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WFXZY\[+[
]_^a`\b�[@cd`e[�fhgjie[akVgj^dlm[anOop[+qAX;`\`\[$[riesp[alpop^
lp^$tu^dlOie^Cvxw4yzvx{'|~}a�F�����;y��a^dlpo�X� X�XVlpk;^dlOie`e[�[8�L[ ��� [Nsplpgjie�a`\g�[ m � WhX�Y\[a��^as�ie`\[ � ]_^d`\bV[ � cd`e[�fhgjie[akVgj^dlm[ag � opX;fhgjop^[�tp`\X � X;lpb�[�op^�WF^dnBX�om[��4sp[��*�uXV��kV^a�L^�[ � ]_^d`�b�[ � cd`\[�fhg~iJ[ak;g�^dlm[rg � opX;fhgjop^�[a^ �tpn�[al�X;iJ[ � �F�asptpg~ieXV`;���@X;i\splp^p�1��XVl1s � X;iek@�1spX@g�lOieX;`�]_XV`�XV��lp^��L^�fhg���XVlOi\^p�OopX � kV`�gjiJ[ �lp^��5X;]_X;`\X;lpkVg�[an��ZlpX;`\kVg�[an?opX�^d`�g�cdX;�
(O)

lm[!]_^d`���[��
N
∑

i=1

~Fi(P ) �¡ 6¢
£¤opX � n�^hk�[a��XVlOi\^Tom[$��[ �\� [Tspl�gjiJ�r`\g�[ m

k;^dn�^hk�[rom[+XV�
(P )

tu^Fo�XV`e�T[rg�lpom[$X � ie[a`� sp�p��X;i\g�op^�¥ � ]_^d`\bV[ � opX;fhgjop^¦[�cd`e[ropg�X;l1i\X � opX5tp`\X �\�\§ ^ ~P(P )
�F¥ � ]_^d`�b�[ � opg �\� g�tm[ri\g~¨fa[ � o�^L��^�fFgj�LX;lOie^ ~τ(P )

X�[¦]_^d`\bV[!kV^d�©�1spX�[!��[ �\� [Lª«om[!qAX;`\`e[�[ri\`e[ag?[!�L[ �\� [splpgjie�a`\g�[
m
k;^dlp¬pX;kVg�op[zk;^d��^z]_^a`\b�[

(~Peso) �WFXZY\[+[+o�X � k;`\gjb § ^$o�^+��^6fhgj�LX;l1i\^@]_X;gjie[
lp^
`\X;]_X;`\X;lpkVg�[anF�Zl�XV`\k;g�[anhopX�kV^h^d`\opX;lm[aom[ �opX�^d`�g�cdX;�
(O) � WFX�Y\[ (C)

^�kVX;lOie`\^�om[�q)XV`�`e[�­
(CL)

�
(Cs)

X
(Ci)

^ � kVXVlOi\`\^ � om[�4sp[��FWF^dnmX5^ds�i\`\^ � tpn�[alpX;ie[ � �1spX
XE®FXV`\k;XV�.[ab § ^�cd`e[�fhgjie[akVgj^dlm[anFlm[��L[ ��� [ m � WFXZY\[
−→
OP

^9fdX(ie^d`+t¯^ � g�b § ^�om[9tp[a`�i\°�kVs�n�[ m
`�X;]_X;`\g�o�^C[a^9`�X;]_XV`�XVlpk;g�[anA�ZlpXV`�kVg�[an �²± � ie`�XVn�[ �³ g~®�[ � ¢ ��´ ]_^d`\bV[C`\X � spnjie[alOieX�om[ � ^d�L[9fdX;i\^d`\g�[an'om[ � ]_^d`�b�[ � �1spXL[riesp[a��XV�

(P )[akVX;n�XV`\[!^�faX;ie^a`@tu^ � g�b § ^�op[z�L[ ��� [!splpg~iJ�a`�g�[ m
XTtu^hopX � XV`5XE®�t�`\X ��� [�lp[!]_^a`\�L[9�

m.
d2

o

−→
OP

dt2
= ~P (P ) + ~Peso(P ) +

N
∑

i=1

~F(P ) + ~τ(P ) �xµd¢
^dl�opXa�
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³ gjcdsp`e[   �
1o
i\XV`��L^��@[�]_^a`\b�[T�1spX
[akVX;n�X;`e[T^TfdX;i\^d`Bt¯^ � g�b § ^ −→OP

om[��L[ ��� [ m
X;� `\X;n�[ab § ^[a^z`\X;]_X;`\X;lpkVg�[an?�ZlpXV`�kVg�[an � £ ¢ �

2o
i\XV`��L^��L[N]_^d`�b�[NopX;fhgjop^�[a^8cd`\[aopg�X;lOieXzopX�tp`\X �\�e§ ^ ~P

lm[8��[ ��� [ m
kV^an�^hk�[aom[XV�

(P )
lp^8`\X(]_XV`�XVlpk;g�[an

(h)
�1spX��z^���X � �L^N�1spX�^�`�X;]_XV`�XVlpk;g�[an��
¥a^N�ZlpXV`�kVg�[an'op^

� XVlOie`�^�om[!q)XV`\`\[ � � ¢ �
3o
ieX;`\��^��z[9]_^d`�b�[ ~Peso

XE®FXV`\k;g�om[CtuXVn�[C[rie`\[ab § ^Ncd`\[�fFg~iJ[ak;g�^dlp[anAop[N�L[ ��� [ M
om[qAX;`\`e[ � ^a�p`\X�[ztm[a`�i\°�k;spn�[ m

kV^dnj^FkV[aom[¦lp^�tu^dlOie^
(P ) � l�^�`�X;]_X;`\XVl�kVg�[rn (h) �

4o
ieX;`\��^��T[�]_^d`�b�[¦opX(fFgjop^z¥ � ]_^d`�b�[ � cd`e[�fhgjie[akVgj^dlm[ag � ~Fi

�pg��   � �j�~� � �&om[!�?sm[F�mWF^dnX�^as�ie`�^ � kV^d`�t¯^ � k;XVnjX � i\X � [riesp[alpop^�XV� m
kV^dnj^FkV[aom[¦X;�

(P )
lp^z`\X(]_XV`�XVlpk;g�[an

(h) �
5o
i\XV`\��^ �e§ ^�[ � ]_^d`�b�[ � opg �\� gjtm[ri\gjfr[ � ~τ

op^���^�fFgj�LX;lOie^
~u
�hs�X$[��L[ ��� [ m

[aop�1spgj`\X� ^d��[L[rb § ^zom[ � ]_^d`�b�[ � �1spX�[acdX;� lp^�tu^dlOie^
(P )

op^z`\X(]_XV`�XVlpk;g�[an
(h) �	 X;faX(¨ � X¦lp^aie[a`@�hs�X�lm[�XV�1sm[ab § ^ �xµd¢ � spt�
FXE¨ � X�[zfdXVnj^Fk;g�om[ropX�[alpcdspn�[a`#om[�qAX;`\`e[ ~ω�
� �

� ^d`�^as�ie`�^�n�[rop^p�h[�]_^d`�b�[��hs�XT[akVX;n�X;`e[�^�fdX(ie^d`�t¯^ � g�b § ^ −→OC
om[��L[ ��� [�s�lpgjie�a`\g�[

m
�*�1sm[alpo�^�kV^dnj^FkV[aom[Nlp^8kVXVlOi\`\^�om[8qAX;`\`\[ � � ¢ ��op[aom[��)lp^�`�X;]_X;`\XVl�kVg�[rnB�Zl�XV`\k;g�[an� £ ¢ �mtu^d`V�

m.
d2

o

−→
OC

dt2
= ~P (C) + ~Peso(C) +

N
∑

i=1

~Fi(C) + ~τ(C) ���O¢
^dl�opXa�

µ



1o
i\XV`��L^��@[�]_^a`\b�[T�1spX@[ak;XVn�X;`e[�^TfdX;i\^d`�t¯^ � g�b § ^ −→OC

om[��L[ ��� [ m
X;� `\X;n�[ab § ^[a^z`\X;]_X;`\X;lpkVg�[an?�ZlpXV`�kVg�[an � £ ¢ �

2o
i\XV`\��^ �$[�]_^a`\b�[ ~P

XV�
m
k;^dn�^hk�[aop[�X;�

(C)
opX(fhg�op^�[a^�cd`\[aopgjXVlOieX@opX+t�`\X ���e§ ^ �

3o
ieX;`\��^ ��[!]_^a`\b�[ ~Peso

XV�
m
kV^an�^hk�[aom[�XV�

(C)
opX;fhg�o�^L[r^!t¯X � ^zom[!tm[a`¡ie°�k;spn�[ �

4o
i\XV`��L^���[!]_^d`�b�[ ~Fi

g �   � µ � �~�j� �&XV�
m
kV^dnj^FkV[aom[zXV�

(C)
opX(fFgjop^9¥z]_^d`\bV[ � cd`e[6¨fFg~iJ[ak;g�^dlp[ag � op[��?sm[F�uWF^dn�X�^ds�i\`\^ � k;^d`\tu^ � kVX;n�X � ieX � �

5o
i\XV`\��^ � opX;fhg�o�^T[ � ]_^a`\b�[ � opg �\� gjtm[ri\gjfr[ � ~τ o�^$�L^�fhg���XVlOi\^+om[+�L[ ��� [ m

k;^dn�^hk�[aop[XV�
(C) �
�@^aieXE¨ � Xz�1spX ~P(C) = 0

� ~Peso(C) = 0
X

~τ(C) = 0
�4tu^dg � lp^ � XVlOi\`\^�op[8q)XV`�`e[

� � ¢ ^�cd`\[aopgjXVlOieX�opX�tp`\X �\�e§ ^ �A[N]_^d`�b�[Nt¯X � ^�X�[ � ]_^d`�b�[ � opg �\� gjtm[ri\gjfr[ �T�e§ ^8i\^Fom[ �lhs�n�[ � � �
^ai\X5¨ � X@iJ[a�¦���V���1spX
XV� � �d¢ � spt�
FXE¨ � X
l1spn�[�[�fdX;n�^hkVgjom[aopX ~ω
o�X+`\^riJ[ab § ^om[�q)XV`�`e[ ´ tm[a`¡ieg�`#o�X ���O¢ tu^FopXE¨ � XTXVlOi § ^�X � kV`�X;fdX;`V�

m.
d2

o

−→
OC

dt2
=

N
∑

i=1

~Fi(C) � � ¢
^dl�opXa�

1o
ieXV`��L^ ��[¦]_^d`\bV[��1spX�[akVX;n�X;`e[!^�faX;i\^d`5t¯^ � g�b § ^ −→OC

op[��L[ �\� [ m
kV^dnj^FkV[aom[!XV�

� � ¢ XV�©`�XVn�[ab § ^�[a^ � g � i\XV�L[!�ZlpXV`�kVg�[rn � £ ¢ �
2o
i\XV`��L^ �+[ � ^a��[TfdX(ie^d`�g�[anmom[ � ]_^d`�b�[ � cd`\[�fhg~iJ[ak;g�^dlm[rg � ~Fi

opX � � ¢ kV^d`�t¯^ � kVX;n�X � ieX �� WF^dnx�m�?sm[��pt�n�[alpX(iJ[ � �mX;i\k ¢ �m�1spX�[ri\sm[a�©lp[ztp[a`�i\°�kVs�n�[
m
k;^dn�^hk�[rom[¦XV� � � ¢ ��
^ai\X(¨ � XT�1spX�XV� � � ¢ �e§ ^!kV^dl � g�opX;`e[aop[ � ie^hom[ � [ � ]_^a`\b�[ � cd`e[�fhgjie[akVgj^dlm[ag � �1spXr� [riesF¨[alpop^zXV� � � ¢ ��tp`\^hops��;XV�©^ � ��^�fhg���XVlOie^ � om[z�4sp[zX�op^LWF^an�XV� `\XVn�[ab § ^z¥zq)XV`�`e[���¯X;�,kV^d��^z^ds�ie`\[ � ]_^d`\bV[ � opX���XVl�^d`5��[acalpgji\spopXT`\X;n�[ri\gjfr[ � [r^ � tpn�[al�X;iJ[ � �as�tpgji\XV`V�

� `e[rlp^LXT^as�ie`�^ � �
	 X �\� [�]_^d`���[��Fom[ ³ g�casp`e[ � lp^aie[�¨ � X��hs�Xa�

−→
CP =

−→
OP −

−→
OC ���a¢X�tu^d`�ie[alOie^p�

d2
o

−→
CP

dt2
=

d2
o

−→
OP

dt2
−

d2
o

−→
OC

dt2
. ���O¢WFX;cdspXE¨ � X��1spX � sp�Fie`e[rg�lpop^�¨ � X � � ¢ opX � µd¢ ^a��ieX;�z¨ � X

m.

[

d2
o

−→
OP

dt2
−

d2
o

−→
OC

dt2

]

= ~P (P )+ ~Peso(P )+
∑

[

~Fi(P ) − ~Fi(C)
]

+~τ(P ) ��	d¢
�



^dl�opXa�
1o
ieXV`��L^ ��[�]_^d`\bV[¦`\X � spnjie[alOieX$lp[¦��[ ��� [ m

kV^dnj^FkV[aom[�X;�
(P )

opX��plpg�om[F��kV^alF¨]_^d`\��X![9XV�1sm[rb § ^ (6)
�¯t¯X;n�[C[ak;XVn�X;`e[ab § ^9op^CfaX;ie^a` −→OP −

−→
OC

�
~r
��X;�R`\X;n�[ab § ^C[

� £ ¢ �
2o
ieXV`��L^ �@[$]_^d`�b�[ � ~P ¢ [riesp[alpop^�XV� m

opX(fFgjop^�[a^�cd`e[ropg�X;l1i\X5opX#tp`\X �\�\§ ^�X;� (P ) �
3o
i\XV`\��^��9[8]_^a`\b�[

(~Peso)
[riesm[rlpop^�X;�

m
opX;fhgjop^�[�[rie`\[ab § ^�cd`e[�fhgjie[akVgj^dlm[an*om[��[ ��� [zom[ M

op[�q)XV`�`e[zXV�
(P ) �

4o
ieX;`\��^ �$o�gj]_XV`�XVlpbV[�XVlOi\`\XT[ � ]_^d`\bV[ � cd`\[�fFg~iJ[ak;g�^dlp[ag � X;� � � ¢ X � � ¢ �hs�XT[riesp[�XV�

m
kV^an�^hk�[aom[¦X;� � � ¢ �

5o
i\XV`\��^ ��[�]_^a`\b�[�opg ��� gjtm[rieg~fr[ � ~τ ¢ op^ ��^�fhg���XVlOie^ ~u

�0�1spX�[ �L[ ��� [ �L[ ��� mkV^dnj^FkV[aom[!XV�
(P )

[aop�1spg�`�X � ^d��[z[ab § ^�op[ � ^ds�ie`\[ � ]_^d`\bV[ � �1spX�lpXVn�[�[�iesm[a� �
£$lpopX!��^!�hsp[a`�i\^zi\XV`��L^!opX ��	d¢ �TkJ¬m[r��[ao�^ ³ ^a`\b�[¦q)`e[�iegjfr[�o�X�ª�[a` � � � ~T ¢ ��^dsiJ[a�¦���V� ³ ^a`\b�[��TXV`\[aop^d`\[!opX�ª�[a` � � �

~T =

N
∑

i=1

[

~Fi(P ) − ~Fi(C)
]

. ���O¢
� ^FopXE¨ � X�X;lOi § ^�X � kV`\X(fdX;`$[!XV�1sm[ab § ^ ��	d¢ lm[!]_^d`���[��

m.
d2

o~r

dt2
= m.

d2
o

−→
CP

dt2
= ~P + ~Peso + ~T + ~τ . ���d¢

´ XE®�t�`\X ���e§ ^ ���d¢ �5[ ± �1sm[rb § ^ ³ splpom[a��XVlOie[anpop^ � £$k;X�[alp^ � X � k;`\g~iJ[TXV� i\XV`��L^ �op^ `�X;]_X;`\XVl�kVg�[rn$�ZlpXV`�kVg�[an$om[ � ± � i\`\X;n�[ � ³ g ®�[ � � £ ¢ � ^a� k;^dlpopgjb § ^ opX�faXVn�^hkVgjom[aopX[alpcdspn�[a`¦opXN`�^aiJ[ab § ^ ~ω
� ��om[�q)XV`�`e[ � �
[ � kV^alpopg�b 
FX � opXCfdX;n�^hkVg�op[aopXN[alpcaspn�[a`opX�`�^aiJ[rb�[a^zl1spn�[z^�`\X;]_X;`\X;lpkVg�[an?k�[a`¡ieX �Vg�[rlp^ � � ¢ op^ � X;lOie`\^Lom[zqAX;`\`e[!ieX;�©^ �@� X;s �XVg~®F^ � ��®F^ � lm[ � ± � ie`\X;n�[ � ³ g ®�[ � �

	 ± W �0�@���
	@£ 	 £ ª�£5�+�¡ª ± �
q@£ 	 £ � ± ³ ± � ± � � � ´ � ��	@£ ��� ± � � � ´ � � � ¢± ª�� ± � ´ �
	@£ ´ £ ��� ± � � � ´ � � £ ¢
´ XE®Ftp`\X �\�e§ ^ ���O¢ ]_^d`�lpXVk;X�[�]_^d`\bV[¦�1spXTtp`\^hops��$[![akVX;n�XV`\[ab § ^¦op^¦fdX(ie^d`#tu^ � g�b § ^om[��L[ �\� [ m

k;^dn�^hk�[rom[8X;� � � ¢ � −→CP = ~r
�*`�X;]_X;`\g�o�^�[a^�`\X(]_XV`\X;lpkVg�[an��ZlpXV`�kVg�[an � £ ¢� sptu^dlpop^�¨ � X�[9`�^aiJ[ab § ^Com[Cq)XV`\`\[9l1spn�[ � � [a`\[C[N[alm�anjg � X�op^ � ]_X;l�
d��XVlp^ � ^hkVXV[alp^r¨cd`e���pkV^ � �T�L[ag � lp[riesp`\[an �FXVlOie`�X;ie[alOie^p�m]²[ �;XV`5[¦]_^d`\bV[!�hs�X�t�`\^hops���[z[akVX;n�XV`\[ab § ^!op^fdX;i\^d`Bt¯^ � g�b § ^ � XV`B`\X(]_XV`\gjom[�[a^�`\X;]_X;`\X;lpkVg�[anu� § ^��ZlpXV`�kVg�[anmop^ � XVlOie`�^�om[�qAX;`\`e[ (C)

�X � sptu^d`¡¨ � X�[!`\^aie[ab § ^zom[!q)XV`�`e[!l § ^zl1spn�[F�pt¯^ag � X ��� [ ��[zk;^dlpopgjb § ^z`�X�[an � fhg � ie[!op^`\X;]_X;`\X;lpkVg�[an � £ ¢\¢ �)kV^a� �1spX�ie^hop^ � ^ � ��^�fFgj�LX;lOie^ � lm[ � sptuXV`�]_°jkVgjX�om[8qAX;`\`e[ �e§ ^p�
�
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³ gjcdsp`e[ µ �
XV�©cdX;`e[anx�popX � kV`�gji\^ � �

� � � g � i\XV�L[�opX!`�X;]_XV`��Vlpk;g�[�k;^dn�^hk�[rop^9lm[ � spt¯X;`�]_°jkVg�X�om[9q)XV`\`\[ �¦kJ¬m[a�L[aop^Co�X`\X;]_X;`\X;lpkVg�[an��@^d`\g �V^dlOie[an � ¬ ¢�� ³ g�c  6¢ � tu^dg � ieX;�,^�¬p^d`�g �;^dlOieX�n�^hk�[an?k;^d�L^Ltpn�[rlp^Lo�X`\X;]_X;`��;lpkVg�[�X#^ � X;g~®F^ � k�[r`�ieX �Vg�[alp^ � tm[r`e[anjXVn�^ � [a^ � o�^�`�X;]_XV`�XVlpk;g�[an�kV^dnj^FkV[aop^Tlp^ � XVlh¨ie`\^Lom[Lq)XV`�`e[ � � ¢ � �+g � i\^Lo�^�`\X(]_XV`�XVlpk;g�[an)�ZlpXV`�kVg�[an4opX¦£$`�g�cdX;� (O)
^L�L^�fhg���XVlOi\^om[�tm[r`�ie°jkVspn�[

m
kV^dnj^FkV[aom[�lp^�tu^dlOie^

(P )
�1lp^�`\X;]_X;`\X;lpkVg�[an��@^d`\g �V^dlOie[an � ¬ ¢ �hi\XV�HXV�`\XVn�[ab § ^�[a^TXVg ®�^�opX#`�^aiJ[rb § ^Tom[$q)XV`�`e[��1sp�L[
faXVn�^hkVgjom[aopX5[rlpcdspn�[a`V� ~ω 6= �F�OkV^dl�]_^a`\��Xg�lpopgjk�[ao�^!lm[ ³ g�c   �

± �\� [ fdX;n�^hkVg�op[aopX�[alpcdspn�[a` ~ω
��[ �LX � �L[ tm[a`\[�i\^Fop^ � ^ � t¯^dlOi\^ � om[ qAX;`\`e[F�g�lpk;n�spgjlpop^�^ tu^dlOie^

(P )
X8^ `�X;]_XV`�XVlpk;g�[an��@^d`\g �V^dlOiJ[rn � ¬ ¢ opX8kV^h^d`\o�XVlm[aop[ � �0tu^dg �XVn�XCie[a�¦���V� cdgj`e[�kV^a� fdXVnj^Fk;g�om[ropXN[alpcds�n�[a`

~ω
��XV� `�XVn�[ab § ^ [a^�`\X(]_XV`�XVlpk;g�[an ��®F^lm[ � ± � ie`�XVn�[ � ³ g ®�[ � � £ ¢ � �@X ��� [ � kV^dlpo�g�b 
hX � [TfdXVnj^Fk;g�om[ropX#iJ[alpcaXVlpk;g�[an ~uT

op^�faX;i\^d`t¯^ � g�b § ^ ~r =
−→
CP

�pX;�©`\X;n�[ab § ^�[a^ � XVlOie`�^Lom[zq)XV`\`\[ � � ¢ ��om[aom[zt¯^a`V�
~uT =

d
−→
CP

dt
=

d~r

dt
= ~ω ∧ ~r, �¡  � ¢tu^dg � s���[�tm[a`¡ie°�k;spn�[$o�X
�L[ �\� [ m

kV^dnj^FkV[aom[Tlm[ � sptuXV`¡]_°�kVgjX5om[�q)XV`�`e[��1lp^�t¯^al1i\^
(P ) � X��L^�fhg���XVlOiJ[�XV� ie^d`�lp^ op^ X;g~®F^ opX�`�^aiJ[ab § ^ om[ qAX;`\`e[ k;^d� faXVnj^Fk;g�om[ao�X[alpcdspn�[a`

~ω
kV^al�]_^d`\��XTX � �1spXV�L[rieg ��[ao�^Llm[�vx{�|~}a�h�����Vy �	 [�vx{�|~}a�h���	�Vy�f
�(¨ � X��1spX�lp^zn�g���gji\X+tm[r`e[ ∆t ⇒ 0

^a��ieX;�z¨ � Xa�
lim

∆t→0

∆~r

∆t
=

d~r

dt
= |~r| senγ

dθ

dt

~ω ∧ r

|~ω ∧ ~r|
�¡ d 6¢

njXV�¦�p`\[alpop^��1spXa�
|~ω ∧ ~r| = |~ω||~r|senγ

X��hs�Xa�
|~ω| = dθ

dt

� � s�� � i\gjies�g�lpop^�¨ � X�XV�
�¡ d 6¢ ^a��ieX;�z¨ � Xa�

~uT =
d~r

dt
= ~ω ∧ ~r �¡ �µd¢

�



�1spX �$[�faXVnj^Fk;g�om[ao�X@ie[alpcdX;lpkVg�[an �OXE®�t�`\X ��� [!tuXVn�[�XV�1sm[rb § ^ ��  � ¢ �hk;^d�H�1spX
i\^Fom[ �[ � kV^dg � [ � ¥9opg � i��alpk;g�[ |~r|senγ � ³ g�c µa¢ ��op^CX;g~®F^CopX!`�^aiJ[ab § ^9om[9q)XV`�`e[Ctu^ �\� spXV�8�� XVl�op^$^��rlpcdspnj^ γ
[@k;^dn�[ri\gji\spopX�opX � � ¢ � q)^Fop^ � ¬m[r�pgjie[alOieX � om[5qAX;`\`\[
X � i § ^ � s�Y�X;gji\^ �[5X �\� [5faXVn�^hkVgjom[aopXAiJ[alpcaXVlpk;g�[anx��t¯X;n�^0]²[ri\^#opXB[0qAX;`\`e[#cdgj`e[a` kV^d� fdXVnj^Fk;g�om[ropX�[alpcds�n�[a`

~ω 6= 0
XV��ie^a`\lp^
op^+X;g~®F^$�@^d`�i\X(¨¡Whspn � XV��`�XVn�[rb § ^
[a^+`�X;]_X;`\XVl�kVg�[rnhop[ � ± � i\`\X;n�[ � ³ g~®�[ � �� ± q �d��� � ´ ��� � ± � ~Bh

�$£ Wh�¡WFq ± ª ´ � �d�@��� �a�
q ´ � � ¬ ¢
WFXZY\[�^9fdX(ie^d` ~Bh

lm[ � sptuXV`¡]_°�k;g�X�op[�qAX;`\`\[9�LX;opg�op^�XV� `\XVn�[ab § ^C[a^9`�X;]_XV`�XVlpk;g�[an
�
^d`�g �V^al1ie[an<opXz^d`�g�cdX;� � ¬ ¢ � ~Bh ∀ | ~Bh = Bx

~i + By
~j + Bz

~k
�4^dlpopX

Bx

�
By

X
Bz

�\§ ^�[ � k;^d�Ltu^dlpX;lOieX � kV[a`�i\X � g�[alm[ � ^d`¡ie^dca^dlm[ag �'� XVcasplpop^�^ � fdXV` � ^d`�X � ~ih, ~jh
~kh

o�X�	�hopspnj^ � |~ih| � |~jh|
�
| ~kh| = 1

�mk;^d�
~ih, ~jh, ~kh

tp`\X � ^ � [a^�`\X(]_XV`\X;lpkVg�[an �
^a`\g �;^dlOiJ[an?o�XkV^h^d`\opX;lm[aom[ � ie[alpcdX;lOieX�¥ � sptuXV`�]_°jkVgjXTom[!qAX;`\`e[ �WFX ~Bh
� X��L^�faX�X;��`\X;n�[ab § ^8[a^8`\X;]_X;`\X;lpkVg�[an �
^d`�g �;^dlOiJ[an<o�X�^a`\g�caXV� (h)

�)kV^d�fdXVnj^Fk;g�om[ropX
~uh 6= ~uT[¦fr[a`\g�[ab § ^!op^ ~Bh

k;^d�©^!ieX;�Ltu^ ��op[aom[!t¯^a`V�

~uh =

(

d ~Bh

dt

)

h

=
dBx

dt
~ih +

dBy

dt
~jh +

dBz

dt
~kh �¡  �O¢

�@X �\� X � g � i\XV�L[TopX
`�X;]_X;`��Vl�kVg�[�^�kV^dl�Y�s�l1i\^ ~ih
�
~jh

X ~kh

� �F®�^�lp^�`\X;]_X;`\X;lpkVg�[an �
^r¨`\g �;^dlOiJ[an � ¬ ¢ X0cdg�`\[
k;^d� X;n�X k;^d� faXVnj^Fk;g�om[ao�X0[alpcaspn�[a`
~ω
XV� `\X;n�[ab § ^T[a^$`�X;]_X;`\XVl�kVg�[rn�ZlpXV`�kVg�[rn?kVXVlOi\`e[aop^�lm[!^d`�g�cdX;�

(O) �£ � g � i\XV�L[L�ZlpX;`\k;g�[anx�utu^d`@^ds�i\^�n�[rop^p� ��l § ^�`\^riJ[ri
�d`\gj^LX�lpXVnjXa�usp� ^d� � X;`�fr[aop^a`f
�a��l § ^ � ^a�LX;l1i\XT[ � k;^d��t¯^dl�XVlOieX � k�[a`¡ieX �Vg�[rlm[ � X � kV[an�[a`�X � o�X ~Bh

fr[a`\g�[a`\X;�.k;^d�H^ieXV��tu^p�p�L[ � iJ[a��� �;� ^ � fdX(ie^d`�X � splpg~iJ�a`�g�^ � ~ih
�
~jh

X ~kh �
(

d ~Bh

dt

)

O

=
dBx

dt
~ih +

dBy

dt
~jh +

dBz

dt
~kh + Bx

d~ih

dt
+ By

d~jh

dt
+ Bz

d ~kh

dt
�¡  � ¢

^dl�opX#[ � opX;`\g~fa[rom[ � op^ � fdXV` � ^d`�X � ~ih
�
~jh

X ~kh

XV� `\X;n�[ab § ^�[a^+i\XV��t¯^ d~ih
dt

, d ~jh

dt
, d ~kh

dt�e§ ^Lom[L��X � ��[!]_^d`\�L[!�1spX¦[zX(®Ftp`�X �\�\§ ^ �� 6µd¢ � d~r
dt

= ~ω ∧ ~r
� kV^dl�]_^a`\��X0Y\�!]_^dg?fhg � ie^XVlOi § ^��

d~ih
dt

= ~ω ∧ ~ih
� d ~jh

dt
= ~ω ∧ ~jh

X d ~kh

dt
= ~ω ∧ ~kh

opX¦]_^d`���[��1spXzt¯^hopX(¨ � X¦o�X �¡  � ¢X � k;`\X(fdXV`5[�opX;`\gjfr[aop[�opX ~Bh

X;��`\XVn�[ab § ^�[a^�ieX;�Ltu^�l�^�`�X;]_XV`�XVlpk;g�[an �ZlpX;`\k;g�[an (O)
lm[]_^d`\�L[��

(

d ~Bh

dt

)

O

=

(

d ~Bh

dt

)

h

+ Bx~ω ∧ ~ih + By~ω ∧ ~jh + Bz~ω ∧ ~kh �¡  �d¢
�



^ds � X�Y\[��
(

d ~Bh

dt

)

O

=

(

d ~Bh

dt

)

h

+ ~ω ∧ ~Bh �¡  �O¢
�@^aieXE¨ � XNX;� �¡  �d¢ �hs�X�[�fr[a`�g�[ab § ^�kV^d�=^�i\XV��t¯^�op^�faX;ie^a` ~Bh

[ ��� ^hkVg�[rop^�¥��[ ��� [ m
lp^�tu^dlOie^ � � ¢ �9opX � k;`\gjie[�lp^�`�X;]_XV`�XVlpk;g�[an��ZlpXV`�kVg�[an (O) � ^d�L[alpo�^r¨ � X9[fa[r`\g�[rb § ^9o�X ~Bh

kV^d� ^�ieX;�Ltu^Clp^C`\X(]_XV`�XVlpk;g�[an*� § ^C�ZlpX;`\k;g�[an (h) � Whg � i\XV�L[ �
^a`\g~¨�V^dlOiJ[rn ¢ ¥¦fdX;n�^hkVg�op[aopXTiJ[al�cdXVlpk;g�[an¯opX ~Bh

k;^d��^�o�X��mlpgjom[!lm[zXV�1sm[ab § ^ �� 6µd¢ �� ^dlF]_^d`\��X�[8X;�hsp[ab § ^ �¡ 6µa¢ [CfdX;n�^hkVgjom[aopXziJ[al�cdXVlpk;g�[an'o�^8faX;ie^a` ~Bh

�hsp[an��1spX;`�
~uT = ~ω∧ ~Bh

�Olp^T`�X;]_X;`\XVl�kVg�[rn �
^a`\g �;^dlOiJ[an � ¬ ¢ �0g�o �VlOiegjk�[T¥
faXVn�^hkVgjom[aopX�iJ[alpcaXVlpk;g�[an
~uT = ~ω∧ ~rh

op^TfdX(ie^d`�tu^ � gjb § ^ ~rh

om[T�L[ �\� [ m
lp^�`�X;]_XV`�XVlpk;g�[an � � ¢ �Ot¯^dg � [a�¦�u^ � ^ �fdX;i\^d`\X � iJ[rlpcdXVl�kVg�[rg ���e§ ^�opXVk;^d`\`�XVlOieX � om[�faXVnj^Fk;g�om[ao�X@o�X+`\^riJ[ab § ^ ~ω

op^�`�X;]_X;`\XVl�kVg�[rntp`\X � ^9[r^ � X;lOie`\^�om[!q)XV`\`\[ (C)
X;�©`\X;n�[ab § ^z[ � £ ¢ �� ^d`�ie[alOie^C[�fr[a`�g�[ab § ^�opX ~rh � faX;ie^a`$t¯^ � g�b § ^9opX m

X;� `�XVn�[ab § ^9[ (C) ¢ kV^d� ^ieXV��tu^p�<opX(fdX � X;`¦g�cdsp[an ¥8fa[r`\g�[rb § ^�o�X ~Bh � faX;i\^d`!�1sm[an��1spX;`![ ��� ^hkVg�[rop^�[ m
XV�

(h) ¢ k;^d�©^!ieX;�Ltu^p�popXT]_^d`���[¦�1spX�opX
(16)

tu^Fo�X(¨ � X�X � k;`\X(fdXV`
g�lpgjkVg�[an���XVlOieXr�

~uo =

(

d ~Bh

dt

)

h

+ ~ω ∧ ~rh �¡  	d¢
ª�[ � �6kV^d��^ ( d ~Bh

dt

)

h
=
(

d ~rh

dt

)

c

� XVcaspX(¨ � Xa� �mlm[rn���XVlOieXr���1spX ��  	d¢ tu^Fo�X � XV`?X � k;`\gjie[kV^d��^p�
~uo =

(

d~rh

dt

)

C

+ ~ω ∧ ~rh �¡  �O¢
	 X �\� [+]_^d`\�L[
^$��^�fhg���XVlOie^ ~uo

opX ~Bh

�rfFg � i\^$op^$`�X;]_XV`��Vlpk;g�[anh�ZlpX;`\kVg�[an � £ ¢ tu^Fo�X� XV`@X � kV`�gjie^zX;� ieX;`\��^ � op^z�L^�fhg���XVlOi\^ ~uh

XV� `\XVn�[ab § ^z[a^z`\X;]_X;`\X;lpkVg�[an �
^d`�g �;^dlOiJ[an
(h) � �hs�X �$g�cdsp[anu[a^!`\X(]_XV`��;lpkVg�[anuop^�� XVlOie`�^zom[�q)XV`\`\[ (C) ¢ ¥�tm[a`�i\g�`�op^�faX;ie^a` ~rh

�
� kVs6Y�^$�	�hopspnj^ ��opgj]_X;`\X;l1i\X0op^
�	�hopspnj^
opX ~r

^$`e�agj^
���Vo�g�^+op[+qAX;`\`\[ ¢ �a[aopg�k;g�^dlp[alpop^r¨� X��pkV^dlF]_^d`\��X�[!XV�1sm[ab § ^ �� 6µd¢ ��^zfaX;i\^d`#fdXVnj^Fk;g�om[ropX ~ω ∧ ~rh �
´ ± � � ´ �
	@£ ³ � � 	 ´ ª ± �@q ´ � 	 ´ 	 �����Tª�� � ´ 	 £�W�£�� ± ´ �+£�Wª�[ � [�XV�1sm[rb § ^ (9)

�¦[ ± �hsp[ab § ^ ³ splpop[a�LX;lOiJ[an)om[ 	 gjl �a��g�kV[Lop^ � £Tk;X�[al�^ �opX � kV`\g~iJ[�XV� `\X;n�[ab § ^�[a^�`�X;]_X;`\XVl�kVg�[rn �ZlpX;`\kVg�[an0opX�^d`\gjcdXV� (O) � spt¯^alpop^r¨ � XN[�fdXE¨n�^hkVg�op[aopXN[alpcaspn�[a`!op[ q)XV`\`\[
~ω
� � � � [a`\[ X � kV`�X;faXV`9X �\� [�XV�1sm[ab § ^ X;� `\X;n�[ab § ^[a^z`\X;]_X;`\X;lpkVg�[an �
^a`\g �;^dlOiJ[anx�F�1spX���^dlpo�XTX � ie�!^L�
[�fFgj^L£Tk;X�[al�^dcd`e� �mkV^p� � ^d�NkV^alpopg~¨k § ^LopX ~ω 6=

��� opX;faX(¨ � X�i\`e[a�m[rn�¬m[a`#k;^d��^Llm[�XV�1sm[ab § ^ ��  �O¢ [riesp[alpop^r¨ � X�opX�]_^a`\�L[[alm�anj^dcO[¦kV^a�L^ � ^a�p`\X�^!fdX(ie^d`5�1sm[anj�hs�XV` ~Bh

�m�L[ � [acd^d`\[¦g�opX;lOieg �pk�[aop^zk;^d�L^¦faX;i\^d`fdXVnj^Fk;g�om[ropXT�1sm[an��1spX;`
~uo

�
~u � £TtuXV`\[alpop^�¨ � X�opX �\� [z]_^d`���[!X;� �¡  �d¢ ^d��ieX;�z¨ � Xr�

	



(

d ~uo

dt

)

O

=

(

d ~uo

dt

)

C

+ ~ω ∧ ~uo �¡  �O¢WFs�� � i\gjies�g�lpop^�¨ � XB^
fr[anj^d`4opX ~uo

�L^ � ie`\[aop^
lm[
X;�hsp[ab § ^ �¡  �O¢ XV� ��  �O¢ �r]²[ �;XVlpop^�¨� X ~uo = ~u
X�[aop��gji\g�lpo�^�¨ � X ~rh

∼= ~r � X;cdspX(¨ � Xr�
(

d~u

dt

)

O

=
d

dt

[(

d~r

dt

)

C

+ ~ω ∧ ~r

]

C

+ ~ω ∧

[(

d~r

dt

)

C

+ ~ω ∧ ~r

]

C

. � µ � ¢
± ]_X;i\sm[alpo�^r¨ � X�[ � ^at¯X;`e[ab 
FX � gjlpopgjk�[aom[ � �

(

d~u

dt

)

O

=

(

d2~r

dt2

)

C

+

(

d~ω

dt
∧ ~r

)

C

+~ω∧

(

d~r

dt

)

C

+~ω∧

(

d~r

dt

)

C

+~ω∧~ω∧~r �xµF 6¢
� ^d��^8^8faX;ie^a`�fdX;n�^hkVgjom[aopX�[alpcaspn�[a`

~ω
om[�q)XV`�`e[��Ltp`\[riegjk�[a��XVlOi\X�k;^dl � iJ[alOieXr�� XVcaspX(¨ � Xa�m]²[ �;XVlpo�^ d~ω

dt
= 0

(

d~u

dt

)

O

=

(

d2~r

dt2

)

C

+ 2~ω ∧ ~u + ~ω ∧ (~ω ∧ ~r) � µdµa¢
^d��ieX;lpop^r¨ � X �mlm[anj�LX;lOieXa�

(

d~u

dt

)

O

=

(

d~u

dt

)

C

+ 2~ω ∧ ~u + ~ω ∧ (~ω ∧ ~r) , � µ �d¢
�hs�X �L[8fr[a`\g�[ab § ^8k;^d�«^NieXV��tu^�op^8fdX(ie^d`

~u
fhg � iJ[8op^�`�X;]_XV`�XVlpk;g�[an'�Zl�XV`\k;g�[an (O) ��
^ai\X(¨ � X��hs�X�X;n�[![aopgjkVgj^dlm[!¥¦fr[a`\g�[ab § ^!k;^d�©^!ieX;�Ltu^!opX

~u
�pX(]_X;ieg~fr[a�LX;lOieXT��XVopgjom[lp^N`\X;]_X;`\X;lpkVg�[an � � ¢ ���L[ag � opsm[ � tp[a`\k;XVn�[ � �1spX � X;` § ^Ng�o�XVlOieg �mk�[aop[ � �L[ag � [aopg�[rl1i\X ��
^ai\X(¨ � XT�1spXT[ � tm[r`\kVX;n�[ � opX$fdX;n�^hkVgjom[aopX � g�lpk;^d`\tu^d`\[aom[ �B�e§ ^!o�XV`\g~fr[aom[ � op[�fdXVnj^Fk;g~¨om[aopX�[alpcaspn�[a`

~ω
l § ^�l1spn�[!om[�q)XV`�`e[ � �0[ � ^Lk;^dlOie`\�a`\gj^L[¦fr[a`�g�[ab § ^!opX ~u

X;� � £ ¢ XXV� � � ¢ � XV`�g�[a�©gjcdsm[ag � �WFsp� � iegji\spg�l�op^r¨ � X � µ �O¢ lm[�X(®Ftp`�X ���e§ ^ ��	d¢ lp^aiJ[rlpop^r¨ � XN�1spXa� d2
−→
OP

dt2
− d2

−→
OC

dt2
=

(

d2~r
dt2

)

O

X��1spX (
d2~r
dt2

)

O
=
(

d~u
dt

)

O

�^d��ieX;�z¨ � Xr�
m.

(

d~u

dt

)

C

+ 2m.~ω ∧ ~u + m.~ω ∧ ~ω ∧ ~r = ~P + ~F + ~T + ~τ � µ � ¢X�XVlOi § ^p�
m.

(

d~u

dt

)

C

= −2m.~ω ∧ ~u − m.~ω ∧ ~ω ∧ ~r + ~P + ~F + ~T + ~τ , � µ �a¢
�



�1spX �5[+X;�1sm[ab�[r^�]_s�lpom[a��XVlOiJ[rnptp`\^hkVs�`e[aom[¦�aX � k;`\g~iJ[$XV� `\X;n�[ab § ^T[a^T`�X;]_XV`�XVlpk;g�[an
�
^d`�g �V^al1ie[an � ¬ ¢ op^ � ^Fk;X�[al�^ � �rlp^riJ[alpo�^r¨ � X'�hs�X � � ¢ X � ¬ ¢ �e§ ^@^5�LX � ��^5`\X;]_X;`\X;lpkVg�[an �´ ]_^d`�b�[NopX � ^d`�g�^dnjg � �?[�tp`�g���XVgj`e[9tm[a`�kVX;n�[Nop^�n�[aop^Nopgj`\XVg~ie^NopX � µ �a¢ �)�hs�X�[acaXlm[��L[ ��� [zsplpgjie�a`\g�[ m

X�XV�©i\^Fop^ � ^ � ^a�hY�X;i\^ � �1spX � X���^6faXV�,k;^d� fdX;n�^hkVgjom[aopX
~u�hsp[an��1spX;`@lp[ � spt¯X;`�]_°jkVg�Xr�p^dsNlp^�g�lOieX;`\gj^d`0om[!q)XV`\`\[�� ��opX��plpg�om[!lm[!]_^d`���[��

~FCC = −2m.~ω ∧ ~u �xµ �O¢
´ ]_^d`\bV[�kVX;lOie`\°jt¯X(iJ[���[ � X;cdsplpop[�tm[a`�kVXVn�[�op^¦n�[aop^�opg�`�XVg~ie^�o�X � µ �d¢ �h�1spXT[acdX
XV�ie^hom[ � �L[ �\� [ � lm[ � s�t¯X;`�]_°�k;g�XCom[�q)XV`�`e[��B�1spXV` � XN�L^�fr[a� kV^d� fdXVnj^Fk;g�om[ropX

~u
^dsl § ^p� ��X � kV`�gjiJ[!k;^d�L^!]_^d`�b�[!kVX;lOie`\°~]_spcO[!lm[¦]_^d`���[![a�p[ag~®F^p�

~Fcf = −m.~ω ∧ (~ω ∧ ~r) �xµ 	d¢�@^ ± �1sm[ao�^d`�XVn�[�i\XV��o�g�`\X;b § ^Ngjcdsm[anx� �L[ � opX � X;lOieg�o�^�^dtu^ � ie^8¥Com[9]_^d`\bV[No�X[rie`\[ab § ^zcd`\[�fFg~iJ[ak;g�^dlp[an
~F = −m.K.
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M
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)

~r

|~r|
, � µ �O¢

� XVlpop^�� [�kV^al � ie[alOieX�cd`e[�fhgjie[akVgj^dlm[an opX���[�fdX;lpopgjkJ¬��pkV^a� �1spX�[¦�L[ �\� [ M
om[qAX;`\`e[![�ie`e[rg [��L[ ��� [¦splpg~iJ�a`�g�[ m

��opX+]_^a`\�L[��1spX+fr[anjX+tm[a`\[�ie^hom[ � [ � k;^dn�[ri\gji\spopX �
γ
om[!q)XV`\`\[L[!XE®�t�`\X ���e§ ^9[a�m[ag ®�^��

~Peso = m.~g = ~F − m.~ω ∧ (~ω ∧ ~r) , �xµ �O¢�1spX �¦[�]_^a`\b�[ ~Peso

`\X � spnjie[alOieX�om[ � ^d��[zfdX(ie^d`�g�[an4om[L]_^a`\b�[�opX¦[�ie`e[rb § ^�cd`e[�fhg~¨iJ[ak;g�^dlm[rn�kV^d�©[!]_^a`\b�[!k;XVlOie`�°j]_spcO[!lm[ztm[a`¡ie°jkVspn�[
m �� ^d`�ie[alOie^�^�faX;ie^a`5]_^a`\b�[z`\X � spn~iJ[alOi\X�[�iesm[al�op^Llp[��L[ �\� [!splpgjie�a`\g�[ m

kV^an�^hk�[aom[XV�
(P )

��o�X � k;`\g~ie^zt¯^a`0�LX;opg�b § ^¦opX ~u
]_XVg~iJ[¦lp^!`�X;]_X;`\XVl�kVg�[rn �
^d`�g �;^dlOiJ[an � ¬ ¢ �pg � ie^ �r�lp^ � ^Fk;X�[al�^ � �mtu^Fo�X � XV`5X(®Ftp`�X ��� ^�lp[z]_^d`���[F�

m.

(

d~u

dt

)

h

= ~P + ~Peso + ~T + ~τ + ~FCC � � � ¢^dl�opXa�
1o
i\XV`��L^��@[�]_^a`\b�[�`\X � spn~iJ[alOi\X+[ri\sm[alpo�^�X;� m

�F`�X;]_X;`\g�op[�[r^�`�X;]_XV`�XVlpk;g�[an � § ^��ZlpXV`�¨kVg�[rn �
^d`�g �;^dlOiJ[an � ¬ ¢ �m�1spX��TXV�1spg~fr[an�X;l1i\X�[a^z`\X(]_XV`\X;lpkVg�[an�op^ � X;l1i\`\^�om[zqAX;`\`e[ � � ¢�
2o
ieXV`��L^ ��[¦]_^d`\bV[!opX;fhg�o�^L[r^�ca`e[aopgjXVlOieX�opX�tp`�X ���e§ ^ ~P �

3o
ieXV`��L^ ��[¦]_^d`\bV[!t¯X � ^ ~Peso �

4o
ieXV`��L^ ��[¦]_^d`\bV[!cdXV`\[aop^d`\[zo�X��L[a` � � ~T �

5o
ieXV`��L^ ��[¦]_^d`\bV[!opg ��� g�tp[rieg~fa[ ~τ �

6o
ieXV`��L^ ��[¦]_^d`\bV[!opX � ^d`\gj^dn�g � ~FCC �

�



 6¢ ¨ ´ X;�hsp[ab § ^ � � � ¢ ��[ ± �1sm[ab § ^ ³ splpom[r�LX;l1ie[an4om[ 	 g�l �a��g�kV[!op^ � £$k;X�[alp^ �tm[a`e[Csp�L[Ctm[a`¡ie°�k;spn�[9o�X��L[ ��� [Csplpg~iJ�a`�g�[ m � sptu^dlpop^�¨ � X ~ω 6=
� � ± n�[ ��o�X � k;`\g~iJ[XV��`�XVn�[rb § ^N[a^N`�X;]_XV`�XVlpk;g�[an<� § ^N�ZlpX;`\kVg�[an<om[Cq)XV`�`e[ � �@^d`\g �V^dlOiJ[rn � ¬ ¢\¢ �?gjlpopgjk�[alpo�^�hs�XC[�[ab § ^�op[ � ^d�L[CfdX;i\^d`\g�[an �)om[ � ]_^d`\bV[ � i\`e[ri\gjfr[ � opXL��[a` � � � opX(fhg�om[ � [a^�Wh^dn ��4sp[LX�^ds�ie`�^ � tpn�[rlpX;ie[ � ¢ �uop[z]_^d`�b�[zopX�cd`e[ao�g�XVlOi\X�o�X�tp`�X ���e§ ^p�uom[z]_^d`\bV[�opX�[ri\`\gji\^p�om[z]_^a`\b�[!tuX � ^LX�om[¦]_^d`�b�[!opX � ^d`\gj^dn�g � ��[akVX;n�XV`\[z[z�L[ ��� [!splpg~iJ�a`�g�[ m �

µd¢ ¨ ´ ]_^d`\bV[Lcd`\[aopg�X;lOieX�opX�tp`\X �\�e§ ^ ~P
��[�`\X � tu^dl � ��faXVn*tuXVn�[�t�`\^dtm[rcO[ab § ^Lom[ �kV^d`�`\XVlOi\X � o�X � sptuXV`�]_°jkVgjX8caXV`e[rom[ � t¯X;n�^�fdX;lOie^p­5tuXVn�[�tp`�^dtm[acd[ab § ^�om[ � ^alpom[ � cdX(¨`e[aom[ � tuXVnj^9fdX;l1i\^p�)�hs�X�[ri\g�lpcaXV� ie^hom[ � [ � tp`\[ag�[ � op[ � g�nj¬m[ � XzkV^al1i\g�lpX;lOieX � ­*tuXVn�[tp`\^dtp[acO[ab § ^�opX5q � splm[a��g � opX;kV^d`�`\XVlOi\X � o�X
[r�m[an�^ �'� ° � �LgjkV^ � ­FtuXVn�[$tp`\^dtp[acO[abV[a^�om[^dlpom[�opX��L[a` � � lp[ � �a`�X�[ � kV^ � ieX;g�`\[ � o�X�ie^hop^ � ^ � ^Fk;X�[alp^ � Xr�¯X;l1i\`\X�^ds�ie`\[ � �L[ag � �t¯X;n�[�tp`�^dtm[acd[ab § ^�om[ � �rcdsm[ � [r�hs�XVkVgjom[ � op[ � �a`�X�[ � ie`\^atpg�kV[ag � XV�.opg�`�XVb § ^!¥ � �r`\X�[ �t¯^dn�[a`\X � �d^alpopX#tuXV`\o�XV� i\XV��t¯X;`e[ri\sp`e[F�aie^d`�lm[a�!¨ � X �L[ag � opXVl � [ � X5[r]_spl�om[a�8�aom[al�op^^d`\gjcdXV�«¥8kVgj`\kVs�n�[ab § ^NopX�n�[a`\cO[CX � k�[rn�[NkV^dlp¬�XVkVgjom[�k;^d�L^Nk;g�`\k;spn�[rb § ^NieX;`\��^d¬m[anjg�lm[op^ � ^Fk;X�[al�^ � �

�O¢ ¨ ´ ]_^d`\bV[ ~Peso

`\X � spn~iJ[+om[ � ^d�L[
fdX(ie^d`�g�[an1om[@]_^d`\bV[+opX#[ri\`e[ab § ^+ca`e[�fhgjiJ[rkVg�^alm[anX�om[C]_^d`\bV[�k;XVlOie`�°j]_spcO[8[ri\sm[alpop^�XV�
m �9´ ]_^d`\bV[�k;XVlOie`�°j]_spcO[����L[ag � g�lOieX;l � [8lm[�a`\XV[ ± �1sm[�ie^d`�g�[anAX��¦l1spn�[9l�^ � � ^an�^ � � � ^a�L^�ie[an � [L]_^d`�b�[ ~Peso

���LX;lp^ � gjl1i\XVl � [lp^ ± �hsp[aop^d`$X����6®�gj��[zlp^ � � ^dnj^ � i\XV`\`�X � ie`\X � � ± �\� X¦]_XVl�
d��XVl�^9tp`\^hops���^C[akJ¬m[6¨iJ[a��XVlOie^!op[�qAX;`\`\[¦lm[ � �a`�X�[¦tu^dn�[r`\X � X$sp� [a�m[as�n�[a��XVlOie^�om[ � �r`\X�[ � ± �hsp[rie^d`�g�[ag � �
� ¢ ¨ ´ ]_^d`\bV[+cdX;`e[aop^a`e[
o�X0��[r` � � ~T

�a�1spX0tp`�^Fo�s��0^$opX � nj^FkV[a�LX;lOie^+o�X m
opX;fhgjop^[ � ��[r` � � ��l § ^ �Tsp��[�]_^d`\bV[¦cd`e[�fhgjie[akVgj^dlm[anukV^d��^¦cdX;`e[anj�LX;lOieX � X � spt�
FX �'´ ]_^d`\bV[

~T
`�X � s�njiJ[
om[+opg~]_XV`\X;lpb�[$o�X0opsm[ � ]_^d`\bV[ � cd`\[�fFg~iJ[ak;g�^dlp[ag � ~F

�dopX;fhgjom[T[+k�[rom[$[ � ie`\^To�X
� t¯X;` � X � �Osp�L[T[riesm[rlpop^ � ^a�p`\X5[T�L[ �\� [ m

k;^dn�^hk�[aop[+lp^Ttu^dlOie^
(P )

op^T`�X;]_X;`\XVl�kVg�[rn
�
^d`�g �V^al1ie[an � ¬ ¢ X+^dsFie`e[�[riesm[rlpop^ � ^d�p`�XT[��L[ �\� [ m

kV^an�^hk�[aom[�lm[�^d`�g�cdX;��op^�`�X;]_XE¨`\XVl�kVg�[rn*�
¥a^9�ZlpX;`\kVg�[an � � ¢ lp^ � XVlOie`�^Com[�q)XV`\`\[ �$´ ]_^d`\bV[ ~T
ieXV� � gjlm[an)lpXVcd[rieg~fd^p�^ds tu^ � g~iegjfa^p�*o�XVtuXVlpopX;lpop^�opXL^dlpopXLX � iJ��[��L[ ��� [ m

lp^�`\X;]_X;`\X;lpkVg�[an�op[ � XVlOi\`\^om[9qAX;`\`\[ � � ¢ �¯t¯^a`�iJ[rl1i\^Clp^9tu^dlOie^ � � ¢ � � X!op^Cn�[ao�^�XV� �1spX¦^N[ � ie`\^C�1spX�X(®FXV`�kVX[L[ab § ^zcd`e[�fhgjie[akVgj^dlm[an¯X � iJ�zXV�©`�XVn�[rb § ^�¥zqAX;`\`e[F�m^dsNlp^Ln�[aop^!^dtu^ � ie^p�mX;lp�1sm[alOie^L[]_^d`\bV[�opXL[rie`\[ab § ^�cd`\[�fFg~iJ[ak;g�^dlp[an ~F
�*XV�«�1sm[rn��1spXV`�op^ � k�[ � ^ � �)ieX;� � XV��tp`�X � gjlm[anlpXVcO[�iegjfa^p�mopX�[ri\`e[ab § ^p��^��1spX�[ � opg � iegjlpcdspXTk;n�[a`\[a�LX;lOieX �

	 X(fdX � XV`¦lp^riJ[aop^��hs�XC[�]_^d`�b�[�opX�[rie`\[ab § ^�cd`e[�fhgjie[akVgj^dlm[an'X;lOie`\X9[���[ �\� [�om[qAX;`\`e[�X¦[z��[ �\� [�om[��?sm[zopX(fdXV`�g�[��uopX�[akV^a`\op^LkV^d� [�XV�1sm[ab § ^ �xµ �O¢ � ^hk�[ � g�^dlp[a`5[kV^dnjg �e§ ^�op^ � [ � ie`\^ � � � �\� ^¦l § ^�[akV^al1i\XVk;Xa�ptu^dg � fhg � ie^ � opX � £ ¢ �1op^dg � [ � ie`\^ � �1spX$l § ^kV^dnjg�opX;� �!tu^d`\�1spXz[r�¦�¯^ � ie`\[al � n�[aom[a� XV� ie^d`�lp^CopX!sp� � XVlOie`�^�opX�ª�[ �\� [ � ^r¨�¦sp���p^as8l § ^zt¯X;`�ieX;lpkVX;� [a^ � g � ieX;��[!cd`\[�fFg~iJ[ak;g�^dlp[an¯X;�©kV^al � gjopXV`\[ab § ^ � �@^aieXE¨ � X

  �



�hs�X�[��?sm[8�mo�X�]²[�ie^p�ml § ^�cag�`e[!X;� ie^d`�lp^�op^Lk;XVlOie`�^Lop[�q)XV`�`e[ � � ¢ �mkV^d��^zcdXV`\[an~¨�LX;l1i\X � X � s�t 
hXa�<�L[ � ie`\[al � n�[aom[NXV�«ie^a`\lp^�op^ � X;l1i\`\^�opX�ª�[ ��� [ � ^d��sp�«�1spX]_^d`\�L[
k;^d� [@qAX;`\`\[ � £ �LX � ��^+tu^Fo�X � X;`<opg~ie^+X;� `�XVn�[ab § ^+[a^$k;^dl�Y�splOie^TWF^dn~¨ qAX;`\`\[XLk;^d�«�L^hopg �mk�[ab 
FX � t¯X;`�iegjlpXVlOi\X � iJ[a�¦���V�RXV�«`\X;n�[ab § ^�[a^ � ^ds�i\`\^ � tpn�[rlpX;ie[ � op^� g � ieX;��[ � ^an�[a` �
�d¢ ¨ ´ ]_^a`\b�[�opg ��� g�tp[rieg~fa[ ~τ

�FkV^d��^![�]_^d`�b�[�o�X�� ^d`\gj^dn�g ��� �!X(®Fg � ieX+�hsp[alpop^z¬p^dsh¨fdXV`T��^�fhg���XVlOie^
~u
om[9�L[ �\� [ m � qA[anAk;^d��^9lm[ � ^Fk;g�XVop[aopX���^hopXV`�lm[�� ^alpopX�lp[aom[� X@�L^�fdX � X@l § ^�¬p^as�fdX;` sp�L[T�psp`\^hkV`\[akVg�[��1[�opg ��� g�tp[ab § ^�l § ^�XE®�g � i\X � X
l § ^�¬�^ds�fdX;`�L^�fhg���XVlOie^ � ± �\� X¦��^6fhgj�LX;l1i\^�tu^Fo�X � XV`$kV[as � [rop^9tu^d`+�1sm[anj�1spXV`@]_^d`\bV[ ~P

� ~T �u^ds
~Peso

�1spXN[�]_^a`\b�[�opX�]_`\gjkVb § ^ ~τ
X � ie[a`e��t�`\X � XVlOieX � £ ]_X;lp^d��XVlp^�o�X9opg ��� gjtm[ab § ^�X� ^hkVg�X;om[aopX@ieX;�H[an�cds���[�[alm[rn�^dcdg�[$lm[�]_^a`\�L[�o�g � ]_^a`\��X@k;^d���1spX+^��L^�fhg���XVlOi\^�op^ �^Fk;X�[alp^ � Xzom[ �T� ^hkVg�X;om[aopX � kV^dlpo�s��VX;���4^ds�tuXV`\o�XV�«XVl�XV`\cag�[ � £ £$kVX �rlp^NkV^dlpo�s��XVlpX;`\cdg�[zlp[!]_^a`\�L[¦opX � ^d`\opX;lm[aom[zom[¦ies�`\�pspn �Vlpk;g�[!¬p^d��^dc
�;lpX�[F� � ´ X;lpXV`�cdg�[!tm[a`\[![��[al1s�i\XVlpb § ^¦om[ � ^hkVgjXVom[ao�X �
ie[a�¦���V��opX � ^d`�opXVlp[aom[ ¢ �p^ds�tuXV`�opX+X;lpXV`�cdg�[F��[ri\`e[�f � �op^¦]_XVl�
a�LX;lp^!opXTkVg ��[anj¬m[a��XVlOie^��¯X;� k;^d�Ltu^d`¡iJ[aop^ � �
[ �0� ^hkVgjXVom[ropX � � [rie`\[�f � � om[ �`\XVn�[ab 
hX � o�g�tpnj^d����ieg�kV[ � ¢ �F^asNi\sp`\��spn�X;l1i\^ � �+[ �#� ^hkVg�X;om[aopX � � [ri\`e[�f � � op[zcaspXV`�`e[¦ie^r¨iJ[an ¢ � £ `�XVkV^alp¬pXVk;g���XVlOie^�om[$`�X�[anjg�om[ropX opX �\� X � ]²[rie^ � ie^d`�lm[T[T[alm[rn�^dcdg�[@k;^dl � ie`\s�°�om[��opX�kVXV`¡iJ[!]_^d`\�L[��hfdXV`�^ �\� °���XVn

�
[zo�g �\� g�tm[rb § ^zom[!XVl�XV`\cag�[!om[ � �L[a` � � t¯X;n�^z[ri\`\gji\^ �e§ ^�cdX;`e[aom[ � kV^d��t¯^alpXVlOieX �opXzt¯X;�hs�XVlp^8]_splpop^8t¯^a`TkV^d��t¯^alpXVlOieX � tuXV`�g �hopg�kV[ � [ ��� ^hkVg�[aom[ � ¥ � �d`��pgjie[ � op^�WF^dnX!om[C�?sm[���gjlpopg�kV[alpop^��hs�X!¬m�Csp� k;XV`¡ie^Ncd`e�rs�opX¦opX(ieXV`��Lgjlpg � �L^Llp^Ntp`\^hkVX �\� ^8o�XcdXV`\[ab § ^+opX ��� [ � k;^d��t¯^dl�XVlOieX � �O[a^
g�lOf � � op^+k��a^ � ie^aie[an1op^+��^�fhg���XVlOie^5iesp`��pspnjXVlOie^ �� �L[LkV^al � X;�hs �Vlpk;g�[9�uXV� opX;i\XV`\��g�lp[aom[N� om[�opg ��� g�tp[ab�[a^Lom[�X;lpXV`�cdg�[�lp^9k�[ � ^9om[ �³ ^a`\b�[ � qA`\[rieg~fa[ � opX�ª�[r` � � ��fdX;��om[C[ � ie`\^alp^d��g�[�X �¦^N[rsp�LX;lOie^CopX¦]_^d`���[Lcd`e[�¨opsm[anx�mt¯X;`\�L[alpXVlOi\X�X�g�`�`\X;faXV` � °jfaXVn)om[zopg � i��alpk;g�[!om[L�4sp[�X;�,`\XVn�[ab § ^L¥�qAX;`\`\[�� t¯^d``e[ � 
FX � opXLkV^dl � XV`¡fr[ab § ^�op^���^d��XVlOie^8[al�cdspn�[r`�o�^ � g � i\XV�L[8q)XV`�`e[N¨+�?sm[��)opX;kV^d`�¨`\XVlOi\X�om[!opgj�Lgjl1spg�b § ^¦op^��L^a�LX;l1i\^z[alpcds�n�[a`0op[�q)XV`�`e[ �
�O¢ ¨ ´ ]_^d`\bV[�opX�� ^a`\g�^an�g � ~FCC

�Fk;^d��^¦[�]_^d`�b�[�o�g �\� g�tm[�iegjfr[ ~τ � �¦X(®Fg � ieX � X$¬p^dsh¨fdXV`5��^�fFgj�LX;lOie^
~u
om[!��[ ��� [ m

�m�L[ � l § ^ ��sp�L[�]_^d`�b�[!�psp`�^Fk;`e�ri\g�k�[¦XT`�X�[an kV^d��^XVn�[�� �'´ ]_^d`�b�[�opX � ^a`\g�^an�g � �5]_^d`�b�[�g�`\`�X�[anmt�`\^hops��Vgjom[�t¯X;n�^��L^�fhg���XVlOie^�opX@`\^aie[ab § ^om[Lq)XV`�`e[�� kV^a�L^��L^ � ie`\[z[ � X;cdspgjl1i\X���XVo�g�b § ^�X;� � tuXVl � [a�LX;lOie^ � � WFsptu^dlp¬m[z�1spXop^dg � [�fhg 
hX � �rfFg � i\^ � o�^$`\X(]_XV`\X;lpkVg�[anhom[ � ± � ie`\X;n�[ � ³ g~®�[ � � �Zl�XV`\k;g�[an ¢�� £ ¢ �6tm[a`¡iJ[a� op^ �
� ^dnj^ � � [a^�n�^alpcd^!opX � s�t¯X;`�]_°�k;g�X�X � ] �V`�g�k�[zcdX;^dt¯^rieXVl�kVg�[rn ��l1sp�L[�[rie��^ � ]_X;`e[ � X;�©fhg � ¨kV^ � g�om[ao�X+�1spX+l § ^�^ � [a`�`e[ � ieXa�hXV��o�g�`\X;b § ^�¥�k;g�om[ao�X@o�X�� X;n �V�,� � g~iesm[rom[�t�`
��®Fg��L[om[Lnjg�lp¬m[¦o�^ ± �1sm[aop^a`
q)XV`�`\X � ie`�X �#´ ³ g�c � � [z�L^ � ie`\[z�1spX�[a�¦�u^ �#� X�opgj`\g�caXV�8�pXV�ie`e[�Y�X;i �a`\g�[ ��� XV�HopX � fhg�^ � ��op^ � � ^an�^ � [ri �
[�k;g�om[ropX
o�X�� X;n �V� � 	 XVtu^dg � opX$[rn�cdsp�L[ �¬p^d`e[ � � � X+[�q)XV`\`\[�l § ^ � X
�L^�faXV`V�hg � ie^ �a� � X ~ω

� ���1XVnjX � kJ¬pXVcd[a�.¥�� X;n �V� � �@^aieXE¨� X��1spX�[¦]_^d`\bV[ ~Peso

�T�1spXTtp`�^6f ��[�fa[r`\g�[rb § ^¦o�XTopg�`�XVb § ^!op^ � fdX(ie^d`�X � fdX;n�^hkVgjom[aopX �
 a 
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³ gjcdsp`e[ � �
op^ � [�fFg 
FX � opsp`e[rl1i\X�^ � ie`e[�Y�X;ie^ � o�^ � � �dnj^ � [ri � ��XVn �;� �

� ^d��^T[+q)XV`�`e[+i\XV� ��^�fhg���XVlOie^
opX0`\^riJ[ab § ^ ~ω 6= 0
� � sptu^dlpop^�¨ � X#�1spX ^ � [�fhg 
hX �l § ^ � XZY\[a�,[a`�`e[ � iJ[aop^ � t¯X;n�[![ri\�L^ � ]_XV`\[����1spX � X���^�fFgj�LX;lOiJ[¦kV^a�©[!qAX;`\`\[��mg � ie^ �a�

~τ
� ���r[at � � [ � ��X � ��[ � ¬p^a`e[ � opX�ie`e[�Y�X;ie^@XVnjX � tm[ ��� [a� � ^d�p`\X�[ � ��[ � l § ^+[�ieXV`�`\g ��[a�lm[ ¢ kVgjom[aopX+opX �$spgji\^ � g~iesm[aop[�lp^ ± �hsp[aop^d` �'´ ³ g�c � � �C��^ � i\`e[�^!^hkV^a`\`\gjop^p�hfFg � i\^opX�sp��`�X;]_XV`�XVlpk;g�[anB�ZlpX;`\kVg�[an � £ ¢ � �$g � i\^�op^�`\X;]_X;`\X;lpkVg�[an�l § ^��ZlpX;`\k;g�[an �
^d`�g �;^dlOiJ[an� ¬ ¢ �)t�`\X � ^8¥ �$spg~ie^p� ^�[�fhg § ^C�hs�XzfaXVgj^8o�^ � ^dn�^�WFs�n � XzopX � n�^hkV^as ¥CX � �1spXV`�om[Nop^� XVsN��^�fFgj�LX;lOie^¦X$^z[�fhg § ^¦�1spX+fdX;g�^!op^ � ^dn�^¦�
^d`¡ieX � XTopX � n�^hkV^dsN¥�o�g�`\X;gjie[�op^ � XVs�L^�fhg���XVlOie^ztm[r`e[!kJ¬pXVcd[a`\X;�,[ri � �$spg~ie^!kV^a�L^z��^ � i\`e[z[ ³ g�c � � k �
�@^aieXE¨ � X��1spX¦^L�L^�fhg���XVlOie^�op^ � [�fFg 
FX � � lm[ � sptuXV`�]_°jkVgjX�X � ] �;`\g�kV[�cdX;^dt¯^rieXVl�kVg�[rn �fFg � i\^ � op^ `�X;]_X;`\XVl�kVg�[rn � ¬ ¢ tp`�X � ^ ¥�kVgjom[aopXNopX �$spgji\^p� �e§ ^�opX � kV`�gji\^ � kV^d��^ � X8[qAX;`\`e[ l § ^ ieg~fdX ��� X���^�fFgj�LX;lOie^ o�X�`\^aie[ab § ^ ~ω

�5�1spXa�5fhg � ie[ op^ `�X;]_XV`�XVlpk;g�[an � £ ¢ �� [a�uX(¨ � X!�1spX![�q)XV`�`e[�i\XV� � �$g � iJ[LopX � � ¢ � ^ds � ¬ ¢ �¯^dlpopX�l § ^ � X � XVlOi\Xz[�`\^aie[ab § ^om[�q)XV`�`e[��
~ω
�Tgjlm[ao�faXV`�i\g�om[r�LX;l1i\XTt¯X;`\k;XV�pgjom[�k;^d��^!¨

~ω �
� ^dlF]_^d`\��X+[�X(®Ftp`\X �\�\§ ^ �¡ 6µa¢ �F[�fdX;n�^hkVg�op[aopX5iJ[alpcaXVlpk;g�[anm¨ ~uT

�hopX$kV[aom[�s�� op^ �[�fhg 
FX � � �hs�XLlm[ ³ gjc � � [Cl § ^N^Fk;^d`\`�X!t¯^ag � ~ω
� ���4lm[ � k;^dlpopgjb 
hX � om[ � ³ g�c � � � ��X

� � k@kV^a� ~ω 6= 0
�1tm[ ��� [�[�X(®Fg � iegj`'X+[rsp�LX;lOiJ[�kV^d��[�opgj�Lgjlhs�g�b § ^Top^�fr[anj^d`�[a� � ^dn�sFie^om[ n�[�iegji\spopX � £�[asp��XVlOie^ opX�faXVnj^Fk;g�om[ao�X � X�om��lm[ ��X � ��[�`e[ � § ^ X;� `\XVn�[ab § ^ieXV��tu^p��kV^a�R�1spX!^ � [�fhg 
hX � k;`\s��V[a��[ � n�[ri\gjies�opX � ��´ � fdXVnj^Fk;g�om[ropX � ie[alpcdX;lpkVg�[ag �¨

~uT
�\§ ^�tuXV`�t¯X;lpopgjkVspn�[a`\X � ¥ � faXVn�^hkVgjom[aopX � ~u � k;^dl � iJ[alOieX � X;� �	�hopspnj^ ¢ op^ � [�fhg 
hX � �kVs�Y�^ ��� X;lOieg�o�^ ���e§ ^ � �dnj^�WFspn~¨ ± �hsp[aop^d`TX � �an�^8�
^d`¡ieXE¨ ± �1sm[aop^d`�X � X � ^d��[r�RfdXE¨ie^d`�g�[anj�LX;l1i\X � �5X � s�njiJ[r� op[�kV^d��tu^ � gjb § ^�[ � i\`e[6Y�X(i �d`�g�[ � g�lpo�g�k�[rom[ � lm[ ³ gjk � � k ��
^ai\X(¨ � X$�1spXTlp^ � � �dnj^ � [�faXVnj^Fk;g�om[ao�X
iJ[rlpcdXVl�kVg�[rn ¨ ~uT

�+lhs�n�[��h��[ � XV� � X;n �V�8�h^ds
�Ts�gjie^��<lm[��a`�X�[ ± �1sm[ri\^d`\g�[anBXV� cdXV`\[an �'[8fdXVnj^Fk;g�om[ropXLie[alpcdX;lpkVg�[an ������®Fgj��[NXV�

 �µ



fa[rn�^d`#[r� � ^dnjs�ie^ �
£ � opX � nj^FkV[a�LX;lOie^ � �m¥�X � �1spXV`�om[�X�¥�opg�`�XVgjie[�op^ � �L^�fhg���XVlOie^ � op^ � [�fhg 
hX � �e§ ^p�XVlOi § ^��Agjl1i\XV`�tp`\X(iJ[aop^ � lp^�`�X;]_X;`\XVl�kVg�[rn �
^d`�g �V^al1ie[an � ¬ ¢ opX	�$spgji\^p�?kV^d��^Ck�[rs � [ao�^ �t¯^d`
sp�L[�]_^d`�b�[LtuXV`�t¯X;lpopgjkVspn�[a`+¥�opg�`�XVb § ^�opX�tp`\^atm[acO[ab § ^9�@^d`�i\X!WFs�nAop^ � [�fhg 
hX � �kJ¬m[a�L[aom[�]_^d`�b�[�opX�� ^a`\g�^an�g � � XVlp�1sm[alOi\^8�1spXC�¯fFg � i\^ � op^C`�X;]_XV`�XVlpk;g�[anA�ZlpXV`�kVg�[an*om[ �

± � ie`�XVn�[ � ³ g~®�[ � � £ ¢ ��X;n�X � l § ^!XE®�g � i\XV�©X$tu^d`¡iJ[alOie^!l § ^!t¯^hopX;� � XV`#k�[rs � [ao�^ � t¯^d`]_^d`\bV[�[rn�cdsp�L[�� ³ gjc � � � � ± � � £ ¢ [�tm[ �\� [rcdXV� � ^d�p`�X �$spg~ie^�opXC]_^d`���[�n�[ri\XV`e[rn �
� kV^a��^ � [�fhg 
FX � fa^O[alpo�^�n�[�ieXV`\[an���XVlOi\Xa�d�L[ � ��[rl1i\XVlpo�^�[�opg�`�XVb § ^��@^d`�i\X(¨�WFspn ¢ �OXV�[rie��^ � ]_X;`e[ � XV� fhg � kV^ � g�op[aopXa���!XE®FkVn�s � gjfr[a��XVlOi\X¦opX;fhgjom[C[a^C��^6fhgj�LX;l1i\^9opX!`�^aiJ[�¨b § ^zom[!q)XV`\`\[!XT^ � ie`e[�Y�X;ie^ �#�e§ ^ztuXV`\k;^d`\`�g�op^ � lp^z�LX � ��^!g�lOieX;`�fr[anj^!opX$ieX;�Ltu^!�1spXopsp`e[r`e[a� ^ � f 
F^ � � ^dnj^C�
^d`¡ieXE¨ � X;n �V� X � ^dn�^NWhspn~¨ � XVn �V�8�¯lm[ � sptu^ � gjb § ^Co�X¦sp�L[qAX;`\`e[ � X;�,�L^�fhg���XVlOi\^!opX�`\^aie[ab § ^zk;^d�L^!lp[ ³ gjc � � [ �
	 X(fdXE¨ � X�lp^aie[a`4�hs�XBfhg � ie^ � opX � £ ¢ ^ � fdX(ie^d`�X � fdXVnj^Fk;g�om[ropX'op^ � [�fFg 
FX � ��lm[ � sptuXV`�¨]_°�kVgjX�caXV^dtu^aieX;lpkVg�[an �ml § ^Li\gjfdX;`e[a� � sm[ � opgj`\X;b 
hX � �
^d`¡ieX(¨�WFspn)�L^hopg �mk�[aop[ � opsp`e[rl1i\X^ � ie`\[6Y�X;i\^ � [ri � �$spg~ie^p­hieg~fdXV`\[a�©[rt¯X;lm[ � [ �#� sm[ � kV^d��tu^dlpXVlOi\X � �
^a`�ieX+¨BWFspn ��tp`\^r¨Y�X;iJ[rom[ � lp^�tpn�[alp^�om[ ³ g�c � � ���u[asp��XVlOiJ[rom[ � XV�,� �Fops�n�^p�po�X;fhg�op^�¥�]_^d`�b�[!fhg�`�i\sm[anop^ � ��^aie^a`\X � �1lm[���X � �L[�`\[ � § ^�ieX;�Ltu^d`\[an kV^d�H�1spX$k;`\s��V[a� [ � n�[�iegji\spopX � opX
sp�L[� sptuXV`¡]_°�kVgjX�X � ] �;`\g�kV[
X;�hs�g�tu^aieX;lpkVg�[anOom[
q)XV`�`e[ � � ^d`¡iJ[alOi\^p�rfhg � iJ[@opX � £ ¢ l § ^+¬m�5]_^d`\bV[[an�cds���[ � [���XVlp^ � op[�]_^d`�b�[ ~Peso

�h�1spX
^ � ��[rl1i �V� lp[ � spt¯X;`�]_°jkVg�X5cdX;^dtu^aieX;lpkVg�[anpX@[op^ � ��^aie^a`\X � �¯�1spX�^ � ��^�fFgj�LX;lOiJ[a�,lpX �\� [ � sptuXV`¡]_°�kVgjXa­uopX�]²[ri\^L]_^dcaspX;i\X � �¯t¯^ag � lm[kV^dlpo�g�b § ^8o�X ~τ
� �9^ � ��^aie^d`�X � [C¬ �;n�gjkVXa� ^ds�¥�Y\[�ie^Cop^ � [�fhg 
hX � � �e§ ^Ng�l �Fk;sp^ � ¢ ��hs�X�^ � ��^6fr[!X�^ � ieX;lp¬m[�]_X;gji\^¦ie`e[rl � n�[aom[a`#opX � X;n �V�©[ri � �$spgji\^zlm[�o�g�`\X;b § ^ ± � i\X¨ £TX � i\X �

�+g � ie[CopX � � ¢ �?^as � ¬ ¢ �4tu^d`T^ds�i\`\^Nn�[ao�^p�4[8XE®Fg � i��Vlpk;g�[CopXzsp�L[9]_^d`\bV[Nfhg�`¡iesm[rn �g��L[acdg�lp�a`\g�[��m�1spX!l § ^9��spom[C[�opgj`\X;b § ^Cop^ � fdX(ie^d`�X � fdX;n�^hkVgjom[aopX¦o�^ � [�fhg 
hX � � ��[ ��hs�X�tp`�^6fa^FkV[�^�opX � n�^hk�[a��XVlOie^Ln�[ri\XV`\[an � ¥zopg�`�XVg~iJ[z^ds�¥�X � �hs�XV`\op[9op^���^�fFgj�LX;lOie^ ¢opX ��� X � fdX(ie^d`�X � �F[rkVXVnjXV`\[alpop^r¨ ^ � n�[rieX;`e[anj�LX;lOieXa�rXV� sp��[+[rie��^ � ]_X;`e[+^alpopX ~τ
���F� � X;�fFg � k;^ � gjom[aopXr� � lpX;kVX �\� �r`\g�[F�Otm[a`e[@�1spX � XZY\[a� XVlOieX;lpopg�op[ � �dl�X �\� X#`\X(]_XV`\X;lpkVg�[an �a[ � i\`e[�¨Y�X;i �a`\g�[ � op^ � [�fhg 
FX � XVlOie`�X#^ � � ^dn�^ � X �$spgji\^p� ³ g�c � � ka­OX0[+]_^d`\bV[
fhg�`�i\sm[anhopX � ^d`�g�^dnjg �ieXV� � g�op^@n�[r`\cO[a��XVlOi\X'XV��tp`\X;cO[aom[#tm[a`\[@^@XVlOi\XVlpopgj�LX;lOie^+o�^
��^�fFgj�LX;lOie^5`\XV[anm�rg � i\^

�a�pfhg � kV^ � ^p�mkV^d� ~τ 6=
���pom[ � k;^d`\`�XVlOieX � ^hkVX �alpgjk�[ � �

�+g � ie[ � opX � � ¢ ^ds � ¬ ¢ [ � k;^d`\`�XVlOieX � opX � sptuXV`¡]_°�kVgjX0op^ � ^hkVXV[alp^ � �1cdX;`e[aop[ � t¯X;n�^ �fdXVlOi\^ � � �e§ ^8opX��pX;iegjom[ � tuXVn�[9]_^d`�b�[CopX � ^d`�g�^dnjg � �z´ � ^d`\`�XVlOieXzop^ � `\[ � gjn �?lp^N¬pXE¨�Lg � ] �V`�g�^�WFspnx� �
opX��mX(iegjom[¦¥�X � �1spX;`\om[!opX � XVsC��^�fhg���XVlOie^�X$[�� ^a`\`\X;lOieX$op^ ��^dn~]_^p�lp^C¬pXV��g � ] �V`�g�^L�
^d`¡ieXa� ¥9opg�`�XVg~iJ[zop^ � X;s��L^�fhg���XVlOie^ �
´ ^alpom[�opX���[a` ��ie[a�¦���V�� ^a]_`�XC[�[ab § ^�om[ ~FCC

X9lp^�¬pX;�Lg � ] �V`�g�^�WFspnx� � X�l�^�¬pXV��g � ] �V`\gj^��@^d`�i\X ¢ �*cdg�`\[�XV�

  �



ie^d`�lp^�opX � ^dlOi\^ � ´ l �mop` 
d�LgjkV^ � � ^alpopX
[��L[a` � �
l1spn�[ ¢ �hopX �mX;i\g�lpop^�¨ � X+¥�X � �1spXV`�om[� Xzlp^N¬pXV��g � ] �V`�g�^C�@^d`�i\Xa�)¥9opg�`�XVg~iJ[ ¢ ��opX � sm[Copgj`\X;b § ^NopX!tp`�^dtm[acd[ab § ^CX;��cdX;`e[an �� ^dlpopgjb 
hX � `\X �\� ^alm[alOieX � tu^FopX;�R]²[ �;XV`�[8t�`\^dtm[rcO[ab § ^Com[8^alpom[NopXz��[a` �!lm[a^ � X;`[r]_X;ie[aom[!t¯X;n�[¦]_^d`�b�[!opX � ^d`\gj^dn�g � �
´ � kV^d`�`\X;l1i\X �!� sp�p��XV` � [ � [a^�n�^dlpca^�op^ ± �1sm[aop^a`V�<fhg � iJ[ � o�^�`\X(]_XV`\X;lpkVg�[an � ¬ ¢ �kV^d��ca`e[aopgjXVlOieX!o�X�t�`\X ���e§ ^�lm[Copg�`�XVb § ^NopXL£TX � i\X�tp[a`e[ ± � i\X��?�1spXL[ � t�
FX;��XV��L^�fhg���XVlOie^��Olp^¦£$k;X�[alp^ ´ ien �alOiegjkV^p�Olp^ � [rkV° �pkV^�X@l�^ � lpo�g�kV^�� �pk�[a�H[at�`\g � g�^dlp[aom[ �[a^�nj^dlpcd^zom[�n�g�l�¬m[�X;�1sm[rie^a`\g�[rn �popX(fhg�op^�[ ~FCC � WFX�^a`\g�s�lpom[ � op^L¬pXV��g � ] �V`\gj^9Whspn �kV`\s ��[a� ^ ± �1sm[rop^d`#X �\§ ^zopX��mX(iegjom[ � ¥¦opgj`\X;gjiJ[�op^ � X;s���^�fhg���XVlOie^�tm[a`e[ ± � ieXa�mo�XiJ[an ]_^a`\�L[¦[!kV`\s ��[a`�XV�©lp^�fr[a��XVlOieX�[¦njg�lp¬p[�XV�1sm[ri\^d`\g�[an �F^dlpopXr�plp^z¬pX;�Lg � ] �V`�g�^zWhspn �� ^a]_`�XV�Rl�^6fr[a��XVlOi\X![C[ab § ^Com[�]_^d`\bV[9opX � ^d`�g�^dnjg � �¯�1spXz[ � opX��mX(ieX�¥9X � �1spXV`�om[Cop^� XVs��L^�fhg���XVlOi\^!tm[a`e[ ± � i\Xa� kV`�s���[rlpop^�^ds�ie`\[¦fdX ��[!n�gjlp¬m[¦op^ ± �hsp[aop^d` �
£=��^�fFgj�LX;lOie^ [rtp`\g � g�^alm[aop^ kV^dlOi\g�l1sm[a`�g�[ g�lpopX �mlpgjom[a��XVlOieX tm[a`e[ ± � ieXr��l § ^¬p^ds�faX �\� XV� ^ � kV^al1i\g�lpX;lOieX � om[ ´ ��XV`�g�kV[�op^ WFspn �#op[��
]_`�g�kV[ X�[ � g�nj¬m[ � om[ �Zlh¨op^dl � � g�[F�?�m[a`\`\[alpop^N[9t�`\^dtm[rcO[ab § ^CopX ��� [ � kV^a`\`\X;lOieX � � �
^ai\X(¨ � Xa�?X;lOie`\X(iJ[alOi\^p�?�1spX�e§ ^�X �\� [ � �m[a`�`\X;g�`e[ � �1spX9tuXV`��Lg~ieX;�«^�XV��tpgjn�¬m[a��XVlOi\^�om[ � �acdsp[ � �At¯X;n�[�[rb § ^�lm[�a`\XV[ ± �1sm[�ie^d`�g�[anx�<op^ � faXVlOie^ � [anj° � XV^ � opX ± � ieXNtm[r`e[�£$X � ieXa��lp^�n�[aop^�£$X � ieXCop^ �^Fk;X�[alp^ � X�[zcaXV`e[rb § ^!op^ � cd`e[ao�g�XVlOi\X � opX�tp`�X �\�\§ ^z�1spX��L^�fhg���XVlOiJ[r� [ � k;^d`\`�XVlOieX �XV�1sm[ri\^d`\g�[ag �#� sp�p��XV` � [ � XV�©o�g�`\X;b § ^zopX�£$X � ieX�tm[a`\[ ± � ieX �
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