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Système de particules quantiques

Potentiel d’interaction
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` f ^ i Íd |c^Lt e 8 t i~} ^ p ` dk��j Íd b ohd 8 b���� x Ã�z dHenj b dHf�o Íd�d ^ 8 i�} ^ p ` ÍdHfhdHikj b o Ò 8 d�p ^ i bml emi lL` o Ò 8 d � x Ã{z!`{^ab
wyx Ã{z���� H��6u� � x Ã{z xh� z

`rl 8 b 8 t pDosfsohd 8 fso t�Íd ^ o b dLqR} l p l�� Çd t d�d�j'o�e l j bmlL` d � � ^ i lut enj ^Lt jnd | o ÍdHfhdHikj b o Ò 8 d � dHenj�e 8 `c`rl e Íd�d ¶d�j b d 8 t dÒ 8 ^Lt jmohj ÍdDo t j b o t e_Çd Ò 8 d | d�f ^ p ^ jmo�Çd b dLqFj ^Ltc| ose Ò 8 d�fsdHe�i�} ^ p ` e�p lXv d t e�wyx Ã�z d�j � x Ã�z�|�Íd ` d tc| d t j�d t�pÍd t�Íd b�^ f�j l 8 e | d 8 � | d�f ^��k�a��� �¡| d¢f ·'ÍdHi�} ^Lt jmosfsf lut i lut emo |�Íd buÍd � � ^�| d t emohj Íd | d�i~} ^ab�� dHe o tc| 8 ohjndHe~Ç^ f ^
e 8 bm£P^ ikd | d�f ·'ÍdHi�} ^Lt jmosfsf lut o t	¤ 8 d t ikd�d t d � d�j�fhdHe�¥ ^ fhd 8 b e Ò 8 d `cb d tct d t j�d t ¥ l f 8 p�d | dHe�i~} ^ p ` e � x Ã�z
d�j¦wyx Ãrz Ç^ i ^ 8 emd | d f ^ f lut3� 8 d `rlLb j Íd�d | 8 `rl jnd t jmohdHf | d Ë l 8 f l p�§ � � ^ i lut enj ^Lt jnd | o ÍdHfhdHikj b o Ò 8 d ` d 8 j¶d�j b d�i ^ fsi 8 f Íd�d¨e ^Lt e Ò 8 d�ikd�j*d � d�j | dQ§ lLb�| o t jnd b ¥�ohd tct dLqLd t i lut emo |�Íd b~^Lt j!f ^�`rl f ^ab ose ^ jmo lut o tc| 8 osjnd ^ 8 j l 8 b
|Î· 8 t d i�} ^ab�� d©dk�Jj Íd b ohd 8 b d�f l i ^ fso�e Íd�d�d�j�ospDp�d b:��Íd�d |c^Lt e 8 t0| o ÍdHfhdHikj b o Ò 8 d�o t�ª{t o�p�d t j Íd�jnd tc| 8 x«i l p p�d
ikdHf ^¬^[Íd�j Íd £«^ ohj |c^Lt e�fhd¡i~} ^a` ohj b d `cbuÍdHi Íd | d t j z�� µ t d¡jndHfsfsd ^a`c`cb�l i~}	d t d buÍd `rlutc| j l 8 jnd £[l o�e `{^ eÑÇ^ f ^Ò 8 dHenjmo lut�| d¨f ^ ¥ ^ fso | ohj Íd �pÍd t�Íd b�^ fsd | dxh� z q ^ ¥LdHi 8 t d�i lut enj ^Lt jnd | o ÍdHfhdHikj b o Ò 8 d�o tc|�Íd ` d tc|c^Lt jnd | d¨f ^�£PlLb p�d
| d�f ·'ÍdHi~} ^Lt jmosfsf lut
�» l j b d l § V dHikjmo £|c^Lt e©ikd®i l p ` f ÍdHp�d t j¢dHenj | d |�ÍdHp lut j b d b ikd�jnjnd £[lLb p 8 fsd¯ikd t j b�^ fhd | dyf ·&ÍdHfhdHikj b�la°
enj ^ jmo Ò 8 d�p ^ i bml emi lL` o Ò 8 d `rl 8 b 8 t p lJ| ÇdHfhd�j b ÇdHe�emo�p ` fhd | d | o ÍdHfhdHikj b o Ò 8 d Á58 t ¤ 8 o | d | o `rl f ^ o b dQi�f ^ ememo Ò 8 d
| d D p l f ÍdHi 8 fsdHe�o | d t jmo Ò 8 dHe `rlLb j ^Lt j 8 t p l p�d t j | o `�l f ^ o b d¦o |�Íd ^ f<± t	lut�`rl f ^ab o�e ^ §²fhdLqFi lut�ª{t�Íd |c^Lt e
8 t ¥ l f 8 p�d�³�qeÇ^ f ^ jndHp `�Íd b�^ j 8 b d¦´ � � dHe¨i~} ^ p ` e�wyx Ã�z d�j � x Ã{z e lut j ^ f lLb e |	lutct�ÍdHe `{^ab�| dHe�¥ ^ fsd 8 b e
p lNv d tct dHe�enj ^ jmosemjmo Ò 8 dHe�q Ò 8 o |	l oh¥Ld t j ¶d�j b d Íd�¥ ^ f 8 Íd�dHe�d t fsospDohjnd�jm}	d b p l�|	v�tc^ pDo Ò 8 d `rl 8 b 8 t d¦ikd b j ^ o t d
£PlLb p�d |	lutct�Íd�d | d®³ � � ^µ| o·¶�i 8 fhj Íd `cb o t i�o `²^ fsd | 8 `²bml §²f�ÇdHp�d `cbml ¥Johd t j | 8 £«^ ohj Ò 8 d�f ^ p ÍdHi ^Lt o Ò 8 d
enj ^ jmo�enjmo Ò 8 d £Pl 8 b�t ohjUwyx Ãrz d t�£[lut ikjmo lut�| 8 i�} ^ p `�ÍdHfhdHikj b o Ò 8 d'dk�Jj Íd b osd 8 b*��� x Ã{z d�j t	lut�| 8 i�} ^ p `�� x Ã{z q
f ^�b dHf ^ jmo lut d t j b d�ikdHe | d 8 � Ò 8 ^Lt jmohj ÍdHe |�Íd ` d tc|c^Lt j | d�f ^�£[lLb pDd | d�f ·'ÍdHi�} ^Lt jmosfsf lut
�» l j b d |�ÍdHp lut enj b�^ jmo lut�| d0xh� z dHenjD§ ^ e Íd�d�e 8 b 8 t d¢}co Íd b�^ i~}cohd |¸·'Íd Ò 8 ^ jmo lut e¡x | d¡j vJ` d¡¸�¹�ºq!p ^ ose
l §cjnd t 8 d�d t i lut emo |�Íd b~^Lt j 8 t i�} ^Lt � dHp�d t j¡o t�ª{t osj ÍdHe�osp ^ f |Î·»lLb ohd t j ^ jmo lut1|¸· 8 t�| o `p¶l fhd�± % ± P½¼ ± z
`rl 8 b fhdHe £[lut ikjmo lut e | dDi lLbmbuÍdHf ^ jmo lut0| 8 e v emj;ÇdHpDd ª{t oUd t¾`cbuÍdHend t ikd |Î· 8 t i~} ^ p `[ÍdHfhdHikj b o Ò 8 d�dk�Jj Íd b ohd 8 b��¿ ^Lt e 8 jmosfso�end bQ| d |�Íd�¥LdHf lL`²` dHpDd t j | o ^4�Lb�^ p p ^ jmo Ò 8 dLq t	l 8 e�p lut j b�lut e Ò 8 d�fsdHeQd � d�jme | d¦§ lLb�| e |c^Lt eQf ^
`rl f ^ab o�e ^ jmo lut e lut j'd t jmo�Çd b dHp�d t jQo t i�f 8 e�qLd t fso�pDohjndQjm}	d b p lJ|cvJtc^ p o Ò 8 dLq |c^Lt e'fhd�i�} ^ p ` p ^ i b�l emi lL` o Ò 8 d
� x Ã{z�� Ë d�jnjnd ^a`c`cbml i�}	d £Pl 8 b�t osj 8 t d t	l 8 ¥LdHfsfhd £PlLb p 8 fhd `rl 8 b f ^ i lut enj ^Lt jnd | o ÍdHfhdHikj b o Ò 8 d | 8 e v emj;ÇdHpDdLqÒ 8 o!dk� `²b osp�d � i l p p�d 8 t d�o t j Íd �Lb�^ fhd�e 8 b 8 t d £Plut ikjmo lutÀ| d¢i lLb�bgÍdHf ^ jmo lut Ç^ j b�l oseDi lLbm` e | 8 e v emj;ÇdHpDd

�HÁ�Æ
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o t	ª{t osp�d t j Íd�jnd tc| 8 d�j tclut¾`rl f ^ab o�e Íd � » l 8 e |�ÍdHp lut j bmlut e Ò 8 d�ikd�jnjnd £PlLb p 8 fhd�end buÍd | 8 ohj�qgi l pDpDd�osf*end
|	l osj�q�Ç^ f · dk� `²b dHememo lut §²ohd t i lutct 8 d | d � d t jnd b p�d | d�f ^�£Plut ikjmo lut©| d�i lLbmbgÍdHf ^ jmo lut�| o b dHikjnd�Ç^| d 8 � i lLb�` e �
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wyxnz {\|�};~��y������}�����|
¿ o t ikd�jm}	d�f ^ enjQikd t j 8 bmv q{ohjQo�e�� tcl*��t jm} ^ jQjm}	d ` }	d t	l p�d t	l f l��Lv�lL£ fso t d ^ab q	} l p l�� d t d l 8 e ^Ltc| ose la°

j bmlL` osi | ohdHfhdHikj b o�i�eDo t enj ^ jmosi ª dHf | e�ose � dHfsf | dHe�i b oh§rd | § v jm}	d�i lut enjmohj 8 jmoh¥Ld b dHf ^ jmo lutÀlL£ p ^ i bml e�i lL` osi
dHfhdHikj b�l enj ^ jmosi�e�wyx Ã{z'� x � H1� z / x 6u�<z � x Ã{z��b> }	d | osdHfhdHikj b osi�i lut enj ^Lt j � ose ^ e�e 8 p�d | j l §rd ^Lt o t j b o t emo�iÒ 8 ^Lt jmohj v¢lL£ jm}	do t�ª{t ohjnd 8 t	` d b j 8 b §rd | x � osjm} l 8 j ^LtRv dk��jnd b�tc^ f ª dHf |¡^a`c` fsosd |{z e v enjndHp�q�jm} ^ j | d ` d tc| e
lut f vlut ohjme*jm}	d b p l�|	v�tc^ pDosi ^ fcemj ^ jndLq � }²osfhd lut jm}	d¨i lut j b�^abmv jm}cd ^ ¥Ld b~^4� d `rl f ^ab o�� ^ jmo lut wyx Ã�z�^Ltc| jm}	d
^ ¥Ld b�^4� d�dHfhdHikj b osi ª dHf |¡� x Ã{zQ| d ` d tc|¢lut jm}	d�em} ^a` d lL£ jm}	d ª{t ohjnd�e v enjndHp�i lut e�o | d b d |
� > }	d ` }cd t	l p�d °
t	l f l��Lv�lL£ fso t d ^ab�| ohdHfsdHikj b osi�eQoseQ§ ^ end |¢lut jm}	d ` } v emosi ^ f o t emo � }Rj�jm} ^ j�jm}cd b dHe `rlut end lL£ jm}cd¦e v enjndHp o�e ^
f l i ^ f ` }	d t	l p�d tclut q jm}	d�p l fsdHi 8 fhdHe b dHe `rlutc| o t � j l jm}	d ^ p¦§²ohd t j!dHfhdHikj b osi ª dHf |0�5> }	d�f ^ jnjnd b ose � oh¥Ld t § v
jm}	dQp ^ i bml emi lL` osi ª dHf |D� x Ã{z�� }cosi~}FqLi lut j b~^abmv j l jm}	d�dk��jnd b�tc^ f ª dHf |D� � x Ã{z qRo t i�f 8 | dHe<jm}	dQi lut j b oh§ 8 jmo lut
lL£ jm}	d�i�} ^ab�� d | d t e�ohj v o tc| 8 ikd |�lut jm}cd¨e 8 b�£P^ ikd lL£ jm}	d¨e ^ p ` fhd �,> }cdHend�i�} ^ab�� dHe'p ^ �Ld¨jm}cd¨p ^ i bml e�i lL` osi
ª dHf | x ^ e � dHfsf ^ e�jm}cd `rl f ^ab o�� ^ jmo lut{z em} ^a` d ° | d ` d tc| d t j�§rdHi ^ 8 end lL£ jm}	d�f lut3�¢b�^Lt � d lL£ jm}	d Ë l 8 f l p¦§
`rl jnd t jmo ^ f ��>��!l x b dHf ^ jnd |{z § ^ emosi Ò 8 dHenjmo lut e'jm}	d t�tc^ j 8 b�^ fsf v ^ab osend Á�Y�Q�j� �h���u���*�j� �h� ��� ���H� � ��� ���h� � � ��� � �>�������H�l� �@� � � � � � �>�u�Q� �@� � �~�l¡� � �
¢ �a� ��£ �¥¤L�	��� �H� �k�Q� �H�§¦ �¥� ��� ��� � �H� �h�	���Q¨ �i���m� ���H� � �h�©��� � �~����� �H� �ª��«!��� ¦ �/� ������� �j� � � � � � �¬��\��®��²�

�h� � � ��� � �Q�������h�l� �@� � ��¦ �[���m�Q�@¨c��� � ��¤a���n� ��� �-� � �U¨ � �u¯ �y� �°� ¨	� � � �©� � ��� � � ¨L¨ � � �n����± � �k�Q� �h� «'� � �²¡
> }cdHend Ò 8 dHenjmo lut e i ^Lt1lut f v §rd ^Lt e � d b d |�lut jm}	d¯§ ^ emose lL£�^¾`{^ab jmosi 8 f ^ab p l�| dHf £PlLb jm}cd | osdHfhdHikj b osi �³ 8 dHenjmo lut x ^ zj�'^ eDenj 8 | osd | d�¥Ld t §rd £[lLb d©jm}	d 8 tc| d b f v o t3� pDosi bml e�i lL` osi©enj b 8 ikj 8 b d lL£�| osdHfhdHikj b osi�e �'^ e
i�fhd ^ab f v 8 tc| d b enj lJl�|
� 7 t¦^a`c`cbml ��o�p ^ jnd £PlLb p 8 f ^'£[lLb � �!^ e l §cj ^ o t d | § v�´¡l eme l jnjmo � ÐHµ � ^Ltc| Ë f ^ 8 emo 8 e �·��Æ �xPjm}	dQi lLb�b dHe `rlutc| o t �¨£PlLb p 8 f ^�£[lLb jm}	dQo tc| dk� lL£{b d £Pb�^ ikjmo lut��!^ e � os¥Ld t § v � lLb d t � �»Áh¶ � ^Ltc| � lLb d t j·� �¹¸H¸ � z^Ltc|�l jm}	d b�^a`c`cbml ��o�p ^ jnd b dHe 8 fhjme � d b d�f ^ jnd b�`cbmlL`rl end | § v ] d�§ v d �»Á�Æ � ^Ltc| 8�t e ^4� d b �»ºJ¶ � �²¼ �	ikd ` j £PlLb] d�§ v dH½_e £PlLb p 8 f ^ q � }co�i�}�ose ^Lt dk� ^ ikj�f l$� | d t emosj vÀ^ e v p ` j l jmosi�§rdH} ^ ¥Jo lLb q jm}	dHend £PlLb p 8 f ^ d ^ab d t	l j
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b d ^ f�f v e ^ jmose £«^ ikj lLbmv §rdHi ^ 8 endDjm}	d v®^ab dD§ ^ end |¾lut 8 t i lut j bml fsfsd |®^a`c`cbml ��o�p ^ jmo lut e�qge 8 i�} ^ e�jm}	d 8 end lL£
p ^ i b�l emi lL` osi�dHfhdHikj bml emj ^ jmosi�e lut�^ pDosi b�l emi lL` osi�emi ^ fhd ��� o b � �!lJlJ| � 6 Æ � o t osjmo ^ jnd | jm}cd�p lJ| d b�t jm}cd lLbmv�lL£| osdHfhdHikj b osi�eg§ v 8 emo t � jm}	d'j lJl fse lL£ emj ^ jmosenjmosi ^ f	p�dHi~} ^Lt osi�e � � d�j 8 eUi lut emo | d bU^�`{^ab jmosi 8 f ^ab f v emosp ` fsd*p l�| dHf
lL£ ^©| osdHfhdHikj b osi � }cosi~}¡o�e ^�¤ 8 o | p ^L| d lL£ D o | d t jmosi ^ fUp l fhdHi 8 fsdHe¨i ^abmb�v o t ��^Lt o | d ^ f | o `�l fsd�p l p�d t j
±!q	o t�^ ¥ l f 8 p�d�³ ^ j'jndHp ` d b�^ j 8 b d�´ ��> }²ose*p lJ| dHf `cb dHemd t jme'jm}	d t dHikdHe�e ^abmv o t3�Lb d | ohd t jme*j l §rdH} ^ ¥Ld ^ e
^| ohdHfhdHikj b osi ^Ltc| em} l 8 f |Dl §rd v jm}	d ` }	d tcl p�d t	l f l�� osi ^ f�f ^*�X� T j'} ^ e ^ f b d ^L|	v §rd�d t p 8 i�}©enj 8 | osd | o t jm}	d
fsosjnd b�^ j 8 b dLq ^ e � dHfsf ^ eQp lLb d�dHf ^ § lLb�^ jnd�p l�| dHfse ��� d b d £ d b jm}	d b d ^L| d b j l ^�£ d � § lRl ��e � � º q �HÁ q ºOÐ q 6 Á �^Ltc|�b d�¥�ohd �4^ab jmosi�fhdHe �¹µh¶ q ºhµ � � }cd b d ^ i l p ` fhd�jnd�fsosemj lL£Fb d £ d b d t ikdHe'i ^Lt §rd £Pl 8 tc|
� T t jm}cose*i lut jndk��j�q	jm}	dj �*l}Ò 8 dHenjmo lut e ^ f b d ^L|	v�£[l 8 tc|©^Lt¢^Lt e � d b�� ¿ d�¥Ld b�^ fFdk� ^ ikj ^Ltc| d Ò 8 oh¥ ^ fhd t j £[lLb p 8 f ^ d £PlLb jm}	d | osdHfhdHikj b osi
i lut emj ^Lt j � d b d `cbmlL`rl end | § v�| o � d b d t j ^ 8 jm} lLb e�quo t�`{^ab jmosi 8 f ^ab �»Á q ºaÁ q 6�6 q �!µ � ��� d `rl o t j l 8 j�o t emdHikjmo lut� jm} ^ j�jm}	dHend £PlLb p 8 f ^ d�i ^Lt o t�£«^ ikjQ§rd�¥Ld bmv d ^ emosf v�l §cj ^ o t d | § v e ` dHi�o £[v o t3� jm}	d�i lut enjmohj 8 jmoh¥Ld b dHf ^ jmo lut
j l jm}	d�i ^ end lL£'^Lt dk��jnd b�tc^ f ª dHf | i b d ^ jnd | § v¯^Lt dk�Jjnd b~tc^ f i�} ^ab:� dDf l i ^ f�o���d | o t emo | d�jm}	dDe ^ p ` fhd �<> }	dÒ 8 dHenjmo lut § zj�'^ e�emj 8 | ohd | o t jm}	d ` o lut d�d b o t3� �*lLb � lL£�� ohd t } 8 o�e ^Ltc| ] d 8 jmi~} � Ð�Æ � ^Ltc|�b dHikdHoh¥Ld |�^i l p ` fhd�jndye l f 8 jmo lut § v � ^ pDem} ^*� �»º 6 � x T j �'^ e¢f ^ jnd b emj 8 | ohd |�^4�u^ o t § v ´¯^ab jmo tc^µ^Ltc| ¿ jndHfsf � Ð � � z��� ^ pDem} ^*� ½_e ^a`c`cbmlu^ i~}�ose!§ ^ end |�lut�^Lt o t jnd �Lb~^ frd Ò 8 ^ jmo lut q	o t ¥ l fs¥Jo t � jm}	d | o b dHikj!i lLbmb dHf ^ jmo lut�£ 8 t ikjmo lut q
£PlLb jm}	d�fso t d ^ab ¥ ^ab o ^ jmo lut¡lL£ jm}	d lut d ° § l�|	v�| d t emosj v¢| 8 d�j l�^Lt dk�Jjnd b~tc^ f<dHfsdHikj b osi ª dHf |
� T £/� d�ose l f ^ jnd ^
` 8 b dHf v¦| o `rl f ^ab i lut j b os§ 8 jmo lut o t jm}	d | o b dHikj�i lLbmb dHf ^ jmo lut £ 8 t ikjmo lut q � d�i ^Lt p ^ �Ld�jm}	d�p ^ i bml emi lL` osi ª dHf |
^a`c` d ^ab�lut©lut d�} ^Ltc| q � }cosfsd t	l�l jm}	d bQª{t ohjnd�emo���d�d � dHikj�e 8 b ¥Joh¥LdHe'o t jm}	d�o t�ª{t ohjnd�¥ l f 8 pDd�f�ospDohj lut jm}	d
l jm}	d b } ^Ltc|
� > }cose ^a`²`cbmlu^ i�} `cbml ¥Jo | dHe ^ i l p ` fhd�jnd ^Lt e � d b j l�Ò 8 dHenjmo lut § z qc§ 8 j 8 t	£PlLb j 8 t²^ jndHf v�b dHfsohdHe
lut¢^ | o ^4�Lb�^ pDp ^ jmosi ^ab�� 8 p�d t j £PlLb jm}	d�i lut j bml f lL£ jm}	d�jm}cd b p l�|	vJt²^ pDosi�fsospDosj�x«end�d�� � �76Rz��

> }	d ` 8 bm`rl end lL£ jm}co�e ^ab jmosi�fhd¡ose�j l � os¥Ld ^Lt�^ fhjnd b~tc^ jmoh¥Ld�j l � ^ pDe�} ^!� ½_e `cbmlJlL£�� }cosi�} |	l dHe t	l j
8 emd | o ^4�Lb�^ pDp ^ jmosi ^ab�� 8 pDd t jme ��8 8 b ^a`c`²bmlu^ i�}4ose�§ ^ end |�lut jm}	d�d Ò 8 o�fsoh§ b o 8 p }cosd b�^ab i�} v d Ò 8 ^ jmo lut e
£PlLb jm}	d¯i lLbmb dHf ^ jmo lut�£ 8 t ikjmo lut e lL£ jm}	d ª�t ohjnd�e v enjndHp�o t jm}cd `cb dHemd t ikd lL£�^Lt dk�Jjnd b~tc^ f ª dHf |���� x Ã{z q
l §cj ^ o t d | § v i lut emo | d b o t3��^Lt o t�ª�t ohjndHemosp ^ f | o `rl fhd lLb ohd t j ^ jmo lut i�} ^Lt3� d�± % ± P4¼ ± �	� dDe�} l*� qro t�^
| o ^4�Lb�^ pDp ^ jmosi £Pb d�d �'^Hv q�jm} ^ j�o t jm}	d�jm}	d b p lJ|cvJtc^ p osi�fsospDosj*jm}	d¦§ l 8 tc|c^abmv d � dHikjme lut jm}cd lut d ° § lJ|cv
| d t emohj v�£ 8 t ikjmo lut 8 ` j l fso t d ^ab!lLb�| d b o t jm}	d�dHfhdHikj b osi ª dHf | ^ab d�d t jmo b dHf v i lut j ^ o t d | o t jm}	d�p ^ i bml e�i lL` osi
ª dHf |©� x Ã{z���> }cose £ 8 t ikjmo lut q �Qb osjnjnd t o t jnd b pDe lL£ � x Ãrz qco t ¥ l fh¥LdHe lut f v o t j b o t emosi Ò 8 ^Lt jmosjmohdHe�e ` dHi�o ª i¨j l
jm}	do t�ª{t ohjnd 8 t	`rl f ^ab oB��d | e v emjndHp � > }cose ^a`c`²bmlu^ i�} v ohdHf | e ^�t d �½£[lLb p 8 f ^ £[lLb jm}	d | ohdHfhdHikj b o�i�i lut enj ^Lt j
� }²osi�}Do t ¥ l fh¥LdHe ^Lt o t jnd �Lb~^ f l ¥Ld bQ^ jm} b d�d ° `rl o t j i lLbmb dHf ^ jmo lut £ 8 t ikjmo lut
��
 emo t3� jm}cd¨}cohd b~^ab i�} v d Ò 8 ^ jmo lut e
lL£ jm}	d�o t�ª{t osjnd 8 t	` d b j 8 b §rd | e v enjndHp�q � d�em} l*� jm} ^ j�jm}cose £[lLb p 8 f ^ o�e�o t¡£«^ ikj�d Ò 8 oh¥ ^ fhd t j�j l jm}	d � dHfsf
� t	l*�¨t dk� `cb dHememo lut�£PlLb � o t jnd b pDe lL£ jm}	d | o b dHikjQi lLbmb dHf ^ jmo lut�£ 8 t ikjmo lut
�

> }	d `²^a` d b ose lLb��u^Lt o���d |y^ e £[l fsf l*� e � ¿ o t ikdjm}	d ^ f b d ^L|	v ¥ ^ enj�fsohjnd b�^ j 8 b d lut jm}	dDe 8 § V dHikj�p ^Xv §rd
e l pDd � } ^ j l ¥Ld b�� }cdHfspDo t3� q � d `cb dHemd t j�e v�t jm}	d�jmo�i ^ fsf v o t jm}	d ª{b enj £ d � endHikjmo lut e�} l$� jm}cd�j �*lÈÒ 8 dHe °
jmo lut e¨i ^Lt §rd�p l enj�emosp ` f v�^Lt e � d b d |
��� d�enj ^ab j�§ v�| d ª{t o t3� o t endHikjmo lut Á jm}	d�i�f ^ eme�osi ^ f b o � o |�° | o `rl fhd
¤ 8 o | p lJ| dHf ^Ltc| i lut emo | d b ohjme'jm}cd b p l�|	vJt²^ pDosi�fsospDohj�x � } l end�dk�	osenjnd t ikd�ose�osp ` f�osi�ohjmf v�^ eme 8 p�d | o t jm}	d
` }cd t	l p�d t	l f l��Lvcz���> }cd�d Ò 8 o�fsoh§ b o 8 p Ò 8 ^Lt jmohjmohdHe¦x `²b dHeme 8 b dLqci lLbmb dHf ^ jmo lut e�q ����� z�^ab d�o tc| d�d |¬� dHfsf | d ª{t d |
^Ltc| o tc| d ` d tc| d t j lL£ jm}cd�em} ^a` d lL£ jm}	d�e ^ p ` fhd 8 end | o t jm}	d�fsosp ohj�q ^ fhjm} l 8 � }�jm}cd | o `rl f ^ab'`rl jnd t jmo ^ f ose
^ j�jm}	d�§ lLb�| d b�lL£ o t jnd �Lb�^ §²osf�ohj v�� 7 £ d � emosp ` fhd b dHe 8 fsjme lut jm}	d ^ e v p ` j l jmosi | dHi ^Xv�lL£ jm}	di lLbmb dHf ^ jmo lut e
^ab d ^ fse lq� oh¥Ld t o t � Á � Á q £PlLb f ^ jnd b 8 end � T t endHikjmo lut � q � d�i lut emo | d b jm}	d�fso t d ^ab¨b dHe `rlut end lL£ jm}	d�e v enjndHp
j l�^Lt dk��jnd b�tc^ f dHfsdHikj b osi ª dHf |
� 7 £ jnd b�b dHi ^ fsfso t � o t � � � � ^ e 8 §cjmfsd�j v o t jm}	d | d ª{t ohjmo lut©lL£ jm}	d�p ^ i bml e�i la°
` o�i ª dHf | q � d `�l o t j l 8 j¨o t � � � Á jm} ^ j ^ emj b�^ o � }Rj £[lLb��'^ab�| fso t d ^ab�b dHe `rlut end�i ^ f�i 8 f ^ jmo lut¡lL£ jm}	d¦o tc| 8 ikd |
`rl f ^ab oB� ^ jmo lut ose t	l j�e 8 ¶�i�ohd t j�j l dHemj ^ §²fsosem}µjm}cd¡i lut enjmosj 8 jmoh¥Ld b dHf ^ jmo lut §rdHi ^ 8 end lL£ jm}	d ^a`c` d ^ab�^Lt ikd
lL£�^¢b~^ jm}	d b| dHfsosi ^ jnd�e�} ^a` d ° | d ` d tc| d t j�o t jnd �Lb~^ f �0T t � � � � q � d�em} l$� jm} ^ jjm}	d � dHfsf/� t	l$��t®£PlLb p 8 f ^ d
£PlLb � i ^Lt §rd l §cj ^ o t d | § v e ` dHi�o £[v o t3� jm}	dDi lut enjmosj 8 jmoh¥Ld b dHf ^ jmo lut j l jm}	dDe ` dHi�o ^ fUi ^ end lL£'^Lt dk�Jjnd b~tc^ fª dHf | i b d ^ jnd | § v ^Lt dk��jnd b�tc^ fri�} ^ab:� d�f l i ^ f�o���d | o t emo | d�jm}	d�e ^ p ` fhd �`> }	d�o t�ª{t ohjndQ¥ l f 8 pDd�fso�pDohjme lL£ jm}	d
ª dHf | e�w�Qx Ã{z!^Ltc|¢� Qx Ã{z!^ab d�jm}	d t d ^ emosf v i ^ fsi 8 f ^ jnd |¢£[bml p-jm}cdHo b dk� `²b dHememo lut e l §²j ^ o t d | § v enj ^Lt²|c^ab�|
fso t d ^ab�b dHe `rlut emd�jm}	d lLbmv qZ§�dHi ^ 8 end t	l § l 8 tc|c^abmv d � dHikj l i�i 8 b e ��� d ª{t o�em}�jm}	d o t j bml�| 8 ikj lLbmv�`²^ab j�o t
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� � �76 � ohjm} ^Lt¬l 8 jmfso t d lL£ � ^ pDem} ^*� ½_e ^a`c`cbmlu^ i~}µj lÑÒ 8 dHenjmo lut § z��A> }	d©endHikjmo lut 6 i lut j ^ o t ejm}	d t jm}	d
| d�j ^ o�fhd |©`cb dHend t j ^ jmo lut�lL£Ul 8 b }cohd b�^ab i~} v©^a`c`cb�lu^ i�} ^Ltc|#� d�i lut i�f 8 | d�o t emdHikjmo lut ¸ �
wyx�� ����� ��|	����
��~ �����
� �>|��6|��]}��������\}����
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� dyi lut e�o | d b©^ e�osp ` fhd¡p lJ| dHf lL£^0| osdHfhdHikj b osi � }cosi~}4ose ^ i�f ^ ememo�i ^ f | o `rl f ^ab�¤ 8 o | p ^L| d lL£GD
o | d t jmosi ^ f p l fhdHi 8 fhdHeo t®^ ¥ l f 8 pDd�³ ^ j�jndHp ` d b~^ j 8 b dD´=< > }	d�p l fhdHi 8 fsdHe ^ab d ^ eme 8 p�d | j l i ^ab�bmv®^Lt
o | d ^ f 8 t	`rl f ^ab o�� ^ §{fhd | o `�l fsdZp l pDd t j²±�> ^Ltc|�� d | d tcl jnd�jm}	d `rl emohjmo lut�^Lt²| jm}	d | o `rl fhdUp l p�d t j lL£ jm}	d�?,@ i
p l fsdHi 8 fhd�§ v ? � xBA >DC ±�> z < 7 t^ ¥Ld b�^FE d l ¥Ld b jm}cd ^Lt&E fhd lL£ ± � o�fsfL§rd �Qb osjnjnd t�^ eHGJIKIKIML/NPO � �RQ 6u�=S IKIKI |�T N
^Ltc| jm}	d i lutc| d t end |�t	l j ^ jmo lut S  | � enj ^Lt²| e £PlLb S |;TVU S  | Z A U < > }	d p l fhdHi 8 fhdHe o t jnd b�^ ikj<¥�o ^ jm}cd | o `rl f ^ab
`rl jnd t jmo ^ f ^Ltc| } ^ ¥Ld ^ } ^ab�| i lLb d lL£Ub�^L| o 8 eXW�O

Y;Z\[�] x � C Á z*�_^ H ± U5` �ba Z F xBA Udc Á z o £Xc A U H Afe chg Á Wi l jm}	d b�� o�endLq x,jh< � z
� }cd b d �ka Z F xBA Ulc Á zD� Hnm U x·± e ` m e z Uo pFq�rfpRsto osejm}	d©dHfhdHikj b osi ª dHf |¬^ juA U i b d ^ jnd | § v¬^�| o `rl fhd�± e ^ jAfed<*x > }	d i�} l osikd lL£ jm}cose `²^ab jmosi 8 f ^ab em} lLb j ° b�^LtfE d |®b d E 8 f ^ab o�� ^ jmo lut®|cl dHe t	l j ` f ^Xvy^Lt dHemend t jmo ^ f bml fhdv< z
> }²ose p l�| dHf `cb dHend t jme�jm} b d�d�o tc| d ` d t²| d t j `²^ab~^ p�d�jnd b eKOujm}cdQ¥ l f 8 p�d�³�qujm}cd | d t emosj v�w�� D Q ³ ^Lt²| jm}	d
o t ¥Ld b end�jndHp ` d b~^ j 8 b dyx � �RQ x,z|{�´ z < > }	d�dk�	ikdHeme�x t	lut o | d ^ f z~} 8 ^Lt jmosjmohdHe | d ` d tc|�lut j �!l o tc| d ` d t²| d t j
| o�p�d t emo lut fhdHeme `²^ab�^ p�d�jnd b e�O w W Z q ^ p�d ^ e 8 b d lL£ jm}	d | d t emohj v¦lL£ jm}	d¨e v emjndHp�q ^Ltc| xf� e Q W Z q ^�`²^ab~^ p�d�jnd b
� }²osi�}Di l p `²^ab d�jm}cd¨p ^ �	osp 8 p | o `rl f ^ab o t jnd b�^ ikjmo lut d t d bELv xPj �!l e ` }	d b dHe o t i lut j ^ ikj z j l jm}	d�jm}cd b p ^ f
d t d bELv < � d�em} ^ fsf ^ fse l 8 end�jm}cd | ospDd t emo lut fsdHeme } 8 ^Lt jmohj v	� �8�u� x w � e QF� q � }²osi�}�ose `cb�lL`�lLb jmo lutc^ f	j l jm}	d
`cb�lJ|f� ikj lL£ jm}	d�j �*l�`²^ab�^ p�d�jnd b eK<
��������� �b4�#�+-4�#f�|6�.�9��5'5��6�)!��:D)!6�),+���'�9��(��:/����.3�-�-#;:!��+v)!.�'��� l�l-�cb � t	l*� fsd |&E dLqXjm}	d b d |	l dHe tcl j<dk�	osenj ^�b o ELlLbml-� e `cbmlJlL£�lL£ jm}	d dk�	osenjnd t ikd lL£ jm}	d*jm}	d b p l�|	v�tc^ pDosi
fso�pDohj £[lLb jm}cd b o E o |	° | o `rl fhd ¤�� o | p l�| dHfFo t jm}	d ^ §{end t ikd lL£ ^Lt dk��jnd b�tc^ f ª dHf | <&� l*� d�¥Ld b q{jm}cd�dk��o�enjnd t ikd
lL£ jm}cose fso�pDohj ose enj bmlutfE f v e �&EvE dHenjnd | § v jm}	d l §²end b ¥ ^ jmo lut jm} ^ j ^ fsf�jm}	d ELb�^a` }ce�o t jm}	d ´¡^Xv d b dk� `²^Lt e�o lut e
lL£ jm}cd�i lLb�b dHf ^ jmo lut�£B�ct ikjmo lut e ^ab d ª{t osjnd�jm} ^Lt ��e'j l�^¦ª²b enj!o t jnd ELb~^ jmo lut©l ¥Ld b jm}cd ^Lt&E fsdHe lL£ jm}	d | o `rl fhdHeK<� }²ose'o t jnd ELb~^ jmo lut ��osfsfse!§ v�`²^ab ohj v©^ fsfrjm}	d |c^LtfE d bml-� eQf lvEu^ab ohjm}cpDosi | os¥Ld b�E d t j�jnd b pDe � }co�i�}�i l-� f |�^ab osend
£Pbml p jm}	d¾e�f l*� | dHi ^Xv)lL£ jm}cd | o `rl f ^ab©`rl jnd t jmo ^ f/< � d¾em} ^ fsf ^ jnj ^ i~} ^ e � §²emi b o ` j�³ j l�^�}h�c^Lt jmohj v
i ^ fsi � f ^ jnd | o t jm}	d ª{t osjnd*e v enjndHp ^Ltc|t	lut d £[lLb ohjmeg¥ ^ f � d!o t jm}	d!jm}	d b p l�|	v�tc^ pDosi�f�ospDohj�qXe�o t ikd'ohjgoseZem} ^a` d
o t²| d ` d tc| d t jK< 7 j�emp ^ fsfrd tcl-�&E } | d t emohj v�^Ltc| }co E }�d t	l-�fE }¢jndHp ` d b�^ j �	b dLqcjm}	d ` } ^ end�em} l-� f | §rd ¤�� o |
^Ltc|��ct	`rl f ^ab o���d | q�e l jm}	d lut d ° § l�|	v�| d t emohj v §rdHi l p�dHe wf���!� xBA C ± z ��wf���!�<��w Q �u� o t jm}	d*jm}	d b p l�|	v�tc^ pDosi
fso�pDohjK< 7 fsfcjm}	d�}co E }cd b lLb�| d b i lLbmb dHf ^ jmo lut e*§�dHi l pDd¨o t ¥ ^ab o ^Lt j �ctc| d b*E f l § ^ f{j b�^Lt emf ^ jmo lut e ^Lt²| bml j ^ jmo lut e
lL£ jm}cdHo b�^ab�E-� p�d t jmeK<�  t jm}	d�i lut j b�^ab�v q t	l jmosikd�jm} ^ j � }	d t jm}	d�e v enjndHp�o t e � §²pDosjnjnd | j l�^Lt dk�Jjnd b~tc^ f
ª dHf | q{jm}cd }¡�²^Lt jmohjmosdHe�enjmosfsf | d ` d tc| o t¢E d t d b~^ f lut jm}	d e ^ p ` fhdH½_e�em} ^a` d�o t jm}	d�jm}cd b p l�|	vJt²^ pDosifsospDohj
^Ltc| jm}cd b d £[lLb d b dHikdHoh¥Ld ^ e � §²emi b o ` jH£�³k<

� d | d t	l jnd�jm}	d�j �*la° `rl o t j | d t e�ohj v¡£��ct ikjmo lut § v¤wf�¦¥J� x � C Á z��§wf���!�Bwf�¨�/��© �yª�« x � C Á z!¬ q � }	d b d « x � C Á z
ose'jm}cd 
¨b endHfsf £B�ct ikjmo lut < � }	d | o b dHikj�i lLbmb dHf ^ jmo lut�£��²t ikjmo lut® x � C Á z ose | d ª{t d | § v jm}	d�  b�t enjndHo t	°J¯ d b�t o��Ld
d }h�c^ jmo lut

« x � C Á z �° x � C Á z ª w ���/�|± | �  x � C � z « x � C Á z I x,jh< Á z
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7 e¨e �&EvE dHenjnd | § v ohjme | o ^FELb�^ p p ^ jmosi ´¯^Hv d b�b d `cb dHend t j ^ jmo lut qcjm}	d | o b dHikjQi lLbmb dHf ^ jmo lut¢£B�ct ikjmo lut ose�dk� °
` dHikjnd | j l §�dH} ^ ¥Ld ^ e v p ` j l jmo�i ^ fsf v�^ e,0yx¡jmosp�dHe jm}	d | o `rl f ^ab `rl jnd t jmo ^ f ^ j*f ^abE d | osenj ^Lt ikdHe�<+1 j*ose � end £B� f
j l ose l f ^ jnd o t jm}cose £��ct ikjmo lut jm}	d ^ e v p ` j l jmosi | o `rl f ^ab�`²^ab j�q ^Lt²| jm}cose¦i ^Lt §rd |	lut d § v�| dHi l p `rl emo t&E
£PlLb dk� ^ p ` fhd  x � C Á z�^ e  x � C Á z�� "243�5 6 x � C Á z ª  a Z87 5 6 x � C Á z�� }cd b d $293:5 6 x � C Á z o�e ^ em} lLb j ° b~^Lt&E d |®£B�ct i °
jmo lut x | dHi ^Hv o t&E�£«^ enjnd b jm} ^Lt c A U 0 A e c r<; z¨^Ltc|$ a Z87 5 6 x � C Á z ose�d }h�c^ fUj l 0yx*x·± U(` m U z x·± e ` m e z Uo p q rfp s o
o £�c A U 0 A;e c�g Á W ^Ltc| j l ¶ l jm}	d b�� osemdv<�� l*� d�¥Ld b qFjm}cose | dHi l p `rl emosjmo lut o�e t	l j�jm}	d�p l enj ^a`c`cb�lL`cb o ^ jnd
lut d £PlLb�l-�	b�`;�	b�`�l emdLq{§rdHi ^v� end�ohj�fhd ^L| e�j l®�ctct dHikdHeme ^ab osf v i l p ` fsosi ^ jnd |�£PlLb p � f ^ dv<>= lLb o t enj ^Lt ikdLqrjm}	d= l-�cb ohd b j b�^Lt e £[lLb p lL£ jm}²ose�f ^ enj £B�ct ikjmo lut d�¥ ^ f �c^ jndHe�j l

?  a Z87 5 6 xA@CB ± U C ± eXz � 0 �u� x D U x Á z�W zÁ z�W E � x·± U `GF@ z x·± e `GF@ z 0�± U ` ± e�H x,jh< � z
� }cd b d D U x4I z�� 0¡i l eXx4I z Q I ª emo t x4I z Q I e ose ^ p lJ| o ª d | ¸!dHememdHf £B�ct ikjmo lut <1 t�lLb~| d b j l �!lLb � � ohjm}�emo�p ` fhd b
dk� `cb dHeme�o lut e�q � d�fhd�j x � C Á z*��$293 x � C Á z ª  a Z87 x � C Á z x,jh< �Rz
� }cd b d "243 x � C Á z ose ^FEu^ o t�^ em} lLb j ° b~^Lt&E d |�£B�ct ikjmo lut¢^Lt²|

 a Z87 x � C Á z*� 0yx�fsospJ�K �
LMN MO x·± U�` m U~z x·± e ` m e z �c A U 0�Afe c o £Hc A U 0 Afe chg ÁQP�u�
� ± U�` ± e ¼ xBA U 0�Afe z l jm}	d b�� osendv< x,jh< ¸ z

� }cd�f�ospDohj PSR ¶ o�e �²tc| d b enj lJl�| j l §�d�j ^ �Ld t0^a£ jnd b jm}cdDe `²^ jmo ^ f o t jnd ELb�^ jmo lut e l ¥Ld b jm}cd�¥ ^ab o ^ §²fhdHe A U
^Ltc| AfeF< � }cdT= l-�	b ohd b j b�^Lt e £[lLb p lL£ jm}cose £B�ct ikjmo lut�b d ^L| e ?  a Z87 xA@UB ± U C ± e z � 0 �u� x!x·± U0`<F@ z x·± e `VF@ z emo t ikd
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