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Description of the Problem

This internship had the purpose of constructing a one-dimensional computational
model to understand the influence of the Sun on the flux of cosmic rays across the
heliosphere, doing so by solving the Parker's Transport Equation, numerically.
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Figura 1: Picture of the Heliosphere and the insterstellar medium - scaled
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Parker Equation

Parker's Transport Equation is written in the following way:

of 1 of

T4 V.VE —V-(K-Vf)—(V-V) = gq

ot ~—— ~— 3 Olnp ~~
convection and drift diffusion sources

adiabatic cooling

In (1), V(r) stands for the Solar wind, and K is a 3x3 tensor which represents the
diffusion phenomena. There is no full analytical solution to this equation, so we had
to solve it by using finite difference schemes.

Graphic representation of an infinitesimal element on the r — |p| space
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Parker Equation (1-D spacial simplification)

In the equation above, if one assumes a spherical symmetric geometry, with
f = f(r), in a steady-state (0/0t = 0), and the source term zero, then it is
very easy to obtain:

of 10 (5, 0f 1 0 /> or
V(’)r_r26r (r k@r)_3r26r (r V) 8/np_0 @)

where k now became, after the simplification, a phenomenological diffusion
coefficient that can be a function only of the radial coordinate r and
momentum p. Finally, (2) can be readily rewritten in a simpler form:

>f Ly 2k OKNOF L (2v 10V Of
r 3r 3 0r

or

dlnp =0 (2)

being the equation to solve.
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Numerical Approach I

For getting the solution for f(r, p), the Crank-Nicolson method was used. Let
f! represent the value of the function in the coordinates rj = ro + iA, and
Inpj = Inpo + jAmp, withie€l,...,Nandjel,.... M

A
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J
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Numerical Approach 11
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keeping in mind the relationship

jT = p*f
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Numerical Approach III
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Numerical Approach IV

Then, setting 1 = k, g2 = —V + 2 + gf and @3 = ¥ + %% (3) becames
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which can be written in a matricial form so that " >
Ax/Tt = Bx '
with A and B being tridiagonal matrices
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Force Field Solution

An easy way of modulate the flux throughout the heliosphere is using an
approximation of modulation theory called Force-Field solution (Gleeson and
Axford, 1968). It producre the so-called modulation potencial, ¢, which can be
used to get a solution:

j(r7 ,D) _ jL/S(E+¢) (3)
E2-E  (E+®)7_E2

with ® = Ze¢, Z the atomic number and e the unit charge. This modulation
potencial comes from the fact that the diffusion coefficient k could be written
as k(r,p) = Bki(r)k2(p), which allows to get:

_ (V) [P BR(E)
¢(r)_[ 3k1(r/)dr _»/p p/ dp

This is valid in a variety of the phase space corresponding to
dp/dr = pV /3k(r, p)
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C++ Class and Methods

To solve the problem , we chose to develop a C++ code , in a scheme of
classes to obtain the numerical solution of Parker’s Transport Equation .
it had the possibility to alter the problem’s parameters like Solar Wind Speed

and the Diffusion Coefficient.

Matrix

M

MatrixBanded

+ GausElimination() : void

+classname : string

+Det() - virtual void
+ Print() - void SolarModulation

+swapRows(int, int) : void © radius : vectoreint
+ flux : double**

+ ForceField : TF1*
+ KoeffDiff : TF1*

+ Solarwind : TF1*

+ Solve(): void
+ GetDifferencialintensity radius): void

+Inverse() : void

+ Transpose() - void

+ GetMatrix() : vector<Vec>

ROOT = EqSolver

+ Function : TF1* + M: Matrix®
+ constants : Vec
+ Histogram - TH1F*

+Nzint

+ entries : double”

+ Graph : TGraph® + GaussEliminationSolver() : void

+ LUDecompositionSolver() : void
+ Draw() : void
+ SetParameter(int™) - void + RecursiveTriDiagonal() : void

+ SefEntries(int double")

void
-+ Print() : void

+ Print{const char) : void

Class Scheme used to solve the problem
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Results (One-Dimension)

Solar Wind Speed 400 km/s and diffusion coefficient k = 4.38 x 10'®(m?/s)
and Modulation Potential ¢ = 407MV
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Conclusions

Intensity [particle/s-m"2-srad-MeV-nucleon]
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Pamela 20068

+ AMS_01

» IMP75

* IMP87

Solution: Flux, r = 1 AU

L L1 ‘ Ll ‘ L Ll L
102 10° 10*
KEnergy [MeV]

1 AU and Data from different years

14



Conclusions

Cycle 24 Sunspot Number Prediction (2015/08)
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