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;3=>61~WJ&63=[23=>:*;<2$;3-&=�K09!;3-&=>K09!;38lO>9!kr;3=[O<-&:&8y�*,&=[2�;3- 9!;$9!63=�, 23=[@�;3.FOP.�K0J&,&;3=I=[2<;38QK09!;3=[2
.!L�8l23.�;3.�Jv.�KF=>6�@�8l23;3638Qx&,&;38l.�: 2�.!L�J&63.�@�, OP;<2F.!L�9'63=[9�OP;38l.�:ÆL�63.�K ;3-&=B63=[9�OP;<9!:*;<2�9!: @
gG8lOP=7g�=>6<2u9�SCtw-&=I:&.�g�=>kQ;�h�8Q:�;3-&=[23=�;3=[O<-&:&8l�m,&=[2w8l2�;3- 9!;�;3-&=�8l23.�;3.�Jv.�KF=>6Y@�8y23;3638Qx&,&;38Q.�: 2
.!L$;3-&=0K0=>;<9!x�.�kQ8l;3=[2�:&=>=[@Â:&.�;W;3.�xv=FL�,&kQkQh @�=>;3=>63KF8Q:&=[@rSB_b:"M�- 9!J&;3=>6|f���=�J&63=[23=>:m;
9!kQ��.�638Q;3-&K�2�;3.�J&63.�J 9!�z9!;3=�8l2<.�;3.�J�.�KF=>6�8Q:�L�.�63K�9!;38Q.�:¢;3.��Y9!6<@&2�KF=>;<9!xv.�kQ8lO �3,&: OP;38Q.�: 2>4
, 238Q:&�|;3-&=�;3=[O<-&:&8l�m,&=[2�@�=[2<OP638Qxv=[@�8Q:�;3-&=�J&63=>gG8Q.�, 2w23=[OP;38Q.�:#SC_b:�M�- 9!J&;3=>61{W��=�@�8y2<OP, 2<2
;3-&=�Jv.�;3=>:*;38l9!kC9!: @ ;3-&=�kQ8lKF8Q;<9!;38Q.�: 2�.!Lw;3-&=�KF=>;3-&.�@�.�kQ.���h�9!: @ Jv.�8Q:*;�.�,&;�63.�,&;3=[2�L�.�6
8QKFJ&63.�gm8l:&�|;3-&=�L�6<9!KF=>��.�63D�S
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5 365,-)( : ++* (-, ? 5<-/. +.7�0T8l2#9YL�.�,&6)c�;3,&J&kQ=214365/798�7;:<8�=>8@?BA�8���-&=>63=C7 3EDGF " 8IHIHIHJ8�FLKNM8l2�9�23=>; 3I5<-)( : +<* ( - 5 * 4�7 :PO 7 8l2�;3-&=�23=>;�.!LA( ? - 5<7 ?�(+* 3I5<-)( : +<* ( - 5 *I��KF=>;<9!xv.�kQ8Q;3=[2
;3- 9!;C9!63=w:&.�;j,&J&;<9!D�=>:�:&.�6j=PZ�OP63=>;3=[@�xmh�;3-&=$OP=>kQk�4<=Q3EDSR+8IHIHIHG8�T�M$8l2`9�23=>;`.!L H O>9!63xv.�: J
* +U,�(.-9(>+.?@*²4V?W3EDUX " 8IHIHIHJ8YX[Z\M�8l2�9�2<=>;�.!L 7 5Y(],,-9(>+.?@*²S_b:09�23kl8Q��-*;C9!x&, 23=1.!Lr:&.�;<9!;38l.�:#4*��=I9�2<23.�OP8l9!;3=$9�KF=>;<9!xv.�kQ8Q;3=�F ��8Q;3-F;3-&=723=>;C.!L#8Q;<2
O>9!63xv.�:�kQ.�O>9!;38Q.�: 2>4
;3- 9!;78l2[4%F 3^DGF_5YR`A�8IHIHIHG8�F_5�a FbacAYM O =$S7AC9�O<-?kQ.�O>9!;38Q.�:Bd2ef=
=PZ�8l23;<2w8Q:�=PZ&9�OP;3kQh0.�:&=�K0=>;<9!x�.�kQ8l;3='F eg7 S

5 63=[9�OP;38Q.�:gX+h'365<ij h<8�k!h+A2eB? OP.�: 238l23;<2w.!LC9Fg�=[OP;3.�6lij h�eBm K .!LC23;3.�8lOu-&8Q.�KF=>;3638lO
OP.G=on0OP8Q=>:*;<2 j h�p
e"m�4r@�=>:&.�;38Q:&��;3-&=�:*,&K|x�=>6|.!L�KF.�kQ=[OP,&kQ=[2�.!L$KF=>;<9!xv.�kQ8Q;3=qFLp$OP.�:�c
23,&KF=[@�.�6jJ&63.�@�, OP=[@�8Q:�.�:&=163=[9�OP;38Q.�:�=>g�=>:*;>4�9!: @�9r,�(.7,: +.? 3s(10 0 ( ?[t�k[hNuS=vh�w x�yz{=�h�w |
L�63.�K�;3-&=723=>;�.!L�7 5Y(],G-)(.? -}* +U,�(.-9(>+.?@*C= h�w x 34~��J�������UF p ;3.�;3-&=723=>;C.!L 0 7 +G8.;�,,-}* +U,�(.-9(>+.?@*
=�h�w |�34~ �J���)��� FLp S���=>;<9!xv.�kQ8Q;3=[2�FLp`��8Q;3- j h�p}���F9!: @ j h�p}����9!63=�O>9!klkQ=[@ 7 5Y(S,,-)(.? - *
9!: @ 0 7$+�8.;!,G- *W.!L�X`hz4`63=[23J�=[OP;38lg�=>kQh�S�tw-&=�K09!J&J&8Q:&�fk[hS5/d�A�3�d-��@�=>:&.�;3=[2|;3- 9!;W8Q:§;3-&=
63=[9�OP;38Q.�:�9�O>9!63xv.�:B8Q:�kl.GO>9!;38Q.�:Pd`.!L`;3-&=�63=[9�OP;<9!:*;
F �gd`8l2w;36<9!: 2)L�=>6363=[@�;3.F;3-&=�kl.GO>9�c
;38Q.�:�d-�n.!LY;3-&=FJ&63.�@�, OP;�F��2�Qd-��7 u�d-��e�F SFtw-&=�7 5o� 5<7 *,5)7 5Y(],,-9(>+.?�.!L2Xf3�5]ij 8�k�A
8l2�;3-&=0J 9!8Q6�X\� "q3�5Y�gij 8�k�� "JA<4`��-&=>63=Pk�� "�8l2�;3-&=�8Q:*g�=>6<23=G��.!L�k�S� '=0��8QkQk�9�2<23,&KF=
;3- 9!;�63=[9�OP;38Q.�: 2wD�=>=>J�;3-&=>8Q6w63=[9�OP;<9!:*;$L�6<9!��KF=>:m;<2w8Q:*;<9�OP;>4 Ou- 9!:&��=[2$9!63=�OP.�:�� :&=[@�;3.�;3-&=
L�6<9!��KF=>:*;$xv.�6<@�=>6<2>S�a7.�;3=�;3- 9!;$.�:&=�O>9!:�9!kQ��9�hG2�63=>J&63=[2<=>:*;79F63=[9�OP;38Q.�:�;3- 9!;1@�.G=[2�:&.�;
L�,&k�� kQkr;3-&=�9�2<23,&KFJ&;38l.�:�xmh�9�23=[�*,&=>: OP=�.!Ln63=[9�OP;38Q.�: 2$;3- 9!;1@�.&S

^&.�6�63=[9�OP;38Q.�:sX`hz4z;3-&=$J&63.�@�, OP;jkQ.GO>9!;38l.�: 2��'� O =vh�w |�OP.�6363=[23Jv.�: @�8Q:&��;3.�9�23,&x 23=>;j.!L
63=[9�OP;<9!:*;7kQ.�O>9!;38Q.�: 2�� O =�h�w x19!63=���8Qg�=>:�xmh�;3-&= ( 3s(Ut=5�� � 3 k!h]5/�¡A}3¢DGk[hS5/d�A£a d�eB�¡M
.!L���SBM�.�6363=[23J�.�: @�8l:&��kQh�4�;3-&=�63=[9�OP;<9!:*;|kQ.GO>9!;38l.�: 2'� OP.�6363=[23Jv.�: @�8Q:&��;3.�9B23,&x 23=>;�.!L
J&63.�@�, OP;jkQ.GO>9!;38l.�: 2v� 9!63=���8Qg�=>:|x*hW;3-&= 0 7 5o¤ ( 3s(Ut=5��E3 k � "h 5/�'�¥A}3EDGk � "h 5/d-�¦A£a d-��eg�'�-M
.!L�� � S

5 7 5Y(],,-)(.? -�§<7@(Ut.3I5<? -�8l2�9F23=>;$.!L`kQ.�O>9!;38Q.�: 2�� O FLpn;3- 9!;78Q:PX`h�8l2$@�=[23;38l:&=[@�;3.09
238Q:&��kl=�J&63.�@�, OP;�F p�¨ 4�@�=P� :&=[@ xmhl�b3©� � "h 5/ª�8�ª � A�3^F�p�«Bk � "h 5)F p�¨ AYA<SFM�.�6363=[23Jv.�: @Gc
8Q:&��kQh�4n9 0 7 +G8.;�,,-}§<7¬(Jt.3I5<? -C8y2�9B23=>;W.!Lwkl.GO>9!;38Q.�: 2��'� O F p ¨Y;3- 9!;�.�638l��8Q: 9!;3=�L�63.�K 9
238Q:&��kl=I63=[9�OP;<9!:m;F p 4 @�=P� :&=[@�x*h®�'��3¯� h 5/ªY8�ª/��A�34F p ¨�«gk h 5)F p A<S
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2C H −C OOHO − CC OOH −

OOHC O − C CH −3OC 2

OAA(1) OAA(4)OAA(3)OAA(2)

CO2(1) PYR(3)PYR(2)PYR(1)

λj

^n8Q��,&63=�\GSQe	�nMY9!63xv.�:�K�9!J&J&8Q:&�wL�.�6T9�63=[9�OP;38Q.�:�OP.�:mg�=>63;38Q:&�1.�Z�9!kQ.z9�OP=>;<9!;3=�8Q:*;3.1J&,&63hmg!9!;3=
9!: @BO>9!63xv.�: @�8Q.[Z�8l@�=�S
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=�h�w x�3ED �"!#!Ð5YR`A�8$�"!#!�5&%[A�8$��!'!Ð5&([A�8$��!#!Ð5*)�A�M¡3+��!'!

(+*-* : 5£* +.?St.( ?St -/+)+��<(+* +U(], 5<-)(.- 5$,>(.? 8>§,+.;=7 0 7$+G84;!,,-2* +U,�(.-9(>+.?@*
=�h�w |�3ED�%-�'.+5YR`A�80/�132s5YR`A�80/�142s5&%[A�80/�142s5&([AYM'3 %-�'. ~5/�162

: 5£* +.?St4( ?St -/+�,�(.7,: +.? 8.( +7� ( 8=5s(.? 8B0�� 7 ;!�J(.- 58�
9 5-�!(<� 5
kv5:�"!#!�A 3�= h�w | *<( ?�, 5"�-��! (&*B-��@5 *,++*&5 7 5Y(],G-)(.? -&�;���@5 0 7 +G8.;�,,-³§17@(Ut<¤

3I5<? - *�(47 5q�%h<5:��!'!�8 %-�'.+A�3 k[hS5:�"!#!NA�«�%-�'.�3 %<�=. (.? 8®�%hS5:�"!#!�80/�142ÐA�3
k!h]5:�"!#!�A%«>/�1<2�3?/�1<2¡H@���@5 0 7 5<( 3s(Ut 5 * +@§ 0 7$+�8.;!,G-�* +U,�(4-9( +.? *�(.7 5k � "h 5 %-�'.`A�3
D �"!#!Ð5YR`AYMg(4? 8¡k � " 5A/�162ÐA}3�D �"!#!Ð5&%[A�8$�"!#!�5&([A�8$��!'!Ð5*)�AYMB�C���@5 *G5�(47 5�7 5Y(],,-)(.? -
§<7¬(Ut4365,? - *�(�*N. 5£*-* *1( ?�, 5 : +.-�� *G5<- *�, +.? -)(.( ? ( ? 8.(-, 5 *�§17 +.3 50�](],,-�*D�)+.? 5 7 5Y(],G-)(.? -&�

tw-&= 3I5<-)(=: ++* (-,D*<-)(.- 5�.!L�;3-&=�OP=>kQk�Jv.�J&,&kl9!;38Q.�:Æ8l20@�=[2<OP638Qxv=[@"x*h";3-&=B;3638QJ&kQ=�E63
5�1Ð8SiF 8�G\A<4���-&=>63= 1 8l2�9 KF=>;<9!xv.�kQ8lO�:&=>;b��.�63Dv4�g�=[OP;3.�6LiF 3IH F " 8IHIHIHG8 F ZBJ eLK Z 8l2�9
23=>;�.!L 7 5Y(],,-9(>+.? � 5£* +U,,( -9(>51*78Q:�1 9!: @MG®3bD7G " 8IHIHIHG8�GON�M�8y21;3-&=FOP.�kQkl=[OP;38Q.�:�.!L�2<,&x 23=>;<2
GBP ORQ .!L7O>9!63xv.�: 2W.�O>OP,&J*hG8Q:&�?kQ.�O>9!;38Q.�: d�e¯=1S 5�3 +<* 5Y,G;S*&5|.!L1KF=>;<9!xv.�kQ8Q;3=�F 8l2
;3-&=>:�9F2<=[�*,&=>: OP=�.!LjO>9!63xv.�: 2@S 3�5�T " 8IHIHIHU8UTWV X5VcA<4YT`p}eZG�X\[ p^] S�tw-&=W23=>;$.!L`KF.�kQ=[OP,&kQ=[2
OP.�KFJv.z23=[2C9I3I5<-)(=: ++* ( - 5 0@+G++*OG X O G X\[ " ]�_\`a`a`7_ G X\[�V X5V ] SjAC9�Ou-�O>9!63xv.�:08Q:�kQ.�O>9!;38Q.�:
F_5/ª@A�8l2w;38Q=[@�;3.�23.�KF=�KF.�kQ=[OP,&kQ=bS�e;G X S

�
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tw-&=�K0=>;3-&.G@&2�J&63=[2<=>:*;3=[@�8Q:�;3-&8l219!63;38yOPkQ=�9!63=�23,&x �3=[OP;1;3.F;3-&=�L�.�klkQ.���8Q:&��9�2<2<,&KFJ&;38Q.�: 2
9!xv.�,&;$;3-&=�,&: @�=>63kQhG8Q:&��x&8Q.�kQ.���8lO>9!k#23h�23;3=>KBS

H 51cue�J�tw-&=B63=[9�OP;38Q.�: 2�@�6<9[� ;3-&=>8l6�63=[9�OP;<9!:*;<2�8Q: @�=>J�=>: @�=>:m;3kQh�4w,&:&8�L�.�63KFkQh¢6<9!: @�.�KFklh
L�63.�K ;3-&=�63=[23J�=[OP;38lg�=�J�.G.�kl2>S

H 51cb\=J�tw-&=763=[9�OP;38l.�:�g�=>kQ.�OP8Q;38Q=[2�9!63=I;3-&=�2<9!KF=1L�.�6�;3-&=���-&.�kQ=1Jv.�J&,&kl9!;38Q.�:�9!: @�@�.|:&.�;
O<- 9!:&��=W.�g�=>6$;38QK0=�S
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tw-&=�� 6<23;79�2<23,&KFJ&;38Q.�:�8QK0J&kQ8Q=[2�;3- 9!;$;3-&=�KF=>;<9!xv.�kQ8lOI23h�23;3=>K 8l2$OP.�KFJ&kl=>;3=>kQhFKF8�Z�=[@�23.
;3- 9!;�;3-&=)* 0!(.-9(�(+* 8.( 3I5<?@*1(>+.?@*$O>9!: xv=|.�g�=>63kQ.G.�D�=[@ H�8�S =�S�:&.�OP.�: OP=>:m;36<9!;38Q.�:'��6<9�@�8Q=>:m;<2
=PZ�8l23;<J<S�_b:B=[2<2<=>: OP=�4
;3-&=�OP=>kQk�J�.�J&,&kl9!;38l.�:�8l2�gG8Q=>��=[@�9�2$-&.�KF.���=>:&.�, 2>4�;3-&=�@�8��r=>63=>: OP=[2
xv=>;���=>=>: KF=>;<9!xv.�kQ8lO�23;<9!;3=[2�.!Lw@�8��r=>63=>:*;|OP=>kQkl2�9!63=09�g�=>6<9!��=[@Â.�,&;>S�tw-&8l2�9�2u23,&KFJ&;38Q.�:
8l2wOP.�: 238l2<;3=>:*;w��8Q;3-�;3-&=�KF=[9�23,&63=>KF=>:m;w@&9!;<9 �&;3- 9!;$9!ky23.W63=>J&63=[2<=>:*;<2$9!:�9[g�=>6<9!��=�.!L�;3-&=
OP=>kQk#Jv.�J&,&kl9!;38Q.�:#S

tw-&=�2<=[OP.�: @�9�2<23,&KFJ&;38l.�:I8y2r;3-&=C23.$O>9!kQkQ=[@	*<- 5Y(48 �+¤9*<-)(.- 5Ì(�* *1;23 0 -9( +.? ST_b;#8l2r9$OP63, OP8l9!k
.�:&=�L�.�6�;3-&=�K0=>;3-&.G@&2�@�=[2<OP638Qxv=[@ 8l: ;3-&8l2�9!63;38lOPkQ=�S tw-&=?23;3=[9�@�h�23;<9!;3=?9�2u23,&KFJ&;38Q.�:
63=>kQ8Q=>g�=[2�, 2�L�63.�K OP.�: 238y@�=>638Q:&�';3-&= - 5<3 02+.7@(+* 84( 3I5<?@*<( +4?'9!: @ @�.m=[209[��9�hÆ��8Q;3-";3-&=
@�8 n0OP,&kQ;�@�hG: 9!KF8lO>2>S tw-&=�@�.���: 238l@�=�.!L7OP.�,&6<23=�8l2W;3- 9!;�.�:&kQhÂ23;3=[9�@�h§23;<9!;3=[2�O>9!: xv=
- 9!: @�kQ=[@r4*L�.�6j=PZ&9!KFJ&kQ=�@&9!;<9�L�63.�K�x 9!;<O<-�OP,&kQ;38Qg!9!;38Q.�: 2n8l2j@�8 n0OP,&kQ;j;3.�9!: 9!kQh �>=$9�2C23, Ou-#S

M�.�: 238y@�=>6$:&.��Ç9F23=[�m,&=>: OP=�.!LjKF=>;<9!xv.�kQ8lO�23;<9!;3=[2#E�5�¬�GA�80E�5� " A�8IHIHIHJ80E�5���SA�8�E�5� p A 35�1Ð8SiF 5�¬p�A�8�G�5��p¬AYAwOP.�6363=[23J�.�: @�8l:&�0;3.0;38lKF=�Jv.�8Q:*;<2� � � `a`a` ����*S$XYh�9�2u23,&KFJ&;38Q.�: H 51c
\=J���=�- 9[g�= iF 5�@�JA�3biF 5� " A}3 `a`a` 3�iF 5���]A<S�^&,&63;3-&=>63KF.�63=�4
;3-&=W9�2<23,&KFJ&;38Q.�:�8Q: @�8l63=[OP;3kQh
8QKFJ&kl8Q=[21;3- 9!;®a G X 5� � A£a�3;a G X 5� " A£a³3 a G X 5���<A£a 8�F e 7 4�;3- 9!;�8l2[4�;3-&=F238��>=[2�.!Lw;3-&=
KF=>;<9!xv.�kQ8Q;3=�J�.G.�kl2W63=>K09!8Q:"OP.�: 23;<9!:*;�.�g�=>6�;38QKF=�S¢tw-&8l2|8l2|xv=[O>9!, 23=�.�;3-&=>63��8l23=�23.�KF=
KF=>;<9!xv.�kQ8Q;3=|J�.G.�kl2�OP.�,&kl@?=PZ�- 9!, 23;�9�2�;38QKF=|=>kl9!J 23=[2>4#��-&8yO<-'��.�,&ky@?L�.�6<OP=�;3-&=F23h�23;3=>K
;3.W9!kl;3=>6�23.�KF=1.!L�;3-&=163=[9�OP;38Q.�:�6<9!;3=[2>Sjtw-&=78l:*;3=>63KF=[@�8l9!;3=[2�O>9!:&:&.�;Y9�O>OP,&K|,&kl9!;3=78Q: 238l@�=
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x&8 �3=[OP;38Qg�=�S�a1.�;�9!kQkn63=[9�OP;38Q.�: 2�9!63=|.!L�;3-&8l27Dm8l: @r4v-&.���=>g�=>6>S|_�:?;3-&=|L�.�kQkl.���8Q:&����=�@�=[9!k
��8Q;3-�;3.�DG8Q: @&2w.!L`:&.�:�c�x&8 �)=[OP;38lg�=�63=[9�OP;38Q.�: 2>4 : 9!KF=>klh�4

� 63=[9�OP;38l.�: 2�8Q:*g�.�klgm8Q:&��23hGKFKF=>;3638yO163=[9�OP;<9!:m;<21.�6�J&63.�@�, OP;<2>4
9!: @

� 63=[9�OP;38l.�: 2jJ&63.G@�, OP8l:&�I.�6COP.�: 2<,&KF8Q:&�IKF.�63=w;3- 9!:�.�:&=$OP.�J*h|.!Lv23.�KF=wKF=>;<9!xv.�kQ8Q;3=�S
H HI= J�Jv.�kQhGKF=>638��[9!;38Q.�:Æ63=[9�OP;38Q.�: 2�9!63=�9¢;�hGJ&8lO>9!k1=PZ&9!KFJ&kQ=�.!L�63=[9�OP;38Q.�: 20.!L�;3-&8l2
DG8Q: @rS

������� ��� �����&�!%*����r�����&�����$���� ���
	
^&63.�K¸;3-&=�J�=>6<23Jv=[OP;38Qg�=`.!L�8l23.�;3.�Jv.�KF=>6#9!: 9!kQhG2<8l2v.!LGKF=>;<9!xv.�kQ8Q;3=[2[4�23hGKFKF=>;363h$8Q:�KF.�kl=[OP,&kQ=[2
K09!:&8�L�=[23;<2�8Q:Æ23hGKFKF=>;363h§.!LI;3-&=�8l23.�;3.�Jv.�KF=>6F@�8l23;3638Qx&,&;38l.�:���8QL7;3-&=BKF.�kl=[OP,&kQ=�- 9�2�\
23hGKFKF=>;3638lO>9!k�.�638Q=>:*;<9!;38Q.�: 2[4C;3-&=>63=�9!63=�kl9!xv=>kQ8Q:&��J 9!8Q6<2|;3- 9!;�9!kl��9[h�2|- 9[g�=�=[�m, 9!k�L�63=Pc
�m,&=>: OPh�S ^&.�6�=PZ&9!KFJ&kQ=�4$;3-&= 8l23.�;3.�Jv.�KF=>6�@�8l23;3638Qx&,&;38Q.�:�.!LW=>;3- 9!:&= 5 % � (®� % � ([A
9!kQ�Y9[h�2�2<9!;38l23� =[2�5�� � � � Z � 5/�VR`A�3 5�� � � � Z � 5YRI�!A<SC_b:F��=>:&=>6<9!k�4*8QLv;3-&=>63=19!63= ��23hGKFKF=>;3638lO>9!k.�638Q=>:m;<9!;38Q.�: 2>4m2<, O<- 5��G;=(-�J(+*&5<?�, 5Y2<=>;<2j.!L#=[�*, 9!k&L�63=[�m,&=>: OPhW- 9�g�=1K09�Z�8QK|,&K�238��>=#��Sj^&.�6
23.�KF=�kl9!xv=>kQ8Q:&�z2[4j=�S �&S-5�� � � � Z � 5/�<�!AW9!: @ 5�� � � � Z � 5YR<R`A<4w;3-&=B=[�*,&8lg�9!kQ=>: OP=�23=>;�K09�h§xv=
9�238Q:&��kQ=>;3.�:#S� '=�@�=>:&.�;3=�;3-&=�2<hmKFK0=>;363h�=[�m,&8Qg!9!kQ=>: OP=W2<=>;I.!L�kl9!x�=>kl8Q:&� � 9�2�� X 5 � A<S
a7.�;3=�;3- 9!;`L�.�6j9!:*h � �%e�� X 5 � A�� X 5 � A}3�� X 5 � �¥A<Sp^&.�6C=>;3- 9!:&=�;3-&=�=[�m,&8Qg!9!kQ=>: OP=w23=>;<2
9!63= �!� � � � Z � 5/�<�!A3 DJ�<�!M]8"�!� � � � Z � 5/�VR`A
3#�$� � � � Z � 5YRI�!A3�DJ�VR+8URI�!M]8"�$� � � � Z � 5YR<R`A3DSR<R`MzS

t�.¢- 9!: @�kQ=�;3-&=B23hGKFKF=>;363h§.!L �*c�23hGKFKF=>;3638lO>9!kwKF=>;<9!xv.�kQ8Q;3=PF 4���=�8Q:*;363.�@�, OP=�9
23hGKFKF=>;363h�K09!;3638�Z � �&% KCK w X e K .

* 7�*�' . * 7#* ;3- 9!;7OP.�:*;<9!8Q: 279�63.�� 9!: @B9FOP.�kQ,&KF:�L�.�6
=[9�O<-�kl9!x�=>kl8Q:&�&Sjtw-&=�=>:*;3638Q=[21.!Ln;3-&=�K09!;3638QZ�9!63=�@�=P� :&=[@�xmh

� �&% K�K w Xp¥w h 3�� R�(Va � X 5 � X 5/ª@A�A£a 8 8�L � X 5=��A2e)� X 5 � X 5/ª@A�A�819!: @
��8 .�;3-&=>63��8l23=�S

Rj63=Pc�K|,&kQ;38QJ&kQ8yO>9!;38Q.�:�.!L$9�:&.�:�c�23hGKFKF=>;3638yO>9!kjg�=[OP;3.�6 i� e  X x*h ;3-&=02<hmKFK0=>;363hBK09�c
;3638�Z � �&% KCK w X 4!J&63.�@�, OP=[2j91g�=[OP;3.�6 i� �V3�� �*% KCK w X i� ��-&=>63=w=[9�O<-�=[�m,&8Qg�9!kl=>: OP=�23=>;n- 9�2
,&:&8�L�.�63K @�8l23;3638Qx&,&;38l.�:#SF_�:m;3,&8Q;38Qg�=>kQh�4�.�:&=�O>9!:¢;3-&8Q:&D?.!LY;3-&8l2�K|,&kQ;38QJ&kl8lO>9!;38Q.�: 9�2�KF=[9�c
23,&638Q:&��;3-&=w8l23.�;3.�Jv.�KF=>6j@�8l23;3638lx&,&;38Q.�:�.!Lv;3-&=�KF.�kQ=[OP,&kQ=Y8Q:|=>g�=>63hWJv.z2<238Qx&kl=�23hGKFKF=>;3638lO>9!k
.�638Q=>:m;<9!;38Q.�:#4G2<,&KFKF8Q:&��,&J�;3-&=7K0=[9�23,&63=>KF=>:*;<2Y9!: @�:&.�63K09!kQ8��>8Q:&��;3.�9�L�63=[�m,&=>: OPh0@�8l2)c
;3638Qx&,&;38Q.�:#SYtw-&=�63=[9�@�=>67O>9!:�g�=>638�L�h�;3- 9!;$8�Ln;3-&=W@�8l2<;3638Qx&,&;38Q.�:�9!kQ63=[9�@�h�8l2$23hGKFKF=>;3638lO>9!k
H���8Q;3-�63=[23Jv=[OP;�;3.F=[�m,&8Qg!9!kQ=>: OP=�23=>;<2+� X 5 � A<4 K|,&kQ;38QJ&kQ8lO>9!;38l.�:#S

tw-&=09!J&J&63.z9�Ou-Â;<9!D�=>:¢xmh , 2�8l2I;3.B=>: 23,&63=Fxv=PL�.�63=�x 9�O<DG��9!6<@¢.�6�L�.�63��9!6<@ÂJ&63.�J 9�c
�z9!;38Q.�:¢;3-&=�23hGKFKF=>;363h�.!L�;3-&=�OP.�: 23;36<9!8Q:*;W;3- 9!;�8l2�;3.Bx�=0J&63.�J 9!�z9!;3=[@rS�¾#=>;�F xv=09
23hGKFKF=>;3638lO>9!krKF=>;<9!xv.�kQ8Q;3=�9!: @�kQ=>; � 9 5 X 3 i� xv=�;3-&=WOP.�: 23;36<9!8l:*;1J&63.�J 9!�z9!;3=[@�;3.�F 4
=>8Q;3-&=>6�L�.�63��9!6<@�.�6$x 9�OuDm�Y9!6<@rS1tw-&=�K|,&kQ;38QJ&kQ8yO>9!;38Q.�: � 9 � �*% KCK w X 5 X 3 i� K�9!D�=[2�;3-&=
OP.�: 23;36<9!8Q:m;�23hmK0KF=>;3638lO>9!k�SINm.�;3-&=�OP.�: 23;36<9!8Q:m;�;3- 9!;I8y2$;3.�x�=|J&63.�J 9!�z9!;3=[@?L�.�63��9!6<@ .�6
x 9�O<DG��9!6<@BL�63.�K F�4&8l2-,� 9 5 X 3 i� 4&��-&=>63=.,� 3¢5�� �*% K�K w X A 9 � S
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Symmetrical Symmetrical Non−symmetrical

Non−symmetrical Symmetrical Symmetrical

^T8l��,&63=�~GS½\��YNmhmK0KF=>;363h0;36<9!: 238l;38Q.�: 2w8Q:�63=[9�OP;38Q.�: 2>S

������� � � �#�G������Y	��� �����������
	Cb	��!����T�0%*� �#�G���v�n���#%���%*�	C�Y�G�����j�����������	
/$=[9�OP;38l.�: 2�;3- 9!;�OP.�: 23,&KF=7.�6�J&63.�@�, OP=�KF.�63=1;3- 9!:�.�:&=�OP.�J*h�.!L�;3-&=�2u9!KF=1KF=>;<9!xv.�kQ8Q;3=
9!63=B9!:&.�;3-&=>6�OPky9�2<2|.!LI:&.�:�c�x&8 �3=[OP;38Qg�=�63=[9�OP;38Q.�: 2[S"_b: 23, Ou- 63=[9�OP;38Q.�: 2>4�;3-&=>63=�9!63=�.�:&=
.�6|KF.�63=�O>9!63xv.�:§kl.GO>9!;38Q.�: 2�;3- 9!;|9!63=�8QK09!��=[2�.�6WJ&63=Pc�8QK�9!��=[2�.!L1KF.�63=�;3- 9!:§.�:&=�kQ.!c
O>9!;38Q.�:#SW '=�O>9!klk`2<, O<- kQ.�O>9!;38Q.�: 2I:&.�:�c�@�8l2��3.�8Q:*;>4#238Q: OP=�4r;3-&=FO>9!63xv.�: K09!J&J&8Q:&��O>9!:&:&.�;
@�8l23;38l:&��,&8l23-�;3-&=[23=�kQ.�O>9!;38Q.�: 2�L�63.�K =[9�O<-B.�;3-&=>6>S

 '=12<;<9!63;Cx*hFOP.�:mg�=>63;38Q:&�W9�23, Ou-063=[9�OP;38Q.�:�k0;3.W9�x&8 �3=[OP;38Qg�=�.�:&=�k � xmh�8Q:*;363.�@�, OP8Q:&�
23Jv=[OP8l9!kE*���(484+<. KF=>;<9!xv.�kQ8Q;3=[2�L�.�6$=>g�=>63h�KF=>;<9!x�.�kl8Q;3=�;3- 9!;$;<9!D�=[2$J 9!63;$8l:�;3-&=�63=[9�OP;38Q.�:
��8Q;3- 9�OP.G=on0OP8Q=>:m;I@�8��r=>63=>:*;7L�63.�K e!S�tw-&=�23- 9�@�.���KF=>;<9!xv.�kQ8Q;3=[2$63=>kl9!;3=[@�;3.�9�238Q:&��kQ=
KF=>;<9!xv.�kQ8Q;3=Y;3.���=>;3-&=>6j��8Q;3-�;3-&=$9�2<23.�OP8l9!;3=[@�OP.m=on0OP8l=>:*;<2j9!63=$O>9!kQkQ=[@|9	*���(484+<.�*,5<-�S`tw-&=
23- 9�@�.�� 23=>;$.!L`9F@�8l2��3.�8Q:*;w63=[9�OP;<9!:m;18l2�9�238l:&��kQ=>;3.�:#S

 ��� ¥Â¦nÀy � � 5<-�k : 5(�? +.?\¤ :<( �G5Y,,-9(-� 5 7 5Y(],,-9(>+.?P, +.?@*<;=3 ( ?St�-/. +�� ? +.?\¤9*U� 3	3I5<-971(�,�(+*  
3I5<-)( : +<* ( - 5 *�F " (.? 8F .�(.? 8 0 7$+�8.;!,G( ?St	-/. +�36++* 5�,,;S*&5 * +Y§ -�� 5 *I(.3I5 3I5<-)(=: ++* ( - 52F # ����@5 :<( �G5Y,,-9(-� 5 7 5Y(],,-9(>+.?sk\� ('* -��@5<? ( 7 5�(],,-9(>+.?P, +.?@*<;=3 ( ?St�F " (.? 8>F . (.? 8 0 7$+�8.;!,G( ?St
(B0!(.( 7 +@§ *���(484+<. 3 +<* 5Y,G;S*&5 *
F �# (4? 8�F � �# �

M M1 2

M3

1

λ

1

2

M’3 M’’3

M3

M M1 2

1

λ

1

1 1

tw-&="J&63.�J 9!�z9!;38Q.�:Ç.!L08l23.�;3.�Jv.�KF=>6�8Q:�L�.�63K�9!;38Q.�:¸8l2�J�=>6)L�.�63KF=[@���8Q;3- ;3-&="x&8 �3=[OP;38Qg�=
63=[9�OP;38Q.�:"L�.�kQkQ.���=[@"x*h Jv.z23;)c�J&63.GOP=[2u238Q:&� ;<9!Dm8l:&�'8Q:*;3.¢9�O>OP.�,&:m;0;3-&=�,&: @�=>63kQhG8Q:&� :&.�:�c
@�8l2��3.�8Q:m;3:&=[2<2w.!Ln;3-&=�63=[9�OP;<9!:m;1.�6$J&63.�@�, OP;$kQ.�O>9!;38Q.�: 2>S
�#¤���¯|�&��¶�¦T��¤
¦n�&«
���[©�¤�ª
tw-&=�L�.�63��9!6<@�J&63.�J 9!�z9!;38l.�:BJ&63.GOP=[@�,&63=W8l2w;3-&=�L�.�kQkQ.���8l:&�W�

e!SIM�.�:mg�=>63;7;3-&=�63=[9�OP;<9!:*;<2I9!: @�J&63.G@�, OP;<21.!LCkB;3.090@�8l2��3.�8Q:*;�23=>;$xmh�8Q:*;363.�@�, OP;38Q.�:
.!Lj23- 9�@�.�� KF=>;<9!xv.�kQ8Q;3=[2>S`HI=>:&.�;3=�;3-&=�x&8 �3=[OP;38Qg�=�9!;3.�K K09!J&J&8l:&��9�2�k\��S
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\GSIM�.�Jmh ;3-&=�8l23.�;3.�Jv.�KF=>6�OP.�: 23;36<9!8Q:*; � 9 5 X 3 i� .!L�=[9�O<-§:&.�:�c�@�8l2��3.�8Q:*;�63=[9�OP;<9!:m;
;3.0;3-&=�KF=>KWxv=>6<2�.!L`8Q;<2�23- 9�@�.�� 23=>;
DGF��Yw " 8IHIHIHU8�F ��w �]MzS

~GS1RT=>6)L�.�63K :&.�63K�9!k
L�.�63��9!6<@�J&63.�J 9!�z9!;38Q.�:�.�g�=>6w;3-&=I63=[9�OP;38Q.�:®k��&;3.|.�x&;<9!8Q:�9WOP.�:�c
2<;36<9!8Q:*; � 9h ¨ 5 X ¨!3 i� h ¨�;3.�=[9�Ou-�23- 9�@�.��¸KF=>;<9!xv.�kQ8Q;3=�.!L`=[9�O<-BJ&63.�@�, OP;�F��yS

f&S1^ .�6�=[9�Ou-�J&63.�@�, OP;2F��y4GJ&63.�OP=[2<2C;3-&=�OP.�: 23;36<9!8Q:m;<2�.!L#;3-&=72<- 9�@�.�� 23=>;�9�2CL�.�kQkl.��$2a�

H 92J�M�.�K0J&,&;3=$;3-&=�8Q:*;3=>6<2<=[OP;38Q.�:�.!LvOP.�kQ,&K0:�2<J 9�OP=[2j.!L�;3-&=1OP.G=on0OP8Q=>:m;jK09!;3638lOP=[2
� " ¨�8IHIHIHU8 � �£¨bS`¾�=>;�;3-&=�OP.�kQ,&KF: 2�.!L � p ¨#OP.�KFJ�.z2<=79!:�.�63;3-&.�:&.�63K09!krx 9�238l2C.!L
;3-&=�8Q:*;3=>6<23=[OP;38l.�:B23J 9�OP=�S

H�x J�RC63. �)=[OP;�;3-&=|g�=[OP;3.�6<2 i� " ¨ 8IHIHIHG8 i� � ¨ ;3.�;3-&=�8Q:m;3=>6<23=[OP;38Q.�: 23J 9�OP=|;3.�.�x&;<9!8Q: 9
OP.�: 2<;36<9!8Q:*; � 9X ¨ 5 X ¨ 3 i$ h�¨ L�.�6�=[9�O<-BK0=>KWxv=>6�.!Ln;3-&=�2<- 9�@�.���2<=>;>S

H O�J�M�.�K0J&,&;3=�9!:�9[g�=>6<9!��=�.!Ln;3-&=�OP.�: 2<;36<9!8Q:*;<2a�

�9X ¨ 5 X ¨!3 R� � � h �9X ¨ 5 X ¨!3 R� � � h ¨ i$ h ¨%3 i� X ¨

;3.0.�x&;<9!8Q:B9�OP.�: 23;36<9!8Q:m;�L�.�6>F���S
t�.W,&: @�=>6<23;<9!: @�23;3=>J H�f@J<4�:&.�;3=7;3- 9!;Y=[9�O<-�23- 9�@�.���KF=>;<9!xv.�kQ8Q;3=$63=>J&63=[2<=>:*;<2w9W�m,&.!c

;38Q=>:m;$.!Lj;3-&=�KF=>;<9!xv.�kQ8Q;3=�J�.G.�k�S�tw-&=W63=>kl9!;38Q.�: 23-&8lJ�xv=>;���=>=>:�8y23.�;3.�J�.�K0=>6w@�8y23;3638Qx&,&;38Q.�:
.!L ;3-&=YKF=>;<9!x�.�kl8Q;3=jJ�.G.�km9�2n9$��-&.�kl=�9!: @W;3-&=�8l2<.�;3.�J�.�KF=>6T@�8l23;3638Qx&,&;38Q.�: 2�.!L ;3-&=Y23- 9�@�.��
Jv.m.�kl2w8y2���8lg�=>:Bx*h�;3-&=�=[�m, 9!;38Q.�:

5 X ¨ 3 R� � � ¨�
� � " 5 X ¨� � � H

^&.�619!:mh�g�=[OP;3.�6ri� e  X ¨ 4&;3-&=�L�.�klkQ.���8Q:&��-&.�kl@&28�

i� 9 5 X ¨ 3 ��
� � " i� 9 5 X ¨� � �

tw-*, 2[4z8�L � 9 5 X � � � 3 � � 8y2TDG:&.���:�L�.�6j=[9�O<- �#4z;3-&=$OP.�: 23;36<9!8Q:m;<2jO>9!:�x�=�9�g�=>6<9!��=[@rS�tw-&8l2
O>9!kQkl2YL�.�6$OP.�KFJ&,&;<9!;38Q.�:�.!Lj9�2<=>;$.!Lng�=[OP;3.�6<2 i� L�.�6���-&8lOu- � � Fp2$O>9!:Bxv=�@�=>;3=>63KF8Q:&=[@rS�_b;
23-&.�,&kl@|xv=YOPkl=[9!6n;3- 9!;C9!:mhWx 9�2<8l2�.!Lv;3-&=�8Q:*;3=>6<2<=[OP;38Q.�:�23J 9�OP= �Q3 � " « `a`a` « � �$OP.�:m;<9!8Q: 2
23, Ou-'g�=[OP;3.�6<2>SW��.�63=>.�g�=>6>4T8Q;78y2I9�K09�Z�8QK09!kQc�238��>=[@�kQ8l:&=[9!63kQh�8Q: @�=>J�=>: @�=>:m;�23=>;�.!LY23, Ou-
g�=[OP;3.�6<2>S

� �&���r¯|�&��¶�¦n��¤�¦T�&«����[©y¤vª
Xw9�O<DG��9!6<@ J&63.�J 9!�z9!;38Q.�: 8l2�23.�KF=>��- 9!;�KF.�63= OP.�KFJ&kQ8lO>9!;3=[@rSÇt�.Æ23=>=?;3-&=?J&63.�x&kQ=>KB4
OP.�: 238l@�=>6�63=[9�OP;38l.�:B.!Ln=PZ&9!KFJ&kQ=6H � J

 ��� ¥Â¦nÀy?´�� 5<- -��@5 0 7$+�8.;!,G-+§17@(Ut.3I5<? - * : 5 -��@5�§,++*¥* +<.�( ?St�� � 5)F " 8�F �# A}3EDGF # ¨ 5YR`A�8�F # ¨ 5&%[AYM ,� � 5)F .+8�F��# A�3EDGF # ¨¬5&([AYM ,\� � 5)F " 8�F4� �# A�3EDGF # ¨ ¨@5YR`AYM ,\� � 5)F .+8�F�� �# A�3EDGF # ¨ ¨¬5&%[A�8�F # ¨ ¨Y5&([AYMB�
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� +.? *1(>8 5<7 ? +<. -��@5q* +U,�(.-9(>+.?fF # 5&%[A$� ��(+* §6+Y§ -�� 5r,�(47<: +4?@*I( ?�-��@5¡* +U,�(.-9(>+.? +.71(Çt<¤
( ?�(.- 5Ð§<7$+43 3I5<-)(=: ++* ( - 5BF " (.? 8 -��@5�+.-�� 5<7 ��(+* §Ð§<7$+.3 F . � ���@5 5&(!8UR`A�¤�,,;236+.3I5<7
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