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{^FJK1yjOuUmiÉÜÝNEFJOuy^D2T,s:YEKLHJHGOky^D�YEFG\rM2DIHJHSD2TEHJoEFGDIH�UWBED#MI\j\^pQKLTdU`MIOkFJMIozp�K~UJOQ\^T KLH`pk\^TE{	KLH`BEDIK~U�OQH`PRDIOkTE{
YEFG\rNEozMIDIN OkT�UWBED�M2\^FJD~�ålÝU`KLpQHG\�p�KLFG{^DIpui	HJOQ_�YEpkOk�cD2H�UJBED�HGijHGUJDI_ Pdi�DIpQOk_�OkTcK~UJOQTE{�UWBzD�TEDID2N Z]\LF
FJD2MIOkFJMIozp�K~UJOQ\^T�YEoE_�YEHIstX0BzOQM*B	KLFJD�YEFJD2HJDITdU�OkTqZ]\^FJM2DINrÜÝMIOkFJMIozp�K~UJOQ\^Tq�:��exH2��ACBEOQH9OkH9OQTqpQOQTzD�X0OkUJB
UWBzD�UJFJDITzN�UW\1X�KLFJNEH�HJOk_�YzpQOQM2OkUmiqKLTENåYcKLHJHGOkyLD�HWKaZ]D2Umi	OQT	_�\jNED2FJT	FJD�K~M2UW\LF�NED2HJOk{^T�YEBzOQpQ\LHJ\^YEBdi>OkT
UWBzD�pQKLHGUCUmX:\�NEDIMIKLNEDIH��nA/K�ijpQ\^F2s,�1�^ê^�M[È|�M1�@K~TENEpQD2HJH�KLTEN�exD2NENEOkTE{Es,�1�Lê^�3[c|�oEFJpkD2i^sò���^�^Ëd� �

�(Ok{^oEFJD��^�k�LÌ;�»MIozU[ÜÄK�X�K1i�HJM*BED2_�D�\LZ¼UWBzD9y^DIHGHJD2p/\LZ¼UJBED�b6\jNED2X�K^KLFGN�TcKaUWoEFJKLpuÜÝMIOQFGMIoEpQK~UWOk\^T��:��e��
��\�FJDIM2OQFGMIoEpQK~UWOk\^T�YEoz_�YEH@KLFJD9YzFJDIHGDITdU0OQT�UWBEOkH�NED2HJOQ{LT,�!� FJD2p�K~UJOkyLDIpkiSpk\^TE{�FJOQHGDIF@OkH�YEpQKLMID2N�\^T�UJBED
UW\LY�\~Z/UJBED�MI\^FGD�UJ\�OkTEMIFGD�KLHGD9UWBED�TcKaUWoEFJKLpuÜÝMIOQFGMIoEpQK~UWOk\^T0dE\�X FWK~UJDL�

Ãx\�X:D2yLDIF2srUWBzD6MI\LTEMID2YzU@\LZtTcK~UJoEFWKLp ÜmM2OQFJM2oEp�KaUWOQ\LT`�:��e0H:OkH�Tz\LU�TzD2X��!��MI\^_�_�D2FJM2O�KLpETEK~UWoEFJKLpuÜ



� �4�9�<���¡ $¢¤£<¥�¦¨§��©¢sªM«3¬9%�a® ª3§
MIOkFJM2oEp�K~UJOQ\^T ����e¾YEp�KLTdUSX�KLH�YzozU�OkTdUW\�\^YRDIFWKaUWOQ\LT�OkT�UJBED���D2UJBEDIFGp�KLTzNEHSPfDgUmX�D2DIT»�1�^�LêaÜ*�1�L�dírs
M�K~pQpQD2N`UWBED�b6\jNED2X�K^KLFGN�FJDIKLM2UJ\^FI�(ACBED�FGD�KLMgUW\^F!X�KLH:K�NED2HJOk{^T�\LZRUWBzD9è&DITED2FWKLpR�!pQD2M2UJFJOQMx��\L_�YcK~TÉi
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X0BED2FJD`�¡HGUWKLTENEH6Z]\LF6�!oEFG\^YfDIKLT,�9ACBzDVHJOk{^TEOk�EM�KLTdU�Yf\1X:DIF9oEYzFWK~UJD�Z]FJ\^_¾UJBED � ����eµUJ\�UWBED�� � Ü
�:��eöNED2HJOQ{LT�FGD�}ÉoEOQFGDIH/MIDIF[U*KLOkT�M*BEKLTE{^D2H/UW\�KLHGHJoEFGD�HJoMµ�M2OQD2TÉU(MI\j\^p�K~TÉU�dE\�X FJK~UWD~�/ACBzD�_�KL{^TEOuUWoENED
\LZ�UWBEDSTcKaUWoEFJKLpuÜÝMIOQFGMIoEpQK~UWOk\^T
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\LZ(OQ_�YEFJ\1yjOQTE{`UJBED�UJBEDIFG_�K~puÜmBdijNEFJKLoEpQOkM9_�\rNED2pQHCoEHGDIN�OkT�UJBED�FJD�K~M2UW\LFxNrirTEKL_�OkM�MI\jNED�e0�&|qÂ��x�
�r�µh\^HJHGOQPEpkD>KLYEYEpkOQMIK~UWOk\^TEH�\LZ�UWBED�M2\rNzD�FWKLTz{^DqZ]FJ\L_ YEFGDIHGHJoEFGOQÆ�KaUWOQ\LT,sjdc\1X°KLTzN�UWDI_�YRDIFWKaUWoEFGD
UWFJKLTEHGOQDITdUJH0UJ\`UWBED�KLTcK~pkijHJOkHC\LZ(NzDITEHGOkUmidÜÝX�K�y^D�\LHJMIOkpQpQK~UWOk\^TEHI�

ÆÈÇ#" ®�Õ%$VÑ�Ô¶Ï!Ê'&NÑ)(
w�HGOQTE{#UWBzD�UW\j\^pkH&OQTdUWFG\rNEozMIDIN�KLPR\�yLDLs(UJBEDSUWBED2HJOQH�DgézKL_�OQTzDIH�UWBED�Z]\^pQpk\�X0OkTE{#KLHGYfD2M2UWH�\LZ@TEK~UWoEFJKLpuÜ
MIOkFJM2oEp�K~UJOQ\^T��:��e NzijTcKL_�OQM2H0KLTEN�HGU*K~PEOQpkOkUmiRÌ

• OkTEMIFGD�KLHGOQTE{�UWBEDåOQTEHGOQ{^BdU�OQTdUW\�UWBED�FJ\^pkDå\LZVNEOfefDIFGDITdU�YEBdijHJOkM�KLp�YEBED2TE\^_�DITcK OkTdy^\^puy^DIN OQT
UJBEDIFG_�KLp ÜmBdijNEFWK~oEpQOkMVKLTEN	MI\LoEYEpQD2NåTzDIozUJFJ\^TEOkMgÜøUWBED2FJ_�KLpQBdijNEFWK~oEpQOkM�OQTzHGU*K~PEOQpkOkUWOkDIH�\LZ�TEK~UWoEFJKLpuÜ
M2OQFJM2oEp�KaUWOQ\LT��:��e0H�K~YEYEpkijOkTE{�UWBzD�FGDINEozMIDINjÜm\^FGNEDIFx_�\jNED2pøsjOQ_�YEFJ\1yjOQTE{�UWBED�_�\rNED2pòKLTEN�UJBED
oETzNEDIFGHGU*K~TENEOQTz{�\LZUWBzD�YzBÉijHGOQMIHx\LZ/OQTEH[U*KLPzOQpQOuUWOkDIH�[

• OkTdy^DIH[UWOk{dK~UWOkTE{SHJDgy^DIFJKLpYEFWKLMgUWOkM�KLpòpkOQTEDIKLFCHGUWKLPEOQpkOkUmi�KLTENqTz\^TEpQOkTED�K~FCNzijTcKL_�OQM�K~p,YEFJ\LPEpQD2_�H0\LZ
TcKaUWoEFJKLpuÜÝMIOQFGMIoEpQK~UWOk\^T��:��exH0TÉoE_�DIFGOQM�K~pQpki�[

• OkTdy^DIH[UWOk{dK~UWOkTE{�UJBED�UWBzDIFJ_�KLp ÜmBdijNEFWKLozpQOQM�HGUWKLPEOkpQOkUmi#\~Z:TEK~UWoEFJKLpuÜÝMIOkFJMIozp�K~UJOQ\^T�UmX:\~ÜmYEBEKLHJDNdc\1X0H
D ézYRDIFGOQ_�DITdU*K~pQpki�Z]\^F:KLH�X0OkNEDxFWKLTE{LDx\~ZòHGUWKLPEOQpkOkUmi�HJOkUJocK~UJOQ\^TEH�KLH�YR\^HJHGOQPEpkDLÌ/Z]FG\^_ëyLDIFGi�HGUWKLPEpkD
�]pQOQTzD�KLF@PRDIBEK1yjOk\^F*�:UJ\�H[UWFG\^TE{^pui�oETEH[U*KLPzpQD��nTE\LTEpQOkTED�KLF�PfD2BcK�yrOk\^F*�7[

• Ok_�YzFJ\1yjOQTE{�UWBED`K~FGUWOu�cMIOQKLpòy^\^OkNrÜmFGD�KLMgUWOuyrOuUmi#Z]DIDINzPcKLM*}qHGOQ_Vozp�K~UJOQ\^T�OQTqUJBEDSb9� � lÄex��ZnKLM2OQpkOkUmi
UJ\VDITcK~PEpQD9FGD�KLpkOQH[UWOQM0HGOQ_VoEpQK~UWOk\^T�\LZ¼MI\^ozYEpQD2N�TEDIozUJFJ\^TzOQMgÜøUWBED2FJ_�KLpQBdijNEFJKLoEpQOkM0\^HJM2OQpQpQK~UWOk\^TEH!D2TrÜ
M2\^oETdUWD2FJDIN OkT K~M2UWoEKLp6����exH2sCOQTdy^D2HGUWOk{dK~UJOQTE{�UWBED�MI\^ozYEpQD2N TED2ozUWFG\^TEOQM ÜÝUJBEDIFG_�KLpkBdirNzFWKLoEpkOQM
H[U*KLPEOkpQOuUmi�\LZ/TcK~UJoEFWK~puÜmM2OQFGMIoEpQK~UWOk\^T�����exH0DgérYRDIFGOQ_�DITdU*KLpkpki�[

ÆÈÇ+* ©-,EÑ�É/.WÏ!Ë1Ê1ÌEÑ É10�Ï2,�Ñ�Ï2,EÑ)(�Ê3(
ACBEOkH0UJBEDIHGOQH0OQHC\LFJ{dKLTzOQÆID2N�KLH@Z]\^pQpk\1X0HIÌ

lmT���BEKLYzUWD2F��rs,K�pQOQTzD�KLFxHGUWKLPEOQpkOkUmi�KLTEKLpkijHJOkH6\LZ'TEK~UWoEFJKLpuÜÝMIOkFJMIozp�K~UJOQ\^T#�:��e0H�KLTEN�UWBEDVozTENEDIFÄÜ
pkijOkTE{�UWBzDIFJ_�KLpkBÉijNEFJKLoEpkOQMIH�OQH�YEFJD2HJDITdUJDIN�oEHJOkTE{�UWBzD�K~Z]\^FJD2_�D2TdUWOQ\LTEDIN�FGDINEozMIDINjÜm\^FGNEDIFC_�\rNzDIpø�(ACBED
FJ\j\LU�pQ\jMIO��nYR\^pkDIH*��\LZ@UJBED�HGijH[UWDI_÷KLFJD�DgézKL_�OQTED2NöKLH�K�Z]oETEMgUWOQ\LTô\LZ@UJBED�\^YRDIFJK~UWOkTE{�M2\^TENEOuUWOk\^TEHIs
FJOkHJD2FCpQDITz{LUWB,sÈK~TEN�y^\^OkNrÜmFGD�KLMgUWOkyjOuUmi�MI\jD1µ�M2OQDITdUI�:ACBED�\^FGOQ{^OkT�\LZUWBED�YR\^pQD2H0KLTEN#UWBED2OQFCOQ_�YR\^FGUWKLTEMID
Z]\^F6UJBEDVH[U*KLPEOkpQOuUmi�\~Z�UJBEDVH[irH[UWD2_�KLFJDVOkTdy^DIH[UWOk{dK~UWD2N,���ÈozFGUWBzDIFJ_�\^FGDLsfUJBED`FJD2pQDgyLK~TÉU9YEBdirHGOQMIKLp;YEBED Ü
TE\^_�DITEK�NEFJOuyrOkTE{�UWBzD�OkTEHGUWKLPEOkpQOkUJOQD2H�K~FJD`HGUJoENEOkDIN�UW\�{dKLOkT>_�\LFJDVOkTEHJOk{^BdU&OQTdUW\�UJBEDIOkF&OQT3dEoEDITEM2DS\^T
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UWBzD`NzijTcKL_�OQMIH2��ACBzD�H[UWoENri�OQTzMIpQozNEDIH9UJBED`HGUWKLPEOQpkOkUmi�KLTEKLpkijHJOkH9\LZ'Z]\^FGMIDINjÜmMIOkFJM2oEp�K~UJOQ\^T�HGijHGUJDI_�H�KLH
X:DIpQpç�

�(érYfD2FJOk_�D2TÉUWKLp0OQTdy^D2HGUJOQ{dK~UJOQ\^TzH�\^TõUWBED�pQOQTzD�KLFSHGUWKLPEOkpQOkUmiô\LZ�TcK~UJoEFWKLp ÜmM2OQFJM2oEp�KaUWOQ\LT�UmX�\aÜmYEBcK~HJD
dc\1X0HxKLFJD6YEFJD2HJDITdUJDINqOkT���BcKLYzUJDIF0Íz�'�/OQFJH[U�srOkUCOkH@NEDIHGMIFGOQPRDIN#BE\1X UJBED�b9� � lÄex�õZnKLMIOkpQOuUmiSOQH@NED2HGUWKaÜ
PEOkpQOQÆ2DIN`\^T�YEoEFGYf\LHJD0UW\�DITcK~PEpQDCUWBzDxH[UWoENriS\LZ,oETzHGU*K~PEpQD0HJOuUWocKaUWOQ\LTEHI� � U*KLPzOQpQOuUmi�_�KLYEH'K~FJD0\^PzUWKLOQTED2N
oETENzDIF�NEOfefDIFGDITdU�DgérYfD2FJOk_�D2TÉUWKLp!MI\LTENEOkUJOQ\^TzH&HJoEM*B�KLH�M*BEKLTE{^OkTE{�UWBEDSZ]FJOkM2UWOk\^T>NEOkHGUWFGOQPEorUWOQ\LT�KLpQ\^Tz{
UWBzD�pQ\j\^Y,s/\^F�M*BcKLTE{^OkTE{qUJBED�KaérOQKLp'BED�K~UJOQTE{�YEFJ\~�cpQD~����HJHJD2HJHG_�D2TÉUS\~ZCUWBED�_�DIKLHJoEFGDI_�DITdUWH�oEHJOkTE{
UWBzD�FGDINEozMIDINjÜm\^FGNEDIFx_�\jNED2pòKLTEN�UWBzD�|qÂ��x�µMI\jNED�OQH0KLpkHJ\S{^OkyLDIT,�

lmT���BcKLYzUJDIF�ÊEsdUmX�\VNzOQHGUJOQTEMgU:KLYEYEpkOQM�KaUWOQ\LTEH;\LZ,UJBEDxFJDINzoEMID2NrÜm\^FGNEDIF:_�\jNED2pÈKLFJDxNEOQHGMIoEHGHJD2N,�'ACBED
�cFGHGU�YEFJ\^PzpQDI_÷OQH`FJD2p�K~UJDIN UW\�UWBED�HGUWKLPEOkpQOkUmiå_�\^TEOkUJ\^FJOkTE{�\LZ9�:��e0HI� lÝU�OQH`D ézKL_�OkTEDIN�BE\1X¾UJBED
NED2M�K�i#FWK~UJOQ\EsjX0BEOQM*B�OQHxKLpk_�\LHGUCD ézM2pQoEHGOkyLDIpki�oEHJD2N�Z]\^FCH[U*KLPEOkpQOuUmi�_�\^TEOuUW\^FGOQTE{EsjOQHCFGDIpQK~UWD2N#UJ\SHWK~Z]DgUmi
�nH[U*KLPzOQpQOuUmiz�0_�KLFJ{LOQTEH�DgérYEFJD2HJHGDIN�OkT>\^YRDIFWKaUWOQ\LTcKLpYcKLFWK~_�DgUWDIFGHI��ACBED`HJD2MI\^TzNåYEFG\^PEpkDI_£KLNENEFGDIHJHGDIN
OQHCUJBED�OkT3dcoED2TEMID�\LZ;M2\^FJD ÜmOkTEpQDgUCUWDI_�YRDIFWKaUWoEFGD�y~KLFGO�K~UJOQ\^TEH�\^T�UJBED�UJBEDIFG_�K~puÜmBdijNEFJKLoEpQOkM9HGUWKLPEOkpQOkUmi�\LZ
�:��e0HI�0�c\^F@UJBEOQHxYEoEFGYf\^HGDLsÈUWBED�_�\rNED2pòOQH0DgéjUJDITENED2N�UW\�KLMIM2\^oETdU6Z]\LF0UJBED�NzijTcKL_�OQMIHx\LZ/UWBED�MI\^FGD
OQTzpQD2U@HJoEPRMI\j\^pQOkTE{E�;ACBzD�YzFJ\^PEpkDI_¾OkHCDgézKL_�OQTED2N#oEHJOkTE{`UWBED�|�Â&���µM2\rNED�KLHCX:DIpkpø�

lmT ��BcKLYzUJDIFq�rs9TÉoE_�DIFGOQM�K~p&PEOkZ]oEFGM�K~UJOQ\^T�KLTEKLpkijHJOkH�\LZ�UJBED	TE\^TEpkOQTEDIKLF�NzijTcKL_�OQM2H�\~Z`�:��e0H
OQH�YfD2FGZ]\^FG_�D2N�D ézKL_�OkTEOQTz{�UWBED>OkT3dcoED2TEMID�\LZ�KLH[ij_�_�D2UJFJOQMIKLp9K�ézOQKLp6YR\1X�D2F#YEFJ\L�EpQDIH2�ëACBED2FJ_�KLpuÜ
BdijNEFWKLozpQOQM�K~TEN�M2\^oEYEpkDIN#TED2ozUWFG\^TEOQM ÜÝUJBEDIFG_�KLpkBdirNzFWKLoEpkOQM�HGijHGUJDI_�H6KLFGD&UWFJDIK~UWD2N�HGDIYcK~FWK~UJDIpkiL�

�(érYfD2FJOk_�D2TÉUJH!\^TVUWBzDCTE\^TEpkOQTEDIKLF(NzijTcK~_�OkMIH;\LZRTcKaUWoEFJKLpuÜÝMIOQFGMIoEpQK~UWOk\^T,s�PR\^OQpkOQTE{0UmX�\aÜmYEBcK~HJDqdc\1X0H
KLFGD�NzOQHJM2oEHJHGDINõOQT ��BcKLYzUJDIF��z� ACBED�M*BcKLFWK~M2UWD2F�\~Z6NED2TEHJOuUmidÜÝX�K1yLDq\^HGMIOkpQp�KaUWOQ\LTEH�_�D�KLHGoEFJD2N M2pQ\^HGD
UW\åUWBED�HGU*K~PEpQD�\^YRDIFWKaUWOQTz{�FJD2{^OQ\LT OQH�DgézKL_�OQTzDIN �cFGHGUI� ACBED�HGUWFG\^TE{^pui�TE\^TEpkOQTEDIKLFSNEDITEHGOkUmidÜÝX�K�y^D
\^HGMIOQpkp�K~UJOQ\^TzH�_�D�KLHGoEFJD2N�NED2DIY�OQT�UWBzD�ozTEHGUWKLPEpQD�\^YRDIFJK~UWOkTE{`FJD2{^OQ\LT�K~FJD�KLTcK~pkijÆID2N�oEHGOQTE{STE\LTEpQOkTED�KLF
UWOk_�D6HJDIFGOQD2H�K~TcKLpkijHGOQHC_�D2UWBz\rNEH2�!�6T�\1y^DIF[yjOQD2X \LZ/UJBEDIHGD�_�D2UJBE\jNEHCOQHC{^Ouy^D2TqKLHCX:DIpkpø�

��BcK~YzUWD2F!íxOkH/NzD2y^\~UWDINVUJ\�UJBED:OkTdy^DIH[UWOk{dK~UWOk\^T�\LZcMI\LoEYEpQD2NVTED2ozUWFG\^TEOQM ÜÝUJBEDIFG_�KLpkBdirNzFWKLoEpkOQM;H[U*KLPzOQpuÜ
OkUmi�\LZ����exH2��ACBzD9HGUJoENzi�M2\^TEM2DITdUWFJK~UWD2HC\^T�OQ_�YEFJ\1yjOQTz{�UWBzD&KLFGUJOk�cM2O�KLpEyL\^OQNjÜmFJDIKLM2UJOkyjOkUmiSZ]D2DINEPcK~M*}
HJOk_VoEpQK~UWOk\^T6OkT9UWBED'b9� � lÄex��ZnKLM2OQpkOkUmi^�,�;érYRDIFGOQ_�DITdUWH¼\^T9UJBED!MI\^ozYEpQD2N�TzDIozUJFJ\^TEOkMgÜøUWBED2FJ_�KLpQBdijNEFWK~oEpQOkM
HGUWKLPEOkpQOkUmi�\LZ(UJBED�HGijHGUJDI_8KLFJD�M�K~FJFJOkDIN�\^ozUxoEHGOQTE{SUWBED�OQ_�YEFG\�yLDIN#y^\^OkNrÜmFGD�KLMgUWOuyrOuUmi�Z]DID2NEPcKLM*}#HGOQ_VorÜ
p�KaUWOQ\LT,�

��\^TzMIpQozHJOQ\LT�K~TEN#FJDIM2\^_�_�D2TENcK~UJOQ\^TEH0K~FJD&{^Ouy^DIT�OQT���BcK~YzUWD2F�êr�
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ACBED@�cFGHGU!HGOQ_�YEpQOu�cDIN��:��e�NzijTcKL_�OQM�_�\jNEDIpkHX:DIFGD0KLpQFGD�KLNzi�NEDgy^D2pQ\^YRDINSOQT�UWBED9���d�LË3ñïH(Pdi^sÉK~_�\^Tz{
\LUJBEDIFGHIs;b�D � BE\LTE{>KLTENôâ¼OkYEOQTzHJ}ÉOx�[�1�^�Lêd�&KLTENåACBEOQD��[�1�d�~êd�9ACBEDIHGD�_�\rNED2pQH�BcK�y^D�PfD2DITôoEHGDIN�UJ\
HGUJoENzi`UJBEDCFJDIKLM2UJOkyjOkUmidÜÝUJ\~ÜmYR\1X�D2F;UWFJKLTEHGZ]D2F;Z]oETEMgUWOQ\LT�K~TEN�UJBEDCFJ\j\LU'pk\rM2Oz\LZRUWBEDCTEK~UWoEFJKLpuÜÝMIOkFJMIozp�K~UJOQ\^T
�(érYfD2FJOQ_�DITdUWKLp;�:��e¾�ç�'�:��e���FJDIKLM2UJ\^F��nACBEOkDLs/�1�d�Lêd� ��� HJOQ_�YEpkD�YR\^OQTdUGÜÝ}ÉOQTEDgUWOQM2H`�]ÆIDIFG\~ÜmYR\1X�D2F
UWFJKLTEH[Z]DIF&Z]oETEMgUWOQ\LTÈ�6NEDIHGMIFGOQYzUJOQ\^T�\LZ�UWBEDSTED2ozUWFG\^TEOkMIH&X@K~H�oEHGDIN,�SlÝU�PRDIM�K~_�DSMIpkD�KLF�K~pQFJDIKLNzi�Z]FJ\^_
UWBzDIHJD�DIKLFJpui�_�\rNzDIpQH:UWBcK~UCKSBzOQ{^BED2F[ÜÝ\^FJNED2F@_�\rNED2pQpkOQTE{�\LZ¼UWBED9yL\^OQN#YEFG\rNzoEM2UJOQ\^T�YEFG\rM2DIHGHCÜ!HJD2yLDIFJKLp
YR\^pQD2H6KLTzN�ÆID2FJ\^H9OkT�UJBED�UJFWKLTEH[Z]DIF6Z]ozTEM2UJOQ\^T�NEDIHGMIFJOkPEOQTz{�UWBzDVYf\1X:DIFxUW\�yL\^OQNrÜÝFJDIKLM2UJOkyjOkUmi�Z]D2DINEPcK~M*}
_�DIM*BcKLTzOQHJ_µÜOQH;TzDIDINzDIN�UJ\&FJD2YEFJD2HJDITdU�UWBEDCUJFWKLTEH[Z]DIF;Z]oETzM2UWOk\^T`\LZRUWBEDCFGD�KLMgUW\^F!M2\^FJFGDIMgUWpki`KLTEN`UW\&PRD
KLPEpkD9UW\SYEFGDINEOkM2U0OQTzHGU*K~PEOQpkOkUWOkDIH2�/lmT#UWBEDS�1�L�^Ë3ñïHIsÈ|�OkOQNcK`K~TEN � oENcK��[�1�L�^Íd��PEoEOkpkU0K`NEDgU*KLOkpQD2N�_�\jNEDIp
MI\LTEHJOkNEDIFGOQTE{�HGUWDIKL_ pQ\^KLN�K~TENôFJD2MIOkFJMIozp�K~UJOQ\^Tkdc\1XÁNzijTcKL_�OQM2H�Z]\LF�K�TcK~UJoEFWKLp ÜmM2OQFJM2oEp�KaUWOQ\LT>�:��e��
��ZvUJDIFxUWBcK~UIsfUJBEDVMI\LTEMID2YzU&\LZ'TcKaUWoEFJKLp/M2OQFGMIoEpQK~UWOk\^T�X�KLH�KLPEKLTENE\^TzDIN>KLTzN�K~UJUJDITdUWOk\^T�X�KLH9Z]\jMIoEHGDIN
\^T�Z]\^FGMIDINjÜmMIOkFJM2oEp�K~UJOQ\^T#����exH2�

lmT`UWBzD����^�^Ë3ñïH�KLTEN#�1�díLËMñÇH2sÉKLH'FJDIHGD�KLFGM*B�\^TSUWBzDxH[U*KLPzOQpQOuUmi�\~ZtPR\^OQpkOQTE{xUmX�\aÜmYEBcK~HJD�dc\1X�HGijH[UWDI_�H
X�KLH�OkTdUWDITzHJOk�EDIN,sÈHJ\L_�D�KLozUJBE\^FGHxUJFJOQD2N�UW\�MI\^oEYzpQD&UWBED�HJ\LYEBEOQH[UWOkM�K~UJDIN#UWBED2FJ_�KLpuÜÝBÉijNEFJKLoEpkOQM9_�\rNzDIpQH
NEDgy^DIpk\^YRDIN�OkT�UJBcK~U��cDIpkNõX0OkUJB�K	HJOQ_�YEpkD�TzDIozUJFJ\^TEOkMô�]_�\LHGUWpuiöYR\^OQTdUGÜÝ}ÉOQTEDgUWOQM���_�\jNED2p@UW\�H[UWoENri
�:��e0H��nâ¼KLBED2iåKLTzNö|�\j\rNrifs!���^�^Í3[H�:KLNzOQ{dKLFG\^{^pko,s(�1�Lêz���g��Ã�\1X�Dgy^D2FIs(UJBEOQH�D1ef\^FGU�X�KLH�OkTå_�\^H[U
M�K~HJDIHxUWBED�HGUWKLFGUJOQTE{SYR\^OQTdUCZ]\^FCUJBED�NzD2y^D2pQ\^Yz_�D2TÉU�\LZ(p�KLFG{^DgÜÝHJM�K~pQD9UWFJKLTEHGOQDITdUxMI\jNED2H�FJK~UWBED2FxUJBcKLT�\LZ
FJD2NEoEM2DINrÜÝ\^FJNED2F�_�\jNEDIpkHI�

lmTqUJBED����^ê^Ë3ñïHIstK�YEOQ\LTEDID2FJOQTz{�X:\^FJ}#X@K~H&KLMIM2\^_�YEpQOkHJBED2NqPdi>|�KLFJM*BrÜmâòDIoEPcK°¯%±xÿ�²´³;�[�1�Lê^�^KzsïPÈ�gs
OQTVUJBEDCHJD2TEHJDCUJBcK~U!UWBzD2i`NEDgy^D2pQ\^YRDIN�K&HJOk_�YEpkOk�cD2N,saYEBEDITz\^_�D2TE\^pk\^{^OQMIKLpj_�\jNEDIpjUW\&H[UWoENziVpQOQTzD�KLF(KLTEN
TE\^TzpQOQTzD�KLFxNzijTcKL_�OQMIKLp¼PfD2BcK�yrOk\^F6\~Z��:��exH2�9ACBEDgi�oEHGDIN�K�H[UWFJ\LTE{^pki�HGOQ_�YEpQOu�cDIN�NEDIHGMIFGOQYzUJOQ\^TqZ]\LF
UWBzD�UWBzDIFJ_�KLpkBÉijNEFJKLoEpkOQMIH2sK�HJD2MI\^TzNrÜm\^FGNEDIF�_�\jNED2p'UJBcK~U�OQH�TE\LU�KLPEpkDSUJ\qYEFGDINEOkM2U�UmX�\aÜmYEBcK~HJDldc\1X
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pQOkTED�K~FJOQÆ2DIN	KLTEN�â¼KLYEp�K~MIDgÜxUJFWKLTEH[Z]\^FJ_�DIN�UW\�ZnKLMIOkpQOuU*K~UJD`K#Z]FGD�}ÉoED2TEM2idÜmNz\^_�K~OQTôK~TcKLpkijHGOQHI��ACBED�oETjÜ
NED2FJpkijOkTE{�FGDIpQK~UWOk\^TEH0PfDgUmX�D2DIT�UJBED�H[irH[UWD2_8y~KLFGO�KLPEpkDIHCMIKLT�PRD�FGDIYEFGDIHJD2TdUWDIN�OkT�UJBED�PEpk\rM*}�NzO�KL{^FJKL_
HJBz\�X0T#OkT��c{^oEFGD��r�Î�r�'�c\^F:UJBED9UWBED2FJ_�KLpuÜÝBdirNzFWKLoEpkOQMxHJoEPzHGijHGUJDI_�scHJBE\1X0T#X0OkUWBzOQT�UJBED9NcKLHGBEDIN#FGDIM2U[Ü
KLTE{LpQDLs

Gx,y

NEDITz\LUWD2H�UJBED�Tz\^FJ_�KLpQOkÆID2N�UJFWKLTzHGZ]DIF�Z]oETEMgUWOk\^T	Z]FG\^_¸y~KLFGO�KLPEpkDVi>UW\�éf��ACBED�D érYEpQOkMIOkU
DgérYEFGDIHGHJOQ\LTEH&\LZ;UJBED�UJFWKLTEH[Z]DIF6Z]ozTEM2UJOQ\^TEH6KLFJD�pQOkHGUWD2NqOkTq�6YzYfD2TENEOué����fACBED�UWFWK~TEHGZ]D2F�Z]oETEMgUWOk\^TEH6OkT
UWBzD6PEpk\rM*}`NEOQKL{^FJKL_ÁKLFJD�KLpkpEZ]oETEM2UJOQ\^TzH�\LZ,UJBED9â¼KLYzp�KLM2Dxy~KLFGO�KLPEpkD

s = σ+ iω
sÉX0BzDIFJD

σ
OQH'UWBzD6FJDIKLp

YcKLF[U;K~TEN
ω
OkH/UWBzD�OQ_�KL{^OkTcKLF[i9YcKLF[U��ACBED@_�\rNzDIpÉFJD2YEFJD2HJDITdUJH;UWBED:OQTEBED2FJD2TÉU/Z]DID2NEPcKLM*}�_�D2M*BcKLTEOkHJ_�H

OQT�K��:��eµ�]yL\^OQNrÜ(KLTzN�b6\LYEYEpQD2F[ÜÝFJD�K~M2UWOuyjOkUmiVZ]D2DINEPcK~M*}z� szK~H:NED2YEOQMgUWD2N�OQTS�c{^ozFJD��r�Î�r�;ACBED0UWFJKLTEHGZ]D2F
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�(Ok{^oEFJD��j�á�rÌ���pk\rM*}>NEOQKL{^FJKL_¸FGDIYEFGDIHJD2TdUWOQTz{�UWBzD�M2pQ\^HGDINrÜÝpQ\j\^Y,sKñïDgéjUWD2FJTcKLp�FJDIKLM2UJOkyjOkUmi�ñ,UJ\*ñïFJDIKLM2UJ\^F
YR\�X:DIF1ñksCUJFWKLTEH[Z]DIF�Z]oETEM2UJOQ\^Tõ\LZ�K�����e=Z]\^FSUWBzDqpQOkTED�K~FJOQÆ2DIN,s�Z]FJD1}jozDITEMgiÉÜÝNE\^_�KLOQT _�\jNEDIpç�¡ACBED
UWBzDIFJ_�KLp ÜmBdijNEFWKLozpQOQM9UJFWKLTzHGZ]DIF�Z]oETEM2UJOQ\^TzH9KLFGD�MIpkoEHGUJDIFGDIN�OkTqUWBED�NcKLHGBEDIN>FGDIM2UWKLTE{^pkDL��ACBED`b6\^YzYEpQD2F
KLTEN¡y^\LOQN¡FJDIKLM2UJOkyjOkUmi OQH�\^PzUWKLOQTzDIN¡Pdi _VoEpuUWOQYzpkijOQTE{	UWBED>Z]oED2puÜøUWDI_�YRDIFWKaUWoEFGD>KLTEN y^\LOQNrÜøZ]FWKLMgUWOQ\LT
\^HGMIOQpkp�K~UJOQ\^TzH:X0OkUJB�UWBED�MI\LFJFJD2HJYR\^TENEOkTE{SFJDIKLM2UJOkyjOkUmi�MI\jD1µ�MIOkDITdUWH2s

αD

KLTEN
αV

�

Z]oETEMgUWOk\^T#\LZ(UJBED&UWBED2FJ_�KLpuÜÝBÉijNEFJKLoEpkOQM9HGoEPEHGijH[UWDI_§Z]FG\^_¾BEDIK~U�dcoré#UW\SM2\^FJD ÜÄK�y^D2FWKL{^D�y^\LOQN#Z]FWKLMgUWOQ\LT
OQHC{LOky^D2T�Pdi

GA ≡
δ<α(s)>C

<α>C,o

δq
′′
(s)

q′′o

=
G1

1 +GMC,i,αG1 +GMC,i,zbb
Gzbb,q

′′

�ç�r�k�1�

X0BED2FJD

G1 = Gα,q′′ +Gα,zbb
Gzbb,q′′ACBED�MIpk\^HJD2NrÜmpk\r\LY�FJD�K~M2UW\LF0UJFWKLTzHGZ]DIF0Z]oETEMgUWOk\^T�Z]FG\^_¾D érUJDIFGTcKLp¼FJDIKLM2UJOkyjOkUmi�UJ\�FGD�KLMgUW\^F0YR\1X�D2F�OkH

UWBzDIT
GT =

δP
Po

ρext

=
GR

1 −GRGF [αV + αDGA]
.

�ç�r�á�L�
ACBEDSYR\^pQD2H�\LZ:UJBEDSMIpk\^HJD2NrÜmpk\r\^Y�UJFWKLTzHGZ]DIF&Z]oETzM2UWOk\^TåKLFJDS\^PzUWKLOQTzDIN�Pdi�MI\^TEHGOQNED2FJOkTE{�UWBEDSFJ\j\LUJH

\LZUWBED�M*BcK~FWKLMgUWDIFGOQH[UWOQM&D1}ÉocK~UWOk\^T,Ì

1 −GRGF [αD + αVGA] = 0.
�ç�r�ÇÍd�

ACBED:MIpk\^HJD2NrÜmpk\r\^Y�UWFJKLTEH[Z]DIF/Z]ozTEM2UJOQ\^T�\LZRK�BEOk{^BED2F[Üm\LFJNED2F/H[irH[UWD2_�sdK~H/X0OkUJBVK9����e�saBcKLH/HJD2yLDIFJKLp
YR\^pQD2HIsdX0BEOQM*B�KLFJDxFJDIKLpRKLTENÈð~\LF�Z]\^FG_ MI\^_�YEpkDgéSM2\^Ta�GoE{dKaUWDxYf\^pkD�YEKLOQFGHI�(ACBzD6NzijTcKL_�OQMxHGUWKLPEOkpQOkUmi�\LZ
K&Yf\LpQD@OkH;oEHJoEKLpQpui=}ÉocKLTdUJOk�cD2N�Pdi`OuUWH;NED2M�K�iSFWKaUWOQ\`�çb9e��gsLX0BzOQM*B�OQH;NEDg�cTED2N�KLH

DR = exp 2πσ/|ω|Z]\^F6K�Yf\LpQDVKaU
s = σ + iω

�9ACBED`pQDIKLHGU6HGUWKLPEpQD�Yf\LpQDLsRX0OkUJBqUWBED�p�KLFG{^DIH[U
σ/|ω| FWK~UJOQ\EsÈNEDgUWDIFG_�OkTEDIH
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UWBzD�H[U*KLPEOkpQOuUmi�\LZ�UWBED#H[irH[UWD2_���ACBzD�YR\^pQD2H`\LZ6UJBED�HGijHGUJDI_ K~U�K	HGYfD2MIOu�cM#\^YfD2FWK~UJOQTE{�YR\^OQTdU�KLFGD
NEDgUWDIFG_�OkTEDIN�Pdi�K�TÉoE_�DIFJOkM�KLpòHGD�KLFGM*B�KLpQ{L\^FJOuUWBE_�sEKn}ÉocKLHJO ÜÄ�xD2XCUW\LTq_�D2UWBz\rN,�CÂ&FxHJYRDIM2OkZvijOQTz{�UJBED
pQDIKLHGU:HGUWKLPEpkD�YR\^pQD��]UJBED6H[U*KLPzOQpQOuUmiV\LZtUWBED�HGijHGUJDI_��gsrUJBED6M2\^FJFGDIHGYf\^TzNEOQTE{�\^YfD2FWK~UJOQTE{�MI\LTENEOkUJOQ\^TzH�MIKLT
PRD�NzD2UWD2FJ_�OQTED2N�UWBED�HWK~_�D9X�K�i^�

A\�_�KL}LD0UWBzD9KLTcK~pkijHJOkH�_�\^FGDxUJFWKLTEHGYcKLFGDITdU�sjUWBED0UWBED2FJ_�KLpuÜÝBdirNzFWKLoEpkOQMCHGoEPEHGijH[UWDI_-OQH�DgézKL_�OQTED2N
HJD2YcKLFJK~UWD2pki^�/ACBEDCM*BcKLFJKLM2UJDIFGOQHGUJOQM:D�}ÉocK~UJOQ\^TV\~ZcUWBED�UJBEDIFG_�K~puÜmBdijNEFJKLoEpQOkM'HJoEPEH[ijHGUWD2_�sÉoEHGOQTE{9�h}È�É�j�k�^s
OQH

1 +GMC,i,α(Gα,q′′ +Gα,zbb
Gzbb,q

′′ ) +GMC,i,zbb
Gzbb,q′′ = 0.

�ç�r�ïÊÉ�
��\^TzHJOQNzDIFJOkTE{VUWBEK~U

GMC,i,α = −
δ∆Ptotal

δ<α>C

∂∆Ptotal

∂MC,i

< α >C,o

MC,i,o
, GMC,i,zbb

= −
δ∆Ptotal

δzbb

δ∆Ptotal

∂MC,i

zbb,o

MC,i,o

�ç�r�á�L�

KLTzN
Gzbb,MC,i

= −Gzbb,q
′′ , Gα,q

′′ = −Gα,MC,i

�ç�r�Î�^�
UJBED�M*BcKLFJKLM2UJDIFJOkHGUJOQM�D�}ÉocKaUWOQ\LT�\~ZxUJBED�UWBED2FJ_�KLpuÜÝBdirNzFWKLoEpkOQM�HJoEPzHGijHGUJDI_ M�KLT PRD�X0FJOkUGUWD2TöOQT�K

Z]\^FG_-UWBEK~UxOQH@Z]FJD1}ÉoEDITdUWpui�oEHGDINqOkT#pQOkUJDIFJK~UWoEFGDS���:K~NEOQ{dK~FJ\^{^pko,sÈ�1�^êz��[ce�K~\k¯%±�ÿ�²´³Qs,�1�L�d�^�
δ∆Ptotal

δMC,i
(s) = 0,

�ø�r�Îí^�

X0BED2FJD δ∆Ptotal

δMC,i
(s)

OkH�UJBED�UW\LUWKLp'UWFWK~TEHGZ]D2F�Z]oETEMgUWOQ\LT�Z]FJ\^_�UWBzD�OQTEpkD2U�_�K~HJH=dcojé�UJ\�UWBED�UJ\LU*K~p
YEFGDIHJHGoEFJD�NEFJ\^Y�\1y^DIFxUWBED�MIOkFJM2oEp�K~UJOQ\^T#pk\r\^Yt��ACBED�pQD2ZvUxHGOQNED�\LZ(UJBEOQHxM*BcKLFJKLM2UJDIFJOkHGUJOQM�D�}ÉocK~UJOQ\^Tô�]UJBED
M*BcKLFJKLM2UJDIFGOQHGUJOQMSYR\^pkijTE\^_�O�K~pv�CM�KLTåPfDSHJYzpQOkU�OkTdUW\�K�HGoE_ \LZ:UWFWK~TEHGZ]D2F�Z]ozTEM2UJOQ\^TEH&Z]FG\^_°OQTzpQD2U�_�KLHGH
dcoré�UW\SUWBED�NEO´etD2FJDITdUCUmijYRDIHx\LZ(YzBÉijHGOQM�K~pYzFJDIHGHJoEFGD�NzFJ\^YEH2Ì
δ∆Ptotal

δMC,i
(s) =

∑

j=1−φ,2−φ

δ∆Pin

δMC,i
(s)j +

δ∆Pfr

δMC,i
(s)j +

δ∆Pgr

δMC,i
(s)j +

δ∆Pacc

δMC,i
(s)j = 0.

�ç�r�Çêd�

ACBEDxZ]\^pQpk\1X0OQTE{&YEBdijHJOkM�KLpRYEFGDIHJHGoEFJD6NEFJ\^Y�UWDIFG_�H:KLFGD�NEOkHGUJOQTE{^ozOQHJBzDIN�OkT�PR\LUJB�UWBzD6\^TED Ü!K~TEN�UJBED
UmX:\~ÜmYEBEKLHJD�FJD2{^OQ\^TtÌ!OQTED2FGUWOQKLpøsjZ]FJOkM2UWOk\^TcKLpçsr{LFWK�yjOkU*KaUWOQ\LTcKLpøsjKLTzNqKLM2MID2pQDIFJK~UWOk\^TcKLptYEFJD2HJHJozFJD�NzFJ\^Y,�!�åD
X0OQpkptFGD2Z]DIF@UJ\VUWBED9Z]\LFJDI{L\^OQTE{VUJFWKLTzHGZ]DIF@Z]ozTEM2UJOQ\^TEH@Z]FG\^_¯OQTEpkD2UC_�KLHJH¶dcoré�UJ\SUJBED&NEO´etD2FJDITdUCUmijYRDIH0\LZ
YEFGDIHJHGoEFJD�NEFJ\^Y�HJBz\^FGUJpki�KLHYEFJD2HJHGoEFJD:NEFJ\^Y�UWFJKLTEHGZ]D2FZ]ozTEM2UJOQ\^TEH¼UWBzFJ\^oE{LBE\^ozUUWBED'UWD éjU��;��i&�zérOQTE{6KLpQp
UWBzD@HGijHGUJDI_4YcKLFWK~_�DgUWDIFGH(D ézM2DIYzU'\LTEDLsLUJBED�UJBEFJD2HJBE\^pkNV\LZ�ü�û��Rÿ�ùzþôÿ�OQTEH[U*KLPzOQpQOuUmi9Z]\^FUWBcK~U(YcKLFJKL_�DgUWD2F
KLTEN�UWBEDVM2\^FJFGDIHGYf\^TzNEOQTE{�\^HJM2OQpQpQK~UWOk\^T�Z]FJD1}jozDITEMgi�M�K~T>PfD�\^PzU*K~OQTED2N�TÉoE_�D2FJOkM�KLpkpki�Z]FJ\L_£�K}È�ò�j�Îê�OuZ
\^TEDCHGD2UJH

s = iω
�]UWBzDCp�K~UGUWDIF/MI\^FGFJD2HJYR\^TENEH;UJ\�b9eZY»���g�/lmTEMIFGDI_�DITdU*KLpkpki�y~KLFGijOQTz{&KLTE\LUJBEDIF!H[ijHGUWD2_

YcKLFJKL_�D2UWD2F�KLT	DITdUWOkFJDSHGUWKLPEOQpkOkUmi�_�K~Y	MIKLT	PfDSNEFJK1X0TåOQT	K�UmX�\~ÜÝNEOQ_�DITzHJOQ\LTcKLp(YEKLFWKL_�D2UJDIF&HGYcKLMID~�
�K}ÉocK~UWOk\^T��r�ÇêöKLpQHG\öYEFJ\1yjOQNzDIH�UWBzD�UWBEFGDIHJBz\^pQN \LZ�UJBED[
%±Ýÿ�±(þôÿqOQTEH[U*KLPEOkpQOuUmi�KLH�UWBED

ω → 0
pkOQ_�OkU

OQH9UWKL}LD2T��nâ¼KLBED2i�KLTEN��:KLNEOk{dKLFJ\L{^pQo,s¼�1�Lêd�^�g����DSTE\~UWD`BED2FJD`UWBcKaU�OkZ:K�HGijHGUJDI_°X0OkUJBE\^ozU9FJOQHGDIF&OkH
_�\rNED2pQpkDIN,saUWBED2T�K~pQpÉUWBED@UJFWKLTEH[Z]DIF(Z]ozTEM2UJOQ\^TEH!OkT�UWBzDCM*BcKLFWK~M2UWD2FJOkHGUWOkM@D�}ÉocKaUWOQ\LT,sÉ�K}R�d�r�ÇÊzsdKLFJD��]FWK~UJOQ\^H
\LZW�xHGDIMI\LTENrÜ0\^Fx�cFJH[UGÜÝNEDI{^FGDID`YR\^pkijTE\L_�OQKLpQHCOkT�H9OQT�HJoEM*B�M2\^_VPEOkTcK~UWOk\^T�UJBcK~U�UWBEDVpkD2ZvU�HJOkNEDV\LZ!UJBED
D�}ÉocKaUWOQ\LT�OkH!D�}ÉoEOuyLK~pQDITdU!UJ\�K9UJBEOQFGNrÜmNED2{^FJD2DCYf\LpkijTE\^_�O�KLpt�]UJBEOQFGNrÜm\LFJNED2F;HGijHGUJDI_��g�;lÝZ,K&HGijHGUJDI_ÀX0OkUJB
Z]\^oEFxFJOkHJD2F�TE\jNED2H6OQHx_�\rNED2pQpkDIN,szUJBEDIT�UWBED�\^FJNED2F�\~Z;UWBED�HGijHGUJDI_8OQTEM2FJDIKLHJD2H�UW\�HJDgy^DITt�&Â9PdyrOk\^oEHGpki^s
UWBzD�HJKL_�D&BE\^pQNzH0Z]\LF0�h}È�R�r�Îír�

"nÇ+* �DÌ�ÎÈË7Ö%(!ÊL( É10OÏ2,EÑ�Ï2,EÑqÒ\O ÎÈË*¹�,nÖ%FWÒïÎ1.EË1Ê1Ô](`Ï�ÎÈÕ�Ê%Ë1Ê7Ï?Ö
lmT � D2M2UWOk\^T��r�ÇÍz�u�`KLTEN>�r�ÎÍr�á�rsRUWBED�FJ\j\LU9pk\rM2O¼\LZ!UWBED�UWBED2FJ_�KLpuÜÝBÉijNEFJKLoEpkOQM�HGijHGUJDI_£\LZ�K��:��e-�]UJBED
FJ\j\LUJH6\LZ'�K}È�ò�j�Îêd�xKLFJD�HGUJoENEOQD2N,�9ACBED�MI\^TdUWFGOQPEorUWOQ\LTEH�\~Z!UWBEDVOkTENEOuyrOkNEocKLpòYzFJDIHGHJoEFGD`NEFJ\LYqUWFJKLTEHGZ]D2F
Z]oETEMgUWOk\^TEHCOQT��K}È�f�r�ÎêSKLFGD&DgézKL_�OQTED2N�KLHCX�D2pQpø�
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óqØW��ØÁ× ^oÝKÞ/áwä@_)`9áwàöÞ/áHaoã¡âKßMà¡Ýhç Û"ìjÛ"ßMäcb
�(OkFJHGUIs6KöZ]\^FGMIDINjÜmMIOkFJM2oEp�K~UJOQ\^T Pf\^OkpQOkTE{�M*BcK~TETEDIp�OkH�OQTdy^D2HGUWOk{dK~UJDIN,s6X0OuUWB UWBzD	NzOQ_�DITEHGOQ\^TEH�\LZ�\LTED
K�y^D2FWKL{^D�Z]ozDIp&KLHGHJD2_VPEpki OQT UJBED�b6\jNED2X�K^KLFGN¡FJD�K~M2UW\LF�oETENED2F�TE\^_�OQTcK~p6b6\jNEDgX@K^K~FJN¡\^YRDIFWKaUWOQTz{
YEFGDIHJHGoEFJD��çí^�r�Î�6PcKLF*� �;�(Ok{^oEFGD0�r�ÇÍ9HJBE\1X0H!UWBEDCpkOQTEDIKLF(H[U*KLPzOQpQOuUmi�_�KLY�X0OkUWB`UJBEDCHGUWK~UWOkMCKLTEN`NzijTcK~_�OkM
HGUWKLPEOkpQOkUmi�PR\^oETENEKLFGi�� � �C�6\LZ'UJBED`HGijHGUJDI_ OkT�UJBED`HJ\aÜmM�K~pQpQD2N	ætoEPRDIFS�]\^F&YEBcKLHGDgÜÝM*BcKLTE{^D��9Tjoz_VPfD2F
�
NZu

�&KLTENåHJoEPRMI\j\^pkOQTE{�TÉoE_VPRDIF��
Nsub

��Yzp�KLTED�� � KLBcKQ¯%±&ÿ�²´³Qs!�1�dí~�d�%[
NZu

KLTEN
Nsub

K~FJD�Pf\LUJB
NEOk_�D2TEHJOk\^TEpQD2HJH@TÉoE_�PfD2FJH�KLTEN�KLFJD�NEDg�cTED2N�KLHCZ]\^pkpQ\1X0HIÌ

NZu = P
Φ(hg−hf )

ρf−ρg

ρg

KLTEN
Nsub =

hf−hin

hg−hf

ρf−ρg

ρg

�

�(Ok{^oEFJD`�r�ÎÍrÌ � UWKLPEOQpkOkUmi�_�KLY>\LZ:K�Z]\^FJM2DINrÜÝMIOkFJMIozp�K~UJOQ\^TqUmX:\~ÜÝYEBcKLHGD`Pf\^OkpQOkTE{�M*BcK~TETEDIp!\LPzU*KLOkTEDIN�Z]\LF
K�M2\^TEH[U*KLTdU`YEFGDIHGHJoEFGD�NEFJ\LYôPf\LoETENcKLF[i�MI\^TzNEOkUJOQ\^T,��ACBzD�UWD2FJ_

χex = 0
NEDITz\LUWD2H�UWBED�ÆID2FJ\�D ézOuU

UWBzDIFJ_�\jNzijTcKL_�OQM9D1}jozOQpQOkPEFJOkoE_�}ÉocKLpQOuUmi�pkOQTEDS�nâ¼KLBED2i�K~TEN�|�\r\jNziRsò�1�^�LÍd�g�

ACBED2HJD&UmX:\�TÉoE_VPRDIFGH0KLFJD&M2\^_�_�\^Tzpki�oEHJD2N�OkT�HGUWKLPEOQpkOkUmi�KLTcKLpuijHJOQH�\LZPf\^OkpQOkTE{�UmX:\~ÜmYzBcKLHJD dc\1X
HGijH[UWDI_�HI�¤ACBED>H[U*KLPEOkpQOuUmi \LZ�UWBED�M*BEKLTETED2p9NEDIYRDITzNEH#\^T�UWBED�KL_�\LoETdU�\LZ�OQTzpQD2Uidc\1X8Z]DIDINzPcKLM*}Ès
X0BEOkM*B�OkHCNED2UJDIFG_�OkTEDIN#Pdi�UWBzD&M*BcKLFWK~M2UWD2FJOkHGUWOkMIHC\LZUWBzD&FJDIM2OQFGMIoEpQK~UWOk\^T�pQ\j\^Y,�(lmT#UJBED�M�KLHGD�\LZ¼Z]\^FJM2DIN
MIOkFJM2oEp�K~UJOQ\^TtsaUJBED@FJD2MIOkFJMIozp�K~UJOQ\^T�pQ\j\^Y`KLTENVUJBED@YEoz_�Y`NzijTcK~_�OkMIH;Ok_�YR\^HJD'UWBzDCPf\^ozTENcKLF[i�M2\^TENEOuUWOQ\LT
Z]\^F&UWBzD�OkTEpQDgU dc\1XÀZ]DID2NEPcKLM*}È��ACBED�HGUWKLPEOkpQOkUmiq_�K~YåOkT��E{^oEFJD��r�ÇÍ�OkH�\^PzU*K~OQTED2N	X0OuUWBåK�M2\^TEHGUWKLTdU
YEFGDIHJHGoEFJD6NEFJ\^Y�\�yLDIF�UJBED6M*BEKLTETED2p,KLH�Pf\LoETENcKLF[i�MI\^TENzOkUWOk\^T,sdX0BEOkM*B�MI\^FGFJD2HJYR\^TENEH@YzFWKLMgUWOQMIKLpQpuiVUW\�K
MI\LTEHGUWKLTdU9YEoE_�YEOkTE{SBED�KLN�OQT#UWBED�HGijH[UWDI_÷�nHGD2UxUW\��1�d�`_VPcKLFW�g��ACBzOQHxOQHCUWBED�_�\LHGUxoETEH[U*KLPEpkD�UmijYRD
\LZ¼PR\^oETENEKLFGi�MI\LTENEOkUJOQ\^T�Z]\^F@K�Z]\^FJM2DINrÜÝMIOQFGMIoEpQK~UWOk\^T�HGijHGUJDI_ùHGOQTEM2D9OkU:YEFG\�yjOkNEDIH@Tz\`NcKL_�YEOQTE{�\LZòUJBED
OQTzpQD2U[ÜYdc\1X¯\^HGMIOQpkp�K~UJOQ\^TzH�PdiôOkTEDIF[UWOQKLp@KLTzN Z]FGOQMgUWOQ\LTcKLp'D1efDIMgUWHq�nYEFGDIHJHGoEFJD#NEFG\^Yöy~KLFJOQK~UWOk\^TEH*��OQTôUJBED
NE\1X0TEM2\^_�D2FI���c\^F9UJBED�TcK~UWozFWKLp ÜmMIOkFJM2oEp�K~UJOQ\^TqHGijHGUJDI_�DgézKL_�OQTED2NåOkT � DIM2UJOQ\^T��r�ÇÍz�Î�rsUJBED�YEFJD2HJHJozFJD
NEFG\^YEH�OQT�UJBEDxNE\1X0TEMI\^_�DIF�OQTMdcoEDITzMID�UJBED6H[U*KLPzOQpQOuUmi^�ACBED6NrirTEKL_�OkM � �õHGDIYcKLFJK~UWD2H:UJBED6H[U*KLPEpkDxKLTEN
UWBzD�HG\~ÜmMIKLpQpkDIN�A'ijYfD ÜmlGl�oETEH[U*KLPzpQD�\^YRDIFWKaUWOQTz{VFJD2{^OQ\^Tt�!ACBED�A�ijYRDgÜmlGl�OkTEHGUWKLPEOQpkOkUmiSOkHC_�KLOkTEpki�NEFGOkyLDIT
Pdi�UWBED�OQTdUWD2FJYEpQK1i�PRD2UmX:DID2TôUWBED�\^TED Ü&KLTzNåUWBzD�UmX:\~ÜmYEBEKLHJD�Z]FJOQMgUWOk\^TcKLp;YzFJDIHGHJoEFGD�NEFJ\LYEH��n�coE}ÉoENcK
KLTEN�ñ�\LPf\^FGOøsf�1�díL�d� �

�(Ok{^oEFGD��r�ïÊ>HJBE\1X0HSUWBED�YR\^pkDIHV\LZ0UJBED�HGijHGUJDI_ KLpk\^TE{qUJBED�y^D2FGUJOQM�K~p�UWFJK��GDIMgUW\^F[iö\LZx\^YRDIFWKaUWOQTz{
YR\^OQTdUWH��]Z]FG\^_�Yf\^OkTdU#ÿ�UJ\%�t��OkT��c{^oEFGD#�r�ÇÍz��|�\1yjOQTz{>KLpQ\LTE{�KqyLDIFGUJOQMIKLp�UJFWK��GD2M2UJ\^FGiåOQT�UJBED�\^YjÜ
DIFJK~UWOkTE{#YEp�K~TEDLs¼OQT�YEFJKLM2UJOQM2DLs¼MI\^FGFJD2HJYR\^TENEH�UW\#OQTzMIFJDIKLHJOkTE{�UWBEDSOkTEpQDgU�HJoEPRMI\j\^pQOkTE{�OQT>UJBEDSM*BcKLTETED2p
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OQH:_�\jNED2pQpQD2N�KLH�K�UWBEOkFJNrÜÝ\^FJNzDIF�HGijHGUJDI_��vUWBED9HGOQ_�YEpQD2HGU:_�\jNED2pRUJBcK~U@MIKLT�YEFGDINEOkM2U@UJBED9NzijTcKL_�OQM�OQTrÜ
HGUWKLPEOkpQOkUmi�\LZÈUJBED@UmX�\aÜmYEBcK~HJDjdc\1X��gsdOuU!BcKLH;UJBEFJD2DxYR\^pkDIHI�/AX:\�\LZÈUWBED2_ëZ]\^FG_ëK9M2\^_�YzpQDgé�MI\LTa�GoE{dK~UJD
YR\^pQD&YcK~OQF@OkT�DIKLM*B�\^YfD2FWK~UJOQTE{`YR\^OkTÉU0PRDIpk\1X UJBED�\^HJM2OQpQpQK~UWOk\^T�PR\^oETzNcKLFGiL�

�(Ok{^oEFJD��r�ïÊEÌ�ACBED�FG\r\LU�pk\rM2oEH�\LZ@UWBzD�M2\^_�YzpQDgé	M2\^Ta�GoE{^K~UWD�Yf\LpQDSYcKLOkF�\~Z@UWBEDSZ]\^FGMIDINjÜmMIOkFJM2oEp�K~UJOQ\^T
HGijH[UWDI_¸KLpQ\LTE{�UJBED�yLDIF[UWOQMIKLp/UJFWK��GD2M2UJ\^FGi�\LZ!\LYfD2FWK~UJOQTE{�Yf\^OkTdUWH��]Z]FJ\L_÷ÿ�UW\/�f�xOQT��c{^oEFGDS�r�ÇÍz�xACBED
UWBzOQFJN#YR\^pQD6\LZ/UJBED�HGijHGUJDI_=OQHCTz\LU0NEDIYzOQM2UJDIN�PfD2M�KLozHJD�OkU0OQHCOkFJFGDIpQDgy~KLTdU@Z]\^F@UWBzD�H[U*KLPzOQpQOuUmi^�

ACBEOkH(M2\^_�YzpQDgé�M2\^Ta�GoE{dKaUWD@YR\^pQD�YcKLOkF(OkH(FJD2HJYR\^TEHGOQPEpkD:Z]\^FUWBED@A'ijYfD ÜmlGlOkTEHGUWKLPEOkpQOkUmi&KLH(UWBzD2i�HJBEOuZvU
OQTdUJ\0UJBED'FJOk{^BdU¼BcKLpkZ�ÜÝYEp�K~TED;\LZjUWBED'M2\^_�YzpQDgé9NE\^_�KLOQT9X0BzDIT�UJBED'\^YRDIFWKaUWOQTz{CMI\^TENzOkUWOk\^TEHòM*BcK~TE{^D'Z]FJ\^_
YR\^OQTdU�ÿ�UWBEFG\^oE{^B�Yf\LOQTdU/��UW\SUWBED�A'irYRDgÜÝlJl@ozTEHGUWKLPEpQD�FJD2{^OQ\LT,�:�@U�YR\^OQTdUNÿgscUWBED�HGijH[UWDI_=PRDIM2\^_�D2H
KL{dK~OQTqH[U*KLPzpQDL��h/KLHJHGOQTE{�UJBEFJ\^oz{^B>Yf\LOQTdUnüLsRUWBED`\^HGMIOkpQp�KaUWOQ\LT�PR\^oETzNcKLFGi�OQH6FJD�K~M*BEDIN`[òUJBEDVMI\L_�YEpkDgé
YR\^pQD�YcKLOkF0PfD2MI\^_�DIH�FJD�K~pøsÈKLTEN�UWBED�UmX�\�FJD�K~pYR\^pkDIHx_�\1y^D�OQT�\^YEYR\^HJOuUWD�NEOkFJDIMgUWOk\^TEHI��lmT�\^YRDIFWKaUWOQTz{
YR\^OQTdUWH@KLPf\1yLD�UJBED&\^HGMIOQpkp�K~UJOQ\^T�PR\^oETENcK~FGi��]PEozU0PRDIpk\�X¡UJBED&HGUWK~UWOkM � �C� scKLpQpR\LZUWBED&YR\^pkDIHCKLFGD9FJDIKLpøs
KLTEN�UWBED#H[irH[UWD2_ NE\jDIH�TE\LU�{^Ouy^D�KLTõ\^HJM2OQpQpQK~UW\LFGiåPEozU�KLTõD érYf\^TzDITdUWOQKLpQpuiôM*BcKLTz{^OQTE{ �nNzDIM�K�ijOQTz{É�
FJD2HJYR\^TEHGD�UJ\åYRDIF[UWoEFGPcK~UWOk\^TEH2�ö�6HSUWBED#HGUWK~UWOkM	�çâòDINzOQTED2{^{É� � �ÁOQHSFJDIKLM*BED2N»�nYR\^OkTÉU-¯1�gs'UWBzD�YR\^pkD
_�\�yjOkTE{�OQTôUJBED�YR\^HJOuUWOuy^D�NEOkFJD2M2UWOk\^TôM2FJ\^HGHJDIH`UJBED�\^FJOk{^OQTt��lmT Yf\^OkTdUe� s!UWBED�H[ijHGUWD2_ OQH�HGU*KaUWOQMIKLpQpui
oETEH[U*KLPzpQD�[xOø�ïDL�us�OuU�DgérBEOQPzOkUWHSD ézM2oEFJHGOkyLD �nD ézYR\^TED2TdUWO�K~pQpki�NEOkyLDIFG{^OQTE{d�`PRDIBEK1yjOk\^F`X0BEDIT�NzOQHGUJoEFJPRDINt�
lmT¡{^DITzDIFWK~pøs�UJBED�âòDINEOkTEDI{L{�OkTEHGUWKLPEOkpQOkUmi�OkT�Z]\^FJM2DINrÜÝMIOQFGMIoEpQK~UWOk\^T�H[irH[UWD2_�H#\jMIMIozFJH�X0BEDIT¡Z]\^F�UJBED
NED2FJOky~K~UJOkyLD�\LZ0UWBED�UW\~U*KLp:HGU*KaUWOQM�YzFJDIHGHJoEFGD#NEFJ\^Y y^D2FJHGoEH�OkTEpQDgU=dc\1XùMIoEF[y^D��çâ¼KLBEDgiöKLTENõ|�\j\jNziRs
�1�^�LÍd�g�

∂∆Ptotal,channel

∂MC,i
− ∂∆Pdrivinghead

∂MC,i
≤ 0,

�ç�r�Ç�d�

X0BEOkM*B�FGDINEoEM2DIHxOQT�UWBzD�MIKLHJD�\LZ/\^oEFCHGOQ_�YEpQD9M2\^TEH[U*KLTdUxYEFJD2HJHGoEFJD�NEFJ\^Y#PR\^oETENEKLFGi�M2\^TENEOuUWOk\^T�UW\

∂∆Ptotal,channel

∂MC,i
≤ 0.

�ç�r�k��Ëd�

�x\LUWD&UWBEK~UxHJOQTzMID
ω = 0

sEUWBED�UW\LUWKLpòYEFGDIHJHGoEFJD�NEFJ\LY�UJFWKLTEH[Z]DIFCZ]oETEMgUWOk\^T�OkH(�GoEHGU0UWBzD�NED2FJOuyLKaUWOkyLD
\LZCUJBED�UJ\LU*KLp'H[U*K~UJOQM�YzFJDIHGHJoEFGD�NEFJ\LY�X0OkUJB�FJD2HJYRDIMgU`UW\�UJBED�OkTEpQDgUÈdE\�X��q�CMIMI\LFJNEOkTE{^pkiLs;�K}È�!�r�ÇêqOkH
D�}ÉoEOuy~KLpQD2TÉUCUJ\`UWBED�D�}ÉocK~pQOkUmi�OQT#�K}È�t�j�k�1ËrsE_�K~FJ}ÉOQTE{VUJBED&UWBEFGDIHGBE\^pQN#\LZUWBzD�âòD2NEOQTED2{^{SOQTEH[U*KLPzOQpQOuUmi^�
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�(Ok{^oEFJD&�r�á�jÌ!ACBED�y~KLpkoEDIHC\~Z/UJBED�NEOfefDIFGDITdUCUmijYfD2H�\LZ/HGUWK~UWOkM&YEFJD2HJHGoEFJD�NEFJ\LY�NED2FJOuyLKaUWOkyLDIH0KLpk\^TE{VUJBED
âòDINEOkTEDI{L{ � � K~H0K�Z]oETEM2UJOQ\^T#\LZ

Nsub

�!ACBED�OQTzDIFGUJO�KLpfYEFJD2HJHGoEFJD�NEFG\^Y#NEDIFGOky~K~UWOuy^D2H0KLFJD&Æ2DIFJ\S\^T�UJBED
HGUWK~UWOkM � �6�

�(Ok{^oEFGDV�r�Î��HJBz\�X0H&Bz\�XµUJBED`MI\^TdUJFJOQPzozUWOk\^TEH6\~Z!UWBEDVNzOfefDIFJD2TdU9UmijYfD2H&\LZ�HGU*KaUWOQM�YEFJD2HJHGoEFJD`NEFG\^Y
NED2FJOky~K~UJOkyLDIH�UW\öUJBED�M*BcKLFWK~M2UWD2FJOkHGUWOkM>D�}ÉocK~UJOQ\^Tts9�K}È�x�r�Îêrs6M*BcKLTz{^D	KLpQ\^Tz{ôUWBED	âòDINEOkTEDI{L{ � �6�@lmT
yjOQDgXÀ\LZ��K}R�/�r�u�1ËzsòUJBEDSTEDI{dKaUWOkyLDSMI\^TdUWFGOQPEorUWOQ\LT>\LZ�UJBED`Z]FJOQMgUWOk\^TcKLpçsfUWBzD�K~MIMID2pQD2FWK~UJOQ\^TcK~pøsòKLTzN	UJBED
{^FJK1yjOuU*K~UJOQ\^TcK~prYEFGDIHGHJoEFGD�NEFG\^Y`UWD2FJ_�H!OQTVUWBzD@UmX�\~ÜÝYEBcKLHGD0FJDI{LOQ\^TSKLFGDCFJD2HJYR\^TEHJOkPEpQD@Z]\LF;UWBED0âòDINzOQTED2{^{
OQTzHGU*K~PEOQpkOkUmi^��Â9T�UWBED�\LUWBzDIF�BcKLTEN,s¼UWBzD�YR\^HJOuUWOuy^DSMI\^TdUJFJOQPzozUWOk\^TEH&Z]FJ\^_£UWBED�\^TED ÜmYEBcK~HJD�Z]FGOQMgUWOQ\LTcKLp
KLTEN�{^FJK�yrOuU*K~UJOQ\^TEKLp/YzFJDIHGHJoEFGD�NzFJ\^Y�BcK�y^D�K�HGUWKLPEOkpQOQÆ2OQTE{�OQT3dEoEDITEM2DL�#�]ACBEDIFGDSOQH&TE\�KLM2MIDIpkDIFJK~UWOk\^TcKLp
YEFGDIHJHGoEFJD�NzFJ\^YôOkTåUJBED�\^TED ÜmYEBEKLHJD�FJDI{LOQ\^TåHJOQTzMID�UJBED�M*BcK~TETEDIp�MIFJ\LHJHVHGDIM2UJOQ\^T�OQH�oETEOkZ]\LFJ_��á�¡ACBED
HGUWK~UWOkM�OkTEHGUWKLPEOkpQOkUmiå\jMIMIozFJH�KaU�BEOk{^B HGoEPRMI\j\^pQOkTE{^H��npk\�XùDgérOkUidc\1Xí}ÉocKLpkOkUWOkDIHW�`PRDIMIKLoEHGD�UWBzDIT UJBED
TED2{dK~UWOuy^D��nNzDIHGUWKLPEOkpQOQÆ2OQTE{d�/YEFJD2HJHGoEFJD�NEFJ\^Y�NED2FJOky~K~UJOkyLDIH'PfD2MI\^_�DCUW\j\�p�KLFG{^D@UW\�PfD0M2\^_�YRDITzHWK~UJDIN�Z]\LF
Pdi�UJBEDVYR\^HJOuUWOuy^DLsRHGUWKLPEOkpQOQÆ2OQTE{`UJDIFJ_�HI�6ACBEOQH�OQH6NzoED�UJ\�UWBED�HJoENENzDIT�M*BcKLTE{LDVOQT�UWBED�yL\^OQN�Z]FWKLMgUWOQ\LT
OQTzNEoEMID2N�PdiWdEoEM2UJocK~UWOk\^TEH0OQT�UJBED dc\1X }ÉocKLpkOkUmi�KaU0pQ\1X D érOkU�}ÉocKLpkOkUWOkDIH2�

�(Ok{^oEFGD��j�Î�6HGBE\1X0H(UWBzD�MI\LTÉUJFJOkPEozUWOk\^TEH\LZEUJBED@OQTzNEOkyjOQNzocKLpdYEFGDIHJHGoEFJD�NEFJ\^Y�UWFWK~TEHGZ]D2F/Z]oETEMgUWOk\^TEH/UJ\
�K}È�z�j�Îê�OQTS\^YRDIFJK~UWOkTE{�Yf\^OkTdUWH�KLpQ\LTE{9UWBEDxNzijTcKL_�OQM��]A�ijYRDgÜÝlJl[� � �6�j��\LUJDCUWBcK~U'UJBED6K~MIMID2pQD2FWK~UJOQ\^TcK~pøs
UmX:\~ÜmYEBEKLHJD�Z]FJOQMgUWOk\^TcKLptKLTEN�UmX:\~ÜÝYEBcKLHGD�{^FJK1yjOuU*K~UJOQ\^TcK~ptYEFGDIHJHGoEFJD�NEFJ\^Y�UWFJKLTEHGZ]D2FxZ]ozTEM2UJOQ\^T�KLpQptBcK�y^D
K#p�KLFG{^D`YEBcKLHGDSp�KL{å�nM2pQ\^HGD`UW\ −180◦

�6X0OkUJB	FGDIHGYfD2M2U�UW\#UWBED�OQTEpkD2UrdE\�XÀYfD2FGUWozFJPcK~UJOQ\^TzHI��Â9T	UJBED
MI\LTÉUJFWKLF[i^sÉUWBEDCZ]FGOQM2UJOQ\^TEKLpEKLTzN�{^FJK1yjOuU*K~UJOQ\^TcK~pzYEFGDIHJHGoEFJD�NEFJ\LY�OkTSUJBEDx\^TEDgÜÝYEBcKLHGD�FGDI{^Ok\^TSBcK�y^D�TE\�\LF
K�HJ_�KLpkpYzBcKLHJD`pQKL{EsRFJD2HJYRDIM2UJOkyLDIpkiL��ACBzOQH9D ézYzp�KLOkTEH�UJBEDVYEBdijHJOkM�KLp;_�DIM*BEKLTEOQHG_£\~Z�UJBEDVOkTEHGUWKLPEOQpkOkUmiRÌ
PRDIM�K~oEHJD�\LZCUJBED�p�K~FJ{^D�NEDIpQK�i �]YEBcKLHGD�p�KL{É�&OQTåUWBED�UmX:\~ÜmYzBcKLHJD�YEFJD2HJHJozFJD#NEFJ\LYEH�X0OkUJBöFJD2HJYRDIM2U`UJ\
UWBzD�OkTEpQDgURdE\�X YfD2FGUWozFJPcK~UJOQ\^TzHIs'dcoEMgUWocK~UJOQ\^TzH�OkT�UJBED�UJ\LU*K~pòYEFJD2HJHJozFJDVNEFG\^Yq\1yLDIF�UJBED�M*BcKLTETED2p/MIKLT
PRDIMI\L_�D�\^ozU�\LZ�YEBcKLHGDåX0OuUWB¡UWBED�OQTzpQD2UEdE\�X dcoEM2UJocK~UJOQ\^TEH2�ùACBEOkH�FGDIHGoEpkUJHIs6yjO�KöUWBzDåM2\^TEHGUWKLTdU
YEFGDIHJHGoEFJD�NEFJ\LY�PR\^oETENEKLFGiSM2\^TENEOuUWOQ\LT,s^OQT�K�Yf\^HGOkUJOky^D@Z]D2DINEPEKLM*}�KLTEN�HJDIpuZ�ÜmHGoEHGUWKLOQTED2N�\LHJMIOkpQpQK~UWOk\^TEH(OkT
UWBzD&OQTEpkD2U¿dE\�X��'lmT#M�K~HJD&\LZHJOkTE{^pkDgÜmYzBcKLHJDodc\1X�sEOø�ïDL�!OkT#KLPEHJD2TEMID�\LZ¼UJBED9UmX�\aÜmYEBcK~HJD&YEFGDIHJHGoEFJD�NEFG\^Y
UWD2FJ_�H!X0OkUWB�p�KLFG{^DCYEBcK~HJD6pQKL{^H2s^UWBEDxM*BcKLFJKLM2UJDIFJOkHGUJOQM0D�}ÉocK~UJOQ\^T��ç�K}È�r�r�áíL�!M2\^oEpkN�TE\~U�PRDxZ]ozpk�cpkpQDINVZ]\LF
KLTdi

s = iω
�vUWBED�FJD2HJoEpuU*KLTdUx\LZ(UJBED�MI\^_�YEpkDgé�yLDIM2UJ\^FJH�OQT��c{^ozFJD��r�Î�SMI\LoEpQN#TEDgy^DIF�PfD�ÆID2FJ\É� �:ACBzOQH

_�D�KLTEH@UJBcK~UCUJBED�HGijHGUJDI_§OQH0K~pkX�K1ijH0HGUWKLPEpkDLszX0BEOkM*B#OQHC}ÉTE\1X0T�Z]FG\^_ùD ézYRDIFGOQ_�DITdU*K~p,DgérYRDIFJOkDITEM2D�KLH
X:DIpQpç�(lmTVUJBEOQH;HGDITEHGDLsj\^TEDCMIKLT`HWK�iVUJBcK~U;UJBED0KLMIM2DIpkDIFWKaUWOQ\LTcKLpøs�UmX:\~ÜmYEBEKLHJDCZ]FJOkM2UJOQ\^TcK~prK~TENVUmX�\aÜmYEBcK~HJD
{^FJK1yjOuU*K~UJOQ\^TcK~pfYEFGDIHGHJoEFGD�NEFG\^YEHxKLFJD&FGDIHGYf\^TzHJOQPzpQD&Z]\^F@UWBzD&OQTEH[U*KLPEOkpQOuUmi�\LZUWBzD�UmX:\~ÜÝYEBcKLHGDÐdE\�X��
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�(Ok{^oEFJD��r�Ç�zÌ;ACBzD6MI\L_�YEpkDgéSyLDIM2UJ\^FJH�FJDIYzFJDIHGDITdUWOkTE{�UJBED6{dK~OQT�KLTEN�YEBEKLHJD�\LZ,UWBzD6NEO´etD2FJDITdU�YEFJD2HJHJozFJD
NEFG\^Y`UWFWK~TEHGZ]D2F'Z]ozTEM2UJOQ\^TEH!\LPzU*KLOkTEDIN�K~U'\LYfD2FWK~UJOQTE{&M2\^TENEOuUWOQ\LTEH'KLpQ\LTE{6UWBzDxNrirTEKL_�OkM��nA'ijYfD ÜmlJl[� � ���
h/\LOQTdUWH0�µKLTEN��¡MI\^FGFJDIHGYf\LTEN�UJ\`UWBE\^HGD�OQT��c{^oEFGD��r�ÎÍ

�(Ok{^oEFJD��r�ÎírÌ�exD2p�K~UJOky^D�M*BcKLTE{LD��nHGDITEHGOkUWOuyjOkUmiz��\LZCUJBED�b9e¯\LZCUWBED�HGijHGUJDI_÷Z]\^F�K>�gf OQTEM2FJDIKLHJD�OkT
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HJD2DIT�OQT��c{^oEFGDV�j�k��Êz��Â&Tzpki�UJBED�MI\^_�YEpQD é#YR\^pQD2H0KLFJD�YEpk\LUJUJDIN�UWBED2FJD�HJOkTEMID&UWBzD�FGD�KLpòYR\^pkDIHxKLFJD�TE\~U
OQ_�YR\^FGUWKLTdU@Z]\^F@UWBzD�H[U*KLPzOQpQOuUmi^�

�(Ok{^oEFJDx�j�k��ÊzÌ;h/\LpQDIH'\LZfUWBED0FGD�KLMgUW\^F�HGijHGUJDI_¯KLpk\^TE{9UWBzDxUJFWK��GD2M2UW\LFGiS\LZf\^YRDIFWKaUWOQTz{�YR\^OkTÉUJH'HJBE\1X0T�OkT
�c{^ozFJD��r�Çê�Z]FJ\L_-YR\^OQTdU@��UW\`YR\^OQTdU0�6srZ]\^F:UmX:\`y^\^OkN�FJD�K~M2UWOuyjOkUmi�Z]DIDINzPcKLM*}�M2\rD%µ�MIOQD2TdUWHI�:Â9TEpui�UJBED
FJD2pQDgyLK~TÉU�YR\^pQD2H�KLFJD0YEpk\LUJUJDIN,�!�c\^F'K�HGUJFJ\^Tz{^DIF'y^\^OkN�FGD�KLMgUWOuyrOuUmiVZ]DID2NEPcKLM*}ÈsjUWBED2FJDxOQH�KLT�OQTdUWD2FJM*BcKLTz{^D
PRD2UmX:DIDIT�UWBED&UmX:\�YR\^pQD6YcKLOQFGHCPfD2OQTE{`UJBED�pQD�K~HGUGÜÝHGUWKLPEpQD6\^TEDL�

�c\^F'K�pQ\1X�yLK~pQoED0\LZRUWBED0y^\LOQNSFJDIKLM2UJOkyjOkUmi`M2\rD%µ�MIOQD2TdU�srK�HGOQ_�OQpQKLF(PRDIBcK�yjOQ\LF�MIKLT�PfD0\^PEHGDIF[y^DIN�KLH
Z]\^F�UJBED&UWBED2FJ_�KLpuÜÝBdirNzFWKLoEpkOQMxHJoEPzHGijHGUJDI_=OQT��c{LoEFJD��r�u���rÌ(ACBED�HWKL_�D&Yf\LpQD9YcK~OQF@FGDI_�KLOQTEH:UWBED&pkD�KLH[U
HGUWKLPEpkD@\^TED@OkT`Pf\~UWB`FJD2{^OQ\LTEHI�ACBEOQH!OkH(YEpQKLoEHGOQPEpkD�PRDIM�K~oEHJD@Z]\^F/X�DIKL}�yL\^OQN`FGD�KLMgUWOkyjOuUmi�Z]D2DINEPcK~M*}RsdUJBED
MI\LoEYEpQD2N�HGijHGUJDI_ PRDIBcK�y^D2H�_�\^FGD`\^F9pkDIHJH&OkT�UWBED`HJKL_�D`_�KLTzTEDIF�KLH9UJBEDVUWBzDIFJ_�KLp ÜmBdijNEFWKLozpQOQM�HJozPrÜ
HGijH[UWDI_���Ã�\1X�Dgy^D2FIstZ]\^F�K�H[UWFJ\LTE{^DIF0y^\LOQN�FGD�KLMgUWOkyjOuUmi�Z]DIDINzPcKLM*}ÈsfUJBED�UmX:\�YR\^pQD�YcKLOkFJHxOQTdUWD2FJM*BcKLTz{^D
UWBzDIOQF�HGUWKLPEOQpkOkUmiL���(OQFGHGU�sRUWBED�BEOQ{^BzDIF[ÜøZ]FJD1}jozDITEMgi�YR\^pQD�OQH6UJBEDVpQDIKLHGU9HGU*K~PEpQDVOkTqUWBzDVA�ijYRDgÜÝlJlxFJDI{LOQ\^T,s
X0BED2FJD�K~H�OkT>UWBED`A'ijYfD Üml6FGDI{^Ok\^T��çKaU�Yf\^OkTdU��µ\~Z:UJBED`BE\^FGOQÆI\LTÉUWKLp/UJFWK��GD2M2UJ\^FGi>OkT��c{^oEFGD��r�Çêd�gs,UJBED
pQ\1X:DIFÄÜÝZ]FJD1}ÉoEDITEMgiöYR\^pQD�PfD2MI\^_�DIH�UJBED�pkD�KLH[U`HGUWKLPEpQD�\^TED�KLTzNö_�\1y^D2H`OQTdUW\�UWBED�FGOQ{^BdU`BEKLpkZ�ÜÝYEp�KLTzDL�
|�\1yjOQTE{�Z]FJ\^_§UJBED�A'ijYfD ÜmlGlxFGDI{^Ok\^T#UW\�UJBED�A'ijYfD Üml0FJD2{^OQ\LT�X0OkUJB�UJBED�\^YRDIFJK~UWOkTE{�Yf\^OkTdU�scUWBED�y^\^OkN
Z]FWK~M2UWOk\^T�OQT�UJBED&MI\^FGD�PfD2MI\^_�DIH0{^FJKLNEocKLpkpki�pQ\1X:DIF��npk\1X�D2FCMI\^FGD&DgérOkUR}ÉocKLpkOkUmiz�gszKLTEN#UWBÉoEHIsEUJBED&y^\^OkN
Z]DID2NEPcKLM*}åPfD2MI\^_�DIH`{LFWKLNEoEKLpQpui>X�DIKL}LD2FGr �GoEH[U`UWBED�HWKL_�D�D%etD2M2U�KLHVNzDIMIFGD�KLHGOQTE{

αV

�nOQTôKLPEHJ\LpQozUJD
HJD2TEHJD��9OQT��c{^ozFJD��r�u�1ÍLP�sç���!yLDITdUWoEKLpQpui^s,UWBzD`HGijHGUJDI_ PRDIBcK�y^D2H�KL{dKLOkT�pQOk}LD�UJBEDVUWBED2FJ_�KLpuÜÝBdirNzFWKLoEpkOQM
HJozPEHGijHGUJDI_ �

αV = 0
OQT	�c{^oEFGD#�r�u�1ÍLPÈ� s(X0BEOkM*BôOQH�MI\^Tz�EFJ_�DINöPdiåUJBED��G\^OkTEOQTz{�\LZ�UWBED�FG\r\~UVpQ\jMIO

\^PzUWKLOQTzDIN�X0OkUJB�NzOfefDIFJD2TdUxyL\^OQN#M2\rD%µ�M2OQD2TÉUJH6K~H@X�D2pQpø�
A\�OkpQpkoEHGUJFWK~UJD�UWBEDxD1efDIMgU@\LZfUWBEDxOQTdUJDIFJM*BEKLTE{^Dx\LZtUJBEDxpQD�K~HGU�HGUWKLPEpQD0YR\^pQD0YcK~OQFJH!\LT�UWBzD�PRDIBcK�yjOQ\LF

\LZÈUWBzDxH[ijHGUWD2_�sd�c{LoEFJDx�r�u���6HGBE\1X0H�UJBEDCOQ_�YEoEpkHJD@FGDIHJYR\^TEHGDIH'\LZRUWBEDCFGD�KLMgUW\^F!YR\1X�D2F�K~U!HJ\L_�DCYR\^OQTdUJH
KLpk\^TE{`UWBED�FJ\j\LU0pQ\jMIO,Z]\LF

αV = −0.1
OQT#�c{^oEFGDV�j�k��Êz��lmT�YR\^OQTdUJH���KLTEN��rscUWBED�BEOk{^BEDIFÄÜÝZ]FGD�}ÉoEDITzM2i

YR\^pQDVYEKLOQF9OkH9UWBED`pkD�KLH[U�HGUWKLPEpQDSK~TEN�NE\^_�OQTcK~UJDIH9OkT>UWBED`Ok_�YEozpQHJD�FJDIHGYf\LTEHJD~��lmT�YR\^OQTdUJH�Í�K~TENå�6s
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�(Ok{^oEFJD��r�u���rÌ�lm_�YEoEpQHGD�FGDIHGYf\^TzHJDIH�\LZ(UJBED�FGD�KLMgUW\^F0YR\1X�D2F9K~U�NEOfefDIFGDITdU�Yf\^HGOkUJOQ\^TEH0K~pQ\^TE{`UJBED�FG\r\~U
pQ\jMIO6_�KLFG}LD2N Pdi»�^sÎ�rsÇÍ KLTEN �8OQT �c{LoEFJDå�r�u��Ê Z]\^F�UWBED�MIKLHJD�\LZ

αV = −0.1
�¯�c\^F#KöPRD2UJUJDIF

MI\L_�YcK~FJOQHG\^T,srD�KLM*B#OQ_�YEoEpkHJD9FGDIHGYf\^TzHJD�OQH@Tz\^FJ_�KLpQOkÆID2N�X0OkUJB#UJBED9y~KLpQozD9\LZOkUJH@�cFJH[U0Yf\^HGOkUJOky^D6YfDIKL}È�

OkUJHVOQTMdcoEDITzMID�M�K~T�PRD�HGDIDIT�\^TEpui�ozYôUW\	�qHJD2MI\^TzN,s�KaZvUWDIF�UWBcK~U�UWBED�pk\�X:DIFÄÜÝZ]FGD�}ÉoEDITzM2iöYR\^pQD�YcKLOQF
NEDgUWDIFG_�OkTEDIHCUJBED�OQ_�YEoEpQHGD9FJD2HJYR\^TEHGDLscX0BEOQM*B�OQH@UJBEDIT#UWBzD�pkD�KLH[U0HGUWKLPEpQD&\LTEDL�

A\�KLHJM2DIFGUWKLOQT�UJBED�HGUWKLPEOQpkOkUmi�\LZUWBED&H[ijHGUWD2_§MI\^FGFJD2M2UWpui^sE\LTED�HJBE\^ozpQN#PfD�K~PEpQD6UJ\`�cTEN�UWBED�pkD�KLH[U
HGUWKLPEpkD��]NE\^_�OQTcK~UJOQTE{d�:Yf\LpQD�\LZ;UJBED�H[irH[UWD2_8Z]\^FxKLTdi�\^YRDIFJK~UWOkTE{�M2\^TENEOuUWOk\^TEHI��ACBED�OkTÉUJDIFGM*BcKLTE{^D�\LZ
UWBzD`pQD�K~HGU9H[U*KLPzpQDVYR\^pQD�YcKLOkFJH9HGBE\1X0H�ozH9UWBcK~U9\^TEDVBcK~H9UW\�M2\^TEHJOkNEDIF&HGD2yLDIFWK~p!Yf\^pkD�YcK~OQFJH6M�KLFGD2Z]oEpkpki
X0BED2TqNEDgUWDIFG_�OkTEOQTz{�UWBED�pkOQTEDIKLF@HGUWKLPEOkpQOkUmiL�

"nÇ#t º ÉUÌ�Ô¶Ë3.G(�Ê1ÉUÌG(
� FGDINEoEM2DINrÜÝ\^FJNzDIF�NzijTcK~_�OkM�_�\rNED2p�BEKLH�PRDIDITµoEHGDIN UJ\ DgézKL_�OQTED	UWBEDôFG\r\~Uqpk\rM2O�\LZSTEK~UWoEFJKLpuÜ
MIOkFJM2oEp�K~UJOQ\^T��:��exHxKLTzN�UJBED�oETENED2FJpkijOkTE{`UmX�\~ÜÝYEBcKLHGD dc\1X»HGijHGUJDI_�HI�

A\>{dKLOkT�_�\^FJD�OkTEHJOk{^BdUVOkTÉUJ\qUWBzD�YEBdijHJOQM2HS\LZCUWBED�OkTEHGUWKLPEOkpQOkUmi�YzBEDITE\L_�D2TcKzs;UWBzD�FJ\^pkD�\LZCUJBED
NEO´etD2FJDITdU�YR\^pQD2H!\LZfUJBEDxHGijHGUJDI_ OQTSNEDgUWD2FJ_�OQTEOkTE{9UWBED0H[U*KLPEOkpQOuUmiVKLTzN�UJBEDIOkF!FJDIpQK~UWOk\^TVUW\&UJBED�YzBÉijHGOQM�K~p
OQTzHGU*K~PEOQpkOkUmi�_�DIM*BcK~TEOQHG_�H9BEK1yLD`PfD2DIT�DgézKL_�OQTzDIN,���:i�D2y~KLpkocK~UJOQTE{�UWBEDVM2\^TdUWFGOQPEozUJOQ\^TzH6\LZ'UWBzDVNEOkZ�Ü
Z]DIFGDITdU9YzFJDIHGHJoEFGDVNEFG\^Y�UJFWKLTEH[Z]DIFxZ]oETEM2UJOQ\^TzHxUJ\�UWBzD�M*BcK~FWKLMgUWDIFGOQH[UWOQM�D�}ÉocKaUWOQ\LT,sfOuU0X@KLH�FJD2MI\^Tz�EFJ_�DIN
UWBEK~U�NzOfefDIFJD2TdU:UmijYRDIH@\LZtYEFJD2HJHGoEFJD9NzFJ\^YEH�KLFJDxFJD2HJYR\^TEHGOQPEpkDxZ]\^F'UWBzDxUmX:\�UmijYfD2H@\LZtOQTEH[U*KLPEOkpQOuUWOQD2H;OQT�K
TcK~UJoEFWK~puÜmM2OQFGMIoEpQK~UWOk\^T#�]UJBEDIFG_�K~puÜmBdijNEFJKLoEpQOkM1�(H[irH[UWD2_��'�c\^F!UWBzD6A'irYRDgÜÝlJl!OkTEHGUWKLPEOQpkOkUmi�UWBED0UmX�\aÜmYEBcK~HJD
Z]FJOkM2UJOQ\^TcK~pòKLTEN�UWBED�KLMIM2DIpkDIFWKaUWOQ\LTcKLp,YEFGDIHGHJoEFGDVNEFJ\LY�KLFGD�UJBED�_�KLOkT�NzDIHGUWKLPEOkpQOQÆ2OQTE{VUJDIFG_�H2sÈX0BzDIFJDIKLH
Z]\^F@UJBED�A�ijYRDgÜml*sÈOkTEHGUWKLPEOQpkOkUmi�UWBED�{^FJK�yrOuU*K~UJOQ\^TEKLpfYzFJDIHGHJoEFGD�NEFG\^Y�OQH@UWBzD�_�\^H[U0OQ_�Yf\^F[U*KLTdUCNzDIHGUWKLPEO Ü
pQOkÆIOkTE{�UWD2FJ_��`lÝU�X@KLH�KLpkHJ\�NED2_�\^TzHGUWFJK~UWD2N	UJBcK~U�UWBzD�HJKL_�D`Yf\^pkD`YcKLOkF&\LZ:UJBED`UWBED2FJ_�KLpuÜÝBdirNzFWKLoEpkOQM
HJozPEHGijHGUJDI_ÁNEDgUWDIFG_�OkTEDIH;UJBEDCHGUWKLPEOkpQOkUmi�OQT`PR\LUJBSUJBEDCA'irYRDgÜÝl!KLTEN`UJBEDCA�ijYRDgÜÝlJl(OkTEHGUWKLPEOkpQOkUmi�FGDI{^Ok\^TEHI�
ACBÉoEHIsRK`MID2FGUWKLOQT�Yf\LpQD9YcK~OQFCM�K~TETE\LU0PRD�KLHJHG\rM2O�K~UJDIN�X0OkUJB�KSHJYRDIM2Ok�cM�OkTEHGUWKLPEOQpkOkUmi�_�DIM*BcKLTzOQHJ_��

�c\^F�K�FJDIKLM2UJ\^F6X0OkUJBqX:D�KL}�y^\^OkN�FJDIKLM2UJOkyjOkUmi�Z]DID2NEPcKLM*}Ès,UWBzDVHWKL_�DVM2\^TEMIpkoEHJOk\^T�MIKLT>PfD�NEFWK�X0T
HJOkTEMID�UWBED`FG\r\LU6pQ\jMIOPfD2BcK�y^D`HGOQ_�OQp�K~FJpki�KLH6Z]\^FxUWBEDVUJBEDIFG_�KLp ÜmBdijNEFWK~oEpQOkM�H[ijHGUWD2_�Ì6ACBED`HWKL_�D�YR\^pkD
YcKLOkFVOQHVUJBED�pQDIKLHGUSH[U*KLPzpQD�\^TED�OkT Pf\LUJB OQTEH[U*KLPEOkpQOuUmiåFGDI{^Ok\^TEH2�ô�c\^FSK>FJDIKLM2UJ\^FVX0OkUJB�H[UWFG\^TE{>y^\^OkN
FJDIKLM2UJOkyjOkUmiöZ]D2DINEPEKLM*}Ès�K~T DgérM*BcK~TE{^D�\LZ�UWBED�pQDIKLHGU�HGUWKLPEpQD�YR\^pQD#YcKLOkFJH�BcKLH�PfD2DIT Z]\LoETENõZ]\LF�UJBED
UWFJKLTEHGOkUWOk\^T	PfDgUmX�D2DITôUWBzD�UmX:\�NEOfefDIFGDITdU�OQTEH[U*KLPEOkpQOuUmiqUmijYfD2HIÌSACBED�pQD�K~HGU�HGU*K~PEpQD�Yf\LpQDSYcKLOkF�OkTåUJBED
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A'irYRDgÜÝlJlòFGDI{^Ok\^T�OkH/Tz\LU¼UWBED:HWKL_�D�K~H/OkT�UJBED�A'ijYfD ÜmlòFJD2{^OQ\LT,�¼ACBEOQH/HJBE\1X0H/UJBcK~U/\^TED�BcKLHUW\xMI\^TEHGOQNED2F
UWBzD6NEO´etD2FJDITdU�Yf\^pkDIH�M�KLFGD2Z]oEpkpki`UJ\�PRD9KLPEpkDxUJ\�NEDgUWD2FJ_�OQTEDxUWBED�MI\^FGFJDIMgU@H[U*KLPEOkpQOuUmi`M*BcKLFJKLM2UJDIFJOkHGUJOQMIH:\LZ
K`TcK~UJoEFWKLp ÜmM2OQFJM2oEp�KaUWOQ\LT��:��e ozHJOQTz{�KVZ]FJD1}ÉoEDITEMgidÜmNE\^_�KLOkT�FGDINEozMIDINjÜm\^FGNEDIFx_�\jNED2pø�

ACBEOkH!HGUJoENzi`NED2_�\LTEHGUJFWK~UJDIH!UWBED0oEHGD2Z]oEpkTEDIHGH:\~ZtFGDINEoEM2DINrÜÝ\^FJNzDIF'_�\jNED2pQH;OkT�ozTENEDIFGHGUWKLTENEOkTE{�KLTEN
OQNzDITdUWOuZvirOkTE{VUWBzD�YzBÉijHGOQMIHxPRDIBEOkTEN�UWBED�OQTzHGU*K~PEOQpkOkUmi�YEBED2TE\^_�DITcKSOQT��:��e0HI�
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ACBEDSb9� � lÄex� ZnKLM2OQpkOkUmi#OQH9K#TEK~UWoEFJKLpuÜÝMIOkFJMIozp�K~UJOQ\^T,scPR\^OkpQOQTz{�UmX:\~ÜmYzBcKLHJDzdc\1X4pQ\j\^Y,��lÝU&M2\^TdU*KLOkTEH�K
HJMIKLpQD2N�M2\^Ydi�\~ZòK�Z]ozDIpRKLHJHGDI_VPzpkiS\LZ,UJBED�b6ozUWM*B�b6\rNzD2X�K^KLFJN�FJD�K~M2UW\LFI�;ACBED�HJMIKLpQOkTE{�K~TcKLpkijHGOQH!UWBcKaU
pQD2N�UW\�UWBzD`NEDIHGOQ{^T�\LZ�UWBEDSb6� � lÄe�� ZnK~MIOQpkOkUmiLstPcKLHGDIN	\^T�oEHJOkTE{#�cFJD2\^TrÜ*�1�>�

CCl2F2

�9KLH9X:\^FJ}ÉOkTE{
dcoEOkNõOkTEHGUJD�KLN�\LZ�X@K~UJDIF2s�OQHSNED2HJM2FJOQPRDINõOQTöä�KLT�NEDqè�FJK^K~Zn¯%±Vÿ�²´³x�[�1�L�LÊdKzsïPÈ�g��ACBED�{^\dKLp�\LZ6UJBED
HJMIKLpQOkTE{&KLTEKLpkijHJOkH(X�KLH!UW\&\^PzUWKLOQTVUJBEDCHWK~_�DCK�ézOQKLpryL\^OQNjÜÝZ]FWK~M2UWOk\^T`KLTzNndE\�X@ÜY}ÉocKLpQOuUmi�NzOQHGUJFJOkPEozUWOk\^T�OkT
b9� � lÄex�åK~H(OkUOkH/OkTVKLT`K�yLDIFWK~{^D:Z]oED2prPzoETENEpkD�\LZEUJBED@b�\rNEDgX@KLKLFJN`FGD�KLMgUW\^F/K~U;Tz\^_�OkTcKLp^M2\^TENEOuUWOk\^TEHI�
ACBED�_�KLOkT�FGDIHGoEpkU�\LZ9UWBzDqHJMIKLpQOkTE{ôK~TcKLpkijHGOQHSX@KLH�KåHGOQÆID�FJD2NEoEM2UJOQ\^T \LZ�K	ZnK~M2UW\LF�\LZ�Ër�ÇÊÉí�OQT KLpQp
NEOkFJDIMgUWOk\^TEHIsjK�FJDINzoEM2UJOQ\^T�\~ZtUWBzD6TE\^_�OQTEKLpcYEFJD2HJHGoEFJD6Z]FG\^_¯í^�r�Î��PEKLF�UJ\��^�L�Î��PcKLF2szKLTzN�K�FGDINEoEMgUWOk\^T
\LZUWBED�TE\L_�OkTcKLp,K�yLDIFWK~{^D�KLHJHGDI_VPEpui�YR\�X:DIF0Z]FJ\L_¸�^�^���S}g� UJ\��L�r�ÎÍ`}g�µ�

�(Ok{^oEFGD9Íz�u�9HJBz\�X0HxKVHGM*BEDI_�K~UWOkM6yjOQDgX \LZòUJBED�b9� � lÄex�õZnKLM2OQpQOuUmi^�ACBED&YEFGOQ_�KLFGi�pQ\j\^Y�M2\^TEHGOQHGUJH
\LZxUWBED�Z]oED2p0KLHJHGDI_VPzpki^s�K>FJOQHGDIF2s�K�NE\1X0TEMI\L_�D2FIs:KLTEN Z]\^oEF`NE\1X0TEM2\^_�D2F�pk\r\LYEHI�ô�@USUJBED�UW\^Y�\LZ
UWBzD�FJOkHJD2FIsÈHJD2YcKLFWKaUWOQ\LT�\LZ;pQO }ÉoEOkN�KLTENqy~KLYR\^FCU*KL}~DIH�YEp�KLM2D�KaU�UJBED�Z]FGDID�HJoEF[ZnKLMID~�xACBzD�pQOf}ÉoEOQNEdc\1X0H
OQTdUJ\�UJBED�NE\1X0TEM2\^_�DIFIsÈX0BEOkpQD�UWBED�y~KLYf\LFRdc\1X0H�oEYdX@KLFGNqUW\1X�KLFJNzH6UWBED�MI\LTENEDITzHJDIF2��ACBzDIFJD�OkU0�cFJH[U
YcKLHGHJD2H9KSYEFJD2HJHJozFJDgÜÝMI\^TdUJFJ\^pkpQOQTz{Sy~KLpuy^D~�:ACBED�HJDgUWYR\^OQTdUx\LZ/UWBEOkH@yLK~pky^D�NEDgUWDIFG_�OkTEDIHCUJBED�YEFJD2HJHJozFJD�OkT
UWBzD�YzFJOQ_�KLF[iqpk\r\^Yt�`ACBEOQH�OQH�K�_�\LUW\LF[ÜÄK~M2UWoEK~UWD2N�y~KLpuy^D`M2\^TdUWFJ\LpQpQD2N�PÉi>K�YEFG\^YR\^FGUJOQ\^TcK~puÜmOkTdUWDI{LFWKLp Ü
NED2FJOky~K~UJOkyLD��nh'lÄb9�xMI\LTÉUJFJ\^pkpQD2FI�0ACBED�HGD2UGUWOQTz{^H6\LZ(UWBED�h'lÄb4MI\jD1µ�MIOkDITdUWH6X:DIFGDVM*BE\^HGDIT>HG\�UWBcKaU�UJBED
MI\LTÉUJFJ\^pR\LZòUJBED�y~KLpuy^D6OkH�HGpQ\1X¡DITE\LoE{^B�TE\LU�UW\�OQT3dcozDITEM2D6UWBED6NzijTcKL_�OQMIH�\LZòUJBED�UmX:\~ÜmYzBcKLHJDrdE\�X¡OkT
UWBzD�ZnKLM2OQpkOkUmi^�(ACBED�y~KLYR\^FCUWBEK~UxpQD�K�yLDIH0UWBED&ZnKLM2OQpQOuUmi�OkH0MI\^TENzDITEHGDIN�OkT#UJBED�MI\^TENzDITEHGDIFI�@��D2Z]\^FGD&UWBEOkH
pQOf}ÉoEOQN�OkHCYEoE_�YfD2N#PcKLM*}�OkTÉUJ\VUWBED�YEFGOQ_�KLFGi�pQ\j\^Y,sjOkU0MIKLT#PfD&M2\r\LpQDIN�UJ\SKLPf\LozU −20◦C

Pdi#K`BEDIK~U
DgérM*BcK~TE{^DIF/UWBcK~UOkH/M2\^TETED2M2UWD2N�UW\6K�HGDIYcKLFJK~UWD:MI\j\^pQOkTE{CHGijH[UWDI_ù�nHGDID��c{^oEFGD@Íz�u���g�ACBED�UWDI_�YRDIFWKaUWoEFGD
KLTEN�UWBEDx_�KLHJHhdc\1X FWKaUWDx\LZtUJBED�� Z]DIDINrX@K~UJDIFd�Rdc\1X¡KLFGD�Ok_�YR\^FGUWKLTdU'Pf\LoETENcKLF[iSMI\^TzNEOkUJOQ\^TEH!Z]\^F!UJBED
YEFGOQ_�KLFGi#M2OQFJM2oEOkUI�9ACBED`pkO }ÉoEOQN�pQDgy^DIp/OQTqUJBEDVYEFGOQ_�KLFGi#M2OQFGMIoEOuU9OQH�MI\^TdUJFJ\^pkpQDIN�yrOQK�UWBzD=dc\1X¤FWK~UJDV\LZ
Z]FJD2\^TSYEoE_�YfD2NSPcKLM*}�UJ\�UJBEDCYEFGOQ_�KLFGi�pQ\j\^Y,�ACBED@y~KLFJOQKLPEpkD@YEoE_�Y`HJYRDID2N�OQH(MI\^TdUWFG\^pQpkDIN`oEHGOQTE{�h!lÄb
MI\LTÉUJFJ\^pkpQD2FJHI�

��ØÙ×hØÁ× � ä�âïßMä@_DÛ;ä�á�ßMà¡Ýhç
ACBED�BED�K~UJDIN�HJDIMgUWOk\^T�OkH:K�MI\LYÉi�\LZ,K�Z]ozDIpRKLHJHGDI_VPzpki`Z]FJ\L_ëUWBED�b6\jNED2X�K^KLFGN�FJDIKLM2UJ\^FIsÉM2\^TEHJOkHGUJOQTE{�\LZ
UWBzD6Z]\^pQpk\1X0OQTE{�YcKLF[UWHIÌ'Í^��DIpkDIM2UJFJOkM�KLpkpkiSBEDIK~UWD2N�Z]oEDIp,FG\rNzHIsEÍ�HJYcKLM2DIFGHIscPR\LUJUJ\^_ÁTE\^ÆIÆ2pQD~szUW\^Y�TE\^ÆIÆ2pQD~s
KLTEN�K�NzoE_�_�iö�]OQTEH[UWFJoz_�D2TÉUJDINÈ��Z]ozDIp;FG\rN,s,KLpQpMI\^TdUWKLOQTED2N>OQT�UJBEDVZ]oEDIp(KLHJHGDI_VPzpki�MIKLHJOkTE{E��ACBED2FJD
KLFGD�UmX:\�HJDgUWHV\LZ�Z]oEDIp�FJ\jNEHIs/X0BEOQM*BôMIKLTôFGDIYEpQKLMID�\^TED�K~TE\LUWBzDIFIs/\^TED�X0OkUWB�K
dÈK~U�YR\�X:DIF�YEFJ\L�EpQDLs
UWBzD�\LUWBzDIF�X0OuUWBöK�HGOQTÉoEH*ì9\�efHJDgUSYf\1X:DIFVYzFJ\L�cpkDL�>lmTôUJBED�p�KaUJUWD2FIs(UJBED�YEOuUWM*Bö\LZCUJBED�M2\^OQpkH�\LZCUJBED
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�(Ok{^oEFJD'Ír�k�^Ì � M*BEDI_�D:\~ZrUJBED�b6� � lÄe��qZnKLM2OQpkOkUmi^s2X0BEDIFGD�hsaA�KLTEN���NEDITE\~UWD�YEFJD2HJHJozFJDLs~UWDI_�YRDIFWKaUWoEFGD
KLTEN dc\1XÁHJD2TEHJ\^FGHIs;FGDIHGYfD2M2UWOuy^D2pki �npkD2ZvU��c{^oEFGD1� ��ACBzD�NEOk_�D2TEHJOk\^TEH�\LZ�UJBED�ZnK~MIOQpkOkUmi�KLFJD�HJBE\1X0TôOkT
UWBzD�FGOQ{^BdUC�c{LoEFJD~��ACBzD�pkDITE{~UWB#\LZ/BED�K~UJDIN�HJDIMgUWOk\^T#OQHxK~Ux�^�d�V_�_¾KLTzN#UJBED�pQOf}jozOQNWdc\1X0HxoEYdX@KLFGNEH
DITdUJDIFJOkTE{�K~UCUWBED�PR\LUJUJ\^_ùTz\^ÆIÆ2pQDL�!ACBzD�H[irH[UWD2_§YcKLFWK~_�DgUWDIFGHxKLFJD&HGoE_�_�KLFGOQÆID2N#OQT��6YzYfD2TENEOué#�6�

FJD2HJOkHGU*K~TEMID9X0OkFJD9OkH@K�Z]oETEMgUWOk\^T�\LZòUWBzD�KaérO�KLpRYf\LHJOkUJOQ\^T�OQT�UJBED&FJ\jN�OkT�HJoEM*B�K�X�K1i�UWBcKaU@UWBED&YR\1X�D2F
YEFG\L�cpQD{����������OQH2Ì

P ′(z) = P
(1 − 2

π
fp) + (fp − 1) sin(z π

LC
)

LC(1 − 2
π
)

�nÍz�k�1�
X0BED2FJD

fp

OQHCUWBED�KaérO�K~p,YfDIKL}ÉOQTE{SZnKLMgUW\^FCUWBEK~UxBcKLHCUWBED�y~KLpQozD�\~Z@�^�ïÊEs
LC

OkH@UWBED�BEDIOk{^BdUx\LZ(UJBED
KLHGHJDI_�PEpkiåKLTEN h»OkH�UWBzD�UW\~U*KLp�Yf\1X:DIF2��ACBED�Z]oED2p�FG\rNEH�KLFJD�KLFJFJKLTE{^D2NôOQTôKqHv}ÉocKLFGD��aéz�qpQK~UJUJOQMID
X0OkUJB�K�YEOkUJM*B�\LZ:êz�Îê�_�_���Â9TED`\~Z�UJBEDVZ]\^oEF6MIDITdUJFWKLp;FG\rNzH&OQH9TE\~U�K�Z]oEDIp(FJ\jN>PEozU�KLT>oETzBED�K~UJDIN
OQTzHGUWFGoE_�DITdU*K~UJOQ\^T�FG\rN�X0OkUJB�UJBED�HWKL_�DSNEOQ_�DITEHGOQ\^TzH�KLH�K#BEDIK~UWD2N�FJ\jN,��ACBEOQH�M2\^FJFGDIHJYR\^TENzH�X0OkUJB
UWBzD�b�\rNEDgX@KLKLFJN#Z]oEDIp¼K~HJHJD2_VPEpui^scOQT�X0BEOkM*B�\LTED&\LZ(UJBED9Z]\^oEF0M2DITdUWFJKLpòFJ\jNEHCNE\jDIH0TE\LUxM2\^TdU*KLOkT�K~TÉi
oEFJKLTEOQoz_ùPEozUxOkH@�cpQpkDIN�X0OkUJB�X�K~UJDIFI�

ACBED�Z]oEDIpòK~HJHJD2_VPEpui�OkH@MI\^TdUWKLOQTED2N�OQT�KVHÙ}ÉocKLFJD ÜÝZ]\^FG_�D2N�HGUWKLOQTEpkDIHGH@HGUJDIDIptM�KLHGOQTE{�X0OuUWB#KLT�OkTETED2F
X0OQNrUWB�\~Z�~Ê�_�_��(ACBEDxZ]oEDIpÈFG\rNEH�KLFJDxBED2pQN�OkT�Yzp�KLM2D�PdiSUWBEFGDID�HJYcKLM2DIFGH�pQ\jM�KaUWDIN�K~U@�^�r�^sÉÊd�r�^sjKLTEN
íLÍz�S_�_£Z]FG\^_£UJBEDSPf\LUGUW\^_£\LZ�UWBED�KLHGHJDI_�PEpkiL�`ACBED�HGYcKLM2DIFJH�KLFGDSDgézKLM2UJpki>HGM�KLpkDIN�MI\LYEOQD2H�\~Z:UJBED
HJYEKLMID2FJHxoEHJD2NqOQT�UJBED�b6\jNED2X�K^KLFGNqFJDIKLM2UJ\^FI�!ACBzD�BED2OQ{^BdU0\LZUWBzD�HGYcKLM2DIFJHxOQHx�aÊ�_�_��

ACBED6Pf\LUGUW\^_¯TE\^Æ2ÆIpkD9\LZòUWBzD&b9� � lÄex��Z]oED2pòKLHJHGDI_VPzpki�OQH�NzDIHJOk{^TED2N#UJ\`KLpkpQ\1X D�K~M*B#Z]ozDIptFG\rN�UJ\
PRD�M2\^TETED2M2UWD2NôOQTzNEOkyjOQNzocKLpQpui�UJ\�\LTED�\LZ�HJO é	Yf\1X:DIF�HJoEYEYzpQOQD2H�X0BzOQpQDSFGD2U*K~OQTEOkTE{�UWBED�HJBcK~YfD�\LZ�UJBED
b6\jNED2X�K^KLFGN�Pf\LUGUW\^_£TE\^Æ2ÆIpQD~��lmT>UWBzOQH6X�K�i>OkU6OQH&YR\^HJHGOQPEpkD�UW\#M2FJD�KaUWDSK�y~KLFJOkD2Umiq\LZ�FWKLNEOQKLp(YR\1X�D2F
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��ØÙ×hØôó êOà¡ÛMä`Þ�Û;ä�á�ßMà¡Ý¤ç
ACBEDSFJOkHJD2F9MI\^TzHJOQH[UWH&\LZ:K��zérDIN	YcKLF[U�KLTEN	K�UJDIpQD2HJM2\^YEOQM`YEKLFGUI��ACBED`�zérD2N	YEKLFGU�OkH&K�Hv}ÉocKLFGD`UWoEPRD
X0OkUJB`KLTVOkTETED2F(NEOk_�D2TEHJOk\^T�\LZf�aÊ~éE�~Ê9_�_��¼lÝU!BcK~H;K9pQD2TE{LUJB�\LZ¼�1ËLË^Ë6_�_µKLTEN`OQH/_�\LoETdUWDIN�NEOQFGDIM2UJpki
\^T�UW\^Y�\LZ(UJBED�Z]ozDIp/KLHJHGDI_VPEpui^�@ACBzD�UWD2pQD2HJMI\LYEOQM�YcKLF[U6K~pQHJ\�BcKLH6K�pkDITE{~UWBq\~Z@�1Ë^ËLË�_�_¾PEozU�BcKLH6K
p�K~FJ{^D2FCOQTETED2F0NEOQ_�DITEHGOQ\^T#\LZ;�z�2éz�z��_�_���ACBED�UJDIpQD2HJM2\^YEOQM�HGDIM2UJOQ\^T#�EUJH6KLFG\^oETEN�UWBED��zérDIN�HJD2M2UWOk\^T
KLTENåM�KLT�PfD�_�\1yLDINôoEY�KLTENåNE\1X0TôNEoEFGOQTE{�\^YfD2FWK~UJOQ\^Tts¼UJBÉoEHVMIFGD�K~UJOQTE{�K�y~KLFGO�KLPzpQD`FJOkHJD2F�pkDITE{LUJB
PRD2UmX:DIDIT �^�u��KLTzN��^�Ç�q_���ACBED�FGOQHGDIF�X�KLHV_�KLNED�\LZC{^pQKLHJH�UW\qKLpQpk\�XëyrOkHJocK~p:OkTEHJYRDIMgUWOQ\LT�\LZCUJBED
UmX:\~ÜmYEBEKLHJDndc\1X OQT>UJBED�FGOQHGDIF9UWBzFJ\^oE{LB	yjOQDgX0OQTE{�YR\^FGUJH�OkT>UWBEDSNE\1X0TEM2\^_�D2F�MIKLHJOkTE{E�S� y~KLFJOQKLPEpQD
dc\1X4FJDIHGOQH[U*KLTEM2DVDIpkDI_�DITdU&OkH6OQTzHGU*K~pQpQD2N�K~U6UWBEDVD érOkU&\LZ!UJBED`FJOkHJD2F6HJD2M2UJOQ\^T,�&�¡OuUWBE\^orU6UWBzOQH�Z]FGOQMgUWOQ\LT
DIpkDI_�DITdU¼UWBED'ZnKLM2OQpQOuUmi9OkHHG\6H[U*KLPEpkD!UWBcK~UOuU/OkH¼OQ_�Yf\^HGHJOkPEpQD(UJ\�H[UWoENriÈdE\�XôOQTEH[U*KLPEOkpQOuUWOQD2H'� � DIM2UJOQ\^T�Íz�Î�^�g�
� HJM*BzDI_�K~UWOkM`YEOQMgUWoEFGDV\LZ�UWBEDNdc\1X4FJD2HJOQH[U*KLTzMIDSDIpkDI_�DITdU�M�KLT�PRD`HJD2DIT	OQT��c{^ozFJDSÍz�Î�r��lÝU�M2\^TEHGOQHGUJH
\LZ,UmX:\`HJpkOQ{^BdUJpki`M2\^TEOQMIKLpRHJBcKLYRDIN�_�DgU*KLpÈYEpQK~UWD2H�HJOuUWocKaUWDIN�\^T�UJBED6UW\LY�\LZ¼DIKLM*B�\LUWBzDIFIsjPR\LUWB�BEK1yjOkTE{
K�MIOkFJM2oEp�KLF�MIFG\^HJH�HJD2M2UJOQ\^T,��ACBED`oEYzYfD2F&\^TED`OQH��zérDIN>UW\�K�HJozYEYf\LFGU�YEpQK~UWD�UWBcK~U6�EUWH&D éEK~M2UWpui�OkTÉUJ\
UWBzD6Hv}ÉocK~FJD6M2FJ\^HGH@HJD2M2UJOQ\^T�\LZ,UWBzD6FJOkHJD2FIsÉX0BEOQpkD0UJBED6pk\1X�D2F�\^TEDxM�K~T�PfD�FJ\LUWK~UWD2N,�!��\~UWB�Yzp�K~UJDIH�BcK�y^D
K�UWBEFGDIDgZ]\^pQN>\^FGOk�cM2D`KLFGFWKLTE{LDIN�OQT

120◦
FJ\LUWK~UWOk\^TcKLpHGij_�_�DgUWFGi�KLH&OQH6HJBE\1X0T	\^T>UWBEDVUJ\^Y>yrOkD2X4\LZ

�c{^ozFJD�Ír�k�^���:i	HJDgUJUJOQTE{qUJBED�pk\1X�D2F�YEpQK~UWD�oETENED2F�NEO´etD2FJD2TÉUVKLTE{^pkDIH2s;PfDgUmX�D2DIT
0◦
KLTEN

60◦
s(X0OkUJB

FJD2HJYRDIMgU�UJ\SUJBED�oEYEYRDIFx\^TED~sEUWBED�HJOkÆID�\LZUWBED�\^FGOk�cM2DIHxKLTEN#UWBÉoEHCUJBED dc\1X»FJD2HJOQH[U*KLTzMID��]Z]FGOQM2UJOQ\^Tc�:\LZ
UWBzD�D2pQD2_�D2TÉU0MIKLT�PfD�M*BcKLTz{^DIN,�

�(Ok{^oEFJDSÍr�á�rÌ � OkNED`yrOkD2Xë\LZ�UJBED`UmX�\�_�DgU*KLp!YEpQK~UWD2H&Z]\^FJ_�OQTE{�UJBEDSZ]FJOQMgUWOk\^T>DIpkDI_�DITdU��npQDgZvU&�c{^oEFGD1� �
A\^Y�yjOkD2X \~Z/UJBED�pQ\1X�D2FCYEp�KaUWD��nFGOQ{^BdUC�c{LoEFJD��g�

��ØÙ×hØ�� �òÝ!æ8çAáwÝTb�ä`Þ
ACBED>NE\1X0TEM2\^_�DIF�UJoEPfD�OQH�Yzp�KLM2DIN�M2\^TEMID2TdUWFJOkM�KLpkpkiõKLFG\^oETEN UJBED�FGOQHJD2FI�»ACBEDqNE\1X0TEMI\^_�DIF�NE\rD2H
TE\LU�DgéjUWD2TEN UW\�UJBEDqPR\LUGUW\^_ \LZ&UJBED�Z]oED2p9KLHGHJD2_VPEpkiõKLH�OQT�b�\rNEDgX@KLKLFJN PEorU�DITENzH�K~U�UJBEDqUJ\^Y
\LZ0UWBzD#Z]ozDIpCKLHGHJD2_VPEpkiLs!X0BEDIFGD#UJBEDWdc\1X¾OkHVNEOuy^DIF[UWD2NõOkTÉUJ\�Z]\^oEFVpk\r\LYEHI�	ACBEOQH`D2TcKLPEpkDIHVUJ\	Yzp�KLM2D
DgéjUJDIFJTEKLp0_�DIKLHJoEFGDI_�DITdUWH�NEDgyrOkMID2H>�nD~�Ç{z�õ{dK~_�_�KaÜÝUJFWKLTzHJ_�OQHJHGOQ\^TåHJDgUWoEYÈ�SKLFG\^oETEN�UWBED�KLHGHJDI_�PEpkiL�
ACBEDCNEOk_�D2TEHJOk\^TEH/\LZÈUWBED@Nz\�X0TzMI\^_�DIF!pk\r\^YzH;KLFGD@M*BE\^HGDIT�HJoEM*B`UWBEK~U;UWBzDCDgéjUWFJK6Z]FJOQMgUWOk\^T�OkTÉUJFJ\jNEoEM2DIN
Pdi`UWBED2_ÁOQH'TEDI{LpQOQ{LOQPEpkDL�/|�\^FGDI\1y^D2FIsrUJBED0HJMIKLpQOkTE{�\~ZtUWBzDxUJFWKLTEHGOkU!UJOQ_�DIH'OQH�KLpkHJ\�U*KL}~DIT�OkTdUW\�KLMIM2\^oETdU
M*BE\j\^HJOkTE{qUJBED�pQD2TE{LUJBô\LZ@UJBED�NE\1X0TEM2\^_�D2FVpQ\j\^YEH2ÌVUWBED�FWK~UJOQ\q\~ZCUWBED�UJFWKLTzHJOkU�UWOk_�D2H�OkTåUWBzD�MI\^FGD
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KLTENqOQT�UJBEDVFGDIHGU6\LZ!UWBzD�HGijH[UWDI_£OQH0UWBED�HWKL_�D�K~H6Z]\^F�b6\rNzD2X�K^KLFJNt�9b6oED�UW\�UJBEDVK~Z]\LFJDI_�DITdUJOQ\^TED2N
HJMIKLpQOkTE{#MI\^TzHGUWFJKLOQTzHIs¼UWBED�OQTED2FGUJO�K�\LZ�UJBED�NE\1X0TEMI\^_�DIF�MI\LoEpQN	TE\LU�PRD�HGM�KLpkDIN�YzFJ\^YRDIFGpki^���6KL_�DIpui^s
UWBzD	NzOQ_�DITEHGOQ\^TEpkDIHGH�D�}ÉoEOky~KLpkDITdU�OQTED2FGUJO�KôpQD2TE{LUJB�\~ZVb9� � lÄex�¾OQH#_�\^FJD�UJBcKLT¡UmX0OQM2D	\~Z�UJBcK~U�\LZ
b6\jNED2X�K^KLFGN,�

ACBEDxNE\1X0TEM2\^_�D2F:M2\^TEHGOQHGUJH:\~ZtUWBzFJDIDxpQD2TE{LUJBEH:\~Z,Hv}ÉocK~FJD6H[U*KLOkTEpQD2HJH'HGUJDID2pÈUJoEPEOkTE{�X0OuUWB�KLT�OkTETED2F
NEOk_�D2TEHJOk\^Tô\LZx�^Ë�éE�LË�_�_��>A/\~U*KLp:pQDITz{LUWBö\LZ0UJBED�UWozPfD�OkH`�r�Çê�_�s;X0BzOQM*B pQDIK1yLDIHSËz�Ç�qUW\��^�áíq_
KLPR\1y^D9UWBzD&FJOQHGDIF@D érOkU��/ä9OQDgX0OQTE{`YR\^F[UWHCKLFGD9pQ\jM�KaUWDIN�K~Ux�LË^Ërst�1Í^ËLËzsEKLTzN��L�^Ë^Ë�_�_-KLPf\1yLD9UWBED9UJ\^Y
\LZ:UWBEDSZ]oEDIp�KLHGHJD2_VPEpkiL��ACBEDSyjOQDgX0OQTE{�Yf\LFGU�K~U��1Í^Ë^Ë#_�_°OQH�pQ\jM�KaUWDIN�OkT	UJBED�FJKLTE{^DS\LZ:UWBED�FJOkHJD2F
DgérOuU�sEHG\SUJBEDrdc\1X K~UCUWBEOkH@YR\^OQTdUCMIKLT#PfD&OkTEHJYRDIMgUWDIN#yjOQHGocKLpQpui^�/ACBED&Z]DIDINrX@K~UJDIF0HJYEKLFJ{^D2FCOQH@pk\rMIK~UWD2N
���LËLË�_�_¸KLPf\1yLDSUJBED`UW\^Y�\LZ�UWBzDVZ]oEDIp'KLHGHJD2_VPEpkiL�`lÝU�OQTa�GD2M2UJH9UWBED��gZ]D2DINzX�K~UWD2F	�`D2yLDITEpui>Z]FJ\^_¸KLpQp
HJOkNEDIH0OkTÉUJ\`UWBED�NE\1X0TEM2\^_�D2Fjdc\1X UWBzFJ\^oE{LB#UJBEOQF[UmidÜmHJO é���ÜÝ_�_`ÜmNzO�KL_�D2UJDIF�BE\^pQD2HI�

ACBED�NE\1X0TEMI\^_�DIF6pQ\j\^YEHxNEOkyLDIFGU�UWBEDUdc\1XëK�X�K�iqZ]FJ\L_=UJBED�Z]ozDIp;K~HJHJD2_VPEpui^�&�'KLM*B>\LZ!UJBED�Z]\^ozF
pQ\j\^YEH�MI\^TEHGOQH[UWHx\LZ/UJBED&Z]\^pQpk\1X0OQTE{VHGDIMgUWOQ\LTEHIsEZ]FG\^_-UJ\^Y�UW\�Pf\LUGUW\^_°�nHGDID&�c{^oEFGD�Íz�k�1�gÌ
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Ü:OQTEH[U*KLpkpQD2N#Z]\LF�BEOk{^BrÜmKLMIM2oEFWKLMgi�UWD2_�YRDIFJK~UWozFJD�_�DIKLHJoEFGDI_�DITdUWH2�xÂ9TED�OkH0OQTEH[U*KLpkpQDIN��1êLË�_�_§PfD2pQ\1X
UWBzDxOkTEpQDgU'\LZRUWBED0BEDIK~UWD2N�KLHGHJDI_�PEpkiLsÉUJBED0\LUWBzDIF'OQH!OkTEHGUWKLpQpkDIN`OQT`UJBED�� Z]DIDINrX@K~UJDIFd�0pkOQTED~�(ACBEDCZ]\^FG_�D2F
\^TED�OkH0KLpQHG\`oEHJD2N�KLH0FJDgZ]DIFGDITEM2D�Z]\^FCMIKLpQOkPEFWKaUWOQTz{�UWBED&UJBEDIFG_�\jMI\^ozYEpQD2HCOQT�UWBzD�ZnK~MIOQpkOkUmiL�

ACBED2FJD�KLFJD�HJOué�HG\~ÜmMIKLpQpkDIN#UWDI_�YRDIFWKaUWoEFGDgÜmNzOfefDIFJD2TEMID�HJD2TEHJ\^FGH9OQTzHGU*K~pQpQD2NqKaU6YR\^OQTdUJH�X0BED2FJDV_�D�KaÜ
HJozFJOQTz{�UWBzD�UWD2_�YRDIFJK~UWozFJDxNEOfefDIFGDITEM2D�X0OkUJB�FJD2p�K~UJOkyLDxBzOQ{^B�KLMIM2oEFWKLMgi�OkH:\~ZòOQTdUWD2FJD2HGU�� � oEM*B�K�HGDITEHG\^F
MI\LTEHJOkHGUWH�\LZòUmX�\`M*BzFJ\^_�DIp ÜÄKLpkoE_�D2pEUWBED2FJ_�\rM2\^oEYEpkDIH9�n\^FGOQ{^OkTcK~UWOkTE{&Z]FJ\^_ UJBED9HWK~_�D�PcKLNE{^D���M2\^oEYEpkDIN
X0OkUJB�\^TED6HJOQNzD`�n\~ZòUWBED�HWKL_�D6UmijYfD��:\^T�DIKLM*B�\LUJBEDIFCK~TEN�UWBzD6y^\^puU*KL{LD6PRD2UmX:DIDIT�UJBED9\LUJBEDIF:HJOQNzDIH@OkH
KL_�YEpQOu�cDINt�(lmT#UWBEOkH@X@K�i�\^TzD�_�D�K~HJoEFGDIH@UWBzD�UJDI_�YfD2FWK~UJoEFJD&NzOfefDIFJD2TEMID�_�\^FJD9KLMIM2oEFWK~UJDIpui�PRD2UmX:DIDIT
UWBzD9Yf\LHJOkUJOQ\^TzH�\LZ¼UWBzD6UmX�\`UJBEDIFG_�\jMI\^ozYEpQD2H:UWBEKLT�Pdi�U*K~}jOkTE{�UJBED&NEOfefDIFGDITEM2D9\LZ¼UmX:\`pQ\1X@ÜÄKLM2MIoEFJKLM2i
KLPEHG\^pQorUWD�_�DIKLHJoEFGDI_�DITdUWH2�;�coEF[UWBED2FJ_�\^FJD~saUJBEDIFGD�OQH¼TE\�TEDID2N�Z]\^F¼MI\LpQN@�GoETEM2UJOQ\^T�MI\^_�YRDITEHJK~UWOk\^T�KLTEN
\^TEpui�\LTEDxKL_�YzpQOk�EDIFOQH!TED2DINED2N,srPR\LUJB`\LZfX0BzOQM*BSM�KLTSOkTEMIFGD�KLHGD0UJBED0KLM2MIoEFJKLM2i`\~ZfUJBEDC_�DIKLHJozFJDI_�DITdUI�
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NE\1X0TEM2\^_�D2F6pk\r\^YzHI���ç�!TENEFGDIHGH*ì&Ã6KLozHJDIF � X0OQTE{L�¡OkFJp¼lJl0b9|�ä �^ÍLÍz��X0OuUWB�K~T�OQTETzDIFxNEO�KL_�D2UJDIFx\LZ
�L�z�Ç��_�_��á��ACBED�Z]DIDINrX@K~UJDIFRdc\1XµFWK~UJDVKLTEN�UWBED�y~KLYf\LFRdc\1XµFJK~UWD�KLFJD�KLpQHG\�_�D�K~HJoEFGDIN�Pdi#y^\^F[UWD é
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ACBED�\^YRDIFJK~UWOk\^T#\LZ(UJBEDIHGDÈdc\1X»_�D2UJDIFGH�OkHCPcKLHJD2N�\^T#UWBED�YEFGOQTEM2OQYEpkD&\LZ(yL\^FGUJDgé�HGBEDINENzOQTE{E��ACBED
Z]FJD1}ÉoEDITEMgi#\LZUWBED&y^\LFGUWD é#HJBzDINENEOkTE{�OQHCNEDgUWDIFG_�OkTEDIN#Pdi�UJBED dc\1X y^D2pQ\jMIOuUmi^�!lmT�KVUmirYzOQM�K~p,y^DIpk\rM2OkUmi
FWK~TE{^D�OQTVb6� � lÄe��Cs~UJBED:yL\^FGUJOQM2DIH;K~FJD�HGBEDINVK~U/yLDIF[i�FGDI{^oEpQKLFOQTdUWD2FGy~KLpQHòX0OuUWB�UmijYEOkM�KLpÉZ]FJD1}ÉoEDITEM2OQD2H;\LZ
�1ËaÜÄ�LËVÃxÆL�!ACBEOkH�Z]FJD1}jozDITEMgi�OQH@M2\^Tdy^D2FGUWD2N�UJ\`KVÊ~ÜÄ�LË�_�� MIozFJFJD2TdU�sEX0BEOkM*B�FJD�}ÉoEOkFJD2H0KLT#K�y^DIFJKL{^OkTE{
\1y^D2F6UWOk_�D�\LZ!UJBED�yL\^FGUJDgé�Z]FJD�}ÉoED2TEM2iL�9ACBED � X0OQTE{L�¡OkFJpò_�KLTÉocKLpHGUWK~UWD2H�UWBEK~U6UJBED�UJOQ_�D�M2\^TEHGUWKLTdU
\LZ@UJBEOQH�pQ\1X@ÜÝYcKLHJH��cpuUWDIF�OQH���HGDIM2\^TENEH2��ACBEOkH�_�D�KLTzH�UJBcK~U�UWBED2HJD0dE\�XÁ_�D2UJDIFGHVKLFGD�UJ\r\�HJpQ\1XÀZ]\LF
NzijTcKL_�OQM�_�DIKLHJoEFGDI_�DITdUWH2�VlÝU&X�KLH&Z]\^oETEN�YR\^HJHGOQPEpkD�UW\�D ézYRDIFGOQ_�DITdU*K~pQpki�NEDgUWDIFG_�OkTED�UJBEDVUWFJKLTEHGZ]D2F
Z]oETEMgUWOk\^TS\LZfUJBED0DIpkDIM2UJFJ\^TzOQMIH'\LZRUWBzD�dE\�X _�DgUWD2F'X0BzOQM*B�MI\^Tdy^D2FGUJH:UWBzD0yL\^FGUJDgéSHGBEDINzNEOQTE{�Z]FJD1}ÉoEDITEMgi
UW\�K�ÊaÜ[�LËC_���M2oEFJFGDITdU��(w�HGOQTE{xUWBEOkHD érYfD2FJOQ_�DITdUWKLpQpui9NEDgUWDIFG_�OkTEDIN�UWFJKLTEH[Z]DIF¼Z]oETEM2UJOQ\^T�UWBzD:NzijTcK~_�OkM
_�D�KLHGoEFJD2_�D2TÉUJH'MI\^oEpkNSPfDCM2\^FJFGDIM2UJDINSZ]\^F;UWBzDCpQ\1X@ÜmYcK~HJH;�cpuUWDIFGOQTE{�K~TEN`UmirYzOQM�K~p/dc\1X FJK~UWD@y~KLFGO�K~UJOQ\^TEH
�nozY�UJ\�Ër�á��ÜmËz�Ç�`Ã�Æ1�@M2\^oEpQN#PRD�BcKLTENEpkDIN,�
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HJozFJD	NEFJ\^Y \1y^DIF�UWBED	OQTzpQD2U�y~KLpuy^D~�ùACBEDåHJDIM2\^TEN \LTEDõ�ç�!TENEFGDIHJHWì&Ã6KLoEHGDIF>b�DIp�KaU*KLPcK~F � HJD2FJOQD2H
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UWozPfD~�ôACBEOQH`HGDITEHG\^FJHS_�D�KLHGoEFJD2H`UWBED�M2\^pQpQKLYEHJD2NöpQOf}jozOQNôpkD2y^D2p0KLPR\�yLD�UWBED#FGOQHJD2FVDgérOuU���ACBzD#UJBEOQFGN
\^TED��ç�!TENEFGDIHGH*ì&Ã6KLozHJDIF�b6D2p�K~UWKLPcKLF � HJD2FJOkDIH9�;|qb9�^Í^ÍrstFWK~TE{^DLÌu�1�^Ë�_VPcKLFW�xOkH6OQTzHGU*K~pQpQD2N�\1yLDIF6UJBED
BEDIK~UWD2N�HGDIMgUWOQ\LTVUW\&_�D�KLHGoEFJD�UJBEDCK�y^D2FWKL{LD@y^\^OkNVZ]FWKLMgUWOQ\LT�UWBED2FJD~�;ACBEDCHJD2TEHJ\LF!oEHJD2NSUJ\&_�DIKLHJozFJD�UJBED
YEFGDIHJHGoEFJD�NEFJ\^Y�\1y^DIFxUWBED�OQTEpkD2UCy~KLpuy^D�OQHxMI\^TETzDIM2UJDIN>NEOkFJD2M2UWpui�UW\�UWBED�Z]FJD2\^TqOkT�UJBED�YzFJOQ_�KLF[i�pQ\j\^Y,s
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K`MI\^_�YEpkDgé�M2\^Ta�GoE{^K~UWD&YR\^pQD6YcKLOQF�\LZ/UJBED&NzijTcKL_�OQM&_�\jNEDIpfOQT���BcKLYzUJDIF��r�!lmT#{^D2TEDIFJKLpøszUJBED�b9e OkH
NEDg�cTEDIN�KLH;UWBzDCFWK~UJOQ\&PRD2UmX:DIDIT�UmX�\�MI\LTEHJD2MIozUJOky^Dx_�KaérOQ_�K`�n\^F(_�OkTEOQ_�Kd�ò\LZfUJBEDCOQ_�YEoEpkHJD@FGDIHGYf\^TzHJD
Z]oETEMgUWOk\^T>\LZ'UWBED�HGijHGUJDI_���ACBED`pQK~UJUJDIF6OkH9D�}ÉoEOuy~KLpQD2TÉU6UW\�UWBzD`NED2�cTzOkUWOk\^T�{^Ouy^D2T>OQT	��BcKLYrUWDIF���Z]\LF
KLT�\^HJM2OQpkp�K~UJ\^FGi�HJD2MI\^TzNrÜm\^FGNEDIFxHGijH[UWDI_ª�]Oø�ïDL��K�H[ijHGUWD2_§X0OkUWB#\^TzD�M2\^_�YEpQD é#MI\^T��GoE{dK~UJD�YR\^pkD&YcKLOQFW�g�
�c\^F`BEOk{^BEDIFÄÜm\^FGNEDIF`H[ijHGUWD2_�H2s@UWBED#FJK~UWOk\	\~Z6M2\^TEHJD2MIozUJOkyLDq_�KaérOQ_�K�\^F`_�OkTEOQ_�KqMIKLT M*BcK~TE{^Då�nHGDID
�c{^ozFJD`�j�k���`OQTq��BcKLYrUWDIF9�^�g�CACBzDIFJDgZ]\^FJD~sfUJBEDVb9e»OkH�oETzO }ÉoEDIpui#NED2�ETEDIN�\LTEpki�Z]\^F�K�HGDIM2\^TENrÜÝ\^FJNED2F
HGijH[UWDI_��0A/\�DI_�YEBcKLHGOQÆ2D�UJBEOQH2st|�KLFJM*BrÜmâòDIoEPcK��[�1�^ê~ÊÉ�@NEOQH[UWOQTz{^oEOQHGBEDIHxPRD2UmX:DIDIT�UJBED�ÿ ��� ÿLþ©¯��'±0b6e�n\LPzU*KLOkTEDIN�Z]FJ\L_¸UWBEDS�cFGHGU�UmX�\�_�KaérOk_�Kd��KLTENåUJBED�ÿ�
%û$ù � ±mû9±(þôÿ��]UJBED�K~M2UWoEKLpv�&b9eëZ]\^F�K��:��e�s
X0BEOkM*B�OkHCTE\LUxKSHJDIM2\^TENrÜÝ\^FJNzDIF0HGijHGUJDI_��

ACBED2FJD:KLFJD'TÉoE_�DIFG\^oEH_�DgUWBE\jNEHòUW\xDgéjUWFJKLM2U¼UJBED�b6e�Z]FJ\^_ _�D�K~HJoEFGDIN�UJOQ_�D!HJD2FJOQD2H@�nw�YcK~NEBdidK�idK
¯%±Cÿ�²´³Qsò���^ê^Ë3[Eä�KLT�NED2F6Ã�KL{^DIT8¯%±Cÿ�²´³Qsò�1�L�d�M[cb=ñï�6ozFJO�K-¯%±Cÿ�²´³Qsò���^�dí^� �C|qKLTdi#\LZ/UWBED�_�D2UWBz\rNEHxKLFGD
PcKLHGDIN�\LT�KLozUJ\^FJD2{^FJD2HJHGOky^DV�n�6e6�!_�\jNED2pQpQOkTE{9\LZfUWBEDxUWOk_�DCHGDIFJOkDIH2�!lmT�UWBED2HJD�_�DgUWBE\jNEHIsdUJBED6Ok_�YEozpQHJD
FJD2HJYR\^TEHGD�\LZ:UWBEDSH[irH[UWD2_OkH&FJD2MI\^TEH[UWFGoEM2UJDINöKLTzN	UJBED�b9e OQH&M�K~pQMIozp�K~UJDIN>Z]FJ\^_¸OkU��`ACBzD�b9eÀMIKLT
KLpkHJ\>PRD�DgéjUWFJKLM2UJDIN Z]FJ\^_�UWBED#K~ozUW\jMI\^FGFJD2p�K~UJOQ\^T	Z]oETEM2UJOQ\^T��]�x�@�!��\LZxUWBED�HGOQ{^TEKLpø��ACBED#�x�@�»\LZ
HJOk{^TcKLp

x(t)
OQHCNzD2�cTED2N�KLH��nh'FGOQD2HGUWpkD2iRs,�1�Lêz���

ACFx(t)(τ) ≡ lim
1
T

∫ T

0
x(t)x(t + τ)dt

1
T

∫ T

0
x(t)2dt

.
�nÍz�á�L�

�c\^F�KVHJDIM2\^TENrÜÝ\^FJNzDIFCHGijH[UWDI_�szUJBED&FWK~UJOQ\V\~ZòUWBED9UmX:\SMI\^TEHGDIM2ozUWOuy^D�_�K�ézOk_�K�\^F@_�OQTEOk_�K&\LZ¼UJBED
�x�@�ôOQH'UWBzD9HWKL_�D9K~H:UWBEK~U@\LZòUJBED6Ok_�YzoEpQHGD�FGDIHJYR\^TEHGD&KLTEN�UJBÉoEH@FJD2TENED2FJH�UJBED9HWK~_�D6b9eë�vä�KLT�NED2F
Ã6K~{^DIT ¯%±Vÿ�²´³QsC���^�d�^� �ölÝU�OkH`Yf\^HGHJOkPEpQD�UJ\åNED2FJOuy^D#UWBED#�x�@�¤Z]\LF`BEOQ{^BzDIF[ÜÝ\^FJNzDIF`HGijH[UWDI_�H�K~TEN�UJ\
\^PzUWKLOQT>UJBED�b9e4Z]FJ\L_¸UWBcKaU��`lmT�UWBEOkH9UWBED2HJOQH2sX:D�oEHJD�K#HJDIM2\^TENrÜ�\^F�K�UWBzOQFJNjÜm\^FGNEDIF9_�\jNEDIp(UJ\��EU
UWBzD`_�DIKLHJoEFGDIN>�x�@��UW\�D2HGUJOQ_�K~UWD�UJBED`b9e��,lmT>_�\^HGU9YEFWKLMgUWOkM�KLp/M�KLHGDIHIs,UJBED`MI\LTÉUJFJOkPEozUWOk\^T�\LZ'UJBED
pQDIKLHGU�HGUWKLPEpkD�YR\^pQD�YcKLOkFIscX0BEOkM*B�NED2UJDIFG_�OkTEDIHxUWBED�HGU*K~PEOQpkOkUmi^scNz\^_�OkTcK~UJDIHxOQT�UJBED�Ok_�YzoEpQHGD�FGDIHGYf\^TzHJD
KLTEN`UJBED@MI\LTÉUJFJOkPEozUWOk\^TEH;\~Zf\~UWBED2F!Yf\^pkDIH;NzOQD@\^orU!HJ\j\^T,�/ACBEDIFGD2Z]\^FGDLsdUWBEDCHGDIM2\^TENrÜÝ\^FJNED2F'KLHJHGoE_�YzUWOk\^T
X:\^FJ}ÉH&FJDIKLHJ\LTcKLPEpui�{^\j\rN�Z]\^F9BEOk{^BED2F[Üm\LFJNED2F6HGijH[UWDI_�H&UW\j\�OkZ'\LTEDVOQ{LTE\^FJD2H6UWBzDV�cFJH[U9Z]D2X4YfDIKL}ÉH&\LZ
UWBzD��x�@� KLTzNôNED2UJDIFG_�OkTEDIH�UWBED�b9eÀZ]FJ\^_�YRD�KL}ÉHVKaUVBEOk{^BEDIF

τ
ñïHI��Ã�\1X:D2yLDIFIs'\^TzD�BcKLH�UW\�_�KL}~D

K�M2\^_�YzFJ\^_�OQHGD�HGOQTEM2D�K~U�BEOQ{^BzDIF
τ
ñÇH�UWBED�YRD�K~}jH�M�KLT PRDIM2\^_�D�UW\j\�HG_�KLpkpCUW\ôPRDqYEFJKLM2UJOQMIKLpxZ]\LF

NEDgUWDIFG_�OkTEOQTz{�UJBED9b9e��zACBzD9KLNzy~KLTdUWKL{^D6\~Z¼oEHJOkTE{�UJBED6�x�@��Z]\^F:b9e¡NED2UJDIFG_�OkTcK~UWOk\^T�OQH�HJOQ_�YEpkOQMIOuUmi
KLTEN�TE\�KLNzNEOkUJOQ\^TcK~p!_�\jNEDIp!OkH�TED2DINED2NôUW\�FJDIM2\^TEH[UWFJozM2UVUJBED�oETzNEDIFGpkijOQTE{�HGijHGUJDI_pQOk}LD�OQT�MIKLHJD�\LZ
�9e _�\jNEDIptPcKLHJD2Nq_�D2UJBE\rNzHI�

A\qNEDgUWD2FJ_�OQTED`UWBzD�HGUWKLPEOkpQOkUmiLs¼TE\^OQHGDS_�DIKLHJoEFGDI_�DITdUWH�X�D2FJD�YRDIF[Z]\^FJ_�DIN	\^T	UWBED�HGijHGUJDI_����È\LF
UWBzD�TE\^OkHJD�K~TcKLpkijHGOQH�UJDIM*BETzO }ÉoED�UW\�X�\^FG}Ès!\^TED�TED2DINEH��]FJDIKLpv� dcoEM2UJocK~UJOQ\^TEH�OQT�UJBED�YEBdijHJOkM�KLp:YEFJ\aÜ
MID2HJHGDIHIs¼YcK~FWKLHGOkUWOkM��]DL�ï{E��DIpQD2M2UJFJ\^TEOkM1��Tz\^OQHGDVOQH�TE\LU&oEHGD2Z]oEpç����\^OQpkOQTE{�OQT�K�UmX:\~ÜÝYEBcKLHGDNdc\1XëH[irH[UWD2_
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�(Ok{^oEFJD@Íz�ÇÊzÌ � Dgy^D2FWKLpEUmijYEOkM�KLpr�x�@�ÈH'\LZÈUJBEDC_�DIKLHJozFJDINSpk\rMIKLpjyL\^OQNjÜÝZ]FWK~M2UWOk\^TVHGOQ{^TcK~pø�ACBED0DgézKL_�YEpQD2H
KLFGD�UWKL}LD2T�Z]FG\^_-UJBED�_�DIKLHJozFJDI_�DITdUJH�NED2HJM2FJOQPRDIN�OQT#A/KLPEpkD�Íz�k�L�

OQH�KqH[UW\jM*BcKLHGUJOQM�YEFJ\jMID2HJHIs!PzozUVOkT�KqFGDIpQK~UWOuy^DIpui>HGUWKLPEpkD�\^YRDIFJK~UWOkTE{�M2\^TENEOuUWOk\^TåUJBEDIHGDldcoEMgUWocK~UJOQ\^TzH
KLFGD�UJ\r\�HJ_�KLpQp(UJ\qPRD�YEFJKLM2UJOQMIKLpø��lmT�UWBEOkH�MIKLHJD~s(UWBzD�H[irH[UWD2_ªBcK~H�UW\�PfD�NEOkHGUWozFJPRDIN�Pdi	DgéjUJDIFJTEKLp
TE\^OkHJD~���c\^F@UJBEOQH0FJDIKLHJ\LT,sÈKSX0OkNEDgÜÝPcKLTEN�FWK~TENE\^_¾Tz\^OQHGD�HGOQ{^TEKLp,OQHxKLNzNEDIN�UW\`UWBED�NEFGOkyjOQTE{SHGOQ{^TcK~p,\LZ
UWBzD�D2pQD2M2UWFGOQMIKLpQpui�BzD�K~UJDIN	FJ\jNEH9UW\#DITEKLPEpQD`Tz\^OQHGD`_�DIKLHJoEFGDI_�DITdUWH2�`��D`_VozHGU�TE\LUJD`BEDIFGDSUJBcK~U&UJBED
HJOuUWocKaUWOQ\LT�OkTqK~T�KLMgUWocKLp�:��e»OkHxHG\^_�D2X0BcK~U�NEO´etD2FJDITdU�HJOkTEMID�UWBED�OQTEBzDIFJD2TdUodcozM2UWoEK~UWOk\^TEHxM�KLoEHGDIN
PdiqPR\^OkpQOQTz{q�vUWBED�Pf\LOQpQOkTE{STE\^OkHJD1�xKLFJD�KL_�YEpQOu�cDIN�Pdi�UJBED�yL\^OQN�FGD�KLMgUWOuyrOuUmi#Z]DIDINzPcKLM*}�KLTEN�FGDIHJozpkU9OkT
HJ_�KLpkp,Yf\1X:DIFRdcoEM2UJocK~UJOQ\^TEH2��ACBED2HJD�Yf\1X:DIFodEoEM2UJocK~UWOk\^TEHxKLFGD�X:DIpkp_�D�K~HJoEFJKLPEpQD�K~TEN�UJBED2i�Z]\^FG_=K
YEFJKLM2UJOQM�K~pQpki�oEHJKLPEpQD&HG\^oEFGMID�\LZ(OkTzZ]\^FG_�K~UJOQ\^T�\^T�UWBED�NzijTcK~_�OkMIH0\LZ(�:��eÈñïHI�

h!FWK~M2UWOkM�KLp/DgérYRDIFJOkDITEM2D`HJBE\1X0H&UWBEK~U�KLHJHGoE_�OQTE{�K�HGDIM2\^TENrÜÝ\^FJNED2F�HGijHGUJDI_°OkH&KW}ÉoEOkUJD`{^\r\jN>KLYjÜ
YEFG\1érOk_�K~UJOQ\^T�Z]\^F6UWBzDIFJ_�KLp ÜmBdijNEFWKLozpQOQM�HGUWKLPEOkpQOkUmi�_�D�KLHGoEFJD2_�D2TdUWH�OQT�b9� � lÄex� �]HJDIDSHG\^_�D�UmirYzOQM�K~p
�x�@�cHV\LZCUJBED�_�D�KLHGoEFJD2Nôy^\^OkNrÜÝZ]FJKLM2UJOQ\^T	HJOk{^TcKLp�OQT	�c{^oEFGD�Íz�ïÊÉ�g�qw�HGOQTE{qUJBEOQH�KLHGHJoE_�YzUWOk\^T,s(UJBEFJD2D
_�D2UWBz\rNEH0K~FJD�KLYEYEpkOQD2N�UW\SM�KLpkMIoEpQK~UWD9UJBED�b9e Z]FJ\L_-UWBzD�\LHJMIOkpQpQK~UW\^F[i��x�@�ÈH2Ì
�^�0A/KL}ÉOQTE{>UJBED�FWK~UJOQ\>\LZ�HJDgy^D2FWKLp0MI\LTEHJD2MIozUJOky^D�_�KaérOQ_�K�KLTEN _�OQTEOk_�K�KLTEN�K�y^DIFJKL{^OkTE{>UWBED2HJD
FJK~UWOk\^HI�

�r�0A/KL}ÉOQTE{`UJBED�Hv}ÉocKLFGD�FG\r\LU@\LZ;KSTED2OQ{^BÉPR\^FJOkTE{`_�K�ézOk_VoE_-KLTEN#_�OQTEOk_VoE_��
Íz�xwxHJOQTz{�âK~{^FWKLTz{^D@lmTdUWD2FJYR\^p�K~UJOQTE{9h/\^puirTz\^_�OQKLpÉZ]\^FJ_Vozp�K6K~H!OkU!OkH;NEDIHGMIFGOQPRDINSOQTSb=ñï�6ozFJO�K0¯%±(ÿ�²´³
�Ä�1�^�dí^� �

ACBED�UWBEFGDID`K~Z]\LFJDI_�DITdUJOQ\^TED2N�_�D2UWBz\rNEH�{^OkyLDVYEFJKLM2UJOQM�K~pQpki�UWBEDVHJKL_�D�FJD2HJoEpuUWH2����\LUWB�UWBED�yL\^OQNjÜ
Z]FWK~M2UWOk\^T#KLTEN#UWBzDÐdE\�X HJOk{^TcKLpkH@{^OkyLD�YEFWKLMgUWOkM�KLpkpki�OQNED2TdUWOQMIKLpòb9e y~KLpkoEDIHCOkT�KLpQp,_�D�K~HJoEFGDIN�M�KLHGDIHI�

��ØW��Øôó ¡ ä�â¤Û�aoÞ3äcb�ä�ç¶ß Þ/ä�Û�aAãYßMÛmâhçe_ ßMÜoä�à¡Þ8áwÝTb�÷râKÞ/à¡Û;Ý¤ç ß3Ý ßMÜAä{Þ/ä@_¢aAáwä@_)`
ÝhÞ�_Aä`Þ£b�Ý�_Aä�ã

�6pkp,UWBED�_�DIKLHJozFJDI_�DITdUJH6NEOkHJMIozHJHJD2N�BED2FJD�X:DIFGD�MIKLFJFGOQDIN�\^ozU6K~U6K�TE\L_�OkTcKLpòYEFGDIHJHGoEFJD�\LZ@�^�L�Î��PcKLFI�
ACBED0\^YRDIFJK~UWOkTE{�Yf\^OkTdUWH'K~U!X0BEOkM*B�_�D�K~HJoEFGDI_�DITdUWH!X:DIFJDxM�K~FJFJOkDINS\^ozU�K~FJD0{^OkyLDITSOQT`UJBED

NZu−NsubYEpQKLTED�OkTq�c{^ozFJD`Íz�Î�r�&lÝU&MIKLT>PRDVHJD2DIT>Z]FJ\^_§UJBED`b9eµyLK~pQoED2H9OQTqUJBED��c{LoEFJD~stUWBcKaU6UWBzD�UmX�\aÜmYEBcK~HJD
dc\1X pk\r\^Y>OkH&pQD2HJH�HGU*K~PEpQDSK~U�K#BEOQ{LBEDIF&FGOQHJD2F[ÜÝDgérOkU&Z]FGOQM2UJOQ\^T�Z]\LF&Pf\LUJB�K�ézOQKLp;YR\1X�D2F�YEFG\L�cpkDIHI�SACBEOkH
FJD2HJoEpuU0OQH0DgérYRDIMgUWDINqKLMIM2\^FJNzOQTE{`UW\`UJBED�YEFJD2NEOQMgUWOQ\LT�\LZ(UJBED&FJD2NEoEMID2NrÜm\LFJNED2F�_�\rNzDIpø�



Åg! �4�9�<���¡ $¢�Å/¥@�g�;�^ $¢(®�So $§���6jª3§È�©�� X6Á�Á�<Â^®Ã¹ ® �(ÄNª�5��©�� ����3À`¦´¾\�p5(�9�®º¹»® �(Ä

�(Ok{^oEFJD�Íz�Î�rÌ�|�DIKLHJoEFGDI_�DITdU`YR\^OQTdUJH�OQT	UWBED
NZu − Nsub

YEpQKLTED�Z]\LF�UJBED�UmX:\�FJOkHJDIFÄÜmD ézOuU�Z]FGOQMgUWOQ\LT
HJDgUJUJOQTE{^H2�ÁACBED�pQD2ZvU��E{^oEFJD�HGBE\1X0H�UJBED�FJDIHGoEpkUJH�Z]\^F#K HJOQTÉoEHWì9\�etHGD2U�KaérO�K~p9Yf\1X:DIF#YEFG\L�cpQD~s�UJBED
FJOk{^BdU0�c{^oEFGD�Z]\^FxKzdÈK~U�Yf\1X:DIFxYEFJ\~�cpQD~�@ACBED�Tjoz_�D2FWKLpkH�K~FJD�UWBED�_�DIKLHJozFJDINqb9eÐñÇH�OQTENEOkM�K~UJDIN#TEDIKLF
HJDgy^D2FWKLp@YR\^OkTÉUJHI� � \^pQOkNåH[ij_VPf\LpQH�OkTENEOkM�K~UJD�oETzHGU*K~PEpQD�Yf\^OkTdUWH��]pQOk_�OuUGÜmMgijMIpQD�\^HJM2OQpQpQK~UWOk\^TEH2s(b9e¢YV���gs
\^YRDIT>H[ir_�Pf\^pkH6OkTENEOQMIK~UWD�HGUWKLPEpkD�\^YRDIFJK~UWOkTE{�YR\^OQTdUWH2�6ACBED`\LYfD2FWK~UJOQTE{�MI\^TENzOkUWOk\^TEH�KLFJD�NED2UWKLOQpkDINqOkT
A/KLPEpQD�Ír�k�&Z]\^F@UJBED�HJOQTÉoEHWì9\�etHGD2U�Yf\1X:DIF0YEFG\L�cpQD&MIKLHJD~�

Kr,e

h
ΦC,i Tsub Tfw Φfw NZu Nsub

[−] [kW ] [kg/s] [◦C] [◦C] [kg/s]�LÊ �LÍr�ÎÍ �^�k�IÊ ± Ëz�ÎËr� Íz�Ç� ± Ëz�á� ÜÄËz�Ç� ± Ëz�Î� Ër�k�1Í ± Ëz�ÇËz� �j�Îê^ê ± Ër�ÎËd� Ëz�Î�Lê ± Ëz�ÎË^í
± � ���z�ÎË �^�u�1Ë ± Ëz�ÎËr� �r�Ç� ± Ëz�Î� ÜÄ�r�ÎÍ ± Ëz�Î� Ër�ÎË^ê ± Ër�ÎËz� �r�ÇÊ^Í ± Ër�ÎËd� Ëz�Çê^ê ± Ëz�ÇËdí�LÍr�ÎÍ �^�k�L� ± Ëz�ÎËr� �z�Ç� ± Ëz�á� ÜÄ�z�Îí ± Ëz�Î� Ër�ÎËz�L� ± Ër�ÎËz� �r�Ç�LÊ ± Ëz�ÇËd� Ëz�Ç�^ê ± Ëz�ÇËdí

Í^Ër�ÎË �^�k�L� ± Ëz�ÎËr� �r�Çê ± Ëz�á� Ü*�^�Îí ± Ëz�Î� Ër�k��í ± Ëz�ÇËz� Íz�Çê^Ë ± Ëz�ÇË^Í Ëz�Çê^� ± Ëz�ÇËdí
�^íj�Îê �^�k�L� ± Ëz�ÎËr� ír�Çê ± Ëz�á� Ü*�1Ëz�ÇË ± Ëz�Î� Ër�k�1Í ± Ëz�ÇËz� Íz�Î�^� ± Ëz�ÇË^Í �^�u��� ± Ëz�ÇËdí
Íd�j�Îê �^�ÎËL� ± Ëz�ÎËr� êz�Î� ± Ëz�á� ÜÄêz�Î� ± Ëz�Î� Ër�k�1� ± Ëz�ÇËz� ÊE�Î�^� ± Ëz�ÇË^Í �^�Î�^í ± Ëz�ÇËdí
ÍLÊz�áí �^�ÎËLê ± Ëz�ÎËr� ír�ÇÍ ± Ëz�á� Ü*�^�Ç� ± Ëz�Î� Ër�á�r� ± Ëz�ÇËz� ÊE�Î� ± Ëz�ÇË^Í �^�ÇË^ê ± Ëz�ÇËdí
Íd�j�Î� �^�k�1� ± Ëz�ÎËr� ír�Ç� ± Ëz�á� ÜÄ�z�Ç� ± Ëz�Î� Ër�k�1� ± Ëz�ÇËz� ÊE�ïÊÉ� ± Ëz�ÇË^Í �^�u��í ± Ëz�ÇËdí

�1Ë^� �1�r�áí Ëz�ÎêL� ± Ëz�ÎËr� �z�Ç� ± Ëz�á� ÜÄêz�ÇË ± Ëz�Î� Ër�ÎËdí ± Ëz�ÇËz� �r�Îí~Ê ± Ëz�ÇËd� Ëz�Ç�^ê ± Ëz�ÇËdí
± í ��êz�áí Ëz�Çê^ê ± Ëz�ÎËr� �r�u� ± Ëz�Î� ÜÄ�r�Î� ± Ëz�Î� Ër�k�1Ë ± Ër�ÎËz� �r�Îí^� ± Ëz�ÇËd� Ëz�Îí^� ± Ëz�ÇËdí

�LËr�Î� Ëz�Îê^í ± Ëz�ÎËr� �r�Îí ± Ëz�á� ÜÄ�z�Ç� ± Ëz�Î� Ër�k�1Ë ± Ëz�ÇËz� Íz�ÇÍ^Ë ± Ëz�ÇË^Í Ëz�Çêd� ± Ëz�ÇËdí
�r�L�á� Ëz�Îê^í ± Ëz�ÎËr� �z�Î� ± Ëz�á� Ü*�1Ëz�Î� ± Ëz�Î� Ër�k�^� ± Ëz�ÇËz� Íz�ïÊd� ± Ëz�ÇË^Í Ëz�Ç�z� ± Ëz�ÇËdí
�^�j�á� Ëz�Îê^í ± Ëz�ÎËr� �z�ïÊ ± Ëz�á� Ü*�1Ëz�u� ± Ëz�Î� Ër�k��� ± Ëz�ÇËz� Íz�Ç�d� ± Ëz�ÇË^Í Ëz�Ç�LÊ ± Ëz�ÇËdí
�LÍr�á� Ëz�Îê^í ± Ëz�ÎËr� �z�Îí ± Ëz�á� Ü*�1Ëz�Î� ± Ëz�Î� Ër�k��� ± Ëz�ÇËz� Íz�Çê^Ë ± Ëz�ÇË^Í �^�ÇË^Ë ± Ëz�ÇËdí

A/KLPEpQD@Íz�k�LÌ;Â6y^D2FGyjOQDgX \~ZRUJBEDC\^YRDIFJK~UWOkTE{9MI\LTENEOkUJOQ\^TzH(\LZÈUWBzDCHGU*K~PEOQpkOkUmi�_�D�KLHGoEFJD2_�D2TÉUJH;Z]\^F(UJBEDCM�KLHGD
\LZ�HJOQTÉoEHWì9\�etHGD2U�Yf\1X:DIF�YzFJ\L�cpkDSHJBE\1X0TôOkT	�c{LoEFJD�Íz�Î�r��ACBED�_�DIKLHJozFJDI_�DITdUJH�BcK�yLD�PRDIDIT�M�KLFGFJOQD2N
\^ozUxKaU�Tz\^_�OkTcKLpRHGijHGUJDI_=YEFGDIHJHGoEFJD~s¼�^�^�Ç�SPEKLFI�

�c\^FxUWBED`MIKLHJDS\LZ'UWBzD`HJOQTÉoEHWì9\�etHGD2U�YR\�X:DIF&YzFJ\L�cpkDLstUJBED`\^YRDIFJK~UWOkTE{�MI\^TzNEOkUJOQ\^TEH6KLTEN>UWBzD`MI\^FÄÜ
FJD2Yf\LTENEOQTz{VyLK~pQoED2H@\LZ

NZu

K~TEN
Nsub

K~U@X0BzOQM*B�UWBED&_�D�K~HJoEFGDI_�DITdUWH@X:DIFGD�MIKLFJFGOQD2N�\^ozU�sEKLFJD9HGoE_`Ü
_�KLFJOkÆIDIN�OQT�A/KLPEpQD�Íz�u�^�;ACBED�DIH[UWOQ_�K~UJDIN�DIFJFG\^FJH:OQT

Nsub

MI\^FGFJD2HJYR\^TEN�UJ\�KLT�oETEM2DIFGUWKLOQTdUmi�\LZ¼K~Pf\^orU
0.5◦C

OkT	UJBED�UJDI_�YfD2FWK~UJoEFJDS_�D�KLHGoEFJD2_�D2TdUWHI��ACBED�oETEMID2FGUWKLOQTdUmi	OQT
NZu

OkH�NzD2UWD2FJ_�OQTED2NåPdi>UJBED
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KLM2MIoEFJKLM2i#\LZUWBzDÐdE\�X _�DgUWD2F0KLH0HJYRDIMIOu�cDIN�Pdi�UWBED�_�KLTÉozZnKLMgUWoEFGDIF��çËr�áígf Z]oEpQptFWKLTE{LD1�g�

b6e b9e b9e �ÈFGD�}ÉoED2TEM2i �cFGD�}ÉoEDITzM2i �cFJD1}ÉoEDITEMgi
ΦC,irïÃ�Æ�s rïÃ�ÆLs rÇÃxÆLs rÅ}É{Éð~H+s

|�D�KLHGoEFJD2N �@KLpkML� �@K~pQML� |�DIKLHJoEFGDIN �@KLpQM~� �@K~pQML� �@KLpQM~�
FGDIN,�ßÜm\z�!_�\jN,� |�Â&��� FJDINt�ÅÜÝ\E�!_�\jN,� |�Â&��� |�Â&�x�

Ëz�Î�LÍ ± Ëz�ÇËLÊ Ëz�Îí^� ± Ëz�ÇË^� Ëz�ïÊd� Ëz�Î�^í ± Ëz�ÇËz� Ër�á�L�LÍ ± Ër�ÎË^ËL� Ër�ÎÍ^Ë �^�u�1Í
Ëz�ïÊdÍ ± Ëz�ÇËd� Ëz�Ç�d� ± Ëz�u�1Í Ëz�ïÊd� Ëz�Î�LÍ ± Ëz�ÇËz� Ër�á�LÍLÍ ± Ër�ÎË^Ë^� Ër�á�^� �^�u�^�
Ëz�Ç�^� ± Ëz�ÇËd� �^�ÇÍd� ± Ëz�u��� Ëz�Îír� Ëz�Î�^� ± Ëz�ÇËz� Ër�á�~Ê^� ± Ër�ÎË^ËL� Ër�á�^í �^�u���
Ëz�Ç�^Í ± Ëz�ÇËd� �^�ïÊ^Ê ± Ëz�u�1� Ëz�Ç�d� Ëz�Î�L� ± Ëz�ÇËz� Ër�á�LêL� ± Ër�ÎË^ËL� Ër�ÎÍd� �^�u�^�
Ëz�ÎíL� ± Ëz�ÇËLÊ �r�ÇËd� ± Ëz�Î�L� Ëz�ÎíLÍ Ëz�Î�L� ± Ëz�ÇËz� Ër�á�~Ê^� ± Ër�ÎË^ËL� Ër�ÎÍz� �^�u�^�
Ëz�Çêd� ± Ëz�ÇËz� �r�Çê^Í ± Ëz�ïÊÉ� Ü Ëz�Î�^í ± Ëz�ÇËz� Ër�á�^íj� ± Ër�ÎË^Ë^í Ü Ü
Ëz�Ç�d� ± Ëz�ÇËz� �r�ÇÍd� ± Ëz�ÇÍ^Í �L�ÎË Ëz�ÇÍ^Ë ± Ëz�ÇËz� Ër�á�L�^í ± Ër�ÎË^ËL� Ër�ÎÍ^Ë �^�ÇËd�
Ëz�Ç�^� ± Ëz�ÇËz� �r�Ç�dí ± Ëz�ÇÍ^ê �L�ÎË Ëz�ÇÍ^Ë ± Ëz�ÇËz� Ër�á�L�^� ± Ër�ÎË^ËL� Ër�ÎÍz� �^�ÇËLÊ
Ëz�Îí^� ± Ëz�ÇËLÊ �^�Ç�LÊ ± Ëz�Î�L� Ëz�Çêz� Ëz�u�1� ± Ëz�ÇËz� Ër�k��íLí ± Ër�ÎË^Ë^� Ër�á�^� Ëz�Ç�^Ë
Ëz�ÎíLË ± Ëz�ÇËd� �^�Î�LË ± Ëz�u�1� Ëz�ÎíL� Ëz�Î�r� ± Ëz�ÇËz� Ër�á�LËLÍ ± Ër�ÎË^Ë^� Ër�á�~Ê Ëz�Ç�d�
Ëz�Çê^� ± Ëz�ÇË^Í �^�Ç�dí ± Ëz�Î�~Ê Ëz�Îír� Ëz�Î�r� ± Ëz�ÇËz� Ër�á�r�L� ± Ër�ÎË^ËL� Ër�á�^í Ëz�Ç�^Ë
Ëz�Çê^Í ± Ëz�ÇËd� �r�ÇÍz� ± Ëz�Î�Lê Ëz�Îí^í Ëz�Î�r� ± Ëz�ÇËz� Ër�á�r�1� ± Ër�ÎË^Ë^� Ër�á�^í Ëz�Ç�z�
Ëz�Ç�^� ± Ëz�ÇËz� �r�Î�^í ± Ëz�ÇÍ^Í �L�ÎË Ëz�Î�^� ± Ëz�ÇËz� Ër�á�r�1í ± Ër�ÎË^ËL� Ër�á�L� Ëz�Ç�z�
�^�ÇË^Ë �r�Ç�^� ± Ëz�ÇÍdí �L�ÎË Ëz�Î�LÍ ± Ëz�ÎËr� Ëz�Î�^�LË ± Ër�ÎË^ËL� Ër�á�L� Ëz�Ç�^Ë

A/KLPEpQDVÍz�á�jÌ���\^_�YcKLFJOkHJ\^Tq\LZ:UJBED`FJD2HJoEpuUWH&\LZ'UJBED`HGUWKLPEOQpkOkUmi�_�D�KLHGoEFJD2_�D2TÉUJH&X0OkUWB�UJBED`FJD2HJoEpuUWH&\^PjÜ
U*K~OQTED2N�Pdi`UWBzD�FGDINEoEM2DINrÜÝ\^FJNzDIF�_�\jNEDIpÈKLTzN�PdiSUWBED6|�Â&����MI\jNED��nHGDID�TEDgéjU:HJDIMgUWOk\^TÈ�;Z]\^F!UWBEDxM�KLHGD
\LZòHGOQTÉoEHWì&\$etHGD2UCYR\1X�D2F�YEFG\L�cpQDxHJBz\�X0T�OkT��c{LoEFJD6Íz�á�j�;ACBED9M2\^FJFGDIHJYR\^TENzOQTE{�\^YfD2FWK~UJOQTE{�MI\^TzNEOkUJOQ\^TEH
KLFGD�{LOky^D2T#OQT#A(K~PEpQD�Íz�u�^�

ACBEDSFGDIHJozpkUWH�\LZ�UWBzD�H[U*KLPEOkpQOuUmi�_�D�K~HJoEFGDI_�DITdUWH��]UJBED�b9eÈñïH�KLTEN	\^HJM2OQpkp�K~UJOQ\^T�Z]FJD�}ÉoED2TEMIOkDIHW��KLFGD
HJBz\�X0T	OQTqA(KLPzpQD`Íz�Î�r��ACBEDS\^HGMIOQpkp�K~UJOQ\^T�Z]FGD�}ÉoEDITzM2i>X�KLH&NED2UJDIFG_�OkTEDIN�Z]FG\^_8UJBEDVZ]FJD1}ÉoEDITEMgi>HJYRDIM Ü
UWFGoE_ \LZxUWBzD�HGOQ{^TEKLpQH2s:K~TEN�UJBED#oETEM2DIFGUWKLOQTdUJOQDIHSOkT UJBED�Z]FJD1}jozDITEM2OQDIH�MI\LFJFJD2HJYR\^TEN UW\�BcKLpuZ6\~Z�UJBED
FJD2HJ\^pkozUWOk\^T�\LZtUJBED�Z]FGD�}ÉoEDITzM2i�HJYRDIM2UJFWKz�!ACBzD6oETEM2DIF[U*KLOkTÉUJOQD2H:\LZtUWBED�b9eÐñÇH�KLFJDxDIH[UWOQ_�K~UJDINSZ]FJ\^_ÀUJBED
oETEM2DIF[U*KLOkTÉUJOQD2Hx\~Z/UJBED�_�DIKLHJoEFGDIN��x�@� y~KLpkoEDIH2�

�(OkFJH[U�sfX:D`MI\L_�YcK~FJD�UJBEDV_�D�KLHGoEFJD2_�D2TÉU�FGDIHGoEpkUJH6X0OkUJB�UWBED`YEFGDINEOkM2UJOQ\^T�\~Z�UJBEDVFGDINEoEM2DINrÜÝ\^FJNzDIF
_�\rNED2p!OQTdUWFG\rNzoEMID2N�OQT���BcKLYrUWDIFV�r��ACBED�_�DIKLHJozFJDINåTcK~UJoEFWKLp ÜmM2OQFJM2oEp�KaUWOQ\LTPdc\1XÁFWK~UJDSOQH�TE\LU�YEFJD Ü
NEOkM2UWD2N�K~MIMIozFWK~UJDIpki�PÉiqUWBEDSFJD2NEoEM2DINrÜÝ\^FJNED2F�_�\jNEDIpç�VlÝU�OQH&YcKLF[UWpui�NEoEDSUW\�UJBEDSHJOQ_�YEpkD�UmX�\aÜmYEBcK~HJD
dc\1X§_�\rNzDIp0oEHJD2N,sCPEozU�_�\^FJD#OQ_�YR\^FGUWKLTdUWpkiåOkU�H[UWDI_�HSZ]FJ\^_ UJBED�pQKLM*}ö\LZ6_�\jNEDIpkpQOkTE{�UWBED�M�K~FJFGi
oETENzDIF&�vUWBED�KL_�\^oETdU�\LZ,y~KLYR\^FKdc\1X¡NEFWK~{^{^DIN�OQTdUJ\�UWBzD�NE\1X0TEM2\^_�DIF*� sjX0BzOQM*B�Yzp�K�ijH@KLT�OQ_�Yf\LFGU*K~TÉU
FJ\LpQD�OQTqb9� � lÄe��4�çñx\^}Ès/���^�^êd� �CACBEDIFGD2Z]\^FGDLsfX:D�ozHJD�UJBED�_�D�K~HJoEFGDINPdc\1XµFJK~UWD&Ü�UJ\�X0BEOkM*Bqy~KLpQozD
UWBzD�NzijTcKL_�OQM2H6\LZ(UWBEDVH[ijHGUWD2_¸OkH�HGDITEHGOkUWOuy^D`K~H6TÉoE_�DIFJOkM�KLp¼D ézYRDIFGOQD2TEMIDVHGBE\1X0H6ÜCK~H6OQTzYEozU6Z]\LFxUJBED
NzijTcKL_�OQM�M�K~pQMIozp�K~UJOQ\^TEH&X0OuUWBåUJBED�FGDINEozMIDINjÜm\^FGNEDIFV_�\jNEDIpç��ACBzD�HWK~_�D�BE\^pQNzH�Z]\^F�UWBED�OQTEpkD2U�HJozPrÜ
MI\j\^pkOQTE{Es~X0BEOQM*B�OQH'TE\LU:KLT�OQTENzDIYRDITENED2TdU�y~KLFJOQKLPEpkDC\LZtUJBED0HGijHGUJDI_¯DIOkUJBEDIF2sÉFWK~UJBEDIF'OQH!UJBEDxZ]D2DINzX�K~UJDIF
UWD2_�YRDIFJK~UWozFJDL�¡Ãx\1X�Dgy^DIF2s0oEHJOkTE{	UJBED�Z]D2DINzX�K~UJDIF�UJDI_�YfD2FWK~UJoEFJD�KLH�OQTEYzozU�X0OuUWBE\LozUSU*KL}ÉOQTz{åOkTÉUJ\
KLM2MI\^oETdU�UWBED�M�KLFGFGi�oETzNEDIF�X�\^ozpQN�pkD�KLN�UW\qKLT	DIFJFG\^TED2\^oEH�D2HGUJOQ_�K~UWOk\^T�\LZ�UJBED�OkTEpQDgU�HJoEPRMI\j\^pQOkTE{E�
ACBED�\LUWBED2F�UmX:\�OQTzYEozU�YcKLFWK~_�DgUWDIFGHxZ]\LFxUJBED�MIKLpQM2oEp�K~UJOQ\^TzH0KLFJD�UWBED�HGijHGUJDI_£YEFJD2HJHJozFJD`KLTzNqYR\�X:DIF2�
A/KLPEpQD�Íz�Î��MI\^TdUWKLOQTEH&UJBED�b6eÈñïH�K~TENå\LHJMIOkpQpQK~UWOk\^T�Z]FGD�}ÉoEDITzMIOQD2H�MIKLpQM2oEp�K~UJDIN�Pdi>UWBEDSFGDINEoEM2DINrÜÝ\^FJNzDIF
_�\rNED2pø�ACBEDxOQT3dcozDITEM2Dx\~ZfUJBED0_�DIKLHJoEFGDI_�DITdU�oETEM2DIFGUWKLOQTdUmiSOkTSUJBED0OQTEpkD2U!HGoEPRMI\j\^pQOkTE{&OQH'KLM2MI\^ozTÉUJDIN
Z]\^F'OQT�UWBEDxM�K~pQMIozp�K~UJDIN�b9eÈñïH@K~TEN�\^HGMIOkpQp�KaUWOQ\LTVZ]FJD�}ÉoED2TEMIOkDIH2�!ACBED6D%etD2M2U@\~Z,UWBEDxoETEM2DIF[U*KLOkTÉUmi�OkT�UJBED
FJOkHJD2F[ÜmD érOkUxZ]FJOQMgUWOk\^T�ZnKLMgUW\^Fx\^T�UJBED�FGDIHJozpkUWH6\LZ!UWBED�M�KLpkMIoEpQK~UWOk\^T#OQH9K~pQHJ\�U*KL}~DIT�OQTdUJ\�KLM2MI\^oETdUI�&ACBED
HGUWKLTENcK~FJN#NED2yjOQK~UWOk\^T�\^FGOQ{^OkTcK~UWOkTE{&Z]FJ\^_ÁUWBzD&MI\^_VPzOQTED2N�D1efDIM2U0\~ZUJBEDIHGD&oETEM2DIFGUWKLOQTdUJOQDIH�OQH@{^Ouy^D2T#KLH
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�(Ok{^oEFJD�Íz�Ç�zÌ���\^_�YEKLFJOkHJ\^T�\~Z!UWBEDVFGDIHGoEpkUJH9\LZ!UWBzDVHGUWKLPEOQpkOkUmi#_�D�KLHGoEFJD2_�D2TdUWH�KLTEN�UJBE\^HGDV\^PzUWKLOQTED2N
PdiSUWBED�FJDINzoEMID2NrÜm\^FGNEDIF:_�\jNED2pÈZ]\LF:HGOQTÉoEH*ì9\�efHJDgU@YR\1X�D2F�YEFG\L�cpQD��]�E{^oEFJD2H@KLFGD�{LOky^D2T�OkT�A/KLPEpQD�Íz�Î�^�g�
h!FJD2NEOQMgUWOQ\LT	\~Z�UWBzD�Z]FGD�}ÉoEDITzM2i	OQH�DgérM2DIpQpkDITdU�sPEozU�UWBzD�b6eÈñïH�K~FJDSHGUJFJ\^TE{Lpki>\1y^D2F�YEFGDINEOkM2UJDIN,��ACBED
UWFGO�KLTz{^pQD2H;MI\^FGFJD2HJYR\^TEN`UW\�K9Z]FJOkM2UWOk\^T�ZnKLMgUW\^F

Kr,e = 109
sdHÙ}ÉocKLFJD2H'MI\^FGFJDIHGYf\LTEN�UJ\�K&Z]FGOQMgUWOQ\LT�ZnKLM2UJ\^F

Kr,e = 64
�

UWBzD�ozTEMID2FGU*K~OQTdUmi#\LZUWBED�M�KLpkMIoEpQK~UWD2N�yLK~pQoED2HCOQT#A(K~PEpQD�Íz�Î�r�'ACBED�OQT3dcozDITEM2D�\LZ/oETEM2DIF[U*KLOkTÉUmi#\~Z/UJBED
dc\1X FJK~UWD&_�D�K~HJoEFGDI_�DITdU0\^T�UWBED&YzFJDINzOQM2UJOQ\^T�OkHCTEDI{LpQOQ{LOQPEpkDxX0OuUWB�FJD2HJYRDIMgUxUJ\`UWBED�K~Z]\LFJDI_�DITdUJOQ\^TED2N
UmX:\�D%etD2M2UWH2�

�(Ok{^oEFGD�Ír�Î��HGBE\1X0H9UWBED�MI\^_�YcKLFGOQHG\^Tq\LZ(UWBEDVFGDIHGoEpkUJH6\^PzUWKLOQTzDIN�Pdi�UWBED�FJDINzoEMID2NrÜm\^FGNEDIF6_�\jNEDIp
UW\9UJBEDCDgérYRDIFGOQ_�DITdU*KLprFJD2HJoEpuUWH!OQTVK9HJM�KaUJUWD2F!YEpQ\~U��lÝU'M�KLT`PRDCHJD2DIT`UWBcKaU;UWBEDC\LHJMIOkpQpQK~UWOk\^T�Z]FGD�}ÉoED2TEMIOkDIH
KLFGD&YEFJD2NEOQMgUWDIN�yLDIFGi�X�D2pQpø�!ACBzDIOQF:yLK~pQoED2H0KL{^FJD2D }ÉocKLTdUWOuU*K~UJOky^D2pki�X0OkUJB�UWBED&_�D�KLHGoEFJD2N#\^TEDIHCX0OuUWBEOkT
UWBzD�oETEM2DIFGUWKLOQTdUJOQDIH��n\^TEpui�UWBED�D2FJFG\^FVPcKLFGHVOQTåUWBED�_�D�K~HJoEFGDINôZ]FJD1}ÉoEDITEM2OQD2HSKLFJD�{LOky^D2TöHJOkTEMID�UJBED2i
KLFGDqHJOk{^TEOu�cM�KLTdUJpki�p�KLFG{^DIFSUWBEKLT UWBz\^HJD>\LZ&UJBEDqMIKLpQM2oEp�KaUWDIN FJDIHGoEpkUJH*� �»Ã�\1X:D2y^D2FIsxUWBED�NzD2yjO�K~UJOQ\^TzH
OQTåUWBED�b6eÈñïHSKLFJDl}jozOkUWD�HJOQ{LTEOk�cMIKLTdU�Ì�KLpkp�UJBED�b9eÐñÇHSK~FJD�yLDIFGi�HGUJFJ\^TE{Lpkiå\�yLDIF`YEFGDINEOkM2UJDINöPdi�UJBED
_�\rNED2pø�åACBEDIFGD�K~FJD�HJDgy^D2FWKLp0FJDIKLHJ\LTEH`UWBcK~US_�OQ{LBÉUVPfD�FGDIHJYR\^TEHGOQPEpkD�Z]\^F�UJBEOQH`NEOkHJM2FJDIYEKLTEM2iL� ACBED
FJD2NEoEM2DINrÜÝ\^FJNED2F�_�\jNEDIp;M2\^TdU*KLOkTEH�K�pk\LU�\LZ�KLYEYEFG\�ézOk_�KaUWOQ\LTEH&KLTEN�KLHJHGoE_�YzUWOk\^TEH��ø��BEKLYzUWD2FV�L�g�SlÝU
M�K~YzUWoEFGDIH�\^TEpuiVUWBED0y^D2FGi�PcKLHGOQM0YEBdijHJOkMIH�\~ZtUWBzDxYzBEDITE\L_�D2TcK�OkTÉyL\^pkyLDIN,�(ACBjozHIsz\LTED�MIKLTETE\~U:D érYfD2M2U
}ÉocKLTdUWOuU*K~UJOkyLDIpki�YzFJDIM2OQHGD�YEFGDINEOkM2UWOk\^T�\LZEUWBzD�_�D�KLHGoEFJD2_�D2TÉUJHIsLKLpkUJBE\^oE{^B�UWBED2FJD:OQH/K�MIpkD�KLF¼M2\^FJFGDIp�KaUWOQ\LT
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δq′′(s)
q′′o

=
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1 +G1G2 +G0G2
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��³:¡\�}�g£Â³?��¿��8�4¢��}��³E£���³?�+³?wB�M�!�}�\�
¦+Ë
x8��³�¢�³?wB�} =�+w�³?�o <wv�}��³�¿��8¡<¡<�Ä� =w\�\¤Z5��8�"�}��³E�4 =¢l�\¡�xV�} <�8wl�8¿
x8�!¦
¢o¢�³:�}�� <�?x8¡Ãx�î
 �x8¡�£��³ÄÙ³?��£\�4�8Ç\¡K³?�:Ë��4��³

AP (z∗) = fp sin(A + Bz∗)
£��Äq³:��£\���8Ç|¡K³7�|x8���M³L³?w

x8�\��³?�N�}�G�}��³g¢o�
��³?¡ÍË�Ä���³?�+³
z∗
 =�M�}��³7x�î
 �x0¡�£��+�4 J�} <�8w Â ��³:¡�x0�4 =��³��}�v�}��³>�:�+��³g��³: <�+�B�2«¬Ë|x8w��

fp

 =�
�}��³G£��ÄÙ³?�>£Â³yx83± <w���¿ax8�:�4�+�?¤g¾���³vxVî� <x8¡Ã£��+�� =�4 <�+w'�0¿Å�}��³G£��Äq³:�>£M³?x83

z∗p
x8w��'�}��³l�0x8¡=��³~�8¿��4��³

£Â³yx83± <w���¿ax8�:�4�+�~�?x8w¥�Â³��+ J�g³?w�x0�Gx8wK =w\£\�����}���4��³t¢o�
��³:¡ÍËZ��³?¡<x0�} =w\��½Èx8w\� ì �4�ð³yx0�2�¥�8�}��³:�
x8�
A + Bz∗p = π

2

¤o¾���³v�0x8¡<��³:�g�8¿¨�4��³o�?�+w\�!�2x8wB�4��½�ËªìÒ�}��³?w�¿��8¡<¡<�ÄÛ¿��4�8¢ �}��³vw\�8�4¢¼x8¡< ·ñyx0�4 <�+w
�?�8w\�\ =�4 <�+w�;

∫ 1

0

AP (z∗)dz∗ = 1.
Â O
¤FA+«

^	�0�#³	�4�|x0�¨¿��+�Ù³?x8�2�
z∗p
�}��³?��³	 <�)x8wt�\£\£Â³?�¨¡< =¢¼ J�Å¿��+�

fp

¿��+��Ä��\ <�2�Nx~�!�} =¡<¡|£\�B¦��4 =�yx8¡=¡=¦o¢�³?x8w\ =w\�8¿��\¡
£\���8Ç|¡K³Æ³'î
 <��� Â ³8¤j�\¤

fp = π
2

¿��+�
z∗p = 0

«´¤

5T =�+�\��³>O
¤H98;"¾�¦�£\ =�yx8¡�xVî� <x8¡�£��ÄÙ³?��£\�4�0Ç|¡K³:���\��³:�z =wt�}��³>¢o�
��³?¡Í¤Z¾���³7x8��³?x8���\w\��³?�M�}��³>�\ =IM³?�+³?wB�
�?�����g³:��x8�+³>w\�+��¢�x8¡= KñL³?�t�}�v�\w� =��¦+¤

ô
�8¢�³l��¦�£\ =�yx8¡�x�î
 <x8¡Å£��ÄÙ³?�7�\ <�!�}�� <�\���4 <�+w����\��³:�K <w��4��³¼¢o����³?¡Åx0��³v��³?£� <�:��³?�� <w�Ç|�+�\�+³tO�¤H9+¤
¾���³	��¦�w|x8¢o <�?�T³?9±�|xV�} <�8w���³:�4�?�� <�\ =w\���4��³����+ =¡< <w��Rß����+�\w\�\x8��¦�£��8�4 =�4 <�+w Â ��x0wpì)�4x8�8�f/21�36587<Ë�9<;=;=;B«
 <���!�}���+w\�+¡J¦t��³:£M³:w\��³?wB���+w¯�}��³7x8�¬�}�|x8¡^£��Äq³:���\ <�!�}�4 =�\���4 <�+w¯ =wt�}��³g�+w�³'ß�£\�\x8��³7��³:�+ <�+w�;

dz∗bb
dt∗

=
1

Pd
[M∗

C,e(1 + J∗
2,C) − (1 − z∗bb) < q

′′∗ >2φ NZu − z∗bb < q
′′∗ >1φ

NZu

Nsub
]),

Â O
¤FC+«



á|[ P [UT S  0X.b U i B S kVº�X U ²BiH` u e�k³e o  0b	e @ á
Ä���³:��³��4��³�¿ax8�¬�}�+�

Pd

�2�|x0�}x8�¬�#³?�� KñL³?�)�4��³� <wj÷|��³?w��3³��0¿^�}��³�x�î
 �x8¡�£��³ÄÙ³?�)£\�4�8Ç\¡K³��8w¼�}��³���¦�w|x8¢o <�:�
�8¿Ã�}��³g���+ <¡= <w\�����8�\w\�|x8�!¦�;

Pd =
[z∗bbB · cosA+ sinA− sin(A+Bz∗bb)] sin(A+Bz∗bb)

[cosA− cos(A+Bz∗bb)]
2

Â O
¤N;+«
¾���³�x8�!�#³:�4 <��3> <w1óÅ9�¤8O�¤FCEx8w\�7 <w1óÅ9�¤8O�¤N;�¢�³yx8w\�^�4�|x0���}��³�9±�|x8wB�4 =�} ·³?�Ãx8�+³�¢¼x8��³��\ =¢�³:w\�4 =�+w\¡·³?�4�

Â ��x0w�ì¨�}x8�8�Ex0w\����x0w���³?�E-�x8��³?wrË�9<;6;+C+xB«´¤
ævå�� ` ��ë��4, �gé*(���+pê>�%��ê¯é¬ì3è ë'+të'�cëe, ë
½�ù�úÏù�û ¾	�Å�\�Mý^�emV�����\��Ï	���Å�
����<ÿ¿\�ÿ±�jý�Ñ
½�w[³?¡K³:¢�³:wB�2x8�!¦Ö�4��³?��¢�x0¡ß��B¦��\�4x8�\¡< =�G��¦�����³?¢�ËÅ�?�+w��4 <�!�} =w\���8¿�xz�g³:���} =�yx8¡���³?x0�#³:�¥�2�|x8w\w�³:¡Mx8w��¥x
�\�Ä�w\�:�+¢�³:�¨ =�¨ =wB�g³?�!�} =�Bx0�#³:�¼Ç|�����) <wv�}�\ =���+³?�¬�} <�8wr¤Å¾���³��: <���?�\¡<x0�} =�+wG <wo�}��³E¡<���+£v <���4�\�!�2x8 =w�³?���±¦
x8wG³�î���³?�4w\x8¡�£\��³:�4�4����³7�\�4�+£� <¢o£��+��³:�¯�³��³?���}��³g�\�Ä�w\�:�+¢�³?����³:�:�} =�+wr¤

¾���³g�!�2x8�\ =¡< J��¦�¢¼x8£N�8¿Ã�}��³g��³?x0�#³:�z�2�|x0w\w�³?¡��!¦
�!�#³:¢ x8��³g�4���³Ä�wz <wtÇ|�8�\��³�O
¤F�l <w¯�}��³
NZu −

Nsub
£�¡�x8w�³>¿��+�M�4��³�¿��+�\�Ex�î
 <x8¡�£��Äq³:�	£\���8Ç|¡·³?����³:£\ <�¬�#³?�� <w¯Ç|�8�\��³�O
¤89+¤

5T =�+�\��³�O
¤F�
;�ô��}x8�\ =¡< =��¦'¢�x8£Ö�8¿Ex��4 <¢o£\¡·³o��³yx0��³?�K�2�|x0w\w�³?¡�¿��+���4��³¼¿��8�\���� =IM³?��³:wB�Gx�î
 �x0¡�£��Äq³:�
£\���8Ç|¡K³:�¨��³?£\ =�:�#³:�t <woÇ|�+�\�+³�O�¤H9+¤T½Ð���8�4�4�+¢�ß×£M³?x83�³:�¼£��4�8Ç|¡·³E¦� ·³?¡<�����4��³�¡·³yx8�!�yË�x8w\�¯xg�}�+£�ß�£Â³yx83R³?�
£\���8Ç|¡K³�¦� ·³?¡<���M�}��³g¢o�+�����!�2x8�\¡·³>��¦�����³?¢È¿��+���+³?¡�xV�} =��³?¡J¦�¡=�³Ä

NZu

x0w\�
Nsub

w±�\¢l�Â³?�4�:¤

½	�o J�GÄMx0�¼���\�Ä�w, <w,L)�|x8£
�#³?�¼�
Ë�¿��+�vx�¿��+�4�L³?�jß×�? <���?�\¡<x0�} =�+w¥��¦��!�#³?¢ �4��³N¢¼�+�!�v <¢o£��8���2x0w±�
��¦�£M³��8¿� <w����2x0�\ <¡= =��¦' =�7�4��³�¾�¦�£M³'ß�É�É7��³?w\�� =��¦�ß×Ä)xy�g³¯�+���? <¡=¡�x0�4 <�+w�¤t¾���³�¢~���}�|x0¡¨£��+�4 J�} =�+w\�g�8¿M�4��³
ô�ì)�tx8�+��³L³zÄ� J�}�Þ£\�+³:�� <�8�\�t��³:�4�\¡J�}�t�B¦£õE ·ñ:Ä)x8wjß×�\�\�\ =wÜx8w\�Zò	�+�4w\ =w\� Â 9<;+CBA+«´ËM�+���}x8 <w�³?�,¿��+��x
�4 =¢¼ =¡�x8�v��³?x0�#³:���2�\x8w\w�³:¡>��¦�����³?¢�¤ É�wÜÇ|�+�\�+³ÖO
¤HD�Ë�ôjì)�¯�8¿~x§��¦
£� <�yx0¡��}�+£�ß

(z∗p = 0.75, fp =
1.39)

x8w\�®���0�4�}�8¢�ß×£M³?x83�³:�
(z∗p = 0.25, fp = 1.39)

£��4�8Ç|¡·³�x8��³��+ J�g³:wr¤Æ¾���³Ö�|x8�4��³?�%¡< <w�³?�
�?�8w\w�³?�¬�G�+£Â³?�4x0�} =w\��£��+ <wB�4��¿��+�7Ä��\ <�2� ³:9��\x8¡ß�x8¢¼£�¡< =�4�\��³v£Â³?�4 =�
�� <�o�4�+¡=���} =�+w\�1³�î
 <�!�yË"Ä���³:��³

ε
 =�

�}��³��+���? <¡=¡�x0�4 <�+wÖx8¢o£\¡= =�}����³ Â �|x0¡=¿��8¿)�}��³t£Â³yx03�ßÍ�}�Rß×£M³?x83'�0x8¡<��³«>�8¿M�}��³t�2�|x8w\w�³?¡ßÀ³�î
 =��¢¼x8�4��ßÀ÷|�jî
��³:w\�4 J��¦v��³?¡<x0�} J�g³M�4�7 J�}�²³:9��� <¡< =�\�4 =�\¢Û�8x0¡<��³0¤ Â ¾���³Ï³: <�g³:wB�g³?�¬�}�+�

~v1

 =w�óÅ9�¤
O
¤HDg =�Åw\�+��¢�x8¡= KñL³?�lÄ� =�4�
��³:�4£Â³?�¬�~�}���}��³vÇ|�������?�+¢o£��8w�³?wB�yËÃ Í¤ ³8¤¼�}��³ow\�+��¢�x8¡= KñL³?���?�+�+³�ßÀ³�î
 =��¢�x0�4��ßk÷|�jîÖ��³:w\�4 J��¦

M∗
C,e

ËÃ�8¿
�}��³E�!�2x0��³��g³?�¬�}�+�

~x(t, ν)
¤c«l5T =�+�\�+³EO
¤FD>���\�Ä����4�|x0�� <wv�yx0��³��8¿�xg�4�+£jß�£Â³yx03�³?�o£\���8Ç|¡K³M�4��³�£M³:�4 =�
�\ =�

w\�+w�¡< <w�³yx8���4�+¡=���} =�+w\�)x8��³	¡<���yx0��³?���4�~�}��³>�� <�+�B�¨�8¿��}��³Æô�ì�Ë� .¤�³0¤" <w¼�}��³�¾�¦�£M³'ß�É�É¨�\w����2x0�\¡K³	��³?�8 <�+wr¤
¾��\ =�E¢�³yx0w\�M�}�|xV�E�4��³g�\ =¿����4�yxV�} <�8w¯ <���4��£M³:�4�?�� =�4 <�yx0¡�¿��+��xl�}�+£�ß�£Â³yx83R³?��£\�4�8Ç\¡K³gx8w\�N�}��³7£Â³?�� <���\ <�
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�4�8¡<���4 <�+w\�Ãx8�+³¨�8�4�\ J�2x8¡=¡=¦	���2x0�\¡K³0Ë0¡= <¢o =�+ß×�:¦��?¡·³"�+���? <¡=¡�x0�4 <�+w��?¤cï�w��4��³)�0�}��³:�Z�|x0w\�rË8 =w��?x8��³¨�8¿\���8���}�+¢
£Â³yx83R³?�§£��4�8Ç|¡·³8Ër�4��³

ε = 0.3
¡< =w�³l�:�4�+����³?�g�}��³%ôjìÊx0�7x0���+�
�

Nsub = 3.0
x0w\��£Â³?w�³:�}�4x0�#³:�g <wB�}�

�}��³ Â ¡= <w�³?x8�4¡J¦�«��!�2x8��¡K³~�+³?�+ =�+w'xV���\ =�+�z�0x8¡=��³?�	�8¿"�}��³l�4�\���?���+¡= <w\�ow±�\¢l�Â³?�?¤EÓ®��³?w'�4��³~£Â³?�� <���\ <�
w\�+w�¡< <w�³yx8�����+¡<���4 <�+w���x8��³g¡=�
�?x0�#³:�z =wN�4��³g¡< =w�³yx8��¡=¦¼���}x8�\¡K³g�+³?�+ =�+wrË��4��³��� =¿��\���yx0�4 <�+w¯ =���4�\���?�� =�} =�yx8¡
x8w\�ß�\w\�!�2x8��¡K³N£M³:�4 =�
�\ =�t�4�8¡<���4 <�+w\�¦³'î
 <���?¤Ý½	�v¡<�+w\�Öx8�v£Â³?�!�}�\���|x0�} =�+w\�G =w��4��³N�?�+�+³�ßÀ³�î
 =�o¢¼x8�4��ß
÷|�jî'��³?w��4 =��¦��\�¯w\�8��³�î
�3³L³?���}��³l�0x8¡=��³~�8¿��4��³l�?�8�4��³:�4£��+w\�\ =w\�

ε
 <w��4�|x0�>�8£M³:�}x0�4 <w\�t£��+ =w±�?Ë��4��³

�+���? <¡=¡�x0�4 <�+w��	x0��³l�|x0¢¼£Â³?��x0w\�'�}��³G�!¦����#³:¢ ��³¬�4�4¡K³?�	�}��³?9±�\ =¡< =�\�4 =�\¢z¤E½����4��³l¢¼x8�+w\ J�}�\��³~�8¿Å�4��³
£Â³?���4�\�4�\x0�} =�+w\��³'î��L³3³:�

ε
�\ =��³?���+ <w\���8�4�? =¡<¡<x0�} =�+w\����³:��³?¡<�8£r¤Nô��\���:�4 J�} <�?x8¡8�� =¿��\���yx0�4 <�+w\��x8��³"�4��³?�+³:¿��+�+³

�}xV�}��³:���|x0w\�g³?���+�\�:ËZ�� <w\�L³o�4��³:¦�¢o <�+�B�g�+³?�4��¡=�� <wÖ�\ =��³?�4�8 <w\�N�+���? <¡=¡�x0�4 <�+w��� <w��}��³¼¡= <w�³?x8�4¡J¦'���}x8�\¡·³
�+£Â³?�4x0�} =w\�G��³:�+ <¢�³8¤

5T =�+�\��³lO
¤HD�;Æô�ì¨�>x8w\��¡< =w�³?�	�8¿T³?9±�|x8¡ ß�x8¢o£\¡= =�}����³g�+�4�: <¡<¡<x0�} =�+w Â
ε = 0.3

«E¿��+�>x���¦�£\ =�yx8¡Ã�}�+£�ß�x8w\�
���8�4�4�+¢�ß×£M³?x83�³:�v£\�4�8Ç\¡K³ Â �+³3³�Ç|�+�\�+³EO
¤89³«¬¤"¾���³E�� =¿��\���yx0�4 <�+wG =�Å�4�\���?�� =�} =�yx8¡
¿��+�Å�\ <�8�v�0x8¡=��³?�Å�0¿��4��³
�4�����:�
�+¡= <w\�¼ <w��?x8��³l�0¿)xt���8���}�+¢¦ß�£Â³yx83R³?�'£��4�8Ç|¡·³8Ë�Ä���³?��³?x8�?Ë^�� =¿��\���yx0�4 <�+wz <�����\£M³:�4�:�4 =�4 <�?x8¡Ã¿��8�>x
�}�8£jß�£Â³yx83R³?��£\�4�0Ç|¡K³0¤

^E�8�#³��4�|x0��xl¡= <w�³?x8�Mx0w|x8¡=¦��� <�)�?x8w\w\�0��£\��³:�\ <�¬�M�}��³Æ³'î
 <����³?w\�L³g�8¿^�}�\ =�M3± <w\�N�8¿Ã�\ J�g³:�4�+ =w\�lw\�+w�ß
¡< =w�³yx0�~�+���? <¡=¡�x0�4 <�+w��?¤'¾��\ =�l£\��³:w\�+¢�³?w\�8w��4��³?�+³:¿��+�+³¯��³?�+³?�!�g³?�¼x'¢o�+��³t��³:�2x0 <¡K³:�¥x8w|x0¡=¦��4 =�?¤Ö¾���³
��³¬�2x8 =¡K³?�v�\ J¿��\�4�?x0�} =�+wox8w|x8¡J¦���³?�¨x8�+³E�?x8�4�� K³:�¼�+�
�Mx0�

Nsub

L�/\¤H�7�\�� <w\�
NZu

x8���\ J¿��\�4�?x0�} =�+wv£|x8�4x8¢�ß
³:��³?��¿��8���\ JIH³:��³?wB��x�î
 �x8¡Ã£��ÄÙ³?��£Â³yx03z£��+�4 J�} =�+w\�	x8w\��£Â³yx83± <w���¿ax8�:�4�+�4�:¤�¾���³l�+³?���\¡=�4�>x8��³��4�\�Ä�w
 <w�Ç|�8�\��³¼O
¤j/\¤v¾���³o�\�+�4 ·ñ?�+wB�}x8¡"�?���+���\ <w|xV�#³G <w�Ç|�8�\��³¼O
¤j/pß

δNZu = (NZu − NZu,SB)/NZu,SBß) <�	�4��³~�+³?¡<x0�} J�g³7�\ <�!�2x8w\�L³l�8¿"�4��³
ε = 0.3

�?�����g³�¿��4�+¢È�}��³¦ô�ì�Ë��}��³~�g³:���} =�yx8¡Ã�?���+���\ <w|xV�#³7 <���}��³
��³:¡�x0�4 =��³�x�î
 <x8¡�£��ÄÙ³?�M£Â³yx83v£��+�4 J�} =�+wr¤Z5��8�¨£��+�4 J�} J�g³��8x0¡<��³:�)�8¿

δNZu

Ë�x��\ =¿��\���yx0�4 <�+wo <���4��£M³:�4�?�� =��ß
 <�?x8¡ÍË0Ä���³?�+³yx8�¨x7�� =¿��\���yx0�4 <�+wG =�Å�4�\���?�� =�} =�yx8¡
¿��+�

δNZu < 0
¤"5T <�+����³EO
¤j/g�?¡K³?x8�4¡J¦l���\�Ä����4��³����}���+w\�

 <¢o£|x8�¬�)�0¿^�}��³>xVî� <x8¡�£��ÄÙ³?��£\���8Ç|¡K³	�+w��4��³>-	�8£�¿Äß��\ J¿��\�4�?x0�} =�+w��2�\x8�}x8�¬�#³:�4 <�!�} =�?�?¤Å¾���³��\ =¿����4�yxV�} <�8w
 <�>���\£Â³?�4�:�4 J�} <�?x8¡T J¿

z∗p ≥ 0.3
¤¦ï>w�¡=¦�¿��+�>���4�4�+w\�8¡=¦'���8���}�+¢¦ß�£Â³yx83R³?��£\���8Ç|¡·³?�

(z∗p < 0.3)
ËrÄ� =�}�Öx

�\ =�+��£Â³yx83± =w\��¿ax8�¬�}�+�:Ë
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NZu Nsub NZu Nsub9 D�¤�;+D ± ��¤89³A 9+¤F�6; ± ��¤H�BO D
¤FC=; ± �
¤H9y/ 9+¤F�+O ± ��¤F�0/� D�¤�;8/ ± ��¤89C 9+¤H�8/ ± ��¤H�BO /�¤H9<; ± �
¤H9³O 9+¤HDU9 ± ��¤F�+OD /\¤H�BA ± ��¤89³A 9+¤HD8/ ± ��¤H�+ã /�¤H/BD ± �
¤H9ã 9+¤HD+D ± ��¤F�+O/ /\¤HDB� ± ��¤89<; 9+¤89� ± ��¤H�BO /�¤H/±A ± �
¤H9ã 9+¤89³� ± ��¤F�0/O /\¤HD+� ± ��¤89<; ��¤HCBO ± ��¤H�8/ /�¤cO0/ ± �
¤H9ã 9+¤HD+ã ± ��¤F�8ãã /\¤F�+� ± ��¤89³A 9+¤HDBO ± ��¤H�BA /�¤cA6; ± �
¤H9C 9+¤F�8D ± ��¤F�+OA /\¤FO8ã ± ��¤F�8� 9+¤89� ± ��¤H�BO /�¤FC+� ± �
¤H9C 9+¤H�BA ± ��¤F�+OC /\¤Hã+C ± ��¤F�]9 ��¤�;8/ ± ��¤H�BA /�¤cA+O ± �
¤H9ã 9+¤HD+C ± ��¤F�8ã; /\¤FA8ã ± ��¤F�+� ��¤Hã=; ± ��¤H�BO /�¤N;+C ± �
¤H9C 9+¤F�0/ ± ��¤F�8ã9y� /\¤j/BC ± ��¤89C 9+¤HDBA ± ��¤H�BA O�¤H9y/ ± �
¤H9<; 9+¤H�=; ± ��¤F�+O969 /\¤HCBA ± ��¤F�]9 9+¤89=9 ± ��¤H�+ã O�¤cO]9 ± �
¤c�]9 9+¤F�0/ ± ��¤F�+O9� O
¤89C ± ��¤F�0/ ��¤�;+D ± ��¤H�+ã O�¤cO6; ± �
¤c�]9 9+¤89<; ± ��¤F�+O9yD O
¤F�6; ± ��¤F�+O ��¤FO8ã ± ��¤H�BO9?/ O
¤F�8D ± ��¤F�8D 9+¤89y/ ± ��¤H�+ã9O O
¤FA]9 ± ��¤F�+A ��¤�;+D ± ��¤H�BO9yã O
¤HC+� ± ��¤F�8C ��¤HãBO ± ��¤H�BO9A ã�¤H�+D ± ��¤F�6; ��¤�;B� ± ��¤H�+ã9yC ã�¤H�+D ± ��¤HD+� ��¤Hã8/ ± ��¤H�BO9?; ã�¤FO0/ ± ��¤HD+D ��¤�;8/ ± ��¤H�+ã�0� ã�¤HãB� ± ��¤HD+D ��¤HãB� ± ��¤H�BA

¾Zx8�\¡K³�ã�¤H98;Tï>£Â³?�4x0�} =w\�l�:�+w\�\ J�} <�8w\�)¿��+�)ô�³:��É¨x8w\��ôj³:��É�É2¤�¾���³gw±�\¢l�Â³?����¢�x8��3± <w\�~�4��³>¢�³yx8���\��³'ß
¢�³?wB�}���?�8�4��³:�4£��+w\�\��Ä� =�4�¯�}�\�+�+³g <wN¾Tx0�\¡K³gã�¤F�Gx8w\��¾Tx0�\¡K³gã�¤HD�¤

¿ax8�: <¡< J��¦t�}�� <�E��³?�8 <�+wz <��¡= <¢o =��³?�t�}����³?¡<x0�} J�g³:¡=¦N¡<�ÄÒ���\���?���+¡< =w\�+�?¤�¾���³~�+£M³:�}x0�4 <w\�¼�?�+w��\ =�4 <�+w\�Ex8�+³
�+ J�g³?wN¿��+�����8�}�N¢�³yx8���\��³:¢�³:wB�	�+³:�4�E =wN¾Tx8��¡K³gã�¤89+¤

5T =�4�!�yË+ÄÙ³e³�î�x8¢o <w�³��4��³E��³?���\¡=�4���8¿�x>��¦
£� <�yx0¡|¢�³?x8�4�\�+³?¢�³?wB� Â ^	��¤ÅD7 =w¼¾Zx8�\¡·³Eã�¤H9«��8¿@ôj³:�¨ÉT =w
��³¬�2x8 =¡Í¤�¾���³�L�LM5|�:Ë8�4���³Ä�w~ <w�Ç\�+�\��³¨ã�¤F�Ex0��³�¢�³?x8�4�\�+³?�l¢o��� <w\���}��³)¡<�ÄÙ³?�Ã�Bx8¢o¢�xVß×�}�4x8w\��¢¼ =�4�4 =�+w
��³¬�}�\£��}���\ JIH³:��³:w±��³:¡K³¬�8xV�} <�8w\�~Ä��\ =¡K³��4��³t¿ax8�? =¡< J��¦� =�G3�³:£��o <wK�}��³¯�}x8¢�³¯�+£Â³?�}xV�} <w����?�+w\�� =�} =�+wr¤
¾���³>Ç|�+����³g�4�\�Ä��	xG�4 <�8w\ =Ç|�?x8wB�}¡J¦t <w��?��³?x8�4 =w\�G£\�|x0��³g�4�\ J¿ª���M³¬��Äq³L³?w' =w\¡K³¬�+ßk÷|�Ä��8�4�? =¡<¡<x0�} =�+w\�¨x8w\�
¡<���yx0¡��+�+ =�jß×¿��4x8�:�4 <�+wv�+���? =¡<¡�xV�} <�8w\�"x0�� =w\�?�+³yx8�� <w\�1³?¡·³:�0x0�} =�+w\�Å =wo�4��³	�:�+��³0¤"¾��\ =�¨ =w\�\ <�?x0�#³:��x7�!�}���+w\�
£\���+£|x8�BxV�} <w�� Â Ä)xy�g³«"�2�|x0�}x8�¬�#³?�Å�0¿��4��³�¢o î��}�\�+³�ß×��³?w\�� =��¦ Â �8�+ <�jßÍ¿��}x8�¬�} =�+w�«��0x8�� �x0�4 <�+w��Z =wl�}��³��:�+��³0¤
¾���³M�4x8¢�³)9±�|x8¡= =�2xV�} =��³¨�Â³?�\x�� =�+�T =�Ã¿��+��w\�G£\�}x0�:�} =�yx8¡=¡=¦> =w��4��³)Ä��\�+¡·³)¢�³yx8���\��³:�G�+£Â³?�}xV�} <w��	�+³?�+ =�+w
�}�\x0�~ =���2�\x8�}x8�¬�#³:�4 KñL³?�§Ä� J�}�¥x���³:¡�x0�4 =�g³:¡=¦�¡=�ÄÆ <w\¡·³:�7�4�����:�
�+¡= <w\��¤t¾��\ <�� <�7 <w��+�
���Ö9��\x8¡< J�2x0�4 =�g³
x8�+�+³3³:¢�³:w±�ÃÄ� =�4���4��³¨�+³?���\¡=�4�T�8¿�½�¢l�\���+�4 =w\ '/21�36587 Â 9<;=;+CB«´ËVÄ�����x8¡=�4��¿��+�\w\�~x	���4�4�+w���£\���+£|x8�BxV�} <w��
�2�|x8�4x8�:��³?���8¿Ã�}��³g��³:w\�4 J��¦�ß×Ä)x��³?�>xV��¡<�Ä�ß����\���:�
�8¡< <w��l�?�+w��\ =�4 <�+w\�:¤

¾���³:��³� =�?Ë+ =wG�g³?w�³:�}x8¡.ËBx�¡�x0�4�g³��} <¢�³)¡<x8���Â³:��ÄÙ³3³:wo�4��³��4 =��³?��ß� =w\¡K³¬�"x8w��G�4 <�+³?��ßo³�î
 J�T�+�8 <�jßÍ¿��}x8�¬�} <�8w
�+���? <¡=¡�x0�4 <�+w��?¤cò���³¨�}�	�4��³M¡<x8�23>�8¿|�+�8 <�l£\���
���\�:�4 <�+w� <w��4��³)��w\��³yxV�#³?�G�� <�+³?�?ËV�}��³¨�} <¢�³�¡�x8�E�Â³:��ÄÙ³3³?w
�}��³¨�� <��³:��ß× <w\¡·³:�Ãx8w\���4 =��³?��ßo³'î� J���+�+ =�jß×¿��4x8�:�4 <�+wg�+���? <¡=¡�x0�4 <�+w��r�yx8w��M³¨ <wB�#³:�4£\�+³:��³?�lx0�Ã�4��³¨�4�}x8w\�� =���} =¢�³
�8¿Ã�}��³>�8�+ <�jßÍ¿��}x8�¬�} =�+wtÄMxy��³7�4�\�4�+���+�¯�}��³g�4 =��³:� Â £\�\�+³7£��4�+£|x0�Bx0�} =�+w�³:IM³?�¬�´«´¤

¾Zx8�\¡·³~ã�¤F��x8w��'¾Tx0�\¡K³�ã�¤HD��?�+wB�}x8 <w��}��³7�8x0¡<��³:���8¿Å�4��³~�+���? =¡<¡�xV�} <�8w¯£M³:�4 <���'x0w\���}��³��} =¢�³7¡�x0�
�Â³:��ÄÙ³3³?wN =w\¡K³¬�+ßÀ÷\�³ÄÜx8w\�t�� <��³:��ßÀ³�î
 =���+�+ =�jß×¿��4x8�:�4 <�+w¼�+�4�: <¡=¡�x0�4 <�+w\�"¿��8�)x8¡=¡|�}��³�¢�³yx0�4�\�+³?¢�³?wB�}�M =w�ôj³¬�
É�x8w��ðôj³¬��É�É2Ë���³?��£M³:�:�4 =�g³:¡=¦8¤MÉ�w����8�}���yx0��³?�:Ë�ÄÙ³lx0¡<�4�v�:�+¢¼£\x8��³g�}��³7�+���? <¡=¡�x0�4 <�+w�£M³:�4 <���¯Ä� =�4���4��³
³?�!�} =¢�x0��³?�N����³yx8�
¦¥ß×���}x0�#³>�}�4x8w\�� =���} =¢�³��8¿Z�4��³Æ÷|�\ =�r¤



@ [ Ú [r]+_ W  0Xa`cbo 0d o e�f�d o2S   uVSVU X U0u*o  0XZf8m"º^ Vd³e´` o k?BÒI U °� gf+e u `ciHi U<o ` f�d³e K=K

5T =�+�\��³¨ã�¤F�
;�¾���³��?�����g³:�"¿��4�+¢Û¡·³:¿ª�Ã�}���� <�+�B�Tx8��³��}��³�L�LM5|�"�Â³:��ÄÙ³3³:wG�}��³¨ <w\¡·³:�+ßk÷|�Ä�x8w\�l�4��³¨�8�+ <��ß
¿��}x0�:�} =�+w'�+���? =¡<¡�xV�} <�8w\�	¢�³yx0�4�\�+³?�Öx0�> =w\�?�+³yx8�� <w\�p³:¡K³¬�8xV�} <�8w\� Â ³:¡K³¬�8xV�} <�8w\��x8�+³G¢�³?x8�4����³?�� =w'¢¼¢�Øj�
¿��4�8¢��}��³	 <w\¡·³:���8¿r�4��³���³?x0�#³:�t��³:�:�4 <�+w�«´¤"¾���³��4 <¢�³�¡�x8�7�M³¬��Äq³L³?wt�4��³� =w\¡K³¬�+ßÀ÷\�³Ä,�+�4�: <¡=¡�x0�4 <�+w\�"x8w\�
�}��³g�8�+ <��ß×¿��}x0�:�} =�+w¯�+���? <¡=¡�x0�4 <�+w��¨�� <�+w\ JÇ|�yx0w±�4¡=¦¼ <w\�:��³?x8��³:�EÄ� J�}�N <w\�:��³?x8�4 =w\��³?¡K³¬�0x0�} =�+wr¤

¾���³~���#³?x8��¦�ß��!�2x0��³~�}�4x8w\�� =�E�} <¢�³7�8¿"�}��³{÷|�\ =�' <�Ï³?�!�} <¢¼x0��³?��¿����+¢Ì�}��³~�+£M³:�}x0�4 <w\�¼�?�+w��\ =�4 <�+w\�
�\�� <w\���4��³M¢o�
��³:¡��8¿Mõ� Kñ¬ÄMx8w�ß��\�\�� <w Â 9<;=;8/±«´¤Z¾���³�¢¼����³?¡
 <�Z�|x8��³:�¼�8wl�}��³�x0�4�4��¢¼£��4 <�+wG�0¿� <w\�:�+¢�ß
£\�+³?�4�� <�\¡·³M�4 =w\�+¡·³�ß�£��|x8��³T÷|�ÄÞx0w\�G�\��³:�Å�}��³M���+¢¼�8�g³?w�³:�+�\�N³:9±�\ <¡= <�\�� <�\¢Ò¢o�
��³?¡±¿��+�T�}��³)��Ä)��ß�£\�|x0��³
÷|�Äg¤�É×�7�:�+wB�2x8 =w\�>��Ä)�z <wB�#³:�+�4�Rß×�\ =IM³?�+³?wB�} <x8¡\³:9±�|x0�} =�+w\�>�}�\x0��x8��³v�+���}x8 <w�³?�Ö�±¦� =wB�#³?�8�}x0�4 <w\�t�4��³
¢¼x8�4��x8w\��³?w�³:�4�8¦v�\x8¡�x8w��3³)³?9±�|x0�4 <�+w��¨x0¡<�+w\�>�4��³? =�Å�2�|x8�}x0�:�#³:�4 =���} =�?���}�gÇ|w\�o�}��³�3± <w�³¬�} =���0x8�� �x8��¡K³?�
x8�Åx�¿���w\�:�4 <�+wl�0¿� <w\¡·³:�T��³?¡=�
�: =��¦+¤Nô
�\�\�!�} J�}���4 <w\���4��³M3± <w�³:�} =�¨�0x8�� �x8�\¡·³?�Z <wB�}���4��³M¢o�+¢�³?wB�}�\¢-³:9��\x�ß
�} =�+wrË� =�¨ <�M =wB�#³?�8�}x0��³?�¯x8¡=�+w\�7�}��³��4�8�2x0¡�¡·³?w\�8�4�t�8¿^�4��³���¦��!�#³?¢Ô�}�l��³:�M�4��³�³?9±�|xV�} <�8w�¿��+�¨�4��³��4�8�2x8¡
£\�+³?�4���\��³~�\�4�+£�¤E¾���³l�\ <¢�³?w��4 <�8w\¡K³:�4������³yx8��¦�ß×���2xV�#³��4�}x8w��4 =�E�} =¢�³>¿��+���}��³~�4 =w\�+¡·³�ß�£��|x8��³7��³:�+ <�8wz =�
�+ J�g³?wzx8�:;

τ1−φ =
Nsub

NZu
.

Â ã�¤H9«
5|�+�)�4��³>��Ä)��ß�£\�|x0��³7��³?�8 <�+w¯ =wN�4��³g��³yxV�#³?����³:�:�4 <�+w� =�� =���+ =��³?w�x8�

τ2−φ =
1

NZu
ln(1 +NZu −Nsub)

Â ã�¤c�8«
½	¡=�}���+�\�+�ß =�¼ <�ow\�8���+ =��³?wÞ =wß�4��³�£|x0£M³:���8¿Xõ� Kñ¬ÄMx0wjß��\���\ <w Â 9<;=;0/±«¬ËM�8w�³��?x8wÞ��³:�4 =��³z�4��³

����³yx8�
¦¥ß×���}x0�#³¯�}�4x8w\�� =�l�4 <¢�³¼¿��+�~�4��³¯�4 =��³:�G��³?�¬�} =�+w� <w¥x��4 =¢¼ =¡�x8�>¿ax8���\ <�8w�x8�l¿��+�~�4��³t��Ä)��ß�£\�|x0��³
��³:�+ <�8wK <wK�4��³¯��³yxV�#³?���+³?�:�4 <�+w¥Ä� J�}�\�+�
�l�2x83± =w\�'��³?x0�} =w\�� <wB�}��x0�?�?�8�\wB�y¤§¾��� <�~�4�}x8w\�� =�l�4 <¢�³� =�
�+ J�g³?wzx8�

τr =
L∗

rA
∗
r

1 +NZu −Nsub

Â ã�¤FD+«



K=Q RZSVUBW<o  0X @ [^]B_ W  0Xa`cbo 0d o e�f�d o2S  vd³f
dBiH`cd�  U XÃº8kBd U b7` u e�f8m�d Upo ²BX U i B u `cX u ²Bi U<o ` f�d o IÅfCB WBSVU eÁ cV
f?I¨e
^	��¤

Tosc.period Ó ��Ô Ttime lag Ó �ÃÔ Tosc.per

Ttime lag
Ttransit time Ó �ÃÔ Tosc.per

TtransÂ ¢�³yx0�4�\�+³?��« Â ¢�³?x8�4����³?�|« Â ³?�!�} <¢¼x0��³?��«9 /\¤HC+C ± ��¤H�+ã ��¤cA8� ± ��¤H�BO 9+¤HCU9 ± ��¤H�+ã D
¤cO0/ ± ��¤F�8� 98¤FD+C ± �
¤F�BO� /\¤FO+O ± ��¤H�BO ��¤cO8� ± ��¤H�BO 9+¤HCB� ± ��¤H�+ã D
¤FDU9 ± ��¤89<; 98¤FDBA ± �
¤F�BOD /\¤FA8ã ± ��¤H�+ã ��¤cA8� ± ��¤H�BO 9+¤FA8ã ± ��¤H�BO D
¤FD+D ± ��¤89C 98¤H/BD ± �
¤F�BO/ /\¤FO+O ± ��¤H�BO ��¤FC+� ± ��¤H�BO 9+¤Hã+D ± ��¤H�BO D
¤H9³O ± ��¤89³A 98¤H/±O ± �
¤F�BOO /\¤HD+ã ± ��¤H�BO ��¤H/B� ± ��¤H�BO 9+¤HCB� ± ��¤H�+ã ��¤N;+D ± ��¤89³O 98¤H/A; ± �
¤F�8/ã /\¤Hã+ã ± ��¤H�BO ��¤Fã+� ± ��¤H�BO 9+¤FA6; ± ��¤H�+ã D
¤H9� ± ��¤89³A 98¤cO8� ± �
¤F�8/A /\¤j/±O ± ��¤H�BO ��¤Fã+� ± ��¤H�BO 9+¤FA]9 ± ��¤H�BO ��¤N;8/ ± ��¤89³O 98¤cO]9 ± �
¤F�8/C /\¤HD+ã ± ��¤H�BO ��¤FD+� ± ��¤H�BO 9+¤HC=; ± ��¤H�+ã ��¤FC8/ ± ��¤89ã 98¤cO0/ ± �
¤F�8/; /\¤89C ± ��¤H�8/ ��¤FD+� ± ��¤H�BO 9+¤HCB� ± ��¤H�+ã ��¤Fã+ã ± ��¤89y/ 98¤cO+A ± �
¤F�8/9� /\¤FO+O ± ��¤H�BO ��¤Fã+� ± ��¤H�BO 9+¤FA+O ± ��¤H�BO ��¤N;+D ± ��¤89³O 98¤cO+O ± �
¤F�8/9=9 /\¤HD+ã ± ��¤H�BO ��¤cA8� ± ��¤H�BO 9+¤HãU9 ± ��¤H�BO ��¤cA+A ± ��¤89y/ 98¤cO+A ± �
¤F�8/9³� /\¤F�+A ± ��¤H�8/ ��¤cA8� ± ��¤H�BO 9+¤FO8C ± ��¤H�BO ��¤Fã+C ± ��¤89y/ 98¤cO6; ± �
¤F�8/9D /\¤89� ± ��¤H�8/ ��¤H9� ± ��¤H�BO 9+¤�;BO ± ��¤H�BA ��¤H/±O ± ��¤89³� 98¤FãBA ± �
¤F�8/9y/ /\¤F�+A ± ��¤H�8/ ��¤cA8� ± ��¤H�BO 9+¤FO8C ± ��¤H�BO ��¤FãBO ± ��¤89D 98¤FãU9 ± �
¤F�8/9³O /\¤89C ± ��¤H�8/ D
¤F�+� ± ��¤H�BO 9+¤HD=; ± ��¤H�8/ ��¤cO8ã ± ��¤89³� 98¤Fã+D ± �
¤F�8/9ã /\¤89� ± ��¤H�8/ ��¤N;+� ± ��¤H�BO 9+¤j/�9 ± ��¤H�8/ ��¤H/B� ± ��¤89=9 98¤cA]9 ± �
¤F�+D9³A /\¤89C ± ��¤H�8/ D
¤F�+� ± ��¤H�BO 9+¤HD=; ± ��¤H�8/ ��¤cO8� ± ��¤89D 98¤FãBA ± �
¤F�8/9C /\¤H�B� ± ��¤H�8/ ��¤N;+� ± ��¤H�BO 9+¤HD+C ± ��¤H�8/ ��¤FD8/ ± ��¤89=9 98¤cA]9 ± �
¤F�+D9<; /\¤89� ± ��¤H�8/ D
¤F�+� ± ��¤H�BO 9+¤HDBA ± ��¤H�8/ ��¤H/B� ± ��¤89³� 98¤cA]9 ± �
¤F�8/�8� /\¤89� ± ��¤H�8/ ��¤N;+� ± ��¤H�BO 9+¤j/�9 ± ��¤H�8/ ��¤c�0/ ± ��¤89y/ 98¤FC+D ± �
¤F�8/
¾Zx8�\¡K³)ã�¤F�
;2õ	x0�4 <�	�8¿\�}��³M�+�4�: <¡=¡�x0�4 <�+wg£Â³?�4 =�
�~x8w\�~�4��³)�4 <¢�³�¡<x8���Â³:��ÄÙ³3³:wv <w\¡·³:�+ßk÷|�Ä�x8w\�~�4 <�+³?��ßo³�î
 J�
�+�8 <�jßÍ¿��}x8�¬�} <�8wo�8�4�? =¡<¡<x0�} =�+w\�T¿��+��¢�³yx8���\��³:¢�³:w±��ôj³¬�MÉ2¤±É�w��}��³	¡<x8���¨�?�+¡=�\¢owrË+�}��³	�+�4�: <¡=¡�x0�4 <�+wG£Â³?�� <���
 <��x0¡<�4�>�:�+¢o£|x8��³:�G�}���}��³E�!�#³?x8��¦�ß��!�2x0��³��4�}x8w��4 =�Å�4 <¢�³)�8¿��}��³�÷|�\ <��³:���} =¢�xV�#³?�G¿����+¢Õ�4��³��+£Â³?�}xV�} <w��
�?�8w\�\ =�4 <�+w����\�4 =w\�G�}��³g¢o�
��³:¡r�8¿\õE ·ñ:Ä)x8wjß×�\�\�\ =w Â 9<;=;0/±«¬¤

^	��¤
Tosc.period Ó ��Ô Ttime lag Ó �ÃÔ Tosc.per

Ttime lag
Ttransit time Ó �ÃÔ Tosc.per

TtransÂ ¢�³yx0�4�\�+³?��« Â ¢�³?x8�4����³?�|« Â ³?�!�} <¢¼x0��³?��«9 D�¤�;8/ ± ��¤H�8/ ��¤FD+� ± ��¤H�BO 9+¤FA]9 ± ��¤H�BO ��¤FCBA ± ��¤89y/ 98¤FDBA ± �
¤F�8/� D�¤HC+ã ± ��¤H�8/ ��¤cO8� ± ��¤H�BO 9+¤FO+O ± ��¤H�BO ��¤cA8ã ± ��¤89D 98¤H/B� ± �
¤F�8/D D�¤FA6; ± ��¤H�8/ ��¤H/B� ± ��¤H�BO 9+¤FO8C ± ��¤H�BO ��¤FãB� ± ��¤89D 98¤H/±O ± �
¤F�8// D�¤FO6; ± ��¤H�+D ��¤FD+� ± ��¤H�BO 9+¤FO8ã ± ��¤H�BO ��¤H/BC ± ��¤89=9 98¤H/±O ± �
¤F�8/O D�¤Hã+ã ± ��¤H�+D ��¤c�8� ± ��¤H�BO 9+¤Hã+ã ± ��¤H�BO ��¤cO8� ± ��¤89=9 98¤H/Bã ± �
¤F�8/ã D�¤FO6; ± ��¤H�+D ��¤FD+� ± ��¤H�BO 9+¤FO8ã ± ��¤H�BO ��¤H/BD ± ��¤89³� 98¤H/BC ± �
¤F�8/A D�¤j/±A ± ��¤H�+D ��¤c�8� ± ��¤H�BO 9+¤FO8C ± ��¤H�BO ��¤FD8/ ± ��¤89=9 98¤H/BC ± �
¤F�8/C D�¤FO6; ± ��¤H�+D ��¤H9� ± ��¤H�BO 9+¤FA]9 ± ��¤H�+ã ��¤FD+C ± ��¤89=9 98¤cO]9 ± �
¤F�8/; D�¤FO8D ± ��¤H�+D ��¤c�8� ± ��¤H�BO 9+¤HãU9 ± ��¤H�BO ��¤FD+D ± ��¤89=9 98¤cO+� ± �
¤F�8/9� D�¤j/±A ± ��¤H�+D ��¤c�8� ± ��¤H�BO 9+¤FO8C ± ��¤H�BO ��¤c�0/ ± ��¤89� 98¤cO+O ± �
¤F�+D9=9 D�¤j/±A ± ��¤H�+D ��¤H9� ± ��¤H�BO 9+¤HãBO ± ��¤H�BO ��¤c�0/ ± ��¤89� 98¤cO+O ± �
¤F�8/9³� D�¤j/±A ± ��¤H�+D ��¤c�8� ± ��¤H�BO 9+¤FO8C ± ��¤H�BO ��¤c�]9 ± ��¤89� 98¤cO+A ± �
¤F�+D
¾Tx8��¡K³7ã�¤HD�;Å¾���³g��³:�4�\¡J�}��¿��+��¢�³yx8���\��³:¢�³:w±�eôj³¬�EÉ4É2¤

¾���³E�}�8�}x8¡�����³yx8��¦�ß×���2xV�#³	�4�}x8w��4 =���} =¢�³� =�
τ1−φ + τ2−φ + τr

¤Å¾���³	�0x8�� �x8�\¡·³?��x8�+³�¢¼x8��³E�\ <¢�³?wjß
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< α >pro,χ
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< α >pro,χ=
1 − zbb

LC

1 − ρg

ρl

− 1

a2(
ρl

ρg
+ ρg

ρl
− 2)

√
KLC

arctan(
(Lc − zbb)

√
K +

(LC+
a1
2a2

)(zbb+
a1
2a2

)
√

K

),
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K > 0

Ë\Ä���³:��³
K =

√
a0

a2
− a2

1

4a2
2

+ 1
a2(ρl/ρg−1)
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< α >pro,χ=
1 − zbb

LC

1 − ρg

ρl

− 1

a2(
ρl

ρg
+ ρg

ρl
− 2)

√
|K|LC

arth(K1),
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K < 0

x8w��
K1 < 1

x0w\� |LC+
a1
2a2√

|K|
| < 1
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|K|
| < 1

Ë
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K1 = (Lc−zbb)√
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a1
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)(zbb+
a1
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)
√
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1 − zbb

LC

1 − ρg

ρl

− 1

a2(
ρl

ρg
+ ρg

ρl
− 2)

√
KLC

ln(

|LC+
a1
2a2

−
√

|K|

LC+
a1
2a2

+
√

|K|
|

| zbb+
a1
2a2

−
√

|K|

zbb+
a1
2a2

+
√

|K|
|
).
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α(z, t) = a0(t) + a1(t)z + a2(t)z
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< α >pro,α=
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[a0(t) +
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2
(Lc + zbb) +

a2(t)
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(L2

C + LCzbb + z2
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< α >∆P,grav

«Mx8�:;
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< α >∆P,gr=
ρlLCg − ∆Pmes

LCg(ρl − ρg)
,
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∆Pfr,1−φ(t) = zbb(t)
fMC,i(t)

2

2DCρl
,

Â A�¤H9³A8«

∆Pfr,2−φ = (LC − zbb(t))
fMC,i(t)

2

2DCρl

ϕ,
Â A�¤H9C+«

Ä���³:��³g�}��³>��Ä¨�Rß�£\�\x8��³g¢l�\¡J�} =£\¡< ·³?�
ϕ
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ϕ = 1 + ( ρl

ρg
− 1) < χ >2−φ (t)

∆Pacc = MC,i(t)
2(

1

ρl

− χ2
ex(t)

αex(t)ρg

− (1 − χex(t))
2

(1 − αex(t))ρl

),
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< α >∆P,χ

¿��+���}��³g¿��+��¢�³:�E¢�³:�4�\���rË�x8w\�z�±¦
< α >∆P,α

¿��+�M�}��³g¡<x0�4��³?�M¢�³:�4�\�
��¤ÅÉ×�	 =���yx8¡=�?�\¡<x0�#³:�Nx8�

< α >∆P,..=
ρlLCg − (∆Pmes − ∆Pfr,1−φ − ∆Pfr,2−φ − ∆Pacc)

LCg(ρl − ρg)
.
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f = 0.039 ± 0.003
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α(z, t) = a0(t) + a1(t)z + a2(t)z
2 + a3(t)z

3.
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< α >com

Ë| =���+���}x8 <w�³:��x8�

< α >com= a0(t)
LC − zbb

LC

+ a1(t)
L2

C − z2
bb

2LC

+ a2(t)
L3

C − z3
bb

3LC

+ a3(t)
L4

C − z4
bb

4LC

.
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< α >rec
«Mx8�

φ<α>,<α>rec
= φ<α>,<α>∆P,gr

+ φ<α>∆P,gr,<α>rec
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Kr,e = 80
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∑
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dn(t)

dt
=
ρ(t) − β

Λ
n(t) + λc(t),
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dc(t)

dt
=
β

Λ
n(t) − λc(t).
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d

dt

q′′(t)

q′′o
=

1

τf
[
q′(t)

q′o
− q′′

q′′o
],
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q′′(t) = kf [Tf (t) − Tsat]
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dzbb(t)

dt
= 2[

MC,i(t)

ρl
− q′(t)zbb(t)

ρlAC(hf − hC,i)
].
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d < α(t) >C

dt
=
MC,e(t) −MC,i(t)

(ρf − ρg)LC
,
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MC,i(t) = MC,e(t)[1 +
ρf − ρg

ρg
χC,e(t)] −

(ρf − ρg)

ρg

[LC − zbb(t)]q
′(t)

AC(hg − hf)
,
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< α(t) >C=
LC − zbb(t)

LC

ρf

ρf − ρg
{1 − ρg

(ρf − ρg)χC,e(t)
ln[1 +

ρf − ρg

ρg
χC,e(t)]}.
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d < α(t) >r,n

dt
=
Mr,n(t) −Mr,n−1(t)

ρf − ρg

Nr

Lr
, ��� zqbc~

Mr,n−1(t)[1 +
ρf − ρg

ρg
χr,n−1(t)] = Mr,n(t)[1 +

ρf − ρg

ρg
χr,n(t)], ��� z�; ~

< α(t) >r,n=
ρf

ρf − ρg

{1− ρg

(ρf − ρg)(χr,n(t) − χr,n−1(t))
ln[1+

ρf − ρg

ρg

χr,n(t) − χr,n−1(t)

1 + χr,n−1(t)
ρf−ρg

ρg

]},
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zbb(t)

dMC,i(t)

dt
+ [LC − zbb(t)]

dMC,e(t)

dt
+

[MC,i(t) −MC,e(t)]
dzbb(t)

dt»«`�fk��j��M^��t�M��fa� ∑Nr

n=1
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d<M>(t)r,n
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(L
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ρf
ϕ2[χC,e(t)] −

M2
C,i(t)

ρf
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r,e(t)
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ϕ2[χr,e(t)] −

M2
r,i(t)

ρf
ϕ2[χr,i(t)]
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2ρf

( 1
A2

d,e

− 1
A2

d,i
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LCg[ρf(1− < α(t) >C) + ρg < α(t) >C ]¼ ��^½®@�Lj«ª¥���M��fa� ∑Nr
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zbb(t)

fC

2DC
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ρf
+ [LC − zbb(t)]

fC

2DC
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C,e(t)

ρf
ϕ2[1
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fr

2Dr

<M(t)>2
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ϕ2[< χ(t) >r,n]¿A�@²½^�±i¢��t�L²kj��L�c`F�M`Q±MfkjJ²a�c��f

KC,i
M2

C,i
(t)

2ρf¿A�@²½^�±i¢��t�L²kj��L�c`FfHG��Rj[²a�c��f
KC,e

M2
C,e(t)

2ρf
ϕ2[χC,e(t)]¿!��²a^�±i¢��t�L²kjt�M�c`Ff-GQ�Rj[�t�L�tfa�

Kr,e
M2

r,e(t)

2ρf
ϕ2[χr,e(t)]¿!�@²½^�±i¢����M²Hj��M��`F�M`�±Lfkj'l�� � `�²k�c Xfa�

Kd,i
M2

d,i
(t)

2ρf
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GR =
δP
Po

δρ
=

s+ λ

Λs2 + (λΛ + β)s
. ��� zLà�p�~

¤'��f¸j��t^�`��¨¢�fa�'¢�n�`�²Hj��M��`SlQfa�t²k�t�L¡��M`��jt��f)��f½^�j[jt��^�`��¨¢�fa�'¢��t�� ß¢�n�fk±�j��>²a�@�c±m^�`�j[�L�

GF =

δq
′′

q′′o
δP
Po

=
1

τf

1

s+ 1
τf

; ��� zLà�sc~
¤'��f¶jt��^�`��¨¢�fa�·¢�nQ`�²kjt�M�c`º¢����c áj���f_��f½^�j·©4n�G¥^�`�l¥¢��t�� âjt��f¶²a���tfH§?�M`�±LfkjI º^��t�I©�n�G¥jt��j���f_¡��c�L±M�L`��§¡��cn�`�l4^���ªF°��c�t�Rj��L�c`¹^��tf

Gzbb,q
′′ =

δzbb

zbb,o

δq′′

q′′o

=
2

τnb

1

s + 1
τnb

, ��� zLà½w ~
� ��fk�tf

τnb =
zbb,oρl

MC,i ã^�`�l
Gzbb,MC,i

= −Gzbb,q′′ ; ��� zLà�|�~
¤'��f>j��t^�`���¢�fk�g¢�nQ`�²kjt�M�c`v¢��t�c äj���fX��f½^+j{©4n@GÞ^�`�lv¢��t�c åjt��fX²a�c��fH§«�L`�±MfHj) º^��t�)©4n�Gvj��¹j��Qf¦²k�c�tf-§^½®cfk��^�cfklN®��c�MlF¢���^�²kj��L�c`¹^���f

Gα,q′′ =

δ<α>C

<α>C,o

δq′′

q′′o

=
q
′′

o

ACH < α >o

1

s+ 1
τbb

, ��� zLà�æc~

� ��fk�tf
τbb =

−H(L−zbb,o)

2MC,i(hl−hg) ∂<χ>
∂<α> ç

H = (ρghg − ρlhl) + [(1 − 2 < χ >o)hl + 2 < χ >o hg](ρl − ρg) ã^�`�l
Gα,MC,i

= −Gα,q′′ ; ��� zLà���~
¤'��f)j��t^�`���¢�fk�'¢�n�`�²kjt�M�c`¹¢��t�� ßj��Qf{¡��c�M±L�M`�+§«¡��cn�`�l4^���ª>°��c�t�Rj��M��`¥j��>j���f)²a���tfH§«^½®cfa�t^�cfklN®c���Ml¹¢���^�²-§j��L�c`F�M�

Gα,zbb
=

δ<α>C

<α>C,o

δzbb

zbb,o

=
zbb,o

LC − zbb,o

−µ− 1
τbb

s+ 1
τbb

, ��� zLà�bc~
� ��fk�tf

µ = q
′
o

ACH<α>o ã
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GMC,i,α =

δMC,i

MC,i,o

δ<α>C

<α>C,o

=
[(LC − zbb,o + Lr

AC

Ar
)s+K1]

∂MC,e

∂<α>C
+ Core+Riser

(zbb,o + (L− zbb,o)
∂MC,e

∂MC,i
+ Lr

AC

Ar
+ L

Ad
AC)s+K1

∂MC,e

∂MC,i
+K2

��� zLà�ìc~
^�`�l

GMC,i,zbb
=

δMC,i

MC,i,o

δzbb

zbb,o

=
[(LC − zbb,o + Lr

AC

Ar
)s+K1]

∂MC,e

∂zbb
+

∂∆Pfr,C

∂zbb
+

∂∆Pgr,C

∂zbb

(zbb,o + (L− zbb,o)
∂MC,e

∂MC,i
+ Lr

AC

Ar
+ L

Ad
AC)s+K1

∂MC,e

∂MC,i
+K2

,

��� z}p��c~
� ��fk�tf

Core =
∂∆Pacc,C

∂<α>C
+

∂∆Pfr,C

∂<α>C
+

∂∆Pgr,C

∂<α>C
+

∂∆Pfr,C,e

∂<α>C ç
Riser = (

∂∆Pfr,r,e

∂<α>r
+

∂∆Pfr,r

∂<α>r
+ ∂∆Pacc,r

∂<α>r
+ ∂∆Pgr,r

∂<α>r
+

∂∆Pin,r

∂<α>r
) ∂<α>r

∂<α>C ç
K1 =

∂∆Pacc,C

∂MC,e
+

∂∆Pfr,C

∂MC,e
+

∂∆Pfr,C,e

∂MC,e
+ (

∂∆Pfr,r

∂MC,e
+

∂∆Pfr,r,e

∂MC,e
)AC

Ar ç
K2 =

∂∆Pacc,C

∂MC,i
+

∂∆Pfr,C

∂MC,i
+

∂∆Pacc,d

∂MC,i
+

∂∆Pfr,d,i

∂MC,i

z
¤'��f ∂∆P

∂M ç ∂∆P
∂<α> ç ∂∆P

∂zbb

lQª@`4^� X�M²J°���fa���tn���f
l����c°>l�fa���L®�^�jt�L®cfk�P^�°�°�f½^����M`�¸�L`
GMC,i,α

^�`�l
GMC,i,zbb²½^�`Ý¡�fvl�fa���L®cfklÝ¢����c  j��Qf³l�ª�`�^� ¦�L²�°��tfk�t��n��tfÞl��t�c°íj�fk�t X�¹±M�M�¨j�fklî�L`Bj���fÞ^�¡���®�f�j�^�¡�±Lfv�M`î^��jt��^��Lc� jt¢��c� � ^��tl¹ º^�`�`�fa�kz
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������
¾_��lQf � ^c^��tl ¾�����»����±Lfa`��jt�¹��¢3¢�nQfa±!�t�@l

[mm]
à�bc��� bcsc�l��M^� Xfkj�fk�J�t�@l

[mm]
à�sQzq| æQz}p�s^���f½^���¢�^<¢�n�fa±A^����tfk <¡�±Lª

[m2]
��zq�c��æcìcbQà �Qzx�c�Qà�����æ`�n� <¡�fa�[��¢�^����tfa �¡�±M�Lfa� à�æ�w à���M�tfk�'±Mfk`��j��

[m]
p�zxb�w ®�^��t�m^�¡�±Mf¶¡�fkj � fafk`ÚàczRà{^�`�lvàczxì^���f½^��t�L�tfk�

[m2]
p�zq|�b �Qzx�c�cs p�s �±Lfa`��jt�¹l�� � `�²a�c Xfa�

[m]
o^�±M��`���t�L�tfa� p�zxb�w ®�^��t�m^�¡�±Mf¶¡�fkj � fafk`ÚàczRà{^�`�lvàczxì^�±M��`��²a�c��f p�zx�Qà � ��faf���fa²Hj��M��`Ns�zLàczxs ~^���f½^�l�� � `�²k�c ¦fk�

[m2]
o^�±M��`���t�L�tfa� sQzq|cp ®�^��¨ª@�M`� � ��faf���fk²kj��L�c`NsQzLà�zqs ~^�±M��`��²a�c��f p�zxæ p ®�^��¨ª@�M`� � ��faf���fk²kj��L�c`NsQzLà�zqs ~fk±Mfk®�^�jt�M�c`F��¢3¢�fkfal � ^�j�fk�
��°4^���cfa�¢����c ßjt�c°¹��¢3jt��f)²a�c��f��Â �� p�zRà½w àcz}p

r������! "����#�$�%�'&(�)�*�+�, -�
¾_�@l�f � ^c^���l ¾�����»����²a���tf)�M`�±Lfkj

ç KC,i

sQzÂw æ ®�^��t�M^�¡�±Mf�o
3.0 −∞ � �L`�±MfHjJ®�^�±L®�f�~²a���tf)f/.��Lj

ç KC,e

sQzx� p sQzq�cp�t�L�tfk�'f/.��Lj
ç Kr,e

àczx� ®�^��t�m^�¡�±Mf�o
15.7 −∞ � f0.��Lj'®�^�±L®�f�~l�� � `�²k�c ¦fk�[�M`�±Lfkj

ç Kd,i

àczx� àczLà�|c|l��L��j����M¡�n�j�falF¢����M²kjt�M�c`¦¢�^�²kjt�c�'²a�c��f
ç fC

�Qzx�Qà�æ�w �Qzq�cp�àl��L��j����M¡�n�j�falF¢����M²kjt�M�c`¦¢�^�²kjt�c�'�t�L�tfa�
ç fr

�Qzx�Qà�æ�w �Qzq��scì
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¾_��lQf � ^c^��tl ¾G�H�@»��I�°���fa���tn���f
[bar]

�c|�zq| àcà�zqæ ¦^��t�J©�n�.¹°�fa� ^��t��fa <¡Q±Lª
[kgm−2s−1]

à��c��æ àcà½s �^½®cfk��^��f{^��t�tfk <¡�±RªF°�� � fa� [kW ]
àcà�à�æ pcp@zqs²k�c�tf)�M`Q±MfkjJ�tn�¡�²a�@�c±M�L`�

[K]
| p¢�fkfal � ^�j�fk�'j�fa X°�fa��^+j�n���f

[K]
w ��b p�æ�b�L`�±MfHjJ®cfk±M�@²a�Lj«ª

[ms−1]
àczxs � �Qzxìcs²��4^�`�`�fa±!jt��^�`����LjJjt�M Xf

[s]
àczxsQà �Qzxbcì

:;�) -�"��	���4<6�	JLKNM=��>OJ	<B 
<E�P�) 
¾_�@l�f � ^c^��tl ¾�����»��I�¢�n�fa±�jt�M Xf¶²a�c`Q��j�^�`�j

[s]
p@zLàcà �Qzq|

ξkf [Js−1m−1K−1] 9.33 · 105 5.69 · 103

β
�Qzx�c�cæ�à §

λ [s−1]
�Qzx�cb�w §

Λ [s−1] 5 · 10−5 §
rD [K−1] −2 · 10−5 §
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S Z ü ò7ó}| W ý û T þSò

a ~ �D�k�t ���±������%�����L®@� ~ ª m2s−1

A
²k�t�c���¨§?���a² ~ �L�c`6��±�©4� � �����P�

m2²k�c`�� ~ ��` ~ ��¢�°Q�t�c°��c� ~ �M�c`D��±M� ~ ª −
ai

�F� ~ �c���ac���a���t�L®!�{²k���/�X²a���k` ~ � −�F��.��M±M������ª¦°6������ �� ~ �k� −
B

�F��.��M±M������ª¦°6������ �� ~ �k� −
c

�B�a±��½ª!�P�5`B�P� ~ �t�c`S°����k²P�����t�c�[°��c°D��±�� ~ �L�c` m−3

C
²k�c`�� ~ ��` ~ ��¢�°Q�t�c°��c� ~ �M�c`D��±M� ~ ª −

C(R)
²a�c�����a±�� ~ �L�c`F���Q  −

CD

²k�c�t���a±�� ~ �L�c`4���M ��a`Q�t�M��` −
d

�a <¡�P�D�Q�M`�����L ��k`��t�L�c` −
D

�Q�M ��a`����M�c`F��¢ ~ �B��� ~�~ ����² ~ �c� −��`D�H§?c�t�$�Q°��Q�z�,���t�L�c`¹²a�+�9�X²a�z�a` ~ m� ª+�����!��±M�L²������� �� ~ �a� m

D̂
�B�a� ~ ����² ~ �L�c`N��°,�k��� ~ �c� −

fp

�".Q����±�°�� � �k� °�
��Û@�L`��¢*��² ~ �c� −
f

¢����a¬'�D�k`�²kª
s−1�@��`Q`��M`�<¢����M² ~ �M��`¥¢*��² ~ �c� −

g
����½®@� ~ � ~ �M��`6��±���²a²P�k±��k��� ~ �M�c` ms−2

G0
�F��.��M±M������ª ~ ����`��¨¢��a�J¢���`�² ~ �L�c` −

G1
�F��.��M±M������ª ~ ����`��¨¢��a�J¢���`�² ~ �L�c` −

G2

�F��.��M±M������ª ~ ����`��¨¢��a�J¢���`�² ~ �L�c` −
G3

�F��.��M±M������ª ~ ����`��¨¢��a�J¢���`�² ~ �L�c` −
GA

`Q�c�t ���±M�z�P�9� ~ ����`���¢��k�J¢���`�² ~ �M�c`F¢����c  �D�P� ~ ©6��. ~ �>®��c���F¢�����² ~ �M�c` −
GF

`Q�c�t ���±M�z�P�9� ~ ����`���¢��k�J¢���`�² ~ �M�c`F¢����c  °�� � �a� ~ �X�B�
� ~ ©6��. −
GR

�9�a���¦°�� � �k�
���
��² ~ �L®@� ~ ª ~ ����`��¨¢��a�'¢���`�² ~ �M��` −
GT

²k±M�c���P��§?±M�@�c° ~ ����`��¨¢��a�'¢���`�² ~ �M��`¹¢����c ��0. ~ �a��`6��±A���P��² ~ �L®@� ~ ª ~ �>°�� � �a� −
Gx,y ~ ����`Q��¢��a�'¢���`Q² ~ �L�c`F¢��t�c âª ~ ��. −
h

��°,�k²a�RÜ4²l�a` ~ �6��±M° ª Jkg−1

H
�F��.��M±M������ªX®F���t����¡�±z�

Jm−3

J2

�Q�M ��a`����M�c`�±z�a�����!��.��M±L�����¨ªX¢��Q`�² ~ �M�c`�� −
k ~ �D�k�t ���±�²a��`D�D��² ~ �L®@� ~ ª Js−1K−1

kf
¢��B�a±!�D�P� ~�~ ����`���¢��k� ²k���/�X²a���k` ~ Js−1K−1m−2

K
¢����M² ~ �M��`¥¢*��² ~ �c� −� �c±M X�cc���t��®g�k` ~ �t��°�ª bits−1

K
�F��.��M±M������ªX¢���`�² ~ �L�c` −

K1

�F��.��M±M������ªX¢���`�² ~ �L�c` m
lo

 ���.��M ���±��t²P��±M�L`�����M� ~ ��`�²9� −
L

±z�a`� ~ � m



M
 ������[©D��.��D�k`��t� ~ ª kgm−2s−1

n
`B�P� ~ �t�c`S°���°D��±�� ~ �M��` m−3

p
°��t�c¡D��¡��M±L� ~ ª����M� ~ ���M¡D� ~ �M�c`¦¢���`�² ~ �M�c` −

P
°Q���a���������

kgm−1s−2°�� � �k� Js−1

Pd

�Q�M ��a`����M�c`�±z�a�����!��.��M±L�����¨ªX¢��Q`�² ~ �M�c`�� −
P̂

°Q�t�+�D��² ~ �M�c`¹�c°�a��� ~ ��� −
q′

±L�M`D�P���J°�� � �k�
°������B��² ~ �M�c`F�L` ~ �D�¸¢��D�a± Jm−1s−1

q′′
�B�
� ~ ©6��.4�D�a`���� ~ ªF¢����c ß¢��D�k± ~ �>²a�@�c±���` ~ Jm−2s−1

rD

¾
�c°�°�±z�a�[���P��² ~ �L®@� ~ ªº²a�+�9�X²a�z�a` ~ K−1

rn

 X�M`Q�M ���±��t²
��±M�M`Q��Q�M� ~ ��`�²9� −
s

¿=��°Q±���²9�¶®!���t����¡�±��
s−1

S
�k` ~ �t��°�ª −

u
®!�a±L��²k� ~ ª ms−1

U � ��`�`�§��í��� ~ `D�kªF����`�Û¥����  −
t ~ �M �� s
T

���t²a�L±M±�� ~ �L�c`º°�a���M�+�
s−1�½®!�a����$�{²Hª@²a±�� ~ �M �� s−1

~ �a X°,�k��� ~ ����� K
~v

� ~ � ~ �¸®$�k² ~ ��� −
v

®!�a±L��²k� ~ ª ms−1

V
®��c±��Q ��

m3

x

� ~ � ~ �)�t°6��²9�g®!�a² ~ �c� −
xi ~ �M ��¶���k�t�z�a� −
z

�".Q����±�°��c�t� ~ �L�c` m��§ ~ ����`���¢����t ß®F��������¡Q±�� −
Z

� ~ � ~ �M� ~ �M²P��±i®F��������¡�±z� −
� �"�'��d��/�=���A�,>*�
α �!�$� �4 �¡��!¢ ~���� ` −
αD

` � ¡�£��!¤ � �P�9��¥ �$¦D¦ ¤z�P¡w¡��
�!¢ ~��z�+��~N§ ¢ � �9��¢ � �a` ~ −
αv �!�$� ��¡��
�!¢ ~��z�+��~N§ ¢ � �9��¢ � �a` ~�¨ −
β

�B�P¤�� § �P�5`B�P� ~ ¡ � `� �¡��!¢ ~��z� ` −©�¤ �+ª �B� ~ �/. ¦� `D�k` ~ −
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« �F¤���66ÕBÓ@��`D��� � ¢
��C�6 « Ó	º,:<;�;9:"»/ÓHã ö

áì
÷
ð�Ýqålì!áûFw�ð í0Ü�ë�Ý�ì!è*ð�ê�áBå/Ó[� ¦ ¡ � ` ² �P¡8µxi[�P¡�¤�� ² 6 Á � ¯ _ � ¡yCÓ

« � ¨�¨ �F¡��26GÃGÓÊ¥�Ó�º,:<;cb�*$»/Ó ¾ ¢ � �D�æ  � ¡ « �$¦  �Ã �  ��D¡�¢P� ~��z� ` ¾ `6�!¤ §�¨���¨Æ�   ¾ � ~�� ` � £ � � ¨ ¥G�9¤�� § µ¥ � �,�P¡��k` ~�� �F¤B� ª �6� ~���� ` ¨ Ó6Ä«`Y�Hëqê-ÝPß�ý%í�ýHå-Ý/ðøÞøÞ�ì!è*ð�ê�áBü2w�ð í0Ü+ëqÝ�ì!è*ð�ê�á4ì!áûF��òBì+ê-å�6 ¦ � ² �M���l:$Ó ¿ ��`6�"µ� � ��` � � ~�± �9£g� ~�� ¢P�!¤=� � ¢ � � ~N§ Ó
« � ¨�¨ �F¡��26AÃIÓÎ¥�ÓW6A�l�!�
�F¡ � ` � �A6 Á Ó�¥�ÓW6[��`D�E�E��`26t_aÓ « ÓOº,:<;cb9:"»/Óz��ò6äqê�ë ö

ì!áû ! ñ)ñÞïð�Ý�ì!è�ð�ê�áLê�í
1¶êqñ"í3w�ð í0Ü+ë�Ý�ì!è�ð�ê�áBü4s=ê�áû+ê�á#îÚì!èøò6ä

÷
ì!è*ð�Ý�ì!Þ

õ
ê-Ý/ð�ä/è

ö
s=äqÝ/è�Ü+ë�ä4Û�ê�èNä

õ
ä/ë/ð�äqå � �!Ó ¿ �!£�¬D¡ � � ² �Í ` �z� �P¡ ¨��z~N§ Â ¡�� ¨�¨ Ó

« � ~ ¡ � ¢ZC�6¥�Ó�´AÓ�º=:<;�*9:"»0ÓÆã ö
áì
÷
ð�Ýqågê�í�á6Ü@Ý/Þ�ä�ì!ë�ë�ä�ì+Ý/è�ê�ë�å/Ó�× ± � Í ` ��� �P¡ ¨���~N§Ú�   ¿ ±B� ¢
� ²$� Â ¡�� ¨�¨ 6¿ ±B� ¢
� ²$� Ó

« � ¤�¬ � ¡t`I6��lÓ ¿ ÓOº,:<;�;-�'»/Ó{��òBì+ê-å�ì!áû�Û�ê�á6Þïðøá%ä�ì!ë�ã ö
áì
÷
ð�Ýqå/Ó4ÅI.+  � ¡�� Í ` �z� �9¡ ¨��z~N§ Â ¡�� ¨�¨ 6 Á � ¯_ � ¡\C@Ó

« �-§ �P¡f6 Á Ó�º=:<;�;��$�)»/Ó � Å Á�¾ 6H�|*"µN� ª �D� ~��z� `#×	¡���` ¨�� �a` ~ × ¯O� µ Â ± � ¨ �æ©¤ �"¯ �;� �B�P¤�  � ¡�´!�É�¥ § `D�!£ � ¢ ¨ ÓÆÄ«`G�Hë�ê-ÝPßAç/á6è�ß/�Hê�á
í9ß�ê�áEÛ�ä/ô}�Bëqä/áû�åaðøá ÛGÜ6Ý/Þ�ä�ì!ë
õ@ö
å/è�ä
÷
��ò6ä/ë

÷
ê-ò
ö
û!ë�ì!Ü�Þïð�Ýqå�6

¦ � ² � ¨ ÿ�*�:�]Bÿ�b���Ó



« �-§ �P¡f6 Á Ó�º=:<;�;��!¬@»/Ó~i��F¤ � �D� ~��z� ` �   ~�± ��×	¡���` ¨�� �a` ~ × ¯H� µ ¦B± � ¨ ��©¤ �"¯Ð�;� �D�9¤ � Å ÁI¾Ë¾ ² � � ` ¨8~¥I�a` ¨��z~N§ �(� � ��Å ¨ ¢ � ¤z¤�� ~���� ` ¨ Ó)Ä«`Y�Hë�ê-ÝPß6ó[ðøë�å/èç/á%ä/è*ë0áì!è�ð�ê�áì!Þ õ@ö�÷
ñ6ê-å/ðøÜ

÷
ê�á@�=ôOê � �[òBì�å-ä[ó[Þ�ê�ôî êPû+ä/ÞøÞïðøá+âgì!áû�àA�9ñ6ä/ë0ð

÷
ä/á6è�ì!è�ð�ê�ám6B� � £��b6DÄ ~ �!¤ § Ó6�A� � � ��� ` � �[×��Ó

« �D��` ² 6B�Ó+��`D�Æ�A� ¯ �!¡�� ¨ 66�lÓ � Ó%º�ÿ������)»/Ó « § ¬D¡ � �4���
�!¢ ~�� ¡O� � £��D¤�� ~���� ` �  �ÃH�É� Í ¨�� ` ² ��© � ¡ ¨8~Â ¡ � `D¢ ��¦ ¤z��Ã �$� ¤ � ` ² ¿ ± ��`�`D�9¤ ��� �D�9¤�Ó�Ä«`��Hë�ê-ÝPßAç/á6èNä/ë0áì!è�ð�ê�áì!Þ#�êqñð�Ý�ì!Þ	î äqä/è�ðøá+â ê�áEÛGÜ@Ý/Þ�ä�ì!ë�HÞ�ì!á6èÊç/áBå/è*ë/Ü
÷
ä/á6è�ì!è�ð�ê�áBü��Hê�á6è�ë�ê�ÞÖåqü�ì!áû>1�Ü

÷
ì!á � îÚì+Ýqò+ðøá%ä�ç0á6è�ä/ëøí9ì+Ýqä��,äqÝqò+á%ê�Þ�ê�â!ð�äqå�6��E� ¨�± µ� ` ²!~�� `26D¥ ¿ ÓÄ��I�Eº,:�;cbcb)»0Ów´ �$¨�¨��  A¡��P¢ � ¡�¢9�D¤�� ~���� ` ¦ �B£ ¦D¨ �!¢9¢ � £ ¦ ��` � �P��¬ §;¨ � � �P¡�� ¦,�-¯ �P¡ �!¨ ¢ � ¤�¤�� ~��z� ` ¨ � ~ ´=����!¤�¤z����` ��~ ÿ�ÓA×	�P¢ ± ` � ¢
�!¤	��� ¦� ¡ ~ b�b���	���;�Ä��I�'µ«bcb�*�Ó
�BÓ�l��C��!¢�6)�,Ó)��`D��´ � �26 « ÓF×�Ó@º,:�;�;�:"»0ÓD× ¯H� µ ¦D± � ¨ � ®D�"¯ � § `6�F£ � ¢ ¨Î� ` ¨�~ �!¬ � ¤ �z~�� � ¨=� `a¬ �$� ¤ � ` ²I¨8§+¨�~ �9£ ¨ ÓÄ«` îæÜ+Þïè�ðÖñ6òBì�å-ä�ó[Þ�ê�ô ì!áû>1¶ä�ì!èY�Dë�ì!áBå�í
ä/ë�ü

õ
äqÝqê�áû�ç/á6èNä/ë/áì!è*ð�ê�áì!Þ

õ@ö�÷
ñ6ê-å/ðøÜ

÷
6 ¦ � ² � ¨ ����	T]�����l6��E� ¨�±D� ` ²F~�� `26D¥ ¿ Ó « �P£ ��¨�¦D± �9¡��!Ó�l�!¡ � ��6 ¾ Ó ¾ ÓS6�� � � ¯ ��`�µN�D�B� � `26,��`D�Ú¥ � ¡t` � ` ² 6�ÕBÓ�ÕBÓº,:<;�;-�'»/ÓlÅ¶`Ú� ¦ � ~�� �!¤ ¾ ¦D¦ ¡ � . � £g� ~���� ` ¨   � ¡´ �zª � � ����` ~�± �!¤ ¦)§ ��`D��× ¯H� µ ¦D± � ¨ �q"��6�!¤ �z~N§ ¥I�D¡ � ` ² ¥G�k` ¨���~N§ µ��(� � ��Å ¨ ¢ � ¤�¤�� ~���� ` ¨ Ó��Bë�ì!áBåPß ! ÷

ßÛGÜ6Ý/Þ�ß
õ
ê-ÝPß'6�*9:�Ue)�	�	BÓ

�l�!¡ � ��6 ¾ Ó ¾ ÓW6!� � � ¯ ��`�µN�D�B� � `26F��`D��¥ � ¡�` � ` ² 6$ÕBÓ�ÕBÓ�º=:<;�;�*$»0Ó'� ~ �!¬ � ¤ �z~N§ ��`6�!¤ §�¨���¨��  DÃH�É�¯`'�D¢P¤z�
�!¡�µ¢ � � ¦ ¤z�P� ~�± �P¡�£��!¤ µ ±)§ �D¡��!�B¤ � ¢ ¨ � ¨�� ` ² � ¨�� £ ¦ ¤z��£ � �D�9¤�ÓHÛGÜ6Ý/Þ�ß	àOá+â)ß�ã�äqåPß'62:T*�*�US:T)�)�Ó���a`�`B�P¤x6 � Ó6ÃGÓB��`D�4Ä ¨ �!¬,�9¤�¤z��66�Ó�º,:�;�;)ÿ$»0Ó � � ~�±D� � ~�� � ��¨�~�� ` ² � ��¨�±g¦�$¨�¨�� ¬D¤z��¢ ± � �$¨  �¡ � £ ¢ � ¤ � ¡��9�` �$��¨ �l��`D� ~�� �D� ~ �P¡�£ � `D���P£�¬�P�B� � ` ²�¦ �F¡��!£�� ~ �P¡ ¨ ÓE�[ò ö
åPß	ù�ä/ú�ß ! 6m��J�U
	�:�:�:u]9	�:�:�b�Ó

� � C^6 « Ó�i�ÓOº=:<;�;cb$»/Ó4à��9ñ6ä/ë0ð ÷
ä/á6èøåÆê�á ì�Û�ì!è�Ü+ë�ì!Þ��Îðøë�Ý/Ü+Þ�ì!è�ð�ê�á@s=ê-êqñ � í0ë�ê

÷
þê�ð*û � í0ë�ì+Ý/è�ð�ê�áEè�ê

�Hê�Ü-ñÞ�ä�ûGÛ�Ü6Ý/Þ�ä�ì!ë���ò6ä/ë
÷
ì!Þ � ò

ö
û!ë�ì!Ü+Þïð�Ýqå/Ó Â ± ¥ ~�± � ¨��z¨ 6'¥G�9¤z  ~ Í ` ��� �P¡ ¨���~N§��  @×	�P¢ ± ` � ¤ �$²F§ 6'¥G�9¤z  ~ 6× ± � Á � ~�± �P¡�¤���`D� ¨ Ó� � C^6 « Ó�i�Ó���`D�Fi���`g�D�9¡ « � ² �a`I6�×�Ó « Ó�ÕBÓ�ÕBÓ,º,:<;�;�;)»/Ó%¥G� ¨���² ` �  ���� � £��D¤�� ~ �P�bi �$� ��µ����
�F¢ ~����+�z~N§©6�9�P�D¬6�F¢ZC � `���Ã �$� ¤ � ` ² �(� ~ �P¡����
�!¢ ~�� ¡�´ �+�$¦ ÓOÛGÜ@Ý/Þ�ß��äqÝqò+á%ê�Þ�ß'6L:-ÿ�b�UW:�]^:�:$Ó��¡��!£��P¡v6 ¾ Ó��ÔÓ	º,:<;�)�b)»/Ó+wGê�ðøÞïðøá+â|�aì!è�ä/ë�ù�ä�ì+Ý/èNê�ëqå/Ó ¾ �B� ��¨�� `�µÀ��� ¨ ¤�� § Â �D¬D¤ �z¨�±D� ` ² ¿ � £ ¦ ��` § Ó´ ¾ Ã+iGÄ��Î� º�ÿ������)»/ÓA �å-ä/ëAî�ì!á6ÜDì!ÞÖüÛlì!è*ð�ê�áì!ÞFç/áBå/è*ë0Ü

÷
ä/á6èøå`s ! w�þçqà��4Ó Á � ~���� `D�!¤!Ä«` ¨8~ �D¡�£��k` ~�¨¿ � ¡ ¦� ¡�� ~���� `%Ó´=� ± � § 66�lÓB×�Ó6��`D� �;�+� � § 66©OÓDÕBÓ�º,:�;�;�	)»0Ó4��ò6ä�è�ò6ä/ë ÷
ì!Þ � ò

ö
û!ë�ì!Ü+Þïð�Ýqå�ê�í�ì3�/ê�ðøÞïðøá+âaô�ì!è�ä/ë�ë�ä�ì+Ý/èNê�ë/Ó¾ £��9¡ � ¢
��` Á �D¢P¤z�
�!¡�� � ¢ � � ~N§ Ó´=� ± � § 6w�lÓ[×�ÓH��`D�G_H�!� ��² �!¡ �$² ¤z�26HÈ�Ó�º=:<;cb)ÿ$»0Ó Å¶` ~�± ��¡��P¤�� ~��z� ` ¨�±D��¦ ¬� ~N¯ �P�a` ´��9� � `D� ²$² ��`D��B�a` ¨��z~N§Æ¯ � � � � ` ¨8~ �!¬ � ¤ ��~N§ ��`6�!¤ §+¨���¨ Ó��Bë�ì!áBåPß ! ÷

ß=ÛGÜ@Ý/Þ�ß
õ
ê-ÝPß'6l��:�UeJ�b�;BÓ

´=�!� ~ �P¡t`'¬ � ¡t`I6��ÔÓW6����D¡��-6�×�ÓS6���`D� Â �!¡�¤ �z~ ��6 Í Ó�º=:<;�;�*$»0Ó°�. ¦ �P¡ � £��k` ~ �!¤ Á � `B¤ � `B�
�!¡ Â ±'§+¨�� ¢ ¨ Óç0á6èÀßzéBßWw�ð í9ßøì!áûj��òBì+ê-å�6m*9UÖÿ�����	T]Bÿ���	�	BÓ
´��P�-6'�,Ó7_�Ó!��`D�a´��P�-6)¥�ÓF�ÔÓBº,:�;�;�:"»0ÓB´ � `B�
�!¡���`6�!¤ §+¨���¨��   ®6�-¯ � ` ¨�~ �F¬ � ¤ �z~�� � ¨�� `���` �!¦ �k` ~N¯O� µ ¦D± � ¨ �`D� ~ �D¡��!¤�¢ � ¡�¢9�D¤�� ~���� `Æ¤ �+�$¦ ÓHÛGÜ6Ý/Þ�ß	àOá+â)ß�ã�äqåPß'62:"ÿ�b9Ue	�:<*�Ó´ � ` ¨ � § 6 Â Ó�Ó	º,:<;cb9:"»/Ó Â �P¡ �z� �+µN� � �B¬D¤ � ` ² ��`D��¢ ± � �F~�� ¢l¬� ± � �+��� ¡ � `����B¡ �z� �a`;��` ± �F¡�£ � ` � ¢ �$¨ ¢ � ¤�µ¤�� ~�� ¡PÓK�[ò ö

åPß	ù�ä/ú�ßhs	ä/è*è�ß'6m�N*9UW:<	���;T]�:<	�)$ÿ�Ó
� ��`B�P¡��96 ¾ Ó�º=:<;�;cb)»0ÓI� ~ �!¬ � ¤ ��~N§ ¾ `D�!¤ §+¨��z¨I�   ~�± ��¥�����Ä����  *�!¢ � ¤ �z~N§Æ¯���~�±�� Å Á�¾ :$Ó
;g��`D� ¯��z~�±�� �¡�� ª �D�a`B¢ § µN� � �!£ � `�¢ � �D�!Ó[×	�P¢ ± ` � ¢
�!¤=��� ¦� ¡ ~ Ä���Ä�µ�:<	�:9µ;cb�µ=�9:"ÿ96+Ä���ÄZ66× Í ¥G�9¤z  ~ Ó



� �!¡�¢ ± µ�´��9�D¬6��6lÕBÓ�º,:<;cb-�'»/ÓËã
ö
áì
÷
ð�Ý>w�äqòBì!ú-ð�ê�ë�ê�í0w�ê�ðøÞïðøá+â��aì!è�ä/ë;ù�ä�ì+Ý/èNê�ë�å/Ó Â ± ¥ ~�± � ¨���¨ 6Í ` �z� �P¡ ¨��z~N§Æ�  ×	�a`Q`D� ¨�¨ �P�-6%�¸` � . �+� ¤z¤���6 ×	�a`�`D� ¨�¨ �P��6 Í � ¾ Ó

� �!¡�¢ ± µ�´��9�D¬6��6IÕBÓW6 ¿ �!¢P�D¢ � 6�¥�ÓÊÈ�ÓW6w��`B� Â �9¡��P�-6G�lÓ�ÃGÓGº,:<;cb�J$�)»/Ó Á � `D¤ � `D�
�F¡�¥ § `D�!£ � ¢ ¨ ��`D�� ~ �!¬ � ¤ ��~N§Ú�  �Ã �$� ¤ � ` ² �E� ~ �9¡a���
�!¢ ~�� ¡ ¨ U Â �!¡ ~ :gµ�"��6�!¤ ��~ � ~��z� � ¾ `6�!¤ §�¨���¨ Ó ÛGÜ6Ý/Þ�ß õ
Ý/ð*ßOàOá+â)ß'6

;�	�US:�:�:�]^:"ÿ-	BÓ
� �!¡�¢ ± µ�´��9�D¬6��6�ÕBÓW6 ¿ �!¢P�B¢ � 6�¥�ÓÊÈaÓS6Ê��`D� Â �P¡��9��6��lÓHÃIÓ�º=:<;cb�J!¬6»/Ó Á � `D¤ � `D�
�!¡�¥ § `6�F£ � ¢ ¨ ��`D�� ~ �!¬ � ¤ ��~N§��  ÊÃ �$� ¤ � ` ² �(� ~ �P¡����
�F¢ ~�� ¡ ¨ U Â �!¡ ~ ÿ�µ�"��6��` ~��z~ � ~���� � ¾ `6�!¤ §+¨���¨ Ó�Û�Ü6Ý/Þ�ß õ

Ý/ð*ßÎàOá+â)ß'6
;�	�US:-ÿ-�7]Ó

� �!¡�¢ ± µ�´��9�D¬6��6$ÕBÓ"��`D����� § 6)ÕBÓ � ÓBº=:<;�;�	$»/Ó ¿ � � ¦ ¤��9��× ± �9¡�£��!¤ ±)§ �D¡��!�D¤ � ¢/µ Á �P� ~ ¡ � ` � ¢ÎÄ«` ¨�~ �F¬ � ¤ �z~�� � ¨� `�Ã �$� ¤ � ` ² �E� ~ �9¡ Á �D¢9¤��
�F¡[���P�!¢ ~�� ¡ ¨ U ¾ ��� �+� � ¯L�   ~�± ��� ~ � ~ � �   ~�± � ¾ ¡ ~�¨ Ó�ÛGÜ@Ý/Þ�ßàHá+â)ß@ã�äqåPß'6:f�N)9U
;�;BÓ
� ¢ ¿ ��`D�D¤z� ¨�¨ 6��¶ÓÎÕBÓÎ��`D�(���9�D� � ` ² 6[ÕBÓÎ�lÓwº=:<;cb�;$»/Ó�� � £ ¦ ¤ � ¢ �z~N§ U ~�± �3CF� §E~��æ� £ ¦ ¡ �"� �P� ¨ �F �� ~N§ 6¦ �P¡8  � ¡�£���`D¢9�l��`D���P¢ � ` � £ � ¢ ¨ º��BÃ��É� ¡��
�F¢ ~�� ¡q»/ÓOÛGÜ6Ý/Þ�ß	àOá+âaç0á6èÀß'6l	��lUÖÿ��T]Bÿ-�BÓ
�;�z� �6��6OÕBÓ[��`D�L���D�6�96 Á ÓIº=:<;�J�	)»0Ó ¥G�P¡ �z� � ~��z� ` �   ~ ¡���` ¨  ��P¡� ���`D¢ ~��z� ` ¨��  ¶`D� ~ �D¡��!¤w¢ � ¡�¢9�D¤�� ~���� `¬ �$� ¤ � ` ²�¯ � ~ �9¡�¡��
�!¢ ~�� ¡9ÓA×��9¢ ± ` � ¢
�!¤	��� ¦� ¡ ~ Õ ¾ ����Ä�µZ:������l6@Õ ¾ �[��ÄqÓ
� ��` � �/µ ¿ � ¬ � 6AÕBÓ	´AÓ���`D�@i[�9¡��l�26ÎÈ�Ó�º=:<;�;�:-»/Ó ¾ ¦D¦ ¤ � ¢
� ~���� ` �   « �$¦  Ê¬ �  ��D¡�¢P� ~��z� `Ú× ± � � ¡ § ��`D�i��F¡ � � ~���� `6�!¤ � � ~�±D� � ¨~��G~�± � ¨�~ �D� §��  ´ � £ �z~ ¿ § ¢P¤z� ¨Î� `�¬ �$� ¤ � ` ² �E� ~ �9¡A���
�!¢ ~�� ¡ ¨ Ó ! á6áßBÛGÜ@Ý/Þ�ßàHá%ä/ë�â

ö
62:�b�UÖÿ�J�;T]�	��)ÿ�Ó

� �D¡�¤�� § 66×�Ó@�wÓ	º,:<;�;��)»/ÓÎ¥G� � �P¤ �!¦ £��k` ~�¨�� `¹`'�D¢P¤z�
�!¡ ¨ �F �� ~N§ ÓwÛ�Ü6Ý/Þ�ß õ
ì�í
ä/è

ö
6�	�:�UW:�]^:�;BÓ

Á �F¡�� § ��`D��`26��,ÓW6Î��¡ � ` ��� � ¨ 6�ÃIÓS6 Â � ¨�±B¦ � � ��`6�!£j6Î�,ÓW6	��`D� � �D¡ ~N§ Ã ± �!¤z¤��!£��D� � 6��,Ó�º,:�;�;�*$»0Ó Á � `+µ¤ � `D�P�!¡l� § `6�!£ � ¢ ¨��  ��;× ¯H� µ ¦B± � ¨ �Æ©¤ �-¯ � §+¨8~ �P£ � `E��`(� � � ¦� ¡�� ~�� ¡vUa× ± �4�Î�,�P¢ ~�¨��  ¶º � » ¾× � £��ji��!¡ §+� ` ² Â ¡�� ¨�¨ �B¡�� ¥G¡ �!¦ º ��� » ¾ ` ¾ . � �!¤z¤ § i��!¡ §+� ` ² « �
� ~ ©�¤���.,ÓÐÛGÜ@Ý/Þ�ßGàHá+â)ß�ã�äqåPß'6
;$ÿ9Umÿ�)�	BÓ

Å ² � ~ ��66�aÓ=º,:�;cb�*$»0ÓHãlð�å-Ý/ë�ä/è�ä � è*ð ÷
äF�Hê�á6è*ë�ê�Þ

õ@ö
å/è
÷
äqå/Ó[��` ² �9¤�� ¯H�+� � ¿ ¤ � � ¨ U Â ¡��a` ~�� ¢P�0µ « �!¤�¤�ÓÅ ~�~ 6[��ÓÅ�ÓÎ��`B� Á �9� ±D� ¤z�26[�¶ÓÎÕBÓwº=:<;cb�)$»0Ó ÛGÜ@Ý/Þ�ä�ì!ë�ù�ä�ì+Ý/èNê�ë�ã ö

áì
÷
ð�Ýqå/Ó ¾ £��P¡ � ¢
��` Á �D¢9¤��
�F¡� � ¢ � � ~N§ 66´=��Èl¡���` ² � Â �!¡\C�6@ÄN¤�¤ � ` �$�z¨ 6 Í � ¾ ÓÂ �F¢ZCF�F¡��26 Á Ó « ÓW6 ¿ ¡�� ~ ¢ ±9V �P¤z�266ÕBÓ Â ÓW6B©@�!¡�£��9¡f6�ÕBÓ+¥�ÓW6D��`D�Æ� ± � ¯ 6D�lÓ��,Ó,º,:<;�b��)»/Ó�Èl� � £�� ~ ¡ §  �¡ � £�a× � £�� ¨ �P¡ � � ¨ Ók��ò ö

åPß	ù�ä/ú�ßhs=ä/è�è�ß'6m�N)9Ue*9:"ÿ<]9*9:<JBÓ
Â � ` ± � � ¡ � � �$¨ ��6 � Ó���`B� Â � � �-¯�¨ C � 6 � ÓI�Ó¶º,:<;�;��'»/Ó Á � `D¤ � `D�
�F¡Æ�9�,�P¢ ~�¨ � ` ~N¯O� µ ¦D± � ¨ � ®6�-¯� § `D�!£ � ¢ ¨ ÓOÛ�Ü6Ý/Þ�ß	àHá+â)ß=ã�äqåPß'62:���J�Umÿ�*�*<]Bÿ�b�bBÓÂ � � �-¯�¨ C � 6 � Ó�Ó=��`D� Â � ` ± � � ¡ � � �$¨ ��6 � ÓHº,:<;�;�*$»/Ó �;� �D�P¤ � ` ² ��`D�Þ`+�B£��9¡ � ¢P�!¤ ¨�� £��D¤�� ~��z� ` �  �!¨ ¢ � ¤�¤�� ~�� ¡ § ~N¯H� µ ¦B± � ¨ � ®6�-¯�¨ 6 ¯���~�± � ¦D¦ ¤ � ¢
� ~���� ` ~�� ¬ �$� ¤ � ` ²Æ¯ � ~ �P¡�`'�D¢9¤��P�!¡�¡��
�!¢ ~�� ¡ ¨ ÓæÛGÜ@Ý/Þ�ßàHá+â)ß=ã�äqåPß'62:T*�*9UW:T*�;<]^:�bcbBÓ
Â ¡�� ¨�¨ 6D�ÔÓ « ÓW66©¤���`�`D�9¡ § 6BÃGÓ Â ÓS6B×��9�lC � ¤ ¨ C § 6�Ó ¾ ÓW6D��`B�ni[� ~�~ �P¡�¤ � ` ² 6+�ÔÓ�×�Ó=º,:<;�b�J)»/ÓAÛGÜ

÷
ä/ë0ð�Ý�ì!Þù�äqÝ/ðÖñð�äqåZ����ò6ä�ì!ë0è�ê�í

õ
Ý/ð�ä/á6è*ð �ÊÝF�Hê

÷
ñÜ+è�ðøá+â!Ó ¿ �F£�¬D¡ � � ² � Í ` �z� �P¡ ¨��z~N§ Â ¡�� ¨�¨ ÓÂ ¡ � � ¨�~ ¤�� § 6 � Ó@ÃIÓ	º,:<;cb9:"»/Ó õ

ñ6äqÝ/è*ë�ì!Þ	ì!áì!Þ
ö
å/ð�å¶ì!áû�è�ð

÷
ä�å-ä/ë0ð�äqå/Ó ¾ ¢P�!�D�9£ � ¢ Â ¡�� ¨�¨ 6,´ � `D� � `�Ó��� � 6�_�Ó6©OÓW6D©6�lC'�D�6�966�aÓS66��`D� « � ¨�±D��� 6 Á Ó=º,:<;�;�J)»/Ó��. ¦ �9¡ � £��a` ~ �!¤�� ~ �D� §4�   ¿ � � ¦ ¤��9��× ± �P¡�£g�!¤��`D� Á �P� ~ ¡ � ` � ¢gÄ«` ¨8~ �!¬ � ¤ ��~�� � ¨l�  w× ¯O� µ ¦D± � ¨ �4©¤ �-¯�¨�� `E� ¬ �$� ¤ � ` ² ¢ ± ��`�`D�P¤�Ó Ä«`��Hë�ê-ÝPßIê�ígèøò6ä!

õ
î�à?1¶ä�ì!èd�Dë�ì!áBå�í
ä/ëGãlðøú-ð�å/ð�ê�ám6 ¦ � ² � ¨ 	�*-	T]9	�*�;�Ó ¾ � � �wÓ



��� � 6-_�Ó)©OÓW6)©6�lC'�D�6��6'�aÓW6'��`D���l��`D� ¨�±D� £���6!�¶Ó@º=:<;�;�)!»/Ó ¾ `6�!¤ §'~�� ¢
�F¤ ¨8~ �D� §��  ¢ � � ¦ ¤��P�>`D�9� ~ ¡ � ` � ¢��`D� ~�± �9¡�£ � � § `6�F£ � ¢ � ` ¨8~ �!¬ � ¤ ��~�� � ¨�� `��a¬ �$� ¤ � ` ² ¢ ± ��`Q`D�P¤�ÓOÛ�Ü6Ý/Þ�ß�àOá+â)ß�ã�äqåPß'62:T)-��US:<	�	BÓ
� � � ¯ ��`�µÀ�D�D� � `(º=:<;�;��)»/ÓwÅ¶`;¥G�a` ¨��z~N§ µ��(� � �aÅ ¨ ¢ � ¤�¤�� ~���� ` ¨Ê� `�× ¯O� µ Â ± � ¨ ��©¤ �-¯�¨ Ówç/á6è�ßéBßî Ü+Þïè�ð �ñ6òBì�å-äIó[Þ�ê�ô`6@ÿ��9U�*$ÿ�:�]�*�	�*+Ó
� � � ¯ ��`�µÀ�D�D� � `4��`D�Æ¥ � ¡t` � ` ² 6BÕBÓ6ÕBÓ%º,:�;cb�J)»0Ó� ~ �!¬ � ¤ ��~N§ ¾ `6�F¤ §+¨ � ¨Ê�  	¥G�k` ¨���~N§ �E� � �lÅ ¨ ¢ � ¤�¤�� ~��z� ` ¨� ` ¿ ± ��`�`B�P¤ ¨w¯���~�± Á � `'��` �   � ¡�£ « �P� ~ ©¤��+.B� ¨ Ób�Dë�ì!áBåPß ! ÷

ß	Û�Ü6Ý/Þ�ß
õ
ê-ÝPß'6�)$ÿ9Uc�����T]�����)�Ó

� � � ¯ ��`�µÀ�D�D� � `Ú��`D� ¥ � ¡�` � ` ² 6	ÕBÓ=ÕBÓ[º=:<;cb�*$»0Ó Á � `D¤ � `D�
�F¡�� ~ �!¬ � ¤ �z~N§ ¾ `D�!¤ §+¨ � ¨l�  Ê¥I�a` ¨��z~N§ µÀ�E� � �Å ¨ ¢ � ¤z¤�� ~���� ` ¨H� ` Á � `'��` �   � ¡�£�¤ § « �P� ~ �9� ¿ ± ��`�`�`D�9¤ ¨ Ób�Bë�ì!áBåPß ! ÷
ß	Û�Ü6Ý/Þ�ß

õ
ê-ÝPß'6�)-��US:T*!ÿ<]^:T*�	�Ó

� � � ¯ ��`�µÀ�D�D� � `a��`D��¥ � ¡t` � ` ² 6'ÕBÓ$ÕBÓ6º=:<;�;��)»0Ó ¿ ± � �F~�� ¢O¥ § `6�!£ � ¢ ¨Î�  ,�G×	¡ ��¦ ¤ § µ�© � ¡�¢P�P��× ¯H� µ Â ± � ¨ �©�¤ �-¯ � §+¨�~ �9£;ÓÊÛGÜ@Ý/Þ�ß õ
Ý/ð*ß	àHá+â)ß'62:���)9UW:"ÿ�	T]^:�	�)�Ó

�B� ± ��6 Â ÓS6ÎÄ ¨�±D��� 6 � ÓS6A��`D� �%�D¬�P¡v6 Á ÓOº,:�;�*�J)»0Ó ¾ `(�. ¦ �P¡ � £��k` ~ �!¤�Ä«` � � ¨8~��z² � ~��z� ` �   ~�± ��× ± �P¡�µ£��!¤z¤ § Ä«`D�D�B¢P�P�Ø©¤ �"¯ Å ¨ ¢ � ¤z¤�� ~���� ` ¨�� ` × ¯H� µ Â ± � ¨ ��� §+¨�~ �P£ ¨ Ó é6ê�Ü+ë0áì!Þlê�íj1�ä�ì!è��Bë�ì!áBå�í
ä/ëu6Á �-� �P£�¬,�9¡fU
J�:<JT]9J$ÿ$ÿ�Ó
�B��` � 6 � Ó���`D�4�B� ¯ �!�6��6�_aÓ,º=:<;cb�)$»0Ó � �P� ¨ �D¡��P£��a` ~Ê�   ~�± �I´ § � ¦ ��` �-��¨�¦ �P¢ ~ ¡��D£Ë �¡ � £ ��¢ ± � �!~�� ¢~�� £�� ¨ �9¡ � � ¨ Ók�[ò ö

åPß=ù�ä/ú�ßhs	ä/è*è�ß'6^)�)9UW:<�cb)ÿ<]�:<�cb�)�Ó
��¢ ±D� � ~ �k`26�ÕBÓ ¿ ÓW6�×���C!�k` ¨ 6¶©OÓW6l��`D�gi���`°�B�a` ÃH¤��P�vC�6 ¿ Ó � Ó�º=:<;�;��$�)»/Ó � ¨�~�� £g� ~���� ` �   ~�± �� � £��a` ¨���� ` �  ��` �$�z¨�§ � ~�~ ¡��!¢ ~�� ¡PÓE�[ò ö

åPß	ù�ä/ú�ß=à+6^)���UW:�b�)9:�]�:�b�J�:$Ó
��¢ ±D� � ~ �k`26wÕBÓ ¿ ÓW6�×��CF�a` ¨ 6Ê©OÓW6���`D��i���` �D�k`�ÃH¤��P�vC�6 ¿ Ó � Ó�º,:<;�;��$¬@»0Ó � ��. � £��D£aµN¤ � C!�9¤ ��±B��� �� ¨�~�� £�� ~��z� ` �   ~�± �l�k` ~ ¡ �$¦)§��  ��`�� ~�~ ¡��F¢ ~�� ¡PÓE�[ò ö

åPß	ù�ä/ú�ß=à+6m��;9US:"ÿ-JT]^:"ÿ�;�Ó
��¢ ±D� � ~ �k`26�ÕBÓ ¿ Ó��`D�ji���`;�B�a`�ÃO¤z�P�vC^6 ¿ Ó � Ó�º,:<;�;��'»/ÓO�I� ¿ « ¾ Ål�LU ¾ � �k`'��µN�D¡ �z� �a`Ú� �   ~N¯ �!¡��Â �!¢ZC�� ² ��  � ¡w¢ ± � �!~�� ¢ ~�� £��l���9¡ � � ¨ ¾ `6�F¤ §+¨��z¨ ÓA×	�P¢ ± ` � ¢
�!¤=¡�� ¦� ¡ ~ Ó
� ± ��`6� ~�± ��`6��`26 ¿ Ó���ÓÎº,:<;�J��'»/Ó�¥ § `6�!£ � ¢ ¾ `6�!¤ §+¨���¨G�   ¿ ��� ¤���` ~ ¿ � ¡�¢P�D¤�� ~��z� ` � `ÚÃ �$� ¤ � ` ² �E� ~ �9¡Á �D¢P¤z�
�!¡����
�F¢ ~�� ¡ ¨ ÓA×	�P¢ ± ` � ¢P�!¤	��� ¦,� ¡ ~ ¾�Á ´�µJcb��N*�6 ¾ ¡ ²$� `�`B� Á � ~��z� `6�!¤%´=�!¬ � ¡�� ~�� ¡ § Ó
��£ �z~�± 6 ¿ Ó+�ÔÓW6+×��N¸ ¯ ��` � 6 � ÓDÕBÓW6���`D�Æ©@�!¡�¡ �z¨ 6+¥�Ó ¾ Ó,º,:�;cb)ÿ$»0Ó�Ã �  ��B¡�¢
� ~���� `��Q` �z� �P¡ ¨�� �!¤ �z~N§   � ¡ V ¡ ¨�~ µ¨�� ��`D� ¨ �B¬ ± �!¡�£ � ` � ¢ ² �k`D�P¡�� ~��z� ` � ` ¨ � ¦ �9¡ ® � � � ± �P¤ � �D£aµ�DÓ���ò ö

åPß	ù�ä/ú�ßts=ä/è�è�ß'6m� b�Uc��;)ÿ�]���;��DÓ
� ~ �a`�` � ` ² 6 ¾ Ó « Ó'��`D�.i[�P� � ¡ �!² ¤��26)×�Ó Á Óº,:<;�J�)$»/Ó,©¤ �-¯#�$¨ ¢ � ¤z¤�� ~���� ` ¨ £ � �D� ¨�� `a  � ¡�¢9�P�g¢ � ` � �9¢ ~��z� `¬ �$� ¤ � ` ² Ó�Ä«`��Hë�ê-ÝPßk� 5�a�� 1¶ä�ì!è.�Bë�ì!áBå�í
ä/ë�ì!áû�ó[ÞïÜ+ð*û�î äqÝqòBßÎç/áBå/è�ß'6 ¦ � ² � ¨ 	���:�]9	�:�JBÓ�� ~ ��`B  � ¡��Í ` �z� �P¡ ¨��z~N§ Â ¡�� ¨�¨ 6 ¿O¾ Ó
×���C!�k` ¨ 6,©OÓ=º=:<;cb�:"»0ÓOã�ä/èNäqÝ/è�ðøá+â�å/è*ë�ì!á+â+ä�ì!è�è*ë�ì+Ý/è�ê�ë�å�ðøáæè*Ü�ëv�PÜ+Þ�ä/á%Ýqä�6 ¦ � ² �4	�J�JBÓ�� ¦ ¡ � ` ² �9¡8µxi[�P¡�¤�� ² 6ÃH�P¡�¤ � `�Ó
×�� § ¤ � ¡f6@ÕBÓÕBÓ	º=:<;cb�;$»/ÓÎÄN£ ¦ ¡ �-� �P�;��`D� ¨ �F ��9¡ `'�D¢9¤��P�!¡ ¦,�-¯ �P¡9Ó õ

Ý/ð�ä/á%Ýqä�6Dÿ-���lU
	�:�bT]�	)ÿ�)�Ó
× ±D� ��6@ÕBÓ ¾ Ó=º,:�;�)�*$»0Ó�[ÃH�É� Â ±)§+¨��z¨ ¢ ¨ �. ¦ �9¡ � £��a` ~�¨ ÓA×	�P¢ ± ` � ¢
�!¤���� ¦,� ¡ ~ ¾�Á ´�µ=)�*9:�:�6 ¾ ¡ ²$� `Q`D�Á � ~��z� `6�!¤%´=�!¬ � ¡�� ~�� ¡ § Ó
× ±D� ��6�ÕBÓ ¾ ÓGº,:<;�)�b)»/Ó × ± � � ¡�� ~�� ¢
�!¤I���P�!¢ ~�� ¡g� ~ � ~�� ¢ ¨ ��`D��� � `D� ~�� ¢ ¨��  ¶Ã �$� ¤ � ` ² ���
�F¢ ~�� ¡ ¨ ÓÉÄ«`
�Hë�ê-ÝPß��Iä/á%ä/ú�ì0�Hê�á
í9ß'6 ¦ � ² �d�����96@Èl�k`D� � ��66� ¯��z~ �P�P¡�¤���`B��Ó� ~ ��`B  � ¡�� Í ` �z� �P¡ ¨��z~N§ Â ¡�� ¨�¨ 6 ¿O¾ Ó

× � �D¡��
� ¨ 6 Á Ó��wÓ%��`D� �l�!� � £ � 6 � Ó��,ÓAº=:<;cb�;)»0Ó�Û�Ü6Ý/Þ�ä�ì!ë õ@ö
å/èNä
÷
å¶ç�ü���ò6ä/ë

÷
ì!ÞÖò
ö
û!ë�ì!Ü+Þïð�Ý¶ó�Ü+áû)ì �

÷
ä/á6è�ì!ÞÖå/Ó « �P£ ��¨�¦B± �P¡�� Â �D¬B¤ ��¨�±D� ` ² ¿ � ¡ ¦� ¡�� ~���� `�Ó



× ¨ ��¸ � 6 � ÓS6 Á �z¨�±D�z� 6-�aÓS6���`B� Á �!¡ ��~ ��6 � Ó+º,:<;�;�	)»/ÓF� ~ �!¬ � ¤ �z~N§ ¾ `D�!¤ §+¨��z¨��  �ÃH�É� ¨ Í ¨�� ` ² Ã �  ��B¡�¢
� ~���� `× ± � � ¡ § Ówé6ê�Ü+ë/áßÊý%íIÛ�Ü6Ý/Þ�ß õ
Ý/ð*ßAì!áû��,äqÝqòBß'6�	���UW:�:<��*�]^:�:�:<;�Ó

×	�D¡ ¨�� 6ÕBÓ ¾ ÓW66�A� ¯ �!¡�� ¨ 6�¶Ó � ÓW6@��`D� � �!¡�¢ ± µ�´��P�B¬6��6@ÕBÓ=º=:<;�;�)!»/Ó « § ¬D¡ � � ¨�� £��B¤�� ~���� ` �  �Ã �$� ¤ � ` ²�E� ~ �P¡Î���
�F¢ ~�� ¡A¥ § `6�!£ � ¢ ¨ � ¨�� ` ² ����` �z� �9¡ ¨��z~N§ ��� ¨ �
�F¡�¢ ± ���P�!¢ ~�� ¡PÓ,ÛGÜ6Ý/Þ�ßK�,äqÝqò+á%ê�Þ�ß'6�:�:<��UW:<	)ÿ�]:f���DÓ
Í ¦ �!� ±)§ � § �966ÃGÓ+�¶ÓW6�� ��~ �!£��D¡���6 � ÓS6B��`D�g�l�9¡�¤ � `26)×�Ó'�ÔÓ,º,:<;cb��)»/Ó � �D¤ ~��z� �!¡ � � ~ ��� ��² `D�!¤ ¾ `6�F¤ §+¨��z¨¾ ¤ ²$� ¡ �z~�± £ ¨   � ¡ Â ¡ � ¢9� ¨�¨;�;� ` �z~�� ¡ � ` ² ��`D� Â �!¡��!£�� ~ �P¡�� ¨�~�� £�� ~��z� ` � ` Á �D¢9¤��
�F¡����P�!¢ ~�� ¡ ¨ Ó! á6áß�Û�Ü6Ý/Þ�ß	àHá+â)ß'6�*9UW:�]^:$Ó
i���` ÃO¡�� ²F~ 6¥�Ó,¥�Ó%ÃIÓº=:<;�;�)!»/Ó ¾ ~�± � � ¡�� ~�� ¢P�!¤=£ � �D�9¤�  � ¡I¢ � � ¦ ¤z�P�N`D�P� ~ ¡ � ` � ¢/µ ~�± �9¡�£ �$±)§ �D¡��!�B¤ � ¢� � ~ µ �  �µ ¦D± � ¨ � �$¨ ¢ � ¤z¤�� ~���� ` ¨�� `�Ã �$� ¤ � ` ² �(� ~ �P¡����P�!¢ ~�� ¡PÓg×��9¢ ± ` � ¢P�!¤H��� ¦,� ¡ ~ Ä���Ä�µZ:�	�:9µ=;�)"µ=��:<)96Ä���ÄZ6D× Í ¥G�9¤z  ~ Ó
i���`EÃO¡�� ²F~ 6	¥�Ó�¥�Ó	ÃGÓHº,:<;�;�b)»/Ó ! áì!Þ ö

è*ð�Ý�ì!Þî êPû+ä/ÞøÞïðøá+â ê�í�w�ê�ðøÞïðøá+â��aì!èNä/ëaù�ä�ì+Ý/èNê�ë�ã
ö
áì
÷
ð�Ýqå/ÓÂ ± ¥ ~�± � ¨��z¨ 6@¥G�9¤z  ~ Í ` �z� �P¡ ¨��z~N§4�  Î×	�P¢ ± ` � ¤ �$²!§ 6@¥G�P¤�  ~ 6D× ± � Á � ~�± �P¡�¤���`D� ¨ Ó

i���`�ÃO¡�� ²!~ 6'¥�Ó)¥�Ó'ÃGÓW6'� � � ¯ ��`�µÀ�D�D� � `26'��`D�bi���`��D�9¡ « � ² �k`26)×�Ó « Ó'ÕBÓ)ÕBÓº,:<;�;�b)»/Ó@�Î�,�P¢ ~��  ^i �$� �¥ ��¨�~ ¡ � ¬D� ~��z� ` Â �!¡��!£�� ~ �9¡���`D� ¾ . � �!¤ Â �"¯ �P¡ Â ¡ ��V ¤�� � `�Ã��É� Ã �  ��D¡�¢P� ~��z� ` ¿ ± �!¡��F¢ ~ �9¡ �z¨�~�� ¢ ¨ ÓÄ«`��Hë�ê-ÝPß�ç/á6è�ßE�Hê�á
í9ß[ê�á�èøò6ä/�[ò
ö
å/ð�Ýqå�ê�í�ÛGÜ6Ý/Þ�ß

õ
Ý/ð�ä/á%Ýqä¶ì!áû@�,äqÝqò+á%ê�Þ�ê�â

ö
ühs	ê�á+âaç�å/Þ�ì!áû�üÛ3�	Ó

i���` ÃO¡�� ²!~ 6=¥�Ó�¥�Ó=ÃGÓW6=� � � ¯ ��`�µÀ�D�D� � `26���`D�%i���`Ú�D�9¡ « � ² �k`26�×�Ó « Ó�ÕBÓ=ÕBÓ[º,:�;�;�;)»0Ó Á � `D¤ � `D�
�!¡��`6�!¤ §+¨���¨Ê�  �>`6� ~ �B¡��!¤�¢ � ¡�¢P�D¤�� ~��z� `Æ¬ �$� ¤ � ` ²�¯ � ~ �P¡�¡��P�!¢ ~�� ¡PÓOÛGÜ@Ý/Þ�ß õ
Ý/ð*ß	àHá+â)ß'62:�	�:�UÖÿ�	T]����BÓ

i���` ÃO¡�� ²!~ 6=¥�Ó�¥�Ó=ÃGÓ���`D�Bi���`Ú�D�P¡ « � ² �a`I6	×�Ó « Ó=ÕBÓ	ÕBÓ[º=:<;�;cb!�)»/Ó�� ~ �F¬ � ¤ �z~N§��   Á � ~ �D¡��!¤ ¿ � ¡8µ¢9�D¤�� ~���� `�Ã �$� ¤ � ` ² �(� ~ �P¡����
�!¢ ~�� ¡ ¨ U Â �F¡ ~ Ä�µH¥G� ¨ ¢9¡ ��¦�~���� `æ� ~ �!¬ � ¤ �z~N§g�;� �D�9¤=��`D��× ± � � ¡�� ~�� ¢
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ø Tñü ü ýëþ ù
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~�±B��¨ `6� ~ �D¡��!¤�µÀ¢ � ¡�¢P�D¤�� ~��z� ` ¨�§+¨�~ �P£ ± � ¨ ¬�P�k`�£�� ¦D¦ �P�%Ó�i��!¤z�6�!¬D¤z���/. ¦ �P¡ � £��a` ~ �!¤�6� ~ � ± � ¨ ¬,�9�a`² � ~�± �P¡��P�26 ¯�±B� ¢ ± ¢
��`a¬,� � `D� � ¢
� ~��z� �[  � ¡ � `�` �-� � ~���� �-6�`6� ~ �D¡��F¤�µN¢ � ¡�¢P�D¤�� ~��z� `¶ÃH�É�#�D� ¨��z² ` ¨ � ¨�¯ �9¤�¤�Ó× ± �¶£��P� ¨ �B¡��P� ¨�~ �!¬ � ¤ �z~N§�� `B� � ¢P� ~�� ¡ ¨ �!¡�� ¦ ¡��P� � ¢ ~ �P�� *� � ¡�¤ §�¯ �9¤�¤�¬ §4~�± � � Å Á�¾ ¢ � �D�-6 ±D�-¯ � � �9¡f6~�± �¶¡��P�D�B¢P�P�+µ � ¡��D�P¡�£ � �D�9¤ ¦ ¡��9� � ¢ ~�¨w� `B¤ §Æ~�± � ~ ¡��a`D� ¨�� ` ~�± � ¨�~ �F¬ � ¤ �z~N§�� `D� � ¢
� ~�� ¡ ¨ ¢ � ¡�¡��P¢ ~ ¤ § ÓÁ �0. ~ 6 ~�± �g` � `D¤ � `D�P�!¡�� § `6�!£ � ¢ ¨��   ~�± �g`6� ~ �D¡��F¤�µN¢ � ¡�¢P�D¤�� ~��z� ` ~N¯H� µ ¦D± � ¨ � ®6�-¯ ± � ¨ ¬,�9�a` � ` � � ¨8~�� µ² � ~ �P��� ¨�� ` ²I~�± �� *�F¢ � ¤ �z~N§ Ó�Ä ~�z¨ �D�9£ � ` ¨�~ ¡�� ~ �P� ~�± � ~	~�± � ~N¯H� µ ¦D± � ¨ � ®6�-¯ ��`D�D�9¡ ²$� � ¨	~�± � ¨�� µÀ¢
�!¤z¤��9�©6� �z² �a`'¬6�!�B£ ¨ ¢P�k`6�!¡ ��� 6 ~�± �Añ6ä/ë0ð�êPû � û+ê�Ül�PÞïðøá+âGë�ê�Ü+è�äOèNê�ô�ì!ë�û�å�ÝqòBì+ê�è*ð�Ýk�/äqòBì!ú-ð�ê�ë�� ¨=� `D� ¦ �k`D� ~ ¡�� ~ � ¨� ` ~���~�± ����` ¨8~ �!¬D¤z� �$¦ �P¡�� ~�� ` ² ¡�� ²!��� ` �   ~�± � ¨�§+¨�~ �P£�ÓG× �Æ~�± ���!� ~�±B� ¡P³ ¨ C�` �-¯ ¤��9� ² �-6 ~�±D�z¨G�z¨�~�± �
V ¡ ¨�~¶� ¢9¢
� ¨���� ` ~�± � ~l~�±D�z¨�¦D± �k` � £��a` � ` ± � ¨ ¬�P�k`E�/. ¦ �P¡ � £��a` ~ �!¤z¤ §;� ¬ ¨ �P¡ � �P� � `#º*¬ �$� ¤ � ` ² » ~N¯H� µ¦D± � ¨ � ®6�-¯ ¨�§+¨8~ �P£ ¨ Ó¾ ¨ ��`L�0. ~ �a` ¨���� ` �   ~�± � �/. ¦ �P¡ � £��a` ~ �!¤ ¦�$¨�¨�� ¬ � ¤ �z~�� � ¨��   ~�± � ~�± �P¡�£��!¤ µ ±)§ �D¡��!�B¤ � ¢Æ *�F¢ � ¤ �z~N§ 6 ~�± �¥�����Ä����Ô *�F¢ � ¤ �z~N§ ��¨ � ª � ��¦B¦ �9� ¯��z~�± ��` ì!ë0è*ð �ÊÝ/ð*ì!Þ[ú!ê�ð*û � ëqä�ì+Ý/è*ðøú-ðøè
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Ü+Þ�ì!è�ð�ê�á6Ó4× ±D�z¨±)§ ¬D¡ � � ¨�§+¨8~ �P£ �z¨ � ¨ �P� ~��¶� ` � � ¨�~��z² � ~ � ~�± � ¨8~ �!¬ � ¤ ��~N§��  !`6� ~ �D¡��!¤ µN¢ � ¡�¢9�D¤�� ~���� `�ÃH�É� ¨ �0. ¦ �9¡ � £��a`+µ~ �F¤�¤ § Ó× ± ��£ �$¨8~ ¢P¡��D¢ � �!¤ ¦�$� ` ~O� ` ~�± � ¨�� £��D¤�� ~��z� ` ��¨O~�± ��ë�ä�ì!Þ � è�ð ÷

ä�ë�äqÝqê�áBå/è�ë0Ü6Ý/è�ð�ê�áÚê�í�èøò6ä¶ì��$ð*ì!Þú!ê�ð*û � í0ë�ì+Ý/è�ð�ê�á ñë�ê=�[Þ�ä � ` ~�± � ± �
� ~ �P� � ¨�¨ �9£�¬D¤ § Ó Á � ¯ �!�$� �+µÀ �¡��F¢ ~��z� ` ¡��P¢ � ` ¨8~ ¡��B¢ ~��z� `(£�� ~�±D� � ¨± � � ��¬,�9�a` � ` ~ ¡ � �D�B¢P�P� � ` ~���~�± � ¨�� £��B¤�� ~�� ¡ ~���� £ ¦ ¡ �"� � �z~�¨�¦ �P¡8  � ¡�£���`D¢9�!Ó�× ± � ¨ ��£�� ~�±B� � ¨ �!¡��¬6� ¨ �P� � ` ~�± �a£��P� ¨ �B¡��P� ¦ ¡�� ¨�¨ �D¡����D¡ �$¦Ú�-� �9¡ ~�± � ± �
� ~ �P� � ¨�¨ �P£�¬D¤ § º � ` ~ � ² ¡��!¤�£��
� ¨ �D¡��P£��a` ~ »u6� ¡ � ` ¤ � ¢
�!¤ ² �F£�£���µ ~ ¡���` ¨ £ ��¨�¨���� ` �!�$� ��µ� �¡��!¢ ~��z� `E£��
� ¨ �D¡��9£��k` ~�¨ � ¦B¦ ¤ §+� ` ² � £ ¦ ¡ �"� �P� £ � �B�P¤ ¨º ±B��²$± �9¡8µÀ�D� ² ¡��P� ¦,� ¤ § ` � £ � �!¤��0. ¦ ��` ¨���� ` �   ~�± � �$�$� ��µÀ �¡��!¢ ~���� ` ¦ ¡ ��V ¤��-» � ¡ � `æ�g¢ � £�¬ � `6� ~���� ` �  ~�± � ¨ �FÓ × ± � ¦ �9¡�  � ¡�£g��`B¢P� �   ~�± �4� � �,�P¡��a` ~ £�� ~�±D� � ¨a± � � ��¬�P�k`#¢ � £ ¦ �!¡��9� ¯���~�± ¡�� ¨�¦ �P¢ ~�~��¡��9¢ � ` ¨�~ ¡��D¢ ~�� ` ²�~�± �;� § `6�!£ � ¢ ¨��   ~�± �æ�!¢ ~ �6�F¤I¢ � ¡��0µ�� � �9¡�� ² �9� �$�$� �# �¡��!¢ ~���� `�Ó Ä«` ² �a`D�9¡��!¤H6��!¤�¤£�� ~�±B� � ¨�¦ �P¡8  � ¡�£ ¡��
� ¨�� `6�F¬D¤ §�� `�� § `6�!£ � ¢ ¨��z~ �D� ~��z� ` ¨ Ó ¿ � £ ¦ �F¡ ��¨�� ` �   ~�± ��£�� ~�±B� � ¨��z¨ �!¤ ¨��£��!�D��  � ¡w¡��
�!¢ ~�� ¡ ¨�~ �!¬ � ¤ �z~N§ £��
� ¨ �D¡��9£��k` ~�¨ Ó¥ § `6�!£ � ¢£��P� ¨ �D¡��P£��a` ~�¨ � ¨�� ` ²Ê~�± � � £ ¦ ¡ �"� �P� �$�!� ��µ� ��P�P�B¬6�!¢ZC ¨�� £��B¤�� ~���� `I¡�� � �
�!¤ ¨8~ �!¬ � ¤ ��~N§�~ ¡��k`D� ¨~�± � ~ �!¡��¶�!¤ ¨��a¦ ¡��P� � ¢ ~ �P��¬ §4~�± �l¡��9�D�D¢P�9��µ � ¡��D�9¡I£ � �B�P¤�Ó
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¥ ��~�¦ ¡ � �9  ¨ ¢ ± ¡ �   ~ ¬,� ¨ ¢ ± ¡ � ¸8  ~ �9�a` � �-¯ �9¤[�/. ¦ �9¡ � £��k` ~ �P�9¤A�!¤ ¨ £ � �D�P¤z�P¡ � ` ²g� `D�D�P¡�� � �fC��!��`Ú�D�a� § µ`6�!£ � ¢P� � ��`Þ`6� ~ �D�D¡�¤ � ¸yC!�/µÀ¢ � ¡�¢P�B¤�� ~�� ��C � C!�k`D� ¯ � ~ �9¡�¡��P�!¢ ~�� ¡��k`Éº�ÃH�É� ¨ »0Ó « � ~¶� `D�D�9¡�� � �fC �z¨ � �z~ µ² � �$� �P¡�� £�� ~ ¬� ± �D¤ ¦�� ��`2U��9�a` � �9¡��P�k` �$� �D� ��² �E��`6�!¤ §+~���¨ ¢ ± �a£ � �D�9¤x6��9�a` ~�± �9¡�£ �$±)§ �B¡��!�D¤ ��¨ ¢ ± �¨�§+¨8~ �P�9£�¢ � �B�Æº � Å ÁI¾ »Ê�k`;�9�a`S`6� ~ �B�D¡�¤ � ¸yC!�0µN¢ � ¡�¢9�D¤�� ~�� �I�/. ¦ �P¡ � £��k` ~ �P¤z� �$¦D¨8~ �P¤z¤ � ` ² 6D¥G�H�+Ä��I�wÓ
¥G��Þïðøá%ä�ì!ðøë�ä�å/èÀì��PðøÞïðøèNä/ðøè � ��`5`6� ~ �D�D¡�¤ � ¸yC!�/µÀ¢ � ¡�¢P�B¤�� ~�� ��ÃH�É� ¨���¨�² ¡ � `D� ��²�� `B�D�P¡�� � ¢ ±'~ £�� ~ ¬,� ± �B¤ ¦� ��` ± � ~ ú!ä/ë�äqä/á6ú!ê�ÜDû!ð�â)û�ì!áì!Þ ö

è�ð�å-Ýqò6ä
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êPû+ä/ÞïÓ	¥ ��~ £ � �D�P¤ �z¨ �9�P�9¡ ² � ¨ ¢ ±D� C ~�$�+� ¡ ± � ~ � ��~��!� �9¡��a` � ��`¨ `B�P¤�¤z� ¦ �!¡��!£�� ~ �9¡ ¨�~ �D� � � ¨ �$��`��D� ¨�~ �!¬ � ¤ �z~ � �z~	� ��`�ÃH�É� ¨ Ó � � ~ ¬� ± �D¤ ¦�� ��` ± � ~ £ � �B�P¤lC���`�£���`± � ~   §+¨���¨ ¢ ±;� `D� � ¢ ±)~�� `��D�l¡ � ¤ � ��`��D�l¡��9¤�� � ��` ~ � ¦ ¡ � ¢P� ¨�¨ �k` � �9¡ ² ¡ �!~ �k`�ÓH¥G� � ` � ¤ � �P� � ��`��D� � �P¡�µ¨ ¢ ±B� ¤�¤z�a`D�B� ~N§�¦ ���D¡��lC � �!¤z¤��a` �!¦ �D� ¨8~ �!¬ � ¤ ��~ � ��~�� ��`X`6� ~ �D�D¡�¤ � ¸yCF�/µÀ¢ � ¡�¢P�D¤�� ~�� � ~N¯ �P�/ *� ¨ �k` ¨�~ ¡ � £ � ` ² �a`��¨ ¬� ¨8~ �D�D�9�P¡���Ó « � ~���¨ ¬,� ¯ �9�P�k`L�6� ~ �D� ~N¯ �9�9 *� ¨���² �� �¡ � ¢ ~�� �P�B¡��lC � �!¤Ê�k`��D� � �9¡ ¨ `B�P¤�¤ � ` ²!¨ �D¡��lC$µ� �!¤ � ��` ¬�P¤���` ² � � ¸�` �!��� ¡��B��� �$² �a`D�$�!£��D�l× §+¦ �/µNÄ�Ä � ` ¨8~ �!¬ � ¤ ��~ � �z~ �a` �D� ~ �B� ² ¡�� �+�z~ � ~�� �9�D¡���C � �!¤� ` �B��¡ ��¨ �P¡Æ�B���D¡ � ¸ � �a`B�D�BC'¡��!¢ ±)~��$�+� ¡Æ�D��� �$² �k`6�$�!£��D�æ× §+¦ �0µNÄ � ` ¨�~ �!¬ � ¤ �z~ � ��~���¨ Ó ¥G� ¦� ¤��k`� ��` �D�N`D� ~ �D�B¡�¤ � ¸yC!�0µN¢ � ¡�¢9�D¤�� ~�� �4Ã��É�_� � ¸�` ² �P� ¨�¨�� ¢ � �P�9¡��#£�� ~ `B�P� ~ ¡ � `�C � `D� ~���¨ ¢ ± ��6 ¨�¦ ¤ � ¸ ~�¨8~��  �µ� § `6�!£ ��¨ ¢ ± ���a` ~�± �9¡�£ �$±)§ �B¡��!�D¤ ��¨ ¢ ± � ¦ ¡ � ¢P� ¨�¨ �k`�Ó « � ~���¨ �$��` ² � ~���� `D���D� ~ �D� ¨�~ ¡��fC ~ � � ��` �D��$�!� ��µÀ¡��
�F¢ ~����+�z~ � �z~�¨�~ �P¡�� ² C �$¦D¦ �P¤ � ` ² ¬,���?` � ¤ � �P� ~l¯ �P¤'CF� ¦��� ¤ ¦ �$�!¡ � ��` ± � ~�¨8§+¨�~ �9�P£ ± � ~ £ � ` ¨�~¨�~ �!¬ � �P¤ �z¨w� `��D�l× §+¦ �/µÀÄÊ�a` � `��D�l× §�¦ �/µÀÄ�ÄH¡�� ²!��� `D�k`�Ó

« � ~�� �P¡��P�a` �!� �D� �z² � ��`6�F¤ §'~��z¨ ¢ ± ��£ � �D�9¤ ��¨ � ��~�² �9¬D¡�� � �Ú£�� ~¶± � ~ £ � �B�P¤��9¡��k` � ��` ~ �9£ ¦ �P¡�� ~ �D�B¡� �!¡ � � ~�� � ¨ ¬ � ¸Î�D� � `D¤��$� ~Î� ��`��D��¡��9¢ ~�� ¡KCF�P¡�`�Ó « � ~ ¬B¤ � ¸yC ~ �D� ~[� �F¡ � � ~�� � ¨Î� `��D� � `D¤��$� ~Î~ �9£ ¦ �P¡�� ~ �D�B¡�P�k` ¨8~ �P¡yC!� � ` � ¤ � �P� �$¦ �D� ¨�~ �F¬ � ¤ �z~ � �z~,� ��`��D�P`6� ~ �D�D¡�¤ � ¸yC!�/µÀ¢ � ¡�¢P�B¤�� ~�� �ÎÃ��É� ± �P¬D¬�a`%ÓAi[�P¡ ¦ ¤��$� ~�¨ �k`� ��` ± � ~w� `B¤��$� ~�¨�¦ ¡�� �z~�¨�~ �lCa� � ¢ ±)~ ¬ � ¸��B� � `D¤��$� ~[� ��`Æ�D��C!�P¡�`pC���`4�D� ¨8~ �!¬ � ¤ ��~ � �z~A� ��` ± � ~Ê¨�§+¨8~ �P�9£¦�$¨���~�� �/ 	¬,���?` � ¤ � �P�D�k`�Ó�i[�P¡ ² �P¤ � ¸yC'¬6�!¡���¡�� ¨ �D¤ ~ �$� ~��z¨w² �fC'¡�� ² �k`;£�� ~ ¬� ± �D¤ ¦�� ��`��D� � Å Á�¾ ¢ � �D��$�+� ¡w¡��P¤�� ~�� �/ hC+¤z� � `D�l�F  ¨�~ ��`D�D�k` ~ � ¨�¨ �a` ± � ~�� `B¤��$� ~�¨�¦ ¡�� �z~�¨�~ �lCg�k`;�D�dCF�P¡t` � `D¤��$� ~ Ó
¥G��¬D¡�� � C'¬6�$�!¡ ± � � � � ��` �D��� �$² �a`6�$�F£��D��û+äqÝ�ì ö

ë�ì!è�ð�êÚ�!¤ ¨�� `B� � ¢P� ~�� ¡ �$�+� ¡�ÃH�É� ¨�~ �F¬ � ¤ �z~ � �z~�¨ µ¬� ¯ ��C � ` ²���¨ ¬� ¨8~ �D�D�9�P¡��(£�� ~ ¬,� ± �D¤ ¦Ú� ��` ± � ~ ��`6�!¤ §'~���¨ ¢ ± ��£ � �D�9¤�Ó « � ~¶��¨ ¬� ¯ �P�P�k`(�6� ~¶± � ~¨�§+¨8~ �P�9£ � �P�9¤@� � ¢ ±)~ �9¡[¬ � ¸Î�D� ¨�~ �!¬ � ¤ �z~ � �z~�¨�² ¡��a` ¨ CF��`�� � ¸�` � ` ~ �P¡�£��a` � ��` �$¦ �P¡�� ~���� `D�P¤z� � �!¡ � �!¬,�9¤��k`�6��`��D� ¯ �$�F¡��D� � ��`E�D���D�9¢
� § ¡�� ~���� �6� ~¶� `B� � ¢9�f�P¡ ~ Ó « � ~�² �9¬D¡�� � C!�k` � ��`��B���D�9¢
� § ¡�� ~���� C���`£ ��¨ ¤z� � �D�a`D�4� � ¸�` �$�+� ¡w¡��
�!¢ ~�� ¡ �$¦ �9¡�� ~�� ¡ ¨Ê�!��� ¡ ± � ~ ¬,� ��� ¡��D�9¤��a` � ��`��D� ¨�~ �!¬ � ¤ �z~ � ��~�¨ £��!¡ ² �!Ó
¥G� � ` � ¤ � �9� � ��`æ�B�a��. � �!¤z� � �P¡�£ �$² �a` ¨8� �P¡��D�P¤ � ` ²g�$¦ �D�Æá6ð�ä/è � Þïðøá%ä�ì!ðøë�ä�û ö
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ð�Ý�ì � ��`�ÃH�É� ¨��z¨² �P��`6�!¤ §�¨ �P�9¡��(£�� ~ ¬,� ± �D¤ ¦ � ��` ± � ~ ��`6�F¤ §'~��z¨ ¢ ± ��£ � �D�P¤�Ó4ÃO�9¡��fCF�a` � ` ² �k` � � ¸�`�� �z~�² � �!� �9¡���£�� ~�P�k`<`'�D£��P¡ � �fCF� « �$¦  6¬ �  ��D¡�¢P� ~�� � ¦ ¡ �$² ¡��!£�£��BÓ�¥I�O¡�� ¨ �D¤ ~ � ~ �a`�¤�� ~ �a`¶� � �k`��6� ~ �D��¬ �  ��D¡�¢P� ~�� �fC��!¡��-C)µ~ �9¡ ��~�� �vC � ��` ± � ~�~�± �9¡�£ �$±)§ �D¡��!�B¤ ��¨ ¢ ± � ¨8§+¨�~ �9�P£ ± ��` ²!~I� ��`æ�D�a�". � �!¤�� � �P¡�£ �$² �k` ¨�� �P¡��D�P¤ � ` ² �F �Ó���D¬+µA�a` ¨ � ¦ �P¡yC+¡ �z~�� �fCF��¬ �  ��D¡�¢P� ~�� � ¨ � � ¸�`Æ�$��` ² � ~ ¡ � �%�k`�Ó[Å � �9¡ ± � ~ �!¤ ² �P£��P�k`26 ¨8§+¨�~ �9£��k`4£�� ~ �9�a`£���. � £��D£ � ��`��D� � �9¡�£ �$² �k` ¨�� �P¡��B�P¤ � ` ²¶� `a�D� � `D�B�P¡ ¨8~ � ± �9¤z  ~Î� ��`��D�8C!�9¡t` � `D�D�9¡ ± � �+��² � � ¸�`��!��`



¨ �B¬�µC'¡ ��~�� �fC!�H¬ �  ��B¡�¢
� ~�� � ¨	� �P¡ ² �P�9�P¤���� ��� ¡�� ��� �9¡ ² �9¡��a`B�D� �$¨ ¢ � ¤z¤�� ~�� � ¨ Ó=¥G�O¬ �  ��D¡�¢
� ~�� �fC��!¡���C ~ �9¡ ��¨8~�� �fC� ��` �B��¡��
�!¢ ~�� ¡ ��¨ � ��~ �P¡ ¨�~ �F  ± ��`�C!�P¤ � ¸yC � ��`;�D� ¨�~ �9¡\C ~ � � ��` �!�$� ��µÀ¡��P�!¢ ~��z�+�z~ � �z~�¨Ê~ �9¡�� ² C �$¦D¦ �P¤ � ` ² 6± � ~�² �9�a` � `D�D�9¡��D¡��lC ~ �D� � ` � ¤ � �P� � ��`��B� � �9¡�£ �$² �a` ¨�� �9¡��D�9¤ � ` ² �$��`4�D�¶` � � ~ µN¤ � `D�P� � ¡���� § `D�!£ � ¢
�BÓ

� � ~ ¬,� ± �B¤ ¦æ� ��`��D���0. ¦ �9¡ � £��a` ~ �P¤�� �$¦D¨�~ �P¤z¤ � ` ² 6,�B��ã�à õ
çqù�à(í9ì+Ý/ðøÞïðøèNä/ðøè�6 ± � ~ è�ò6ä/ë ÷
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û!ë�ì!Ü+Þïð�å �Ýqò6ä�å/è�ì��PðøÞïðøè�ä/ðøèJ`D� ~ �D�B¡�¤ � ¸yC!�0µN¢ � ¡�¢9�D¤�� ~�� � ~N¯ �P�/ *� ¨ �k` ¨�~ ¡ � £ � ` ² �a` ��¨�� `nC��!¡ ~�² �9¬D¡��F¢ ±'~ Ó Í �z~�² �P¬D¡�� � �B��/. ¦ �P¡ � £��a` ~ �9¤����6� ~ ��� � ¸�` � �P¡��P�!£��P¤����6� ~ ¡ � ¢ ±'~ ¤ � ¸�`D�a`�C���` ² � � �k` ��� C �$�+� ¡��B� ¨�~ �!¬ � ¤ �z~ � ��~�� ��`` � �P� ¯ �-6 � `�` �-� � ~�� � � ��`6� ~ �B�D¡�¤ � ¸yC!�0µN¢ � ¡�¢9�D¤�� ~�� ��ÃH�É� � ` ~N¯ �P¡ ¦ �k`�ÓÆ¥G� ² �9£�� ~ �k` ¨8~ �!¬ � ¤ ��~ � ��~�¨�� `D� � µ¢
� ~�� ¡��a` � � ¸�` ²$� �9� ~ � �!��� ¡ ¨�¦ �P¤z�a` £�� ~ ¬� ± �D¤ ¦ � ��` �B� � Å ÁI¾ ¢ � �D�FÓ « � ~Æ� �9¡��9�a` �$� �B� ��² ���`6�F¤ §'~��z¨ ¢ ± ��£ � �B�P¤2C���`;�!¤�¤z�a`4£��$�!¡Ê�B� ¨8~ �!¬ � ¤ ��~ � �z~�~ ¡��k`D� ¨��$�+� ¡ ¨�¦ �9¤��k`�Ó

¥G�P` � � ~ µÀ¤ � `D�
� � ¡��=� § `6�!£ � ¢P� � ��`¸`6� ~ �D�D¡�¤ � ¸yCF�/µ@¢ � ¡�¢9�D¤�� ~�� � ~N¯ �9�9 *� ¨ �a` ¨8~ ¡ � £ � ` ² �k` �z¨���� CI¬� ¨8~ �D�D�9�P¡��£�� ~ ¬� ± �D¤ ¦Æ� ��`4�D�l¥�����Ä���� �$¦D¨8~ �P¤z¤ � ` ² Óoi �+� ¡H�D���P�9¡ ¨�~ ��£g�!�!¤ �z¨ �/. ¦ �P¡ � £��a` ~ �9�P¤��$��` ² � ~���� `D��6� ~ `6� ~ �D�D¡�¤ � ¸yCF�/µÀ¢ � ¡�¢P�D¤�� ~�� � ~N¯ �9 *� ¨ �a` ¨8~ ¡ � £ � ` ² �a` � `D�D�9¡ ± � ���z² � � ¸�`g�!��`g�D�I� �$² �a`6�$�F£��D�I©6� �z² �a`�µ¬6�!�B£ ¨ ¢P�k`6�!¡ ����± � ~�² �P�k`(è�ê�è�ÝqòBì+ê�è�ð�å-Ýqògâ+ä�û!ë�ì-âgú-ð*ì�äqä/áEêqñ6äqä/á6ú!ê�Þ â!ðøá+â�ú�ì!ágñ6ä/ë0ð�êPû+ä/ú!ä/ë�û!Ü��<�/ä/Þïðøá+â�Pð í0Ü+ëqÝ�ì!è*ð�äqå¶¤�� � � ~ Ó
¥G��¥�����Ä���� �!¦D¨�~ �P¤�¤ � ` ²��z¨ � �z~�² �P¡�� ¨�~ £�� ~ �P�a`�â+äqå/ð ÷

Ü�Þ�äqä/ë�û+älú!ê�ð*û � ë�ä�ì+Ý/è*ðøú-ðøè�ä/ðøèøå¶è�ä/ë0Ü!â7&)êqñ)ñ6ä/Þïðøá+â
� £ �D�4�/. ¦ �P¡ � £��a` ~ �9¤�� ¦�!~ �k` ~�� �9�P¤H� �z~�~ �Æ¬D¡�� � �B�a`�Ó�¥ �z~�±'§ ¬D¡ � �D� ¨�§+¨�~ �P�P£ �z¨�² �9¬D¡�� � C ~a� £ �D�
¨�~ �!¬ � ¤ �z~ � ��~�� ��` ¯ �P¡yC!�P¤ � ¸yCv`6� ~ �D�D¡�¤ � ¸yCF�/µÀ¢ � ¡�¢P�D¤�� ~�� �aÃH�É� ¨�~ ��¬� ¨8~ �D�D�9¡��k`�Ó « ���  ��D�
�$�-C ��¨¶� ` �D�¨�� £��D¤�� ~�� ���D��¢ � ¡�¡��9¢ ~ ¡��P�!¤�µ ~�� £���¡��P¢ � ` ¨�~ ¡��D¢ ~�� � � ��` �D����. � �!¤z�a�6�!£ ¦  �¡��F¢ ~�� � � �P¡��B�P¤ � ` ² Ó Á � �9� ¯ �£�� ~�±B� �D� ¨ � � ¸�` ² �v��£ ¦ ¤��P£��a` ~ �P�P¡�� � `4�D� ¨�� £��B¤�� ~�� ¡ �!��� ¡ ± � ~ ¡��P¢ � ` ¨�~ ¡��D�9¡��k` � ��`��D���6�F£ ¦  �¡��!¢/µ~�� � � �P¡��B�P¤ � ` ²G� £ �B� ¦ ¡�� ¨�~ � ~�� � � ��`��B� ¨�� £��D¤�� ~�� ¡ ~ � � �9¡�¬� ~ �P¡��k`�Ó[¥G�9�P�Ê£�� ~�±D� �B� ¨ � � ¸�` ² �P¬6� ¨ �P�9¡���   �$¦ �D�;£�� ~�� ` ²�� ��`��D� ~��!~ �!¤����D¡��lC � �!¤ �"� �P¡��D�0CF�P¡t`I6 �   �$¦ �P�k` ~N¯ �P� ~ �!¤G£�� ~�� ` ²�� ��`#�D�¤ � ¢
�F¤����6�F£ ¦  �¡��!¢ ~�� � �   �$¦ �P�a`�¢ � £�¬ � `6� ~�� � � ��`E�D�9�P� ~N¯ �9�!Ó4¥G� � �9¡ ¨ ¢ ±D� ¤z¤��a`B�D��£�� ~�±D� �D� ¨ � � ¸�`� �9¡ ² �9¤��vC!�a` ~ �a` �$¦ � � ¢ ±)~ � � ��` ± � ~ ¡��P¢ � ` ¨�~ ¡��D¢ ~ �9¡��a` � ��`��D�EC!�P¡�` ² �9£ � �D�D�P¤z�D�Ê�6�F£ ¦  �¡��!¢ ~�� �FÓÎÅ � �9¡± � ~ �F¤ ² �9£��9�a`26=�!¤z¤���¡��P¢ � ` ¨�~ ¡��D¢ ~�� ��£�� ~�±D� �B� ¨l¦ ¡�� ¨�~ �P¡��k`E¡��P�D�9¤ � ¸yC ²$� �P� ¯ � ~ �D��� § `6�F£ � ¢
� � ��`�D�dC!�9¡t` ² �P£ � �D�D�9¤��D�l�6�F£ ¦  �¡��!¢ ~�� ��¬� ~ ¡��/  ~ Ó

� � ~�� ` ² �a`Ú�$��`��D�a� § `6�!£ � ¢P� � ��`Ú�D� ² � ¨�� £��D¤��9�P¡��B��¡��P�!¢ ~�� ¡ ~�� `B�a` ¨�~ �!¬ � ¤ �z~ � ��~�~ ¡��k`D� ¨ �$��`��6� ~�+� Cg� �+� ¡ ± � ~ ��`6�!¤ §+~���¨ ¢ ± ��£ � �D�9¤�� � ¸�` �!��� ¡ ¨�¦ �P¤z��Ó
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« � �P¡�¬ � ¸ ¯�� ¤ � C��D� ² �9¤�� ² �a` ± � � �F`D�9£��k` � £ £ � ¸�`g�6��`lC'¬6�$�F¡ ± � � � ~ ��� ��~ �k` �$�+� ¡ � �9�D�P¡��P�k`;� � ��£��² � ±D� ¤ ¦ �a` ± �9�9  ~ £�� ~�± � ~�~��!~�¨�~ ��`D��¬D¡��k` ² �k` � ��`�� �z~�¦ ¡ � �9  ¨ ¢ ± ¡ �   ~ Ó
×	�a`Ú�P�9¡ ¨�~ � ¯�� ¤ � C�£ � ¸�` ¦ ¡ � £ �!~�� ¡ ¨I¦ ¡ �  �Ó¶�B¡PÓ � ¡9Ó « � ²$�Æ� ��`Ú¥��F£ �a` ¦ ¡ �  �Ó¶�D¡PÓ � ¡PÓl× � £ � ��`�D�9¡ « � ² �k`�¬�P�D��`lC!�k` �!��� ¡��D�l£ �$² �9¤ � ¸yC ± � � � � £_¬ � ¸Ê�B���� ��D�P¤ � ` ² ���
�!¢ ~�� ¡8  §+¨�� ¢P�a�P�a` ¦ ¡ � £ �F~�� �¦ ¡ � ¸��P¢ ~�~ �FC'��`�`D�k`(� � �a`�Ó « ��`E¢ � ` ~�� `+�B�Æ�$��`B�6�!¢ ±)~ �k` ¯ �$�!¡��B� �$� ¤�¤�� ¨ � ²$² � ¨�~�� � ¨�± �P¬D¬�a` � �P�9¤¬ � ¸ ² �P�D¡�� ² �k`;�!��`��D� � ` ±D� �D� � ��`;� ��~w¦ ¡ � �/  ¨ ¢ ± ¡ �   ~ Ó
ÄCl¬,�9�6��`lC¶£ � ¸�`l�6� ² �9¤ � ¸yC ¨ �H¬� ² �P¤�� � �D�9¡��B¡PÓ � ¡PÓ=� � ¤z¤ § �B�Ê��¡�� � ¸8  �$�+� ¡	� � ¸�` � `B�P� ~ �a`�� � ¸�`�C'¡ �z~���¨ ¢ ± �±D� �B� � ` ²a~ �a` �$¦ � � ¢ ±)~ � � ��`;�B�4C ¯ �!¤ ��~ � �z~Ê� ��` ± � ~I� `D�D�P¡�� � �fC@Ó
ÄC ¯�� ¤ ¦ ¡ �  �Ó �D¡9Ó � � ¬ � �B�D�D�Æ¬�P�6��`lC!�k` �!��� ¡��D� ¯ �$�F¡��D� �$� ¤z¤��g� ��¨ ¢9� ¨�¨�� � ¨�~�� ¸��D�a` ¨ �D�ÆÃ��É�
� �9¡ ² �F�D�P¡ � ` ² �k`�Ó
� � `D�B�P¡G�B� ± �D¤ ¦æ� ��` ~ �P¢ ± ` � ¢ �	¯ � ¨ � �z~G¦ ¡ � �9  ¨ ¢ ± ¡ �   ~ ` � � ~I~��!~G¨�~ ��`D� ² �fC � £��a`�ÓlÕ!�9¤�¤z��¡ �D��¬� ¨�~ �~ �9¢ ± ` � ¢P� ¨¶~ �P¡ ¯ �P¡��P¤��%³�+¢ ± � ~ 6A¥ � ¢ZC��D� « �$� ¨ 6 ¿ �F£ � �P¤A�l�$� � ¸yC �k` ¾ � ² � ¨�~ � � `�C!�P¤z£g��` ¯�� ¤ � C¬�P�6��`�C!�a` �!��� ¡ ± � ~ � ��� ¡ ± �a` ² �9¤�� � �P¡��D�kC ¯ �!¤ ��~ � ��~�¨8¯ �9¡\C@Ó[� � ¸ ¯ �!¡��a`��P¡Î�!¤ ~�� ¸�� �$�+� ¡Î£�� ¯ ��`�`D�9�P¡� � ¢ ±;¦ ¡���C ~��z¨ ¢ ± � ¦ ¡ � ¬D¤z�P£��a` �$�+� ¡��B�P�D�k`�Ó
Ä ¯H� �D¤���¤ � C!� ~�� �0. ¦ ¡�� ¨�¨ £ §�² ¡�� ~���~ �D�D� ~���¦ ¡ �  �Ó[� � � ¯ ��`�µN�B�D� � ` �   ~�± � Í ` �z� �P¡ ¨��z~N§��  �ÄN¤z¤ � ` �$��¨ � ~Í ¡�¬6��`6�"µ ¿ ± �!£ ¦ � �z² `�  � ¡ ±B��¨A� ` ~ �P¡�� ¨�~[� `�£ §�¯H� ¡\C@ÓÎÄ	¡��P�!¤�¤ § � ¦B¦ ¡��9¢ � � ~ � ±D�z¨Î� �F¤��6�!¬B¤��Ê¢ � £�£��a` ~�¨��`D� ±D��¨l¯�� ¤z¤ � ` ² `D� ¨�¨�~��;¦ �9¡�  � ¡�£ ¬ �  ��D¡�¢
� ~���� `Ú£��
� ¨ �D¡��9£��k` ~�¨ �F  ~ �P¡ ±D� �D¡ ¨ �D�D¡ � ` ²�±D�z¨�¨�~ � § � ~Ä���ÄqÓ
ÄCÆ¬�P�6��`lC ¾ `�`D�!¤ �z¨ � � ��`B�P¡�� �$�+� ¡w�D� ¨ �!£��k` ¯ �9¡\C � ` ² �a` �$�+� ¡��D� � �9¤��l� �z¨ ¢P� ¨�¨�� � ¨ Ó
×	�a` ¨ ¤ �!~�~ � ¯�� ¤ � C��F¤�¤��w£��P�B� ¯ �P¡\CF�P¡ ¨ ¬ � ¸A�D�I�F ��D�P¤ � ` ² ���
�!¢ ~�� ¡8  §+¨�� ¢P�¶¬�P�D��`lC!�k` �$�+� ¡[�D� ² �P�9�P¤�¤ ��² �¨  ��9�P¡9Ó
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�8¢$¬,�9¡ ~ �%¬ � ¡�� §¥�� ~ � �  ¬ � ¡ ~�± U 9th
¾ ¦ ¡ � ¤�:�;�*-�Â ¤��!¢9� �  �¬ � ¡ ~�± U���£ ~�� ¡��!¤ ¸����"¸ ± �P¤ § º « ��` ² �!¡ § »

:<;cbcb"µZ:<;�;$ÿ9U « �z²$±4¨ ¢ ±D�+� ¤ Ù
È § £¦`6� ¨�� �B£�´=�"¸ �$¨ � �$¨�¨ � ~�± Ù �

`;��£ ~�� ¡��!¤ ¸����"¸ ± �P¤ §
:<;�;)ÿ-µZ:<;�;�*9U � ÓÖ��¢!Ó � `�� ¦B¦ ¤ � �P� ¦D±)§+¨�� ¢ ¨ � ~�~�± ��×	�P¢ ± ` � ¢
�F¤ Í ` �z� �P¡ ¨��z~N§Æ�  ÎÃH�D�6� ¦ � ¨8~ 6£g�-¸ � ¡��9� � ` Á �D¢9¤��
�F¡��P` ²$� `D�9�P¡ � ` ²

Èl¡��!�D�6� ~���� ` ¦ ¡ � ¸��9¢ ~ U Ù
Ä«` � � ¨�~���² � ~���� ` �   ~�± � � ` ® �B�a`D¢9� �   ¦ ¡ �$¦ � ² � ~�� ` ²¦ �9¡ ~ �D¡�¬6� ~���� ` ¨w� `�� ~ ¡�� � ` � ` ² ¡��
�!¢ ~�� ¡ Ù:<;�;cb"µ8ÿ����$ÿ9U Â ± ÓÖ¥�Ó ¨�~ �B�D�a` ~ � ~�~�± �¶¥G� ¦ �!¡ ~ £��k` ~I�  Î���
�!¢ ~�� ¡ Â ±)§+¨�� ¢ ¨�   ~�± �lÄ«` ~ �9¡� *�!¢9�D¤ ~N§ ���
�F¢ ~�� ¡wÄ«` ¨�~��z~ � ~ ��6@¥I�P¤z  ~ Í ` �z� �P¡ ¨��z~N§�  �×��9¢ ± ` � ¤ �$²!§ 66× ± � Á � ~�± �P¡�¤���`D� ¨

Â ± ÓÖ¥ ~��!¦D� ¢-U ¾ `��/. ¦ �9¡ � £��k` ~ �!¤���`B�;£ � �B�P¤�¤ � ` ²�¨�~ �D� §��  3`6� ~ �D¡��!¤ µ¢ � ¡�¢P�B¤�� ~���� `Æ¬ �$� ¤ � ` ²�¯ � ~ �9¡I¡��
�!¢ ~�� ¡w� § `6�F£ � ¢ ¨
ÿ����)ÿ-µqU ��� ¨ �P�!¡�¢ ± �a` ²$� `D�P�9¡�� ~�~�± �¶´=�!¬ � ¡�� ~�� ¡ §   � ¡w× ± �P¡�£��!¤ ±'§ �D¡��!�D¤ � ¢ ¨� ~w~�± � Â �!�D¤	��¢ ± �P¡�¡��P¡�Ä«` ¨�~��z~ � ~ �-6� ¯��z~ �P�P¡�¤���`B�




