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Two faces of the same coin:

Cosmic Ray modulation in the Heliosphere

Cosmic Ray transport in the Galaxy
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Cosmic Ray modulation in the Heliosphere
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Galactic Protons
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Jovian Electrons
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On the propagation of Jovian electrons in the
heliosphere: transport modelling in 4-D phase space
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Two Questions,
Two Complementary Numerical Tools

Heliophysical Questions:

e How are the cosmic ray protons and electrons modulated on their way from the

heliospheric boundary to earth?

e Can we determine transport parameters from the propagation of Jovian

electrons?

e Grid-Based Numerics: DuFort-Frankel, VLUGRS3 ...

Solving the CR-Transport Equation directly on a numerical grid via finite

differences or finite volume methods.
e Stochastic Differential Equations (SDE)

Solve a SDE equivalent to the Transport Equation by tracing pseudo-particles
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Testing the SDE Modulation with an Analytic Parker
Propagator

The Parker propagator for spherical solar modulation
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Fig. 1. The modulated spectra of ACRs and GCRs in the heliosphere.
The solar wind termination shock marking the position of the sources
is located at s, = 100 AU. The solid lines are the combined spectra,
the dotted and dashed lines indicate the individual contributions from
ACRs and GCRs, respectively.
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Results

Testing the SDE Modulation with an Analytic Parker Propagator
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Fully Anisotropic Diffusion
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Fully Anisotropic Diffusion
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Fully Anisotropic Diffusion
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Fully Anisotropic Diffusion
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Anisotropic Diffusion
The ,,Classical“ Approach: Euler-Angle Transformation
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Anisotropic Diffusion
The new Approach: Local Frenet-Trihedron
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Anisotropic Diffusion
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The new Approach: Local Frenet-Trihedron
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The new Approach: Local Frenet-Trihedron
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Anisotropic Diffusion
The General Transformation

The symmetric global diffusion tensor:
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Anisotropic Diffusion
The General Transformation 4 )

General magnetic field &
local diffusion coefficients

The symmetric global diffusion tensor:
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Anisotropic Diffusion
The General Transformation 4 )

General magnetic field &
local diffusion coefficients

The symmetric global diffusion tensor:
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Anisotropic Diffusion
The General Transformation 4 )

General magnetic field &
local diffusion coefficients

The symmetric global diffusion tensor:
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\,%33 — ki1nd + riobd + ,i”tg Y Include in transformation to global
reference frame
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General magnetic field &
local diffusion coefficients

The symmetric global diffusion tensor:
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General, fully anisotropic, global
diffusion tensor

- J

In any case: The simple structure of the diffusion tensor in the local frame may
lead to complicated tensor elements in the global frame, depending on the
magnetic field.
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Anisotropic Diffusion
The Parker-Field Trihedron

-

T>2 (QQ(T ;;@)sma)




Bochum | 15. September 2011 | Frederic Effenberger et al.

Anisotropic Diffusion
The Parker-Field Tensor Elements (isotropic perp.) =1, k,1=02, Kk15=02

r=10AU, o =7
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Anisotropic Diffusion
The Parker-Field Tensor Elements (anisotropic perp.) =1, k11 =0.05, k1o =0.2
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Results
Modulation Spectra Isotropic vs Anisotropic
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Results
Modulation Spectra Isotropic vs Anisotropic (Normalized to LIS)
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Results
Effect of Different Tensor Formulations
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Results
Jovian Electron Distribution (8 MeV)
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Results
Jovian Electron Distribution (8 MeV)
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Results
Jovian Electron Distribution (8 MeV)
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Results
Jovian Electron Distribution (8 MeV)
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Results
Jovian Electron Distribution (8 MeV)
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Conclusions

* Anisotropic Diffusion is important for Cosmic Ray transport on different
scales and its proper treatment is needed to determine their actual

distribution in the Galaxy and the modulation effects in the Heliosphere.

e Complementary numerical tools exist and are under development to
investigate the properties of solutions to the Parker transport equation for

various coordinate systems, setups and boundary conditions.

e QOur new approach to the formulation of the diffusion tensor results in
differences for the tensor elements in the fully anisotropic case and has a
possible impact on the resulting modulation spectra, especially for high

latitudes.

e The LIS modulation of galactic protons and the distribution of Jovian

electrons shows to be sensitive to the actual structure of the diffusion tensor.




