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The origin of ultra-high-energy cosmic rays is still unknown. Despite strong evidence suggesting
an extragalactic origin of the sources that accelerate the most energetic cosmic rays, they have
not yet been identified. Galaxy cluster accretion shocks have been considered as a possible
acceleration site for cosmic ray particles. External accretion shocks in galaxy clusters arise from
the inflow of material in the cosmic web into their gravitational potential well. The size of these
shocks can reach values on the order of megaparsecs, placing them among the largest shocks
found in nature. In this work, we investigate the possibility that the ultra-high-energy cosmic
rays are accelerated in galaxy cluster accretion shocks. For that purpose, we develop a model
considering a set of discrete sources, corresponding to nearby massive clusters (including Virgo),
superimposed to a continuous distribution of sources which considers both low-mass and non-local
massive clusters. We fit the cosmic ray energy spectrum and the composition profile measured
by the Pierre Auger Observatory in order to obtain a set of parameters corresponding to the
injection spectrum assumed in the model. The possibility of ultra-high-energy cosmic rays being
accelerated in these astronomical objects is examined. The impact of the high-energy hadronic

interaction model used to analyse the composition data is also presented.
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1. Introduction

Although the origin of ultra-high-energy cosmic rays (UHECRSs) remains unknown, significant
progress has been made in recent years, primarily due to the observatories currently in opera-
tion. These include the Pierre Auger Observatory (Auger) in the southern hemisphere [1] and the
Telescope Array (TA) in the northern hemisphere [2].

The cosmic ray flux has been measured with great accuracy thanks to the very large exposure
accumulated, particularly by Auger. It presents three features: a hardening at ~ 5 x 10'8 eV, known
as the ankle, a steepening at ~ 10'° eV known as the instep; and a sharp drop at ~ 5x 10'° eV known
as the suppression [3, 4]. Although several models attempt to explain these features, their origin
remains a topic of ongoing debate. The composition of the UHECRS is mainly determined from the
atmospheric depth corresponding to the maximum air-shower development, Xy,x. This parameter
can be measured with fluorescence telescopes, such as those in Auger and TA. The composition is
determined by comparing the experimental data with simulations of the atmospheric air showers.
Since the hadronic interactions relevant for the cosmic rays are unknown, these simulations are
performed by using models that extrapolate the low-energy accelerator data to the highest energies.
Even though the composition determination present systematic uncertainties originated by the use
of different high-energy hadronic interaction models (HEHIMs), the Auger data, analysed with
current versions of the HEHIMs, shows that the composition becomes progressively lighter from

energies below 10'8 eV up to ~ 10!33

eV, where a change occurs [5, 6]. Above this energy, the
composition seems to become increasingly heavier.

Many potential sources of UHECRs have been proposed, one of which is the accretion shocks
in galaxy clusters [7—10]. These immense shock waves can span radii on the order of megaparsecs,
arising from the inflow of material from the intergalactic medium into the gravitational potential
well of galaxy clusters. In this work, we investigate whether this type of source can explain the
Auger data. To this end, we develop a model for the source and fit the flux and composition profile
measured by Auger, assuming a mixed composition injected by the sources. Nearby, more massive
clusters, such as Virgo, are considered based on their masses and distances, while the remaining
clusters are assumed to be uniformly distributed. In particular, we study the impact on the fit caused

by the use of different HEHIMs to infer the composition profile from the Xy« data.

2. Source model

In this work, it is assumed that the particle acceleration in the accretion shocks occurs via
the first-order Fermi mechanism, as described in [7]. The acceleration length of the cosmic ray
particles is given by [11]

2
X c
Aace(E) = —— (—) re(E)nJ (0, x.m), ey

x — 1 \vsp
where y is the compression ratio, c is the speed of light, vy, is the shock velocity, r, the gyroradius,
0 is the angle between the magnetic field and the shock normal, 7 is the proportionality constant
between the diffusion coefficient parallel to the magnetic field and the Bohm diffusion coefficient,

and (0, x,n) is a function given in [11].
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In this study, the following parameter values are assumed: y = 4, corresponding to a strong
shock; n = 1, which represents the Bohm diffusion coefficient; and 6 = 45°, chosen as a represen-
tative intermediate angle. This value is motivated by cosmological simulations, which suggest that
the angle 6 for accretion shocks in galaxy clusters is nearly uniformly distributed [12].

Magnetic fields at the shock fronts are assumed to be in equipartition with the thermal energy.
The dependence of the magnetic field intensity, B, and the accretion shock velocity with respect to
cluster mass are derived using a hybrid approach that combines insights from both cosmological
simulations and observations. Specifically, the Mach number distribution around galaxy clusters
is inferred from the simulations of Ref. [13], while the universal temperature and pressure profiles
from Refs. [14] and [15] are used to model the global thermodynamic properties. The resulting
expressions are

S My 0.33 1
veh = 2.83x10 [—] kms~ (2)
* 1015 M,
0.31
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B = 171 [WS—VM] E()*? uG, (3)
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where M,;; is the galaxy cluster virial mass, z is the cosmological redshift of the cluster, and

E(2) = VQu (1 + z)3 + Q4 with a total matter density parameter of Qy = 0.315 and a cosmological
constant density of Qj = 1 — Qy, corresponding to a flat Universe. Throughout this work, a value
of h = 0.673 for the reduced Hubble constant parameter is assumed.

The energy that cosmic rays can attain during acceleration is limited by their interactions with
the photon field present in the acceleration region. This photon field consists of the cosmic mi-
crowave background (CMB) and the extragalactic background light (EBL). The processes affecting
the accelerated particles include photopion production, pair production, photodisintegration, and
energy loss due to the adiabatic expansion of the Universe. In this work, five nuclear species are
considered: proton, helium, nitrogen, silicon, and iron. The interaction lengths for each process,
considering both the primary particle type and photon field (CMB or EBL), used are the ones
provided in the CRPropa 3 [16] package. The maximum energy for each nuclear species is then
calculated by solving the equation, Ain¢(Emax, 2> Z) = dace (Emax»> Z, Myir), where Aiy represents the
total interaction length for all processes and both photon fields, and Z is the charge number of the
nuclear species under consideration. Among the various models of the EBL, the one used in this
work is that of Ref. [17]. For clusters with a virial mass of Myj; ~ 10> My, the maximum energy
for protons at z = 0 is approximately 10'*-® eV, while for iron nuclei, it is around 10'%-3 eV.

The differential number of cosmic rays with mass number A injected by the sources into the
intergalactic medium is assumed to follow a power-law distribution with an exponential cutoff,
which begins at the maximum energy

dN, E -y 1 E < Emax
CR.A _ Co( ) @

dt dE Ey exp(l — E/Emax) E = Emax

where Cy is a normalization constant, vy is the spectral index, and Ep,x = Emax (2, Myir, Z) is the
maximum energy. The normalization constant Cy is obtained from the cosmic ray luminosity, which
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is assumed to be proportional to the accretion shock kinetic energy. In particular, Cy is determined
assuming that the luminosity corresponding to a nuclei of mass number A is a constant fraction /4
of the total CR luminosity, i.e.

« dNCcR, A
dE — F=1 R 5
/E T1dE A Lcr (5)

where Epin = 10'8 €V is the minimum energy of the cosmic rays considered and the cosmic ray
luminosity is given by [18],

1.95
M
Ler(Myir, 7) = 1.98 x 10% [ﬁ] (1+1.172) 8(z) ferergs™!. (6)
(O]

Here fcr is the fraction of the accretion shock kinetic energy that goes into the acceleration of the
cosmic rays.

3. Characterization of the flux and composition profile

The dominant contribution to the flux at the highest energies is expected to come from nearby
clusters, including the Virgo cluster, the largest galaxy cluster near Earth. Consequently, the nearby
clusters are considered by assuming a discrete flux composed of sources from the catalogue in
Ref. [19]. The clusters considered in this calculation are located within a comoving distance of
150 Mpc (z = 0.03395), ensuring the approximate completeness of the sample for cluster virial
masses of My, = 1047 M,,. Since the fit of the experimental data is performed above 10'87 ev
(see below), the sources that contribute to the flux at Earth must be located at redshifts between
z =0and 1 [20]. Therefore, the cosmic ray flux is modeled by considering a discrete component,
as described previously, along with two additional contributions based on a uniform distribution
of sources following the halo mass function of [21]. The first of these corresponds to massive,
distant sources with M, > 10'%37 M, located in the redshift range z = [0.03395, 1]. The second
contribution is from less-massive sources with M, € [10'3,10'457] Mg, and z € [0, 1].

The UHECR flux is calculated through simulations performed with the CRPropa 3 package.
As in the acceleration case, the UHECRs interact with the low-energy photons of the CMB and
the EBL when they propagate from their sources to the Earth. Therefore, the same interactions
considered to calculate the maximum energy are included in the simulations. The EBL model of
Ref. [17] is also used to propagate the particles. By using Egs. (2), (3), and (4) and the maximum
energy calculated numerically it is possible to calculate the flux at Earth and the composition
profile. The parameters of the model are: the spectral index vy, the cosmic ray fraction fcgr, and
the luminosity fractions /4 with A € {p,He, Si, N, Fe} (with } 4, I4 = 1). These parameters are
determined by fitting the experimental data obtained by Auger by using a chi-square likelihood for
the data points and a Poisson likelihood for the upper limits on the flux. The data corresponding
to the flux is taken from Ref. [4], the upper limits on the flux are taken from Ref. [3], and the first
two moments of In A data are taken from Ref. [5]. The first two moments of the In A distribution
are obtained from the Xp,.x data, by using air-shower simulations which are performed assuming a
given high-energy hadronic interaction model. In this work, the data obtained by using EPOS-LHC
[22] and Sibyll 2.3c [23] are considered. Figure 1 shows the fit of the flux corresponding to two
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HEHIMSs under consideration. The figure shows that, at the highest energies in both cases, the flux
is predominantly dominated by Virgo, while the contribution from other nearby clusters is minimal.
In both hadronic scenarios, the model fits the experimental data well, with only minor differences
between the results obtained.
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Figure 1: The cosmic ray flux, scaled by the cubic of the energy, as a function of the logarithm of the primary
energy obtained for the EPOS-LHC (left panel) and Sibyll 2.3c (right panel). The data points represent the
Auger measurements and the solid line our best fit model. Different contributions to the total flux are also
shown: the Virgo cluster (dashed red line); nearby galaxy clusters without Virgo (dash-double-dotted green
line); galaxy clusters with virial masses larger than 10'#->7 M, located at redshifts z € [0.03395, 1] (dash-
dotted blue line), and galaxy clusters with virial masses smaller than 10437 My, (dotted orange line). The
vertical lines mark the lower energy limit of the data used in the fit.

Figure 2 shows the fits of the first two moments of In A obtained considering EPOS-LHC and
Sibyll 2.3c. From the figure it can be seen that the fits of the mean value of In A are very good but the
fits of the variances are not so good between ~ 10'8-7 and ~ 10'°2 eV. However, the significance of
this incompatibility decreases substantially when the systematic uncertainties in the determination
of Var[In A] are taken into account.

In Table 1, the best-fit values for v and fcgr, derived using EPOS-LHC and Sibyll 2.3c to
determine the two moments of the In A distribution, are presented. The cosmic ray fractions are
similar, but the value of vy is higher for Sibyll 2.3c. This is because the composition obtained with
Sibyll 2.3c is heavier than that of EPOS-LHC, and since heavier species have higher maximum
energies, the required injected spectrum results steeper than in the EPOS-LHC case.

Model v Jfer
EPOS-LHC | 0.801 =0.036 | (1.80 +0.01) x 1072
Sibyll 2.3¢ | 1.079 £0.023 | (1.75 +£0.01) X 1072

Table 1: Best fit values of y and fcr for the two high-energy hadronic models considered.

It is worth noting that, although Virgo dominates the flux at the highest energies in this model,
the experimental data from Auger and TA do not show any significant excess in its direction [24, 25].
This is a problem which has been discussed previously in the literature since Virgo is the host of
powerful sources. In the model of Ref. [26], the ultra-high-energy particles accelerated in Virgo can



Ultra-high-energy cosmic rays from cluster accretion shocks A.D. Supanitsky and S.E. Nuza

40 4.0

—— All components —— All components
35{ % Augerdata 35{ ¥ Augerdata {
3.0 { 3.0
25 25
< 20 <20 i
S S gies
= = s
15 ¢t 15 *
i3s3 [ s s k) i
1.0 : P, [X] 1.0
tagst
0.5 0.5
00 EPOS-LHC 00 Sibyll 2.3¢
17.0 17.5 18.0 18.5 19.0 19.5 20.0 17.0 17.5 18.0 18.5 19.0 19.5 20.0
log(E/eV) log(E/eV)
3.0 3.0

—— All components —— All components

$  Augerdata 25

WHH : WH
. il

-05
EPOS-LHC Sibyll 2.3¢

17.0 17.5 18.0 18.5 19.0 19.5 20.0 17.0 17.5 18.0 18.5 19.0 19.5 20.0
log(E/eV) log(E/eV)

2.5 $  Augerdata

N
=)

e
o

Var[ln A]
5
Var[ln A]
5

|
2
o

o o
=) o
R —
—
———
——
—
—y
— .
——

Figure 2: The mean value (top panels) and the variance (bottom panels) of In A as a function of the logarithm
of the primary energy obtained for the high-energy hadronic interaction models EPOS-LHC (left panels) and
Sibyll 2.3¢ (right panels). The vertical lines mark the lower energy limit of the data used in the fit.

escape through magnetized filaments before being scattered towards the Earth. Another explanation
is related to the galactic magnetic field of our Galaxy. In Ref. [27] it is shown that a strong magnetic
demagnification could explain the absence of an excess in this region of the sky.

4. Conclusions

In this work, we have developed a model in which the flux of ultra-high-energy cosmic rays
is primarily dominated by particles accelerated in external accretion shocks within galaxy clusters.
We determined the model parameters by fitting the flux and composition data from the Pierre Auger
Observatory. Our results show that the highest-energy part of the spectrum is dominated by Virgo,
with negligible contributions from other nearby galaxy clusters. The model is consistent with
Auger data (within systematic uncertainties) for both high-energy hadronic interaction models used
to obtain the moments of the In A distribution from the Xp,«x parameter. Notably, we found that
a steeper injected spectrum is required to match the data obtained using Sibyll 2.3c compared to
EPOS-LHC. This is due to the heavier composition obtained with Sibyll 2.3¢c compared to EPOS-
LHC. Since heavier nuclei have higher maximum energies, a steeper injection spectrum is required
in the Sibyll 2.3c case to fit the data.
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