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Abstract. We present a combined fit of a simple astrophysical model of Ultra-

high-energy cosmic-ray sources to both the energy spectrum and mass compo-

sition data measured by the Pierre Auger Observatory. The astrophysical model

we adopted consists of identical sources uniformly distributed in a comoving

volume, where nuclei are accelerated with a rigidity-dependent mechanism.

The fit has been performed at first for energies above 5 EeV, i.e., the region

of the all-particle spectrum above the so-called “ankle” feature, and has then

been extended to lower energies in order to include this feature. The fit results

and their astrophysical implications in both cases are discussed.

1 Introduction

The Pierre Auger Observatory [1] is the largest facility to detect cosmic rays built so far.

It is located in the province of Mendoza, Argentina, and has been in operation since 2004,

studying cosmic rays by combining different experimental techniques.

The Pierre Auger Collaboration has studied the features of the all-particle energy spec-

trum with unprecedented precision. Far from being described by a simple power law, in the

highest-energy region, the all-particle cosmic-ray spectrum shows several features [2, 3]: a

sharp feature, known as the ankle, is observed at 1018.7 eV, corresponding to a hardening of

the spectrum. A new feature, dubbed the instep, at 1019.1 eV, could reflect the interplay of

light-to-intermediate nuclei. Finally, a suppression of the total flux above 1019.7 eV may be

attributed to energy losses during the propagation of ultra-high energy cosmic rays (UHE-

CRs) [4, 5], to the limited maximum energy the sources can provide to particle acceleration,

or possibly to a combination of both effects.

The composition of the UHECRs [6, 7], as estimated from the distributions of the depth

of maximum development of the showers Xmax, appears to be given from a mix of protons

and medium-mass nuclei (e.g. nitrogen) at energies above the second knee, gradually getting

lighter with increasing energy up to 1018.3 eV. The total UHECR spectrum may consist of the

superposition of alternating groups of elements with progressively heavier mass, each with

a steep cutoff, but with increasingly sparse statistics towards the suppression region. This is
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Figure 3. Energy flux at Earth as a function of energy, as modeled by the best-fit parameters for the

benchmark scenario. The all-particle spectrum and proton component are shown as black circles and red

squares, respectively [11]. Lighter points are not included in the fit. The best-fit components obtained

for five detected mass groups are displayed with solid colored lines, as labeled in the Figure. The energy

flux of the heaviest mass group, with detected mass number in 39–56, is below the range of interest.

source region, thereby generating a pile-up of nucleons with energy scaling as 1/A, being A

the mass of the nucleus injected in the acceleration region, producing hard ejection spectra

for nuclei below the maximum rigidity and generate secondary neutrons at lower energies

[12]. These results provide a solid base for constraining the spectral indices for protons

and nuclei, as well as the energetics of the sources and the abundances of elements in their

surroundings.

Future observations will help us to corroborate the importance of in-source interactions

for the interpretation of UHECR data, as shown in this section, or to call for alternative inter-

pretations, such as two extragalactic components from different types of sources, as presented

in section 2. For this quest, the upgraded instrumentation of the Pierre Auger Observatory in

the next years [13] could play a major role.

References

[1] Aab, A. et al. [Pierre Auger Collaboration] , NIM A 798, 172-213 (2015)

[2] Abreu, P. et al. [Pierre Auger Collaboration], EPJC 81, 966 (2021)

[3] Aab, A. et al. [The Pierre Auger Collaboration], Phys. Rev. Lett. 125, 121106 (2020)

[4] Greisen, K., Phys. Rev. Lett. 16, 748 (1966)

[5] Zatsepin, G. T. and Kuzmin, V. A., JETP Lett. 4, 78 (1966)

[6] Aab, A. et al. [The Pierre Auger Collaboration], Phys.Rev. D90 122006 (2014)

[7] Bellido, J. and Pierre Auger Collaboration, PoS ICRC2017, 506 (2018)

[8] Aab, A. et al. [The Pierre Auger Collaboration], JCAP04, 038 (2017)

[9] Halim, A. et al. [The Pierre Auger Collaboration], arXiv:2211.02857.

[10] Thoudam, S. et al. , A&A A33, 595 (2016)

[11] Luce, Q. et al. , ApJ 936, 62 (2022)

[12] Unger, M. et al., Phys. Rev. D 92, 123001 (2015)

[13] Castellina, A. et al [Pierre Auger Collaboration] , EPJ Web Conf. 210, 210 (2019)

4

EPJ Web of Conferences 280, 04002 (2023) https://doi.org/10.1051/epjconf/202328004002

RICAP-22


