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behavior of charged particles for an Archimedean spiral magnetic configuration and spher-
ically symmetric fluid flow. Simulations of the pitch angle transport and acceleration of
cosmic rays nearby an oblique, spherical shock have been performed. As part of this study,
we have developed a generalized total variation diminishing (TVD) method based on one of
the well-known numerical techniques to handle the advection problems. By using our de-
veloped spatial transport technique, the program running speed can be improved to be 1-2
orders of magnitude faster than a prototype that was developed by Ruffolo (1995), with an
acceptable numerical error. The spatial step size can be fully adjusted to a desired general,
Courant number - = VAY/AZ), which is restricted not to exceed unity in the standard TVD

scheme.

0. Mg

Department of Physics Student's signature ... 29777 LT

Field of study Physics Advisor's signature ... v yA./m.Ym
> Wi
Academic year 2000 Co-advisor's signature ? .....................




Acknowledgements

The development of thoughts and techniques presented here is largely due to
the encouragement, education, criticisms, and good environment provided by my
thesis supervisor, Assoc. Prof. David Ruffolo, to whom | am deeply indebted, as
well as to Assist. Prof. Pornpote Piumsomboon, my co-advisor.

The author wishes to express his deep gratitude to the thesis commit-
tee, Assoc. Prof. Anantasin Techagumpuch, Assist. Prof. Kajornyod Yoodee, As-
sist. Prof. Pornchai Pacharin-Tanakun, and Dr. Kopr Kritayakirana for their
reading and criticizing the manuscript.

| would like to express my gratitude to so many people in the computa-
tional astrophysics research lab who have contributed to this thesis, especially,
Mr. Paisan Tooprakai for computer assistance, Miss Piyanate Chuychai and Miss
Kamonporn Klappong for the manuscript typing, and Mr. Chanruangrit Chan-
nok and Miss Panita Boonma for their help. The thanks are also due to Dr.
Udomsilp Pinsook for his useful suggestions.

Finally, | would like to dedicate the thesis to my parents and my family
for their love, especially to Miss Suratchanee Tuntrakul, for her help, hospitality
and providing an appropriate environment to the author.

This work was supported by a Basic Research Grant from the Thailand

Research Fund and the Thailand University Development Commission ( . D. C.).



Table of Contents

ADSETACT IN TRAT oo v
ADSEract in ENQLISN o V
ACKNOWIRAGEMENES s s s Vi
CONENES o s s s Vil
LISt OF FIGUIBS covvvviisseerssvsviissssesmssssssssssssssstsssssssssssssssssssssssssssssssssssssssssssssssssssens IX
PIEIACE oo ceeererecevesvsierttesanetiapes e fositressess it ess s ssssssssssssssssssssssssesees i
Chapter 1 Spherical Shock Acceleration

O VEIVIBW coovictereesssiasissssenssssisssssssssssssssssssssssssssssssssssssssssssssess 1
L1 INErOAUCHION s iscssssinnssnssssssrssses s ssssssssssssssssssssssssssssssssssssssssssssssenes 1
1.2 Spherically Symmetric SHOCKS......vvvvvvvmssssssssssssesssssssssssssssssssssneens 3
1.2.1 Accretion FIOW SHOCKS.....mrrsssssssssssmmmissessssssssssssssssen 7
1.2.2 Stellar-Wind FIOW SNOCKS ..conicireriiiminissssessssssssssssesssssssssssssssns 10
Chapter 2 Transport EQUATION crrrrevccirmssssnsssssssssssssssssssssssssssssens 17
2.1 Theoretical Investigation: The Fokker-Planck Equation ..., 17
2.1.1 SOIAr W NG oo 21
2.1.2 Archimedean Spiral Magnetic Field .. 22
2.1.3 Specifying Terms in the Fokker-Planck Equation for a Spherical
SNOCK e 23

Chapter 3 Problem Solving Methodologies:
NUmerical MethodS .. 28
3.1 The Operator Splitting TECANIGUE coovvvvvvvvvvvvvvvvvvvvvsrssmmmsssssssssssseseeees 29

3.2 The Implementation of a Generalized TVD Algorithm .o 35



3.3 Spherical Shock Treatment . s 41
Chapter 4 Simulation Program DeSCrpLioN . rrrsvesissssessssssinnns 44
Chapter 5 NUMETiCal RESUIS .oorvveccvrisssssnrrsssecsnsssssssssssssssssssssnnenns 50

5.1 Results for Testing the Generalized TVD Algorithm e 50

5.1.1 WHhOUL 8 SNOCK oo 51
5.1.2 With an Oblique, Planar SNOCK ... 55

5.2 Steady State Spherical Shock Acceleration ..o 62
Chapter 6 Summary and COoNCIUSIONS .corrrrvvvreermissnsssssssseesssnsssssnns 81
REFEIBNCES  ooovvevveeveveeeveeeessmsisssaissi s 84
Appendix A Fermi ACCEIBIatIONS ...ccrirrrrsiisnneesssssssssssssssssseens 97
Appendix B Finite Difference Method . 110
Appendix ¢ Source Code PrOgIamsS...rmmeemmmmmmmssssssssssssssmssnnns 117
Appendix D Source SNOCK WaVES....rssrssissmssssssssssssessnness 125

CUTTICUIUM VIEBE oo crsssssssessssssesssesssessesssesssesssesssssesssessssssaessessesssnssnsssenssns 131



Figure

Figure 1.1

Figure 1.2

Figure 2.1

Figure 2.2

Figure 2.3

List of Figures

Page
Schematic diagrams depicting two cases of shock flow, (a) a stellar
wind termination shock, and (b) an accretion shock, where \D s
the wind speed at [ — oo, d and [0 are arbitrary parameters,
RS denotes the shock radius and the circles indicate the shocks
boundary (from AXford, 1981).nrsrrssssssssssssssssmnsmnnininnn 5

Schematic diagram of a spherical shock from the stellar wind, with
a particle trajectory encountering the termination shock, scatter-
ing back and forth and gaining kinetic energy.

(Webh Bl 1985) .ot 13

Schematic diagram of an (ideal) traveling interplanetary (spheri-
cal) shock in the heliosphere (not to scale). This shock may be

driven by a coronal mass ejection (CME).....ccmmmrmrrrrrrrrrrrressssnnns 18

Average magnetic field lines near a spherical shock. Here the
fluid inside a moving shock boundary is compressed (downstream),
changing the (average) magnetic field configuration............... 19
Schematic illustration of the “garden hose” angle Ip, which is the
angle between the magnetic field line (along the unit vector i) and
the radial vector f, where R = USN(fl sin0) is the characteristic

winding radius of the Archimedean spiral...oemmsssssnssnsennenee 27



Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

X

Comparison of the evolution of the mean pitch angle cosine (fi)
for a coherent pulse of solar cosmic rays up to Vi —0.05 AU for
A= 03 AU and = 15 from Ruffolo and Khumlumlert (1995)
with AZ —1.6 X 10~5 (solid line) and by the generalized TVD
method with Az = 1.6 X 10~5 AU (o), 1.6 X 10~4 AU (+), and
16 X L0"3 AU (X)) corrrrmerreemsmsmesssssssmmsssssssssssssssssssssssssssssssssssssssssssssnees 52

Pitch angle-averaged density of solar cosmic rays at Earth orbit.
The simulation region is from 0to 4 AU and Az = 0.016 (dashed
line) and 0.032 AU (dotted line). The results from Ruffolo and
Khumlumlert(1995) (Az = 0.0016)

are indicated by the Solid [IN€ . 54

Schematic depiction of the background fluid motion near an oblique,
planar, magnetohydrodynamic shock in the de Hoffmann-Teller
frame. The shock is stationary and the flow speed is 1 (upstream)
or 2 (downstream) along the magnetic field "I or "2,

[RSPECLIVEIY cuvvvvvrvrrrrrrrrrrrsessssssssssssssssssststsstssssssssssssssssssssssssssssssssssssssssssssssssssns 55

Phase space density of particles in the steady state as a function
of and z (in units of A) near an oblique, planar shock with tan
B\ = 4 for a) 0—1and b) 4= 15. Note the changes in the pitch

angle distribution near the shock at z = 0. 58

Phase space density of particles in the steady state as a function
of » near an oblique, planar shock with tan A= 4for q—1 (solid
lines) and ( —1.5 (dashed lines) at z = 0.05A (upstream; thick
lines) and z = —0.05A (downstream; thin [N€S)....rrmrsissnnns 59

lllustration of particle transport near an idealized, oblique shock.

The directions of motion of particles in the Z-l plane are indicated



Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18

X1

by the arrows. Vertical arrows indicate pitch angle scattering,
horizontal arrows indicate streaming, and arrows near the shock
indicate the changes in /i. during transmission or reflection. ... 61
Schematic diagram shown the balance of spatial and momentum
fluxes in diffusive shock acceleration (Ruffolo, 1999)......cnnes 63
The time evolution ofja\/e vs. spatial distance 2 for —1. Each

frame represents a time interval of 1039.9375 MiN ., 64

The time evolution of the spatial dependence of the pitch angle-
averaged intensity,jaevs. spatial distance z for (= 1 The particle
intensity in our flux tube is first set equal to a constant at the

beginning of the SIMUIATION ..o 67

Overlay plot ofjans. spatial distance z corresponding to the
previous plot for —1. The deceleration effect is not taken into

account. These line plots illustrate the approach

0 @ SIOATY STAE....o 68

Surface plot showing the distribution of the particle densityj in

u—Z space for = 1.0 and no adiabatic deceleration effect. .. 69
Same as Figure (5.9) but including the adiabatic deceleration. 70
Same as Figure (5.10) but including the adiabatic deceleration. 71
Same as Figure (5.11) but including the adiabatic deceleration. 72
Like Figure (5.9) for —15 and no deceleration effect.............. 74

(5.

Like Figure (5.10) for 0= 15 and no deceleration effect........ 75

Like Figure (5.11) for 0= 1.5 and no deceleration effect......... 76
(5.

Like Figure (5.12) for 4= 1.5 and including the effect of

AR CRIETALION .ottt e e se s 77



Figure 5.19

Figure 5.20

Figure 5.21

Figure A .l

Figure A.2

Like Figure (5.13) for —1.5 and including
the deceleration effeCt. .. 78

Like Figure (5.17) for Q —1.5 and taking the effect of adiabatic

deceleration INt0 ACCOUNT...eeeereer e s eesssessees s eesseesseesssesseessensens 79

Graphs of (]) vs. 2 for 0 —1 (upper group) and —15 (lower
group) where within each group the higher curve is for neglecting

the adiabatic deceleration effect and the lower curve is for including

lllustrating the collision between a particle of mass M and a cloud
of mass M. (a) A head-on collision: (b) a following collision. The
probabilities of head-on and following collisions are proportional
to the relative velocities of approach of the particle and the cloud,
namely, v+ Vcos0 for (a) and v —V 00S6 for (b). Since v ftl c,
the probabilities are proportional to 1 + (V/C) cos 6

The dynamics of high energy particles in the vicinity of a strong
shock wave, (a) A strong shock wave propagating at a supersonic
velocity, , through stationary interstellar gas with density Pi,
pressure Pi and temperature T\ The density, pressure and tem-
perature behind the shock are p2, p2 and T2, respectively, (b) The
flow of interstellar gas in the vicinity of the shock front in the ref-
erence frame in which the shock front is at rest. In this frame of
reference, the ratio of the upstream to the downstream velocity is
VIN2— + 1y7¢7 —1). For a fully ionized plasma, 7 = 5/3 and
the ratio of these velocities is VW2 = 4 as shown, (c) The flow of

gas as observed in the frame of reference in which the upstream



Figure B.I
Figure B.2
Figure B.3

Figure D .|

XIII

gas is stationary and the velocity distribution of the high energy
particles is isotropic, (d) The flow of gas as observed in the frame
of reference in which the downstream gas is stationary and the

velocity distribution of high energy particles

IS ISOLTOPIC cossssssssssessssrssrssrmmmmmimssssssssssssssssssssssss s ssssssssssssssssssssenes 109
DISCIEHZEU X SPACE......mmmmmreervverrvsrsssrssssssssssesssssssssssssssssssssssssssssssssssssssssssssenes 110
DISCIEtIZEH XL SPACE...vvvreesecscesessssssesssesessssssssssssessessessssnes 113
DISCIEtiZEd T SPACE.....ccmvmvmsrrsnssmssessmsssssssssmsssssssssssssssssissins 114

Schematic of shockwave showing the jump in density and a drop

IN VIO CIY oot ssssssssssssssssssssssssssssssssssnns 127



Preface

Recently, the use of computer simulations to study some physical systems
s an attractive and sophisticated fashion. During the past decade computational
physics - the use of modern high speed computers to carry out numerical modeling
of physical situations which cannot be addressed by either analytic theory or by
experiments - has emerged as a distinct and rapidly growing field of physics. This
follows the down-sizing of the mainframe computer capability into the low-cost
PC-based computers. The price performance of PC-based computers has rapidly
improved in the past decade. According to the present computer technology, a
normal high-end PC-based computer may have the same calculation capability
as a mainframe system did ten years ago, but at a very low price. Furthermore,
well developed mathematical packages have been issued, and the reliability of such
programs has been improved. A few examples are Mathematica (Wolfram, 1999),
Maple (Braselton, 1994) and Mathcad (P hillip, 1998). Some packages can do hoth
symbolic and numeric calculations and most of them have programming features
that allow users to create their own desired complex numerical program more
easily since there are a lot of built-in functions and a higher-level language than
the traditional programming languages (C, Pascal, Fortran, etc.). This is because
of amore friendly user interfacing design. Some symbolic calculation features can
help physicists who always do some horing tasks that require a whole day to carry

out, making them easier to handle, e.g., to tackle a cumbersome problem in a few



minutes. This thesis is one of the examples of exploiting the henefits of computer
simulations. The graphic utilities in some packages were used in my thesis work,
while the main calculating engine was still in the C language to achieve a good
running speed, more flexibility, and maximum reliability.

The motivation of this thesis has a starting point from the rapid increase
of the world's population leading to the enormous number of people existing in
the world. This causes world-wide serious troubles making it more difficult for
humans to survive. The majority of the world’s poorest people depend on the
natural environment for their survival. In several countries, people have no abhility
to produce enough food; therefore, under these circumstances, people are dying
of hunger every day all over the world. Trouble arises when people have no food,
which leads to non-stop destruction of more and more natural resources every
year. This causes a direct effect on a very delicate ecosystem and therefore we
may not maintain an appropriate environment much longer. Consequently, if the
population growth keeps going on at this present-day rate, one day our world will
be filled with people. At that time, there will be no more space in the planet
Earth to appropriately handle all the people.

Since the end of the Cold War, several powerful countries, led by the
United States of America, Russia, some European countries, €{C., have developed
space research in a better way than ever before. Nowadays, there are several
creative and frontier space research projects performed by in several countries.

Several such programs involve cooperation between several nations. The most



important and interesting project is about the settling of humans in space or
other planets. This guarantees that mankind will exist in the future. This idea is
possible in the near future, assuming the rapid progress in materials development
and space technology improves further in the next few decades. At least the
biggest space station ever is being constructed somewhere in Earth orbit. In the
future, based on our recent knowledge and scientific background and the space
technologies we have, we will get more freedom to go everywhere we want, not
only limited by the Earth’s atmosphere or confined by its gravity.

However, the ambient surroundings of the “new home” will be very far
different from the Earth’s atmosphere. Indeed, it will be a very harmful environ-
ment. Since our planet is shielded by the atmosphere and the Earth’s magne-
tosphere, this suitable environment protects all of the living things inside from
unavoidable objects and particles coming from the deep space. One thing that
is very dangerous and harmful to all life is the *cosmic rays.” (A brief descrip-
tion of cosmic rays and related references will be presented in Chapter 1.) We
rarely worry about these effects when we are staying on the Earth. However,
violent events can occur at the , such as solar flares (the huge explosions
on the surface of the ) or coronal mass ejections (CME). The latter can in-
volve billions of tons of coronal mass immediately swirling outward from the
into the surrounding space (the heliosphere), releasing an enormous amount of
charged particles into the heliosphere with a very high speed, up to 2000 km/s.

These plasma streams can directly affect the Earth’s magnetosphere and an in-



terplanetary shock can be formed since the CME travels with a speed greater
than the speed of sound into the ambient fluid flow. Now we believe that when
the charged particles are repeatedly crossing the shock back and forth due to
scattering from magnetic field irregularities, they can be accelerated from a low
energy to a very high energy level (see more details in Chapter 1 and references
therein) and these particles (or any produced by solar events) are known as So-
lar Energetic Particles (SEP). The shocks driven by CMEs and the cosmic rays
accelerated there can have serious effects on the Earth, such as disrupting ra-
dio communications, causing electric power failures, destroying solar panels on
board satellites, destroying the delicate electronic systems of the spacecraft or
even causing radiation warnings on transoceanic airplane flights, €fC..

Our new model of spherical shock acceleration, with the contribution of
a powerful spatial transport technique we had developed, helps US to perform
high-efficiency computer simulations. This is a low-cost and appropriate way to
learn more about the acceleration of energetic particles in our surrounding space.
The information given by the computer simulations is a step toward obtaining
knowledge useful to humankind in the new space era.

This thesis contains 6 chapters, with a major emphasis on numerically
solving cosmic ray transport problems and possible acceleration mechanisms of
charged particles (cosmic rays) under the shock circumstances, and emphasizes a
spherical shock geometry. The various physical properties and behaviors of such
particles in the spherical shock vicinity were studied in several situations. Chap-

v



ter 1 gives a briefintroduction to the fundamental ideas of cosmic rays, including
their discovery, some hasics and possible physical processes, and theories relevant
to the acceleration mechanism of charged particles in the vicinity of a (spherical)
shock. Furthermore, this chapter also gives a hrief summary of spherical shock
investigations from the early stage to the present day. A formal derivation of a
suitable transport equation for the spherical shock is given in Chapter 2. The
possible physical processes dealing with this situation are carefully taken into
account, especially the adiabatic deceleration and focusing. This is the first sys-
tematic, numerical study of these effects, which do not appear at a planar shock.
Chapter 3 presents appropriate methodologies to solve our transport equation.
Since the transport equation we obtained is one form of a Fokker-Planck equa-
tion, and it is a linear partial differential equation and has several variables, it is
impossible to find analytical solutions under our houndary conditions of interest.
This chapter introduces some useful numerical techniques such as the concept of
“operator splitting” to split a complex differential equation into simpler, solvable
forms. Furthermore, this chapter gives the description of a new generalization of
the numerical technique for solving the convection problem called “total variation
diminishing (TVD),” which we have developed (Nutaro, Riyavong, and Ruffolo,
2000) from the standard scheme. Our newly modified method is called a gen-
eralized TVD scheme, and we use this scheme for the whole spatial transport
simulation. In addition, the description of the particles encountering a shock,

which we call the shock treatment, is also included in this chapter. Chapter 4



describes the results of our simulations in various situations of interest. Chapter
5 gives the summary and the discussion of this thesis.

This study will lead US to improve our basic knowledge relevant to par-
ticle transport and acceleration under spherical shock circumstances. Hence, the
behavior of charged particles under the influence of the shock curvature effects
such as adiabatic deceleration and adiabatic focusing can be examined by using

our well-developed computer simulation program.
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