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Magic Mirror for Clusters
B R R
P e

We study the important properties of the galaxy clusters and our universe by using numerical
simulations for the Sunyaev-Zel’dovich effect in the Cosmic Microwave Background. We found
that:

1. The S-Z effectis AT (r)=AT(0) [1 + (r/ b)2 T , where 7 is the distance to the cluster center,

c=-124+0.28, b=10"*7*"%x y 2197 "and M, is the total mass of the cluster in

total
Solar mass.

2. The mass density of a cluster is p(r) = p(O)[1+(r/b ) } , where ¢,, =—0.686+0.115,

_1()-3:5040.77 0.306+0.056
b, =10 XM, .

3. The total mass of a cluster and its central SZ effect AT, (in K) are related as:

M, =10"" x AT *** (in a universe with dark energy)

total
M,,, =107 x AT **** (in a universe without dark energy)

4. The total mass of a cluster and its totally integrated SZ effect AT, are related as:
M
M

These results can be applied to the observations in the near future, in order to reveal the total mass
of clusters, their mass density profile, and the dark energy of our universe.
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#include<stdio.h>
#include<stdlib.h>
#include<math.h>

#define MAPSIZE 1024
#define HHBOTTOM 5500.0
#define BALLSIZE 401

extern double sqrt();

double tempd4;
double W(double X, double hi)

{
double W, H;

if(X<=1.0)
H=4.0-6.0*X*X+3.0*X*X*X;
else if((X>1.0)&&(X<=2.0))
H=(2.0-X)*(2.0-X)*(2.0-X);
else if(X>2.0)
H=0.0;
W=H ;
return W;
H
PIESELEE BT 2 411 W R

int main(void)

i{nt nxl,nxr,nyl,nyr,nzl,nzr,aa,i,j.k,0,V,il,j1 k1 times, idx,idx1;

char filenamer[256],filenamee[256],filenamehh[256],filename[256];
double x,y,z,hi,X,h,Mpc,difl,dif2;

double Ib,bxl,bxr,byl,byr,bzl,bzr,msun,mratio,vratio;

double 10,me,mp,kb,sigmaT,c,T,X2,g,hp,E, tempd1,tempd2,tempd3, constl, const2;
double boxsize,mgas,r[3],e,a[34],hh,deltaT,deltaT0,Y[MAPSIZE+2][MAPSIZE+2];
double ball[BALLSIZE+2][(BALLSIZE-1)*2+3],dd1,dd2,dd3;
float bb,ccl,cc2,cc3;

FILE *fptrl,*fptr2, *tptr3,*fptr4;

h=7.1e-1; /*fi [|EIEL§\7”‘/

Mpc= 3086e24 / m@?f {6 %/

boxsize=(70.0/h*Mpc); /*rFH A o]/

mgas= 0.166666672; /*gas [YETEI*/

vratio=705105723.0; /*3ju% #1 }ZE,\ET*/

mratio=1.37398219E+11; /*¥T &l Epf b }&ET*/
1b=1.0/((double)MAPSIZE);/* | 71~} =

10=1b/2.0; /*| ?—F'Ti' P[]

me=9.1e-28; /*FE?%‘@TE} */

mp=me*1840.0; /*HT—"TTEl*/

msun=2.0e33; /*N[HETE*/

kb=1.38¢-16; /*&Z é}f{ B/

sigmaT=6.65e-25; /*Thomson scattering cross section */

¢=3.0e10; /*A ¥/
E=(kb*sigmaT/(me*c*c))*(boxsize/((double)MAPSIZE));
hp=6.62618e-27, /*F,EUF ﬁgle*/



tempd4=boxsize;
tempd4=tempd4*tempd4*tempd4;
const1=(2.0e-24)*(vratio*vratio)/(3.0¥kb);
const2=E* (mgas*msun*mratio)*0.88 / mp;

for(i=0;i<BALLSIZE;i++){
tempd1=((double)i)/(((double)(BALLSIZE-1))/2.0);
for(j=0;j<(BALLSIZE*2-1);j++){
tempd2=((double);)/(((double)(BALLSIZE-1))/2.0)-2.0;
X=sqrt(tempd 1 *tempd 1+tempd2*tempd2);
ball[i][j]=W(X,1.0); }
}
for(i=0;i<BALLSIZE;i++){
for(j=1;j<(BALLSIZE*2-1);j++)
ball[i][0] += ball[i][j];
ball[i][0] *= const2/(4.0*tempd4*M_PI);

}

for(V=20;V>=0;V--){
if(V==0){
fptr1=fopen("'r0000","r");
fptr2=fopen("e0000","r");
fptr3=fopen("hh0000","r");

}

if (V==1){
fptr1=fopen("'r0050","r");
fptr2=fopen("e0050","r");
fptr3=fopen("hh0050","r");

fptr1=fopen("r0100","r");
fptr2=fopen("e0100","r");
fptr3=fopen("hh0100","r");
H

PRSP S/

if (V==19){
fptr1=fopen("r0950","r");
fptr2=fopen("e0950","r");
fptr3=fopen("hh0950","r");
}

if (V==20){
fptr1=fopen("r0969","r");
fptr2=fopen("e0969","r");
fptr3=fopen("hh0969","r");
}

printf("V=%d ", V);
for(i=0;i<MAPSIZE;i++)
for(j=0;j<MAPSIZE;j++)
Y1=0.0;
for(0=0;0<262144;0++)
{
fscanf(fptrl,"%f %f %f", &ccl, &cc2, &cc3);
r[0]=(double)ccl;
r[1]=(double)cc2;
r[2]=(double)cc3;

30



fscanf(fptr2,"%f", &ccl);
e=(double)ccl;

fscanf(fptr3,"%f", &ccl);
hi=(double)ccl;

if (0%10000 ==0)

printf("%d ", 0); fflush(stdout);

bx1=r[0]-2.0%*hi;
bxr=r[0]+2.0*hi;
byl=r[1]-2.0*hi;
byr=r[1]+2.0*hi;

nxl=(int)floor(bxl/Ib);
nxr=(int)ceil(bxt/Ib);
nyl=(int)floor(byl/Ib);
nyr=(int)ceil(byr/lb);

PR [ R O

T=e*constl;

for(i=nxl;i<nxr+1;i++)

{

tempd 1=10+((double)i)*1b-r[0];

il=i;
if(i1<0) il += MAPSIZE,;
if(i1>MAPSIZE-1) il -= MAPSIZE,

for(j=nyLjj<nyr+1:;j++)
{

tempd2=10+((double);j)*1b-r[1];
X=sqrt(tempd1*tempd 1 +tempd2*tempd2)/hi;/*F} £ W FFE7T] I%TE}IEIU x*/
if(X<=2){
dd1 = (X*(((double)BALLSIZE)-1.0)/2.0);
idx = (int)dd1;
difl = dd1 - floor(dd1);
dif2 = 1.0 - difl;
dd2 = ball[idx][0]*dif2+ball[idx-+1][0]*dif1;
telse
dd2=0.0;
}
jl=j
if(j1<0) j1 += MAPSIZE;
if(j1>MAPSIZE-1) j1 = MAPSIZE;
Y[il][j11=Y[i1][j1]+(hi/1b)/((double)BALLSIZE) * T*dd2/(hi*hi*hi);

i

VAEE T S iR
§

fclose(fptrl);

fclose(fptr2);

fclose(fptr3);

X2=hp* 1.0l L/(Kb*2.7):/ %7 T2 CMB #1435 B x 1%/
g=(X2*(exp(X2)+1.0)/(exp(X2)-1.0))-4.0;/%Hf 7 x [qﬁjﬁ (6851 el

FILE *output;

if(V==0)
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output=fopen("output0000.txt","w");
if (V==1)
output=fopen("output0050.txt","w");

/% P RIS S */

if (V==19)
output=fopen("output0950.txt","w");
if (V==20)
output=fopen("output0969.txt","w");

for(i=0;i<MAPSIZE;i++)

{

for(j=0;j<MAPSIZE;j++)

{
deltaT=2.7*g*YT[i][j];
fprintf(output, "%e ", deltaT);
H
fprintf(output, "\n");

H
fclose(output);

printf("\n");

b
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Magic Mirror for Galaxy Clusters

Hsin-Yu Chen



Question being addressed

To understand the universe has been a challenging task for centuries. Equipped with modern
technology and new cosmological models, we have enhanced our knowledge about the cosmos
much better than ever in the past decade. Among the new development, the Sunyaev-Zel’dovich
(S-Z) effect in the Cosmic Microwave Background (CMB) has theoretically proven to be very
useful in investigating the galaxy clusters. However, constrained by the computation power and by
the observational technology, the detailed study of the S-Z effect has always been quite limited.
With detailed simulations of the S-Z effect employing the modern computation power, will the
forthcoming CMB observations provide important information not only for the galaxy clusters but
also for the universe? If yes, such information may be complementary to that from traditional

observational methods.

Hypothesis and Goals

The CMB is the primary photons coming from the Big Bang. Before the photons reach us, they
may have interacted with the contents in the universe along the paths, and thus have recorded the
cosmic evolution history. One possibility is that the photons interacted with the ionized electrons in
the cores of galaxy clusters through the inverse-Compton scattering. This would result in the
heating up of the photons along the line of sight of an observer, and this is called the S-Z effect.
This effect may have not only recorded the information about galaxy clusters but also encoded
some intrinsic properties of the cosmos, such as the energy densities of the dark matter and of the
dark energy. If the S-Z effect has pronounced dependence on the intrinsic properties of the clusters

and the universe, we may use it as a tool via which to study them.

Tools used
Software: HYDRA, C code, Matlab, FOF

Hardware: Sun Blade 2000 work station, Pentium personal computer



Theory
CMB originated roughly four hundred thousand years after the Big Bang. It is made up of

photons released during the cooling down of the Universe. If these photons passed through the
high-temperature cores of galaxy clusters in the past fourteen billion years, they would absorb
energy from the high-temperature ionized electrons via the inverse Compton scattering. Their

energy distribution would then depart from the typical Planck distribution of blackbody radiation.
This deviation is called the S-Z effect (Fig. 1).

N
o

g ) After S-Z effect |
CMB photpns _2 N\
1 = 15 \ g
< AT(v) (S-Z effect)
CMB photpns S-Z effect —% ,
I ‘s |
CMB phO'[OIlS /QBZ | Planck distribution
=
Frequency v (arb. unit)
Fig.1

If we define the original CMB temperature as Ty, and the temperature change due to the S-Z effect

as AT, then the S-Z effect can be quantified by the following equation(Sunyaev R. A., Zel’dovich Ya.
B.,1980 ):

AT y : Compton-y parameter . speed of light
— (V) =g (x)y (1 v :photon frequency m, * electron mass
TE) n, - electron number density 7' : CMB temperature
hv e’ +1 ko T T, : electron temperature 0 - Thomson cross section
X =—, g('x) = (x x - 4)> e 2 jne . dl k : Boltzmann constant h * Planck constant
kT e’ —1 m.,c ! : length along the line of sight

In our study, we will compute the Compton-y parameter to indicate the strength of the S-Z
effect.



Methods

A. We used an N-body simulation program HYDRA to simulate several universes. HYDRA is
widely used by astrophysicists to simulate the evolution of cosmic structure. It allows us to
change the cosmological parameters. It incorporates gravity and hydrodynamics to simulate the
formation of large-scale structure.

The initial time for the simulation is at redshift z=19. We used a Hubble constant of
71km/s - Mpc (1Mpc = 3.26x10° light year). At redshift larger than 19, the perturbations in the
content of the Universe were very small, and it was in a linear regime. We can use a transfer
function to transfer the initial perturbation to z=19. After Z=19, the Universe may enter the
nonlinear regime, and we can no longer use this function. Our simulation should therefore start
before the nonlinear regime, then use N-body simulation to estimate the evolution in the
nonlinear regime.

We considered four different cases according to the relative portion of dark energy and dark
matter. Through CMB observation in 2001, it was found that the total energy density of the
universe Q,_ . equals 1. Further with the observation of supernova in 1998, cosmologists
found that with different choices of parameters:Q2,, =0.73 and Q,, =0.27. To verify it, we
generated 10 universes with different choice of parameters
1. Q,, =073 Q,, =0225 Q, =0.045
2. Q,, =035 Q,, =0.605 Q, =0.045
3. Q,, =0 Q,, =095 Q, =0.045

In all cases, Q,,, issetto 1.

fota
HYDRA output a set of particles for dark matter and baryons with their positions, velocities,
and temperatures.
B. We used C-code to simulate the S-Z effect from the output universes of HYDRA.
a.Calculate electron number density #,
1. Due to the nature of the simulation, the mass distribution is necessarily discrete. Thus, to
get a more realistic continuous mass distribution, we need to do some coarse graining.
With each particle occupying a volume of radius 24;, we used the following function to

describe the spatial distribution of the masses of the particles:
4-6x"+3x°,0<x<1
1

—(2-x)l<x<2 x=|F—F|/h, 2)
T10,x>2

W(x,h,)=

where 7 is the position of the cube center, 7 is the position of a particle.
Then the mass distribution around the particle in 24; equals m ,, x W .

2. Next we attempt to calculate the electron number density #,. The total mass of baryons
in the Universe is mainly composed of protons and neutrons. Theoretically, when protons
and neutrons combine to form hydrogen and helium, their ratio is 7:1. Since the Universe

is electrically neutral, there would be the same number of electrons as protons. In other
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words, there are 7/8 electrons for each baryon in the universe. We took this number to be
roughly 0.88. We also assumed that all the electrons are ionized.
n,=baryon number density x 0.88

mgas X W
= % 1x0.88 3
p

b. Calculate the electron temperature 7,
We assumed the temperature in the volume occupied by the particle is the same.
c. We used equation (1) to obtain the Compton-y parameter which describes the strength of

S-Z effect in each cube, and summed the values up along the line of sight.

C. We used Matlab to draw the S-Z map, and implemented the following analysis:
a. Profile of the S-Z effect for individual clusters
b. Profile of mass density for individual clusters
c. Total mass of galaxy clusters versus their central S-Z effect
d. Total mass of galaxy clusters versus their integrated S-Z effect
e

Dependence of S-Z effect on time



Results
We use redshift Z to describe the time. The larger the Z is, the earlier the Universe is.
We chose within these simulated universes a total of 42 galaxy clusters with masses ranging

from 107 to 10" solar masses. Then we carried out the following analysis:

A. Profile of the S-Z effect for individual clusters

1 k. T T T T
i QL=0.73 Q,,=0.225

—Q_~0 Q_ =0955 |

y(Dly,

—

0 0.5 1.0 1.5 2.0 25
Distance to cluster center r(h'1 Mpc)

Fig.2 The strength of the S-Z effect as a function of distance to the center of a galaxy cluster

27]%
®  We fitted the data to M =1+ r 4)
»(0) b,
(QDE > QDM ) by Cy

(0.73,0.225) | 10 ~473*1-08 y pq 0-40+0.08 —~1.24+0.28

total

(0,0.955) 10 248114 ar 0222009 | _11040.18

total

Table 1

In this equation, b gives the magnitude for the r when the temperature deviation starts to decay,

and c indicates the level of this decay.




We have verified the accuracy of this fit, and fig.3 showed that our fitting formula is indeed
accurate. The black line was drawn for the simulated data, while the red line was drawn using the

formula with a and ¢ taking their respective mean values.

log T

-3.5 ! ‘ !
0 0.5 1 15 2 25 3

Iog10(1+(r/b).2) (b in theory)

Fig.3 10g10[1+(r/b)2} versus log,, AT



B. Profile of Mass density for individual clusters

Q=073 Q_, =0.225
——Q, =0 Q_, =0.955|

p(N/p,

0 . A — A =
0 0.5 1.0 1.5 2.0 2.5
Distance to cluster center r(h'1 Mpc)

Fig.4 The mass density as a function of the distance to the center of a galaxy cluster

27|em
®  We fitted the data to £ = {1 + [LJ } (5)

p(0) by
(Q5:,Q0,) by, 9%
(0.73,0.225) | 107350077 « Mg;llio'% -0.69+0.12
(0,0.955) 1070882029 o Mg';(l)io'oz -0.76+0.10

Table 2




We have verified the accuracy of this fit, and fig.5 showed that our fitting formula is indeed
accurate. The black line was drawn for the simulated data, while the red line was drawn using the

formula with a and c taking their respective mean values.

0
0.5- -
NS
1+ \ _
=
j=)]
ko]
151 -
2L _
2.5 | | | | | -
0 0.5 1 1.5 2 2.5 3
1og10(1+(r/b)?)

Fig. 5 log,, [1+(r/b)2} versus log,, M,



C. Total mass of galaxy clusters versus their central S-Z temperatures

— 4, n
® We fitted the data to M total ~— Y c s 10

(6)

10 S
i o Q  =073Q =0.225
m =1.05+0.14 n, =19.21%0. _ _
= _ 13 o Q=035 =0605
é 10"k p : o
= ©o Q=0 Q_ =0955
- _
@ \
o 2
13 O
w100 5 =1.0140140, =17.53 :
o
I_
m=1.10+0.52n,=17.26+£2.05 1
12
10 \ T R RS R L] , R R
10° 107 10 10°
yC
Fig. 6
(QDE’QDM) m nm
(0.73,0.225) | 1.05+0.14 19.21+0.73
(0.35,0.605) | 1.01£0.14 17.53+0.64
(0,0.955) 1.10+0.52 17.26+2.05

Table 3

—>Table 3 shows that this result is dependent on the portion of dark energy and dark matter.




D. Total mass of galaxy clusters versus their integrated S-Z temperatures

0.7
@ Data are fitted to: M 1 = Vigrar X 10™ (7

10" - N
n,=—1725+0.14 g
m
g 14
=10, =—17.05+1.70 -
B ;
(/)] —_ —
2 - Q_=0.73Q, =0.225
E 10" - -
E : —_— -_—
3 © Q=035 Q_ =0.605
10" ..O.lgDE.:O. .%".’1.:.(.1955
10% 10" 10™
y’cotal
Fig.7
(QDE’QDM) np

(0.73,0.225) | —=17.05+1.70

(0.35,0.605) | —=17.31+0.14

(0,0.955) | —17.25+0.14
Table 4

—>Table 4 shows that this result is dependent on the portion of dark energy and dark matter.




E. Time dependence of the S-Z effect
Time dependence of results A, B, and D

Redshift cy

Cu

n;

0 -1.01£0.14 | -0.71£0.07 |-16.5£1.7

0.35 -1.00£0.28 | —0.72+£0.10 |-18.5+2.3

0.46 -1.00£0.23 | —0.69+£0.09 |-15.3£1.8

Table 5

—>Table 5 shows that these results are time independent.

Integrated S-Z effect (Unit:k*ch)

-
o

—_
o

—_
o

-
o

—
h

—
=

—
[T%]

—
]

o Z=0clusters
F=0fitting line

o =035 clusters
F=0235fitting line
o Z=046 clusters
F=046 fitting line

42

—
-

1043 1044

1045

Total mass (Unit: solar mass)

10

Fig. 8 Time dependence of results D
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Discussion

@ The parameter ¢ in equations 1 and 2 indicates the level of clustering for the S-Z effect and the
mass density of a cluster.

@ When we obtain observational results in the near future, we will be able to do the following
things:
(O Use equation 4, 6, and 7 to and (2, from other observational results to obtain the total

mass of galaxy cluster.

(O Substitute estimated total mass into equation 5 to get mass density profile of cluster.

(O Because results C and D are dependent on the portion of dark energy, we can compare our

results with M from other observational results to obtain the total amount of dark

total

energy in our Universe.

Profile of mass density 2 (r)
Eq2 1 Eq.3

Total mass M ,,,

Profile of S-Z effect »()

Eq. 4| | | Given <20z

S-Z observation Central S-Z effect V.

Other observational results

Eq.5 Given total mass M ,,,,

Integrated S-Z effect Vi

Total amount of dark energy $2,x

Conclusion

@ Our project could be used to analyze the observation of the S-Z effect for galaxy clusters in the
near future, thereby obtaining the following important information:
(O Profile of mass density for individual clusters
(O Total mass of a galaxy clusters

(O Total amount of dark energy in our Universe
@ The following results are time independent:

(O Profile of S-Z effect for individual clusters
(O Profile of mass density for individual clusters

(O The relationship between total mass of galaxy clusters and their integrated S-Z effect

Future work
@ Apply our results to future S-Z observations, such as AMiBA and APEX.

@ Probe into the relationship between S-Z effect and formation stages of galaxy clusters.
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