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L. Morejon et al JCAP11(2019)007

SOURCEPROPAGATION

https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007
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UHECR Source codes
● NeuCosmA Hümmer et al. Astrop. Phys. Vol. 34 Issue 4, 2010, 205-224

● AM3 (no nuclear cascades) Klinger et al. 2023 (arXiv:2312.13371

https://www.sciencedirect.com/science/article/pii/S092765051000126X?via%3Dihub
https://arxiv.org/abs/2312.13371
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UHECR Source codes
● NeuCosmA Hümmer et al. Astrop. Phys. Vol. 34 Issue 4, 2010, 205-224

● AM3 (no nuclear cascades) Klinger et al. 2023 (arXiv:2312.13371

Extra-galactic UHECR Propagation codes
● CRPropa JCAP (2022) no. 09, 035; arXiv:2208.00107

● SimProp Roberto Aloisio et al JCAP11(2017)009

● TransportCR Kalashev, O. E., & Kido, E. JET Phys, 120(5), 790–797, (2015)

● PriNCe Heinze et al 2019 ApJ 873 88

https://www.sciencedirect.com/science/article/pii/S092765051000126X?via%3Dihub
https://arxiv.org/abs/2312.13371
https://iopscience.iop.org/article/10.1088/1475-7516/2022/09/035
https://iopscience.iop.org/article/10.1088/1475-7516/2017/11/009
https://link.springer.com/article/10.1134/S1063776115040056
https://iopscience.iop.org/article/10.3847/1538-4357/ab05ce
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Probabilistic description with analytic expressions
Computed with CRPropa

Michael Unger and Glennys R. Farrar 2024 ApJL 962 L5 Morejon, Cent. Eur. Astrophys. Bull. (2024) (in preparation)

A clearer picture

https://iopscience.iop.org/article/10.3847/2041-8213/ad1ced
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Z-p, A-k

…

Convolution of exponential 
functions with different rates!

Nuclear interactions over cosmic distances
Probabilistic description
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UHECR disintegration as a Markov Process

The successive 
disintegrations are 

Poisson distributed.

The propagation is 
equivalent to a Markov 
jump process (CTMC). 

Jumps are transitions 
between nuclear 

species.

N
uc

le
ar
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pe

ci
es

Length covered

Probabilistic description

Bladt, M., & Nielsen, B. F. (2017). Matrix-Exponential Distributions in Applied Probability (Vol. 81)

https://doi.org/10.1007/978-1-4939-7049-0
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Matrix Exponential Distributions: Construction 

Theoretical expressions for distributions

L. Morejon PoS ICRC2023 (2023) 284Probabilistic description

https://doi.org/10.22323/1.444.0284
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Matrix Exponential Distributions: Construction 

Theoretical expressions for distributions

Total interaction rate

L. Morejon PoS ICRC2023 (2023) 284Probabilistic description

https://doi.org/10.22323/1.444.0284
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Matrix Exponential Distributions: Construction 

Theoretical expressions for distributions

Total interaction rate

Lower triangular is null (mass increase not possible)

L. Morejon PoS ICRC2023 (2023) 284Probabilistic description

https://doi.org/10.22323/1.444.0284
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Matrix Exponential Distributions: Construction 

Theoretical expressions for distributions

L. Morejon PoS ICRC2023 (2023) 284Probabilistic description

Distance until full disintegration

https://doi.org/10.22323/1.444.0284
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Example distribution chains

The sum of rows is equal to zero!

L. Morejon PoS ICRC2023 (2023) 284

https://doi.org/10.22323/1.444.0284
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Example distribution chains

L. Morejon PoS ICRC2023 (2023) 284

https://doi.org/10.22323/1.444.0284
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Extragalactic propagation distributions

L. Morejon in preparation 

Rates ranging several orders of magnitude … but very similar distribution shapes



Photonuc. xsecs & UHECR transport 33XSCRC | 16-18.10.2024 Leonel Morejon

Example case: AGN with Oxygen injection (homogeneous)
1. Simulation of protons (no interactions) to compute the distributions of trajectory 
lengths.

*Provided by L. Schlegel, scaled up by factor 100
*Source parameters: Hoerbe, M. R., et al (2020) MNRAS, 496(3), 2885–2901

https://doi.org/10.1093/mnras/staa1650
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Example case: AGN with Oxygen injection
2. Computing interaction rates for nuclei (photodisintegration & photopion production)

*Provided by L. Schlegel, scaled up by factor 100
*Source parameters: Hoerbe, M. R., et al (2020) MNRAS, 496(3), 2885–2901

https://doi.org/10.1093/mnras/staa1650
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Example case: AGN with Oxygen injection
3. Producing the distributions of nuclei and confidence bands

Convolution with distance distributions
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Example case: AGN with Oxygen injection
3. Producing the distributions of nuclei and confidence bands

Convolution with distance distributions Spectra by nuclear mass group

Spectral index: 2
Maximum rigidity: 1E18V
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Thanks!

MICRO website MICRO@github

L. Morejon PoS ICRC2023 (2023) 284

On Github soon!

https://doi.org/10.22323/1.444.0284
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On Github soon!

Additional 
slides

MICRO website MICRO@github

L. Morejon PoS ICRC2023 (2023) 284

https://doi.org/10.22323/1.444.0284
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Similarity of distributions

L. Morejon in preparation 
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Similarity of distributions

L. Morejon in preparation 
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Extreme-Energy events
Motivation

Why these events?
- Nearby origin
- Very few events
- Less deflections

Example: Amaterasu

- E0 ~ 244 EeV
- D0 ~ few Mpc
- Large rigidities

Expected to point back to origin!

*TA Collab. Science 382, (2023)

https://www.science.org/doi/10.1126/science.abo5095
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Combined distance vs rigidity distribution

Telescope Array detected extreme UHECR

● E = 244 EeV 
● Composition @Earth unknown
● No clear source candidate
● Energy @ source unknown
● Composition @ source unknown

Monte Carlo analysis has 
limitations!

Likelihood distributions

Michael Unger and Glennys R. Farrar 2024 ApJL 962 L5

*TA Collab. Science 382, (2023)

https://iopscience.iop.org/article/10.3847/2041-8213/ad1ced
https://www.science.org/doi/10.1126/science.abo5095
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Probability of detection as He
Computed distributions Starting with one species …

Convolve with emission density for a range 
of boosts / rigidities

Likelihood distributions
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Likelihood over range of rigidities @ source
Computed with CRPropa

Morejon, 2024 (in preparation)

Likelihood distributions
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Likelihood over range of rigidities @ source
Computed with CRPropa

Michael Unger and Glennys R. Farrar 2024 ApJL 962 L5 Morejon, 2024 (in preparation)

Likelihood distributions

https://iopscience.iop.org/article/10.3847/2041-8213/ad1ced
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Weight by probability of energy reconstruction
Computed with CRPropa

Michael Unger and Glennys R. Farrar 2024 ApJL 962 L5 Morejon, 2024 (in preparation)

Likelihood distributions

https://iopscience.iop.org/article/10.3847/2041-8213/ad1ced
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Localized regions in the phase space
Computed with CRPropa

Michael Unger and Glennys R. Farrar 2024 ApJL 962 L5 Morejon, 2024 (in preparation)

Likelihood distributions

https://iopscience.iop.org/article/10.3847/2041-8213/ad1ced

