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UHECRs and their main
properties



- Particles propagating through the Universe colliding with the

Earth´s atmosphere – mainly protons and nuclei of different

elements

- Particles with sufficient energy (> 100 TeV) generate showers of 

secondary particles in the atmosphere

- Observations by arrays of surface detectors and fluorescence

detectors

- At energies > 1018 eV – the Pierre Auger Observatory (PAO) and  

Telescope Array (TA)

Cosmic rays (CRs)

Source: 
https://www.auger.org/inde
x.php/cosmic-rays/cosmic-
ray-mystery



(Zavrtanik, 2010)

Energy spectrum

Aim of our
interest –
covered by PAO 
and TA



Energy spectrum

• Approximation by a simple power-law

𝐽𝐽 𝐸𝐸 ≈ 𝐸𝐸−𝛾𝛾
- γ – spectral index

- Regions where the spectral index changes

- „knee“ – steepening at 1015.6 eV (KASCADE Collaboration, 2005)

- Below knee γ ≈ 2.7 ± 0.01

- Above knee γ ≈ 3.1 ± 0.07

- „ankle“ – hardening of the spectrum, spectral index 

decreases at energies ≈ 3.1018 eV

- suppression at the highest energies ≈ 1019.7 eV – usually „GZK“ 

cutoff (γ ≈ 4.8)



(Fenu for the Pierre Auger Collaboration, 2017)

Can be caused by a 
single source?



Mass composition of UHECRs
• - Measurements of Xmax



𝑋𝑋 = �
∞

ℎ 𝜌𝜌(𝑙𝑙)
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃

𝑑𝑑𝑑𝑑

- 𝜌𝜌(𝑙𝑙) – the density of air at altitude 𝑙𝑙

- 𝜃𝜃 – zenith angle

- PAO measurements - up to 1018.3 eV – composition becomes gradually

lighter

- above 1018.3 eV – trend inverts, composition is getting

heavier



- Pair production

- Photo-pion production

- Photodisintegration

- Several photodisintegration processes – giant dipole resonance, quasi-

deuteron process and baryonic resonance

Interaction processes



Other processes

- Adiabatic energy loss due to the expansion of the Universe

- Decay of unstable particles

- Interaction with the magnetic fields – trajectories are curved

(Kuempel, 2014)
rL – Larmor radius in pc

B – intensitiy of magnetic field in μG

E – energy in PeV

Z – charge of the particle



SimProp v2r4

- Monte Carlo code that simulate the propagation of UHECRs

- Written in C++

- Several options

- Output files in ROOT

- All previous processes implemented except of magnetic field deflection



- Selection of a specific model of background fields – compatible with the reference model of PAO 
combined fit

- Gilmore EBL model
- PSB cross section
- Decay of unstable particles – enabled
- Photo-pion production – stochastic on CMB and EBL photons
- Rigidity cutoff

- Propagation is rectilinear – magnetic fields not incorporated in SimProp
- We adopted a single-source scenario of extragalactic CRs at the specific distance and 

spectral index

- Number of injected events – 105

- Injected nuclei – hydrogen 1H, helium 4He, carbon 12C, oxygen 16O, silicon 28Si and iron
56Fe

- Distance – 5, 50, 100 Mpc
- Injection energy – log(E/eV) = (19.0 – 21.0)
- Spectral index – 1, 1.5, 2, 2.5, 3 Obrázková časť s identifikáciou vzťahu rId2 sa v súbore nenašla.

- Library reweighted according to the
rigidity cutoff 𝑹𝑹Cut

Library of simulations

Theoretically predicted range
γSource = 1.0 – 2.2



- Selection of a specific model of background fields – compatible with the
reference model of PAO combined fit

- Gilmore EBL model
- PSB cross section
- Decay of unstable particles – enabled
- Photo-pion production – stochastic on 

CMB and EBL photons
- Rigidity cutoff

- Propagation is rectilinear – magnetic fields not incorporated in SimProp
- We adopted a single-source scenario of extragalactic CRs at the specific distance and 

spectral index

- Number of injected events – 105

- Injected nuclei – hydrogen 1H, helium 4He, carbon 12C, oxygen 16O, silicon 28Si
and iron 56Fe

- Distance – 5, 50, 100 Mpc
- Injection energy – log(E/eV) = (19.0 – 21.0)
- Spectral index – 1, 1.5, 2, 2.5, 3

- Library reweighted accorfding to the
rigidity cutoff 𝑹𝑹Cut

Library of simulations

These are the
parameters of 

sources that were
studied



1. Evolution of <ln𝑨𝑨Earth>



Helium



Carbon



Oxygen



Silicon



Iron



Different spectral indices, 
independent on distances
of sources



Position dependent on 
the primary mass
number



- A sharp increase at different energies for different elements
- Position of the increase

- Oxygen - 𝐸𝐸𝑇𝑇𝑇𝑇𝑂𝑂 ≈  1019.75 eV

- Iron - 𝐸𝐸𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹 ≈ 1019.15 eV

1019.75 – 19.15 ≈ 56
16

- Maximum energies of ejected protons depend on the

nuclei type and their maximum energies

- However rigidity cutoff can smear the effect



2. Testing compatibility of our simulations with the PAO data

(Fenu for the Pierre Auger Collaboration, 2017)

Linear fit

y = p0 – (p1 – 3) x log(𝐸𝐸Earth/eV)



2. Testing compatibility of our simulations with the PAO data
- Normalization of PAO data to the value at energy log(𝐸𝐸Earth/eV) = 19.65

y = q0 – (q1 – 1) x log(𝐸𝐸Earth/eV)

Linear fit

Only the shape of the energy
spectrum is what matters in 
the following analysis



2. Testing compatibility of our simulations with the PAO data

- Nuclei considered – hydrogen 1H, helium 4He, oxygen 16O and iron 56Fe

- Cutoff rigidity log(RCut/V) = (19.0 – 21.0) incremented by Δlog(RCut/V) = 0.1

- Mixed composition – combinations of different nuclei, equal fractions

- „H“ or „He“ – pure composition

- „H+He“ – 50% of hydrogen and 50% of helium

- In total 4 free parameters – 𝑅𝑅Cut , γSource , 𝐷𝐷source , <ln𝐴𝐴Source>

- This represents 4725 different combinations



- Dispersion between the PAO datapoints and simulation datapoints

represented by „Test value“

- where NP,i and NS,i are the values of PAO datapoint and simulated datapoint

- 𝜎𝜎𝑁𝑁,𝑖𝑖 and 𝜎𝜎𝑆𝑆,𝑖𝑖 are their uncertainties

- Simulation with Test value ≤ 1 accepted – 30 simulations satisfy this condition

𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 =
𝟏𝟏
𝒏𝒏
�
𝒊𝒊=𝟏𝟏

𝒏𝒏
𝑵𝑵𝑷𝑷,𝒊𝒊 − 𝑵𝑵𝑺𝑺,𝒊𝒊

𝝈𝝈𝑷𝑷,𝒊𝒊
𝟐𝟐 + 𝝈𝝈𝑺𝑺,𝒊𝒊

𝟐𝟐



Distance vs composition at source Distance vs cutoff rigidity

- PAO energy spectrum described by the sources with the light
composition



- Theoretically predicted indices are found for the closest sources

Spectral index vs distance Spectral index vs primary mass composition



Cutoff rigidity vs primary mass
composition

Cutoff rigidity vs spectral index

- Simulation with rigidities log(𝑅𝑅Cut/V) = 19.5 passed our restrictions, considering γSource = 1.0 – 2.2



- Study of the evolution of <ln𝐴𝐴Earth> - observation of the sharp increase, could be in future an

indication of source features

- Study of the compatibility of the energy spectrum between measured data and 

simulations– sources with the light composition (similar to pure helium, pure hydrogen or 

the combination of both) were found to be able to describe the observed shape of the

energy spectrum at the very end

- Considering spectral indices in the theoretical region 1.0 – 2.2, only sources with the rigidity

cutoff of value ≈ 1019.5 V described the shape of the measured energy spectrum well. This is

about one order of magnitude higher than the results of the combined fit of mass

composition and energy spectrum by the Pierre Auger Observatory.

Summary



Thank you for your attention



(The Pierre Auger Collaboration, 2017)



(Aloisio et al., 2017)



(Aloisio et al., 2017)



Analysis for close sources
Hydrogen



Oxygen



Iron













Fraction of oxygen nuclei on Earth



Fraction of iron nuclei on Earth



Distribution of mass number A



Distribution of mass number A
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