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ABSTRACT

Cosmic-ray protons accumulate for cosmological times in clusters of galaxies because their typical radiative and diffusive escape times
are longer than the Hubble time. Their hadronic interactions with protons of the intra-cluster medium generate secondary electrons,
gamma rays, and neutrinos. In light of the high-energy neutrino events recently discovered by the IceCube neutrino observatory, for
which galaxy clusters have been suggested as possible sources, and the forthcoming results from the Fermi gamma-ray survey, we
here estimate the contribution from galaxy clusters to the diffuse gamma-ray and neutrino backgrounds. We modelled the cluster
population by means of their mass function, using a phenomenological luminosity-mass relation applied to all clusters, as well as
a detailed semi-analytical model. In the latter model, we divide clusters into cool-core/non-cool-core, and loud/quiet subsamples,
as suggested by observations, and model the cosmic-ray proton population according to state-of-the-art hydrodynamic numerical
simulations. Additionally, we consider observationally-motivated values for the cluster magnetic field. This is a crucial parameter
since the observed radio counts of clusters need to be respected owing to synchrotron emission by secondary electrons. For a choice
of parameters respecting current constraints from radio to gamma rays, and assuming a proton spectral index of −2, we find that
hadronic interactions in clusters contribute less than 10% to the IceCube flux and much less to the total extragalactic gamma-ray
background observed by Fermi. They account for less than 1% for spectral indices ≤–2. The high-energy neutrino flux observed by
IceCube can be reproduced without violating radio constraints only if a very hard (and speculative) spectral index >–2 is adopted.
However, this scenario is in tension with the high-energy IceCube data, which seems to suggest a spectral energy distribution of the
neutrino flux that decreases with the particle energy. We prove that IceCube should be able to test our most optimistic scenarios for
spectral indices ≥–2.2 by stacking a few nearby massive galaxy clusters. In the case of proton-photon interactions in clusters, we find
that very likely protons do not reach sufficiently high energies to produce neutrinos in these environments. We argue that our results
are optimistic because of our assumptions and that clusters of galaxies cannot make any relevant contribution to the extragalactic
gamma-ray and neutrino backgrounds in any realistic scenario. Finally, we find that the cluster contribution to the angular fluctuations
in the gamma-ray background is subdominant, less than 10% on sub-degree scales.
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1. Introduction

The extragalactic gamma-ray background (EGB) is the mea-
sured radiation that remains after subtracting all known sources
from the observed gamma-ray sky. The EGB was measured by
the SAS-2 satellite for the first time (Fichtel et al. 1977) then
by EGRET (Sreekumar et al. 1998; Strong et al. 2004) and the
Fermi-Large Area Telescope (LAT; Fermi LAT Collaboration
2010b, 2015a) most recently. The EGB is likely due to the
sum of contributions from different unresolved sources, such
as active galactic nuclei (AGN), star-forming galaxies, pulsars,
gamma-ray bursts, and intergalactic shocks produced by struc-
ture formation (see, e.g., Dermer 2007; Abdo et al. 2010; Stecker
& Venters 2011; Siegal-Gaskins et al. 2011; Ackermann et al.
2012; Fornasa et al. 2013; Di Mauro et al. 2014a,b; Tamborra
et al. 2014; Ajello et al. 2015; Di Mauro & Donato 2015, and
references therein).

Recently, the IceCube neutrino observatory at the South
Pole has reported evidence of extraterrestrial neutrinos (Aartsen
et al. 2013, 2014a). The four-year IceCube dataset consists of
37 events that exceed the atmospheric background with a sig-
nificance of more than 5σ (Aartsen et al. 2014a). The neutrino

data are compatible with a flux isotropically distributed in the
sky, with astrophysical origin and with a possible cutoff at a
few PeV. The origin of these events is unknown (see Waxman
2013; and Anchordoqui et al. 2014a, for recent reviews; see also
Winter 2014). However, the isotropic distribution in the sky of
the observed events suggests that they might come from vari-
ous extragalactic ∼100 PeV cosmic-ray (CR) accelerators, such
as gamma-ray bursts, especially untriggered ones (Waxman &
Bahcall 1997; Hümmer et al. 2012; Murase & Ioka 2013; Liu &
Wang 2013); AGN (Waxman & Bahcall 1999; Halzen & Hooper
2005; Stecker 2013; Winter 2013; Murase et al. 2014; Becker
Tjus et al. 2014); star-forming galaxies including starbursts,
galaxy mergers, and AGN (Loeb & Waxman 2006; Tamborra
et al. 2014; Lacki et al. 2011; Murase et al. 2013; He et al. 2013;
Liu et al. 2014; Katz et al. 2013; Kashiyama & Meszaros 2014;
Anchordoqui et al. 2014c; Chang & Wang 2014; Tavecchio &
Ghisellini 2014); intergalactic shocks and active galaxies em-
bedded in structured regions (Murase et al. 2013); and hyper-
novae and supernova remnants (Chakraborty & Izaguirre 2015;
Senno et al. 2015). A galactic origin for the neutrinos has also
been proposed (Ahlers & Murase 2014; Fox et al. 2013; Joshi
et al. 2014; Taylor et al. 2014; Anchordoqui et al. 2014b),
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as well as mixed scenarios of galactic and extragalactic neu-
trino sources (Ahlers & Murase 2014; Razzaque 2013; Fox et al.
2013; Joshi et al. 2014; Murase et al. 2014; Padovani & Resconi
2014). Exotic models including PeV dark matter decay scenar-
ios have been discussed, too (Feldstein et al. 2013; Esmaili &
Serpico 2013; Esmaili et al. 2014).

As shown in Murase et al. (2013), a multi-messenger con-
nection between the measured neutrino fluxes and their pho-
ton counterparts could be crucial for unveiling the origin of the
high-energy neutrinos, regardless of the physics of their sources.
In the following, we assume that the IceCube high-energy neu-
trinos have an extragalactic origin and are produced in proton-
proton collisions. In such a scenario we would expect sources to
also emit gamma rays at a flux comparable to that of neutrinos
(see, e.g., Kelner et al. 2006); however, the neutrinos could also
be produced in proton-photon interactions (see, e.g., Kelner &
Aharonian 2008).

Clusters of galaxies are the latest and largest structures to
form in the Universe. During their assembly, energies of the
same order of magnitude as the gravitational binding energy,
1061−1063 erg, should be dissipated through structure-formation
shocks and turbulence (Voit 2005). Therefore, even if only a
small part of this energy goes into particle acceleration, clus-
ters should host significant non-thermal emission from radio to
gamma rays (see, e.g., Brunetti & Jones 2014).

The contribution of clusters of galaxies to the EGB has been
discussed by several authors (Loeb & Waxman 2000; Keshet
et al. 2003; Gabici & Blasi 2003; Ando & Nagai 2008; Zandanel
& Ando 2014). It has been argued that CR hadronic interactions
in galaxy clusters could be responsible for a neutrino flux that
is comparable to the one recently observed by IceCube (Murase
et al. 2008, 2013; Kotera et al. 2009; Murase & Beacom 2013).
However, such hadronic interactions could have a dramatic im-
pact on the radio frequencies since secondary electrons are also
produced in proton-proton interactions and radiate synchrotron
emission when interacting with the magnetic fields in clusters of
galaxies. The radio emission from secondary electrons needs to
respect radio counts of galaxy clusters (Giovannini et al. 1999;
Venturi et al. 2007, 2008; Kale et al. 2013), since the cluster
diffuse synchrotron radio emission has been observed (see, e.g.,
Feretti et al. 2012).

In this work, we estimate the possible contribution to the ex-
tragalactic gamma-ray and neutrino backgrounds from galaxy
clusters assuming that gamma rays and neutrinos mainly origi-
nate in proton-proton interactions, while for the first time taking
the consequences in the radio regime into account. We compare
our model estimates to the isotropic diffuse gamma-ray back-
ground measured by Fermi (Fermi LAT Collaboration 2015a)
and to the neutrino flux measured by IceCube (Aartsen et al.
2014a). We also discuss the small-scale anisotropies in EGB re-
cently detected with Fermi (Fermi LAT Collaboration 2012) and
compare the measurements with cluster models.

This paper is organised as follows. In Sect. 2, we briefly dis-
cuss proton-proton interactions in galaxy clusters and explain
how we calculate the emission from secondary electrons, pho-
tons, and neutrinos. We then introduce the mass function of
galaxy clusters and a phenomenological luminosity-mass rela-
tion in Sect. 3. In Sect. 4, we refine our approach by using a
detailed semi-analytical model based on state-of-the-art numer-
ical simulations of CRs in clusters and test the robustness of
our results with respect to the adopted parameters. We compare
our results with stacking upper limits by the IceCube telescope
and discuss future detection prospects in Sect. 5. We briefly dis-
cuss the neutrino contribution from proton-photon interactions

in clusters in Sect. 6 and the angular power spectrum of the EGB
in Sect. 7. Finally, in Sect. 8, we summarise our findings.

2. Secondaries from proton-proton interactions

The CR protons accumulate in galaxy clusters for cosmologi-
cal times (Völk et al. 1996; Berezinsky et al. 1997) and inter-
act with the thermal protons of the intra-cluster medium (ICM)
generating secondary particles: electrons, neutrinos, and high-
energy photons (Dennison 1980; Blasi & Colafrancesco 1999;
Miniati et al. 2001; Pfrommer & Enßlin 2004; Blasi et al.
2007; Pfrommer et al. 2008; Kushnir & Waxman 2009; Kotera
et al. 2009; Pinzke & Pfrommer 2010). While the ICM den-
sity is typically well known from X-ray measurements of its
bremsstrahlung emission, the CR proton spectral and spatial
distributions in galaxy clusters are unknown. In fact, whereas
the diffuse radio emission observed in several clusters proves
the presence of relativistic electrons, direct proof of proton
acceleration has yet to be found.

Gamma-ray observations of the possible hadronic-induced
emission started to put tight constraints on the proton content of
clusters (H.E.S.S. Collaboration 2009a,b; MAGIC Collaboration
2010, 2012; Fermi LAT Collaboration 2010a, 2014; VERITAS
Collaboration 2012; Ando & Nagai 2012; Huber et al. 2013;
Vazza & Brüggen 2014; Zandanel & Ando 2014; Prokhorov &
Churazov 2014; Griffin et al. 2014). Gamma-ray limits also sug-
gest that secondary electrons cannot be uniquely responsible for
the observed radio emission in galaxy clusters, at least in the case
of the so-called giant radio haloes found in merging clusters like
Coma (Brunetti et al. 2012; Zandanel et al. 2014b). As we dis-
cuss in the following, an important implication for our purposes
is that the observed radio counts represent an optimistic upper
limit for the radio emission from secondary electrons since only
a fraction of it can have a hadronic origin.

Assuming a power law in momentum for the spectral distri-
bution of CR protons in clusters, f (p)dp = ρCR p−αp dp, the radio
synchrotron luminosity of secondary electrons at a frequency f
can be expressed as (adapted from Pfrommer et al. 2008)

L f = A f

∫
ρCR ρICM

εB
εB + εCMB

(
εB
εBc

) αp−2
4

dV, (1)

where ρCR and ρICM are the CR proton and ICM density distri-
butions, respectively, while εB = B2/8π and εCMB are the en-
ergy densities of the cluster magnetic fields and the cosmic mi-
crowave background (CMB)1. The parameter εBc is the magnetic
energy density corresponding to a characteristic magnetic field
Bc = 31(ν/GHz) μG for the synchrotron mechanism, and A f

encloses the spectral information (Pfrommer et al. 2008). The
gamma-ray luminosity of secondary photons at an energy E is
defined as

Lγ = Aγ

∫
ρCR ρICM dV, (2)

with Aγ enclosing the spectral information (Pfrommer et al.
2008).

In the following, we make use of Eqs. (1) and (2) to calculate
the hadronic-induced emission in galaxy clusters at radio and
gamma-ray frequencies. The spectral multipliers A f and Aγ were

1 The total energy density of photons should also include the contribu-
tion from star light: εph = εstars + εCMB. However, εstars is subdominant
in the cluster volume (see, e.g., Fig. 5 of Pinzke et al. 2011), therefore
εph ≈ εCMB.
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obtained in Pfrommer & Enßlin (2004) as analytical approxima-
tions of full proton-proton interaction simulations. The analyti-
cal expressions for A f and Aγ reproduce the results of numerical
simulations from energies around the pion bump (∼100 MeV)
up to a few hundred GeV. A more precise formalism has been
derived by Kelner et al. (2006) for the TeV–PeV energy range,
relevant to calculating the neutrino fluxes. Therefore, we correct
the gamma-ray spectra obtained by adopting the analytical ap-
proximations with the recipe in Kelner et al. (2006) for energies
above ∼0.1–1 TeV. The transition energy between the two ap-
proximations depends on αp, and it was chosen as the energy at
which the two models coincide.

We compute the corresponding neutrino spectra as pre-
scribed in Kelner et al. (2006). When assuming that proton-
proton interactions are the main interactions producing neutri-
nos and gamma rays, the neutrino intensity for all flavours could
also be approximately obtained as a function of the gamma-
ray flux (Ahlers & Murase 2014; Anchordoqui et al. 2004):
Lν(Eν) ≈ 6 Lγ(Eγ), with Eν ≈ Eγ/2, where we ignored the
absorption during the propagation of gamma rays for simplic-
ity. From this approximation, one finds that, at a given energy,
Lν/Lγ ∼ 1.5 for αp = 2. However, detailed calculations by
Berezinsky et al. (1997) and Kelner et al. (2006) show that this
ratio is slightly smaller for spectral indices αp > 2 and slightly
higher for αp < 2.

We do not assume any CR spectral cut-off at high energies or
any spectral steepening due to the high-energy protons that are
no longer confined to the cluster (Völk et al. 1996; Berezinsky
et al. 1997; Pinzke & Pfrommer 2010), and thus, as discussed in
the following, our results should be considered as conservative.
While this is not relevant when comparing with the Fermi data,
it might be relevant for the high-energy neutrino flux.

Since the larger contribution to the total diffuse intensity
comes from nearby galaxy clusters (see Fig. 5 and comments
therein), we additionally omit the absorption of high-energy
gamma rays owing to interactions with the extragalactic back-
ground light because this becomes relevant only at high red-
shifts (see, e.g., Domínguez et al. 2011). We note that our con-
clusions do not change even when relaxing any of the above
approximations.

3. Phenomenological luminosity-mass relation

In this section, we estimate the maximum possible contribution
to the extragalactic gamma-ray and neutrino backgrounds from
hadronic interactions in galaxy clusters using a simplified phe-
nomenological approach for the luminosity-mass relation.

3.1. Modelling the diffuse gamma-ray intensity

The total gamma-ray intensity from all galaxy clusters in the
Universe at a given energy (dN/dA dt dE) is

Iγ =
∫ z2

z1

∫
M500, lim

Lγ(M500, z) (1 + z)2

4πDL(z)2
(3)

× d2n(M500, z)
dVc dM500

dVc

dz
dz dM500,

where the cluster mass MΔ is defined with respect to a density
that is Δ = 500 times the critical density of the Universe at
redshift z. Here, Vc is the comoving volume, DL(z) the lumi-
nosity distance, and d2n(M500, z)/dVc dM500 is the cluster mass
function for which we make use of the Tinker et al. (2008)

0.0 0.5 1.0 1.5 2.0 2.5
z

10-9

10-8

10-7

10-6

10-5

10-4

n(
>

M
50

0,
lim

) 
[h

3  M
pc

-3
]

WMAP
Planck

Fig. 1. Total number density of galaxy clusters for masses above
M500, lim = 1013.8 h−1 M� as a function of redshift. We show the
number density obtained assuming the WMAP (Komatsu et al. 2011),
our standard choice if not otherwise specified, and the Planck (Planck
Collaboration XVI 2014) cosmological data. At redshift z = 2, the num-
ber density is already negligible with respect to the lowest redshift.

formalism and the Murray et al. (2013) on-line application.
The lower limit of the mass integration has been chosen to be
M500, lim = 1013.8 h−1 M�, to account for large galaxy groups.
The redshift integration goes from z1 = 0.01, where the clos-
est galaxy clusters are located, up to z2 = 2. Where not oth-
erwise specified, we assume Ωm = 0.27, ΩΛ = 0.73, and the
Hubble parameter H0 = 100 h70 km s−1 Mpc−1 with h70 = 0.7.
Where we explicitly use h in the units, as for M500, lim, we assume
H0 = 100 h km s−1 Mpc−1 with h = 1. As shown in Fig. 1 (and
discussed in Sects. 3.3 and 4.3), our conclusions are not affected
by the specific choice of z2 and M500, lim.

We calculate the total number of detectable galaxy clusters
at f = 1.4 GHz, above the flux Fmin, as

N1.4(>Fmin) =
∫ z2

z1

∫ ∞

Fmin

d2n(F1.4, z)
dVc dF1.4

dVc

dz
dz dF1.4, (4)

where F1.4 = L1.4(1 + z)/4πDL(z)2, and we compare it with the
radio counts from the National Radio Astronomy Observatory
Very Large Array sky survey (NVSS) of Giovannini et al.
(1999)2 . The flux Fmin is defined as in Eq. (9) of Cassano et al.
(2012) by adopting a noise-level multiplier ξ1 = 1, which is ap-
propriate, while slightly optimistic, for the low redshifts of the
NVSS survey (0.44 ≤ z ≤ 0.2), and a typical radio half-light
radius of R500/4 (Zandanel et al. 2014b).

The function d2n(F1.4, z)/dVc dF1.4 is obtained numeri-
cally from d2n(M500, z)/dVc dM500 by calculating L1.4(M500)
from Lγ(M500) as explained in the following. We intro-
duce a phenomenologically-driven gamma-ray luminosity-mass
relation:

log10

[
Lγ(100 MeV)

s−1 GeV−1

]
= P1 + P2 log10

(
M500

M�

)
, (5)

2 We use the cumulative number density function as in Cassano et al.
(2010). Cassano et al. (2010) do not use the fluxes of Giovannini
et al. (1999), but rather the ones from follow-up observations of the
same sample of galaxy clusters, which are higher than the NVSS ones
(Cassano, priv. comm.).
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Table 1. Tested parameters and total gamma-ray and neutrino fluxes for the phenomenological luminosity-mass relation.

αp Loud [%] B [μG] P1 Coma (>100 MeV) Perseus (>1 TeV) Iγ (100 MeV) Iν (250 TeV) Notes

1.5 100 	BCMB 18.60 (18.35) 1.6 (0.92)× 10−11 1.7 (0.92)× 10−13 3.8 (2.1)× 10−10 7.3 (4.2)× 10−19 N
1 19.41 (18.35) 1.1 (0.09)× 10−10 1.1 (0.09)× 10−12 2.5 (0.2)× 10−9 4.7 (0.4)× 10−18 N

0.5 19.91 (18.35) 3.3 (0.09)× 10−10 3.4 (0.09)× 10−12 7.8 (0.2)× 10−9 1.5 (0.04)× 10−17 N

2 100 	BCMB 19.42 6.0 × 10−11 1.1 × 10−14 2.5 × 10−9 4.7 × 10−21

1 20.65 1.0 × 10−9 1.8 × 10−13 4.3 × 10−8 8.1 × 10−20

0.5 21.23 (21.09) 3.9 (2.8)× 10−9 6.9 (5.0)× 10−13 1.6 (1.2)× 10−7 3.1 (2.2)× 10−19 G
2 30 	BCMB 19.60 9.1 × 10−11 1.6 × 10−14 1.4 × 10−9 2.8 × 10−21

1 20.82 1.5 × 10−9 2.7 × 10−13 2.3 × 10−8 4.6 × 10−20

0.5 21.40 (21.09) 5.7 (2.8)× 10−9 1.0 (0.5)× 10−12 8.9 (4.4)× 10−8 1.8 (0.9)× 10−19 G

2.2 100 	BCMB 19.71 1.0 × 10−10 3.6 × 10−15 4.9 × 10−9 5.9 × 10−22

1 21.10 2.6 × 10−9 8.7 × 10−14 1.2 × 10−7 1.4 × 10−20

0.5 21.71 (21.16) 1.0 (0.3)× 10−8 3.6 (1.0)× 10−13 4.9 (1.4)× 10−7 5.9 (1.7)× 10−20 G

2.4 100 	BCMB 19.98 1.6 × 10−10 1.2 × 10−15 9.1 × 10−9 7.0 × 10−23

1 21.54 (21.21) 5.9 (2.8)× 10−9 4.2 (1.9)× 10−14 3.3 (1.6)× 10−7 2.5 (1.2)× 10−21 G
0.5 22.18 (21.21) 2.6 (0.3)× 10−8 1.8 (0.2)× 10−13 1.4 (0.2)× 10−6 1.1 (0.1)× 10−20 G

Notes. For each αp and magnetic field, the P1 parameter of the Lγ(100 MeV)–M500, obtained by taking the NVSS radio counts into account, is
reported in the fourth column. Columns 5 and 6: corresponding Coma-like and Perseus-like gamma-ray flux in cm−2 s−1, respectively, integrated
above 100 MeV and 1 TeV, and assuming the clusters M500 as in Reiprich & Böhringer (2002). Columns 7 and 8: total gamma-ray and neutrino
(all flavours) intensity at 100 MeV and 250 TeV, respectively, in cm−2 s−1 GeV−1 sr−1 for all the galaxy clusters in the Universe. Last column: “G”
and “N”, cases overshooting present gamma-ray and neutrino constraints, respectively. For αp ≥ 2, we report in parenthesis the values that respect
the gamma-ray upper limit on Coma, while for αp = 1.5 we report in parenthesis the values matching the IceCube neutrino data averaging in the
corresponding energy range.

where we omit the possible redshift-dependence for simplicity3.
The radio luminosity can be obtained from the gamma-ray one
by Eqs. (1) and (2).

In this section we assume that the magnetic field is indepen-
dent of the radius in the radio-emitting region. Therefore, the
relation between radio and gamma-ray luminosities becomes

Lγ
L f
=

Aγ
A f

εB + εCMB

εB

(
εBc

εB

) αp−2
4

· (6)

A special limit can be obtained for B 	 BCMB in all the radio-
emitting region. In this case, under the hypothesis that electrons
lose all their energy through synchrotron emission and αp ≈ 2,
the relation between radio and gamma-ray luminosities becomes
(Pfrommer 2008):

Lγ
L f
≈ Aγ

A f
· (7)

Concerning the choice of the parameters in Eq. (5), we need
to consider that P1, P2, αp, B, and the fraction of loud clus-
ters are degenerate when one tries to find the maximum allowed
hadronic-induced emission. The concept of loud fraction comes
from the fact that, even if clusters have the same X-ray luminos-
ity and therefore the same mass, some of them host radio emis-
sion, but others do not show any sign of it with upper limits about
an order of magnitude below the loud state. This is known as
the radio–X-ray bimodality (Brunetti et al. 2009; Cassano et al.
2013). The most recent estimates suggest that the radio-loud per-
centage is about 20−30% (Kale et al. 2013). The subdivision

3 Because the larger contribution to both the number of detectable clus-
ters in radio (Zandanel et al. 2014b) and the total gamma-ray and neu-
trino fluxes is dominated by nearby clusters, the high-redshift depen-
dence is negligible for our purposes (see Sects. 3.3 and 4.3 for more
details).

of the cluster population into radio-loud and radio-quiet clusters
is also reflected in the corresponding gamma-ray and neutrino
fluxes. Therefore, from now on we refer to the two populations
as “loud” and “quiet.”

In this section we mainly consider the overly optimistic case
where all the clusters are loud (100% loud), while we show the
case of 30% loud clusters for only one choice of αp. In the fol-
lowing, to reduce the number of free parameters, we fix P2 =
5/3 
 1.67; i.e., we assume that the hadronic-induced luminos-
ity scales as the cluster thermal energy Eth ∝ M2/Rvir ∝ M5/3

(see also Sect. 3.3), where Rvir is the virial radius. The cho-
sen P2 parameter roughly corresponds to what is found using the
Zandanel et al. (2014a) multi-frequency mock cluster catalogue
(MultiDark database; Riebe et al. 2013) for Lγ(100 MeV)–M500,
which typically lies in the range ∼1.5−1.65 for different red-
shifts and different cluster populations (loud, quiet, cool-core,
non-cool-core). The parameter P1 is set free to vary under the
constraint that it should respect the radio counts from the NVSS
survey and current gamma-ray upper limits. We note that, once
the thermal content of a cluster is known, the parameter P1 could
be seen as the efficiency of how much energy goes into CR
acceleration.

We considered the Coma and Perseus cases for compari-
son with current gamma-ray upper limits on individual galaxy
clusters. We took the Coma upper limit obtained from five
years of Fermi data by Zandanel & Ando (2014) as refer-
ence. We adopted their result for the disk model, a uniform
filling of the cluster up to R200, which is FUL(>100 MeV) =
2.9 × 10−9 cm−2 s−1, obtained for a spectral index of 2. For
Perseus, we assumed the upper limit obtained by the MAGIC
Collaboration (2012) for the inner region of 0.◦15 as reference,
which is FUL(>1 TeV) = 1.4 × 10−13 cm−2 s−1, obtained for a
spectral index of 2.2. We refer the reader to, for example, Table 1
of Huber et al. (2013) and Table 2 of MAGIC Collaboration
(2010) for hints to how much the gamma-ray upper limits change
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when modifying the spectral index. Such a change is quantifi-
able within a factor of about two, which does not affect our
conclusions, as we discuss later.

3.2. Results: gamma-ray and neutrino backgrounds

We assume the spectral index αp = 2, 2.2, 2.4 and, as extreme
case, αp = 1.5. As for the magnetic field B	 BCMB (see Eq. (7)),
B = 1 μG, and 0.5 μG (see Eq. (6)). The first choice of the
magnetic field can be regarded as conservative considering that,
for example, the volume-averaged magnetic field of Coma, the
best-studied cluster for Faraday rotation measurements, is about
2 μG (Bonafede et al. 2010); the latter should be considered op-
timistic with respect to current estimates. To clarify the mean-
ing of the terms conservative/optimistic, note that the higher the
magnetic field, the less room there is for protons, because the ra-
dio counts have to be respected, hence the lower the gamma-ray
and neutrino fluxes.

For each αp and value of the magnetic field, the correspond-
ing P1 parameter is chosen in such a way that the computed
N1.4(>Fmin) does not overshoot the NVSS radio counts, and they
are reported in Table 1. To make certain that our models respect
current gamma-ray upper limits, the corresponding Coma-like
and Perseus-like gamma-ray fluxes above 100 MeV and 1 TeV,
respectively, are also shown in Table 1, after assuming M500 as in
Reiprich & Böhringer (2002), together with the total gamma-ray
and neutrino flux at 100 MeV and 250 TeV, respectively, for all
the galaxy clusters in the Universe. All the reported values refer
to 100% loud clusters, while the 30% case is studied only for
αp = 2. (In the latter case, the remaining fraction of 70% quiet
clusters are assumed to have an Lγ(100 MeV) that is one order
of magnitude lower than the loud ones.)

In the last column of Table 1 and for αp ≥ 2, we denote the
cases that do not respect the gamma-ray upper limits on either
Coma or Perseus by “G”. For these cases, we recomputed P1 so
as to respect the Coma upper limit, our reference choice (see val-
ues in parenthesis in Table 1). However, our recomputed values
for αp = 2 still overshoot the current Perseus gamma-ray upper
limit. We nevertheless adopt the Coma upper limit as reference
because it was calculated for αp = 2 and for a larger spatial ex-
tension, up to R200. For αp = 1.5, the cases indicated by “N” in
Table 1 exceed the IceCube neutrino data. Also in this case we
recalculated P1 to match the IceCube results after averaging over
the corresponding energy range.

Figure 2 shows both the comparison of our models to the
radio counts (on the left) and the computed gamma-ray (in
black) and neutrino intensities (in red) as functions of the en-
ergy (on the right), for the chosen values of αp and B assum-
ing 100% loud clusters. For comparison, we plot the Fermi data
(Fermi LAT Collaboration 2015a) and the IceCube 1σ error
band as in Aartsen et al. (2014a). The latter refers to the four-
year IceCube data sample. However, more recently a new fit has
been provided, using two-year statistics but including low en-
ergy events down to 1 TeV. The best fit of the neutrino spectrum
obtained in this case scales as E−2.46

ν (Aartsen et al. 2015).
For αp > 2, both the gamma-ray and the neutrino diffuse

backgrounds are well below the Fermi and the IceCube data in
all cases. For αp = 2, while the gamma-ray flux is always lower
than the Fermi measurements, the neutrino diffuse background
could represent a significant fraction of the flux measured by
IceCube for B = 1 μG and 0.5 μG.

As known from radio observations, the case of 100% loud
clusters is not realistic. Therefore, in Fig. 3, we show the same
as in Fig. 2 for αp = 2, together with the more realistic case

of 30% loud clusters. In the latter, galaxy clusters could make
up at most about 10% (20%) of the neutrino flux measured by
Ice Cube for B = 1 μG (0.5 μG). This gives an estimation of
how much our results for other spectral indices would change
when moving from 100% loud clusters to the more realistic case
of 30% loud clusters: Iγ,ν,30% ≈ Iγ,ν,100%/2 (see also Table 1 for
comparison).

In the extreme case of αp = 1.5, we could explain the
IceCube data by averaging over the corresponding energies for
all cases, while respecting all other constraints from radio to
gamma rays. However, we note that such a hard spectral index
contradicts the most recent IceCube results, thus suggesting a
softer spectral index (Aartsen et al. 2015).

Estimates of magnetic fields in clusters from Faraday ro-
tation measurements range from ∼μG for merging clusters up
to 10 μG for cool-core clusters (Carilli & Taylor 2002; Clarke
2004; Vogt & Enßlin 2005; Bonafede et al. 2010, 2013). The
case of B = 0.5 μG should therefore be considered illustrative
and optimistic because it contradicts current knowledge.

We conclude that, amongst all the cases we studied that re-
spect both radio counts and current gamma-ray upper limits,
hadronic interactions in galaxy clusters can realistically con-
tribute at most up to 10% of the total extragalactic neutrino back-
ground, while contributing less than a few percentage points
to the total extragalactic gamma-ray background. Moreover,
the simplified requirement of not overshooting the NVSS radio
counts on clusters leads to optimistic results. In fact, as explained
in Sect. 2, not all the observed radio emission in clusters has
a hadronic origin (Brunetti et al. 2012; Zandanel et al. 2014b).
The open question is the exact contribution of protons to the non-
thermal content of clusters, the corresponding contribution to the
observed radio emission, and therefore, the possible gamma-ray
emission (see Zandanel & Ando 2014 for a discussion). This im-
plies that even our results, which respect both NVSS counts and
gamma-ray limits, should still be considered rather optimistic.

Finally, we note that, owing to our simplified approach using
a gamma-ray luminosity-mass relation, the conclusions of this
section can be generalised to any source of CR protons where
these mix and hadronically interact with the ICM of galaxy
clusters, such as those injected by structure formation shocks
and AGNs. For any considered source of protons, the result-
ing secondary emission must respect both radio and gamma-ray
constraints.

3.3. Results: testing our standard assumptions

To make our conclusions more robust, we comment in this sec-
tion on two of our assumptions and on their effect on our final
results: the redshift evolution and the value of the parameter P2
in the luminosity-mass relation.

The redshift dependence has been omitted in Eq. (5). For
the sake of completeness, we tested the effect of introducing a
redshift dependence in the gamma-ray luminosity-mass relation
by adopting Lγ ∝ Ωm (1 + z)3 + ΩΛ, for αp = 2.2, 100% loud
clusters and B 	 BCMB, roughly corresponding to the scaling
observed in the Zandanel et al. (2014a) multi-frequency mock-
cluster catalogue for Lγ(100 MeV)–M500. We found that omit-
ting the redshift evolution causes both the radio counts and the
high-energy fluxes to be only about 20% lower than the redshift-
evolution case. Our results would scale accordingly, as would
the P1 parameter, and the maximum allowed contribution to the
total extragalactic gamma-ray and neutrino fluxes would remain
approximately the same. The case of radio counts is not as intu-
itive, but can be understood if noting that redshift evolution will
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Fig. 2. Total gamma-ray and neutrino intensities (right) due to hadronic interactions in galaxy clusters, for 100% loud clusters, and the correspond-
ing radio counts due to synchrotron emission from secondary electrons (left). From top to bottom, we plot the cases with B	 BCMB, B = 1 μG and
0.5 μG, respectively. For comparison, the Fermi (Fermi LAT Collaboration 2015a) and IceCube (Aartsen et al. 2014a) data are shown in the panels
on the right. The neutrino intensity is meant for all flavours. All the plotted intensities respect NVSS radio counts and the gamma-ray upper limits
on individual clusters. For B = 1 μG and αp = 2.4, B = 0.5 μG and αp = 2.2, 2.4, and for αp = 1.5, the radio counts respecting the gamma-ray and
neutrino limits, respectively, are below the y-scale range adopted for the panels on the left.

boost the luminosity of higher redshift objects, pushing them
into a regime where they would be detectable and boosting the
corresponding estimation of the radio counts, therefore requiring
lower P1 with respect to no-redshift evolution.

In Sect. 3.1, we fix the slope of the luminosity-mass rela-
tion to P2 = 5/3, assuming that the hadronic-induced lumi-
nosity scales as the cluster thermal energy. In the conclusions

of Sect. 3.2, we mentioned that our phenomenological approach
can be generalised to any source of CR protons in clusters if
these mix and hadronically interact with the ICM. However,
while our standard choice for the P2 parameter is appropri-
ate for CR protons injected by structure formation shocks, it
could be different for other CR sources. Clearly, a steeper slope
would assign larger fluxes to high-mass objects that would easily
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Fig. 3. Same as Fig. 3, together with the case of 30% loud clusters for αp = 2. The remaining percentage of 70% quiet clusters has been assumed
to have Lγ(100 MeV) one order of magnitude lower than for the loud clusters. The 100% loud case is shown with lighter colours (i.e., in grey and
orange).

overshoot radio counts. As a consequence, a lower value for P1
would be allowed, and considering that low-mass clusters would
have lower luminosities, we estimate that the total gamma-ray
and neutrino fluxes would be lower than in the case of P2 = 5/3,
or at most, at the same level owing to the sum of a few very
powerful, massive nearby sources.

To assess the changes obtained by assuming a flatter slope in
the luminosity-mass relation, we tested the extreme value P2 = 1
for 30% loud clusters, αp = 2 and B = 1 μG, our most optimistic,
still realistic, case. We underline, however, that a luminosity-
mass function with such a flat slope strongly contradicts cur-
rent knowledge of the diffuse radio emission in galaxy clus-
ters (Brunetti et al. 2009; Cassano et al. 2013). Either way, we
found that, to respect radio counts, the maximum allowed con-
tribution to the total extragalactic neutrino flux is about 15%.
This behaviour can be understood when noting again that such a
flat slope implies that higher luminosities are assigned to lower
mass clusters, pushing them into a regime where they would be
detectable, hence boosting the corresponding radio counts. For
the sake of completeness, we also added a redshift evolution of
the luminosity as (1+ z)3 (as, e.g., for AGNs; Barger et al. 2005)
to this extreme model that should eventually boost the neutrino
production. We found that the maximum allowed contribution to
the total extragalactic neutrino flux is 30% of the IceCube flux.
We conclude that in all cases, the contribution to the total extra-
galactic gamma-ray flux is still negligible.

The estimation of a flux that is 30% of the IceCube one is
the maximum that can be obtained under realistic conditions
(30% loud clusters, B = 1 μG) for the extreme value P2 = 1
with αp = 2. The only way to additionally boost the total neu-
trino flux without changing the radio counts would be to inte-
grate down to lower masses, as we also discuss in Sect. 4.34. We
note, however, that our standard lower mass bound is M500, lim =
6.3 × 1013 h−1 M� = 9 × 1013 M�, roughly corresponding to
M200, lim = 1.4 × 1014 M�, and it already includes groups of
galaxies. Extending the mass integration of the above case down

4 In Sect. 4.3 we also estimate the changes obtained by adopting the
most recent Planck results for the cosmological parameters (Planck
Collaboration XVI 2014). While for the semi-analytical model of the
next section, the radio counts, total gamma-ray, and neutrino fluxes are
enhanced by a factor of only about 1.7, in the phenomenological model
with P2 = 1, this would significantly boost the radio counts requiring
the corresponding P1 value to be lowered.

to M500, lim = 1013 h−1 M� = 1.4 × 1013M�, the 30% contribu-
tion to the total neutrino flux would become about 160%, over-
shooting the IceCube measurement. One could, of course, fine-
tune this mass limit to match the IceCube flux, but we think
that such a combination of extreme parameters is highly un-
likely. At any rate, the E−2 spectrum is the only one for which
such fine-tuning would give a significant total neutrino flux, and
it disagrees with the latest IceCube results, suggesting a softer
spectral index (Aartsen et al. 2015).

We conclude that the results of the phenomenological ap-
proach presented in Sect. 3.2 are robust against our assump-
tions and that they provide realistic estimates of the maximum
allowed contribution of galaxy clusters to the total extragalactic
gamma-ray and neutrino fluxes.

4. Semi-analytical model for the cosmic-ray
and intra-cluster-medium distributions

In this section, we adopt a more sophisticated approach to mod-
elling the CR and ICM distributions in galaxy clusters, as well
as their magnetic field spatial distribution.

4.1. Semi-analytical modelling

For the ICM density distribution, we adopt the phenomenolog-
ical model of Zandanel et al. (2014a), which is based on gas
profiles obtained in X-rays (Croston et al. 2008) and on an obser-
vational correlation between gas fraction and mass of the clus-
ters (Sun et al. 2009). This method allows a gas density to be
assigned to any galaxy cluster using its mass alone, in such a
way that the observed X-ray and Sunyaev-Zel’dovich scaling
relations are correctly reproduced.

For the CR spatial and spectral distribution, we adopt the
hadronic model proposed in Zandanel et al. (2014b), which ex-
tends the semi-analytical model of Pinzke & Pfrommer (2010).
The latter provides a scaling of the CR distribution with the
cluster mass, while Zandanel et al. (2014b) introduced an ef-
fective parameterisation on the CR spatial distribution ρCR to
account for CR transport phenomena. In all the models anal-
ysed in this section, we assume the proton spectral shape as
in Pinzke & Pfrommer (2010) where a universal CR spec-
trum is found amongst the simulated galaxy clusters. We rely
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Fig. 4. Radio counts due to synchrotron emission of secondary electrons as from the semi-analytical model of Zandanel et al. (2014b, ZPP in the
plots) on the left, and total gamma-ray and neutrino intensities on the right. For comparison, we plot the Fermi (Fermi LAT Collaboration 2015a)
and IceCube data (Aartsen et al. 2014a) in the panels on the right. The neutrino intensity is meant for all flavours. We show the cases of the model
applied to a mass function for 20% and 40% loud clusters, and additionally for 10% loud clusters with parameters as in the Pinzke & Pfrommer
(2010) model with a maximum CR proton acceleration efficiency of 15% (PP in the plots). According to this semi-analytical model, galaxy clusters
contribute <1% to the diffuse gamma-ray and neutrino backgrounds.

on Eqs. (4) and (4) with Lγ(M500, z) and L1.4(M500, z) calculated
by using Eqs. (2) and (1), with ρICM and ρCR from the Zandanel
et al. (2014a,b) models, including redshift evolution.

The cluster population is divided into 50% cool-core
and 50% non-cool-core clusters (as from observations; see,
e.g., Chen et al. 2007) with different parameterisation of the ICM
and CR profiles. Cool-core clusters are relaxed objects, so CRs
could stream out of the core, creating flat CR profiles. Non-cool-
core clusters are more turbulent objects that should cause CRs to
advect with the gas and create centrally peaked CR profiles. The
difference between cool-core and non-cool-core clusters is mod-
elled through the parameter γtu = τst/τtu, i.e., the ratio between
the characteristic time scale of streaming and that of turbulence.
This parameter ranges from 100 for highly turbulent cluster and
centrally peaked CR distributions to 1 for relaxed clusters and
flat distributions as CRs move towards the outskirts (Zandanel
et al. 2014b). Here, we assume γtu = 3 and 1 for loud and quiet
cool-core clusters, and γtu = 60 and 1 for loud and quiet non-
cool-core clusters, respectively.

The magnetic field is assumed to radially scale as the gas
density:

B(r) = B0

(
ρICM(r)
ρICM(0)

)αB

, (8)

where B0 is the central magnetic field, and αB = 0.5 describes
the declining rate of the magnetic field strength towards the clus-
ter outskirts (Dubois & Teyssier 2008; Bonafede et al. 2010;
Kuchar & Enßlin 2011, and references therein). In particular,
for quiet clusters, we adopt a central magnetic field B0 of 4 μG
(7.5 μG) for non-cool-core (cool-core) clusters, while we choose
6 μG (10 μG), to account for the potential turbulent dynamo in
loud objects.

4.2. Results: gamma-ray and neutrino backgrounds

The model in Zandanel et al. (2014b, ZPP in tables and figures)
reproduces the observed radio-to-X-ray and radio-to-Sunyaev-
Zel’dovich scaling relations of galaxy clusters and respects

Table 2. Total gamma-ray and neutrino fluxes for the semi-analytical
model.

Model Iγ (100 MeV) Iν (250 TeV)

ZPP 40% 3.0 1.3
ZPP 20% 2.4 1.0
ZPP 20% z2 = 0.6 2.0 0.9
ZPP 20% M500,lim = 1013 h−1 M� 6.2 2.3
ZPP 20% Planck 4.2 1.7
PP 10% 1.5 0.6

Notes. Total gamma-ray and neutrino flux at 100 MeV and
250 TeV for the semi-analytical model in units of 10−8 and
10−21 cm−2 s−1 GeV−1 sr−1, respectively.

current gamma-ray upper limits5. In the left-hand panel of Fig. 4,
we show the resulting radio counts for a fraction of 20% and
40% loud clusters. We find that the latter case should be consid-
ered extreme because hadronic interactions are known not to be
uniquely responsible for the observed radio emission in clusters.
Table 2 shows the corresponding total gamma-ray and neutrino
fluxes.

Figure 4 (left panel) also shows the radio counts obtained
by adopting 10% loud clusters with parameters corresponding to
the model in Pinzke & Pfrommer (2010, PP in tables and figures)
with a maximum CR proton acceleration efficiency scaled down
to 15% with respect to the originally assumed 50% in order to
obey current gamma-ray constraints (Zandanel & Ando 2014;
Fermi LAT Collaboration 2014). For the remaining 90% quiet
fraction, the parameters of the previous model are assumed. The
right-hand panel of Fig. 4 shows the corresponding total gamma-
ray and neutrino intensities compared with the data from Fermi
and IceCube. We conclude that galaxy clusters contribute less
than 1% to the diffuse gamma-ray and neutrino backgrounds.

5 The parameters for the corresponding Lγ(100 MeV)–M500 scaling
relation at z = 0 are P1 = 21.68 and P2 = 1.62 for non-cool-
core clusters, and P1 = 22.41 and P2 = 1.57 for cool-core clusters.
This translates in Coma-like and Perseus-like fluxes, for αp = 2.2, of
F(>100 MeV) = 1.6 × 10−9 and F(>1 TeV) = 7.6 × 10−14 cm−2 s−1,
respectively, below the current upper limits.
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Fig. 5. Same as in the left panel of Fig. 4 for 20% loud clusters. The left panel shows the comparison with the previous model with one obtained
adopting z2 = 0.6, and one with a lower mass integration limit, of 1013 h−1 M�. The right panel shows the comparison with the model in Fig. 4
and one obtained using the Planck cosmological data.

The results reported in this section are more realistic than
the ones shown in Sect. 3. However, we underline as the semi-
analytical model adopted here is based on the hypothesis that
CRs are accelerated at structure formation shocks, while no as-
sumption on the CR sources is made in the phenomenological
approach of Sect. 3.

4.3. Results: dependence on cosmology and lower mass
bound

To test the robustness of our results, we computed the gamma-
ray and neutrino backgrounds in the case of 20% loud clusters,
first extending the integration down to lower masses (M500, lim =
1013 h−1 M�) and then adopting the most recent Planck results
for the cosmological parameters.

The left-hand panel of Fig. 5 shows the gamma-ray and
neutrino backgrounds for the same case as shown in Fig. 4
for 20% loud clusters with M500, lim = 1013.8 h−1 M� and for
M500, lim = 1013 h−1 M�. In the latter case, the gamma-ray and
neutrino diffuse fluxes are significantly higher, while still repre-
senting less than 1% of the observational data. At the same time,
the radio counts are exactly the same as in Fig. 4 since these are
due to the higher mass objects. We additionally show the case
with M500, lim = 1013.8 h−1 M� integrated up to z2 = 0.6. As an-
ticipated in Sect. 2, low-redshift objects represent the dominant
contribution to the diffuse fluxes, because by adopting z2 = 0.6,
we obtain 82% of the total flux.

The right-hand panel of Fig. 5 shows gamma-ray and neu-
trino backgrounds for the same case as shown in Fig. 4 for
20% loud clusters and obtained by adopting the cosmolog-
ical parameters determined by the Planck satellite (Planck
Collaboration XVI 2014), i.e., H0 = 67.3 km s−1 Mpc−1, Ωm =
0.32, ΩΛ = 0.68, and the corresponding mass function. The
Planck cosmology results in an overall larger number of struc-
tures, as is clear in Fig. 1, therefore increasing both the total
radio counts (not shown, but still below the 40% loud case of
Fig. 4) and the total gamma-ray and neutrino fluxes. As shown
in Fig. 5, the contribution to the extragalactic gamma-ray and
neutrino background is at any rate lower than 1%.

We note that the changes in M500, lim and in the cosmologi-
cal parameters would affect the gamma-ray and neutrino diffuse
fluxes obtained with the phenomenological approach in Sect. 3.2
approximately in the same way; i.e., they would increase by a
factor of around 2, as can be seen from Table 2.

Table 3. Maximum allowed neutrino flux from nearby clusters at
250 TeV.

Cluster αp = 2 αp = 2.2 αp = 2.4

Virgo ≤ 3.2 × 10−19 4.0 × 10−20 3.4 × 10−21

Centaurus ≤ 7.3 × 10−21 9.1 × 10−22 7.7 × 10−23

Perseus ≤ 1.8 × 10−20 2.3 × 10−21 1.9 × 10−22

Coma ≤ 2.8 × 10−20 3.5 × 10−21 2.9 × 10−22

Ophiuchus ≤ 4.5 × 10−20 5.6 × 10−21 4.7 × 10−22

Sum ≤ 4.2 × 10−19 5.2 × 10−20 4.4 × 10−21

Notes. Maximum allowed neutrino flux at 250 TeV in units
of cm−2 s−1 GeV−1. Numbers were obtained assuming the phenomeno-
logical luminosity-mass relations of Sect. 3. All cases refer to B = 1 μG;
αp = 2 refers to 30% loud clusters, our most optimistic while still real-
istic case; and the cases of αp = 2.2 and 2.4 refer to 100% loud clusters
(see Table 1).

5. Comparison with stacking limits by IceCube
and future detection prospects

Recently, Aartsen et al. (2014b) have presented an all-sky point-
and extended-source search with one-year IceCube data. In par-
ticular, they provide upper limits on a stacked sample of nearby
galaxy clusters, namely Virgo, Centaurus, Perseus, Coma, and
Ophiuchus, following predictions provided by Murase et al.
(2008). Here, we focus on comparing with their “model B”,
where CR protons are supposed to be uniformly distributed
within the cluster virial radius, and with their “isobaric model”,
where CRs are assumed to be distributed like the ICM in the
clusters.

Following Abbasi et al. (2011), we estimate the summed
output of the five aforementioned clusters to be Iν(250 TeV) =
1.1×10−20 and 1.6×10−20 cm−2 s−1 GeV−1 for Model B and the
isobaric model, respectively. The latest results by Aartsen et al.
(2014b) provide the following upper limits Iν,UL(250 TeV) =
6.9× 10−20 for Model B and 7.7× 10−20 cm−2 s−1 GeV−1 for the
isobaric model.

In Table 3, we provide the maximum allowed neutrino flux
for the same five clusters by adopting the phenomenological
luminosity-mass relations obtained in Sect. 3. We use the same
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mass of these clusters as from the literature6 in order to apply our
Lγ(100 MeV)–M500 relation, and they should therefore be con-
sidered indicative numbers, as in Sect. 3 for Coma and Perseus.
We use αp = 2, 2.2, and 2.4, omitting the extreme case of 1.5,
and always refer to the case with B = 1 μG. For αp = 2, we
adopt the P1 value for 30% loud clusters. See Table 1 for more
details.

The upper limits Iν,UL(250 TeV) for this stacked sample of
clusters by Aartsen et al. (2014b) are obtained by assuming a
spectral index of ≈2.15, so we can compare with our results
for αp = 2.2. From Table 3, we can see that the correspond-
ing IceCube upper limits are just a factor of 1.3−1.5 above the
maximum allowed flux for the stacked sample. When αp = 2.4,
the maximum allowed flux for the stacked sample is one order
of magnitude lower, while for αp = 2 it is one order of mag-
nitude higher, with respect to αp = 2.2. We can conclude that,
while special care should be used in considering the profile and
extension of the possible signal, IceCube should be able to put
constraints on our most optimistic case with αp = 2 and on
the αp = 2.2 case in the very near future, while the case with
αp = 2.4 is much harder to achieve.

We underline that the fluxes presented in this section for
Virgo, Centaurus, Perseus, Coma, and Ophiuchus are quite op-
timistic for representing the maximum allowed by our phe-
nomenological approach. For example, we know that the fluxes
of Virgo, Centaurus, and Ophiuchus should lie significantly be-
low the loud part of the luminosity-mass relation owing to the
lack of diffuse radio emission in Virgo and Centaurus, and
to the very low surface-brightness radio emission observed in
Ophiuchus (see, e.g., Zandanel et al. 2014b), pushing also the
possible hadronic-induced gamma-ray and neutrino fluxes to
lower levels. Any realistic modelling of these objects should
consider this evidence carefully. In fact, the stacked signal from
the five nearby clusters presented in this section already signifi-
cantly overshoots the total signal obtained with the more realistic
modelling of the CR proton population in clusters performed in
Sect. 4 with our semi-analytical approach.

6. Proton-photon interactions in galaxy clusters

Besides interacting with the ICM, relativistic protons in clusters
of galaxies can also interact with the ambient photon fields. The
two main interaction processes are electron-positron pair pro-
duction (p + γ → p + e+ + e−) and photomeson production.
(Close to the threshold, the dominant contribution comes from
the resonant channel: p + γ → Δ+ → p + π0 or n + π−.) Both
photons and neutrinos are expected in photomeson production
owing to the decay of neutral and charged pions, respectively
(Kelner & Aharonian 2008). Thus, this is another channel to be
investigated for assessing the contribution of clusters of galaxies
to the diffuse neutrino flux observed by IceCube.

The process of photomeson production has a kinematic
threshold and takes place when the energy of the photon in the
rest frame of the proton exceeds Ethr 
 145 MeV (see, e.g.,
Kelner & Aharonian 2008). The most prominent radiation field
in clusters of galaxies is the CMB (e.g., Pinzke et al. 2011),
whose photons have a typical energy of ECMB ≈ 7 × 10−4 eV.
The threshold energy for a proton to produce a meson is Ep,thr =

E2
thr/2ECMB ≈ 1020 eV, but in fact protons with slightly smaller

energy can also interact with the high-energy tail of the black

6 The mass M500 for Centaurus, Perseus, Coma, and Ophiuchus is
taken from Reiprich & Böhringer (2002), while for Virgo it is derived
from Pinzke et al. (2011).

body radiation (Greisen 1966; Zatsepin & Kuz’min 1966). Thus,
one can conclude that proton-photon interactions in clusters of
galaxies can contribute to the high-energy neutrino background
only if protons with energy in excess of several 1019 eV are
present in the ICM.

Accretion shocks around clusters of galaxies have been pro-
posed as the sites of the acceleration of ultrahigh-energy CRs,
the main reason being that their very large size (Mpc scale)
would allow the acceleration and confinement of protons of
ultrahigh energies (e.g., Norman et al. 1995). An estimate of
the maximum energy achievable by protons at cluster accre-
tion shocks can be obtained by equating the acceleration time,
computed in the framework of diffusive shock acceleration, to
the energy loss time due to proton-photon interactions. Accurate
calculations have shown that the maximum energy of protons
is determined by the energy losses due to electron-positron pair
production and that for the most optimistic assumptions it ranges
from a few 1018 eV to a few 1019 eV (Vannoni et al. 2011).
Because they are cooled mainly by pair production, protons are
thus not expected to produce any appreciable flux of neutrinos
through the proton-photon interaction channel. Heavy nuclei,
such as iron, can be accelerated up to ≈1020 eV at cluster ac-
cretion shocks (e.g., Allard & Protheroe 2009; Vannoni et al.
2011). However, iron cools mainly by photodisintegration in a
soft photon field, and in this case the neutrino yield is very sup-
pressed compared to the case of photomeson production (Kotera
et al. 2009).

Another possible scenario for the production of neutrinos in
the ICM would be to assume that clusters contain sources of
ultrahigh-energy CRs. This would lead to two advantages. First
of all, the infrared photon background in the cluster core would
be enhanced with respect to the cosmological one thanks to the
contribution from the galaxies in the cluster (Lagache et al. 2005;
Pinzke et al. 2011). Second, the turbulent magnetic field present
within the ICM would partially confine ultrahigh-energy pro-
tons, enhancing the probability of interaction. These two facts
would increase the expected neutrino flux from proton-photon
interactions (e.g., de Marco et al. 2006; Kotera et al. 2009).
However, the source of ultrahigh-energy CRs will have to be
located in the centre of the cluster, where the infrared photon
background is enhanced and the confinement of protons is more
effective (thanks to a larger magnetic field). As pointed out in
Kotera et al. (2009), the high gas density in the core of clus-
ters would also enhance the probability of proton-proton inter-
actions, which would dominate the neutrino production below
energies of ≈1018 eV.

Finally, it has to be noticed that the expected spectrum of
neutrinos from photopion production interactions is significantly
harder than E−2 below the energy threshold, which is at odds
with the evidence for a spectral index softer than two revealed
by IceCube (Murase et al. 2013; Becker Tjus et al. 2014). This
implies that proton-photon interactions make a negligible contri-
bution to the neutrino flux in the energy domain of the IceCube
neutrinos.

7. Contribution to the small-scale anisotropies
of the gamma-ray background

Recently, Fermi LAT Collaboration (2012) has analysed the
anisotropies in the EGB and found an excess in its angular
power spectrum over what is expected with a completely dif-
fuse source distribution on multipole ranges 155 ≤ � ≤ 504
(corresponding to �2◦ angular scales). For the first time, this
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has shown that a major fraction of the EGB is made by dis-
crete sources, and, in fact, Cuoco et al. (2012) point out that
the measured level of anisotropies is consistent with predictions
for gamma-ray blazars (Ando et al. 2007). They also obtained
the upper limit on the angular power spectrum as C� < 3.3 ×
10−18 (cm−2 s−1 sr−1)2 sr for 155 ≤ � ≤ 504 and E = 1−10 GeV
on other source components, after subtracting the main blazar
contribution. Even though clusters are not the dominant contrib-
utors to the isotropic component of the diffuse gamma-ray and
neutrino backgrounds (as shown in the previous sections), they
may make substantial contributions to the EGB anisotropies. In
particular, since there are relatively fewer than other astrophys-
ical sources, such as star-forming galaxies, the cluster compo-
nent in the EGB should be more anisotropic. To this end, we
estimate the cluster contribution to the EGB anisotropies in this
section and compare it to the Fermi data at sub-degree angular
scales.

The angular power spectrum coming from proton-proton in-
teractions in galaxy clusters can be calculated as follows (e.g.,
Ando et al. 2007):

C� =
∫

dχ
χ2

W2
γ (E [1 + z], z) PC

(
k =
�

χ
, χ

)
, (9)

where χ is the comoving distance (we use the same redshift
range as in previous sections), Wγ = (1 + z)3Aγ(E [1 + z])/4π is
the so-called window function, and PC(k, χ) is the power spec-
trum for the cluster gamma-ray emission. The last can be divided
into one- and two-halo terms, PC = P1h

C +P2h
C , which we express

as (e.g., Komatsu & Seljak 2002; Ando et al. 2007)

P1h
C =

∫
dM

dn
dM

[∫
4πr2drρCR(r)ρgas(r)

sin(kr)
kr

]2

, (10)

P2h
C =

[∫
dM

dn
dM

b(M, z)
∫

4πr2drρCR(r)ρgas(r)
sin(kr)

kr

]2

× Plin(k, χ), (11)

respectively, where the radial integration goes up to R500. In the
two-halo term, we assume that the linear matter power spectrum
Plin(k, χ) is related to the cluster power spectrum via the linear
bias b(M, z) (Tinker et al. 2010). We find that the one-halo term
dominates the two-halo term at all multipoles �.

In Fig. 6, we show the angular power spectrum for the semi-
analytical models of Sect. 4 for 20% and 40% loud clusters inte-
grated in the energy bin from 1 to 10 GeV. We compare with the
measurement on the EGB by Fermi (Fermi LAT Collaboration
2012) and upper limits by Cuoco et al. (2012). We compare
C1/2
�

instead of C�. This is because C� is a variance, so if each
cluster is twice as bright, then C� becomes larger by a fac-
tor of 4. Therefore, taking the square-root will reflect the cor-
rect scaling with respect to the cluster contribution. Our predic-
tion is about one order of magnitude less than the Fermi up-
per limit. This means that in scenarios where the total galaxy
cluster intensity is much higher than in the models of Sect. 4,
as is potentially realised for some of the simple phenomeno-
logical models discussed in Sect. 3, the angular power spec-
trum could be a powerful discriminator, as powerful as radio
counts. Additionally, there are other contributions to the EGB
anisotropies that would further increase the gamma-ray angu-
lar power spectrum, such as, but not only, dark matter annihi-
lation (e.g., Ando & Komatsu 2006, 2013; Fornasa et al. 2013;
Fermi LAT Collaboration 2015b), further exacerbating the pos-
sible tension with the upper limits by Cuoco et al. (2012).
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Fig. 6. Gamma-ray angular power spectrum for emission resulting
from proton-proton interactions in galaxy clusters in the energy range
1−10 GeV. We show the result for the semi-analytical model of Sect. 4
for 20% and 40% loud clusters. We plot the EGB anisotropy measured
by Fermi (Fermi LAT Collaboration 2012) for comparison, which is ex-
plained by unresolved blazars, and the upper limits obtained once the
blazar component is subtracted (Cuoco et al. 2012). We plot the square
root of �(� + 1)C�/2π, which implies that the shown quantity is directly
proportional to an increase in intensity.

8. Discussion and conclusions

In this work we estimated the contribution from hadronic proton-
proton interactions in galaxy clusters to the total extragalac-
tic gamma-ray and neutrino fluxes, while including radio con-
straints for the first time. We modelled the cluster population
by means of their mass function. Our approach makes use of a
phenomenological luminosity-mass relation applied to all clus-
ters, constructed by requiring radio counts to be respected. We
adopted four different proton spectral indices αp = 1.5, 2, 2.2,
and 2.4, and three different magnetic field values B 	 BCMB,
B = 1 μG, and B = 0.5 μG. The last is meant to only be an
illustrative case, because it contrasts with current estimates of
magnetic fields in clusters.

Radio observations reveal that not all galaxy clusters host
diffuse synchrotron radio emission, with upper limits about
an order of magnitude below the loud state (Brunetti et al.
2009; Cassano et al. 2013). For the sake of simplicity, we
adopted 100% loud clusters, leading to an optimistic estimation.
However, we also discussed the case with 30% loud clusters for
αp = 2, corresponding to our most optimistic case, according
to recent estimates of the loud fraction. In our phenomenolog-
ical model, the slope of the luminosity-mass relation is fixed
to 5/3, assuming that the hadronic-induced luminosity scales as
the cluster thermal energy, and the redshift evolution was omit-
ted for simplicity. We showed that our assumptions are robust,
and we estimated that ignoring the redshift evolution results in
only about a 20% underestimation of the radio counts and total
high-energy fluxes.

By requiring all the current constraints to be respected from
radio counts to gamma-ray upper limits on individual clus-
ters, we showed that galaxy clusters can contribute at most
up to 10% of the total neutrino background for αp = 2,
while contributing much less to the EGB. For αp > 2, the
gamma-ray and neutrino backgrounds in all considered cases
are <1% of the gamma-ray and neutrino fluxes measured by
Fermi (Fermi LAT Collaboration 2010b, 2015a) and IceCube
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(Aartsen et al. 2014a), respectively. Only for the extreme case
with αp = 1.5 is the neutrino flux of the same order of magni-
tude as the IceCube data; however, such a hard spectral shape
contrasts with the most recent IceCube spectral fit of neutrino
flux (Aartsen et al. 2015).

We also adopted a more refined approach that employs a
semi-analytical model where the ICM density is constructed
from X-ray observations, and the CR spatial and spectral dis-
tribution is based on state-of-art hydrodynamic simulations
(Zandanel et al. 2014b). In this case, we divided the cluster
population into cool-core/non-cool-core and loud/quiet subsam-
ples, as suggested by observations, where the transition from
the loud to the quiet state is achieved through a change in the
CR propagation properties. We find that galaxy clusters con-
tribute to <1% to the EGB and to the neutrino flux measured by
IceCube. While this semi-analytical model is more realistic than
the simplified phenomenological model discussed above, we as-
sume in this case that CRs are accelerated at structure formation
shocks, while no assumption on the CR sources was made in the
phenomenological approach.

We then compared the flux of five nearby clusters − Virgo,
Centaurus, Perseus, Coma and Ophiuchus − to recent results by
IceCube (Aartsen et al. 2014b). The IceCube upper limits are just
a factor 1.5 above our maximum allowed (stacked) flux for these
objects for the case of αp = 2.2, which compares well to what is
used in Aartsen et al. (2014b). We showed that, despite the small
contribution to the total neutrino flux, IceCube should be able
to put constraints on our most optimistic case with αp = 2, and
very soon in the case with αp = 2.2, using the stacked sample of
nearby massive clusters.

We briefly also discussed the case of proton-photon interac-
tions in galaxy cluster. We found that this channel gives a negli-
gible contribution to the expected neutrino flux in the multi TeV–
PeV energy domain.

While galaxy clusters represent a sub-dominant contribution
to the EGB, they could substantially contribute to its anisotropy
because they are fewer in number than other astrophysical
sources and, therefore, are expected to be more anisotropic. For
this reason, we computed the angular power spectrum for the
considered semi-analytical models and showed that the ampli-
tude of the angular fluctuations, represented by C1/2

� , is about
one order of magnitude below the Fermi upper limits.

We conclude that there is no realistic scenario in which
galaxy clusters can contribute substantially to either the EGB or
the extragalactic neutrino flux, since the maximum contribution
is at most 10% in the simple phenomenological modelling, while
it is less than 1% in most cases and in the more realistic semi-
analytical modelling. We also proved that our conclusions are
not significantly affected by our assumptions. Our results there-
fore put earlier works into prospective, which turned out to be
overly optimistic in estimating the galaxy cluster contribution
(e.g., Loeb & Waxman 2000; Murase et al. 2013).

We would like to conclude with a few additional comments
on our assumptions. In our calculations, we omitted both a possi-
ble cut-off in the CR spectrum at high energies caused by protons
that are no longer confined to the cluster and the absorption of
high-energy gamma rays due to interactions with the extragalac-
tic background light. The former implies larger high-energy neu-
trino fluxes, while the latter implies slightly optimistic gamma-
ray fluxes. Additionally, we stress once more how requiring the
synchrotron emission from secondary electrons not to overshoot
radio counts also results in rather optimistic gamma-ray and neu-
trino fluxes. This is because so-called giant radio haloes hosted
in merging, non-cool-core clusters cannot be explained solely by

hadronic emission (Brunetti et al. 2012; Zandanel et al. 2014b).
Therefore, the secondary emission seems to represent only a
fraction of the total observed radio emission.

As a final note on the semi-analytical modelling, we un-
derline that the transition from the loud to the quiet state in
the galaxy cluster population is not achieved in the classical
hadronic model, meaning that it predicts that all clusters should
have the same level of secondary emission. This clearly contra-
dicts observations and represents one of the problems with the
hadronic scenario (see Enßlin et al. 2011 for a discussion). The
only mechanism that has been proposed so far to solve this prob-
lem is to vary CR propagation properties (see, e.g., Wiener et al.
2013), which was also adopted in our semi-analytical approach
through the Zandanel et al. (2014b) model. We note, however,
that it is still being debated whether the conditions for CR dif-
fusion can be reached in the ICM. In the worst-case scenario,
the secondary electrons produced in proton-proton collisions in
clusters would only be seed electrons for subsequent turbulent
re-acceleration (see, e.g., Brunetti & Lazarian 2011; Brunetti
et al. 2012). This would imply a much lower secondary emis-
sion only at the level of the quiet state. If this turns out to be
the case, the total gamma-ray and neutrino fluxes from galaxy
clusters should be even lower than what we have estimated here.
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