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+ \ {F}[→ � + YR+ G

R
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� ∗
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∗ Y|� |[ D"/1,/" *"&"72a//'= 6 *"�!"4) 3&)**'�
∗ Y� + [ !"71 D"/1,/" *"&"72a//'= :

mnop nqr s t% t� #�$o�
�$n''o 
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#r( >^ Y- [ d −H 2+= - ∈⋃ĉ k e ,�c Y0 ,'%!/"%!- 6 >� Y- [ d −H 2+= 0%1\ - ∈ � [ L
#� ( � ^ Y- [ d (- G >^ Y- [) 2+= - ∈ � L
#$ ( � ^ Y� + [ d � + ∪ {Y- G �[ | � >

>^ Y- [ } :
.%+- )2'%!%= *" %!&"-!. !'D-1 "!"#&'71/-= 6 !" �� C 3"41"4"&_-(4
� + /' � � 6 *"�!"4) 4$ *"+),'14 !&1#)14$5 0"&"!/-D :�"+"7-4 �l d -�� � - >l ≡ F : ;)214 %,-!'!. 6 ,!" >^

−e -
� ^−e )71 *"%!&"1/$ 6 - ('54a4%= *"%!&"1/-14 >^ - � ^ : �'%%4"<!&-4 4/"71%!0" � −e^ (� ^−e Y� + [) ⊂ ,) ^ × E−HG HK : # /"71%!0" � ^−e Y� + [
%"21&7-! � + 6 *"�!"4) � −e^ (� ^−e Y� + [) ⊃ ,) ^ × EF G HK L %\14'!-,</" �!" -("#&'71/" /' &-% : � :� : #$ \"!-4 *"%!&"-!. 0+"71/-1
7 ^ ? � −e^ (� ^−e Y� + [)→ ,) ^ × E−HG HK 6 &'(2)0'= %+"- /'2 !",D'4- - ∈ � 2"!1\ *"& 6 *"D' %+"5 /'2 D'72"5 !",D"5 - ∈ ,� ^ /1 %"0*'2a! %" 0%14 "!&1(<
D"4 E−HG HK L *"<2&)3"4) �!" 4"7/" ('*-%'!. !'D ? 7 ^(� −e^ (� ^−e Y ,� ^ [)) dd ,) ^ × E−HG FK : �&- �!"4 4$ \"!-4 6 ,!"#$ "!"#&'71/-1 7 ^ #$+" !"<7 21%!01//" /' Y ,) ^ \ ) ^ [ × E−HG HK - /' ,) ^ × {F} :  !"#$ *"%!&"-!.!'D"1 0+"71/-1 6 4$ 0"%*"+ .()14%= +144"5 �&$%"/' Y,'%!. � 6 !1"<&14' � :�[ : �'4D/)!$1 4/"71%!0' ,) ^ \ ) ^ - ,� ^ 6 +17 '9-1 0 /"&4'+ .</"4 *&"%!&'/%!01 � 6 /1 *1& 1%1D'8!%= : �"�!"4) %)9 1%!0)1! _)/D"-=
� ^ ? ,) ^ → EF G HK 6 D"!"&'= *&-/-4'1! (/',1/-1 F /' ,) ^ \ ) ^ - (/',1/-1 H/' ,� ^ : �)%!. � � C '__-//"1 "!"#&'71/-1 "!&1(D' E>^

−e Y- [ G HK /' "!<&1("D E(H − � ^ Y- [)>^−e Y- [ i � ^ Y- [ Y−H[ G HK L *&- - ∈ ,� ^ *"+ ),'14 "!&1("DE−HG HK 6 ' *&- - ∈ ,) ^ \ ) ^ *"+),'14 "!&1("D E>^
−e Y- [ G HK 6 ! :1 : 0 �!"4 %+)<,'1 "!"#&'71/-1 !"7 21%!01//"1 : j+= Y- G �[ ∈ � −e^ (� ^−e Y� + [) *"+"7-4



� �� � � ��� ������� ��� ��� ������	� �� ���� ���	 ���� ���� ���
7 ^ Y- G �[ d (- G�� Y�[) L "!"#&'71/-1 7 ^ /1*&1&$0/"1 : �'2'2-4 6 2'+11 6 "!"<#&'71/-1 � ^ ? � ^ Y� + [→ � � _"&4)+"5

� ^ Y- [ d
{� ^7 ^� −e^ Y- [ 2+= - ∈ � ^−e Y� + [ ∩ � ^ Y ,) ^ × E−HG HK[ L- 2+= 0%1\ 2&)3-\ - ∈ � ^ Y� + [ I

6'D"/1" 6 *"+"7-4 � ^ d � ^� ^−e : �"&&1D!/"%!. "*&121+1/-= � ^ Y' !14%'4$4 - � ^ [ %+12)1! -( !"3" 6 ,!" "!"#&'71/-1 7 ^ !"7 21%!01//" /'
Y ,) ^ \ ) ^ [ × E−HG HK - /' ,) ^ × {F} : �!"#&'71/-1 � ^ Y' !14 %'4$4 - � ^ [=0+=1!%= 0+"71/-14 6 *"!"4) ,!" 7 ^ C 0+"71/-1 6 *"%D"+.D) D'72"1 "!"<#&'71/-1 � � 0('-4/" "2/"(/',/" : �&"41 !"3" 6
� ^−e Y� + [∩� ^ Y ,) ^ × E−HG HK[ d � ^ Y ,) ^× EF G HK[∪{Y- G �[ | � > >^

−e Y- [ G - ∈ ,) ^}0 %-+) %0"5%!0' Y0 [ 2+= � ^−e : 
 )/D"-= >^ Y- [ "*&121+=1!%= !1*1&. %0"5<%!0"4 Y#[ : �0"5%!0' Y'[ - Y0[ 0$*"+/=8!%= *" *"%!&"1/-8 :
�)%!. � + C D"4*'D!/"1 !"*"+"3-,1%D"1 4/"3""#&'(-1 % D&'14`� + : �'%%4"!&-4 ('4D/)!"1 !"*"+"3-,1%D"1 4/"3""#&'(-1 �� + 6 D"!"<&"1 *"+ ),'1!%= -( 20)\ �D(14*+=&"0 4/"3""#&'(-= � + "!"721%!0+1/-<14 %""!01!%!0)89-\ !",1D -\ D&'a0 :j+= 0%1\ !",1D - ∈ � + \ `� + 4"7/" "*&121+-!. 3&)**$ �� - *"<%!&"-!. /'D&$!-1 T → � + \ `� + : # /"3""#&'(-1 � + /'($0'8! xT N}O|NT Q}VUV 6 1%+- ) �!"3" /'D&$!-= %)9 1%!0)1! !'D"1 %1,1/-1 � 6 ,!"

� Y- [ C "#&'()89'= 3&)**$ �� 2+= 0%1\ - ∈ � + \ `� + : �1,1/-1 � /'($<0'8! *&- �!"4 xT N}O| z�N}! : � 13D" *&"01&-!. 6 ,!" 4/"3""#&'(-1 � +"&-1/!-&)14" !"32' - !"+.D" !"32' 6 D"32' 4/"3""#&'(-1 �� + "&-1/!-<&)14" : �&"41 !"3" 6 1 %+- 4/"3""#&'(-1 � + "&-1/!-&)14" 6 !" 4/"3"<"#&'(-1 `� + !"71 "&-1/!-&)14" 6 ! :1 : D'7 2'= D"4*"/1/!' %0=(/" %!-`� + "&-1/!-&)14' :W"4"+"3-,1%D-5 D+ '%% � ∈ �+ Y� + G `� + [ /'($0'8! 0QO 
*zV }O| zR~OUV 6 1%+- 2+= 0%1\ - ∈ � + \ `� + "!"#&'71/-1
�
∗
? �+ Y� + G `� + [ → �+ Y� + G� + \ {-}[ d �� *1&10"2-! � 0 "#&'<()89)8 �� 3&)**$ �� :

mnop nqr s t% tu� t & QM| ~ � + � yxV'zy|Ox} M�S{Ox} xT N}O|NT Q}V x} | x'xR xPN+}Myx} V OxPxx	T z{N} M yT z}V `� + � � � xT N}O| z
�NS � + v )xP*z MQ� }M| �Q}| }*NOM| �}OOU! 0QO*zV }O| zR~OU! yR zMM
� ∈ �+ Y� + G `� + [ � *RS yx| xT xPx �� d � Y- [ 'T N �M} - ∈ � + \ `� + v &T N
�|xV M�S{U�z�� N! PxV xV xT0N{V `

∗
? �+ Y� + G `� + [→ �+−e Y`� + [ ' }T }�x*N| � � 0QO*zV }O| zR~OU! yR zMM { zV yOQ| xPx VOxPxx	T z{NS `� + �| v}v `

∗ Y� [ { z*z�| Oz yz
 *x! yxV'xO}O| } M�S{OxM|N VOxPxx	T z{NS`� + 0QO*zV }O| zR~OU! yR zMMv



��� ����� � � ���	
���� � 	 �����	��
w xyz{z| }R~M| �xv �&-1/!'"-= � ('2'a! "&-1/!'"-8 �� 4/"3""#&'(-=
�� + : # /"3""#&'(-1 �� + ('4D/)!"1 - "&-1/!-&)14"1 6 *"�!"4) %)9 1%!0)<1! _)/2'41/!'+./$5 D+'%% �� ∈ �+ Y �� + [ 6 2+= D"!"&"3" Y� � [∗ Y �� [ d �� Y- [2+= 0%1\ - ∈ �� + : �+ '%% � 4$ #)214 %!&"-!. *" D+ '%%) �� : j+= �!"3" /'4*"!&1#)1!%= -("4"&_-(4

�+(Y �� + G �� + \ Y� + \ `� + [)∼d �+ Y� + G `� + [ I
0!"! -("4"&_-(4 4"7/" #$+" #$ *"+),-!. 6 0$&1('0 Y� + [′ \ `� + 6 321
Y� + [′ C 0!"&"5 �D(14*+=& 4/"3""#&'(-= � + : 6" !'D *"%!)*'!. /1<+.(= 6 *"!"4) ,!" )%+"0-1 Y� + [′ \ `� + ⊂ -./ Y� + [′ /1 0$*"+/=1!%= : j+=*"%!&"1/-= !&1#)14"3" -("4"&_-(4' /)7/" 0"%*"+.("0'!.%= !1"&14"5" 0"&"!/-D1 ? 4$ #)214 0$&1('!. Y� + [′ \ `� + /1 -( Y� + [′ 6 ' -( "#� <12-/1/-= Y� + [′ - 0"&"!/-D' � + : �&- �!"4 /)7/" 19 a 0" %*"+.("0'!.%=",10-2/$4- 3"4"!"*-,1%D-4- �D0-0'+1/!/"%!=4- :

�+ '%% � 4$ "*&121+-4 D'D "#&'( D+ '%%' �� *&- D"4*"(-"-- 3"4"4"&<_-(4"0
�+ Y �� + [→ �+(Y �� + G �� + \ Y� + \ `� + [) ∼

k
−→ �+ Y� + G `� + [ I

,$*"+/1/-1 &'01/%!0' �� d � Y- [ *&- �!"4 ",10-2/" :�)%!. - ∈ `� + : ,"(.4a4 0 /1D"!"&"5 D'&!1 4/"3""#&'(-= `� +('4D/)!$5 � '& � +−e % "1/!&"4 - - &'%%4"!&-4 0 "!D&$!"4 4/"<71%!01 ) d `� + × EF G H[ -( !1"&14$ " 0"&"!/-D1 *"24/"71%!0" � dd {Y- G �[ | - ∈ � +−e G � ∈ EF G H��K} : 8411! 41%!" D"44)!'!-0/'= 2-'3&'4<4'
�+ Y� + G `� + [ ^

∗−→ �+ Y� + G� + \ -./ � [ A
∗←−
∼
k �+ Y� G `� [

y�∗
y�∗ ∼

ky�∗
�+−e Y`� + [ ^

′

∗−→ �+−e Y� + \ -./ � [ A′
∗←− �+−e Y`� [y��

�
�∗

y ∼
ky

�+−e Y`� + G `� +\{-}[ ∼
k
−→ �+−e(� +\ -./ � G Y� + \ -./ � [\{-}) ∼

k
←− �+−e Y`� G `� \{-}[W"&-("/!'+ ./$1 -("4"&_-(4$ 0 �!"5 2-'3&'441 0"(/-D'8! -( !1"&1<4$ " 0$&1('/-- Y-/"32' 0$&1('/-1 /)7/" *&"-(0"2-!. /1 /1*"%&12<%!01//" 6 ' ,)!. #"+11 'DD)&'!/" 6 -%*"+.()= ",10-2/$1 3"4"!"*-,1%D-1

�D0-0'+1/!/"%!-[ :�)%!. / ∈ -./ � : �&12%!'0-4 3"4"4"&_-(4
Y� � [

∗
? �+ Y� + G `� + [→ �+ Y� + G� + \ {/}[ 0 0-21 D"4*"(-"--
�+ Y� + G `� + [ ^

∗−→ �+ Y� + G� + \ -./ � [→ �+ Y� + G� + \ {/}[ I



� �� � � ��� ������� ��� ��� ������	� �� ���� ���	 ���� ���� ���
0+141/! Y� � [

∗ Y� [ d � Y/ [ =0+=1!%= "#&'()8915 3&)**$�+ Y� + G� + \ {/}[ ∼d Z
6 *"�!"4) �+141/! g

∗ Y� [ !"71 =0+=1!%= "#&'()8 <9 15 3&)**$ �+ Y� + G� + \ -./ � [ ∼d Z
: �/',-! 6 0 3&)**1 �+ Y� G `� [ ∼d Z4"7/" 0$#&'!. "#&'()89)8 � ′ !'D 6 ,!" J

∗ Y� ′[ d g
∗ Y� [ :�"44)!'!-0/"%!. 2-'3&'44$ *"D'($0'1! 6 ,!" J ′

∗

`
∗ Y� ′ [ dd g′

∗

`
∗ Y� [ : �"�!"4) "#&'($ �+141/!"0 `

∗ Y� [ - `
∗ Y� ′ [ 0 3&)**1

�+−e(� + \ -./ � G Y� + \ -./ � [ \ {-}) ∼d Z
%"0*'2'8! : �&- �!"4 "#&'(

�+141/!' `
∗ Y� ′ [ =0+=1!%= "#&'()8915 6 *"�!"4) "#&'( �+141/!' `

∗ Y� [!"71 =0+=1!%= "#&'()8915 : �+12"0'!1+./" 6 �+141/! Y� � [∗`∗ Y� [ =0+=1!<%= "#&'()8915 3&)**$ �+−e Y`� + G `� + \ {-}[ ∼d Z
: 0!" "(/','1! 6 ,!"`

∗ Y� [ C _)/2'41/!'+ ./$5 D+'%% 4/"3""#&'(-= `� + :11*1&. )71 +13D" 2"D'('!. " %!'0� )8%= ,'%!. !1"&14$ C 12-/%!01/</" %!. _)/2'41/!'+ ./"3" D+ '%%' � : �&12*"+"7-4 6 ,!" � e - �� C 20'_)/2'41/!'+ ./$\ D+ '%%' 0 �+ Y� + G `� + [ 6 %""!01!%!0)89-\ "2/"5 -!"5 71 "&-1/!'"-- : 1"32' `
∗ Y� e [ - `

∗ Y�� [ C 20' _)/2'41/!'+ ./$\D+ '%%' 0 �+−e Y`� + [ 6 %""!01!%!0)89-\ "2/"5 - !"5 71 "&-1/!'"-- :�"�!"4) � e − �� ∈ ��� `
∗
:

8( !1"&14$ " 0"&"!/-D1 %+12)1! 6 ,!" *&"%!&'/%!0' � + - � + \ `� +3"4"!"*-,1%D- �D0-0'+1/!/$ "2/"4) - !"4) 71 *&"%!&'/%!0) � + \ ) 6321 ) d `� + × EF G H[ : �"�!"4) �+ Y� + [ ∼d �+ Y� + \ `� + [ d F : �+12"0'<!1+./" 6 0 !",/"5 *"%+12"0'!1+./"%!-
�+ Y� + [→ �+ Y� + G `� + [ �

∗−→ �+−e Y`� + [
%+10' %!"-! /)+. 6 ' (/',-! 6 ��� `

∗
d F :

11*1&. 4"7/" 0"%*"+ .("0'!.%= !'D-4- 71 &'%%)7 21/-=4- 6 D'D 2+=3+ '2D-\ 4/"3""#&'(-5 Y0 !&-'/3)+-&)14"4 %+),'1[ 6 - 2"D'('!. %+12)<8911 )!01&721/-1 :
mnop nqr s t% tuu #�$o�
�$n''o 
�	 � n�� n�r( t & QM|~ � + � yxV 
'zy|Ox} xT N}O|NT Q}V x} | x'xR xPN+}Myx} V OxPxx	T z{N} M yT z}V `� + �E� + K ∈ �+ Y� + G `� + [ � 0QO*zV }O| zR~OU! yR zMMv )xP*z PxV xV xT0N{ VU � ? � A Y� + G `� + [ → �+−A Y� + [ N � ? � A Y� + [ → �+−A Y� + G `� + [ �{z*zOOU} ��� QV Ox
 }ON}V Oz E� + K � S �RS�|MS N{ xV xT 0N{V zVN v

j+= 3"4"+"3-5 - D"3"4"+"3-5 % D"�__-"-1/!'4-
Z
� !1"&14' 20"5<%!01//"%!- � 1_� 1"' 01&/' - 0 %+),'1 /1"&-1/!-&)14$\ 4/"3""#&'(-5 :

�r�r�r s t% tu t �� ��� & QM|~ � + � yxV'zy|Ox} xT N}O|NT Q}V x} | x'xR xPN+}Myx} V OxPxx	T z{N} M yT z}V `� + v &T }*'xR x
 NV � +|x yT z! `� +T z{	N| Oz O}'}T }M}yz��N}MS V Ox
 }M| �z � e N �� � yz
 *x} N{ yx| xT U MxM| xN| N{ O}MyxR~yN M�S{OU yxV'xO}O| VOxPxx	T z{NS `� + v



��F ����� � � ���	
���� � 	 �����	��
w xyz
 N| }� +|x PxV xV xT 0N{V � A Y� + G � e [→ �+−A Y� + G �� [ � { z*zOOU!
��� QV Ox
 }ON}V Oz E� + K � S �RS }| MS N{ xV xT0N{V xV v

� �� �� � ��� �� ���� ������ � ����
8 %*"+ .()= /1D"!"&$1 &1()+ .!'!$ § � :� :H6 ' -41//" !1"&14$ � :� :H- � :� :� 6 4"7/" *1&1/1%!- "#"#9 a//)8 !1"&14) � 1++- Y!1"&14' � :H:HF/' % : �$�[ /' *&"-(0"+./$1 4/"3""#&'(-= :

mnop nqr s t% tu% #� n�p�''np �� ��( t & QM| ~ � + � (−V }T Ox} | x'xR xPN+}Myx} V OxPxx	T z{N}� B e G I I I G B� � Oz	xT x|yT U|U 'x*VOx
 }M| �
� + � 'T N+�V '}T }M}+}ON} R�	U 	

6
( i H VOx
 }M| � O}'QM| x N NV }}|OQR }�U } 'T N�}*�OOU} PxV xR xPNN *RS �M} T z{V }T OxM| }!

6
( − 	 vz� � MRN � + O} S �RS }| MS PxV xR xPN+}Myx! (−V }T Ox! M0 }T x! � |x 'T xM|T zOM| �x B e ∩ I I I∩ B� z�NyRN+Ox �� +zM|OxM|N � O}'QM| x� v

	� � MRN � + � PxV xR xPN+}MyzS (−V }T OzS M0 }T z� |x OQ
 Ox *x'xRON|}R~Ox 'T }*'xR x
 N|~� +|x ONyzyN} ( i � N{ VOx
 }M| � B e G I I I G B� O}
'xyT U�z�| � + � )xP*z 'T xM|T zOM| �x B e ∩ I I I∩ B� |x
 } z�NyRN+Oxv
w xyz{z| }R~M| �xv �&12*"+"7-4 6 ,!" !1"&14' /101&/' 2+= /'#"&' 4/"<71%!0 B e G I I I G B� 6 *&-,a4 ,-%+" � (21%. 4-/-4'+ ./" : 8( 4-/-4'+.</" %!- � %+12)1! 6 ,!" *1&1%1,1/-1 +8#$\ 	

6
� − H -( 4/"71%!0

B e G I I I G B� '"-D+-,/" : �/',-! 6 D /'#"&) B e G I I I G B� 4"7/" *&-41/-!.+144) � :H:H:�&12*"+"7-4 %/','+ ' 6 ,!" B e ∩ I I I ∩ B� d F : �" )%+"0-8 !1"&14$
�!" 0"(4"7/" +-� . *&- �

>
( i � : �)%!. 5 d B e ∪ I I I ∪ B� : �"3+ '%</" )!01&721/-8 Y'[ +144$ � :H :H 3&)**' �� 
 Y5 [ d F "!+-,/' "! /)+=0 !",/"%!- *&- � d � − � : � 2&)3"5 %!"&"/$ 6 %"3+ '%/" !1"&141 � :� :H

�� 
 Y5 [ d F *&- � � ( 6 *"�!"4) � − �
6

( : �"*"%!'0+== �!" % /1&'01/<
%!0"4 �

>
( i � 6 *"+),'14 ( d � − � : �&- �!"4 ��+ Y5 [ 6d F 6 ' �!" 0"(<4"7/" +-� . 0 !"4 %+ ),'1 6 D"32' 5 d � + : j15%!0-!1+./" 6 1 %+- 5 6d � + 6!" 5 C /1D"4*'D!/"1 (−41&/"1 4/"3""#&'(-1 #1( D&'= 6 *"�!"4) %"<3+ '%/" !1"&141 � :H :HF �+ Y5 [ d F : 8!'D 6 3&)**' �� 
 Y� + [ "!+-,/' "! /)+=0 !",/"%!- *&- � d ( : 0!" "(/','1! 6 ,!" � + C 3"4"+"3-,1%D'= %_ 1&' :

6" *" )%+"0-8 6 1%+- � + C 3"4"+"3-,1%D'= %_ 1&' 6 !" 5 6d � + : �"+),1</" *&"!-0"&1,-1 :�&12*"+"7-4 !1*1&. 6 ,!" B e ∩ I I I ∩ B� 6d F : #$ !'D71 *&12*"+"<7-4 6 ,!" *&"%!&'/%!0" B e ∩ I I I ∩ B� /1 '"-D+-,/" : �"�!"4) 4"7/"0$#&'!. /'-41/.� 11 ,-%+" �
>
F 6 2+= D"!"&"3" ��

� YB e ∩ I I I ∩ B� [ 6d F :�'*-� 14 ,-%+" � 0 0-21 � d � − � i H: �"3+ '%/" )!01&721/-8 Y#[ +14<4$ � :H :H �� 
 YB e ∪ I I I∪ B� [ 6d F : �&-41/-0 D (−41&/"4) 4/"3""#&'(-8



� �� � � �� �� ��� � ��� �� ���� ��� �� � �� �� ��
 ���� �� H

B e ∪ I I I ∪ B� !1"&14) � :H:HF 6 *"+ ),-4 �
6

( : �&"41 !"3" 6 � − � i H dd �
>
F 6 *"�!"4) �

6
� i H

6
( i H: , !'D"4 %+),'1 *" )%+"0-8 !1"&14$*&"%!&'/%!0" B e ∪ I I I∪ B� -411! /)+10$1 *&-012a//$1 3"4"+"3-- 2+=0%1\ &'(41&/"%!15

6
( − � : �"�!"4) � � ( − � 6 ! :1 : � − � i H � ( − � :�"*"%!'0+== �!" % /1&'01/%!0"4 � i H

6
( i H6 *"+ ),'14 � d ( : 8( 4-</-4'+./"%!- � Y- 6 %""!01!%!01//" 6 � [ %+12)1! 6 ,!" B e ∪ I I I ∪ B� C

(−41&/'= 3"4"+"3-,1%D'= %_ 1&' : 6" !"32' � + d B e ∪ I I I ∪ B� 6 ' �!"*&"!-0"&1,-! )%+"0-8 : �/"0' *"+),1/" *&"!-0"&1,-1 :
�r�r�r s t% t% t &T N�}*N| } 'T NV }T ( i � x|yT U|U 'x*VOx
 }M| � 	 + �'}T }M}+}ON} R�	U 	

6
( i H N{ yx| xT U S �RS }| MS �O}'QM|UV� M|S PN �z}VUV VOx
 }M| �xV � z x	�}*NO}ON} �M} �|N VOx
 }M| � Mx�'z*z}|M 	 + �� +zM|OxM|N � xOx O} z�NyRN+Ox� v

 �� � � ����������������� �� ���� � ������ �

� ����
# /"3-1 %0"5%!0' \'&'D!1&-%!-,1%D-\ D+ '%%"0 )2"#/" 2"D'($0'!. 6-%*"+.()= %-/3)+=&/$1 3"4"+"3-- - D"3"4"+"3-- : �%/"0/'= ,'%!. �!-\%0"5%!0 %0=('/' % -("4"&_-(4"4 1"4' : 6" /',/a4 4$ % 2"D'('!1+ .<%!0' !1"&14$ $ :� :$F 6 %_ "&4)+-&"0'//"5 /' % : H� H: �&- 2"D'('!1+.%!014$ #)214 -%*"+.("0'!. "#"(/',1/-= 6 0012a//$1 *&- _"&4)+-&"0D1 �!"5!1"&14$ - ,)!. &'/.� 1 :
�	
��������	 �	���� � �� ��� � j"%!'!",/" *&"01&-!. 2+=

- ^ Y� [ 0%1 %0"5%!0' 6 D"!"&$4 2"+7/$ )2"0+1!0"&=!. \'&'D!1&-%!-,1<%D-1 D+ '%%$ : 1" 6 ,!" - l Y� [ d H - - ^ Y� [ d F *&- g � � -� � 6 /1*" %& 12%!01//"0D+8,1/" 0 "*&121+1/-1 : �&"01&-4 6 ,!" 1%+- � ? � e → � C *&"-(0"+ .</"1 "!"#&'71/-1 6 !" - ^(�∗ Y� [) d �∗(- ^ Y� [) :�+"- &'%%+"1/-5 �∗ Y� [ - � /'2 !",D'4- e - � Ye[ D'/"/-,1%D- "!"<7 21%!0+=8!%= 6 *"�!"4) %+"- &'%%+"1/-5 � �∗ Y� [ - � � /'2 �!-4- !",D'<4- !"71 D'/"/-,1%D- "!"721%!0+=8!%= : �/',-! 6 "*&121+1/" "!"#&'71</-1 &'%%+"1/-5 �� ? � Y� �∗� [→ � Y� � [ : j+= �!"3" "!"#&'71/-= 2-'3&'4<4'
� Y� �∗� [ ��

−−−−→ � Y� � [
y

y
� e �

−−−−→ �
D"44)!'!-0/' : �/',-! 6 &'%%+"1/-1 �� Y�� [ -("4"&_/" &'%%+"1/-8 �

�∗
� :�"�!"4) 0 D"+ ."1 � ∗

(� Y� �∗� [) -411! 41%!" &'01/%!0" �� Y]� [ d



��� ����� � � ���	
���� � 	 �����	��
d ]

�∗
� : �" "*&121+1/-8 ]+

�∗
� d ∑+−e^k e Y−H[

^� e- ^ Y�∗� []+−
^

�∗
� - ��∗ Y]+� [ dd ��∗

(∑+−e^k e Y−H[
^� e- ^ Y� []+−^� ) d ∑+−e^k e Y−H[

^� e�∗(- ^ Y� [)��∗ Y]+−
^� [ L *&- ('<

*-%- *"%+12/13" &'01/%!0' 4$ 0"%*"+.("0'+-%. !14 6 ,!" ��∗ Y� ] �̂ [ dd �∗ Y� [ ��∗ Y] �̂ [ 2+= +8#"3" �+141/!' � ∈ � ∗ Y� [ : �,-!$0'= "2/"(/',/"%!.&'(+"71/-5 6 *"+ ),'14 - ^ Y�∗� [ d �∗(- ^ Y� [) 6 ,!" - !&1#"0'+"%. :�1&152a4 D 2"D'('!1+.%!0) *"%+12/13" Y/'-#"+11 %+"7/"3"[ )!01&<7 21/-= " !"4 6 ,!" -411! 41%!" _ "&4)+ ' �-!/- - A Y� ⊕ �
[ dd ∑^�ckA - ^ Y� [-c Y� [ : Y
 "&4)+) �-!/- 4"7/" ('*-%'!. - 2&)3-4 �D0-<0'+1/!/$4 %*"%"#"4 6 /" %15,'% /'4 )2"#/11 2"D'($0'!. 1a 2+= &'%<%+"1/-5 /'2 "2/"5 #'("5 :[ , +-/15/"4 *&"%!&'/%!01 � e ⊕ �� 1%!.*"2*&"%!&'/%!0' � e ⊕ {F} - {F} ⊕ �� 6 -("4"&_/$1 � e - �� : �"�!"<4) 0 !"*"+"3-,1%D"4 *&"%!&'/%!01 � (� Y� ⊕ �

[) D'/"/-,1%D- "*&1<21+1/$ *"2*&"%!&'/%!0' � Y� � [ - � Y� � [ : �&- �!"4 *"2*&"%!&'/%!0'
� Y� � [ - � Y� � [ =0+=8!%= 21_ "&4'"-"//$4- &1!&'D!'4- *&"%!&'/%!0
) d � (� Y� ⊕ �

[) \ � Y� � [ - � d � (� Y� ⊕ �
[) \ � Y� � [ 6 %""!01!%!01/</" : �'%%4"!&-4 0 D"+ ."1 D"3"4"+"3-5 *&"%!&'/%!0' � (� Y� ⊕ �

[) �+1<41/!$ � e d ∑�̂kl Y−H[^- ^ Y� [/�−

^ - �� d ∑+c kl Y−H[c -c Y� [/+−c 6 321 / dd - e Y��⊕� [ 6 � d � -� � - ( d � -� �
: ,012a4 2+= D&'!D"%!- "#"(/',1/-1

� d � (� Y� ⊕ �
[) : �'%%4"!&-4 D"3"4"+"3-,1%D)8 *"%+12"0'!1+ ./" %!.*'&$ Y� G � [ ?
I I I→ � � Y� G � [ �∗

−→ � � Y� [
^
∗

−→ � � Y� [→ I I I
�!"#&'71/-1 g∗ %""!01!%!0)1! "3&'/-,1/-8 D+ '%%' D"3"4"+"3-5 /' � :
6" � Y� � [ =0+=1!%= 21_ "&4'"-"//$4 &1!&'D!"4 *&"%!&'/%!0' � 6 *"<�!"4) 041%!" "3&'/-,1/-= /' � 4"7/" &'%%4'!&-0'!. "3&'/-,1/-1 /'
� Y� � [ : �"D'714 6 ,!" *&- "3&'/-,1/-- D+ '%%' � e /' � Y� � [ *"+ ),'<1!%= D+ '%% ∑�̂kl Y−H[^- ^ Y� []�−

^� d F : j15%!0-!1+./" 6 *)%!. �� d > ∗ Y� e [ :�&- "3&'/-,1/-- D+ '%%' / d - e Y��⊕� [ /' � Y� � [ *"+),'14 D+ '%% - ^ Y�� [ dd - e Y> ∗� e [ d > ∗- e Y� e [ d > ∗ Y� [ d ]� Y4$ *"+.()14%= 2"D'('//$4- &'/11%0"5%!0'4- ? 1 %!1%!01//"%!.8 - !14 6 ,!" - e Y� e [ d � [ : �"%+12"0'!1+.</" %!. *'&$ !",/' 6 *"�!"4) %)9 1%!0)1! �+141/! � ′e ∈ � � Y� G � [ 6 2+= D"<!"&"3" � ∗� ′e d � e : �/'+"3-,/" %)9 1%!0)1! �+141/! � ′� ∈ � � Y� G ) [ 6 2+=D"!"&"3" �∗� ′� d �� : 0+141/! � ′e � � ′� +17-! 0 � ∗ Y� G ) ∪ � [ d F 6 *"�!"<4) � ′e � � ′� d F : �+12"0'!1+ ./" 6 � e � �� d Y�∗� ′e [ � Y�∗� ′� [ d F : , -!"31*"+ ),'14
( �∑^kl Y−H[

^- ^ Y� [/�−

^)


+∑
c kl Y−H[

c -c Y� [/ +−c

 d F I

, %+ ),'1 D+ '%%"0 � !-_ 1+="�-!/- &'%%4'!&-0'8!%= D"3"4"+"3-- % D"<



� �� � � �� �� ��� � ��� �� ���� ��� �� � �� �� ��
 ���� ��$
�__-"-1/!'4-

Z
� 6 2+= D"!"&$\ )4/"71/-1 D"44)!'!-0/" : , %+ ),'1D+ '%%"0  71/= - ^ - / -418! ,a!/)8 &'(41&/"%!. 6 *"�!"4) 2+= /-\)4/"71/-1 !"71 D"44)!'!-0/" : �"�!"4) *"+),1//"1 &'01/%!0" 4"7/"*1&1*-%'!. 0 0-21

��+∑
Akl Y−

H[A

 ∑^�ck A

- ^ Y� [ � -c Y� [

 /��+−A d F I

� 2&)3"5 %!"&"/$ 6 %)9 1%!0)8! 12-/%!01//$1 �+141/!$ - A Y� ⊕ �
[ 6 2+=D"!"&$\

��+∑
Akl Y−

H[A- A Y� ⊕ �
[/��+−A d F I

�/',-! 6 - A Y� ⊕ �
[ d∑^�ckA - ^ Y� [ � -c Y� [ 6 ,!" - !&1#"0'+" %. :

� �� �	� �� ������� 
��� ��� ���������
� D'72"3" 3+ '2D"3" 4/"3""#&'(-= 1%!. D'%'!1+./"1 &'%%+"1/-1 : �!"*"+"3-,1%D"3" 71 4/"3""#&'(-= D'%'!1+./"3" &'%%+"1/-= /1! : , %0=<(- % �!-4 # -+/"& E� -� K 00a+ *"/=!-1 4-D&"&'%%+"1/-= 6 D"!"&"1 "#"#<9 '1! *"/=!-1 01D!"&/"3" &'%%+"1/-= : �&- �!"4 ) D'72"3" !"*"+"3-<,1%D"3" 4/"3""#&'(-= 1%!. D'%'!1+ ./"1 4-D&"&'%%+"1/-1 6 % D"!"&$40" 4/"3-\ "!/"� 1/-=\ 4"7/" &'#"!'!. !'D 71 6 D'D % D'%'!1+ ./$4 &'%<%+"1/-14 3+ '2D"3" 4/"3""#&'(-= : 6'*&-41& 6 *&-012a//"1 0$� 1 2"D'('<!1+.%!0" !1"&14$ 20"5%!01//"%!- �)'/D'&1 2+= !"*"+"3-,1%D-\ 4/"<3""#&'(-5 _'D!-,1%D- "%/"0'/" /' -%*"+ .("0'/-- 4-D&"&'%%+"1/-5 :
� NyT xT zMMR x}ON} &'(41&/"%!- ( C �!" "!"#&'71/-1 � ? � → � 6 D"<!"&"1 "#+ '2'1! %+12)89-4- %0"5%!0'4- ?
H[ %)9 1%!0)1! "!"#&'71/-1 g ? � → � 6 2+= D"!"&"3" � g d -�� L�[ "!"#&'71/-1 � +"D'+./" !&-0-'+./" 0 !"4 %4$%+1 6 ,!" 2+= +8#"5!",D-  ∈ � /'52)!%= "!D&$!$1 "D&1%!/"%!- ) 3  6 � 3 g Y[ -3"41"4"&_-(4 � � ? ) × R

+ → � ∩ �−e Y) [ 6 2+= D"!"&$\ � � � Y� G � [ dd � 2+= 0%1\ Y� G � [ ∈ ) × R
+ - � � Y� G � [ d g Y� [ 2+= 0%1\ � ∈ ) :

�p�qnp s t� tut � }y| xT Ox} T zMMR x}ON} � ? � → � S �RS }| MS VNyT xT zMMR x}ON}V v � yz+}M| �} g V x
 Ox �{S|~ OQR }�x} M}+}ON} g Y[ d Y G F[ v
�p�qnp s t� t% t & QM| ~ � � |x'xR xPN+}Myx} V OxPxx	T z{N} 	}{ yT zS v
)xP*z 'T x}y�NS � ? � × � → � Oz '}T �U! VOx
 N| }R~ S �RS }| MS VNyT xT zMMR x}ON}V v � yz+}M| �} g V x
 Ox �{S| ~ *NzPxOzR~Ox} x| x	T z
 }ON} � ?� → � × � v



��� ����� � � ���	
���� � 	 �����	��
j"D'('!1+.%!0" !"3" 6 ,!" 0 *&-41&1 � :$ :� 215%!0-!1+ ./" *"+ ),'<1!%= 4-D&"&'%%+"1/-1 6 _'D!-,1%D- %"21&7-!%= 0 2"D'('!1+.%!01 +14<4$ � :� :� /' % : ��� : 0!" 4-D&"&'%%+"1/-1 /'($0'8! yzMz| }R~OUV VNyT xT zMMR x}ON}V !"*"+"3-,1%D"3" 4/"3""#&'(-= � :j+= !"*"+"3-,1%D"3" 4/"3""#&'(-= � % D&'14 `� D'%'!1+ ./"14-D&"&'%%+"1/-1 4"7/" "*&121+-!. %+12)89-4 "#&'("4 : �&-D+1-4 DD&'8 4/"3""#&'(-= � *&=4"1 *&"-(0121/-1 `� × EF G H[ : 8( !1"&14$ "0"&"!/-D1 %+12)1! 6 ,!" 0 &1()+ .!'!1 *"+ ),-!%= !"*"+"3-,1%D"1 4/"3"<"#&'(-1 � ′ : � � ′ D&'= /1! : � '%'!1+./"1 4-D&"&'%%+"1/-1 4/"3""#&'<(-= � ′ C �!" "3&'/-,1/-1 /' � × � D'%'!1+./"3" 4-D&"&'%%+"1/-=4/"3""#&'(-= � ′ :�#$,/" 4-D&"&'%%+"1/-1 � ? � → � &'%%4'!&-0'1!%= 041%!1 % _-D<%-&"0'//$4 "!"#&'71/-14 g ? � → � :
j0' 4-D&"&'%%+"1/-= � ? � → � - � ′ ? � ′ → � Y/'2 "2/"5 - !"5 71#'("5 � [ % _-D%-&"0'//$4- "!"#&'71/-=4- g ? � → � - g′ ? � → � ′/'($0'8! �y�N�zR }O|OUVN 6 1%+ - 0 � - 0 � ′ 1%!. "!D&$!$1 "D&1%!/"%!-) - ) ′ 4/"71%!0 g Y� [ - g′ Y� [ - %)9 1%!0)1! 3"41"4"&_-(4 � ? ) → ) ′ 62+= D"!"&"3" �g d g′ - � ′|� ′

� d �
�
:

mnop nqr s t� tu t w RS { zV yOQ| xPx PR z*yxPx V OxPxx	T z{NS � yzMz| }R~Ox} T zMMR x}ON} �y�N�zR }O|Ox yzMz| }R~OxV Q VNyT xT zMMR x}ON� v
w xyz{z| }R~M| �xv ,012a4 /' D'%'!1+./"4 &'%%+"1/-- &-4'/"0) 41!&-<D) : j+= D'72"3" D'%'!1+./"3" 01D!"&' � ∈ ��� %)9 1%!0)1! 12-/%!01/</'= 31"21(-,1%D'= � � Y�[ 6 2+= D"!"&"5 � � YF[ d - - �

��
� � YF[ d � : �'%%4"<!&-4 "!"#&'71/-1 ���� ? ��� → � 6 D"!"&"1 %"*" %!'0+=1! D'%'!1+./"<4) 01D!"&) � !",D) � � YH[ : �"4*'D!/"%!. � *"(0"+=1! 0$#&'!. ,-%+"b � F !'D 6 ,!" 2+= 0%1\ - ∈ � "3&'/-,1/-1 "!"#&'71/-= ���� /' "!D&$<!$5 � '& 0 ��� 6 %" %!"=9-5 -( 01D!"&"0 2+-/$ 41/.� 1 b 6 2-__ 1"4"&_</" "!"#&'7'1! �!"! � '& /' /1D"!"&)8 "!D&$!)8 "D&1%!/"%!. !",D-- 0 � :

�)%!. ) C "!D&$!'= "D&1%!/"%!. /)+10"3" %1,1/-= 0 � � 6 %"<%!"=9 '= -( 01D!"&"0 2+-/$ 41/.� 1 b : �!"#&'71/-1 � ? ) → � × � 6('2'//"1 _ "&4)+"5 � Y- G � [ d (- G ���� Y� [) 6 =0+=1!%= 2-__ 1"4"&_-(4"4"D&1%!/"%!- ) /' "D&1%!/"%!. ) ′ 2-'3"/'+- � Y� [ 0 � × � : �!"#&'<71/-1 � "#+ '2'1! 0%14- !&1#)14$4- %0"5%!0'4- :
�+ '%% 1"4' ) ∈ � +(� × � G� × � \ � Y� [) \'&'D!1&-()1!%= !14 6,!" 2+= +8#"5 !",D- - ∈ � "!"#&'71/-1 *'&

�� ? Y� G� \ {-}[→ (� × � G� × � \ � Y� [) G



� �� � � �� �� ��� � ��� �� ���� ��� �� � �� �� ��
 ���� ���

('2'//"1 _ "&4)+"5 �� Y/ [ d Y- G / [ 6 *1& 10"2-! ) 0 "#&'()89)8 3&)**$� + Y� G� \ {-}[ 6 ! :1 : �∗�) C "#&'()89'= 3&)**$ � + Y� G� \ {-}[ : �"'/'+"3-- % �!-4 yRzMM )xV z ( <41&/"3" 4-D&"&'%%+"1/-= � ? � → � C
�!" D"3"4"+"3-,1%D-5 D+ '%% ) ∈ � +(� G� \ g Y� [) 6 D"!"&$5 "#+ '2'1!%+12)89-4 %0"5%!0"4 ? 2+= +8#"5 !",D-  ∈ � 1%!1%!01//"1 0D+8,1/-1

g� ? (�−e Y[ G�−e Y[ \ g Y[)→ (� G� \ g Y� [)*1&10"2-! ) 0 "#&'()89)8 3&)**$ � +(�−e Y[ G�−e Y[ \ g Y[) :�15,'% /'% #)2)! -/!1&1%"0'!. D+ '%%$ 1"4' 0 %+),'1 019 1%!01//$\01D!"&/$\ &'%%+"1/-5 : 8411! 41%!" %+12)8911 )!01&721/-1 :
mnop nqr s t� t% t & QM| ~ � � xT N}O|NT x�zOOx} �}� }M| �}OOx} ( V }T Ox}T zMMR x}ON} Oz* yxV'zy|OUV X� yxV'R }yMxV � v & QM| ~� *zR }}� � dd � Y� [ � 'T xM|T zOM| �x T zMMR x}ONS N � l � x|yT U|x} 'x*VOx
 }M| �x� � � MxM| xS� }} N{ �M} O}OQR }�U �}y| xT x�v )xP*z �z� MQ� }M| �Q}| }*NOM| �}OOU! yR zMM yxPxV xR xPN! )� ∈ � + Y� G� l [M yx�00N�N}O| zVN

Z
� x	R z*z��N! | }V M�x!M| �xV � +|x *RS R�	x!|x+yN  ∈ � yR zMM yxPxV xR xPN! g∗�)� S �RS }| MS x	T z{Q�� }! PT Q''U

� + YR+ G
R
+ \ {F}[ � { z*z�� }! �U 	T zOOQ� xT N}O| z�N� MR xS

R
+ �

	� � ^ Y� G� l [ d F 'T N g h ( ��� x| x	T z
 }ON} � ^ Y� [ → � ^�+ Y� G� l [ � {z*zOOx} 0 xTV QR x!e� 7→ �∗ Y� [ � ) � � S �RS }| MS N{ xV xT 0N{V xV *RS �M} g v
w xyz{z| }R~M| �xv , %+),'1 6 D"32' &'%%+"1/-1 !&-0-'+./" 6 ! :1 : � dd � × R

+ 6 � l d � × YR+ \ {F}[ - � ? � → � C *&"1D"-= /' *1&0$54/"7-!1+. 6 0%1 !&1#)14$1 )!01&721/-= _'D!-,1%D- %"21&7'!%= 0 !1<"& 141 � :H:H� /' % : ��� Y0 "#"(/',1/-=\ �!"5 !1"&14$ B d � 6 * d
∅
-

�+ d )� [ : �"�!"4) /)7/" +-� . *&"01&-!. 6 ,!" 1%+ - !&1#)14$1 )!01&<7 21/-= 01&/$ /'2 "!D&$!$4- 4/"71%!0'4- ) 6 � - ) ∩ � 6 !" "/- 01&/$- /'2 ) ∪ � :�)%!. � e d �−e Y) [ 6 �
� d �−e Y� [ 6 � � d �−e Y) ∩ � [ - � � dd �−e Y) ∪ � [ : �'*-� 14 *"%+12"0'!1+./" %!. # '51&'",.1!"&-%'

� ^
−e Y� � G� �l [→ � ^ Y� � G� �l [→ � ^ Y� e G� el [ ⊕ � ^ Y� � G� �l [→ � ^ Y� � G� �l [

�&- g h ( %+10' - %*&'0' "! � ^ Y� � G� �l [ %!"=! /)+- 6 *"�!"4)
� ^ Y� � G� �l [ d F : 0!" 2"D'($0'1! Y#[ : �0"5%!0" 12-/%!01//"%!- *"<D'($0'1! 6 ,!" D+ '%%$ ) e ∈ � + Y� e G� el [ - ) � ∈ � + Y� � G� �l [ "*&121+=<8! "2-/ - !"! 71 �+141/! 3&)**$ � + Y� � G� �l [ : �"�!"4) %)9 1%!0)<1! D+ '%% )

� ∈ � + Y� � G� �l [ 6 *&"1D!-&)89-5%= 0 ) e - 0 ) � : �'01/%!0"
�������� !&�� ���0$' ��%* � �� 2!(���* �

∗ 	� � ∈ � � 	� � � 	

∈ � � 	� 
�� � ! ���

* � ��� 	� 
�� � 5



��� ����� � � ���	
���� � 	 �����	��
� +−e Y� � G� �l [ d F *"D'($0'1! 6 ,!" �!"! D+ '%% 12-/%!01/ : 0!" 2"D'($<0'1! Y'[ : !"#$ 2"D'('!. Y0 [ 6 /)7/" &'%%4"!&1!. '/'+"3-,/)8 *"%+12"0'<!1+./"%!. # '51&'",.1!"&-%' 2+= #'( &'%%+"1/-5 - "!"#&'(-!. 1a 0/'*-%'//)8 0$� 1 *" %+12"0'!1+ ./" %!. # '51&'",.1!"&-%' 6 %"*" %!'0-0�+141/!) � �+141/! � ∗ Y� [ � ) : �&-41/-0 �<+144) 6 *"+),'14 !&1#)1<4"1 :

.%+- &'%%+"1/-1 � /1 "#=('!1+./" "&-1/!-&)14"1 6 !" 2+= D"�__-"-<1/!"0
Z
� 01&/' !1"&14' 6 '/'+"3-,/'= !1"&141 � :$ :� :

� o 
�n�o$r�n� 	'o 
�	 ��&�'r
�)%!. � ? � → � C "&-1/!-&"0'//"1 01D!"&/"1 &'%%+"1/-1 � &'(41&</" %!- ( : �'%%4"!&-4 !",/)8 D"3"4"+"3-,1%D)8 *"%+12"0'!1+ ./" %!.*'&$ Y� G� l [ ?
→ � ^�+ Y� G� l [

c
∗

−→ � ^�+ Y� [
^
∗

−→ � ^�+ Y� l [ �∗−→ � ^�+�e Y� G� l [→
�!"#&'71/-1 � =0+=1!%= 3"4"!"*-,1%D"5 �D0-0'+1/!/"%!.8 6 *"�!"4)
�∗ ? � ^�+ Y� [→ � ^�+ Y� [ C -("4"&_-(4 : �&"41 !"3" 6 -411! 41%!" -("<4"&_-(4 1"4' 7∗ ? � ^ Y� [→ � ^�+ Y� G� l [ : ," %*"+.("0'0� -%. �!-4- -("<4"&_-(4'4- 6 *"+),-4 !",/)8 *"%+12"0'!1+./"%!.

→ � ^ Y� [ �∗−�c∗�−−−−−→ � ^�+ Y� [
^
∗�∗

−−−→ � ^�+ Y� l [ �−� �∗−−−−→ � ^� e Y� [→
0!) !",/)8 *"%+12"0'!1+ ./" %!. /'($0'8! 'xMR }*x�z| }R~OxM|~�  N{NOz E�� K :

, *"%+12"0'!1+ ./" %!- W-(-/' "!"#&'71/-1 g∗�∗ -/2)"-&"0'/""3&'/-,1/-14 "!"#&'71/-= � /' � l : �&"41 !"3" 6 "!"#&'71/-1
�∗−ef ∗7 0$&'7'1!%= ,1&1( D+ '%% 05+1&' � Y� [ : � -41//" 6 � ∗−ef ∗7 Y� [ dd � � � Y� [ : j15%!0-!1+./" 6 � ∗−ef ∗7 Y� [ d �∗−ef ∗(�∗ Y� [ � )�) d
d �∗−e(� ∗ Y� [ � f ∗ Y)� [) d � � (�∗−ef ∗ Y)� [) : �%!'a!%= *&"01&-!. 6 ,!"
�∗−ef ∗ Y)� [ d � Y� [ 6 ! :1 : f ∗ Y) � [ d � ∗� Y� [ : �)%!. R

+ C %+"5 /'2 /1D"!"&"5!",D"5 #'($ : �'%%4"!&-4 D""1*. 0 � 6 D"!"&'= *&-/-4'1! (/',1/-1 F /'%-4*+1D%1 @ + ⊂ R
+ \ {F} - (/',1/-1 ±H /' %-4*+1D%1 @ + ⊂ R

+ 6 0/)!&-D"!"&"3" +17-! !",D' F Y(/'D ('0-%-! "! !"3" 6 %"3+ '%"0'/$ +- "&-1/!'<"-- %-4*+1D%' - %+"= [ : �"3"4"+"3-,1%D-5 D+ '%% !'D"5 "1*- "*&121+a/"2/"(/',/" 6 *&-,a4 "/ %"0*'2'1! D'D % f ∗ Y)� [ 6 !'D - % � ∗� Y� [ L �!" 0-2/"/1*"%&12%!01//" -( "*&121+1/-5 :j+= /1"&-1/!-&)14$\ 01D!"&/$\ &'%%+"1/-5 -411! 41%!" !",/'=*"%+12"0'!1+ ./" %!. W-(-/' 2+= D"3"4"+"3-5 % D"�__-"-1/!'4-
Z
� L �5<



� �� � � �� �� ��� � ��� �� ���� ��� �� � �� �� ��
 ���� ���
+1&"0 D+ '%% � Y� [ *&- �!"4 *&-0"2-!%= *" 4"2)+8 � 6 ! :1 : "/ ('41/=1!%=/' 4+ Y� [ :1",/'= *"%+12"0'!1+ ./" %!. W-(-/' -411! 41%!" - 2+= "&-1/!-&"<0'//"3"e +"D'+ ./" !&-0-'+ ./"3" &'%%+"1/-= � ? � → � %" %+"14 	 +−e 6*" %D"+ .D) !'D"4) &'%%+"1/-8 4"7/" %"*" %!'0-!. "&-1/!-&"0'//"1 ( <41&/"1 01D!"&/"1 &'%%+"1/-1 :
�r�r�r s t� tut �U+NMRN| } PT Q''U yxPxV xR xPN! VOxPxx	T z{NS Z� Y�( ii � G �[ � NM'xR~{QS T zMMR x}ON} � Y�( i � G �[ � �−−→ Z� Y�( i � G �[ v

� �� �� � � ����� 
��� � !�

, �!"4 *'&'3&'_ 1 4$ #)214 &'%%4'!&-0'!. D"3"4"+"3-- % D"<
�__-"-1/!'4-

Z
� : �)%!. � C 0191%!01//"1 &'%%+"1/-1 /'2 D"4<*'D!/$4 %-4*+-"-'+./$4 D"4*+1D%"4 � 6 )� C 13" D+ '%% 1"4' 6 '

7 ? � ^ Y� [ → � ^�+ Y� G� l [ C -("4"&_-(4 1"4' 6 ('2'//$5 _"&4)+"5
7 Y� [ d �∗ Y� [ � ) � :
mnop nqr s t� t� #moq ��� u�( t � R zMM �|N0 }RS��N|ON 4 ^ Y� [ T z�}O7−e Y	� ^ ) � [ � P*} 	� ^ � y�z*T z| �|NOT x*zv
w xyz{z| }R~M| �xv �&"01&-4 6 ,!" 7−e Y	� ^ )� [ " #+ '2'1! 0%14- %0"5%!0'<4- g<3" D+ '%%' � !-_ 1+="�-!/- : � %/" 6 ,!" 7−e Y	�l )� [ d 7−e Y)� [ d H:
�&"41 !"3" 6 1 %+- g � ( d � -� � 6 !" 	� ^ )� d F :�&"01&-4 1%!1%!01//"%!. : �)%!. > ? � ′ → � C *&"-(0"+ ./"1 "!"<#&'71/-1 6 � C &'%%+"1/-1 /'2 � 6 > ∗ Y� [ C -/2)"-&"0'//"1 &'%%+"1/-1/'2 � ′ 6 � ? � → � ′ C *"%+"5/"1 "!"#&'71/-1 &'%%+"1/-5 6 -/2)"-&"0'/</"1 "!"#&'71/-14 > : 1"32' �∗ Y)� [ d ) �∗ �� �

- 2+= -("4"&_-(4"0 1"4'-411! 41%!" D"44)!'!-0/'= 2-'3&'44'
� ^ Y� [ �−−−−→ � ^�+ Y� G� l [
y�∗

y�∗

� ^ Y� ′ [ �′

−−−−→ � ^�+ Y� ′ G� ′l [ I
�"�!"4) 7 ′> ∗ d �∗7 6 ! :1 : > ∗7−e d Y7 ′ [−e�∗ : �+12"0'!1+./" 6> ∗(4 ^ Y� [) d > ∗7−e Y	� ^ ) � [ d Y7 ′ [−e�∗ Y	�

^ )� [ d Y7 ′ [−e 	� ^(�∗ Y)� [) d
d Y7 ′[−e 	� ^ ) � ∗ �� �

d 4 ^(> ∗ Y� [) :�&"01&-4 _ "&4)+) �-!/- : 6' �!"! &'( 1a )2"#/11 2"D'($0'!. 00-21 4 Y� × �
[ d 4 Y� [ × 4 Y� [ : �'%%4"!&-4 0/1� /11 *&"-(0121/-1 D+ '%<%"0 1"4' )� ∈ � � Y� G� l [ - )

� ∈
� + Y� ′ G� ′l [ : �+ '%% )� × )

�
+17-! 0

���� �%�(�( � 3 ��� *� �!�� � �
−

� �'� ���'�*(�1 ��/!(��*(��1" �,'(%�" 5



��� ����� � � ���	
���� � 	 �����	��
� +�� (� × � ′ G Y� × � ′l [ ∪ Y� l × � ′[) : # /"71%!0" Y� × � ′l [ ∪ Y� l × � ′ [C �!" 0 !",/"%!- 4/"71%!0" /1/)+10$\ 01D!"&"0 0 � × � ′ : �"�!"<4) D+ '%% )� × )

�
+17-! !'4 71 6 321 - D+ '%% 1"4' )�

×�
: �"D'714 6,!" �!- 20' D"3"4"+"3-,1%D-\ D+ '%%' 0 215%!0-!1+ ./" %!- %"0*'2'8! :j+= �!"3" 2"%!'!",/" *&"01&-!. 6 ,!" "3&'/-,1/-1 D+ '%%' )� × )

�
/'

YR+�� GR+��l [ 6 321
R
+�� C %+"5 &'%%+"1/-= � × �

6 =0+=1!%= /1/)+10$4D+'%%"4 D"3"4"+"3-5 2+= %+"= &'%%+"1/-= � × �
/'2 D'72"5 !",D"5 :6" &'%%4'!&-0'14$5 D+'%% &'01/ 0/1� /14) *&"-(0121/-8 "3&'/-,1</-5 D+ '%%"0 )� - )

�
/' YR� GR�l [ - YR+ G

R
+l [ 6 ' %"3+ '%/" !1"&141 � :H:H�/' % : ��� �!" *&"-(0121/-1 /1/)+10"1 :j+= 2"D'('!1+.%!0' _ "&4)+$ �-!/- /)7/" 19 a *&"01&-!. 6 ,!"-("4"&_-(4$ 1"4' &'%%+"1/-5 � 6

�
- � × �

%0=('/$ %""!/"� 1/-14
7 � Y� [ × 7

� Y� [ d 7 �
×� Y� × � [ 6 ! :1 :

Y�∗� � � ) � [ × Y� ∗�� � )� [ d (�∗�
×� Y� × � [) � )�

×�
I

, %+),'1 D"�__-"-1/!"0
Z
� /1 /)7/" ),-!$0'!. (/'D- 6 *"�!"4)

Y�∗� � � ) � [ × Y� ∗� � � )� [ d Y�∗� � × �∗
�
� [ � Y)� × )� [ I

�'01/%!0" )� × )
�
d )�

×�
4$ )71 2"D'('+- : �)%!. �

�
- �

� ′

C *&"<1D"-- � × � ′ /' *1&0$5 - 0!"&"5 4/"7-!1+- 6 � � - � �
′

C '/'+"3-,</$1 "!"#&'71/-= 2+= � × � ′ : 1"32' � ∗�
×� Y� × � [ d � ∗�

×� Y�∗� � � �∗
� ′

� [ dd Y� �� �×� [∗� � Y�� ′

� �
×�
[∗� - �∗� � × �∗

�
� d Y� ∗�� ∗� � [ � Y�∗�

′

�∗
�
� [ dd Y� �� � [∗� � Y� �� � ′

[∗� : 6" �
�
� �

×�
d � �� � Y" #' "!"#&'71/-= C 1%!1<%!01//$1 *&"1D"-- � × � ′ /' � [ - �
� ′

� �
×�

d � �� �
′

:
, -!"31 *"+ ),'14 6 ,!" 1%+- �4 Y� [ d 7−e Y	� )� [ 6 !"

7 �
×�
( �4 Y� [ × �4 Y� [) d 7 �

×�
(Y7−e� 	� )� [ × Y7−e

�
	� )

�
[) d 	� )� × 	� )� dd 	� Y)� × )

�
[ d 	� ) �

×�
d 7�

×�
( �4 Y� × � [) 6 ' (/',-! 6 �4 Y� [ × �4 Y� [ dd �4 Y� × � [ :

�%!'a!%= *&"01%!- 0$,-%+1/-= 2+= &'%%+"1/-= � ee /'2 R
� e ≈ 	 e : j+=�!"3" &'%%+"1/-= *'&' Y� G� l [ *&12%!'0+=1! %"#"5 +-%! # a#-)%' � -+-%! # a#-)%' % 0$&1('//"5 "1/!&'+./"5 "D&)7/"%!.8 : j1_ "&4'"-"/</$4 &1!&'D!"4 !'D"5 *'&$ =0+=1!%= *'&' Y� G `

�
� [ 6 321 `

�
� C D&-0'= 6*'&'++1+./'= D&'8 +-%!' # a#-)%' - "!%!"=9 '= "! /13" /' &'%%!"=/-1 b :8("4"&_-(4 0$&1('/-= *"D'($0'1! 6 ,!" � ∗ Y� G `

�
� [ ∼d � ∗ YR� � G� � [ 6' D"3"4"+"3-,1%D'= *"%+12"0'!1+ ./" %!. *'&$ YR� � G� � [ *"D'($0'1! 6,!" � ^ YR� � G� � [ ∼d � ^ YR� � [ *&- g

>
H: 1'D-4 "#&'("4 6 D+ '%% 1"4'

) &'%%+"1/-= � ee "!"7 21%!0+=1!%= % 12-/%!01//$4 /1/)+10$4 �+141/<!"4 � ∈ � e YR� � [ : 6" 	� e � d � � � 6d F 6 *"�!"4) 	� e ) 6d F 6 ' (/',-! 6
7−e Y	� e ) [ 6d F :


 "&4)+ ' 1"4' 01&/' 2+= +8#$\ 01D!"&/$\ &'%%+"1/-5 6 /" 1a *&-<



� �� � � �� �� ��� � ��� �� ���� ��� �� � �� �� ��
 ���� ���
41/1/-1 %-+ ./" ('!&)2/1/" !14 6 ,!" /)7/" 0$,-%+=!. D+ '%% 1"4' : j+=D+ '%%"0 � !-_ 1+="�-!/- D'%'!1+ ./$\ &'%%+"1/-5 4/"3""#&'(-5 4"7/"*"+),-!. #"+11 =0/)8 _"&4)+) 6 0 D"!"&"5 /1 ),'%!0)1! D+ '%% 1"4' :�)%!. 	�� ? �

∗ YB [ → �
∗ YB [ C "*1&'"-= 6 %"*&=7a//'= "*1&'<"-- 	� d ∑^

>

l 	� ^ 6 ! :1 : 〈� G 	�� � 〉 d 〈	� � G � 〉 : j+= +8#"3" ('4D/)<!"3" 4/"3""#&'(-= � + 4"7/" "*&121+-!. D+ '%% D"3"4"+"3-5 � dd �−e 	�� E� + K ∈ � ∗ Y� + [ 6 321 E� + K C _)/2'41/!'+ ./$5 D+'%% Y% D"�_<_-"-1/!'4-
Z
� [ 6 � ? � A Y� + [→ �+−A Y� + [ C -("4"&_-(4 20"5%!01/</" %!- �)'/D'&1 : �+ '%% � /'($0'8! yR zMMxV � Q 4/"3""#&'(-= � + :

mnop nqr s t� ts #�� ��� �( t � R zMM � Q { zV yOQ| xPx VOxPxx	T z{NS � +x	R z*z}| MR }*Q��NVN M�x!M| �zVN �
�� 〈� � � G E� + K〉 d 〈	� � G E� + K〉 *RS R�	xPx �R }V }O| z � ∈ � ∗ Y� + [ �
�� 4 Y� + [ d 	� � v

w xyz{z| }R~M| �xv �" "*&121+1/-8 � � d 	�� E� + K : �"�!"4)
〈	� � G E� + K〉 d 〈� G 	�� E� + K〉 d 〈� G� �〉 dd 〈� G � 	 E� + K〉 d 〈� � � G E� + K〉 I !"#$ *&"01&-!. &'01/%!0" 4 Y� + [ d 	� � 6 2"%!'!",/" *&"01&-!. 6,!" 〈4 Y� + [ G � 〉 d 〈	� � G � 〉 2+= +8#"3" �+141/!' � ∈ �

∗ Y� + [ : �"3+ '%</" _ "&4)+1 1"4' 	� ) d 7(4 Y� + [) : ,41%!" D+ '%%' 1"4' D'%'!1+ ./"3"&'%%+"1/-= 4"7/" 0(=!. D+ '%% 1"4' D'%'!1+./"3" 4-D&"&'%%+"1/-= 6 +1<7 '9-5 0 � +(� + × � + G� + × � + \ � Y� + [) : �&- �!"4 -("4"&_-(4 1"<4' -411! 0-2 7 Y� [ d � ∗e� � ) 6 321 � e ?� + × � + → � + C *&"1D"-= /'*1&0$5 4/"7-!1+. : , !'D"4 %+),'1 � ∗e� d � × H6 321 H ∈ � l Y� + [ C 12-</-,/$5 �+141/! : �/',-! 6 	� ) d � ∗e(4 Y� + [) � ) d (4 Y� + [ × H[) � ) :
,"%*"+ .()14%= D+ '%%"4 �) ∈ � + Y� + × � + [ 6 0012a//$4 /' % : ��H6 -2"D'('//$4- !'4 2+= /13" %0"5%!0'4- Y�[ - Y$[ : j+= �!"3" D+ '%%' 6 D'D- 2+= D+ '%%' ) 6 0$*"+/=1!%= %""!/"� 1/-1 	� �) d (4 Y� + [ × H[) � �) :

� %/" 6 ,!"
〈	� � G � 〉d 〈� G 	�� � 〉 �

��d 〈 �) G 	�� �×� �〉dd 〈 �) G 	�� �×	�� E� + K〉d 〈 �) G 	�� Y�× E� + K[〉d
d 〈	� �) G �× E� + K〉d 〈(4 Y� + [× H[)� �) G �× E� + K〉 �

�
�d

���d 〈(H×4 Y� + [[)� �) G �× E� + K〉d 〈 �) G(H×4 Y� + [)	 Y�× E� + K[〉d
d 〈 �) G �×(4 Y� + [	 E� + K)〉d 〈 �) G �×�4 Y� + [〉 ���d 〈4 Y� + [ G � 〉 I



��F ����� � � ���	
���� � 	 �����	��
61*" %& 12%!01//" -( "*&121+1/-= D+ '%%' ,) +13D" 0$0"2-!%= 6 ,!"1%+- � d �l i � e i I I I i �+ 6 321 � ^ ∈ � ^ Y� + [ 6 !" � ^ d F *&- g � E(��K : j15<%!0-!1+./" 6 *)%!. 	�� E� + K d � l i � e i I I I i � + 6 321 � ^ ∈ � ^ Y� + [ : .%<+- � ∈ � A Y� + [ 6 !" 〈� G� A〉 d 〈	� � G E� + K〉 d 〈	�+−A � G E� + K〉 : �&- �!"4

	�+−A � d F 6 1%+ - ( − J � J 6 ! :1 : �J h ( : �+12"0'!1+ ./" 6 � A d F *&-�J h ( : 0!" "(/','1! 6 ,!" �+−A d F *&- �J h ( 6 ! :1 : � ^ d F *&- �g � ( :
�r�r�r s t� t% t & QM|~ � d �l i � e i I I I i � �+��� � yR zMM � Q { zV yOQ| xPxVOxPxx	T z{NS � + � 4 d H i 4 e i I I I i 4+ � yR zMM �|N0 }RS��N|ON vz� w xyz
 N| }� +|x }MRN 4 e d I I I d 4 A d F � |x � e d I I I d �A d F N
�A� e d 4 A� e v	� w xyz
 N| }� +|x }MRN 4 e d I I I d 4 A d F N ( d �J NRN �J i H� |x4 A� e d 4 A� � d I I I d 4+ d F v
�r�r�r s t� t� t �� ��� & QM|~ � �A � { zV yOQ| x} Y�J − H[ M�S{Ox} V OxPxx	T z{N}v w xyz
 N| }� +|x Oz *NzPxOzRN 0 xTVU '}T }M}+}ONS VOxPxx	T z{NS � �A M| xS| +�|OU} +NMR z | xP*z N | xR~yx | xP*z� yxP*z
4 �A Y� �A [ d F v

,"%*"+ .("0'0� -%. &1()+.!'!"4 ('2',- � :$ :� 6 4"7/" 2"D'('!. %+12)<8911 )!01&721/-1 :
mnop nqr s t� t� #� ��� n� 	 �����( t ��	x} {zV yOQ| x} xT N}O|NT Q}V x}|T � V }T Ox} V OxPxx	T z{N} 'zT zRR }R }{Q}V xv
w xyz{z| }R~M| �xv  !"#$ 2"D'('!. *'&'++1+1()14"%!. 4/"3""#&'(-=
� � 6 /)7/" *"%!&"-!. !&- +-/15/" /1('0-%-4$\ %1,1/-= 13" D'%'<!1+./"3" &'%%+"1/-= : �,-!$0'= "&-1/!-&)14"%!. 6 2" %!'!",/" *"%!&"<-!. 20' /1('0-%-4$\ %1,1/-= : �&- *"%!&"1/-- J /1('0-%-4$\ %1,1</-5 ( <41&/"3" 019 1%!01//"3" &'%%+"1/-= *1&0"1 *&1*=!%!0-1 0"(/-D'<1! *&- *&"2"+71/-- /' Y( − J i H[<41&/$5 "%!"0 : .%+- ( − J /1,a!/"- J

>
� 6 !" �!" *&1*=!%!0-1 C 0 !",/"%!- D+ '%% 4+−A� e : , /'� 14 %+)<,'1 �!" #)21! D+ '%% 4 � : . %+- *"%!&"1/$ 20' /1('0-%-4$\ %1,1/-= /'�<41&/"4 "%!"01 6 !" ('2',' &1� 1/' 6 *"!"4) ,!" *&1*=!%!0-1 D *&"<2"+71/-8 -\ /' $<41&/$5 "%!"0 +17-! 0 D"3"4"+"3-=\ % D"�__-"-1/<!'4- � �(� Y$ G �[) 6 ' � Y$ G �[ ≈ R

� � - � � YR� � [ d F : �"�!"4) 2"%!'!",/"2"D'('!. 6 ,!" 4 � Y� � [ d F : j+= "&-1/!-&)14"3" 4/"3""#&'(-= 4 e d F :�"3+ '%/" ('2',1 � :$ :� Y# [ -( &'01/%!0' 4 e d F %+12)1! 6 ,!" 4 � d F -
4 � d F :
�rqn�r'�n t � !-_ 1+ . 2"D'('+ *'&'++1+1()14"%!. ('4D/)!"3" "&-1/<!-&)14"3" !&a\41&/"3" 4/"3""#&'(-= 0 *&12*"+"71/-- 6 ,!" 4 � Y� � [ dd F L ) /13" /1 #$+" )#12-!1+./"3" 2"D'('!1+.%!0' !"3" 6 ,!" �!" &'01/<%!0" 0$*"+/=1!%= :



� �� � � �� �� ��� � ��� �� ���� ��� �� � �� �� ��
 ���� �� H
� !-_ 1+. ('/-4'+%= "#9 15 ('2',15 " *"%!&"1/-- ( − H +-/15/" /1('<0-%-4$\ 01D!"&/$\ *"+15 /' "&-1/!-&)14"4 ( <41&/"4 4/"3""#&'(-- 6! :1 : ('2',15 " *'&'++1+1()14"%!- 4/"3""#&'(-= : �" %"01!) � "*_' "/ /'<,'+ % *&"%!15� 13" /1!&-0-'+./"3" %+),'= ( d $ : 6" 0%1 4/"3",-%+1/</$1 *&-41&$ "&-1/!-&)14$\ ('4D/)!$\ !&a\41&/$\ 4/"3""#&'(-5 6D"!"&$1 &'%%4"!&1+ � !-_ 1+. 6 "D'('+-%. *'&'++1+1()14$4- : 841//"2+= &1� 1/-= �!"5 ('2',- � !-_ 1+. *"%!&"-+ !1"&-8 \'&'D!1&-%!-,1<%D-\ D+ '%%"0 E	/�K :� &1()+.!'!'\ � !-_ 1+= �"*_ %21+ '+ 2"D+ '2 /' *1&0"5 4172)/'<&"2/"5 !"*"+"3-,1%D"5 D"/_ 1&1/"-- 0 # "%D01 YH�$� 3 :[ : �&-%)!%!0"<0'0� -5 /' �!"4 2"D+ '21 �-!/- %D'('+ 6 ,!" (/',-!1+./'= ,'%!. �!-\&1()+.!'!"0 %"21&7-!%= 0 !"+ .D" ,!" 0$� 12� 15 13" ('41!D1 E� ��K 6 "D"!"&"5 � !-_ 1+. - �"*_ !"32' 19 a /1 (/'+- : �"%!&"1/-= �-!/- /"%-<+- #"+11 "#9-5 \'&'D!1& 6 ' � !-_ 1+= #"+ .� 1 -/!1&1%"0'+- D"/D&1!/$1*&"#+14$ 6 D"!"&$4- �-!/- /1 -/!1&1%"0'+%= :
� �� �� � ���������� � ���� �����
�)%!. ('4D/)!"1 4/"3""#&'(-1 � + *"3&)71/" 0

R
+�A 6 �� � C /"&<4'+ ./"1 &'%%+"1/-1 2+= �!"3" *"3&)71/-= : �"3+ '%/" !1"&141 �-!/-

Y!1"&14' $ :� :� /' % : H��[ 4 ^ Y�� � [ d ,4 ^ Y� + [ : �/',-! 6 ,4 ^ Y� + [ d F *&-g � J 6 *" %D"+ .D) � -� �� � d J : , !"4 %+ ),'1 6 D"32' 4/"3""#&'(-1 � +0+"71/" 0
R
+�A 6 *"=0+=1!%= 2"*"+/-!1+ ./"1 )%+"0-1 ,4 A Y� + [ d F 6 2"D'<('!1+ .%!0"4 D"!"&"3" 4$ %15,'% ('54a4%= :

8( !1"&14$ " !&)#,'!"5 "D&1%!/"%!- %+12)1! 6 ,!" 1%+- ('<4D/)!"1 4/"3""#&'(-1 � + 0+"71/" 0
R
+�A 6 !" 2+= 2"%!'!",</" 4'+"3" b � F 4/"71%!0" �

�
6 %" %!"=9 11 -( !",1D 6 )2'+a/</$\ "! � + /1 #"+11 ,14 /' b 6 3"41"4"&_/" *&"%!&'/%!0) &'%<%+"1/-= � Y�� � [ d � : �&- �!"4 0"(/-D'1! 3"41"4"&_-(4 *'&

Y� G� l [ ≈ Y� �
G�

� \ � + [ : 8 %*"+.()= 3"41"4"&_-(4 0$&1('/-= 6 *"+ ),'<14 � ∗ Y� G� l [ ∼d � ∗ Y� �
G�

� \ � + [ ∼d � ∗ YR+�A G
R
+�A \ � + [ : �'%%4"!&-4D"4*"(-"-8 20)\ 3"4"4"&_-(4"0 "3&'/-,1/-=

� A YR+�A G
R
+�A \ � + [→ � A YR+�A [→ � A Y� + [ I YH[

0!' D"4*"(-"-= 6 ",10-2/" 6 /)+10'= 6 *"%D"+.D) � A YR+�A [ d F : �"�!"4)2"%!'!",/" 2"D'('!. %+12)8911 )!01&721/-1 :
� nqqr t &T N yxV'x{N�NN ��� yR zMM� Mxx| �}| M| �Q��N! yR zMMQ )xV z
) ∈ � A Y� G� l LZ� [ � '}T } x*N| � 4 A Y�� � [ v
w xyz{z| }R~M| �xv 6)+10"1 %1,1/-1 � ?� → � -/2)"-&)1! -("4"&_-(4



��� ����� � � ���	
���� � 	 �����	��
�∗ ? � A Y� [→ � A Y� + [ : �"D'714 6 ,!" D"4*"(-"-= 3"4"4"&_-(4"0

� A Y� G� l [→ � A Y� [ �∗−→ � A Y� + [
*1& 10"2-! D+ '%% 1"4' ) 0 4 A Y�� � [ : j15%!0-!1+ ./" 6 -("4"&_-(41"4' 7 ? � A Y� + [ → � �A Y� G� l [ *1& 10"2-! D+ '%% �∗ Y) |� [ 0 D+ '%%
�∗�∗ Y) |� [ � ) d Y) |� [ � ) d ) � ) d 	�A ) : �"�!"4) �∗ Y) |� [ dd 7−e 	�A ) d 4 A Y�� � [ :.%+- ('41/-!. *'&) Y� G� l [ /' 3"41"4"&_/)8 15 *'&)
Y� �

G�
� \ � + [ 6 !" *"+),-4 6 ,!" D"4*"(-"-= 3"4"4"&_-(4"0 "3&'/-,1</-= � A Y� �

G�
� \ � + [→ � A Y� �

[→ � A Y� + [
*1& 10"2-! D+ '%% 6 %""!01!%!0)89-5 D+'%%) 1"4' ) 6 0 4 A Y�� � [ :�"4*"(-"-= YH[ 0D+8,'1!%= 0 D"44)!'!-0/)8 2-'3&'44)

� A YR+�A G
R
+�A \ � + [ −−−−→ � A YR+�A [
y∼
k y

� A Y� �
G�

� \ � + [ −−−−→ � A Y� + [ I
�"�!"4) *&- D"4*"(-"-- YH[ D+ '%% 0 � A YR+�A G

R
+�A \ � + [ 6 %""!01!<%!0)89-5 D+'%%) 1"4' ) 6 !"71 *1&1\"2-! 0 4 A Y�� � [ :

�r�r�r s t� ts t w xyz
 N| }� +|x }MRN ( d �� � |x
R
� + O}R ~{S �R x
 N|~�

R
�+−e v



�� ��� � �

����������� 	 

� � �

���

� ��� � ���������� ������
� �	�	� ����� � ��������
�&12*"+"7-4 6 ,!" D'72"4) "!D&$!"4) 4/"71%!0) ) ⊂ B %"*"%!'<0+1/' '#1+10' 3&)**' F Y) [ 6 *&-,a4 F Y∅[ d F 6 ' D'7 2"4) 0D+8,1/-8 "!<&$!$\ 4/"71%!0 � → ) %"*" %!'0+1/ 3"4"4"&_-(4 	�� ?F Y) [→F Y� [ 6/'($0'14$5 PxV xV xT 0N{V xV xPT zON+}ONS : �&12*"+"7-4 6 2'+11 6 ,!"�!- %"*" %!'0+1/-= )2"0+1!0"&=8! %+12)89-4 )%+"0-=4 ?
• 	��

?d -�F �� �
L

• 	�
�
d 	

�
�
	�� 6 1 %+ - � ⊂ � ⊂ ) :

, !'D"4 %+),'1 3"0"&=! 6 ,!" F C 'T }*'Q+xy '#1+10$\ 3&)** /' B :�)%!. F - G C *&12*),D- /' "2/"4 - !"4 71 *&"%!&'/%!01 B :�&12*"+"7-4 6 ,!" 2+= +8#"3" "!D&$!"3" 4/"71%!0' ) ⊂ B ('2'/ 3"<4"4"&_-(4 �
�
?F Y) [→G Y) [ 6 *&-,a4 2-'3&'44'

F Y) [ ��−−−−→ G Y) [
y��� y���
F Y� [ ��−−−−→ G Y� [D"44)!'!-0/' 2+= 0%1\ � ⊂ ) : 1"32' 3"0"&=! 6 ,!" ('2'/ PxV xV xT 0N{V*&12*),D"0 � ?F → G :



��� ����� � � � �	�����	�� ���� � � � � ���
�/'+"3-,/" 4"7/" "*&121+-!. *&12*),"D D"+1" -+- *&12*),"D � <4"2)+15 6 321 � C _-D%-&"0'//"1 D"+ ."" L 3"4"4"&_-(4$ !'D-\ *&12<*),D"0 !"71 "*&121+=8!%= '/'+"3-,/" :

�p�qnp � tu tut w RS yz
 *x! z	}R }�x! PT Q''U Z V x
 Ox T zMMV x|T }|~ 'T }*'Q+xy � yx| xT U! R�	xV Q O}'QM| xV Q x|yT U|xV Q VOx
 }M| �Q ) ⊂ B Mx'xM| z�RS }| PT Q''Q Z � z 'QM| xV Q VOx
 }M| �Q Mx'xM| z�RS }| OQR }�Q� PT Q''Q v �|x| 'T }*'Q+xy Oz{U�z�| *"%!"=//$4 v
�p�qnp � tu t% t � yz+}M| �} F Y) [ �x{~V �V VOx
 }M| �x O}'T }T U�OU 
0QOy�N! Oz ) � PT Q''x�zS x' }T z�NS � 'x| x+}+Ox} MR x
 }ON} 0QOy�N! v

j+= D&'!D"%!- �+141/! 	�� Y> [ 6 321 > ∈ F Y) [ 6 #)214 "#"(/','!. > |� :�),"D C �!" *&12*),"D 6 )2"0+1!0"&=89-5 "*&121+a//$4 2"*"+/-<!1+./$4 )%+"0-=4 : �_"&4)+-&)14 �!- )%+"0-= : �)%!. U d {) } C /1<D"!"&"1 %1415%!0" "!D&$!$\ *"24/"71%!0 0 B : �1415%!0" �+141/!"0
{>� ∈ F Y) [} 6 ) ∈ U 6 #)214 /'($0'!. MxPR zMx�zOOUV 6 1%+ - >

� |�∩� ′

dd >
� ′ |�∩� ′

2+= +8#$\ ) G ) ′ ∈ U : � '7 2"1 %1415%!0" "!D&$!$\ 4/"71%!0
U ('2'a! "!D&$!"1 4/"71%!0" � d ⋃

�⊂U

) : �&12*),"D F /'($0'8!
'Q+yxV 6 1%+- 2+= +8#"3" %1415%!0' 4/"71%!0 U 0$*"+/=8!%= %+12)8<9-1 )%+"0-= ?
• 1%+- �+141/! > ∈ F Y� [ !'D"0 6 ,!" > |� d F 2+= 0%1\ ) ∈ U 6 !" > d F L
• 2+= +8#"3" %"3+ '%"0'//"3" %1415%!0' �+141/!"0 {>� } %)9 1%!0)1!�+141/! > ∈ F Y� [ 6 2+= D"!"&"3" > |� d >

�
2+= 0%1\ ) ∈ U :

�p�qnp � tu t� t & QM| ~ B � x	�}*NO}ON} *�Q O}' }T }M}yz��N MS x| yT U|U VOx
 }M| � ) e N )� v )xP*z �O}OQR }�x!� 'xM| xSOOU! 'T }*'Q+xyOz B O} S �RS }| MS 'Q+yxV v
w xyz{z| }R~M| �xv �)%!. U d {) e G ) �} : �1415%!0" �+141/!"0 F ∈ F Y) e [ 6> ∈ F Y)� [ 6 > 6d F 6 %"3+ '%"0'/" 6 /" /1 %)9 1%!0)1! �+141/!' > ′ ∈ F YB [ 62+= D"!"&"3" > ′|� � d F - > ′|�� d > 6d F :
�p�qnp � tu ts t & QM| ~ B d

R
� F � 'T }*'Q+xy xPT zON+}OOU 0QOy�N! �| v}v F Y) [ MxM| xN| N{ xPT zON+}OOU 0QOy�N! Oz ) v �|x| 'T }*'Q+xyO} S �RS }| MS 'Q+yxV v

w xyz{z| }R~M| �xv �)%!. U d {) A}A∈N

6 321 )A d Y−J G J [ : 1"32' %1415<%!0" �+141/!"0 {>A} 6 321 >A Y- [ d - 6 %"3+ '%"0'//"1 6 /" /1 %)9 1%!0)1!"3&'/-,1//"5 _)/D"-- > /'
R
d ⋃∞Ak e ) A 6 D"!"&'= /' D'72"4 4/"71<%!01 )A %"0*'2'+ ' #$ % >A : j15%!0-!1+./" 6 !'D"5 _)/D"-15 4"3+ ' #$#$!. !"+.D" _)/D"-= > Y- [ d - 6 ' "/' /1 "3&'/-,1//'= :



� �� � � �	 �����	�� �
 ���� ���

�8#"4) *&12*),D) 4"7/" %"*" %!'0-!. *),"D 6 -%*"+ .()= *1&1\"2 D*&=4"4) *&121+) : 6'*"4/-4 %""!01!%!0)89-1 "*&121+1/-= :
# /"71%!0" � /'($0'8! Oz'T z�R }OOUV 6 1%+- 417 2) /1D"!"&$4- 13"

�+141/!'4- ('2'/" "!/"� 1/-1 � � � !'D 6 ,!" 0$*"+/=8!%= %+12)89-1)%+"0-= ?
• � � � 2+= +8#"3" � ∈ � L
• 1%+- � � � - � � � 6 !" � � � L
• 2+= +8#$\ � G � ∈ � /'52a!%= � ∈ � 6 2+= D"!"&"3" � � � - � � � :

�p�qnp � tut� t & QM| ~ � MxM| xN| N{ x|yT U|U VOx
 }M| �� Mx*}T
 z
�N 0NyMNT x�zOOQ� |x+yQ - ∈ B � z x|Ox� }ON} � h ) Mxx| �}| M| �Q}|�yR�+}ON� � ⊂ ) v )xP*z � � Oz'T z�R }OOx} V Ox
 }M| �xv

�)%!. � C /'*&'0+1//"1 4/"71%!0" : �-%!14) '#1+10$\ 3&)** {Z 	} 6� ∈ � 6 /'($0'8! Oz'T z�R }OOx! 6 1 %+- 2+= +8#"5 *'&$ �+141/!"0 � � �('2'/ 3"4"4"&_-(4 >	� ? Z 	 → Z� 6 *&-,a4 >		 d -� - >� � ◦ >	� d >	� :
�p�qnp � tu t� t & QM| ~ F � 'T }*'Q+xy Oz 'T xM|T zOM| �} B � � � Oz'T z�R }OOx} V Ox
 }M| �x N{ 'T NV }T z � v� v�� Z � d F Y) [ N >� � d 	�� v )xP*z
{Z � } � ) 3 - � � Oz'T z�R }OOzS MNM| }V z z	}R }�U PT Q'' v

j+= /'*&'0+1//"5 %-%!14$ '#1+10$\ 3&)** 'T SV x! 'T }*}R �-�−→	
∈�

Z 	"*&121+=1!%= %+12)89-4 "#&'("4 : �'%%4"!&-4 /1%0=(/"1 "#�12-/1/-13&)** Z 	 - *&"_'D!"&-()14 13" *" %+12)8914) "!/"� 1/-8 �D0-0'<+1/!/"%!- ? �	 ∼ �� 6 1 %+ - >	
� Y�	 [ d >�

� Y�� [ 2+= /1D"!"&"3" � Y(21%.
�	 ∈ Z 	 - �� ∈ Z� [ : W&)**"0'= "*1&'"-= 00"2-!%= %+12)89-4 "#&'("4 ?
{�	} i {��} d {>	� Y�	 [ i >�

� Y�� [} 6 321 � � � - � � � :j+= /'*&'0+1//"5 %-%!14$ '#1+10$\ 3&)** -( *&-41&' � :H:� *&=4"5*&121+ %" %!"-! -( &" %!D"0 0 !",D1 - 6 D"!"&$1 "*&121+=8!%= %+12)89-4"#&'("4 : ;)214 %,-!'!. 6 ,!" �+141/!$ > ∈ F Y) [ - � ∈ F Y� [ 6 321 ) - �C "!D&$!$1 "D&1%!/"%!- !",D- - 6 �D0-0'+1/!/$ 6 1%+ - > |� d � |� 2+=/1D"!"&"3" "!D&$!"3" 4/"71%!0' � ⊂ ) ∩ � : �+ '%% �D0-0'+1/!/"%!- 60 D"!"&"4 +17-! �+141/! > ∈ F Y) [ 6 /'($0'8! T xM|yxV > 0 !",D1 - -"#"(/','8! >� : �+"71/-1 &" %!D"0 "*&121+=1!%= 1%!1%!01//$4 "#&'("4 :�"+"7-4 F� d �-�−→�3� F Y) [ 6 ! :1 : F� C 3&)**' &"%!D"0 0 !",D1 - 6
�F d ⋃�

∈� F
� : �/'#2-4 �F !"*"+"3-15 !'D 6 ,!"#$ 1%!1%!01//'= *&"1D<

"-= � ? �F → B 6 "!"#&'7'89'= F� 0 - 6 #$+ ' +"D'+./$4 3"41"4"&_-(<4"4 : �)%!. ) ⊂ B C "!D&$!"1 4/"71%!0" 6 > ∈ F Y) [ : �'%%4"!&-4 4/"<71%!0" 0%1\ &" %!D"0 >� 6 - ∈ ) : 1'D-1 4/"71%!0' #)214 %,-!'!. #'("5



��� ����� � � � �	�����	�� ���� � � � � ���
!"*"+"3-- *&"%!&'/%!0' �F : � %/" 6 ,!" 1%+ - �F %/'#71/" !'D"5 !"*"+"<3-15 6 !" � C +"D'+ ./$5 3"41"4"&_-(4 :

�}+}ON}V �F /'2 "!D&$!$4 4/"71%!0"4 ) ⊂ B #)214 /'($0'!. /1<*&1&$0/"1 "!"#&'71/-1 � ? ) → �F 6 2+= D"!"&"3" � ◦ � d -�� : # /"71<%!0" %1,1/-5 /'2 ) #)214 "#"(/','!. � Y) G �F [ L �!" 4/"71%!0" =0+=1!%=3&)**"5 : j+= %1415%!0' 3&)** � Y) G �F [ 1 %!1%!01//$4 "#&'("4 "*&121<+1/$ 3"4"4"&_-(4$ "3&'/-,1/-5 6 D"!"&$1 )2"0+1!0"&=8! 'D%-"4'4*&12*),D' : ;"+11 !"3" 6 1 %+ - 4$ *"+"7-4 ,F Y) [ d � Y) G �F [ 6 !" *"+),-4*&12*),"D ,F 6 D"!"&$5 =0+=1!%= *),D"4 : .3" /'($0'8! *),D"4 6 'xT x
 *�OOUV F 6 -+- zMMx�NNT x�zOOUV % F :� '7 2"4) �+141/!) > ∈ F Y) [ 4"7/" %"*" %!'0-!. %1,1/-1 � ∈ � Y) G �F [ 6*"+"7-0 � Y- [ d >� : 1'D 4$ *"+),'14 3"4"4"&_-(4 *&12*),D"0
� ?F → ,F :
mnop nqr � tu tut � MRN F � 'Q+xy � |x � � N{xV xT 0N{V 'Q+yx�� | v}v *RSR�	xPx x|yT U|xPx VOx
 }M| �z ) ⊂ B x|x	T z
 }ON} �� ?F Y) [→ ,F Y) [S �RS }| MS N{ xV xT 0N{V xV v
w xyz{z| }R~M| �xv �&"01&-4 %/','+ ' 6 ,!" ��

C 4"/"4"&_-(4 : �)%!.> G � ∈ F Y) [ - >� d �� 2+= 0%1\ - ∈ ) : 8( "*&121+1/-= &"%!D' %+12)1! 6,!" 2+= D'72"5 !",D- - ∈ ) /'52a!%= "D&1%!/"%!. � 3 - 6 2+= D"!"&"5> |� d � |� 6 ! :1 : Y> − � [|� d F : �"�!"4) -( *1&0"5 'D%-"4$ *),D' %+12)1! 6,!" > d ��&"01&-4 !1*1&. 6 ,!" � C �*-4"&_-(4 : �)%!. � ∈ � Y) G �F [ : 1"32'2+= D'72"5 !",D- - ∈ ) /'52a!%= "D&1%!/"%!. � 3 - - /'52a!%= �+1<41/! > ∈ F Y� [ 6 2+= D"!"&"3" >� d � Y- [ : 0!" "(/','1! 6 ,!" %1,1/-= �- �� Y> [ %"0*'2'8! 0 !",D1 - : j0' %1,1/-= 6 %"0*'2'89-\ 0 !",D1 - 62"+7/$ %"0*'2'!. - 0 /1D"!"&"5 "D&1%!/"%!- � 3 - : �"�!"4) �|� dd �
� Y> |� [ : � '7 2"5 !",D1 - ∈ ) 4$ %"*"%!'0-+- "!D&$!"1 4/"71%!0"

� � 3 - Y+17 '9 11 0 ) [ - �+141/! > � ∈ F Y� � [ !'D 6 ,!" > �� d � Y/ [ 2+=0%1\ / ∈ � � : �1415%!0" �+141/!"0 {> � ∈ F Y� � [} %"3+ '%"0'//"1 6 ! :1 :> � |� �
∩� �

d >
� |� �

∩� �
: j15%!0-!1+./" 6 2+= 0%1\ / ∈ � � ∩ � �

0$*"+/=1!<%= &'01/%!0" > �� d � Y/ [ d >
�� : �"�!"4) �

�
�
∩� � Y> �|� �

∩� � − >
� |� �

∩� �
[ dd F L " %!'a!%= ('41!-!. 6 ,!" 4"/"4"&_/"%!. � 4$ )71 2"D'('+- : ,"%<*"+ .("0'0� -%. 0!"&"5 'D%-"4"5 *),D' 6 *"+),-4 �+141/! > ∈ F Y) [ 6 2+=D"!"&"3" >� d � Y- [ 2+= 0%1\ - ∈ ) :

�&=4$1 *&121+$ ,'%!" #$0'1! )2"#/" 0$,-%+=!. /1 *" 0%14) /'<*&'0+1//"4) 4/"71%!0) � 6 ' *" /1D"!"&"4) 13" *"24/"71%!0) �l : �"2<4/"71%!0" �l ⊂ � /'($0'8! yx0NOzR~OUV 0 /'*&'0+1//"4 4/"71%!01
� 6 1 %+- 2+= +8#"3" � ∈ � 0 �l 1 %!. �+141/! � 6 2+= D"!"&"3" � � � :



� �� � � �	 �����	�� �
 ���� ���
mnop nqr � tut% t & QM| ~ {Z 	} � � ∈ � � � Oz'T z�R }OOzS MNM| }V z z	}R }�U PT Q'' � �l ⊂ � � yx0NOzR~Ox} 'x*VOx
 }M| �xv )xP*z �l � Oz'T z�R }OOx} V Ox
 }M| �x N �-�−→	

∈�
Z 	 ∼d �-�−→	

∈��
Z 	 v

w xyz{z| }R~M| �xv j+= � G � ∈ �l 4"7/" 0$#&'!. � ′ ∈ � !'D 6 ,!" � � � ′ -
� � � ′ : �'!14 2+= � ′ 4"7/" 0$#&'!. � ∈ �l !'D 6 ,!" � ′ � � : �"�!"4) �lC /'*&'0+1//"1 4/"71%!0" :

1"7 21%!01//$1 "!"#&'71/-= Z 	 → Z 	 D"44)!-&)8! % "!"#&'71/-<=4- >	
�
6 *"�!"4) !"721%!01//$1 "!"#&'71/-= Z 	 → Z 	 6 � ∈ �l 6 ('2'8!3"4"4"&_-(4 �-�−→	

∈�
Z 	 ∼d �-�−→	

∈��
Z 	 : 0!"! 3"4"4"&_-(4 C �*-4"&<

_-(4 6 *" %D"+.D) 2+= +8#"3" �+141/!' �	 ∈ Z 	 6 � ∈ � 6 4"7/" 0$#&'!.
� ∈ �l !'D 6 ,!" � � � : 1"32' "*&121+1/" "!"#&'71/-1 >	

�
? Z 	 → Z

�
-

�	 ∼ � �
d >	

� Y� �
[ : �&"01&-4 !1*1&. 6 ,!" �!"! 3"4"4"&_-(4 C 4"/"4"&<_-(4 : �)%!. �	 ∼ F� 2+= /1D"!"&"3" � ∈ � 6 ! :1 : 4"7/" 0$#&'!. � ∈ �!'D 6 ,!" >	

� Y�	 [ d >�
� YF� [ d F

�
: ,$#1&14 � ∈ �l !'D 6 ,!" � � � : 1"<32' >	� Y�	 [ d >

�
� ◦ >	� Y�	 [ d >

�
� YF� [ d F� 6 ! :1 : �	 ∼ F� 2+= /1D"!"&"3"

� ∈ �l :
� �	�� � � ���������� � ���
�)%!. U d {)	} C "!D&$!"1 *"D&$!-1 *&"%!&'/%!0' B L F C *&12<*),"D /' B : #$ #)214 *&12*"+ '3'!. 6 ,!" 0%1 4/"71%!0' )	 *"*'&/"&'(+-,/$ : j+= D&'!D"%!- 0012a4 "#"(/',1/-1 )	

� ���
	
�
d )	

� ∩ I I I∩ )	
�
:

� x�}'~ 2A ∈ X A YU LF [ %"*" %!'0+=1! )*"&=2",1//"4) /'#"&) )	
�
6 : : : 6

)	
�

�+141/! 2A Y)	
�
G I I I G )	

�
[ ∈ F Y)	

� ���
	
�
[ : � xPT zON+OU! PxV xV xT 0N{V"*&121+=1!%= _ "&4)+"5

Y� 2A [ Y)	
�
G I I I G )	

�� �
[ d A� e∑^kl Y−H[

^2A Y)	
�
G I I I G )̂	

�
G I I I G )	

�� �
[|��� ������ � I

�&"%!'= %!'/2'&!/'= *&"01&D' *"D'($0'1! 6 ,!" �� d F : 0!" *"(0"+=1!"*&121+-!. 3&)**) D"3"4"+"3-5 �� A YU LF [ C yxPxV xR xPNN �} z *"D&$<!-= U % D"�__-"-1/!'4- 0 *&12*),D1 F :
�p�qnp � tu t� t � MRN F � 'xM| xSOOU! 'T }*'Q+xy � Mxx| �}| M| �Q��N!z	}R }�x! PT Q'' } Z � |x �� A YU LF [ ∼d � A Y� YU [ L Z [ � P*} � YU [ � O}T � 'xyT U|NS U v

�" %& 12%!0"4 *1&1\"2' D *&=4"4) *&121+) 4"7/" "*&121+-!. D"<3"4"+"3--  1\' 6 ('0-%=9-1 !"+ .D" "! %'4"3" *&"%!&'/%!0' B 6 ' /1"! D"/D&1!/"3" 13" *"D&$!-= U : j+= �!"3" /)7/" *"%!&"-!. /'*&'<0+1//"1 %1415%!0" 3&)** D"3"4"+"3-5 : j1+ '1!%= �!" %+12)89-4 "#&'<



��� ����� � � � �	�����	�� ���� � � � � ���
("4 : �)%!. U h V 6 ! :1 : U d {)	 | � ∈ A} C -(41+.,1/-1 *"D&$!-= V dd {�� | � ∈ B} : �"3+ '%/" "*&121+1/-8 -(41+.,1/-= %)9 1%!0)1! "!"#&'<71/-1 � ?A→ B 6 2+= D"!"&"3" )	 ⊂ ��

�	� 2+= 0%1\ � ∈ A : �"*"%!'0-4D""1*- 2A ∈ X A YV LF [ D""1*. �
� 2A ∈ X A YU LF [ 6 2+= D"!"&"5

Y�� 2A [ Y)	
�
G I I I G )	

�
[ d 2A Y�� �	� � G I I I G �� �	� � [ I

� 13D" *&"01&-!. 6 ,!" "!"#&'71/-1 �
� D""1*/"1 6 ! :1 : �

� � d ��� :
�""1*/"1 "!"#&'71/-1 �

� -/2)"-&)1! 3"4"4"&_-(4 D"3"4"+"3-5
�∗ ? �� A YV LF [→ �� A YU LF [ :W"4"4"&_-(4 �∗ /1 ('0-%-! "! 0$#"&' � : �&17 21 ,14 2"D'($0'!.
�!" )!01&721/-1 0 "#9 14 0-21 6 *"=%/-4 6 *",14) "/" 01&/" 2+= *"%!"<=//"3" *),D' F :
�p�qnp � tut� t w RS 'xM| xSOOxPx 'Q+yz F PxV xV xT0N{V
�∗ ? �� A YV LF [ → �� A YU LF [ NO*Q�NT x�zO MNV'RN�NzR~OUV x| x	T z

 }ON}V �� ? � YU [ → � YV [ � '}T }�x*S�NV � � � Y� [ v � MRN � ? A → B �*T QPx} x| x	T z
 }ON}� *RS yx| xT xPx )	 ⊂ �� �	 � � |x x|x	T z
 }ONS �� N
�� PxV x| x'OU v
w xyz{z| }R~M| �xv �&12*"+"7-4 6 ,!" !",D' - *&-/'2+17-! %-4*+1D%)E� l G I I I G �+ K : 1"32' !",D- �� Y- [ - �� Y- [ *&-/'2+17'! %-4*+1D%) % 01&� -</'4- � Y�l [ 6 : : : 6 � Y�+ [ 6 � Y� l [ 6 : : : 6 � Y�+ [ L !'D"5 %-4*+1D% %)9 1%!0)1! 6*"!"4) ,!"

∩
(��

�	 � � ∩ �� �	 � �
)
⊃ ∩)	

� 6
d

∅
I

�"12-/-0 !",D- �� Y- [ - �� Y- [ "!&1(D"4 6 +13D" *"%!&"-!. !&1#)14)8 3"<4"!"*-8 :
�1&152a4 !1*1&. D "#9 14) )!01&721/-8 :

mnop nqr � tu t� t � MRN � ?A→B � *T QPx} x| x	T z
 }ON}� *RS yx| xT xPx
)	 ⊂ �� �	 � � |x MQ� }M| �Q}| yx�}'OzS PxV x| x'NS � M�S{U�z�� zS x| x
	T z
 }ONS �

� N �
� v

w xyz{z| }R~M| �xv �'2'2-4 "!"#&'71/-1 � ? X A YV LF [ → X A−e YU LF [_ "&4)+"5

Y� 2A [ Y)	
�
G I I I G )	

�
−�
[d A−e∑^kl Y−H[

^2A Y�� �	� � G I I I G �� �	 � � G �� �	 � � G I I I G �� �	�−� �
[ I

�"D'714 6 ,!" �� i � � d �
�

− �
� : , 0$&'71</-- Y� Y� 2A [ i � Y� 2A [[ Y)l G I I I G )A [ "3&'/-,1/-= D""1<

*15 Y−H[^ Y−H[c 2A Y�� �l � G I I I G �� �c � G �� �c � G I I I G �) ^ G I I I G �� �A� [ -



� �� � � �	 �����	�� �
 ���� ���

Y−H[c Y−H[^� e2A Y�� �l� G I I I G �� �c � G �� �c � G I I I G �̂� �^� G I I I G �� �A� [ /'
��

�l � ���� �c �� �c � ����̂ �^� ���� �A � %"D&'9 '8!%= : �21%. *&12*"+ '3'1!%= 6
,!" g � f : �+ ),'5 g h f &'%%4'!&-0'1!%= '/'+"3-,/" : 6- %
,14 /1 %"D&'9 '8!%= !"+.D" ,+1/$ 2A Y�̂� �l� G �� �l � G I I I G �� �A � [ -
Y−H[A Y−H[A� e2A Y�� �l� G I I I G �� �A� G �̂� �A� G [

#$ *"%!&"-+- /'*&'0+1//)8 %-%!14) '#1+10$\ 3&)** 6 *"�!"4)4"7/" &'%%4"!&1!. *&=4"5 *&121+ �-�−→
�� A YU LF [ d �� A YB LF [ C yxPxV xR xPNN �} z *&"%!&'/%!0' B % D"�__-"-1/!'4- 0 *&12*),D1 F :�"3"4"+"3--  1\' *&"%!&'/%!0' B % D"�__-"-1/!'4- 0 *"%!"=//"4*&12*),D1 6 %""!01!%!0)8914 '#1+10"5 3&)**1 Z 6 4$ #)214 "#"(/','!.

�� A YB L Z [ :
mnop nqr � tuts t � MRN � � yxO}+OU! MNV'RN�NzR~OU! yxV'R }yM� |x
�� A Y|� | L Z [ ∼d � A Y� L Z [ v
w xyz{z| }R~M| �xv �)%!. Ul C *"D&$!-1 *&"%!&'/%!0' |� | "!D&$!$4-4/"71%!0'4- �/ � ^ 6 321 � ^ C 01&� -/' � : 1"32' /1&0 � YUl [ "!"7 21%!0+=<1!%= % � 6 *"�!"4) �� A YUl L Z [ ∼d � A(� YUl [ L Z)∼d � A Y� L Z [ :

�)%!. � ′ C #'&-"1/!&-,1%D"1 *"2&'(21+1/-1 � 6 � e ? � ′ → � C%-4*+-"-'+./'= '**&"D%-4'"-= !"721%!01//"3" "!"#&'71/-= Y� e %"<*" %!'0+=1! #'&-"1/!&) 3&'/- "2/) -( 01&� -/ �!"5 3&'/-[ 6 Ue C *"D&$<!-1 *&"%!&'/%!0' |� | (0a(2'4- 01&� -/ %-4*+-"-'+./"3" D"4*+1D%' � ′ :.%+- "!"721%!0-!. � YUe [ % � ′ 6 !" � e 4"7/" &'%%4'!&-0'!. D'D "!"<#&'71/-1 � YUe [→ � YUl [ : 0!" "!"#&'71/-1 -/2)"-&)1! -("4"&_-(4D"3"4"+"3-5 :
�'!14 4"7/" &'%%4"!&1!. U� C *"D&$!-1 |� | (0a(2'4-01&� -/ � <3" #'&-"1/!&-,1%D"3" *"2&'(21+1/-= � : �!"#&'71/-1

� YU� [→ � YU�−e [ 6 -/2)"-&)8911 -("4"&_-(4 D"3"4"+"3-5 6 %!&"-!<%= !",/" !'D 71 :
#$ *"%!&"-+- /'*&'0+1//"1 4/"71%!0" Ul � Ue � I I I - /'*&'0+1/</)8 %-%!14) '#1+10$\ 3&)** �� A YU� L Z [ 6 0 D"!"&"5 0%1 3"4"4"&_-(4$>	� =0+=8!%= -("4"&_-(4'4- : �"�!"4) �-�−→

�� A YU� L Z [ ∼d � A Y� L Z [ : !"#$ 0"%*"+ .("0'!.%= !1"&14"5 � :H:� 6 *"D'714 6 ,!" *"D&$!-=
Ul � Ue � I I I " #&'()8! D"_-/'+./"1 *"24/"71%!0" 0 4/"71%!01 0%1\*"D&$!-5 *&"%!&'/%!0' |� | : �)%!. U C *&"-(0"+ ./"1 "!D&$!"1 *"<D&$!-1 *&"%!&'/%!0' |� | 6 � C 13" ,-%+" � 1#13' Y4$ *&12*"+ '3'14 6,!" %-4*+-"-'+ ./$5 D"4*+1D% � 0+"71/ 0 10D+-2"0" *&"%!&'/%!0"[ :
,$#1&14 � !'D 6 ,!" 2-'41!& +8#"3" %-4*+1D%' � <3" #'&-"1/!&-,1<%D"3" *"2&'(21+1/-= � 41/.� 1 � : 1"32' U� h U :



$FF ����� � � � �	�����	�� ���� � � � � ���
mnop nqr � tut� t & QM| ~ B � OxTV zR~Ox} | x'xR xPN+}Myx} 'T xM|T zOM| �x� 5 � }Px yxV'zy|Ox} 'x*'T xM|T zOM| �xv )xP*z
�� A Y5 L Z [ ∼d �-�−→

�� A YU L Z [ � P*} U � 'xyT U|N} 5 VOx
 }M| �zVN �x|yT U|UVN � B �z O} � 5 � yzy � x'T }*}R }ONN yxPxV xR xPN! �} z� v
w xyz{z| }R~M| �xv �)%!. U C *"D&$!-1 5 4/"71%!0'4- 6 "!D&$!$4- 0
B : ,$#1&14 -( /13" D"/1,/"1 *"2*"D&$!-1 {) e G I I I G )+} - &'%%4"!&-4*"D&$!-1 5 4/"71%!0'4- ) ^ ∩ 5 6 "!D&$!$4- 0 5 : �8#"1 *"2*&"%!&'/<%!0" /"&4'+./"3" *&"%!&'/%!0' \')%2"&_ "0" 6 ' D"4*'D!/"1 \')%2"&<_ "0" *&"%!&'/%!0" /"&4'+ ./" : �"�!"4) *&"%!&'/%!0" 5 /"&4'+ ./" 6 '(/',-! 6 0 *"D&$!-1 {) ^ ∩ 5 } 4"7/" 0*-%'!. "!D&$!"1 *"D&$!-1 {� ^}!'D 6 ,!" ,� ^ ⊂ ) ^ ∩ 5 : �21%. ,� ^ C ('4$D'/-1 � ^ 0 5 6 /" "/" 71 #)21! -('4$D'/-14 � ^ 0 B 6 *"%D"+.D) 5 ('4D/)!" 0 B :�"%!&"-4 /'#"& "!D&$!$\ 0 B 4/"71%!0 � e G I I I G� + !'D 6 ,!"
,� ^ ⊂ � ^ 6 ,� ^ ⊂ ) ^ - /1&0$ *"D&$!-5 { ,� e G I I I G ,�+} - { ,� e G I I I G ,� +}%"0*'2'8! 6 ! :1 : ,� ^

� ∩
I I I ∩ ,� ^

�

d
∅

!"32' - !"+.D" !"32' 6 D"32'
,� ^

� ∩
I I I ∩ ,� ^

�

d
∅
: �)%!. Xe C "#�12-/1/-1 0%1\ 4/"71%!0 0-2'

,� ^
� ∩

I I I ∩ ,� ^
�

6 /1 *1& 1%1D'89-\ ,� e : # /"71%!0' ,� e 6 X e - B \ ) e ('<4D/)!$ 0 B 6 *&-,a4 4/"71%!0' ,� e - X e ∪ YB \ ) e[ /1 *1& 1%1D'8!%= :�"�!"4) 0 B 4"7/" 0$#&'!. "!D&$!"1 4/"71%!0" � e !'D 6 ,!" ,� ^ ⊂ � ^- ,� e ∩ (Xe ∪ YB \ ) e [) d ∅
L �!" &'01/%!0" "(/','1! 6 ,!" ,� e ∩ Xe dd

∅
- ,� e ⊂ ) e : �"D'714 6 ,!" /1&0$ *"D&$!-5 { ,� e G ,�� G I I I G ,�+} -

{ ,� e G I I I G ,�+} %"0*'2'8! : � %/" 6 ,!" 1%+ - ,� e ∩ ,� ^
� ∩

I I I ∩ ,� ^
�

d
∅
6 !"

,� e ∩ ,� ^
� ∩

I I I∩ ,� ^
�

d
∅
6 *" %D"+ .D) ,� e ⊂ � e ⊂ ,� e : �&12*"+"7-4 !1*1&. 6,!" ,� e ∩ ,� ^

� ∩
I I I∩ ,� ^

�

d
∅
: 1"32' ,� ^

� ∩
I I I∩ ,� ^

�
⊂ Xe : 6" ,� e ∩ Xe d ∅

6*"�!"4) ,� e ∩ ,� ^
� ∩

I I I∩ ,� ^
�

d
∅
: �"0!"&-0 !) 71 %'4)8 D"/%!&)D"-82+= ,� e G ,�� G I I I G ,�+ 6 *" %!&"-4 ,� � - ! :2 :�"D'714 6 ,!" /1&0$ *"D&$!-5 5 "!D&$!$4- 0 B 4/"71%!0'4-

{� e G I I I G� +} - "!D&$!$4- 0 5 4/"71%!0'4- {� e ∩ 5 G I I I G� + ∩ 5 } %"<0*'2'8! : � %/" 6 ,!" 1%+- � ^
� ∩

I I I ∩ � ^
�

d
∅
6 !" � ^

� ∩
I I I ∩ � ^

�
∩ 5 dd

∅
: �&12*"+"7-4 !1*1&. 6 ,!" � ^

� ∩
I I I ∩ � ^

�
∩ 5 d

∅
: 1"32'

,� ^
� ∩

I I I ∩ ,� ^
�

d
∅
6 ' �!" �D0-0'+1/!/" !"4) 6 ,!" ,� ^

� ∩
I I I ∩ ,� ^

�

d
∅
:�/',-! 6 � ^

� ∩
I I I∩ � ^

�

d
∅
:

8!'D 6 4$ *"D'('+- 6 ,!" *"D&$!-= 5 "!D&$!$4- 0 B 4/"71<%!0'4- {� e G I I I G� +} 6 2+= D"!"&$\ /1&0$ *"D&$!-5 {� e G I I I G� +}- {� e ∩ 5 G I I I G� + ∩ 5 } %"0*'2'8! 6 D"_-/'+ ./$ 0 4/"71%!01*"D&$!-5 5 4/"71%!0'4- 6 "!D&$!$4- 0 B : �/',-! 6 %"3+ '%</" !1"&141 � :H:� �-�−→
�� A YU L Z [ ∼d �-�−→

�� A YW L Z [ : �" *"%!&"1/-8
�� A YW L Z [ ∼d �� A YW ∩ 5 L Z [ L (21%. W ∩ 5 d {� e ∩ 5 G I I I G� + ∩ 5 } :�&"41 !"3" 6 *"D&$!-= W ∩ 5 D"_-/'+ ./$ 0 4/"71%!01 0%1\ "!D&$!$\*"D&$!-5 5 : 8( �!"3" %+12)1! !&1#)14$5 -("4"&_-(4 :



� �� � � �	 �����	�� �
 ���� $F H
j+= 0$,-%+1/-= ,1\"0%D-\ D"3"4"+"3-5 ,'%!" #$0'1! *"+1(/" %+1<2)8911 )!01&721/-1 :

mnop nqr � tu t� t & QM| ~ B � yxV'zy|Ox} |T NzOPQRNT Q}V x} 'T xM|T zOM| �x� 5+ � 'x*yxV'R }yM O}yx| xT x! |T NzOPQRS�NN 'T xM|T zOM| �z B v &T }*'xR x
 NV � +|x |5 e| ⊃ |5� | ⊃ I I I N ⋂∞+k e |5+ | d 5 v )xP*z
�� A Y5 L Z [ ∼d �-�−→

� A Y5+ L Z [ v
w xyz{z| }R~M| �xv �)%!. B + C !&-'/3)+="-= B 6 2+= D"!"&"5 D'D"1<!"e*"2&'(21+1/-1 5+ =0+=1!%= *"+/$4 *"2D"4*+1D%"4 6 ! :1 : 1 %+ - /' /'#"&01&� -/ 5+ /'!=/)! %-4*+1D% D"4*+1D%' B + 6 !" /' �!"! /'#"& 01&� -//'!=/)! - %-4*+1D% D"4*+1D%' 5+ : 0!) !&-'/3)+="-8 4$ 0$#1&14 %!"+.41+D"5 6 ,!" #)2)! 0$*"+/=!.%= 20' )%+"0-= ? YH[ 2-'41!& +8#"3" %-4<*+1D%' B + 41/.� 1 H�( Y,!"#$ *&-2'!. �!"4) %4$%+ 6 /)7/" 0+"7-!.
B 0 10D+-2"0" *&"%!&'/%!0"[ L Y�[ (01(2' D'7 2"5 01&� -/$ B + %"21&<7-!%= 0 (01(21 /1D"!"&"5 01&� -/$ B +−e : #$ #)214 *&12*"+ '3'!. 6 ,!"!&-'/3)+="-= 5+ -/2)"-&"0'/' !&-'/3)+="-15 B + :�'%%4"!&-4 2+= 5+ 20' *"D&$!-= U+ - U ′+ L U+ C *"D&$!-1 (0a(2'4-0 5+ 0%1\ 01&� -/ 5+ 6 U ′+ C *"D&$!-1 (0a(2'4- 0 B + 0%1\ 01&� -/ 5+ :�1&0"1 *"D&$!-1 "!D&$!" 0 5+ 6 0!"&"1 "!D&$!" 0 B + :

�%+"0-1 Y�[ *"(0"+=1! *"%!&"-!. %-4*+-"-'+ ./)8 '**&"D%-4'<
"-8 �+ ? 5+ → 5+−e 0+"71/-= |5+ | ⊂ |5+−e| : 6 1&0 *"D&$!-= U+4"7/" "!"721%!0-!. % 5+ 6 *"�!"4) *"+),'14 %-4*+-"-'+./"1 "!"<#&'71/-1 �+ ? � YU+ [ → � YU+−e [ - -/2)"-&"0'//$5 -4 3"4"4"&<_-(4 Y/1 "#=('!1+./" -("4"&_-(4[ Y�+ [∗ ? �� A YU+−e [ → �� A YU+ [ L 2+=D&'!D"%!- 4$ "*)%!-+- 3&)**) D"�__-"-1/!"0 Z : 1'D-4 "#&'("4 6
�-�−→

� A Y5+ [ ∼d �-�−→
�� A YU+ [ :j+= *"D&$!-5 U ′+ -( )%+"0-= Y�[ %+12)1! 6 ,!" U ′+ h U ′+−e 6 *"�!"4)0"(/-D'1! 3"4"4"&_-(4 Y�′+ [∗ ? �� A YU ′+−e [→ �� A YU ′+ [ : �"D'714 6 ,!" /1&<0$ *"D&$!-5 U+ - U ′+ %"0*'2'8! 6 ' (/',-! 6 *" %+1 "!"7 21%!0+1/-= �!-\/1&0"0 3"4"4"&_-(4$ Y�+ [∗ - Y�′+ [∗ %"0*'2'8! :� %/" 6 ,!" �/ Y� G 5+ [ ⊂ �/ Y� G B + [ 6 *"�!"4) 1%+- ∩ �/ Y� ^ G 5+ [ 6d ∅

6 !"
∩ �/ Y� ^ G B + [ 6d ∅

: �&12*"+"7-4 !1*1&. 6 ,!" ∩ �/ Y� ^ G B + [ 6d ∅
: 0!" "(/'<,'1! 6 ,!" /' 01&� -/$ {� ^} %-4*+1D%' 0 B + /'!=/)! %-4*+1D% : �&-�!"4 {� ^} C 01&� -/$ 5+ 6 ' *" *" %!&"1/-8 %-4*+-"-'+./$5 *"2D"4<*+1D% 5+ *"+/$5 : �/',-! 6 /' 01&� -/$ {� ^} 0 5+ /'!=/)! %-4*+1D% 6 ! :1 :

∩ �/ Y� ^ G 5+ [ 6d ∅
:

1'D-4 "#&'("4 6 �-�−→ �� A YU+ [ ∼d �-�−→
�� A YU ′+ [ :

���/!(��� %(�(� � 5� �% �(��� � ����(����� *%+�& ,('�# ��'�� �2� $��'(%� ! 0
�� 5



$F� ����� � � � �	�����	�� ���� � � � � ���
 !"#$ 0"%*"+ .("0'!.%= !1"&14"5 � :H:� 6 *"D'714 6 ,!" *"D&$!-=

U ′e � U ′� � I I I " #&'()8! D"_-/'+ ./"1 *"24/"71%!0" 0 %1415%!01 *"D&$<!-5 5 "!D&$!$4- 0 B 4/"71%!0'4- : �)%!. U C *"D&$!-1 5 4/"71<%!0'4- 6 "!D&$!$4- 0 B : �/','+ ' *"D'714 6 ,!" U *"D&$0'1! /1D"!"<&"1 4/"71%!0" |5+ | : �&12*"+"7-4 6 ,!" 0 D'72"4 4/"71%!01 |5+ | 1%!.!",D' /+ 6 /1 *"D&$!'= U : 8( D"4*'D!/"%!- B %+12)1! 6 ,!" *"%+12"<0'!1+ ./" %!. {/+} %"21&7-! %\"2=9)8%= *"2*"%+12"0'!1+./" %!. {/+�} :�&121+ ./'= !",D' / +17-! 0 ⋂∞+ke |5+ | d 5 : �/' 6 D'D - +8#'= !",D'4/"71%!0' 5 6 *"D&$!' /1D-4 "!D&$!$4 4/"71%!0"4 ) -( *"D&$!-=
U : 6" !"32' /+� ∈ ) 2+= 2"%!'!",/" #"+.� "3" J 6 ,!" *&"!-0"&1,-!*&12*"+"71/-8 :

1",/" !'D 71 6 D'D 2"D'($0'1!%= !1"&14' � 1#13' "# "!D&$!$\ *"<D&$!-=\ 6 4"7/" 2"D'('!. 6 ,!" %)9 1%!0)1! *"+"7-!1+./"1 ,-%+" � 6" #+ '2'8911 %+12)89-4 %0"5%!0"4 ? 1%+ - 2-'41!& 4/"71%!0' � 6 *1&1<%1D'8913" |5+ | 6 41/.� 1 � 6 !" � %"21&7-!%= 0 "2/"4 -( "!D&$!$\ 4/"<71%!0 *"D&$!-= U : �)%!. H�� h � �� - �
6

( : �"D'714 6 ,!" *"D&$!-1
U ′� 0*-%'/" 0 *"D&$!-1 U : j-'41!& +8#"5 (01(2$ 01&� -/$ 5� 41/.� 1��� h � : �&"41 !"3" 6 �!' (01(2' *1&1%1D'1! |5+ | 6 *" %D"+.D) |5� | ⊂ |5+ | :�/',-! 6 (01(2' %"21&7-!%= 0 "2/"4 -( "!D&$!$\ 4/"71%!0 *"D&$!-=
U :

� *"4"9.8 D"3"4"+"3-5  1\' 4"7/" 2"D'('!. %+12)89-5 #"+11 "#<9-5 0'&-'/! 20"5%!01//"%!- �+1D%'/21&' :
mnop nqr � tut� #�$o�
�$n''o 
�	 ��n	
r'�npr	� o'�p
��'r( t
& QM|~ * $

	 + � { zV yOQ| x} 'x*VOx
 }M| �xv )xP*z
��� A Y* [ ∼d ��+−A−e Y	 + \ * [ 'T N F

6
J

6
( − Hv ��*}M~ ��� ∗ � 'T N�}*�OOU} +} x�MyN} yxPxV xR xPNN � ��

∗ � 'T N�}*�OOU} MNOPQRST OU}PxV xR xPNN v�
w xyz{z| }R~M| �xv �)%!. � C %!"+. 41+D'= !&-'/3)+="-= 	 + 6 ,!" /10%1 ( <41&/$1 %-4*+1D%$ � *1&1%1D'8! * L � �� � C � <1 #'&-"1/!&-,1<%D"1 *"2&'(21+1/-1 � : �'%%4"!&-4 �� C *"2D"4*+1D% � �� � 6 %" %!"=<9-5 -( !1\ %-4*+1D%"0 6 D"!"&$1 *1&1%1D'8! * : �-4*+-"-'+./$5 D"4<*+1D% �� /1 "#=('/ #$!. 4/"3""#&'(-14 L ) /13" 4"3)! #$!. "%"#$1!",D- Y-+- "%"#$1 %-4*+1D%$ [ : 6" 0%1 "%"#$1 !",D- +17'! 0/1 * 6 *"<�!"4) -( �� 4"7/" 0$&1('!. 4'+$1 "D&1%!/"%!- "%"#$\ !",1D !'D 6,!"#$ �� %!'+" 4/"3""#&'(-14 6 %"21&7'9-4 * Y&-% : � :H[ :

1'D 4"7/" *"%!&"-!. *"%+12"0'!1+ ./" %!. !&-'/3)+-&"0'//$\4/"3""#&'(-5 � e ⊃ � � ⊃ I I I6 *&-,a4 ⋂∞̂ke � ^ d * : j+= � ^ 01&<
/' !1"&14' 20"5%!01//"%!- �+1D%'/21&' �� A Y� ^ [ ∼d ��+−A−e Y	 + \ � ^ [ L



� �� � � �	 �����	�� �
 ���� $F$

�-% : � :H: 8 %*&'0+1/-1 ��

�!" 2"D'($0'1!%= !",/" !'D 71 6 D'D 0 3+ '2D"4 Y!&-'/3)+-&)1<4"4[ %+),'1 : 8("4"&_-(4$ 20"5%!01//"%!- D"44)!-&)8! % 3"4"<4"&_-(4'4- 6 -/2)"-&"0'//$4- 0+"71/-=4- � ^� e ⊂ � ^ 6 *"�!"4)
�-�−→ �� A Y� ^ [ ∼d �-�−→ ��+−A−e Y	 + \ � ^ [ : �"3+ '%/" !1"&141 � :H :� *&=4"5 *&1<
21+ 6 %!"=9-5 %+10' 6 �!" 3&)**' ,1\"0%D-\ D"3"4"+"3-5 ��� A Y* [ : �#12-4<%= 6 ,!" %*&'0' %!"-! 3&)**' %-/3)+=&/$\ 3"4"+"3-5 ��+−A−e Y	 + \ * [ :W"4"4"&_-(4$ ��+−A−e Y	 + \ � ^ [ → ��+−A−e Y	 + \ * [ 6-/2)"-&"0'//$1 0+"71/-=4- 6 2'8! 3"4"4"&_-(4
�-�−→ ��+−A−e Y	 + \ � ^ [ → ��+−A−e Y	 + \ * [ : 6)7/" *&"01&-!. 6 ,!"
�!"! 3"4"4"&_-(4 C -("4"&_-(4 : 6" %-!1+ . +8#"5 %-/3)+=&/"5 "1*--( X+−A−e Y	 + \ * [ D"4*'D!1/ : ,+"71//$1 2&)3 0 2&)3' "!D&$!$14/"71%!0' 	 + \ � ^ *"D&$0'8! 13" 6 *"�!"4) "/ %"21&7-!%= 0 "2/"4-( /-\ : 8( �!"3" %+12)1! �*-4"&_/"%!. : # "/"4"&_/"%!. %+12)1! -(D"4*'D!/"%!- /"%-!1+= Y( − J [<41&/"5 %-/3)+=&/"5 "1*- 6 3&'/-"15 D"<!"&"5 %+)7-! &'(/"%!. 20)\ 2'//$\ Y( − J − H[<41&/$\ %-/3)+=&/$\"1*15 :

� �	�� � ���������� �� ��������� ������ � ���
������������� ����������� � ���

1",/" !'D 71 6 D'D "*&121+=1!%= *),"D '#1+10$\ 3&)** 6 4"7/" "*&1<21+ -!. *),"D /1'#1+10$\ 3&)** /' *&"%!&'/%!01 B : , /1'#1+10"4 %+)<,'1 3&)**$ D"3"4"+"3-5 �� A YB LF [ *&- J � H "*&121+-!. /1+ .(= 6 /"4"7/" "*&121+-!. D"3"4"+"3-,1%D"1 4/"71%!0" �� e YB LF [ % "!41,1/</$4 �+141/!"4 : �&- �!"4 1%+- F C *),"D '#1+10$\ 3&)** 6 !" �!"4/"71%!0" %"0*'2'1! % 3&)**"5 D"3"4"+"3-5  1\' 6 *&-,a4 "!41,1//$5



$F� ����� � � � �	�����	�� ���� � � � � ���
�+141/! %"0*'2'1! % /)+10$4 �+141/!"4 3&)**$ D"3"4"+"3-5 :6'*"4/-4 6 ,!" 1%+- F C *),"D '#1+10$\ 3&)** /' !"*"+"3-,1<%D"4 *&"%!&'/%!01 B - U d {)	} C "!D&$!"1 *"D&$!-1 B 6 !" D"<
"1*. 2e ∈ X e YU LF [ %"*" %!'0+=1! )*"&=2",1//"4) /'#"&) ) ^ 6 )c �+141/!2e Y) ^ G )c [ ∈ F Y) ^ ∩ )c [ d � Y) ^ ∩ )c LF [ : �&- �!"4 D""1*. 2e =0+=1!%= D"<"-D+"4 6 1%+ - 2+= +8#"3" )*"&=2",1//"3" /'#"&' ) ^ 6 )c 6 ) A *&- "3&'/-<,1/-- /' ) ^ ∩ )c ∩ )A -411! 41%!" &'01/%!0" 2e Y) ^ G )c [ i 2e Y)c G )A [ dd 2e Y) ^ G )A [ : �""1*. 2e =0+=1!%= D"3&'/-"15 6 1 %+ - %)9 1%!0)1! D""1*.
2l ∈ X l YU LF [ 6 2+= D"!"&"5 *&- "3&'/-,1/-- /' ) ^ ∩ )c -411! 41%!"&'01/%!0" 2e Y) ^ G )c [ d 2l Y)c [ − 2l Y) ^ [ :j+= *),D"0 /1'#1+10$\ 3&)** %""!01!%!0)89-1 "*&121+1/-= !'D-1 :
�""-D+ YH<41&/$5[ > %/"0' %"*"%!'0+=1! )*"&=2",1//"4) /'#"&) ) ^ 6
)c �+141/! >^c ∈ F Y) ^ ∩ )c [ d � Y) ^ ∩ )c LF [ 6 *&-,a4 2+= "3&'/-,1/-5/' ) ^ ∩ )c ∩ ) A -411! 41%!" &'01/%!0" >^c >c A d >^A : j0' D""-D+ ' > - > ′�D0-0'+1/!/$ Y"!+-,'8!%= /' D"3&'/-")[ 6 1 %+- 2+= D'72"3" 4/"71%!0') ^ %)9 1%!0)1! �+141/! � ^ ∈ � Y) ^ LF [ 6 2+= D"!"&"3" *&- "3&'/-,1/-- /') ^ ∩ )c -411! 41%!" &'01/%!0" > ′̂c d �−e^ >^c �c : �"3"4"+"3-,1%D"1 4/"<
71%!0" �� e YU LF [ C �!" 4/"71%!0" D+ '%%"0 �D0-0'+1/!/$\ D""-D+"0 :
�!41,1//$5 �+141/! �!"3" 4/"71%!0' C D+'%% D""-D+ ' H6 D"!"&$5 D'<7 2"4) )*"&=2",1//"4) /'#"&) ) ^ 6 )c %"*"%!'0+=1! 12-/-,/$5 �+141/!3&)**$ � Y) ^ ∩ )c LF [ :�"3"4"+"3-,1%D"1 4/"71%!0" �� e YB LF [ 6 D'D - 0 D"44)!'<!-0/"4 %+),'1 6 %!&"-!%= D'D *&=4"5 *&121+ : �)%!. *"D&$!-1
U C -(41+.,1/-1 *"D&$!-= V - ) ^ ⊂ ��

�
^
�
: 1"32' D""-D+)

> ∈ � e YV LF [ 4"7/" %"*" %!'0-!. D""-D+ �
� > ∈ � e YU LF [ 6 2+= D"!"&"<3" Y�� > [ Y) ^ ∩ )c [ d > Y�� �^� ∩ ��

�c � [ : �!"#&'71/-1 �
� -/2)"-&)1! "!"<

#&'71/-1 �∗ ? �� e YV LF [→ �� e YU LF [ : �&"01&-4 6 ,!" 1%+- ) ^ ⊂ �� �
^
�
6 !"

�∗ d �∗ : 0D0-0'+1/!/"%!. D""-D+"0 �
� > - �

� > )%!'/'0+-0'1! F<41&/'=D""1*. � ^ d >�
�
^
�
�� �^� : j 15%!0-!1+ ./" 6 -( )&'0/1/-= D""-D+ ' %+12)1! 6 ,!">� �^� �� �^�>� �^� �� �c � >� �^� �� �c � d >� �^� �� �c � 6 ! :1 : �−e^ Y�� > [^c �c d Y�� > [^c :�)%!. Z C !"*"+"3-,1%D'= 3&)**' 6 � C !"*"+"3-,1%D"1 *&"%!&'/<%!0" : �'%%4"!&-4 *),"D G /' � 6 2+= D"!"&"3" � Y) GG[ C 3&)**' 0%1\/1*&1&$0/$\ "!"#&'71/-5 -( ) 0 Z 6 ! :1 : G C *),"D &"%!D"0 /1*&1<&$0/$\ _)/D"-5 %" (/',1/-=4- 0 Z :�&12*"+"7-4 6 ,!" 3&)**' Z �__1D!-0/" 215%!0)1! /' !"*"+"3-,1<%D"4 *&"%!&'/%!01 � : � "D'+./" !&-0-'+ ./"1 &'%%+"1/-1 � ? � → � %"%+"14 � /'($0'8! T zMMR x}ON}V Mx M|T Qy|QT Ox! PT Q''x! Z 6 1%+- 3"<41"4"&_-(4$ � ^ ? �−e Y) ^ [ → ) ^ × � "#+ '2'8! %+12)89-4 %0"5%!0"4 ?2+= +8#"5 *'&$ -/21D%"0 g G f /'52a!%= �+141/! � ^c ∈ � Y) ^ ∩ )c GG[ 6 2+=D"!"&"3" � ^�−ec Y� G > [ d (� G � ^c Y� [> ) 2+= 0%1\ � ∈ ) ^ ∩ )c : j15%!0-1 Z /'



� �� � � �	 �����	�� �
 ���� $F�

�-% : � :� : 
 )/D"-- *1&1\"2'

� �__1D!-0/" 6 *"�!"4) �+141/! � ^c "2/"(/',/" ('2'a!%= 3"41"4"&_-(<4'4- � ^ - �c : 0+141/! � ^c *& 12%!'0+=1! %"#"5 "!"#&'71/-1 -( ) ^ ∩ )c0 %!&)D!)&/)8 3&)**) Z : 0!" "!"#&'71/-1 /'($0'8! 0QOy�N}! ' }T }
 x*z : 
 )/D"-- *1&1\"2' "*-%$0'8! 6 D'D *&"-(0"2-!%= %D+15D' "#9 15,'%!- �%!"+ #-D"0� ) ^ × � - )c × � Y&-% : � :�[ :

, �!"4 "*&121+1/-- &'%%+"1/-= %" %!&)D!)&/"5 3&)**"5 1%!. %)<9 1%!01//$5 /12"%!'!"D C ('0-%-4"%!. "! *"D&$!-= {) ^} :  !"#$-(#'0-!.%= "! �!"3" /12" %!'!D' 6 &'%%4"!&-4 0%1 3"41"4"&_-(4$
�
�
? �−e Y) [→ ) × � 6 D"!"&$1 4"7/" 2"#'0-!. D 3"41"4"&_-(4'4 � ^ 6 '-41//" 6 !1 3"41"4"&_-(4$ 6 D"!"&$1 "#+ '2'8! %+12)89-4 %0"5%!0"4 ?2+= D'7 2"3" ) ^ /'52a!%= �+141/! �� �^ ∈ � Y) ∩ ) ^ GG[ 6 2+= D"!"&"3"

�
�
�−e^ Y� G > [ d (� G �� �^ Y� [> ) 2+= 0%1\ � ∈ ) ∩ ) ^ : 1'D-1 3"41"4"&_-(4'<4- #)214 /'($0'!. *x'QM|NVUVN yzT | zVN: ;)214 %,-!'!. 6 ,!" 20'*"D&$!-= {) ^} - {) ′c} % 3"41"4"&_-(4'4- {� ^} - {�′c } ('2'8! "2/"- !" 71 &'%%+"1/-1 %" %!&)D!)&/"5 3&)**"5 Z 6 1%+ - ) /-\ %"0*'2'8!4/"71%!0' 2"*)%!-4$\ D'&! :
,012a4 !1*1&. *"/=!-1 -("4"&_-(4' 20)\ &'%%+"1/-5 %" %!&)D<!)&/"5 3&)**"5 Z /'2 "2/"5 - !"5 71 #'("5 � : �)%!. � ? � → � -

� ′ ? � ′ → � C &'%%+"1/-= %" %!&)D!)&/"5 3&)**"5 Z : W"41"4"&_-(4
7 ? � → � ′ /'($0'8! N{xV xT 0N{V xV &'%%+"1/-5 %" %!&)D!)&/"5 3&)*<*"5 Z 6 1%+ - 2+= D'72"5 !",D-  ∈ � 0$*"+/=8!%= %+12)89-1 %0"5%!0' ?



$F� ����� � � � �	�����	�� ���� � � � � ���
H[ %+"5 �−e Y[ "!"#&'7'1!%= /' %+"5 Y� ′[−e Y[ L
�[ 4"7/" 0$#&'!. "D&1%!/"%!. ) 3  6 �+141/! �� ∈ � Y) GG [ 6 2"*)%!-<4)8 D'&!) �

�
? �−e Y) [→ ) × � 2+= &'%%+"1/-= � - 2"*)%!-4)8D'&!) �′�

? Y� ′[−e Y) [→ ) × � 2+= &'%%+"1/-= � ′ !'D 6 ,!" 2+= 0%1\
� ∈ ) -411! 41%!" &'01/%!0" �′� 7�−e� Y� G > [ d (� G �� Y� [> ) :

6'*&-41& 6 ( <41&/$1 01D!"&/$1 &'%%+"1/-= C �!" !" 71 %'4"1 6 ,!"&'%%+"1/-= %" %+"14
R
+ - %!&)D!)&/"5 3&)**"5 �� Y( GR[ : 8("4"&_-(401D!"&/$\ &'%%+"1/-5 C �!" !" 71 %'4"1 6 ,!" -("4"&_-(4 &'%%+"1/-5%" %!&)D!)&/"5 3&)**"5 : .%+ - 0 01D!"&/"4 &'%%+"1/-- 4"7/" 001%!-&-4'/"0) 41!&-D) Y/'*&-41& 6 1%+- #'(' D"4*'D!/'[ 6 !" 4"7/" %,-!'!. 6,!" %!&)D!)&/'= 3&)**' C �!" � Y( [ : �&- �!"4 &'%%+"1/-1 "&-1/!-&)1<4" !"32' - !"+.D" !"32' 6 D"32' 0 D',1%!01 %!&)D!)&/"5 3&)**$ 4"7/"0(=!. 	� Y( [ :

�p�qnp � tu t� t & QM| ~
C
� + 'xyT U| x yzT| zVN ) ^ � g d F � v v v � ( � yx|xT U} � x*OxT x*OU yxxT *NOz| z Y3l ? I I I ? 3+ [ { z*z�| MS QT z�O}ONSVN3 ^ d F v )xP*z yzOxON+}Myx} T zMMR x}ON} � e+ Oz* C

� + { z*z�| MS 0QOy�NSVN'}T } x*z � ^c d 3 ^�3c v
w xyz{z| }R~M| �xv �+"14 D'/"/-,1%D"3" &'%%+"1/-= /'2 !",<D"5 Y3l ? I I I ? 3+ [ =0+=1!%= *&=4'= Y�3l G I I I G �3+ [ : W"41"4"&_-(4
� ^ ? �−e Y) ^ [ → ) ^ × C

4"7/" ('2'!. _ "&4)+"5 � ^ Y�3l G I I I G �3+ [ dd (Y3l ? I I I ? 3+ [ G � ^) 6 321 � ^ d �3 ^ 6 ! :1 : Y�3l G I I I G �3+ [ d � ^ ( ��
� �
G I I I G ��

��
) : �"

"*&121+1/-8 � ^ d � ^c �c 6 ! :1 : � ^c d � ^ ��c d 3 ^�3c :
�p�qnp � tu tu� t & QM| ~ ( V }T Ox} �}y| xT Ox} T zMMR x}ON} {z*z�| MS
0QOy�NSVN ' }T } x*z � ^c �� yz
 *x! |x+y} � ^c 'T }*M| z�RS }| Mx	x! V z|T N�Q 'xTS *yz (� )xP*z *�x!M| �}OOx} T zMMR x}ON} { z*z�| MS 0QOy�NSVN'}T } x*z Y� �̂c [−e v
w xyz{z| }R~M| �xv �!"#&'71/-1 � ^c ? � e→ �� -/2)"-&)1! 20"5%!01//"1"!"#&'71/-1 � ∗� → � ∗e 6 D"!"&"1 ('2'a!%= 4'!&-"15 � �̂c : 6" /'% -/!1&1<%)1! /1 �!" "!"#&'71/-1 6 ' "#&'!/"1 D /14) "!"#&'71/-1 � ∗e → � ∗� :

.%+- � C "2/"41&/"1 &'%%+"1/-1 % _)/D"-=4- *1&1\"2' � ^c 6 !" 20"5<%!01//"1 &'%%+"1/-1 �∗ ('2'a!%= _)/D"-=4- *1&1\"2' H�� ^c : � %/" !'D<71 6 ,!" 1%+- "2/"41&/"1 &'%%+"1/-1
�
('2'a!%= _)/D"-=4- *1&1\"2' � ^c 6!" &'%%+"1/-1 � ⊗ �

('2'a!%= _)/D"-=4- *1&1\"2' � ^c � ^c : , ,'%!/"%!- 6&'%%+"1/-1 � ⊗ �∗ !&-0-'+./" :



� �� � � �	 �����	�� � � ���� $F�
�p�qnp � tu tuut � zMMV x|T NV x| x	T z
 }ON}
� ?

C
� +� e \ YF ? I I I ? F ? H[→ C

� + � { z*zOOx} 0 xTV QR x! � Y3l ? I I I ? 3+�e[ dd Y3l ? I I I ? 3+ [ v �|x x| x	T z
 }ON} S �RS }| MS �}y| xT OUV T zMMR x}ON}V �
*�x!M| �}OOUV yzOxON+}MyxV Q T zMMR x}ON� � e+ v
w xyz{z| }R~M| �xv W"41"4"&_-(4 � ^ ? �−e Y) ^ [ → ) ^ × C

4"7/" ('2'!._ "&4)+"5 � ^ Y3l ? I I I ? 3+�e[ d (Y3l ? I I I ? 3+ [ G � ^) 6 321 � ^ d 3+�e�3 ^ : 1"32'
� ^c d � ^ ��c d 3c �3 ^ :

.%+- ('2'/" "!D&$!"1 *"D&$!-1 U d {) ^} *&"%!&'/%!0' � - ('2'/D""-D+ � d {� ^c} ∈ � e YU LG[ 6 !" 4"7/" *"%!&"-!. &'%%+"1/-1 � �
/'2 �%" %!&)D!)&/"5 3&)**"5 Z - %+"14 � : j+= �!"3" /)7/" 0(=!. 2-(� <8/D!/"1 "#�12-/1/-1 4/"71%!0 ) ^ × � - 2+= D'72"5 !",D- � ∈ ) ^ ∩ )c"!"7 21%!0-!. !",D) Y� G > [ ∈ ) ^ × � % !",D"5 (� G � ^c Y� [> ) ∈ )c × � : �"&<&1D!/"%!. !'D"3" "!"721%!0+1/-= "#1%*1,-0'1!%= )&'0/1/-14 D""-D+ ' :j+= *"+),1//"3" *&"%!&'/%!0' �

�
*&"1D"-= �

�
? �

� → � -/2)"-&"0'/'1%!1%!01//"5 *&"1D"-15 ) ^ × � → ) ^ :
.%+- ('2'/$ 20' D""-D+ ' � ∈ � e YU LG [ - � ′ ∈ � e YU LG [ 6 !" &'%%+"1/-=�

�
? �

� → � - �
� ′
? �

� ′ → � -("4"&_/$ YD'D &'%%+"1/-= %" %!&)D!)&/"53&)**"5 Z [ !"32' - !"+.D" !"32' 6 D"32' D""-D+ '4 � - � ′ %""!01!%!0)1!"2-/ - !"! 71 �+141/! D"3"4"+"3-,1%D"3" 4/"71%!0' �� e Y� LG [ :� %/" !'D71 6 ,!" +8#"1 &'%%+"1/-1 /'2 � %" %!&)D!)&/"5 3&)**"5 Z- %+"14 � 4"7/" *"+),-!. D'D &'%%+"1/-1 �
�
2+= /1D"!"&"3" D""-D+ '

� : �"�!"4) -411! 41%!" %+12)8911 )!01&721/-1 :
mnop nqr � tu t� t & QM| ~ { z*zOx �00 }y|N�Ox} O}'T }T U�Ox} *}!M| �N}| x'xR xPN+}Myx! PT Q''U Z Oz 'T xM|T zOM| �} � v )xP*z yR zMMU N{ xV xT0 OU T zMMR x}ON! Oz* � Mx M|T Qy|QT Ox! PT Q''x! Z N MR x}V � Oz x*S| MS � }M| }M| �}OOxV �{ zNVOx x*Ox{Oz+OxV Mxx| �}| M| �NN M �R }V }O| zVN yxPxV xR xPN+}MyxPx V Ox
 }M| �z �� e Y� LG [ v &T N �|xV |T N�NzR~OxV QT zMMR x}ON� � × � Mxx| �}| M| �Q}| x|V }+}OOU! �R }V }O| v

� �� � � ���������� �� ����
6'*"4/-4 6 ,!" 2-__ 1&1/"-'+./'= J<_ "&4' � /' 4/"3""#&'(-- � +C �!" *"+-+-/15/'= D"%" %-441!&-,1%D'= _)/D"-= "! J 01D!"&/$\ *"<+15 � e 6 : : : 6 �A /' � + : � -/15/"1 *&"%!&'/%!0" J<_ "&4 /' 4/"3""#&'<(-- � + 4$ #)214 "#"(/','!. e � A Y� + [ : j+= 20)\ 2-__ 1&1/"-'+./$\_"&4 � e ∈ �� Y� + [ - � � ∈ �


 Y� + [ "*&121+1/" -\ 0/1� /11 *&"-(0121/-1
�� �(��� � ��$�!&%�*(!� �& � ,�%�(� �� � �� � 5



$F� ����� � � � �	�����	�� ���� � � � � ���
� e ∧ � � ∈ ��� 
 Y� + [ L *&- �!"4 � e ∧ � � d Y−H[� 
� � ∧ � e : ,/1� /11 )4/"<71/-1 *&10&'9 '1! +-/15/"1 *&"%!&'/%!0" �∗ Y� + [ d ⊕A

>

l � A Y� + [ 0'+ 31#&) :
W+ '2D"1 "!"#&'71/-1 > ? � + → � � -/2)"-&)1! +-/15/"1 "!"<#&'71/-1 > ∗ ? � A Y� � [ → � A Y� + [ 6 ' -41//" 6 Y> ∗� [ Y� e G I I I G �A [ dd > ∗� Y>∗� e G I I I G >∗�A [ 6 321 >∗ d �> C 2-__ 1&1/"-'+ "!"#&'71/-= > : ,+"D'+./$\ D""&2-/'!'\ �!" "!"#&'71/-1 0$3+=2-! %+12)89-4 "#&'<("4 : �)%!. - e 6 : : : 6 -+ - / e 6 : : : 6 /� C +"D'+./$1 D""&2-/'!$ /' � � -

� + : 1"32'
> ∗ Y∑ ]^

� ���
^
�
�- ^

� ∧
I I I∧ �- ^

�
[ d∑ ]^

� ���
^
�
` >^

�` /c
�

I I I ` >^�` /c
�
�/c

� ∧
I I I∧ �/c

�
I

�!"#&'71/-1 > ∗ ? �∗ Y� � [→ �∗ Y� + [ =0+=1!%= 3"41"4"&_-(4"4 '+ <31#& :
�"%!&"-4 *"+-+-/15/"1 "!"#&'71/-1 � ? � A Y� + [ → � A� e Y� + [ 6" #+ '2'8911 %+12)89-4- %0"5%!0'4- ? H[ � ◦ � d F L �[ � *"+-+-/15/""!/"%-!1+./" 3+ '2D-\ _)/D"-5 6 ! :1 : �� Y7�l G � e G I I I G �� [ d 7�� Y�l G I I I G �� [2+= +8#"5 7 ∈ X∞ Y� + [ : j+= �!"3" /'4 *"/'2"#-!%= *"/=!-1 D"44)!'<!"&' 01D!"&/$\ *"+15 :
�)%!. � -

�
C 01D!"&/$1 *"+= /' � + 6 7 ∈ X∞ Y� + [ : �"+"7-4

E� G
�
K Y7 [ d � Y� Y7 [[ − � Y� Y7 [[ : .%+- 0" %*"+.("0'!.%= !14 6 ,!" � ���� � ��� d

d � ����� �� �
6 !" 0 +"D'+./$\ D""&2-/'!'\ *"+),-4 0$&'71/-1

E� G
�
K Y7 [ d∑^ �c

(�c ` � ^`-c − �
c ` � ^`-c

) `7`- ^ I

1'D-4 "#&'("4 6 0 _-D%-&"0'//"5 +"D'+ ./"5 %-%!141 D""&2-/'! E� G
�
K*& 12%!'0+=1! %"#"5 01D!"&/"1 *"+1 : �*1&'!"& E� G

�
K /' 3+ '2D-\ _)/D<"-=\ /1 ('0-%-! "! 0$#"&' +"D'+ ./"5 %-%!14$ D""&2-/'! 6 *"�!"4) 4$*"+),'14 01D!"&/"1 *"+1 E� G

�
K 6 D"!"&"1 /'($0'8! yxVV Q| z|xT xV 01D<!"&/$\ *"+15 � -

�
:

61*" %& 12%!01//" -( "*&121+1/-= 0-2/" 6 ,!" E� G
�
K d − E� G � K : � 13D"*&"01&-!. 6 ,!" 1%+- 7 ∈ X∞ Y� + [ 6 !" E7� G � K d 7 E� G � K − � Y7 [� L 2+= 2"<D'('!1+.%!0' /)7/" ('41!-!. 6 ,!"

` Y7� ^ [`-c d 7 ` � ^
`-c i � ^ `7`-c I

11*1&. 4$ )71 4"714 "*&121+-!. "!"#&'71/-1 � : �)%!.



� �� � � �	 �����	�� � � ���� $F�
� ∈ � A Y� + [ : �"+"7-4

�� Y�l G I I I G �A [ d
A∑^kl Y−H[

^� ^(� Y�l G I I I G �� ^ G I I I G �A [)i
i ∑
l
6

^�c
6
A Y−

H[^�c � YE� ^ G �c K G I I I G �� ^ G I I I G ��c G I I I G �A [ I
j+= 7 ∈ X∞ Y� + [ d �

l Y� + [ *"+"7-4 �7 Y� [ d � Y7 [ : �" %" %-441!&-,</" %!. - *"+-+-/15/"%!. �� 0-2/$ /1*"%&12%!01//" -( "*&121+1/-= : �'<01/%!0" �� Y7�l G I I I G �A [ d 7�� Y�l G I I I G �A [ %+12)1! -( !"3" 6 ,!"
� ^(� Y7�l G I I I G �A [) i � YE7�l G � ^ K G I I I G �� ^ G I I I G �A [ dd 7� ^(� Y7�l G I I I G �� ^ G I I I G �A [) i � ^ Y7 [� Y7�l G I I I G �� ^ G I I I G �A [ii 7� YE�l G � ^ K G I I I G �� ^ G I I I G �A [ − � ^ Y7 [� Y7�l G I I I G �� ^ G I I I G �A [ d
d 7(� ^(� Y�l G I I I G �� ^ G I I I G �A [) i � YE�l G � ^ K G I I I G �� ^ G I I I G �A [) I

,012a4 +"D'+./$1 D""&2-/'!$ - e 6 : : : 6 -+ - 0$,-%+-4 2-__ 1&1/"-<'+ _ "&4$ � d 7 Y- [�- ^� ∧ I I I∧ �- ^
�
6 321 ge h I I I h gA : �"+"7-4 �l d ����

�
6

: : : 6 �A d ����

�
6 321 f l h I I I h f A : ,1D!"&/$1 *"+= � ^ *"*'&/" D"44)!-&)<

8! ? E� ^ G �c K d F : �"�!"4)
�� Y�l G I I I G �A [ d

A∑
�
kl Y−H[�

`
`-c

�

(� Y�l G I I I G ��� G I I I G �A [) I
�21%. � Y�l G I I I G ��� G I I I G �A [ d 7 Y- [ 6 1 %+- ge d fl 6 : : : 6 g

�
d f

�−e 6 g��e dd f
�
6 : : : 6 gA d f A 6 ' 0" 0%1\ " %!'+./$\ %+),'=\ *"+),'14 F : �&- �!"4f

�−e h f� h f��e : �/',-! 6

Y−H[�
`

`-c
�

(� Y�l G I I I G ��� G I I I G �A [) d
d Y−H[�

`7`-c
�

�- ^
� ∧

I I I∧ �-c
�
∧ I I I∧ �- ^

� Y�l G I I I G �� G I I I G �A [ d
d `7`-c

�

�-c
�
∧ �- ^

� ∧
I I I∧ �̂-c

�
∧ I I I∧ �- ^

� Y�l G I I I G �A [ I
, -!"31 *"+ ),'14

� Y7 Y- [�- ^� ∧ I I I∧ �- ^
�
[ d +∑

�

kl
`7 Y- [`-

�

�-
� ∧ �- ^

� ∧
I I I∧ �- ^

�
I



$ HF ����� � � � �	�����	�� ���� � � � � ���
�"+.()=%. �!-4 0$&'71/-14 6 +13D" *&"01&-!. 6 ,!" � ◦ � d F L D&"41!"3" 6 1%+- � e C J<_ "&4' 6 !" � Y� e ∧ � � [ d �� e ∧ � � i Y−H[A� e ∧ �� � :j-__ 1&1/"-'+./)8 _"&4) � /'($0'8! { zVyOQ| x! 6 1%+- �� d F :j-__ 1&1/"-'+./)8 _"&4) � /'($0'8! | x+Ox! 6 1 %+- � d �� ′ 2+= /1<D"!"&"5 _"&4$ � ′ : 
 'D!"&*&"%!&'/%!0" ('4D/)!$\ J<_ "&4 /' 4/"3"<"#&'(-- � + *" !",/$4 J<_ "&4'4 /'($0'8! yxPxV xR xPNSVN *} � zV z -"#"(/','8! � A

�� Y� + [ :
�p�qnp � t% tu t � l

�� YR[ ∼d R
N � e�� YR[ d F v

w xyz{z| }R~M| �xv j+=
R
1%!. !"+ .D" "2-/ /1!&-0-'+ ./$5 2-__ 1&1/<

"-'+ � ? � l YR[→ � e YR[ L *&- �!"4 7 7→ ��
�
� �- : � %/" 6 ,!" ��� � %" %!"-! -(*" %!"=//$\ _)/D"-5 : �"�!"4) � l

�� YR[ d ��� � ∼d R
: � 13D" *&"01&-!. 6,!" �� � d � e YR[ : j15%!0-!1+ ./" 6 +8#'= H<_ "&4' /' R

-411! 0-2 � �- 6
321 � ∈ X∞ YR[ : �"+"7-4 7 Y- [ d ∫ �l � Y�[ �� *&- -

>
F - 7 Y- [ d ∫ l� � Y�[ ��*&- -

6
F : 1"32' �7 d � �- : 1'D-4 "#&'("4 6 � e�� YR[ d � e YR[� �� � dd � e YR[�� e YR[ d F :

�p�qnp � t% t% t � MRN � + � M�S{Ox} V OxPxx	T z{N}� |x � l
�� Y� + [ ∼d R

v
w xyz{z| }R~M| �xv � 2&" 3"4"4"&_-(4' � ? � l Y� + [ → � e Y� + [ %" %!"-!-( _)/D"-5 6 D"!"&$1 0 D'72"5 D""&2-/'!/"5 "D&1%!/"%!- )2"0+1!0"<&=8! )%+"0-8 ���� �

d I I I d ����� d F : 1'D-1 _)/D"-- *"%!"=//$ /' D'72"5D"4*"/1/!1 %0=(/"%!- 4/"3""#&'(-= :
� 13D" *&"01&-!. 6 ,!" "!"#&'71/-1 > ∗ ? � A Y� � [ → � A Y� + [ 6 -/2)<"-&"0'//"1 3+ '2D-4 "!"#&'71/-14 > ? � + → � � 6 "1*/"1 6 ! :1 : �> ∗� dd > ∗�� : j 15%!0-!1+ ./" 6 /' 01D!"&/$\ *"+=\ �l 6 : : : 6 �A "#1 _ "&4$ *&-</-4'8! "2/" - !" 71 (/',1/-1

∑Y−H[
^� ^� Y>∗�l G I I I G �� ^ G I I I G >∗�A [ ii∑^�c Y−H[

^�c � Y>∗ E� ^ G �c K G I I I G �� ^ G I I I G ��c G I I I G >∗�A [ G
*" %D"+ .D) >

∗
E� ^ G �c K d E>

∗
� ^ G >

∗
�c K :

mnop nqr � t% tu t & QM| ~ � + d ) e ∪ ) � � P*} ) e N )� � x|yT U|U} VOx

 }M| �zv )xP*z NV }}| V }M| x | x+OzS 'xMR }*x�z| }R~OxM| ~ � z!}T z�
� ~}| xT NMz
→ � A

�� Y� + [→ � A
�� Y) e [ ⊕ � A

�� Y)� [→ � A
�� Y) e ∩ )� [→ � A� e�� Y� + [→



� �� � � �	 �����	�� � � ���� $ HH
w xyz{z| }R~M| �xv j"%!'!",/" *"%!&"-!. !",/)8 *"%+12"0'!1+ ./" %!.3&)** D""1*15

F→ � A Y� + [ ^∗−→ � A Y) e [ ⊕ � A Y)� [
c
∗

−→ � A Y) e ∩ )� [→ F I
�)%!. � ∈ � A Y� + [ : �"+"7-4 g∗ Y� [ d Yg∗e� G g∗�� [ 6 321 g∗e� - g∗�� C "3&'/-<,1/-= _ "&4$ � /' ) e - ) � : �)%!. � e ∈ � A Y) e [ - � � ∈ � A Y)� [ : �"+"7-4f ∗ Y� e G� � [ d f ∗e� e − f ∗� � � 6 321 f ∗̂� ^ C "3&'/-,1/-1 _ "&4$ � ^ /' ) ^ :

# "/"4"&_/"%!. 3"4"4"&_-(4' g∗ ",10-2/' 6 *" %D"+ .D) _"&4' /'
� + "2/"(/',/" ('2'a!%= %0"-4- "3&'/-,1/-=4- /' ) e - )� :�"D'714 6 ,!" f ∗ C �*-4"&_-(4 : �)%!. {� e G ��} C 3+'2D"1&'(#-1/-1 12-/-"$ 6 *"2,-/a//"1 *"D&$!-8 {) e G )�} : 1"32' _ "&4)
� ∈ � A Y) e ∩ ) � [ 4"7/" *&12%!'0-!. 0 0-21 g∗e��� i g∗�� e� L (21%. ��� CD"&&1D!/" "*&121+a//'= _ "&4' /' ) e 6 *" %D"+.D) �� d F /' 4/"71%!01
) e \ Y) e ∩ )� [ :6'D"/1" 6 *&"01&-4 6 ,!" ��� f ∗ d �� g∗ : 8( &'01/%!0' f ∗g∗ d F %+1<2)1! 6 ,!" ��� f ∗ ⊃ �� g∗ : �)%!. Y� e G� � [ ∈ ��� f ∗ 6 ! :1 : f ∗e� e d f ∗� � � : 0!""(/','1! 6 ,!" � e Y- [ d � � Y- [ 2+= 0%1\ - ∈ ) e ∩ )� : �"�!"4) 4"7/" "*&1<21+ -!. _ "&4) � /' � + 6 *"+ '3'= 1a &'0/"5 � e /' ) e - � � /' )� : � %/" 6,!" g∗� d Y� e G� � [ :

j+= /1D"4*'D!/"3" 4/"3""#&'(-= � + /'&=2) % '+31#&"5 2-__ 1<&1/"-'+./$\ _"&4 �∗ Y� + [ ,'%!" #$0'1! *"+1(/" &'%%4'!&-0'!. '+31<#&) �∗
� Y� + [ 2-__ 1&1/"-'+./$\ _"&4 % D"4*'D!/$4- /"%-!1+=4- Y! :1 :_ "&4 6 !"7 21%!01//" &'0/$\ /)+8 0/1 /1D"!"&"3" D"4*'D!/"3" 4/"<71%!0'[ : j-__ 1&1/"-'+ � 2+= /-\ !"! 71 %'4$5 6 %0"5%!0" � ◦ � d F2+= /13" !"71 0$*"+/=1!%= 6 *"�!"4) *" _"&4'4 % D"4*'D!/$4- /"%-<!1+=4- 4"7/" *"%!&"-!. D"3"4"+"3-- 6 D"!"&$1 4$ #)214 "#"(/','!.� ∗

� Y� + [ : .%+- 4/"3""#&'(-1 � + D"4*'D!/" 6 !" D"3"4"+"3-- � ∗��
- � ∗

�2+= /13" %"0*'2'8! : 6" 1%+ - � + /1D"4*'D!/" Y!",/11 3"0"&= 6 ) /13"/1! D"4*'D!/$\ %0=(/$\ D"4*"/1/![ 6 !" �!- D"3"4"+"3-- &'(+-,/$ :
�p�qnp � t% t� t � MRN � + � M�S{Ox} O}yxV'zy|Ox} VOxPxx	T z{N}� |x
� l
� Y� + [ d F v

w xyz{z| }R~M| �xv � 2&" 3"4"4"&_-(4' � ? � l
� Y� + [ → � e

� Y� + [ %" %!"-!-( *"%!"=//$\ _)/D"-5 % D"4*'D!/$4- /"%-!1+=4- : 6" *"%D"+ .D) � +/1D"4*'D!/" Y- %0=(/"[ 6 !'D'= _)/D"-= !"+ .D" "2/' C !"721%!01//"&'0/'= /)+8 :
�p�qnp � t% ts t � e

� YR[ ∼d R
v



$ H� ����� � � � �	�����	�� ���� � � � � ���
w xyz{z| }R~M| �xv 
 "&4' � Y- [�- Y% D"4*'D!/$4 /"%-!1+14 [ +17-! 0"#&'(1 3"4"4"&_-(4' � ? � l

� YR[→ � e
� YR[ !"32' - !"+.D" !"32' 6 D"32'/"%-!1+ . _)/D"-- 7 Y- [ d ∫ �

−∞

� Y�[ �� D"4*'D!1/ 6 ! :1 : ∫∞

−∞

� Y�[ �� d F :
�'%%4"!&-4 "!"#&'71/-1 � e

� YR[ → R
6 ('2'//"1 _ "&4)+"5

� Y- [�- 7→ ∫∞

−∞

� Y�[ �� : � %/" 6 ,!" �!" "!"#&'71/-1 C �*-4"&_-(4 :
.3" =2&" %"0*'2'1! % �� � : �"�!"4) � e

� YR[� �� � ∼d R
:

�"3"4"+"3-- % D"4*'D!/$4- /"%-!1+=4- -418! 01%.4' %)9 1%!01/</"1 "!+-,-1 "! "#$,/$\ D"3"4"+"3-5 21 �'4' 6 D"!"&"1 *&"=0+=1!%=2'71 0 %+),'1 D"4*'D!/$\ 4/"3""#&'(-5 : � -41//" 6 2+= D"3"4"+"3-5% D"4*'D!/$4- /"%-!1+=4- -411! 41%!" !",/'= *"%+12"0'!1+ ./" %!.# '51&'",.1!"&-%' 6 /" "!"#&'71/-= 0 /15 /'*&'0+1/$ 0 "#&'!/)8 %!"<&"/) 6 ! :1 : !'D 6 D'D 2+= 3"4"+"3-5 6 ' /1 2+= D"3"4"+"3-5 : �&-,-/' �!"3"('D+8,'1!%= 0 !"4 6 ,!" 2+= _ "&4 % D"4*'D!/$4- /"%-!1+=4- /1+.(=-%*"+.("0'!. "*1&'"-8 "3&'/-,1/-= _ "&4$ /' "!D&$!"1 4/"71%!0" :j15%!0-!1+./" 6 1 %+- D"4*'D!/$5 /"%-!1+. _ "&4$ %"21&7-! 2'//"1 "!<D&$!"1 4/"71%!0" 6 !" 0 &1()+ .!'!1 *"+ ),-!%= _ "&4' % /1D"4*'D!/$4/"%-!1+14 : 6" 0 %+),'1 _ "&4 % D"4*'D!/$4- /"%-!1+=4- 2+= "!D&$!"<3" 4/"71%!0' ) 4"7/" -%*"+ .("0'!. "*1&'"-8 &'%*&"%!&'/1/-= _ "&<4$ /' 4/"71%!0" 6 %"21&7'911 ) 6 *"+ '3'= _ "&4) &'0/"5 /)+8 0/1 ) :j15%!0-!1+./" 6 +8#'= !",D' 0/1 ) -411! "D&1%!/"%!. 6 /1 *1& 1%1D'8 <9)8%= % D"4*'D!/$4 4/"71%!0"4 � ⊂ ) :
mnop nqr � t% t% t & QM| ~ � + d ) e ∪ ) � � P*} ) e N )� � x|yT U|U} VOx

 }M| �zv )xP*z NV }}| V }M| x | x+OzS 'xMR }*x�z| }R~OxM| ~ � z!}T z�
� ~}| xT NMz
→ � A

� Y� + [→ � A
� Y) e ∩ )� [→ � A

� Y) e [ ⊕ � A Y) � [→ � A� e
� Y� + [→

w xyz{z| }R~M| �xv �"%!&"-4 !",/)8 *"%+12"0'!1+ ./" %!.
F→ � A

� Y) e ∩ ) � [
c
∗
�−→ � A

� Y) e [ ⊕ � A� Y) � [
^
∗
�−→ � A

� Y� + [→ F
%+12)89-4 "#&'("4 : j+= _ "&4$ � ∈ � A

� Y) e ∩ ) � [ *"+"7-4 f ∗� dd Yf ∗e � G−f ∗� � [ 6 321 f ∗
�
� C &'%*&"%!&'/1/-1 _ "&4$ � /' )

�
: �)%!.

� e ∈ � A� Y) e [ - � � ∈ � A� Y)� [ : �"+"7-4 g∗ Y� e G� � [ d g∗e� e i g∗�� � 6 321 g∗
�
�
�C &'%*&"%!&'/1/-1 _ "&4$ �

�
% 4/"71%!0' )

�
/' 0%a 4/"3""#&'(-1 :

# "/"4"&_/"%!. - !",/"%!. 0 %& 12/14 ,+1/1 ",10-2/$ : �&"01&-4�*-4"&_/"%!. : �)%!. � ∈ � A� Y� + [ - {� e G ��} C 3+'2D"1 &'(#-1/-1 12-</-"$ 6 *"2,-/a//"1 *"D&$!-8 {) e G )�} : 6"%-!1+. _ "&4$ �
�
� *&12%!'<0+=1! %"#"5 *1&1%1,1/-5 D"4*'D!/"3" 4/"71%!0' �
�� � - ('4D/)!"3"4/"71%!0' �
�� �

�
6 *"�!"4) "/ D"4*'D!1/ Y('4D/)!"1 *"24/"71%!0"



� �� � � �	 �����	�� � � ���� $ H$
D"4*'D!/"3" *&"%!&'/%!0' D"4*'D!/"[ : �/',-! 6 �

�
� ∈ � � Y)�

[ : � %/" 6,!" g∗
� Y� e� G ��� [ d � :

� �� �	� 
����� ������ � �������������� ������
��������

�'�n�p�po$r'�n � opq
,$#1&14 0

R
+ D""&2-/'!$ - ('*-� 14 _"&4) � ∈ �+ YR+ [ 0 0-21

� d 7 Y- e G I I I G -+ [�- e ∧ I I I ∧ �-+ : j+= D&'!D"%!- �!" #)214 ('*-%$0'!.!'D ? � d 7 Y- [ �- : � 1& 152= D 2&)3"5 %-%!141 D""&2-/'! / Y- [ 6 *"+),-4
�/ e ∧ I I I∧ �/+ d ��/ ( � � ����

) �- e ∧ I I I∧ �-+ : �&'!D" �!" #)214 ('*-%$0'!.
!'D ? �/ d ��/ ( � � ����

) �- : , /"0$\ D""&2-/'!'\ � d � Y/ [ �/ : ,$=%/-4 6
D'D %0=('/$ _)/D"-- � Y/ [ - 7 Y- [ : � %/" 6 ,!" 7 Y- [ �- d � d � Y/ [ �/ dd � Y/ [ ��/ ( � � ����

) �- 6 *"�!"4) 7 Y- [ d �(/ Y- [) ��/ ( � � ����
) :


 "&4)+ ' ('41/$ *1&141//$\ 0 -/!13&'+1 *"D'($0'1! 6 ,!"
∫ � Y/ [ �/ d ∫ �(/ Y- [)

∣∣∣∣
��/
( ` / ^
`-c

)∣∣∣∣
�- d ±

∫ 7 Y- [ �- G
321 (/'D ± %""!01!%!0)1! (/'D) "*&121+-!1+= ��/ ( � � ����

) : 0!" *"(0"+=1!
"*&121+-!. -/!13&'+ _ "&4$ %+12)89-4 "#&'("4 : �&12*"+"7-4 6 ,!" 0
R
+ _-D%-&"0'/' "&-1/!'"-= : �)%!. � ∈ �+

� YR+ [ C _"&4' % D"4*'D!/$4/"%-!1+14 : �"+"7-4 ∫
R
�
� d ∫

R
� 7 Y- [ �- 6 321 - C %-%!14' D""&2-/'! 6"&-1/!'"-= D"!"&"5 %"3+ '%"0'/' % "&-1/!'"-15

R
+ !"#$ "*&121+-!. NO| }PT zR _ "&4$ � ∈ �+

� Y� + [ 6 321 � + C "&-<1/!-&"0'//"1 4/"3""#&'(-1 6 *" %!)*-4 %+12)89-4 "#&'("4 : ,"(.4a4*&"-(0"+ ./$5 +"D'+ ./" D"/1,/$5 '!+ '% {)	} % D'&!'4- >	 ? )	 → R
+ 6%"\&'/=89-4- "&-1/!'"-8 : �)%!. {�	} C *"2,-/a//"1 14) 3+ '2D"1&'(#-1/-1 12-/-"$ : �"+"7-4

∫
� �

� d∑
	
∫

R
�

�	 Y>−e	 [∗� d∑	
∫

��
�	� I

6" %-!1+ . _ "&4$ �	� C ('4D/)!"1 *"24/"71%!0" D"4*'D!/"3" 4/"<71%!0' �
�� �	 6 *"�!"4) "/ D"4*'D!1/ : . %+ - {��} C 2&)3"5 "&-1/!-<&)89-5 '!+ '% - {��} C *"2,-/a//"1 14) &'(#-1/-1 12-/-"$ 6 !" -(&'01/%!0' ∑� �� d H %+12)1! 6 ,!" ∑	 ∫
��

�	� d∑	 �� ∫
��

�	�� � : 6" %-<!1+. _ "&4$ �	�� � +17-! 0 )	 ∩ �� 6 *"�!"4) ∫
��

�	�� � d ∫�� �	�� � :
�+12"0'!1+./" 6∑	 ∫

��
�	� d∑	 �� ∫�� �	�� � d∑� ∫�� ��� 6 *"%D"+.D)



$ H� ����� � � � �	�����	�� ���� � � � � ���
∑	 �	 d H: 0!" "(/','1! 6 ,!" "*&121+1/-1 -/!13&'+ ' _ "&4$ � *" 4/"<3""#&'(-8 � + D"&&1D!/" :

mnop nqr ��o	
r
)}xT }V z �|xyMz ('D+8,'1!%= 0 !"4 6 ,!" ∫� �

�� d ± ∫�� �
� 2+= +8<#"5 _ "&4$ � ∈ �+

� Y� + [ : ," 0!"&"4 -/!13&'+1 _ "&4'+./" %+12"0'+" #$041%!" � /'*-%'!. g∗� 6 321 g ? `� + → � + C 1%!1%!01//"1 0D+8,1/-1 L2&)3-4- %+"0'4- 6 g∗� C "3&'/-,1/-1 _ "&4$ � /' `� + : �! (/'D' ±*1&12 0!"&$4 -/!13&'+"4 4"7/" -(#'0-!.%= *" %& 12%!0"4 %"3+ '� 1/-="# "&-1/!'"-- `� + 6 -/2)"-&"0'//"5 "&-1/!'"-15 � + :�'54a4%= 2"D'('!1+.%!0"4 !1"&14$ �!"D%' :
����r� ut � + d

R
+ v

�)%!. � d 7 �- e ∧ I I I ∧ �-+−e ∈ �+−e
� YR+ [ : 1"32' �� dd �����

�-+ ∧ �- e ∧ I I I∧ �-+−e d Y−H[+−e �����
�- e ∧ I I I∧ �-+ : �"�!"4)

∫

R
�

�� d Y−H[+−e
∫ (∫ ∞

−∞

`7`-+ �-+
) �- e I I I �-+−e I

6" ∫∞

−∞

����� �-+ d 7 Y- e G I I I G -+−e G∞[ − 7 Y- e G I I I G -+−e G−∞[ d F 6 *"<%D"+ .D) /"%-!1+. _)/D"-- 7 D"4*'D!1/ :
����r� % t � + d

R
+� d {Y- e G I I I G -+ [ ∈R

+ | -+ >
F} v

�)%!. � d ∑^ 7 ^ �- e ∧ I I I �̂- ^ ∧ I I I ∧ �-+ ∈ �+−e
� YR+ [ : 1"32' �� d

d∑^ Y−H[+−e �� ���� �- e ∧ I I I∧ �-+ : �"�!"4)
∫

R
��

�� d ∑

e6^�+ Y−
H[^−e (∫ ∞

−∞

`7 ^`- ^ �- ^
) �- e I I I �̂- ^ I I I �-+i

i Y−H[+−e
(∫ ∞l

`7+`-+ �-+
) �- e I I I �-+−e I

.%+- g 6d ( 6 !" ∫∞

−∞

�� ��� �
�- ^ d F 6 D'D - 0 %+),'1 H: �&- g d ( *"+)<

,'14 -/!13&'+ ∫∞l ������
�-+ d 7+ Y- e G I I I G -+−e G∞[ − 7+ Y- e G I I I G -+−e G F[ dd −7+ Y- e G I I I G -+−e G F[ : �/',-! 6

∫

R
��

�� d Y−H[+
∫

R
�
−�

7+ Y- e G I I I G -+−e G F[�- e I I I �-+−e d Y−H[+
∫

�R
��
� L

*&- ('*-%- *"%+12/13" &'01/%!0' 4$ 0"%*"+.("0'+-%. !14 6 ,!" *&-"3&'/-,1/-- /' `
R
+� _"&4' �-+ "#&'9 '1!%= 0 /)+. L *"�!"4) *&-



� �� � � �	 �����	�� � � ���� $ H�
"3&'/-,1/-- /' `

R
+� "! _"&4$ � " %!'a!%= !"+.D" "2/" %+ '3'14"1

7+ �- e ∧ I I I∧ �-+−e :�! (/'D' Y−H[+ 4"7/" -(#'0-!.%= 6 1 %+- *&12*"+ '3'!. 6 ,!" "&-1/<!'"-= `
R
+� ('2'a!%= _ "&4"5 Y−H[+ �- e ∧ I I I ∧ �-+−e : �"<2&)3"4) �!"%"3+ '� 1/-1 4"7/" %_ "&4)+-&"0'!. %+12)89-4 "#&'("4 : �)%!. #'(-%

� e 6 : : : 6 �+−e ('2'a! *"+"7-!1+ ./)8 "&-1/!'"-8 D&'= 6 b C 01D!"& 0/1� </15 /"&4'+- D D&'8 : 1"32' #'(-% b 6 � e 6 : : : 6 �+−e ('2'a! *"+"7-!1+./)8"&-1/!'"-8 4/"3""#&'(-= : j15%!0-!1+ ./" 6 b d −�+ 6 *"�!"4) #'(-% b 6
� e 6 : : : 6 �+−e "&-1/!-&"0'/ !'D 71 6 D'D #'(-% Y−H[+ � e 6 : : : 6 �+−e 6 �+ :, 2'+ ./15� 14 4$ #)214 *&12*"+ '3'!. 6 ,!" "&-1/!'"-= `

R
+� 0$#&'</' -41//" !'D 6 - 0 _ "&4)+1 �!"D%' (/'D *-%'!. /1 #)214 : �!41!-4 6,!" /' % : HF� 4$ *&-�+- D !"4) 71 %'4"4) %"3+ '� 1/-8 "# "&-1/!'"--D&'= :

����r� � t � + � 'T xN{ �xR~Ox} xT N}O|NT x�zOOx} V OxPxx	T z{N}v
�1&1\"2 "!

R
+ -

R
+� D *&"-(0"+./$4 4/"3""#&'(-=4 21+ '1!%= *"<%& 12%!0"4 &'(#-1/-5 12-/-"$ : �)%!. {)	} C "&-1/!-&)89-5 '!+ '%2+= � + 6 0 D"!"&"4 0%1 4/"71%!0' )	 2-__ 1"4"&_/$

R
+ -+-

R
+� L {�	}C *"2,-/a//"1 14) 3+ '2D"1 &'(#-1/-1 12-/-"$ : �&12%!'0-4 _ "&4)

� ∈ �+−e
� Y� + [ 0 0-21 � d∑ �	� : 11"& 14) �!"D%' 2" %!'!",/" 2"D'('!.2+= D'72"5 "!21+ ./"5 _ "&4$ �	� : 6" %-!1+ . �!"5 _"&4$ C ('4D/)<!"1 *"24/"71%!0" D"4*'D!/"3" 4/"71%!0' �
�� �	 ⊂ )	 6 *"�!"4) "/D"4*'D!1/ :

�oqo�o���n
	r
 �'$rp�r'�'o 
�	 	o�oqo�o��� �n �rqr
mnop nqr � t% t� t & QM| ~ gl G ge ? R+ → R

+ × R
d

R
+�e � �R x
 }ONS � { z

*zOOU} 0 xTV QR zVN - 7→ Y- G F [ N - 7→ Y- G H[ v )xP*z *RS �M} J
>
F MQ� }M| �Q}| RNO}!Ox} x| x	T z
 }ON} � ? � A YR+�e[→ � A−e YR+ [ � x	R z*z�� }}MR }*Q��NV M�x!M| �xV � �� i � � d g∗e − g∗l vw xyz{z| }R~M| �xv j+= 7 ∈ �

l YR+�e[ d X∞ YR+�e [ *"+"7-4 � 7 d F : �&-J
>
H #'(-%/$1 _"&4$ -( � A YR+� e[ &'(#-0'8!%= /' 20' !-*' : � -41/</" 6 *)%!. � C D""&2-/'!' /' *&=4"5

R
6 - e 6 : : : 6 -+ C D""&2-/'<!$ 0

R
+ : 
 "&4$ 6 0 D"!"&$1 /1 0\"2-! �� 6 #)214 "#"(/','!. � dd ] �- ^

� ∧
I I I ∧ �- ^

�
6 ' _ "&4$ 6 0 D"!"&$1 0\"2-! �� 6 #)214 "#"(/','!.

� d  �� ∧ �-c
� ∧

I I I ∧ �-c
�
−�
: �8#'= _"&4' =0+=1!%= %)44"5 _"&4 !'<D-\ 0-2"0 6 *"�!"4) !&1#)14"1 )!01&721/-1 2" %!'!",/" 2"D'('!. !"+.<D" 2+= /-\ :

�"+"7-4 �� d F - � � d (∫ el  ��) �-c
� ∧

I I I∧ �-c
�
−�
:



$ H� ����� � � � �	�����	�� ���� � � � � ���
�'54a4%= !1*1&. *&"01&D"5 &'01/%!0' �� i � � d g∗e − g∗l 0" 0%1\!&a\ %+ ),'=\ ? 2+= _)/D"-- 7 6 2+= _ "&4$ � - 2+= _ "&4$ � :
H[ ��7 d F - � �7 d ∫ el ��� �

�� d 7 YH[ − 7 YF[ d Yg∗e − g∗l [7 :�[ ��� d F - � �� d (∫ el �	� �
) �- ^

� ∧
I I I∧ �- ^

�
d Yg∗e − g∗l [� :$[ �&17 21 0%13" ('41!-4 6 ,!" g∗l� d g∗e� d F 6 *" %D"+.D) "3&'/-,1/-1

�� /' gl YR+ [ - /' ge YR+ [ !"7 21%!01//" &'0/" /)+8 Y0%1 D'%'!1+ ./$101D!"&$ -418! /)+10)8 �<D""&2-/'!)[ : j'+11 6
�� � d∑^

(∫ el
` 
`- ^ ��

) �- ^ ∧ �-c
� ∧

I I I∧ �-c
�
−�
G

� �� d �
(∑^

` 
`- ^ �- ^ ∧ �� ∧ �-c

� ∧
I I I∧ �-c

�
−�

) d

d −∑^
(∫ el

` 
`- ^ ��

) �- ^ ∧ �-c
� ∧

I I I∧ �-c
�
−�
I

�"�!"4) �� � i � �� d F :
��n�
�$�n #�nqqr ��r'	rp n( t �

R
+ R�	zS {zV yOQ| zS *N00 }T }O�NzR~OzS J 0 xTV z �J � F� |x+Oz� | v}v � A
�� YR+ [ d F 'T N J � F v

w xyz{z| }R~M| �xv �'%%4"!&-4 "!"#&'71/-1 � ?
R
+ × R→ R

+ 6 ('2'/</"1 _ "&4)+"5 Y- G �[ 7→ �- : 1"32' � ge d -� - � gl d ∗ Y"!"#&'71/-1 0F[ : �)%!. � ∈ � A YR+ [ - �� d F : 1"32' � d Yg∗e − g∗l [� ∗� d �� Y� ∗� [ ii � � Y� ∗� [ : 6" � � Y� ∗� [ d �� ∗�� 6 *"�!"4) � d �� Y� ∗� [ 6 ! :1 : _ "&4'
� !",/' :

11"&14) � :� :$ 4"7/" 2"D'('!. - 2+= "!"#&'71/-5gl G ge ? � + × R → � + L 2"D'('!1+.%!0" /1 !&1#)1! /-D'D-\ %)9 1<%!01//$\ -(41/1/-5 : � 'D %+12%!0-1 6 *"+),'14 6 ,!" 3"4"!"*/$1"!"#&'71/-= -/2)"-&)8! "2-/'D"0$1 "!"#&'71/-= D"3"4"+"3-5 21
�'4' :
�p�qnp � t% t� t � A

� YR+ [ ∼d � A
�� Y	 + [ ∼d

{
R

'T N J d ( L
F 'T N J 6d ( I v

w xyz{z| }R~M| �xv 8 %*"+ .()= 2-__ 1"4"&_-(4
R
+ ≈ 	 + \ {-l} 6 4"7/"*"%!&"-!. !",/)8 *"%+12"0'!1+ ./" %!.

F→ � A
� YR+ [→ � A Y	 + [→ � A Y	 + [�� A� YR+ [→ F I



� �� � � �	 �����	�� � � ���� $ H�
�21%. � A Y	 + [�� A� YR+ [ C &"%!D- J<_ "&4 0 !",D1 -l : �"3"4"+"3-- &"%!<D"0 J<_ "&4 +13D" 0$,-%+=8!%= % *"4"9.8 +144$ �)'/D'&1 : j15%!0-<!1+./" 6 2" %!'!",/" 4'+)8 "D&1%!/"%!. !",D- - l 4"7/" %,-!'!. &'%*"<+"71//"5 0

R
+ 6 *"�!"4) -( ('4D/)!"%!- J<_ "&4$ 0 4'+"5 "D&1%!/"%!--l *&- J

>
F %+12)1! 1a !",/"%!. :

�" D"&"!D"5 !",/"5 *"%+12"0'!1+ ./" %!- _"&4 4"7/" *"%!&"<-!. !",/)8 *"%+12"0'!1+./"%!. D"3"4"+"3-5 : , &1()+ .!'!1 *"+),-4
� A
� YR+ [ ∼d � A

�� Y	 + [ *&- J
>
� : �&"41 !"3" 6 *"+ ),'14 !",/)8 *"%+12"<0'!1+ ./" %!.

F −→ � l
� YR+ [ −→ � l

�� Y	 + [ −→ R −→ � e
� YR+ [ −→ � e�� Y	 + [ −→ F

∥∥∥
∥∥∥F
R�"�!"4) � e

� YR+ [ ∼d � e�� Y	 + [ : , ,'%!/"%!- 6 � e�� Y	 e [ ∼d R
:

�%!'a!%= 0$,-%+-!. D"3"4"+"3-- 21 �'4' 	 + 6 (
>
� : �&12%!'0-4

	 + 0 0-21 "#�12-/1/-= "!D&$!$\ 4/"71%!0 ) e d 	 + \ {- e} - ) � dd 	 + \ {- �} 6 2-__ 1"4"&_/$\ R
+ : �&- �!"4 ) e ∩ )� ≈ 	 +−e × R

6 '(/',-! 6 � A
�� Y) e ∩ )� [ ∼d � A

�� Y	 +−e [ : �"�!"4) *&- J � F *"%+12"0'!1+.</" %!. # '51&'",.1!"&-%' *"D'($0'1! 6 ,!" � A
�� Y	 +−e [ ∼d � A� e�� Y	 + [ : �&-J d F - (

>
� *"+),'14 !",/)8 *"%+12"0'!1+./"%!.

� l
�� Y	 + [ −→ � l

�� YR+ [ ⊕ � l
�� YR+ [ −→ � l

�� Y	 +−e [ −→ � e�� Y	 + [ −→ F
∥∥∥

∥∥∥
∥∥∥

R R⊕ R R8( !",/"%!- 0 ,+1/1
R⊕ R

%+12)1! 6 ,!" 0 �!"4 ,+1/1 ��� ∼d R
- �� ∼d R

6 '(/',-! 6 =2&"4 "!"#&'71/-= � l
�� Y	 +−e [→ � e�� Y	 + [ %+)7-!

R
: �"�!"4)� e�� Y	 + [ d F :

�8#'= ( <_ "&4' � ∈ �+ Y	 + [ ('4D/)!' : .%+- �!' _"&4' � !",/' 6!" "/' +17-! 0 =2&1 "!"#&'71/-= �+ Y	 + [ → R
6 ('2'//"3" _ "&4)+"5

� 7→ ∫��
� : j15%!0-!1+./" 6 ∫

��
�� d F : �'01/%!0" � +

�� Y	 + [ d
R
*"D'($<0'1! 6 ,!" *&"%!&'/%!0" !",/$\ ( <_ "&4 %"0*'2'1! % =2&"4 �!"3" "!"<#&'71/-= : �"�!"4) D"3"4"+"3-,1%D-5 D+ '%% +8#"5 ( <_ "&4$ � 6 2+= D"<!"&"5 ∫

��
� 6d F 6 =0+=1!%= /1/)+10$4 �+141/!"4 3&)**$ � +

�� Y	 + [ d
R
:

 !"#$ *"+),-!. /1/)+10"5 D+ '%% D"3"4"+"3-5 0 � +
� YR+ [ 6 /)7/"0(=!. _ "&4) 7 Y- e G I I I G -+ [�- e ∧ I I I ∧ �-+ 6 2+= D"!"&"5 7 C _)/D"-=% D"4*'D!/$4 /"%-!1+14 - ∫

R
� 7 Y- e G I I I G -+ [�- e I I I �-+ 6d F :



$ H� ����� � � � �	�����	�� ���� � � � � ���
� �� �� � �������������� ������� ��� �����������

�� ����
�)%!. � + C D"4*'D!/"1 "&-1/!-&"0'//"1 4/"3""#&'(-1 6

� A ∈ � A Y� + [ - � +−A ∈ �+−A Y� + [ : 1"32' � A ∧ � +−A ∈ �+ Y� + [ 6 *"<�!"4) 4"7/" &'%%4"!&1!. -/!13&'+ ∫� �
� A ∧ � +−A : , %+),'1 6 D"32'4/"3""#&'(-1 � + /1D"4*'D!/"1 6 !'D"5 -/!13&'+ 4"71! "D'('!.%=&'%\"2=9-4%= :  !"#$ �!"3" -(#17'!. 6 #)214 *&12*"+ '3'!. 6 ,!"

� +−A ∈ �+−A
� Y� + [ :

.%+- � + C 4/"3""#&'(-1 #1( D&'= 6 !" *" %!&"1//"1 !'D-4 "#&'<("4 "!"#&'71/-1 � A Y� + [ × �+−A
� Y� + [ → R

*1&1/" %-!%= /' D"3"4"<+"3-- 21 �'4' : j15%!0-!1+./" 6 *)%!. �� A d F - �� +−A d F : 1"32'
� Y� A−e ∧ � +−A [ d �� A−e ∧ � +−A - � Y� A ∧ � +−A−e [ d ±� A ∧ �� +−A−e 6 *"<�!"4) _"&4$ �� A−e ∧ � +−A - � A ∧ �� +−A−e !",/$1 : � -/!13&'+ !",</"5 _"&4$ Y% D"4*'D!/$4 /"%-!1+14 [ *" 4/"3""#&'(-8 #1( D&'=&'01/ /)+8 : 0!" "(/','1! 6 ,!" "!"#&'71/-1 *1&1/" %-!%= /' _'D<!"& ('4D/)!$\ _"&4 *" !",/$4 : , &1()+.!'!1 *"+),'14 #-+-/15/"1"!"#&'71/-1 � A

�� Y� + [ × � +−A
� Y� + [ → R

6 ! :1 : +-/15/"1 "!"#&'71/-1
� ? � A

�� Y� + [→ (� +−A
� Y� + [)∗ :

mnop nqr � t% ts #�$o�
�$n''o 
�	 ��r'	rp n( t w RS xT N}O|NT x�zOOxPx V OxPxx	T z{NS � + 	}{ yT zS x| x	T z
 }ON}
� ? � A

�� Y� + [→ (� +−A
� Y� + [)∗ � N{xV xT0N{V v

w xyz{z| }R~M| �xv E� ��K �/','+ ' *&"01&-4 6 ,!" )!01&721/-1 01&/" 2+=
� + d

R
+ : W&)**$ � A YR+ [ - � A

� YR+ [ 4$ )71 0$,-%+=+- Y+144' �)'/D'<&1 - *&-41& � :� :�[ : �!+-,/$ "! /)+= !"+ .D" 3&)**$ � l YR+ [ - � +
� YR+ [ 6*&-,a4 "#1 "/- -("4"&_/$

R
: �"�!"4) 2"%!'!",/" *&"01&-!. 6 ,!" "!"<#&'71/-1 � ? � l

�� Y� + [→ (� +
� Y� + [)∗ /1/)+10"1 :�)%!. H ∈ � l YR+ [ C _)/D"-= /'

R
+ 6 !"7 21%!01//" &'0/'= H6

7 Y- e G I I I G -+ [�- e ∧ I I I∧ -+ ∈ �+
� YR+ [ C _"&4' 6 D"3"4"+"3-,1%D-5 D+ '%%D"!"&"5 "!+-,1/ "! F : 1"32'

〈� YH[ G7 Y- e G I I I G -+ [〉 d
∫

R
�
7 Y- e G I I I G -+ [�- e ∧ I I I∧ -+ 6d F G

' (/',-! 6 � YH[ 6d F :
�!01&721/-1 2"D'('/" 2+= � + d

R
+ 6 ' !14 %'4$4 - 2+= 0%1\ "!D&$<!$\ *"24/"71%!0 *&"-(0"+./"3" 4/"3""#&'(-= � + 6 2-__ 1"4"&_/$\

R
+ :  !"#$ *1&1/1%!- 13" /' 0%1 "!D&$!$1 *"24/"71%!0' � + Y' !14 %'<4$4 - /' 0%a � + [ 6 4$ *&-41/-4 %!'/2'&!/)8 !1\/-D) 6 " %/"0'//)8 /'"!"#&'71/-- "2/"5 *"%+12"0'!1+./"%!- # '51&'",.1!"&-%' 0 2&)3)8 :



� �� � � �	 �����	�� � � ���� $ H�
�'%%4"!&-4 *"%+12"0'!1+ ./" %!. # '51&'",.1!"&-%' 2+= D"3"4"+"<3-5 % D"4*'D!/$4- /"%-!1+=4-

I I I← � +−A
� Y� + [← � +−A

� Y) e [ ⊕ � +−A
� Y)� [←
← � +−A

� Y) e ∩ )� [← � +−A−e
� Y� + [← I I I

- 2)'+-(-&)14 1a 6 ! :1 : &'%%4"!&-4 *"%+12"0'!1+ ./" %!. 20"5%!01//$\*&"%!&'/%!0 - 20"5%!01//$\ "!"#&'71/-5 : �'!14 "!"#&'(-4 *"%+12"<0'!1+ ./" %!. # '51&'",.1!"&-%' 2+= D"3"4"+"3-5 21 �'4' 0 2)'+-(-&"<0'//)8 *"%+12"0'!1+ ./" %!. *"%&12%!0"4 "!"#&'71/-= � ?
−→ � A Y� + [ −→ � A Y) e [⊕� A Y)� [ −→ � A Y) e∩) � [ −→ � A� e Y� + [ −→

y�� �
y� ��⊕� �� y� ��∩�� y�� �

−→ � +−A
� Y� + [∗ −→ � +−A

� Y) e [∗⊕� +−A
� Y)� [∗ −→ � +−A

� Y) e∩)� [∗ −→ � +−A−e
� Y� + [∗ −→�"D'714 6 ,!" *"+),1//'= 2-'3&'44' D"44)!'!-0/' % !",/"%!.8 2"(/'D' : �"44)!'!-0/"%!. +10"3" - %&12/13" D0'2&'!' 6 0 D"!"&$\ -%<*"+ .()8!%= !"+.D" "*1&'"-- "3&'/-,1/-= _ "&4$ - &'%*&"%!&'/1/-=_ "&4$ 6 ",10-2/' : �'54a4%= *&'0$4 D0'2&'!"4 :

, *&'0"4 D0'2&'!1 01&\/11 "!"#&'71/-1 )%!&"1/" %+12)89-4"#&'("4 : �)%!. � A ∈ � A Y) e ∩ )� [ - �� A d F : �&12%!'0-4 _ "&4)
� A 0 0-21 � A d � Ae − � A� 6 321 � Â ∈ � A Y) ^ [ : 
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 "&4' � Â ∧ � +−A−e^ -411! D"4*'D!/$5 /"%-!1+ . 0 ) ^ 6 *"�!"4)
∫
� �
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