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Abstra
t

In re
ent years multiwavelength observations have shown the presen
e of substru
tures related to

merging events in a high fra
tion of galaxy 
lusters. Clusters 
an be grouped roughly into two


ategories � relaxed and non-relaxed � and a proper 
hara
terization of the dynami
al state of

these systems is of 
ru
ial importan
e both for astrophysi
al and 
osmologi
al studies.

In this thesis we investigated the use of a number of morphologi
al parameters (Gini, M20,

Con
entration, Asymmetry, Smoothness, Ellipti
ity and Gini of the se
ond order moment (GM ))

introdu
ed to 
lassify 
lusters automati
ally as relaxed or dynami
ally disturbed systems. Initially

we tested these parameters on the simple beta model simulations. We then applied our method

to a sample of 
lusters at di�erent redshifts extra
ted from the Chandra ar
hive, and we investi-

gated possible 
orrelations between morphologi
al parameters and other X-ray gas properties. We


on
lude that a 
ombination of the adopted parameters is a useful tool to properly 
hara
terise

the X-ray 
luster morphology. We also investigated substru
ture identi�
ation via thermodynami


maps of galaxy 
lusters, whi
h in
lude ele
tron density, temperature, pseudo-entropy and pseudo-

pressure. We investigate the radial pro�les derived from these maps.

A

ording to our results, three parameters � Gini, M20 and Con
entration � are very promising

for identifying 
luster mergers. The Gini 
oe�
ient is a parti
ularly powerful tool, espe
ially at

high redshift, being independent of the 
hoi
e of the position of the 
luster 
entre. We �nd that high

Gini (> 0.65), high Con
entration (> 1.55) and lowM20 (< -2.0) values are asso
iated with relaxed


lusters, while low Gini (< 0.4), low Con
entration (< 1.0) and high M20 (> -1.4) 
hara
terise

dynami
ally perturbed systems. We �nd that, high �u
tuation and dis
ontinuity in thermodynami


radial pro�les are two typi
al and most sensitive indi
ators of substru
ture. We also applied our

morphology parameters to thermodynami
 maps of X-ray 
lusters to investigate their morphology

and dynami
al states. We also estimate the X-ray 
luster morphologi
al parameters in the 
ase

of radio loud (or halo) 
lusters. In ex
ellent agreement with previous analyses, we 
on�rm that

di�use intra-
luster radio sour
es are asso
iated with major mergers.
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3.1 (a) Redshift and (b) luminosity distribution for low- and high-z 
lusters (from the V09).

Solid line = low-z; and dashed line = high-z 
lusters. . . . . . . . . . . . . . . . . . . . 84

3.2 Seven morphology parameter distributions: solid line = relaxed 
luster; dashed line = non-

relaxed 
luster. All four de�nitions of the Con
entration parameter are displayed. Galaxy


luster separation (i.e. relaxed vs non-relaxed systems) is based on the V09. . . . . . . . 90

3.3 Seven morphology parameters plotted in the parameter-parameter planes. C5080 was plot-

ted as the Con
entration parameter. ◦ = relaxed 
luster; × = non-relaxed 
luster. Galaxy


luster separation is based on the V09. . . . . . . . . . . . . . . . . . . . . . . . . . . 100



3.4 Cal
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luster image. Galaxy 
luster separation

is based on the V09. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.5 Cal
ulation of the Smoothness parameter for two di�erent Gaussian kernel sizes of �xed
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is based on the V09. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

3.6 Smoothness parameter 
al
ulated for the subsample of low- and high-z 
lusters. We show

both �xed angular and physi
al s
ale smoothing kernel sizes. N shows smoothing size for

input 
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luster separation is based on the V09. . . . . . . . . . . . 104
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ulation of the Asymmetry parameter for two di�erent Gaussian kernel sizes of �xed
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al s
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separation is based on the V09. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.8 Asymmetry parameter 
al
ulated for the subsample of low- and high-z 
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on the V09. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
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entration parameter. ◦ = low-z 
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lusters. Boundary values for Gini = 0.65, M20 = -2.0 and

Con
entration = 1.55. R indi
ates relaxed 
lusters and N-R indi
ates non-relaxed 
lusters. 108
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al
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them. Here we plotted C5080 as the Con
entration parameter. Less o�set suggests that

parameters are quite robust. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
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al
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lusters. . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.12 Simulated 
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tively, in order of 2 ks

exposure time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
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al
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3.14 Simulated 
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3.15 Robustness of morphology parameters whi
h are 
al
ulated for several 
lusters against

simulated 
lusters at di�erent redshifts. . . . . . . . . . . . . . . . . . . . . . . . . 117

3.16 Gini, M20 and Con
entration parameters plotted in the 3-D plot. We plotted C5080 as

the Con
entration parameter. • = strong relaxed (strong 
ool 
ore) 
lusters, △ = relaxed

(
ool 
ore) 
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ool 
ore) 
lusters, and × = strong non-relaxed

(non-
ool 
ore) 
lusters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119



3.17 Comparison of Left Luminosity, Middle Temperature and Right Mass (estimated from
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ool 
ore)
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ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and

× = strong non-relaxed (non-
ool 
ore) 
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entration

parameter. We take all these global properties (luminosity, temperature and mass) values

from the V09. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

3.18 (a) Con
entration (C5080) parameter negatively 
orrelated with 
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�xed radii. (b) Gini 
oe�
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orrelated with 
ooling time. (
) M20


orrelated with 
ooling time as 
al
ulated by equation 3.8. ◦ = strong relaxed

(strong 
ool 
ore) 
lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak


ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool 
ore) 
lusters. We used

the power-law �tting to show the linear 
orrelation. . . . . . . . . . . . . . . . . . . 124

3.19 Relationship between luminosity and temperature for our sample 
lusters. ◦ =

strong relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed (
ool 
ore) 
lusters; + =

non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool 
ore)


lusters. We used the power-law model to determine best-�t line for the LX − T

relationship. The solid bla
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= best-�t for strong non-relaxed; and the solid yellow line = 
ombined best-�t for

the whole sample 
lusters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.1 XMC �ow 
hart showing the basi
 method for X-ray 
luster modelling. (1) Thou-

sands of smooth parti
les represent the ICM. Ea
h parti
le has its own

sky position, size, temperature, metalli
ity, luminosity, et
. These pa-

rameters predi
t in
oming photons from the pre
ise sky 
o-ordinates with

asso
iated energies. (2) Position and energies of in
oming photons are


onverted to dete
tor 
o-ordinates and pulse height via the dire
t sam-

pling Monte Carlo te
hnique. These 
onversion methods utilise the tele-

s
ope's response fun
tions and 
reate multiple photons per se
ond. At

this stage, the simulated ba
kground (sky + instrument) is also added to

these simulated events. (3) These simulated data are 
ompared with the

a
tual X-ray events. (4)XMC used multi-dimensional likelihood statisti
s

for 
omparison between simulated and real events. (5) In the su

essive

steps, (free) parameters of the parti
les are iterated using the MCMC

te
hnique. The �nal results have a number of statisti
al samples of a
-


eptable or 
onverged �ts whi
h fall into the �
on�den
e region� of the

parti
le's input parameters. This well ��tted� number of parti
les de-

s
ribe the ICM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.2 Abundan
e maps generated by the XMC te
hnique for two 
lusters. The abundan
e

parameter varies in the range of 0�2 Z⊙. It is noted that the abundan
e does not

vary in the 
luster regions (white 
ontour). . . . . . . . . . . . . . . . . . . . . . . 137



4.3 Poisson χ2
per degree of freedom plot showing that model parameters 
onverge after

∼ 500 MCMC iterations. We used iterations from 500 to 3000 for our analysis, and


reated parameter maps from then. . . . . . . . . . . . . . . . . . . . . . . . . . . 140

4.4 Median surfa
e brightness maps of 
luster for various iterations. 800
′′ × 800

′′
surfa
e

brightness maps of the ICM after 5, 10, 50, 100, 500 and 1000 MCMC iterations (top left

(a) to bottom right (f)). Maps are 
entred on the aim point of the ACIS-I dete
tor, i.e.

(4096, 4096) in the CCD physi
al unit. These maps are 
al
ulated a

ording to Eq. 4.4

and median over all iterations are taken in ea
h 4
′′ × 4

′′
pixel. . . . . . . . . . . . . . . 142

4.5 Thermodynami
 radial pro�les for all low-z 
lusters. We plotted pro�les of strong relaxed,

intermediate, and strong non-relaxed 
lusters. Solid bla
k line = strong relaxed; blue

dashed line = intermediate; and red dashed line = strong non-relaxed 
lusters. . . . . . 146

4.6 Mean thermodynami
 radial pro�les for all low-z 
lusters. We plotted pro�les of strong

relaxed, intermediate, and strong non-relaxed 
lusters. `o' = strong relaxed 
lusters; `♦'

= intermediate 
lusters; and `x' = strong non-relaxed 
lusters. We �tted the power-law

model to evaluate the 
orresponding slope values. Green solid line = best-�t for strong

relaxed 
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yan solid line = best-�t for intermediate 
lusters; and yellow solid line =

best-�t for strong non-relaxed 
lusters. . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.7 Distribution of seven morphology parameters based on the 
luster density maps. Solid bla
k

line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool 
ore)


lusters; dotted red line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line = strong

non-relaxed (non-
ool 
ore) 
lusters; and dotted blue line = overall 
luster morphology

distribution for ea
h parameter. All four de�nitions of the Con
entration parameter were

used. Cluster separation is based on the 
ombination of Gini, M20 and Con
entration

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

4.8 Seven morphology parameters plotted in the parameter-parameter planes (density maps).

We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore)


lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and

× = strong non-relaxed (non-
ool 
ore) 
lusters. . . . . . . . . . . . . . . . . . . . . . 159

4.9 Distribution of seven morphology parameters based on the 
luster temperature maps. Solid

bla
k line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool


ore) 
lusters; dotted red line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line =

strong non-relaxed (non-
ool 
ore) 
lusters; and dotted blue line = overall 
luster morphol-

ogy distribution for ea
h parameter. All four de�nitions of the Con
entration parameter

were used. Cluster separation is based on the 
ombination of Gini, M20 and Con
entration

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

4.10 Seven morphology parameters plotted in the parameter-parameter planes (temperature

maps). We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool


ore) 
lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters;

and × = strong non-relaxed (non-
ool 
ore) 
lusters. . . . . . . . . . . . . . . . . . . . 165



4.11 Distribution of seven morphology parameters based on the 
luster entropy maps. Solid

bla
k line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool


ore) 
lusters; dotted red line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line =

strong non-relaxed (non-
ool 
ore) 
lusters; and dotted blue line = overall 
luster morphol-

ogy distribution for ea
h parameter. All four de�nitions of the Con
entration parameter

were used. Cluster separation is based on the 
ombination of Gini, M20 and Con
entration

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

4.12 Seven morphology parameters plotted in the parameter-parameter planes (entropy maps).

We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore)


lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and

× = strong non-relaxed (non-
ool 
ore) 
lusters. . . . . . . . . . . . . . . . . . . . . . 171

4.13 Distribution of seven morphology parameters based on the 
luster pressure maps. Solid

bla
k line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool


ore) 
lusters; dotted red line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line =

strong non-relaxed (non-
ool 
ore) 
lusters; and dotted blue line = overall 
luster morphol-

ogy distribution for ea
h parameter. All four de�nitions of the Con
entration parameter

were used. Cluster separation is based on the 
ombination of Gini, M20 and Con
entration

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

4.14 Seven morphology parameters plotted in the parameter-parameter planes (pressure maps).

We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore)


lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and

× = strong non-relaxed (non-
ool 
ore) 
lusters. . . . . . . . . . . . . . . . . . . . . . 176

4.15 Surfa
e brightness morphology parameters plotted against the best-�tting power-law slope
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4.16 Surfa
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4.19 Best-�tting slope of the entropy and pressure pro�les plotted against mean system temper-

ature. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed (
ool 
ore) 
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non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool 
ore) 
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4.20 Top A2597 2-D thermodynami
 maps. (a) is the A2597 temperature map, (b) is the A2597

density map, (
) is the A2597 pseudo-entropy map, and (d) is the A2597 pseudo-pressure

map. The white 
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le shows the 0.3 R500 s
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an be seen, higher distan
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noise due to fewer photons in the observation. Bottom Proje
ted radial pro�les of A2597

for (a) temperature, (b) density, (
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5.1 Bottom left and right plots show the M20 and Gini vs Con
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Top left and right plots show the M20 and Gini vs temperature, respe
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= relaxed 
luster; and × = non-relaxed 
luster. Radio halo 
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luster separation is based on the V09. . . . . 218
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1
Introdu
tion

1.1 The nature of galaxy 
lusters

In re
ent years our knowledge has expanded from the early legendary work of Astronomers su
h

as Abell, Zwi
ky and others, about the nature and behaviour of galaxy 
lusters. Galaxy 
lusters

are the most massive bound and quasi-relaxed obje
ts in the Universe with typi
al masses of

about 10

15 M⊙. The largest galaxy 
lusters are typi
ally Mp
 in size. It is believed that, in any


luster, the majority (∼ 80%) of the gravitating material is in the form of dark matter whi
h

is mainly responsible for a 
luster's total gravitational mass, and hen
e stru
ture. Luminous or

visible matter is minimal (∼ 3% to 5%) and pertains to galaxies only. The remaining matter

(∼ 15% to 17%) is in the hot, di�use gas. This gas is dete
ted in X-ray wavelength through its

thermal bremsstrahlung emission with energy of several keV. This thermal plasma in the 
luster

medium (in between galaxies) is 
ommonly referred to as the Intra-
luster medium (ICM). ICM is

a key property of galaxy 
lusters, and represents the many features of the parent 
luster. Clusters

are widespread in the sky, and it would seem that they represent the unit of matter, or building

bri
k, from whi
h the Universe is assembled. Based on this assumption, smaller blo
ks (galaxies,

groups and minor 
lusters) would have formed �rst and subsequently united under gravitational

attra
tion, making bigger and bigger blo
ks with the �ow of time.

Detailed knowledge of galaxy 
lusters has been obtained in re
ent years as the result of ad-

van
ement of observational instruments. It is of great interest to astronomers to observe galaxy


lusters in various wavelengths, from radio to gamma ray, to address the key questions related to

formation and evolution of galaxy 
lusters. Below we give a brief ba
kground of Multiwavelength

observation of galaxy 
lusters.

1.2 Multiwavelength observation of galaxy 
lusters

1.2.1 Opti
al observations

The story begins in the years 1958 and 1961, when the �rst 
omprehensive galaxy 
luster 
ata-

logues were 
ompiled by George Abell and Fritz Zwi
ky (Abell, 1958; Zwi
ky et al., 1961, 1968),

respe
tively, from whi
h they noti
ed over-dense regions of galaxies in the sky. For the purpose of
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these 
atalogues, they used Northern sky Palomar Observatory Sky Survey (POSS) photo plates

and visually dete
ted galaxy 
lusters. In this work, Abell 
ould observe only 
lusters away from

the gala
ti
 disk region, be
ause the observation of galaxies is more di�
ult there due to extin
tion

and high stellar density.

In the past, galaxy 
lusters have been studied extensively to understand the distribution of dark

matter and baryon material, evolution of large s
ale stru
ture of the Universe, and fundamental


osmology asso
iated with it. Galaxy 
lusters are very 
omplex systems. They in
lude hundreds

of galaxies whi
h make them 
olle
tively the largest stru
ture in the Universe. These galaxies are


oupled tightly to ea
h other and make either groups or 
lusters. For instan
e, our own Milky Way

is part of a galaxy group. This group is famously known as the Lo
al Group. In 
ontrast to the

Lo
al Group, the nearest (∼ 20 Mp
 away) galaxy 
luster to us is the Virgo 
luster. The distin
tion

between group and 
luster is made by the number of member galaxies in ea
h. Generally groups

have . 50 member galaxies within a sphere of diameter D . 1.5h

−1
Mp
, while 
lusters have &

50 member galaxies within a diameter of & 1.5h

−1
Mp
. Groups have a total mass of ∼ 10

14 M⊙

while 
lusters have 10

14
to above 10

15 M⊙ (Bah
all, 1996). A 
luster is said to be ri
her and more

luminous when it 
ontains > 300 member galaxies.

Most of the ri
h and regular 
lusters show a 
on
entrated distribution of galaxies at the 
ore.

The density of galaxies (mainly ellipti
al and S0 types of galaxies) in
reases strongly towards the


entre be
ause the gravitational potential well is strongest at the 
luster 
entre. Many 
lusters


ontain one super-giant 
entral dominated (
D) ellipti
al galaxy at the 
luster 
entre, also known

as the brightest 
luster galaxy (BCG), having luminosity ∼ 10

12 L⊙. This 
D galaxy growing mass

be
ause of galaxy mergers as well as a

retion of 
ooling gas �owing towards the 
luster 
entre. In

some 
ases, where galaxy 
lusters have re
ently undergone major merger events, there may be two

or more su
h galaxies whi
h have not yet had time to merge into a new large 
entral galaxy.

Galaxies inside a given 
luster move away from us at Hubble velo
ity (i.e. due to the expansion

of the Universe). In addition to this, galaxies in a 
luster are more 
ompa
t and have greater

velo
ity dispersion. Galaxies have pe
uliar motions whi
h show up as a velo
ity dispersion of

100-1000 km/s (median line-of-sight velo
ity dispersion) around the average (expansion) velo
ity.

Below we show di�erent opti
al galaxy 
lassi�
ation s
hemes that are widely used.

1.2.2 Galaxy 
lassi�
ation method

To investigate the 
lassi�
ation of 
lusters, one has to 
onsider morphology of their galaxies. Bautz

& Morgan (1970) provided a systemati
 
lassi�
ation of opti
al galaxy 
lusters based on the degree

to whi
h a 
luster is dominated by its brightest galaxies. B-M (Bautz and Morgan) Type I galaxy


lusters have a single, 
entrally lo
ated 
D galaxy. Generally, these 
D galaxies are the most

luminous in a 
luster, and have extensive opti
al emission. B-M Type II 
lusters are dominated by

the intermediate brightest galaxies between 
D and normal giant ellipti
al galaxies. Finally, B-M

Type III 
lusters do not 
ontain any dominating galaxies.

Later on Rood-Sastry 
lassi�ed opti
al galaxy 
lusters based on the nature and distribution of

the ten brightest 
luster galaxies (Rood & Sastry, 1971). The six various 
lasses of Rood-Sastry

are de�ned as, (1) 
D: the 
luster is dominated by a 
entral 
D galaxy, (2) B: binary galaxies �

the 
luster is dominated by a pair of luminous galaxies, (3) L: line galaxies � minimum of three
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Figure 1.1: Hubble Spa
e Teles
ope (HST) image of the A2163 
luster. Ea
h individual obje
t is

a galaxy. Clearly, it is di�
ult to �nd member galaxies of A2163: one has to �nd redshift of ea
h

galaxy. Some galaxies appear to be in the ba
kground, while others appear to be in the foreground

of this image.
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brightest galaxies appear to be in a straight line, (4) C: 
ore galaxies � 
ore of the 
luster formed

by four or more of the ten brightest galaxies, (5) F: �at galaxies � the brightest 
luster galaxies

form a �attened distribution on the sky, and (6) I: irregular galaxies � irregular distribution of

brightest galaxies in the 
luster with no 
lear 
entre or 
ore.

There is an advantage to examining the morphology of galaxies. Dressler (1980) systemati
ally

shown the relationship between galaxy morphology and lo
al density of galaxies within a 
luster,

and gave it the term morphology-density relation. It is very useful in understanding the relationship

between di�erent morphologi
al types of galaxies, whi
h are based mainly on the Hubble types

and the environments in whi
h they are situated. This relationship also indi
ates that galaxy

evolution is a�e
ted by the environments in whi
h the galaxy itself is lo
ated. Di�erent morphology

of galaxies dire
tly explains various galaxy transformation pro
esses that o

ur within the 
luster

environment (Moore et al., 1998; Bravo-Alfaro et al., 2000; Bekki et al., 2002). These morphologies

are possibly 
onne
ted to the distan
e of the galaxy from the 
entre of the 
luster. Also, the

study of galaxy morphology is 
onne
ted to the previous star formation and stellar distribution

history of galaxies inside the 
luster. For instan
e, observational eviden
e provides information

that when galaxies enter high density environments su
h as 
lusters, their star formation a
tivity

is suppressed. Hen
e, investigating morphology of galaxies answers many questions related to its

properties, formation history and overall morphology of 
lusters.

Based on various morphology 
lassi�
ation strategies, galaxy 
lusters 
ould be divided broadly

into two 
ategories, namely regular (relaxed) and irregular (distorted or merger) 
lusters. Of
ourse,

passage between these two 
ategories is 
ontinuous for intermediate 
lusters. Regular 
lusters are

highly symmetri
 in shape and have a large number of member galaxies, 
ausing dense 
entral


on
entration (smoothly distributed galaxies). However, the latter 
ategory of 
lusters shows very

little symmetry and no 
entral 
on
entration, and is sometimes also referred to as an open 
luster

(a

ording to the Zwi
ky's 
lassi�
ation 
riteria). Regular 
lusters may or may not have weak

sub
lustering, in 
ontrast to irregular 
lusters. Regular 
lusters often have giant 
D-type galaxies

at their 
entres. These galaxies are generally large and ellipti
al, and sometimes have strong radio

sour
es (radio galaxies). These galaxies are very luminous and more 
on
entrated in ri
h 
lusters.

Generally, ellipti
al galaxies are visible in regular 
lusters, while irregular 
lusters 
ontain galaxies

of all types, although mainly spiral and irregular. Regular 
lusters are dynami
ally relaxed systems,

while irregular 
lusters are dynami
ally less-evolved while their stru
ture formation progresses with

time.

1.2.3 Radio emission from galaxy 
lusters

Galaxy 
lusters are also visible in the radio wavelength. Generally a 
luster's individual galaxies

are a sour
e of radio emission; and observational eviden
e also suggests that, in some 
ases, these

opti
al galaxies have 
orresponding radio 
ounterparts. Emission from these radio galaxies often

extends quite beyond the galaxy's opti
al boundaries up to an order of 100 kp
. This suggests that

the radio emitting regions intera
t with the ICM. Tailed radio galaxies and radio sour
es �lling

X-ray 
avities at the 
entre of 
ool 
ore 
lusters reveal this intera
tion (M
Namara & Nulsen, 2007,

and referen
es therein). Furthermore, it is also equally important to investigate the role of non-

thermal emission from galaxy 
lusters, to 
hara
terise the physi
al des
ription of the ICM. Radio



1.2 Multiwavelength observation of galaxy 
lusters 31

observations provide detailed eviden
e for these phenomena in terms of wide di�use syn
hrotron

sour
es (for example, radio halos, reli
s and mini-halos), whi
h are 
losely asso
iated with the ICM

rather than individual galaxies within a 
luster.

The radio emission from galaxy 
lusters is syn
hrotron emission due to the intera
tion between

non-thermal population of relativisti
 ele
trons (power-law distribution) and a 
luster's magneti


�eld. The syn
hrotron emission of su
h sour
es requires a population of ≈ GeV relativisti
 ele
trons

and 
luster magneti
 �elds on µG levels. The syn
hrotron emission is produ
ed by the spiralling

motion of relativisti
 ele
trons in a magneti
 �eld, whi
h results in emission of radio signals in the

MHz band. The total syn
hrotron emission from a radio sour
e gives an estimate of the strength

of magneti
 �elds. The degree of polarisation is an important indi
ator of the �eld uniformity and

stru
ture. The intensity Sν (erg/
m

2
-Hz-s) of syn
hrotron emission is given as the power-law with

a broad range of frequen
ies ν and radio spe
tral index α,

Sν ∝ ν−α
.

The higher the magneti
 �eld strength, the lower the ele
tron energy needed to produ
e emission

at a given frequen
y. In a magneti
 �eld of ∼ 1 µG, syn
hrotron radiation 
an be dete
ted, for

example, at 100 MHz. The syn
hrotron radiation is essentially a 
ontinuum radiation with a

fairly peaked spe
trum 
on
entrated near the 
riti
al frequen
y. Faint and low-surfa
e brightness

radio sour
es are more visible in low frequen
y observations (. 1 GHz) due to their steep spe
tra.

Hen
e low frequen
y observations with advan
ed radio teles
opes whi
h have higher sensitivity are

required to dete
t these di�use sour
es.

1.2.4 Di�use radio sour
es

Extended radio sour
es, lying in galaxy 
lusters, are asso
iated with di�use, non-thermal and low

surfa
e brightness emission as well as being 
hara
terised by a steep spe
trum (-0.7 & α & -1.4).

This makes it di�
ult to dete
t them with 
urrent radio teles
opes - single dish or interferometer.

(1) Extended and low surfa
e brightness di�use radio sour
es are most easily dete
ted with �lled-

aperture teles
opes, but the low resolving power of single-dish radio teles
opes 
ould result in

sour
e 
onfusion, and 
ould 
reate an image of an extended sour
e from the 
ombining of weak

dis
rete radio sour
es. (2) Interferometer observations provide the ne
essary resolution to separate

the individual radio galaxies, but generally la
k information from short spa
ings to prevent the

dete
tion of wide faint stru
ture. Lower sensitivity of 
urrent radio teles
opes 
ould be one of

the reasons behind low dete
tion rate of di�use radio sour
es to date. It is important to study

di�use sour
es in the understanding of (i) the role of large s
ale magneti
 �elds and relativisti


parti
les in the ICM, (ii) physi
al 
onditions in galaxy 
lusters and their dynami
al a
tivity using

radio observations of di�use sour
es su
h as radio halos and reli
s, and (iii) 
luster history and

evolution, as di�use sour
es are large-s
ale features that are related to other 
luster properties in

the opti
al and X-ray domains.

The di�use extended 
luster-wide radio sour
es are 
urrently grouped in three 
lasses: radio

halos, reli
s and mini-halos (Feretti et al., 2012, and referen
es therein). The radio halos are found

at the 
ore of a 
luster region, with typi
al size & 1 Mp
 and steep spe
tra. The reli
 sour
es

are similar to the halos in their low surfa
e brightness, large size and steep spe
tra, but are found
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typi
ally in peripheral regions of the 
luster. Unlike halos, reli
 sour
es are highly polarised around

20%. The mini-halos are dete
ted around a dominant powerful radio galaxy at the 
entre of 
ooling


ore 
lusters, up to a maximum of ∼ 500 kp
. In this our resear
h, we are interested in studying

properties of radio halos and reli
s only. Below we give a brief ba
kground of radio halos and reli
s.

Radio halos

Radio halos are 
luster-wide extended di�use sour
es with low surfa
e brightness (∼ 1-0.1 µJy

ar
se


−2
at 1.4 GHz), are unpolarised, and are 
entrally lo
ated. Current observation indi
ates

that they are not linked with any single galaxy 
luster member (i.e. one of the galaxies). They

have regular morphologies and good spatial 
oin
iden
e with their X-ray brightness distribution,

as shown in Fig. 1.2. Be
ause of the improvement in radio teles
ope observation, sensitivity and

image pro
essing, in the past de
ade a number of new halos have been dis
overed in ri
h galaxy


lusters with GMRT, VLA and other radio teles
opes (Giovannini et al., 1999; Kempner & Sarazin,

2001; Venturi et al., 2007, 2008; van Weeren et al., 2009a,b). So far, ∼ 45 radio halos have been

dete
ted (Feretti et al., 2012).

The radio properties of halos are 
oupled to the global properties of their host galaxy 
luster.

Clusters with the highest X-ray luminosity have a higher probability of hosting radio halos. Further,

the mono
hromati
 radio power of a halo at 1.4 GHz 
orrelates with the X-ray luminosity, mass

and temperature of a 
luster (Giovannini & Feretti, 2002). It is expe
ted that a large fra
tion of

the most massive 
lusters, in the redshift range of z ∼ 0.2-0.4 and X-ray luminosity, Lx > 5 ×
10

44
erg/s, hosts a radio halo. Literature data for 
lusters at z = 0-0.2 is in agreement with this

statisti
al expe
tation (Giovannini et al., 1999). Radio halos are also linked with 
luster dynami
al

a
tivity. They are found typi
ally in 
lusters with signi�
ant substru
ture and deviation from

spheri
al symmetry in their X-ray morphology. This is 
on�rmed by the high resolution X-ray

data obtained with Chandra and XMM (Markevit
h et al., 2000; Markevit
h & Vikhlinin, 2001;

Markevit
h et al., 2002, 2003b,
). Therefore the available data suggest that radio halos are stri
tly

related to the X-ray properties of the host 
lusters, as well as to the presen
e of 
luster merger

pro
esses.

Halo morphology and sizes vary from giant (∼ 1 Mp
) to small (∼ 100 kp
), and 
ould be

dete
ted, as indi
ated above, be
ause of the advan
ement in sensitivity and angular resolution of

radio teles
opes. It seems that 
onditions at the time of origin 
ould have played a role in the

present appearan
e of halo morphology. There is a strong 
orrelation between radio halo linear

size and total radio output power (Giovannini et al., 2009). This 
orrelation is 
ontinuous from

small to giant size halos. It also 
on�rms that both the larger and smaller radio halos belong to

the same 
lass of sour
e. A smaller radio halo shows similar properties to those of larger radio

halos (Feretti et al., 2010). Hen
e, there 
ould be a 
ommon origin and physi
al me
hanism for

large and small radio halos.

Radio reli
s

Radio reli
s sour
es are low surfa
e brightness, large size and steep spe
trum sour
es lo
ated in

peripheral regions of the 
luster, as shown in Fig. 1.3. In most 
ases, the morphology of reli


sour
es is elongated, and situated at either one side (single reli
) or two sides (double reli
s) of
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Figure 1.2: Radio halo of the A2163 
luster (Feretti et al., 2001). Radio halo emission is (white


ontours) spatially 
o-in
iden
e with X-ray emission (in 
olor).

Figure 1.3: Radio reli
 of the A3376 
luster (Bag
hi et al., 2006). Radio reli
 emission is in yellow


ontours and X-ray emission is in 
olor.

the 
luster (Bag
hi et al., 2006; van Weeren et al., 2009a; Bonafede et al., 2009; Bag
hi et al.,

2011). Reli
 sour
es are highly polarised. Originally they were thought to be reli
s of presently

non-a
tive galaxies, but no eviden
e has yet been found in support of this supposition. Currently

we know that ∼ 50 reli
s are hosted in 39 galaxy 
lusters (Feretti et al., 2012). Observation of

reli
s gives the best indi
ation of the presen
e of µG level magneti
 �elds and relativisti
 parti
les

in the periphery of a 
luster. Their observation also reveals the a

eleration of relativisti
 parti
les

at sho
k fronts at great distan
e (Mp
 s
ale) from the 
luster 
entre. Theoreti
al work proposes

that they are tra
ers of sho
k waves in merger events (Ensslin et al., 1998; Hoeft et al., 2004). This

predi
tion is in agreement with their elongated morphology and perpendi
ularity to the merger

axis. This is 
on�rmed by observational results.

Kempner et al. (2004) 
lassi�ed 
luster radio reli
s in two 
lasses: (1) radio Phoenix, whi
h

is asso
iated with a past AGN outburst a
tivity, and (2) radio Gis
ht, whi
h is asso
iated with


luster ICM. This 
lassi�
ation is widely a

epted in radio reli
 resear
h. The radio properties of

reli
s have been linked to the properties of their hosting 
lusters. Similar to radio halos, there is

a 
orrelation between the radio power of a reli
 at 1.4 GHz and the X-ray luminosity of 
lusters

(P1.4GHz ∝ L1.2
x ) (Giovannini & Feretti, 2002; Cassano et al., 2011).
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Origin of di�use sour
es

Current observations show that these di�use sour
es are found only in 
lusters whi
h have un-

dergone a re
ent merger event (Cassano & Brunetti, 2005; Brunetti et al., 2009; Cassano et al.,

2011). Hen
e it is 
ru
ial to know the dynami
al a
tivity of a galaxy 
luster. This merging a
tivity

gives rise to the thought that di�use sour
es are energised by turbulen
e and sho
ks in mergers

(Cassano & Brunetti, 2005). The formation and evolution of di�use sour
es are still not 
lear.

Several theories have been made for the me
hanism of transferring energy into the relativisti
 ele
-

tron population, and for the origin of relativisti
 ele
trons themselves. The relativisti
 parti
les


ould be inje
ted in the 
luster volume by AGN a
tivity su
h as quasars, radio galaxies, et
. Most

parti
le produ
tion has o

urred in the past and is therefore 
onne
ted to the dynami
al history of

the 
lusters. This primary ele
trons population needs to be re-a

elerated (Brunetti et al., 2001;

Petrosian, 2001) to 
ompensate for radiative losses. A re
ent 
luster merger is the most likely

pro
ess to stimulate the re-a

eleration of relativisti
 parti
les.

Another model for radiating parti
les in halos in
orporates se
ondary ele
trons as the result

of inelasti
 nu
lear 
ollisions whi
h have o

urred between the relativisti
 protons and thermal

ions of the ambient ICM. The protons di�use on a large s
ale be
ause their energy losses are

negligible. They 
an 
ontinuously produ
e in-situ ele
trons whi
h are distributed throughout the


luster volume (Blasi & Colafran
es
o, 1999; Miniati et al., 2001). It is possible that the high energy

ele
trons, responsible for the syn
hrotron emission, arise from the de
ay of se
ondary produ
ts of

the neutralino annihilation in the dark matter halos of galaxy 
lusters has also been proposed

(Colafran
es
o & Mele, 2001).

Di�erent models have been suggested for the origin of the relativisti
 ele
trons radiating from

reli
s. There is further eviden
e that reli
s 
an be tra
ers of sho
k-wave in merger events (Ensslin

et al., 1998; Bag
hi et al., 2006). These sho
ks, expanding with high velo
ity (Ma
h number ∼ 1-3),


an a

elerate ele
trons to high energies and 
ompress magneti
 �elds, giving rise to syn
hrotron

radiation being emitted from large regions. The a

elerated parti
les will have a power-law energy

distribution, as well as magneti
 �elds aligned parallel to the sho
k front. This is in agreement

with their elongated stru
ture almost perpendi
ular to the merger axis.

1.2.5 X-ray emission from 
luster

We have noted empty volumes of spa
e between galaxies in the opti
al observation of galaxy


lusters, while X-ray observation reveals that this large spa
e between a number of galaxies is �lled

with a di�use, hot plasma. The extremely high 
on
entration of matter within a 
luster forms

a deep gravitational `potential well', whi
h traps and heats a large amount of gas, 
ausing most

galaxy 
lusters to emit strongly in the X-ray wavelength of the ele
tromagneti
 spe
trum. This

hot gas has a typi
al temperature range of between ∼ 2 to 14 keV, the 
entral gas density being

∼ 10

−3
ele
tron 
m

−3
and luminosity Lx ∼ 10

43
to ∼ 10

45
erg s

−1
(Sarazin, 2003, 2009). The

hot gas of a 
luster extends up to r & Mp
 from the 
luster 
entre. The ele
tron density is at

its maximum at the 
luster 
ore, de
reasing with radius r. The luminosity that we observe does

not emanate from one single galaxy within a 
luster, but instead from a spatially extended hot

ICM. In addition, 
luster X-ray emission does not vary with the time s
ale over whi
h it has been

dete
ted. These make 
lusters very useful in the study of properties of the hot ICM.
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From observation of spe
tral energy distribution of X-rays one 
an 
on
lude that the X-ray

emission pro
ess is (a) thermal bremsstrahlung (free-free radiation) and (b) line emission. Ther-

mal bremsstrahlung is the opti
ally thin radiation from the hot gas of a 
luster. The 
ause of this

radiation is the a

eleration of ele
trons in the Coulomb �eld of protons and atomi
 nu
lei. A

el-

erated ele
tri
ally-
harged parti
les emit radiation 
ausing ele
tron-proton s
attering pro
esses in

an ionised gas to yield photon emission. The 
ontinuum emissivity due to thermal bremsstrahlung

is given by

ǫffν =
32πe6ne

3meC3

(

2π

3mekBT

)1/2

e−hν/kBT
∑

i

Z2
i nigff(Zi, T, ν), (1.1)

where the emissivity ǫν is determined as the emitted energy per unit time, frequen
y, and volume.

ne and ni denote the number density of ele
trons and ions, respe
tively. Z and me are the 
harge

of the ions and the ele
tron mass, respe
tively. The sum (see Eq. 1.1) over the di�erent ions in the

plasma is mainly dominated by hydrogen and helium for Solar abundan
es. The Gaunt fa
tor gff is

a 
orre
tion fa
tor for quantum me
hani
al e�e
ts, as well as for the e�e
t of distant 
ollisions. The

Gaunt fa
tor is a slowly varying fun
tion of temperature and frequen
y. As a result, the dominant

dependen
e of the free-free emissivity on frequen
y is the Boltzmann exponential fa
tor, whi
h,

together with the square root fa
tor 1/
√
T , are the main dependants on temperature. Thermal

bremsstrahlung produ
es a roughly exponential 
ontinuum 
omponent in the X-ray spe
trum.

At the high temperature of T & 3 × 10

7
K, thermal bremsstrahlung is the dominant emission

me
hanism. The temperature of a 
luster's hot gas 
an be determined from the spe
tral properties

of this radiation.

Further X-ray radiation from hot plasma at lower temperature (T . 2 keV) is line emission.

The dis
overy of line emission in the X-ray spe
trum of 
lusters reveals that the X-ray emission

originates from a hot, di�use gas. The most important line, the Lyman-α line of 25-fold ionized

iron, originates from massive 
lusters pla
ed at energies just below 7 keV (S
hneider, 2006). We


an also see, at lower energies of 6.4 keV, that less ionised iron has a strong transition. Hen
e, the

hotter the gas, the more highly ionised it is and the weaker the line emission.

One of the important aspe
ts of studying X-ray galaxy 
lusters is to estimate its mass from

X-ray observation (the total mass of hot gas is typi
ally Mgas ∼ 10

14
-10

15 M⊙). Typi
ally, the

distribution of mass among galaxy 
lusters 
an be estimated using any of these methods: (i)

weak gravitational lensing (Refregier, 2003; Massey et al., 2006; Clowe et al., 2006), whi
h distort

the ba
kground images of galaxies; (ii) strong gravitational lensing (Wu, 2000; Shapiro & Iliev,

2000), whi
h 
an 
reate multiple images of ba
kground galaxies near the 
luster 
entre; (iii) X-

ray observation, whi
h reveals temperature and emissivity of surrounding hot gas of 
lusters; (iv)

statisti
al analysis of the position and velo
ity of member galaxies; and (v) the Causti
 te
hnique

(Diaferio, 1999; Diaferio et al., 2005) whi
h, like weak lensing, disregards the 
luster dynami
al

state to measure the mass using the proje
ted positions and velo
ities of galaxies, both in the


luster and the infall regions surrounding the 
luster. Of these, X-ray observation (iii above) is

the most useful be
ause galaxy 
lusters appear as well-resolved extended emissions. In the X-ray

band, the gas luminosity and temperature are the dire
t observables used to infer total mass of

the 
luster. Furthermore, observations of galaxy 
lusters in the X-ray band provide an e�
ient



36 Introdu
tion 1

way to identify 
lusters out to redshift > 1. Also, it allows a

urate 
omputation of the survey

volume within whi
h 
lusters are found. These are all important fa
tors in estimating how 
luster

mass fun
tion varies with redshift, and what 
osmologi
al model is appli
able (Vikhlinin et al.,

2009b). For these reasons most 
osmologi
al studies are based on samples of X-ray sele
ted galaxy


lusters (Benson et al., 2013). Thus, the study of galaxy 
lusters in the X-ray band provides an

opportunity to map the overall stru
ture and evolution of the Universe, as well as an understanding

of the overall history of 
osmi
 baryons.

Galaxy 
lusters are good tools with whi
h to study 
osmology and test various 
osmologi
al

models (Allen et al., 2011, and referen
es therein). Galaxy 
lusters help to 
onstrain 
osmologi
al

parameters via measurement of their number density as a fun
tion of the mass s
ale and of the


osmi
 epo
h (Rosati et al., 2002; Tozzi, 2007). Sin
e they form the largest perturbation in the

Universe, their 
ontents 
ould be representative of the Universe as a whole. Dynami
al time

s
ales of 
lusters are 
omparable to the age of the Universe, so it is assumed that they retain

an imprint of how they were formed, thus providing strong 
onstraints on all theories of large

s
ale stru
ture formation [and even modi�ed gravity (e.g. Diaferio & Ostorero, 2009; Angus et al.,

2013)℄. Unlike galaxies, whi
h are 
ertainly open obje
ts, large 
lusters probably retain all of the

enri
hed material that was 
reated in their pre-
ollapse and 
luster-
luster merger. The signi�
ant

link between 
osmologi
al parameters and galaxy 
lusters morphology has re
eived mu
h re
ent

attention (Ri
hstone et al., 1992; Evrard et al., 1993; Mohr et al., 1995). This link has generally

been formulated in terms of the frequen
y of �substru
ture� in galaxy 
lusters. Mohr et al. (1995)

have used eight various initial density �elds in their N -body/3-D 
luster simulation. Using the


entroid shift and axial ratio te
hnique, typi
ally used to study dynami
al state of galaxy 
lusters,

they found morphologi
al variations in three di�erent 
osmologi
al models, suggesting relaxed and

spheri
ally symmetri
 systems evolved in low ω0 models.

Properties of X-ray 
lusters

Images of X-ray 
lusters reveal the surfa
e brightness or ele
tron density distribution among them.

Generally X-ray galaxy 
lusters are identi�ed by the 
entrally-peaked surfa
e brightness pro�les

in X-ray surveys. Surfa
e brightness distribution also helps in the understanding of morphology

of X-ray 
lusters, as depi
ted in Fig. 1.4. This 
ould lead to further investigation of the 
luster

dynami
al stage. Generally relaxed 
lusters are symmetri
 around the 
entre, where emission is

at its peak. They have a highly �ux-
on
entrated 
ore. In 
ontrast, non-relaxed 
lusters are

asymmetri
 and disturbed; sometimes without a 
on
entrated 
ore or X-ray peak emission at the


entre.

Another vital property of an X-ray 
luster is its 
ooling �ow. The 
entral hot gas has high

gas densities (as 
ompared with the outer region of the 
luster), whi
h in the result of ex
essive

X-ray emission and the peak of surfa
e brightness in the 
ore of the 
luster. Be
ause of this X-ray

radiation, the gas loses energy, resulting in a drop in temperature towards the 
luster 
entre. In

this part of the 
luster, the gas 
an 
ool quite rapidly, in whi
h 
ase its pressure de
reases. This

indi
ates that the hydrostati
 equilibrium 
annot be sustained for a long period of time 
lose to

the 
ore of the 
luster. In order to maintain this pressure equilibrium, the outer material needs

to �ow towards the 
luster 
ore. This is in result of superpositions of many gas phases, ea
h one
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Figure 1.4: (Left) A2597; typi
al relaxed 
luster. Morphology looks very symmetri
 and 
luster

peak emission (red) from the 
luster 
entre. (Right) A3376; typi
al non-relaxed 
luster. X-ray

emission is 
ompletely disturbed and very asymmetri
 morphology.


hara
terised by a di�erent temperature, in the 
luster 
ores. This �ow of gas is known typi
ally

as 
ooling �ow (Sarazin, 1988; Fabian, 1994). Generally, this 
ooling �ow is observed in massive

and relaxed 
lusters around a bright (
D) galaxy. The theoreti
al model of 
ooling �ow assumes

the rate of �ow to be of the order of ∼ 100 M⊙/yr. However, it is 
on�rmed by spe
tros
opi


observation of the RGS-XMM-Newton that these theoreti
al very high 
ooling rates have been

signi�
antly overestimated (Peterson & Fabian, 2006). This mismat
h between the theoreti
al and

observed spe
trum of 
ooling �ow leads to another theory of AGN (a
tive gala
ti
 nu
lei) feedba
k,

whi
h prevents the gas from 
ooling below a 
ertain temperature. Many galaxy 
lusters host AGN

in the form of radio galaxies, whi
h emit a jet (visible in radio) in either one dire
tion (very rare) or

two (very 
ommon) from the 
entre of the 
luster whi
h, it is believed, a�e
ts the ICM. The high

spe
tral resolution observations suggest that this jet may heat the surrounding ICM and disturb

the 
ooling �ow.

Di�erent X-ray properties (su
h as luminosity, temperature and mass) of galaxy 
lusters play

a vital role in establishing s
aling relations among them (Arnaud & Evrard, 1999; Neumann &

Arnaud, 1999; Maughan, 2007; Diaferio et al., 2008; Pratt et al., 2009; Mittal et al., 2011; Maughan

et al., 2012). It is expe
ted that the more massive 
lusters will be hotter, more luminous, and

will have the greatest velo
ity dispersion of galaxies. Based on a theoreti
al framework, one 
an

establish the relationships between these X-ray 
luster properties. These inter-relations of 
luster

properties serve as an important tool in examining a stru
tural regularity in galaxy 
lusters. We


an measure luminosity (Lx) and temperature (T ) dire
tly from X-ray observations. Further,

these inter-relations 
an often be approximated by simple power-laws, and 
an be used for rough

estimates of 
luster mass for a large number of obje
ts. This study also provides very useful insight

into the galaxy 
luster formation, evolution and the underlying 
osmologi
al s
enario. For example,

X-ray luminosity is related to temperature as, Lx ∝ T 3
for T & 2 keV. With the use of the Lx-T

relationship, one 
an probe �u
tuations in 
luster gas fra
tions and determine the ratio of the ICM

gas to the total mass of the 
luster. This relationship also plays an important role in examining
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the history of heating me
hanisms in 
lusters. Another signi�
ant s
aling relationship between


luster temperature and gas mass is T ∝ M2/3
. This relationship suggests that X-ray temperature

provides an a

urate measurement of 
luster mass. X-ray luminosity also 
orrelates with 
luster

mass, Lx ∝ M1.8±0.1
. However, the Lx-M 
orrelation is not as tight as that between T�M , having

a ∼ 50% s
atter (Reipri
h & Böhringer, 2002). This s
atter arises be
ause the determination of

Lx and M are independent of ea
h other, whereas in the mass determination the T is a readily

observable parameter, resulting in a tight 
orrelation between T�M . However, 
al
ulating Lx is

relatively easier than measuring T , for whi
h signi�
antly longer observation (or exposure time)

is required. The study of s
aling relations of thermal 
luster properties provides the means to

di�erentiate the various me
hanisms that provide heating to a 
luster, and hen
e ex
eeding the

entropy of the ICM. The importan
e of thermodynami
 stru
ture (entropy and pressure) of the

ICM is to determine whi
h of the pro
esses, gravitational or non-gravitational, provide input energy

in terms of heating to the ICM (Tozzi & Norman, 2001; Voit et al., 2002; Voit, 2005; Borgani et al.,

2005; Boehringer & Werner, 2009).

Gravitational pro
esses are related to sho
k heating, infalling gas, stru
ture formation and the


ollapse of 
lusters, whereas non-gravitational pro
esses are asso
iated with supernovae, stellar

winds, radiative 
ooling and AGN a
tivity (Tozzi & Norman, 2001; Sarazin, 2009). An important

(ICM) non-gravitational heating sour
e is supernovae whi
h themselves are asso
iated with the

deaths of massive stars. The supernovae 
ould be driving gala
ti
 winds. They 
ould also provide

a more 
ontinuous sour
e of heating. In the 
urrent epo
h, galaxies in 
lusters have very few su
h

massive stars. So this heating 
ould have o

urred during the epo
h of star formation and galaxy

formation. However, this me
hanism 
ould also require that a large amount of the supernovae

explosion energy be 
onverted into heat in the ICM, whi
h is arguable. Another signi�
ant non-

gravitational sour
e worth 
onsidering is AGN. AGN might provide energy (in terms of heat)

into the ICM via the eje
tion of jets of relativisti
 parti
les. However, it is di�
ult to determine

what fra
tion of the energy produ
ed by AGN goes into the surrounding ICM heating. It is only

the kineti
 energy eje
ted by AGN in jets or in relativisti
 parti
les whi
h is likely to be useful.

It may be useful that the early-type galaxies found in 
lusters generally host radio galaxies and

radio quasars, whi
h are more likely to deposit energy into the ICM. If the heating sour
e is

purely gravitational during formation of a 
luster, then the ex
ess in entropy is proportional to the


luster temperature, but if the heating originates from non-gravitational pro
esses, then entropy

is proportional to the total stellar mass in the 
luster.

The 
urrent observational s
enario reveals that X-ray data are not in agreement with s
aling

relations whi
h are based on pure gravitational thermal heating (Sarazin, 1988; Ri
ker & Sarazin,

2001; Ponman et al., 2003). Kaiser (1986) suggested that the ex
ess in entropy is linked only

with the gravitational pro
esses, su
h as adiabati
 
ompression, during the 
ollapse and sho
ks

be
ause of supersoni
 a

retion of the surrounding gas (whi
h is known as the self-similar model).

Re
ent observations show, however, that non-gravitational pro
esses are also very important in

determining the distribution of entropy in the ICM (Tozzi & Norman, 2001; Voit, 2005). The

deviations of the s
aling relations are parti
ularly noti
eable for groups and 
ooler 
lusters. Entropy

pro�les of groups and 
lusters exhibit deviations from a self-similar model, with pro�les tending to

�atten in the 
ore regions, suggesting the la
k of the expe
ted low-entropy gas in 
entral regions of

the 
luster (Voit et al., 2005; Finoguenov et al., 2005a; Pratt et al., 2010). This implies a number
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of indi
ations that non-gravitational heating pro
esses 
ould a�e
t the heating of ICM. Also, in


lusters, the gas is distributed in more widely, whi
h is not in agreement with what would be

expe
ted from gravitational heating alone. This advo
ates that some non-gravitational heating

me
hanisms have triggered and ampli�ed the gas distribution extensively. This would redu
e the

mean density of the gas and X-ray luminosity, mainly in poorer 
lusters, i.e. for those obje
ts

whose virial temperature is 
omparable with the extra heating temperature.

1.2.6 Evolution of galaxy 
lusters

The evolution of galaxy 
lusters is a very 
omplex and multi
omponent merger system in the Uni-

verse. It is now well proven that massive galaxy 
lusters form and evolve at the interse
tion of the


osmi
 web �laments through merging and a

retion of smaller mass systems (e.g. Maurogordato

et al., 2011, and referen
es therein). Clusters evolve as a result of these mergers, and this is 
onsid-

ered to be a highly energeti
 pro
ess. Huge gravitational energy is released during 
luster 
ollisions

(≈ 1064 ergs), and several billion years are required for the 
luster to re-establish a situation of

(quasi-)equilibrium after a major merger episode. Galaxy 
lusters have a long evolutionary history,

from their origins to the present epo
h. Multiple merger episodes are 
onsidered to be the most


ommon physi
al pro
ess for disturbing both its 
ool 
ore and relaxed nature. Hen
e, we believe

that 
lusters are expanded by sub
luster merger. Even in the present epo
h, 
lusters are growing

by matter a

retion at the jun
tion of large s
ale �laments of galaxies. It is therefore important to

the study of 
lustering evolution to test 
osmologi
al models and physi
al pro
esses whi
h govern

the formation of galaxies (Diaferio, 2000).

Substru
ture studies are very important in order to understand 
luster mass estimates and other

physi
al properties, su
h as temperature. Substru
ture is the presen
e of two or more 
lumps of

galaxies and/or gas within a 
luster. Both observations as well as numeri
al simulations have shown

that merging events deeply a�e
t the properties of the di�erent 
luster 
omponents (e.g. Ferrari

et al., 2008, and referen
es therein). Multiple merger episodes 
ould, for instan
e, be responsible

for disturbing the dynami
ally relaxed 
ores of the X-ray emitting hot ICM (Burns et al., 2008),

as well as the ICM density, temperature and metalli
ity distribution (Kapferer et al., 2006). In

addition, it is well known that a disturbed X-ray morphology is typi
al of dynami
ally perturbed

galaxy 
lusters (Kapferer et al., 2006, and referen
es therein). The merging a
tivity of 
lusters

also distorts the X-ray surfa
e brightness pro�le that we observe in many 
luster images.

Joint X-ray and opti
al studies 
an provide detailed information about the dynami
al state of

a 
luster (e.g. Ferrari et al., 2006), but they are extremely time demanding from the observational

and analysis point of view. For statisti
al studies of large 
luster samples we need to identify robust

indi
ators that 
an somehow quantify the dynami
al state of a 
luster. Sin
e the morphology of


lusters is deeply related to their evolutionary history, di�erent morphologi
al estimators have been

proposed. Thanks to the Einstein X-ray teles
ope, whi
h has allowed us to study a

urately the

distribution of the X-ray emitting plasma in a 
luster, we have learned about di�erent morphology,

shape and stru
ture of the X-ray 
luster from small to extended s
ale (Forman & Jones, 1982;

Jones & Forman, 1992, 1999). Generally the morphology and shape of galaxy 
lusters range from

(1) a regular and smooth single 
omponent, (2) double 
omponents of equal size and luminosity,

(3) double 
omponents with unequal size and luminosity (primary with small se
ondary), (4)
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non-relaxed and 
omplex 
lusters deviated from their symmetry, (5) ellipti
al shape 
luster, (6)


luster with o�set 
entre, and (7) single galaxy-dominated 
lusters (Jones & Forman, 1992). The

importan
e of this 
lassi�
ation 
on
erns the examination of degree or level of substru
ture among

given X-ray 
luster observations (Jones & Forman, 1999).

Jones & Forman (1991) showed that around 30% of 
lusters observed with the Einstein satellite


ontain substru
ture. More re
ently, S
hue
ker (2005) noti
ed in ROSAT observations that ∼
50% of 
lusters have substru
ture. With higher resolution teles
opes su
h as the Chandra and

XMM-Newton, it has be
ome easier to identify sub
lusters, bimodality and X-ray 
entroid shifts in


lusters. However, some mergers are too 
omplex to be identi�ed from only X-ray morphologi
al

analysis and, parti
ularly in the 
ase of high redshift 
lusters, some spe
ial te
hniques and statisti
s

are required, whi
h 
an provide a more quantitative and robust measure of the degree of the 
luster

disturban
e.

1.2.7 Chandra X-ray teles
ope

The high sensitivity and exquisite angular resolution in the Chandra images have lead to quan-

titative 
hanges in our understanding of various X-ray obje
ts, for example, how galaxy 
lusters

grow and evolve. The Chandra teles
ope has dis
overed a lot of new astrophysi
al phenomena and

sour
es. So it is also important to understand this teles
ope itself and be
ome familiar with its

instruments. In this se
tion, we give a brief introdu
tion of various instruments of the Chandra

teles
ope. The Chandra X-ray Observatory has four s
ien
e instruments in addition to the nested

mirror assembly. It works similarly to other teles
opes, in that the in
oming X-ray photons are

fo
used by the mirrors on the fo
al plane s
ien
e instruments - ACIS (Advan
ed CCD Imaging

Spe
trometer) and HRC (High Resolution Camera). These instruments 
apture the sharp im-

ages formed by the mirrors and re
ord the information (energy, position, time of arrival, et
.)

about in
oming photons whi
h are 
alled X-ray �events�. In addition to these instruments, there

are two further s
ien
e instruments whi
h provide more information about the X-ray energy, the

LETG (Low Energy Transmission Grating) and HETG (High Energy Transmission Grating) spe
-

trometers. These grating arrays or spe
trometers are lo
ated between the mirrors and imaging

instruments (ACIS and HRC) and 
an be used on requirement. Sin
e our study is 
on�ned to

ACIS imaging alone, the following is a short introdu
tion to ACIS instruments.

ACIS Instrument

Pennsylvania State University and MIT built the ACIS with 
harge-
ouple devi
es (CCDs) fabri-


ated by MIT's Lin
oln Laboratory. The s
hemati
 diagram of ACIS dete
tors is shown in Fig. 1.5.

This CCD imaging dete
tor in the Chandra teles
ope 
ontains two arrays: a square for imaging

(ACIS-I) and a narrower strip (ACIS-S) whi
h allows simultaneous a
quisition of high-resolution

images and moderate resolution of spe
tra. We 
an also obtain higher resolution spe
tra by 
om-

bining the ACIS with transmission gratings. Both of these have total ten planar, and ea
h CCD

has 1024 × 1024 pixels. ACIS-I 
omprises a 2 × 2 array of CCDs, and provides high-resolution

spe
trometri
 imaging. It has a 17-ar
min-square �eld of view (FOV). ACIS-S is a 6 × 1 array

mounted in the dire
tion of the grating dispersion, and is the primary read-out dete
tor for the

HETG. ACIS-S has an 8.3 by 50.6-ar
min of �eld of view. In both the dete
tors, pixel size is
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Figure 1.5: Layout of the ACIS Chandra dete
tor. There are two aim-points denoted with `+' and `x' on

the ACIS-S3 and ACIS-I3 
hips, respe
tively. We see that there are four CCDs (I0-I4) for the ACIS-I and

six CCDs (S0-S5) for the ACIS-S dete
tor. Various orientation positions of S and I dete
tors as well as


oordinates system are shown in the bottom right.

23.985 mi
rons, whi
h 
orresponds to 0.4920 ar
se
 (∼ 0.5′′). The ACIS uses two types of CCDs,

eight front-illuminated (FI) and two ba
k-illuminated (BI). At lower energies, the BI CCDs have

higher e�
ien
y than the FI CCDs. One BI CCD was pla
ed at the on-axis fo
al position of the 6

× 1 array whi
h provides high-resolution spe
trometri
 imaging extending to lower energies, but

with a smaller FOV than the 2 × 2 array. The other BI devi
e is also in the 6 × 1 array. These

dete
tors are operated at -90 to -120

◦
C. ACIS has an operating energy range of 0-10 keV.

1.2.8 Distant X-ray 
lusters

High redshift or distant 
lusters are of interest be
ause they 
ontain younger galaxies than those in


urrent epo
h 
lusters and, as a 
lass, they may be dynami
ally less evolved than nearby 
lusters. In

the past, observations of distant 
lusters have been used in attempting to determine 
osmologi
al

parameters su
h as H0 and q0. X-ray observations alone are able to measure a

urately the

distant 
luster redshift, whi
h is a 
ompli
ated pro
ess to a
hieve with a large opti
al teles
ope.

However, it is 
hallenging to observe high redshift 
lusters using X-ray observation be
ause of

fewer photon 
ounts and low S/N. Deep observations via Chandra and XMM-Newton teles
opes

allow investigation of the ICM of 
lusters at redshifts as high as z ∼ 1.3 (
orresponding to look-

ba
k time of ∼ 9 Gyr) (Rosati et al., 2002; Rosati, 2004; Tozzi, 2007). At this large look-ba
k

time, distribution of surfa
e brightness of these systems is similar to that of low-redshift 
lusters.

Furthermore, the spatial distribution of hot X-ray gas at high redshift is well 
orrelated with

the member galaxy distribution, whi
h is also found in a low redshift 
luster. In low redshift


luster observations, Chandra has revealed a 
omplex thermodynami
al stru
ture of the ICM at
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the kp
 s
ale. Chandra is 
apable of resolving high redshift 
luster 
ores, and mapping 
luster

morphologies at s
ales below 100 kp
. These high redshift 
luster observations suggest that there

are already, at z < 1, galaxy 
lusters in an advan
ed dynami
al stage of formation, in whi
h

all the baryons have had enough time to thermalise in the 
luster potential well. In this high

redshift 
luster observation, astronomers have 
ommen
ed by measuring temperatures (and mass)

of major sub
lumps at redshift > 0.6, whi
h is important in the understanding of s
aling relations

(e.g. Lx − T ) in high redshift 
lusters.

A number of high redshift 
luster observations have been 
arried out in order to understand


luster physi
s and morphology (Blan
hard et al., 2005; Burenin et al., 2007; Mu
hovej et al., 2007).

In a hierar
hi
al 
old dark matter formation s
enario, one would expe
t the most massive 
lusters

at high redshift to be a

reting sub
lumps of 
omparable masses, and the level of substru
ture

to in
rease at high redshifts. Another important aspe
t in this study is the distribution of heavy

elements in the ICM. This 
ould provide essential information as to how the ICM intera
ts with


luster galaxies. A

urate measurements of the heavy elements 
ontent of 
lusters over extensive

look-ba
k times provide a useful fossil re
ord for the star formation history of 
luster baryons. For

example, the abundan
e of iron 
an be tra
ed ba
k to the highest redshifts where X-ray 
lusters

are observed.

1.3 Motivation and methodology

Substru
tures, or a very 
omplex 
luster X-ray morphology, or X-ray 
entroid variations, are typi
al

features that allow us to understand whether or not a 
luster is virialized. This has important

impli
ations both in using 
lusters as tools for 
osmology, and in studying the 
omplex gravitational

and non-gravitational pro
esses a
ting during large-s
ale stru
ture formation and evolution, sin
e

in both 
ases we need to know if observed 
lusters are relaxed or not. Hen
e it is of prime

importan
e to 
hara
terise, systemati
ally, stru
tural properties of galaxy 
lusters when there are

larger 
luster samples available for statisti
al studies.

In this resear
h, we investigate the seven morphology parameters, typi
ally used for galaxy


lassi�
ation, to study X-ray galaxy 
luster morphology, and we motivate whi
h parameters are

optimal in identifying substru
ture or in 
hara
terising dynami
al states. The 
ombination of mor-

phology parameters has been used su

essfully to 
lassify di�erent galaxy morphologies (Zamojski

et al. 2007; S
arlata et al. 2007; Holwerda et al. 2011a,b,
,d,e, 2012; Holwerda et al., submitted),

and we propose to investigate their usefulness in galaxy 
luster 
lassi�
ation. We plotted the data

in parameter-parameter planes and studied the position of ea
h 
luster in these plots. We found

that the 
ombination of some morphologi
al parameters in
reases the potential to more 
ompletely


hara
terise the 
luster shape and dynami
al state. Some of the parameters su
h as the Gini, Gini

of the se
ond order moment, and M20, have never been explored to identify the dynami
al state of

X-ray 
lusters. Our fo
us is not limited to the separation of galaxy 
lusters into relaxed and non-

relaxed 
ategories, but to the study of 
orrelations between X-ray gas properties and morphology

parameters, as well as the evolution of morphologi
al properties of galaxy 
lusters from the high

redshift Universe to the present.

Various te
hniques have been suggested to provide a more quantitative and qualitative measure
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of the degree of the 
luster disturban
e. Power ratios (Buote & Tsai, 1995b; Jeltema et al., 2005;

Böhringer et al., 2010) and the emission 
entroid shift (Mohr et al., 1993; Böhringer et al., 2010)

are most 
ommonly used to 
lassify X-ray galaxy 
lusters from the morphologi
al point of view.

Re
ently, Andrade-Santos et al. (2012) have used a residual �ux method. In order to 
al
ulate

the substru
ture level in a given X-ray galaxy 
luster, they take into a

ount the ratio between

number of 
ounts on the residual (whi
h they obtain by the subtra
tion of a surfa
e brightness

model from the original X-ray image) and the original 
luster images. Weiÿmann et al. (2012)

proposed using the maximum of the third order power ratios 
al
ulated in annuli of �xed thi
kness

and 
onstantly in
reasing radius to measure the degree of substru
ture. Rasia et al. (2012) used

six di�erent morphology parameters, namely: asymmetry, �u
tuation of the X-ray brightness

(smoothness), hardness ratios, 
on
entration, 
entroid-shift method and third order power ratio,

in order to 
hara
terise simulated 
lusters. They took hydrodynami
al simulation of 60 
lusters

passed through with the added Chandra teles
ope simulator with uniform exposure time (100 ks)

for all 
lusters. From of all of these parameters they found that only asymmetry and 
on
entration

parameters 
ould dire
tly and 
learly separate relaxed and non-relaxed systems. The smoothness

parameter is a�e
ted by 
hoi
e of radii and smoothing kernel size. The 
entroid-shift parameter also

works reasonably well, leaving only a few overlapping relaxed and non-relaxed 
lusters. The third

order power ratio te
hnique also depends on the 
hoi
e of radius, and is limited to the dete
tion

of substru
ture near to the 
luster 
entre.

Initially, we tested seven morphology parameters to distinguish between simple 2-D Beta model

simulated relaxed and non-relaxed galaxy 
lusters. We also investigated the e�e
ts of noise and

redshift on simulations. Then we passed these simulated 
lusters through the MARX software

to mimi
 the Chandra teles
ope observations. From this initial simulation work, the morphology

parameters proved to be a promising tool in separating relaxed and non-relaxed 
lusters. This

en
ouraged us to extend the work to real data.

We explored the usefulness of the non-parametri
 morphology parameters on a subset of the

ROSAT 400 deg

2

luster sample observed by the Chandra X-ray teles
ope (Vikhlinin et al. 2009a,

hereafter V09). We 
hoose this sample be
ause it has good quality X-ray data and also a broad

distribution of redshifts. There are a total of 85 (49 low-z (0.02-0.3) and 36 high-z (0.3-0.8)) galaxy


lusters in our analysis. In addition, V09 has measured global properties of galaxy 
lusters (su
h as

luminosity, temperature, mass, et
.) whi
h we use for 
omparison with our measured morphology

parameters.

As a test 
ase, in this resear
h we study the dynami
al a
tivity of 
lusters hosting di�use radio

sour
es. In parti
ular, we fo
us our attention on 
lusters taken from Giovannini et al. (2009).

Current results suggest a strong link between the presen
e of di�use intra-
luster radio emission

and 
luster mergers (Ferrari et al., 2008; Feretti et al., 2012, and referen
es therein). In line with

what is done by Cassano et al. (2010b), but using our new X-ray morphologi
al parameters, in

this resear
h we analyse the X-ray morphology of relaxed 
lusters and non-relaxed 
lusters (whi
h

in
ludes both radio-quiet mergers and radio-loud mergers).
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1.4 X-ray method of generation of thermodynami
 maps

1.4.1 Current observations and data analysis te
hniques

Re
ently Chandra and XMM-Newton X-ray teles
opes have given ex
ellent opportunities to study

the striking phenomena within galaxy 
lusters whi
h were previously undete
ted (Forman et al.,

2002). Many provo
ative features and physi
al pro
esses of galaxy 
lusters have 
omes to light in

the past few years. These have 
ompletely modi�ed our per
eption of galaxy 
lusters, generating

thought-provoking 
hallenges in the analysis of all these 
luster data. One of the overall astrophys-

i
al data analysis problems is the development of a model of a sour
e whi
h has the 
apability to

deliver all of the 
omplex 
hara
teristi
s of that sour
e, in
luding a spe
trum that 
hanges spa-

tially in the sky. This problem is intensely felt in the 
ase of X-ray observation of galaxy 
lusters,

where we re
ord the energy and position of individual in
oming photons. At the same time, we

intend to observe the 3-D stru
ture of galaxy 
lusters proje
ted on the sky, although limited spatial

resolution of X-ray teles
ope mirrors makes this more 
hallenging.

Mu
h of the 
urrent work in X-ray analysis of galaxy 
lusters involves obtaining a 
omplete

des
ription of the ele
tron density and temperature stru
ture of the hot ICM. In most 
ases one

assumes spheri
al symmetry, and thus any quantity su
h as gas temperature or ele
tron density

is assumed to be a fun
tion of radius only. However, re
ent observation of X-ray 
lusters shows

the irregular and very asymmetri
 nature of galaxy 
lusters, whi
h display 
omplex and unsmooth

ele
tron density and multiple temperature distribution. Clearly this distribution is more 
omplex

for 
lusters that are merging or forming, where one observes a la
k of 
ir
ular symmetry in the

surfa
e brightness. Clearly, then, we need to �nd a suitable te
hnique whi
h in
orporates a 
omplex

ICM model, and whi
h answers all these queries about the nature and behaviour of galaxy 
lusters.

Before that, however, we need an understanding of various physi
al pro
esses o

urring over the

lifetime of 
lusters. The following is a brief des
ription of some of these pro
esses.

One remarkable observation of the Chandra teles
ope reveals the very sharp surfa
e brightness

dis
ontinuities in the A2142 galaxy 
luster (Markevit
h et al., 2000). Initially, it was 
onsidered

that these were merger sho
ks. But 
areful analysis of this 
luster did not reveal the variation in

temperature, pressure and entropy distribution, ruling out the presen
e of merger sho
k in this


luster. Later on, Vikhlinin & Markevit
h (2002) observed a 
old 
loud moving rapidly through

the hotter gas, showing the 
onta
t dis
ontinuities between a 
old dense gas and a hot di�use

gas. This new kind of stru
ture has subsequently been referred to as a �
old front�. These 
old

fronts would seem to be 
onta
t dis
ontinuities between the gas in the 
ool 
ore of 
lusters and

the surrounding intra-
luster gas. Vikhlinin & Markevit
h (2002) observed similar phenomena in

the A3667. These 
old fronts and merger sho
ks o�er unique insights into 
luster physi
s; and

provide the only means of measuring gas bulk velo
ities in the plane of the sky (Markevit
h &

Vikhlinin, 2007), a

eleration of ICM, the growth of plasma instabilities, the strength and stru
ture

of magneti
 �elds, and the thermal 
ondu
tivity.

Chandra observations un
over 
omplex stru
tures in 
luster 
ores often in the form of X-ray


avities asso
iated with radio lobes. One of the most famous examples of the e�e
t of plasma

bubbles on the hot ICM is in the Perseus 
luster around the a
tive 
entral galaxy NGC1275. Based

on the ROSAT observations, Boehringer et al. (1993) dis
overed 
lear eviden
e of the intera
tion
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between the X-ray emitting hot ICM and the relativisti
 parti
les in the radio lobes. Subsequent

Chandra observations showed that the X-ray 
avities that 
oin
ide with radio lobes have 
ool bright

rims (Fabian et al., 2001). Furthermore, in addition to these inner bubbles, the Perseus 
luster

has outer �holes� in its surfa
e brightness distribution. Radio observations of this 
luster reveal

that these outer holes, as well as the X-ray 
avities seen in a few other groups and 
lusters, have

no 
orrelation with radio lobes. The fa
t that these �ghost 
avities� exist suggests the possibility

that they had been in�ated during an earlier nu
lear outburst, and that syn
hrotron losses had,

as a result, depleted the high energy radio emitting ele
trons. Sanders et al. (2004) dete
ted the

low temperature swirl around the 
ore in the temperature stru
ture of the Perseus 
luster. This

might indi
ate that there is no bulk motion of the gas in the 
ore of the Perseus 
luster. Another

example is the A2597 (M
Namara et al., 2001; Clarke et al., 2005b) whi
h showed the emergen
e of

`radio bubbles', displa
ing the hot 
luster gas via radio emitting plasma. These nu
lear outbursts

have a major impa
t on the X-ray morphology of 
luster 
ores. Fabian et al. (2003) have noted

ripples or waves in 
luster gas. In addition to these ex
iting X-ray obje
ts, X-ray observation also

gives signi�
ant information about temperature, metal distribution, ele
tron density, and 
luster

dynami
s, and is useful in terms of measuring the mass of galaxy 
lusters via hydrodynami


equations.

In the resear
h of X-ray astronomy, a large variety of te
hniques is available for dealing with

data analysis of galaxy 
lusters, produ
ing quality results. Extra
ting various properties of the hot

ICM in a 
luster is a 
ompli
ated pro
ess be
ause the ICM is opti
ally thin. While the stru
ture

of a 
luster is seen as a 3-D proje
tion on the sky, it 
ollapses in a 2-D proje
tion. Therefore, for

the purpose of re-
onstru
ting the 3-D pro�le, it is ne
essary to hypothesise on the distribution of

the X-ray emitting gas that resides in a 
luster of spheri
al symmetry. The most 
onventional way

is to extra
t the spe
trum from the X-ray data obtained in the observation of a 
luster, and �t it

with a suitable plasma model, e.g. MEKAL or APEC. The ratio of various lines in spe
tra will

give information about temperature and ele
tron densities. From this temperature and ele
tron

density one 
an 
al
ulate entropy as well as pressure of the gas.

There are di�erent methods of extra
ting the spe
trum from a (
ounts) image of a galaxy


luster. The widely a

epted option is the de-proje
tion te
hnique whi
h was �rst introdu
ed by

Fabian et al. (1981). This te
hnique is used to fa
ilitate the 2-D annular X-ray spe
tra to re
over

3-D sour
e properties. The basi
 physi
al assumption of de-proje
tion is that the extended sour
e

emissivity is 
onstant (and opti
ally thin) within spheri
al shells whose radii 
orrespond to the

annuli used to extra
t the sour
e spe
tra (one should extra
t spe
tra in a series of annuli). Given

this assumption, one 
an 
onstru
t a model for ea
h annular spe
trum that is a linear volume-

weighted 
ombination of shell models. For typi
al thermal models, this would in
lude the radial

temperature and density pro�les.

Another method of extra
ting the spe
trum from a (
ounts) image was given by Ettori et al.

(2002). They a

umulated the spe
trum of the 
luster from 
on
entri
 annuli 
entred on either

the peak of surfa
e brightness or 
entroid of the �ux distribution, and analysed them to derive

X-ray 
luster quantities, e.g. temperature, density, et
., whi
h are proje
ted in ea
h annulus. This

is 
alled an �onion peeling� pro
ess in whi
h the outer rings subtend spatial regions progressively

less a�e
ted by proje
tion e�e
ts; and an inward re
ursive subtra
tion of their 
ontribution to the

inner rings yields the a
tual de-proje
ted 3-D pro�les. All of these methods are useful in studying
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the radial pro�les of X-ray properties. For instan
e, how the temperature and ele
tron density

vary radially from the 
luster 
ore.

In re
ent years, a number of te
hniques have been developed to 
onstru
t a temperature map

or an ele
tron density map of a 
luster, in order to study the individual or interested regions in

terms of thermal evolution and history. Sanders & Fabian (2001) have developed a te
hnique 
alled

�adaptive binning�, in whi
h pixels of the image are adaptively binned depending on the number

of photons in ea
h region, and the spe
trum from ea
h individual bin or region is extra
ted and

�tted with a plasma model. The fundamental idea behind the pro
ess of adaptive binning is to

bin 2-D image pixels by a fa
tor of two, until the fra
tional Poisson error of the 
ount in ea
h bin

be
omes less than or equal to a threshold value.

Adaptive binning of a 2-D image is known as a `quad-tree' algorithm. The algorithm looks

at the entire 
luster image and 
omputes S/N. If the S/N is greater than the input threshold,

the image is divided equally in both the horizontal and verti
al dire
tions. For ea
h sub-image,

the pro
ess is repeated until either the S/N drops below the user-supplied value or a single pixel

remains above the S/N limit. The output pixels are then a sum of the pixels in the sub-image

divided by the area of the sub-image. This algorithm is appli
able to a wide range of data obtained

from observations or numeri
al simulations. However, this te
hnique is limited to a restri
ted set

of bin sizes. This restri
tion does not allow the te
hnique to be fully adaptive and, be
ause of


onstant S/N throughout the binning pro
ess, it 
auses poor resolution in the �nal binned image.

The adaptive binning te
hnique has been improved by the �weighted Voronoi tessellations�

te
hnique (Diehl & Statler, 2006). This te
hnique is appli
able to many types of data, and 
reates

geometri
ally unbiased binning stru
tures (quasi-
ir
le-like in shape) that are not obvious to the

eye. It 
an be applied to simulated data or X-ray data to 
reate adaptively binned intensity images,

hardness ratio (given by the hard-band �ux divided by the soft-band �ux) maps, and temperature

maps. Markevit
h et al. (2000); Markevit
h & Vikhlinin (2001); Govoni et al. (2004) have used the

Chandra data to derive 2-D temperature maps of galaxy 
lusters. For ea
h 
luster, they simply


onvert an X-ray hardness ratio to temperature. The Chandra angular resolution is adequate

enough to ignore any energy-dependent PSF e�e
ts. To derive a temperature map in this way, it is

ne
essary to extra
t �rst a 
ount image in various energy bands (soft and hard), smooth them, and,

for ea
h 2′′ × 2′′ pixel, �t a spe
trum 
onsisting of the �ux values in ea
h energy band, properly

weighted by their statisti
al errors. Another similar te
hnique, the wavelet-smoothed hardness

ratio method, was developed by Henry et al. (2004); Finoguenov et al. (2005b); Sanderson et al.

(2005) to 
reate a temperature map and derive thermodynami
 maps from it. It is also possible to

observe statisti
ally signi�
ant features in soft and hard surfa
e brightness maps using a suitable

smoothing. Combining this two smoothed intensity maps produ
es a hardness ratio map that


ould be translated as a proje
ted temperature map.

The hardness ratio depends strongly on the ICM temperature and the line-of-sight-absorbing


olumn density. It weakly depends on the metalli
ity of the ICM. If we assume that the variation

of absorbing 
olumn density is small, then we 
an use the hardness ratio to estimate the 
luster

temperature dire
tly. Before 
reating hardness ratio images, it is ne
essary to apply smoothing to

remove the (Poisson) �u
tuations and zero values of any image pixels. The smoothing pro
ess is

a

omplished by Wavelet de
omposition (Vikhlinin et al., 1998), whi
h is perfe
t for highlighting

low surfa
e brightness di�use emission, even in the existen
e of bright point sour
es in the image. In
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this Wavelet smoothing, it is possible to identify the regions sus
eptible to temperature variation.

Sin
e the Wavelets do not smear the data, it is possible to a
hieve high spatial resolution while

dete
ting the stru
ture. If this temperature map is multiplied by the appropriate power of one of

the intensity maps (whi
h a
ts as an ele
tron density map) then one 
an make pseudo entropy and

pseudo pressure maps.

1.4.2 The XMC te
hnique

In this resear
h, we have investigated a novel approa
h, as an alternative to standard analysis

te
hniques, known as the XMC (X-ray Monte Carlo) te
hnique (Peterson et al. 2007; Andersson

et al. 2007, 2009, hereafter KA09), to analyse the X-ray emitting ICM in galaxy 
lusters. There

are two main advantages of the XMC 
ompared with aforementioned te
hniques:

• In all previous te
hniques a 
ommon approa
h is to extra
t a spe
trum from (various) portions

of a dete
tor plane where a sour
e is lying, and approximate the presen
e of energy-dependent

broad point spread fun
tions of dete
tors. However, in fa
t this 
onventional extra
ted

spe
trum simply represents the a

umulated number of photons as a proxy for the true

sour
e image and, at a given energy sour
e emissivity, is spatially 
hanging. The XMC,

however, uses the spe
trum and image of a 
luster on an equal footing, and predi
ts dete
tor

positions and CCD energies simultaneously for ea
h photon.

• Sin
e the ICM has a multiple temperature distribution, there is a broad requirement to �t a


omplex model to the plasma. Fortunately, the XMC 
an use a model that is �exible enough

to allow extremely 
omplex gas temperature and density distributions in 
lusters, whi
h is

in 
ontrast with previous methods whi
h assume only a single temperature for a given set of

photons and �t its values.

The XMC is well suited for dete
ting the e�e
ts of 
ooling 
ores and substru
ture from both

the proje
ted luminosity and temperature distributions of 
lusters. This innovative and promis-

ing method models the ICM in galaxy 
lusters as a set of X-ray emitting smoothed parti
les of

plasma. Compared with traditional analysis, this approa
h reprodu
es many of the features ob-

served in X-ray emission in a less assumption-dependent way, and allows for a mu
h more detailed


hara
terisation of the density, temperature and metal abundan
e stru
ture of 
lusters.

For the purpose of 
omparison of the XMC-generated map with previous te
hniques, we show

di�erent maps in Fig. 1.6. It is seen that the XMC-generated temperature map looks mu
h

smoother; and the stru
ture of the 
luster is 
learly visible as a multi-temperature ICM distribution

in the 
olour map. However, the new method requires extreme 
omputing power.

Our aim is to perform quantitative studies of substru
ture identi�
ation using an X-ray 2-D

map of temperature, ele
tron density, pseudo-entropy and pseudo-pressure. Sin
e the era of the

ROSAT teles
ope, it has been 
ommon pra
ti
e to a

ess the surfa
e brightness map of galaxy


lusters to investigate substru
ture. Re
ently, Jee & Tyson (2009); Andersson et al. (2009) noti
ed

that the substru
tures are more sensitive to temperature distribution than to surfa
e brightness.

Govoni et al. (2004) used the temperature maps of nine galaxy 
lusters to study the geometry, stage

and velo
ity of merger. Zhang et al. (2009) used 2-D thermodynami
 maps of four 
lusters to study

systemati
ally the e�e
t of substru
ture in the measurement of hydrostati
 mass of galaxy 
lusters.
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(a) (b)

(
)

Figure 1.6: Temperature maps generated by two te
hniques 
ompared with that generated by the XMC:

(a) generated by the adaptive binning te
hnique, (b) generated with the Voronoi Tesla method; and (
)

generated with the XMC te
hnique. The XMC map appears mu
h smoother, and the stru
ture of the


luster is 
learly visible.
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Gu et al. (2009) used nine intermediate-redshift 
lusters to study the temperature substru
ture in

the 
entral region on ∼ 100 h−1
70 kp
 s
ales. It is believed that the distribution of temperature pro-

vides 
ru
ial information about the estimation of X-ray mass. Complex temperature distributions

and substru
ture 
an both be used to pinpoint and des
ribe the history of the merging pro
ess, and

the fra
tion of substru
ture 
an be used to 
onne
t the 
luster mass systemati
s with the history

of mass assembly (Smith & Taylor, 2008).

We are at an advantage be
ause we 
an a

ess the superb spatial resolution of the Chandra

and XMM-Newton teles
opes in order to make 2-D maps to study the substru
ture in temperature

and ele
tron density distribution. The temperature distribution in the hot ICM is also important

in the study of thermal stru
ture and thermal history whi
h are easily expressed by the �entropy�

stru
ture of the ICM. Entropy is the 
onserved parameter during any evolution of the ICM in

whi
h all pro
esses are adiabati
. The entropy of the gas is a powerful probe of 
luster physi
s and

provides great insight into the state of the gas. The entropy S is de�ned as (Voit, 2005),

S =
kBT

µmpρ0.66
, (1.2)

where kB is the Boltzmann 
onstant, T is the gas temperature, µ is the mean mass per parti
le

in terms of the proton mass mp, and ρ is the gas density. S is dire
tly related to the general

thermodynami
 entropy per parti
le, s = kB ln S1.5
+s0, where s0 is a 
onstant that depends on

the mixture of parti
le masses. In 
luster literature, �entropy� is widely de�ned as K =

kBT
n0.33
e

and

Pressure as P = kBT × n0.5
e , from whi
h we 
an generate pseudo entropy and pseudo pressure

maps, respe
tively. We used all these thermodynami
 maps (ele
tron density, temperature, entropy

and pressure) and investigated its radial pro�les and morphology using morphology parameters.

We plotted ea
h thermodynami
 quantity as a fun
tion of R500 and evaluated the �u
tuation and

dis
ontinuity in these radial pro�les to be 
aused by substru
ture.

This thesis is stru
tured as follows. Chapter 2 gives a brief introdu
tion to the morphology

parameters and tests the parameters on 2-D Beta model simulated 
lusters. Chapter 3 gives

the parameter 
al
ulations on the Chandra-observed 
lusters and 
ompares parameters with X-

ray 
luster properties. In Chapter 4, we present our XMC work and thermodynami
s maps to

study substru
ture using radial pro�les. Chapter 5 shows the possible appli
ation of morphology

parameters to study radio halo 
lusters; and �nally, Chapter 6 gives the summary, as well as an

outline for possible future work. We assume H0 = 73 km s−1Mpc−1
, ΩM = 0.3, and ΩΛ = 0.7

throughout the thesis unless otherwise stated.
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2
Cluster morphology parametrisation

2.1 Ba
kground

In this Chapter, we give a brief introdu
tion to morphology parameters, as well as 
al
ulations of

these parameters on X-ray simulated 
lusters. We gave our motivation for doing this study in the

previous Chapter. At the �rst pla
e we want to simulate various 
ategories of simple 
lusters and

identify relaxed and non-relaxed 
lusters by means of morphology parameters. In this primary step,

we use a 2-D Beta model to 
he
k the 
apability of a set of morphology parameters to separate the

variety of X-ray 
luster morphologies. We also test various systemati
s and instrumental e�e
ts

whi
h might a�e
t the parameter 
al
ulation.

2.2 Introdu
tion of morphology parameters

The non-parametri
 morphology parameters (Gini, M20, Con
entration, Asymmetry, Smoothness,

Ellipti
ity and Gini of the se
ond order moment) are widely used to automati
ally separate galaxies

of di�erent Hubble types. As an example, they are used for galaxy morphology 
lassi�
ation in

the analysis of the HST and SDSS galaxy surveys in an attempt to elu
idate galaxy formation

histories (Abraham et al., 2003; Conseli
e, 2003; Lotz et al., 2004; Zamojski et al., 2007; Holwerda

et al., 2011a,b,
,d,e, 2012; Wang et al., 2012).

Abraham et al. (2003), Lotz et al. (2004) and Wang et al. (2012) also revealed the inter-relation

between Gini, Con
entration and M20, as well as the possible inter-
hange between the Con
en-

tration and Gini parameter (whi
h does not require pre
ise knowledge of the 
luster 
entre) for

high-z galaxies. This en
ouraged us to investigate these parameters in more detail in order to study

the dynami
al a
tivity of galaxy 
lusters, parti
ularly high-z galaxy 
lusters. Another reason for

our using this parti
ular parameter set is that they have never before been used quantitatively in

this way (
ombining all morphology parameters) to 
lassify the dynami
al state of X-ray galaxy


lusters. Most of the other parameters are already extensively used in the literature (Mohr et al.,

1995; Buote & Tsai, 1995a, 1996; Jeltema et al., 2005; Hashimoto et al., 2007; Maughan et al., 2008;

Andersson et al., 2009; Böhringer et al., 2010; Weiÿmann et al., 2012; Rasia et al., 2012). We de-


ided to in
lude only morphology parameters (Gini, M20, Con
entration, Asymmetry, Smoothness,
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Ellipti
ity and Gini of the se
ond order moment) in our study.

In this 
hapter, we 
ompute these parameters for the Beta model simulated X-ray galaxy


lusters. We adopt the de�nition of Con
entration, Asymmetry and Smoothness from Conseli
e

(2003), and of the Gini 
oe�
ient and M20 from Lotz et al. (2004). Gini of the se
ond order

moment was de�ned by Holwerda et al. (2011b). In this 
al
ulation, the required input parameters

are the 
entral position (xc, yc) of the galaxy 
lusters, as well as a �xed aperture size or area over

whi
h these morphology parameters are measured.

2.2.1 Gini 
oe�
ient and Gini of the se
ond order moment (GM)

The Gini parameter is widely used in the �eld of e
onomi
s, where it originated as the Lorenz 
urve

(Lorenz, 1905). It des
ribes the inequality of wealth in a population. The Lorenz 
urve is plotted

by the 
umulative proportion of in
ome as a fun
tion of population rank. As shown in Fig. 2.1, if

20% of the population has 20% of a 
ountry's total 
apital or in other word, if all individuals in

a population, have exa
tly the same in
ome, then the Lorenz 
urve is a straight diagonal line and

it has unity slope. This line is known as the line of equality. Oppositely, if the Lorenz 
urve falls

below the line of equality implies inequality in distribution of in
ome among population. In the

utmost 
ase where all 
apital belongs to minus
ule proportion of the population, the Lorenz 
urve

is �at and near zero for most of its length until rising pre
ipitously near its end.

The Gini 
oe�
ient (G) or Lorenz 
urve 
an be useful to parametrized the total amount of

inequality in given distribution (of either in
ome or �ux). We illustrated the geometri
 meaning of

G in Fig. 2.1. As we see, the Gini 
oe�
ient is simply the ratio between area A (the area en
losed

between the line of equality and the Lorenz 
urve) and the total triangular area under the line of

equality (A + B). The Gini 
oe�
ient spans from a minimum value of zero, when all individuals

are equal, to a maximum of one in a population where all the 
apital is 
on
entrated in a single

individual.

Here we use Gini 
oe�
ient as a 
al
ulation of �ux distribution in a 
luster image. If the total

�ux is equally distributed among the pixels, then the Gini value is equal to zero (there is 
onstant

�ux a
ross the pixels regardless of whether those pixels are in the proje
ted 
entre or not); but if

the total �ux is unevenly distributed and belongs to only a small number of pixels, then the Gini

value is equal to one. We adopt the following de�nition from Lotz et al. (2004):

G =
1

K̄n(n− 1)

∑

i

(2i− n− 1)Ki, (2.1)

where Ki is the pixel value in the ith pixel of a given image, n is the total number of pixels in the

image, and K̄ is the mean pixel value of the image.

We also apply a Gini value to the se
ond order moment of ea
h pixel, de�ning Gini of the

se
ond order moment as:

GM =
1

F̄ n(n− 1)

∑

i

(2i− n− 1)Fi, (2.2)

where Fi is the se
ond order moment of ea
h pixel:

Fi = Ki × [(x− xc)
2 + (y − yc)

2], (2.3)
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Figure 2.1: Geometri
 representation of the Gini parameter based on the Lorenz 
urve. In this

plot, x-axis shows the quantile of the distribution, and y-axis shows the 
umulative proportion.

The Lorenz 
urve for a absolutely equal distribution 
orresponds to the diagonal line of equality.

A s
hemati
 Lorenz 
urve, in the �gure, divides the area beneath the line of equality into two

areas, A and B. The greater the deviation of a measured Lorenz 
urve from the line of equality,

the greater the inequality. The Gini 
oe�
ient 
orresponds to the ratio of area A to the total area

under the diagonal A+B.

where (x, y) is the pixel position with �ux value Ki in the 
luster image; and (xc, yc) is the


oordinate of the 
luster 
entre.

2.2.2 Moment of light, M20

Lotz et al. (2004) de�ne the total se
ond order moment Ftot as the �ux in ea
h pixel Ki multiplied

by the squared distan
e to the 
entre of the sour
e, summed over all the sele
ted pixels:

Ftot =
∑

i

Fi =
∑

i

Ki[(xi − xc)
2 + (yi − yc)

2], (2.4)

where (xc, yc) is the 
entre of the 
luster.

The se
ond order moment 
an be used to tra
e various properties of galaxy 
lusters, su
h as

the spatial distribution of multiple bright 
ores, sub-stru
ture or mergers. M20 is de�ned as the

normalised se
ond order moment of the relative 
ontribution of the brightest 20% of the pixels. To


ompute M20, we rank-order the image pixels by �ux, 
al
ulate Fi over the brightest pixels until

their sum equals 20% of the total sele
ted 
luster �ux, and then normalise by Ftot:

M20 = log

(∑

i Fi

Ftot

)

,while
∑

i

Ki ≤ 0.2Ktot, (2.5)

where Ktot is the total �ux of the 
luster image (image pixels are sele
ted from the segmentation

map

∗
), and Ki is the �ux value for ea
h pixel i (where K1 = the brightest pixel, K2 = the se
ond

brightest pixel, et
).

∗
A map whi
h de�nes the 
hosen 
ir
ular aperture size with all pixels �xed to a value of 1.
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2.2.3 Con
entration, Asymmetry and Smoothness (CAS)

Con
entration, Asymmetry and Smoothness parameters are 
ommonly known as CAS.

Con
entration is de�ned by Bershady et al. (2000) and Conseli
e (2003) as:

C = 5× log

(

r80
r20

)

, (2.6)

where r80 and r20 represent the radius within whi
h 80% and 20% of the �ux reside, respe
tively.

Con
entration is widely used in the 
lassi�
ation of 
ool 
ore or relaxed 
lusters, espe
ially among

distant 
lusters. Santos et al. (2008) de�ne the surfa
e brightness 
on
entration parameter for

�nding 
ool 
ore 
lusters at high redshift as,

csb =
Cr(r < 40kpc)

Cr(r < 400kpc)
, (2.7)

where Cr (r < 40 kp
) and Cr (r < 400 kp
) are the integrated surfa
e brightness within 40 kp


and 400 kp
, respe
tively. Instead of physi
al radii, we used the per
entages of total �ux within

a given aperture size. This has an advantage in that the �ux is independent of angular bin size

and galaxy 
luster redshift. Our sample in
ludes a range of redshifts and, in the 
ase of 
lusters


losest to us, 250 kp
 amounts to ∼ 225 pixels, whereas for those 
lusters furthest from us, 250

kp
 
orresponds to ∼ 16 pixels (if we bin the image by ∼ 2′′ pixel). In order to avoid this large

deviation in pixel spread, it is best to use various per
entages of the total �ux of the galaxy 
lusters.

For the inner radii we use 20%�50%, and for the outer radii we used 80%�90% of the total �ux.

For example, we use the C5080 Con
entration parameter whi
h means 50% of the �ux within the

inner radii and 80% within the outer radii.

The Asymmetry value will give rotational symmetry around the 
luster 
entre, is 
al
ulated

when a 
luster image is rotated by 180

◦
around its 
entre (xc, yc) and is then subtra
ted from its

original image.

A =

∑

i,j | K(i, j)−K180(i, j) |
∑

i,j | K(i, j) | , (2.8)

where K(i, j) is the value of the pixel at the image position i, j, and K180(i, j) is the value of the

pixel in the 
luster's image rotated by 180

◦
around its 
entre. The Asymmetry value is sensitive

to any region of the 
luster that is responsible for asymmetri
 �ux distribution. Hen
e, if the

sub-stru
ture a�e
ts the �ux distribution at any s
ale, we 
an pi
k it up from the Asymmetry

value for that galaxy 
luster.

We assume that, be
ause non-relaxed galaxy 
lusters appear to have pat
hy �ux distribution,

they are made up of 
lumpy material. The Smoothness parameter 
an be used to identify pat
hy

�ux distribution. This is done by smoothing a 
luster image with a �lter of width σ, so that high

frequen
y stru
ture 
an be removed from the image. At this point the original image is subtra
ted

from this newly smoothed, lower resolution image. The e�e
t is to produ
e a residual map that has

only high-frequen
y 
omponents of the galaxy 
luster's �ux distribution. The �ux of this residual

image is then summed and divided by the total �ux of the original 
luster image in order to �nd
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its smoothness value,

S =

∑

i,j | K(i, j)−Ks(i, j) |
∑

i,j | K(i, j) | , (2.9)

where Ks(i, j) is the pixel in a smoothed image. Here we 
hoose a Gaussian smoothing kernel of

σ = 12′′ as an arbitrary s
ale to smooth the 
luster image.

2.2.4 Ellipti
ity

Ellipti
ity is 
ommonly de�ned by the ratio between a semi-major axis (A) and a semi-minor axis

(B) as

E = 1− B

A
, (2.10)

where A and B 
an be 
omputed dire
tly from the se
ond order moments of the �ux in the 
luster

image as

A2 =
x2 + y2

2
+

√

√

√

√

(

x2 − y2

2

)2

+ xy2 (2.11)

B2 =
x2 + y2

2
−

√

√

√

√

(

x2 − y2

2

)2

+ xy2, (2.12)

where

x =

∑

i∈S

Kixi

∑

i∈S

Ki

, y =

∑

i∈S

Kiyi

∑

i∈S

Ki

, (2.13)

x2 =

∑

i∈S

Kix
2
i

∑

i∈S

Ki

− x2,

y2 =

∑

i∈S

Kiy
2
i

∑

i∈S

Ki

− y2,

xy =

∑

i∈S

Kixiyi

∑

i∈S

Ki

− x y. (2.14)

Here (xi, yi) is the (x, y) 
oordinate of the image of a pixel i of value Ki inside an area S.

2.2.5 Un
ertainty estimation

There are three sour
es of un
ertainty in the 
al
ulation of the morphology parameters. These

are: (1) shot noise in the image pixel values, (2) un
ertainties in the 
entre of the 
luster, and (3)
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variation in the area over whi
h morphology parameters are 
al
ulated. The �rst two un
ertainties


an be approximated using a number of iterations of the Monte Carlo method. For estimating the

third un
ertainty, we used a ja
kkni�ng te
hnique.

The shot noise e�e
t 
an be approximated by repla
ing ea
h pixel value with a Poisson random

variable of the mean value of ea
h pixel for the given image, and re
al
ulating the parameters

a number of times. After a set number of iterations (in our 
ase ten), the rms of the spread in

parameter values is an approximation of un
ertainty in the parameters.

Resultant un
ertainty from variation of the 
entral position of a 
luster is 
omputed by deviating

the input (xc, yc) 
oordinate within a �xed Gaussian width (∼ 5′′ in our 
ase). We then re
al
ulate

the parameters for several (xc, yc) value. After a number of iterations (ten), we 
ompute the rms

of the spread in parameter values as an approximate value of the un
ertainty in the parameters.

As mentioned earlier, all parameters, ex
ept for the Gini 
oe�
ient, are sensitive to the 
luster


entral position, being dependent on these 
entral 
oordinates. The Gini 
oe�
ient is less sensitive

to the shot noise than to 
hanges in area, as the pixels are ordered �rst and do not depend on the


entral position of the 
luster in any way. We estimated its un
ertainty from a shot noise, and the

rms in Gini values from a series of subsets of the pixels in the image (by allowing the pixels to

be varied using Poisson statisti
s for a given area). This is known as ja
kknife error estimation.

Yitzhaki (1991) suggested the use of the ja
kknife approa
h to estimate an un
ertainty in the Gini


oe�
ient. The ja
kknife and shot noise un
ertainty estimates in the Gini 
oe�
ient are of similar

order.

We used an error propagation formula to 
ombined the shot noise and 
entral position un
er-

tainties for all parameters ex
ept the Gini 
oe�
ient. For the Gini 
oe�
ient, we 
ombined the

un
ertainties from the shot noise and the ja
kknife estimation. Hen
e, in this work, all reported

un
ertainties (along with morphology parameter values in Table 2.2 and 2.4) are a 
ombination

of those mentioned above. We believe these three errors to be formal and not a
tual. For these

parameters, an a
tual error 
ould be large and mainly in�uen
ed by photon noise and X-ray 
ounts.

2.2.6 Appli
ation of morphology parameters

As indi
ated earlier, we have a total of seven morphology parameters, ea
h of whi
h tra
es the

di�erent morphology of galaxy 
lusters, hen
e helping to quantify the shape and surfa
e brightness

distribution of the 
luster. The Gini 
oe�
ient and Gini of the se
ond order moments are useful to

dete
t regular and smooth single 
omponents, where most of the �ux 
omes from 
ompa
t regions

of the 
luster (a few bright pixels, generally at the 
entre of the 
luster, have the bulk of the �ux).

We expe
t high Gini value and low Gini of the se
ond order moments to be asso
iated with relaxed

or 
ool 
ore 
lusters (see de�nition of these parameters in � 2.2). The Con
entration parameter

tra
es how �ux is 
on
entrated in the 
entre of a 
luster 
ompared with that of the outer large

region. Usually relaxed or 
ool 
ore 
lusters have bright and 
ompa
t 
ores as 
ompared with those

of non-relaxed or non-
ool 
ore 
lusters. So a high Con
entration value indi
ates that a system

is relaxed. The M20 parameter follows 20% of the brightest �ux in a 
luster image normalised

by the total given aperture size (whi
h is �xed). Therefore, if 20% of the �ux resides in a small

area (near to the 
luster 
entre) then M20 gives a low value, whi
h is indi
ative of relaxed or


ool 
ore systems. However, in the 
ase of non-relaxed or non-
ool 
ore systems, 20% of the �ux
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resides in a larger area 
ompared with those of relaxed or 
ool 
ore 
lusters, so a high M20 value

suggests a non-relaxed or non-
ool 
ore system. Further, disturbed and distorted 
lusters have

asymmetri
al and pat
hy �ux distribution, so we expe
t high Asymmetry and high Smoothness

values to be asso
iated with non-relaxed or non-
ool 
ore 
lusters. Hitherto, it has been believed

that ellipti
al 
lusters show sub-stru
ture, but, with the advent of various sub-stru
ture dete
ting

parameters, it is now believed that the Ellipti
ity parameter is not related to the 
luster dynami
al

state, nor is it useful to dete
t non-relaxed 
lusters from relaxed 
lusters (Jeltema et al., 2005, and

referen
es therein). In following se
tions we will show the appli
ation of morphology parameters

using simulated X-ray galaxy 
lusters.

2.3 2-D Beta model simulations

In order to test the fundamental ability of morphology parameters to separate relaxed 
lusters

from non-relaxed, we attempted �rst to simulate simple images of galaxy 
lusters in
luding various

relaxed and non-relaxed morphologies. To start the pro
ess, our aim was to separate simulated

double-
omponents or multi-
lusters from a gravitationally bounded virialized single-
omponent

system using a set of morphology parameters. For the purpose of simulation, we needed a simple

surfa
e brightness model whi
h allowed us to represent these various 
luster morphologies with the

minimum of input parameters. Subsequently, we simulated this simple model using the instrument

parameters (to add the various e�e
ts of real observation) of the ACIS Chandra CCDs to show the

fun
tionality of these morphology parameters.

We utilised the simple model to simulate the stru
ture of X-ray 
lusters. The Beta model

(Cavaliere & Fus
o-Femiano, 1976; Arnaud, 2009; Sarazin, 2009) is 
ommonly used to �t radial

surfa
e brightness pro�les of X-ray 
lusters in order to 
al
ulate ele
tron density and 
luster mass

(Vikhlinin et al., 2006). This simple Beta model is also widely used for an isothermal system (King,

1966), whi
h assumes the total density pro�le of matter (luminous and dark) to be given by an

isothermal distribution. The Beta model insu�
iently des
ribes the X-ray spatial emission from a


ooling 
ore 
luster; but the Beta model often yields fair empiri
al �ts to observed X-ray surfa
e

brightness radial pro�les, and this surfa
e brightness distribution has been used widely to des
ribe

X-ray galaxy 
lusters in a 2-D Lorentz model with a varying power-law. This is also known as a

2-D Beta model in the form of,

ηgas(r) = ηgas(0)

[

1 +

(

r

rc

)2
]−3β/2

, (2.15)

where xnew = (x− x0)cosθ + (y − y0)sinθ,

ynew = (y − y0)cosθ − (x− x0)sinθ,

rc is the 
ore radius and β is the slope of surfa
e brightness radial pro�le or power law index,

r(x, y) =

(√
x2
new(1−ε)2+y2

new

(1−ε)

)

, where ε = 
luster ellipti
ity parameter and θ = angle of ellipti
ity.

Figs. 2.2 and 2.3 show simulations of relaxed and non-relaxed 
lusters using a 2-D Beta model.

We list the simulation parameters in Table 2.1. Here we simulated six relaxed and six disturbed


lusters with di�erent morphologies to identify non-relaxed 
lusters from relaxed 
lusters using



58 Cluster morphology parametrisation 2

Table 2.1: 2-D Beta model simulation input parameters.

z 0.1

pixel size 2.5′′


ore radius ∼ 300 kp


β 0.8 ∼ 1.2

Figure 2.2: Various simulated morphologies of relaxed 
lusters with a 2-D Beta model.

seven morphology parameters. In Fig. 2.2, we simulated regular and smooth morphologies for

relaxed 
lusters whi
h have a high or peak �ux value in the 
ore region. This �ux value de
reases

with in
reasing radius. Relaxed 
lusters have a 
ompa
t and bright 
ore. Conversely, non-relaxed


lusters have quite irregular and asymmetri
al morphology; and, in some 
ases, do not have a

well de�ned 
luster 
ore. Non-relaxed 
lusters are spatially extended and have faint and di�use

�ux distribution. In our non-relaxed 
luster simulation, we in
luded double 
omponent obje
ts

(Fig. 2.3 (a) to (d)), plus two obje
ts with a small sub-stru
ture (or another small 
luster) 
lose to

the 
luster 
ore (Fig. 2.3 (e) and (f)). We approximated these disturbed 
lusters by using double

Beta models.

2.4 Cal
ulation of morphology parameters

Morphology parameters 
an be 
al
ulated in several ways, e.g. (1) by using a �xed aperture size


entre on the 
luster 
entroid, (2) by using the s
aled radius of Rδ where δ = 200, 500, et
.,

whi
h de�nes the overdensity with respe
t to the 
riti
al density of the Universe at the 
luster

redshift, (3) by applying a �ux limit of 3σ or 5σ and 
al
ulating parameters for that region, (4)

by 
al
ulating parameters for various aperture sizes in the range of 100 kp
, 200 kp
, et
. Our
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Figure 2.3: Various simulated morphologies of non-relaxed 
lusters with a 2-D Beta model.


hoi
e is to 
al
ulate is using the segmentation map of the �xed physi
al size (� 2.6). We also

do tests based on segmentation maps that were produ
ed by (1) determining the 3σ and 5σ �ux

value (where σ is noise level), in whi
h 
ase the di�
ulty is estimating ba
kground noise levels,

parti
ularly for low S/N 
luster images or high redshift 
luster observations; (2) setting a threshold

limit by sele
ting pixels of 80% and 90% of maximum �ux value of 
luster image. This sele
tion


riterion requires prior removal of point sour
es from observation of a
tual X-ray galaxy 
lusters.

In the experiment, both of these options failed to separate relaxed and non-relaxed 
lusters from

our simulated images. We found it to be an optimal and suitable way to 
al
ulate the morphology

parameters in a �xed physi
al (500 kp
) 
ir
ular aperture size.

One of the most essential aspe
ts is to �nd the 
entre of a 
luster be
ause all parameters (ex
ept

the Gini, whi
h does not require a pre
ise 
entre for its 
al
ulation) are very sensitive to the 
hosen


entre. We examined various options. One option was to �nd the 
entre 
oordinates 
orresponding

to the peak �ux value of a 
luster. In this 
ase it was not 
ertain that we would dete
t any low

surfa
e brightness se
ondary 
omponent situated a distan
e from the main 
omponent (for example

A85) whi
h has peak �ux at its 
entre. It is possible that the se
ondary 
omponent 
ould intera
t

with the primary 
omponent; but this is not in
luded in parameter 
al
ulations be
ause of its falling

outside of the aperture size, and therefore we might not be able to interpret its 
orre
t dynami
al

state. Another option was visual inspe
tion of a 
luster 
entre; but this method is 
umbersome

when one needs to analyse large numbers of obje
ts. We found that the �ux weighted, or 
luster


entroid, method was most reliable and a

urate in de�ning the 
entral position of the 
luster. We


al
ulated this 
entral position �rstly by assigning initial 
oordinates based on visual observation

of ea
h 
luster image, and then allowing the �ux weighted 
oordinates to iterate in a �xed aperture
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size of, e.g., 500 kp
 until they 
onverged. The 
oordinates are therefore the unique point at the


entre of the distribution of �ux, essentially the light distribution equivalent to the �
entre of mass".

2.5 Morphology parameter results

2.5.1 Distribution of morphology parameters

Fig. 2.4 shows the distribution of parameters for twelve simulated 
lusters (six 
lusters relaxed and

six 
lusters non-relaxed). In this distribution, Gini, M20, Con
entration (all four ratios), Asymme-

try, Smoothness and Gini of the se
ond order moment parameters ea
h show a di�erent distribution

for relaxed and non-relaxed 
lusters. The only ex
eption is the Ellipti
ity parameter. For both the

Gini and Con
entration parameters, however, the non-relaxed 
lusters have distributions that peak

at lower values, while the relaxed 
lusters have distributions that peak at higher values. A similar

trend is visible for M20, Asymmetry, Smoothness and Gini of the se
ond order moment, although

here the peak of relaxed 
lusters is on the lower side (low M20, Asymmetry, Smoothness, and GM )

and the peak of non-relaxed 
lusters is on the higher side (high M20, Asymmetry, Smoothness,

and GM ). Table 2.2 gives ea
h parameter value 
al
ulated for the Beta model simulated 
lusters,

along with 1σ un
ertainty.

2.5.2 Parameter vs Parameter planes

It is 
lear from the previous paragraph that Gini, M20, Con
entration, Asymmetry, Smoothness

and Gini of the se
ond order moments give a promising separation between relaxed and non-relaxed

Beta model simulated 
lusters. Consequently, we investigated relaxed vs non-relaxed 
lusters in the

parameter-parameter planes using 
ombinations of morphology parameters to study the dynami
al

state of ea
h galaxy 
luster, as well as the relationship between ea
h morphology parameter. It

is important to note that the morphology parameter spa
e is not an orthogonal, and that ea
h

parameter independently tra
es various stru
tural 
hara
teristi
s of a galaxy 
luster.

In Fig. 2.5 we 
ompared ea
h morphology parameter in relation to the others via a parameter

vs parameter plane. It 
an be seen here that Con
entration is tightly 
orrelated with Gini while

anti-
orrelated with M20. Con
entration (Santos et al., 2008; Hudson et al., 2010; Cassano et al.,

2010b) is a very useful parameter for separating non-relaxed from relaxed 
lusters in 
ombination

with almost all morphology parameters. In Fig. 2.5, we plot the C5080 Con
entration parameter. It

is 
lear from Fig. 2.5 that relaxed 
lusters o

upy the upper-left region, while non-relaxed 
lusters

o

upy the bottom-right region of the M20 vs Gini and Con
entration planes. In the Gini vs

Con
entration plane, relaxed 
lusters fall in the upper-right region, while the bottom-left region is

for non-relaxed 
lusters. In this work, we have found that the Gini 
oe�
ient is also important in

separating non-relaxed from relaxed 
lusters when plotted against most other parameters.

The Gini, Con
entration and M20 parameters are all inter-related as well, but they measure

di�erent properties of 
lusters. For example, (i) in Fig. 2.3d, the high M20 value indi
ates that 20%

of the brightest pixels are far from the 
luster 
entre (whi
h in
rease the value of Fi in equation

2.5), while in Fig. 2.2f, the low M20 value suggests that 20% of the brightest pixels are very 
lose to

the 
luster 
entre (whi
h de
rease the value of Fi in equation 2.5); (ii) the high Con
entration value
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Figure 2.4: Distribution of seven morphology parameters: solid line = relaxed 
lusters; and dashed line

= non-relaxed 
lusters. Here we used all four de�nitions of the Con
entration parameter.
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of Fig. 2.2f suggests that the �ux residing in the inner radius (r50) is very small 
ompared with

that of the outer radius (r80) (very 
ompa
t �ux, see equation 2.6), while the low Con
entration

value of Fig. 2.3d suggests that the radius whi
h 
ontains the 50% of �ux is large (but smaller than

the r80 radius), and not 
ompa
t; (iii) the high Gini 
oe�
ient of Fig. 2.2f suggests that, for the

given aperture size of 500 kp
, a small number of pixels 
ontains most of the �ux, or that there

are fewer number of bright pixels in the 500 kp
 region, while the low Gini 
oe�
ient of Fig. 2.3a

suggests that, for the given aperture size of 500 kp
, the �ux is equally distributed among the

pixels. Here we have su

essfully separated relaxed and regular 
lusters from double 
omponents

and 
lusters with small sub-stru
ture whi
h are non-relaxed.

The Gini 
oe�
ient 
ould be useful as a proxy of Con
entration for dete
ting sub-stru
ture

in 
lusters. The advantage of using the Gini 
oe�
ient is that it is independent of the pre
ise

lo
ation of a galaxy 
luster's 
entre. Furthermore, relaxed 
lusters are less smooth (with less

pat
hy emission), and are noti
eably symmetri
 around the 
entre of the 
luster. We have not

seen any 
orrelation between the other six parameters, or 
luster morphology, and the Ellipti
ity

parameter. In general, these morphology parameters show more promise in the study of the

dynami
al state of galaxy 
lusters.
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Figure 2.5: Seven morphology parameters plotted in the parameter-parameter planes. Here we plotted

C5080 as the Con
entration parameter. ◦ = relaxed 
lusters; and × = non-relaxed 
lusters.
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Table 2.2: Value of morphology parameters for six relaxed and six non-relaxed Beta model simulated 
lusters. Values are listed with appropriate

un
ertainties for ea
h parameter.

Cluster Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

relaxed 
luster 1 0.232 ± 0.001 -1.605 ± 0.001 2.366 ± 0.000 0.022 ± 0.016 0.013 ± 0.000 0.198 ± 0.000 0.030 ± 0.000

relaxed 
luster 2 0.267 ± 0.001 -1.615 ± 0.002 2.479 ± 0.001 0.021 ± 0.024 0.012 ± 0.000 0.213 ± 0.000 0.102 ± 0.000

relaxed 
luster 3 0.198 ± 0.000 -1.524 ± 0.001 2.167 ± 0.000 0.023 ± 0.016 0.014 ± 0.000 0.243 ± 0.000 0.096 ± 0.000

relaxed 
luster 4 0.203 ± 0.001 -1.555 ± 0.001 2.217 ± 0.000 0.020 ± 0.025 0.014 ± 0.000 0.225 ± 0.000 0.066 ± 0.000

relaxed 
luster 5 0.267 ± 0.001 -1.614 ± 0.001 2.479 ± 0.000 0.025 ± 0.029 0.012 ± 0.000 0.213 ± 0.000 0.102 ± 0.000

relaxed 
luster 6 0.410 ± 0.001 -1.665 ± 0.001 2.930 ± 0.001 0.026 ± 0.032 0.009 ± 0.000 0.237 ± 0.000 0.211 ± 0.000

non-relaxed 
luster 1 0.075 ± 0.000 -1.306 ± 0.008 1.729 ± 0.002 0.090 ± 0.009 0.019 ± 0.000 0.297 ± 0.001 0.042 ± 0.000

non-relaxed 
luster 2 0.181 ± 0.001 -0.888 ± 0.000 1.932 ± 0.008 0.235 ± 0.009 0.016 ± 0.000 0.296 ± 0.001 0.136 ± 0.000

non-relaxed 
luster 3 0.157 ± 0.000 -0.858 ± 0.003 1.848 ± 0.004 0.143 ± 0.011 0.017 ± 0.000 0.306 ± 0.000 0.143 ± 0.000

non-relaxed 
luster 4 0.139 ± 0.000 -0.748 ± 0.000 1.617 ± 0.000 0.034 ± 0.014 0.018 ± 0.000 0.327 ± 0.000 0.153 ± 0.000

non-relaxed 
luster 5 0.165 ± 0.000 -1.499 ± 0.001 2.061 ± 0.000 0.063 ± 0.010 0.015 ± 0.000 0.249 ± 0.000 0.070 ± 0.000

non-relaxed 
luster 6 0.126 ± 0.000 -1.350 ± 0.004 1.861 ± 0.001 0.049 ± 0.016 0.018 ± 0.000 0.288 ± 0.000 0.099 ± 0.000
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2.6 E�e
t of aperture size

These parameters depend on the surfa
e brightness distribution, hen
e their values are very mu
h

a�e
ted by the 
hoi
e of aperture size. To study the e�e
t of this on ea
h parameter, we 
al
ulated

the morphology parameters for a range of aperture sizes from small to large radii. We found that

too small a radius (< 500 kp
) is insu�
ient for 
al
ulating the 2-D Asymmetry and Smoothness

parameters. This is obvious be
ause galaxy 
lusters are extended obje
ts and their morphology

or shape 
annot be 
hara
terised within small radii. Furthermore, the Gini 
oe�
ient strongly

depends on the number of pixels in
luded in the aperture. If one adds a large number of sky

pixels to the aperture, the value of Gini in
reases with the number of pixels, making it di�
ult

to estimate its true value. We found that the 1000 kp
 radius is too large and in
ludes too many

`sky' pixels. We therefore 
hose to use a �xed physi
al size radius rather than a �xed over-density

(R500
∗
) radius be
ause it is di�
ult to measure R500 a

urately for these simulated (as well as non-

relaxed) 
lusters. Hen
e, in this analysis (and for our simulated images at z = 0.1), we de
ided to

use a �du
ial 500 kp
 aperture size for ea
h simulated 
luster, giving su�
ient radius to study the


luster morphology and 
ategorise its dynami
al state.

2.7 Systemati
s

We investigated a number of possible systemati
 e�e
ts, dis
ussed below, in order to study how

robust these parameters are in various 
onditions.

2.7.1 E�e
ts of noise in simulation image

To 
he
k robustness of these parameters, we added Poisson noise to ea
h simulated 
luster image.

We de�ned the mean signal-to-noise per image pixel as,

< S/N >=
1

n

n
∑

i=1

Si
√

σ2
background + Si

, (2.16)

where Si is i
th
pixel �ux, σbackground is the (added) sky ba
kground noise, and n is the total number

of pixels in the image. Fig. 2.6 illustrates the e�e
t of adding Poisson noise to the 
luster images.

We simulated various (low to high) S/N ratios by adding the (sky) ba
kground noise.

Fig. 2.7 shows how the morphology parameters behave with di�erent S/N. We added the noise

to a few (original) 
luster images with in
reasing S/N (from 0.1 to 11). We then re-
al
ulated the

morphology parameters for ea
h simulated 
luster of di�erent S/N. Data points of ea
h individual


luster were joined with a line to show the trend between morphology parameters and various S/N

(see Fig. 2.7). Fig. 2.7 shows that all parameters are robust against di�erent S/N, ex
ept for the

Smoothness parameter. However, all parameters are weak when S/N is very low . 1.

∗R500 is the radius de�ned as that en
losing a region with an over-density △ = 500 times the 
riti
al density at

the 
luster redshift.
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Figure 2.6: Beta model simulated 
lusters with added Poisson noise. From (a) to (f) shows the

various S/N of 0.1 to 11 for the same (simulated) 
luster.

2.7.2 Redshift e�e
t

Our obje
tive was to see how stable morphology parameters are in 
lassifying obje
ts over a range

of redshifts. It is important to be able to 
lassify high redshift 
lusters be
ause most of the 
urrent

survey (Semler et al., 2012) aims to observe high redshift obje
ts and understand the dark matter

distribution in the early Universe as well as 
luster evolution. High redshift 
lusters have low S/N

and it is therefore di�
ult to identify sub-stru
ture among them. This 
ould a�e
t their mass

estimation, so it is essential to identify sub-stru
ture among high redshift 
lusters.

In the interests of separating the di�erent dynami
al states of distant galaxy 
lusters, we shifted

our simulated 
lusters to higher redshift (z = 0.5, 1, 2) to understand the behaviour of morphology

parameters. To do this, we simply re-binned 
luster images a

ording to the 
luster's angular bin

size at redshifts 0.5, 1 and 2, as well as dimming the �ux at respe
tive redshifts a

ording to the

luminosity distan
e of ea
h. We then added Poisson noise, as des
ribed in the previous se
tion.

We show how the 
luster appears at redshifts 0.1, 0.5, 1 and 2 in Fig. 2.8 with the (�x) S/N of 1.

Figs. 2.9 and 2.10 show how the morphology parameters behave with di�erent redshifts at �xed

S/N of 11 and 1, respe
tively. We simulated a few original 
lusters arti�
ially at higher redshift

with various S/N from 0.1 to 11, as mentioned above, and re-
al
ulated the morphology parameters

for ea
h simulated 
luster. The data points of ea
h individual 
luster were joined with a line to

illustrate the trend between morphology parameters and redshift. As we observe in Figs. 2.9 and

2.10, with the ex
eption of the Smoothness and Asymmetry parameters, all parameters are quite

robust against di�erent redshifts.
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Figure 2.7: Robustness of morphology parameters whi
h are 
al
ulated for several 
lusters against

di�erent S/N for the same 
luster images. See text for details.
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Figure 2.8: Beta model simulated 
lusters with added Poisson noise (S/N = 1). (a) to (d) illustrates

the 
luster at redshift of 0.1, 0.5, 1 and 2, respe
tively.

2.8 Chandra teles
ope simulations

In earlier se
tions we demonstrated the ability of the morphology parameters to quantitatively

separate relaxed 
lusters from non-relaxed 
lusters whi
h had been simulated with the simple Beta

model. At this point it is equally important to 
he
k the ability of these parameters to work under

real observational 
onditions and e�e
ts. In this se
tion, we assess the pra
ti
al feasibility of the

morphology parameters by simulating X-ray observations of the 
luster model with the various

instruments and dete
tors of the Chandra teles
ope.

We used MARX

∗
Chandra teles
ope simulator software (version of 4.5.0) to re-simulate the

simple 2-D Beta model 
lusters, as des
ribed in � 2.3. We passed Beta model 
luster images

through MARX to mimi
 the Chandra observation. The simulated 
lusters, as shown in Fig. 2.11,

are relaxed 
lusters, while those shown in Fig. 2.12 are non-relaxed 
lusters. MARX software

fa
ilitates simulation of the 
omplete performan
e of the on-orbit Chandra X-ray Observatory

(Wise et al., 1997; Gardini, 2002). In addition, it in
ludes models of the di�erent 
ombinations of

on-board s
ienti�
 instruments su
h as the Chandra mirrors, the transmission grating assemblies

(LETG and HETG), and the HRC and ACIS fo
al plane dete
tors. Further, it in
ludes a built-

in model of Chandra's aspe
t motion and implemented routines of post-pro
essing whi
h 
an be

utilised to simulate either the e�e
ts of ACIS photon pile-up, or an existing dete
tor response

matrix �le (RMF) for further spe
tral analysis purpose. It provides support in simulating various

simple astrophysi
al sour
e models (e.g. point like, Beta, or extended) as well as allowing users to

in
orporate their own models, rendering the MARX software parti
ularly useful and user friendly.

∗
http://spa
e.mit.edu/ACS/MARX
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Figure 2.9: Robustness of morphology parameters whi
h are 
al
ulated for several 
lusters against

simulated 
lusters at di�erent redshifts with S/N of 11.
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Figure 2.10: Same as Fig. 2.9 ex
ept for S/N of 1.
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Figure 2.11: Relaxed 
lusters simulated with MARX Chandra simulator.

In simulation, users 
an supply arbitrary spe
tral energy distributions, whi
h are de�ned through

an input ASCII �le generated by either Xspe
 or Sherpa.

MARX is written in the C language, and 
onsists of a single exe
utable �le. It is ne
essary

to give a list of input parameters to MARX, in
luding exposure time, total �ux from the input

sour
e model (photons s

−1

m

−2
), dete
tor 
oordinates and 
on�guration, spe
tral model �le, input

sour
e model (either from an external �le or built-in), et
. The simulation takes around 5 se
onds

to generate the output. The user has then the option of working with either the original binary

output format of MARX dire
tly, or 
reating FITS events �les and images. We used MARX's

built-in tool marx2fits to generate FITS events �les from the MARX output format �les. All

aspe
t solutions �les are generated with the marxasp tool. The resulting FITS events �les will


ontain a binary table. This table has properties of dete
ted photons su
h as pulse height, position

and arrival time. It also 
ontains simulation variables su
h as the true photon energy and mirror

shell o� whi
h the photon is re�e
ted. These generated level 1 events �les require further pro
essing

with the CIAO

∗
(Frus
ione et al., 2006) task 
alled a
is_pro
ess_events, whi
h updates time,


oordinates, pulse-height, grade, and status information. It also applies the latest gain 
orre
tions

and 
alibrations to ACIS level 1 events �les, and generates the standard level 2 events �les whi
h

are 
ompatible with CIAO software (similar to standard Chandra output). Images and spe
tra may

be generated from these simulated events �les using CIAO tools su
h as dm
opy and dmextra
t,

respe
tively. In this study, we pro
essed all simulations events �le with the CIAO-4.3 version. We

used the CALDB version 4.4.6. In Table 2.3, we list all parameters used during the simulation.

∗
Chandra Intera
tive Analysis of Observations
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Figure 2.12: Non-relaxed 
lusters simulated with MARX Chandra simulator.

2.8.1 Cal
ulation of morphology parameters

In this se
tion we show 
al
ulations of morphology parameters for the Beta model 
lusters passed

through the MARX simulator to 
omprise the e�e
t of Chandra's instrument. We 
hose 
lusters

at z = 0.1. For this simulation, we used a 50 ks exposure time for all 
lusters. We smoothed

ea
h simulated 
luster image with ∼ 12′′ (∼ 5 pix.) Gaussian width to suppress the artifa
ts of

the CCDs, to make sure of no zero 
ounts in the 
luster image. In 
al
ulating the Smoothness

parameter, we smoothed the input image by 1′ (∼ 105 kp
 at z = 0.1) and then subtra
ted it from

the (smooth) input 
luster image. We then used the 500 kp
 
luster region for ea
h 
luster in order

to 
al
ulate morphology parameters. Fig. 2.13 shows the distribution of parameters. We 
al
ulated

the 
luster 
entre in the same way as that given in � 2.4. All parameters are distributed in the same

order for relaxed and non-relaxed 
lusters as 
ompared with the Beta model simulated 
lusters.

As shown before, all morphology parameters, ex
ept Ellipti
ity, show a di�erent distribution for

relaxed and non-relaxed 
lusters. For the Gini and Con
entration parameters, the peak of the

distribution of relaxed 
lusters falls on the right side (high Gini and Con
entration), while the

peak for non-relaxed 
lusters falls on the left side (low Gini and Con
entration). An equivalent

distribution is visible for M20, Asymmetry, Smoothness and Gini of the se
ond order moment, but

the peak of non-relaxed 
lusters is on the right side (high M20, Asymmetry, Smoothness, and GM )

while the peak of relaxed 
lusters is on the left side (low M20, Asymmetry, Smoothness, and GM ).

In Table 2.4 we give ea
h parameter value 
al
ulated for a MARX simulated 
luster along with 1σ

un
ertainty. In the following paragraph, we show how ea
h 
luster o

upies its position in every

parameter-parameter plane.

Fig. 2.14 shows the parameter-parameter planes. Again, we see a separation between relaxed
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Table 2.3: MARX Chandra simulation parameters

z 0.1

pixel size 2.5′′

exposure time 50 ks

dete
tor ACIS-I

spe
trum thermal(wabs*mekal)(0.1-10 keV)

temp 4 keV

nH 3 ×1020

abundan
e 0.3 Z⊙

and non-relaxed 
lusters in all parameter-parameter planes. In Fig. 2.14 Con
entration is tightly


orrelated with Gini and anti-
orrelated with M20. Con
entration is a very useful parameter for

separating non-relaxed from relaxed 
lusters with almost all morphology parameters. In Fig. 2.14,

we plot the C5080 Con
entration parameter. As 
an be seen from Fig. 2.14, relaxed 
lusters o

upy

the upper-left region while non-relaxed 
lusters o

upy the bottom-right 
orner of the M20 vs Gini

and Con
entration planes. In the Gini vs Con
entration plane, relaxed 
lusters fall in the upper-

right region while the bottom-left region is for non-relaxed 
lusters. In this work we have found

that the Gini 
oe�
ient is also important in separating non-relaxed from relaxed 
lusters when

plotted against most other parameters. These 
learly show that, using morphology parameters,

both 
luster types are separated in Chandra teles
ope-like observations. The value of parameters

is not a�e
ted mu
h by the use of instruments. Again, the Ellipti
ity parameter is the ex
eption,

in that it is not useful in separating relaxed and non-relaxed 
lusters.

It is important, however, to mention that we have uniform exposure time of 50 ks in this MARX

simulation, but that in real analysis, 
luster samples (whi
h may in
lude low- or high-z) do not

have uniform exposure time. To study the e�e
t of di�erent exposure times on parameters, we

simulated the same group of 
lusters (relaxed and non-relaxed) with di�erent exposure times (using

MARX), and re-
al
ulated all parameters. For 
al
ulating parameters, we initially smoothed ea
h

input 
luster image by 12′′, as mentioned above. In 
al
ulating the Smoothness parameter, we

used the σ = 1′ kernel smoothing size. The result of our distribution of parameters is plotted

in Fig. 2.15. We see that Gini, M20 and Con
entration parameters still separate relaxed from

non-relaxed 
lusters, notwithstanding heterogeneous exposure time. Smoothness and Asymmetry

parameters are not useful in terms of separating relaxed and non-relaxed 
lusters. We see an

overlap between relaxed and non-relaxed 
lusters for these two parameters. Only the Smoothness

parameter gives separation between relaxed and non-relaxed 
lusters when 
ombined with either

Gini, M20 or Con
entration. In investigating further the Smoothness parameter, we used a σ = 2′

(∼ 212 kp
 at 0.1 redshift) and 3′ (∼ 320 kp
 at 0.1 redshift) kernel smoothing size (sele
tion based

on aperture size of 500 kp
) to study the e�e
t of various smoothing sizes of σ on the Smoothness

parameter. We also smoothed input 
luster images by 12′′ and 0.5′, in 
al
ulating the Smoothness

parameter. We found this smoothing size to be reasonable in the initial stage of smoothing input


luster images, sin
e a larger smoothing size might have washed out, for example, 
lumpy and

pat
hy features from the original input image. Our results are shown in Fig. 2.16. These di�erent

settings of σ 
annot improve the Smoothness parameter. Nevertheless, overlap between relaxed

and non-relaxed 
lusters is still evident.
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Table 2.4: Value of morphology parameters for six relaxed and six non-relaxed Marx simulated 
lusters. Values are listed with appropriate

un
ertainties for ea
h parameter.

Cluster Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

relaxed 
luster 1 0.264 ± 0.001 -1.440 ± 0.008 2.374 ± 0.010 0.278 ± 0.017 0.163 ± 0.001 0.262 ± 0.001 0.023 ± 0.001

relaxed 
luster 2 0.292 ± 0.002 -1.490 ± 0.008 2.468 ± 0.011 0.263 ± 0.029 0.152 ± 0.001 0.265 ± 0.001 0.104 ± 0.002

relaxed 
luster 3 0.243 ± 0.001 -1.299 ± 0.010 2.164 ± 0.010 0.292 ± 0.022 0.172 ± 0.002 0.299 ± 0.001 0.112 ± 0.002

relaxed 
luster 4 0.242 ± 0.002 -1.333 ± 0.007 2.197 ± 0.009 0.278 ± 0.017 0.167 ± 0.001 0.282 ± 0.001 0.069 ± 0.002

relaxed 
luster 5 0.296 ± 0.001 -1.488 ± 0.009 2.466 ± 0.012 0.273 ± 0.022 0.155 ± 0.001 0.268 ± 0.001 0.104 ± 0.002

relaxed 
luster 6 0.415 ± 0.001 -1.625 ± 0.009 2.881 ± 0.011 0.212 ± 0.029 0.117 ± 0.001 0.275 ± 0.001 0.212 ± 0.002

non-relaxed 
luster 1 0.180 ± 0.001 -0.798 ± 0.008 1.675 ± 0.011 0.358 ± 0.016 0.210 ± 0.001 0.357 ± 0.001 0.061 ± 0.002

non-relaxed 
luster 2 0.223 ± 0.001 -0.899 ± 0.003 1.945 ± 0.016 0.364 ± 0.013 0.173 ± 0.002 0.335 ± 0.001 0.127 ± 0.002

non-relaxed 
luster 3 0.209 ± 0.001 -0.833 ± 0.008 1.782 ± 0.011 0.326 ± 0.022 0.180 ± 0.001 0.346 ± 0.001 0.142 ± 0.002

non-relaxed 
luster 4 0.199 ± 0.001 -0.743 ± 0.003 1.617 ± 0.005 0.320 ± 0.014 0.189 ± 0.002 0.364 ± 0.001 0.150 ± 0.001

non-relaxed 
luster 5 0.211 ± 0.001 -1.130 ± 0.010 2.023 ± 0.011 0.313 ± 0.009 0.177 ± 0.001 0.299 ± 0.001 0.064 ± 0.002

non-relaxed 
luster 6 0.200 ± 0.001 -0.961 ± 0.006 1.856 ± 0.005 0.337 ± 0.027 0.196 ± 0.001 0.337 ± 0.001 0.095 ± 0.002
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Beta model simulation itself gives a smooth 
luster image whi
h might introdu
e bias to the


al
ulation of the Smoothness parameter. In systemati
ally investigating further the Smoothness

parameter, we simulated the one Beta model 
luster whi
h has pat
hy and sub-
lumps features

(see Fig. 2.17(a)), and subsequently added the instrumental e�e
ts as shown in Fig. 2.17(b). We

used four 
luster obje
ts of di�erent size and �ux in this simulation, to 
he
k the response of

the Smoothness parameter parti
ularly for this irregular 
luster. Simultaneously, we looked for the

e�e
t of exposure time. We re-simulated this (Beta model) 
luster with the MARX using 6 di�erent

exposure times (10k, 20k, 40k, 60k, 80k and 100k); then 
al
ulated all morphology parameters for

ea
h. We used an aperture size of 500 kp
, and smoothed the input images by 12′′. In 
al
ulating

the Smoothness parameter, we used a smoothing kernel size of σ = 1′, 1.5′, 2′, 2.5′and3′ and plotted

it, together with other parameters (see Fig. 2.18), against exposure time. In this plot we see that

Gini, M20, Con
entration, Ellipti
ity, GM and Asymmetry are quite robust when subje
ted to

di�erent exposure times, the Smoothness parameter being the ex
eption. For the sole purpose of


omparison, we also in
luded the original Beta model 
luster at exposure time = 200 ks, in order to

see the whole trend. In the Smoothness plot, we see di�erent trends at di�erent smoothing kernel

sizes. The Red line indi
ates the σ = 1′ smoothing kernel size. It shows that simulated 
lusters

of di�erent exposure time are smoothed by σ = 1′ and then subtra
ted from the input image (the

12′′ smoothed original image). All these Smoothness values are plotted against exposure time.

Similarly, the yellow line is for σ = 1.5′, the green line is for σ = 2′, the blue line is for σ = 2.5′ and

the bla
k line is for σ = 3′. This shows 
learly that the Smoothness parameter is very sensitive to

the smoothing kernel size and to exposure time. It 
hanges systemati
ally with di�erent exposure

times. This makes it di�
ult to use the Smoothness parameter when we have a large 
luster sample

of heterogeneous exposure time.
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Figure 2.13: Distribution of seven morphology parameters 
al
ulated for the MARX simulated


lusters. Solid line = relaxed 
lusters; and dashed line = non-relaxed 
lusters. Here we used all

four de�nitions of the Con
entration parameter.
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Figure 2.14: Seven morphology parameters plotted in parameter-parameter planes, 
al
ulated for

the MARX simulated 
lusters. Here we plotted C5080 as the Con
entration parameter. ◦ = relaxed


lusters; and × = non-relaxed 
lusters.
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Figure 2.15: Distribution of morphology parameters 
al
ulated for the MARX simulated 
lusters

at di�erent exposure time. Symbols are the same as those in Fig. 2.13.
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Figure 2.16: Distribution of the Smoothness parameter 
al
ulated for the MARX simulated 
lusters

at di�erent exposure times. We used two di�erent Gaussian kernel sizes of σ to smooth the 
luster

image. N shows the initial smoothing size of the 
luster input image.

Figure 2.17: (a) Beta model simulated sub-
lumps 
luster. (b) Fig. 2.17(a) re-simulated with the

MARX.
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Figure 2.18: Morphology parameters 
al
ulated for the simulated sub-
lumps 
luster. Parameters

are plotted against di�erent exposure times (see text for details).
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2.9 Dis
ussion and Con
lusion

We tested seven morphology parameters (Gini, M20, Con
entration, Asymmetry, Smoothness,

Ellipti
ity and Gini of the se
ond order moment) typi
ally used for galaxy 
lassi�
ation, to dis-

tinguish between simple 2-D Beta model simulated relaxed and non-relaxed galaxy 
lusters. The

Beta model is quite useful in �tting the observed X-ray surfa
e brightness radial pro�le, and this

surfa
e brightness distribution has been widely used to des
ribe X-ray galaxy 
lusters (Arnaud,

2009). We found that Gini, M20, Con
entration, Smoothness and Asymmetry parameters 
an

separate relaxed and non-relaxed simulated 
lusters. These parameters also tra
e the stru
tural

properties of galaxy 
lusters while identifying sub-stru
ture into galaxy 
lusters.

We also investigated the e�e
ts of noise and redshift on the simulations. To test these e�e
ts,

we simply added Poisson noise into the Beta model simulated 
lusters, and re-binned 
luster images

a

ording to the angular bin size of 
orresponding redshift. These parameters, with the ex
eption

of Smoothness and Asymmetry, are very robust against low S/N 
luster images and high redshift


lusters. This suggests that morphology parameters 
an be used for the study of the dynami
al

state of distant 
lusters.

Finally, we subsequently passed these simulated 
lusters through the MARX software to mimi


the Chandra teles
ope observations. From this simulation work, the morphology parameters proved

to be a promising tool to separate relaxed and non-relaxed 
lusters (with added instruments e�e
ts).

This en
ouraged us to extend the work to real data. However, not all the parameters are useful when


lusters in a given sample have di�erent exposure times. Spe
i�
ally, Smoothness and Asymmetry

are not 
apable of distinguishing di�erent dynami
al states of 
lusters when exposure time is

di�erent for ea
h sample 
luster. Both of these parameters systemati
ally 
hange with di�erent

exposure times. Only Gini, M20 and Con
entration parameters are robust in this 
ondition. In

the next Chapter we will show this e�e
t for real X-ray data.
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3
Morphology parameters for Chandra

observed 
lusters

3.1 Ba
kground

In Chapter 2 we showed that morphology parameters are useful in the study of dynami
al state,

substru
ture and morphology of (Beta model) simulated 
lusters. We showed further that these

parameters 
ould also be helpful when we added real observational e�e
ts to the simulations. This

out
ome gave us 
on�den
e in applying these parameters to real X-ray data and to putting forward

appli
ations of these parameter sets. This serves our two purposes: (1) to analyse the morphology

of a large number of real 
lusters, study the dynami
al state of ea
h 
luster, and 
lassify relaxed

(
ool 
ore) and non-relaxed (non-
ool 
ore) 
lusters; and (2) to investigate a possible 
orrelation

between X-ray 
luster properties and morphology. To answer these two questions, in this Chapter

we will evaluate the appli
ation of morphology parameters for real Chandra teles
ope observed

X-ray galaxy 
lusters.

3.2 Sample sele
tion and data redu
tion

3.2.1 Chandra sample

Our �rst goal was to determine the e�e
tiveness of the parameters introdu
ed in Chapter 2 for

separating relaxed (
ool 
ore) and non-relaxed (non-
ool 
ore) 
lusters. Generally, 
ool 
ore 
lusters

are 
onsidered to be relaxed systems, while non-
ool 
ore 
lusters, in whi
h the 
ore of the 
luster

is erased or destroyed, are merger systems. In order to study the degree of dynami
al a
tivity in

galaxy 
lusters, we then required high quality data, parti
ularly for high-z 
lusters.

For our analysis, our initial aim was to simply separate known relaxed and non-relaxed 
lusters

within our sample. Burenin et al. (2007) 
ompiled a 400 deg

2
galaxy 
luster 
atalogue based on

the ROSAT PSPC survey. They dete
ted a large number of extended X-ray sour
es with f >

1.4×10−13
erg s

−1

m

−2
in the soft (0.5�2 keV) band. They 
ompared all their dete
tions with

their opti
al 
ounterparts, and 
on�rmed 266 out of 283 as galaxy 
lusters. From this 
atalogue,

a subsample of the low- and high-z galaxy 
lusters has been observed with the Chandra X-ray
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Figure 3.1: (a) Redshift and (b) luminosity distribution for low- and high-z 
lusters (from the V09). Solid

line = low-z; and dashed line = high-z 
lusters.

teles
ope (V09). This sample in
ludes a total of 49 low-z (0.02 < z < 0.3) and 36 high-z (0.3 <

z < 0.9) galaxy 
lusters. Fig. 3.1a shows the distribution of redshift, while Fig. 3.1b shows the

luminosity distribution. In this plot, median z = 0.0853 and median luminosity = 1.8 ×1044(erg/s)

(0.5�2 keV). Tables 3.1 and 3.2 list the low- and high-z samples of galaxy 
lusters, respe
tively.

V09 study supplies essential information for ea
h 
luster, su
h as luminosity, temperature,

mass and dynami
al states. These properties of 
lusters are useful in 
omparison with their X-

ray morphology. The total X-ray luminosity is 
al
ulated over the 0.5�2 keV band from a

urate

Chandra �ux. The average temperature is measured from the spe
trum integrated over a [0.15-

1℄R500 annulus.

Vikhlinin et al. (2007) 
lassi�ed 
ooling �ow (relaxed) and non-
ooling �ow (non-relaxed) 
lus-

ters using a surfa
e brightness �
uspiness� parameter, by �tting a gas density model to the observed

X-ray surfa
e brightness. The 
uspiness parameter is de�ned as

α ≡ −d log(n)

d log(r)
, (3.1)

where n is the ele
tron density, and r is the distan
e from the 
entre of galaxy 
luster for whi
h

r = 0.04 R500, R500 being the radius de�ned as that en
losing a region with an over-density △ =

500 times the 
riti
al density at the 
luster redshift. This radius is 
hosen to be small enough to

a

ommodate strong 
ooling e�e
ts, but it is also su�
ient to avoid the gas density pro�le �attening

due to 
entral AGN feedba
k. Relaxed and non-relaxed 
lusters have di�erent surfa
e brightness

pro�les. In relaxed systems, the 
entral peak density 
auses a `
usp' in the surfa
e brightness

pro�le, whi
h 
auses the high value of the pro�le's slope (high α value). In non-relaxed systems,

the surfa
e brightness pro�le is �attened, whi
h gives a low α value. Therefore, based on this

surfa
e brightness pro�le, it is possible to separate relaxed and non-relaxed 
lusters. Furthermore,

Vikhlinin et al. (2007) divided galaxy 
lusters based on the 
uspiness parameter with α > 0.7 for

relaxed 
lusters, 0.5 < α < 0.7 for intermediate systems, and α < 0.5 for non-relaxed 
lusters.

The V09 used the 
uspiness parameter to quantify the dynami
al state of ea
h 
luster, and they


hose a boundary value of α = 0.5, whi
h means that relaxed 
lusters have α > 0.5. Based on
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Table 3.1: Low-z (0.02�0.3) 
luster sample from the V09. (1) 
luster name; (2) redshift; (3) total X-

ray �ux (0.5�2 keV); (4) total X-ray luminosity (0.5�2 keV); (5) average temperature in [0.15-1℄R500

annulus; (6) dynami
al state (a) (a

ording to the V09); (7) dynami
al state (b) (
ombination of

morphology parameters) (SR = strong relaxed, R = relaxed, NR = non-relaxed, SNR = strong

non-relaxed); (8) exposure time.

Name z �ux Luminosity Temperature Dynami
al state Dynami
al state Exposure time

(10

−11

gs) (erg s

−1
) (keV) (a) (b) ks

A3571 0.0386 7.42 2.37×1044 6.81 ± 0.10 R NR 31.224

A2199 0.0304 6.43 1.27×1044 3.99 ± 0.10 R NR 17.787

2A-0335 0.0346 6.24 1.60×1044 3.43 ± 0.10 R SR 19.716

A496 0.0328 5.33 1.23×1044 4.12 ± 0.07 R NR 88.878

A3667 0.0557 4.64 3.14×1044 6.33 ± 0.06 M NR 60.403

A754 0.0542 4.35 2.78×1044 8.73 ± 0.00 M SNR 43.972

A85 0.0557 4.30 2.91×1044 6.45 ± 0.10 R NR 38.201

A2029 0.0779 4.23 5.72×1044 8.22 ± 0.16 R SR 10.739

A478 0.0881 4.16 7.24×1044 7.96 ± 0.27 R SR 42.393

A1795 0.0622 4.14 3.52×1044 6.14 ± 0.10 R SR 91.301

A3558 0.0469 4.11 1.96×1044 4.88 ± 0.10 M NR 14.024

A2142 0.0904 3.94 7.20×1044 10.04 ± 0.26 R NR 44.367

A2256 0.0581 3.61 2.66×1044 8.37 ± 0.24 M SNR 11.647

A4038 0.0288 3.48 6.18×1043 2.61 ± 0.05 R NR 33.523

A2147 0.0355 3.47 9.40×1043 3.83 ± 0.12 M SNR 17.879

A3266 0.0602 3.39 2.69×1044 8.63 ± 0.18 M SNR 29.289

A401 0.0743 3.19 3.90×1044 7.72 ± 0.30 R NR 18.005

A2052 0.0345 2.93 7.47×1043 3.03 ± 0.07 R NR 36.754

Hydra-A 0.0549 2.91 1.93×1044 3.64 ± 0.06 R R 89.809

A119 0.0445 2.47 1.06×1044 5.72 ± 0.00 M NR 11.537

A2063 0.0342 2.39 5.98×1043 3.57 ± 0.19 R NR 8.777

A1644 0.0475 2.33 1.14×1044 4.61 ± 0.14 M NR 18.712

A3158 0.0583 2.30 1.72×1044 4.67 ± 0.07 R NR 30.921

MKW3s 0.0453 2.08 9.28×1043 3.03 ± 0.05 R NR 57.123

A1736 0.0449 2.04 8.94×1043 2.95 ± 0.09 M SNR 14.918

EXO 0422 0.0382 2.01 6.35×1043 2.84 ± 0.09 R R 10.001

A4059 0.0491 2.00 1.05×1044 4.25 ± 0.08 R NR 13.236

A3395 0.0506 1.95 1.09×1044 5.10 ± 0.17 M SNR 21.094

A2589 0.0411 1.94 7.09×1043 3.17 ± 0.27 R NR 13.478

A3112 0.0759 1.89 2.43×1044 5.19 ± 0.21 R R 15.466

A3562 0.0489 1.84 9.58×1043 4.31 ± 0.12 R NR 19.283

A1651 0.0853 1.80 2.93×1044 6.41 ± 0.25 R NR 9.643

A399 0.0713 1.78 2.01×1044 6.49 ± 0.17 M NR 48.575

A2204 0.1511 1.74 9.35×1044 8.55 ± 0.58 R SR 9.609

A576 0.0401 1.72 5.99×1043 3.68 ± 0.11 R NR 29.078

A2657 0.0402 1.62 5.66×1043 3.62 ± 0.15 R NR 16.148

A2634 0.0305 1.61 3.20×1043 2.96 ± 0.09 R - 49.528

A3391 0.0551 1.58 1.05×1044 5.39 ± 0.19 R NR 17.461

A2065 0.0723 1.56 1.82×1044 5.44 ± 0.09 M NR 49.416

A1650 0.0823 1.53 2.33×1044 5.29 ± 0.17 R R 27.258

A3822 0.0760 1.48 1.91×1044 5.23 ± 0.30 M NR 8.067

S 1101 0.0564 1.46 1.03×1044 2.44 ± 0.08 R R 9.946

A2163 0.2030 1.38 1.37×1045 14.72 ± 0.31 M NR 71.039

ZwCl1215 0.0767 1.38 1.80×1044 6.54 ± 0.21 R NR 11.999

RX J1504 0.2169 1.35 1.56 ×1045 9.89 ± 0.53 R SR 13.290

A2597 0.0830 1.35 2.09×1044 3.87 ± 0.11 R SR 26.414

A133 0.0569 1.35 9.60×1043 4.01 ± 0.11 R R 34.471

A2244 0.0989 1.34 2.98×1044 5.37 ± 0.12 R NR 56.964

A3376 0.0455 1.31 5.89×1043 4.37 ± 0.13 M NR 44.267
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Table 3.2: As in Table 3.1, but for high-z (0.3�0.9) 
lusters.

Name z �ux Luminosity Temperature Dynami
al state Dynami
al state Exposure time

(10

−13

gs) (erg s

−1
) (keV) (a) (b) ks

0302-0423 0.3501 15.34 5.24×1044 4.78 ± 0.75 R SR 100.41

1212+2733 0.3533 10.53 3.61×1044 6.62 ± 0.89 M NR 14.581

0350-3801 0.3631 1.68 6.80×1043 2.45 ± 0.50 M NR 23.733

0318-0302 0.3700 4.63 1.82×1044 4.04 ± 0.63 M NR 14.578

0159+0030 0.3860 3.30 1.42×1044 4.25 ± 0.96 R R 19.880

0958+4702 0.3900 2.22 1.04×1044 3.57 ± 0.73 R R 25.231

0809+2811 0.3990 5.40 2.50×1044 4.17 ± 0.73 M SNR 19.338

1416+4446 0.4000 4.01 1.94×1044 3.26 ± 0.46 R NR 29.187

1312+3900 0.4037 2.71 1.37×1044 3.72 ± 1.06 M SNR 26.421

1003+3253 0.4161 3.04 1.53×1044 5.44 ± 1.40 R R 19.859

0141-3034 0.4423 2.06 1.32×1044 2.13 ± 0.38 M SNR 28.273

1701+6414 0.4530 3.91 2.39×1044 4.36 ± 0.46 R R 49.294

1641+4001 0.4640 1.43 9.46×1043 3.31 ± 0.62 R NR 45.345

0522-3624 0.4720 1.47 1.04×1044 3.46 ± 0.48 M NR 45.999

1222+2709 0.4720 1.39 9.88×1043 3.74 ± 0.61 R NR 49.117

0355-3741 0.4730 2.48 1.76×1044 4.61 ± 0.82 R R 27.190

0853+5759 0.4750 1.22 8.43×1043 3.42 ± 0.67 M NR 42.179

0333-2456 0.4751 1.33 9.79×1043 3.16 ± 0.58 M NR 34.160

0926+1242 0.4890 2.04 1.50×1044 4.74 ± 0.71 M NR 18.620

0030+2618 0.5000 2.09 1.57×1044 5.63 ± 1.13 M NR 57.362

1002+6858 0.5000 2.19 1.71×1044 4.04 ± 0.83 M NR 19.786

1524+0957 0.5160 2.45 2.07×1044 4.23 ± 0.51 M SNR 49.886

1357+6232 0.5250 1.90 1.63×1044 4.60 ± 0.69 R NR 43.862

1354-0221 0.5460 1.45 1.40×1044 3.77 ± 0.53 M NR 55.039

1120+2326 0.5620 1.68 1.79×1044 3.58 ± 0.44 M SNR 70.262

0956+4107 0.5870 1.64 1.85×1044 4.40 ± 0.50 M NR 40.165

0328-2140 0.5901 2.09 2.30×1044 5.14 ± 1.47 R NR 56.192

1120+4318 0.6000 3.24 3.75×1044 4.99 ± 0.30 R NR 19.837

1334+5031 0.6200 1.76 2.22×1044 4.31 ± 0.28 M NR 19.492

0542-4100 0.6420 2.21 2.91×1044 5.45 ± 0.77 M NR 50.008

1202+5751 0.6775 1.34 2.22×1044 4.08 ± 0.72 M SNR 57.210

0405-4100 0.6861 1.33 2.23×1044 3.98 ± 0.48 M NR 77.163

1221+4918 0.7000 2.06 3.35×1044 6.63 ± 0.75 M NR 78.887

0230+1836 0.7990 1.09 2.55×1044 5.50 ± 1.02 M SNR 67.178

0152-1358 0.8325 2.24 5.46×1044 5.40 ± 0.97 M NR 36.285

1226+3332 0.8880 3.27 8.42×1044 11.08 ± 1.39 M NR 64.21
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this 
lassi�
ation, we used 49 (34 relaxed + 15 non-relaxed) low-z 
lusters and 36 (12 relaxed +

24 non-relaxed) high-z 
lusters, a total of 46 relaxed and 39 non-relaxed 
lusters.

There are three high-z and two low-z 
lusters that have multiple 
omponents in their images.

• There are two sub
lumps visible in the high redshift 1701+6414 
luster. We used the North


lump in our 
al
ulation. The other 
lump (in the S-W) is a foreground low-z X-ray 
luster,


on�rmed by the NED database.

• In the 
ase of the high redshift system 1641+4001, there is a small 
lump (foreground galaxy)

in the S-W, whi
h we ex
luded from our analysis.

• Double 
omponents are visible in the 0328-2140 system. One is in the East and the other in

the West, the latter being a low redshift interloper. We used the high redshift East 
luster.

• In A85, we fo
used on only the main North relaxed 
luster, ex
luding the small southern


lump (Kempner et al., 2002).

• In A1644 we ex
luded the small North 
omponent, and fo
used on the main larger southern


luster only (Johnson et al., 2010; Reipri
h et al., 2004).

3.2.2 Chandra data redu
tion and image preparation

In our sample, ea
h 
luster had at least 1500�2000 photons (V09), whi
h ensured good S/N. We

visually 
he
ked all these 
lusters, and veri�ed both that there was no 
luster emission 
lose to the

CCD edges, and that the S/N was su�
ient. In addition, we sele
ted only those 
lusters whose

emission was not too 
lose to the CCD gaps. This inspe
tion revealed that the relaxed 
luster

A2634 (Obs-Id 4816, ACIS-S) alone had low total 
ounts. It was therefore ex
luded from our

sample.

We pro
essed all Chandra ar
hival data with CIAO version 4.3 and CALDB version 4.4.6. We

�rst used the 
handra_repro task to repro
ess all ACIS imaging data. This s
ript 
reates a new

se
ond level event �le as well as a bad pixel �le by reading the data from the standard Chandra

data distribution (whi
h 
ontains primary and se
ondary data �les). This step applies the latest


harge transfer ine�
ien
y (CTI) 
orre
tion, the latest time-dependent gain adjustment, the latest

gain map, PHA and pixel randomisation, it 
leans the VFAINT ba
kground (if any), and uses


ontinuous 
lo
king mode times of arrival. After repro
essing, we removed any high ba
kground

�ares (3σ 
lipping) with the task l
_sigma_
lip routine and then atta
hed the good time interval

(GTI) �le to the events. All of our event �les in
luded the 0.3�7 keV broad energy band. We

binned ea
h event �le with ∼ 2′′ pixels. We dete
ted point sour
es using the wavdete
t task

∗
with

s
ale = 1, 2, 4, 8 and 16, whi
h would be a reasonable default for Chandra data. This task uses the

wavelets of various user de�ned s
ales to 
orrelate it with a given 
luster image and then explore the

out
ome for substantial 
orrelation. The fun
tion of wavdete
t is divided into two steps: �rst to

determine probable sour
e pixels within a given image by repeatedly 
orrelating it with �Mexi
an

Hat� wavelet fun
tions with di�erent user de�ned s
ale sizes; se
ond to make a sour
e list based

on ea
h wavelet s
ale. For ea
h sour
e, a 
ell is 
al
ulated that has most of the �ux; and sour
e

∗
http://
x
.harvard.edu/
iao4.3/threads/wavdete
t/
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properties are 
al
ulated within that 
ell. We then sele
ted ellipti
al ba
kground annuli (twi
e

the point sour
e dete
ted region) around ea
h dete
ted point sour
e. Then we removed the point

sour
es using the dmfilth task

∗
, whi
h repla
es pixel values in sele
ted sour
e regions of an image

with values interpolated from the surrounding ba
kground region. By setting randseed = 123, we

used the POISSON interpolation method, whi
h randomly samples values in the sele
ted sour
e

regions from the Poisson distribution, whose mean is that of the pixel values in the ba
kground

region. We took 
are not to remove point sour
es whi
h were dete
ted 
lose to the 
luster 
entre.

We also aimed to study the e�e
t of point sour
es on parameters, hen
e we 
al
ulated morphology

parameters for both images, i.e. the one with point sour
es, the other without point sour
es. For


reating the exposure map we used the fluximage task

†
with broad band energy (0.3�7 keV), then

divided the 
ounts image by the exposure map to remove the CCD gaps, CCD edge, vignetting,

and teles
ope e�e
ts. This task generates the aspe
t histogram, instrument and exposure maps,

automati
ally. We also used the dmimgthresh task to perform a 5% total 
ounts 
ut to enable

uniform exposure everywhere in the image. Two or more of the available multiple observations

were 
ombined to make a single image. In ea
h image, 1 pix. is ∼ 2′′. Finally we smoothed the


luster images with a σ = 10′′ Gaussian width (5 pix.). Smoothing is very important in 
al
ulating

the Gini 
oe�
ient, be
ause there will be zero 
ount pixels in the unsmoothed image, whi
h will

not 
ontribute to the �ux distribution 
al
ulation and will 
hange the Gini value greatly. For


al
ulating the Smoothness parameter, we initially used unsmoothed 
luster images.

Be
ause of limited FOV of Chandra, in the study of nearby 
lusters, we de
ided to use a �xed


ir
ular aperture size over whi
h morphology parameters are 
al
ulated for individual 
lusters (200

kp
 for z < 0.05 and 500 kp
 for z > 0.05) with su�
ient area, and to retain 
onsisten
y with our

morphology parameter 
al
ulations on the same relative s
ale. The possible e�e
ts of aperture size

are dis
ussed in � 3.4.2.

3.3 Morphology parameter results

3.3.1 Distribution of morphology parameters

We 
al
ulated the morphology parameters (Gini, M20, Con
entration, Asymmetry, Smoothness,

Ellipti
ity and Gini of the se
ond order moment) for the Chandra sample. It is worth noting

that, as a starting point, we adopted the 
lassi�
ation of galaxy 
lusters based on the V09. We

mentioned earlier, in � 3.2.1, that the V09 used the `
uspiness' parameter to separate relaxed and

non-relaxed 
lusters based on 
al
ulation of the X-ray gas density pro�les of galaxy 
lusters.

Fig. 3.2 shows the distribution of parameters for our sample of 84 
lusters. Ex
ept for three

parameters, Gini, M20 and Con
entration, most of the parameters show a similar distribution for

relaxed and non-relaxed 
lusters. The Smoothness parameter separates the two peaks of relaxed

and non-relaxed 
lusters towards low Smoothness and high Smoothness, respe
tively, but there are

large numbers of 
lusters in the overlap region. Initially, we 
hose a Gaussian smoothing kernel of

σ = 10′′ as an arbitrary s
ale with whi
h to smooth the 
luster image. To further investigate the

Smoothness parameter, we (1) varied the σ value between 0.5′to1′, and (2) varied the smoothing

∗
http://
x
.harvard.edu/
iao4.3/threads/di�use emission/

†
http://
x
.harvard.edu/
iao/ahelp/�uximage.html
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size of input 
luster images (initial smoothing) on the Smoothness parameter (see � 3.3.3). For

the Gini and Con
entration parameters, non-relaxed 
lusters are distributed towards low values

of Gini and Con
entration and, oppositely, relaxed 
lusters are 
hara
terised by high Gini and

Con
entration values. A similar trend is visible for the M20, but the extreme of the relaxed


lusters is on the left hand side (low M20 values) and the extreme of the non-relaxed 
lusters is on

the right hand side (high M20 values). Table 3.3 and Table 3.4 list all parameter values together

with 1σ un
ertainty (Chapter 2, � 2.2.5) for relaxed and non-relaxed 
lusters, respe
tively.
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Figure 3.2: Seven morphology parameter distributions: solid line = relaxed 
luster; dashed line = non-

relaxed 
luster. All four de�nitions of the Con
entration parameter are displayed. Galaxy 
luster separa-

tion (i.e. relaxed vs non-relaxed systems) is based on the V09.
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Table 3.3: Morphology parameters value of relaxed 
lusters (V09). Values are listed with appropriate un
ertainties of 1σ for ea
h parameter.

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A3571 0.357 ± 0.001 -1.492 ± 0.014 2.558 ± 0.002 0.293 ± 0.007 0.284 ± 0.000 0.259 ± 0.001 0.084 ± 0.000

A2199 0.612 ± 0.002 -1.897 ± 0.009 3.427 ± 0.010 0.502 ± 0.022 0.329 ± 0.000 0.378 ± 0.002 0.083 ± 0.000

A0335 0.666 ± 0.002 -2.123 ± 0.053 5.343 ± 0.021 0.341 ± 0.013 0.321 ± 0.000 0.209 ± 0.002 0.082 ± 0.000

A496 0.564 ± 0.001 -1.667 ± 0.025 3.610 ± 0.024 0.577 ± 0.010 0.205 ± 0.000 0.284 ± 0.000 0.063 ± 0.000

A85 0.624 ± 0.002 -1.779 ± 0.035 4.256 ± 0.012 0.633 ± 0.008 0.464 ± 0.000 0.279 ± 0.001 0.026 ± 0.000

A478 0.703 ± 0.002 -2.145 ± 0.041 4.746 ± 0.011 0.286 ± 0.040 0.248 ± 0.000 0.279 ± 0.001 0.137 ± 0.000

A1795 0.779 ± 0.001 -2.148 ± 0.024 4.749 ± 0.016 0.351 ± 0.022 0.143 ± 0.000 0.389 ± 0.001 0.107 ± 0.000

A4038 0.503 ± 0.001 -1.929 ± 0.009 3.797 ± 0.008 0.297 ± 0.017 0.563 ± 0.000 0.206 ± 0.000 0.140 ± 0.000

A2052 0.622 ± 0.001 -1.934 ± 0.038 3.913 ± 0.031 0.649 ± 0.029 0.308 ± 0.000 0.332 ± 0.002 0.086 ± 0.000

Hydra-A 0.543 ± 0.003 -2.087 ± 0.034 4.780 ± 0.019 0.258 ± 0.032 0.152 ± 0.000 0.149 ± 0.004 0.060 ± 0.000

A2063 0.376 ± 0.001 -1.729 ± 0.008 2.940 ± 0.002 0.403 ± 0.010 1.156 ± 0.000 0.281 ± 0.000 0.046 ± 0.000

A3158 0.470 ± 0.001 -1.767 ± 0.005 3.210 ± 0.007 0.267 ± 0.004 0.788 ± 0.000 0.232 ± 0.000 0.118 ± 0.000

MKW3s 0.509 ± 0.002 -1.988 ± 0.018 3.785 ± 0.006 0.222 ± 0.028 0.317 ± 0.000 0.173 ± 0.001 0.134 ± 0.000

EXO0422 0.622 ± 0.003 -2.304 ± 0.019 4.795 ± 0.008 0.355 ± 0.030 0.911 ± 0.000 0.254 ± 0.000 0.071 ± 0.000

A4059 0.424 ± 0.001 -1.747 ± 0.014 3.264 ± 0.007 0.211 ± 0.013 0.135 ± 0.000 0.167 ± 0.001 0.093 ± 0.000

A2589 0.381 ± 0.001 -1.415 ± 0.014 2.534 ± 0.017 0.471 ± 0.004 0.669 ± 0.000 0.317 ± 0.001 0.045 ± 0.000

A3112 0.544 ± 0.004 -2.121 ± 0.040 4.175 ± 0.013 0.276 ± 0.063 0.309 ± 0.000 0.170 ± 0.003 0.143 ± 0.000

A1651 0.569 ± 0.001 -1.957 ± 0.008 3.885 ± 0.011 0.354 ± 0.009 1.001 ± 0.000 0.266 ± 0.000 0.075 ± 0.000

A576 0.308 ± 0.002 -1.651 ± 0.010 2.546 ± 0.004 0.267 ± 0.001 0.606 ± 0.000 0.251 ± 0.001 0.050 ± 0.000

A2657 0.380 ± 0.001 -1.607 ± 0.018 2.934 ± 0.012 0.402 ± 0.011 1.034 ± 0.000 0.250 ± 0.001 0.048 ± 0.000

A3391 0.408 ± 0.001 -1.549 ± 0.003 2.801 ± 0.003 0.431 ± 0.003 1.335 ± 0.000 0.332 ± 0.000 0.115 ± 0.000

A1650 0.673 ± 0.002 -1.869 ± 0.038 4.031 ± 0.006 0.429 ± 0.018 0.476 ± 0.000 0.379 ± 0.002 0.122 ± 0.000

S1101 0.645 ± 0.002 -2.111 ± 0.019 4.592 ± 0.017 0.238 ± 0.032 0.461 ± 0.000 0.172 ± 0.003 0.110 ± 0.000

zw
l1215 0.439 ± 0.001 -1.625 ± 0.004 3.059 ± 0.001 0.369 ± 0.002 1.204 ± 0.000 0.294 ± 0.000 0.120 ± 0.000

A2597 0.781 ± 0.002 -2.426 ± 0.076 6.698 ± 0.048 0.397 ± 0.077 0.295 ± 0.000 0.277 ± 0.001 0.152 ± 0.000

A133 0.508 ± 0.004 -2.201 ± 0.031 4.230 ± 0.006 0.254 ± 0.040 0.320 ± 0.000 0.179 ± 0.002 0.094 ± 0.000

A2244 0.638 ± 0.002 -1.983 ± 0.020 4.249 ± 0.005 0.266 ± 0.039 0.314 ± 0.000 0.219 ± 0.003 0.030 ± 0.000

Continued on next page



9
2

M
o
r
p
h
o
l
o
g
y
p
a
r
a
m
e
t
e
r
s
f
o
r
C
h
a
n
d
r
a
o
b
s
e
r
v
e
d


l
u
s
t
e
r
s
3

Table 3.3 � Continued from previous page

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

RXJ1504 0.807 ± 0.005 -2.471 ± 0.084 6.260 ± 0.043 0.397 ± 0.141 0.370 ± 0.000 0.242 ± 0.005 0.124 ± 0.000

A2204 0.732 ± 0.006 -2.611 ± 0.110 6.041 ± 0.007 0.361 ± 0.089 0.545 ± 0.000 0.208 ± 0.002 0.051 ± 0.000

A2029 0.718 ± 0.002 -2.088 ± 0.046 4.714 ± 0.025 0.445 ± 0.033 0.163 ± 0.000 0.280 ± 0.001 0.113 ± 0.000

A2142 0.564 ± 0.001 -1.959 ± 0.011 3.887 ± 0.021 0.365 ± 0.020 0.329 ± 0.000 0.239 ± 0.000 0.174 ± 0.000

A3562 0.541 ± 0.001 -1.870 ± 0.005 3.542 ± 0.005 0.542 ± 0.004 1.211 ± 0.000 0.384 ± 0.001 0.107 ± 0.000

A401 0.439 ± 0.001 -1.734 ± 0.003 3.262 ± 0.002 0.222 ± 0.002 0.739 ± 0.000 0.205 ± 0.000 0.102 ± 0.000

0302-0423 0.796 ± 0.008 -2.511 ± 0.114 6.428 ± 0.183 0.322 ± 0.188 0.767 ± 0.000 0.345 ± 0.006 0.071 ± 0.000

0159+0030 0.559 ± 0.008 -2.288 ± 0.048 4.504 ± 0.065 0.597 ± 0.090 1.198 ± 0.000 0.334 ± 0.001 0.022 ± 0.000

0958+4702 0.550 ± 0.004 -2.165 ± 0.021 4.241 ± 0.015 0.416 ± 0.074 1.310 ± 0.000 0.354 ± 0.003 0.015 ± 0.000

1416+4446 0.528 ± 0.009 -1.972 ± 0.079 4.240 ± 0.031 0.553 ± 0.033 1.009 ± 0.000 0.274 ± 0.002 0.103 ± 0.000

1003+3253 0.595 ± 0.008 -2.369 ± 0.069 5.140 ± 0.039 0.451 ± 0.059 1.166 ± 0.000 0.353 ± 0.002 0.100 ± 0.000

1701+6414 0.479 ± 0.009 -2.017 ± 0.105 3.766 ± 0.020 0.513 ± 0.086 0.878 ± 0.000 0.240 ± 0.004 0.096 ± 0.000

1641+4001 0.481 ± 0.006 -1.913 ± 0.025 3.966 ± 0.042 0.349 ± 0.034 1.166 ± 0.000 0.282 ± 0.001 0.042 ± 0.000

1222+2709 0.444 ± 0.006 -1.983 ± 0.042 3.568 ± 0.035 0.412 ± 0.027 1.200 ± 0.000 0.301 ± 0.002 0.036 ± 0.000

0355-3741 0.497 ± 0.005 -2.031 ± 0.037 4.109 ± 0.031 0.429 ± 0.041 1.182 ± 0.000 0.303 ± 0.002 0.058 ± 0.000

1357+6232 0.419 ± 0.003 -1.696 ± 0.023 3.075 ± 0.005 0.385 ± 0.033 0.945 ± 0.000 0.262 ± 0.002 0.019 ± 0.000

0328-2140 0.430 ± 0.004 -1.767 ± 0.068 3.141 ± 0.015 0.480 ± 0.075 0.944 ± 0.000 0.281 ± 0.004 0.073 ± 0.000

1120+4318 0.506 ± 0.005 -1.665 ± 0.038 3.531 ± 0.040 0.506 ± 0.062 1.149 ± 0.000 0.287 ± 0.001 0.061 ± 0.000
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Table 3.4: Morphology parameters value of (V09) non-relaxed 
lusters. Values are listed with appropriate un
ertainties of 1σ for ea
h parameter.

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A3558 0.327 ± 0.001 -1.448 ± 0.017 2.547 ± 0.012 0.358 ± 0.007 0.520 ± 0.000 0.276 ± 0.001 0.117 ± 0.000

A2147 0.268 ± 0.001 -1.243 ± 0.003 2.216 ± 0.006 0.359 ± 0.005 1.188 ± 0.000 0.305 ± 0.000 0.083 ± 0.000

A3266 0.220 ± 0.001 -1.196 ± 0.020 2.110 ± 0.014 0.276 ± 0.007 0.514 ± 0.000 0.279 ± 0.001 0.103 ± 0.000

A119 0.417 ± 0.001 -1.158 ± 0.001 2.275 ± 0.003 0.574 ± 0.002 1.542 ± 0.000 0.434 ± 0.000 0.063 ± 0.000

A1644 0.352 ± 0.001 -1.843 ± 0.014 2.823 ± 0.012 0.381 ± 0.014 0.843 ± 0.000 0.273 ± 0.001 0.043 ± 0.000

A1736 0.215 ± 0.001 -0.932 ± 0.001 1.803 ± 0.002 0.415 ± 0.005 1.379 ± 0.000 0.352 ± 0.001 0.011 ± 0.000

A3395 0.394 ± 0.001 -0.801 ± 0.001 1.743 ± 0.006 0.734 ± 0.006 1.411 ± 0.000 0.473 ± 0.001 0.228 ± 0.000

A2065 0.477 ± 0.001 -1.697 ± 0.017 3.581 ± 0.003 0.402 ± 0.002 0.549 ± 0.000 0.230 ± 0.001 0.149 ± 0.000

A3822 0.450 ± 0.001 -1.542 ± 0.008 3.073 ± 0.007 0.536 ± 0.009 1.450 ± 0.000 0.370 ± 0.000 0.119 ± 0.000

A3667 0.435 ± 0.000 -1.590 ± 0.004 2.701 ± 0.005 0.302 ± 0.005 0.536 ± 0.000 0.285 ± 0.001 0.079 ± 0.000

A754 0.341 ± 0.000 -1.053 ± 0.005 2.347 ± 0.008 0.406 ± 0.003 0.524 ± 0.000 0.308 ± 0.000 0.202 ± 0.000

A2256 0.373 ± 0.000 -1.273 ± 0.003 2.634 ± 0.001 0.333 ± 0.002 1.024 ± 0.000 0.277 ± 0.000 0.133 ± 0.000

A399 0.389 ± 0.001 -1.439 ± 0.013 2.980 ± 0.005 0.372 ± 0.004 0.698 ± 0.000 0.229 ± 0.000 0.080 ± 0.000

A2163 0.378 ± 0.001 -1.443 ± 0.018 2.772 ± 0.031 0.281 ± 0.010 0.272 ± 0.000 0.196 ± 0.003 0.082 ± 0.000

A3376 0.413 ± 0.000 -1.183 ± 0.002 2.362 ± 0.002 0.564 ± 0.002 1.159 ± 0.000 0.397 ± 0.001 0.072 ± 0.000

1212+2733 0.417 ± 0.002 -1.670 ± 0.036 2.919 ± 0.007 0.388 ± 0.030 1.206 ± 0.000 0.293 ± 0.003 0.102 ± 0.000

0350-3801 0.465 ± 0.005 -1.734 ± 0.019 3.286 ± 0.024 0.591 ± 0.044 1.453 ± 0.000 0.386 ± 0.001 0.082 ± 0.000

0318-0302 0.554 ± 0.002 -1.631 ± 0.042 3.520 ± 0.026 0.532 ± 0.043 1.306 ± 0.000 0.339 ± 0.002 0.073 ± 0.000

0809+2811 0.366 ± 0.002 -1.334 ± 0.031 2.689 ± 0.039 0.449 ± 0.022 1.291 ± 0.000 0.309 ± 0.002 0.115 ± 0.000

1312+3900 0.322 ± 0.004 -1.359 ± 0.009 2.461 ± 0.016 0.507 ± 0.024 1.443 ± 0.000 0.354 ± 0.001 0.030 ± 0.000

0141-3034 0.347 ± 0.004 -0.961 ± 0.003 2.232 ± 0.018 0.623 ± 0.020 1.591 ± 0.000 0.432 ± 0.002 0.048 ± 0.000

0522-3624 0.444 ± 0.006 -1.429 ± 0.051 3.634 ± 0.021 0.471 ± 0.017 1.013 ± 0.000 0.307 ± 0.002 0.087 ± 0.000

0853+5759 0.418 ± 0.010 -1.294 ± 0.049 3.043 ± 0.038 0.715 ± 0.009 1.075 ± 0.000 0.331 ± 0.003 0.030 ± 0.000

0333-2456 0.414 ± 0.004 -1.435 ± 0.016 2.785 ± 0.010 0.462 ± 0.030 1.363 ± 0.000 0.341 ± 0.001 0.117 ± 0.000

0926+1242 0.506 ± 0.007 -1.764 ± 0.046 3.563 ± 0.036 0.558 ± 0.039 1.420 ± 0.000 0.399 ± 0.001 0.158 ± 0.000

0030+2618 0.258 ± 0.004 -1.639 ± 0.013 2.450 ± 0.024 0.258 ± 0.013 0.578 ± 0.000 0.282 ± 0.001 0.045 ± 0.000

1002+6858 0.474 ± 0.006 -1.914 ± 0.029 3.657 ± 0.026 0.475 ± 0.050 1.388 ± 0.000 0.362 ± 0.002 0.065 ± 0.000

Continued on next page
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Table 3.4 � Continued from previous page

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

1524+0957 0.343 ± 0.003 -1.343 ± 0.030 2.701 ± 0.043 0.366 ± 0.025 1.065 ± 0.000 0.262 ± 0.003 0.102 ± 0.000

1354-0221 0.343 ± 0.005 -1.481 ± 0.030 2.477 ± 0.026 0.477 ± 0.049 0.977 ± 0.000 0.308 ± 0.003 0.028 ± 0.000

1120+2326 0.367 ± 0.003 -1.237 ± 0.005 2.477 ± 0.016 0.439 ± 0.030 0.964 ± 0.000 0.272 ± 0.003 0.087 ± 0.000

0956+4107 0.416 ± 0.005 -1.450 ± 0.041 2.969 ± 0.038 0.388 ± 0.021 1.156 ± 0.000 0.300 ± 0.001 0.147 ± 0.000

1334+5031 0.428 ± 0.006 -1.815 ± 0.081 3.075 ± 0.078 0.517 ± 0.055 1.350 ± 0.000 0.376 ± 0.002 0.068 ± 0.000

0542-4100 0.389 ± 0.003 -1.508 ± 0.076 3.040 ± 0.025 0.464 ± 0.031 0.935 ± 0.000 0.264 ± 0.005 0.099 ± 0.000

1202+5751 0.303 ± 0.003 -1.231 ± 0.012 2.372 ± 0.037 0.409 ± 0.043 1.191 ± 0.000 0.297 ± 0.003 0.106 ± 0.000

0405-4100 0.489 ± 0.006 -1.976 ± 0.045 3.959 ± 0.059 0.448 ± 0.086 0.903 ± 0.000 0.291 ± 0.004 0.014 ± 0.000

1221+4918 0.362 ± 0.003 -1.488 ± 0.026 2.855 ± 0.026 0.282 ± 0.028 0.811 ± 0.000 0.230 ± 0.003 0.091 ± 0.000

0230+1836 0.310 ± 0.003 -1.079 ± 0.045 2.271 ± 0.040 0.442 ± 0.032 1.093 ± 0.000 0.296 ± 0.002 0.130 ± 0.000

0152-1358 0.337 ± 0.003 -1.532 ± 0.064 2.405 ± 0.023 0.510 ± 0.011 1.183 ± 0.000 0.348 ± 0.005 0.169 ± 0.000

1226+3332 0.585 ± 0.006 -1.859 ± 0.057 4.222 ± 0.157 0.277 ± 0.059 0.411 ± 0.000 0.168 ± 0.014 0.035 ± 0.000
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Table 3.5: Statisti
s for the subsample of relaxed (R) and non-relaxed (N-R) 
lusters, and the


ombined (C) 
luster sample from the V09.

mean median K-S probability R-S probability

R N-R C R N-R C

Gini 0.55 0.39 0.47 0.54 0.39 0.44 1.42×10−07
8.73×10−09

M20 -1.96 -1.44 -1.72 -1.96 -1.44 -1.73 8.65×10−09
8.63×10−11

Con
entration 1.38 0.95 1.18 1.33 0.92 1.11 8.87×10−08
2.26×10−9

Asymmetry 0.39 0.44 0.42 0.38 0.44 0.40 0.12 0.027

Smoothness 0.68 1.05 0.85 0.61 1.09 0.94 0.0020 6.7×10−5

GM 0.27 0.31 0.29 0.28 0.30 0.28 0.012 0.003

Ellipti
ity 0.08 0.09 0.09 0.08 0.09 0.08 0.95 0.66

The Kolmogorov-Smirnov (K-S) test 
omputes the probability, with the null hypothesis, that

two samples are drawn from the same parent distribution. We performed the K-S test to investigate

whether or not the relaxed and non relaxed 
luster distributions were signi�
antly di�erent in our

parameter set. The results are given for ea
h parameter in Table 3.5, where a threshold of 1% means

that the probability is < 0.01, implying a possible reje
tion of the null hypothesis. In the table

we in
lude the Wil
oxon rank sum (R-S) test whi
h establishes the probability of whether the two

samples with the null hypothesis have the same mean. A threshold of 0.1% implies that we reje
t

the null hypothesis (that they have the same mean) if the probability is < 0.001. In addition,

the mean and median values for all morphology parameters are supplied. From the statisti
al

tests, we observed a signi�
ant separation between the two distributions (relaxed and non-relaxed


lusters) for the Gini, M20 and Con
entration, whi
h reje
ts the null hypotheses that the two

samples (relaxed and non-relaxed 
lusters) are the same and they have the same mean values.

The K-S and R-S probabilities are < 0.01 and 0.001, respe
tively, for the Smoothness parameter;

but we observed a high in
iden
e of overlapping between relaxed and non-relaxed 
lusters for the

Smoothness distribution. We found that the right side peak of non-relaxed 
lusters (dotted line)

in the Smoothness distribution 
orresponds mainly to the high-z 
lusters whi
h have low S/N


ompared with nearby 
lusters (whi
h fall mainly on the left side). Further details 
on
erning

the Smoothness parameter is given in � 3.3.3. For the remaining parameters, we 
annot reje
t

the above null hypotheses, whi
h means that Asymmetry, Gini of the se
ond order moment and

Ellipti
ity are not useful in separating relaxed and non-relaxed 
lusters.

3.3.2 Parameter vs Parameter planes

In the previous se
tion we indi
ated that the three parameters, Gini, M20 and Con
entration,

illustrated a promising separation between relaxed and non-relaxed 
lusters. Furthermore, we

investigated relaxed vs non-relaxed 
lusters in the parameter-parameter plane using 
ombinations

of morphology parameters to study the dynami
al states of galaxy 
lusters and the 
orrelation

between ea
h morphology parameter. In Fig. 3.3 we plotted our results in parameter-parameter

planes. Three parameters, Gini, Con
entration andM20, look parti
ularly powerful after 
ombining

with other parameters to di�erentiate between non-relaxed and relaxed 
lusters. Clusters with

di�erent dynami
al states (as 
lassi�ed by the V09) o

upy distin
t regions in the parameter-

parameter planes; for e.g., in the Con
entration vs Asymmetry plot, all relaxed 
lusters o

upy
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the upper region, while the lower region is o

upied by non-relaxed 
lusters. In our analysis we

did not observe any 
orrelation between 
luster dynami
al states and Ellipti
ity or Asymmetry.

As seen in Fig. 3.3, galaxy 
lusters within our sample show a range of di�erent morphologies and

are not 
on
entrated in parti
ular positions of the parameter-parameter spa
e. This is probably

be
ause of the hierar
hi
al 
luster formation pro
ess, indi
ating that 
lusters pass through multiple

(merger) phases in their evolution. Ea
h phase is dynami
ally important, and tra
es the 
luster

properties. This 
ould help in the understanding of large and 
omplex stru
ture formations in the

standard 
osmologi
al model.

We used the Spearman rank-order 
orrelation 
oe�
ient, ρ, and 
orresponding probability, p

to quantify any 
orrelation between parameter pairs. This resulted in a 
orrelation 
oe�
ient

between ranks of a group of individuals for a given pair of attributes. In order to 
al
ulate the

Spearman 
oe�
ient, ρ, it is ne
essary to assign ranks (low to high or high to low) to a given set of

variables, individually. Then next step is to measure the deviation between the ranks of variable

pairs, square this rank di�eren
e, and sum up. The value of the rank order 
orrelation 
oe�
ient

varies between -1 and 1. If the variables are negatively 
orrelated (anti-
orrelation) then ρ falls

between -1 and 0, but a value for ρ between 0 and 1 implies a positive 
orrelation between given

variables. ρ = 0 implies no 
orrelation between variables. The p value suggests the Spearman


orrelation probability that two sets of data are un
orrelated. Low probability indi
ates two data

sets are less un
orrelated and high probability indi
ates two data sets are more un
orrelated.

Fig. 3.3 indi
ates that the Con
entration is tightly 
orrelated with the Gini, while anti-
orrelated

with the M20 (see also Table 3.6 and Table 3.7). The Con
entration (Santos et al., 2008; Hudson

et al., 2010; Cassano et al., 2010b) is a useful parameter in separating non-relaxed from relaxed


lusters with almost all morphology parameters. Fig. 3.3 illustrates our plot of the C5080 Con
en-

tration parameter, whi
h means 50% of the �ux within the inner radius and 80% within the outer

radius. As seen in Fig. 3.3, relaxed 
lusters o

upy the upper left 
orner, while non-relaxed 
lus-

ters o

upy the bottom-right 
orner of the M20 vs Gini and Con
entration planes. In the Gini vs

Con
entration plane, relaxed 
lusters fall in the upper-right 
orner, while the bottom-left 
orner is

o

upied by non-relaxed 
lusters. In this study we found that the Gini 
oe�
ient was also useful in

separating non-relaxed 
lusters from relaxed 
lusters when plotted against most other parameters.

The Gini, Con
entration and M20 parameters are all inter-related as well (Table 3.6); and the Gini


oe�
ient 
ould be useful to use as a proxy of the Con
entration for dete
ting substru
ture in

high-z 
lusters. The advantage of using the Gini 
oe�
ient is that it is independent of the pre
ise

lo
ation of a galaxy 
luster's 
entre. The Asymmetry parameter is 
orrelated with Gini of the

se
ond order moment and Smoothness parameters (Okabe et al., 2010; Zhang et al., 2010; Rasia

et al., 2012). We did not observe any 
orrelation between the other six parameters and Ellipti
ity.

In general, three parameters - Gini, M20 and Con
entration - are very promising tools in the study

of the dynami
al state of 
lusters.
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Table 3.6: Spearman 
oe�
ient, ρ, for the subsample of relaxed, non-relaxed, and 
ombined 
lusters, between ea
h morphology parameter.

Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

R N-R C R N-R C R N-R C R N-R C R N-R C R N-R C R N-R C

Gini - -0.75 -0.58 -0.83 0.87 0.81 0.93 0.05 0.34 -0.02 -0.40 0.14 -0.38 0.11 0.14 -0.12 0.25 -0.04 0.05

M20 -0.75 -0.58 -0.83 - -0.91 -0.80 -0.92 0.13 0.12 0.24 0.18 0.15 0.40 0.07 0.21 0.29 -0.15 0.18 0.04

Con
entration 0.87 0.81 0.93 -0.91 -0.80 -0.92 - -0.06 0.04 -0.16 -0.29 -0.10 -0.41 -0.05 -0.20 -0.28 0.13 -0.10 -0.01

Asymmetry 0.05 0.34 -0.02 0.13 0.12 0.24 -0.06 0.04 -0.16 - 0.38 0.76 0.56 0.68 0.83 0.72 -0.22 -0.05 -0.12

Smoothness -0.40 0.14 -0.38 0.18 0.15 0.40 -0.29 -0.10 -0.41 0.38 0.76 0.56 - 0.42 0.85 0.65 -0.33 -0.01 -0.13

GM 0.11 0.14 -0.12 0.07 0.21 0.29 -0.05 -0.20 -0.28 0.68 0.83 0.72 0.42 0.85 0.65 - -0.20 -0.03 -0.06

Ellipti
ity 0.25 -0.04 0.05 -0.15 0.18 0.04 0.13 -0.10 -0.017 -0.22 -0.05 -0.12 -0.33 -0.019 -0.13 -0.20 -0.03 -0.06 -
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Table 3.7: Spearman test probability value, p, for the subsample of relaxed, non-relaxed, and 
ombined 
lusters, between ea
h morphology parameter.

This p value indi
ate the probability that two sets of data are un
orrelated.

Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

R N-R C R N-R C R N-R C R N-R C R N-R C R N-R C R N-R C

Gini - 0.0 0.0 0.0 0.0 0.0 0.0 0.70 0.03 0.83 0.01 0.37 0.0 0.46 0.37 0.26 0.09 0.77 0.61

M20 0.0 0.0 0.0 - 0.0 0.0 0.0 0.38 0.46 0.02 0.23 0.36 0.0 0.62 0.19 0.01 0.32 0.26 0.67

Con
entration 0.0 0.0 0.0 0.0 0.0 0.0 - 0.65 0.79 0.15 0.05 0.54 0.0 0.73 0.21 0.01 0.37 0.51 0.88

Asymmetry 0.70 0.03 0.83 0.38 0.46 0.02 0.65 0.79 0.15 - 0.01 0.0 0.0 0.0 0.0 0.0 0.14 0.74 0.26

Smoothness 0.01 0.37 0.0 0.23 0.36 0.0 0.05 0.54 0.0 0.01 0.0 0.0 - 0.01 0.0 0.0 0.03 0.91 0.21

GM 0.46 0.37 0.26 0.62 0.19 0.01 0.73 0.21 0.01 0.0 0.0 0.0 0.01 0.0 0.0 - 0.19 0.85 0.57

Ellipti
ity 0.09 0.77 0.61 0.32 0.26 0.67 0.37 0.51 0.88 0.14 0.74 0.26 0.03 0.91 0.21 0.19 0.85 0.57 -
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Despite this reasonable division between relaxed and non-relaxed 
lusters, we observed an over-

lap between some 
lusters, su
h as A401, A3571, A1651, A3158, A3562, A576, A2063, ZWCL1215,

A2657, A2589, A3391, 0355-374, 1641+4001, 1120+4318, 1222+2709, 0328-2140 and 1357+6232.

These are identi�ed as relaxed 
lusters in the V09, but in our parameter spa
e they fall into the

non-relaxed region. A401 (Murgia et al., 2010) and A3562 (Venturi et al., 2003) host radio halos

(indi
ating merger 
lusters) whi
h are 
learly identi�ed as non-relaxed 
lusters by our parameters

(although they are 
lassi�ed as relaxed in the V09). Dupke et al. (2007) predi
ted a line of sight

bullet-like 
luster in A576, using a 
ombination of Chandra and XMM observations. This gave

us 
on�den
e that our parameter set provided a good indi
ation of 
luster dynami
al states. The

remaining 
lusters may be weak mergers (pre- or post-merger) or they may have a weak 
ool 
ores.

In 
luster A85 (Kempner et al., 2002), in addition to the main 
ool 
ore 
luster, two sub
lusters

are visible, in the far South and NW, respe
tively. We 
al
ulated parameters for the main relaxed


luster, and found that it falls into the relaxed 
ategory, although very 
lose to the boundary of the

non-relaxed side, whi
h 
ould indi
ate a weak intera
tion between the sub
luster and the main 
ool


ore 
luster. Further investigation of these 
lusters is required in order to study their dynami
al

states. Based on our measurements, we 
ategorised most relaxed 
lusters by Con
entration > 1.55

and M20 < -2.0, while intermediate or weak 
ool 
ore 
lusters were 
ategorised by 1.0 < Con
en-

tration < 1.55 and -2.0 < M20 < -1.4, and distorted and non-relaxed 
lusters were 
ategorised by

Con
entration < 1.0 and M20 > -1.4. A

ording to the Gini 
oe�
ient, most relaxed 
lusters have

a Gini value > 0.65 and non-relaxed have Gini value < 0.40, while all intermediate 
lusters fall

between these two values. We 
hose these boundaries based on visual identi�
ation of ea
h 
luster

morphology (Fig. 3.3). Mean and median values (Table 3.5) produ
e a signi�
ant overlap due to

the presen
e of a large number of intermediate 
lusters in our sample.

3.3.3 Smoothness and Asymmetry parameters

In the previous se
tion we showed that the Smoothness and Asymmetry parameters are not 
a-

pable of separating relaxed and non-relaxed 
lusters. In this se
tion we will test di�erent possible

smoothing and angular size issues relating to them. Okabe et al. (2010) used a 2′ smoothing s
ale

for 
al
ulating the �u
tuation parameter. They, however, used it for R500 radius and the data

of the XMM-Newton whi
h has a large FOV 
ompared with the Chandra. We used 0.5′ (15 pix)

and 1′ (30 pix) smoothing s
ales, σ, with initial 4′′ (2 pix) and 10′′ (5 pix) smoothing of input


luster images (whi
h is su�
ient to not washed out any underlying substru
ture features). Re-

sults are shown in Fig. 3.4. We �nd that the di�erent smoothing s
ales (σ) had little a�e
t on

the Smoothness parameter. In this analysis, we used a �xed angular size of 2′′/pix to bin ea
h


luster image and the same angular smoothing s
ale (σ) for low- and high-z 
lusters. This angular

s
aling 
ould a�e
t the Smoothness parameter. To over
ome this, and instead of using a �xed

angular size, we s
aled ea
h 
luster image (of low- and high-z) in terms of �xed physi
al size of 10

kp
/pix. We then used 50 and 150 kp
 smoothing s
ales (σ) to smooth 
luster images in order to


al
ulate the Smoothness parameter. Both of these σ values were 
hosen based on the available

aperture size (segmentation map) of 
luster for whi
h we 
al
ulated the Smoothness parameter.

We also smoothed 
luster input images with (1) 15 (1.5 pix) and (2) 30 (3 pix) kp
 Gaussian

kernel sizes (whi
h is su�
ient to not washed out any underlying substru
ture features). Fig. 3.5
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Figure 3.3: Seven morphology parameters plotted in the parameter-parameter planes. C5080 was plotted

as the Con
entration parameter. ◦ = relaxed 
luster; × = non-relaxed 
luster. Galaxy 
luster separation

is based on the V09.
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Table 3.8: Statisti
s for two redshift bins: low-z (0.02�0.3) and high-z (0.3�0.9).

Parameters mean of low-z mean of high-z median of low-z median of high-z K-S probability R-S probability

Gini 0.50 0.44 0.47 0.43 0.08 0.09

M20 -1.75 -1.68 -1.76 -1.67 0.74 0.35

Con
entration 1.21 1.14 1.14 1.06 0.57 0.47

Asymmetry 0.38 0.46 0.36 0.46 0.0002 0.0008

Smoothness 0.65 1.11 0.53 1.16 1.57 × 10

−7
2 × 10

−6

GM 0.28 0.31 0.28 0.30 0.0016 0.004

Ellipti
ity 0.10 0.08 0.09 0.07 0.08 0.024

gives the 
al
ulated smoothness parameter for �xed physi
al smoothing kernel size. The Smooth-

ness parameter had barely 
hanged from the previous results, and had still not separated the two


lasses of 
luster, i.e. relaxed and non-relaxed. Finally, we divided the subsample of low- and

high-z 
lusters, and plotted separately for both the �xed angular size and physi
al size (Fig. 3.6).

In this �gure, we saw that there was no underlying redshift-dependent issue in the 
al
ulation of

the Smoothness parameter. In the Smoothness distribution of Figs. 3.2, 3.4 and 3.5, we observed

one peak (relaxed 
lusters) on the left side, and another peak (non-relaxed 
lusters) on the right

side. We identi�ed that the right side peak 
orresponds mainly to high-z (relaxed and non-relaxed)


lusters whi
h have low S/N 
ompared with nearby 
lusters whi
h fall on the left side. It is possible

that the Smoothness parameter is strongly depends on S/N. In our sample, S/N is di�erent for

ea
h 
luster, and neither do these 
lusters have equal exposure time. Furthermore, most 
lusters

(mainly high-z) do not have ≫ 1 
ount in ea
h (binned) pixel. So, in general, the Smoothness is

not a good parameter for a large number of 
lusters in whi
h ea
h has a di�erent exposure time.

In � 3.4.3, further we show that the Smoothness parameter depends highly on S/N.

We also investigated the Asymmetry parameter using various smoothing Gaussian kernel sizes

to smooth 
luster input images. We rotated this smoothed image by 180

◦
, subtra
ted it from

the input image, and normalised it. Our results for the �xed angular and physi
al s
ale 
luster

images are given in Fig. 3.7. None of the results indi
ates the separation of relaxed and non-

relaxed 
lusters. We also split the whole 
luster sample into subsamples of low- and high-z to

verify the Asymmetry parameter. But, as shown in Fig. 3.8, we 
on
luded that 
al
ulation of

the Asymmetry parameter is independent of 
luster redshift. As for the Smoothness parameter,

Asymmetry parameter is not useful be
ause the S/N is inadequate in a given large sample of


lusters (see � 3.4.3).

3.3.4 Redshift evolution

Based on 
urrent 
osmologi
al theories, massive galaxy 
lusters start to form around z ∼ 1 and have


ontinued to evolve upto the present epo
h. To look into the evolutionary e�e
t on the distribution

of the parameters, we divided our entire sample into low-z (0.02�0.3) and high-z (0.3�0.9), and

performed the K-S and R-S tests on ea
h parameter distribution to observe the di�eren
e between

the two redshift bins. Table 3.8 lists the mean, median and statisti
al test results for the two

redshift bins.

As seen in Table 3.8, the K-S and R-S probabilities are < 1% and < 0.1%, respe
tively, for

the Asymmetry and Smoothness parameters implying that we 
an reje
t both null hypotheses
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Figure 3.4: Cal
ulation of the Smoothness parameter for two di�erent Gaussian kernel sizes of �xed

angular s
ale. N shows smoothing size for input 
luster image. Galaxy 
luster separation is based on the

V09.
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Figure 3.5: Cal
ulation of the Smoothness parameter for two di�erent Gaussian kernel sizes of �xed

physi
al s
ale. N shows smoothing size for input 
luster image. Galaxy 
luster separation is based on the

V09.
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Figure 3.6: Smoothness parameter 
al
ulated for the subsample of low- and high-z 
lusters. We show

both �xed angular and physi
al s
ale smoothing kernel sizes. N shows smoothing size for input 
luster

image. Galaxy 
luster separation is based on the V09.
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Figure 3.7: Cal
ulation of the Asymmetry parameter for two di�erent Gaussian kernel sizes of �xed

angular and physi
al s
ale. N shows smoothing size for input 
luster image. Galaxy 
luster separation is
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Figure 3.8: Asymmetry parameter 
al
ulated for the subsample of low- and high-z 
lusters. We show

both �xed angular and physi
al s
ale smoothing kernel sizes in order to smooth 
luster image. N shows

smoothing size for input 
luster image. Galaxy 
luster separation is based on the V09.
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mentioned in � 3.3.1. It is believed that early stage mergers (high-z) are more asymmetri
 and


ontain more pat
hy and 
lumpy material 
ompared with low redshift 
lusters. As mentioned in

� 3.3.3, however, high-z 
lusters have low S/N 
ompared with low-z 
lusters, and hen
e have high

Smoothness values. Weak evolution is visible in the Gini and Gini of the se
ond order moment,

whi
h indi
ates the possibility that high redshift 
lusters are more extended (whi
h 
ould mean

that they do not have a density peak at the 
luster 
entre) 
ompared with those of low redshift.

The M20, Con
entration and Ellipti
ity do not show signi�
ant evolution. We plotted these two

redshift samples (low and high) in Fig. 3.9. The 
ombination of three promising parameters (Gini,

M20 and Con
entration) were plotted with boundaries between relaxed and non-relaxed 
lusters.

For example, in the Gini vs M20 plot in Fig. 3.9, non-relaxed 
lusters appeared in the upper left

quadrant, while relaxed 
lusters appeared in the bottom right quadrant.

A

ording to the V09 
lassi�
ation, there are a total of 48 low-z and 36 high-z 
lusters, of whi
h

33 are low-z relaxed, 12 are high-z relaxed, 15 are low-z non-relaxed and 24 are high-z non-relaxed


lusters. We divided this 
lassi�
ation further, using all three promising parameters:

1. Based on the Gini, we found that 9 
lusters are relaxed, 48 are intermediate (weak 
ool 
ore)

and 27 are non-relaxed. We then divided this 
lassi�
ation into two redshift bins: in the low-z

subsample there are 8 (∼ 17%) relaxed, 25 intermediate (∼ 52%) and 15 (∼ 31%) non-relaxed


lusters; in the high-z subsample there are 1 (∼ 3%) relaxed, 23 (∼ 64%) intermediate and

12 (∼ 33%) non-relaxed 
lusters.

2. Based on the M20, we found that 18 
lusters are relaxed, 50 are intermediate (weak 
ool


ore) and 16 are non-relaxed. We then divided this 
lassi�
ation into two redshift bins:

in the low-z subsample there are 12 (∼ 25%) relaxed, 28 intermediate (∼ 58%) and 8 (∼
17%) non-relaxed 
lusters; in the high-z subsample there are 6 (∼ 17%) relaxed, 22 (∼ 61%)

intermediate and 8 (∼ 22%) non-relaxed 
lusters.

3. Based on the Con
entration, we found 12 
lusters are relaxed, 41 
lusters are intermediate

(weak 
ool 
ore) and 31 
lusters are non-relaxed. We then divided this 
lassi�
ation into two

redshift bins: in the low-z subsample there are 10 (∼ 21%) relaxed, 20 intermediate (∼ 42%)

and 18 (∼ 37%) non-relaxed 
lusters; in the high-z subsample there are 2 (∼ 6%) relaxed,

21 (∼ 58%) intermediate and 13 (∼ 36%) non-relaxed 
lusters.

This shows 
learly that, in our sample, most of the 
lusters are in the intermediate stage (∼ 57%

based on the Gini 
oe�
ient, ∼ 60% based on the M20, and ∼ 49% based on the Con
entration

parameter) and are evolving 
ontinuously via merger. From the above statisti
s, we observed that

relaxed 
lusters are more dominant within the low-z sample, whi
h 
ould indi
ate that, in the


urrent epo
h, 
lusters show less substru
ture.

3.4 Systemati
s

We investigated a number of possible systemati
 e�e
ts, dis
ussed below, to study how robust

these parameters are in various 
onditions.
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Figure 3.9: Three parameters plotted in the parameter-parameter planes to show 
luster evolution with

redshift. Here we plotted C5080 as the Con
entration parameter. ◦ = low-z 
luster (0.02�0.3); × = high-z


luster (0.3�0.9). The dashed lines represent the boundaries between relaxed and non-relaxed 
lusters.

Boundary values for Gini = 0.65, M20 = -2.0 and Con
entration = 1.55. R indi
ates relaxed 
lusters and

N-R indi
ates non-relaxed 
lusters.
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Figure 3.10: Four parameters 
al
ulated with and without point sour
es, with plotted o�set between

them. Here we plotted C5080 as the Con
entration parameter. Less o�set suggests that parameters are

quite robust.

3.4.1 E�e
t of point sour
es

In order to test the e�e
t of point sour
es on the 
al
ulation of parameters, we 
al
ulated mor-

phology parameters on (exposure 
orre
ted and smoothed) 
luster images without removing the

point sour
es. We noti
ed that parameters are fairly robust against the in
lusion (or ex
lusion)

of point sour
es into the parameter 
al
ulation. Fig. 3.10 indi
ates how we plotted the o�set for

four parameters (Gini, M20, Con
entration and Smoothness) 
al
ulated with and without point

sour
es. As we observed, less o�set between parameters (with or without point sour
es) suggests

that they are quite robust. The Gini and M20, however, ea
h show a small extended tail on the

right hand side (Fig. 3.10). This result is obvious, be
ause the Gini 
oe�
ient in
ludes bright

pixels from point sour
es in the 
al
ulation, and thus in
reases by a small value. In the 
ase of the

M20, if the point sour
es are very 
lose to the 
entre, its value will de
rease by a small fa
tor.
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3.4.2 Aperture size e�e
t

Aperture radii have an important e�e
t when measuring morphology parameters. We 
hose to use

a �xed physi
al size radius rather than a �xed overdensity (R500) radius, be
ause it is di�
ult to

measure R500 a

urately for non-relaxed 
lusters. The FOV of the Chandra teles
ope is limited

for studies of nearby 
lusters (for z < 0.05, the 
luster linear size is less than 2 kp
/pix.). Taking

this into a

ount, therefore, we used a 200 kp
 �xed physi
al radius for nearby 
lusters (z <

0.05) and a 500 kp
 �xed physi
al radius for distant 
lusters (z > 0.05) in our analysis. The

large variation in aperture size does a�e
t the parameters be
ause they are related to surfa
e

brightness. Fig. 3.11 shows the e�e
t of various aperture radii on the parameters. We 
hose a

sample that in
luded both distant and nearby 
lusters and 
al
ulated the morphology parameters

in the radius sequen
e of 100 kp
 to 1 Mp
. In Fig. 3.11, the nearby 
lusters are plotted with a

dotted line, while the distant 
lusters are plotted with a 
ontinuous line. We also noted that we

had used 100 kp
 to 500 kp
 aperture sizes for nearby 
lusters. As per Fig. 3.11, in the 
ase of

distant 
lusters, a few parameters (Asymmetry, Smoothness, GM , and Ellipti
ity) remain 
onstant

in spite of aperture size, while the Gini, M20 and Con
entration parameters are sensitive to the

aperture radius within whi
h they are 
al
ulated, while tending to be stable for aperture radii

greater than 400 kp
. The three parameters, Gini, M20 and Con
entration depend on sele
ted

aperture region. The Gini parameter systemati
ally in
reases with aperture radius as more sky

pixels (whi
h are faint pixels situated near the 
luster edges and blended with ba
kground) are

in
luded in the extra
tion aperture, 
onversely the ex
lusion of these low surfa
e brightness pixels

will systemati
ally de
rease Gini 
oe�
ient. In the 
ase of M20, Ftot (total se
ond order moment

within aperture size) will in
rease (faster than 20% of the total 
luster �ux within given aperture)

with in
reasing aperture radius, hen
e M20 de
rease (see Eq.2.5). On the other hand, in the 
ase

of Con
entration parameter, the di�eren
e between outer radius (for example r80) and inner radius

(r50) in
rease with in
reasing aperture size or in other word outer radius in
rease faster than inner

radius whi
h 
ause value of the Con
entration parameter in
rease with in
reasing aperture size

(see Eq.2.6). Other parameters largely depends on S/N of given 
luster image than the sele
ted

aperture region of 
luster. Parameter values for nearby 
lusters (in parti
ular z < 0.05) are very

sensitive to the 
hosen aperture size. For 
al
ulating morphology parameters of nearby 
lusters,

we 
hose an intermediate radius of 200 kp
, whi
h was enough to in
lude su�
ient 
luster �ux.

3.4.3 Exposure time e�e
t

It is important to 
he
k the 
onsisten
y of the parameters over di�erent lengths of exposure time.

Observations with a shorter exposure time are likely to have more noise in the data (lower S/N).

Consequently, we were able to 
he
k the robustness of the parameters for 
luster images with lower

S/N. However, to res
ale the real data by exposure time and then add Poisson noise gives an image

whi
h has an ex
essive amount of Poisson noise, in addition to the intrinsi
 noise present in the

real observation. The simplest solution is to simulate a 
luster image with no intrinsi
 noise, rather

than using real data. To a
hieve this, we needed to estimate the di�erent 
omplex 
hara
teristi
s of

a model to simulate galaxy 
lusters. This task is 
onsidered di�
ult in the 
ases of non-relaxed and

disturbed 
lusters. To over
ome this problem, Hashimoto et al. (2007) suggested a novel te
hnique

for galaxy 
luster simulations 
alled �adaptive s
alings�, using real data and adding noise to the
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Figure 3.11: Morphology parameters 
al
ulated for a range of aperture sizes from 100 kp
 to 1 Mp
 for

distant 
lusters. Nearby 
lusters are 
al
ulated in a range of radii from 100 kp
 to 500 kp
 only. Solid

lines with • symbol are plotted for distant 
lusters, and dashed lines with × symbol are plotted for nearby


lusters.
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res
aled image. We des
ribe below the various steps to simulate the exposure time e�e
t on real

data.

1. To simulate data with a desired integration time t = t1, �rst res
ale an original unsmoothed

(events) image (E0) (in
luding ba
kground) by a fa
tor K0/(1-K0), where K0 = t1/t0, t0

is the original exposure time, and t1 is the desired exposure time (t0 > t1). This gives an

intermediate s
aled image E1,

E1 = E0 ×
K0

1−K0
. (3.2)

2. After this res
aling, Poisson noise is added to the res
aled image E1, by taking ea
h pixel

value as the mean for a Poisson distribution, and then randomly sele
ting a new pixel value

from the Poisson distribution. To add Poisson noise to the image, we used the python numpy

module, random.poisson.

3. This noise-added image is then further res
aled by a fa
tor (1-K0), giving a �nal image whose

signal is properly s
aled by K0 relative to the original image, but its noise is s
aled by

√
K0,

assuming that the intrinsi
 noise in the real data is Poissonian. The resulting �nal 
luster

image is smoothed by a Gaussian width, σ = 10′′.

An example of this adaptive method is given in Fig. 3.12; an example of the low exposure time

e�e
t on a 
luster. Subsequently we 
al
ulated our morphology parameters for ea
h short to long

exposure 
luster image.

Fig. 3.13 shows how morphology parameters behave with di�erent exposure lengths. We sim-

ulated a few original 
lusters with various exposure times, as des
ribed above, and re-
al
ulated

the morphology parameters for ea
h simulated 
luster. The data points of ea
h 
luster were joined

with a line, to illustrate the trend between morphology parameters and the various exposure times.

As depi
ted in Fig. 3.13, all parameters are robust against di�erent exposure times, with the ex-


eption of the Smoothness parameter. We noted, however, that the Gini, Gini of the se
ond order

moment and Asymmetry were not reliable when exposure time was . 5 ks. In the 
ases of the Gini

and Gini of the se
ond order moment, low exposure means low S/N, indi
ating that the Gini and

Gini of the se
ond order moment values are high for low exposure observations, although fairly


onsistent for exposure times & 5 ks. For the short exposure times, there are few bright pixels

within the given aperture radius (the rest are s
attered to very low ∼ 0). In other words, low

S/N 
auses broader �ux distribution in the faintest pixels, resulting in strong variation in the �ux

distribution, for whi
h we 
al
ulated the Gini 
oe�
ient; and hen
e the Gini 
oe�
ient gives a

high value 
ompared with the long exposure time. The value of the Smoothness de
reases 
ontin-

uously with in
reasing exposure time. This is to be expe
ted be
ause, for high S/N and exposure

time, the �ux distribution in any given 
luster image be
omes smooth and less pat
hy. Care must

therefore be taken when 
al
ulating the Smoothness parameter. We found that the Smoothness is

weakly 
orrelated with the Gini of the se
ond order moment and Asymmetry parameters, yet it

is not established whether we 
an use these latter parameters as a substitute for the Smoothness.

The remainder of the parameters were relatively 
onstant over di�erent exposure lengths.
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Figure 3.12: Simulated 
lusters for di�erent exposure times. Horizontally, from top left to bottom

right, the images were arranged from 2 ks to 18 ks, respe
tively, in order of 2 ks exposure time.
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Figure 3.13: Robustness of morphology parameters 
al
ulated for several 
lusters against various

simulated exposure lengths.
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3.4.4 Redshift e�e
t

It is hoped that these morphology parameters 
ould be used to tra
e the evolution of galaxy 
lusters

with redshifts. It is therefore important to understand the robustness as a fun
tion of redshift and,

to this end, it is ne
essary to 
he
k the following 
riteria:

1. The e�e
t of various angular bin sizes on morphology parameters.

2. The surfa
e brightness dimming e�e
t on morphology parameters.

We simulated several observations of galaxy 
lusters at a higher redshift (z1) than its real redshift

(z0) using real data from our sample 
lusters. Again, we adopted the pro
edure des
ribe by

Hashimoto et al. (2007). Initially, we 
reated an image (E0) of the restframe 0.5-7 keV band at

the a
tual redshift z0 of ea
h 
luster, and subtra
ted a mean ba
kground B (found at the edge

of the CCD). Higher redshift 
auses surfa
e brightness dimming, but only on the 
luster �ux. It

does not a�e
t the ba
kground whi
h plays an important role in high redshift 
luster observations.

Furthermore, it is not enough to s
ale E0 by 1/(1+z)4 be
ause the ba
kground noise would not be


orre
t. We therefore used an adaptive s
aling te
hnique similar to that of the exposure time 
ase

des
ribed in se
tion � 3.4.3, to s
ale E0 a

urately with the appropriate amount of ba
kground

noise. The adaptive s
aling te
hnique is not straightforward 
ompared with that for the exposure

time 
ase. In the present 
ase, it requires a pixel-to-pixel manipulation, be
ause even though the

ba
kground B is already subtra
ted from the 
luster signal, the intrinsi
 noise remains proportional

to E0+B. The following steps des
ribe the te
hnique.

1. An intermediate s
aled image E1 was made from E0 by a pixel-to-pixel manipulation, using

E1(x, y) =
E0(x, y)

2K2
1

[E0(x, y)K1 +B −K2
1 (E0(x, y) +B)]

, (3.3)

where

K1 = [(1 + z0)/(1 + z1)]
4. (3.4)

2. Poisson noise was added to E1 in the same way as des
ribed in � 3.4.3, generating an image

E
′

1 .

3. From this noise-added image, a new dimmed image, E2, is generated, whose 
luster �ux is

s
aled by K1 with respe
t to the original restframe image and the appropriate amount of

Poisson noise. Here it is ne
essary to apply reverse pixel-to-pixel manipulation, as shown by

E2(x, y) = E
′

1(x, y)
E0(x, y)K1 +B −K2

1 [E0(x, y) +B)]

E0(x, y)K1
. (3.5)

Adding the subtra
ted 
onstant ba
kground, B, to E2 gives

E
′

2(x, y) = E2(x, y) +B. (3.6)

4. The resulting dimmed image, E
′

2, should be rebinned by a linear s
ale fa
tor K2, in order

to a

ount for the angular-size 
hange due to the di�eren
e in redshift between two 
lusters
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Figure 3.14: Simulated 
lusters for di�erent redshifts. Figures are read from top left to bottom

right in order of low- to high-z, respe
tively.

at z0 and z1. This simple rebinning, however, will again not generate the pre
ise amount of

noise 
aused by the angular-size 
hange due to the di�erent redshift e�e
ts. For the purposes

of this study, this rebinned image was res
aled by a fa
tor of 1/(K2
2 -1) to set a

urately the

underestimated noise 
aused by the simple rebinning. Poisson noise was again added to this

res
aled image, by taking ea
h pixel value as the mean of a Poisson distribution. The �nal

image was 
reated by s
aling ba
k this Poisson noise-added image by a fa
tor of (K2
2 -1)/ K2

2 .

In order to 
onserve the surfa
e brightness, it is ne
essary to use K2
2 in the denominator.

In Fig. 3.14 we gave an example of 
lusters simulated via the method des
ribed above. This

example illustrates how a 
luster appears at high redshift. Subsequent to the simulation, we


al
ulated morphology parameters for ea
h 
luster redshift and plotted them (Fig. 3.15).

Fig. 3.15 shows the morphology parameter measurements for simulated redshift 
lusters (Fig. 3.14).

We simulated a few original 
lusters with various redshifts, using the method des
ribed above, and

re-
al
ulated morphology parameters for ea
h simulated 
luster. The data points of ea
h 
luster

were joined with a line, to illustrate the trend between morphology parameters and the various

redshifts. Fig. 3.15 illustrates that the Smoothness is systemati
ally in
reased with redshift. The

reason 
ould be that high-z 
lusters are noisy and appear pat
hy. The Ellipti
ity parameter ap-

pears parti
ularly noisy. Ex
ept for a few 
lusters, and after z & 0.5, the Gini, M20, Con
entration,

Asymmetry and Gini of the se
ond order moment parameters are fairly 
onstant, and the system-

ati
s 
aused by redshifts are small.

3.5 Combination of morphology parameters

We de
ided to further 
lassify dynami
al states of ea
h 
luster based on the 
ombination of Gini,

M20 and Con
entration. In � 3.3.2, we de�ned three parameter boundaries, i.e. Gini (relaxed


lusters have a Gini value > 0.65 and non-relaxed 
lusters have Gini value < 0.40, while all

intermediate 
lusters fall between these two values), M20 (relaxed 
lusters have a M20 value <
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Figure 3.15: Robustness of morphology parameters whi
h are 
al
ulated for several 
lusters against

simulated 
lusters at di�erent redshifts.
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-2.0 and non-relaxed 
lusters have M20 value > -1.4, while all intermediate 
lusters fall between

these two values) and Con
entration (relaxed 
lusters have a Con
entration value > 1.55 and non-

relaxed 
lusters have Con
entration value < 1.0, while all intermediate 
lusters fall between these

two values). Based on the 
ombination of these three parameters, we 
ategorised the V09 sample of


lusters into four stages - strong relaxed (strong 
ool 
ore), relaxed (
ool 
ore), non-relaxed (weak


ool 
ore) and strong non-relaxed (non-
ool 
ore) 
lusters. We sele
ted the following 
riteria for

identifying the dynami
al state of ea
h 
luster:

• If the Gini, M20 and Con
entration all indi
ate relaxed state, then the 
luster will be �strong

relaxed or strong 
ool 
ore�.

• The intermediate state of 
lusters is further divided into two 
lasses: if one or two parameters

fall into the intermediate state and another is relaxed (non-relaxed), then the 
luster will be

�relaxed (non-relaxed) or 
ool 
ore (weak 
ool 
ore)�.

• If all three parameters indi
ate a non-relaxed state, then the 
luster will be �strong non-

relaxed or non-
ool 
ore�.

Based on these 
ategories, in the entire V09 
luster sample, 8 (∼ 10%) 
lusters were strong

relaxed, 11 (∼ 13%) were relaxed, 52 (∼ 62%) were non-relaxed, and 13 (∼ 15%) were strong

non-relaxed. In the low-z sample, there were 7 (∼ 15%) strong relaxed, 6 (∼ 12.5%) relaxed, 29

(∼ 60%) non-relaxed, and 6 (∼ 12.5%) strong non-relaxed 
lusters. In the high-z sample, there

were 1 (∼ 3%) strong relaxed, 5 (∼ 14%) relaxed, 23 (∼ 64%) non-relaxed, and 7 (∼ 19%) strong

non-relaxed 
lusters. This 
ould suggest that the highest fra
tion of 
lusters (in the V09 sample)

are evolving or showing some substru
ture a
tivity (parti
ularly in the high-z sample) and that

fewer 
lusters are fully evolved. Fig. 3.16 shows the 3-D plot of the Gini, M20 and Con
entration

parameters. A 
ombination of these three parameters 
lassi�ed galaxy 
lusters as strong relaxed

(•), relaxed (⋄), non-relaxed (+) and strong non-relaxed 
lusters (×). The following se
tions o�er

a 
omparison between the di�erent dynami
al states of 
lusters and their global properties.

3.6 Comparison of parameters with X-ray gas properties

3.6.1 X-ray luminosity, temperature and mass

Our study 
ompared seven morphology parameters with three global 
luster properties (luminosity,

temperature and mass) taken from the V09 to sear
h for any possible 
orrelation of these global

properties with 
luster morphology. Fig. 3.17 shows a 
omparison, while Table 3.9 and Table

3.10 list the Spearman 
oe�
ient and probability values, respe
tively 
al
ulated for the 
lusters'

global properties and galaxy 
luster morphologies. Fig. 3.17 de�nes ea
h 
lusters' dynami
al state

a

ording to the 
ombination of the Gini, M20 and Con
entration morphology parameters (� 3.5).

No obvious 
orrelation between 
luster morphology and X-ray global properties was found

during our analysis. This may have been due to the fa
t that quantities su
h as X-ray luminosity

and temperature are not solely related to the dynami
al state of 
lusters (Hashimoto et al., 2007).

These properties also depends strongly on 
luster mass and on non-gravitational pro
esses su
h

as supernovae feedba
k, 
entral AGN heating, et
. (Donnelly et al., 1999; Tozzi & Norman, 2001;
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Figure 3.16: Gini, M20 and Con
entration parameters plotted in the 3-D plot. We plotted C5080 as the

Con
entration parameter. • = strong relaxed (strong 
ool 
ore) 
lusters, △ = relaxed (
ool 
ore) 
lusters,

+ = non-relaxed (weak 
ool 
ore) 
lusters, and × = strong non-relaxed (non-
ool 
ore) 
lusters.

Table 3.9: Spearman 
oe�
ient, ρ, for morphology parameters and X-ray global properties (lumi-

nosity, temperature and mass).

Luminosity Temperature Mass

Gini 0.19 0.03 0.03

M20 -0.13 0.03 0.07

Con
entration 0.18 -0.03 -0.05

Asymmetry -0.22 -0.23 -0.25

Smoothness -0.33 -0.26 -0.30

GM -0.25 -0.17 -0.21

Ellipti
ity 0.26 0.30 0.35

Neumann et al., 2003). Buote & Tsai (1996) also 
ompared their power-ratio measurements for

X-ray 
lusters with the ICM temperature and luminosity, without �nding any strong 
orrelation

between sub
lustering and global X-ray properties. In agreement with our 
on
lusion, they pointed

out that this la
k of 
orrelation is reasonable, sin
e power ratios are a measure of 
luster evolution

that do not take into a

ount the 
luster mass, to whi
h all the other X-ray quantities (e.g.

luminosity and temperature) are sensitive. We observed that all relaxed 
lusters o

upy high Gini,

low M20 and high Con
entration values in all three plots. We therefore 
on
luded that, to identify

the dynami
al state of a galaxy 
luster, X-ray global properties are not as useful as the surfa
e

brightness distribution or 
luster morphology, quanti�able using morphology parameters.

3.6.2 X-ray 
luster 
ooling time

X-ray emission is 
onsidered to be the primary 
ooling pro
ess for the ICM. Sin
e X-ray bremsstrahlung

emissivity is proportional to the square of the plasma density, the dense 
entres of a signi�
ant

fra
tion of 
lusters have bright nu
lei and low temperature, where 
ooling is at a maximum 
om-

pared with that of other parts of the 
luster. The 
ooling time is mu
h shorter than the Hubble
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Figure 3.17: Comparison of Left Luminosity,Middle Temperature and Right Mass (estimated from the

YX parameter) with morphology parameters. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed

(
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool


ore) 
lusters. We plotted C5080 as the Con
entration parameter. We take all these global properties

(luminosity, temperature and mass) values from the V09.

Table 3.10: Spearman test probability, p, for morphology parameters and X-ray global properties

(luminosity, temperature and mass).

Luminosity Temperature Mass

Gini 0.08 0.77 0.77

M20 0.23 0.81 0.56

Con
entration 0.10 0.81 0.66

Asymmetry 0.05 0.03 0.02

Smoothness 0.0 0.02 0.01

GM 0.02 0.13 0.05

Ellipti
ity 0.02 0.01 0.0
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time at the 
entre of a 
luster, allowing gas to 
ool from a high ICM temperature ∼ 10

8
K down

to ∼ 10

7
K.

Numeri
al simulations suggest that 
luster mergers may disturb the 
ooling �ow, and it has

been observed that in non-relaxed 
lusters the 
ooling �ow is either absent or at a very low level

(Rit
hie & Thomas, 2002; Burns et al., 2008; Hudson et al., 2010). It is important to know how, and

in what 
ondition, this 
ooling �ow is disrupted in non-relaxed 
lusters. We aimed to investigate

the relationship between the degree of substru
ture and 
ooling times or rates of a 
luster. We

used the 
ooling time information supplied by Hudson et al. (2010). Table 3.11 lists the 
ooling

time values for low-z 
lusters.

Hudson et al. (2010) 
al
ulated the average 
ooling time using the best-�t temperature as

tcool =
3

2

(ne + ni)kT

ne
2Λ(T, Z)

, (3.7)

where ne and ni are the ele
trons and number density of ions, respe
tively. They 
al
ulated the


ooling fun
tion, Λ(T, Z), by spline interpolation on a table of values for the APEC model, for an

opti
ally thin thermal plasma. They de�ned the 
entral 
ooling time (CCT) as

tcool(0) =
3

2
ζ
(ne0 + ni0)kT48

(n2
e0)Λ(T48)

, (3.8)

where ne0 and ni0 are the 
entral ele
tron and ion densities, respe
tively, and T48 is the average

temperature of the 0-0.048 R500 region.

Table 3.11 gives the 
ooling time values for the low-z 
lusters. Of the relaxed systems (as

identi�ed by the V09), A3158, A3391, Zw
l1215, A3562 and A401 have relatively high 
ooling time

values. These systems were 
lassi�ed as non-relaxed 
lusters by our 
ombination of morphology

parameters. In the non-relaxed sample (again from the V09), only three 
lusters - A3558, A1644,

and A2065 have relatively short 
ooling times. The short 
ooling times may suggest that the 
ores

of these 
lusters might not yet be disturbed by 
luster merger. Rossetti et al. (2007) analysed the

Chandra and XMM observations of A3558 and found that its 
ool 
ore had survived a merger. The

Chandra observations show bright 
luster nu
lei, whi
h also supports this idea. Chatzikos et al.

(2006) showed that A2065 is an unequal mass merger, whi
h 
ould be a reason behind the survival

of one of its 
ool 
ores. A

ording to the 
lassi
al de�nition of a 
ooling �ow, tcool < tage, where

tage (age of galaxy 
luster) ∼ 10 Gyr. We found the mean tcool value for strong relaxed 
lusters

to be 0.44 Gyr, for relaxed 
lusters 0.64 Gyr, for non-relaxed 
lusters 4.72 Gyr, and for strong

non-relaxed 
lusters 12.5 Gyr. This implies that the 
ooling me
hanism is 
ompletely disturbed

in strong non-relaxed 
lusters, while only ∼ 17% are 
ompletely disturbed among non-relaxed


lusters (�ve non-relaxed 
lusters have tcool > tage). Unfortunately, we did not have 
ooling time

information for the high-z 
lusters in our sample.

The 
orrelation of morphology parameters with 
ooling time is plotted in Fig. 3.18 for the

Con
entration, Gini and M20, respe
tively, on a log-log s
ale. Figs. 3.18a, 3.18b and 3.18
 show

that two of our parameters, the Con
entration and Gini, are anti-
orrelated, while the M20 is


orrelated with the 
ooling time of 
lusters. This indi
ates the possibility that surfa
e brightness

imaging data 
ould be useful in deriving the 
ooling time information of the 
entral intra
luster gas

using simple morphology parameters. Table 3.12 and Table 3.13 list the Spearman 
oe�
ient, ρ,
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Table 3.11: Available 
ooling time, tcool, values from Hudson et al. (2010) for the low-z 
lusters.

Cluster name tcool (Gyr) Cluster name tcool (Gyr)

A3571 2.13

−0.43
0.71 A2597 0.42

−0.03
0.04

A2199 0.6

−0.06
0.07 A133 0.47

−0.03
0.03

A0335 0.31

−0.01
0.01 A2244 1.53

−0.2
0.27

A496 0.47

−0.02
0.02 RXJ1504 0.59

−0.02
0.02

A85 0.51

−0.04
0.04 A2204 0.25

−0.01
0.01

A478 0.43

−0.07
0.1 A2029 0.53

−0.04
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Table 3.12: Spearman 
oe�
ient, ρ, between morphology parameters and 
luster 
ooling time.

Morphology parameters Cooling time (Gyr)

Con
entration -0.82

Gini -0.71

M20 0.83

Table 3.13: Spearman test probability, p, between morphology parameters and 
luster 
ooling

time.

Morphology parameters Cooling time (Gyr)

Con
entration 0.0

Gini 0.0

M20 0.0

and 
orresponding probability, p, respe
tively between the Con
entration, Gini andM20 parameters

and 
luster 
ooling time.

In order to investigate linear �tting, we simply used the power-law model to establish a re-

lationship between the morphology parameters and tcool (Fig. 3.18). For all three parameters,


ompositely, we 
onstituted tcool ∝ Con


−3.42±0.55
, tcool ∝ Gini

−3.0±0.35
and tcool ∝ M4.23±0.32

20 .

3.7 S
aling relation: Luminosity vs Temperature

S
aling relations between the X-ray observables are important in understanding the physi
al

pro
esses that give rise to these relations (Arnaud & Evrard, 1999; Neumann & Arnaud, 1999;

Maughan, 2007; Pratt et al., 2009; Mittal et al., 2011; Maughan et al., 2012). Compared with tem-

perature, X-ray luminosity 
an be a dire
t and easier measure from X-ray data, and it 
orrelates

with 
luster mass. It allows for mass-fun
tion measurements using mu
h larger 
luster samples,

understanding the sele
tion fun
tions of X-ray 
luster surveys and examining the history of the

heating me
hanisms in 
lusters (e.g. Maughan et al., 2012, and referen
es therein). Further, the

observed LX−T relationship is important for 
alibrating the mass-luminosity relationship (Borgani

et al., 1999). The total X-ray luminosity (or X-ray bolometri
 luminosity) of a 
luster is related

to the baryon number density through thermal bremsstrahlung, while the X-ray temperature is

determined by the gravitating mass of the 
luster. Hen
e, the LX − T relationship 
onstitutes a

dire
t and sensitive probe of the volume-averaged baryon fra
tion of the 
luster.

We derived the LX−T s
aling relation for our sample of 
lusters. We subdivided the 
lusters in

our sample a

ording to their di�erent dynami
al states, based on the 
ombination of morphology

parameters (� 3.5). For low-z 
lusters, we used the bolometri
 luminosity (0.01�40 keV) of 
lusters

as given by Reipri
h & Böhringer (2002). For the high-z 
lusters, we derived bolometri
 luminosity

(0.01�40 keV) using webspe


∗
. For 
al
ulating it, we used the Mekal spe
tra for a set of temperatures

and 
ompute �uxes in the 0.5-2 and 0.01-40 keV bands. Then we multiplied this ratio (between

0.5-2 and 0.01-40 keV bands) with the �ux values as given by the V09 for ea
h high-z 
luster. For


omputing this, we �xed abundan
e to the solar value of 0.3. For both the low- and high-z samples

we used temperature values from the V09 and derive the LX −T relationship. As des
ribed earlier

∗
http://heasar
.nasa.gov/webspe
/webspe
.html
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Figure 3.18: (a) Con
entration (C5080) parameter negatively 
orrelated with 
ooling time for �xed

radii. (b) Gini 
oe�
ient negatively 
orrelated with 
ooling time. (
) M20 
orrelated with 
ooling

time as 
al
ulated by equation 3.8. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed (
ool


ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool


ore) 
lusters. We used the power-law �tting to show the linear 
orrelation.
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Figure 3.19: Relationship between luminosity and temperature for our sample 
lusters. ◦ = strong

relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool


ore) 
lusters; and × = strong non-relaxed (non-
ool 
ore) 
lusters. We used the power-law model

to determine best-�t line for the LX − T relationship. The solid bla
k line = best-�t for strong

relaxed; the solid 
yan line = best-�t for relaxed; the solid blue line = best-�t for non-relaxed; the

solid red line = best-�t for strong non-relaxed; and the solid yellow line = 
ombined best-�t for

the whole sample 
lusters.

(� ref
ombpara), in our sample, we had a total of 8 strong relaxed, 11 relaxed, 52 non-relaxed

and 13 strong non-relaxed 
lusters. The X-ray luminosity-temperature relationship for these 84


lusters is shown in Fig. 3.19. In this �gure, ◦ shows the strong relaxed (strong 
ool 
ore), ⋄
shows the relaxed (
ool 
ore), + shows the non-relaxed (weak 
ool 
ore), and × shows the strong

non-relaxed (non-
ool 
ore) 
lusters. In Fig. 3.19, we also showed a best-�tted line 
al
ulated using

the power-law model

LX = L6

(

T

6 keV

)αLT

, (3.9)

where LX is the bolometri
 luminosity, and T is the temperature normalised by 6 keV whi
h is the


ommon temperature for ri
h 
lusters (
lose to the mean temperature of 5.09 keV of our sample


lusters). On 
luster s
ales, the relationship between the total X-ray luminosity and temperature

is approximately a power-law. Table 3.14 lists the best-�t slope (αLT ) and amplitude (L6) values.

We noti
ed that the 
ombined slope of all 
lusters is & 2. We also listed slope values for ea
h


ategory of dynami
al states. Fig. 3.19 re
ords our observation that the four dynami
al states of

all 
lusters (as well as their best-�tted lines) were separated in the LX − T plane, indi
ating a

possibility of di�erent evolution for ea
h of the four di�erent dynami
al states of 
lusters. There

is, however, s
attering between di�erent dynami
al states of 
lusters.
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Table 3.14: Best-�t values for LX − T relationship.

Cluster dynami
al state αLT L6

strong relaxed 1.44 ± 0.47 29.51 ± 5.24

relaxed 1.69 ± 1.00 14.04 ± 4.24

non-relaxed 2.34 ± 0.09 14.65 ± 0.96

strong non-relaxed 1.47 ± 0.30 11.15 ± 1.20


ombine 2.24 ± 0.10 15.85 ± 1.04

3.8 Dis
ussion and Con
lusion

In this work we showed how we used morphology parameters, to date applied only to quantifying

galaxy morphologies, to obtain 
onstraints on the dynami
al state of 
lusters. These parameters do

not depend on any model parameter �ts, su
h as the Beta model or power-law, and 
an therefore

be applied to both disturbed and regular 
lusters. In prin
iple, the Gini, Con
entration and M20

are very promising for the dete
tion of disturban
es in 
lusters at any s
ale. The Con
entration

had already been used by a number of authors to quantify substru
ture, parti
ularly at high-z

where most of the observations have lower exposure time and su�er from low S/N (Santos et al.,

2008; Cassano et al., 2010b). In order to measure the Con
entration, it was ne
essary to �x the


luster 
entre position (either opti
al position of the BCG or the simple image �rst order moment

or bary
entre) and then de�ne the inner and outer regions around the 
hosen 
entre. This is not

always possible in many of the high-z (∼ 1) 
lusters due to low photon 
ounts and distorted 
luster

morphology. In this work, we showed a tight 
orrelation between the Con
entration and the Gini


oe�
ient for both the low- and high-z 
lusters. This suggested that the Gini 
oe�
ient 
ould

be used as a repla
ement for the Con
entration mainly for high-z 
lusters. The 
hief bene�t of

using the Gini 
oe�
ient is that we do not need a well-de�ned 
luster 
entre. It works well for

low photon 
ounts as well as a

urately quantifying substru
ture. It is 
ompletely independent of


luster shape, it does not depend on any symmetry underlying the 
luster, and is independent of

the lo
ation of proje
ted (bright) pixels (whether they be at the 
entre or the edge) in the given

aperture.

The Gini 
oe�
ient was also 
orrelated with the M20, whi
h 
ould suggest that, in a relaxed

system, 20% of the X-ray �ux is 
entrally lo
ated where the ele
tron density is high, while this is

not possible for distorted and non-relaxed 
lusters where mergers may 
hange the 
luster density

distribution. Most relaxed and 
ool-
ore 
lusters have Gini > 0.65, whi
h means that most of the

�ux 
omes from only a small number of bright pixels, mainly found at the 
luster 
entre. Weak


ool-
ore 
lusters were found between 0.4 < Gini < 0.65, and most disturbed 
lusters had Gini <

0.4. This is obvious be
ause, in non-relaxed 
lusters, the X-ray emission (or bright pixels) is not


ompa
t but equally distributed in the given aperture radius whi
h gives a low Gini value.

We also found a tight 
orrelation between the Con
entration and the M20. Although these

parameters have similar de�nitions, they measure di�erent things. The M20 is useful in lo
ating

20% of the brightest pixels in a given 
luster image, while the Con
entration measures the ratio

between the inner and outer radii 
ontaining spe
i�
 per
entages of �ux, to quantify whi
h region

is brighter. In the 
ase of relaxed 
lusters, the inner region is brighter than the outer, and 20%

of the bright pixels are 
loser to the 
luster 
entre. We 
omputed the Con
entration for four
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de�nitions: 20-80%, 50-80%, 20-90% and 50-90% inner to outer radii. We noti
ed similar results

for all four de�nitions of the Con
entration parameter for all 
lusters. Most relaxed 
lusters had

Con
entration> 1.55, Gini > 0.65 andM20 < -2.0, while weak 
ool 
ore (intermediate) 
lusters had

1.55 > Con
entration > 1.0, 0.65 > Gini > 0.4 and -1.4 > M20 > -2.0. Distorted and non-relaxed


lusters had Con
entration < 1.0 and M20 > -1.4, while the Gini 
oe�
ient had < 0.4.

The Smoothness and Asymmetry parameters tra
e the 2-D morphology of galaxy 
lusters.

Unlike the Gini, M20 and Con
entration parameters, however, these two parameters did not show

any sign of being able to 
lassify galaxy 
lusters based on their dynami
al state. We showed similar

results in Chapter 2, where we 
al
ulated morphology parameters for MARX simulated 
lusters

whi
h had heterogeneous exposure time. In this situation, the Asymmetry and Smoothness were

not useful parameters. They largely depended on 
luster exposure time. In our sample, we did

not have uniform exposure time for all 
lusters, whi
h a�e
ts S/N and photon 
ounts between


lusters. This 
ould have 
aused di�
ulty for the Smoothness and Asymmetry parameters to

separate relaxed and non-relaxed 
lusters. Both of these parameters, however, 
ould still be useful

to tra
e or study other physi
al properties of galaxy 
lusters. For example, Zhang et al. (2010)

demonstrated a relationship between the Asymmetry parameter and mass ratio, for masses dedu
ed

from X-ray hydrostati
 equilibrium and weak-lensing. They also showed a relationship between

the their Flu
tuation (Smoothness) parameter and gas mass to weak lensing mass ratio. In our

study, it was observed that the Gini of the se
ond order moment parameter was also sensitive to

S/N of data, rendering this parameter also not useful.

We used a 
ombination of the Gini, M20 and Con
entration parameters to further 
ategorise


lusters into strong relaxed (strong 
ool 
ore), relaxed (
ool 
ore), non-relaxed (weak 
ool 
ore)

and strong non-relaxed (non-
ool 
ore) 
lusters. From this separation we found that, in the entire

V09 
luster sample (low and high-z), we had 8 (∼ 10%) strong relaxed, 11 (∼ 13%) relaxed, 52

(∼ 62%) non-relaxed and 13 (∼ 15%) strong non-relaxed 
lusters. In the low-z sample, there were

7 (∼ 15%) strong relaxed, 6 (∼ 12.5%) relaxed, 29 (∼ 60%) non-relaxed and 6 (∼ 12.5%) strong

non-relaxed 
lusters. In the high-z sample, 1 (∼ 3%) strong relaxed, 5 (∼ 14%) relaxed, 23 (∼
64%) non-relaxed and 7 (∼ 19%) strong non-relaxed 
lusters were present. This 
ould suggest that

majority of 
lusters in the V09 sample 
ontinue to evolve, showing some substru
ture a
tivity, and

that the minority are fully evolved. There are more non-relaxed and strong non-relaxed 
lusters

in the high-z sample than there are in the low-z sample.

We did not found any relationship between the morphology parameters and X-ray global proper-

ties of galaxy 
lusters. This is most likely due to the fa
t that morphology parameters are estimated

without regard for the mass of 
lusters, to whi
h other quantities, su
h as X-ray luminosity and

temperature, are instead related. The Gini, Con
entration and M20 appear to be 
orrelated with

the 
ooling time of 
lusters. X-ray imaging and surfa
e brightness maps are therefore useful in

investigating the 
ooling time of relaxed 
lusters.

The morphology parameters studied in this thesis were robust in various physi
al or observa-

tional 
onditions (high redshift, low exposure, et
). They helped us to investigate, with su�
ient

a

ura
y, 
luster morphology and dynami
al state. We noti
ed, however, that the Gini, Gini of

the se
ond order moment and Asymmetry are fairly weak parameters at < 5 ks exposure time.

The Smoothness parameter systemati
ally de
reased with in
reasing exposure time. The Smooth-

ness parameter is therefore not suitable when 
omparing obje
ts with a range of redshifts and/or
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exposure times. We therefore re
ommend that this be taken into a

ount in any estimation of the

Smoothness parameter for X-ray galaxy 
lusters. The Con
entration and M20 are reasonably ro-

bust at low exposure times. Systemati
s asso
iated with redshift e�e
ts are low, but some 
aution

is required in the interpretation of the results based on simulated 
lusters. We 
on
luded that the

Con
entration and M20 are more robust than the other parameters.

We derived the LX−T s
aling relation for sample 
lusters, and separated the di�erent dynami
al

states of 
luster a

ording to the 
ombination of morphology parameters. This 
lassi�
ation is

important in the study of the LX − T s
aling relation, in terms of understanding di�erent heating

me
hanisms and energy input to the system. For example, Maughan et al. (2012) studied this

relationship for a sample of 114 Chandra observed galaxy 
lusters. They 
ategorised 
lusters into

subsamples a

ording to their X-ray morphology or whether they host strong 
ool 
ores. From

this work, they 
on
luded that massive relaxed or 
ool 
ore 
lusters (T > 3.5 keV) obey strong

self-similarity outside the 
ore (r < 0.15R500) regions in an LX − T relationship with a slope of ≈

2. On the other hand, the LX − T slope of non-relaxed 
lusters is signi�
antly steeper than that

of the self-similar model. Their results are 
onsistent with a model of non-gravitational energy

input in 
lusters that 
ombines 
entral heating with entropy enhan
ements from merger sho
ks. A

self-similar 
orrelation su
h as theirs had not been observed before in the LX − T s
aling relation,

possibly due to the fa
t that most previous analyses had not separated 
ool 
ore and non-
ool 
ore

subsamples (Maughan et al., 2012). This suggests that it is important to 
lassify 
luster dynami
al

states when studying s
aling relations. Clearly, the LX − T relationship has to be measured in

greater detail with larger samples of well exposed 
lusters in order to rea
h a 
onsensus of its

evolution. Knowledge of this evolution is 
ru
ial in measuring the mass fun
tion of 
lusters in

order to 
onstrain 
osmologi
al parameters.

In our LX−T relationship plot we showed that various dynami
al states of 
lusters o

upy well-

de�ned lo
i in the LX − T plane. There is, however, s
attering visible among di�erent dynami
al

states of 
lusters, whi
h suggests that there 
ould be a bias in 
al
ulating bolometri
 luminosity

and global temperature. For instan
e, in the 
ase of merger 
lusters, the �ux from disturbed

and extended outskirts regions is typi
ally di�use and faint, and therefore unlikely to be dete
ted

be
ause of the limited aperture size of X-ray teles
opes (e.g. ROSAT) in the measurement of

total X-ray luminosity and temperature (Hashimoto et al., 2007). This results in a systemati


underestimation of bolometri
 luminosity and an overestimation of temperature. Similarly, the

presen
e of a 
luster 
ool 
ore 
ould raise bias in the 
al
ulation of either luminosity (overestimated)

or temperature (underestimated). Fig. 3.19 indi
ates that both of these e�e
ts might introdu
e

s
attering into our plot.

It would be interesting to apply these basi
 morphology parameters to hydrodynami
al simula-

tions in order to investigate whether simulations a
tually re-
reate the true shape, �ux distribution

and substru
ture based on real 
lusters.



4
XMC modelling

4.1 Ba
kground

In this Chapter, we will show the importan
e of 2-D thermodynami
 maps of galaxy 
lusters to

study substru
ture or dynami
al a
tivity among them. We used the XMC te
hnique to generate

thermodynami
 maps of low-z (0.02�0.3) 
lusters of the V09. As a start, we plotted radial pro�les

of ea
h thermodynami
 map of every 
luster to investigate �u
tuations and dis
ontinuities in


orresponding radial pro�les. Subsequently, we applied morphology parameters on these maps

to study their morphology. Then we 
ompared the power-law slope values of ea
h pro�le with

surfa
e brightness morphology parameters. We also investigated radial pro�les of individually

strong relaxed and strong non-relaxed 
lusters.

4.2 XMC method

Firstly, we des
ribe the basi
 method and steps required to run the XMC. It is assumed that

the given intra-
luster hot gas is 
omposed of a number of Gaussian �blobs� or smooth parti
les.

Ea
h blob has its own temperature, �ux, abundan
e, ele
tron density, phi and psi (sky lo
ation),

Gaussian width (size), redshift, absorption 
olumn, et
. X-ray emission from these hypotheti
al

�blobs� is then propagated through the (simulated) teles
ope's instrument, generating dummy X-

ray events in a similar way to that whi
h would 
ome from an a
tual X-ray observation. These

simulated events are 
ompared with the real data events being modelled. The input ICM param-

eters (temperature, �ux, sky position, et
.) are iterated using the adaptive Markov Chain Monte

Carlo (MCMC) method to explore the likelihood distribution of the parameter spa
e. When all

parameters are 
onverged after a su�
ient number of iterations, the resulting distribution of blobs

des
ribes the shape and 
hara
teristi
s of the galaxy 
luster under investigation (Andersson et al.,

2007). The advantage of the XMC te
hnique is that it explores, with the MCMC method, the ex-

tremely high dimensionality of parameter spa
e of the blobs for a given ICM model. The MCMC

te
hnique e�
iently samples the probability distribution of a model's parameters without being

trapped in lo
al likelihood maxima. The results is a well �tted list of sample 
luster models, all of

whi
h are 
onsistent with the data.
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Fig. 4.1 shows the basi
 blo
k diagram of the XMC te
hnique

∗
. As shown in this Figure, real

X-ray Chandra teles
ope data is modelled using the SPI (Smooth Parti
le Inferen
e) te
hnique

whi
h basi
ally a

umulates a number of two-dimensional spatial Gaussian blobs with individual

spe
tral and spatial models. In our analysis, we used the APEC model to des
ribe the X-ray

emission from the hot ICM. Model photons are simulated and propagated through the Chandra-

ACIS dete
tor model, and to that are added parti
le ba
kground Monte Carlo events whi
h in
lude

internal �uores
ent lines, ele
troni
 & CCD noise and soft proton signals. Real data and model

photons are binned in three-dimensional adaptive bins, and 
ompared via a two-sample likelihood

fun
tion. All spatial and spe
tral parameters for ea
h blob are iterated in a Markov 
hain with

an adaptive step length. Finally, all model samples in the 
onverged part of the 
hain are used to

re
onstru
t the 
luster. However, be
ause the XMC method is extremely 
omputing intensive, we


ondu
ted this analysis on the Centre for High Performan
e Computing (CHPC) 
luster in Cape

Town, South Afri
a.

4.3 Data sample

In this analysis, we used two galaxy 
luster samples. Our �rst sample is derived from the V09. Due

to un
ertainty and not having adequate S/N in high redshift galaxy 
luster observations, we were

restri
ted to low redshift 
lusters for the XMC analysis; furthermore, we did not have adequate

information about the XMC version for the Chandra teles
ope. From the V09 we took the low

redshift galaxy 
luster sample, a detailed des
ription of whi
h is given in Chapter 3.

Our se
ond sample is derived from the KA09, and des
ribed in Table 4.1. The 
lusters were ob-

served with the XMM-Newton teles
ope. The sample was taken from the XMM-Newton ar
hive as

of 2006 May 10, and analysed using the XMC te
hnique developed for the XMM-Newton teles
ope

(KA09). In deriving the 
luster sample, KA09 used the sele
tion 
riteria that:

• the 
luster should be a known X-ray sour
e (galaxy 
lusters or groups) from the NASA

Extragala
ti
 Database (NED) with the publi
 XMM-Newton observation ar
hive,

• the XMM-Newton pointing was required to be within 3

′

.5 of the sour
e position in the NED,

• 
luster observation should 
ontain time-integrated energy �ux above 10

−8
erg/
m

2
as well

as redshift above 0.065.

The �nal sele
tion in
ludes 101 sour
es. This sample des
ribes a wide range of 
luster properties

over a large range of redshift (KA09). The sample in
ludes 
lusters whi
h have luminosities ranging

from 9 × 10

43
erg/s to 1.1 × 10

46
erg/s, average temperatures from 2.2 to 11.6 keV and redshifts

from z = 0.069 to 0.89. KA09 
al
ulated the bolometri
 luminosities (and applied a bolometri



orre
tion) from the observed �ux, using tabulated redshifts as mentioned in the NED (Table 4.1).

∗
XMC manual
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Figure 4.1: XMC �ow 
hart showing the basi
 method for X-ray 
luster modelling. (1) Thou-

sands of smooth parti
les represent the ICM. Ea
h parti
le has its own sky position,

size, temperature, metalli
ity, luminosity, et
. These parameters predi
t in
oming

photons from the pre
ise sky 
o-ordinates with asso
iated energies. (2) Position and

energies of in
oming photons are 
onverted to dete
tor 
o-ordinates and pulse height

via the dire
t sampling Monte Carlo te
hnique. These 
onversion methods utilise

the teles
ope's response fun
tions and 
reate multiple photons per se
ond. At this

stage, the simulated ba
kground (sky + instrument) is also added to these simulated

events. (3) These simulated data are 
ompared with the a
tual X-ray events. (4) XMC

used multi-dimensional likelihood statisti
s for 
omparison between simulated and

real events. (5) In the su

essive steps, (free) parameters of the parti
les are iterated

using the MCMC te
hnique. The �nal results have a number of statisti
al samples

of a

eptable or 
onverged �ts whi
h fall into the �
on�den
e region� of the parti
le's

input parameters. This well ��tted� number of parti
les des
ribe the ICM.
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Table 4.1: Cluster sample from the KA09: (1) 
luster name; (2) redshift; (3) temperature; (4) X-ray

bolometri
 luminosity; (5) dynami
al state (based on the 
ombination of morphology parameters (Gini,

M20 and Con
entration); SR = Strong relaxed, R = Relaxed, NR = Non-relaxed, SNR = Strong non-

relaxed)

.

Name z Temperature (keV) Lbol (erg/s) Dynami
al state

CIZAJ1645.4-7334 0.069 3.86

0.24

−0.22 3.9×1044 R

A1837 0.07 3.85

0.08

−0.08 1.7×1044 NR

A3112 0.07 4.32

0.05

−0.04 6.4×1044 SR

A1775 0.072 3.7

0.1

−0.06 2.9×1044 NR

A399 0.072 6.92

0.23

−0.23 7.4×1044 NR

A1589 0.072 4.81

0.2

−0.18 2.1×1044 NR

A2065 0.073 5.36

0.11

−0.1 6.4×1044 NR

A401 0.075 7.79

0.22

−0.23 1.4×1045 NR

A2670 0.076 4.02

0.12

−0.11 3.3×1044 NR

A2029 0.077 6.88

0.11

−0.08 2.2×1045 SR

RXCJ1236.7-3354 0.08 2.8

0.11

−0.1 1.6×1044 R

RXCJ2129.8-5048 0.08 4.55

0.26

−0.19 2.6×1044 SNR

A2255 0.08 6.98

0.35

−0.28 6.7×1044 NR

RXCJ0821.8+0112 0.082 3.69

0.29

−0.24 1.3×1044 NR

RXCJ1302.8-0230 0.083 3.52

0.09

−0.09 1.9×1044 NR

A1650 0.084 5.53

0.07

−0.08 7.8×1044 R

A1651 0.084 6.2

0.18

−0.16 1×1045 NR

A2597 0.085 3.46

0.03

−0.03 6×1044 SR

A1750 0.086 4.45

0.13

−0.13 3.1×1044 NR

A478 0.088 6.04

0.04

−0.04 2.7×1045 SR

A278 0.089 3.39

0.13

−0.14 1.5×1044 NR

A2142 0.09 8.15

0.24

−0.28 2.9×1045 NR

A3921 0.094 5.65

0.15

−0.14 6.3×1044 NR

A13 0.094 5.0

0.17

−0.17 2.8×1044 NR

A3911 0.097 5.94

0.19

−0.14 5.7×1044 NR

RXCJ2319.6-7313 0.097 2.27

0.09

−0.07 2.2×1044 SR

CL0852+1618 0.098 2.76

0.25

−0.21 9.63×1043 NR

A3827 0.098 6.93

0.15

−0.13 1.1×1045 NR

RXCJ0211.4-4017 0.101 2.22

0.07

−0.07 1.2×1044 R

A2241 0.101 3.66

0.45

−0.28 3×1044 R

PKS0745-19 0.103 6.44

0.07

−0.07 3.4×1045 SR

RXCJ0645.4-5413 0.105 7.39

0.33

−0.26 7.7×1044 R

RXCJ0049.4-2931 0.11 4.02

0.19

−0.18 3.4×1044 R

A1302 0.116 6.59

0.46

−0.42 5.6×1044 NR

RXCJ0616.8-4748 0.116 5.05

0.45

−0.44 3×1044 NR

RXCJ2149.1-3041 0.118 3.53

0.07

−0.07 3.8×1044 SR

RXCJ1516.3+0005 0.118 5.25

0.16

−0.15 4.7×1044 NR

RXCJ1141.4-1216 0.119 3.53

0.06

−0.06 4.1×1044 SR

RXCJ0020.7-2542 0.131 6.47

0.27

−0.23 5.8×1044 NR

RXCJ1044.5-0704 0.134 3.67

0.04

−0.06 7.3×1044 SR

Continued on next page
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Table 4.1 � Continued from previous page

Name z Temperature (keV) Lbol (erg/s) Dynami
al state

RXCJ0145.0-5300 0.136 6.8

0.42

−0.44 8.3×1044 NR

A1068 0.138 3.81

0.08

−0.07 8.4×1044 SR

RXJ1416.4+2315 0.138 3.58

0.38

−0.33 2.2×1044 NR

RXCJ0605.8-3518 0.141 4.52

0.08

−0.08 1×1045 SR

A1413 0.143 7.3

0.19

−0.19 1.4×1045 R

RXCJ2048.1-1750 0.147 5.92

0.28

−0.23 5.8×1044 NR

A3888 0.151 9.31

0.69

−0.51 1.5×1045 NR

A2034 0.151 7.41

0.27

−0.21 1.6×1045 NR

RXCJ2234.5-3744 0.151 7.88

0.22

−0.22 1.5×1045 NR

A2204 0.152 6.44

0.08

−0.09 3.5×1045 SR

RXCJ0958.3-1103 0.153 5.2

0.19

−0.2 1×1045 SR

A868 0.153 5.86

0.54

−0.39 6.8×1044 NR

RXCJ2014.8-2430 0.154 4.9

0.08

−0.07 2×1045 SR

A2104 0.155 9.55

1.43

−0.97 1.3×1045 NR

RXCJ0547.6-3152 0.166 6.92

0.22

−0.2 1.1×1045 NR

A2218 0.171 7.17

0.21

−0.17 1.1×1045 NR

A1914 0.171 9.49

0.28

−0.18 2.7×1045 NR

A665 0.182 7.94

0.23

−0.24 1.7×1045 NR

A1689 0.183 9.07

0.17

−0.12 3.1×1045 R

A383 0.187 4.21

0.09

−0.08 9.7×1044 SR

A520 0.199 8.45

0.33

−0.26 1.7×1045 SNR

A2163 0.203 11.12

0.3

−0.39 5.7×1045 NR

A209 0.206 7.21

0.27

−0.26 1.5×1045 NR

A963 0.206 6.43

0.22

−0.19 1.4×1045 R

A773 0.217 7.41

0.33

−0.26 1.5×1045 NR

A1763 0.223 7.67

0.34

−0.33 1.7×1045 NR

A2261 0.224 8.66

0.71

−0.67 2.5×1045 R

A267 0.231 6.67

0.38

−0.37 1.2×1045 NR

A2390 0.231 8.68

0.29

−0.27 4×1045 R

RXJ2129.6+0005 0.235 5.74

0.04

−0.1 2×1045 SR

A1835 0.253 7.14

0.1

−0.11 4.9×1045 SR

RXCJ0307.0-2840 0.253 6.47

0.38

−0.35 1.6×1045 NR

E1455+2232 0.258 4.59

0.08

−0.09 1.9×1045 SR

RXCJ2337.6+0016 0.273 7.74

0.66

−0.52 1.7×1045 NR

RXCJ0303.8-7752 0.274 8.21

0.64

−0.62 1.8×1045 NR

A1758 0.279 9.16

0.39

−0.43 1.9×1045 SNR

RXCJ0232.2-4420 0.284 7.13

0.31

−0.29 2.6×1045 NR

ZW3146 0.291 6.21

0.14

−0.1 4.1×1045 SR

RXCJ0043.4-2037 0.292 6.95

0.46

−0.42 1.8×1045 NR

RXCJ0516.7-5430 0.295 8.33

0.84

−0.74 1.7×1045 SNR

RXJ0658-55 0.296 11.58

0.26

−0.35 5.7×1045 SNR

RXCJ2308.3-0211 0.297 7.22

0.91

−0.67 1.3×1045 NR

RXJ2237.0-1516 0.299 3.46

0.44

−0.42 3.1×1044 SNR

Continued on next page
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Name z Temperature (keV) Lbol (erg/s) Dynami
al state

RXCJ1131.9-1955 0.307 7.69

0.55

−0.4 2.4×1045 NR

RXCJ0014.3-3022 0.308 8.36

0.46

−0.45 3.1×1045 NR

MS2137-23 0.313 4.67

0.17

−0.19 2.1×1045 SR

MS1208.7+3928 0.34 5.85

1.04

−0.8 3.9×1044 NR

RXJ0256.5+0006 0.36 6.68

1.02

−0.8 9.7×1044 NR

RXJ0318.2-0301 0.37 6.07

1.07

−0.81 8.6×1044 NR

RXJ0426.1+1655 0.38 7.85

2.64

−1.73 8×1044 NR

RXJ1241.5+3250 0.39 6.63

0.74

−0.72 7.5×1044 NR

A851 0.406 6.25

0.41

−0.45 9.9×1044 SNR

RXCJ2228+2037 0.412 9.03

0.5

−0.49 2.6×1045 NR

CL0016+16 0.541 9.2

0.5

−0.55 4×1045 NR

MS0451.6-0305 0.55 10.02

0.8

−0.6 4.1×1045 NR

RXJ1120.1+4318 0.6 6.09

0.89

−0.69 1.3×1045 NR

MS1137.5+6625 0.782 8.58

2.33

−1.98 1.6×1045 NR

MS1054.4-0321 0.823 9.2

1.26

−1.03 3×1045 SNR

WARPJ0152.7-1357 0.837 7.93

0.73

−0.45 2×1045 SNR

CLJ1226.9+333 0.89 10.69

0.82

−0.81 4.2×1045 R

4.4 Data redu
tion and image preparation

XMC analysis for the Chandra teles
ope requires three input �les: (1) the events �le whi
h in
ludes

information 
on
erning 
luster observation su
h as photon position, energy, photon arrival time,

et
.; (2) the exposure map whi
h is a 
ombination of the amount of time the teles
ope spent on

the sour
e or on part of the sky, and instantaneous e�e
tive area a
ross the �eld of view; and (3)

the dete
tor map whi
h basi
ally tells the XMC program whi
h ACIS rmf (redistribution matrix

�le) to use from the given XMC-Chandra 
alibration �les.

We pro
essed all Chandra ar
hival data with the CIAO version 4.3 and the CALDB version

4.4.6. First of all we used the 
handra_repro task to repro
ess all ACIS imaging data. This s
ript


reates a new se
ond level event �le as well as a bad pixel �le by reading the data from the standard

Chandra data distribution (whi
h 
ontains primary and se
ondary data �les). This step applies

the latest 
harge transfer ine�
ien
y (CTI) 
orre
tion, the latest time-dependent gain adjustment,

the latest gain map, PHA and pixel randomisation. It also 
leans the VFAINT ba
kground (if

any) and uses 
ontinuous 
lo
king mode times of arrival. After repro
essing, we removed any

high ba
kground �ares (3σ 
lipping) with the l
_sigma_
lip routine task and then atta
hed the

good time interval (GTI) �le to the events. All our event �les in
lude the 0.3�7 keV broad energy

band. Without removing any point sour
es for the XMC analysis, we in
luded them in the XMC

modelling.

To generate an exposure map, we used the aspe
t solution, the bad pixel list, the dete
tor

mask and the parameter blo
k �les. All of these �les are supplied with the Chandra ar
hival

data as `primary' and `se
ondary' produ
ts. To 
reate an exposure map, we �rst 
opied the CCD
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(ACIS-I or ACIS-S) region from the events �le whi
h 
ontains the observation of 
luster, using the

task dm
opy. Then we 
omputed the aspe
t histogram using the task asphist, and the aspe
t

solution �le whi
h 
ontains the teles
ope opti
al axis' ra, de
, and roll vs time information. The

fun
tion of the aspe
t histogram is primarily to lessen the time needed in 
omputing the response

averaged during the observation. This aspe
t histogram 
an be used as an ingredient to generate

the Chandra instrument map using the task mkinstmap. This task generates an instrument map

whi
h gives the e�e
tive area vs dete
tor position for the analysis of imaging observation. This

map is basi
ally the produ
t of the e�e
tive area of the X-ray mirror proje
ted onto the dete
tor

surfa
e with dete
tor quantum e�
ien
y (QE). It 
omputes a 1024 × 1024 instrument map for

mono-energy of 1.5 keV photons in
ident on the ACIS dete
tor. Finally, we used this instrument

map to 
reate an exposure map using the task mkexpmap. An exposure map gives CCD e�e
tive

area vs sky position, and used to 
onvert a 
ounts image of a 
luster sour
e to an image in �ux

units.

We used the automated s
ript mkdetmap (supplied with the XMC) to 
reate the dete
tor map

whi
h basi
ally tells the XMC program whi
h ACIS rmf to use for the respe
tive ACIS CCDs

used in the observation. RMF des
ribes the response of the dete
tor as a fun
tion of energy (i.e.

the physi
al properties of in
oming photons in units of keV) and 
hannel (i.e. dete
ted properties

as dete
tor pulse height in units of PHA or PI). In prin
ipal, ea
h element (gratings, fo
al plane

dete
tors, et
.) of any teles
ope has a spe
i�
 response to an in
oming photon's individual physi
al


hara
teristi
s, su
h as energy, time or position in the sky. Here we 
onsidered the RMF as a

dis
rete representation of a given ACIS instrument's response to in
oming photons. If �
 represents

the expe
ted dete
tor 
ounts vs 
hannel, �s is the physi
al spe
trum (�ux vs energy), and R is the

response matrix, then the relationship between in
oming photon and dete
ted photon properties

is des
ribed as �
 = R × �s. This response is stored in the form of a 2-D matrix. The XMC program

in
ludes the 
alibration �les (RMF, QE, et
.) for ea
h CCD (ACIS-I (0, 1, 2, 3) and ACIS-S (7)).

Refer the KA09 for a des
ription of how the XMM-Newton data were redu
ed and how Lumi-

nosity (and temperature) maps were 
reated using the XMC te
hnique for their sample 
lusters.

4.5 Smooth Parti
le Model Setup

Below we des
ribe in detail the plasma and dete
tor models used in the XMC modelling to 
har-

a
terise the ICM. These models in
lude spe
tral and spatial model 
omponents, as well as soft

gala
ti
 X-ray ba
kground, 
osmi
 X-ray ba
kground (or hard extra gala
ti
 X-ray ba
kground)

and instrument model (Chandra-ACIS).

Ea
h smooth parti
le or blob in the XMC 
onsists of these multiple 
omponents of plasma and

dete
tor models or, in other words, the multiple 
omponents model applies independently to ea
h

blob. In the XMC analysis, some model parameters are free to vary either lo
ally (mainly ICM

parameters) or globally (mainly X-ray ba
kground parameters). Lo
al parameter refers to where

the value of parameter 
hanges for the individual blob in ea
h iteration, and global parameter

refers to where the value of parameter is �xed for ea
h blob in every iteration. The number of

free parameters depends on the quality of X-ray data and response of the XMC for various X-ray

teles
opes. For example, the XMC version for the XMM-Newton teles
ope is well tested (Andersson
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et al. 2007, KA09, Frank et al. 2013) and for that we keep the abundan
e as a free parameter.

On the other hand, not mu
h resear
h has been done, using the XMC version for the Chandra

teles
ope, about how the abundan
e parameter a�e
t the �tting. However, we kept the abundan
e

free for a few 
lusters, to 
he
k its e�e
t on the �nal 
onvergen
e, but found that the abundan
e

parameter does not vary in the given range (0 to 2 Z⊙), remained range bound between ∼ 0.8 to

1.2 for most 
lusters whi
h we had kept abundan
e free. Fig. 4.2 shows the abundan
e map for

ea
h of two 
lusters. In these maps we note that the higher abundan
e value (& 1 Z⊙) belongs

to the outer 
luster regions (
loser to CCD edges), where X-ray observation is not reliable (due to

the presen
e of noise), and the lower value (0.8 . Z⊙ . 1) belongs to the 
luster region indi
ated

by white 
ontours (whi
h remains a high abundan
e value for 
lusters). It is possible that the

MCMC 
ould not iterate e�
iently for the abundan
e parameter and might be stu
k between lo
al

maxima. Hen
e, for the remainder of our analysis, we kept a �xed abundan
e value of 0.3 Z⊙

for all 
lusters, being the average value for most 
lusters. Ideally, this issue should be further

investigational and �xed before future analysis is attempted. The following is a brief des
ription

of various model 
omponents.

4.5.1 Spe
tral and spatial model

This model is a 
ombination of spe
tral and spatial models (wabs*lape
*sgau). For the purpose of

modelling galaxy 
lusters, we used a set of spatial Gaussian blobs des
ribed by a two dimensional

(x, y) position and a Gaussian σ width. In addition, ea
h blob was assigned the WABS absorption

model together with the spe
tral APEC model whi
h in
ludes hydrogen 
olumn density (nH),

temperature, abundan
e, redshift and �ux. The latter model produ
ed an ICM spe
trum from

ea
h blob. Every blob has an individual single temperature (free lo
al parameter) whi
h may

be di�erent from the temperatures of other surrounding blobs. Sin
e ea
h blob is des
ribed by

a Gaussian, there will always be overlapping among blobs whi
h 
ould results in (wide-spread)

multi-temperature plasma. Table 4.2 shows values of ea
h parameter from spe
tral and spatial

models used to model emission from galaxy 
lusters.

As shown in Table 4.2, in the 
ase of the spe
tral model (wabs*lape
), we used the NRAO H1

all sky survey data

∗
for gala
ti
 absorption for ea
h 
luster (whi
h was �xed for ea
h individual


luster during the XMC analysis). It is advantageous to 
hoose a parameter range that is wider

than expe
ted (Andersson et al., 2007). In our sample, the measured average temperature range

was from 2�15 keV; and, based on that, we 
hose to vary the temperature in the 0.5 to 30 keV

range. We �xed the abundan
e parameter at 0.3 Z⊙ be
ause based on our and our 
ollaborators'

experien
e, as mentioned above, this parameter does not 
onverge well in the 
ase of the XMC

analysis of the Chandra data. We also �xed the 
orresponding redshift of ea
h 
luster (V09). In the


ase of the spatial model (sgau), the dete
tor 
oordinates are similar to those of the Chandra-ACIS

(
hip I (0-1-2-3) and 
hip S (7)) dete
tors. Prior to starting the MCMC pro
ess, some photons in

the input events were removed based on spatial position. Full 
overage of ACIS-I images is 16.9 by

16.9 (x and y) ar
min and ACIS-S is 8.3 by 50.6 ar
min. The XMC set the 
entre at (-7.5, -162.5)

for all blobs, and allowed these blobs to vary in the 503.5′′(8.39′) region in all four dire
tions. ACIS

photons outside of the 16.78′ × 16.78′ squared, 
entred on the 
luster, are removed. Ea
h model

∗
http://
x
.harvard.edu/toolkit/
olden.jsp
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Figure 4.2: Abundan
e maps generated by the XMC te
hnique for two 
lusters. The abundan
e

parameter varies in the range of 0�2 Z⊙. It is noted that the abundan
e does not vary in the


luster regions (white 
ontour).
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Table 4.2: Spe
tral and Spatial model parameters value for the XMC analysis.

Parameters Fixed/Free min and max values

Spe
tral model

nH Fixed NRAO H1 all sky survey

T (keV) Free 0.5 - 30keV

Z⊙ Fixed 0.3

z Fixed a

ording to the V09

Spatial model

x Free -8.4

′
- 8.4

′

y Free -8.4

′
- 8.4

′

ln σ (

′′
) Free 0 - 6

′′


omponent has its 
orresponding normalisation parameter, and the fra
tion of photons allo
ated

to ea
h are free parameters.

4.5.2 X-ray ba
kground

The X-ray ba
kground model has a total of four 
omponents. The �rst and se
ond 
omponents

(ape
*uni+wabs*ape
*uni) a

ount for the soft gala
ti
 X-ray ba
kground (SXB) originating from

our Galaxy. This uniform emission 
omponent 
onsists of a thermal plasma spe
tral model APEC

with WABS absorption. The soft X-ray photons have X-ray energies . 1 keV. The SXB is ade-

quately des
ribed as several thermal 
omponents in the 0.05�0.5 keV range. This emission 
onsists

of lo
al (and thus weakly absorbed) thermal 
omponents plus an absorbed, more distant, 
ontri-

bution from the Gala
ti
 halo. Sin
e the SXB originates from our Galaxy at z = 0 with the APEC

model at temperature of 0.20 keV and solar metal abundan
e Z⊙ = 1, it des
ribes the data well.

Here we �xed all of these parameters for all smooth parti
les.

The third 
omponent (wabs*bknpower*uni) a

ount for the 
osmi
 X-ray ba
kground (CXB)

originating from unresolved a
tive gala
ti
 nu
lei with X-ray energies of & 1 keV. This 
omponent

is well modelled using a broken power-law with photon index Γ1 = 2, Γ2 = 1.4, and Ebreak = 1.2

keV. For ea
h 
luster, 
olumn absorption density is �xed a

ording to that given by the NRAO

H1 sky survey. Hen
e, the extra gala
ti
 ba
kground is represented by a model 
omponent with a

spatially uniform, WABS absorbed, power-law spe
trum.

The last 
omponent (a
isba
k) is the instrument (ACIS) ba
kground model (Markevit
h et al.,

2003a). This model 
onsists of various 
omponents relating to the dete
tor. A soft proton ba
k-

ground is modelled as a power-law with Γ = 0.10. Ele
troni
 noise from the dete
tor is modelled as

an exponential, with F ∝ e

−E/Ei
where Ei = 100 eV. Di�erent materials of the Chandra dete
tors

are the 
ause of the �uores
ent lines ex
ited by high energy parti
les whi
h 
an be modelled with

the XMC. These internal lines in
lude the Al ka, Si Ka, Si Kb, Au Ma,Au Mb, Au M
, Ru La, Ru

Lb, Ni Ka1, Cu Ka, Ni Kb, Au Ll and Au La1 
omplexes. The lines are approximated with delta

fun
tions at their respe
tive energies. All of these parameters used in the instrument ba
kground


omponent are kept �xed for all blobs, and they all retain individual values for all 
luster data.



4.6 MCMC model and MCMC 
hain 
onvergen
e 139

4.6 MCMC model and MCMC 
hain 
onvergen
e

In the Monte Carlo analysis, the above model parameters provide the probability fun
tions to

simulate model photons whi
h are propagated through the Chandra dete
tor model. In the analysis,

it is essential to supply two important fa
tors to model the data a

ording to the quality of input

X-ray data and available 
omputing power. These fa
tors are: (1) the number of smooth parti
les

or blobs whi
h represent the ICM. This number varies between the minimum number of parti
les

(100) and the maximum (1000). In our analysis we used 500 smooth parti
les for the modelling of

ea
h 
luster. (2) the oversimulation fa
tor (the ratio of simulated photons to a
tual data photons)

whi
h determines the number of model photons. Here we 
hose a model-to-data oversimulation

fa
tor of 10 for all 
luster data sets (whi
h means that the XMC generates ten times more model

photons than data photons, having made the 
uts as dis
ussed previously, whi
h are 
onsidered to

be emitted from 500 blobs of ICM). At this stage, there is insu�
ient resear
h output available to

us for the appropriate oversimulation fa
tor related to the XMC version for the Chandra 
ompared

with that of the XMC version for the XMM-Newton (Frank et al., 2013). In prin
iple, however, it

would be ideal to set the oversimulation fa
tor as large as possible to redu
e the model noise, but

one is restri
ted by �nite 
omputing speed and internal memory (KA09).

The 
onvergen
e 
riteria depends on the size of the input observation data and number of free

parameters. In X-ray astronomy, a χ2
statisti
 gives a well-known goodness of �t 
riterion for a

given degree of freedom (dof) number, whi
h is 
omputed as the number of energy 
hannels minus

the number of model (free) parameters, and for a given 
on�den
e level. The most 
ommon �t

statisti
, χ2
, is used for �nding the �best-�t� parameter value for a given model, i.e. the given

model parameters are varied to �nd the parameter values whi
h provide the most desirable �t

statisti
. It is de�ned as

χ2 =

∑

i(d(i)− dm(i))2

σ(i)2
, (4.1)

where d(i) represents a
tual data 
ounts ith, dm(i) represents the model or simulated 
ounts ith,

and σ(i) is the error asso
iated with a
tual data 
ounts. For our analysis, all the results derived

from the model samples are from the iterations from 500 to 3000, as depi
ted in Fig. 4.3, where the

value of χ2
is redu
ed and stable, and is 
onsider to be a 
onverged 
hain where all 
orresponding

parameters have the best-�t value for individual 
lusters. We are grateful to the CHPC fa
ility for

providing su�
ient time for us to model all the V09 low-z 
lusters. Typi
ally it takes approximate

one week to rea
h su�
ient number of iterations (∼ 3000).

4.7 Parameters maps

From the XMC pro
ess, we have 
onstru
ted spatial 2-D parameter maps of normAPEC (whi
h

is equivalent to emission measure (EM)) and temperature. Cluster luminosity is 
losely related to

the X-ray emission measure of galaxy 
lusters. Consequently, instead of 
al
ulating luminosity, we

opted to use the emission measure whi
h is a 
losely related quantity of luminosity. We 
al
ulated

the emission measure dire
tly from the 
hain of 
onverged iterations of MCMC samples. One of

the parameters of blob, �blob-normalisation�, is a
tually APEC normalisation

∗
, and is related to

∗
Xspe
 manual
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Figure 4.3: Poisson χ2
per degree of freedom plot showing that model parameters 
onverge after ∼

500 MCMC iterations. We used iterations from 500 to 3000 for our analysis, and 
reated parameter

maps from then.

the emission measure of the ICM. In the MCMC analysis, this parameter was allowed to be free,

varying (globally) the emission measure for all blobs as

normAPEC =
10−14

4πDA
2(1 + z)2

∫

nenHdV, (4.2)

where DA is the angular diameter distan
e to the 
luster (
m), ne and nH are the ele
tron and

Hydrogen atom densities (
m

−3
). The last integral quantity is a
tually the emission measure, given

as

EM =

∫

nenHdV. (4.3)

EM is dire
tly 
onne
ted to the X-ray luminosity via the 
ooling fun
tion ∧(T ) (Lum ∝ EM ∧(T )).
The 
ooling of a plasma by thermal radiation is usually expressed by the 
ooling fun
tion ∧(T ).
For most of the hotter 
lusters, where bremsstrahlung emission is signi�
ant, the 
ooling fun
tion,

∧ ∼ T 1/2
. On the other hand, at lower temperature 
lusters, the emission is depi
ted mainly by

lines of di�erent elements, whi
h dramati
ally 
hange the ICM 
ooling fun
tion. Therefore, in

analysing the broad range of 
luster temperatures, it is appropriate to use the emission measure

rather than luminosity where the 
ooling fun
tion is in
onstant. This emission measure map is

also referred to as the �pseudo density� map and is also related to the 
luster surfa
e brightness.

From this we are able to re
onstru
t the emission measure of the 
luster by 
al
ulating

EM(xi, yi) =
∑

i

EMi
e

−(ρ−ρi)
2

2σ2
i

2πσ2
i

, (4.4)

where EMi is the normalisation for the ith blob at ea
h (x, y) position, ρi is the proje
ted spatial

position for the ith blob, and σi is the spatial width for the ith blob. Consequently, taking the

average of the maps over the 
onverged samples provides an image of the emission measure of the


luster whi
h we 
onsider as a density map. These maps 
onform with the pre
ision given by the

noise as well as the a

ura
y di
tated by the SPI model, 
orre
ted for dete
tor exposure and CCDs
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gap, vignetting, and PSF 
onvolution, all of whi
h distort the raw 
ounts image. Furthermore, the

position where the S/N is at its maximum is where blobs are best 
onstrained, and the SPI average

intensity maps are multi-resolution image re
onstru
tions. Similarly, we are able to 
onstru
t maps

for other parameters, su
h as temperature or abundan
e, by using the following equation:

T (xi, yi) =

∑

i SBiTi
e

−(ρ−ρi)
2

2σ2
i

2πσ2
i

L(xi, yi)
, (4.5)

where Ti is the value of the parameter (e.g. temperature or abundan
e) for the ith blob at ea
h

(x, y) position, SBi is the APEC normalisation, σi is the spatial width for the i
th
blob, and ρi is the

proje
ted spatial position for the ith blob. Hen
e, these maps are emission weighted temperature

maps. If only individual sample maps are 
reated, then it may not be possible to re
onstru
t a

visualization of the 
luster satisfa
torily, be
ause the map 
onsists of both the data and the noisy

simulation. It is therefore ne
essary to �nd a means of averaging, preferably over a large set of

samples. In the following se
tion we will des
ribe how to generate median maps.

4.7.1 Median maps

It is possible to 
al
ulate a median map by taking the median of the EMi(x, y) or Ti(x, y) over

all iterations i in the 
onverged 
hain of MCMC samples. In Fig. 4.4, we show median maps for


luster EM for the ACIS-I runs. From the maps we see that, when the MCMC iteration starts,

the given blobs are distributed 
ompletely randomly but, as the number of iterations in
reases,

at ∼ 100 iterations the median map starts to reveal the stru
ture of the 
luster. This means

that, at this stage, the MCMC 
hain is still evolving but is not fully 
onverged with satisfa
tory

solutions. As the 
hain evolves with time, we see that blobs are settling with a proper �t value

(while the 
orresponding χ2
value is redu
ed) and the stru
ture of the 
luster be
omes visible at

a higher number of iterations. The median surfa
e brightness map of the last 1000 samples in

the stationary part of the MCMC 
hain 
learly mat
hes the input model; and this 
onverged part

forms a reliable basis for further analysis. Similarly, we are able to 
onstru
t a median map of

emission weighted temperature.

As stated earlier, sin
e we are using multiple blobs in the modelling, the average temperature

from the SPI te
hnique be
omes higher than that of standard analysis. The reason is that we

used hundreds of blobs, whi
h are extended in the modelling of a single 
luster so that multiple

overlapping between blobs at any spatial position 
an take pla
e. The XMC assigned temperature,

position, abundan
e, et
., to ea
h blob, 
hanging the value in ea
h MCMC iteration. This enabled

us to 
onstru
t a wide range of multiphase plasma temperatures at any given 
oordinate. Basi
ally,

this range depends on the prior range for the temperature given in the iteration. In generating

EM or temperature maps, we took the median over all iterations (500-3000) in ea
h 4′′ × 4′′ pixel.

In some 
ases, it is possible to see artifa
ts (lumpy stru
tures) in a median map. The reason may

be that the blobs are 
onstantly varying the given parameter spa
e, and 
hanging positions with

ea
h other. Taking a mean over a number of MCMC samples 
an redu
e this e�e
t. We have 3000

iterations, and have noti
ed this e�e
t on a minimal number of 
lusters on a very small spatial

s
ale.
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Figure 4.4: Median surfa
e brightness maps of 
luster for various iterations. 800
′′×800

′′
surfa
e brightness

maps of the ICM after 5, 10, 50, 100, 500 and 1000 MCMC iterations (top left (a) to bottom right (f)).

Maps are 
entred on the aim point of the ACIS-I dete
tor, i.e. (4096, 4096) in the CCD physi
al unit.

These maps are 
al
ulated a

ording to Eq. 4.4 and median over all iterations are taken in ea
h 4
′′ × 4

′′

pixel.
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4.7.2 Error estimation and systemati
 e�e
ts in the XMC maps

In the XMC generated maps, we estimated un
ertainties by identifying ten independent sets of

samples in the 
onverged MCMC 
hain. We took, sequentially, 250 iterations in ea
h sample,

starting at iteration 500 (500, 750, 1000,..., 2750). The EM or temperature maps derived from

these sets were then evaluated independently, and the un
ertainty on these quantities is deter-

mined from the rms s
atter within these ten sets. KA09 mentioned that the XMC te
hnique has

high dimensionality of overall parameter spa
e. Further, that the la
k of lo
al likelihood maxima

suggests that it is possible that the motions of blobs in the given parameter spa
e are large and

that, within 
ertain iterations, there is no memory of previous states. In this estimation of error,

ea
h subset 
an be represented as an independent re
onstru
tion of a 
luster.

4.8 Combined thermodynami
 pro�les

In this se
tion, we �rst show 
ombined radial pro�les of all low-z 
lusters of the V09 sample. We

studied radial pro�les of temperature, density, pseudo entropy (T/n
1/3
e ) and pressure maps (T ×

n
1/2
e ) to understand the distribution of these quantities in relaxed and non-relaxed 
lusters.

Ea
h of our 2-D maps are 16.6′ × 16.6′ (250 × 250) 
entred on the (0, 0) physi
al unit of

a modelled dete
tor, whi
h 
orresponds to ACIS-I or ACIS-S aim points. We used the 
entre

of a 
luster de�ned by the 
entroid of the density map for ea
h 
luster, and applied it to all


orresponding thermodynami
 maps. Then we used the s
aled radius R500 to de�ne the bin size

over the distribution of the ICM, and divided the 
luster into a number of annuli. We 
al
ulated

R500 by the following equation:

R500 =

(

M500

1.33× π × 500ρc

)1/3

, (4.6)

where M500 is the mass within the R500 radius taken from the V09 (MT 
al
ulated by the M�T

relation), and ρc is the 
riti
al density of the Universe at respe
tive redshift of the 
luster, de�ned by

ρc = 1.4 × 10

−7
(Ω∧+(Ωm ×(1+z)3)). In order to 
al
ulate the radial pro�le, we de�ned ea
h bin

in the s
aled radii of [0.01�0.3℄R500 whi
h was normalised by the mean value within [0.01�0.2℄R500.

For example, in the 
ase of the temperature map, ea
h radial bin of (0.01, 0.02, 0.03, 0.04, 0.05,

0.06, 0.07, 0.08, 0.09, 0.1, 0.15, 0.2, 0.25, 0.3)R500 was normalised by the mean of T[0.01−0.2]R500
.

This pro
edure is the same as that for 
al
ulating radial pro�les of other thermodynami
 maps.

Be
ause fewer photons at higher distan
es from the 
luster 
entre 
ause un
ertainty in the maps,

we restri
ted our measurements to within 0.3 R500 for low-z 
lusters, and took advantage of the

XMC to measure thermodynami
 quantities in small radii.

Fig. 4.5 shows temperature (keV), density (
m

−5
), entropy (keV*
m

2
) and pressure (dyne/
m

2
)

as a fun
tion of s
aled radius for the sample of low-z 
lusters (strong relaxed, intermediate and

strong non-relaxed). We di�erentiated 
lusters a

ording to the 
ombination of surfa
e brightness

morphology parameters (see Chapter 3). In Fig. 4.5, the solid bla
k line shows strong relaxed


lusters (strong 
ool 
ore), while the blue and red dashed lines show intermediate and strong non-

relaxed 
lusters (non-
ool 
ore), respe
tively. For simpli
ity, we 
ombined the relaxed (
ool 
ore)

and non-relaxed (weak 
ool 
ore) 
lusters as intermediate 
lusters. We noti
ed, in all 
ombined
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thermodynami
 radial pro�les, that there is a broad dispersion in the 
luster 
ore at ∼ 0.02 R500.

At radius ∼ 0.1 R500, all pro�les 
onverged and again dispersed at ∼ 0.2 R500, although the

dispersion was not as large as that of the 
ore.

In the temperature pro�les given in Fig. 4.5, we observed two di�erent trends of evolution

between strong relaxed and strong non-relaxed 
lusters. In this temperature pro�le, we would

have expe
ted steep pro�les for strong relaxed 
lusters, be
ause of the 
ooling e�e
t. However,

it was only in the temperature pro�le that we observed overlap between strong relaxed (A478

and A2029) and strong non-relaxed 
lusters. This 
ould suggest that a 
entral (powerful) AGN

of these two 
ooling �ow 
lusters is responsible for in
reasing the temperature of the surrounding

ICM, hen
e the �atter pro�le in the 
ore. We also noti
ed that a few intermediate 
lusters (A3571,

A3158, and A2163) had higher temperature in the 
ore than that of strong non-relaxed 
lusters.

In the entropy pro�le (Fig. 4.5), we observed a di
hotomy of strong relaxed and non-relaxed


lusters, while intermediate 
lusters were spread between these two 
lasses. Entropy de
lines

in the 
ore of strong relaxed 
lusters (although the temperature is high), while for strong non-

relaxed 
lusters entropy is high in the 
ore and the pro�le is �atter (Pratt & Arnaud, 2003; Voit,

2005; Donahue et al., 2006a; Sanderson et al., 2009b). This indi
ates the possibility that heat or

energy input from the sho
k-heated region (mainly outskirts) of the 
luster 
ould be transported

su�
iently to the 
ore of the 
luster to o�set the energy lost from 
ooling. Entropy pro�les of

strong relaxed 
lusters are more tightly grouped than those of strong non-relaxed 
lusters. In strong

relaxed 
lusters, there is therefore no obvious indi
ation of the passage between the sho
k-heated

(outskirts) region and the 
ooling dominated 
ore. Generally, it is believed that, in strong relaxed


lusters, the 
ooling pro
ess regulates the entropy in the 
luster 
ore in order to minimise the s
atter

between them. In 
ontrast, the entropy pro�le of strong non-relaxed (and intermediate) 
lusters

indi
ates larger diversity, a possible reason being di�erent (gravitational) heating me
hanisms at

various lo
ations a�e
ting them. Entropy is a very important tool in 
lassifying 
lusters, based on

the 
lusters' 
entral entropy distribution, and is a promising way of identifying me
hanisms that

prevent gas from 
ondensing at their 
ores.

Fig. 4.5 also indi
ate that strong relaxed 
lusters have systemati
ally denser and 
uspy 
ores

whi
h are in equilibrium with surrounding pressure balan
e to sustain the regular 
ooling �ow

towards the 
entre. The Density pro�le of strong relaxed 
lusters is 
onsistent with the drop

in gas temperature in moving towards the 
ore. In the 
ore, strong relaxed 
lusters have higher

ele
tron density (and pressure) as 
ompared with that of strong non-relaxed 
lusters. Some relaxed


lusters (
ool 
ore) in the intermediate group have lower densities in their 
ores. This may indi
ate

that either their periodi
 
ooling me
hanisms are out of phase, or that non-gravitational heating

(powerful AGN) 
ould be displa
ing material out of the 
ore.

Fig. 4.6 shows the mean radial pro�les of strong relaxed (mean values of whole solid bla
k lines at

ea
h radial bin, as shown in Fig. 4.5), intermediate (mean values of whole blue dashed lines at ea
h

radial bin, as shown in Fig. 4.5), and strong non-relaxed 
lusters (mean values of whole red dashed

lines at ea
h radial bin, as shown in Fig. 4.5) along with �u
tuations. Flu
tuations are measured

by taking the standard deviation of whole strong relaxed 
luster pro�les (standard deviations of

whole solid bla
k lines at ea
h radial bin), intermediate 
luster pro�les (standard deviations of whole

blue dashed lines at ea
h radial bin), and strong non-relaxed 
luster pro�les (standard deviations

of whole red dashed lines at ea
h radial bin). In this 
ase, �u
tuations are a
tually measuring the
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diversity between ea
h pro�le of strong relaxed, intermediate and strong non-relaxed 
lusters. The

mean pro�le of ea
h map shows the separation between di�erent dynami
al states of 
lusters. We

see the separation between strong relaxed 
lusters (symbol `o'), intermediate 
lusters (symbol `♦')
and strong non-relaxed 
lusters (symbol `x') in Fig. 4.6.

In the mean temperature pro�le, we noti
e �u
tuations in the 
entre of the strong relaxed


lusters, whi
h 
ould indi
ate the variation in the ICM temperature between strong relaxed 
lusters


aused by non-gravitational (AGN) heating. It is a
knowledge that there is large �u
tuation

between intermediate 
lusters due to the diverse nature of di�erent merging phenomena and heating

pro
esses. In the 
ase of strong non-relaxed 
lusters, there is a possibility that merger sho
k

has in
reased the 
ore temperature of all strong non-relaxed 
lusters in our sample, hen
e less

�u
tuation. In the mean entropy pro�le, strong relaxed 
lusters show less �u
tuation, the possible


ause being dissipation of heat in the dense 
ore region of strong relaxed 
lusters. The mean density

pro�le indi
ates the lowest �u
tuation among all strong relaxed 
lusters, while the 
orresponding

pressure pro�le gives some �u
tuation. A possible reason is that the pressure gradient will vary

for di�erent 
ooling �ow 
lusters, depending on outer density and temperature.

In these plots, we �tted (1) the power-law model with a 
onstant base in the form of F (r) =

F0+F (R500)
α
, and (2) the pure power-law model with a 
onstant F0 = 0, giving F (r) = F (R500)

α
.

In the �rst power-law model, F0 is a 
onstant base, while α is the slope in both the power-law

models. F = T (temperature), ne (density), K (entropy) and P (pressure) for ea
h pro�le of T, ne,

K and P, respe
tively; and F0 = T0, ne0, K0 and P0 for ea
h pro�le of T, ne, K and P, respe
tively.

Table 4.5 shows the values of F0, F and α (power-law with a 
onstant base), while Table 4.6 shows

the values of F and α (pure power-law). We listed best-�t power-law model values for ea
h pro�le

and 
luster dynami
al group, as well as mean values for 
ombined radial pro�les (strong relaxed,

intermediate and strong non-relaxed) of temperature, entropy, density and pressure, to establish

the relationship with radius. For the purpose of 
larity, Fig. 4.6 displays the best-�t line derived

from the power-law model with a 
onstant base.
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Figure 4.5: Thermodynami
 radial pro�les for all low-z 
lusters. We plotted pro�les of strong relaxed,

intermediate, and strong non-relaxed 
lusters. Solid bla
k line = strong relaxed; blue dashed line =

intermediate; and red dashed line = strong non-relaxed 
lusters.
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Figure 4.6: Mean thermodynami
 radial pro�les for all low-z 
lusters. We plotted pro�les of strong relaxed,

intermediate, and strong non-relaxed 
lusters. `o' = strong relaxed 
lusters; `♦' = intermediate 
lusters;

and `x' = strong non-relaxed 
lusters. We �tted the power-law model to evaluate the 
orresponding slope

values. Green solid line = best-�t for strong relaxed 
lusters; 
yan solid line = best-�t for intermediate


lusters; and yellow solid line = best-�t for strong non-relaxed 
lusters.



1
4
8

X
M
C
m
o
d
e
l
l
i
n
g
4

Table 4.3: Best-�t (
onstant base) power-law slope values for the low-z 
lusters.

Cluster name Best-�t values for temperature (keV) Best-�t values for density (
m

−5

) Best-�t values for entropy (keV*
m

2

) Best-�t values for pressure (dyne/
m

2

)

α T T0 α ne ne,0 α K K0 α P P0

2A-0335 0.33±0.08 2.57±0.15 -0.33±0.27 -1.00±0.12 0.26±0.13 -1.48±0.70 1.21±0.02 11.13±0.23 0.02±0.01 0.30±0.09 -3.66±0.31 2.97±0.50

A478 -0.60 ± 0.05 -0.03 ± 0.01 1.10 ± 0.01 -0.91±0.03 0.26±0.03 -0.90±0.13 0.98±0.02 5.71±0.15 0.22±0.01 0.02±0.05 -47.23±103.11 46.33±103.25

A1795 0.49±0.06 1.68±0.05 0.38±0.06 -0.67±0.10 0.74±0.33 -2.09±0.78 1.19±0.02 9.11±0.25 0.16±0.01 0.08±0.05 -10.11±4.83 9.53±4.95

A2597 1.09±0.04 4.86±0.24 0.47±0.02 -0.90±0.11 0.36±0.17 -1.63±0.68 1.70±0.05 24.48±1.56 0.17±0.02 -0.15±0.11 3.02±3.07 -3.14±3.27

RXJ1504 0.62±0.02 1.17±0.01 0.42±0.01 -1.36±0.09 0.43±0.17 -4.27±2.13 1.25±0.02 3.79±0.07 0.03±0.01 -0.57±0.05 1.21±0.31 -1.65±0.56

A2204 -0.14±0.10 -0.80±0.77 1.93±0.81 -1.67±0.02 0.11±0.01 -0.96±0.35 1.03±0.03 2.97±0.07 0.05±0.01 -0.35±0.04 2.70±0.65 -3.24±0.82

A2029 0.57±0.11 1.23±0.09 0.65±0.06 -0.80±0.06 0.41±0.11 -1.38±0.35 1.31±0.06 10.43±0.73 0.27±0.02 -0.04±0.05 18.52±27.43 -19.15±27.57

A2147 2.50±0.45 10.70±6.46 0.92±0.01 0.51±0.14 -5.29±0.42 2.94±0.41 1.81±0.15 12.16±2.31 0.65±0.02 0.33±0.16 -1.94±0.22 2.02±0.41

A3266 1.01±0.24 1.15±0.32 0.84±0.03 0.21±0.12 -7.39±1.98 5.84±2.40 1.06±0.12 4.05±0.55 0.51±0.04 0.35±0.06 -2.10±0.07 2.01±0.15

A1736 0.77±0.45 0.28±0.12 0.94±0.03 1.74±0.48 -7.68±4.82 1.30±0.05 2.12±0.33 6.81±2.94 0.87±0.01 2.16±0.57 -6.00±4.56 1.10±0.02

A3395 0.51±0.08 1.16±0.05 0.58±0.05 -0.29±0.10 2.19±1.34 -2.99±1.65 0.91±0.05 4.32±0.24 0.29±0.03 0.22±0.11 -2.75±0.62 2.78±0.76

A754 1.34±0.12 3.59±0.52 0.75±0.02 0.29±0.09 -5.78±0.55 4.26±0.84 1.47±0.08 9.47±0.94 0.49±0.02 0.39±0.10 -1.19±0.05 1.55±0.12

A2256 1.81±0.09 5.43±0.62 0.85±0.01 0.96±0.11 -5.42±0.69 1.83±0.07 2.11±0.04 19.60±1.04 0.68±0.00 1.31±0.23 -2.13±0.62 1.17±0.02

A3571 1.52±0.41 0.72±0.38 0.96±0.01 -0.08±0.09 15.82±20.45 -17.69±20.85 1.93±0.08 19.72±1.97 0.56±0.01 0.33±0.03 -4.81±0.11 3.46±0.21

A2199 0.05±0.11 3.26±5.78 -1.93±5.84 -0.65±0.05 0.72±0.18 -1.90±0.41 1.48±0.03 14.14±0.50 0.27±0.01 0.36±0.08 -5.31±0.22 3.55±0.45

A496 0.43±0.09 2.27±0.08 0.03±0.15 -1.04±0.03 0.17±0.02 -0.73±0.13 1.35±0.02 13.13±0.27 0.13±0.01 0.35±0.06 -3.21±0.11 2.51±0.22

A85 0.60±0.10 1.86±0.13 0.47±0.07 -1.06±0.02 0.12±0.01 -0.30±0.08 1.22±0.06 8.77±0.67 0.25±0.03 0.06±0.06 -9.78±8.80 9.68±8.91

A4038 1.53±0.21 4.87±1.34 0.79±0.03 -0.44±0.08 1.50±0.65 -2.73±0.99 1.61±0.09 15.66±1.76 0.38±0.03 0.11±0.11 -7.09±5.14 6.74±5.37

A2052 0.17±0.08 2.41±0.62 -0.68±0.70 -1.01±0.13 0.19±0.11 -0.93±0.59 1.10±0.07 8.11±0.71 0.15±0.05 0.12±0.13 -6.70±5.09 6.26±5.37

Hydra-A 1.44±0.13 5.35±0.85 0.70±0.02 -0.94±0.09 0.28±0.11 -1.26±0.51 1.59±0.05 17.88±1.18 0.26±0.02 -0.37±0.12 0.85±0.56 -0.83±0.76

A2063 1.04±0.03 3.53±0.14 0.57±0.01 -0.48±0.07 1.08±0.37 -2.01±0.61 1.53±0.07 14.50±1.28 0.32±0.02 0.03±0.05 -14.08±24.55 14.34±24.60

A3158 7.64±4.20 1864.36±10141.27 1.01±0.01 0.52±0.10 -5.23±0.30 2.87±0.27 1.59±0.07 6.19±0.59 0.74±0.01 0.80±0.16 -3.05±0.48 1.66±0.09

MKW3s 0.79±0.12 2.02±0.23 0.62±0.05 -0.67±0.07 0.60±0.19 -1.54±0.44 1.49±0.10 14.05±1.79 0.32±0.04 0.06±0.04 -11.38±6.72 10.99±6.82

EXO0422 1.05±0.13 3.42±0.53 0.61±0.04 -1.28±0.04 0.08±0.01 -0.51±0.15 1.42±0.05 13.90±0.86 0.20±0.02 -0.31±0.08 1.13±0.56 -1.16±0.71

A4059 0.37±0.13 2.54±0.16 -0.23±0.34 -0.23±0.10 3.88±2.64 -5.27±3.04 0.93±0.09 6.14±0.61 0.01±0.07 3.67±1.97 -40.30±104.91 1.03±0.03

A2589 0.26±0.18 1.79±0.44 -0.08±0.61 -0.19±0.12 4.58±4.64 -5.81±5.10 0.87±0.07 4.94±0.35 0.15±0.05 1.26±0.19 -3.40±0.79 1.25±0.03

A3112 0.83±0.07 2.77±0.21 0.50±0.04 -1.11±0.04 0.13±0.02 -0.68±0.17 1.49±0.04 15.74±0.90 0.21±0.02 -0.11±0.05 4.77±2.62 -4.96±2.71

A1651 1.52±0.20 1.89±0.49 0.90±0.01 -0.18±0.06 5.65±3.02 -7.13±3.29 1.43±0.05 8.84±0.53 0.48±0.01 0.25±0.06 -4.45±0.41 3.71±0.55

A576 0.36±0.20 0.85±0.09 0.57±0.19 -0.02±0.12 57.71±350.02 -59.17±350.49 0.93±0.07 3.97±0.30 0.37±0.03 0.53±0.09 -2.48±0.13 1.84±0.11

A2657 1.20±0.05 3.16±0.20 0.72±0.01 -0.08±0.10 15.03±22.12 -16.64±22.54 1.43±0.02 10.54±0.27 0.40±0.01 0.28±0.08 -2.61±0.24 2.50±0.36

A3391 0.32±0.17 0.74±0.10 0.64±0.18 0.16±0.05 -7.99±1.60 6.80±1.77 1.13±0.09 4.34±0.48 0.57±0.03 0.84±0.13 -2.46±0.34 1.48±0.06

A1650 0.51±0.13 0.77±0.06 0.75±0.06 -0.35±0.08 2.17±0.99 -3.47±1.32 1.14±0.02 6.24±0.13 0.37±0.01 0.25±0.09 -4.64±0.67 3.81±0.91

S1101 1.05±0.04 2.91±0.12 0.65±0.01 -0.67±0.12 0.81±0.45 -2.38±1.05 1.44±0.02 13.98±0.30 0.21±0.01 -0.06±0.09 11.13±19.14 -11.67±19.38

Zw
l1215 0.57±0.08 0.97±0.05 0.69±0.03 0.47±0.08 -5.30±0.21 3.07±0.29 1.29±0.04 5.90±0.26 0.54±0.01 1.33±0.14 -3.65±0.66 1.27±0.02

A133 0.52±0.03 2.76±0.05 0.05±0.05 -1.25±0.02 0.07±0.01 -0.24±0.07 1.14±0.04 9.32±0.45 0.08±0.02 0.08±0.06 -4.54±2.93 4.84±3.00

A2244 1.50±0.09 3.44±0.38 0.83±0.01 -0.28±0.05 2.95±1.04 -4.28±1.27 1.53±0.02 12.08±0.37 0.42±0.01 0.13±0.06 -6.07±1.88 5.70±2.00

A2142 1.17±0.06 2.98±0.22 0.71±0.01 -0.24±0.13 4.11±3.68 -5.80±4.29 1.39±0.04 11.11±0.62 0.31±0.02 0.13±0.08 -5.52±2.12 5.21±2.28

A3562 1.55±0.06 3.83±0.28 0.83±0.00 0.13±0.12 -12.63±7.12 10.67±7.65 1.53±0.03 10.32±0.36 0.50±0.01 0.37±0.12 -2.39±0.14 2.15±0.29

A401 1.96±0.14 4.15±0.78 0.91±0.01 0.47±0.12 -5.91±0.34 3.35±0.49 1.75±0.04 11.58±0.57 0.63±0.01 0.62±0.09 -2.41±0.17 1.69±0.08

A3558 0.45±0.40 0.48±0.09 0.78±0.14 -0.13±0.10 20.50±20.74 -23.39±21.54 1.01±0.10 4.04±0.46 0.46±0.04 0.32±0.04 -3.03±0.10 2.54±0.18

A119 0.52±0.05 0.87±0.03 0.71±0.02 0.48±0.06 -3.85±0.12 2.46±0.16 1.36±0.11 5.54±0.76 0.66±0.02 1.58±0.19 -3.30±0.79 1.15±0.01

A1644 -0.10±0.11 -1.97±2.67 3.47±2.75 -0.94±0.03 0.16±0.02 -0.34±0.09 0.73±0.06 4.62±0.24 0.01±0.06 0.76±0.21 -2.36±0.48 1.53±0.11

A2065 0.94±0.07 2.67±0.20 0.61±0.02 -0.22±0.13 3.61±3.53 -4.74±4.02 1.31±0.04 9.01±0.42 0.36±0.01 0.27±0.08 -1.88±0.21 2.10±0.29

A3822 1.59±0.29 3.60±1.34 0.82±0.02 0.09±0.06 -13.79±6.83 12.49±7.03 1.58±0.06 10.26±0.86 0.55±0.01 0.09±0.06 -4.26±2.31 4.53±2.37

A3667 3.10±0.16 28.98±5.96 0.93±0.00 0.74±0.14 -6.62±0.89 2.59±0.22 2.20±0.10 28.34±3.83 0.63±0.02 0.80±0.21 -2.82±0.59 1.62±0.11

A399 2.93±0.44 11.52±6.71 0.97±0.01 0.76±0.14 -5.47±0.74 2.24±0.17 2.16±0.06 18.15±1.48 0.75±0.01 0.96±0.19 -2.87±0.61 1.46±0.06

A2163 1.38±0.12 0.80±0.09 0.82±0.01 -0.41±0.15 -15.06±1.26 10.25±2.15 1.50±0.06 3.40±0.19 0.32±0.01 0.63±0.13 -4.25±0.28 3.06±0.23

A3376 2.07±0.12 11.46±1.84 0.80±0.01 1.08±0.08 -5.08±0.49 1.60±0.03 2.23±0.07 26.87±2.62 0.65±0.01 0.23±0.29 -0.25±0.14 1.16±0.18
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Table 4.4: Best-�t (pure) power-law slope values for the low-z 
lusters.

Cluster name Best-�t values for temperature (keV) Best-�t values for density (
m

−5

) Best-�t values for entropy (keV*
m

2

) Best-�t values for pressure (dyne/
m

2

)

α T α ne α S α P

2A-0335 0.47 ± 0.02 2.50 ± 0.10 -1.27 ± 0.09 0.08 ± 0.03 1.18 ± 0.01 10.77 ± 0.15 -0.36 ± 0.04 0.46 ± 0.06

A478 0.09 ± 0.01 1.21 ± 0.03 -1.12 ± 0.04 0.10 ± 0.01 0.72 ± 0.02 4.51 ± 0.20 -0.52 ± 0.05 0.36 ± 0.06

A1795 0.28 ± 0.01 1.79 ± 0.04 -1.01 ± 0.08 0.15 ± 0.04 0.96 ± 0.03 7.21 ± 0.35 -0.43 ± 0.04 0.42 ± 0.05

A2597 0.50 ± 0.03 2.96 ± 0.21 -1.18 ± 0.08 0.10 ± 0.03 1.38 ± 0.05 16.77 ± 1.41 -0.46 ± 0.03 0.39 ± 0.04

RXJ1504 0.26 ± 0.01 1.33 ± 0.03 -1.51 ± 0.08 0.22 ± 0.07 1.18 ± 0.02 3.61 ± 0.07 -0.76 ± 0.03 0.49 ± 0.06

A2204 0.19 ± 0.01 1.26 ± 0.04 -1.72 ± 0.02 0.09 ± 0.01 0.93 ± 0.02 2.81 ± 0.06 -0.63 ± 0.04 0.62 ± 0.08

A2029 0.18 ± 0.01 1.51 ± 0.04 -1.07 ± 0.06 0.12 ± 0.03 0.90 ± 0.04 6.69 ± 0.53 -0.51 ± 0.04 0.37 ± 0.05

A2147 0.12 ± 0.03 1.34 ± 0.12 -0.41 ± 0.07 0.48 ± 0.11 0.48 ± 0.07 2.94 ± 0.42 -0.21 ± 0.02 0.66 ± 0.05

A3266 0.11 ± 0.02 1.25 ± 0.05 -0.49 ± 0.07 0.39 ± 0.09 0.43 ± 0.04 2.52 ± 0.20 -0.24 ± 0.02 0.60 ± 0.04

A1736 0.03 ± 0.01 1.07 ± 0.02 -0.17 ± 0.06 0.71 ± 0.13 0.14 ± 0.03 1.39 ± 0.11 -0.08 ± 0.03 0.83 ± 0.07

A3395 0.18 ± 0.01 1.46 ± 0.04 -0.68 ± 0.05 0.27 ± 0.05 0.59 ± 0.03 3.35 ± 0.18 -0.26 ± 0.02 0.59 ± 0.04

A754 0.24 ± 0.03 1.69 ± 0.13 -0.45 ± 0.06 0.43 ± 0.08 0.63 ± 0.06 3.92 ± 0.46 -0.15 ± 0.01 0.74 ± 0.03

A2256 0.18 ± 0.03 1.53 ± 0.12 -0.32 ± 0.07 0.52 ± 0.11 0.51 ± 0.07 3.24 ± 0.50 -0.11 ± 0.02 0.79 ± 0.05

A3571 0.03 ± 0.01 1.07 ± 0.02 -0.68 ± 0.08 0.29 ± 0.08 0.71 ± 0.08 4.84 ± 0.73 -0.43 ± 0.05 0.41 ± 0.07

A2199 0.17 ± 0.01 1.40 ± 0.03 -0.98 ± 0.06 0.15 ± 0.03 1.02 ± 0.05 8.39 ± 0.77 -0.45 ± 0.06 0.41 ± 0.08

A496 0.41 ± 0.01 2.27 ± 0.08 -1.22 ± 0.04 0.08 ± 0.01 1.15 ± 0.03 10.52 ± 0.50 -0.34 ± 0.04 0.47 ± 0.05

A85 0.29 ± 0.01 1.86 ± 0.07 -1.15 ± 0.02 0.08 ± 0.01 0.86 ± 0.04 6.04 ± 0.42 -0.35 ± 0.02 0.48 ± 0.04

A4038 0.25 ± 0.03 1.80 ± 0.14 -0.83 ± 0.07 0.21 ± 0.05 0.91 ± 0.07 7.01 ± 0.84 -0.38 ± 0.03 0.49 ± 0.05

A2052 0.30 ± 0.01 1.87 ± 0.05 -1.22 ± 0.08 0.08 ± 0.02 0.90 ± 0.03 6.64 ± 0.37 -0.39 ± 0.04 0.44 ± 0.06

Hydra-A 0.32 ± 0.04 2.07 ± 0.19 -1.19 ± 0.07 0.09 ± 0.03 1.12 ± 0.06 10.34 ± 1.03 -0.55 ± 0.03 0.32 ± 0.04

A2063 0.37 ± 0.03 2.22 ± 0.15 -0.83 ± 0.06 0.20 ± 0.04 0.97 ± 0.06 7.74 ± 0.81 -0.27 ± 0.01 0.56 ± 0.02

A3158 0.02 ± 0.01 1.08 ± 0.03 -0.41 ± 0.07 0.46 ± 0.10 0.30 ± 0.04 2.00 ± 0.18 -0.24 ± 0.04 0.63 ± 0.08

MKW3s 0.26 ± 0.02 1.79 ± 0.08 -0.97 ± 0.06 0.15 ± 0.03 0.96 ± 0.06 7.66 ± 0.80 -0.41 ± 0.03 0.43 ± 0.04

EXO0422 0.34 ± 0.03 2.14 ± 0.14 -1.41 ± 0.04 0.05 ± 0.01 1.09 ± 0.04 9.54 ± 0.71 -0.53 ± 0.03 0.34 ± 0.03

A4059 0.48 ± 0.03 2.52 ± 0.15 -0.71 ± 0.07 0.27 ± 0.07 0.92 ± 0.03 6.09 ± 0.35 -0.04 ± 0.04 0.89 ± 0.11

A2589 0.29 ± 0.02 1.74 ± 0.09 -0.68 ± 0.07 0.27 ± 0.07 0.72 ± 0.02 4.33 ± 0.19 -0.18 ± 0.03 0.64 ± 0.07

A3112 0.36 ± 0.02 2.20 ± 0.11 -1.28 ± 0.04 0.07 ± 0.01 1.14 ± 0.05 10.56 ± 0.83 -0.46 ± 0.03 0.39 ± 0.03

A1651 0.09 ± 0.01 1.23 ± 0.05 -0.69 ± 0.07 0.28 ± 0.06 0.63 ± 0.05 3.85 ± 0.41 -0.38 ± 0.04 0.46 ± 0.06

A576 0.13 ± 0.01 1.29 ± 0.04 -0.60 ± 0.07 0.33 ± 0.08 0.52 ± 0.03 2.91 ± 0.18 -0.27 ± 0.03 0.56 ± 0.06

A2657 0.25 ± 0.03 1.76 ± 0.12 -0.64 ± 0.07 0.31 ± 0.08 0.77 ± 0.05 5.17 ± 0.54 -0.27 ± 0.02 0.59 ± 0.04

A3391 0.11 ± 0.01 1.28 ± 0.03 -0.48 ± 0.05 0.38 ± 0.07 0.41 ± 0.03 2.47 ± 0.18 -0.20 ± 0.03 0.67 ± 0.07

A1650 0.11 ± 0.01 1.30 ± 0.03 -0.78 ± 0.07 0.23 ± 0.06 0.64 ± 0.04 3.90 ± 0.28 -0.39 ± 0.04 0.47 ± 0.07

Continued on next page
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Table 4.4 � Continued from previous page

Cluster name Best-�t values for temperature (keV) Best-�t values for density (
m

−5

) Best-�t values for entropy (keV*
m

2

) Best-�t values for pressure (dyne/
m

2

)

α T α ne α S α P

S1101 0.29 ± 0.03 1.88 ± 0.11 -1.02 ± 0.09 0.15 ± 0.05 1.10 ± 0.04 9.46 ± 0.71 -0.50 ± 0.04 0.38 ± 0.05

Zw
l1215 0.14 ± 0.01 1.35 ± 0.03 -0.43 ± 0.07 0.44 ± 0.10 0.48 ± 0.04 2.81 ± 0.26 -0.17 ± 0.04 0.69 ± 0.08

A133 0.48 ± 0.01 2.74 ± 0.04 -1.32 ± 0.02 0.05 ± 0.00 1.04 ± 0.02 8.35 ± 0.29 -0.24 ± 0.01 0.60 ± 0.02

A2244 0.18 ± 0.03 1.51 ± 0.10 -0.74 ± 0.06 0.25 ± 0.06 0.78 ± 0.06 5.33 ± 0.61 -0.38 ± 0.03 0.47 ± 0.05

A2142 0.25 ± 0.03 1.73 ± 0.11 -0.75 ± 0.08 0.26 ± 0.08 0.89 ± 0.05 6.45 ± 0.61 -0.36 ± 0.03 0.48 ± 0.05

A3562 0.18 ± 0.03 1.53 ± 0.10 -0.56 ± 0.08 0.37 ± 0.10 0.64 ± 0.06 4.03 ± 0.47 -0.26 ± 0.03 0.60 ± 0.05

A401 0.10 ± 0.02 1.28 ± 0.07 -0.45 ± 0.08 0.44 ± 0.11 0.50 ± 0.06 3.05 ± 0.40 -0.24 ± 0.03 0.61 ± 0.06

A3558 0.07 ± 0.01 1.13 ± 0.04 -0.59 ± 0.07 0.33 ± 0.08 0.46 ± 0.03 2.65 ± 0.20 -0.32 ± 0.03 0.50 ± 0.05

A119 0.13 ± 0.01 1.33 ± 0.02 -0.37 ± 0.05 0.47 ± 0.07 0.38 ± 0.04 2.36 ± 0.21 -0.12 ± 0.03 0.77 ± 0.06

A1644 0.29 ± 0.02 1.84 ± 0.10 -1.05 ± 0.02 0.10 ± 0.01 0.72 ± 0.02 4.58 ± 0.14 -0.21 ± 0.04 0.65 ± 0.07

A2065 0.30 ± 0.02 1.94 ± 0.11 -0.68 ± 0.07 0.27 ± 0.07 0.77 ± 0.05 5.09 ± 0.45 -0.21 ± 0.02 0.66 ± 0.03

A3822 0.16 ± 0.03 1.42 ± 0.11 -0.53 ± 0.06 0.35 ± 0.07 0.58 ± 0.06 3.57 ± 0.45 -0.25 ± 0.01 0.57 ± 0.02

A3667 0.15 ± 0.04 1.48 ± 0.14 -0.41 ± 0.09 0.47 ± 0.13 0.67 ± 0.09 4.68 ± 0.87 -0.23 ± 0.04 0.65 ± 0.08

A399 0.07 ± 0.02 1.22 ± 0.06 -0.36 ± 0.07 0.50 ± 0.12 0.41 ± 0.06 2.65 ± 0.38 -0.20 ± 0.04 0.67 ± 0.08

A2163 0.08 ± 0.01 1.06 ± 0.03 -0.44 ± 0.09 1.35 ± 0.38 0.60 ± 0.06 1.92 ± 0.19 -0.29 ± 0.05 0.95 ± 0.14

A3376 0.28 ± 0.05 1.92 ± 0.23 -0.28 ± 0.06 0.55 ± 0.10 0.61 ± 0.09 4.03 ± 0.72 -0.03 ± 0.00 0.94 ± 0.01
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Table 4.5: Power-law model with a 
onstant base used to evaluate the slope of mean radial pro�les.

SR = strong relaxed 
lusters; SNR = strong non-relaxed 
lusters. We also listed best-�t values for

the mean of 
ombined SR, SNR and intermediate pro�les.

Thermodynami
 pro�les α F F0

Mean T SR 0.45±0.02 1.62±0.02 0.36±0.03
Mean T SNR 1.34±0.07 2.27±0.21 0.84±0.01

Mean T Intermediate 0.85±0.03 1.79±0.05 0.69±0.01
Mean ne SR -1.10±0.07 0.16±0.05 -0.97±0.31
Mean ne SNR 0.27±0.08 -5.67±0.59 4.31±0.85

Mean ne Intermediate -0.56±0.04 0.71±0.13 -1.38±0.25
Mean K SR 1.27±0.03 10.76±0.38 0.17±0.01
Mean K SNR 1.46±0.05 7.22±0.46 0.60±0.01

Mean K Intermediate 1.40±0.03 9.87±0.32 0.41±0.01
Mean P SR -0.16±0.05 3.63±1.60 -4.05±1.72
Mean P SNR 0.54±0.08 -1.58±0.08 1.54±0.07

Mean P Intermediate 0.25±0.05 -3.26±0.23 2.95±0.31

ombine mean of T 0.82±0.02 1.72±0.04 0.68±0.01

ombine mean of ne -0.69±0.04 0.44±0.08 -0.99±0.19

ombine mean of K 1.38±0.02 9.64±0.25 0.40±0.01

ombine mean of P 0.15±0.04 -4.57±0.79 4.34±0.87

4.9 Cal
ulation of morphology parameters for XMC Chandra

maps

In Chapter 2 we gave a brief introdu
tion to morphology parameters, and su

essfully demonstrated

the usefulness of these parameter sets by 
al
ulating them on surfa
e brightness images of Chandra

observed 
lusters and separated relaxed and non-relaxed 
lusters. In parti
ular, Gini, M20 and

Con
entration parameters proved to be very promising. In this se
tion, we will apply morphology

parameters to thermodynami
 maps in order to study their morphology.

The thermodynami
 properties of the ICM re�e
t the history of the 
osmi
 evolution of baryons.

In investigating the dynami
al history of 
lusters, it is important to study the thermodynami
 stru
-

ture of a 
luster; and it is equally important to measure the morphology of 
luster thermodynami


maps. In the previous se
tion, we observed a di�erent distribution of temperature, entropy, density

and pressure for strong relaxed and strong non-relaxed 
lusters. The study of morphology or shape

of thermodynami
 stru
ture is hitherto unexplored in literature, parti
ularly for entropy and pres-

sure maps. We therefore take this opportunity to see whether morphology parameters 
ontribute

to the understanding of how temperature or entropy is distributed in a given 
luster; and whether

the observed thermodynami
 stru
ture of 
lusters 
an be used to obtain information on the nature

of the feedba
k that a�e
ts the thermodynami
al history of 
osmi
 baryons. These parameters

might also help to lo
ate hot spots in the temperature map whi
h 
ould be due to strong AGN

a
tivity (Henry et al., 2004; Sanderson et al., 2005). We also aim to 
he
k whether the 
luster tem-

perature (or entropy) morphology is di�erent for relaxed and non-relaxed 
lusters. This 
ould help

in understanding the relationship between 
luster morphology and di�erent feedba
k me
hanisms

responsible for generating heat or entropy in the ICM. However, surfa
e brightness morphology is

not related to any average value of either luminosity or temperature (
luster global properties, see
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Table 4.6: Pure power-law model used to evaluate the slope of mean radial pro�les. SR = strong

relaxed 
lusters; SNR = strong non-relaxed 
lusters. We also listed best-�t values for the mean of


ombined SR, SNR and intermediate pro�les.

Thermodynami
 pro�les α F
Mean T SR 0.27±0.01 1.76±0.03
Mean T SNR 0.14±0.02 1.37±0.07

Mean T Intermediate 0.21±0.02 1.60±0.06
Mean ne SR -1.30±0.06 0.07±0.01
Mean ne SNR -0.44±0.06 0.42±0.08

Mean ne Intermediate -0.85±0.04 0.18±0.03
Mean K SR 1.02±0.03 8.24±0.44
Mean K SNR 0.45±0.05 2.72±0.30

Mean K Intermediate 0.74±0.05 4.88±0.49
Mean P SR -0.54±0.03 0.34±0.04
Mean P SNR -0.18±0.02 0.69±0.04

Mean P Intermediate -0.31±0.03 0.52±0.05

ombine mean of T 0.21±0.02 1.59±0.06

ombine mean of ne -0.92±0.04 0.15±0.02

ombine mean of K 0.74±0.05 4.91±0.48

ombine mean of P -0.34±0.03 0.50±0.04

Chapter 3 � 3.6.1), but in the 
al
ulation of 
luster thermodynami
 morphology, it is, with the

ex
eption of density maps, independent of surfa
e brightness morphology.

We found the 
luster 
entre (
entroid) (see Chapter 2, � 2.4) and applied a �xed aperture

of physi
al size (see Chapter 3, � 3.4.2). In 
al
ulating the Smoothness parameter, we used a

1′ Gaussian kernel size to smooth ea
h low-z 
luster image. We did not apply any additional

smoothing to the input 
luster image when 
al
ulating the parameters, sin
e XMC generated maps

are already smooth and free of CCD gaps and zero pixel 
ounts. These morphology parameters were

originally derived to 
al
ulate morphology of galaxies and 
lusters in their surfa
e brightness image,

where sour
e peak emission (or maximum �ux) lying at the 
luster 
entre de
reases radially, moving

to the outer regions of the 
luster. In the 
ase of temperature and entropy maps, parti
ularly for

relaxed 
lusters, the situation is reversed. This means that the 
luster 
ore has a low temperature

(and hen
e pixel value is low) 
ompared with that of the outer region. Therefore, to maintain the

`de�nition' of (Gini, M20 and Con
entration) morphology parameters, we inverted the pixel value

of both the temperature and entropy maps of ea
h of 
luster. In this way, we obtained high pixel

values in the 
ore of the 
luster, similar to those of the surfa
e brightness distribution. We used

the de�nition of the 
luster dynami
al states a

ording to their surfa
e brightness (
ombination of

Gini, M20 and Con
entration) (see Chapter 3, � 3.5).

As mentioned previously, high redshift 
lusters have low S/N, so in this analysis we in
luded

the low-z sample of the V09 ex
lusively. It is di�
ult to study the morphology of thermodynami


maps for high-z 
lusters be
ause of the high un
ertainty in photon 
ounts. The following se
tions

show morphology parameter 
al
ulations for density, temperature, entropy and pressure maps of

low-z 
lusters.
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4.9.1 Density map

Density maps, as previously dis
ussed, are derived from the APEC normalisation (see Eq. 4.2). The

stru
ture of 
luster visible in a density map is similar to that of the 
orresponding surfa
e brightness

image of the 
luster (peak emission of the 
luster is at the 
entre, and de
reases radially). Hen
e

we expe
t similar morphology and shape of 
lusters in the 
orresponding density maps, as well as

surfa
e brightness maps. Fig. 4.7 shows the distribution of morphology parameters 
al
ulated for

density maps. In this plot, we showed the distribution of strong relaxed or strong 
ool 
ore 
lusters

(solid bla
k line), relaxed or 
ool 
ore 
lusters (dotted bla
k line), non-relaxed or weak 
ool 
ore


lusters (dotted red line), and strong non-relaxed or non-
ool 
ore 
lusters (solid red line). We also

showed the overall distribution of ea
h parameter in ea
h individual plot (dotted blue line). This

overall distribution was plotted without showing any bias in 
luster morphology but rather as a


ombined 
luster morphology.

Sin
e the morphology of ea
h 
luster in the density map is similar to the 
orresponding 
luster

morphology in the surfa
e brightness map, the values of morphology parameters derived from

density maps are also similar to those of surfa
e brightness maps. We see that the Gini, M20 and

Con
entration parameters are able to distinguish strong relaxed and strong non-relaxed 
lusters,

while there is an overlap between intermediate (relaxed and non-relaxed) 
lusters.

In the Gini plot, strong relaxed 
lusters are distributed on the right side (high Gini value) and

strong non-relaxed 
lusters are distributed on the left side (low Gini value). Similarly, in the four

Con
entration plots, strong relaxed 
lusters are distributed on the right side (high Con
entration)

and strong non-relaxed 
lusters are distributed on the left side (low Con
entration). The M20

parameter shows, as indi
ated previously, a reverse distribution, i.e. strong relaxed 
lusters appear

on the left side (low M20), strong non-relaxed 
lusters on the right side (high M20) of the plot.

None of the remaining parameters are able to separate the di�erent 
luster dynami
al states. As

noted in Chapter 2 (� 3.3.3), the Smoothness and Asymmetry parameters are parti
ularly sensitive

to di�erent lengths of exposure time of 
lusters. There is a large variation in exposure time

(multiform exposure time) for low-z 
lusters, and hen
e these two parameters are not su�
iently

robust for 
luster morphology studies. Table 4.7 lists all parameter values 
al
ulated for density

maps, together with the 1σ un
ertainty (see Chapter 2, � 2.2.5).

Fig. 4.8 shows parameter vs parameter plots, i.e. the 
ombination of all morphology parame-

ters, indi
ating the morphology of 
lusters in density plots lying a
ross the di�erent morphology

parameter-parameter planes. In ea
h 
ase, we plotted four distin
t dynami
al states of 
luster,

i.e. strong relaxed (◦), relaxed (♦), non-relaxed (+) and strong non-relaxed (×). Di�erent trends

between parameters su
h as Gini vs Con
entration and M20 vs Con
entration are similar to those

of 
luster morphology in surfa
e brightness maps. This means that, in the Con
entration vs M20

plot, strong non-relaxed 
lusters fall in the bottom right region while strong relaxed 
lusters fall

in the upper left region. In the Gini vs M20 plot, the upper left region is for strong non-relaxed


lusters, while the bottom-right region is for strong relaxed 
lusters. These 
ould indi
ate that

the distribution of ele
tron density in the 
ore of a 
luster is di�erent for relaxed and non-relaxed


lusters. Strong relaxed 
lusters have 
on
entrated ele
tron density in a small region of the 
ore,


ompared with strong non-relaxed 
lusters whi
h do not have a 
ompa
t or 
on
entrated ele
tron

density distribution in the 
ore. It 
ould be that both of these plots show 
luster evolution in the
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trend of strong non-relaxed or non-
ool 
ore 
luster → mild merger or weak-
ool 
ore 
luster →
relaxed or 
ool 
ore 
luster → strong relaxed, strong 
ool 
ore or evolved 
luster.

It is possible that (some) parameter values 
ould be slightly di�erent for the same 
luster in

the surfa
e brightness and density plots. This would depend on di�erent image quality and various

artifa
ts in input event �les, di�erent sizes of blob and its smoothing sizes in density maps for

di�erent 
lusters, binning fa
tor used for density maps, S/N of input 
luster event �les, noise in

the XMC models (sky + instrument), et
. Overall trends between parameters are, however, similar

ex
ept for the Gini of the se
ond order moment and Smoothness parameters. A possible reason

is that 2-D Gaussian blobs are already smoothed, making the density maps di�erent from those

of smoothed 
ounts images. The Smoothness and GM parameters are severely a�e
ted by S/N,

rendering it unhelpful in analysis where a 
luster sample is large and where ea
h 
luster has a

di�erent exposure time.

Table 4.8 lists the mean, median, K-S and R-S tests values for the subsample of only strong

relaxed and strong non-relaxed 
lusters. The resultant probabilities from the K-S and R-S tests are

the same for the Gini, M20 and Con
entration parameters, sin
e we separated the dynami
al states

of 
lusters in density maps based on these three parameters a

ording to the surfa
e brightness map

of 
lusters. These probabilities for the GM parameter is signi�
ant (< 0.01 and 0.001, respe
tively)

to separate strong relaxed and strong non-relaxed 
lusters. The GM parameter was not useful for

real 
luster data, but it turns out that the this parameter 
ould be useful for highly smooth


luster images of the XMC modelling and for nearby 
lusters to separate relaxed and non-relaxed


lusters. Further testing, however, require for this parameter. The K-S and R-S probabilities

are not signi�
ant for the Asymmetry, Smoothness and Ellipti
ity parameters whi
h means these

parameters are not useful to separate di�erent dynami
al states of 
lusters.
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Table 4.7: Value of morphology parameters for the low-z 
lusters (density maps). Values are listed with appropriate un
ertainties of 1σ for ea
h

parameter.

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A3571 0.318 ± 0.001 -1.627 ± 0.018 2.627 ± 0.002 0.152 ± 0.029 0.023 ± 0.000 0.200 ± 0.002 0.116 ± 0.000

A2199 0.558 ± 0.003 -1.889 ± 0.045 3.686 ± 0.018 0.285 ± 0.012 0.022 ± 0.000 0.189 ± 0.002 0.122 ± 0.000

A0335 0.649 ± 0.003 -2.079 ± 0.085 5.394 ± 0.061 0.392 ± 0.029 0.034 ± 0.000 0.113 ± 0.006 0.080 ± 0.000

A496 0.551 ± 0.004 -2.115 ± 0.043 4.315 ± 0.033 0.294 ± 0.025 0.029 ± 0.000 0.116 ± 0.003 0.057 ± 0.000

A85 0.646 ± 0.003 -1.849 ± 0.038 4.311 ± 0.038 0.587 ± 0.026 0.021 ± 0.000 0.263 ± 0.003 0.022 ± 0.000

A478 0.690 ± 0.004 -2.219 ± 0.081 4.927 ± 0.014 0.214 ± 0.057 0.033 ± 0.000 0.178 ± 0.004 0.154 ± 0.000

A1795 0.720 ± 0.004 -2.216 ± 0.066 5.326 ± 0.012 0.285 ± 0.049 0.021 ± 0.000 0.186 ± 0.002 0.133 ± 0.000

A4038 0.504 ± 0.002 -1.913 ± 0.030 3.801 ± 0.031 0.230 ± 0.021 0.016 ± 0.000 0.177 ± 0.001 0.147 ± 0.000

A2052 0.536 ± 0.006 -2.209 ± 0.037 4.360 ± 0.013 0.208 ± 0.025 0.045 ± 0.000 0.136 ± 0.003 0.099 ± 0.000

Hydra-A 0.578 ± 0.010 -2.086 ± 0.111 4.910 ± 0.039 0.238 ± 0.083 0.052 ± 0.000 0.117 ± 0.007 0.068 ± 0.000

A2063 0.407 ± 0.003 -1.845 ± 0.033 3.369 ± 0.011 0.237 ± 0.026 0.034 ± 0.000 0.159 ± 0.003 0.060 ± 0.000

A3158 0.484 ± 0.001 -1.782 ± 0.011 3.195 ± 0.010 0.190 ± 0.016 0.010 ± 0.000 0.186 ± 0.000 0.136 ± 0.000

MKW3s 0.523 ± 0.003 -1.997 ± 0.054 3.834 ± 0.017 0.188 ± 0.062 0.027 ± 0.000 0.162 ± 0.004 0.140 ± 0.000

EXO0422 0.636 ± 0.005 -2.361 ± 0.070 5.099 ± 0.011 0.176 ± 0.044 0.049 ± 0.000 0.087 ± 0.006 0.071 ± 0.000

A4059 0.395 ± 0.003 -1.730 ± 0.033 3.266 ± 0.017 0.193 ± 0.025 0.045 ± 0.000 0.163 ± 0.006 0.078 ± 0.000

A2589 0.381 ± 0.003 -1.769 ± 0.035 2.870 ± 0.013 0.259 ± 0.024 0.039 ± 0.000 0.244 ± 0.002 0.166 ± 0.000

A3112 0.569 ± 0.019 -2.153 ± 0.143 4.279 ± 0.011 0.414 ± 0.130 0.082 ± 0.000 0.163 ± 0.006 0.147 ± 0.000

A1651 0.579 ± 0.004 -1.988 ± 0.020 4.104 ± 0.027 0.228 ± 0.061 0.031 ± 0.000 0.117 ± 0.002 0.076 ± 0.000

A576 0.329 ± 0.003 -1.613 ± 0.054 2.826 ± 0.008 0.308 ± 0.023 0.041 ± 0.000 0.217 ± 0.004 0.095 ± 0.000

A2657 0.387 ± 0.002 -1.676 ± 0.038 3.054 ± 0.019 0.295 ± 0.040 0.035 ± 0.000 0.154 ± 0.005 0.046 ± 0.000

A3391 0.462 ± 0.001 -1.727 ± 0.011 3.042 ± 0.005 0.268 ± 0.019 0.024 ± 0.000 0.231 ± 0.000 0.154 ± 0.000

A1650 0.602 ± 0.004 -2.150 ± 0.015 4.448 ± 0.029 0.281 ± 0.056 0.029 ± 0.000 0.183 ± 0.002 0.124 ± 0.000

S1101 0.654 ± 0.007 -2.110 ± 0.047 4.765 ± 0.017 0.332 ± 0.149 0.055 ± 0.000 0.158 ± 0.007 0.142 ± 0.000

zw
l1215 0.439 ± 0.002 -1.755 ± 0.008 3.193 ± 0.003 0.162 ± 0.017 0.027 ± 0.000 0.175 ± 0.000 0.126 ± 0.000

A2597 0.803 ± 0.004 -2.495 ± 0.096 6.196 ± 0.030 0.183 ± 0.092 0.052 ± 0.000 0.197 ± 0.004 0.069 ± 0.000

A133 0.507 ± 0.010 -2.187 ± 0.046 4.246 ± 0.018 0.352 ± 0.097 0.064 ± 0.000 0.144 ± 0.003 0.077 ± 0.000

Continued on next page
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Table 4.7 � Continued from previous page

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A2244 0.608 ± 0.003 -2.082 ± 0.019 4.570 ± 0.020 0.193 ± 0.058 0.028 ± 0.000 0.101 ± 0.003 0.062 ± 0.000

RXJ1504 0.834 ± 0.013 -2.475 ± 0.177 6.211 ± 0.199 0.573 ± 0.154 0.184 ± 0.000 0.229 ± 0.021 0.128 ± 0.000

A2204 0.763 ± 0.011 -2.638 ± 0.198 6.458 ± 0.111 0.357 ± 0.155 0.142 ± 0.000 0.115 ± 0.009 0.052 ± 0.000

A2029 0.691 ± 0.003 -2.232 ± 0.049 4.943 ± 0.017 0.239 ± 0.040 0.024 ± 0.000 0.139 ± 0.003 0.088 ± 0.000

A2142 0.566 ± 0.003 -1.922 ± 0.046 3.842 ± 0.051 0.363 ± 0.029 0.018 ± 0.000 0.233 ± 0.002 0.176 ± 0.000

A3562 0.599 ± 0.002 -1.869 ± 0.027 3.730 ± 0.010 0.402 ± 0.021 0.023 ± 0.000 0.300 ± 0.003 0.072 ± 0.000

A401 0.445 ± 0.001 -1.752 ± 0.006 3.254 ± 0.005 0.127 ± 0.017 0.016 ± 0.000 0.158 ± 0.000 0.118 ± 0.000

A3558 0.316 ± 0.002 -1.438 ± 0.038 2.796 ± 0.036 0.416 ± 0.023 0.049 ± 0.000 0.253 ± 0.003 0.104 ± 0.000

A2147 0.264 ± 0.001 -1.500 ± 0.020 2.375 ± 0.008 0.214 ± 0.014 0.035 ± 0.000 0.235 ± 0.001 0.097 ± 0.000

A3266 0.220 ± 0.002 -1.276 ± 0.034 2.203 ± 0.020 0.241 ± 0.031 0.046 ± 0.000 0.246 ± 0.003 0.073 ± 0.000

A119 0.415 ± 0.001 -1.524 ± 0.015 2.484 ± 0.017 0.350 ± 0.004 0.022 ± 0.000 0.344 ± 0.001 0.109 ± 0.000

A1644 0.420 ± 0.006 -1.824 ± 0.026 3.147 ± 0.049 0.495 ± 0.014 0.059 ± 0.000 0.252 ± 0.002 0.055 ± 0.000

A1736 0.134 ± 0.001 -1.227 ± 0.024 1.945 ± 0.013 0.198 ± 0.012 0.049 ± 0.000 0.273 ± 0.001 0.022 ± 0.000

A3395 0.458 ± 0.001 -0.757 ± 0.003 1.729 ± 0.006 0.672 ± 0.015 0.036 ± 0.000 0.524 ± 0.001 0.324 ± 0.000

A2065 0.476 ± 0.002 -1.707 ± 0.041 3.512 ± 0.011 0.352 ± 0.012 0.026 ± 0.000 0.197 ± 0.002 0.162 ± 0.000

A3822 0.452 ± 0.002 -1.664 ± 0.022 3.292 ± 0.023 0.314 ± 0.006 0.027 ± 0.000 0.199 ± 0.001 0.136 ± 0.000

A3667 0.566 ± 0.001 -1.317 ± 0.041 3.515 ± 0.028 0.533 ± 0.013 0.012 ± 0.000 0.325 ± 0.004 0.122 ± 0.000

A754 0.372 ± 0.001 -1.110 ± 0.012 2.435 ± 0.014 0.397 ± 0.013 0.018 ± 0.000 0.244 ± 0.001 0.118 ± 0.000

A2256 0.377 ± 0.001 -1.353 ± 0.013 2.604 ± 0.003 0.207 ± 0.018 0.015 ± 0.000 0.233 ± 0.001 0.162 ± 0.000

A399 0.402 ± 0.002 -1.458 ± 0.025 2.962 ± 0.018 0.307 ± 0.015 0.016 ± 0.000 0.196 ± 0.001 0.104 ± 0.000

A2163 0.377 ± 0.003 -1.431 ± 0.063 2.742 ± 0.046 0.307 ± 0.052 0.039 ± 0.000 0.193 ± 0.009 0.083 ± 0.000

A3376 0.549 ± 0.001 -1.355 ± 0.008 2.780 ± 0.024 0.685 ± 0.012 0.024 ± 0.000 0.426 ± 0.004 0.072 ± 0.000
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Table 4.8: Statisti
s for the subsample of strong relaxed (SR), and strong non-relaxed (SNR)


lusters (density maps). K-S and R-S statisti
s were performed between strong relaxed and strong

non-relaxed 
lusters to test whether they have the same distribution or not.

Parameters mean median K-S prob. R-S prob.

SR SNR SR SNR SR SNR SR SNR

Gini 0.74 0.30 0.72 0.32 7.95 × 10−04
2.70 × 10−03

M20 -2.34 -1.20 -2.23 -1.25 7.95 × 10−04
2.70 × 10−03

Con
entration 1.92 0.75 1.83 0.78 7.95× 10−04
2.70 × 10−03

Asymmetry 0.32 0.32 0.29 0.23 7.00 × 10−01
7.75 × 10−01

Smoothness 0.07 0.03 0.03 0.04 4.68 × 10−01
1.99 × 10−01

GM 0.17 0.29 0.18 0.25 7.95 × 10−04
2.70 × 10−03

Ellipti
ity 0.10 0.13 0.09 0.11 7.77 × 10−01
6.68 × 10−01

4.9.2 Temperature map

We 
al
ulated morphology parameters for temperature maps of low-z 
lusters in order to under-

stand the temperature distribution and 
luster temperature morphology.

Fig. 4.9 illustrates the distribution of morphology parameters for temperature maps. In this

plot, we showed the distribution of strong relaxed (solid bla
k line), relaxed (dotted bla
k dotted),

non-relaxed (red dotted line) and strong non-relaxed (solid red line) 
lusters. We also showed the

overall distribution of every parameter in ea
h parameter distribution plot (dotted blue line). We

noti
ed an overlap between strong relaxed and strong non-relaxed 
lusters in the Gini, M20 and

Con
entration distributions. The distribution of di�erent dynami
al states of 
lusters among these

plots is indistinguishable. Table 4.9 lists all parameter values 
al
ulated for temperature maps,

together with the 1σ un
ertainty (see Chapter 2, � 2.2.5).

Fig. 4.10 shows the parameter vs parameter planes for temperature maps. In ea
h 
ase, we

plotted four distin
t dynami
al states of 
luster, i.e. strong relaxed (◦), relaxed (♦), non-relaxed

(+) and strong non-relaxed (×). On the various parameter planes we observed overlap between

relaxed and non-relaxed 
lusters. We observed that the range of morphology parameters 
al
ulated

for temperature maps was not similar to the range of parameters 
al
ulated for density or surfa
e

brightness maps.

In the M20 vs Con
entration plot (Fig. 4.10) we noti
ed several pe
uliar obje
ts, su
h as A3376,

A3562, A3667, A85, A4059, A754, A2256, A478, A2029, A2204, A1795 and RXJ1504. A478 is

a strong relaxed 
luster, but its temperature plot has the highest M20 and lowest Con
entration

parameters of all strong relaxed 
lusters. A2029, A2204, A1795 and RXJ1504 are also strong

relaxed 
lusters whi
h, however, overlap with non-relaxed 
lusters. A754 and A2256 are strong

non-relaxed 
lusters, but they have the lowestM20 and highest Con
entration parameters 
ompared

with other strong non-relaxed 
lusters. The remaining 
lusters are non-relaxed, but they all fall

in the upper-left 
orner of the M20 vs Con
entration plot and overlap with (two) strong relaxed


lusters.

These pe
uliar obje
ts may provide a hint about their internal properties through their tem-

perature morphology. In the 
ase of pe
uliar strong relaxed 
lusters, if there is any powerful AGN

a
tivity or small s
ale substru
ture (whi
h 
ould be dete
ted in 
luster thermodynami
 maps only)

at the 
ore of the 
luster, it 
ould disturb the temperature distribution of the relaxed 
ore. It is

possible that the pun
h delivered to the surrounding ICM via jet emission 
ould be the result of
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Figure 4.7: Distribution of seven morphology parameters based on the 
luster density maps. Solid bla
k

line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool 
ore) 
lusters; dotted red

line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line = strong non-relaxed (non-
ool 
ore) 
lusters;

and dotted blue line = overall 
luster morphology distribution for ea
h parameter. All four de�nitions of

the Con
entration parameter were used. Cluster separation is based on the 
ombination of Gini, M20 and

Con
entration parameters.
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Figure 4.8: Seven morphology parameters plotted in the parameter-parameter planes (density maps). We

plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed

(
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool


ore) 
lusters.
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AGN a
tivity; and this 
ould be the 
ause of asymmetry in the temperature distribution and the

in
rease in temperature. These relaxed 
lusters therefore fall into the non-relaxed 
luster 
ategory

(low Con
entration and high M20 values). This 
ould suggest that morphology parameters might

be helpful in investigating AGN a
tivity and its e�e
t on the surrounding medium, parti
ularly in

relaxed 
lusters using their temperature maps. In � 4.10, we des
ribe ea
h of these strong relaxed


lusters in detail, with their radial pro�les.

In the 
ase of non-relaxed and strong non-relaxed pe
uliar obje
ts, the temperature gradient is

steep 
ompared with other non-relaxed and strong non-relaxed 
lusters, respe
tively. It is possible

that these pe
uliar 
lusters are evolving via infalling subgroups or minor 
lusters within the main


luster body; or it may be that the 
luster outskirts are intera
ting with other groups or 
lusters.

If these were the 
ase, then there would be high temperature at the 
luster outskirts; but the


ore of the 
luster meanwhile, appeared una�e
ted by merger sho
ks in all pe
uliar disturbed

(non-relaxed and strong non-relaxed) 
lusters. Cluster 
ores have been survived in these pe
uliar

disturbed 
lusters only among other disturbed 
lusters within our sample. Due to the inversion of

these 
luster temperature maps, the 
luster 
ore region will be
ome the brightest region (or have

high pixel values and hen
e small r50 inner radius 
ompared with large r80 outer radius). This will

result in high Con
entration values and low M20 values (20% of the bright pixels are 
lose to the


luster 
entre) for these pe
uliar disturbed 
lusters.

In the plot of Gini vs Con
entration or Gini vs M20, there are �ve (A119, A3667, A85, A3562,

and A3376) non-relaxed 
lusters and one strong non-relaxed (A3395) 
luster with a relatively high

Gini value (and high GM value). As mentioned in the previous paragraph, A3667, A85, A3562 and

A3376 have high Con
entration values in their temperature plots so they have bright pixels lo
ated

at the 
ore of 
luster. In the 
ase of A119 and A3395, however, bright pixels (or low temperature

plasma) are not lo
ated near the 
luster 
entroid be
ause they have low Con
entration values. We

found that 85% of 
lusters have low Gini value (< 0.15). This may indi
ate that, unlike surfa
e

brightness or density distribution, temperature distribution does not have 
ompa
t bright pixels

(or bright temperature spots) lo
ated at any one position in the given aperture. These temperature

(bright) spots are distributed throughout the ICM in both the relaxed and non-relaxed 
lusters.

Table 4.10 lists the mean, median, K-S and R-S tests values for the subsamples of strong relaxed

and strong non-relaxed 
lusters. The K-S and R-S probabilities are not signi�
ant (> 0.01 and

0.001, respe
tively) for any of the parameters to separate the strong relaxed and strong non-relaxed


lusters in the temperature maps.
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Table 4.9: Value of morphology parameters for the low-z 
lusters (temperature maps). Values are listed with appropriate un
ertainties of 1σ for

ea
h parameter.

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A3571 0.061 ± 0.002 -0.625 ± 0.019 1.553 ± 0.019 0.214 ± 0.021 0.040 ± 0.007 0.336 ± 0.004 0.016 ± 0.008

A2199 0.124 ± 0.001 -0.887 ± 0.013 1.701 ± 0.018 0.371 ± 0.012 0.031 ± 0.003 0.339 ± 0.003 0.014 ± 0.004

A0335 0.173 ± 0.003 -1.553 ± 0.019 2.064 ± 0.034 0.269 ± 0.013 0.030 ± 0.003 0.293 ± 0.005 0.049 ± 0.004

A496 0.160 ± 0.003 -1.370 ± 0.011 1.984 ± 0.020 0.285 ± 0.014 0.029 ± 0.004 0.294 ± 0.007 0.004 ± 0.005

A85 0.264 ± 0.002 -1.263 ± 0.023 2.098 ± 0.022 0.441 ± 0.014 0.022 ± 0.005 0.404 ± 0.002 0.125 ± 0.003

A478 0.024 ± 0.002 -0.881 ± 0.018 1.570 ± 0.043 0.072 ± 0.021 0.034 ± 0.007 0.329 ± 0.003 0.010 ± 0.004

A1795 0.111 ± 0.002 -1.293 ± 0.021 1.744 ± 0.015 0.268 ± 0.018 0.024 ± 0.004 0.328 ± 0.004 0.029 ± 0.004

A4038 0.092 ± 0.002 -1.273 ± 0.008 1.752 ± 0.013 0.129 ± 0.018 0.025 ± 0.001 0.294 ± 0.003 0.055 ± 0.005

A2052 0.133 ± 0.003 -0.943 ± 0.014 1.754 ± 0.019 0.369 ± 0.019 0.034 ± 0.002 0.336 ± 0.004 0.045 ± 0.004

Hydra-A 0.119 ± 0.006 -1.085 ± 0.022 1.820 ± 0.032 0.228 ± 0.021 0.047 ± 0.004 0.287 ± 0.007 0.026 ± 0.006

A2063 0.117 ± 0.002 -1.290 ± 0.024 1.857 ± 0.026 0.181 ± 0.022 0.035 ± 0.004 0.290 ± 0.003 0.036 ± 0.006

A3158 0.111 ± 0.002 -1.074 ± 0.017 1.815 ± 0.019 0.150 ± 0.019 0.019 ± 0.005 0.271 ± 0.003 0.039 ± 0.003

MKW3s 0.080 ± 0.004 -1.251 ± 0.017 1.729 ± 0.019 0.156 ± 0.016 0.040 ± 0.003 0.300 ± 0.003 0.028 ± 0.004

EXO0422 0.117 ± 0.004 -1.309 ± 0.024 1.846 ± 0.035 0.122 ± 0.020 0.036 ± 0.005 0.286 ± 0.003 0.061 ± 0.006

A4059 0.175 ± 0.006 -1.637 ± 0.019 2.158 ± 0.043 0.188 ± 0.033 0.046 ± 0.012 0.279 ± 0.007 0.037 ± 0.011

A2589 0.154 ± 0.002 -0.795 ± 0.021 1.744 ± 0.024 0.310 ± 0.017 0.044 ± 0.007 0.351 ± 0.006 0.077 ± 0.008

A3112 0.094 ± 0.007 -1.381 ± 0.030 1.784 ± 0.043 0.192 ± 0.078 0.068 ± 0.008 0.297 ± 0.007 0.025 ± 0.013

A1651 0.084 ± 0.003 -1.212 ± 0.018 1.787 ± 0.022 0.116 ± 0.020 0.032 ± 0.005 0.287 ± 0.003 0.015 ± 0.005

A576 0.108 ± 0.004 -0.864 ± 0.016 1.683 ± 0.023 0.334 ± 0.021 0.044 ± 0.004 0.337 ± 0.006 0.027 ± 0.006

A2657 0.089 ± 0.003 -1.258 ± 0.011 1.756 ± 0.018 0.164 ± 0.015 0.041 ± 0.005 0.296 ± 0.003 0.016 ± 0.006

A3391 0.102 ± 0.002 -1.058 ± 0.015 1.760 ± 0.012 0.223 ± 0.014 0.024 ± 0.004 0.316 ± 0.002 0.039 ± 0.003

A1650 0.126 ± 0.002 -0.837 ± 0.011 1.740 ± 0.019 0.317 ± 0.023 0.031 ± 0.004 0.328 ± 0.004 0.039 ± 0.007

S1101 0.108 ± 0.004 -1.358 ± 0.026 1.823 ± 0.025 0.169 ± 0.038 0.050 ± 0.006 0.294 ± 0.005 0.050 ± 0.008

zw
l1215 0.084 ± 0.001 -1.020 ± 0.017 1.719 ± 0.030 0.147 ± 0.017 0.031 ± 0.004 0.309 ± 0.002 0.048 ± 0.004

A2597 0.223 ± 0.003 -1.563 ± 0.021 2.222 ± 0.034 0.358 ± 0.021 0.026 ± 0.004 0.295 ± 0.007 0.023 ± 0.004

A133 0.151 ± 0.006 -1.402 ± 0.024 1.952 ± 0.045 0.228 ± 0.037 0.051 ± 0.007 0.306 ± 0.009 0.039 ± 0.006

Continued on next page
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Table 4.9 � Continued from previous page

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A2244 0.138 ± 0.003 -1.360 ± 0.014 1.940 ± 0.031 0.252 ± 0.023 0.032 ± 0.005 0.291 ± 0.006 0.014 ± 0.005

RXJ1504 0.085 ± 0.007 -1.393 ± 0.033 1.799 ± 0.067 0.124 ± 0.043 0.065 ± 0.012 0.294 ± 0.006 0.023 ± 0.012

A2204 0.063 ± 0.004 -1.291 ± 0.024 1.710 ± 0.042 0.143 ± 0.033 0.053 ± 0.010 0.308 ± 0.004 0.008 ± 0.008

A2029 0.108 ± 0.003 -1.152 ± 0.015 1.788 ± 0.024 0.280 ± 0.013 0.027 ± 0.005 0.311 ± 0.003 0.012 ± 0.009

A2142 0.124 ± 0.003 -1.352 ± 0.012 1.841 ± 0.036 0.187 ± 0.014 0.030 ± 0.006 0.302 ± 0.004 0.013 ± 0.008

A3562 0.255 ± 0.002 -1.421 ± 0.017 2.120 ± 0.021 0.467 ± 0.015 0.022 ± 0.002 0.411 ± 0.002 0.133 ± 0.004

A401 0.102 ± 0.003 -1.120 ± 0.009 1.774 ± 0.027 0.139 ± 0.016 0.025 ± 0.004 0.287 ± 0.002 0.048 ± 0.005

A3558 0.084 ± 0.004 -0.789 ± 0.025 1.647 ± 0.016 0.246 ± 0.022 0.052 ± 0.004 0.339 ± 0.005 0.042 ± 0.008

A2147 0.098 ± 0.002 -0.720 ± 0.014 1.635 ± 0.020 0.184 ± 0.019 0.038 ± 0.003 0.322 ± 0.003 0.083 ± 0.005

A3266 0.048 ± 0.005 -0.968 ± 0.025 1.620 ± 0.042 0.137 ± 0.029 0.057 ± 0.009 0.316 ± 0.005 0.028 ± 0.007

A119 0.177 ± 0.001 -0.899 ± 0.009 1.675 ± 0.018 0.190 ± 0.012 0.023 ± 0.004 0.402 ± 0.001 0.052 ± 0.004

A1644 0.121 ± 0.004 -1.279 ± 0.033 1.752 ± 0.024 0.245 ± 0.025 0.051 ± 0.006 0.335 ± 0.004 0.035 ± 0.005

A1736 0.072 ± 0.003 -0.572 ± 0.018 1.535 ± 0.017 0.225 ± 0.026 0.053 ± 0.005 0.353 ± 0.006 0.002 ± 0.002

A3395 0.191 ± 0.002 -0.685 ± 0.005 1.744 ± 0.021 0.360 ± 0.012 0.026 ± 0.003 0.415 ± 0.001 0.160 ± 0.003

A2065 0.156 ± 0.003 -1.264 ± 0.011 2.001 ± 0.024 0.219 ± 0.019 0.024 ± 0.004 0.282 ± 0.004 0.057 ± 0.006

A3822 0.108 ± 0.003 -1.226 ± 0.017 1.797 ± 0.014 0.225 ± 0.015 0.031 ± 0.004 0.313 ± 0.003 0.034 ± 0.005

A3667 0.253 ± 0.002 -1.420 ± 0.013 2.088 ± 0.024 0.385 ± 0.008 0.021 ± 0.005 0.377 ± 0.002 0.102 ± 0.003

A754 0.125 ± 0.002 -1.191 ± 0.013 1.861 ± 0.017 0.175 ± 0.010 0.019 ± 0.004 0.291 ± 0.002 0.064 ± 0.003

A2256 0.127 ± 0.003 -1.118 ± 0.019 1.855 ± 0.017 0.133 ± 0.021 0.020 ± 0.006 0.283 ± 0.003 0.060 ± 0.003

A399 0.075 ± 0.003 -1.268 ± 0.013 1.734 ± 0.012 0.129 ± 0.015 0.025 ± 0.004 0.304 ± 0.002 0.041 ± 0.007

A2163 0.041 ± 0.005 -1.021 ± 0.038 1.617 ± 0.053 0.162 ± 0.035 0.065 ± 0.014 0.314 ± 0.005 0.003 ± 0.009

A3376 0.366 ± 0.002 -1.305 ± 0.011 2.458 ± 0.033 0.615 ± 0.009 0.022 ± 0.003 0.449 ± 0.002 0.105 ± 0.005
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Table 4.10: Statisti
s for the subsample of strong relaxed (SR), and strong non-relaxed (SNR)


lusters (temperature maps). K-S and R-S statisti
s were performed between strong relaxed and

strong non-relaxed 
lusters to test whether they have the same distribution or not.

Parameters mean median K-S prob. R-S prob.

SR SNR SR SNR SR SNR SR SNR

Gini 0.11 0.11 0.11 0.11 9.94 × 10−01
8.86 × 10−01

M20 -1.30 -0.88 -1.29 -0.84 3.68 × 10−02
1.52 × 10−02

Con
entration 0.63 0.58 0.61 0.57 7.00 × 10−01
3.91 × 10−01

Asymmetry 0.22 0.20 0.27 0.18 5.43 × 10−01
8.86 × 10−01

Smoothness 0.06 0.06 0.05 0.05 7.00 × 10−01
5.68 × 10−01

GM 0.31 0.33 0.31 0.32 6.21 × 10−01
6.68 × 10−01

Ellipti
ity 0.02 0.07 0.02 0.06 6.16 × 10−02
8.65 × 10−02

4.9.3 Entropy map

2-D entropy maps of 
lusters allow us to investigate the ex
ess of heat input/generation in the

ICM at di�erent lo
ations within a 
luster, from the outskirts to the 
ore. We investigated entropy

stru
ture or morphology of 
lusters, using morphology parameters in order to understand the

entropy distribution.

Fig. 4.11 shows the distribution of morphology parameters for the pseudo entropy maps gen-

erated by the XMC te
hnique. In this plot, we showed the distribution of strong relaxed (solid

bla
k line), relaxed (dotted bla
k line), non-relaxed (dotted red line) and strong non-relaxed (solid

red line) 
lusters. The dotted blue line indi
ates the overall distribution of ea
h parameter. We

observed that Gini, M20 and Con
entration parameters separate the strong relaxed and strong

non-relaxed 
lusters. This 
ould indi
ate that the entropy map might be useful for separating

strong relaxed and strong non-relaxed 
lusters, or that distribution of entropy might indi
ate the

dynami
al state of the 
luster. Morphology parameter distribution for the entropy map is similar

to distribution for surfa
e brightness or density maps. This means high Con
entration and high

Gini values for strong relaxed 
lusters and low Con
entration and low Gini values for strong non-

relaxed 
lusters; and low M20 values for strong relaxed 
lusters and high M20 values for strong

non-relaxed 
lusters. Table 4.11 lists all parameter values 
al
ulated for entropy maps, together

with 1σ un
ertainty (see Chapter 2, � 2.2.5).

In relaxed 
lusters, radiative 
ooling regulates the minimum entropy level of the ICM through

a sele
tive removal of gas with short 
ooling time, while non-gravitational heating su
h as AGN

restri
ts the amount of gas whi
h 
an 
ool down to form stars and prevent ex
essive 
ooling. Non-

relaxed 
lusters are equally heated depending on the kineti
 energy of the in
oming sho
ks (Balogh

et al., 2007). Further, in non-relaxed 
lusters, entropy is enhan
ed by adiabati
 
ompression, and

by merger sho
ks or infalling material (gravitational heating) that generate the strong a

retion

sho
ks whi
h pass through the 
luster. It is a 
ommon belief that the ICM entropy is mu
h

a�e
ted in the 
entral region of 
lusters (Voit, 2005; Sanderson et al., 2005; Donahue et al., 2006b;

Sanderson et al., 2009b). If this is the 
ase then the Gini, M20 and Con
entration should be useful

parameters for tra
ing the 
entral entropy region of a 
luster.

We plotted parameter vs parameter in Fig. 4.12. In this plot, Con
entration vs M20 shows the

tight anti-
orrelation between di�erent dynami
al states of 
lusters. Strong relaxed 
lusters fall on

the upper-left 
orner of the Con
entration vs M20 plane, and have high Con
entration values. This
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Figure 4.9: Distribution of seven morphology parameters based on the 
luster temperature maps. Solid

bla
k line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool 
ore) 
lusters;

dotted red line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line = strong non-relaxed (non-
ool


ore) 
lusters; and dotted blue line = overall 
luster morphology distribution for ea
h parameter. All four

de�nitions of the Con
entration parameter were used. Cluster separation is based on the 
ombination of

Gini, M20 and Con
entration parameters.
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Figure 4.10: Seven morphology parameters plotted in the parameter-parameter planes (temperature

maps). We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore) 
lusters;

♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed

(non-
ool 
ore) 
lusters.
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implies minimum entropy emission in the 
ore of strong relaxed 
lusters (strong 
ool 
ore) and no

entropy `peaked' (anywhere) in the non-relaxed 
lusters. Further, we noti
ed pe
uliar obje
ts su
h

as A1795, A2204, A2029 and A478 in the Con
entration vs M20 plot. These are strong relaxed


lusters overlapped with intermediate 
lusters (relaxed and non-relaxed). This suggests that these


lusters 
ould have either AGN a
tivity or small s
ale substru
ture at the 
luster 
ore (whi
h


ould not be dete
ted in their surfa
e brightness maps), whi
h might in
rease the entropy of the

surrounding medium. Another possibility is that, in the 
luster 
ores, radiative 
ooling pro
ess of

these 
lusters removes low entropy gas from the hot ICM phase, whi
h is substituted by higher

entropy gas from large radii (Kravtsov & Borgani, 2012). � 4.10 des
ribes further analysis of these

strong relaxed 
lusters. Unlike our observation in the temperature plot, we did not dete
t any

other pe
uliar obje
ts of either non-relaxed or strong non-relaxed 
lusters.

We also observed a 
orrelation between Gini and Con
entration parameters with a few outliers,

as given in the temperature plot analysis (A119, A3667, A85, A3562, and A3376 and A3395). We

noted that strong relaxed 
lusters o

upy the upper-right 
orner and strong non-relaxed 
lusters

o

upy the lower-left 
orner, while relaxed and non-relaxed (intermediate) 
lusters are spread

between these two 
ategories. This relationship suggests that a maximum of entropy (a
tually

low entropy be
ause we inverted these entropy maps) is distributed among only a few (bright)

pixels in these strong relaxed 
lusters, and that these pixels are lo
ated at the 
luster 
ore (high

Con
entration).

Table 4.12 lists the mean, median, K-S and R-S tests values for the subsample of strong relaxed

and strong non-relaxed 
lusters. The M20, Con
entration and GM parameters have signi�
ant

probabilities of the K-S and R-S tests 
ompared with other parameters, and hen
e we 
an separate

strong relaxed and strong non-relaxed 
lusters (de�ned by surfa
e brightness maps) using these

three parameters in the entropy maps.
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Table 4.11: Value of morphology parameters for the low-z 
lusters (entropy maps). Values are listed with appropriate un
ertainties of 1σ for ea
h

parameter.

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A3571 0.123 ± 0.001 -1.426 ± 0.087 1.867 ± 0.210 0.207 ± 0.028 0.033 ± 0.006 0.284 ± 0.003 0.036 ± 0.057

A2199 0.270 ± 0.001 -1.469 ± 0.055 2.348 ± 0.224 0.354 ± 0.029 0.024 ± 0.003 0.256 ± 0.008 0.043 ± 0.042

A0335 0.389 ± 0.003 -1.944 ± 0.088 3.263 ± 0.398 0.352 ± 0.035 0.025 ± 0.008 0.207 ± 0.007 0.070 ± 0.047

A496 0.332 ± 0.003 -1.770 ± 0.070 2.783 ± 0.400 0.327 ± 0.035 0.025 ± 0.007 0.217 ± 0.005 0.019 ± 0.061

A85 0.419 ± 0.002 -1.576 ± 0.064 2.749 ± 0.338 0.465 ± 0.016 0.018 ± 0.005 0.334 ± 0.004 0.092 ± 0.042

A478 0.245 ± 0.001 -1.715 ± 0.101 2.436 ± 0.414 0.099 ± 0.037 0.025 ± 0.003 0.229 ± 0.002 0.066 ± 0.067

A1795 0.333 ± 0.002 -1.862 ± 0.062 2.862 ± 0.405 0.262 ± 0.035 0.016 ± 0.003 0.215 ± 0.005 0.073 ± 0.038

A4038 0.247 ± 0.001 -1.565 ± 0.068 2.338 ± 0.174 0.166 ± 0.033 0.019 ± 0.003 0.241 ± 0.002 0.104 ± 0.063

A2052 0.272 ± 0.003 -1.740 ± 0.070 2.416 ± 0.366 0.359 ± 0.042 0.031 ± 0.005 0.278 ± 0.005 0.074 ± 0.048

Hydra-A 0.278 ± 0.004 -1.679 ± 0.073 2.459 ± 0.561 0.226 ± 0.047 0.040 ± 0.008 0.218 ± 0.006 0.043 ± 0.063

A2063 0.242 ± 0.001 -1.613 ± 0.110 2.381 ± 0.430 0.216 ± 0.029 0.031 ± 0.003 0.235 ± 0.003 0.055 ± 0.059

A3158 0.262 ± 0.000 -1.436 ± 0.047 2.282 ± 0.327 0.166 ± 0.024 0.013 ± 0.002 0.205 ± 0.001 0.089 ± 0.072

MKW3s 0.246 ± 0.003 -1.662 ± 0.058 2.349 ± 0.473 0.185 ± 0.064 0.030 ± 0.005 0.226 ± 0.003 0.076 ± 0.044

EXO0422 0.306 ± 0.003 -1.753 ± 0.049 2.709 ± 0.423 0.145 ± 0.044 0.031 ± 0.009 0.207 ± 0.001 0.081 ± 0.050

A4059 0.315 ± 0.004 -1.759 ± 0.149 2.924 ± 0.752 0.223 ± 0.046 0.047 ± 0.009 0.213 ± 0.007 0.058 ± 0.077

A2589 0.259 ± 0.002 -1.309 ± 0.084 2.190 ± 0.699 0.326 ± 0.040 0.038 ± 0.005 0.316 ± 0.005 0.132 ± 0.091

A3112 0.272 ± 0.005 -1.737 ± 0.129 2.521 ± 0.571 0.238 ± 0.085 0.059 ± 0.014 0.221 ± 0.005 0.064 ± 0.096

A1651 0.265 ± 0.001 -1.592 ± 0.085 2.481 ± 0.689 0.148 ± 0.021 0.026 ± 0.005 0.193 ± 0.002 0.039 ± 0.039

A576 0.182 ± 0.001 -1.349 ± 0.079 2.040 ± 0.407 0.363 ± 0.022 0.040 ± 0.005 0.300 ± 0.006 0.044 ± 0.035

A2657 0.206 ± 0.002 -1.527 ± 0.066 2.197 ± 0.436 0.214 ± 0.069 0.035 ± 0.005 0.236 ± 0.003 0.005 ± 0.079

A3391 0.240 ± 0.001 -1.436 ± 0.086 2.278 ± 0.339 0.212 ± 0.017 0.019 ± 0.004 0.237 ± 0.004 0.090 ± 0.073

A1650 0.283 ± 0.001 -1.576 ± 0.062 2.388 ± 0.515 0.355 ± 0.029 0.024 ± 0.003 0.265 ± 0.005 0.077 ± 0.055

S1101 0.313 ± 0.003 -1.764 ± 0.111 2.799 ± 0.514 0.204 ± 0.082 0.040 ± 0.006 0.215 ± 0.004 0.093 ± 0.058

zw
l1215 0.219 ± 0.001 -1.461 ± 0.067 2.226 ± 0.308 0.161 ± 0.027 0.025 ± 0.003 0.245 ± 0.003 0.089 ± 0.081

A2597 0.483 ± 0.003 -2.096 ± 0.157 3.907 ± 0.793 0.279 ± 0.082 0.021 ± 0.008 0.170 ± 0.015 0.040 ± 0.075

A133 0.310 ± 0.004 -1.891 ± 0.127 2.838 ± 0.538 0.274 ± 0.078 0.050 ± 0.011 0.242 ± 0.009 0.062 ± 0.098

Continued on next page
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Table 4.11 � Continued from previous page

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A2244 0.321 ± 0.003 -1.728 ± 0.105 2.764 ± 0.571 0.252 ± 0.037 0.023 ± 0.003 0.199 ± 0.005 0.016 ± 0.043

RXJ1504 0.368 ± 0.005 -1.927 ± 0.151 3.166 ± 0.965 0.180 ± 0.090 0.053 ± 0.007 0.173 ± 0.007 0.060 ± 0.099

A2204 0.296 ± 0.004 -1.869 ± 0.160 2.760 ± 0.973 0.185 ± 0.066 0.048 ± 0.007 0.205 ± 0.003 0.016 ± 0.067

A2029 0.307 ± 0.002 -1.745 ± 0.072 2.718 ± 0.492 0.279 ± 0.027 0.019 ± 0.005 0.200 ± 0.007 0.025 ± 0.052

A2142 0.302 ± 0.001 -1.592 ± 0.084 2.548 ± 0.466 0.265 ± 0.039 0.022 ± 0.005 0.245 ± 0.003 0.079 ± 0.049

A3562 0.399 ± 0.001 -1.651 ± 0.047 2.697 ± 0.537 0.408 ± 0.029 0.019 ± 0.002 0.319 ± 0.003 0.101 ± 0.055

A401 0.238 ± 0.001 -1.556 ± 0.072 2.278 ± 0.296 0.147 ± 0.024 0.018 ± 0.004 0.222 ± 0.002 0.080 ± 0.059

A3558 0.162 ± 0.002 -1.309 ± 0.106 2.005 ± 0.437 0.323 ± 0.040 0.049 ± 0.005 0.310 ± 0.004 0.067 ± 0.064

A2147 0.155 ± 0.001 -0.960 ± 0.050 1.882 ± 0.524 0.200 ± 0.043 0.034 ± 0.003 0.294 ± 0.003 0.107 ± 0.079

A3266 0.113 ± 0.001 -1.165 ± 0.083 1.823 ± 0.363 0.164 ± 0.031 0.050 ± 0.009 0.285 ± 0.002 0.051 ± 0.051

A119 0.271 ± 0.001 -1.390 ± 0.077 2.065 ± 0.440 0.216 ± 0.018 0.019 ± 0.001 0.348 ± 0.001 0.086 ± 0.078

A1644 0.241 ± 0.004 -1.666 ± 0.060 2.299 ± 0.529 0.316 ± 0.043 0.048 ± 0.004 0.273 ± 0.001 0.011 ± 0.076

A1736 0.091 ± 0.001 -0.769 ± 0.095 1.668 ± 0.304 0.242 ± 0.011 0.051 ± 0.005 0.335 ± 0.004 0.009 ± 0.075

A3395 0.308 ± 0.001 -0.692 ± 0.040 1.759 ± 0.237 0.488 ± 0.018 0.027 ± 0.003 0.443 ± 0.001 0.234 ± 0.035

A2065 0.305 ± 0.002 -1.628 ± 0.099 2.623 ± 0.377 0.288 ± 0.026 0.021 ± 0.004 0.234 ± 0.005 0.111 ± 0.057

A3822 0.245 ± 0.001 -1.567 ± 0.058 2.351 ± 0.658 0.268 ± 0.022 0.026 ± 0.002 0.259 ± 0.003 0.081 ± 0.077

A3667 0.387 ± 0.001 -1.513 ± 0.094 2.804 ± 0.284 0.311 ± 0.007 0.015 ± 0.003 0.305 ± 0.002 0.116 ± 0.073

A754 0.238 ± 0.000 -1.161 ± 0.064 2.171 ± 0.333 0.219 ± 0.014 0.015 ± 0.003 0.240 ± 0.002 0.092 ± 0.054

A2256 0.248 ± 0.001 -1.188 ± 0.050 2.230 ± 0.311 0.161 ± 0.014 0.016 ± 0.002 0.235 ± 0.001 0.113 ± 0.052

A399 0.204 ± 0.001 -1.439 ± 0.083 2.195 ± 0.300 0.182 ± 0.028 0.019 ± 0.003 0.252 ± 0.002 0.080 ± 0.070

A2163 0.162 ± 0.002 -1.294 ± 0.164 2.045 ± 0.900 0.212 ± 0.030 0.051 ± 0.011 0.246 ± 0.002 0.031 ± 0.114

A3376 0.479 ± 0.002 -1.401 ± 0.076 2.763 ± 0.331 0.652 ± 0.019 0.021 ± 0.003 0.419 ± 0.003 0.087 ± 0.057
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Table 4.12: Statisti
s for the subsample of strong relaxed (SR), and strong non-relaxed (SNR)


lusters (entropy maps). K-S and R-S statisti
s were performed between strong relaxed and strong

non-relaxed 
lusters to test whether they have the same distribution or not.

Parameters mean median K-S prob. R-S prob.

SR SNR SR SNR SR SNR SR SNR

Gini 0.35 0.19 0.33 0.20 4.78 × 10−02
1.52 × 10−02

M20 -1.88 -0.99 -1.87 -1.06 7.95 × 10−04
2.70 × 10−03

Con
entration 1.03 0.65 0.97 0.63 7.95 × 10−04
2.70 × 10−03

Asymmetry 0.23 0.25 0.26 0.21 5.43 × 10−01
6.68 × 10−01

Smoothness 0.05 0.06 0.04 0.05 7.77 × 10−01
1.00

GM 0.20 0.31 0.20 0.29 7.95 × 10−04
2.70 × 10−03

Ellipti
ity 0.05 0.10 0.06 0.10 6.16 × 10−02
1.53 × 10−01

4.9.4 Pressure map

Pressure maps are useful in the study of the hydrodynami
 balan
e/unbalan
e between the dense


luster 
ore and the outer gas. In regular, relaxed and 
ool 
ore 
luster, the 
ooling �ow me
hanism

entails surrounding gas being pressurised towards the 
entre of the 
luster, while maintaining its

density. In the 
ase of hydrostati
 equilibrium, pressure of the external gas is in balan
e with


entral density. The gas in many 
lusters is 
lose to hydrostati
 equilibrium. But, in the 
ase of

non-relaxed and merger 
luster, strong merger sho
ks 
ould disturb this hydrodynami
 balan
e.

Strong AGN outbursts 
ould also responsible to interrupt hydrodynami
 balan
e.

We 
al
ulated morphology parameters for the pseudo pressure maps of the low-z 
lusters.

Fig. 4.13 gives a histogram plot whi
h shows the parameter distribution, while Fig. 4.14 illustrates

the parameter vs parameter plot. Table 4.13 lists all parameter values 
al
ulated for pressure maps,

together with 1σ un
ertainty (see Chapter 2, � 2.2.5). In the histogram plot, the Gini, M20 and

Con
entration parameters separate strong relaxed and strong non-relaxed 
lusters. In the s
atter

plots (parameter vs parameter), Con
entration vsM20 distinguishes strong relaxed and strong non-

relaxed 
lusters. Two pe
uliar obje
ts - A2597 and 2A-0335 - were, however, noti
ed on the M20

vs Con
entration plot. These two 
lusters are strong relaxed 
lusters overlapped with intermediate


lusters. This 
ould suggest that they have disturbed (
luster 
ore) pressure morphology 
aused

by AGN or 
old front a
tivities (M
Namara et al., 2001; Mazzotta et al., 2003). In the Gini vs

Con
entration or M20 plots, we see the same outliers as previously observed.

Table 4.14 lists mean, median, K-S and R-S tests values for the subsample of strong relaxed

and strong non-relaxed 
lusters. M20 and Con
entration parameters have signi�
ant probabilities

of the K-S and R-S tests, and 
an separate strong relaxed 
lusters from strong non-relaxed 
lusters

in the pressure maps.
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Figure 4.11: Distribution of seven morphology parameters based on the 
luster entropy maps. Solid bla
k

line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool 
ore) 
lusters; dotted red

line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line = strong non-relaxed (non-
ool 
ore) 
lusters;

and dotted blue line = overall 
luster morphology distribution for ea
h parameter. All four de�nitions of

the Con
entration parameter were used. Cluster separation is based on the 
ombination of Gini, M20 and

Con
entration parameters.
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Figure 4.12: Seven morphology parameters plotted in the parameter-parameter planes (entropy maps).

We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦
= relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed

(non-
ool 
ore) 
lusters.
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Table 4.13: Value of morphology parameters for the low-z 
lusters (pressure maps). Values are listed with appropriate un
ertainties of 1σ for ea
h

parameter.

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A3571 0.160 ± 0.002 -1.467 ± 0.023 1.991 ± 0.118 0.178 ± 0.024 0.029 ± 0.004 0.274 ± 0.004 0.072 ± 0.028

A2199 0.252 ± 0.001 -1.520 ± 0.045 2.205 ± 0.115 0.337 ± 0.026 0.022 ± 0.004 0.271 ± 0.005 0.062 ± 0.028

A0335 0.149 ± 0.001 -1.517 ± 0.034 1.948 ± 0.131 0.183 ± 0.020 0.027 ± 0.005 0.272 ± 0.005 0.034 ± 0.026

A496 0.138 ± 0.001 -1.376 ± 0.028 1.851 ± 0.124 0.232 ± 0.019 0.028 ± 0.005 0.292 ± 0.004 0.030 ± 0.021

A85 0.278 ± 0.001 -1.599 ± 0.031 2.266 ± 0.139 0.414 ± 0.018 0.020 ± 0.003 0.407 ± 0.003 0.087 ± 0.015

A478 0.324 ± 0.002 -1.761 ± 0.037 2.819 ± 0.109 0.093 ± 0.033 0.020 ± 0.010 0.184 ± 0.003 0.073 ± 0.018

A1795 0.284 ± 0.001 -1.682 ± 0.040 2.476 ± 0.101 0.220 ± 0.023 0.015 ± 0.006 0.215 ± 0.005 0.050 ± 0.024

A4038 0.161 ± 0.001 -1.581 ± 0.030 2.133 ± 0.172 0.117 ± 0.015 0.025 ± 0.005 0.279 ± 0.001 0.030 ± 0.027

A2052 0.182 ± 0.002 -1.572 ± 0.058 2.019 ± 0.307 0.299 ± 0.034 0.030 ± 0.003 0.294 ± 0.007 0.025 ± 0.046

Hydra-A 0.183 ± 0.003 -1.683 ± 0.086 2.104 ± 0.274 0.231 ± 0.050 0.051 ± 0.009 0.298 ± 0.006 0.031 ± 0.034

A2063 0.098 ± 0.002 -1.355 ± 0.039 1.799 ± 0.171 0.159 ± 0.024 0.040 ± 0.003 0.303 ± 0.001 0.003 ± 0.029

A3158 0.162 ± 0.001 -1.590 ± 0.018 2.069 ± 0.157 0.158 ± 0.022 0.019 ± 0.003 0.282 ± 0.002 0.041 ± 0.028

MKW3s 0.183 ± 0.002 -1.541 ± 0.057 2.140 ± 0.263 0.149 ± 0.029 0.035 ± 0.007 0.251 ± 0.002 0.051 ± 0.033

EXO0422 0.183 ± 0.001 -1.681 ± 0.050 2.249 ± 0.330 0.114 ± 0.025 0.039 ± 0.005 0.278 ± 0.001 0.032 ± 0.053

A4059 0.066 ± 0.002 -0.827 ± 0.023 1.602 ± 0.164 0.177 ± 0.045 0.049 ± 0.007 0.312 ± 0.003 0.032 ± 0.026

A2589 0.134 ± 0.002 -0.858 ± 0.026 1.742 ± 0.181 0.309 ± 0.039 0.042 ± 0.004 0.307 ± 0.006 0.021 ± 0.032

A3112 0.181 ± 0.004 -1.576 ± 0.048 2.155 ± 0.342 0.160 ± 0.056 0.065 ± 0.011 0.271 ± 0.005 0.068 ± 0.056

A1651 0.211 ± 0.003 -1.666 ± 0.037 2.319 ± 0.189 0.124 ± 0.023 0.031 ± 0.005 0.249 ± 0.003 0.028 ± 0.031

A576 0.137 ± 0.001 -1.243 ± 0.040 1.795 ± 0.263 0.270 ± 0.029 0.042 ± 0.006 0.308 ± 0.004 0.058 ± 0.039

A2657 0.124 ± 0.001 -1.395 ± 0.059 1.912 ± 0.215 0.152 ± 0.020 0.043 ± 0.006 0.290 ± 0.001 0.042 ± 0.034

A3391 0.184 ± 0.001 -1.463 ± 0.017 1.990 ± 0.187 0.215 ± 0.013 0.023 ± 0.003 0.292 ± 0.002 0.056 ± 0.028

A1650 0.239 ± 0.003 -1.643 ± 0.044 2.246 ± 0.191 0.216 ± 0.024 0.026 ± 0.005 0.243 ± 0.005 0.040 ± 0.022

S1101 0.218 ± 0.003 -1.665 ± 0.071 2.393 ± 0.404 0.161 ± 0.055 0.049 ± 0.007 0.253 ± 0.002 0.033 ± 0.071

zw
l1215 0.163 ± 0.001 -1.459 ± 0.029 2.053 ± 0.156 0.141 ± 0.019 0.030 ± 0.003 0.263 ± 0.003 0.023 ± 0.033

A2597 0.234 ± 0.002 -1.442 ± 0.031 2.104 ± 0.140 0.428 ± 0.024 0.026 ± 0.004 0.315 ± 0.004 0.012 ± 0.029

A133 0.107 ± 0.002 -1.259 ± 0.028 1.815 ± 0.225 0.218 ± 0.036 0.052 ± 0.005 0.304 ± 0.006 0.002 ± 0.033

Continued on next page
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Table 4.13 � Continued from previous page

Cluster name Gini M20 Con
entration Asymmetry Smoothness GM Ellipti
ity

A2244 0.186 ± 0.002 -1.651 ± 0.023 2.093 ± 0.229 0.201 ± 0.033 0.031 ± 0.006 0.279 ± 0.004 0.050 ± 0.027

RXJ1504 0.326 ± 0.007 -1.896 ± 0.081 2.971 ± 0.418 0.212 ± 0.067 0.061 ± 0.026 0.199 ± 0.004 0.035 ± 0.044

A2204 0.290 ± 0.005 -1.816 ± 0.079 2.798 ± 0.291 0.118 ± 0.050 0.046 ± 0.016 0.211 ± 0.001 0.030 ± 0.025

A2029 0.277 ± 0.002 -1.731 ± 0.031 2.538 ± 0.133 0.214 ± 0.032 0.019 ± 0.004 0.237 ± 0.004 0.044 ± 0.016

A2142 0.180 ± 0.002 -1.501 ± 0.025 2.103 ± 0.111 0.133 ± 0.021 0.027 ± 0.006 0.280 ± 0.002 0.038 ± 0.027

A3562 0.284 ± 0.002 -1.362 ± 0.019 2.089 ± 0.171 0.436 ± 0.020 0.023 ± 0.003 0.410 ± 0.002 0.078 ± 0.025

A401 0.147 ± 0.002 -1.514 ± 0.027 2.011 ± 0.149 0.148 ± 0.020 0.025 ± 0.005 0.284 ± 0.001 0.046 ± 0.029

A3558 0.119 ± 0.002 -1.346 ± 0.048 1.814 ± 0.188 0.209 ± 0.021 0.049 ± 0.006 0.302 ± 0.004 0.037 ± 0.026

A2147 0.119 ± 0.001 -1.261 ± 0.058 1.829 ± 0.303 0.186 ± 0.024 0.040 ± 0.006 0.307 ± 0.003 0.056 ± 0.036

A3266 0.077 ± 0.003 -1.349 ± 0.056 1.747 ± 0.202 0.143 ± 0.033 0.055 ± 0.009 0.302 ± 0.002 0.007 ± 0.038

A119 0.234 ± 0.001 -1.219 ± 0.036 1.873 ± 0.117 0.243 ± 0.013 0.021 ± 0.002 0.382 ± 0.002 0.059 ± 0.032

A1644 0.143 ± 0.003 -1.161 ± 0.049 1.808 ± 0.284 0.234 ± 0.033 0.048 ± 0.005 0.321 ± 0.007 0.030 ± 0.032

A1736 0.087 ± 0.001 -0.937 ± 0.060 1.708 ± 0.179 0.224 ± 0.028 0.048 ± 0.007 0.308 ± 0.002 0.012 ± 0.041

A3395 0.213 ± 0.001 -0.792 ± 0.022 1.723 ± 0.101 0.344 ± 0.013 0.028 ± 0.002 0.399 ± 0.001 0.146 ± 0.031

A2065 0.109 ± 0.001 -1.191 ± 0.025 1.779 ± 0.157 0.200 ± 0.016 0.028 ± 0.005 0.306 ± 0.002 0.037 ± 0.026

A3822 0.148 ± 0.001 -1.376 ± 0.024 1.946 ± 0.157 0.177 ± 0.016 0.029 ± 0.003 0.272 ± 0.002 0.045 ± 0.041

A3667 0.260 ± 0.002 -1.326 ± 0.030 2.075 ± 0.186 0.551 ± 0.022 0.019 ± 0.003 0.420 ± 0.003 0.136 ± 0.024

A754 0.113 ± 0.001 -1.112 ± 0.013 1.711 ± 0.106 0.215 ± 0.015 0.020 ± 0.003 0.305 ± 0.001 0.009 ± 0.009

A2256 0.111 ± 0.001 -1.282 ± 0.021 1.786 ± 0.051 0.151 ± 0.016 0.022 ± 0.003 0.306 ± 0.002 0.033 ± 0.015

A399 0.144 ± 0.001 -1.484 ± 0.021 1.992 ± 0.117 0.146 ± 0.026 0.023 ± 0.004 0.269 ± 0.002 0.037 ± 0.021

A2163 0.169 ± 0.005 -1.471 ± 0.054 2.100 ± 0.120 0.206 ± 0.063 0.051 ± 0.006 0.256 ± 0.005 0.039 ± 0.034

A3376 0.278 ± 0.002 -0.848 ± 0.022 1.930 ± 0.135 0.594 ± 0.027 0.023 ± 0.002 0.478 ± 0.001 0.135 ± 0.018
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Table 4.14: Statisti
s for the subsample of strong relaxed (SR), and strong non-relaxed (SNR)


lusters (pressure maps). K-S and R-S statisti
s were performed between strong relaxed and

strong non-relaxed 
lusters to test whether they have the same distribution or not.

Parameters mean median K-S prob. R-S prob.

SR SNR SR SNR SR SNR SR SNR

Gini 0.27 0.12 0.28 0.11 6.35 × 10−03
4.27 × 10−03

M20 -1.69 -1.12 -1.73 -1.19 7.95 × 10−04
2.70 × 10−03

Con
entration 0.86 0.60 0.86 0.59 7.95 × 10−04
2.70 × 10−03

Asymmetry 0.21 0.21 0.21 0.20 9.07 × 10−01
6.68 × 10−01

Smoothness 0.05 0.06 0.05 0.06 6.21 × 10−01
3.91 × 10−01

GM 0.23 0.32 0.21 0.31 6.35 × 10−03
2.23 × 10−02

Ellipti
ity 0.04 0.04 0.03 0.02 2.82 × 10−01
3.91 × 10−01

In general, morphology parameters are quite di�erent in surfa
e brightness, temperature, en-

tropy and pressure maps. Di�erent dynami
al states of 
lusters, a

ording to their surfa
e bright-

ness, o

upy di�erent positions in the parameters planes of temperature, entropy and pressure

maps. The `pe
uliar' obje
ts we observed in various maps, a
tually revealed their thermodynami


footprint and asso
iated gravitational or non-gravitational feedba
k me
hanisms. Hen
e, 
luster

morphology of thermodynami
 maps is a useful tool in understanding these 
omplex pro
esses.

To understand the details of these pro
esses, one needs to study ea
h individual 
luster using its

thermodynami
 maps. Cluster morphology of thermodynami
 maps is, however, not useful in the

study of 
luster dynami
s as surfa
e brightness morphology.

4.9.5 Power-law slope vs Morphology parameters

From Tables 4.5 and 4.6 we observed that the pure power-law gives very good approximation

regarding the polarity of slopes (positive slope value for temperature (T) and entropy (K); negative

slope value for density (ne) and pressure (P)). These slopes or gradients indi
ate whether the

thermodynami
 pro�le for ea
h 
luster is steep or �at. Furthermore, pure power-law model slopes

are di�erent for strong relaxed and strong non-relaxed 
lusters (a

ording to the 
ombination

of surfa
e brightness morphology parameters, as indi
ated earlier). For example, in the 
ase of

entropy, strong relaxed 
lusters have steep pro�les, hen
e larger slope values, and smaller slope

values for strong non-relaxed 
lusters due to their shallower pro�les. Temperature slope values,

on the other hand, do not separate di�erent dynami
al states of 
lusters, in the same way as

temperature morphology is not useful in the separation of di�erent dynami
al states of 
lusters, as

dis
ussed in � 4.9.2. The 
ontrast between the slope values in the thermodynami
 maps (with the

ex
eption of the temperature map) en
ouraged us to 
ompared them with 
orresponding surfa
e

brightness 
luster morphology. What follows is a 
omparison between the value of pure power-law

slopes derived for individual low-z 
lusters in their thermodynami
 maps with the 
orresponding

morphology parameters 
al
ulated for surfa
e brightness maps. Tables 4.3 and 4.4 lists these slope

values for ea
h low-z 
luster.

Figs. 4.15, 4.16, 4.17 and 4.18 
ompare the values of the best-�tting (pure) power-law slopes

of temperature, entropy, density and pressure pro�les, respe
tively, with morphology parame-

ters 
al
ulated for surfa
e brightness maps. We observe that, ex
ept for the best-�tting slope

of the temperature pro�les, three promising parameters, the Gini, M20 and Con
entration, are
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Figure 4.13: Distribution of seven morphology parameters based on the 
luster pressure maps. Solid bla
k

line = strong relaxed (strong 
ool 
ore) 
lusters; dotted bla
k line = relaxed (
ool 
ore) 
lusters; dotted red

line = non-relaxed (weak 
ool 
ore) 
lusters; solid red line = strong non-relaxed (non-
ool 
ore) 
lusters;

and dotted blue line = overall 
luster morphology distribution for ea
h parameter. All four de�nitions of

the Con
entration parameter were used. Cluster separation is based on the 
ombination of Gini, M20 and

Con
entration parameters.
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Figure 4.14: Seven morphology parameters plotted in the parameter-parameter planes (pressure maps).

We plotted C5080 as the Con
entration parameter. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦
= relaxed (
ool 
ore) 
lusters; + = non-relaxed (weak 
ool 
ore) 
lusters; and × = strong non-relaxed

(non-
ool 
ore) 
lusters.
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Figure 4.15: Surfa
e brightness morphology parameters plotted against the best-�tting power-law slope

(α) of the temperature pro�le.
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Figure 4.16: Surfa
e brightness morphology parameters plotted against the best-�tting power-law slope

(α) of the entropy pro�le.
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Figure 4.17: Surfa
e brightness morphology parameters plotted against the best-�tting power-law slope

(α) of the density pro�le.
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Figure 4.18: Surfa
e brightness morphology parameters plotted against the best-�tting power-law slope

(α) of the pressure pro�le.
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Figure 4.19: Best-�tting slope of the entropy and pressure pro�les plotted against mean system temper-

ature. ◦ = strong relaxed (strong 
ool 
ore) 
lusters; ♦ = relaxed (
ool 
ore) 
lusters; + = non-relaxed

(weak 
ool 
ore) 
lusters; and × = strong non-relaxed (non-
ool 
ore) 
lusters.

Table 4.15: Spearman 
oe�
ient, ρ, 
al
ulated for morphology parameters and power-law slope

(α) of temperature, entropy, pressure and density pro�les.

Morphology parameters Temperature pro�le Entropy pro�le Pressure pro�le Density pro�le

Gini 0.37 0.66 -0.73 -0.72

M20 -0.46 -0.76 0.79 0.84

Con
entration 0.47 0.75 -0.77 -0.81

Asymmetry 0.05 -0.11 0.17 0.07

Smoothness -0.29 -0.56 0.49 0.50

GM -0.23 -0.35 0.28 0.33

Ellipti
ity -0.03 0.05 -0.12 -0.02
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Table 4.16: Spearman test probability, p, 
al
ulated for morphology parameters and power-law

slope (α) of temperature, entropy, pressure and density pro�les.

Morphology parameters Temperature pro�le Entropy pro�le Pressure pro�le Density pro�le

Gini 0.01 0.0 0.0 0.0

M20 0.0 0.0 0.0 0.0

Con
entration 0.0 0.0 0.0 0.0

Asymmetry 0.74 0.46 0.26 0.63

Smoothness 0.05 0.0 0.0 0.0

GM 0.12 0.02 0.06 0.02

Ellipti
ity 0.85 0.74 0.40 0.90


orrelated/anti-
orrelated with the best-�tting slopes of the entropy, density and pressure pro�les.

Table 4.15 and Table 4.16 list the Spearman 
oe�
ient values, ρ, and 
orresponding probabil-

ity, p, respe
tively to test the 
orrelation/anti-
orrelation between the morphology of 
lusters and


orresponding best-�tting slope values.

We noted that the pure power-law does not have a good approximation of pro�les 
ompared

with that of the power-law with 
onstant base. In general, morphology parameters measure the

degree of disturban
e in a given 
luster, while α (derived from the pure power-law) measures

only the steepness or gradient of pro�les, in other words, temperature or density distribution as

a fun
tion of radius. In the 
ase of the density pro�le, α is similar to the �
uspiness parameter�

(Vikhlinin et al., 2007; Hudson et al., 2010; Maughan et al., 2012), and is used to di�erentiate 
ool


ore 
lusters from non-
ool 
ore 
lusters. Hen
e we expe
t a relationship between α (for the density

pro�les) and morphology parameters. Sanderson et al. (2009a) noted the 
orrelation between the

proje
ted X-ray-BCG o�set (also an indi
ator of merger) and the slope of the gas density pro�le.

This 
orrelation suggested that the strength of the 
ool 
ore de
lines in more disturbed 
lusters,

and that, subsequently, their 
ool 
ores are erased by 
luster merger. Our �ndings are similar, and

useful in evaluating the gradient of density or entropy simply from the 
luster surfa
e brightness

morphology. High Con
entration, high Gini and low M20 parameters indi
ate that relaxed 
lusters

have dense and 
on
entrated 
ores and steep pro�les in the 
entral region, so that relaxed 
lusters

have higher slope values. By 
ontrast, non-relaxed 
lusters have �atter pro�les in the 
ore, and

lower slope values.

Fig. 4.19 suggests that there is no eviden
e of any systemati
 variation in the slope of the en-

tropy and pressure pro�les with the mean temperature (V09) of low-z 
lusters, whi
h is similar to

the �ndings of Sanderson et al. (2009b). In this plot, we observed that strong relaxed 
lusters have

a high entropy slope and a low pressure slope. These observations 
ould suggest that the entropy

and pressure distributions are mu
h more 
orrelated with the ele
tron density distribution than

they are with temperature in the 
luster 
ore. Chapters 2 and 3 dis
ussed usefulness of morphology

parameters in the investigation of the dynami
al states of high redshift 
lusters. Another inter-

pretation of this 
orrelation 
ould be that we are able to evaluate the entropy or density gradient

of high redshift 
lusters using morphology parameters where it is di�
ult to measure gradients

using 
onventional te
hniques (su
h as the XMC, or by extra
ting spe
trum, �nding the density

and temperature, and then plotting entropy or pressure as a fun
tion of radius). This 
ould be

due to the observation of fewer photons in high-z 
lusters.
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4.10 Substru
ture diagnosti
s with thermodynami
 radial pro-

�les

There is another way to investigate substru
ture in the 2-D thermodynami
 maps of a given (indi-

vidual) galaxy 
luster, namely by studying its radial pro�les. In radial pro�les of thermodynami


maps, we might see the high amplitude of �u
tuations and/or dis
ontinuities. These �disturban
es�

in radial pro�les 
ould suggest the presen
e of substru
ture or a 
luster merging pro
ess. It is be-

lieved that larger �u
tuations (in the radial pro�le) 
ould be asso
iated with non-relaxed 
lusters,

in 
ontrast with smooth pro�les whi
h are asso
iated with relaxed and regular 
lusters. The im-

portant reason for studying these �u
tuations in radial pro�les is that they help in investigating

the link between s
atter of the s
aling relations of 
lusters and the possible unnoti
ed underlying

substru
ture in the X-ray observables of the ICM density and surfa
e brightness maps. This en-


ouraged us to study radial pro�les of individual low-z 
lusters. As mentioned in Chapter 3, � 3.5,

however, there are seven strong relaxed 
lusters (A2597, 2A-0335, A478, A1795, A2029, RXJ1504,

and A2204), six strong non-relaxed 
lusters (A2147, A3266, A1736, A3395, A754, and A2256),

and thirty �ve intermediate 
lusters. It is possible that we 
ould miss merging a
tivity in the

surfa
e brightness (and density) maps of these strong relaxed 
lusters. It is, therefore, essential to

investigate the thermodynami
 radial pro�les of these strong relaxed 
lusters and 
ompare these

pro�les with pro�les of strong non-relaxed 
lusters to look for possible substru
ture in strong re-

laxed 
lusters (it being known that intermediate 
lusters have minor and major merging a
tivities).

This will also allow us to 
ompare our morphologi
al measurements of thermodynami
 maps (�

4.9) with its radial pro�les.

We studied radial pro�les of temperature, entropy, density and pressure dire
tly from their

maps. We measured standard deviation (std) in ea
h radial bin, 
onsidering it a �u
tuation.

Overall �u
tuations in ea
h radial bin 
ould des
ribe the underlying substru
ture and dynami
al

state of the 
luster. The error on the X-axis is measured by 0.5(r2 − r1) where r2 is the outer

radius and r1 is the inner radius. We used (0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1,

0.15, 0.2, 0.25, 0.3, 0.4, 0.5)R500 radial bins for RXJ1504 (z = 0.2169), A2204 (z = 0.1511) and

A2163 (z = 0.203) be
ause of their high redshift.

Comparison between seven strong relaxed and six strong non-relaxed 
lusters (as 
lassi�ed

by 
ombination of morphology parameters) in terms of �u
tuations in their 
orresponding radial

pro�les, is given below.

4.10.1 A2597

A2597 is one of the most relaxed 
lusters in the V09 sample (on the morphology parameter planes,

it has the highest Con
entration and lowest M20 parameter values). M
Namara et al. (2001);

Clarke et al. (2005b) dete
ted �ghost� 
avities in A2597 whi
h are asso
iated with faint extended

radio emission. They argued that these 
avities are buoyantly rising reli
s of radio outbursts. In

Fig. 4.20 we display density, temperature, entropy and pressure maps together with 
orresponding

proje
ted radial pro�les.

On the log-log plane of A2597 radial pro�les, we �tted the power-law models for the temper-

ature, density, entropy and pressure pro�les in the form of (1) F (r) = F0 + F (R500)
α
(solid red
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line) and (2) F (r) = F (R500)
α
(dotted green line) (see � 4.8). Tables 4.3 and 4.4 list best-�t values

for these power-law models. We �tted the power-law model with 
onstant base to the tempera-

ture, density, entropy and pressure radial pro�le solely to illustrate �tting. The pure power-law

model was derived to evaluate the gradient for the 
orresponding thermodynami
 maps whi
h were


ompared with 
luster surfa
e brightness morphology parameters in � 4.9.5.

In the thermodynami
 maps, we observe that A2597 is a regular and relaxed 
luster. In the

proje
ted radial pro�le plots, the y-axis error bar 
orresponds to the std in ea
h radial bin. This std

is plotted in the form of �u
tuations together with the 
orresponding mean value of ea
h radial bin.

A2597, a strong relaxed 
luster, shows relatively less �u
tuation and no dis
ontinuity 
ompared

with the radial pro�les of other 
lusters. The temperature and entropy pro�les look similar to

the typi
al pro�les for relaxed 
lusters, where temperature and entropy de
line towards the 
luster


entre be
ause of strong 
ooling �ow. A2597 has a very steep gradient in its temperature and

entropy pro�les where the pure power-law model (dotted green line) is deviated at ∼ 0.05 R500.

The pure power-law model 
ould not �t into the inner 
ore region of A2597. In the density radial

pro�le, the power-law with 
onstant base as well as the pure power-law models did not �t at & 0.1

R500. In � 4.9.4, where we plotted (morphology) parameter vs parameter for pressure maps, A2597

was identi�ed as a pe
uliar obje
t. Its pressure map indi
ated low Con
entration and high M20

values. A2597 has a gradual pressure gradient in the 
ore region (at < 0.1 R500), whi
h indi
ates

that the pressure morphology of A2597 is disturbed. A

ording to smooth and 
ontinuous radial

pro�les of the A2597, however, it is a strong 
ool 
ore and strong relaxed 
luster.

4.10.2 2A-0335

2A-0335 is a strong relaxed 
luster in the V09 sample. This 
luster has a dense and 
ool 
ore.

It hosts a 
old front, and the 
ool 
ore of the 
luster is moving relatively to the surrounding gas

(Mazzotta et al., 2003). Fig. 4.21 shows density, temperature, entropy and pressure maps together

with the 
orresponding proje
ted radial pro�les. On the log-log plane of 2A-0335 radial pro�les, we

�tted the power-law models as des
ribed above. Tables 4.3 and 4.4 list best-�t values. The X-ray

surfa
e brightness or density map appears symmetri
 and regular. The temperature radial pro�le

shows small �u
tuations in the 
entre (. 0.05 R500) whi
h 
ould be asso
iated with the 
entral


omplex morphology 
onsisting of a number of X-ray bright knots whi
h, in turn, emit soft X-rays

(Mazzotta et al., 2003). In the density radial pro�le, the power-law models did not �t at & 0.1

R500. In � 4.9.4, we des
ribed how 2A-0335 is identi�ed as a pe
uliar obje
t on the Con
entration

vs M20 plane for pressure maps. It has the lowest Con
entration and highest M20 values of all

strong relaxed 
lusters for its pressure map. Its pressure pro�le is �atter in the 
ore region (at

< 0.1 R500) whi
h indi
ates that the pressure morphology of 2A-0335 is disturbed. There is no

�u
tuation or dis
ontinuity among the radial pro�les of 2A-0335, whi
h suggests that 2A-0335 is

a strong relaxed, regular 
luster.

4.10.3 A478

A478 is a strong relaxed, 
ooling �ow 
luster whi
h hosts the X-ray 
avities in its 
entral region

together with two low-power, small radio lobes emerging from the 
entral nu
leus (Sun et al.,

2003; de Plaa et al., 2004). Subsequently, Sanderson et al. (2005) suggested the possibility of
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Figure 4.20: Top A2597 2-D thermodynami
 maps. (a) is the A2597 temperature map, (b) is the A2597

density map, (
) is the A2597 pseudo-entropy map, and (d) is the A2597 pseudo-pressure map. The white


ir
le shows the 0.3 R500 s
aled radius 
entred on the 
luster 
entroid. As 
an be seen, higher distan
e

from the 
luster 
entroid is not reliable and 
ontains mainly noise due to fewer photons in the observation.

Bottom Proje
ted radial pro�les of A2597 for (a) temperature, (b) density, (
) entropy and (d) pressure.

The y error bar shows the standard deviation in ea
h radial bin in the form of �u
tuations. Solid red line

shows the power-law model with 
onstant base �tting, while dashed green line shows the pure power-law

model �tting.
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Figure 4.21: Same as Fig. 4.20, ex
ept for 2A-0335.
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AGN heating the 
ool 
ore of A478. They dis
overed four hot spots situated within the 
ool


ore of A478. These hot spots 
ould be asso
iated with strong-sho
k heating by the AGN jet.

Fig. 4.22 illustrates our thermodynami
 maps of A478 together with the 
orresponding radial

pro�les. Tables 4.3 and 4.4 list best-�t values derived from the power-law models. We observed

�u
tuation in the temperature pro�le, at < 0.1 R500, whi
h 
ould be due to the sho
k-a�e
ted


entral region of A478. In A478, the temperature of the 
ool 
ore is approximately double that of

the surrounding temperature (Sanderson et al., 2005). We noti
ed, in the morphology parameter

vs parameter plane of Con
entration vs M20 for temperature and entropy maps, that A478 falls

on the non-relaxed side (see � 4.9.2 and 4.9.3). The entropy pro�le appears to be a typi
al relaxed


luster pro�le with no �u
tuation and dis
ontinuity. This 
ould suggest that heating is spread

somehow throughout the (dense) 
luster 
ore (Brüggen & Kaiser, 2002), possibly resulting in less

�u
tuation in the entropy pro�le. Density and pressure de
line sharply when moving outwards

from the 
luster 
entre. In 
ontrast to the two 
lusters des
ribed earlier, we were able to �t only

the 
onstant base power-law model to the density distribution at > 0.1 R500.

4.10.4 A1795

A1795 displays the relaxed and regular X-ray morphology in its surfa
e brightness/density map.

Markevit
h et al. (2001) found a 
old front in the 
ore of A1795, whi
h they attributed to sloshing

gas. In addition to that, Fabian et al. (2001) noti
ed the 
ool gas �laments extending from the


D galaxy towards this 
old front and the bulk of the 
entral gas moving around the 
D galaxy.

Fig. 4.23 shows A1795 thermodynami
 maps together with 
orresponding radial pro�les. Tables

4.3 and 4.4 list best-�t values derived from the power-law models. In our observation, small

�u
tuations in the temperature pro�le in the inner 
ore region (/ 0.05 R500) as well as outside

of the radius 0.2 R500 were evident, but the temperature dropped in the 
ore, and there was no

dis
ontinuity. There was also no 
orresponding �u
tuation in the entropy pro�le, suggesting that

the 
ool and dense 
luster 
ore of A1795 dissipates the (ex
ess) temperature or heating into the


ore. In the parameter-parameter plane of temperature and entropy, we noti
ed that A1795 has

low Con
entration and high M20 values. This is 
onsistent with the observed 
old front a
tivity

in the 
ore of A1795, whi
h 
ould be responsible for disturbing the 
ore temperature and entropy

morphology of A1795. In the density radial pro�le, power-law models did not �t at & 0.1 R500. In

general, there is no (high) �u
tuation or dis
ontinuity among the radial pro�les of A1795, whi
h

indi
ates A1795 is a strong relaxed and regular 
luster.

4.10.5 A2029

A2029 is a 
omplex 
ooling 
ore 
luster whi
h has asymmetri
 X-ray emission in the 
ore. Clarke

et al. (2004) analysed the Chandra data of A2029 and observed a number of X-ray �laments in the


entral region, �laments whi
h 
ould be 
onne
ted with the presently a
tive 
entral radio galaxy.

They also noti
ed spiral-sloshing motions in the 
luster 
ore possibly 
aused by a past merger

a
tivity. This disturbed morphology of A2029 is seen in the temperature and entropy maps, sin
e

we noti
ed in the parameter-parameter planes (for temperature and entropy maps) that A2029 has

low Con
entration and high M20 values. Fig. 4.24 shows thermodynami
 maps of A2029 together

with the 
orresponding radial pro�les. We �tted the power-law models onto the log-log plane
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Figure 4.22: Same as Fig. 4.20, ex
ept for A478.
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Figure 4.23: Same as Fig. 4.20, ex
ept for A1795.
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of the A2029 radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from the power-law

models. In the temperature map, we observed a hotter region in the North-West dire
tion from

the 
luster 
entre. We suspe
t that this is an artifa
t resulting from the XMC modelling, visible

in the temperature map only. In the temperature pro�le, we observed high �u
tuation at 0.2 R500


orresponding to this artifa
t. The artifa
t may be the result of an insu�
ient number of photons

in the observation of A2029. In the density radial pro�le, power-law models did not �t at & 0.1

R500. From the analysis of the inner region of A2029, however, this 
luster appears relaxed. There

is no �u
tuation or dis
ontinuity in radial pro�les, whi
h 
ould indi
ate that there is presently no

substru
ture lo
ated in A2029.

4.10.6 RXJ1504

RXJ1504 is the highest redshift (z = 0.2169) 
luster in the low-z 
luster sample. RXJ1504 is

massive, luminous and extremely 
ompa
t, and has a parti
ularly dense 
entral region. Its high

X-ray luminosity belongs mainly to the 
entral 
ore (Böhringer et al., 2005). Surfa
e brightness

morphology parameters of RXJ1504 also suggest that it is a highly regular and strong relaxed


luster, similar to A2597. Fig. 4.25 shows RXJ1504 thermodynami
 maps together with the 
or-

responding radial pro�les. We �tted the power-law models onto the log-log plane of the RXJ1504

radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from the power-law models. All the

thermodynami
 maps appeared regular, and there was no substru
ture visible. We also observed

an unremoved point sour
e (from the input event �le) in the South-West dire
tion from the main


luster, in all the thermodynami
 maps. In the density radial pro�le, the power-law models did

not �t at & 0.1 R500. A high 
entral temperature 
ould be the result of 
entral AGN heating, as

argued by Böhringer et al. (2005). This is in agreement with our �nding that RXJ1504 has low

Con
entration and high M20 values for its temperature map. There is no �u
tuation or dis
onti-

nuity in any of the radial pro�les of RXJ1504 whi
h 
ould indi
ate that it is a strong relaxed and

regular galaxy 
luster.

4.10.7 A2204

A2204 is at redshift z = 0.1511. Surfa
e brightness morphology parameters suggested that A2204

is a strong 
ool 
ore 
luster (with highest Con
entration and lowest M20 values for its density

map). The 
entral 
ooling time (0.25 h
−1/2
71 Gyr) of A2204 is the lowest of all relaxed 
lusters in

the V09 sample, as well as having very high 
entral ele
tron density (Sanders et al., 2005; Hudson

et al., 2010). The temperature map and dis
ontinuity in the temperature radial pro�le (Fig. 4.26)

together suggest that the 
ore is disturbed and that there 
ould be a substru
ture in the 
entral

region. In the temperature and density maps, the North emission 
orresponds to unremoved point

sour
e(s). The temperature map indi
ates high temperature and a tail-like stru
ture extending

Eastwards from the 
luster 
ore. This is 
onsistent with the our previous �nding that A2204 has low

Con
entration and high M20 values for its temperature map. The temperature radial pro�le shows

a �attening or dis
ontinuity at ∼ 0.1 R500 before a further temperature de
line in the 
ore. The


orresponding entropy pro�le of A2204 does not indi
ate any �attening or dis
ontinuity. Sanders

et al. (2005) noti
ed a similar morphology in the 
ore of A2204. They argued that this stru
ture is a

result of 
luster merger with unequal mass, the 
entral sub
luster having a mu
h smaller mass then
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Figure 4.24: Same as Fig. 4.20, ex
ept for A2029.
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that of the main 
luster. We did not observe any signi�
ant substru
ture in the density, pressure

and entropy maps, nor �u
tuation and/or dis
ontinuity in their radial pro�les. Consequently,

overall this appears to be a relaxed and regular 
luster ex
ept for small s
ale merging a
tivity

in the 
luster 
ore. A2204 is a good example of a 
luster with small s
ale merging a
tivity not

dete
ted in its surfa
e brightness morphology parameters, and whi
h would go unnoti
ed without

a temperature map.

4.10.8 A2147

A2147 is a member of the Her
ules super
luster. The irregular X-ray morphology of the A2147


luster indi
ates merging a
tivity. Fig. 4.27 illustrates our thermodynami
 maps together with

the 
orresponding radial pro�les. We �tted the power-law models onto the log-log plane of the

A2147 radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from the power-law models.

All of its thermodynami
 maps indi
ate that A2147 is a merging 
luster. We observed that, in the

density map, the X-ray emission extends Southwards from the 
luster 
enter. The temperature

and entropy maps display multiple X-ray emission spots whi
h 
ould be asso
iated with merging

a
tivity. Furthermore, the temperature and entropy maps show an extended region towards the

South-East not 
learly visible in the surfa
e brightness or density maps. There is also less X-

ray emission visible in the North-Westerly dire
tion. The temperature and entropy pro�les show

dis
ontinuity (pro�le be
omes �at at . 0.1 R500), and �u
tuation, whi
h are typi
al indi
ators of

merger. In parti
ular, at a radius of & 0.1 R500, both the temperature and entropy pro�les show

high �u
tuation. This implies possible heating by merger sho
ks whi
h in
rease the ICM entropy.

In both of these pro�les, pure power-law is not �tted well in either the 
ore region (. 0.1 R500)

or outside of it. It is possible that the pure power-law model is not su�
ient in evaluating pro�les

of temperature and entropy for A2147. The density pro�le appears �at in the 
entral region (.

0.1 R500), whi
h is opposite to that of a relaxed 
luster pro�le whose density de
lines sharply

when moving outward from the 
luster 
entre. Unlike the relaxed 
lusters, in the density pro�le

of A2147, the power-law (with 
onstant base) 
an be �tted up to 0.3 R500. Overall, A2147 is a

strong non-relaxed 
luster be
ause of the high �u
tuation and dis
ontinuity in its temperature and

entropy radial pro�les.

4.10.9 A3266

The surfa
e brightness map of A3266 shows an elongated morphology and that it is a merging


luster (Finoguenov et al., 2006). Fig. 4.28 displays our thermodynami
 maps together with the


orresponding radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from the power-law

models. A3266 is a very hot 
luster. Finoguenov et al. (2006) found low entropy gas �owing

in a North-Easterly (merger-axis) dire
tion from the primary 
luster 
ore, 
orresponding to in-

falling sub
luster gas stripped from the foreground. Our temperature and entropy maps indi
ate

two nu
lei lying in the North-East, whi
h 
on
ur with the �ndings of Finoguenov et al. (2006).

We observed �u
tuation and dis
ontinuity in the radial pro�les of temperature and entropy. The

temperature and entropy pro�les are �at in the 
luster 
ore region (. 0.1 R500), and the pure

power-law model did not �t well. Unlike the relaxed 
lusters, in the density pro�le of A3266, the
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Figure 4.26: Same as Fig. 4.20, ex
ept for A2204.
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Figure 4.27: Same as Fig. 4.20, ex
ept for A2147.
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power-law (with 
onstant base) 
an be �tted up to 0.3 R500. In brief, A3266 is a strong non-relaxed


luster be
ause of high �u
tuation and dis
ontinuity in temperature and entropy radial pro�les.

4.10.10 A1736

A1736 belongs to the Shapely Super
luster. X-ray morphology of this 
luster shows a 
omplex and

irregular shape with no well de�ned 
ore (Ettori et al., 1997). This is one of the most disturbed


lusters in the (surfa
e brightness) morphology parameter-parameter plane (i.e. it has the lowest

Gini and Con
entration values and highest M20 value). Fig. 4.29 shows our thermodynami
 maps

together with the 
orresponding radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from

the power-law models. The temperature and entropy distribution of A1736 is very 
omplex. In

the density map, the 
entroid is lo
ated in the West. In the temperature and entropy maps, we

observed peak emission from the East and West extending towards the South. The temperature

radial pro�le appeared to be �at in both the 
entral 
ore and outer region. In the entropy pro�le,

we noted dis
ontinuity to be at . 0.1 R500. We saw high �u
tuation in the temperature and

entropy pro�les. The density and pressure pro�les also appeared �at in the 
luster 
ore. The pure

power-law model did not �t well to any of the radial pro�les of A1736. All of our thermodynami


maps and radial pro�les suggest that A1736 is a strong non-relaxed 
luster.

4.10.11 A3395

A3395 is a 
omplex merger having multiple 
omponents - A3395 (North-East), A3395 (South-

West), A3395 (North-West), A3395 (West), and �laments between the N-E and W 
omponents

(Tittley & Henriksen, 2001; Lakh
haura et al., 2011). In our analysis, we ex
luded the N-E


omponent. There is no sho
k front in A3395. Fig. 4.30 gives our thermodynami
 maps together

with the 
orresponding radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from the

power-law models. All of the maps indi
ated that merging a
tivity is on-going between A3395

(North-East) and A3395 (South-West). The hot ICM extends from the South-West to West, and

high entropy gas �ows from the �laments. The temperature pro�le indi
ated high �u
tuation,

but there was no sign of �attening in the 
ore, nor was there any dis
ontinuity visible in either

the temperature or entropy pro�les. A3395 is identi�ed as a strong non-relaxed 
luster in terms

of the 
ombination of (surfa
e brightness) morphology parameters, but its radial pro�les (with

the ex
eption of high �u
tuation in temperature and pressure) do not suggest that it is a strong

non-relaxed 
luster as is A1736.

4.10.12 A754

The X-ray morphology of A754 shows irregularity and very 
omplex behaviour, indi
ating that

it is undergoing a violent merger (Kassim et al., 2001; Henry et al., 2004; Clarke et al., 2005a;

Ma
ario et al., 2011). Fig. 4.31 gives our thermodynami
 maps together with the 
orresponding

radial pro�les. Tables 4.3 and 4.4 list best-�t values derived from the power-law models. In the

thermodynami
 maps, we observed that the X-ray emission extends from the East to the West. A

large hot area in the South and South-West, together with 
ool gas situated at the tip of the bright

tongue-like stru
ture, were also observed by Govoni et al. (2004) in their temperature map. It is
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Figure 4.28: Same as Fig. 4.20, ex
ept for A3266.
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Figure 4.29: Same as Fig. 4.20, ex
ept for A1736.
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Figure 4.30: Same as Fig. 4.20, ex
ept for A3395.
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possible that this stru
ture 
ould be a remnant of the 
ore of one of the substru
tures 
urrently

moving in the North-Easterly dire
tion. Henry et al. (2004) provided a detailed analysis of A754

using pseudo entropy and pressure maps. In the parameter-parameter plane for the temperature

maps, we observed that A754 has a high Con
entration and low M20 value 
ompared with those

of other strong non-relaxed 
lusters. It is possible that the 
ore of A754 is not yet a�e
ted by

merging a
tivity. However, our radial pro�les, parti
ularly temperature and pressure, show high

�u
tuation; but, 
onsistent with our temperature morphology parameter result, in the inner 
ore

region there is no temperature �u
tuation (. 0.05 R500). The temperature and entropy pro�les

indi
ate dis
ontinuity and that they are �at in the 
ore (. 0.1 R500), and also that the pure power-

law model is not adequate in evaluating the pro�les of temperature and entropy. Hen
e, the radial

pro�les indi
ate that A754 is a violent merger.

4.10.13 A2256

A2256 is at an early stage of merger, and the main body of the 
luster is not yet mu
h disturbed

by ongoing merging a
tivities (Sun et al., 2002). This is in agreement with our previous �nding

that A2256 has high Con
entration and low M20 values for its temperature map. Fig. 4.32 gives

our thermodynami
 maps together with the 
orresponding radial pro�les. Tables 4.3 and 4.4 list

best-�t values derived from the power-law models. The A2256 temperature map also shows that

a sub
luster in the West has a lower temperature (as well as low entropy) than that of the main


luster (Sun et al., 2002). We also noti
ed a distortion in the morphology of the sub
luster, whi
h


ould be the result of the infalling of groups or a 
luster from the West. Both the temperature and

entropy pro�les are �at and dis
ontinue at . 0.1 R500. The density and pressure pro�les are also

�at in the 
ore region. There is high �u
tuation visible in the temperature and pressure pro�les.

None of the pro�les is �tted with the pure power-law model. The radial pro�les of A2256 suggest

that it is a strong merging 
luster.

In summary the diagnosti
s of substru
ture and 
luster merger using thermodynami
 maps

and 
orresponding radial pro�les of galaxy 
lusters 
ontribute signi�
antly to the knowledge of the

dynami
al state of 
lusters. We observed more �u
tuation and dis
ontinuity in radial pro�les of

signi�
antly disturbed 
lusters, 
ompared with smooth and steady pro�les of relaxed and regular


lusters. Of all thermodynami
 maps, the temperature map is the most sensitive indi
ator of

merging a
tivities. In relaxed 
lusters, a sub
luster sometimes goes unnoti
ed in their density

or surfa
e brightness maps, but 
ould be dete
ted in the temperature maps of 
orresponding

relaxed 
lusters, using either morphology parameters (Con
entration and M20) or a 1-D radial

pro�le together with �u
tuation and/or dis
ontinuity. This study in
ludes only (V09) low-z strong

relaxed and strong non-relaxed 
lusters in the analysis of radial pro�les. There is a possibility

of mismat
h in 
luster dynami
al states derived by (1) surfa
e brightness morphology parameters

and (2) thermodynami
 maps. For example, A3376 is 
lassi�ed as a non-relaxed 
luster (weak 
ool


ore) by a 
ombination of surfa
e brightness morphology parameters, while its thermodynami


radial pro�les (Fig. 4.33) show more �u
tuation and dis
ontinuity (
ompared with other non-

relaxed 
lusters), whi
h makes this 
luster a strong merger or disturbed 
luster a

ording to its

thermodynami
 maps.
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Figure 4.31: Same as Fig. 4.20, ex
ept for A754.
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Figure 4.32: Same as Fig. 4.20, ex
ept for A2256.
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Figure 4.33: Radial pro�les of A3376. This 
luster is identify as non-relaxed or intermediate by morphol-

ogy parameters in its surfa
e brightness map, but shows more �u
tuation and dis
ontinuity in temperature

and pressure pro�les.
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4.11 Sample of XMM-Newton observed 
lusters

The KA09 study used 101 X-ray galaxy 
lusters to quantify the s
atter and evolution of the LX−T

relationship, and to examine the evolution of substru
ture with redshift. They analysed this using

luminosity/density and temperature 2-D maps derived by the XMC te
hnique (was developed for

the XMM-Newton teles
ope). They used the temperature and luminosity 
ontrast method (KA09)

to determine the presen
e of 
ooling 
ores (or dynami
al a
tivity) in a given 
luster. At our request,

they provided us with luminosity and temperature maps for 
omparison with our previous Chandra

measurements. These luminosity/density maps are similar to their surfa
e brightness maps. They

are already exposure 
orre
ted and smoothed, so there is no need to apply additional treatment

to these maps. In this study, our aim is to investigate the density and temperature morphology

of KA09 
lusters using morphology parameters. Our study provides additional bene�ts by way

of 
he
king the robustness of morphology parameters on XMM-Newton observed 
lusters, and by

distinguishing relaxed and non-relaxed 
lusters in their density maps. The KA09 sample that we

re
eived 
ontained 100 out of 101 
lusters; RXJ1347-1145 was missing. Individual 
luster analysis

using the density and temperature radial pro�les is beyond the s
ope of this work.

For this sample of 
lusters, we de
ided to use only three promising morphology parameters

(Gini, M20 and Con
entration). In 
al
ulating the morphology parameters, we followed the ap-

proa
h des
ribed in Chapters 2 and 3. All density and temperature maps in this sample have

uniform pixel size of 10 kp
 and 200 × 200 pixels. FOV of the XMM-Newton is su�
ient to 
over

the 500 kp
 region for ea
h 
luster. We determined the 
entroid of ea
h 
luster using the same

te
hnique as that des
ribed in Chapter 2, � 2.4. We 
al
ulated three morphology parameters (Gini,

Con
entration and M20) for the 500 kp
 region for both density and temperature maps. Fig. 4.34

shows parameter vs parameter planes for the density maps. In this work, we did not have 
lear

information about the dynami
al state of ea
h 
luster. We therefore plotted all 
lusters using the

same symbol. For Chandra 
lusters, we found boundary values for Gini, Con
entration and M20,

in order to separate relaxed and non-relaxed 
lusters (see Chapter 3). Using the same boundary

values, we separated the KAO9 XMM-Newton observed 
lusters (Fig. 4.34). Furthermore, we sep-

arated the dynami
al state of ea
h 
luster using a 
ombination of Gini, M20 and Con
entration

parameters (Chapter 3, � 3.5), and re
orded the dynami
al state of ea
h 
luster (Table 4.1). As

illustrated in Fig. 4.34, 
al
ulated morphology parameters for these density maps are in the same

range as those 
al
ulated for density maps of Chandra data (� 4.9.1). Be
ause of the same range of

(Gini, M20 and Con
entration) morphology parameters in both the Chandra and it XMM-Newton

sample 
lusters, we were able to apply the same boundary values to these parameters used in the


al
ulation of the KA09 density maps, in order to study the dynami
al state of ea
h 
luster. Of the

100 
lusters available to us, we found 20 
lusters to be strong relaxed (20%), 13 
lusters relaxed

(13%), 58 
lusters non-relaxed (58%), and 9 
lusters strong non-relaxed (9%). These statisti
s

are similar those of the V09 
luster sample in whi
h intermediate 
lusters are more dominant,

and evolving 
ontinuously via merger. This analysis shows that these morphology parameters

are equally appli
able to XMM-Newton data and helpful in distinguishing relaxed 
lusters from

non-relaxed 
lusters.

We subsequently 
al
ulated morphology parameters for the temperature maps of the KA09


luster sample. In order to 
al
ulate this, we inverted ea
h temperature map (see � 4.9). We applied
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the same area and 
entroid of ea
h density map to that of its 
orresponding temperature map for

every 
luster. Fig. 4.35 shows the parameter 
al
ulations for the temperature maps of the KA09


luster sample. From this, we observed the anti-
orrelation between the M20 and Con
entration

parameters. As previously indi
ated (� 4.9.2), this plane is important in investigating the presen
e

of any disturbed temperature morphology in relaxed 
lusters (a

ording to their surfa
e brightness

maps). Relaxed 
lusters generally appear to be smooth and undisturbed in their surfa
e brightness

or density maps, but it is possible that they have (hidden) small s
ale substru
ture or strong AGN

a
tivity at the 
luster 
ore whi
h 
ould be responsible for disturbing the 
ore, and this would be

dete
ted only in its temperature map. In this plane, we observed several pe
uliar 
lusters. Only

one strong relaxed 
luster (a

ording to its surfa
e brightness), RXCJ2319.6-7313 and two relaxed


lusters (a

ording to their surfa
e brightness), RXCJ0211.4-4017 and RXCJ1236.7-3354 had high

Con
entration and lowM20 values 
ompared with other strong relaxed and relaxed 
lusters for their

temperature maps. This suggests that only these (relaxed) 
lusters have undisturbed temperature

morphology in their 
ores. The remaining strong relaxed and relaxed 
lusters (a

ording to their

surfa
e brightness) were overlapped with non-relaxed and strong non-relaxed 
lusters indi
ating

that their temperature morphology is disturbed in small s
ale to large. CLJ1226.9+3332 is a

relaxed 
luster (a

ording to its surfa
e brightness), but it has the lowest Con
entration and

highest M20 values for its temperature map 
ompared with the all other 
lusters (Fig. 4.35). This

indi
ates that, even though its surfa
e brightness or density map appears relaxed, it has signi�
ant

disturbed temperature morphology whi
h may be 
aused by powerful AGN a
tivity or small s
ale

merger in the 
ore of the 
luster. We found that ∼ 90% of 
lusters have low Gini value (< 0.05).

This 
ould indi
ate that, unlike surfa
e brightness or density distribution, temperature distribution

does not have 
ompa
t bright pixels (or bright temperature spots) lo
ated at any one position in

the given aperture. These temperature (bright) spots are distributed throughout the ICM in both

the relaxed and non-relaxed 
lusters.

4.12 Dis
ussion and Con
lusion

In this work, we employed a novel te
hnique known as the XMC to model X-ray galaxy 
lusters of

the low-z (0.02-0.3) V09 sample. Our aim was to identify dynami
ally relaxed or 
ool 
ore 
lusters

from non-relaxed (disturbed) 
lusters, using their thermodynami
 maps. We generated density,

temperature, pseudo entropy and pseudo pressure maps using the XMC method. In 
urrent X-

ray observation, modern X-ray data are very 
omplex be
ause radiating sour
e and instrument

response both vary spe
trally and spatially. This makes it more di�
ult to analyse 
omposite X-

ray data. To fa
ilitate this, Peterson et al. (2007) and Andersson et al. (2007) developed the XMC

te
hnique. The XMC is a highly �exible and advan
ed analysis system developed for analysing the

XMM-Newton data and subsequently Chandra data. In this te
hnique, X-ray 
lusters are modelled

with a 
ombination of the ICM plasma model, ba
kground model and instrument model of the

teles
ope. These models have a number of lo
al and global parameters whi
h populate in a multi-

dimensional spa
e explored with a Markov Chain Monte Carlo sampler. Further, there are number

of Gaussian �blobs� of di�erent size, position, energy, temperature, et
., used to 
hara
terise the

ICM. These blobs are propagated through the teles
ope and generate the X-ray events similar
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Figure 4.34: Three parameters plotted in the parameter-parameter planes to show separation between

relaxed and non-relaxed 
lusters from the KA09 
luster sample (density maps). Here we plotted C5080 as

the Con
entration parameter. Dashed lines 
orrespond to the boundaries between relaxed and non-relaxed


lusters. Boundary values for Gini = 0.65, M20 = -2.0, and Con
entration = 1.55. R = relaxed 
lusters;

and N-R = non-relaxed 
lusters.
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Here we plotted C5080 as the Con
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to the a
tual X-ray data. The XMC 
an simultaneously �t the spatial (position and size) and

spe
tral (temperature, energy, �ux, et
.) parameters of the X-ray emitting plasma, making it a

powerful and sophisti
ated method to analyse 
omplex X-ray data of modern X-ray teles
ope(s).

With enough MCMC samples, or from the 
onverged part of the 
hain, we generated 2-D median

maps of density and temperature. These observable quantities were further useful in generating

pseudo entropy and pseudo pressure maps of the 
lusters. We noted that our temperature maps

are emission weighted and that they have an overlap of multi-temperature plasma. This situation

is more realisti
 than it is when adapting in 
onventional method the assumption that, at any given

point in the proje
ted 
luster image, it 
an be des
ribed as a single-temperature phase. Comparison

with other analyses, however, requires the proje
tion of a single value obtained from a distribution

of either density or temperature. We used the median of that distribution (500 to 3000 iterations)

in ea
h 4′′ × 4′′ pixel in temperature (or density) maps together with its asso
iated 1σ error. In

future studies, it is possible that the XMC te
hnique will be signi�
ant in 
al
ulating 
luster mass

in 3-D proje
tion. A natural extension of the XMC, with several additional assumptions, would

be to allow the determination of the 3-D distribution of density and temperature of 
lusters, thus

determining the mass of both the ICM and dark matter substan
es (KA09). This is important for


osmologi
al appli
ations, but the present 
apability of the XMC is not su�
ient for estimating


luster mass via 3-D modelling.

We 
ombined the radial pro�les of all low-z 
lusters to study the trend of thermodynami


pro�les for strong relaxed, intermediate and strong non-relaxed 
lusters. We observed, from all

thermodynami
 radial pro�les, a wide dispersion in the 
luster 
ore at ∼ 0.02 R500. At radius ∼ 0.1

R500, all pro�les 
onverged and again dispersed at ∼ 0.2 R500, although the dispersion was not as

large as that of the 
ore. We observed two di�erent trends of evolution between strong relaxed and

strong non-relaxed 
lusters. Both of these pro�les were overlapped with pro�les of intermediate


lusters (relaxed and non-relaxed). We observed shallower pro�les for strong non-relaxed 
lusters

and steeper pro�les for strong relaxed 
lusters in both the entropy and temperature radial pro�les.

Sanderson et al. (2009b) noti
ed similar to that non-relaxed 
lusters have signi�
antly higher

entropy in the 
ore for a sample of 20 galaxy 
lusters. They also observed the entropy pro�les of

relaxed 
lusters were tightly grouped as 
ompared to those of non-relaxed 
lusters whi
h indi
ates

larger s
atter. We found in the 
ore a deviation in the temperature pro�les ∼ 24%, and the

entropy pro�les ∼ 50%. There are two strong relaxed 
lusters, A478 and A2029, with �attened

temperature pro�les in the 
ore. This 
ould be the result of a 
entral AGN outburst, in
reasing

the surrounding temperature (Clarke et al., 2004; Sanderson et al., 2005). The energy input from

an AGN is regularly invoked as a way of moderating 
ooling at the 
ore of galaxy 
lusters and

preventing 
ondensation. Another two strong relaxed 
lusters, A2597 and A2204, show intera
tion

between radio and X-ray plasma, and yet the entropy of all these strong relaxed 
lusters is low

in the 
ore. It is possible that, in these 
lusters, the heating is distributed via, e.g., weak sho
ks

(Fabian et al., 2003), or kineti
 energy from an outburst of AGN is . 10

45
erg/s, or that heat is

dissipated uniformly in the high 
entral ele
tron density. In the 
ase of non-relaxed and disturbed


lusters, diverse heating pro
esses a�e
ting them. The observed high 
entral entropy 
ould be a

result of a 
ombination of heating and 
ontinuous ICM mixing due to merging may have kept these


lusters on a higher adiabat. In the 
entral region of both subsamples of strong relaxed and strong

non-relaxed 
lusters, the dispersion in the density pro�les proved to highest (∼ 78%). It is apparent
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that the two subgroups have di�erent ele
tron density distribution and stru
ture. Relaxed 
lusters

have high ele
tron density and pressure 
ompared with those of non-relaxed 
lusters. Relaxed


lusters have systemati
ally denser, more 
on
entrated and 
uspy 
ores, where steady 
ooling �ow

in
rease the 
entral density whi
h is in balan
e with the surrounding gas pressure equilibrium, in


ontrast to non-relaxed 
lusters whi
h are more di�use, pat
hy and have non-
uspy 
ores with the

absen
e of 
ooling �ow in most 
ases.

In Chapters 2 and 3, we demonstrated that the morphology parameters (parti
ular Gini, M20

and Con
entration) are very promising for the study of the dynami
al state of X-ray galaxy 
lusters

for a large number of sample 
lusters. We applied these parameters to all thermodynami
 maps

of the low-z 
lusters to determine how useful thermodynami
 maps are in distinguishing relaxed

or 
ool 
ore 
lusters from non-relaxed 
lusters. The reason for using thermodynami
 maps is

that, for e.g. in the 
ase of the temperature map, we see hot regions 
aused by a 
urrently-

propagating or just-passed merger sho
k. In these sho
k-heated regions, gas expands rapidly

adiabati
ally, obtaining pressure equilibrium with the surroundings environment after the passage

of the sho
k. We also see pat
hy temperature stru
ture, be
ause of large-s
ale gas motions during

the merger 
ausing subsequent mixing of gases of di�erent temperature. In order to study these

thermodynami
 stru
tures and morphologies, we 
al
ulated morphology parameters for these maps.

In morphology parameter 
al
ulations for the thermodynami
 maps, we found the following:

(1) Distribution of morphology parameters for the density maps is similar to distribution of

parameters for the surfa
e brightness maps. Parameters 
al
ulated for density maps had similar

range and boundary values 
ompared with those 
al
ulated for surfa
e brightness maps. Only Gini,

M20 and Con
entration parameters are 
apable of separating strong relaxed 
lusters, intermediate

(relaxed and non-relaxed) 
lusters, and strong non-relaxed 
lusters. This �nding suggests the

hierar
hi
al evolution of 
lusters: strong non-relaxed 
lusters → non-relaxed or weak 
ool 
lusters

→ relaxed or 
ool 
ore 
lusters → strong relaxed or evolved 
lusters.

(2) For 
al
ulating parameters of temperature maps, we inverted the maps to maintain the `def-

inition' of morphology parameters, sin
e these parameters had originally been derived for surfa
e

brightness maps. Distribution of morphology parameters for temperature maps does not reveal

the separation between strong relaxed and strong non-relaxed 
lusters. From the 
ombination of

M20 and Con
entration parameters we identi�ed several pe
uliar obje
ts: A3376, A3562, A3667,

A85, A4059, A754, A2256, A478, A2029, A2204, A1795 and RXJ1504. These pe
uliar obje
ts


ould suggest that the dynami
al states of these 
lusters di�er for ea
h of their temperature and

surfa
e brightness maps. A3376, A3562, A3667, A85, A4059, A754, and A2256 are identi�ed as

non-relaxed 
lusters by their surfa
e brightness distribution, but they overlap with relaxed 
lusters

(high Con
entration and low M20 values) in the Con
entration vs M20 plot for temperature maps.

In all of these 
ases, the 
luster 
ores seemed relatively una�e
ted by merger sho
ks. By 
ontrast,

the strong relaxed 
lusters, A478, A2029, A2204, A1795 and RXJ1504, have low Con
entration and

high M20 values in their temperature maps. This 
ould indi
ate that there is AGN or a small s
ale

(past) merger (not dete
ted in their surfa
e brightness maps) situated at the 
entre of the 
luster,

whi
h might have disturbed the temperature morphology of the 
ore. This is a possible 
ause

of asymmetry in the temperature distribution, and therefore these relaxed 
lusters fall into the

non-relaxed 
luster 
ategory in the Con
entration vs M20 plane for their temperature maps. The

Gini parameter indi
ates that bright spots are distributed throughout the ICM in both the relaxed
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and non-relaxed 
luster temperature maps. None of the parameters has a signi�
ant probability

of the K-S and R-S statisti
s to distinguish strong relaxed and strong non-relaxed 
lusters.

(3) 2-D entropy stru
ture of 
lusters is important in investigating ex
ess heat input/generation

in the ICM from di�erent lo
ations of the 
luster, from the edges to the 
ore. As for tempera-

ture distribution, the 
luster 
ore has low entropy (or low pixel values), so we inverted a pseudo

entropy map (

kBT
n0.33
e

) for ea
h 
luster to 
al
ulate morphology parameters. In our parameter dis-

tributions, the Gini, M20 and Con
entration parameters separated the strong relaxed and strong

non-relaxed 
lusters. This suggests that entropy morphology 
ould be di�erent for strong relaxed

and strong non-relaxed 
lusters. This also means that 
luster entropy morphology might indi
ate

the dynami
al state of the 
luster. Furthermore, the Gini, M20 and Con
entration parameters

are useful in tra
ing the 
entral entropy region of di�erent dynami
al states of a 
luster. These

parameters suggest that relaxed 
lusters have high Con
entration and `valley' entropy emission

in the 
ore of the 
luster, while there in no entropy `peak' (anywhere) in the non-relaxed 
luster.

This 
ould indi
ate that non-relaxed 
lusters are heated equally by merger sho
k or a gravitational

pro
ess. We observed four pe
uliar relaxed 
lusters - A1795, A2204, A2029 and A478 - on the

M20 vs Con
entration plot for the entropy maps. These are strong relaxed 
lusters (based on their

surfa
e brightness), whi
h overlap with intermediate 
lusters (low 
on
entration and high M20) in

entropy maps. This is a possible indi
ation that these strong relaxed 
lusters have either AGN

a
tivity or small substru
ture at the 
luster 
ore whi
h 
ould in
rease the entropy of the surround-

ing medium. The M20, Con
entration and Gini of the se
ond order moment parameters have

signi�
ant probabilities of the K-S and R-S tests 
ompared with other parameters, and hen
e we

were able to separate strong relaxed from strong non-relaxed 
lusters (de�ned by surfa
e brightness

maps) using these two parameters in the entropy maps.

(4) In the 
ase of pseudo pressure maps (kBT × n0.5
e ), Gini, M20 and Con
entration parameters


an separate strong relaxed and strong non-relaxed 
lusters (a

ording to 
luster surfa
e brightness

morphology). On the M20 vs Con
entration plot of pressure maps, however, we found two pe
uliar


lusters - A2597 and 2A-0335. These two are strong relaxed 
lusters (a

ording to their surfa
e

brightness) whi
h overlap with intermediate 
lusters. This 
ould indi
ate that they have disturbed

pressure morphology in the 
ore 
aused by an a
tive radio galaxy or by 
old front a
tivity (M
Na-

mara et al., 2001; Mazzotta et al., 2003). The M20 and Con
entration have signi�
ant probabilities

of the K-S and R-S tests 
ompared with other parameters.

We 
ompared derived best-�t power-law slope values of temperature, density, entropy and pres-

sure radial pro�les of low-z 
lusters with 
orresponding surfa
e brightness morphology parameters.

We observed that slope of density, entropy and pressure are related to (surfa
e brightness) 
luster

morphology. We noted that the pure power-law model did not �t well to the mean radial pro�les


ompared with the power-law with 
onstant base. The pure power-law slope suggested only the

gradient of the radial pro�les. For relaxed 
lusters, the temperature and entropy pro�les are steep

in the 
ore, and the density and pressure pro�les are high, monotoni
ally de
reasing outside of

the 
ore. By 
ontrast, for non-relaxed 
lusters, the temperature and entropy pro�les are �atter

in the 
ore, while the density and pressure pro�les are 
onstant in the 
ore, de
reasing monoton-

i
ally outside of the 
ore. We observed that (surfa
e brightness) 
luster morphology and best-�t

pure power-law slopes for density, entropy and pressure are related, indi
ating a possibility that

the strength of the 
ool 
ore diminishes in more disturbed 
lusters and that, subsequently, the
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ool 
ore is erased by the 
luster merger (Sanderson et al., 2009a). The high Con
entration, high

Gini and low M20 parameter values indi
ate that the dense 
ool 
ore has high ele
tron density

and a steep pro�le in the 
entral region, resulting in higher slope values for relaxed 
lusters (in


ontrast to non-relaxed 
lusters whi
h have �atter pro�les in the 
ore and lower slope values). We

found it easier to evaluate gradient of density or of entropy simply from 
luster surfa
e brightness

morphology, making it possible to evaluate gradients for high redshift 
lusters in a large volume

survey. Another 
on
lusion is that entropy and pressure distributions are more 
losely related to

the ele
tron density distribution than they are to the temperature in the 
luster 
ore.

We 
ondu
ted a further study to identify 
luster merger or the presen
e of substru
ture in

the 2-D thermodynami
 maps of a galaxy 
luster. We studied proje
ted radial pro�les of seven

strong relaxed and six strong non-relaxed 
lusters. We provided a details of a 2-D diagnosti
s

and 
omplementary pro
ess (of the identifying substru
ture) - the radial studies of �u
tuation

and dis
ontinuity in the 1-D radial pro�les of density, temperature, entropy and pressure maps of


lusters. We observed more �u
tuation and dis
ontinuity in the radial pro�les of strong non-relaxed


lusters, while the pro�les for strong relaxed 
lusters were smoother and regular. We 
on
luded

that the radial pro�le, parti
ularly of the temperature map, was highly sensitive in identifying the

substru
ture. This was in a

ordan
e with the results of Zhang et al. (2009). It is possible that

a (strong) relaxed 
luster has minor s
ale merging a
tivity, whi
h would be unnoti
ed in the ICM

density and surfa
e brightness maps, but 
ould be dete
ted in the 
orresponding temperature map.

In our analysis, A2204, for e.g., is identi�ed as a strong relaxed 
luster by the surfa
e brightness

morphology parameters, although its temperature pro�le shows dis
ontinuity in the 
ore region,

possibly due to minimal substru
ture in the 
ore, or that it had been heated by an unusually strong

AGN outburst (∼ 10

46
erg/s) (Donahue et al., 2006a). We observed a mismat
h, in a few 
ases,

between 
luster dynami
al states a

ording to (1) surfa
e brightness morphology parameters and

(2) thermodynami
 radial pro�les. Di�erent merging events 
an result in substantial mixing of low

and high entropy gas in the ICM, and hot lo
ations visible in temperature maps 
ould be the result

of merger sho
ks, information about whi
h is not obtained from 
luster surfa
e brightness maps.

This re-distribution of entropy and temperature depends on the s
ale of the merger: whether the

merger has disrupted the stru
ture of the 
ool 
ore, and time s
ale for re-establishment of the 
ool


ore has been disrupted. We noted that, although the morphologi
al information about the 
luster

(based on surfa
e brightness) suggested a weaker merger, their temperature and entropy pro�les

displayed stronger merging a
tivity. This, however, would not rule out entropy or temperature

modi�
ation due to an an
ient merger, parti
ularly if the relaxation time were shorter than the


ooling time. In order to evaluate the radial pro�les, we used the power-law models (pure power-

law model and power-law model with 
onstant base). We found that the pure power-law model

was not appli
able to radial pro�les, parti
ularly for non-relaxed 
lusters, and we used it only to

study the gradient of radial pro�les. The power-law model with 
onstant base, on the other hand,

�tted well for all the pro�les, although, in the 
ase of the density pro�les of the strong relaxed


lusters, it �tted well only in the 
ore region (< 0.1 R500).

We studied the dynami
al state of the XMM-Newton observed galaxy 
lusters of the KA09

sample. Unlike the 
ase of the V09, we did not have prior information about the dynami
al state

of this sample of 
lusters. In Chapter 3, we estimated the boundary values of the Gini, M20 and

Con
entration parameters (between relaxed and non-relaxed 
lusters) for the V09 
luster sample.
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Using these boundary values and the 
ombination of these three parameters, we identi�ed the

dynami
al state of the KA09 
lusters. We found that, of the total of 100 
lusters in the KA09

sample, 20 were strong relaxed (20%), 13 were relaxed (13%), 58 were non-relaxed (58%) and

9 were strong non-relaxed (9%). These statisti
s are similar those of the V09 
luster sample in

whi
h intermediate 
lusters are more dominant and 
ould be evolving 
ontinuously via 
luster

merger. Another 
on
lusion was that morphology parameters were eminently appli
able to the

XMM-Newton observed galaxy 
lusters in identifying their dynami
al state. We also studied the

morphology of temperature maps for this sample of 
lusters and, via these temperature maps,

investigated disturbed 
lusters. We found that ∼ 95% and ∼ 85% of strong relaxed and relaxed


lusters (a

ording to their density/surfa
e brightness maps), respe
tively, have (smaller or larger)

disturbed temperature morphology in the 
ores. The possible 
auses are either past (minor) merg-

ing a
tivity, small s
ale substru
ture, or AGN outbursts. The Con
entration and M20 parameters

were parti
ularly useful in the study of these disturbed 
lusters (via their temperature maps),

whi
h would have remained unnoti
ed in their density/surfa
e brightness maps.
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5.1 Motivation

Giant radio halos and reli
s are large (∼ Mp
 size) di�use syn
hrotron sour
es observed in a

massive and merging galaxy 
lusters. Radio halo is a very 
omplex subje
t and a rare phenomenon

in the Universe. We have given brief introdu
tion of these sour
es in Chapter 1. Previously it has

been shown that X-ray data are 
ru
ial in the study of non-thermal radio emission from galaxy


lusters. This emission is in the form of a 
luster wide radio halo generally situated at the 
entre,

and radio reli
(s) found at the periphery (Feretti et al. 2012, and referen
e therein). Theoreti
al

framework suggests that, reli
 sour
es are generally tra
ers of sho
k waves in merger events. The

morphology of reli
 sour
es - elongated stru
ture, almost perpendi
ular to the merger axis, and the

observational eviden
es (Bag
hi et al., 2002; Solovyeva et al., 2008; Barrena et al., 2009; Finoguenov

et al., 2010) indi
ate the same that a sho
k is present in the 
luster peripheral region, and it is very

likely responsible for the ele
tron re-a

eleration and the magneti
 �eld ampli�
ation that will give


ause the 
luster reli
s. Hen
e, formation of reli
s is not a di�
ult puzzle as formation of radio

halos in the ICM of galaxy 
luster. Furthermore, it is hard to 
ompare X-ray and radio data of

large reli
s, be
ause most radio reli
s are situated at the 
luster periphery, and sometime observed

at outside, or at the edge, of available X-ray images. Therefore, in this analysis, we fo
used only

on radio halo galaxy 
luster and 
onne
tion with its X-ray morphology.

A number of authors have shown the 
orrelation between syn
hrotron mono
hromati
 radio

luminosity of a radio halo (P1.4GHz) vs the host 
luster X-ray luminosity (LX), and mass vs

temperature (Liang et al., 2000; Feretti, 2003; Cassano et al., 2006, 2007; Giovannini et al., 2009;

Brunetti et al., 2009; Venturi, 2011; Cassano et al., 2011). These 
orrelations suggest that the

most powerful radio halos are found in the biggest and hottest 
lusters with the greatest X-ray

luminosity. Furthermore, these 
orrelations show a 
lose link between non-thermal and thermal

galaxy 
luster physi
s. Govoni et al. (2001) showed the point-to-point 
orrelation between X-ray

and radio surfa
e brightness for six radio halo 
lusters. This suggests a 
orrelation between radio

halo and X-ray emission in galaxy 
lusters. Buote (2001), S
hue
ker et al. (2001), Cassano et al.

(2010b) showed a relationship between non-thermal radio sour
es and X-ray 
luster morphology.

This indi
ates a 
onne
tion between the 
luster dynami
al state and the o

urren
e of a radio halo.



214 Radio halo 
luster morphology 5

Buote (2001) �rst showed a 
orrelation between the power-ratio (P1/P0) 
al
ulated for ROSAT

observed (∼ 14) X-ray 
lusters and P1.4GHz measured for radio data. The power-ratios measure

both the multi-pole expansion of a 2-D stru
ture and dynami
al state of a 
luster (Buote & Tsai,

1995a, 1996). Buote 
on
luded that approximately P1.4GHz ∝ P1/P0, whi
h means the 
lusters

that host the most powerful radio halos are undergoing the greatest exodus from a virialized state.

Re
ently, Cassano et al. (2010b) used three parameters, namely 
entroid shift (Mohr et al., 1993;

Poole et al., 2006; Maughan et al., 2008; Böhringer et al., 2010), third order power ratio (P3/P0)

(Weiÿmann et al., 2012) and Con
entration (Santos et al., 2008) to demonstrate a relationship

between 
luster mergers and the presen
e of a radio halo. The analysis of Cassano et al. (2010b)

supports the relationship between 
luster dynami
al a
tivity (or dynami
al state) and 
luster-

wide di�use sour
es. This relationship, in turn, supports the se
ondary parti
le (re-)a

eleration

me
hanism in the formation of radio halos in galaxy 
lusters. The 
urrent s
enario indi
ates that

di�use radio features (radio halos) are seen only in merging 
lusters. There are a number of studies

that point out the 
lose relationship between X-ray observation of galaxy 
lusters and di�use radio

sour
e properties. These have en
ouraged us to investigate the 
orrelation between X-ray 
luster

morphology and 
orresponding radio halo properties. Sin
e we show in this study that morphology

parameters are useful to 
hara
terise the dynami
al state of galaxy 
lusters, we now investigate

any possible 
orrelation between our set of morphology parameters and the presen
e of di�use

intra
luster radio emission in galaxy 
lusters.

5.2 Radio halo 
luster sample

Our study in
ludes a total of 25 radio halo (z < 0.4) X-ray 
lusters (Table 5.1). Of these, we took

radio halo 
lusters from Giovannini et al. (2009) (depending on availability of Chandra ar
hival

data), of whi
h some are already present in the V09 
luster sample (A754, A2256, A401, A3562,

A399, and A2163). We redu
ed the X-ray data of the sample of Giovannini et al. (2009) in a

similar way to that des
ribed in Chapter 3. At the time this study 
ommen
ed, Giovannini et al.

(2009) had provided the latest information about radio halos and 
orresponding radio properties.

In our sear
h for radio halo 
lusters, we took another sample, the KA09, whi
h in
luded 100

XMM-Newton observed 
lusters. All of these 
lusters were analysed with the XMC te
hnique, from

whi
h a Luminosity map (
losely related to ele
tron density) of ea
h 
luster was generated (see

Chapter 4 for further details).

5.3 Radio halo 
luster dynami
al states

To investigate the dynami
al state of radio halo 
lusters, we applied morphology parameters to

them. We already have shown that these parameters are quite useful to separate relaxed and non-

relaxed 
lusters based on their surfa
e brightness distribution, so we 
al
ulated parameter values

for radio halo 
lusters and 
lassi�ed them a

ording to their dynami
al state. In Fig. 5.1 we plotted

three morphology parameters (Gini, M20 and Con
entration) and temperature. In this plot we


ompared the radio halo sample with only the relaxed and non-relaxed 
lusters (ex
luding radio

halo 
lusters) of the V09 sample. Fig. 5.1 shows that Gini, M20 and Con
entration parameters
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Table 5.1: Radio halo sample 
lusters. (1) 
luster name; (2) redshift; (3) 
onversion fa
tor (angular size

to linear size); (4) radio �ux density (1.4 GHz); (5) error in estimated radio �ux density; (6) total radio

power (1.4 GHz); (7) radio largest linear size; (8) total X-ray luminosity (0.1�2.4 keV); (9) Temperature

(keV); (9) Exposure time; (10) Referen
es.

Name z kp
/

′′
S (1.4) ∆S log P(1.4) LLS Luminosity Temperature Exposure time Ref.

mJy mJy W/Hz Mp
 (10

44
erg/s) (keV) ks

A1914 0.1712 2.88 64.0 3.0 24.71 1.04 10.42 10.50 19 1,2

A2218 0.1756 2.94 4.7 0.1 23.60 0.38 5.77 6.70 59 1,2

A665 0.1819 3.03 43.1 2.2 24.59 1.82 9.65 8.30 39 1,2

A520 0.1990 3.25 34.4 1.5 24.58 1.11 8.30 7.40 9 1,2

A773 0.2170 3.48 12.7 1.3 24.23 1.25 7.95 8.53 20 1,2

IE0657-56 0.2960 4.38 78.0 5.0 25.33 2.1 22.59 11.64 84 1,2

A2255 0.0806 1.50 56.0 3.0 23.94 0.90 2.64 6.42 39 1,2

A2319 0.0557 1.07 153.0 8.0 24.04 1.02 8.46 9.49 14 1,2

A754 0.0542 1.04 86.0 4.0 23.77 0.99 2.21 9.94 44 1,2

A2256 0.0581 1.11 103.4 1.1 23.91 0.81 3.75 6.90 12 1,2

A401 0.0737 1.38 17.0 1.0 23.34 0.52 6.52 8.07 18 1,2

A3562 0.0490 0.95 20.0 2.0 23.04 0.28 1.57 3.80 19 1,2

A399 0.0718 1.35 16.0 0 23.30 0.57 3.80 5.80 48 3,2

A2163 0.2030 3.31 155.0 2.0 25.26 2.28 22.73 12.12 71 1,2

A1300 0.3072 4.49 20.0 2.0 24.78 1.3 13.73 9.2 14 1,4

A1758 0.2790 4.20 16.7 0.8 24.60 1.51 7.09 7.95 7 1,2

A1995 0.3186 4.61 4.1 0.7 24.13 0.83 8.83 8.60 56 1,2

A2034 0.1130 2.03 13.6 1.0 23.64 0.61 3.81 7.15 195 1,2

A209 0.2060 3.34 16.9 1.0 24.31 1.40 6.17 8.28 20 1,2

A2219 0.2256 3.58 81.0 4.0 25.08 1.72 12.19 9.81 42 1,2

A2294 0.1780 2.98 5.8 0.5 23.71 0.54 3.90 7.10 10 1,2

A2744 0.3080 4.50 57.1 2.9 25.24 1.89 12.86 9.61 24 1,2

A521 0.2533 3.91 5.9 0.5 24.05 1.17 8.47 6.74 37 1,2

A697 0.2820 4.23 7.8 1.0 24.28 0.65 10.40 9.06 27 1,2

RXCJ2003.5-2323 0.3171 4.59 35.0 2.0 25.09 1.40 9.12 9.1 50 1,5

Referen
es: 1 = (Giovannini et al., 2009, and referen
es therein); 2 = Cavagnolo et al. (2009); 3 = (Feretti

et al., 2012, and referen
es therein); 4 = Ziparo et al. (2012); 5 = Gia
intu

i et al. (2009).
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are extremely useful for studying the dynami
al state of radio halo 
lusters. In the bottom left

and right plots, we see that the radio halo 
lusters are separated from the relaxed 
lusters, and

overlap with non-relaxed 
lusters in M20 and Gini vs Con
entration parameter planes, respe
tively.

Similar results were observed by Buote (2001) and by Cassano et al. (2010b). In our plots, we

roughly separated relaxed from non-relaxed 
lusters based on the M20 and Con
entration param-

eters, where the region 
ontained by M20 < -2.0 and Con
entration > 1.55 gives relaxed 
lusters

ex
lusively. Based on the Gini and Con
entration plot, all non-relaxed 
lusters have Gini < 0.65

and Con
entration < 1.55. The upper left and right plots in Fig. 5.1 show M20 vs temperature

and Gini vs temperature, respe
tively. We subdivided the M20 vs temperature plot into three

regions: (1) the M20 < -2.0 region whi
h has all dynami
ally relaxed 
lusters, (2) the M20 >

-2.0 and temperature < 6 keV region whi
h has radio quiet merger 
lusters, and (3) the M20 >

-2.0 and temperature > 6 keV region whi
h has radio loud merger 
lusters. Similarly, the Gini vs

temperature plot has three regions de�ned as (1) the Gini > 0.65 region whi
h has dynami
ally

relaxed 
lusters only, (2) the Gini < 0.65 and temperature < 6 keV region whi
h has radio quiet

merger 
lusters, and (3) the Gini < 0.65 and temperature > 6 keV region whi
h has radio loud

merger 
lusters (radio halo 
lusters). Based on this, our �ndings support 
urrent thinking that

radio halos are found only in the hottest, most massive, and merging galaxy 
lusters. It is also

possible that the limited sensitivity in 
urrent observations 
ould be the 
ause of non-dete
tion of

these sour
es in low massive, but signi�
antly disturbed 
lusters.

Similarly, we applied morphology parameters to the KA09 sample (in whi
h, of the 100, 58


lusters are non-relaxed (58%) and 9 
lusters are strong non-relaxed (9%)). In Fig. 5.2 we plotted

three parameters (Gini, M20 and Con
entration) and temperature for the KA09 
luster sample.

Fig. 5.2 shows the separation of relaxed, non-relaxed and halo 
lusters of the KA09 sample with the

same boundary as that given in Fig. 5.1 for Gini, M20, Con
entration and temperature. From this

separation we found a total of 53 radio halo 
lusters whi
h fall into region 3 of Fig. 5.2, 
onsidered

to be a radio halo region, as stated above. We listed these halo 
lusters in Table 5.2 together with

previous radio halo dete
tion information.

There are many KA09 
lusters in whi
h radio halos have been dete
ted. There are two mini

radio halos - A2142 and A2390 - whi
h fall into region 3. A2142 is a non-relaxed 
luster and

A2390 is a relaxed 
luster (a

ording to 
ombination of morphology parameter), but both show


omplex stru
ture around the 
luster 
entre and their average temperature is high (8.15 and 8.68

keV, respe
tively). Based on the ROSAT observation of A2142, Henry & Briel (1996) showed

that the A2142 is at a late stage of merger, beginning the pro
ess of relaxation. Subsequently,

Markevit
h et al. (2000) dis
overed a double 
old front in the 
entral region of the A2142, and

showed that the 
entral 
ooling �ow had been disturbed but not destroyed by a (past) merger. In

the 
ase of the A2390, the di�use mini radio halo is situated at the 
luster 
entre, and is smaller

than 2′ in size (Ba

hi et al., 2003). Chandra observation of the A2390 (Allen et al., 2001) shows

the presen
e of a 
ooling �ow in the 
ore of the 
luster, and exhibits some sub-stru
ture on a

large s
ale (& 2′), whi
h indi
ates that the 
luster has not 
ompletely relaxed be
ause of the most

re
ent merger a
tivity. Hen
e both 
lusters show signi�
ant sub-stru
ture around the 
ore, and

it might be suggested that these two mini radio halos are asso
iated with some minor merger

a
tivity (Feretti et al., 2012) in their parent 
lusters. We assume that the remaining 
lusters in

Table 5.2 
ould also host radio halos. Some of these radio halos may have steep spe
tra and 
ut-o�
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at frequen
y ν > νc, with νc determined by the e�
ien
y of the a

eleration pro
ess. This 
ut-o�


auses a bias in their dete
tion, as these radio halos 
an be dete
ted only in low frequen
y radio

observations (Cassano et al., 2006; Brunetti et al., 2008) and hen
e may be missed by present

radio surveys at ∼ GHz. These radio halos 
ould be 
onne
ted with less energeti
 
luster merging

events, sin
e many of them have a weak dynami
al (non-relaxed) state identi�ed by morphology

parameters, and require high sensitive radio teles
opes su
h as LOFAR (LOw Frequen
y ARray)

and SKA (Square Kilometre Array).

Table 5.2: Radio halo (possible) 
andidate from the KA09 sample.

Radio halo 
lusters Previously dete
ted? Radio halo 
lusters Previously dete
ted?

A399 Y A267 N

A401 Y A2390 Y (mini radio halo)

A2255 Y RXCJ0307.0-2840 N

A1651 N RXCJ2337.6+0016 N

A2142 Y (mini radio halo) RXCJ0303.8-7752 N

A3827 N A1758 Y

RXCJ0645.4-5413 N RXCJ0232.2-4420 N

A1302 N RXCJ0043.4-2037 N

RXCJ0020.7-2542 N RXCJ0516.7-5430 N

RXCJ0145.0-5300 N RXJ0658-55 N

A1413 N RXCJ2308.3-0211 N

A3888 N RXCJ1131.9-1955 Y

A2034 Y RXCJ0014.3-3022 Y

RXCJ2234.5-3744 N RXJ0256.5+0006 N

A2104 N RXJ0318.2-0301 N

RXCJ0547.6-3152 N RXJ0426.1+1655 N

A2218 Y RXJ1241.5+3250 N

A1914 Y A851 Y

A665 Y RXCJ2228+2037 N

A1689 Y CL0016+16 Y

A520 Y MS0451.6-0305 N

A2163 Y RXJ1120.1+4318 N

A209 Y MS1137.5+6625 N

A963 N MS1054.4-0321 N

A773 Y WARPJ0152.7-1357 N

A1763 N CLJ1226.9+3332 N

A2261 N

5.4 Morphology parameters and radio halo properties

Giovannini et al. (2009) listed a number of radio halo properties that we 
ompared with our

measured X-ray surfa
e brightness morphology parameters (Fig. 5.3), to sear
h for any 
orrelation

between radio halo X-ray morphology and radio properties. As seen in Fig. 5.3, there is no strong


orrelation visible between parameters and radio properties su
h as radio output power, P1.4GHz ,

and the largest linear size (LLS in Mp
) of the di�use sour
e of the 
luster. We also listed

the Spearman 
orrelation rank, σ, and 
orresponding probability, p in Table 5.3 and Table 5.4,

respe
tively. There is weak anti-
orrelation (Gini and Con
entration) and 
orrelation (M20) visible
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Figure 5.1: Bottom left and right plots show the M20 and Gini vs Con
entration, respe
tively. Top

left and right plots show the M20 and Gini vs temperature, respe
tively. ◦ = relaxed 
luster;

and × = non-relaxed 
luster. Radio halo 
lusters are identi�ed with a �+� symbol. Galaxy


luster separation is based on the V09.
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Figure 5.2: Plot showing possible 
andidates of radio halos in a 
luster sample from the KA09.

Clusters falling into region 3 may host radio halos; it is known that some, in fa
t, do. Bottom left

and right plots show the M20 and Gini vs Con
entration, respe
tively. Top left and right plots

show the M20 and Gini vs temperature, respe
tively.
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between parameters and LLS. This 
ould suggests that low Gini or Con
entration means a more

disturbed X-ray 
luster and hen
e the large linear size of the 
orresponding radio halo. Low surfa
e

brightness or faint observation of radio halo and less sensitive radio data make it more di�
ult to

establish proper links between 
luster morphology and radio properties.

As mentioned before, Buote (2001) found a 
orrelation between the power-ratio and P1.4GHz ,

but only for 14 
lusters whereas we have a larger number of 
lusters in our sample. It is possible that

some of the radio halo 
lusters in our sample, have less sensitive and shorter radio observations,

resulting in poorer quality of image and whi
h are not su�
ient to measure P1.4GHz or LLS.

This 
ould be the reason for no 
orrelation existing between morphology parameters and radio

properties. This need to be investigate further with high quality radio images.

Table 5.3: Spearman rank 
orrelation, ρ, between three parameters and radio halo properties.

Morphology parameters Log P1.4GHz(W/Hz) LLS(Mp
)

Gini -0.27 -0.36

Con
entration -0.38 -0.45

M20 0.39 0.50

Table 5.4: Spearman test probability, p, between three parameters and radio halo properties.

Morphology parameters Log P1.4GHz(W/Hz) LLS(Mp
)

Gini 0.19 0.08

Con
entration 0.06 0.02

M20 0.06 0.01

5.5 Radio halo thermodynami
 maps

In Chapter 4, we showed that the 
omplex ICM temperature (and thermodynami
) stru
ture is a

strong indi
ation of 
luster mergers. X-ray surfa
e brightness distribution also shows substru
ture

in the X-ray images that we 
an tra
e with morphology parameters, as mentioned in Chapters 2 and

3. All these dynami
al properties of merger 
lusters are 
ommon to radio halo 
lusters. In 
ontrast,

thus far we have not dete
ted extended radio halos in relaxed and regular 
lusters. Therefore, the

available data indi
ate that radio halos are related to 
luster mergers. Govoni et al. (2004) and

Gia
intu

i et al. (2005) have shown the spatial relationship between radio halos and 
orresponding

2-D ICM temperature distribution. Thermodynami
 maps of these 
lusters also suggest that the


luster is far from being in hydrostati
 equilibrium, having experien
ed a massive merger event.

Markevit
h & Vikhlinin (2001); Markevit
h et al. (2002, 2003
) have shown that hot regions in the


luster temperature maps 
ould be asso
iated with a re
ently propagating or just-passed merger

sho
k. After the sho
k passage, there is a qui
k adiabati
al expansion of sho
k-heated gas regions

whi
h develop pressure equilibrium with the surrounding gas. Magneti
 �eld plays a major role in


onstraining the a

elerated relativisti
 ele
trons from di�using (as a result of merger sho
k) far

from their origin at the 
entre of the 
luster. It is believed that relativisti
 ele
trons follow the bulk

motion of their host gas. Consequently, if merger sho
k is indeed responsible for the a

eleration

of relativisti
 ele
trons and a uniform magneti
 �eld is taken into 
onsideration, we 
an expe
t
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Figure 5.3: Comparison of radio halo properties with X-ray 
luster morphology parameters.
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Table 5.5: Best-�tting values of the power-law model (
onstant base) derived for mean radial

pro�les of radio halo 
lusters. α = slope of pro�les, T = temperature (keV), ne = ele
tron density

(
m

−5
), K = entropy (keV*
m

2
), and P = pressure (dyne/
m

2
). F = T, ne, K and P for ea
h

mean pro�le of T, ne, K and P, respe
tively. F0 = T0, ne0, K0 and P0 for ea
h mean pro�le of T,

ne, K and P, respe
tively.

Thermodynami
 pro�les α F F0

mean T 2.21 ± 0.09 6.21 ± 0.76 0.92 ± 0.00

mean ne 0.77 ± 0.11 -5.49 ± 0.60 2.22 ± 0.13

mean K 2.08 ± 0.03 16.77 ± 0.63 0.71 ± 0.00

mean P 0.89 ± 0.09 -2.29 ± 0.21 1.40 ± 0.03

a strong spatial 
orrelation between the distribution of the radio halo surfa
e brightness and the

hottest gas regions (Govoni et al., 2004).

In Chapter 4 we studied proje
ted radial pro�les of thermodynami
 maps of the V09 low-z


lusters. All thermodynami
 maps are derived using the XMC te
hnique (see Chapter 4). There

are six non-relaxed 
lusters (A2256, A754, A3562, A399, A401 and A2163) in the low-z V09 sample,

host radio halo. We plotted temperature, ele
tron density, entropy and pressure radial pro�les of

radio halo 
lusters along with strong non-relaxed (A2147, A3266, A1736 and A3395) and strong

relaxed 
lusters (A0335, A478, A1795, A2597, RXJ1504, A2204 and A2029) in Fig. 5.4 and the


orresponding mean pro�les in Fig. 5.5. In Fig. 5.4 we see all radio halo 
luster pro�les as a fun
tion

of radius overlap with strong non-relaxed 
lusters for temperature, entropy, density and pressure.

Mean radial pro�les of radio halo 
lusters are �at in the 
ore and lie 
lose to the merger 
lusters.

There is probably no di�eren
e in thermodynami
 radial pro�les of radio halos and non-relaxed


lusters. This 
ould suggests that thermodynami
al properties of radio halos 
lusters are similar to

those of merger 
lusters and radio halos are 
ommonly asso
iated with non-relaxed 
lusters. This

means that merger sho
ks have heated the ICM and may in
rease the entropy, as well as possibly

providing the energy to generate the non-thermal 
omponents in 
lusters through the a

eleration

of high-energy relativisti
 parti
les (Sarazin, 2002, 2009; Brunetti et al., 2009). As given in Chapter

4, we �tted two power-law models to all mean thermodynami
 pro�les. We used the power-law

model with 
onstant base simply to illustrate �tting. In Table 5.5 and Table 5.6, we list best-�t

values of power-law models. As seen in Table 5.6, pure power-law model gives better indi
ation

about the gradient of pro�les. Mean temperature pro�le of radio halo 
lusters is �at as 
ompare

to the mean entropy pro�le in the 
ore of the 
lusters.

In Figs. 5.6 and 5.7 we showed uns
aled thermodynami
 radial pro�les of all 25 radio halo


lusters and 
orresponding mean pro�les, respe
tively. For ea
h radio halo 
luster, temperature

and entropy show shallower pro�les in the 
ore region, . 100 kp
, where we expe
t most relativisti


parti
le turbulen
e (due to passage of merger sho
k) and brightest radio luminosity. Density and

pressure pro�les are �at in the 
luster 
ore region, and there is no 
usp visible as 
hara
teristi
 of

relaxed 
lusters. There is a large s
attering of thermodynami
 pro�les in the 
luster 
ore region

whi
h might indi
ate di�erent levels of turbulen
e in di�erent radio halo 
lusters. These pro�les

suggest that the 
hara
teristi
s of radio halo pro�les are similar to those of 
luster merger pro�les.

We list best-�t values of power-law models in Table 5.7 and Table 5.8.
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Figure 5.4: Thermodynami
 pro�les of radio halo 
lusters 
ompared with strong relaxed and strong

non-relaxed 
lusters of the V09 low-z 
lusters. The bla
k solid line represents strong relaxed


lusters; the red dashed line represents strong non-relaxed 
lusters; and the blue dashed line

represents radio halo 
lusters.

5.6 Dis
ussion and Con
lusion

Current observations (Bag
hi et al., 2006; van Weeren et al., 2009b,a; Giovannini et al., 2010;

van Weeren et al., 2011) indi
ate that most massive and luminous galaxy 
lusters whi
h show

dynami
al a
tivity and merging pro
esses 
an host di�use radio sour
es in the form of radio halos.

This demonstrates the presen
e of relativisti
 parti
les and magneti
 �elds in the ICM. Radio-X-ray


orrelation indi
ates that re
ent merger pro
esses 
ould provide energy for the relativisti
 ele
tron

re-a

eleration and magneti
 �eld ampli�
ation (Roettiger et al., 1999; Ri
ker & Sarazin, 2001;

Dolag et al., 2005), allowing the produ
tion of faint but dete
table syn
hrotron radio emission.

Further, X-ray images of radio halo 
lusters show the presen
e of substru
tures and distortions

in the brightness distribution, whi
h suggests that a radio halo 
ould be the result of sub
lump

intera
tions (S
hue
ker et al., 2001; Buote, 2001). Radio halo 
lusters do not have the strong


ooling �ow typi
al of a relaxed 
luster. It is believed that, where a strong merger pro
ess disrupts

a 
ooling �ow (Peres et al., 1998), this would indi
ate the 
onne
tion between irregular and radio

halo 
lusters. It is however, still debatable whether all merging 
lusters have 
luster-wide radio

halos, and what other phenomena 
ould be behind the formation of radio halos.

In investigating the 
orrelation between X-ray 
luster dynami
al states or morphology and


luster wide di�use radio halos, we took 25 radio halo 
lusters, whi
h are well-known non-relaxed


lusters with host radio halos. Our morphology parameters are quite useful in the study of 
luster
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Figure 5.5: Thermodynami
 mean pro�les of radio halo 
lusters 
ompared with strong relaxed and

strong non-relaxed 
lusters. `o' = strong relaxed, `♦' = radio halo, and `x' = strong non-relaxed


lusters. We �t the power-law models to ea
h of the mean pro�les of temperature, ele
tron density,

entropy and pressure simply to illustrate �tting lines. The solid green line shows the best-�t for

strong relaxed 
lusters, the solid 
yan line shows the best-�t for radio halo 
lusters, and the solid

yellow line shows the best-�t for strong non-relaxed 
lusters. For simpli
ity, we show only the

best-�tting line derived using the 
onstant base power-law model.

dynami
al a
tivity, and distinguish between relaxed and non-relaxed 
lusters. Based on Gini, M20

and Con
entration parameters (whi
h have been demonstrated to be very useful in identifying a

high degree of substru
ture), and in agreement with previous results (Cassano et al., 2010b), we

found that only merging systems - although not all - host radio halos. We 
an do an approximate

separation of radio halo 
lusters from relaxed 
lusters in parameter spa
e for Con
entration < 1.55,

M20 > -2.0 and Gini < 0.65. Radio halo 
lusters have temperature > 6 keV. One interpretation of

these trends in the parameter plots is that, in the high redshift Universe, younger 
lusters are most

dynami
ally a
tive, showing more sub-stru
ture, distortion and merging phenomena. It is thought

further that, at slightly later times, (some) merging 
lusters trigger a non-thermal syn
hrotron

me
hanism and, at a subsequent stage, be
ome relaxed and radio quiet. It is yet un
lear under

what 
ir
umstan
es, and how, merging 
lusters a
tivate syn
hrotron emission, be
ause only a small

fra
tion goes through this phase. Another possibility 
ould be a bias in the sample. Modern radio

teles
opes do not have enough sensitivity to dete
t radio halos in low massive 
lusters and, be
ause

of that, we are unable to observe these obje
ts in region 2 of the M20 and Gini vs temperature

plot of Fig. 5.1.

We also studied the sample of the KA09 and, based on morphology parameters, we found a
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Table 5.6: Best-�tting values of the power-law model (pure) derived for mean radial pro�les of

radio halo 
lusters. The meaning of α and F is same as in Table 5.5.

Thermodynami
 pro�les α F
mean T 0.11 ± 0.02 1.30 ± 0.08

mean ne -0.37 ± 0.07 0.49 ± 0.12

mean K 0.44 ± 0.07 2.78 ± 0.41

mean P -0.18 ± 0.03 0.68 ± 0.06
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Figure 5.6: Uns
aled thermodynami
 pro�les of radio halo 
lusters.

total of 53 disturbed and hottest 
lusters (M20 > -2 or Gini < 0.65 and temperature > 6 keV)

in this sample. As we noted in previous paragraph, 
luster with these 
riteria host radio halo.

So based on this, we identi�ed 53 possible radio halo 
lusters and already some of them (13


lusters) have dete
ted with radio halo. It is possible that either the la
k of sensitivity of 
urrent

radio observations or the steep spe
trum of these sour
es poses a 
hallenge in the dete
tion of

these `possible' radio halos in the KA09 sample. We also noti
ed two mini radio halo 
lusters -

A2390 and A2142 - overlap with hottest and disturbed 
lusters. The origin of mini radio halo is

still poorly known. Gitti et al. (2007) showed that sub-
luster or minor mergers 
ould provide

energy to ele
tron re-a

eleration in mini radio halo 
lusters to generate this faint and di�use

emission. This small s
ale merger that have not been able to destru
t the 
ool 
ore of the 
luster

and therefore, small s
ale of mini radio halos are dete
ted in some 
ool 
ore or relaxed 
lusters.

ZuHone et al. (2011) presented simulations of 
ore gas sloshing and parti
le re-a

eleration in a

galaxy 
luster. They suggests that gas sloshing may generate turbulen
e in the 
ore, whi
h in turn

may re-a

elerate the relativisti
 ele
trons require to form a mini radio halo. In these both 
ases,
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Figure 5.7: Uns
aled thermodynami
 mean pro�les of radio halo 
lusters. The bla
k dashed line

shows the best-�t for the mean pro�le of radio halo 
lusters derived using the power-law (
onstant

base) model.

Table 5.7: Best-�tting values of the power-law model (
onstant base) derived for uns
aled mean

radial pro�les of radio halo 
lusters. The meaning of α, F and F0 is same as in Table 5.5.

Thermodynami
 pro�les α F F0

mean T 1.95 ± 0.06 2.68e-06 ± 0.00 0.84 ± 0.00

mean ne 0.47 ± 0.09 -0.32 ± 0.19 5.77 ± 0.54

mean K 1.82 ± 0.02 1.37e-05 ± 0.00 0.47 ± 0.00

mean P 0.71 ± 0.08 -0.02 ± 0.01 2.09 ± 0.06

X-ray image of relaxed 
luster (e.g. A2390 and A2142) reveal 
omplex morphology around the


luster 
entre, and thus this relaxed 
luster overlap with non-relaxed 
lusters in parameter planes.

Future low frequen
y radio observation is 
ru
ial to shed new light on our 
urrent understanding

of radio halos. Large numbers of radio halos are expe
ted at fainter and more di�use radio �uxes,

by simply assuming the extrapolation of their 1.4 GHz number 
ounts through the P1.4GHz�X-

ray luminosity 
orrelation. Though faint and di�use emission of radio halos is undete
ted using


urrent radio teles
opes at 1.4 GHz, sin
e they have steep radio spe
tra, they should appear brighter

at lower frequen
ies, enabling LOFAR and LWA to dete
t large numbers of these radio sour
es

(Cassano, 2010; Feretti et al., 2012).

Deep (low frequen
y) radio surveys are ne
essary in the sear
h for radio halos. Re
ent Monte

Carlo 
al
ulations based on turbulent a

eleration in galaxy 
lusters predi
t that the number of

these (low radio power, faint and low frequen
y) radio halos 
ould be dete
ted at ∼ 120 MHz by
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Table 5.8: Best-�tting values of the power-law model (pure) derived for uns
aled mean radial

pro�les of radio halo 
lusters. The meaning of α and F is same as in Table 5.5.

Thermodynami
 pro�les α F
mean T 0.07 ± 0.02 0.63 ± 0.05

mean ne -0.37 ± 0.06 14.48 ± 3.41

mean K 0.40 ± 0.05 0.10 ± 0.03

mean P -0.20 ± 0.03 3.80 ± 0.50

a high sensitive (0.1 mJy/beam) survey by the LOFAR over the northern hemisphere (Cassano

et al., 2010a; Rottgering, 2010; Cassano et al., 2011). From this survey, we anti
ipate dis
overing

∼ 350 radio halos up to redshift of ∼ 0.6. This will in
rease the number of known radio halos

almost ten fold. More than half of these halos will be `ultra-steep spe
trum' halos, with 
ut-o�

frequen
y νc < 600 MHz. It will provide a 
lear test of the importan
e of turbulen
e in parti
le

a

eleration in merging 
lusters. Re
ently, Cassano et al. (2012) 
ondu
ted a similar simulation,

but for 1.4 GHz observations with the EMU + WODAN survey, both of whi
h are designed to be


arried out with ASKAP and Aperitif, respe
tively. The authored showed that these surveys have

the potential to dete
t ∼ 200 new radio halos at 1.4 GHz, the 
lusters at redshift ≤ 0.6, and a

below �ux level of 10 mJy. It is of great interest to us to 
ondu
t similar studies with the ongoing

South Afri
an radio 
ontinuum survey proje
t known as `The MeerKAT International Giga-Hertz

Tiered Extragala
ti
 Exploration' (MIGHTEE) with the MeerKAT path-�nder teles
ope (Jonas,

2009; Norris et al., 2013). The primary goal of this proje
t is to undertake a tiered extragala
ti


radio 
ontinuum survey to investigate AGN evolution, star-forming galaxies and galaxy 
lusters

from the epo
h of re-ionisation (EoR) through to the present day. The MIGHTEE survey aims

to probe to mu
h fainter �ux densities (0.1�1 µJy/beam) over smaller sky areas (∼ 35 deg

2
) at

higher angular resolution, at a 1.4 GHz observing frequen
y. The higher sensitivity will enable the

sear
h of more radio halo sour
es. Hen
e, a

ording to our �nding, these (KA09) 
lusters are the

best 
andidates to observe with future radio teles
opes, in order to in
rease the number of radio

halo dete
tions in galaxy 
lusters.

We 
ompared morphology parameter 
al
ulations of 25 radio halo 
lusters with their radio

properties of LLS and P1.4GHZ . We did not see any strong relationship between X-ray morphology

and radio properties. There 
ould, however, be a weak relationship between the parameters and

LLS. This 
ould indi
ate that most disturbed 
lusters (low Gini and Con
entration) host radio

halos of large size. We do not rule out the possibility that poor sensitivity or low �ux levels leads

to ill-
onstrained radio quantities (P1.4GHz and LLS). This then makes it di�
ult to 
ompare radio

properties with X-ray morphology. In future, we will use these morphology parameters to study

the morphology of radio halos, and 
ompare it with X-ray 
luster morphology. This will help in the

understanding of how radio halos are generally distributed as the X-ray thermal gas, and how �ux

distribution of radio halos 
orrelates with X-ray �ux. For example, Feretti et al. (2010) 
ompared

the position of the radio halo with that of the X-ray gas distribution. In this study they found that

radio halos 
an be very asymmetri
 with respe
t to X-ray gas distribution, and this be
omes more

pertinent when halos of smaller sized are 
onsidered, or have smaller LLS. Re
ently, Govoni et al.

(2012) 
ondu
ted similar studies for four newly dete
ted radio halo 
lusters. They noti
ed that

smaller sized radio halos show larger displa
ements between radio and X-ray peaks. Furthermore,
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these four radio halos are quite asymmetri
 with respe
t to the X-ray gas distribution. It is

expe
ted that smaller radio halos 
ould have more distorted morphologies be
ause they may be

younger obje
ts, whi
h have a large s
ale of energy produ
tion due to the ongoing merging a
tivity.

This results in a non-uniform distribution of relativisti
 ele
trons and magneti
 �elds. Asymmetry

in radio halos may arise by magneti
 �eld �u
tuations on a large s
ale ∼ 100 kp
 (Va

a et al.,

2010). These results may reveal the origin of radio halos, and link their morphologi
al properties

with those of the 
luster dynami
al state.

Finally, we studied temperature, ele
tron density, entropy and pressure (s
aled) radial pro�les

for strong non-relaxed 
lusters, strong relaxed 
lusters and radio halo 
lusters. These analyses

indi
ate that the 
hara
teristi
s of thermodynami
 pro�les of radio halo 
lusters are similar to

those of strong non-relaxed 
lusters. This phenomenon (di�use radio emission) does not o

ur in

strong relaxed 
lusters, but is linked with the 
luster-
luster merging pro
ess. Further, merger

sho
ks heat the ICM, and may in
rease the entropy as well as providing the energy to generate the

non-thermal 
omponents in 
lusters through the a

eleration of high-energy relativisti
 parti
les

(Sarazin, 2002, 2009; Brunetti et al., 2009). When we plotted uns
aled radial pro�les for 25

radio halo 
lusters, we noti
ed a large s
attering in the 
luster 
ore region (. 100 kp
) in all

thermodynami
 pro�les of radio halo 
lusters. This 
ould indi
ate di�erent levels of turbulen
e in

di�erent radio halo 
lusters. In future, we aim to study the point to point 
orrelation between 2-D

radio halos and thermodynami
 images. With a large sample of radio halo 
lusters, this will help to

understand how entropy and pressure are distributed a
ross radio halo emission, and how merger

sho
ks a�e
t entropy and provide a

eleration of relativisti
 parti
les throughout the 
luster.



6
Summary and Future outlook

6.1 Summary

Stru
ture formation in the Universe pro
eeds in a hierar
hi
al manner with the most massive

obje
ts, 
lusters, forming last. Clusters 
ontinue to evolve by the infall of sub
lusters. The time

between major mergers is typi
ally ∼ 5 Gyr. Approximately 20% of 
lusters have had a re
ent

merger or are undergoing merger. Merging events profoundly a�e
t the properties of di�erent


omponents of a 
luster, as understood from observations and numeri
al simulations. Multiple

merger sequen
es 
ould, for instan
e, be responsible for disturbing the dynami
ally relaxed 
ores

of the X-ray emitting hot ICM, as well as its density, temperature and metalli
ity distribution. In

addition, it is well known that a disturbed X-ray morphology is typi
al of dynami
ally perturbed

galaxy 
lusters, and that it 
ould be responsible for s
attering in the s
aling relations of X-ray


lusters. It also a�e
ts the mass estimation of hot baryons. Investigating 
luster dynami
al states

has important impli
ations both in the use of 
lusters as tools for 
osmology, as well as the study

of the 
omplex gravitational and non-gravitational pro
esses a
ting during large-s
ale stru
ture

formation and evolution sin
e, in both 
ases, we need to know if observed 
lusters are relaxed or

not.

Another intrinsi
 feature 
onne
ted to X-ray galaxy 
luster observation is di�use radio sour
es.

Di�use extended 
luster-wide radio sour
es are 
urrently grouped in three 
ategories: radio halos,

reli
s and mini-halos (Feretti et al., 2012, and referen
es therein). Radio halos are found at the


entral 
luster region, with typi
al extent ∼ 1 Mp
 and steep spe
tra (s ∝ υ−α
, α = 1-1.8). The

reli
 sour
es are similar to the halos in their low surfa
e brightness, large size and steep spe
trum,

but they are typi
ally found in the peripheral regions of the 
luster. Radio observations reveal

the presen
e of di�use and large-s
ale syn
hrotron radiation from the ICM. This suggests that

magneti
 �elds, non-thermal 
omponents and relativisti
 parti
les are mixed with the hot ICM.

The origin of these 
omponents is still not 
lear, and remains a subje
t of debate. In the 
ase

of radio halos, various resear
h groups have proposed theories (primary and se
ondary relativisti


parti
le models) about their formation, but none of them has had enough observational eviden
e.

It is believed that radio halos are linked with 
luster dynami
al a
tivity. They are typi
ally

found in 
lusters with signi�
ant substru
ture and deviation from spheri
al symmetry in their X-
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ray morphology. This is 
on�rmed by the high resolution X-ray data obtained via the Chandra and

XMM-Newton X-ray teles
opes. The available X-ray data suggest that radio halos are strongly

related to the X-ray properties of the host 
lusters, as well as to the presen
e of 
luster merger

pro
esses. They are not observed in relaxed and regular 
lusters. Observations show that the radio

power of halos in
reases with X-ray luminosity and temperature, implying a dire
t 
onne
tion be-

tween thermal and non-thermal 
luster properties. The bi-model behaviour of radio halos suggests

that only a fra
tion of massive, luminous and hot 
lusters host halos, while this phenomenon is


ompletely absent in the majority of 
lusters. Simultaneous study of radio and X-ray data 
ould

provide signi�
ant information about radio halo formation.

Overall we attempted to investigate 
luster dynami
al states and their 
onne
tion to the for-

mation of radio halos. We studied X-ray 
luster dynami
al states using (1) seven morphology

parameters whi
h in
lude the Gini, M20, Con
entration, Asymmetry, Smoothness, Ellipti
ity, and

Gini of the se
ond order moment (Gm), and (2) 
luster thermodynami
 maps. Morphology pa-

rameters are straightforward and, without any additional assumption or requirements of models,

simple to 
al
ulate for a large number of 
lusters. On the other hand, for an in-depth analysis of a


luster, thermodynami
 maps are essential in investigating its properties and a

urate dynami
al

states. Generating these maps, however, is 
omplex.

A brief des
ription of the main out
omes of both of our analyses follows.

In order to study morphology parameters, we �rst simulated simple 2-D Beta model 
lusters

with relaxed and non-relaxed morphologies. We tested our parameters for these 2-D Beta model

images, as well as with added instrumental e�e
ts in those images. In both 
ases, six parameters,

ex
ept for the Ellipti
ity, were 
apable of separating the di�erent dynami
al states of 
lusters.

Subsequently, we applied our various parameters to the V09 
luster sample, whi
h in
luded

low- and high-z galaxy 
lusters. Of the seven morphology parameters, three - the Gini, M20 and

Con
entration - were promising in the investigation of the dynami
al states of galaxy 
lusters. The

Smoothness and Asymmetry were not appli
able to our sample of 
lusters in that they did not have

uniform exposure times for all 
lusters, as well as inadequate S/N. This was in agreement with our

previous Beta model simulation results. In the 
ase of distant 
lusters, the Con
entration parameter


ould be repla
ed with the Gini in order to identify their dynami
al states. The advantage of using

the Gini is that it is independent of the 
entral position of 
lusters. These three parameters were

useful and robust in spite of the data having had low S/N and/or the 
luster being at high-z.

Based on the 
ombination of these three parameters, we investigated the evolution of galaxy


lusters in terms of the trend of strong non-relaxed or non-
ool 
ore → mild merger or weak-


ool 
ore → relaxed or 
ool 
ore → strong relaxed, strong 
ool 
ore or evolved 
lusters. In this

analysis, we found that a high fra
tion of 
lusters (in the V09 sample) is evolving or showing some

substru
ture a
tivity, while a low fra
tion is fully evolved.

These parameters are independent of 
luster internal average properties su
h as luminosity,

temperature and mass. In other words, 
luster morphology is not related to its ICM properties.

The Gini, Con
entration and M20, however, appear to be 
orrelated with the 
ooling time of


lusters. X-ray imaging and surfa
e brightness maps are therefore helpful in the understanding of


ooling times of relaxed 
lusters.
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We showed that the XMC is a useful te
hnique in analysing 
omplex X-ray data. This ambitious

new method models the ICM in 
lusters as a set of X-ray emitting smoothed parti
les of plasma.

It is possible to simultaneously a

ess the spatial and spe
tral information of X-ray 
lusters, and

also to a

ommodate 
omplex models of plasma in order to model X-ray 
lusters. This approa
h

reprodu
es many of the features observed in the X-ray emission in a less assumption-dependent

way than traditional analysis, and allows for a mu
h more detailed 
hara
terisation of the density,

temperature, entropy, pressure and metal abundan
e distribution of 
lusters. More work, however,

is required to test the XMC for Chandra data. The only disadvantage is that it requires large


omputing power.

Using the XMC te
hnique, we generated thermodynami
 maps (temperature, density, pseudo

entropy and pseudo pressure) of our low-z 
luster sample (V09). First, we studied the distribution

of thermodynami
 quantities in relaxed and non-relaxed 
lusters. We plotted radial pro�les of the


ombined 
lusters for ea
h thermodynami
 map. They indi
ated that the distribution is di�erent

for relaxed and non-relaxed 
lusters. Generally, in temperature and entropy maps, relaxed 
lusters

have steep pro�les, while non-relaxed 
lusters have shallow pro�les; and in density and pressure

maps, relaxed 
lusters have 
ups in their 
entral regions (high density and pressure), while non-

relaxed 
lusters have �atter pro�les (low density and pressure) in the 
luster 
ores.

It is 
onventional to use surfa
e brightness images of X-ray 
lusters to study the morphology

and dete
tion of substru
ture. Furthermore, morphology parameters are useful in investigating

the morphology of thermodynami
 maps. Morphology of density maps is similar to that of surfa
e

brightness maps. Temperature and entropy maps reveal disturban
e in the 
ore, possible 
aused by

a non-gravitational heating sour
e su
h as AGN. We evaluated the slope of ea
h thermodynami


radial pro�le using the power-law models. For density, entropy and pressure, we found di�erent

slope values for relaxed and non-relaxed 
lusters, but not for temperature. Furthermore, we found

a relationship between surfa
e brightness morphology and slope of density, entropy and pressure.

This 
ould suggest that 
luster entropy and pressure depend largely on density. Using these

morphology parameters only, it was evident that we would be able to evaluate the gradient of

thermodynami
 quantities for high-z 
lusters.

As stated previously in this se
tion, in order to study a 
luster in detail, it is ne
essary to

investigate its thermodynami
 radial pro�le. It is possible that (minor) substru
ture would not be

noti
ed in the surfa
e brightness map of a relaxed 
luster, resulting in it not being possible to study

a

urately its dynami
al state, and hen
e an in
orre
t estimation of its mass. To over
ome this, and

to 
ompare our results with thermodynami
 morphology parameters, we 
hose to study the radial

pro�les of 
lusters. We sele
ted strong relaxed and strong non-relaxed 
lusters, as 
lassi�ed by their

surfa
e brightness morphology parameters. In the analysis we noti
ed, in the temperature map

of A2244, small s
ale merging or disturban
e whi
h had been unnoti
ed in its surfa
e brightness

map. We found that temperature maps were more sensitive in identifying substru
ture in galaxy


lusters. Flu
tuation and dis
ontinuity in radial pro�les signify merging a
tivity in galaxy 
lusters.

To illustrate the usefulness of morphology parameters, we used them to study the dynami
al

a
tivity of radio halo 
lusters. We found that all radio halo 
lusters are dynami
ally disturbed,

and are asso
iated with the more massive and hotter 
lusters. This phenomenon is absent in

relaxed and regular 
lusters. We also studied thermodynami
 maps and radial pro�les of radio

halo 
lusters, and found that their thermodynami
 properties were similar to those of 
luster
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mergers. We noti
ed that their temperature and entropy pro�les were both �at and dis
ontinued

in the 
luster 
ore. This supports the idea that di�use radio emission is linked with 
luster merger

a
tivity.

6.2 Future outlook

It is hoped that this work will be useful in 
ondu
ting further study of X-ray and radio observations

of galaxy 
lusters using future X-ray and radio teles
opes. The morphology parameters derived

should help in the sele
tion of X-ray 
luster 
andidates in the sear
h for di�use radio sour
es.

• Due to the advan
ement and interfa
e of theoreti
al, 
omputational, and observational knowl-

edge, we have, in the past de
ade, greatly enhan
ed our view of 
luster astrophysi
s. At

present, it is preferable to give pre
eden
e to 
luster surveys among other ambitious obser-

vational programs at a variety of fa
ilities. Cluster surveys are useful in the understanding

of large s
ale stru
ture formation and its link with 
osmology, as well as for approa
hing

more serious questions su
h as: what 
auses high energy, non-thermal radio and hard X-ray

emission in the ICM; what the origin of large s
ale magneti
 �elds is, and how they evolve in


luster volume; how sho
ks provide kineti
 energy to relativisti
 parti
les, allowing them to

a

elerate in the ICM; what the 
hara
teristi
s of turbulen
e in the ICM are, and what their


onne
tion to the 
luster stru
ture is; and what the role of di�use radio sour
es in 
luster

evolution is, and how they 
ouple with ICM properties.

• Our goal is to 
ondu
t a 
ontinuum survey with the South Afri
an SKA pre
ursor - KAT-7

and future MeerKAT radio teles
ope. In parti
ular, we are interested in sear
hing for di�use

radio emission sour
es in 
luster surveys. This will enable us to 
ompile a large and uniform

set of 
luster data, observed with one instrument and analysed 
onsistently. Further, this

will remove sele
tion e�e
ts from a large 
luster sample that may arise due to sensitivity, and

allow us to test thoroughly various models of radio halo formations. We are also interested

in developing an algorithm whi
h will allow an automati
 sear
h of di�use radio sour
es in

radio images using di�erent te
hniques su
h as Bayesian analysis, et
.

• Further plans in
lude an analysis of a GMRT 
lusters sample. The GMRT 
ondu
ted a `Key

Cluster S
ien
e Proje
t' in the early days of its existen
e (around 2000). Due to te
hni
al

reasons, the whole 
luster data sets obtained from this proje
t have not yet been analysed.

There are data on ∼ 100 
lusters available at 230 and 610 MHZ frequen
y bands. We

found that, based on 
orresponding X-ray morphology analysis, some 
lusters are potential


andidates in the sear
h for di�use radio emission. We plan to analyse these low frequen
y

radio data and, based on any non-thermal dete
tion, will observe the same 
luster with the

KAT-7 (at 1.4 GHz) to study the full spe
tral index map. A

ordingly, we will also follow

up the VLA observation.

• As observed in this study, X-ray properties as well as morphologies of galaxy 
lusters are


ru
ial in the sear
h for di�use radio sour
es. Therefore, for the purpose of exploring a link

between X-ray morphologies of radio halo 
lusters, morphology parameters have proved to

be the best tool to 
hara
terise merging 
lusters and 
orresponding radio halos. Apart from
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X-ray morphology, we plan to follow the multiwavelength morphology approa
h for radio

halo 
lusters. It is of interest to us to study the morphology of radio halos in terms of their

radio images, and 
ompare their spatial distribution with 
orresponding X-ray gas using mor-

phology parameters. In this study, we have generated thermodynami
 maps of several radio

halo 
lusters. It would be interesting to 
ompare X-ray and thermodynami
 morphologies

with their radio 
ounterparts, to understand the turbulent a

eleration me
hanism. Hith-

erto, it has been believed that radio emission is 
orrelated spatially with its X-ray gas; but

re
ently Govoni et al. (2012) found an o�set between radio and X-ray emission for radio halo


lusters. The desired morphology analysis would provide us with a better understanding of

X-ray and radio spatial 
orrelation. For radio halo 
lusters, it would also be important to

study the (average) morphology of opti
al galaxies, to sear
h for any 
onne
tion between

morphologies of radio halos and galaxies. This would enable us to investigate simultaneously

the morphologies of radio halos, 
orresponding X-ray gas, and opti
al galaxies.
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248 Appendix

Figure 6.1: Low-z 
lusters of the V09. Cluster names of panels from top left to bottom right are

listed as in Table 3.1.
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Figure 6.2: High-z 
lusters of the V09. Cluster names of panels from top left to bottom right are

listed as in Table 3.2.
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Figure 6.3: Radio halo 
lusters (Giovannini et al., 2009). Cluster names of panels from top left to

bottom right are listed as in Table 5.1, ex
ept for the V09 radio halo 
lusters (A754, A2256, A401,

A3562, A399, and A2163).




