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/HV�FDOFXODWULFHV�VRQW�DXWRULVpHV�

/D�GpFRXYHUWH�GX�ERVRQ�GH�+LJJV�DX�&(51��&RQVHLO�(XURSpHQ�SRXU�OD�5HFKHUFKH�1XFOpDLUH��

Q¶DXUDLW�MDPDLV�pWp�SRVVLEOH�VDQV�OHV�LQVWDOODWLRQV�IULJRULILTXHV�SHUIHFWLRQQpHV�QpFHVVDLUHV�SRXU�

UHIURLGLU�HQ�SDUWLFXOLHU�OHV�DLPDQWV�VXSUDFRQGXFWHXUV�GX�/+&��/DUJH�+DGURQ�&ROOLGHU����

&H� SUREOqPH� SURSRVH� GDQV� XQH� SUHPLqUH� SDUWLH� G¶pWXGLHU�� HQ� OD� VLPSOLILDQW� ODUJHPHQW�� XQH�

LQVWDOODWLRQ�GH�OLTXpIDFWLRQ�GH�O¶KpOLXP�j�OD�WHPSpUDWXUH�GH�����.���

(VW�DERUGpH�GDQV�XQH�GHX[LqPH�SDUWLH�OD�PRGpOLVDWLRQ�G¶XQ�pFKDQJHXU�GH�FKDOHXU�GRQW�OH�EXW�

HVW�G¶DVVXUHU�j� O¶KpOLXP� OLTXLGH�GH� UHVWHU�j� OD� WHPSpUDWXUH�QpFHVVDLUH� DX� UHIURLGLVVHPHQW�GHV�

DLPDQWV�VXSUDFRQGXFWHXUV���

'DQV�XQH�WURLVLqPH�SDUWLH��HVW�DERUGp�GH�PDQLqUH�VXFFLQFWH�O¶pFRXOHPHQW�GH�O¶KpOLXP�GDQV�XQH�

OLJQH�GH�GLVWULEXWLRQ�FU\RJpQLTXH���

/D� TXDWULqPH� SDUWLH� SHUPHW� G¶pWXGLHU� XQ� SURFpGp� GH� UHIURLGLVVHPHQW� GH� O¶KpOLXP� OLTXLGH�

SHUPHWWDQW�GH�OH�IDLUH�SDVVHU�GH�OD�WHPSpUDWXUH�GH�����.�j�OD�WHPSpUDWXUH�GH�����.���

8QH� FLQTXLqPH� HW� GHUQLqUH� SDUWLH� VH� SURSRVH� G¶pWXGLHU� GLIIpUHQWV� SURFpGpV� GH�PHVXUH� HW� GH�

FRQWU{OH�GHV�SDUDPqWUHV� WHPSpUDWXUH��SUHVVLRQ��GpELW�YROXPLTXH�HW�KDXWHXU�GX�EDLQ�G¶KpOLXP�

OLTXLGH���

/HV�GLIIpUHQWHV�SDUWLHV�VRQW�LQGpSHQGDQWHV�OHV�XQHV�GHV�DXWUHV��

/¶DQQH[H�HQ�SDJH����UHJURXSH�OHV�SULQFLSDOHV�GRQQpHV��
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$�±�(WXGH�GX�F\FOH�GH�&ODXGH�SRXU�OD�OLTXpIDFWLRQ�GH�O¶KpOLXP��

$����%LODQ�pQHUJpWLTXH�G¶XQ�V\VWqPH�HQ�pFRXOHPHQW��

8Q�IOXLGH�V¶pFRXOH�HQ�SDVVDQW�GH�O¶pWDW�WKHUPRG\QDPLTXH�c�j�O¶pWDW�WKHUPRG\QDPLTXH�d�HQ�

WUDYHUVDQW�XQH�PDFKLQH�WKHUPLTXH�R��LO�pFKDQJH�GX�WUDYDLO�HW�GH�OD�FKDOHXU��/¶pFRXOHPHQW�HVW�

FRQVLGpUp�FRPPH�SHUPDQHQW��ILJXUH�����

)LJXUH�����V\VWqPH�HQ�pFRXOHPHQW�

3RXU� XQH� PDVVH� GP� GH� IOXLGH� FLUFXODQW� HQWUH� O¶pWDW�c� HW� O¶pWDW�d�� OH� ELODQ� pQHUJpWLTXH�

DSSOLTXp�j�FHWWH�PDVVH�V¶pFULW����

� �

� � � � � � X

� �
GP K F J] K F J] : 4

� �

ª º§ · § ·
+ + − + + = δ + δ¨ ¸ ¨ ¸« »

© ¹ © ¹¬ ¼

$������3UpFLVHU�OD�VLJQLILFDWLRQ�GH�FKDTXH�WHUPH�GH�OD�UHODWLRQ�SUpFpGHQWH���

$������5ppFULUH�FH�ELODQ�pQHUJpWLTXH�HQ�IDLVDQW�DSSDUDvWUH�OHV�SXLVVDQFHV�HW�OH�GpELW�PDVVLTXH�

P' �GX�IOXLGH���

$����&\FOH�GH�&ODXGH��

2Q�VRXKDLWH� UHIURLGLU� GH� O¶KpOLXP�VHORQ�XQ� F\FOH�GH�&ODXGH��'DQV� FH� F\FOH�� RQ�SUp�UHIURLGLW�

O¶KpOLXP�DYDQW�GH�OH�OLTXpILHU�SDUWLHOOHPHQW�HQ�OXL�IDLVDQW�VXELU�XQH�GpWHQWH�GH�-RXOH�7KRPVRQ��

/H�SULQFLSH�GH�OD�PDFKLQH�WKHUPLTXH�HVW�UHSUpVHQWp�HQ�ILJXUH����SDJH����

2Q�\�GLVWLQJXH����

� OH� FRPSUHVVHXU� &� R�� O¶pQHUJLH� HVW� LQMHFWpH� SRXU� FRPSULPHU� O¶KpOLXP� j� WHPSpUDWXUH�

DPELDQWH���

� XQH�ERvWH�IURLGH�WKHUPLTXHPHQW�LVROpH�GDQV�ODTXHOOH�VRQW�SODFpV�OHV�GLIIpUHQWV�pFKDQJHXUV�

GH�FKDOHXU�(��j�(��DLQVL�TXH�OH�GpWHQGHXU�'��/D�ERvWH�IURLGH�QH�FRQVRPPH�SDV�G¶pQHUJLH�

PDLV�HQ�UHMHWWH�VRXV�IRUPH�PpFDQLTXH�SDU�O¶LQWHUPpGLDLUH�GHV�WXUELQHV�7��HW�7����
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$X�UHSqUH�c��O¶KpOLXP�JD]HX[�HQWUH�j�OD�SUHVVLRQ� �3 ���EDU= �HW�j�OD�WHPSpUDWXUH� �7 �DYHF�OH�

GpELW�PDVVLTXH� �

P' � ����J�V−
= ���

8QH�IUDFWLRQ�PDVVLTXH� �[ �GX�JD]�HQ�VRUWLH�GH�O¶pFKDQJHXU�(��HVW�SUpOHYpH�SRXU�OXL�IDLUH�VXELU�

XQH� GpWHQWH� GDQV� OD� WXUELQH� 7��� 'H� PrPH�� XQH� IUDFWLRQ� PDVVLTXH� �[ GX� JD]� VRUWDQW� GH�

O¶pFKDQJHXU�(��HVW�SUpOHYpH�SRXU�OXL�IDLUH�VXELU�XQH�GpWHQWH�GDQV�OD�WXUELQH�7����

/HV�GpELWV�PDVVLTXHV�DX[�UHSqUHV�d�HW�f�VRQW�GRQF�UHVSHFWLYHPHQW���

( )P� � P' � [ '= − �HW� ( )( )P� � � P' � [ � [ '= − − ��

/H� JD]� VRUWDQW� GH� O¶pFKDQJHXU� (�� SDVVH� GDQV� OH� GpWHQGHXU� '� R�� LO� VXELW� XQH� GpWHQWH�

LVHQWKDOSLTXH��DPHQDQW�OH�IOXLGH�GH�OD�SUHVVLRQ�
�3 ���EDU= ��UHSqUH�h��j�OD�SUHVVLRQ �3 ��EDU=

�UHSqUH�i����

/¶KpOLXP�OLTXLGH�IRUPp�DYHF�XQ�GpELW�PDVVLTXH� P' A
�HVW�SUpOHYp�HQ�VRUWLH���

/H� JD]� VRUWDQW� GX� GpWHQGHXU� SDVVH� GDQV� O¶pFKDQJHXU� (�� �UHSqUH�j�� SRXU� UHIURLGLU� OH� JD]�

FLUFXODQW� j� FRQWUH�FRXUDQW�� /H� JD]� VRUWDQW� GH� OD� WXUELQH� 7�� VH� UDMRXWH� DX� JD]� VRUWDQW� GH�

O¶pFKDQJHXU�(���UHSqUH�k���

'H�PrPH��OH�JD]�VRUWDQW�GH�OD�WXUELQH�7��VH�UDMRXWH�DX�JD]�VRUWDQW�GH�O¶pFKDQJHXU�(���UHSqUH�

����

/H� FRPSUHVVHXU�&�FRPSULPH� OH�JD]�GH� OD�SUHVVLRQ�
�3 ��EDU= � j� OD�SUHVVLRQ� �3 ���EDU= ��8Q�

FLUFXLW�G¶HDX�GH�UHIURLGLVVHPHQW�SHUPHW�DORUV�GH�UDPHQHU�OH�JD]�j�OD�WHPSpUDWXUH �7 ��2Q�LQMHFWH�

OD�TXDQWLWp�GH�JD]�QpFHVVDLUH�SRXU�TXH�OH�GpELW�PDVVLTXH�HQ�c�VRLW�j�QRXYHDX P' ���

/HV�pFRXOHPHQWV�GDQV�OHV�GLIIpUHQWV�pFKDQJHXUV�GH�FKDOHXU�VRQW�VXSSRVpV�LVREDUHV���

2Q�QRWHUD����

� LK �O¶HQWKDOSLH�PDVVLTXH�GX�IOXLGH�GDQV�O¶pWDW�WKHUPRG\QDPLTXH�Q��L���FRUUHVSRQGDQW�VXU�OD�

ILJXUH���DX�UHSqUH�QRWp�L���

�
OLTK �HW�

YDSK O¶HQWKDOSLH�PDVVLTXH�GH�O¶KpOLXP�OLTXLGH�HW�YDSHXU�j�OD�SUHVVLRQ� �3 ���

� 7�3 �HW� 7�3 �OHV�SXLVVDQFHV�FpGpHV�SDU�OHV�JD]�GDQV�OHV�WXUELQHV���HW���UHVSHFWLYHPHQW��&HV�

SXLVVDQFHV�VRQW�XWLOLVpHV�SRXU�HQWUDvQHU�SDUWLHOOHPHQW�OH�FRPSUHVVHXU��

2Q�QpJOLJHUD�V\VWpPDWLTXHPHQW�OHV�YDULDWLRQV�G¶pQHUJLH�FLQpWLTXH�HW�SRWHQWLHOOH�GH�SHVDQWHXU��

/HV�VRXWLUDJHV�HW�O¶LQMHFWLRQ�GH�IOXLGH�VH�IRQW�VDQV�DGGLWLRQ�GH�SXLVVDQFH���

/HV�GRQQpHV�UHODWLYHV�j�O¶KpOLXP�VRQW�UHJURXSpHV�HQ�DQQH[H��SDJH������

$������ 'RQQHU� O¶H[SUHVVLRQ� GX� GpELW�PDVVLTXH� HQWUDQW� GDQV� OH� FRPSUHVVHXU� �UHSqUH� � �� HQ�

IRQFWLRQ�GH� P' �HW� P' A
���

$������ (Q� FRQVLGpUDQW� OHV� SXLVVDQFHV� HQWUDQWHV� HW� VRUWDQWHV� GH� OD� ERvWH� IURLGH�� pFULUH� XQH�

UHODWLRQ�UHOLDQW�OHV�JUDQGHXUV P' �� P' A
�� �K �� ��K ��

OLTK �� 7�3 �HW� 7�3 ���

$������3DU�XQ�ELODQ�pQHUJpWLTXH�VXU�OD�WXUELQH�7���pFULUH�XQH�UHODWLRQ�HQWUH�OHV�YDULDEOHV �[ �� P'

7�3 �� �K �HW� ��K ���

$������3DU�XQ�ELODQ�pQHUJpWLTXH�VXU�OD�WXUELQH7� ��pFULUH�XQH�UHODWLRQ�HQWUH�OHV�YDULDEOHV �[ �� �[ ��

P' �� 7�3 �� �K �HW� �K ���

��

��
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2Q�GpILQLW�OH�WDX[�GH�OLTXpIDFWLRQ�GH�OD�PDFKLQH�FRPPH�OH�UDSSRUW P

P

'
\

'
= A ��

$������0RQWUHU�TXH�
( ) ( )( )� �� � �� � � � � �

OLT ��

K K [ K K [ � [ K K
\

K K

− + − + − −
=

−
��

$������(Q�IDLVDQW�XQ�ELODQ�pQHUJpWLTXH�VXU� OH�SUHPLHU�pFKDQJHXU�GH�FKDOHXU�(��� �H[SULPHU�OH�

GpELW�PDVVLTXH P' A
�HQ�IRQFWLRQ�GH� P' �HW�GHV�HQWKDOSLHV�PDVVLTXHV �K �� �K �� ��K �HW� ��K ���

(Q�GpGXLUH�OD�YDOHXU�GX�WDX[�GH�OLTXpIDFWLRQ��)DLUH�O¶DSSOLFDWLRQ�QXPpULTXH���

$������ (Q� IDLVDQW� XQ� ELODQ� pQHUJpWLTXH� VXU� OH� GHX[LqPH� pFKDQJHXU� GH� FKDOHXU�� H[SULPHU� HW�

FDOFXOHU�OD�IUDFWLRQ�PDVVLTXH �[ ���

$������3DU�XQ�UDLVRQQHPHQW�DQDORJXH��H[SULPHU�HW�FDOFXOHU�OD�IUDFWLRQ�PDVVLTXH �[ ���

9pULILHU� TXH� OD� UHODWLRQ� pWDEOLH� HQ�$������ SHUPHW� ELHQ� GH� UHWURXYHU� OD� YDOHXU� GH� \� FDOFXOpH�

SUpFpGHPPHQW���

$������5HOLHU�OH�WLWUH�HQ�OLTXLGH� [
A
�GX�PpODQJH�GLSKDVp�HQ�VRUWLH�GX�GpWHQGHXU�DX[�JUDQGHXUV

�K �� OLTK �HW�
YDSK ��(Q�GpGXLUH�XQH�QRXYHOOH�H[SUHVVLRQ�GX�WDX[�GH�OLTXpIDFWLRQ�HW�FRPSDUHU�DYHF�

FHOOH�FDOFXOpH�j�OD�TXHVWLRQ�$�������

$������� (Q� GpGXLUH� O¶H[SUHVVLRQ� GX� GpELW� YROXPLTXH� 9' A
� GH� O¶KpOLXP� OLTXLGH� IRUPp� j� OD�

WHPSpUDWXUH�GH�����.�HW�FDOFXOHU�VD�YDOHXU�TXH�O¶RQ�H[SULPHUD�HQ�/�V
��
���

/D�SXLVVDQFH�IULJRULILTXH�pTXLYDOHQWH�
I �HT3 �HVW�GpILQLH�FRPPH�OD�SXLVVDQFH�j�SUpOHYHU�DX�JD]�

IURLG�GH�GpELW�PDVVLTXH� P' A
�SRXU� OH� OLTXpILHU���

I �HT P YP' /=
A

3 �R�� YP/ �UHSUpVHQWH� OD�FKDOHXU�

ODWHQWH�PDVVLTXH�GH�YDSRULVDWLRQ���

$�������&DOFXOHU�OD�SXLVVDQFH�IULJRULILTXH�pTXLYDOHQWH�SRXU�O¶KpOLXP�j�OD�WHPSpUDWXUH�GH�����.���

2Q�FRQVLGqUH�TXH� OHV�SXLVVDQFHV� 7�3 � HW� 7�3 ��TXH� OHV�JD]�FqGHQW�GDQV� OHV� WXUELQHV�7��HW�7���

VRQW�LQWpJUDOHPHQW�UpFXSpUpHV�SDU�OH�FRPSUHVVHXU���

$������� 'RQQHU� O¶H[SUHVVLRQ� GH� OD� SXLVVDQFH� PpFDQLTXH� &3 � TX¶LO� UHVWH� j� IRXUQLU� DX�

FRPSUHVVHXU�SRXU�TXH�FHOXL�FL�FRPSULPH�HIIHFWLYHPHQW�OH�JD]�GH�OD�SUHVVLRQ� �3 �j�OD�SUHVVLRQ

�3 ���

$������� (Q� GpGXLUH� OD� SXLVVDQFH� j� IRXUQLU� j� O¶LQVWDOODWLRQ� SRXU� SUpOHYHU� XQH� SXLVVDQFH�

IULJRULILTXH� pTXLYDOHQWH� GH� ��N: ��&RPSDUHU� OH� UHQGHPHQW� GH� O¶LQVWDOODWLRQ� j� FHOXL� GX� F\FOH�

LGpDO�GH�&DUQRW�IRQFWLRQQDQW�HQWUH�OHV�WHPSpUDWXUHV� )7 ����.= �HW� &7 ����.= ����

/HV� LQVWDOODWLRQV� GX� &(51� VRQW� FDSDEOHV� TXDQW� j� HOOHV� GH� SURGXLUH� SOXVLHXUV� NLORJUDPPHV�

G¶KpOLXP� OLTXLGH�SDU� VHFRQGH��/HXU� UHQGHPHQW�SDU� UDSSRUW�DX�F\FOH�GH�&DUQRW�DWWHLQW�������

VRLW�XQ�GHV�PHLOOHXUV�UHQGHPHQWV�SRVVLEOHV�DFWXHOOHPHQW���
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�����

%�±�(WXGH�G¶XQ�pFKDQJHXU�GH�FKDOHXU�j�FRQWUH�FRXUDQW��

%����5pVLVWDQFH�FRQGXFWR�FRQYHFWLYH��

2Q� FRQVLGqUH� XQ� F\OLQGUH� FUHX[� FRQVWLWXp� G¶XQ� PDWpULDX� GH� FRQGXFWLYLWp� WKHUPLTXH� λ

VXSSRVpH� LQGpSHQGDQWH� GH� OD� WHPSpUDWXUH�� GH� UD\RQ� LQWpULHXU� �5 � HW� GH� UD\RQ� H[WpULHXU� �5

�ILJXUH�����8Q�IOXLGH�GH�WHPSpUDWXUH� �7 �RFFXSH�O¶LQWpULHXU�GH�FH�F\OLQGUH�WDQGLV�TX¶XQ�IOXLGH�GH�

WHPSpUDWXUH� �7 �HQWRXUH�O¶H[WpULHXU�GX�F\OLQGUH��

2Q�QRWH� 6�7 � OD� WHPSpUDWXUH�GX� F\OLQGUH� VXU� VD� VXUIDFH� LQWpULHXUH� HW� 6�7 �FHOOH� VXU� VD� VXUIDFH�

H[WpULHXUH�HW�RQ�FRQVLGqUH�TXH�OD�WHPSpUDWXUH�DX�VHLQ�GX�PDWpULDX�QH�GpSHQG�TXH�GH�OD�GLVWDQFH�

U� SDU� UDSSRUW� j� O¶D[H� GX� F\OLQGUH��2Q�QpJOLJH� OHV� HIIHWV� GH� ERUG� �FRPPH� VL� OH� F\OLQGUH� pWDLW�

LQILQLPHQW�ORQJ�VHORQ�O¶D[H�GHV�[��HW�RQ�UDLVRQQH�VXU�XQH�ORQJXHXU�/�GH�FH�F\OLQGUH���

/¶pWXGH�GX�V\VWqPH�VH�IDLW�HQ�UpJLPH�SHUPDQHQW���

)LJXUH�����pFKDQJHXU�GH�FKDOHXU�

%������5DSSHOHU� O¶H[SUHVVLRQ�GH�OD� ORL�GH�)RXULHU�HQ�SUpFLVDQW� OD�VLJQLILFDWLRQ�GHV�GLIIpUHQWHV�

JUDQGHXUV���

%������5HOLHU�OD�SXLVVDQFH�WKHUPLTXH� 7KΦ �DX�YHFWHXU�GHQVLWp�GH�SXLVVDQFH�
7K
M
G

���

4XH�SHXW�RQ�GLUH��HQ�UpJLPH�SHUPDQHQW��GH�OD�SXLVVDQFH�WKHUPLTXH� 7KΦ �WUDYHUVDQW�OHV�VXUIDFHV�

ODWpUDOHV� �� 5 /π �� � U/π �HW� �� 5 /π "�-XVWLILHU��

%������(WDEOLU�OD�ORL�G¶pYROXWLRQ�GH�OD�WHPSpUDWXUH� ( )7 U �DX�VHLQ�GX�PDWpULDX�GH�FRQGXFWLYLWp�

WKHUPLTXH�λ �HQ�IRQFWLRQ�GH�OD�SXLVVDQFH�WKHUPLTXH� 7KΦ ��

%������(Q�GpGXLUH�OD�UHODWLRQ�HQWUH� OD�SXLVVDQFH�WKHUPLTXH� 7KΦ � WUDQVIpUpH�GH� O¶LQWpULHXU�YHUV�

O¶H[WpULHXU�GX�F\OLQGUH�HW�OD�GLIIpUHQFH�GH�WHPSpUDWXUH 6� 6�7 7− ���

%������ 'pILQLU� HW� GRQQHU� O¶H[SUHVVLRQ� GH� OD� UpVLVWDQFH� WKHUPLTXH� 7K5 � GX� F\OLQGUH� GH�

FRQGXFWLYLWp�WKHUPLTXH�λ ���

/H�WUDQVIHUW�GH�FKDOHXU�HQWUH�XQ�VROLGH�j�OD�WHPSpUDWXUH� 67 �HW�XQ�IOXLGH�j�OD�WHPSpUDWXUH� )7 �VH�

GpFULW� HQ� LQWURGXLVDQW� OH� FRHIILFLHQW� GH� WUDQVIHUW� FRQYHFWLI� QRWp &K �� OD� SXLVVDQFH� WKHUPLTXH�

WUDQVIpUpH� GX� VROLGH� YHUV� OH� IOXLGH� j� WUDYHUV� XQ� pOpPHQW� GH� VXUIDFH� GΣ � HVW�

( )7K & 6 )G K 7 7 GΦ = − Σ �� 2Q� QRWHUD� &�K � �UHVSHFWLYHPHQW� &�K �� OH� FRHIILFLHQW� GH� WUDQVIHUW�

FRQYHFWLI�UHODWLI�DX�IOXLGH�GH�WHPSpUDWXUH� �7 ��UHVSHFWLYHPHQW� �7 ����

[

/

�5 �5

� /

�7

�7

�67

�67

U

λ

λ
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�����

%������5HOLHU�OD�SXLVVDQFH�WKHUPLTXH� 7KΦ �WUDQVIpUpH�HQ�UpJLPH�SHUPDQHQW�GX�IOXLGH�LQWpULHXU�

DX�IOXLGH�H[WpULHXU�DX[�GLIIpUHQFHV�GH�WHPSpUDWXUH� � 6�7 7− �HW� 6� �7 7− ���

%������(Q�GpGXLUH�OD�UHODWLRQ�HQWUH� 7KΦ �HW� � �7 7− ��0RQWUHU�DORUV�TXH�O¶H[SUHVVLRQ�GH�OD�

UpVLVWDQFH�FRQGXFWR�FRQYHFWLYH� &&5 �GH�O¶HQVHPEOH�HVW�GRQQpH�SDU�OD�UHODWLRQ���

( )� �

&&

� &� � &�

OQ 5 � 5� � �
5

� / 5 K 5 K

ª º
= + +« »

π λ¬ ¼
��

%����0RGpOLVDWLRQ�G¶XQ�pFKDQJHXU�GH�FKDOHXU�j�FRQWUH�FRXUDQW��

8Q� pFKDQJHXU� GH� FKDOHXU� j� FRQWUH�FRXUDQW� HVW� PRGpOLVp� SDU� GHX[� F\OLQGUHV� FRD[LDX[� j�

O¶LQWpULHXU� GHVTXHOV� FLUFXOHQW� OHV� IOXLGHV� GDQV� GHV� VHQV� RSSRVpV� �ILJXUH� ���� /H� WUDQVIHUW� GH�

FKDOHXU� G¶XQ� IOXLGH� j� O¶DXWUH� VH� IDLW� DX� WUDYHUV� GX� F\OLQGUH� GH� UD\RQ� LQWpULHXU �5 �� GH� UD\RQ�

H[WpULHXU� �5 �HW�GH�FRQGXFWLYLWp�WKHUPLTXH�λ �VXSSRVpH�LQGpSHQGDQWH�GH�OD�WHPSpUDWXUH���

/¶D[H�[¶[�GH�O¶pFKDQJHXU�HVW�KRUL]RQWDO��2Q�DGPHWWUD�TXH�OD�WHPSpUDWXUH�GHV�IOXLGHV�QH�GpSHQG�

TXH� GH� O¶DEVFLVVH� [�� TXH� O¶pYROXWLRQ� GHV� IOXLGHV� HVW� LVREDUH� HW� TX¶LO� Q¶\� D� SDV� GH� YDULDWLRQ�

G¶pQHUJLH�FLQpWLTXH�GHV�IOXLGHV���

2Q�QRWHUD� PL' � OH�GpELW�PDVVLTXH�GX� IOXLGH�GH� WHPSpUDWXUH� L7 �HW� SLF � VD� FDSDFLWp� FDORULILTXH�

PDVVLTXH�j�SUHVVLRQ�FRQVWDQWH���

/H�IOXLGH�LQWpULHXU�FKDXG�Q���HQWUH�GDQV�O¶pFKDQJHXU�j�OD�WHPSpUDWXUH� ( )� H�7 � 7= �HW�HQ�VRUW�j�

OD� WHPSpUDWXUH� ( )� 6�7 / 7= ��/H�IOXLGH�H[WpULHXU�IURLG�HQWUH�GDQV�O¶pFKDQJHXU�j� OD� WHPSpUDWXUH�

( )H H�7 / 7= �HW�HQ�VRUW�j�OD�WHPSpUDWXUH ( )� 6�7 � 7= ��

)LJXUH�����pFKDQJHXU�GH�FKDOHXU�Q���

%������(Q�H[SULPDQW�TXH�OD�SXLVVDQFH�WKHUPLTXH�FpGpH�SDU�OH�IOXLGH�Q���HVW�FHOOH�UHoXH�SDU�OH�

IOXLGH� Q���� pWDEOLU� XQH� UHODWLRQ� HQWUH� OHV� YDULDWLRQV� GH� WHPSpUDWXUH� ( )� �7 �[� 7 �− � HW�

( )� �7 �[� 7 �− ��

%������2Q�QRWH�GΦ �OD�SXLVVDQFH�WKHUPLTXH�pOpPHQWDLUH�WUDQVIpUpH�GX�IOXLGH�Q���DX�IOXLGH�Q���j�
WUDYHUV� XQ� pOpPHQW� GH� ORQJXHXU� G[� GH� O¶pFKDQJHXU�� (Q� UHSUHQDQW� OH� UpVXOWDW� GH� OD� TXHVWLRQ�

%������PRQWUHU�TXH� ( )� �G . 7 [ 7 �[� G[Φ = −ª º¬ ¼ �HW�LGHQWLILHU�OH�FRHIILFLHQW�.���

3RXU�VLPSOLILHU��RQ�FRQVLGpUHUD�SRXU�OD�VXLWH�TXH�
P� S� P� S� P 3' F ' F ' F= = ��

%������ (Q� FRPELQDQW� OHV� UpVXOWDWV� GHV� TXHVWLRQV� %������ HW� %������� pWDEOLU� O¶pTXDWLRQ�

GLIIpUHQWLHOOH�UpJLVVDQW�O¶pYROXWLRQ�GH�OD�WHPSpUDWXUH� �7 �HQ�IRQFWLRQ�GH�[��(Q�GpGXLUH �7 �[� ��

%������(Q�GpGXLUH�O¶H[SUHVVLRQ�GH �7 �[� ���

[
/� [ [�G[

�P' �P'

�P'�P'

�[�7� �G[[�7� +

�G[[�7� +�[�7�

�5�5
λ

λ

[¶�
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&���3HUWH�GH�FKDUJH�GDQV�XQH�OLJQH�GH�GLVWULEXWLRQ�FU\RJpQLTXH��

/D�OLJQH�GH�GLVWULEXWLRQ�FU\RJpQLTXH��DFKHPLQDQW� O¶KpOLXP�OLTXLGH�DX[�GLIIpUHQWV�DLPDQWV��VH�

PRGpOLVH�SDU�XQH�FRQGXLWH�F\OLQGULTXH�GH�UD\RQ�5�HW�GH�ORQJXHXU�/��

/¶K\SRWKqVH�G¶XQ�pFRXOHPHQW�LVREDUH�GDQV�XQH�FDQDOLVDWLRQ�UHYLHQW�j�QpJOLJHU�WRXWH�UpVLVWDQFH�

j� O¶DYDQFHPHQW� GX� IOXLGH�� F¶HVW�j�GLUH� VD� YLVFRVLWp�� 1RXV� FRQVLGpURQV� LFL� OH� PRGqOH� SOXV�

UpDOLVWH� GH� O¶pFRXOHPHQW� SHUPDQHQW� GH� O¶KpOLXP� GH� PDVVH� YROXPLTXH ρ FRQVWDQWH� HW� GH�

YLVFRVLWp�G\QDPLTXHη ���

2Q�QRWH� H V3 3 3 �∆ = − > ��OD�YDULDWLRQ�GH�SUHVVLRQ�HQWUH�O¶HQWUpH�HW�OD�VRUWLH�GH�OD�FDQDOLVDWLRQ���

2Q�PRQWUH�TXH�OD�YLWHVVH�GX�IOXLGH�pYROXH�HQ�IRQFWLRQ�GH�OD�GLVWDQFH�U�SDU�UDSSRUW�j�O¶D[H�GX�

F\OLQGUH��VXLYDQW�OD�ORL��� ( )� �

[

3
Y 5 U H

� /

∆
= −

η

GG
��

&����(WDEOLU�O¶H[SUHVVLRQ�GX�GpELW�PDVVLTXH P' G¶pFRXOHPHQW�GX�IOXLGH����

&����&DOFXOHU� OD�SHUWH�GH� FKDUJH� 3∆ � SRXU�GH� O¶KpOLXP� OLTXLGH� j� 7 ����.= � V¶pFRXODQW�GDQV�

XQH� FRQGXLWH� GH� UD\RQ� 5 ����P= � HW� GH� ORQJXHXU� / ��NP= DYHF� XQ� GpELW� YROXPLTXH
�

9' ���/�V−= ��

&����4XH�GHYLHQGUDLW�O¶H[SUHVVLRQ�GX�GpELW�PDVVLTXH�VL�OD�FDQDOLVDWLRQ�pWDLW�YHUWLFDOH�"��

&����(WDEOLU�O¶H[SUHVVLRQ�GH�OD�SXLVVDQFH�
SRPSH3 �TXH�OD�SRPSH�GRLW�IRXUQLU�DX�IOXLGH�V¶pFRXODQW�

GDQV�OD�FDQDOLVDWLRQ�KRUL]RQWDOH��)DLUH�O¶DSSOLFDWLRQ�QXPpULTXH��

'���5HIURLGLVVHPHQW�GH�O¶KpOLXP�OLTXLGH��

2Q�FKHUFKH�j�UHIURLGLU�O¶KpOLXP�OLTXLGH�GH�OD�WHPSpUDWXUH�GH�����.�j�OD�WHPSpUDWXUH�GH�����.���

&HWWH�WHPSpUDWXUH�HVW�FHOOH�j�ODTXHOOH�GRLYHQW�rWUH�PDLQWHQXV�OHV�DLPDQWV�VXSUDFRQGXFWHXUV�HQ�

QLRELXP�WLWDQH�GX�/+&��1RXV�DOORQV�pWXGLHU�GDQV�FHWWH�SDUWLH�XQH�IDoRQ�XVXHOOH�GH�SURFpGHU��

PDLV�pJDOHPHQW�IDLUH�DSSDUDvWUH�XQ�GpIDXW�GH�OD�PpWKRGH���

2Q� QRWHUD� � YA �UHVSHFWLYHPHQW� YY �� OH� YROXPH� PRODLUH� GX� OLTXLGH� �UHVSHFWLYHPHQW� GH� OD�
YDSHXU��

�������������������� Y/ ��UHVSHFWLYHPHQW� 9P/ ��OD�FKDOHXU�ODWHQWH�PRODLUH��UHVSHFWLYHPHQW�PDVVLTXH��GH�

YDSRULVDWLRQ���

'RQQpHV����� �

9/ ��� ��-�PRO−= �� L7 ����.= ��� )7 ����.= ��

���������������������3UHVVLRQ�GH�YDSHXU�VDWXUDQWH�j�OD�WHPSpUDWXUH� L7 ���
�

L3 �������� �3D=

���������������������&DSDFLWp�FDORULILTXH�PDVVLTXH�GH�O¶KpOLXP�OLTXLGH��� � �F �����N-�. �NJ− −=
A

���������������������0DVVH�LQLWLDOH�G¶KpOLXP�OLTXLGH��� LP ����NJ=

/D�UHODWLRQ�GH�&ODSH\URQ�GRQQpH�FL�GHVVRXV�UHOLH�OD�SHQWH�
G3

G7
�GH�OD�FRXUEH�G¶pTXLOLEUH�HQWUH�

OHV� GHX[� SKDVHV� HQ� SUpVHQFH� GDQV� OH� GLDJUDPPH� ( )3 7 � GH� OD� ILJXUH� ��� SDJH� ��� j� OD� FKDOHXU�

ODWHQWH�GH�FKDQJHPHQW�G¶pWDW���

3RXU�O¶pTXLOLEUH� OLT YDS→← ���
( )

Y

9

/G3

G7 7 Y Y
=

−
A

���
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)LJXUH�����GLDJUDPPH�G¶pTXLOLEUH��3�7��

'����5DSSHOHU�FH�TXH�UHSUpVHQWH�OD�SUHVVLRQ�GH�YDSHXU�VDWXUDQWH��

2Q�DVVLPLOH�OD�YDSHXU�j�XQ�JD]�SDUIDLW�HW�RQ�VH�SODFH�ORLQ�GX�SRLQW�FULWLTXH�GH�VRUWH�TXH�O¶RQ�

IHUD� O¶DSSUR[LPDWLRQ YY Y
A

� �� 2Q� VXSSRVH� TXH� 9/ � HVW� FRQVWDQWH� GDQV� OH� GRPDLQH� GH�

WHPSpUDWXUH�FRQVLGpUp���

'����2Q�QRWH� L3 �OD�SUHVVLRQ�GH�YDSHXU�VDWXUDQWH�j�OD�WHPSpUDWXUH L7 ��'pWHUPLQHU�O¶pYROXWLRQ�GH�

OD�SUHVVLRQ�GH�YDSHXU�VDWXUDQWH�HQ�IRQFWLRQ�GH�OD�WHPSpUDWXUH���

2Q� DFWLRQQH� XQH� SRPSH� TXL� DVSLUH� j� GpELW� YROXPLTXH� FRQVWDQW� 9' � OD� YDSHXU� VDWXUDQWH�

FRQWHQXH�GDQV�OH�FU\RVWDW�FRQWHQDQW�OH�PpODQJH�OLTXLGH�YDSHXU��ILJXUH������

)LJXUH�����SRPSDJH�KpOLXP�JD]HX[�

'����([SOLTXHU�SK\VLTXHPHQW�SRXUTXRL� OH� IDLW�GH�SUpOHYHU� OD�YDSHXU�DX�GHVVXV�GX� OLTXLGH�YD�

FRQGXLUH�j�XQ�UHIURLGLVVHPHQW�GH�FHOXL�FL���

'����'pWHUPLQHU� OH�QRPEUH�GH�PROH�G¶KpOLXP�YDSHXU�j� OD� WHPSpUDWXUH�7�DVSLUp�SDU�XQLWp�GH�

WHPSV���

'����0RQWUHU� TXH� OD� SXLVVDQFH� WKHUPLTXH� SUpOHYpH� DX� OLTXLGH� SHXW� V¶pFULUH� VRXV� OD� IRUPH��

9
7K

/
3 H[S

7 57

Λ § ·
= −¨ ¸

© ¹
�HW�GRQQHU�O¶H[SUHVVLRQ�GX�FRHIILFLHQW�Λ ���

3

7

/LTXLGH 9DSHXU

G3

G7

3RPSH

+H

/LTXLGH

+H

9DSHXU
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2Q� IDLW� O¶K\SRWKqVH� TXH� OD� PDVVH� LP � G¶KpOLXP� OLTXLGH� TXH� O¶RQ� YHXW� UHIURLGLU� UHVWH�

VHQVLEOHPHQW�FRQVWDQWH�GXUDQW� OH�SURFHVVXV��2Q�QRWH� F
A
� OD�FDSDFLWp�FDORULILTXH�PDVVLTXH�GH�

O¶KpOLXP�OLTXLGH���

'���� (FULUH� O¶pTXDWLRQ� GLIIpUHQWLHOOH� UpJLVVDQW� O¶pYROXWLRQ� GH� OD� WHPSpUDWXUH� GX� OLTXLGH� HQ�

IRQFWLRQ�GX�WHPSV���

'���� -XVWLILHU� TXH� O¶K\SRWKqVH� G¶XQH� PDVVH� GH� OLTXLGH� FRQVWDQWH� QH� SHXW� rWUH� TX¶XQH�

DSSUR[LPDWLRQ���5HOLHU�OD�YDULDWLRQ�GP �GH�PDVVH�GX�OLTXLGH�j�VD�YDULDWLRQ�G7 �GH�WHPSpUDWXUH��

'����/H� OLTXLGH�SDVVDQW�GH� OD� WHPSpUDWXUH� L7 �j� )7 ��GRQQHU� O¶H[SUHVVLRQ�HW�FDOFXOHU� OD�PDVVH�

P∆ �GH�OLTXLGH�pYDSRUp��&RQFOXUH�TXDQW�j� OD�YDOLGLWp�GH�O¶K\SRWKqVH�G¶XQH�PDVVH�GH�OLTXLGH�

FRQVWDQWH���

6DFKDQW�TX¶XQ�FDOFXO�H[DFW�FRQGXLW�j�XQ�PrPH�RUGUH�GH�JUDQGHXU�SRXU P∆ ��TXHO�LQFRQYpQLHQW�

YR\H]�YRXV�j�FHWWH�PpWKRGH�GH�UHIURLGLVVHPHQW�"�

'���� /H� IRQFWLRQQHPHQW� G¶XQH�SRPSH� j�SDOHWWHV� HVW� UHSUpVHQWp� VXU� OD� ILJXUH����2Q�QRWH� I� OD�

IUpTXHQFH�GH�URWDWLRQ�GX�URWRU�HW� 9∆ �OH�YROXPH�DVSLUp�j�FKDTXH�GHPL�WRXU���

'RQQHU�O¶H[SUHVVLRQ�GX�GpELW�YROXPLTXH�PR\HQ�GH�OD�SRPSH��

)LJXUH�����SRPSH�j�SDOHWWHV�

(WDW�, (WDW�,,

(WDW�,,, (WDW�,9

DVSLUDWLRQ

5HIRXOHPHQW

∆9

UHIRXOHPHQW
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(�±�&RQWU{OH�GHV�GLIIpUHQWV�SDUDPqWUHV��

(����&RQWU{OH�GH�OD�WHPSpUDWXUH�±�FRUUHFWLRQ�K\GURVWDWLTXH��

2Q�FRQWU{OH�OD�WHPSpUDWXUH�GH�O¶KpOLXP�OLTXLGH�j�O¶DLGH�G¶XQ�WKHUPRPqWUH�j�WHQVLRQ�GH�YDSHXU��

/H�SULQFLSH�HVW�GH�PHVXUHU�OD�SUHVVLRQ�GH�YDSHXU�VDWXUDQWH�SRXU�HQ�GpGXLUH�OD�WHPSpUDWXUH�GX�

OLTXLGH���

/H�WKHUPRPqWUH�j�WHQVLRQ�GH�YDSHXU�HVW�FRQVWLWXp�G¶XQ�EXOEH�HQ�FXLYUH�FRQWHQDQW�OH�PpODQJH�

GLSKDVp��UHOLp�SDU�XQ�FDSLOODLUH�j�XQ�FDSWHXU�GH�SUHVVLRQ�j�WHPSpUDWXUH�DPELDQWH��ILJXUH�����

)LJXUH�����WKHUPRPqWUH�j�WHQVLRQ�GH�YDSHXU�

(������ /H� FDSWHXU� GH� SUHVVLRQ� PHVXUH�W�LO� OD� SUHVVLRQ� GH� YDSHXU� VDWXUDQWH� DX� QLYHDX� GX�

OLTXLGH�"�([SOLTXHU���

/H� FDSWHXU� GH� SUHVVLRQ� HVW� j� OD� WHPSpUDWXUH� DPELDQWH� D7 HW� OH� EDLQ� G¶KpOLXP� OLTXLGH� j� OD�

WHPSpUDWXUH )7 �� 2Q� VXSSRVH� TXH� OD� WHPSpUDWXUH� GH� O¶KpOLXP� JD]HX[� pYROXH� OLQpDLUHPHQW� OH�

ORQJ�GX�FDSLOODLUH�GH�KDXWHXU�K��� ( ) D )
) )

7 7
7 ] 7 ] 7 ]

K

−§ ·
= + = + α¨ ¸

© ¹
�����

2Q�DVVLPLOH�O¶KpOLXP�JD]HX[�j�XQ�JD]�SDUIDLW�GH�PDVVH�PRODLUH�0���

(������(FULUH�OD�FRQGLWLRQ�G¶pTXLOLEUH�G¶XQH�WUDQFKH�GH�JD]�VRXPLVH�DX�FKDPS�GH�SHVDQWHXU� J
G

HW�FRPSULVH�HQWUH�OHV�DOWLWXGHV�]�HW� ] G]+ ��(Q�GpGXLUH�OD�UHODWLRQ�HQWUH�
G3

G]
��J�HW�OD�WHPSpUDWXUH�

7�]� �GX�JD]�SDUIDLW���

(������ 'pWHUPLQHU� OD� SUHVVLRQ�
FDS3 � GpWHFWpH� SDU� OH� FDSWHXU� GH� SUHVVLRQ� HQ� IRQFWLRQ� GH� OD�

SUHVVLRQ�GH�YDSHXU�VDWXUDQWH� ( )9 )3 7 �DX�QLYHDX�GX�OLTXLGH�HW�GHV�YDULDEOHV�0��J��α �HW�5����

�

K

]

J

D7

)7

7

+H

OLTXLGH

+H

YDSHXU

PDQRPqWUH

Téléchargé gratuitement sur www.PrepaMag.fr .

http://www.prepamag.fr/


CCP Physique 1 PSI 2014 — Énoncé 12/15

(������ &DOFXOHU� OD� YDULDWLRQ� GH� SUHVVLRQ� ( )9 ) FDS3 3 7 3∆ = − � SRXU� OD� WHPSpUDWXUH� GX� EDLQ�

G¶KpOLXP�OLTXLGH� )7 ����.= ���

2Q�SUHQGUD��� �

93 ��������� �3D= ��K ��P= ��
�J ����P�V−

= �HW� D7 ����.= ���

(������(Q�V¶DLGDQW�GH�OD�UHODWLRQ�GH�&ODSH\URQ��HQ�GpGXLUH�XQH�HVWLPDWLRQ�GH�OD�FRUUHFWLRQ� 7∆ j�

DSSRUWHU�SRXU�OD�GpWHUPLQDWLRQ�GH�OD�ERQQH�WHPSpUDWXUH�GX�OLTXLGH���

(����0HVXUH�GHV�IDLEOHV�SUHVVLRQV��

/H�FDSWHXU�GH�SUHVVLRQ�XWLOLVp�HVW�XQ�FDSWHXU�j�YDULDWLRQ�GH�FDSDFLWp��ILJXUH�����8QH�PHPEUDQH�

IOH[LEOH�VH�GpIRUPH�VRXV�O¶HIIHW�GH�OD�SUHVVLRQ��IDLVDQW�YDULHU�OD�GLVWDQFH�HQWUH�VRQ�FHQWUH�HW�XQH�

PHPEUDQH� IL[H� GH� VXUIDFH� 6�� 8QH� GLIIpUHQFH� GH� SRWHQWLHO� HVW� DSSOLTXpH� HQWUH� OD�PHPEUDQH�

IOH[LEOH� HW� OD�PHPEUDQH� IL[H� HW� RQ� SHXW� FRQVLGpUHU� TXH� O¶HQVHPEOH� VH� FRPSRUWH� FRPPH� XQ�

FRQGHQVDWHXU�SODQ�GH�VHFWLRQ�6�HW�G¶pSDLVVHXU�YDULDEOH�H���

2Q�UDSSHOOH�TXH�OD�FDSDFLWp�G¶XQ�FRQGHQVDWHXU�SODQ�GH�VHFWLRQ�6�HW�G¶pSDLVVHXU�H�HVW� �6&
H

ε
= ��

2Q�QRWH� �H �OD�GLVWDQFH�HQWUH�OD�PHPEUDQH�IL[H�HW�OD�PHPEUDQH�QRQ�GpIRUPpH ( )3 �= ��

)LJXUH�����FDSWHXU�GH�SUHVVLRQ�

2Q� DGPHW� TXH� OD� YDULDWLRQ� G¶pSDLVVHXU� �H H H∆ = − � HVW� SURSRUWLRQQHOOH� j� OD� YDULDWLRQ� GH�

SUHVVLRQ��� ( )UHIH 3 3∆ = α − �� /¶XOWUDYLGH� D� pWp� UpDOLVp� GDQV� OD� FKDPEUH� FRQWHQDQW� O¶DUPDWXUH�

IL[H��GH�VRUWH�TXH� �

UHI3 �� �3D 3−
� � ��2Q�pFULUD�GRQF� H 3∆ = α ��

'RQQpHV���
�6 ��FP= �� �H ����PP= �� �� �

� ������� �)�P− −
ε = �� � ������� �P�3D− −

α = ���

(������&DOFXOHU�OD�YDULDWLRQ�UHODWLYH�GH�FDSDFLWp�
�

&

&

∆
�SRXU�XQH�SUHVVLRQ�PHVXUpH�GH�����3D�j�

SDUWLU�GH�OD�SUHVVLRQ�QXOOH���

(������ 6DFKDQW� TXH� OH� GpWHFWHXU� SHUPHW� GH� PHVXUHU� XQH� YDULDWLRQ� GH� FDSDFLWp�
�& ������ �S)�−

∆ = �HVWLPHU�OD�SUHVVLRQ�PLQLPDOH�TXH�SHXW�PHVXUHU�FH�GpWHFWHXU���

�3UHI ≈

3

H

�H

��

6
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(����&RQWU{OH�GX�GpELW�YROXPLTXH�GX�OLTXLGH��

/H�GpELW�G¶pFRXOHPHQW�GX�IOXLGH�HVW�PHVXUp�j�O¶DLGH�G¶XQ�GpELWPqWUH�j�XOWUDVRQV��ILJXUH�������

'HX[� WUDQVGXFWHXUV� DFRXVWLTXHV� SLp]RpOHFWULTXHV� VLWXpV� HQ�$� HW� %� MRXHQW� DOWHUQDWLYHPHQW� OH�

U{OH�G¶pPHWWHXU�HW�GH�UpFHSWHXU�G¶RQGH�XOWUDVRQRUH��,OV�SHUPHWWHQW�GH�PHVXUHU�SUpFLVpPHQW�OHV�

WHPSV�GH�SURSDJDWLRQ� $%W �HW� %$W �GH�O¶RQGH�VRQRUH�GH�$�j�%�HW�GH�%�j�$�UHVSHFWLYHPHQW��

)LJXUH������GpELWPqWUH�j�XOWUDVRQV�

2Q�FRQVLGqUH�TXH�OH�IOXLGH�V¶pFRXOH�GDQV�OD�FDQDOLVDWLRQ�DYHF�XQH�YLWHVVH�PR\HQQH PY ���

2Q� QRWH� /� OD� GLVWDQFH� HQWUH� OHV� GHX[� WUDQVGXFWHXUV� HW� ϕ � O¶DQJOH� FRQVWDQW� HQWUH� OH� YHFWHXU�

YLWHVVH� PY
G

�HW�OH�YHFWHXU$%
JJJG

���

/H� VRQ� pWDQW� XQH� RQGH� GH� FRPSUHVVLRQ�� O¶RQGH� VRQRUH� HVW� HQWUDvQpH� SDU� OH� IOXLGH� HQ�

PRXYHPHQW�� /D� YLWHVVH� GX� VRQ� GDQV� XQ� UpIpUHQWLHO� R�� OH� IOXLGH� HVW� PRELOH� VXLW� OD� ORL� GH�

FRPSRVLWLRQ�GHV�YLWHVVHV�GH�OD�PpFDQLTXH�FODVVLTXH���

2Q�QRWH�F�OD�FpOpULWp�GH�O¶RQGH�VRQRUH�ORUVTXH�OH�IOXLGH�HVW�DX�UHSRV�GDQV�OH�UpIpUHQWLHO�G¶pWXGH���

(������'RQQHU�O¶H[SUHVVLRQ�GH�OD�YLWHVVH� $%Y �GH�O¶RQGH�VRQRUH�GDQV�OH�IOXLGH�HQ�PRXYHPHQW�

SRXU�O¶RQGH�VH�GpSODoDQW�GX�FDSWHXU�$�DX�FDSWHXU�%���

(������'RQQHU�O¶H[SUHVVLRQ�GH�OD�YLWHVVH� %$Y �GH�O¶RQGH�VRQRUH�GDQV�OH�IOXLGH�HQ�PRXYHPHQW�

SRXU�O¶RQGH�VH�GpSODoDQW�GX�FDSWHXU�%�DX�FDSWHXU�$�

(������'RQQHU�O¶H[SUHVVLRQ�GH�OD�YLWHVVH�PR\HQQH�G¶pFRXOHPHQW�GX�IOXLGH�HQ�IRQFWLRQ�GH� / ��

ϕ �� $%W �HW� %$W ��(Q�GpGXLUH�O¶H[SUHVVLRQ�GX�GpELW�YROXPLTXH� 9' �GX�IOXLGH���

(����&RQWU{OH�GH�OD�KDXWHXU�K�G¶KpOLXP�OLTXLGH�GDQV�OH�FU\RVWDW��

/D�PHVXUH�GX�QLYHDX�GH�O¶KpOLXP�GDQV�OH�FU\RVWDW�HVW�UpDOLVpH�HQ�PHVXUDQW�OD�UpVLVWDQFH�G¶XQ�

ILO� VXSUDFRQGXFWHXU� SDUWLHOOHPHQW� SORQJp� GDQV� O¶KpOLXP� OLTXLGH� �ILJXUH� ���� SDJH� ����� /D�

VXSUDFRQGXFWLYLWp� HVW� OD�PDQLIHVWDWLRQ�GH� O¶DQQXODWLRQ�GH� OD� UpVLVWDQFH� pOHFWULTXH� HQ�GHVVRXV�

G¶XQH�FHUWDLQH�WHPSpUDWXUH�GLWH�FULWLTXH���

/D�SDUWLH� LPPHUJpH�GDQV� OH� OLTXLGH� HVW� VXSUDFRQGXFWULFH� HW� Q¶D�DXFXQH� UpVLVWDQFH��/D�SDUWLH�

VLWXpH�GDQV�OH�JD]�HVW�UpVLVWLYH��/H�ILO�pOHFWULTXH�GH�ORQJXHXU�WRWDOH�/��SOLp�HQ�GHX[��FI��ILJXUH�

�����SORQJH�GDQV�O¶KpOLXP�OLTXLGH�GH�KDXWHXU�K�FRPPH�UHSUpVHQWp�VXU�OD�ILJXUH�FL�DSUqV��

PY

$

%

/
 
$
%
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)LJXUH������FRQWU{OH�QLYHDX�G¶KpOLXP�

(������5DSSHOHU�O¶H[SUHVVLRQ�GH�OD�ORL�G¶2KP�ORFDOH���

(������ 2Q� UDLVRQQH� HQ� UpJLPH� FRQWLQX� GH� VRUWH� TXH� OD� GHQVLWp� YROXPLTXH� GH� FRXUDQW� VH�

UpSDUWLVVH�XQLIRUPpPHQW�VXU� OD�VHFWLRQ� WUDQVYHUVH�6��'pPRQWUHU� O¶H[SUHVVLRQ�GH� OD� UpVLVWDQFH�

pOHFWULTXH� G¶XQ� FRQGXFWHXU� KRPRJqQH� GH� UpVLVWLYLWp� pOHFWULTXH� Hρ
A
�� GH� ORQJXHXU� / � HW� GH�

VHFWLRQ�6 ���

(������ (Q� VXSSRVDQW� Hρ
A
� FRQVWDQW� SRXU� OD� SDUWLH� FRQGXFWULFH�� GRQQHU� O¶H[SUHVVLRQ� GH� OD�

UpVLVWDQFH�GX�ILO�HQ�IRQFWLRQ�GH�OD�KDXWHXU�K��

2Q�PHVXUH�SUpFLVpPHQW�OD�UpVLVWDQFH�pOHFWULTXH�SDU�OH�PRQWDJH�GLW�j�TXDWUH�ILOV��ILJXUH������/HV�

TXDWUH� ILOV� RQW� OD� PrPH� UpVLVWDQFH� U�� /D� VRQGH� HVW� DOLPHQWpH� DYHF� XQ� IDLEOH� FRXUDQW� ,�� /D�

PHVXUH� GH� OD� WHQVLRQ� DX[� ERUQHV� GH� OD� UpVLVWDQFH� 5� j� GpWHUPLQHU� HVW� HIIHFWXpH� SDU�

O¶LQWHUPpGLDLUH� GH� GHX[� ILOV� UHOLpV� DX� YROWPqWUH�� /H� YROWPqWUH� HVW� VXSSRVp� G¶LPSpGDQFH�

G¶HQWUpH�VXIILVDPPHQW�JUDQGH�SRXU�TXH�O¶RQ�SXLVVH�VXSSRVHU�TX¶DXFXQ�FRXUDQW�QH�OH�WUDYHUVH��

)LJXUH������PRQWDJH�j�TXDWUH�ILOV�

(������([SOLTXHU�FRPPHQW�RQ�GpWHUPLQH�OD�UpVLVWDQFH�5�GDQV�FH�PRQWDJH���

/D�UpVLVWDQFH�U�GHV�ILOV�LQWHUYLHQW�HOOH�"��

K

9

/
��

/
��

5pVLVWDQFH

+H
OLTXLGH

7

D7

)7

5

9

,

L� ��

8

U

UU

U
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$11(;(�

•�0DVVH�PRODLUH�GH�O¶KpOLXP��� �0 ��J�PRO−=

•�&RQVWDQWH�GHV�JD]�SDUIDLWV���
� �5 �����-�. �PRO− −

=

•�9LVFRVLWp�G\QDPLTXH�GH�O¶KpOLXP�j�7� �����.���
������� �3D�V−

η =

•�&pOpULWp�GX�VRQ�GDQV�O¶KpOLXP�OLTXLGH�j�OD�WHPSpUDWXUH�7� �����.���
�F ����P�V−

=

'RQQpHV�UHODWLYHV�j�O¶KpOLXP�j�O¶pWDW�GLSKDVp�

7HPSpUDWXUH�7 ���.= 0DVVH�YROXPLTXH�

( )�NJ�P−

(QWKDOSLH�

( )�N-�NJ−

/LTXLGH� ������ �����

9DSHXU� ������ ������

7HPSpUDWXUH�7 ���.= 0DVVH�YROXPLTXH�

( )�NJ�P−

(QWKDOSLH�

( )�N-�NJ−

/LTXLGH� ������ ������

9DSHXU� ������ ������

'RQQpHV�UHODWLYHV�j�O¶KpOLXP�j�O¶pWDW�JD]HX[�

(WDW� 3UHVVLRQ�

�EDU��
7HPSpUDWXUH�

�.��
(QWKDOSLH

( )�N-�NJ−

�� ��� ���� ������

�� ��� ���� ������

�� ��� ���� ������

�� ��� ��� ������

�� ��� ��� ������

�� ��� ����� �����

�� �� ���� �

�� �� ���� ������

�� �� ����� ����

��� �� ����� ����

��� �� ����� ������

��� �� ���� ��������

��� �� ���� ��������

��� ��� ���� ������

)LQ�GH�O¶pQRQFp�
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