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≪ h?2 M2ti /�v- JQM/�v- r2 r2`2 TH�vBM; BM i?2 }2H/b �M/ i?Bb #Qv b�B/ iQ K2- Ǵa22 i?�i #B`/ bi�M/BM; QM
i?2 bimKT i?2`2 \ q?�iǶb i?2 M�K2 Q7 Bi \Ǵ
A b�B/- ǴA ?�p2MǶi ;Qi i?2 bHB;?i2bi B/2�XǴ
>2 b�B/- ǴAiǶb � #`QrM@i?`Q�i2/ i?`mb?X uQm` 7�i?2` /Q2bMǶi i2�+? vQm Km+? �#Qmi b+B2M+2XǴ
A bKBH2/ iQ Kvb2H7- #2+�mb2 Kv 7�i?2` ?�/ �H`2�/v i�m;?i K2 i?�i (i?2 M�K2) /Q2bMǶi i2HH K2 �Mvi?BM; �#Qmi
i?2 #B`/X >2 i�m;?i K2 Ǵa22 i?�i #B`/ \ AiǶb � #`QrM@i?`Q�i2/ i?`mb?- #mi BM :2`K�Mv BiǶb +�HH2/ � ?�Hb2M~m;2H-
�M/ BM *?BM2b2 i?2v +�HH Bi � +?mM; HBM; �M/ 2p2M B7 vQm FMQr �HH i?Qb2 M�K2b 7Q` Bi- vQm biBHH FMQr MQi?BM;
�#Qmi i?2 #B`/ĜvQm QMHv FMQr bQK2i?BM; �#Qmi T2QTH2 c r?�i i?2v +�HH i?�i #B`/X LQr i?�i i?`mb? bBM;b- �M/
i2�+?2b Bib vQmM; iQ ~v- �M/ ~B2b bQ K�Mv KBH2b �r�v /m`BM; i?2 bmKK2` �+`Qbb i?2 +QmMi`v- �M/ MQ#Q/v
FMQrb ?Qr Bi }M/b Bib r�v-Ǵ �M/ bQ 7Q`i?X h?2`2 Bb � /Bz2`2M+2 #2ir22M i?2 M�K2 Q7 i?2 i?BM; �M/ r?�i ;Q2b
QMX
h?2 `2bmHi Q7 i?Bb Bb i?�i A +�MMQi `2K2K#2` �Mv#Q/vǶb M�K2- �M/ r?2M T2QTH2 /Bb+mbb T?vbB+b rBi? K2 i?2v
Q7i2M �`2 2t�bT2`�i2/ r?2M i?2v b�v Ǵi?2 6Bix@*`QMBM 2z2+i-Ǵ �M/ A �bF Ǵq?�i Bb i?2 2z2+i \Ǵ �M/ A +�MǶi
`2K2K#2` i?2 M�K2X ≫

_B+?�`/ 62vMK�M

*Ƕ2bi bm` +2 T`BM+BT2 [m2 DǶ2bb�B2- K�H�/`QBi2K2Mi +�` +Ƕ2bi mM2 û#�m+?2- /2 /QMM2` mM2 bB;MB}+�iBQM ¨
[m2H[m2b ;`�M/2b MQiBQMb 2M a+B2M+2b@S?vbB[m2bXXX

JQmp2K2Mi , G2 KQmp2K2Mi 2bi H� /2b+`BTiBQM /2 H� M�im`2 /2 H� i`�D2+iQB`2 2i /2 H� pBi2bb2 /ǶmM +Q`TbX

�ii2MiBQM , G� MQiBQM /2 KQmp2K2Mi MǶ� /2 b2Mb [m2 T�` `�TTQ`i ¨ mM2 `û7û`2M+2 U`û7û`2MiB2HVX

Zm�MiBiû /2 KQmp2K2Mi , G� [m�MiBiû /2 KQmp2K2Mi 2bi H2 T`Q/mBi /2 H� K�bb2 T�` H� pBi2bb2 /ǶmM +Q`TbX
1HH2 T`2M/ bQM b2Mb T?vbB[m2 /�Mb b� p�`B�iBQM [mB i`�/mBi HǶ�+iBQM /2b 7Q`+2b 2tiû`B2m`2b bm` H2 bvbiĕK2X
6Q`+2 , G� 7Q`+2 2bi H� ;`�M/2m` T2`K2ii�Mi /2 KQ/ûHBb2` HǶ�+iBQM /ǶmM +Q`Tb bm` mM �mi`2X PM 2M /BbiBM;m2
/2mt ivT2b , H2b 7Q`+2b ¨ /Bbi�M+2 U;`�pBi�iBQM- K�;MûiB[m2- ûH2+i`B[m2b- Mm+Hû�B`2bXXXV 2i H2b 7Q`+2b /2 +QMi�+i
U`û�+iBQM- T`2bbBQM- 7`Qii2K2MiXXXVX
1HH2 2bi `2T`ûb2Miû2 T�` mM p2+i2m` U�v�Mi mM2 /B`2+iBQM 2i mM2 MQ`K2VX
AM2`iB2 , GǶBM2`iB2 `2T`ûb2Mi2 H� +�T�+Biû /2 HǶQ#D2i ¨ `ûbBbi2` ¨ iQmi2 �++ûHû`�iBQMX G� K�bb2 BM2`i2 `2T`ûb2Mi2
H� Ǵ`ûbBbi�M+2 ¨ HǶ�++ûHû`�iBQMǴ /ǶmM Q#D2iX
:`�pBiû , G� ;`�pBiû `2T`ûb2Mi2 H� +�T�+Biû /Ƕ�ii`�+iBQM /2b +Q`Tb K�bbB7b 2Mi`2 2mtX PM T�`H2 /2 ǴK�bb2 ;`�p2
�+iBp2Ǵ [mB `2~ĕi2 +2ii2 +�T�+Biû /Ƕ�ii`�+iBQM /ǶmM Q#D2iX G� ǴK�bb2 ;`�p2 T�bbBp2Ǵ `2T`ûb2Mi2 H� +�T�+Biû
[mǶ� mM Q#D2i ¨ āi`2 �iiB`ûX
G2 TQB/b 2bi [m�Mi ¨ HmB HǶ�+iBQM [mǶ2t2`+2`�Bi mM Q#D2i +QMi`2 H2 bQH , BH 2bi /B`2+i2K2Mi `2HBû ¨ H� 7Q`+2
;`�pBi�iBQMM2HH2X
G2 #�`v+2Mi`2 2bi H2 +2Mi`2 /2 ;`�pBiûX
J�bb2b , h`QBb ivT2b /2 K�bb2b 2tBbi2Mi /QM+X G� +?mi2 bBKmHi�Mû2 2i HǶ�ii`�+iBQM `û+BT`Q[m2 2Mi`2 /2mt
+Q`Tb MQmb KQMi`2Mi [m2 +2b i`QBb K�bb2b bQMi û;�H2bX 1BMbi2BM ûMQM+2`� H� i?ûQ`B2 /2 H� `2H�iBpBiû ;ûMû`�H2
¨ +2 T`QTQbX
h`�p�BH , G2 i`�p�BH /ǶmM2 7Q`+2 2bi HǶûM2`;B2 7Qm`MB2 T�` +2ii2 7Q`+2 HQ`b[m2 bQM TQBMi /Ƕ�TTHB+�iBQM b2 /ûTH�+2X
SmBbb�M+2 , G� TmBbb�M+2 `2~ĕi2 H� pBi2bb2 ¨ H�[m2HH2 H2 i`�p�BH 2bi 7Qm`MBX *Ƕ2bi H� [m�MiBiû /ǶûM2`;B2 T�`
mMBiû /2 i2KTb 7Qm`MB2 T�` mM bvbiĕK2 ¨ mM �mi`2X
úM2`;B2 , GǶûM2`;B2 K2bm`2 H� +�T�+Biû /ǶmM bvbiĕK2 ¨ KQ/B}2` bQM ûi�iX
JQK2Mi , G2 KQK2Mi /ǶmM2 7Q`+2 T�` `�TTQ`i ¨ mM TQBMif�t2 i`�/mBi HǶ�TiBim/2 /2 +2ii2 7Q`+2 ¨ 7�B`2
iQm`M2` mM bvbiĕK2 Kû+�MB[m2 �miQm` /2 +2 TQBMif�t2X
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G2 +QmTH2 2bi mM 2Mb2K#H2 /2 7Q`+2b �TTHB[mû2b ¨ mM bQHB/2 /QMi H� `ûbmHi�Mi2 2bi MmHH2 K�Bb /QMi H2 KQK2Mi
iQi�H 2bi MQM MmH UbQKK2 ;ûQKûi`B[m2 /2b KQK2Mib /2b 7Q`+2bVX lM +QmTH2 i2M/ ¨ K2ii`2 2M `Qi�iBQM mM
bvbiĕK2X
*?�KT , G2 +?�KT T2`K2i /2 /û}MB` 2M iQmi TQBMi /2 HǶ2bT�+2 H� p�H2m` /ǶmM2 ;`�M/2m` T?vbB[m2X
PM/2 , lM2 QM/2 2bi H� T`QT�;�iBQM /ǶmM2 T2`im`#�iBQM T`Q/mBb�Mi bm` bQM T�bb�;2 mM2 p�`B�iBQM `ûp2`bB#H2
/2b T`QT`Bûiûb T?vbB[m2b HQ+�H2b /m KBHB2mX
S?�b2 , G� T?�b2 +QMbBbi2 2M H� /2b+`BTiBQM BMbi�Mi�Mû2 /ǶmM2 ;`�M/2m` [mB p�`B2 +v+HB[m2K2MiX
G� T?�b2 ¨ HǶQ`B;BM2 +Q``2bTQM/ ¨ mM `2i�`/X
_ûbQM�M+2 , G� `ûbQM�M+2 2bi mM T?ûMQKĕM2 `2T`ûb2Mi�Mi H� b2MbB#BHBiû /ǶmM bvbiĕK2 ¨ mM2 7`û[m2M+2
bTû+B}[m2X
lM bvbiĕK2 `ûbQM�Mi p2``� b2b Qb+BHH�iBQMb /2 THmb 2M THmb BKTQ`i�Mi2b Dmb[mǶ¨ �ii2BM/`2 mM `û;BK2 /Ƕû[mBHB#`2X
AKTû/�M+2 , GǶBKTû/�M+2 `2T`ûb2Mi2 H� +�`�+iû`BbiB[m2 T?vbB[m2 +QKT�`�Mi HǶ2t+Bi�iBQM ¨ H�[m2HH2 2bi bQm@
KBb2 H2 bvbiĕK2 �p2+ b� `ûTQMb2X
.BbT2`bBQM , G� /BbT2`bBQM 2bi H� +QMbû[m2M+2 /2 H� T`QT�;�iBQM /ǶmM2 QM/2 /�Mb mM KBHB2m /BbT2`bB7 UH2b
/Bzû`2Mi2b 7`û[m2M+2b M2 b2 T`QT�;2Mi T�b ¨ H� KāK2 pBi2bb2VX
AM/B+2 QTiB[m2 , GǶBM/B+2 /2 `û7`�+iBQM 2bi mM2 ;`�M/2m` Ub�Mb /BK2MbBQMV +�`�+iû`BbiB[m2 /ǶmM KBHB2m-
/û+`Bp�Mi H2 +QKTQ`i2K2Mi /2 H� HmKBĕ`2 /�Mb +2HmB@+BX
SmBbb�M+2 QTiB[m2 , G� TmBbb�M+2 QTiB[m2 T2`K2i /2 +�`�+iû`Bb2` H2b BMbi`mK2Mib QTiB[m2b /2biBMûb ¨
Q#b2`p2` /2b Q#D2ib `�TT`Q+?ûbX
AMi2`7û`2M+2 , G2b BMi2`7û`2M+2b bQMi H� +QK#BM�BbQM /2 /2mt QM/2b bmb+2TiB#H2b /ǶBMi2`�;B`X
*Q?û`2M+2 , G� +Q?û`2M+2 2bi HǶ2Mb2K#H2 /2b T`QT`Bûiûb /2 +Q``ûH�iBQM /ǶmM bvbiĕK2 QM/mH�iQB`2X
*?�`;2 ûH2+i`B[m2 , G� +?�`;2 ûH2+i`B[m2 2bi mM2 T`QT`Bûiû 7QM/�K2Mi�H2 /2 H� K�iBĕ`2 [mB HmB T2`K2i
/ǶBMi2`�;B` T�` H2 #B�Bb /2 +?�KTb ûH2+i`QK�;MûiB[m2bX
SQi2MiB2H , G2 TQi2MiB2H 2bi HǶmM2 /2b ;`�M/2m`b /û}MBbb�Mi HǶûi�i ûH2+i`B[m2 /ǶmM TQBMi /2 HǶ2bT�+2X 1HH2
+Q``2bTQM/ ¨ HǶûM2`;B2 TQi2MiB2HH2 ûH2+i`Qbi�iB[m2 [m2 TQbbû/2`�Bi mM2 +?�`;2 ûH2+i`B[m2 2M +2 TQBMiX
h2MbBQM , lM2 i2MbBQM 2bi mM2 /Bzû`2M+2 /2 TQi2MiB2HX *Ƕ2bi H� +B`+mH�iBQM /m +?�KT ûH2+i`B[m2 H2 HQM; /ǶmM
+B`+mBiX
*Qm`�Mi ûH2+i`B[m2 , lM +Qm`�Mi ûH2+i`B[m2 2bi mM /ûTH�+2K2Mi /2 +?�`;2b ûH2+i`B[m2b �m b2BM /ǶmM K�iû`B�m
+QM/m+i2m`X
_ûbBbi�M+2 , G� `ûbBbi�M+2 2bi mM2 T`QT`Bûiû T?vbB[m2 /ǶmM K�iû`B�m +QM/m+i2m` ¨ bǶQTTQb2` �m T�bb�;2
/ǶmM +Qm`�Mi ûH2+i`B[m2 bQmb mM2 i2MbBQM ûH2+i`B[m2 /QMMû2X
*�T�+Biû ûH2+i`B[m2 , G� +�T�+Biû ûH2+i`B[m2 `2T`ûb2Mi2 H� [m�MiBiû /2 +?�`;2 ûH2+i`B[m2 TQ`iû2 T�` mM
+QM/m+i2m` TQm` mM TQi2MiB2H ûH2+i`B[m2 /QMMûX
AM/m+iBQM , G2 T?ûMQKĕM2 /ǶBM/m+iBQM +�`�+iû`Bb2 H� +`û�iBQM /ǶmM +?�KT K�;MûiB[m2 +�mbû T�` H2 T�`+Qm`b
/ǶmM +Qm`�Mi /�Mb H2 +B`+mBiX
úM2`;B2 ûH2+i`B[m2 , GǶûM2`;B2 ûH2+i`B[m2 2bi HǶûM2`;B2 i`�Mb7û`û2 Qm biQ+Fû2 /ǶmM bvbiĕK2 ¨ mM �mi`2 T�`
KQmp2K2Mi /2 +?�`;2bX
SmBbb�M+2 ûH2+i`B[m2 , G� TmBbb�M+2 ûH2+i`B[m2 +Q``2bTQM/ ¨ H� pBi2bb2 ¨ H�[m2HH2 HǶûM2`;B2 ûH2+i`B[m2 2bi
û+?�M;û2X
AKTû/�M+2 ûH2+i`B[m2 , GǶBKTû/�M+2 ûH2+i`B[m2 K2bm`2 HǶQTTQbBiBQM /ǶmM +B`+mBi ûH2+i`B[m2 �m T�bb�;2
/ǶmM +Qm`�Mi �Hi2`M�iB7 bBMmbQś/�HX
:�BM , G2 ;�BM `2T`ûb2Mi2 H� +�T�+Biû /ǶmM +B`+mBi ¨ �iiûMm2` Qm �KTHB}2` mM bB;M�HX
úi�i , lM ûi�i /2 H� K�iBĕ`2 +Q``2bTQM/ ¨ mM +2`i�BM /2;`û /2 +Q?û`2M+2 /2 H� K�iBĕ`2X
_ûp2`bB#BHBiû , G� `ûp2`bB#BHBiû `2T`ûb2Mi2 H� +�T�+Biû /ǶmM2 i`�Mb7Q`K�iBQM ¨ TQmpQB` b2 7�B`2 /�Mb H2 b2Mb
BMp2`b2X
*?�H2m` , G� +?�H2m` 2bi mM i`�Mb72`i i?2`KB[m2X *Ƕ2bi mM i`�Mb72`i /ǶûM2`;B2 KB+`Qb+QTB[m2 /ûbQ`/QMMûX
úM2`;B2 BMi2`M2 , GǶûM2`;B2 BMi2`M2 +�`�+iû`Bb2 HǶûi�i /Ƕ2t+Bi�iBQM /2 H� K�iBĕ`2X
1Mi`QTB2 , GǶ2Mi`QTB2 +�`�+iû`Bb2 H2 /2;`û /2 /ûbQ`;�MBb�iBQM- Qm /2 T`û/B+iB#BHBiû /m +QMi2Mm 2M BM7Q`K�iBQM
/ǶmM bvbiĕK2X
_2M/2K2Mi , G2 `2M/2K2Mi [m�HB}2 H� K�MBĕ`2 /QMi mM2 �+iBQM `2iQm`M2 H2 `ûbmHi�i T`ûpm Qm �ii2M/mX
_ûbBbi�M+2 i?2`KB[m2 , G� `ûbBbi�M+2 i?2`KB[m2 [m�MiB}2 HǶQTTQbBiBQM /ǶmM K�iû`B�m ¨ mM ~mt i?2`KB[m2X
_�vQMM2K2Mi , lM `�vQMM2K2Mi /ûbB;M2 H2 T`Q+2bbmb /ǶûKBbbBQM Qm /2 T`QT�;�iBQM /ǶûM2`;B2 BKTHB[m�Mi
mM2 QM/2X
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*>�SAh_1 RX Zl1GZl1a LPhAPLa .1 S>uaAZl1XXX

S`2bbBQM ûH2+i`Qbi�iB[m2 , G� T`2bbBQM ûH2+i`Qbi�iB[m2 2bi H� T`2bbBQM bm#B2 T�` H� bm`7�+2 /ǶmM +QM/m+i2m`
ûH2+i`B[m2 +?�`;ûX
JQK2Mi K�;MûiB[m2 , G2 KQK2Mi K�;MûiB[m2 T2`K2i /2 +�`�+iû`Bb2` HǶBMi2MbBiû /ǶmM2 bQm`+2 K�;MûiB[m2X
G2 KQK2Mi K�;MûiB[m2 /ǶmM +Q`Tb b2 K�MB72bi2 T�` H� i2M/�M+2 [mǶ¨ +2 +Q`Tb ¨ bǶ�HB;M2` /�Mb H2 b2Mb /ǶmM
+?�KT K�;MûiB[m2X
AM/m+iBQM ûH2+i`QK�;MûiB[m2 , GǶBM/m+iBQM ûH2+i`QK�;MûiB[m2 2bi mM T?ûMQKĕM2 T?vbB[m2 +QM/mBb�Mi ¨
HǶ�TT�`BiBQM /ǶmM2 7Q`+2 ûH2+i`QKQi`B+2 /�Mb mM +QM/m+i2m` ûH2+i`B[m2 bQmKBb ¨ mM ~mt /2 +?�KT K�;MûiB[m2
p�`B�#H2X
6Q`+2 ûH2+i`QKQi`B+2 , G� 7Q`+2 ûH2+i`QKQi`B+2 +�`�+iû`Bb2 mM ;ûMû`�i2m` 2i 2bi ?QKQ;ĕM2 ¨ mM2 i2MbBQMX
1HH2 +Q``2bTQM/ �m i`�p�BH 7Qm`MBi T�` H2 ;ûMû`�i2m` �m +B`+mBi T�` mMBiû /2 +?�`;2X
_�vQMM2K2Mi ûH2+i`QK�;MûiB[m2 , G2 `�vQMM2K2Mi ûH2+i`QK�;MûiB[m2 +Q``2bTQM/ ¨ mM i`�Mb72`i /ǶûM2`@
;B2 HBMû�B`2 U[m�MiBiû [mB /û+`Bi HǶûM2`;B2 i`�Mb7û`û2 T�` mM2 T�`iB+mH2 BQMBb�Mi2 i`�p2`b�Mi H� K�iBĕ`2VX
SQH�`Bb�iBQM ûH2+i`QK�;MûiB[m2 , G� TQH�`Bb�iBQM 2bi mM2 ;`�M/2m` T?vbB[m2 K�+`Qb+QTB[m2 /ûbB;M�Mi H�
/2MbBiû /2 /BTƬH2b ûH2+i`B[m2bX
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*?�TBi`2 k S�`iB2 A ě S?vbB[m2

Jû+�MB[m2

G� Kû+�MB[m2 +H�bbB[m2 bǶ�TTHB[m2 HQ`b[m2 ,

ě G2b pBi2bb2b /m bvbiĕK2 ûim/Bû bQMi i`ĕb BM7û`B2m`2b ¨ +2HH2 /2 H� HmKBĕ`2 c

ě G� i�BHH2 /2 HǶQ#D2i +QMbB/û`û 2bi bmTû`B2m`2 ¨ +2HH2 /ǶmM �iQK2X

R *BMûK�iB[m2

RXR *QQ`/QMMû2b

M

O
y

x

z

M

O
y

x

z

re⃗
θe⃗

ze⃗

M

O
y

x

z
re⃗

θe⃗
θ

ϕ

ϕe⃗

*QQ`/QMMû2b +�`iûbB2MM2b ,

x 2bi HǶ�#b+Bbb2 /2 J- y HǶQ`/QMMû2 2i z H� +Qi2X
−−→
OM = x−→ex + y−→ey + z−→ez−→v (M)R = ẋ−→ex + ẏ−→ey + ż−→ez−→a (M)R = ẍ−→ex + ÿ−→ey + z̈−→ez

*QQ`/QMMû2b +vHBM/`B[m2b ,

�ii2MiBQM , r 2bi H� /Bbi�M+2 2Mi`2 J 2i HǶ�t2 UOzVX

−−→
OM = r−→er + z−→ez−→v (M)R = ṙ−→er + rθ̇−→eθ + ż−→ez−→a (M)R = (r̈ − rθ̇2)−→er + (rθ̈ − 2rṙθ̇)−→eθ + z̈−→ez

*QQ`/QMMû2b bT?û`B[m2b ,

�ii2MiBQM , r = ||−−→OM ||X

−−→
OM = r−→er−→v (M)R = ṙ−→er + rθ̇−→eθ + r sin θϕ̇−→eφ
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kX S_AL*AS1a .1 G� .uL�JAZl1 *>�SAh_1 kX Jú*�LAZl1

RXk .Bzû`2Mib ivT2b /2 KQmp2K2Mib
JQmp2K2Mi +B`+mH�B`2

y(x) = R
√

1− x2 UkXRV

JQmp2K2Mi T�`�#QHB[m2

PM +?2`+?2 mM �M;H2 α iX[X H2 TQBMi b2`� �ii2BMiX PM +�H+mH2 H2 /ûi2`KBM�Mi ¨ T�`iB` /2 HǶû[m�iBQM 2M tanαX
∆ = 0 MQmb /QMM2 HǶû[m�iBQM /2 H� T�`�#QH2X

x

y

Zone interdite
0<∆

0>∆

∆ = 0

JQmp2K2Mi ?ûHB+Qś/�H

G2b û[m�iBQMb T�`�Kûi`B[m2b bQMi /QMMû2b T�` ,

x(t) = R cosωt

y(t) = R sinωt

z(t) = a× t

a 2bi �TT2Hû H2 T�b /2 HǶ?ûHB+2X *Ƕ2bi HǶBM+`ûK2Mi /2 z �T`ĕb +?�[m2 iQm`X

k S`BM+BT2b /2 H� /vM�KB[m2

kXR Zm�MiBiû /2 KQmp2K2Mi
G2 KQmp2K2Mi 2bi H� /2b+`BTiBQM /2 H� M�im`2 /2 H� i`�D2+iQB`2 2i /2 H� pBi2bb2 /ǶmM +Q`TbX

−→p R(M) = m−→v R(M) UkXkV

lM TQBMi K�iû`B2H 2bi /Bi BbQHû bǶBH MǶ2bi bQmKBb ¨ �m+mM2 7Q`+2X PM /Bi [mǶBH 2bi Tb2m/Q@BbQHû bB H� `ûbmHi�Mi2
/2b 7Q`+2b [mB HmB bQMi �TTHB[mû2b 2bi MmHH2X

kXk S`2KBĕ`2 HQB /2 L2riQM , S`BM+BT2 /ǶBM2`iB2
lM `û7û`2MiB2H ;�HBHû2M 2bi mM `û7û`2MiB2H T�` `�TTQ`i �m[m2H H2 KQmp2K2Mi /2 iQmi TQBMi K�iû`B2H BbQHû Qm
Tb2m/Q@BbQHû 2bi `2+iBHB;M2 mMB7Q`K2 Qm BKKQ#BH2X

G� h2``2 MǶ2bi T�b mM `û7û`2MiB2H ;�HBHû2MX

1t2KTH2 , S2M/mH2 /2 6Qm+�mHi- JûiûQXXX

GǶBM2`iB2 2bi H� +�T�+Biû /ǶmM Q#D2i ¨ `ûbBbi2` ¨ iQmi2 �++ûHû`�iBQMX
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*>�SAh_1 kX Jú*�LAZl1 kX S_AL*AS1a .1 G� .uL�JAZl1

kXj .2mtBĕK2 HQB /2 L2riQM , S`BM+BT2 7QM/�K2Mi�H /2 H� /vM�KB[m2
.�Mb mM `û7û`2MiB2H ;�HBHû2M- H� `ûbmHi�Mi2 /2b 7Q`+2b bǶû+`Bi ,

∑−→
F = d−→p

dt
(M)

⇔
∑−→

F = m −→a (M)
UkXjV

kX9 h`QBbBĕK2 HQB /2 L2riQM , �+iBQMb `û+BT`Q[m2b

−→
F 1→2 = −−→F 2→1 UkX9V

kX8 6Q`+2b mbm2HH2b
G� 7Q`+2 2bi mM2 ;`�M/2m` T2`K2ii�Mi /2 KQ/ûHBb2` HǶ�+iBQM /ǶmM +Q`Tb bm` mM �mi`2X

T⃗

P⃗

0l
eql

z

xu⃗

zu⃗

SQB/b −→
P = m −→g UkX8V

6Q`+2 /2 `�TT2H ûH�biB[m2 /ǶmM `2bbQ`i−→
T = −k(l − leq)−→u z

Q` l = leq + z
−→
T = −kz −→u z UkXeV

TR⃗

NR⃗

R⃗

SQmbbû2 /Ƕ�`+?BKĕ/2
−→π = ρV−→g UkXdV

�p2+ , V H2 pQHmK2 /2 HB[mB/2 /ûTH�+û- ρ H� K�bb2
pQHmKB[m2X

_û�+iBQM /m bmTTQ`i bQHB/2
−→
R = −→R T +−→R N UkX3V

6Q`+2b /2 7`Qii2K2Mi ~mB/2
−→
F = −h−→v UkXNV

A (m
A
) B (m

B
)

ru⃗

θu⃗

F⃗

6Q`+2 /2 ;`�pBi�iBQM

−→
F A→B =

−Gmamb

AB2
−→u A→B UkXRyV

6Q`+2 ûH2+i`B[m2

−→
F e =

1
4πϵ0

qA qB

AB2
−→u A→B UkXRRV

kXe :HBbb2K2Mib
*QM/BiBQM /2 MQM ;HBbb2K2Mi ,
G� pBi2bb2 �m TQBMi /2 +QMi�+i 2bi MmHH2 ,

−→v g = −→v I∈objet +−→v I∈sol = −→0 UkXRkV

�m TQBMi /2 +QMi�+i �p2+ H2 bmTTQ`i- QM +QMbB/ĕ`2 [m2 H� pBi2bb2 2bi MmHH2X
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jX úL1_:A1- SlAaa�L*1 1h h_�o�AG Jú*�LAZl1 *>�SAh_1 kX Jú*�LAZl1

GQB /2 *QmHQK# ,

||−→T || = f ||−→N || UkXRjV

j úM2`;B2- SmBbb�M+2 2i h`�p�BH Kû+�MB[m2

jXR SmBbb�M+2 /ǶmM2 7Q`+2
G� TmBbb�M+2 `2~ĕi2 H� pBi2bb2 ¨ H�[m2HH2 H2 i`�p�BH 2bi 7Qm`MBX

PR(−→F ) = −→F ·−→v (M) UkXR9V

jXk h`�p�BH /ǶmM2 7Q`+2
G� i`�p�BH /ǶmM2 7Q`+2 2bi HǶûM2`;B2 7Qm`MB2 T�` +2ii2 7Q`+2 HQ`b[m2 bQM TQBMi /Ƕ�TTHB+�iBQM b2 /ûTH�+2X

δW (−→F ) = PR(−→F ).dt

= −→F · d
−−→
OM

UkXR8V

�ii2MiBQM , lM2 7Q`+2 T2`T2M/B+mH�B`2 �m +?2KBM bmBpB M2 i`�p�BHH2 T�b 5

jXj h?ûQ`ĕK2 /2 HǶûM2`;B2 +BMûiB[m2
úM2`;B2 +BMûiB[m2

Ec(M) = 1
2mv2(M) UkXReV

6Q`K2 BMbi�Mi�Mû2
dEc

dt
(M) =

∑
P(−→F ) UkXRdV

6Q`K2 BMiû;`�H2
∆Ec =

∑
W (−→F ) UkXR3V

jX9 úM2`;B2 TQi2MiB2HH2
lM2 7Q`+2 2bi /Bi2 +QMb2`p�iBp2 bB bQM i`�p�BH 2Mi`2 /2mt TQbBiBQMb � 2i " [m2H+QM[m2b M2 /ûT2M/ T�b /2 H�
i`�D2+iQB`2 bmBpB2 T�` H2 TQBMi JX

6Q`K2 BMbi�Mi�Mû2

dEp = −δW (−→F C)
= −−→F C · d

−−→
OM

UkXRNV

6Q`K2 BMiû;`�H2
∆Ep = WA→B(−→FC) UkXkyV

G2b `û;BQMb /2 HǶ2bT�+2 Qɍ HǶûM2`;B2 TQi2MiB2HH2 TQbbĕ/2 mM KBMBKmK bQMi �TT2Hû2b TmBib /2 TQi2MiB2HX G�
TQbBiBQM /Ƕû[mBHB#`2 b2`� /Bi2 bi�#H2X *2HH2b TQbbû/�Mi mM K�tBKmK bQMi �TT2Hû2b #�``Bĕ`2b /2 TQi2MiB2HX

jX8 úM2`;B2 Kû+�MB[m2

Em = Ec(M) + Ep(M)
∆Em = W (−→F NC)

UkXkRV
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*>�SAh_1 kX Jú*�LAZl1 9X JPJ1Lh *ALúhAZl1

jXe GBKBi2- û[mBHB#`2

Ep(x) ≤ Em = cte +�` Ec ≥ 0

aB ,

ě H2b p�H2m`b /2 x bQMi HBKBiû2b , QM 2bi /�Mb mM ûi�i HBû Ui`�D2+iQB`2 T�`�#QHB[m2- +B`+mH�B`2VX
ě x T2mi i2M/`2 p2`b ∞ , +Ƕ2bi mM ûi�i HB#`2 Ui`�D2+iQB`2 ?vT2`#QHB[m2VX

PM /Bi [mǶBH v � û[mBHB#`2 bi�#H2 bB HQ`b[mǶQM ûHQB;M2 Hû;ĕ`2K2Mi J- BH � i2M/�M+2 ¨ `2p2MB` p2`b +2ii2
TQbBiBQMX PM /û/mBi H2b TQbBiBQMb /Ƕû[mBHB#`2 /2b 2ti`2KmKb /ǶûM2`;B2 TQi2MiB2HH2 iX[X ,

dEp

dt
= 0

9 JQK2Mi +BMûiB[m2

9XR JQmp2K2Mib ¨ 7Q`+2b +2Mi`�H2b

−→
L 0(M) = m

−−→
OM ∧ −→v (M)

L∆(M) = −→L 0(M).−→e ∆
UkXkkV

9Xk _�TT2Hb #`�b /2 H2pB2`

d

H

M

O

F⃗ θ

θ

PM � ,
sin θ = d

||−−→OM ||
G2 KQK2Mi /2 H� 7Q`+2 bǶ2tT`BK2 +QKK2 ,

−→M0(−→F ) = d× ||−→F ||× u⃗

9Xj JQK2Mi /ǶmM2 7Q`+2

S�` `�TTQ`i ¨ mM TQBMi ,
−→M0(−→F ) = −−→OM ∧ −→F (M) UkXkjV

S�` `�TTQ`i ¨ mM �t2 ,
M∆(−→F ) = −→M0(−→F ).−→e ∆ UkXk9V

9X9 h?ûQ`ĕK2 /m KQK2Mi +BMûiB[m2

d
−→
L0
dt

=
∑−→M0(−→F ) UkXk8V
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8X 6P_*1a *1Lh_�G1a *>�SAh_1 kX Jú*�LAZl1

9X8 SQmHB2

F⃗P⃗

T⃗

P⃗=F⃗

P⃗

1F⃗

2F⃗

2

P⃗
=2F⃗

8 6Q`+2b +2Mi`�H2b

vdt

M

θ
O

y

x

r

Ad

G� 7Q`+2 −→F T�bb2 T�` H2 +2Mi`2 /2 7Q`+2b P ,
ě −→

L0 = −→cte c
ě G� i`�D2+iQB`2 /û+`Bi2 2bi TH�M2 c
ě G� i`�D2+iQB`2 bmBi H� HQB /2b �B`2b ,

r2θ̇ = C UkXkeV
GǶ�B`2 #�H�vû2 T�` H2 `�vQM p2+i2m` T2M/�Mi mM i2KTb
dt ,

dA = 1
2OM × vdt = 1

2r × rθ̇dt

8XR 6Q`KmH2b /2 "BM2i

vr = −C
du

dθ
vθ = Cu

8Xk "�b2 /2 6`2M2i

S

T⃗

N⃗
R

×

−→a = dv

dt

−→
T + v2

R

−→
N UkXkdV

8Xj GQBb /2 E2TH2`
oBi2bb2 /2 HB#û`�iBQM , QM T�`H2 /2 pBi2bb2 /2 HB#û`�iBQM HQ`b[mǶmM +Q`Tb- bQmKBb ¨ HǶ�ii`�+iBQM ;`�pBi�iBQM@
M2HH2 /ǶmM �mi`2 +Q`Tb /Bbi�Mi /2 r- � mM2 pBi2bb2 bm{b�Mi2 TQm` ǴbǶû+?�TT2`Ǵ /2 +2ii2 �ii`�+iBQMX
S�` 2t2KTH2- H� pBi2bb2 /2 HB#û`�iBQM /ǶmM b�i2HHBi2 ¨ H� bm`7�+2 /2 H� h2``2 2bi /2 11km.s−1X

JQmp2K2Mi 2HHBTiB[m2 ,

R3fR89
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*>�SAh_1 kX Jú*�LAZl1 eX Jú*�LAZl1 .l aPGA.1

M

×

θ

Oar pr
PA

2a

2b

r

*2ii2 i`�D2+iQB`2 2bi T�`iB+mHBĕ`2K2Mi miBHBbû2 /�Mb H� T`2KBĕ`2 HQB /2 E2TH2`X PM � ,

r = p

1 + e cos θ UkXk3V

G� TH�Mĕi2 b2 `�TT`Q+?2 /m bQH2BH Dmb[mǶ�m Tû`B?ûHB2- QM � �HQ`b ,

rp = p

1 + e

G� TH�Mĕi2 bǶûHQB;M2 /m bQH2BH Dmb[mǶ¨ HǶ�T?ûHB2- QM � �HQ`b ,

rp = p

1− e

ě .�Mb mM `û7û`2MiB2H /2 E2TH2`- J /û+`Bi mM2 i`�D2+iQB`2 2HHBTiB[m2 /QMi a 2bi HǶmM /2b 7Qv2`b c
ě GǶ�B`2 #�H�vû2 T�` H2 p2+i2m` −−→SM T2M/�Mi ∆t 2bi T`QTQ`iBQMM2HH2 ¨ ∆t c
ě PM � H2 `�TTQ`i ,

T 2

a3 = 4π2

GM
UkXkNV

8X9 h?ûQ`ĕK2 /2 :�mbb
PM � mM2 �M�HQ;B2 2Mi`2 H2b HQBb /2 7Q`+2 ,

−→
F = −G

mM

r2
−→u r �p2+ −→F = q1q2

4πϵ0r2
−→u r

PM �bbBKBH2 �HQ`b H2 +?�KT /2 ;`�pBi�iBQM −→G �m +?�KT ûH2+i`B[m2 −→E X
PM p� TQmpQB` /QMM2` mM û[mBp�H2Mi ¨ HǶû[m�iBQM /2 J�tr2HH@:�mbb ,

/Bp−→G = −4πGρ UkXjyV

PM Q#iB2Mi H2 i?ûQ`ĕK2 /2 :�mbb TQm` H� ;`�pBi�iBQM ,
‹ −→G

−→
dS = −4πGMint UkXjRV

e Jû+�MB[m2 /m bQHB/2

eXR "�`v+2Mi`2

−−→
OG =

∑
i mi
−−→
OAi∑

i mi
UkXjkV

?iiT,ffrrrXT?@bm2iX7`
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dX ALh1_�*hAPL .1 .1ls SPALha J�hú_A1Ga *>�SAh_1 kX Jú*�LAZl1

eXk JQK2Mi +BMûiB[m2 /ǶmM bQHB/2 2M `Qi�iBQM

L∆(M) = J∆ω UkXjjV

PM TQb2 J∆ H2 KQK2Mi /ǶBM2`iB2 /m bQHB/2 T�` `�TTQ`i ¨ HǶ�t2 ∆ ,

J∆ =
˚

(−→u ∧ −−→OM)2dm =
˚

HM2dm UkXj9V

eXj h?ûQ`ĕK2 /m KQK2Mi +BMûiB[m2 TQm` H2b bQHB/2b

J∆
dω

dt
=
∑

M∆(−→F ext) UkXj8V

Ec(S) = 1
2J∆ω

2 UkXjeV

d AMi2`�+iBQM /2 /2mt TQBMib K�iû`B2Hb

dXR J�bb2 `û/mBi2

1
µ

= 1
m1

+ 1
m2

UkXjdV

dXk *?Q+ /2 k TQBMib K�iû`B2Hb

lM +?Q+ 2bi mM2 BMi2`�+iBQM /2 7�B#H2 /m`û2 2Mi`2 T�`iB+mH2b T`QpQ[m�Mi mM2 KQ/B}+�iBQM /2 H� pBi2bb2 /2b
/Bzû`2Mib +Q`TbX G� [m�MiBiû /2 KQmp2K2Mi iQi�H2 /m bvbiĕK2 b2 +QMb2`p2 ,

m1
−→v 1 + m2

−→v 2 = m1
−→v ′

1 + m2
−→v ′

2

SQm` mM +?Q+ T�`7�Bi2K2Mi ûH�biB[m2- BH v � +QMb2`p�iBQM /2 HǶûM2`;B2 iQi�H2 U/QMi HǶûM2`;B2 +BMûiB[m2V- /2
H� +?�`;2 ûH2+i`B[m2 iQi�H2 2i /m KQK2Mi +BMûiB[m2 iQi�H2X SQm` mM +?Q+ BMûH�biB[m2- BH v �m`� /2b T2`i2b
i?2`KB[m2b U2i /QM+ T�b /2 +QMb2`p�iBQM /2 HǶûM2`;B2 +BMûiB[m2XXXVX

3 Jû+�MB[m2 2M `û7û`2MiB2H MQM@;�HBHû2M

3XR 6Q`KmH2 /2 /û`Bp�iBQM +QKTQbû2

(
d
−→
A

dt

)

R′

= −−−−→ΩR′/R ∧
−→
A UkXj3V

aB R′ 2bi 2M i`�MbH�iBQM T�` `�TTQ`i ¨ R- bQM KQmp2K2Mi `2H�iB7 2bi /û+`Bi T�` ,

ě lM2 `Qi�iBQM MmHH2 −−−−→ΩR′/R = −→0 c
ě G� pBi2bb2 /2 MǶBKTQ`i2 H2[m2H /2 b2b TQBMibX

kyfR89
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*>�SAh_1 kX Jú*�LAZl1 3X Jú*�LAZl1 1L _ú6ú_1LhA1G LPL@:�GAGú1L

3Xk GQBb /2 +QKTQbBiBQM
GQB /2 +QKTQbBiBQM /2b pBi2bb2b ,

−→v R(M) = −→v R′(M) +−→v R(O′) +−−−−→ΩR′/R ∧
−−−→
O′M

︸ ︷︷ ︸
oBi2bb2 /Ƕ2Mi`�BM2K2Mi

UkXjNV

GQB /2 +QKTQbBiBQM /2b �++ûHû`�iBQMb ,

−→a e = −→a R(O′) + d
−→Ω
dt
∧
−−−→
O′M +−−−−→ΩR′/R ∧ (−−−−→ΩR′/R ∧

−−−→
O′M) UkX9yV

�++ûHû`�iBQM /2 *Q`BQHBb ,
−→a c = 2−−−−→ΩR′/R ∧ −→v R′(M) UkX9RV

PM � �HQ`b ,
−→a R(M) = −→a R′(M) +−→a e +−→a c UkX9kV

.�Mb H2 +�b /ǶmM2 i`�MbH�iBQM , −→a c = 0X

.�Mb H2 +�b /ǶmM2 `Qi�iBQM , −→v e = −−−−→ΩR′/R ∧
−−→
HM 2i −→a e = −ω2−−→HM X

3Xj .vM�KB[m2 2M `û7û`2MiB2H MQM@;�HBHû2Mb

m−→a R′(M) =
∑−→

F −m−→a e︸ ︷︷ ︸
−→
f ie

−m−→a c︸ ︷︷ ︸
−→
f ie

UkX9jV

�ii2MiBQM , G� 7Q`+2 /2 *Q`BQHBb M2 i`�p�BHH2 T�bX

?iiT,ffrrrXT?@bm2iX7`
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3X Jú*�LAZl1 1L _ú6ú_1LhA1G LPL@:�GAGú1L *>�SAh_1 kX Jú*�LAZl1
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*?�TBi`2 j S�`iB2 A ě S?vbB[m2

PM/2b

R Pb+BHH�i2m`b ?�`KQMB[m2b
GǶû[m�iBQM �mt �KTHBim/2b /ǶmM Qb+BHH�i2m` ?�`KQMB[m2 2bi ,

X(t) = Xm cos(ωt + Φ) UjXRV

RXR :`�M/2m`b +�`�+iû`BbiB[m2b
ě �KTHBim/2 , Xm

ě Sû`BQ/2 , T 2M s

T = 2π
ω

UjXkV

ě SmHb�iBQM , ω 2M rad.s−1

ě S?�b2 , ωt + Φ 2M rad

ě S?�b2 ¨ HǶQ`B;BM2 , Φ 2M rad

ě 6`û[m2M+2 , ν 2M s−1

ν = 1
T

= ω

2π UjXjV

RXk avbiĕK2 J�bb2@_2bbQ`i
y

R⃗

P⃗

T⃗

x

S6. ¨ &J�bb2' b2HQM −→u x ,

m−→a = −→P +−→R +−→T
⇔ mẍ = 0 + 0− kx

⇔ ẍ + k

m
x = 0

ú[m�iBQM /Bzû`2MiB2HH2 HBMû�B`2 /m b2+QM/ Q`/`2 b�Mb
b2+QM/ K2K#`2X

G� bQHmiBQM bǶû+`Bi bQmb H� 7Q`K2 /ǶmM2 QM/2 bBMmbQś/�H2 ,

x(t) = A cos

⎛

⎝
√

k

m
t + Φ

⎞

⎠

1M K2bm`�Mi 2tTû`BK2Mi�H2K2Mi H� Tû`BQ/2 /2b Qb+BHH�iBQMb- QM T2mi /û/mB`2 H� +QMbi�Mi2 /2 `�B/2m` ,

ω2
0 = k

m

�bT2+i ûM2`;ûiB[m2 ,

Ec = 1
2mv2 ; Ep = 1

2kx2

?iiT,ffrrrXT?@bm2iX7`
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RX Pa*AGG�h1l_a >�_JPLAZl1a *>�SAh_1 jX PL.1a

Em

Ec

Ep

Em

Ec

Ep

Ep

Mx− 0 Mx

RXj avbiĕK2 J�bb2@`2bbQ`i �KQ`iB

GǶ�KQ`iBbb2K2Mi 2bi /m ¨ H� T`ûb2M+2 /ǶmM2 7Q`+2 /2 7`Qii2K2Mi ~mB/2 iX[X f = ηẋX GǶûM2`;B2 Kû+�MB[m2
M2 b2 +QMb2`p2 T�bX GǶû[m�iBQM /Bzû`2MiB2HH2 7�Bi �TT�`�ŗi`2 mM i2`K2 2M /û`Bpû2 T`2KBĕ`2 ,

ẍ + ω0
Q

ẋ + ω2
0x = 0 UjX9V

ú[m�iBQM /Bzû`2MiB2HH2 HBMû�B`2 /m b2+QM/ Q`/`2 b�Mb b2+QM/ K2K#`2X

�p2+ , ω0 =
√

k
m 2i Q = ω0m

η X

GǶû[m�iBQM +�`�+iû`BbiB[m2 2bi ,

X2 + ω0
Q

X + ω2
0 = 0

∆ = ω2
O

( 1
Q2 − 4

)

j `û;BK2b TQbbB#H2b b2HQM H2 /ûi2`KBM�Mi /2 HǶû[m�iBQM +�`�+iû`BbiB[m2 ,

x

t

x

t

x

t

Enveloppe

0>∆ 0<∆∆ = 0

Régime apériodique Régime critique Régime pseudo-périodique

t2rBe+t1rAe) =t(x rte)B+At) = (t(x ))t2rsin(B) +t1rcos(A(αt−e) =t(x

k9fR89
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*>�SAh_1 jX PL.1a kX Pa*AGG�hAPLa 6P_*ú1a

RX9 S2M/mH2

z

P⃗

T⃗
θ

θ̈ + g

l
sin(θ) = 0

�ii2MiBQM , GǶû[m�iBQM /Bzû`2MiB2HH2 2bi B+B MQM@HBMû�B`2X PM

miBHBb2 �HQ`b HǶ�TT`QtBK�iBQM /2b T2iBib �M;H2b ,

cos θ ≃ 1

sin θ ≃ θ → θ̈ +
g

l
θ = 0

tan θ ≃ θ

k Pb+BHH�iBQMb 7Q`+û2b

y

R⃗

P⃗

T⃗

x

F⃗

Excitateur

SQm` 2Mi`2` 2M `ûbQM�M+2- QM BKTQb2 ;`�+2 ¨ HǶ2t+Bi�i2m` mM2 7`û[m2M+2 f0X

j Pb+BHH�iBQMb +QmTHû2b

1k 1k2k

2m
1m

m1ẍ1 = −k1x1 − k2(x1 − x2)
m2ẍ2 = −k2x2 − k1(x2 − x1)

UjX8V

jXR JQ/2b T`QT`2b

G2b KQ/2b T`QT`2b +Q``2bTQM/2Mi ¨ H� pB#`�iBQM /2 iQmb H2b TQBMib /m bvbiĕK2 ¨ mM2 7`û[m2M+2 /QMMû2X A+B BH
v 2M � /2mt , 2M T?�b2 2i 2M QTTQbBiBQM /2 T?�b2 U`2bTX ω1 2i ω2VX

9 ú[m�iBQM /2 /Ƕ�H2K#2`i
GǶû[m�iBQM /2 /Ƕ�H2K#2`i /û+`Bi H� T`QT�;�iBQM /2 HǶQM/2X 1HH2 2bi �mbbB �TT2Hû2 û[m�iBQM /ǶQM/2X

∂2f

∂x2 −
1
c2
∂2f

∂t2 = 0 UjXeV

?iiT,ffrrrXT?@bm2iX7`
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9X úZl�hAPL .1 .Ƕ�G1J"1_h *>�SAh_1 jX PL.1a

9XR hvT2b /ǶQM/2b
ě PM/2b i`�Mbp2`b�H2b , H� pB#`�iBQM ûpQHm2 Q`i?Q;QM�H2K2Mi �m b2Mb /2 T`QT�;�iBQM /2 HǶQM/2X
ě PM/2b HQM;Bim/BM�H2b , H� pB#`�iBQM ûpQHm2 /�Mb H2 KāK2 b2Mb [m2 H� T`QT�;�iBQM /2 HǶQM/2X

9Xk ú[m�iBQM /ǶQM/2 i`�Mbp2`b2

y(x+dx)

y(x)

x x+dx

)dx+x(T⃗

)x(T⃗

)dx+x(α

)x(α

∂2y

∂x2 −
1
c2
∂2y

∂t2 = 0 UjXdV

�p2+ , c =
√

T0
µ - T0 H� 7Q`+2 /2 i2MbBQM- µ H� K�bb2 HBMûB[m2X

GǶû[m�iBQM /2 T`QT�;�iBQM b2 `2i`Qmp2 2M miBHBb�Mi mM /ûp2HQTT2K2Mi /2 h�vHQ` ¨ HǶQ`/`2 RX

9Xj ú[m�iBQM /ǶQM/2 HQM;Bim/BM�H2

1−nξ +1nξnξ

n - 1 n n + 1

∂2ξ

∂x2 −
1
c2
∂2ξ

∂t2 = 0 UjX3V

�p2+ , c = d
√

K
m - d H� /Bbi�M+2 2Mi`2 /2mt K�bb2b- K H� +QMbi�Mi2 /2 `�B/2m` /2b `2bbQ`ib- m H� K�bb2X

GǶû[m�iBQM /2 T`QT�;�iBQM b2 `2i`Qmp2 2M miBHBb�Mi mM /ûp2HQTT2K2Mi /2 h�vHQ` ¨ HǶQ`/`2 k U�TT`QtB@
K�iBQM /2b KBHB2mt +QMiBMmbVX

9X9 PM/2b bQMQ`2b /�Mb H2b ~mB/2b
�TT`QtBK�iBQM �+QmbiB[m2 ,

ě S2iBi2b T2`im`#�iBQMb c

kefR89
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*>�SAh_1 jX PL.1a 9X úZl�hAPL .1 .Ƕ�G1J"1_h

ě 6HmB/2 T�`7�Bi +�`�+iû`Bbû T�` mM +?�KT /2 T`2bbBQM- mM +?�KT /2 K�bb2 pQHmKB[m2 2i mM +?�KT /2
pBi2bb2 c

ě 6HmB/2 7�B#H2K2Mi +QKT`2bbB#H2X

*Q2{+B2Mi /2 +QKT`2bbB#BHBiû Bb2Mi`QTB[m2 ,

χS = 1
µ

(
∂µ

∂P

)

S
UjXNV

ú[m�iBQMb HQ+�H2b ,
ú[m�iBQM /Ƕ1mH2` ,

µ0
∂−→v 1
∂t

= −−−→;`�/P1 UjXRyV

�ii2MiBQM , d−→u
dt = (−→u ·

−−→;`�/)−→u + ∂−→u
∂t

ú[m�iBQM /2 +QMb2`p�iBQM /2 H� K�bb2 ,

∂µ
∂t + /Bp µ−→v = 0

⇔ χS
∂P1
∂t + /Bp −→v 1 = 0

ú[m�iBQM /2 T`QT�;�iBQM ,

x x+dx

)x, t(ξ )dx, t+x(ξ

x

∂2p

∂x2 −
1
c2
∂2p

∂t2 = 0 UjXRRV

�p2+ , c =
√

1
µ0χS

- µ0 K�bb2 pQHmKB[m2 �m `2TQb- χS H2 +Q2{+B2Mi /2 +QKT`2bbB#BHBiû Bb2Mi`QTB[m2X

AKTû/�M+2 �+QmbiB[m2 ,
S�` T�bb�;2 2M +QKTH2t2b- QM � ,

µ0jω−→v 1 = j
−→
k p1

⇔ µ0ωv1 = ±kp1

⇔ p1 = ±µ0cv1

PM /û}MBi HǶBKTû/�M+2 �+QmbiB[m2 +QKK2 ,
Z = µ0c UjXRkV

�+QmbiB[m2 ,
6`û[m2M+2 /m 7QM/�K2Mi�H , f0
6`û[m2M+2 /2b ?�`KQMB[m2b , fn = nf0
6`û[m2M+2b �m/B#H2b , 20 Hz20 kHz
LBp2�m bQMQ`2 ,

L = IdB = 10 log I

I0
UjXRjV

�p2+ , L H2 MBp2�m bQMQ`2 UdBV- I HǶBMi2MbBiû bQMQ`2 UW.m−2V 2i I0 = 10−12 W.m−2X

?iiT,ffrrrXT?@bm2iX7`
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8X aPGlhAPLa .1 GǶúZl�hAPL .1 .Ƕ�G1J"1_h *>�SAh_1 jX PL.1a

8 aQHmiBQMb /2 HǶû[m�iBQM /2 /Ƕ�H2K#2`i

8XR PM/2b T`Q;`2bbBp2b

s(x, t) = f1(x− ct)
︸ ︷︷ ︸

QM/2 T`Q;`2bbBp2

+ f2(x + ct)
︸ ︷︷ ︸

QM/2 Ǵ`û;`2bbBp2Ǵ

UjXR9V

*Ƕ2bi mM2 T`QT�;�iBQM b�Mb /û7Q`K�iBQMX PM T2mi 2tT`BK2` /2mt pBi2bb2b U`2bTX pBi2bb2 /2 T?�b2 2i pBi2bb2
/2 ;`QmT2V ,

vφ = w

k
UjXR8V

vg = dw

dk
UjXReV

_û~2tBQM 2i i`�MbKBbbBQM /ǶmM2 PSS- /2mt +�b b2 T`ûb2Mi2Mi B+B ,

OPPi

OPPr

OPPi OPPr

Pour x = 0 fixé

0

0

x

x
Pour x = 0 libre

.�Mb H2 T`2KB2` +�b- QM TQb2 +QKK2 +QM/BiBQMb �mt HBKBi2b , yi(0, t) + yr(0, t) = 0X

.�Mb H2 b2+QM/ +�b- QM miBHBb2 H� /û`Bpû2 ,
(

∂y
∂x

)
(0, t) = 0X

*Q2{+B2Mib /2 `û~2tBQM 2i /2 i`�MbKBbbBQM ,

r = yr

yi
t = yt

yi
UjXRdV

8Xk PM/2b T`Q;`2bbBp2b ?�`KQMB[m2 UPSS>V

s(x, t) = A cos(ωt− kx) UjXR3V

k 2bi H2 p2+i2m` /ǶQM/2X PM /û/mBi H� `2H�iBQM /2 /BbT2`bBQM iX[X ,

k = ω

c
UjXRNV

lM KBHB2m 2bi /Bi /BbT2`bB7 HQ`b[m2 H� +ûHû`Biû /ûT2M/ /2 H� 7`û[m2M+2X
G� Tû`BQ/2 bT�iB�H2 bǶ2tT`BK2 +QKK2 ,

λ = 2π
k

UjXkyV

G� Tû`BQ/2 i2KTQ`2HH2 bǶ2tT`BK2 +QKK2 ,

T = 2π
ω

UjXkRV

k3fR89
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*>�SAh_1 jX PL.1a 8X aPGlhAPLa .1 GǶúZl�hAPL .1 .Ƕ�G1J"1_h

8Xj PM/2b bi�iBQMM�B`2b

s(x, t) = f(x)g(t) UjXkkV
AH bǶ�;Bi /ǶmM2 QM/2 [mB M2 b2 T`QT�;2 T�bX G2b /ûT2M/�M+2b 2M i2KTb 2i 2M 2bT�+2 bQMi bûT�`û2bX

PM � �TT�`BiBQM /2 p2Mi`2b 2i /2 Mƾm/b ,
ě SQm` /2b BMi2`7û`2M+2b +QMbi`m+iBp2b- QM � mM p2Mi`2X .2mt p2Mi`2b bQMi 2bT�+ûb /2 λ

2 X
ě SQm` /2b BMi2`7û`2M+2b /2bi`m+iBp2b- QM � mM Mƾm/X lM p2Mi`2 2i mM Mƾm/ bQMi 2bT�+ûb /2 λ

4 X

1t2KTH2 , hm#2b ¨ QM/2b
PM � mM p2Mi`2 �m MBp2�m /ǶmM2 Qmp2`im`2 2i mM Mƾm/ �m MBp2�m /2b T�`QBbX

2

λ
=L

4

λ3
=L

.�Mb H2 +�b Qɍ H2b /2mt 2ti`ûKBiûb bQMi Qmp2`i2b- QM � ,

L = nλ

2 2i fn = nv

2L
UjXkjV

�p2+ mM2 2ti`ûKBiû 72`Kû- HǶû[m�iBQM /2pB2Mi ,

L = nλ

4 2i fn = (2n + 1)v
4L

UjXk9V

?iiT,ffrrrXT?@bm2iX7`
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*?�TBi`2 9 S�`iB2 A ě S?vbB[m2

PTiB[m2

G� HmKBĕ`2 2bi mM2 QM/2 ûH2+i`QK�;MûiB[m2X a� pBi2bb2 /2 T`QT�;�iBQM /ûT2M/ /m KBHB2m /2 T`QT�;�iBQM
U/�Mb H2 pB/2 , c ≃ 3× 108 m.s−1VX

R PTiB[m2 ;ûQKûi`B[m2

GǶQTiB[m2 ;ûQKûi`B[m2 2bi �TTHB+�#H2 TQm` /2 T2iBi2b HQM;m2m`b /ǶQM/2 7�+2 ¨ H� i�BHH2 +�`�+iû`BbiB[m2 /2b
Q#D2ib +QMbB/û`ûb , λ << LX

RXR AM/B+2 QTiB[m2

n = c

v
U9XRV

�p2+ , + H� +ûHû`Biû /2 H� HmKBĕ`2 /�Mb H2 pB/2- p H� +ûHû`Biû /2 H� HmKBĕ`2 /�Mb H2 KBHB2mX

JBHB2m AM/B+2
�B` n ≃ 1
1�m n ≃ 1.33

o2``2 n ≃ 1.5

6Q`KmH2 /2 *�m+?v , HǶBM/B+2 T2mi p�`B2` 2M 7QM+iBQM /2 H� HQM;m2m` /ǶQM/2X

n(λ) = A + B

λ2 U9XkV

PM �m`� �BMbB , nR < nBX G2 #H2m 2bi �HQ`b THmb /ûpBû [m2 H2 `Qm;2X *2ii2 û+�`i 2bi ¨ HǶQ`B;BM2 /2b �#2``�iBQMb
+?`QK�iB[m2bX

RXk S`BM+BT2 /2 62`K�i

G� HmKBĕ`2 b2 T`QT�;2 /ǶmM TQBMi � ¨ mM TQBMi " bm` /2b i`�D2+iQB`2b iX[X H� /m`û2 /m T�`+Qm`b bQBi HQ+�H2K2Mi
KBMBK�H2X

*QMbû[m2M+2b ,

ě .�Mb H2b KBHB2mt ?QKQ;ĕM2b- H� HmKBĕ`2 b2 T`QT�;2 2M HB;M2 /`QBi2 c

ě G2 i`�D2i bmBpB T�` H� HmKBĕ`2 M2 /ûT2M/ T�b /m b2Mb /2 T�`+Qm`bX

?iiT,ffrrrXT?@bm2iX7`
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RX PShAZl1 :úPJúh_AZl1 *>�SAh_1 9X PShAZl1

RXj GQBb /2 .2b+�`i2b

i r

t

1n

2n

1M `û~2tBQM ,
i = −r U9XjV

1M `û7`�+iBQM ,
n1 sin(i) = n2 sin(t) U9X9V

�ii2MiBQM , G2b `�vQMb `û~û+?Bb 2i `û7`�+iûb �TT�`iB2MM2Mi �m TH�M /ǶBM+B/2M+2X

*QM/BiBQM /2 `û~2tBQM iQi�H2 ,
aB QM T�bb2 /ǶmM KBHB2m THmb `û7`BM;2Mi ¨ mM KBHB2m KQBMb `û7`BM;2Mi U1tX TH2tB;H�b p2`b �B`V- �HQ`b ,

i1,lim = arcsin
(

n2
n1

)
U9X8V

�M;H2 HBKBi2 /2 `û7`�+iBQM ,
aB QM T�bb2 /ǶmM KBHB2m THmb `û7`BM;2Mi ¨ mM KBHB2m KQBMb `û7`BM;2Mi U1tX �B` p2`b TH2tB;H�bV- �HQ`b ,

i2,max = arcsin
(

n1
n2

)
U9XeV

RX9 6Q`K�iBQM /ǶBK�;2b
ě avbiĕK2 /BQTi`B[m2 , +QKTQbû /2 /BQTi`2b U`û7`�+iBQMVX
ě avbiĕK2 +�iQTi`B[m2 , +QKTQbû /2 KB`QB`b U`û~2tBQMVX
ě avbiĕK2 +�i�/BQTi`B[m2 , +QKTQbû /2 /BQTi`2b 2i KB`QB`bX

aiB;K�iBbK2 , lM bvbiĕK2 2bi /Bi biB;K�iB[m2 bB mM `�vQM Bbbm /ǶmM TQBMi � T�bb�Mi T�` H2 bvbiĕK2 `2bbQ`i
2M T�bb�Mi T�` mM mMB[m2 TQBMi BK�;2 �ǶX

�TH�MûiBbK2 , AH v � �TH�MûiBbK2 `B;Qm`2mt bB HǶBK�;2 /ǶmM Q#D2i ûi2M/m �" ⊥ ∆ 2bi 2HH2@KāK2 ⊥ ∆X

Image virtuelle Image réelle

Objet virtuelObjet réel

Image virtuelleImage réelle

Objet virtuelObjet réel

Lumière incidente

Lumière incidente Lumière transmise

Système en transmission :

Système en réf lexion :

Lumière réf léchie
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*>�SAh_1 9X PShAZl1 RX PShAZl1 :úPJúh_AZl1

lM `�vQM HmKBM2mt BM+B/2Mi T�`�HHĕH2 ¨ HǶ�t2 QTiB[m2 T�bb�Mi T�` mM bvbiĕK2 QTiB[m2 `2bbQ`iB`� Ǵ2M +QmT�MiǴ
HǶ�t2 QTiB[m2 2M 6Ƕ U7Qv2` BK�;2VX G2 TH�M T2`T2M/B+mH�B`2 ¨ ∆ T�bb�Mi T�` 6Ƕ 2bi �TT2Hû TH�M 7Q+�H BK�;2X

.2b `�vQMb �``Bp�Mi T�`�HHĕH2b 2Mi`2 2mt UMQM T�`�HHĕH2b ¨ HǶ�t2 QTiB[m2V `2bbQ`iB`QMi 2M b2 +QmT�Mi 2M mM
TQBMi /m TH�M 7Q+�H BK�;2 �TT2Hû 7Qv2` b2+QM/�B`2 BK�;2X

hQmb `�vQMb Bbbmb /m 7Qv2` Q#D2i i`�p2`b�Mi H2 bvbiĕK2 QTiB[m2 `2bbQ`iB`QMi T�`�HHĕH2b ¨ ∆X G2 TH�M T2`T2M@
/B+mH�B`2 ¨ ∆ 2i T�bb�Mi T�` 6 2bi �TT2Hû TH�M 7Q+�H Q#D2iX

RX8 G2b H2MiBHH2b KBM+2b /�Mb HǶ�TT`QtBK�iBQM /2 :�mbb

G2b H2MiBHH2b /Bi2b ǴKBM+2bǴ TQbbĕ/2Mi mM2 7�B#H2 ûT�Bbb2m` T�` `�TTQ`i ¨ H2m` `�vQM /2 +Qm`#m`2X

�TT`QtBK�iBQM /2 :�mbb , G2b `�vQMb HmKBM2mt bQMi +QMbB/û`ûb �p2+ mM �M;H2 /ǶBM+B/2M+2 i`ĕb 7�B#H2 T�`
`�TTQ`i ¨ HǶ�t2 QTiB[m2 UBHb bQMi /Bib T�`�tB�mtVX PM H2b +QMbB/ĕ`2 /2 THmb +QKK2 ûi�Mi T`Q+?2b /2 HǶ�t2
QTiB[m2X
PM TQm``� �HQ`b +QMbB/û`2` mM biB;K�iBbK2 `B;Qm`2mtX

_2H�iBQM /2 +QMDm;�BbQM 2i /2 ;`�M/Bbb2K2Mi ,

A

B

F

F’O A’

B’

∆

1
OA′ −

1
OA

= 1
f ′

A′B′

AB
= OA′

OA
= γ

U9XdV

γ 2bi �TT2Hû ;`�M/Bbb2K2Mi i`�Mbp2`b�HX

�ii2MiBQM , § M2 T�b +QM7QM/`2 �p2+ ;`QbbBbb2K2MiX

PM 2tT`BK2 H� p2`;2M+2 +QKK2 ,

V = 1
f ′ U9X3V

SQm` mM /BQTi`2 bT?û`B[m2- H� p2`;2M+2 bǶ2tT`BK2 +QKK2 ,

V = n2 − n1
R

U9XNV

aB n1 < n2- H2 7Qv2` BK�;2 b2`� pB`im2HX
aB n2 < n1- H2 7Qv2` BK�;2 b2`� `û2HX

6Qv2`b Q#D2i 2i BK�;2 ,

?iiT,ffrrrXT?@bm2iX7`
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RX PShAZl1 :úPJúh_AZl1 *>�SAh_1 9X PShAZl1

F
F

Foyer Objet pour une
lentille convergente

Foyer Objet pour une
lentille divergente

Foyer Image pour une
lentille convergente

Foyer Image pour une
lentille divergente

F’
F F’

RXe G2b BMbi`mK2Mib QTiB[m2b
GǶQ2BH

�m `2TQb- HǶQ2BH pQBi M2i /2b Q#D2ib bBimûb ¨ HǶBM}MBX G2 7Qv2` BK�;2 /m +`Bbi�HHBM 2bi bm` H� `ûiBM2 HQ`b[m2 HǶQ2BH
2bi �m `2TQbX
AH TQbbĕ/2 mM2 /Bbi�M+2 KBMBK�H2 /Ƕ�++QKQ/�iBQM �TT2Hû2 TmM+imK T`QtBKmK Udm ≃ 25 cmVX a� /Bbi�M+2
K�tBK�H2- H2 TmM+imK `2KQimK- 2bi bBimû ¨ HǶBM}MBX

G2 ;`QbbBbb2K2Mi bǶ2tT`BK2 +QKK2 ,
G = θ′

θ
U9XRyV

�ii2MiBQM , SQm` /2b BMbi`mK2Mib /QMi HǶQ#D2i 2i HǶBK�;2 bQMi bBimûb ¨ HǶBM}MB U�7Q+�HV- H2 ;`QbbBbb2K2Mi 2bi
û;�H �m ;`�M/Bbb2K2Mi �M;mH�B`2X

G� TmBbb�M+2 /2 HǶBMbi`mK2Mi U[mB bǶ2tT`BK2 2M /BQTi`B2bV bǶû+`Bi ,

p = α

AB
U9XRRV

1HH2 2bi miBHBbû2 TQm` +�`�+iû`Bb2` H2b BMbi`mK2Mib /ǶQTiB[m2 ¨ Q#b2`p2` mM Q#D2i `�TT`Q+?û UKB+`Qb+QT2b-
HQmT2bXXXVX
�bbQ+B�iBQM /2 H2MiBHH2b , QM bQKK2 H2b p2`;2M+2bX *2H� T2`K2i /ǶûpBi2` H2b �#2``�iBQMb +?`QK�iB[m2bX

G� HmM2ii2 /2 pBbû2

1HH2 2bi +QMbiBimû2 /2 /2mt H2MiBHH2b +QMp2`;2Mi2b UH2MiBHH2 Q#D2+iB7 2i H2MiBHH2 Q+mH�B`2VX GǶQ#D2+iB7 2bi [m2 H2b
7�Bb+2�mt bQ`i�Mib /2 H� HmM2ii2 bQB2Mi T�`�HHĕH2b 2Mi`2 2mtX

j9fR89
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A

B

1F

1
′F

2F=1A 2
′F

G� HmM2ii2 �bi`QMQKB[m2 7QM+iBQMM2 bm` H2 KāK2 T`BM+BT2- b�m7 [m2 H2b `�vQMb BM+B/2Mib T`QpB2MM2Mi T�`�HHĕH2b
2Mi`2 2mtX *Ƕ2bi mM bvbiĕK2 /Bi �7Q+�HX
lM bvbiĕK2 �7Q+�H 2bi /QM+ mM bvbiĕK2 [mB /ǶmM Q#D2i ¨ HǶBM}MB /QMM2 mM2 BK�;2 ¨ HǶBM}MBX

G� HQmT2

1HH2 2bi +QMbiBimû2 /ǶmM2 bBKTH2 H2MiBHH2 +QMp2`;2Mi2X

B

1F=A

1
′F

�ii2MiBQM , GǶQ#D2i 2bi bBimû �T`ĕb H2 7Qv2` Q#D2iX GǶBK�;2 2bi /QM+ pB`im2HH2 5

RXd Zm2H[m2b 2t2KTH2b BKTQ`i�Mib

GǶ�`+@2M@+B2H

D

Goutte

C

α

∆

. 2bi HǶ�M;H2 /2 /ûpB�iBQMX SQm` HǶ�`+@2M@+B2H- QM � , α ≃ 40oX

?iiT,ffrrrXT?@bm2iX7`
j8fR89

http://www.ph-suet.fr


kX JP.ĔG1 a*�G�A_1 .1a PL.1a GlJAL1la1a *>�SAh_1 9X PShAZl1

G2 T`BbK2 ǴiQBiǴ

h

A
B

C
D

PM � H� `2H�iBQM ,
h = AB + BC + CD

G2b bvbiĕK2b /2 T`BbK2b bQMi miBHBbûb /�Mb H2b bvbiĕK2b /2 `2/`2bb2K2Mi /ǶBK�;2b UDmK2HH2bVX

G� }#`2 QTiB[m2

1n

1n

2n

limi

θ

PM �TT2HH2 Qmp2`im`2 MmKû`B[m2 HǶ�M;H2 K�tBK�H [m2 T2mi �pQB` H2 `�vQM T�` `�TTQ`i ¨ HǶ�t2 /2 H� }#`2
TQm` TQmpQB` b2 T`QT�;2`X PM � �HQ`b ,

sinθ = n1 cos ilim

= n1

√

1−
(

n2
n1

)2

=
√

n2
1 − n2

2

k JQ/ĕH2 b+�H�B`2 /2b QM/2b HmKBM2mb2b

lM2 QM/2 HmKBM2mb2 2bi mM2 QM/2 ûH2+i`QK�;MûiB[m2 , λ0 ∈ [400 nm; 800 nm]X

PM T2mi v �bbQ+B2` mM2 ;`�M/2m` b+�H�B`2 2M mM TQBMi J- 2M mM i2KTb i- +`ûû T�` mM2 bQm`+2 KQMQ+?`QK�@
iB[m2 ,

s(M, t) = s0(M) cos(ωt− ϕ(M))
⇔ s(M) = s0(M)ejωt

kXR GQB /2 J�Hmb

am`7�+2 /ǶQM/2 ≡ 2Mb2K#H2 /2 TQBMib J i2Hb [m2 φ(M) = cteX
G2b bm`7�+2b /ǶQM/2 bQMi /QM+ Q`i?Q;QM�H2b �mt `�vQMb HmKBM2mtX

jefR89
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*>�SAh_1 9X PShAZl1 jX S>úLPJĔL1 .1 .A66_�*hAPL

kXk .ûT?�b�;2 2i +?2KBM QTiB[m2

c

n
= dl

dt

⇔ dt = ndl

c

⇔ ∆tM1→M2 =
ˆM2

M1

ndl

c

aQBi mM2 bQm`+2 KQMQ+?`QK�iB[m2 , s(M, t) = s0(M) cos(ωt− ϕ(M)
︸ ︷︷ ︸

φ(M)

)X

PM � ,

φ(M1, t) = φ(M2, t + ∆t)
⇔ ωt− ϕ(M1) = ω(t + ∆t)− ϕ(M2)
⇔ ϕ(M2)− ϕ(M1) = ω∆tM1→M2

∆ϕM1→M2 = 2π
λ0

(M1M2) U9XRkV

M1M2 2bi �TT2Hû +?2KBM QTiB[m2X
G2b +?2KBMb QTiB[m2b bQMi �//BiB7b , (M1M3) = (M1M2) + (M2M3)X

�ii2MiBQM , S2Mb2` ¨ 7�B`2 +λ0
2 bǶBH v � `û~2tBQM bm` mM KBHB2m THmb `û7`BM;2Mi Qm T�bb�;2 T�` mM TQBMi /2

+QMp2`;2M+2X

kXj AMi2MbBiû HmKBM2mb2

I(M) = K < s2(M, t) > U9XRjV

1M +QKTH2t2b ,

I(M) ∝ s(M)× s∗(M) U9XR9V

PM ûim/B2 H2 +?�KT ûH2+i`B[m2 +�` HǶQ2BH /ûi2+i2 H2b p�`B�iBQMb /2 −→E iX[X , I ∝< E2 >X GǶQ2BH 2bi mM `û+2Ti2m`
[m�/`�iB[m2X

j S?ûMQKĕM2 /2 /Bz`�+iBQM
GǶû+�`i �M;mH�B`2 b2 `2i`Qmp2 T�` H� 7Q`KmH2 ,

θ = λ

a
U9XR8V

GǶQM/2 2bi /Bz`�+iû ¨ H� KāK2 7`û[m2M+2 2i H� KāK2 HQM;m2m` /ǶQM/2 [m2 HǶQM/2 BM+B/2Mi2X

9 AMi2`7û`2M+2b ¨ /2mt QM/2b

9XR *QM/BiBQMb /ǶBMi2`7û`2M+2
*QMbB/û`QMb /2mt bQm`+2b ,

?iiT,ffrrrXT?@bm2iX7`
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M

D

x

a

O

1S

2S

s1(M, t) = s01(M) cos(ωt− ϕ1(M)
︸ ︷︷ ︸

φ1(M)

)

s2(M, t) = s02(M) cos(ωt− ϕ2(M)
︸ ︷︷ ︸

φ2(M)

)

I(M) = Ks2
01 < cos2 φ1(M) > +Ks2

02 < cos2 φ2(M) > +2Ks01s02 < cos(ωt− ϕ1(M)) cos(ωt− ϕ2(M)) >

⇔ I(M) = I1 + I2 + 2
√

I1I2 cos ∆ϕM1→M2

SHmbB2m`b +QM/BiBQMb ,
ě aB ω1 ≠ ω2 ⇒ I = I1 + I2 , BH MǶv � T�b /ǶBMi2`7û`2M+2b bB H2b TmHb�iBQMb bQMi /Bzû`2Mi2bX
ě G2b bQm`+2b /QBp2Mi āi`2 +Q?û`2Mi2b- TQm` /2b bQm`+2b BM+Q?û`2Mi2b- QM � , < cos ∆ϕM1→M2 >= 0X
ě G� /Bzû`2M+2 /2 i2KTb 2Mi`2 H2b /2mt pQB2b /QBi āi`2 BM7û`B2m`2 ¨ H� /m`û2 /ǶmM i`�BM /ǶQM/2 ,

δ(M) < cτC = lC ≡ HQM;m2m` /2 +Q?û`2M+2

9Xk *?�KT /ǶBMi2`7û`2M+2b

1t2KTH2 , G2 KB`QB` /2 GHQv/

S

S’

Champ d’interférences

A+B- mM +?�KT /ǶBMi2`7û`2M+2 �TT�`�ŗiX G2 bvbiĕK2 2bi �HQ`b �M�HQ;m2 �m KQMi�;2 /2b i`Qmb /2 uQmM;X J�Bb
+QMi`�B`2K2Mi ¨ +2 /2`MB2`- QM bǶ�z`�M+?Bi /m T?ûMQKĕM2 /2 /Bz`�+iBQM 5

9Xj .BbTQbBiB7b BMi2`7û`2MiB2Hb
AH 2tBbi2 /2b /BbTQbBiB7b BMi2`7û`2MiB2Hb ¨ /BpBbBQM /m 7`QMi /ǶQM/2 ,

S
×

1S

2S

AH 2tBbi2 �mbbB /2b /BbTQbBiB7b BMi2`7û`2MiB2Hb ¨ /BpBbBQM /Ƕ�KTHBim/2 ,

j3fR89
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e

9X9 LQiBQM /2 +QMi`�bi2 2i /Ƕû+H�B`2K2Mi
GǶû+H�B`2K2Mi UQm BMi2MbBiû HmKBM2mb2V 2bi H� TmBbb�M+2 `2Ïm2 T�` mMBiû /2 bm`7�+2 2i KQv2MMû2 /�Mb H2
i2KTbX

C = Imax − Imin

Imax + Imin
U9XReV

1M ǴDQm�MiǴ bm` H� T?�b2- QM � ,
Imax = I1 + I2 + 2

√
I1I2

Imin = I1 + I2 − 2
√

I1I2

PM � �HQ`b ,
C = 2

√
I1I2

I1 + I2
U9XRdV

8 h`Qmb /2 uQmM;

x

y

D

a O

O’

1

2

S
1S

2S

δ(M) = (SM)2 − (SM)1

= n( SS2 − SS1︸ ︷︷ ︸
bB a bm` HǶ�t2- 4 y

) + n(S2M − S1M)

S2M =
√(

x + a

2

)2
+ y2 + D2

= D

√

1 +
(

x + a
2

D

)2
+
(

y

D

)2

= D

(

1 + 1
2

(
x + a

2
D

)2
+ 1

2

(
y

D

)2)

+�` D >> x, y, a

δ(M) = na

D
x U9XR3V

∆ϕ = ±2π δ

λ0
U9XRNV

*2ii2 `2H�iBQM b2 `2i`Qmp2 �p2+ kx , ω∆t = kx1 − kx2 = ...
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eX JPLh�:1 .1 6_�lL>P61_ *>�SAh_1 9X PShAZl1

GǶQ`/`2 /ǶBMi2`7û`2M+2 T2`K2i /2 /ûi2`KBM2` bB HǶQM 2bi bm` mM2 7`�M;2 HmKBM2mb2 Qm bQK#`2 ,

p = δ

λ0
U9XkyV

ě aB p = m + 1
2 ,∀m ∈ R- QM 2bi bm` mM2 7`�M;2 bQK#`2X

ě aB p = m,∀m ∈ R- QM 2bi bm` mM2 7`�M;2 bQK#`2X
GǶBMi2`7`�M;2 bǶ2tT`BK2 +QKK2 ,

i = λ0D

na
U9XkRV

PM T2mi �DQmi2` mM2 H�K2 ¨ 7�+2b T�`�HHĕH2b ,

e

n

n’

S

(SM2) p�`B2 /2 (n′ − n)eX G� /Bzû`2M+2 /2 K�`+?2 /2pB2Mi ,

δ′(M) = na

D
x + (n′ − n)e

e JQMi�;2 /2 6`�mM?Q72`

δ(M) = nax

f ′ + naxS

f ′
0

U9XkkV

H K

S(x)

x x’

M(x’)

1S

2S

d JB+?2HbQM
GǶBMi2`7û`QKĕi`2 /2 JB+?2HbQM T`Q/mBi /2b BMi2`7û`2M+2b T�` /BpBbBQM /Ƕ�KTHBim/2X

d

Lame séparatrice

Miroir 1M

1
′M

2M

.�Mb H� +QM};m`�iBQM 2M H�K2 /Ƕ�B`- TQm` mM BM+HBM�BbQM T�` `�TTQ`i ¨ H� MQ`K�H2 i- QM � ,

δ = 2d cos i U9XkjV

9yfR89
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*?�TBi`2 8 S�`iB2 A ě S?vbB[m2

úH2+i`Q+BMûiB[m2

R LQiBQMb /2 #�b2

RXR G2 +Qm`�Mi
G2 +Qm`�Mi 2bi H2 /ûTH�+2K2Mi /Ƕ2Mb2K#H2 /2 T�`iB+mH2b +?�`;û2b ûH2+i`B[m2K2MiX
aQM mMBiû 2bi HǶ�KTĕ`2 UMQiû2 �V ,

i = dq

dt
U8XRV

RXk G� i2MbBQM
G� i2MbBQM 2Mi`2 /2mt TQBMib 2bi H� /Bzû`2M+2 /2 TQi2MiB2H 2Mi`2 +2b /2mt TQBMib
aQM mMBiû 2bi H2 oQHi UMQiû2 o V ,

UAB = VA − VB U8XkV

RXj �TT`QtBK�iBQM /2b `û;BK2b [m�bB@bi�iBQMM�B`2b U�_ZaV
PM 2bi /�Mb HǶ�_Za bB H� p�`B�iBQM i2KTQ`2HH2 /m +Qm`�Mi 2bi bm{b�KK2Mi H2Mi2 TQm` [m2 HǶQM TmBbb2 Mû;HB;2`
H2 /ûH�B /2 T`QT�;�iBQM 2Mi`2 /2mt TQBMib /m +B`+mBiX
PM +QMbB/û`2`� [m2 HǶ�_Za 2bi p�H�#H2 HQ`b[m2 ,

L

c
≪ 1

f
⇔ L≪ λ

RX9 *QMp2MiBQMb

Dipôle
I

A B

ABU

Dipôle
I

A B

ABU

Convention récepteur Convention générateur

1M +QMp2MiBQM `û+2Ti2m`- QM Q`B2Mi2 H� i2MbBQM /2b TQi2MiB2Hb 7�B#H2b p2`b H2b TQi2MiB2Hb 7Q`ib /ǶQɍ VA > VBX

RX8 SmBbb�M+2 ûH2+i`B[m2

P = u(t).i(t) U8XjV

RXe �M�HQ;B2bXXX
lM +Qm`�Mi 2bi mM /û#Bi /2 +?�`;2bX
GǶûM2`;B2 +�`�+iû`Bb2 H2 +?�M;2K2Mi /ǶmM bvbiĕK2X aQM mMBiû 2bi H2 CQmH2 UMQiû2 CVX
G� TmBbb�M+2 2bi H� pBi2bb2 ¨ H�[m2HH2 bǶû+?�M;2 HǶûM2`;B2X aQM mMBiû 2bi H2 q�ii UMQiû2 q VX
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kX GPAa .1 EA_*>>P66 *>�SAh_1 8X úG1*h_P*ALúhAZl1

k GQBb /2 EB`+??Qz

Noeud

kXR GQB /2b Mƾm/b
*2ii2 HQB i`�/mBi H� +QMb2`p�iBQM /2 H� +?�`;2 ûH2+i`B[m2X

i1 = i2 + i3 U8X9V

G� bQKK2 �H;û#`B[m2 /2b +Qm`�Mib [mB +QMp2`;2Mi p2`b mM Mƾm/ 2bi MmHH2X

kXk GQB /2b K�BHH2b
G� bQKK2 �H;û#`B[m2 /2b i2MbBQMb �mt #Q`M2b /2b #`�M+?2b /ǶmM2 K�BHH2 UQ`B2Miû2V 2bi MmHH2X

U = U1 + U2 + U3 U8X8V

j S`QT`Bûiûb /2b /BTƬH2b

jXR _ûbBbi�M+2

U(t) = R.i(t) U8XeV

jXk *QM/2Mb�i2m`

i(t) = C
duC

dt
(t) U8XdV

G2 +QM/2Mb�i2m` MǶ2bi BMiû`2bb�Mi [mǶ2M `û;BK2 p�`B�#H2 Uuc = cte 2M `û;BK2 T2`K�M2MiVX GǶûM2`;B2 2KK�@
;�bBMû2 2bi ,

EC = 1
2Cu2 U8X3V

G2 i`�Mb72`i /ǶûM2`;B2 M2 TQmp�Mi T�b b2 7�B`2 BMbi�Mi�MûK2Mi- H� i2MbBQM �mt #Q`M2b /m +QM/2Mb�i2m` 2bi
+QMiBMm2 �m +Qm`b /m i2KTbX

jXj "Q#BM2

uL(t) = L
di

dt
(t) U8XNV

G� #Q#BM2 MǶ2bi BMiû`2bb�Mi2 [mǶ2M `û;BK2 p�`B�#H2 UHQ`b[m2 i p�`B2VX GǶûM2`;B2 2KK�;�bBMû2 2bi ,

EL = 1
2Li2 U8XRyV

G2 i`�Mb72`i /ǶûM2`;B2 M2 TQmp�Mi T�b b2 7�B`2 BMbi�Mi�MûK2Mi- HǶBMi2MbBiû �mt #Q`M2b /2 H� #Q#BM2 2bi +QMiBMm2
�m +Qm`b /m i2KTbX

9kfR89
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*>�SAh_1 8X úG1*h_P*ALúhAZl1 9X h>úP_ĔJ1a 1L _ú:AJ1 *PLhALl

9 h?ûQ`ĕK2b 2M `û;BK2 +QMiBMm

e

i

Modèle de Thévenin

U

Modèle de Norton

U

i

η

0R

0R

i0R−e=U
0R

U
−η=i

8 _û;BK2b i`�MbBiQB`2b

8XR *B`+mBi _G

E

R

L

RU

LU
+

ú[m�iBQM /Bzû`2MiB2HH2 ,

di

dt
+ R

L
i = E

L

aQHmiBQM U+Qm`�Mi MmH ¨ t = 0sV ,

i(t) = E

R

(
1− e− t

τ

)
avec : τ = L

R

i(t)

tτ

R

E

8Xk *B`+mBi _*

E

R

C

RU

CU
+

ú[m�iBQM /Bzû`2MiB2HH2 ,

di

dt
+ 1

RC
i = 0

duc

dt
+ 1

RC
uc = E

RC

aQHmiBQM Ui2MbBQM MmHH2 ¨ t = 0s +�` H2 +QM/2Mb�i2m` 2bi MQM
+?�`;ûV ,

i(t) = E

R
e− t

τ ; uc(t) = E
(
1− e− t

τ

)

?iiT,ffrrrXT?@bm2iX7`
9jfR89

http://www.ph-suet.fr


8X _ú:AJ1a h_�LaAhPA_1a *>�SAh_1 8X úG1*h_P*ALúhAZl1

tτ

i(t)

tτ

R

E

)t(CU

E

= RC

Charge du condensateur

Décharge du
condensateur

8Xj *B`+mBi _G*

E

R

L

RU

LU
+CCU

ú[m�iBQM /Bzû`2MiB2HH2 ,

d2uc

dt2 + R

L

duc

dt
+ 1

LC
= E

LC

ω0 = 1√
LC

; Q = Lω0
R

= 1
RCω0

j bQHmiBQMb TQbbB#H2b 2M 7QM+iBQM /m bB;M2 /m /ûi2`KBM�Mi /2 HǶû[m�iBQM +�`�+iû`BbiB[m2 ,

U(t)

t

Régime pseudo-périodique 0<et ∆
2

1Q >

Régime critique

0>et ∆
2

Q < 1Régime apériodique

et ∆ = 0
2

=Q 1

SQm` �pQB` mM2 B/û2 �TT`QtBK�iBp2 /m 7�+i2m` /2 [m�HBiû- QM +QKTi2 H2 MQK#`2 /2 TB+b 2M `û;BK2 Tb2m/Q@
Tû`BQ/B[m2 Dmb[mǶ¨ M2 THmb H2b /BbiBM;m2`X

.û+`ûK2Mi HQ;�`Bi?KB[m2 ,

δ = ln
(

U(t)
U(t + T )

)
= π

Q
U8XRRV

99fR89
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*>�SAh_1 8X úG1*h_P*ALúhAZl1 eX _ú:AJ1 aALlaPŚ.�G

e _û;BK2 bBMmbQś/�H

eXR _�TT2Hb +QKTH2t2b

Im

Re

b

a

Xm

ϕ

Z = a + jb

|Z| =
√

a2 + b2

tanϕ = b

a

⇒ ϕ = arctan
(

b

a

)

_�TT2H , GǶ�`;mK2Mi /ǶmM BK�;BM�B`2 Tm` 2bi ±
π

2X

.û`Bpû2b ,
dX

dt
(t)→ jωX(t)

d2X

dt2 (t)→ −ω2X(t)

eXk AKTû/�M+2

Z = u

i
U8XRkV

ZC = 1
jCω

ZL = jLω ZR = R U8XRjV

lM2 �bbQ+B�iBQM 2M bû`B2 /ǶBKTû/�M+2b +QKTH2t2b bǶû+`Bi +QKK2 ,

Zeq =
∑

i

Zi

lM2 �bbQ+B�iBQM 2M T�`�HHĕH2b ,

Y = 1
Zeq

=
∑

i

1
Zi

eXj *QKTQ`i2K2Mib �bvKTiQiB[m2b
SQm` ûim/B2` H2 +QKTQ`i2K2Mi /2b /BTƬH2b- QM ûim/B2 H2 +QKTQ`i2K2Mi /2b BKTû/�M+2b 2M 7�Bb�Mi p�`B2` H�
7`û[m2M+2XXX

ě lM2 #Q#BM2 2M #�bb2 7`û[m2M+2 b2 +QKTQ`i2 +QKK2 mM BMi2``mTi2m` 72`KûX
ě lM2 #Q#BM2 2M ?�mi2 7`û[m2M+2 b2 +QKTQ`i2 +QKK2 mM BMi2``mTi2m` Qmp2`iX
ě lM +QM/2Mb�i2m` 2M #�bb2 7`û[m2M+2 b2 +QKTQ`i2 +QKK2 mM BMi2``mTi2m` Qmp2`iX
ě lM +QM/2Mb�i2m` 2M ?�mi2 7`û[m2M+2 b2 +QKTQ`i2 +QKK2 mM BMi2``mTi2m` 72`KûX

eX9 6BHi`2b
6QM+iBQMb /2 i`�Mb72`i

H = us

ue
U8XR9V
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eX _ú:AJ1 aALlaPŚ.�G *>�SAh_1 8X úG1*h_P*ALúhAZl1

6BHi`2b /m T`2KB2` Q`/`2

R

C U
C

R

C

U
R

Passe-bas Passe-haut

S`2MQMb HǶ2t2KTH2 /m +B`+mBi _*- H� HQB /2b K�BHH2b 2i H2b `2H�iBQMb /2 +QMbiBimiBQM MQmb /QMM2Mi ,
(

R + 1
jCω

)
i = e⇒ i = e(

R + 1
jCω

)

PM Q#iB2Mi �HQ`b ,
uc = 1

jCω
i = e

1 + jRCω

Uc,m = Em

1 + jRCω

G2 KQ/mH2 2i HǶ�`;mK2Mi MQmb /QMM2Mi ,
Uc,m(ω) = Em√

1 + (RCω)2

ϕ(ω) = − arctan(RCω)

G� 7QM+iBQM /2 i`�Mb72`i bǶû+`Bi ,

H(jω) = Us

Ue
= 1

1 + jRCω
= 1

1 + j ω
ω0

SQm` i`�+2` H2 /B�;`�KK2 /2 "Q/2- QM +�H+mH2 H2 ;�BM ,

GdB = 20 log |H(jω)| U8XR8V

PM b2 TH�+2 2M h"6 2i h>6 TQm` /ûi2`KBM2` H2b �bvKTiQi2b ,

ω << ω0 ⇒ GdB ≃ 0
ω >> ω0 ⇒ GdB ≃ −20 log ω

ω0

G
dB

10

-20

0ω

ωlog

G2b /2mt �bvKTiQi2b b2 +QmT2Mi TQm` ω =
ω0 iX[X ,

|H(jω)| = 1√
2
⇒ GdB ≃ −3 dB

G� TmHb�iBQM /2 +QmTm`2 ¨ −3 dB 2bi H�
TmHb�iBQM iX[X ,

GdB(ωc) = −3 dB U8XReV

GǶ�`;mK2Mi /2 H� 7QM+iBQM /2 i`�Mb72`i
T2`K2i /2 i`�+2` mM /B�;`�KK2 /2
T?�b2 ,

ϕ(ω) = arg H(jω) U8XRdV

9efR89
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*>�SAh_1 8X úG1*h_P*ALúhAZl1 eX _ú:AJ1 aALlaPŚ.�G

10

4

π
−

0ω

ωlog

2

π
−

ϕ

.�Mb H2 +�b /ǶmM +B`+mBi _*- QM � ,

ϕ(ω) = − arctan ω

ω0

PM /BbiBM;m2 j +�b ,
ě aB ω << ω0 �HQ`b ϕ ≃ 0X
ě aB ω >> ω0 �HQ`b ϕ ≃ −π

2 X
ě aB ω = ω0 �HQ`b ϕ = −π

4 X

6BHi`2b /2 b2+QM/ Q`/`2

R

C U
C

R

C

U
R

Passe-bas Passe-bande

L L R

C

U
L

Passe-haut

L

SQm` H2 T`2KB2` +�b- QM � ,

H(jω) =
1

jCω

R + jLω + 1
jCω

⇔ H(jω) = 1
1 + jω

Qω0
− ω2

ω2
0

�p2+ ω0 = 1√
LC

2i Q = 1
R

√
L

C

Q = 10

Q = 1
Q = 0.1

10

4

π
−

0ω

ωlog

2

π
−

ϕ

G
dB

10
0ω

ωlog
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dX úG1*h_PLAZl1 *>�SAh_1 8X úG1*h_P*ALúhAZl1

d úH2+i`QMB[m2

dXR *QM/m+i2m`bfAbQH�Mib

Gap

E

Bande de
conduction

Bande de
valence

Partiellement remplie

Totalement remplie

aB H� #�M/2 /2 +QM/m+iBQM 2bi T�`iB2HH2K2Mi `2K@
THB2 , +QM/m+i2m`X
aB H2 ;�T 2bi ;`�M/ 2i [m2 H� #�M/2 /2 +QM/m+iBQM
2bi pB/2 , BbQH�MiX
aB H� #�M/2 /2 +QM/m+iBQM 2bi pB/2 K�Bb [m2 H2 ;�T
2bi 7�B#H2 , b2KB@+QM/m+i2m`X
GQ`b[mǶmM ûH2+i`QM [mBii2 H� #�M/2 /2 p�H2M+2
TQm` H� #�M/2 /2 +QM/m+iBQM- QM /Bi [mǶBH H�Bbb2
mM Ǵi`QmǴX

dXk a2KB@+QM/m+i2m`b

AMi`BMbĕ[m2b

*?�[m2 ûH2+i`QM 2bi KBb 2M +QKKmM T�` /2mt �iQK2b , +Ƕ2bi mM2 bi`m+im`2 bi�#H2X
�BMbB ¨ mM2 i2KTû`�im`2 /2 0K iQmb H2b ûH2+i`QMb /2 p�H2M+2 bQMi bQmb 7Q`K2 /2 HB�BbQM +Qp�H2Mi2X Zm�M/ H�
i2KTû`�im`2 �m;K2Mi2- HǶ�;Bi�iBQM i?2`KB[m2 T2`K2i ¨ +2`i�BMb ûH2+i`QMb /2 b2 /ûTH�+2`X

1ti`BMbĕ[m2b

A+B QM /QT2 mM +`Bbi�H BMi`BMbĕ[m2 T�` mM �iQK2 ûi`�M;2`- /2mt +�b bQMi �HQ`b TQbbB#H2b ,

ě hvT2 S , PM BMi`Q/mBi mM �iQK2 i`Bp�H2Mi �m[m2H BH K�M[m2 mM ûH2+i`QM bm` H� +Qm+?2 2ti2`M2 Ui`QmVX

ě hvT2 L , PM BMi`Q/mBi mM �iQK2 TQbbû/�Mi 8 ûH2+i`QMb /�Mb H� #�M/2 /2 p�H2M+2X

dXj G� DQM+iBQM SL

P N

-

-

-

-

+

+

+

+

+
-

E
int

G2b ûH2+i`QMb /2 H� xQM2 L pB2MM2Mi +QK#H2` H2b i`Qmb /2 H� xQM2 SX AH v � �HQ`b +`û�iBQM /ǶmM2 xQM2 /2
/ûTHûiBQM Qm 2tBbi2 mM +?�KT BMi2`M2 −→E int [mB bǶQTTQb2 ¨ H� /BzmbBQM /ǶûH2+i`QMbX
aB QM TQH�`Bb2 H� DQM+iBQM 2M BMp2`b2 U−→E ext /�Mb H2 KāK2 b2Mb [m2 −→E intV-

−→
E int 2bi `2M7Q`+û /QM+ �m+mM

+Qm`�Mi M2 +B`+mH2X
aB H2b /2mt +?�KTb bǶQTTQb2 2i [m2 |−→E ext| > |−→E int|- H2 +Qm`�Mi T2mi +B`+mH2`X
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?iiT,ffrrrXT?@bm2iX7`

http://www.ph-suet.fr


*>�SAh_1 8X úG1*h_P*ALúhAZl1 dX úG1*h_PLAZl1

dX9 �KTHB}+�i2m`b QTû`�iBQMM2Hb

- V
sat

V
sat

V
s

V- Vs
V+

-

+

ϵ ϵ

lM �P 2bi +QMbB/û`û B/û�H bB i− = i+ BX2X HǶBKTû/�M+2 /Ƕ2Mi`û2 /2 HǶ�P 2bi i`ĕb ;`�M/2X
PM � mM 7QM+iBQMM2K2Mi HBMû�B`2 TQm` ϵ = 0X

dX8 _2T`ûb2Mi�iBQM bT2+i`�H2 /ǶmM bB;M�H
aQBi mM /ûp2HQTT2K2Mi 2M bû`B2 /2 6Qm`B2` /m bB;M�H ,

u(t) = U0 + U1 cos(ω0t) + U2 cos(3ω0t)

T
0

U(t)

t

U
i

U
0

U
1

U
2

ω

dXe ú+?�MiBHHQMM�;2
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*?�TBi`2 e S�`iB2 A ě S?vbB[m2

h?2`KQ/vM�KB[m2

R LQiBQMb 7QM/�K2Mi�H2b

RXR lM TQBMi bm` H� MQi�iBQMXXX

6QM+iBQMb /Ƕûi�i �mi`2b ;`�M/2m`b
úpQHmiBQM BM}MBiûbBK�H2 / δ

úpQHmiBQM MQM@BM}MBiûbBK�H2 ∆ ∅
1t2KTH2b U, H, S W, Q, Sc, Se

RXk avbiĕK2 2i p�`B�#H2 /Ƕûi�i

*QMp2MiBQM /2 bB;M2 ,
PM b2 TH�+2 /m TQBMi /2 pm2 /m bvbiĕK2 ûim/BûX aB ,

ě Q < 0 , G2 bvbiĕK2 +ĕ/2 /2 HǶûM2`;B2X

ě Q > 0 , G2 bvbiĕK2 `2ÏQBi /2 HǶûM2`;B2X

o�`B�#H2b /Ƕûi�i ,
1HH2b T2`K2ii2Mi /2 +�`�+iû`Bb2` HǶûi�i K�+`Qb+QTB[m2 /ǶmM bvbiĕK2 i?2`KQ/vM�KB[m2X AH 2tBbi2 /2mt ivT2b
/2 p�`B�#H2b ,

ě AMi2MbBp2b , [mB M2 /ûT2M/2Mi T�b /2 H� i�BHH2 /m bvbiĕK2 2i M2 bQMi T�b �//BiBp2bX U1t , S- h XXXVX

ě 1ti2MbBp2b , [mB /ûT2M/2Mi /2 H� i�BHH2 /m bvbiĕK2 U/QM+ /2 H� [m�MiBiû /2 K�iBĕ`2V 2i [mB bQMi /QM+
�//BiBp2b U1t , o- K- 1 XXXV

ú[m�iBQM /Ƕûi�i ,
GǶû[m�iBQM /Ƕûi�i 2bi H� `2H�iBQM 2Mi`2 H2b /Bzû`2Mi2b p�`B�#H2b /Ƕûi�iX SQm` mM ûi�i /Ƕû[mBHB#`2 U/ǶmM2 K�bb2
/2 ~mB/2 ?QKQ;ĕM2 +QMbiBim�Mi mM bvbiĕK2 72`KûV- QM � ,

f(P, V, T ) = 0

PM Q#iB2Mi H2b `2H�iBQMb �mt /û`Bpû2b T�`iB2HH2b ,

dP =
(
∂P

∂V

)

T
dV +

(
∂P

∂T

)

V
dT

dV =
(
∂V

∂P

)

T
dP +

(
∂V

∂T

)

P
dT
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RXj úi�ib /2 H� K�iBĕ`2

Solide

Liquide

Gaz

Sublimation

Condensation

V
ap

orisation

L
iquéfaction

F
us

io
n

So
lid

ifi
ca

ti
on

Augmentation de l’entropie

GǶûi�i bQHB/2 2bi mM ûi�i +QKT�+i 2i Q`/QMMûX
GǶûi�i HB[mB/2 2bi mM ûi�i +QKT�+i 2i /ûbQ`/QMMûX
GǶûi�i ;�x2mt 2bi mM ûi�i /BbT2`bû 2i /ûbQ`/QMMûX

_2K�`[m2 , AH 2tBbi2 /Ƕ�mi`2b ûi�ib +QKK2 HǶûi�i bmT2`@+`BiB[m2 UHB[mB/2@;�x BM/BbiBM+ibV- HǶûi�i TH�bK�-
HǶûi�i KûbQKQ`T?2 2i+XXX

.B�;`�KK2b /Ƕûi�i

Liquide

Gaz

Solide

T

CP

T

satP

SQBMi i`BTH2 , SQBMi Qɍ +Q2tBbi2Mi H2b j ûi�ib /2 H� K�iBĕ`2X
SQBMi +`BiB[m2 , SQBMi ¨ T�`iB` /m[m2H QM M2 /Bzû`2M+B2 THmb HǶûi�i ;�x2mt /2 HǶûi�i HB[mB/2X

.B�;`�KK2b /2 *H�T2v`QM

Liquide

Liquide
+

Gaz

M
V

L
Gaz

GǶ�#b+Bbb2 v `2T`ûb2Mi2 H2 pQHmK2 K�bbB[m2X
G� +Qm`#2 2M i`�Bi TH2BM 2bi �TT2Hû2 +Qm`#2 /2 b�im`�iBQMX
G� +Qm`#2 2M TQBMiBHHûb 2bi mM2 BbQi?2`K2 B+BX

SQm` i`�+2` /2b +Qm`#2b /�Mb mM /B;`�KK2 So- QM T2mi miBHBb2` H2b û[m�iBQMb 7QM/�K2Mi�H2b ,

8kfR89
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*>�SAh_1 eX h>1_JP.uL�JAZl1 kX auahĔJ1a :�w1ls

ě �HHm`2 /ǶmM2 BbQi?2`K2 /ǶmM ;�x T�`7�Bi

PV = nRT = cte⇒ P ∼ 1
V

ě �HHm`2 /ǶmM2 �/B�#�iB[m2 `ûp2`bB#H2

PV γ = cte⇒ P ∼ 1
V γ

�p2+ γ > 1

h?ûQ`ĕK2 /2b KQK2Mib ,
wL =

vM − vV

vL − vV
=

MV

LV
UeXRV

hvT2b /2 i`�Mb7Q`K�iBQMb ,
ě Zm�bB@bi�iB[m2 , BM}MBK2Mi H2Mi iX[X P = Pext 2i T = TextX
ě _ûp2`bB#H2 , [m�bB@bi�iB[m2 2i `2Mp2`b�#H2X
ě JQMQi?2`K2 , Text = cteX
ě AbQi?2`K2 , JQMQi?2`K2 2i [m�bB@bi�iB[m2X
ě JQMQ#�`2 , Pext = cteXX
ě AbQ#�`2 , JQMQ#�`2 2i [m�bB@bi�iB[m2X
ě AbQ+?Q`2 , V = cteX
ě �/B�#�iB[m2 , BbQHû i?2`KB[m2K2Mi

k avbiĕK2b ;�x2mt

kXR :�x T�`7�Bi 2i ;�x `û2H
SQm` mM ;�x T�`7�Bi- HǶû[m�iBQM /Ƕûi�i /QMM2 ,

PV = nRT UeXkV

_2K�`[m2 , AH 2bi Mû+2bb�B`2 /Ƕ�DQmi2` THmbB2m`b 7�+i2m`b +Q``2+iB7b TQm` mM ;�x `û2HX AHb BMi2`pB2MM2Mi /�Mb
HǶû[m�iBQM /2 o�M .2` q��Hb ,

(
P + a

V 2
m

)
(Vm + b) = RT UeXjV

�p2+ , Vm H2 pQHmK2 KQH�B`2 iX[X Vm = V
n c

a
V 2

m
2bi H2 7�+i2m` /2 +Q``2+iBQM /2 H� T`2bbBQM KQHû+mH�B`2 c

b H2 +QpQHmK2 , H2 pQHmK2 /m ;�x `û2H MǶ2bi T�b Mû;HB;2�#H2X

kXk G2b +Q2{+B2Mib i?2`KQ/vM�KB[m2b

α = 1
V

(
∂V

∂T

)

P
*Q2{+B2Mi /2 /BH�i�iBQM BbQ#�`2 2MK−1 UeX9V

χT = − 1
V

(
∂V

∂P

)

T
*Q2{+B2Mi /2 +QKT`2bbBQM BbQi?2`K2 2M Pa−1 UeX8V

_2K�`[m2 , SQm` mM ;�x T�`7�Bi- QM � ,

α = 1
T

2i χT = 1
P
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kXj :�x T�`7�Bi KQMQ�iQKB[m2
G� T`2bbBQM /m ;�x T�`7�Bi KQMQ�iQKB[m2 bǶ2tT`BK2 2M 7QM+iBQM /2 H� pBi2bb2 [m�/`�iB[m2 u- /2 H� K�bb2 m
/2 +?�[m2 KQHû+mH2 i H� /2MbBiû KQHû+mH�B`2 n∗ ,

P = 1
3n∗mu2 UeXeV

*QKK2 H� T`2bbBQM 2i H� i2KTû`�im`2 bQMi HBû2b ¨ H� pBi2bb2 [m�/`�iB[m2- QM � ,

PV = NkBT UeXdV

.2 +2ii2 `2H�iBQM- QM `2i`Qmp2 ,
nNAkB = nR

/ǶQɍ ,

R = NAkB = 8.314 J.K−1.mol−1 UeX3V

GǶûM2`;B2 BMi2`M2 2bi û;�H2 ¨ HǶûM2`;B2 +BMûiB[m2 /Ƕ�;Bi�iBQM ,

U = 1
2Nmu2 = 3

2NkBT = 3
2nRT UeXNV

kX9 :�x T�`7�Bi /B�iQKB[m2
SQm` mM ;�x T�`7�Bi /B�iQKB[m2 �mt i2KTû`�im`2b mbm2HH2b- QM � ,

U = 5
2nRT UeXRyV

j S`2KB2` S`BM+BT2

jXR S`2KB2` S`BM+BT2

∆U + ∆Em = W + Q UeXRRV
�p2+ , l HǶûM2`;B2 BMi2`M2X *Ƕ2bi mM2 7QM+iBQM /Ƕûi�i 2i 2bi mM2 +�`�+iû`BbiB[m2 /m bvbiĕK2X

Em HǶûM2`;B2 Kû+�MB[m2-
q H2 i`�p�BH Kû+�MB[m2-
Z H2 i`�Mb72`i i?2`KB[m2X

aB- �m +Qm`b /ǶmM2 i`�Mb7Q`K�iBQM ûHûK2Mi�B`2- H2 bvbiĕK2 `2ÏQBi Qm +ĕ/2 /2 HǶûM2`;B2 b�Mb +?�M;2K2Mi /Ƕûi�i-
QM � ,

δQv = mcvdT TQm` mM2 i`�Mb7Q`K�iBQM BbQ+?Q`2
δQp = mcpdT TQm` mM2 i`�Mb7Q`K�iBQM BbQ#�`2

G2 i`�p�BH /2b 7Q`+2b /2 T`2bbBQM bm` mM2 T�`QB KQ#BH2 bǶ2tT`BK2 +QKK2 ,

δW = −PextdV UeXRkV

*�b T�`iB+mHB2`b ,
ě SQm` mM +v+H2 /2 i`�Mb7Q`K�iBQMb , ∆U = 0 +�` Uf = UiX
ě SQm` mM bvbiĕK2 BbQHû , ∆U = 0 +�` W = 0 2i Q = 0X
ě SQm` mM2 i`�Mb7Q`K�iBQM �/B�#�iB[m2 , ∆U = W X
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jXk úM2`;B2 BMi2`M2
GǶûM2`;B2 BMi2`M2 `2T`ûb2Mi2 HǶûM2`;B2 [mǶQMi H2b T�`iB+mH2b �m MBp2�m KB+`Qb+QTB[m2X

dU =
(
∂U

∂T

)

V︸ ︷︷ ︸
Cv

dT +
(
∂U

∂V

)

T
dV UeXRjV

∆U = Cv∆T TQm` mM ;�x T�`7�Bi
�p2+ Cv H� +�T�+Biû i?2`KB[m2 ¨ pQHmK2 +QMbi�Mi UJ.K−1V iX[X ,

Cv =
(
∂U

∂T

)

V
UeXR9V

jXj 1Mi?�HTB2
1HH2 2bi miBH2 TQm` HǶûim/2 /2b i`�Mb7Q`K�iBQMb KQMQ#�`2b Qm BbQ#�`2bX

H = U + PV UeXR8V

∆H = CP ∆T TQm` mM ;�x T�`7�Bi UeXReV
�p2+ Cp H� +�T�+Biû i?2`KB[m2 ¨ T`2bbBQM +QMbi�Mi2 UJ.K−1V iX[X ,

Cp =
(
∂H

∂T

)

P
UeXRdV

1Mi?�HTB2 /2 +?�M;2K2Mi /Ƕûi�i ,
∆H1→2 = ml1→2(T )← 1Mi?�HTB2 K�bbB[m2 /2 +?�M;2K2Mi /Ƕûi�i UeXR3V

jX9 GQBb /2 G�TH�+2

�ii2MiBQM , lMB[m2K2Mi /�Mb H2 +�b /ǶmM2 i`�Mb7Q`K�iBQM �/B�#�iB[m2 /ǶmM ;�x T�`7�BiX

PV = nRT UeXRNV
�p2+ , P H� T`2bbBQM 2M Pa- V H2 pQHmK2 2M m3- n H� [m�MiBiû /2 K�iBĕ`2 2M mol- R H� +QMbi�Mi2 mMBp2`b2HH2
/2b ;�x T�`7�Bib 2i T H� i2KTû`�im`2 2M KX
G� `2H�iBQM /2 J�v2` MQmb /QMM2 ,

Cp − Cv = nR

γ = Cp

Cv
+Q2{+B2Mi Bb2Mi`QTB[m2 /m ;�x

G2b /2mt û[m�iBQMb MQmb /QMM2Mi ,

Cv = nR

γ − 1 UeXkyV

Cp = nRγ

γ − 1 UeXkRV

PM `2i`Qmp2 �HQ`b H2b HQBb /2 G�TH�+2 ,
PV γ = cte

TV γ−1 = cte

TP 1−γ = cte

UeXkkV

_2K�`[m2 , SQm` `2/ûKQMi`2` H2b HQBb /2 G�TH�+2- QM miBHBb2 H2b ?vTQi?ĕb2b /Ƕ�/B�#�iB+Biû 2i /2 `ûp2`bB#BHBiû
UdS = 0VX

?iiT,ffrrrXT?@bm2iX7`
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9 a2+QM/ S`BM+BT2
G2 T`2KB2` T`BM+BT2 M2 T2`K2i T�b /2 T`û+Bb2` H2 b2Mb /2b i`�Mb7Q`K�iBQMb `û2HH2b bTQMi�Mû2bX SQm` +QK#H2`
+2 K�M[m2 /ǶBM7Q`K�iBQM- QM miBHBb2 H2 b2+QM/ T`BM+BT2 ,

∆S = Se − Sc ≥ 0 UeXkjV

�p2+ , Se =
∑

i Qi

Ti

S 2bi mM2 7QM+iBQM /Ƕûi�i 2ti2MbBp2 �TT2Hû2 2Mi`QTB2X
G2 bvbiĕK2 2bi /Bi `ûp2`bB#H2 TQm` Sc = 0X
GQ`b[m2 ∆S = 0- H� i`�Mb7Q`K�iBQM 2bi �/B�#�iB[m2 `ûp2`bB#H2X

o�`B�iBQM /Ƕ2Mi`QTB2 HQ`b /m +?�M;2K2Mi /Ƕûi�i ,

∆s1→2 = l1→2
T

UeXk9V

8 A/2MiBiûb i?2`KQ/vM�KB[m2b

dU = TdS − PdV UeXk8V
dH = TdS − V dP UeXkeV

e J�+?BM2b i?2`KB[m2b

eXR h`�Mb7Q`K�iBQM +v+HB[m2 KQMQi?2`K2
AH 2bi BKTQbbB#H2 [m2 H2 bvbiĕK2 7Qm`MBbb2 /m i`�p�BH �m KBHB2m 2tiû`B2m` �m +Qm`b /ǶmM +v+H2 KQMQi?2`K2X
PM � /QM+ ,

Wcycle ≥ 0
*QKK2 ∆Ucycle = 0 = (W + Q)cycle- QM � Mû+2bb�B`2K2Mi ,

Qcycle ≤ 0

eXk h`�Mb7Q`K�iBQMb +v+HB[m2b /Bi?2`K2b
�m +Qm`b /ǶmM +v+H2- QM � ,

W + Q1 + Q2 = 0 UeXkdV

Machine
thermique

Source chaude Source froide

Milieu
extérieur

Machine frigorifique

Machine thermique

Q
1

Q
2

W
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AMû;�HBiû /2 *H�mbBmb ,
QC

TC
+ QF

TF
≤ 0 UeXk3V

*2ii2 `2H�iBQM b2 `2i`Qmp2 �p2+ H2 b2+QM/ T`BM+BT2X
_2M/2K2Mi /m KQi2m` ,

η = −W

Q1
UeXkNV

1{+�+Biû /2 H� K�+?BM2 7`B;Q`B}[m2 ,
e = Q2

W
UeXjyV

*v+H2 /2 *�`MQi- +v+H2 `ûp2`bB#H2 /Bi?2`K2 ,

1
2

3

4
Isotherme T

2

Isotherme T
1

Adiabatique
réversible

Adiabatique
réversible

V

P

_2K�`[m2 , aB QM T�`+Qm`i H2 +v+H2 /�Mb H2 b2Mb ?Q`�B`2- BH bǶ�;Bi /ǶmM +v+H2 KQi2m` UW < 0VX

G2 `�TTQ`i /2b +?�H2m`b û+?�M;û2b �p2+ H2b i2KTû`�im`2b 2bi ,

Q1
Q2

= −T1
T2

UeXjRV

G2 `2M/2K2Mi /2 *�`MQi bǶ2tT`BK2 +QKK2 ,

η < 1− TF

TC︸ ︷︷ ︸
ηmax

UeXjkV

d h`�Mb72`ib i?2`KB[m2b

dXR .BzmbBQM
.BzmbBQM i?2`KB[m2

h`�Mb72`i i?2`KB[m2 b�Mb /ûTH�+2K2Mi ;HQ#�H /2 K�iBĕ`2X

6Hmt i?2`KB[m2 ,
dΦ = −→j Q(M, t)−→dS UeXjjV

"BH�M /ǶûM2`;B2 ,

div
−→
j Q + µcV

∂T

∂t
(x, t) = PV UeXj9V

GQB /2 6Qm`B2` ,

?iiT,ffrrrXT?@bm2iX7`
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−→
j Q(M, t) = −λ−−→;`�/T UeXj8V

ú[m�iBQM /2 /BzmbBQM ,

∂T

∂t
= λ

µcv
∆T + Pv

µcv
UeXjeV

_ûbBbiBpBiû i?2`KB[m2 ,

T
1

T
2

L

T1 − T2 = Rth × Φ1→2

PM 7�Bi HǶ�M�HQ;B2 �p2+ HǶûH2+i`Q+BMûiB[m2 , ǴU = R× IǴX

.BzmbBQM /2 T�`iB+mH2b

.2MbBiû /2 T�`iB+mH2b ,

dN(t) = n(M, t)dτ UeXjdV
�p2+ n(M, t) H� /2MbBiû T�`iB+mH�B`2X

o2+i2m` /2MbBiû /2 ~mt ,−→
j (M, t) 2bi H2 p2+i2m` /2MbBiû /2 ~mt iX[X ,

δN = −→j n(M, t)−→dSdt UeXj3V

6Hmt /2 T�`iB+mH2b ,
dΦ = dN

dt
= −→j n.

−→
dS UeXjNV

ú[m�iBQM /2 +QMb2`p�iBQM /2 H� K�iBĕ`2 ,

x x+dx

)x(j⃗ )dx+x(j⃗

• LQK#`2 /2 T�`iB+mH2b /2/�Mb ,

¨ i δN(t) = n(x, t)dτ
¨ iY/i δN(t + dt) = n(x, t + dt)dτ

d2N = δN(t + dt)− δN(t)

= ∂n

∂t
(x, t)dtdτ

• 1Mi`û2fbQ`iB2 /2 T�`iB+mH2b ,

δN2Mi`�Mi 2M t = −→j n(x, t)(+dS−→ux)dt

δN2Mi`�Mi 2M tY/t = −→j n(x + dx, t)(−dS−→ux)dt

⇔ δN/BzmbBQM = −∂jn

∂x
dxdSdt

• *`û�iBQMf/BbT�`BiBQM /2 T�`iB+mH2b ,
δN+`û�iBQM = σCdτdt

∂n

∂t
+ ∂jn

∂x
= σC ¨ R. UeX9yV

∂n

∂t
+ div

−→
j n = σC ¨ j. UeX9RV
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GQB /2 6B+F ,
−→
j n(M, t) = −D

−−→;`�/ n(M, t) UeX9kV
ú[m�iBQM /2 H� /BzmbBQM ,
1M BMD2+i�Mi H� HQB /2 6B+F /�Mb HǶû[m�iBQM /2 +QMb2`p�iBQM /2 H� K�iBĕ`2 ,

∂n

∂t
= D∆n + σC UeX9jV

dXk _�vQMM2K2Mi
lM +Q`Tb MQB` 2bi mM +Q`Tb [mB �#bQ`#2 BMiû;`�H2K2Mi H2b `�vQMM2K2Mib ûH2+i`QK�;MûiB[m2b TQm` iQmi2b H2b
HQM;m2m`b /ǶQM/2bX AH `ûûK2i mM `�vQMM2K2MiX
§ HǶû[mBHB#`2 i?2`KQ/vM�KB[m2- H� i2KTû`�im`2 /m +Q`Tb MQB` 2bi +QMbi�Mi2X

SmBbb�M+2 `�vQMMû2 ,
G� TmBbb�M+2 `�vQMMû2 T�` mMBiû /2 bm`7�+2 2i T�` HQM;m2m` /ǶQM/2 2bi /QMMû2 T�` H� HQB /2 SH�MF ,

Lλ = 2hc2

λ5
1

exp hc
λkBT − 1

UeX99V

GQB /2 qB2M ,
G2 K�tBKmK /ǶûKBbbBQM 2bi Q#i2Mm TQm` mM2 HQM;m2m` /ǶQM/2 λm iX[X ,

λm × T ≃ 2900 µm.K UeX98V

GQB /2 ai2T?�M ,
G� TmBbb�M+2 bm`7�+B[m2 ûKBb2 T�` mM +Q`Tb MQB` bǶ2tT`BK2 +QKK2 ,

PS = σ × T 4 UeX9eV
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dX h_�La61_ha h>1_JAZl1a *>�SAh_1 eX h>1_JP.uL�JAZl1
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*?�TBi`2 d S�`iB2 A ě S?vbB[m2

Jû+�MB[m2 /2b ~mB/2b

R ai�iB[m2 /2b ~mB/2b

RXR S`BM+BT2 7QM/�K2Mi�H /2 H� bi�iB[m2 /2b ~mB/2b

−−→;`�/P =
∑

i

−→
F v,i UdXRV

z

z+dz

zF⃗d

dz+zF⃗d

P⃗d

� HǶû[mBHB#`2- QM � ,

d
−→
F z + d

−→
F z+dz + d

−→
P = −→0

⇔ p(z)(+−→dS) + p(z + dz)(−−→dS)− dm−→g = −→0

⇔ +∂P

∂z
(z)dz

−→
dS − ρdV−→g = −→0

PM T2mi �HQ`b û+`B`2- +QKK2 QM MǶ2bi [m2 b2HQM x ,

dP = −ρgdz UdXkV

k .vM�KB[m2 /2b ~mB/2b T�`7�Bib

kXR _2H�iBQM /2 "2`MQmHHB
SQm` mM û+QmH2K2Mi ,

ě T2`K�M2Mi c
ě BM+QKT`2bbB#H2 c
ě T�`7�Bi UT�b /2 pBb+QbBiûV c

v2

2 + p

ρ
+ gz = +i2 UdXjV

ě v2
2 HǶûM2`;B2 +BMûiB[m2 c

ě ρz HǶûM2`;B2 TQi2MiB2HH2 /2 T2b�Mi2m` c
ě p

ρ HǶûM2`;B2 TQi2MiB2HH2 /2 T`2bbBQMX
1HH2 i`�/mBi H� +QMb2`p�iBQM /2 HǶûM2`;B2 H2 HQM; /ǶmM2 HB;M2 /2 +Qm`�MiX

?iiT,ffrrrXT?@bm2iX7`
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jX ú*PlG1J1Lh oAaZl1ls *>�SAh_1 dX Jú*�LAZl1 .1a 6GlA.1a

kXk ú[m�iBQM /Ƕ1mH2`

µ

(
D−→v
Dt

)

= µ

(
∂v

∂t
+−−→;`�/v2

2 +
(−→`Qi−→v

)
∧ −→v

)

= −−−→;`�/p +−→f v UdX9V

�ii2MiBQM , .û`Bpû2 T�`iB+mH�B`2X

DG

Dt
= ∂G

∂t
+ (−→v .

−−→;`�/)G

_2K�`[m2 , a2 `2i`Qmp2 2M û+`Bp�Mi dG 2i 2M /BpBb�Mi T�` dtXXX

j ú+QmH2K2Mi pBb[m2mt

jXR oBb+QbBiû
G� pBb+QbBiû /vM�KB[m2 η bǶ2tT`BK2 2M SA USQBb2mBHH2VX
G� 7Q`+2 pQHmKB[m2 /2 pBb+QbBiû bǶ2tT`BK2 +QKK2 ,

−→
f v = η∆−→v UdX8V

jXk ú[m�iBQM /2 L�pB2`@aiQF2b

µ

(
∂v

∂t
+−−→;`�/v2

2 +
(−→`Qi−→v

)
∧ −→v

)

= −−−→;`�/p + η∆−→v +−→f v UdXeV

jXj ú[m�iBQM /2 H� /BzmbBQM
aB H� b2mH2 7Q`+2 2bi H� 7Q`+2 /2 pBb+QbBiû- 2i bB QM T2mi Mû;HB;2` H2 i2`K2 +QMp2+iB7- QM i`Qmp2 ,

∂−→v
∂t

= ν∆−→v �p2+ ν = η

ρ
U+Q2{+B2Mi /2 /BzmbBQMV UdXdV

G2 i2`K2 η∆−→v /û+`Bi H2 i`�MbTQ`i /BzmbB7 /2 [m�MiBiû /2 KQmp2K2MiX

jX9 LQK#`2 /2 _2vMQH/b
PM +QMbB/ĕ`2 mM û+QmH2K2Mi H�KBM�B`2 HQ`b[m2 Re < 103 2i mM û+QmH2K2Mi im`#mH2Mi TQm` Re > 103X
G2 MQK#`2 /2 _2vMQH/b K2bm`2 H2 `�TTQ`i 2Mi`2 H2 i`�MbTQ`i +QMp2+iB7 /2 [m�MiBiû /2 KQmp2K2Mi 2i H2
i`�MbTQ`i /BzmbB7X

Re = ||µ(−→v .
−−→;`�/v)||

||η∆−→v || UdX3V

�BMbB- bB ,
ě Re << 1- �HQ`b H� /BzmbBQM 2bi K�DQ`Bi�B`2 c
ě Re >> 1- �HQ`b H� +QMp2+iBQM 2bi K�DQ`Bi�B`2X

G2 MQK#`2 /2 _2vMQH/b 2bi û;�H2K2Mi H2 `�TTQ`i /2b i2KTb /2 /BzmbBQM 2i /2 +QMp2+iBQM ,

Re = i2KTb +�`�+iû`BbiB[m2 /2 /BzmbBQM
i2KTb +�`�+iû`BbiB[m2 /2 +QMp2+iBQM = ρV L

η
UdXNV

�p2+ , L H� /BK2MbBQM +�`�+iû`BbiB[m2 U/B�Kĕi`2 /2 H� +QM/mBi2V- v H� pBi2bb2 /û#Bi�Mi2- ρ H� K�bb2 pQHmKB[m2
2i η H� pBb+QbBiû /vM�KB[m2X

ekfR89
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*>�SAh_1 dX Jú*�LAZl1 .1a 6GlA.1a jX ú*PlG1J1Lh oAaZl1ls

jX8 ú+QmH2K2Mi pBb[m2mt
SQm` +2b û+QmH2K2Mib- H2 MQK#`2 /2 _2vMQH/b 2bi i`ĕb T2iBi URe << 1VX
SQm` mM ~mB/2 M2riQMB2M- 2M `û;BK2 bi�iBQMM�B`2- HǶû[m�iBQM /2 L�pB2`@aiQF2b /2pB2Mi ,

−−→;`�/p = η∆−→v +−→f v UdXRyV
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jX ú*PlG1J1Lh oAaZl1ls *>�SAh_1 dX Jú*�LAZl1 .1a 6GlA.1a
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*?�TBi`2 3 S�`iB2 A ě S?vbB[m2

úH2+i`QK�;MûiBbK2

R "�b2 /2 HǶûH2+i`QK�;MûiBbK2

RXR o2+i2m` /2MbBiû /2 +Qm`�Mi

v⃗

dt||v⃗||

dS
−→

−→
j =

∑

i

niqi
−→v i U3XRV

dI = dQ

dt

Q` dQ = n× q︸ ︷︷ ︸
ρ

×dV = n× q ×
−→
dS ·−→v dt

/QM+ dQ

dt
= nq

−→
dS ·−→v dt

dt
= nq−→v ·

−→
dS = −→j ·

−→
dS

/ǶQɍ ,
I =
ˆ
−→
j .
−→
dS U3XkV

RXk ú[m�iBQM HQ+�H2 /2 +QMb2`p�iBQM /2 H� +?�`;2

/Bp−→j +
∂ρ

∂t
= 0 U3XjV

x x+dx

*?�`;2b /�Mb H2 pQHmK2 ,

δQ(t) = ρ(x, t)dx

δQ(t + dt) = ρ(x, t + dt)dx

/ǶQɍ ,
d2Q = ∂ρ

∂t
dxdt

*?�`;2b 2Mi`�Mi2bfbQ`i�Mi2b ,

δQ7�+2 t = dIxdt = −→j (x, t)(+dS−→u x)dt

δQ7�+2 tY/t = −→j (x + dx, t)(−dS−→u x)dt

/ǶQɍ ,
d2Q = −∂

−→
j

∂x
dx
−→
dSdt

PM � /QM+ ¨ mM2 /BK2MbBQM ,
∂j

∂x
+ ∂ρ

∂t
= 0 U3X9V
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RX "�a1 .1 GǶúG1*h_PJ�:LúhAaJ1 *>�SAh_1 3X úG1*h_PJ�:LúhAaJ1

RXj ú[m�iBQMb /2 J�tr2HH

/Bp−→E =
ρ

ϵ0
J�tr2HH@:�mbb U3X8V

−→`Qi−→E = −
∂
−→
B

∂t
J�tr2HH@6�`�/�v U3XeV

/Bp−→B = 0 J�tr2HH@~mt K�;MûiB[m2 U3XdV
−→`Qi−→B = µ0

−→
j + µ0ϵ0

∂
−→
E

∂t
J�tr2HH@�KTĕ`2 U3X3V

AMi2`T`ûi�iBQM /2b û[m�iBQMb /2 J�tr2HH ,

ě J�tr2HH@:�mbb , mM +?�KT ûH2+i`B[m2 2bi ;ûMû`û ¨ T�`iB` /2b +?�`;2b ûH2+i`B[m2bX
ě J�tr2HH@6�`�/�v , mM2 p�`B�iBQM i2KTQ`2HH2 /m +?�KT K�;MûiB[m2 2Mi`�BM2 mM2 p�`B�iBQM /m +?�KT

ûH2+i`B[m2X
ě J�tr2HH@~mt , BH MǶ2tBbi2 T�b /2 +?�`;2 K�;MûiB[m2X
ě J�tr2HH@�KTĕ`2 , mM2 p�`B�iBQM i2KTQ`2HH2 /m +?�KT ûH2+i`B[m2 Qm H� T`ûb2M+2 /ǶmM +Qm`�Mi ûH2+i`B[m2

2Mi`�BM2 mM2 p�`B�iBQM /m +?�KT K�;MûiB[m2X

RX9 GQBb /2 HǶûH2+i`QK�;MûiBbK2

_2K�`[m2 , *2 bQMi H2b 7Q`K2b BMiû;`�H2b /2b û[m�iBQMb /2 J�tr2HH 5

G2 i?ûQ`ĕK2 /2 :�mbb b2 `2i`Qmp2 �p2+ :`22M@Pbi`Q;`�/bFv ,

‹ −→
E
−→
dS =

˚
V

/Bp−→E dτ =
˚

V

ρdτ

ϵ0
=

Qint

ϵ0
U3XNV

G� HQB /2 6�`�/�v b2 `2i`Qmp2 �p2+ aiQ+F2b@�KTĕ`2 ,

˛−→
B
−→
dl =

¨
S

−→`Qi−→E−→dS =
¨

S

−∂−→B
∂t

−→
dS = −

∂φ

∂t
= e U3XRyV

G� +QMb2`p�iBQM /m ~mt K�;MûiB[m2 bǶû+`Bi +QKK2 ,
‹ −→

B
−→
dS = 0 U3XRRV

G2 i?ûQ`ĕK2 /Ƕ�KTĕ`2 , ˛−→
B
−→
dr = µ0Ienlac + µ0ϵ0

¨
∂
−→
E

∂t

−→
dS U3XRkV

RX8 6Q`+2 /2 GQ`2Mix

−→
F = q[−→E +−→v ∧ −→B ] U3XRjV

eefR89
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*>�SAh_1 3X úG1*h_PJ�:LúhAaJ1 kX úG1*h_Pah�hAZl1

RXe úM2`;B2 ûH2+i`QK�;MûiB[m2

Pv = −→j −→E U3XR9V
dUem

dt
= −Pcde la matire − Prayonne travers S

/Bp−→π +
∂Uem

∂t
= −−→j −→E U3XR8V

�p2+ , −→π p2+i2m` /2 SQBMiBM;X
−→π =

−→
E ∧ −→B

µ0
U3XReV

k úH2+i`Qbi�iB[m2
PM b2 TH�+2 B+B /�Mb H2 +�b Qɍ iQmi2b H2b +?�`;2b bQMi }t2b /�Mb HǶ2bT�+2X aB 2HH2b b2 /ûTH�+2Mi- +2 b2`� ¨
+Qm`�Mi +QMiBMm iX[X −→j 2i ρ bQB2Mi +QMbi�MibX

kXR 6Q`+2 ûH2+i`Qbi�iB[m2

−→
F 1→2 = q1q2

4πϵ0r2
−→u 1→2 U3XRdV

12F⃗ 21F⃗

q
1

q
2

12u⃗

PM 2M /û/mBi [m2 , −→
F 1→2 = −−→F 2→1

kXk *?�KT ûH2+i`Qbi�iB[m2
G2 i?ûQ`ĕK2 /2 bmT2`TQbBiBQM MQmb /QMM2 ,

−→
F =

∑ q1qi

4πϵ0r2
−→u i

PM BMi`Q/mBi H� MQiBQM /2 +?�KT iX[X , −→
F = q

−→
E U3XR3V

�p2+ , q = ∑
i qi 2i −→E =

q1
4πϵ0r2

−→u r

S`QT`Bûiûb /2 bvKûi`B2 /m +?�KT ûH2+i`B[m2 ,

)q(+E⃗ )q(+E⃗

E⃗

+q +q -q +q

)q(+E⃗

)q−(E⃗

E⃗

−→
E �TT�`iB2Mi �mt TH�Mb /2 bvKûi`B2 /2 H� /Bbi`B#miBQM /2 +?�`;2b 2i T2`T2M/B+mH�B`2 �mt TH�Mb /Ƕ�MiBbvKûi`B2X

?iiT,ffrrrXT?@bm2iX7`
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kX úG1*h_Pah�hAZl1 *>�SAh_1 3X úG1*h_PJ�:LúhAaJ1

kXj SQi2MiB2H ûH2+i`Qbi�iB[m2

−→`Qi−→E = −
∂
−→
B

∂t
= 0 2M `û;BK2 bi�iBQMM�B`2 /QM+ ∃V TQi2MiB2H ûH2+i`Qbi�iB[m2 iX[X ,

−→
E = −−−→;`�/V U3XRNV

SQm` mM2 +?�`;2 TQM+im2HH2- QM � , −→E =
q

4πϵ0r2
−→u X

PM 2M /û/mBi ,
V =

q

4πϵ0r
+ cte

kX9 úM2`;B2 TQi2MiB2HH2 ûH2+i`Qbi�iB[m2

Ep = qV U3XkyV

kX8 ú[m�iBQM /2 SQBbbQM

∆V =
− ρ
ϵ0

U3XkRV

kXe AMp�`B�M+2b 2i bvKûi`B2b

SQm` Q#i2MB` −→E ,
ě SQm` J [m2H+QM[m2- /û}MB` H2b TH�Mb /2 bvKûi`B2 2i /Ƕ�MiBbvKûi`B2 T�bb�Mi T�` JX PM 2M /û/mBi ,−→

E (M)//?X G2b BMp�`B�M+2b T�` i`�MbH�iBQM MQmb /QMM2Mi , −→E (M) = E(...)−→u ...X
ě *?QBt /ǶmM Ǵ+QMiQm` /Ƕ�KTĕ`2Ǵ 72`Kû- Q`B2MiûX
ě �TTHB+�iBQM /m i?ûQ`ĕK2 /2 :�mbbX

SQm` mM }H +?�`;û

r

h
M

E⃗

úi�T2 R
J [m2H+QM[m2 �TT�`iB2Mi �mt TH�Mb UM,−→u r,−→u zV 2i
UM,−→u r,−→u θV /QM+ −→E (M) 2bi T�`�HHĕH2 �mt /2mt TH�Mb
BX2X −→E (M) TQ`iû T�` −→u r

AMp�`B�M+2b , i`�MbH�iBQMb b2HQM −→u z 2i `Qi�iBQM b2HQM −→u θX
/ǶQɍ −→E (M) = E(r)−→u r

úi�T2 k
*vHBM/`2 /2 `�vQM [m2H+QM[m2X
úi�T2 j
−→
E .
−→
dS = 0 bm` H2b 7�+2b /m ?�mi 2i /m #�bX

¨
E(r)−→u r.(dS−→u r) = E(r)(2πrh)

Q`
Qint

ϵ0
= λ× h

ϵ0

PM � /QM+ ,
−→
E = λ

2πϵ0r
−→u r U3XkkV

e3fR89
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*>�SAh_1 3X úG1*h_PJ�:LúhAaJ1 kX úG1*h_Pah�hAZl1

SQm` mM TH�M +?�`;û

+z

-z

úi�T2 R
J [m2H+QM[m2 iX[X −→E (M) TQ`iû T�` −→u zX
AMp�`B�M+2b , i`�MbH�iBQMb b2HQM −→u x 2i `Qi�iBQM b2HQM −→u yX
/ǶQɍ −→E (M) = E(z)−→u z

úi�T2 k
*vHBM/`2 /2 `�vQM [m2H+QM[m2 2Mi`2 +z 2i −zX
úi�T2 j
−→
E .
−→
dS ≠ 0 bm` H2b 7�+2b /m ?�mi 2i /m #�bX

‹
S

−→
E .
−→
dS =

¨
7�+2 x

E(z)−→u z.(+dS−→u z) +
¨

7�+2 @x
E(−z)−→u z.(−dS−→u z)

Q` bvKûi`B2 b2HQM UtPvV BX2X ,
E(−z) = sym(E(z)−→u z) = E(z)

PM � /QM+ , ‹
S

−→
E .
−→
dS = 2E(z)× S

E = σ

2ϵ0
U3XkjV

SQm` mM2 +Qm+?2 +?�`;û2

-z

+z

a

B/2K [m2 T`û+û/2KK2Mi XXX
PM /BbiBM;m2 k +�b ,
UBV z > a

2 , Qint
ϵ0

= ρS×a
ϵ0

UBBV 0 < z < a
2 , Qint

ϵ0
= ρS×2z

ϵ0
.ǶQɍ ,

SQm` z >
a

2
−→
E = ρa

2ϵ0
−→u z U3Xk9V

SQm` 0 < z <
a

2
−→
E = ρz

ϵ0
−→u zs U3Xk8V

kXd .BTƬH2b ûH2+i`Qbi�iB[m2b

M

O
-q +q

θA B

r

a

r >> a

?iiT,ffrrrXT?@bm2iX7`
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jX *PL.l*h1l_ *>�SAh_1 3X úG1*h_PJ�:LúhAaJ1

V (M) = VA(M) + VB(M) =
− q

4πϵ0AM
+

+ q

4πϵ0BM

P` AM = ||−→AO +−−→OM || =
√

AO2 + OM2 + 2−→AO.
−−→
OM =

√
a2

4 + r2 + 2
a

2r cos θ

1M Mû;HB;2�Mi H2b i2`K2b /m b2+QM/ Q`/`2 2M a U+�` r >> aV- H2 /ûp2HQTT2K2Mi HBKBiû /QMM2 ,

AM = r(1 +
1
2

a

r
cos θ) 2i BM = r(1−

1
2

a

r
cos θ)

PM 2M /û/mBi �HQ`b mM2 2tT`2bbBQM /m TQi2MiB2H ,

V (M) =
qa cos θ
4πϵ0r2 =

−→p .−→r
4πϵ0r2

j *QM/m+i2m`

jXR JBHB2mt Q?KB[m2b
G2 +?�KT ûH2+i`B[m2 Eint ¨ HǶBMiû`B2m` /ǶmM +QM/2Mb�i2m` T�`7�Bi 2bi MmHX G2 TQi2MiB2H 2bi �HQ`b +QMbi�MiX PM
� �HQ`b mM pQHmK2 û[mBTQi2MiB2H iX[X ,

ρ = 0

jXk *?�KT �m pQBbBM�;2 /ǶmM +QM/m+i2m`
G2 +?�KT 2bi /B`B;û b2HQM H� MQ`K�H2 ¨ H� bm`7�+2 ,

E⃗

n⃗

σ = densité surfacique de charge

h?ûQ`ĕK2 /2 *QmHQK# ,
−→
E = σ

ϵ0
−→n U3XkeV

jXj SQmpQB` /2b TQBMi2b
G2 +?�KT ûH2+i`B[m2 2bi #2�m+QmT THmb BMi2Mb2 �m pQBbBM�;2 /2b TQBMi2bX

jX9 S`2bbBQM ûH2+i`Qbi�iB[m2
G2b +?�`;2b bm` mM2 bm`7�+2 bQMi bQmKBb2b ¨ mM2 7Q`+2 /2 T`2bbBQM /2 H� T�`i /2 iQmi2b H2b �mi`2b +?�`;2b ,

d
−→
F = σ2

2ϵ0
dS−→n

PM 2M /û/mBi mM2 7Q`+2 /2 T`2bbBQM iX[X ,

p = σ2

2ϵ0
U3XkdV

dyfR89
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*>�SAh_1 3X úG1*h_PJ�:LúhAaJ1 jX *PL.l*h1l_

jX8 GQB /ǶP?K HQ+�H2

−→
j = γ

−→
E U3Xk3V

�p2+ γ H� +QM/m+iBpBiû `û2HH2 /m K�iû`B�mX

PM Q#iB2Mi H2b û[m�iBQMb /2 J�tr2HH ,

/Bp−→E = 0 U3XkNV
/Bp−→B = 0 U3XjyV
−→`Qi−→E = −

∂
−→
B

∂t
U3XjRV

−→`Qi−→B = µ0γ
−→
E + µ0ϵ0

∂
−→
E

∂t
U3XjkV

1M 7�Bb�Mi −→`Qi(−→`Qi−→E )- QM Q#iB2Mi ,

∆−→E = µ0ϵ0
∂2−→E
∂t2 + µ0γ

∂
−→
E

∂t

PM T�bb2 2M +QKTH2t2 iX[X , −→E (−→r , t) = −→E (−→r )eiωt

1M BMD2+i�Mi- QM Q#iB2Mi ,
k2 = ω2

c2 − jωµ0γ

�BMbB- bB γ >> ϵ0ω- QM �m`� mM i`ĕb #QM +QM/m+i2m`X .�Mb H2 +�b +QMi`�B`2- +2 b2`� mM KBHB2m /Bi ¨ T2`i2bX

jXe 1z2i /2 T2�m
GQ`b /2 H� T`QT�;�iBQM /ǶmM2 P1J /�Mb mM KBHB2m K�iû`B2H- /2b T?ûMQKĕM2b /2 /BbT2`bBQM 2i /Ƕ�iiûMm�iBQM
�TT�`�Bbb2MiX G2 p2+i2m` /ǶQM/2 bǶ2tT`BK2 �HQ`b +QKK2 ,

k = k′ + jk′′ U3XjjV
1M `2KTH�Ï�Mi /�Mb H2b 2tT`2bbBQMb /m +?�KT −→E 2i −→B - QM i`Qmp2 ,

−→
E 2i −→B ∝ exp

(
k′′x

)
︸ ︷︷ ︸

�iiûMm�iBQMf�KTHB}+�iBQM

exp
(
j(ωt− k′x)

)
︸ ︷︷ ︸

T`QT�;�iBQM

U3Xj9V

GǶ�iiûMm�iBQM b2 7�Bi �HQ`b bm` mM2 /Bbi�M+2 +�`�+iû`BbiB[m2 δ �TT2Hû2 ûT�Bbb2m` /2 T2�m ,

δ =
∣∣∣∣

1
k′′

∣∣∣∣ U3Xj8V

SQm` mM #QM +QM/m+i2m`- QM � ,
k2 = −jωµ0σ

_2K�`[m2 , PM Mû;HB;2 B+B H2 i2`K2
ω2

c2 X

PM 2tT`BK2 HǶûT�Bbb2m` /2 T2�m ¨ T�`iB` /2 HǶ2tT`2bbBQM T`û+û/2Mi2 ,

δ =
√

2
ωµ0γ

�ii2MiBQM , �bim+2 +`m+B�H2 B+B 5
− j = exp

(
−j

π

2

)
U3XjeV
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9X J�:LúhPah�hAZl1 *>�SAh_1 3X úG1*h_PJ�:LúhAaJ1

jXd 1z2i >�HH

G2 +?�KT ûH2+i`B[m2 /2 >�HH �TT�`�Bi HQ`b [m2 HǶQM BKTQb2 mM +?�KT ûH2+i`B[m2 2i [m2 HǶQM TH�+2 H2 +QM/m+i2m`
/�Mb mM +?�KT K�;MûiB[m2 −→B 0 Q`i?Q;QM�H ¨ +2 +?�KT ûH2+i`B[m2X G� 7Q`+2 /2 GQ`2Mix K�;MûiB[m2 /ûpB2 �HQ`b
H2b TQ`i2m`b /2 +?�`;2bX *2H� 2Mi`�ŗM2 HǶ�TT�`BiBQM /2 +?�`;2b bm`7�+B[m2b /2 T�`i 2i /Ƕ�mi`2 /m +QM/m+i2m`
iX[X ,

EH = −
I B0
nlϵq

U3XjdV

�p2+ , B0 HǶBMi2MbBiû /m +?�MT K�;MûiB[m2 UT V c
ϵ HǶûT�Bbb2m` /m `m#�M UmV c
n H� /2MbBiû pQHmKB[m2 /2b TQ`i2m`b /2 +?�`;2 Um−3V c
q H� +?�`;2 /2b TQ`i2m`b UCV c
I HǶBMi2MbBiû UAVX

_2K�`[m2 , liBHBbû /�Mb H2b i2bH�Kĕi`2b 5

9 J�;MûiQbi�iB[m2

9XR 6Q`+2 K�;MûiB[m2

−→
F = q−→v ∧ −→B U3Xj3V

PM � , −→F .−→v = 0 +�` −→F 2bi T2`T2M/B+mH�B`2 ¨ −→v X .QM+ −→F M2 i`�p�BHH2 T�bX

9Xk *?�KT K�;MûiB[m2

G2 +?�KT K�;MûiB[m2 −→B 2bi T2`T2M/B+mH�B`2 �mt TH�Mb /2 bvKûi`B2 2i �TT�`iB2Mi �mt TH�Mb /Ƕ�MiBbvKûi`B2X

G2 ~mt /m +?�KT K�;MûiB[m2 ¨ i`�p2`b mM2 bm`7�+2 72`Kû2 2bi MmH ,
‹

S

−→
B .d
−→
S = 0 U3XjNV

_2K�`[m2 , 1M �TTHB[m�Mi H2 i?ûQ`ĕK2 /2 :`22M@Pbi`Q;`�/bFv- QM `2i`Qmp2 /Bp−→B = 0X *Ƕ2bi mM +?�KT

¨ ~mt +QMb2`p�iB7X

9Xj avKûi`B2b 2i AMp�`B�M+2b

SQm` Q#i2MB` −→B ,

ě SQm` J [m2H+QM[m2- /û}MB` H2b TH�Mb /2 bvKûi`B2 2i /Ƕ�MiBbvKûi`B2 T�bb�Mi T�` JX PM 2M /û/mBi ,−→
B (M)//?X G2b BMp�`B�M+2b T�` i`�MbH�iBQM MQmb /QMM2Mi , −→B (M) = B(...)−→u ...

ě *?QBt /ǶmM Ǵ+QMiQm` /Ƕ�KTĕ`2Ǵ 72`Kû- Q`B2MiûX
ě �TTHB+�iBQM /m i?ûQ`ĕK2 /Ƕ�KTĕ`2X

dkfR89
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*>�SAh_1 3X úG1*h_PJ�:LúhAaJ1 9X J�:LúhPah�hAZl1

SQm` mM }H +QM/m+i2m` 2M `û;BK2 bi�iB[m2

SQm` +�H+mH2` −→B ¨ HǶ2tiû`B2m`- QM miBHBb2 H2 i?ûQ`ĕK2 /Ƕ�KTĕ`2 ,
ě avKûi`B2 +vHBM/`B[m2 , UJ-−→u r-−→u zV 2bi TH�M /2 bvKûi`B2- /QM+ −→B (M) ⊥ (∏)sym /QM+ −→B (M) 2bi bmBp�Mi
−→u θX

ě AMp�`B�M+2 b2HQM z 2i θ /QM+
−→
B (M) = B(r)−→u θ

ě PM �TTHB[m2 H2 i?ûQ`ĕK2 /Ƕ�KTĕ`2 bm` mM +QMiQm` 72`Kû /2 `�vQM `- Q`B2Miû /�Mb H2 b2Mb /B`2+i ,

˛
C

−→
B
−→
dl = µ0[ic(t) + iD(t)]

= µ0

[¨
−→
j
−→
dS + ϵ0

¨
∂
−→
E

∂t

−→
dS

]

2πB(r) =
{

µ0jπa2 bB r ≥ a
µ0jπr2 bB r ≤ a

/ǶQɍ- 2M TQb�Mi I = jπa2-
−→
B (r) =

{
µ0I
2πr
−→u θ bB r ≥ a

µ0Ir
2πa2
−→u θ bB r ≤ a

SQm` mM bQHûMQś/2 BM}MB
S�` ûim/2 /2b bvKûi`B2b 2i /2b BMp�`B�M+2b- H2
+?�KT K�;MûiB[m2 2bi 2tT`BKû iX[X ,

−→
B (M) = B(r)−→u z U3X9yV

PM +?QBbBi /2mt bm`7�+2b R1 2i R2X G2 `2+i�M;H2
R2 � mM2 HQM;m2m` l2 2i mM2 H�`;2m` r < aX G2
`2+i�M;H2 R1 � mM2 HQM;m2m` l1 2i mM2 H�`;2m` r >

aX

�ii2MiBQM , G2b BMiû;`�H2b bm` AB 2i CD bQMi MmHH2b +�` −→B ⊥ −→dl 5

G� +B`+mH�iBQM /2 −→B bm` mM +QMiQm` R [m2H+QM[m2 /2 HQM;m2m` l 2bi ,
˛

R

−→
B
−→
dl = B(0)l −B(r)l U3X9RV

G2 i?ûQ`ĕK2 /Ƕ�KTĕ`2 MQmb /QMM2 ,
˛

R1

−→
B
−→
dl = µ0I2MH�+û U3X9kV

SQm` R2- H2b +Qm`�Mib 2MH�+ûb bQMi ic = 0X
SQm` R1- H2b +Qm`�Mib 2MH�+ûb bQMi ic = nil1X
G2 +?�KT ¨ HǶBMiû`B2m` /m bQHûMQś/2 2bi /QM+ mMB7Q`K2 +�` ,

˛
R2

−→
B
−→
dl = B(0)l2 −B(r)l2 = µ0 ic︸︷︷︸

=0

⇒ B(0) = B(r)

?iiT,ffrrrXT?@bm2iX7`
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8X AL.l*hAPL *>�SAh_1 3X úG1*h_PJ�:LúhAaJ1

_2K�`[m2 , G2 +?�KT 2bi �mbbB mMB7Q`K2 ¨ HǶ2tiû`B2m` /m bQHûMQś/2 5 AM}MBK2Mi HQBM /m bQHûMQś/2- H2 +?�KT
2bi MmH /QM+ −→B ext = −→0 X

SQm` R1- H2 i?ûQ`ĕK2 /Ƕ�KTĕ`2 /QMM2 ,
˛

R1

−→
B
−→
dl = B(0)l1 −B(r)l1 = µ0 ic︸︷︷︸

nil1

aQBi ,
B(r) = B(0)− µ0ni

�m }M�H- QM � ,
{

B(0) = B(r) TQm` r < a
B(0)−B(r) = µ0ni TQm` r > a

G2 +?�KT K�;MûiB[m2 ¨ HǶBMiû`B2m` /m bQHûMQś/2 bǶ2tT`BK2 +QKK2 ,
−→
B int = µ0ni−→u z

�bim+2 TQm` /ûi2`KBM2` H2b TƬH2b /ǶmM2 #Q#BM2 ,

I
I

SQm` /ûi2`KBM2` H2b TƬH2b /ǶmM2 #Q#BM2 ,
ě PM miBHBb2 H� Kûi?Q/2 ;`�T?B[m2 +B@

+QMi`2X
ě 1M miBHBb�Mi H� `ĕ;H2 /2 H� ǴK�BM

/`QBi2Ǵ- QM i`Qmp2 H� /B`2+iBQM /2 −→B
2i QM miBHBb2 H2 7�Bi [m2 +2 /2`MB2` 2bi
/B`B;û /m TƬH2 bm` am/ p2`b H2 TƬH2
LQ`/X

9X9 .BTƬH2b K�;MûiB[m2b
JQK2Mi K�;MûiB[m2 , −→

M = I.
−→
S U3X9jV

G2 /BTƬH2 T2mi iQm`M2` �miQm` /ǶmM �t2 bQmb HǶ�+iBQM /ǶmM +QmTH2 ,
−→Γ = −→M ∧ −→B U3X99V

8 AM/m+iBQM

8XR GQB /2 6�`�/�v 2i HQB /2 G2Mx
6Hmt ,

φ =
¨

S

−→
B
−→
dS U3X98V

6Q`+2 ûH2+i`QKQi`B+2 ,

e =
˛−→

E .
−→
dl U3X9eV

G� 7Q`+2 ûH2+i`QKQi`B+2 2bi HBû2 ¨ H� p�`B�iBQM /2 ~mt /2 +?�KT K�;MûiB[m2 ,

GQB /2 6�`�/�v e = −dφ

dt
U3X9dV

G� HQB /2 G2Mx MQmb /QMM2 , HǶ2z2i T`Q/mBi � iQmDQm`b i2M/�M+2 ¨ bǶQTTQb2` �mt +�mb2b [mB HmB QMi /QMMû
M�Bbb�M+2X

d9fR89
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*>�SAh_1 3X úG1*h_PJ�:LúhAaJ1 8X AL.l*hAPL

_2K�`[m2 , *Ƕ2bi mM2 HQB /2 KQ/û`�iBQMX

G2b +�mb2b /2 p�`B�iBQM /m ~mt /m +?�KT K�;MûiB[m2 T2mp2Mi āi`2 ,
ě G2 /ûTH�+2K2Mi /m +B`+mBi /�Mb mM +?�KT K�;MûiB[m2 [mB M2 p�`B2 T�b /�Mb H2 i2KTb c
ě G� p�`B�iBQM i2KTQ`2HH2 /m +?�KT K�;MûiB[m2X

1M �TTHB[m�Mi H2 i?ûQ`ĕK2 /2 aiQF2b ¨ H� HQB /2 6�`�/�v- QM Q#iB2Mi ,

−→`Qi−→E = −d
−→
B

dt
U3X93V

8Xk AM/m+i�M+2b Kmim2HH2b 2i T`QT`2b
aQB2Mi k +B`+mBib C1 2i C2 T�`+Qm`mb T�` /2b +Qm`�Mib i1 2i i2X lM2 p�`B�iBQM /Ƕ�KTHBim/2 /2 i1 2Mi`�BM2 mM2
p�`B�iBQM /m ~mt /m +?�KT K�;MûiB[m2X GǶ�mi`2 +B`+mBi 2bi �HQ`b BKT�+iû iX[X ,

φ12 = M12I1 U3X9NV

M12 2bi H2 +Q2{+B2Mi /ǶBM/m+i�M+2 U2tT`BKû 2M HVX
G2 +?�KT K�;MûiB[m2 +`ûû T�` mM +B`+mBi C T�`+Qm`m T�` mM +Qm`�Mi i 2bi T`QTQ`iBQMM2H ¨ +2ii2 BMi2MbBiûX

φP = LI U3X8yV
L 2bi H2 +Q2{+B2Mi /Ƕ�miQ@BM/m+i�M+2X

S`BM+BT2 /m i`�Mb7Q`K�i2m` ,

V
1

V
2

1n 2n

V1 = −e1 = n1
dφ

dt

V2 = e2 = −n2
dφ

dt

PM � �HQ`b ,
V2
V1

= n2
n1
← m H2 `�TTQ`i /2 i`�Mb7Q`K�iBQM

8Xj 6Q`+2b /2 G�TH�+2

d
−→
F L = i

−→
dl ∧ −→B U3X8RV

G2 i`�p�BH /2b 7Q`+2b /2 G�TH�+2 bǶû+`Bi +QKK2 ,

δW = idφ U3X8kV

*QMb2`p�iBQM /2 HǶûM2`;B2 ûH2+i`Q@Kû+�MB[m2 ,

Pmca + Plec = 0 U3X8jV

ě aB Pmca > 0 2i Plec < 0- +Ƕ2bi mM KQi2m`X
ě aB Pmca < 0 2i Plec > 0- +Ƕ2bi mM2 /vM�KQX
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eX P1J .�La G1 oA.1 *>�SAh_1 3X úG1*h_PJ�:LúhAaJ1

e P1J /�Mb H2 pB/2

eXR J�tr2HH /�Mb H2 pB/2

/Bp−→E = 0
/Bp−→B = 0
−→`Qi−→E = −

∂
−→
B

∂t
−→`Qi−→B = µ0ϵ0

∂
−→
E

∂t

eXk ú[m�iBQM /2 /Ƕ�H2K#2`i /�Mb H2 pB/2

!−→E = ∆−→E −
1
c2

∂2−→E
∂t2 = 0 U3X89V

!−→B = ∆−→B −
1
c2

∂2−→B
∂t2 = 0 U3X88V

c =
1

√
ϵ0µ0

eXj _2H�iBQM /2 bi`m+im`2
G� `2H�iBQM /2 bi`m+im`2 2bi /û/mBi2 /2 H� 7Q`K2 +QKTH2t2 /2 HǶû[m�iBQM /2 J�tr2HH@6�`�/�v ,

−→
B =

−→
k ∧ −→E
ω

U3X8eV

1M `ûmiBHBb�Mi +2ii2 `2H�iBQM /�Mb H� 7Q`K2 +QKTH2t2 /2 J�tr2HH@�KTĕ`2- QM i`Qmp2 H� `2H�iBQM /2 /BbT2`bBQM ,

k =
ω

c

_2K�`[m2 , G� `2H�iBQM /2 bi`m+im`2 b2 `2i`Qmp2 �mbbB 2M BMD2+i�Mi E(x, t) = E0 cos(kx− ωt) /�Mb !−→E XXX

lM2 �mi`2 7Q`K2 2bi ,
−→
B =

−→u ∧ −→E
c

d SQH�`Bb�iBQM

−→
E (z, t) =

⎧
⎪⎨

⎪⎩

E0x cos(ωt)
E0y cos(ωt + ϕ)
0

Jûi?Q/2 TQm` H2 i`�+û ,

ě PM +�H+mH2 ∂
−→
E

∂t X
ě PM +�H+mH2 ωt− kz = 0 , bB t 2bi Mû;�iB7- QM Ǵ/2b+2M/Ǵ /QM+ +2 b2`� mM2 TQH�`Bb�iBQM /`QBi2X
ě PM T`2M/ /Bzû`2Mi2b p�H2m`b /2 iX

defR89
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*>�SAh_1 3X úG1*h_PJ�:LúhAaJ1 dX SPG�_Aa�hAPL

y

z

y

z

y

z

y

z

y

z

y

z

y

z

y

z

Polarisation gauche

Polarisation droite

2

π
=1ϕ−2ϕ

2

π<1ϕ−2< ϕ0< π1ϕ−2< ϕ
2

π

π=1ϕ−2ϕ

Polarisation rectiligne

= 01ϕ−2ϕ

Polarisation rectiligne

π2<1ϕ−2< ϕ
2

π3

2

π3<1ϕ−2π < ϕ

2

π3
=1ϕ−2ϕ

2

π3

2

π

π 0

ϕ
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*?�TBi`2 N S�`iB2 A ě S?vbB[m2

Zm�MiB[m2

R LQiBQMb /2 #�b2

RXR .m�HBiû QM/2@T�`iB+mH2
SQm` H� HmKBĕ`2

GǶûM2`;B2 /ǶmM T?QiQM 2bi ,
E = hν = "ω UNXRV

G� [m�MiBiû /2 KQmp2K2Mi /ǶmM T?QiQM 2bi ,

pT?QiQM = hν

c
= h

λ
= "k UNXkV

SQm` H� K�iBĕ`2

GǶûM2`;B2 /ǶmM2 T�`iB+mH2 /�Mb H2 TQi2MiB2H V (M) 2bi ,

E = p2

2m
+ V UNXjV

PM T2mi /û}MB` mM2 HQM;m2m` /ǶQM/2 /2 "`Q;HB2 ,

λDB = h

p
UNX9V

RXk 6QM+iBQM /ǶQM/2
G� 7QM+iBQM /ǶQM/2 /û+`Bi HǶûi�i /vM�KB[m2 /ǶmM2 T�`iB+mH2 [m�MiB[m2- /2 K�bb2 mX 1HH2 2bi MQiû2 ψ(M, t)
2i `2T`ûb2Mi2 HǶ�KTHBim/2 /2 T`Q#�#BHBiû /2 T`ûb2M+2X
�BMbB |ψ|2 `2T`ûb2Mi2 H� /2MbBiû /2 T`Q#�#BHBiû /2 T`ûb2M+2X

dP = ψψ ∗ dx = |ψ|2dx UNX8V
*2ii2 7QM+iBQM 2bi MQ`Kû2 bm` H2 /QK�BM2 /Ƕûim/2 D iX[X ,

ˆ
D

|ψ|2dx = 1 UNXeV

ú[m�iBQM /2 a+?`ƺ/BM;2` ,

i"∂ψ
∂t

= − "2

2m
∆ψ + V ψ UNXdV

�p2+ , ψ H� 7QM+iBQM /ǶQM/2 U2M m−2/3VX
m H� K�bb2 /2 H� T�`iB+mH2 U2M kgVX
" +QMbi�Mi2 /2 SH�M+F `û/mBi2 , " = 1.055× 10−34 J.sX
V H� 7QM+iBQM ûM2`;B2 TQi2MiB2HH2 /�Mb H�[m2HH2 2bi THQM;û2 H� T�`iB+mH2X

RXj AMû;�HBiûb /2 >2Bb2M#2`;

∆x∆px ≥
"
2 ∆y∆py ≥

"
2 ∆z∆pz ≥

"
2 UNX3V
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kX úZl�hAPL .1 a*>_ƹ.AL:1_ *>�SAh_1 NX Zl�LhAZl1

RX9 Zm�MiB[m2 Qm +H�bbB[m2 \
PM /û}MBi HǶ�+iBQM +QKK2 H2 T`Q/mBi /2 HǶûM2`;B2 T�` H2 i2KTbX PM b2 TH�+2`� /�Mb H� Kû+�MB[m2 [m�MiB[m2
HQ`b[m2 ,

ě [action] ≃ " c
ě λDB ≃ LX

k ú[m�iBQM /2 a+?`ƺ/BM;2`

kXR úi�i bi�iBQMM�B`2 /ǶmM2 T�`iB+mH2 HB#`2
lM2 T�`iB+mH2 2bi HB#`2 bB 2HH2 ûpQHm2 /�Mb H2 pB/2 b�Mb BMi2`�+iBQMb UBX2X V (x) = 0VX
SQm` KQMi`2` [m2 HǶû[m�iBQM /2 a+?`ƺ/BM;2` M2 /ûT2M/ T�b /m i2KTb- QM +?2`+?2 mM2 bQHmiBQM bi�iBQMM�B`2-
/QM+ ψ = ϕe−iEt/"X

− "2

2m
= ∂2ϕ

∂x2 = Eϕ

ě aB E < 0- BKTQbbB#H2 +�` /Bp2`;2M+2X
ě aB E = 0→ ϕ = Ax + B- BKTQbbB#H2X
ě aB E < 0- QM TQb2 p =

√
2mEX

ϕ = Aeipx/" + Be−ipx/"

PM � }M�H2K2Mi ,
ψ = Aei px−Et

! + Be−i px−Et
! UNXNV

G� `2H�iBQM /2 /BbT2`bBQM 2bi ,
p =
√

2mE UNXRyV

G� pBi2bb2 /2 T?�b2 /2 +2ii2 QM/2 2bi ,
vφ = E

p
= p

2m
UNXRRV

G� pBi2bb2 /2 ;`QmT2 2bi ,
vg = dE

dp
= p

m
UNXRkV

kXk o2+i2m` /2MbBiû /2 T`Q#�#BHBiû
aQBi mM ûi�i bi�BQMM�B`2 ψ(x, t) `2H�iB7 ¨ mM2 T�`iB+mH2 MQM HQ+�HBbû2 /ǶBKTmHbBQM −→p X G2 p2+i2m` /2MbBiû /2
+Qm`�Mi /2 T`Q#�#BHBiû 2bi −→J i2H [m2 ,

−→
J (M) = |ψ|2

−→p
m

= |ψ|2"
−→
k

m

GQB /2 +QMb2`p�iBQM /2 H� T`Q#�#BHBiû /2 T`ûb2M+2 ,
1M miBHBb�Mi HǶû[m�iBQM /2 a+?`ƺ/BM;2` 2i 2M MQi�Mi ρ = |ψ|2- QM � ,

∂ρ

∂t
+ /Bp−→J = 0 UNXRjV

�p2+ , −→J = "
2im

(
ψ ∗
−−→;`�/ψ − ψ−−→;`�/ψ∗

)
X

3yfR89
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*>�SAh_1 NX Zl�LhAZl1 jX 1661h hlLL1G

j 1z2i imMM2H

jXR "�``Bĕ`2 /2 TQi2MiB2H
lM2 #�``Bĕ`2 /2 TQi2MiB2H `2+i�M;mH�B`2 /2 H�`;2m` � +Q``2bTQM/ ¨ mM2 ûM2`;B2 TQi2MiB2H ,

a

V(x)

x

V
0

2

a
+

2

a
−

G2 TQi2MiB2H �bbQ+Bû ¨ +?�[m2 xQM2 2bi /QMMû T�` ,

x < −a
2 V (x) = 0 wQM2 R

x ∈
[
−a

2 , a
2
]

V (x) = V0 > 0 wQM2 k
x > a

2 V (x) = 0 wQM2 j

AHHmbi`�iBQM /2 HǶ2z2i imM2H ,

a

V(x)

x

V
0

2

a
+

2

a
−

a

V(x)

x

V
0

2

a
+

2

a
−

_2K�`[m2 , �M�HQ;B2 /2 HǶ�pBQMX 1M Kû+�MB[m2 +H�bbB[m2- bB HǶ�pBQM M2 TQbbĕ/2 T�b mM2 ûM2`;B2 TQi2MiB2HH2
bm{b�Mi2- BH M2 T2mi T�bb2` �m /2bbmb /2 H� KQMi�;M2X *2 MǶ2bi T�b H2 +�b TQm` HǶûH2+i`QMb 2M Kû+�MB[m2
[m�MiB[m2 [mB- bǶBH M2 TQbbĕ/2 T�b �bb2x /ǶûM2`;B2 TQi2MiB2HH2- T2mi T�bb2` H� ǴKQMi�;M2Ǵ T�` 2z2i imMM2HX

?iiT,ffrrrXT?@bm2iX7`
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jX 1661h hlLL1G *>�SAh_1 NX Zl�LhAZl1
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.2mtBĕK2 T�`iB2

*?BKB2
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*?�TBi`2 R S�`iB2 AA ě *?BKB2

�iQKBbiB[m2

R GǶûHûK2Mi +?BKB[m2

RXR JQ/ĕH2 �iQKB[m2 KQ/2`M2

Electron

Neutron

Proton

Masse : 
Charge : -e

Masse : 
Charge : 0

Masse : 
Charge : +e

kg31−10×1.9

kg27−10×7.1

kg27−10×7.1

RXk GǶûHûK2Mi +?BKB[m2
*Q`Tb Tm` bBKTH2 , +Q`Tb +QKTQbû /ǶmM b2mH ivT2 /ǶûHûK2MiX
*Q`Tb Tm` +QKTQbû , THmbB2m`b ivT2b /ǶûHûK2MibX
AbQiQT2b , KāK2 MQK#`2 /2 T`QiQMb K�Bb MQK#`2 /2 M2mi`QMb /Bzû`2MibX
*QMbi�Mi2 /Ƕ�pQ;�/`Q , Na = 6.022× 1023 mol−1

X
A

Z

Nombre de masse

Numéro atomique

Symbole

_�/BQ�+iBpBiû ,

A
ZX → A−4

Z−2X + He _û�+iBpBiû α
A
ZX → A

Z+1X + ν + 0
−1e _û�+iBpBiû β−

A
ZX → A

Z−1X + ν + 0
1e _û�+iBpBiû β+

k JQ/ĕH2 [m�MiB[m2 /2 HǶ�iQK2

kXR Zm�MiB}+�iBQM /2 HǶûM2`;B2

Gamma X UV IR MO OR

10-14 10-12 10-10 10-7 10-4 10-2 104

 (en m)λ

E = hν = hc

λ
URXRV

?iiT,ffrrrXT?@bm2iX7`
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kX JP.ĔG1 Zl�LhAZl1 .1 GǶ�hPJ1 *>�SAh_1 RX �hPJAahAZl1

SQm` H2b ?v/`Q;ûMQś/2b ,

En = −13.6
n2 Z2 URXkV

kXk LQK#`2b [m�MiB[m2b
n , MQK#`2 [m�MiB[m2 T`BM+BT�H U2MiB2`V- /û}MBi H� i�BHH2 /2 HǶQ`#Bi�H2X

M R k j 9 8
+Qm+?2 E G J L P

l , MQK#`2 [m�MiB[m2 b2+QM/�B`2 U0 ≤ l ≤ n− 1V- /û}MBi H� 7Q`K2 /2 HǶQ`#Bi�H2X
H y R k j 9

bQmb@+Qm+?2 b T / 7 ;
ml , MQK#`2 [m�MiB[m2 K�;MûiB[m2 U−l ≤ ml ≤ lV- /û}MBi HǶQ`B2Mi�iBQM /2 HǶQ`#Bi�H2X

ms , MQK#`2 [m�MiB[m2 /2 bTBM U±1
2VX

kXj _ĕ;H2b /2 `2KTHBbb�;2
S`BM+BT2 /Ƕ2t+HmbBQM /2 S�mHB , /2mt ûH2+i`QMb M2 T2mp2Mi �pQB` H2m`b 9 MQK#`2b [m�MiB[m2b B/2MiB[m2b
UB2X T�b H2 KāK2 bTBMVX

_ĕ;H2 /2 EH2+?FQrbFB , H2b Q`#Bi�H2b bQMi `2KTHB2b T�` i2`K2 Un + lV +`QBbb�MiX

_ĕ;H2 /2 >mM/ , SQm` /2b MBp2�mt ûM2`;ûiB[m2b /û;ûMû`ûb- H2b ûH2+i`QMb Q++mT2Mi H2 K�tBKmK /ǶQ`#B@
i�H2b �p2+ /2b bTBMb T�`�HHĕH2bX
G2b ûH2+i`QMb /2 p�H2M+2b bQMi +2mt /2 H� +Qm+?2 n H� THmb ;`�M/2 2i n− 1 bB MQM `2KTHB2X

kX9 G� +H�bbB}+�iBQM Tû`BQ/B[m2

A
lc

a
li
n
s

A
lc

a
li
n
o
-t

er
re

u
x

Métaux
de transition

C
h
a
lc

o
g
èn

es

H
a
lo

g
èn

es

G
a
z 

R
a
re

s

Lanthanides
Actinides

BLOC D

BLOC S BLOC P

BLOC F

Augmentation du r

A
u
g
m

en
ta

ti
o
n
 d

u
 r

Augmentation de Ox , EI ,

A
u
g
m

en
ta

ti
o
n
 d

e 
O

x
 ,
 E

I 
, 
χ

χ

ě G2 MmKû`Q /2 +QHQMM2 `2T`ûb2Mi2 H2 MQK#`2 /ǶûH2+i`QMb /2 p�H2M+2X
ě G2 MmKû`Q /2 HB;M2 `2T`ûb2Mi2 H� +Qm+?2 H� THmb ;`�M/2 UnVX

�ii2MiBQM , S2Mb2` ¨ �DQmi2` Ry �mt ûH2+i`QMb /2 p�H2M+2 TQm` H2b Q`#Bi�H2b TX

3efR89
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*>�SAh_1 RX �hPJAahAZl1 jX *>AJA1 P_"Ah�G�A_1

j *?BKB2 Q`#Bi�H�B`2

jXR P`#Bi�H2b �iQKB[m2b
6QM+iBQM /ǶQM/2 ,

Hψ = Eψ URXjV
SQm` H2b ?v/`Q;ûMQś/2b- H2b p�`B�#H2b b2 bûT�`2Mi ,

ψ = Rn,l(r)Yl,m(θ,ψ) URX9V
_2T`ûb2Mi�iBQM +QMp2MiBQMM2HH2 ,

x

y

z

x

y

z

x

y

z

x

y

z

x

y

z

x

y

x

z

y

z

x

y

x

y

z

s

p

d

2p
x

2p
y

2p
z

3d
xy

3d
xz

3d
yz

3d
x2 - y2

3d
z2

jXk P`#Bi�H2b KQHû+mH�B`2b
JQ/ĕH2 G*�P , *QK#BM�BbQM GBMû�B`2 /ǶP`#Bi�H2b �iQKB[m2b

ψ︸︷︷︸
OM

=
n∑

i=1
ci ϕi︸︷︷︸

OA

URX8V

�p2+ , ci H2 TQB/b `2H�iB7 /2b P� /�Mb H2b PJX

�TT`QtBK�iBQM ,
ě �TT`QtBK�iBQM /2 "Q`M@PTT2M?2BK2` , +QMbBbi2 ¨ +QMbB/û`2` H2 MQv�m +QKK2 BKKQ#BH2 UBX2X H2b MQv�mt

QMi mM2 K�bb2 i`ĕb ;`�M/2 /2p�Mi +2HH2 /2b ûH2+i`QMbVX
ě PM +QMbB/ĕ`2 +?�[m2 ûH2+i`QM BM/ûT2M/�KK2Mi /2b �mi`2bX

AMiû;`�H2 /2 `2+Qmp`2K2Mi ,
+ - + +

 : antiliante : liante0S < 0S >

PM /BbiBM;m2 /2mt ivT2b /2 `2+Qmp`2K2Mib ,
ě GB�BbQM σ 7Q`Kû2 T�` mM `2+Qmp`2K2Mi �tB�H /ǶQ`#Bi�H2b �iQKB[m2b b Qm TX
ě GB�BbQM π 7Q`Kû2 T�` mM `2+Qmp`2K2Mi H�iû`�H /ǶQ`#Bi�H2b �iQKB[m2b TX

?iiT,ffrrrXT?@bm2iX7`
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jX *>AJA1 P_"Ah�G�A_1 *>�SAh_1 RX �hPJAahAZl1

.B�iQKB[m2b ?QKQMm+Hû�B`2b
E

1ϕ 2ϕ

2ψ

1ψ

antiliante∗σ

lianteσ

ψ1 = 1
√

2(1 + S)
(ϕ1 + ϕ2)

ψ2 = 1
√

2(1− S)
(ϕ1 − ϕ2)

�ii2MiBQM , ǴGǶQ`#Bi�H2 �MiBHB�Mi2 2bi THmb �MiBHB�Mi2 [m2 HǶQ`#Bi�H2 HB�Mi2 MǶ2bi HB�Mi2 5Ǵ

_2K�`[m2 , PM `2iB2M/`� ;ûMû`�H2K2Mi [mǶmM2 BMi2`�+iBQM ¨ 9 ûH2+i`QMb 2bi Mû+2bb�B`2K2Mi /2bi�#BHBb�Mi2
UQ`#Bi�H2b �MiBHB�Mi2b T2mTHû2bVX S�` 2t2KTH2 , H2 2bi bi�#H2 +�` b� +QM};m`�iBQM bǶû+`Bi , σ2σ∗0X He2 2bi
BMbi�#H2 +�` b� +QM};m`�iBQM bǶû+`Bi , σ2σ∗2X

1t2KTH2 , N2 2i O2

E

zp2yp2xp2 zp2yp2xp2

s2 s2

N NN
2

σ

σ

∗
σ

∗
σ

∗
π

π

E

zp2yp2xp2 zp2yp2xp2

s2 s2

O OO
2

σ

σ

∗
σ

∗
σ

∗
π

π
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*>�SAh_1 RX �hPJAahAZl1 jX *>AJA1 P_"Ah�G�A_1

.B�iQKB[m2b ?ûiû`QMm+Hû�B`2b

�ii2MiBQM , "B2M T`2M/`2 ;�`/2 ¨ H� `ûT�`iBiBQM /2b /2MbBiûb ûH2+i`QMB[m2b B+B 5

jXj >v#`B/�iBQM

jX9 Jûi?Q/2 /2b 7`�;K2Mib

?iiT,ffrrrXT?@bm2iX7`
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jX *>AJA1 P_"Ah�G�A_1 *>�SAh_1 RX �hPJAahAZl1
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*?�TBi`2 k S�`iB2 AA ě *?BKB2

*BMûiB[m2

R *QM+2Tib 7QM/�K2Mi�mt

RXR oBi2bb2 /2 `û�+iBQM

v = 1
V

dξ

dt
UkXRV

oBi2bb2 /Ƕ�TT�`BiBQMf/BbT�`BiBQM ,

vdi = − 1
νi

d[Ai]
dt

= −vfi

LQiBQM /ǶQ`/`2 , aQBi v = k[A]α[B]β - QM � mM Q`/`2 ;HQ#�H /2 `û�+iBQM α+ βX
G� KQHû+mH�`Biû +Q``2bTQM/ �m MQK#`2 /Ƕ2MiBiûb KQHû+mH�B`2bX aB HǶQ`/`2 /Bzĕ`2 /2 H� KQHû+mH�`Biû ⇒ T`Q@
+2bbmb +QKTH2t2X

RXk GQB /2 o�MǶi >Qz

v(t) = k
∏

i

[Ai]αi UkXkV

úi�T2 +BMûiB[m2K2Mi /ûi2`KBM�Mi2 , GǶûi�T2 +BMûiB[m2K2Mi /ûi2`KBM�Mi2 2bi H� THmb H2Mi2X

k *BMûiB[m2 2M `û�+i2m` 72`Kû

kXR GQBb /2 pBi2bb2
P`/`2b y- R 2i k

P`/`2 GQB /2 pBi2bb2 h2KTb /2 /2KB@`û�+iBQM lMBiû /2 F

y [A]t = −akt + [A]0 t 1
2

=
[A]0
2ka

mol.L−1.s−1

R ln[A]t = −akt + ln[A]0 t 1
2

=
ln 2
ka

s−1

k
1

[A]t
= akt +

1
[A]0

t 1
2

=
1

ak[A]0
mol−1.s−1.L

P`/`2 k T�` `�TTQ`i ¨ k `û�+iB7b

ě *�b R , νA = νB ⇒ v =
1
νa

d[A]
dt

= k[A]2X

ě *�b k , νA ≠ νB �p2+ CA,0 2i CB,0 2M T`QTQ`iBQMb biƾ+?BQKûi`B[m2bX

.ǶQɍ
CA,0
νA

=
CB,0
νB
⇒ CB =

νA

νB
CA

v = k
νA

νB
[A]2 UkXjV

?iiT,ffrrrXT?@bm2iX7`
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jX Jú*�LAaJ1a _ú�*hAPLL1Ga *>�SAh_1 kX *ALúhAZl1

kXk GQB /Ƕ�``?2MBmb

k(T ) = A exp
(

−
EA

RT

)

UkX9V

ě Ea 2bi HǶûM2`;B2 /Ƕ�+iBp�iBQM c
ě A 2bi H2 7�+i2m` /2 7`û[m2M+2 [mB /ûT2M/ /2 H� ;ûQKûi`B2 /Ƕ�TT`Q+?2 /2b `û�+iB7b- /2 H� i2KTû`�im`2XXX

kXj Jûi?Q/2 /2 /ûi2`KBM�iBQM /2 HǶQ`/`2

Jûi?Q/2 BMiû;`�H2

ě >vTQi?ĕb2 bm` HǶQ`/`2X
ě AMiû;`�iBQM /2b HQBb +BMûiB[m2bX
ě PM i`�+2 H� +Qm`#2 2M 7QM+iBQM /m i2KTbX aB +Ƕ2bi mM2 /`QBi2- HǶQ`/`2 2bi +QM}`KûXXX

Jûi?Q/2 /Bzû`2MiB2HH2

ě PM i`�+2 [A]t = f(t)X
ě PM 2M /û/mBi H2b i�M;2Mi2bXXX

Jûi?Q/2 /2b pBi2bb2b BMBiB�H2b

ě PM +QKT�`2 H2b pBi2bb2b BMBiB�H2b 2M 7�Bb�Mi p�`B2` H2b +QM+2Mi`�iBQMb BMBiB�H2bX
ě aB QM /Qm#H2 H� +QM+2Mi`�iBQM- H� `û�+iBQM 2bi /ǶQ`/`2 , y bB H� pBi2bb2 M2 +?�M;2 T�b- R bB 2HH2 /Qm#H2- k

bB 2HH2 [m�/`mTH2X

j Jû+�MBbK2b `û�+iBQMM2Hb

jXR h?ûQ`B2 /2b +QHHBbBQMb
6`û[m2M+2b /2 +QHHBbBQMb , ǴSHmb H2b 2bTĕ+2b bQMi +QM+2Mi`û2b- THmb H� 7`û[m2M+2 /2b +QHHBbBQMb �m;K2Mi2Ǵ

ZAB α CA.CB

G� i?ûQ`B2 /2b +QHHBbBQMb T2`K2i /2 `2M/`2 +QKTi2 /2 H� 7Q`K2 /2 H� HQB /2 pBi2bb2 2i /2 H� p�`B�iBQM /m
+Q2{+B2Mi /2 pBi2bb2 F �p2+ hX
J�Aa T�b /2 +�`�+iĕ`2 T`û/B+iB7 UQM M2 T2mi T�b +�H+mH2` EA- MB H2 7�+i2m` /2 T`Q#�#BHBiûVX

jXk �TT`Q+?2 ûM2`;ûiB[m2 /ǶmM T`Q+2bbmb ûHûK2Mi�B`2

C.R.

E
P

ET

Ea

Réactifs
Produit
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*>�SAh_1 kX *ALúhAZl1 jX Jú*�LAaJ1a _ú�*hAPLL1Ga

�+i2 ûHûK2Mi�B`2 , lM �+i2 ûHûK2Mi�B`2 2bi mM2 �+iBQM �v�Mi HB2m 2M mM2 ûi�T2 2i i`�/mBb�Mi +2 [mǶBH b2
T�bb2 ¨ HǶû+?2HH2 KB+`Qb+QTB[m2X

1i�i /2 i`�MbBiBQM , GǶûi�i +Q``2bTQM/�Mi ¨ HǶûM2`;B2 TQi2MiB2HH2 K�tBK�H2 2bi �TT2Hû ûi�i /2 i`�MbBiBQM
U1hVX
G� /Bzû`2M+2 /ǶûM2`;B2 2Mi`2 HǶ1A 2i HǶ1h 2bi �TT2Hû ûM2`;B2 /Ƕ�+iBp�iBQM UEAVX

�ii2MiBQM , "B2M /BbiBM;m2` ûi�i /2 i`�MbBiBQM 2i +QKTH2t2 �+iBpû U[mB +Q``2bTQM/ THmiƬi ¨ H� bi`m+im`2 /2
HǶûi�i /2 i`�MbBiBQMVX

*?2KBM `û�+iBQMM2H , G2 +?2KBM `û�+iBQMM2H H2 THmb 2KT`mMiû 2bi +2HmB [mB KBMBKBb2 ¨ iQmi BMbi�Mi HǶûM2`;B2
TQi2MiB2HH2X

_2K�`[m2 , GǶmiBHBb�iBQM /2 +�i�Hvb2m` +QKTH2tB}2 H2 +?2KBM `û�+iBQMM2H K�Bb T2`K2i /2 /BKBMm2` HǶûM2`;B2
/Ƕ�+iBp�iBQM /2b ûi�T2bX

AMi2`Kû/B�B`2 `û�+iBQMM2H , PM T2mi pQB` mM2 i`�Mb7Q`K�iBQM +?BKB[m2 +QKK2 mM2 bm++2bbBQM UQm bmT2`@
TQbBiBQMV /2 THmbB2m`b �+i2b ûHûK2Mi�B`2b 7�Bb�Mi �BMbB BMi2`p2MB` /2b BMi2`Kû/B�B`2b `û�+iBQMM2Hb UA_VX
AHb M2 7QMi MB T�`iB2 /2 `û�+iB7b- MB /2b T`Q/mBibX AHb QMi mM2 /m`û2 /2 pBi2 +Qm`i2X

_2K�`[m2 , PM H2b 7Q`K2 T�` `mTim`2 ?QKQHviB[m2 Qm ?ûiû`QHviB[m2X

G� i?ûQ`B2 /m +QKTH2t2 �+iBpû T`2M/ 2M +QKTi2 ∆#H0 2i ∆#S0X 1M +2H¨- H� i?ûQ`B2 iB2Mi +QKTi2 /2 H�
M�im`2 /2b `û+�iB7b 2i H� K�MBĕ`2 /QMi BHb `û�;Bbb2Mi U≠ i?ûQ`B2 /2b +QHHBbBQMbVX

jXj �TT`QtBK�iBQM /2b `û;BK2b [m�bB@bi�iBQMM�B`2b

d[IR]
dt

= 0 UkX8V

GǶ�1Za 2bi �TTHB+�#H2 mM +QKTQbû bB- �T`ĕb mM2 Tû`BQ/2 /ǶBM/m+iBQM- BH 2bi 7Q`Kû /B{+BH2K2Mi 2i +QMbQKKû
`�TB/2K2MiX

jX9 LQiBQM /2 pBi2bb2 �TT�`2Mi2

v = k[A]α[B]β = kapp[B]β

GQ`b[m2 HǶ2bTĕ+2 A 2bi 2M 2t+ĕb- QM +QMbB/ĕ`2 b� +QM+2Mi`�iBQM +QMbi�Mi2X

�ii2MiBQM , aB HǶ2bTĕ+2 +QMbB/û`û2 2bi mM �+B/2 Qm mM2 #�b2- QM /Bi [mǶBH bǶ�;Bi /ǶmM2 bQHmiBQM i�KTQM 5
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jX Jú*�LAaJ1a _ú�*hAPLL1Ga *>�SAh_1 kX *ALúhAZl1
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*?�TBi`2 j S�`iB2 AA ě *?BKB2

h`�Mb7Q`K�iBQMb 2M bQHmiBQM �[m2mb2

R ú[mBHB#`2 +?BKB[m2

RXR _�TT2Hb bm` H2b T�`�Kĕi`2b BMi2MbB7b
*2 bQMi /2b T�`�Kĕi`2b M2 /ûT2M/�Mi T�b /2 H� [m�MiBiû /2 K�iBĕ`2X

xi = ni

ntot
6`�+iBQM KQH�B`2

ρ = m

V
J�bb2 pQHmKB[m2

pi = ni

ntot
× Ptot S`2bbBQM T�`iB2HH2

d = ρ

ρeau
.2MbBiû

RXk h`�Mb7Q`K�iBQM +?BKB[m2
�p�M+2K2Mi +?BKB[m2 ,

ξ = nt(i)− n0(i)
νi

UjXRV

h�mt /2 +QMp2`bBQM ,
τ = ξ

ξmax

_2M/2K2Mi ,
r = 100τ

RXj ZmQiB2Mifú[mBHB#`2

αA + βB → χC + δD

G2 [mQiB2Mi `û�+iBQMM2H 2bi ,

QR = (aC)χ × (aD)δ

(aA)α × (aB)β
UjXkV

G� +QMbi�Mi2 /Ƕû[mBHB#`2 bǶû+`Bi +QKK2 ,

K =
(aC)χ

(eq) × (aD)δ
(eq)

(aA)α
(eq) × (aB)β

(eq)
UjXjV

.2 K�MBĕ`2 2KTB`B[m2- QM +QMbB/ĕ`2 [m2 bB K < 10−3 �HQ`b H� [m�MiBiû /2 T`Q/mBib 7Q`Kûb p� āi`2 Mû;HB;2�#H2
/2p�Mi H� [m�MiBiû /2 `û�+iB7b BMBiB�H2K2Mi T`ûb2MibX

Q < K Q > K

Q

K = Q
eq

Sens direct Sens indirect
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kX úZlAGA"_1 �*A.1@"�a1 *>�SAh_1 jX h_�La6P_J�hAPLa 1L aPGlhAPL �Zl1la1

RX9 S`BM+BT2 /2 G2 *?�i2HB2`
GǶûpQHmiBQM /m bvbiĕK2 bǶQTTQb2 �mt T2`im`#�iBQMb [mB HmB QMi /QMMû M�Bbb�M+2X
S�` 2t2KTH2 , aB QM �DQmi2 mM `û�+iB7 2M bQHmiBQM- H2 bvbiĕK2 p� ûpQHm2` /�Mb H2 b2Mb /B`2+i /2 7Q`K�iBQM
/2b T`Q/mBib T�` +2 T`BM+BT2XXX G� i2KTû`�im`2 �BMbB [m2 H� T`2bbBQM QMi �mbbB mM BKT�+i bm` HǶûpQHmiBQM /m
bvbiĕK2X

k ú[mBHB#`2 �+B/2@#�b2

kXR �+B/2b 2i #�b2b
.�Mb H� i?ûQ`B2 /2 "`ƺMbi2/- mM �+B/2 U`2bTX #�b2V 2bi mM2 2bTĕ+2 bmb+2TiB#H2 /2 +û/2` U`2bTX +�Ti2`V mM
T`QiQM H+X

�+B/2 = "�b2 + H+

lM TQHv�+B/2 U`2bTX TQHv#�b2V 2bi mM2 2bTĕ+2 bmb+2TiB#H2 /2 +û/2` U`2bTX +�Ti2`V THmbB2m`b T`QiQM >YX
lM2 2bTĕ+2 �KT?Qiĕ`2 2bi mM2 2bTĕ+2 +?BKB[m2 [mB T2mi b2 +QKTQ`i2` ¨ H� 7QBb +QKK2 mM2 #�b2 Qm mM
�+B/2 U1tX >kPVX
lM �+B/2 7Q`i U`2bTX #�b2 7Q`i2V 2bi iQi�H2K2Mi /BbbQ+Bû U`2bTX T`QiQMû2V 2M bQHmiBQMX

kXk SQi2MiB2H >v/`Q;ĕM2 UT>V

pH = − log[H3O+] UjX9V

�ii2MiBQM , aB pH > 6.5 TQm` mM �+B/2 Qm pH < 7.5 TQm` mM2 #�b2- H� `û�+iBQM /Ƕ�miQT`QiQHvb2 /2 HǶ2�m M2
TQm``� āi`2 Mû;HB;û2 ,

k >kP >jPY Y >PĜ �p2+ Ke = 10−14

kXj *QMbi�Mi2b
*QMbi�Mi2 /Ƕ�+B/Biû ,

Ka = [A−] [H3O+]
[AH] ⇒ pH = pKa + log [A−]

[AH] UjX8V

*QMbi�Mi2 /2 #�bB+Biû ,
Kb = [AH] [HO−]

[A−] UjXeV

PM `2i`Qmp2 �HQ`b ,
Ke = Ka ×Kb UjXdV

kX9 .B�;`�KK2 /2 T`û/QKBM�M+2

pH

[A-] = [AH]

AH prédomine A- prédomine

[A-] > [AH][A-] < [AH]

pKa

PM /Bi [mǶmM2 2bTĕ+2 2bi K�DQ`Bi�B`2 TQm` pKa ± 1X

NefR89
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*>�SAh_1 jX h_�La6P_J�hAPLa 1L aPGlhAPL �Zl1la1jX úZlAGA"_1 .1 *PJSG1s�hAPL

kX8 Jûi?Q/2 /2 H� `û�+iBQM T`ûTQM/û`�Mi2

ě PM `2TQ`i2 bm` mM �t2 /2 pKa H2b +QmTH2b �+B/Q@#�bB[m2bX
ě PM 2MiQm`2 H2b �+B/2b 2i #�b2b T`ûb2Mib 2M bQHmiBQMX
ě PM bûH2+iBQMM2 H� `û�+iBQM 2Mi`2 HǶ�+B/2 H2 THmb 7Q`i UB2X THmb #�b 2M pKaV 2i H� #�b2 H� THmb 7Q`i2 UB2X

THmb ?�mi 2M pKaVX
ě PM 7�Bi H2 i�#H2�m /Ƕ�p�M+2K2Mi- QM /û/mBi H2 pH 2i QM pû`B}2 [m2 HǶ�miQT`QiQHvb2 /2 HǶ2�m bQBi Mû;HB@

;2�#H2X PM T2mi �mbbB pû`B}2` H2 pH +�H+mHû bm` mM �t2 2M bǶ�bbm`�Mi [mǶBH b2 bBim2 #B2M /�Mb H2 #QM
/QK�BM2 K�DQ`Bi�B`2 UpH ± 1VX

�ii2MiBQM , aB HǶQM 2bi 2M KBHB2m �+B/2- QM MQi2`� H� +QM+2Mi`�iBQM 2M BQMb >Y hX aB QM 2bi 2M KBHB2m #�bB[m2-
QM MQi2`� H� +QM+2Mi`�iBQM 2M BQMb >PĜ ω 2i QM �TTHB[m2`� H� `2H�iBQM ,

h = 10−14

ω
S`Q/mBi BQMB[m2 /2 HǶ2�m

kXe hBi`�;2 �+B/2@#�b2

h`QBb +�`�+iû`BbiB[m2b /ǶmM iBi`�;2 ,

ě Zm�MiBi�iBp2 , UK > 103V- /BbT�`BiBQM iQi�H2 /Ƕ�m KQBMb mM /2b `û�+iB7bX
ě lMB[m2 , mM2 b2mH2 `û�+iBQM � HB2mX
ě _�TB/2 , +?�M;2K2Mi #`mi�H /2 HǶmM2 /2b T`QT`Bûiûb T?vbB+Q+?BKB[m2bX

SQm` mM iBi`�;2 /Ƕ�+B/2 7�B#H2- pH = pKa ¨ Veq

2 X

j ú[mBHB#`2 /2 +QKTH2t�iBQM

jXR G2b +QKTH2t2b

G2b +QKTH2t2b bQMi +QKTQbûb /ǶmM �iQK2 Kûi�HHB[m2 +2Mi`�H +QQ`/BMû ¨ /2b HB;�M/bX *2 bQMi /2b HB�BbQMb
/2 +QQ`/BM�iBQMX

LQK2M+H�im`2 /2b HB;�M/b

GB;�M/b �MBQMB[m2b GB;�M/b M2mi`2b
6Ĝ ~mQ`Q *>jL>k Kûi?vH�KBM2
*HĜ +?HQ`Q *>j Kûi?vH

aP kĜ
9 bmH7�iQ *8>8L Tv`B/BM2

>PĜ ?v/`QtQ >kP �[m�
*LĜ +v�MQ *P +�`#QMvH2

L>j �KKBM2

GB;�M/ KQMQ/2Mi�i2 , mM b2mH �iQK2 /m HB;�M/ T2mi b2 HB2` ¨ HǶ�iQK2 +2Mi`�HX
GB;�M/ TQHv/2Mi�i2 , THmbB2m`b �iQK2b T2mp2Mi b2 HB2` ¨ HǶ�iQK2 +2Mi`�HX
GB;�M/ �K#B/2Miû , H2 HB;�M/ b2 HB2 T�` HǶmM Qm HǶ�mi`2 /2 b2b �iQK2b U+7X 7Q`K2b KûbQKĕ`2b /2 a*LĜXV
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9X úZlAGA"_1 .1 S_ú*ASAh�hAPL*>�SAh_1 jX h_�La6P_J�hAPLa 1L aPGlhAPL �Zl1la1

LQK2M+H�im`2 /2b +QKTH2t2b

�MBQMB[m2 ,

+QKTH2t2 Y (HB;�M/b)(Kûi�H) Ǵ�i2Ǵ Y MQK#`2 /ǶQtv/�iBQM

*�iBQMB[m2fM2mi`2 ,

+QKTH2t2 Y (HB;�M/b)(Kûi�H) Y MQK#`2 /ǶQtv/�iBQM

jXk ai�#BHBiû /2b +QKTH2t2b

M  +  n L  =  ML
n

accepteur de ligand ligand donneur de ligand

βn = [MLn]
[M ][L]n = 1

Kd
UjX3V

�p2+ , βn H� +QMbi�Mi2 ;HQ#�H2 /2 7Q`K�iBQM /m +QKTH2t2- Kd H� +QMbi�Mi2 ;HQ#�H2 /2 /BbbQ+B�iBQM /m
+QKTH2t2X

�ii2MiBQM , § M2 T�b +QM7QM/`2 �p2+ H2b +QMbi�Mi2b bm++2bbBp2b /2 7Q`K�iBQM /m +QKTH2t2 UKfiVX

pKd = − log Kd = log βn UjXNV

PM T2mi Q#i2MB` H2b /B�;`�KK2b /2 T`û/QKBM�M+2 iX[X ,

pL

[ML
i
] = [ML

i-1
]

ML
i
 prédomine ML

i-1
 prédomine

[ML
i-1
] > [ML

i
][ML

i-1
] < [ML

i
]

pKd
i

pL = pKdi + log (�++2Ti2m`)
(/QMM2m`) UjXRyV

9 ú[mBHB#`2 /2 T`û+BTBi�iBQM
lM T`û+BTBiû 2bi mM /ûTƬi bQHB/2- 2M û[mBHB#`2 �p2+ H� bQHmiBQM bm`M�;2�Mi2X

9XR S`Q/mBi /2 bQHm#BHBiû

��"#UbV �� tĜ
U�[V Y #" vY

U�[V

KS = [Ax−]a [By+]b UjXRRV

.�Mb H� K�DQ`Biû /2b +�b- H� /BbbQHmiBQM /ǶmM bQHB/2 2bi mM T`Q+2bbmb 2M/Qi?2`KB[m2 U∆rH0 > 0VX

9Xk aQHm#BHBiû

s = n(A)
V

2M mol.L−1 Qm s = m(A)
V

2M g.L−1 UjXRkV

N3fR89
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*>�SAh_1 jX h_�La6P_J�hAPLa 1L aPGlhAPL �Zl1la18X úZlAGA"_1 .ǶPsu.P_ú.l*hAPL

9Xj *QM/BiBQM /2 T`û+BTBi�iBQM

Q ≥ KS H� bQHmiBQM /QBi āi`2 b�im`û2XXX UjXRjV

9X9 1z2i /ǶBQM +QKKmM
aB HǶQM /BbbQmi /m b2H /�Mb mM2 bQHmiBQM /2 >*H- H� T`ûb2M+2 /ǶBQMb *HĜ 2M bQHmiBQM /BKBMm2 7Q`i2K2Mi H�
bQHm#BHBiû /m b2H , +Ƕ2bi HǶ2z2i /ǶBQMb +QKKmMbX

9X8 *QKTûiBiBQMb
G� bQHm#BHBiû /ǶmM b2H #�bB[m2 U`2bTX �+B/2V �m;K2Mi2 HQ`b[m2 H2 pH /2 H� bQHmiBQM /BKBMm2 U`2bTX �m;K2Mi2VX

G� T�`iB+BT�iBQM /2 HǶmM /2b BQMb �tĜ Qm "vY ¨ H� 7Q`K�iBQM /ǶmM +QKTH2t2 �m;K2Mi2 H� bQHm#BHBiû /2 ��"#UbVX

8 ú[mBHB#`2 /ǶQtv/Q`û/m+iBQM

+7X S�`iB2 AA- *?�TBi`2 d @ úH2+i`Q+?BKB2

e úH2+i`Q/2b 2M +?BKB2 �M�HviB[m2
ě SQm` K2bm`2` mM pH , ûH2+i`Q/2 /2 p2``2 U`2+QMM�Bbb�#H2 T�` H� #BHH2 2M p2``2 �m #QmiVX
ě SQm` K2bm`2` mM2 +QM+2Mi`�iBQM 2M BQMb �;Y , ûH2+i`Q/2 /Ƕ�`;2MiX
ě SQm` K2bm`2` mM TQi2MiB2H , ûH2+i`Q/2 /2 TH�iBM2X

1M TQi2MiBQKûi`B2- QM K2bm`2 mM2 /Bzû`2M+2 /2 TQi2MiB2HX PM K2bm`2 �HQ`b +2ii2 /Bzû`2M+2 2Mi`2 HǶûH2+@
i`Q/2 /2 TH�iBM2 2i mM2 ûH2+i`Q/2 /2 `û7û`2M+2 U+�HQK2H b�im`û Qm ûH2+i`Q/2 ¨ ?v/`Q;ĕM2VX
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eX úG1*h_P.1a 1L *>AJA1 �L�GuhAZl1*>�SAh_1 jX h_�La6P_J�hAPLa 1L aPGlhAPL �Zl1la1
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*?�TBi`2 9 S�`iB2 AA ě *?BKB2

ai`m+im`2 /2 H� K�iBĕ`2

R LQK2M+H�im`2

*?�BM2 +�`#QMû2 T`BM+BT�H2 R k j 9 8 e d 3 N
_�/B+�H K2i?@ ûi?@ T`QT@ #mi@ T2Mi@ ?2t@ ?2Ti@ Q+i@ MQM@

SQm` H2b ;`QmT2K2Mib �HFvH2b- QM `�DQmi2 H2 bm{t2 −yl 2i QM H2b TH�+2 2M T`û}t2X

LQK _2T`ûb2Mi�iBQM LQi�iBQM

S?ûMvH2 C @S?

"2MxvH2 C
H2
C @"M

AbQT`QTvH2 @BS`

h2`iBQ#mivH2 @i"m

:`QmT2K2Mi _2T`ûb2Mi�iBQM LQi�iBQM
�H+�M2 `�/B+�H@�M2
�H+ĕM2 `�/B+�H@ĕM2

�+B/2 +�`#QtvHB[m2 C

O

OH
�+B/2 `�/B+�H@Qś[m2

�H/û?v/2b C

O

H
`�/B+�H@�H

�H+QQH OH `�/B+�H@QH

*ûiQM2 O `�/B+�H@QM2

�KBM2b N `�/B+�H@�KBM2

�KB/2b
C

N

O

`�/B+�H@�KB/2
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kX JPGú*lG1a 1h aPGo�Lha *>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1

k JQHû+mH2b 2i bQHp�Mib

kXR JQ/ĕH2 /2 G2rBb

H  :  1s1 •H

B  :  1s1 2s2 2p1 •B

O  :  1s1 2s2 2p4 •O•

_ĕ;H2 /m /m2i , G� +Qm+?2 E M2 T2mi +QMi2MB` �m K�tBKmK k ûH2+i`QMbX
_ĕ;H2 /2 HǶQ+i2i , G2b �mi`2b +Qm+?2b T2mp2Mi 2M +QMi2MB` 3 �m K�tBKmKX

_2K�`[m2 , Zm2H[m2b 2t+2TiBQMb +QKK2 H2b �+B/2b /2 G2rBb 2i H2b ûH2+i`QMb +ûHB#�i�B`2bX

kXk JûbQKû`B2

NO O N OO N OO

Hybride de résonance

lM2 7Q`K2 2bi THmb T`Q#�#H2 UMQiBQM /2 TQB/b bi�iBbiB[m2V bB ,
ě H� `ĕ;H2 /2 HǶQ+i2i 2bi `2bT2+iû2-
ě BH v � mM KBMBKmK /2 +?�`;2b T�`iB2HH2b-
ě H2b +?�`;2b T�`iB2HH2b bQMi TH�+û2b bm` H2b �iQK2b �/û[m�ibX

kXj h?ûQ`B2 oa1S_

AX
n
E

mAtome

central

Nombre de voisins

Nombre de doublets

non-liants

m + n _2T`ûb2Mi�iBQM :ûQKûi`B2

R A X GBMû�B`2
k A GBMû�B`2

j A A h`B�M;mH�B`2 Qm +Qm/û2 UK 4 RV

9 A A hûi`�ĕ/`2- Tv`�KB/2 i`B;QM�H2- +Qm/û2

8 A "BTv`�KB/2 i`B;QM�H2

e A A A P+i�ĕ/`2- Tv`�KB/2 ¨ #�b2 +�``û2- +�``û
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?iiT,ffrrrXT?@bm2iX7`

http://www.ph-suet.fr


*>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1 jX 6P_*1a ALh1_JPGú*lG�A_1a

kX9 SQH�`Biû

A B
-q +q

µ⃗

−→µ = q
−−→
AB U9XRV

�p2+ , µ H2 KQK2Mi /BTQH�B`2 U.V- q H� +?�`;2 TQ`iû2 T�` H2b �iQK2b U*V 2i AB H� HQM;m2m` /2 H� HB�BbQM UKVX

1D = 3.33× 10−30 C.m

SQm`+2Mi�;2 /2 +�`�+iĕ`2 BQMB[m2 ,
−→µ = (δe) −−→AB U9XkV

�p2+ ,
GB�BbQM +Qp�HH2Mi2 0 ≤ δ ≤ 1 GB�BbQM BQMB[m2

G2 KQK2Mi /BTQH�B`2 /ǶmM2 KQHû+mH2 bǶQ#iB2Mi 2M 7�Bb�Mi H� bQKK2 p2+iQ`B2HH2 /2b KQK2Mib /BTQH�B`2b
/2b HB�BbQMbX
lM +QKTQbû TQH�B`2 T`QiB[m2 b2`� THmb bQHm#H2 /�Mb mM bQHp�Mi TQH�B`2 T`QiB[m2X

j 6Q`+2b BMi2`KQHû+mH�B`2b

jXR AMi2`�+iBQMb /2 o�M .2` q��Hb
ě 6Q`+2b ûH2+i`Qbi�iB[m2b �ii`�+iBp2b 2Mi`2 KQHû+mH2bX
ě 6�B#H2 ûM2`;B2 U/2 R ¨ Ry kJ.mol−1VX
ě *Qm`i2 TQ`iû2 U[m2H[m2b +2Mi�BM2b /2 TKVX

A B

 +    A    -

B +    A    -

 +    B    - Interaction de Keesom

Interaction de Debye

Interaction de London

Dipole permanent

Dipole induit

EK,L,D = −KK,L,D

d6

jXk GB�BbQM ?v/`Q;ĕM2

A BH

Liaison hydogène

−δ −δ+δ

ě 6Q`+2b ûH2+i`Qbi�iB[m2b �ii`�+iBp2b BMi2` Qm BMi`�KQHû+mH�B`2bX
ě úM2`;B2 THmb ûH2pû2 U/2 R ¨ 9y kJ.mol−1VX
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9X ahú_úP*>AJA1 *>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1

9 aiû`ûQ+?BKB2

9XR AbQKû`B2b

.2mt BbQKû`B2b ,

ě AbQKĕ`2b /2 +QMbiBimiBQM , KāK2 7Q`KmH2 #`mi2 K�Bb Q`/`2 Qm M�im`2 /2b HB�BbQMb /Bzû`2MibX

ě aiû`ûQBbQKĕ`2b , /BbTQbBiBQMb /2b �iQK2b /�Mb HǶ2bT�+2 /Bzû`2Mi2bX

LQK#`2 /ǶBMb�im`�iBQMb ,

ni = 2× n(IV ) + n(III)− n(I) + 2
2 U9XjV

�p2+ , n(IV ) H2 MQK#`2 /Ƕ�iQK2b iûi`�p�H2Mib U*-aB-XXXV
n(III) H2 MQK#`2 /Ƕ�iQK2b i`Bp�H2Mib UL-S-XXXV
n(I) H2 MQK#`2 /Ƕ�iQK2b KQMQp�H2Mib U>-6-*H-XXXV

�ii2MiBQM , �mt K�+`Q+v+H2b [mB +QKTi2Mi TQm` mM2 BMb�im`�iBQM 5

9Xk aiû`ûQBbQKĕ`2b

Stéréoisomères

Stéréoisomères
de conformation

Stéréoisomères
de conf iguration

Enantiomères Diastéréosiomères

Il n’est pas nécessaire de rompre
 un liaison pour passer de l’un 

à l’autre.

Il est nécessaire de rompre
 un liaison.

Images l’un de l’autre dans 
un miroir mais non 

superposables.

Stéréosisomères non 
énantiomères.

LQK#`2 /2 biû`ûQBbQKĕ`2b , 2n �p2+ n H2 MQK#`2 /2 +2Mi`2b biû`ûQ;ĕM2b U+�`#QM2b �bvKûi`B[m2b 2i /Qm#H2b
HB�BbQMbVX

9Xj *?B`�HBiû

lM Q#D2i 2bi /Bi +?B`�H bǶBH MǶ2bi T�b bmT2`TQb�#H2 ¨ bQM BK�;2 /�Mb mM KB`QB` TH�MX

�ii2MiBQM , G2b KQHû+mH2b [mB TQbbĕ/2Mi mM TH�M Qm mM +2Mi`2 /2 bvKûi`B2 bQMi �+?B`�H2bX

GǶ�+iBpBiû QTiB[m2 2bi H� T`QT`Bûiû [m2 TQbbĕ/2 mM2 KQHû+mH2 +?B`�H2 /ǶBMi2`�;B` �p2+ H2b `�vQMM2K2Mi
ûH2+i`QK�;MûiB[m2bX

Ry9fR89
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*>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1 9X ahú_úP*>AJA1

Substance
lévogyre

Substance
dextrogyre

0α < 0α >

GQB /2 "BQi ,

α = [α]θλ.l.c U9X9V
�p2+ , α H2 TQmpQB` `Qi�iQB`2 UřV

[α]λ H2 TQmpQB` `Qi�iQB`2 bTû+B}[m2 Uř.dm−1.g−1.cm3V
l H� HQM;m2m` /2 H� +mp2 UdmV
c H� +QM+2Mi`�iBQM /2 HǶû+?�MiBHHQM Ug.cm−3V

.2mt +QKTQbûb �v�Mi /2b TQmpQB`b `Qi�iQB`2b QTTQbûb bQMi ûM�MiBQKĕ`2b HǶmM /2 HǶ�mi`2X lM +QKTQbû K2bQ
U[mB 2bi mM biû`ûQBbQKĕ`2 �+?B`�HV MǶ� T�b /2 TQmpQB` `Qi�iQB`2X

9X9 aiû`ûQBbQKû`B2 wf1

C C

B

A A'

B'

C C

B

A B'

A'

Stéréoisomère Z Stéréoisomère E

_ĕ;H2b /2 *�?M- AM;QH/ 2i S`2HQ; U*ASV ,

ě lM �iQK2 /2 MmKû`Q �iQKB[m2 w THmb ûH2pû � H� T`BQ`Biû bm` mM �iQK2 /2 MmKû`Q �iQKB[m2 THmb 7�B#H2X
ě 1M +�b /Ƕû;�HBiû �m T`2KB2` `�M/- QM �TTHB[m2 H� KāK2 `ĕ;H2 �m `�M; k 2i+XXX
ě lM2 HB�BbQM KmHiBTH2 û[mBp�mi ¨ THmbB2m`b HB�BbQMb bBKTH2b

9X8 aiû`ûQbBQKû`B2 _fa

lM �iQK2 2bi /Bi �bvKûi`B[m2 bǶBH 2bi iûi`�û/`B[m2 2i HBû ¨ 9 ;`QmT2K2Mib /Bzû`2MibX A+B- QM � , a > b > c > d
/Ƕ�T`ĕb H2b `ĕ;H2b *ASX

C*

b

c

a

d

C*

c

b

a

d

a

c b

a

b c

R S

9Xe _2T`ûb2Mi�iBQM /2 L2rK�M

1t2KTH2 , SQm` HǶûi?�M2- QM `2;�`/2 H� KQHû+mH2 b2HQM HǶ�t2 * *X SHmbB2m`b +QM7Q`K�iBQMb- +Q``2bTQM/�Mi
¨ THmbB2m`b ûM2`;B2b- bQMi �HQ`b TQbbB#H2bX

*2ii2 `2T`ûb2Mi�iBQM T2`K2i /2 /û}MB` H2b +QM7Q`K�iBQMb THmb bi�#H2b 2M ûM2`;B2X

?iiT,ffrrrXT?@bm2iX7`
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8X aS1*h_Pa*PSA1 *>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1

E

θ

H

H

H

H

H
H

θ

0 60 120 180 240 300 360

9Xd _2T`ûb2Mi�iBQM /2 6Bb+?2`
.�Mb H2 `2T`ûb2Mi�iBQM /2 6Bb+?2`- H2b HB�BbQMb ?Q`BxQMi�H2b TQBMi2Mi p2`b HǶ�p�Mi 2i H2b HB�BbQMb p2`iB+�H2b p2`b
HǶ�``Bĕ`2 ,

CHO

HO H

CH2OH

CHO

CH2OH
H

HO

8 aT2+i`Qb+QTB2

8XR aT2+i`Qb+QTB2 /Ƕ�#bQ`TiBQM
GQB /2 "22`@G�K#2`i ,

A = log I0
IS

= ϵλ.l.c �#bQ`#�M+2 U9X8V

�p2+ , ϵλ H2 +Q2{+B2Mi /Ƕ2tiBM+iBQM KQH�B`2 UL.cm−1.mol−1V
I0 HǶBMi2MbBiû /m 7�Bb+2�m �p�Mi H� +mp2
IS HǶBMi2MbBiû 2M bQ`iB2

T = IS

I0
h`�MbKBii�M+2 U9XeV

8Xk aT2+i`Qb+QTB2 lo@oBbB#H2
1z2i /2 H� +QMDm;�BbQM , ∆E /BKBMm2 �p2+ H� +QMDm;�BbQM /QM+ λ �m;K2Mi2X
1z2i /m HB;�M/ , /ûT2M/�M+2 /2 H� M�im`2 /m HB;�M/ 2i /m +2Mi`2 Kûi�HHB[m2X

G� bT2+i`Qb+QTB2 lo@oBbB#H2 2bi miBHBbû2 TQm` H2 i`�+û /2 +Qm`#2b /Ƕûi�HQMM�;2 2i H2 bmBpB +BMûiB[m2 /2 `û�+@
iBQMbX

8Xj aT2+i`Qb+QTB2 A_
G� bT2+i`Qb+QTB2 A_ K2bm`2 H2b pB#`�iBQMb /2b HB�BbQMbX

ě σ < 1300 cm−1 , 2KT`2BMi2 /B;Bi�H2 UûHQM;�iBQMf/û7Q`K�iBQMV c
ě σ > 1300 cm−1 , ;`QmT2b +�`�+iû`BbiB[m2b UpB#`�iBQMb /ǶûHQM;�iBQMVX

1z2i /2 H� KûbQKû`B2 , /BKBMmiBQM /2 σ

"�M/2b +�`�+iû`BbiB[m2b ,
ě oB#`�iBQM P> , ∼ 3300 cm−1- 7Q`i2- H�`;2 U7Q`K2 /2 T�i�i2V c
ě oB#`�iBQM *> , ∼ 3000 cm−1- 7Q`i2- H�`;2 c
ě oB#`�iBQM *P , ∼ 1700 cm−1- 7Q`i2X
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*>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1 eX *_Aah�GGP:_�S>A1

8X9 aT2+i`Qb+QTB2 _JL

G� bT2+i`Qb+QTB2 _JL +QMbBbi2 2M HǶûim/2 /m MQv�mX PM +QMbB/ĕ`2 H2b MQv�mt �p2+ /2b KQK2Mib K�;MûiB[m2b
2i QM �TTHB[m2 /2b p�`B�iBQMb /2 +?�KT K�;MûiB[m2X
.ûTH�+2K2Mi +?BKB[m2 , δ 2M ppmX

δ = (σref − σech)× 106 U9XdV

"HBM/�;2 , 1M T`ûb2M+2 /ǶmM 2MpB`QMM2K2Mi ûH2+i`QMB[m2- H2 +?�KT −→B `2bb2MiB T�` H2 T`QiQM 2bi BM7û`B2m`
�m +?�KT `2bb2MiB T�` mM T`QiQM b2mHX
G2 ∆E /BKBMm2 /QM+X S�` ∆E = hν- QM pQBi [m2 H� 7`û[m2M+2 2bi �mbbB �#�Bbbû2X
�BMbB- bB H2 T`QiQM � TQm` pQBbBM mM �iQK2 i`ĕb ûH2+i`QMû;�iB7- QM /B`� [mǶBH 2bi /û#HBM/ûX G2 /ûTH�+2K2Mi
+?BKB[m2 �m;K2Mi2 �HQ`bX

*Qm`#2 /ǶBMiû;`�iBQM , G� +Qm`#2 /ǶBMiû;`�iBQM 2bi T`QTQ`iBQMM2H MQK#`2 /2 T`QiQMb +QM+2`Mûb T�` H2
bB;M�HX

*QmTH�;2 , H� KmHiBTHB+Biû /ǶmM bB;M�H /ûT2M/ /2b T`QiQMb TQ`iûb T�` H2 +�`#QM2 pQBbBMX

L#X /2 T`QiQMb y R k j 9 8
L#X /2 TB+b R k j 9 8 e
LQK UbBM;mH2iV U/Qm#H2iV Ui`BTH2iV U[m�/`mTH2iV U[mBMimTH2iV e Ub2timTH2iV

e *`Bbi�HHQ;`�T?B2

eXR .û}MBiBQMb

*`Bbi�H T�`7�Bi , �bb2K#H�;2 /2 K�BHH2b T�`�HHûHûTBTû/B[m2bX
J�BHH2 , T�`iB2 ¨ T�`iB` /2 H�[m2HH2 QM T2mi `2+QMbi`mB`2 iQmi H2 +`Bbi�H T�` i`�MbH�iBQMX
SQTmH�iBQM UKmHiBTHB+BiûV , MQK#`2 /Ƕ�iQK2b +QMi2Mmb /�Mb H� K�BHH2X

ě aT?ĕ`2 bm` mM bQKK2i , 1
8 X

ě aT?ĕ`2 �m KBHB2m /ǶmM2 7�+2 , 1
2 X

ě aT?ĕ`2 �m KBHB2m /ǶmM2 �`āi2 , 1
4 X

*QQ`/BM2M+2 , MQK#`2 /Ƕ2MiBiûb 2M +QMi�+i �p2+ mM2 KāK2 2MiBiûX
*QKT�+Biû , `�TTQ`i 2Mi`2 H2 pQHmK2 `û2HH2K2Mi Q++mTû T�` H2b 2MiBiûb /2 H� K�BHH2 2i H2 pQHmK2 iQi�H /2 H�
K�BHH2X

C = Voccup

Vmaille

J�bb2 pQHmKB[m2 ,

ρ = mmaille

Vmaille
=
∑

i NiMi

NAVmaille
U9X3V

�p2+ , Ni H2 MQK#`2 /Ƕ2MiBiûb /2 ivT2 B- Mi H� K�bb2 KQH�B`2 /2 HǶ2MiBiû /2 ivT2 BX

?iiT,ffrrrXT?@bm2iX7`
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eX *_Aah�GGP:_�S>A1 *>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1

eXk JQ/ĕH2b /2 K�BHH2b

avbiĕK2 +`Bbi�HHBM L�im`2 /2 H� K�BHH2 S�`�Kĕi`2b +`Bbi�HHBMb
*m#B[m2 *m#2 a = b = c 2i α = β = γ = 90o

Zm�/`�iB[m2 S`BbK2 /`QBi ¨ #�b2 +�``û2 a = b ≠ c 2i α = β = γ = 90o

P`i?Q`?QK#B[m2 S`Bb2 /`QBi ¨ #�b2 `2+i�M;mH�B`2 a ≠ b ≠ c 2i α = β = γ = 90o

JQMQ+HBMB[m2 S`BbK2 BM+HBMû ¨ #�b2 `2+i�M;mH�B`2 a ≠ b ≠ c 2i α = β = 90o c γ ≠ 90o

_?QK#Qû/`B[m2 _?QK#Qĕ/`2 a = b = c 2i α = β = γ ≠ 90o

>2t�;QM�H2 S`BbK2 /`QBi ¨ #�b2 HQb�M;2 a = b ≠ c 2i α = β = 90o c γ = 120o

h`B+HBMB[m2 S�`�HHûHûTBTĕ/2 [m2H+QM[m2 a ≠ b ≠ c 2i α ≠ β ≠ γ

eXj G2b K�BHH2b +m#B[m2b

Maille cubique
simple (CS)

Maille cubique
centrée (CC)

Maille cubique
faces centrées (CFC)

G� K�BHH2 **

a

a

d

D

d = a
√

2
D = a

√
3

D = 4×R

PM � �HQ`b , R = a
√

3
4

*QQ`/BM2M+2 , 3 �iQK2bX
*QKT�+Biû , C = 68%X
J�bb2 pQHmKB[m2 ,

ρ = N ×M

NA × a3

G� K�BHH2 *6*

G� K�BHH2 *6* 2bi /2 ivT2 �"* ,

Ry3fR89
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*>�SAh_1 9X ah_l*hl_1 .1 G� J�hAĔ_1 eX *_Aah�GGP:_�S>A1

A

A

B

C

a

a

d

a

Face du haut

SQTmH�iBQM , 9 �iQK2bX
*QQ`/BM2M+2 , Rk �iQK2bX
*QKT�+Biû , C = 74%- +Ƕ2bi mM bvbiĕK2 +QKT�+iX
J�bb2 pQHmKB[m2 ,

ρ = N ×M

NA × a3

aBi2b Q+i�û/`B[m2 , G� K�BHH2 *6* TQbbĕ/2 9 bBi2b Q+i�û/`B[m2b bm` H2b �`āi2b 2i �m +2Mi`2 U12× 1
4 + 1VX

aBi2b iûi`�û/`B[m2b , G� K�BHH2 *6* TQbbĕ/2 3 bBi2b �m +2Mi`2 /2b 3 +�``ûb /Ƕ�`āi2 a
2 X

eX9 G2b K�BHH2b ?2t�;QM�H2b

A

A

B

Maille unitaire

a

c

a

SQTmH�iBQM , k �iQK2bX
*QQ`/BM2M+2 , Rk �iQK2bX
*QKT�+Biû , C = 74%- +Ƕ2bi mM bvbiĕK2 +QKT�+iX

eX8 hvT2b /2 +`Bbi�mt
ě *`Bbi�mt Kûi�HHB[m2b , 2KTBH2K2Mi /Ƕ�iQK2b /QMi H� +Q?ûbBQM 2bi �bbm`û2 T�` /2b HB�BbQMb Kûi�HHB[m2b

1tX 62- �HX
ě *`Bbi�H BQMB[m2 , 1KTBH2K2Mi /ǶBQMb /QMi H� +Q?ûbBQM 2bi �bbm`û2 T�` /2b HB�BbQMb BQMB[m2b 1tX L�*HX
ě *`Bbi�H +Qp�H2Mi , 1KTBH2K2Mi /Ƕ�iQK2b /QMi H� +Q?ûbBQM 2bi �bbm`û2 T�` /2b HB�BbQMb +Qp�H2Mi2b 1tX *

/B�K�MiX
ě *`Bbi�H KQHû+mH�B`2 , 1KTBH2K2Mi /2 KQHû+mH2b /QMi H� +Q?ûbBQM 2bi �bbm`û2 T�` /2b HB�BbQMb 7�B#H2b 1tX

>kP - AkX

?iiT,ffrrrXT?@bm2iX7`
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*?�TBi`2 8 S�`iB2 AA ě *?BKB2

*?BKB2 Q`;�MB[m2

R úHûK2Mib /2 `û�+iBpBiû

RXR aûH2+iBpBiû
ě *?BKBQbûH2+iBpBiû , /�Mb H2 +�b /2 KQHû+mH2b TQHv7QM+iBQMM2HH2b- `û�+iBQM [mǶ�p2+ +2`i�BMb ;`QmT2b /m

bm#bi`�iX
ě _û;BQbûH2+iBpBiû , +`û�iBQM /ǶmM2 HB�BbQM bm` �iQK2 T�`iB+mHB2`X
ě aiû`ûQbûH2+iBpBiû , 7Q`K�iBQM T`û7û`2MiB2HH2 /ǶmM T`Q/mBiX
ě aiû`ûQbTû+B}[m2 , biû`ûQ+?BKB2 /ûT2M/ /2 H� biû`ûQ+?BKB2 /m `û�+iB7X

SQm` +QMi`ƬH2` H� bûH2+iBpBiû ,

A

C
B

ET1

ET2

Produit cinétique
(formé le plus rapidement)

Temps courts
Températures basses

Produit thermodynamique
(le plus stable)
Temps longs

Températures hautes

E

∆E1
∆E2

SQbimH�i /2 >�KKQM/ , /2mt ûi�ib T`Q+?2b 2M ûM2`;B2 b2 `2bb2K#H2MiX

_2K�`[m2 , liBH2 TQm` ûim/B2` H2b ûi�ib /2 i`�MbBiBQM i�`/B7b UT`Q+?2b /2b T`Q/mBibV 5

RXk S`QT`Bûiûb ûH2+i`QMB[m2b
G� TQH�`Bb�#BHBiû /û}MBi H� +�T�+Biû /ǶmM +QKTQbû �TQH�B`2 ¨ b2 TQH�`Bb2` U/ûT2M/ /2 H� i�BHH2 /m Mm�;2
ûH2+i`QMB[m2VX

−→µ i = α
−→
E U8XRV

1z2i BM/m+iB7 , i`�MbKBbbBQM /2 H� TQH�`Bb�iBQM H2 HQM; /ǶmM2 HB�BbQM σ /ǶmM2 KQHû+mH2X
ě G2b ;`QmT2K2Mib THmb ûH2+i`QMû;�iB7b [m2 H2 +�`#QM2 bQMi BM/m+iB7b �ii`�+i2m` U@AVX PM � mM2 /BKB@

MmiBQM /m pKaX
ě G2b ;`QmT2K2Mib KQBMb ûH2+i`QMû;�iB7b [m2 H2 +�`#QM2 bQMi BM/m+iB7b /QMM2m` UYAVX PM � mM2

�m;K2Mi�iBQM /m pKa 2i H2b +�`#Q+�iBQMb bQMi THmb bi�#BHBbûbX 1tX GB- J;- XXX

1z2i KûbQKĕ`2 , /ûTH�+2K2Mi /ǶmM2 HB�BbQM πX

?iiT,ffrrrXT?@bm2iX7`
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kX _ú�*hAoAhú .1a .ú_Aoúa >�GP:úLúa *>�SAh_1 8X *>AJA1 P_:�LAZl1

ě lM ;`QmT2K2Mi 2bi /Bi KûbQKĕ`2 �ii`�+i2m` U@JV bǶBH 2bi +�T�#H2 /Ƕ�iiB`2` mM /Qm#H2i MQM HB�MiX
1tX *PP_- *PP>- *>P- XXX

ě lM ;`QmT2K2Mi KûbQKĕ`2 /QMM2m` UYJV 2bi +�T�#H2 /2 +û/2` mM /Qm#H2iX 1tX PĜ- L>k- P>-XXX
GǶ2z2i KûbQKĕ`2 2bi T`ûTQM/û`�Mi bm` HǶ2z2i BM/m+iB7X AH 2Mi`�ŗM2 mM2 /BKBMmiBQM /m pKa U1tX �H++QH- T?û@
MQHV 2i bi�#BHBb2 H2b +�`#Q+�iBQMbX

�ii2MiBQM , SQm` H2b ?�HQ;ĕM2b- +Ƕ2bi HǶ2z2i BM/m+iB7 [mB HǶ2KTQ`i2 5

k _û�+iBpBiû /2b /û`Bpûb ?�HQ;ûMûb

kXR aLk

Jû+�MBbK2 ,

C X

R1

R2
R3

Nu CNu

R1

R3

R2
+ X-+

G� `û�+iBQM 2bi /ǶQ`/`2 k , v = k[RX][Nu]X

aûH2+iBpBiû , aiû`ûQbûH2+iBp2 2i aiû`ûQbTû+B}[m2

6�+i2m`b ,
ě *H�bb2 /m /û`Bpû , _A s=_AA s=_AAA s c
ě L�im`2 /m Mm+HûQ7m;2 , _ A=_ "`=_ *H=_ 6 c
ě L�im`2 /m Mm+HûQT?BH2 , TQH�`Biû- ;āM2 biû`B[m2- 7Q`+2 2i +QM+2Mi`�iBQMX

kXk aLR

Jû+�MBbK2 ,

C X

R1

R2
R3

Nu CNu

R1

R3

R2

X-C

R1

R3R2

C

R1

R3R2

CNu

R1

R2

R3

(1)

(2)

+

++

G� `û�+iBQM 2bi /ǶQ`/`2 R , v = k[RX]X

aûH2+iBpBiû , �ii�[m2 /2 T�`i 2i /Ƕ�mi`2 /m TH�M , T�b /2 biû`ûQbûH2+iBpBiûX

6�+i2m`b ,
ě *H�bb2 /m /û`Bpû , _A sI_AA sI_AAA s c
ě L�im`2 /m Mm+HûQ7m;2 , _ A=_ "`=_ *H=_ 6X

G� aLk b2`� �HQ`b 7�pQ`Bbû2 TQm` /2b ?�HQ;ûMm`2b T`BK�B`2b- H� aLR TQm` /2b i2`iB�B`2bX

RRkfR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 kX _ú�*hAoAhú .1a .ú_Aoúa >�GP:úLúa

kXj 1k

Jû+�MBbK2 ,

C C

X

R2

R4

R1

R3

H

B- C C

R4

R3 R1

R2

X- BH+ + +

G� `û�+iBQM 2bi /ǶQ`/`2 k , v = k[RX][B−]X

aûH2+iBpBiû , .B�biû`ûQbTû+B}[m2 2i `û;BQbûH2+iBpBiû b2HQM w�Bib2pX

6�+i2m`b ,
ě "�b2 7Q`i2 2i +?�mz�;2 c
ě *H�bb2 /m /û`Bpû , _A sI_AA sI_AAA s c
ě _�H2MiB2 T�` mM bQHp�Mi TQH�B`2X

kX9 1R

Jû+�MBbK2 ,

C C

X

R2

R4

R1

R3

H

X-C C

R2
R4

R1

R3

H

C C

R2
R4

R1

R3

H

B-+

(1)

(2)C C

R3

R4 R2

R1

C C

R4

R3 R2

R1

+

+

G� `û�+iBQM 2bi /ǶQ`/`2 R , v = k[RX]X

aûH2+iBpBiû , S`û7û`2MiB2HH2K2Mi /B�biû`ûQBbQKĕ`2 1- T�b /2 biû`ûQbTû+B}+Biû- `û;BQbûH2+iBp2 , 7Q`K�iBQM /m
+QKTQbû H2 THmb bm#biBimûX

6�+i2m`b ,
ě *H�bb2 /m /û`Bpû , _A sI_AA s<<< _AAA s c
ě "�b2 7�B#H2 /BHmû2 c
ě �++ûHû`û2 �p2+ mM2 �m;K2Mi�iBQM /2 TQH�`Biû /m bQHp�MiX

kX8 *QKTûiBiBQM aLf1

1HBKBM�iBQM am#biBimiBQM
h2KTû`�im`2 1H2pû2 "�bb2
"�b2fLm+HûQT?BH2 "�b2 7Q`i2 Qm #�b2 2M+QK#`û2 "QM Mm+HûQT?BH2 UT2m #�bB[m2 2i T2m 2M+QK#`ûV
1M+QK#`2K2Mi *α T2m 2M+QK#`û *α 2M+QK#`û
_s _AAA s _A s

?iiT,ffrrrXT?@bm2iX7`
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jX _ú�*hAoAhú .1a P_:�LPJ�:LúaA1La *>�SAh_1 8X *>AJA1 P_:�LAZl1

j _û�+iBpBiû /2b Q`;�MQK�;MûbB2Mb

_ s Y J; 1ikP _ J;s

GǶQ`;�MQK�;MûbB2M 2bi �mbbB �TT2Hû Ǵ`û�+iB7 /2 :`B;M�`/ǴX

*QM/BiBQMb ,
ě :�`/2 ¨ *�*Hk Qm bQmb �iKQbT?ĕ`2 BM2`i2X
ě �DQmi /2 _ s H2MiX
ě aQHp�Mi bi�#BHBb�Mi HǶQ`;�MQK�;MûbB2MX
ě JBHB2m �M?v/`2X

G� `û�+iBQM /2 qm`ix 2bi mM2 `û�+iBQM T�`�bBi2 [mB 7Q`K2 H2 +QKTQbû _ _ǶX
G2b Q`;�MQK�;MûbB2Mb bQMi /2b #�b2b 7Q`i2b UpKa = 50VX

9 �+iBp�iBQM 2i T`Qi2+iBQM /2 7QM+iBQMb

9XR _û�+iBpBiû /2b �H+QQHb

�ii2MiBQM , SHmb mM �iQK2 2bi ûH2+i`QMû;�iB7- KQBMb BH 2bi Mm+HûQT?BH2 5

GǶ�+iBp�iBQM /ǶmM2 KQHû+mH2 T2`K2i /Ƕ�m;K2Mi2` H� pBi2bb2 /2 `û�+iBQMX

�+iBp�iBQM Mm+HûQT?BH2

SQm` 7Q`K2` mM �H+QQH�i2- QM miBHBb2 ,
ě lM2 #�b2 7Q`i2 , �KB/m`2b UL> Ĝ

k - G.�- pKa = 35V- P`;�MQKûi�HHB[m2 U_J;s- _GB- pKa = 50VX
ě lM Kûi�H `û/m+i2m` U1tX L�VX

RR9fR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 9X �*hAo�hAPL 1h S_Ph1*hAPL .1 6PL*hAPLa

avMi?ĕb2 /2 qBHHB�KbQM ,

_ PĜ Y _Ƕ s .JaP _ P _Ƕ Y sĜ

�+iBp�iBQM ûH2+i`QT?BH2

ě �p2+ mM �+B/2 /2 "`ǠMbi2/ U>YV Qm mM �+B/2 /2 G2rBb UwM*HkVX

ě S�` i`�Mb7Q`K�iBQM /2 H� 7QM+iBQM �H+QQH , T�` H2 +?HQ`m`2 /Ƕ�Sha 2i 7Q`K�iBQM /ǶmM #QM ;`QmT2 T�`i�Mi
PhbX

"BH�M

*H�bb2K2Mi /2b ;`QmT2b T�`i�Mib ,

P_ << P> << s << aPj_ << P> Y
k

9Xk _û�+iBpBiû /2b +QKTQbûb +�`#QMvHûb

�+iBp�iBQM ûH2+i`QT?BH2 , �p2+ HǶ�Sha U�+B/2 7Q`i bQHm#H2 /�Mb /2 MQK#`2mb2b T?�b2b Q`;�MB[m2bVX
GǶ�+iBp�iBQM 2bi Mû+2bb�B`2 B+B +�` H2 +�`#QM2 MǶ2bi T�b �bb2x ûH2+i`QT?BH2X

�+ûi�HBb�iBQM ,

?iiT,ffrrrXT?@bm2iX7`
RR8fR89

http://www.ph-suet.fr


8X *PLo1_aAPL S�_ Psu.P_ú.l*hAPL *>�SAh_1 8X *>AJA1 P_:�LAZl1

O

+ OH
H+

C

OH

O

+ OH
H+

C

O

O

C

OH

O

+ H2O

hémiacétal

acétal

9Xj S`Qi2+iBQM /2 ;`QmT2b +�`�+iû`BbiB[m2b
lM ;`QmT2 T`Qi2+i2m` /QBi pû`B}2` H2b +QM/BiBQMb bmBp�Mi2b ,

ě AH /QBi `û�;B` /2 7�ÏQM bûH2+iBp2 �p2+ H� 7QM+iBQM ¨ T`Qiû;2`-
ě AH /QBi āi`2 BM2`i2 /�Mb H2b +QM/BiBQMb `û�+iBQMM2HH2b +?QBbB2b-
ě G� `û�+iBQM /2 T`Qi2+iBQM /QBi āi`2 `2Mp2`b�#H2X

6Q`K�iBQM /ǶmM �+ûi�H , +2 bQMi /2b ;`QmT2b T`Qi2+i2m`b /2b +QKTQbûb +�`#QMvHûbX

OEt

O O
HO OH

H+ OEt

O
O O

PM /ûT`Qiĕ;2 �p2+ mM2 ?v/`QHvb2 2M KBHB2m �+B/2X

S`Qi2+iBQM /2b �H+QQHb ,
ě 6Q`K�iBQM /Ƕûi?2`@Qtv/2b qBHHB�KbQM , +2 bQMi /2b ;`QmT2b T`Qi2+i2m`b /2b �H+QQHbX
ě h>S
ě 1i?2`b #2MxvHB[m2b
ě 1i?2`b bBHvHûb

8 *QMp2`bBQM T�` Qtv/Q`û/m+iBQM

8XR Ptv/�iBQM /2b �H+QQHb
�H+QQH MmHH�B`2

H3C OH H C

O

H

H C

O

OH

O C O
Ox Ox Ox

�H+QQH T`BK�B`2

H2C OH R C

O

H

R C

O

OH

Ox Ox
R

�H+QQH b2+QM/�B`2

CH OH R C

O

R'

Ox
R

R'

RRefR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 8X *PLo1_aAPL S�_ Psu.P_ú.l*hAPL

SQm` bǶ�``āi2` ¨ HǶ�H/û?v/2 ,
ě _û�+iB7 /2 a�`2ii U*`Pj Y Tv`B/BM2 /�Mb Tv`B/BM2V
ě _û�+iB7 /2 *QHHBMb U*`Pj Y Tv`B/BM2 /�Mb /B+?HQ`QKûi?�M2V
ě S**

aBMQM- TQm` �HH2` Dmb[mǶ¨ HǶ�+B/2 +�`#QtvHB[m2 UQtv/�Mib 7Q`ibV ,
ě >JMP9- EJMP9- >kaP9 c
ě _û�+iB7 /2 CQM2b U*`Pj Y >kaP9 Y �+ûiQM2VX

8Xk Ptv/�iBQM /2b �H+ĕM2b

G2KB2mt@CQ?MbQM

OsO4
OH

OH

O

O

NaIO4

G2KB2mt@oQM _m/HQz

,

KMnO4 (cat)

NaIO4

O

OH

+

O

HO

8Xj avMi?ĕb2 /2b ûTQtv/2b

úTQtv/�iBQM

R2R1

R4R3

+

O

O OH

O

R4 R3

R1 R2
+

O

R1 R2

R4 R3
+ R

O

OH

*QM/BiBQMb , S2`�+B/2 H2 THmb miBHBbû , K@*S"� c aQHp�Mi , /BQt�M2 ¨ y /2;`ûbX

aûH2+iBpBiû ,
aiû`ûQbTû+B}[m2- biû`ûQ+?BKB2 bvM c QM Q#iB2Mi /2mt ûM�MiBQKĕ`2b /2 HǶûTQtv/2X
_û;BQbûH2+iBp2 , `û�;Bi �p2+ HǶ�H+ĕM2 H2 THmb bm#biBimûX

Jû+�MBbK2 ,

O

+
R

O

OH

O

O

O H

+

?iiT,ffrrrXT?@bm2iX7`
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8X *PLo1_aAPL S�_ Psu.P_ú.l*hAPL *>�SAh_1 8X *>AJA1 P_:�LAZl1

Pmp2`im`2 /2b ûTQtv/2b

O

R2 R4

R3R1

+ H2O

OH

HO R3

R2
R1

R4 OH

HO R4

R2
R1

R3

+
OH-

aûH2+iBpBiû ,
aiû`ûQbûH2+iBpBiû , �ii�[m2 /Q`b�H2- 7Q`K�iBQM /2 /BQHb pB+BM�mt �MiBX
_û;BQbûH2+iBpBiû , H2 * H2 @ 2M+QK#`û 2bi �ii�[mû → ûM�MiBQbûH2+iBpBiûX

Jû+�MBbK2 ,

O

R2 R4

R3R1

+

OH

-O R3

R2

R1

R4
O-

HO R4

R2

R1

R3

+OH
-

8X9 _û/m+iBQM T�` H2b ?v/`m`2b

ě >v/`m`2b �H+�HBMb , GB> - L�> - E> U#�b2b 7Q`i2b K�Bb K�mp�Bb Mm+HûQT?BH2bV
ě >v/`m`2b /m #Q`2 , ">j UûH2+i`QT?BH2 +�` +�b2 [m�MiB[m2 p�+�Mi2V
ě >v/`m`2b +QKTH2t2b , GB�H>9 UY `û�+iB7V - L�">9 U+2 bQMi /2 #QMb Mm+HûQT?BH2bV

_û/m+iBQM /2b 2bi2`b 2M �H+QQHb

R

O

OR'

1) LiAlH4 , Et2O

2) H2O , H+
R CH2OH + R'OH

Jû+�MBbK2 ,

-

_û/m+iBQM /2b 2bi2`b 2M �H/û?v/2b

ě _û/m+iBQM Dmb[mǶ¨ HǶ�H+QQH U+7X T`û+û/2MiV TmBb Qtv/�iBQM /Qm+2 Ua�`2iif*QHHBMbV
ě �p2+ H2 .B#�H@>

RR3fR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 eX �..AhAPLa Ll*GúPS>AG1a alAoA1a .ǶúGAJAL�hAPL

8X8 "BH�M

Carbonyle
NaBH

4

Et2O

Alcool I , II

Carbonyle
LiAlH

4
R H

OH

H

Ester
LiAlH

4
ROH + R’OH

Acide
carboxylique

LiAlH
4

ROH + R’OH

Ester
Dibal

Toluène

R

O

H

Acide
carboxylique

BH3

THF ou DMS

R OH

aQHp�Mib �T`QiB[m2b �TQH�B`2b , 1ikP Uûi?2` �M?v/`2V- iQHmĕM2- /BQt�M2- h>6X
aQHp�Mi TQH�B`2b T`QiB[m2b , .J6- .JaP- �+ûiQM2 UT`QT�MQM2V- Tv`B/BM2X

e �//BiBQMb Mm+HûQT?BH2b bmBpB2b /ǶûHBKBM�iBQM

eXR �+B/2b +�`#QtvHB[m2b 2i /û`Bpûb
Zm2H[m2b +�`�+iû`BbiB[m2b ,

ě k #�M/2b A_ , 3500 cm−1 2i 1700 cm−1X
ě _JL , ≃ 12 ppm i`ĕb /û#HBM/ûX
ě pKa ≃ 4.5 I �mt �H+QQHb U+�` bi�#BHBb�iBQM T�` KûbQKû`B2VX
ě Teb 2i Tfus = �mt �H+QQHb U+�` 7Q`K�iBQM /2 /BKĕ`2b 2i /2 HB�BbQMb ?v/`Q;ĕM2bVX

G2b �+B/2b +�`#QtvHB[m2b T2mp2Mi bm#B` mM2 ,
ě �//BiBQM Mm+HûQT?BH2 U* P TQH�B`2V
ě _û/m+iBQM U* P `B+?2 2M ûH2+i`QMbV
ě �+B/2f"�b2 UP > TQH�B`2V

Cl

O

O

O O

OH

O

OR'

O

NH2

O

Ef fet inductif
attracteur croissant

Ef fet mésomère
donneur croissant

Réactivité croissante

Chlorure
d’acyle

Anhydride Acide
carboxylique

Ester Amide

Carbones pas assez électrophiles (activation)

eXk �+iBp�iBQM /2b ;`QmT2b +�`#QtvH2b

R

Z

O

+ Nu R Z

O

Nu

R Z

O

Nu

R

Nu

O

+ Z-

Addition
nucléophile

Elimination

?iiT,ffrrrXT?@bm2iX7`
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eX �..AhAPLa Ll*GúPS>AG1a alAoA1a .ǶúGAJAL�hAPL *>�SAh_1 8X *>AJA1 P_:�LAZl1

6Q`K�iBQM /2b +?HQ`m`2b /Ƕ�+vH2b , aP*Hk- S*Hj- S*H8X
6Q`K�iBQM /2b �M?v/`B/2b , Tv`B/BM2 TmBb `û�+iBQM �p2+ mM +?HQ`m`2 /Ƕ�+vH2 Qm /2mt �+B/2b +�`#QtvHB[m2bX

eXj 1biû`B}+�iBQM

� T�`iB` /2b �+B/2b +�`#QtvHB[m2b

R

OH

O

+ R' OH R

O

O

R'

+ H2O
H+

*QM/BiBQMb ,

ě G2Mi2 , +?�mz�;2 2i +�i�Hvb2m` �+B/2X
ě �i?2`KB[m2 , `2M/2K2Mi BM/ûT2M/�Mi /m i2KTb- HǶû[mBHB#`2 2bi �ii2BMi THmb pBi2 bB H� i2KTû`�im`2 2bi

ûH2pû2X
ě _2M/2K2Mi /ûT2M/�Mi /2 H� +H�bb2 /2 HǶ�H+QQH miBHBbû UI > II > IIIVX

Jû+�MBbK2 ,

R

O

OH

+ H

R

O

OH

H

R

OH

OH

R' OH
R

OH

O

OH H

R'

R

OH

O

O
H H

R'
R

O

O
R'

H

R

O

O
R'

H

R

O

O
R'

+ H2O

+

Prototropie

EDéprotonation

H

� T�`iB` /2b +?HQ`m`2b /Ƕ�+vH2b

R

Cl

O

+ R' OH R

O

O

R'

+ HCl

*QM/BiBQMb , � 7`QB/- b�Mb +�i�Hvb2m`- �p2+ mM2 #�b2 T2`K2ii�Mi /2 +�Ti2` H2 > /2 >*HX

Jû+�MBbK2 ,

R

O

Cl

+ R' OH

O

ClR

O
HH

R

O

OR'

+

N
H

+ Cl-

N

RkyfR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 eX �..AhAPLa Ll*GúPS>AG1a alAoA1a .ǶúGAJAL�hAPL

� T�`iB` /2b �M?v/`B/2b

+ R' OH R

O

OR'

+ R

O

OH

O OO

R R

*QM/BiBQMb , S�b /2 +�i�Hvb2m`- [m�bB@iQi�H2 2i `�TB/2X

Jû+�MBbK2 ,

R

O

O

O

R

+ R' OH R

O

R'O

+ R

O

O

O

OR

O
HR'

O

R H

eX9 avMi?ĕb2 /2b �KB/2b

� T�`iB` /2b �+B/2b +�`#QtvHB[m2b

R

OH

O

+ R' NH2 R

O

O

NHR’

+ H2O

H+

*QM/BiBQMb , � 7`QB/- �f" [mB /QMM2 _*PPĜ Y L> Y
9 X � +?�m/- `û�+iBQM H2Mi2 U�L Y 1VX

Jû+�MBbK2 ,

R

O

OH

+ NH3 R

O

OH

NH2H

R

OH

OH

NH2

R

NH2

O

+ H2O

� T�`iB` /2 +?HQ`m`2b /Ƕ�+vH2bf�M?v/`B/2b

R

O

Z

+ NH2 R

NHR'

O

+R'

N
H

Z+

*QM/BiBQMb , � 7`QB/- `�TB/2

Jû+�MBbK2 ,

R

O

Z

+ NH2 R

O

Z

NH

R

NHR'

O

+R'

HR N

N
H

Z+
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dX �..AhAPL al_ G1a >u._P*�_"l_1a ALa�hl_úa *>�SAh_1 8X *>AJA1 P_:�LAZl1

eX8 >v/`QHvb2 /2b 2bi2`b

*�i�Hvb2 �+B/2

R

O

OR'

+ H2O
H+

OH

O

+ R' OH

*�i�Hvb2 #�bB[m2 4 a�TQMB}+�iBQM

R

O

OR'

+ HO-

O-

O

+ R' OH

*QM/BiBQMb , _û�+iBQM H2Mi2 , +?�mz�;2 ¨ `2~mtX Zm�bB@iQi�H2X

Jû+�MBbK2 ,

R

O

OR'

+ HO-

OH

O

+ R' O-
R

O

OR'

OH

eXe >v/`QHvb2 /2b �KB/2b
aBKBH�B`2 ¨ HǶ?v/`QHvb2 /2b 2bi2`bXXX

d �//BiBQM bm` H2b ?v/`Q+�`#m`2b BMb�im`ûb

dXR .2 HǶ�H+ĕM2 ¨ HǶ�H+QQH

>v/`�i�iBQM /2b �H+ĕM2b

�H+ĕM2 Y >kP
>Y

�H+QQH H2 THmb bm#biBimû

Jû+�MBbK2 ,

+ H+
C

H

ECD

C

H

+ H2O

OH

+ H+

_û;BQbûH2+iBpBiû , *2ii2 `û�+iBQM bmBi H� `ĕ;H2 J�`FQp@LBFQpX
_ĕ;H2 /2 J�`FQp@LBFQp , G2 T`Q/mBi K�DQ`Bi�B`2 2bi +2HmB T�bb�Mi T�` H2 +�`#Q+�iBQM H2 THmb bi�#H2 U/QM+
H2 THmb bm#biBimûVX
PM � /2 THmb mM2 �ii�[m2 û[mBT`Q#�#H2 /2 T�`i 2i /Ƕ�mi`2 /m TH�M /2 HǶ�H+ĕM2X

oBi2bb2 , v = k[�H+ĕM2][H+] , `û�+iBQM /ǶQ`/`2 kX

�ii2MiBQM , _û�``�M;2K2Mi TQbbB#H2 5

RkkfR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 dX �..AhAPL al_ G1a >u._P*�_"l_1a ALa�hl_úa

CH

H

C

H

Carbo II Carbo III

>v/`Q#Q`�iBQM /2b �H+ĕM2b

OH

(1) BH3

(2) H2O, HO-

A+B- ">j 2bi mM �+B/2 /2 G2rBbX
�+B/2 /2 G2rBb , 1MiBiû +?BKB[m2 /QMi HǶmM /2b �iQK2b TQbbĕ/2 mM2 H�+mM2 ûH2+i`QMB[m2X

Jû+�MBbK2 ,

H H

H

+ H B

H

H

H H

H

H B

H

H

H

HH

H BH2

aûH2+iBpBiû ,
_û;BQbûH2+iBpBiû , " b2 }t2 bm` H2 +�`#QM2 H2 KQBMb 2M+QK#`û U/QM+ H2 KQBMb bm#biBimûV , �MiB J�`FQp@
LBFQpX
aiû`ûQbûH2+iBpBiû , �//BiBQM bvM /2 > 2i "X
avM , /m KāK2 +Ƭiû /m TH�M- h`�Mb , /2 T�`i 2i /Ƕ�mi`2 /m TH�MX

>v/`QHvb2 Qtv/�Mi2

_j" Y j >kPk Y j >PĜ j _P> Y "P jĜ
j Y j >kP

*QM+HmbBQM , >v/`Q#Q`�iBQM + ?v/`QHvb2 Qtv/�Mi2 ≡ ?v/`�i�iBQM �MiB J�`FQp@LBFQpX

dXk .2 HǶ�H+ĕM2 ¨ HǶ�H+�M2
1M +�i�Hvb2 ?ûiû`Q;ĕM2

PM miBHBb2 B+B mM +�i�Hvb2m` bQHB/2 , LB+F2H /2 _�M2v- S�HH�/BmK- SH�iBM2XXX

Jû+�MBbK2 ,
UBV .BzmbBQM /2b `û�+iB7b p2`b H2 +�i�Hvb2m`X
UBBV �/bQ`TiBQMX

H H

H H

UBBBV _û�+iBQMX

H H H
H H

H H H

?iiT,ffrrrXT?@bm2iX7`
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3X *_ú�hAPL .1 GA�AaPLa *�_"PL1@*�_"PL1 *>�SAh_1 8X *>AJA1 P_:�LAZl1

UBpV .ûbQ`TiBQMX
UpV .BzmbBQM /2b T`Q/mBibX

aûH2+iBpBiû ,
_û;BQbûH2+iBpBiû , �ii�[m2 bm` H2 +�`#QM2 H2 KQBMb bm#biBimûX
aiû`ûQbûH2+iBpBiû , �//BiBQM bvM /2b /2mt ?v/`Q;ĕM2b bm` HǶ�H+ĕM2X

SQm` H2b �H+vM2b , H� HB�BbQM π /2b �H+vM2b 2bi THmb 7�+BH2 ¨ `QKT`2- QM � /QM+ ,
ě aB H2 +�i�Hvb2m` 2bi i`ĕb `û�+iB7 U_�M2v- S�HH�/BmKXXXV , QM T�bb2 /2 HǶ�H+vM2 ¨ HǶ�H+�M2X
ě aB H2 +�i�Hvb2m` 2bi KQBMb `û�+iB7 US�HH�/BmK /2 GBM/H�`V , QM T�bb2 /2 HǶ�H+vM2 ¨ HǶ�H+ĕM2X

1M +�i�Hvb2 ?QKQ;ĕM2

PM miBHBb2 mM +�i�Hvb2m` /2 qBHFBMbQM [mB 2bi THmb 2{+�+2 [m2 H� +�i�Hvb2 ?ûiû`Q;ĕM2 2i #2�m+QmT THmb
bûH2+iB7X

aûH2+iBpBiû ,
_û;BQbûH2+iBpBiû , .�Mb /2b +QM/BiBQMb Ǵ/Qm+2bǴ- �ii�[m2 bm` H2b �H+ĕM2b H2b KQBMb 2M+QK#`ûbX
aiû`ûQbûH2+iBpBiû , �//BiBQM bvMX

3 *`û�iBQM /2 HB�BbQMb +�`#QM2@+�`#QM2

3XR _û�+iBQM /2 .B2Hb@�H/2`

diène

diènophile

�ii2MiBQM , Lû+2bbBiû /ǶmM2 +QM7Q`K�iBQM b@+Bb TQm` H2 /BĕM2X

Jû+�MBbK2 ,

+

G2 `2M/2K2Mi 2bi K2BHH2m` 2i H� pBi2bb2 THmb ûH2pû2 bB H2 /BĕM2 2bi bm#biBimû T�` /2b ;`QmT2b /QMM2m`b UYA-
YJV 2i H2 /BĕMQT?BH2 T�` /2b ;`QmT2b �ii`�+i2m`b U@A- @JV ≡ `ĕ;H2 /Ƕ�H/2`X

_û;BQbûH2+iBpBiû ,
aB H2 /BĕM2 2i H2 /BĕMQT?BH2 bQMi bm#biBimûb /2 K�MBĕ`2 /BbbvKûi`B[m2- H� `û�+iBQM 2bi `û;BQbûH2+iBp2X PM T2mi
�HQ`b �pQB` mM +QMi`ƬH2 Q`#Bi�H�B`2 Qm /2 +?�`;2bX

aiû`ûQbûH2+iBpBiû ,
• am#biBim�Mib bm` H2 /BĕMQT?BH2

Rk9fR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 3X *_ú�hAPL .1 GA�AaPLa *�_"PL1@*�_"PL1

2 + 2

R1

R2

+

R1

R2

50 % 50 %

PM � mM KûH�M;2 `�+ûKB[m2 /ǶûM�MiBQKĕ`2bX

O

O

O

Approche endo

O

O

O

Approche exo

• am#biBim�Mib bm` H2 /BĕM2 , B/2KX

• am#biBim�Mib bm` H2b /2mt ,
ě aQmb +QMi`ƬH2 +BMûiB[m2 +Ƕ2bi H2 T`Q/mBi 2M/Q K�DQ`Bi�B`2X
ě aQmb +QMi`ƬH2 i?2`KQ/vM�KB[m2 +Ƕ2bi H2 T`Q/mBi 2tQ K�DQ`Bi�B`2X

3Xk _û�+iBpBiû Mm+HûQT?BH2 /2b ûMQH�i2b
G2b ûMQH�i2b

C

C

O

H

O

Sous contrôle
thermodynamique

Poids le plus fort
(sous contrôle de charge)

6Q`K�iBQM �p2+ /2b �KB/m`2b 2i ?v/`m`2bX PM miBHBb2 T�` 2t2KTH2 H� bQm/2 U7Q`+2 KQi`B+2VX
G2b ûMQH�i2b QMi mM pKa ≃ 20X

6Q`K�iBQM ,
S�` `û�+iBQM �+B/2f#�b2

ě L�> pKa = 40 /�Mb .J6X
ě G.� pKa = 36 U#�b2 7Q`i2 MQM Mm+HûQT?BH2 +�` i`ĕb 2M+QK#`û2V /�Mb .JaP ¨ −78oCX

úMQHBb�iBQM 2i û[mBHB#`2 +ûiQ@ûMQHB[m2 /2 i�miQKû`B2

C C

O

H

OH

Forme Céto Forme Énol

?iiT,ffrrrXT?@bm2iX7`
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3X *_ú�hAPL .1 GA�AaPLa *�_"PL1@*�_"PL1 *>�SAh_1 8X *>AJA1 P_:�LAZl1

*Ƕ2bi H� 7Q`K2 +ûiQ [mB 2bi 7�pQ`Bbû2X
h�miQKĕ`2b , BbQKĕ`2b- QM T�bb2 /2 HǶmM ¨ HǶ�mi`2 T�` KB;`�iBQM /2 > 2i /2 * *X
1M +�i�Hvb2 #�bB[m2 ,

H
O + B O + BH OH + B

PM � /2b T`QT`Bûiûb Mm+HûQT?BH2b bm` HǶ�iQK2 /ǶQtv;ĕM2 2i H2 +�`#QM2 2M αX

�HFvH�iBQM /2b +ûiQM2b

O

O

R
X

RO O
R

+ + X

• Cα@�HFvH�iBQM U2M p2`iV , bQmb +QMi`ƬH2 +BMûiB[m2-
ě _û�+iB7 KQm UAVX
ě *QMi`2@BQM /m` UGBYVX
ě h>6

• O@�HFvH�iBQM U2M `Qm;2V , bQmb +QMi`ƬH2 /2 +?�`;2bX

3Xj �H/QHBb�iBQM

k �H/û?v/2b Qm +ûiQM2b ûMQHBb�#H2b→ β@�H/QH Qm β@+ûiQH

*QM/BiBQMb , *�i�Hvb2 #�bB[m2- +�`#QMvH2 ûMQHBb�#H2 2i +QMi`ƬH2 i?2`KQ/vM�KB[m2X

Jû+�MBbK2 ,

H

O
+ OH H2OO

+

O
+

H

O

O

O

O

O

H2O+ + OH

OH

O

�H/QHBb�iBQM +`QBbû2 , aB QM miBHBb2 k �H/û?v/2b ûMQHBb�#H2b /Bzû`2Mib- QM T2mi Q#i2MB` 9 �H/QHb /Bzû`2MibX

*`QiQMBb�iBQM

G� *`QiQMBb�iBQM 2bi mM2 /ûb?v/`�i�iBQMX

R(H)

OH
O (H)R

O

+ (H)R

O

- H2O

RkefR89
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*>�SAh_1 8X *>AJA1 P_:�LAZl1 3X *_ú�hAPL .1 GA�AaPLa *�_"PL1@*�_"PL1

*QM/BiBQMb ,
ě 2M KBHB2m �+B/2 Qm 2M KBHB2m #�bB[m2 U+?�mz�;2 Mû+2bb�B`2VX
ě aQmb +QMi`ƬH2 i?2`KQ , 7Q`K�iBQM /m T`Q/mBi H2 THmb bi�#H2 U`û;BQbûH2+iBp2VX

Jû+�MBbK2 , *�i�Hvb2 #�bB[m2 U1R*"V

3X9 _û�+iBQM /2 qBiiB;
G� `û�+iBQM /2 qBiiB; T2`K2i /2 T�bb2` /ǶmM �H/û?v/2 ¨ mM �H+ĕM2X
PM � /Ƕ�#Q`/ H� 7Q`K�iBQM /ǶmM vHm`2 /2 T?QbT?Q`2 ,

PPh3 + Cl PPh3

CH3Li

PPh3 PPh3

GǶvHm`2 /2 T?QbT?Q`2 `û�;Bi 2MbmBi2 �p2+ mM +QKTQbû +�`#QMvHû TQm` +QM/mB`2 ¨ mM �H+ĕM2 ,

O

R2

R1

+
PPh3

C

PPh3

O
R2

R1

R2

R1

+ PPh3 O

?iiT,ffrrrXT?@bm2iX7`
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*?�TBi`2 e S�`iB2 AA ě *?BKB2

h?2`KQ/vM�KB[m2 *?BKB[m2

R 1Mi?�HTB2

H = U + PV UeXRV
dH = ∆rH dξ UeXkV

RXR GQB /2 >2bb

∆rH =
∑

i

∆f Hi UeXjV

j 7�KBHH2b /2 `û�+iBQMb ,
ě G2b `û�+iBQMb /2 7Q`K�iBQM , 7Q`K�iBQM /ǶmM2 KQH2 /2 T`Q/mBi ¨ T�`iB` /2b ûHûK2Mib UbQmb 7Q`K2 /2

+Q`Tb bBKTH2bVX
ě G2b `û�+iBQMb /2 +QK#mbiBQM , mM2 KQH2 /2 `û�+iB7b �p2+ PkU;V TQm` T`Q/mB`2 *PkU;V 2i >kPU;VX
ě G2b `û�+iBQMb /Ƕ�iQKBb�iBQM , mM2 KQH2 /2 `û�+iB7b 2bi /û+QKTQbû2 2M b2b �iQK2b +QMbiBimiB7bX

GǶûi�i bi�M/�`/ +Q``2bTQM/ ¨ HǶûi�i /ǶmM +QMbiBim�Mi ¨ T`2bbBQM +QMbB/û`û2X

�ii2MiBQM , L2 T�b +QM7QM/`2 ûi�i bi�M/�`/ 2i ûi�i bi�M/�`/ /2 `û7û`2M+2 Uûi�i bi�M/�`/ /ǶmM +Q`Tb Tm`
bBKTH2 /�Mb b� T?�b2 H� THmb bi�#H2 ¨ mM2 i2KTû`�im`2 }tû2VX

RXk _û�+iBQMb 2M/Qi?2`KB[m2f2tQi?2`KB[m2b
∆rH0 > 0 , `û�+iBQM 2M/Qi?2`KB[m2- H2 bvbiĕK2 `2ÏQBi /2 HǶûM2`;B2X
∆rH0 < 0 , `û�+iBQM 2tQi?2`KB[m2- H2 bvbiĕK2 +ĕ/2 /2 HǶûM2`;B2X

RXj GQB /2 EB`+?Qz

∆rH0

∆T
= Cp UeX9V

RX9 �TT`QtBK�iBQM /Ƕ1HHBM;?�K
GǶ�TT`QtBK�iBQM /Ƕ1HHBM;?�K +QMbBbi2 ¨ +QMbB/û`2` [m2 HǶ2Mi?�HTB2 bi�M/�`/ /2 `û�+iBQM U∆rH0V 2i HǶ2Mi`QTB2
bi�M/�`/ /2 `û�+iBQM U∆rS0V �bbQ+Bû2b ¨ mM2 û[m�iBQM /2 `û�+iBQM bQMi BM/ûT2M/�Mi2b /2 H� i2KTû`�im`2 2M
�#b2M+2 /2 +?�M;2K2Mi /Ƕûi�i- bm` mM BMi2`p�HH2 /2 i2KTû`�im`2 /QMMûX

k 1Mi?�HTB2 HB#`2
PM HǶmiBHBb2 #2�m+QmT 2M +?BKB2 +�` QM b2 TH�+2 ¨ T`2bbBQM +QMbi�Mi2X

∆rG0 = ∆rG0 − T∆rS0 UeX8V
G = H − TS UeXeV

?iiT,ffrrrXT?@bm2iX7`
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jX 6�*h1l_a .ǶúZlAGA"_1 *>�SAh_1 eX h>1_JP.uL�JAZl1 *>AJAZl1

G� p�`B�iBQM /ǶûM2`;B2 HB#`2 /2 :B##b T2`K2i /ǶBMi2`T`ûi2` H2 +QKTQ`i2K2Mi /2b `û�+iBQMb ,

ě ∆G << 0 , H� `û�+iBQM 2bi iQi�H2X
ě ∆G >> 0 , H� `û�+iBQM 2bi BKTQbbB#H2X
ě ∆G = 0 , H� `û�+iBQM 2bi ¨ HǶû[mBHB#`2X

∆rG = ∆rG0 + RTlnQr = RTln

(
Q

K0

)

UeXdV

�ii2MiBQM , hQmi2 i`�Mb7Q`K�iBQM bTQMi�Mû2 2Mi`�BM2 mM2 /BKBMmiBQM /ǶûM2`;B2 HB#`2X

SQi2MiB2H +?BKB[m2 ,

µi =
(
∂G

∂ni

)

T,P,nj≠i

= µ0
i + RTlnai UeX3V

�{MBiû +?BKB[m2 ,
A = −∆rG UeXNV

GǶ�{MBiû 2bi mM2 7QM+iBQM /Ƕûi�i T2`K2ii�Mi /2 T`ûpQB` H2 b2Mb /ǶûpQHmiBQM /ǶmM2 `û�+iBQM +?BKB[m2X

j 6�+i2m`b /Ƕû[mBHB#`2

jXR _2H�iBQM /2 :B##b@>2HKQHix

[
∂

∂T

(
∆G

T

)]

p

= −
∆H

T 2 UeXRyV

a2 `2/ûKQMi`2 ¨ T�`iB` /2 , S = −
(

∂G
∂T

)

P
2i G = H − TSX

_2K�`[m2 , GǶ�bim+2 2bi /2 /BpBb2` T�`
− 1
T 2 5

jXk _2H�iBQM /2 o�MǶi >Qz

dlnK0

dT
=

∆rH0

RT 2 UeXRRV

jXj S`BM+BT2 /2 G2 *?�i2HB2`

lM2 #�Bbb2 /2 i2KTû`�im`2 2Mi`�BM2`� HǶû[mBHB#`2 `û�+iBQMM2H p2`b H2 b2Mb 2tQi?2`KB[m2X

jX9 .B�;`�KK2 /Ƕ1HHBM;?�K

*2 /B�;`�KK2 `2T`ûb2Mi2 H2b p�`B�iBQMb HBMû�B`2b /2 HǶ2Mi?�HTB2 HB#`2 bi�M/�`/ U∆rG0V 2M 7QM+iBQM /2 H�
i2KTû`�im`2 TQm` H2b `û�+iBQMb /ǶQtv/�iBQM T�` PkX

RjyfR89
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*>�SAh_1 eX h>1_JP.uL�JAZl1 *>AJAZl1 9X JúG�L:1a "AL�A_1a

9 JûH�M;2b #BM�B`2b

9XR .û}MBiBQMb

6`�+iBQM KQH�B`2 ,

xiφ =
niφ

n1φ + n2φ
UeXRkV

6`�+iBQM K�bbB[m2 ,

wiφ =
miφ

m1φ + m2φ
UeXRjV

o�`B�M+2 2i /2;`û /2 HB#2`iû , LQK#`2 /2 T�`�Kĕi`2b BMi2MbB7b [mǶBH 2bi Mû+2bb�B`2 2i bm{b�Mi /2 +?QBbB`
TQm` }t2` iQi�H2K2Mi HǶûi�i /ǶmM bvbiĕK2X

v = C + n− φ UeXR9V

�p2+ , C H2 MQK#`2 /2 +QMbiBim�Mi @ H2 MQK#`2 /2 `2H�iBQMb- n H2 MQK#`2 /2 T�`�Kĕi`2b BMi2MbB7b T?vbB[m2b-
φ H2 MQK#`2 /2 T?�b2bX

9Xk .B�;`�KK2 BbQ#�`2 /Ƕû[mBHB#`2 HB[mB/2@p�T2m`

x

T
2

Liquide

Vapeur

Miscibilité totale à l’état liquide :

x

T
1

T
2

Liquide

Vapeur

A

T’
1

T’
2

x

T
2

Vapeur

Miscibilité nulle à l’état liquide :

H

x

T
1

T
2

Vapeur

Miscibilité partielle à l’état liquide :

L
1 
+ V

L
2
 + V

L
1
 + L

2

H

L
1 L

2

T
1

T
1

L
1
 + L

2

L
2
 + V

L
1 
+ V

� 2bi �TT2Hû �xûQi`QT2X > 2bi �TT2Hû ?ûiû`Q�xûQi`QT2X
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9X JúG�L:1a "AL�A_1a *>�SAh_1 eX h>1_JP.uL�JAZl1 *>AJAZl1

9Xj .B�;`�KK2 BbQ#�`2 /Ƕû[mBHB#`2 bQHB/2@HB[mB/2

x

T
1

T
2

Solide

Liquide

Miscibilité totale à l’état solide :

x

T
1

T
2

Liquide

Miscibilité nulle à l’état solide :

S
1
 + L

S
2
 + L

S
1
 + S

2

E

Liquide

Miscibilité partielle à l’état solide:

S
2
+LS

1
 + L

T
2

T
1

S
1
 + S

2

x

E

S
1 S

2

x

Liquide

E
1

D

E
2

T
2

T
1

S
1
 + L

S
2
+L

S
1
 + S

2

S
2
 + S

1

1 2bi �TT2Hû TQBMi 2mi2+iB[m2X

9X9 h?ûQ`ĕK2 /2b KQK2Mib

x

T
1

T
2

Liquide

Vapeur

M
L

V

x
2
l x

2
vx

2

wL = x2 − xv
2

xl
2 − xv

2
= MV

LV
= xL UeXR8V
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*?�TBi`2 d S�`iB2 AA ě *?BKB2

úH2+i`Q+?BKB2

R Ptv/Q`û/m+iBQM

Ox + ne− " Red UdXRV

lM Qtv/�Mi 2bi mM2 2bTĕ+2 bmb+2TiB#H2 /2 +�Ti2` /2b ûH2+i`QMbX
lM `û/m+i2m` 2bi mM2 2bTĕ+2 bmb+2TiB#H2 /2 +û/2` /2b ûH2+i`QMbX

RXR .2;`û /ǶQtv/�iBQM

n.o. = MQK#`2 /ǶûH2+i`QMb /2 p�H2M+2− MQK#`2 /ǶûH2+i`QMb �TT�`i2M�Mi ¨ HǶûHûK2Mi UdXkV

Zm2H[m2b `ĕ;H2b ,
ě SQm` /2b +Q`Tb bBKTH2b UO2, Na...V , n.o. = 0X
ě SQm` /2b BQMb bBKTH2b , n.o. = +?�`;2 /2 HǶBQMX
ě 1M ;ûMû`�H- QM � n.o.(O) = −II 2i n.o.(H) = +IX

Zm2H[m2b 2t+2TiBQMb ,
ě G2b ?v/`m`2b , n.o. = −IX
ě G2b T2`Qtv/2b , n.o. = −IX

1t2KTH2 , *`kPd
kĜ

2n.o.(Cr) + 7× (−II) = −2⇒ n.o.(Cr) = +V I

RXk _û�+iBQM _2/Qt

Ox
1

Red
1

Ox
2

Red
2

E
0
 (V)

Force du
réducteur

Force de
l’oxydant

.2mt /2KB2@û[m�iBQMb ,

Pt1 + n1e− → _2/1

Pt2 + n2e− → _2/2

n2Pt1 + n1_2/2 → n2_2/1 + n1Pt2 UdXjV

�ii2MiBQM , aB HǶû+�`i 2Mi`2 H2b TQi2MiB2Hb bi�M/�`/b 2bi BM7û`B2m` ¨ yXj- +�H+mH2` H2b TQi2MiB2Hb 2i 7�B`2 H2
;�KK�X

?iiT,ffrrrXT?@bm2iX7`
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kX *1GGlG1a úG1*h_P*>AJAZl1a *>�SAh_1 dX úG1*h_P*>AJA1

k *2HHmH2b ûH2+i`Q+?BKB[m2b

A R

K+ , NO
3
-

Anions CationsAnode
Oxydation

Cathode
Réduction

e-

e- e-

i

- +

�ii2MiBQM , AMp2`bBQM /2 TQH�`Biû TQm` HǶûH2+i`QHvb2m` 5

G� 7Q`+2 ûH2+i`QKQi`B+2 E /2 H� +2HHmH2 2bi H� p�H2m` HBKBi2 /2 H� /Bzû`2M+2 /2 TQi2MiB2H ûH2+i`B[m2 ¨ b2b
#Q`M2b TQm` mM +Qm`�Mi MmH ¨ i`�p2`b H� +2HHmH2X

j �TT`Q+?2 i?2`KQ/vM�KB[m2

jXR _2H�iBQM /2 L2`Mbi

E = E0 + RT

nF ln
( ∏

i aνi
i (Ox)

∏
j a

νj

j (Red)

)

UdX9V

� 25o *- HǶû[m�iBQM /2pB2Mi ,

E = E0 + 0.06
n

log
( ∏

i aνi
i (Ox)

∏
j a

νj

j (Red)

)

UdX8V

jXk 1Mi?�HTB2 HB#`2

∆rG = −nFE UdXeV

ě aB E > 0 �HQ`b ∆rG < 0 , H� `û�+iBQM 2bi bTQMi�Mû2 U2tQVX
ě aB E < 0 �HQ`b ∆rG > 0 , H� `û�+iBQM 2bi BMp2`b2 U2M/QVX

*QMbi�Mi2 /Ƕû[mBHB#`2 ,
∆rG0 = −RT ln K UdXdV

jXj 6�+i2m`b /ǶBM~m2M+2
ě h2KTû`�im`2 , �bb2x 7�B#H2X
ě pH , �TT�`BiBQM /ǶmM TQi2MiB2H bi�M/�`/ �TT�`2Mi E0′ X
ě S`û+BTBi�iBQMf*QKTH2t�iBQM , 7Q`i2 BM~m2M+2X

Rj9fR89
?iiT,ffrrrXT?@bm2iX7`
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*>�SAh_1 dX úG1*h_P*>AJA1 9X �SS_P*>1 *ALúhAZl1

jX9 .B�;`�KK2b 1@T>

E

pH

Ox

Red

E = f(pH)

Jûi?Q/2 TQm` H2 i`�+û /2b 7`QMiBĕ`2b

PM i`�+2 mM `2Tĕ`2 1@T> Qɍ QM `ûT�`iBi H2b 2bTĕ+2b �v�Mi H2 KāK2 MQK#`2 /ǶQtv/�iBQM ?Q`BxQMi�H2K2MiX
SQm` H2b 7`QMiBĕ`2b p2`iB+�H2b , QM +�H+mH2 H2b pHX
SQm` H2b 7`QMiBĕ`2b ?Q`BxQMi�H2b , QM +�H+mH2 H2b TQi2MiB2HbX PM miBHBb2 H� +QMiBMmBiû �mt TQBMib /ǶBMi2`@
b2+iBQMX

ě � H� 7`QMiBĕ`2 2Mi`2 mM bQHB/2 2i mM bQHmiû- QM TQb2 [bQHmiû] = CtracX
ě 1Mi`2 mM bQHmiû 2i mM ;�x- QM T`2M/ (bQHmiû) 4 Ctrac 2i Pgaz = PtracX
ě SQm` /2mt bQHmiûb- QM T`2M/ +QKK2 +QMp2MiBQM , [bQHmiû1] = [bQHmiû2] 2i Ctrac = [bQHmiû1] +

[bQHmiû2]X
1M bmT2`TQb�Mi /2b /B�;`�KK2b 1@T>- QM T2mi ûim/B2` H� bi�#BHBiû /ǶmM2 2bTĕ+2 /�Mb mM KBHB2mX
G2b xQM2b +QKKmM2b `2T`ûb2Mi2Mi H2b /QK�BM2b /2 bi�#BHBiûX

9 �TT`Q+?2 +BMûiB[m2

v = vOx − vRed = dξ

dt
UdX3V

9XR oBi2bb2 2i BMi2MbBiû

i = dq

dt
= nF dξ

dt
= nF(vOx − vRed)

1M ûim/B�Mi H2 bB;M2- QM � ,

ě i > 0 , Qtv/�iBQMX

ě i < 0 , `û/m+iBQMX

9Xk 6�+i2m`b +BMûiB[m2b

h`�Mb72`i /2 K�bb2 , BH 7�mi �ii2M/`2 [m2 HǶ2bTĕ+2 �``Bp2 Dmb[mǶ¨ HǶûH2+i`Q/2 UT?ûMQKĕM2 /2 /BzmbBQMVX aQmb
HǶ2z2i /ǶmM2 �;Bi�iBQM- mM T?ûMQKĕM2 /2 +QMp2+iBQM T2mi BMi2`p2MB`X
h`�Mb72`i ûH2+i`QMB[m2 , H2b `û�+iBQMb /ǶQtv/Q`û/m+iBQM b2 7QMi ¨ mM2 +2`i�BM2 pBi2bb2X

?iiT,ffrrrXT?@bm2iX7`
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9X �SS_P*>1 *ALúhAZl1 *>�SAh_1 dX úG1*h_P*>AJA1

Red
électrode

Ox
électrode

Red
ads

Ox
ads

Red
solution

Ox
solution

Adsorption
Désorption

électrons

Double couche
ou couche de dif fusion

Transport de matière
(dif fusion, migration, convection)

Solution Electrode

9Xj *Qm`#2b BMi2MbBiû@TQi2MiB2H

V G A

Electrode

de

référence

Electrode

de

travail

Contre-

électrode

LQiBQM /2 bm`i2MbBQM ,

η = R− Eeq UdXNV

ě SQm` HǶ�MQ/2 , E ≥ Eeq /QM+ ηA ≥ 0X

ě SQm` H� +�i?Q/2 , E ≤ Eeq /QM+ ηA ≤ 0X

avbiĕK2 `�TB/2 , lM2 7�B#H2 bm`i2MbBQM bm{i ¨ T`QpQ[m2` H2 T�bb�;2 /ǶmM +Qm`�MiX
avbiĕK2 H2Mi , lM2 7Q`i2 bm`i2MbBQM 2bi Mû+2bb�B`2X
SQm` KQMi`2` [mǶmM bvbiĕK2 2bi `�TB/2- QM 2bb�v2 /2 i`Qmp2` mM2 Ǵp2`iB+�H2Ǵ iX[X IA = IC X
lM bvbiĕK2 2bi bQmp2Mi H2Mi HQ`b[mǶmM2 `û�+iBQM ûH2+i`Q+?BKB[m2 bǶ�++QKT�;M2 /ǶBKTQ`i�Mi2b KQ/B}+�iBQMb
/2 bi`m+im`2X

RjefR89
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*>�SAh_1 dX úG1*h_P*>AJA1 9X �SS_P*>1 *ALúhAZl1

E
Nernst

i

E

Red Ox

OxRed

Système rapide

E
Nernst

i

E

Red Ox

OxRed

Système lent

OxηRedη

9X9 SBH2bf1H2+i`QHvb2m`b

A R

Anode Cathode

e- i

- +

i

E

I
A

I
C

E
anode

E
cathode

U
1

E
1

E
2

Red
1

Ox
1

Red
2

Ox
2

Red
1

Ox
1

Red
2

Ox
2

G

Anode Cathode

e- i

-+

i

E

I
A

I
C

U
1

E
1

E
2

Red
1

Ox
1

Red
2

Ox
2

Membrane

Red
2

Ox
2

Red
1

Ox
1

E
anode

E
cathode
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9X �SS_P*>1 *ALúhAZl1 *>�SAh_1 dX úG1*h_P*>AJA1

9X8 hBi`�;2 TQi2MiBQKûi`B[m2 ¨ +Qm`�Mi MmH

Fe2+ Fe3+

E

i

Fe2+ Fe3+

Fe2+ Fe3+

Ce3+ Ce4+

ia

ic

ia

ic

E

i

E

i

E

i

Ce3+ Ce4+

Fe2+ Fe3+

ia

ic

Ce3+ Ce4+

Ce3+ Ce4+

Fe2+ Fe3+

ia

ic

Espèces : Fe2+

V(Ce4+) = 0 mL
Espèces : Fe2+ , Fe3+ , Ce3+

V(Ce4+) < V
eq

Espèces : Fe3+ , Ce3+

V(Ce4+) = V
eq

Espèces : Fe3+ , Ce3+ , Ce4+

V(Ce4+) > V
eq

0E∆

1E∆

3E∆

2E∆
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h`QBbBĕK2 T�`iB2

6Q`KmH�B`2
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RX Zl1GZl1a *PLah�Lh1a

R Zm2H[m2b +QMbi�Mi2b

LQK avK#QH2 o�H2m`
*ûHû`Biû /2 H� HmKBĕ`2 + 2, 99792.108 m.s−1

*QMbi�Mi2 /2 ;`�pBi�iBQM : 6, 67259.10−11 kg−1.m2.s−2

*QMbi�Mi2 /2 SH�M+F ? 6, 626.10−34 J.s
*QMbi�Mi2 /2 "QHixK�MM kB 1, 380662.10−23 J.K−1

*QMbi�Mi2 /2 6�`�/�v 6 96484 C.mol−1

S2`KBiiBpBiû /m pB/2 ϵ0 8, 854.10−12 F.m−1

S2`Kû�#BHBiû /m pB/2 µ0 4π.10−7 H.m−1

*?�`;2 ûHûK2Mi�B`2 2 1, 602.10−19 C
J�bb2 /2 HǶûH2+i`QM me 9, 109.10−31 kg
_�vQM /2 H� h2``2 KQv2M _ 6, 38.106 m
J�bb2 /2 H� h2``2 J 5, 98.1024 kg
.Bbi�M+2 h2``2@aQH2BH / 1, 50.1011 m

k Zm2H[m2b Q`/`2b /2 ;`�M/2m`

oBi2bb2 /m bQM /�Mb HǶ�B` c = 340 m.s−1

oBi2bb2 /m bQM /�Mb HǶ2�m c = 1400 m.s−1

oBi2bb2 /m bQM /�Mb H2b bQHB/2b c ≃ 3000− 5000 m.s−1

*QKT`2bbB#BHBiû /2 HǶ�B` χT = 1
P = 10−5 Pa−1

J�bb2 pQHmKB[m2 /2 HǶ�B` ρ ≃ 1.2 kg.m−3

oBi2bb2 [m�/`�iB[m2 KQv2MM2 u ≃ 500 m.s−1

J�bb2 pQHmKB[m2 /2 HǶ2�m ρ = 1000 kg.m−3

GQM;m2m` /ǶQM/2 UpBbB#H2V 400 nm < λ < 750 nm
6`û[m2M+2 UpBbB#H2V 4× 1014 Hz < ν < 8× 1014 Hz

úM2`;B2 /ǶmM T?QiQM 1.5 eV < E < 3 eV
S`2bbBQM bi�M/�`/ P0 = 1.013 Bar

>�mi2m` /2 K2`+m`2 hHg = 760 mm
.ûT`2bbBQM ≃ 990 hPa
�MiB+v+HQM2 ≃ 1030 hPa

o�`B�iBQM /2 T`2bbBQM /�Mb HǶ2�m 1 Bar iQmb H2b 10 m

?iiT,ffrrrXT?@bm2iX7`
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jX lL S1l .Ƕ�L�GP:A1a

j lM T2m /Ƕ�M�HQ;B2b

jXR �M�HQ;B2b Kû+�MB[m2b

SQBMi K�iû`B2H 2M i`�MbH�iBQM aQHB/2 2M `Qi�iBQM �miQm` /ǶmM
�t2 }t2

J�bb2 m JQK2Mi /ǶBM2`iB2 J∆
6Q`+2 −→F *QmTH2 Γ
oBi2bb2 −→v = d−→r

dt oBi2bb2 �M;mH�B`2 ω = dθ
dt

Zm�MiBiû /2 KQmp2K2Mi −→p = m−→v JQK2Mi +BMûiB[m2 L = Jω

S6. m−→a = ∑−→
F h?X /m KQK2Mi +BMûiB[m2 dL

dt =
J ω̇ = Γ

EC = 1
2mv2 EC = 1

2Jω2

P = −→F .−→v P = Γω
−→
F = −k(l − l0)−→u Γ = −C(θ − θ0)
Ep = 1

2k(l − l0)2 Ep = 1
2C(θ − θ0)2

jXk �M�HQ;B2b QM/mH�iQB`2b

*Q`/2 pB#`�Mi2 *�#H2 +Q�tB�H
oBi2bb2 p2`iB+�H2 v = dξ

dt AMi2MbBiû i

h2MbBQM p2`iB+�H2 Tz = −T0
dξ
dt h2MbBQM u

J�bb2 HBMûB[m2 µ0 *�T�+Biû HBMûB[m2 Γ
h2MbBQM T0 AM/m+i�M+2 Λ
S6. µ0

∂vz
∂t = ∂Tz

∂x GQB /2b Mƾm/b Γ∂u
∂t = − ∂i

∂x

Tz = T0
∂ξ
∂t GQB /2b K�BHH2b Λ∂i

∂t = −∂u
∂x

c =
√

T0
µ0

c =
√

ΓΛ
Z =

√
T0µ0 Z =

√
Λ
Γ

P = Tzvz P = ui

Pb+BHH�i2m` _G* Pb+BHH�i2m` ¨ `2bbQ`i
*?�`;2 ûH2+i`B[m2 q SQbBiBQM x
AMi2MbBiû q̇ = i oBi2bb2 ẋ
q̈ = di

dt �++ûHû`�iBQM ẍ
AM/m+i�M+2 T`QT`2 L J�bb2 /m KQ#BH2 m
_ûbBbi�M+2 R *Q2{+B2Mi /2 7`Qii2K2Mi λ
1
C *QMbi�Mi2 /2 `�B/2m` k

T = 2π
√

LC T = 2π
√

m
k

ω0 =
√

1
LC ω0 =

√
k
m

Q = 1
α

√
km Q = 1

R

√
L
C

GQB /ǶP?K U = RI 6Q`+2 /2 7`Qii2K2Mi f = λẋ

R9kfR89
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7

Trigonométrie

I Fonctions circulaires

1 Premières propriétés

sin x cosx tan x cotan x

Ensemble de
définition

R R R !

{ π

2
+ kπ

∣

∣

∣
k ∈ Z

}

R ! πZ

Période 2π 2π π π

Parité impaire paire impaire impaire

f(π − x) sin x − cosx − tanx − cotan x

f(π + x) − sinx − cosx tan x cotan x

f
(π

2
− x

)

cosx sin x cotan x tan x

f
(π

2
+ x

)

cosx − sinx − cotan x − tanx

Ensemble de
dérivabilité

R R R !

{ π

2
+ kπ

∣

∣

∣
k ∈ Z

}

R ! πZ

Dérivée cosx − sinx 1 + tan2 x =
1

cos2 x

−1−cotan 2 x

=
−1

sin2 x

2 Valeurs remarquables

π

6

π

4

π

3

1

2

√
2

2

√
3

2

1

2

0

π

2 π

2

0

tan x

cosx

cotan x

sin x

9X h_A:PLPJúh_A1

9 h`B;QMQKûi`B2
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9X h_A:PLPJúh_A1

6Q`KmH2 7QM/�K2Mi�H2

∀x ∈ R, cos2 x + sin2 x = 1 URXRV
6Q`KmH2b /Ƕ�//BiBQM

cos(a + b) = cos a. cos b− sin a. sin b URXkV
sin(a + b) = sin a. cos b + sin b. cos a URXjV

6Q`KmH2b /2 /mTHB+�iBQM

cos(2a) = cos2 a− sin2 a = 1− 2 sin2 a = 2 cos2 a− 1 URX9V
sin(2a) = 2 sin a. cos a URX8V

6Q`KmH2b /2 HBMû�`Bb�iBQM

cos p + cos q = 2 cos
(

p + q

2

)

cos
(

p− q

2

)

URXeV

cos p− cos q = −2 sin
(

p + q

2

)

sin
(

p− q

2

)

URXdV

sin p + sin q = 2 sin
(

p + q

2

)

cos
(

p− q

2

)

URX3V

sin p− sin q = 2 sin
(

p− q

2

)

cos
(

p + q

2

)

URXNV

1tTQM2MiB2HH2 +QKTH2t2
∀x ∈ R, exp ix = cos x + i sin x URXRyV

6Q`KmH2b /Ƕ1mH2`

cos x =
exp(ix) + exp(−ix)

2 URXRRV

sin x =
exp(ix)− exp(−ix)

2i
URXRkV

6Q`KmH2 /2 JQBp`2
∀x ∈ R, ∀n ∈ Z, exp(ix)n = exp(inx) URXRjV

AB

C

a b

c

αβ

γ

h?ûQ`ĕK2 /Ƕ�H@E�b?B , c2 = a2 + b2 − ab cos γ

R99fR89
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2

Développements en série entière usuels

e
ax =

∞
∑

n=0

an

n!
xn a ∈ C , x ∈ R

sh x =
∞
∑

n=0

1

(2n + 1)!
x2n+1 x ∈ R

ch x =
∞
∑

n=0

1

(2n)!
x2n x ∈ R

sin x =
∞
∑

n=0

(−1)n

(2n + 1)!
x2n+1 x ∈ R

cos x =
∞
∑

n=0

(−1)n

(2n)!
x2n x ∈ R

(1 + x)α = 1 +
∞
∑

n=1

α(α − 1) · · · (α − n + 1)

n!
xn (α ∈ R) x ∈ ]−1 ; 1 [

1

a − x

=
∞
∑

n=0

1

an+1
xn (a ∈ C∗) x ∈ ]−|a| ; |a| [

1

(a − x)2
=

∞
∑

n=0

n + 1

an+2
xn (a ∈ C∗) x ∈ ]−|a| ; |a| [

1

(a − x)k
=

∞
∑

n=0

Ck−1
n+k−1

an+k
xn (a ∈ C∗) x ∈ ]−|a| ; |a| [

ln(1 − x) = −
∞
∑

n=1

1

n
xn x ∈ [−1 ; 1 [

ln(1 + x) =
∞
∑

n=1

(−1)n−1

n
xn x ∈ ]−1 ; 1 ]

√

1 + x = 1 +
x

2
+

∞
∑

n=2

(−1)n−1
1 × 3 × · · ·× (2n − 3)

2 × 4 × · · ·× (2n)
xn x ∈ ]−1 ; 1 [

1
√

1 + x

= 1 +
∞
∑

n=1

(−1)n
1 × 3 × · · ·× (2n − 1)

2 × 4 × · · ·× (2n)
xn x ∈ ]−1 ; 1 [

Arctan x =
∞
∑

n=0

(−1)n

2n + 1
x2n+1 x ∈ [−1 ; 1 ]

Argth x =
∞
∑

n=0

1

2n + 1
x2n+1 x ∈ ]−1 ; 1 [

Arcsin x = x +
∞
∑

n=1

1 × 3 × · · ·× (2n − 1)

2 × 4 × · · ·× (2n)

x2n+1

2n + 1
x ∈ ]−1 ; 1 [

Argsh x = x +
∞
∑

n=1

(−1)n
1 × 3 × · · ·× (2n − 1)

2 × 4 × · · ·× (2n)

x2n+1

2n + 1
x ∈ ]−1 ; 1 [

8X .úo1GPSS1J1Lha GAJAhúa

8 .ûp2HQTT2K2Mib HBKBiûb
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3

Dérivées usuelles

Fonction Dérivée Dérivabilité

xn n ∈ Z nxn−1 R∗

xα α ∈ R αxα−1 R∗

+

eαx α ∈ C αeαx R

ax a ∈ R∗

+ ax ln a R

ln |x|
1

x
R∗

loga x a ∈ R∗

+ ! {1}
1

x ln a
R∗

cosx − sinx R

sin x cosx R

tan x 1 + tan2 x =
1

cos2 x
R !

{ π

2
+ kπ

∣

∣

∣
k ∈ Z

}

cotan x −1 − cotan 2 x =
−1

sin2 x
R ! πZ

ch x sh x R

sh x ch x R

th x 1 − th 2 x =
1

ch 2 x
R

coth x 1 − coth 2 x =
−1

sh 2 x
R∗

Arcsin x
1√

1 − x2
]−1 ; 1 [

Arccos x
−1√
1 − x2

]−1 ; 1 [

Arctan x
1

1 + x2
R

Argsh x
1√

x2 + 1
R

Argch x
1√

x2 − 1
] 1 ; +∞ [

Argth x
1

1 − x2
]−1 ; 1 [

eX .ú_Aoú1a lal1GG1a

e .û`Bpû2b mbm2HH2b
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4

Primitives usuelles

I Polynômes et fractions simples

Fonction Primitive Intervalles

(x − x0)n x0 ∈ R

n ∈ Z ! {−1}
(x − x0)n+1

n + 1

n ∈ N : x ∈ R

n ∈ Z ! (N ∪ {−1}) :

x ∈ ] −∞ ; x0 [ , ] x0 ; +∞ [

(x − x0)α x0 ∈ R

α ∈ C ! {−1}
(x − x0)α+1

α + 1
] x0 ; +∞ [

(x − z0)n z0 ∈ C ! R

n ∈ Z ! {−1}
(x − z0)n+1

n + 1
R

1

x − a
a ∈ R ln |x − a| ] −∞ ; a [ , ] a ; +∞ [

1

x − (a + ib)
a ∈ R, b ∈ R∗

1

2
ln

[

(x − a)2 + b2
]

+ i Arctan
x − a

b

R

II Fonctions usuelles

Fonction Primitive Intervalles

lnx x(ln x − 1) ] 0 ; +∞ [

eαx α ∈ C∗
1

α
eαx R

sin x − cosx R

cosx sin x R

tan x − ln | cosx|
]

−
π

2
+ kπ ;

π

2
+ kπ

[

cotan x ln | sinx| ] kπ ; (k + 1)π [

sh x ch x R

ch x sh x R

th x ln(ch x) R

coth x ln | sh x| ] −∞ ; 0 [ , ] 0 ; +∞ [
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d S`BKBiBp2b mbm2HH2b
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3 avbiĕK2b /2 +QQ`/QMMû2b

M

O
y

x

z

M

O
y

x

z

re⃗
θe⃗

ze⃗

M

O
y

x

z
re⃗

θe⃗
θ

ϕ

ϕe⃗

*QQ`/QMMû2b +�`iûbB2MM2b ,

x 2bi HǶ�#b+Bbb2 /2 J- y HǶQ`/QMMû2 2i z H� +Qi2X
−−→
OM = x−→ex + y−→ey + z−→ez−→v (M)R = ẋ−→ex + ẏ−→ey + ż−→ez−→a (M)R = ẍ−→ex + ÿ−→ey + z̈−→ez

*QQ`/QMMû2b +vHBM/`B[m2b ,

�ii2MiBQM , r 2bi H� /Bbi�M+2 2Mi`2 J 2i HǶ�t2 UOzVX

−−→
OM = r−→er + z−→ez−→v (M)R = ṙ−→er + rθ̇−→eθ + ż−→ez−→a (M)R = (r̈ − rθ̇2)−→er + (rθ̈ − 2rṙθ̇)−→eθ + z̈−→ez

*QQ`/QMMû2b bT?û`B[m2b ,

�ii2MiBQM , r = ||−−→OM ||X

−−→
OM = r−→er−→v (M)R = ṙ−→er + rθ̇−→eθ + r sin θϕ̇−→eφ
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RR PTû`�i2m`b b+�H�B`2b 2i p2+iQ`B2Hb

h?ûQ`ĕK2b /2 :`22M@Pbi`Q;`�/bFv
‹

S

−→
A.
−→
dS =

˚
τ

/Bp−→Adτ URXR9V

h?ûQ`ĕK2 /2 aiQF2b@�KTĕ`2 ˛
C

−→
A.
−→
dl =

¨
§

−→`Qi−→A−→dS URXR8V
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RkX AL*1_hAhl.1a

Rk AM+2`iBim/2b

RkXR S`ûb2Mi�iBQM /m `ûbmHi�i

X = x ± U URXReV

�p2+ , x H� p�H2m` +�H+mHû2 2i U HǶBM+2`iBim/2 +Q``2bTQM/�Mi �m MBp2�m /2 +QM}�M+2 bQm?�BiûX

RkXk AM+2`iBim/2 `2H�iBp2

u′
z = uz

|z| URXRdV

AH 2bi THmb +QKKQ/2 ¨ T�`iB` /2b BM+2`iBim/2b `2H�iBp2b /Ƕ2biBK2` HǶBKTQ`i�M+2 /2 +2ii2 /2`MBĕ`2X

RkXj úp�Hm�iBQM /ǶmM2 BM+2`iBim/2 "
*2 bQMi H2b BM+2`iBim/2b /QMMû2b T�` H2b +QMbi`m+i2m`b HQ`b[m2 HǶQM miBHBb2 /2b BMbi`mK2Mib /2 K2bm`2 Qm /2
H� p2``2`B2X

RkX9 AM+2`iBim/2 /2 H2+im`2 bm` mM �TT�`2BH ;`�/mû

∆x = 1√
3

∆;`�/ ≃ 0.58∆;`�/ URXR3V

RkX8 AM+2`iBim/2 /2 K2bm`2 T�` mM �TT�`2BH MmKû`B[m2

∆x = 2√
3

∆C ≃ 1.2∆C URXRNV

RkXe úp�Hm�iBQM /ǶmM2 BM+2`iBim/2 �
G� KQv2MM2 2bi ,

x = 1
n

n∑

i=1
xi URXkyV

GǶû+�`i@ivT2 2bi û;�H ¨ ,

σn−1 =

√√√√ 1
n− 1

n∑

i=1
(xi − x)2 URXkRV

GǶû+�`i@ivT2 /ǶmM2 /Bbi`B#miBQM [m�MiB}2 HǶû+�`i /2b p�H2m`b ¨ H� KQv2MM2X

ux,A = σn−1√
n

URXkkV

RkXd 6Q`KmH2 /2 T`QT�;�iBQM /2 HǶBM+2`iBim/2

ux =
√∑

i

u2
i,A +

∑

i

u2
i,B URXkjV

aB H2b BM+2`iBim/2b@ivT2b bm` H2b /Bzû`2Mi2b p�`B�#H2b ui bQMi +QMMm2b- �HQ`b HǶBM+2`iBim/2 }M�H2 bǶû+`Bi +QKK2 ,

ux =
√(

∂x

∂y1
u1

)2
+ ... +

(
∂x

∂yk
uk

)2
URXk9V
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