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P r e f a c e

Recently, the  use o f com pu te r s im u la tions  to  s tudy  some phys ica l systems 

is an a ttra c tiv e  and soph is tica ted  fash ion. D u r in g  the  past decade com pu ta tio n a l 

physics -  the  use o f m odern h igh  speed com puters to  ca rry  ou t num erica l m ode ling  

o f phys ica l s itu a tio n s  wh ich cannot be addressed by e ithe r a n a ly tic  th eo ry  or by  

experim en ts  -  has emerged as a d is t in c t and ra p id ly  g row ing  fie ld  o f physics. T h is  

fo llow s the down-s iz ing o f the m a in fram e com pu te r c a p a b ility  in to  the low -cost 

PC-based com puters. The  price perfo rm ance o f PC-based com puters has ra p id ly  

im p roved  in  the  past decade. A cco rd ing  to  the present com pu te r technology, a 

no rm a l h igh-end PC-based com pu te r may have the same ca lcu la tio n  c a p a b ility  

as a m a in fram e system  d id  ten years ago, b u t a t a very low  price. Fu rthe rm o re , 

w e ll developed m a them a tica l packages have been issued, and the  re lia b ili ty  o f such 

prog ram s has been im proved . A  few examples are M a them a tica  (W o lfram , 1999), 

M ap le  (B rase lton , 1994) and M a thcad  (P h ill ip , 1998). Some packages can do bo th  

sym bo lic  and num eric  ca lcu la tions  and most o f them  have p rog ram m ing  features  

th a t a llow  users to  create th e ir  own desired com plex num erica l p rog ram  more  

easily since there are a lo t o f b u ilt - in  func tions  and a h igher-leve l language than  

th e  tra d it io n a l p rog ram m ing  languages (C , Pascal, F o rtra n , etc.). T h is  is because 

o f a more fr ie n d ly  user in te rfa c ing  design. Some sym bo lic  ca lcu la tio n  features can 

he lp phys ic is ts who always do some bo ring  tasks th a t requ ire a who le day to  ca rry  

ou t, m ak ing  them  easier to  handle, e.g., to  tack le a cumbersome p rob lem  in  a few



m inu tes. T h is  thesis is one o f the examples o f e xp lo it in g  the  benefits o f com pu te r 

s im u la tions . The  g raph ic  u t i l it ie s  in  some packages were used in  m y thesis work, 

w h ile  the m a in  ca lcu la tin g  engine was s t i l l  in  the c language to  achieve a good  

ru n n in g  speed, more f le x ib ility , and m ax im um  re lia b ility .

The  m o tiv a tio n  o f th is  thesis has a s ta r t in g  p o in t from  the ra p id  increase 

o f the  w o r ld ’s p opu la tio n  lead ing  to  the  enormous num ber o f people e x is tin g  in  

the  w o rld . T h is  causes w o rld -w ide  serious troub les m ak ing  i t  more d if f ic u lt fo r 

humans to  surv ive . The m a jo r ity  o f the w o r ld ’s poorest people depend on the  

n a tu ra l env ironm en t fo r th e ir  su rv iva l. In  several countries, people have no a b il ity  

to  produce enough food; therefore , under these c ircumstances, people are d y ing  

o f hunger every day a ll over the w o rld . T roub le  arises when people have no food, 

w h ich  leads to  non-s top  des tru c tion  o f more and more n a tu ra l resources every 

year. T h is  causes a d ire c t effect on a very de lica te  ecosystem and there fo re  we 

m ay no t m a in ta in  an app rop ria te  env ironm en t much longer. Consequently, i f  the  

p o p u la tio n  g row th  keeps go ing on a t th is  present-day ra te , one day ou r w o rld  w il l 

be fille d  w ith  people. A t  th a t t im e , there w il l be no more space in  the p lane t 

E a r th  to  a pp rop r ia te ly  handle a ll the people.

Since the end o f the C o ld  W ar, several pow erfu l countries, led by the  

U n ite d  States o f Am erica , Russia, some European countries, etc., have developed  

space research in  a b e tte r way than  ever before. Nowadays, there are several 

crea tive  and fro n tie r space research p ro jec ts  perfo rm ed by in  several countries. 

Several such program s invo lve coopera tion  between several na tions. The most
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im p o r ta n t and in te res ting  p ro je c t is abou t the  s e tt lin g  o f humans in  space or 

o th e r p lanets. T h is  guarantees th a t m ank ind  w il l  ex is t in  the  fu tu re . T h is  idea is 

possib le in  the near fu tu re , assum ing the ra p id  progress in  m a te ria ls  developm ent 

and space techno logy improves fu r th e r in  the  next few decades. A t  least the  

biggest space s ta tio n  ever is be ing cons truc ted  somewhere in  E a r th  o rb it . In  the  

fu tu re , based on ou r recent know ledge and scien tific  background and the  space 

technologies we have, we w il l get more freedom  to  go everywhere we w an t, no t 

o n ly  lim ite d  by the E a r th ’s atmosphere o r confined by its  g rav ity .

However, the am b ien t su rround ings o f the “ new home” w i l l  be ve ry fa r  

d iffe re n t from  the E a r th ’s atmosphere. Indeed, i t  w il l be a very ha rm fu l env iron 

m ent. Since ou r p lane t is shie lded by the atmosphere and the E a r th ’s magne

tosphere, th is  su itab le  env ironm en t p ro tec ts  a ll o f the liv in g  th ings  ins ide from  

unavo idab le  ob jec ts and pa rtic le s com ing from  the deep space. One th in g  th a t  

is ve ry  dangerous and ha rm fu l to  a ll life  is the “ cosm ic rays.”  (A  b r ie f descrip

t io n  o f cosm ic rays and re la ted references w il l  be presented in  Chap te r 1.) We 

ra re ly  w o rry  abou t these effects when we are s tay ing  on the E a rth . However, 

v io le n t events can occur a t the รนท, such as solar flares (the  huge explosions  

on the  surface o f the รนท) o r corona l mass ejections (C M E ). The la tte r  can in 

vo lve b illio n s  o f tons o f corona l mass im m ed ia te ly  sw ir lin g  ou tw a rd  from  the  รนท 

in to  the  su rround ing  space (the heliosphere), re leasing an enormous am oun t o f 

charged pa rtic le s in to  the heliosphere w ith  a very h igh  speed, up to  2000 km /s . 

These p lasma streams can d ire c tly  affect the E a r th ’s magnetosphere and an in 
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te rp la n e ta ry  shock can be fo rm ed since the  C M E  trave ls w ith  a speed greater 

th a n  the  speed o f sound in to  the  am b ien t f lu id  flow . Now we believe th a t when 

th e  charged pa rtic le s  are repea ted ly crossing the shock back and fo r th  due to  

sca tte r in g  from  m agnetic  fie ld  irre gu la ritie s , they  can be accelerated from  a low  

energy to  a very h igh  energy level (see more de ta ils  in  C hap te r 1 and references 

th e re in ) and these pa rtic le s (o r any p roduced by so lar events) are known as So

la r Ene rge tic  Partic les (SEP). The shocks d riven  by C M Es and the cosm ic rays 

accelerated there can have serious effects on the E a rth , such as d is ru p tin g  ra 

d io  com m un ica tions , causing e lec tric  power fa ilu res , des troy ing  solar panels on 

boa rd  sa te llites , des troy ing  the  de lica te  e lec tron ic systems o f the spacecraft or 

even causing ra d ia tio n  warn ings on transocean ic a irp lane  flig h ts , etc..

O u r new m ode l o f spherica l shock acce leration, w ith  the c o n tr ib u tio n  o f  

a pow e rfu l spa tia l tra n sp o rt technique we had developed, helps US to  pe rfo rm  

h igh -e ffic iency com pu te r s im u la tions . T h is  is a low -cost and app rop ria te  way to  

lea rn  more abou t the  acce lera tion o f energetic pa rtic le s in  ou r su rround ing  space. 

T he  in fo rm a tio n  given by the  com pu te r s im u la tions  is a step tow ard  o b ta in in g  

know ledge useful to  hum ank ind  in  the  new space era.

T h is  thesis conta ins 6 chapters, w ith  a m a jo r emphasis on num erica lly  

so lv in g  cosm ic ray tra n sp o rt prob lems and possible acce lera tion mechanisms o f 

charged pa rtic le s (cosm ic rays) under the shock c ircumstances, and emphasizes a 

spherica l shock geometry. The  various phys ica l p roperties and behaviors o f such 

pa rtic le s  in  the  spherica l shock v ic in ity  were stud ied  in  several s itua tions . Chap-
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te r 1 gives a b r ie f in tro d u c t io n  to  the  fundam en ta l ideas o f cosm ic rays, in c lu d in g  

th e ir  discovery, some basics and possible phys ica l processes, and theories re levant 

to  the  acce lera tion mechanism  o f charged pa rtic le s  in  the  v ic in ity  o f a (spherica l) 

shock. Fu rthe rm o re , th is  chap te r also gives a b r ie f sum m ary  o f spherica l shock 

in ves tiga tions  from  the ea rly  stage to  the present day. A  fo rm a l de riva tion  o f a 

su ita b le  tra n sp o rt equa tion  fo r the spherica l shock is given in  C hap te r 2. The  

possib le phys ica l processes dea ling  w ith  th is  s itu a tio n  are ca re fu lly  taken in to  

account, especia lly the  ad iaba tic  dece lera tion and focusing. T h is  is the f irs t sys

tem a tic , num erica l s tudy  o f these effects, w h ich  do no t appear a t a p lana r shock. 

C hap te r 3 presents app rop ria te  m ethodo log ies to  solve ou r tra n sp o rt equation. 

Since the  tra n sp o rt equa tion  we ob ta ined  is one fo rm  o f a Fokker-P lanck equa

tio n , and i t  is a lin ea r p a r t ia l d iffe re n tia l equa tion  and has several variables, i t  is 

im poss ib le  to  fin d  a na ly tic a l so lu tions under ou r bounda ry  cond ition s  o f in te res t. 

T h is  chap te r in troduces some useful num erica l techniques such as the concept o f 

“ o pe ra to r s p lit t in g ” to  s p lit a com plex d iffe re n tia l equa tion  in to  s im p le r, solvable  

fo rm s. Fu rthe rm ore , th is  chap te r gives the desc rip tion  o f a new genera liza tion o f 

the  num erica l technique fo r so lv ing  the convection p rob lem  ca lled “ to ta l va ria tio n  

d im in is h in g  (T V D ) , ” w h ich  we have developed (N u ta ro , R iyavong, and Ru ffo lo , 

2000) from  the s tanda rd  scheme. O u r new ly m od ified  m e thod  is called a gen

era lized  T V D  scheme, and we use th is  scheme fo r the who le spa tia l tra n spo rt 

s im u la tio n . In  a d d itio n , the  desc rip tion  o f the  pa rtic le s  encoun te ring  a shock, 

w h ich  we ca ll the shock tre a tm en t, is also inc luded in  th is  chapter. C hap te r 4



describes the  resu lts o f ou r s im u la tions  in  various s itu a tio n s  o f in te res t. C hap te r 

5 gives the  sum m ary  and the discussion o f th is  thesis.

T h is  s tudy  w i l l  lead US to  im prove ou r basic know ledge re levant to  pa r

tic le  tra n s p o rt and acce lera tion under spherica l shock circumstances. Hence, the  

behav io r o f charged pa rtic le s under the in fluence o f the  shock cu rva tu re  effects 

such as ad iaba tic  dece lera tion and ad iaba tic  focusing can be exam ined by using  

ou r we ll-deve loped com pu te r s im u la tio n  p rogram .
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