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879�* �	� �k$%8W���<}~��7�9Mk=�� &/
_��d�d#���! 

(cooling time)
=
¡@¢�{%�<f<��* Q7g �mA:�@�#;�"#�$ 

F � ��%�& Q � cooling time

*('
108−9yr Q ����)�* (1010yr)

$ ]�+ �Pf�� d��2," # 

ICM

8�9_�.-<s9�����#��r@sT� UV�
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=879�* ��� - & �k$ ] }@~�C�9M�=�� &��0/21_
mF�G 8=91�

� _�.354�687<*%pq"D�WATfD
�6(7T=:9P§���$#&
�./�1�
�8=9:*�" #5; u�U�<=� Q � g 21S<�
� ��� - &<Q -Vs9�_�q·%���o&0> �<N�C=@? ]BA e Cooling Flow � ¸ �_*8C ·ED "_� U@� g � A7��dv� 2�F�GC
.H��#
<$� 
�� ( \ e�d (1993-2001)

2
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2.1 � � � � X � � �
 5¡ r���Ö	��
½Y
�������,t���X�� â i ���k| ��X ~ ¿��
r � t.����X=�  !¡ r

� � r
����Õ@Î��,t�Y(�!� | ñöÖ����kY
��X ~ � Ã�ègÎ	��X�h2�ù©�!SÕ@Î��,t.�#"â ê Y
��X2h!r�$eÃ � t%��XkY��k� 10-103 & � �(' Ö���X�h��*),+��,- � Â  ,¡ �.�/ Y0�!� � t.�£Ã Â Ök��Y
1 ~ ' �*�
Mpc

r%22¬kt.���X,h�Y43�52É µ�¶ �
20 6�7 r98!è�Î �;:=<�>(ä�?A@=rgÎ
B£Ã�è Â �.�AC%D�Ö 1970E�F r�G�H ^JI C

X ·�ì�í�î�ï Uhuru
r,s�è�Î8Ö0��K,h ~�L �

X ·�M � � t ��â�~N � Í : � Î�O P�ÖA��K2h�C
X · 3�5=�*Q�§
r�R�S Õ:ÎUT Â �V��K2h �W:4C X · yX C����2�zÖ9<�>�ä!��C���KYC���� â i.ý�þ�C�1 ~ ' ����è:Î���t���Ã Â Ö���C�«�t

� ��� â � }[Z�\%]�^ á Ä.Ö
X · ä�þ�� 1043−45erg/s

r42!¬�tù� � C!s#_ |*`�a �[b
¬

X · y�X H I�c�d�e�â Õ½Î8Ö
f�g | ¢�hji�k d�l (
h�þ

107−8K(1-10keV)
Ö
m�þ�n

10−3atoms/cm3)
r,s�t4o�p�q y�X2~�r ³s: � Â �
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E r
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C�t · y�X,~ 3�5 �� Â �,â �(: Ö���K2h �(:9C

X · y�X �.¢uhvi�k d�l (Intracluster Medium; ICM)
�W:4C y�X � � t �5â�~ N Ý â@| è Â �

1984
E r��.Ö

Uhuru î�ï C*D�w�¨ Einstein

î�ï r�s ' Ö X ·�x Ü�t�þk����C
�u� ~ y ë�z2� � t �!â�â|{ h,�V}�~������£r%2Õ@Î��2t â�� Ç�Õ Â
β � ò v �
s£ñ Ù�Ú �jT�t �,â½~ «;: �2r | è Â � β � ò v �
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C*m�þ����YC � ò v � �(' Ö x Ü�t�þ����YC*��T���b!¬ β

â Ö2� � OU�.�!�*�� ~ � Çkr | t ` G9��� Rc

C
2 ê C
��k�H x!ó �8Ç�� � � tz� �@� Ã��,C%3�5kr,st����
É | � �5� �Y�(�

0.4-0.8
Ö
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â�| ègÎ5��tg�kÃ Â Ö

β � ò v r�s(tm�þ���� �W: Ê�ËÌ�,: � t
ICM

C%� a Èk�.©�!���K�C
2-5 � � �W' Ö ICM

�*��K!hC.©�!��u� â Õ:Î )��,� � t â�� ³!tz� � :ùrzÖ
ICM
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��K

)
C a Èé�zo,� á Â

�
C�C
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�
2.1:

���uC�Æ�����K��uC*<�>�ä
( � )

â
X · ( � ) 	 H x�


2.2 Intracluster Medium (ICM)��K��,�
X · �A3�55¬=t â ��K�
�Æ�� | ñ=��K \ ��t���Î8Ê2³��.� �@� �gÖ	��K\ �@� Â Õ@Î����@¢�hvi�k d�l

(ICM)
�W:4C y�X,~ Ê2³�Î���� Â�Í � � �z� ��� �

�.Ö
ICM

C����
É | ���kÉ������ ê ��Î���«�¬�������C! �" â Õ:Î(Ö	��K���#*),+É���- � Â%$'& ) +��,��( ' Ö a ÈUC /�� �é�*) _
��+-, l=ó +/.�01�9) +�2�354
6�7�8 �

ICM
.:9�;=<�>�Î�?��'@BA1C r ³�Î�?-���

2.2.1 X DFEHGJILK
ICM M :4C X N�O X #�P�Q�R��%g�?TS�hUi�k d�l M :4C O X-U ( 'WV o�p�q O X��X/�ZY�[B\B]J^ t NBO X ��X/��k 	 4_\B]`��]�a1b_>����cS�hjiuk d�l ^d# V�efBgBhJi�j 	/k 4�^ gBl .:m�n�o i*p ?-�'@�A�q�r�^sCZt�us� gBl #-,/+�v�4Zw��Xcx p�y k 4s��z-{Z|%a%b_> p!}�~��`� C����5b_>���^!{���P l C O5� u����=r!q

OB����� C*m��Bo O�� ^Z?����cm��Bo O�� (
Y�[B\B]

)
q

emissivity
#/����q�X��*�

� <�>����
εff
ν = 6.8 � 10−38 erg s−1cm−3Hz−1

∑

i

Z2
i neniT

−1/2ehν/kBT ḡff (2.2.1)

r�r U V
Zi

V
ni � y k 4 i

q gc� ^����c� V
ne � gcl q'�c��� U�� �'� ḡff � free-free

OB� ���-u��d� l RT�B� U������= ¢¡Tl ^*£�¤�¥��T��¦ j V�§�¨ q e f�gBh���©BU
� V H+:He2+ = 0.9 : 0.1

X`ª V
nH+ : nHe2+ : ne = 0.9 : 0.1 : 0.1

^'«��cq U V
∑

i

Z2
i neni ∼ (12 0.9

1.1
+ 22 0.1

1.1
)n2

e ∼ 1.18n2
e (2.2.2)
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^d«��T�����`R�� V
ngas = ni + ne

^ idp�� ���%¦ j V��
(2.2.1) � f�	�
 � U�� ]u���^ f OB��
���� b_¥����

1.4 � 10−27 erg s−1cm−3 T 1/2neni

∑

i

Z2
i ḡB (2.2.3)

ḡB ����� q �����  �¡sl�U�� ª V 1.1-1.5
q�� � ^T���

ICM
q��B� � V������ (O, Ne, Mg, Si, S, Fe

«��
)
q

K � q y k � �"!�#1��$�%& ^('*)���«Bq U V
He/H-like

« y k � M V�e f�g�h,+ ¥ j*-�. � � ª V0/�132 y��
�*OB� u����=rsq O����B�4�(5�N�OB� ^(6����cm��Bo O�� ^ 5�N�OB� q*7 � qT\�]
��8:9 ��^ V f X N P�� � ����q�X��d� � u5r�^<; U {c���

LX =

∫

dV

∫

n2
e(ε

ff
ν + εline

ν ) =

∫

n2
e(R)Λ(T (R), A(R)) dV (2.2.4)

rcr U V
Λ(T (R), A(R)) � �c� T

^ �����>=@? �0A��Z©
A
q�BZ� U�� �

cooling func-

tion
V ∫

n2
e dV � emission measure

U-� �'�
cooling function �*CED q@F���Xsx p V S�HG 2�I:J q�KML « -:. ��N�O i�j�P�Q ;�« + ¥ p 6-���=rsq�X��*«TS�� ��© M bq ©�RTSJ  & i'p V

Raymond-Smith U�V &�W MEKAL U�V & ^�6�x j*X3Y M q U
V & ; � ���

2.2.2 β Z\[^]
ICM

q!����]`_ ��a�b u�� U�V & ^ idp �c�1R��ed>6 b ¥`��q�; β U�V & U������r�q U�V & � V,f(gh� w�i��@j�k + ¥ j ICM
;�l�� U�m�n�o ��p �(q x j*-�.��N�O iZp 6-��� ��© q o w:resL^ � w�q Y ªut36 M b V

∇Pgas = −µmpngas∇φ (2.2.5)

;:\ ªwv Y �5r�r U V
Pgas � ICM

q o w V
φ � � w !�#5�0$�% & V µ x 0.6 ��y l qz �

mp

����u��
molecular weight

U-� ����¦ j V
ngas � ICM

q y k � ^ g�l q�7� ��{3| ���B� U�� ���c}�~�q -:.B� ) ��� ª�� ICM
q o w � �

P = ngaskBT (2.2.6)

� ��+ ¥ p �
ICM

q�]�_�;0�B��� � � ��^ N�O u���^�� � (2.2.5) � ���Bq � �*�@�{<� 9 b ¥����
kBT (R)

µmp

d log ngas(R)

dR
= −dφ(R)

dR
(2.2.7)
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r!q � � �c� ��� � w !�#=��$�% & ��� ª � idp 6�� f�� z qs]�_`���Z\ ª v Y �� q�����]
	
σ(R)

^ z ���B�
ρ(R) � d 6���^ ������q � ; � b_¥����

σ2(R)
d log ρ(R)

dR
= −dφ(R)

dR
(2.2.8)

�
(2.2.7)

^ �
(2.2.8) � b � ICM

q������ ^ � w � z q z �B��� � ngas ∝ ρβ
^hB��

|`a%b_¥���� rBr � �
β � ����q � �*� O

 + ¥�� ICM

^ � w � z q���� z ���=ª
q���� &������ � �Ji*p 6-���

β ≡ µmpσ
2

kBT
= 0.726(

σ

103km/s
)2(

T

108K
)−1 (2.2.9)

����� ; f@g0� w�i � � ��^ N�O i'p � φ � ρ
q � ª � u f@g0� w !�# ��$:% & ^u���^ �

φ
^

ρ
q���� � ����q ! =! � q � ;�\ ª v Y �

∆φ(R) = 4πGρ(R) (2.2.10)�
(2.2.8)

^ �
(2.2.10) �#" j u�$�%'& � King(1962)

� � x p�( 9 b_¥��
ρ(R) = ρ0[1 + (

R

Rc
)2]−

3

2 (2.2.11)

^*«��
(King Model)

�%r�r � �
ρ0 �*)#+ q z �B�B� � � ª � Rc �-, =#.'/ � � �T�rd¥ � ª �

ICM
q����B��]:_�«/����q � �d��«����

ngas(R) = n0[1 + (
R

Rc
)2]−

3

2
β (2.2.12)

r'¥�;
β U:V & ^d£�¤/¥����!q � � β � ����]�_�q�0�{ � � u21 2�3 �!4 � � �s��

(2.2.4)
� �,+ ¥�� � �*�h�

ICM
q5����~ � �1ª_q

X 627��
8 � � n2
gasΛ(T, A)

�� ����9!:���; L�;5<'=-u��
X 6 � �=rsq 7B�4�?>�6 ��� �A@5x p�B i t*C'D j �q � � �/q � � �

(2.2.12) ��E �2F��
Sb(r) = 2

∫

∞

0

n2
gasΛ(T, A)dl = S0[1 + (

r

Rc

)2]−
3

2
β+ 1

2 (2.2.13)

;59!:-�A<�=�u��
X 6�5 ��G:_���«-���=rBr � � r � 2 H � ��I�J i�j F�{�q .�/� � �T��¦ j �

S0 � �
S0 = Λ(T, A)

√
π(

ne

np
)n2

0Rc

Γ(3β − 1
2
)

Γ(3β)
(2.2.14)

Fd« ª �
n2

0

� ��K i�j O � � � ��r-F ;�G � ���1rsq:B�� � d`6-��F � X 6�5 ��G_ �ML ICM
q!�B��G�_ �#NPO �-rQF<; � {���� ICM

q!���'G�_`;RG � ��F � ICMq f z � � ����q � G � 9 ~ u���r-F � N�O ��r-F<; � {/�T�
Mgas(R) =

∫ R

0

4πR′2µmpngas(R
′)dR′ (2.2.15)
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2.3 ICM � � ���~���� � � x p
ICM

���
	�;��={ p 6���r�F ;�
�� + ¥ p 6�����rTq��
	�q��
¡ F idp 8:9 L ¥ p 6-�-�sq � � K 9 ¤ H q 2

Y ; � ���
(1)
�*��� '��`q����1� � x p���� 6�q ��© ; � j ¦=ª (

? & S
)
F i*p 	-¥�� | rF�� � x p

ICM
; � {�� + ¥ p ��	 ;�� r����

(2)
�
�!� q 3 � ? � �
� ;�� i D o�{�� ª ICM

q��� � � {!�-u1r F � �
��w 6q Y «#" ��9 (
��}%$ , � S�$'&!� )

;(� r��-r F � ��	 ;�� r������	 ;�� rcx p 6c¥�¤��*)�+ &-, q
2 H
. �5� � x p��'���0/ q §�¨ 6 � + L � .� + ¥��PF 8:9 L ¥��T� rsq � � «�r F � L �'�!� � §�¨21
3�4�5 q�6 l . �87 �� ��F 8�9 L ¥e��9!:�� ���Q� � . � + ¥ j F:9*C�¥��;6 l q 7�� ;�< X 6 W g�
� <'= + ¥ p 6���� � q j O ICM
q /�= n�o

(
��	�«4�

) �?>8@ ��r�F �;ACB�D 6��

E
2.2: Beppo-SAX FHG � <'=JI�K �ML8N
O�P �
�!� � L?N < X 6
7��QN ©cRTSJ &
(Fusco-Femiano et al. 1999)

2.3.1 RTS
ICM ��U ��G 2eI:J -:. � � ª �
	�~ F�I�V a�b �QWHX �'Y N : ICM N�Z
[��

8(\^] X?_�` ; � X�a ZH[�bMc Fvis � HQN �ed � ��+ ¥ X�a
Fvis = η(∇2v +

1

3
∇∇ f v) (2.3.1)
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Y
Y � �
η ��� ZH[ � � � ª � ICM N�Z�[�� � ] a ICM � �� N «�6 -�. � 1 ���

N��	� � � L � X G 2�I�J ��N�O�] X F � � Z
[ ��
 HQN �#d � $*% � W2X�a
η ≈ 1

3
mini〈vi〉rmsλi

≈ 5000 g cm−1s−1(
T

108K
)5/2(

ln Λ

40
)−1 (2.3.2)

Y
Y � �
mi

�
ni

�
〈vi〉rms

�
λi


 � ¥
�!¥�� �	� � N z ���c���B������� � � � X �
� 2 �eA�� ����� ��� f���� ) � � X�a � Z�[�� 
0� ����� D���� I ��� � F�
! v �#"^X�a I � I � Z�[�� 
�$ ��%�& � 
�')( �	�+*�,.-0/ V �21 ��6 &QN�3�4��57608�9 X�a
Z�[:�
; G=< 9?>A@ �CBED#F�G Re ,EH�I=J W�X�a @ �=BED
FKGML 
!N�OQP c	R��SQT V	O 9 ,VU�W?XeO XZY\[^]
` '�_�`:a N�bdc�e�f#g�J "MX�a Y!h�i ;Kj W T
Llk O ;�monqp8]:T a � � ρ

N�O 9 hEr � v
N�s�t�h�u�v fKD l L ] X L N

Re ≡
ρvl

η
(2.3.3)

w�x N
Re


�`�h=y d � [^zd{�X�a
Re ≈ 3M(

l

λi
) (2.3.4)

M

�|+}�~ G hCY L.J N M ≡ v/cs(cs


!��r
) L���� 8�9�� a Re , ICM J:�Q� �

L N����=�#h jA� 8 l = 0.5-3.0 Mpc L ' 1 N %�& w7x������ * h������!����� λi� N
λi ≈ 23 kpc (

T

108K
)2(

ne

103cm−3
)−1 (2.3.5)

J " ��� ���C�Q����h!��� J � M ≈ 1
'�h J N Re

� G 100
��� L ' ��������� J� N���� ;	�=T�  Re

� y 1 j0� '�i L ' �E�+¡ h=y=¢Z£ ICM
� @ � B�D:F�G
;�j

�!T (Re & 1000)
x�¤ k O ;Kmon^p:¥:T+L.���0¦ 9=���

2.4
§ ¨ © ª

ICM
h k O ,�« ��¬Q­ L�®E¯ N jA� ( 2 °�±³² �=¡ LV;QJ�� ���7´ 1

£!N
u�µ
¶o· D h�¸�¹�h�º ; 1 ( c � *V» )

< ¦½¼ ¤ �?¡ L¾;�Jd� ���?¿ 2.3
£�N " � ���=�

h
X
¹=u�µ ¶o· D h:À�ÁKÂ @ f À+Ã *qÄ�ÅÆ,�Ç
¥ (Kawano et al.)

�	ÈQÉ �
3.5keVh

MEKAL Ê7Ë	Dd,ZÌ��)® N	Í7ÎQÏ�£?y �2Ð }�Ñ c	f�Ò�Å h7Ó ��Ôo® xEÕ�Ö L N�Í×MÐ }�Ñ c	f�L 300km/s
h k O ,VÌ��)® x�Õ�Ö h [ h J " �E� Fe

h
He-like

'
Kα
N

Kβ
¹�Ø�Ù ,VÚ\�	Û�®�¯:T �!� k O " 1 h Õ�Ö h ¬ ;Kk O�' ® h ÕQÖ L^Ü�Ý#¯Cc �
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*V»�; º ;�/�¯�T � h ;�  < ��� ® < ® N ¡ h ¬�­ J � k O�£?y ��Ð }�Ñ c�f�Ò�Å
v/c ≈ 0.1%

N ° w 1 6eV ��� h���� D��	f� 
	���;�
��2L ' �E���
� h��������
�£��
� 8V9 ¯�T � CCD
h  
	�� ��� T� :T 120eV J"! � h J ��� �$#&% �7J"! �E�´

2
£�N
'�(�) k+*Zk O�h$,�_Ch�-�. L¾¥ � [ h J�! ��� '�(�) k L � N
/�0�h�"� D1��f�; ICM

� h ] a�2 �	�+3 h54�67�"� D1��f ( 8 9 Fe-Kα 6.7keV) L '�(
®Z¯":<;>= 9 N�?�@<A�Bdh ¬�C�D�È Û�= 9=� x�¤ ) k2®Z¯QT � y=¢�£�E � �F� t�h¡ L¾J"! ��� 4�67�"� D���f�L � n ��� DG�	f�* [�H x /�0 ;JI É ¥ � L N ] a�2�	�+3 h$K�0 ;JL�MN=�O �E� L
M>=5O x �
P �<#�Q ��R h J�¥TS £�a=h ��P £�U �V N ¡ h LK� £7� n ��� DG��f h5/�0 V È�É =5O ��� /�0 � I É ® x ¬WC L ��X�Y
RNZ N$[J\&] ¬ £ È7É =FO �E� ���?� J!k O V M ¡ H ¯�T
R { O > NF^
_ M ¡�� ·a`b 3 ) k £ Ü�ÝQ¯ N
'7( c �G3 J � '7(J) k h�c�d�eCh ¬ V G�f7jA�!T h J N ¡ hy=¢ R '�(�) k V ��� =�O � �Jg J�! ��� ) k+*Fh { pQ¥:T Kα

¹ V�i ZjRlk N Fe¸�¹�h&m�� Ü Kβ/Kα
� j0�1ZjR ��� [ ¬ N����=� JKk O V M ¡ H ¯:T&O�n N ] a2 �	�o3!�$p ®qZ Ï ��r H ¯�T � L¾�Q�Æ¦jO �E�Æ¡ h LK� N7¸�¹
/�0�h��"��s �7fV �	�o3 h�'�(��"��s ��f £�s ®Z¯ Ð }!Ñ c�f À�t · ¥ � h J '�(�) k)® £ Z�ZuR��� 'q(J) k V R�T+L	� h Fe

¸:¹�h&m	� Ü Kβ/Kα
�<v�w × £<x
y J�� � (

¿
2.4)h J N v�w i L h g O�z0¦ '�(J) k h$,�_�£ °QT7¯�{QÝ �?¡ L V Jd� ���+¡ h g O

* ,�B�£<| ÛK¥ �J} £ � N
~ T� �	q� � m Z � ��¼N=$O g N Kα
¹ ��� h i T ¸�¹h�mK� *�� �
� Z � �#¥ �#¡ L V ] � L�R ����� h x�¤ N j d�e�h X

¹�| Û��oL �� } ¶�� c"� 3 Ð *������
� x5��� £#y � �
� V 
&�?J�! �E� XMM-Newton
�&� p

¥1�1Z �
� V � O�*F� � ®Z¯�S�k N
'�(J) k>*F� � ® x k O�h$� � �$% ��J�! � L
���Æ¦uO ���
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¿
2.3:

ÀCÁKÂ�� f À+Ã 3 £
y k���¦jO x Fe-K c �G3 Ø�Ùdh�u�µ ¶o· s � ( � ) k O
Rd® N ( � )300km/s

h k O *VÌ��o®Z¯QT � (Kawano et al. 2004)
�

¿
2.4: k O *VÌ��o® x ÀCÁKÂ�� f À+Ã 3 £
y k���¦ O x Perseus

�����Qh
Fe-K c�G3 h

Kβ/Kα
m�� Ü h��
	  
� (Churazov et al. 2004)

� ��zA¦ N k O�h!�7�
|Æ}~
�
M = 0, 0.25, 0.5, 1

�
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3 Geant4
� � �

� � � � � �

3.1 	 
 � ��
 	 � � � � �
^�_�N�)������ Ö������ R����q���! e   £#" H ¯ x�y �%$�& � ®�z³® N('�)+*,.-!/ & )(�%� Õ�Ö N ICM

�10�2 V43�5 , " H16�7984:<;>= )(� V�? � r$M : k��& :!; N�@BA V '�)C* *ED�F�G C ,IHBJLKIM+N � �<O!& :!; RQP<*.R.S<T+&EU(VCWO<& M�X ?�Y �!OZ&1[]\C^._ �a` \cb.d1egfih N#j.k%�C" 8 e ?�Y el��� �lm�n �Npo�q T%& :!; W4r#sB�!O<&I[+t � M�X N \C^._�u ` \cb4d , "�v 6.w �cxiy 8 mnQx{zZ| & �  I}(~��<OZ& ;��<� &I[l�����!�< 1� Geant4
xi�!� 6 '()#* ,.-!/ &��� w � \+^._�u ` \cb4d xi�C� M [

3.2 	 
 � ��
 	 � ��� 
 � � Geant4

Geant4
;  1�B��� ���(� ���(�+eQP �1� � ;��(�L; �B� �4� : &i� �¡el¢�£�¤ �x{¥B¦ , \+^._�u `9§ T+& :!; � �%$�&i¨�©Bª¬«.­ §¯®±°�² �!O!&I[�³9�´ IµC¶!·¸]¹ `1� �Bº�»I¼ xE½B¾ TC&.¿ , ��À!Á � ��� x \%^l_Qu `9§ T+&%ÂIÃ���Ä�ÅÇÆ1ÈM+N�É ��O<&1[ qBÊ �� IµC¶<· ¸]¹ ` �(Ë�Ì ��Í!Î�F =�Ï �BÐ É À!Á��cÆCf ,(Ñ<ÒÓ ÉlÔ�Õ],CN nZ� Æ1È 6 ��Ö [× �¡WÙØÙÚZÛ v 6 �!Ö �(Ë ÀZÁ É \+^�_�u ` \gb4d x T Ö ,�Ñ �(Ü �pe ½(Ý W±UV ; e Ö [+ÞBßBà(á�â#ã ,�- � 6 �(À<ÁÙä ÉlåBæ]çIègégê � ����Ö �B�%É1o�q � mn É.ë�ì!í]ÉÙî±ï<ð�Élñ�êóò � �+ôÙõöd § ¸ ` Þ É ½BÝ � � � Él÷<ø eÇP{W#O Ö [

Geant4
ç�Ñ � j4k�x o(q T Ö M�X�É ² ¸�ù]ú�û â�W4ü ç �±ý ÆEÈ 6 �!Ö É�þ �Ùÿ��Ã���� ç \+^._�u ` \Çb4d x Û 84:!; W þ�� Ö [	��

� ç���� Ö w��]É \C^._�u `\�b1d x Û 8 3�� ç�Ñ � m(n �(� x Í<Î�� � É ICM

; � e K � m(n ìBí+ÑIw��<î4ïð x À+¿ ç ¾	� T Ö :!;Eç e Ö [
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3.3
� � � ��� � � � � 	 


Geant4
Ñ

C++
���!þ�
�� È M������ °��L§���� É ÞBßBà�á�â þ O Ö [�� � á����;! h±È Ö O Ö#" s x N v M Þ<ßBà(á.â x%$'&)( K!*�+�, Æ1È Ö [-� � á.�'� ç "s0/ ( É�1 `32�x 
 � �54iÈ f x é ( X Ö 4 ( ç�6 v * ��7 Y þ ¨B©BªCe<ÞBßBà�áâ x ¤ , T Ö 4 ( W þ�� Ö [Ù�B�B� þ!Ñ � geant 4.08.01 version

x98Z��:<; [=
3.1
ç�>iÉ�6@? eZ\C^l_%u ` \Qb�d x Û ?A� xCB-: � = 3.2

ç�Ñ \+^�_%u ` \Qbd É<D È xCB T�[ (1) E�F�G<T Ö [@4 É ( �.çIH f �KJEX ½ÙÝL: *�� ��; ��
 � É<+, e > W mNM ÆIÈ Ö [ (2) ��� x!O�P 1 Q�RSQ�Å�TöÆVU Ö [ (3) ��
 � É ã þ m(n Æ
U Ö [ (4) ��
 � ÉVW%ç » *
� ;�X É x º]»1T Ö [�4 É�6�? e D È þ ��
 � x o(q TÖ 4 ( ç T Ö [

Y[Z]\

^V_

`�a

=
3.1: \+^�_�u ` \cb4d É �(�

b5c�d e0fhg ikj[lnm

o!pAqsr

oCp<tvu'w
ICM xzy t|{~}

�!�%� tv�~�{~}�t|�9�o!p<tvqsr#�k��tv�!�u�w��C�<tv�!�
etc...

EventAction

PrimaryGeneratorAction

ClusterConstruction
PhysicsList
ResoScat

SD

RunManager

Run
(1)

(2)

(3)

(4)

=
3.2: \+^._�u ` \cb4d É ¨ é�� e D È
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��� ç�� `�����	±½�Ý þ�� Ö�

��� á.� ç Q � *������ Ö (
=

3.2, 3.3 ��� ) �
ClusterConstruction

��
 ����� (ICM)
x +�,�� Ö�� á.���

Geant4
É������ ÖS� á�� xI�!� *�+S,�þ�� Ö 6�?Eç �#v * �#Ö �

G4Sphere... � xI�Ùý
G4LogicalVolume...

+�,��<ë
( � , �! !"(�!#�"�� etc)

x%$�Ý
G4PVPlacement... ¤ v�;�X É x�&!' ç)(+* §

SD(sensitive detector)

º�»I¼+, þ m�ngx�:%;l� � x ÷Zø�� ÖS� á����-/.)0 u � -21�354!6 x ñ�7 : * output
� Ö ( ��ç98:� (���Ö �

G4SensitiveDetector...
� � É9;Bø=<{÷ ?�6�?{ç ½�Ý

EventAction

ô±õ 3 § 4:6 É1ñ�7�> viewer( ? ï!@ B )
É ½(Ý <�� ÖS� á.���

PhysicsList

À<Á þ ��4 êA7 Ö ��Ë(ìBí%É ½(Ý <�� ÖS� á.�B�
Geant4 C�D ç(Ñ�E!F!G�� Q)HJI ��K!L ìZí=<%M Ý-:<;N� á.��N 	�O=P *�Q ÖBR þ�E> R�K:L < 8 ? ��< 4S4 þ�S Ý � Ö ��T R ã þ�E!U�VXW�Y Û í R�Z\[ Q X]R�	�^!_` ç K�L (I: *NH=a5b�c�d �
ResoScat

e�f�g�h R9i�j <%k�lm��d�n:o)p �
Geant4 q�r�s�t [ c�*�Q � Q R�u)vmw r Wyx u s�t :V; � UBVzW{Y�| j > g:h i�j<%S:}���d � PhysicsList

n:o�p u E 4 R n!o)p R�K!LLX 8 ?�6�? q S:}��/d �
PostStepDoIt... ~L4�� 7�d K:L�i�j <%kBl
GetMeanFreePath...

K:L!�:� < $/� d%U�VXW�Y%| j <�k�l
Randomize...

h!� <��:�m�/d
G4UniformRand() � � <)�!� �

PrimaryGeneratorAction

O:���!�
R S:}=<��
d�n�o)p��
�!��R]�:� E��!�!����E��������B��<
W�Y q{� � d��m��� u�  d�� v/w r �:� = ¡� E!�!�:���

=ICM ¢ �%£�d9�
G4ParticleGun...

O:���!� <��:� [%¤ d{�
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ClusterConstruction.hh

ClusterConstruction.cc

SD.hh

EventAction.hh

EventAction.cc

PhysicsList.hh

PhtsicsList.cc

G4Sphere.hh

G4LogicalVolume.hh

G4PVPlacement.hh

Consturuct()

SD.cc
G4SensitiveDetector.hh

ResoScat.hh

ResoScat.cc

Randomize.hh

PostStepDoIt
GetMeanFreePath

main()

�
3.3: ������� � �	��

����� o�� R���� �
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3.4
� � � ��� � � � � 	 
 � � 
 � �

����� u���� d ����� � � �	��
 R ����� o�� r E�� R 4 ����� ��! ��" �/d��� �$#�% � £�d��
(1)1 &(' 
�)+* � R-,/./R k�0�� (2)ICM

R2143�5 )4687�9 ��:<;� � �
(3) = � ¡ �>; �:�2?�@�� (4) ¡ �>;4ACB ?�@��EDGF q (1)ResoScat

n:o)p(H
(2)ClusterConstruction

n�o�p$H
(3)PrimaryGeneratorAction

nBo]p ��I cGJcLK ;<M N q�O �QP��4R!}TS-U(V�W X���d{� (4) qZYE[/!�r 3.5.3 \ u 0^]/d���� q�/d{� � ��� o�� ;$_�`�a �cb�d�qfe ¤ !2[ d ;�u IEg>hZi+j2k S !ml S [ �

3.4.1 nporqLsTt (ResoScat)
�!� u r$u�q g�h�vxwEy � g�h ?>z � k�0��|{]� v/wm; � ����� � �	��
 u r H
) �~} 
 g!h ( �E� � x )

� e�f�g�h
(
o & 
 � x )

;
2
�:�>; g!h ���J��� �G� �

) �~} 
 g:h r^� 

��) 
 g:h ;-� ���)�
���-��� (~ω � mec
2)
uG� {{� � 

�

) 
 g�h ; vZw2y r n:o & 
����2� ;-�muQ� ��h�� {{�
dσcompt

dΩ
=

r2
e

2

1

[1 + γ(1 − cos θ)]2

[

1 + cos2 θ +
γ2(1 − cos θ)2

1 + γ(1 − cos θ)

]

(3.4.1)

�!� u H
r2
e r4� �>;Z�����2� (α/mec

2 =2.82 fm)
uG� � H γ = E0/mec

2 (E0(= ~ω)

r4= � ¡ �>; ���)���B� )
um� {{� �

(3.4.1)
;Z�/� � � � �Z� !Q��� `2��u y x��{/� H ) �C} 
¢¡�£ ; � vQw�y r σT = 6.65× 10−24 cm2

�¥¤§¦�{9�<¦�U ) �~} 
¨¡
£�q:r H = � ¡ �>; � � ' n ) � q-© S !Qª|« £$? z qf¡�£�¬­�/7 � [ � [ N8®E¯� � {9� ) �C} 
¢¡�£|°<� 
��±) 
¢¡2£ ;2² �~³ 6¨´ � �fµ^[x!Z¶2· ��{����f¸>SU]�$¹<º ° HQ» � ; G4LECS(Geant4 Low-Energy Compton Scattering Package)

�
[ N ¼¾½�¿ � 1 ¸ = � !2[ { ² ��³ 6¢´ � �cÀGµ S-U��ÁmÂ ¡�£C° 2.4 \^Ã 0^]<U M�N £ ,�. Ã �LÄ H vZwEy σR � � ;�M�N ¸fÅ ¤ {{�

σR =
πe2

mic
f12

h√
2π∆E

exp

{

−(E0 − ERS)2

2∆E2

}

(3.4.2)

��� Ã H ERS °�¡ � � #mÆ�Ç ( & 3 
 )
� Á<Â �|{)���������4H

f12 °4È2É �<Ê(Ë Ã� {9�$Å
3.1
¸ ��Ì ��Í �]� ∆E °fÎ|Ï £ÑÐ ½ ��Ò �fÓ�Ô>¸ M { ÁmÂ ���]�
��� ;(Õ

� Å¾S�H
∆E = E0

vi

c
= E0

(

kBT

mic2

)1/2

(3.4.3)

� ÖC×2{��>¦xU-H � ��� � � � ��
cÃ^°f£2Ø ; Ó�Ô �­9 � � ÙQÚ %�� � {9� £2Ø ;
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����� Ë � vturb

� �|{/� �
(3.4.3) ° � ;�M�N ¸fÖ~×2{{�

∆E = E0

(

kBT

mic2
+

v2
turb

c2

)1/2

(3.4.4)

≈ E0

[

kBT

mic2
(1 + 1.4

mi

mp
M2)

]1/2

(3.4.5)

��� Ã H M °�� ½�� � � [ N
	E¯��/;�
 � cs

� � Ë
v
;Z:

(v/cs) � Åm���2�mÆ��Ã � {9� Á^Â ¡�£ ; ¡2£ ?|z °������ ? �/S¨H � � �c¶�· ��{xU��G¸ £��§���Eµ �{{� ¡2£ ?|z ����� � { ��Ë � 3
�GÆ�������� Ã �E� {/� H

φR = 2π rand (3.4.6)

θR = arccos[−(−1 + 2 rand)] (3.4.7)

�%£^{��2��� Ã H rand ° 0-1
; £��<Ã � {�� Geant4 Ã^° H G4UniformRand() �!�

�cÀ � !#"�$ (0,1)
; £�� ( %��'& 6 ( ¦ Ã ) ��È {������ Ã   {{�

Ion upper level ERS(keV) f12

Fe24+ 1s1 2p1 3P1 Kα 6.6684925 0.0687

Fe24+ 1s1 2p1 1P1 Kα 6.7011266 0.703

Fe25+ 2p1 2P1/2, 3/2 Kα 6.9519639, 6.9731781 0.44

Ni26+ 1s1 2p1 3P1 Kα 7.7668938 0.0883

Ni26+ 1s1 2p1 1P1 Kα 7.8062340 0.683

Fe24+ 1s1 3p1 1P1 Kβ 7.8820244 0.138

Ni27+ 2p1 2P1/2, 3/2 Kβ 8.0731039, 8.1017429 0.44

Fe25+ 3p1 2P1/2, 3/2 Kβ 8.2636944, 8.2526875 0.046

Å
3.1:
Á<Â �����
�B�=� È2É �<Ê�Ë (Kotani et al. 2000)

¡/£ vQw�y � � ¦�{
� ICM
��; ¡ �|; ���*)!+�,�- l � ¤.�G{]� Ã   H(� ;<M<N¸fÖC×G{9�

l = (neAiFiσ)−1 (3.4.8)
�:� Ã H ne °f� �|; ��/ Ë H Ai ° ÁmÂ �<{ & 3 
 ;�²10 
32 
�4 H Fi °�5.6 Æ/Ç�78 ;19�� � ` ¸ © �<{ ÁGÂ �<{ & 3 
 ;�:�;�: H σ(= σT +σR) ° ICM

��; ¡/£ v$wy Ã � {9� ²!0 
�2 
�4 � ° H�< ` ¸�=m×E{?> & 3 
 / @ Ç ;BA � :<; ��� Ã � {
(
Å

3.2)
�

Fi °3C Ë�D': �|{ (Rothenflug, Arnaud 1985;
�

3.4)
�+� �<°�C Ë ¸ M �

!G& 3 
 ; ��E Ë �GF
£G{xU�� Ã � {{�>¦�U4H ne ≈ nH

�IHKJ Ã   { i ; � � {{�
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��� °Ñ) �C} 
¢¡�£ ; vQwEy ; ?�������� � ¦ Ä ¡�£>°
	 ��� [
� H���� ;
�������� � ERS b H ;�� � ° Á Â ¡G£ ; v�wmy ����� ������� Ä ¡E£���	 � 7! ��m{
"

#
3.4: Fe24+( $ )

�
Fe25+( % ) & 3�&f;!:�;2: (Rothenflug, Arnaud 1985)

"('�)+* CË
(K)
H�,�) *

fraction
"

H 1.00

He 9.77×10−2

Si 3.55×10−5

Fe 4.68×10−5

Ni 1.78×10−6

Å
3.2:
#mÆ�Ç ²10-& 2 & 4
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3.4.2 ��������� 	�
 (ICM) q
��� (ClusterConstruction)
��� Ã^°-u ¸ ICM ���������������! #" 7�$  �% " Geant4 Ãm°'&)(>Ï ¸ / Ë �*�+  �%-,��."0/21 ��3�"54 � Ã�6 # 3.5 ��798 ¸ ICM °':�;�< �>=0? �A@-B�C �D E R " log 4 ¿ �
� ÃFE>G =AH!IKJ � ( 5 @ :>L ) "NM.O�P!Q�R H ,S� �T=AH " I�J�VU �AWAX /�Y n(≈ nH ≈ ne) 63C�Y T 6 Fe

�
Ni ��Z 0 & 2 & 4 Ai "\[21-% "F]9^_

Fe
�

Ni �'`!a��>b5"0c H 3 �Kd�6Te��'M)f�g _Shji ��3�" n � Geant4 d�/21-%k Y�l)m9"Kl ^2n ?o= i 8 H!p 6�q)r�s!t P ∝ nσL (L
_�u � �Fv9w�% D�x ) �>yzo{ w|%.728 W 6�}j�2798 WT~!� � � &K�5=SH "

L : 1 kpc(=3.0856775807×1019 cm) � 100 cm

n : 1 cm−3 � 3.0856775807×1019 cm−3

Y

Z

X

#
3.5: ICM " I)J ��� W E�G =SH�� � � � ���!���

ICM � k Y�6A��Y>6!Z�� &�� &0~ _ Centaurus �!�5�!�A�-���.� ( � 3.6; Sanders,

Fabian 2006) 6 Perseus ���-�������F� (3.4.9) ������� ( � 3.7; Churazov et al. 2004)��� "-,.� W|= 6 400kpc
i d 36 E�G =SH�I!J �
"0M-OKP.Q�R�% � ��d ICM "\���=SH�  � � 2 ¡-�¢���2� _S£�¤)¥!¦ W 7 n ? r�§|� z!¨5©�ª|«|{ w ?!¬®­ 6 ]2^ I¯�°j± � IV²�³FW 7 n ? 4 �S´9µK¶V"0�)·�¸-¹|%  

ne =
4.6 × 10−2

[1 + ( R
57kpc

)2]1.8
+

4.8 × 10−3

[1 + ( R
200kpc

)2]0.87
cm−3

T = 7
1 + ( R

71kpc
)3

2.3 + ( R
71kpc

)3
keV (3.4.9)
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� 3.6: Centaurus ���)�������5� X k Y ( � ) 6 �KY
( � ) 6�Z'� ³T�-³A~ ( l )

 
(Sanders, Fabian 2006)

� 3.7: Perseus ���9���!Z'� ³K�³N~
(Churazov et al. 2004)

 �� a©	��
 �K7
� P�8����>�.d��.%  

3.4.3 ������������� (PrimaryGeneratorAction)
��� d _�� W � �"!$#&%('()�"+* $ ¹2%   ICM !-,�.(/(0
1 ­ ! X a&2&3 � Y _

n2
gas(≈ n2)

W$4�5 ¹2%�!�d�6"6\w W�I>J �7!�/&098;: <>��� R2 = B7> %;6)� d ICM?(@(ACB !�2(3!E�D ©	E C w2%   n
_

3.4.2 F5d����-¹"G�E�D �IH
J W � G.798 W ¹
G   R2n2

WLK 8K728 � EMD = NPOMQ ( RPS(T7U ) �+V;WTwXG A Q dTr X = Y n ?[Z\ ¹CG   φ, θ
ACB _�]&^(_ A W EPD5¹CG|�a` \�b+c�d � (3.4.6), (3.4.7) � H ^ !$eQ d�r X =IY n�f   i f d #(% { RXG � �X!g#�3 AXB _	]h^�_ A � b f  
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3.5 � � � � � � � �	� � 
 �
3.5.1 ��
��������������
�!�
�7!�� ¯�°j± ��� ²�³ = ¤�� � W d�!#" d%$�b'&)(�*,+.- (3.4.1 F )

©0/ b
�1+�2 { w c43 G'5 = s65 p G  87 ! f p�W:9 , �4;=<?>�@'A =CB 3&c ?ED s.F =¤ n	f   6�6�d _ d � � = x G A
B W #&3 bad ICM �+H ^ !:H " !JI W 1 c f  =K
3 � �9!%L6M��)N�� =PO6Q L6M��RN���� H9JTS (6.7keV) U b+c IVUM1 c f �[60W d� � _ q�r b f   +.- ©,/�b �1+62 { w c.3 G 6-� © s.F { w f  

incident photon

plate

scattered photon

� 3.8: q�r �0XV³ @ ! ?ED sEF = b f%Y ! ;'<?>�@'A

3.5.2 ICM ZV[ �R\�]��)���
})U d 3.4.2 F9d,^6_ f?` � U ICM =baEc b d ICM �Pd
! 1

� 5fe � � = x G AB UL#�3 b dEgih ¹9G f p !=I9d0j >Jk n�f  lK 3 � �9!EL�M��VN�� = 6-9keV d][^ rEm =+Y ­ d 100,000
^ #�3 b f   gVh ;'<?>n@'A !:oqp!� = � 3.9 U ª ¹   �

3.10 U'sEFlrls = ª ¹   6-9keV !Pt4uvH " � q�r { w c=g)h.{ w � 36w �|³ H "-©xqy G  �z f d'{ §C!J|%}l~.� M = 0, 0.5, 1 ��� y c.3 ��� w=� ³b� ©=�-©q�+c.3
� ! ©�" 5"G  

ICMshell

incident photon direction

detector

� 3.9: ICM ��!'+.- =�� F b f%Y ! ;0<?>�@,A   ICM !���dq5�e gRh:� U B 5 �c � � = #(35¹CG  %��� +E- =b� 6v�C�qU ICM =��E� bIc)� f eb�)� ³ @ ���CGJ��E{ ¹XG?�P���.� @ �C��� 3 �

21



�
3.10: Centaurus ����� ( � ) � Perseus ����� ( � ) ��!'+4-
! ^	� ! � F.rEs6�
 5fe {	� ~4� M = 0, 0.5, 1
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3.5.3 � �����
���	��

�����=�P������������� ��� g)hCb � 3 � dvgRh �C�6� 3	��� ��� �� ! 3 �#"�$?�&%�'#(.5E5 �gc b z � � 7�) � �	� � �+*-,. gRh0/ �21 34365 ` �U bIc	d?3 W 3 W��87:9EU h<; �
=>� ���+? ;0gRh � � = ` � U.@ f � gRh ;,<�>@'A � �

3.11 U0A 5 �2� � (<B4CRUED4F G �E{ ���IH�JLK � � � �IMPd65�e  �N4O
R �	PQ@SR ICM T4U � A R g)hP� P�V  XW�Y �Z� �� K F47L9  � 52[ � � ϕ � 5=��\R

R = A sin ϕ (3.5.1)

��]-=C� z H�R ϕ � x6^�_8`4a [ � Ω � 5 = (
�

3.12 b�c ) �ZR ϕ � Ω �>d  0e �Ifg4h:i e �.=:�
Ω = 2π(1 − cos ϕ) (3.5.2))�) �2R&j.k  �l�m�n �Io �+p4q 5 =�� �  ) � �8r y =J� p�q ����R&s�t-uq�vxw ��H ��y ��z � x ; R � � ��M+{�| w  ]-= `4a [ Ω0 }L~  � ���
��� ;��6��x��� �>� =:� ) ���8R � 3.11
 	W�Y 7�9�� l-m�� (��I=E���-R.]�=���F [ ϕ0 ���� �X� [�� �2�&FQ@0H0� ���+� = ) �E�0��� 5 =C� ϕ0 }L~  � �: 6�I�
� iE� =��� � 5 �I�XR&j�k  Xl4m��+�4� 5 = ) ��(4� � =J�L 6HXR )  �¡-¢L �£�¤ / � �

� � �2¥ _ ) ���2R ��� �X� ���E¦ �§� 5 = ) ��(4� � =C�

A

R

¨Q©«ª

�
3.11:

£:¤ z8¬ y ��­ �0® �
£:¤ / � �� 5 �&� ���+¯§° �4� �.� � ICM
�0±6?

� ¥ �<��� �X²�� 5 =:�

³

´ µ ¶·µ

¸

¹
3.12: ϕ º Ω

 f g �+» @�H ¹
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3.5.4 ����������	�

������������������� ��� "!  	���$#
%'&�(*)�#,+'-  /.10 ( ? ;"2,3 H'4�]�º65XR ¡-¢ ���87 ! ;"9;:° ! =E�=<  ?>8@ ��A )CBED;F 5 =HG1I  KJEL;M �ONQP
R6; R n )Io N � =/4
SUTWV1XZY

2 [�\;]E^;_1`a;b;c;d � � =Lº R=e;fZg�h�M>{=ij5/k �$l'm ��n �Ko�p hrq Y N*s;tvu*w �Zxl"yEz1{ <Z| � h/}�~��/q1��5/���"�1G N � i B�����4
�=h=n � q���5/k � h m �� {?i-�'� ¦ u�yQ�E� �C�W� u�w l&m�°Q� xH4��$�+� y Fe-Kα �§º��8�C�?G8�Zx*�E<
hK�=<xº��$�"�;G u �4�C�=<jhK�=<�h/�L� NH��� xZ��ºE� u n'4W�1<jh >8@ �jA )N � �U�"� 6.65-6.75keV(Fe �"��-��;  )

y
6keV( ¡8¢��;  ) � 1,000,000 £E¤1¥ 9=:°6¦ wWy;§ �;¨�©-�rª=« u n 2 ¬�­W®1¯; 1° N6�8� n'4�#�%�&�(*)�#±+'-³²=´ N ¹

3.13 �Hµ8�C4*¡;¢E�= .�r¶ �;w ���
-��E ���5 y Centaurus eEf�g .40kpc
y

Perseus

e;fUg .70kpc �"�;< l �1G °r� y1�;� h=·�¸8- � l � REw �$x=h l  I|�x/4;¶?¹º u*w�y'a=b=c=d � b 7 � n1#U%K&
(�)1#�+/-º²E´ N ¹ 3.14 �r»E¼��Uxr4 Churazovw h�#�%�&�(*)�#±+'->��5 70-100kpc ½?¾L�"¿; I| � l }�~ p ��x/41ÀE¨ y;Á £�#
%r&
(�)1#
+/- u n Perseus e=f$g6�15CÂ 70kpc ��¿= �| � uÄÃ � w ��x"h2� yCÅ8ÆÇ�È �.� �C²=´ ºH� 3 n�º³É R xK4

¹
3.13: Centaurus eEf�g ( Ê ) º Perseus eEf$g ( Ë ) Ì'Í8Î1x Fe-Kα �Zh6®=¯E ;°=4®�5r�$���=G�� u ( ¡1¢;�=  )

yWÏ 5r�$���;G�Ð�Ñ ( ���j-³�=  ) h1#U%K&j(�)8#�+C-
²=´��$Ð�x/4
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¹
3.14: Churazov �Qh1#U%C&j(�)1#,+/-KÌ��"x Perseus e=fZg�Ì�Í$Î1x Fe-Kα �
h

®1¯; ;°�4��;��5/�$�W�=G N�����u n
	Ch#� y�� �
5K�$�"�=G N��
� u*w�� � � 	
h#��Ð�xr4
Kβ/Kα �

2 ¬�­E®1¯1 1°jhK²;´ N�� xLº y e1fUg�h ��� ½E¾����U�"�1G l�� ��Ñ�B�� � �º l�� D °H� x64E����� y Centaurus eEf$g=h ����� � ®;¯ 40, 80, 80-160kpc
y Ç �Ì Perseus e=f$g1hr®;¯ 70,140, 140-280kpc hr�E< N����"w�y � �$�'� Kβ/Kα ¶ N�8� x��Iº N��1R nC4 >8@�� A ) 6-9keV �EÀ?��Ì z 3 nC�=< N 1,000,000 £ 9=:! ¦ y G;I
h JWLEM#" M = 0, 0.5, 1 º PUR?w #U%/&�(�)1#�+/- N%$'& nC48�Eh6²E´ N¹

3.15, 3.16 Ì6µ8�K46G;I M�" N }±~ p �$x?Ì'¥ � w �"�
-%( l�)8l$3Qw#� p �?< l�UR x/4+*?n y 6.7keV �W��-K5r�=G N | p-, Î w Í�Ñ y/. ÌEÐ�*OÑ �;G N , Î?� �
n � Ì �UR � � �?��-�	CÐ$x/4 Fe24+ �?�,-Kh=·j¸�-1032,h'¶ Fe-Kβ(7.88keV)/Fe-

Kα(6.7keV) 5 y Centaurus e;fZg4��5rG1IU� u h�º�~ 3.1
y

M = 1 h/G;I�Ð�Ñ�h�º
~ 1.9 º*� Ñ y Perseus e=fZg��85rG;IZ� u h�º'~ 2.5

y
M = 1 hrG=I
Ð�Ñºh�º'~ 1.8ºH� 3 nC4
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¹
3.15: Centaurus e=f�gEh=#�%*&8(³)=#$+�- ²�´;4�Ê � � y ®W¯ 40, 80, 80-160kpc 4

�4� � y G1I M�" M = 0, 0.5, 1 4
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�
3.16: Perseus e;f$g=h;#Z%6&$(º);#
+6-�²?´14QÊ � � y ®=¯ 70, 140, 140-280kpc 4

�4� � y G1I M�" M = 0, 0.5, 1 4
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4
�

4.1 � � � � � � � �	�

������	��������������� �! ¶?¹ uºy#"�$ h&%�' ! �8� xEn � Ì Centaurus

e1f�g � Perseus e1f�g�h 2 ¥$h'e1fUg$ÌW¥ �=w)(�* !,+.- n�/±�'h 2 ¥$h'e1f�g
�10&2 � �13546" 	 u p 0 "�$$l
7 È w�� x � ��8 � � w�� x5/)9�: 3 ��� Ì'� -w�; � � w�� x=<�>�?�@ 3&A�B !,C 4.1 Ì/µU�&/?�Z�?� " Ì��)D1�E� �)!=E "�FHG(6*JI=K ��3 ��L#M�NPORQ#S=�$¸ �UTV! �6W I�X�� D Y[Z]\ G_^a`6b 3 �1�� #!5c��K / ����d S !,C 4.2 Ìr¼1efD&/ Perseus >6?g@8Ì)h �aX 0 2 i ��� L 9 i ��� 3�1�� 6!)j
k�l
k (�*JI L�mon�ZfD�p � Ì I5K /

cluster name z kT (keV) LX(erg/s)

Centaurus 0.0114 3.6±0.4 9.7×1043

Perseus 0.0179 6.2±0.1 3.0×1045

C
4.1:

(6*JI&K >6?�@ 35q�rts5A�B

cluster name SEQ NO RA DEC date exposure time (sec)

Centaurus 800014010 192.2054 -41.3111 2005.12.27-29 5.089×105

Perseus 800010010 49.9504 41.5117 2006.02.01-02 2.097×105

Perseus 101012010 49.9504 41.5117 2006.08.29-09.04 4.534×105

C
4.2:

(6*JI5K >6?g@ 3 Z]\ G ����d S

4.2 X u v w x y z|{ } ~��
4.2.1 �����������t�H�
Z�\ G�`ob 0 2005 � 7 i 10 ���,�f� ���f� k K � r � 5 �U� 3 X �)�a� `)b1���D=/)Zt\ G �a05L 4 h 3=� X �#�t� � XIS(X-ray Imaging Spectrometer; 0.2-12keV)
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�
1 h 3�� X �o�g��� HXD(Hard X-ray Detector; 10-700keV) ������� k X
	 D,/
p3
5 h 3 �f��� ����
 ��� ! ��� � �#� ��� D K�� L�� 	�������� �! (0.2-700keV)� 3#"�$�% �6�]!'& W I X�	 D /�(*) 35(#* � 0�+
,6� 6.7keV -�. 35(#* !�+0/ 3� L XIS

3 �1�� 6!=c 	�K /

1
4.1: Z]\ G_`ab 3�2 �

4.2.2 XIS

XIS 0 4 3 3 X � CCD 465�798 �;:�< � k L#��� 3�=�> � X �*?
@tQBA �g3�CD ! � s � I XFEJ� k K ���,� ��� D,/ 4 3 39G �IH���!�j�k1l&k X0 L X1 L X2 L X3�#J�K / CCD ��0 C6LNMNO�P (Frontside Illuminated; FI)
�RQ�L6M�ONP

(Backside

Illuminated; BI) � �TS L X0 L X2 L X3
3

3 3�� FI-CCD L X1 � BI-CCD
��� D,/ FI� 0 X �
U�V�WX8 �ZY O ZgD K
� M �N�[��� � 3 X �g0#U�V�\�]�^�_ �N`[a � k XI9b / /�c
d�L BI

� 0 X � ! U�V 3�e W*8 �fY O ZfD K�� M �X�F�g� � 3 X ���hPI X9"�	 �]�#iNj ! D � k D�/ baK L�k�� 3 � Z�8 `6b �
mNl X CCD
3[m6n _!

2 o]�
ZtD�p � � L "��p�F�q� � 3 X �]� h ZfD $�%sr9t
u Z�D (&7keV
��v

2o ) w�x L�y{z|w�}�~*�6w*� k XN	 D5/

4.3 � � � �X� � �
?�@fQBA ������� L
��� � D�� k K ?�@fQBA �B�;����s ���[�s� k K�� h�8X������ 7�5��X�
� r h��
� � ?�@�Q�A � � m)n I L χ2 ���t�p��� X[��� w � 7�5��X�  �!¡ �X¢���	 /¤£�k ��¥ /§¦ ���X�X�p�)� � �]�=���©¨R?�ªg«�?���¬ b k XN	X¢� ��­ ��� � ?
@�®BA � �5�]�=���T¨|?�ªq«�?p¯�°��9�9±�²�³ r �p�����p�X�p���?�@q®BA �´� m6l ¢ ¦ �*�*��µ � ( ?�@q®´A � � EN< w¶x ) � � XSELECT ver 2.3
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���
17′.8×17′.8� i����
° 1024 × 1024

1 ����� H�	�
 24µm × 24µm�X�F� � �  �� 0.2-12keV�6�F� � ��
 ��� �
130eV@6keV

�
4.3: ������������� XIS ��� �

1
4.2: XIS(X0)

� =�> ²�³ Perseus �����

� �"! ²�³ ¦ b ³ ­ ?
@�®BA �$#&%(' )*% «�+o� � X ��?
@�®�A �
��� � c-,$.6�
�&/10"2 	p¢ XSPEC ver 12.3.0 � �"! ²#³ ¦

4.3.1 35476�879
(X)�� �
� � � ­ Fe-Kα �":�;*�=< 	 ,#� �?> % �*�A@CB r S ³ 	 ¦CDFE �F­ X0

­
X1
­

X2
­

X3
D 0�G�0p�����p�X�*��8 �;E ��³
?�@ ®BA � �IHJ2=KJL-M&/�N"264$O«TA�¨ � A � PRQ ��	 /TS1U � C ��³ ¦ b ³ ­�VFW�X1Y �*� ¢ 7 	 «?Zp��[�\¶�^]�`_ � �a@�B r�¢ ³ � � ­ ���J���"b cX8 �Td�e 1, 2, 2-4 
�f (arcmin) ga
ih�2 D

0JG=0N?�@�®BA � � E ��³ ¦Fj 	lk �X8`m!� flux � @�B r�¢=n g �ak �&:-;p8om��p +�q � ( r ' ®�+
7�O�«ts ) �Iu�²lvt� E �xw K�y � w ¢ ¦ ²�8�² ­ (*) ��� ²#³
2
k"zq��{X¢-|�u g ­ ,"}���~��¶�^@1B r�¢ � M�g � r ' ®"+��JON«os¤�l[1\ �=�� | ¦�D ��³�� ­ u�²lv`�(��/���glr ' ®�+���O�«ts�g�¬��l0 ¢ � }��[���C�*gl�
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0 ¢ E ��� �9±�²�³ ¦

�
4.3: Centaurus( � )

�
Perseus9 � ( � ) � d"e 1 
1f ( � )

­
2 
"f ( � )

­
2-4 
"f

( � ) �
	���®�
 � ¦

4.3.2 ��3�������� ���
� }�~��¶� ����¢�� � >��s�$��@�B��*�|³ | � � ­ ���C� 	�� ®�
 � � ²?2 � }�
! |#" .�!%$'&q�)(��s²#³ bremss �
�-� � ­ �+*�,'-g���F±ig^�&06³%.�� 	 «��

zgauss �
��� �?K&L�M"/�N6³/���6� ! | ³ | ¦1D � n ­ � �'0��N� � ²?2 ICM �%1
� w32 y � ! ¢ ¦ � } �%4�|
576 �98��;:/< �J#-%(' )�% «�+X²#³=* w � |Cw ­ 1��> 	?��®�
 �-H z �=@F� m¤¡
�s²#³ | ¦�D�E � ­ �%A 0.7-10.0keV �B:C<X� MEKAL����� ��#"% ' 
!²I2�1��¶�#¡*� ­ D �ED 5.5-9.5keV �#:�<N� � }J~��T�^@�B����³ ¦ : F"g����C���3G {IHKJML9N ¦

MEKAL O
P�QSRUT%V+W�X3Y (wabs) O'P�Q
ICM �omZ$'& � 0X³ X } >=[ ���
\ H�]'^`_ 23a
b$g=cedgf�gBhif
j�	Fb?kEl
mnpo'q/rEs HKt E _Kuv_ ��wyxEz+m?{+|�� n

[~} N l
m i k=�+� fi

[ o'q/rEs k��3��
σi

[ r3s z k#� � d
n�� N n [

A(E) = exp(−
∑

i

nfiσi(E)d) (4.3.1)

n ! N x9�'� � [ ∑

i fiσi

>%�'� \v� �I�'�3�?� � } � [ h9f
j�	~k=�+�'� > z+m �} N � n �om [ ��� g rEs�� > NH = nd
n | wp�$�'0?� � �3� �B� N x9� � H z+m� |�� nK�7� [+�'���7�
> NH   1020cm−2 k%¡ H n N x
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MEKAL � � � > o�� �+��� |�� 1	����

�����)k%$'&�� � � � } N x�� (2.2.4)

k��Cw�!%@ H _Ku
� � [���� �$�'0?�I� > ICM k%1�� kT
[�� l�m�������� �;	 A

[
normalization

� } N x
�=k 2 !~k�� � � H#" $Su ICM .
%'& ( (
) 0-1, 0-2, 2-4arcmin) k=1+* H-, �
.#x

bremss O'P
Q
ICM ���)k "
/
0 $
& � � N X 1M	?�32�
 �Ck'� � � � } N x+4�56�%k � 1
$'&>87�9 �B� u:$ ! $ x ��� �<;+0
�M� > ICM k#1�* kT

[
normalization

� } N x

zgauss O'P
Q
gaussian

� �+*7,'- H 7�9 _ ./�Ek H zgauss � � � n $ w x=4�5>�%k � 1'$'& �
� N ;84�� �+�9k8� � � � } N x+?�k@�/w�!�� �S�BA9N x

Az(E) =
K√

2πσ2(1 + z)
exp

[

−(E(1 + z) − EL)2

2σ2

]

�'� � [ EL

[
σ
[

z
[

K
>�C �ED3� [ � 1�k 5~6 ��8?� [ ;�4<�GF [ �+*',+- [ nor-

malization
� } N x ��� �H;+0��C� > σ

[
z
[

K
� } N x 7�9�� � � . � 1 H;� 4.4�JI � x bremss � � � n zgauss � � � H-K`_ �:L A ./�=k H �'��M � 1���;�
+�~k

$+&@� � � n _)u [ � 1
N+O (5.5-9.5keV) k�	
��2�
 � H
P:QSRGT3Q ��U _ .Ex
Energy(keV) Ion

6.7002 Fe24+

6.6679 Fe24+

6.9728 Fe25+

6.9516 Fe25+

7.8053 Ni26+

7.8813 Fe24+

8.2500 Fe25+

8.2930 Fe24+

8.4600 Fe25+

8.7000 Fe25+

8.9080 Fe25+

�
4.4: zgauss � � � � 7�9 _ . ;'4	�
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4.4 � � � ��� � � �
	 ���
 k���� � >#[ 	
��2�
 � H#K � � n ����� � H���� _ [�� $�� 1 H�� * � d! �#"%$ . $ x'& 4.3
>

Centaurus
�+�@M)( �

Perseus
�+��M k+*-,	2/.10�2 } N x

Centaurus 3 [ Perseus
n54 L+u�� 1 H ! �6"#N � 3 �7��8 K9$;:'$ �Iw � " !'< N x�+�@M>= %
&/? n k-*7,�2@.10 H C ��D?� � � 0 P QSRGT3Q ��U _ [ Kα 6.7keV ;

4�� nBA k:;�43�%k 4 H n $ [DC-E ¡ n k 4GF � ��H uDI�J�K7L kNM OQP�R-S _ .Ex

4.4.1 TVUXWZY9[+\^]_[a`6bc7d6e�fBgihjf�kDl
MEKAL*wabs � � 0�2 0.7-10.0keV k�monjP P Q R#T�Q ��U _ .�pqP>& 4.4

��I
� x 6-9keV k � 1'2 � �M� n � � 0/kir s 8�tvu d1w wyx d P:QSR . _N:
$ � n 8
�'z�{%xU� � 3�? |'2G� , � {=x:� � 0 P=QSR T�Q �'U � �GH u�, x H�. ICM kD}
* kT P � 4.5, 4.6, 4.7

�N~ A .3x

& 4.4: Perseus
�I�3M

(9 ����� ) k MEKAL*wabs(
oMq�r?s

) � � 0 � �-{ P=Q RT�Q �'U x'�D��k3�j�)0j38� � 0 n � �M��kDr7s�2 } {%x
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��� e�fBgihjf�kDl
MEKAL � � 0�2�3�w��oz $>� 1�k P:Q R-T	Q �8U 8 w�x�� ��L ::$ x C ��2-w

bremss+zgauss � � 0�2 5.5-9.5keV k)m%noP P:Q R-T�Q �8U���.SxB� � 0 P=Q R .
��.
	���kDpqP>& 4.5

��I � x � 4.4 kE;'4<�+P C �3DS� zgauss � � 0�2 7�9 � u$ {%x^x8.iw���
 �#�+�@M � �C�7P P=Q R-T�Q ��U���.+*-,	2/.10^P�& 4.6, 4.7
� w

zgauss � � 0�2 , x�H'. ;'4	�#k norm ¡QP � 4.5, 4.6, 4.7
��I � x

& 4.5: bremss+zgauss � � 0 � � { P=Q�R-T�Q ��U p x�� : 6.70keV(Kα) w�
:7.88keV(Kβ) w�� :8,29keV(Kγ) �8� � 0'*+,�2/.10�2 } {=x
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& 4.6: Perseus 9 � ( � ) � Perseus 2 � ( � ) �'� � 0 P�Q R TEQ ��Uyx ��1 8 � � 0*-,�2@. 0-w ‘+’
8 ��� � �M�i2 } {#x��-z �Bw 1, 2, 2-4arcmin x
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& 4.7: Centaurus ��� � 0 P Q R-T3Q �8Uyx �B1 8 � � 0'*�,	2V. 0 w ‘+’
8 ���� �M�D2 } {%x��-z � w 1, 2, 2-4arcmin x
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Per9 � }�* normalization

arcmin kT (keV) Kα 6.7keV Kβ 7.88keV Kγ 8.29keV

0-1 3.85±0.01 (2.08±0.41)E-04 (1.65±0.36)E-05 (6.59±3.61)E-06

0-2 3.95±0.01 (5.80±0.23)E-04 (4.73±0.73)E-05 (2.07±1.20)E-05

2-4 4.55±0.01 (6.07±0.61)E-04 (4.49±0.86)E-05 (2.68±0.57)E-05

�
4.5: Perseus

�+�3M
(9 �7��� ) � P:QSR#T3Q ��UB�<;����M�

Per2 � }�* normalization

arcmin kT (keV) Kα 6.7keV Kβ 7.88keV Kγ 8.29keV

0-1 3.83±0.00 (1.76±0.07)E-04 (1.70±0.50)E-05 (6.06±5.48)E-06

0-2 3.91±0.01 (2.34±0.10)E-04 (3.07±0.69)E-05 (1.36±0.77)E-05

2-4 4.53±0.01 (5.32±0.12)E-04 (3.67±0.74)E-05 (1.98±0.87)E-05

�
4.6: Perseus

�+�3M
(2 �7��� ) � P:QSR#T3Q ��UB�<;����M�

Cen }
* normalization

arcmin kT (keV) Kα 6.7keV Kβ 7.88keV Kγ 8.29keV

0-1 1.92±0.01 (0.53±1.47)E-05 (0.65±3.31)E-06 (0.23±4.16)E-06

0-2 2.14±0.01 (3.88±0.22)E-05 (1.84±2.17)E-06 (0.18±2.64)E-06

2-4 2.98±0.02 (5.26±0.21)E-05 (3.96±3.26)E-06 (0.28±1.16)E-05

�
4.7: Centaurus

�'�@M � P:QSRGT3Q �'UB�<;����M�
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4.4.2
��� `������
	���
����������

norm ¡�z � Fe24+-Kα � A � Fe24+ ;'4	� ����* 4 P����Dw I'J>K�L �iM�O ����! P#"^H .%$'&)(J4�56� z�� ��*,+-��* 4 3i}
*'.0/21j{�$ ��
 �N�7��2�3 norm

¡�� t6uD: Fe24+ P43 " ��.5$�x56iw�187 � ��9,:<;���� �8=�>5?A@��<=CB��ED-F�HG w8H=;JILK'M'N+0�z�OQP<R�S�Tj{�*<+��JUQP �0V �;w =XWJY8Z �,�JU 4 ��}LU<.
/  P[�A�L\E$+& 4.8 D]�A�L\ WJY�Z 4 � C7E'^ P[_21%$A` �G& �LDNw5a'b-c � ='de �N},U kT � Kβ/Kα

WfY�Z 4 P�HLgih .j1�{�$ I�J)K-L � GLk T2l Kα 6.7keV
W

Y8Z 80m � : {��>2>w-��� ^ � WJY8Z 4 8 C EL^ F $i" tvu � : {-3J6�2on�{E$�p
4.8, 4.9, 4.10 D C�EL^ � ��� ^ � � 4GF P�_ � Gik {�$

Perseus a0b-c<DLq � G 3NwEr,s  P4t<uj{f\0�LD 2, 9 ���y� �%PJv%T-w%Tfx0y�Dz'{ �]\%$5|-} � z'{,~0� 2�3Nw<& 	 :5��� P#_ ��\%$ Kβ/Kα P ! { � wo���'�,�
(0-2arcmin) 2�3N� ���+�'� ^ 8 C E0^ P �'}�H G<k {�$�`[T�3 I�J�K-L'8!�6u G'k{-` �DP[_�� � Gik {E$J�'� (2-4arcmin) 2�3i� � ^ � C E'^ 8 &%�'U�2on�{ �>2>wI'J�K L 3 �6u G<k : k �#� < O�Tj{E$2\<� �;w Kγ/Kα �i� � ^ P��^{ � Kβ/Kα

���L� ��\�� w<�-sA� tvu z��,\���1o{�����wo�,�8D �5� ��\���� �]�f�- <¡ k $

¢
4.8: £o¤%¥'¦��0¡ k5§'¨ � Fe-Kα 6.7keV

WJY�Z �ª© WfY)Z �%« ��¬'­ ^ $�®0¯�°
ICM �5±LU<²'³'¯ ° W�YCZ «'$
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Per9 � Kβ/Kα Kγ/Kα

arcmin ¬i­ ^ ���'^ ¬<­ ^ ���L^
0-1 0.060 0.079±0.002 0.040 0.032±0.012

0-2 0.060 0.082±0.010 0.040 0.036±0.020

2-4 0.070 0.074±0.008 0.053 0.044±0.005

p 4.8: Perseus aLbAc (9 � ��� ) � Fe24+
W�Y8Z «L$

Per2 � Kβ/Kα Kγ/Kα

arcmin ¬i­ ^ ���'^ ¬<­ ^ ���L^
0-1 0.060 0.097±0.026 0.040 0.034±0.031

0-2 0.060 0.131±0.025 0.040 0.058±0.032

2-4 0.070 0.069±0.013 0.053 0.037±0.016

p 4.9: Perseus aLbAc (2 � ��� ) � Fe24+
W�Y8Z «

Cen Kβ/Kα Kγ/Kα

arcmin ¬<­ ^ ���L^ ¬L­ ^ ���L^
0-1 0.025 0.122±0.076 0.025 0.043±0.176

0-2 0.033 0.131±0.033 0.030 0.005±0.064

2-4 0.042 0.075±0.062 0.033 0.053±0.027

p 4.10: Centaurus a'bAc � Fe24+
W�Y8Z «
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5 Discussion

5.1
� � � � � � �

Geant4 DiF��,=�>]?-@��0=)B Z D2F��j²4£2¤!¥0¦o� � `5� GLk � §'¨ ² Centaurus

aLbAc
	�� .40kpc � 15% ² Perseus aLb�c
	�� .70kpc � 20% �������f�L���,¥
¦�S�T������������-`��#�L���f\!$��0\5²0¦��8D�F'� G £-¤f¥L¦��o¡ �iS�T!�-`��
��"�#XS]To\5$ Perseus a'b�c�� §L¨ ²5¦��o�L¡ k5§'¨ � Kβ/Kα $ 2.5 ² 500km/s �
¦��o�2n%� §L¨ � Kβ/Kα $ 1.8 �4¡��j² Kβ/Kα ��&('i«�� 1.4 )'�'Uo�2n���$5£o¤
¥L¦+*-,/.1021 k Kα 2-�f¦��CD�F0� G £�¤J¥<¦+*-,/.LD43�3#¡�� G<k �65(���J�
O T-\�7
1C7+398�:XDAF;� � � NM�!<=�(>(?/@BADC z<{ D�F0� G £�¤0¥<¦4*]���E�,�J\F7

Perseus a'b-c��JN~� <HG�I2�)F k �J�f²KJ)D�L0U�F�3 �(�+��M�N=�PO�Q<\17'v;� ~� ²%a'b�c�� R[�i�2��£o¤!¥'¦-� � �#²%�'�2�2� � � G<k ¡ k � k NTSVU-�f�� <\K7W�X1Y�Z � W/[ Z]\_^ ���(�4�����2�E²J£o¤f¥'¦-� � `�� §L¨ ² 500km/s(M=1) �
¦%�A�on � §i¨ \ «iu�` Kβ/Kα � 1.4 )<�iUB�]¡_�]7 ��� (Perseus a<bAc ;9 � ��

; �]�L�0� ) � 1.3 )L�LU��on��J\(�0�J²'£-¤�¥<¦�� � �K` k ��� k Nf`��a*4_A�b ` k ��7

5.2 c d � e f
Geant4

\ ^ � W�X]Y�Z � W�[ Z �2�]g�h �'\Vi \ ²!£o¤f¥0¦-� � `��aj%�lk#h-mW � W;n AP*5�1o�p;qE²5�F5Vr(s�¡]¥0¦t� b `5��u b \]7�|=vA��²-�;�w*��;x%yKz b`�{�|Qr�}K~��������f� �(����k4hKm%���]� � r+*f�ao b ` ^ ���%"�¡ W�XaY/Z �W/[�� *�� k��,k 7�� � ² � � � �%<�� z'{ �2� Fe24+-Kγ *�L(� ^ 3���i%� �����
���!¡={8� � 7+�1�K�_��� b `<�L �|��!�=�L�5²��/�w3�8(:��]�(�����]���(�_�<�� �X� ^ 3�¡;� � iE²� �¡6¢�� CCD �a,�.6£/���a� \ ²�¤_j \�¥§¦ s�¨�{4|9©w�§��ª�¬«(­_{�|®©¯�����A�F°+�/± � �K` b �/Na� �#�F²/³/|´�!�]7+�a�]µ(¶+*�£·±´¸3 � i5²wm��a¹�º�» � C%{�|®¼�½+¾����-~�� \_^ ���F¿ � «��E¬L­�À¯*�²��/�/3H��;����� � � W�X]Y!Z � W�[K� \ ^FÁ `aÂ�Ã;Ä b ²1Å ÆaÇ(È¯*�L(� ^ 3�É�Ê b � ��7
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5.3 Conclusion
���������	��
 ² Geant4 *
��� ������� W!X�Y/Z � W+[a� �§�4N����¯*-"�� b������� \�� .%�-Å ÆFÇ�È+*������F� ��� � � � � G�I���!�"�#�$�% � � <�� ^ 3'&( ��� �%�)�*" { Á � 7 W�XKY�Z � W/[�� � � � <,+�-w*/.�0 b � ��1 � Perseus

�
��� �	
 ¥�¦32�4 � È%���65B� Á `%���
7!�F��� � ���_��*-Â%"�# � � � 7�8�v �93: C<;��="�+_� 6eV >3?%� X 2� /¡�¢¯*A@�B b � 8(: \_^ �A$�%	��¤�C����	D �>;?�@BA C�+�- \_^(Á `aÈ����
E��¯*A%�F��!�_� � �*7_� \ # � � � MwN�7
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A

(0,1) ����� \���� ¾6p � È	�4* ��� \ � "�

��� f(x)
\�� N®È�� x * ��� ¾]p�6s�� \�� �;`����=�!��7

A.1
� � � �

"	

��� f(x)
\�� NTÈ���� ��� ¾6p � ������ �! f(x) "�#�"$���� �� �

F (a) =

∫ a

amin

f(x)dx (A.1.1)

��� � � (F (amin), F (amax)) "*&&%(È	� r � ��� ¾6p' ��(� 
 �
)  �!+* b F "-,
��� F−1 � � �	D ��.�/

x = F−1(r) (A.1.2)021 Á�3 "�

��� f(x)
0 �54 "�
$�76� ��(�)� �
)  �!

A.2 8 9 �
, .	/ � �;:&< ��#( F−1


-= 0�>$?  
� 
 Ê+|,#;��!(@_� � � �&� �;A	B #="

 g(x) " F��	C Cg(x)

021 Á�3 "�
 f(x) ��DFE 0-GIH�J�K ! f(x)
0 �54 È	� x ���� ¾-L� 0 
 �

(1)g(x)
0 ��Á�3

x � ��� ¾7L� �!
(2)f(x) � Cg(x) ��M&NPOI �! (0,1) "]È�� u � �&� ¾�L 3 �

(a)f(x) < uCg(x) #�QAD � x �SR	TVU 3 (1) WXQZY�±�# � U
(b)f(x) > uCg(x) #�QAD � x �S[3�

" 1 4 0 O��	D 1 ��!
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x

y

Cg(x)

f(x)

�
A.1: R	T � 021  �È	� ���

��"���� � È�� �	� "���� ���
	2 ���	 0 
 � R�T ¾]�
 �
��+��� Q L�D����F!
@&"���	 0 
 � g(x)



f(x)

0 #� ���� 4 ����"�"�
'�I�-  � �)� :&<	� �  -!����
#����V�FU 3 
 � Cg(x) �FU 3 f(x) � G2H�JIK�1 4 #����'�7���/� �( ��§� 4 ���
� �  (

�
A.1 �� ) !
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B Geant4
� � �

( �����	��
�� 1:PostStepDoIt)

const G4DynamicParticle* incidentPhoton = aTrack.GetDynamicParticle();

// 
 ¿������ ( ��� ) �����'U���������� )��! !
G4double photonEnergy0 = incidentPhoton -> GetKineticEnergy();

// 
#"������Z�$���
U������'" 93:&% ;��P��� )'�! !
G4ParticleMomentum photonDirection0 =

incidentPhoton -> GetMomentumDirection();

// 
#"������Z�$���
U������'")(+*-,.�0/1� % ��� )2�3 !
// 4-"&5 0�6�798$: �<; %>=@?BADC ( 4D4�E	F�
DG )

0P1�H 3�IDJ<KDL Y	M+N %0O �
// PRQ ?  �!
photonDirection RS.rotateUz(photonDirection0);

aParticleChange.ProposeMomentumDirection(photonDirection RS) ;

// S�"D"������UTV� )'�! !

( �����	��
�� 2:GetMeanFreePath)

const G4DynamicParticle* photon = track.GetDynamicParticle();

G4double energy = photon -> GetKineticEnergy();

// 
#"������Z�$���
U������'"�M	N %@O �P��� )'�! !
const G4MaterialCutsCouple* couple = track.GetMaterialCutsCouple();

size t materialIndex = couple -> GetIndex();

// "W����� "�XY4; �M ? ;��WZD[DE �S �!
meanFreePath = ... ;

//
IDJ]\R^ #��-M&N 8 L 3R_ "������ "&`Dacbed$f�g$�$Q 	( �!

// �Wh�i0F CLHEP
021  $j�k0l�*�"�PWm+n 8): 3+o  F"�E .	/ O� :	< P#p  -!

return meanFreePath;
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( �����	��
�� 3:ClusterConstruction)

//ICM "���� % �����S -!
matSh1 = new G4Material(name=”Shell1”,

3.0856775807e19*0.2/Avogadro*g/cm3, ncomponents=3, kStateGas,

0.812e7*kelvin, 1.e-19*pascal);

matSh1 -> AddElement(elH, natoms=562000);

matSh1 -> AddElement(elFe, natoms=26);

matSh1 -> AddElement(elNi, natoms=1);

// ��� % 1 "��	� <�
 � 6�7 O� -! (name, � L , �	��� 
�
 , �	� , � L , ��� )

// � L 0 F��	� � ? ��������/���� 3.0856775807e19 ��W ��!#"
G4Sphere* solid1 =

new G4Sphere(”solid1”, 0*cm, 120*cm, 0*deg, 360*deg, 0*deg, 180*deg);

// ��� % 1 n%$'&�()��n�*PO+!'"
logic1 = new G4LogicalVolume(solid1, matSh1, ”logic1”);

// ��� % 1 $��	� <�
 ��Q	,(O+!#"
physi1 = new G4PVPlacement(0, G4ThreeVector(0, 0, 0), ”physi1”, logic1,

physiWorld, false, 0);

// ��� % 1 �.-	/ 0�021 � O+!'"

( �����	��
�� 4:PrimaryGeneratorAction)

G4int n particle = 1;

particleGun = new G4ParticleGun(n particle);

// 3-�)�)n�*PO�!'"�4%�65 % � F��D��"
// 4�$e5 0 ����7�8�$+; %>=>? A�C � 6�7 O+! ( 
�G ) "
particleGun -> SetParticleEnergy(E 0);

particleGun -> SetParticlePosition(G4ThreeVector(posX, posY, posZ));

particleGun -> SetParticleMomentumDirection(G4ThreeVector(dirX, dirY, dirZ));

// ; %>= ? A�C EWQ�, U����<�9$�M+N %@O � E 0 :	7�8�-�/ (posX, posY, posZ) :
// 7<;���= (dirX, dirY, dirZ) � 0>1 � O+!'"
particleGun -> GeneratePrimaryVertex(anEvent);

//
0)1 � U����<�)�R"������ EWm@?�A%?.B;O+!'"
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l+;PORQ]"�� � � 8WHH>TS @�#�8	:VU�WYX �Y� $�m oHZ �=[]\�< � 8RH?>'^�_�8 [ :
 "`](?acb�B-ld� . ; > " . > :fe ����Phg�i"j ��X94�k L B�l�< � 8DHh>'mon 8
[�:oB�p 8 [�:h( 6 4 8 . EHq 6 � . ; > "
r�s�t�u#E�(?a"b%BWl HT>'v�w 8 [�:h3x 8 [ BFy{z"|o}~; . k�"��<59B':94 $ 1 �J���C� m M#N % O �T�/� � 
 3D�"�c�
	"���VE�	"�"��* ��� B�; >T� < $V�9BTz�|�; > o�+�-Vo/. k�"
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