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Extragalactic sources are thought to be the origin of the highest energy cosmic rays detected at
Earth. In this work, we explore energy-dependent mass compositions of these sources taking
a subset of the VCV catalog for distances with z≤0.6. We use a power-law spectrum with an
exponential cutoff to model individual sources above 1018.7 eV. To be more realistic we use the
individual distance and radio flux weight of the sources, while sharing other properties as the
power law index, Z-dependent rigidity cut and nuclei fraction. We propagate the different nuclei
using CRPropa and search for the best stable parameters that fit the features of the spectrum
measured by the Pierre Auger Observatory. We show that the mass composition at the sources
tends to have lighter nuclei, with H and He having the greatest contributions. The power law index
found is 2 ± 0.1 and the rigidity cutoff 1021±0.3 eV.
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1. Introduction

2. Astrophysical sources modelling
We consider that at the astrophysical sources a given proportion of different nuclei are accelerated. Assuming that the acceleration is electromagnetic we describe the injected spectrum as a
nuclear (𝑍 𝐴) dependent power law with a broken exponential cut-off function [2]:
 −𝛾

𝑑𝑁 𝐴
𝐸
= 𝑓 𝐴 𝐽0
× 𝑓𝑐𝑢𝑡 (𝐸, 𝑍 𝐴, 𝑅𝑐𝑢𝑡 )
(1)
𝑑𝐸
1018 𝑒𝑉
where 𝑓 𝐴 is the fraction of the injected nucleus over the total, 𝐽0 a spectrum normalization, 𝛾
the spectral index and 𝑅𝑐𝑢𝑡 the maximum rigidity. The cut-off function, which limits the maximum
acceleration energy, is defined by:
𝑓𝑐𝑢𝑡 (𝐸, 𝑍 𝐴, 𝑅𝑐𝑢𝑡 ) =
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(2)

In principle, each source could have different parameters. However, we are going to assume
the same values for all sources to simplify the search.
2.1 Sources selection
Some possible cosmic ray sources have been identified assuming hadronic models using neutrino correlations in multi-messenger analyses [3–5]. These point towards blazars and radio-bright
active galaxies.
As a more general approach, we start with the Véron-Cetty & Véron catalogue of AGNs [6].
From there we select sources located with redshift z ≤ 0.6, since further away sources will not
contribute in the final high energy spectrum at Earth. Then, the total number of selected sources is:
29.5 k. Since we are doing a 1D propagation analysis we group them by same redshift, giving 442
distances.
To get the final source distance distribution we weight each source by its radio flux (𝐹20𝑐𝑚 Jy).
If the source has no radio flux, we take an average at the given distance. In Fig. 1 these distribution
are shown. We see that by weighting with the flux the shape is changed towards larger distances.
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Astrophysical cosmic ray sources are supposed to accelerate different nuclei up to extremely
high energies. After propagation and interaction through the cosmic medium these nuclei and
their products reach Earth. In this work we analyze the all-particle spectrum measured by the
Pierre Auger Observatory (PAO) above the ankle [1]. There is evidence from PAO from the 𝑋𝑚𝑎𝑥
distribution [2] that the mass composition of the ultra high energy cosmic rays (UHECR) is different
from a pure proton composition.
Here we explore with simulations the mass composition at astrophysical sources taking a
similar approach as done in [2]. Instead of a uniform source distribution, we apply real AGN source
distances weighted by their radio flux. In the following, we describe how we model the sources, the
catalogue selection, the propagation simulation, the method for obtaining the best model parameters
to fit the PAO data and conclude with the results.
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3. CRPropa Simulation
We use the astrophysical simulation package CRPropa 3 [7] for propagating extraterrestrial
ultra-high energy particles. We perform 1D simulations with minimum tracking energy of 1 EeV.
The interactions set during propagation are photo-pion production, electron pair production and
photo disintegration, all of them with CMB and IRB (Gilmore12 model) targets. We also include
nuclear decay.
To simplify the simulations we inject only five representative stable nuclei in the same mass
ranges used in [2]: hydrogen (1 H), helium (4 He), nitrogen (14 N), silicon (28 Si) and iron (56 Fe).
These starting nuclei can produce a larger set of nuclei after interactions during propagation.
For the event generation we proceed as follows. For values taken from the PDF of distances
weighted with the radio flux (see Fig. 1) we randomly generate 10k energies from the broken
exponential cut-off distribution (see Eq. 1) assuming identical sources and apply a nucleus fraction
( 𝑓 𝐴) weight. Using this larger distance-energy distribution we simulate 750k events for each set of
parameters during the best fit search.

4. Best parameters search method
Given the astrophysical source model we search for the best parameters that can fit the measurement of the all-particle energy spectrum of cosmic rays at Earth by PAO [1, 8]. We focus on
data with energies above 1018.7 eV (i.e. in the region above the ankle).
Since we are only going to compare shapes of the measured spectrum the parameters that
we will fit are the spectral index 𝛾, the rigidity cut-off 𝑅𝑐𝑢𝑡 , and the mass fractions 𝑓 𝐴 (i.e. four
fractions, since the fifth is fixed by Σ 𝑓 𝐴 = 1).
For the curve shape (normalized with 𝑁𝑡𝑜𝑡 at Earth) distribution comparison between the
number of 𝑃 𝐴𝑂 and simulation (𝑠𝑖𝑚) events (𝑁) at a given energy bin (𝑖) we apply the following
3
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Figure 1: Astrophysical sources distance distribution in Mpc: unweighted (green) and weighted by their
radio flux (blue).
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𝜒2 which allows for few events in some bins:

𝜒2 =

Õ

𝑁𝑖𝑃 𝐴𝑂
𝑃 𝐴𝑂
𝑁𝑡𝑜𝑡
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−
−
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(3)

2

We look for the set of 6 parameters that give the minimum 𝜒2 , where 𝑅𝑐𝑢𝑡 and 𝛾 are varied
between [1018 , 1024 ] eV and [1, 3], respectively.

We perform a 6D grid search looking for the minimum 𝜒2 . When we analyze the obtained
composition at the sources for 𝜒2 < 40 (i.e. best 24 cases) we observe that heavier elements (i.e. N,
Si and Fe) are highly suppressed. However, H and He can take a large number of values while still
giving a good fit. The mean fractions of H and He are 0.65 ± 0.31 and 0.35 ± 0.31, respectively.
To refine the search we do a 2D grid search for 𝑅𝑐𝑢𝑡 and 𝛾 with a fixed composition ( 𝑓 𝐻 = 0.3,
𝑓 𝐻 = 0.7 obtained for the best fit in the 6D grid search), shown in Fig. 2. We see a region of
minima, with the global minimum at 𝑅𝑐𝑢𝑡 = 1020.9 eV and 𝛾 = 1.9.

Figure 2: Best parameters search for 𝑅𝑐𝑢𝑡 and 𝛾 for a fixed set of nuclei fractions ( 𝑓 𝐻 = 0.3, 𝑓 𝐻 = 0.7,
𝑓 𝑁 = 𝑓𝑆𝑖 = 𝑓𝐹 𝑒 = 0). The color scale represents the reduced 𝜒2 . The global minimum is marked with a star.

Finally, we present in Fig. 3 the best fit (𝜒𝑟2𝑒𝑑 = 2.87) of our model to the PAO all-particle
data for energies greater than 1018.7 eV. There is a slight discrepancy at the highest energies. The
composition found at Earth is also light being mostly protons with a smaller contribution from
helium like nuclei.

6. Conclusions
We have used CRPropa 3 to simulate the propagation of high energy nuclei from astrophysical
sources with precise 1D distance distributions of radio weighted AGNs. We model all sources with
a unique power law spectrum with a broken exponential cutoff, which include 6 parameters to fit.
4
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5. Results
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The favoured mass composition at the sources that fits the PAO data (𝐸 > 1018.7 eV) tends to
have lighter nuclei: H and He have the greatest contributions with a possible small N composition.
Heavier nuclei are almost rejected (Si ≈ Fe ≈ 0). This is in agreement with the light composition
(H+He) scenario found in [9]. However, in [2] they found a heavier chemical composition.
In addition, we find that the power law index is compatible with 2 ± 0.1 and the rigidity cutoff
eV.

1021±0.3

We are next planning to improve the analysis by including 3D simulations with galactic and
extra-galactic magnetic fields and using different sets of possible cosmic ray sources (e.g. radio
bright AGNs with neutrino correlations).
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Figure 3: Comparison of PAO all-particle cosmic ray measure spectrum at Earth (black points) and best
model (colored areas) (𝑅𝑐𝑢𝑡 = 1020.9 eV and 𝛾 = 1.9, 𝑓 𝐻 = 0.3, 𝑓 𝐻 = 0.7, and 𝑓 𝑁 = 𝑓𝑆𝑖 = 𝑓𝐹 𝑒 = 0)). The
total model is shown in red, protons in blue and helium-like nuclei in green. The associated reduced 𝜒2 is
2.87.
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