
���������	
�������
��������������

������������ 	
�
���������  ��!�" �#$!% &"''$!# �� ��"#����!#
(�� "!� ))*�+�&,��!# -�&#�#"#� .$"!�� � �����/$ � �0� -&&� 1�
22����3����

�1�����������
�
����������
�
����������
�
��������
�
�������
�
�������
�
������4 ����� 5���6�5��#$(�$�#��"$"&3( $7 �(#
8��#!��" �!�&&�&#9�8���&���98����9���!#(�� "!�))*��.$"!�� 
$( ,��!# ��9 :"�6 *!��&' ��#�#�$�� ����� /$ � �0� -&&� ��
22��3�0�

�;� ������� �
�
���� ����
!
�� ���"����
�
�� ���#������ �
�
�
������� �
�
��������
$
� ��� ��<�(#� -=*>?�@4A���"� 
!�'$!#B?�&C(��#$!��� %&�&(!$55$!�#���1D���5�������� 
��!�" �#$!%&"''$!#'�#���#&))*��.$"!�� $(,��!#��9:"�6
*!��&' ��#�#�$�������/$ ����-&&���22����3��1�

%&'()*�%&'())+,-�./01234+�

/25,(/&3�

6/72,8�9/0)(:)+,-�;)&,24+�

,&<)&)(�

=&23,3>3�?,48)',@,&27,A�2,23)8�

B.%CD�9C�EF=D�E64274+27,*�,&23,3>3

G0)73(4&&4*�3)A&,7,H�

I
�6427+/��I
�J)0)&4I(/'�

K48/2�.(43�

'L(�&/>7��5(4M)224(�

7/M)'(/�?,48)',@,&27,A�8/3)(,/04+�

=&23,3>3�M/(8/@)+3,7,�

6)<',2@,50,&/(&N*�@)&3(�8/3)(,/04+)')&,1�

./00)L9,33)&?)(I27,*�>&,+)(2,3)3

,8)&,�6/(3,&/�OP3)(/�

I
�./00)��.)(8/&,1�

;8,3(,*�9,734(4+,-�K)0NQ)+�

7/&'
�3)A&
�&/>7��'4@)&3�

=&23,3>3�?,48)',@,&27,A�2,23)8�

B.%CD�9C�EF=D�E64274+27,*

,&23,3>3�G0)73(4&&4*�3)A&,7,H�

I
�6427+/��I
�J)0)&4I(/'�

�L"��R� ��S����#TU"�
V���

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

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


���������

EFGHIJIKILMKILGNMHOIPKQRMSTUQSTVQWQOXYWIOXQZQQUXI[MJGPDYNGL\ZI][IPUIXQXM^MFLQXJY]GWYKQXISTJY]XMWYSP3

^G]NIHLQL\HMXRMNJ\_HQOXI[MJG`��QRMSTFQaZQSPMLZQHFXQGaZQRGLTGaKMJMJGMQHJQZJ\_WMKQRGJIKGNMHOG_FIXIKMLXQZ

FXGKQRMSGXQZIJGGXIaSGNJ\_bGaGQSQWGNMHOG_HQHLQPJG`�
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cFQHSMRJGMRMHPLGSMLGPZOSGJGNMHOQ`FXIOLGOMSMNMJGP
LMXKGJISTJQ`HMXRMNJQ`JMRQHLILQNJQHLG��	��YHFMVJQZJM3
RXPSIHTJQZIPLM_JQSQWGPDQHJQZIJJIPJIFXGKMJMJGGdOHLXI3
OQXFQXISTJ\_GGKFSIJLGXYMK\_ HGHLMKZHFQKQWILMSTJQWQ
OXQZQQUXI[MJGP�	c
�OIOKQHLIOFQHSMRY][M`LXIJHFSIJ3
LI^GGHMXR^I�cKMHLMHLMKQHLISGHTKISQGaYNMJJ\KGZQFXQ3
H\QZaIGKQRM`HLZGGdLG_HGHLMKHHGHLMKQ`OXQZQQUXI[MJGP
ZRGIFIaQJMbGaGNMHOG_JIWXYaQO�eLQOIHIMLHPLIOfMQ^MJOG
ZaIGKQRM`HLZGPRQJQXHOQWQHMXR^IH HGHLMKQ`OXQZQQUXI[M3
JGPUSQOGXQZOGJMXZJQWQYFXIZSMJGPNIHLQLQ`HMXRMNJ\_HQ3
OXI[MJG`ZYHSQZGP_bGaGNMHOQ`JIWXYaOG�

cJIHLQP[M`HLILTMFQHLXQMJIKILMKILGNMHOIPKQRMSTHGH3
LMK\OXQZQQUXI[MJGPHIJISGaQKbIOLQXIbGaGNMHOQ`JIWXYa3
OGHYNMLQKQ^MJOGRGJIKGOGOGHSQXQRJQWQRQSWIZYHSQZGP_
JQXK\GFXG aIKMJM HMXR^ILXIJHFSIJLILQK��I HSMRY][G_
dLIFI_FSIJGXYMLHPGHFQSTaQZIJGMRIJJQ`KQRMSGRSPGHHSM3
RQZIJGPZaIGKQRM`HLZGPHGHLMK\OXQZQQUXI[MJGPZYHSQZGP_
�	�GFXGKMJMJGP	c
FXGbGaGNMHOQ`JIWXYaOMRSPQFLG3
KGaI^GGXMfGKIXIUQL\	c
�

	
��������gFQHLXQGLTKILMKILGNMHOY]KQRMSTHGHLMK\
OXQZQQUXI[MJGPNMSQZMOIDYNGL\ZI][Y]ZSGPJGMJM`XQWYKQ3
XISTJQWQbIOLQXIJIh		�
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�SPFQHLXQMJGPKILMKILGNMHOQ`KQRMSGJIKGGHFQSTaQZI3
SGHTQHJQZJ\MdSMKMJL\FQHLXQMJJ\_XIJMMKQRMSM` i�j3i�j H
ZZMRMJGMKRQFQSJGLMSTJ\_OQJLYXQZXMWYSP^GGh		��QRMST
XIaXIUQLIJI Z HXMRM �@*:@k A�5" ��C H FXGKMJMJGMK
dSMOLXQWGRXIZSGNMHOG_IJISQWQZ��QRMSTQFGH\ZIMLUQSTVQ`
OXYWOXQZQQUXI[MJGPZZGRMaIKOJYLQWQOQJLYXIDOQLQX\`HQ3

HLQGLGaRMZPLGKQRYSM`BfMSYRQNOI �lm�DFXMRHMXRGP �ln�D
IQXLISTJQ`��E�DFMXGbMXGNMHOQ`�n�GZMJQaJQ`�c�HMO^G`D
ILIOfMOQXQJIXJ\_HQHYRQZ �
�GUIXQXM^MFLQXJQ`XMWYSP3
^GG�o�DOQJLYXQZXMWYSP^GGOGHSQXQRJQWQRQSWI�E��GXMWY3
SP^GGh		gGFQaZQSPMLFQSYNILTQHJQZJ\MWMKQRGJIKGNMH3
OGMFIXIKMLX\OIORSPbGaGQSQWGNMHOQ`JQXK\DLIOGFXGHMX3
RMNJQ`JMRQHLILQNJQHLG�pNMLKM_IJGaKQZXMWYSP^GGh		ZQa3
KQfMJFXGGHFQSTaQZIJGGJMHOQSTOG_OQJLYXQZ HQUXILJQ`
HZPaT]HXIaSGNJ\KGFMXMRILQNJ\KGbYJO^GPKG�qYJO^GQ3
JISTJIPH_MKIXIaXIUQLIJJQ`KQRMSGFXMRHLIZSMJIJI(,2
�W�

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


������������������	��
��	���������

� ���������!�������������"�#



�� �������	
�������
��������������

	FSQVJ\KGSGJGPKGJI(,2
� W QUQaJINMJQJIFXIZSMJGM
LQOIOXQZGDFYJOLGXJ\MSGJGGQUQaJINI]LbYJO^GQJISTJ\M
HZPaGDQFXMRMSP][GMZSGPJGPQRJQWQKQRYSPJIRXYWQ`�	ZPaT
rs�gfMSYRQNMOtQFGH\ZIMLHQZQOYFJQMWYKQXISTJQMZSGPJGM
JIh		DHZPaIJJQMHOGHSQXQRJ\KRQSWQKi�j�

�QRMSTFQaZQSPMLQ^MJGZILTQHJQZJ\MWMKQRGJIKGNMHOGM
_IXIOLMXGHLGOGih		DIXLMXGISTJQMRIZSMJGM����DHGHLMKJ\`
OXQZQLQOjFXGKQRMSGXQZIJGGXIaSGNJ\_bGaGQSQWGNMHOG_G
FILQbGaGQSQWGNMHOG_HQHLQPJG`FYLMKGaKMJMJGPFIXIKMLXQZ
dSMKMJLQZDZ_QRP[G_ZKQRMST�FXQZQRGKQHLM`GMKOQHLM`HQ3
HYRQZ��

�GfMFXGZMRMJ\QHJQZJ\MKILMKILGNMHOGMHQQLJQVMJGPD
_IXIOLMXGaY][GMKQRMSGXYMK\MdSMKMJL\HGHLMK\OXQZQQU3
XI[MJGP�

�SPQFGHIJGPGaKMJMJGPRIZSMJGPZSMZQKfMSYRQNOM��X�
GHFQSTaQZISQHTMWQFXMRHLIZSMJGMZZGRMaIZGHGKQHLGQLbYJO3
^GGdSIHLGNJQHLGi�jB
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WRM� g OQdbbG^GMJLUIXQXM^MFLQXJQWQZSGPJGPy X g QUzMK
fMSYRQNOIyX�#gJMJIFXPfMJJ\`QUzMKfMSYRQNOIy����gbYJO3
^GPdSIHLGNJQHLGyZ"gKIOHGKISTJQMaJINMJGMdSIHLGNJQHLGy
$D�D!D�DZD�D  g OQdbbG^GMJL\DXIHHNGLIJJ\MJIQHJQZM
IJISGaIdOHFMXGKMJLISTJ\_RIJJ\_�pXIZJMJGM���FQaZQSPML
QFGHILT HMXRMNJ\`^GOSZ aIZGHGKQHLGQL HMXRMNJQ`bIa\G
HLMFMJGJIFQSJMJGPfMSYRQNOI�{JINMJGPFIXIKMLXQZFXGZM3
RMJ\Z3/?0
�W�cHOQUOI_FXGZMRMJ\aJINMJGPDGHFQSTaYMK\M
RSPKQRMSGXQZIJGPHMXRMNJQ`JMRQHLILQNJQHLG�

	QWSIHJQi1jDbYJO^GPdSIHLGNJQHLGGKMMLHSMRY][G`ZGRB
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OG_HQHYRI_DZMJI_HQQLZMLHLZMJJQy[YD[#gOXQZQLQOZFMXG3
bMXGNMHOG_HQHYRI_GZMJI_HQQLZMLHLZMJJQ�

pFXYWQHLGHQHYRQZZ\NGHSP]LHPFQHSMRY][GKYXIZJMJG3
PKB

�
��

u�
���

xγ�
��

y

�
Y
u�

Y�
xγ

Y
�

Y
y

�
#
u�

#�
xγ

#
�

#
D

WRM����D�Y�D�#�gUIaQZ\MaJINMJGPYFXYWQHLM`IQXL\DFMXG3
bMXGNMHOG_ HQHYRQZGZMJ HQQLZMLHLZMJJQy γD γY gUIXQXM^MF3
LQXJIPXMWYSP^GPHHQQLZMLHLZY][GKGOQdbbG^GMJLIKGB

γ
Y
u]γγD

WRM]γ g FMXMRILQNJIPbYJO^GPD _IXIOLMXGaY][IP aIRMXfOY
XIHFXQHLXIJMJGPJMXZJQWQGKFYSTHI�

nXQZQRGKQHLGHQHYRQZFXMRHLIZSMJ\ZZGRMB

\
��

u\
���

u�$�&#y

\
Y
u\

Y�
x�

SY
γ
Y
x�

�Y
�

��
y

\
#
u\

#�
x�

#Y
�

#
x�

�Y
�

��
D

WRM\���D\Y�D\#�gUIaQZ\MaJINMJGPFXQZQRGKQHLM`y���G���

gRQSWGFQLXMUSMJGMOGHSQXQRIHQQLZMLHLZMJJQ�
�IZSMJGMJIOIfRQKHQHYRGHLQKYNIHLOMG ZFXMRHMXRGG

aIFGH\ZIMLHPZZGRM

0

0

( ) ,
T

i i in out i iuP G Q Q dt V V
 

= − + − 
 
∫

WRM��gYFXYWQHLTYNIHLOIy[�G[���gZ_QRJQ`GZ\_QRJQ`FQ3
LQOG HQQLZMLHLZMJJQyX�� gJINISTJ\`QUzMKyX�� gJMJIFXP3
fMJJ\`QUzMK�

pXIZJMJGMDQFGH\ZI][MMXIaSGNJ\MZGR\ZQaRM`HLZGPJI
h		B

 u 
�
x]

�γ�γgγ
�
�x]

�
�

��
D  ���

WRM �gUIaQZIPh		y]�γD]��D]�gFMXMRILQNJ\MbYJO^GGyγg
JMXZJIPXMWYSP^GPyX�� gQUzMKFXMRHMXRGPy��� gOGHSQXQR3
J\`RQSWyγ�GX���gFQXQWQZ\MaJINMJGP�

�IQHJQZMRIJJQ`ZMSGNGJ\XIHHNGL\ZIMLHPaJINMJGMFXQ3
RQSfGLMSTJQHLGHMXRMNJQWQ^GOSI

�
�
u �g�|

�u�
�

pXIZJMJGPDQFGH\ZI][GMOGHSQXQRJ\`OQJLYXi�jB

^
��

u[�$g��
��

y



���������	
�������
��������������

2 2 2

0

( ) ;
t

O BB k qO rO dt= −∫

2 2 2

0

( ) .
t

O DD k rO qO dt= −∫
������	�	�

�I(,2
�_FQOIaIJ\aIZGHGKQHLGh		QLFQLXMUSMJGPOGH3
SQXQRIDFQSYNMJJ\MJIKQRMSG�HFSQVJIPSGJGP�DILIOfMFQ
YHXMRJMJJ\KaJINMJGPKGaRZY_dOHFMXGKMJLISTJ\_XIUQLi;jD

i�jDZOQLQX\_GaKMXPSQHTGaKMJMJGMh		GFQLXMUSMJGPOGH3
SQXQRIFXGXIaJ\_YXQZJP_bGaGNMHOQ`JIWXYaOG�

cFMXZQKHSYNIMJIGUQSTVMMQLOSQJMJGMHQHLIZSPML��}D
ZQZLQXQKg��}UMaYNMLIFQWXMVJQHLM`dOHFMXGKMJLISTJ\_
RIJJ\_�nQSYNMJJIPJIKQRMSGaIZGHGKQHLT_QXQVQHQWSIHY3
MLHPHdOHFMXGKMJLISTJ\KGRIJJ\KG�

EU[MMWYKQXISTJQMZSGPJGMQFGH\ZIMLHPFQHSMRJGKHSI3
WIMK\KZYXIZJMJGG ���D OQLQXQMQUQaJINIML HYKKIXJQMZQa3
RM`HLZGM JI h		 FXG ZQaJGOJQZMJGG OGHSQXQRJQWQ RQSWID
QFQHXMRQZIJJQMZFMXZY]QNMXMRTWQXKQJISTJ\KZSGPJGMKJI
HMXR^M��I(,2
�`FXMRHLIZSMJ\aIZGHGKQHLGh		QLZXMKMJGD
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FQSYNMJJ\MJIKQRMSGFXGZQHFXQGaZMRMJGGXMfGKIbGaGNMH3
OQ`JIWXYaOGJIaRQXQZQKGRMJMXZGXQZIJJQKHMXR^M �dOHFM3
XGKMJL�QJISTRI��

{IZGHGKQHLT�FQOIa\ZIMLGaKMJMJGMh		FXGKQRMSGXQ3
ZIJGG bGaGNMHOQ` JIWXYaOG FQHXMRHLZQK YZMSGNMJGP FQ3
LXMUSMJGPOGHSQXQRI������{IZGHGKQHLT�LIOfMFQSYNMJIFXG
KQRMSGXQZIJGGbGaGNMHOQ`JIWXYaOGDJQFXGQLHYLHLZGGJMXZJQ`
XMWYSP^GG��IOGKQUXIaQKDh		XMWYSGXQZISIHTLQSTOQWYKQ3
XISTJ\KbIOLQXQKDL�M�ZQHFXQGaZQRGSHPdOHFMXGKMJL�QJIST3
RIi0j�

�I(,2
�aFQOIaIJWXIbGOaIZGHGKQHLGIQXLISTJQWQRIZSM3
JGPQLZXMKMJGFXGYZMSGNMJGGFQLXMUSMJGPOGHSQXQRI �bG3
aGNMHOIPJIWXYaOI��nQSYNMJJ\MJIKQRMSGaIZGHGKQHLGGKM3
]L_QXQVGMOINMHLZMJJQMGOQSGNMHLZMJJQMHQQLZMLHLZGPdOH3
FMXGKMJLISTJ\KRIJJ\Ki;jD i�j�cNIHLJQHLGDJI(,2
�aFYJO3
LGXJ\KGSGJGPKGQUQaJINMJ\QWGUI][GM �HZMX_YG HJGaY�
IJISQWGNJQ`aIZGHGKQHLGDFQSYNMJJQ`JIQHJQZMdOHFMXGKMJ3
LISTJ\_RIJJ\_ i;j�EWGUI][GMFQHLXQMJ\FQLQNOIKD HQQL3
ZMLHLZY][GKHXMRJGKaJINMJGPKHGHLQSGNMHOQWQGRGIHLQSG3
NMHOQWQ���nXGdLQKXIaUXQHaJINMJG`YOIaIJJI(,2
�aZZGRM
ZMXLGOISTJ\_QLXMaOQZ��JISGaRIJJQ` aIZGHGKQHLG HZGRM3
LMSTHLZYMLQLQKDNLQFQSYNMJJIPJIKQRMSGRGJIKGOIZMSG3
NGJ��FXIOLGNMHOGJMZ\_QRPLaIXIKOGdOHFMXGKMJLISTJ\_
aIZGHGKQHLM`�
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~IaXIUQLIJIOQKFT]LMXJIPKILMKILGNMHOIPKQRMSTUQST3
VQWQOXYWIOXQZQQUXI[MJGPNMSQZMOIJIQHJQZMFXMRHLIZSM3
JGP			ZZGRMHGHLMK\HHQHXMRQLQNMJJ\KGFIXIKMLXIKGZ
XIKOI_FQR_QRIDQHJQZIJJQWQJIdSMOLXQWGRXIZSGNMHOQ`IJI3
SQWGGDYNGL\ZI][IPKM_IJGaK\XMWYSGXQZIJGPh		��QRMST
FQaZQSPMLFQSYNILTaIZGHGKQHLGQHJQZJ\_WMKQRGJIKGNMHOG_
_IXIOLMXGHLGO			���DpEfMSYRQNOIDh		GRX��QLFQLXMU3
SMJGP OGHSQXQRID FMXGbMXGNMHOQWQ HQFXQLGZSMJGP HQHYRQZD
bYJO^GQJISTJQWQ HQHLQPJGPfMSYRQNOIGXPRIRXYWG_FIXI3
KMLXQZDNLQRIMLZQaKQfJQHLTZQHFXQGaZQRGLTXIaSGNJ\MbG3
aGQSQWGNMHOGM HQHLQPJGPB HMXRMNJY]JMRQHLILQNJQHLTDbGaG3
NMHOY]JIWXYaOYDOXQZQFQLMX]GFMXMSGZIJGMOXQZGGRX��IST3
JM`VMMXIaZGLGM HZPaIJQ HKQRMSGXQZIJGMKZaIGKQRM`HLZGP
	c
GHGHLMK\OXQZQQUXI[MJGP�
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