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p±´
�

� 2$K]t
«HEoY$� ©l+V©l*k�,c *,*k© ©l+�E;� ± ©l+V©;Y *k�$c

��g8}l?=Q8R�}oQ81 ©l+V©;Y$� *&µ,Y c@+-* ± j@+�E j,µ
��?-IJ9,\ *k�|´�g�R * ©l+V©,c ± ©l+V©l* *k©
«�Y$cl*k» ©l+V©;µ$�$E *&j$© *�cl+-* ± Y)+ZY �,�
«ic;µ,j@* ©l+V©,c,»l* j,j j)+d� ± *&Y)+d» j$»

ef/�K;NP2$Q8IJQl1 ©l+V©l*k©,» � ©l+�E;» ± ©l+F*k© *k�
c;ei*&Y`» ©l+V©;Y,Y Y$© µ)+-* ± E8+dµ �l*
«�j,µ`E ©l+V©;µ`EoY *k©;µ »@+Zµ ± *&Y)+Zµ Y`E
«�Y$©;Y$» ©l+V©;j$�;j *k»;j c@+d� ± ©l+dj E;©,Y
«�Y@*�EoY ©l+V©,�,»,» Y,j,Y c@+d© ± ©l+V� *k�$�
«�Y@*k»,» ©l+V©,c,©,© c,© Y)+VE ± *,+V� *&µ`©
«HEoj$� ©l+V©,�,�;Y Y`E8* Y)+dc ± ©l+dµ µ,j`©
«i�;µ ©l+V©;µ,Y@* j,µ c@+d� ± ©l+V� Y$c$�
«ic;Y$�,� ©l+V©;µ$»$E »;Y Y@*$+Zµ ± *&j)+dc *k©
«HE;©l* ©l+V©;j`E;� *�Eoj Y`©l+-* ± µ)+d» *&Y

©;j`Eoµkz�*k»l* ©l+F*k©;Y$� Y$�,© Y)+-* ± ©l+dµ j$©,Y
«HE;»,� ©l+V©,c,c,© Y,µ Y)+-* ± ©l+Vc *,*kY
«C*&j$»;µ ©l+V©,�;Y,j �,» Y)+Zµ ± ©l+�E Eoj`�

e ¦)9,KoQ81{z�« ©l+V©;µ,j �,» El+ZY ± ©l+dµ *k�,j
Y�«�©,c,c,µ��y©,»,� ©l+V©,c$E;» Y,µ ©l+V»,© ± ©l+F*,* *�E;Y
«C*k©,�,© ©l+V©l*&Y`E Y Y)+ZY ± cl+Vc »
«i�$E,E ©l+V©;j$©$E »;Y �@+Zj ± *,+F* c;Y`�
«ic;µ$�;Y ©l+V©$E;»,» c,» El+Zµ ± E8+V� Eoµ
«�Y@*�Eoj ©l+V©,c;µ$� *k� *&µ)+ZY ± Y`El+Zµ µ`E
«C*,*k» ©l+V©$E,E;© Y$� *�E8+d� ± »@+dc Y$c

�3¦)68IP2&z�« ©l+V©;µ,Y,Y c;µ *$+d� ± ©l+dj cl*kµ
«�Y$©;µ,Y ©l+V©,c$E;� *�E *$+-* ± ©l+dY »,©
«�Y$©,�,c ©l+V©,c;µ$© *kc El+-* ± *,+V© Eoµ
«C*k�$E,E ©l+V©$Eoj`E Y`E *�cl+Zµ ± El+d� *k»
«�Y$�;Y ©l+V©l*k�$E c ©l+V�;j ± ©l+�E;© Eoj
«�Y,µ$»;j ©l+V©,�;Y`E �$E *$*,+-* ± Y)+d© E;�$©
«icl*,*&Y ©l+V©;j`E;� E;� Y)+-* ± *,+V© E;c$©
«HE;©;µ$» ©l+V©$Eoj$� *k» c@+Zµ ± �l+dµ *&Y�E
´�� � c$1 ©l+V©$E,E;» *&µ El+d© ± ©l+V» *&µ)*
«C*k�,�,» ©l+F*k�l* Y$�,� *�cl+d� ± Y)+dc *k�`E
«�µ,j$� ©l+V©,c,�l* *,* *kµ@+-* ± c@+dc �
«�Y,Y`E,E ©l+F*k©;Y`E �l* *kY@+ZY ± Y)+d© �;Y

����� � ���q� � X /2.0/P:;7<�;.8DR4878DR��9�+54"3p@ 9�1 +;1�4<+;QJ��>R+ 3p@M/2Q�/P4!3�+�-�/2>S/UT�DR+54"/2��.8D)70/21�7!9�1 :5OP9�.0/21�7"3�+
.<+yxq.<OPDR3�DR4<4<+;Qf+;1�7 ��3p@M/2Z�.<�54 ; 3�-F+ �o& ���(L/�y'



�]¤=( � �!���o�+;l�l�&%'�h�!���w�@�|",�h #�&�]�h�&�5�w���&�A/ �&�h%±�#%±�����)���)��� �<�

�`���D��5(��	I�

��(	$�a�����D[*#,���!	G@������ ���D�+��@��
�G)!�G����o�
��V�

�#I#%�]�
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Ṁ ∝ �I�
	$�*	$�D#I�D)/���D���P{%)/�
���!	$�S��� XY���S�3
��q���
	 Q ��)!
"	G���G#,���S�3W$���p�9
��D�
�YL��\�N�`���D��lY�O�d)/��#,���S�3W$���G��865�
"	"8
�^5(���d)!�
	A�

��R�������D	A���
�������

�� ���!	
	"�$#%�$���.�9�p	"�G���$�S��
���@��PlY�*BT�$�Z�S��

5I�`��� XY)!��57��

5�
���� �3
���	"
��'	N�1
���#%�G@"�!	$� XY)!�K	$��-"-�W$���H8$@"�Dw
���$#I#%�$���4lY�NB �����6�$)'5 Q 8$�9
�#%W$�9�i���D�&57� 	$� ���G{H)CBT
����/-��D�9�K���i)/�+�1
��$#,��� �3
��v���
	 Q ��)!
"	p���K#,��� �3W$���
�9
��D���U�����F
����,���
	d-'��)/�102�3�
	YL.�\�i57�
8
	"�$�9�
�I���%�

�����������	U���H��������
�� ���!	
	"�$#%�$���k�����F
����U���G-'��)/�102�3�
	
�$)D)j�m57�S� lY���
	q��B ��#,��	v#%
����S����lY�O���
�U5 Q 8$�9
�#%W$�9�Z�9BT�
	$�k5(��	v	"�$��)!�$#%�$���n57��

57������� �
�$���S�������
	
��#,��	G���k-'��)/�102�3�
	YL9��)�5�
����$�����D����
��9�.�1
��O�$�d���Z� ��)!�G�D#K5�
����3�������'���(	d)/�k�1
���#,��� �3
������
	k-'��)/�102�3�
	
���N�`� � 
���57)j�'	K-�8$�98$����)!�YL


���� 	�� �*J ����L 
\CFN�� � �DJ���� N ���WL���
 � �DJ �WJ�
��WNMC��IC�� �*JÂO J�� 


�\�P5 Q 8$�9
�#%W$�9�t���Z�

����������P���t�������

�� ���!	
	"�$#%�$���D[i)/���S-��$#%�$���P8$�S�(���38�{��S����@��$��	z)/� X
���7���HJp[A�
83-'��)!�$#%�$���]8$�68z)CBT
�XS�1�$�G��B �D��@��
	$� �/-'��� �3
��(	z���?0E���R� ���
	z)!
���-����$�R��	z��BT
��7�������E	65��
�$� ���v8$)!�
�$� ��
�#,��w
-��98$�S� lY����ea@�
��D�]¢\�'XY� ��� e :';'; ��hA5�
����I�R�9�I�
�$@"���6h�L*�^�����p�$�D[�	$��)CBT
���5��$�(	Y���D�nlY�O�I)!�A-'�"cz� Q ���(�



��$ ��� �C� � 
��0" �B�����

�D���S����w���#,��	G8$�3���D�*��8��`{�XY�3�$���

�#K57���!	p{U)/� �*�q���
	d�����98
�
	 :';
	R> [*���K�9
�#,XY���$��	"�
	plY���
	$�S�3
��(	K���
	$w
�a���3�$���.
���@��$���F�
	i�

��9�
�$���7������)!����������
�� ���!	
	"�$#%�$���\���]-'�"c^Jp[���@��
�i�$�]5(����� �3�$�R)j�3�$�i�
�$)D)!�����,���$@��$���D�
���]-'�"cn��������
�� ��� LOMO��)!�
	i
�X$	"�$��@����S�3
��(	����k)CB �?sbu �'���(	�)!�n��
�#,���D�9�����
	 Q �����F�
	K8$�9�$�3-��3�
	�#%
����S���$���
)/�U57��8
	"�$�9�
����B �����

��R�������K���,�������

�� ���!	
	"�$#%�$���n�����
�$��� �
�,���,�9
�#,XY�
�$�?0���#,��	
[k�������
	H	"
����n)!�
	
	$�/-��9�
	����q�
�$� �6�H57��8
	"�$�9�
��{ ��B �����S���
	�)!
���-����$���
	���BT
��7���
	�ea)!�
	�� �����
�
	v��B �R� �
8
	$� ���z����
�� ��	"
����
�'X$	"�$���F�
	P�$�^)!�
	]�3����0����4�1
��$#,��� �3
��Z	$�6�$)D)/���D�
�K	"
����^���V
������
�P���n-��C���7���$���A���v#%
��D�(	d�D�1�18$�$�3�$����	
����0��3����0����q��865�
"	$�D�S�3
�� ���Z#,��	
	"�6h�Ln�����q���D)D)!�$����	
[H���O�$���9�q�D�1�1
���#,��� �3
�� 	$�R�v)/����o?�7��#I� lY���
���q-'�"c,�9�d5��$�$#%�$�K���,#%
���� �
�$�I)!��-k
��d���Z-'�"c�� Q ���(�v@��$��	,)/�Z�
83-��3
����
�$���S����)!�YLpsABT�
	$�i�'���(	z�
�
�

����F��02�6�]lY���A���G�9
�#,XY���$�'	"�
	A
�X$	"�$��@���� �3
��(	]�'���(	p)!�
	A��
�#,���D�9�
	z i�9[�@"�!	$� XY)!�
[N#I#��$�*���'���3
%
����
8$�F8P�$���S���657���!	"�
	YL�� )/�,�
�
� Q �$��� Q �A���%-'�"c�����
�� ��[�
��Z��B �R�9�I��0`57)j�3�C��� �3
���{,	"
����'X$	"�$�9�
�YL

��� ����� � r*�¦t �*oZr*} q3r*� m����`r$t3�j�?q8~ mS}x�(vx�S}��¦y������S}�vxrz�
�$)*�
	$�n�D#K5�
����3�����i���I�9
��6�$�I�F
����p��B �'X$
�����)CB �$5'5�
��$�i���H)/�v�9
��R@��$)D)!�G-�8$�98$�����S�3
�� ���
	P	Y���6�$)D)j�D�F�
	]J
lY�O�P	"
����^Jpu�uqw3x]�$yN�F
�� �$�As Q ���7�����'L.�K@��
�H�
�
	65��
�$� �D@��$#%�$����)/� Q �����F�,��8
	"
�)j���S�3
���	65��
�$�S����)!�%�$�
)/� Q �����F�,��8
	"
�)j���S�3
��E	65(��� � ��)!�
[n���,�9
���@��$)D)!�
	K5��$��	65��
�$� �D@��
	H	"
����i�$5'5(�����O�
	YL*���$5'5��$)!
��(	U��
��9�U)!�
	
��8
	$�R)j�3����	P��8
�
�$����	,�

��9�
�$���7�����^)!�
	,�

����C�����D	I���P��������
�� ���!	
	"�$#%�$�����'���(	A)/��X
���7���KJPL.�\�i57���$#I�3�$�
��8
	$�R)j�3���.�D#K5�
����3�����*�
	$�b�R�9�i�6�$�7�'���9�
�K{I��8
8$@���)j���$�i{I)/�IX
���!	
	"�n)!�
	i�3����0,���K��865�
"	$�D� �3
������n#,��	
	"�
��B �R�H�`���$�6�$��� ∼ � w :�> eSu��
xG��#,������[�} >'> }Yh�L��\�
	PlY�(�����S�D�68
	P���]#,���S�3W$���P��865�
"	"8
�
	�5(���G)!�I�

����������
���d��������
�� ���!	
	"�$#%�$���4�9�p	"
����^��
��9�+57)j�'	]���'	
	$�4�D#K5�
����3�����F�
	A�$��)/�z�

�#K5(���C���!	"
��Z��@��
�d)!�
	d�D�7���3�
�
	
���H�

"
�)j�D��- -k
�y {z��B �����S���
	])!
���-����$�R��	A��BT
��7���A���$@"�3�$����5�
"	
	$� XY)!�YL

�¯�)�����·���o� ;8�@�&%¡�h�#���¯¢������ � ��� ���k�h�
�\�
	t
�X$	"�$��@����S�3
��(	I����	Y���6�$)D)j�D�6�]Jdu�uZw3xA�$yN�6
�� 
����k�
8
�
�$#I#%�$����#I�!	��$��8$@"� ���$�9�
�I)CB �'X$	"�$�9�
�U���
��8$�F�
�$� �3
�������-'�"cd���S�6�$�7���z{U���
	i�6�$#K5�8$�C��� ���
�
	i�D�1�18$���3�$���
�
	K{H}H~'�(��L9�^�Z���p�$�D[\	$�R�n)/� �b-��R��� : L ;

Isobaric Multiphase Cooling−Flow Model

10 15 20 25 30 35
Wavelength (Å)

0.6

1.2

10
50

 P
ho

to
ns

/s
/Å

 /(
M

so
la

r y
r−1

 )

O
 V

III L
yα

O
 V

II H
eα

O
 V

III L
yβ

M
g X

II L
yα

M
g X

I H
eα

N
e X

 L
yα

N
e X

 H
eα

F
e X

X
IV

F
e X

X
II

F
e X

X
III

F
e X

X
I−X

IX

F
e X

V
III

F
e X

V
II

F
e X

V
III
F

e X
V

II

A
l X

III &
 X

II

Si X
III &

 X
IV

N
 V

II L
yα

C
 V

I L
yα

������� ����� � ��Z�+5:;78.<+ Z�.<�53�D)7fZ�/2.!9�1 QfO�3��;>R+ 3�+ -�/2|�Q 9�>)78D)Z���/P4<�h+;7!DR4<OP��/2.<+4�q:yx,3�+540:;.8D)Z�78DROP1
Z�>)9�4���/29�7'�k3p@ 9�1�+�7<+;Q"Z��;.0/2789�.<+�Q�/UT%D)Q 9�Q 3�+?��6F+j�G+;7 /eEF+5:�9�1�+�Qf�;70/2>)>)DR:;D)7<� & &PW��

�

�(3p@M/2Z�.<�54
$g+;7<+;.<4<OP1�+;7H/2>A' � L ��� W/�y'��61 Z�+;9�7 .<+;Q�/2.<��9�+;. DR:;Dk>A@ D)Q"Z�OP.870/21�:5+"3�+54 .0/2DR+54,N�+#v /2D)1�4<Dk��9�+ >R+54.0/2DR+54�� � 	 	 	 '

eS�k�$�F�$��	"
�� �$�d��)4�k�$�6�$�
	"
�� �$�p��)/Ldea} >'> �`h
h"[p
��q5��$�R�i@�
��D�,)/�q#%
Y��8$)j�!	Y��� �3
���{ Q ���R�6����8
	"
�)j�R� �3
��
����	65��
�$� ���v��BT8$#I�!	
	$�3
������ -'�"cv�D��� �C��w���#,��	��'���(	�)!���C��	v��B ����#I�D)j�3�$��#I��)j�S�m5 Q ��	"8z�F�$)nlY�NB �D)n�
8$�F8]��8
�$�$�D�_57)j�'	 Q ���R�3L��GBT8$#I�!	
	$�3
������H�
�$���3���D�9�
	G�����3�
	G� �C�'�����D��)/�G57��8
	"�$�9�
�A���i-'�"cH{t��� �p8$���$���6�
	



�]¤=( � �!���o�+;l�l�&%'�h�!���w�@�|",�h #�&�]�h�&�5�w���&�A/ �&�h%±�#%±�����)���)��� ��¥

10 15 20 25 30 35

15

30

24

48
Abell 262

10 15 20 25 30 35

15

30

4

8
Abell 1837

10 15 20 25 30 35

10

20

10
50

 P
ho

to
ns

/s
/Å

231

462

10
−4

 P
ho

to
ns

/c
m

2 /s
/ÅM87

10 15 20 25 30 35

3

6

3

6NGC 533

10 15 20 25 30 35
Rest Wavelength (Å)

9

18

Composite Spectrum

������� ���q��� � XYOPQ"Z�/2.0/2DR4<OP1�3�+54 3�OP1�1��5+54�3�+=�(0 0V} �,+*)�7<OP1 OP��7<+;1�9�+54?/5EF+5:,>R+ # 3"� �q+;1 ��>R+;9��
/eEF+5:,9�1 QfO%3��;>R+ 4870/21�3�/2.<3 3�+ :5OP9�.0/21�7?3�+,.<+yx	.<OPDR3�DR404<+;Qf+;1�7 �q+;1 EF+;.87'�y' ��9�Z[+;.8Z�O(4<� �q+;1 .<OP9�-F+ � �
9�1�QfO%3��;>R+H+;Q"Z�D).8DR��9�+I��9�D�/��o9�487<+I/29hQ"DR+;9�T >R+54?3�OP1�1��5+54e'[XY+54 .<�5489�>)70/27<4?QfOP1�78.<+;1�7=>A@M/2��40+;1�:5+
3�+54 .0/2DR+54H3p@C�;Q"DR4048DROP1�:e/2.0/P:;7<�;.8DR4878DR��9�+54I3�9 -�/2|�/29�T�Z�>)9�4 ��/P4<4<+54,7<+;Q"Z��;.0/2789�.<+54e'w*!@M/2Z�.<�54�$g+y}
7<+;.<40OP1h+;76/2>A' � L ��� W/�

�F�$#K5�8$����� �R���
	YL*s^�
	d#%
Y��W$)!�
	G
����+8$�68P�

�#K5(����8
	G���?0t
�X$	"�$�$@���� �3
��(	]�

��7���R�D�6�
	G��@��
�p)!�i� �+M�eS�k�$w
-n�
�$� �3
�� �������S�D��-pM25��
�$�S��
�#%�$�6�$�ah�	$�R�^)!��	Y���6�$)D)j�D�6�NJpuvuZw3x]�$yN�F
��ve �O��#I�����]�$�\��)/L/[&} >'>�: �7¡P�'��	$� ���
�$����)/L/[N} >'>�: h�L\�\�
	]�C���3�
	P��BT8$#I�!	
	$�3
��q����¢��nJnJK���$w�JnJK�R� { :�> w : ���K[_57��
�@��$�7�����^���t-'�"cI{%���9�
�F�$#K5�8$����� �R������BT�$��@"�D�

�� : 
&� ���t)/���6�$#K5�8$�����S���������z)/����83-��3
�� ��02�6�$�$�9��ea)/�z57)j�'	Z� Q ���(���6h"[A
����
8$�F8t��8$�6�
�$�F8
�
	
[n#%
���� �������K)CBT��02�!	$�6�$�9�
�%��B �R�E-'�"cA57)j�'	i����
�� �'Lps^�65��$�7�'�����D[K���O�$���9��8$#I�!	
	$�3
������
	
�����3�
	%����¢��]JiJGw�Jv�&���z{ : �2w :
	 ���9B ��8$�68z��8$�6�
�$�68
�z��)!
���	%lY�����
�$)D)!�
	$wC�$�^	"
����d��� �F�$�7�����
	I	$�k)!�
-'�"cd	"�G��������
�� ���D������	YlY�NB {t���
	G�6�$#K5�8$�����S�����
	G� �
W
	]X
��	
	"�
	P�

�#I#%�G)!�^57�
8C���D��)!�d#%
Y��W$)!�]���P�

����C�����
���G��������
�� ���!	
	"�$#%�$���aL

���]5��$���_@�
��D�^	$�R�+)/� �b-����
� : L :�> )/�H�

�#K5(�������!	"
����$��� ����)!�
	+	65��
�$� ���
	�#%
Y��8$)j�!	"8
	��'���(	+)!�K�C�'�����
��B �R���

����C�����N���p��������
�� ���!	
	"�$#%�$���.�D#K57)j� lY�(�����.)CBT��02�!	$�6�$�9�
�G��B ���%-'�"cd#I��)j� �m5 Q ��	"8A�$�N)!�
	]
�X$	"�$��@���w
�S�3
��(	%���AJpu�uqw3x]�$yN�F
��q5�
�����lY�=��� ���z��#,��	,���P-'��)/�102�3�
	YL*�GB �'X$	"�$�9�
�����z�
�
	,�����3�
	%��BT8$#I�!	
	$�3
��
���$#%�$�d�$��lY���
	$� �3
���)!�H	"�
8$�7�����3
t	$�a���7�'���������t�

����������p���,��������
�� ���!	
	"�$#%�$���p�$�*57)j�'	$�3�$���
	,�D���6�$��w
57��8$�a��� �3
��(	�5�
"	
	$� XY)!�
	P
�����8$�68d	$�2-"-�8$��8
�
	�5�
����G�F�$���6�$�A��BT��0`57)j� lY�O�$�P�
�G�9
���@��C�����
8
	$��)j�3���aL



( 1 ��� �C� � 
��0" �B�����

�&
����*��B �'X$
�����[^
��U5��$�R�95��$�(	"�$�plY�*B �D)7�9BT��02�!	$�F��5(��	]����-'�"c+57)j��	.���

�� �,lY���]lY���$)/lY�O�
	n~'�(���'���(	
)!�p�
�$��� �
�K���
	K��#,��	n���^-'��)/�102�3�
	YL �A���(	p�
�d�C��	
[_�D)7��
��D�*��02�!	$�6�$���R�H5 Q 8$�9
�#%W$�9�i�C�$5(�'XY)!�n���n����)!�$��w
�S�D�%
���# 	$#%�P	$�6

5'5��$�I)!�U��������
�� ���!	
	"�$#%�$���k{U5(����� �D�%��B ���9�t�
�$���3���D�9�I�6�$#K5�8$�C��� ���
�ve��

��7�����$� �3
��([
���^x^h�Lis^�
�$�^	"�$#,XY)!�,��� &��$�D)!�%�C���I)!�I#%8
�C�����!	$#%�,���U��8
� Q �����p�$#%�$���n���$@"�C���D�i��)!
���	P	�B �$5'57)j� lY���$�
�R��� lY���$#%�$�������A-'�"ci)!�457)j�'	_����
�� ��[9	Y���(	�#%
Y��� ���$��)!�k��������
�� ���!	
	"�$#%�$���.
�X$	"�$�$@�8k{k57)j�'	 Q �����F�n�6�$#Iw
5�8$�����S�����YL��]BT8$� �(���I���])/�v�

��7�����$�S�3
���e��$��� ���])!�
	I�

��O� Q �
	I��02�68$���3�$�R���
	k57)j�'	I� Q ���=���
	I�$�^)!�,�

"�$���
����
�� �$hU#%
����S���AlY���I�
�G#%8
�C�����!	$#%�p�9BT�
	$�\5(��	H�'&��C���
�,eg�7
��/-����$�+��)/L/[*} >'> }Yh�L

���]� Q �����i�"-���5(���i�R�t���^x �
�$���S����)_�
	$�4����	"�
8$�7�����3
P�S��W
	]8$�S�(���38YL���� Q �$�D��-��$�d�$����)/L*ea} >'> }��$h
	$�2-"-�W$���,������������
�� ���!	
	"�$#%�$���k�D���F�$��#I�D� �F�$���K�
83-���)!8G5(���t���
	G5�8$���3
Y���
	%��B ���$� �D@"�D�F8��$�d�������65�
"	t���
)CB ���^x �
�$���S����)/L(xA
��'	k���C���!	"�$���F�$��
��(	����i�
�^	"�
8$�7���$�3
d����s Q �$57�D� �
� � L��\��57��
�XY)!W$#%�i�
	$�������
8$�'	
	$�D�
{G��8
� Q �����p�$�+)!�N-'�"ci���&�`� � 
��I	$o?#%8$� ��� lY�O�
[��
�klY���7	"�$#,XY)!����� &��$�D)!��	$�&)!��#%8
�C�����!	$#%�+���i� Q �����i�"-��
�
	$�i)CBT��0`5(���(	$�3
������
	k�1�$��	����'���3
Z�'���(	,)!��#I�D)j�3�$�E�D��� ����w���#,��	YLps^�65��$�7�'������[i���,��8
�
�$���D	t��8$@��$)!

57w
5��$#%�$����	�eS����	Cc$~'
�y.	
~��+�$����)/L/[+} >'> �`h,#%
���� ���$����lY���H)/�����!	
	$�m5(��� �3
���@"�!	YlY�O�$�'	"�P��BT
��7���
	d	"
��9
����
	
�'���(	p)CB ��sbuv[_-�8$�98$��8
�
	p)!
���	G���
	^5 Q ��	"�
	d��B ���$�S�D@"�D�68]���K)CB ���^xn[�5�
��R�������D���$5'5�
����F�$�k	$� &�	Y��#I#%�$���
���i� Q �����i�"-��YLR�\�
	K
�X$	"�$��@����S�3
��(	Ks Q ���7�����]����)CB ��#,��	����^�k�$��	"8
�GeS¢_�'XY� ���%�$����)/L/[_} >'> �`hk	"�$#,XY)!�$���
�

����*��#%�$�A�
�d	"�
8$�7�����3
�L

�$)��
	$�&5�
"	
	$� XY)!�N5(���K���D)D)!�$�R��	p��B �D��@�
YlY�O�$�n)CB �D���6�$�$@��$��� �3
��v��B �R��#%8
�C�����!	$#%�N5��$��#%�$� �a�����4���U-'�"c
����	"�n�������

�� ���D��	Y���(	d8$#%�$� �S���d�
�
	n�����3�
	YL7�p�3-��$)j#,��� � ¢_�'XY� ����e :';';�> hI
����_	$�2-"-�8$��8n)/�i5�
"	
	$� XY�D)j�D�68
��B �R�V#%8$)/����-������q-'�"czlY���+	�BT�
	$�k�������

�� ���n{��R�9�,�6�$#K5�8$�����S�����%���,)CBT
��C��������� :�> 4 ¡ ��@��
�U)!�P-'�"c
� Q ���=��{ :�> 7 ¡ ���$�7�'�����K�
�,���$�����3�$�P�D��@"�!	$� XY)!�YL.�����6�$#K5�8$�����S����� �*�7��)!�,8$�a�����n��)!
���	
[n��B �$57��W
	P)!�
	
���R�6�$���
	P���d)CBT
��C�����P��� √

ThotTcold

L
���n-'�"cH��865�
"	"8�5(���d)!�I�

����C�����^���G��������
�� ���!	
	"�$#%�$���95�
����$�����D�+����	
	$�N�'X$	"
��YX$�$�d)CBT8$#I�!	
	$�3
��q���
	

�����3�
	A���PX
��	
	"�
	H8$�9�$�S-��3�
	YL_x]
��F
��(	PlY���])!�
	]��83-��3
��(	H
%$�)CBT
������S�6�$�7�%)!��57)j�'	P��B �'X$	"
��YX
�������

������
	$w
5�
��7���$����XY�3�$�E���?0z�
83-��3
��(	I
%$Z)!�d-'�"c��
	$�^)!�n57)j�'	�����
�� �'L.x]
��'	P���$@"�3�$�7����
��(	�57)j�'	��$����8$�3���D)m	G	$�R�
)!�
	�5 Q 8$�9
�#%W$�9�
	]��B �'X$	"
��a57� �3
������%-'�"cpJ 5(���d)!�K-'�"c*���

�� �z�'���(	d)!�
	,s Q �$57�D�S���
	G}Z�$���7L

�+���*�([K¢\�'XY� ��� �$�H��)/LHea} >'>�: hE
����A��8
�
�$#I#%�$����57��

5�
"	"8��R�9� Q o�5�
�� Q W
	"�z	"�$)!
�� )/�'lY���$)D)!�
[G)/�
#%8$�a��)D)j�3�$�D�68K5�
����������D��	$� ���U�D� Q 
�#%
C-�W$�9�,�$�G�

��9�
�$��� ��8
�,�'���(	,���K5��$�S�D�6�
	U���(�"-��
	I� �
W
	I�$�3� Q �
	,��{
-������7���%8
� Q �$)D)!�
[�)!�,#I�D)j�3�$�q	"�$#,XY)!� Q 
�#%
C-�W$�9�I#,���!	U)!�
	U#%8
�C�����!	$#%�
	I���U��������
�� ���!	
	"�$#%�$���+	�BT��02w
57���D#%�$���I��� �p8$���$#I#%�$���aL �]���(	��
��	"�
8$�7�����3
"[H�'���(	v)!����
�#,���D�9�Z���
	 Q �����F�
	Z�F�$#K5�8$����� �R���
	
[P)/{

%$�)!�I����o�
����9�$#%�$���n�������
�$�D�7�"-��I��
�#I�D�9�
[����3�$�E�9BT�
	$�K��� �p8$���$���3LN�����%�

���� �
�U{qX
��	
	"�I�6�$#K5�8$����w
�S�����
[�)!
���	YlY�O�k)!�n��������
�� ���!	
	"�$#%�$���(5(����)CB �D���6�$�$#%8C��� ���D���k���
	n�C���3�
	n��BT8$#I�!	
	$�3
��z���$@"�3�$���\�D#K5�
����a�����D[
)CBT8$�9�$�S-��3�G����o�
����98
��5(���])!�
	]�����3�
	
[�57��
�@��$�7���������
	�5��$� �D�D	]���=�"-��
	]���3� Q �
	I�$��#%8$�3����0?[��
	$��#%
��D�(	
�D#K5�
����a�����6�plY�O�G�'���(	K)!�]�C��	d��B �R��#I�D)j�3�$� Q 
�#%
C-�W$�9�
[\uE
������!	 � ¢_�'XY� ����ea} >'> �`h�L*s^�
�$�=5�
������C���D�
��)!
���	H��0`57)j� lY�O�$�d)CB �'X$	"�$�9�
�G���I�
�$���a���D�9�
	G�����3�
	A��BT8$#I�!	
	$�3
��q�'���(	G)/�zX
���7���nJAL

s^�
	���� �p8$���$���D	v	"�
8$�7�����3
"	A�1
����H)CBT
�XS�1�$�,��BT8$�S�(���
	Z�S��W
	Z	$���D@"�3�
	��'���(	q)!����
�#,���D�9�����
	tJ {
)CB Q �$�R���z���$�S���$)D)!�YL+���
	v
�X$	"�$��@����S�3
��(	�� �
W
	t��8
�
�$���F�
	����IJpuvuZw3x]�$yN�F
��([H
����n	Y���(	������$�R� ��
��R�6�

��R@��$���^�R�9�P�9
��R@��$)D)!�A@�
��3�H�'���(	])CBT8$� �=���I���
	U�

��R�������D	I���P��������
�� ���!	
	"�$#%�$���aL�s^�
	A��8
	$�R)j�3���D	A	"
���w
)!W$@��$���\�9
��a��#I#%�$�����R�9�\�1
��!	n���N57)j��	n)/�IlY���
	$�S�3
������n)CBT��02�!	$�6�$�9�
�i��B ���9�N5 Q ��	"�k� �
W
	\����
�� ���K���P-'�"c
�����
�$��� ���A���
	A��#,��	A���K-'��)/�102�3�
	
[*���*�`� � 
���57)j�'	N�1
����F�I�$�9�

����AlY����5(���G)!��5(��	
	"8YL

�¯�)�����·���o� ;8�@�&%¡�h�#���#� "r�w�]�#�#�&�
���z�

"�$���%���
	%��#,��	����H-'��)/�102�3�
	
[p
%$E)!���

����������p���,��������
�� ���!	
	"�$#%�$���i��
��D� 	$� �
�,)!�G57)j�'	,�D��w

�F�$�(	"�
[b�
	$�=57)j��	p�

�#K57)!��0R��lY���p�
�nlY���b8$�3���D�_	$�"5'5�
"	"8_���'	YlY�*B ��)!
���	YL=���
	��D#,�"-��
	n{ Q �����6�k��8
	"
�)j�R� �3
��
	65(���S� ��)!�U
�XY�6�$���O�
	A� ��W
	H��8
�
�$#I#%�$������@��
�A)!�G	Y���6�$)D)j�D�F�pJ s Q ���7������[k
����+#%
���� �
8P)/�t#%
��a5 Q 
�)!
C-��3�



�]¤=( � �!���o�+;l�l�&%'�h�!���w�@�|",�h #�&�]�h�&�5�w���&�A/ �&�h%±�#%±�����)���)��� (0�

������� ���q��� � 	 Q�/2-F+ # ����
 ! 3�+�>A@M/2Q�/P4J3�+ $g+;.<4<�5+ ��� O%+;��.8D)1�-F+;.#+;7#/2>A' ��& ���(W/�I/29�7<OP9�.#3�+">S/
-�/2>S/UT�DR+!:5+;1�78.0/2>R+ ��3IX &eLF\ ��'���9�.H:5+;787<+!D)Q�/2-F+"4<OP1�7I4<9�Z[+;.8Z�O(4<�54,>R+54H:5OP1�7<OP9�.<4I3�+!>A@C�;Q"DR4048DROP1
.0/P3�DRO!/27878.8D)��9�� � >A@ 
 3(� :5+;1�78.0/2>A',�61 Z�+;9�7 EFOPD). ��9�+=>S/HZ�O(48D)78DROP1 3�+54 >ROP��+54 .0/P3�DRO(4Y:5OP.8.<+548Z�OP1�3
� 9�1VQ"D)1�D)QJ9�Q 3�+H>A@C�;Q"DR4<4<DROP1�3�/21�46>S/!��/21�3�+I�!'�vw+JZ�>S/P48Q�/"D)1�78.0/U}~/2Q�/P4 /f�;7<�J3��;Z�>S/P:5�#4<OP9�4
>A@M/P:;78DROP1�3�+54�Z�/2.878DR:;9�>R+54=.0/P3�DRO,��>ROP.<4?3�+H>A@C+yT�Z�/21�48DROP1V3�+54 �8+;7<4e'



( � ��� �C� � 
��0" �B�����

�S��W
	]5(�����S�3�$��)j�3W$���z����-'�"cq� Q ���(�������
�$���S���z���v5�
��6�$���S�3�$)+����)CB ��#,��	��$�P
����*5��$��#I�!	�����#%�$� �S���
�$�V8$@"� ���$�9�
�])CBT��02�!	$�F�$�9�
�P��B ���9�A�D���F�$�����$� �3
����D#K5�
��$�3�����6�,�$��� ���A)!�d-'�"cH�D��� ����w���#,��	I�$��)/�U-'��)/�102�3�
�
�$���S����)!�A���D�(	$�NlY�*B ��@��
�A��B ����� �
�
	d	"
��'	$w3	$� �$���$� �R���
	P���])CB ��#,��	YL

���I5��$���4@�
��D�k	$�R�i)!�
	d���$�?0I�D#,�"-��
	
[\¢*�/-'L : L : }�[N��B �$57��W
	k¢_�'XY� ���Z�$�*��)/LNea} >'> }Yh"[��R�9�]�C�����F�d���
�F�$#K5�8$����� �R���G���D�(	$�*lY�*B ���9�P�C�����6�A�����F�$#K5�	]���d��������
�� ���!	
	"�$#%�$�������d)CB ��#,��	]���i�k�$�
	"8
�P
�XY�F�$�����
	
-������
�A����0v
�X$	"�$��@���� �3
��(	]���z	Y���F�$)D)j�D�6��s Q ���7�����'L

������� ���q��^�� 
 -�/29�:<��+��gX /2.87<+ 3�+�7<+;Q"Z[�;.0/2789�.<+ 3�+ �(3IX &eLF\ �V3�/21�4 >A@M/2Q�/P4!3�+ $g+;.<4<�5+�� �
3�.<OPD)7<+ ��X /2.87<+�3�9s7<+;Q"Z�4I3�+!.<+yx	.<OPDR3�DR404<+;Qf+;1�7#3�/21�4H>S/ Q��;Qf+!.<�;-(DROP1 �w3p@M/2Z�.<�54JN�/2��DS/21m+;7J/2>A'
� L ����� �y'

����5��$�R���

��(	$�3���F�$�AlY���])!�G�F�$#K5�	P���d�
������
�� ���!	
	"�$#%�$���+�
	$���S��W
	I�

������Kea�D�1�18$���3�$���P{ :�> 9 ���(	6h
�'���(	t)!�
	t��83-��3
��(	Z�
�$��� �C��)!�
	����z)CB ��#,��	YLG��� �

��(	$�3���F�v83-'��)!�$#%�$���p)/��� Q ���F�����z)/���F�$#K5�8$����� �R���
@��$��	%)!���
�$��� ���z����)CB ��#,��	t���657���!	 ∼ < ~'�(�����'	YlY�*B { ∼ ��~'�(��L^�����z���D)D)!�$���
	
[G
��q5��$���K@�
��D�%lY�O�
��BT�
	$�i)!�,)!
���-Z���
	,)!
�X$�
	,�C�'���3
"	�e���� �b-��R��� : L :': hvlY����)!�,�F�$#K5�	%���U��������
�� ���!	
	"�$#%�$���p�
	$�K)!�d57)j�'	
�

��R���3L�sABT�
	$�*)/{zlY�O�])CBT
��q� ��
��R@��])!�n-'�"cP)!��57)j��	*����
�� �'L

"C�A;0%'�k�)� � �® ,� �·�'�)� �
���
	I�D#,�"-��
	,����s Q ���7�����Z��� �
�$��� �������
	���#,��	,���]-'��)/�102�3�
	I�9�U#%
���� ���$���N5(��	,���H	$o?#%8$� ���3�

	65 Q 8$��� lY�O�Z��� -'�"c�	"���
������
�� ���!	
	Y�����3L��K� �

���� �����D�
�
[I
���
�X$	"�$��@��Z���
	���83-��3
��(	�
%$ )!�t-'�"cA����
�� �
�
	$�]�

��9�
�$��� ��8z�$�d��B �����S���
	�
%$V�D)��
	$�d�'X$	"�$���3L �H�,�6�$)D)!�
	��C��@"�D�68
	z
����]8$�68�
�X$	"�$��@�8
�
	%����	"�$�D�����
57)j��	$�3�$����	���#,��	z���I-'��)/�102�3�
	YL��\�$���v
����/-��D�9�,	"�$#,XY)!�z��	
	"
"�$�38
�t{�)CB ���$� �D@"�D�F8z��B ���9�%	"
����
�
�%���'���3

�
�$���S����)!���'XY���D�F8
�b5(����)/�K-'��)/�102�3�n� �ALb���G5��$�R�_@�
��D��	$�R��)/�
�b-��R��� : L :': eS�p
"� Q ���D��-��$�k�$�b��)/L/[ :';'; �`h"[
)CBT8$#I�!	
	$�3
����'���(	�)/�AX
���7���NJ�����)CB ��#,��	k�����k�$�
	"8
�k{])/�'lY���$)D)!�k�H8$�F8^	$�g5��$�a5�
"	"8
�+)CB �D#,�"-��^�C�'���3
G���
)/�k-'��)/�102�3���
�$���S����)!�YLR�\�
	n�C��@"�D�68
	��'���(	^)CBT8$#I�!	
	$�3
��GJ ���d-'�"ci�

������
	65�
��7���$����5(���D�`���D�6�$#%�$���_��@��
�^)/�
5�
"	$�D�S�3
��v���
	p)!
�X$�
	K���'���3
"	YL*s^�
	G���$�����3�$��	]
������$5'5(���
�$#I#%�$���4��8657)/���
8p)!��-'�"ckJPL&�K�D�(	$�b)!�
	�c�
��9�
	



�]¤=( � �!���o�+;l�l�&%'�h�!���w�@�|",�h #�&�]�h�&�5�w���&�A/ �&�h%±�#%±�����)���)��� (�(

)!�
	*57)j��	�����
�� ���
	PeF���K� ��W
	��1
��$�6�]8$#I�!	
	$�3
����'���(	n)/��X
���7���^J�hH�9�G�

��D�9�$� ���$����5(��	p��@��
�K)/�i5�
"	$�D� �3
��
���U)/�z-'��)/�102�3�z�
�$��� �C��)!�,���S�6�$�7���O���

�#I#%�U)!�z�
�$��� ���%����5�
��6�$��� �3�$)����,)CB ��#,��	YL*�GBT��0`5(���(	$�3
������
	
)!
�X$�
	n���'���3
"	\�1
��O�G�
�$���a���D�9�$#%�$���b�R��� ��)!�i�D#K5�
����a�����*�$���3�����NlY���i#%8
�C�����!	$#%�K���n��8
� Q ���$�p�$#%�$���
����-'�"cH�D���S����w���#,��	YLb�\�
	UXY��)D)!�
	I���d-'�"cI��8
� Q ���$�p8
�
	k5�
������C���3�$���k�$�(	$�R�D�6�P�
�$#%
����6�$�I�'���(	A)!�d-'�"c
����
�� �U�$��@"�D��
����7�����N�

�#I#%��)!�k#%
����S���As Q �����"c�
�@A�$�4��)/L4ea} >'>�: hP�$�*��0`57)j� lY���$��)!�
	k�D� Q 
�#%
C-�8$�98$�D�68
	
�'���(	H)!�
	��C�����F�
	U���I�6�$#K5�8$�C��� ���
�,���V�
�$���S���,���
	U��#,��	
[nlY����	"�$#,XY)!�$�������v5 Q 8$�9
�#%W$�9�p-�8$�98$����)/L
xA
��6
��(	vlY�NB �R��-������7�E�9
�#,XY������B ��#,��	v����-'��)/�102�3�
	��'XY���D�3�����A��� �

����������H������������
�� ���!	
	"�$#%�$���
5�
"	
	"WC���d���9�p	"
����
�
�]���'���3
U�'���(	G)!�$�R�i-'��)/�102�3�A�
�$���S����)!�YL\�k�����(	,e :';';�> ht�
	$� �D#%�AlY�NBT�$��@"�D�

�� <g:$ 
���
	G�

"
�)j�D��-*-n
�y.	�57��8
	"�$���F�$���*83-'��)!�$#%�$���b���9�G���$� �D@"�D�68K���'���3
A�D���6�$�(	"�K)j�38
�d{H)/�A-'��)/�102�3�d�
�$��� ����)!�YL
�\�K� ��)!�K���i)CB ���^xf�
�$��� ����)&�'���(	n)!�
	]�

�����������	p���n��������
�� ���!	
	"�$#%�$���*�
	$�*�
�$���a���D�9�$#%�$�����D#K5�
����a�����3L
s^�H��
�#,���D�9�,�
	$�n{z)CB Q �$���
�I���$� �O�$)D)!�P�R��� Q ��#K5���B �D��@��
	$�S�/-'��� �3
���#,���1�$�R�H�'���(	H)!�I��
�#,���D�9�H���
	
	$�D#I�R)/��� �3
��(	d����#%8$��� lY�O�
	�e������D)j�!	H�$�+��)/L/[*} >'>�: �4�k�D���9�$o"[*} >'> ���4�K�3-��$)j#,���([N} >'> �`h�L

� ���h���k� /T���h%¡�!� �J",�h�¡� / �&�h���&���
����	Y���F�$)D)j�D�6�%�G�+MR� � ��@����D�]��8��`{�#I�!	Z�$��8$@"� ���$�9�
�t)CBT��02�!	$�6�$�9�
�z�������!	"�

���� �D���R�D�68
	��'���(	t)/�

���$�(	$�D�F8t���t)CB �?sbu ��B �dX$�$)D)�} : ��}��$�k�dX$�$)D)+� � � < L+�^��5(����� �3�$�R)j�3�$��[A�
�
	����$�?0V��#,��	z���I-'��)/�102�3�
	
57��8
	"�$���F�$���d)!�
	v�C���C���$�68$���!	$�S� lY���
	z��B �R� #I�D)j�3�$����o������K	$�(XY�d���p�1
����6�
	��D���6�$�C���$� �3
��(	��$���S���t	"
��'	$w
	$�S�����$�S�����
	YLI����	�B ��� �6�$�7�'���D�I��)!
���	q{��
��lY�����
�
	q���!	"�

����S�D�����D�F8
	z	"
��3�$���H���
	]���

����D	q����� Q 
"�
	YL
u����!	z�'���(	��
�v�C��	
[K)/���6�$#K5�8$�����S�������$57��W
	%)!�Z� Q 
"�qea@��$�
	%)CBT��02�68$�$�3�$���z���t)CB ��#,��	6hq���$@"�C���D� 	$�S���
�D�1�18$���3�$�R���P{z)/�z�6�$#K5�8$�����S�����H��@������i� Q 
"�YL��\�
	�
�X$	"�$��@���� �3
��(	P����	Y���6�$)D)j�D�F�%s Q ���7�����v
�����5��$��#I�!	
����#%
����S���$�ZlY�O����BT�
	$�P)CB �D��@��$��	"�ZlY���p	"�,57��
Y�����D�tea)/� ��83-��3
�� )/�Z57)j�'	q���$�(	"���
	$�U���'	
	$�])/�v57)j�'	
����
�� ���6h��$�UlY�O�Z)/�v57���
	
	$�3
�������-'�"cV�
	$�,�

����S�D�����q����� Q �'lY����� ���F8q���Z����
����3LUs^�
	�	$� �$���$� �R���
	
����
�� ���
	]
�������)!
���	�57���!	p)!�K�9
�# ���b����
�����	b����
�� ��	Ie��

�)/������
�����	6h�L9�^)D)!�
	i	"
����757�

�X
�'XY)!�$#%�$���4���O�
	G{
)/�]57��8
	"�$�9�
�P��B �R� �

"�$��������
�� ��[^��8
	$� ������B ���9�^���'	$�3
��%5(��	
	"8
�YL�s^�
	A���=�"-��
	�����
�� ��	P�'���(	])/��X
���7���
J eFlY���$)/lY�O�
	d~'�(�(h,�9BT
����_5(��	,8$�68P��8$� �$���D�D	n5(���])!�I� Q 
"�I�$��� �
�])!�
	G	"
��'	$w3	$�S�����$�S�����
	U�$��	$�(X$	$�!	$�F�$���
�$��8ClY���D)j� XY���]���^57�
�
	
	$�3
��Z���t	"�$�D�����z#I�D)j�3�$�z�D��� ����w���#,��	^57)j�'	P� Q ���(�'L^s^�
	p�
83-��3
��(	�57)j�'	4����
�� ���
	
5��$�R@��$���]
"	"�$�D)D)!�$�z�'���(	�)!�P5�
��6�$���S�3�$)+���%)CB ��#,��	v�

�#I#%��)!�z#%
���� ���$���G���%�
8
�
�$���6�
	,	$�D#I�R)/��� �3
��(	
���R#%8$��� lY���
	�eS���R���(	Z�$�]��)/L/[p} >'> �`h�L��\�t�
�
	$�6������-'�"c$[G{����9�P57���
	
	$�3
���57)j��	�X
��	
	"�
[G�E��� 	$�S���
�����C��� Q 8A	"
���	I)/�]�1
���#%�,��B ���9��lY�O�$����{v)CB �������3W$���,��� �

"�$���I�F
�#,X
�����i��� �
�$���S�������I)CB ��#,��	YL4�\�
57��
"�
�
	
	$��	K��B ���
�$��8$� �3
��Z���k	"
��'	$w3	$�S�����$�S�����
	A�
	$�4��
��9�i#I�!	]�$�q8$@"� ���$�9�
�+-������
�p{t�
�
	G
�X$	"�$��@���� �3
��(	
{ Q ���R�6�t��8
	"
�)j���S�3
���	65(��� � ��)!�z�'���(	�)/��X
���7���PJPL+�GBT8$�S�(������8$�3���D)D)!8
�t���
	K����
����D	n���

�� ��	��
	$�G��B ���
�S��W
	�-������7�H�D���F8$� 	$�*�'���(	n)/�H#%�
	$���
�G
%$v�$)D)!�*5��$��#%�$�N���'	
	$�b���G�

����S�����D�7�����i)!�
	�57��

57���38$�68
	K���U-'�"c
� Q ���=�v�'���(	I)!�ClY���$)4�6
�#,X$�I)!�t�

"�$��������
�� �'LN�^�v5(�����S�3�$��)j�3�$��[,�_�!~ Q )j�D���D���$�K��)/Liea} >'>�: ht�D��@�
YlY�O�$���
)/�p57��8
	"�$�9�
�d��B �R��� Q ��#K5�#,�"-��98$� � lY�O�d��	
	"�Ccd�D#K5�
��$�3�����ke : w : �

µ
�bhn5�
��R�]��0`57)j� lY�O�$�p)CB ��	65��
�$�.�S��W
	

8$�S��
��D�+���
	N����
�����	*����
�� ��	H
�X$	"�$��@�8
	A�'���(	n�dX$�$)D)_� � � < L

��� ���&% � r5v�m ( �S~�}�r�mS�uq8~ ��s�r�rZq |��

�$)���02�!	$�F�����t�9
�#,XY���$�?0E�D�7���3�
�
	t�'���(	z)!�z��
�#,���D�9�t@"�!	$� XY)!�]5�
���@������i	�B �D���F�$�a57��8$�6�$���'���(	t���
	"�
8$�7�����3
,���I�

����C�����+���G��������
�� ���!	
	"�$#%�$���aL



( � ��� �C� � 
��0" �B�����

������� ���	�����:	 Q�/2-F+=+;1 ��� # +;7 � /2>)Z���/ 3�9�:5O�+;9�.(� ��'M��@× ��'M��@ ��3�+=>A@M/2Q�/P4 3�+ $�+;.<40�5+ �AXYOP1�4<+;>)DR:5+
+;7=/2>A' ��L ��� & �y'

�y� %¡����%'�h���w�A�· #�¡�8%¡�&���w�]�#�5�'�u�&�]%¡���
α

�=��W
	A�����k�'���(	A)CBT8$� �=���I���
	U�

��R�������D	U���A��������
�� ���!	
	"�$#%�$����[^)/�t���
� Q �$��� Q �I���z-'�"c,{z���9�H�6�$#Iw
5�8$�����S�����K�D���6�$��#%8C��� ���D���K�P	"
���)!�$@�8K����-������7���
	n�D���F�$����
C-'���S�3
��(	k	$���i)/�H�7��� �R���d���
	d8$#I�!	
	$�3
��(	d

57w
�S� lY���
	UeF�'���(	p)/�,�����3� �

α

hI�98YXY��)/���D���
	P�$� �*)/��#%�$���3���D�
�
	]
�X$	"�$��@�8
�
	G���q�
�$��� ���]���
	]��#,��	d�'XY���D�a�����
�R���

��R�����������p�
������
�� ���!	
	"�$#%�$���3L�s^�
	i	$�S�����$�S�����
	G� �
W
	p)j�R#I�D�9�$�'	"�
	P8$#%�$� �6�$���=����	YlY�NB { :�> 43erg/s�$�95��$�R@��$��� 	$� ���P8$�6�$�7���O�
	i	$�R�d���
	]���!	$�3���9�
�
	G���^57)j��	$�3�$����	]���/c"���D�9�
	p���K~
5��YL����i	65��
�$�S���A

57�S� lY���
��BT8$#I�!	
	$�3
������
	��C���3�
	��

������
	65�
��7��{V�
�$)j���p��B ����57)/��	$#,�����n�`��� XY)!�%�3
����!	Y���S�3
��([K��@��
�z���K�1
����6�
	
�����3�
	d�D���6�$�C���D�6�
	YL_���p57�
8
	"�$�9�
�G���d�����3�
	]��BT8$#I�!	
	$�3
���

57� � lY�O�p�98YXY�R)/���D���K	"�$#,XY)!�p�D�7��� lY�O�$�i)/�G57��8$w
	"�$�9�
�K��B �R�Z�

����������N���i��������
�� ���!	
	"�$#%�$���aLO�^�q���p�$�D[�)!�
	]8$#I�!	
	$�3
��(	 �*)/��#%�$���a���D���
	d�$� �

α

�9�k	"
����
��8$�F�
�$�68
�
	HlY�*B �����6
��R�U���
	p-'��)/�102�3�
	U�
�$��� �C��)!�
	H��B ��#,��	H��@��
�U�

��R�������k���A��������
�� ���!	
	"�$#%�$���aLbx]8C����w
#%
��D�(	
[n�D)k�
	$�p��� &��$�D)!�z�����

�#K57���$�7������)!�%)j�3�$� �$��� ���v�
�
	�8$#I�!	
	$�3
��(	z

57� � lY�O�
	��$�p)!�
	��

��R�������D	
���G��������
�� ���!	
	"�$#%�$���aL�s^�$�$�3���D�(	]��#,��	K	$�g5'5�
"	"8
	A�'XY���D�6�$�d�R�H�1
������

����C�����+���G��������
�� ���!	
	"�$#%�$���N�9�
57��8
	"�$���F�$���.5(��	��
�U�So
5�����BT8$#I�!	
	$�3
��7Lbu�
��D�(	����I)/�v#%
��D� �38,���
	U��#,��	I� ���$��� � ��8
	%�

�#I#%�n5�
"	
	"8$w
�'�����d�R� �

��R�������P���z��������
�� ���!	
	"�$#%�$���P�$� )!�$���Z�
�$���S���t	"
����H83-'��)!�$#%�$���]��8$�6�
�$�F8
	v�'���(	t)/�E�����3�
�

α

eS���"-��A�$�^��)/L/[ :';'; }Yh�L_�\�
	d�3����0%���]��865�
"	$�D� �3
��q���p#,��	
	"�i	"�$#,XY)!�$���+�
�65��$�7�'�������

��$��8$)!8
	d��@��
�
)!�
	I)j��#I�D�9
"	$�D�F8
	A�

Hα

LKs^�$)/�t	$�g5'5�
����6�U)CBT��02�!	$�6�$�9�
�,��B ���V)j�3�$�����D���
�$�p
����D�7���D�
�
�$�K�$��� ���U)!�
	����$�?0
5 Q 8$�9
�#%W$�9�
	YL=���A#,��	
	"�k���^-'�"ci�3
����!	"8p�
	$�b��	
	"�Cc*5��$� �D�6�p�$�b� ��W
	p�

��9�
�$��� �
8
�k���R�6
����K����)/�d-'��)/�102�3�
�
�$���S����)!�
[ne��]�
�
~�#,���E�$�+��)/L/[ :';
	�; h�L

MO�.)!��-'�"cI�

���� �D���O�G{I	"�K�
������
�� ���D�A�$�Z��� Q 
���	]���K)/�%X
���7����J ����	YlY�NB {%���
	K�F�$#K5�8$����� �R���
	p�S��W
	
X
��	
	"�
	
[N
���	�B ��� �6�$�7�,{I� �

���@��$�K�����
8
	$� ���t���A�
��-'�"cK	"
���	i)/���1
���#%�d��B �����D#I#%�$�(	"�i�
8
	"�$��@�
��D�K���



�]¤=( � �!���o�+;l�l�&%'�h�!���w�@�|",�h #�&�]�h�&�5�w���&�A/ �&�h%±�#%±�����)���)��� (��

-'�"c&����
�� �]
��IXY�3�$�H	"
���	�)/�.�1
���#%�+��BT8$�6
��D)!�
	O�1
��$#%8
�
	+{^5(����� �D�������
�4-'�"c"L4 \�9��5(����� �3������)CBT8$#I�!	
	$�3
��
���
	n�����3�
	 �

α
5�
��R�������D�N���D�(	$� 	$� ���p)/�,�

��(	"8ClY���$�9�
�K��B ���9�d���$� �D@"�D�68n	$�6�$)D)/���D���n�D#K5�
����a�����6�
[b�9
��R�����3�

5(���U)!���

����������d���,��������
�� ���!	
	"�$#%�$���aLis^�65��$�7�'�����i)!�
	,�3����0����n�1
���#,���S�3
��V	$�6�$)D)/���D���%��8C���R�D�D	t���
	
�D�7���3�C���F�$����	%

57� � lY�O�
	H���
	$�F�$����� ��

5z�`��� XY)!�
	%�$���

�#K5(���C���!	"
��V���I)/�vlY�=����� �D�68����I#,��	
	"�U��865�
"	"8
�
lY�O�+57�
8$@�
��D��)CB ���7��)jo"	"�A���
	A��
����98
�
	A���G)/�zX
���7���kJPL

�¯�#/ �������l�&%'�h���L���@�¡�'�]%¡�&�
�H�
	Z
�X$	"�$��@���� �3
��(	���B �dX$�$)D) :=<g;'� �$�n�dX$�$)D)^} �';=< �

��7�����D�F�
	A5(����uE�
xd��#,����� � ��B s^
����9�$)D)

e :';'; �`h �NuE�
xd��#,�����v�$�k��)/L�e :';'; ���$hz
����+#I�!	U�$� 8$@"� ���$�9�
�])/�P57��8
	"�$�9�
�P��B ������0R�
W
	P�����

����S�D���
XY)!�$�����R�6
��������t)/�v-'��)/�102�3�Z� � �
�$���S����)!�YL]s^�$�P��0R�
W
	v�C�������$�68$�$�!	$� � lY�������z)/�t57��8
	"�$�9�
����BT8$�6
��D)!�
	
�1�$�R�9�
	P#,��	
	$�D@��
	I���,�����
8
�U���I@"�3���

��R���6�%�
	$�45(�����S�3�$��)j�3W$���$#%�$���^	$�R�a57���$�7�����n�����F
����,��B �R�9�G-'��w
)/�102�3�^�����
��� o�5��YLR���p�
83-��3
��I��BT��0R�
W
	+��BT8$#I�!	
	$�3
��,�
	$���

��D�9�$� ���$���6�^��@��
��)/��5�
"	$�D� �3
��U���
	�)!
�X$�
	����'���3

��B �R�9�d	"
������
�]���'���3
%�'XY�$�D�68
�H�'���(	H�
�
	p-'��)/�102�3�
	YL+s^�65��$�7�'�����D[*)/�K�`��� XY)!��5�
�)/�����!	Y���S�3
��������

����S�D���
XY)!�$�q57�$�D@"�D)!83-��3�z)!�G�`���D�PlY�����
�$)j���DwC�$�G���D�k5�
����q
����/-��D�9��)/��57��8
	"�$�9�
�v��B ���$�S�D@"�D�68t	$�6�$)D)/���D���YLPs^�$�S�6�
�D�1�1
���#,���S�3
��Z	$���A)/�A5�
�)/�����!	Y��� �3
��V��0R�$)j�R�D[k�$�����p�$�D[^)/�A5�
"	
	$� XY�D)j�D�F8P��B ���9�H��� �k��	$�3
��E���Z����o'
����9�$w
#%�$���]���z)CB ���^x �
�$��� �C��)\5(���t)/�z5�
��'	
	$�3W$���Z
���)!�
	v8$)!�
�$�S��
��(	����t)CB �?sbu�L��GBT��02�!	$�6�$�9�
����BT8$�6
��D)!�
	
�1�$�R�9�
	K�,83-'��)!�$#%�$���N8$�68K#I�!	"�d�$�Z8$@"� ���$�9�
�K{P� ����@��$��	K)/�^�1
����6�p�'X$	"
��657� �3
������
	n�����3�
	K���k�i��)j#%�$��[
�D�7���3�C���F�$���n���k)/�n57��8
	"�$�9�
�i��BT8$�6
��D)!�
	i���k� o�5��+� 
��U�+[b�'���(	�x��ds : } <g� 5(���+�k�=XY�D��e :';=<'< h"[�#,���!	
����	
	$�O57)j��	p��8
�
�$#I#%�$���&5(���k�K)D)!�$� e :';';'� hIlY���^�

��9�$)j�R��{U)/�d57��8
	"�$�9�
�]���p�9
�#,XY���$��	"�
	]8$�F
��D)!�
	G���
�So
5��P� �'���(	d���
	p��#,��	K����-'��)/�102�3�
	K�'XY���D�a�����N���b�1
����D	G�

��R�������D	d���i��������
�� ���!	
	"�$#%�$���aL �]���(	k)CB  K�
)/{�
%$�)CBT8$#I�!	
	$�3
������
	�8$�6
��D)!�
	d�1�$�R�9�
	Z�
	$�A)/��57)j�'	G�1
����F�
[G)/��57��8
	"�$�9�
�v��B ���9�v���$� �D@"�D�F8z	$�6�$)D)/���D���
�D#K5�
����a�����6�p�
	$��#I�!	"�d�$�Z8$@"� ���$�9�
�����9�b�1
��!	n���N57)j��	
[��9
��3��#I#%�$���=5(���kMO#I�D� Q �$�.��)/L4e :';';=< hA�'���(	
�dX$�$)D) :=<g;'� L


§�@��%¡�!�#%¡",�@�®�w��� %¡�¡%¡�) �  #� �&%.!!�w�]���
��
���	YlY���A)!�d-'�"c]	"�A��������
�� ���D�&���'	YlY�*B {����
	]�6�$#K5�8$�����S�����
	U��� :�> 5 ¡d[^�D)b��
��D�n8$#%�$� � �
�H���
	A�����3�
	

�����
8
	"
��7���9�
�Z�P�&���$�Is\���C�`L+������8$�F�
�$� �3
����S��W
	%�
8
�
�$���6�z���v�
�
	%�����3�
	� i��5(���q�i�3-��$��)!���$�]��)/L
ea} >'>�: �$h��'���(	A�dX$�$)D).} �';=< 	$�g5'5�
����6�U)!�I	"�
8$�7�����3
����z�

����������p���U��������
�� ���!	
	"�$#%�$���D[K�$� #%�$� �a�����
�$��8$@"� ���$�9�
�
[P���D���
�$�F�$#%�$���I�$�i5�
����v)/�v57���$#I�3W$���G�1
��!	
[]�R�9�U5 Q ��	"�q����-'�"cZ�D��� ����w���#,��	�{ ���9�
�F�$#K5�8$����� �R���G�D���6�$��#%8C��� ���D���YL
�\�]��
�#,���D�9�p����@"�!	$� XY)!�G���D�(	$�.lY�O�A�
�$)j�R�4���d)CB ��)j�S����w6@"�3
�)!�$�*�$5'5�
����6�$������
��9�]���K�9
�#,XY���$��0,�D�7���3�
�
	
�$�P�`��@��$���P���
	P�

��R�������D	P���]�
������
�� ���!	
	"�$#%�$���+�$���3������lY���]� �C���
�$����	H���t-'�"cH{z���
	]�6�$#K5�8$�����S�����
	
�D���F�$��#%8C��� ���D���
	
[N#,���!	G����	
	$�+�$�Z�
8$@�8$)/�����*)/�G57��8
	"�$�9�
�A��B ���9�A���$� �D@"�D�F8K	$�F�$)D)/���D����57)j�'	G�D#K5�
����a�����6�
lY�O���
��lY�R�I8$�a���D�,��� �6�$�7���E5�
��R�q���
	�-'��)/�102�3�
	��$)D)j�m57� � lY�O�
	�	$�3���7�'���C�'LIs^�65��$�7�'�����D[A�D)m	q#%�$� �F�$���
����	
	$���$�q���$)j�3���p)CBT8
�C�����*�D#K5�
��$�3�����^lY�R�+��02�!	$�6�H�$��� ���G)!�
	G�3����0z���4�1
��$#,��� �3
��v	$�6�$)D)/���D���H�$�*)!�
	G�a���?0
���t��865�
"	$�D�S�3
�������#,��	
	"�d57��8C���D��	]5(���,)!�
	z��
����98
�
	%����)/��X
���7���PJPL+�\�
	�
�X$	"�$�$@���� �3
��(	%�'���(	�)!�
@"�!	$� XY)!�^���,�
�$��� ���+���
	���#,��	^���4-'��)/�102�3�
	^�'XY���D�a�����&�R�t�

����C�����9���^�������

�� ���!	
	"�$#%�$���25�
"	"�$���9��
��9��)/�
lY�O�
	$� �3
������k)/�]�7���S�����K���H-'�"ci��������
�� ���b�$�.����	Y�HlY�(�����S�D�68YL7¢_�'XY� ���qe :';'; ��h+57��

5�
"	"�k���9�_�1
��9�$� �3
��
���U#,��	
	"�U�D���D� � ��)!�P�
u�¢ e������D�S� ��)bu���	
	I¢9�R�9�$� �3
���hv��� �p8$���$���F�,�'���(	U)!�
	%��#,��	����P-'��)/�102�3�
	
[nlY���
�`��@�
����!	"�$�C���D�n)/�A�1
���#,���S�3
�����BT8$�6
��D)!�
	%���G5��$�S�D�6�
	�#,��	
	"�
	z�
�%lY�R�45��$��#%�$� �S�����D�d������8
�

��9�$�D)j�3�$�U)!�
	
�D�7���3�C���F�$����	����k�1
���#,���S�3
��V	$�6�$)D)/���D���z�$�i)!�
	,�3���?0E���%��865�
"	$�D� �3
������,#,��	
	"�YL*���q#,���1�$���
�d5(����� �3�
����-'�"ck5�
��R�������D�N	"�G�S��
���@��$�p	"
���	*�1
���#%�A���G���(�"-��
	A���i-'�"c]#%
�)!8
�$�R)/���D���N����
�� ��[�
��vXY�3�$�v	"
��'	])/�
�1
���#%�A��BT
�XS�1�$��	]���N�`��� XY)!�G#,��	
	"�YL



(�8 ��� �C� � 
��0" �B�����

������� ���q��$ � * �;7<+5:;78DROP1 3�+?>A@C�;Q"DR4<4<DROP1 3�+54 .0/2DR+545��� 	 +;7?X 	 	 	 Z�/2.5�,+;-F+;.8>R+,+;7Y/2>A'�� L ��� &e//� /eEF+5:>R+H4 /27<+;>)>)D)7<+INkB(��;

��� ����� � {b~�}�� t �W�¼t mSs � r
�]BT
�X$	"�$��@���� �3
�� �����
�$���S�������
	���#,��	q����-'��)/�102�3�
	q�'���(	v)!����
�#,���D�9�v�D�1������w6��
��2-��v)!
��D���3���D�

5�
��R�������D� 	$� ���H���EX$
����S�����
�$���I���A)/�A57�
8
	"�$�9�
�P���d-'�"c^����
�� ��ea�C�$5'5�
����4-'�"c 
'5�
���	
	$�3W$���6hz
�����B ���9�
���$�S�D@"�D�68G	$�F�$)D)/���D���U�$�1�1
����3�I�'���(	])/�A5�
��'	
	$�3W$���YLG \���F�$)\� �C���
�$���n5��$��#%�$� �S�����D�k��
��9�P��BT��0`57)!
����$�])!�
	
	"�
8$�7�����3
"	���� ���
	$� �D� ����-'�"cE��������
�� ��� L�s^�65��$�7�'�����H)!�
	���8
	$��)j�a���D	E���
	E
�X$	"�$�$@���� �3
��(	��'���(	E�
�
	
)!
���-��O�$����	���BT
��7���
	��9�,	"
����^5(��	,	$� &�	Y��#I#%�$���]�

���@����D�9�C�����D	YL^���t57��8
	"�$�9�
�z���A5�
��'	
	$�3W$�����
	$�
�S��W
	v��� &��$�D)!�z{E#%�$� �S���q�$� 8$@"� ���$�9�
���'���(	z��� �$��@"�D��
����9�$#%�$���p�6�$)klY����)!�,-'�"c,J �D��� ����w���#,��	YL
�^� ���p�$��[n)!�
	��6�$#K5�	%���%���
	$�S�����$�S�3
������,)/�,5�
��'	
	$�3W$�
�I	"
����i�S��W
	��

����$�D	t�'���(	,�R���6�$)*#I�D)j�3�$���$�
)CBT
�� 	�B ���S�6�$�7��{�� ��
��R@��$���R�V-'�"ct�S��W
	]5(���R@"�����$�q5�
���	
	$�3W$���YL^���"-����$�G��)/Lde :';';'; h"[+-��C���
�z{����
	
��
����98
�
	IM�sd ��^� { 	���>

µ
#P[G
�����57� ��8$�F�
�$�6�$��)CBT8$#I�!	
	$�3
������G5�
��'	
	$�3W$���%�'���(	%���$��0���#,��	t���

-'��)/�102�3�
	K�O�dX$�$)D)7}�� ;�> �$�\�dX$�$)D) :
	 � � L7���,���$�(	$�D�F8k	65��
�$� �C��)!�p��BT8$�9�$�S-��3�d�

��(	$� �$���D�6�]�$���

�#,XY�D�7�����
�
�
	���
����98
�
	���@��
�����
	E
�X$	"�$�$@���� �3
��(	������dM ��5��$��#I�!	�����#%
���� ���$�q)/��57��8
	"�$�9�
����B �R�9�P�1
��$�6�
���$�S�D@"�D�68p	$�6�$)D)/���D���YL

��� ����� � r5o �x�*(�� ( ���S}��Zq8~��;s�r
����� Q ��#K5�#,�"-��98$�S� lY���Z�'���(	�)!�
	Z��#,��	v���%-'��)/�102�3�
	q�
	$�U�
	$�S�D#%8v{v5(����� �D�Z����#%�
	$�����
	Z���

��
��a��� �3
�� ¢\�����'�'��o�LHsABT�
	$�P)/�V#%�
	$����������)/� ��
��3���S�3
�� ����57)/��� ���U5�
�)/�����!	Y��� �3
�� ����)CBT8$#I�!	
	$�3
��
���'���3
E���z	"
��R���
�
	Z��B �������3W$���I57)/���7L���57��W
	�)/�V� �C��@��$��	"8
�Z��B ����#I�D)j�3�$���3
����!	"8
[])/�V#%�
	$�����Z����)/�
��
��a��� �3
�� ���q57)/�������H5�
�)/�����!	Y��� �3
���5��$��#%�$�A���q�

���� �C���D�7�����t)/�E@���)!�$�R����� � Q ��#K5 #,�"-��98$�S� lY���
	$�R�G���9�I8
� Q �$)D)!�A��
����98
�YL_�\�
	]@���)!�$����	P��8C���R�D�6�
	P����� Q ��#K5Z��[4	"
����+���])CBT
��C�����A���PlY���$)/lY���
	

µ
�

	$�R�G���9�I8
� Q �$)D)!�A��� :�> ~
5��YL �i� � ��y+�$��e :';'; �`hz
�����#%
����S��8PlY���])!�I� Q ��#K5�#,�"-��98$� � lY�O�H�$�^)/�
57���
	
	$�3
�������-�#%�$���F�$����@��$��	G)!�I�
�$���S���A���])CB ��#,��	YL

�_�P57��8
	"�$�9�
�U��B ����� Q ��#K5 #,�"-��98$� � lY�O�U�
	$�+	"
���@��$�����D��@�
YlY��8
�i5�
�������0`57)j� lY���$�P)CB �'X$	"�$�9�
�H���
�

��7���O�$� �3
���� Q �$��#I� lY���v�'���(	t)!�,-'�"c��D��� �C��w���#,��	YL��$)&�`���R�H�$� ���p�$�]lY���q�
�$� �F�Z�

��7���O�$� �3
���	"
��D�
��8C���R�D�6�+5�
����GlY�NB �R�E�

��������������d��������
�� ���!	
	"�$#%�$���&57���!	
	"�A���p�
�$� �D@��$#%�$���*��@�
��D�p)j�3�$�����q�
�$��� �
�G���



�]¤=( � �!���o�+;l�l�&%'�h�!���w�@�|",�h #�&�]�h�&�5�w���&�A/ �&�h%±�#%±�����)���)��� (<�

)CB ��#,��	YL



(�$ ��� �C� � 
��0" �B�����



� � �����h
���� �

� ��� � ��� � � � ��� � ��� � � ��� �����	��
���
 ������� ��
��
�����	����
�
�� ��
�����������
�� � ���� ���"!

#%$'&)(+*	&)(+,
-/.10 24365�798;:=<1>;?A@CBD?%EF3HGCIKJML9<1BNBA3POA:RQ1@TSU<VQ1<1@W?%<VO9XYJM3WZ[3PS�3H:\.].^.].].^. _9`a�bdcebdc fhgji'kmlFnpoqgjisrVtvuxwzyHiswzivivlPisy�l|{juxlHt[npkm}hyHg~tvg�r1tvuxwzy�wzi[ivg���g�km}�b�b~b�b~b�b �m�a�bdceb�a ��uxkPy�wd}�wzuxkPi'�H�m��i�wz��lPgji'yHgji'k�lFnpoqgjisrVtvuxwzyHi'yPnpkPis�zg~�^wd�dwzg�l|wdkm}�t[nM�Knp�Rnxi �ma-/.z- ��@�OAL+S��DJM@W?�:Y@�:�XY@�O9XY3�X=<��+@�:�BD@�BA�mXY@m�eX=<1L9O�B¡ z?AOA@¢�qL9S654L+:Y3PO9XY@I£JpL+<1BD@CBD?%EF3HG .¤.].^.].].^.].¤.^.].].^.].].¤.^.].].^.].].^.¤.].^.].].^. _9¥a�b�a�bdc ¦¨§Pivuxt��H}�wzuxkTyHg©�«ª­¬��^wzivi�wzuxkC®�yHgji¨np�Rnxi¨yHg©omnp�¯nM°�wzgji±b~b�b�b~b�b~b�b �e�a�b�a�b�a ²4ª �m��y�tvuxoq³�kPg´np}vux�^wz��lPg�µHlHkPg~ivux�dlH}�wzuxkTg�°�{��dlPg¶b�b~b�b~b�b�b~b�b~b�b �m·a�b�a�b�¸ ²;g©omnp¹���ux�z¬j{�lH�¯npwdtvg~rVtvuxwzyºb~b�b�b~b�b~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b �m·-/.d¥ »]�D:Y@�J=�H3�X=<1L+OA:RS�<VQVQV<VS6�qXYJx<1>;?�@�:]3P?NXY�WQ�@�:Y�qL+54@TBD@T¥+`FS�BD@TQK d¼�½¿¾ÁÀ _9Âa�b�¸�bdc fhgji[{�t�wd�H}�wzuxk|yHg©�«ª wdkPi�}�t�lH��g�km}¶b�b~b�b~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b �mÃa�b�¸�b�a ²;gjistv¬ji�lH�d}[np}vi¨tv¬j{jg�km}vi�b~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b Ä�c-/.Å_ ½Á��:=?DQ¯XY3�XY:Á@qX�B�<1:Y�m?A:Y:=<1L+O .].¤.^.].].^.].].¤.^.].].^.].].^.¤.].^.].].^. Æ+Æa�b �Pbdc ¦)Ç�ÈsÉ���²;Ê��´��ux�zyË��ux�zgj{�lH�¯npt^omnxi]wdkN{ju�ux�dwdkHo�ÌFuYÍÎ{��dlPiv}vg�tvi^upr)omnM��¯nM°WwzgjiÏ�sb�b~b�b~b�b~b�b�b~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b ÄeÄ-/.zÆ 24@�:REF3PQ13�Ð�<1@m:R@�QVQV<�5AX=<1>;?�@�:±.].¤.^.].].^.].].¤.^.].].^.].].^.¤.].^.].].^. Ñ+Âa�b�Ä�bdc fhgji¨{juxlHt[npkm}vi¨yHg�tvg�r1tvuxwzy�wzivi[g���g�km})nplH}vuxlHthyHgji'g��d�dwd�H}�wz�mlPgji±b~b�b~b�b ·eÃa�b�Ä�b�a Ê	}�lPyHg~�ÒuxlHt¨·]omnp�¯nM°Wwzgji¨g��d�dwd�H}�wz�mlPgjiÓb~b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b ·eÔa�b�Ä�b�¸ Õ¨k��H�P¬�kPux��³�kPg´yHghrÖnpwd§H�zg�np�^�H�dwd}�lPyHg�b�b~b�b�b~b�b~b�b~b�b�b~b�b~b�b ·eÔ-/.dÑ ×�L+OA�mQV?�:M<�L9O�:Ø.].¤.].^.].].^.].¤.^.].].^.].].¤.^.].].^.].].^.¤.].^.].].^. ÙH`



���
�����	�
�������
��
�� ���������������	������������
 ��!#"$�%��"&�����'��(��)��"

���*!�+������%��",
#-.���/��"10

2&2&2&243
576�8:9);=<?>@97AB9:CEDGFHDICEAB9�JKDGL.DNMPOQ9:CEAKDG;RCSLT9:CVUV6=9)LWCX6B;Y8:ZI6[>\DG;=<1AB9X>@9^]_>:ZIO`AGOTC:Ca9)Fb9);=<cC=de9:C)<gf)<QDKhVLiOTjkZI;
C=d DG<?<l9);�AYmYABf)<n9:8)<l9)>�6B;c9�C)O.JG;�DG<?6B>@9HAB9�L.D�o�>@f:Ca9);c8:9HAB9pJKDaqH>:9^]_>@ZIO`AGO�r_6sCVUV6gd mYAB9:C�<l9)F7o=f)>\DG<?6B>@9:C
<?>@t:CXh:DIC:Ca9:CVuwv'9lo=9);�AKDG;=<xLT9:Cy;cZIFHhV>@9)6sCa9:CyOz;={G9:C)<?O.JKDG<`OQZI;RCE9);BJKDaJBf:9:CSDG6b8:ZI6B>:CXAB9:CS{aOz;BJG<wAB9)>_;=OQt)>@9:C
DG;=;cf:9:C�ZI;=<zjSDG6#8:ZI;=<?>\DGOz>@9:j'>@f){Gf)LTfpL|d DKh)Ca9);c8:9	AB9}8:9	>@f:C)O`AG6p]_>:ZIO`AKuyv'9�;cde9:C)<~UV6�9�<`>@t:C	>@f:8:9)F}Fb9);=<
UV6�9 L.Dbo�>@f:Ca9);c8:9bAB9�JKDaq�FbZILTf:8)6BL.DGOz>:9�D�f)<lf�>@f){Gf)LTf:9:j�m#<`>\DG{G9)>@CbL|def)F}OTC:C)OQZI;�AB9:Cb<`>|DG;RC)Oz<`OQZI;RC�AB9
>@ZI<�DG<`OQZI;#AG6
FbZI;cZ�MP�PAB9�AB9	8|DG>Vh)ZI;c9Vu��pde9\MPOTC)<l9);c8:9�AB9EJKDaq	FbZILTf:8)6BL.DGOz>@9k]_>@ZIO`A�AKDG;RC�AB9�;cZIFHhV>@9)6�M
DGFHDICHAB9�JKDGL.DNMPOQ9:C�DKhV>_Oz<�DG;=<EAB9:C�8:ZI6B>\DG;=<^CbAB9�>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=<E9:C)<�FHDGOz;=<n9);�DG;=<7f)<QDKhVLiOQ9:jyCaZI6BLT9)�
{IDG;=<%L.D�UV6�9:C)<`OQZI;�AB9�L|deZI>_O.JGOz;c9�AG6bJKDaq}ABf)<n9:8)<lfVu���O'8:9)LzLT9)�|8)Ok>@9:C)<l9}9);c8:ZI>:9*Oz;c8:9)>)<QDGOz;c9�OzL19\MPOTC)<l9	AB9
;cZIFHhV>@9)6GM�Oz;�AGOQ8:9:C 9);�]�DG{G9)6B>�AB9:Cb8:ZI6B>\DG;=<^C�AB9�>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=<�uXv'9H8:�RD)o�Oz<?>@9HABf:8)>_Oz<�AB9']�DP��ZI;
o�Li6sCpo�>@f:8)OTCa9 L.D�o�>@ZGhVLTf)FHDG<`O`UV6�9�AB9�L.D�>@9:8:�=9)>@8:�=9�AG6�JKDaq�]_>@ZIO`A�AKDG;RC LT9:C�DGFHDIC�AB9}JKDGL.DNMPOQ9:C�9);
o�>@f:Ca9);=<�DG;=<EAB9:CbD)oKo�>@Za8:�=9:C}<z�=f:ZI>_O`UV6�9:C�9)<*ZGh)Ca9)>_{IDG<?OQZI;=;c9)LzLT9:C 8:ZI;�AG6[Oz<l9:C�8:9:CbAB9)>_;=OQt)>:9:CHDG;=;cf:9:CVu
��6[Oz<�L.D�AB9:Ca8)>_OWo�<?OQZI;bAB9:C7ZGh)Ca9)>_{IDG<`OQZI;RCXAB9S�P�}DGFHDICSAB9�JKDGL.DNMPOQ9:CSUV6�9y;cZI6sCXDG{GZI;RC79^��9:8)<`6�f:9:C:j�DG{G9:8
<nf)LT9:Ca8:Z:o=9yAB9y�[�IF�AB9~L|d �:�y57��j�DG6b8:ZI6B>:CSAB9~L|def)<nf~�R�K�G�Ku���9:CSAB9)<n9:8)<`OQZI;RCSAB9%JKDaqSFbZILTf:8)6[L.DGOz>@9�]_>@ZIO`A
CaZI;=<xo�>:f:Ca9);=<lf:9:C�9)<�L|deZI>_O.JGOz;c9�AG6�JKDaq}9:C)<yAGOTCa8)6B<nf:9Vu

2&2&2&2&2

�H��� ��� �
 }¡�¢�£�¤ ¥�¦¨§�¥ ©	��ª¬«®­1¯p£V§ §���°�¢²±�¦¨³ £)±�£)¦X¥ £�°�´�­1��µ=�p³ ��¢

¶ ������� · *	,"&y¸E¹ � *	,,º@»9$%¼¾½´,$¼[,F,B¸¤,$½7¸À¿D$%¸E»R¹'&)(4½¤*Á»9*�º@»Ò$%¼n½7¼v,+,F*�Â�*	&)(
v'ZIF}Fb9�;cZI6KC�L|d DG{GZI;RC7{a6
AKDG;RC*LT9p8:�RD)o�Oz<`>:9'o�>@f:8:f|AB9);=<^j1LT9:C*FbZVABt)LT9:CE<z�=f:ZI>)O`UV6=9:CpAB9�8:ZI6[>\DG;=<zC

AB9p>@9^]_>:ZIO`AGOTC:Ca9)Fb9);=<�Ã?Ä�DKhVO`DG;ÆÅÈÇ76[LWCa9);Rjy�KÉ�ÊKÊ�ËgÇ76[LWCa9);Rj~�KÉPÌ[ÍaËgÄ�DKhVO`DG;�9)<SDGL.u.j~�KÉPÌ[Í:Î*o�>@f){GZIOQ9);=<
UV6�9pAB9:C�8:ZI;�AB9);RCVDG<?OQZI;RC�AB9EJKDaq	>@9^]_>@ZIO`AGO�Ca9�ABflo=ZaCa9);=<%<nZI6B<~DG6�LTZI;BJ�AG6�ÏXZI<yAB9�>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=<zj
AB9lo�6[OTC�LT9Y>\DG�KZI;ÐAB9
>@9^]_>:ZIO`AGOTC:Ca9)Fb9);=<zjgr_6KCVUV6%d DG6&8:9);=<`>:9YAB9
L|d DGFHDICVu�v'9:C�FbZVABt)LT9:CYAB9&de8:ZaZILiOz;BJ
Ï�ZIÑ	dxOz;R�=ZIFbZ|JBt);c9:C�C)6PJaJBt)>@9);=<pUV6=9�LT9:CbC)6B>\AB9);RC)Oz<nf:C�AKDG;RC�LT9�JKDaq
Oz;=<`>\DG�¾DGFHDIC Ca9�>:9^]_>@ZIO`AGOTC:Ca9);=<
o�Li6sC�>\D)o�O`AB9)Fb9);=<coRDG>*Oz;RC)<�DKhVOzLiOz<lf*<z�=9)>_F}O`UV6�9:j'ABflo=ZaCVDG;=<�AB9�JG>|DG;�AB9:C�UV6�DG;=<`Oz<lf:C�AB9�JKDaq�<`>@t:Cg]_>@ZIO`A
9)<'<`>@t:C	AB9);RCa9�m <lZI6sCpLT9:Cp>\DG�KZI;RCVu
�w9'o�>@ZGhVLTt)Fb9�AB9:C7Oz;RC)<�DKhVOzLiOz<lf:C7<^�=9)>_F}O`UV6=9:C�9:C)<~f)<`6�AGOQf�9);�ABf)<QDGOzLBoRDG>XÄ%OQ9)L.A
Ãn�KÉBÍGÒ)ÎH9)<1ÓEDGL.hV6KC

Ãn�KÉKÉKÒ)ÎGug��6aoKo=ZaCaZI;RC}6B;c9�>@fQJGOQZI;$m�6B;c9�8:9)>_<QDGOz;c9HAB9);RC)Oz<lf�;RjEDG{G9:8}6B;c9�<l9)F7o=f)>\DG<?6B>@9�Ô
e

9)<E6B;c9
DKh)ZI;�AKDG;c8:9pÕ�Ca9�<?>@ZI6B{IDG;=<�AKDG;RC�6B;ÆF}OzLiOQ9)6#DG{G9:8	6B;c9}<l9)F7o=f)>|DG<`6B>:9�LTfQJBt)>@9)Fb9);=<'C)6®o=f)>_OQ9)6B>@9Vuk��9
F}OzLiOQ9)6�Ca9)>\D�<z�=9)>)F}O`UV6=9)Fb9);=<�Oz;RC)<�DKhVLT9�C)O%L.D�AGO ��f)>:9);c8:9	AB9p<l9)F7o=f)>\DG<?6B>@9 9);=<`>@9�8:9:C	AB9)6GM�>@fQJGOQZI;RC
DG6PJGFb9);=<l9EDG{G9:8XLT9�<l9)F7o=CVu1v'9:8)O�9:C)<=o=ZaC:C)O`hVLT9yC)OxLT9�<l9)F7o=CEAB9�>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=<wAB9XL.D	>@fQJGOQZI;7]_>@ZIO`AB9
9:C)<�o�Li6sCÖ8:ZI6B>_< UV6�9#LT9�<n9)F7o=C#AB9#>@9^]_>:ZIO`AGOTC:Ca9)Fb9);=<}AB9#L.D4>@fQJGOQZI;�o�Li6KCÖ8:�RDG6RAB9Vu*��9#<l9)F7o=C�AB9
>@9^]_>:ZIO`AGOTC:Ca9)Fb9);=<~9:C)<~ABf^×%;=OØoRDG>pÙ

τrefr =
Q̇

Q

ÚQÛBÜÞÝ®ß

DG{G9:8yo=ZI6[>�LT9�>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=<'Ù
Q̇ à ; e ; iΛ ÃVÔ e

j^Õ�Îaj%;
e

L.D�AB9);RC)Oz<nfp{GZILi6BF}O`UV6=9�Awdef)LT9:8)<?>@ZI;RC:jk;
iL.DÖAB9);RC)Oz<lf
{GZILi6[F}O`UV6=9�Awd DG<lZIFb9:Cá9)<�Awd OQZI;RC
AG6#o�L.DIC)FHD$9)<

Λ
L.D�]NZI;c8)<?OQZI;âAB9
>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=<

AG6�o�L.DIC)FHDãÃ\9);È9)>?JKu`8)F
−3
C
−1
ÎGu}v'9)LzLT9)�|8)O	9:C)<�9);äJBf);cf)>\DGL�D)oKo�>@Z�MPOzFbf:9}oRDG>
6[;c9�C)OzF7o�LT9
LTZIO�AB9



� 0����������
	 ����
���������� ��������� ����� �! #"%$ �'&(� $ �)�*�+�  
,-���*./� & �!" � �

o�6[OTC:CVDG;c8:9
Λ
ÃVÔ

e

Î à Λ0

Ô
e
α
jXABf:8)>_Oz{IDG;=<~6B;ÆD\r_6sC)<l9)Fb9);=<Sm�L.D7]NZI;c8)<?OQZI;�AB9	>:9^]_>@ZIO`AGOTC:Ca9)Fb9);=<~AKDG;RC

LT9HABZIFHDGOz;c9�AB9�<n9)F7o=f)>\DG<`6[>@9�8:ZI;RC)O`ABf)>@fVuk�w9b8:�RDG6)�EDaJB9:jE9\M�o�>)OzFbf 9);4f);c9)>?JGOQ97oRDG>}6B;=Oz<nfHAB9�{GZI�
Li6[Fb9:j�9:C)<'ABZI;=;cf'oRDG>10 à �32���Ã�; e 4 ; i Î-5�Ô e

o=ZI6B>*6[;�o�L.DIC)FHD�FbZI;cZVDG<lZIF}O`UV6=9VuØ57Oz;RC)OgZI;Y>@9)<`>:ZI6B{G9
L|de9\M�o�>@9:C:C)OQZI;#ABf^×%;=OQ9	DG6Öv��RD)o�Oz<`>@9	�
AG6�<n9)F7o=C�AB9p>@9^]_>@ZIO`AGOTC:Ca9)Fb9);=< ∝ ; −1

Ô
1/2
LTZI>@CVUV6�9

α à �62��GjAKDG;RC�LT9 8|DICHZ87áLT9	>:9^]_>@ZIO`AGOTC:Ca9)Fb9);=<�oRDG>	>\DG�sZI;=;c9)Fb9);=<yAB9~]_>@9)Oz;�DaJB9�9:C)<XABZIF}Oz;�DG;=<Qu�9�OTCa8:9)>_;cZI;RC
AB9)6GM�8|DIC�AKDG;RC*LT9:CVUV6=9)LWCyo=9)6B{G9);=<kCa9pABf){G9)LTZ:oKo=9)>�6B;c9�Oz;RC)<QDKhVOzLiOz<nf�<^�=9)>_F}O`UV6=9Vu���de9\MPOTC)<n9);c8:9�AB9yo=9)�
<?Oz<zC};=6RDaJB9:C']_>:ZIO`AIC�DG6YCa9)Oz;ÖAwd 6B;ÆF}OzLiOQ9)6Ho�Li6sC 8:�RDG6�AIjwo=9)6[<EDG{GZIOz>�LiOQ9)6YC)OX8:9:C�AB9)>);=OQ9)>@CpCaZI;=<79);
f|UV6[OzLiO`hV>@9	AB9�o�>@9:C:C)OQZI;ÆZI6#AB9�AB9);RC)Oz<nf�DG{G9:8�LT9�F}OzLiOQ9)6�9);={aOz>@ZI;=;�DG;=<�u���6aoKo=ZaCaZI;RC�UV6�9�LT9:C�>@fQJGOQZI;RC
AB91o�Li6KC7h:DIC:Ca9:CS<l9)F7o=f)>\DG<?6B>@9:CyCaZIOQ9);=<�AB9ko=9)<?Oz<l9:CX<QDGOzLzLT9:CEAB9X<l9)LzLT9�]�DP��ZI;�UV6=9XLT9X<l9)F7o=Cko=ZI6B>EUV6%d 6B;c9
ZI;�AB9%CaZI;cZI>:9'<`>\DG{G9)>:Ca9~LT9~;=6�DaJB9�CaZIOz<[o�Li6KC�o=9)<`Oz<n9SUV6=9yLT9~<n9)F7o=CSAB9~>:9^]_>@ZIO`AGOTC:Ca9)Fb9);=<zjcDGLTZI>@CE8:9)Li6BOz�|8)O
Ca9)>\DHOTCaZGh:DG>@9Vu�9pDG;RC*LT9	8|DIC�Oz;={G9)>@Ca9:jkLT9�>:9^]_>@ZIO`AGOTC:Ca9)Fb9);=<�Ca9)>\D m�AB9);RC)Oz<nf�8:ZI;RC)<�DG;=<l9Vuc�w9:C	8)>)Oz<lt)>@9:C
AB9�C)<QDKhVOzLiOz<nfp<z�=9)>_F}O`UV6�9�CaZI;=<~ABf^×%;=OTC~oRDG>�Ù

(

∂Q̇

∂Te

)

ρ

> 0
Ú?Û[Ü ÛGß

Ã�:yDG>;5K9)>@j'�KÉKÒP��ÎHAKDG;RC�LT9�8|DICpOTCaZa8:�=ZI>@9	9)<
(

∂Q̇

∂Te

)

P

> 0
Ú?Û[Ü=<Pß

Ã?Ä%OQ9)L.AIjg�KÉBÍGÒ)ÎHAKDG;RC*LT9	8|DIC*OTCaZGh:DG>@9Vu'v'9)<`<n9	8:ZI;�AGOz<?OQZI;�;cde9:C)<�oRDIC�>@9)F7o�LiOQ9pAKDG;RC*LT9	8|DIC�AG6�o�L.DIC)FHD
Oz;=<?>\DG�¾DGFHDIC7AKDG;RC�LT9|UV6=9)L�6[;c9EOz;RC)<QDKhVOzLiOz<nf�<z�=9)>_F}O`UV6�9%o=9)6B<wCa9�ABf){G9)LTZ:oKo=9)>�u>:yDG>*DGOzLzLT9)6B>:C:jwLT9E<l9)F7o=C
AB9E>:9^]_>@ZIO`AGOTC:Ca9)Fb9);=<zj�DGOz;RC)O�UV6�97L.D�{aOz<n9:C:Ca9�AG6�CaZI;YABf:8)>@ZIOTC:Ca9);=<kDG{G9:8�L.D�<l9)F7o=f)>\DG<?6B>@9Vu?:yDG>*8:ZI;RCaf)�
UV6�9);=<zj=o�Li6KC7L.D	<l9)F7o=f)>\DG<?6B>@97h:DGOTC:Ca9:j=o�Li6sC�L.D�<QDGOzLzLT97AB9:C�;=6�DaJB9:CSC)6RhVOTC:CVDG;=<wL|d Oz;RC)<�DKhVOzLiOz<lf�<^�=9)>_F}O`UV6=9
ABf:8)>@Z8@z<�uBAy;ÆC=d DG<`<l9);�A�ABZI;c8:j7AKDG;RC�8:9}Ca8:f);�DG>)OQZaj�m�8:9bUV6�9HLT9 F}OzLiOQ9)6�>:9^]_>@ZIO`AGO'Ca9X]_>\DaJGFb9);=<l9�9);
;=6�DaJB9:CpAB9yo�Li6sC}9);Ho�Li6sCSo=9)<`Oz<^C}9)<~AB9So�Li6KC�9);bo�Li6sCk]_>:ZIO`AICVu

v'ZI;RC)O`ABf)>@ZI;RC�LT9�8|DIC�Z87Æ6B;c9b<l9)LzLT9 Oz;RC)<�DKhVOzLiOz<lf}Ca9�ABf){G9)LTZ:oKo=9:j�8:ZI;�AG6BOTCVDG;=<�má6B;&8:ZI6B>\DG;=<*AB9 >@9)�
]_>@ZIO`AGOTC:Ca9)Fb9);=<yOz;R�=ZIFbZ|JBt);c9�<l9)L%UV6=9�LT9�o�>@f){GZIOQ9);=<SLT9:C�FbZVABt)LT9:C	<^�=f:ZI>_O`UV6=9:CVu%��9:C}FHDIC:Ca9:C�AB9�JKDaq
DGLTZI>@C�ABflo=ZaCaf:9:C:j�AG6B>|DG;=<p6B;&<n9)F7o=CYABZI;=;cf:jECa9)>:ZI;=<So�Li6KC�8:ZI;c8:9);=<?>@f:9:C�UV6=9
LT9bJKDaq%C�uBD';Á9^��9)<
Ã�9�DGOz;c9:C79)<1DGL.u.j1�KÉKÉFEGÎaj�LT9:CXFbZVABt)LT9:C�AB9�8:ZI6[>\DG;=<1AB9�>@9^]_>:ZIO`AGOTC:Ca9)Fb9);=<�Oz;R�=ZIFbZ|JBt);c9�o�>@f){GZIOQ9);=<1UV6=9
�

dep∝
�S<^jEDGLTZI>@C UV6=9�L.D�FHDIC:Ca9HAB9pJKDaq�8:�RDG6RA�{IDG>_OQ9�8:ZIF}Fb9	�

h(< R)∝ � 2
uG:yDG>b8:ZI;RCaf|UV6�9);=<zj

Awd 6[;�o=ZIOz;=<yAB9	{a6=9�ZGh)Ca9)>_{IDG<?OQZI;=;c9)LWj%LT9�JKDaq�ABflo=ZaCaf:jS9)<'C)6KCa8:9lo�<?O`hVLT9	Awd DKh)CaZI>�h)9)>�LT9�>\DG�sZI;=;c9)Fb9);=<
C*j%DG6[>\D�6[;c9'o�Li6sCXJG>|DG;�AB9p8:ZILTZI;=;c9*AB9);RC)Oz<nf*DG6Y8:9);=<?>@9�AB9*L|d DGFHDICVu?D~<~8=de9:C)<~9);#9^��9)<gL.mbUV6=97CaZI;=<
F}OTC�9);�f){aO`AB9);c8:9�AB9:C~o=�=f);cZIFbt);c9:CpAwd DKh)CaZI>�o�<?OQZI;áAG6�JKDaq	Oz;=<`>\DG�¾DGFHDIC:j~8:ZIF}Fb9�;cZI6KCpLT9�{G9)>_>@ZI;RC
o�Li6sC*LTZIOz;�u

��9:C�8:ZI;�AGOz<`OQZI;RC%o=�B�®C)O`UV6=9:C�AG6HJKDaq*Oz;=<`>|DG�¾DGFHDICXCaZI;=<g<`>@t:C�AGO ��f)>@9);=<l9:C�AB9p8:9)LzLT9:C�UV6=97L|deZI;#8:ZI;=;�DH@z<
AKDG;RC�LT9
F}OzLiOQ9)6$Oz;=<n9)>@C)<l9)LzL.DGOz>@9YAB9
L.D�IXDGL.DNMPOQ9Vu��xD ]NZI>)FHDG<`OQZI;�9)<pL.D�C)6[>_{aOQ9YAB9
;=6RDaJB9:C*]_>@ZIO`AIC:j
OzF}Fb9)>?JBf:CHAKDG;RC}LT97o�L.DIC)FHD#8:�RDG6�AYAB9:C DGFHDICHAB9�JKDGL.DNMPOQ9:C:jEZI;=<�f)<lf�f)<`6�AGOQf:9:C}>:f:8:9)F}Fb9);=<pÃ?Äw9)>_�
L.DG;�A�9)<'DGL.u.j��KÉKÉFERjk�R�K�I�GËJ:'6B��9)<~DGL.u.j��KÉKÉKÉ)ÎajkFbZI;=<?>\DG;=<gL.D�o=ZaC:C)O`hVOzLiOz<lf*AB9�L|de9\MPOTC)<n9);c8:9�AB9*;=6RDaJB9:C
<?>@t:C�AB9);RCa9:C�9)<~<`>@t:C~]_>@ZIO`AICVu�Ç�ZI6KC�;c9�>:9);=<`>@9)>@ZI;RC�oRDIC�OQ8)O'AKDG;RC�LT9:C�ABf)<�DGOzLWC�AB9�L.D7]NZI>)FHDG<`OQZI;�AB9:C
FbZILTf:8)6[LT9:C	AKDG;RC�L|d �Iv�� ÃÞo=ZI6[>So�Li6KC�AB9Xo�>@f:8)OTC)OQZI;RC:j%Ä�9)>_L.DG;�A
9)<XDGL.uSÃn�KÉKÉFEGÎ�ABf:8)>_Oz<E9);�D)oKo=9);�AGOQ8:9
LT9:C~o�>@Za8:9:C:C)6KCpAB9g]NZI>_FHDG<`OQZI;�9)<'AB9pAGOTC:CaZa8)O`DG<`OQZI;�AB9:C'o�>)Oz;c8)OWoRDGLT9:C7FbZILTf:8)6BLT9:CpAB9*L|d �Iv�� ÎGuxÇ�ZI<lZI;RC



�
�
�����	�
�������
��
�� ���������������	������������
 ��!#"$�%��"&�����'��(��)��"

���*!�+������%��",
#-.���/��"10

<nZI6B<l9^]NZIOTC�UV6=9�LT9SJKDaq�>@9^]_>:ZIO`AGOg9:C)<k<`>@t:C�8:9)>_<QDGOz;c9)Fb9);=<%ABf^×y8)OQ9);=<�9);}o=ZI6sC:C)OQt)>@9Vu
D';#9^��9)<zjgAKDG;RC76B;
9);={aOz>@ZI;=;c9)Fb9);=<y<?>@t:C�8:�RDG6RA�Ãn�B�

7 � Î�LT9:C�JG>\DGOz;RC AB9�o=ZI6KC:C)OQt)>:9 ZI;=<E6B;Ö<l9)F7o=C AB9�{aOQ9�<`>@t:C�8:ZI6B>)<Ã;IEZI6�A\]_>@ZaZIO r�Å ÔR>)Oz;c8:�BOQ9)>_OTj��KÉKÉPÌsD)Îaj	8|DG>�OzLWC�CaZI;=<�ABf)<?>_6BOz<^C�oRDG>�AB9:C�8:ZILzLiOTC)OQZI;RC�]_>@f|UV6�9);=<l9:CYAB9
oRDG>_<?OQ8)6BLT9:C�<`>:t:C	f);c9)>QJBf)<`O`UV6=9:C�<n9)LWC	UV6=9�LT9:Cyo�>@ZI<lZI;RC�ZI6
LT9:CyoRDG>_<?OQ8)6BLT9:C

α
Ã?Clo�6[<`<n9)>_Oz;BJ)ÎGu���9p<l9)F7o=C

AB9�C)6B>_{aOQ9�Awd 6B;YJG>|DGOz;�AB9�o=ZI6sC:C)OQt)>@9}AB9�>\DG�KZI;/d Dwd�9:C)<XABZI;=;cf�oRDG>�Ã�9�>\DGOz;c9HÅ �ØDGL o=9)<n9)>@jS�KÉ�Ê®ÉKDIË
Ô�OQ9)LT9);RC	9)<~DGL.u.j~�KÉKÉFEGÎHÙ

τd = 2.105
(

nH

cm−3

)−1
(

a

0.1µm

)
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7EDte p vKu.j v �Jn } H / v �1q1q � ~9u n �

7m� O1o 7EDte&u@v q j �Jn yrw qJn � u n } A F HJI p.q1� w p } u x.� w�}�y qJn x.s w qJn u;z
7EDte p vKu.j prn u.w qJn x u n } H / vcz � w{y x �1� yrw p.q | ~ qJn x }o9p }1y p 7EDte&u@v q j v qJn s H / v �1q1q � ~ qJn �rx
7EDte p vKu.j v prn | H / v �1q1q � ~9u n qo9p1x.s | 7EDte&u@v q j u n u.w qJn � qJn z H / vKu q w x1x p y q w�|�| qJn p.s w qJn u1u
7EDte p vKu.j v prn � H / v �1q1q � ~ qJn z so9p y p y 7EDte&u@v q j u n |1w qJn p qJn z A F HJI vKu�yJu.w�} p p.s1� wtu q1� qJn x1p w qJn u x
7EDte p vKu.j v u n } H / v �1q1q � ~ qJn x }o9p y � } 7EDte&u@v q j prn s w qJn } u n u A F HJI }1z1zrw�y p } x.s wtu � | u n }1}rw qJn � z
7EDte p vKu.j v prn p H / v �1q1q � ~ qJn z xo9p y x | 7EDte&u@v q j �gn q w qJn q1� qJn z �14;: u;}r|1w�u � y s w x.q qJn p1p w qJn q z q
7EDte p vKu.j v qJn z H / v �1q1q � ~ qJn � uo9p y1y xr� 7EDte&u@v q j u n x w qJn p qJn z H / v p | � w�} q u s1� w�z p ~ qJn � u
7EDte p vKu.j v u n y H / v �1q1q � ~ qJn y p
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HAI�J0KML:NAOPLBQ�R6SAQ�TVUWQ�R6QAX
Y0UWQ[Z\NA]^Q�_�`P];KMRbacKML:ZdK$LBL�TWQ�TP`P_�Q�T
KMaeRBQ�QfJ0g^h6Uih6UPQfSAKM]^`PQ0TWQ�R6g^SAQ�T[g^jiklTPaAQimonAHAHPp(I
XPq�Jrg^_
sctiuWpwvAx
g^LyKz_�NAZ\{P]|Q�}VL6t~L6hBQ�Z�KMjPT�J�Q>RBQ
��Q�R�hBN�k�TPaAQ\m�neHAHWpwI[KMjPT
k�TPaeQbQ�h�K$]8X�m�neHAHAneI���NeR0hBUPQfTPg^LB_�`PLBL6g^NAj�X

���^������� �����������P�~�o�M�~�o� �P�
��Q:_�NAjPLBg^TPQ�R��[acKM];KM}cg^Q�LfNM��NA`PRbL
KMZ\{P]^QbhBN*O�Q:{�NAL6LBg^OP]^Qd�0�
Q�Z\g^hBh6Q�RBL�KM_�_�NAR6TPg^jWa:hBN�_�RBg^h6Q�RBg;K:TPQ3��jPQ�T*KMO�NMSAQAXc��Q�SAQ�R6hBUPQ�]^Q�LBL
�0��Q�Z\g^LBL6g^NAj�]^g^jPQ�L�UPQ�R6QfKMRBQ0�8K$g^j~h6Q�R�h6U�K$j\hBUPQ�{WR6Q�S~g^Ne`WL
NAjPQ�L¡ 
J0g^hBU[SAK$]^`WQ�L0R6Q¡K$_
UWg^jPa�U�KM]F��Kb¢�X scZd£$L¡X
¤:¥�¦c§�§y¨�©�ª�g^L�KV_(«¬acKM];KM}ct~X
­®{�NeLBL6g^OW]^Q¯]^g^jWQ>g^LyL6Q�Q�j°g^j
h6UWQ*hDJ�N�O�K$jWTPL( �OP`Ph�L6g^aAj�KM]0h6N�jPNAg^LBQ\R
KMh6g^NyO�Q�h8J
Q�Q�j�n�KMjPT
x>g|L:jPNAh\LB`c±\_�g^Q�jch\hBN>_�]²K$g^Z³K�TWQ�h6Q�_�hBg^NAj�X0´[`P_
UVhBg^Z\Q[U�K$L
O�Q�Q�jµTWQ�TPg^_(KMh6Q�T¶hBN°hBUPg^LzR3KMTPg^N°LBNe`WR6_�QA \LBQ�Q���NeRzQ�}PKMZ\{P]^Q
·�Q�R6Q�LfQ�h�K$]8X�mBpwvAvAueI3 lhBN�TWQ�TP`P_�QyK*LBZ[K$]|]�`P{W{�Q�R:]^g|Z\g^h�NM�f¸f¹
Z[KML6L¡X
º�KMg^jch�Ne{Wh6g^_(KM]�¸f»V]^g^jPQ[U�K(SeQ*O�Q�Q�j�NAOPLBQ�R6SAQ�T�g^jVhBUPg^L
a~K$];KM}ct�KM]^L6N�Q�Zig^h6hBg^jPa�g^j°¼r½DR3K(tc bL6Q�Q�«fK(S~g^T\Q�h�KM]8X�m6p(vAvexAI3X
��Q�SAQ�R6hBUPQ�]^Q�LBLbJ
QbTPQ�TP`W_�Q�UWQ�R6Q�K:jPQ�J¾`W{P{�Q�R�]^g^Zig^h�g^j[ZiNe]^Q�_
½
`P];KMR0a~KML0Z[KML6L(X
��Q[K$]|L6N�K$LBL6Q�RBh[K*{�NAL6LBg^OP]^Q[TPQ�h6Q�_�hBg^Nej.g^jz¤:¥�¦c§�§�ªP¨�ª� �Q�SeQ�j
gF�\jWN��0��mon(½�pwI[]^g|jPQ>g|L¿LBQ�Q�j� fO�Q�_(KM`PLBQzNM�:hBUPQ¯_�]|Q(K$RyLBU�K${�Q
NM��hBUPQy�0��mBp�½BHAI:]^g^jPQ*TWQ�h6Q�_�hBQ�TÁÀ
`PL6hdK$O�NMSAQ[h6UWR6Q�Q�h6g^ZiQ\h6UWQ
R6ZiL(X�´[NeRBQ�NMSeQ�R¡ lk�TPaAQ:m�nAHeHWpwIfKML6LBQ�R6hBQ�T¯hBN*U�K(SAQ:K[Z[KMR6aAg^j�KM]
TPQ�hBQ�_�hBg^Nej�N$��h6UWg^L*acKM];KM}ct~X0ÂcNVg|h[J
NA`P]^T�O�Q�g^jchBQ�R6Q�LBh6g^jWa�h6N
_�NAjc��RBZÃh6UWg^L0TPQ�hBQ�_�hBg^Nej�X
¤:¥�¦c§�§yÄPÅ�Æ�m;¸�tcTPR3K¯­fI\g^L*KÁSeQ�R6tV{�NMJ
Q�RD��`P]bR
KMTPg^NÁL6NA`PRB_�Q
h6U�K$h�U�KMT¬KM]^RBQ(K$TWtÇO�Q�Q�j¬NAOPL6Q�RBSeQ�TÈh6UWR6NA`PaAU¬Z\g^]^]^g Z:Q�hBR6g^_
J0K(SAQ�]^Q�jPaAhBU� �LBQ�Q>��NAR*Q�}PKMZ\{W]^Qy��É «�Q(K�Q�h�KM]8X�mBpwvAv$�AO�I3X�Y0UPg^L
Z:`W_
U�L6hB`PTPg^Q�TÊL6NA`PRB_�QVg^LyUPQ�R6QËK$h�h6UWQz]^g^Z\g^h*NM�[TPQ�h6Q�_�hBg^Nej
g^jV�r��mBp
½6HAI\KMjPTzjWNeh�L6Q�Q�j�g^jÌ�0��mon(½�pwI�X
´[Í�Î�Ï\`W{P{�Q�R[]^g^Zig^h
TPQ�TW`P_�Q�T�g^Lyg^j�K$aAR6Q�Q�ZiQ�jch*J0g|h6U�h6UWQ¯Q�SAKM]^`�KMh6g^NAj�Z[KMTPQyOct
k�TPaeQim�neHAHWpwI3 cOP`Ph�jWN�_�]|Q(K$R�TWQ�h6Q�_�hBg^NAj[_(K$j*O�QÐ_�];K$g^ZiQ�T�X
Y0UWQ¿_¡«Ñ¤�¥�¦~§o§iÒ�ª�Ó�Ä�acKM];KM}ct�J0g^h6U.Ne{Wh6g^_(KM]0Q�Z\g|L6L6g^NAjÁ]^g^jPQ�L
J0KML�jPNAh0TWQ�h6Q�_�hBQ�T>g|j[�0��mon(½�pwI�X�º�K$g|jch
{�NeLBL6g^OP]|Q��0��mBp�½BHAI
]^g^jPQ
g^Lf{PRBQ�L6Q�j~h�K$jWT>K�jPQ�J°`W{P{�Q�Rf]^g^Zig^h
g^j�´[Í�Î�Ïfg^LfTPQ�RBg^SAQ�T� �OP`Ph
Z\NAR6Q�NAOPLBQ�R6SAKMh6g^NAjPL�KMRBQ RBQ�Ôc`Wg^R6Q�T�X

���^Õ���Ö�×W×��MØfÙF�FÚ[�;�;�
­¯]²K$RBaeQ�jc`WZ:O�Q�R�NM��hBUPQ�LBQ�]^Q�_�hBQ�T:a~KM];K$}~g^Q�L�KMR6Q�jPNAh�TWQ�h6Q�_�h6Q�T�XAÛDh
g^L
{�NeLBL6g^OW]^QA ch6UPQ�L6Qf_�N~Ne]^g^jWaÐÜ�N$JÌ_�]^`PLBh6Q�RBL�N$��a~KM];K$}~g^Q�L�_�Nej~h
KMg^jPL
_�NA]^T:a~KMLlJ0g^hBU:]^g^jWQ�L�L6h6g|]^]Ph6N~NfJ
Q(KMs�hBNfO�Q�TPQ�hBQ�_�h3K$OP]|Q�J0g^h6U�h6UWQ
KM_�h6`�K$]�ÛBÝ0­f´ÞxAHMZßh6Q�]^Q�L6_�NA{�QbL6Q�jWL6g^hBg^Scg^h8t~X

à�á�â ãFäMåPæ�ä(ä(ãFç�è
Õ���é~�lê�ØB� ë��F�*���0�oìW�\�M�PÙF�\ë�íA�
Ý0Q�_�Q�j~h ¼0½8R
K(t NAOPL6Q�RBSAK$hBg^NejWL Oct �
U�KMjPTPR3KP  LBQ�Q
º�KMOPg;KMj[nAHeHAn~ ïî�Neg^aAh
Q�h�K$]8X�m�neHAHAneIðKMjPT ¼f´*´\½8��Q�J0hBNej
mo·�Q�hBQ�R6LBNejyQ�h�KM]8XPnAHeHWpM ÇY�K$Z�`PR
KfQ�hfKM]8XcnAHeHWp�IñU�K(SAQò_�NAjc½
��RBZ\Q�T*h6UWQb{PR6Q�LBQ�jP_�QiN$��R
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Amas de galaxies au repos
v =0 km/s

Galaxie cD

Filament 

Courant de refroidissement 
le long du sillage de la galaxie centrale

v = 374 km/s

v = 200 km/s
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iw¦%h���g2}�e£]b��d�}ftf��eW���%_xZps%e£g�]���cfZp����cO]¤h���dfe[}�gL�p}f��g�e£]b��dfd�Z%_`_xZph�©�_����%d�Z%g£yk]bZ^ukc�}ftf��eN��d�]`d�s%]�uOZ%dfeb�� *d�Zh�Zpsp��d�uOZH}Jikg�e�]bZ-ukcS�'��·ÀZph%e�\�i�h���c��pZ��C�E_`_xZ#}fZ%g�\�Z%eHuOZ�h%eW��s È Z%g^_xZph�sptJikg£yOZph�s%gL�p�pZph��CY*Z�\���uOZ�p}f�%g�ikeN��]`gLZ#uOZphv�'��·#h�Zph%e°_xZ�h%cF]`��ikdfe¤Õ�Y§i^gL�byk]b��d¢iOs%e�]`�kZ�Zph%e�Z�z!}f��h��pZ#ikc�g�ik®w��dfd�Z%\�Z%dfe�}fZ%d�uwikdfecFdÐeWZ%\H}fh�«[zFZ�uOZ ∼ Æ��xÅ�h�Zpsp��d�uOZph � ² _ji�«Cd7uOZ�_ji¢}ftJi�h�Z¢u[� iOs���cO]xh%]`e�]b��dJ� _xZph�sptJikg£yOZph�s%gL�p�pZphh���dfe�g�i%}�]�uOZ%\�Z%dfe�e£g�ikdJhn�{�%gL�pZph¥uwikdJh�_ji�gL�byk]b��dÐuOZ�h%eW��s È i�yOZ�l ∼ Î�³k\vhWr �HY���Z�z!}f��h%]`e£]b��d
h%cF]`��ikdfeWZuO��¦�cFeWZ¥ik_x��gLh�h%cOg
_ji
}Jikg�e�]bZ�iOs%e�]`�kZ¢Z%e`�#h%]`\^cF_aebikd��%\�Z%dfe`��_xZph¥uO��dfd��pZph�uOZ
_ji�����d�Z�uOZ�h%eW��s È i�yOZh���dfe-ikd�ik_a®¯h��pZph-}f��cFg�]�uOZ%dfe�] «0Z%g¸l2]~r
_ji�}f��h%]`e�]b��d Z%e�l2]`]~r¸_�� ik\H}�_a]`e�cJuOZ�uOZ�sptJiw��cfZ��%�k�%d�Z%\�Z%dfeb���tJiw��c�Z��%�k�%d�Z%\�Z%dfeEZph%eEik_x��gLh�}�_jiOsp� uwikdJh#cFd�s�ikd�ik_9u[���%d�Z%g£yk]bZ�i%}w}fZ%_x� �°m�l �EcO_~h�Z�]`df��ikg�]�ikdfe r-Z%d�{��d�s%e£]b��d�uOZ#h���d�ik\H}�_a]`e�cAuOZ��Y9i�uO�%eWZps%e£]b��d�u[� cOdÏ�%�k�%d�Z%\�Z%dfe'Zph%e0i��#Zps%eW�pZvu[� cFd�Z���cJik_a]`eN�-l���c�}�gL�k¦piw¦�]`_a]`eN�Wr��E��cO]EuO�W}fZ%d�u
uOZ_jiT�!i%$���d�uO��dfeE_ji }f��h%]`e�]b��dÏZ%e'ik\H}�_a]`e�cJuOZvuOZ _����%�k�%d�Z%\�Z%dfe�gL�W}f��d�uOZ%dfe�©
uOZph^s%g�]`eNª%gLZph�}�gL��uO�n«Cdf]xh���EZ�h���dfe _�� ik\H}�_a]`e£cJuOZ¥uOZ¥_����%�k�%d�Z%\�Z%dfevZ%e _xZph¢ik\H}�_a]`e£cJuOZph�uOZph��%�k�%d�Z%\�Z%dfe`h¥uO�%eWZps%eW�ph¢uwikdJh�_xZph»
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}ftf��eW��dRZ%dfe�g�ikdfe0�C�sp��dfd�ik]xhph�ikdfeE_ji
��ik_xZ%cOg^ukcÏs�ikd�ik_�u[���%d�Z%g£yk]bZ^uOZv_����%�k�%d�Z%\�Z%dfe'ikcJ��cfZ%_�]`_�i��%eW�^i��#Zps%eN�?}Jikgv_xZ^uO�%�eNZps%eWZ%cOg���Y*ZHhW}fZps%e�gLZ�uwikdJhH_ji�¦pikd�uOZ0¬�Zph%e�sp��dJh%e£g�cO]`en�°d���c�hH_�� ik�k��dJh#uk]`en��Z%d�sp��\H}�ebikdfe�_xZHd���\�¦�gLZu[���%�k�%d�Z%\�Z%dfenh�uO�%eWZps%eW�ph'uwikdJh�cOd�s�ikd�ik_Fu[���%d�Z%g£yk]bZ�«[zF���Ao�c�}w}f��h���dJh0ik_x��gLh'��cfZ�_xZEhW}fZps%e�gLZ?�%\^]xh[}Jikg_ji h���cFgLspZ�h���]`e¤uO��dfd��¤}Jikg?_jiE�{��d�s%e�]b��d���l£�*r��[_xZTd���\�¦�gLZHu[���%�k�%d�Z%\�Z%dfenh?uwikdJh?cFd�s�ikd�ik_�u[���%d�Z%g£yk]bZ

�°m#h�Z%g�i�ik_x��gLhvÕ
NPI =

∫

∞

0
f(E)RMF (PI, E)dE � +3/ " �

�EZW}fZ%d�uwikdfen��]`_§d���Zph%e§}Ji�h0}f��hph%]�¦�_xZ�u[� ]`df�kZ%gph�Z%g�uk]`gpZps%eWZ%\�Z%dfe�spZ%e�eNZ^����cJike£]b��d�}f��cFg�gLZ%e�gL��cF�kZ%g¤��l£�*rk�Y§i�uO�psp��df�k��_acFe�]b��d�d���Zph%e§}Ji�h cOdf]���c�Z^Z%e'Z%_`_xZ�Zph%e�]`dJh%e2iw¦�_xZ¤�!iOspZ ©
uOZ0}fZ%e£]`eWZph ��ikg�]�ike£]b��dJh ukc �°m��Y9i^\��%e`tf��uOZ Z%\H}�_x��®w�pZ�sp��dJh%]xh%eNZ#©^cFe�]`_a]xh�Z%gH_ji^\�ike�g%]bspZq��q��¹uwikdJhTcOd�_x��yk]bs%]bZ%_<u[� i�¨�cwh%eNZ%\�Z%dfeuOZ
hW}fZps%e£gLZ��To�c�}w}f��h�ikdfe^i¥}�g�]b��g�]�_ji-�{��g%\�Z¢uOZ�_����%\^]xhph%]b��d¸¬#����d Zn�#Zps%e£cfZ¥_jiÛsp��df�k��_acFe�]b��d7uOZ_�������cAike�]b��d�Î��`³�h%cOg�cFd�\���uOª%_xZ�uOZC��l£�*rk�[Y*Z \���uOª%_xZ�Zph%e'Z%dJh%cF]`eWZ^sp��\H}JikgL��ikc�z�uO��dfd��pZph�Z%e'��cJik�_a] «0��©�_�� ik]�uOZ^u[� cFd�eWZph%e�ukc
χ2 �°Ì ��eW��dJh���cfZ�_���Z�z!}�gLZphph%]b��d�uO��dfd��pZ?}Jikgv_�������cJike£]b��d�Î��`³
d���Zph%e�}Ji�hZ�z�iOs%eNZ%\�Z%dfe�_ji���ik_xZ%cFg�sp��\H}Jikgp�pZ#ikc�z�uO��dfd��pZph����Ed�Zn�#Z%en��]`_¯�!ikcFeE�bywik_xZ%\�Z%dfe�eNZ%df]`g�sp��\H}�eNZ#uOZH_jigL�W}f��dJh�Z'h%cFg`�!iOs%]���cfZ�ukc�uO�%eNZps%eWZ%cOg Z%d��{��d�s%e£]b��d�uOZT_����%d�Z%g£yk]bZ��°�EZ%e£eWZTgL�W}f��dJh�Z Zph%e°uO�n«Cdf]bZ¤}JikgHcOd�Z
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\�ike£g�]bspZ�i%}w}fZ%_x�pZ ² � ��l ² d�s%]`_`_jikg%® ��ZphW}f��dJh�Z �C]`_xZWrk�¤m%_f�!ikcOe�uO��d�s
sp��dfd�i��`e�gpZ-_ji�\�ike�g%]bspZ ² � �}f��cFg�_ji�\^cO_ae�]~}�_a]bZ%g ikc�\���uOª%_xZ�uOZ�hW}fZps%e�gLZ�l�Z����<Î��`³%rk�o§��]`eCÌ
PI

_xZ d���\�¦�gLZ#Ì
PI

u[���%�k�%d�Z%\�Z%dfe`h�uO�%eWZps%eN�php��©�cFd�Z'}f��h%]`e�]b��d�uO��dfd��pZp�EuwikdJh�cOdÏs�ikd�ik_u[���%d�Z%g£yk]bZ �°m��Eo§��]`e'q
PI

_xZ�d���\�¦�gLZ-u[���%�k�%d�Z%\�Z%dfe`h#}�gL��uk]`eC}Jikg�cFd¸\���uOª%_xZ�uOZ^hW}fZps%e�gLZ�uwikdJh�_xZ\�­%\�Z#s�ikd�ik_�u[���%d�Z%g£yk]bZ��fY§iv��ik_xZ%cOgTukc
χ2 l�sn� ² dfd�Z�zFZ0�*rv��cO]*uO�n«Cdf]`e[_ji^��cAik_a]`eW�TuOZ?_�� i�¨�cwh%eNZ%\�Z%dfeuOZph�uO��dfd��pZph�}Jikg�_xZ \���uOª%_xZ�Zph%e0ik_x��gLh�uO��dfd��pZ0}Jikg�Õ

χ2 =
max
∑

PI=min

(NPI − MPI)
2

NPI

� +3/;5 �
ik�kZps

σPI � √(NPI

_����ps�ikg�e��We£®p}fZ?h%cFg#_xZHd���\�¦�gLZ#u[���%�k�%d�Z%\�Z%dfenh#uO�%eWZps%eN�ph�uwikdJhT_xZ�s�ikd�ik_�u[���%d�Z%g£yk]bZ
�°mp�'_x��gLh���cfZ^_xZ�d���\�¦�gLZ�u[���%�k�%d�Z%\�Z%dfenh�Zph%e�h%c¯}f�%g�]bZ%cOg���c��bywik_¤©�ÅJ´�Z%eH��c¤� ]`_�h%cO]`eTuO��d�s^cOd�Z�_x��]d���g�\�ik_xZ��Y9i¥h%cO]`eWZ
uOZ-_�� ikd�ik_a®�h�Z�sp��dJh%]xh%eWZ�©�eWZph%eWZ%g�uk] �#�%gLZ%dfe`h�\���uOª%_xZph�entf�p��g�]���cfZph�u[���%\^]xhph%]b��d�¬ ukcywi���]`dfe�g�ik�4ik\�i�h��°Y§i�sp��\H}Jikg�ik]xh���dÄuOZph^\���uOª%_xZph^uOZvhW}fZps%e�gLZph�uwikdJh�cFd�Z�gL�byk]b��d�}Jikg�e�]bs%cF_a]bª%gLZ�Zph%e¦pi�h��pZ#h%cOg _xZ�}�g%]`d�s%]~}fZ uOZ�\^]`df]`\^]xh�ike£]b��d�ukc
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¯����cF]<uO�W}fZ%d�u�uOZ�uOZ%c�zE}Jikg�ik\�ª%e�gLZph�ÕA_ji�eWZ%\H}f�%g�ike£cOgLZ�ukcvg�ik®w��dfd�Z%\�Z%dfe�º�l È ZJËJr��Z%eCcFd�}Jikg�ik\�ª%e�gpZ�uOZ�d���g�\�ik_a]xh�ike£]b��d µ � Æ���´�Å × ³O´ −15 Ç lÑÎ π ·0r ∫ d e
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u9Ë���ik�kZpsH·H�C_ji�uk]xh%ebikd�spZ�uOZ_ji�h���cOgLspZHZ%d�s%\¡�9d
e

Z%e*d
i

_xZph?uOZ%dJh%]`eN�ph��k��_acF\^]���cfZph?u[� ]b��dJhTZ%e�u[���%_xZps%e£gL��dJh�l�Z%d�s%\
−3 rk�fY§i�«�ykcOgLZÎ��~Î�uO��dfd�ZHcOd�Z�zFZ%\H}�_xZ�uOZThW}fZps%e�gLZ?yO�%d��%gL��Z%dfe�gLZv´k�`³�Z%e�³O´ È ZJË¥}f��cOg#cOd
ywi�� uOZ�eWZ%\H}f�%g�ike�cOgpZ�½È ZJË��
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�°����Zph%eA}f��cFg���cf��]���d�i%}w}fZ%_`_xZ#spZ�\���uOª%_xZ�� \^cO_ae�]~}ftJi�h��f� ��Edv}�_ac�hHukc�sp��cFg�ikdfe�uOZHgLZn��gL��]�uk]xhph�Z%\�Z%dfe�ukg�ik]`d�ikdfe[_xZ0ywi��H�kZ%gLh?_xZ�spZ%dfe�gpZHuOZT_�� ik\�i�hp�*cOd�Z�ykg�ikd�uOZ}Jikg�e£]bZvukc�ywi��?}fZ%cFeCh���g�e£]`g�ukc�Ù���e?Z%e'­%e�gpZ�uO�W}f��h��pZ�©^ykg�ikd�u�g�ik®w��d��[Y[Z�}�gL�N«C_[uOZ _acO\^]`d���h%]`eN��ukcsp��cFg�ikdfe*uOZEgLZn��gL��]�uk]xhph�Z%\�Z%dfeO}fZ%cOe�­%e�gpZ?sp��dJh%e�g%cO]`e�sp��\^\�Z�_����%\^]xhph%]b��d-uOZE_���Z%dJh�Z%\�¦�_xZ'uOZph�sp����cO]`_`_xZphuO��dfe?sptJiOs%cOd�Z�u[��Z%_`_xZ^Zph%eTsp��\H}f��h��pZvu[� cFd�ykg�ikd�u�d���\�¦�gLZ^uOZ�}ftJi�h�Zph�tf��\���yOª%d�Zph��*·�ikdJh�sptJiw��cfZ

P1      P2       P3

Température

Rayon

Courant de refroidissement 

Rcool0
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max
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uO��dfeT_xZvywi��^h�Z�gpZn��gL��]�uk]`eH©sptJiw��c�Z
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Λ(T )
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�EÅÄ��c���Æ!r¢uwikdJh�cOd�Z
sp����cO]`_`_xZ-uO��dfd��pZ��CY§i�_acO\^]`d���h%]`eN��eW��e2ik_xZ�ukc¢ywi���uwikdJh�spZ%e�eWZ
sp����cF]`_`_xZ�Zph%eik_x��gLh�uO��dfd��pZ0}Jikg Õ

dLcool = nenHΛ(T )dV � +�/01 ���cF]�Zph%e0ikcwhph%]��bywik_xZ�©
Õ
dLcool = nenHΛ(T )dV =

2

5

Ṁ

µmH
kdT � +�/0+ �
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ywi��^��cO]°hf��Zph%eEgLZn��gL��]�uk]���E_`_xZ�e£]bZ%dfe0sp��\H}�eWZ�uOZ�_����%d�Z%g£yk]bZ�]`dfeWZ%g�d�Z�ukc-ywi��%�C\�ik]xh�ikcwhph%]Cukc�e£g�ik��ik]`_*uOZph°�{��gpspZph uOZ0}�gLZphph%]b��dukc�Zph ikc Ù���e0uOZHywi��^Z%dfe£g�ikdfe'Z%eCh���g�ebikdfe0ukc¥�k��_acF\�Z u9Ë��[Y���Z�z!}�gLZphph%]b��d�uOZ _ji-_acO\^]`d���h%]`eW���%\^]xh�Z©-_xZC��gL����c�Z%d�spZ

ν
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dLcool(ν) = nenHενdV � +�/;. �ik�kZps
εν
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ν
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Lcool(ν) =
5k

2µmH
Ṁ
∫ Tmax

0

εν

Λ(T )
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Volume de la coquille 
externe : V2

Volume V1 de l’intersection
de Vc avec V2

cylindre intérieur
Volume Vc du 
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df]`�kZ�ikc�uOZ#sp��d{«Eikd�spZ�uOZ#½�¼��l�sn�!� ² dfd�Z�zFZ^�*rk���E��dfe�g�ik]`gLZ%\�Z%dfe�©��Ee£eW��g�]�Z%e#ik_j��l2ÅJ´w´�ÅOi%r��?_xZ�}Jikg�ik\�ª%e�gpZ�uOZ�sp��_x��dfd�Z�uOZ%dJh%]`eW�Zph%eC_jik]xhph���_a]�¦�gLZ'}f��cFg0}f��cO�k��]`g�gpZ%d�ukgLZ�sp��\H}�eWZ�u[� cOdÏ�%�kZ%dfe£cfZ%_�Z�zFspªph�u[� iw¦%h���g2}�e�]b��d��Ê0dv}fZ%cFeEsp��dJh%ebikeWZ%g�h%cOgT_ji�«�ykcOgLZ�Î��`³w³���cfZT_jiveNZ%\H}f�%g�ike�cFgLZ�uO�ps%gL� �`eO�!ik]�¦�_xZ%\�Z%dfe�uOZW}�cF]xh ∼ ³wÖO´È }fs ¨�c�h���c¤� ©�cFd7g�ik®���d u[��Z%df��]`gL��d7ÖO´ È }fs�� ² }Jikg%e�]`g�uOZ�spZ�g�ik®���dJ��_ji¸eNZ%\H}f�%g�ike�cFgLZ�sptOcOeNZ�uOZ�!i%$���d�}�_ac�h�¦�g�cFebik_xZp��}f��cOg�ike�eNZ%]`d�ukgLZ�uOZph#��ik_xZ%cOgLh�uOZH_�����g�ukgLZ�uOZ#Æ��`Ö È ZJË[�E�EZ%e�eWZ�uO�ps%gL��]xhph�ikd�spZ#uOZ_ji�eWZ%\H}f�%g�ike�cOgpZ
Zph%e�s�ikg�iOs%eN�%g�]xh%e�]���c�Z�uOZph�ik\�i�h-iw¦�g�]`e2ikdfe?cFdSsp��cOg�ikdfe#uOZ^gpZn��gL��]�uk]xhph�Z%\�Z%dfeb�C�E_`_xZ\�Z%eCZ%d��%��]�uOZ%d�spZ�cOd¥gpZn��gL��]�uk]xhph�Z%\�Z%dfe*g�iwuk]�ike£] ��e�gLªph#iOs%e£] ��Z%e�e�gLªphTg�i%}�]�uOZ#ikc�spZ%dfe£gLZHuOZ�spZphHik\�i�h��Y*Z�}�gL�N«C_Tu[� iw¦%��d�uwikd�spZ�Zph%e�_acO]vikc�hph%]�s�ikg�iOs%eN�%g�]xh%e�]���c�Zp��«�ykcOgLZ�Î��`³kÅO�^Ê0d�}fZ%cOe��k��]`g�cOd�Z�d�Z%e£eWZikc|yk\�Z%dfebike�]b��d�uOZ�_ji�\��%ebik_`_a]bs%]`eN��ikc�spZ%dfe�gpZp��uwikdJh�_ji�gL�byk]b��dÄ����_ji�eNZ%\H}f�%g�ike�cFgLZ^sptOcOeNZ��m%_JZph%e�]`\H}f��g�ebikdfe§uOZEgLZ%\�ikg���c�Z%gE��cfZE_xZph���ikg�]�ike�]b��dJhEuOZph*}Jikg�ik\�ª%e£gLZph^� º<Z%\H}f�%g�ike�cFgLZf�{Z%e�� ² ¦%��df�uwikd�spZf�|h���dfe'�%e£gL��]`eWZ%\�Z%dfe�_a]b�pZph��[�EdÏZn�#Z%en��d���cwh�_�� ik�k��dJh���cw��_xZvgLZn��gL��]�uk]xhph�Z%\�Z%dfe§}Jikg�_����%\^]xhph%]b��duOZph g�ik]bZphvu[���%_x�%\�Z%dfenh�\��%ebik_`_a]���cfZph�uO�W}fZ%d�u
uOZ _ji�eNZ%\H}f�%g�ike�cFgLZ�ukc¥\^]`_a]bZ%cÏl£h%cOg�eN��cOe0_xZC�{Z%gL��uwikdJh_ji g�ik]bZ?i�hph�Z��'_jikg£yOZ?ukc �[Z%�bY*�*��cO]�Zph%e9g�i%}w}fZ%_x��dJh%�W_xZp�§cOd¥sp��\H}f��h%]`eWZ'uOZ�}�_acwh%]bZ%cFgLh'g�ik]bZph�u[���%\^]xhph%]b��d
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����� C L Gh*FsHJ ��n�Q`Wgj8Z\QSRHhiM �{_ OedPQ`WYQ`f�dlR8Q WYX9R8k`Z\Q^O�RHh [`Wga\O#Oea\X%f;Q(�2N
Q^OmOej�Q^]`debPQ^O�Q n�deb#M�acdPOmR M�f OX2_8acdNbP[`T<a\X%f OpR8Q Z�h acW*M�T�Q w XtM�f R�b#M RHh��GO3Q`ZcZ zx~%|�� OPX%f�d M �{_ OedP[^OojtM�b _8f WYX9R8k`Z\Q R8Q d �2j�Qd OtM[O O�y WYQ 	%M�Z
�
V^d OtM[O Oxy b �e]^X9X%Z �e� �KN
Q^O�R8Q`_�n ]^X%Wgj3X<O#M�f2dPQ^O@WYX9R8[`Zca\OP[^Q^OlM�acf Oea �2_ Q Z\Q`_8bPO@O#X%WgWYQ^OO#X%f�dFOe_8j�Q`bej3X<O#[^Q^OFOe_8bF] XtM%]`_8f R8Q^OFOej�Q^]`debPQ^O}�
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 � ��� ����� � ����������@� � � � ��� ��� � �P"<$ 22
���

−2 � ��� � � � �$��`"<$ ��$��`" 1 � 1�/;. +0.3
−0.2 $ / $ 5�5 +0.8

−0.7 $ /47�. +0.16
−0.13"<$�� 5 $ �#" 1 � 5 : � 1�/;. +0.2

−0.1 $ / $ 591 +0.5
−0.5 $ / :�$ +0.07

−0.065 $�� 1 $ � 5 : � 1�- � +3/41 +0.2
−0.1 $ / $�" 1 +0.4

−0.4 $ /4.9- +0.08
−0.061 $�� + $ � 1�- � .�5 � .t/ $ +0.2

−0.2 $ / $ 687 +0.4
−0.5 $ / : 6 +0.09

−0.07+ $�� . $ � .�5 �P: . � .t/;5 +0.2
−0.2 $ / $ 6 : +0.5

−0.4 $ / +86 +0.07
−0.08. $�� 7 $ ��: . � - " � .t/;. +0.2

−0.2 $ / $�"<: +0.4
−0.3 $ / + " +0.06

−0.067 $��^"%$�$ � - "!�^" 1 " � .t/46 +0.3
−0.1 $ / $�" 7 +0.3

−0.3 $ / +�+ +0.06
−0.05"%$�$��^" 6 $ �#" 1 "�� 5912+ � : /;5 +0.2

−0.2 $ / $ 5�5 +0.3
−0.2 $ /459- +0.04

−0.04>@?BADCEL
Gh*tJ � OedeacW*M�dea\X%f R8Q^ODjtM�b#M�WYk`debPQ^O@Zca0O8bPQ^OFRHh _8f WYX9R8k`Z\Q R8Qld �9j3Qld#M[O Oxy WYQ 	<M�Z � �8R8X%f8ftM�f�dZ\QlWYQ`acZcZ\Q`_8blM �!_ OPdPQ`WYQ`f�d@R8Q^OFOPj3Q^]`debPQ^OFQ n�deb#M�acdPO@R8Q X2_8acd@bP[`T<a\X%f O�]^X%f ]^Q`f�debea\�2_ Q^O}�

����� C L Gh*<*tJ � bPX # Z R8Q=dPQ`Wgj�[`b#M�de_8bPQ XeO8dPQ`f2_ jtM�b M �{_ OedPQ`WYQ`f�d RHh _8f WYX2R8k`Z\Q R8Q,d �2j�Qd OtM[O O�y WYQ 	%M�Z � �KN
Q^O OtM�bebPQ^O�RHh Q`bebPQ`_8bPOlOPX%f�dGt z
σ
y �xv " R8Q ]^X%f�#�M�f ]^QUOP_8bFZIMgr<M�Z\Q`_8b@R8Q^OFjtM�b#M &WYk`debPQ^O � �
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Gh*8E�J � bPX # Z R8Q WY[`d#M�ZcZca\]`acdP[ XeO8dPQ`f�_ jtM�b M �!_ OPdPQ`WYQ`f�d RHh _8f WYX9R8k`Z\Q R8Q d �2j�Qd OtM[O O�y WYQ 	%M�Z � �KN
Q^O OtM�bebPQ^O�RHh Q`bebPQ`_8bPOlOPX%f�dGt z
σ
y �xv " R8Q ]^X%f�#�M�f ]^QUOP_8bFZIMgr<M�Z\Q`_8b@R8Q^OFjtM�b#M &WYk`debPQ^O � �

ukc �[Z%g�e£gLªph }�gp��sptfZph�_xZph-cOd�Zph�uOZph�ikcOe�gpZph¥Z%e#d���dRuk]xh%e�]`dOykcAiw¦�_xZph�©�_ji�gL�ph���_acFe�]b��d�hW}fZps%e£g�ik_xZ�uOZ��tJikd�ukg�i%rk���EZve�®�}fZ�gpZn��gL��]�uk]xhph�Z%\�Z%dfe*}Jikg�_xZph�g�ik]bZph^u[���%\^]xhph%]b��d�Zph%e�}�_ac�h�Z��És�iOspZ�©�¦pi�hph�Z�eWZ%\^�}f�%g�ike£cOgLZ¥l~«�yw�~Î��`Ö%rk� �0ikg�sp��dJh�����cfZ%dfen��h%]�_ji�eWZ%\H}f�%g�ike£cOgLZ-ukc�\^]`_a]bZ%cÏi��%eN��h%cOgLZph%e£]`\��pZp��ik_x��gLh�_ji\��%e2ik_`_a]bs%]`eW��h�Z%g�i�Z%_`_xZ�ikc�hph%]§h%cOgLZph%e£]`\��pZ�� ² ]`dJh%]�_xZ�}�]bs#u[� iw¦%��d�uwikd�spZp��©
Z%df��]`gL��d¥ÆF´ È }fsp��}f��cOg�g�ik]`eZn�#Zps%e£]`�kZ%\�Z%dfe*e�g�iwukcF]`gLZT_ji?}�gL�ph�Z%d�spZHiOsps%g%cfZH©-spZ%e�Z%d�ukgL��]`e�uOZ?\��%e2ikc�z���\�ik]xh�spZ%_ji?}f��cFg�g�ik]`e¤ikcwhph%]­%e£gLZ�u#"�©-cOd�Z�eWZ%\H}f�%g�ike£cOgLZ#h%cFgLZph%e�]`\��pZ�ikc�\�­%\�Z�g�ik®w��d��*Y*Z�sp��\H}f��g�eNZ%\�Z%dfe¤g�iwuk]�ik_*uOZ#_ji�uOZ%df�h%]`eN�^uOZ�sp��_x��dfd�Z-����cO]`��ik_xZ%dfeNZ�Zph%eH�bywik_xZ%\�Z%dfe0e�gLªph�]`dfeW�%gLZphph�ikdfe2�°o�cOg�_xZ�ykg�i%}ftfZHÎ��`³|Æ��T��dÏi
e£g�iOsp�Z%d�_a]jykd�Z�sp��dfe�]`dfc�Z�_ji�_a]`\^]`eNZ�uOZ _�� iw¦%h���g2}�e�]b��d�ywik_jiOs%e�]���c�Z���Ê0d�}fZ%cFe'sp��dJh%e2ikeWZ%g���c�Z�_xZ'}Jikg�ik\�ª%e�gLZu[� iw¦%h���g2}�e£]b��d�Zph%e[��cJi�h%]`\�Z%dfe�sp��dJh%e2ikdfe[uwikdJh�_xZph�]`dfeNZ%g���ik_`_xZph'uOZ�¦pikg�gLZph?u[��Z%g�gLZ%cFg!�Om%_�Zph%e[uOZ0_�����g�ukgLZuOZ�ykg�ikd�uOZ%cOg�uOZ�_�� iw¦%h���g2}�e�]b��d�ywik_jiOs%e�]���cfZ�ikcO�4uOZ%_j©-uOZph�ÆF´ È }fs spZ%dfe£g�ikc�z�� �0ikg�sp��dJh�����cfZ%dfen��]`_�d�� ®}Ji�h-uOZ�e�g�iOspZ^h%]jykdf] «0s�ike£]`�kZ�u[� cFdSZ�zFspªph-u[� iw¦%h���g2}�e�]b��d¸uwikdJh�spZph�gL�byk]b��dJh�� ² c¸spZ%dfe�gpZ�uOZ�_�� ik\�i�hp���d�sp��dJh%ebikeNZ?cOd
_x�byOZ%g#Z�zFspªphTu[� iw¦%h���g2}�e£]b��dJ�*uwikdJh?_ji�\�­%\�Z�gL�byk]b��d¢����i%}w}Jikg�i��`e*cOd¢Z�zFspªphHu[� iw¦%��df�uwikd�spZ��9o�]¤spZ%e�Zn�#Z%e¤d���Zph%e�}Ji�h�gL�pZ%_9Z%eE��c�ZTÌT¶Qi��%eN�Th%cFgLZph%e�]`\��p��ik_x��gLh�_ji^eNZ%\H}f�%g�ike�cFgLZ�ikc�spZ%dfe�gLZuOZ�_�� ik\�i�h�uOZ%��g�ik]`e0­%e£gLZ^Z%d�sp��gLZ0}�_acwhv¦pi�hph�Z��Y9i�gp�byk]b��d�spZ%dfe£g�ik_xZ�uOZ�_�� ik\�i�h�uOZTywik_ji{z|]bZ�l}�7ÅJ´��NÆF´ È }fsWr#}�gL�ph�Z%dfeWZ�uO��d�s uOZTykg�ikd�uOZph0}Jikg�e�]`�s%cF_jikg�]`eW�ph�� ����cFg��%e£cJuk]bZ%g�spZ%_ji?}�_ac�h#ik��ikdfe`�[d���c�h#ik�k��dJh�sp��\H}JikgL��_xZph#uO��dfd��pZph�¬Âik�kZps?cOd�\���uOª%_xZ}�_ac�hHh��p}ftO]xh%e£]���cf���
� � � � 	
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Ì���cwh-ik�k��dJh���cÄuwikdJh^_xZ���tJi%}�]`e£gLZ�m���cfZ�_ji�sptOcOeNZ�uOZph�eNZ%\H}f�%g�ike�cFgLZph-ikc¸spZ%dfe£gLZ-uOZ�_�� ik\�i�h}fZ%cFe¤­%e�gpZ']`dfeNZ%g2}�gL�%eN�pZ�sp��\^\�Z'_ji�}�gL�ph�Z%d�spZTu[� cFd¥sp��cFg�ikdfe�uOZ�gLZn��gp��]�uk]xhph�Z%\�Z%dfeb�fÌ ��cwhHik�k��dJhTuO��d�siwuwuk]`e£]b��dfd��T_xZph sp��dfe£g�]�¦�cOe£]b��dJh�uOZ uOZ%c�z�\���uOª%_xZph�u[���%\^]xhph%]b��d�Õ9cFd�\���uOª%_xZ�uOZ#e£®p}fZ*����� � 	�Z%e¤cOd\���uOª%_xZ uOZ�sp��cOg�ikdfe0uOZ�gpZn��gL��]�uk]xhph�Z%\�Z%dfe¤]`dJtf��\���yOª%d�Z�uOZ e£®p}fZ ����� � ��	�� ����cFg�gLZ%d�ukgLZ�sp��\H}�eWZ�uOZ
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����� C L
Gh* ) J � bPX # Z R8Q ]^X%Z\X%f8f Q R8Q`f OeacdP[ XeO8dPQ`f2_,jtM�b M �{_ OedPQ`WYQ`f�d RHh _8f WYX9R8k`Z\Q R8Q d �2j�Qd OtM[O O�y WYQ 	%M�Z � �KN
Q^O OtM�bebPQ^O�RHh Q`bebPQ`_8bPOlOPX%f�dGt z
σ
y �xv " R8Q ]^X%f�#�M�f ]^QUOP_8bFZIMgr<M�Z\Q`_8b@R8Q^OFjtM�b#M &WYk`debPQ^O � �

_�� iw¦%h���g2}�e£]b��dJ�0d���c�h�ik�k��dJh'«[zF�^_xZ�}Jikg�ik\�ª%e�gLZ-u[� iw¦%h���g2}�e£]b��d¸uOZph-uOZ%ckzÄsp��\H}f��h�ikdfe`h�©¢_ji¢��ik_xZ%cOgywik_jiOs%e£]���cfZ�Z%e#d���cwh�ik�k��dJh�\^cO_ae£]~}�_a]b��_����%\^]xhph%]b��dRukcÛsp��cOg�ikdfe�uOZ�gLZn��gL��]�uk]xhph�Z%\�Z%dfe'h�Z%cF_9}Jikg-cOd�!iOs%eNZ%cOg?u[� iw¦%h���g2}�e£]b��d^h%c�}w}�_x�%\�Z%dfe2ik]`gLZp��sp��dJh%]�uO�%g�ikdfe[��cfZ�_xZ�ywi��'h�Z�gLZn��gp��]�uk]xhph�ikdfe`�O}fZ%cFe�ike£eWZ%]`d�ukgLZuOZph�eWZ%\H}f�%g�ike�cOgpZph�e�gLªph-¦pi�hph�Zph�Z%e�s%gL�pZ%g^h���d¥}�gp�p}�gLZ-iw¦%h���g!¦pikdfeb�CY*Z�e2iw¦�_xZ�ikc¥Î��xÅ-}�gL�ph�Z%dfeWZ�_���Z%df�h�Z%\�¦�_xZ�uOZphv}Jikg�ik\�ª%e£gLZph¥�k¦�eNZ%dfcwhv}fZ%g�\�Z%e�e2ikdfe�u[���k¦�eNZ%df]`g�_xZ�\�Z%]`_`_xZ%cOg�i�¨�c�h%eWZ%\�Z%dfeE}f��hph%]�¦�_xZ
uOZphuO��dfd��pZph#hW}fZps%e�g�ik_xZphvuwikdJh _xZph�tOcO]`e�gL�byk]b��dJh^�%e�cAuk]b�pZph���Y§iT«�ykcFgLZTÎ��`³�Î�\���dfe�gpZ�cOd�}�gp�N«C_[uOZ�eWZ%\^�}f�%g�ike£cOgLZ�uO�ps%gL��]xhph�ikdfe'©�}Jikg%e�]`g�u[� cOd�ykg�ikd�u
g�ik®���d�¦%Z�ikc�sp��c�}�}�_acwh^\�ikg���cf����cfZH}f��cOg�_xZ�\���uOª%_xZ}�gL�psp��uOZ%dfe2� ² c�spZ%dfe�gpZvuOZ _�� ik\�i�hp��uwikdJh�_xZph�ÆF´ È }fs^spZ%dfe£g�ikc�z���_ji-eWZ%\H}f�%g�ike�cOgpZ�uO�ps%gL� �`eEuOZC�!i%$���dZ%d�sp��gLZT}�_acwh-¦�g�cFebik_xZ��¤q�ik]xh^_j©�Z%d�sp��gpZp��_ji¥eWZ%\H}f�%g�ike£cOgLZ�_ji^}�_acwh�¦pi�hph�Z�ikc�spZ%dfe£gLZ�uOZ�_�� ik\�i�h-Zph%euOZ�_�����g�ukgLZ�uOZ ∼ Æ��2Á È ZJË[�CY§i�«�ykcOgpZ#Î��`³wÖ¥\���dfe�gLZ���cfZ�_ji¥\��%ebik_`_a]bs%]`eW��ukc�ywi��^]`dfe£g�ik�4ik\�i�h�ikckyk�\�Z%dfeNZ-�kZ%gLh-_xZ�spZ%dfe£gLZ
uOZ�_�� ik\�i�hp�*¨�cwh���c¤� ©ÄuOZph-��ik_xZ%cOgph�h�Z%dJh%]�¦�_xZ%\�Z%dfe��bywik_xZph�©ÏspZ%_`_xZ�Zph%e�]`\��pZph}Jikg#_xZ�\���uOª%_xZE}�gp�psp��uOZ%dfeb� �0i%}w}fZ%_x��dJh���c�Z�_ji�\��%e2ik_`_a]bs%]`eW��]`dfe�g�ik�4ik\�i�h�Zph%e�uOZ�_�����g�ukgLZ�uOZv´k�ÑÆ �
�

�Y*Zph���ik_xZ%cFgLh�u[� iw¦%��d�uwikd�spZ�uwikdJh�_ji¢gL�byk]b��dÛspZ%dfe£g�ik_xZ^h���dfeT¦�]bZ%d¢}�_acwh
�%_xZ%�k�pZph���cfZ�_ji¢\��%e2ik_`_a]bs%]`eW�ike£eWZ%d�ukcfZ�uwikdJh _xZTywi���]`dfe�g�ik�4ik\�i�h��Y9i#«�ykcOgpZTÎ��`³O½�}�gL�ph�Z%dfeNZ�_xZphv��ik_xZ%cFgLh�ukc-}Jikg�ik\�ª%e�gpZ�Ì?¶���Y*Zph-sp��_x��dfd�ZphvuOZ%dJh%]`eW��ukcv�!iOs%eWZ%cFgu[� iw¦%h���g2}�e£]b��d¥uOZH_����%\^]xhph%]b��d�¬Âukc�ywi���]xhph%c�ukc�\���uOª%_xZ#uOZ�sp��cOg�ikdfeCuOZHgpZn��gL��]�uk]xhph�Z%\�Z%dfeb�¤�EZ%_`_xZph%�s%]�h���dfe�uwikdJh'_���Z%dJh�Z%\�¦�_xZ�¦�]bZ%d�h%c�}f�%g�]bZ%cFgLZphT©�_�� iw¦%h���g2}�e�]b��d�ywik_jiOs%e�]���cfZ���Ê0d }fZ%cOeCsp��dJh%ebikeWZ%g���cC� ikcspZ%dfe£gLZ�uOZv_�� ik\�i�hp��_ji�sp��_x��dfd�Z�uOZ%dJh%]`eW������cO]`��ik_xZ%dfeWZ^u[� tO®kukgL��yOª%d�Z�Zph%e�}Jikg�e£]bs%cO_a]bª%gLZ%\�Z%dfe¤ykg�ikd�uOZ���EZ%_ji¥hf� ]`dJh�s%g�]`e�¦�]bZ%dRuwikdJh-_�� ]`dfeNZ%g2}�gL�%ebike£]b��dÛuOZ-_ji-}�gp�ph�Z%d�spZ�u[� cOd¹sp��cFg�ikdfe#uOZ�gLZn��gL��]�uk]xhph�Z%\�Z%dfe`�uO�W}f��h�ikdfe�uOZ^ykg�ikd�uOZph���cJikdfe£]`eW�ph
uOZ�\�ike�]bª%gLZ�ikcSspZ%dfe�gLZ�uOZ�_�� ik\�i�hp�#\�ik]xh�ikcwhph%]#©�}�_ac�h^ykg�ikd�ug�ik®���d��?Y§i�}�gL�ph�Z%d�spZ�u[� cFd�Z¥]`\H}f��g�ebikdfeNZ�iw¦%h���g2}�e�]b��dÄ}f��cFg�g�ik]`e�Z�z!}�_a]���cfZ%g�_jiÏd���d uO�%eNZps%e�]b��d7uOZywi��Ï©ÛuOZph�eWZ%\H}f�%g�ike�cOgpZph �
2 − 3 È ZJË ikc spZ%dfe�gLZ�uOZph�ik\�i�h�uOZ�ywik_ji{z|]bZph�ik�kZpsÏsp��cOg�ikdfe-uOZgLZn��gp��]�uk]xhph�Z%\�Z%dfeb�Ê0d¥}fZ%cOe?ikc�hph%]E�k��]`g���c�Z�_xZH}�]bs�uOZ^\��%ebik_`_a]bs%]`eN��ikcFeW��cFg�uOZ^ÆF´ È }fs�sp��g�gpZphW}f��d�u¥©�cOd¸uO�n«0s%]`e
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GIE�J � OedeacW*M�dea\X%f R8Q^O jtM�b#M�WYk`debPQ^O Zca0O8bPQ^O RHh _8f WYX9R8k`Z\Q R8Q d �2j�Qd OtM[O O�y WYQ 	%M�Z

�
V^d OtM[O Oxy b �e]^X9X%Z �e� � R8X%f8ftM�f�d Z\Q�WYQ`acZcZ\Q`_8b�M �{_ OedPQ`WYQ`f�d R8Q^O�Oej�Q^]`debPQ^O Q n�deb#M�acdPOR8Q X2_8acdFbP[`T<a\X%f O@]^X%f ]^Q`f2debea\��_ Q^Ox�

����� C L G+*FL
J � bPX # Z3R8QFdPQ`Wgj�[`b#M�de_8bPQ��2R8[^R�_8acdBR8QFZ�hiM�ftM�Z ��OPQFOej�Q^]`deb#M�Z\Q@R8Q@bP[`T<a\X%f O ]^X%f ]^Q`f2debea\��_ Q^OQ n�deb#M�acdPQ^O
R8Q Z�h acW*M�T�QEQ RHh��GO3Q`ZcZ�zx~%|��Dj3X%_8bH_8fqWYX2R8k`Z\Q R8Q�d �2j�Q d OtM[O Oxy WYQ 	<M�Z
�
V^d OtM[O Oxy b �e]^X2X%Z �e� �N Q^O.OtM�bebPQ^O@RHh Q`bebPQ`_8bPO�OPX%f�dGt z

σ
y �xv " R8Q ]^X%f�#�M�f ]^QqOe_8bsZIM(r<M�Z\Q`_8bFR8Q^OFjtM�b#M�WYk`debPQ^O � �
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����� C L
Gh*?JHJ � bPX # Z R8QUWY[`d#M�ZcZca\]`acdP[��3R8[^R�_8acd R8QUZ�hiM�ftM�Z �9O#QSOPj3Q^]`deb#M�Z\QSR8QqbP[`T<a\X%f Ol]^X%f ]^Q`f2debea\��_ Q^OQ n�deb#M�acdPQ^O
R8Q Z�h acW*M�T�QEQ RHh��GO3Q`ZcZ�zx~%|��Dj3X%_8bH_8fqWYX2R8k`Z\Q R8Q�d �2j�Q d OtM[O Oxy WYQ 	<M�Z
�
V^d OtM[O Oxy b �e]^X2X%Z �e� �N Q^O.OtM�bebPQ^O@RHh Q`bebPQ`_8bPO�OPX%f�dGt z

σ
y �xv " R8Q ]^X%f�#�M�f ]^QqOe_8bsZIM(r<M�Z\Q`_8bFR8Q^OFjtM�b#M�WYk`debPQ^O � �

����� C L Gh* �HJ � bPX # Z�R8Q ]^X%Z\X%f8f Q R8Q`f OeacdP[�� R8[^R�_8acd R8Q Z�hiM�ftM�Z ��OPQ Oej�Q^]`deb#M�Z\Q R8Q bP[`T<a\X%f O]^X%f ]^Q`f2debea\��_ Q^O Q n�deb#M�acdPQ^O R8Q Z�h acW*M�T�Q Q RHh�� O�Q`ZcZ zx~%|�� j�X%_8b _8f WYX2R8k`Z\Q R8Q d �2j�Qd OtM[O O�y WYQ 	%M�Z
�
V^d OtM[O Oxy b �e]^X9X%Z �e� � N
Q^O�OtM�bebPQ^O RHh Q`bebPQ`_8bPO OPX%f�d t z

σ
y �xv " R8Qp]^X%f�#�M�f ]^Q OP_8bZIMSr<M�Z\Q`_8b@R8Q^OsjtM�b#M�WYk`debPQ^O � �
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uwikdJh�_�� iw¦%h���gW}�e�]b��d����EZ%_ji¢}f��cFg�g�ik]`e-­%e�gpZ¢_ji�\�ikg���c�Z�u[� cFd�Z �{��g�\�ike�]b��dÐh%eWZ%_`_jik]`gLZ�iOs%e�]`�kZÏlNi�hph����s%]b�pZ�ik�kZps�_����%\^]xhph%]b��d�uwikdJhv_ji�g�ik]bZv¶
α

r�uwikdJhv_xZph�ÅJ´��`Î�´ È }fs�spZ%dfe£g�ikc�z��Co�]�_xZ^gp�ph�Z%g��k��]`g�uOZ�ywi����cF]Ed���cFg�g�]`e'_ji#�{��g%\�ike�]b��d¸u[���%eW��]`_xZph�Zph%e'_xZ�ywi��-uO�W}f��h��T}Jikg�_xZ�sp��cOg�ikdfe?uOZ�gLZn��gp��]�uk]xhph�Z%\�Z%dfe`����dhf� ike£eWZ%d�u�©�spZ^��cfZ�_ji�sp��dJh���\^\�ike£]b��d�ukc�ywi���uO�W}f��h��'}f��cOgE�{��g�\�Z%g�uOZph��%eN��]`_xZphp�0uk]`\^]`dfcfZ^Zn�#Zps%�e£]`�kZ%\�Z%dfeC_ji
��cJikdfe£]`eW�vuOZTywi���iw¦%h���g!¦pikdfe`�0sp��\^\�Z�spZ%_ji�i%}w}Jikg�i��`eb�

����� CCL Gh*2H�J � bPX # ZqR�_�d#M�_�n R8Q R8[`j�X<Oeacdea\X%f R8QNW*M%OPO#Q��BR8[^R�_8acd R8QNZ�hiM�ftM�Z ��OPQNOej�Q^]`deb#M�Z\QpR8QbP[`T<a\X%f ON]^X%f ]^Q`f2debea\��_ Q^OpQ n�deb#M�acdPQ^ONR8Q Z�h acW*M�T�Q Q RHh��GO3Q`ZcZ zx~%|�� j3X%_8b _8f�WYX9R8k`Z\Q R8Q d �2j�Qd OtM[O O�y WYQ 	%M�Z
�
V^d OtM[O Oxy b �e]^X9X%Z � � (2_8bFZ\Q T<b#M�j5X Q��tOPX%f�dFj8bP[^O#Q`f�dP[^OFZ\Q^O@d#M�_�n [`r<M�Zc_ [^O@R M�f O@] XtM%�2_ QM�f8f Q}M�_ �2M�acf Oea ��_ QDZ\Q^O�d#M�_�nY]`_8WU_8ZIM�dea
� O}� � �AN
Q^O�OtM�bebPQ^O RHh Q`bebPQ`_8bPO OPX%f�d t(z

σ
y �xv " R8Qs]^X%f�#�M�f ]^QOP_8bsZIMSr%M�Z\Q`_8b@R8Q^OFjtM�b#M�WYk`debPQ^O�� �

Y9iv«�ykcOgLZ Î��`³AÁ�\���dfe�gLZ�_xZ�}�gp�N«C_¤g�iwuk]�ik_�uOZ-ebikckz�uOZ�uO�W}f��h%]`e£]b��dRuOZ�\�i�hph�Z��Eo�c�}fZ%g2}f��h��p����di�e�g�iOsp��_xZ�ebikckz¸s%cF\^cO_jike£] ��uOZ
uO�W}f��h%]`e£]b��dÛuOZ�\�i�hph�Z���Ê0d�}fZ%cOevsp��dJh%e2ikeWZ%g�_ji�gLZ%_jike£]b��d
_a]`d���ik]`gLZq¸l}��g2r ∝ g¢Z%dfe�gpZ ∼ ÅJ´ È }fs�Z%e ∼ ³kÅJ´ È }fs���Y*Z�ebikc�z¸uOZ�uO�W}f��h%]`e�]b��dÉuOZ�\�i�hph�Z�©Ä_�� ]`dfeN�%g�]bZ%cOg¥ukcg�ik®���d�uOZ?gLZn��gL��]�uk]xhph�Z%\�Z%dfe�l ∼ ³O´w´ � r�Zph%e°uOZ?_�����g�ukgLZTuOZH³wÖO´�q � Ç ikd���·�ikdJh�_xZph?gL�byk]b��dJh#spZ%dfe�g�ik_xZphp�spZ%_acF]`��s%]�Zph%e0¦�]bZ%d-}�_acwh¤�!ik]�¦�_xZ��§m�_�Zph%eC]`d{�{�%g%]bZ%cOg�©
³O´�q
� Ç ikd�uwikdJh�_xZph ∼ ³O´ È }fs^spZ%dfe�g�ikc�z��Y[Z�ebiw¦�_xZ�ikc¥Î��ÑÆ-}�gp�ph�Z%dfeWZ�_xZph���ik_xZ%cOgLh-uOZph

χ2 �?_xZ�d���\�¦�gLZ�\ uOZ�uOZbykgL�ph-uOZ�_a]�¦%Z%g�eN�ph�l£·�Ê ��rZ%eE_xZph���ik_xZ%cOgLhvuOZph
χ2 gL��ukcO]`enhp���k¦�eWZ%dfc�h'}f��cOg _�� i�¨�c�h%eWZ%\�Z%dfe0uOZphvuO��dfd��pZph'}Jikg�_xZphvuOZ%c�z
\���uOª%_xZphuO�ps%g�]`enh�}�_acwh�tJikcOe2��Ê0d�}fZ%cFe?sp��dJh%e2ikeWZ%g^��cfZ�_xZph���ik_xZ%cOgLh^uOZph

χ2 gp��ukcO]`e`h�h���dfeEe£gLªph?}�gp��sptfZph�uOZ^³uwikdJh�_xZph^uOZ%c�z�s�i�h���Y*Zph^uOZ%ckz�\���uOª%_xZph�}fZ%g�\�Z%e£eWZ%dfe'uO��d�s^uOZ�¦�]bZ%dÄgLZ%d�ukgLZ�sp��\H}�eNZ�uOZph^uO��dfd��pZphhW}fZps%e£g�ik_xZph�uOZ¥��tJikd�ukg�i�uwikdJh^_xZph�uk] �#�%gLZ%dfeWZph^gL�byk]b��dJh��%e�cAuk]b�pZph�� ����cOg�sp��\H}JikgLZ%g�Z%dfe£gLZ�Z%c�z�_xZphuk] �#�%gLZ%dfenh�\���uOª%_xZphEcFe�]`_a]xh��php�9d���cwh?ik�k��dJh�cFe�]`_a]xh��'cOd�eWZph%e[uOZ �¤]xhptfZ%g#l�sn� ² dfd�Z�zFZ��*rk� ² }Jikg�e�]`g�uOZph
χ2 �k¦�eWZ%dfc�h�ik�kZps#_�� i�¨�cwh%eWZ%\�Z%dfe�}Jikg�uOZ%c�z-\���uOª%_xZph�uk] �#�%gpZ%dfe`h�u[� cFd�hW}fZps%e£gLZ Z�z|e£g�ik]`eEu[� cFd�ZHgL�byk]b��duO��dfd��pZp�'��d�s�ik_xs%cF_xZ�spZ^��cC����dÄi%}w}fZ%_`_xZ cOd�ZT}�gL�k¦piw¦�]`_a]`eW�^u[� tO®p}f��e`tfªph�Z dfcF_`_xZ�� �×Zph%e�_jiv}�gL�k¦piw¦�]`_a]`eW���cC� cOd�Z���ikg�]�iw¦�_xZ�ik_x��ikeN��]`gLZ ² �°h%cO]`��ikdfe¤cOd�Z�uk]xh%e£g�]�¦�cOe£]b��d�uOZ�e�®�}fZ

χ2
ν(m)/χ2

ν(m + 1)
��h���]`e°h%c¯}f�%�g�]bZ%cFgLZ�©�cOd�Z���ik_xZ%cOg uO��dfd��pZ �E�[o�]EspZ%e�eWZ'}�gp�k¦piw¦�]`_a]`eW�vZph%e9}fZ%e�]`eNZ-l2_�� tO®p}f��entfªph�Z#dfcF_`_xZ^Zph%ef�!ikcwhph�ZWr��ik_x��gLh�_ji
gL��ukc�s%e�]b��d�h%]jykdf] «0s�ike�]`�kZ�ukc

χ2 gL��ukcF]`eHZ%dfe�gLZ^_xZph^uOZ%ckz�\���uOª%_xZphp�'uO�n«Cdf]bZ?}Jikg ² � � �
χ2

ν(m)/χ2
ν(m + 1)

d���Zph%e¤}Ji�h'�{��g�e£cO]`eWZ��#�EZ%_ji�h%]jykdf] «0Z-��cfZ�_�����d
ik\��%_a]b��gLZ�_�� i�¨�c�h%eWZ%\�Z%dfe�_x��gLh���c�Z
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G ) J wBX%WgjtM�b#M�a\OPX%f R8Q^OsWYX9R8k`Z\Q^OFd OtM[O Oxy WYQ 	<M�Z �DQ`dsd OtM[O Oxy WYQ 	<M�Z

�
V^d OtM[O Oxy b �e]^X2X%Z �e�

_�����dRi�¨{��cFeWZ�cOd�}Jikg�ik\�ª%e�gLZ�_a]�¦�gpZ�l2_x��gLh���cfZ-_�����dRuk]`\^]`dfc�Z�_xZ-d���\�¦�gLZ�uOZ�uOZbykgL�ph�uOZ�_a]�¦%Z%g�eN�Wrk��Y*Z\���uOª%_xZT_xZE}�_acwh�sp��\H}�_xZ�zFZvlNik�kZpsT_xZ�}�_ac�h�uOZE}Jikg�ik\�ª%e�gpZWr�Zph%e¤\�Z%]`_`_xZ%cOg�h%] � Zph%e°]`d{�{�%g�]bZ%cOgLZ�©�´k��´kÖl�s%g�]`eNª%gLZ�h%e2ikd�uwikg�u%rk��Ê0d�}fZ%cOevsp��dJh%e2ikeWZ%g
��cfZ
_�� i�¨{��cOe�u[� cOdS\���uOª%_xZ�u[���%\^]xhph%]b��dÛuOZ�sp��cOg�ikdfe uOZgLZn��gp��]�uk]xhph�Z%\�Z%dfeTik\��%_a]b��gLZ�h%]jykdf] «0s�ike£]`�kZ%\�Z%dfe�_�� i�¨�cwh%eNZ%\�Z%dfe#uOZph�uO��dfd��pZph
uwikdJh�_xZph-gL�byk]b��dJh-]`df�eNZ%g�\���uk]�ik]`gLZphp��\�ik]xh^spZ�d���Zph%e[}Ji�h _xZ�s�i�h�©�ykg�ikd�u�g�ik®w��dJ�Edf]�uwikdJh _xZph�³O´ ��spZ%dfe£g�ik_xZph�uOZ�_�� ik\�i�h��m%_�Zph%e0uO��d�s�uk] �És%]`_xZ�uOZ'}�g�]`��]`_x�byk]bZ%g�cFd�\���uOª%_xZ0}Jikg�g�i%}w}f��g�e0©�_�� ikcOe�gpZ��'Ê0d�d�Z0}fZ%cOe?sp��d�s%_acOgLZp��©_�� ik]�uOZ-uOZph�uO��dfd��pZph�¬&h�Z%cF_xZ%\�Z%dfe`�T©¢_ji�}�gL�ph�Z%d�spZ-u[� cOd¸\^]`_a]bZ%cÄ\^cO_ae�]~}ftJi�h��p��\�ik]xh
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−2 � ��� � � � �$��`"<$ ��$��`" 1 � 1�/46 +1.0
−0.8 $ / $ 5�5 +0.08

−0.08 " /45 : +0.79
−0.67"<$�� 5 $ �#" 1 � 5 : � 5t/;7 +0.3

−0.2 $ / $ 52+ +0.05
−0.05 $ /4.96 +0.19

−0.135 $�� 1 $ � 5 : � 1�- � 1�/0+ +0.3
−0.4 $ / $3" 1 +0.06

−0.04 $ / +8- +0.18
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−0.06 $ / : . +0.20
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−0.5 $ / $3" + +0.04
−0.04 $ /01�1 +0.12

−0.137 $��^"%$�$ � - "!�^" 1 " � .t/0+ +0.4
−0.3 $ / $3" 7 +0.03

−0.02 $ /4.9- +0.11
−0.10"%$�$��^" 6 $ �#" 1 "�� 5912+ � : /41 +0.2

−0.3 $ / $ 5 " +0.03
−0.03 $ /459- +0.03
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J � OedeacW*M�dea\X%f R8Q^ODjtM�b#M�WYk`debPQ^OsZca0O8bPQ^OFRHh _8f WYX9R8k`Z\Q R8Qmd �9j3Qmd OtM[O Oxy j8bPX��e]`dxy WYQ 	%M�Z �e� �R8X%f8ftM�f2d@Z\QlWYQ`acZcZ\Q`_8blM �!_ OedPQ`WYQ`f2d@R8Q^OFOej�Q^]`debPQ^OFQ n�deb#M�acdPO@R8Q X2_8acd@bP[`T<a\X%f O@]^X%f ]^Q`f2debea\��_ Q^Ox�

����� C L G+*?rHJ � bPX # Z3R8QFdPQ`Wgj�[`b#M�de_8bPQ��2R8[^R�_8acdBR8QFZ�hiM�ftM�Z ��OPQFOej�Q^]`deb#M�Z\Q@R8Q@bP[`T<a\X%f O ]^X%f ]^Q`f2debea\��_ Q^OQ n�deb#M�acdPQ^OlR8QSZ�h acW*M�T�QPQ RHh�� O�Q`ZcZDzx~%|��*j�X%_8bl_8foWYX9R8k`Z\Q(R8QSd �9j3QSd OtM[O Oxy j8bPX��e]`dxy WYQ 	%M�Z �e� � N Q^OOtM�bebPQ^O@RHh Q`bebPQ`_8bPO�OPX%f2d t z
σ
y �xv " R8Q ]^X%f�#�M�f ]^QUOe_8bsZIMSr%M�Z\Q`_8b�R8Q^OsjtM�b#M�WYk`debPQ^O�� �
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J � bPX # Z R8QUWY[`d#M�ZcZca\]`acdP[��3R8[^R�_8acd R8QUZ�hiM�ftM�Z �9O#QSOPj3Q^]`deb#M�Z\QSR8QqbP[`T<a\X%f Ol]^X%f ]^Q`f2debea\��_ Q^OQ n�deb#M�acdPQ^OlR8QSZ�h acW*M�T�QPQ RHh�� O�Q`ZcZDzx~%|��*j�X%_8bl_8foWYX9R8k`Z\Q(R8QSd �9j3QSd OtM[O Oxy j8bPX��e]`dxy WYQ 	%M�Z �e� � N Q^OOtM�bebPQ^O@RHh Q`bebPQ`_8bPO�OPX%f2d t z
σ
y �xv " R8Q ]^X%f�#�M�f ]^QUOe_8bsZIMSr%M�Z\Q`_8b�R8Q^OsjtM�b#M�WYk`debPQ^O�� �

����� C L
GIE2s
J � bPX # ZBR8QY]^X%Z\X%f8f Q R8Q`f OeacdP[��LR8[^R�_8acdUR8QYZ�hiM�ftM�Z ��OPQ Oej3Q^]`deb#M�Z\Q*R8QYbP[`T<a\X%f OS]^X%f ]^Q`f�&debea\�2_ Q^O Q n9deb#M�acdPQ^O R8Q Z�h acW*M�T�Q Q RHh�� O�Q`ZcZ�zx~%|��@j�X%_8b _8fqWYX9R8k`Z\QBR8Q d �9j�Q d OtM[O Oxy j8bPX��e]`dxy WYQ 	%M�Z �e� �N Q^O.OtM�bebPQ^O@RHh Q`bebPQ`_8bPO�OPX%f�dGt z
σ
y �xv " R8Q ]^X%f�#�M�f ]^QqOe_8bsZIM(r<M�Z\Q`_8bFR8Q^OFjtM�b#M�WYk`debPQ^O � �
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beaIM�f8T<Z\Qr�Q`bPO Z\Q.OtM%O Q`d deacbPQ`dPO �<WYX%acdea\[FOP_ RYR8QsZ�hiM�W*M%O}� �
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� dPX%acZ\Q^O Q`d j�X%acf�deacZcZ\[^O � j8bPQ`Wga\k`bPQ WYX%acdea\[pR�_ dPQ`Wgj O R8QNj�X<OPQ<� �mb#M�j3Q}M�_�nQ`dqj3X%acf2deacZcZ\[^O &�deacbPQ`dPO �
OPQ^]^X%f R8QYWYX%acdea\[ R�_ dPQ`Wgj OSR8Qgj�X<OPQ<� �
beaIM�f8T<Z\Q^OSr�Q`bPOqZIM R�bPX%acdPQ*Q`dUZcacT<f Q]^X%f2deacf�_ Q ��Z�h Q`f OPQ`W O8Z\QUR8Q^O@R8X%f8f [^Q^O@R M�f OFZ\Q^OFR�a���[`bPQ`f2dPO�M�f8f Q}M�_�n y ]^X%WgWYQqR M�f OFZ\Q ]}M%O U & � � �
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GIEtEHJ � bPX # Z\OgR8QYdPQ`Wgj�[`b#M�de_8bPQ^OgXeO8dPQ`f�_ OgM}r�Q^] Z\Q WYX9R8k`Z\Q*d OtM[O Oxy j8bPX��e]`dxy WYQ 	<M�Z �e� �qN Q^OW
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< V1(t)V2(t) >= lim
T→∞

∫ T

−T
V1(t)V
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2 (t − τ)dt � .�/45 �
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Γ(τ) = V1V2cos(2πντ) � .�/ + �
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Z%dfe�gLZ�uOZ%ckz-}f��]`dfe`h�uOZ�_����ps%g�ikdÄh���dfe�}fZ%e�]`eWZph�uOZ%��ikdfeT_ji�uk]xh%ebikd�spZ^o§��cOgpspZ%�b��s%g�ikdJ�Hik_x��gLh�_xZ\���ukcF_xZ�ukc�uOZbykgL��sp��\H}�_xZ�zFZ�uOZ-sp��tf�%gLZ%d�spZ-Zph%e#�bywik_¤ikc�\���ukcO_xZ�uOZ�_ji¥e�g�ikdJhn�{��g�\��pZ�uOZ �[��cFg�]bZ%ghW}Jike£]�ik_xZ uOZ�_�� ]`dfeNZ%dJh%]`eW��uOZ _ji�h���cOgLspZp��d���g�\�ik_a]xh��pZ ©�_�� ]`dfeWZ%dJh%]`eN��eW��ebik_xZvuOZ�_ji�h���cFgLspZ��·�ikdJh�_ji�}�g�ike£]���cfZp� i%}�gLªph¥ik�k��]`g¢sp��g�gL�%_x�
_xZph-h%]jykd�ikckz¸�%_xZps%e£g�]���cfZph¥uOZ�uOZ%c�z�ikdfeWZ%dfd�Zphp�v��d�}fZ%cFe\�Zph%cFgLZ%g _�� ik\H}�_a]`e£cJuOZ^Z%e0_ji�}ftJi�h�Z�ukc�h%®�h%eNª%\�Z�uOZ���g�ikdOyOZ�l�Z����CÖw�Ñ¼!rk�[Y§i¢sp��g%gL�%_jike�]b��d�}fZ%g%\�Z%e0uOZ\�Zph%cFgLZ%gHuk]`gLZps%eNZ%\�Z%dfe�_xZph�}Jikg�e�]bZph#gL�pZ%_`_xZ�Z%e°]`\�i�yk]`d�ik]`gLZHuOZH_ji�Ë9]xh%]�¦�_a]`eW���? *d�Z��{��]xh#��cfZ�spZph#��cJikdf�e£]`eW�phHh���dfe��%ebik_x��dfd��pZph�©�}Jikg�e£]`g�uOZHh���cOgpspZph �%ebik_x��dJhvZ%d¢ik\H}�_a]`e£cJuOZvZ%e�Z%d�}ftJi�h�Zp�°]`_��!ikcFe¤]`df�kZ%gLh�Z%g_�������cAike�]b��dÏÖw�`»�}f��cOg��k¦�eWZ%df]`gv_ji�uk]xh%e£g�]�¦�cOe£]b��dÏuOZ�¦�g�]`_`_jikd�spZ^uOZ�_ji�h���cOgpspZ�� ² �kZpsvcFd�Z�h�Z%cF_xZv_a]jykd�ZuOZv¦pi�h�Zp��]`_�Zph%e'uO��d�s ]`\H}f��hph%]�¦�_xZ�uOZvgLZ%\���dfeWZ%g¤¨�c�h���c¤� ©�_�� ]`\�i�yOZvuOZ _ji�h���cFgLspZ��9m�_|�!ikcFe*}f��cFg^spZ%_jicFe�]`_a]xh�Z%g�}�_acwh%]bZ%cFgLh^sp��d{«�ykcOg�ike�]b��dJh�uOZ0}f��h%]`e�]b��dJh�u[� ikdfeWZ%dfd�Zph��
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10/2.0/b. ��@Â8 �0BED��S�98O6 G �n;C= �C6§>FDF=?>A6
Ì���eW��dJh�_xZph
sp����g�uO��dfd��pZph�l2cw����r¢ukcÏ�kZps%eWZ%cFg
� Ç λ Z%e�l2_~��\Hr�_xZph
sp����g�uO��dfd��pZphp��uwikdJh�_���ZphW}JiOspZuOZ �[��cFg�]bZ%g�i�hph���s%]b�p�Cukc��kZps%eNZ%cOg

σ
�*�EdÄZn�#Zps%e�cAikdfeCcOd�Z�e�g�ikdJhn�{��g�\�ike�]b��d�uOZ �[��cOg%]bZ%gH]`df�kZ%gph�Z�uOZ_�������cAike�]b��d�Öw�`»��0��d��k¦�e£]bZ%dfe�Õ

I ′(x, y) = I(x, y).A(x, y) =
∫

∞

∞

V (u, v)e2iπ(ux+vy)dudv � .�/ "%$ �
h%]�_ji��{��d�s%e£]b��dÏuOZ^��]xh%]�¦�]`_a]`eW���%ebik]`eHsp��dfdfc�Z�uwikdJh�eW��cOeT_xZT}�_jikdSl2cw����r��?ik_x��gLh���d�}f��cFg�g�ik]`e'gLZpsp��dJh%�e£g�cO]`gLZ�sp��\H}�_xª%eNZ%\�Z%dfe�_�� ]`\�i�yOZ�uOZ#_ji^h���cOgpspZ���Ê0gL��spZ�d���Zph%e§}Ji�hH_xZ�s�i�h�� �?��cOgvsptJiw��cfZ�}Jik]`gLZ u[����cO��kZ%g�e£cOgLZp�#��dRZn�#Zps%e�c�Z^cFd�Z�\�Zph%cOgLZ-uOZ^��]xh%]�¦�]`_a]`eW���T����Zph%e��4©k�4uk]`gLZ���cfZ#}f��cOg�sptJiw��c�Z�\�Zph%cFgLZ-u[� cOd�Z}Jik]`gLZTu[� ikdfeNZ%dfd�Zp�¤��d¢�psptJikdfe�]`_`_x��dfd�Z'_jiE�{��d�s%e�]b��d¥uOZ?��]xh%]�¦�]`_a]`eW�#Z%d
Å#}f��]`dfenhHukc�}�_jikd
cF� Õ�Z%d�l2cw����rZ%evZ%dIl2�Wcw���W��rk��Y[Z�}�gL�k¦�_xª%\�Z¥sp��dJh%]xh%eWZ
uO��d�s�©�gpZpsp��dJh%e�g�cF]`gLZ�cFd�Z�]`\�i�yOZ�©�}Jikg�e£]`g
u[� cFdÉ�psptJikdf�e£]`_`_x��dfd�i�yOZ�«Cdf]¤uOZ�_ji��{��d�s%e£]b��d�uOZ���]xh%]�¦�]`_a]`eN��� ����cFg�cOdÄZ%dJh�Z%\�¦�_xZ uOZ�}f��h%]`e£]b��dJh�uOZ�eN�%_xZph�sp�p}fZphp�°_xZ}�_jikd¢l2cw����rvZph%e��psptJikdfe�]`_`_x��dfd���Z%d�cOd�d���\�¦�gLZ<«Cdf]9uOZ[}f��]`dfenhp�*uO��dfe9_xZphTsp����g�uO��dfd��pZph�h���dfe[uO�n«Cdf]bZph}Jikg�_xZph'}f��h%]`e£]b��dJh#gLZphW}fZps%e£]`�kZph�uOZphvikdfeWZ%dfd�Zph�l2_a]jykd�Zph uOZv¦pi�h�ZWr�Z%e���d�i
Õ

I ′′(x, y) =
∑

k

g(uk, vk)V (uk, vk)e
2iπ(ukx+vky)dudv � .�/ "9" �

ik�kZps�yAl2c
k

���
k

r�cFd�Z��{��d�s%e£]b��dÏuOZH}f��]�u�h����E_`_xZT}fZ%g�\�Z%e?uOZ?}f��d�uO�%gpZ%g�sptJiOs%cFd�Z^uOZphv��]xh%]�¦�]`_a]`eN�phv\�Z%�h%cFgL�pZph���·�] �#�%gLZ%dfe`hve�®p}fZph�uOZ�}f��d�uO�%g�ike£]b��d�}fZ%cO�kZ%dfeT­%e�gpZvcOe£]`_a]xh��ph���Y§i�}f��d�uO�%g�ike�]b��d � Ì�ike�cFgLZ%_`_xZf�fÕsptJiw��c�Z�\�Zph%cFgLZ^Zph%e�i��#Zps%eN�pZ'}Jikg�cOd�}f��]�u�h�]`df�kZ%gLh�Z%\�Z%dfe9}�gL�p}f��g�e�]b��dfd�Z%_*ikc�s�ikg�gL�vuOZ#h���d�¦�g�cF]`eb�Y*Z�¦�g�cO]`evZph%ev�%��ik_ac��
©
}Jikg�e�]`g
uOZ�_jiÐº<Z%\H}f�%g�ike�cFgLZ�h%®�h%eNª%\�Zp��uOZ�_ji�gL�ph���_acFe�]b��d
hW}fZps%e�g�ik_xZ�Z%e ukceNZ%\H}fh^u[���k¦%h�Z%g���ike£]b��d�}f��cOg�cOd�Z�_x�k¦%Z h%®�dfentf�%e�]xh���uO��dfd���������Zph%e0_ji
\��%entf��uOZ^��cO]E\^]`df]`\^]xh�Z�_���Z%g��gLZ%cFg�h%cOg¢_���Zph%e�]`\�ike�]b��d ukc�ÙEckz�}f��cFg¢cFd�Z¥h���cFgLspZ-}f��d�s%e£cfZ%_`_xZ��#Y§i¢}f��d�uO�%g�ike£]b��d&�± [df] �{��g�\�Zf�¤ÕZ%_`_xZ�i�eWZ%d�uwikd�spZ�©�uO��dfd�Z%g }�_acwh�uOZ�}f��]�u�h�ikc�z�_x��dOykc�Zph�_a]jykd�Zph�uOZ
¦pi�h�Zp��}Jikg¥sp��dJh�����cfZ%dfen� Z%_`_xZik\��%_a]b��gLZH_ji^gL�ph���_acFe�]b��d
hW}Jike£]�ik_xZp��\�ik]xh Z%_`_xZ�ikckyk\�Z%dfeNZT_xZphH_x�k¦%ZphTh�Zpsp��d�uwik]`gLZphp�¤spZ���cF][g�i�¨{��cFeWZ�ukc¦�g�cF]`e�uwikdJh�_�� ]`\�i�yOZ��fY§i'}f��d�uO�%g�ike�]b��dR� gL�k¦�c�h%eWZf�kZph%e*cOd¥sp��\H}�gL��\^]xh?uOZph�}f��d�uO�%g�ike£]b��dJh�� d�ike£cOgLZ%_`_xZf�Z%e�� cFdf] �{��g�\�Zf� �°��d{«CdÄ_ji^}f��d�uO�%g�ike�]b��d¸i%}f��uk]xh�ikdfeWZ�i�}f��cOg�sp��dJh�����cfZ%d�spZ�uOZ�uk]`\^]`dfc�Z%g�_xZph�_x�k¦%Zphh�Zpsp��d�uwik]`gLZphp��spZ���cO]�uk]`\^]`dfc�Z�_xZv¦�g%cO]`e`��\�ik]xh�uO�bykg�iwuOZ0}Jikg�_j©k�W\�­%\�Z�_ji-gL�ph���_acOe£]b��d¢hW}Jike�]�ik_xZ��Ê0d
i%}w}fZ%_`_xZ�h%®�dfe`tfªph�Z?u[����cO�kZ%g�e£cOgLZ#spZ%e��psptJikdfe£]`_`_x��d�i�yOZ'ukcH}�_jikd�cO������cO]�gLZ%��]bZ%dfe[©�h%®�dfe`tf�%e£]xh�Z%g_�����cF�kZ%g�e�cFgLZ�u[� cOd�eW�%_xZph�sp�p}fZ�cFdf]���cfZ�uOZ�uk]�ik\�ª%e�gLZ�����cO]`��ik_xZ%dfe�©�_ji�}�_ac�hHykg�ikd�uOZ�_a]jykd�Z�uOZv¦pi�h�Z�uOZ_�� ]`dfeNZ%g`�{�%gL��\�ª%e�gpZ��
� � 
�� �
� � � 
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 �

�?Z%\�ikg���cf��dJh���cfZ _xZ \���cF�kZ%\�Z%dfeEuOZ gL��e2ike�]b��d�uOZ�_ji�eWZ%g�gpZ'}fZ%g�\�Z%e�u[� iOsps%gL� �`e£gLZ�_ji^����d�Z^sp��cO��kZ%g�eNZ0ukcT}�_jikd�cO�T_x��gLh0u[� cFd�ZE\�Zph%cOgLZ��J�Ed
Zn�#Z%en�<_ji�gL��e2ike�]b��d-uOZ0_ji#eWZ%g%gLZ�]`\H}�_a]���c�ZEcOd�\���cF�kZ%\�Z%dfeuOZ�gL��e2ike�]b��dÛuOZph�_a]jykd�Zph�uOZ�¦pi�h�Zp��Z%e#cOd�}f��]`dfe�uwikdJh�_xZ�}�_jikd¸cO��sp��g�gLZphW}f��d�u�Z%d¢}�g�ike£]���cfZ�©�cOdikgLs�u[��Z%_`_a]~}fh�Z��CY�� ikgps�uO�W}fZ%d�u�uOZ-_�����g�]bZ%dfebike£]b��dRuOZ�_ji¢_a]jykd�Z�uOZ�¦pi�h�Zp�HuOZ�_ji¢_jike�]`e£cJuOZ�uOZ�_�� ]`dfeWZ%g���{�%gL��\�ª%e£gLZ
Z%e�uOZ�_ji-}f��h%]`e�]b��dSuOZ-_ji�h���cOgpspZ�uwikdJh�_xZ�s%]bZ%_j��Y§i^«�ykcOgLZ�Öw��½¥\���dfe£gLZ-_jiÄsp��cF�kZ%g�e�cFgLZukcv}�_jikd�cO���k¦�eWZ%dfcfZE}f��cOg#_xZphv�k¦%h�Z%g���ike�]b��dJh#u[� ² ¦%Z%_`_§³AÁ¯»wÖ�ik�kZps�_�� ]`dfeWZ%g`�{�%gp��\�ª%e�gLZ�ukc �E_jikeWZ�ikc¥uOZ¾�cOgpZp��Í0gpZ%d��k¦�_xZ�l �§g�ikd�spZWrH}f��cOg�_xZph^sp��d{«�ykcFg�ike�]b��dJh�� Z%e¤·��
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Y9i
ebik]`_`_xZ�«Cdf]bZ^uOZph�eW�%_xZph�sp�p}fZph�_a]`\^]`eNZv_����psptJikdfe�]`_`_x��dfd�i�yOZvukc-}�_jikdÄcO������d
Zn�#Z%en��]`_[d���Zph%e�}Ji�h}f��hph%]�¦�_xZ�u[� ik�k��]`g�uOZph�_a]jykd�Zph�uOZ-¦pi�h�Zph#}�_acwh
sp��cFg�eWZph���c�Z�_ji¢ebik]`_`_xZ-ukcÏuk]�ik\�ª%e£gLZ-u[� cOd�Z-ikdfeWZ%dfd�ZcFdf]���cfZ���Y[Zph^¦pi�hph�ZphE��gp����cfZ%d�spZph hW}Jike£]�ik_xZph�l � Ç λ r�d�ZT}fZ%cO�kZ%dfe?uO��d�sT}Ji�h�­%e�gpZ��k¦%h�Z%g��k�pZph�_x��gLh���cfZ_�����d#�!ik]`e¤uOZT_�� ]`\�i�yOZ%g�]bZH©�_�� ik]�uOZ�u[� cOd�]`dfeNZ%g`�{�%gL��\�ª%e�gpZ���· ikdJh?_xZ�}�_jikd�sp��d{¨�ckykc��#uOZ �[��cFg�]bZ%gL�¤spZ%_jisp��g�gpZphW}f��d�uv©v_�� i�hW}fZps%e�uOZ?_ji h���cOgLspZp��©v_����psptfZ%_`_xZTukc
sptJik\H}¢uOZ?��c�Z��Eº���cFeWZ0h%e�g%cfs%e�cFgLZ �%eNZ%d�ukcfZHuOZ_ji-ebik]`_`_xZ�ukc�_x�k¦%Z�}�g%]`\�ik]`gLZ#d�Z0}fZ%cFe�uO��d�s0}Ji�h�­%e�gLZ ]`\�i�yO�pZ���m�_�Zph%eE]`\H}f��g�ebikdfeEuOZ#h�Z�g�i%}w}fZ%_xZ%g uOZspZ%_ji�_x��gLh���cfZ^_�����d
sp��\H}JikgpZv_xZphEÙ�c�z�uO�%eWZps%eN�ph�ik�kZps^cOd�Z�ikdfeWZ%dfd�Z�cOdf]���c�Z
l2_xZ^eW�%_xZph�sp�p}fZ�uOZ^ÆF´�\}JikgvZ�zFZ%\H}�_xZWr�ik�kZps _xZph¤ÙEc�z�\�Zph%cFgL�phvuwikdJh�_�� ]`\�i�yOZ�sp��dJh%e£g�cO]`eNZvik�kZps�cOd�]`dfeWZ%gn�{�%gL��\�ª%e�gLZ��

10/2.0/�� ( ;�BT8�DO>J=H:�DFMN;CB GT698RM4PQ@F�C698
q�ik]`dfeWZ%d�ikdfe0��cfZ d���cwhvik�k��dJh�g�i%}w}fZ%_x�v¦�g%]bª%�kZ%\�Z%dfeC_xZph0}�g�]`d�s%]~}fZphTyO�%d��%g�ikc�z�uOZ _�� ]`\�i�yOZ%g�]bZ�©tJikcFeWZHgp�ph���_acOe�]b��d¢ikdOykcO_jik]`gLZ�©�_�� ik]�uOZ#u[� ]`dfeWZ%gn�{�%gL��\�ª%e�gLZphp��Z�z�ik\^]`d���dJhp�f}�_acwh Z%d�uO�%ebik]`_~��_xZph��%ebi%}fZphuOZ�_jiÛgL��ukcfs%e£]b��d¡uOZph�uO��dfd��pZphÏZ%e�uOZ�_jiÐsp��dJh%e�g%cfs%e�]b��d uOZph�]`\�i�yOZph�uwikdJh�_xZ�uO��\�ik]`d�Z�g�iwuk]b���\^]`_`_a]`\��%e£g�]���cfZ��
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·�ikdJh�cOd�}�gLZ%\^]bZ%gveWZ%\H}fhp�']`_*hf� i�yk]`e?uOZ�sp��dJh%e�g�cF]`gLZ^cOd�Z�]`\�i�yOZ^uk]`eNZÄ� h�ik_xZf��uOZ�_ji
h���cOgpspZ-�k¦��h�Z%g��k�pZ-©�}Jikg�e£]`g�uOZph-uO��dfd��pZph��CY*Z�eWZ%\H}fh�uOZ
s�ik_xs%cF_¤d��pspZphph�ik]`gLZ#}f��cOg�Zn�#Zps%e£cfZ%g�_ji¢e£g�ikdJhn�{��g�\��pZuOZ ����cOg�]bZ%g?]`df�kZ%gLh�Zp�°uO�ps%g�]`eNZC}Jikg?_�������cAike�]b��d�Öw�`»��CZph%eEZ%d�}�g�ike�]���cfZHe�gL�p}�_x��dOyw�<Y§iT}�gLZ%\^]bª%gpZ��%ebi%}fZsp��dJh%]xh%eNZ�uO��d�s-©�Zn�#Zps%e�c�Z%g^cOd�Z�e£g�ikdJhn�{��g�\��pZ-uOZ �[��cOg%]bZ%g^g�i%}�]�uOZ¥l � ��ºAr¥u[� cOd�Z�ykg�]`_`_xZ^h%cFg�cOd�ZikcFe�gLZTykg�]`_`_xZ Õ*_xZph uO��dfd��pZph�lNuwikdJhH_xZ0}�_jikd¥cF��rvh���dfe¤]`dfeNZ%g2}f��_x�pZphHh%cOg�_jivykg�]`_`_xZp�Esf��Zph%e¤_xZ�� ykg�]�uk]`dOy[� �
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}�cF]xh�_�� ik_ yO��g%]`e`tO\�Z�uOZ � ��º¢}fZ%g�\�Z%e0u[���k¦�eWZ%df]`g�_�� ]`\�i�yOZHh�ik_xZ��
FFT [grilledesdonnes] = Is = D ⊗ (A × I) � .�/ " 5 �

��dI�k¦�e£]bZ%dfe^ik_x��gph¥_�� ]`\�i�yOZ¢uOZ�_ji
¦�g�]`_`_jikd�spZ¢uOZ�h%cFg`�!iOspZ�m�\^cO_ae£]~}�_a]b�pZ�}Jikg¥_xZ¢_x�k¦%Z^}�g�]`\�ik]`gLZ�uOZ_�� ]`dfeNZ%g`�{�%gL��\�ª%e�gpZÄZ%e�sp��df�k��_ac��pZ-}JikgÏspZ���cfZ�_�����d¡i%}w}fZ%_`_xZ�_xZ�_x�k¦%Z�h�ik_xZ¢· ���EZ�uOZ%g�df]bZ%gÏZph%e�_jigL�W}f��dJh�Z�]`\H}�cO_~h%]b��dfd�Z%_`_xZ�uOZ�_�� ]`\�i�yOZ�h�ik_xZ��Tm%_�Zph%e�uO�n«Cdf]�sp��\^\�Z¢_jiÛe£g�ikdJhn�{��g�\��pZ�uOZ �[��cFg�]bZ%guOZ^_ji �{��d�s%e�]b��d¸u[���psptJikdfe�]`_`_x��d�i�yOZ^uwikdJh^_xZ#}�_jikd�cO��Z%e�d�Z-uO�W}fZ%d�u�uO��d�s���cfZ-uOZ�_ji�uk]xh%e�g�]�¦�cFe�]b��dhW}Jike£]�ik_xZ uOZph�ikdfeNZ%dfd�ZphvZ%e0uOZph0}f��]�u�h ��c�Z _�����d�i��#Zps%eWZv©�sptJiw��cfZ�\�Zph%cOgpZvuwikdJh�_xZ0}�_jikd�cF���
� � � ��� � � � ���3�
� � ��� � � � � � � ��� �
� � �
Y � ]`\�i�yOZ�h�ik_xZ#Zph%e°Z%dJh%cF]`eWZ?d�Z%e£eW��®w�pZ¤}Jikg'cFd¥ik_ yO��g�]`e`tO\�ZTuOZTuO�%��sp��df�k��_acOe£]b��d���cF]J}fZ%g�\�Z%e�u[���k¦��eNZ%df]`g�cOd�Z�]`\�i�yOZ�uk]`eWZ�}�gL�p}�gLZ��Cm%_0Z�z|]xh%eWZ }�_acwh%]bZ%cOgph-\��%e`tf��uOZph�}f��cFg�Zn�#Zps%e£cfZ%g�spZ%_ji��C}Jikg�\^]�_xZph%���c�Z%_`_xZphp�T_xZph�}�_acwh�cOe£]`_a]xh��pZph�h���dfeH_xZph�\��%e`tf��uOZph���Y*� ² Ì l£¶���yw¦%��\ ¿Â¾�gL��cFÚ���³w»AÁLÎkr�Z%eTq¥��ql2\��%entf��uOZ�uOZ�\�i{z|]`\^cO\ u[��Z%dfe�gL�p}�]bZWr�l£Ì�ikg�ik®|ikdÏ¿7Ì#]`e�®kikd�ikd�uwi��E³w»|¼F½prk�§Y§i-\��%e`tf��uOZ ��cfZ�d���cwhik�k��dJh�cFe�]`_a]xh��pZp�']`d�s%_acwh�Z�uwikdJhv_xZv_x��yk]bs%]bZ%_°uOZvgL��ukc�s%e�]b��dRZ%e?u[� ikd�ik_a®�h�Z�uOZph�uO��dfd��pZph�ÍCmpY*· ² o�uOZ_�� m^� ² q Zph%e°_ji�\��%entf��uOZv��Y*� ² Ì���m�_§Z�z|]xh%eNZ�}�_ac�h%]bZ%cOgLhT��ikg%]�ikdfeWZph#uOZ�spZ%e�eWZ#\��%e`tf��uOZp��]`\H}�_x�%\�Z%df�eN�pZph uwikdJh�ÍCmpY*· ² o
l£¶ ��yw¦%��\v�?�°_jikg È �¤oA·TmL�°q � ���°q¢cF_ae�]xh�s�ik_xZ \�Z%entf��u%rk�Y9i�\��%entf��uOZ���Y[� ² Ì sp��dJh%]xh%eNZ�©�uO�%��sp��df�k��_ac�Z%g�_�� ]`\�i�yOZ-h�ik_xZ�Z%d¥�!ik]xh�ikdfe�_�� tO®�}f��e`tfªph�Z¥��cfZ_ji�h���cOgpspZ
Zph%e?cOd�Z�¨�ckz|ebi%}f��h%]`e£]b��d¸u[� cFd¸d���\�¦�gLZ0«Cdf]?uOZvh���cFgLspZph�}f��d�s%e�c�Z%_`_xZph��CY*Z�}�gL�k¦�_xª%\�Z�Zph%euO��d�s�u[� i�¨�cwh%eWZ%g�Z%eHuOZ�h���c�h%e�g�ik]`gLZ�cFdÄd���\�¦�gLZ0«Cdf]'uOZ�_x�k¦%Zphvh�ik_xZph
l2e£g�ikdJhn�{��g�\��pZ�uOZ�����cOg�]bZ%g�uOZ_ji
sp��cO�kZ%g�e£cOgLZ�hW}Jike£]�ik_xZ�ukc^}�_jikd�cF�?}fZ%d�uwikdfe¤_ji�sp��d{«�ykcFg�ike�]b��d��k¦%h�Z%g���ike�]b��dfd�Z%_`_xZWrk�? *d�Z¤�{��]xh ��cfZ_�� ]`\�i�yOZ�Zph%e�d�Z%e�eW��®��pZp�'��dÏsp��df�k��_acfZ^sptJiw��c�Z^sp��\H}f��h�ikdfeWZ#h���cwh%e£g�ik]`eWZ�}Jikg^spZ���cfZ _�����d�i%}w}fZ%_`_xZ _xZ_x�k¦%ZT}�gL�p}�gLZp�?��cO]?Zph%e#Z%d�yO�%d��%g�ik_[cOd�Z�ywikc�hph%]bZ%dfd�Z^uOZ^_ji�e2ik]`_`_xZ�ukc�_x�k¦%Z�h%®�dfentf�%e�]xh����CY*Zph0«�ykcOgLZphÖw�2Á�Z%eHÖw�Ñ¼�\���dfe�gLZ%dfe?_xZph^_x�k¦%Zph�h%®�dfe`tf�%e�]xh��ph#}f��cFg^_xZph^_x��dOykc�Z%cOgLh-u[����d�uOZ�u[���k¦%h�Z%g���ike�]b��dJh�ÅO��½�Z%e³w�ÑÆ|\^\ u[� ² ¦%Z%_`_�³AÁ¯»wÖw�[·�ikdJh _xZ�sp��]`dÏZ%dÄ¦pi�hv©�ywikcfsptfZp����d�}fZ%cFe��k��]`g _xZ�_x�k¦%Z�}�gL�p}�gLZ'}Jikg�_xZ���cfZ%_Zph%e�sp��df�k��_ac���_���Z%dJh�Z%\�¦�_xZ'uOZphTsp��\H}f��h�ikdfeWZph���Y*� ² ÌIgL�W}fZ%g�eW��g%]b�pZph'i%}�gLªph'd�Z%e�eN��®ki�yOZ?ukc�_x�k¦%Z�h�ik_xZ��
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ACB�D�EFEHG*IKJ,LNM�O�P�O�QRB�STD�UWVRO�XRYZU[MR\]P^E[_ `ZaFVRD�U�b%c,cdb,efb%c,chgNMRVRDjikE[_ aF\]P�D�UFlmO�UnQdoqp�PrUjDkXRY�s^EtMRP�D[MRYuXZD

v YZUjD�wyxjz�A2{}|T~	�7U�MR\7ijD����
DjS�XZQd\]\7OjDjS�Qd\]P�O�P�O�UnO[XRYZaFP�DjS��5��UnD�\7QRB�E�Dj~k��E[_ MRarXZD�XRY�E�Q[�Ra�i�a�D�E�XZD
UnO[XRY�i�Pra�Qd\�D�P�XH_ MR\(MRE��KSTD�XZDjSkXZQd\]\7OjDjS�XZD�E[_ xjz�A2{ ���$xn�
��A	���

����� ����� � ���K�y�(���$�	�;�$�]��� �;�H�	�;��� ���Z���(�����K�y��� �]�
���H�
�]��� �
�HDjS0QRB�STD�UWVdMRP�a�Qd\%S�XH_ ACB�D�EFE*G*IKJ,L�Qd\]P�O�P�O0Dy�	Dji�P�Y]OjDjS�MRVRDji�L�D�P� �MR\]P�D�\]\7DjS��%�
DjS�S�a¢¡�ijQd\m£��RYZU�MRe

P�a�Qd\%SCXH_ MR\]PfD�\]\7DjS¥¤]QTSjS�arB�E�DjS$¤]D�YZVRD�\]P^¦�PrUjD�ijQdo�B�aF\7OjDjS$¤]QdY;U�QRB�P�D�\]aFUH£$\(MRE�D�oqD�\]P:LNijQdo�B�aF\(MRa�STQd\%S
§ Y;a?STQd\]P�M�¤,¤]D�E�OjDjS��	~2¨��	~2¨�¨�~ v ¨�~ v�v D�P$A v ��¨^DjS�ijQdo�B�aF\(MRa�STQd\%S©XZOji�UWaFVRD�\]P^E�DjS�ijQd\m£��RYZU�MRe
P�a�Qd\%S�E�DjSC¤(E�YªSNijQdo2¤%MZi�PfDjS�w���|�«WY,S § Y:_ MRYR¡}¤(E�Y,S¬O�PfD�\(XRY�DjS�wyA v |R�¥­^EFE�DjS	¤]D�UWoqD�P�PfD�\]P2XZQd\7i}XH_ MZi�e
ijO[XZD�U¬�"XZDjS}UnOjSTQdE�Y;Pra�Qd\%S�MR\Z�RYZEtMRaFUnDjS¬XZD�¤(E�Y,S�D�\4¤(E�Y,S��RU�MR\(XZDjS��$A2�RMR\]P�QRB�P�D�\]Y®Y;\¯S�at�R\(MRE$P�UnpjS
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l MRarB�E�D}X,MR\%S�E�DjS�U�MRa�DjS�¨#"Cw�GRe[cj|uD�P�¨#"Cw b,e G�|�MRVRDji�E�D�PfO�E�DjSTijQj¤]DqXZD�g;cdo ¤]QdYZU�ACB�D�EFE$G*IKJ,Ld~�aFE¥M
O�P�O0¤(UnQj¤]QTSTO�XH_ YZP�aFE�a�STD�U�E�DjS¬ijQdo�B�aF\(MRa�STQd\%S�� D�P�¨�� ¤]QdYZU�aFo�MT�ZD�U�E[_ MRo�MdS�XZD��,MREtMm¡ a�DjS��:�
DjS�UnO�e
STQdE�Y;Pra�Qd\%S�Sf¤%MRP�arMRE�DjS�QRB�PfD�\]Y�DjS�STQd\]P�\7O[MR\]oqQdaF\%S�MdSjSTD%$�B�Qd\]\7DjS���­�\ ¨#"Cw�GRe[cj|}E�D�E�QRB�DkS��d\]Py`]O�Pra�STO
DjS�P	XH_ YZ\7D�P�MRaFEFE�DqXZD}gª��b% '& × gª��bªg�&�D�PCD�\ ¨#"Cw b,e G�|uD�P	XZDqG,�)(ªG*& × G,� gªG*&y�:A YZ\7DqXRa�S�P MR\7ijD ∼ b�Ihc
+ ¤]ij~�aFE^DjS�P0MRE�QdUnS	¤]QTSjS�arB�E�D�XZD�UnOjSTQdY*XRUnD}XZDjS�S�PrUWY�i�PrYZUjDjSqXZD�EtM�P MRaFEFE�D�XZD § Y]D�E § Y�DjS + ¤]i�w�G*&-,2G,� gªG
+ ¤]if|R�:�>M EtMRU��ZD�Y;U}��o�aFe�`%MRYZPfD�Y;U}XRY"E�QRB�D	¤(UWaFo�MRaFUjDj~�E�aFo�aFP�O	¤%MRU�EtM P�MRaFEFE�D}XZDjS}MR\]PfD�\]\7DjSj~	DjS�P2XZD
. g�&2D�\ ¨#"Cw�GRe[cj|¬D�P�XZDCb,b/&CD�\ ¨#"Cw b,e G�|R��A2aF\%S�a�~¥EtM}UnO��Ra�Qd\®QRB�STD�U�VROjD�MRVRDjikE�D�PfO�E�DjSTijQj¤]D�XZD�g;cdo
DjS�P�ijQdY;VRD�UWPfD�D�\]P�a�p�UnD�oqD�\]P�D�P$S]_ O�PfD�\(Xqoq¦�oqDkMRYZe XZD�Et�N�qg o�o��

0 ������1Z�2�'��	Z�3���4��1;� ���r�5�K�r�(���
67	8�9�����]�:	
�k_ aF\]PfD�UFlmO�UnQdoqp�P�UnDqDjS�P	O § YZa ¤]O�XZD;(�Y;\]aFPfOjS�aF\(XZOf¤]D�\(X,MR\]PfDjS�XZDqijQdU�UnO�EtMRPra�Qd\ § YZa�¤]D�YZVRD�\]P2¦�P�UnD

Y;PraFE�a�STOjDjS}X,MR\%S¬ �oqQ�XZDjS�XRa �	O�UjD�\]PFS��2¨�`%MZi�YZ\�XZD¬ijDjS�oqQ�XZDjS	¤]D�UWoqD�P0XZDNijQdY;VTUWaFU�YZ\7DqBjMR\(XZD}XZD
lWUnO § Y�D�\7ijDC¤(E�Y,S�QdY�oqQdaF\%S��RU[MR\(XZD¬MRVRDji�YZ\7D¬UnOjSTQdE�YZP�a�Qd\ Sf¤]Dji�PrU�MRE�Dk¤(E�Y,S�QdY oqQdaF\%S¬B�Qd\]\7D��	¨^DjS
BjMR\(XZDjS�¤%MdSjS�MR\]PfDjS�XH_ MR\(MRE��TSTD�¤]D�Y;VRD�\]P�¦�PrUnD�¤(EtMZijOjDjS�\7_ aFo2¤]QdUWP�D�Q=<�S�YZU�EtMNBjMR\(XZD�¤%MdSjS�MR\]PfD�P�QdP�MRE�D
XRY XZO�PfDji�PfD�Y;Un~ § Y;a	ijQdYZVTUnD�E�DjS0lWUnO § Y]D�\7ijDjSND�\]P�UnDqGZc,cde[ ,c,cN{?>@$T�BAkQdYªS¬MRVRQd\%S�YZP�aFE�a�STO�YZ\ oqQ�XZD

������� �
��CD DI $&35FV'04 + 354E' A ' 698J%�8 )/A ' 2 8&(E(@8 )*+ ' A 3 A5.0+ '<: + '0354 8 FV'<:EDH3 )51 +E. ( A '�:<$&4-4 . 698 +-1 $ )�A '
698]4 ? '0354HO Z SGFIHBJ ' + A '�4 . (E$&6 3 +-1 $ ) ( 2 '<: + 4@8]6_' X>YLK FIHBJ Y

XZQd\]P�EtM�EtMRU��ZD�YZU4XZD"BjMR\(XZD�XZD®ij`%M § Y]D Y;\]aFPfO®DjS�P�MdSjSTD%$��RU[MR\(XZD��M(�Y;\]aFPfOjS"XZD4GZ ,c�{?>#$ XZD
UnOjSTQdE�Y;Pra�Qd\�G,��bZLk{?>@$T��­^\NP�D�UWoqD2XZD�VTaFPfDjSjSTDj~HEtM�BjMR\(XZD�PfQdP MRE�DCijQdYZVRD�UWP�D$¤%MRU�E�D2XZO�P�Dji�PfD�YZU2� ∼ LZc,c
{N>#$�ijQdYZVTUnD�Y;\7DCEtMRU��ZD�YZU©D�\ VTaFPfDjSjSTD�XZD ∼ G g;c,c + oPO]Sk�}bZ�r do�o D�P ∼  RLZc + oPO]S��¬G,� g o�o����
DjS
(�YZ\]aFPfOjS2¤]D�UWoqD�P�PfD�\]P�XZD}ijQdY;VTUWaFU©E[_ D�\%STD�o�B�E�D�XZD�EtM�BjMR\(XZD�¤%MdSjS�MR\]P�D�XRY4XZO�PfDji�P�D�YZU �:�u_ M�¤(UnpjS©E�DjS
QRB�STD�UWVdMRP�a�Qd\%S�XRY}PfO�E�DjSTijQj¤]D0XZD0g;cdo XZD�E[_ xnz�A2{�~:Qd\qS]_ MRP�PfD�\(X,MRaFP���XZO�P�Dji�PfD�U0XZDjS�U�MRa�DjS2XZD�EtMRU��ZD�YZU



��� �  ������� ��! 	 � ��� � ��
�� ���E���
	`������� ��
  
� 	���� �������  ������ ��	�� �

XZD�BjMR\(XZD�MdSjSTD%$	�RU�MR\(XZD�w ∼ LZc,c + oPO]Sf|R�7x�E�O�P�MRaFP�XZQd\7iCaF\(XRa�Sf¤]D�\%S�M,B�E�DkXZD�ijQdYZVTUWaFUkEtMk¤(E�Y,S0�RU�MR\(XZD
BjMR\(XZD©¤%MdSjS�MR\]PfDuD�\ lWUnO § Y]D�\7ijD©¤]QTSjS�arB�E�D����>M®UnOjSTQdE�YZP�a�Qd\ Sf¤]Dji�PrU�MRE�D�\7_ M�¤%MdS�B�D[MRY]ijQdYT¤ XH_ aF\]P�O�Un¦�P
X,MR\%S�E�DCi[M,XRUnD2XZDjSCQRB�STD�UWVdMRP�a�Qd\%S0XRYNijD�\]PrUjD2XH_ ACB�D�EFE]G*IKJ,L,�(­�\ Dy�	D�PF~]¤]QdYZU:¤]QdYZVRQdaFU0MRY �RoqD�\]PfD�U�E�D
S�at�R\(MREªS�YZU�B�UWYZaFP�XZD�l M��hQd\�S�at�R\]a £�i[MRPraFVRDj~�\7QdYªS�MRVRQd\%S�B�DjSTQdaF\qXZD�XZO��RU�M,XZD�U^EtMkUnOjSTQdE�Y;Pra�Qd\�Sf¤]Dji�PrU�MRE�D
MRY®o�Mm¡ aFo�YZo��BA�QdY,S¬MRVRQd\%S0£$\(MRE�D�oqD�\]PCijQd\%S�PrU�YZaFP	YZ\ i�Y%B�D w��C~ �>~�!%|uUnDf¤(UnOjSTD�\]P MR\]P	GZ �i[MRUWPfDjS
XRY�ijD�\]PrUnD2XZD2E[_ MRo�MdS2XZD�UnOjSTQdE�YZP�a�Qd\%S�Sf¤]Dji�PrU�MRE�DjS (ªJ + oPO]SCD�\�¨#"Cw�GRe[cj|�D�P . . + oPO]SCD�\"¨#"Cw b,e G�|R�
¨^DjS�UnOjS�Y;E�P�MRPFSCSTQd\]P
¤(UnOjSTD�\]PfOjS	STDji�P�a�Qd\�L,� gª��bZ�

���#"��%$ &('*),+.-0/21 34- 6$3�165 6$3�/�&7.03 !:# )�8 & =�/�3�3 �87:9^�;3=< )�8?>2#%/@>�A
�HDqPrU[MRVdMRaFE�ijQd\7ijD�UW\(MR\]P�ACB�D�EFE^G*IKJ,L4M�l MRaFP	E[_ QRB�«mD�PCXH_ YZ\7D�¤(Y*B�E�a�i[MRPra�Qd\ MZijijDf¤(P�OjD w���MRE�QdoqO�B

¨^Qdo�B�DjSj~kb%c,chgªB | § Y;a�DjS�P0¤(UnOjSTD�\]P�OjD"D�\ MR\]\7D�¡;DqA���¨^D�P�PfD�STDji�Pra�Qd\ XZOji�U�aFP�¤(E�YªS"D�\ XZO�P MRaFE�E�DjS
UnOjS�Y;E�P�MRPyS�D�P	EtM"XRa�STi�YªSjS�a�Qd\�XZD�ijDjS}oq¦�oqDjS�QRB�STD�U�VdMRPra�Qd\%S��^­^EFE�D�ijQd\%S�PraFPrY�DqEtM�BjMdSTD¬XH_ YZ\ MRUWPra�i�E�D
D�\©¤(UnOf¤%MRU[MRPra�Qd\%~:D�\�MRP�PfD�\]PfDCXH_ QRB�STD�UWVdMRPra�Qd\%S	ijQdo2¤(E�O�oqD�\]P�MRaFUjDjS�XH_ ACB�D�EFE(G*IKJ,L�¤(EtMR\]a £�OjDjS:¤]QdY;U�E�DjS
oqQda�S��}VRD�\]aFUn~$VRQdaFU�MR\]\7D�¡;D v �
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4.3 10^9 MsolTaux de déposition de
masse 7.9 Msol/an

Cooling time 3. 10^8 ans

Durée de la flambée

de formation stellaire

-> masse déposée 2.4 10^9 Msol

5. 10^6 ans

 
dans la région observée
réparti de facon homogène 
La majorité du gaz froid est 

Si Age = 10 Gyr alors 7.9 10^10 Msol de gaz déposé sont attendues

Masse de gaz moléculaire

dans au centre : 7.2 10^8 Msol

Taux de formation stellaire 
au centre : 10 Msol/an

-> Présence de poussière
-> Accretion de gaz par la galaxie

stellaire ~10 Msol/an dans les lobes

Masse stellaire dans les lobes

10^8 Msol

Taux de formation 

dans les lobes : 5.6 10^8 Msol

-> efficacité de la conversion 

gaz -> étoiles  ~ 20%

-> mécanismes de chauffages capable de stopper le courant 
de refroidissement dans le passé

-> Reservoir de gaz froid déposé dans le passé par 

le courant de refroidissement dont 

l’age est de qques Gyrs

-> Plusieurs épisodes de formation stellaire
associée à l’activité de la radio-source au cours 

de la vie de l’amas 

-> Le gaz accrété peut nourrir l’AGN central 

- Episodes de formation d’étoiles
- Rechauffement de l’ICM 

-> Arret du refroidissement radiatif 

- Epuisement du réservoir de gaz froid

- Réduction de l’activité de l’AGN

accrété par la galaxie

Gaz chaud 

intra-amas

moléculaire froid

Reservoir de gaz 

les lobes radios

Interaction avec 

Age de la RS 10^7ans

d’étoiles
Flambée de formation 

Masse de gaz moléculaire
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Abstract. Cold molecular gas is found in several clusters of galaxies (Edge, 2001, Salomé & Combes, 2003): single dish
telescope observations in CO(1-0) and CO(2-1) emission lines have revealed the existence of large amounts of cold gas (up
to ∼1011M�) in the central region of cooling flow clusters. We present here interferometric observations performed with the
IRAM Plateau de Bure interferometer in Abell 1795. Comparison with IRAM 30m data shows the cold gas detected is extended
suggesting a cooling flow origin. The CO features identified are very similar to the structures observed in Hα and with the star
forming regions observed through UV continuum excess. A large fraction of the cold gas is not centered on the central cD, but
located near brightest X-ray emitting regions along the North-West orientated radio lobe. The cold gas kinematics is consistent
with the optical nebulosity behaviour in the very central region. It is not in rotation around the central cD : a velocity gradient
shows the cold gas might be cooled gas from the intra-cluster medium accreted by the central galaxy. The optical filaments,
aligned with the cD orbit, are intimately related to the radio jets and lobes. The material fueling the star formation certainly
comes from the deposited gas, cooling more efficiently along the edge of the radio lobes. Even if some heating mechanisms
are present, these millimetric observations show an effective cooling to very low temperatures indeed occurs and is probably
accelerated by the presence of the radio source.

1. Introduction

1.1. Abell 1795

The rich cluster of galaxies Abell 1795 is thought to be the
site of a cooling flow, since the temperature measured from
X-ray emission is dropping by a factor 3 towards the core,
at about 140kpc from the centre (e.g. Tamura et al 2001).
Fabian et al (2001) discovered with the Chandra satellite a
40arcsec long (∼60 kpc, with an adopted Hubble constant of
H0=75km/s/Mpc) X-ray filament in its core, coinciding with
an Hα+NII filament previously found by Cowie et al. (1983).
This filament is also conspicuous in the U-band (McNamara
et al 1996a), and the site of star formation: the blue continuum
along the edges of the radio lobes are resolved into bright knots
with the Hubble Space Telescope (HST). The absence of po-
larized light rules out that the U-band continuum is only due to
scattered light from an active nucleus (McNamara et al. 1996b).
The cD galaxy, a little South of the Northern peak of the fila-
ment, has a positive peculiar velocity with respect to the rest of
the cluster galaxies (Oegerle & Hill 1994), and is probably os-
cillating around the cluster core. The gas filament has a velocity
centred on the cluster mean velocity, and may also be sloshing
in the cluster potential (Markevitch et al. 2001). The radiative
cooling time of the X-ray emitting gas in the filament is about
3.108yr, quite similar to the dynamical age of the filament (ra-

Send offprint requests to: P. Salomé

tio of length to velocity). This supports the cooling flow model,
in which the gas is presently cooling from the hot cluster gas.
The optical filaments are intimately related to the radio jets and
lobes from the radiosource 4C+26.42 (vanBreugel et al. 1984,
Ge & Owen 1993, Mc Namara et al 1996). The blue emission
is aligned along the edges of the radio lobes, while dust lanes
extend along the radio jets and lobes as Hα and UV (Pinkney et
al 1996), which might be interpreted as star formation induced
by the radio source or the deflection of the radio jets off pre-
existing dust and gas. If a burst of star formation were triggered
by the expanding radio lobes, the age of the burst population
should be ∼107yr. Then, the star formation rate in both lobes,
assuming the local IMF, would be ∼20 M�/yr, and the stellar
mass of the lobes would be ∼108M� (McNamara et al. 1996a).
The material fuelling the star formation and the radio source
may have two origins: either the cooling flow or gas stripped
from nearby galaxies. The morphology and kinematics of CO
emission could distinguish between the two possibilities.

1.2. Cold molecular gas

Previous spatially resolved CO emission in a cooling flow
cluster has already been reported in the Perseus galaxy NGC
1275, with a morphology related to Hα and X-ray (e.g. Inoue
et al. (1996), Bridges & Irwin (1998), using the Nobeyama
Milimeter Array and the IRAM 30m single dish telescope re-
spectively). However, this galaxy is also the result of a merger,
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the CO is observed in the center in rotation around the AGN,
and the origin of the CO gas is multiple, including the cooling
flow. The picture appears clearer in Abell 1795. Recent OVRO
observations, (Edge & Frayer, 2003) observed CO emission in
a compact region centered on the central galaxy in five cooling
clusters (Abell 1068, RXJ0821+07, Zw3146, Abell 1835 and
RXJ0338+09).

The core of the Abell 1795 has also been observed in the
CO rotational line emission, tracing the cold molecular hydro-
gen. The total emission was first detected with the IRAM 30m
telescope (Salom é & Combes 2003) and the mass of the cold
gas in a region of 23” was estimated to be 4.8 109 M�. It is
likely to be a lower limit, since the measured metallicity of
the Intra-Cluster Medium (ICM) is 0.2-0.3 solar (Tamura et al.
2001). And much more gas might be present into the cooling
radius. The molecular mass would then be much larger, by an
order of magnitude, than in a typical cD galaxy. The mass de-
position rates deduced from recent Chandra X-ray observation
of Abell 1795 are 7.9 M�/yr in the central region covered by
the 30m telescope beam of 22” (while it is ∼100 M�/yr within
200kpc, Ettori et al 2002), therefore compatible with our detec-
tion of cold molecular gas. The cold gas detected might have
been deposited out of the flow in 0.6 Gyr. The cooling time
of the hot X-ray gas is around 300 Myr in the same region.
In a steady state cooling flow scenario, a steady reservoir of
cold gas with a mass close to the mass deduced from CO ob-
servations is possible since the star formation rate (Smith et
al. 1997, McNamara et al. 1996b) is close to the mass deposi-
tion rate. However, the lack of spatial resolution prevented to
conclude that the cold gas was associated to the cooling flow,
since it could have been interstellar gas rotating in the central
cD galaxy. The gas detected here through CO rotational lines is
cold (about 20K). The intensity ratio between the CO(1-0) and
CO(2-1) (obtained with the IRAM-30m, Salom é & Combes
2003) is consistent with an optically thick gas, with somewhat
sub-thermal excitation, due to an average low density. Warm
H2, vibrationnally excited, is particularly abundant in cooling
flow galaxies and in Abell 1795 (Donahue et al 2000, Wilman
et al. 2002). The warm H2 emission could be related to the in-
teraction between the jets and the cold molecular gas.

2. Interferometric observations

The observations we present here, have been done with the
IRAM interferometer in winter 2003, with 3.2” and 1.8” spatial
resolution at the CO(1-0) and CO(2-1) lines respectively. The
frequencies were centred at 108.413 and 216.822 Ghz, corre-
sponding to the redshift z=0.06326 of the cluster cD galaxy
hosting the 4C+26.42 radiosource. The velocity of the cD is
redshifted by 374km/s with respect to the mean velocity of the
galaxies inside 200kpc (Hill et al. 1988, Oegerle & Hill 1994).
The total integration time is 43 hours, in C and D configura-
tion, with 5 or 6 antennas. To improve the signal-to-noise ratio,
we smoothed the spectral resolution to channels of 88 km/s at
CO(1-0) and 44km/s at CO(2-1), since the width of the line is
expected to be large (∼500 km/s) from the 30m observations.
The signal-to-noise is slightly better in the CO(2-1) map, and
the higher spatial resolution allows to better identify the Hα/CO

correspondance; however, the primary beam (FWHP=22”) is
twice smaller than in CO(1-0) (FWHP=45”), preventing to ob-
serve the spatial extension of the filaments .

3. Results

3.1. The molecular gas morphology

The resulting integrated maps in the two CO lines are shown
in Figure 1. At 3mm, we detect a continuum source, at the
position of 4C+26.42, of 7 mJy. This source is the expected
continuation of the synchrotron emission detected at lower fre-
quency, with a flux decreasing slope of α= -0.98. The CO(1-0)
map shows the emission found, once the continuum has been
subtracted. We clearly detect CO emission associated with the
cooling region already detected in X-rays, U-band excess and
Hα. The maximum of the emission is located in two main re-
gions : one coincident with the maximum of X-ray emission
and occurs at the North-West of the cD, the other is at the
galaxy position and extending to the South. The CO emission
is too faint to be compared to the large North-South orientated
filamentary structure seen in X-ray and Hα. Nevertheless, in the
very central part, the cold gas morphology is very similar to the
Hα and Blue continuum structures identified by Van Breugel et
al. (1984), McNamara & OConnell (1993), Smith et al (1997)
as shown on Fig. 1. The Hα-CO correlation has been found
for global emission statistically over the CO-detected cooling
flows (Edge 2001, Salom é & Combes 2003), and it is now con-
firmed by their coinciding morphologies in A1795.

3.2. The molecular gas kinematics

The kinematics of the molecular gas in A1795 is shown on
Figures 2 and 3. We present position-velocity diagrams for the
two CO lines along the axis of maximum emission (PA=27)
through the centre of the cD galaxy. There are two separated
trends in velocity in both the CO(1-0) and CO(2-1) lines. One
is a regular gradient from the galaxy centre (at zero velocity)
towards the North (5”) at 300km/s, the other is a constant veloc-
ity blueshifted by 300/350 km/s relative to the galaxy velocity
(less visible in CO(2-1) due to velocity and primary beam at-
tenuation). The velocities measured in the CO brightest regions
are coinciding with those in Hα, by Van Breugel et al (1984)
and Anton (1993), supporting the association between the cold
gas and the hot gas/optical structures. The peak of Hα emission
does not follow the peculiar velocity of the cD galaxy in the
cluster, but is centred on the cluster mean velocity (-350km/s),
i.e. the mean velocity of the galaxies inside 200kpc, while it
reaches the cD velocity at the galaxy position. The kinematics
of the cold gas and the Hα line emitting gas is compatible with
the cooling flow scenario. At the North-West position, coinci-
dent with the brigthest X-ray region, the gas is cooling within
the cluster potential. Near the cD, the flow is captured by the
cD potential (and the inner gas have a velocity close to that of
the galaxy, with a wider range of velocities).
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Fig. 1. Top : C0(1-0) integrated emission. Linear contours are drawn from -3σ to 6σ spaced by 1σ=0.36Jy/beam.km/s. Dashed are negative
contours. The beam is plotted in the bottom left corner. Bottom left : CO(2-1) integrated map. Contours are from -3σ to 8σ spaced by
1σ=0.26Jy/beam.km/s. The black triangle indicate the radio source position. Bottom right : Hα + [NII] line emission in grey scale, overlaid the
6cm continuum emission from 4C+26.42 radio lobes (vanBreugel et al. 1984).
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Fig. 2. Position-Velocity diagram in CO(1-0) emission line, the posi-
tions are along a slit of 5′′ width (integrated), centered on the galaxy
position and aligned with the maximum of emission (PA=27).

Fig. 3. Position-velocity map in CO(2-1) emission line in the same
region as in Fig. 2.

4. Discussion

The peculiar morphology of the cooling gas (X-ray, Hα, blue
continuum, molecular gas) appears to avoid the radio lobes,
particularly visible in the north (Fig. 1). This can be interpreted
as the radio jet heating and displacing the hot X-ray gas as it
cools on the cD. This scenario is supported by the detection
of X-ray cavities coincident with radio lobes in an increasing
number of cooling flow clusters imaged by the recent high spa-
tial resolution X-ray satellite Chandra (Böhringer et al., 1993;
Fabian et al., 2000). The cold molecular gas will condense
more efficiently in the resulting cold front surrounding the cav-
ities. This is also in these fronts that stars are formed, explain-
ing the optical blue continuum. The CO emission is not associ-
ated to the nearby galaxies of the cluster, and does not appear
to come from stripped gas. The association of the CO emis-
sion with the cavity border supports its origin in an intermit-
tent cooling flow scenario, where the gas cooling more rapidly
along the radio lobes is then accreted by the central galaxy and
can fuel the central AGN activity, which may regulate the cool-
ing. Finally, an important result of these interferometric obser-
vations is that the total flux retrieved is only 25% of the single
dish flux obtained previously with the IRAM 30m telescope:
this means that most of the emission is extended with respect
to the 45” beam (corresponding to 65kpc), which argues for a
cooling flow origin of the cold gas at larger radii.

5. Conclusions

Through interferometric mapping of the CO emission, we have
shown that the cold molecular gas is associated to the cooling
flow in Abell 1795. The CO emission is closely associated to
Hα and to X-ray emissions, and is concentrated at the bound-
aries of the bubbles or cavities created by the central AGN.
Cooling occurs preferentially at the edge of these cavities, were
the hot gas is denser. The peculiar long filament morphology
of the cooling gas in A1795, and its kinematics, are best inter-
preted as a cooling wake (Fabian et al. 2001): the cD galaxy
oscillates in a few 108yr period, and during a cooling time the
large-scale hot gas sees the minimum of the potential roughly
as a straight line along the cD orbit. The AGN in the cD core
and its plasma jets certainly provide a feedback heating, seen as
cavities in the X-ray maps, coincident with the radio-lobes, but
is also probably increasing the cooling to very low temperature
along the edges of these cavities, where the cold gas condenses
and forms stars. A velocity gradient of the cold gas is revealed,
that shows it is falling on the central galaxy and may provide
the AGN fueling material which is consistent with an AGN reg-
ulated cooling flow scenario.
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Slit center :   RA = 13:48:52.647   Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-1

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = +2.4 arcsec  

Reference source : N1301001186

PA = -10 deg PA = -10 deg

Slit center :   RA = 13:48:52.604    Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-2

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = +1.8 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA = 13:48:52.561    Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-3

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = +1.2 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA = 13:48:52.516    Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-4

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = +0.6 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA = 13:48:52.473     Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-5

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = 0 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA = 13:48:52.473     Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-5

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = 0 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA = 13:48:52.387   Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-7

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = -1.2 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA =  13:48:52.344    Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-8

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = -1.8 arcsec  

Reference source : N1301001186

PA = -10 deg

Slit center :   RA = 13:48:52.301   Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-9

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = -2.4 arcsec  

Reference source : N1301001186

Slit center :   RA = 13:48:52.258   Dec = +26:35:33.64

RA = 13:48:52.473   Dec. = 26:35:33.64

Dec. offset = 0 arcsec  

OB name : A1795-ISAAC-10

Target : Abell 1795

PI: P. Salome

071.A-0591 (A)

20"

N

E

Slit Offset :

RA offset = -3.0 arcsec  

Reference source : N1301001186

PA = -10 deg
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Yy:±]5` J�F54725CEFiMI�3�s8;`�8O>¶Y[2GF n ¡p2�JsFH2bPpM;U5FH25C5VX8;4ZY[MX:hF��WCEMXl¾ÛQC?8sU525`ØFG­X�pÕ ÝË` la25C��Izs~s~L�G�K47MxPL25CWYyV;2�4y�<2P;J�F54v4I25l¨A<25C?8;4ZJ@CE2¹¥²Yy4°�x� � uodK©¯J >�PL25:hF5Yy4ZY[2GF¨8;4 8 �
µ
l¬8;:/P§zL�s�

µ
l n uo]G]GMXC?P;Yy:L��47M#"jMXJL:L�a254r8;` n

�Izs~¶Ð�~5�H^
Tdust = 49

(

S60

S100

)0.4 $&%('*)�+

�"�<2KP;JsF54r4I25l¨A<25C?8;4ZJ@CE2oYy:�]GMHMX` Yy:L�Q©�MX¥Ì]5` JsF54725CGFwMI���s8;`�8O>¶Y[2GFiPL254I2G]5472bPp¥²Yy4y�p� � uid�Ut� ÛQC?8sU525`ØFG­X�
Õ�ÝË` la25CK�Izs~s~L�G�iYkF¹8;CEMXJL:/P0�

dust ∼
µ@�HÒ n ¡p2�¥²Yy`y`}4[8X­s2�4°�LYkF�VX8;` J<2�8XF�83¤rCGF54º85AsA/CEMÀ>¶Yylp8;4ZY[MX:0MI�¥v�h8;4�]GMXJL`�P U52w4y�<2§P;JsF54Q4725l¨A<25C?8;46JLCE2�Yy:�]5` J�F54725Cp]G25:<4725CEF n ¡p294y�<25:�J�FH2bPp� � uod.Ps8;4[8±]GMXl¨A/Yy`k2bPYy: cQPH�L2p�£¢h�s�;z5�§47M�25VX8;` J}8;472iÙ
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χ2
CEDbP;J@Yy4�2GF54¯A/CEMH]G�<2

PL2i`bR JL:<Yy4IDG^¯MX:pA<25JL4B]GMX:hF5YZPLD5CE25CKÍtJ<2i`bR 8?NWJsF54725la25:<4à�OMXJLCW:<YvJL:=2wU5MX:<:=2�PL2GFH]5CWYØA/4ZY[MX:�PL2GFKPLMX:<:=DG2GF nc3:.CE25VX8;:=]G�<2G^�`kMXCEFtÍtJà2§`k2
χ2
CEDbP;JLYy4K2GF54¯�;C?8;:/P�PL25VX8;:<4�J@:h^¨8;`kMXCEFp`bRT2GF54ZYylp8;4I25JLCpPL2p`�8±VX8;CWYZ8;:=]G2

PL2GF�PLMX:<:=DG2GF�2GF54¹A/` JsF��;Cb8;:/PÎÍtJ<2�`�8�VX8;C5YZ8;:=]G2�PL2GF�PLMX:<:=DG2GF�254x`bR 8?NWJ�F54725la25:<4�:=RT2GF54¹Ah8XF�U5MX: nc3:O¤r:h^{Yy`àFH2¯A<25JL4¯ÍtJ<2i`k2
χ2
CEDbP;J@Yy4vFHMXYy4"A/` JsF¯A<254ZYy4eÍtJà2i`bR J@:<Yy47DG^²lp8;YkF�]G25`�8p:=2oV;25J;>iAh8XF�P;YyCE2KÍtJ<2

`bR 8?NWJ�F54725la25:<432GF54²la25Yy`y`k25JLC n c3:�2°Ôo254y^e]G25`�8�2GF54jA<MHFGF5YZUt`k2�F5Yv`k2GFiUG8;CWCG2GFKPSRT25CWCG25JLCEF¹F5JLCo`k2GFKPLMX:<:=DG2GF
MX:<4QD54IDiF5JLCE2GF546YylaDG2GFG^Q]<RT2GF54¯_�P;YyCE2wÍtJ<2�`k25J@CKVX8;CWYZ8;:=]G292GF54¯8;:=MXCWlp8;`k25la25:<4v�;C?8;:/PL2 n
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1wRT2GF54¹JL:-4I2GF54oÍtJ@Y{A<25CWla254oPL2«V;D5CWY ¤Q25C�F54£8;4ZYkF54ZYZÍtJà25la25:<4BF5Y�`kMXCGFaPL2«`bR 8?NWJsF54I25la25:<4¨PL2GFiAh8;C?8;�

la�546CE2GFG^Q`bR 8;laD5` Y[MXCb8;4ZY[MX:\P;J
χ2 2GF54QF5Y��;:<Y ¤Q]b8;46YyV;2 nvm MXJ@C«]G25`�8X^¹MX:«�À8;Yy4�`bR �L�GA<MX4°�<�GFH2p]GMX:<46C?8;YyCE2G^¨254MX:�la2GF5JLCG2i`�8�A/CGM;UG8sUtYy` Yy47DwPL2�]G254Z472i�L�WA<MX4y�<�GFH2 n d"MXYy4 m

f

�Ø�E^
ν1

^
ν2

�p`�8�P;YkF54ZCWYZUtJ@4ZY[MX: =

Pf(f, ν1, ν2) =
χ2

1/ν2

χ2
2/ν2

$�
 '
�
+

�"8KA/CEM;UG8sUtYy` Yy4IDwPSR 8;V;MXYyC
χ2

1

;
χ2

2 ≥ q�2GF54¯PLD°¤r:<Y[2¯Ah8;C3=

P =
∫

∞

F
P (f, ν1, ν2)df

$�
 '
�
+

dàJ�AsA<MHFHMX:hF�ÍtJà2
χ2

1

FHMXYy4v`�89VX8;`k25JLC�Yy:<Yy46YZ8;`k2¨P;J
χ2
CEDbP;J@Yy4r254

χ2
1

Ft89VX8;`k25J@C¹85A/CE�GF�`bR 8?NWJsF54I25la25:<4vPL2GF
PLMX:<:=DG2GF n �"8KA/CEM;UG8sUtYy` Yy47D±R :<JL`y`k2<ROA<MXJ@CwÍtJ<2K`k2

χ2
CEDbP;JLYy43:=2wP;YylxYy:<J<2¯Ah8XF�PL2²�À8�� MX: F5Y��;:<Y ¤Q]b8;4ZYyV;2

2GF54�PLMX:<:=DG2«25:�A/CE25:/8;:<4vAh8;C«2?>�8;l¨A/`k2wq 7 z n �;z n c3:g2°Ôo254y^ m PLD°¤r:<Yy4B`�8xA/CEM;UG8sUtYy` Yy4ID�A<MXJLC§ÍtJrR JL:25:hFH25lpUt`k2±PL2�PLMX:<:=DG2GF±8;`kDb8;4IMXYyCE2±V;D5C5Y ¤Q2±ÍtJ<2
χ1

;
χ2 ≥ z n �;z n �"8.VX8;`k25J@C�P;J

χ2
CEDbP;JLYy4§85A/CE�GF

8?NWJ�F54725la25:<4{FH25C?8�PLMX:=]wPSR 8;J@4[8;:<4�A/` J�FoF5Y��;:<Y ¤Q]b8;4ZYyV;2wÍtJ<2K`�8�A/CEM;UG8sUtYy` Yy4ID m FH25C?8KA<254ZYy472 n�SMXCEFtÍtJ<2�`bRTMX:�PLDGF5YyCE2 ]GMXl¨Ah8;CE25CiA/` J�F5Y[25JLCEF�laMtPL�5`k2GF�8;J;>�PLMX:<:=DG2GFG^¹Yy`�2GF54{�WCEDbÍtJà25:<4iPL2o�À8;YyCE2
Yy:<4I25CWV;25:<YyC9PL2�:=MXJLV;2b8;J >�Ah8;C?8;la�54ZCE2GFG^¹MXJ�UtY[25:\PL2�F5Yyl¨A/` Y ¤Q25Cw`bR 8?NWJsF54725la25:<4�25:§¤S>�8;:<4Q`�8�VX8;`k25JLC
PL2B]G25CW4£8;Yy:hF�Ah8;C?8;la�54ZCG2GF�A<MXJLCrlxY[25J;>w]GMX:<4ZCE�X`k25Cr`bR Yyl¨Ah8L]54"PL2GF¯8;JL46CE2GF n ·w8;:hFr`k2QUtJL4�PL2B]GMXl¨Ah8;CE25Cr`�8ÍtJ}8;` Yy47D�PL2GFK8?NWJ�F54725la25:<4yF{�À8;YkFt8;:<4²Yy:<4725C5V;25:<YyC¨J@: :=MXlpUtCG2KPL2¯Ah8;C?8;la�54ZCG2GFiP;Y ÔoD5CE25:<4°^{:=MXJ�FK8;`y`kMX:hF
Yy:<46CEMtP;JLYyCE2KJ@:=2�la254y�<MtPL2oF54[8;46YkF54ZYZÍtJ<29ÍtJà2�`bRTMX:�:=MXlxla2¨qr�74I2GF54 n
m CE25:=MX:hFeAh8;C92?>@25l¨A/`k2KPL25J >«laMtPL�5`k2GFiPLD°¤r:<YkFeAh8;Col¦254rl���z¨Ah8;Cb8;la�54ZCE2GF n�m MXJLCoJ@:=2ola�5la2

2GF546Yylp8;4ZY[MX:gF 2 PL20`�8�`�8�VX8;C5YZ8;:=]G20PL2GF PLMX:<:=DG2GFG^�MX:Ì]GMX:hF54[8;4I2±ÍtJ<20`k2 χ2 85AsAh8;C?8��y46C?8\la25Yy`y`k25JLC`kMXCEFtÍtJà2�`bRTMX:�JL46Yy` YkFH2wJL:�A/` J�Fo�;C?8;:/Pa:=MXlpUtCE29PL2�Ah8;C?8;la�54ZCE2GF n �5`¶�À8;JL4¯:=Db8;:<laMXYy:hFoFH2�PLMX4725C�PSR JL:MXJ@4ZYy`¹F54[8;46YkF54ZYZÍtJ<2�A<25C5la254Z4[8;:<4aPL2±Ft8;V;MXYyC F5Y�`bR Yy:<4ZCGMtP;J<]54ZY[MX:�PL2.]G2�Ah8;C?8;la�54ZCG2±F5J�AsA/`kD5la25:<4[8;YyCE2
2GF54rVHCb8;Yyla25:<4²:=DG]G2GFGFt8;YyCE2G^3]<RT2GF546�Ï_;�ÏP;YyCE2¨F5Yv`bRT2GF546Yylp8;4ZY[MX:�PL2K`�8pVX8;C5YZ8;:=]G2¹F

2
2GF54"A/` J�F¯A/CGMH]G�<2�PL2K`�8

VX8;CWYZ8;:=]G2�PL2GF¹PLMX:<:=DG2GF n �"8�FHMXlxla2�PL2GF
χ2
PL2o]G2GF¨PL25J;>wlaMtPL�5`k2GFQF5J@Yy4y^²25`y`k2¹8;JsF5Yk^ËJL:=2BF54£8;4ZYkF546YZÍtJ<2

P;J
χ2 n ·9D°¤r:<YkFGFHMX:hF�8;`kMXCEFK`�8��OMX:=]54ZY[MX: q =

Fχ =
χ2(m) − χ2(m + 1)

χ2(m + 1)(N − m − 1)
=

∆χ2

χ2
ν

$�
 '-+.+

132546472¹�OMX:=]546Y[MX:�F5J@Yy4iJL:=2aF54[8;4ZYkF546YZÍtJ<20PL2pqrYkFG�<25C n �"8�A/CGM;UG8sUtYy` Yy47D�PSRTM;Ut4I25:<YyC«J@:=2�VX8;`k25J@C�PL2aq
χF5J�A<25CWY[25JLCE2w_pqQ�oA<MXJLCKJ@:�25:hFH25lpUt`k2KPL29PLMX:<:=DG2GF�8;`kDb8;47MXYyCG2GF92GF54QPLMX:<:=DG2QAh8;C�=

P =
∫

∞

F0
P (fχ, ν1, ν2)dfχ

$�
 '
)
+

1wRT2GF54�J@:=2§la2GF5JLCE2«PL2p`bR 8;laD5` Y[MXC?8;46Y[MX:.P;J
χ2
CGDbP;JLYy4�`kMXCGFtÍtJ²RTMX:-8;J;�;la25:<4I2x`k2§:=MXlpUtCE2«PL2oAh8;C?8;�

la�546CE2GF n�m 2GF549JL:=2K�OMX:=]54ZY[MX:Ì25:�]5`kMH]G�<2��6Öo25VHYy:L�;47MX:�Õ � M;UtYy:hFHMX:h^wzs~s~;¢t� n�m MXJ@C PL2a�;C?8;:/PL2GF
VX8;`k25J@CEF�PL2 q

0

^��£Y n 2�PL2��;Cb8;:/PL2GF±VX8;`k25JLCGF�PL2
∆χ2

��`�8�A/CEM;UG8sUt` Yy` Yy47D m FH25C?8�A<254ZYy4I2G^§8;`kMXCEF�ÍtJ<2A<MXJ@C«PL2KA<254ZYy4I2GF«VX8;`k25JLCGFaPL2§q
0

^¨`�8pA/CEM;UG8sUtYy` Yy47D m FH25C?8��;C?8;:/PL2 �?]<RT2GF54¹`�8�VX8;`k25JLC�PL2p`bR Yy:<47D[�;C?8;`k2
FHMXJ�F�`�8��OMX:=]54ZY[MX:®q=� n �KR 8;laD5` Y[MXC?8;46Y[MX:�P;J

χ2
Ah8;C�`bR 8?NOMXJL4«PSR J@:-Ah8;Cb8;la�54ZCE2 FH25C?8.F54£8;4ZYkF546YZÍtJ<25�

la25:<4¯la25Yy`y`k25JLCE2�F5Ye`�89A/CGM;UG8sUtYy` Yy47D m 2GF54SA<2546Yy472��6F5Y²qÑ2GF54r�;C?8;:/P5�H^�]<RT2GF546�Ï_;�ÏP;YyCE2KF5Ye`�89A/CEM;UG8sUtYy` Yy47DPSR 8L]G]5CEMXYy46CE2
∆χ2

2GF54rA<2546Yy472«`kMXCEFtÍtJà2p`bRTMX:�]GMXl¨Ah8;CE2§`k2GF«VX8;CWYZ8;:=]G2GF�2GF546YylaDG2GFa8;V;2G]pJL:�25:hFH25lpUt`k2
8;`kDb8;4IMXYyCE2wPL2�PLMX:<:=DG2GF n
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ÝS:=2Ë�OMXYkF¨ÍtJ<2�`bRTMX:08x8?NWJ�F547D¹J@:�laMtPL�5`k2¨PL2BF7A<2G]54ZCE2w�IPLD°¤r:<Y@Ah8;C�J@:±25:hFH25lpUt`k2�PL2²Ah8;Cb8;la�54ZCE2GF7�

254²ÍtJ<2¹`bRTMX:08aM;Ut4725:<JaJL:=2¹Yy:/P;Y[]b8;46Y[MX:aF5JLC¨`�8§ÍtJh8;` Yy4IDoPL2i]G254r8?NWJsF54725la25:<4°^=�;C��L]G2o8;J0]b8;`k]5JL`jP;J
χ2 ^MX:�PLMXYy4QF<R Yy:<4725C5CEMb�L25C9F5JLC§`k2§:<YyV;2b8;J�PL2�F5Y��;:<Y ¤Q]b8;4ZY[MX:�PL2GFoAh8;C?8;la�54ZCG2GF�46CEMXJLV;DGF n �"8��À8�� MX:-PLMX:<4

`�8�VX8;C5YZ8;4ZY[MX: PL2GFrAh8;Cb8;la�54ZCE2GFolaMtP;Y ¤Q2�`�8pÍtJh8;` Yy4ID�F54[8;46YkF54ZYZÍtJà2KPL2¹`bR 8?NWJ�F54725la25:<4/A<25CWla254rPL2oPLD°¤r:<YyC
`k2GFpUG8;CWCE2GF«PSRT25CWCE25J@C9F5JLC�]G2GF«PL25CW:<Y[25CGF n Ù�Yy:<YylxYkFH25Cx`k2

χ2
CE25VHY[25:<4¨_±lp8O>¶YylxYkFH25Cw`�8��OMX:=]54ZY[MX:-PL2

VHC?8;YkFH25lpUt`�8;:=]G2B25:��OMX:=]54ZY[MX:�PL2GFSAh8;C?8;la�546CE2GFQP;JxlaMtPL�5`k23J@4ZYy` YkFHD n<m MXJLC¯JL:a:=MXlpUtCE2rF5J���Ft8;lxla25:<4
�;C?8;:/P�PSRTD5V;D5:=25la25:<4°FG^Q`�8w�OMX:=]546Y[MX:�PL2pVHCb8;YkFH25lpUt`�8;:=]G2wF5J@Yy4�JL:=2p`kMXYB:=MXC5lp8;`k2¨A<MXJ@C�]G�h8L]5JL:-PL2GF
Ah8;C?8;la�546CE2GFG^¯]G25:<4ZCEDG2iF5J@CK`�8aVX8;`k25JLC�8

j

RhP;J§Ah8;C?8;la�54ZCG2�ÍtJ@Y²lxYy:<YylxYkFH2o`k2
χ2 n

P (aj) = Ae(aj−a′

j
)2/2σ2

j

$�
 '
(
+

fQ:KA<25JL4�laMX:<4ZCG25C¨�°u¨CW:/P;4º254=Ù�8L] ÛQCE2[�LMXC£�iÍtJà2Q`�8KVX8;CWYZ8;4ZY[MX:�P;J
χ2
^º25:��OMX:=]54ZY[MX:�PSR JL:iAh8;Cb8;la�54ZCE2

P;J laMtPL�5`k2G^r8;J V;MXYkF5Yy:/8H�L2KP;J lxYy:<YylxJLl¾P;J
χ2
2GF5434725`y`k29ÍtJ<2#=

χ2 =
(aj − a′

j)
2

σj
+ C

$�
 '1, +

8;V;2G]K`�8�]GMX:hF54[8;:<4I2«1�PLD7A<25:/Ps8;:<4¯PL2GFiYy:=]G25C54ZYy4ZJ}PL2GFiF5JLCK`k2GFKla2GF5J@CE2GF nÝS:=2wVX8;CWYZ8;46Y[MX:\PL2 ±σ
F5J@Cw`bRT2GF546Yylp8;4ZY[MX:�P;J«Ah8;C?8;la�546CE2G^�]GMXCWCE2GF7A<MX:/P�PLMX:=]x_�JL:=2wVX8;C5YZ8;4ZY[MX:

PL2 ± z\P;J χ2 n¯m MXJ@C0M;Ut4I25:<YyC«J@:g:<YyV;2b8;J-PL2 ]GMX:O¤38;:=]G2 8 Ð�
×F5JLC�`�8�VX8;`k25JLC�P;J Ah8;C?8;la�54ZCE2�8SR
jlxYy:<YylxYkFt8;:<4¹`k2

χ2
^�MX:�A<25JL4K8;JL4IMXCWYkFH25C«J@:=2«VX8;CWYZ8;46Y[MX:gP;J

χ2
PL2 ±1

n �"8«A/CEMH]GDbP;J@CE2�PL2 ]b8;`k]5JL`PSRT25CWCG25JLC�]GMX:hF5YkF54I2±PLMX:=]�_a�À8;YyCE20VX8;C5Y[25C0JL:�Ah8;C?8;la�54ZCE2�PLMX:<:=D�254xPL20CGDb8?NWJsF54725C±`k2 laMtPL�5`k2�25:
`�8;YkFGFt8;:<43VX8;CWY[25C�4IMXJsFw`k2GF�8;J@4ZCE2GF�Ah8;C?8;la�54ZCE2GF9` YZUtCE2GF9P;J�laMtPL�5`k2rNWJsFtÍtJ²R _±]G2�ÍtJ<2w`�8�VX8;`k25JLC9P;J

χ28;Yy4"VX8;CWY[D�PL2 ± z n dàY�MX:a:=2¯46CEMXJLV;2vAh8XF�PL2¯lxYy:<YylxJLl)`kMH]b8;`LYy:O�OD5CWY[25J@CQ_�`�8iVX8;`k25J@C�P;J χ2
lxYy:<YylxYkFHD

A<MXJ@Cx`�8�VX8;`k25J@Cp8SR
j

^¹8;`kMXCEF�MX:-M;Ut46Y[25:<4�¢�VX8;`k25JLCEFoA<MXJLCp8
j

PLD°¤r:<YkFGFt8;:<4BJ@:.:<YyV;2b8;J�PL2a]GMX:O¤38;:=]G2
PL2 8 Ð�
¾�£J@:=2wVX8;CWYZ8;4ZY[MX:�P;J ±2.7

P;J
χ2
]GMXCWCE2GF7A<MX:/P;C?8�_�J@:�:<YyV;2b8;J±PL2�~L��
 PL2p]GMX:O¤38;:=]G2¨F5J@C

`�8«VX8;`k25JLC9P;JxAh8;C?8;la�546CE27� n
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�S2a]GMXl¨A<MHFt8;:<4BlaMX`kDG]5J@`�8;YyCE2oA/CWYy:=]5YØAh8;`²P;J±�s8H��Ps8;:hF�`bR J@:<YyV;25CEF�FH2§4ZCEMXJ@V;2xFHMXJsFB�OMXCWla2«PSR �L�X�

P;CEMb�L�5:=2x�
2

n 1327A<25:/Ps8;:<4y^i]G2�PL25C5:<Y[25C§:=2iA<25JL4w�54ZCG2�M;U5FH25CWV;DaPs8;:hFp`k2�PLMXlp8;Yy:=2§C?8sP;Y[MH^rA/J@YkFtÍtJ<2]G2546472«laMX`kDG]5J@`k2�2GF54�F5� laD54ZCWYZÍtJà2�254¨:=2KA<MHFGFH�bPL2aPLMX:=]KAh8XF�PL2aP;YØA<�X`k2�D5`k2G]546CWYZÍtJ<2 n �KRTM;U5FH25CWVX8;4ZY[MX:P;J��s8H��laMX`kDG]5J@`�8;YyCE2�Ps8;:hFw`k2�PLMXlp8;Yy:=29C?8sP;Y[M§FH23�À8;Yy4�PLMX:=]§2GFGFH25:<46Y[25`y`k25la25:<4¯_�4ZC?8;V;25CEF9`k2GF9C?8;Y[2GF
PSRTD5lxYkFGF5Y[MX:�CEMX4[8;46Y[MX:<:=25`y`k2GF±PL20`�8.laMX`kDG]5JL`k2�1Bf n 132�]GMXl¨A<MHFt8;:<4§2GF54w`k2xA/` J�F±8sU5MX:/Ps8;:<4985A/CE�GF`bR �L�¶P;CEMb�L�5:=2plaMX`kDG]5JL`�8;YyCE2 �G1Bf!;<�

2∼
zL�

−4
��Ps8;:hF«`k2GFx�s8;`�8O>¶Y[2GF n �Ë2GF«laMX`kDG]5JL`k2GFaPL2�1Bf»2?>@]5Yy47DG2GFAh8;Cw`k2GFp]GMX`y` YkF5Y[MX:\8;V;2G]w`k2GF�laMX`kDG]5JL`k2GF�PL2w�

2

FHMX:<4¯J@:�U5MX:\4ZC?8L]G25J@C�P;J�]GMXl¨A<MHFt8;:<4¯laMX`kDG]5JL`�8;YyCE2 n
�"8�laD54y�<MtPL2�J@4ZYy` YkFHDG2�Y[]5YeA<MXJ@C0PL254725lxCWlxYy:=25C�`�8\lp8XFGFH20PL2§�s8H� laMX`kDG]5JL`�8;YyCG2�_�Ah8;CW4ZYyC0PL2GF�M;Ut�
FH25CWVX8;46Y[MX:hF«PL2 1Bf»2GF54�`�8 F5J@YyVX8;:<472 n fQ:�J@4ZYy` YkFH2pJL:��À8L]54725JLC§F54[8;:/Ps8;C?P�PL2�]GMX:<V;25CGF5Y[MX:Î25:<46CE2«`�8
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