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How is CR Propagation modelled?
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Not within a single framework, because…

… the problem is too complicated.

Important questions:
• Are observables spatially resolved?

• Is time evolution important?

• Dominated by leptonic processes?

• Do cosmic rays influence their environment?

• What kind of targets are expected?

• Do the targets evolve in space or time?

• Coherent and/or turbulent magnetic fields?

• Is the particle transport ballistic or diffusive?
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A family tree of
propagation tools

…and many more are missing.
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CRPropa – Cosmic Ray Propagation Framework

• Originally designed for 3D propagation of UHECRs in extra-galactic space

• Extended to lower energies with diffusion approach

• Monte Carlo simulation framework

• Models individual CRs or phase-space elements

• Includes many of the relevant interactions 

Alves Batista, …, LM, … JCAP (2022)

https://iopscience.iop.org/article/10.1088/1475-7516/2022/09/035
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CRPropa – A Community Driven Project

• Open source project with contributions from many institutes
• Hamburg, Nijmegen, Madrid, Abu Dhabi, Aachen, Wuppertal, Bochum, L‘Aquila, 

Bonn, Innsbruck, Paris, Oxford, Brussels, … 

• Mainly written in c++ with Python steering

• Works on simple laptops but scales well on computing clusters

• Easy to customize and extend



CRPropa Workshop | 25.-27. September 2023 |Ruhr University Bochum | Lukas.Merten@rub.de   8

Basic Principle – The Candidate
LM et al. JCAP (2017)

All modules must be designed 
stateless

→ 

CRPropa can be parallelized without 
cross node communication! 

https://iopscience.iop.org/article/10.1088/1475-7516/2017/06/046v
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Modular Structure
Alves Batista, …, LM, … JCAP (2022)

https://iopscience.iop.org/article/10.1088/1475-7516/2022/09/035
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How to build a simulation?

•SimplePropagation

•PropagationCK

•PropagationBP

•DiffusionSDE

Deflection

•ElectronPairProduction

•PhotoPionProduction

•PhotoDisintegration

•NuclearDecay

Nuclei-
Interacion

•EM(Double/Triple)-
PairProduction

•EMInverseCompton-
Scattering

EM-
Interactions

•Redshift

•SynchrotronRadiation

•AdiabaticCooling

General 
Interactions

•MaximumTrajectory-
Length

•MinimumEnergy

•CubicBoundary

•SphericalBoundary

•…

Boundaries/

Thresholds

•ObserverSmallSphere

•ObserverTracking

•ObserverPoint

•ObserverDetectAll

•ObserverTime-
Evolution

Observer

•ShellOutput

•TextOutput

•HDF5Output

•ParticleCollector

Output

•PerformanceModule

Others



Organisation
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Useful Information

Talks: 30 minutes (incl. Discussion)

•Please upload your presentation to Indico

•Or send them by mail to: lukas.merten@rub.de

Coffee and beverages break including vegan options

•10:30 – 11 am

•3:30 – 4 pm

eduroam or guest account

Conference Dinner: Tuesday 7pm @ Yamas

Contact: lukas.merten@rub.de

https://www.yam.as/
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Directions
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Schedule



Support
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Sponsored by



Backup



Why do we need Modelling of CR Transport?
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Magnetic Field Deflections
Reichherzer, LM et al. SN Appl. Science (2021)

https://link.springer.com/article/10.1007/s42452-021-04891-z
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Magnetic Field Properties

• Can be structured on large scales
• Direction, ordering

• Strength

• Turbulent components are often observed
• Power spectrum

• Anisotropies

• Intermittency

Random deflections → Smearing of sources

Coherent deflections → Shift of apparent source position

Combination  → Magnetic horizon
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Extra-Galactic Magnetic Fields
Alves Batista et al. Phys. Rev. D (2017)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.023010
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Galactic Magnetic Field

coherent background component

Jansson and Farrar ApJ Letters (2012)

https://iopscience.iop.org/article/10.1088/2041-8205/761/1/L11


Why do we need Modelling of CR Interactions?
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Interactions and Secondaries
Becker Tjus and LM PR (2020)

https://doi.org/10.1016/j.physrep.2020.05.002
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Interactions and Losses

Cosmic Rays are never propagating in a pure vaccum

→Energy losses and production of secondaries

Possible processes

Synchrotron Radiation, Ionization, Inverse Compton Scattering, (Double, Triple) Pair Production, 
Photo Meson Production, Photo Disintegration, Spallation, Nuclear Decay, …

Possible Targets

• Photon Fields (CMB, EBL, Synchrotron photons, Corona, etc.)

• Hadronic Targets (HI/HII, H+, dust, He, etc.)

• Magnetic Fields
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Secondaries

…everything that is produced during the propagation of CRs.

• Photons, Neutrinos, Electrons, Muons, lighter Cosmic Rays, etc.

• Can have complicated energy spectra

• Induce interactions themselves

Provide valuable otherwise inaccessible knowledge about CRs

• Source position  neutrinos

• Energetics  gamma rays

• Transport properties  light cosmic rays (B/C ratio)

• Composition  Muons
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