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The Ultra-High Energy Cosmic Rays (UHECRs) are nuclei carrying the highest energy ever
measured on Earth. The first particle with an energy above 10?°eV was already observed in
the 1960s. But, after 60 years of observations, the sources of UHECRs remains uncertain.
To tackle this unresolved question, the Pierre Auger Observatory, the largest observatory ever
built, has recorded the detection of UHECRSs over the past 20 years and reconstructed with an
unprecedented precision their energy spectrum, mass composition and arrival directions, together
with its smaller counterpart in the Northern hemisphere, the Telescope Array.

Studies assuming a distribution of identical sources, which aim at reproducing the energy spectrum
and the mass composition data above 10'7-8 eV, have led to the paradigma of acceleration processes
of UHECRSs in extragalactic accelerators that depend on the magnetic rigidity of the particles.
Coupled with the interaction processes in the intergalactic medium, such models result in a
very hard spectral index at escape from the source. Such models have recently been improved
considering the in-source interactions and the resulting escape of neutrons, which yields a softer
spectral index for the proton component.

In this contribution, we evaluate approaches that go beyond the hypothesis of identical sources
and account in an effective manner for the variety of the acceleration and escape mechanisms
that a population of sources may encompass. We discuss the implications of the fact that, while
the range of the maximum rigidity is limited, a large diversity of spectral indices appears to be
preferred by the modeling of the data.
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1. Introduction

Ultra-high energy cosmic rays (UHECRs), discovered in the 20th century, are still the subject
of thorough study to determine the sources and the mechanisms that accelerate particles to energies
as high as 1020 eV, the highest ever observed. The Pierre Auger Observatory [1], a dedicated project
located in the Argentinian Pampa, has collected more than two decades of data to address this
century-old question. The origins of the UHECRs remain elusive but we are closing in on the
answer. Indeed, the Pierre Auger Collaboration reported a study of anisotropies at large scales
in the arrival directions of the cosmic rays with energies above ~ 8 x 10'8 eV which proved the
existence of a dipole with a significance larger than 5o [2]. The intensity and the pointing direction
of the reconstructed dipole are consistent with an extragalactic origin of the highest-energy cosmic
rays.

This interpretation aligns with the several features exhibited by the shape of the energy spectrum
of UHECRs. The hardening of the spectrum observed at ~ 5 x 10'8 eV, called the ankle, and the
significant suppression of the flux observed on Earth for energies above 5 x 10'° eV have been
reported by early experiments observing UHECRSs such as Haverah Park, AGASA, and HiRes. These
findings have been validated with an unprecedented precision by the Pierre Auger Observatory [3].
While the suppression is interpreted as the result of the propagation of UHECRs from the sources
to Earth, the situation is unclear below the energy of the ankle. One possible interpretation of
the observed hardening is a transition between two origins of the cosmic rays: the exhaustion of a
Galactic production of UHECRs below the ankle and an extragalactic production above it.

More recent studies have modeled the Pierre Auger Observatory’s composition data and the
energy spectrum by assuming a rigidity-dependent mechanism for accelerating UHECRSs up to the
maximum rigidity Rpnax of an exponential cutoff, commonly denoted as Peters’ cycle. The evolution
with energy of the mean and variance of the distribution of the maximum shower development
Xmax [4], used as an estimator of the mass of the cosmic rays, supports a succession of mono-
elemental components above the ankle energy. A possible interpretation of the composition data and
energy spectrum of UHECRs for energies above 10'7-8 eV is presented in [5], where an astrophysical
model with two extragalactic source populations is considered to explain the hardening at the ankle.
In this benchmark scenario, a mixed composition with a hard spectrum and a low rigidity cutoff
is necessary for the high-energy extragalactic component to best reproduce the observations. In
contrast, the low-energy extragalactic component requires a soft spectrum and a mixture of protons
and intermediate-mass nuclei, the origin of which is unknown. However, constraining such a
complex scenario without a precise knowledge of the end of the Galactic component of the cosmic-
ray flux is challenging.

Additionally, this scenario does not fully account for the interactions that accelerated nuclei
encounter within or near the sources. These interactions lead to a more complex escape spectrum of
nuclei than Peters’ cycle. Including in-source interactions in the modeling of the escape spectrum
of cosmic rays reveals a harder spectrum than expected from standard acceleration mechanisms,
as well as the ejection of neutrons that decay into protons en route to Earth [6]. An alternative
parametrization has been considered to fit the data of the Pierre Auger Observatory using a model
in which protons and nuclei are described by energy spectra with a different spectral index y 4 for
nuclei and vy, for protons. To constrain the spectral index of the proton component, the proton
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spectrum is extracted by multiplying the all-particle spectrum and the fraction of protons derived
from the composition data. The best-fit model obtained recovers previous results, which require
nuclei to be accelerated with a hard spectral index for the all-particle spectrum. Below the ankle,
the observed population of protons is better reproduced with a significantly softer spectral index
than that of higher-mass nuclei constraining the origins of the protons arriving at Earth [7, 8].

Due to the model’s complexity, the benchmark scenario used to describe the data of composition
and the energy spectrum of UHECRs assumes identical sources. In this study, we present a method
to relax this assumption by incorporating in the scenario a dispersion of the parameters shaping
the escape spectrum of UHECRs: the maximum rigidity Ry, and the spectral indices y4 and y,.
Section 2 details the main ingredients necessary for the combined fit of the energy spectrum and
the composition data of the Pierre Auger Observatory, using the mathematical framework of the
convolution of the spectrum with the distribution of the spectral index and/or the maximum rigidity.
The results of the best-fit are reported and discussed in Section 3, along with a comparison to the
best-fit results obtained in a previously published study.

2. Modeling of the UHECR spectrum and composition

2.1 Description of non-identical sources

Following the model described in [8], the ejection rate per unit energy of a cosmic ray with
atomic and mass numbers (Z, A) that is accelerated at ultra-high energies and escapes a source at
a redshift z is expressed as:

Pap(R)

L2 e a1pS(a). (1)

qA/p (Ra Z) =

£4/p 1 the total injected energy per stellar mass expressed in erg Mgl and S(z) corresponds to the
star-formation rate density [9]. The probability density function for the emitted rigidity R is

R(Z) ™" fupp(®)

0 R ~YA/p ’
Z[> R (R—O) Ffuupp(R)AR

pa/p(R) = 2

with the reference rigidity Ry fixed to 10'® V. The shape of the suppression of the escaped spectra
of UHECRs is commonly described as

if R < Rpax,

R) =
fsupp( ) exp (1 _ %) otherwise.

Several papers have already explored the impact of the shape of the end of the escaped spectrum,
see e.g. [5, 10]. Although heavy-side functions are not ideal for modeling the end of the flux
of escaping cosmic rays, hyperbolic secant, exponential, and broken-exponential functions do not
significantly impact the best-fit parameters obtained. In Eqs. (1) and (2), the indices A are for the
nuclei and the index p for the protons. To simplify subsequent formulas, these two indices are
omitted. In the absence of explicit notation, the formulas are valid for both nuclei and protons.
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The normalization term in Eq. (2) is parameterized as:

( R e RZ (1n (=) +er(0, 1)) ify =2,
N(R.y.R =/ R(—) R)dR = § -
max e\ Ro supp Rg [ ern Y (ﬁ +el(2 -, 1)) - I;'"Ty] otherwise.
3)

where I'(x, y) is the incomplete gamma function. The minimum rigidity value considered in this
study Rpin is arbitrarily fixed to 1017 V.

At this point, it is assumed that each source of UHECRSs exhibits an identical ejection spectrum.
In other words, the escape spectrum of each source is described by the same indices y4, v, as
well as the same maximum rigidity Rpn.c. To test for a non-identical population of sources, the
spectral indices and/or the maximum rigidity are varied [10]. The simplest hypothesis is a Gaussian
distribution for each spectral parameter, with dispersions of o, for the spectral indices and og,,,
for logarithm of the maximum rigidity. The in-source interactions occurring in a second stage, we
do not assume a need for a different dispersion of the proton spectral index.

To implement the variations in spectral parameters, we convolve the probability density function
of emitted energy (Eq. (2)) with Gaussian distributions in y and in 1g Rpax. We call p, (R, ¥, Rimax),
the convolution of p 4/, (R) with a Gaussian distribution in y:

’

R\ _1 (7—7’ ?
Soupp(R) [ R(Ro) E:Xp( 2\ oy ) & 4
’ Y-
V27TO'«)/Z Vb N(R97 aRmax)

For numerical convenience, the boundaries of the integral are fixed to =y, = +10. Following the

Py(R, Y, Rmax) = PA/p(R) * N(O’ O-V) =

formula for the spectral index, the convolution of p 4/, (R) with a Gaussian distribution in 1g Rpmax
is written as

PRiax (Ra Y Rmax) = pA/p(R) * N(O’ O—Rmax)

R(E)”
_R(&) [0 et
V27TO'RZ 1g Riin N(R’ Y R;nax)

Finally, accounting for variations in both vy and g Rp,.x, the probability density function is expressed

, 5)
, 1 (lg Rmax — IgR 2 (
fsupp(Ra Rmax) eXp (_5 ( max max) .

O—Rmax

as follows:
Py.R(R, Y, Rnax) = pajp(R) * N(0,0) * N(0, oRr,,,)
R 4 ’
1 /)’b ‘/00 R (R_o) fsupp(R, Rmax)
- ZﬂZO'yO'RmaX \/1 - p2 —vb Y12 Rnin N(R’ 7/, Rr/nax)
1 ((7 - y’)2 N (lngaX - lgR;nax)2 by ((y =) (1g Rax lgR;nax)))]

2(1 - p?) oy OR TyOR

dlg Ry dy’

X exp

(0)
In Eq. (6), the parameter p accounts for the correlation between the spectral index and the maximum
rigidity. In a scenario with more in-source interactions, the spectral index 7y is expected to be harder,
and the maximum rigidity is expected to be reached at smaller energies. To reduce the computational
time of the fit procedure, the results of the convolution of Egs. (6), (4) and (5) are tabulated at discrete
values of 0, OR,,.» V> 1€ Rmax and 1g R for values of p = 0, £0.25, +0.75.
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2.2 Propagation and fit

The all-particle spectrum observed on Earth is expressed as

J(E) = % > //dsz/

AA

dnaa (E,E’, 2)

dE ™

dr
—|ga(E’,
dZ‘QA( 2)

where E = ZR. The integration is performed over lookback time using a standard cosmological
-1

model encompassed in |df/dz| = (Ho(l + z)\/(l +2)3Qn + QA) with Hy = 70kms~! Mpc~!,

Qn = 0.3 and Qp = 0.7. The term naa (E, E’, z) describes the energy losses and spallation

processes and represents the fraction of particles observed at Earth with energy £ and mass

number A from parent particles emitted by the sources with energy £/ > E and mass numbers

A’ > A. The function a4/ (E, E’, ) is calculated by simulating the propagation of millions of
particles for 5 masses (p, He, CNO, Si, Fe) with the SimProp v2r4 package taking into account pair
production, photo-pion production and photodisintegration on the cosmic microwave background
and the extragalactic background light. The propagation of cosmic rays through magnetic fields is
not considered in this study. The reconstruction of the estimator of the mass of the cosmic ray, Xmax
is ensured using the hadronic interaction generators Sibyll2.3d and EPOS-LHC.

The fitting procedure involves comparing the simulated energy spectrum obtained using Eq. (7)
and the distribution of the mean and variance of Xy,.x associated with the data recorded by the Pierre
Auger Observatory [3, 4] above the ankle energy. Below 10'87 eV, only the proton contribution to
the spectrum is considered. The free parameters are the maximum rigidity Rpmax, the index of the
escaped spectrum for nuclei, the index of the spectrum of protons and the five injected energy per
stellar mass, £4/,. The parameters o, and/or og,,, are also set free in the procedure.

3. Results and discussion

The best-fit parameters are reported in Table 1 for the benchmark scenario in [8], as well as
scenarios including a dispersion of the spectral index (Eq. (4)) and a dispersion of the maximum
rigidity (Eq. (5)). Finally, there is a scenario that considers a dispersion of the spectral index
and maximum rigidity (Eq. (6)). In every case where a non-identical population of sources is
considered, the best-fit parameters are obtained for a value of the correlation parameter p = 0.

According to Eq. (3), a dependence on the minimum considered rigidity Rp,, is introduced.
We checked that this value does not affect the results as long as it is below the minimum energy of

the considered data, 10'7-8

eV. Extending the fit to lower energies would require precise knowledge
of the composition in this region, which is not available to date.

In a scenario considering a dispersion in Rpy,x only, the best value of og,, is 0.06 = 0.04, with
a p-value of ~1.9%. Allowing for a large dispersion in the maximum rigidity at which a source can
accelerate UHECRs, implies the existence of a population of sources bursting across the sky at the
highest energies as seen in Fig. 1. These sources would then appear as bright spots in the studies of
the anisotropy of the arrival directions of cosmic rays. However, the absence of such bright spots
at the highest energies disfavors such scenario. Requiring a narrow distribution of the maximum
rigidity recovers the results reported in [10], in which the authors considered several maximum

rigidity distributions.
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Figure 1: Left: Emitted spectrum convolved with a Gaussian distribution in the spectral index of width
oy = 14 for y = —1.78 and Rpax = 1081y, Right: Convolution with a Gaussian distribution in the
logarithm of the maximum rigidity of width og,, = 0.2 for Rpax = 10'8-1'v and y = —1.78. The black lines
represent the standard probability density function for the emitted energy following Eq. (2). Each grey line
is a realization of Eq. (2) with a value of the spectral index or the maximum rigidity sampled according to
the respective Gaussian distribution. The red lines represent the result of the convolution in y (or in 1g Rpnax)
following Eq. (4) (or Eq. (5)).
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Figure 2: The energy spectrum (left) and Xmax moments (right) of UHECRs observed on Earth as a function
of the energy. This is modeled by the best-fit parameters for a scenario involving the convolution of the
probability density function of the emitted energy of an UHECR with Gaussian distributions in the spectral
index and in the maximum rigidity.

However, considering sources that eject UHECRs with a distribution of the spectral indices y 4
and y,, improves the best-fit deviance by 14 points with a distribution of width o, = 1.61%_‘!5 (p-value
of 16.6%). A p-value of 13.2% is obtained when varying the spectral indices and the maximum
rigidity simultaneously with a width o, = 1.4t%'_63. The best-fit results for the latter case (solid
lines), along with the results of the benchmark scenario (dashed lines), are shown in Fig. 2. These
results suggest a heavier composition at the lowest energies considered with an increased proportion
of nitrogen at the expense of helium. At the highest energies, there is a lighter composition, with an
increased proportion of nitrogen at the expense of silicon or iron. Similar behaviors are observed
when considering EPOS-LHC as the hadronic interaction model.

In Fig. 3, the viable range of the parameters o, and og,,, is assessed by performing a scan of

the deviance (related to the best-fit deviance) over the pair of parameters (o, y4) using Eq. (4) and
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‘ benchmark scenario [8] ‘ v conv. Ig Rmax conv. ‘ v+1g Riax conv.
Ig(Rmax/V) 18.28+0.04 18.06+0.02 18.24+0.03 18.10+0.01
YA -0.36+0.21 -2.1+0.8 -0.7+0.2 -1.8+0.8
Yp 2.6x0.7 3.8+0.2 2.7+0.1 3.5+0.4
8ot X 10% erg M 4.80.2 6.1+0.3 4.920.2 5.8+0.4
fu ! % 19+4 38+4 22+5 36+7
fre ! % 1443 4+3 1443 4+2
feno ! %o 48+4 45+4 48+4 462
fsil % 15+3 113 13+3 11+3
Jre ! %o 4+1 2+1 3+1 3+1
Ox 1.2+£0.2 1.3+£0.1 1.1£0.2 1.3+0.2
Dy + Dx (d.of)) 22.2+32.1 (36) 20.3+22.7 (35) | 21.4+33.1 (35) | 19.7+23.6 (34)
oy - 16404 - 1.4%0.6
O Rinax - - 0.06+0.04 < 0.1 (95%C.L.)

Table 1: Best-fit parameters of the benchmark scenario (reported in [8]), scenarios of a convolution of the
probability density function of the emitted energy of an UHECR with a Gaussian distribution in the spectral
index, a convolution with a Gaussian distribution in the maximum rigidity and a convolution with Gaussian
distributions in both the spectral index and in the maximum rigidity. The results have been produced using
Sibyll2.3d as the hadronic interaction model.

over the couples of parameters (0g,,,,, Rmax) and o, og,,,, using Eq. (6).

Looking at Fig. 3-(top-left), it is interesting to note that a strong correlation exists between
the spectral index y4 and the width of the considered Gaussian distribution o,. The greater the
dispersion of the spectral index, the harder the ejected spectra of the UHECRs. Thus the fitting
procedure for the observed data developed in this study must mitigate the hardening of the mean
spectrum of UHECRs, either by fitting values of y4 close to -1 and values of o, close to 1, or by

enlarging the dispersion o, =~ 2 which hardens each ejected spectrum individually, y4 ~ -3.

As previously noted, our model favors low dispersion of the maximum rigidity. Fig. 3-(top-
right) confirms this, showing that the range of values of og, , within the 1o-contour does not
extend beyond 0.05 for values of 1g Rpax = 18.1t%%26.
results presented in Fig. 3-bottom, where the dispersion parameters o, and og,,,, are bound to [1.1,
2] and [0, 0.06] respectively. Although allowing variations of 1g Ry.x across the source population

results in a slight decrease of its average value, the best-fit spectral index and maximum rigidity

Combining these behaviors leads to the

appear to be largely independent.

Finally, the scenario developed in this study is more favorable to positive a correlation between
the spectral index and the maximum rigidity than a negative one. Testing the correlation coefficient
at a value of p = +0.75 leads to an increase in interactions in the near environment of the sources,
reflected by an increase of the spectral index for protons only and a slightly harder spectral index for
heavier injected elements. Once again, the mean maximum rigidity remains stable but with such a
positive correlation, the allowed dispersion of Ig Ry,x increases to approximately 0.15 within the
95% confidence level.
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Figure 3: Top-left: Evolution of the deviance of the fit scanning the parameters the space o, -y for og,,, = 0.
Top-right: Evolution of the deviance of the fit scanning the parameters the space o, -1g Rmax for oy = 1.4.
Bottom: Evolution of the deviance of the fit scanning the parameters the space o, -0r,,,. The solid, dashed
and dot-dashed lines indicate the one, two and three sigma confidence intervals for two degrees of freedom.
The white star indicates the position of the best minimum in each case.
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