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1 CRPropa

Fig 1. The modular structure makes it easy to extend CRPropa 3.
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Singleparticle

picture

Solving the equation 
of motion

Backtracking and 
Reweighting of 
results is possible

2 Propagation Models

Multiparticle

picture

Solving the transport 
equation

Collective behavior, e.g. 
advection and diffusion 
is easy to implement

Stochastic Differential Equations

Numerics Physics
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2 Parker Transport Equation

Advection

Spatial
Diffusion

Adiabatic
cooling

Sources
Momentum 

Diffusion
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2 Spatial Diffusion and Advection

Simple Example:

ÅHomogeneous background field (║ ║▄◑)
ÅAnisotropic diffusion with respect to the 

background field:πȢρ‖᷆ ‖
ÅWind in ὼ-direction

Fig 2. Spatial distribution of 10,000 pseudo-particles positions for 
anisotropic diffusion and advection.
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3 The Laboratory

Fig 3. The coherent, regular component of the Galactic Magnetic field 
which is used as the background field in our simulations.
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3 First applications ïDiffusion tensor, ╡ TV

ÅMagnetic field structure becomes 
clearly visible for strong parallel 
diffusion.

ÅHighest density at Galactic center 
for strong perpendicular diffusion

ÅDifferences in loss time become 
visible.

Fig 3: Density inside the Galactic disc.
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Fig 4: Time Evolution of the total particle number.

3 First applications ïDiffusion tensor
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3 First applications ïRigidity, ꜗ Ȣ

ÅOutflow along the 
magnetic field lines is 
visible

ÅDifferences in loss time 
depending on rigidity is 
huge

ÅStructures are washed 
out with time

Fig 5: Projected density inside simulation volume.
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4 Galactic Termination Shock

Acceleration is possible up to 
Ὁ ρπὩὠ(see Bustard et al. (2016)).

Isotropic(?) flux in theαkneeά toαankleά 
region. 

Possibleexplanationfor the transition
region

Can CRs diffuse back to the Galactic
disk?

Builda modelin CRPropato find out.
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4 Model Sketch

Boundary

350 kpc

250 kpc

10 kpc

Observer
Source

Symmetry

ωRadial / Archmedean
spiral

Diffusion

ωDᶿὉ

ɆὈ ρπ

Advection

Ɇὺ φππ

Ɇὶ ςυπὯὴὧ
Fig 6: The Galactic termination shock model
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4 Archmedean Spiral

Fig 7: Face- and edge-on view of the background field for the Archmedean spiral model
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4 Time Evolution (averaged): ♯ Ȣ

Fig 8: Time Evolution of the observed spectrum for a delta injection in time at the source 
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4 GreenósMethod

CR inject.
t = tend

CR inject.
t = tstart

Source isactivebetweent=tstart=0 and t=tend=50 Myr

Ὓὸᶿɡὸ ὸɡὸ ὸ

Fig 9: Propagation times. Observed 
particles for contious emission of 
ɝὸ υπMyr.
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4 Time Evolution - Luminosity

N
o

w
in

d
W

in
d

Sphericalsymmetric Archmedeanspiral

Fig 10: Luminosity evolution for different models.
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4 Time Evolution Ἴ ἙὁἺ; ♯ Ȣ

SphericalSymmetricς1 dimensional

Fig 11: Spectrum including statistical errors.
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4 Time Evolution Ἴ ἙὁἺ; ♯ Ȣ

Archmedean spiral ς3 dimensional ; ‭ πȢ

Fig 12: Spectrum including statistical errors.
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4 Time Evolution Ἴ ἙὁἺ; ♯ Ȣ

Archmedean spiral ς3 dimensional ; ‭ πȢρ

Fig 13: Spectrum including statistical errors.
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100 300

500 1000

Results ïArrival ♯ Ȣȟꜗ Ȣ; Wind

Fig 14: Arrival direction assuming pure parallel diffusion. Clear ring structure is visible
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100 300

500 1000

Results ïArrival ♯ Ȣȟꜗ Ȣ; Wind

Fig 15: Allowing also for perpendicular diffusion leads to maximum at the poles.
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5 Summary

Observation challengetheoreticalmodels

Complexanisotropic(spacedependent) diffusiontensors, advectionand 
interactionmodelsareneeded

CRPropa3.1 usesanisotropicdiffusiontensorsin arbitrarybackground
fields. Simple advectionmodelsarealso included.

CRPropa3.1 usesSDE andis thereforetrivial to parallelizeon hugeClusters

Not yet a finishedΰhǳǘ-of-the-box-ǎƻƭǳǘƛƻƴΨ ƭƛƪŜ D![twhtΣ Χ
Χōǳǘ Ŝŀǎȅ to extendto fit your needs.
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5 Outlook

Further investigationof the Galacticterminationshock, e.g. 
propagationof CRs also throughthe Galaxy

Quantitative investigationof anisotropy, compositionand
spectrumwith realisticmagneticfield/diffusiontensor

Realisticneutrinoand gammamapsfor the Galaxy (once
hadron-hadroninteractionshavebeenimplemented)

Investigation of Fermi bubblesand WMAP hazepossible, with
precisecalculationof impliedneutrinosignatures
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Lehrstuhl für Theoretische Physik IV
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Backup
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Galactic Termination Shock
Simulation details
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Model Assumption

Symmetry

ωRadial / Archmedean
spiral

Diffusion

ωDᶿὉ

ɆὈ ρπ

Advection

Ɇὺ φππ

Ɇὶ ςυπὯὴὧ

Boundaries

Ɇὶ ρπὯὴὧ

Ɇὶ συπὯὴὧ

Simulation details

Ɇὔ ρπ ψȢυẗρπ

Ɇ† ὕρπὬ ὕρπππὬ
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Lehrstuhl für Theoretische Physik IV
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Observation
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Observation ïEnergy Spectrum

Fig 2. The energy spectrum of Cosmic rays.
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Observation - Composition

Fig 3.  Boron to carbon ratio as a measure for the column 
depth.
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Observation ïB/C ratio

Fig 3.  Boron to carbon ratio as a measure for the column 
depth.



33Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de

Observation ïArrival Directions

Fig 4. Cosmic ray arrival anisotropy at a median energy E=20 TeV after the 
subtraction of the best fit dipole and quadrupole.
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SDE 
Mathematics
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Stochastic Differential Equation

LangevinEquation

StochasticIntegral Equation

ÅThese equationscanbe treatedmathematically
consistently.

ÅNumericalalgorithmto solvethem areavailable.
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From Fokker-Planck Equ. to SDE

General Fokker-Planck Equation

CorrespondingStochasticDifferential Equation

In the caseof decoupledmomentumund spatialoperators
Anddiagonal diffusiontensor

Calculationof stochastictensorD
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Integration scheme

ÅMagnetic field line implementation (e.g. JF12 field) is not trivial.
ÅCalculation of the local trihedron is the crucial part.

ÅUse adaptive field line integration Ą e.g. Cash-Karp algorithm.
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SDE and FPE

LǘƻΩǎ ƭŜƳƳŀ ƭŜŀŘǎ ǘƻ ŜǉǳƛǾŀƭŜƴŎŜ ōŜǘǿŜŜƴ ǎǘƻŎƘŀǎǘƛŎ ŘƛŦŦŜǊŜƴǘƛŀƭ Ŝǉǳŀǘƛƻƴ ό{59ύ 
and Fokker-Planck transport equation (FPE)

‬ɰὶȟὸ

‬ὸ
​ẗὈẗ​ ὶȟὸ Ὓὶȟὸ

Ὠὶ ὃὨὸὄὨ‫ ύὭὸὬȡὨ‫ –Ὠὸ

ὄ ςẗὈȟὃ π

Ὀ

‖ ȟ π π

π ‖ ȟ π

π π ‖
ύὭὸὬȡ‖ ȟ ‖ ȟȡ

Diffusion tensor is diagonal in frame with ὄ ὄ ẗὩ
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CRPropa
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CRPropa: Interactions

Nucleons

ElectronPairProduction
(Bethe Heitler)

PhotoPionProduction

PhotoDisintegration

NuclearDecay

Electro-Magnetic

EMPairProduction

EMDoublePair-
Production

EMTripletPairProduction

InverseCompton-
Scattering

General

Redshift(accountsfor
adiabaticenergyloss)

SynchrotronRadiation
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Performance
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Fig 15: Comparison of computation times. Conventional CRPropa3 (left) and propagation 
with the DiffusionModule (right)

Performance
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Problems 
with the

JF12-field
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Fig 19: Magnetic field line (blue) and end position after diffusion process (red dots).

Problem: Fixed step length



45Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de

Fig 20: Ninty smallest deviation vectors for E=10TeV

Deviation vectors
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Fig 21: Deviation from ideal trajectory is
uniformly distributed in ū.

Fig 22: Deviation from ideal trajectory
peaks around the plane perpendicular to
magnetic field line.

Deviation from field line II



Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de

Lehrstuhl für Theoretische Physik IV
Arbeitsgruppe: Plasma Astroteilchenphysik | Prof. Dr. J. Tjus

Validation
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Validation I

First test of the diffusion in a homogeneous magnetic background field.
A simple anisotropic diffusion tensor is implemented.

Fig 7. The algorithm reproduces the expected analytic results (simulation-barplot, theory-
solid lines).
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Stationary Test I

Stationaryequationof anisotropicdiffusion

Source term

Indirectsolution
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Stationary Test II

Fig 8. Total number density depending on maximum integration time for different 
numbers of snapshots.
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Stationary Test III

Fig 25. Total number density depending on maximum integration time for different 
integration time steps.
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Validation IIa

ÅWe test the accuracy of the 
algorithm in an artificial 
situation.

ÅA spiral with varying radius 
is used as the magnetic 
field line.

ÅThe distance to the field 
line after the diffusion is 
taken as a measure for the 
algorithm accuracy. 

Fig 9: Example of a spiral field line and a 
sample of end positions.
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Fig 10: Results for the accuracy test. The algorithm allows a user chosen 
precision for a pure parallel diffusion.

Validation IIb
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Adiabatic Cooling

Physics

ωEnergy lossor gain, 
dependingon the sign
of the wind divergence.

ωCausedby adiabatic
expansionor
compressionof the
plasma

Implementation

ωSimple Euler-Forward in 
momentum

ωLinearlyproportional to
wind divergence

ωShocks not possible
CRPropa

Fig 4. Particle and energy density for advective test case.
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Examples
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First applications ïRigidity

Fig 14: Time Evolution of the total particle number.
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Continuous source

Fig 24: Cosmic ray density for continuous 
uniform emission inside the Galactic disc.
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4 Time Evolution Ἴ ἙὁἺ; ♯ Ȣ
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Time Evolution Ἴ ἙὁἺ; ♯ Ȣ
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4 Time Evolution Ἴ ἙὁἺ; ♯ Ȣ
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4 Time Evolution Ἴ ἙὁἺ; ♯ Ȣ
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Time Evolution Ἴ ἙὁἺ; ♯ Ȣ
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100 300

500 1000

4 Arrival ♯ Ȣȟꜗ Ȣ; Wind
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100 300

500 1000

4 Arrival ♯ Ȣȟꜗ Ȣ; Wind


