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n`dTiYUXWhgYn`O]QTi�� a Z\Uzd`H%O]Q9��H@ujp@UXd a U�K�WlMvpvUXd9Mvno� �BU[Wh��UXd��
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• � U[u\O]Q`U[d�r:Zjd2Q�n`¢#Q�MvSVUXd�SVU[ghiYZ\J�J§iYU �VH@u\MvWYU H a UXW(�VH@u\MvWYZjgYZjUXWhS�MvWhU y�WYno�`�VUXd�Mvno�
a Z\U ��S`gYH@Wh�oilZjH@d a UXg(^BQoWYH@J�H@�`Q`HvWYg��

• � U[u\O]Q`U ¡BU a UXnoiYn`d`p�Q�MvSVU[d a ZjU§��U�ilQ �%u\p@Whn`�`�VUXd a U[gz^BQ`WYHvJ�Hv�`Q`H@Whg(Mvno� a UXghgYUXd
�sgYH@J�UXWhZ\gYZjUXWhn`d`p¤nod a ghH@J�Zji a U[d_�IQ`HviYH t �%wTu\nog��

• � U[u\O]Q`U[g �(S`ghH@WY�DilZ\Hvd`ghe@U[WYQ�MvufilU[d�Q`MvSVUXd�m(UXWhZjePMxilU a U[g(^BQ`WYHvJ�H@�oQ`H@WYg��

• � U[u\O]Q`U�gFilWYn`w$iYn`WYU[u\u\U[d G:U[Wlkvd a UXWhn`d`p@U[d�iYWYU[iYUXd ��kvQoWYUXd a�a UXg¤�:QoHvilH t �%wTu\n`g¤Mvno�
n`d a �BUXujORQoUXd_rIZ\d2Q`n`¢�Q�MPSVUXd a Z\U[gYU Mvno� a Z\U �(S`ghH@WY�DilZ\Hvd a UXg(^BQ`WhH@J�H@�`Q`H@Whg��

�(no� a Z\U[gYU#K�WYMvp@U[d n`d a d`H%O]Q e%Z\U[u\U�Mvd a U[WYU�UXZjd`U �(d$i � H@Whi H a UXW t noJ�Zjd a UXgFi UXZjd`UXd
3 �@ghn`d`p@gYMvd`gYMPi t{t n 1�d a U[d �@� kPu\ufi�Z\d a UXWIQoUXnoiYZ\p@U[d ��UXZfi�J�Zfi�
%Z\O]Q`UXWhQ`UXZfiIu\U[Z\O]QTiYUXW�Mvu\g�d`H%O]Q
e@HvW(¨�� H a U[W �v�§�@MPQ`WYU[d �om(ZjU(USRo�VU[WYZjJ�U[dTiYUXu\ujUXd�� �@p@ujZ\O]Q`wvUXZfilU[d#ghZ\d a n`J U[Z\d�G(Z\UXuf� MvO]Q`UXg
SVU[gYgYU[W§pvU �BH@W a UXd � a ZjU#��UX¢@J�U�ilQ`H a U[d gYZjd a Q`UXnoiYU#ghUXQ`W �`Wlk t Z\ghU�n`d a UXWhJ �vp@u\ZfORQ`U[d U[g
ghH@J�Zji � O]Q`U[J�ZjgYO]Q`U��IWYH t U[gYgYU � �{ZjU�ZjJ KNMvu\ujU a UXg9�{Q`H a H@�`ghZ\d`g a Z\U �(S`ghH@WY�oiYZ\H@d�UXZjd`UXg
�IQ`HPilH@d`g �ogY�VU[wTiYWYH@ghwvH@�`ZjgYO]Q9WYU[u MPiYZje¤p@UXd`Mvn t n/nodTilU[WYghn`O]Q`UXd �N��Zji a UXW�r:d$i �{ZjO]w%ujn`d`p a UXW
^BHvJ��`nDilUXWIZ\ghi t n a U[J UXZjd �BU[ZjiYUXWYU[g K�UXu a¤a UXW K�H@WhgYO]Q%n`d`p Q`Zjd t nop@UXwvH@J�J�UXd � a ZjU�ilQ`U[H@WYURq
iYZ\gYO]Q`U�¡BUXWhUXO]Q`d%nod`p¤e@Hvd9��H@ujUXwT¦`u\U[d�n`d a�a Z\U 
DZ\J§n`u\MPiYZjHvd�ORQ`U[J�Z\gYO]Q`U[WBG:H@WYp@kvd`p@UP�`�_Mvd
w Mvd`d§Q`U[noilUBJ�ZfiYilU[ujg a UXgI^BH@J��`noiYUXWhg a U[d�rIZ\d2Q�no¢(UXZjd t U[u\d`U[W �(J�Zjd`H@glkPn`WYU[d§MvnD� a Mvg �(SDq
ghH@WY�oiYZ\Hvd`ghe@U[WYQ�MvufilU[d a U[g��{Q`H a Hv�`gYZjd`g{ghZ\J§n`ujZjU[WYUXd��`rKRo�VU[WYZjJ�U[dTiYUXu\u�wxMvd`d a Z\UXg t noJ ¥?UXZju
dTn`W�gYU[Q`W(ghORQ �BUXW(n`d a J�Zficp@WhH@¢@UXJ ��no� ��Mvd a Mvd ��U[Zji �V�_MPiYUXWhZ Mvu�n`d a £�H@ghiYUXd_p@UXghORQ`URq
QoUXd �Im�M a ZjU9^BHvJ��`nDilUXW§Z\J�J�UXW u\UXZjghiYn`d`p@gF� kvQ`Z\pvUXW � UXW a UXd �Iw �@d`doUXd a Z\U�SVU[WYUXO]Q`doU[ilUXd

 �DgFilUXJ�U n`d a ��H a UXuju\U�Z\J�J�UXW p@W��@¢@UXW{p@U �BkvQ`uji �BUXW a UXd+n`d a p@U[SVUXd+ghH@J�ZjicU[Z\d�ZjJ�J�U[W
WhU�MvujZjilkPilghd�kvQ`U[WYU[gc¡BZju a�a UXg��{Q`H a H@�ogYZ\dog �{Z\U a UXW[�
m(Z\UzilQ`U[H@WYU�ilZ\ghORQoUXd���U[iYQ`H a UXd_Q�MvSVU[d+ghZ\O]Q�Z\d9p@ujUXZ\O]Q`U[W � U[Z\ghU t n`glMvJ�J�UXd�J�Zji a U[d

^BHvJ��`nDilUXWhd �BUXZfilU[WYUXd$i �{ZjO]wvUXujiX� ��Zji �cZ\uf��U§e@H@d £�H@J§S`Zjd�MPilZfH@d`U[d �Tn�MPdTiYUXdDq(n`d a J�Hvu\U�q
wT¦`u a �%d�MvJ�Z\ghORQ`U[W 
DZjJ�nou MxilZfH@d`U[d ��� ���@�+� � wxMvd`d J�Mvd�J�ZjihilujU[W �BU[Z\ujU�p@Mvd t U��(nogYgYO]Q`d`Zfihq
iYU�Mvnog§�IWYHviYUXZjd`UXd Z\d Mvw t U[�oi]MvSou\UXW ��UXZfi SVUXWYU[ORQod`UXd nod a gYH@J�Zji 
%iYWYn`w$ilnoWYJ�H a UXuju\U a U[g
�IWYHPilU[Z\d`g�U[WYgFilUXuju\U[d � m�Z\U�¡ UXWYU[O]Q`d%n`dop�e@H@d
Mvd`p@U[WYU[pvilU[d ��n`ghilkvd a U[d
ghiYUXujuji�Q`UXnDi t nDi]Mxq
pvU�MPn`ORQ�wvUXZ\d�n`dT¦`SVUXW �{Z\d a ujZ\O]Q`U[g���Zjd a U[WYd`Zjg¤J�UXQ`W a MvWX�:¡ UXZ a UXW�G:UXW �BUXd a n`d`p UXZjd`UXg
��nou\WYZjOXHvd21�p@n`WYMPilZjH@d`Mvu q 
%UXuf� q1^BH@dogYZ\gFilU[dTihqsK�ZfUXu a q�G:U[Wh� MvQ`WhUXd`g � �+^ 
`^�K � �{ZjU ^BH@J��`u\U�ilU�q
� O[iYZje@URq 
D��MPOXURq 
DU[uj� qF^BHvd`gYZjghilU[dTiFq1K�ZjUXu a q�G:UXWF� MvQ`WhUXd � ^ � 
 
`^�K ��n`d a/a UXW a MvWlMPno��Mvno��S`MvnDq
U[d a U[d��9n`ujiYZ\OXHvd21�p@n`WYMPilZjHvd�Mvu q 
%UXO[H@d a q � W a UXW1q1� U[WhilnoS�MPilZjH@d%qs¥ QoUXH@W � � ^ � 
o�I¥c� q�G:UXWF� MvQDq
WhUXd � �TJ�Zji a UXdoUXd#glkPJ ilu\ZjO]Q`Uc��H a UXu\ujU{Zjd a ZjUXghUXW ��WYSVUXZfi SVUXWhUXO]Q`d`U�i �{n`W a UXd �%UXWhQ�kvufi J�Mvd
e@U[WYu\kvgYghu\Z\O]Q`U � UXWhiYU � a Z\U�U[g UXWhu MvnoSVUXd � a ZjU�MPd`p@UXWhUXpviYUXd ��noghi]kPd a U�e@H@d WYU[u MPiYZje+p@WhH@¢@U[d
��Hvu\U[w%¦ou\UXd t noe@U[WYu kPgYgYZjp t n�SVU[gYO]Q`WYU[Z\SVU[d �`m(ZjUXgYU�� �@p@ujZ\O]Q`wvUXZfilU[d�S`Z\u a UXd a Z\U(y�Whn`d a u\Mvp@U �
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m(Z\U /�U�i t Q`Mvnoi � �cU�ilZjd�M � a UXg?J�UXd`ghO]Q`u\ZjORQ`U[d �(n`pvUXg?Zjghi?kvn`¢vUXWYgFi?wvH@J��ou\USR�Mvno��p@U[S�Mvnoi n`d a
gYU�i t i gYZ\O]Q Mvn`g?OXMo�x����Z\ujujZjHvd`UXd � Mv�o��U[dDq�n`d a O�Mo�$¨��@����Zju\ujZjHvd`U[d 
%ilkvSVO]Q`UXd t UXuju\U[d t noglMvJ�q
J�U[d ��m�Z\U � MvQ`Whd`UXQ`J§nod`p�e@Hvd�KNMvWYSVU[d+UXWh��Hvu\pvi a MvSVU[Z�Zjd a U[d � Mv�o��U[d t U[u\ujUXd � ��kvQoWYUXd a
a Z\U 
Ti]kvSVO]Q`UXd t UXuju\U[d���¦`W a Mvg /�MvO]QTilghUXQ`U[d9n`d a gYH@J�Zfi a Z\U��cUXujufq1m�n`d`wvUXu � MvQ`Whd`UXQ`J§n`dop
e@UXWYMvdTi �BH@WFilujZ\O]Q�gYZjd a �`m�Mvg{�IWhHvilU[Z\d � �BUXujORQoUXg a ZjU�UXZjp@UXd$ilujZ\O]Q`U ��no��p$MvSVU a UXW 3�ZjORQ$i �BMvQ`WFq
d`UXQoJ§n`d`p/Z\d a UXd 
Ti]kvSVO]Q`UXd t UXuju\U[d�Z\d`doU�Q�MPi�nod a gYHvJ�ZfizSVU[ZIpvUXWYZjd`p@U[W�3�ZjORQ$ilZjdTilU[d`gYZfi]kPi
a Z\U�3�Z\O]QTi ��MPQ`WYd`U[Q`J§n`d`p+U[WYJ��@p@ujZjORQ$i � Zjghi a Mvg§�{Q`H a H@�`ghZ\d � [ ' , ( , ) , * , + , , , - ] � ZjW a wvUXZjd
�cQoH a H@�`ghZ\d¤J�U[Q`WIp@U[S`Zju a U�i �PiYWYZfiYi a Z\U�gYH@pvUXd�MPd`dTiYU /(MvO]QTiYS`u\Zjd a Q`U[ZjiIMvno��6 a U[W ��U[d`gYO]Q�Z\gFi
d`Z\O]Q$i J�U[Q`W?Zjd a U[W+3 Mvp@U � Z\J m(nod`wvUXujd�£�H@d$iln`WhUXd t n UXWhwvUXd`doUXd�n`d a gYZ\O]Q t n H@WhZ\U[dTilZjUXWhUXd �
m�MPg(�IWYHPilUXZjd_�{Q`H a H@�ogYZ\d9SVU 1`d a U[i(gYZjORQ�ZjJ ^ �TiYH@�`u MPgYJ�M a UXW 
%ilkvSVORQoUXd t UXuju\UXd�n`d a

gYU�i t iIgYZjORQ�Mvn`g t �BUXZ`¡BUXgFi]Mvd a ilUXZju\U[d t n`glMvJ�J�UXd � a U[J ^BQ`WYHvJ�Hv�`Q`H@WB¨v¨[qsO[Z\gFqs�cU�ilZjd�MPuTn`d a
a UXJ �(�VHv�`WYHviYUXZjd � �`ghZ\d � ¨@¨[q OXZ\g1q1�{U[iYZjd�Mvu:Z\ghi§U[Z\d m�UXWYZfePMPi a UXg§G�Zfi]MvJ�Zjd � nod a �{ZjW a
UXd t �%J#MxilZ\ghORQ
Mvn`g a ZjUXgYU[J p@UXS`Zju a U[i���m�Mvg �(�VH@�`WhHvilU[Z\d � �`gYZjd
gYU[u\S`gFi�ghU[i t i�gYZjORQ
MPn`g
�56$© �(J�Z\d`H@gYkvn`WhUXd t n`glMvJ�J�UXd � a ZjUzUXZjd`U £zU�iYilU�e@H@d9gYZjUXSVUXd/ilWYMvd`ghJ�U[J�SoWlMvd`U[d9��UXujZ\O[UXg
��H@WYJ�UXd�� �sd a Z\Uz�9ZjiYiYU a ZjUXgYU[W�ghZ\UXSVU[d/��UXujZ\O[UXgBZ\gFi a U[W{^BQ`WhH@J�H@�`Q`H@W �{Z\U(Zjd�UXZjd`U(¥ MvgYO]Q`U
UXZjd`p@U[S�U�iYiYU[i�n`d a t ��MvW�pvUXS`n`d a UXd
Mvujg#�`WhHvilH@doZ\U[WhilU 
DO]Q`Z 5Nq1¡�MPgYU+Mvd a Mvg13 �%g]�5.54 a UXg
� �`gYZjd`gX�
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m(ZjU�¨v¨[qsO[Z\gFqs£�H@d21`p@n`WlMxilZjHvd � a Z\U a MPg#�{U[iYZ\d�MPu ZjJ �IWYHviYUXZjd U[Z\d`doZ\J�J i���Zjghi�U[d`UXWhp@U[iYZ\gYO]Q
� UXgYU[dTiYu\Z\O]Q9n`d`p@¦`doghilZjp@U[WcMvu\g a Z\U�Mvu\u q�ilWYMvd`g1q1K�HvWYJ/� �1d 3 �@ghn`d`p �{¦`W a U a UXW�^BQ`WYHvJ�H@�oQ`H@W
doZ\O]QTi u Mvdop@U�Zjd a UXW�¨@¨�qsOXZjgFqsK�H@WYJ e@H@Whu\ZjUXp@U[d ��gYH@d a UXWYd gh�VH@dTilMvd Z\d a ZjU�Mvu\u q�ilWYMvd`g1q1K�HvWYJ
ZjgYH@J�UXWhZ\ghZjUXWYU[d � �sJ � �`gYZjd9Z\gFi a ZjUXgYU £�H@d21�pvn`WlMPiYZ\Hvd/Q`Z\dop@UXpvUXd9gYUXQoW�gFi]MvSoZ\u��`¡BU[WYU[ORQ`dTn`dDq
pvUXd t no��H@u\pvU U[Wh��H@ujpvicn`d$ilU[W��`Q �%ghZ\H@ujH@p@ZjgYO]Q`UXd_¡ U a Zjd`p@n`d`pvUXd_dTn`W�U[Z\d`J�Mvu Z\d 6@�@�#�@MvQoWYUXd
U[Z\d`U�ilQ`U[WYJ�Z\ghORQ`U�b�J ��Mvd a u\nod`p�Mvn`g a U[W ¨v¨[qsO[Z\g1q:Z\d a ZjU�Mvu\u q�ilWYMvd`g1q1K�HvWYJ/� [ 4Ab ]
¥ WhZ 5ViBMPu\u\U[W a Zjdop@g:U[Z\d#�IQ`HviYH@d�Mvno� a Z\U /cU[i t Q�MPnoi �%gYH ZjgYH@J�UXWhZ\ghZjUXWhi a U[W�^BQ`WYHvJ�H@�oQ`H@W

Zjd`d`U[WYQ�MvujS�e@Hvd_�P�@��K�UXJ iYH@gYU[w%nod a UXd [ 4 4 ] e@H@d a UXWz¨@¨�qsO[Z\gFq ��yzWYn`d a t n`gFi]Mvd a � a MvWhw�gFi]MPiYU �
Zjd a Z\U�Mvu\u q�ilWYMvdogFq1£�Hvd21�pvn`WlMPiYZjHvd � ��S`S �I���R��m(ZjUXghU/�cUXMvw$ilZjH@d Z\ghi§U[Z\d`U a UXW§gYO]Q`d`U[u\ujghilU[d
SVU[wxMvd`d$ilU[d�¡BZjH@WYUXMvw$ilZ\Hvd`UXd �Dn`d a gYZjU�Zjghi MPn`¢@UXW a UXJ d`H%O]Q/kvn`¢@U[WYghi U�� t ZjUXdTiX�`m(Z\U���n�MvdDq
iYUXd�MPn`gYSVUXnDilU a UXW �{U�MPwTiYZ\H@d�SVU[ilWYkvpvi � �74$� � ��Mvg�SVU a UXnoiYU[i�� a Mv¢�e@H@d�¨��v��UXZjdo� MvujujUXd a UXd
�IQ`HPilH@d`U[d 4$�cUXZjd`U �sghH@J�UXWYZjgYZjUXWYnod`p a U[g:^BQ`WYHvJ�Hv�`Q`H@Whg e@H@d a U[W�¨v¨[qsO[Z\gFq�Z\d a ZjU�MPu\u q iYWlMPd`g1q
K�H@WhJ Mvn`gYu �@ghUXd �Pm(Z\U ��n�MPdTiYUXd�MvnogYSVUXnDilU�Z\ghi a MvJ�Zji � UXgYU[dTiYu\ZjORQ§Q �@Q`UXW�Mvujg SVU[Z\gY�oZ\UXujg � UXZ\ghU
ZjJL��U[iYQ�Mvd`Hvu � �BH�ghZ\U�ujU a Zjp@ujZjO]Q�S�U[Z?� � ���§u\ZjUXpviX� [ 4S' ] m(ZjU r�� t Z\U[d t a UXWc�cUXMvw$ilZjH@d9Zjghi{gYHPq
J�Zji n`J � Mvghi 4@��� p@U[WYZ\dop@UXW{Mvu\g Z\J �IWYHPilUXZjd � ��no��p@WYnod a�a U[WcQ`H@Q`U[d ��n�MPdTiYUXd�MvnogYSVUXnDilU
nod a a U[W¤� MPghi¤e �vu\u\ZjpvUXd �(S �BU[gYUXd`Q`UXZfi�e@H@d ilQ`U[WYJ�Z\gYO]Q`U[d bcJ ��Mvd a u\n`d`pvUXd�Zjghi¤UXg a UXJ
��U[d`gYO]Q`UXd J �vp@u\ZfORQ � ghZ\O]Q gYUXujS`ghi SVUXZ kvn`¢@U[WYghi �{Z a WYZ\pvUXd 3�Z\O]QTihe@UXWYQ`kvujiYd`Z\ghgYUXd Zjd ghUXZjd`UXW
bcJ�pvUXS`n`dop t noWYUXO]Q$i t n�1`d a UXd��
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m(ZjU ��S`gYHvWY�oiYZ\H@d�UXZjd`UXg��IQ`HviYH@d`g a n`WhORQ a Mvg�¨@¨[q OXZ\g1q1�{U[iYZ\d`Mvu?SVUXZ��v�@��doJ Z\gFi a UXW �(nogFq
u �@gYU[W a UXg(�:QoHvilH t �%wTu\n`g � �(S`S���� � �VMPd a U[gYgYU[d�rId a U a Z\U �(w$iYZje%Z\U[WYn`d`p a U[W 
DUXQowxMvghwxM a U
gFilUXQ$i�� m�Mvg�UXWhghiYU�ghilMvS`Z\ujU �Vd�MPORQ �BUXZjgYS�MPWYU � �{ZjgYO]Q`UXdo�`WYH a nowTi�Zjghi a MPgz¡�MPilQoH@WYQ`H a H@�`gYZjd �
� UXu\O]Q`U[g§J�Zji U[Z\d`U[J �(S`ghH@WY�DilZ\Hvd`gYJ�M,RDZ\J§n`J �

λmax

�ze@Hvd � 6@��d`J ZjJ G:UXWhp@u\U[Z\O]Q t n`J
yzWYn`d a t n`gFi]Mvd a � a MvWYw ghi]MxilU � WYHPi�e@U[WYgYO]Q`H@SVU[d MvS`ghH@WYSoZ\U[Whi���m(UXW¤¡�MPilQoH t n`gFi]Mvd a �BUXZjghi
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A=1

ZA

riA

+
n
∑

i=1

n
∑

j>i

1

rij

���D� � �

�sd a U[W t n�u �@ghUXd a U[d 
DO]Q`W�� a Z\d`pvUXWYpvu\U[Z\O]Q%n`dop

HelΨel = EelΨel

���D�T6
�

SVU[gYO]Q`WYU[Z\Soi a ZjU�U[u\UXw$iYWYH@d`ZjgYO]Q`U � UXuju\U[do��n`d`w$iYZ\H@d �
Ψel

� a ZjU�¡BU �BU[p@n`d`p a UXW r:ujUXw$ilWhH@d`U[d
ZjJLK�U[u a H@WFilgh��U[ghiYUXW(£zU[WYd`U n`d a Z\gFicgYH@J�Zji��`SVUXZ�e@H@Whp@UXpvUXSVUXdoUXW(£�U[WYd`wvHvd21�p@noWlMPiYZ\H@d ��dTn`W
doHDO]Q�U[Z\d`U§K�nod`w$ilZ\Hvd_e@H@d

ri

6�n`d$ilU[WYgYO]Q`ZjU a ujZ\O]Q`U§£zUXWYdowvH%H@W a Zjd�MPiYUXd�� ��¦oQ`WYU[d�gYH@J�Zji t n
nodTilU[WYgYO]Q`ZjU a ujZ\O]Q`U[d � UXuju\U[do��n`d`w$ilZjH@d`U[d

Ψel

n`d a rId`UXWhp@Z\U[d
Eel

�
m(Z\U(yzUXgYMvJ ilU[d`UXWhp@Z\U � r �IUXWhQ�kvufi J�Mvd�Mvn`g a UXW 
Dn`J�J�U a U[W U[u\UXw$iYWYH@d`ZjgYO]Q`UXd�rId`U[WYp@ZjU

nod a�a U[Wc£zUXWYd%q1£zUXWhdDq � UXO]Q`ghUXu �{ZjWYwTn`d`p ��yzu����%� ���R�

E = Eel +
N
∑

A=1

N
∑

B>A

ZAZB

RAB

���D� ���
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��ZjiB�cZ\uf��U a UXWB¡BHvWYdDq � �o�VUXd`Q`U[Z\J�UXW1q0/�kvQ`UXWhn`d`p wvH@J�J i J�Mvd t n�U[Z\d`U[WBm�MvWhghilU[u\ujn`d`p a U[W

DO]Q`W � a Zjd`p@U[WYp@ujUXZjORQTn`d`p � a ZjU dTn`Wce@H@d a U[d�£�H%H@W a Z\d�MxilUXd a UXW(rIu\U[wTiYWYH@doUXd�MPS`Q�kvdop@Z\p�Z\gFi
n`d a�a M a n`WYO]Q a Z\U+¡BU[gYO]Q`WYU[Z\S`n`dop UXZjd`UXg/��Hvu\UXwT¦`ujg�e@UXWYU[Z\do� MPORQ$i���m(ZjU a MvWlMPno� Mvno��S�Mvn%q
UXd a U���MvWhiYWYU[U�q1K�H%O]w@qF��U�ilQ`H a U [ 4A) , 4S* ] Z\ghi�UXZjd`U a U[W �{Z\O]QTiYZ\p@gFilU[d �%n`MvdTiYUXd`J�UXO]Q�MvdoZ\gYO]Q`U[d
¥ Q`UXHvWYZ\U[d t n`W 3 �@ghn`d`p a UXW{U[u\U[wTiYWYH@d`ZjgYO]Q`U[d � UXu\ujUXdD��n`d`w$ilZjH@d Ψel

¦`SVUXWhQ�Mvn`�oiX�
��n`gYp$MPd`p@gY�on`d`w$i a UXg?�(MvWFilWYU[U�qsK�H%ORw@q GIUXWh� MPQ`WYU[d`g Z\ghi a Z\U � UXuju\U[do��n`d`w$iYZ\H@d

Ψ
� a Z\UIU[Z\d`U

/(kvQoUXWYnod`p a UXW{U RoMvw$iYUXd � UXuju\U[do��n`d`w$iYZ\H@d�n`d a 3 �vgYn`d`p a U[W 
DO]Q`W � a Zjd`p@U[WYp@ujUXZ\O]QTn`d`p¤Zjghi��

HΨ = EΨ
���D�74 �

rIWYgYU�i t i�J�Mvd a UXd �(MPJ�ZjufilHvd`H@�VU[WlMPiYH@W a noWYO]Q U[Z\d`U 
%n`J�J�U�e@H@d rIZ\d%q1rIu\U[wTiYWYH@doUXdDqs�(MvJ�Zju q
ilH@doH@�VUXWYMPilH@WhUXd

hi

��ghH �{Z\W a Mvn`g a U[W���UXQ`WhUXujUXw$ilWhH@d`U[d
�BUXuju\UXdD��n`d`w$ilZjH@d
Ψ
UXZ\d��IWYH a nowTi

e@H@d�r:ZjdDq1rIujUXw$ilWhH@d`UXd%q � UXuju\U[do��n`d`w$ilZjH@d`U[d � evH@d � WYSoZji]MPu\U[d MPu\gYHo��m(ZjU 
DO]Q`W � a Z\d`p@U[WYp@ujUXZ q
ORQTn`d`p�u kv¢Pi_gYZ\O]Q a Mvdod ��¦oW+UXZjd 
 �DgFilU[J J�Zji�d r:ujUXw$ilWhH@d`U[d Z\d d rIZjdDq1rIu\U[w$ilWYHvd`UXdDq
y�ujUXZjORQTn`d`p@U[d t U[WYu\U[p@U[d � �BH@SVUXZ a ZjU rId`U[WYp@ZjU Ea

a ZjU�r:doUXWYpvZ\U�U[Z\d`U[gIr:ujUXw$ilWhH@d`g�Z\d � WYSoZji]MPu
M¤SVU t U[Z\O]Q`d`U�i��

H =
n
∑

i=1

hi

� �D� � �

hiΨa(1) = EaΨa(1)
� �D� © �

/(MvO]Q_�(MPWhilWhUXURq1K�H%O]w �{ZjW a9a ZjU � U[u\ujUXdo��nod`w$ilZ\Hvd
Ψ
MPu\g 
%u MPiYUXW a U[ilU[WYJ�Z\d`MvdTiYU�Mvn`gcd 
%�`Zfq

d`H@WhS`ZjilMvu\U[d a MvWhp@UXgFilUXujuji ���%� . �R�vrIZ\d 
D�`Zjd`H@WhS`ZjilMvu
ψ
SVU t UXZjORQod`U[i a MvSVU[Z a MvgI�IWYH a nowTiIUXZjd`UXW

� WYS`Zfi]Mvuf��n`dowTiYZ\Hvd J�Zji U[Z\d`U[W 
D�`Zjdo��n`d`w$ilZjH@d �?r:g p@Z\Soi a UXJ�d�MvO]Q gYH �BH@Q`u a Z\U�WlkPn`J�ujZjO]Q`U
G:UXWFilU[Z\u\nod`p�Mvujg{Mvn`O]Q a UXd 
D�`Zjd t n`gFi]Mvd a�a UXg a MvWYZjd/UXd$ilQ`MvujiYUXd`U[d_rIu\U[w$ilWYHvd`g �{ZjU a UXWX�

Ψ0(x,R) =
1√
n!
det | ψa(1)ψb(2)...ψz(n) | � �D�7. �

m(Z\U 
D�oZ\d`H@WhS`ZjilMvujU � �BU[u\O]Q`U a Z\U SVU[ghilU /(kvQ`U[WYn`dop a UXWci]MxilglkPORQ`ujZ\O]Q`U[d � U[u\u\U[do��n`d`w$iYZ\H@d`U[d
a MvWhghilU[u\ujUXd �Pu MPgYgYU[d¤gYZjORQ�J�Zji���Zjuj��U a UXg�G MvWhZ MPiYZ\Hvd`gFe@UXWh� MPQ`WYU[d`gId`MvO]Q���M �DujUXZjp@Q§U[WYJ�ZjihilUXujd 6
gYZjU�u\MvgYghUXd a MvSVU[Z a Z\U�rId`UXWhp@Z\U

ε
J�Z\d`ZjJ�MPu �BUXW a UXd��

ε =

∫

ψ∗(x,R)Hψ(x,R)dx
∫

ψ∗(x,R)ψ(x,R)dx

���D�f¨�� �
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��WYSVUXZfilU�i�J�Mvd_J�Zfi�d`H@WhJ�ZjUXWFilUXd � UXuju\UXdD��n`d`w$ilZjH@d`U[d �VgYH�Zjghi ∫
ψ∗(x,R)ψ(x,R)dx = 1

�
nod a�a UXW /�UXdod`UXW�Z\d�y�ujUXZ\O]Q%nod`p9�D�f¨���U[dTih� kvu\ufi���m(ZjU§ePMvWYZ\MPilZjH@doUXujujU§K�WYU[Z\Q`U[Zji�SVUXZ a Z\UXghUXJ
G:U[Wh� MvQoWYUXd/Z\ghi a ZjU � MvQ`u a U[W 
D�`Zjd`H@WhS`ZjilMvujUv�`�9Z\d`ZjJ�ZfUXWFi�J#MPd a ZjU�rId`U[WYp@ZjU

ε
Zjd ��S`Q�kvd%q

pvZ\p@wvU[Zji�e@Hvd a UXd 
%�`Z\d`HvWYS`Zfi]MvujU[d ��ghH�UXWhQ�kvuji J#MPd a MvWYMvn`g a ZjU �(MvWFilWhUXU�qsK�H%ORw@q1y�ujUXZjO]Q%n`d`pvUXd
� �D�f¨@¨ �¤��¦`W	/hU a UXg 
D�`Zjd`H@WYSoZji]MPu

ψa

�
εa

SVU t U[Z\O]Q`d`U�i a MPS�U[Z a Z\U�rId`U[WYp@ZjU a UXg 
D�oZ\d`H@WhS`Zfq
ilMvu\g:n`d a

fi

a UXd�K�H%O]wvH@�VUXWYMPilH@W[�%m(Z\U[gYU[W gYU�i t iBgYZjORQ#Mvn`g a UXJ r:ZjdDq1rIujUXw$ilWhH@d`U[dDq � �VUXWYMPilHvW
hi

n`d a a U[d � � UXZ q1rIu\U[wTiYWYH@doUXdDq � �VU[WlMPiYH@WYU[d t noglMvJ�J�UXd �?d�kPJ�ujZjORQ a UXd ^BH@nou\H@J§SDq � � �
nod a�a U[d �(n`gFi]MvnogYO]Q`H@�VUXWYMPilHvWYUXd � £ � ��yzu����%�j¨ � ����m(U[W{G:H@WFilUXZju Zjghi � a MP¢�J�Mvd a Mvg{wvH@J�q
�ou\U RDU��9UXQ`WFilUXZju\O]Q`UXdo�`WYH@Sou\U[J Mvn`g/yzu\U[Z\O]Q%n`dop �D� 4 a n`WYO]Q�UXZ\dD� MvO]Q`UXW t n�u �@gYU[d a U�rIZjdDq
rIujUXw$ilWhH@d`UXd%qFyzu\UXZjORQTn`d`pvUXd U[WYghU[i t i � SVUXZ a UXd`U[d a ZjU rIu\U[wTiYWYH@dDqsrIu\U[wTiYWYH@d%q � UXO]Q`gYU[u �{ZjWYwTn`d`p
dTn`W{p@U[J�ZfiYilU[ufi U[Z\d`pvUXQ$i��

f1ψa(1) = εaψa(1)
� �D�f¨@¨ �

f1 = h1 +
∑

u

(Ju(1) −Ku(1))
���D�f¨ ���

m(U[Wc^BH@n`ujH@J§SVH@�VUXWYMPilHvW �§SVUXgYO]Q`WhUXZ\SDi a ZjU � UXO]Q`gYU[u �{ZjWYwTn`d`p a UXW r:ujUXw$ilWhH@d`U[d9nodTilU[WYU[Z\dDq
MPd a UXW n`d a t �BMvW§Mvujg p@U[J�ZfiYilU[ujiYUXg�UXujUXw$ilWhZ\ghORQ`U[g§� HvilU[dTiYZ Mvu � �BU[u\O]Q`UXg§Mvno� a Mvg r:ujUXw$ilWhH@d
ZjJ � WYS`Zfi]Mvu

ψu

a n`WYO]Q a ZjU�¦`SoWYZ\pvUXd�d%q]¨zr:ujUXw$ilWhH@d`U[d/Z\d a U[d9Mvd a U[WYU[d � WYSoZji]MPu\U[d�MPn`gYp@URq
¦oSoi��{ZjW a �$�_MPiYQ`UXJ�MPiYZ\gYO]Q¤u\kv¢vi�gYZjORQ a UXW ^BH@n`ujH@J§SVH@�VUXWYMPilHvW a n`WYO]Q¤��H@u\pvUXd a U{yzu\UXZjO]Q%n`d`p
a MvWYghiYUXuju\U[d �

Ju(1)ψa(1) =

(

∫

ψ∗
u(2)

(

e2

4πε0r12

)

ψu(2)dx2

)

ψa(1)
� �D�f¨�� �

m(UXW ��n`ghilMvn`ghORQ`Hv�VUXWlMxilH@WB£ SVU[gYO]Q`WYU[Z\SoiBQ`Zjd`p@UXpvUXd a ZjU�£�H@WhWYUXu\MPilZjHvd a UXW r:ujUXw$ilWhH@d`U[d
J�Zji�p@u\U[Z\O]Q`U[J 
D�`Zjd � a Z\UzghZ\O]Q�Mvu\g KNHvu\p@U[WYn`dop�Mvnog a UXJL��Mvn`ujZfqs�:WhZjd t Z\��d`Z\O]QTicMvJ gYU[u\SVU[d
� WFi�MvnD��Q�MvufilUXd/w �vd`d`UXd��

Ku(1)ψa(1) =

(

∫

ψ∗
u(2)

(

e2

4πε0r12

)

ψa(2)dx2

)

ψu(1)
� �D�f¨M6
�

m(ZjU 3 �@gYn`dop a UXWz��MvWhiYWYUXURq1K�H%O]w@qFyzu\U[Z\O]Q%nod`p@UXd_UXWF��H@u\pvi�ZjilU[WlMPiYZjeV� ��n`d�kvO]Q`ghi � UXW a UXd�J�Zfi
U[Z\d`U[J 
oMPi t e@H@d
MPd`p@U[d`H@J�J�U[d`UXd � WhS`ZjilMvujUXd a Z\U � �VUXWlMxilH@WhUXd
� nod a £ Mvno��pvUXS�MPnoi
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n`d a�a Z\U��(MvWFilWYU[U�qsK�H%ORw@qFyzu\U[ZjORQTn`d`p@U[d�p@UXu �@ghiX� �(n`g a U[d a MvWYMvn`g�WYU[gYn`ufilZjUXWYU[d a U[d � WYS`Zfi]Mxq
u\U[d �BU[W a U[d9e@UXWhSVUXghgYUXWhilU � UXO]Q`ghUXu �{ZjWYwTn`d`pvgYZ\d$ilU[p@WlMvujUzSVUXWhUXO]Q`d`U�i�n`d a9a Z\U�y�ujUXZ\O]QTn`d`p@U[d
�BU[W a U[d�U[WYd`U[noi�p@UXu �@ghiX��m(ZjUXghU��IWhH t U a n`W �{ZjW a ghH�Hv� i �{ZjU a U[WYQ`Hvuji �NS`Zjg a Z\U m�Z 5�UXWYU[d t U[d
a UXW�SVU[WYUXO]Q`d`U�ilUXd�rId`UXWhp@Z\U[d§n`d a�a UXW�rIu\UXw$iYWYH@d`U[d a ZjORQ$ilUBZ\d t � UXZ`Mvno��U[Z\d`Mvd a U[W ��H@ujp@UXd a UXd
� �%w%ujUXd�n`dTiYUXWBUXZ\doUXd#e@H@WYp@U[p@UXSVU[d`U[d_yzWYUXd t �BU[Whi�� Mvuju\U[d �%m(Z\U(ghH�U[WYJ�ZjiYiYUXufilU�rIu\U[w$ilWYHvd`UXdDq
e@UXWFilUXZju\nod`p �{ZjW a Mvu\g a Mvg9ghUXujS`ghiYwvH@d`gYZjghiYUXd$ilU K�UXu a ��
`^�K ��SVU t U[Z\O]Q`d`U[iX��b�WhgY�`Wh¦`d`p@ujZ\O]Q
�{n`W a U a Z\U[gYUXg�GIUXWh� MPQ`WYU[d�e@H@d/�(MvWFilWhUXU(��¦`W ��ilHvJ�U(U[Z\d`p@U���¦`Q`WFi � �BH@SVUXZ�UXg a n`WYO]Q/d%noJ�URq
WYZjgYO]Q`U 3 �vgYn`d`p a UXW � WYS`Zfi]MvujU a n`WhORQop@U[��¦`QoWhi �{n`W a Uv�@K�¦`W���H@ujUXwT¦`u\U Z\gFi a ZjUXghUXg�G:U[Wh� MvQ`WhUXd
Mvu\ujUXW a Zjd`p@g t n�Mvno� �BU[d a Z\p¤n`d a d`Z\O]Q$ic�`WYMvw$ilZjwxMvSVU[u��
bcJ a Mvg ��MvWhiYWYUXURq1K�H%O]w@q G:U[Wh� MvQ`WhUXd#Mvn`O]Q#Mvno� pvW �@¢@U[WYU 
 �%ghilU[J�U �DMvujgYH �9H@u\U[w%¦ou\U �TMvd%q

�BU[d a UXd t n w �@dod`UXd � �{noW a U+e@H@d �cH%HPilQ�MvMvd n`d a ��Mvuju�UXZjd ��d`glMxi t U[dTi �{Z\O]wvUXufi � a U[W
Mvno� a UXJ 3�Zjd`U�MPWFqF^BHvJ�SoZjd�MPiYZjH@d§Hv� ��ilH@J�Z\ORq � WYSoZfi]MPujg �(d`gYMPi t � 3?^ � � � a U[W t n�u �vgYUXd a UXd
��H@ujUXwT¦`u\HvWYS`Zfi]MvufU ��� � g ��SVUXWYnoQTi���¡BUXpvH@d`d`U[d �{Z\W a MvnoORQ�Q`Z\U[W#J�Zfi a U[J G:MvWYZ\MPilZjH@dogFq
e@UXWF� MvQ`WYU[d e@H@d��cM	�%u\U[Z\p@Q	� �D�f¨�� � � �BH@SVU[Z J�Mvd ZjJ ��u\ujp@UXJ�U[Zjd`UXd a M�e@H@d�Mvn`gYpvUXQ$i � a Mv¢
rIu\UXw$iYWYH@d`U[d J�Zji pvUX��M@MPWhilU[J 
D�`Zjd a MvgYghUXu\SVU � WhS`ZjilMvu SVUXgYU�i t ilUXd � WhUXghiYWYZjO[ilU a ��MvWFilWYU[U�q
K�H%ORw@q�G:UXWF� MvQ`WYU[d ����r:g�wxMvdod a U[W¤pvu\U[Z\O]Q`U ��d`glMPi t p@U ��kvQouji �BU[W a U[d �{ZjU�Z\d y�ujUXZ\O]QTn`d`p
�D�f¨@¨ � �BHvSVUXZ a ZjU � U[u\u\U[do��n`dowTiYZ\H@d�Q`Z\U[W�gh�`Z\d`ujH@gzZjghi�n`d a ghZ\O]Q a UXW K�H%O]wvH@�VUXWYMPilH@Wzu\U[Z\O]QTi
e@UXWYkvd a U[Whi�U[WYp@ZjSoi��

f1 = h1 +
∑

u

(2Ju(1) −Ku(1))
���%�j¨ � �

/�MvO]Q a U[J ��d`glMPi t e@H@d��cH%HviYQ�M@Mvd#nod a �(MPu\u � UXW a UXd a ZjU � U[u\ujUXdo��n`dowTiYZ\H@doUXd ψ Mvujg3�Z\d`UXMvWYwvHvJ�SoZ\d�MPiYZjHvd`U[d/¦`SVU[W�MPu\u\Uz� ¡�MvgYZjgh��n`dowTiYZ\H@doUXd
φ
UXd$i �{ZjO]wvUXujiX�

ψi =
M
∑

j=1

cijφj

���D�f¨34 �

m(Z\U e@UXW �BUXd a U[ilUXd ¡�MvghZ\gh��nod`w$ilZ\Hvd`UXd�Sou\UXZjSVUXd ��kPQ`WYU[d a�a UXWzp$Mvd t UXd��cU[ORQod%n`d`p9nodTe@U[WFq
kvd a U[Whi���ePMvWYZjZ\U[Whi �BU[W a U[d+u\U a Z\pvujZjO]Q a Z\U rKRo�`Mvd`gYZjH@d`ghwvH%U � t Z\U[dTiYUXd+Ov� 
DU[i t i�J#Mvd a Z\UXghUXd
�(d`gYMPi t Z\d�yzu\U[Z\O]Q%nod`p��%�j¨@¨�U[Z\d �`ghH�UXWYpvZ\Soi{ghZ\O]Q �

f1

M
∑

j=1

cijφj(1) = εa

M
∑

j=1

cijφj(1)
���%�j¨ � �

rIW �BU[ZjilU[Whi�J�Mvd a ZjUXghU_yzu\U[Z\O]Q%nod`p�J�Zfi a U[W�wvHvJ��`ujU R wvH@d,/hn`p@ZjUXWFilUXd�K�n`d`w$ilZjH@d
ψ∗

ji

�IghH
��H@u\pPi d�MvO]Q �sdTilU[p@WlMxilZjH@d/¦`SVU[W

dr1
�
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M
∑

j=1

cja

∫

ψ∗
i (1)f1ψj(1)dr1 = εa

M
∑

j=1

cja

∫

ψ∗
i (1)ψj(1)dr1 ⇒

M
∑

j=1

Fijcja = ε
M
∑

j=1

Sijcja

� �D�j¨�© �

� H@SVUXZ a Z\U ��SVU[WYu\Mv�`�`n`dop@gYJ�MPilWhZ R
Sij =

∫

ψ∗
i (1)ψj(1)dr1

Z\J KNMPu\u?U[Z\d`U[gzHvWhilQ`Hvd`H@WYJ�Mxq
ujUXd ¡�MvghZ\ghglMPi t UXg a Z\U�rIZ\d`QoUXZjiYgYJ�MPilWhZ R�nod a Fij =

∫

ψ∗
i (1)f1ψj(1)dr1

a Z\U�K�H%O]wTJ#MxilWYZ R
a MvWYghiYUXujujiX�
m(ZjUXghU§y�ujUXZjORQTn`d`p�u\kv¢vi{gYZjORQ�Z\d a Z\U �_MPiYWYZ RDp@ujUXZjO]Q%n`d`p ��yzu��N�D�f¨3. ��¦`SVUXWF��¦`Q`WhUXd � �BH@SVU[Z�^
U[Z\d`U§� R+� a ZjJ�UXd`ghZ\H@d�MPujU ��MPilWhZ R9J�Zfi a UXd�rIu\U[J�U[dTiYUXd

cij
n`d a

ε
Mvd�MPu\H@p a M t n+UXZjd`U

� R�� a ZjJ�U[d`gYZjH@d�MvujUz�_MPilWhZ R�J�Zfi a U[d_rIu\U[J�U[dTiYUXd
εa

SVU t UXZjO]Q`d`U[iX�

FC = SCε
���D�f¨3. �

m(ZjUXghU¤y�ujUXZjORQTn`d`p#u\kv¢vi�gYZjORQ�Mvn`O]Q+��¦`W(p@WhH@¢@U 
 �%ghilU[J�U a n`WhORQ�m(Z\Mvp@Hvd�Mvu\ZfgYZjU[WYn`d`p�e@H@d�K
Zjd � WhilQoH@p@H@d`MvujiYUXWYJ�U�¦`SVUXWF��¦`Q`WhUXd � J�Zji a UXd � WYS`Zfi]MvujUXd�MPu\g�rIZjp@UXd$e@UXw$ilH@WhUXd n`d a a U[d
rId`U[WYp@ZjUXd9Mvu\g m(Z\Mvp@H@d`Mvu\U[ujUXJ�U[dTilUP� ��u\gc�9U[ilQoH a U �{ZjW a MPn`ORQ/Q`Z\U[W a MPg 
DU[uj� q1^BH@d`gYZjghiYUXdTiFq
K Z\UXu a q�G:UXWh� MPQ`WYU[d Mvdop@U �BU[d a U�i��:��Zfi a UXW ¥ WYMvd`gF��H@WYJ�MPilZjH@d Z\d a Z\U��_MPiYWYZ RDghORQ`WhUXZjS
�BU[Z\ghU
u\MvgYghUXd�gYZ\O]Q a Z\U �(MPWhilWhUXURq1K�H%O]w$q1y�ujUXZjO]Q%n`dop@UXd9gYO]Q`d`U[u\u n`d a U 5�U[w$ilZje/u �@gYU[d�n`d a U[WYJ��@p@u\Z q
O]Q`U[d_ghH a Z\U�¡BU[WYU[ORQod%n`d`p�p@WYHv¢@UXWc��Hvu\UXwT¦`ujUv�
¡BUXZ a UXW��(MvWFilWYU[U�qsKNH%O]w@qF�9U[ilQoH a U n`dTiYUXWYghORQoUXZ a U[i�J�Mvd�pvUXd`U[WYU[u\u t �{ZjgYO]Q`UXd t � UXZ G Mxq

WhZ Mvd$ilU[d � a UXJ4WYU[ghilWhZ\O�ilU a �(MvWFilWYU[U�qsK�H%ORw@q � �c�(K �?n`d a¤a UXJ4n`d`WhUXgFilWYZjO[ilU a �(MvWFilWhUXU�qsK�H%ORw@q
G:U[Wh� MvQoWYUXd � b��(K �R�
¡BUXZjJL�c�(K q G:U[Wh� MvQ`WhUXd � a Mvg �BU[ZjiYUXW{H@SVUXd9gYO]Q`H@d�SVUXZjJL�{H%HvilQ`M@MvdDqs�(Mvuju q �(d`gYMPi t UXWFq

wTu\kvWhi �{n`W a U �Pp@U[QTi�J#Mvd a M�e@H@d�Mvnog�� a Mv¢ a UXW���MPn`J#MPdTilU[Z\u@e@Hvd /hU �BU[Z\ujg t � UXZor:ujUXw$ilWhH@d`U[d
J�Zji

α
q�n`d a

β
q 
D�`Zjd#Z a UXd$ilZ\ghORQ#Z\gFi �%nod a Mvu\ujU � WYSoZji]MPu\U{gYH �BUXZfi �{ZjU(J��@p@ujZjO]Q a Hv�`�VUXufiBS�URq

ghU[i t i �BU[W a U[d �
m�Mvg�b(��K?q G:U[Wh� MvQoWYUXd_p@U[QTi�ZjJ yzUXpvUXd`gYMPi t a M t n+evH@d a UXW ��d`d�MvQoJ�U Mvn`g�� a Mv¢ a UXW

� WhS`ZjilMvujiYUXZjuIU[Z\d`U[g
α
q 
D�oZ\d`H@WhS`ZjilMvufg�e@UXWhgYO]Q`Z\U a U[d Z\ghi e@H@d a UXJ U[Z\d`U[g§rIu\UXw$iYWYH@d`g J�Zji

β
q


%�`Z\d � m(Z\U[g§Zjghi Z\d e@UXWhgYO]Q`Z\U a UXdoUXd K�kvuju\U[d Zjd a UXW§¥ MPi§U[Z\d`U#WhU�MvujZji]kxilghd�kvQ`U[WYU#¡BU[gYO]Q`WYU[Zfq
Son`d`p`���_Mvd_ghilU[u\ujU gYZ\O]Q+Mvu\g�¡BU[Z\gY�oZ\U[u a Mvg 3�ZjilQoZ\n`J�q ��ilHvJ J�Zji��#rIujUXw$ilWYHvd`UXd_e@HvWX� t � UXZ
rIujUXw$ilWhH@d`UXd ��UXZjd`UXg�J�Zfi

α
q�n`d a UXZjd`UXg(J�Zfi

β
q 
%�`Z\d �VSVU[gYU[i t U[d a Mvg§¨XgFq � WhS`ZjilMvu n`d a�a Mvg

a WYZjihilU�r:ujUXw$iYWYH@d a Mvg �xgFq � WhS`ZjilMvu �xSVUXZjgY�`ZjUXujg �BU[Z\ghU J�Zfi
α
q 
D�`Zjd �vm�M t �{Z\gYO]Q`U[d a UXd¤SVUXZ a UXd

rIujUXw$ilWhH@d`UXd�J�Zji:p@u\U[Z\O]Q`UXJ 
D�oZ\d#U[Z\d`U ��n`ghilMvn`ghORQ �BUXORQ`gYUXu �{ZjWYwTn`d`p§SVUXghiYUXQ$i � �BUXW a UXd���¦oW
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a Z\U+SVUXZ a UXd
rIu\U[wTiYWYH@doUXd a UXg�¨�g1q � WYS`Zfi]Mvujg#n`dTiYUXWhgYO]Q`Z\U a u\ZjORQoU �(nD��UXdTiYQ�Mvufilg �BMvQ`WhgYO]Q`UXZjdDq
u\ZjORQowvUXZjiYUXd�WYUXghn`ujiYZ\U[WYUXd �@n`d a gYZ\U w �@dod`UXd�U[Z\p@U[dTiYu\ZjORQ�doZ\O]QTi:J�Zji a UXW:p@ujUXZjORQoUXd¤WlkPn`J�ujZjO]Q`UXd
K�n`d`w$ilZjH@d/SVUXghORQ`WhZ\U[SVUXd � UXW a UXd �
K�¦oW �cM a ZjwxMvujU � a Z\U UXZjd�ujU a Zjp@ujZjO]Q�UXZjdo� MvO]Q�SVU[gYU[i t iYUXg � WhS`ZjilMvuoQ�MvSVU[d ���{Z\W a¤a Mvg:n`doWYU�q

ghiYWYZ\O�ilU a �(MvWFilWhUXU�qsK�H%ORw@q�G:UXWF� MvQ`WYU[d¤e@UXW �BUXd a U[i � a M�Q`ZjUXW a Mvg MvJ ¡BU[Z\gY�oZ\UXu a UXg 3�Z q ��ilH@J�g
SVUXghORQ`WhZ\U[SVUXd`U§G:UXWYQ`MvujiYUXd�Mvno� iYWYZjihi���G:H@W�Mvuju\UXJ a ZjU Z\d�y�U[p@UXd ��MvWFi�e@H@d��cM a ZjwxMvujUXd+Mvno� q
ilWhU[ilU[d a U 
%�`Z\d`�VHvu MvWhZjglMPiYZjH@d wxMvdod�J�Zji a UXJ4b��(K?q�G:UXWF� MvQ`WhUXd�MPn`gYp@U t U[Z\O]Q`d`U�i a MvWYp@U[ghiYUXu\ufi
�BU[W a U[d � ��n`O]Q�SVU[ZI��H a UXuju\UXd ��SVU[Z a UXd`U[d�UXg t n�U[Z\d`U[W�¡BZjd a n`d`pvg a ZjgYgYH t Z MxilZ\Hvd�wvH@J�J i��
ghiYUXu\ufi b(��K a Z\U��9U[ilQoH a U a U[W � MvQ`u a MvW[� m(UXW'/�MvORQ$ilU[Z\u a ZjUXghUXg�G:UXWF� MvQ`WYU[d`g Z\ghi Mvu\ujUXW1q
a Z\dop@g�� a Mv¢ a Z\U � U[u\ujUXdo��nod`w$ilZ\Hvd�wvU[Z\doU{rIZ\p@U[do��n`d`w$ilZjH@d a UXg 
D�`Z\doH@�VUXWYMPilH@Whg

S2 J�UXQ`W�Zjghi��
�(ujg 3 �@gYn`dop UXWhQ�kvujiIJ�Mvd¤HP� ilJ�Mvujg�ghUXQ`W:wvH@J��`u\USRDUcm(MvWYgFilUXuju\n`dop@UXd a U[W ��H@ujUXwT¦`ujH@WYS`Zfi]MvufUv�
m(Z\U G:H@WhiYUXZju\U a UXg ��MvWhiYWYU[U�q1K�H%O]w@q G:U[Wh� MvQoWYUXdog�p@U[Q`UXd�gYHvJ�Zfi(e@UXWYujH@WYU[d � n`d a�a Z\U¤yzUXd�Mvn%q
Z\p@wPUXZji a U[W¤rIWYpvUXS`d`ZjgYghU/U[Z\d`U[W�b��(K?qzp@U[p@UXdT¦`SVUXW�U[Z\d`U[W�����K?qs�cU[ORQ`dTn`d`p �{ZjUXp@U[d a Z\UXghU
/(MvO]Q$ilUXZju\U�d`Z\O]QTicMvno�1�
m(U[gYQ�MPu\S�1�d a U[i a Mvg��c�(K q G:U[Wh� MvQ`WhUXd p@U[d`UXWhUXuju\U ��d
�BU[d a nod`p �:gYH@u\Mvd`pvU�glkvJ iYu\ZjO]Q`U

� WYS`Zfi]MvujU a Hv�`�VUXufi�SVU[gYU[i t i(gYZ\d a � O[u\H@ghU a q gYQ`U[u\u q 
 �%ghiYUXJ�U ��H a UXW a ZjU ��d t MPQ`u a UXW α q n`d a
β
qsr:ujUXw$ilWhH@d`U[d t n`J�Z\d a UXgFicp@ujUXZ\O]Q�Z\ghi���Mvu\ghH¤SVUXZ MPd`p@UXWhUXpviYUXd ��n`ghilkvd a U[d �

� � � � ���	��
	�����

 �	!#� ����� � ������� �	� � ��%X$ !#�X���

=�
 =�
�� 3 #:0�� �:C � ��AD.�#:0��@0 AD2�� ���NAo."#:0
rIZ\d`U �BU[gYU[dTiYu\Z\O]Q`U�rIZ\dogYO]Q`WlkPd`wTn`d`p a U[W{��MvWhiYWYU[U�q1K�H%O]w@qF��U�ilQ`H a UzZ\ghi�� a Mv¢�gYZjU�gYU[u\S`gFi ��¦`W
wTu\UXZjd`U���H@u\U[wT¦`u\U9wvU[Z\doU�U RoMvw$ilU_rIZ\p@U[do��n`d`w$ilZjH@d�n`d a rIZ\p@U[d`U[d`UXWhp@Z\U a U[g�J�H@ujUXwTn`u\MvWYU[d
�(MvJ�ZjufilHvd`H@�VU[WlMPiYH@WYg�ujZ\U���UXWhi�q�U[Z\d`U�K�H@u\pvU a UXW � WYS`Zfi]Mvujd�kvQoUXWYnod`p a UXW/UXujUXw$ilWhH@d`ZjgYO]Q`UXd
� UXu\ujUXdo��nod`w$ilZ\Hvd ��m(Z\U � U[ORQogYUXu �{Z\Whw%nod`p�UXZ\doUXg¤rIu\UXw$iYWYH@d`g�J�Zji a UXd MPd a UXWhUXd rIu\U[w$ilWYHPq
d`UXd a UXg ��H@ujUXwT¦`ujg �{Z\W a ujU a Zjp@ujZjO]Q�MPu\g(p@U[J�ZfiYilU[ujiYU � UXO]Q`gYU[u �{ZjWYwTn`d`p/SVUXghORQoWYZ\U[SVUXd � m�Z\U
£�H@WYWhUXu\MPilZjHvd a UXWcr:ujUXw$ilWhH@d`U[d �VMPu\gYH a ZjU ��S`Q�kvdop@Z\pvwvUXZji a UXWc¡BU � UXp@n`dop /hU a UXgcUXZjd t U[u\d`U[d
rIu\UXw$iYWYH@d`g�evH@d a UXW�J�H@J�UXd$i]MvdoUXd¤� HvgYZjiYZ\H@d§Mvu\ujUXW�Mvd a U[WYU[d �@S`u\U[Z\Soi a MPSVUXZ`n`dTSVUXWh¦`ORwTgYZjORQ%q
ilZjpvi��
rIZ\doU � UXZjiYUXWF��¦`Q`WYnod`p a UXW��(MvWFilWYU[U�qsK�H%ORw@qF�9U[ilQoH a U n`d$ilUXW�¡BUXWh¦`O]w%ghZ\O]QTiYZ\p@nod`p a U[W

£�H@WYWhUXu\MPilZjHvd a UXW_rIu\U[w$ilWYHvd`UXd n`d a a U[W a MPWlMvn`g9WYU[gYn`ufilZ\U[WYU[d a UXd £�HvWYWYU[u MPiYZjH@d`ghUXd`U[WYp@ZjU
Ecor

Z\gFi a Z\U�^BH@d21�pvn`WlMPiYZ\H@d%q �sdTiYUXWYMvO[iYZ\H@dDq1��U�ilQ`H a U ��^ � ��� [ 4\) ] m�Z\U�£�HvWYWYU[u MPiYZjH@d`ghUXd`U[WYp@ZjU
Ecor

Z\gFi a MPSVUXZVMPu\g:m(Z 5�U[WYUXd tct �{ZjgYO]Q`UXd a UXW:U RoMvw$ilU[d �%d`ZjORQ$ilWhUXu MxilZfeDZjgFilZjghORQ`U[d�rId`U[WYp@ZjU E0n`d a9a UXWc��MvWhiYWYUXURq1K�H%O]w@q1rId`UXWhp@ZjU
EHF

a U 1�doZ\UXWFi��
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Ecor = E0 − EHF

� �D� �P� �

m(ZjU � U[u\ujUXdo��nod`w$ilZ\Hvd �{ZjW a �{ZjU a U[WYn`J MPu\g 
%u MPiYUXW a U[ilU[WYJ�Z\d`MvdTiYU a UXg¤y�Whn`d a t n`ghilMvd a U[g
a MvWYp@U[ghiYUXu\ufi ���D�7. ���
�cU[pvizJ�Mvd+UXZjd�rIu\U[wTiYWYH@d�MPn`gzU[Z\d`U[J SVUXghU[i t ilU[d 
D�`Zjd`H@WhS`ZjilMvu M�Zjd�U[Z\d+n`d%SVU[gYU[i t ilU[g


%�`Z\d`HvWYS`Zfi]MvuV�9MPd �ogYH¤w Mvd`d a Z\U�Mvd`p@U[WYU[pvilU � U[u\u\U[do��n`d`w$iYZ\H@d �
Ψp

a

�BU[SVUXdo� MPu\ujg Mvujg 
Du\MPilU[WFq
a U[ilU[WYJ�Z\d�MPdTilU a MvWYp@U[ghiYUXu\ufi �BUXW a UXd �

Ψp
a =| ψ1ψ2...ψpψb...ψn | � �D� �%¨ �

m(ZjU � UXuju\U[do��n`d`w$ilZjH@d`U[d a U[W a Hv�`�VUXufi � a WYUXZf� MvO]Q#n`g ���`MPd`p@UXWhUXpviYUXd ��noghi]kPd a U(u\MvgYghUXd#gYZ\O]Q
MPno��kPQ`d`u\ZjO]Q`U � U[Z\gYU{Z\d�K�H@WYJ4e@H@d 
%u MPiYUXW a U[ilU[WYJ�Z\d�MPdTilU[d a MvWYgFilU[u\ujUXd � �sghi U[Z\d`U 
Du\MPilU[W a URq
iYUXWYJ�Zjd�MvdTiYU¤H a U[W UXZjd`U 3�Z\doU�MvWhwvH@J§S`Z\d`MPilZfH@d�J�UXQoWYUXWhUXW 
Du\MPilU[W a U�ilU[WYJ�Z\d�Mvd$ilU[d�UXZjd`U�rIZfq
pvUXdo��n`dowTiYZ\H@d�e@H@d � ��gYH9d`UXd`d$i J#MPd�ghZ\U¤U[Z\d`U�^BH@d<1�p@n`WYMPilZjH@dDq 
Ti]MPiYU�q1K�nod`O[iYZ\Hvd ��^ 
oK �R�
rIZjd`U rIZjp@UXdo��nod`w$ilZ\Hvd a UXgI�(MPJ�ZjufilHvd`H@�VU[WlMPiYH@WYg?Z\gFi�Z\J�J�UXW MvnoORQ�U[Z\d`U�rIZ\p@U[do��n`d`w$ilZjH@d a U[g

%�`Z\d`Hv�VUXWlMxilH@Whg�� a UXW�J�Zfi � wvHvJ�J§noiYZ\U[Whi���m(Z\U�^ 
DKNg w �@d`d`U[d�dTn`d�Mvujg?e@U[WYSVU[gYgYUXWhiYU /�kvQ`URq
Whn`d`p t n`W(¡ UXgYO]Q`WhUXZ\Son`d`p a U[W�U RoMvw$iYUXd � U[u\ujUXdo��n`dowTiYZ\H@d9Q`U[WlMvdop@U t H@p@U[d �BU[W a U[d ��m�MvSVU[Z
�{ZjW a#a ZjU � U[u\ujUXdo��nod`w$ilZ\Hvd a U[g{yzWYn`d a t n`gFi]Mvd a UXg � S t ��� a U[W�Mvd`pvUXWYU[pvilU[d ��noghi]kPd a U � Mvujg
3�Zjd`U�MvWhwvH@J§S`Zjd�MPilZfH@d�Mvu\ujUXWBZ\J �:WhZ\d t Z\� a UXd`wTS�MvWhUXd�^ 
DK�g a MPWYp@U[ghilU[u\ufi��

|Ψ0〉 = c0|ψ0〉 +
∑

ap

cpa|ψp
a〉 +

∑

a<b,p<q

c
pq
ab|ψpq

ab〉 +

∑

a<b<c,p<q<r c
pqr
abc |ψpqr

abc 〉 +
∑

a<b<c<d,p<q<r<s c
pqrs
abcd|ψpqrs

abcd〉 + ...
���%� �@� �

��ZfiI�cZ\uf��U a UXW /cUXSVU[d%SVU a Zjd`p@nod`p@UXd�M��{S§U[iYOv�vZjghi a MP��¦`W�p@U[gYH@Whpvi � a MP¢ /hU a U m(U�ilUXWhJ�Zjd�Mvd%q
iYU p@UXd`Mvn+UXZ\doJ#MPu?SVU[WY¦`O]wTgYZjORQ$ilZjpvi �{Z\W a ��¡BUXZ a U[d�£�H%U�� t Z\U[dTilU[d�O Q�Mvd a UXufi�U[g�ghZ\O]Q+n`J
a Z\U�rIdTi �{Z\O]wTu\nod`p@gYwvH%U�� t ZjUXdTiYUXd � �BU[u\O]Q`U�Z\J G:U[WYu\Mvno� a UXW �{UXO]Q`d%nod`p�exMvWYZjZ\U[Whi � UXW a UXd �
m(ZjU yzu\U[Z\O]Q%nod`p��%� �@�§u\kv¢vi ghZ\O]Q/e@UXWhUXZjdo� MvO]QTicgYO]Q`WhUXZ\SVU[d_Mvu\g[�

|Ψ0〉 = c0|ψ0〉 + cs|S〉 + cd|D〉 + ct|T 〉 + ....
���D� �v� �
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J�Zfi |S〉 Mvd 
%ilU[u\ujUze@H@d |ψp
a〉
n`d a U[dTiYgY�`WYU[O]Q`UXd a UXd�¥?UXWhJ�U[d���¦`W a ZjU Q �@Q`U[W(MPd`p@UXWhUXpviYUXd

��n`ghilkvd a UP�
m(ZjU 3 �@gYn`dop a U[W�y�ujUXZjORQTn`d`p U[Wh��H@ujpvi�d`MvORQ a UXJ SVU[WYU[Zjilg/Mvn`g a UXW9��MvWhiYWYU[U�q1K�H%O]w@q

��U[iYQ`H a U�SVUXwxMPd`dTiYUXd
G MvWhZ MPiYZjH@d`gFe@UXWh� MPQ`WYU[d e@H@d �cM	�%ujUXZ\pvQ ���%�j¨���� � �BH@SVU[Z�gYZjORQ
Mvn`O]Q
Q`Z\U[W a Z\U yzu\U[Z\O]Q%n`dop � �D� �,6
�BZjd/UXZjd_�_MxilWYZ Rog �%ghilU[J ���D� �54��BUXd$i �{ZjORwvU[u\d9u kP¢vi��

Hc = ESc
���%� �,6
�

J�Zfi a U[J G:UXw$ilHvW

c =
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∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

c0

cs

cd

ct

cq
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∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

���D� �����

��¦`W a Z\U�rIdTi �{Z\O]wTu\n`dop@gYwvH%U�� t Z\U[dTiYUXd �
m�M a Z\U 
Du MxilUXW a U[iYUXWhJ�Zjd�Mvd$ilUXd/U[Z\d`U�H@WFilQ`Hvp@H@d�MPu\Uz¡�MvgYZjg{S`Z\u a U[d �`Z\gFi 
�Z\d�y�ujUXZ\O]QTn`d`p

�D� � 6 a Z\U�rIZ\d`Q`U[ZjiYgYJ�MPilWhZ R��</�MvO]Q a U[J G MPWYZ MxilZjH@d`gYMvd`gYMPi t evH@d9�cM	�%u\U[Z\pvQ�U[WYp@ZjSoi�gYZjORQ a ZjU
�_MPiYWYZ RDp@ujUXZjO]Q%n`d`p
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∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

〈ψ0|H|ψ0〉 〈ψ0|H|S〉 〈ψ0|H|D〉 〈ψ0|H|T 〉 ...

〈S|H|ψ0〉 〈S|H|S〉 〈S|H|D〉 〈S|H|T 〉 ...

〈D|H|ψ0〉 〈D|H|S〉 〈D|H|D〉 〈D|H|T 〉 ...

〈T |H|ψ0〉 〈T |H|S〉 〈T |H|D〉 〈T |H|T 〉 ...

. . . .

. . . .

. . . .
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a Z\UzghZ\O]Q/e@UXWhUXZjdo� MvO]Q`UXd�u\kv¢vi � �BUXd`d�J�Mvd���H@ujp@U[d a U�¡BU t Z\U[Q%n`dop@UXd�SVUXWh¦`O]w%ghZ\O]QTiYZ\pviX�

• /�MvO]Q a UXW��cU[p@U[u�e@H@d�¡BWYZju\ujHvn`Zjd+p@ZjSoizU[g�wvUXZ\doU � UXO]Q`gYU[u �{ZjWYwTn`d`p t �{ZjgYO]Q`UXd a U[J
yzWYn`d a t n`gFi]Mvd a n`d a
a UXJ U[WYghiYUXd Mvdop@UXWhUXpviYUXd ��n`ghilMvd a 6{MPu\ujU��_MPiYWYZ RoU[u\U[J�U[dTiYU
〈ψ0|H|S〉 ghZ\d a/a UXJ�d�MvO]Q9d%nou\u��

• rIg�p@Z\SDi�wvU[Z\d`U � U[ORQ`ghUXu �{Z\Whw%nod`p t �{ZjgYO]Q`UXd	
Du MxilUXW a U[iYUXWhJ�Zjd�Mvd$ilUXd a ZjU9gYZ\O]Q n`J
J�UXQ`W�MPu\g t �BUXZ 
D�`Zjd`H@WYSoZji]MPujU§n`d$ilU[WYgYO]Q`U[Z a U[d � �(u\ghH/wvH@�`�VU[uji a UXW yzWYn`d a t n`gFi]Mvd a



¨�© ��� �����
	���� � � ��	 ��� ��	

d`Z\O]QTi?J�Zfi a WYU[Zj� MvO]Q ��¥ � n`d a e%Z\U[Wh� MvO]Q � � � Mvdop@UXWhUXpviYUXd§£�H@d<1�p@n`WYMPilZjH@d`UXd�� rIS�U[d`gYH
p@Z\SoiBU[g wvU[Z\d`U � U[O]Q`gYU[u �{Z\WhwTn`d`p t � Z\gYO]Q`U[d9U[Z\do� MPORQ ��
 � n`d a e%ZjUXWh� MPORQ�Mvd`p@U[WYU[pvilU[d
£�H@d21�pvn`WlMPiYZ\H@doUXd �

¡ UXWY¦oORwTgYZjORQ$ilZjpviIJ�Mvd a ZjUXgYU ¡BU a Z\dop@n`d`p@U[d �vgYHzu\kv¢vi�gYZjO]Q a Z\U �_MPiYWYZ R§Mvn`g:yzu\U[Z\O]Q%n`dop��D� �54
e@U[WYU[Z\do� MvO]Q$i a MvWYgFilUXuju\U[d �
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∣

∣
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∣

∣
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∣

∣

∣

∣

∣

∣

∣

∣

〈ψ0|H|ψ0〉 0 〈ψ0|H|D〉 0 ...

0 〈S|H|S〉 〈S|H|D〉 〈S|H|T 〉 ...

〈D|H|ψ0〉 〈D|H|S〉 〈D|H|D〉 〈D|H|T 〉 ...

0 〈T |H|S〉 〈T |H|D〉 〈T |H|T 〉 ...

. . . .

. . . .

. . . .
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∣

∣
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= 0
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m(ZjU ^ ��q1rId`U[WYp@ZjUXd a UXg 
 �%ghilU[J�gcUXWhp@UXSVU[d_ghZ\O]Q_MvujgcrIZjp@UXd �BU[WhilU a U[W(�_MxilWYZ R a UXg��(MPJ�Zju q
iYH@d`H@�VU[WlMPiYH@WYg[� m(Z\U[gYU � UXWFilU�S`Zju a U[d�UXZ\doU�HvSVUXWYU 
DO]Q`WlMvdowvU���¦`W a U[d USRoMvw$ilU[d rId`U[WYp@ZjU�q
� UXWhiX�%m(noWYO]Q#£�H@d`ghiYWYn`w$iYZ\H@d a UXW rIZ\p@U[dTe@U[w$ilH@WhUXd�u MvghgYUXd�gYZjORQ a Z\U � U[WhiYU{��¦`W a Z\U{rKRD��MvdDq
ghZ\H@dogYwvH%U � t Z\UXd$ilU[d_O�U[WYJ�ZjiYiYUXujd �
m(Z\U ^ ��qF�9U[ilQoH a U S�MvghZ\UXWFi t ��MPW�MPno�IU[Z\d`U[W�WhUXO]QTi(UXZjdo� MvO]Q`U[d_¥ Q`UXH@WhZ\U � a ZjU �(do��HvW a URq

Whn`d`p@U[d Mvd a ZjU 
D�VU[Z\O]Q`UXWhwxMv��M t ZjilkPi n`d a�a UXd ��U[Zji]MPno� ��Mvd a ��¦`W a Z\U��{UXO]Q`dTn`d`p@U[d gYZjd a
MPu\u\U[W a Zjdop@g U[d`H@WhJ �Te@H@W�Mvu\ujUXJ � a M a Z\U�rId$i �{ZjORwTujn`d`p§Z\J �(uju\p@U[J�UXZjd`U[d#gYO]Q`ujUXO]QTi wvH@d$e@UXW1q
pvZ\UXWFi���K ¦`W{UXZjd9WYUXMvu\U[g���H@ujUXwT¦`u�Z\ghi{U[g t n`W ��UXZji{doZ\O]QTicJ��@pvu\ZfORQ �oU[Z\d`U �{UXO]Q`d%nod`p a n`WYO]QDq
t no��¦`Q`WhUXd ��Zjd a UXW{Mvu\ujU(J �vp@u\ZfO]Q`UXd9^ 
oK�g p@UXSoZ\u a U[i � UXW a UXd�n`d a9a MvJ�ZjiBd�MvO]Q_yzu\UXZjO]Q%n`d`p
�%� �v� a ZjU�USRoMvw$ilU9r:doUXWYpvZ\U a U[g 
 �%ghiYUXJ�g¤UXWYJ�ZjihilU[uji �{Z\W a �Im�Z\U � MPQ`u a UXW§e@UXW �BU[d a U[ilUXd
^ 
DKNg J§n`¢/e%ZjUXujJ�U[Q`WzZ\J�J�UXW�UXZjd`p@UXghORQoWlkvd`w$i �BUXW a UXd � rIZjd`U#� �vp@u\ZjORQowvUXZfi � a ZjU �(d t MvQ`u
a UXW ^ 
oK�g t n�e@U[WYWYZjd`p@U[WYd �%Z\ghi a Z\U �(d �BUXd a n`d`p�e@Hvd 
 �%J�J�U�ilWhZ\U[w%WhZjilU[WYZjU[d � �sd a Z\U(�{UXO]QDq
dTn`d`p�U[Z\dTSVU t Hvp@UXd �BU[W a U[d9dTn`W�ghH@u\O]Q`Uz^ 
oK�g�� a ZjU a Z\U�p@u\U[Z\O]Q`U 
 �DJ�J�U[iYWYZ\U�SVU[gYZfi t U[d �{ZjU
a UXW t n#SVUXWYU[O]Q`d`UXd a U ��noghi]MPd a �D^ 
oK�g J�Zfi Mvd a U[WYUXd 
 �%J�J�U�ilWYZjUXd¤ilWYMvp@U[d#d`ZjO]QTi t n`WB¡BURq
ghORQoWYUXZjS`n`d`p SVU[Z�n`d a w �vd`d`UXd a UXghQ�MvujS¤e@UXWhd�MvO]Q`u kPgYgYZjpvi �BU[W a U[d �%rIZ\doU�e@H@u\ujU{^ � ����n`uju�^ � � �
MPu\gYH a ZjU G:UXW �BUXd a n`d`p9MPu\ujUXW�^ 
oK�g a UXW�/hU �BUXZju\Zjp@UXd 
 �%J�J�U[iYWYZ\U U[Z\d`U[g(UXd a u\ZjORQoUXd�¡�MPgYZjgFq
gYMPi t UXg ��¦oW a Z\Uc¡BU[gYO]Q`WYU[Z\S`nod`p U[Z\d`U[g ��n`ghilMvd a g Zjghi a Mvg ¡BU[ghilU �
�BMvg t n`W ��UXZji:WhUXO]Q`d`U[WYZ\ghO]Q
J��@p@ujZjO]Q Zjghi�� �(uju\U[W a Zjd`p@g?Z\ghi�gYU[u\S`gFi a Z\U[gYU�ujUXZjORQ$i�evUXWYU[Z\do� MPORQ$ilU ¡BUXghO]Q`WYU[Z\S`n`dopz��¦`W�p@W �v¢@UXWhU

 �DgFilUXJ�U doHDO]Q t n�Mvno� �BU[d a Zjp`�
K�¦`WBU[Z\d 
 �%ghilU[J J�Zji d�rIu\U[wTiYWYH@doUXd � �BUXujORQoUXg a n`WYO]Q9� ¡�MPgYZ\gF��n`d`w$ilZjH@d`U[d�SVU[gYO]Q`WYZjU�q

SVU[d �{Z\W a � ��kvO]Q`gFi a Z\U ��d t MvQou a UXW t n�SVUXWh¦`ORwTghZ\O]QTilZjp@U[d a UXd m(U[iYUXWYJ�Z\d`MvdTiYUXd�J�Zji




2M

n




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J�Zfi�d gYU[Q`W gFi]MvWhw�MPd �?m�Mvg G:UXWF� MvQ`WYU[d SVU a MvWF� gYH@J�Zji �BU[ZjilU[WYU[W G:UXWhUXZjdo� MvO]Q%n`dop@UXd �?n`J
a Z\U ��d t MPQ`u a UXWBm(U[iYUXWYJ�Z\d`MvdTiYUXd t n#e@UXWhWYZjd`p@UXWhd � ��n`g a ZjUXghUXJ y�Whn`d a SVU[gYO]Q`WlkPd`w$i J#MPd
gYZjORQ Q`kvn21�p�MvnD� �BU[gYUXd$ilujZ\O]Q`U/£�Hvd21�p@noWlMPiYZ\H@d`U[d n`d a u\ZjJ�Z ilZjU[Whi gYH@J�Zji a Z\U �(d t MvQ`u a U[W
^ 
oK�gX� �9UXZ\gFi�SVU[WY¦`O]wTgYZ\O]Q$ilZ\pPi�J�Mvd dTn`W¤U[Z\do� MPORQ n`d a�a Hv�`�VUXufi�Mvd`p@U[WYU[pvilU9£cH@d21�p@noWlMxq
ilZjH@d`UXd 6�Q �vQ`UXW�MPd`p@UXWhUXpPilU £�H@d<1�p@n`WYMPilZjH@d`UXd �BU[W a U[d_e �@u\ujZjp¤Mvn`¢@U[WcMvORQ$i�pvUXu MPgYgYU[d � a �NQ �
y�u ���D� �v� �{ZjW a d�MvO]Q a U[J ¥?UXWhJ ��¦`W a Z\U a H@�`�VU[ujizMPd`p@UXWhUXpviYUXd�£�Hvd21�p@noWlMPilZjH@d`U[d+MvS`p@URq
S`WYH%O]Q`U[d ��m(ZjUXgYU[g�gYH@p@U[d�Mvd`d$ilU 
%Z\d`p@ujU�qsm(H@n`S`ujU�q1^ ��q GIUXWh� MPQ`WYU[d ��
Dmz^ � �{Z\ghicU[Z\d`U[g a UXW�MvJ
Q�kvn21`p@ghiYUXd9e@UXW �BU[d a U[ilUXd�^ ��q GIUXWh� MPQ`WYU[d�¦`SVU[WYQ�Mvno�oi��
rIZ\d�/�MvORQ$ilU[Z\u�Mvuju\U[W�SVUXpvWYUXd t ilU[d�^ ��q1��U[iYQ`H a UXd�Z\gFi a Z\U���U[Q`u\U[d a U�yzW �@¢@U[d`wvH@d`ghZ\gFilUXd t �

G:H@d yzW �@¢vUXd`wvHvd`gYZjghilU[d t gh�`WYZjORQ$i§J�Mvd � �BU[d`d ��¦`W U[Z\d 
 �%ghilU[J ��¡ � SVU[Z a UXJ gYZjORQ a ZjU
£�H@J��VH@d`U[dTilU[d �
n`d a ¡ nod`UXd a u\Z\O]Q �BU[Zji e@H@d`U[Z\d�MPd a UXWBU[dTih��UXWYd$i�SVU 1�d a UXd � a ZjU�p@ujUXZ\O]Q`U
rId`UXWhp@Z\U�UXWhJ�ZfiYiYUXufi �{Z\W a �{Z\U�SVUXZ`ghUX��MPWlMPiYUXd��cU[ORQ`dTn`d`pvUXd¤e@H@d � n`d a ¡ �@MvujgYHzr � ��¡ ���
r � � ���
r � ¡ ���@K�¦`W a ZjU �(MvWFilWYU[U�qsK�H%ORw@qF�9U[ilQoH a U{H a UXWIU[Z\d`UBe@H@u\ujghilkvd a Zjp@U�^ ��q1�{UXO]Q`d%nod`p
��kvWhU a Z\UXghU�¡BU a Zjd`p@n`dop§UXWF��¦`u\ufi 6TQ`Zjd`p@U[p@UXd#UXWYQ`kvujiBJ�Mvd#SVUXZ�U[Z\d`U[WBSVUXghORQ`WYkvd`w$ilU[d �`Z\d`ghSVU�q
gYH@d a UXWhU�SVUXZBMPu\ujUXd 
om�^ ��q1�{UXO]Q`d%nod`p@UXd ��d`Z\O]QTi a Z\U�ghUXu\SVU[d rId`U[WYpvZ\U � UXWhiYUv��m(UXW§bcdTilU[WFq
gYO]Q`Z\U a t �{Z\ghORQ`U[d a U[d�rId`UXWhp@Z\U �BU[WhilU[d���¦`W ��¡ n`d a ���z¡ d`ZjJ�J i a MPSVUXZ t n �'/hU p@W��@¢@U[W
a Mvg{p@U ��kvQoujilU ��H a U[u\u\g �%ghilU[J Z\ghiX�
rIZ\doU_MPd a UXWhU_K�UXQ`ujUXW �Tn`U[u\ujU9Zjghi a UXW#¡�MvghZ\g1q 
DU�ihq 
%n`�VUXWh�VH@gYZfilZ\HvdDq1rIWYWhH@W � ¡ 
 
or � � a U[W

gYZjORQ+Mvno� a Z\U ¡BZ\d a n`d`p@ghUXd`U[WYp@ZjUXd a U[g 
 �%gFilUXJ�gzMPn`g �{ZjWYw$i���m(Z\U bcWYglMPORQ`U ��¦`W a UXd�¡ 
 
or
u\ZjUXpviBZjd a U[W � MvQ`u�UXZjd`UXg ¡�MvghZ\gYgYMPi t UXg � a U[W a Mvg 
 �%ghilU[J d`ZjORQ$i{Mvn`ghWYU[Z\O]Q`UXd a SVUXghORQoWYUXZjSoi��
m�Mvg SVU a U[noilU�i � a Mv¢ a ZjU(rId`U[WYp@ZjUce@Hvd�£�HvJ��VH@doUXdTiYU � a n`WYO]Q a UXd�¡�MPgYZjgYglMxi t a U[W�£�HvJ¤q
�VH@d`U[dTilU�¡ MvS`pvUXghUXd`w$i �{ZjW a � m(Z\U[gYU � UXO]Q`ghUXu �{ZjWYwTn`d`p9Z\gFi�nod�MvS`Q�kPd`p@Zjp a M�e@H@d � H@S a ZjU
SVUXZ a UXd�£�H@J��VH@d`U[dTiYUXd � n`d a ¡ Z\J 
 �%ghiYUXJLghi]MPWYw�J�ZjiYUXZjd�Mvd a UXW �BU[ORQ`ghUXu �{ZjWYwvU[d_H a U[W
d`Z\O]Q$i���m(n`WhORQ a UXd ¡ 
 
or wvHvJ�J izU[g t n pvUXWYZjd`p@U[WYUXd�rId`UXWhp@Z\U[d a U[g 
 �%ghiYUXJ�g�� a Z\U�gYZjO]Q
Z\d/Q �vQ`UXWhUXd_¡BZjd a n`dop@gYU[d`UXWhp@Z\U[d �{Z a U[WYgY�`ZjUXpvUXu\d��

=�
 =�
�= � � ! � C��sAD."� #:0 � �:C�� �IAD."#:0 ����>$6 2 ���h>$3 #:0�!%."!TAD2�0 A$>x7#.12 �1E{>
�+2���� � � �`2�0

K�¦`W§e%Z\U[u\U t n�SVUXWYU[ORQod`UXd a U 
 �%ghiYUXJ�U9Zjghi a MPg�^ ��q G:U[Wh� MvQ`WhUXd Mvn`ghWYUXZjORQoUXd a � m�Mvg¤UXSVU[d
Mvd`p@U[gY�`WhH%ORQoUXd`U��:WhH@S`ujUXJ a U[W y�W �v¢@UXdowvH@d`gYZjghiYUXd t SVUXZ�ujZ\J�Z ilZfUXWhiYUXd 
omz^ ��qs�cU[ORQod%n`dop@UXd
t U[Z\pvi MPSVUXW:ghORQoH@d � a Mv¢ a Z\U[gYU[g:G:U[Wh� MvQoWYUXd�d`H%O]Q¤e@UXWhSVUXgYgYUXWFi � UXW a UXd�wxMvd`d��Tr:Zjd`U � U[ZjiYUXWFq
UXd$i �{ZjORwTujn`d`p a UXW�^ ��q1��U[ilQoH a U9Z\gFi a Mvg���n`ujiYZ\O[H@d21�p@noWlMPiYZ\Hvd�Mvu q 
DUXuf� q1^BHvd`gYZjghilU[dTiFq1K�ZfUXu a q
G:UXWF� MvQ`WhUXd ���_^ 
`^�K � � a Mvg U[Z\d`U:£�HvJ�SoZ\d�MPiYZjHvd(e@H@d ��MvWhiYWYUXURq1K�H%O]w(J�Zji a U[W ^ ��qF�9U[ilQoH a U
a MvWhghilU[u\ufi�� � Z\U SVU[Z a U[W�^ ��qF��U�ilQ`H a U �BU[W a U[d�Q`ZjUXW a ZjUBrId$i �{ZjORwTujn`d`p@ghwvH%U � t ZjUXd$ilUXd�O a U[W
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m(U�ilU[WYJ�Z\d�MPdTilU[d�ePMPWYZ\ZjUXWFi��%yzu\U[Z\O]Q t UXZjiYZjp �BUXW a UXd�MvSVU[WBMvn`O]Q a Z\U(��Hvu\UXwT¦`ujH@WYSoZji]MPujU �{Z\UcZ\d
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â†pσâqσ
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a MvWYgFilUXuju\U[d
Mvu\g[�

H0 = P0FP0 + PxFPx

���D� �v� �

m(Z\U¤G MvWhZ MvS`ujU�� gFilUXujuji a MvSVU[Z a UXd �IWYH,/hUXw$iYZ\H@dogYH@�VU[WlMPilHvW
P0 = |Ψ0〉〈Ψ0|

Mvno� a Z\U��cURq
��UXWhUXd t ��n`d`w$ilZjH@d �In`d a Px

a UXd�UXd$ilgY�oWYUXO]Q`UXd a UXd �IWYH,/hU[wTiYZ\H@dogYH@�VU[WlMPiYH@W¤Mvno� a UXd�WYU[ghilujZfq
ORQoUXd ��MPn`J a U[W £�H@d<1�p@n`WYMPilZjH@d`U[d a MvW�� SVU[Z a U �{ZjWYwvU[d Mvno� a U[d K�H%ORwvHv�VUXWlMxilH@W K UXZjd �
y�U[QTi J�Mvd�Mvuju\UXW a Zjd`p@g e@H@d�UXZjd`UXW�J§n`ufilZjwvH@d<1�p@n`WYMPilZfH@d�MvufUXd��cU���UXWhUXd t ��n`d`w$ilZjH@d9Mvn`g ��MPu\gYH
a UXJ r:Whp@U[S`d`Z\g�UXZjd`UXW�^ � 
 
`^�K?qs�cU[ORQod%n`d`p �BgYH J§n`¢ a U[W �(doglMPi t U[W �BU[ZjiYUXWFi �BU[W a U[d �
m(Z\U a MPWlMvn`g_UXdTiYghiYUXQ`U[d a U ��U[iYQ`H a U �{ZjW a Mvujg���n`ufilZ\O[H@d21�pvn`WlMPiYZjH@d�Mvu q 
DU[OXH@d a q � W a UXWFq
� UXWFiln`S�MxilZ\HvdDq G:U[Wh� MvQoWYUXd ��^ �(�I¥c��� SVU t UXZjORQod`U[i

��n`d`kvO]Q`ghi �{Z\W a9a U[W e@H@u\ujghi]kPd a Zjp@U � WYSoZji]MPu\WYMvn`J Zjd�eDZjUXW{b�d$ilUXWhWlkvnoJ�Uzn`dTiYUXWhiYUXZjuji��
¨@�
V0

�orIZjd a Z\J�UXdogYZ\Hvd�MvufUXW �cMvn`J � a UXW e@Hvd a UXW��{U[��U[WYUXd t ��n`d`w$iYZ\H@d |0〉 Mvno��p@U[gY��MvdodTi
�{ZjW a �

�D�
VK

�N�cMvn`J � a UXW e@H@d a U[W{H@WhilQoH@p@H@d`Mvu\U[d9£�HvJ��VH@doUXd$ilU |K〉 Mvno��p@U[gY��MPd`dTi �{Z\W a �



�P© ��� �����
	���� � � ��	 ��� ��	

�o�
VSD

�%m(Z\U[gYUXWB�cMvn`J �{ZjW a e@H@d�Mvu\ujUXd¤UXZ\dD� MvORQ�n`d a�a Hv�`�VUXufiBMvd`p@U[WYUXpPilUXd�K�n`d`w$iYZ\HPq
d`UXd_p@U[S`Zju a U�i � a ZjU MPn`g

V0

pvUXS`Zju a U�i �BUXW a UXd_w �@d`d`U[d+n`d a d`Z\O]QTicZ\d a UXd+�ckvn`J�UXd
¨ n`d a �§UXdTiYQ�MvufilUXd/gYZ\d a �

6`�
VTQ...

� � Z\W a Mvno��p@U[gY��MPd`dTize@Hvd�Mvu\ujUXd � U[u\ujUXdo��n`dowTiYZ\H@doUXd a U[W � W a d%n`d`p�p@W �v¢@UXW
t �BU[Z � a Z\Uzd`Z\O]Q$icghORQ`Hvd�Z\d/U[Z\d`U[J a U[W�MPd a U[WYUXd_�ckvn`J�UzU[dTilQ`MvujiYUXd9ghZ\d a �

��d�MvujH@p t n a U[d ¦`S`ujZ\O]Q`U[d 
Ti �@Whn`d`p@ghWYUXO]Q`dTn`d`p@U[d u kv¢PizgYZjORQ�d%n`d�UXZjd�kvQ`d`ujZ\O]Q`U[W �(doglMPi t
U[WYghiYUXuju\U[d �

H0 = P0FP0 + PKFPK + PSDFPSD + PTQ...FPTQ...

� �D� �,6
�

� H@SVUXZ a UXW �IWhH /hU[w$ilZ\Hvd`gYH@�VU[WlMPiYH@W �{Z\U(Z\d/yzu\U[Z\O]Q%n`dop��D� �P� �{Z\WYw$i�n`d a gYZjORQ�Mvno� a Z\U(H@SVU[d
SVU[gYO]Q`WYZjUXSVU[d`UXd � WhS`ZjilMvujWlkPn`J�UBSVU t ZjUXQ$i��$m(UXW:K�H%ORwvHv�VUXWlMxilH@W�u kv¢Pi�gYZ\O]Q¤J�Zji���Z\uf��U a U[g Mvn`g
a UXW�^ � 
 
o^�K?qF��U�ilQ`H a U SVUXw Mvd`d$ilUXd �(d`WhUXp@n`dop@gYH@�VU[WlMPiYH@WYg a MvWYgFilUXuju\U[d �

F =
∑

pq

fpqÊpq

� �D� � ���
J�Zji

fpq = hpq +
∑

r,s

Drs((pq|rs) −
1

2
(pr|qs)) ���D� �54 �

�sd a UXW§yzu\UXZjO]Q%n`d`pB1`d a UXd gYZ\O]Q a Z\U�Mvnog a UXJ ^ � 
 
`^�K q G:U[Wh� MvQ`WhUXd SVU[wxMvd`d$ilU�m(ZjORQ$ilURq
J�MPiYWYZ R

Drs

n`d a/a ZjU � �BU[Zfqsr:ujUXw$ilWhH@d`U[dDq �sd$ilU[p@WlMvujU �{ZjU a U[WX� ��u\ujp@UXJ�U[Zjd#u kv¢viBgYZjORQ
fpq

Mvujg
U[Z\d`Uc�,Ro�xq1�_MPiYWYZ R a MvWYgFilU[u\u\U[d � a Z\U a Z\U a WYUXZNMvn`g a UXWB^ � 
 
`^�K?q1��U[iYQ`H a U�SVUXwxMPd`dTiYUXd � W1q
SoZji]MPu\WlkPn`J�U/UXdTiYQ�kvufi � Zjd�Mvw$ilZfe@UXW�� Mvw$ilZfe@UXW#nod a e%Z\WFiln`U[u\ujUXW��cMvn`J ��� � UXd a U[i�J�Mvd a Mvg
¥ QoUXH@WhUXJ e@H@d ¡BWhZ\ujujH@n`Zfd�Mvd ��gYH9Z\gFi

fpq = 0
� [ 4\) ] � MPu\ujgzU[g gYZ\O]Q�SVUXZ a UXd � WYS`Zfi]MvujUXd�n`J

U[Z\d/Z\d�MPwTiYZje@U[g{n`d a U[Z\d�eDZjWhiYn`UXuju\U[g � WYS`Zfi]MPu Q`Mvd a U[ujiX�
��Z\U[u a UXW 
Ti �@Whn`d`p@gFilQ`U[H@WYZjU t �BU[ZjiYUXW � W a d%n`d`p(Z\ghi a ZjUB¡BUXWhUXO]Q`dTn`d`p a UXW�r:doUXWYpvZ\U t � UXZfq

iYUXW � W a d%n`d`p � a ZjU�ghZ\O]Q a n`WhORQ/��H@u\p@U[d a U yzu\U[Z\O]Q%n`dop a MPWYghiYUXuju\UXd/u\kv¢viX�

E2 =
∑ (〈Ψ0|H1|Ψi〉

E0 − Ei

� �D� �v���

��d`p@U[d�kvQ`U[Whi�u\kv¢vi ghZ\O]Q/��¦`W a Z\U � UXuju\UXdD��n`d`w$ilZjH@d/ghORQoWYUXZjSVUXd �

|ψ′〉 = |ψ0〉 + |ψ1〉
� �D� �P© �
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/�H@WhJ�ZjUXWFi/J�Mvd a ZjUXgYU � UXuju\U[do��n`d`w$iYZ\H@d ��ghH U[WYp@ZjSoi9ghZ\O]Q
(ψ

′

ψ
′

) = 1 + (ψ1ψ1)
�{m(Z\U

d`H@WhJ�ZjUXWhiYU � U[u\ujUXdo��nod`w$ilZ\Hvd9Mvn`g�yzu\U[Z\O]Q%n`dop��%� �v��u\kv¢vi ghZ\O]Q9gYH@J�Zji�gYO]Q`WYU[Z\SVUXd_MvujgX�

|ψ〉 =
√
ω|ψ0〉 +

√
1 − ω|1〉 ���%� � . �

m�MvSVU[Z�SVU t U[Z\O]Q`d`U[i |1〉 a ZjUcd`H@WhJ�ZjUXWhiYU � U[u\ujUXdo��nod`w$ilZ\Hvd�U[WYghiYUXW � W a d%nod`p`�Dm(U[W�KNMvw$iYH@W ωSVUXghORQ`WhUXZjSoi a Mvg�yzU �{ZjO]QTi a U[W�^ � 
 
`^�K?qs�cU���UXWYU[d t ��nod`wTiYZ\H@d�n`d a Zjghi a U 1�doZ\U[WhizMvu\g ω =

(1 + S)−1 �Nm�Mvg(y�U �{Z\O]QTi a U[W��cU���UXWYU[d t ��n`d`w$ilZjH@d_Zjghi{e@H@d a UXW �(d t MvQou a UXW�rIu\U[w$ilWYHvd`UXd
MvS`Q�kPd`p@Zjp�nod a d�kvQ`U[WhizghZ\O]Q+��¦`W(U[Z\d`U n`d`U[d a u\ZjO]Q`U ��d t MvQou e@H@d�rIu\UXw$iYWYH@d`U[d a UXJ � UXWFi
d%n`uju�� ��d`p@U[d�kvQ`U[Whi wxMPd`d

ω
Mvu\gIK�n`dowTiYZ\H@d a UXW �(d t MvQou a U[W rIu\U[w$ilWYHvd`UXd ��/ ��SVU[gYO]Q`WYZjUXSVU[d

�BU[W a U[d �

ω = (1 + α)−
N

2

���D�74@� �

m(Z\Uz£�Hvd`ghilMvdTiYU
α
Z\gFi�e@HvJ ¡�MvghZ\ghglMPi t MvS`Q`kvd`p@Zjp§n`d a ePMvWhZ\ZjUXWhi t �{ZjgYO]Q`UXd�� � �o¨znod a � � �$�

�(MvWFilWhUXUv� K�¦`W UXZjd 
 �%ghilU[J J�Zfi�¨��_rIujUXw$ilWhH@d`UXd Z\gFi a Mvg�yzU �{ZjO]QTi SVUXZ\gh�`Z\U[u\g �BUXZjgYU#� �7.@�
��¦`W

α
� � � �o¨ �D��rIWYpvZ\Soi§UXZjd`U��cU[O]Q`d%n`dop�UXZjd

ω
� �BU[u\O]Q`UXg a UXnoiYu\ZjORQ e@H@d a ZjUXghUXJ � UXWFi

MvS
� UXZjORQ$i ��ghH�Z\gFi a Z\U[g(U[Z\d �(d t UXZjORQoUXd a MP��¦oW�� a Mv¢ a Mvg��IWhH@S`u\U[J UXZjd`UXg(ZjdTilWhn a U[W�ghi]MxilUXg
Mvno��p@U�ilWhU[ilU[d�Z\gFi ��SVU[Z a U[J UXgzgYZjORQ�n`J ��n`ghilkvd a U¤MPn`g a U[J

VSD

�cMvn`J Q�MPd a U[uji���m(Z\URq
gYU �BUXO]Q`gYU[u �{Z\WhwvUXd J�U[Z\ghizdoZ\O]QTizgYU[Q`W�ghilMvWYw_J�Zji a UXW ^ � 
 
o^�K?q1�{U[��U[WYUXd t ��n`d`w$ilZjH@d�n`d a
Q�MvSVU[d a UXghQ�Mvu\S§u\U a Z\p@ujZfORQ UXZjd`UXd§p@UXWhZ\d`p@U[d�rIZ\d2Q`n`¢zMvno� a Z\UB£�H@WYWhUXu\MPilZjHvd`gYU[d`UXWhp@Z\UP� �sQ`W�rIZfq
p@UXd �BU[Whi:SVU t Hvp@UXd�Mvno� H0

Z\gFi:Mvuju\UXW a Zjd`p@g d�MvQoU a UXJ�r:Zjp@UXd �BU[WhiI��¦`W
Ψ0

�@¡BUXZoUXZjd`UXW:�_� � q
�cU[O]Q`d%n`dop �{¦`W a U a ZjUXgcwvU[Z\d`U[WYujUXZ �IWYH@Sou\UXJ a MvWYgFilUXuju\U[d ��SVU[Z UXZjd`UXW�^ � 
D�:¥c��q1�{UXO]Q`d%nod�p
Q`Z\dop@UXpvUXd9ghORQ`Hvd �
m(U[W(yzWYn`d a Q`Z\U[Wh��¦`W Zjghi � a Mv¢ a ZjU m�Z MvpvH@d�MvujUXujU[J�UXd$ilU a UXWcK�H%ORwTJ�MPilWhZ R#��¦oW{Z\d`Mvw$ilZje@U

� WYS`Zfi]MvujUzMvd a Z\U �sH@d`Z\ghZ\U[WYn`d`pvgYU[d`UXWhp@Z\U�nod a ��¦`W e%Z\WFiln`U[u\ujU � WYSoZji]MPu\UzMvd a ZjU rIu\U[w$ilWYHvd`UXdDq
M ��d`ZjilkPi�p@UXwvHv�`�VUXufi:gYZjd a �@K�¦`W a Z\U Mvw$iYZje@UXd � WYSoZji]MPu\U UXWhQ�kvuji�J#Mvd§UXdTiYgY�`WhUXO]Q`UXd a � U[WhiYU �
a Z\U t �{Z\ghORQ`U[d a U[W �sH@d`Z\ghZ\U[WYn`d`pvgYUXdoUXWYpvZ\U�n`d a a UXW§rIu\U[wTiYWYH@doUXd�M ��doZji]kxi§ujZ\U[p@UXd ��/cZ\J�J i
J#MPd MPd � a MP¢ UXZjd Mvw$ilZfe@UXg � WhS`ZjilMvu�d%n`W�ghORQ ��MvO]Q SVUXgYU�i t i�Z\gFi �IgYH wxMvdod a Z\U[gYU[J U[Z\d`U
rId`UXWhp@Z\U t n`p@U[H@W a d`U[i �BU[W a U[d � a Z\U{d�MPQ�MPd a UXW U[Z\d`U[g e%Z\WFiln`U[u\ujUXd � WYS`Zfi]MvujgIu\ZjUXpviX�$K�¦oW U[Z\d
ghilMvWYw�SVUXgYU�i t ilU[g�MPwTiYZje@U[g � WYS`Zfi]Mvu ��Hvu\pvi a MvWYMvn`gcUXZ\doU rId`U[WYp@ZjU � a Z\U a UXW�U[Z\d`U[g�Z\d`Mvw$ilZjevUXd
� WYS`Zfi]Mvujg�WhUXO]QTi d�MvQ¤wvH@J�J i�� ��u\g:K�H@ujp@U a M�e@H@d a Zfe@UXWhp@Z\U[Whi a Z\U r:doUXWYpvZ\U d�MvO]Q#y�ujUXZ\O]QTn`d`p
�D� �@� � a M a UXW /cUXd`d`U[W{� Mvghi{d%nou\u �{ZjW a �



�v� ��� �����
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rIZ\d`U 3 �vgYn`d`p a ZjUXghUXg �IWhH@S`u\U[J ��kvWYU � a MvgBUXd$ilgh�`WYU[ORQoUXd a U � WYSoZji]MPuNJ�Zfi Z\d a UXd/MPwTiYZfq
e@U[d/�cMvn`J UXZjd t n`SVU t ZjUXQ`U[d �`m(M a U[W�Mvw$ilZfe@U(��MPn`J MvSVU[W�MPn`g yzWY¦`d a UXd a UXW��{UXO]Q`d`U[WYw Mxq
�`M t Zfi]kPi{J�UXZjghi{d`ZjORQ$icJ�UXQ`W{Mvu\gz¨ �¤rIujUXw$ilWhH@d`UXd�nod a � WYS`Zfi]MvujU�n`J¤� MvgYghUXd�wxMPd`d �NZjghi a Z\U[g
Zjd a UXd�J�U[Z\gFilUXd�K�kvu\ujU[d¤wvU[Z\d`U 3 �vgYn`d`po�%rIZ\doUcMvd a U[WYU(� �@pvu\Z\O]Q`wvU[ZjiISVUXgFilU[QTi a MPWYZ\d �@UXZjd`UXd
ujU[e@U[u�ghQ`Zj� i�UXZjd t no��¦oQ`WYU[d [ '=( , ' ) ] � ��ZjUXWhSVUXZ �{Z\W a t n a U[J ��MvJ�ZjufiYH@d`Hv��U[WlMPiYH@W�U[Z\d�wTujUXZjd`UXW
� UXWFi �

ε
��M a`a ZjUXWhi�� �BUXujO]Q`UXW J�U[Z\ghizZ\d a U[W yzW �@¢@U[d`H@W a d%nod`p/e@H@d � � � ��S`Z\g�� � �9�(MPWhilWhUXU

ujZ\U[pvi��

(H0 − E0 + ε)Ψ1 = (E1 −H1)Ψ0

� �D� 4D¨ �

m(ZjU r:doUXWYpvZ\U
E

′

2
t �BU[ZjiYUXW � W a dTn`d`p���¦oW a U[d���MvJ�Z\ufiYH@d`Hv�VUXWlMxilH@W � t n a U[J a Z\U 
%i �@WYnod`p

M a`a Z\U[Whi �{n`W a U ��u kv¢Pi gYZ\O]Q9gYHvJ�Zfi gYO]Q`WYU[Z\SVU[d_Mvu\g[�

E
′

2 = E2 + ε
∑

µ

|C ′

µ|2(1 +
ε

εµ − E0

)
� �D� 4@���

yzUXQ$icJ�Mvd a M�e@H@d�MPn`g�� a Mv¢
εµ − E0 À ε

Z\gFi{n`d a e@U[WYd�MvO]Q`u\kvgYghZ\pvi{J�Mvd a ZjUz¥?UXWYJ�U ��Z\d
a Z\U

ε
�Tn�M a WYMPilZjgYO]Q¤UXZjd`p@UXQ$i �vgYH�wxMPd`d�J�Mvd a ZjU rId`UXWhp@Z\U �

E2

� H@Q`d`U u\U�e@UXu`ghQ`Zj� iIghORQoWYUXZjSVUXd
MPu\gX�

E2 ≈ E
′

2 − ε(
1

ω
− 1)

� �D�74@� �

m(noWYO]Q a ZjU G:UXWhd�MvO]Q`u kPgYgYZjp@n`d`p�e@Hvd§¥ U[WYJ�UXd§Q �vQ`UXWhUXW � W a dTn`d`p �xp@UXujZ\dopvi?UXg�� a ZjU Z\d$ilWhn a UXW
gFi]MPiYUXg:Mvnog a U[W:�{UXO]Q`dTn`d`p t n�UXdTih��UXWhd`UXd �@¥?UXgFilWYU[ORQod%n`d`p@UXd�Q�MvSVU[d¤p@U t UXZjpvi � a Mv¢zghZ\O]Q a Z\U
rIZjdo��¦`Q`Whn`d`p�U[Z\d`U[g 3�U[evUXu\ghQ`Zj� iYg wxMvn`J MvnD� a Z\U¤UXWhJ�ZfiYiYUXufilU[d�gh��U[w$ilWYHvgYwvH@�oZ\gYO]Q`UXd m�MPilU[d
MPn`g �{ZjWYw$i�� [ ' ) , ';( , ';* ]

� ��� � $&���X�#��� !��"�

��n ¡BUXpvZ\d`d UXZjd`UXW�/hU a U[d �cU[ORQ`dTn`d`p+Zjghi UXg �{Z\O]QTiYZ\p � a MP¢_J�Mvd gYZjORQ ¦`SVU[W a UXd t n e@U[WFq
� UXd a U[d a UXd ¡�MPgYZjgYglMPi t yzU a MPd`wvUXd J#MPORQ$i��Bm(Z\U[gYUXW a MvWh� d`ZjORQ$i t n p@WhH@¢ gYUXZjd � a M a Z\U
�{UXO]Q`dTn`d`p ghH@d`gFiBU[Z\d`U[d�Q`HvQ`UXd ��UXZfilSVU a MvWh��Q�MPi n`d a e%ZjUXu 
D�VU[Z\O]Q`UXWh�`u Mxi t SVUXd �viYZ\pPi��{ZjW a �
�cZ\d`pvUXp@U[d a MPWh� UXW�MvSVUXW�Mvn`O]Q�d`Z\O]QTi t n�w%ujUXZjd�p@U ��kvQ`ufi �BU[W a U[d � a M gYH@doghi a Z\U�y�U[d�Mvn`ZjpPq
wvU[Zji a UXWcrIWYpvUXS`d`ZjgYghU u\UXZ a U�i��
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yzUXd`U[WYU[u\u n`d$ilUXWhgYO]Q`UXZ a U�i�J�Mvd SVU[Z a UXd ¡�MvghZ\gh��nod`w$ilZ\Hvd`UXd t �{Z\ghORQoUXd 
Du MPiYUXW1q�n`d a
y MPn`gYghZ MvdDq ¥ �%�VU�q � WhS`ZjilMvujg ��
D¥ � n`d a y�¥ � �R� �sd 
%¥ � g Zjghi

ψ
�`WhH@�VH@WhiYZ\H@d`Mvu t n e−ξr

�
rIZ\d`U�gYHvu\O]Q`U�K�nod`w$ilZ\Hvd�SVUXghORQoWYUXZjSoi{gYUXQoW{p@nDi a Z\UzrIujUXw$ilWhH@d`UXd a Z\O]QTiYUzd�MvQ9MPJ £zUXWYd�n`d a
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� UXWhiYU/ZjJ �IWYHPilUXZjd SVU t U[Z\O]Q`d`U�i�J�Mvd Mvujg � �`gYZjd`gYQoZj� i���K�¦`W a Mvg¤�{Q`H a H@�ogYZ\d SVU a UXnoiYU[i
a Z\U[g�� a Mv¢�U[Z\d � �`gYZjd`gYQ`Zf� i(e@H@d 4@�#d`J t n�u\kvd`p@U[WYUXd � UXu\ujUXdou kvd`pvUXd+Mvno� ilWhZjihi���� H a n`WhORQ
�{Z\W a9a Z\UXghUzG:UXWhgYO]Q`Z\U[S`n`d`p�e@UXWhn`WYgYMvO]QTi �

�$�
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�sd a UXd 
Ti]kvSVO]Q`UXd%q�n`d a � Mv�o��U[d t U[u\u\U[d�ujZ\U[pvi t �BMvW a UXWcp@u\U[Z\O]Q`U ^BQ`WhH@J�Hv�`Q`H@W e@H@W � a H%O]Q
nodTilU[WYgYO]Q`U[Z a U[d
gYZjORQ a Z\U+�:WhHvilU[Z\d`U_gYH �BH@Q`u(Z\d a U[W 
DU��Tn`U[d t a UXW �(J�Z\doH@glkvnoWYUXd � �:WhZfq
J�kvWhghilWhn`w$iln`W � � MvujgzMvnoORQ�Zjd a U[WYUXd�Wlkvn`J�u\ZfORQoUXW ��d`H@W a d%n`d`p � 
DUXwTn`d a kvWFqcn`d a ¥?U[WhilZ\kvWFq
gFilWYnowTiYn`W �R��m(Z\U u\H@p@ZjgYO]Q`U 
DO]Q`ujn`¢v��H@ujp@UXWhn`d`p a MvWlMvnogzZjghi � a Mv¢ a UXW � �ogYZ\dogYQ`Zf� i a n`WYO]Q a Z\U
nodTilU[WYgYO]Q`ZjU a ujZ\O]Q`U �IWYHviYUXZ\dTn`J�p@UXSon`d`p a UXg ^BQ`WYHvJ�H@�oQ`H@WYg e@UXWYnoWYglMPORQ$i��BU[W a U[d�J§n`¢`�vm(U[W
^BQoWYH@J�H@�`Q`HvW?�`Mv¢vi?gYZjORQ a U[W /hU �BU[Z\u\Zjp@UXd �IWYHPilUXZjdTilMvgYO]Q`UBMPd � � UXgYQ`Mvu\S UXg SVU[Z\gY�oZ\U[u\g � UXZ\U t n
��d a U[WYn`d`pvUXd a UXW £�H@do��HvWYJ�MPilZfH@d¤wPH@J�J i��$Mvu\ghH t n ��d a UXWhn`d`p@U[d#e@Hvd�¡BZjd a nod`p@gYu\kvd`p@U[d �
¡ Z\d a nod`p@g �{Zjd`wvUXujd ghH �{Z\U�m(Z\U a UXW �{Z\dowvUXu\d��Im(ZjUXgYU�ghiYWYn`w$ilnoWYUXuju\U[d �(d a UXWhn`d`p@U[d w �@dod`UXd
U[Z\d`U[d�J�UXQoW{H a UXW �BU[d`Z\p@U[W{p@WYH@¢vUXd�¡BU[ZjilWYMvp t n`W{G:U[WYgYO]Q`ZjUXS`nod`p a U[W �(SogYH@Wh�oilZjH@d`gYJ�M,RDZ q
J�M�ujZ\U���UXWYd��
m(Z\U_��Mvn`�oiYn`WYgYMvORQoUXd a UXW � �ogYZ\d$e@UXWhgYO]Q`Z\U[S`n`d`p a ¦oWh� ilU[d�Mvu\ujUXW a Zjd`p@g¤Z\d a UXd n`d$ilUXW1q

ghORQoZ\U a u\Z\O]Q`U[d � U[ORQogYUXu �{Z\Whw%nod`p@UXd a U[g�^ Q`WYH@J�H@�`QoH@WYg§J�Zji a U[W¤bcJ�p@U[S`n`d`p�Zjd`d`U[WYQ�MvujS
a UXW��IWYHviYUXZjdTi]MPgYO]Q`U t n§gYn`O]Q`U[d¤gYU[Z\d �Pm�MvSVU[ZoQ`Mvd a U[uji�UXg�gYZjORQ n`J U[u\UXw$iYWYH@gFi]MPiYZ\gYO]Q`U � U[ORQDq
ghUXu �{Z\WYwTn`dop@UXd�J�Zfi a UXd�noJ�p@U[SVUXd a UXd ��J�Zjd`H@glkPn`WYU[d � a ZjU t n�UXZjd`UXW(G:UXWhgYO]Q`Z\U[S`n`d`p a U[g
��S`gYHvWY�oilZjH@d`ghJ#M"RoZjJ§n`J�g���¦oQ`WYU[d ��m�Z\U /(MPiYn`W a ZjUXghUXW � UXO]Q`ghUXu �{ZjWYwTn`d`pvUXd �{n`W a U t nDq
d`kvORQoghi{MPd`Q�Mvd a e@Hvd#ilQ`U[H@WYU�ilZ\ghORQoUXd/¡BU[WYU[ORQ`dTn`d`p@U[d/UXWYJ�ZfiYilU[ujiX�%��UXQ`WhUXWhU�bcdTiYUXWYghn`O]Q%n`dDq
pvUXd [ (;) , (�* , (�+ ] UXWhp$MvSVU[d � a Mv¢ a Z\U �`WhHvilHvd`Z\U[WhilU n`d a+a UXg � UXp@U[d��VH@gYZfilZje�p@U[u M a U[d`U 
DO]Q`Z 5Nq
¡BMvgYU_Z\J �cQ`H a H@�`gYZjd J�Zji�UXZjd`UXW�H a UXW#J�UXQoWYUXWhUXd d`UXp$MxilZjevUXd 3 M a n`dop@UXd Z\d � UXO]Q`gYU[ufq
�{ZjWYwTn`d`p�ilWhU[iYUXd J§n`¢`�IrIZjd`U9Mvd a UXWYU9r:Whw%u\kvWhn`d`p�wvH@dodTilU9U[g¤��¦`W a Mvg ��no� ilWhU[ilU[d UXZjd`UXg
a UXWlMPWhilZjp_pvWYH@¢vUXd S�MPilQoH%ORQoWYH@J�UXd 
DQ`Zf� ilg e@H@d 4@�9d`J d`ZjO]QTi p@U[SVUXd ��m(Z\U�3 MvpvU a UXW d`URq
p@MPilZfe@UXd 3 M a n`d`p ��MvujgYH a U[g�y�U[p@UXd`ZjH@d`g � �{n`W a U§UXSVUXdD� Mvu\ujg(Mvd`Q�Mvd a e@H@d�¡BUXWhUXO]Q`d%nod`p@UXd
J�Zji(^Bu

−
ghZ\J§n`ujZjU[Whi�� [ (X, ] m�MvSVU[Z �{n`W a U a Z\U � H@ghZjilZjH@d a UXg�yzUXpvUXd`ZjH@d`g(J�Zfi�U[i ��M��v�@���`J

e@HvJ ^(¨ � q � iYH@J ��UXgFilp@U[u\U[pvi�� �(d a UXWYU�bcdTiYUXWYghn`O]Q%n`d`pvUXd [ (;+ , (;- , (�c , )�b ] SVUXgFi]kPiYZ\p@U[d a Z\U[g
nod a ujH@wxMvujZjgYZjU[WhiYUXd a Mvg�yzUXp@U[d`Z\H@d�UXSVUXdD� Mvu\ujg Z\d a ZjU /(kvQoU a UXg(^(¨ ��q ��ilH@J�gX�
m(n`WYO]Q a Z\U(m�MvWYgFilU[u\u\nod`p e@UXWYghORQoZ\U a UXd`UXWc��noilMvdTiYUXd a U[g{�{Q`H a Hv�`gYZjd`g��DZjd a U[d`UXd�UXZjdDq
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t U[u\d`U+H a U[W�J�U[Q`WYU[WYU ��J�Zjd`H@glkPn`WYU[d MPn`gYp@U�i]MvnogYO]QTi �{n`W a UXd ��n`d a a ZjU�bcdTiYUXWYghn`O]Q%n`d`p
a UXg��IQ`HPilH t �DwTujn`g a Z\U[gYU[W_��nDi]Mvd$ilUXd
wvHvd`dTiYU�u\U�i t iYu\ZjORQ
yzu\noilMvJ�MPi+¨@¨�� ��yzu\n�¨@¨�� ��Mvu\g
y�U[p@UXdoZ\H@d a UXW��`WYHviYH@d`ZjUXWhiYUXd 
DO]Q`Z 5Vqs¡�MvghU�Z a UXd$ilZ 1 t ZjUXWFi �BUXW a UXd�� [ ) 4 , )a' , )�( , );) ] m(ZjU�£�WhZfq
ghilMvu\ujghilWhn`w$iln`W a UXg �{Q`H a H@�ogYZ\dog�� a ZjU{ZjJ �@MvQoW �v�@�@� t n`d�kPORQ`gFi e@Hvd#��Mvu t O[U �{ghw%ZNn`d a gh��kxq
ilU[W�e@H@d�Mvd a UXWYU[d�SVUXgFilZjJ�J i �{noW a U � [ c , (�b , (	4 , )X* ] SVUXgFi]kPiYZ\pviYU�gYO]Q`u\ZjUX¢@ujZjORQ a Z\U[gYUXd�¡BU[��nod a 6
y�ujn ¨@¨�� SVU 1�d a U[icghZ\O]Q/Zjd�UXZ\doUXJ �(Soghi]MPd a e@H@d9�5.@�§�oJ e@HvJ 
TilZ\O]wTghiYH-5 MxilH@J UXd$iY��U[WYdTiX�
m(Z\U¤£�H@d<1�p@n`WYMPilZjH@d a UXg ^BQ`WYH@J�H@�`QoH@WYgzZ\ghi a MvSVUXZ 4xq gFq OXZjg�� J�Zji�UXZjd`UXJ ¥?H@WYghZ\H@d`g �{Z\dowvUXu
e@H@d9U[i ��M§q1�@�

◦ [ )�+ , )7, , )�- ] ¨ ��qsgFq�ilWlMPd`gX� [ )a, , )Xc , *;b ]
��no� a UXW?yzWYn`d a u MvpvU�e@H@d ��� �@�_�/q 
DZjJ§n`u MxilZfH@d`U[d�� MPd a U[d 
Dn`pvZ\Q�MPWlMBU[i?Mvu ��� [ *(4 , *;' , *=( ]

a Mv¢ a MPg y�ujn ¨@¨�� t n`glMPJ�J�UXd�J�Zji�UXZjd`UXJ � MvgYghUXWYJ�H@ujUXwT¦`u � ��MPi]�PS �(n`d a ¥ QoWYUXHvd`Z\d .56
� ¥ Q`W .56
��U[Z\d/wvH@J��ou\USRoU[g(yzUXp@U[d`Z\Hvd9SoZ\u a U[i��`m(ZjUXg �{n`W a U SVUXWhUXZfilg e@H@WYQoUXW�MPno��p@WYnod a e@H@d
U RD�VUXWhZ\J�UXd$ilU[u\u\U[d9¡BU[��nod a U[d_n`d a Mvd a UXWYU[d9ilQoUXWYH%U�ilZjgYO]Q`UXd_bcdTilU[WYghn`ORQTn`d`p@U[d_e@U[WYJ§noiYU[i��
[ * ) , *;* , *;+ , *X, ]
m(noWYO]Q UXZjd /cU[i t �BU[WYw�evH@d � MPgYgYU[WYghiYH-5�S`WY¦`O]wvUXd%S`Z\d a n`d`p@U[d t �{ZjgYO]Q`UXd a UXJ ^BQ`WhH@J�HPq

�`Q`H@W � a UXJ y�U[p@U[d`Z\H@d+yzu\n ¨@¨�� ��¥ Q`W .56#n`d a U[Z\d`U[J � MPgYgYU[WYJ�H@u\U[wT¦`u � ��MPi]�PS � �{ZjW a_a ZjU
¡�MvghZ t Zfi]kPi a U[gz^�MvWYSVHMR �%u\MPilZjH@d`gcgYH �BUXZfi�QoUXWlMPS`p@U[gYU[i t i � a Mv¢ a ZjU 
DO]Q`Z 5Nq1¡BMvgYU �`WhHvilHvd`Z\U[Whi
S`u\U[Z\SoiX� [ *=- , *=c ]
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 [ *(4 ]
�sd �BU[ZjilU[WYU[d 
%Z\J§n`u\MPiYZjHvd`UXd/U[dTiY��U[WYd$ilU 
Dn`p@ZjQ�MvWlM�U[Z\d t UXujd`U H a UXW{J�U[Q`WYU[WYU yzWYn`�o��U[d a UXg
/�U�i t � UXWhwvUXg �%n`J t n�UXWhJ�ZfiYilU[u\d �vH@S a ZjU e@U[WYS`ujUXZ\SVU[d a U[d�yzWYn`�o�VUXd�Zjd a U[W 3 MvpvU{gYZjd a � a ZjU
�`WYHPilH@d`ZjUXWFilU 
DO]Q`Z 5Nq1¡�MPgYU � UXZjiYUXWhQ`Z\d t n�ghilMvS`Zju\ZjgYZjU[WYUXd�� � ZjW a �BMPiR�PS#U[dTiY��U[WYd$i �DghH�kvd a UXWFi
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ghZ\O]Q a ZjU 
Ti]MvS`Zju\ZfilkPi a U[WB�`WYHviYH@d`ZjUXWhiYUXd 
DO]Q`Z 5Nq1¡BMvgYU�wxMvnoJ��DrIdTih��UXWYd$i J�Mvd#QoZ\d`p@U[p@U[d a Mvg
¥ QoWYUXHvd`Z\d �NghH�� kvd`pvi a U[W(Mvd a UXd 
%iYZ\O]wTghilH 5�p@U[S`n`d a U[d`U � MvgYghUXWhghilH-5 MPd t n_Hvg t Zju\ujZjU[WYU[d
nod a d�kvQ`U[Whi�gYZ\O]Q a UXJ�^�MPWYSVH3R �%u MxilZjH@d � a MPg�Q`UXZj¢vi a UXW�^BQ`WYH@J�H@�oQ`H@W �{ZjW a a UX�`WhHvilH@doZ\UXWFi��
� Q`doU �BMPiR�PS/n`d a ¥ Q`W . 6�wvH@J�J i UXg t n9UXZjd`UXW gYHv��HvWhilZjp@U[d9m(U[�`WYHviYH@d`ZjUXWYnod`p a U[W 
DO]Q`Z 5Nq
¡BMvgYUP� m(ZjU§¡�MvghZ t Zfi]kPi a UXg�yzUXp@U[d`Z\H@dog �{ZjW a+a noWYO]Q a Z\U ��UXQ`ujUXd a U � MvghgYUXWhghilH 5�SoWY¦`O]w@U�gYH
e@U[WYgFi]kvWYw$i�� a MP¢ a Mvg:�IWYHviYH@d�gYHv��HvWhi�e@H@d a UXJ ^BQ`WhH@J�H@�`Q`HvW t n`W�ghi]kPWYwvUXWhUXd�¡�MPgYUcyzu\n ¨@¨��
� UXO]Q`gYUXufi��
m(Z\U�K�n`d`w$ilZjH@d a U[g y�ujn ¨@¨�� MvujgByzUXp@U[d`Z\H@d a UXg 
%ORQoZ 5Nq1¡�MvghU�Zjghi doH%ORQ#d`ZjORQ$i e@Hvu\u\gFi]kvd%q

a Z\p(p@UXwTu\kvWhiX�@yzu\U[Z\O]Q`U[g�p@Zjuji ��¦`W a ZjU��{H@u\ujU a U[g /cU[i t �BU[WYwvUXg Mvn`g � MvgYghUXWYgFilH-5�S`Wh¦`ORwvUXd � a Mvg
ghZ\O]Q Mvn`gYSoZ\u a U[i�n`d a ghH@J�Zji a ZjU 
DO]Q`Z 5Nq1¡BMvgYU�ghi]MvSoZ\ujZ\ghZjUXWFi�� rIZ\doU �{Z\O]QTiYZ\p@U¤K�WYMvp@U�Z\ghi�� H@S
nod a Z\d �BU[u\O]Q`UXJ ��n`gYJ�Mv¢ a Z\U e@U[WYJ�Z\d a UXWFilU 
%i]MPS`Z\ujZfi]kxi a UXW��`WhHvilHvd`Z\U[WhilU[d 
DO]Q`Z 5Vqs¡�MvghU
a Z\U ��S`gYHvWY�oiYZ\H@d a UXg ^BQ`WYHvJ�H@�oQ`H@WYg�SVU[UXZjd2Q�n`¢Pi�� �(n`g a ZjUXghUXJ y�Whn`d a �{n`W a U a U[W�rIZjdDq
Q`n`¢ a U[gcwvH@J��`u\USRDUXd_yzUXp@U[d`Z\Hvd`g{Mvno� a Z\U ��S`gYH@Wh�oilZjH@d/n`d a 
%ilWhn`w$iln`W a U[W{�`WYHPilH@d`ZjUXWFilUXd

%ORQ`Z 5Vqs¡�MvghU�n`d$ilU[WYgYnoORQ$i��

� 
���
 = � #�E(2 �"�"!���!$AD2 * 2 E(2 !�� 2�AD.F0 ����! * . A�C(0 AD2���! ���(.12�E��1."� �(2 *
 �# * ( �12��{2 * ��2 �:2�0(."#:0

m(ZjUzSVUXWYU[ORQod`U[iYUXd���H a UXuju\U�S�MvgYZjUXWhUXd�Mvuju\U�Mvno� UXZ\doUXW ��� �@�+�/q 
DZ\J§n`u\MPiYZjHvd a U[W{p@UXgYMvJ�q
iYUXd �:WhHvilU[Z\d$i]MvghORQ`U � � H@SVUXZ a UXW ���/qs¥?UXZju a UXd ^BQ`WhH@J�H@�`Q`HvW§Zjd y�U[p@UXd ��MvWFi�e@Hvd e@U[WFq
ghORQoZ\U a UXd`U[d £cH@J§S`Z\d�MxilZfH@d`U[d a U[g wvH@J��ou\U RDU[d yzUXpvUXd`ZjH@d`g�noJ�� MP¢vi���G:UXW �BUXd a U[i �{n`W a U
QoZ\UXW a MPg�G�ZjUXd`d�M q �(S%q �sd`ZfilHPq 
DZjJ n`ujMPiYZjHvdDqs��MvORw Mvp@U ��G � 
o� � ��J�ZjiBUXZjd`UXW Mvno� m(Z\O]QTiYU[��n`dow$q
iYZ\H@d`MvujiYQ`UXHvWYZjU � m�K ¥ ��S�MvgYZjUXWFilUXd���H@u\U[wT¦`u a �%d�MPJ�ZjwN� ��u\g ��n`gYp$MPd`p@gY�on`d`w$i a UXW 
%iYWYn`w$iln`W
�{noW a U a ZjU � � © q ��d`p@ghiYW �@J £�WhZ\gFi]MvujujghiYWYn`w$iYn`W pvU ��kPQ`ujiX� [ (�b ]
rIZ\d`U�e@H@u\ujghilkvd a Zjp@U ¡ UXgYO]Q`WhUXZjS`n`d`p a U[W Mvd`p@U[WYU[pvilU[d ��n`gFi]kvd a U a UXg 
 �DgFilU[J�g ��p@UXgYMvJ�q

iYUXWc^BQ`WhH@J�Hv�`Q`H@W��`ujn`g wvH@J��`u\USRDUXg�yzUXpvUXd`ZjH@d � J�Zji{^ � 
 
oK��v^ � 
o�I¥c�¤Z\gFi{WhUXO]Q`d`U[WYZ\ghO]Q
WhUXu\MPilZfe�MPno� �BUXd a Z\po� ��n`g a ZjUXgYU[J yzWYn`d a �{n`W a U�U[Z\d�e@U[WYUXZjdo� MvO]QTiYUXW ��H a U[u\ujORQoWYH@J�H@�`Q`HvW
pvU ��kvQouji � Zjd a UXJ a UXW

β
q �sH@d`H@doWYZ\dop_MPS`p@UXghORQod`ZjihilUXd nod a a ZjU�G:Mvu\U[d t J�Zji � MvghgYU[WYghiYH-5

pvUXglkxiYilZjpvi �{n`W a Uv�
��n`gIG:UXWhp@u\U[Z\O]Q`gYWhUXO]Q`d%nod`p@U[d#Zjghi:SVU[wxMvd`d$i � a Mv¢ a UXW �{Z\dop a Z\U ��S`gYH@Wh�Dq
iYZ\H@d n`J UXZjd`UXd wvH@d`gFi]Mvd$ilU[d¤¡BU�ilWYMvp � �54�doJ � t n§u kPd`p@UXWhUXd � U[u\ujUXd`u\kvd`p@U[d e@U[WYgYO]Q`ZjUXSoiX� [ +;b ]
rIW(wxMvd`d�Mvu\ghH�SVU[Z a U[d��cU[ORQod%n`d`pvUXd�e@U[WYd�kvO]Q`u\kvgYghZ\pvi � UXW a UXd � a M#UXW�Mvno� Mvuju\U 
 �%gFilUXJ�U
U[Z\d`U[d9e@U[WYp@ujUXZ\O]QTS�MvWYU[d_rIZ\d2Q`n`¢�Q�MPi��Nm(ZjU 
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( � ,;, O (�'=cXR b�� b	4 S2 (�� (X'�O (X, )XR b � b	4 (5a)1(7a)1 4A) c�� ';(
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a/ 4 � +;+;-�� , b(4A+ S0 � +a, b � ,=*=+X, (4a)2(5a)2 ,=* )�� b=)
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� )a, c�� -X, *=( S0 � )X-	4 � (X, b;- (4a)2(5a)2 , 4 ' � 4Ab
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DS�� � �`gYH�e@U[WYghORQ`ZjUXSoicghZ\O]Q a MPg ��S`gYHvWY�oiYZ\H@d`ghJ#M"RDZ\J§n`J n`J © q0.§doJ t n/u\kvd`p@U[WYUXd � UXu q
ujUXd`u\kvd`p@U[d � a M a Z\U��oWYHviYH@d`Z\U[WhiYU 
%ORQ`Z 5Vqs¡�MvghU�U[i ��Mvg a U[ghilMvS`Z\ujZ\ghZ\U[Whi �{ZjW a � 
DH@J�Zji wvHvJ�J i
U[g t n9UXZ\doUXW�e@UXWYkvd a U[WhilU[d 3 M a nod`p@ghe@U[WhiYUXZju\n`d`p¤Z\J ^BQ`WhH@J�H@�`Q`H@W � a ZjUzgYZjORQ/Z\d a U[W{u\U[Z\O]QDq
iYUXd G:UXWYghO]Q`Z\U[S`n`d`p�e@H@d

λmax

kvn`¢@U[Whi�� [ (X* , +;c , , b ] ¡ UXZ a U[W a U[�`WYHPilH@d`ZjUXWFilUXd 
DO]Q`Z 5Vqs¡�MvghU
wvHvJ�J i:U[g t n#U[Z\d`U[W:G:U[WYghORQ`ZjUXSon`d`p e@H@d�U[i ��M �v��d`J t n�u kPd`p@UXWhUXd � UXuju\UXdou kvd`pvUXd � � UXd`d
a Mvg��`WYHviYH@d`ZjUXWhiYU:y�U[p@UXdoZ\H@dzQ`Zjd t nop@UXghU[i t i �{Z\W a ���sJ y�U[p@UXdoglMPi t:t noW �oWYHviYH@d`Z\U[WhiYUXd 
DO]Q`Z 5Nq
¡BMvgYU ZjdTiYUXWlMPp@Z\U[WYUXd Q`Z\U[W�u\U a Z\pvujZjO]Q t �BUXZN��H@ujUXwT¦`ujU�n`d a d`Z\O]QTi t �BU[Z �sH@doUXd � ��Mvg t n`W:K�H@ujp@U
Q`MPi � a Mv¢ a Z\U � UXO]Q`ghUXu �{ZjWYwTn`d`p�pvUXWYZjd`p@U[W Z\ghiX�

�sd`gYp@U[glMPJ§i?e@U[WYghORQ`ZjUXSDi a Mvg�y�U[p@U[d`Z\H@d a UXd � U[u\ujUXd`u\kvd`p@U[d%SVU[WYUXZjORQ ��Z\d a UXJ a U[W�^BQ`WYHxq
J�H@�`QoH@WIMvS`ghH@WYS`ZjUXWFi �vZ\d a UXd�¡BU[WYU[Z\O]Q¤e@H@d 6$�@��S`Z\gI�56$��d`J9�$m�UXW

n−π∗
q ��SVUXWhp$Mvd`p �{Z\W a

U[SVUXdo� MPu\u\g e@H@J yzUXp@U[d`Z\H@d§SVUXU[Z\d2Q`n`¢vi �vn`d a t ��MvW�wvH@J�J i�UXg t n¤U[Z\d`U[W�wTn`W t �BUXuju\Zjp@UXd G:UXW1q
ghORQoZ\UXSon`d`p�e@Hvd�U�i �BM�6$��d`J9�
m(UXW rId`UXWhp@Z\U[n`dTiYUXWhgYO]Q`Z\U a t �{ZjgYO]Q`UXd a UXJ S1

qcn`d a
S2

q ��noghi]MPd a doZ\J�J i�Z\d yzUXpvUXdDq
�BMvWhi a U[g y�U[p@UXd`ZjH@d`gzMvS � �sJ KNMvuju a UXW 
DS ¨ 
%ilWYnowTiYn`W�wvHvJ�J i�UXg t n�UXZ\doUXW�rIdTilMvWhiYn`d`p
a UXW SVUXZ a UXd ��n`ghilkvd a U

S2
n`d a

S3
� �BUXujORQoU�Mvujg

S1
S t ��� S2

Mvno��pvU[ilWYMvp@U[d �{n`W a UXd � �sd
a UXW§��WhUXZ\U[d a UX�oWYHviYH@d`Z\U[WhiYUXd 
DORQoZ 5Nq1¡�MPgYU ��
DS � ujZ\UXpPi a UXW e@UXWYSVHPilUXdoU ��n`ghilMvd a � a UXW a Z\U
t �BUXZf� MvO]Q`U(� � � � → 3 b(� � ��d`WYU[p@n`d`p SVU[Z\d`Q�MPujilU�i �

S1

�D�56$��d`J �IUXd`U[WYp@U�ilZjgYO]Q�n`d$ilUXW
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a UXJ UXWYu\Mvn`SoiYUXd�� � � � → 3?b(� � ��SVU[WYp$Mvdop �
S2

�o�$�54 doJ �R�om(U[WcyzWYnod a�a Mx��¦`WBu\Z\U[pvi
Z\d a U[W �sd$e@UXWhiYZ\U[WYn`d`p a UXWzSVUXZ a UXd ��n`ghilkvd a U�Z\d a U[W ^ � 
 
`^�K?qs�cU[ORQod%n`dop � ¥ MvSVUXuju\U�� �R�
��ZjUXW wvHvJ�J i U[g t n�UXZjd`UXW gFi]MvWYwPUXd/m(U[ghilMvS`Z\ujZ\ghZ\U[WYn`d`p a UXg�� � � � → 3 b�� � �cSVUXWYp@MvdDq
p@UXgzZjJ G:UXWhp@u\U[Z\O]Q t n a UXJ d�kvO]Q`gFilQ �vQ`UXW�ujZ\U[p@UXd a UXd ��n`ghilMvd a � � � � � → 3 b�� � �§¨ 6
� � � � q]¨ → 3 b�� � 6 a H@�`�VU[ujiYU � � � � → 3 b�� � �(doWYUXpvn`d`p
�R�Vm(Z\U[gYU �sdTe@U[WhiYZ\UXWhn`d`p
�{Z\W a SVU[Z a UXW�^ � 
o�I¥c� qs�cU[ORQ`dTn`d`p�dTn`W iYUXZ\u �BU[Z\gYU:Mvno��p@U[Q`H@SVU[d �x¡BUXZ a UXW ��no� ilWYMvp@n`d`p a U[W
��n`ghilkvd a U �{n`W a U a UXW

S2
q Mvu\g

S1
q ��noghi]MPd a S t ��� a U[W S1

q Mvu\g
S2
q ��n`ghi]MPd a SVU t UXZjO]Q`d`U[i��

a MvJ�Zji�UXZjd/G:U[WYp@ujUXZjORQ/J�Zji a UXd ��n`ghilkvd a U[d a U[Wc�oWYHviYH@d`Z\U[WhiYUXd9¡�MvgYU[d�p@U[p@UXSVU[d�Z\gFi��
rIZ\doU+gYH@ujORQoU �sd$e@UXWhgYZ\Hvd a UXW ��n`ghi]kPd a U�u\kv¢vi#gYZjORQ Mvn`O]Q ZjJ � H@u��@U[d ¨ � � � � � � q � O�i]Mxq

ilU�ilWlMPUXd`U#SVUXHvS�MvO]QTiYUXd � [ , 4 ] ¡BUXZ a Z\U[gYU[J � H@u��vUXd J�Zji�e%Z\U[W§m�H@�`�VUXujS`Z\d a n`d`p@U[d u\ZjUXpvi a U[W
e@UXWhSVHvilU[d`U 1Ag

q ��n`gFi]Mvd a ¨ � d`J nodTilU[W a U[J UXWhu MvnoSoilU[d 1Bu

q ��noghi]MPd a �Dm(ZjU 
%ilWYnowTiYn`WYU[d

DS�kvQ`d`U[u\d/gYH@J�Zji{MPu\gYH�J�U[Q`W UXZjd`UXJ � H@u��@U[d�Mvu\g U[Z\doUXW 
%ORQ`Z 5Vqs¡�MvghUv�

� ZjUzSVU[WYUXZfilg t nDe@H@W{SVU[gYO]Q`WYZjUXSVU[d �NgYHvWYpvi a Z\Uzr:Zjdo��¦`Q`Whn`d`p¤U[Z\d`U[g�yzUXpvUXd`ZjH@d`gB��¦`W U[Z\d`U
G:UXWYkvd a U[WYn`dop a UXW 
TilWYnowTiYn`W�� ��Mvg�gYZ\O]Q SVUXgYHvd a U[WYg�Z\d a UXW¤¡BZjd a n`d`pvgYu kPd`p@U[d�MvujiYUXWhd�Mvd t
Mvn`g a WY¦`O]w$i��Dm(Z\UcK�WlMvp@U � a Z\U{gYZjORQ�dTn`d#gFilUXujuji��$Zjghi a Z\U �THvS a Z\U G:UXWhgYO]Q`Z\U[S`n`d`p a U[g �(S`ghH@WY�Dq
ilZjH@d`gYJ�M,RDZ\J n`J¤g a n`WhORQ a Z\U�U[u\U[w$ilWYH@gFi]MPiYZ\ghORQ`U � U[ORQogYUXu �{Z\Whw%nod`p t �{ZjgYO]Q`UXd yzUXp@U[d`Z\Hvd
n`d a ^BQ`WYHvJ�H@�oQ`H@W�H a U[W a n`WYO]Q a ZjU ��d a U[WYn`d`p a UXW{¡BZ\d a n`d`pvgYu kPd`p@UXd�e@U[WYn`WYgYMvO]QTi �{Z\W a �
�(n`g a Z\U[gYU[J yzWYnod a �{n`W a UXd a Z\Uzn`d$e@UXWlkPd a UXWFilU[d 
%iYWYn`wTn`WhUXd�� 
DS ¨ S`Zjg{� 
%S���nod a 
DS�¨
UXSVU[do� Mvu\ujgcHvQ`d`U§yzUXp@U[d`ZjH@d�SVU[WYUXO]Q`d`U�i�� �sd_¥ MvSVUXuju\U 6�gYZ\d a_a ZjU m�MPiYUXd a ZjUXgYU[W(�{U[��U[WYUXd t q
ghiYWYn`w$iln`WhUXd a MvWhp@UXgFilUXujujiX�
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(5a)0(6a)2 4S+

N 
a/ ' � )X-;b�� ';'�,=' S0 � )�-�4 � ,=*(4\( (4a)2(5a)2 -�4 4S( � );)
@Z> � ( � 4A+_O (;c;(XR 4 � (�* S1 ' � )X*�O *;b;+�R 4�� bX* (5a)1(6a)1 +X* + � b;c

( � -�*�O (�';'�R b � ' ) S2 ( � '=c_O (a,;,=R b�� '	4 (5a)1(6a)1 4S- 4Sb � *=c
(4a)1(6a)1 '=)
(5a)0(6a)2 4 *
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a/ ( � )�-�b � ';'=-=+ S0 � )X-	4�� ,=*=(X, (4a)2(5a)2 -;b 4A( � '(4
@L> � (�� b�c_OQ)Xb	4SR 4�� (X* S1 ' � )X'�O *(4S(�R 4 � b�* (5a)1(6a)1 +=) * � ,='

(�� ,�, O (X'=c�R b�� '=) S2 ( � ';'�O (;-X*;R b � '(4 (5a)1(6a)1 4Ac 4Ab � '=(
(4a)1(6a)1 ' )
(5a)0(6a)2 4S*
a/ 4 8 � )a,=c � -X, b;* S0 � )X-	4�� (X,;, - (n)2(4a)2(5a)2 ,=* ' � 4 ,

@L> � ) � (X'�O ';-X,=R b�� b�b n − π∗ ( � ,;, O (�';c�R b � b;b (n)1(5a)2(6a)1 , ) ' � *(4
+�� ba, O ';b=)XR 4�� ,=c S2 ( � +	4"O (=)�)XR 4 � b;+ (n)2(5a)1(6a)1 , ( )�� *=(
(�� c�4"O (�4 ,=R b�� b�b S1 ( � *;'�O (�*�';R b � b;b (n)2(5a)1(7a)1 4S* ' � '=-

(n)2(4a)1(6a)1 4Ac
(n)2(5a)0(6a)2 (	4
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m(HvWhi{gYZjd a/a ZjU�� � � � → 3 b(� � ��SVU[WYp$kvdop@U�nod a9a ZjU

S2
q ��n`gFi]kvd a U a UXW 
%iYWYn`w$ilnoWYUXd

J�Zji�yzUXp@U[d`Z\Hvd n`d a a U[W#�cU���UXWhUXd t ghiYWYn`w$iln`WhUXd�p@UXJ�UXZjd`glMPJ MvnD��p@U[iYWlMvp@U[d � m(ZjU � UXZj¢@UXd
¡BMvu\wvU[d�gFilU[Q`UXd���¦`W a ZjU G:U[WYgYO]Q`ZjUXS`nod`p a U[g ��S`gYHvWY�oilZjH@d`ghJ#M"RoZjJ§n`J�g a n`WhORQ �(d a UXWhn`d`p
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a UXW 
%iYWYn`w$iln`W � a ZjU{ghORQ ��MvW t UXd���¦`W a ZjU{U[u\U[wTiYWYH@gFi]MPiYZ\ghORQ`U � UXO]Q`gYU[u �{ZjWYwTn`d`p a UXgB^BQ`WhH@J�HPq
�`Q`H@Whg{J�Zfi a U[J yzUXpvUXd`ZjH@d �
m(ZjU ��WhUXZjU �`WYHviYH@d`ZjUXWhiYU 
DO]Q`Z 5Nq1¡BMvgYU t U[Z\pvi�wvU[Z\d`U ¡BZjd a n`dop@glMPujilU[WYd�MPd t � �(S`S��P. � n`d a

MvS`ghH@WYS`ZjUXWFi�SVUXZ �D¨3.�d`J9� ��u\g�G:U[WYp@ujUXZjORQ a M t n�gYZjd a�a Z\U§�{U[��U[WYU[d t gFilWYnowTiYn`WYUXd�� 
DS ¨�SoZ\g
� 
DS�� t n gYU[Q`UXd � a Z\U ZjJ yzUXpvUXd`gYMPi t t n a U[W � 
DS 
%iYWYn`w$iYn`W UXZjd`U a UXnoiYu\ZjORQ`U ¡ Z\d a nod`p@glMPujilURq
WlMvd t Mvno� � UXZjgYUXd��@m�Z\U G:UXWhgYO]Q`Z\U[S`n`d`p a UXg ��S`gYHvWY�oiYZ\H@d`ghJ#M"RDZ\J§n`J�g a n`WhORQ a Z\U[gYUBgFilWYn`w$iYnDq
WYU[u\u\U[dzG:UXWYkvd a U[WYn`dop@UXd SVU�ilWYkvpvi Mvuju\U[W a Zjdop@g d%n`W t �{ZjgYO]Q`U[d 4{n`d a ¨��{d`J � �BUXZj¢@U ¡�MPu\wvUXd ���
m(UXW�rIZjd2Q�n`¢ a U[W�¡BZ\d a n`d`p@gYMvufilUXWhd�Mvd t Mvno� a Z\U ��S`gYHvWY�oiYZ\H@d ghORQoUXZ\d$i a U[J�d�MPORQ d`Z\O]QTi�ghUXQ`W
ghilMvWYw t n�ghUXZjd � �BU[d`d�J#MPd a UXd9d�MvO]w$ilUXd+^BQ`WhH@J�Hv�`Q`H@W HvQ`d`U y�U[p@UXdoZ\H@d/SVU�ilWlMPORQ$ilU�i��
�sJ yzUXpvUXd`gYMPi t a M t n �{Z\Whw$i�ghZ\O]Q a Z\U � UXO]Q`ghUXu �{ZjWYwTn`d`p t �{ZjgYO]Q`UXd
^BQ`WhH@J�Hv�`Q`H@W�n`d a
y�U[p@UXdoZ\H@d ��gYO]Q
�BMvW t U_¡�MvujwvUXd � �BUXghUXd$ilu\ZjO]Q a U[noilujZ\O]Q`U[W�MPno� a ZjU ��S`gYHvWY�oiYZ\H@d�Mvn`g[�:m(UXW
�(Mvno�oilSVU[ZjilWYMvp a UXg�MvSogYH@ujnoilU[d+Q �%�`gYH%O]Q`WYHvJ�U[d 
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��n`d�kvO]Q`gFi Z\ghi S�U[Z Mvuju\U[d�n`dTiYUXWYghn`O]QTilU[d 
%ilWhn`w$iln`WhUXd UXZjd`U a UXnoiYu\ZjORQoU¤G:UXWYghORQoZ\U[S`n`d`p a U[W
rIu\UXw$iYWYH@d`U[d a ZjORQ$ilU§e@HvJ ^:q ilU[WYJ�Z\d�MPujUXd�rId a U t n`J 
%ilZjORwTghiYH-5�MPilH@J t n�SVUXJ�UXWhwvUXd ��¡BU[Z
UXZjd`UXJ G:U[WYp@ujUXZ\O]Q a UXg(� � � � g�nod a_a UXg 3 b(� � g a UXW(��H a U[u\ujg �%ghilU[J�U � 
DS�n`d a � 
%S ¨
� kvu\ufi�Mvno� � a MP¢�gYZjORQ a Z\U � WYS`Zfi]MvujU a noWYO]Q a Z\U ��d
�BU[gYU[d`Q`UXZji a U[g�y�U[p@U[d`Z\H@dog�e@U[Wlkvd a UXWhd �
m(Z\U{r:ujUXw$ilWhH@d`U[d a ZjORQ$ilUcghORQ`U[Z\d$i Zjd a UXJ �9H a UXuju�J�Zji yzUXp@U[d`Z\Hvd¤d`Z\O]QTi:J�U[Q`W:ghH �BU[Zji:e@H@J

%ilZjORwTgFilH-5�MPilHvJ a UXujH@wxMPu\ZjgYZjUXWFi t n�gYU[Z\d � ��Mvg(Z\J rIZ\d`wTu MPd`p#J�Zji a UXW�3 M a nod`p@ghe@U[WhiYUXZ\ujn`d`p
Z\d �(S`S���¨@¨§ghilU[QTiX� y�U[d`UXWhUXuju�wvH@J�J i�UXg t n�UXZjd`UXW(GIUXWYghORQoZ\U[S`n`d`p a UXW�rIujUXw$ilWhH@d`U[d a Z\O]QDq
ilU Zjd��{Z\O]QTiYn`d`p a UXg 
%ilZjORwTgFilH-5�gcn`d a�a UXg(y�U[p@UXd`ZjH@d`g[�Nm�MvgYghUXujSVU �:Q`kvd`H@J�UXd t UXZjpvicgYZjO]Q
SVUXZ a U[d 
%iYWYn`w$iYn`WYU[d � 
DSN�9n`d a � 
DS`� � a U[WYUXd � WhS`ZjilMvu\U�Z\d ��S`S ¨ �/d`ZjORQ$i a MvWYp@U[ghiYUXu\ufi
gYZjd a �I¡BU[Z a U[W a U[�`WYHPilH@d`ZjUXWFilUXd 
DO]Q`Z 5Nq1¡BMvgYU �{ZjWYw$i¤gYZjORQ a ZjU �(d �BU[gYUXd`Q`UXZfi a UXg¤�`WYHPilHPq
d`Z\U[WhiYUXd�yzUXp@U[d`ZjH@d`g�d`Z\O]QTi ghH¤ghi]MPWYw�MvnD� a ZjU � WhS`ZjilMvu\U(Mvn`g[��r:g�ilWhU[ilU[d9wvU[Z\d`U�3 M a n`d`p@U[d �
gYH@d a UXWhd�ujU a Zjp@ujZjO]Q+��H@ujUXwT¦`ujU Zjd � U[ORQ`ghUXu �{Z\Whw%nod`p`��� �{Z\ghORQoUXd a U[d � WYS`Zfi]MvujUXd a U[W��9HPq
a UXuju\O]Q`WhH@J�Hv�`Q`H@WhU 
%S n`d a � 
%S Z\ghi d%noW UXZjd p@U[WYZ\dop@UXW b�d$ilUXWhgYO]Q`Z\U a t n UXWhwvUXd`d`U[d ��m�Z\U
rIu\UXw$iYWYH@d`U[d a ZjORQ$ilU#gYO]Q`UXZjdTi§SVUXZ a UXJ ��H a U[u\u\O]Q`WhH@J�H@�`Q`H@W 
DS ¨�UXZjd �BU[d`Z\p_ghi]kPWYwvUXW§MvJ
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DO]Q`Z 5Vq
¡�MvghUXd a Z\U�rIujUXw$ilWhH@d`U[d a Z\O]QTiYU�Z\J � � � � e@HvW¤Mvuju\U[J Mvno� a UXd ��H@WYJ�MvujU[d m(H@�`�VU[u\S`ZjdDq
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�`WYHPilH@d`ZjUXWFilUXd 
DO]Q`Z 5Vqs¡�MvghU�J�ZjicyzUXpvUXd`ZjH@d �
m(U[d+H@SoZ\p@U[d_m�MPiYUXd_wxMvd`d_J�Mvd9UXdTiYd`UXQoJ�U[d � a Mv¢ a UXW(rIZjd2Q�n`¢ a U[W(¡BZ\d a n`d`p@gYMvufilUXW1q

d�Mvd t Mvno� UXZjd`UXd�^BQ`WYHvJ�H@�oQ`H@W(H@Q`d`U�yzUXpvUXd`ZjH@d�dTn`W�p@UXWhZ\d`p t n�ghUXZjd�gYO]Q`U[Z\d$i���rIgzghiYUXu\ufi
gYZjORQ Mvu\ujUXW a Zjd`p@g a ZjU:K�WlMvpvU �XH@S a UXW?rIZjd2Q�n`¢ a U[W �(ufilU[WYd�Mvd t Z\d y�U[p@UXd ��MvWFi a U[g�yzUXp@U[d`ZjH@d`g
p@W �v¢@UXW�Zjghi�� bcJ UXZjd`U ��dTi �BH@Whi a MvWlMvnD� t n UXWhQ�MvujiYUXd � �{n`W a U a UXW �`WhHvilH@doZ\UXWFilU[d 
DO]Q`Z 5Vq
¡�MvghU�� 
DS�UXZ\d�yzUXp@U[d`Z\Hvd#Z\d�e@UXWYpvu\U[Z\O]Q%S�MvWhUXJ �(Soghi]MPd a �{ZjU(Zjd a U[d9��H a U[u\ujORQoWYH@J�H@�`Q`Hxq
WYU[d�� 
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m�MPg�y�U[p@UXdoZ\H@d_gYH@WhpvizMvn`O]Q�Zjd a ZjUXghUXJ KNMPu\u���¦`W(UXZjd`U Q �%�`ghH%ORQ`WhH@J�U§G:U[WYghORQoZ\UXSon`d`p a U[g
��S`gYHvWY�oilZjH@d`ghJ#M"RoZjJ§n`J�g�e@H@d �%¨3.�d`J t n 6
�v�zd`J9�Tm(U[W 
DQ`Zf� i:Z\ghi:J�Zji 4 .�doJ MPu\ujUXW a Z\dop@g
doZ\O]QTi�gYH�gFi]MvWhw �{Z\U�SVUXZ a U[d�¦`SoWYZ\pvUXd �`WYHPilH@d`ZjUXWFilUXd 
DO]Q`Z 5Vqs¡�MvgYU[d � OXMo�B¨@¨��+d`J � � a Z\U
U[Z\d`Ucp@W��@¢@UXWhU�¡BZ\d a n`d`p@gYMvujiYUXWlMPd t e@H@W �BUXZjgYU[d �orIg gYO]Q`UXZjdTi a U[J�d�MPORQ � a Mv¢ a U[WBr 5�UXw$i a UXW
¡ Z\d a nod`p@glMPujilU[WYd�MPd t �BUXghUXd$ilu\ZjORQ�p@W��@¢@U[WIZ\ghi�� �BU[d`d a Mvg yzUXp@U[d`Z\Hvd¤J�ZfiIZjd a Z\U{�{UXO]Q`dTn`d`p
U[Z\dTSVU t Hvp@UXd �{ZjW a �Bm(UXghQ�MvujS UXWF��H@u\pvi#UXZjd`U �BU[ZjiYUXWYU�b�d$ilUXWhgYn`O]QTn`d`p a Z\U[gYU[g9r 5�UXw$ilU[g/Z\d
£�Mv�oZjilU[u 6`�76o�Tm(H@WFi � n`W a U[d�^BQ`WYHvJ�H@�oQ`H@WYJ�H a U[u\ujU�J�Zji�e@UXWhgYO]Q`ZjU a U[d`UXd/��U[iYQ`H a U[d#H@�oilZ q
J�Z\U[Whi�� a Z\U 
TilWYnowTiYn`WYU[d�J�Zfi�n`d$ilU[WYgYO]Q`ZjU a ujZ\O]Q�Mvn`ghp@U[�`WlkvpPilUXW�¡ Z\d a nod`p@glMPujilU[WYd�MPd t p@UXdoU�q
WhZ\U[WYUXd��

�sJ �cMvQ`J�UXd a UXW � 
%S nod a 
DS ��H a U[u\ujORQ`WhH@J�H@�`Q`H@WhU �{n`W a U a UXg � UXZfilUXWhUXd n`d$ilUXW1q
ghn`O]QTi ��H@S a ZjUzQ �%�`ghH%ORQ`WhH@J�U�GIUXWYghORQoZ\UXSon`d`p�e@Hvd a UXW{r:d$iY��U[WYd%nod`p a UXg�y�U[p@UXdoZ\H@dog t n`J
^BQoWYH@J�H@�`Q`HvW�MvS`Q�kvdop@Z\p#Z\gFi���m�M t n �{n`W a U a UXW ��S`ghilMvd a�a U[g y�U[p@U[d`Z\H@dog�Zjd a UXJ ��HPq
a UXu\ujg �%ghiYUXJ � 
DS ¨_e@H@d � 4@� �`J Mvno���o¨�� �oJ e@U[WYp@W��@¢@UXWFi�� m(Z\U_rIWYp@U[S`d`ZjgYghU_��¦`W a Z\U[gYU
��d`H@W a d%n`dop�ghZ\d a Zjd/¥ MvSVUXuju\U 4 a MvWhp@UXgFilUXujujiX�
m(UXW{e@UXWhp@W �v¢@UXWFilU �(Soghi]MPd a t �{Z\gYO]Q`U[d a UXJ ^BQ`WhH@J�H@�`Q`H@W n`d a�a UXJ yzUXpvUXd`ZjH@d9n`d a

a Z\U a MvJ�Zji U[Z\d`Q`U[WYp@U[Q`U[d a U 3 M a nod`p@ghiYWYU[d`d%n`dopz��¦`QoWhi t n�UXZjd`UXW S�MPilQoH%ORQ`WhH@J�UXd G:U[WYgYO]Q`ZjU�q
Son`d`p a UXW ��S`gYHvWY�oiYZ\H@d�n`J 6$�/d`J t n UXZjd`UXJ λmax

e@Hvd 6$�o¨¤d`J ��¦`W a UXd � � � � →3 b(� � �cSVUXWYp@Mvd`p`�om(Z\U[gYU[g{r:Whp@UXSod`Z\g�gFilUXQ$i{ZjJ rIZjd`wTu Mvd`p J�Zji�rKRD�VUXWhZ\J�UXd$ilU[d/n`d a ¡BURq
WhUXO]Q`d%nod`p@UXd � a Z\U�SVU[WYU[Zjilg a n`WhORQ`pvU[��¦`QoWhi �{n`W a U[d � [ (�* , +X, , , b , ,;' , ,=( ] ��noglkPi t ujZ\O]Q pvZ\Soi§U[g
¥ QoUXH@WhZ\UXd �Td�MPORQ a UXd`U[d#ghZ\O]Q�SVU[Z a U[J �cSVUXWhp$Mvd`p a UXg �{Q`H a Hv�`gYZjd`gIe@H@J y�Whn`d a t n`ghilMvd a
Zjd a UXd�¡BMPilQ`H t n`gFi]Mvd a�a Mvgzy�U[p@UXd`ZjH@d_UXSVU[do� Mvuju\g �BU[ZjiYUXW�e@H@J 
%iYZ\O]wTghilH 5 MxilH@J UXd$iY��U[WYdTi
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(4a)1(6a)1 4A+
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�`u\USRDUXd
yzUXpvUXd`ZjH@d`g�Mvno� a Z\U_p@U ��kvQ`ufilU[d
�9H a UXuju\O]Q`WYHvJ�H@�oQ`H@WYU_MPu\g#ghUXQ`W�gFi]MvWhw t n�SVU�q
t U[Z\O]Q`d`U[d � m�n`WYO]Q a ZjU9y�U[p@UXd ��MvWFi a U[g�doUXp$MxilZje p@U[u M a U[d`U[d y�U[p@UXdoZ\H@d`g�wPH@J�J i�U[g t n
ghiYWYn`w$iln`WhUXuju\U[d G:U[Wlkvd a UXWYnod`p@UXd a U[W �`WYHPilH@d`ZjUXWFilUXd 
DO]Q`Z 5Vqs¡�MvghU � a Z\U�gYZ\O]Q e@HvW§Mvuju\U[J Zjd
�(d a UXWYnod`p@UXd a UXW ¡BZ\d a n`d`p@ghu kvd`pvUXd �{Z a U[WYgY�oZ\UXpvUXu\d�� ��U[Z\p@U[d a Z\UXghU�d`HvWYJ�Mvu\U[W �BU[Z\ghU{wvUXZjd`U
a UXnDilu\ZjO]Q`U�¡BZ\d a n`d`p@gYMvujiYUXWYd`Mvd t Z\do��Hvu\pvU a U[W�m�UXu\HvwxMvujZ\gYZjU[WYn`d`p a UXW �VH@ghZjilZfe@UXd�3 M a n`dop �%ghH
wvH@J�J i�UXg a n`WhORQ a ZjU � UXO]Q`gYU[u �{ZjWYwTn`d`p_J�Zji a U[J d`U[p$MPilZfe�pvUXu M a UXdoUXd K�H@WhJ�Z\MPiYZfH@d t n
UXZjd`UXW 3�H@wxMvujZ\gYZjU[WYn`d`p a UXW{�VH@gYZfilZfe@UXd 3?M a n`d`po�Nm(Z\U 
 �%ghiYUXJ�U t U[Z\p@U[d9d%n`d9UXZ\doU a U[noilujZ\O]Q`U
¡BZ\d a n`d`p@gYMvujiYUXWhd�Mvd t n`d a kvQ`doUXujd gFilWhn`w$iln`WhUXu\u a U[d a UX�`WhHvilH@doZ\UXWFilU[d 
DO]Q`Z 5Vqs¡�MvgYU[d � ¡BU[Z
a UXd a U[�`WYHPilH@d`ZjUXWFilUXd	
DO]Q`Z 5Nq1¡BMvgYU_wvH@J�J i#U[g t n�wvUXZ\doUXd a UXnDilu\ZjO]Q`UXd G:UXWYkvd a U[WYn`dop@UXd
a UXW�^BQ`WYH@J�H@�`QoH@WYpvUXH@J�U[iYWYZ\U#Z\d�y�U[p@U[d
��MPWhi a U[g#yzUXpvUXd`ZjH@d`gX��m(Z\U�gYO]Q`H@d e@H@WYQ`Mvd a U[d`U
¡BZ\d a n`d`p@gYMvujiYUXWhd�Mvd t �{Z\W a QoZ\UXW SVUXZjSVUXQ�MvufilU[d �%UXgBwvHvJ�J i ujU a Zjp@ujZjO]Q t n�p@U[WYZ\dop@UXd�G:U[WYu\kvdDq
p@UXWhn`d`p@U[d a U[Wcm(H@�`�VU[ufq n`d a G:UXWhwT¦`W t n`d`p@U[d a UXWcrIZ\do� MPORQTS`Z\d a n`d`p@U[d �
m(ZjU�K�H@u\p@U a UXWBe@U[WlkPd a UXWFilU[d_^BQ`WhH@J�H@�`Q`H@Whp@UXHvJ�U�ilWYZjUcZ\ghiBUXZjd`U ��d a U[WYn`d`p a UXW�r:ujUXw@q

ilWhH@d`UXd a Z\O]QTiYU � a Z\U gYZ\O]Q+Z\d a UXW�3 MvpvU a UXW �(S`ghH@WY�oiYZ\H@dogYJ�M,RDZ\J�M �{Z a UXWhgY�`ZjUXp@U[uji�� �sd�yzU�q
p@UXd ��MvWFi a UXg�yzUXp@U[d`Z\H@dog wvH@J�J i U[g t n�UXZ\doUXW gFi]MvWhwvUXd�G:UXWhgYO]Q`Z\U[S`n`d`p a UXg ��S`gYHvWY�oiYZ\H@d`g1q
J#M"RoZjJ§n`J�g �

S1

q ��n`gFi]Mvd a � a UXW��`WhHvilH@doZ\UXWFilU[d 
DO]Q`Z 5Vqs¡�MvghUXd t n�wT¦`W t UXWhUXd � UXuju\U[d`u kPd`p@UXd��
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m(ZjUXghU�G:U[WYgYO]Q`ZjUXS`nod`p�Q`MPi t �BUXZ�n`d$ilU[WYgYO]Q`ZjU a ujZ\O]Q`U�b�WhglMvO]Q`U[d �Ir:Zjd wTu\U[Z\d`U[W§¡BU[iYWlMvp a UXW
G:U[WYghORQ`ZjUXSon`d`p �{ZjW a�a n`WYO]Q a ZjU �(d a UXWhn`d`p@U[d a UXW�^BQ`WhH@J�Hv�`Q`H@Whp@UXHvJ�U�ilWYZjUze@UXWhn`WYgYMvO]QTi��
m(U[W �BUXZfi]Mvnog p@W �v¢@UXWhU�¡ U[ilWYMvp_Z\ghi Mvu\ujUXW a Zjd`p@g Mvno� a Z\U�UXujUXw$iYWYH@d`ZjgYO]Q`U � UXO]Q`gYU[u �{ZjWYwTn`d`p
t �{Z\ghORQ`U[d yzUXp@U[d`Z\Hvd n`d a ^BQ`WYHvJ�Hv�`Q`H@W t n`Wh¦`O]w t no��¦`Q`WhUXd ��m�MvSVUXZ:wvH@J�J§i�UXg t n U[Z\d`U[W
G:U[WYghORQ`ZjUXSon`d`p¤e@Hvd/d`UXp@MPilZfe@UXW 3 M a nod`p¤Zjd/�{Z\O]QTiYn`d`p a UXg 
%ilZjO]w%gFilH-5�MPiYH@J�g � ��Mvg{Mvd a U[d
��d a U[WYn`d`pvUXd a U[g#m(Zj�VH@u\J�H@J¤UXd$ilU[g¤n`d a a UXW � WYS`Zfi]MvujU���U[ghilp@U[J�MvORQ$i �BU[W a U[d wvH@d`d$ilUP�
m(U[W�r 5�UXw$i a U[g#y�U[p@UXd`ZjH@d`g¤Mvno� a UXd t �BUXZfilUXd Mvd`p@U[WYUXpPilUXd ��n`ghilMvd a Z\gFi¤gYUXQoW�p@UXWhZ\d`po�
�cZ\U[W Z\ghi{wvU[Z\d`U ��d a U[WYn`d`p a UXg�m(Zj�VH@u\J�HvJ�UXd$ilU[g t n9SVUXHvS�MvO]QTilU[d �
¡BUXZ a U[d a UX�oWYHviYH@d`Z\U[WhiYUXd 
DO]Q`Z 5Nq1¡�MPgYUXd+ghZ\d a ujUXZjORQ$i�e@UXWYkvd a U[WhiYU¤rIWYp@U[S`d`ZjgYgYU§U[WYJ�Zjihq

iYUXufi �BHvW a U[d �Bm�Mvg �(SogYH@Wh�oilZjH@d`gYJ�M,RDZjJ�noJ e@UXWhgYO]Q`Z\U[Soi�gYZjORQ u\U a Z\pvujZjO]Q n`J �v� d`J t n
u\kvd`p@U[WYU[d � UXuju\UXdou kvd`pvUXd � yzUXd`U[WYUXuju�u\kv¢vi�gYZjORQ ��U[ghilgFilUXuju\U[d � a MP¢ Q`Z\U[W a Z\U � U[ORQogYUXu �{Z\W1q
wTn`dop@UXd J�Zfi a UXJ �`WYHviYH@d`ZjUXWhiYUXd y�U[p@UXd`ZjH@d d`Z\O]QTi�gYH ghi]MPWYw gYZjd a � a M Q`ZjUXW���H@ujUXwT¦`u\U
nod a wvUXZ\doU �sH@d`U[d�Zjd � UXO]Q`gYU[u �{ZjWYwTn`d`p�iYWYU�ilUXd��Im(Z\U[g �{Z\W a a n`WYO]Q a Z\U�¥ MPilgYMvO]Q`UXd�n`d%q
iYUXWYgFilWhZ\O]Q`UXd � a Mv¢9gYZjORQ a Z\U�m(Zj�VH@u\J�HvJ�U[dTilU a UXW 
DS%qF��H a U[u\ujg �%ghiYUXJ�U�ZjJ yzUXpvUXd`gYMPi t�t n
a UXd`U[d a U[Wc�oWYHvilHvd`Z\U[WhiYUXd 
%ORQ`Z 5Vqs¡�MvghUXd �BU[gYU[dTilujZ\O]Q �BU[d`Zjp@UXWckvd a UXWhd �VrISVU[d`gYH�Z\ghi{wvU[Z\d`U
a UXnoiYu\Z\O]Q`U�G:U[Wlkvd a UXWYnod`p a UXWcMvd a UXW ��d`WYU[p@n`d`p�SVU[iYUXZ\ujZ\pPilUXd � WhS`ZjilMvu\U t n9SVUXH@S�MPORQ$ilU[d �

�(ujg(b�WhglMvO]Q`U a U[g � �`ghZ\d`ghQ`Zj� iYg�wvH@dodTilU[d a UXJ�d�MvO]Q+gFilWYnowTiYn`WYU[u\ujU n`d a U[u\U[wTiYWYH@doZ\gYO]Q`U
£�HvJ��VH@doUXdTiYUXd Z a U[dTiYZ 1 t Z\UXWFi �BU[W a U[d � �BH@SVU[Z a Z\U ¡ Z\d a nod`p@glMPujiYUXWYd`Mvd t SVUXZo�9H a UXuju\UXd J�Zfi
yzUXpvUXd`ZjH@d¤doH%ORQ � UXZjiYUXWhUcK�WlMvpvUXd�MvnD� �{Z\Wh� iX�@m(U[gYQ�MvujS �{Z\W a¤a ZjUXgYU[W �In`d`w$i gYU[��MvWlMxi n`d$ilUXW1q
ghn`O]QTi � £�Mv�`ZjiYUXu�6o�76
�R� �sd`ghp@UXgYMvJ izwvH@dodTilU�Mvuju\U[W a Zjd`pvg a ZjU �(d a UXWhn`d`p a UXg �(S`ghH@WY�DilZ\Hvd`gFq
J�M,RDZ\J§noJ�g a U[g¤��H a UXu\ujORQoWYH@J�H@�`QoH@WYg J�Zji n`dTiYUXWhgYO]Q`Z\U a u\ZjORQoUXJ wvHvJ��`ujU RDUXd yzUXpvUXd`ZjH@d
t no��WYZjU a U[d`ghiYUXuju\UXd a UXWhw%u\kvWhi � UXW a UXd �
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m(UXW�Z\J �{Q`H a Hv�`gYZjd�e@H@WhQ�Mvd a UXd`U#^BQ`WYHvJ�H@�oQ`H@W�¨@¨[q OXZjgFq1�{U[iYZjd�Mvu SVUXgYZfi t i t �BU[ZB�9U[ilQ �%ufq
p@WYno�`�VUXd�Mvd a U[d�� H@gYZfilZjH@d`U[d�.#nod a ¨�� � � Z\u a i �%� �R� �sd �BUXujORQoUXJ �_Mv¢vU a Z\U[gYU ��¦oW a UXd
�(S`u\Mvno� a U[gc�IQ`HvilH t �%wTu\n`g e@Hvd9U[dTiYgYO]Q`UXZ a UXd a UXW�¡BU a UXnoiYn`d`p�gYZjd a �`Zjghi S`ZjgYQ`U[W d`Z\O]Q$i{U[Z\dDq
a UXnDilZ\p�pvUXwTu kvWFi���r RD�VU[WYZ\J�UXd$ilU[u\u �{n`W a UXd�SVU[WYUXZfilg(e@U[WYghORQ`ZjU a U[d`U �(d�MPu\H@pvU a U[g��{U[ilZjd�Mvujg
a MvWhp@UXgFilUXujuji�� SVUXZ a U[d`UXd�UXZjd`U���U[ilQ �%u\p@Whn`�`�VU�U[dTih��UXWhdTi�H a UXW�MPd�Mvd a UXWhUXW 
%ilU[u\u\U U[Z\d`U d`UXnoU
UXZjd`p@U���¦`Q`Whi �{noW a UP�TrIZjd`Z\p@U a Z\U[gYUXWIm(UXWhZjexMPilU�gYZ\d a � �{Z\U a Mvg ¨@¨�qsOXZjgFqs�cU�ilZjd�MvuTgYUXujS`ghi��@Zjd a U[W
3 Mvp@UzU[Z\d`U�ghi]MvSoZ\ujU 
%iYWYn`w$iln`W J�Zfi � �`gYZjd t n/S`Z\u a UXd��`m(UXW{�:QoHvilH t �%w%ujn`g a ZjUXgYU[Wc�IWhHvilU[Z\d`U
n`dTiYUXWhgYO]Q`UXZ a U[i ghZ\O]Q�MvSVU[W�ilU[Z\u �BUXZjgYU a U[noilujZ\O]Q+e@H@d a U[J a UXgzd�MPiYZje@U[d��{Q`H a H@�`ghZ\d`g � ��Mvg
a MvWYMvno��Q`Zjd a UXnDilU[i�� a Mv¢ a Z\U/��U[iYQ �%u\p@Whn`�`�VU[d���¦`W a U[d ��S`u\Mvno� a UXg��:QoHvilH t �%wTu\n`g�e@H@d
�BU[gYUXd$ilujZ\O]Q`UXWc¡BU a UXnoiYn`d`p�gYZjd a �

� UXujORQoUXd�r:Zjd2Q�n`¢ a ZjU /hU �BU[Z\u\Zjp@U[d��9U[ilQ �%u\p@Whn`�`�VUXd�pvUXd�Mvn Q`MvSVUXd � wvH@dodTilU_S`ZjgYQ`U[W
U RD�VUXWhZ\J�UXd$ilU[u\uNd%n`W:ilUXZju �BU[Z\ghUcp@U[w%u\kvWhi��BUXW a UXd �Dn`d a UXZjd`U�noJ�� MvghgYU[d a U�iYQ`UXH@WhU[iYZ\gYO]Q`U�¡ U�q
gYO]Q`WYU[Z\S`nod`p a U[W �{U[iYZ\d�MPu Mvd�MPujHvp@U[d¤Zjghi:S`Z\ghu Mvdop�d`H%O]Q�doZ\O]QTi U[Wh��H@ujpviX�$m(M U[Z\d`U{ghH@u\O]Q`U ��no� q
gYO]Q`u\no¢�¦`SVUXW a Z\U�p@U[d�Mvn`U[d � UXO]Q`gYU[u �{ZjWYwTn`d`pvUXd a U[W#�9U[ilQ �%u\p@Whn`�`�VUXd J�Zji a UXW��IWYHviYU�q
Z\dTn`J�p@UXS`nod`p+nod a a UXd rIZjd2Q�n`¢ a U[W¤��U�ilQ �%ujgYn`S`gFilZfilnoiYZ\H@d MvnD� a Z\U ��S`gYHvWY�oiYZ\H@d pvUXSVUXd
w �@d`d$ilU � �{n`W a U[d�Z\J ��MvQoJ�U[d a ZjUXgYU[W ��WYSVUXZfi(��¦`dD�:e@U[WYgYO]Q`ZjU a U[d`U�m(U[WYZfePMPilU a U[g�¨v¨[qsO[Z\gFq
�cU�ilZjd�Mvu\g�SVU[WYU[ORQ`doU[i��

m(ZjU�£zWYZ\gFi]MvujujgFilWYn`w$iYn`WYU[d a U[W§n`dTiYUXWhgYO]Q`Z\U a u\ZjORQoUXd � �`gYZjd a U[WYZjexMPilU#ghZ\d a S`ZjgYQ`U[W§d`H%O]Q
d`Z\O]Q$i�SVUXw Mvd`dTi���Mvu\ujUXW a Zjd`p@g �{n`W a UXd a Z\U[gYU_iYUXZju �BU[Z\ghU�WYUXO]QTi�p@noi�MvdoQ�Mvd a e@H@d /(�_� q �
�1� q �B�cMvJ�MvdDq � b{G�q�n`d a ^�mcq 
D�VUXw$ilWhUXd
O]Q�MvWYMvw$ilUXWhZ\ghZ\UXWFi�� �sJ ��H@ujp@UXd a UXd �BUXW a U[d a ZjU
n`dTiYUXWhgYn`O]QTiYUXd��{U[iYZ\d�Mvu\Mvd�MPujHvp@UXd�wTn`W t e@H@Whp@UXgFilUXujuji:n`d a Z\Q`WhU �{Z\O]QTiYZ\pvghilU[d�U RD�VUXWhZ\J�UXd$ilUXuju
SVUXH@S`MvO]QTilU�ilU[d+rIZ\p@U[d`gYO]Q�MP� iYUXd a MvWYp@U[ghiYUXu\ufi��
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¨v¨[qsO[Z\gFql¨��xqsm(U[J�U�ilQ �DujWYU�ilZjd�MPu [ ,=* , ,=+ , ,;, , , - , ,=c ]

¨v¨[qsO[Z\gFql¨��xqsm(U[J�U�ilQ �DujWYU�ilZjd�MPu SoZ\u a U[i�J�Zfi � �`ghZ\d+U[Z\d_ghilMvS`Z\ujUXg(�IWhHvilU[Z\d � �BU[u\O]Q`U[gzU[Z\d �(SDq
ghH@WY�oiYZ\Hvd`gYJ�M,RDZ\J§noJ e@Hvd 6 .@©�doJ SVUXghZji t i�� m(Z\U[gYU[W � U[Whi a U[noilU�i a MvWlMvnD� Q`Zjd � a Mv¢ a UXW
^BQoWYH@J�H@�`Q`HvW kvQ`dou\ZjORQ �{ZjU a Mvg d�MxilZje@U�¨@¨[qsO[Z\g1q1�{U[ilZjd�MPu`Z\d a UXW �IWYHviYUXZ\d$i]MvghORQoU�p@UXSon`d a U[d
Zjghi���m(Z\U 
DO]Q`u\no¢v��H@ujp@UXWhn`d`p a MvWYMvn`g�Zjghi � a Mv¢�UXg t n wvUXZ\doUXd p@WYH@¢vUXd ghilWhn`w$iln`WhUXu\ujUXd G:UXW1q
kPd a UXWhn`d`p@U[d a n`WYO]Q a MPg�KNU[Q`ujUXd a UXW ��U[iYQ �%u\pvWYn`�`�VU¤Mvd a U[W � HvgYZjiYZ\Hvd ¨�� t n�wvH@J�J�UXd
ghORQoUXZ\d$i��
m�Mvg ^�mcq 
D�VUXw$ilWhn`J t U[Z\pvi ¡�Mvd a U[d SVU[Z 6 .@� � �56@�/n`d a �v©v�/d`J � �BHvSVUXZ a Z\U �sdTilU[dDq

ghZji]kxi a U[W
α
qs¡�Mvd a U/SVUXZ 6 .@��d`J MPSVUXW¤Z\J G:U[WYp@ujUXZ\O]Q t noJ � Zju a i �%� p@U[WYZ\dop@UXW�Zjghi�� �sd

a UXd+^�m{q 
D�VU[wTiYWYU[d a UXg��{Q`H a H@�ogYZ\dog �{Z\W a/a Z\U
α
q1¡BMvd a U a UXWc£zU[ihilU a U[g(^BQ`WhH@J�Hv�`Q`H@Whg

t n`p@U[H@W a doU[i�� [ )Xc , -;b , -�4 ] m�Z\U �sd$ilU[d`gYZfi]kPi a Z\U[gYUXWc¡BMvd a U�Z\gFi{gYH@J�Zji Zjd/UXWhghilU[W/3�Z\doZ\U�UXZjd �sd%q
a Z\wxMPiYH@W���¦oW a ZjU�G:UXW a WYZju\ujn`d`p�Zjd`d`U[WYQ�MPu\S a UXWc� H@u��vUXd`wvU�iYilUP�

�sJ � Z\u a i �%��wvH@J�J§i�UXg � Mvno��p@Whn`d a a UXg rIZ\dTS�Mvn`g Z\d a Z\U��IWYHviYUXZ\d$i]MvghORQoU � t n ghiYUXWYZ q
ghORQoUXd � U[O]Q`gYU[u �{Z\WhwTn`d`p@U[d a U[W¤��U�ilQ �%ujp@WYn`�o�VU/MPJ £�H@Q`ujUXd`gFilH-5 ^(¨��_J�Zfi a UXJ � Mvg1q
ghUXWYgFilH-5�MPiYH@J MPd a U[W�� H@ghZjilZjH@d�^(¨�� � [ ,;* , , + , , c , -X' ] �BH a n`WhORQ a Z\U�^(¨@¨ ��^(¨ � q1¡ Z\d a nod`p
e@U[W a WhZ\ujuji �{Z\W a ��m�Z\UXghU�¥?H@WhgYZ\Hvd�Zjghi ��MvQoWYgYO]Q`U[Z\d`ujZ\O]Q ��¦oW a ZjU+ghORQod`UXuju\U �sghH@J�U[WYZjgYZjUXWYnod`p
� �v�@�§��g � a UXg � Z\u a i �%�`g{Mvnog a UXW�¨@¨[q OXZjgFq:Z\d a Z\U�Mvujufq�iYWlMPd`gFqsK�H@WhJ e@UXWlMPdTi �BH@WFilu\ZjORQ�� [ ,=+ , -;( ]

�sJ ¨v¨[qsO[Z\gFql¨��xqsm(U[J�U�ilQ �%u\WYU�ilZjd�MPu�Z\gFi a ZjUXghU � UXO]Q`gYU[u �{ZjWYwTn`d`p�doZ\O]QTi�e@HvWYQ�Mvd a UXd ��m(U[W
^BQoWYH@J�H@�`Q`HvW�Z\ghi MPd`d�kvQoUXWYd a �`u MPd�MvWzZ\d a U[W ^(¨@¨ ��^(¨ ��q1�{UXp@ZjH@d � �BMvg MPn`O]Q J�Zji���Z\uf��U
e@Hvd ��MvJ�MvdDq 
D�VUXw$iYWYUXd p@U t U[Z\pvi � UXW a UXd wvH@d`d$ilUv� [ ,;* , -=) ] �sJ 
D�VUXw$iYWYn`J a UXg � Z\u a i �%�`g
u\MvgYghUXd9ghZ\O]Q9gYH@pvUXd�MPd`dTiYU Q � a WhH@p@U[dDqsHvnoihq Hv� qs�`u\Mvd`URq 
DO]Q �{Z\d`p@nod`p@U[d � � ��� � � ��UXgFilghiYUXuju\UXd��
m�MPSVUXZVQ�Mvd a UXufi UXg gYZjORQ�n`J O]Q�MPWlMvw$ilU[WYZjghilZjgYO]Q`U(¡�Mvd a UXd � a ZjU a ZjU 
DO]Q
�{Zjd`p@n`d`p a UXW � Mvg1q
ghUXWYgFilH-5�MPiYH@J�U9Mvd a UXd ��ilH@J�UXd ^(¨v¨�nod a ^(¨ ��SVU t UXZ\O]Q`doUXd � m(ZjUXghU a UXnoiYUXd MPno�(UXZ\doU
G:U[W a WhZ\uju\nod`p a U[g ^BQ`WYH@J�H@�oQ`H@WYg�n`J a Z\U¤^(¨@¨ � ^(¨�� q1¡BZjd a nod`p�Q`Z\d�� m(Z\U[gYU 
DO]Q �{Z\d`p@nodDq
pvUXd9gYZjd a Z\J 
D�VU[wTiYWYn`J a UXg ¨@¨�qsOXZjgFql¨��xqsm(U[J�U�ilQ �%ujWYU[iYZjd�Mvufg�d`ZjORQ$i{J�U[Q`W t n�U[WYwvU[d`d`U[d �
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m(ZjU���n�Mvd$ilU[d�Mvn`ghSVUXnoiYU a UXW(�IQ`HvilHvWYU�MPwTiYZ\H@d�ZjJ ¨@¨[q OXZjgFq]¨��xqsm(UXJ�U[iYQ �%u\WhQ`H a H@�ogYZjd9Z\gFi

J�Zfi§� �T6T� a U[noilujZ\O]Q p@UXWhZ\d`pvUXW§Mvujg Z\J � Z\u a i �%�	� � �74$����� �(n`O]Q a MPn`UXWFi a Z\U�e@H@uju\ghilkvd a Zjp@U
�sgYH@J�UXWhZ\ghZ\UXWhn`d`p�Z\d a U[d�¡BMPilQ`H t n`gFi]Mvd a J�Zji 6$�@�¤��g a H@�`�VUXufi(gYH#u Mvdop@U �{Z\U ZjJ KVMPu\u a UXg
� Z\u a i �D�ogX� [ , + ] m(ZjUXg9n`d$ilU[WYghiY¦oi t i a Z\U�¥ Q`U[H@WYZjU � a Mv¢ a Z\U�¥?H@WYghZ\H@d
n`J a Z\U ^(¨@¨ ��^(¨ �
¡BZ\d a n`d`p U[Z\d#U[dTilghORQoUXZ a UXd a UXW{KNMvw$iYH@W ��¦`W U[Z\d`U�gYO]Q`d`U[u\ujU(nod a U � t ZjUXd$ilU �sgYH@J�UXWhZ\ghZ\U[WYn`d`p
a UXg ^BQoWYH@J�H@�`Q`HvWYg�Z\gFi�� �sghi a Z\U§G:UXW a WYZju\ujn`d`p�doZ\O]QTi ghH�gFi]MvWhw�MPn`gYp@U[�`WlkPpvi ��ghORQ`U[Z\d$i gYZjO]Q
a Z\U yzUXghORQ �{Z\d a Z\p@wvU[Zji a U[W �sgYH@J�UXWhZ\gYZjUXWhn`p a UXnoiYu\Z\O]Q t n/e@UXWhu Mvdop@glMvJ�U[d �

¨@¨[q OXZjgFq]¨��xq1��U[iYQ �%u\WhU[iYZ\d`Mvu [ -�* , -;+ ]

¨@¨[q OXZjgFq]¨��xq1��U[iYQ �%u\WhU[iYZ\d`Mvu �{ZjW a ZjJ G:U[WYp@ujUXZjORQ t noJ ¨@¨�qsOXZjgFqs�cU�ilZjd�MvuVd%noW{u\Mvd`p@gYMvJ Zjd a Mvg
� �`gYZjd U[Z\d`p@U[S�MvnoiX�xm�Mvg �(S`ghH@WY�oiYZ\H@dogYJ�M,RDZ\J§n`J a UXg p@UXSoZ\u a U[ilU[d§�IZjp@J�UXdTiYg?u\ZjUXpvi SVUXZ �v�54
d`J � �BMvg Mvno��UXZjd`U u\U[Z\O]QTi�e@U[Wlkvd a UXWFilU � UXO]Q`ghUXu �{Z\WYwTn`dop H a U[W:U[Z\d`U{Mvd a UXWhU � WhZ\U[dTilZjUXWhn`d`p
a UXgc^BQ`WYH@J�H@�oQ`H@WYg�Z\d a U[W{¡BZ\d a n`d`p@gFi]MvghORQ`U�QoZ\d a U[noilU�i���m�MPgcMvnog a UXW 3�ZjilU[WlMxiln`W [ -;+ ] SVU�q
wxMvdodTilU ^�mcq 
D�VU[w$ilWYn`J kvQ`d`U[uji a UXJ a U[g_�cQ`H a H@�`gYZjd`gX�{m(n`WYO]Q a Z\U�d`UXn U[Z\dop@U[��¦`QoWhilU
��U[iYQ �%u\pvWYn`�`�VU�gYO]Q`U[Z\d$i#UXg t n gFilU[WYZ\ghORQoUXd � UXO]Q`ghUXu �{ZjWYwTn`d`pvUXd J�Zfi a UXW��9U[ilQ �%u\p@Whn`�Dq
�VU¤MvJ £�H@Q`u\U[d`ghiYH-5�MPilHvJ ^(¨�� t n�wvH@J�J�UXd � a ZjU a M a n`WYO]Q ��MvQ`WhgYO]Q`UXZjd`u\ZjO]Q �BUXZfilU[W�MPn`g
a UXWz^BQoWYH@J�H@�`Q`HvWYUXSVU[d`U§QoUXWlMPn`g�p@U a WYU[QTi �{Z\W a � ��Mvg(J�Zfi(�cZ\uf��U�e@H@d�/��_�4��UXghgYn`dop@UXd
SVUXgFi]kPiYZ\pvi �BU[W a U[d wvH@d`d$ilUv� [ -�* ] m(Z\U�GIUXW a WYZ\ujujn`d`p�n`J a ZjU�^(¨@¨ � ^(¨�� q1¡BZjd a n`dop�doZ\J�J i
Z\do��Hvu\pvU a U[gYgYU[d9UXSVUXdD� Mvu\ujg t n �
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m(Z\U��zn`MvdTiYUXd�MPn`gYSVU[noilU�Z\gFi�J�Zfi�� � ��� � Mvghi�gYH�Q`H%O]Q �{ZjU�Z\J �cQ`H a H@�`gYZjd � [ -;+ ] m(ZjU�d`U[n
U[Z\d`pvU[��¦`Q`WFilU �9U[ilQ �%u\p@Whn`�`�VU Q`MPicU[Z\d`U[d9p@W �v¢@UXWhUXd��cMvn`J�Mvd`gh�`WYn`O]Q�Mvujg a U[W � MvghgYU[WYghiYH-5
nod a �BU[O]Q`gYUXu �{Z\WhwTi J�Zfi a U[W �IWhHvilU[Z\d%noJ�pvUXS`n`dop � ��Mvg�J �vp@u\ZfO]Q`UXW �BUXZjgYU a Z\U �sghH@J�U[WYZjgYZ\URq
Whn`d`p+e@UXWhu Mvdop@glMPJ§iX��m�M a ZjU/^(¨@¨ ��^(¨ � q1¡ Z\d a nod`p�Mvu\ujUXW a Zjd`p@g ghUXQ`W�gFi]MvWhw�e@UXW a WYZ\ujuji Z\gFi �
�{ZjWYw$i a Z\U[g�J��@p@ujZjO]Q`UXW �BU[Z\gYU a U[W � UXO]Q`gYU[u �{ZjWYwTn`d`p a U[W�d`UXn�UXZjd`p@U[��¦oQ`WhiYUXd9��U�ilQ �%ujp@WYn`�%q
�VU�U[dTilpvUXp@U[d n`d a gYH@Whpvi a MP��¦`W � a Mv¢ a Z\U �sgYHvJ�U[WYZ\ghZ\U[WYn`d`p/ilWhHvi t a UXJ doH%ORQ J�Zji WhUXu\MPilZfe
QoH@Q`UXW ��n`gYSVU[noilU gFi]MPihi 1�d a U[iX�
m(UXWc¡BMPilQ`H t n`gFi]Mvd a9a U[g ¨v¨[qsO[Z\gFql¨��xq1��U�ilQ �DujWYQ`H a H@�`gYZjd`gBZ\ghi U R%iYWYUXJ ghilMvS`Zju�6 a Mvg p@u\U[Zfq

O]Q`U{p@Z\ufi���¦`W a UXd#��U[ilM � ��n`ghi]MPd a �Tm(MvWlMvnog U[WYp@ZjSoi:ghZ\O]Q � a Mv¢ a UXW:pvUXglMPJ ilU{�:QoHvilH t �%w%ujn`g
a Z\UXghUXgcm(U[WYZfePMPilU[g{gFi]MvWYw�evUXWYu\Mvd`p@gYMvJ i �{ZjW a nod a9a Z\U �(w$ilZfeDZjUXWhn`d`p a UXg{¥?WlMvdog a n`O[Z\d � U�q
ghUXd$ilu\ZjORQ/u kPd`p@U[W a MvnoUXWhi�MPu\g a ZjUXg{ZjJ � Zju a i �%� a U[W�KNMPu\u�ZjghiX�

¨v¨[qsO[Z\gFql¨��xq1��U�ilQ �Du q]¨��xqsm�UXJ�U[ilQ �%u\WYU�ilZjd�MPu [ ,=* , -a, ]

¨v¨[qsO[Z\gFql¨��xq1��U�ilQ �Du q]¨��xqsm�UXJ�U[ilQ �%u\WYU�ilZjd�MPu�SoZ\u a U[i{J�Zfi � �ogYZ\d/UXSVUXdD� Mvu\ujg UXZ\d9�IWYHviYUXZ\d � a UXgFq
ghUXd¤¡BZju a nod`p(MvSVUXW�ZjJ G:U[WYp@ujUXZ\O]Q t n`J � Zju a i �%� WYU[u MPiYZjezu Mvd`pvU a MvnoUXWhiX�vm�Mvg�UXd$ilghilMvd a U[d`U
�IWYHPilU[Z\d�Z\gFi Mvn`¢@U[W a U[J ilQ`U[WYJ�Z\gYO]Q�Z\d`gFi]MvSoZ\u � m�Mvg �(S`ghH@WY�DilZ\Hvd`gYJ�M,RDZ\J§n`J Zjghi J�Zji �v�@�
q �P� ��d`J gYO]Q
��MPORQ S`MPilQ`H%O]Q`WhH@J e@U[WYghORQ`HvSVUXd � �BMvg�UXSVUXdD� Mvu\ujg�Mvno�(u\U[Z\O]QTi�e@UXWYkvd a U[WhilU
� UXO]Q`ghUXu �{Z\WYwTn`dop@UXd�J�Zji a U[d�n`J�p@UXSVU[d a U[d ��J�Zjd`H@glkPn`WYU[d#H a U[WBMvno��UXZjd`U(MvS �BUXZjORQoUXd a U
� WhZ\UXd$ilZjUXWYnod`p a UXg(^BQ`WhH@J�H@�`Q`HvWYg{Zjd a UXWc�IWYHPilUXZjdTilMvgYO]Q`U�Q`Z\d a UXnoiYU[iX�

�sJ ¨v¨[qsO[Z\g1q]¨��xqsm�UXJ�U[ilQ �%u\WYU�ilZjd`Mvu wvH@J�J i(U[gzMvno��p@Whn`d a+a UXW���UXQ`ujUXd a UXd���U�ilQ �%ujp@WYn`�%q
�VU t n
UXZ\doUXW��Iu\Mvd�MvWhZ\gYZjU[WYn`d`p a U[W+^(¨v¨ ��^(¨ � qs¡BZ\d a n`d`p`� m(n`WYO]Q a Z\U�rIZ\do��¦`QoWYn`d`p a UXW
��U�ilQ �%u\p@Whn`�`�VU(MvJ ^(¨�� ghH@u\ufilU Z\J ¨@¨[q OXZ\g1q]¨�� q1��U[iYQ �%ufql¨�� qsm(UXJ�U[iYQ �%u\WhU[iYZjd�Mvu a Z\U G:U[W a WhZ\u q
ujn`d`p a UXW�^(¨@¨ ��^(¨��#¡ Z\d a nod`p �{ZjU a U[W(Q`U[WYp@U[ghiYUXu\ufi(ghUXZjd+nod a t �BMvW a n`WYO]Q � U[ORQogYUXu �{Z\W1q
wTn`dop J�Zfi a U[J � MvgYghUXWhghilH 5_Mvd�^(¨��o� �sJ �cMvJ�Mvd`gh�VUXw$ilWhn`J u MvghgYUXd�gYZjORQ �{ZjU a U[W a Z\U t n`W
^(¨v¨ ��^(¨ � qs¡BZ\d a n`d`p{p@U[Q �@WYU[d a U[d§� ��� ��q 
%ORQ �{Z\d`pvn`d`p@U[d Mvn`gYJ�MvO]Q`U[d � [ ,=* ] ��Mvg a Z\U�G:UXW1q
a WYZ\ujujn`d`p n`J a ZjU ^(¨v¨ ��^(¨ � qs¡BZ\d a n`d`p�SVU[ghi]kPiYZ\pPi��`m(n`WhORQ a U[d��cMvn`J�Mvd`gh�`WYn`O]Q a UXW d`U[n
U[Z\d`pvU[��¦`Q`WFilU[d ��U[iYQ �%u\pvWYn`�`�VU�wvH@J�J i UXg t n � UXZfilUXWhUXd � UXO]Q`gYU[u �{ZjWYwTn`d`pvUXd a UXg§^BQ`WYHxq
J�H@�`QoH@WYg J�Zfi a UXW��:WhHvilU[Z\d$i]MvghORQoUv�`rIZjd`U�K�H@u\pvU a M�e@H@d�ZjghiBUXZ\doU t n`gYkPi t u\ZjORQ`U�G:U[W a WhZ\uju\nod`p
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n`J a ZjU/^ � � ^�© q1¡BZjd a n`d`p � �BMvg¤MPd`Q�Mvd a UXZjd`UXW �BUXZfilU[WYUXd�� ��� ��q 
DO]Q
�{Zjd`p@n`d`p+e@U[WYZ 1Dq
t ZjUXWhi � UXW a UXd+wvH@d`d$ilU [ ,=* ] �Vm�Mvg�^�mcq 
%�VUXw$ilWhn`J a UXg�m�UXWYZfePMPiYUXg t U[Z\pvi t �BUXZ ¡�Mvd a UXd+SVU[Z
6 .@�9n`d a � 6$��doJ ���BHvS�U[Z a ZjU �sdTiYUXd`ghZjilkPi a U[W

α
q1¡BMvd a U�p@W��@¢@U[W Z\gFi§MPu\g Z\J � Zju a i �%��q

H-5�UXd`ghZ\O]QTiYu\Z\O]Q/U[Z\d �(nog a WYnoORw a U[WcgFi]kvWhwvUXWhUXd9G:UXW a WYZju\ujn`d`p a UXg(^BQ`WhH@J�H@�`Q`HvWYgX�
m(ZjU��zn`MvdTiYUXd�MPn`gYSVUXnDilU�ujZ\U[pvi:J�Zfi U[Z\d`U[J � UXWFi e@H@d�� � � ��d`H%O]Q#d`ZjU a WhZ\p@U[W MPu\g ZjJ ¨@¨[q

OXZjgFq]¨��xq1m(U[J�U[ilQ �%u\WYQoH a H@�`ghZ\d � [ -X, ] � ��MvW�Z\gFi?QoZ\UXW a ZjU:¥?H@WhgYZjH@d n`J a Z\U ^(¨@¨ ��^(¨ ��q1¡BZjd a n`d`p
�{Z\U a UXW�e@H@WhQ�Mvd a UXd � a H%ORQ SVUXQ`Zjd a UXWFi a Z\U���U�ilQ �%ujp@WYn`�o�VU�Mvd a U[W9� HvgYZjiYZ\H@d ¨�� �BH@Qou
Mvno��p@Whn`d a9a UXW � UXO]Q`gYU[u �{ZjWYwTn`d`p�J�Zji a UXWc�IWYHviYUXZjdTi]MPgYO]Q`U a Z\U �sgYHvJ�U[WYZ\ghZ\U[WYn`d`po�

¨@¨[q OXZjgFq0. q1m(U[J�U[ilQ �%u\WYU�ilZjd�MPu [ -;- , -�c , c�b , c	4 ]

m(Z\U�¡BZ\u a n`d`p a UXg��IWYHviYUXZjd`gcMvn`g ¨v¨[qsO[Z\g1q0.xqsm(UXJ�U[iYQ �%ujWYU[iYZjd�Mvu�n`d a � �`ghZ\d9UXWF��H@u\pPi{J�Zji U�ihq
��M a U[WYgYU[u\SVU[d+y�U[gYO]Q
�{Zjd a Z\pvwvUXZji �{ZjU�J�Zji�¨@¨[q OXZjgFq1�{U[iYZjd�Mvu �`m(Mvg ��S`gYHvWY�oiYZ\H@d`ghJ#M"RDZ\J§n`J
a UXg��IWYHviYUXZjd`g(Zjghi(J�Zji 6 4 ��doJ Mvuju\U[W a Zjd`pvgcghilMvWYw/Q �%�`ghH%ORQ`WhH@J e@U[WYgYO]Q`H@SVU[d � �_Mvd+w Mvd`d
a M�evH@d MPn`gYp@U[Q`UXd � a MP¢ a UXW�^BQ`WhH@J�H@�`Q`H@W �BU[p@UXd a U[W���U[Q`u\U[d a U[d ��U[iYQ �%u\p@Whn`�`�VU/U[Z\d`U
Mvd a U[WYU � WYZjUXd$ilZ\U[WYn`dop_ZjJ �:WhHvilU[Z\d Q�Mxi � �BH a n`WYO]Q UXW d�kvQ`U[W§Mvd a Mvg�yzUXpvUXd`ZjH@d p@U[u MPdDq
p@UXd
w Mvd`d �{m(ZjU�K�H@ujp@U a M�e@H@d	��kvWhU�UXZ\doU�G:U[WYgYO]Q`ZjUXS`nod`p t n
w%¦oW t U[WYU[d � UXu\ujUXd`u\kvd`pvUXd
Mvno��p@Whn`d a+a UXW�ghilkvWYwvU[WYU[d�U[u\UXw$iYWYH@gFi]MPiYZ\gYO]Q`U[d � UXO]Q`ghUXu �{ZjWYwTn`d`p t �{Z\ghORQ`U[d ^BQoWYH@J�H@�`Q`HvW
n`d a y�U[p@UXd`ZjH@d [ -;) , c	4 ] H a U[WBMPSVUXW�� a MP¢ gYZjORQ�U[Z\d`U{¥�MPgYO]Q`U(S`Zju a U�i �@Z\d a ZjUcghZ\O]Q � MPgYgYU[WYJ�HPq
u\U[w%¦ou\U#UXZ\dou MvpvUXWYd w �@d`d`U[d � [ -;- ] �(n`O]Q glkPJ§iYu\ZjO]Q`U �sd$ilUXWhJ�U a Z MxilU a Z\U[gYUXg¤�{U[iYZ\d�MPu a U[WYZfePMPiYg
MvS`ghH@WYS`ZjUXWhUXd9S`u\Mvn�e@UXWhgYO]Q`H@SVU[d��

��no��p@WYnod a e@Hvd K�¥ �1��q�n`d a ��MPJ#Mvd%q 
D�VU[wTiYWYU[d p@UXQ$i J�Mvd a M�e@H@d Mvnog�� a Mv¢ a U[W�^BQ`WhHPq
J�Hv�`Q`H@W ZjJ ¡�MPiYQ`HPq ��noghi]MPd a d`ZjORQ$i§gYH+ghilMvWYw�e@UXW a WYZju\ufi Z\gFi �{ZjU a Z\U#Mvd�MvujH@p@U 
%ilWYnowTiYn`W
Z\J � Z\u a i �D��� [ c�b ] m(UXW¤��U[ilM � ��n`ghilMvd a a U[g�¨@¨[q OXZjgFq0. q1m(U[J�U�ilQ �%u\WYU�ilZjd�MPujg Zjghi§ghUXQ`W§ghilMxq
S`Z\u �om�Mvg�y�ujUXZjORQop@U �{ZjORQ$i � a Mvg{gYZjO]Q t �{ZjgYO]Q`UXd+��U�i]M � nod a ��U[ilM � � U[Z\d`gFilU[u\uji��oujZ\U[pvi�Q`Z\U[W
UXQ`U[W�MPno� a U[W 
%UXZfilU evH@d��9U[i]M �]��m�Z\U t n���U[ilM � � Mvd�MvujH@p@U[d 
%iYWYn`w$iln`WhUXd a U[g ¨@¨[q OXZjgFq0. q
m(UXJ�U[iYQ �%ujWYU[iYZ\d�MPu\g �BUXZjgYUXd¤UXZ\d�yzu\UXZjORQop@U �{ZjORQ$i t �{ZjgYO]Q`UXd a UXWId`H@WhJ#MPu\U[d a UX�`WhHvilH@doZ\UXWFilU[d
��U[ilM � �cK�H@WhJ �

λmax

� �@©@��d`J �cnod a UXZjd`U[W(�`WYHviYH@d`ZjUXWFilUXd���U[ilM � �cK�H@WhJ Mvno� �
λmax
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� 6$©@�vdoJ �R�%m(Z\U ��w$ilZje%ZjUXWYnod`p a UXgB¥?WlMvdog a n`O[Z\d`gBUXWh��Hvu\pvi Mvu\g £�H@d`ghU��Tn`UXd t a MvWYMvn`gBw Mvn`J
H a U[W{d%noW{gYUXQoW{e@UXWhJ�Zjd a U[Whi�� [ c�b , c�4 ]
^�m 
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� ZjU_ZjJ e@HvWYQ`U[WYZ\pvUXd�£�Mv�`ZfilUXu �{n`W a U a UXW�^BQ`WYHvJ�Hv�`Q`H@W#Mvno����¦`do� m(H@�o��U[u\SoZ\d a nod`p@UXd
WhU a n t Z\U[WhiX�xm�MPSVUXZ �{n`W a UXd a ZjU ^ 4xq1^ � q1¡ Z\d a nod`pcnod a a Z\U /{q1^
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q1¡ Z\d a nod`p a n`WYO]QTiYWYU[d`dTi
nod a�a Z\U SVUXZ a UXd#yzWYn`�o�VUXd /hU �BU[Z\ujg a n`WYO]Q�U[Z\d � MvgYghUXWYgFilH-5�MPiYH@J UXWYghU[i t i��%m(MvgByzUXpvUXd`ZjH@d
�{noW a U �{ZjU a U[W a n`WYO]Q�U[Z\d9K�H@WYJ�Z\MPiYZjHvd�UXWhgYU�i t iX�
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%ilWhn`w$iln`WhUXd S`MvgYZjUXWYU[d �{ZjU a U[WYn`J MPno�BevH@d 
Dn`p@ZjQ�MvWYM a n`WYO]Q`pvU[��¦`Q`WFilU[d ��� �v�+�/q

%Z\J§n`u\MPiYZjHvd`UXd �TG:U[W �BU[d a U[i �{n`W a UzQ`Z\U[WYSVUXZ a ZjU 
`^ ^ qsm�K�¥{¡:qF��U�ilQ`H a U t noglMvJ�J�U[d�J�Zfi
U[Z\d`U[J ^�� �����+�/q1£zWYMP� iY��U[u a �`m(UXW�� ��qs¥?UXZju a UXW 
DZjJ�nou MxilZfH@d�noJ�� MvghghiYU a UXd_^BQ`WYHvJ�HPq
�oQ`H@W?n`d a a Z\U���J�Zjd`H@glkPn`WYU[d � a ZjU U[Z\d`U[d ghi]MPWYwvUXd§rIZ\d<Q�n`¢(MPno� �(S`ghH@WY�DilZ\Hvd n`d a 
%iYWYn`w$iln`W
a UXg�^BQ`WYHvJ�Hv�`Q`H@Whg Q�MvSVU[d � 3 �%g]�5.54 �Nyzu\n ¨@¨�� n`d a ¥ QoW .56o� ��n`glkPi t ujZ\O]Q �{n`W a U�d`H%ORQ a Mvg
� MvghgYUXWhJ�Hvu\U[w%¦ou ��MxiR�PS_J�ZficZ\d a UXd ���/q ¥ U[Z\u UXZ\dTSVU t H@p@U[d � a M a Z\U[gYU[gz¡ UXghilMvd a iYUXZju a U[g
wvHvJ��`ujU RDUXd+y�U[p@UXdoZ\H@d`gcZjghi��`G:H@d /hU a U[J �9H a UXuju\g �%gFilUXJ �{noW a U[d t �BU[Z���H a U[u\ujORQoWYH@J�HPq
�oQ`H@WYUzU[W t UXn`pviX�N¡BU[Z a U[J U[Z\doUXd/Q�Mvd a UXufi{U[g{ghZ\O]Q/n`J a Z\Uzm(n`WhORQogYO]Q`d`ZjiYiYgYgFilWYnowTiln`W � M�e �R�
�cZ\U[WYSVUXZ �{n`W a U�MPn`g a U[W 
DZjJ�nou MxilZfH@d_UXZjd`U 
%ilWhn`w$iln`WzU[dTiYd`H@J�J�U[d � � UXu\O]Q`U a U[d a n`WYO]QDq
ghORQod`Zjihilu\ZjORQoUXd�¡BZjd a n`dop@gYu\kvd`p@U[d#n`d a � Z\d`wvU[u\d#UXd$ilgh�`WYZjORQ$i � a ZjU ��kvQ`WhUXd a�a UXW 
DZjJ�nou MxilZ q
Hvd�SVUXH@S�MPORQ$ilU�i �{n`W a U[d ��G:H@d a U[J �9H a UXuju\g �%gFilUXJ ¨@¨[q OXZjgFq0. q1m�UXJ�U[ilQ �%u\WYU�ilZjd�MPu�wPH@d`dTiYU
MPu\u\U[W a Zjdop@g�wvU[Z\d`U m(n`WYO]Q`gYO]Q`d`ZfiYilghghilWhn`w$iln`W U[WYJ�ZjihilUXufi �BU[W a U[d � a U[d`d �BkvQ`WYU[d a�a U[W 
DZjJ�n%q
u\MPilZjH@d �BUXO]Q`ghUXujiYU a Mvg§�:WhHvilHvd gYH+Q�kPn21�p t �{ZjgYO]Q`U[d ^BQ`WhH@J�Hv�`Q`H@W n`d a yzUXp@U[d`Z\Hvd Q`Z\d
nod a Q`U[W�� a MP¢�U[gcd`ZjORQ$icghZ\d`d$e@H@u\u ��MvW ��UXZjd`U m�n`WYO]Q`gYO]Q`d`ZfiYilghghilWhn`wTiYn`W t n a U 1�d`ZjUXWYU[d �
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DZjJ§n`u MxilZjHvd a MPg 
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d�MvQ`J�U a U[W w%Zjd`U[iYZ\ghORQ`U[d�rId`U[WYp@ZjUzQoUXWYnodTilU[WYp@U[wT¦`Q`uji���ghH a Mv¢�gYZjO]Q���Z\doZ\J§n`J�gFilWYnowTiYn`WYU[d
UXWhp$MvSVUXd�� ¡BU[Z a Z\UXghUXd 
%iYWYn`w$iYn`WYU[d Q�Mvd a UXufi UXg ghZ\O]Q a UXghQ�Mvu\S n`J UXZjd`U¤e@U[WYp@ujUXZjORQ`g �BUXZjgYU
WYUXMvu\Zfi]kPiYgYd`MvQ`U�¡BU[gYO]Q`WYU[Z\S`n`dop a U[W �(d�MPu\H@p@U[d �oK�¦`W a ZjU�SVUXZ a UXd9��H a UXuju\g �DgFilU[J�U �{n`W a UXd
a Z\U���H@ujp@U[d a UXd �(Sow%¦oW t nod`p@UXd�e@U[W �BU[d a U[iX�
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�sd ��S`S`Zju a n`dop ¨�©9gYZjd a a Z\U�¡ Z\d a nod`p@gYu\kvd`p@U[d a U[W 
%ilWhn`w$iln`WhUXd p@U[p@U[d a Z\U�� HvgYZjiYZ\H@d�Z\d
a UXW�£zU�iYilU+MvnD��p@U[iYWlMvp@U[d � ��n,5�kvu\ujZjp Zjghi�� a Mv¢ gYZjO]Q a Z\U+¡ Z\d a n`d`p@ghu kvd`pvUXd a UXg�£�H@Q`ujUXdDq
gFilH-5�MPilHvJ�g �:MPd a Mvg¤UXZjd`U_�9U[ilQ �%u\p@Whn`�`�VU�pvUXS`nod a UXd Z\gFi ��e@UXWYwT¦`W t U[d � � Mvuju\g a Z\U[gYU_�9U�q
iYQ �%u\pvWYn`�`�VU#UXd$iY��UXWhdTi �{ZjW a � [ c�' , c;( , c=) ] �sJ y�U[p@UXd t n`p �BU[W a U[d a Z\U�¡ Z\d a nod`p@UXd u kvdop@UXW �
� MPu\ujg U[Z\d`U���U[iYQ �%ujp@WYn`�o��U(d`U[n�U[Z\d`p@U���¦`Q`WFi �{Z\W a �Dm(Z\U(bcWYglMPORQ`U���¦`W a Z\U[gYU[gBG:U[WYQ�MPujilU[d�Zjghi
a Z\U�� �%�VUXWhwvH@d,/hn`p@MPilZjH@d a U[g{£�H@Q`ujUXd`gFilH-5�g�Zjd a U[W{£zU�iYilU�J�Zji a UXW{��U�ilQ �Dujp@WYno�`�VUv� ��SVUXW
a Z\U�¡BZjd a n`dop �{Z\W a r:ujUXw$ilWhH@d`U[d a Z\O]Q$ilU¤e@H@d a U[W ��U�ilQ �Dujp@WYno�`�VU�Zjd a Z\U�£zU[ihilU�ilWlMPd`gh��URq
WhZ\U[Whi �Tn`d a MvujgBK�H@u\pvU a M�e@H@d �BUXW a UXd a Z\U(¡BZ\d a n`d`p@U[d a UXg £�H@Qou\UXdoghilH 5 MPiYH@J�g Zjd`d`U[WYQ�MvujS
a UXW £�U�iYiYU�pvUXgYO]Q ��kvO]QTi n`d a gYH@J�Zfi�u\kvd`pvUXWX� [ c;( ] � �@pvu\Z\O]Q�Z\gFi MPu\u\U[W a Zjdop@gzMvn`O]Q � a Mv¢ a UXW
G:U[WYujn`ghi Mvd gFilUXWhZ\ghORQ`U[W �(S`gFilH@¢@nod`p � SVUXZ a UXJ rIWYgYMPi t UXZ\doUXW ��U�ilQ �%ujp@WYn`�o�VU a n`WYO]Q UXZ\d
� MvghgYUXWhghiYH-5 MxilH@J � t n U[Z\d`U[W ¡BZ\d a n`d`pvghe@UXWhwT¦`W t n`d`p(SVU[ZjilWYkvpviX��y�U[d`UXWhUXuju@u MPgYgYU[d gYZjO]Q wvU[Z\d`U
pvWYH@¢@U[d bcdTilU[WYghORQ`ZjU a U t � Z\gYO]Q`U[d a U[d ¡BZ\d a n`d`pvgYu kPd`p@UXd a U[W m(n`WYO]Q`gYO]Q`d`ZfiYilghghilWhn`w$iln`WYUXd
nod a�a UXd`U[d a U[WzQ`U[WYn`d$ilUXWhp@UXwT¦`Q`ufilU[d ��H a UXuju\g �DgFilU[J�U§UXWYwPUXd`d`U[d �?rIZjd`U �(n`ghd�MvQ`J�U�S`Zjufq
a UXd a Z\U 
%ilWYnowTiYn`WYU[d a U[g(¨v¨[qsO[Z\gFql¨��xqsm(U[J�U�ilQ �DujWYU�ilZjd�MPujg ���BU[u\O]Q`U�ZjJ ¡ UXWYU[Z\O]Q a U[g ^�© q�S`Z\g
^(¨v¨[q ��ilH@J�g�UXZ\doU�n`d$ilUXWhgYO]Q`Z\U a ujZ\O]Q`U ¡BZ\d a n`d`pvglMvufilUXWhd�Mvd t MvnD� �BUXZjgYUXd��
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gYH SVU[Z a UXW#G:U[W a WhZ\u\ujn`dop n`J a Z\U t U[dTiYWlMvujU�m(Hv�`�VUXujS`Z\d a n`d`p � UXWhwvUXdod`UXd �{m�Z\U_¥ HvWYgYZjH@d
n`J a ZjUXghU#m(Hv�`�VUXujS`Z\d a n`d`p�Q�Mxi Z\QoWYU�b�WhglMvO]Q`U�Z\d a U[W � U[ORQ`ghUXu �{Z\Whw%nod`p t �{Z\ghORQ`U[d a U[W
��U[iYQ �%u\pvWYn`�`�VU�MPJ ^(¨��xq ��ilH@J n`d a a UXJ � MvgYghUXWYgFilH-5 MvJ ^(¨��o� [ ,;* , , + , ,=c ] m(noWYO]Q a ZjU
¡BZ\d a n`d`p a UXg(�{U[iYZ\d�MPu\g{Mvd a MPg � �ogYZ\d9gYO]Q`UXZjd`UXd a ZjUXgYU ghilkvWYwvU[W�Zjd � U[ORQogYUXu �{Z\WhwTn`d`p t n
ilWhU[ilU[d ��Mvujg a Z\UXg�ZjJ ��WhUXZjUXd/�{U[ilZjd�Mvu a U[W{KNMvuju�Zjghi��om(U[W{��MvnoJ�SVU a MvWF� a U[Wc��U[iYQ �%u\pvWYn`�`�VU
Z\gFi a MvSVU[ZBgYH+p@WYH@¢ � a Mv¢ a UXW¤^BQoWYH@J�H@�`Q`HvW e@UXW a WYZju\ufi �{Z\W a � a MvJ�Zji a U[W �(S`gFi]Mvd a t n`J
� MvgYghUXWYgFilH-5�MPilHvJ p@U ��MPQ`WhizS`ujUXZjSoi���rIZ\doUXd�wTu\U[Z\d`U[d�¥?H@WhgYZ\Hvd`g �{Zjd`wvUXu�Q�Mxi a U[J�d`MvO]Q a Mvg
¨@¨[q OXZjgFq]¨��xqsm(UXJ�U[iYQ �%u\WhU[iYZjd�Mvu � a M¤Q`ZjUXW a Z\U[gYU�gFilUXWhZ\ghORQ`U � U[ORQogYUXu �{Z\Whw%nod`p�UXu\ZjJ�Zjd`ZfUXWhi�Z\gFi��

� ZjW a Mvu\ujUXW a Zjd`p@g � �{Z\UcZjJ ¨@¨[q OXZjgFq]¨��xq1��U[iYQ �%u q]¨��xqsm(U[J�U�ilQ �DujWYU�ilZjd�Mvu �@U[Z\doU t n`gYkPi t u\ZjORQ`U
��U[iYQ �%u\pvWYn`�`�VU�MPJ ^(¨��xq � iYH@J UXZjd`p@U[��¦oQ`Whi��IQ�MPi a Mvg�m(U[WYZfePMPi�UXZjd`UXd�U[i ��Mvg�p@W��@¢@U[WYUXd
¥?H@WYghZ\H@d`g �{Z\d`wvU[uIMvujg a U[W � Z\u a i �D��� � 5�UXdogYZ\O]QTiYu\ZjORQ �{ZjW a�a Z\U � U[O]Q`gYU[u �{Z\WhwTn`d`p �{ZjU a U[WFq
Q`UXWhp@UXgFilU[u\uji�� a Z\U[gYJ�Mvu t �{Z\gYO]Q`U[d a U[W:��U�ilQ �%ujp@WYno�`�VU MvJ�^(¨��xq�nod a�a U[J � MvghgYUXWhghiYH-5�MvJ
^(¨��xq � iYH@J9� ��n`glkPi t ujZ\O]Q gYO]Q`U[Z\dTi§UXg t n �BUXZfilUXWhUXd � U[ORQogYUXu �{Z\Whw%nod`p@U[d a UXW§Mvd a U[W��?HPq
gYZfilZ\Hvd�¨���d`U[n_UXZ\dop@U[��¦`QoWhilU[d���U�ilQ �%u\p@Whn`�`�VU J�Zfi a U[W(�IWYHviYUXZjd%n`J�p@U[S`n`d`p t n_wvH@J�J�UXd �
a Z\U���¦`W UXZjd`U�gFi]kvWhwvUXWhU�G:UXW a WYZju\ujn`d`p§gYH@Whp@UXd �

� ZjW a wvU[Z\d`U���U�ilQ �%ujp@WYno�`�VU#UXd$iY��U[WYd$i �?gYH@d a UXWhd � �{ZjU�ZjJ ¨v¨[qsO[Z\gFql¨��xq1��U�ilQ �DujWYU�ilZjd�Mvu �
UXZjd`U �BU[ZjiYUXWYU9��U�ilQ �%ujp@WYn`�o�VU t n`gYkPi t u\ZjORQ�MPJ ^(¨�� q ��ilH@J U[Z\d`pvU[��¦`QoWhi ��gYH�UXWhWYU[Z\O]QTi a U[W
¥?H@WYghZ\H@d`g �{Z\d`wvU[u UXZjd`UXd J#M"RoZjJ#MPujU[d � UXWFi e@H@d�q1�@�

◦
�?rIg wvHvJ�J i dTn`d t n � UXO]Q`ghUXu �{ZjWFq

wTn`d`p@U[d t �{ZjgYO]Q`UXd a UXd�SVUXZ a UXd#�9U[ilQ �%u\p@Whn`�`�VUXd�MvJ ^(¨��xq n`d a ^(¨��xq ��ilH@J � �BUXujORQoUcSVU[Zfq
a UBUXZjd`UXd§QoH@Q`UXd���MPn`J�Mvd`gY�oWYn`O]Q§Q�MvSVU[d �@m�Z\UBK�H@u\p@U:Z\ghi�U[Z\d`U d`H%O]Q�gFi]kvWhwvUXWhUBG:UXW a WYZju\ujn`d`p
a UXg���H a UXuju\O]Q`WhH@J�Hv�`Q`H@Whg{MPu\g ZjJ � Zju a i �%� �

�sJ KNMvu\u a UXg�¨v¨[qsO[Z\g1q0.xqsm(UXJ�U[iYQ �%ujWYU[iYZjd�MvucZjghi a ZjU_G:UXW a WYZju\ujn`d`p n`J a ZjU�^(¨@¨ ��^(¨ ��q
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¡BUXWhUXO]Q`dTn`d`p@U[d
U[Z\d`U �BUXZfi]Mvnog�pvW �@¢vUXWYU+�cHPi]Mxq
iYZ\H@dogYghilkvWYwvU�MPno��Mvujg a U[W � Z\u a i �%� �om(UXWc^BQ`WhH@J�Hv�`Q`H@W�Zjghi � UXgYU[dTiYu\ZjORQ/ghilkvWYwvU[W e@U[W a WhZ\u\ufi �
�BMvgcMPno� a ZjU�d`UXn/UXZjd`p@U���¦`Q`WhiYU ��U�ilQ �%ujp@WYno�`�VU Mvd/� H@gYZfilZ\Hvd+¨�� t n`Wh¦`ORw t no��¦`Q`WYU[d_Zjghi�� ��n
a Z\UXghUXW�¥?H@WYghZ\H@d ilWlMPp@UXd§doZ\O]QTi�d%n`W a ZjUBZjdTiYUXWYJ�H@ujU[w%nou MvWhUXd ghiYUXWYZjgYO]Q`UXd � UXO]Q`gYU[u �{ZjWYwTn`d`p@U[d
SVU[Z ��gYHvd a UXWhd ��MvQoWYgYO]Q`U[Z\d`ujZ\O]Q�Zjghi a ZjU �:WhHvilU[Z\dTn`J�pvUXS`n`dop�Zjd9Q`H@QoUXJ �_Mv¢vU J�ZficMvd a UXW
¥?H@WhgYZ\Hvd#SVU[iYUXZ\ujZ\pPi��$m(Z\U���U�ilQ �Dujp@WYno�`�VU�ilWYZfiYi Z\d � U[ORQogYUXu �{Z\Whw%nod`p�J�Zji a U[WB¥ MvghORQ`U � ��MPg
t n�U[Z\d`U[W{p@W��@¢@U[WYU[d9¥ HvWYgYZjH@d/Z\J G:UXWYpvu\U[Z\O]Q t n`J � Zju a i �%����¦`Q`WhiX�
rIZ\d`U�m(ZjgYwTWYU[��Mvd t�t �{ZjgYO]Q`UXd rKRD�VUXWhZ\J�UXd$i�nod a �{UXO]Q`d%nod`p9U[WYp@ZjSoi�gYZjORQ+��¦`W a MPg�¨@¨�q

O[Z\g1q]¨��xq1��U[iYQ �%u a UXWYZfePMPiX�V�cZ\U[W 1�d a UXd+gYZ\O]Q_U RD�VUXWhZ\J�UXd$ilUXuju a Z\UXghUXujSVUXd�m(MPilU[d_��¦`W a Z\U �cHxq
ilMPilZjH@d`ghghi]kvWhwvU �{Z\U���¦`W a UXd � Z\u a i �D� 6 a Z\U SVU[WYU[ORQ`doU[ilU[d�m�MPilU[d�ghilU[Q`U[d#ZjJ � Z a UXWYgh�`WYn`O]Q
a M t n � �sd a Z\U[gYU[J KVMPu\u$ghH@u\ufilU:J�Mvd a UXd ilQ`U[H@WYU�ilZ\ghO]Q`UXd�m�MPiYUXd§gFi]kvWhwvUXW?e@UXWFilWlMvnoUXd�Mvujg a UXJ
rKRD�VUXWhZ\J�UXd$i � a UXd`d�UXg�UXWhgYO]Q`UXZjdTi UXQoUXW�n`d
�BMvQ`WhgYO]Q`UXZjd`u\ZjORQ � a MP¢�U[Z\doU�ghH�ghilMvWYw¤e@UXW a WYZju\ujiYU

TilWYn`w$iYn`W �{Z\U a MPg�¨@¨[q OXZjgFq]¨��xq1��U[iYQ �%u\WhU[iYZ\d`Mvu U[Z\d`U�kvQ`dou\Z\O]Q`U��{Hvi]MPiYZ\H@dogYghilkvWYwvU#Q�MPi �{ZjU
a UXW � Zju a i �%� � G�Z\U[u\J�UXQoW§Zjghi¤U[g ��MvQ`WhgYO]Q`UXZjd`u\ZjORQ � a Mv¢ a U[W¤SVUXWhUXO]Q`d`U�ilU � UXWFi t nDilWYZ 5�i��
a UXJ t no��H@ujp@U�Q`kPiYiYU a Z\U#¡�MPd a U a UXg#¨��xqF�9U[ilQ �%u\WYU�ilZjd�Mvu:n`dop@U[� kvQoW a Z\U�¨ � �/� MvO]Q`U �sdTilU[dDq
ghZji]kxi a UXW�¡�Mvd a U a UXg � Zju a i �%�`g§Q�Mxi�� 3�UXZ a UXW§wvHvd`dTiYU a Z\U[gYU�GIUXWYSoZ\d a nod`p�Zjd nod`gYU[WYUXJ
��WYSVUXZfilghw%WhUXZjg�d`Z\O]QTiBe@UXWhJ�U[gYghUXd �BU[W a U[d �`gYH a Mv¢§wvUXZjd`U �BU[ZjilU[WYU[d9m�MPiYUXd t n`J G:U[WYp@ujUXZ\O]Q
t n`W G:UXWF��¦`p@n`dop�gFilU[Q`UXd �
m�Mvg+¨@¨�qsO[Z\gFq .xqsm(UXJ�U[iYQ �%u\WhU[ilZfd�Mvu t UXZjpvi�USRD�VUXWYZjJ�U[dTiYUXuju�UXZjd`U_U[i ��MPg�Q �@Q`UXWhU��cHPi]MPiYZfq

Hvd`gYghilkvWYwvU MPu\g a UXW � Z\u a i �D���Nm(ZjU ��S
�BU[Z\O]Q%n`dop#Z\gFi�Mvu\ujUXW a Zjd`p@g doZ\O]QTicgYU[Q`W�pvWYH@¢ �`gYH a MP¢
J�Mvd MPn`O]Q QoZ\UXW�evH@d UXZjd`UXW�¡BUXgFi]kPiYZ\p@nod`p a UXW�m�MPilU[d a noWYO]Q a MPg�r RD�VU[WYZ\J�UXd$i#MPn`gYp@URq
QoUXd
w Mvd`d � �sJ G:U[WYp@ujUXZjORQ t n`J � Z\u a i �D��gYZ\d a
a Z\U�m�H@�`�VUXujS`Z\d a n`d`p@U[d a UXg�¨v¨[qsO[Z\gFq .xq
m(U[J�U[ilQ �%u\WYU�ilZjd�Mvu\g �BU[gYU[dTilujZ\O]Q �BUXdoZ\p@U[W:e@UXW a WYZju\ufi � a M a Z\U ��UXQou\UXd a U(��U[iYQ �%u\pvWYn`�`�VU a UXJ
^BQoWYH@J�H@�`Q`HvW�pvW �@¢@U[WYU�gFilWYnowTiYn`WYU[u\ujUzK�WYU[Z\Q`U[ZjiBZ\d a U[W{�IWYHviYUXZjdTi]MPgYO]Q`UzU[WYu MPn`Soi��om�Mx��¦`W�UXWFq
��Hvu\pvi�UXZjd`U�ghilkvWYwvU[WYU{¥?H@WhgYZjH@d�n`J a Z\U�r:Zjdo� MvO]Q%SoZ\d a nod`p@UXd��$m(Mvg:rIWYp@U[S`d`Z\g�Z\gFiIUXZjd`U 
%iYWYn`w@q
iYn`W�� �BU[u\O]Q`U t ��MPW{WYUXu\MPilZfe#nodTe@U[W a WhZ\u\ufi Zjd9¡BU t n`p�Mvno� a Z\U�m�H@�`�VUXujS`Zjd a n`d`pvUXd9Z\gFi � a n`WYO]Q
a Z\U�UXdoUXWYpvU[ilZjgYO]Q p@¦od`ghilZjp@U[WYU�¥?H@WhgYZjH@d n`J rIZ\dD� MvO]Q%S`Zjd a n`d`pvUXd a U[d`d`H%O]Q UXZjd`U#kPQ`d`u\ZjO]Q`U
G:U[W a WhZ\uju\nod`p �{ZjU a MPg ¨v¨[qsO[Z\g1q1�{U[ilZjd�MPu MPno� �BU[Z\ghiX�

��n`glMPJ�J�UXdo� MPgYgYU[d a u\kv¢vi gYZjO]Q�gYMvp@U[d � a MP¢ a ZjUBgYZjJ§n`u\ZfUXWFilUXd 
%ilWhn`w$iln`WhUXd a UXd§i]MxilglkPORQ%q
ujZ\O]Q`UXd�G:U[WYQ�kPujiYd`Z\ghgYUXd9Zjd a UXd��cU�ilZ\d`Mvu a U[WYZfePMPiYUXd ��MvQ`WhgYO]Q`U[Z\d`ujZ\O]Q9WYU[O]QTi�d`MvQ`U�wvH@J�J�U[d �
a M a Z\U ��SVU[WYUXZjd`ghiYZ\J�J§n`d`p@U[d J�Zji a U[J rKRD�VUXWhZ\J�UXd$i�p@W �v¢vilU[dTilU[Z\ujg ghUXQ`W§p@noi�ghZ\d a ��rIg
Zjghi§gYH@J�Zji pvUXu\nod`p@UXd � a Z\U�m(U[WYZjexMPilU t n gYZ\J§n`ujZjU[WYU[d n`d a a UXd�b�WhglMvO]Q`U[d a U[W§G:U[WYgYO]Q`ZjU�q
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S`n`d`p MPno� a ZjU 
D�`n`W t n�wvH@J�J�U[d �Im(ZjU/S�MxilQ`Hxq n`d a Q �%�`ghH%ORQoWYH@J�UXd�G:U[WYgYO]Q`ZjUXS`nod`p@UXd
a UXW /hU �BUXZju\Zjp@UXd�m(U[WYZfePMPiYU9w �@d`d`U[d Z\d�U[WYghiYUXW�3�Zjd`Z\U/MPno��ghiYWYn`w$iYn`WYU[u\u\U9bcdTilU[WYghORQ`ZjU a U�Zjd
a UXd_�9H a UXuju\g �%gFilUXJ�UXd t n`Wh¦`O]w%pvU[��¦`Q`WFi �BU[W a U[d �Vm(ZjUzUXujUXw$ilWhH@ghilMPilZjgYO]Q`U � U[ORQ`ghUXu �{Z\Whw%nod`p
Mvu\g§�cU[gYn`ufi]Mxi�UXZjd`UXg§e@U[Wlkvd a UXWFilUXd �(Soghi]Mvd a UXg t �{ZjgYO]Q`U[d ^BQ`WhH@J�H@�`Q`HvW§n`d a yzUXp@U[d`Z\Hvd
�{n`W a U§SVU[Z a U[d�b�d$ilUXWhgYn`O]Q%nod`p@UXd�Mvn`gYpvUXwTu MvJ�J�UXWFi � a M a Z\U ��H a UXuju\g �%ghilU[J�U Mvuju\U�U[Z\d`U[d
e@UXWhp@u\U[Z\O]Q%S�MPWYU[d �(S`gFi]Mvd a t �{Z\ghORQoUXd a U[J �cU�ilZ\d`Mvu{n`d a a U[J K�H@WhJ�Z\MxilZfH@d MPno� �BU[Z\gYU[d �
rIZ\d+wTujUXZ\doUXW(¡BUXZfilWlMPp t n`W�G:UXWhgYO]Q`Z\U[S`n`d`p a UXg ��S`gYH@Wh�oilZjH@d`ghJ#M,RDZjJ§n`J�g �{Z\W a+a n`WhORQ a ZjU
n`dTiYUXWhgYO]Q`Z\U a u\ZjORQoU9¡BZ\d a n`d`p@gYMvujiYUXWhd�Mvd t p@U[u\U[Z\ghiYU[i � £�Mv�`ZjiYUXu 6`�T6
��� �sgFi a Z\U[gYU/gYO]Q
�BkvO]Q`UXW��
�{Z\U{Z\J KNMvu\u a UXWc¨@¨[q OXZjgFq]¨��xqsm(UXJ�U[iYQ �%u\WhU[iYZjd�Mvu q 
%ilWhn`w$iln`WhUXd �@gYH e@UXWhgYO]Q`Z\U[SoiBgYZjORQ a MPg

λmaxt n/wT¦`W t UXWYU[d � UXuju\UXdou kvdop@UXd �o¡ UXZ a U[d9J�UXZ\gFilU[d/Q`ZjUXW�n`d$ilU[WYgYnoORQ$ilUXd+��H a U[u\ujORQoWYH@J�H@�`Q`Hxq
WYU[d �BMvW a ZjU�¡BZ\d a n`d`p@ghu kvdop@UXd�MPujilU[WYd�MPd t MPu\u\U[W a Zjdop WhUXO]QTi{kvQ`d`ujZ\O]Q �
�BU[gYQ�MvujS/Mvu\g���Mvn`�oiFq
n`WYgYMvO]Q`U���¦`W a ZjU�GIUXWYghORQoZ\U[S`n`d`p UXZjd Mvd a UXWYU[g�ghilWhn`w$iln`WhUXuju\UXg_��U[WYwTJ�Mvu t n
gYUXQoUXd Zjghi��
m(Z\U � UXgYU[dTiYu\ZjORQ`U[d�bcdTiYUXWYghORQoZ\U a U a UXW{��H a U[u\u\U(gYZjd a�a Z\U(¥?H@WYghZ\H@d`g �{Z\d`wvU[u � a Z\U a UXJ�d�MvO]Q
Mvn`O]Q a Z\U �(MPn`�oilnoWYglMPORQoU a U[W{e@UXWhgYO]Q`H@SVUXd`UXd �(SogYH@Wh�oilZjH@d`gYJ�M,RDZ\J�M a MvWhghilU[u\ujUXd �oG:H@WcMvufq
u\U[J a Z\U ¥?H@WhgYZjH@d¤n`J a ZjU t U[dTiYWlMvujUc^(¨@¨ ��^(¨ ��q1¡BZjd a n`d`p�iYWlkvpviIZjd¤QoH@Q`UXJ �_Mv¢@U t n�UXZjd`UXW
G:UXWhgYO]Q`Z\U[S`n`d`p�SVUXZ � � Z\W a�a ZjUXgYUzghilkvWYwvU[W e@U[W a WhZ\u\ufi �%gYH¤wvH@J�J i U[g t n/UXZ\doUXJ S�MxilQ`H%O]Q`WhHPq
J�U[d 
DQoZj� i �1¨@¨[qsO[Z\g1q]¨�� q1��U[iYQ �%u\WhU[ilZjd�MPu �R�PbcJ�pvUXwvU[Q`WhiIgYO]Q`U[Z\dTiIU[g t n�UXZ\doUXW�Q �%�`gYH%O]Q`WhH@J�U[d
G:UXWhgYO]Q`Z\U[S`n`d`p t n�wvH@J�J�UXd �N� Mvuju\g a ZjU ¥ HvWYgYZjH@d+n`J a ZjUXghU�¡BZ\d a n`d`p�ZjJLG:UXWhp@u\U[Z\O]Q t n`J
� Z\u a i �D� p@UXghORQ ��kvO]Q$i �{Z\W a �F¨@¨[q OXZjgFq .xqsm(UXJ�U[iYQ �%u\WhU[ilZfd�Mvu �R� m(ZjUXgYU�¡BU[H@S�MvO]Q$iln`d`p�u kP¢vi gYZjO]Q
p@UXdoUXWYU[u\u$Mvno� a Z\U:Mvd a UXWYU[d m(H@�o�VUXu\SoZ\d a nod`p@U[d ¦`SVU[WhiYWlMvp@U[d � �{Z\UIJ�Mvd MvJ KNMvuju a UXW:¨v¨[qsO[Z\gFq
¨��xq1��U[iYQ �%ufql¨��xqsm(UXJ�U[i �%Q`u\WhU[ilZfd�Mvu q 
TilWYnowTiYn`W�U[WYwvUXdod`UXd�w Mvd`d �T�vU a H%ORQ¤gYO]Q`UXZjdTi a U[W:r 5�U[wTi
SVUXZ a U[d9¦`SoWYZ\pvUXd/m(H@�`�VU[u\S`Zjd a n`d`pvUXd/d`Z\O]Q$i{p$MPd t ghH¤ghi]MPWYw�MvnogYp@U[�`WlkPpvi t n/gYU[Z\d �{ZjUzSVU[Z
a UXW�^(¨v¨ ��^(¨ � qs¡BZ\d a n`d`p`�
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m(ZjU:¡BU[u\ZjORQ$iln`dop a U[g?�cQoH a H@�`ghZ\d`g�ghU[i t i?UXZjd`UIwvH@J��`u\USRDU:�cUXMvw$ilZ\Hvd`gYghU��Tn`U[d t Zjd y�Mvd`p � a Z\U
SVU[WYUXZfilgBZ\d�£�Mv�`ZfilU[u?¨@� � Mvn`gF��¦`Q`WYujZ\O]Q#SVUXgYO]Q`WhZ\UXSVU[d �{n`W a UP�`m(n`WYO]Q a Z\U �(S`ghH@WY�oiYZ\H@d#UXZjd`UXg
�IQ`HPilH@d`g:Z\ghH@J�UXWYZjgYZjU[Whi a Mvg{¨@¨[qsO[Z\g1q1�{U[iYZ\d`MvuDZ\d a ZjUcMPu\u q�ilWYMvd`gIK�H@WhJ�n`d a S`Z\u a U�i:Zjd`d`U[WYQ�MvujS
e@Hvd��v�@�{��g t n`d�kvO]Q`gFi a Mvg��IQ`HviYH@WYQoH a H@�`ghZ\d �xm(ZjUXghUXg�Zjghi�MPu\u\U[W a Zjdop@g d`ZjORQ$i ghilMvS`Z\u ��ghH@d a U[WYd
pvUXQTizZjd`d`d`U[WYQ�MvujS_e@H@d �#�`g [ , ] Z\d�¡�MPiYQ`H@WYQoH a H@�`ghZ\d+¦`SVUXW � a Mvg�UXWhghiYU§ilQ`U[WYJ�Z\gYO]Q�gFi]MvS`Zju\U
�IQ`HPilH@�`WhH a n`w$i a UXg��{Q`H a H@�`ghZ\d`g[� [ ca, ] m(Z\U[gYU[g�Z\gFi(SVUXZ ¥?U[J��VU[WlMPiYn`WYU[d+e@H@d+U�i �BM�q]¨M6$�

◦
^

gFi]MvS`ZjuIn`d a wxMPd`d S�U[Z a ZjUXgYU[d ¥?UXJ��VUXWYMPilnoWYUXd Mvn`O]Q ZjgYHvu\ZjUXWFi � UXW a UXd � ¡�MPiYQ`H@WhQ`H a H@�`ghZ\d
ujZ\U[pvizghilU�ilg Z\J yzu\U[Z\O]Q`p@U �{Z\O]QTizJ�Zfi a UXJ Sou Mvn�e@UXWhgYO]Q`H@SVUXd`UXd �sd$ilU[WYJ�U a Z\MPi � ¡ 
 � ��e@H@W �
� H@SVUXZ a UXW ��dTilU[Z\u a U[g�¡ 
 � J�Zfi a U[WcrIWYQ �@QTn`d`p a UXW{¥?UXJ��VUXWYMPiln`W t n`d`ZjJ�J iX� [ c�- , c;c ]

.#/G/01V254760809 ';*7: � K 4 > 232 4 >SW 8GF D 13^ > 8 F;2V2 � DZ@ F=8 W
� B�>\D 138GF=2

m(ZjU§^BQ�MvWYMvw$ilU[WYZ\ghZ\U[WYn`d`p a U[gz¡�MxilQ`H t n`gFi]Mvd a UXg�p@UXu\Mvd`p�USRo�VU[WYZjJ�U[dTilU[u\u SVUXWYU[ZjiYg(J�Zji���Zjufq
��U/n`d$ilU[WYgYO]Q`ZjU a ujZ\O]Q`UXW¤gY�VU[w$ilWYH@ghwvH@�`ZjgYO]Q`UXW���U[iYQ`H a UXd�� bcG � �1� �:�cMvJ�Mvd � /��_� � ^�m �
[ cX* , 4Sb;b , 4Ab	4 , 4Ab�' , 4Ab;( , 4Ab=) , 4AbX* , 4Ab�+ ] n`d a t nou\U[i t i Mvn`O]Q#wTWhZ\ghilMvu\ujH@pvWlMP�`Q`ZjghORQ�� [ 4SbX, ] �(uju\Uc�9U�q
iYQ`H a UXd/ujZ\U[��U[WYd�Mvd`d`kvQ`U[WYd a ¦`SVUXWhUXZ\doghilZjJ�J�UXd a Uzm�MxilUXd���¦`W a UXd�^BQ`WhH@J�Hv�`Q`H@WBn`d a/a Z\U
ZjQ`d/n`J�p@UXSVU[d a U �IWhHvilU[Z\dTilMvgYO]Q`UP�
¡BUXZjJ���SVU[WYp$Mvdop�e@H@J yzWYn`d a q?Z\d a U[d#¡�MPiYQ`H t n`ghilMvd a ghZ\d a¤a Z\U ��d a UXWhn`d`p@U[d#Zjd a UXW

�IWYHPilU[Z\d%noJ�p@U[S`n`d`p a U[g ^ Q`WYH@J�H@�`QoH@WYg�WhUXu\MPilZfe9p@UXWhZ\d`po��m(ZjU��IWYHviYUXZ\dTn`J�p@UXSon`d`p�Zjd a UXW
/�kvQ`U a UXg 
%ilZjORwTgFilH-5�MPilHvJ�g a U[W 
DO]Q`Z 5Nq1¡BMvgYU(kvd a UXWFi�gYZjORQ#SVUXZjJ �cS�U[WYp@Mvd`p e@HvJ �IQ`HviYHPq
t n`J�¡�MPiYQ`H@WYQoH a H@�`ghZ\d§SVUXZjgY�`ZjUXujg �BU[Z\gYUB¦`SVUXWhQ�Mvn`�Di:d`Z\O]Q$i�� [ 4Ab�- ] rIWhghiISVUXZ\J �cSVUXWhp$Mvd`p a U[g
¡BMPilQ`Hxq#Zjd a UXd 3�n`J�Z t n`ghilMvd a WhU�MvpvZ\UXWFi a Z\U��IWYHviYUXZ\dTn`J�p@UXSon`d`p MPno� a Z\U�e@UXWYkvd a U[WhilU
^BQoWYH@J�H@�`Q`HvWYp@U[H@J�U[ilWhZ\U [ 4Ab;c , 4 4Sb , 4 4 4 , 4 4S' ] n`d a U[g(wvH@J�J§i t n+ghiYWYn`w$iYn`WYU[u\u\U[d ��d a U[WYn`dDq
pvUXd �
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 ��� �5.

�sJ y�U[p@UXdoglMPi t a M t n Zjghi a Z\U 
%iYWYn`w$ilnoW a UXg§^BQ`WYHvJ�H@�oQ`H@WYg ZjJ ¡�MPilQoH t n`gFi]Mvd a �?Z\J
G:UXWhp@u\U[Z\O]Q t n`J m(nod`wvUXu t n`gFi]Mvd a a UXg��IWYHviYUXZjd`g�� a U[noilujZ\O]Q e@UXWYkvd a U[Whi���U[Z\d`U+K�H@ujp@U a U[W
e@UXWYkvd a U[WhilU[d�£�Hvd21�p@noWlMPilZjH@d#n`J a Z\Uz^�¨@¨[qF^(¨�� q1¡BZjd a nod`p`�TG(Z\UXujU ��d t UXZ\O]Q`U[d/Z\d a UXd/USRTq
�VUXWhZ\J�UXdTiYUXuju\U[d 
D�VU[wTiYWYU[d a UXnoiYUXd a MPWlMvno�`Q`Zjd � a Mv¢ a U[W�^BQ`WYHvJ�Hv�`Q`H@W ghi]MPWYw�e@UXW a WYZ\ujuji Zjghi��
¡BUXghH@d a U[WYg¤MPn,5 kPu\ujZjp9UXWhgYO]Q`UXZjdTi�� a Mv¢_H-5�U[d`gYZjO]QTilujZ\O]Q e@H@W§MPu\ujUXJ a ZjU�m�H@�`�VUXujS`Z\d a n`d`pvUXd
e@UXW a WYZju\ufi ghZ\d a � ��kvQoWYUXd a�a Z\U�rIZ\dD� MvORQTS`Zjd a n`d`pvUXd9d�MvQoU t n��`u\Mvd�MPW ghZ\d a �

�sJ ¡�MPiYQ`H t n`ghilMvd a gYZjd a O�M 4@� � a UXW�rId`U[WYp@ZjU�UXZjd`UXg¤�:QoHvilH@dog¤p@UXgh�VUXZjORQoUXWhi�� ��Mvg
SVUXZ �v�@�_d`J UXZ\doUXW�rId`U[WYp@ZjU#e@H@d U[i ��M�� �_wvOXMvu �xJ�Hvu [ 4 4Ab , 4 4S( , 4 4A) , 4 4 * , 4 4S+ ] UXdTiYgY�`WhZ\O]QTiX�
m(Z\U�rId`UXWhp@Z\U � a ZjU§Z\J 
 �DgFilU[J pvUXgY�VU[Z\O]Q`U[Whi Zjghi � �{ZjW a Z\d a U[d���H@ujp@UXd a UXd 
DO]Q`WYZfiYilU[d a UXg
�IQ`HvilH t �%wTu\n`g��{Z\U a UXW?MvSop@UXp@U[SVUXd � m(UXW?¡�MxilQ`H t n`ghilMvd a Z\ghi a UXJ�d�MvO]Q UXZjd`UIUXdTiYgYO]Q`UXZ a UXd a U
� �{Z\ghORQoUXd`gFilno��U Z\d a U[W 
DUXQowxMvgYw M a Uv�
rIZ\d�p@U[WYZjd`p@UXW¤¥?U[Z\u a UXW�rId`U[WYp@ZjU �{Z\W a a MvSVUXZ{Z\d�KNHvWYJ U[u\U[wTiYWYH@gFi]MPiYZ\ghORQ`U[W�rId`UXWhp@Z\U

p@UXgh�VUXZjORQoUXWhi�� n`d a t ��MvW a n`WYO]Q 3 M a nod`p@ghiYWYU[d`d%nod`p t �{ZjgYO]Q`UXd a U[W��`WYHviYH@d`ZjUXWFilUXd 
DO]Q`Z 5Vq
¡�MvghU a UXg �cU�ilZjd�Mvu\g�n`d a a U[J d`UXp@MPilZfe�pvUXu M a UXd`U[d yzUXp@U[d`Z\Hvd y�ujn ¨@¨��o� [ 4Ab;( , 4 4 , ] m�n`WYO]Q
a Z\U �sgYH@J�UXWhZ\ghZ\UXWhn`d`p a U[g�^BQ`WhH@J�H@�`Q`HvWYgce@H@d a U[W ¨@¨[q OXZjgcZ\d a Z\U Mvu\u q�ilWYMvd`gcK�H@WYJLw �@d`d$ilU
a UXWz^BQ`WhH@J�Hv�`Q`H@W�gYU[Z\d`U§rIdTih��UXWYdTn`d`p t n`J yzu\n ¨v¨��¤e@UXWhp@W �v¢@UXWhd � �BMvg a ZjU 
D�VU[Z\O]Q`U[WYn`d`p
a UXWcrId`U[WYp@ZjU�J��@p@ujZjO]Q�J#MPORQ`U[d �{¦`W a Uv�
m�MPg�^�mcq 
D�VUXw$ilWhn`J a U[g§¡�MPiYQ`H@WhQ`H a H@�`ghZ\d`g t UXZjpvi Z\J y�U[p@UXd`gYMPi t�t n`J m(n`dowvUXu t nDq

ghilMvd a UXZ\doU§d`U[p$MPiYZje@U
α
qs¡�Mvd a Uv� [ 4 4S- ] m(Z\U[gYU§¥ MPilgYMvORQoU�u kv¢vi a MvWlMPno� ghORQ`ujZ\U[¢@UXd � a MP¢�gYZjO]Q

a Z\U ¥?H@WhgYZ\Hvd§Z\dod`UXWhQ�Mvu\S a UXW�£zU[ihilU�Mvu\g�K�Hvu\p@U a U[W �sghH@J�UXWYZjgYZjUXWYnod`p a U[noilujZ\O]Q§pvU�kvd a UXWFiIQ�M q
SVUXd/J§n`¢,6 [ -�c ] e%Z\U[u\ujUXZjO]QTiBQ�MPi�gYZ\U�ghZ\O]Q�gYH@p@MvW�n`J�p@U[wvUXQ`WFi�� ��UXZjpvi a Mvgz¨v¨[qsO[Z\gFqs�cU�ilZjd�MPuVU[Z\d`U
�VH@gYZfilZfe@U�¡�Mvd a U �?ghH_gYH@ujujiYU a Mvg Mvujufq�iYWlMPd`gFqs�cU�ilZjd`MvuIMvno��pvWYn`d a gYUXZjd`UXW d`UXp$MxilZjevUXd ¡�Mvd a U
UXZjd`U¤Mvd a UXWhU�G:UXW a WYZju\ujn`d`p�Mvu\g a U[W yzWYnod a t noghi]MPd a Q�MvSVUXd�� G:H@WzMvu\ujUXJ a Z\U§¥?H@WYghZ\H@d�MvJ
^(¨ � q � iYH@J gYH@ujujiYU a U[J�d`MvORQ�n`dTiYUXWhgYO]Q`Z\U a u\ZjORQ�gYU[Z\d � a M a UXgYghUXd�¡BZ\d a n`d`p@U[d�Mvujg:GIUXWYnoWYglMxq
ORQoUXW a UXW

α
q1¡BMvd a U MPd`p@UXghUXQ`U[d �BU[W a U[d � [ -;b , -�4 , 4 4Ac ]

m(U[WI�(Mvn`�Di]Mvd$ilUXZju a U[WIrId`UXWhp@Z\U a UXg�UXZjdo� Mvu\ufUXd a U[d��IQ`HviYH@d`g �{Z\W a Mvu\ujUXW a Zjd`p@g a M a n`WhORQ
p@UXgh�VUXZjORQoUXWhi�� a MP¢ a Z\U�m(H@�o�VUXu\SoZ\d a n`d`p@U[d a UXg§�{U�ilZ\d`Mvu\O]Q`WYHvJ�H@�`Q`HvWYg�USR%ilWYU[J e@U[W a WhZ\u\ufi
gYZjd a � [ -;c , 4Sb;+ , 4 4S* , 4 '=b , 4 '(4 , 4 ';' ] m(UXWI^BQ`WYHvJ�Hv�`Q`H@W ujZ\U[pvi ghH@J�Zji Zjd UXZjd`U[W�U[d`UXWhp@U[iYZ\gYO]Q�ghUXQ`W
Q`H%O]Q�ujZ\U[p@UXd a UXd9£�H@do��H@WhJ#MxilZjHvd�e@H@W[�
m�M+ghZ\O]Q a Z\U#U RD�VU[WYZ\J�UXd$ilU[u\ujU�^BQ�MvWYMvw$ilU[WYZ\ghZ\U[WYn`d`p�Mvno��p@Whn`d a a U[W��cUXMvw$ilZ\Hvd`gYSVU a Z\dDq

p@n`d`pvUXd�ilU[Z\u �BUXZjgYU�MvujgzgYU[Q`W�gYO]Q
�{Z\U[WYZjp/UXW � UXZjghi ��Zjghi�U[g�n`J�ghH �{Z\O]QTiYZ\p@U[W�� a U[d ¡�MxilQ`H t nDq
ghilMvd a iYQ`UXH@WhU[iYZ\gYO]Q t n�SVUXghORQ`WhUXZjSVUXd � �sd a Z\U[gYU[W ��WYSVUXZfi �{n`W a UXd+e@UXWhgYO]Q`Z\U a UXd`U���H a U[u\u\U
a UXgc¡�MPilQoH t n`gFi]Mvd a UXg a UXg � Zju a i �%�`g n`d a9a UXW{SVUXWhUXZfilg{SVUXw Mvd`d$ilUXd_�cU�ilZ\d`Mvu a U[WYZfePMPiYU�SVU�q
WYU[ORQ`doU[i��Im�Z\U�¡ UXWYU[O]Q`d%n`dop a U[W¤m(U[WYZfePMPiYU�Z\ghi§SVU[gYH@d a UXWhg¤Z\dTiYUXWhUXgYgYMvd$i � a M+J�Mvd a M�e@H@d
Mvn`ghp@UXQ$i � a Mv¢ a Z\U/¥ HvWYgYZjH@d a U[g#¡�MPiYQ`H t noghi]MPd a UXg a n`WYO]Q a ZjU � UXO]Q`ghUXu �{Z\WYwTn`dop@UXd a U[W
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��U�ilQ �%u\p@Whn`�`�VUXd�MvJ ^ . q�n`d a ^(¨��xq ��ilHvJ J�Zji a UXW(�:WhHvilU[Z\dTn`J�pvUXS`n`dop#Q`U[Whe@H@Whp@UXWhno��UXd
�{ZjW a � [ 4S'=( ] m(n`WhORQ a ZjU_¡BUXWhUXO]Q`d%n`dop a U[W�Mvd a U[W��?H@gYZfilZ\Hvd�. n`d a ¨�� a UXJ�U[iYQ �%ujZ\UXWFilU[d
��H a UXuju\g �%ghiYUXJ�U�wxMPd`d a ZjUXghU�¥ Q`UXH@WhZ\U�pvUX�`Wh¦o� i �BU[W a U[d �

� 
 � 
 = � 2��`.�� ��AD2 E(2 ! � ��A���#%����# E�#%(�!D.10
��Zfi �cZ\uf��Uce@H@d ��� �v�+�/q 
%Z\J§n`u MxilZfH@doUXd �{n`W a UXd9¡�MxilQ`H@WhQ`H a H@�ogYZ\doghilWhn`w$iln`WhUXd a UXW �{U�q
iYZ\d�MPu Mvd`MvujHvp@U[d
Mvu\u q�ilWYMvdogFq]¨��xqsm(U[J�U�ilQ �Du q � Mvu\u q�ilWYMvd`g1q]¨��xq1��U�ilQ �%u q � Mvujufq�iYWlMPd`gFql¨�� q1��U[iYQ �%ufq
¨��xq1m(U[J�U�ilQ �Du q n`d a MPu\u q�ilWlMPd`g1q0.xqsm(U[J�U[ilQ �%u\WYU�ilZjd�MPu�U[W t UXn`pPi�� m�M a ZjUXghUXg�G:H@Whp@UXQoUXd SVURq
WhUXZfilg SVUXZ a UXJ �{Q`H a H@�`ghZ\d gYU[u\Soghi t n WhUXO]QTi p@noiYUXd rIWYp@U[S`d`ZjgYgYU[d p@U[��¦oQ`Whi Q�MPiYiYU � wxMvdod
J�Mvd a M�evH@d�MvnogYp@U[Q`UXd � a Mv¢/MPn`O]Q a Z\U§¡�MPilQoH@ghiYWYn`w$ilnoWYUXd�UXZjd�WYUXMvu\Zfi]kPiYgYd`MvQ`UXg�¡BZju a t UXZ q
pvUXd ��m(U[W ¡�MPiYQ`H t n`ghilMvd a�a U[g�d�MPilZfe@UXd 
 �%gFilUXJ�g�Z\gFi�Zjd a UXW�3�ZjiYUXWlMxiln`WzMPn`gh��¦`QoWYu\ZjORQ�SVURq
ghORQoWYZ\U[SVUXd�n`d a O]Q�MvWlMPw$ilUXWhZ\gYZjUXWFi��vG:H@d a UXd�¡�MPilQoH@ghiYWYn`w$iln`WhUXd a U[W m(UXWYZfePMPiYU{Z\gFiIilUXZju � UXZ\ghU
ujU a Zjp@ujZjO]Q a UXWhUXd§rKRoZjghiYUXd t SVU �{ZjUXgYU[d 6 ��S`gYHvWY�oiYZ\H@d`ghJ#M"RoZjJ�M n`d a �cHPi]MPiYZ\H@d`ghghilkvWYwvU[d gYZjd a
� UXZjiYp@UXQoUXd a n`dTSVUXw Mvd`dTiX� �sJ ��WYSVU[ZjilghwTWYUXZjg �{n`W a U[d a ZjU(¡�MPilQoH t n`gFi]kvd a U(e@H@d/MPu\u q iYWlMPd`g1q
¨��xq1m(U[J�U�ilQ �Du q§n`d a Mvu\u q�ilWYMvdogFq0. qsm(UXJ�U[iYQ �%u\WhQ`H a H@�ogYZjd n`d$ilUXWhgYn`O]QTi�� ghH a Mv¢ t n a Z\U[gYU[d
��d�MvujH@p@UXd/ghH@J�Zji ��S`gYH@Wh�oilZjH@d`ghJ#M,RDZjJ#M n`d a �{Hvi]MxilZ\Hvd`gYgFi]kvWYwPUXd9SVU[wxMvdodTi�gYZjd a �
G:H@d a U[d_m(U[WYZfePMPilU[d�ghZ\d a ��H@u\pvUXd a U�KNMvw$iYUXd�Mvn`g a U[W 3 ZfilU[WlMPiYn`W t n`p$kvdop@u\ZjORQ��

• Mvu\u q�ilWYMvdogFq]¨��xqsm(U[J�U�ilQ �DujWYU�ilZjd�MPu �Tm�UXW�¡�MPiYQ`H t n`ghilMvd a �{Z\W a Z\J G:U[WYp@ujUXZjORQ t n`J d�MxqilZje@U[d 
 �%ghiYUXJ ghORQ`doUXuju\UXW�p@UXSoZ\u a U[i �DU[W Z\ghi Mvu\ujUXW a Zjd`p@gBd`ZjO]QTi gYU[Q`W{ghilMvS`Zju��orIg S`Z\u a U[i
gYZ\O]Q_UXZ\d�yzu\U[Z\O]Q`p@U �{Z\O]QTi t �{Z\ghORQoUXd�¡�MPilQoH#n`d a ¡ 
 �{Mvn`g ��Mvd a U[J a UXW(¡�MPilQoH t nDq
ghi]MPd a ujU a Zjp@ujZfORQ�J�Zji OXMo�V�P� � SVU[iYUXZju\Z\pPi�Z\ghiX� [ ,�, , c;- , 4 ' ) ]

• Mvu\u q�ilWYMvdogFq]¨��xq1��U�ilQ �%ujWYU�ilZjd�Mvu � �sJ yzUXp@U[d`glMxi t t n`J � Zju a i �%� Zjghi a U[W�¡�MPilQoH t n%q
ghi]MPd a a ZjUXghUXg m(U[WYZfePMPiYUXg MvnoORQ�SVUXZIQ �@Q`U[WYU[d ¥?U[J��VU[WlMPiYn`WYU[d � S`Zjg�Q`Zjd t n �D¨��/£ �
ghi]MPS`Z\u � [ -X* , c�* ] m(ZjU�G:U[W a WYZju\ujn`d`p a UXg�^BQoWYH@J�H@�`QoH@WYg Z\ghi ZjJ G:U[WYp@ujUXZjORQ t n`J d�MPilZ q
e@UXd
�cQ`H a Hv�`gYZjd�ghi]kPWYwvUXW � ��Mvg/Mvd a U[W t n`gYkPi t u\ZjORQoUXd
��U�ilQ �Dujp@WYno�`�VU t n u\ZjUXp@U[d
gYO]Q`UXZjdTiX� [ -�+ ]

• Mvu\u q�ilWYMvdogFq]¨��xq1��U�ilQ �%u q]¨��xqsm(U[J�U�ilQ �%u\WYU�ilZjd�MPu � �cSVUXW a ZjUXghUXg/m(UXWhZjePMxi/USRDZ\ghiYZ\U[WYUXd�Z\da UXW 3 ZfilU[WlMPiYn`W�wvUXZjd`U{USRD�`u\Z t ZfilUXd �(dop$MvSVUXd��T¡BU[wxMvd`d$i ZjghiIu\U a Z\pvu\ZfORQ � a Mv¢¤¨@¨[q OXZjgFq]¨��xq
��U[iYQ �%ufql¨��xqsm(UXJ�U[iYQ �%u\WhU[ilZjd�Mvu UXZjd`UXd�kvQ`d`ujZ\O]Q`UXd��IQ`HPilH t �DwTujn`g�MvnD� �BUXZjghi �{Z\U a Mvg
d�MPilZfe@U��cQ`H a H@�`gYZjd � [ ,=* , ,=* ]

• Mvu\u q�ilWYMvdogFq0. qsm(UXJ�U[iYQ �%u\WhU[ilZfd�Mvu ��G:H@d a Z\UXghUXJ�^BQoWYH@J�H@�`Q`HvW Z\gFi�SVUXw Mvd`dTi�� a MP¢(UXW�ZjJm(n`d`wvU[u t n`ghi]MPd a gYO]Q`H@d �BU[gYUXd$ilujZ\O]Q WhUXu M"RoZjUXWFilUXW�Z\d a UXW��IWYHviYUXZjdTi]MPgYO]Q`U9e@H@Whu\ZjUXpvi��
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Mvujg a ZjUXg SVU[Z\J ¨@¨�qsO[Z\gFqs�cU�ilZjd�MPu a UXW KNMvuju`Z\gFi��TK�¦oW a UXd�¡BMPilQ`H t n`gFi]Mvd a#a U[g 
 �%ghiYUXJ�g
p@Zjuji a Mvg p@ujUXZjORQoUv� �
kvQoWYUXd a Z\J ��Z\u a i �%� a ZjU��{UXu\M,RoMPilZjH@d a U[g�^BQ`WYHvJ�Hv�`Q`H@Whg UXWhghi
SVU[Z\J
��SVU[WYp$MPd`p�Z\d a U[d93�n`J�Z t n`ghilMvd a UXWF��H@u\pPi � Z\gFi�Q`Z\U[W a UXWI^BQ`WhH@J�H@�`Q`HvW SVUXWYU[ZjiYg
ZjJ ¡�MxilQ`H t n`ghilMvd a � UXghUXdTiYu\ZjORQ �BU[d`Z\p@U[W e@UXW a WYZju\ufi�� [ c;b ]
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�(uju\U�SVUXWYU[ORQod`U[iYUXd+��H a U[u\ujU �{n`W a U[d�Mvno� a U[WcyzWYn`d a u MvpvU�e@H@d���� �v�+�/q 
%Z\J§n`u MxilZfH@doUXd
UXW t UXnopvi � a ZjU Mvno� a U[W � �@d$ilpvUXd`gFilWYn`w$iYn`W a UXg ¡�MPiYQ`H@WYQoH a H@�`gYZjd�e@H@d � wxM a M [ 4SbX, ] S�MvghZ\U[WYUXd��
�(ujg �9H a UXuju\g �%gFilUXJ �{n`W a UcMvn`O]Q¤Q`Z\U[W �{Z\U a UXWIUXZjd���¦odo��m(H@�`�VU[u\S`Zjd a n`dop@UXd¤n`J¤� MvgYghUXd a UXg

 �%ghiYUXJ p@U ��kPQ`uji�� � H@SVUXZ �{Z\U t noe@H@W a Z\UI/ q�3 �%g]� . 4xq1¡ Z\d a nod`p n`d a�a Z\U�^ 4xqF^ ��q1¡BZjd a n`d`p
a n`WhORQ$ilWYU[d`dTi�n`d a�a Z\U�yzWYn`�`�VU[d a n`WYO]Q U[Z\d � MvgYghUXWYgFilH-5�MPiYH@J gYn`S`gFilZfiln`ZjUXWhi �{n`W a UXd��
m�Mvg y�U[p@UXdoZ\H@d�yzu\n�¨@¨�� �{n`W a UcU[WYd`U[noi a n`WYO]Q�UXZjd�K�HvWYJ�Z MxilZfH@d§UXWhgYU[i t i��%��Zji:U[Z\dTSVU t Hvp@UXd
Z\d a ZjU �{UXO]Q`d%nod`p �{n`W a U Q`ZjUXW{Mvu\ujUXW a Zjd`p@g MvnoORQ a Mvg � MvghgYU[WYJ�H@u\U[w%¦ou��BMPiR�xS � � Z\UzJ#MPd
Mvn`g a UXd �{UXO]Q`dTn`d`p@U[d MPn`g £�Mv�`ZfilUXu 6`�f¨�UXWYwvU[d`d`U[d wxMvd`d ��iYWlkvpPi a ZjU �(d �BUXghUXd`Q`UXZji a UXg
� MvgYghUXWYJ�H@ujUXwT¦`u\g doZ\O]QTi U[dTiYgYO]Q`UXZ a UXd a t noW 3 Mvp@U a U[g ��S`gYH@Wh�oilZjH@d`ghJ#M,RDZjJ§n`J�g�SVUXZ �?UXg
e@UXWhgYO]Q`Z\U[Soi a ZjUXghUXg¤u\U a Z\p@ujZfORQ n`J ��q1�+d`J9�Im(ZjU�UXWYJ�ZjihilU[ujiYUXd m�MxilUXd�w �@dod`UXd a UXJ�d�MvO]Q
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p@UXdoZ\H@d ��n`dop@Z\U[WYU[d a UXd �(J�Z\doH@glkvnoWYU yzu\n�¨@¨�� Mvno�§U[Z\d`U���n`d`w$ilZjH@d`U[u\ujU�y�Whn`�`�VU ��MPW9UXg
J �vp@u\ZfO]Q � a ZjU 
 �%ghiYUXJ�U J�Zji a U[J gYU[Q`W Mvd`gY�oWYn`O]Q`ghe@H@uju\U[d§^ � 
 
`^BK��@^ � 
D�:¥c� q GIUXWh� MPQ`WYU[d
t n SVU[WYU[ORQ`doUXd nod a a M a n`WYO]Q gYUXQoW�p@UXd�MPn`U�rIWYp@U[S`d`ZjgYgYU/e@H@W�Mvuju\U[J Z\d�¡BU t n`p Mvno� a ZjU
Mvd`p@U[WYU[pvilU[d ��noghi]kPd a U t n�UXWhQ�MvujiYUXd �Tm(ZjU(yzU[� MPQ`W�� a MvgB��H a U[u\u�gYH ghUXQ`W t n�SVUXghORQod`UXZ a UXd �
a Mv¢�U[g t n a UXd_WYUXMvujUXd ��n`gFi]kvd a UXd_Z\J �cU�ilZ\d`Mvu\J¤H@ufUXwT¦`u a U[d+¡BU t n`p�e@UXWhu\ZjUXWFi ��ujZ\UXpPi{Q`Z\U[W
d`Z\O]Q$i e@H@W[�%r:g gYO]Q`UXZjdTi � a Mv¢ J�Zfi a UXW � MvQ`u a U[W���H a UXu\ufe@UXWhS`Z\d a n`d`p@U[d�UXZjd#£�H@J��`WYHvJ�ZfgYg
p@U[��nod a UXd �{noW a U � a U[W t n t no��WYZjU a U[d`ghiYUXuju\UXd a UXd�r:Whp@UXSod`Z\ghgYUXd9��¦`Q`WFi��


okPJ ilu\ZfORQ`U9��H a U[u\u\U�S�MvgYZjUXWhUXd MPno�z£zWYZ\gFi]MvujujgFilWYnowTiYn`WYU[d � a Z\U/J�Zji��cZ\uj��U�e@Hvd �Tn�MvdDq
ilU[d`J�U[O]Q�Mvd`ZjgYO]Q`UXd���U[iYQ`H a U[d�SVUXMvWYSVU[ZjilU�i �{n`W a UXd�� �(no� a ZjUXgYU � UXZjgYU ��MvWcUXg(J��@pvu\ZfORQ �
UXZjd`Q`UXZfilujZjO]Q`U n`d a evUXWYpvu\UXZjO]Q%S�MvWhU 
TilWYn`w$iYn`WYU[d t n�n`dTiYUXWYghn`O]Q`UXd �?rIZ\d+G:U[WYp@ujUXZjORQ a UXWzSVU�q
WYU[ORQ`doU[ilU[d rIWYp@U[S`d`ZjgYgYU�J�Zfi a U[J rKRD�VUXWhZ\J�UXd$izZ\gFi t n`u\kvgYghZ\p�nod a MPn`O]Q�MvnogYglMPp@UXwTWlkx� ilZ\p �
a M a ZjU¤ilQ`U[H@WYU�ilZ\ghORQ SVUXWhUXO]Q`d`U�ilUXd 
%ilWhn`w$iln`WhUXd a UXd U RD�VUXWhZ\J�UXdTiYUXuju:p@U[��n`d a UXd`U[d�yzUXp@URq
SVUXd`QoUXZjiYUXd�ZjJL�9H@u\U[w%¦ou �BU[ZjilpvUXQ`U[d a UXd$ilgY�oWYUXO]Q`UXd �

�sJ �cMvQ`J�UXd a ZjUXgYU[W �(WYSVU[Zji �{n`W a UXd_UXZjd`Z\p@Uzp@Whn`d a gYkPi t u\ZjORQ`U KNMvw$ilH@WhUXd�n`d$ilU[WYgYnoORQ$i �
a Z\U a UXd � �`ghZ\d`ghQ`Zj� i SVUXU[Z\d2Q�nogYgYU[d ��rIg t U[Z\pPi{gYZjORQ � a Mv¢ a Z\U[gYU[W{n`d$ilUXW{Mvd a U[WYUXJLMPno� t �BU[Z
p@WYnod a glkxi t ujZ\O]Q§n`d$ilUXWhgYO]Q`Z\U a ujZ\O]Q`U b�WhglMvO]Q`U[d t n`WY¦oORw t no��¦`Q`WYUXd�Zjghi � �BUXujORQoU{MPu\u\U[W a Zjdop@g U[d`p
J�ZfilU[Z\d`Mvd a U[WBe@UXWYwTdT¦`�o� i�gYZjd a �

�sd £ MP�`ZjiYUXu 6o�j¨ �{noW a U[d ��H a U[u\ujg �%ghiYUXJ�U�J�Zfizn`dTiYUXWYghORQoZ\U a u\ZjORQ`U[J wvH@J��`u\USRoU[d yzU�q
p@UXdoZ\H@doUXd#nodTilU[WYghn`ORQ$i��o��ZjUXW:wvH@d`dTiYU(pvU t UXZ\pPi � UXW a UXd � a Mv¢ a Mvg�yzUXp@U[d`Z\Hvd t n#UXZjd`UXW:G:U[WFq
kvd a U[WYn`dop a U[W ^BQ`WhH@J�H@�`Q`H@Whp@UXHvJ�U�ilWYZjU SVUXZfilWYkvpvi�� �sdTiYUXWlMPp@Z\U[WYU[d�UXZ\doU§�VH@gYZfilZfe�p@U[u M a UXd`U

DO]Q`Z 5Nq1¡BMvgYUznod a U[Z\d/doUXp$MxilZje#pvUXu\M a UXdoUXg�yzUXpvUXd`ZjH@d �oghH �{ZjW a�a Z\U��VH@gYZfilZfe@U�3?M a n`d`p a U[W

¨�� .
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%ORQ`Z 5Vqs¡�MvghU Z\d a UXWI/�kvQ`U a UXg 
%ilZjORwTgFilH-5�MPilHvJ�gcu\HvwxMvu\ZfgYZjU[Whi��Nm(ZjU K�H@u\pvU a M�e@H@d+Zjghi�MPn`O]Q
U[Z\d`U ��d a UXWhn`d`p a UXW�¡BZ\d a n`d`p@ghu kvdop@UXd�MPujilU[WYd�MPd t �DMvujgYH a UXW ^BQ`WYHvJ�H@�oQ`H@WYgFilWhn`w$iln`W[�`m(ZjU�q
ghU¤SVUXZ a UXd�KNMvw$ilH@WhUXd�ilWlMPp@UXd�J�Zji�nodTilU[WYghORQ`ZjU a ujZ\O]Q`U[J yzU �{ZjORQ$i t n`WzG:U[WYghORQ`ZjUXS`nod`p a U[g
��S`gYHvWY�oilZjH@d`ghJ#M"RoZjJ§n`J�gBSVUXZ ��rIg{wvHvd`dTiYU�p@U t UXZjpvi �BU[W a U[d � a Mv¢¤OXMo� .@� � a U[W G:U[WYgYO]Q`ZjU�q
Son`d`p MvnD� a Z\U{U[u\U[wTiYWYH@gFi]MPiYZ\gYO]Q`U[d � U[O]Q`gYU[u �{Z\WhwTn`d`p@U[d t �{Z\gYO]Q`U[d a UXd�SVUXZ a U[d���H@ujUXwT¦`u\U[d
t n`WY¦oORw t nD��¦`Q`WYUXd gYZjd a ��m(Z\U�WYU[ghilujZ\O]Q`U[d ¨�� � � UXW a UXd a n`WYO]Q a Z\U�ghiYWYn`w$ilnoWYUXuju\U[d �(d a U�q
Whn`d`p@U[d�Z\dod`UXWhQ�Mvu\S a UXg�^BQ`WhH@J�H@�`Q`H@Whg���MPu\gYH�e@HvW�Mvu\ujUXJ a noWYO]Q a Z\U ¡BZ\d a n`d`pvgYu kPd`p@UXd`Mvufq
iYUXWYd`Mvd t e@UXWhn`WYgYMvORQ$i�� ��n`g a ZjUXghUXJ yzWYn`d a Z\gFi a Z\U ��d a U[WYn`d`p Z\d a U[W 3 Mvp@U a UXg λmax

SVUXZ
a UXd�d`ZjORQ$i��`WhHvilHvd`Z\U[WhilU[d 
%ORQ`Z 5Vqs¡�MvghUXd�J�Zji d`U[noilWYMvu\U[J yzUXpvUXd`ZjH@d#Z\J GIUXWYpvu\U[Z\O]Q t n a U[d
� 
DSDq 
 �DgFilUXJ�U[d�p@U[WYZjd`p@U[W ���v��d`JLZ\J GIUXWYpvu\U[Z\O]Q t n_J�U[Q`W�Mvu\g ¨��@��d`J � � a M a H@WFi(wvU[Z\d`U
3 M a n`d`p@U[d�gYHvd a UXWhd�d`UXnDilWlMPu\U ��H@ujUXwT¦`u\UzJ�ZjiYUXZjd�Mvd a U[W �BU[ORQ`ghUXu �{ZjWYwvU[d �
m(Z\UzZjd/£�Mv�`ZjiYUXu 6o�j¨�nodTilU[WYghn`ORQ$ilU[d���H a U[u\ujU t U[Z\p@U[d/e@U[WYp@ujUXZjORQog �BU[Z\gYUzp@UXWhZ\d`p@U�ghiYWYn`w@q

iYn`WYU[u\ujU�b�dTiYUXWhgYO]Q`Z\U a Uv�:m�Z\UXghU �BUXW a UXd�p@W��@¢@U[W�� � UXd`d ��H a UXu\ujU�J�Zji n`d$ilU[WYgYO]Q`ZjU a ujZ\O]Q`U[d
��U�ilQ`H a UXd e@H@WhH@�oiYZ\J�ZjUXWFi �BUXW a UXd � m(Z\U�K�WYMvp@U �:Zjd
�{Z\U �BU[Zji�gYZjORQ p@W��@¢@U[WYU �(d a UXWhn`d`p@U[d
Zjd a UXW 
%iYWYn`w$ilnoW�Mvno� a Z\U �(SogYH@WY�DilZ\Hvd MPn`g �{ZjWYwvUXd � �{n`W a U a UXg �BUXpvUXd Zjd £�Mv�`ZjiYUXu 6`�76
MPd`Q�Mvd a e@H@d�J�Zji�^ � 
 
o^�K?q ����� ��q:nod a m�K�¥Bq H@�oilZjJ�ZjU[WhiYUXd 
%iYWYn`w$ilnoWYUXd�d�kvQ`U[W�n`d$ilUXW1q
ghn`O]QTi��%�cZ\U[W:nodTilU[WYghORQoUXZ a UXd#gYZjORQ a Z\U{¡BZ\d a n`d`p@ghu kvd`pvUXd¤WYUXO]Q$i a UXnDilu\ZjO]Q¤e@Hvd`UXZjd�Mvd a U[WX� �sghi
a Z\U ¡BZjd a n`dop@glMvufilU[WYd�MPd t n`J a Mvg 
%ilZjORwTghiYH-5�MPilH@J Q`H%O]Q �NghH �{ZjW a9a Mvg �(S`ghH@WY�DilZ\Hvd`gYJ�Mxq
RDZjJ�noJ t n�wT¦`W t UXWhUXd � UXu\ujUXd`u\kvd`pvUXd e@U[WYgYO]Q`H@SVU[d�n`d a n`J�p@U[wvUXQ`WFi��vm(Z\U�bcdTilU[WYghORQ`ZjU a U Z\d
a UXW ��S`gYH@Wh�oilZjH@d�ghZ\d a ilU[Z\u �BUXZjgYU�WYU[O]QTi(Q`H%O]Q �NS�U[Z a U[d�^BQ`WYHvJ�H@�oQ`H@WYU[d�H@Q`d`U§yzUXpvUXd`ZjH@d
�{noW a U[d�bcdTilU[WYghORQoZ\U a U�e@Hvd S`Zjg t n �@��d`J p@U���n`d a U[d � /hU�d�MvO]Q a U[J J�Zji � UXu\O]Q`U[W¤�9U�q
iYQ`H a U a Z\U(��H a U[u\u\U e@H@WYH@�DilZ\J�ZjUXWFi��{n`W a UXd � � ZjW a�a Mvg�y�U[p@UXd`ZjH@d�J�Zfi Z\d a ZjU(�{UXO]Q`dTn`d`p
U[Z\dTSVU t Hvp@UXd �TgYH w Mvd`d�ghZ\O]Q a Z\UXghUXW b�dTiYUXWhgYO]Q`Z\U a MvnD� SoZ\g t n �v��d`J�e@U[WYp@W��@¢@UXWhd �T¡BUXZ�p@u\U[Zfq
O]Q`U[W 
%ilWhn`w$iln`WYU[Z\dop$MvSVU�UXWYQ`kvujizJ�Mvd�Mvu\ghH9��H a UXuju\U � a Z\U§gYZjORQ�SVUXZ�p@u\U[Z\O]Q`U[Wz¡BUXWhUXO]Q`d%nod`p
a UXWcMvd`p@U[WYUXpPilUXd ��n`ghilkvd a U�Z\d a UXW 3 Mvp@UzZ\Q`WhUXg

λmax

n`J S`Zjg t n �v��d`J n`d$ilUXWhgYO]Q`UXZ a UXd��
¡ UXZ a U[J G:UXWhp@u\U[Z\O]Q�e@H@d�m�MPiYUXd9J§n`¢�MvujgYH�ghilU�ilg a Z\U���U[WYwTn`do� i a UXg���H a U[u\u\g�¦`SVUXWh�`WY¦o� i
� UXW a UXd � a MvJ�Zji ghZ\O]Q`UXWhp@UXgFilU[u\uji �BU[W a U[d¤wxMPd`d � a Mv¢zMvn`O]Q§e@U[WYp@ujUXZjORQTS�MvWhU 
%ilWhn`w$iln`WhUXd�J�Zfihq
U[Z\d�MPd a UXW Z\d9¡BU t ZjUXQ%nod`p�pvUXgYU�i t i �BUXW a UXd��

��n`glkxi t ujZ\O]Q �{n`W a UXd Zjd a Z\U[gYUXW���WYSVUXZfi b�d$ilUXWhgYn`O]Q%nod`p@UXd Mvd �{U[iYZ\d�MPu a U[WYZfePMPiYUXd a n`WhORQDq
pvU[��¦`Q`WFi���m(ZjUXghU¤n`d$ilUXWhgYO]Q`UXZ a U[d ghZ\O]Q a n`WhORQ ��U�ilQ �DujZ\U[WYn`d`p�S t ��� m�UXJ�U[ilQ �%u\ZjUXWYnod`p�e@H@d
a UXW � Z\u a i �%�`gFilWYnowTiYn`W�� ��MvgcgYZ\O]Q�Z\d ��d a U[WYn`d`pvUXd a U[W(^BQ`WYH@J�H@�`QoH@WYpvUXH@J�U[iYWYZ\Uzkvn`¢@U[WhiX�
m(ZjU SVUXWhUXO]Q`d`U�ilUXd 
%ilWhn`w$iln`WhUXd �{noW a U[d¤MvnogYp@U[Q`UXd a e@H@d a U[W�£zWhZ\ghilMvu\ufghiYWYn`w$iln`W a U[g � Zju a q
i �%�`g�Hv�oilZjJ�ZjU[Whi�� a M e@H@d a ZjUXghUXd��cU�ilZjd�Mvu MPd�MvufH@pvUXd�wvU[Z\d`U[WYu\U[Z�£zWYZ\gFi]MvujujghiYWYn`w$iYn`WYU[d�e@H@WYujZ\URq
pvUXd � �sJ KNMvu\u a U[W y�WYnod a t noghi]MPd a gYgFilWhn`wTilnoWYUXd Z\gFi a Z\U¤m�MvWYgFilUXuju\nod`p a U[W ��H a UXuju\U�gYU[Q`W
pvnoi�pvUXu\nod`p@U[d � ��d`Q�Mvd a�a U[W�m�MPilU[d�wvHvd`dTiYUXd a ZjU�U RD�VUXWhZ\J�UXd$ilUXuju\U[d�¡BU[��nod a U(e@U[WYZ 1 t ZjUXWhi
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n`d a UXW � UXZfilUXWFi �BUXW a UXd���m�M ghZ\O]Q a Z\U�U[u\U[wTiYWYH@gFi]MPiYZ\gYO]Q`U[d � UXO]Q`ghUXu �{ZjWYwTn`d`pvUXd/SVU[Z a Z\UXghUXd

%ilWhn`w$iln`WhUXd�d`ZjO]QTi:gYZjp@d`Z 1`wxMvd$i kPd a UXWhd �$wvH@d`d$ilU{p@U t UXZjpvi �BU[W a U[d � a Mv¢�gYZjO]Q a ZjU�G:UXWhgYO]Q`Z\URq
S`n`d`p a UXW �(S`ghH@WY�DilZ\Hvd¤Z\J G:U[WYp@ujUXZjORQ t n`J � Z\u a i �D� t noJ p@W �v¢vilU[d¤¥?UXZ\u�MPno��ghilWhn`w$iln`WhUXuju\U
b�d$ilUXWhgYO]Q`ZjU a U t n`WY¦`O]w$��¦`Q`WhUXd�u kP¢vi��@��ZjUXW:Zjghi t n`J U[Z\d`U[d �{Z\U a UXW a Z\Uc¡ Z\d a nod`p@glMPujilU[WYd�MPd t
a UXW 
%iYWYn`w$ilnoWYUXd t n UXW �BkvQ`d`U[d � �BUXujORQoU�Z\d a ZjUXgYU[J KNMPu\uIMvuju\U[W a Zjd`pvgzd`Z\O]QTi a UXd ��Mvn`�oiFq
MvdTiYUXZju Mvd a UXW{G:UXWhgYO]Q`Z\U[S`n`d`p�e@UXWhn`WYglMPORQ$i���r:Zjd �BU[ZjilU[WYU[W �{ZjORQ$ilZ\pvUXWcKNMvw$ilHvWcZjghicQ`Z\U[W{e@H@W
Mvu\ujUXJ a ZjU�¥?H@WhgYZ\Hvd a UXW¤��H a UXuju\UP� � MPWYUXd a Z\U 
 �DgFilU[J�U�Z\d £�Mv�`ZfilUXu 6o�j¨�n`d a 6`�T6��`u Mxq
d�MvW �NghH t UXZjpviYUXd�gYZjORQ9Q`Z\U[W{n`dTiYUXWYghORQoZ\U a u\ZjORQ`U ¥?H@WhgYZjH@d`g �{Zjd`wvUXu � a Z\Uze@H@WcMvu\ujUXJ a n`WYO]Q a ZjU
��U[iYQ �%u\ZjUXWhn`d`p S t ���`m�UXJ�U[iYQ �%u\ZjUXWYnod`p a U[g{^BQoWYH@J�H@�`Q`HvWYg e@UXWhn`WYgYMvO]QTi �{n`W a UXd��DG:H@W Mvufq
u\U[J a ZjU9¥ HvWYgYZjH@d n`J a Z\U t UXdTiYWlMvujU+^�¨@¨[qF^(¨�� m�H@�`�VUXujS`Zjd a n`d`p�ilWYkvpvi � UXghUXdTiYu\ZjORQ t n`W
G:UXWhgYO]Q`Z\U[S`n`d`p a U[g �(SogYH@Wh�oilZjH@d`gYJ�M,RDZjJ�noJ�g�SVUXZ �
¡BU[Z a UXd�¡�MPilQoH t n`gFi]kvd a UXd a UXW���H a U[u\ujU ��MPu\ghH a UXd��`Q`HviYH%ORQ`U[J�ZjgYO]Q`U[d�K�H@u\pvUXghiYWYn`w@q

iln`WhUXd ���{n`W a UcU[S�U[do� Mvuju\g a UXW:p@u\U[Z\O]Q`U ��d`glMxi t pvU ��kPQ`uji��$nod a U[g��{n`W a UXd�H@�oiYZ\J�ZjU[WhilU{�9HPq
a UXuju\g �DgFilU[J�U#MPno� a UXW§yzWYn`d a u Mvp@U a UXW £zWYZjghi]MPu\ujgFilWYnowTiYn`W U[W t UXn`pPi�� �sJ yzUXp@U[d`glMxi t#t n`J
y�Whn`d a t n`ghilMvd a t UXZjp@UXd�gYZ\O]Q�Q`Z\U[W{��¦`WcUXZjd`Z\p@U 
%ilWYnowTiYn`WYU[d a U[noilujZ\O]Q`U �(S �BUXZjORQTn`d`pvUXd+Z\J
G:UXWhp@u\U[Z\O]Q t n`J rKRD�VUXWhZ\J�UXd$i��BrIg�gYZjd a Mvu\ujUXW a Zjd`p@g�Mvn`O]Q�dTn`W � UXd`Zjp@U_U RD�VUXWhZ\J�UXd$ilUXuju\U
m�MPiYUXd#SVU[wxMvd`d$i �%ghH a Mv¢ Q`ZjUXW:wvU[Z\d`Ucp@U[d`UXWhUXu\ujU �(n`ghglMvp@U�¦oSVUXW a Z\U�y�¦oiYU a U[W 
%ilWYnowTiYn`WYU[d
p@U[iYWYH-5�UXd �BU[W a U[d wxMvdod � ¡BU[Z a UXd ¡�MPiYQ`H@gFilWYnowTiYn`WYU[d wvH@J�J i�UXg t n�UXZ\doUXW�£�H@J§SoZ\d�Mxq
ilZjH@d+Mvn`g(UXujUXw$ilWhH@ghilMPilZjgYO]Q`UXd � UXO]Q`ghUXu �{Z\WYwTn`dop@UXd�n`d a gFilWhn`w$iln`WhUXu\ujUXd �(d a UXWhn`d`p@U[d � a ZjU
a MP��¦`W�gYH@Whpvi � a Mv¢ gYZ\O]Q a ZjU ��S`gYH@Wh�oilZjH@d`ghJ#M,RDZjJ#M a UXW 
%iYWYn`w$ilnoWYUXd e@UXWhgYO]Q`Z\U[SVUXd�� bcdDq
ilU[W�U[u\U[w$ilWYHvghi]MxilZ\ghORQoUXd � UXO]Q`ghUXu �{ZjWYwTn`d`pvUXd�Z\gFi�QoZ\U[W�e@H@W�Mvuju\U[J a UXW �(Soghi]MPd a t �{ZjgYO]Q`UXd
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@1_�aMGL:=Z]ZAIKJLCQa?eka?¡BJLa?CQ:\a?JL@B:$�S:
<?:=@B>Aa?@

�;T��L�B��� �;T\��%[�H�
�[@B:=CF<?>]: } NcPiX�PQ: �[@B:=CF<?>]: } �xaY@L��<?7BCQX�P^>Aa?@ ��:
W,>AIKJ�P
XY7 XY7

¡©��p ± CF:
} d ¢����Lg � ² ¢ ±
S0

d ¢�� ± g�� �+� �
(4a)2(5a)2 �"�

² g ��� ! ² ����$ ± g ² ¢
S1

��g ¢ ± ! �M±�� $ �Lg	���
(5a)1(6a)1 �"�

² g	��� ! ² � ± $ �Lg ��¢
S2

² g ² � ! ² �"��$ �Lg �"�
(5a)1(6a)1 ± �
(4a)1(6a)1 ��¢

¡©��p©��CF:
} d ¢����Lg �?�����
S0

d ¢�� ± g�� � ���
(4a)2(5a)2 �"�

² g ��� ! ² ����$ ± g ² �
S1

��g ¢ ± ! �M±�� $ �Lg	� �
(5a)1(6a)1 � �

² g	��� ! ² �"��$ �Lg �"�
S2

² g ² � ! ² �"��$ �Lg �?�
(5a)1(6a)1 �#�

(4a)1(6a)1 � ²
(5a)0(6a)2 ±h²

¡©��p ² CF:
} d ¢����Lg � ²L± �
S0

d ¢�� ± g�� �Y²?²
(4a)2(5a)2 �"�

² g �?��! ² � � $ ± g ² �
S1

��g ² ��! � �?��$ �Lg	���
(5a)1(6a)1 � �

² g	��� ! ² �"��$ �Lg �"�
S2

² g � ² ! ² �Y¢ $ �Lg �?�
(5a)1(6a)1 �#�

(4a)1(6a)1 � ²
��p ± CF:
} d ¢����Lg	��� ± �

S0

d ¢�� ± g ² ��� ±
(4a)2(5a)2 �#�

� g	��� ! �#����$ �Lg ���
(5a)1(6a)1 ±��

² g	����! ²�± ��$ �Lg ���
S1

² g � ��! ²+� ��$ �Lg ���
(5a)1(7a)1 ±��
(4a)1(6a)1 ± �
(5a)0(6a)2 �#�

a 
���
�������������������������� �!��"���#$��"��&%(')��#*"���#+')��,-������,)%���.0/�"1�&%(')��#2���*�4365����+798�').:.:�����2;<���=%>���*��.
b 
�'-�>�!�������(�-%?#$���>7?@-�$A�,B"���')%C��@B�����2�	�ED




������ 	�� ��� ����� ��	
	 ��������� ����	
	�
 	
	�	�� ����	��
	�������� ��������	 ±?± �

�������! " "�b8(#>'�)+*-,.,.)+/�021.3.45)+*6,(72�98:0<;>=>?�?�@"A>@B�!?DCE�GF�1.HICE��3.4.HI�!3.�&?IA>@"�!3
a JLK HEM!@" " B�:CE=>?�HICEN�?�;>�&3PORQTS+1.3.4�4.@"�-4(=>UV@"3.@"�T0

?I�!3.4(�&35W9=>3(XLA>1.?I�:CE@"=>3.�!3
b
4(�&?9UV@ C+Q��.3(Q2F�1.HICEN�3.4.�!3[���!?I�!\^].3.�TCE�&3�,dCE?�1.;dCE1.?I�!35UV@ Cc;>=>UVa. "�Te(�!Ugf��!A>�!3.@"=>3

)+*-,.,()c/ )+*-,(7h�98
i23(�&?�A>@"� Q H�C^�:CI� i23(�!?IA>@"� Q W9=>3(XLA>1.?I�:CE@"=>3 f��Tjk@"\^]dC
��1 ��1

aL,Z� 0mldn>o J 8 p lds S0

0mldn(# J r q>n(# (4a)2(5a)2 r %
p(J o>%tOuldo(#xS # J s p S1

8 J p l�Ovq p odS # J 8�l (5a)1(6a)1
s>s

p(J ldstO p q>ndS o J o�l S2
p(J o p Ouldo>%dS o J o�l (5a)1(7a)1

#!l
(4a)1(6a)1

8�l
(5a)0(6a)2

8�l
aL,Z�w# 0Dn>8>o J r>r n>8 S0

0Dn>8 p(J 8 r s>% (4a)2(5a)2 r s
q J o>stOv8�ldqdS # J 8>o S4

p(J ld8tO p s p S o J n(# (5a)1(6a)1
q>o

p(J r ntO p 8>ndS o J o(# S2
p(J p #GO pdr l`S o J o(# (5a)1(7a)1

#&q
(4a)1(6a)1

#&n
(5a)0(6a)2 p 8

l J %>%tOv8�ldndS o J ldq S5
p(J r %tO p 8>ndS o J p l (5a)1(6a)1

8>n
(5a)0(6a)1(7a)1

#&q
aL,Z�L8 0 r l>l J r 8 r # S0

0 r l rZJ o>o>n r (4a)2(5a)2 r s
q J #&stOv8�ldodS # J s>o S1

p(J # r O p %(#xS o J %>n (5a)1(6a)1
s>q

p(J n>otO p 8>sdS o J o(# S2
p(J p>p O pdr 8dS o J o(# (5a)1(7a)1

#!l
(4a)1(6a)1

#&n
(5a)0(6a)2 p 8

aL,Z� p 0 r l>l J r�p o�l S0

0 r l rZJ o(# p # (4a)2(5a)2
n>o

q J #&qtOv8�l.#xS # J q>% S1
p(J #&qtO p % p S o J % r (5a)1(6a)1

s�l
p(J r otO p>p qdS o J o(# S2

p(J 8�l�O p n>8dS o J o(# (5a)1(7a)1
#&q

(4a)1(6a)1
#&n

(5a)0(6a)2 p 8
,`�w# 0Ds>s>n J r o(#&% S0

0Ds r o J r q>s>s (4a)2(5a)2 r s
q J n p Ov8(# p S # J n>o S2

p(J ldotO p s�l`S # J o>q (5a)1(6a)1 r q
p(J %>8tO p # r S o J o>o S3

p(J ldntO p q>sdS o J o>o (5a)1(7a)1
#&q

(4a)1(6a)1
#&%

(5a)0(6a)2 p #
,`� 0ml r % J n r q r S0

0mldn(# J p n>o>s (4a)2(5a)2 r s
s J # p Ov8>o>8dS # J #&% S2

l J #&qtOv8>%>%dS o J n(# (5a)1(6a)1
q(#

l J o>qtO p o>sdS o J o>o S1
p(J s>8tO p ld8dS o J o>o (5a)1(7a)1

#&q
(4a)1(6a)1

#&%
(5a)0(6a)2 p #

s J o>stOv8>o>qdS o J r s S5

l J p stOv8>n�l`S o J q>q (5a)1(6a)1 p q

a y @ z{�!?��&3(MbM!j9@"HI\^].�!35f�?I1(3.4.M!1.HICE�>3.4[1.3.4[��3.A>�!?��!A>CE�!U|F{1.H�C^��3(4[@"3��v} J @"3�W6 B��UVU$�!?I3�~��!?�Ck@B3t3.U

b y ��H�f��Tj9@"\^]dCk4.�!?kWk=>3(XLA>1(?E�:CI@"=>3.�&35@"3��
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�*X�pq:=ZAZ]:��?� �*�;T��B�B���/dS7B@BG��;T\��%[�H��dS�Ya?CFCQ>]<Y>]:=CcP^:�687BNFP^XY@BGBNF:=@B:
CQ<?>A:=@
a
g-�\NF�=>]ZAZ X�d

PQa?CQNcPisYCF�Y:=@ !�} $�7B@BGoGB>]:kGBa?ek>]@L>A:=CQ:
@BGB:
@��xa?@L�B<?7BC^X�P^>Aa?@B:=@
b
GB:
Crek>AP�}�wB@L}H687BNFP^sY@BGB:
@

pq:
CQ:=IiJB@L:
P^:
@1_�aMGL:=Z]ZAIKJLCQa?eka?¡BJLa?CQ:
@�a?JL@B:$�S:
<?:=@B>Aa?@

�;T��L�B��� �;T\��%[�H�
�[@B:=CF<?>]: } NcPiX�PQ: �[@B:=CF<?>]: } �xaY@L��<?7BCQX�P^>Aa?@ ��:
W,>AIKJ�P
XY7 XY7

¡©��p ± CF:
} d ¢����Lg � ²?² �
S0

d ¢�� ± g�� �+� �
(4a)2(5a)2 �"�

² g ² ��! ² � ² $ ± g ���
S1

��g ¢�� ! �M± ��$ �Lg	�Y¢
(5a)1(6a)1 � �

² g	� � ! ² �?��$ �Lg ���
S2

² g ��� ! ² ����$ �Lg ��¢
(5a)1(6a)1 � ±
(4a)1(6a)1 � ²

¡©��p©��CF:
} d ¢����Lg �?���Y¢
S0

d ¢�� ± g�� � ���
(4a)2(5a)2 �"�

² g ²?² ! ² � ² $ ± g � �
S1

��g ¢�� ! �M± ��$ �Lg	���
(5a)1(6a)1 � �

² g	����! ² �"��$ �Lg ²L±
S2

² g ² � ! ² �"��$ �Lg �"�
(5a)1(6a)1 �Y�

¡©��p ² CF:
} d ¢����Lg � ² ���
S0

d ¢�� ± g�� �Y² �
(4a)2(5a)2 �"�

² g �"� ! ² ����$ ± g � �
S1

��g ² ��! � � ² $ �Lg	� ±
(5a)1(6a)1 � �

² g���� ! ² ����$ �Lg ²L±
S2

² g � ² ! ² �Y¢ $ �Lg ���
(5a)1(6a)1 �Y�
(4a)1(6a)1 �Y�

��p ± CF:
} d ¢����Lg	��� ±��
S0

d ¢�� ± g ² �����
(4a)2(5a)2 � �

�Lg �Y¢ ! �#� � $ ± g ¢?¢ ² g	����! ² � ± $ �Lg	���
(5a)1(6a)1 �"�

� g	��� ! �#����$ �Lg ¢��
S1

¢Bg ��� ! ² �Y¢ $ �Lg ²?²
(5a)1(6a)1 � ²
(2a)1(6a)1 ±��

a 
���
�������������������������� �!��"���#$��"��&%(')��#*"���#+')��,-������,)%���.0/�"1�&%(')��#2���*�4365����+798�').:.:�����2;<���=%>���*��.
b 
�'-�>�!�������(�-%?#$���>7?@-�$A�,B"���')%C��@B�����2�	�ED
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	 ��������� ����	
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	�	�� ����	��
	�������� ��������	 ±?± �

� '�����8�8	�������	��
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��� � �����B@-�C���	,-�	���=%C�*/�"��=%�'B��#��C�������C,-�	��� a 5��!�C����8�8�')%C@-���&%��)���B�����! �"
"��1#+#$��� #$@B.:���������C����#$���+7�@B�$A�,-"��(' %C��@B����� b #$���?. �	%��C���(����/�"��=%#�B��#$���������C� ������� %C���%$ @$#���8�8��(���C@-.:@��
& ��@B���!.:�	%'�B@B. & 8�� � ��. �!��,B������@B�

��
(������� ��
(��� � �
) ������,B���  �=%�')%C� ) ������,B���  7?@-�$A�,B"���' %��	@-� �!�������(�-%
')" ')"

& ��� �+*-,/.�5 ���/�/� S0
�0*1,�2B543�5�,6* (4a)2(5a)2 ,/.

�$5 7/89�:*�2;,-" 2B5 8-3 S1
�$5 �/79�<5�2;7-" 2-5 �/* (5a)1(6a)1 8-3

��5 *1,9�<�1513/" .�5 .�* S2
��5 .�2=�>*�2?�1" .�5 ./* (5a)1(7a)1 2@*

(4a)1(6a)1 �/5
(5a)0(6a)2 ��8

& ���A2 �0,-��.�5B3/36,�2 S0
�C,1�/��5B�1368�7 (4a)2(5a)2 8/,

5$5D2;.9�+�6*1�-" 2B5 *17 S1
��5D2;,9�:�17/.-" .�5 71� (5a)1(6a)1 56*

��543/3E�<�1��7-" .�5 .�2 S2
��5 �1�F�:��3�*�" .�5 .�2 (5a)1(7a)1 2@*

(4a)1(6a)1 2;,
(5a)0(6a)2 �1�

& ����� �G36*/*15B3��136. S0
�H3�*I3 5 ././,13 (4a)2(5a)2 8/,

5$5B�I2=�+���/,-" 2B5 8/� S1
��5D2?�F�:�17/,-" .�5 71, (5a)1(6a)1 8/8

��5 ,/.9�<�1�13/" .�5 .�2 S2
��5 ��*��:��3�2�" .�5 .�2 (5a)1(7a)1 2@*

(4a)1(6a)1 2;,
(5a)0(6a)2 �1�

& ����� �G36*/*15B36�/./� S0
�H3�*I3 5 .�2;��. (4a)2(5a)2 3�5

5$5B��.9�+���/7-" 2B5 8�2 S2
��5D2/2=�:�17/7-" .�5 718 (5a)1(6a)1 815

��5436.9�<�/�151" .�5 .�2 S3
��5B�/5F�:�1,1�1" .�5 .�2 (5a)1(7a)1 2?5

(4a)1(6a)1 2�3
(5a)0(6a)2 �1�

���A2 �0818/,�5B36.�2;8 S0
�C8-3�.�543�5�813 (4a)2(5a)2 3�5

5$5 ,15F�+�I2?�1" 2B5436� S1
��5 */*��:�18�2�" 2-5 .-� (5a)1(6a)1 36�

��5 7�2=�<��2�3/" .�5 ./. S2
��5 *1,9�:�-5�8-" .�5 .1. (5a)1(7a)1 2?5

(4a)1(6a)1 2;7
(5a)0(6a)2 ��2

��� �+*I367�5 ,-3�5�� S0
�0*1,�2B5 �-36.�, (4a)2(5a)2 3�2

8�5D2@*��+��.1�1" 2B5B5/� S2
��5 7/.9�:��2;,-" .�5 7�3 (5a)1(6a)1 8/�

*�5 .�*��<�/.-3/" .�5 ./. S1
��5 81�F�:�/*-�1" .�5 .1. (5a)1(7a)1 2?5

(4a)1(6a)1 2;,
(5a)0(6a)2 ��7

a 
?�	
����C�������������C�(����� �!�C"��1#$��"��=%�'B��#2"���#+'B��,B���C��,)%C��.0/�"��=%�')�1#2�	�+�43 5���� 798�'B. .:���C�2;<���C%>�	�+��.
b 
!'B�?�!��������� %?#$���?7?@B�$A1,B"��(' %��	@B����� ��� D
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�*X�pq:=ZAZ]:���¢ �*�;T��B�B���/dS7B@BG��;T\��%[�H��dS�Ya?CFCQ>]<Y>]:=CcP^:�687BNFP^XY@BGBNF:=@B:
CQ<?>A:=@
a
g-�\NF�=>]ZAZ X�d

PQa?CQNcPisYCF�Y:=@ !�} $"7B@BG�GB>]:jGBa?ek>A@B>A:=CQ:
@BGB:
@£�Ha?@L��<?7LC^X�PQ>]a?@B:
@
b
GB:
CVek>AP,NQ:
IKJLNS687BNFP^sY@BGB:
@

pq:
CQ:=IiJB@L:
P^:
@1_�aMGL:=Z]ZAIKJLCQa?eka?¡BJLa?CQ:\a?JL@B:$�S:
<?:=@B>Aa?@

�;T��B�L��� �;T\��%[�H�
�[@B:=CF<?>]: } NcPiX�PQ: �[@B:=CF<?>]: } �xa?@���<?7BCQX�P^>Aa?@ ��:
W,>AIKJ�P
XY7 XY7

¡©�Mp ± d ¢��"�Lg � ²L± �
S0

d ¢�� ± g�� �+�+�
(4a)2(5a)2 � ±

CF:
} ² g ±�� ! ² � ² $ ± g ² �
S1

��g ¢ � ! � �"��$ ± g ���
(5a)1(6a)1 � �

² g	�Y¢ ! ² � ² $ �Lg �?�
S2

² g ��� ! ² �1��$ �Lg ± �
(5a)1(6a)1 ± �
(4a)1(6a)1 � �
(5a)0(6a)2 ± �

¡©�Mp©� d ¢��"�Lg �Y���?�
S0

d ¢�� ± g�� ��±�²
(4a)2(5a)2 � ±

CF:
} ² g ± � ! ² � ² $ ± g ²c�
S1

��g ¢ � ! � �"��$ ± g � �
(5a)1(6a)1 � �

² g	� � ! ² �?��$ �Lg ��¢
S2

² g ��� ! ² ����$ �Lg � ±
(5a)1(6a)1 ± �
(4a)1(6a)1 ��¢
(5a)0(6a)2 ±��

¡©�Mp ² d ¢��"�Lg �Y�����
S0

d ¢�� ± g�� �Y² �
(4a)2(5a)2 ���

CF:
} ² g ��� !~¢�� ± $ ± g ²c�
S1

��g ¢R��! ��±h² $ ± g � �
(5a)1(6a)1 �Y¢

² g�����! ² ����$ �Lg ��¢
S2

² g �?��! ² � � $ �Lg � ±
(5a)1(6a)1 ± �
(4a)1(6a)1 ��¢
(5a)0(6a)2 ±��

��p ± d ¢ �1�Lg���� ±?±
S0

d ¢�� ± g ² �����
(4a)2(5a)2 � �

CF:
} �Lg � � ! �#� � $ ± g�� ²
S3

² g � � ! ² ¢���$ ± g � �
(5a)1(6a)1 � ±

² g	� ± ! ²�± ��$ �Lg ���
S1

² g � ��! ²c� ��$ �Lg ���
(5a)1(7a)1 ±��
(4a)1(6a)1 ± �
(5a)0(6a)2 ²L±

a 
���
�������������������������� �!��"���#$��"��&%(')��#*"���#+')��,-������,)%���.0/�"1�&%(')��#2���*�4365����+798�').:.:�����2;<���=%>���*��.
b 
�'-�>�!�������(�-%?#$���>7?@-�$A�,B"���')%C��@B�����2�	�ED
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vV>]: &H:
NQ7BZ{PiX�PQ:�GB:
C &,:=IiJB@M7L@B<?:=@ ek>APk7L@RP^:
CQNFIKJB>A:=GLZ]>]IiJB:
@ TV@L�hXYJBZA:=@ �?a?@ 687LNFPis�@BGB:=@
W;:
CQGB:
@�GB:
7LP^ZA>]IiJ3gLWE:=@B@�efXY@�TxpBpB>]ZAGB7B@B<|¢��|pq:
PQC^XYIiJRPQ:
P=uq¥x>A:=C"NF>]@BG�GB>]:S�[@B:
CQ<?>A:=@OGB:
C
687BNFP^sY@BGB:�g�pq:=>�GB:
@B:=@)GB>]:r¥V�S_£� → §/¨\_£� TV@LCQ:=<Y7B@B<�:=>]@L:=@£TV@�P^:
>]Z5Z]>A:
}�:
CFP=g©<?:=<Y:=@
GB>]:HTV@B�=XYJBZ�GL:=C;pq:
CQ:
IKJL@B:
PQ:=@�687BNFP^sY@BGB:VXY7L}�<?:zP^C^X�<?:=@3uMvV>]:\63X�JBZ]:
@�XY@�GB:
@�v\X�P^:
@BefXYCcd
�R>]:=CF7B@B<?:
@)p�:
�=:
>]IiJB@B:zPjGBXYpq:=>*GB:
@1Tx@RP^:
>]Z�GB:
C�¥\�S_£� → §/¨\_��(�xa?@���<?7BCQX�P^>Aa?@£XYe
�S:
N^XYerPQ�=7BNcPiXY@BGO>A@ %�CFa?�
:=@RP=u


'�����	8�#$"���,9*-.������($ � → ��� $ ���'�����C,-�)��,-� #$����$ @$#$��8�8��B5�#$��� /�'B��8	��� ,B�;����� #�'B�9�!��������� %�#$���
/�"1�&%(')��#���'B�

9;:=>qGL:=@ &,:=IiJB@R7B@B<?:
@�ef>{P��M>]:
C�687BNcPisY@LGB:=@�pq:
NQ>{P^�
P;GL:=C;¥\�S_£� → §/¨\_£� ¤xpq:
CQ<�XY@L<
pq:=>[ef:
JBCjXYZAN�:=>A@B:=e�_�aMGL:=Z]Z->]@1�
WE:=>E687BNFP^sY@BGB:
@`:=>]@1JBa?JB:
NU��:
W">]IiJRP !�¡©��p©��gn¡©�Mp ² $zu
�[Ny<?>]p�PyXYZANQa)@B>AIKJ�Py@R7BC|:=>]@L:=@ 687BNFP^XY@BG3g-GB:
C|�?aY@�:=>A@B:
e ¥\�S_£� → §5¨V_£� ¤Hpq:=Ccd
<�XY@B<�GBa?ek>]@B>A:
CFPSW,>]CFG3g5NFa?@BGB:
CQ@�ef:
JBCQ:
CQ:�687LNFPis�@BGB:Yg5pq:=>EGB:
@B:
@­G�XYN|��:
W,>AIKJ�PrGB>]:
NQ:
C
�xa?@L�B<?7BC^X�P^>]aY@`NQ:=JLCU<?CQaYt�>]NcPhu�vV>A:=NQ:
N %[J�sY@BaYef:
@oP^CQ>{PQP$pq:=>EGL:=C|�MP^CF7B��P^7BCr¡©��p���NF:=JBC
GB:=7�P^Z]>AIiJ�XY7L}�uM��N;<?>ApLPE:=>A@B:
@�687BNFP^XY@BG�ef>{PE:
>]@B:
e(¥\�S_£� → §/¨\_�� TV@RPQ:=>AZ©�?a?@ ���?�
7B@BG :
>]@B:
@ �zW;:=>{P^:
@3glpq:=>HGL:=e GL>]:
NQ:��xaY@L��<?7BCQX�P^>Aa?@�:
>]@ ��:
W,>AIKJ�Pk�?a?@ ���?� pq:=NF>APQ�
Phu
9;:=>�GB:=Cj}�CF:=>]:
@`GB:=¡BCFaYP^aY@B>]:
CFP^:
@­��IiJB> �qd 9�XYNQ:kJ�X�PrGB>A:

(5a)1(6a)1 d �xa?@L��<Y7BC^X�PQ>]a?@1�
W;XYC
@M7BCS>]@&:
>]@B:
e 687LNFPiX�@BG !

S1

$\:=>]@L:=@`JB®YJB:=CF:=@oTx@RP^:
>]Z g3GBaMIiJoZA>]:
<YPSGL>]:=NF:=Cjek>AP�Z]:
GB>]<YZA>AIiJ
� � �«:=@RPQNQIiJB>]:
GB:
@��=7�@L>]:=GLCQ>]<���>]GL:hXYZA:=CFWE:=>ANQ:\NQaYZ]Z{P^:VG�X�NH�S:zW,>]IiJRP"GB:
NH¥V�j_�� d�§/¨\_£�



± �?� ���������
	���
��������������

¤Hpq:=CQ<?XY@B<?:
NSpq:
> �+� � 7L@BG&JL®?JB:
C�Z]>]:
<?:
@3u8vV>]:UJB>A:=C\:
CQek>APQPQ:=Z{P^:
@)v\X�PQ:=@1�Y®?@B@B:
@&GB:=e|d
@BXYIKJ¬@B>AIKJ�Py�
7BC|TV7BNcW;:=CcP^7B@L<&�?:=CcW;:=@LGB:
PkW;:
CQGB:
@3g�GBX)GB>]:

(5a)1(6a)1 d �xa?@L�B<?7BC^X�P^>]aY@
:
@RP W;:=GL:=CH>]@�ef:
JBC,XYZ]N�:=>A@B:=e¦687BNcPiXY@BG��=7��M>]:
Z5��:
W">]IiJRP,J�X�P,aMGB:
C,pq:
>n:=>A@B:=CH�MPQCQ7B��P^7BC
:
>]@��M>]:=Z3�=7O<?:
CQ>]@L<?:=N
u

TVZANE��aYZ]<?:"GBX��?a?@kW,7BCFGB:xGB>A:x63XYJBZ�GL:=C;687BNcPisY@BGL:VX�7L}8}�wB@L}8:=CFJB®?JRPl7B@BGfGB>]:x_�aMGB:
Z]ZA:
:
CQ@B:
7LP[pq:
CQ:=IiJB@L:
Phu?v\XYpq:=>M�?:=CQsY@BGB:
CFP^:�NF>]IiJ|XY7BIiJ|GL>]:�687BN^X�efek:=@LNQ:
PQ�=7B@L<�GL:=C[687BNFP^sY@BGB:
}�wLC�GB>A:&_�aMGB:
Z]Z]:�u"9E:=>�GB:
@ _OaMGB:=ZAZ]NFbMNcP^:=ek:=@�¡©�Mp©�­7B@BG�¡©��p ² J�X�P�GB:=CO¥V�S_£� →§/¨V_£� ¤xpq:
CQ<�X�@B<U@M7B@�@M7BC;@BaMIiJ�pq:
>8:
>]@B:
e 687BNcPiXY@BG�:=>A@�JBaYJB:=N,��:
W,>AIKJ�Phu�v\X�}�wBC;J�X�P
NF>]IiJOGB>A:j687BN^X�efek:=@LNQ:
PQ�=7B@L<fGL:=Cx687BNcPisY@LGB:Spq:=>n¡©��p ± :zªMP^CF:=e �?:=CQNFIKJLZ]:=IiJ�P^:=CcPhu���a�WEa?JBZ
S4

XYZAN
S5

J�X�pq:=@ @R7B@ :=>A@B:=@ <?CQa?tY:=@ ¡BCQaY�=:=@�P^7�X�Z]:=@ Tx@RPQ:=>AZHGB:=C�¥V�S_£� → §/¨V_£�
�xaY@L��<?7BCQX�P^>Aa?@3uE9E:=>VGB:
C�}�CF:=>A:=@ GB:=¡BCFaYP^aY@B>]:
CFP���IiJB> �©d�9;XYNQ:�J�X�P�NQ>]IiJ GB:
C�¥\�S_£� →§/¨V_£�«Tx@RP^:
>]Z5>Ae 687BNcPiXY@BG

S2

�
W;XYCV@M7B@��?a?@1� � XY7L} �M± � :=CFJB®?JRP=g�G�X�}�wBCxZ]>A:=<�P[DF:
PQ�
P
:
>]@O�
W;:
>APQ:=CV687BNFP^XY@BG !

S5

$;�?a?C=g�pq:=>/GB:
e GBXYNV�S:zW,>]IiJRPHGB:=C
(5a)1(6a)1 d �xa?@L�B<?7BC^X�P^>]aY@

pq:
> ²c� �(Z]>]:
<YP=u��[>A@���CF<?:=pL@B>]N,G�XYNH>Aefek:
C�@BaMIKJ�NF:=JBCH7B@Rpq:
}�CQ>A:=GB>A<?:
@BG�>ANFP,7B@BGOW;:
Z]IiJB:=N
:
pq:=@L}~X�Z]Z]N�@B>]IiJRP,�=7O:=>A@B:=C"NQ>A@B@R�?aYZ]Z]:
@�Tx7BNFWE:=CFPQ7B@B<�JL:=C^X�@B<?:
�=a?<?:
@OW;:=CFGB:=@�NQaYZ]ZAPQ:Yu

�[CQNFP-:=>A@B:��[CQJB®YJM7B@B<\GB:=C*pq:
CQ:=IiJB@B:zP^:=@f687BNFP^sY@BGB:�XY7L}©NF:=IiJBN[Z]®YNFP*GB>A:;aYpq:=@|pq:
NQIiJBCQ>A:zd
pq:
@B:=@ %[CQaYpBZ]:
ef:�u�9;:
>hDF:=GL:=e�_�aMGB:
Z]Z�W,>ACQG$@M7B@rZA:=GB>A<?ZA>AIiJj:
>]@U687BNFP^XY@BG$�?aY@UGL:=C*¥V�j_��
→ §/¨\_£� TV@BCF:=<?7B@L<£pq:
NFP^>AeferP=gnGB:=NFNQ:
@ ��:
W,>AIKJ�Prek>APS7Be�GB>A: � ¢Od����Y� pq:=>lCQ:
IKJ�P
X��M�
:=¡LP^XYpBZA:=@Om`:
CFP^:
@�Z]>A:=<YP=u

6871GB:
@`�[@B:
CQ<?>A:=@1GB:
CS¥\�S_£� → §5¨V_£�(¤xpq:=CF<�sY@B<Y:yZ]sYtYPVNQ>]IiJ1NQXY<?:=@8g3G�XYt�NQ>]IiJ
GL>]:=NF:V�?a?C�XYZ]ZA:=e«ef>{P;GL:=e ��:
W,>]IiJ�P"GL:=C"�xa?@���<?7BCQX�P^>Aa?@f�?:=CQsY@BGB:
CQ@3u�vx>]:��MP^CF7B��P^7BC�¡©�Mp
JBX�P,pq:=>/X�Z]Z]:
@�&,:=IiJB@M7L@B<?:
@�ZA:=GB>A<?ZA>AIiJ�:
>]@B:
@�687BNcPiXY@LG3g�>A@�GB:
e GB:
CH¥\�S_£� → §/¨V_£�
¤Hpq:=CQ<?XY@B<­:
>]@B:
@ JBa?JL:=@ Tx@RPQ:=>AZxJ�X�Phu;vV:
C�¡BCFa?�
:=@RPQ7�XYZA:£TV@�P^:
>]ZVsY@BGL:=CFP�NQ>]IiJ pq:
>VGB:=C
9E:=CQ:
IKJL@M7B@B<��?a?@ ek:
JBC�687BNcPisY@LGB:=@ ��XY7BeOgE7L@BG GB>A:£�[@B:
CQ<?>A:�GB:
N�687BNFP^XY@BGBN�sY@BGB:
CFP
NF>]IiJO7Be ZA:=GB>A<?ZA>AIiJ��Lg �Y¢y: �Uu©v\X�NH<YZ]:=>AIKJL:�<?>AZAP;}�wBC"GB>]:j�MPQCQ7B��P^7LCV��p ± u

9;:=>BGL:=@��MPQCQ7B��PQ7BCQ:
@f¡���p ± g?¡���p©�\7B@BGy¡©��p ² P^CF:
PQ:=@y�
W,>]NFIKJL:=@B�
:=>APQZ]>]IiJ|�
W;:
>q687BNFP^sY@�d
GL:rek>AP,:=>]@L:=e JLa?JB:=@£¥\�S_£� → §/¨\_£� TV@�P^:=>AZ5XY7L}�uq¥x>A:=CH>]NcPx�=7�:=CQ�Y:
@B@B:
@3g8G�XYtfGB>]:
687LNFPisY@LGB:�:
@B:=CF<?:
PQ>]NQIiJ|JB®?JB:
C-ZA>]:
<?:=@3g�W;:
@B@yGB:
C[¥V�j_�� → §/¨\_£� ¤xpq:=CF<�XY@B<\>A@Uek:=JBC
X�Z]Nl:
>]@B:
e�687LNFPiXY@LG�:=>A@�JLa?JB:=N��S:zW,>]IiJRPEJ�X�P=gRG�X$GB>A:=NF:xNFPiX�CQ�yek>APQ:=>A@�XY@LGB:=C[WE:=IiJBNQ:
ZAW,>]C�d
�Y:
@3uLvV:
C;¡BCQa?�
:=@�P^7�X�Z]:xTV@�P^:
>]Z©GB:=C;�xa?@L��<Y7BC^X�PQ>]a?@k>]NcP;JL®?JB:=C
gMWE:=@B@�GB>]:
NQ:x@M7BCE>]@f:
>]@B:
e
687LNFPiXY@LG��?:=CFPQCQ:zP^:=@�>]NcPhu

TVpBpL>]Z]GL7B@B<�¢ ± >ANFP�XY@BXYZ]a?<f�=7)TVpBpB>AZ]GB7L@B<�¢��f}�wBCVGB>A: &,:
}�:
CQ:
@B�=NcP^CQ7L�RPQ7BCQ:=@&:=CFNFP^:
Z]Z{P
WEa?CQGB:
@3u�TV7BIiJrJL>]:=CnNQ>]@LG$GB>A:l�[@B:=CF<?>]:
@$GB:=C/GB:=@r¥\�S_£� → §/¨\_£� ¤xpq:
CQ<�X�@B<xpq:=>A@BJ�XYZ d
PQ:=@BGL:=@k687BNcPisY@LGB:;<?:=<Y:=@UGB>A:ETV@L�hXYJLZ�GB:=C�pq:=CQ:
IKJL@B:
PQ:=@f687BNFP^sY@BGB:�X�7L}�<?:zP^C^XY<Y:=@3u�Tx@UGB:
@
_�X�CQ�R>]:
CQ7B@L<?:=@�pq:
�=:
>]IiJB@B:zPVGB>A:$63X�JBZ8W,>]:=GL:=CQ7Le¦G�X�NV��:
W,>AIKJ�PHGB:
Cx¥V�j_�� → §/¨V_£�




������ 	�� ��� ����� ��	
	 ��������� ����	
	�
 	
	�	�� ����	��
	�������� ��������	 ± � ²

�xa?@L�B<?7BC^X�P^>]aY@�>A@�%[CFa?�=:
@RPhuB9;:=>8GB:
@ &H:z}�:=CQ:
@B�
NFP^CF7B��P^7BCQ:=@�P^CF:
P^:
@�pq:=>8GB:
C,9;:
CQ:
IKJB@R7B@B<
ef>{P���>A:=Cx687BNcPisY@BGL:=@�:
pq:=@L}~X�Z]Z]N"�
WE:=>*687LNFPisY@LGB:jef>{P,:
>]@L:=e¦¥\�S_£� → §5¨V_£��TV@�P^:=>AZ
�?a?@ �"����7B@BG��"�?� X�7L}�u/9;:
>�GL:=C &H:z}�:=CQ:
@B�=NcP^CF7B�RPQ7BC$GB:=CSGB:=¡LCQaYPQa?@B>A:=CFPQ:=@o��IiJB> �©d�9�X�NQ:
! ��p ± CQ:z} $jJBX�PUGB>A:�¥V�j_�� → §/¨\_�� �xa?@L��<Y7BC^X�PQ>]aY@o>A@��Y:
>]@B:
e GL:=C$��>A:=C|687LNFPis�@BGB:
:=>A@��S:zW,>]IiJRP�wBpq:=C ± ����u�vV>]:
NQ:1vVX�P^:
@ NQ>]@LG GL:=ek@�XYIiJ }�wBC�:
>]@B:£Tx7BNFWE:=CFPQ7B@B<�@B>AIiJRP
XY�R�=:
¡LPiXYpq:
Z u


 ������8�#�"���, *�2/� �(�($ � → ��� $ � �'�����C,-�)��,-� #$��� � �@ �����������=%��C"�� %�"��C����� #$��� /�')��8���� ,B�;����� #�'-�
�!�������(�-%?#$� �?/�"1�&%(')��#���'B�

�[CQJB®?J�Pre�XY@`JL>]:=CjGB>A:fTx@B�hXYJLZEGB:
C|687BNcPisY@LGB:�XY7�}�}�wB@L}�g5NFa£@L>]ekerPjGBXYN|��:
W,>AIKJ�PrGB:
C
(5a)1(6a)1 d �xa?@L��<?7LC^X�PQ>]a?@­>]e �zW;:=>{P^:
@ 687BNFP^XY@BG :=CFNFP�:
>]@BefXYZ��=78uE��wBCkGB>A:��MP^CQ7L�RPQ7BC
��p ± CF:
}�:
CQJ�sYZ{P�efXY@j@M7B@r�zW;:=>L687BNFP^sY@BGB:Eek>AP/:=>A@B:=e CQ:
Z X�P^>A�\JBaYJB:=@r¡BCQaY�=:=@�P^7BXYZ]:
@rTV@�P^:=>AZ
GB:=CH¥V�S_£� → §/¨\_£���xa?@L��<Y7BC^X�PQ>]a?@ ! ���|7B@BG�� ² � $zu

9;:
CQ:
IKJL@B:
P�e�XY@ GB>]:`_�aMGB:
Z]ZA:1ek>AP�NQ:=IiJBN)687LNFPis�@BGB:=@8gHNFa NQ>]@L�RPOGB:=C�¥V�j_�� →§/¨\_£��TV@RPQ:=>AZx>Ae �zW;:=>{P^:
@�687BNFP^XY@BG XYZ]ZA:=CFGB>A@B<?Nkek>APk7B@RPQ:=C��"��� XY7L}S:
>]@ GB7BCQIiJ�XY7LN
XY�R�=:
¡LPiXYpLZ]:
N���:
W,>AIKJ�PEXYp3uRv\X�N;�S:zW,>]IiJRPlGB:
C

(5a)1(6a)1 d �xa?@L�B<?7BC^X�P^>]aY@y>Ae :=CFNFP^:
@�687�d
NFP^XY@BG�sY@LGB:=CcPENQ>AIiJfJB>A:=C
gRXY7Lt?:=C�pq:
>���p ± CQ:
}8��XY7Be 7B@BGfZA>]:
<YP[@�XYJL:=�=7f�Ya?@BNcPiXY@�PEpq:=> � � � �
7B@�XYpLJ�sY@B<?>A<yG�Xh�?a?@3gBW,>A:
�M>]:
Z]:j687LNFPis�@BGB:Spq:=CQ:
IiJB@B:
PHW;:=CFGB:=@3u



± ��¢ ���������
	���
��������������

687yGB:=@f�[@B:=CF<?>]:
@kGB:
CE687BNFP^sY@BGB:,Z]sYtYP-NQ>AIKJkXY7BIiJkJB>]:
C-W,>A:=GB:
C�GB>A:"<?Z]:
>]IiJB:,��IiJBZ]7Bt�}�a?Z{d
<Y:=CQ7L@B<y�
>]:=JL:=@�W,>]:\pq:
>3GB:
@��?aYCQJB:
CQ>]<Y:=@O_�aMGB:=ZAZ]:
@3uL�5CF:
P^:
@O�
WE:=>/687BNFP^sY@BGB:�ek>AP;:
>]@B:
e
JLa?JB:=@�TV@�P^:
>]Z8XY@�¥\�S_£� → §5¨V_£� �xa?@L��<Y7BC^X�PQ>]a?@k�?a?C=g�NQa|ZA>]:=<Y:=@�GB>]:
NQ:\:
@B:=CF<?:
PQ>]NQIiJ
CF:=Z]X�P^>{�|JBaMIiJ3u��[CQJL®?JRPENQ>]IiJ�GL>]:HTV@L�hXYJBZqGL:=C�687BNcPisY@BGL:V7L@BG�:=CQJBsYZAPle�X�@fZ]:
GB>]<YZ]>{IiJk:=>A@B:=@
687LNFPiXY@LG�ef>{P,:
>]@L:=e JBa?JB:
@�Tx@RPQ:=>]Z/X�@�¥V�j_�� → §/¨\_�� �xaY@L��<?7BCQX�P^>Aa?@3gLNQafpq:
NQ>APQ�
P
GL>]:=NF:=C;:
>]@B:HW;:
NQ:=@�P^ZA>]IiJ�<?:=CF>]@B<Y:=CQ:V�[@B:
CQ<?>A:YgMG�XrGL>]:x:=ZA:=��PQCQa?@B>ANQIiJB:=@�m`:=IiJBNQ:
ZAW,>ACQ�R7B@B<?:
@
�zW,>]NFIKJB:
@�GB:
@£687BNcPisY@LGB:=@�ek>AP�7B@RPQ:=CFNQIiJB>]:
GBZ]>AIKJL:=@��xa?@L��<Y7BC^X�PQ>]a?@L:=@�<?:
CQ>A@B<?:
C"NQ>]@LG3u

vV>]:E<?:
@�XY7B:�9;:
NQIiJBCQ:
>]pB7B@L<�GB:=N-¥\�S_£� → §/¨V_£��687BNcPiXY@LGBN*>]NFP*GL:=ek@�XYIiJr�?a?@UGB:=C
Tx@B�hX�JBZ�GB:
C/pq:
CQ:
IKJB@L:
P^:
@|687BNFP^sY@BGB:�XYpBJ�s�@B<?>A<Bu
m`:
CQGB:
@$�
7RW;:
@B>]<,pq:=CQ:
IiJB@B:
P=g�NQa,NQIiJB:=>A@RP
NF>]IiJ�GB>A:S¥V�S_£� → §/¨\_£� �xa?@L��<Y7BC^X�P^>]aY@�X�7L}�ek:=JBCF:=CF:j687BNFPis�@BGB:��=7��?:=CcP^:=>AZ]:
@3uLTVZ]N
��a?ZA<?:-G�Xh�?a?@jZ]>A:=<?:
@�GB>]:
NQ:lXY7L}�<YCQ7B@BGSGB:=C5�xaYCQCQ:
Z X�PQ>Aa?@�7L@RP^:
CQ:
>]@�X�@BGB:=C/:
@B:=CF<?:
PQ>]NQIiJ$JB®YJB:=C
X�Z]N*GB:
C-CQ:=>A@B:�¥\�S_£� → §/¨\_�� 687BNcPiXY@BG8u?�[CQJB®?J�P[efXY@UGB>A:�Tx@B�hX�JBZLGB:=C�687BNcPisY@BGL:YgYNQa
@L:=JBek:=@£GB>]:
NQ:$mo:
IiJBNQ:
ZAW,>]CF�R7B@B<?:
@&XYp3g�7L@BG)GB>A:U¥V�S_£� → §5¨V_£�«Tx@BCQ:
<?7B@B<�P^C^s�<YP
ZA:=GB>A<?ZA>AIiJ�>]e�JBa?JL:=@£_�X�t?:S�=7O:=>A@B:=e¦687BNFP^XY@BGOpq:=> u



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

� ±�� m u���7BJL@B:Yg������������ ��!"�#!%$&���('*),+(�.-0/�!#12�3����45�(�.)3��6�67��89!"�;:�),+(<=67>?�@<A-CB�>,�zg
_�XYI
ef>AZ]ZAXY@3gL§na?@BGBaY@3g ± �����Lu

� � �ED uGFVX�P^J�X�@BN=g�H &,JBaMGBaY¡BNQ>A@ �*�MPQCQ7BIzP^7BCF:Yg5}�7B@BI
PQ>]a?@LNUXY@BG�<Y:=@B:zP^>AI=NJI^g KL)M!%$&���('*),+(�.-0/
N�O gB¡3u�¢��?� ² g ± �����Mu

� ²"� &ju(&Su &HXY@BGLaBgPH %�a?Z{b?:=@L:=NHXY@BG��M>]NF>]a?@AI^gRQS���('UTR67��8VK?)M!">WT N g�¡3uq� �+� g ± �����Lu
� ¢ � §[uq�MPQCFb?:
C=gXKL)M!%$&���('*),+(�Y-0/%ZR[\!"<A-0�3��]�87)3�Y)M!"��g©��¡q:
�RPQCQ7BeOg�TV��XYG3u ��:=CFZ X�<Bg ± ��� � u
� �^� &ju &SuR9;>]CF<?:Yg"HJFxX�P^7LCQ:,aY}�P^JB:H¡LCQ>]efXYCcbU¡BJLaYP^aMIiJB:
ef>AIhXYZB:
�?:
@RP^NE>]@yCQJBaMGBaY¡BNQ>A@�XY@LG

p�XYIzP^:=CF>]a?CFJBaMGBa?¡LNQ>]@PIig�KL)M!%$&�P)3'UTG67��8VK?)M!&B��A/%+_TX`a$(�M6 Ocb\OPd gB¡3uq�1� ² g ± �����Lu
� � � ��u3��un_�:=@BaY@3g5_&un¥VXY@8gnXY@LG1��u %5u/�LXY�RefXYC=g�H &,JBaMGBa?¡BNF>]@ �3�MPQCQ7BIzP^7BCQXYZ-p�XYNF>]N\aY}

efaYZ]:=I
7BZ]XYC;¡BJRbMNQ>Aa?Z]aY<YbeIig�� �P/^+()M!">,!gfeT�45�(h"T�i O gB¡3u ± � � �Lg��"��� ± u
� � � &ju�&ju�&HXY@BGBaLg�H���JB:opB>AaMIiJB:=ek>]NcP^CFb aY}UPQJB:&��>ANQ7�X�ZjI
bMI
Z]:(I^gjQS���('UTk45�(h"T OcblO g

¡3u ± ��� ± g��"��� ± u
� � � ��un�\��X�G�XLg3�Uu�%�u8�[CQ@BNcPhg3�|u�%*XYZAI=�=:zW,NQ�R> gnX�@BG1�|u�%5u3¥HaY}�efXY@B@3g=H T,IzP^>{��X�P^>Aa?@�aY}

CQJBaMGBaY¡BNQ>A@ �\Fx:zW«>]@BNF>]<?J�P^N\}�CQa?e�NcP^CQ7LI
P^7LC^XYZlXY@LG`pB>]aMIiJB:
ef>AIhXYZ*NFP^7BGL>]:
NJIigamn-&�(�o8p+
)3�qK?)M!^$&���('UT�rs$_Tut d g�¡8u ²L± ��g©�"��� ± u

� � � ��u©�\��X�G�XyX�@BGO�|u %*X�Z]I=�
:
W,NF�M> gPHF�;Ccb�NcPiXYZ8NFPQCQ7BIzP^7BCQ:�aY}5CFJBaMGBa?¡BNF>]@ ��¯ ef¡BZA>AIhX�PQ>AaY@BN
}�a?C��M>]NF>]a?@OX�@BGOpq:
b?aY@BGAIig QR<P-(-v�(���w�SB�)3��)M!"�q)3�xro�.-0<o$_TlKL)M!">WT OoO g�¡8u�¢R�"��g©�"��� ± u

� ± � � &juM9VuM9�X�CQZ]a�WSg &ju &SuM9;>]CF<?:YgR�"u��SXY¡BZ]XY@3gRXY@LG D u &SuR��XYZ]ZA:=@�PhgpHF�\@kP^JL:xefaYZ]:
I=7BZ]XYC
a?CQ>A<?>A@�aY}�¡BJBa�P^a?CQ:
I=:
¡LP^aYCH@BaY>]NQ:0Iiguyz67�.<A-v� Nodod gB¡3u ��¢Bg ± ��� ² u

� ±?±_� §[u"Tru %�:zP^:=XY@M73g�&Su�m uH��IiJBaM:
@BZ]:
>]@3gL{Uu�moXY@B<Bg &Su"T$uH_�X�PQJB>]:
N=g,XY@BG �Vu �Uu
��J�XY@L�qgcH �"JB:V��CFNFP"NFPQ:=¡�>]@��M>ANQ>Aa?@�aMI
I=7BCFN">A@�}�:=erPQa?NQ:
I=a?@BGLN ���;a?ek¡BZ]:zP^:VpLZ]7B:\XY@LG
CQ:
G�NF¡q:=I
PQC^XYZnNFP^7LGB>]:
NJIigu�@-&!%$_T\yz6|�.>WT�`a$g6e8eTlrs$().T~}\rA`�� b g�¡8u ±?± �"�?��g ± ��� ² u

± � �



± �"� � ���
	
	�� ����	�� 	
	�� 	��{� �����Z�

� ± � � �|u�T$u���CQ:=:
GBefXY@UXY@BG &ju���u�9;:=Ii�Y:
C=g^HF�;aYef¡BXYC^X�PQ>{�?:l>]@��?:=NcP^>]<?X�P^>Aa?@jaY}BPQJB:;¡BJLaYP^a?> d
NFa?ef:
CQ>A�hX�PQ>]aY@�aY}�P^JL:j¡BCFaYP^aY@�X�P^:
G�XY@BGO7B@B¡BCFaYP^aY@�X�P^:
G�@Md pB7LP bMZ XYek>A@B:\NQIiJB> �1p�XYNF:
aY} ��d I=>AN=g ±Y± d I
>]N=g ±h² d I
>]N5XY@BGUXYZAZ{d PQC^X�@BN/CQ:zP^>A@�XYZ Iig��nTA`w'UTlQS���('UTnrs!%$_T Ocb i3g�¡3u ± ��¢ � g
± �����Lu

� ±h²p� &Su �[a?<?:=Z g©�|u d 9Vu��©XY@8g��;uq�M>]:
p�:
CFP=g©XY@BG�_`uq��JL:
�?:
N=g=H�Tx@B>]aY@BN"NFP^XYpB>]ZA>A�=:�Xyek:
P^XYCcd
JBaMGLa?¡BNQ>A@�¯F¯ d ZA>]�Y:x¡BJLaYP^a?¡LCQaMGB7BIzP�W,>APQJ�XU¡BCFaYP^aY@�X�P^:
G�NFIKJB> ��p�XYNQ:0IigoKL)M!%$&���('*),+(�Y-0/
��b g�¡3u ±�²?² ¢���g��"��� ± u

� ± ¢ � %5u5m u�T�P^�R>A@BNUX�@BG &Su*�qu��©CF>]:
GBefXY@3g�� !">,�&$(<P>W67-���<=67���.<A'	� �0$&�n67��)M$&+&ZVms�P)3- 8
]�87)3�.)M!"��g©�VªM}�a?CFG�¨x@L>A�?:=CFNQ>{P�b %[CQ:
NQN=g ± ������u

� ±��"� T$u����hX�pqaUX�@BG F$u���u��\NcP^Z]7L@BG3g
� !_8P�(-0����<n6|�=�Y<P' QS���('*),+(�.-0/
���0���Y-v!_87<�$(�Y)M!"���#!
`587h"67�X$&�g8�]@>,�&$(�.-&!"��)M$�r��Y-0<o$(�.<P-&� ms���&!"-(/�g3vVa��?:
C %[7BpBZA>]IhX�P^>]aY@BNV¯#F\�Vu{g5_�>A@B:=a?Z]XLg
FH:
W��la?CF�qg ± ������u

� ± � � 9VuM�Uu &HaMa?N
gpH��"JB:V�;aYef¡BZA:
PQ:,TVIzP^>{�?:V��¡�XYI
:\��:
ZA} d��;a?@BNF>]NFPQ:=@BNl�*>]:
Z]Gyek:
PQJBaMGfXY@BG
>{P^NlXY¡B¡BZA>]I=X�P^>AaY@BN[>]@k:=ZA:=I
PQCQa?@L>]I,NFP^CF7BI
PQ7BCQ:xI=XYZ]I
7BZ X�PQ>Aa?@3g I^g?>]@ `��z)3��)3�.)M! ' �(����!_8"+5)3�
��<n67���Y<P' Ql�o�('*),+(�.-0/������zg��yu %5u�§5XhW,Z]:zb?g©:=G3u{g D a?JB@�m >]ZA:
b��°��a?@LN=guFx:
W���a?CQ�©g
± ������u

� ± � � 9Vu��Uu�&HaMa?N
gLH��"JL:­eU7BZ{P^>AI=aY@L��<?7BCQX�P^>{a?@�X�Z ! _£� $�NQ:
ZA} d I=a?@LNQ>]NcP^:=@�P£��:
Z]G ! �L����$
PQJB:=a?CcbeIigR>]@��l�&$(�.<P-&�5y !"�#�&+~)3����<n67���Y<P' QS���('*),+(�.-(/�gR9Vu��|u &HaMa?N
gR:=G3u{gL��¡LCQ>]@L<?:=C
��:
CQZ]XY<Bg ± �����Mu

� ± � � 9Vu[�Uu &,aMa?N=g\Hc_�7BZ{P^>]I
a?@L��<Y7BC^X�PQ>AaY@�XYZ�! _£� $rNQ:
ZA} d I=a?@BNF>]NcP^:=@�P ! �B����$jP^JL:=a?CcbeIig*>]@
]@<P-&!&B��g67� ro<P'*' �(-&+%$&��!%!"> )3����<n6|�=�Y<P' QS���('*),+(�Y-0/�K~!%!�����g�9Vu-�Uu
&,aMa?NrXY@BG
%5u d��UuBm >AGBefXYCQ�©gL:=GBN
uAgq§n7B@LG�¨H@B>A�?:
CQNF>AP b�g�§n7B@BG3gq�"�"� ² u

� ± � � 9Vu*�Uu
&,aMa?N
g��|u5TV@LGB:=CFNQNQaY@3g[_`u
%�u��*wBZANQIiJB:
C=g
%�u d �$u*_�XYZ]e"!��M>]NcPhg5§[u*��:
CQCQXY@Ba�d
Tx@BGBC$#
N=gx�|u %[>]:
CQZ]aMa�Phg�XY@BG _`ux_O:=CQIiJ&%Y@8g�HF_�7LZAP^>AI=aY@L��<?7BCQX�P^>{a?@�X�ZV¡�:
CFPQ7BCQp�X�P^>{d
a?@�PQJB:=aYCFb �lTx¡B¡BZA>]I=X�P^>Aa?@BN|>A@�:=Z]:
I
PQCQa?@B>AI�NQ¡q:=IzP^CFa?NQI
a?¡RbeIigl>]@�`587h"6|�u$0�&+�)3� QS���'�
'*)M$g67>G� �P/^+()M$&+)( y �'*+� �(�3��!_8"+j)3� Q@!"'~B�<P�C67�.)M!"��67>,��<n67���Y<P'	� �&$&�n67��)M$&+&Z :o!">WT
-�Q.�$���)(/�103254365670YgR¯iu %[CQ>A<?a?<?>A@B:VX�@BGO��uLT$u &,>]I=:�g�:=GBN
uAg D aYJB@�m >]ZA:
b8����a?@BN
g�FH:
W
�laYCQ�©g ± ���"�Lu

� �#� �ED ul�*>A@BZA:
b?g�%�u�T$uE_�XYZAe8!��M>]NcPhg�X�@BG 9VuE�Uu�&,aMa?N=gSH��"JB:�_�7BZ{P^>{d��MPiX�P^:O�;T�� %��H�
ek:
PQJBaMGAIigRQS���('UT\� �P/%+_T9�\�(�CTutoioingB¡3uq�1���Lg ± �����Lu



� ���
	�	 �����t	,� 	�	�� 	��{� ��� �`� ± ���

� � ±_� �|u�Tx@BGB:=CFNQNFa?@3g�%5u d �ru*_�XYZAe8!��M>]NcPhg5XY@BG­9Vu*�|u
&,aMa?N=gsHF��:
I=a?@LG�d a?CFGB:=C$¡�:
CFPQ7Bp�X�d
P^>Aa?@1P^JB:
a?CFb)W,>APQJoX��;a?ek¡BZA:
PQ:kT"I
PQ>A�?:���¡�XYI
:���:=Z{} dc�;a?@LNQ>]NcP^:
@RPr��>]:=ZAG&CF:
}�:
CQ:
@BI=:
}�7B@BIzP^>]aY@AIig �nT�QS���('UT\� �P/%+_Tu� d gB¡3u ± � ± �Lg ± �����Mu

� �?� � �|u5TV@LGB:=CFNQNQaY@3g\HcvV> ��:=CQ:
@RPj}�a?CQekNjaY}�PQJB:��
:=CFaYP^J�d a?CQGL:=C$J�XYek>]Z{PQa?@B>AXY@&>A@oNF:=I
a?@BG
a?CQGL:=C[>�PQJB:=aYCFbrW,>{P^JyXS�;a?ek¡BZ]:zP^:;TVI
PQ>A�?:,��¡�XYI
:x��:
ZA} d��;a?@BNF>]NFPQ:=@�P��*>]:
Z]GUCF:
}�:
CQ:
@BI=:
}�7B@BIzP^>]aY@AIig@ms���&!"-_T@QS�P)3'UTs`~$(�C6 � O gB¡3u ²�± g ± ��� � u

� � ²p� �|u[Tx@BGB:
CQNQNFa?@3gE_`u %�u[�*wBZ]NFIiJB:=C
g�XY@BG 9Vu��Uu &Su-:
PfX�Z u{glH TV¡B¡LZ]>]I=X�P^>{a?@­a�}VZA:
�?:
Z
NQJB>{}�P/I=aYCQCQ:
I
PQ:=G$¡q:=CcP^7Bp�X�P^>]aY@�P^JB:
a?CFb�>A@S:=ZA:=IzP^CQaY@B>]I[NF¡q:=IzP^CQaYNQI=aY¡RbeIig3�nT � !">WTAro�Y-0<�$_T
� ms���&!%$&���('��7T N ioi3g�¡3u©� � ��g ± �����Lu

� ��¢ � 9Vun�Uu &HaMa?N�X�@BG&�|u8Tx@BGB:=CFNQa?@8guH�Tx¡B¡BZA>]I=X�P^>AaY@BNVa�}EZA:
�?:
Z-NFJB>A}�P\I=a?CFCQ:
I
P^:
G&¡q:=CcP^7�d
p�X�PQ>]a?@�PQJB:=a?Ccb­>A@¬:
Z]:
I
P^CFa?@B>AI�NQ¡q:
I
PQCQa?NFI=a?¡�bcI^g QS���('UT�� �P/^+_T��\�(�CT@t ��� g-¡3u�� ±�� g
± ��� � u

� � �"� F$u8��a?CQNFpq:=CF<�XY@LG %�u�Tru3_�XYZAe8!��M>]NcPhg=Hc_�7BZAPQ>]I
a?@L��<?7LC^X�PQ>Aa?@�¡q:=CcP^7BpBX�P^>Aa?@�P^JB:
a?Ccb
W,>APQJO>Ae�XY<Y>A@�X�CFbfZ]:z�?:=ZnNFJB>A}�PJIigRQS���('UT\� �P/%+_T9�\�(�CTut�� � gB¡3u ± ���Lg ± ������u

� �"� � %�u��UuR§n®�W,GB>A@3gpH {\7�X�@RP^7Le P^JB:
a?CFbyaY}8efXY@Rb�d ¡BXYCFPQ>]I=ZA:�NFbMNFPQ:=ekN=uM¯iuR¡BJ�bMNQ>]I=XYZ©>]@�P^:
Ccd
¡BCQ:zPiX�PQ>]a?@1pRb1ek:hXY@LNjaY};GB:=@LNQ>AP b1efX�P^CF>]I
:=N=g3@�X�PQ7BC^XYZ[NF¡B>]@&a?CQpB>{PiXYZANSX�@BG`I=aY@R�?:
Ccd
<?:=@LI=:\¡BCQa?pLZ]:
efNE>]@fP^JB:Vef:zP^JBaMG�a�}/I=a?@L�B<?7BC^X�P^>]aY@�>A@RPQ:=C^X�I
P^>Aa?@AI^g=� �P/^+_Ts4L�(h"T�����g
¡3u ± ¢���¢Bg ± � �+� u

� ��� � ��u�vV7L@B@B>A@B<BgnHF�SXY7BNFNQ>]XY@Op�XYNF>]N,}�7B@BIzP^>Aa?@BN,}�a?C,7BNF:r>A@Oefa?ZA:=I
7BZ X�C"IhX�Z]I
7BZ X�PQ>Aa?@BN
u�¯iu
�;a?@RPQC^XYIzP^>Aa?@£a�}�!=�YN � ¡ $xX�P^a?ek>AI$pBXYNQ>AN\NF:
PQN\}�a?CHP^JB:$��CQNcP�CQa�W�X�PQa?efN#Iig �=T5QS���('UT
� �P/^+_T �oN g�¡8uq����� ² g ± ���"�Lu

� ��� � %�u dc�UuBm >]GBefXYCQ�©g(%�u©Tru�_�XYZ]e"!��M>]NFP=g©XY@LG£9xu��Uu &HaMaYN=gAHcvV:
@BNQ>{P�b�efX�P^CF>{ª�Xh�?:=CQX�d
<?:=G�X�P^a?ek>]I\@�X�PQ7BC^XYZnaYCQpB>{PiXYZ�!~TaFV� $"p�X�NQ>]N,NQ:zP^NH}�aYC,I=a?CFCQ:=Z]X�P^:
GOefaYZ]:=I
7BZ X�C;W�X��?:
}�7B@BIzP^>]aY@BN=uB¯iu©�*>ACQNFP"CQa�W X�P^a?ekNJI^g@ms���&!"-�T QS�P)3'UTs`~$(�C6��	�8gB¡3uq�1� ± g ± �����Lu

� ��� � �|u %[>]:=CFZ]aMaYP=g�9Vu3vV7Bek:=��g %5u/�Uu�m >AGBe�X�CQ�©g8XY@BG19Vun�Uu &,aMa?N=g�HcvV:
@BNQ>{P�b�efX�P^CF>{ª
X��?:
C^XY<Y:=G)X�P^a?ek>AIj@�X�P^7BCQXYZ5a?CFpB>AP^XYZ !~T~F\� $,p�XYNF>]NxNQ:zP^NV}�a?CHI=a?CFCQ:=Z]X�P^:
G�efaYZ]:
I=7BZ]XYC
W�X��Y:�}�7B@BI
PQ>]a?@LN=u�¯'�ru;_�:
GB>]7Be NQ>]�
:�p�XYNF>]NfNF:
PQN�}�aYCyP^JB:�X�PQa?efNk¥,d���C#Iig�ms���&!"-_T
QS�P)3'UTs`~$(�C6 � b gB¡3u ����g ± ��� � u

� ² � � �|u %*XYZ]I
�=:zW,NQ�R> gq��uq��7BefXYN^XY��XLg©��uq¥xaYCQ> g�9Vu��VuqT$gq¥$u�_�aYPQa?NQJB>Ae�X�g©9xu©Truq��a�ª�g
¯iun§�u8��CFa?@B<Bgnv$u5�Vu3�5:=Z]ZA:=C
g8��u5�\��X�G�XLg &Sun�"u/�MP^:
@B��XYek¡3g/_`u �EXYefXYefa�P^aLg8XY@LG



± ��� � ���
	
	�� ����	�� 	
	�� 	��{� �����Z�

_`uR_�>{b�XY@BaBg^HF�;CcbMNFPiXYZBNcP^CQ7BIzP^7BCF:,aY}�CQJBaMGLa?¡BNQ>A@ �?T���¡BCFaYP^:
>]@Md I=aY7B¡BZ]:
G|CQ:
I=:=¡�P^a?C#Iig
rs$()M�(�X$&��t�io�3g�¡8u � ² ��g©�"���"�Lu

� ²�±_� vruB�Vu��5:
Z]ZA:=C=gR��uB�\��XYG�XLgL�Vu�Tru�9;:=JL@B�Y:YgB�|u�%�XYZ]I
�=:
W"NQ�R> gLXY@BG &Su��,uB�RP^:=@L��XYek¡3g
H T,G���XY@BI
:=N[>]@UGL:
P^:
CQek>]@�X�P^>]aY@raY}qXVJB>]<YJUCQ:
NQa?ZA7LP^>Aa?@$P^JBCQ:
:�GB>]ek:=@BNF>]a?@BXYZMNcP^CQ7LI
P^7LCQ:
aY}VCQJBaMGLa?¡BNQ>A@3g�X&ekaMGB:=Z"aY}��\d ¡BCQaYPQ:=>A@¬I=a?7L¡BZ]:
G CQ:=I
:=¡LPQa?CQN#Iig�KL)M!%$&���('*),+(�Y-0/ ��b g
¡3u ���"� ± g©�"�"� ± u

� ² � � �|uxTV@BGB:
CQNFNQa?@3gS_`u\9�X�CFbM�YgVTruV9;:=CF@BJ�XYCFGBNQNQaY@3gS_`u�&juxTruV9;Z]aYe|pq:
CQ<BgHvru\§�u
�;aMa?¡q:
C=g;_`u %5uE�*wBZANQIiJB:
C=g;�VulGB:£��C^X?X�}�gl9xuE¥x:
NQN
g"�|ul�SXYCFZ]NFPQCQ®?eOg�&SuE§n>A@BGBJ3g
%5u�_�XYZAe8!��M>]NcPhgB��u�FVXY��X�DF>Ae�X�g(%5u�Fx:
a?<?C^X�GLb?g D uq�\Z]NQ:
@3g©9Vu��Uu &,aMa?N
gq9xu���IiJB>]e|d
ek:=ZA¡L}�:=@L@B>]<Bg?_`uR��IKJRwLP^��gM§[uR��:
> DFaBg?§[uR��:=CFC^XY@Ba�d TV@LGBCQ:
N=g %�u��"uM��>]:
<?p�X�JB@3g D uR�MP��YZ d
CF>]@B<BgM��uL�"JBa?CFNFPQ:=>]@LNQNQaY@3g��Uu �[:=CFb�X��=a���g�X�@BG�%�u�m >AGBefXYCQ�©g MOLCAS :��(-v+()M!"�
� T���u vV:
¡LPhu�aY}\�"JB:
a?C=uE�;JB:=eOu{gE�;JB:=eOuE�;:=@�P^:=C
gE¨x@B>{�qu�aY}\§/7L@BG3g�%�u �Uu 9Vu ± ��¢Bg
�Rd��?� ± ���y§/7L@BG3gq�MW;:
GB:=@8g�§n7B@BG3gq�#������u

� ²Y²p� �|un�|u3�HaMIKJB:
@BGBaM:
CF}�:=C
g5�qu8m u3§n>]@3g���u %�un�LXY�RefXYC=g8XY@BG &ju�Trun_�X�P^JL>]:=N
goHc¥xa�W
I
a?Z]aYC��M>]NF7�XYZ3¡B>]<?ek:
@RP^N"XYCQ:\P^7B@B:
GAIig�m �vK?r t � gB¡3u ² �"�Lg ± �����Lu

� ² ¢ � 9VuH¥xa?@B>A<Bg,¨$uxvV>A@M7BC
gx�|uwFxXY��XY@L>]NQJL> g �rux9�XYZAa?<?J�d FVXY>{C=g,_`uHTruV�SX�W,>A@Ba�W,>AI=N
g
_`uqTVCF@�XYpqa?ZAGB> g©XY@BG)_`u3�|u8_�a�PQP^aBgnH�TV@�:Kª�PQ:=CF@�XYZ�¡qa?>]@�PFd IiJ�XYCF<?:jekaMGB:=Z/}�aYCHW�X�d
�?:
Z]:
@B<YP^J1CQ:
<?7BZ X�P^>]aY@£>]@£�M>]NF7�XYZ-¡B>A<?ef:
@RPQNJIig9�nTR`w'UT~QS���('UT rs!%$_T Ocb\O g8¡3u>�"���Y¢Lg
± �����Lu

� ²+�"� %5uB�"uL9;Z X�P^��g D uL¥juB_�a?JBZA:=C
gLXY@LG�¥ju �runFVXh��XY@B<Y7BZ g|H�Tx@B>]aY@�>]@BGL7BI=:
G�W�X��Y:=Z]:
@B<YPQJ
CF:=<?7BZ]X�P^>Aa?@$aY}qXYpLNQa?CQ¡�P^>]aY@UefX�ª�>]efXHaY}©NFIKJL> ��p�X�NQ:=N-aY}©CQ:zP^>]@BXYZWI^g|KL)M!%$&���('*),+(�.-0/ OoO g
¡3u �Y¢��Lg ± ���?�Mu

� ² � � ¥ju3�SXY�R>AP^XY@B> gq��u3�SXY�R>{PiXY@B> gq¥$u &,aMGBefXY@3g�XY@LG19Vu3¥Ha?@B>A<Bg=HF�\@�P^JB:Uek:=IiJ�XY@L>]NQe
aY}�W�X��Y:=Z]:
@B<YPQJ CQ:
<?7BZ X�P^>Aa?@ >]@ �M>ANQ7�XYZx¡B>]<?ek:
@RP^N#Iig?� ��!"�#!%$&���('UTw� ��!"�#!��_)M!">WT �lO g
¡3uB¢ ���Lg ± ��� � u

� ² � � _`uH¥xXY@3g,9Vux��uHvx:hvV:
IK�Y:=C=gVXY@LG ��ux�Uux�Mef>{P^J3g H�§/aMI=XYZA>]�=X�P^>{a?@ aY}rPQJB:&CQ:
PQ>]@�X�Z
¡BCFaYP^aY@�X�P^:
G NQIiJB> � p�X�NQ:£I=a?7B@�P^:
CQ>]aY@ >]@ CFJBaMGBa?¡LNQ>]@PIigLK?)M!&B��P/^+_T �nT d	� gE¡3u:�����Lg
± ��� ² u

� ² � � _`uB¥xXY@�XY@BGO�qu��Uu���ek>APQJ3g|Hc¥H>]<?JMd CQ:
NQa?ZA7LPQ>Aa?@fNFP^CF7BI
PQ7BC^X�Z3NcP^7BGB>A:=N�aY}/PQJB:\CQ:zP^>]@BXYZ{d
��Z]7 ±Y±�² >A@RPQ:=C^X�I
P^>Aa?@�>]@�CFJBaMGBa?¡LNQ>]@PIiguK?)M!0B��P/%+_T@QS���('UT �od gB¡3uq� ² g ± ��� � u



� ���
	�	 �����t	,� 	�	�� 	��{� ��� �`� ± �1�

� ² � � �"uYT$u?68JM7B�Ya��MNQ��b?g�%5u�&Su"&,a?pB>A@BNQaY@3g�XY@BG|vru?v$u��\¡BCF> XY@8g HF�;J�X�@B<?>A@B<xP^JB:;Z]aMI=X�P^>Aa?@
aY}©PQJB:�NQIiJB> ��p�XYNF:"I=aY7B@RPQ:=CQ>Aa?@U>]@UCQJBaMGLa?¡BNQ>A@AIigeKL)M!%$&���('*),+(�Y-0/ N�O gY¡3u ± �Y¢�����g ± ������u

� ¢�� � ��u�m uM§/>A@3g���u %5u��LXY�Re�X�C=g &ju &juR��C^XY@B�Y:�g�¥ju��yuR��JBa?CQXY@�XLgRXY@BG &ju�Tru�_�X�PQJB>]:
N=g
H &,:=NFa?@�XY@BI
:"CQXYefXY@Uek>]I
CQa?¡BCFa?pq:ENQ¡q:
I
P^CFa?NQI
a?¡RbUaY}qCFJBaMGBa?¡BNF>]@UeU7LPiXY@�P^N-�?� ��:=IzP�aY}
NQ7BpLNFP^>{P^7LPQ>]a?@BN�>A@�PQJB:\PQJB>]CFG�P^CQXY@BNFef:
eUpBC^XY@L:\JB:
Z]>{ªcI^goKL)M!%$&���('*),+(�.-(/ N�O gL¡8u ��± � � g
± �����Mu

� ¢ ±_� ��u %�u-�LXY�RefXYC=g
&Su���C^XY@B�Y:�g*XY@BG­¥$u*�yu���JBa?CQXY@�XLgsHc�SZA7LPiX�ek>{IfXYI=>AG�d ±Y±�² NQ:
CF�?:
N
XYN,PQJB:jCQ:zP^>]@�bMZ]>AGB:=@B:�NQIiJB> �&p�X�NQ:jI=a?7L@RP^:
CQ>Aa?@�>A@Opqa���>A@B:jCFJBaMGBa?¡LNQ>]@PIigX�@-v!%$_Tlyk67�.>WT
`a$g6e8eTlrs$().T�i d gB¡3u � ² ���Lg ± �����Lu

� ¢R� � �|uM�©XYJBerbyXY@BG���u %�u��LXY�RefXYC=gpHc§n>]<YJRPFd GB:=¡q:
@BGB:
@RPlP^CQXY@BNQGL7BI=>A@�XYIzP^>A��X�P^>Aa?@kp�bfXY@
7BZAPQC^Xh��>Aa?ZA:zPFd XYpBNFa?CQpL>]@L<|CFJBaMGBa?¡BNF>]@�eU7LPiXY@�P I^g�KL)M!%$&���('*),+(�Y-0/ N t3g�¡3u � ± � � g ± ��� ² u

� ¢ ²p� �"u�T$u868JM7B�Ya��MNQ��b£XY@BG£vru�vru8��¡LCQ> X�@3gnHc� ��:=IzP\aY}-IhXYCFpqa�ªMbMZ]>AIrXYI
>]GBNHNQ>]GL:$IKJ�X�>]@BN
a?@kPQJB:xXYpBNFa?CQ¡LPQ>]a?@ye�X�ª�>AeU7Be a�}8�M>]NF7�XYZ�¡B>]<Yef:
@RP^N#Iignrs$()M�(�X$&� t �Xd g�¡3u ���1�Lg ± �����Lu

� ¢?¢ � D u�FVX�PQJ�XY@BN
guH�vV:
P^:
CQek>]@BXY@RPQN�aY}l�M>]NF7�XYZ-¡L>]<?ek:=@�PSXYpBNFa?CQp�X�@BI=:1�n¯ GB:=@�P^>A�BIhX�PQ>]a?@)aY}
P^JB:HCQ:zP^>A@RbMZ]>AGB:=@L:,NQIiJB> ��� Nlp�XYNF:xI
a?7B@�P^:=CF>]a?@k>]@kpqa���>A@B:HCFJBaMGBa?¡BNF>]@AI^gnKL)M!%$&���('*),+(�.-0/
to�ngB¡3u ����¢��Lg ± ������u

� ¢ �"� D uH§n> g %�ux�Vu,��G�W�XYCQGLN=gV_`u,9;7BCQ<YJ�XYekef:
C=g,�Vu �\>]ZAZ]XLg;XY@BG �|u,�;u��rux�MIKJL:=CFPcd
Z]:
C=guHF�RP^CQ7BIzP^7BCF:kaY}�pqa���>A@B:kCQJLaMGBa?¡BNF>]@`>A@oX�P^CQ>A<?a?@�X�Z-I=Ccb�NcPiXYZ[}�a?CQe*Iig �7��K N
�XN g
¡3u ± ¢����Lg��"���Y¢Lu

� ¢�� � %�u D u�&Su���¡qaMa?@B:
C=g D u�_`u���J�XYCF¡BZ]:
N=g�_`u?Tru#��:
CQJBaM:z�?:=@3g D u?§/7L<YP^:
@MpB7BCF<BgR�Vu��SZ]XY7�d
pB>APQ�Yg?XY@LGyTruYmoX�PFP^N=g^H &,:=Z]X�P^>{�?:;a?CQ>A:=@�PiX�PQ>]aY@Upq:
P W;:
:=@kPQJB:

β
d >Aa?@Ba?@L:�CF>]@B<�XY@BG|PQJB:

¡qa?ZAb?:
@B:"IiJ�XY>A@U}�a?C*PQJB:"IiJBCQaYefa?¡LJBa?CQ:;aY}qCQJBaMGBaY¡BNQ>A@y>A@|@BX�P^>{�?:�ef:
eUpBC^XY@L:=NJI^gPK?)M! �
$&���('*),+(�Y-0/ �lO g�¡3u � � ¢���g©�"�"����u

� ¢ � � ��u5�\��X�G�XLg/_`u/��7B<Y>]J�X�C^XLg�Tru d#F$u39;a?@BGBXYC=g/_&u/�[ZANFP^@B:
C=g %5u/�[@�P^:=Z gnXY@LG �run9;7BtBg
H��"JB:�CF:
PQ>]@�X�ZEI
a?@L}�a?CFe�X�PQ>]aY@�X�@BG­>{P^Nr:
@R�M>]CFa?@Bek:=@�PU>]@�CFJBaMGBa?¡BNF>]@�>]@oZ]>A<?JRP$aY}HX
@B:
W ��u �

Ȧ
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