
C h a p t e r  5

N u m e r i c a l  R e s u l t s

5 . 1  R e s u l t s  f o r  T e s t i n g  t h e  G e n e r a l i z e d  T V D  

A l g o r i t h m

A s discussed in  section 3.2, we have developed a new num erica l analysis technique 

fo r th is  research: A  generalized T V D  a lg o rith m  (N u ta ro , R iyavong  and R u ffo lo , 

2000). T o  ensure th a t  our new m ethod  is applicable to  general advection type 

problem s, we perform ed tes t s im u la tions  o f the  tra n s p o rt o f charged partic les 

under th e  influence o f an A rchim edean m agnetic  fie ld . These partic les undergo 

several physical process (see m ore deta ils  in  R u ffo lo  1995). N e x t, the  perform ance 

o f the  num erica l a lg o rith m  fo r the  “p lanar shock” case has been tested. T h e  

resu lts  o f these tw o  case studies are know n and well-estab lished.
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5.1.1 W ith o u t  a shock

Before considering an oblique shock, we tested o u r m ethod o log y by reproducing 

the  resu lts  o f p revious w ork. In  a p revious com parison w ith  o th e r codes (E a r l et 

al . , 1995), we found th a t  a p a rt ic u la r ly  strenuous tes t is w h e the r the  code p rop erly  

tre a ts  processes a t ea rly  tim es, i.e ., t  <c T, the  mean free tim e . There fo re , we 

sought to  reproduce previous resu lts  on the  fo rm a tio n  o f coherent pulses o f solar 

cosmic rays a fte r an instan taneous in je c tio n  a t a s ta rtin g  p o in t 2  =  0, defined to  

be 0.01 astronom ica l u n its  (A U ) fro m  the  รนท (R u ffo lo  and K h u m lu m le rt, 1995).

W e s ta rted  w ith  the o rig in a l 2 -g rid  spacing, and then  enlarged A 2  to  im ­

prove the  p rogram  ru n n in g  speed, and tested how m uch A 2  could be increased 

w ith o u t seriously a ffecting  the  accuracy o f the code. W e considered the d is tr i­

b u tio n  o f p ro tons o f k in e tic  energy 46.8 M e V , corresponding to  a m om en tum  o f 

300 M e V  c-1 , where c is the  speed o f lig h t. F ig u re  (5.1) shows the mean p itch 

angle cosine (/x) p lo tte d  vs. the  distance traveled vt .  To  compare w ith  the pre­

v ious resu lts  (so lid  lin e ), we s ta rted  w ith  A 20 =  A f i v A t  =  1.6 X 10“ 5 A U  as in  

th e  p revious w o rk  (๐ sym bols), where s im u la tio n  is over 2  =  0 to  0.05 A U . W e 

then  exp lo ited  the  advantages o f the  T V D  m ethod by en larg ing  A 2  to  10 tim es 

(+  sym bols) and 100 tim es larger ( x  sym bols), w h ile  keeping A /x  the  same. W e 

found  th a t when A 2  =  A 2 0 , we o b ta in  a lm ost exac tly  the  same results as p rev i­

ously. T h e  resu lts  were s lig h tly  d iffe ren t when the g rid  size was enlarged, w h ich  

we believe to  be caused by the  s trong  focusing effect close to  the  รนท.
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F ig u re  5.1: C om parison o f the  e vo lu tion  o f the mean p itch  angle cosine (/z) fo r 

a coherent pulse o f so lar cosmic rays up to  v t  =  0.05 A U  fo r A =  0.3 A U  and 

q =  1.5 fro m  R u ffo lo  and K h u m lu m le rt (1995) w ith  A z  =  1.6 X 10~5 (so lid  line ) 

and by the  generalized T V D  m ethod  w ith  A z  =  1.6 X 10-5  A U  (o ), 1.6 X 10-4 

A U  (+ ) ,  and 1.6 X 10~3 A U  ( x ) .
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T h e  resu lts  a ll converge a t around 0.02 A U , w h ich  is ve ry  sm a ll fo r prac­

t ic a l purposes, g iven the  ap p rox im a tions  in  the m odel, and th a t  to  date a ll m ea­

surem ents o f so lar cosmic rays have been a t >  0.3 A U  fro m  the  รนท, w h ile  the  

c a lc u la tio n  speed is com m ensura te ly  im proved by 1 o r 2 orders o f m agnitude 

fo r the  increased A z  values. There fo re , unless very h igh accuracy is required 

a t such sm a ll ra d ii, we conclude th a t  th is  generalized T V D  m ethod  can provide 

acceptable resu lts  w h ile  reducing the  run  t im e  by 1 to  2 orders o f m agnitude. 

T h e  resu lts  o f p a rtic le  tra n s p o rt fro m  the รนท to  E a r th  o rb it (a rad ius o f 1 A U ) 

were also exam ined. W e set the s im u la tio n  distance to  be fro m  z  — 0 to  4 A U  

fo r A ท =  2 /2 5  and w ith  o th e r values as before. F ig u re  (5.2) illu s tra te s  the p itch 

angle-averaged F  a t E a r th  o rb it vs. the distance trave led , ร =  vt .  T h e  results 

fro m  previous w o rk  (A z 0 =  A/ j , vAt  =  0.0016) are ind icated  by solid lines, and 

o u r new resu lts  w ith  the  T V D  m ethod  fo r A z 0 are ind is ting u ishab le  a t th is  scale. 

R esu lts  are also shown fo r enlarged grid  spacings 10 and 20 tim es bigger (dashed 

and d o tted  lines, respective ly) w h ile  A/J, is the  same. F ro m  F ig u re  (5.2) we see 

th a t  the  p itch  angle-averaged F  ob ta ined fo r A z  ะ= 10 A z0 is ve ry  s im ila r to  th a t 

in  p revious w ork, w ith  the exception o f a s lig h t offset a t la te  tim es (which when 

f i t t in g  observed data, w ou ld  o n ly  affect the n o rm a liza tio n ). For A z  =  2 0 A z0, 

we see evidence o f num erica l d iffus ion  leading to  an early  a rr iv a l o f partic les fo r 

the  h ighest g rid  spacing, though a t a level ~  10-3 o f the  peak flux . T h u s  we 

conclude th a t  A z  =  10 A zo provides good accuracy, and gives U S a fac tor o f 10

im p rove m ent in  ru n  speed.
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F ig u re  5.2: P itc h  angle-averaged density  o f so lar cosmic rays a t E a r th  o rb it. The  

s im u la tio n  region is fro m  0 to  4 A U  and A z  ะ= 0.016 (dashed lin e ) and 0.032 A U  

(d o tted  lin e ). T h e  resu lts  fro m  R u ffo lo  and K h u m lu m le rt(1 9 9 5 ) (A z  =  0.0016)

are ind ica ted  by the  so lid  line.
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shock

F ig u re  5.3: Schem atic dep iction o f the background flu id  m o tio n  near an oblique, 

p lana r, m agnetohyd rodynam ic  shock in  the  de H o ffm a n n -T e lle r fram e. T h e  shock 

is s ta tio n a ry  and the  flow  speed is ฆ1 (upstream ) o r น2 (dow nstream ) along the 

m agnetic  fie ld  B\  o r B 2, respectively.

F in a lly , we note th a t th is  value o f A z  is s t i l l  less th a n  \vzAt \  fo r the 

h ighest \n\ values, so เ7 เ >  1, and our g enera liza tion  o f the  T V D  m ethod  is 

necessary in  order to  o b ta in  the  level o f accuracy th a t we require.

5.1 .2 W i t h  an O b liq u e , P la n a r Shock

T h e  d is tr ib u tio n  o f partic les encountering  an oblique, p lana r shock (w hich for 

o u r purposes is a p re-ex is ting  d isc o n tin u ity  in  the  flu id  speed background) was 

investiga ted  using the  new code. F o r m ore deta ils  o f astrophysica l im p lica tions , 

and the  u n d e rly in g  theory, the  reader is referred to  R u ffo lo  (1999).
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T h e  resu lts  fo r steady s ta te  shock acceleration can serve to  test the  nu­

m erica l code. F o r th is  special case, since d F / d t  — 0, and we consider an ideal, 

p lane -p a ra lle l shock w ith  s tra ig h t m agnetic  fie ld  lines on e ith e r side (F ig u re  (5 .3 )), 

eq ua tion  (1) in  R u ffo lo  (1999) is su b s ta n tia lly  s im p lified , and separable so lu tions 

fo r  F ( / i,  z)  on one side o f the  shock can be found by so lv ing  an eigenvalue equa­

t io n  fo r / i. The re fo re  the  resu ltin g  F ( / i ,  z)  on e ith e r the  upstream  o r dow nstream  

side o f the  shock m ust be in  the  fo llo w in g  fo rm :

w here the  M n (/i)  are e igenfunctions, an and bn are coefficients and kn — a nA / ( 2 v )  

fo r eigenvalues a n (R u ffo lo , 1999; K ir k  and Schneider, 1987); fo r u  <  0 (flow  

fro m  upstream ) these are such th a t  ko =  0, kn <  0 fo r ท >  0, and kn >  0 fo r 

ท <  0. In  a d d itio n  to  the  boundary  cond itions  a t z  =  ± o o , there  is a com plicated 

b ound a ry  co n d itio n  a t the  shock (z  — 0) re la tin g  F(/z)  im m e d ia te ly  upstream  and 

dow nstream  (see §2 in  R u ffo lo  (1999)). The re fo re  a num erica l s o lu tio n  is required 

to  eva luate the  coefficients an and bn. T h is  num erica l code was the  f irs t to  solve 

th is  fund am en ta l p rob lem  fo r m ild ly  re la tiv is t ic  partic les. In  ad d itio n , m odeling  

the  shock acceleration o f partic les in  the  steady s ta te  serves as a tes t o f the  code, 

because the  num erica l m ethod  (w hich makes no reference to  the  e igenfunctions or 

eigenvalues) should y ie ld  a s o lu tio n  consistent w ith  a lin e a r com b ina tion  o f these

F { n , z )  =  <

V ' '  n̂^ n(k-) knz ẑ  <  0  d ow nstream ),
z 1 -  a u v  c2I-----f-V'l '  '
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specific separable so lu tions. F ig u re  (5.4) shows the steady s ta te  s o lu tio n  fo r the 

dependence o f /  on แ  and 2  w ith in  ±0 .8A  o f the shock, and F ig u re  (5.5) shows 

th e  cross-section o f /  as fu n c tio n  o f p  fo r z  =  ±0 .05A . T h e  param eters used 

(1 re fe rrin g  to  upstream  and 2 to  dow nstream ) were q — 1 and 1.5, ta n  91 — 4 

(9i =  75°), ta n  92 — 15.11 (ร2 =  86°), น! (a long B ) — 2244 k m /s , น2 =  2185 k m /s , 

V — 0.5c, F  oc p~s w ith  5 =  1.956, A z / X  — 0.025, A t  =  A z / v ,  and A p  =  2 /95 . 

F o r these param eters and q =  1, we have A ะ= v / A  [from  equations (2) and (5)], 

and the  eigenvalues correspond to  leng th  scales o f 1 / k 0 =  oo, 1 / k i  =  D / u  =  

—22.25A (up s tream ), 1//C-1 =  0.14A (dow nstream ), 1 //c2 =  —0.13A (upstream ), 

1 / A:_2  =  0.049A (dow nstream ), l / /c 3 =  —0.046A (upstream ), and successively 

sh o rte r leng th  scales. In  accordance w ith  the  p e rm itte d  leng th  scales, F ig u re  (5.4) 

c le a rly  shows th a t fa r fro m  the  shock, /  is nea rly  constant dow nstream , and 

upstream  is given by a constant p lus a w eakly  an iso trop ic  te rm  th a t  varies as eU2/ D 

(w ith  น < 0). These large scale features agree w ith  those expected in  the  d iffus ion  

a p p ro x im a tio n  (R u ffo lo , 1999). One can also see devia tions closer to  the  shock, 

and the  num erica l resu lts  are q u a n tita t iv e ly  consistent w ith  a sup erp os ition  o f 

so lu tio n s  o f leng th  scales 1 //ะ0 , 1 /& 1 , 1 /^ 2 ) and 1 /& 3  (upstream ) and l / /c 0, l / k - 1 , 

and 1 / k - 2  (dow nstream ); o th e r eigenvalues correspond to  leng th  scales to o  fine 

to  be resolved in  th is  s im u la tio n .

F ig u re  (5.5) shows p itch  angle d is tr ib u tio n  func tions upstream  (th ic k  

lines) and dow nstream  ( th in  lines) fo r q — 1 (solid lines) and q — 1.5 (dashed 

lines). In  the dow nstream  region, partic les are red is trib u ted  in  p itch  angle be-
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F ig u re  5.4: Phase space density  o f partic les in  the  steady s ta te  as a fu n c tio n  o f แ 

and 2  ( in  u n its  o f A) near an oblique, p lana r shock w ith  ta n  #1 =  4 fo r a) q — 1 

and ๖) q =  1.5. N o te  the  changes in  the p itch  angle d is tr ib u tio n  near the  shock

a t 2  =  0.
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F ig u re  5.5: Phase space density  o f partic les in  the  steady s ta te  as a fu n c tio n  o f ji 

near an oblique, p lanar shock w ith  ta n  91 --= 4 fo r q =  1 (so lid  lines) and q =  1.5 

(dashed lines) a t 2  =  0.05À (upstream ; th ic k  lines) and 2  =  —0.05À (downstream ; 

th in  lines).
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cause o f changes in  p itc h  angle as pa rtic le s cross the  shock; the average flu x  

also increases s lig h t ly  due to  acce leration. I t  is w o rth  n o tin g  th a t fo r a h igh ly  

ob lique  shock, m ost pa rtic les com ing from  upstream  are in  fac t reflected, i.e ., 

when |/z| <  y /l — B1/B 2 in  the shock fram e, o r in  the case o f a strong, h igh ly  

ob lique  shock, fo r p itch  angles more than  30° from  the  m agne tic  fie ld  d irec­

tio n . A no th e r fea tu re  o f F igures (5.4) and (5.5) is the sharp g rad ien t in  /  a t 

p — 0 fo r the case o f g =  1.5. For th is  fo rm  o f the p itc h  angle d iffu s ion  co­

e ffic ien t, (p (p) = A M ° -5 (1 — p2) tends to  zero as p —y 0. Since the /T-flux, 

ร)1 =  — (<p/2) {dF/dp), is s low ly va ry ing  in  a nea r-equ ilib r ium  s itu a tio n , the van­

ish ing  d iffu s ion  coeffic ien t a t p =  0 is able to  susta in an in f in ite  g rad ien t in  F at 

th a t value.

The upstream  d is tr ib u tio n s  p rov ide ano the r v is ib le  m an ife s ta tion  o f pa r­

t ic le  acce lera tion near the shock. We can see th a t upstream  d is tr ib u tio n s  increase 

w ith  p up to  p «  0.7. T h is  is because the greatest acce lera tion occurs fo r partic les  

re flected w ith  the greatest change in  p itch  angle (F igu re  (5 .6)).

For the greater p values, /  drops sharp ly. The  reason is th a t given  

ou r assum ption o f conservation o f the m agnetic  m om ent, pa rtic le s  w ith  p >  

y j\ — Bx/B 2, o r 0.85 in  th is  case, have come from  downstream . A  s im ila r d rop  

in  /  has been ca lled a “ de fic it cone” (Nagash im a et ฟ., 1992) o r “ loss cone” effect 

(B iebe r and Evenson, 1997) fo r the case o f ga lac tic  cosm ic ray (G C R ) dep le tion a t 

h igh  p upstream  o f an in te rp la ne ta ry  shock, w h ich is due to  the  pauc ity  o f G C R  

com ing  from  downstream . S im u la tions w ith  th is  code (R u ffo lo , 1999) provided
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z

F igu re  5.6: I l lu s tra t io n  o f p a rtic le  tra n s p o rt near an idea lized, ob lique shock. 

The d irec tio ns  o f m o tio n  o f pa rtic le s in  the z-แ p lane are ind ica ted  by the arrows. 

V e rtic a l arrows in d ica te  p itch  angle sca tte ring , ho rizon ta l arrows ind ica te  s tream ­

ing . and arrows near the shock ind ica te  the changes in  fi d u r in g  transm iss ion or

re flec tion .
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the  f irs t de ta iled  exp lana tion  o f th is  observed effect, w h ich  m ay he lp to  prov ide  

advanced w a rn ing  o f space weather effects a t E a r th  (B iebe r and Evenson, 1997).

5.2 Steady State Spherical Shock Acce lera tion

In  a steady s ta te , an e q u ilib r iu m  is reached in  the e vo lu tion  o f the  p a rtic le  d is­

t r ib u t io n  fu n c tio n  in  te rm s o f pos itio n  ( r ) ,  p itch  angle (p), and m om entum  (p). 
In  p rac tice , the ra d ia l d istance r is re la ted to  the s im u la tio n  distance 2 by the  

re la tio n  2 — r — rsl1, where rSf1 is the shock rad ius, loca ted a t the m idd le  o f the  

s im u la tio n  leng th  L. B y  th is  p o in t o f v iew , 2 =  0 a t the shock and z <  0 (z > 0) 

is the downstream  (upstream ) side. In  ou r s im u la tions , we assume th a t the m o­

m en tum  dependence is given by F oc p~s, so we can find  the value o f 6 th a t y ie lds  

a steady sta te fo r F  in  te rm s o f z and p. F igu re  (5.7) ind ica tes the flu x  balance  

th a t de term ines Ô. Far away from  the shock, we can use the d iffus ive  app rox im a­

t io n  (R u ffo lo , 1999) to  say th a t the net 2- f lu x  fa r downstream  is dom ina ted  by  

convection , and by th is  assum ption we can set Sz = น2jFo, where น2 is the flu id  

speed in  the downstream  side and F0 = (F)[1, the average d is tr ib u tio n  func tion  

over p a t the  bounda ry  (the  firs t spa tia l 2 cell in  the  s im u la tio n ). T h is  bounda ry  

co n d itio n  is no t designed fo r a spherica l geometry, b u t i t  should be app licab le  

to  a good a pp ro x im a tio n  when L «  rsh. Far upstream  we approx im ate th a t  

the re is a balance between convection tow a rd  the shock and d iffus ion away, so 

th a t  ร2 =  U\Fu, where Fu is the fa r upstream  d is tr ib u t io n  o f F. In  p rac tice
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Flux to higher momentum

Sp ท

ร = น 2 F0

Downstream

diffusion

convection

ร 2 = 0
Upstream

Flux from lower momentum

F igu re  5.7: Schematic d iag ram  shown the balance o f spa tia l and m om en tum  fluxes 

in  d iffus ive  shock acce lera tion (R u ffo lo , 1999).

we set th is  value to  be zero; hence, there is on ly  a ne t o u tflow  o f pa rtic les from  

the  shock in the downstream  d ire c tio n . T h is  is balanced by the  p flu x , Sp, due 

to  acce lera tion from  the lower m om enta to  the m om en tum  o f in te res t, as well 

as from  the m om entum  o f in te res t to  the upper m om enta , fo r the  app rop ria te  

steady s ta te power-law  index, ร. In  p rac tice , we do no t e xac tly  know  w ha t the  

app rop ria te  5 is, so we firs t es tim ate a possible 6 value and then pe rfo rm  the  

s im u la tio n . B y  using v isua liza tio n  too ls  (in  th is  case the ID L  package), one can 

m o n ito r the behav io r o f the pa rtic le s in  our s im u la tio n  space as well.

We present resu lts in  te rm s o f the in tens ity  j  =  F/2nr2, w h ich is an 

expe rim en ta lly  measured q u a n tity  and is app ro x im a te ly  conserved as partic les
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jove001.dat

0.920.90

jove021.dat

F igu re  5.8: The  tim e  evo lu tion  o f jave vs. spa tia l d is tance z fo r 5 =  1. Each 

fram e represents a tim e  in te rva l o f 1039.9375 m in .

cross the shock.

F igu re  (5.8) shows an example o f a bad 6 value (where we set 5 =  1.0). 

F rom  the figu re we can see the t im e  evo lu tion  snapshots from  le ft to  r ig h t and 

to p  to  b o ttom ; the f irs t figure shows the  in i t ia l cond itio n . T he  charged pa rtic le  

in te n s ity  is averaged over jave fo r each spa tia l g r id  p o in t tends to  decrease 

w h ile  a t the beg inn ing  i t  is set to  1 everywhere. No te th a t the  n o rm a liza tio n  is 

to  jave =  1 a t the le ftm os t (downstream ) boundary. T he  tes t te lls  US th a t the  

to ta l in te n s ity  in  the s im u la tio n  region decreases w ith  tim e , and one can in te rp re t  

th a t the spectra l index value is no t h igh  enough fo r the app rop ria te  balance as
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in  F igu re  (5.8). In  th is  way the spec tra l index was ad jus ted  again and again (as 

estim a ted  by means o f lin ea r in te rp o la tio n ) u n t i l a steady f lu x  is achieved in  the  

s im u la tion .

Before the  rea l ob lique shock s im u la tio n  was pe rfo rm ed , we also tested  

ou r m e thodo logy fo r the case o f a pa ra lle l shock (#1 =  #2 =  0; 9 is the angle 

between a m agnetic  fie ld  line  and the shock no rm a l and 1 (2) ind ica tes the up­

stream  (downstream ) side) to  reproduce resu lts o f R u ffo lo  (1999). In  th a t case 

ou r s im u la tio n  cou ld  reproduce the  same resu lts fo r the same parameters, since 

ou r tra n s p o rt equa tion  can be reduced to  the same equa tion  as used in  th a t  

circum stance.

For the ob lique  case, we consider the  strong shock case where the compres­

sion ra t io  rc = 4.0 and the  re la tio n  between #1,# 2, and the f lu id  speeds upstream  

and downstream  is set as fo llows:

'นๆ  tan  60 ,
(51)

where น is the f lu id  speed. B y  th is  re la tion  we use น! =  1600 km /s , corresponding  

to  น2 =  400 km /s  on the downstream  side. The inc iden t m agnetic  fie ld  61 — 
75° corresponds to  62 = 86.16° on the compressed downstream  side. No te th a t  

in  the  so lar e c lip tic  plane under a rea lis tic  A rch im edean sp ira l m agnetic  fie ld  

con fig u ra tio n  th is  event is occurs a t a distance 15.8 AU , where th is  param eter 

was d ire c t ly  ca lcu la ted  from  the equation

. ท _T s hQ itan  6 — ■■ ,น (5.2)
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where 0  =  2.52 X 10~6 rad ian  ร-1 is the  so lar ro ta t io n  ra te . We considered pro tons  

w ith  speeds V co rrespond ing to  a m om en tum  o f 499.61 M e V /c . We used a g rid  

spacing o f A z /A =  0.02 and A /r  =  2 /15 . For convenience, we set vAt — A z  and 

At =  0.415975 m in  (s im u la tio n  t im e ). O u r s im u la tio n  leng th  L ะ= 5.0 AU ; hence, 

the  ou te r boundaries were placed a t z = ±2 .5A .

F igures (5.9-5.10) are the tim e  evo lu tion  p lo ts  o f j ave aga inst the  spa tia l 

d is tance, z, from  the in i t ia l c o nd itio n  to  a nearly  steady s ta te , where we set 

q =  1.0. A cco rd ing  to  C hap te r 2, q con tro ls  the  fo rm  o f the  sca tte r in g  coeffic ient: 

q — 1 is fo r iso trop ic  sca tte ring  and q — 1.5 is in  the range o f 1.3 to  1.7 in fe rred  by  

B iebe r et al. (1986) fo r ac tua l in te rp la n e ta ry  sca tte ring . For the  f irs t s im u la tio n , 

we neglected the  effects o f ad iaba tic  deceleration and set 6 — 2.0. F igu re  (5.10) 

is an overlay p lo t o f jave vs. z show ing the approach to  a steady s ta te in  the  

t im e  e vo lu tion  where the fin a l tim e  reached is 1039.9375 m in . F igu re  (5.11) is 

a surface p lo t o f j( z , /x )  fo r our m om en tum  o f in te res t a t the  fin a l stage o f the  

s im u la tio n . We w il l  c le a rly  see th a t near the shock bounda ry  the  p a rtic le  in te n s ity  

jum ps  sudden ly and decays tow a rd  zero fa r upstream . As m entioned earlie r, j ave 
was no rm a lized  to  1 a t the le ftm os t (downstream ) boundary. We see th a t jave is 

nea rly  constan t and approaches u n ity  a t the boundary.

In  the nex t step, we take the effect o f ad iaba tic  dece lera tion in to  account 

by us ing the  same param eters as previously. F igures (5.12- 5.14) are p lo tte d  in  

the same manner as F igu re  (5.9 - 5.11) fo r comparison.

For the more rea lis tic  s itu a tio n  occu rring  in  ou r so lar system  (the  on ly
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F igu re  5.9: The tim e  e vo lu tio n  o f the  spa tia l dependence o f the  p itc h  angle-averaged in tens ity , j ave vs. spa tia l d is tance z 

fo r <7 =  1. The p a rtic le  in te n s ity  in  ou r f lu x  tube  is f irs t set equal to  a cons tan t a t the beg inn ing  o f the s im u la tio n .
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F igu re  5.10: O verlay p lo t o f j ave vs. spa tia l d is tance z co rrespond ing  to  the  p rev ious p lo t fo r q =  1. The  dece le ra tion effect 

is n o t taken  in to  account. These lin e  p lo ts  illu s tra te  the  approach to  a steady state.
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Figure 5.11: Surface plot showing the d istribu tion  of the partic le  density j  in [I -  z  space for q =  1.0 and no adiabatic ๐5»
dece lera tion effect.
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F igu re  5.13: Same as F igu re  (5.10) b u t in c lu d in g  the  a d ia ba tic  dece lera tion .
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F igu re  5.14: Same as F igu re  (5.11) b u t in c lu d in g  the  ad iaba tic  dece lera tion .
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place where cosm ic ray acce leration can be s tud ied  in situ), we now set q =  1.5, as 

app rop ria te  fo r the  in te rp la n e ta ry  m agnetic  fie ld  ( IM F ) . O the r param eters were 

the same. F igures (5.15 - 5.17) neglected the effect o f ad iaba tic  deceleration w h ile  

F igures (5.18 - 5.20) considered th is  effect again.

F igu re  (5.21) compares the  spa tia l dependence o f the  p itc h  angle-averaged  

pa rtic le  density, ( j) [1, fo r steady s ta te p a rtic le  acce lera tion near a shock (a t 2 =  0) 

fo r q =  1.0 w ith  no effect o f deceleration (so lid  line ) and when the  ad iaba tic  effect 

is inc luded  (dashed lin e ). For q =  1.5, we p lo t the tw o  lower lines, the upper one 

ob ta ined  when no dece lera tion effect is taken in to  account.
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cnF igu re  5.1G: L ike  F igu re  (5.10) fo r q  =  1.5 and no dece le ra tion  effect.
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76F ig u re  5.17: L ike  F igu re  (5.11) fo r q =  1.5 and no dece le ra tion  effect.
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F igu re  5.19: L ike  F igu re  (5.13) fo r <7 =  1.5 and in c lu d in g  the  dece le ra tion  effect. -งุoo
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9ABf

F igu re  5.21: G raphs o f (j) vs. z fo r q =  1 (uppe r g roup) and q = 1.5 (lower 

group) where w ith in  each group the h igher curve is fo r neg lecting the ad iaba tic

dece le ra tion effect and the lower curve is fo r in c lu d in g  it .
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