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�$#,-./� 0%&#� 1234+5(2),� '6768)+%)+.� #$46/23(+� -2)&#$.-(0+9� �1+&6)2� 1$',(',),� +� 1$2(%: 
&,� 8%7$686(0+� 2;+%-#<4�� =%(>6)+'=,� -6$;2)6#,'6(0+� ;%#2).� +� 1%)%#$6(0+� (>?2$-24%09� �$'%8: 
&#64+2)2�=28%?�#%2$%#,('),�12'46?60@(,�1$27)2'246A�1$'%;+%7�'=+6)�;%'1+%('%B&#46�-2): 
&#$.-(0+� 4� ('6&+%9� 	,)+-+� 6)6?+',� #%2$%#,(')%0� 12$<4)6)2� '� $%'.?#6#6=+� ;686B� 8234+68: 
('6?),(>�2;+%-#<4�=2&#24,(>�4�'6646)&246),=�&#68+.=�8%7$686(0+�2$6'�12;$6)%72�'�)+(>�
=6#%$+6/.9
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�>%�161%$�+&�D2(.&%8�2)�#>%�+&&.%�2D�&#$.(#.$%E&�8.$6;+?+#,9��>%�(6.&%&�6)8�8%7$686#+2)�1$2(%&&%&�
2D�#>%�&#$.(#.$%&��=%(>6)+&=&�2D�(2)($%#%�(6$;2)6#+2)�6)8�(>?2$+8%�1%)%#$6#+2)�6$%�8%&($+;%89�
�>%2$%#+(6?�=28%?�4>+(>�6??24&�#>%�1$27)2&+&�2D�6??�(>6)7%&�6DD%(#+)7�(2)&#$.(#+2)�&6D%#,�+)�
#+=%��+&�1$%&%)#%89��>%�F)8+)7&�2D�#>%�#>%2$%#+(6?�6)6?,&+&�>6G%�;%%)�(2=16$%8�4+#>�#>%�$%&.?#&�
2D� #>%� %H1%$+=%)#6?� $%&%6$(>� 2D� ;$+87%&� +)� #>%+$� 68G6)(%8� 8%7$686#+2)� &#67%� 6&� 4%??� 6&� #>%�
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*� �$� +)I9��+2#$��42J8'+%4+('��8$� +)I9��2=+)+-6��5;&-6��=7$� +)I9��6$(+)��+8$2�� �)&#,#.#��6#%$+6: 
/<4�+��2)&#$.-(0+��.824?6),(>��	,8'+6/��)I,)+%$++��@824%0���2?+#%(>)+-6��$6-24&-69
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�$46/23A� -2)&#$.-(0+� 0%&#� #2� '82?)23A� 82� &1%/)+6)+6� 1$'%'� 2-$%3?2),� ('6&� &#64+6),(>�
4,=676B�� -#<$%� 82#,('@� '6$<4)2� 12&#.?6#.� ;%'1+%(')%72� 1$'%)2&'%)+6� 2;(+@I%B�� 06-� 
+�6-(%1#246?)%72�'%�4'7?58<4�%&#%#,('),(>�&#6).�+(>�124+%$'(>)+9�	�('6&+%�.I,#-246)+6�
-2)&#$.-(0+� ;%#2)24%0� 124,I&'%� 12&#.?6#,� &@� '67$2I2)%� 1$'%'� 1$2(%&,� 8%7$686(0+� -2): 
&#$.-(0+��6�4�&'('%7<?)23(+�1$'%'K
– 8,D.'05�84.#?%)-.�457?6�12428.0@(%72�-6$;2)6#,'6(05�;%#2).�
– 8,D.'05�+)),(>�67$%&,4),(>�&.;&#6)(0+�12428.0@(,(>�-2$2'05�;%#2).�
– -2$2'05�&#6?+�';$20%)+24%0�4�4,)+-.�-2)#6-#.�'�#?%)%=�?.;�(>?2$-6=+�
– 1$2(%&�(,-?+(')%72�'6=$6I6)+6:28=$6I6)+6��-#<$,�12428.0%�'6$,&246)+%�;%#2).9

�� '61%4)+%)+%� #6-+(>� (%(>� -2)&#$.-(0+�� -#<$%� &@� 4,=676)%� 8?6� '6746$6)#246)+6� 0%0�
#$46/23(+�� 8;60@� '� '6&68,� )2$=,� 1$20%-#24%�� 41$2468'60@(� 4+%?%� 46$.)-<4� +� '6?%(%B9�
�+%=)+%0�� -2)+%(')23A�2&'6(246)+6� #$46/23(+�.&#$20.� ?.;� #%I�12#%)(06?)%72�1$27$6=.� +): 
#%$4%)(0+� -2)+%('),(>� 8?6� .#$',=6)+6� 0%72� 2('%-+46)%72� &#6).� 4,=676� 4,-2$',&#6)+6�
=28%?.� 216$#%72� )6� 21+&+%� '064+&-� -2$2',0),(>� +� '4%$,F-246)%72� )6� 128&#64+%� ;686B�
$'%(',4+&#,(>� 2;+%-#<49� �2805#,� #%=6#� ;6864(',� 0%&#� 1234+5(2),� ;.824+%� #6-+%72� 12: 
8%03(+6�#%2$%#,(')%72��6�)+)+%0&',�6$#,-./�&#6)24+�1$%'%)#6(05�0%72�82#,(>('6&24%72�&#21)+6�
$2'420.9
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	�-2)&#$.-(0+�I%?;%#24%0�12&#51.0@�$<4)2?%7?%�846�#,1,�8%7$686(0+K
– 8%7$686(06� ;%#2).� 4� 4,)+-.� (>%=+('),(>� $%6-(0+� >,8$6#,'246)%72� &12+46� '� (',): 

)+-6=+�2#6('60@(%72�3$2824+&-6�?.;�1$2(%&.�'6=6$'6)+6:28=$6I6)+6�
– -2$2'06� ';$20%)+6� =2I?+46� 4&-.#%-� '6646)&246)%0� -6$;2)6#,'6(0+� ;%#2).� +� ;58@: 

(6�4,)+-+%=�82&#51.�#?%).�?.;�1$'%)+-60@(,(>�82�';$20%)+6�(>?2$-<49
	�.05(+.�('6&24,=�124,I&'%�1$2(%&,�)+&'('%)+6�-2)&#$.-(0+�=2I)6�128'+%?+A�)6K

– ���
�� ���
������� 4� -#<$,=� ';$20%)+%� 0%&#� (>$2)+2)%� 1$'%'� ;%#2)� +� )+%� 4,&#51.0%� 1$6-: 
#,(')+%�0%72�)+&'('%)+%��6?%�12&#51.0%�1$2(%&�-6$;2)6#,'6(0+�;%#2).�

– ���
��������������-#<$%72�12('@#-+%=�0%&#�8%16&,46(06�46$&#4,�2(>$2))%0�';$20%)+69

L9M9� �-$%&�+)-.;6(0+

�+&'('%)+%� -2)&#$.-(0+� ')608.0@(%0� &+5� 4� 3$2824+&-.� )6#.$6?),=� =2I%� ;,A� '6+)+: 
(0246)%� )6� &-.#%-� 2;%()23(+� ��2� +� '4+@'6),=� '� )+=� 1$2(%&%=� -6$;2)6#,'6(0+9� �6$: 
;2)6#,'6(06� #2� $%6-(06� 84.#?%)-.� 457?6� 4)+-60@(%72� 1$'%'� 12$,� 4� ;%#2)+%� '� 4282$2: 
#?%)-+%=�461)+6�O�&-/68)+-+%=�&#46$8)+6/%72�'6(',).�(%=%)#24%72K

 � PMQ

�$2(%&� -6$;2)6#,'6(0+� 1$2468'+� 82� 2;)+I%)+6� 4&-6J)+-6� 1�� 2#.?+),� ';$20%)+6� '� 12: 
('@#-24%72�12'+2=.�4,)2&'@(%72�ML�RS�)64%#�82�T�US9��%0�12&#51�28�124+%$'(>)+�;%#2: 
).� 4� 7/@;� &#$.-#.$,� 28;,46� &+5� 4,$6J),=� D$2)#%=9� �$27246� 46$#23A� 1��� -#<$6� 0.I� )+%�

CO Ca OH CaCO H O2 2 3 2+ → +( )
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'61%4)+6� &#6).� 16&,4)%72� &#6?+� '728)+%� '� 4,)+-6=+� 2;?+('%B� #%$=28,)6=+('),(>�� 4,:� 
)2&+�MM�TS�\M]9

L9L9� �-$%&�1$21676(0+

	6$&#46� 2(>$2))6� ';$20%)+6� &-/6860@(6� &+5� '� #?%)-<4� I%?6'6� �%2OU� +� �%�P��Q� 12&+6: 
86�7$.;23A�LO^�)=�\M]9��%0�8%16&,46(06�)6&#51.0%�4�4,)+-.�2;)+I%)+6�28(',).�;%#2)24%0�
2#.?+),�';$20%)+69

�24&#60@(%� 4� 2-$%&+%� -2$2'0+� 1$28.-#,� 7$2=68'@� &+5� 42-</� ';$20%)+69� �2� (6/-24+: 
#,=� 4,1%/)+%)+.� &+%(+� 12$<4� 42-</� ';$20%)+6� 86?&',� 4'$2&#� 2;05#23(+� 1$28.-#<4� -2$2': 
0+� 12428.0%� 124&#6)+%� )61$5I%B� $2'(+@760@(,(>� 4� 2#.?+)+%� ;%#2)24%09� �2� 1$'%-$2('%)+.�
4,#$',=6/23(+�;%#2).�)6� $2'(+@76)+%� P����Q�82(>28'+�82�'6$,&246)+6� #%0�2#.?+),��6�)6&#51: 
)+%�0%0�28&120%)+6�1$2468'@(%72�2&#6#%(')+%�82�28&/2)+5(+6�';$20%)+69

�,&9� M9� �$'%;+%7�)+&'('%)+6�-2)&#$.-(0+
�+79� M9� �$27$%&&�2D�&#$.(#.$%�8%7$686#+2)

�2$2'06� &#6?+� ';$20%)+24%0� #2� $%6-(06� %?%-#$2(>%=+(')6� 2� 8,)6=+(%� '6?%I)%0� 28� 12: 
#%)(06/.�%?%-#$2(>%=+(')%72�'4+@'-<4�4(>28'@(,(>�4� $%6-(059��2)68#2��-2$2'06�';$20%: 
)+6� =2I%� )6&#@1+A� 4('%3)+%0� 1$'%'� 1$',&1+%&'2)@� 8%16&,46(05�� &12428246)@� 2;%()23: 
(+@�(>?2$-<4��12(>28'@(,(>�'�428,�=2$&-+%0�� ?.;�&2?+�&#2&246),(>�82�28?68'6)+6�2;+%-: 
#<4�+)D$6&#$.-#.$,�8$2724%0��=9+)9�2;+%-#<4�=2&#24,(>9

	+%?2?%#)+%� 8234+68('%)+6� %-&1?26#6(,0)%� 4&-6'.0@� -2$2'05� ';$20%)+6� 06-2� _128&#6: 
424,� 1$2;?%=� #$46/23(+� 4� -2)&#$.-(06(>� I%?;%#24,(>`� +� )60('5&#&'@� 1$',(',)5� 1$'%8: 
4('%&)%72�1$'%-$2('%)+6�-$,#%$+.=�)23)23(+�P'=)+%0&'%)+%�)23)23(+�-2)&#$.-(0+�4�4,)+-.�
'=+6)� 1$'%-$20.� ';$20%)+6� 4� ('6&+%Q� ?.;� -$,#%$+.=� .I,#-246?)23(+� P)68=+%$)6� &'%$2: 
-23A�$,&Q��06-�&#4+%$8'2)2�4�\L]�+�\U]9

�+%'=+%$)+%� 46I)6� 0%&#� '6#%=� ')602=23A� 1$',(',)�� =%(>6)+'=<4� -2$2'0+� 2$6'�
2-$%3?%)+%� &',;-23(+� -2$2'0+�� +&#2#)%72� 16$6=%#$.� 82� 2&'6(246)+6� ('6&.� %-&1?26#6(0+� 
+�('6&.�I,(+6�2;+%-#.�P28124+%8)+2�-$,#%$+.=�.I,#-246?)23(+��-$,#%$+.=�)23)23(+Q9
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�28&#6424,=�4,)+-+%=�&#2&246)+6�#%2$%#,(')%72�=28%?.�1$2(%&<4�-2$2'0+�0%&#�1$'%: 
4+8,46),� ('6&� D.)-(02)246)+6� %?%=%)#.� 6I� 82� (>4+?+� .#$6#,� 0%72� 4/63(+423(+� .I,#: 
-24,(>9��$',0=.0%�&+5��I%�%?%=%)#�1$'%&#60%�&1%/)+6A�4,=676)+6�4�=2=%)(+%�'6$,&246: 
)+6�&+5�2#.?+),�;%#2)24%09�	�=28%?.�#%2$%#,('),=��6;,�2&'6(246A�('6&�1$'%4+8,46)%72�
.I,#-246)+6� -2)&#$.-(0+�� )6?%I,� 4,')6(',A� /@('),� ('6&� +)-.;6(0+� 2$6'� 1$21676(0+� 1$',�
.&#6?2),(>�-$,#%$+6(>�7$6)+('),(>9

�4+@'%-� 12=+58',� ('6&%=� -6$;2)6#,'6(0+� 6� 0%0� 7/5;2-23(+@� 12'46?6� 2-$%3?+A� #%2: 
$%#,('),�('6&�+)-.;6(0+�\b]K

 t x
Ki =

⎛
⎝⎜

⎞
⎠⎟

2

� PLQ

78'+%K
x�� O� 7$.;23A�46$&#4,�'2;205#)+2)%0�\==]�
���� O� ('6&�+)-.;6(0+�P4�?6#6(>Q�
K�� O� 4&1</(',))+-��2��46$#23(+��'6?%I)%0��28��4,#$',=6/23(+��;%#2).�)6�3(+&-6)+%��4+?:

72#)23(+�4'7?58)%0�124+%#$'6����2$6'�46$.)-<4�3$2824+&-6�P==c?6#6S�^Q�\b]9
�'6&�1$21676(0+�P��Q�2;?+('2)2�)6�128&#64+%�=28%?.��2$+)676�\^]9��6�%=1+$,(')6�=%: 

#286�12-6'.0%�'4+@'%-�=+58',�('6&%=�1$21676(0+��6�=6&@�1$28.-#<4�-2$2'0+�1$',16860@: 
(@�)6�124+%$'(>)+5�1$5#6K

 t
Q
Jp
cr

r
	 � PUQ

78'+%K
Q�� O� =6&6�1$28.-#<4�-2$2'0+�1$',16860@(%0�)6�124+%$'(>)+5�1$5#6�\7c==2]�
J����O� &',;-23A�-2$2'0+�\7c==2&]9

�6$6=%#$,�124,I&'%0�D2$=./,�4,')6('6�&+5�)6&#51.0@(2K

�6&6�1$28.-#<4�-2$2'0+K

 Q
c
D

Dcr
v= ⋅ +

⋅⎛
⎝⎜

⎞
⎠⎟

⋅0 602 1
2 0 85

,
,

� PbQ

78'+%K
��� O� 7$.;23A�2#.?+),�\==]�
D� O� 3$%8)+(6�1$5#6�\==]9

�',;-23A�-2$2'0+�\7c==2&]K

 J M
nF

ir 	 cor � P^Q

78'+%K
M�� O� =6&6�=2?246�\7c=2?]��M�k�^^�T^�7c=2?�8?6��%�
��� O� 46$#23(+2423A����k�L�8?6��%2+�
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�(2$��O� 75&#23A�1$@8.�-2$2'0+�2-$%3?2)6�+)8,4+8.6?)+%�\m�c(=2]�
F�� O� &#6/6��6$686,6���k�nRbTp��9

�2$=./6� 216$#6� )6� 1$64+%� �6$686,E6� \b]� 12'46?6� 12)68#2� )6� 12-6'6)+%� $%?6(0+� =+5: 
8',� 12&#51%=� -2$2'0+� ';$20%)+6� 6� '=)+%0&'%)+%=� )23)23(+� -2)&#$.-(0+� 4&-.#%-� $%8.-(0+�
3$%8)+(,� 1$5#<4� ';$20%)+24,(>9� 	%8/.7� #%72� 128%03(+6� '=+6)6� 1$'%-$20.� 120%8,)('%72�
1$5#6�';$20%)+6�0%&#�D.)-(0@�('6&.K

 Δφ α λ( )t i t= ⋅ ⋅ ⋅cor � PRQ

78'+%K
q�� O� 4&1</(',))+-�+)#%)&,F-6(0+�-2$2'0+�
s�� O� 3$%8)+�12'+2=�-2$2'0+��1$',05#2�s�k�S�SMMR�==c$2-�
��� O� ('6&�P4�?6#6(>Q�
�(2$�O� 75&#23A�1$@8.�-2$2'0+�\m�c(=2]9

�$',0=.0%� &+5�� +I� 75&#23A� 1$@8.� -2$2'0+� �(2$� t� S�^� u�c(=2� 28124+686� 1$'%;+%724+� -2: 
$2'0+� 4� 3$2824+&-.� 3$%8)+2� 67$%&,4),=�� )6#2=+6&#� �(2$� t� M�S� u�c(=2� 28124+686� -2$2'0+� 
4� 3$2824+&-.� 67$%&,4),=� \U]9�	$6'� '%� '=+6)@�1$'%-$20.�120%8,)('%72�1$5#6� ';$20%)+6��
=2I)6� 2-$%3?+A� '=+6)5� 12?6� 1$'%-$20.� ';$20%)+6� 4� %?%=%)(+%�� 6� +8@(� 86?%0� O� 4,')6(',A�
1$'%;+%7�)23)23(+�%?%=%)#.�4�('6&+%�1$21676(0+9

	,I&'6�75&#23A�1$@8.�-2$2'0+�0%&#�1$',0=246)6�8?6�;%#2).�4�3$2824+&-.�67$%&,4),=�
P)19� 2;%()23A� (>?2$-<4Q9� �#5I%)+%� (>?2$-<4� )6� $2'46I6)%0� 7/5;2-23(+� =2I)6� .&#6?+A� '%�
4'2$.K

 
C
C

erf x
D t

x

0
1 21

2
= −

⋅ ( ) /
α

� PpQ

78'+%K
CS� O� &#5I%)+%�(>?2$-<4�4�124+%$'(>)+24%0�46$&#4+%�;%#2).�
Cx� O� &#5I%)+%�(>?2$-<4�4�28?%7/23(+�x�28�124+%$'(>)+�;%#2).�
�� O� ('6&�
D�� O� 4&1</(',))+-�8,D.'0+�.4'7?58)+60@(,�(6/-24+#%�&#5I%)+%�(>?2$-<4�4�;%#2)+%�

���PQ�O� D.)-(06�;/58.��6.&&6�
 � !� 7/5;2-23A��)6�06-@�1$'%)+-)@�(>?2$-+9

!�� "#��������������$�
����#��$����� 

�$'%8&#64+2)%� 4'2$,� 82#,('@(%� 7/5;2-23(+� -6$;2)6#,'6(0+�� &#5I%)+6� 02)<4� (>?2$-2: 
4,(>�2$6'�('6&.�+)-.;6(0+�12&/.I@�82�2-$%3?%)+6�('6&.�.I,#-246)+6�+&#)+%0@(,(>�2;+%-#<49

�$'%8=+2#%=� 6)6?+',� &@� 846� =2&#,� 8$2724%� ')608.0@(%� &+5� 4� (+@7.� 6.#2&#$68,� )6�
12/.8)+.��2?&-+9��;+%-#,�'2&#6/,�4')+%&+2)%�4�12/24+%� ?6#�TS9��;+%-#,�28�12('@#-.�%-&: 
1?26#6(0+� ;,/,� )6$6I2)%� )6� )+%-2$',&#)%� 8'+6/6)+%� 3$2824+&-6� '%4)5#$')%72K� 8'+6/6)+%�
#%=1%$6#.$� 124+%#$'6� 4� $2('),=� (,-?.�� '=+%))%0� 4+?72#)23(+� 124+%#$'6�� 06-� $<4)+%I�
2;%()23A� 02)<4�(>?2$-24,(>�4�4,)+-.�'+=24%72�.#$',=6)+6�8$<7�P1?6)24%�28?68'6)+%�
=2&#<4Q9
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�+%$4&',=�'�;686),(>�%?%=%)#<4�&@�-6;?2;%#2)24%�8J4+76$,�	���&#6)24+@(%�-2): 
&#$.-(05�)23)@�=2&#.�8$2724%72�P16#$'� $,&9�LQ9��20%8,)(',�8J4+76$�=2&#.� #2�;%?-6�84.: 
#%246�2�12?.�1$'%-$20.��(1�k�S�pUL�=2�2$6'�4,&2-23(+�h�k�M�n^�=9

�$'%-$<0� 121$'%('),� .&#$20.� 0%&#� '/2I2),� '� 1+5(+.� &42;28)+%� 12816$#,(>� 8J4+76$<4� 
2�$2'1+5#23(+6(>�28�U^�S�=�82�Up�T�=��-#<$%�4$6'�'�121$'%(')+(6=+�&#6)24+/,�-2)&#$.-(05�
)23)@� -6I8%0� '� 0%'8)+� 6.#2&#$68,9� �6;?2;%#2)24%� 8J4+76$,� 4,-2)6)2� '� ;%#2).� 2� 4,: 
#$',=6/23(+� )6� 3(+&-6)+%� $<4)%0� RM� ��6� +� =28.?%� &1$5I,&#23(+� UT� ��6� P4,)+-+� ;686B�
4,#$',=6/23(+24,(>�;%#2).�&'%3(+.�1$<;%-Q9��6/-24+#6�8/.723A�1+5(+21$'5&/24%72�=2&#.�
4$6'�'�1$',('</-6=+�4,)2&+/6�Mnn�US�=9���.467+�)6�.&,#.246)+%�2;+%-#.�)68�428@�;,/� 
2)� &#6?%� )6$6I2),� )6� -2)#6-#� '� 124+%#$'%=� 2� 4,&2-+%0� 4+?72#)23(+9� �2)68#2�� '6&68,�
.#$',=6)+%� 8$27+� &',;-+%72� $.(>.� '+=@� 12428246/,� -2)#6-#� 2;+%-#.� '� &2?@9� �+%0&(%=�
&'('%7<?)+%�)6$6I2),=�)6�-2$2'05�(>?2$-24@�;,/,�8J4+76$,�1$'5&/6�&-$60)%72��82�-#<$,(>�
1$'%'� .$'@8'%)+6� 8,?6#6(,0)%� +� )+%&'('%?),� -2?%-#2$� 1$'%82&#646/6� &+5� 4286� &1/,460@(6� 
'�)64+%$'(>)+9

�728)+%� '� 1$20%-#%=� $%=2)#.� 6.#2&#$68,� �b� '6-/6860@(,=� 128)+%&+%)+%� )23)23(+�
=2&#<4�+�4+68.-#<4�82�)604,I&'%0�-?6&,�2;(+@I%)+6����2;+%-#�82#,(>('6&�12&+6860@(,�)+I: 
&'%� 16$6=%#$,� )23)23(+� '2&#6/� 7$.)#24)+%� 1$'%;.8246),9� �)6?+'246)%� 8J4+76$,� 	���
'8%=2)#246)2� +� '6&#@1+2)2� 8J4+76$6=+� 1$%D6;$,-246),=+� w���� )6� -#<$,(>� 4,-2)6)2�
I%?;%#24@�1/,#5�2�7$.;23(+�L^�(=9

�,&9� L9� �8%=2)#246)%�-6;?2;%#2)24%�8J4+76$,�&-$60)%72�1$'5&/6�=2&#.
�+79� L9� �+&6&&%=;?%8�1$%&#$%&&%8�(2)($%#%�7+$8%$&�2D�;$+87%�&+8%�&16)

�,&9� U9� "%?;%#24%�2('%1,�4+68.-#.�1$'%8�$%=2)#%=
�+79� U9� �%+)D2$(%8�(2)($%#%�(61�;%6=&�2D�G+68.(#�;%D2$%�$%16+$



17

�$.7+�1$'%8=+2#�;686B�&#6)24+@�I%?;%#24%�;%?-+�2('%124%� $%=2)#246)%72�4+68.-#.�
8$2724%72�� -#<$%� 12� 2-9� Lb� ?6#6(>� %-&1?26#6(0+� 4,-6',46/,� +&#2#)%� .;,#-+� ;%#2).� +� 4,: 
=676/,� )61$64,� P$,&9� UQ9� 	%8/.7� 1$20%-#.� 2('%1,� 4,-2)6)2� '� ;%#2).� 2� 4,#$',=6/23(+� 
)6�3(+&-6)+%�$<4)%0�L^���6�2$6'�'%�';$20%)+6�2�7$6)+(,�1?6&#,(')23(+�U^S���69

�%?-+� 2('%124%� 1$'%)2&'@� 2;(+@I%)+6� '� ;%?%-� .&#$20.� )23)%72� 1$'5&%/� )6� &/.1,9� 
	� 4,)+-.� 27?58'+)� &#4+%$8'2)2� &'('%7<?)+%� '/,� &#6)� 84<(>� 2('%1<4�� 82� -#<$,(>� 1$'%'�
)+%&'('%?)%� .$'@8'%)+6� 8,?6#6(,0)%� 1$'%)+-6/6� 4286� '� 0%'8)+9� �� 2('%1<4�� 4� =+%0&(6(>�
;%'123$%8)+2�128�8,?6#6(06=+��12;$6)2�=6#%$+6/�82�6)6?+',�(>%=+(')%09

%�� &�
������#��������$��������������� ����#��$����� 

�2)+I%0� '61$%'%)#246)2� 4,)+-+� ;686B� 4,;$6),(>� %?%=%)#<4� 2;.� =2&#<4� 8$272: 
4,(>9��%?%=�;686B�;,/2�2-$%3?%)+%�&#6).�#%(>)+(')%72�2;+%-#<4��6�'4?6&'('6�&#21)+6�'6: 
646)&246)+6� 12&#51.� ')+&'('%)+69� �� =+%0&(� &'('%7<?)+%� )6$6I2),(>� )6� -2$2'05� 12;$6: 
)2�1$<;-+�82�;686B�?6;2$6#2$,0),(>9��%#2)�12886)2�6)6?+'+%�(>%=+(')%0�'728)+%�'�\R]�2$6'�
\p]9� �;%0=246/6� 2)6� =9+)9� 2')6('%)+%� 28(',).� 4,(+@7.� 428)%72� 2$6'� 1$2(%)#24%0� '6: 
46$#23(+�02)<4�(>?2$-24,(>�4�&12+4+%9

^9M9� �J4+76$,�-6;?2;%#2)24%�	��

�6#%$+6/� 82� ;686B� 12;$6)2� 4� D2$=+%� '4+%$(+)� '� 2#42$<4� 2� 7/5;2-23(+� SO^�S� (=� 12: 
;+%$6),(>� 288'+%?)+%� 8?6� -6I8%72� (%)#,=%#$6� 2$6'� L^� 284+%$#<4� 1$'%?2#24,(>� '� 84<(>�
8J4+76$<4� &-$60)%72� 1$'5&/6� =2&#.K� 4%4)5#$')%72� +� &-$60)%72� 28� &#$2),� 8$.7+%0� )+#-+�
6.#2&#$68,9� 	,-2)6)2� )6&#51.0@(%� 284+%$#,� $8'%)+24%K� Mn� 284+%$#<4� 1$'%?2#24,(>� 8/.: 
723(+� LM� (=� PM^� 3$%8)+(,� φMSS� ==�� L� 3$%8)+(,� φTS� ==�� L� 3$%8)+(,� φMUU� ==Q� 2$6'� 
R� 284+%$#<4� φ^M� ==� 2� 8/.723(+� MM� (=9� �,&.)%-� b� 1$'%8&#64+6� ?2-6?+'6(0%� =+%0&(� 12: 
;+%$6)+6�=6#%$+6/.�4�8J4+76$'%�&-$60),=9

�,&9� b9� �+%0&(6�12;$6)+6�=6#%$+6/.�'%�&-$60)%72�8J4+76$6�P'4+%$(+),�2$6'�284+%$#,Q
�+79� b9� �2(6#+2)�2D�=6#%$+6?�&6=1?+)7�2)�&+8%�7+$8%$�P8$+??+)7&�6)8�(,?+)8%$&Q

	,)+-+� 6)6?+',� (>%=+(')%0� '4+%$(+)� 4,-6'6/,� ';?+I2)@� 46$#23A� 1�� 8?6� 4&',&#: 
-+(>� &#6)24+&-9� �8(',)� 1�� 8?6� 4&',&#-+(>� 12;$6),(>� '4+%$(+)� 4,)2&+/� 2-9� MM�USOMM�pS� 
+� ;,/� 12)+I%0� 46$#23(+� 1$2724%0� MM�TS� 4%8/.7� \M]�� -#<$6� '61%4)+6� 16&,4),� &#6)� ';$20%: 
)+69��?6�2;.�;%?%-�'=+6),�28(',).�1��4$6'�'�7/5;2-23(+@� &@�1282;)%9�	,;$6)%�4,)+-+�
1$'%8&#64+2)2�4�#6;%?+�M9



18

�-6I%)+%� 02)6=+� (>?2$-24,=+� '%4)5#$')%0� ('53(+� 2#.?+),� 8J4+76$<4� =2&#24,(>�
1$'%-$6('6/2� 821.&'('6?)@� 46$#23A�� -#<$6� 4,)2&+� S�bx� =6&,� &12+46� 8?6� -2)&#$.-(0+�
I%?;%#24,(>�\M]9

�286#-24@�4%$,F-6(0@�124,I&',(>�4,)+-<4�0%&#�12$<4)6)+%�+(>�'�$%'.?#6#6=+�6)6?+',�
(>%=+(')%0� 284+%$#<49� �6� %?%=%)#,� 12=+6$24%� 1$',05#2� 1?6&#$,� 2� 4,=+6$6(>� φ� k� MSS�
==�+�h�k�M^�==��1$',(+)6)%�'�284+%$#<49���$2'8$2;)+2),(>�1?6&#$<4�2')6('2)2�1��+�'6: 
46$#23A�(>?2$-<49

� 6 ; % ? 6 �M
�������$�
�����$��������
' ����� ��&(�����������	����)��������*� �������+

�19 �+%0&(%�12;$6)+6�1$<;-+ �/5;2-23A�;%#2).�
12;$6)%72�82�;686B�\(=] 1� �646$#23A�02)<4��?–

\x�=6&,�&12+46]

M �J4+76$�&-$60),

S�SOM�S MM�US S�^U
M�SOL�S MM�^S S�LS
L�SOU�S MM�b^ S�Sp
U�SOb�S MM�^S –
b�SO^�S MM�RS –

2 �J4+76$�4%4)5#$'),

S�SOM�S MM�^^ S�^U
M�SOL�S MM�R^ S�M^
L�SOU�S MM�pS S�Sp
U�SOb�S MM�^^ –
b�SO^�S MM�RS –

	,)+-+�2')6('%B�1$'%8&#64+2)2�4�#6;%?+�L9��?6�-6I8%72�'�8J4+76$<4�4,;$6)2�4,)+-+�
'� L� &#6)24+&-�� 4� -#<$,(>� 28(',)� 1�� 1$',0=246/� 46$#23(+� &-$60)%� P=+)+=6?)@� +� =6-&,: 
=6?)@Q9���#,(>�=+%0&(�1$'%8&#64+2)2�$<4)+%I�2')6('2)%�&#5I%)+6�02)<4�(>?2$-24,(>9

� 6 ; % ? 6 �L
�����,����������� ����� �$�
�����$��������
' ����� ��&(�	����)������������*�
 �����+

�19 �+%0&(%�12;$6)+6�
1$<;-+

�/5;2-23A�;%#2).�
12;$6)%72�82�;686B�

\(=]

1� �646$#23A�02)<4��?–

\x�=6&,�&12+46]
�+) �6H �+) �6H

M �J4+76$�&-$60),
S�SOM�^ ML�S^ ML�M^ S�Sp S�UU
M�^OU�S ML�MS ML�M^ S�Sp S�Sp
U�SOb�^ ML�MS ML�M^ – –

2 �J4+76$�4%4)5#$'),
S�SOM�^ ML�MS ML�M^ S�Sp S�MS
M�^OU�S ML�S^ ML�LS S�Sp S�MS
U�SOb�^ ML�MS ML�LS – –

�')6('2),� 28(',)� 1�� =+%3(+/� &+5� 4� 7$6)+(6(>� ML�S^OML�LS� +� 34+68(',/� 2� =6/,=� 
12&#51+%�-6$;2)6#,'6(0+9�	&',&#-+%�;686)%�284+%$#,�;%#2)24%�4,-6',46/,�'646$#23A� 02: 
)<4�(>?2$-24,(>�)+%1$'%-$6('60@(@�S�UUx�=6&,�&12+469��6?%I,�'6.46I,A��+I�4,I&'6�'6: 
46$#23A�#,(>�02)<4�4,&#51246/6�4�'%4)5#$'),(>�1?6&#$6(>9��#$',=6)%�46$#23(+�;,/,�0%8: 



19

)6-�)+I&'%�)+I�8?6�'4+%$(+)��1$64821282;)+%�'%�4'7?58.�)6�4,1/.-+46)+%�(>?2$-<4�128: 
('6&�1$2(%&.�12',&-6)+6�=6#%$+6/.9

�2$2'05� ';$20%)+6� =+5--+%72� '62;&%$4246)2� 1$'%8%� 4&',&#-+=� 4� =+%0&(6(>� '6(+%: 
-<4� '� )+%&'('%?)%72� -2?%-#2$6� 428,� '� )64+%$'(>)+� 2;+%-#.9� �$2468'+� #2� 82� 12#4+%$: 
8'%)+6� 124&'%(>)%0� 21+)+�� +I� 2;%()23A� 02)<4� �?–� 4,42/.0%� ')6(')+%� &',;&',� 1$'%;+%7�
-2$2'0+� &#6?+� ';$20%)+24%0� )+I� 4� 1$',168-.� -6$;2)6#,'6(0+� \n]9� 	� #$'%(>� $%02)6(>� 4� &@: 
&+%8'#4+%�)+%&'('%?),(>�-2?%-#2$<4�&1.&#24,(>�'62;&%$4246)2�28&120%)+%�2#.?+),9

	� 8286#-242� 1$'%1$2468'2),(>� ;686)+6(>� )+%� &#4+%$8'2)2� 27)+&-� -2$2'0+� )6� 12: 
4+%$'(>)+� ';$20%)+6� &1$5I60@(%729� �6(',)� (%=%)#24,� 1%/)+@(,� $2?5� 2(>$2))@� 8?6� (+57+%)�
4,-6'6/� 28(',)� &+?)+%� 6?-6?+('),� P1�� k� ML�LSQ�� 34+68('@(,� 2� )+%4+%?-+=� 12&#51+%� -6$: 
;2)6#,'6(0+�;%#2).9

^9L9� "%?;%#24%�2('%1,�F?6$<4�4+68.-#.

�$<;-+� 82� ;686B� =6#%$+6/.� 4� 8$.7+=�� ')6(')+%� ;6$8'+%0� &-2$28246),=� 2;+%-(+%��
.',&-6)2� 1$'%'� $2'8$2;)+%)+%� -646/-<4� ;%#2).� 28-.#,(>� '� -2)&#$.-(0+� 2$6'� 12;$6),(>� 
4�D2$=+%�'4+%$(+)�4,-2),46),(>�)6�7/5;2-23(+�SO^�S�(=9��$<;-+�12(>28'+/,�'� $<I),(>�
2('%1<4K� &-$60)%72� +� 3$28-24%72� F?6$6�� '%� &#$%D,� .&,#.246)%0� ;%'123$%8)+2� 128� .$'@: 
8'%)+6=+�8,?6#6(,0),=+9��2;$6)2�^�28-.4%-�;%#2).�+�'4+%$(+),�'�MS�&#6)24+&-��1$',�(',=�
4�1$',168-.�2('%1.�&-$60)%72��=)+%0� &-2$28246)%72��4,;$6)2�L�&#6)24+&-6��6�12'2&#6: 
/%� '6/2I2)2� )6� ;6$8'+%0� ')+&'('2),=� 2('%1+%� 3$28-24,=9� 	,)+-+� 6)6?+',� (>%=+(')%0�
'4+%$(+)� +� $2'8$2;)+2),(>� -646/-<4� ;%#2).� 4,-6'6/,� ';?+I2)@� 46$#23A� 1�� 1$<;%-�� ?%('�
'$<I)+(246)@�'646$#23A�02)<4�(>?2$-24,(>9

	,)+-+� 2')6('%B� 4,-2)6),(>� 8?6� '4+%$(+)� '%;$6)2� 4� #6;%?+� U9� �?6� -6I8%72� '� 2('%: 
1<4� 4,;$6)2� 4,)+-+� '%� &#6)24+&-�� 4� -#<$,(>� '646$#23A� 02)<4� (>?2$-24,(>� ;,/6� 28: 
124+%8)+2�=+)+=6?)6�+�=6-&,=6?)69���#,(>�=+%0&(�1$'%8&#64+2)2�$<4)+%I�46$#23(+�1�9

� 6 ; % ? 6 �U
�����,����������� ����� �$�
�����$��������$���������	� ��#�-���� �*� �������+

�19 �+%0&(%�12;$6)+6�
1$<;-+

�/5;2-23A�;%#2).�
12;$6)%72�82�;686B�

\(=]

1� �646$#23A�02)<4��?– 
\x�=6&,�&12+46]

�+) �6H �+) �6H

M �('%1�F?6$6�
3$28-24%72

S�SOM�S MS�pS MM�bS M�LS L�LS
M�SOL�S MM�TS MM�TS S�pS L�nS
L�SOU�S MM�RS MM�pS S�b^ L�LS
U�SOb�S MM�pS MM�pS S�UL M�nS
b�SO^�S MM�^S MM�TS S�MR M�nS

2 �('%1�F?6$6�
&-$60)%72

S�SOM�S MM�nS ML�MS S�pS S�TS
M�SOL�S MM�nS ML�MS S�pS S�TS
L�SOU�S MM�nS MM�nS S�UL S�^^
U�SOb�S MM�pS MM�nS S�Lp S�UL
b�SO^�S MM�RS MM�nS S�LL S�Lp

�8(',)� 1�� 8?6� 4&',&#-+(>� 12;$6),(>� '4+%$(+)� 4,)2&+/� 2-9� MS�pSOML�MS9� �+I&',� 28: 
(',)�2$6'�4,I&'6�'646$#23A�02)<4�(>?2$-24,(>�4,&#51246/,�4�2('%1+%�3$28-24,=9



20

�)6?+'6�(>%=+(')6�12'42?+/6�)6�2-$%3?%)+%�'=+%))23(+�1$2(%)#24%0�'646$#23(+� 02)<4�
(>?2$-24,(>�)6�$2&)@(%0�7/5;2-23(+�4�;%#2)+%�2$6'�0%8)2('%3)+%�.=2I?+4+/6�4,')6('%)+%�
7/5;2-23(+�� )6� 06-@� 1$'%)+-)5/,� 02),� (>?2$-24%9� �$',-/68242�� 8?6� 2('%1.� F?6$6� 3$28: 
-24%72� 3$%8)+%� )6&,(%)+%� 02)6=+� (>?2$-24,=+� ;,/2� 124,I%0� 46$#23(+� 7$6)+(')%0� PS�bx�
=6&,� &12+46� 4%8/.7� \M]Q� 82� 7/5;2-23(+� RS� ==�� 6� 4� 1$',124+%$'(>)+24%0� 46$&#4+%� #5�
46$#23A�1$'%-$2('2)2�12)68�&+%8=+2-$2#)+%9

.�� ���� ������ ����� �$�
�/������������������$����������

	,)+-+�6)6?+',�(>%=+(')%0�'�2;.�2;+%-#<4�12$<4)6)2�'�#%2$%#,('),=+�2;?+('%)+6=+9

R9M9� �J4+76$,�-6;?2;%#2)24%�	��

�)6?+#,(')%� 2;?+('%)+6� 7/5;2-23(+� -6$;2)6#,'6(0+� 8?6� LU:?%#)+(>� 8J4+76$<4� -6;?2: 
;%#2)24,(>� 	��� 12'42?+/,� .&#6?+A�� +I� 46$#23A� 1$27246� 1�� k� MM�TS� '2&#6/6� 1$'%-$2: 
('2)6� )6� 7/5;2-23(+� bRORS� ==� 28� 124+%$'(>)+� %?%=%)#.9� �24,I&',� $2'$'.#� 7/5;2-23(+�
-6$;2)6#,'6(0+� 0%&#� &12428246),� 1$',05(+%=� 46$#23(+� 4+?72#)23(+� 4'7?58)%0� 124+%#$'6� 
4� 7$6)+(6(>� ��� k� bSORSx9� �?6� 8J4+76$<4� 12$<4)6)+%� 2;?+('2)%72� 124,I%0� '6-$%: 
&.� 7/5;2-23(+� -6$;2)6#,'6(0+� '� 4,)+-6=+� ;686B� (>%=+('),(>� 12-6'.0%� ';+%I)23A�� ;2: 
4+%=�1$'%8&#64+2),�4�#6;%?+�M�28(',)�1��82�7/5;2-23(+�^�(=�0%&#�$<4)+%I�12)+I%0�46$#23(+�
MM�TS9
�'6&�+)-.;6(0+

�2� 2;?+('%)+6� ('6&.� +)-.;6(0+� 4,-2$',&#6)2� 4'<$� PLQ� )6� 7/5;2-23A� -6$;2)6#,'6(0+�
;%#2).9� 	� #6;%?+� b� '61$%'%)#246)2� 46$#23(+� ('6&.� +)-.;6(0+� 4� '6?%I)23(+� 28� 7$.;23(+�
2#.?+),� +� 46$#23(+� 4+?72#)23(+� 4'7?58)%0� 124+%#$'69� �$',� 46$#23(+K� bSx�� ^Sx� 2$6'� RSx�
4'7?58)%0� 4+?72#)23(+� 124+%#$'6� '2&#6/,� 8286#-242� 4,$<I)+2)%�� 78,I� 06-� 1$',05#2�� 28: 
124+686/,�2)%�3$%8)+=�46$.)-2=�3$2824+&-24,=�8?6�2;+%-#.9

� 6 ; % ? 6 �b
0���1��,2�����������$������
����$�,�������������� �������,��� ����
����	� ������

�'6&�+)-.;6(0+�\?6#6]
�/5;2-23A�(�\==] 	+?72#)23A�4'7?58)6�124+%#$'6

USx bSx ^Sx RSx pSx
�#6?�&1$5I60@(6�P(�k�^^�==Q bb�^ UR�b Ub�R Up�T bT�R

�;$20%)+%�'4,-/%�P(�k�bS�==Q LU�^ Mn�L MT�U LS�S L^�p

�6� 128&#64+%� 4,)+-<4� 1$'%8&#64+2),(>� 4� #6;%?+� b� 1$',05#2� 3$%8)+� ('6&� +)-.;6(0+�
$<4),� 28124+%8)+2K� Mn� ?6#� 8?6� ';$20%)+6� '4,-/%72� 2$6'� UR� ?6#� 8?6� &#6?+� &1$5I60@(%09� �2: 
$<4).0@(� 4,)+-+� 2;?+('%B� '� $'%(',4+&#,=� 2-$%&%=� %-&1?26#6(0+� -2)&#$.-(0+�� 4,-?.('2)2�
-2$2'05�';$20%)+6�&1$5I60@(%72��(2�12#4+%$8'+/6�2;&%$46(06�1$'%8=+2#24%0�-2)&#$.-(0+9



21

R9L9� "%?;%#24%�2('%1,�F?6$<4�=2&#.

�6� 128&#64+%� 4'2$.� PpQ� 2$6'� 2')6('2)%72� &#5I%)+6� '646$#23(+� 02)<4� (>?2$-24,(>�
1$<;%-� '� '%4)5#$')%0� 124+%$'(>)+� 2('%1<4� 2-$%3?2)2�� +I� 8?6� 2('%1.� 3$28-24%72� F?6$6�
7$6)+(')6� '646$#23A� (>?2$-<4� PS�bx� 4� &12+4+%Q� 1$'%-$2('2)2� )6� 7/5;2-23(+� ^R� ==9�
�/5;2-23A�'2&#6/6�4,')6('2)6�8?6�2')6('2)%72�M�px�3$%8)+%72�&#5I%)+6�(>?2$-<4�4�12: 
4+%$'(>)+24%0� 46$&#4+%� ;%#2).� 8?6� 1$'%6)6?+'246),(>� 1$<;%-� 2$6'� 4&1</(',))+-6� 8,: 
D.'0+�D�k�M�T�y�MSOML�=2c&�47��,D2$&6�4,')6('2)%72�4%8/.7�\T]9

�2$<4)6)+%�12-6'.0%�';+%I)23A�4,)+-<49��;&%$46(06�&#6).�';$20%)+6�82428'+��I%�#6-�
4,&2-+%� &#5I%)+%� (>?2$-<4� 1$',(',)+/2� &+5� 82� ')6(')%0� -2$2'0+� ';$20%)+6�� 12=+=2� 823A�
4,&2-+%0�6?-6?+(')23(+�;%#2).9
�'6&�+)-.;6(0+

�'6&� +)-.;6(0+� 8?6� 2('%1<4� 2;?+('2)2� -2$',&#60@(� '� $2'-/68.� &#5I%)+6� (>?2$-<49� 
�6� 128&#64+%� 2;?+('%B� +(>� &#5I%)+6� +� 8?6� 2#.?%)+6� �� k� b^� == 4,')6('2)2� T:?%#)+� ('6&�
+)-.;6(0+� 8?6� ';$20%)+6� 7/<4)%729� �2$<4).0@(� 4,)+-+� 2;?+('%B� '� $'%(',4+&#,=� 2-$%&%=�
%-&1?26#6(0+� 4+68.-#.�� 1$',05#2� =2I?+423A� 4,&#@1+%)+6� -2$2'0+� ';$20%)+6�� (2� 12#4+%$8'+: 
/6�2;&%$46(06�4+68.-#.9

�#4+%$8'2)2� '6646)&246)@� -2$2'05� ';$20%)+6� 7/<4)%72� ;%?%-� 2('%124,(>�� 6� )60: 
4+5-&'@� 8?6� 2('%1.� 3$28-24%72� F?6$69� �62;&%$4246)2�� +I� 4� )+%-#<$,(>� =+%0&(6(>� #%72�
2('%1.�4�4,)+-.�-2$2'0+�4I%$24%0� 3$%8)+(6�1$5#<4�';$20%)+24,(>�φL^�==�'=)+%0&',/6�
&+5�)64%#�2�b�==9��=)+%0&'2)%�12?%�1$'%-$20.�';$20%)+6�=6�41/,4�)6�&168%-�)23)23(+��(2�
1$'%6)6?+'246)2�4�86?&'%0�('53(+�6$#,-./.9���8$.7+%0�&#$2),��06-�'62;&%$4246)2��124&#6/%�
1$28.-#,� -2$2'0+� =60@(%� 2;05#23A� 4+5-&'@� )+I� ';$20%)+%�� 821$2468'+/,� 82� '6$,&246)+6�
2#.?+),9� �24&#6/%� 128/.I)%� +� 121$'%(')%� $,&,� 2$6'� 7/5;2-+%� $2'46$&#4+%)+6� 8286#-242�
./6#4+/,�86?&',�12&#51�-2$2'0+�&#6?+9

R9U9� �(%)6�#$46/23(+�-2)&#$.-(,0)%0�2;+%-#<4
�?6� 8J4+76$<4� 	��� 2-$%3?2)2� $%'%$4,� ;%'1+%('%B&#46�� '%&#64+60@(� =2=%)#� '7+)6: 

0@(,� '� )23)23(+@� 4� 1$'%-$206(>� =+6$2860),(>9� �$'%1$2468'2)%� 2;?+('%)+6� 4,-6'6/,�� +I� 
4� 6)6?+'246),(>� 1$'%-$206(>� 12('@#-246� )23)23A� 8J4+76$<4� ;,/6� &1%/)+2)6� 1$'%'� (6/,�
2-$%&�%-&1?26#6(0+�=2&#.9

�'('%7</246� 2(%)6� #$46/23(+� 2('%1.� 4+68.-#.� 2;%0=.0%� $<4)+%I� 1$<;5� 2&'6(246)+6�
('6&.� 0%72� .I,#-246)+69� �%� 4'7?58.� )6� )60;6$8'+%0� '6646)&246)@� -2$2'05� ';$20%)+6��
6)6?+'5� $'%(',4+&#%72� 4,#5I%)+6� 1$'%1$2468'2)2� 8?6� I%?;%#24%72� 2('%1.� F?6$6� 3$28-2: 
4%729��%?-6�2('%1246�8/.723(+�T�RS�=�2�#$61%'24,=�12?.�1$'%-$20.�A��k�S�bL�=2�216$: 
#6�)6�U�&/.16(>K�&/.1+%�3$28-24,=�2$6'�84<(>�&/.16(>�&-$60),(>��-#<$%�#42$',/,�'�2;.�&#$2)�
;%?-+�&,=%#$,(')%�1$'%4+%&'%)+%�$<4)%�M�=�P?+('@(�28�('2/6�;%?-+�82�2&+�&/.16Q9

	� (%?.� 2-$%3?%)+6� 4,03(+24,(>� '616&<4� ;%'1+%('%B&#46� 2('%1.� F?6$6� 3$28-24%72�
'%&#64+2)2� =2=%)#� '7+)60@(,� '� 2;?+('%)+6=+� )23)23(+� )6� '7+)6)+%� 4� 1$'%-$206(>� =+6: 
$2860),(>9��?6�12('@#-.� %-&1?26#6(0+� 2-$%3?2)2� $%'%$4,�;%'1+%('%B&#46�;%'�.4'7?58)+%: 
)+6� &168-.� )23)23(+� 2$6'� 4'$2&#.� 2;(+@I%B� 4&-.#%-� $.(>.� 8$2724%72� +� 1$'%42'<4�
#246$24,(>9

	,')6('2)6� )23)23A� 4� 1$'%-$206(>� =+6$2860),(>� 2('%1.� 0%&#� &1%/)+2)69� �60=)+%0: 
&',�'616&�;%'1+%('%B&#46�z�k�Tx�2-$%3?2)2�4� &-$60),=�1$'%-$20.�12812$24,=�2('%1.��



22

78'+%� )23)23A� 0%&#� $<4)6� M"�� k� UbL� -�=� 8?6� �� k� S�^M� =�� A�M� k� Mn�R� (=2�� 6� =2=%)#�
'7+)60@(,�8?6�-2=;+)6(0+�2;(+@I%B�-$<#-2#$46/,(>�4,)2&+�M���k�UMR�-�=9�	�86?&'%0�6)6: 
?+'+%�4,#5I%)+6�-2)&#$.-(0+� 1$',05#2�� +I� 1$'%-$<0� #%)�;58'+%�1$'%-$20%=�-$,#,('),=�27$6: 
)+('60@(,=�('6&�.I,#-246)+6�8?6�(6/%0�-2)&#$.-(0+9

�?6� 2&'6(246)+6� $'%(',4+&#%72�� '=+%))%72� 12'+2=.� ;%'1+%('%B&#46� -2)&#$.-(0+��
12805#2�1$<;5�.4'7?58)+%)+6�&#21)+24%72�&168-.�)23)23(+9

�$'%;+%7� )23)23(+� %?%=%)#.� 4� ('6&+%� 1$21676(0+� =2I)6� 2-$%3?+A� .4'7?58)+60@(� '=+6: 
)5�1$'%-$20.�120%8,)('%72�1$5#6�';$20%)+6�4�4,)+-.�-2$2'0+��-2$',&#60@(�'%�4'2$.�PRQ9�{�?6�
1$',05#%0� 67$%&,4)23(+� 3$2824+&-6�� 4� -#<$,=� 4,&#51.0@� 02),� (>?2$-24%� P75&#23A� 1$@8.�
-2$2'0+� �(2$� k� M�S� m�c(=2� 2$6'� s� k� L�S� 4%8/.7� \b]Q�� '=+6)5� 3$%8)+(,� 120%8,)('%72� 1$5#6�
';$20%)+6�4�('6&+%�1$21676(0+�1$',05#2�4�==c?6#6K

 Δφi t t( ) ,= ⋅0 0232 � PTQ

�728)+%� '� 2;?+('%)+6=+� .4'7?58)+60@(,=+� T:?%#)+� ('6&� +)-.;6(0+�� +?23A�� -?6&5� &#6?+�
';$20%)+24%0�2$6'�4,=+6$,�1$'%-$20.�.&#6?2)2��I%�)23)23A�1$'%-$20.�12812$24%72�2('%1.�
(+@7?%� &+5� 2;)+I6/6�� 6� 4� ('6&+%� $%=2)#.� 4,)2&+/6�M"�PLb� ?6#Q� k� UUM� -�=9� �%2$%#,(')+%��
)23)23A�'2&#6)+%�4,('%$16)6�4�1$'%-$20.�12812$24,=�6)6?+'246)%72�2('%1.�4�('6&+%�2-9�
UL�?6#�28�$2'12('5(+6�%-&1?26#6(0+�4+68.-#.9

�&#)+%0%� =2I?+423A� 1$'%8/.I%)+6� 2-$%&.� .I,#-246)+6� -2)&#$.-(0+� P21<J)+%)+6� (>4+?+�� 
4� -#<$%0� ?+)+%� #%2$%#,(')%� =2=%)#<4� 28� 2;(+@I%B� 2$6'� )23)23(+� &+5� 1$'%#)@Q� 1$'%'�
28124+%8)+@� &#$6#%7+5� .I,#-246)+6� O� ('5&#2#?+423A� +)&1%-(0+�� ('5&#2#?+423A� +� #%(>)2?27+5�
)61$64�%?%=%)#<49

3�� �������

M9� 	� 6)6?+'+%� #$46/23(+� -2)&#$.-(0+� )6?%I,� .4'7?58)+A� 1$2(%&,� 1$'%;+%760@(%� 4� ('6&+%K�
-6$;2)6#,'6(05�+�8,D.'05�02)<4�(>?2$-24,(>9

L9� �168%-� )23)23(+� -2)&#$.-(0+� ')608.0@(%0� &+5� 4� 3$2824+&-.� 124+%#$'),=� )60('53(+%0�
&12428246),�0%&#�-2$2'0@�';$20%)+6�=2I?+4@�12�8%16&,46(0+�&#6?+9

U9��2$2'06� ';$20%)+6� '2&#60%� 1$',&1+%&'2)6� 1$'%'� -2)(%)#$6(05� (>?2$-<4� 12(>28'@(,(>� 
'�&2?+�&#2&246),(>�82�28?68'6)+6�2;+%-#<4�+)D$6&#$.-#.$,�8$2724%09

b9� 	,)+-+� 6)6?+',� #%2$%#,(')%0� 12$<4)6)%� '� $%'.?#6#6=+� 6)6?+',� (>%=+(')%0� 4,-6'6/,� 
8.I@� ';+%I)23A9� �8(',)� 1�� 8?6� 4+5-&'23(+� 1$'%;686),(>� 1$<;%-� ;%#2).� '� 2#.?+),� 
+� &@&+%8'#46�1$5#<4�';$20%)+24,(>�;,/�)+I&',�)+I�46$#23A�1$27246�1��k�MM�TS��-#<$6�
'61%4)+6�16&,4),�&#6)�';$20%)+69

^9� �#5I%)+%�02)<4�(>?2$-24,(>�4�2('%16(>�4+68.-#.�1$'%-$6('6/2�82�p�$6',�7$6)+(')@�+(>�
'646$#23A��-#<$6�4,)2&+�S�bx�=6&,�4�&12+4+%9��,)6=+('),�&168%-�)23)23(+�1$'%-$2: 
0.�4�('6&+%�0%&#�#%72�;%'123$%8)+2�4,)+-+%=9

� + # % $ 6 # . $ 6

\M]� 	 + % ( ' 2 $ % - � �9�� �������� �����
���� ����������� ���
�� �#	����� 	
�� �������������$�
��
	������2?)23?@&-+%�	,864)+(#42�
8.-6(,0)%��	$2(/64�LSSL9



23

\L]� � 0 8 . - + % 4 + ( ' � �9�� ������
���
� �
�����
� ����
������
� ��� ���
�� 
�����������
!� �������� �� ���
� 
�$��
� ���������
%�&���	
��� ��
����'�������
� �
�����������
G2?9�����	,864)+(#42��2?+#%(>)+-+��+6/2&#2(-+%0���+6/,&#2-�LSSp��&9�M^:UT9

\U]� � ? 2 ) & 2 � �9��� ) 8 $ 6 8 % � �9��� 2 8 $ + 7 . % ' � �9��� + % ' � �9�9��(�������)�����		����
)�����������)����
�
�*��
��
�����"
������
�
���)�����������6#%$+6?&�6)8��#$.(#.$%&��
)$�UM��MnnT��&9�bU^:bbM9

\b]� �&&2(+6#+2)� �$6)|6+&%� 8%� �})+%� �+G+?�� )���
������ �
�� �+����� ��
�� 
�
� �
�+
� �
�
��
� ����+
� �
�� �
����
�,� -�.����
� �
� 	�� �
����	��+� ���'/'���� �
� 	�� ���������� �
��
�����
�
��
���
�	0�	��	���+���������2(.=%)#&�&(+%)#+F~.%&�%#�#%(>)+~.%&��LSSb9

\^]� � > = 6 8 � �9�� "
������
�
��� ���������� ��� �����
�
� ���
��
�
�1� ���� ����������� ����
�
����
� 	��
� ��
�������'�� �
��
�1� �%=%)#� �� �2)($%#%� �2=12&+#%&�� G2?9� L^�� LSSU� 
&9�b^n:bpM9

\R]� ���MTTMK��6$#�MLb��%#>28&�D2$�6)6?,&+&�2D�>6$8%)%8�(2)($%#%9
\p]� ��:
��MnR:LK�LSSR��%#28,�;686)+6�(%=%)#.K��)6?+'6�(>%=+(')6�(%=%)#.9
\T]� � % G + ? ? % � �9�9��2������������
���
���2?&-+��%=%)#��4,89�b���$6-<4�LSSS9
\n]� � ( + 3 ? % 4 & - + � �9��3������4�������
������
	�
�����#��	,864)+(#46��)&#,#.#.��%(>: 

)+-+��.824?6)%0��	6$&'646�Mnn^9
\MS]� � % & # $ % ; % ( ~ � �:�9�� � 4 2 J 8 ' + % 4 + ( ' � �9�� � + 8 $ 2 � �9�� 5
����	���� 
�����������

������
������
�������
�
����
��
�
����#��
����������������������
��
���R#>��)#%$)6#+2)6?�
�2)D%$%)(%��������<8J�LSST9

\MM]� &�������� ����
��������� ������
����� �
	�
�����#� �� ���$�����#� �
��
�� 6
�����
� 7��
1$6(6�';+2$246�128�$%89��9��)6.DD6���	
��	$2(/64�LSSR9

\ML]� ������
���
� �
�����
1� �
	�
���
� �� ���$���
,� ���
������ ��
����� ��� &8'9':;7<=%�
7::7��#9�McL��$%89��9��%4+(-+�������	6$&'646�LSS^9

\MU]� � + % $ # 6 - � �9�� -
�#������ �������� �
���
� �� ��������#� ������
�����#� �
���	�'�
���#���2)D%$%)(06������
������	+&/6�LSSb��&9�bSR:bLL9

\Mb]� � + % $ # 6 - � �9�� � 5 ; & - 6 � �9�� 2�����
� ���������� �������� �#	�����
�� �
���
�� 
���� �2)D%$%)(06� �6.-242:�%(>)+(')6� �������� 	6$&'646O�6-216)%� LSSS�� 
&9�pn:Tb9

\M^]� � . ; + - � �9�� � , ; . $ 6 ��9�� >������ ����$�
?� �� ������
�����#� �
	�
�����#� ������'�
�
�������@���$(>+4.=��)I,)+%$++��@824%0��LR��b��MnTS��&9�RUn:R^R9

\MR]� � . ; + - � �9�� � , ; . $ 6 ��9�� 6��	
���� �������
?� ����������#� �� �
�� ������ ��� ������4�
���
����
��
	�
���
�����$(>+4.=��)I,)+%$++��@824%0��LT��UOb��MnTL��&9�Ln^:USn9

\Mp]� � , ; . $ 6 � �9�� -
����� ���
���
���� ���������� �
���	�� ��� ����������
� �
��������� 
�
�����
���� \4K]� &���	
��� ��
����'�������
� �
����������� �$6(6� ';+2$246�� 
�2=� bK� �$<4)246I2),� $2'4<0� 4� ;.824)+(#4+%��	,864)+(#42� �2?+#%(>)+-+� �+6/2: 
&#2(-+%0���+6/,&#2-�LSST��LU^:L^L9

\MT]� � 6 7 % $ ? . ) 8 ��9��3������4�������
������
�������#���$-68,��	6$&'646�Mnnp9


