.
In order to convert the code units of the CR simulation to physical
units, we have used a normalization factor (Norm). So, to calculate
Norm, we first evaluate the X-ray luminosity of the cluster using
the empirical relation LX ∝ fg2 Mvir (Schneider 2014), where fg =
Mg /Mvir denote the gas mass (Mg ) fraction with respect to the total
mass of the cluster within the Virial radius (Mvir ) and then, this
implies that Norm ∼ (0.5–3) per cent LX /LCRsim and LCRsim is the
luminosity of the simulated CRs.
Therefore, the CR power that reaches the observer (at the Earth) is
∼ E 2 dṄ /dE × Norm. In equation (6) dL is the luminosity distance,
given by:
dL = (1 + z)

c
H0

z

dz
,
E(z )

0
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(7)

Figure 9. Scheme of the CR simulation geometry. They are injected at three
different positions inside each cluster represented by ROffset , and RObs is the
radius of the observer.

with
E(z) =



m (1 + z)3 +  =

H (z)
,
H0

(8)

where the Hubble constant, as well as the matter (m ) and dark
energy ( ) densities are defined in Section 2.1, assuming a flat
Lambda cold dark matter universe.
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 centre must
favour 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. 9. CRs are injected
at three different positions within each selected cluster denoted by
ROffset . The spectra of CRs have been collected by an observer in a
sphere of 2-Mpc radius (RObs ), centred at the cluster, with a redshift
window (−0.1 ≤ z ≤ 0.1) for all the injection points of CRs. Allflavour neutrino fluxes are also computed at the same observer (see
Section 3.4 below).
The spectrum of CRs obtained from our simulations is shown in
Figs 10 and 11. 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. 10. Particles injected at 1-Mpc distance
away from the clusters centre 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 centre or at 300 kpc away from the cluster
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. 10. 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 λ for the relevant interactions, the production
of secondary particles including neutrinos and gamma rays in the
clusters is substantial, as we will see in Section 3.4.
In Fig. 11, 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. Though not quantitatively realistic, it provides
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⎧
(1 + z)3.4 if z < 1
1 ⎨
(1 + z)−0.3 if 1 < z < 4
ψSFR (z) =
B⎩
(1 + z)−3.5 if z > 4
⎧
3.44
if z < 0.97
m ⎨(1 + z)
(1 + z)
101.09 (1 + z)−0.26 if 0.97 < z < 4.48
ψAGN (z) =
⎩ 6.66
A
10 (1 + z)−7.8 if z > 4.48
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Figure 11. This figure shows the total CR flux (at the Earth distance) from
all the clusters distributed in different redshifts: z = 0.01 (blue); z = 0.05
(orange); z = 0.2 (green). The total CRs flux for the redshift range 0.01 ≤ z
≤ 0.3 is given by the red dotted line.

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 
1017 eV, which indicates the trapping of lower energy CRs within the
clusters (Alves Batista et al. 2018).
3.4 Flux of neutrinos
To calculate the neutrino flux, the CRPropa 3 code integrates a
relation similar to equation (6) for neutrino species, and the procedure
is the same as described in Section 3.3 .
In general, neutrino production occurs mainly due to photopion
production and pp-interactions. In Fig. 8, where we show λ for
different interactions, we see that protons with energies E < 1017
eV produce neutrinos principally due to pp-interactions, while for
E > 1017 eV, they produce neutrinos both, by pp-interactions and

Figure 12. This figure shows the neutrino flux of individual clusters of
distinct masses: M ∼ 1015 (red); 1014 (green), and 1013 M (blue colour).
The CR sources are located at the centre of the cluster (solid lines), at 300 kpc
(dashed lines), and at 1 Mpc away from the centre (dash–dotted lines). The flux
is computed at the edge of clusters. The CR injection follows dN/dE ∝ E−2 ,
Emax = 5 × 1016 eV, and it is assumed that 2 per cent of the luminosity of
the clusters is converted to CRs.

photopion process. We have also seen in Fig. 8 (lower panel) that
the total trajectory length of CRs inside a cluster is comparable or
larger than λ for these interactions and thus, neutrino production is
inevitable.
In Fig. 12, 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 centre of the cluster. Furthermore, massive clusters produce more
neutrinos than the light ones.
In Figs 13 and 14, 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 left-hand panel of Fig. 13 and in Fig. 14, the
injected CR spectrum is assumed to follow E−1.5 , with an exponential
cut-off Emax = 5 × 1016 eV. Also, we assumed in these cases that
0.5 per cent 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. 14, 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 due to the low population
of massive clusters and their large distances. Figs. 13 and 14 also
compare our results with the IceCube observations. We see that for
the assumed scenario for CRs injection in left-hand panel of Fig. 13
and in Fig. 14, they can reproduce the IceCube observations for E >
20 TeV. In right-hand panel of Fig. 13, instead, we have assumed that
2 per cent of the kinetic energy of the clusters is converted into CRs,
with a CR energy power-law spectrum E−2 , with Emax following the
dependence below with the cluster mass and magnetic field:

Emax = 2.8 × 1018

Mcluster
1015 M

2/3 

Bcluster G
10−6 G


eV,

(9)
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Figure 10. This figure shows the CR flux of individual clusters of distinct
masses, M ∼ 1015 (red); 1014 (green); and M ∼ 1013 M (blue colour).
This diagram shows the flux of CRs, for sources located at the centre 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 α = 2 and Emax = 5 × 1017 eV, and it is assumed that
2 per cent of the luminosity of the clusters is converted into CRs.
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Figure 14. 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 & Olinto (2016), and in this work, respectively. The CR
injection in this figure follows dN/dE ∝ E−1.5 , and Emax = 5 × 1016 eV. This
figure does not include the redshift evolution of the CR sources, ψ ev = 1 in
equation (6).

which is similar to Fang & Olinto (2016). In this scenario, we find that
the clusters contribution to the neutrino flux is smaller than IceCube
measurements.
For all diagrams of Figs 13 and 14, we also compare our results
with those of Fang & Olinto (2016)) (blue lines). The total fluxes in
both are similar, in general. Moreover, we see that in both cases, the
largest contribution to the flux of neutrinos comes from the cluster
mass group 1014 M < M < 1015 M . However, the contribution
from the mass group 1012 M < M < 1014 M in our results is a
factor twice larger than that of Fang & Olinto (2016), and smaller by
the same factor for the mass group M > 1015 M , at energies E >
0.01 PeV (left-hand panel of Fig. 13).
MNRAS 507, 1762–1774 (2021)

A striking difference between the two results is that, according
to Fang & 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. 14). 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 modelling of the
background distribution of clusters in their case specially for the
lower mass group (1012 M < M < 1014 M ) at high redshifts (z >
1). Fang & Olinto (2016) considered 1D models with radial profiles
of the ICM density and magnetic field described by Fang & Linden
(2015), whereas we used the distribution of density and magnetic
field directly from the background cosmological MHD simulation.
There is a clear difference between the density profiles in the outskirt
of the cluster (see upper panel of Fig. 6). The redshift evolution of the
magnetic field inside the clusters, which is shown in Fig. 3, has not
been considered in Fang & Olinto (2016). Besides, our simulations
indicate that neither of the profiles of the clusters quantities are
spherically symmetric (Figs 2 and 4). Thus, all these differences
might have contributed to the differences detected in the flux of
neutrinos.
In Fig. 15, we present the total neutrino spectra calculated for
different spectral indices of the injected CRs, while in Fig. 16 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 per cent conversion of the kinetic energy of the cluster into CRs
in Figs 15 and 16.
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 ψ ev (z) = 1 in equation (6).
In Fig. 17, 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 α = 2 and cut-off
energy Emax = 5 × 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
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Figure 13. Neutrino spectrum at Earth obtained using our simulations (brown lines), compared with the IceCube data (markers), and Fang & 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 left-hand panel shows
the neutrino spectra (thin blue and brown lines) for cluster mass ranges of: 1012 M < M < 1014 M (dash–dotted), 1014 M < M < 1015 M (dashed), and
M > 1015 M (dotted lines). The left-hand panel corresponds to the case with α = 1.5 and Emax = 5 × 1016 eV, whereas in the right-hand panel α = − 2 and
Emax follows equation (9). These diagrams do not include the redshift evolution of the CR sources, ψ ev = 1 in equation equation (6).

High-energy neutrinos in galaxy clusters

Figure 17. 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 α = 2 and Emax = 5 × 1017 eV.

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. 17, 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 4and 5
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. Moreover, at high redshifts (1.0 < z < 5.0),
AGNs in clusters produce more neutrinos than sources with SFR-like
evolutions, whereas the same is not true for z ࣠ 1.
In Fig. 18, we plotted the flux for different combinations of spectral
index α and Emax , with different source evolution assumptions as in
Fig. 17. In both panels, all the combinations of α and Emax are roughly
matching with IceCube data, except α = 1.5, and Emax = 5 × 1017 eV
in the upper panel as it overshoots the IceCube points.
4 DISCUSSION

Figure 16. Total neutrino spectrum for different cutoff energies i.e. Emax =
5 × 1015 (red), 1016 (green), 1017 (orange), and 5 × 1017 eV (blue). In the
upper panel, the spectral index is α = 2, and in lower panel α = 1.5. This
figure does not include the redshift evolution of the CR sources, ψ ev = 1 in
equation (6).

In our simulations, the central magnetic field strength and gas number
density of the ICM are ∼10 μG and ∼10−2 cm−3 , respectively, for
a cluster with mass 1015 M at z = 0.01, and both decrease towards
the outskirts of the cluster. These quantities depend on the mass of
the clusters, being smaller for less massive clusters (see Fig. 2 and 5).
Thus, high-energy CRs will escape with a higher probability without
much interactions in the case of less massive clusters. Lower energy
CRs, on the other hand, contribute less to the production of highenergy 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. 12.
We tested several injection CRs spectral indices (α  1.5–2.7), cutoff energies (Emax = 5 × 1015 –1018 eV), and source evolution (AGNs,
SFR, no evolution), in order to try to interpret the IceCube data (see
Figs 13–18). 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, or
even all of it, provided that protons compose most of the CRs.
MNRAS 507, 1762–1774 (2021)

Downloaded from https://academic.oup.com/mnras/article/507/2/1762/6312516 by Juridische Bibliotheek Der UU/University Library Utrecht user on 30 August 2021

Figure 15. Total spectrum of neutrinos for different injected CR spectra,
∼E−α , with α = 1.5 (blue), 1.9 (orange), 2.3 (green), and 2.7 (red). We
consider Emax = 5 × 1017 eV. This figure does not include the redshift
evolution of the CR sources, ψ ev = 1 in equation (6).
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Figure 18. 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 + SFR (dash–dotted lines). In upper panel green and red
lines represent α = 1.5 for Emax = 1016 and 5 × 1017 eV, respectively. In
lower panel orange and blue lines correspond to α = 2 for Emax = 1016 and
5 × 1017 eV, respectively.

Our results also look, in principle, similar to those of Fang &
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 1014 < M < 1015 M . However, they did not consider
the interactions of CRs with CMB and EBL background as they
considered it subdominant compared to the hadronic background
following Kotera et al. (2009). But, it can be seen from the upper
panel of Fig. 8 that λ for pp-interaction and photopion production in
the CMB are comparable for CRs of energy  1017 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 production, while in our case this
comes from the redshift range z ࣠ 0.3, when considering no source
evolution (see Fig. 14).
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
MNRAS 507, 1762–1774 (2021)

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 they
produce. Our results can be summarized as follows:
(i) We found that CRs with energy E ࣠ 1017 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  1014 M ) have stronger magnetic fields which can
confine these high-energy CRs for a time comparable to the age of
the Universe.
(ii) 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
< 1014 M .
(iii) 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.
(iv) 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 account for sizeable percentage of
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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 AGNs 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 & Waxman 2016). Also, our results
agree with the IceCube measurements for E  1014 eV and are
in rough accordance with (Murase 2017; Fang & 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 α  2.
High-energy (E > 1017 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, Pfrommer & Prada 2014;
Zandanel et al. 2015). In fact, we observe less hadronic interactions
in the case of low-mass clusters (M ࣠ 1014 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, 2020; Albert et al. 2018; Ansoldi et al. 2018), but there are
also expectations to increase the observations with future instruments like IceCube-Gen2 (The IceCube-Gen2 Collaboration 2020),
KM3NeT (Adrián-Martı́nez et al. 2016), and the Giant Radio Array
for Neutrino Detection (GRAND) (Álvarez-Muñiz 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. (2019b).

High-energy neutrinos in galaxy clusters
the IceCube observations, especially, between energy 100 TeV and
10 PeV.
(v) Our results also indicate that the redshift evolution of CR
sources like AGN and SFR, enhance the flux of neutrinos.
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Finally, more realistic studies considering cosmological simulations that account for AGNs and star formation feedback from
galaxies (e.g. Barai et al. 2016; Barai & de Gouveia Dal Pino
2019) 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 (Cherenkov Telescope Array Consortium 2019), it will be
possible to better assess the contribution of galaxy clusters to the
total extragalactic neutrino flux.
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A P P E N D I X A : M E A N F R E E PAT H S
The mean free path λ for different CR interactions in the ICM are
defined below.
For a CR proton with Lorentz factor γ p traversing an isotropic
photon field, one obtains the rate λ−1
pγ (Ep ) (Schlickeiser 2002)
λ−1
pγ (Ep ) =
th

1
2γp

∞

d

nph ( ,ri )

th /2γp

= Kmπ c2 1 +

2γp

d

2

σpγ ( )Kp ( ),

(A1)

= 145 MeV,

=

1
(E1
c2

+ E2 )2 − (p1 + p2 )c

= m21 c4 + m22 c4 +

2E1 E2
(1
c2

(A5)

If we consider m2 is proton and m1 is photon, then the above relation
becomes
CM

= (m22 c4 + 2E1 m2 c2 )1/2 .

λ−1
γ p ( ph )

=

∞

p

2

d

(A6)

np ( , r i )

ph
th /(2 ph / p )

(2 ph / p )


d

2
p

σγ p ( ),

(A7)

th

so that the rest frame is in the local protons. We used equation (A6) for
the energy of the CM in equation (A7). In equation (A7), np ( , ri ) is
number density of local protons with energy p = mp c2 ∼ 1 GeV at a
given distance ri from the center of a cluster and decreases towards the
outskirt, th ∼ 1.4 × 108 eV is the threshold energy for this interaction
and the cross-section σ γ p ( ) is of the order ∼10−37 (cm2 ). With these
values used in equation (A7) we solve this integral to calculate λ for
γ -proton interaction. We calculated λ from equations (A1)–(A7)
with some modifications to include the information of the spatially
dependent bremsstrahlung photon field of the clusters nph ( , r).
For proton–proton (pp) interaction, the rate is given by
λ−1
pp (Ep , ri ) = Kpp σpp (Ep ) ni (ri ),

(A8)

where Kpp = 0.5 is the inelasticity factor, ni (ri ) denotes the number
density of proton at a given distance ri from the centre of the cluster
and Ep is the energy of the protons.
To obtain the proton number density, we consider that the background plasma consists of electrons and protons in near balancing.
Since the abundance is mostly of H and this is mostly ionized in the
hot ICM, this is a reasonable assumption. Thus np  ne , and ρ gas =
np mp + ne me ∼ np mp , so that ni  ne  ρ gas /mp , where mp is the
proton mass and ρ gas is the gas mass density in the system.
For σ pp = 70 mb (1barn = 10−29 m2 ), we have for the cross-section
(Kafexhiu et al. 2014):




Ep
Epth




+ 0.18 log

Ep
Epth

 ⎡

1.9 ⎤3
Epth
⎦ mb,
⎣1 −
Ep

(A9)

2 1/2

− β1 β2 cos θ )

(A3)
1/2

,

(A4)

where θ is the angle between the particles that we can consider zero.
In the frame where one particle (of mass m2 ) is at rest (lab frame)
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= (m21 c4 + m22 c4 + 2E1 m2 c2 )1/2 .

(A2)

where nph ( , ri ) denotes the number density of photons of energy
at a given distance ri from the centre of the cluster and σ pγ is the
cross-section of the interaction of CRs with background photons.
The threshold energy for the production of K pions is given by
equation (A2), so that for the production of a single (K = 1) pion the
rest system threshold energy is th = 145 MeV (Schlickeiser 2002).
To calculate the rate for the interactions of high-energy photons
(produced during the propagation of CRs inside a cluster) with the
local protons in the ICM, we can use equation (A1) with the following
modification in the center-of-mass (CM) energy. The energy E and
3-momentum p of a particle of mass m form a 4-vector p = (E, p)
whose square p2 = (E/c)2 − p2 = m2 c4 . The velocity of the particle
is βc = v/c = p/E. In the collision of two particles of masses m1 and
m2 , the total CM energy can be expressed in the Lorentz-invariant
form as
CM

CM

σpp = 30.7 − 0.96 log

th

Kmπ
2mp

then

Epth

where Ep is the energy of the proton and
is the threshold
kinetic energy Epth = 2mπ + mπ /mp ≈ 0.2797 GeV. We used equations (A8) and (A9) to calculate λpp .
APPENDIX B: SPECTRAL INDEX
To calculate the flux of neutrinos corresponding to injected CRs
with an arbitrary power-law spectrum with power-law index α,
dNCR, E /dE ∝ Ei−α exp{−Ei /Emax }, we can normalize the spectrum
as follows:


Ei
ln(ECR, max /Emin )
1−α
E
exp
−
J (α) = E
, (B1)
i


CR, max
Emax
Ei
1−α
Ei exp − Emax dE
Emin

where, Ei is the injection energy of the simulated CRs, Emax is the
exponential cut-off energy, and ECR,max is the maximum injection
energy of the CRs.
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