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%}b�b�~Dm�^a`ax�d�~Y]yn�`af�`aj�[Y]�b�cUd�~Y~Y� c�x,m�[�^��Qk¦[ad�b�c�x,`St

[a`�x�h�d�n�mU§�mUfa]�u&����¢
	���b('�]�³�d�cD�*)�	��g¯�oa[Dm�^�m�~��Ut
fYd�u�[Yd�b�c�x,`S[a]Dn�`@b�c��+	
� x+�,� ∼ ����dUci�-)}±��/.ºm�c�`@^Y]Djad
x@�s[DdU§}]Yx�dUfY]Su�jD[a]ab�c�d,~a~Y`�x�]�o�[a]D��`Sc�`ix,~amUfY]�u�`��S[DdUh�t
�a`axoD`@^�[�`��SfD`¦`�oY]ib�dUf�dx ����£V���0.º`af�`ajS[�]�b�c�d�~�~Y��|
]an�mUx@�}]�mÉoD`@b�~Ymªx@�r[adU§}]�x@dUf�]�u `@bU���.Æ�ÆV�@�21�|��S�Q~V]
^YxU`awaf�]aj�`�x@d@fD]am�n o�m�[im�x,m�^amUf�� x `S[�]�mUfac�d@�a]�� b
`SbU�U� | ��~Y]DhUj@`aw�jy����ÆSÆ���¯�^Yx,`Sw�fa]Yji`Sx@dUf�]�m{oa[i`i]ib�k�`St
^Y]a~D`zoa[�]�f�dUoY[�ua��mUfY]a]�xÉ��Æ´[DdUh¦fD]a��m¦o�[�m�^am�~Yd
c�mUj�p�e�m�b�c�]�o�3a]�bUj�`�~Y�U��mUfY]D]%±,�

¹}��[adUh���� [�d�h�n%mU[Yd�n�]¿²
×

²
×

��²¡n%n�^amUqr`S[�n�]�[�`St
x@dU~�]ªb��}d,c�]am�n x,^a`@~V��fYdUo�[adUxU~�mUfa]�u�����Æ�ÆD��b�`ybUj�`St
[a`�b�cU�U� ∼ ��Æ −

� b −
ü x�]afDc�m�[ax�d�~Ym�Á�Á�¢V��ÆS²54�¯�x�©�c�`Sn

c�m�n�o�m�[�d�c�pi[Dfa`�n ]�f�c�m�[Dx@dU~DmzoD`@b�~YmU[�m�~�dUjib�dU��]�`afaf���w
©�q�qrm�jic `@b�`��@mUfYfi` ka`a[�`a��` x@��[Dd��}m�fJ±��´Zs~Vd�b�cU]at
eSm�bUj�`@m c�m�e�m�f�]�m `�b�pa§�m�b�cUxU~�ua~�`@bU� b�ji`@~V���}m�fD]am�n�|
^YxU`awaf�]aj�`�x@d@fD]amÉ�a�Q~a`���m�`@n�m�cU[a]�e�m�b�jD]�h�d@oD[�m�§�mUf�` �
« j�bUo�mU[a]an�mUf�cU�´o�`�b�c�d@[�mUfa]���oY[�`�xU`�^Y]�~V]goa[a]gq�]Yj�t
b�]�[�`ax@dUfafD`Sw�c�m�n�o�mU[�d�c�pa[�m�x¨[�m���]�n�m�[�m�~Yd�j@bUd@�D]Y]�fadUt
oY[�ua�}mUfa]�w�¯�b�kam�n�d�b�c�d�cU]�e�m�b�j�`���`{^Dm�q¥`i[in�dU��]�`afafD`@��`
b�cUdU[amUfa]iul�.Áa��±U�6�¡©�cU]akgp�b�~Y`�x@]iuikg^Y]ib�~�`SjadU��]a]g`�b�pat
§}m�b�c�xU~DuD�¥c�~Y]��}��f�m���`�~��U�}]Dm�oamU[�m�n�m�§�mUfa]iu{b�pa�S��t
x@d@�r§�mUw_bUj�`a[�`@b�cU�@�¨|s`���m�bUo�m�ei]Dx@d�ulfDm�h�fYd�ea]�c�m�~V�UfDpi�
^am�qr`�[an�d@�a]��¿`@�a[ad�hU�Yd ∼ ÆJ|:�7)���Zs`�b�~amÉx@�¥^SmU[D� jD]
`S��[Yd�hU�ad¨x�[�m���]�n�m�[�m�~�dUjib�dU��]a]�fYdUo�[�ua��m�f�]aw�x¨c�m�e�m�t
fY]�m�hUd�^YdUf�f�`��Ð`�]�f�c�mU[ax�dU~Yd}x�[�m�n�mUf�]�x@fi`ix��}x@j�~V��ead�~V]
^am�qr`�[an�]Y[�pa��§�m�msp�b�c�[�`aw�b�cUxU`�]�oa[D`@^D`@~�� d,~Y]¨^amUqr`S[at

n�]a[D`Sx@d�cU��`���[Yd�h�m���b�oa[Dm��}fDm�w�bUj@`a[�`�b�c��@�Ä�*8�d�ea]afYd�u
b�^amUqs`�[�n�dU�Y]�] ∼ ��¢%�#)yoa[�]�oD`SxUc�`S[�f�`�n�fYd���[ipS��m�fa]�]
`��S[ad,h���d�o�`�b�~am�[am�~YdUj�bUdU�Y]�]gfYdUo�[�ua��m�f�]aw_fDdU�@~V��^�dUt
~V]yoa~a`a§}d�^�j�p ]i~�]�h�p��_c�mUj�p�e�m�b�c�]�| o�`�b�~am{e�m���`_^amUt
qr`S[Dn�d��a]�u¾oY[�`�^a`�~a��d�~Yd,b�� b ]ab�ka`�^afY�Qn¿j�`@©Uq�q\]Dt
��]�m�fDc�`@n paoa[D`@eaf�mUf�]�u�|ÊjadUj�o�`aj�dUh�d�f�` fYd¸[a]�bD�_���
8�dU��~��¥^Yd�m�n���w ©Uq\qrmUj�cykYdU[YdUjic�m�[�]�h�`Sx�dU~Y]¸xUm�~Y]Dei]Dt
fD`Sw�oD`@b�~YmU[�m�~�dUj�bUdU��]�`afafa`���`Épao�[�`@eafDm�fa]iu

∆σ
��«�c�d

xUm�~V]�ea]afYd¸[�dUx@fad�[ad�hUf�`�b�c�]�n�m���^ap�fYdUo�[�ua��m�f�]�m�nr|
`�c�xUm�eadU��§}]an{x,m�[D�}]Yfim}h�pa��d}c�mUj�p�e�m�b�cU]¼]i~�]�oa~a`a§}d�^�t
j�m�c�m�jipSe�m�b�c�]�|�]�fYdUo�[�ua��m�f�]�m�nlf�d�eid�~�d¼[im�~Yd�j�b�d��a]Y]��
Z�`@b�~YmU[�m�~Yd@j�bUd@�a]D`Sf�f�`�m paoa[D`@eaf�mUf�]�m c�m�n �@`�~Y����mD|
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Ñ]Þ�Ë	Í�ë�êUç¢Þ�Ï{à,Ë�áGÄ�ÑzÃ{Ë	Í~Ü]È]âgÐ�Ï{æ,È~Þ	áÄ~Ò	Ë]Ë�É6Ç	È~É{Ã{È�Æ	Ü�Ü	È~âDÉ�ÑzÈ©Þ�È~É ¬
Ã{Å~Ó ε

. : × Ë�Ñ]Þ]Ë�Í©ë�ê�Þ]Ï�Ì]Ä~Ñ]É{Ä�Ò	Ë�ËKç ε. =
× éWÍ�Ñ]È]È~Þ]Ð�Ë]Ü	Ä�Ã{Ä~êGÜ	Ä ¬

Ç�Þ]Æ]à,Ï�Ü]Ë�Ï σ �AÍ�Þ	Ï{áÆ ; ç � é3ËKÜ�Ä�Ç�Þ~Æ	à�Ï{Ü	Ë�Ï
σ

�AÈ~Ú]í�Ä�ÆGÐ	Ï�æ�È~Þ ¬
á�Ä�Ò�Ë]ÆUÉ{Ë	É{Ã{Ï{á�ë È~Ú]Þ]Ä~ã{Ï{Ò��Aá�Ä�,Ë�Ü	Ä

ε <>=?< ç @ é©½ ∆σ A Ù ∆σB Ù ∆σ AC − A Ù
∆σ AC + A Ù ∆σBC �FÍ�Ï�Ì]Ë�å©Ë�Ü�ë Ç�È~É�Ì]Ï�Þ]Ï�ÌzÄ©ÑzÉ{Ä�Ò�Ë	È~Ü�Ü	È~Ø�È�Ê	Ç	ÞzÈ]å~Ü	Ï{Ü�Ë~Æ
ç¢Ü�Ë]à�Ü	Ë�âìË�Ü~Ð	Ï�ÑzÉ Ç�È~Ñ]Ä�ã{ë�Í�Ä©Ï{Ã Ð	Ì�Ë	Ã{Ï{Ì�Å�Ü�È~É{Ã{Å�Þ�Ï{Ì	Ä�Ñ]É{Ä�Ò�Ë�ËìÜ	Ä�Ç	Þ�Æ ¬
à,Ï{Ü�Ë�â ; A Ë	Ì]Ë ; B Ù�Í~Ï{Þ�ê	Ü�Ë]âUË]ÜzÐ	Ï{Ñ]É�� ÜzÈ]á�Ï{ÞUÞ]Ï�Ì]Ä~Ñ]É{Ä�Ò�Ë	Ë�Ü	Ä ¬
Ç�Þ]Æ]à,Ï�Ü]Ë�â�é~½
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eSm�nyoY[�`�^a`�~a��]�c�m�~Y�@f�m�m�x@�Q^amU[��}jad�`��a[ad�h���d�x�[�m���]at
n�m�[�m�~�dUj�bUdU��]a]�fYdUo�[�ua��m�f�]aw ¯Ð^a~V]�c�m�~��@f�`�b�c���[�m�~Yd@j�t
b�d��a]Y]�fad@oa[Sui��m�fa]�wV±��

∆σ ��� ∆σ ü |�m�b�~�]�� Ô � � ü ¯�b�nr�
b�k�m�n�p�f�d}[�]�ba����|��Y±�� �{[ad,�@`�c�m}oa`�~Yp�e�mUfa�ghUdUx@]Db�]�n�`�b�t
c�]gxUm�~V]�ea]afY�

∆σ
`�c�^�~�]�c�m�~��UfD`@b�c�]g[�m�~Yd�j@bUd@�D]Y]gfadUt

oY[�ua�}mUfa]�w	��|�bUj�`a[�`@b�cU]¦]Dh�n%mUfamUfa]iu fadUo�[�ua�}mUfa]�u¦x
j�`afa�am�[�m�~VdUj�bUdU�Y]D]_fYdUoD[�ua��m�f�]aw

(− σ
. 


)
|�c�m�n�oDmU[ad�c�pat

[Y� Å |%xUm�~Y]ae�]YfD��^am�qr`�[an�]Y[�pa��§�m���`¼fDd@oa[�ua�}mUfa]iu
σ

|
b�c�m�oDmUfa]�oD~Yd�b�cU]De@m�b�j�`aw�^�mUqr`i[in�dU��]a]�`���[adUh���d

ε
�

��c�`��S��]�h��@m���d�c��g[ad�h��S[D`@b�`ax�|sbUx�uahUdUfafY�Qkyb{j�`afat
ja[�m�c�fD`Swº^SmUqrm�jic�f�`aw�b�c�[ipijic�pa[�`aw�[�d�h�fa�Qk�`@�a[ad�hU�a`�x�|
xUbU�¿h�dUx�]abU]�n�`@b�c��

∆σ(
�
)

o�`�~apae�dU~Y]�fadª`�^Yfi`SnÀ`��St
[Yd�hU��mD�sZ\[a]�©�c�`�nx@��oD`@~Vf�ua~V]»fim�n%mUfam�m���²S¢V��Æ�©Uj�b�t
oamU[a]Dn%mUfac�`Sx�o�` [Dm�~YdUj�bUdU�Y]�]�fadUoY[Sui��m�fa]�w�[ad�hUf�`aw
^a~�]ic�m�~Y�@fi`Sb�cU] � ��b�~am�^ab�c�x�]�ml^Dm�qr`S[in�dU��]D`Sf�f�`��Ð`ªpaoat
[a`�eifim�f�]�u x,m�~�]ae�]Yfad�^�m�qr`a[�n�]a[�p��s§�m���`�fYdUo�[�ua��m�f�]�u
fam�`@b�cUdUx@dU~�d�b���o�`�b�c�`UuYf�f�`aw ���sc�`����ÉbUxUm�b�c�]»j�n�]af�]at
n�p�n�p�x��Qh�x�dUfYfa�¥m�©�cU]an�]�qsd@j�cUd�n�]�]Db�jDd��\mUf�]�u�hUdUx@]at
b�]Dn�`@b�c�]

∆σ(
�
)
|�]ah�n%mU[amUfa]iuºo�[�`�xU`�^Y]�~V]�x�]Dfac�mU[�x@d�~am

^am�qr`�[an�d@�a]�w |�x�j�`�c�`�[�`�n x,~Y]�uYfa]Dm�^�mUqr`i[in�]D[�pY�s§ m�t
��`�fYdUo�[�ua��m�f�]�u{¯�b�c�mUo�mUfY]�^amUqr`S[�n�dU��]Y]V±¨fad�x,m�~V]�ea]at
fap�o�`�b�~Dm�[Dm�~�dUj�b�dU��]D`Sf�f�`��Ð`�pYoa[�`�eaf�mUfY]�u��S�¥~a`�fDm�hUfadUt
ei]Dc�m�~��Uf��Qnr��«�c�`@cª]afac�m�[�x@d�~�b�`�b�c�d�xU~�ua~ o�[a]�n�mU[afa`
²�)�]gfad�ea]Yfad�~�b�u{b¼^Dm�qr`S[Dn�d��a]�] |�b�`@`�c�xUm�c�b�cUxUpa��§�mUw
x@��kD`S^�p�^am�qr`�[an�d@�a]D`Sf�f�`aw�ja[a]ax,`iw�fad n�]af�]�n�d�~��Ut
fY��w j�`�©�q�q�]a��]�mUfac¾pao�[�`@eafDm�fa]iu ¯�o�`�^a[D`@�af�` b�nr�
[Yd�h�^ �J��� £V±��

¤�~Du `So�[�m�^am�~Dm�f�]�u hUdUx@]Db�]in�`�b�c�] oad�[ad�n�m�cU[�`Sx
¤}¤}°`�c¼x,m�~V]�ea]�fa�ª^amUqr`S[�n�]�[�pa�\§ m���`�fYdUo�[�ua��m�f�]�u
¯�b�c�m�oim�f�]�^am�q¥`a[�n�dU�Y]a] ±y�a�Q~Yd¸]�bUoa`�~���h�`ax@dUfad b�~Dm�t
^apa�\§�d�u»oY[�`a��m�^apa[�dD� ��^a`�~���x,b�mUw�^Dm�qr`S[Dn�d��a]D`Sf�f�`aw
ja[a]�xU`Sw�]�h�n�m�[Sui~V]�x,m�~�]aea]afDp�o�`�b�~Dm�[�m�~VdUj�b�dU��]�`afafD`@��`
pYoa[�`�eaf�mUfY]�u�oa`�oamU[�m�n�m�fafD`�oa[�]�^YxUp�k�h�d�^�dUfYfa�Qk�^S~V]at
c�m�~��UfD`@b�c�uik�[im�~VdUj�bUdU�Y]a]� ü ]� Ô ¯Ðb�nr�D[�]�bD���S|��V±���¤ ~V]at
c�m�~��UfD`@b�cU]�� ü ]�� Ô x��Q�i]D[Yd�~Y]�c�d�jS]Dn{`���[Yd�h�`@nr|Ve@c�`S���� Ô b�`�`@cUxUm�c�b�c�x,`ix�d�~�d�o�m�[Dm�ka`�^Sp�j¨`��@~Vd�b�cU]�f�d�b���§ m�f�]�u
©�q�qrm�jic�d�|�d � ü �a�Q~YdÉx¸³¸[ad�hn�mUfa�@��mD|¼e�m�n � Ô �
4¥d,��^a`@n�p�^�m�qr`a[�n�]a[�p��s§�m�n�p{fadUoY[Sui��m�fa]��

σ � ¯�b�c�m�t
oamUfa]�^amUq�`a[�n�dU��]a]

ε � ±�|�o�[a]�j�`�c�`a[�`�n{oY[�`ax,`@^Y]�~V]��2t7�
[am�~YdUj�bUdU�Y]���f�dUoY[�ua��mUfY]aw�|�b�c�dUx�]a~�]_x�b�`�`�c�xUm�c�b�cUx@]�m
^Yx@d�hUfad�e�m�f�]�ulo�`�b�~am�[im�~VdUj�bUdU�Y]�`afafD`@��`{paoY[i`@eafamUfa]iu��
¹}^Yfa`g]�h�©�cU]�k_hUfYd�e�mUfa]�w |¥fDdUoY[a]Dn%mU[

∆σ ü� ¯�xUmU[�kVfa]�w
]Yf�^Dm�j�boD`SjDd�h���x�dUm�cf�`�n�mU[¸[am�~YdUj�bUdU�Y]�]¸fYdUo�[�ua��m�t
fY]aw�|�fa]D� f�]awªµ¾^D~�]�c�m�~Y�@f�`�b�c���[�m�~VdUj�bUdU�Y]D]�� ü ]�~V]� Ô ±�|�[�mUd�~��UfD`b�`�`@cUxUm�c�b�c�x,`Sx�d�~Y`¡^YdUfYfi`Sn pÉfYdUo�[�ua��m�t
fY]a� ¯�b�c�mUo�mUfY]�^amUqr`S[Dn�d��a]Y]J±�|�^Y[�p���`�m�hUfYd�e�mUfa]Dm

∆σ Ô ��i[Dd�~�] jadUj bU[�m�^Yf�m�m dU[a]�qrn%m�c�]De@m�bUj�`�m n�m���^ap
oY[�m�^Y�Q^apa§}]Dn

∆σ Ô � − ü ]oi`Sb�~am�^apa��§}]an
∆σ Ô � + ü hUfadUe�m�t

fY]�uan�]���� `��Ð^�d�^�~au{jad��}^a`���`�x@�Q�S[�dUfafD`@��`�^amUq�`a[�n�]at
[apa�s§�m��Ð`�fYdUo�[�ua��m�f�]�u

σ � ¯�b�c�m�o�mUf�]�^amUqs`�[�n�dU�Y]�]
ε � ±]an�m�~Y]�^Yx,mÉoad@[a� c�`�eSmUj���¯

∆σ ü� |�� ü ±y]�¯
∆σ Ô � |�� Ô ±���%m��¨d�u�bU]�b�c�m�n�p�]ih\^ax,pak�pa[ad�x@f�mUfY]Dw�cU]Yoad pi[�dUx@fim�f�]�u

¯��,±¨¯�b�nr�JfD]a��m�±�|�fad�kY`�^Y]D~Y]�o�dU[ad�n�m�c�[a�
∆σ �¯Ð) ] ��� |

b�`S`�c�x,m�c�b�c�xUpY�r§}]Dm h�d�^�dUfYf�`�n�p ^Dm�qr`S[Dn�]�[�pa��§�m�n�p
f�dUoa[�ua��mUfY]a�

σ � ¯�b�c�mUo�mUfY] ^SmUqr`a[�n�dU�Y]a]
ε � ±��
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