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k�&�)+9�.�B	D/7W3�7 @mD�2;)87Q6	71&�Bd68$"&f)+&�B+7WB�6	,�3�5�& � 9/Rx,^D�9F7W3�6
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� ¥ 7 Bo68$�&P5�9/3�68,Z5�6x)+&�B�7WB+68,�3"5�&�Tm7Q68$�9�2;6o68$�&�B	D�&�5�7WR�7Q5
7W@mD"2*)	71687Q&�B�=�>	su?�r
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ß ?
7WBq6	$�&M&�R�RS&�5�687Ql/&x5�)+9FB	BqB+&�5�6	719F3±9FRqBN5�,�6+6�&�)87 3XO ';K�68$�&
B8D"&�5�7WR�715m7 @mD�2;)87Q6	71&�BZY
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��r¡,�3�J�� ó 7 B\68$�&I)N&�B	7WBN68,�3�5�&L9FR\,

'u,XGSG�7 B�687�5�5�9/3�6	,�5�6V®��F$;,�)+l/7W3qRS9F)	@p24GW, ° =�>��Hr�>�>�?�Y
#%$"&IB+2*@ 9�Rw68$�&��

( 
 � ) RS2u3�5�687�9F3;BqJ/&�D�&�3/J;B\9/3�68$�&
B8D"&�5�7WR�715�5�9F3;R�7�O*2*)+,�687Q9/3£9/RM68$�&¤71@mD"2u)+716871&�Bb,�3;J J"&�.
B�5�)�7�'/&�B 68$�&q5XG�,�B	B�7�5�,XG}@p&�B�9�B+5�9�D/715q&�R�RS&�5�68Bw713M68$�&�5�9/3/.
J/2/5�687�l"7�6�K\9FR�D/9�7W3�6�5�9�3/6	,�5�6	B�Y¬«49/)�68$�&�'*,XGSG�7 B�6	7Q5�5�,XB�&m7 3
Tm$*7Q5�$:6	$/&VRS2*3/5�687Q9/3
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Y ®�eF� °

«H7�O"2;)�&Ae�B+$/9XTmB~6	$/&:)�&�B+24G168B~9/R�,:3/2;@�&�)�715�,XG[5�,XG15�2HG�,�.
68719/3�RS9F)-,%<�B�Y\®�eXy ° ,�3*J ®�e�� ° Yq{n3 68$�&�@V&�B+9FB+5�9�D*7Q5
)�&�O*719F3

(
���: K∗)

68$�&`'/&�$*,�l*7Q9/)M9/RL68$�&^)+&�B+7WB+68,�3�5�&f7WB
&�B	B�&�3�687W,XGSG�K\J�&�6�&�)8@p7W3/&�Jw'/K:68$�&�D/)+&�BN&�3�5�&}9/RC7 @�D/2;)�716	71&�B
,�6�J�7WB+68,�3�5�&�B\ � �:��R�)N9"@�68$"& ,XD�&�)N6�24)�&�Y}{�RA6	$�&�)+&o,�)�&
B�9�@�&x7 @mD�2;)87�687Q&�BZr(6	$/&�3PTp&oTm7 G�Gm$;,�l/& ��.SB�$;,�D�&�JbJ"&�.

D�&�3*J"&�3�5�&�B
(∆

� h � ó )( � )
®�5�2*)+l�&�B���,X3/J��I7W3d«H7�OCYEe ° 79�68$�&�)+T�7WB+&/r:TV& $;,�l/&b,b@�9�3/9X6�9/3/715

(∆
� h � ó )( � )

J�&�.
D�&�3*J"&�3�5�&L®�5�2*)+lF&��P7W3±«¬7QO[Y�e ° YV{�6qB�$�9�2HG�Jd'/&x3�9�6�&�J
68$;,�6:Tm$/7nG�& � h  ó∗ 7WB:7 3�5�)+&�,�B+&�JMR�)�9/@cB+9F@p&_D�9/713/6ZrE68$"&
l*,XG12/&A9FR

∆
� ) � ó B+68,�K/B�'*&XG�9XT�7168B�,�B�K/@AD�6�9�6	7v5Al/,�G12/& �

∆
�

� ó =
>��
s

π
¯ �∗σ∗ �dY ®�e�� °

«¬7�O*2*)�& s 7WGSG12uBN68)	,�6�&�Bb,�B	7Q6�24,�68719�3 6	$/,�6b@�7QO*$�6�'�&
9�'*B�&�)+l�&�JM713L&�¥*D"&�)	7W@V&�3�68Bw=�>�e;?VT�$/&�3o6	$�&qJ�&�RS&�5�68BA,�)N&
5�9"3"5�&�3/6	)�,�6+&�J`7W3b,L68$;7W3`G�,�K�&�)q3�&�,�)\68$�&o5�9/3�6	,�5�6�Y�{�3
B+2/5�$x,w5�,�B+&w68$�&�5�9F3�68,�@A7W3/,�6�&�Jx)N&�O47v9/3oDHG�,�K/Bp68$�&\)+9/G1&
9/R_,d'*,�)	)�7�&�)¨T¡7�68$^&�R�RS&�5�687Ql/&d68)�,X3/B	D/,�)+&�3"5�K��xY�{S6x7WB
-/3�9�Tm3M=�>��;?~68$;,�6V68$�&�)�&XG�,Z687Ql/&:5�$*,�3FO*&

∆�&) � ó 7W3]68$"&
)+&�B+7WB�6	,�3�5�&�9/RV,\'*,XGSGW7WB�6	715�5�9/3�68,Z5�6mJ"2*&w6�9]68$�&w68)	,�3/B�G�2;.

� ��¨/�3Ô�� ã�Ç�ÃNÚ�ÃQ×�ÃQÅ�Ú�ÃQÅ�ÆQÃUÂ«ä$É¤Ç�ÃNË¤Ã�¿�½�É9¾�Ì�ÃNÆQÂ�Ë9ËIÃQÆQÉ�¾ Â�Å ∆
Õ � Õ � ä�Â�Ë

É9Ç�Ã,Ü�½�¿�¿�¾ Ä9É�¾ Æ,ËIÃQÄ�¾ Ä9É9½�Å�ÆQÃ,Â�ä�É9Ç�Ãg×�Â�¾�Å�É\ÆQÂ�Å�É9½�ÆQÉ Õ � Ì�Ã�Ë9Ä9Í�Ä*É9Ç�ÃgËI½�É�¾ Â
Ü�ÃQÉ9ç�ÃQÃQÅ<¾ É¤ÄjÚ�¾�½�¼*ÃQÉ9ÃQË*½�Å�Ú�É9Ç�ÃgÆQÇ�½�Ë¤½�Æ�É�Ã�Ë�¾ Ä9É�¾ Æ$Ú/¾ Ä¤É9½�Å�ÆQÃ � �∗ Ü�ÃQÉ9ç�ÃQÃQÅÉ9Ç�Ã*Ú�Ã�ä�ÃQÆ�É�Ä*ä�Â�Ë'É9Ç�Ë9ÃQÃ\Ë¤½�Å�Ú�Â�¼AÚ/¾ Ä9É¤Ë�¾�Ü�Í�É�¾ Â�Å�Ä�¾�ÅyÉ�Ç�Ã*Æ�Â�Å�É�½�ÆQÉ'Ë9ÃQØ�¾ Â�Å�Ê
ð�Í�Ë9Ì�ÃQÄ ¶ ½�Å�Ú Ô Ë¤ÃQ×�Ë9Ã�Ä9ÃQÅ�É�É9Ç�Ã$ÆQ½�Ä9ÃQÄj¾�Å�ç�Ç®¾ ÆQÇaÂ�Å�ÃgÂ�ä^É9Ç�Ã,¾ ¼j×�Í�Ë�¾ »
É�¾ ÃQÄg¾ Ä\¿�Â�ÆQ½�É9ÃQÚ@¾ ÅNÉ9Ç�ÃgÆ�Â�Å�É�½�ÆQÉjË¤ÃQØ�¾ Â�Å�à�½�Å�ÚaÆ�Í�ËIÌ�Ã µ ¾�Ä*É�Ç�Ã$Æ�½�Ä9Ã,¾ Å
ç�Ç®¾ ÆQÇyÉ�Ç�ÃQË�Ã*¾�Ä�Å�Â$Ä9Í�Æ�Çy¾ ¼*×�Í�Ë�¾ É�Þ,×�Ë¤ÃQÄ9Ã�Å�É�Ê

� ��¨/�Öµ®� � Ã�¿�½�É9¾�Ì�Ã*ÆQÂ�Ë¤Ë9ÃQÆ�É9¾�Â�Å ∆
Õ � Õ � ä�Â�Ë'É9Ç�ÃjË¤Ã�Ä�¾ Ä9É¤½�Å�ÆQÃjÂ�ä�½\Ü�½�¿�¿�¾ Ä »

É�¾ ÆCÆQÂ�Å�É9½�ÆQÉ<ä�Â�ËNÉ�Ç�ÃCÌ�½�Ë�¾�Â�Í�Ä�Ä9×�½�É�¾ ½�¿,Ú®¾ Ä9É9Ë�¾ Ü�Í�É�¾ Â�Å�Ä�Â�ä�¾ ¼j×�Í�ËQ¾ É�¾ ÃQÄ
ç�Ç�ÃQÅCÉ9Ç�Ã�Ú�Ã�ä�ÃQÆQÉ9Ä$½�Ë9ÃN¿�Â�ÆQ½�É�Ã�ÚL¾ ÅC½NÉ9Ç®¾ ÅL¿�½�Þ�Ã�Ë,¾ ÅCÉ9Ç�Ãa¾�Å�Ä9Í/¿�½�É}¾�Å�Ø
×®¿�½�Å�Ã,é9Æ�Í�Ë�Ì�ÃQÄ Ô � Ó ì Ê�ð�Í�ËIÌ�Ã ¶ Ë�ÃQ×�Ë9ÃQÄ9ÃQÅ�É9Ä'½\Ë9½�Ë9Ã*ÆQ½�Ä9Ã\¾ Åyç�Ç/¾ ÆQÇxÂ�Å�Ã
Â�ä�É¤Ç�Ã\¾ ¼j×�Í�Ë�¾ É�¾ Ã�Ä'¾ Å®¾ É�¾ ½�¿�¿ Þ,½�×�×�ÃQ½�Ë¤Ä°¾�Å,É9Ç�Ã*Å�ÃQ½�Ë'ÆQÂ�Å�É9½�Æ�É�Ë9ÃQØ�¾ Â�ÅÖÊ

ÎQP/ÎQX S�¾ T8¾ Á	ÇCÃ/¾ T�Á	¾ Á	ÀVU�»�ÅIW�»�ÊQÇ	ÌWµ�ÊSÂ�Î�Ï�Ï�Ð�ÂSÈ�¶QXP�Â	Ã�¹VÎQX



5�&�3/6w'*,�)	)�71&�)\71Bo>
−
� ,�3/J�J�9�&�Bw3�9�6�J�&�D�&�3*J²9"3²68$�&
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6�&�)87 B�687�5mJ/7WB+68,�3"5�&�';&�6�TV&�&�3\6	$�&mB	D�&�5�7WR�7Q5mB+5�,�6�6+&�)N&�)	B~ �∗ 7WB
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J�&�D"&�3;J�&�3/5�&/r�T�$*715�$:7WBCJ"&�6+&�)	@A7�3�&�J
'*K�,�3;,XG�K�6	715�,XG4&�<�24,�68719�3*B�®�s|> ° ,�3;J\®�s/e ° r*7WB~7 GSG�24B�6	)	,�6�&�J
7W3�«¬7QO[Y�y|r�B8$"9FTA7�3"O¤6	$�&�)+&�BN24G�6	BL9"R]6	$/&b3�2*@�&�)�7�5�,XG
5�,"G�5�24GW,�68719�3�2;B8713"O ,©<�B�Y:®�e�y ° ,�3/J ®	s/� ° RS9/)�l*,�)�719�2*B
)8,�3;J�9/@�J/7WB+6	)�71'/2�68719/3/BV9/R�68$�&�B8D"&�5�7WR�7Q5�BN5�,�6+6�&�)�&�)�BZY%#[$�&

@p&�BN9"BN5�9/D/7�5 )N&�O*7W@p& 713�68$�&A5�9F3;J�2*5�68,�3"5�&A9/RED�9F7W3"6(5�9"3�.
68,�5�68Bp7WBV9�';B�&�)�l�&�J]2*D�6�9�68$�&:l*,XG12/&�BV9FR�� h  ó∗ 9/R�,�'/9�2/6
z��>��4Y

«49F)A6	$/&\&XG�&�5�6	)+9F3MB+5�,�6+6�&�)�7W3"Ox'*KxB	D�&�5�7WR�7Q5_71@mD�24)�7�6871&�B
Tm716	$_3�9F3�k	&�)+9qB	D/7W3|r%BN2*';B�687�6�2/6	7W3�O]&�¥*D�)�&�B�B	719�3o®�eXs ° RS9/)
# ¬ 7W3�6�9]®�>�� ° ,Z6(6+&�@AD�&�)�,�6+2*)�&�BV,�'*9Xl/&A68$�&4�~9/3/J�9�6�&�@A.
D�&�)	,�6�2*)+&�r�T�&b5�,�3�RS9�)8@A,XGSG�K�Tm)�7�6�&�6	$�&fJ�7WR�RS&�)+&�3�687 ,XG
)+&�B+7WB�6	,�3�5�&�9/RM,^D/9�7W3�6P5�9/3�68,Z5�6�7�3 68$�&^RS9/)�@¢®�eXy ° r
J�&�3�9�6	7�3"O:'/K
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σ∗ =
π
�

( � )# ß � ( � +
>
)e � �





>
−
# � (

�
)y

���
(
g H

)�Eg H 



r ®�s�s °
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ε
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E ó (ε′ −
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E ó (ε′ +
g H

)

%

#[$�&�B+&�5�9�3*J]6+&�)	@�7W3LB�<�24,�)�&w'u)+,�5�-�&�68BV9�R(&�¥4D/)�&�B	B�719/3
®�s�s ° rETA$/715�$I7 B:,_RS2*3�5�68719�3x9/Rpl�9*G168,�O/&_,�3�Jx6+&�@AD�&�)	,�.
6�2;)�&�r©J�&�B�5�)87Q';&�B¡68$�& �(9�3*J�9o,�3�9F@A,XG�Ko9�3o68$"&�5�2u)+)�&�3�6	.
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