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3UREOqPH�%���UDGLRDFWLYLWp�αααα

/D�GpVLQWpJUDWLRQ�α�G¶XQ�QR\DX�UDGLRDFWLI� $
= ; ��DSSHOp�QR\DX�SqUH��FRQGXLW�j�O¶pPLVVLRQ�G¶XQ�QR\DX��

G¶KpOLXP���QRWp� �
�+H �HQFRUH�DSSHOp�SDUWLFXOH�α��ILJXUH�����'H�FHWWH�GpVLQWpJUDWLRQ�UpVXOWH�XQ�QR\DX�

GLW� ILOV� �$ <− �� &H� PRGH� GH� GpVLQWpJUDWLRQ� HVW� UpVXPp� SDU� O¶pTXDWLRQ� ELODQ��� � �
�

$ $
= ; +H <−→ + ��

*pQpUDOHPHQW��OHV�QR\DX[�pPHWWHXUV�α�SRVVqGHQW�XQ�QRPEUH�GH�QXFOpRQV�$�pOHYp��VXSpULHXU�j������
HW� VRQW�GRQF�TXDOLILpV�GH�QR\DX[� ORXUGV�FDU�� HQ�SUHPLqUH� DSSUR[LPDWLRQ�� OD�PDVVH�G¶XQ�QR\DX�HVW�
SURSRUWLRQQHOOH�j�VRQ�QRPEUH�GH�QXFOpRQV���

/H�GpWULPHQW��FRPSUHQGUH�O¶LPSDFW�UDGLRORJLTXH�GX�UD\RQQHPHQW�α��GpSHQG�QRWDPPHQW�GH�O¶pQHUJLH�
FLQpWLTXH� (Fα �GX�QR\DX�G¶KpOLXP���pMHFWp���

$SUqV�DYRLU�SUpFLVp�TXHOTXHV�JpQpUDOLWpV��%������QRXV�HVWLPHURQV�OD�SUREDELOLWp�GH�GpVLQWpJUDWLRQ�α
GX�QR\DX�SqUH� �%������SXLV�QRXV�pYDOXHURQV� O¶pQHUJLH�FLQpWLTXH� (Fα �GH� OD�SDUWLFXOH�α� DLQVL�pPLVH�
�%����� SRXU� GLVFXWHU� GHV� K\SRWKqVHV� GH� OD� SDUWLH� %����� (QILQ�� QRXV� SUpFLVHURQV� GHV� DVSHFWV� GH�
UDGLRSURWHFWLRQ�DVVRFLpV�j�OD�UDGLRDFWLYLWp�α��%������

3RXU� O¶HQVHPEOH�GH�FH�SUREOqPH��QRXV�FRQVLGpUHURQV�TXH�QRXV�VRPPHV�GDQV�OH�UHSqUH�JDOLOpHQ�GX�
ODERUDWRLUH��5/��GDQV�OHTXHO�OH�QR\DX� $

= ; �HVW�DX�UHSRV��/D�SDUWLFXOH�α�pPLVH�ORUV�GH�OD�GpVLQWpJUDWLRQ�
GX�QR\DX�SqUH�HVW�QRQ�UHODWLYLVWH��/HV�HIIHWV�OLpV�j�OD�JUDYLWp�VHURQW�QpJOLJpV��

/HV�SDUWLHV�%�����%�����%����HW�%����QH�VRQW�TXH�WUqV�SDUWLHOOHPHQW�OLpHV���

'RQQpHV�QXPpULTXHV�
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8QLWp�GH�PDVVH�DWRPLTXH�� X�P�D� �� � ���X�P�D� ���� �� NJ−≈ ⋅
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)LJXUH�����GpVLQWpJUDWLRQ�α�G¶XQ�QR\DX�UDGLRDFWLI� $
= ;
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%����*pQpUDOLWpV

%������ 3UpFLVHU� OD� FRQVWLWXWLRQ� GH� OD� SDUWLFXOH� α�� &HWWH� SDUWLFXOH� HVW�HOOH� VHQVLEOH� DX[� FKDPSV�
pOHFWULTXHV�"�

%������4XHOOH� HVW� OD� ORL� GH� FRQVHUYDWLRQ� TXL� SHUPHW� GH� FRQQDvWUH� OH� QRPEUH� GH� SURWRQV� GX� QR\DX�
ILOV�"��

%������(Q�SK\VLTXH�QXFOpDLUH��O¶XQLWp�XVXHOOHPHQW�HPSOR\pH�SRXU�O¶pQHUJLH�Q¶HVW�SDV�OH�-RXOH�PDLV�
O¶pOHFWURQYROW�� &RQVLGpURQV� GHX[� DUPDWXUHV� PpWDOOLTXHV� $� HW� %� UHOLpHV� j� XQH� VRXUFH� GH� WHQVLRQ�
FRQWLQXH�8$%�SRVLWLYH��ILJXUH�����8Q�pOHFWURQYROW��H9��FRUUHVSRQG�j�O¶pQHUJLH�FLQpWLTXH�DFTXLVH�SDU�
XQ�pOHFWURQ��LQLWLDOHPHQW�DX�UHSRV�HW�SRVLWLRQQp�DX�QLYHDX�GH�OD�SODTXH�%��VRXPLV�j�XQH�WHQVLRQ�8$%
GH�XQ�YROW��4XH�YDXW���H9�HQ�-RXOH�"�

%������/H�QR\DX�G¶XQ�DWRPH� $
= ; HVW�VRXYHQW�SHUoX�FRPPH�pWDQW�XQH�VSKqUH�GH�UD\RQ�5��RQ�SDUOH�

DORUV�GX�PRGqOH�GH� OD� ©�JRXWWH� OLTXLGH�ª��(Q�FRQVLGpUDQW�TXH� OD�PDVVH�YROXPLTXH�ρ� GX�QR\DX�HVW�
FRQVWDQWH�� PRQWUHU� TXH� OH� UD\RQ� 5� DVVRFLp� DX� QR\DX� HVW� SURSRUWLRQQHO� j� ���$ �� &H� PRGqOH� HVW�LO�
DSSURSULp�SRXU�OH�QR\DX�G¶KpOLXP���"��

%����(VWLPDWLRQ�GH�OD�SUREDELOLWp�GH�GpVLQWpJUDWLRQ αααα

3RXU� HVWLPHU� OD� SUREDELOLWp� GH� GpVLQWpJUDWLRQ�α� GX� QR\DX� SqUH�� QRXV� DOORQV� XWLOLVHU� OD�PpFDQLTXH�
TXDQWLTXH�j�WUDYHUV�OH�PRGqOH�GX�SK\VLFLHQ�UXVVH�*��*DPRY��(Q�������LO�SUpVXSSRVD�O¶H[LVWHQFH�GH�
OD� SDUWLFXOH�α� j� O¶LQWpULHXU� GX� QR\DX� SqUH�� 3RXU� V¶pFKDSSHU� GX� QR\DX� SqUH� OD� SDUWLFXOH�α� GHYUDLW�
SRVVpGHU��HQ�PpFDQLTXH�FODVVLTXH��XQH�pQHUJLH�VXSpULHXUH�j�OD�KDXWHXU�9��GH�OD�EDUULqUH�GH�SRWHQWLHO�
�ILJXUH������

)LJXUH�����GpILQLWLRQ�GH�O¶pOHFWURQYROW�

$UPDWXUH�$�

$UPDWXUH�%�
8$%

)LJXUH�����DOOXUH�GH�OD�EDUULqUH�GH�SRWHQWLHO�9�U��GDQV�OH�FDGUH�GH�QRWUH�PRGqOH�

3XLWV�GH�SRWHQWLHO�

9�U��

U�5��

�9��

9��
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6L�VRQ�pQHUJLH�HVW�LQIpULHXUH�j�FHWWH�YDOHXU��HOOH�QH�SHXW�SDV�V¶pFKDSSHU�GX�QR\DX��7RXWHIRLV��FRPPH�
HOOH�SRVVqGH�XQH�FHUWDLQH�YLWHVVH��HOOH�IUDSSH�VXU�OHV�SDURLV�GX�SXLWV�GH�SRWHQWLHO��GH�SURIRQGHXU��9�͕
DYHF�XQH� IUpTXHQFH�SURSRUWLRQQHOOH�j� VD�YLWHVVH�HW� LQYHUVHPHQW�SURSRUWLRQQHOOH�j� OD� ODUJHXU�5��GX�
SXLWV�� /D� PpFDQLTXH� TXDQWLTXH� PRQWUH� DORUV� TXH� OD� SUREDELOLWp� GH� SUpVHQFH� GH� OD� SDUWLFXOH� α� j�
O¶H[WpULHXU�GX�SXLWV�HVW�FHUWHV�WUqV�IDLEOH�PDLV�QRQ�QXOOH���

2Q� GpVLJQH� SDU� U� OD� GLVWDQFH� HQWUH� OH� FHQWUH� GH� OD� SDUWLFXOH�α� HW� OH� FHQWUH� GX� QR\DX� ILOV��5�� HVW�
DSSUR[LPDWLYHPHQW� pJDO� j� OD� VRPPH� GHV� UD\RQV� GX� QR\DX� G¶KpOLXP� �� HW� GX� QR\DX� ILOV�� 5�� HVW�
OpJqUHPHQW�VXSpULHXU�DX�UD\RQ�5�GX�QR\DX�SqUH��

3DU� DLOOHXUV�� GDQV� FHWWH� SDUWLH�� OD�PDVVH� GH� OD� SDUWLFXOH�α� HVW� QpJOLJpH� GHYDQW� FHOOH� GX� QR\DX� ILOV��
$XVVL�� OD�PDVVH� UpGXLWH�GX� V\VWqPH�FRQVWLWXp�GH� OD�SDUWLFXOH�α� HW� GX�QR\DX� ILOV� HVW� DVVLPLOpH� j� OD�
PDVVH�GH�OD�SDUWLFXOH�α��

%������ 4XHO� HVW� OH� QRP� GH� O¶HIIHW� DVVRFLp� DX� SDVVDJH� GH� OD� SDUWLFXOH� α� j� WUDYHUV� OD� EDUULqUH�
FRXORPELHQQH�"�$�TXHOOH�FRQGLWLRQ�LO�QH�SRXUUD�SDV�\�DYRLU�GH�GpVLQWpJUDWLRQ�α "�

%������ $� TXHOOH� LQWHUDFWLRQ� HVW� OLpH� OH� SXLWV� GH� SRWHQWLHO�"� 4XHOOHV� VRQW� VHV� SULQFLSDOHV�
FDUDFWpULVWLTXHV�"�

%������ $� O¶H[WpULHXU� GX� SXLWV� GH� SRWHQWLHO� �U� !� 5��� XQH� VHXOH� LQWHUDFWLRQ� HVW� SULVH� HQ� FRPSWH��

/¶H[SUHVVLRQ� GH� O¶pQHUJLH� SRWHQWLHOOH� DVVRFLpH� HVW� GH� OD� IRUPH� ( ) .9 U
U

= �� . +∗∈\ �� 'H� TXHOOH�

LQWHUDFWLRQ�V¶DJLW�LO�"�3UpFLVHU�O¶H[SUHVVLRQ�GH�.�HQ�IRQFWLRQ�GH�OD�FKDUJH�pOHFWULTXH�pOpPHQWDLUH�H�HW�
GX�QRPEUH�GH�SURWRQV�=�GX�QR\DX�SqUH���

%������3RXU�XQH�SDUWLFXOH�α�SUpH[LVWDQWH�j�O¶LQWpULHXU�GX�QR\DX�SqUH�DYHF�XQH�pQHUJLH�(α �ILJXUH������
OH�FRHIILFLHQW�GH�WUDQVPLVVLRQ�3�GH�OD�EDUULqUH�GH�SRWHQWLHO�pSDLVVH�DVVRFLpH�HVW��
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π⋅ª º
≈ − ⋅ ⋅ ⋅ − ⋅ª º¬ ¼« »¬ ¼³ ��R��Pα�HVW�OD�PDVVH�GH�OD�SDUWLFXOH�α��

)LJXUH������FRHIILFLHQW�GH�WUDQVPLVVLRQ�3�G¶XQH�EDUULqUH�GH�SRWHQWLHO�pSDLVVH�
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3RXU� OHV� TXHVWLRQV� VXLYDQWHV�� QRXV� QRXV� LQWpUHVVHURQV� DX� SRORQLXP������ �����3R �� pPHWWHXU�α�� SRXU�
OHTXHO� OD� SDUWLFXOH�α� SRVVqGH� XQH� pQHUJLH�(α�  � ����0H9�� 3RXU� GpFULUH� OD� GpVLQWpJUDWLRQ�α� GH� FH�
QR\DX��YRXV�SUHQGUH]� ��

� ��� �� P5 −= ⋅ �HW� � �� 0H99 = ��

%��������&DOFXOHU�OHV�YDOHXUV�GH� �5 �HW� �9 �DVVRFLpHV�j�FHWWH�GpVLQWpJUDWLRQ��'LVFXWHU�GH�O¶K\SRWKqVH�
GH�OD�EDUULqUH�pSDLVVH���

%��������/H�FDOFXO�GX�FRHIILFLHQW�GH�WUDQVPLVVLRQ�GRQQH��SRXU�XQH�EDUULqUH�pSDLVVH��� ( )H[S3 γ≈ − ��

DYHF� ( ) �
�
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� ��
�

= H P 5
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α

α

γ
ε π

ª º− ⋅
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⋅ ⋅ ¬ ¼=
���

(VWLPHU�O¶RUGUH�GH�JUDQGHXU�GH�3�SRXU�OH�SRORQLXP������

%��������([SULPHU�OH�QRPEUH�G¶DOOHUV�UHWRXUV�I�TXH�IDLW�OD�SDUWLFXOH�α�SDU�VHFRQGH�GDQV�OH�QR\DX�SqUH�
HQ�IRQFWLRQ�GH�5���9���(α�HW�Pα��SXLV�OH�FDOFXOHU�SRXU�OH�SRORQLXP������

%��������'RQQHU�O¶H[SUHVVLRQ�GH�OD�SUREDELOLWp�SDU�XQLWp�GH�WHPSV�λ�G¶pPLVVLRQ�G¶XQH�SDUWLFXOH�α�SDU�
OH�QR\DX�SqUH�HQ�IRQFWLRQ�GH�I�HW�3��λ�HVW�HQFRUH�DSSHOpH�FRQVWDQWH�UDGLRDFWLYH��&DOFXOHU�OD�YDOHXU�GH�
OD�FRQVWDQWH�UDGLRDFWLYH�GX�SRORQLXP������

%������8QH�DXWUH�PpWKRGH�G¶pYDOXDWLRQ�GX�FRHIILFLHQW�GH�WUDQVPLVVLRQ�3�G¶XQH�EDUULqUH�GH�SRWHQWLHO�
pSDLVVH�FRQVLVWH�j�OD�PRGpOLVHU�FRPPH�LQGLTXp�HQ�ILJXUH����HW�j�UpVRXGUH�H[SOLFLWHPHQW�O¶pTXDWLRQ�
GH�6FKU|GLQJHU�HQ�UpJLPH�VWDWLRQQDLUH�HW�j�XQH�GLPHQVLRQ���
/D�SDUWLFXOH�TXL�VH�GpSODFH�HVW�VRXPLVH�j�XQ�SRWHQWLHO�9��WHO�TXH���9� ���9��SRXU�OD�UpJLRQ����U���5�����
9� �9��SRXU�OD�UpJLRQ����5����U���5���HW�9� ���SRXU�OD�UpJLRQ����U�!�5����/D�EDUULqUH�GH�SRWHQWLHO�HVW�
G¶pSDLVVHXU�D� �5��±�5���

)LJXUH������PRGpOLVDWLRQ�GH�OD�EDUULqUH�GH�SRWHQWLHO�9�U���
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/D�SDUWLFXOH�Į�G¶pQHUJLH�(α �DUULYH�GH�OD�UpJLRQ���VXU�OD�EDUULqUH�GH�SRWHQWLHO��1RXV�FRQVLGpURQV�TXH���
����(α���9���1RXV�UDSSHORQV�TXH�OD�IRQFWLRQ�G¶RQGH�UDGLDOH� ( )Uφ �GH�OD�SDUWLFXOH�Į�YpULILH�O¶pTXDWLRQ�
GH�6FKU|GLQJHU�HQ�UpJLPH�VWDWLRQQDLUH�j�XQH�GLPHQVLRQ����
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( ) ( ) ( )
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⋅

= ��

%��������0RQWUHU�TXH�OD�IRQFWLRQ�G¶RQGH�UDGLDOH� ( )Uφ �VH�PHW��VHORQ�OD�UpJLRQ��VRXV�OD�IRUPH���

5pJLRQ����� ( ) ( ) ( )� � �H[S H[SU $ M N U % M N Uφ = ⋅ ⋅ ⋅ + ⋅ − ⋅ ⋅

5pJLRQ����� ( ) ( ) ( )� � �H[S H[SU & N U ' N Uφ = ⋅ ⋅ + ⋅ − ⋅

5pJLRQ����� ( ) ( ) ( )� � �H[S H[SU ) M N U * M N Uφ = ⋅ ⋅ ⋅ + ⋅ − ⋅ ⋅

R��$��%��&��'��)� HW�*� VRQW� GHV� FRQVWDQWHV� D� SULRUL� FRPSOH[HV� HW� M� OH� QRPEUH� FRPSOH[H� WHO� TXH�
� �M = − ��

3UpFLVHU�OHV�H[SUHVVLRQV�GHV�FRQVWDQWHV�N���N��HW�N����

3RXU�OD�UpJLRQ����GH�TXHO�W\SH�G¶RQGH�SDUOH�W�RQ�"�5HSUpVHQWHU�OHV�IRQFWLRQV�G¶RQGH�SDU�UpJLRQ��

%��������4XHOOH�HVW�OD�YDOHXU�GH�OD�FRQVWDQWH�*�"�-XVWLILHU�YRWUH�UpSRQVH��

%��������-XVWLILHU�O¶H[LVWHQFH�GH�UHODWLRQV�GH�FRQWLQXLWp��(FULUH�OHV�UHODWLRQV�GH�FRQWLQXLWp��

%��������2Q�PRQWUH�TXH�OH�FRXUDQW�GH�SUREDELOLWp�VWDWLRQQDLUH�GH�OD�UpJLRQ���D�SRXU�H[SUHVVLRQ����
� �

� � U- N $ % X
Pα

ª º= ⋅ ⋅ − ⋅¬ ¼
JJG JJG= � R�� UX

JJG
� HVW� OH� YHFWHXU� XQLWDLUH� GH� O¶D[H� �2U�� HW� $ � HW� % � VRQW� OHV�

PRGXOHV�GHV�FRQVWDQWHV�FRPSOH[HV�$�HW�%��4XH�UHSUpVHQWH�OD�TXDQWLWp� �
� � U- N $ X

Pα

= ⋅ ⋅ ⋅
JJG JJG= �"�

'pILQLU� OH� FRHIILFLHQW� GH� WUDQVPLVVLRQ�3� HQ� IRQFWLRQ� GHV� FRXUDQWV� GH� SUREDELOLWp�� ([SULPHU�3� HQ�
IRQFWLRQ�GH� $ �� ) �� �N �HW� �N ���

%��������/D�UpVROXWLRQ�GHV�pTXDWLRQV�GH�FRQWLQXLWp�SHUPHW�G¶DFFpGHU�j�O¶H[SUHVVLRQ�GH�3���

( ) ( ) ( ) ( )

� �
� � �

�� � � � � �
� � � � � � � � �

�N N N3
N N N N N VK N D N N N

⋅ ⋅
= ⋅

+ ⋅ + ⋅ + ⋅ +
�R��D� �5��±�5��HVW�O¶pSDLVVHXU�GH�OD�EDUULqUH�GH�

SRWHQWLHO��&RPSWH�WHQX�GHV�RUGUHV�GH�JUDQGHXU��3�SHXW�rWUH�DSSUR[LPp�SDU�OD�UHODWLRQ��� �� N D3 H− ⋅ ⋅≈ ��

&DOFXOHU�O¶pSDLVVHXU�GH�OD�EDUULqUH�GH�SRWHQWLHO�D��

&DOFXOHU�OD�YDOHXU�GH�3�SRXU�OH�SRORQLXP�����HW�OD�FRPSDUHU�j�FHOOH�WURXYpH�j�OD�TXHVWLRQ�%���������
,QWHUSUpWHU� OHV� pYHQWXHOOHV� GLIIpUHQFHV� HQWUH� FHV� GHX[� YDOHXUV�� /DTXHOOH� YRXV� VHPEOH� OD� SOXV�
FUpGLEOH�"�-XVWLILHU�YRWUH�UpSRQVH��
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%����(VWLPDWLRQ�GH�O¶pQHUJLH�FLQpWLTXH�GH�OD�SDUWLFXOH�αααα�ORLQ�GX�QR\DX�

%������'DQV�OH�UHSqUH�JDOLOpHQ�GX�ODERUDWRLUH��5/���pFULUH�OD�ORL�GH�FRQVHUYDWLRQ�GX�YHFWHXU�TXDQWLWp�
GH�PRXYHPHQW� DVVRFLpH� j� OD�GpVLQWpJUDWLRQ�α��� � �

�
$ $
= ; +H <−→ + ��2Q�QRWHUD� ;S

JJJG
�� <S
JJG

� HW� Sα

JJG
� OHV�

YHFWHXUV�TXDQWLWp�GH�PRXYHPHQW�DVVRFLpV�UHVSHFWLYHPHQW�DX[�QR\DX[� $
= ; �� �$ <− �HW� ��+H ��(Q�GpGXLUH�

FH�TXH�UHSUpVHQWHQW�OHV�IOqFKHV�QRLUHV�GH�OD�ILJXUH����SDJH���DVVRFLpHV�DX[�QR\DX[�ILOV�HW�G¶KpOLXP���

%������(Q�SK\VLTXH�QXFOpDLUH� WURLV� IRUPHV�G¶pQHUJLH� VRQW�� D�SULRUL�� SULVHV� HQ� FRPSWH�SRXU� FKDTXH�
QR\DX���VRQ�pQHUJLH�FLQpWLTXH�(F��VRQ�pQHUJLH�SRWHQWLHOOH� ( ��HQFRUH�DSSHOpH�pQHUJLH�G¶H[FLWDWLRQ�HW�
VRQ�pQHUJLH�GH�PDVVH� �P F⋅ �R��P�HVW�OD�PDVVH�GX�QR\DX�HW�F�OD�YLWHVVH�GH�OD�OXPLqUH�GDQV�OH�YLGH��
/RUV�G¶XQH�GpVLQWpJUDWLRQ�� LO� \�FRQVHUYDWLRQ�GH� O¶pQHUJLH��$SSOLTXHU�FHWWH� ORL�GH�FRQVHUYDWLRQ�j� OD�
GpVLQWpJUDWLRQ�α�HQ�FRQVLGpUDQW�TXH�OH�QR\DX�SqUH�HVW�QRQ�H[FLWp�HW�DX�UHSRV��2Q�QRWHUD�OHV�pQHUJLHV�
GH�PDVVH� �

;P F⋅ �� �P Fα ⋅ �HW� �
<P F⋅ �� OHV�pQHUJLHV�FLQpWLTXHV� (Fα �HW� <(F �� OHV�pQHUJLHV�G¶H[FLWDWLRQ�

(α �HW�

<( ��

/D� GLIIpUHQFH� HQWUH� OHV� pQHUJLHV� GH� PDVVH� DYDQW� HW� DSUqV� GpVLQWpJUDWLRQ� HVW� QRWpH� 4α ��
� � �

; <4 P F P F P Fα α= ⋅ − ⋅ − ⋅ � HVW� FRPSULV� HQWUH� �� HW� ���0H9� HW� HVW� DSSHOp� ELODQ� pQHUJpWLTXH�� /H�
SUHPLHU�pWDW�H[FLWp�GX�QR\DX�G¶KpOLXP���YDXW����0H9��VLPSOLILHU�DORUV�O¶pTXDWLRQ�GH�FRQVHUYDWLRQ�GH�
O¶pQHUJLH��

%������([SULPHU� (Fα � O¶pQHUJLH�FLQpWLTXH�GH�OD�SDUWLFXOH�α�HQ�IRQFWLRQ�GH�4α �� Pα �� <P �HW� 
<( ��(Q�

GpGXLUH� XQH� FRQGLWLRQ�� QpFHVVDLUH� PDLV� SDV� VXIILVDQWH�� GH� GpVLQWpJUDWLRQ� GX� QR\DX� SqUH�� (VW�FH�
FRKpUHQW�DYHF�OD�TXHVWLRQ�%�����GH�OD�SDJH�� "�

%������/H�UDSSRUW�GHV�PDVVHV�HVW�FRQVLGpUp�FRPPH�pWDQW�pJDO�DX�UDSSRUW�GX�QRPEUH�GH�QXFOpRQV�GHV�
QR\DX[�FRQFHUQpV��'RQQHU�O¶H[SUHVVLRQ�GH�O¶pQHUJLH�FLQpWLTXH�GH�OD�SDUWLFXOH�α�HQ�IRQFWLRQ�GH�4α ��
$ �HW� 

<( ���
/H� SRORQLXP����� HVW� XQ� QR\DX� pPHWWHXU�α� ©�SXU�ª�� FHOD� VLJQLILH� TXH� OH� QR\DX� ILOV� GH� SORPE�����
UpVXOWDQW�GH� VD�GpVLQWpJUDWLRQ�QH�SRVVqGHUD� MDPDLV�G¶pQHUJLH�G¶H[FLWDWLRQ��&DOFXOHU� DORUV� O¶pQHUJLH�
FLQpWLTXH� HPSRUWpH� SDU� OD� SDUWLFXOH� α�� /H� ELODQ� pQHUJpWLTXH� DVVRFLp� j� OD� GpVLQWpJUDWLRQ� α� GX�
SRORQLXP�����YDXW�����0H9��

%������ 6DFKDQW� TXH� WRXV� OHV� QR\DX[� pPHWWHXUV�α� QH� VRQW� SDV� ©�SXUV�ª� FRPPH� O¶XUDQLXP� ���� RX�
O¶XUDQLXP������GLVFXWHU�G¶pYHQWXHOOHV�OLPLWHV�GHV�PRGqOHV�GH�OD�SDUWLH�%�����

%����5DGLRSURWHFWLRQ�DVVRFLpH�j�OD�UDGLRDFWLYLWp�αααα

%������/D�SRUWpH�/�GH�OD�SDUWLFXOH�Į��GDQV�O¶DLU�HW�GDQV�OHV�FRQGLWLRQV�QRUPDOHV�GH�WHPSpUDWXUH�HW�GH�
SUHVVLRQ��SHXW�rWUH�FDOFXOpH�j�SDUWLU�GH�OD�UHODWLRQ�HPSLULTXH� ( )�������/ (Fα= ⋅ �DYHF�/�HQ�FP�HW� (Fα

HQ�0H9��/¶pQHUJLH�FLQpWLTXH�(Fα �GX�QR\DX�G¶KpOLXP���pMHFWp�HVW�FRPSULVH�HQWUH���HW���0H9���
3DU�DLOOHXUV��OD�UqJOH�GH�%UDJJ�pWDEOLW�OD�UHODWLRQ�HQWUH�OHV�YDOHXUV�GHV�SDUFRXUV� �/ �HW� �/ �G¶XQH�PrPH�
SDUWLFXOH� Į�� GDQV� GHV�PLOLHX[� GH�PDVVHV� YROXPLTXHV� GLIIpUHQWHV� �ρ � HW� �ρ �� GH�PDVVHV� DWRPLTXHV�

PRODLUHV�GLIIpUHQWHV� �0 �HW� �0 ��� � � �

� � �

/ 0
/ 0

ρ
ρ

= ⋅ ���

'RQQpHV��� ���� ��DLUρ −= ⋅ �J�FP���� ��DLU0 = �J�PRO���� ���HDXρ = �J�FP���HW� ��HDX0 = �J�PRO����



������

%��������3RXUTXRL� GLW�RQ� TX¶XQH� VRXUFH� GH� UDGLRDFWLYLWp�α� QH� SUpVHQWH� DXFXQ� GDQJHU� G¶LUUDGLDWLRQ�
H[WHUQH�"�
5HPDUTXH���DWWHQWLRQ��OHV�UD\RQQHPHQWV�α�SHXYHQW�QpDQPRLQV�rWUH�GDQJHUHX[�HQ�FDV�G¶LQJHVWLRQ�RX�
G¶LQKDODWLRQ��

%��������6L�XQH�]RQH�pWDLW� FRQWDPLQpH�SDU�GHV�QR\DX[�pPHWWHXUV�Į�� MXVWH�DSUqV� OD� URVpH�GX�PDWLQ��
VHUDLW�LO�SRVVLEOH�GH�IRXUQLU�UDSLGHPHQW�DX[�DXWRULWpV�XQH�FDUWRJUDSKLH�GH�OD�]RQH�FRQFHUQpH�"�

%������ 6¶LO� HVW� HVVHQWLHO� GH� FRQQDvWUH� O¶pQHUJLH� FLQpWLTXH� GHV� SDUWLFXOHV� Į�� LO� HVW� pJDOHPHQW�
LQGLVSHQVDEOH�G¶pYDOXHU��j�FKDTXH�LQVWDQW�W��OH�U\WKPH�GHV�GpVLQWpJUDWLRQV�SRXU�HVWLPHU�OH�QRPEUH�GH�
SDUWLFXOHV� Į� pPLVHV� SDU� VHFRQGH�� 2Q� SDUOH� DORUV� G¶DFWLYLWp�$�W� λ�1�W��� R��1�W�� HVW� OH� QRPEUH� GH�
QR\DX[� UDGLRDFWLIV� SUpVHQWV� j� O¶LQVWDQW� W�� &HWWH� DFWLYLWp� HVW� H[SULPpH� HQ� %HFTXHUHO� �%T��� 8Q�
%HFTXHUHO�FRUUHVSRQG�j�XQH�GpVLQWpJUDWLRQ�SDU�VHFRQGH���

8Q�FRPSWDJH�GX�QRPEUH�GH�QR\DX[�1�G¶XQH�VRXUFH�GH�SRORQLXP�����HQ�IRQFWLRQ�GX�WHPSV�W�D�pWp�
UpDOLVp� �ILJXUH� ����� $� SDUWLU� GH� FH� JUDSKH�� SUpFLVHU� OD� ORL� G¶pYROXWLRQ�1�W�� GX� QRPEUH� GH� QR\DX[�
UDGLRDFWLIV�GH�SRORQLXP�����HQ�IRQFWLRQ�GX�WHPSV�DSSHOpH�ORL�GH�GpFURLVVDQFH�UDGLRDFWLYH���

(Q�GpGXLUH�OD�FRQVWDQWH�UDGLRDFWLYH� λ �GX�SRORQLXP������&RPSDUHU�FHWWH�YDOHXU�DYHF�OHV�UpVXOWDWV�GH�
OD�SDUWLH�%�����

&DOFXOHU�� HQ� JUDPPH�� OD�PDVVH� LQLWLDOH� �P � GH� QR\DX[� UDGLRDFWLIV� GH� SRORQLXP����� SUpVHQWV� GDQV�
O¶pFKDQWLOORQ���

)LJXUH������ORL�GH�GpFURLVVDQFH�UDGLRDFWLYH�GX�SRORQLXP�����
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1�W��

1�W��

ϭ�нϮϮ�

ϭ�нϮϭ�

ϭ�нϮϬ�
ϯϱϬ�ϮϱϬ�ϭϱϬ�ϱϬ� ϭϬϬ� ϮϬϬ� ϯϬϬ�Ϭ� W�HQ�MRXUV�



������

%������2Q�GpILQLW�OD�SpULRGH�UDGLRDFWLYH� ���7 �FRPPH�pWDQW�OD�GXUpH�QpFHVVDLUH�SRXU�TXH�OD�PRLWLp�GHV�
QR\DX[�UDGLRDFWLIV�DLHQW�GLVSDUX��([SULPHU� ���7 �HQ�IRQFWLRQ�GH� λ ��3UpFLVHU�OD�SpULRGH�UDGLRDFWLYH�GX�
SRORQLXP�����j�SDUWLU�GH�OD�YDOHXU�GH�λ �REWHQXH�j�OD�TXHVWLRQ�%������

6RXYHQW�� RQ� FRQVLGqUH� TX¶LO� VXIILW� G¶DWWHQGUH� ��� SpULRGHV� SRXU� QH� SOXV� VH� SUpRFFXSHU� GH� OD�
UDGLRDFWLYLWp�LVVXH�GH�O¶pFKDQWLOORQ��4X¶HQ�SHQVH]�YRXV�"�

%������/RUV�GH�GpEDWV�FRQFHUQDQW�O¶pQHUJLH�QXFOpDLUH��LO�Q¶HVW�SDV�UDUH�G¶HQWHQGUH�TXH�OH�SOXWRQLXP�
HVW�SOXV�UDGLRDFWLI�TXH�O¶XUDQLXP��$�SDUWLU�GX�WDEOHDX����pWD\HU�XQ�GLVFRXUV�FRQVWUXLW�HW�DUJXPHQWp�
SRXU� GRQQHU� YRWUH� DYLV� VXU� FHWWH� DVVHUWLRQ�� /¶DFWLYLWp�PDVVLTXH�$P� �%T�J�� FRUUHVSRQG� j� O¶DFWLYLWp�
�LQLWLDOH��SRXU�XQ�JUDPPH�GH�PDWLqUH�UDGLRDFWLYH��

,VRWRSH
0RGH�GH�

GpVLQWpJUDWLRQ�

SULQFLSDO

3pULRGH��

UDGLRDFWLYH�

7�����DQ��

$FWLYLWp�

PDVVLTXH�

$P��%T�J��

(QHUJLH�FLQpWLTXH�

PR\HQQH�GHV�

α�HW�β��pPLV��0H9�

(PLVVLRQ�

WKHUPLTXH�

�:�NJ��

���8� α ��������� �������� ���� ��������

���8� α �������� �������� ���� ��������

���3X� α ����� ��������� ���� �������

���3X� α �������� �������� ���� ����

���3X� α ������ �������� ���� ����

���3X� β�� ����� ��������� ��������� ����

���3X� α �������� �������� ���� ����

%������/¶DFWLYLWp�PDVVLTXH�GX�SRORQLXP�����HVW�GH����������%T�J��/H�SRORQLXP�����DXUDLW�pWp�XWLOLVp�
SRXU�HPSRLVRQQHU�HW�WXHU�O¶DJHQW�VHFUHW�/LWYLQHQNR�HQ�������3RXUTXRL�FKRLVLU�FHW�pPHWWHXU�α�SRXU�
XQ�HPSRLVRQQHPHQW�"�

%������4XH�UHSUpVHQWH�SK\VLTXHPHQW�O¶pPLVVLRQ�WKHUPLTXH�LQGLTXpH�GDQV�OH�WDEOHDX���"�
(Q� TXRL� HVW�FH� XQH� LQIRUPDWLRQ� XWLOH� SRXU� WRXW� H[SORLWDQW� GH� UpDFWHXU� QXFOpDLUH�� VDFKDQW� TXH�� OH�
FRPEXVWLEOH� QXFOpDLUH� QHXI� QH� FRQWLHQW� TXH� GHV� QR\DX[� G¶XUDQLXP� ���� HW� ���� PDLV� TXH�� DSUqV�
SDVVDJH�GDQV� OH� UpDFWHXU�� OH�FRPEXVWLEOH�XVDJp�FRQWLHQW�G¶DXWUHV�QR\DX[�DSSDUXV� ORUV�GHV�GLYHUVHV�
UpDFWLRQV�QXFOpDLUHV�FRPPH�FHX[�LQGLTXpV�GDQV�OH�WDEOHDX���"�

)LQ�GH�O¶pQRQFp�

7DEOHDX�����FDUDFWpULVWLTXHV�GHV�LVRWRSHV�GH�O¶XUDQLXP�HW�GX�SOXWRQLXP�


