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Backstage Manipulator for Cosmic Evolution

SFHAE RS

¥ {5 (Abstract)

We study the effect of dark energy on the evolution of cosmic structure in a scenario where the dark

energy is treated as free particles and thus can be localized. By theoretical derivation and numerical

simulations, we found that:

1. The dark energy particles gain kinetic energy from a moving dark matter particle through
gravitational interaction. Due to energy conservation, the dark matter particle will slow down
with time

E, (t) = Exo —9x10°[L+ 3wy [t

where E, (t) is the kinetic energy of the dark matter particle, E,, is its initial Kinetic energy, w
is the coefficient of equation of state for dark energy, p,- is the mean energy density of dark
energy, and t is the time.

2. The formation history and structure of galaxy clusters are different in the presence of localized
dark energy. The more the localized dark energy, the earlier the formation of the cluster core. In
addition, the kinetic energy E, (R) as a function of R will be different if the p. is different.
Thus we can compare the observed E, (R) of clusters with our results to deduce the p,. in
our universe.

The results here can be applied to the observations in the near future.
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define mn 10
#define r0 1.0e-10
#define mas 2.0e-4
#define turn 200

extern double sqrt();
double tempd1, tempd2, tempd3, tempd4, tempd5, tempd6;

int main(void)

{
int N,M,R;
double x,y,z,deltaT,m1[mn][3],m2[mn][3],F1[mn][3],F2[mn][3],al[mn][3],a2[mn][3],v1[mn][3],v2[mn][3];
char buf[32],filename[64];

deltaT=1.0e-3;

N=0;

while(N<mn)

{
x=((double)rand())/32768.0;
y=((double)rand())/32768.0;
z=((double)rand())/32768.0;

if(sqrt(((x-0.5)*(x-0.5)+(y-0.5)*(y-0.5)+(z-0.5)*(z-0.5))<=0.4))

{
m1[N][0]=x;
m1[N][1]=y;
m1[N][2]=z;
F1[N][0]=0.0;
F1[N][1]=0.0;
F1[N][2]=0.0;
al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
v1[N][0]=0.0;
v1[N][1]=0.0;
v1[N][2]=0.0;
N++;

}

N=0;

while(N<mn)

{
x=((double)rand())/32768.0;
y=((double)rand())/32768.0;
z=((double)rand())/32768.0;

if(sqrt(((x-0.5)*(x-0.5)+(y-0.5)*(y-0.5)+(2-0.5)*(2-0.5))<=0.4))
{
m2[N][0]=x;
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}

m2[N][1]=y;
m2[N][2]=z;
F2[N][0]=0.0;
F2[N][1]=0.0;
F2[N][2]=0.0;
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
v2[N][0]=0.0;
v2[N][1]=0.0;
v2[N][2]=0.0;
N++;

FILE *output;
output=fopen("outputO.txt","w");
for(N=0;N<mn;N++)

fprintf(output, "%e %e %e %e %e %e\n", m1[N][0],m1[N][1],m1[N][2], v1[N][O],v1[N][1],vi[N][2]);

fprintf(output,"\n");

for(N=0;N<mn;N++)

fprintf(output, "%e %e %e %e %e %e\n", m2[N][0],m2[N][1],m2[N][2], v2[N][O0],v2[N][1],v2[N][2]);

fclose(output);

for(R=1;R<turn+1;R++)

{

for(N=0;N<mn;N++)

{
for(M=N+1;M<mn;M++)
{

tempd1=m1[M][0]-m1[N][O];

tempd2=m1[M][1]-m1[N][1];

tempd3=m1[M][2]-m1[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);

tempd6=1.0*mas / ((tempd5+r0)*(tempd5+r0));

tempdl *= tempd6/(tempd5+r0);

tempd2 *= tempd6/(tempd5+r0);

tempd3 *= tempd6/(tempd5+r0);

F1[N][0]+= tempd3,;
F1[N][1]+= tempd2;
F1[N][2]+= tempd3;

F1[M][0]-= tempd1;
F1[M][1]-= tempd2;
F1[M][2]-= tempd3;

¥
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for(N=0;N<mn;N++)

{
for(M=0;M<mn;M++)
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{

tempd1=m2[M][0]-m1[N][O];

tempd2=m2[M][1]-m1[N][1];

tempd3=m2[M][2]-m1[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);

tempd6=-2.0*mas / ((tempd5+r0)*(tempd5+r0));

tempdl *= tempd6/(tempd5+r0);

tempd2 *= tempd6/(tempd5+r0);

tempd3 *= tempd6/(tempd5+r0);

F1[N][0]+= tempd1,;
F1[N][1]+= tempd2;
F1[N][2]+= tempd3;

F2[N][0]-= tempd1;
F2[N][1]-= tempd2;
F2[N][2]-= tempd3;
}

al[N][0]=F1[N][0]/mas;
al[N][1]=F1[N][1])/mas;
al[N][2]=F1[N][2])/mas;

m1[N][0]+=v1[N][0]*deltaT+0.5*a1[N][0] *deltaT*deltaT;
m1[N][1]+=vL[N][1]*deltaT+0.5*a1[N][L]*deltaT*deltaT;
m1[N][2]+=vi[N][2]*deltaT+0.5*a1[N][2] *deltaT*deltaT;

Vv1[N][0]+=al[N][0]*deltaT;
Vv1[N][1]+=al[N][1]*deltaT;
v1[N][2]+=al[N][2]*deltaT;
}

for(N=0;N<mn;N++)

{
for(M=N+1;M<mn;M++)
{

tempd1=m2[M][0]-m2[N][O];

tempd2=m2[M][1]-m2[N][1];

tempd3=m2[M][2]-m2[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);

tempd6=-2.0*mas / ((tempd5+r0)*(tempd5+r0));

tempdl *= tempd6/(tempd5+r0);

tempd2 *= tempd6/(tempd5+r0);

tempd3 *= tempd6/(tempd5+r0);

F2[N][0]+= tempd3,;
F2[N][1]+= tempd2;
F2[N][2]+= tempd3;
F2[M][0]-= tempd1;
F2[M][1]-= tempd2;
F2[M][2]-= tempd3;

}

a2[N][0]=F2[N][0]/mas;
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a2[N][1]=F2[N][1])/mas;
a2[N][2]=F2[N][2]/mas;

m2[N][0]+=v2[N][0]*deltaT+0.5*a2[N][0]*deltaT*deltaT;
m2[N][1]+=v2[N][1]*deltaT+0.5*a2[N][1]*deltaT*deltaT;
m2[N][2]+=Vv2[N][2]*deltaT+0.5*a2[N][2]*deltaT*deltaT;

v2[N][0]+=a2[N][0]*deltaT;
v2[N][1]+=a2[N][1]*deltaT;
v2[N][2]+=a2[N][2]*deltaT;
}

strepy(filename,"output™);

strcat(filename,gcvt((float)R,4,buf));

strcat(filename,".txt");

FILE *outputl,

outputl=fopen(filename,"w");

for(N=0;N<mn;N++)
fprintf(outputl, "%e %e %e %e %e %e\n", m1[N][0],m1[N][1],m1[N][2],
VI[N][0].vA[N][1].V1[N][2]);

fprintf(outputl,™\n");

for(N=0;N<mn;N++)
fprintf(outputl, "%e %e %e %e %e %e\n", m2[N][0],m2[N][1],m2[N][2],
V2[N][0].v2[N][1].v2[N][2]);

fclose(outputl);

for(N=0;N<mn;N++)

{
F1[N][0]=0.0;
F1[N][1]=0.0;
F1[N][2]=0.0;
al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
F2[N][0]=0.0;
F2[N][1]=0.0;
F2[N][2]=0.0;
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define mn 50
#define r0 1.0e-10
#define mas 1.0e-5
#define turn 200

extern double sqrt();
double tempd1, tempd2, tempd3, tempd4, tempd5, tempds6;

int main(void)

{
int N,M,R;

double x,y,z,deltaT,m1[mn][3],m2[mn][3],F1[mn][3],F2[mn][3],al[mn][3],a2[mn][3],v1[mn][3],v2[mn][3];

char buf[32],filename[64];

deltaT=1.0e-3;

N=0;

while(N<mn)

{
x=((double)rand())/32768.0;
y=((double)rand())/32768.0;
z=((double)rand())/32768.0;

if(sqrt(((x-0.5)*(x-0.5)+(y-0.5)*(y-0.5)+(z-0.5)*(z-0.5))<=0.4))

{
m1[N][0]=x;
m1[N][1]=y;
m1[N][2]=z;
F1[N][0]=0.0;
F1[N][1]=0.0;
F1[N][2]=0.0;
al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
v1[N][0]=0.0;
v1[N][1]=0.0;
v1[N][2]=0.0;
N++;

}

N=0;

while(N<mn)

{
x=((double)rand())/32768.0;
y=((double)rand())/32768.0;
z=((double)rand())/32768.0;

if(sqrt(((x-0.5)*(x-0.5)+(y-0.5)*(y-0.5)+(z-0.5)*(2-0.5))<=0.4))
{

m2[N][0]=x;

m2[N][1]=y;
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}

m2[N][2]=z;
F2[N][0]=0.0;
F2[N][1]=0.0;
F2[N][2]=0.0;
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
v2[N][0]=0.0;
v2[N][1]=0.0;
v2[N][2]=0.0;
N++;

FILE *output;
output=fopen("outputO.txt","w");
for(N=0;N<mn;N++)

fprintf(output, "%e %e %e %e %e %e\n", m1[N][0],m1[N][1],m1[N][2], v1[N][O],v1[N][1],vi[N][2]);

fprintf(output,"\n");

for(N=0;N<mn;N++)

fprintf(output, "%e %e %e %e %e %e\n", m2[N][0],m2[N][1],m2[N][2], v2[N][O0],v2[N][1],v2[N][2]);

fclose(output);

for(R=1;R<turn+1;R++)

{

for(N=0;N<mn;N++)

{
for(M=N+1;M<mn;M++)
{

tempd1=m1[M][0]-m1[N][O];

tempd2=m1[M][1]-m1[N][1];

tempd3=m1[M][2]-m1[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);

tempd6=1.0*mas*3 / ((tempd5+r0)*(tempd5+r0));

tempdl *= tempd6/(tempd5+r0);

tempd2 *= tempd6/(tempd5+r0);

tempd3 *= tempd6/(tempd5+r0);

F1[N][0]+= tempd3,;
F1[N][1]+= tempd2;
F1[N][2]+= tempd3;

F1[M][0]-= tempd1;
F1[M][1]-= tempd2;
F1[M][2]-= tempd3;

¥
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for(N=0;N<mn;N++)

{
for(M=0;M<mn;M++)
{
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tempd1=m2[M][0]-m1[N][O];

tempd2=m2[M][1]-m1[N][1];

tempd3=m2[M][2]-m1[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);

tempd6=-2.0*mas*7 / ((tempd5+r0)*(tempd5+r0));

tempdl *= tempd6/(tempd5+r0);

tempd2 *= tempd6/(tempd5+r0);

tempd3 *= tempd6/(tempd5+r0);

F1[N][0]+= tempd1,;
F1[N][1]+= tempd2;
F1[N][2]+= tempd3;

F2[N][0]-= tempd1;
F2[N][1]-= tempd2;
F2[N][2]-= tempd3;
}

al[N][0]=F1[N][0]/mas;
al[N][1]=F1[N][1])/mas;
al[N][2]=F1[N][2]/mas;

m1[N][0]+=v1[N][0]*deltaT+0.5*a1[N][0] *deltaT*deltaT;
m1[N][1]+=vi[N][1]*deltaT+0.5*a1[N][1]*deltaT*deltaT;
m1[N][2]+=vi[N][2]*deltaT+0.5*a1[N][2] *deltaT*deltaT;

Vv1[N][0]+=al[N][0]*deltaT;
VA[N][1]+=al[N][1]*deltaT;
v1[N][2]+=al[N][2]*deltaT;
}

for(N=0;N<mn;N++)
{
for(M=N+1;M<mn;M++)
{

tempd1=m2[M][0]-m2[N][O];

tempd2=m2[M][1]-m2[N][1];
tempd3=m2[M][2]-m2[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);
tempd6=-2.0*mas*7 / ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);

F2[N][0]+= tempd3,;
F2[N][1]+= tempd2;
F2[N][2]+= tempd3;

F2[M][0]-= tempd1;
F2[M][1]-= tempd2;
F2[M][2]-= tempd3;

}
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a2[N][0]=F2[N][0]/mas;
a2[N][1]=F2[N][1])/mas;
a2[N][2]=F2[N][2])/mas;

m2[N][0]+=v2[N][0]*deltaT+0.5*a2[N][0]*deltaT*deltaT;
m2[N][1]+=Vv2[N][1]*deltaT+0.5*a2[N][1]*deltaT*deltaT;
m2[N][2]+=Vv2[N][2]*deltaT+0.5*a2[N][2]*deltaT*deltaT;

V2[N]J[0  ]+=a2[N][0]*deltaT;
V2[N][1]+=a2[N][1]*deltaT;
v2[N][2]+=a2[N][2]*deltaT;
}

strepy(filename,"output™);
strcat(filename,gcvt((float)R,4,buf));
strcat(filename,".txt");

FILE *outputl,
outputl=fopen(filename,"w");
for(N=0;N<mn;N++)

fprintf(outputl, "%e %e %e %e %e %e\n", m1[N][0],m1[N][1],m1[N][2],

VI[N][0].v1[N][1].v1[N][2]);
fprintf(outputl,™\n");

for(N=0;N<mn;N++)

fprintf(outputl, "%e %e %e %e %e %e\n", m2[N][0],m2[N][1],m2[N][2],

v2[N][0],v2[N][1],v2[N][2]);
fclose(outputl);

for(N=0;N<mn;N++)

{
F1[N][0]=0.0;
F1[N][1]=0.0;
F1[N][2]=0.0;
al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
F2[N][0]=0.0;
F2[N][1]=0.0;
F2[N][2]=0.0;
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define mn 10
#define r0 1.0e-2
#define mas 5.0e-4
#define turn 100

extern double sqrt();
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double tempd1, tempd2, tempd3, tempd4, tempd5, tempd6;

int main(void)
{

int N,M,R,3;
double

X,y,z,deltaT,m1[1][3],m2[mn*mn*mn*5][3],al[mn*mn*mn][3],a2[mn*mn*mn*5][3],v1[mn*mn*mn][3],v2[mn*mn*
mn*5][3],r[mn*mn*mn*5][3];
char buf[32],filename[64];

deltaT=1.0e-1;

a=0;

for(N=0;N<mn*5;N++)

{

for(M=0;M<mn;M++)

{

for(R=0;R<mn;R++)

{

}

x=((double)N)/10.0;
y=((double)M)/10.0;
z=((double)R)/10.0;

m2[a][0]=x;
m2[a][1]=y;
m2[a][2]=z;
a2[a][0]=0.0;
a2[a][1]=0.0;
a2[a][2]=0.0;
v2[a][0]=0.0;
v2[a][1]=0.0;
v2[a][2]=0.0;
r[a][0]=0.0;
r[a][1]=0.0;
r[a][2]=0.0;

a=a+l;

}
printf("a=%d\n", a);

fflush(stdout);
N=0;
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m1[0][0]=0.5;
m1[0][1]=0.55;
m1[0][2]=0.55;
v1[0][0]=0.5;
v1[0][1]=0.0;
v1[0][2]=0.0;
a1[0][0]=0.0;
a1[0][1]=0.0;
a1[0][2]=0.0;
printf("1\n");
fflush(stdout);

FILE *output, *fid;

fid=fopen("vt0.txt","w");

fprintf(fid, "0 %e %e %e %e %e %e\n",v1[0][0],v1[0][1],v1[0][2],m1[0][0],mL[O][L],m1[O][2]);

output=fopen("output0.txt","wb");

fwrite(&m1[0][0],sizeof(double), 3, output);

fwrite(&v1[0][0],sizeof(double), 3, output);

for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, output);
fwrite(&v2[N][0],sizeof(double), 3, output);

}

fclose(output);

printf("2\n");

fflush(stdout);
M=0;
N=0;
R=0;
for(R=1;R<turn+1;R++)
{
for(M=0;M<a;M++)
{
tempd1=m2[M][0]-m1[0][O];
tempd2=m2[M][1]-m1[0][1];
tempd3=m2[M][2]-m1[0][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);
if(tempd5<=0.25)
{
tempd6=-2.0*mas/ ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);
al[0][0]+= tempd1;
al[0][1]+= tempd2;
al[0][2]+= tempd3;
a2[M][0]-= tempd1;
a2[M][1]-= tempd2;
a2[M][2]-= tempd3;
}
}

m1[0][0]+=v1[0][0]*deltaT+0.5*a1[0][0]*deltaT*deltaT;
m1[0][1]+=v1[0][1]*deltaT+0.5*a1[0][1]*deltaT*deltaT;
m1[0][2]+=v1[0][2]*deltaT+0.5*a1[0][2]*deltaT*deltaT;
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v1[0][0]+=a1[0][0]*deltaT;
v1[0][1]+=al[0][L]*deltaT;
v1[0][2]+=al[0][2]*deltaT;

for(N=0;N<a;N++)
{
for(M=N+1;M<a;M++)
{

tempd1=m2[M][0]-m2[N][0];

if (tempd1>4.0) tempdl -=5.0;

if (tempd1<-4.0) tempdl +=5.0;

tempd2=m2[M][1]-m2[N][1];

if (tempd2>0.7) tempd2 -=1.0;

if (tempd2<-0.7) tempd2 +=1.0;

tempd3=m2[M][2]-m2[N][2];

if (tempd3>0.7) tempd3 -=1.0;

if (tempd3<-0.7) tempd3 +=1.0;

tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;

tempd5=sqrt(tempd4);

if(tempd5<=0.25)

{
tempd6=-2.0*mas / ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);

a2[N][0]+= tempd1,;
a2[N][1]+= tempd2;
a2[N][2]+= tempd3;

a2[M][0]-= tempd1;

a2[M][1]-= tempd2;

a2[M][2]-= tempd3;
) }
m2[N][0]+=v2[N][0]*deltaT+0.5*a2[N][0]*deltaT*deltaT;
m2[N][1]+=v2[N][1]*deltaT+0.5*a2[N][1]*deltaT*deltaT;
m2[N][2]+=V2[N][2]*deltaT+0.5*a2[N][2]*deltaT*deltaT;

Vv2[N][0]+=a2[N][0]*deltaT;
V2[N][1]+=a2[N][1]*deltaT;
Vv2[N][2]+=a2[N][2]*deltaT;

}
if(R%10==0){
strepy(filename,"output™);
strcat(filename,gevt((float)R,4,buf));
strcat(filename,".txt");
FILE *outputl;
outputl=fopen(filename,"wb");
fwrite(&m1[0][0],sizeof(double), 3, outputl);
fwrite(&v1[0][0],sizeof(double), 3, outputl);
for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, outputl);
fwrite(&v2[N][0],sizeof(double), 3, outputl);
}
fclose(outputl);



fprintf(fid, "%d %e %e %e %e %e %e\n",R,v1[0][0],v1[0][1],v1[0][2],m1[0][0],m1[O][1],m1[O][2]);
fflush(fid);

a1[0][0]=0.0;
a1[0][1]=0.0;
a1[0][2]=0.0;
for(N=0;N<a;N++)

{
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
}

}

printf("al=%e\n", a1[0][0]);
printf("al=%e\n", al[0][1]);
printf("al=%e\n", al[0][2]);
fflush(stdout);

fclose(fid);

}
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define mn 10
#define r0 1.0e-10
#define mas 2.0e-4
#define turn 3000

extern double sqrt();
double tempd1, tempd2, tempd3, tempd4, tempd5, tempd6;

int main(void)

{
int N,M,R,3;
double

X,y,z,deltaT,m1[1][3],m2[mn*mn*mn*50][3],al[mn*mn*mn][3],a2[mn*mn*mn*50][3],v1[mn*mn*mn][3],v2[

mn*mn*mn*50][3],r[mn*mn*mn*50][3];
char buf[32],filename[64];

deltaT=5.0e-3;
a=0;
for(N=0;N<mn*50;N++)
{
for(M=0;M<mn;M++)
{
for(R=0;R<mn;R++)
{
x=((double)N)/10.0;
y=((double)M)/10.0;
z=((double)R)/10.0;

m2[a][0]=x;
m2[a][1]=y;
m2[a][2]=z;
a2[a][0]=0.0;
a2[a][1]=0.0;
a2[a][2]=0.0;
v2[a][0]=0.0;
v2[a][1]=0.0;
v2[a][2]=0.0;
r[a][0]=0.0;
r[a][1]=0.0;
r[a][2]=0.0;

a=a+l;

m1[0][0]=0.55;
m1[0][1]=0.55;
m1[0][2]=0.5;
v1[0][0]=FIf'E
v1[0][1]=0.0;
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v1[0][2]=0.0;

FILE *output, *fid;
fid=fopen("vt0.txt","w");

fprintf(fid, "0 %e %e %e %e %e %e\n",v1[0][0],v1[0][1],v1][0][2],m1[O][O],m1[O][1],m1[O][2]);

output=fopen(“output0.txt","wb");
fwrite(&m1[0][0],sizeof(double), 3, output);
fwrite(&v1[0][0],sizeof(double), 3, output);
for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, output);
fwrite(&v2[N][0],sizeof(double), 3, output);

}
fclose(output);
M=0;
N=0;
R=0;
for(R=1;R<turn+1;R++)
{
for(M=0;M<a;M++)
{
tempd1=m2[M][0]-m1[0][O];
tempd2=m2[M][1]-m1[O][1];
tempd3=m2[M][2]-m1[0][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);
if(tempd5<=0.25)
{
tempd6=-2.0*mas/ ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);
al[0][0]+= tempd1;
al[0][1]+= tempd2;
al[0][2]+= tempd3;
a2[M][0]-= tempd1;
a2[M][1]-= tempd2;
a2[M][2]-= tempd3;
}
}

m1[0][0]+=v1[0][0]*deltaT+0.5*a1[0][0]*deltaT*deltaT;
m1[0][1]+=v1[0][1]*deltaT+0.5*al[0][1]*deltaT*deltaT;
m1[0][2]+=v1[0][2]*deltaT+0.5*al[0][2]*deltaT*deltaT;

v1[0][0]+=al[0][0]*deltaT;
v1[0][1]+=al[0][1]*deltaT;
v1[0][2]+=al[0][2]*deltaT;

for(N=0;N<a;N++)

{
a2[N][0]-=r[N][0]*(8.0*1.20206)*mas/0.001;
a2[N][1]-=r[N][1]*(8.0*1.20206)*mas/0.001;
a2[N][2]-=r[N][2]*(8.0*1.20206)*mas/0.001;

v2[N][0]+=a2[N][0]*deltaT;
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V2[N][1]+=a2[N][1]*deltaT;
v2[N][2]+=a2[N][2]*deltaT;

tempd1=v2[N][0]*deltaT+0.5*a2[N][0]*deltaT*deltaT;
tempd2=v2[N][1]*deltaT+0.5*a2[N][1]*deltaT*deltaT;
tempd3=v2[N][2]*deltaT+0.5*a2[N][2]*deltaT*deltaT;

r[N][0]+=tempd1;
r[N][1]+=tempd2;
r[N][2]+=tempd3;

m2[N][0]+=tempd1;
m2[N][1]+=tempd2;
m2[N][2]+=tempd3;
}
if(R%50==0){
strepy(filename,"output™);
strcat(filename,gevt((float)R,4,buf));
strcat(filename,".txt");
FILE *outputl;
outputl=fopen(filename,"wb");
fwrite(&m21[0][0],sizeof(double), 3, outputl);
fwrite(&v1[0][0],sizeof(double), 3, outputl);
for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, outputl);
fwrite(&v2[N][0],sizeof(double), 3, outputl);
}
fclose(outputl);

fprintf(fid, "%d %e %e %e %e %e %e\n",R,v1[0][0],v1[0][1],v1[0][2],m1[0][0], m1[O][1],m1[O][2]):;

al[0][0]=0.0;
al[0][1]=0.0;
al[0][2]=0.0;
for(N=0;N<a;N++)

{
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
}
}
fclose(fid);
}
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define mn 10
#define r0 1.0e-10
#define mas 2.0e-4
#define turn 3000

extern double sqrt();
double tempd1, tempd2, tempd3, tempd4, tempd5, tempds6;

int main(void)
{

int N,M,Ra;

double
X,y,z,deltaT,m1[1][3],m2[mn*mn*mn*50][3],al[mn*mn*mn][3],a2[mn*mn*mn*50][3],v1[mn*mn*mn][3],v2[mn*mn
*mn*50][3],ry[mn*mn*mn*50][3];

char buf[32],filename[64];

deltaT=5.0e-3;
a=0;
for(N=0;N<mn*50;N++)
{
for(M=0;M<mn;M++)
{
for(R=0;R<mn;R++)
{
x=((double)N)/10.0;
y=((double)M)/10.0;
z=((double)R)/10.0;

m2[a][0]=x;
m2[a][1]=y;
m2[a][2]=z;
a2[a][0]=0.0;
a2[a][1]=0.0;
a2[a][2]=0.0;
v2[a][0]=0.0;
v2[a][1]=0.0;
v2[a][2]=0.0;
r[a][0]=0.0;
r[a][1]=0.0;
r[a][2]=0.0;

a=a+l;

}
}
printf("a=%d\n", a);
fflush(stdout);
N=0;
m1[0][0]=0.55;
m1[0][1]=0.55;
m1[0][2]=0.5;
v1[0][0]=0.5;
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v1[0][1]=0.0;
v1[0][2]=0.0;
a1[0][0]=0.0;
a1[0][1]=0.0;
a1[0][2]=0.0;

FILE *output, *fid;
fid=fopen("vt0.txt","w");

fprintf(fid, "0 %e %e %e %e %e %e\n",v1[0][0],v1[0][1],v1[0][2],m1[0][0],mL[O][L]m1[O][2]);

output=fopen(“output0.txt","wb");
fwrite(&m1[0][0],sizeof(double), 3, output);
fwrite(&v1[0][0],sizeof(double), 3, output);
for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, output);
fwrite(&v2[N][0],sizeof(double), 3, output);

}
fclose(output);
M=0;
N=0;
R=0;
for(R=1;R<turn+1;R++)
{
for(M=0;M<a;M++)
{
tempd1=m2[M][0]-m1[0][O];
tempd2=m2[M][1]-m21[O][1];
tempd3=m2[M][2]-m1[0][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);
if(tempd5<=0.25)
{
temde:E[E?’,F]:El FUH % *mas/ ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);
al[0][0]+= tempd1;
al[0][1]+= tempd2;
al[0][2]+= tempd3;
a2[M][0]-= tempd1;
a2[M][1]-= tempd2;
a2[M][2]-= tempd3;
}
}

m1[0][0]+=v1[0][0]*deltaT+0.5*a1[0][0]*deltaT*deltaT;
m1[0][1]+=v1[0][1]*deltaT+0.5*a1[0][1]*deltaT*deltaT;
m1[0][2]+=v1[0][2]*deltaT+0.5*al[0][2]*deltaT*deltaT;

v1[0][0]+=al[0][O]*deltaT;
v1[0][1]+=al[0][1]*deltaT;
v1[0][2]+=al[0][2]*deltaT;
for(N=0;N<a;N++)

{
a2[N][0]-=r[N][0]*(8.0*1.20206)*mas/0.001;
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a2[N][1]-=r[N][1]*(8.0%1.20206)*mas/0.001;
a2[N][2]-=r[N][2]*(8.0*1.20206)*mas/0.001;

V2[N][0]+=a2[N][0]*eltaT;
V2[N][1]+=a2[N][1]*deltaT;
v2[N][2]+=a2[N][2]*deltaT;

tempd1=v2[N][0]*deltaT+0.5*a2[N][0]*deltaT*deltaT;
tempd2=v2[N][1]*deltaT+0.5*a2[N][1]*deltaT*deltaT;
tempd3=v2[N][2]*deltaT+0.5*a2[N][2]*deltaT*deltaT;

r[N][0]+=tempd1;
r[N][1]+=tempd2;
r[N][2]+=tempd3;

m2[N][0]+=tempd1;
m2[N][1]+=tempd2;
m2[N][2]+=tempd3;

}
if(R%50==0){
strepy(filename,"output™);
strcat(filename,gcvt((float)R,4,buf));
strcat(filename,".txt");
FILE *outputl,;
outputl=fopen(filename,"wb");
fwrite(&m21[0][0],sizeof(double), 3, outputl);
fwrite(&v1[0][0],sizeof(double), 3, outputl);
for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, outputl);
fwrite(&v2[N][0],sizeof(double), 3, outputl);
}
fclose(outputl);

}
fprintf(fid, "%d %e %e %e %e %e %e\n",R,v1[0][0],v1[0][1],v1[0][2],m1[0][0], m1[O][1],m1[O][2]):

al[0][0]=0.0;
al[0][1]=0.0;
al[0][2]=0.0;
for(N=0;N<a;N++)

{
a2[N][0]=0.0;
a2[N][1]=0.0;
a2[N][2]=0.0;
}
}
fclose(fid);
}
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define dm 1000

#define mn 31

#define r0 5.0e-2
#define mas 1.0e-5
#define turn 100

extern double sqrt();
double tempd1, tempd2, tempd3, tempd4, tempd5, tempd6;

int main(void)
{

int N,M,R,3;
double

el OB PRT » R i )
L EEIE=E

X,y,z,deltaT,m1[dm][3],m2[mn*mn*mn][3],a1l[dm][3],a2[mn*mn*mn][3],v1[dm][3],v2[mn*mn*mn][3],r[mn*mn*mn]

[31;

char buf[32],filename[64];

deltaT=2.0e-2;

a=0;

for(N=0;N<mn;N++)

{

for(M=0;M<mn;M++)

{

for(R=0;R<mn;R++)

{

}

printf("a=%d\n", a);

x=((double)N)/31.0;
y=((double)M)/31.0;
z=((double)R)/31.0;

m2[a][0]=x;
m2[a][1]=y;
m2[a][2]=z;
a2[a][0]=0.0;
a2[a][1]=0.0;
a2[a][2]=0.0;
v2[a][0]=0.0;
v2[a][1]=0.0;
v2[a][2]=0.0;
r[a][0]=0.0;
r[a][1]=0.0;
r[a][2]=0.0;

a=a+l;
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fflush(stdout);

N=0;

while(N<dm)

{
x=((double)rand())/32768.0;
y=((double)rand())/32768.0;
z=((double)rand())/32768.0;

if(sqrt((x-0.5)*(x-0.5)+(y-0.5)*(y-0.5)+(z-0.5)*(z-0.5))<=0.2)
{
m1[N][0]=x;
m1[N][1]=y;
m1[N][2]=z;
al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
v1[N][0]=((double)rand())/32768.0/mn;
v1[N][1]=((double)rand())/32768.0/mn;
v1[N][2]=((double)rand())/32768.0/mn;
N++;

}
FILE *output;

output=fopen("output0.txt","wb");
for(N=0;N<dm;N++){
fwrite(&m1[N][0],sizeof(double), 3, output);
fwrite(&Vv1[N][0],sizeof(double), 3, output);
}

for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, output);
fwrite(&v2[N][0],sizeof(double), 3, output);
}

fclose(output);

M=0;
N=0;
R=0;
for(R=1;R<turn+1;R++)
{
for(N=0;N<dm;N++)
{
for(M=N+1;M<dm;M++)
{
tempd1=m1[M][0]-m1[N][0];
tempd2=m1[M][1]-m1[N][1];
tempd3=m1[M][2]-m1[N][2];

tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;

tempd5=sqrt(tempd4);

tempd6=1.0*mas / ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);

tempd2 *= tempd6/(tempd5+r0);

tempd3 *= tempd6/(tempd5+r0);

al[N][0]+= tempd1,;
al[N][1]+= tempd2;
al[N][2]+= tempd3;
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al[M][0]-= tempd1;
al[M][1]-= tempd2;
al[M][2]-= tempd3;

}

for(N=0;N<dm;N++)
{
for(M=0;M<a;M++)
{
tempd1=m2[M][0]-m21[N][O];
tempd2=m2[M][1]-m1[N][1];
tempd3=m2[M][2]-m1[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);
if(tempd5<=0.25)
{
tempd6=FI [ 5= £l #H, *mas/ ((tempd5+r0)*(tempd5+r0)) /10.0; //====HERE
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);

al[N][0]+= tempd1,;
al[N][1]+= tempd2;
al[N][2]+= tempd3;

a2[M][0]-= tempd1;
a2[M][1]-= tempd2;
a2[M][2]-= tempd3;

}
}
m1[N][0]+=v1[N][0]*deltaT+0.5*al[N][0]*deltaT*deltaT;
m1[N][1]+=Vv1[N][1]*deltaT+0.5*al[N][1]*deltaT*deltaT;
m1[N][2]+=Vv1[N][2]*deltaT+0.5*al[N][2]*deltaT*deltaT;

Vv1[N][0]+=al[N][0]*deltaT;
V1[N][1]+=al[N][1]*deltaT;
V1[N][2]+=al[N][2]*deltaT;
}
for(N=0;N<a;N++){
a2[N][0]-=r[N][0]*(8.0*1.20206)*mas/1.0;
a2[N][1]-=r[N][1]*(8.0*1.20206)*mas/1.0;
a2[N][2]-=r[N][2]*(8.0*1.20206)*mas/1.0;

v2[N][0]+=a2[N][0]*deltaT;
V2[N][1]+=a2[N][1]*deltaT;
v2[N][2]+=a2[N][2]*deltaT;

tempd1=v2[N][0]*deltaT+0.5*a2[N][0]*deltaT*deltaT;
tempd2=v2[N][1]*deltaT+0.5*a2[N][1]*deltaT*deltaT;
tempd3=v2[N][2]*deltaT+0.5*a2[N][2]*deltaT*deltaT;

r[N][0]+=tempd1;
r[N][1]+=tempd2;
r[N][2]+=tempd3;

m2[N][0]+=tempd1;
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m2[N][1]+=tempd2;
m2[N][2]+=tempd3;
}

if(R%5==0){

strcpy(filename,"output™);
strcat(filename,gevt((float)R,4,buf));

strcat(filename,".txt");
FILE *outputl,
outputl=fopen(filename,"wb");
for(N=0;N<dm;N++){
fwrite(&m21[N][0],sizeof(double), 3, outputl);
fwrite(&v1[N][0],sizeof(double), 3, outputl);
}
for(N=0;N<a;N++){
fwrite(&m2[N][0],sizeof(double), 3, outputl);
fwrite(&v2[N][0],sizeof(double), 3, outputl);
}
fclose(outputl);

}
for(N=0;N<dm;N++)
{

al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;

}

for(N=0;N<a;N++)

{

a2[N][0]=0.0;

a2[N][1]=0.0;

a2[N][2]=0.0;
}

SR

2. WEHFi-£l

#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define mn 10
#define r0 5.0e-2
#define mas 1.0e-5
#define turn 3000

extern double sqrt();
double tempd1, tempd2, tempd3, tempd4, tempd5, tempd6;

int main(void)

{
int N,M,Ra;
double x,y,z,deltaT,m1[mn*mn*mn][3],al[mn*mn*mn][3],v1[mn*mn*mn][3];
char buf[32],filename[64];
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deltaT=1.0e-3;

a=1000;

N=0;

while(N<a)

{
x=((double)rand())/32768.0;
y=((double)rand())/32768.0;
z=((double)rand())/32768.0;

if(sqrt((x-0.5)*(x-0.5)+(y-0.5)*(y-0.5)+(z-0.5)*(z-0.5))<=0.2)
{
m1[N][0]=x;
m1[N][1]=y;
m1[N][2]=z;
al[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
v1[N][0]=((double)rand())/32768.0/mn;
V1[N][1]=((double)rand())/32768.0/mn;
v1[N][2]=((double)rand())/32768.0/mn;
N++;

}

FILE *output;

output=fopen(“output0.txt","wb");
for(N=0;N<a;N++){
fwrite(&m1[N][0],sizeof(double), 3, output);
fwrite(&v1[N][0],sizeof(double), 3, output);
}

fclose(output);

M=0;
N=0;
R=0;
for(R=1;R<turn+1;R++)
{
for(N=0;N<a;N++)
{
for(M=N+1;M<a;M++)
{
tempd1=m1[M][0]-m1[N][O];
tempd2=m1[M][1]-m1[N][1];
tempd3=m1[M][2]-m1[N][2];
tempd4=tempd1*tempdl+tempd2*tempd2+tempd3*tempd3;
tempd5=sqrt(tempd4);
tempd6=1.0*mas / ((tempd5+r0)*(tempd5+r0));
tempdl *= tempd6/(tempd5+r0);
tempd2 *= tempd6/(tempd5+r0);
tempd3 *= tempd6/(tempd5+r0);

al[N][0]+= tempd1,;
al[N][1]+= tempd2;
al[N][2]+= tempd3;

al[M][0]-= tempd1;
al[M][1]-= tempd2;
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al[M][2]-= tempd3;

m1[N][0]+=v1[N][0]*deltaT+0.5*al[N][0]*deltaT*deltaT;
m1[N][1]+=v1[N][1]*deltaT+0.5*al[N][1]*deltaT*deltaT;
m1[N][2]+=V1[N][2]*deltaT+0.5*al[N][2]*deltaT*deltaT;

VA[N][0]+=a1[N][0]*deltaT;

VA[N][1]+=al[N][1]*deltaT;

V1[N][2]+=al[N][2]*deltaT;
}

if(R%50==0){
strcpy(filename,"output™);
strcat(filename,gevt((float)R,4,buf));
strcat(filename,".txt");
FILE *outputl,
outputl=fopen(filename,"wb");
for(N=0;N<a;N++)
{
fwrite(&mZ1[N][0],sizeof(double), 3, outputl);

fwrite(&v1[N][0],sizeof(double), 3, outputl);

}
fclose(outputl);
}
for(N=0;N<a;N++)
{
a1[N][0]=0.0;
al[N][1]=0.0;
al[N][2]=0.0;
}
}
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Backstage Manipulator for Cosmic Evolution of
Galaxy Clusters

Yueh-Lin Chung

March 10, 2007

We use theoretical derivation and numerical simulations to study first the dynamics
between dark energy and dark matter and then the effect of dark energy on the
evolution of galaxy clusters, in a newly proposed scenario where the dark energy is
treated as free particles. A comparison of our numerical predictions and future
observations will yield the energy density of cosmic dark energy.



Backstage Manipulator for Cosmic Evolution

of Galaxy Clusters

Abstract

We study the effect of dark energy on the evolution of cosmic structure in a scenario where the dark
energy is treated as free particles and thus can be localized. By theoretical derivation and numerical

simulations, we found that:

1. The dark energy particles gain kinetic energy from a moving dark matter particle through
gravitational interaction. Due to energy conservation, the dark matter particle will slow down

with time
E (t)=E,—-9%x107 Hl + 300 [t

where E, () is the kinetic energy of the dark matter particle, E,, is its initial kinetic energy, w
is the coefficient of equation of state for dark energy, p,, is the mean energy density of dark

energy, and ¢ is the time.

2. The formation history and structure of galaxy clusters are different in the presence of localized

dark energy. The more the localized dark energy, the earlier the formation of the cluster core. In

addition, the kinetic energy E, (R) as a function of R will be different if the p,, is different.

Thus we can compare the observed E, (R) of clusters with our results to deduce the p,, in

our universe.

The results here can be applied to the observations in the near future.



Introduction

To understand the universe has been a challenging task for centuries. Recent research
shows that round 70% of the energy in our universe is Dark Energy (DE) and around 25% is
Dark Matter (DM). The study of these mysterious materials is of great importance for the
development of physics in the 21* century. In Particular, the DE provides repulsive force,
confronting the traditional concept of gravity. Such repulsive force is believed to be the
origin of the observed accelerated expansion of the universe.

With theoretical derivations and numerical simulations, we studied DE in a scenario
where the DE is treated as free particles. Our results may be compared with future observations

of galaxy clusters so as to enhance our understanding of our universe.

Project Goal

1. To understand the dynamics between DE and DM, where the DE is treated as free particles.
2. To investigate the structure formation of galaxy clusters as they are the largest structure in
the universe, so as to understand some intrinsic properties of the cosmos, especially the dark

energy.

Equipments

1. Software: C codes developed by ourselves (for all the simulations here), MATLAB
2. Hardware: Sun Blade 2000 Workstation (for simulations) ~ Pentium PC (for data analysis)

Theory

In cosmology, dark energy is normally assumed to be uniformly distributed. However,
here we assume otherwise. We allow DE to move freely, interacting with each other and with
other particles through equations that obey General Relativity. We use this framework to

study the influence of DE on the largest structures in the universe, the galaxy clusters.

The main theory we employ is the inverse-square law. In the Newtonian theory, it goes

as



F=—7>—, (Equation 1)

where F is the force between the two interacting particles, G is the Gravitational constant, M
and mare the masses of the two particles, and r is the distance between them. However, the

inverse-square law directly derived from the Einstein equation contains a ‘pressure’ term. In
other words, the © in m= PV needs to be replaced by (02 +3p). It goes as
GMV (p+3p)

F= 2 . (Equation 2)

For dark matter and normal matter p =0, so equation (1) is equivalent to equation (2), while

for Dark Energy the pressure is negative enough to change the sign on the right-hand side so
as to provide a repulsive force. We normally use the Equation of State to define the intrinsic

property of the contents in the universe
p=wp, (Equation 3)

where w is called the coefficient of Equation of State. For DE, w < —1/3, leading to

p+3p <0, thus changing the sign on the right-hand side of equation (2). The most common

type of DE is the Cosmological Constant, first proposed in the early 20" century by Einstein. It

has w=-1, so equation (2) becomes

—2GMm
F=—-—F—. ( Equation 4 )
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Method

Our research steps are the following.
1. Investigate the motion of a dark-matter particle in a sea of dark-energy particles.

(1) Put a DM particle with an initial velocity in a simulation box, while the DE particles
are placed on regular grids in the box.
(2) Use Equations (1) and (4) to calculate interactions among all particles in the box.

(3) Compute the net force on each particle and use
F =ma (Equation 5)

to obtain the acceleration a of the particle. Next use
1 ., .
S=vdt+ Eadt (Equation 6 )

to compute the moving distance S of the particle after a short time interval dr.

Finally use
v(t+dt) =v(t)dr + %aa’t2 ( Equation 7)

to compute the velocity of the particle after dr .

(4) For each time step of an interval dr, out put the position x and velocity v for each
particle.

(5) Use loops to repeat steps (2) to (4).

(6) Use MATLAB to analyze the output data and make animations for the motions of

the particles.

2. To save computation time, we derived a new formalism to simplify the computation
described above. We studied again the interaction between of a DM particle and all other

DE particles.



(1)

(@)

3)

—2GM
From Equations (4) and (5), we know @ =————. Thus when a DE particle has a
r

displacement of r from its original position (see Fig.1), the acceleration it

experiences from all other DE particles on its left-hand side is

2GM2+ 2Gé\4 T 2GM 2+~-=2GMZ+.
(r+d) (r+2d) (r+nd) = n2d2(7+1)2
n

Similarly the acceleration it experiences from all other DE particles on its right-hand

side is

2GM2 N 2GM - 2GM i +---=2GMZ;.
(r—d)” (r-2d) (r—nd) o202, b

nd (—-1)
nd

The difference of the two gives

a= er Zis = SrGM ta3) = "M g1 20006 ( Equation 8)

n=1 1

Equation (&) allows us to skip the computation of the interaction between one DM

particle and all DE particles and therefore can largely save computation time.

@ @ @ *—@ @

d G

Figure 1 : Illustration for the derivation of Equation (8).

3 ~ Use the formalism developed in step 2 to speed up the study in step one.

ey
2
3)

Study the dependence of the motion of the DM particle on its initial velocity v, .

Study the dependence of the motion of the DM particle on the DE density.
Study the dependence of the motion of the DM particle on DE of different

coefficient of Equation of State w.



4 ~ Put a large amount of DM particles in a simulation box to simulate the formation of galaxy

clusters. We carried out four runs, with or without dark energy.
(1) With dark energy:

A. Place DE particles on the regular grids of a 3-dimensional simulation box, and
place 1000 DM particles within a sphere of radius of 0.2 times the box size
centered at the box center.

B. Use Equations (1), (4), and (8) to compute the interactions among the particles.

C. Compute the net force and thus the acceleration of each particle, and then the
displacement and the velocity after a time interval dft .

D. Save the positions and velocities of all particles for each time step.

Use loops to repeat steps B to D.
F. Use MATLAB to analyze the results.

(2) Without dark energy:
A. Similar to above but without the DE particles.

(3) Analyze and compare the results from (1) and (2).



Results

I. The motion of a dark-matter particle in a sea of dark-energy particles

Here are the snapshots of the simulation at different time steps. The simulation was carried out

in a 3-dimensional box and here are the results projected on a 2-dimensional plane.
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Figure 3

The figure 3 shows how the kinetic energy decays with time. Apparently, the kinetic
energy decays linearly with time, and obeys this empirical formula (When p,, =1):
dE

—k =_9x107
dt



I1. Use of a new formalism to save computation time

Initial velocity is 0.1
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Figure 4

Figure 4 shows the snapshots for simulations with a DM particle of a different initial
velocity, at time zero (left) and the time step of a full stop (right). It is clear that the larger
the initial velocity of the DM particle, the farther it can travel before a full stop. Along the

moving path, it leaks its kinetic energy to the DE particle causing the DE particles to

oscillate locally.
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Figure 5

Figure 5 shows the kinetic energy as a function of time. It agrees perfectly with
the result in step I, which is much more time consuming by a factor of at least 20. It is
also clear that the decay rate of kinetic energy is independent of the initial velocity. It

obeys the empirical formula (when p,, =1)

dE
d—‘ =-9x107. ( Equation 9)
t
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The dark-energy density is 0.5

The dark-energy density is 2

The dark-energy density is 2.5
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Figure 6

Figure 6 shows that the larger the dark-energy density, the shorter the distance a
dark-matter particle can travel within a fixed amount of time. In such case the amplitude

in the local oscillation of dark-energy particle is larger.
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Figure 7

Figure 7 shows not only that the kinetic energy decays linearly with time, but also
that the large the dark-energy density the larger the decay rate. Figure 8 shows that the
decay rate of the DM kinetic energy and the DE density obeys a power law. These results

obey the empirical formula

dE,
dt

92

< P’ (Equation 10)
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We also investigated the dependence of the dark-matter kinetic energy on the

coefficient of equation of state w. We revealed the empirical formula

Ay (143w)"**

Combining formulae (9) (10) and (11) gives formula (12):

E (t) = E,y —9x107[1+3u|p,, ] 1

(Equation 11)

( Equation 12)

Therefore as long as we know the dark-energy density, w, and the initial velocity of the

dark-matter particle, we can use formula (12) to predict the time dependence of the dark-matter

kinetic energy.
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II1. Simulation of galaxy clusters

Now we put a large amount of DM particles to simulate the formation of galaxy
clusters in the universe. We carried out four runs, with or without dark energy. Figure 9
shows a comparison of the four runs. In the figure, the red, green, and blue dots indicate
the positions of the dark-matter particles at the initial, the IOOOth, and the 2000" time

steps respectively.

(A) pop =0 (B) p,;=0.5

03 03 03 03

©) ppe=1 D) ppe =15

03 03 03 03

Figure 9
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Figure 10 shows the distribution of DM and DE particles at the same time step for simulations with
different amount of dark energy. From figures 9 and 10, it is obvious that the larger the dark-energy
density, the sooner the cluster forms. In such case the dark-energy particles are further pushed away

from the center while squeezing the dark-matter particles more strongly to the center.
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To quantitatively study this property, we carried out the following analysis.
Figure 11 shows the number of dark-matter particles within a sphere of a radius equal to
0.1 times the box size, as a function of time. The red, green, black, and purple curves

represent respectively the cases when the dark-energy density is equal to 0, 0.5, 1, 1.5.
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We also studied the distribution of kinetic energy of the dark matter as a
function of the distance to the cluster center. Again the four colours represents results
of different dark-energy density. The difference is dramatical. Thus we can apply this

property to observations to estimate the density of dark energy in our universe.
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Finally we investigate the influence of dark energy on the rotation of
clusters. Figure 13 shows the mean angular velocity as a function of the distance to
the cluster center. We found that although the existence of dark energy does largely
affect the formation of clusters, it has little effect on the rotation of clusters. This is

somehow surprising and further investigation along this track is required.

10° . .
noDE | |
—E
1
——15
10 |
z
£
10" |
10"_2 : - : R
10 10 10
d(r/20)
Figure 13




Discussion

1. In Figures 5 and 7, the curves show fluctuations of small amplitude. These fluctuations result
from the fact that the distribution of DE in the simulation is discrete rather than continuous,
so the DM particle experience cycles of increasing and decreasing repulsive forces when it
approaches and leaves a nearby DE particle. We verify that the oscillation period of the
curves scales with the size of the spacing of the DE particles. With try and error, we found
that to keep both a sufficient resolution and a good efficiency for the simulation a good
choice for the size of the simulation is to have 31°=29791 DE particles and 1000 DM

particles.

2. In Figures 5 and 7, we saw that the kinetic energy of the DM particle decays with time, and
this can be explained by the energy conservation. In Figures 4 and 6, we saw that when the
DM particle passed through the DE particles the DE particles started oscillating along the
directions perpendicular to the moving path of the DM particle. This means the kinetic

energy of the DM particle is leaking to the oscillation energy of the DE particles.

3. It requires a further study about why the decay rate of the kinetic energy of a moving DM

particle in a sea of DE particle is linear in time.
4. It requires a further study about why the power index in Equation (12) is 1.92.

5. If we can release a DM-like particle in space and observe its motion, then we can use

Equation (12) to estimate p,, or equivalently w.

6. In Figure 10, the fact that the more the DE the more strongly the DM particles are squeezed
to the center can be explained by Newton’s 3" Law of Motion. More DE means a stronger

repulsive force not only pushing the DM to the center but also pushing DE itself outwards.

7. In the simulations, we induced a softening length to avoid the divergence of the force when

the distance between two particles is too short.
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Conclusion

From the research presented above, we obtain the following conclusions.

1. A dark-matter particle in motion will leak its kinetic energy to the surrounding dark

energy while slowing itself down. It obeys this equation.

2. The structure and formation process of a galaxy cluster is largely influenced by the

existence of dark energy. The more the dark energy, the earlier the cluster forms.

3. In a cluster, the kinetic energy of dark matter as a function of the distance to the cluster
center is dramatically different for cases of different amount of dark energy. In
observation, we may use this property to estimate the density of dark energy in our

universe.

4. The rotational property of galaxy cluster is largely independent on the density of dark

energy.

Future Work

In the near future when high-accuracy observations are available for galaxy clusters, we
may apply our research results directly to the observations so as to estimate the amount of

dark energy better and to understand them better.
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