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Appendix A |
Operator Splitting Method

|
|
|
|
I
|

This appendix is derived from Numerical Recipes in C of Press et al(1992),

The basic idea of operator splitting or time splitting is that: Suppose we have an ‘

initial value problem in form |
aF
—=LF

where £ is some operator not necessarily linear. Suppose that it can be written

as a linear sum of m pieces as

LF=LF+LoF 4. .+ L F (2) |

Suppose that for each of the pieces, we already know how to update /' from

timestep n to timestep n +°1, valid as if that only operator were on the right-

hand side:
£F = £1F
LE= £mF1
we will write these updatings symbolically as
Fn+l — Fl(F“,At)
Frtl o = Fp(Fm At) (4)
Frtl = Fp(Fr, AL,
respectively.

Now, one form of operator splitting would be to get fromn to n+1 by

the following sequence of updatings:

FrHilm = Fy(Fr, A |
Fn+2jm = F Fn+l/m,At
Fn-{-l = Fm(Fn+(m_'l)/m,At) !

\
i
I
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For example, a combined advective-diffusion equation, such as

ar IF 9 *F ‘ ]
ETR PR = )

might use an explicit scheme for the advective term, obtaining \
|
n L= UAt H n
Bt = BTl = (R = PRy (7)
combined with a Crank-Nicholson or other implicit scheme for the diffusion term,’

obtaining

LA = (P 4 B = 21— )P 4 e(F2, + FL) (8)

where € = DAt/(Az)2

then F™™! can be obtained easily from eqs. (7) and (8) by following the sequence |
of updatings in eq. (5).




Appendix B
Program Usage

This work needs 9 files:

wind.c contains main routine for sitnulating the transport of cosmic rays. It gets
input data from the user then calls routines in other files to do their jobs.
decel.c is used to update F(i, u, z, p) for the effects of deceleration.

field.c contain routines that depend on the configuration of the interplanetary
magnetic field. In this work magnetic field is constants but different both up-
streamn and downstrcam regions. It takes into account the change of magnetic
field at the shock.

initial.c is used to determine the initial values of the distribution function then
send these values to the main routine in wind.c.

inject.c calculates the injection of the particles after the start of simulation.
nrutil.c contains routines to allocate and unallocate memory for variables in
Tunning progra.

printout.c prints the data that are computed in the program.
stream.c updates £ for the streaming and convection of cosmic ray particles.
In the thesis stream.c plays important roles in transforming particles across the
shock.

These files will be compiled and linked altogether, then the program will

be run and it needs input data. The user must key in the following input data:

-

e initial value of t

e final value of t




e step size

e range for printing

e number of u points

e length of the simulation region
¢ number of momentum points
¢ momentum (in MeV/c)

e particle mass

¢ solar wind speed divided by ¢
¢ scattering mean free path

e scatterng power law index

e whether to print extra diagostic information(0=no, I=yes)

5:7




Appendix C

Source Code for Simulation

/=

s_k_refl,c -——- Febuary 24th, 1997

reflécting at boundary

s _k_noinf.c —- February 10th, 1987
Boundary conditions: no flux inflowm

Given f = 1 at one point, we observe its behavior at

any points before and after crossing the shock.

|
s_k_inf.c (v) -- February 5th, 1997 !
Boundary conditions: inflow of 1.
Songklod Riyavong and David Ruffolo

Department of Physics

Faculty of Science

Chulalongkorn University

|
|
\

|
Bangkok 10330, Thailand
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s_kink.c (v) -~ November 18th, 1996

"Stationary" shock at zlength/2. BETASWD and BETASWU are defined as the

(constant) solar wind speeds over C *parallel* to the magnetic field.

8_abs.c (t) -- July 6th, 1995

Change s to time.
Change sstep to timestep.
Change Beta[w] to 1/C at ri and r2.

Add conatant C to program by define.

s_abs.c -- March 14th, 1994

Removed mu transformations, occasionally ship extra steps instead.

gtream.abs.c -— February 27th, 1994

Reworked the mu transformation to account for differential

convection,
stream.abs.c -- July 15th, 1993

Inserted a missing factor of mustep. Reorganized the

mwu transformation so that the first transformation is explicit, i
. [

the second iz implicit. If the latter generates negative numbers,




GO

explicit, upwind differencing is used instead.
stream.abs.c -~ February 8th, 16893

Elininated slide() and corr{w]. WNow working with z defined in a

corotating frame.

Now before streaming, need to make a transformation (in mu)
from the local solar wind frame to the corotating frame.

Need to transform back after streaming...

David Ruffolo
Department of Physics
Faculty of Science
Chuialongkorn University

Bangkok 10330, Thailand
stream.abs,c -- November 2nd, 1892

Brought back tosuniw] to keep track of the total demsity

|
that streams past the inner boundary for a given w. '

stream.w.abs.c —- October 29th, 1992 i

\
Added a subroutine, slide, to occasionally move f£{1) to f{1+1) ‘

and to calculate corr[w], so that z in the lab frame is

{1-i+corrful)*zstep... ! \




stream.vw.abs.c -— Septembar 20th, 1992

Modified for the program, wind,

stream.abs.c -~ October 20th, 19980

A SUBROUTINE FOR transport.

MOVES £(i,1) TO £(i,31+i).

ASSUMES ABSORBING BOUNDARY CONDITIONS AT z =

w/

#include <math.h>

#include <stdio.h>

#define ¢ 0.1202 /* speed of light in AU/min. */
#define BDOVERBU 1.5

#define  BETASWD

{(z < length/2.0)

#define '~ BETASWU 0.002° /* solar wind speed / C along B upstream
{(z > length/2.0).
Should have BETASWU > BETASWD.
#define  GAMMAL 2.0 /* Power-law exponent below p[1]. #*/
#define TINY le~6

= 0 AND z = length.

/* B downstream / B upstream */

€.0005 /+ solar wind speed / C along B downatream
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extern double  +&*f, «sfs, *tosun; I

void

double

int

long

{
double
double
double
double

‘double

int

long
double
double

double

muatep

stream(time,timeatep.beta,m,np,p,lprint,nz,zstep,nmu,printextra)
time, timestep, *beta, m, *p, *zstep;
nmu, np, printextra;

lprint, *nz;

calc_pd(),cale_pu(),mustari(),refl_pr(),mu_refl();
corr, dpudpd, dpudpr, fpd, fpu, frac, ftemp;

1npC, 1npf, lower, mu, mucent, mulower, muminus;
munew, muplus=1.0, mustard, mustarr, mustaru, mustep;
muupper, pd, pu, ri, r2, z, expon, pr;

Ilﬁgm, flagp=1, i, imin, parttrans, u, v, unew;

k, ki, k2, 1, 11, lnew;
betaswc(), invert_to_pu(), invert_to_pd(), mu_d(), mu_star();
mu_u();

*xtemp;

= 2.0/(double)nmu;

for (w=1;w<=np;w++) {

if (w> 1) {

1np0 = log(p{w-11);
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1npl = log(plwl);

for{u=1;u<=nmu;u++) for(1=1;1<=nz[u];1+) £s3[1][u] = 0.0

.
L]

imin = -(nmu-1}/2;

/* constant inflow = 0 »/
/=
for (u=1,i=imin;u<=nmu;u++,i++){
if(i < 0)

for (=nzlvl+1+i;l<=nz[u);1++) £s[1]1[u] = 0.0:

if(i > 0)

for (1=1;1<=i;1++) £5[1]1[u) = 0.0

*/

for (u=1,i=imin;u<=nmu;u++,i++) {

mnu

I

2.0%i/(double)nmu;
corr = 1 - mu+#mu*betal[w]*betalu];
for (1=1;i<=nz[w);i++) {

if (£[wll11[u] > 0.0) {

z = (I-nz{v]/2.0-0.5) *» zatep(wu];

1 = (betaswc(z)*C)*((time+timestep)/zstep[u]);
rz = (betasuc(z)tc)#(time/zstep[w]);

k1 = corr * rl + 0.000001;

k2 = corr * r2 + 0.000001;




k = k1 - k2;

lnew = 1 + i + k;

/* reflection at left boundary ;/
if (lnew < 1) {
fs{1-1new] [nmu+i-ul += £lw]l[1][u];
}
/* reflection at right boundary */
else if ( lnew > nz[w] ) {
fs[2*nz[w]+1-1new] [nmu+i-ul += £[w][1] (ul;

i

/% 1f particles pass the inner boundary (“"crash into the

Sun") then flux is lost and added to tosuniw].

*/

/* if (inew < 1) {

tosun{w] += £[w]l[1] [ul;*/

/» If particleg cross from upetream to downstream,

take special account of changes in mu and p.

w/
/* } »/ else if (1 > nzlwl/2 && lnew <= nz[w]/2) {

mustaru = mustari{m,plv],tmustard,fmustarr);
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printf(“mustaru=41f\n",mustaru);

|
|

/* Case where all particles in [mu-mustep/2.0,

mu+mustep/2.0} are transmitted, or some |

are tranamitted and some are reflected.

This loop will handle the transmitted flux.

«f

if (mu - mustep/2.0 < mustaru) {

parttrars = mu + mustep/2.0 > mustaru; !
if (parttrans) { {
i

mucent =

(mustaru + mu - mustep/2.0)} / 2.0;

} else {

mucent = mu;

b

pd = calc_pd(m;pfn].mucant,&dpudpd);

printf(“\n pd = %1£",pd);

if (pd < plwl - TINY)

nrerror{"stream: anti-acceleration");

/* Find fpu, the z-interpolated value of f at (t,z,pu) =/

/* printf("\n pu = ¥1f plw] = %lf“,pu,p[wj); */

if (w> 1) {

|
printf("\n I am in loop w>1 for transmission"};
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11 = z/zsteplw-1] + nz[w~11/2.0 + 0.5;

l
frac = z/zstep[u-1] + nzlw~11/2.0 + 0.5 - (double)l1; \

it (11 < 1 1] 11+1 > nz[u+1]) {  /# cannotﬁinterpolate ®/

lower = 0.0; %

} else { /* can interpolate */

if (£Le-11011][u] == 0.0 Il £Lw-1][11+1]{u] == 0.0) { !

lower = 0,0; |
} else { |
lower = (1.0-frac)ef(w-1][11]1{u]

+ fracef[e~-1][11+1]{ul;

/* fpy is F(p[u],mucent,?old) * pow(2.0-pd/p{w] ,expon),
where pd is the momentum downstream
corresponding to p[w] upstream.
ftemp is fpusd(pu)/d(pd). This will be split into
different mu~cells according to the fraction

of the interval [mu_u - mustep/2,mu_u + mustep/2]
which maps into different cells.

*/

it (lower <= 0.0) {
if (printextra && 1%lprint==1 && w==np)

printf(*\nNote: f[%d)[%d][%d] = %le, lower = o*, ;

w,1,u,£04] (17 {ul); ‘
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fpu = #[w][1] [u];

} else { |
expon = (log(f[w1[1] [ul)-log(lover))
/ (lnpi~1np0);

fpu = £{w][1](u] = pow(2.0-pd/p[n],exponj;

/* Otherwise, w=1 -> extrapolate from lower p assuning
f \propto p -GAMMAL.

+/

} else {

/* fpu is F(p_u,mucent,zold), where p_u is the momentum
which will change to p-d on the downstream side.
ftemp is fpu*d(p_u)/d(p_d). This will be split into |
differsnt mu-cells according to the fraction
of the interval [mu_u - mustep/2,mu_u + mustep/2]

which maps into different cells.

*/

fpu = £[w][11[u] * pow(2.0-pd/plu],-GAMMAL):
printf("\n I am out loop w>1 for transmission"):
printf(“\n total transmitted fpu = %1f",fpu);
}
printf{"“dpudpd=%1f\n",dpudpd);

ftemp = fpu = dpudpd;
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printf("\n fpu for transmitt= W1t tpu);

printf("\n ftemp for transmitt = %A1f" ,ftemp); i

/* Will loop ‘over all possible unew and munew
grid points on the downstream side, and

gee how much of ftemp falls in each cell.

muminus is munew - mustep/2.0 (lower cell boundary),
transformed back upstream
muplus is munew + mustep/2.0 (upper cell boundary)

transformed back upstream

flagm -> 1 if muminus within original cell

flagp -> 1 if muplus within original cell

original cell means from mu-mustep/2,0 to muupper

in the case of partial transmission

=/

muupper = mu+mustep/2.0;
if (parttrans) {
/* ftemp »= (mustaru-mu+mustep/2.0) / mustep; */
mUUpper = mustaru;
printf(“\n fraction = %1f",(mustaru-mu+mustep/2.0) / mustep);
print£{"\n fraction of ftemp transmitted = %1f", ftemp);

|
3 |
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muminus = ~1;
flagm = muminus >= mu-mustep/2.0 t
&k muminue < muupper; |
for (unew=1;unew<=nmu && ;
(muneu=(uneu—0.5)-mustep-1.0)—mustep/2.0<=mus;ard;

|
unew++,muminus=muplus,flagm=flagp) { '

if (munew+mustep/2.0 >= mustard) {
flagp = (muplus = mustaru)
>= mu-mustep/2.0 && muplus < muuppe;;
} else { E
flagp = (muplus = mu_u(m,pd,munev+mustep/2.0))
>= mu-mustep/2.0 && muplus < muupper;
}
‘ printf(“unew=yd, muplus=%lf\n".unei,muplus);
if (muminus < mu-mustep/2.0
£& muplus >= muupper) {
fe[1lnew] [unew] += ftemp;
if (lnew>=12 &t lnew<=14) printf(“UD1 fs[%1d] [%d] = 412\n",1new,unew,fs[lnew] [unew]);
break;
} else if (!flagm && flagp) {
fs[inew] [unev] += ftemp » (muplus-(mu-mustep/2.0))
/ mustep;
if (lnew>=12 && lnew<=i4) printf("UD2 fs[%1d] (%d] = %1f\n",1lnew,unewv,fs[lnew) [unev));
} else if (flagm && flagp) {
fs[lnev] [unew] += ftemp * (muplus-muminus)

/ mustep;
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if (lnew>=12 && lnew<=14) printf("UD3 fs[%1d] [%d] = %1f£\n",1lnev,unew,fs[lnev] [unew]);
| B

|

} else if (flagm && !flagp) { |

fs[Inew] [unew] += ftemp * (wuupper-muminus)

/ mustep;

if (lnew>=12 && lnew<=14) printf("UD4 ra[%1d][%d]l = %1I\n“,lneu,uney,fsflnew][unew]);

break;

/% Case where all particles in [mu-muetep/2.0,
mu+mustep/2.0] are reflected, or some

are transmitted and some are reflected.

This loop will handle the reflected flux.

x/

if ( mutmustep/2.0 > mustaru ) {

/* Reflection: lnew = nz[w] + 1 - lnew. =/

lnew = nzlwl + 1 - 1lnew;

parttrans = mu-mustep/2.0 < mustaru:

/* partially, not completely transmitted */ |

if( parttrans ) { |
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mucent = (mu+mustep/2.0+mustaru)/2.0:
printf("\n partial reflaction"); 1 i
¥ else {
mucent = mu; N
printf("\n total reflection"); E

}

pr = refl_pr(m,plv],mucent,&dpudpr);
printf("\n pr = %1£",pr);

/* Find lower, =/

if (w> 1) {
print{"\n I am in loop w>1 for reflection");

11 = z/zsteplw-1] + nz[w-1]1/2.0 + 0.5;

frac = z/zstep[u-1] + nz[w-1]1/2.0 + 0.5 - (double)ll;

if (11 <1 [] 1141 > nzlw+1]) { /% cannot iﬁterpolate s/
lower = 0.0;

} else { /* can interpolate =/

if (fle-11[11]1[u] ==0.0 || £lw-1](11+1] (u] == 0.0) {

lower = 0.0;
} else {
lower = (1.0-frac)af[w~1]T11] [u]

+ fracsf[u-1]1 (11413 [u];

|
|
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/* fpu is F(p[w],mucent,zold) » pow(2.0~pd/plw],expon),
|

where pd is the momentum downetream

corresponding to p[wl] upstream.

fremp is fpued(pu)/d(pd). This will be split into
different mu-cells according to the fraction

of the interval [mu_u - mustep/2,mu_u + mustap/2]
which maps into different celils,

*/

if (lower <= 0.0) {
if (printextra && 1%lprint==1 && w==np)
printf(*\nNote: f[%d][%d][%d] = %le, lower = 0",
w,l,u,2{wi[1]Mul);
tpu = £{wl [1] [u];
} else {
expon = (log(f[wl[1][u))~log(lower))
/ {1npi-Iinpd);

fpu = f{w][1][u] = pow(2.0-pr/p[w],expon);

¥
/% QOtherwise, w=1 -> extrapolate from lower p assuming
f \propto p~-GAMMAL.
x/

} else { I

|
|

/* Tpu iz F(p_u,mucent,zold), where p.u is the momentum
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which will change to p_d on the downﬁtraam side.
ftemp is fpurd(p_u)/d(p.d}. This wila be split into
different mu-cells according to the ffaction
of the interval [mu_u - mustep/2,mu_u + mustep/2]
which maps into different cells.
74
printf("\n I am out loop w>1 for reflection");
fpu = f{v] [1][u] * pow(2.0-pr/plw],~GAMMAL);
printf("\n total reflection fpu = #1£" fpu);
printf(“\n partial reflection fpu before = #1£",pow(2.0-pr/plul ,~GAMMAL));

printf(“\n partial reflection fpu = %1f",fpu);

1

printf ("dpudpr=Y%1f\n",dpudpr);

ftemp = fpu * dpudpr;

printf{“\n ftemp for reflection = ALE" ,ftemp);

/% Will loop over all possible unew and munew
grid points reflected upstream, and

see houw much of ftemp falls in each cell.

muminus is munev - muatep/2.0 (lower cell boundary),

transformed back upstreanm

muplus is munew + mustep/2.0 (upper cell boundary)

transformed back upstrean

flagm -> 1 if muminus within original cell
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flagp -> 1 if muplus within original cell

original cell means from mulower to mu + mustep/2.0

in the case of partial transmission

*/

mulower = mu-mustep/2.0;
if (parttrans) {
/= ' ftemp »= (mu+mustep/2.0-mustaru) / mustep; */
printf(“\n fraction = %lt",(mu+mustep/2.0—mustaru) / mustep);
Printf("\n fraction of ftemp for reflection = %lt“,ttemp);

mulower = mustaru;

muminus = mu_refl(m,pr,-mustep/2.0);
flagm = muminus >= mulower
&& muminus < mu+mustep/2.0;
for (unew={nmu+i)/2;unew<snmu k&
(munew=(unaw-0.5)*mustep-1.0)-mustep/2.0<=mustarr;

unew++,muminus=muplus,tlagm=tlagp) {

if (munew+mustep/2.0 >= mustarr) {
flagp = (muplus = mustary)
>= mulower && muplus < mutmustep/2.0;
} else { \

flagp = (muplus = mu_refl(m,pr,munev+mustep/2.0))

>= mulower && muplus < nutmustep/2.0; k
|

|




|
i
/* Note that muminus > muplus ! »/ ﬂ
\i
|
printf{"unew=Y4, muplus=%1f\n",uneu.muplus)ﬁ

if (muplus < mulower
&% muminus >= mu+mustep/2.0) {
f8[1nevw] [unew] += ftemp;
if (lnew>=12 && lnew<=14) printf("UR1 f£s[%1d][%d] = %lf\n",lnew,uneq,rs[lnew][unen]);
break;
} else ir (!flagp &t flagm) {

fs[1nes] [unew] += ftemp * (muminus~(mu-mustep/2.0))
/ mustep;
if (lnew>=12 && lnew<=14) printf(“UR2 fa[%1d] [%d] = #1f\n",1new,unew,fs[lnew] [unew]);
break;
} else if (flagm && flagp) {
f5{1lnew] [unew] += ftemp * (muminus-muplus)
/ mustep;
if (lpew>=12 &k lnew<=14) printf("UR3 fs[%1d][%d] = A1f\n",Inew,unew,fs[inew] [unewl);
} else if (flagp && !flagm) {
fa[lnew] funew] += ftemp ¢ (mu+mustep/2.0-muplus)
/ mustep;

if (lnew>=12 &k lnew<=14) printf("UR4 fa[%14]1[%d] = %A1£",1new,unew,fs[1new] [unewl);

}

|
|
|
l
!
|
|
\
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/* begin =/

/% 1t particles cross from downstream to upstreanm,

take special account of changes in mu and p: :

All particles are transmitted if they cross '

from downstream to upstream.

If mustard is the value of mu in the donnstrqam
|

|
solar wind frame for which mu is O in the de Hoffmann~

Teller (shock) frame, then mustard < 0.

1s there a chance that flux for mu < mustard
will be transmitted? NO, because grid points
Wwith mu <= 0 are never transmitted (convection
moves them farther from the shock).

*/
} else it (1 <= nz[w]/2 &k lnew > nz{wl/2) {

mustaru = mustarl(m,plw],tmustard,fmustarr): /% return mu_u */

I

pu = calc_pu(m,plul ,mu,&dpudpd);
/* pu = plw];

dpudpd = 1.0; */

printf(“pu/plhdl=%1tf, dpudpd=Y%1f\n",w,pu/plul,dpudpd);
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/* printf("\n pu = %1f plw] = %1£",pu,plwl); »/

/* Find fpd, the z~interpolated value of f at {(t,z,pd) */

if (pu < plw] - TINY) nrerror(“stream: anti—aCCelération");

if {w> 1) {

11 = z/zsteplv-1] + nz[w-11/2.0 + 0.5;

frac = z/zsteplw-1] + nz[w~-1]1/2.0 + 0.5 - (double)ll;

if (11 <1 |} 13+1 > nz[w+1]) { /% cannot interpolate =/
lower = 0.0;
} else { /* can interpolate */
if (flw=11[11]10u] == 0.0 {| £[w-1]([11+1][u] == 0.0} {
lower = 0.0;
} else {
lower = (1.o-rrac)*r[v—1][11]Eg]

+ frac*f[w-1]{11+1][u];

/* tpd is F(p[w],mu,zold) » pou(2.0-pu/plw],expon),
where pu is the momentum upstream
corresponding to p[w] downstream.

l
ftemp iz fpded(p_d)/d(p_u). This will be split into

different mu-cells according to the fraction




*/
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of the interval [mu_d -~ mustep/2,mu_d + mustep/2]

which maps into different cells,

if (lower <= 0.0) {

it

(printextra £& 1%lprint==1 && w==np)
printf ("\nNote: £[%d][%d)[%d] = %le, lower = o",

w,l,u,f(w][1]0u]);

Tpd = £ [w][1][u];

+ else {
expon = (log(f[w][1][u))-log(lower)) / (lnp1-1np0);
fpd = f[wIf1]ful * pow(2.0-pu/plwl,expon);

}

/* Othervise, w=1 -> extrapolate from lower p assuming

*/

} else {

/*

f \propto p~~GAMMAL,

tpd is F(p[w],mu,zold) = pow(2.0-pu/pfw] ,expon),
where pu is the momentum upstream

corresponding to p[u] downstream.

ftemp is fpd*d(p.d)/d(p_u). This will be split into
different mu-cells according to the fraction

of the interval [mu_d - mustep/2,mu_d + mustep/2]

which maps into different celis. i
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./

fpd = flwi{lilu] = pow(2.0-pu/pwl ,-GAMMAL);
}

ftemp = fpd / dpudpd;

muplus = 1;
flagp = muplus > mu-mustep/2.0
&& muplus <= mu+mustep/2.0;
for (unew=nmu;unew>=1 &&
(muneu=(uneu—0.B)tmnatep-l.0)+mustep/2.0 >= mustarr;

unew--,muplus=muminus,flagp=flagm) {

it (munev-mustep/2.0 <= mustarr) {

muminus = -1;

flagm = 0;
} elze {

flagm = (muminus = mu_d(m.pu,muneu—musteplz.0))
> mu-mustep/2.0 &k muminus <= mu+mustep/2.0;

}
printf{"unew=Yd, muminus=%1f\n", unev,muminus) ;
if (muminus <= mu-mustep/2.0

&& muplus > mu+tmustep/2.0) {

f8[lnew] [unew] += ftemp;

if (lnew>=12 k& lnew<=14) printf{"DUL fa(%1d] [(%d] = %1f\n",1new,unaw,f§[lnew][unew]):

break;

} else if (!flagm & flagp) {
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fsllnew] [unew] += ftemp * (muplus-(mu-mustep/Z.O))
| / mustep; |
if (lnew>=12 && lnew<=14) {
printf(“DU2 fe[%1d] [%d] = %1f\n",lnew,unewv,fs[Iinew] [unewl);
printf("\t muminus=%1f, muplus=%1f\n" ,muminus,mupius);

printf("\t ftemp=Ylf, fpd=¥1f, dpudpd=Y%1£\n",ftemp,fpd,dpudpd) ;

break;
} else if (flagm && flagp) {
fallnew] [unew] += ftemp * (muplus-muminus)
/ mustep;
if (lnew>=12 && inew<=14) printf(“DU3 ts[%14][%a] = #1f\n",lnew,unew,fs[Inew] [unev)):
} else if (flagm && !flagp) {
fs{lnevl[unew] += ftemp * (mu+mustep/2.0-muminus)
/ mustep;
if (inew>=12 && lnew<=14) {
printf("DU4 £s[%1d][%d] = %1f\n",lnew,unew,fs[lnew]{unew]);

printf ("\t muminus=¥%if, nuplus=%1f\r",muminus,muplus) ;

/* end =/

/% Finally, if particles stay on the same side of the|shock,

and stay vithin the simulation region, move to hew|location.

*/
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} else if (lnew <= nzlu]) {

8[lnew] [u] += w1 (1] [u];

for (u=1;u<=nmu;u++) {

printr(“\t\tu=%d\n",u);
for (1=1;1<=nz[w];1++) {

flwlllfud = £a[1] ful;

1 (1 >= 12 e 1 <= 14) Printf (“\t\ts [%d] [%14] [#d]=%1£\n"

01w, W] 1] [w]);
}

/=

compute pd and dpd/dpu - when given

M_u "z cos(psi) in upstrean local frame and

PU : momentum in upstrean local frame

double calc_pd(m,pu.mu_u,dpddpu)
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double m, pu, mu_u, *dpddpu;

{
double Eu, difEu, puper, pupar, pusper, puspar, difpusper, difpuspar;
double gswu; pus, difpus, mu_us, difmu_ug, pds, difpds, mu_ds, difmu_ds:

double Eds, difEda, pd, difpd, pdpar, pdper, difpdpar, difpdper,gswd;:

/* now ve are in upstream local frame

»/

Eu = sqrt( puspu+msm );

It

difEu = pu/Eu;

puper = pussgrt( 1.0-mu_u*mu_u );

PUpar = pusmu_u;

gswu = 1.0/sqrt( 1.0-BETASWUSBETASWU );

/* Transforming from upstream local frame
to upstream dHT frame ( observer is in
upstream dHT frame.)

»/

pusper = puper;

difpusper = sqrt( 1.0-mu_u*mu_u );

puspar = gswu*( pupar-BETASWU*Eu ):
difpuspar = gewus{ mu_u~BETASWU*difEu );
pus = sqrt( puspar*puspar+pusper*pusper );

difpug = (puspertditpusper+puspartdirpuspar)/pus;

mu_us = puspar/pus; '
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difmu_us = (pustdifpuspar-puspar*difpus)/(pustpus):

/* Transforming from upstream dHT frame to downstream

dHT frame

*/

pds = pus;

ditpds = difpus;

mu_ds = —sq;t( 1.0 = ( 1.0-mu_usemu_us )*BDOVERBU );
difmu_ds = ( mu_us/mu_ds )*BDOVERBUsdifmu_us;

Eds = sqrt( pds*pds + mem );

difEds = (pds/Eds)edifpds;

/* Transforming from downstream dHT frame to downstraam

local frame

./

gowd = 1.0/8qrt( 1.0-BETASWDSBETASWD )

pdpar = gsud«( mu_ds*pds+BETASWD*Eds );

difpdpar = gawd*( mu_ds*difpds + pds*difmu_ds + BETASWD*difEds ¥

pdper = pds*sqrt( i1.0-mu_ds*mu_ds ): |

difpdper = (-mu_da*pdsepdasditmu_ds + (1.0-mu_dsemu_ds ) #pds*difpds)/pdper;
pd = sqrt( pdparspdpar + pdperspdper);

difpd = (pdpar*difpdpar + pdper*difpdper)/pd;

+dpddpu = difpd; .

return pd; l




84

S*
Compute pu: momentum ip Upstream local frame when given
Pd: momentum in downstream local frame

mu_d: mu in downstream local frame

double calc_pu( B, pd, mu_d, dpddpu )

double m, p&, mu_d, *dpddpu;

{
double Ed, dirgd, pdpar, difpdpar, Pdper, difpdper, pds, difpds, pdspar;
double difpdspar, pdsper, difpdaper, g8Wd, mu_ds, difmu_ds, mu_ug, difmu_us;
double pus, difpus, Pusper, difpusper, Eus, difEus, 83Wu, pu, difpy;

double pupar, difpupar, Puper, difpuper;

Printf(“\n BETASWD should be less than Zlf“,mu_d‘pd/sqrt(pd'pd+m‘m));

/ttt‘ttt*‘t#*tt!i*t/

/% in downstream local frame

*/

Ed = sqrt( pdepd + mimr3;
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difEd

n

pd/Ed;

pdpar = mu_d*pd;

difpdpar = mu_d;
pdper = pdesqret{ 1.0-mu_d+*mu_d };

difpdper = sqrt( 1.0-mu_d*mu_d };

/* Transforming from downstream local frame to
downstream dHT frame

+/

gswed = 1.0/sqrt( 1.0-BETASWD*BETASWD );

pdspar = gewd*{ pdpar-BETASWD*Ed };

difpdapar = gswd+*( difpdpar-BETASWD*difEd };
pdsper = pdper;

difpdsper = difpdper;

pds = sqrt( pdsparspdspar + pdsperspdsper );
difpds = (pdsper+difpdsper + pdspar*difpdspar)}/pds;
mu_ds = pdspar/pds;

difmu_ds = (pds*difpdepar-pdsparsdifpds}/(pds=pds);

/% 1t is posaible for a particle to recede
from the shock.

*/
if(mu_ds <= 0.0)

printf ("\n mu_d = %1f a particle recede from the shock\n",mu_d):

/* Transforming from downstream dHT frame to

l
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uvpatream dHT frame

*/

mu_us = sqre( 1.0 - (1.0-mu_ds*mu_ds)/BDOVERBU );
difmu_us = (mu_ds/mu_us)*(l.O/BDDVERBU)*dirmu_ds;
pPus = pds;

difpus = difpds;

Eus = sqrt{ pus*pus + mem )

difEus = (pus/Eus)e*difpus;

pusper = pus*sqrt( 1.0 - mu_us*mu_us );

difpusper = (—mu_us*pus*pus-dirmu_us+(1.0-mu_ustmu_us)*pus-difpua)/pusper;

/* Transforming from upstream dHT frame to upstream

local frame

*/

gswu = 1.0/sqrt( 1.0-BETASWU*BETASWU )3

pupar = gswus( mu_us*pus + BETASWUsEus ):

difpupar = gswu+( mu_us*difpus + pus#ditmufus + BETASWU*difEus );
puper = pusper;

difpuper = difpusper;

PU = sqrt( pupar*pupar + puperspuper );

difpu = (puparsdifpupar + puper*difpuper)/pu;

*dpddpu = 1.0/difpu;

return pu; i



/*
check whether a particle in downstream recedes from

the shock?

*/

int recede( m, pd, mu_d )
double m, pd, mu_d;

{

double Ed, pdper, pdpar, pdspar, pdsper, pds, mu_ds, gswd;

/* in downstream local frame

*/

Ed = sqrt( pd*pd + m*m );

pdpar = mu_d#*pd;

pdper = pd*sqrt{ 1.0 - mu_d*mu_d };

/* Transforming from downstream local frame to
downstream dHT frame

w/

gewd = 1.0/8qrt( 1.0~BETASWDBETASYD );

pdspar = gawd+*( pdpar ~ BETASWD®Ed );

1

pdsper = pdper;
pds = sqrt( pdspar*pdapar + pdsperspdsper };

mu_ds = pdspar/pds;
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if ( mu_ds <= 0.0 ) return 1; /% it recedes from the shock */

if ( mu_ds > 0.0 ) return 0;

/+ determine mu_d from pu, mu_u and when

(a) (mu_ul| > 1+TINY report error
(b) 1-TINY < mu_u < I+TINY return +1
(c) -1-TINY < mu_u < -i+TINY return -1.

./

double mu_d{ m, pu, mu_u )
double m, pu, mu_u;
{
double m2, pd, mu_d;
double Eu, p_us_par, p_us_per, p_us, mu_us, gamma_us;

double mu_de, p_ds, p_ds_par, p_ds_per, Eds, gamma_ds;

M2 = m*m;

if{ fabs(mu_u) > 1.0+TINY )

nrerror("error in routine mu_d{): mu_u out of bounds");

elge if( 1.0-TINY < mu_u && mu_u < 1.0+TINY )

return 1.0;




elge if( —1.0-TINY < mu_u &k mu_u < ~1.0+TINY )

return =-1.0;

else {

/* energy in upstream local frame
./
rint? ("#19 = %1f\n",purpu+m?);
P pu*p

Eu = sqret{ puspu + m2 );

/* transforming from upstream local frame to
upstream dHT frame

»/

printi("#20 = %1f\n*,1.0-BETASWU*BETASWU) ;
gamma_us = 1.0 / sqrt{ 1.0 - BETASWU*BETASWU );

printf("#21 = Y%if\n",puspu*{1.0-mu_u*mu_u}};

p_us_per = sqrt{ pu*pu*( 1.0-mu_u*mu_u });

p_us_par = gamma_us+( pu*mu_u-BETASWU*Eu );

I

printf{"#22 = %1f\n",p_us_per*p_us_per+p_us_parsp_us_par);

1l

p_us sqrt{ p_Us_per*p_us_per + p_us_parep_us_par );

mu_us = p_us_par / p_us;

/* transforwming from upstream dHT frame

to downstream dHT frame
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90

w/

printf("#23 = }1f\n",1.0-BETASWD#BETASVD): "
gamma_de = 1.0/sqrt(1.0-BETASWD*BETASWD);
printf("#24 = %1£\n",1,0-(1.0~mu_us*mu_us)*BDOVERBU);

printf("mu_us = %1f\n",mu_us);

mu_ds sqrt( 1.0 - ( 1.0 - mu_us*mu_us ) » BDOVERBU );

p.ds p_us;
printf("#25 = %1f\n",p_ds+p_ds+m2};
Eds = sqrt{ p_ds*p_ds+m2 };

printf("“#26 = Y%if\n",p_ds+*p_ds*(1,0-mu_ds*mu_ds))};

p-ds_per = sqrt( p_ds»*p_ds*(1,0-pu_ds#tmu_ds)};

It

p_ds_par = gamma_ds*( p_ds*mu_ds+BETASWD*Eds );
/* transforming from downstream dHT frams to
downstream local frame
*/

printf(“#27 = %1f\n",p_ds_per*p_ds_per+p_ds_par*p_ds_par);

pd 8qrt{ p_ds_per*p_ds_per + p_ds_par*p_ds_par );

I

mu_d = p_ds_par / pd;

return mu_d;

/* determine mu_u from pd, mu_d and when



(a) lmu_dl > 1+TINY report error
(b) 1-TINY < mu_d < 1+TINY return +1
(c) -1-TINY < mu_d < -i+TINY return -1i.

*/

double mu_u( m, pd, mu_d )
double m, pd, mu_d;
{
double m2, pu, mu_u;
double Ed, p_ds_par, p_ds_per, p_ds, mu_ds, gamma_ds ;

double mu_us, p_us, P-Uue_par, p_us_per, Eus, gamma_us;

m2 = m*m;

if ( fabs(mwu_d) > 1.0+TINY )

nrerror("error in routine mu_u():mu_d out of bounds"):

else if( 1.0-TINY < mu_d & mu_d < 1.0+TINY )

return 1.90;

else if( -1.0-TINY < mu_d && mu_d < —1.0+TINY )

return -1.0;

else {
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/% energy in downstream local frame
x/
printf("#28 = A1f\n", pd*pd+m2) ;

Ed = sqrt( pdspd + m2 ):

/* transforming from downstream local frame to
downstream dHT frame

*/

Printf("#2¢ = %lf\n“,1.0-BETASHD*BETASUD);
gamma_ds = 1.0 / sqrt( 1.0 - BETASWD*BETASWD )

Printf ("#30 = xlf\n",pd*pd*(l.o-mu_d*mu_d));

n

P_ds_per = sqrt( pdepds( 1.0-mu_d*mu_d ));

)

p.ds_par = gamma_ds*( pd*mu_d~BETASWD#*Ed )

printf("#31 = er\n",p_ds_pertp_ds_per+p_ds_partp_ds_par);

p.ds 5qrt( p_ds_per*p_ds_per + P-ds_parsp_ds_par );

mu_ds = p.ds_par / p_ds;

/+ transforming from downstream dHT frame
to upstream dHT frame
*/
printf("#32 = %if\n",1 -O-BETASWUsBETASWU ) ;
ghmma_us = 1,0 / 8qrt(1.0-BETASWU*BETASWY) ;
printf(“#33 = Zlf\n",l.0-(1.0-xuu_ds*mu_ds)/BDOVERBU):
mu_us = =sqre( 1.0 - ( 1.0 - mu_ds*mu_ds ) / BDOVERBU );

p._us = p.ds;
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printf("#34 = J1f\n",p_us*p_us+m2);
Eus = aqrt( p_us*p_us+m2 );
printf("#36 = X1lf\n",p_us*p_us*{1.0-mu_usemu_us));

pP.us_per = sqrt{ p_ussp_ua+(1.0-mu_us*mu_us));

p_us_par = gamma_us*{ p_us*mu_us+BETASWU*Eus );

/* transtorming from upstream dHT frame to
upstream local frame
*/

printf("#36 = J1f\n",p_us_persp_us_per+p_us_par*p_us_par);

pu 8qrt( p_us_per®p_us_per + p_us_par*p_us_par );

mu_u = p_us_par / pu; :

Teturn mu_u;

double mustari(m,pu,mustard,mustarr)
double m, pu, *mustard, *mustarr;
{

double newsqrt();

double mu_us,mu_u;
double Eu, g8vu, gawd ,pus,pdpar, pupar;

double a,b,c;
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/* This routine considers mu_ds = 0, */

gswu = 1.0 / newsqrt{ 1.0 - BETASWUSBETASWU );
Eu = newsqrt( pu*pu + m*m )};

mu_us = -newsqrt{l.0-1.0/BDOVERBU);

a= ( 1.0-mu_us*mu_us ) * gEWUXGSWU * pu*pu + Mu_US*mu_uskpuspu;
b= -2.0 * pu » BETASWU * Eu * gswu%gswu * ( 1.0-mu_us*mu_us );
c= BETASWU*BETASWU * EusxEu =» gsuu*g;Hu * ( 1.0-mu_us*mu_us )

~ mu_us*mu_us * pu*pu;
mu_u = { -b - neusqrt( bsb ~ 4.0%asc )} / { 2.0%a }:

mustarr = ( -b + newsqrt{ b*b — 4.0*aec)) / ( 2.0%a );

/% compute mustard

x/

gswd = 1.0 / newsqrt( 1.0 = BETASWD*BETASWD );
pus = newsqrt(gswu*{ mu_uspu~BETASWUsEu )*gswus{ mu_u*pu-BETASWUsEu )
+ pu*pus(i.0-mu_u*mu_u));
pdpar = gswd*BETASWD*newsqrt( m*m + pus*pus );
*mustard = pdpar / newsqrt( pus#pus+pdpar*pdpar );
return mu_u;

}

/x
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compute pr: momentum refecting at the shoch front back to upstream
local frame when given
pu: momentum incident at the shock front in upstream local
frame

mu_u: cos(phi) in upstream local frame

double refl_pr( m, pu, mu_u, dpudpr )

double m, pu, mu_u, *dpudpr;

{
double Eu, difEu, pus, difpus, puspar, difpuspar, pusper,.ditpusper;
double gswu, prs, difprs, prapar, difprspar, prsper, difpraper;
double mu_ra, difmu_rs, Ers, difErs, pr, difpr, prpar, difprpar;

double prper, difprper, mu_us;

/* in upstream local frame
*/
Eu = sqrt( pu*putmsm );

difEu = pu/Eu;

/* Transforming from upstream local frame to
upstream dHT frama,

*/

gswu = 1.0/sqrt( 1.0 - BETASWUSBETASWU );
puspar = gswu*( mu_u*pu ~ BETASWUsEu );

difpuspar = gawu*( mu_u - BETASWU=difEu );



pusper = pu*sqrt( 1.0 - mu_u*mu_u );

difpusper = sqrt( 1.0 - mu_u*mu_u );

mu_us = puspar/sqrt{ pusparspuspar + pusperepusper );
if( mu_us >= 0.0 )

printf(”\n in dHT frame mu_us = %1f",mu_us):

/* Reflecting at the shock front in dHT frame back to

upstream

*/

prspar = -puspar;
difprapar = -difpuspar;

Prsper = pusper;

~difprsper = difpusper;

Prs = sqrt( preparsprspar + prespersprsper );

difprs = ( prspar*difprspar + prsper*difprsper ) / prs;
mu_rs = prspar/prs;

difmu_rs = ( prssdifprspar - prspar*difprs ) / ( prs*prs );
Ers = sqr;( prs*prs + m*m );

difErs = ( pra/Ers )+difprs;

/* Transforming back from dHT frame to upstream local frame

*/

prpar = gswu*{ prepar + BETASWUsErs );
difprpar = gawut( mu_rs*difpras + prs+difmu_rs + BETASWU*difErs );

Prper = praper;
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difprper = difpraper;

pr = sqrt( prpar#prpar + prpersprper );

difpr = ( prpar=difprpar + prper*difprper }/pr;
*dpudpr = 1.0/difpr;

return pr;

/* compute mu after reflecting at the shock front from

upstream local frame back to upstream local frame

NOTE: momentum magnitude conservs in dHT frame
Pu -> momentum in upstream local frame

mu —> mu in upstream local frame

*/

double mu_refl{ m,pu,mu )
double m,pu,mu;
{
double pus,pus_par,pus_per,Eu,Eus,gawu,pr;

double pus_refl_par,pus_refl_per,pu_refl_par,pu_refl_per;

/* in upstream local frame we compute energy
and gamma of particle

*/
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En = sqrt( mem + pu*pu );

gswu = 1.0 / sqrt{ 1,0-BETASWU«BETASWY );

/* transforming from upstream local frame to
dHT frame

*/

pus_par = gawux( mu*pu - BETASWU=Eu };

pus_per = pu*sqrt( 1.0-musmu };

/* reflection in dHT frame conservs energy, and
momentum change its direction but its magnitude
does not.

*/

pus_refl par = -pus_par;

I

pus_refl_per = pus_per;

Eus = sqrt( pus_refl_par*pus_refl par+pus_refl_per*pus_refl_per+m*m );

/% transforming back from dHT frame to upstream
local frame

*/

pu_refl_par = gewus*( pus_refl_par + BETASWU*Eus );

pu_refl_per = pus_refl_per;

pr = sqrt{ pu_refl_par*pu_refl_par + pu_refl_pers¢pu_ refl_per );

return pu_refl_par/pr;
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/* compute square root of x
if |x| < TINY
it return 0

x/

double newsqrt{ double x )
{
it( x < -TINY ) nrerror(“newsqrt error");

iz{ fabs{x) < TINY ) return 0.0;

else return sqrt(x);
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