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/HV�GHX[�SUREOqPHV�VRQW�LQGpSHQGDQWV�HW�RQW�VHQVLEOHPHQW�OH�PrPH�SRLGV��

3UREOqPH�$���WKHUPLTXH�GDQV�XQ�UpDFWHXU�j�HDX�SUHVVXULVpH�

/HV� UpDFWHXUV� QXFOpDLUHV� j� HDX� SUHVVXULVpH� �5(3�� H[SORLWHQW� O¶pQHUJLH� OLEpUpH� SDU� OD� ILVVLRQ� GH�

QR\DX[�G¶XUDQLXP�����SURYRTXpH�SDU�GHV�IOX[�GH�QHXWURQV�SRXU�FKDXIIHU�O¶HDX�G¶XQ�SUHPLHU�FLUFXLW�

DSSHOp� FLUFXLW� SULPDLUH�� &H� GHUQLHU� YD� WUDQVIpUHU� VRQ� pQHUJLH� WKHUPLTXH�� YLD� XQ� pFKDQJHXU� DSSHOp�

JpQpUDWHXU�GH�YDSHXU��j�XQ�GHX[LqPH�FLUFXLW�DSSHOp�FLUFXLW�VHFRQGDLUH��/¶HDX�GX�FLUFXLW�VHFRQGDLUH�

VXELW� XQ� F\FOH� WKHUPRG\QDPLTXH� TXL� SHUPHW� OD� SURGXFWLRQ� G¶pQHUJLH� pOHFWULTXH� YLD� OD� PLVH� HQ�

URWDWLRQ�G¶XQH�WXUELQH�UHOLpH�j�XQ�DOWHUQDWHXU���

&H�SUREOqPH�D�SRXU�REMHFWLI�G¶pWXGLHU� OHV� DVSHFWV� WKHUPLTXHV�GX�FRPEXVWLEOH�QXFOpDLUH�� VLqJH�GHV�

UpDFWLRQV�GH�ILVVLRQ��/H�FRPEXVWLEOH�QXFOpDLUH�HVW�FRQILQp�GDQV�GHV�JDLQHV�PpWDOOLTXHV�F\OLQGULTXHV�

IRUPDQW� DLQVL� FH�TX¶RQ�DSSHOOH�GHV� ©�FUD\RQV� FRPEXVWLEOHV�ª��&HV�GHUQLHUV� VRQW� UHJURXSpV� HQ�XQH�

VWUXFWXUH� G¶DOOXUH� F\OLQGULTXH�� &HW� HQVHPEOH� GH� FUD\RQV� FRPEXVWLEOHV� HVW� DSSHOp� ©�F°XU�ª� GX�

UpDFWHXU��

'DQV�XQH�SUHPLqUH�SDUWLH��QRXV�DOORQV�GpILQLU�GLIIpUHQWHV�JUDQGHXUV�XWLOHV�j�O¶pWXGH�GH�OD�WKHUPLTXH�

G¶XQ�FUD\RQ�FRPEXVWLEOH��/D�GHX[LqPH�SDUWLH�SUpVHQWH�O¶pTXDWLRQ�GH�OD�FKDOHXU�GDQV�OH�FDV�VLPSOH�GX�

PLOLHX�j�XQH�GLPHQVLRQ�DYDQW�GH�O¶DSSOLTXHU��GDQV�OD�WURLVLqPH�SDUWLH��j�OD�JpRPpWULH�F\OLQGULTXH�GX�

FUD\RQ�FRPEXVWLEOH��8QH�TXDWULqPH�SDUWLH�SHUPHWWUD�OD�GpWHUPLQDWLRQ�GX�SURILO�D[LDO�GH�WHPSpUDWXUH�

GDQV�OH�FRPEXVWLEOH���

/HV�FDOFXODWULFHV�VRQW�DXWRULVpHV�
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EPREUVE SPECIFIQUE - FILIERE PC�
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PHYSIQUE 2 

 
Durée : 4 heures�
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N.B. : Le candidat attachera la plus grande importance à la clarté, à la précision et à la concision de 

OD�UpGDFWLRQ��6L�XQ�FDQGLGDW�HVW�DPHQp�j�UHSpUHU�FH�TXL�SHXW�OXL�VHPEOHU�rWUH�XQH�HUUHXU�G¶pQRQFp��LO�OH�

signalera sur sa copie et devra poursuivre sa composition en expliquant les raisons des initiatives 

TX¶LO�D�pWp�DPHQp�j�SUHQGUH.�
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$���3RVLWLRQ�GX�SUREOqPH�

$ILQ� G¶pYDOXHU� OHV� SHUIRUPDQFHV� WKHUPLTXHV� G¶XQ� UpDFWHXU� QXFOpDLUH�� GLIIpUHQWHV� JUDQGHXUV� VRQW�

XWLOLVpHV��HQ�YRLFL�OHXU�GpILQLWLRQ����

� /D� SXLVVDQFH� SURGXLWH� SDU� OHV� UpDFWLRQV� GH� ILVVLRQ� DX� VHLQ� GX� FRPEXVWLEOH� HVW� DSSHOpH�

SXLVVDQFH�WKHUPLTXH��HOOH�HVW�QRWpH�3WK���

� /D� SXLVVDQFH� WKHUPLTXH� YROXPLTXH� ϕ9� HVW� OD� SXLVVDQFH� WKHUPLTXH� SURGXLWH� SDU� XQLWp� GH�

YROXPH�GH�FRPEXVWLEOH���

� /D� SXLVVDQFH� WKHUPLTXH� VXUIDFLTXH� ϕ6� HVW� OD� SXLVVDQFH� WKHUPLTXH� pFKDQJpH� SDU� XQLWp� GH�

VXUIDFH��

� /D� SXLVVDQFH� pOHFWULTXH�3H� GH� OD� FHQWUDOH� HVW� UHOLpH� j� OD� SXLVVDQFH� WKHUPLTXH� j� WUDYHUV� OH�

UHQGHPHQW�JOREDO�GH�OD�FHQWUDOH��

1RXV�DOORQV�pWXGLHU�XQ�5(3�G¶XQH�SXLVVDQFH�pOHFWULTXH�3H�GH�������0:�GRQW�OH�UHQGHPHQW�JOREDO�

H

WK

3

3
η = �HVW�GH�������,O�SRVVqGH�1� ��������FUD\RQV�FRPEXVWLEOHV�GH�KDXWHXU�+� �����P��GRQW�XQ�HVW�

VFKpPDWLVp�HQ�ILJXUH�����/H�UD\RQ�H[WpULHXU�GH�OD�JDLQH�UJ�HVW�GH�����PP�HW�OH�UD\RQ�GX�FRPEXVWLEOH�

UF� �����PP��/¶pSDLVVHXU�GH�OD�JDLQH�H�HVW�GH ����PP��

$����� 'RQQHU� O¶H[SUHVVLRQ� OLWWpUDOH� GH� OD� SXLVVDQFH� WKHUPLTXH� YROXPLTXH� PR\HQQH� 9ϕ � SURGXLWH�

GDQV� OH�FRPEXVWLEOH�G¶XQ�FUD\RQ�FRPEXVWLEOH��2Q�QRWHUD�TX¶LO�Q¶\� D�DXFXQH� UpDFWLRQ�QXFOpDLUH�GH�

ILVVLRQ�DX�VHLQ�GH�OD�JDLQH��&DOFXOHU� 9ϕ �HQ�:�FP
�
��

$�����'RQQHU��SRXU�XQ�FUD\RQ��O¶H[SUHVVLRQ�OLWWpUDOH�GH�OD�SXLVVDQFH�WKHUPLTXH�VXUIDFLTXH�PR\HQQH�

6ϕ �HQ�SpULSKpULH�GX�FRPEXVWLEOH��VRLW�SRXU�U� �UF��&DOFXOHU� 6ϕ �HQ�:�FP
�
��

$����� /D� ILVVLRQ� G¶XQ� QR\DX� G¶XUDQLXP� ���� JpQqUH� HQYLURQ� XQH� pQHUJLH� (I� � GH� ���� 0H9��

'pWHUPLQHU� OH� QRPEUH� GH� ILVVLRQV�1I� � UpDOLVpHV� VL� FH� UpDFWHXU� IRQFWLRQQH� j� ���� �� GH� SXLVVDQFH�

SHQGDQW�XQ�DQ��5DSSHO�����0H9� �������
���
�-��

)LJXUH�����GHVFULSWLRQ�G¶XQ�FUD\RQ�FRPEXVWLEOH�

UF

UJ

H�
+�

&RPEXVWLEOH�*DLQH�
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�����

$���(TXDWLRQ�GH�OD�FKDOHXU�GDQV�XQ�PLOLHX�j�XQH�GLPHQVLRQ�

3RXU� pWDEOLU� O¶pTXDWLRQ� GH� OD� FKDOHXU� GDQV� XQ�PLOLHX� j� XQH� GLPHQVLRQ�� QRXV� DOORQV� FRQVLGpUHU� XQ�

FRUSV�VROLGH�KRPRJqQH�GH�PDVVH�YROXPLTXH�ρ��GH�FRQGXFWLYLWp�WKHUPLTXH���HW�GH�FDSDFLWp�WKHUPLTXH�
PDVVLTXH�F��GRQW�OD�WHPSpUDWXUH�7�QH�GpSHQG�TXH�GH�O¶DEVFLVVH�[�HW�GX�WHPSV�W��1RXV�VXSSRVHURQV�

TXH�ρ����HW�F�VRQW�LQGpSHQGDQWHV�GH�OD�WHPSpUDWXUH��

$�����2Q�FRQVLGqUH�O¶pOpPHQW�GH�YROXPH�G9��GH�PDVVH�GP��FRPSULV�HQWUH�OHV�DEVFLVVHV�[�HW�[�G[��GH�

VHFWLRQ�6��ILJXUH�����'RQQHU�OD�UHODWLRQ�HQWUH�OD�YDULDWLRQ�GH�VRQ�pQHUJLH�LQWHUQH�G8�HW�OD�YDULDWLRQ�GH�

VD�WHPSpUDWXUH�G7��HQ�IDLVDQW�LQWHUYHQLU�VRQ�pSDLVVHXU�G[��2Q�VXSSRVHUD�TXH�O¶pQHUJLH�LQWHUQH�HW�OD�

WHPSpUDWXUH�VRQW�KRPRJqQHV�GDQV�O¶pOpPHQW�GH�YROXPH�G9�

$�����(Q�VXSSRVDQW�TX¶LO�Q¶\�D�SDV�G¶pFKDQJH�G¶pQHUJLH�DXWUH�TXH�SDU�FRQGXFWLRQ�VHORQ�OD�GLUHFWLRQ�

[�HW�HQ�V¶DSSX\DQW�VXU�OH�SUHPLHU�SULQFLSH�GH�OD�WKHUPRG\QDPLTXH��H[SULPHU�OD�YDULDWLRQ�G¶pQHUJLH�

LQWHUQH� G8� GH� O¶pOpPHQW� GH� YROXPH� G9� HQWUH� GHX[� LQVWDQWV� SURFKHV� W� HW� W�GW�� HQ� IRQFWLRQ� GHV�

SXLVVDQFHV�WKHUPLTXHV�VXUIDFLTXHV� ( )�6
[ Wϕ HW� ( )�6

[ G[ Wϕ + ��GH�OD�VHFWLRQ�6�HW�GH�GW��2Q�FRQVLGqUHUD�

( )�6
[ Wϕ HW� ( )�6

[ G[ Wϕ + FRQVWDQWHV�SHQGDQW�OD�GXUpH�GW�

$�����&RPPHQW�HVW�PRGLILp�FH�ELODQ�VL�O¶pOpPHQW�GH�YROXPH�G9�HVW�OH�VLqJH�GH�UpDFWLRQV�QXFOpDLUHV�

GH�ILVVLRQ�TXL�SURGXLVHQW�XQH�SXLVVDQFH�WKHUPLTXH�YROXPLTXH� ( )�9
[ Wϕ "�

$����� /¶pYROXWLRQ� GH� OD� SXLVVDQFH� VXUIDFLTXH� ϕ6� OH� ORQJ� GH� O¶DEVFLVVH� [� HVW� WHOOH� TXH���

( ) ( )� � 6

6 6
[ G[ W [ W G[

[

ϕ
ϕ ϕ

∂
+ − = ⋅

∂
�� 'pGXLUH� DORUV�� GHV� pWDSHV� SUpFpGHQWHV�� O¶H[SUHVVLRQ� GH� OD�

YDULDWLRQ�GH�WHPSpUDWXUH�G7�GH�O¶pOpPHQW�GH�YROXPH�G9�HQ�IRQFWLRQ�GH 6

[

ϕ∂

∂
HW�GH ( )�9

[ Wϕ �

$����� 5DSSHOHU� O¶H[SUHVVLRQ� JpQpUDOH� GH� OD� ORL� GH� )RXULHU� TXL� UHQG� FRPSWH� GX� SKpQRPqQH� GH�

FRQGXFWLRQ�WKHUPLTXH��(Q�GpGXLUH�O¶H[SUHVVLRQ�GH� ( )�6
[ Wϕ HQ�IRQFWLRQ�GH

7

[

∂

∂
VL�RQ�FRQVLGqUH�TXH�

O¶pFKDQJH�SDU�FRQGXFWLRQ�VH�IDLW�XQLTXHPHQW�VHORQ�O¶D[H�[�

$����� (Q� GpGXLUH� O¶pTXDWLRQ� DX[� GpULYpHV� SDUWLHOOHV� VHORQ� OHV� YDULDEOHV� [� HW� W� YpULILpH� SDU� OD�

WHPSpUDWXUH�7��&HWWH�pTXDWLRQ�HVW�DSSHOpH�pTXDWLRQ�GH�OD�FKDOHXU��

5HPDUTXH��� OD� YDULDWLRQ� GH� WHPSpUDWXUH� G7� SHQGDQW� XQH� GXUpH� GW� V¶HIIHFWXDQW� j� XQH� DEVFLVVH� [

GRQQpH��RQ�SRXUUD�pFULUH�
7

G7 GW
W

∂
= ⋅

∂
��

)LJXUH�����WUDQVIHUW�WKHUPLTXH�j�WUDYHUV�OH�YROXPH�G9

( )�6
[ G[ Wϕ + �

$[H�[[�G[�[�

6�G9�

( )�6
[ Wϕ �
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$���3URILO�UDGLDO�GH�OD�WHPSpUDWXUH�GX�FUD\RQ�FRPEXVWLEOH�

/¶H[SUHVVLRQ�JpQpUDOH�GH�O¶pTXDWLRQ�GH�OD�FKDOHXU��REWHQXH�HQ�$����j�XQH�GLPHQVLRQ��V¶pFULW���

�9

7
F 7

W
ρ ϕ λ

∂
⋅ ⋅ = + ⋅ ∆

∂
�R��∆7�UHSUpVHQWH�OH�ODSODFLHQ�GH�OD�WHPSpUDWXUH�7��

'DQV� OD� VXLWH� GX� SUREOqPH�� RQ� VH� SODFHUD� HQ� UpJLPH� SHUPDQHQW�� 'H� SOXV�� RQ� VXSSRVHUD� TXH� OHV�

WUDQVIHUWV�WKHUPLTXHV�GDQV�OH�FUD\RQ�FRPEXVWLEOH�VH�IRQW�XQLTXHPHQW�SDU�FRQGXFWLRQ�HW�FH��GH�IDoRQ�

UDGLDOH��/¶D[H�GX�FUD\RQ�FRPEXVWLEOH�VHUD�O¶D[H�2]�FRPPH�LQGLTXp�GDQV�OD�ILJXUH����3DU�DLOOHXUV��OD�

SXLVVDQFH� YROXPLTXH� GDQV� OH� FRPEXVWLEOH� j� XQH� FRWH� ]� GRQQpH�� ( )9 ]ϕ �� VHUD� FRQVLGpUpH� FRPPH�

FRQVWDQWH� HW� RQ� SUHQGUD� ( ) ���� :�FP9 9]ϕ ϕ= = �� (QILQ�� OHV� FRQGXFWLYLWpV� WKHUPLTXHV� GX�

FRPEXVWLEOH�HW�GH�OD�JDLQH�VRQW�UHVSHFWLYHPHQW����F  ������:�P
��
�.

��
�HW��J  ������:�P

��
�.

��
��

$����� (Q� UHPDUTXDQW� TXH� OH� V\VWqPH� SRVVqGH� XQH� V\PpWULH� GH� UpYROXWLRQ� DXWRXU� GH� O¶D[H� 2]��

H[SULPHU�O¶pTXDWLRQ�GH�OD�FKDOHXU�HQ�JpRPpWULH�F\OLQGULTXH�j�XQH�FRWH�]�GRQQpH��

(Q�FRRUGRQQpHV�F\OLQGULTXHV��O¶RSpUDWHXU�ODSODFLHQ�∆7�D�SRXU�H[SUHVVLRQ���
� �

� � �

� �7 7 7
7 U

U U U U ]θ

∂ ∂ ∂ ∂§ ·
∆ = ⋅ ⋅ + ⋅ +¨ ¸

∂ ∂ ∂ ∂© ¹
�

$�����(Q�GpGXLUH��HQ�UpJLPH�SHUPDQHQW��O¶H[SUHVVLRQ�GH�O¶pYROXWLRQ�VHORQ�U�GH�OD�WHPSpUDWXUH�GDQV�

OH�FRPEXVWLEOH�7�U���j�OD�FRWH�]�GRQQpH��HQ�IRQFWLRQ�GH�OD�WHPSpUDWXUH�DX�FHQWUH�7�U� ���� �7����

([SULPHU�DORUV�O¶pFDUW�GH�WHPSpUDWXUH�PR\HQ� �FRPE F7 7 7∆ = − ��DYHF�7�U� �UF
�
�� �7F���HQWUH�OH�FHQWUH�

HW�OD�SpULSKpULH�GX�FRPEXVWLEOH�HQ�IRQFWLRQ�GH�OD�SXLVVDQFH�YROXPLTXH�j�OD�FRWH�]��

&DOFXOHU� �FRPE F7 7 7∆ = − ��

)LJXUH�����UHSqUH�HW�GLPHQVLRQV�GX�FUD\RQ�FRPEXVWLEOH�

UF

UJ

U�
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$�����([SUHVVLRQ�GH�O¶pYROXWLRQ�GH�OD�WHPSpUDWXUH�GDQV�OD�JDLQH�7�U���

$������� (Q� XWLOLVDQW� O¶pTXDWLRQ� GH� OD� FKDOHXU�� GRQQHU� O¶H[SUHVVLRQ�� HQ� UpJLPH� SHUPDQHQW�� GH�

O¶pYROXWLRQ�GH�OD�WHPSpUDWXUH�GDQV�OD�JDLQH�7�U��j�OD�FRWH�]�GRQQpH�HQ�IRQFWLRQ�GH�OD�WHPSpUDWXUH�GH�

OD�SDURL�LQWHUQH�GH�OD�JDLQH�7�U� �UF
�
�� �7J�HW�GH�OD�WHPSpUDWXUH�GH�OD�SDURL�H[WHUQH�GH�OD�JDLQH��

7�U� �UJ�� �7S��

$������� /¶H[SUHVVLRQ� REWHQXH� HQ� $������ QH� GRQQH� SDV� DFFqV� j� O¶pFDUW� GH� WHPSpUDWXUH� PR\HQ�

JDLQH J S7 7 7∆ = − � HQWUH� OD� SpULSKpULH� GX� FRPEXVWLEOH� HW� OD� SpULSKpULH� GH� OD� JDLQH� j� OD� FRWH� ]�� 3RXU�

O¶REWHQLU��YRXV�VXLYUH]� OD�GpPDUFKH�VXLYDQWH��'DQV�XQ�SUHPLHU� WHPSV��YRXV�H[SULPHUH]� OD� UHODWLRQ�

TXL� H[LVWH� HQWUH� OH� IOX[� VXUIDFLTXH� GDQV� OD� JDLQH� ( )6 Uϕ HQ� IRQFWLRQ� GX� IOX[� YROXPLTXH� GDQV� OH�

FRPEXVWLEOH ( )9 ]ϕ �� GH� OD� GLVWDQFH� U� HW� GX� UD\RQ� GX� F\OLQGUH� GH� FRPEXVWLEOH� GH� O¶pOpPHQW�

FRPEXVWLEOH�UF��3XLV��GDQV�XQ�GHX[LqPH�WHPSV��YRXV�XWLOLVHUH]�FH�UpVXOWDW�DYHF�OD�ORL�GH�)RXULHU�SRXU�

REWHQLU�O¶H[SUHVVLRQ�GH�O¶pYROXWLRQ�GH�OD�WHPSpUDWXUH�GDQV�OD�JDLQH�7�U��HQ�IRQFWLRQ�GH� ( )9 ]ϕ �HW�GH�

OD� WHPSpUDWXUH�GH� OD�SDURL� LQWHUQH�GH� OD� JDLQH�7�U� � U F
�
�� �7 J��(QILQ�� YRXV� H[SULPHUH]� O¶pFDUW� GH�

WHPSpUDWXUH� JDLQH J S7 7 7∆ = − �HQWUH�O¶LQWpULHXU�HW�OD�SpULSKpULH�GH�OD�JDLQH�j�OD�FRWH�]�HQ�IRQFWLRQ�GH�OD�

SXLVVDQFH�YROXPLTXH� ( )9 ]ϕ ��&DOFXOHU� JDLQH J S7 7 7∆ = − ��

$�����,O�H[LVWH�XQ�FRQWDFW�WKHUPLTXH�LPSDUIDLW�HQWUH�OH�FRPEXVWLEOH�HW�OD�JDLQH��$XVVL��OD�WHPSpUDWXUH�

HQ�SpULSKpULH�GX�FRPEXVWLEOH�7F�Q¶HVW�SDV�FHOOH�GH�OD�SDURL�LQWHUQH�GH�OD�JDLQH�7J��&H�SKpQRPqQH�VH�

PRGpOLVH�SDU�O¶LQWURGXFWLRQ�G¶XQH�UpVLVWDQFH�WKHUPLTXH�GH�FRQWDFW��QRWpH�5WK� ���.�:
��
�FP

�
��WHO�TXH���

( )F J WK 6 F7 7 5 U Uϕ− = ⋅ = �� ([SULPHU� O¶pFDUW� GH� WHPSpUDWXUH� FRQWDFW F J7 7 7∆ = − � HQ� IRQFWLRQ� GH� OD�

SXLVVDQFH�YROXPLTXH� ( )9 ]ϕ ��&DOFXOHU� FRQWDFW F J7 7 7∆ = − ��

$�����'H� OD�PrPH� IDoRQ�� OH� WUDQVIHUW� WKHUPLTXH� HQWUH� OD� SDURL� H[WpULHXUH� GH� OD� JDLQH� HW� OH� IOXLGH�

FDORSRUWHXU��OH�IOXLGH�GX�FLUFXLW�SULPDLUH��LPSRVH�XQ�pFDUW�GH�WHPSpUDWXUH��&H�GHUQLHU�HVW�GRQQp�SDU�

OD�ORL�GH�1HZWRQ��� ( ) ( )( )� �6 J S IU U 7 ] 7 ]ϕ α= = ⋅ − �R��7I��]� 7I�HW�7S�]� 7S�VRQW�UHVSHFWLYHPHQW�OHV�

WHPSpUDWXUHV�GX�IOXLGH�SULPDLUH�HW�GH�OD�SDURL�H[WHUQH�GH�OD�JDLQH�j�OD�FRWH�]��/H�FRHIILFLHQW�α��DSSHOp�
FRHIILFLHQW�GH�FRQYHFWLRQ��HVW�FRQVWDQW�WRXW�OH�ORQJ�GX�FUD\RQ�FRPEXVWLEOH���

([SULPHU� FRQY S I7 7 7∆ = − � HQ� IRQFWLRQ� GH� OD� SXLVVDQFH� YROXPLTXH� ( )9 ]ϕ �� GX� FRHIILFLHQW� GH�

FRQYHFWLRQ�α�GHV�UD\RQV�UF�HW�UJ��&DOFXOHU� FRQY S I7 7 7∆ = − ��VDFKDQW�TXH�α� ������:�FP
��
�.

��
��

$����� 0RQWUHU� TXH�� j� OD� FRWH� ]� GRQQpH�� O¶pFDUW� GH� WHPSpUDWXUH� PR\HQ� �FUD\RQ I7 7 7∆ = − � HQWUH� OH�

FHQWUH�GX�FRPEXVWLEOH�HW�OH�IOXLGH�SULPDLUH�SHXW�V¶pFULUH�VRXV�OD�IRUPH��� ( )FUD\RQ 97 $ ]ϕ∆ = ⋅ �R��$�HVW�

XQH�FRQVWDQWH�TXH�YRXV�SUpFLVHUH]��&DOFXOHU�$�HW� FUD\RQ7∆ ��

$�����5HSUpVHQWHU��VFKpPDWLTXHPHQW��OH�SURILO�GH�WHPSpUDWXUH�GDQV�OH�FUD\RQ�FRPEXVWLEOH���

$���3URILO�D[LDO�GH�WHPSpUDWXUH�G¶XQ�FUD\RQ�FRPEXVWLEOH�

/H�QRPEUH�GH�ILVVLRQV�GDQV�OH�FRPEXVWLEOH�Q¶HVW�SDV�LGHQWLTXH�HQ�WRXW�SRLQW�GH�FH�GHUQLHU��$LQVL��OD�

SXLVVDQFH� YROXPLTXH� GpSHQG� GH� OD� FRWH� ]� HW� RQ� PRGpOLVH� FHWWH� GpSHQGDQFH� SDU� OD� UHODWLRQ���

( ) FRV
�

9 9

]
]

+

π π
ϕ ϕ

⋅§ ·
= ⋅ ⋅ ¨ ¸

© ¹
�R�� 9ϕ �HVW� OD�SXLVVDQFH� WKHUPLTXH�YROXPLTXH�PR\HQQH�GH�����:�FP

�
��

(Q�FRQVpTXHQFH��OD�WHPSpUDWXUH�7��Q¶HVW�SDV�FRQVWDQWH�PDLV�GpSHQG�GH�OD�FRWH�]��
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$�����(Q�GpGXLUH��j�SUHVVLRQ�FRQVWDQWH�� OD�YDULDWLRQ�GH�O¶HQWKDOSLH�PDVVLTXH�GK�GX�IOXLGH�SULPDLUH�

FRPSULVH�GDQV�FHW�pOpPHQW�GH�YROXPH�G9�HQ�IRQFWLRQ�GH� ( )/ ]ϕ �

$�����/H�GpELW�PDVVLTXH�GH� IOXLGH�SULPDLUH� FLUFXODQW�GDQV� OD� VHFWLRQ�GH�SDVVDJH� HVW� GRQQp�SDU� OD�

UHODWLRQ��� P S' 6 Yρ= ⋅ ⋅ ��DYHF�Y�TXL�HVW�OD�YLWHVVH�GX�IOXLGH�SULPDLUH��
G]

Y
GW

= ��3DU�DLOOHXUV��HQ�UpJLPH�

SHUPDQHQW�� OD� YDULDWLRQ� GH� O¶HQWKDOSLH� PDVVLTXH� GK� GX� IOXLGH� SULPDLUH� SHXW� V¶pFULUH���

( )I

S

G7 ]
GK F G]

G]
= ⋅ ⋅ ��DYHF� SF �TXL�UHSUpVHQWH�OD�FDSDFLWp�WKHUPLTXH�PDVVLTXH�j�SUHVVLRQ�FRQVWDQWH�GX�

IOXLGH�SULPDLUH��

(Q�GpGXLUH�DORUV��j�SDUWLU�GH�OD�UHODWLRQ�REWHQXH�DX�$�����O¶pTXDWLRQ�GLIIpUHQWLHOOH�UHOLDQW�
( )IG7 ]

G]
�HW�

( )/ ]ϕ �

$����� 0RQWUHU� DORUV� TXH� OD� WHPSpUDWXUH� GX� IOXLGH�� SRXU� XQH� SRVLWLRQ� D[LDOH� ]� GRQQpH�� HVW� GH� OD�

IRUPH��� ( ) VLQI

]
7 ] % &

+

π ⋅§ ·
= + ⋅ ¨ ¸

© ¹
��YRXV�SUpFLVHUH]�OHV�H[SUHVVLRQV�GHV�FRQVWDQWHV�%�HW�&�HQ�IRQFWLRQ�

GHV�YDULDEOHV�VXLYDQWHV��� 9ϕ ��+��UF��FS��'P�HW�7IH��

$�����(Q�GpGXLUH�O¶H[SUHVVLRQ�GH�OD�WHPSpUDWXUH� ( )�7 ] �DX�FHQWUH�GX�FRPEXVWLEOH�SRXU�XQH�SRVLWLRQ�

D[LDOH�]�GRQQpH�HQ�IRQFWLRQ�GH���$��%��&��]� 9ϕ �HW�+��

$����� 'pWHUPLQHU� DORUV� OD� SRVLWLRQ� ]PD[� R�� FHWWH� WHPSpUDWXUH� HVW� PD[LPDOH� DLQVL� TXH� VD� YDOHXU�

( )� PD[7 ] ]= ��2Q�SUHQGUD���'P  �����NJ�V
��
��FS  �����N-�.

��
�NJ

���
HW�7IH  ������&��
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3UREOqPH�%���FRQYHUWLVVHXU�WHQVLRQ�IUpTXHQFH�

/¶REMHFWLI� GH� FH� SUREOqPH� HVW� G¶pWXGLHU� XQ� H[HPSOH� GH� UpDOLVDWLRQ� GH� FRQYHUWLVVHXU� WHQVLRQ�

IUpTXHQFH�� ,O� V¶DJLW� G¶XQ� FLUFXLW� GRQW� OD� WHQVLRQ� GH� VRUWLH� HVW� SURSRUWLRQQHOOH� j� OD� IUpTXHQFH� GH� OD�

WHQVLRQ�G¶HQWUpH���

3RXU� FH� SUREOqPH�� OHV� DPSOLILFDWHXUV� RSpUDWLRQQHOV� VRQW� LGpDX[� HW� DOLPHQWpV� HQWUH��9FF� HW� �9FF�

/HXUV�WHQVLRQV�GH�VDWXUDWLRQ�KDXWH�HW�EDVVH�VHURQW�UHVSHFWLYHPHQW��9FF�HW��9FF�

%���5pDOLVDWLRQ�G¶XQ�PXOWLYLEUDWHXU�PRQRVWDEOH�j�EDVH�G¶DPSOLILFDWHXUV�RSpUDWLRQQHOV�

%�����&RPSDUDWHXU�VLPSOH�VHXLO�

%�������([SOLTXHU�OH�IRQFWLRQQHPHQW�GX�PRQWDJH�GH�OD�ILJXUH����

%�������7UDFHU�VD�FDUDFWpULVWLTXH�9V�HQ�IRQFWLRQ�GH�ε� �9����9���

%�����&RPSDUDWHXU�j�GHX[�VHXLOV�

%�������5DSSHOHU�OH�IRQFWLRQQHPHQW�GX�PRQWDJH�GH�OD�ILJXUH����'pILQLU�QRWDPPHQW�OHV�VHXLOV�EDV�9E
HW�KDXW�9K��

%�������7UDFHU�OD�FDUDFWpULVWLTXH�9V�HQ�IRQFWLRQ�GH�9H��HQ�SUpFLVDQW�OD�FRXUEH�SDUFRXUXH�VHORQ�TXH�9H
FURvW�RX�GpFURvW��

)LJXUH�����FRPSDUDWHXU�VLPSOH�VHXLO�

9V
9� 9�

9�

9V

9H 5�

5�

)LJXUH�����FRPSDUDWHXU�j�GHX[�VHXLOV�
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%�����0XOWLYLEUDWHXU�PRQRVWDEOH�j�DPSOLILFDWHXUV�RSpUDWLRQQHOV��$23��

8Q�PXOWLYLEUDWHXU� PRQRVWDEOH� HVW� XQ� RVFLOODWHXU� GRQW� OD� VRUWLH� SRVVqGH� GHX[� QLYHDX[�� XQ� QLYHDX�

©�KDXW�ª�FRUUHVSRQGDQW�j�XQ�©���ORJLTXH�ª�HW�XQ�QLYHDX�©�EDV�ª�FRUUHVSRQGDQW�j�XQ�©���ORJLTXH�ª��/D�

SDUWLFXODULWp� GH� FH� FLUFXLW� HVW� TX¶XQ� QLYHDX� HVW� VWDEOH� DORUV� TXH� O¶DXWUH� HVW� LQVWDEOH�� $LQVL�� DSUqV�

DSSOLFDWLRQ� G¶XQ� VLJQDO� GH� FRPPDQGH�� OD� VRUWLH� GX� V\VWqPH�SDVVH� GH� O¶pWDW� VWDEOH� j� O¶pWDW� LQVWDEOH�

SHQGDQW�XQH�GXUpH�τ�SXLV�UHYLHQW�j�VRQ�pWDW�VWDEOH�LQLWLDO��

/D�GLRGH�'�HVW�VXSSRVpH�SDUIDLWH��VD�WHQVLRQ�VHXLO�HVW�QXOOH��

%�������/D�WHQVLRQ�GH�FRPPDQGH�9H�HVW�QXOOH�GHSXLV�ORQJWHPSV��OD�WHQVLRQ�GH�VRUWLH�9$�HVW�GDQV�XQ�

pWDW�VWDEOH�HW�YDXW�9$� ���9FF��(Q�YRXV�DSSX\DQW�VXU�XQ�VFKpPD�pTXLYDOHQW�GX�FLUFXLW�GH�OD�ILJXUH����

MXVWLILHU�O¶pWDW�SDVVDQW�GH�OD�GLRGH�'��

%�������4XHOOHV�VRQW�OHV�YDOHXUV�GHV�WHQVLRQV�DX[�ERUQHV�GHV�FRQGHQVDWHXUV�"�

%�������$�W� ���V��O¶LQMHFWLRQ�G¶XQ�pFKHORQ�GH�WHQVLRQ�GH�FRPPDQGH�9H��W� ��
�
�� �(�YD�SHUPHWWUH�OH�

FKDQJHPHQW�G¶pWDW�GH�OD�VRUWLH��9$� ���9FF��HW�OH�EORFDJH�GH�OD�GLRGH�'��

%���������4XHOOHV�VRQW�OHV�YDOHXUV�GHV�WHQVLRQV�DX[�ERUQHV�GHV�FRQGHQVDWHXUV�LPPpGLDWHPHQW�DSUqV�

O¶LQMHFWLRQ�GH�FHW�pFKHORQ�GH�WHQVLRQ�"�

%���������$� TXHOOH� FRQGLWLRQ� VXU�(�� FHW� pFKHORQ� GH� WHQVLRQ� SHUPHWWUD� OH� FKDQJHPHQW� G¶pWDW� GH� OD�

VRUWLH�"�

%���������0RQWUHU�TXH� OD� WHQVLRQ�DX[�ERUQHV�GX�FRQGHQVDWHXU�&� 9F�W��� HVW� UpJLH�SDU�XQH�pTXDWLRQ�

GLIIpUHQWLHOOH�GX�SUHPLHU�RUGUH��'RQQHU�O¶H[SUHVVLRQ�GH�OD�ORL�G¶pYROXWLRQ��HQ�IRQFWLRQ�GX�WHPSV�HW�

GH�OD�WHQVLRQ�9F�W���

%���������-XVWLILHU�DORUV�O¶pWDW�EORTXp�GH�OD�GLRGH��

0

)LJXUH�����PXOWLYLEUDWHXU�PRQRVWDEOH�j�$23�

'� 9$

9�

9F

5

5�

5�

&¶�

&�

9H

9F¶
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%��������� 0RQWUHU�� j� SDUWLU� GH� OD� ORL� GHV� Q°XGV� DX� SRLQW� 0�� TXH� OD� WHQVLRQ� DX[� ERUQHV� GX�

FRQGHQVDWHXU� &¶�� 9F¶�W��� HVW� UpJLH� SDU� XQH� pTXDWLRQ� GLIIpUHQWLHOOH� GX� SUHPLHU� RUGUH�� 'RQQHU�

O¶H[SUHVVLRQ�GH�OD�ORL�G¶pYROXWLRQ��HQ�IRQFWLRQ�GX�WHPSV�HW�GH�OD�WHQVLRQ�9F¶�W���

5HPDUTXH���RQ�LQWURGXLUD�OD�FRQVWDQWH�GH�WHPSV�




 � �

� �

& 5 5

5 5
τ

⋅ ⋅
=

+

��

%��������� (Q� GpGXLUH� OD� ORL� G¶pYROXWLRQ�� HQ� IRQFWLRQ� GX� WHPSV�� GH� OD� WHQVLRQ� DX[� ERUQHV� GH� OD�

UpVLVWDQFH�5����9��W���

%��������� (Q� pWXGLDQW� OHV� YDOHXUV� ILQDOHV�9&∞� HW�9�∞� GHV� WHQVLRQV�9F�W�� HW�9��W��� PRQWUHU� TXH� OD�

WHQVLRQ�GH�VRUWLH�9$�YD�UHEDVFXOHU�YHUV�VRQ�pWDW�LQLWLDO�9$� ���9FF��

%��������� 2Q� FRQVLGqUH� TXH� OD� FRQVWDQWH� GH� WHPSV� GH� FKDUJH� GX� FRQGHQVDWHXU�&¶� HVW� WUqV� IDLEOH�

FRPSDUpH�j�FHOOH�GX�FRQGHQVDWHXU�&��

%��������D��&RPSDUHU�DORUV�OHV�YLWHVVHV�GH�FKDUJH�GH�FHV�FRQGHQVDWHXUV���

%��������E��0RQWUHU�DORUV�TXH�O¶H[SUHVVLRQ�VLPSOLILpH�GH�OD�WHQVLRQ�ε�W��HVW���

� � � 5 &

� �

FF

W
5

W 9 H
5 5

ε

−

⋅

§ ·
≈ ⋅ −¨ ¸

+© ¹
��

%��������F��(Q�GpGXLUH�O¶LQVWDQW�W�R��OD�WHQVLRQ�GH�VRUWLH�9$�UHEDVFXOH�YHUV�VRQ�pWDW�LQLWLDO��

%���&LUFXLW�GH�PLVH�HQ�IRUPH�

%�����'RQQHU� O¶H[SUHVVLRQ� GH� OD� WHQVLRQ�9%� GX�PRQWDJH� GH� OD� ILJXUH� ��� HQ� IRQFWLRQ� GH�9$� HW� GHV�

UpVLVWDQFHV�5��HW�5���4XH�GHYLHQW�FHWWH�H[SUHVVLRQ�GDQV�OH�FDV�R�� � �5 5= �"�

9%
9$

5�

5�

)LJXUH�����FLUFXLW�LQYHUVHXU�
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%�����'DQV� OH�PRQWDJH� GH� OD� ILJXUH����� OD� WHQVLRQ�9$�W�� HVW� XQ� VLJQDO� UHFWDQJXODLUH� FRPSULV� HQWUH�

�9FF�HW�±9FF��GH�SpULRGH�7��GRQW� OD�GXUpH�GH�O¶pWDW�EDV�HVW�τ��/D�GLRGH�'¶�HVW�VXSSRVpH�SDUIDLWH��VD�

WHQVLRQ�VHXLO�HVW�QXOOH��7UDFHU��VXU�GHX[�SpULRGHV��OHV�FKURQRJUDPPHV�GHV�WHQVLRQ�9%�HW�9'��

%�����&DOFXOHU�OD�YDOHXU�PR\HQQH�GH�OD�WHQVLRQ�9'�HQ�IRQFWLRQ�GH�OD�IUpTXHQFH�I� ���7�

%�����2Q�GpVLUH�REWHQLU��j�SDUWLU�GH�OD�WHQVLRQ�9'��XQH�WHQVLRQ�96�SURSRUWLRQQHOOH�j�OD�IUpTXHQFH��

I� ���7��WHO�TXH���96� �N�I��(Q�IDLVDQW�DSSHO�j�OD�GpFRPSRVLWLRQ�HQ�VpULH�GH�)RXULHU�GH�OD�WHQVLRQ�9'��

GpILQLU�OH�W\SH�GH�ILOWUDJH�j�XWLOLVHU��3UpFLVHU�DORUV�O¶H[SUHVVLRQ�GH�N��&RPPHQW�FKRLVLU�OD�IUpTXHQFH�

GH�FRXSXUH�GH�FH�ILOWUH��ILJXUH�����"�

)LOWUH�j�SUpFLVHU� 969'

)LJXUH������XWLOLVDWLRQ�G¶XQ�ILOWUH�j�SUpFLVHU�

9$

5�

5�

9%

)LJXUH������FLUFXLW�GH�PLVH�HQ�IRUPH�HW�FKURQRJUDPPH�

5V

9''¶�

�� 7�τ

9$

±9FF�

�9FF�

�7�7� W�
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%���(WXGH�GX�ILOWUH�

/H�ILOWUH�XWLOLVp�HVW�UHSUpVHQWp�ILJXUH�����

%�����0HWWUH�OD�IRQFWLRQ�GH�WUDQVIHUW� ( )
( )

( )
6

'

9 M
+ M

9 M

ω
ω

ω
= �VRXV�OD�IRUPH�VXLYDQWH���
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ω ω
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��

%�����3UpFLVHU�OHV�H[SUHVVLRQV�GH� �+ �� �ω �HW�4�HQ�IRQFWLRQ�GH�5���5���&���&���

%�����'H�TXHO�ILOWUH�V¶DJLW�LO�"�-XVWLILHU�YRWUH�UpSRQVH��

%�����'pWHUPLQHU�4�WHO�TXH�OH�PRGXOH�pOHYp�DX�FDUUp�VRLW�GH�OD�IRUPH���

( )
�

�

�

�

�

+ Mω
ω

ω

=
§ ·

+¨ ¸
© ¹

��

%�����'RQQHU�DORUV�O¶H[SUHVVLRQ�GH�OD�SKDVH� ( )Mϕ ω �GH� ( )+ Mω ��

)LQ�GH�O¶pQRQFp�

96

9'

&�

&�

5�5�

)LJXUH������ILOWUH�

Téléchargé gratuitement sur www.Doc-Solus.fr .

http://www.doc-solus.fr/

