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Termes decennal et seculaireÎ
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w N�|M3��tYV�|M�]�M�U�Q$S>U>M<a<|M�NPtZ�TM<V�|M��3S>X}JstYNOMHa>M�X�clRTNPa>NOMHa>M��:S>M3XY�:S>M�V��3M�U�QjtZ]0�M\QjNPM�V w JsN�JhUua>JhU>V�XYJ�a>t�[NOM��\QjtZRTUua>Svz�JsU@Jha@JmÂhM�XYXZMHM3VPQ��3M�N7Q�JhtZU>M�]�M�U�Q	X}J{�3RTU>V�|M��:S>M�Um��MBadc�S>U>M w JsNPQ	a>M<XYJ{aH|M3~TX}Jh�3t}JsQOtYRTUa>S�Ç�XYM3tYV7QjR��h�M�UmM��:S>t��d�J���JhS>VOM�a>M�X}J-��tYVP��RTVPtZQi|MBa>S�])JhU�QjM2JsS�QOM�NONPM�V7QjNOMs� w M�N7QjS>NP��M�M�Um��RTNPM�JhS�[�PRTS>NOaFc � S>t$XYM3V w NOR�a>S>tZQOVDadcltZU>M�N7QjtZM�a>M)XYJ¦L	M3NONOM�pqNPM���RTU>a w RTV7QP[�~TX}Jh�3t}JhtZNOM2x\�dM\Q.adclJhSmQONOM w JhN7Qa>MDX}J���RTU��hM��3QOtYRTU`a@JhUmV{XZM-]�JsU:QOM2JhS�QjM3NONPM�VPQONOMsy

µ w N��M�V{J2�TRTtZNWa<|M��3NOtZQBXYJu�hJsNOt}JrQjtYRhU�a>MDX}Jua>tZNOM3�3QjtZRTU�a>MDX�clJrniM#a>MDNORhQjJsQjtZRTU�JhS`��RTSmNOVBa>S�QjM�] w V3�NOM3~�JhNPa>RTU>VDX�c^|M3�hRTXYSiQjtYRhU�QjM3] w RTNOM3XYXZMua>MvX�clJh] w XYt�QjS>a>M�a>Mv��M\QOQOM)NPRhQ�JsQOtYRTUFyuIKJ¦U>RTNO]�M�a>S��TM3�3QjM3S>NNORsQ�JsQOtYRTU¦aH|M\QjM3NO]�tYU>M#XYJ���t�QjM�VPVOMDa>MDNORsQ�JsQOtYRTU¦RTS`M�Um��RTNPM�XYJ�XYRTU>~hS>M�S>NWamS��PRTSmN�y
I�c-|M3QOS>a>M�a>M3V�|M3��XYt w VOM3V#a>MvX�clJhU�QjtZ��SmtZQi|M.M3QD��M3NPQjJhtYU>M3VDRT�>VOM3NP�sJsQOtYRTU>V#~	|M�RTXZRT~TtY�:S>M3V�®¯RTU�Q�J w>w JsNjJo_ ¸�QjNOMS>U`NjJhXZM�U�QjtZVOVPM�]�M�U�Q�V�|M��3S>X}JstYNOMDa>MDXYJvamS>N�|M3M�a>Su�PRTS>N3y � clJhSmQONOM w JsNPQ2�@XYJ w RTVPtZQOtYRTU¦a>S��iRTXZM�tZX��mamM�XYJI'S>U>M�M3Q�a>M3V w XYJhUd�M3QOM�V3��Rh�>VOM3NP�$|M�M��J�S>U`tYUmVPQ�JsU:Q{a>RTUmU<|Mh��Udc�M�V7Q w JsV{M3U�Jh�3��RTNPa�J2�TM3�.�3M�XYXZM#a>RTU>UH|M�M
w JhN.XYM�Vug wm� |M�]¢|M�NPtYa>M3V�Â��3M���t<M�VPQvSmU>M¦��RTUmV�|M��:S>M3U>��M`a>M¦XYJ0�sJhNOtYJh�>tYXZtZQi|M�amM¦X}J�NPRhQ�JsQOtYRTU±QjM3NONOM3VPQONOMM3Q w M�NO]�M3Q�a>M�X}J�]�M�VOSmNOM�N3y � M w S>tYV��:S>M�XZ��SmM�V.aH|M���M3U>U>tZM�V��kX�c�SmQjtZXYtYVOJsQjtZRTU�amS¥QjM3] w V.JsQORT]�tY�:S>M�J
w M�NO]�tYV�XYJ*])tZVOM¦M�U�|M3��tYamM�U>�3M0a>M�U>Rh]u�>NOM3S>VOM3V)tZNON�|M�~TS>XYJhNOt�Qi|M3Vua@JhU>V�XYM�QjJhSin¢amM0NPRhQ�JsQOtYRTUÃamM0XYJ
L�M�NONPMhy

1800{ 1850| 1900{ 1950| 2000{
Annees

−5

−3

−1

1

3

5

Variation de la duree du jour  par rapport a 24 heures}
(en millisecondes)~

24 h
�

�G�����v�������u�u�L�����L�������%�v�h�U�c�>�v�	��F���>�l�D���v�g�_�1���������U�D�_�3���>�v�_�(���L�g���L�>�
��������6���6�\�
µ X}J-aH|M3��|M�X\|M�NOJsQjtZRTUvV�|M��3S>X}JstYNOMWXZt\|M��J#X�ck|M�XZRTtY~TUmM�]�M�U�Q�a>MBX}JDI'S>U>M�p¯tYU>a>SmtYVjJsU:Q$SmU>M�JhS>~T]�M�U�Q�JrQjtYRhU

a>M�XYJ)XYRhU>~TS>M3S>N-a>S)�PRTSmN-a>M�X�c�RTNPa>NOM�a>Mv³�]�tYXYXZtYVPM���RhU>a>M�V w JhN�VOt��M3��XZM§x{VPMuVOS w M�N w RhVOM�U�Q�a>M3V#RTVO�3tYX�[X}JrQjtYRhU>V�®¯RhNO��|M3M�V w JsN�X�clJsQO])RTV w>� �M3NOM¦pqJ2�TM��va>M3V w |M3NOtYR�a>M3V-tYUm®2|M3NOtZM�S>NPM�V)�J�amM�Sin*JhU>V�x¨� w JhN{XYMuUmRo·TJhSp�J2�hM���a>M�VW�sJhNOtYJsQjtZRTU>V�aH|M���M3U>U@JhXZM�VjxBM\Q{SmU�QOM�NP])MDV�|M3��S>XYJhtYNPM#XYt\|M#JhS�NOM3��RTUma w RTVPQ7[^~TXYJh��tYJhtYNPM�M\Qu�J�XYJ®¯RTU�QjM�Jh�\QjS>M3XYXZM-a>M�VB~TXYJh��tZM�NPV�y$I�c |M\�TRTXZSmQjtZRTU�QjM3] w RTNPM�XYXZM-a>M#XYJv]�R§·TM3U>U>M�JhU>U:S>M3XYXYM#amM�XYJua>S>N�|M�MDa>S�PRTS>N3�:JhS���RTS>NPV$a>M�V$a>M3Sin�a>M�NPU>tYM3NOV$VOt��M��3XYM�V3�:M�VPQbNPM w N�|M�VOM3U�Qi|M�M{VOS>N$XYJ#ª>~TS>NOM{³i«�M�XZXYMWM3VPQba>MB�:S>M�XZ��SmM�V]�tYXYXZtYVPM���RhU>a>M�V w JhNBNjJ w>w RhNPQu�J�³s¤ � M�SmNOM�V3y
� M w SmtYV�XZM�V�JhU>UH|M3M�VDÀh´i��a>M.U>RTSm�hM�XYXZM�V{]¢|M\Q � R�a>M�V�adclRh�>VOM3NP�sJsQjtZRTU>V{XYt\|M3M�V{JhSin0QjM3� � U>tY�:S>M3V#V w Jo[QjtYJhXYM3V	®¯RTSmNOU>tZVOVOM3U�Q$a>M�V$a>RTUmU<|M�M3V�a>M w XYSmV�M�U w XYSmV w N�|M3��tZVOM�V3�:M3Q�RTU�Q$M3S w RTS>NkN�|M�VPS>XZQjJsQjV�aFc°Jh]Ã|M�XZtYRTNPM�N

Å �



~TNOJhU>a>M3])M3U:Q�XYJ���RTU>U>JhtYVPVjJhU>�3Mva>MvX}J w RhX � R�a>tYM�M3Q�a>MvX}J��sJhNPt}JsQOtYRTU�a>MvX}J�XYRhU>~TS>M3S>N#a>S��PRTS>N��'M\Qa>M¦�3M�®qJstZQuamM w RTVPM�N�a>M¦U>Rh]u�>NOM3Sin w NPRT�>X��M�]�M�VuU>RhSm�TM�JhSin!�:S>t�UH|M3��M3VOVOt�QjM3U:Q)a>M3VvQ � |M�RhNOtYM3V w XYSmV
w N�|M���tZVOM3V�y z�c�M�VPQ!�J!X�c�|M3QOS>a>M±a>M�V0a>tZ��|M�NPM�U�QjM3V���Rh] w RTVjJsU:QOM�V`a>M±��M�V`�sJhNOtYJsQjtZRTU>V��:S>M¥U>RTS>V0JhX�[XYRhU>V.U>RhS>VutYU�Qi|M�NOM3VOVPM�N�M�UÃaH|M���NPtZ�sJhU�QuQ � |M�RTNPtY�:S>M3])M3U:QuX�c |M3�TRhXYSmQOtYRTU�JhSÃ��RTSmNOVua>SÄQOM�] w Vua>M�X�clJrniMa>M�NORhQjJsQjtZRTU�adc�S>U��3RTN w V-aH|M3®¯RhNO])Jh�>XYM w NPM�VP��SmM�V w>� |M3NOtZ��SmMu��RT] w NPM�U@JhU�Q�S>U�U>R§·�JsS�½@S>tYamMuJhU>tZ]¢|Ma>M0])RTSi�TM�]�M�U�QOV�adc�RTNOtZ~TtYU>M�])Jh~TUH|M\QjtZ��SmM0M\Q�S>U>M�~TNjJhtZU>Mhy L�RTSmQ�adc°Js��RTNPad�Wa@JhUmV�X}J±VOM3�3QjtZRTU��m�
U>RTSmV |M\QjS>amtYM�NPRTU>V¦�>NPt��M\�TM�]�M�U�Q`XYM3V�M3��M3QOV�a>M�X�clJsQj]�RTV wm� �M�NPM�VOS>N�XYJ�NORhQjJsQjtZRTUd� w S>tZV¦U>RTS>V�U>RhS>VtYU�Qi|M�NOM3VOVPM�NORhU>V#JhSin`�sJhNPt}JsQOtYRTU>VWaH|M���M3U>U@JhXZM�V-amM.X}JvNORsQ�JsQOtYRTU�pqVPM��3QOtYRTU0¤:x\yBIKJ�VOM��\QjtZRTU ��VPM�NOJ���RTU�[
VjJs��N�|M3M±JhSin �sJhNPt}JsQOtYRTU>V)V�|M3��S>XYJhtYNPM�V�tYU>amS>tZQOM�V w JsN¦X}JÄa>M3NOU>t��M�NOM�aH|M3~TX}Js��t}JrQjtYRhU­M3Q¦ª@U>JhXYM3])M3U:Q���XYJ
VOM3�3QOtYRTU�¡DQONjJht�QjM�NOJ�amM�V<~hNjJhU>amM�Vba<|M�NPtZ�TM3V<a>S w _RTXZM�amM�NORsQ�JsQOtYRTUvtYUma>S>tZQOM�V w JhNba>M3VH]�RTSm�hM�]�M�U�QjVHa>M])JhVOVPM�VBa@JhU>V�XYM#])JhU�QjM�JhS�VOS>NBS>UmM�|M3� � M�XZXYM#a>M#QjM3] w V�~	|M�RTXZRT~TtY�:S>Msy

¡ ¢ ?$;#£k;@G ?H9 Ac¤¦¥�£¨§M¤K=@=\¤�£$Cl© ª¤KE�«?¤�¥J¥J¤u¬�Ac¤!;#¤�­¯®?¬*ADG7C-=�9?¤u¬G°`9BC{;
£k;>G7?H9?¬
I'M�V)RT�>VOM3NP�sJsQOtYRTU>V�a>M`~	|M�R�aH|M3VOtYM`V w JsQjtYJhXYMs��J2�TM3��a>M�V�QjM3� � U>tY�:S>M3V)QOM�XYXZM�V��:S>M�XZMO±.y°I�yl¶�yQ²�y-p³±$M�NP·I'RTU>~¢¶�JsVOM�XZtYU>M´²^U�QjM�N7®¯M�NPRT])M\QjN7·>x¨�{XZM�I�ylI$yWµDy#p�I'S>U>JhN¦IKJhVOM3N�µ�JhU>~TtZU>~:x�RhS XYM'¶�ylÇ	y°��y#pV¶DXZRT�@JhX
Ç	RhVOtZQOtYRTUmU>tYU>~)��·�V7QjM�]�x\� w M�NP])M\QOQjM3U�Q-Jh�\QjS>M3XYXZM�]�M�U�Q�a>M�]�M�VPS>NOM3N{X�clRhNOtYM3U�Q�JsQOtYRTU¦a>M�X}JvL�M�NONPM.J2�hM��S>U>M�QON��M3Vu~TNjJsU>a>M w N�|M��3tYVOtZRTUdy ²^X<M3VPQva>RhU>��UH|M3��M�VPVjJhtZNOM¦a>M�®¯RhNO]uS>XZM�N�S>UÃ])R�ad�M3XYM)Q � |M�RhNOtY�:S>M)QjN��M3V
w N�|M���tZV�Jsª@U`a>MDNOM�Uma>NOMD��Rh] w QOMDa>MD��M�VBN�|M�VOSmXZQ�JrQjVBa>MD])M3VOS>NPMhyI'M�V�U:SmQ�JsQOtYRTUmVB®¯RhNO��|M3M�V�VORTU�Q{M�VPVOM�U�QOtYM�XZXYM3])M3U:Q�a>SmM�V{JhSin��3RT] w RTVOJhU�QjM�V w |M3NOtYR�a>tZ��SmM�VBa>M�V���RhS w XYM3VN�|M3VOS>X�Q�JhU�Q�a>M`X�clJh�3QOtYRTU¢~TNOJ2�it�Q�JsQOtYRTUmU>M�XZXYM�amM0�3RTN w Vv��|M�XYM3VPQOM�V*p��iRTXZM�tYX��bIKSmU>M�M3Q w X}JhUd�M3QjM3V�xuVOSmN)XZM��RTS>NONPM�XZM3Q�|M��:S@JsQORTNOtYJhXda>MDXYJvL�M�NPNOMs��])JhtZV�a>M�VB�sJhNOtYJsQjtZRTU>V�amM w NPM�VPVOtYRhU0RTS`a>MD]�RT])M3U�QB��tYUH|M3QjtZ�:S>Ma@JhUmV�XZM�V w JhN7QjtZM�V�½@S>tZa>M�VBa>MDXYJuL	M3NONOM w M�Sm�hM�U�Q$�PRhS>M�NBS>U w M\Qjt�QBNr_RTXZMhyI'M�V w |M3NOtZRia>M3V-a>M3V�U:SmQjJsQjtZRTU>Vvp¯])RhSm�TM3])M3U:Q-a>M�X�clJrniMua>M�NPRhQ�JsQOtYRTU�a@JhU>V#XZM.NOM w �M�NPMv��|M�XZM�V7QjM§x�VPRTU�Q
w NPM�VO�:S>M�a>tYSmNOU>M3V�a>JhU>VBXYM#NPM w �M3NOMDQjM�NPNOM3VPQjNPMhyHg�XYXYM3VWVORTU�Q���XYJhVOVPtY�:S>M3])M3U:Q¦|M\QjS>a>t\|M�M3Vv�J w JhN7QjtZN�adc�S>U>MJ w>w NOR�� � M-JhU>JhXZ·:QjtZ�:S>MB�@JhV�|M3M-VOSmNHXZM�V�|M3�:S@JsQjtZRTU>Vba>M{IKtZRTSm��tYXZXYMsykI'M�V�|M��:S@JsQOtYRTUmVH�:S>t�~TRTSm�hM�NPU>M�U�QWXYJ�sJhNOtYJsQjtZRTU�a>S��TM3�3QjM3S>NWNORsQ�JsQOtYRTU w RTSmN�S>U>M w X}JhUd�M\QjM�J§·TJhU�QBS>U¦U>R§·�JsS�½@S>tYamM-M3QWSmU>M-~TNOJhtYU>M{VORTXZtYa>MJ2�TM3��amM�VD])RhSm�TM3])M3U:QOV#a>tZ�B|M�NPM�U�QjtZM�XZV-M�U±NORhQjJsQjtZRTU�NPtY~TtZa>M w JsN-NjJ wmw RTN7QDJhS�])JhU�QjM2JsS!p�Ç	RhtYU>��JhN�|Ms�¹§Ám¹2´�xBVPRTU�Q#aH|M3��NOt�QjM3V w JhN{XYM�Q � |M3RTN��M3])M�a>S�]�RT])M3U�Q-��tZUH|M3QOtY�:S>Ms��|M��3NOt�Q�a@JsU>V-S>U�NPM w �M3NOM.QORTS>NPU@JhU�QXYt\|MWJhS�]�JsU:QOM2JhSF� w RTS>N$XYJDL�M�NPNOM�~TXYRh�@JhXYMs� w RTS>N�XYMBU>R§·TJhS)½@SmtYa>MBM3Q w RTS>N$X}J#~TNOJhtYUmMhy�z<MWQ � |M�RTN��M�]�Ma>t�Q-�:S>M�X}J��hJsNOt}JrQjtYRhU�a>S*]�RT]�M�U�Q#��tZUH|M3QOtY�:S>Ms�dNOM3V w M��3QOtZ�hM�]�M�U�Q w RhS>N-X}J)L	M3NONOM�~hXYRT�@JsXYMh� w RTS>N-XZMU>R§·�JsS�M3Q w RTS>NDX}J�~hNjJhtZU>Mh�KM�V7Q±|M3~�JhXZMvJhSin��3RTS w XZM�VDa>M�VD®¯RTNP��M�V�Jh~TtZVOVOJhU�Q�NPM�V w M3�3Qjt��TM3])M3U:Q�VOSmN�XYJL�M�NONPM#~TXYRh�@JhXYMs�:VOS>N�XZM-U>R§·�JsS¦M3QWVPS>NWX}J�~TNjJhtZU>M�p � M � JsU:Q�M3QBJhX�yZ��¹§ÁTÁ	�Tx\y�I'M3VW��RTS w XYM�V<tYU�QjM3NP�TM3U@JhU�Qa@JhUmV<XYM3VbQ � |M�RhNOtYM3V<JsU@JhXZ·:QOtY�:S>M�Vba>M3V<U:SmQ�JrQjtYRhU>VHVPRTU�Q�XZM{�3RTS w XZM{tZU>M�N7QjtYM3X���XZM{�3RTS w XZM{~TNOJ2�it�Q�JsQOtYRTUmU>M�XVOSmN�XYJ�~TNjJhtZU>M-M\Q{XZM�VW�3RTS w XZM�V�|M�XYM3�3QONORT])Jh~TUH|M\QjtZ��SmM�V�«

� I'M�]�RTSm�TM3])M3U�Q�a>M�NPRhQ�JrQjtYRhU6NPtY~TtZa>M�a@JhU>V�XZM0UmRo·TJhS­½@S>tZa>M�tZU>a>S>t�Q�SmU>M w NPM�VPVOtYRhU¬½@S>tZa>M
p�J w>w M3X\|M3M w NPM�VOVPtYRTU�tZU>M�N7QjtYM3XYXZM§xk�:S>td�3RTS w XZM�VOSmN�XYM3V�tYU�QjM3NP®qJh�3M�V�M3XYXZt w VPRTtYa@JsXYM�V$a>S�]�JhU�QOM2JhS¦M\QWa>M-XYJ~TNOJhtYU>Ms�s�3N�|M�JhU�Q$JhtYUmVOt:a>M�Vk��RTS w XYM�V	a>M w NOM�VPVOtZRTU���XYJhVOVPtY�:S>M�]�M�U�Q�J w>w M�X\|M3V<c���RTS w XYM3VktYUmM�NPQOtYM3XYV�c�páª@~TS>NPM
��x¨Â�tZX	®qJhSiQ#U>RhQOM�N#�:S>MvVOt�XYJ�VOS>N7®qJh��Mva>S�U>R§·TJhS |M\Q�Jht�Q-V w>� |M�NPtY�:S>Ms��XZM���RTS w XYM.QORhQ�JsX�a>M�V#®¯RTNP��M3V#a>M
w NPM�VOVPtYRTU`VOM3NjJht�QBU:S>X�y

� IKJ�®¯RTNP��M*adclJsQPQjNjJs�3QjtZRTU ~TNOJ§��t�Q�JsQOtYRTU>UmM�XYXZM0XZt\|M3M�JhSin¬�sJhNOtYJsQjtZRTU>V�XYJsQi|M3NjJhXZM�V�amM�V�]�JsVOVOM3V¦a>S
])JhU�QjM2JsS�M3QWamS�U>R§·�JhS`Jh~htZQHVOS>N�XYJ�~TNOJhtYUmM w M�U>� � |M�M#M3Q�tYU>a>SmtZQHS>U¦��RTS w XYM{~TNjJ2��tZQjJsQjtZRTU>U>M3Xkpáª@~TS>NPM¤:x¨y�I�clM¨nmtZVPQOM�U>�3M�a>M{��M���RTS w XYM�M�VPQ<S>U�]Ã|M���JhU>tZVO]�M�c���XZM3®3c w RTSmNbX�c |M\QjS>amM{a>M3V<U:SmQjJsQjtZRTU>V�y(²^X�aH|M w M�U>a®¯RTN7QjM�]�M�U�Q�a>S �3RT] w RTN7QjM�]�M�U�Q¦N � |M�RhXYRT~TtZ�:S>M�a>M*XYJÄ~TNjJhtZU>M¢p¯�hc�M�VPQ7[��Jr[�a>tYNPM�a>M*VOJ¢��J w Jh�3tZQi|M¬�J¢VPM

Å�·



Cas spherique: couple nul Cas ellipsoidal: couple non nul
basculement du noyau

Noyau
fluide

Noyau
fluide

Manteau solide Manteau solide 

�G�����v��� · �(¸`���v�����2�v�h�����_���������8���>�F�������_�����

aH|M\®¯RTNO]�M�N�VORTSmV�X�clJh�\QjtYRhU0adc�S>U>M�®¯RTNO�3M§x¨y���t	XYJ�~TNOJhtYUmM�M3VPQ-NPtY~TtZa>MDRTSÈ|M3X}JhV7QjtZ��SmMh����M.�3RTS w XZM�QOM�U>amNjJ�J��>XZRi�:S>M3N�X}J)~TNjJhtZU>M w JhN-NjJ w>w RhNPQ#JsS*]�JhU�QOM2JhSdyDg�U�NOM\�sJhU>� � Ms�'VOtkM3XYXZM.M�V7Q#��tYVO�:S>M3S>VOM0p¯RTS w XYSmVc�])RTXZXYMscfx¨�iM3XYXYMDJsS>NjJuQjM3U>a@JhUm��M¦�J�½>S>M�NBa>MD])JhU>t��M3NOM��JvJhU>U:S>XZM�NB��MD�3RTS w XYJh~TMhy
Manteau solideManteau solide

Noyau fluide Noyau fluide 

Graine 
Graine 

solide

Graine non penchee: Graine solide penchee:
Couple gravitationnel non nulCouple gravitationnel nul
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� I'M$])JhU�QjM2JsS�tZUm®2|M�NPtYM3S>N��oXYM�UmRo·TJhS�M3Q�X}J�~TNOJhtYUmMu|M3Q�JsU:Q��3RTU>a>S>�\QjM3S>NOV3�ha>M3V	�3RTS>NjJsU:QOV#|M�XYM3�3QONOtY�:S>M3V�TRhU:Q�_M\QjNPM�tYU>amS>tZQOV w JhN�XYM3Vu])RhSm�TM3])M3U:QOVua>M¦NPRhQ�JsQOtYRTU¥a>tZ�B|M�NPM�U�QjtZM�XZXYM*�J�� � Jh�:S>M¦tZU:QOM�N7®qJh��Msy±z<M�V��RhS>NjJhU�QOV#��N�|M3M�U�Q�a>M�V-®¯RhNO��M3V#a>M�I'RTNPM�U�Q3»�M\QDa>RTU>�uamM�VD��RTS w XYM3V�|M�XYM3�3QONORT])Jh~TUH|M\QjtZ��SmM�V�páª@~TS>NPM1�Tx\yz<M�Vv�3RTS w XZM�V�VORhU:QvamM�Vv��RTS w XYM3V�a>M�®¯NORhQPQjM3])M3U:QuM3QvRTU�Q�QjM3U>a@JhUm��MÄ�J�M�] w _M�� � M�Nva>M�QjNPR w ~TNjJsU>a]�RTSm�TM3])M3U�Q{amM�NPRhQ�JrQjtYRhU¦a>tZ��|M�NPM�U�QjtZM�XYXZMhy

Champ
magnetique Noyau

fluide 

Manteau

Couche diffusive
magnetique
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¾{SiQ�JsQOtYRTU�x�M\QÃ�J!XYJÄ~TNjJhtZU>M!p�J w>w M3X\|MÇy<yQ²�yfz�yl¾�yBRTSÈy@NOM3M�²^UmU>M�N0z<RTNPM�¾�SmQ�JsQOtYRTU@x�JhtYUmVOt#�:Sdc�S>U>M
®¯N�|M3�:S>M�U>�3M w NOR w NPM*a>M�Q^· w MÃc°z � JhUma>XYM3N�c�XZt\|M�M�JhS �@JhVP��S>XZM�]�M�U�Q`a>M*X}J�~hNjJhtZU>M w JhN�NjJ w>w RTN7Q`JhS])JhU�QjM2JsSdy¬I'M3V�M¨n w NOM3VOVOtZRTU>V�Q � |M3RTNOtZ��SmM�V�a>M�Vv®¯N�|M3��SmM�U>�3M�V w NOR w NPM�V w NOM3VO�:S>M0a>tYS>NPU>M�Vv]�RTU�QjNPM�U�Q�:Sdc�M�XYXZM�VuaH|M w M�U>a>M3U�Qva>M¦X�c�M�XYJhVPQOtY��t�Qi|Mva>SÃ])JhU�QjM�JhSÈpq�>tZM�UÄ�3RTU>U:S>M w JsNuX}J`VOtYVP])RhXYRT~TtZM§x¨�	a>M3V���RTU�[VPQjJhU�QjM3V�a>M$®¯NOtY�\QjtZRTUD]�Jh~hU<|M3QOtY�:S>M�p�JhVPVOM�»<tYU>�3M�NPQjJhtYUmM�VK�2JhN	XYt\|M�M�V��J�X}JB��RTU>amS>�3QOtZ��tZQi|MHM\Q��J�X�clJh] w XYtZQOS>a>Ma>S�� � Jh] w ]�Js~TUH|M3QOtY�:S>M�NOJha>t}JsXáxWM3QDa>M3V�J w X}JsQOtYVPVOM�]�M�U�QOV#am·�U@Jh]�tY�:S>M�V#amS¥U>R§·TJhS w RTS>N�X}J�y�z�¾M3QDamM�X}J�~TNOJhtYU>M w RhS>N#X}J/yS²7z�¾�y'IKJ��sJhXYM3S>N-a>M��3M�V�J w XYJsQjtZVOVOM3])M3U�QjV-M3VPQ��>tYM3U*��RTUmU�SmM�V3cltZXYV-VPRTU�Q
� ·�a>NORTV7Q�JsQOtY�:S>M3V#pqaFc°J w N��M�VbX}J-Q � |M�RTNPtYMBa>M{z<X}JstYNjJsSmQ¨xk��M2JhSm��RTS w)w XYSmVbtZU>��M3NPQjJhtYU>MWV3cltZXYV�RTU�QHS>U>M���RTU�[QjNPtY�>SiQjtYRhU�U>RTU�[ � ·�a>NORTV7Q�JsQOtY�:S>M#a>SmMDJhSin�JsU>RT])JhXYtZM�Vba>M-])JhVOVPM#a@JhU>V�XZM-])JhU�QjM2JsS¦N�|M�VPS>XZQjJhU�QWa>M#XYJ��RhU:�hM��\QjtYRhUdy
I'M�VbU:SmQ�JsQOtYRTUmVHRTU�QHa>M�V w |M�NPtYR�a>M�V w NPM�VP��SmM-a>tYSmNOU>M3VHa@JsU>VHXZMBNOM w �M�NOM�QjM3NONOM3VPQONOM�M\Q<M3U��3RTU>V�|M3�:S>M�U>�3Mh�RTU*U>RsQjMuS>UmM�Jh] w XYt�ª@�2JsQOtYRTU`a>MuXZM�S>N-Jh] w XYtZQOS>a>M)p w JhN-NjJ w>w RhNPQ)�J�SmU>MuVORhXYSmQOtYRTU�Q � |M�RhNOtY�:S>M w RTSmNS>U>M�L�M�NONPM�NPtY~TtZa>M#VjJsU>V{UmRo·TJhS�Umt�~hNjJhtZU>M§x<a>SmM��JvS>U�M\�FM\Q�a>M�N�|M�VPRTU@JhU>�3M.M3U:QONOM�X�c�RTU>a>MDa>M�])JhN�|M3M
M3Q-XYM�V�])R�a>M�V w NOR w NOM�V#amMuNORhQjJsQjtZRTU w NPM�VP��SmM�amtYS>NPU>M�VvpqI'M�~TNPRTV#M3QDJsX�y��k¹§ÁTÁ���x\y�z<M�]¢|M���JhU>tYVP])M.J
w M�NO]�tYV�JhS�n0JhVPQONORTU>Rh])M3V{adc�RT�>VPM�N7�TM�N�X}J w |M�NPtYR�a>M�V w JsQOt}JhXZM#a>M�X}J1y<yfz�yl¾�y�«�M3XYXYM#M3VPQ�a>M�¤	��³��PRhS>NOV3yz<M�N�|M�VPS>XZQjJsQ�J�])RTU�QON�|MvS>U |M3�2JhN7Q�VOtY~hU>tZª@��JsQjt�®$M�U�QjNPM�XYJ�Q � |M3RTNOtZM w RTS>NDS>UmM)L�M�NPNOM � ·iamNORTV7Q�JsQOtY�:S>Mpq¤v�hº��PRTSmNOV�x�M3QuXZM�V�RT�>VOM3NP�sJsQOtYRTU>V3Â$��M3QPQjM�amtZ��|M�NOM3U>��M�J |M3Qi|M¦JsQOQONOtZ�>SH|M�M��J�S>U>M���RTU�QjNPtY�>SiQjtYRhU�U>RTU�[
� ·�a>NORTV7Q�JsQOtY�:S>M��:S>tKJhS>~T]�M�U�QOM�NjJstZQWadc�M�U���tYNPRTU'��É�X�clJ w XYJsQjtZVOVPM�]�M�U�QWa>S`U>R§·�JhSFyz<M�]�RiamMÄpzy	z�¾�x�VPM�]u�>XZM0®¯RTN7QjM3])M3U:Q�JsQPQi|M�U:SH|M�M3Q�X�clM¨n w XYtZ�2JsQOtYRTU¢a>M��3M3QPQjM�JrQOQi|M3U:S@JsQjtZRTU w JhN�XZM��RhS w X}Js~TM�|M3XYM3�3QjNPRT])Jh~TUH|M\QjtY�:S>MDM3VPQ-M3U>��RhNOM�QON��M3V{�3RTU�QjNOR§�hM�NOV�|M�M`p¯��M�XYJ)UH|M3��M3VOVOt�QjM3NjJht�Q�S>UmM�QjN��M�V�®¯RTNPQOM��RhU>a>S>�\Q�JhU>�3M�a>JhU>VBXYM#])JhU�QjM�JhS0tZUm®2|M�NPtYM3S>N�x¨y
Ç	RhS>N-QjM3U:QOM�NDadc�M\n w XZtY�:S>M�N3�<�J¦X}J)®¯RTtZV-XYM w NORT�mX��M�]�Mua>MuQONjJhUmVP®¯M�N7QDa>Mv])Rh])M3U:Q-JhU>~TSmX}JhtZNOM.M3U�QjNOMvXZMU>R§·�JsS¬M3Q)XYM¦])JhU�QjM�JhSd�HM3Q)X}J��sJhXYM3S>N�a>S¬]�R�a>M w NOR w NOM`M�U6NORhQjJsQjtZRTUÃa>S¬UmRo·TJhS¿pzy�z�¾-x\�$U>RhS>V
J2�TRTUmV)J w>w NORs®¯RTU>a>tHXYM�V w NORT�>X��M�]�M�VuamM¦am·�U@Jh]�tY�:S>M¦a>S¢U>R§·�JsS6M\QvXYM�V.a>tZ��|M�NPM�U�QjVuQ^· w M�V�a>M¦��RTS�[
w XYJh~TM�V��:S>t w M3Sm�TM3U�QvJ w>w JsNjJo_ ¸�QjNOMs�kJ2�hM���M3U w JhN7QjtZ��S>XZtYM�N#XZM w NORT�mX��M�]�Mva>S��3RTS w XYJh~TM�~TNjJ2��tZQjJsQjtZRTUi[U>M3X�yv¾{RhS>VDJ2�TRTU>V�]�Ria>t�ª<|MuXYJ�Q � |M3RTNOtZM�a>MvX}J�NORsQ�JsQOtYRTU*adc�S>U±U>R§·�JhS�½@S>tZa>M0p�Ç�RTtYU>��JhN�|Ms�$¹§Ám¹§´�x�M�U
w NPM�U@JhU�Q¦M3U ��RT] w QOM�S>U>M w RTVPVOtZ�>XYM0NOtY~htYa>t�ª@�2JsQOtYRTU¢])Jh~TUH|M\QjtZ��SmM�RTS­~	|M�RTV7QjNOR w>� tY�:S>M�a>S­U>R§·�JsSdy
I'M�U>R§·�JhS�Udc�RT�H|M3tZQ w XYS>V)�J�SmU¿|M3�:S>tYXZtY�>NPM � ·�a>NORTV7Q�JsQOtY�:S>Ms�']�JhtZV��J�S>U |M3��SmtYXYtZ�>NOM�am·�U@Jh]�tY�:S>Msy.g�U
��RhU>V�|M3��SmM�U>�3Mh�KXYM3V�M��:S>t w NOM3VOVPtYRTU>V�M3Q-XZM�V{M��:S>tYamM�U>VPtZQi|M3V-U>MuVPRTU�Q w XZS>V��3RTUm®¯RTUma>S>M�V#M\Q-a>M3V-��RhS w XYM3VXYt\|M�V�JhSin��hM�U�QjVkQ � M�NP])tZ�:S>M�V3�T~	|M�RhVPQjNPR w>� tZ�:S>M�V	RTS.])Jh~TUH|M\QjtZ��SmM�V w M3Sm�TM3U:QbJ w>w JhNOJo_ ¸ZQONOMhy�¾�RTS>V�J2�hRTU>V�2JsXY��SmX\|M�M\n w XZtY�3tZQjM3])M3U�Q#XYM��3RTS w XZM���N�|M3M��J`XYJ�zW©�¶ w JhN#XYM�� � Js] w a>M w NPM�VOVPtYRTU¥Jham�hM��\Qi|M w JhNDXYM3V��tZQOM�VOVPM�VW~	|M3RTVPQONOR wm� tY�:S>M3VBJh~TtYVPVjJhU�Q<VOS>NWXYJ�QjR w RT~hNjJ w>� tYMhÂ��hc�M�V7QBS>U¦��RhS w XYM�a>M-NjJ w>w M3XF�:S>t�tYU�QjM3NOa>t�QQjRhSmQ-XYJhNO~TM�]�RTSm�TM3])M3U�Q-a>S�UmRo·TJhS w JhN{NjJ wmw RTN7Q#JhS0]�JsU:QOM2JhSÃp¯�TRhtYN�XYJ�VPM��\QjtYRhU*¤ w RTS>N w XYS>V{a>MaH|M\Q�JhtZXYV�x¨y�z<M��3RTS w XZM�J�S>U�M3��M3Q w NOR w RTNPQOtYRTUmU>M�XkJhS*NjJ wmw RTN7Q#a>M�XYJ w NOM3VOVOtZRTU�~	|M�RhVPQjNPR w>� tZ�:S>M`pJÊ¹§´T´h´`Ç	J�x-VOS>NDXYJ w NOM�VPVOtZRTU � ·�a>NPRTVPQjJsQjtZ��SmM�pVËÍÌ��>JhNOVjxDM\Q�amRTU>�vM�V7Q.UH|M3~TXYtZ~TM2Js�>XYMsy�I'M��3RTS w XZMva>M®¯NOtZ�3QOtYRTU�|M3XYM��\QjNPRT]�Js~TUH|M3QOtY�:S>MWJ�|M�~TJhXYM3])M3U:Qu|M\Qi|MB�2JsXY��SmX\|MWVOSmNbamM�Vv|M�� � M3XYXYM3V�a>MWQjM3] w VbJhXZX}JhU�Q�amS#�PRTSmN�J�X�clJhU>UH|M3Mh«.tZX�M�V7Q w NPR w RTNPQOtYRTU>UmM�X{�J�X�c |M�U>M3NO~TtZMv]�Jh~hU<|M3QOtY�:S>M��J`XYJ�zW©0¶�M3Q�aH|M w M3U>a�a>S w NORsª@X$a>M��RhU>a>S>�\QjtZ��t�Qi|M�a>JhU>VWXYM{]�JsU:QOM2JhSFy$z<M-��RhS w XYM���N�|M3M-S>U�QOM�NO]�M-a>tZVOVPt w JsQOtZ®Fa@JhU>V�XZM�]�RiamM w NPR w NOM�M�UNORsQ�JsQOtYRTU w NPM�VP��SmM\[^amtYS>NPU>M�amS0U>R§·TJhSÄpV¶DNPM3��M\Q�IKM3~TNORhV��'¹§ÁTÁhÁ�x\y
Î{UmM��sJhXZM�S>N$a>M�X}J6y(²7z�¾ p�J2�TM3��S>UmM w |M3NOtYR�a>MBV w JsQjtYJhXYMWa>M{Á�Àh´<�PRTS>NPV�x�J�N�|M��3M�]�])M3U:Qv|M3Qi|M w NOR w RTV�|M3M
w JhN#©�JsQ � M�ÏBVDM3Q�JhX�y)p�³h´T´i¹ox��J w JsNPQjtZN-a>M3VDJh] w XYtZQOS>a>M3V�a>M3V#U�SiQ�JsQOtYRTU>V#Rh�mQjM3U�SmM�V w JhN-X�c°JsU@JhXZ·�VPMa>M3V�amRTU>UH|M3M�Vc±uylI�y°¶�yQ²�y�y��mJ w |M�NPtYR�a>M.Q � |M�RTNPtY�:S>M`p w RTS>N#SmU>MvL	M3NONOM�V7QjNOJsQjt�ª�|M�M�NOJha>t}JsXYM�]�M�U�Q#VPM�XZRTUS>U)])R�ad�M�XZMWaH|M�NPtZ��|M�a>MBX}JDVOtYVP])RhXYRT~TtZMh�sM�U!|M3�:S>tYXZtY�>NPM � ·�a>NPRTVPQjJsQjtZ�:S>M�M\QHVOJhU>Vb®¯NOtY�\QjtZRTU�]�Js~TUH|M3QOtY�:S>M2xVOM3NjJht�Q�a>M�¤�ºT´��PRhS>NOV3yÃz<M3QPQjM w |M3NOtZRia>M�JsS>~T]�M�U�QjM�J2�TM3��X}J��3RTU>VPQjJhU�QjM�a>M¦®¯NOtZ�3QOtYRTUÄamM¦X}J�~TNOJhtYUmM
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M3QBamRTU>�DJ2�TM3��X�c°Js] w XZtZQOS>a>M�a>S¦� � Jh] w ]�Jh~hU<|M3QOtY�:S>M)�JuX�cltZU:QOM�N7®qJh��M-UmRo·TJhSi[�~TNjJhtZU>MvpqJh] w XYtZQOS>a>M{��SmtM�V7Q�tZU>��RTUmU�SmM§x\y IKJ w NPtYVOM0M�U­�3RT] w QjM`a>M�XYJ���tYVP��RTVPtZQi|M�a>M0X}J�~TNjJhtZU>M�QjM�Uma>NjJht�Q2�WJsS­��RTU�QONjJhtZNOMh�
�J0aH|M���NPRr_ ¸ZQONOM)��M3QPQjM w |M�NPtYR�a>M�pV¶DNPM3�	��I'M�~hNORTV�M3Q � M � JhU�Q2��³h´T´T´Tx\y�I�cltZUm½@S>M3U>��M�a>M��3M�V.amM�Sin w NORr[
w NPt\|M3Qi|M�V w>� ·iVPtY�:S>M3V�p¯� � Jh] w ])Jh~TUH|M\QjtY�:S>M¦�J�X�cW²7z�¶ M\Q���tYVP��RTVPtZQi|M.a>M�X}J)~hNjJhtZU>M§xWVOS>N�XYM�V{U:SmQ�JsQOtYRTUmV
M3Q�VOS>N¦XZM�V w M�N7QjS>NP�@JsQjtZRTU>V)a>M*X}J�~hNjJ2��tZQi|M0tYU>amS>tZQOM�V w JsN�XYM w RhQOM�U�QjtZM�X{a>M�])JhN�|M3M�V�XZS>U>t�[�VORTXYJhtYNPM�VJ |M3Qi|M |M\QjS>amt\|M�M¥pV¶DNPM3�	� � M � JhU�Q)JhU>a6I'M�~TNPRTV��<³h´T´m¹§x\Â<UmRTS>V�J2�TRTU>V�]�RTU�QjN�|M¦�:S>M�XZM�V�M3��M3QOV)VPRTU�Q~	|M3U<|M�NOJhXYM3])M3U:QB®qJhtZ�>XYM3VBVOS>N�X}J�~TNOJ§��t�Qi|MDM3Q{VOS>N�XYM3VBU�SiQ�JsQOtYRTU>V3y.²^XZV�VPRTU�Q�VPRTS>V{XYM#VOM3S>tYXKa>M w N�|M���tZVOtZRTUa>M3V<~TNOJ§��tZ]0�M\QjNOM3VHVPS w NOJr[^�3RTU>a>S>�\QjM3S>NOV�p¯��SmM�XY�:S>M3V�U@JhUmRT~�JhXZV�x\�:])JhtYVbJhS�[^a>M3VOVOSmV�a>M�XYJ w N�|M��3tYVPtYRTU)a>MX�c�RT�>VPM�N7�hJrQjtYRhU�a>M3V#U�SiQ�JsQOtYRTU>V w JhN-XZMw±-I�¶Z².p¯�:S>M�XZ��SmM�V#a>t*»�t��M3])M3V�a>M.])tZXYXYtZVOM3��RTU>amM�V�adc°JsNO��Vjx\yDg�U
w JhN7QjtZ��S>XZtYM�N3� w RhS>N$X}JDU�SiQ�JsQOtYRTU�a>M-¶HNjJha>XZM3·`p¯a>M w |M�NOtZRiamM�¹2ºmy°¡�JhU>Vjx\��U>RTS>V<J2�TRTU>VH])RhU:QON�|M��:S>M{amM�V�sJhNOtYJsQjtZRTU>V$a>M{X�clJh] w XYtZQOS>a>MBa>M{��M3QPQjM-U:SmQjJsQjtZRTU�tZU>a>S>t�QjM3V w JhNHa>tZ�B|M�NPM�U�QjM3V<��tYVP��RTVPtZQi|M{M3Q<��RTU>V7Q�JhU�QOM�Va>M#®¯NOtZ�3QOtYRTU w RTSm�sJhtZM�U�Q�JsQOQOM�tZU>a>NOM#�:S>M3XY�:S>M3V{a>t*»2JhtZU>M�VWamM�]�tYXZXYtZVOM��3RTU>a>M3V�adclJhNO�3V�yI�c°JsU@JhXZ·�VPM�amM�V�|M�NPtYM�V�QOM�] w RTNPM�XZXYM�Vka>M w XYS>V�M3U w XYS>V�XZRTU>~TS>M3V$a>M�V$U:SmQ�JrQjtYRhU>V�a>M3��NOJhtZQ w M�NO]�M3QPQjNPMWa>MaH|M\QjM�NP])tZU>M�N w N�|M3��tZV�|M�]�M�U�Q�X}J w |M�NOtZRiamM.M3Q�X�clJh]�RTNPQOtYVOVPM�]�M�U�Q�a>Mu�3M3QOQOM8y<yQ²�y°z�y°¾ M\Q-a>RhU>�uadc�RT�mQOM�U>tZN
a>M3V	tZUm®¯RTNO])JsQOtYRTU>V�VOS>NKa>M3V w NOR w NPt\|M\Qi|M�V'amMHX�cltZU:QOM�N7®qJh��M�~TNOJhtYUmM\[^UmRo·TJhS#½@S>tZa>Mh�oQjM3XYXYM3V'�:S>M$X�clJh] w XYtZQOS>a>Ma>S`� � Jh] w ])Jh~TUH|M3QjtZ�:S>M-RTS`X}J.��tYVP��RTVPtZQi|M�amM�XYJu~TNjJstYU>Msyz<M#QjNOJ§�sJhtZX'JÄ|M3Qi|M�N�|M�VPS>]¢|MDa@JsU>VBS>U0�3RTS>N7QB��RT] w QjM¨[^NPM�U>a>S w S>�mXYt\|M�a@JhU>V�XYM3V�z<RT] w QjM�VBNPM�U>a>SmV{a>M3V
ÐhRTS>NPUH|M�M3V-³s´T´T´dÑ:��·�VPQ2�M�]�M�VBa>MDN�|M\®§|M�NPM�U>�3M.V w JsQjtZRs[�QOM�] w RTNPM�XZV�Ñ>y
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Ü\ÝzÜ Þ/ßSà�á�â�ã\ä�á
L � M0M��:S@JsQOtYRTU>V�~TR§�TM3NOU>tZU>~�Q � M0NPRhQ�JrQjtYRhU6Rh®{Q � M�g$JhNPQ � ��Rh®-Q � M0½>S>tYa!RTSmQOM�N��3RTNOM0JhU>a6Rh®-Q � MtYUmU>M�N��3RTNOM�JhNPMW~TM�U>M3NjJhXZt�»3M�a�QjRDtYUm��XYSma>M�M�XZM��\QjNORh]�Jh~hU>M3QOtY�<QORTNO�:S>M3V<JsQ�Q � MW��RhNOM\[�]�JsU:QOXYMWJsU>a)tZU>U>M3N��RhNOM���RTSmU>a@JhN7·6pz²7z�¶WxDJhU>a±QjR�Q�J�ÌsM)tZU:QOR�Js����RhS>U�Q�Q � M���tZVO��RhS>V.NPM�X}Jon>JrQjtYRhU±Rs®<Q � M)tZU>U>M�ND�3RTNOMsyL � MD®¯RTS>NBNORsQ�JsQOtYRTU@JsXFM�tZ~TM�Um])R�a>M�V�p¯M�V w M��3t}JhXZXZ·)Q � MDM�tZ~TM�U w M3NOtYR�a>V�JhU>a�Q � M�tYNW�:S@JsXYtZQ^·�®qJh�3QORTN�x�JhNPMtYU��hM�VPQOtY~�JrQjM�aFy`Î{VPtYU>~�J�VPtY] w XYMH©�Jon!ÏHM�XZXi]�R�a>M�X�Rh®>N � M3RTXYRT~s·-®¯RTNKQ � MbtYU>UmM�N���RTNPMZÏBtZQ � JsU.M3��M��\Qjt��TM��tYVP��RTVPtZQ^·�NOJhU>~TtZU>~.®¯NPRT]�¹2´�åzæBS w QjR¦¹§´�åzçBÇ	Jmy�V��
ÏHM � J2�TM#®¯RTS>U>a¦Q � JsQ2��Q � M#V w JsQOt}JhX w M3NOtYR�a�Rh®KQ � M
y(²7z�¾­�sJhNOtZM�V�®¯NPRT] À	�-a@J2·�V�pq�:S@JhVPt�[�½>S>tYavtYUmU>M�N��3RTNOM2x�S w QOR�VPRT]�M�Q � RTSmVjJhU>a�a@J2·�V-p¯�:S@JhVOt»[^M3X}JhV7QjtY�tYUmU>M�ND��RhNOMdÏBtZQ � V7QjNORhU>~0])Jh~TUmM3QjtZ�uª@M�XZa�x\��JhUma¥Q � JsQDQ � MvtYUmU>M�ND��RhNOMdÏ<Rh�>�>XYM�a>tZVjJ w>w M2JsNOV#®¯RTN�J�:S@JhVPt�[�½>S>tYa)N � M3RTXYRT~htY�2JsX@��M � J2�itZRTS>NbRh®'Q � M�tYUmU>M�Nb��RTNPMhygyktZU@JhXZXZ·T�TQ � M�tZUm½@S>M3U>��M{Rh®'Q � M�tYUmU>M�Nb��RTNPM��tYVP��RTVPtZQ^·�JhU>a¢Rh®WQ � M¦]�Jh~hU>M3QOtY�v®¯NOtY�\QjtZRTUÃJsQ�Q � M�²7z�¶ RTUÄQ � M w M�NPQOS>NO�>JsQjtZRTU>VutZU>a>S>�3M�aÃ��·�Q � MU>M�JhNOX�·:[�a>tYSmNOU@JhX�QjtZa@JhX w RhQjM3U�Qjt}JsXdtYU¦Q � M�V w JsQOt}JhXdU:SmQjJsQjtZRTU>VBJhNPMDtYU��TM3VPQjtZ~�JsQOM�ady
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õ�õ�âöêmã\ä ôL � MHM��:S@JsQOtYRTU>V�~TR§�TM3NOU>tZU>~{Q � MH�sJhNPt}JsQOtYRTU#Rs®>Q � MbNORsQ�JsQOtYRTU>V'®¯RTN�J w X}JhUmM3Q � J2�itZU>~{J{XYtZ�:S>tYaD��RhNOMHJhU>aJ�VPRTXYtZavtYU>U>M3NH�3RTNOMhÏBtZQ � NPtY~TtZa�amtZ��M�NOM3U�Qjt}JsX@NORhQjJsQjtZRTU>V`ÏBtZQ � NPM�V w M��\Q<QOR�Q � M{VPRTXYtZa�])JhU�QjXZMh��JhNPM�Q � MM��:S@JrQjtYRhU>V-®¯RTN-�3RTU>VOM3NP�sJsQOtYRTU*Rh®HJhUm~TS>X}JsN�]�RT])M3U�QjS>] pqU>RsQjM�aø÷ù��Ç÷ù$ú�JhU>aø÷ùÂûBNOM�V w M3�3QOtZ�TM3XZ·�®¯RhNQ � M�~TXZRT�@JhX�g$JhNPQ � �:®¯RTNbQ � M�½@SmtYa�RhSmQjM3N<��RhNOM-JsU>a�®¯RTN$Q � M{tYU>UmM�N<�3RTNOM2x\��ÏBNOtZQPQjM3U�tYU�Q � M�LWtYVOVPM�NOJhU>a®¯NjJs])MvRh®�Q � M�UmRTUi[^amM3®¯RTNP])M3a�tYUmtZQjtYJhX�])JhU�QjXZMhy/²�®�Q � M�g$JhN7Q � tZV�VPS>�>]�tZQPQjM�a±QjR�J`QjtZa@JhX��hRTXYS>]�tY�
w RhQjM3U:QOt}JhX���U>RhQOM�a�ü æ �FpqtYU��hRTXZ��tYUm~�JsU�M\n�QOM�NOU>JhX�QORTNO�:S>M ÷ýbx\�>Ï<M � J2�TMh�itYU)Jh�>VPM�U>�3M�Rh®dQOR w RT~TNjJ w>� tY�QjRhNO�:S>M�JsQWQ � M.zW©0¶ JhU>a0JsQWQ � M�²7z�¶�«
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Ï � M3NOM ÷
 tYV�Q � MvJhU>~hS>X}JhN��TM3XYR���tZQ^·0Rh®$Q � M�]�JhU�QOXYMh� ÷
 ú JhU>a ÷
 û Q � M�a>t��FM3NOM�U�QOt}JhX�NORhQjJsQjtZRTU�Rh®$Q � M½@S>tZa*��RTNPM�JhU>a*Rs®bQ � MutZU>U>M�N���RTNPMh�dNPM�V w M��\Qjt��TM�X�·T�GÏBt�Q � NOM3V w M��\Q#QjR�Q � M�]�JhU�QOXYMhÂ�÷��ú{JsU>a ÷�lû{JhNPM
®¯NOtZ�3QOtYRTU@JsX�QjRhNO�:S>M�VhÏ � tZ� � ])J§·¦J w>w M2JhN�JsQBQ � MuzW©�¶ JhU>a0JsQBQ � M�²7z�¶�Â2÷�uû�tYVWQ � M�~hNjJ2��tZQ�JrQjtYRhU@JhXQjRhNO�:S>M�JhU>a�Q � M w NPM�VPVOS>NPM�QORTNO�:S>M�Jh�3QOtYU>~�RhU`Q � MDtYU>U>M3NW��RTNPMhyL � M#JsU>~TS>XYJhNH]�RT]�M�U�QjSm] Rh®�J.a>M\®¯RTNO])Jh�>XZM���R�am·�tYV<M¨n w NOM3VOVOtZ�>XYM-JhVHQ � M w NPRia>Sm�3Q�Rs®'tZQOV�JhU>~hS>X}JhNNORsQ�JsQOtYRTU�JhUma0t�QjVW])JhVOVWNPM�a>tZVPQjNPtY�>SiQjtYRhU¦a>M�VP��NOtZ��M3a���·�Q � MDtYU>M3NPQjtYJhX�QOM�U>VPRTNW®¯RTN�Q � M�M3U:QOtYNPMDgbJsNPQ � �®¯RTN�Q � M0�3RTNOM0JhU>a!®¯RTN�Q � M`tYU>UmM�Nv��RTNPMhy­L � M�g$JhNPQ � �HQ � M�½@S>tYa!��RhNOM0JhU>a6Q � M`tYU>U>M3Nv��RTNPM�JhNPMa>M\®¯RTNO]�M�a¦��·�Q � M�QOtYa@JhX w RhQjM3U:QOt}JhX��>SmQWJhXYVPRu��·�Q � M-NORhQjJsQjtZRTU�t�QjVOM3XZ®bp¯NORhQjJsQjtZRTU@JhX w RhQjM3U�Qjt}JsXFRh®'Q � Mg$JhNPQ � �@Rh®	Q � M#½@S>tZa���RTNPM.JhUma0Rh®�Q � M�tZU>U>M3N��3RTNOM2xWJhU>a`�:·¦Q � MDXYR�Jsa0JsVOVOR���tYJsQjM3a�ÏBtZQ � Q � MDQOtYX�QWRh®Q � M.tYUmU>M�N���RTNPMhyBL � MutZU>M�N7QjtYJ w NOR�a>S>�3QOV w M�N7QjS>NP�@JsQjtZRTU>V{JhNOM���RT] w SmQOM�a0S>VOtZU>~�~TM3U>M�NOJhXYt*»�M�a0I'R§�TMU:S>]u��M�NPV�y

L � M�~hNjJ2��tZQ�JrQjtYRhU@JhX@JhUma w NPM�VOVPS>NOM�QjRTNP�:S>M-Jh�\QjtZU>~�RhU�Q � M�tZU>U>M�N$�3RTNOM�]�J2·v��M�ÏBNPtZQPQjM�UF�iU>RsQjtYUm~
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Ï � M3NOMB0Yû<tYV�Q � MDtYU>U>M3NB��RTNPM#~TNjJ2��tZQjJsQjtZRTU@JhX w RhQOM�U�QjtYJhX'JhUma ? ú$Q � M#½@S>tZa w NOM3VOVOSmNOM�Jh�3QOtYU>~�JsQWQ � M
²7z�¶�y�L � tYV�QORTNO�:S>MuQjJ�ÌhM3V#tYU�QjR�Jh���3RTS>U�Q-Q � M.ª@~TS>NPM\[�ª@~TS>NPMu~TNjJ2��tZQjJsQjtZRTU@JhXK�3RTS w XZtYU>~)Rh®$Q � MutZU>U>M3N��RhNOM#QjR�Q � M�])JhU�QjXZMDJhU>a¦Q � MDQOtYa@JsXFQjRTNP�:S>MDRTU`Q � MDtYU>UmM�NW��RhNOMhyL � M-QjM3VOVPM�NjJsX'a>M�~TNPM�M-QDÏHR�QjtYa>JhX w RhQOM�U�QjtYJhXXü Jh�\QjVWRTU�Q � MDg$JhNPQ � clVWM3�:S@JsQjRhNOt}JsX��>SmXY~TMvp¯U>RhQOM�a
C x�tZU:�hRTXZ��tZU>~�JsU0M3��S>JsQjRTNPt}JhXdQORTNO�:S>M�VOSm� � JhV�«.ý å �ED ý æ 
 � � D CGF1 æ ü æ �\Ï � M3NOM F tYVWQ � M�tZU>M�N7QjtYJ
]�RT])M3U�Q�Rh®kQ � M.gbJsNPQ � JhU>a*JvQ � M�VOS>N7®qJh��M�NjJhamtYS>V3y{¶HM��2JsS>VOMuRs®�Q � M���RTUma>S>�3QOtZ��tZQ^·`Rh®kQ � M�XYR�Ï<M3N])JhU�QjXYM�JhU>a*Rs®�Q � MutZU>U>M3N���RhNOMh��Q � M3NOMutZV-J)®¯NPtY�3QOtYRTU>JhXK]�Jh~hU>M3QOtY�DQjRTNP��SmM;Ï � tY� � J w>w M�JhNOV-JsQ�Q � MzW©�¶ JhU>a�JrQ�Q � M�²7z�¶�y�L � M�VPM.M��:S@JrQjRTNPt}JhXFQORTNO�:S>M3V-Jh�\QjtZU>~vRTU`Q � MD½@S>tYa`RTSmQOM�N���RTNPMH� ú JhU>a0RTU
Q � M�tZU>U>M3NW��RTNPMI�lû � J§�hM���M�M3U0�3RT] w SmQjM3a`®¯NPRT],¶<Si�FM\QOQ.p7¹§ÁhÁ�³Tx\y
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Ï � M3NOM K ú JhUma K û JhNPM�®¯NPtY�\QjtYRhU@JhXk�3RTU>V7Q�JhU�QjV.a>M w M�U>amtYU>~0RTU±Q � M���RTU>amS>�3QOtZ��tZQ^·±]�Ria>M3X$JhU>a¥RTUQ � M�Js] w XZtZQOS>a>M�V<Rh®	Q � MD]�Js~TU>M3QOtY�-ª@M3XYadyT�M � J2�TM`VOSm�>VPQOtZQjSiQjM�a!Q � M`tYUmM�NPQOt}J w NPRiamS>�3QOV�JhUma!Q � M�VPM0QjRhNO�:S>M�V���·ÃQ � M3tYN�®¯RTNP]�tYU�QjR*Q � MM��:S@JrQjRTNPt}JhX@JsU>~TS>XYJhN�]�RT])M3U�QjS>]�M��:S@JsQOtYRTU>V3�:tYU�Q � MW®¯NPM��:S>M�Um�3·va>RT])JhtZU`p¯®¯RTN�a>M\Q�JhtZXYV�VPM�Me¶DNPM3�¦M\QJhX�y#³h´T´h´�x\y-L � Mua>M3QOM�NP])tZU@JhU�Q-Rh®�Q � MuV7·iV7QjM3] �sJhU>tYV � M�V{®¯RTN�¤�M3tY~TM3Um®¯NOM3�:S>M�U>�3tYM3V�«{Q � Mvz � JsU>a>XYM3N
ÏHRT�>�>XZM�pq]�RhQjtZRTU�Rh® ÷
 ÏBtZQ � NOM3V w M��3QBQORuQ � M-ª@~hS>NOMDJrnitZV�Rh®KQ � M#])JhU�QjXZM§x$U>RhQjM3aVU ;>W �iQ � M#tYUmU>M�N [��RhNOMAÏHRT�>�>XZM*p¯])RhQOtYRTU±Rh® ÷
 � ÷
 û?ÏBtZQ � NOM3V w M��\QuQjR�Q � M�ª@~hS>NOM�JrnitYV.Rs®WQ � M�tZU>U>M3N.��RhNOM§xDU>RhQOM�aU :N;>W �	JhU>a�QDÏHR0U>M�JhNOX�·�[^a>tZS>NOU@JsX�])R�a>M3V��'Q � M1y@NOM3M\[ z<RTNOMu[ ¾�SmQ�JrQjtYRhU¬pzy�z�¾-x-U>RhQOM�aXUZY ;>[ ��JhU>aQ � Mhy�NPM�M¨[D²^U>U>M3N7[ z<RTNOM¨[ ¾{SiQ�JsQOtYRTU�pzy(²7z�¾-xkUmRhQjM3a\U>Y :<;>[ y`y@RTNkQ � MBÇgµ{gb©�])R�a>M3X��TJsVOVOSm])tZU>~-Q � JrQQ � M�NOM)tYVDU>R`�itZVO�3Rs[^M3XYM��\QjNPRT]�Js~TU>M3QOtY�uQORTNO�:S>M�JsQDQ � M�zW©�¶ JhUman²7z�¶��uÏ<M)RT�mQjJhtYU�Q � Mv®¯RTXZXYR�ÏBtYU>~M�XYJhVPQOtY�#NPRhQ�JsQOtYRTU>JhX�M3tY~TM3U>]�Ria>M3V��@U>RsQjtYUm~ J Q � M�VPtYa>M3NOM�JhX'NORhQjJsQjtZRTUd«
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L � MBM�XZM��\QjNORh]�Jh~hU>M3QOtY���3RTS w XZtYU>~#RTU�Q � MW��RTNPMBa>RiM3V$U>RhQ w M�NPQOS>NO�vVPtY~TU>t�ª@�2JsU:QOXZ·�Q � MBV w JsQjtYJhX w M�NPtYR�aRh®HQ � MAy	z�¾�JhU>a¥tYU>amS>��M3VuJ���S>JhXYt�Q^·*®qJh�3QORTNDX}JhNP~TMvtYU±��RT] w JhNPtYVORhUÇÏBt�Q � Q � M��:S@JhXYt�Q^·*®qJh�3QORTNDRh®Q � M�y	z�¾¿RT�mVOM�N7�TM3a0S>VPtYU>~v~TNOJ2�itZ])M\QjM3NOVWJhUmaO±-IK¶.²HV7Q�Jh�FÌ:tZU>~dÏ � tY� � tYVWJs��RTSiQl�h´T´T´T´6ÏBtZQ � XYJhNO~TMS>U>�3M�N7Q�JhtZU:QOtYM3V�y
L � MDtYUi½@S>M�Um��MDRTU¦Q � M�yS²7z�¾ Rs®�Q � MDM�XZM��3QONORT])Jh~TUmM3QjtZ�{QORTNO�:S>M�Jh�\QjtYUm~�RTU¦Q � M#M3X}JhV7QjtY��tYU>U>M3NW��RTNPMJhU>a±Q � M)JhVPVOR���t}JrQjM�a w M3NPQOS>NO�@JrQjtYRhU>VDtYU�Q � M)RT�>VOM3NP�hM�aÃU:SmQ�JrQjtYRhU>V � J2�TM)ª>NOVPQ.��M3M�U¥tYU��TM3VPQjtZ~�JsQOM�a��·�¶<Sm��M3QPQ.p7¹§ÁTÁT³Tx�JhU>a�Q � M3U0��·`©0JsQ � MBÏBV{M\Q{JhX�yBp ¹§ÁTÁTºTx\y
y@NORT] Q � M�JhU@JsXZ·:QjtZ�2JhXF®¯RhNO]�Rh®	Q � M#®¯NPM��:S>M�Um�3·T��Q � M6y(²7z�¾ ])J§·���MDVOtZ] w XZ·AÏBNPtZQPQjM�U�pqtZU¦Q � MDª@NOV7QRTNPa>M�NBRh®kJ w>w NPR2nmtZ]�JrQjtYRhU�x\«gUZY :<;>[ 
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Abstract

We have investigated the rotational motions of a simple Earth model composed of three homogeneous 
layers: an elastic inner core, a liquid outer core and an elastic mantle. Taking into account the 
various pressure and gravitational torques appearing between the different parts of the model as well
as the elasto-gravitational deformations with the help of a Love number approach, we propose a fully
developed set of equations for the conservation of angular momentum. The homogeneous system 
relative to the free case yields four normal modes: besides the classical Chandler Wobble and Free Core
 Nutation, two new eigenmodes appear: the Inner Core Wobble and the Free Inner Core Nutation. The 
simplicity of our model allows us to find analytical expressions for these rotational modes and to show
the relative importance of the various coupling mechanisms which are involved. We also compare our 
values to numerical values proposed by two recent studies. The rotational response is then computed as
a function of two different forcing mechanisms: one derived from an external potential like the tidal
gravitational potential of nearly diurnal frequency, and another associated with a surface pressure like
the pressure induced by atmospheric or oceanic loading.
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Abstract

The rotational motions induced by an external potential or by a surface loading pressure have been
found in a previous study. These analytical solutions include resonance effetcs due to four normal
modes: the classical Free Core Nutation and Chandler Wobble, and two new modes, the Free Inner Core 
Nutation and the Inner Core Wobble. In this paper, the expressions of these rotational motions are used
in order to find an analytical expression for the perturbations in gravity and for the nutational motions.
The atmospheric loading effect and the external tidal effect are both examined. Numerical results for the
frequencies near the resonance frequencies show the relative importance of the different normal mode
effects. In particular, the S1 tidal wave and the corresponding annual nutation can have non-negligible
contributions due to the presence of an inner core and due to atmospheric loading.
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Abstract

The equations governing the rotation of the Earth, of the fluid outer core and of the inner core are
generalized to include electromagnetic torques at the core-mantle and inner core boundary and to take
into account the viscous relaxation of the inner core. The four rotational eigenmodes (especially the
eigenperiods and their quality factor) are investigated. The free core nutation (FCN) and the Chandler
mode are not significantly perturbed by these effects.

The torques due to the magnetic field at the core-mantle (CMB) and inner core (ICB) boundaries are
frictional torques and depend on the radial component of the magnetic field, respectively, at the CMB
and ICB. An increase in the amplitude of the radial magnetic field at the ICB involves an increase of the
period of the free inner core nutation (FICN).

Using a simple Maxwell model of rheology for the inner core with an effective viscosity ranging from
1012 up to 1017Pas, we have found that, in the absence of electromagnetic torque, the period of the
FICN varies from 75 days (quasi-fluid inner core) up to 485 days (quasi-elastic inner core), and that the
inner core wobble disappears for a quasi-fluid rheological behavior of the inner core. The simultaneous
influence of both the electromagnetic torques and the inner core viscosity on the FICN is investigated
and discussed.
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Abstract

In this paper, we investigate the perturbations induced by the nearly-diurnal luni-solar tidal potential on
the surface gravity changes and on the spatial nutations. The effects of the magnetic friction at the
Inner-Core-Boundary (ICB) and on the inner core viscosity at this time scale are studied. We show that
very precise VLBI (Very Long Baseline Interferometry) observations of the in-phase and out-of-phase
components of some nutations can give information on the Earth’s deep interior, especially on the
effective viscosity of the inner core and on the amplitude of the radial component of the magnetic field
at the ICB. 
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On atmospheric pressure perturbations on precession and
nutations

V. Dehanta, Ch. Bizouarda, J. Hindererb, H. Legrosb and M. Greff-Lefftz b
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Abstract

The atmospheric pressure effects on the nutations are evaluated using the analytical expression of the
rotational motion of the Earth in inertial space as a function of the external surface pressure torque. The
most efficient term in perturbing the nutations is the S1 solar barometric tide of thermal origin; this wave

induces a contribution to the prograde annual nutation but seasonal modulations of S1 may also cause

perturbations to other nutations. Two extreme cases of oceanic response to pressure fluctuations are
considered (inverted barometer ocean or non-inverted barometer ocean) and various kinds of figures
(ellipsoid, geoid, topography) are introduced in the pressure torque computation. According to the
forcing amplitude of the pressure field and to various assumptions in the torque computation, we obtain
contributions to the nutation values ranging from a few tenths of a milliarcsecond up to several
milliarcseconds for the semi-annual and annual terms. This shows the importance of atmospheric
pressure corrections which have been ignored until now in the theoretical expressions of nutations as
well as in the set of corrections applied to the observed nutations.

Full text supplied by [ScienceDirect] 

© Copyright 2001, Elsevier Science, All rights reserved.
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On the atmospheric perturbation of the Earth’s precession

J. Hinderera, H. Legrosa, P. Gegouta, M. Greff a, V. Dehantb and C. Bizouardc

a Institut de Physique du Globe de Strasbourg, 5, rue René Descartes, F-67084 Strasbourg, France 
b Observatoire Royal de Belgique, 3, avenue Circulaire, B-1180 Bruxelles, Belgium 
c Observatoire de Paris, 61 avenue de l’Observatoire, 75014 Paris, France 

Note presentee par J.L. LE MOUEL

Abstract

This study is devoted with the possible influence of the atmosphere upon the precessional motion 
of the Earth in space caused by the pressure torque on the Earth’s shape. One of the most important
features of the atmospheric pressure changes is the solar wave S1 of 24 hrs period. It is a wave driven
by the solar heating and is known for its large spatial distribution. This pressure is able to generate a
torque on the Earth’s figure and we consider two extreme cases of ocean response to pressure changes
(inverted barometer IB and non-inverted barometer NIB) as well as different figures (topography, 
geoid, ellispoid). This wave is modulated in amplitude by an annual term itself related to the Earth’s
orbital motion around the Sun. Because of this modulation, there is a pressure contribution at 
1 cycle/sidereal day (wave K1). We show that the pressure torque contribution at 1 cycle/sidereal day
induces a constant torque in a quasi-inertial frame and hence is able to perturb the precessional 
motion of the Earth. We compare this perturbation to the classical solution of luni-solar origin.
It appears that the proposed mechanism is not negligible at all and might be a potential source for 
changes of the Earth’s obliquity.
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Influence of atmospheric pressure on the Free Core Nutation,
precession and some forced nutational motions of the Earth

P. Gegouta, J. Hinderera, H. Legrosa, M. Greff a and V. Dehantb

a Institut de Physique du Globe de Strasbourg 5, Rue René Descartes, F-67084 Strasbourg, France 
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Abstract

The atmospheric pressure effects on the Earth’s Free Core Nutation (FCN) and some forced nutations
are evaluated numerically from the global pressure field provided by the European Center for Medium
Range Weather Forecast (ECMWF) on the Earth’s solid surface using a 12-year long pressure data set
sampled every 6 h on a (1.125°×1.125°) grid. Our model incorporates both the pressure and gravitational
torques from the atmosphere as well as the elastic deformational effects induced by atmospheric loading.
The pressure torque is computed from the surface pressure field acting on the Earth’s topography and
the antagonist gravitational torque is also dependent on this pressure field but acting on the gravitational
equipotential surface (assuming vertical hydrostatic equilibrium between density and pressure). The
response of the oceans to pressure excitation is approximated by the static ocean model which is
different from the classical non-inverted barometer (NIBO) and the inverted barometer (IBO)
hypotheses and depends on the degree of the spherical harmonic decomposition of the pressure field.
The most efficient term in perturbing the nutations is the S1 solar barometric tide of thermal origin

which induces a contribution to the prograde annual nutation of gravitational origin. Seasonal
modulations of S1 also appear clearly which cause perturbations to other nutations. We show that the

contributions to the nutation values are ranging from a few tenths of a milliarcsecond up to the
milliarcsecond for the annual prograde term and therefore are close to the lower bounds of the values
from a previous calculation by Dehant et al. [Dehant, V., Bizouard, Ch., Hinderer, J., Legros, H., Lefftz,
M., 1996. On atmospheric pressure perturbation on precession and nutations. Phys. Earth Planet.
Interiors 96, 25-39.] based on the 20-yr-old S1 pressure field from Haurwitz and Cowley [Haurwitz, B.,

Cowley, A.D., 1973. The diurnal and semidiurnal barometric oscillations, global distribution and annual
variation. Pageoph. 102, 193-222.] and speculations on its amplitude modulation. These effects are
therefore not negligible and this study points out the importance of atmospheric pressure corrections on
the gravitational nutations of lunisolar origin. We also estimate the excitation power available from the
atmospheric pressure, gravitational torques and elastic surface loading to explain the mean observed
FCN amplitude as derived from VLBI (Very Long Baseline Interferometry) observations. It is suggested
that the atmosphere is a good candidate for randomly exciting this free rotational mode. © 1997 Elsevier
Science B.V.

Keyword(s): Free Core Nutation; Atmospheric pressure; Pressure torque; Precessional motion 

Full text supplied by [ScienceDirect] 

© Copyright 2001, Elsevier Science, All rights reserved.
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Core-mantle coupling and viscoelastic deformations

Marianne Greff-Lefftz a and Hilaire Legrosa

a Institut de Physique du Globe, 5, rue René Descartes, 67084 Strasbourg Cedex, France

Abstract

Writing the angular momentum theorem for the Earth and for its fluid core, we show that there are
couplings between the core and the mantle induced by viscomagnetic torque, by external active torque,
by topographic torque acting at the core-mantle boundary (CMB) but also by viscoelastic deformations
of the CMB which may perturb the axial rotations of the Earth and of the core. We compute these
deformations at the CMB induced by the Pleistocenic deglaciation. The time-dependence of inertia
tensor perturbations, i.e. the rheology of the mantle, is very important in the calculation of the coupling.
Taking into account the passive viscomagnetic torque of tangential traction acting at the CMB, we
investigate, for different values and various temporal evolutions of the topographic torque, the
perturbations in the rotations of the Earth and of the core induced by the deglaciation, by the constant
torque of tidal friction and by the 18.6 year tidal potential. We show that, for these excitation sources,
the existence of a constant topographic torque involves the core oscillating with respect to the mantle
and thus forbids any large drift of the core with respect to the mantle. However, it seems theoretically
possible to have an excitation source with enough energy which involves a shift of the core with respect
to the mantle. If the pressure within the fluid core varies with time, the motion of the core with respect to
the mantle could be drastically different.
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Core-mantle coupling and polar motion

Marianne Greff-Lefftz a and Hilaire Legrosa

a Institut de Physique du Globe de Strasbourg, 5 rue René Descartes, 67084 Strasbourg Cedex, France

Abstract

We present the general expression for the topographic and electromagnetic torques acting at the
core-mantle boundary (CMB) as a function of the outer core flow. Invoking angular momentum
conservation of the Earth and of the core, we compute the perturbations in the rotation of the Earth, at
the decade time-scale, resulting from this fluid motion, since 1900. Electromagnetic coupling is too
weak to excite polar motion by two or three orders of magnitude. Although the pressure torque on a
CMB topography computed by the authors involves some correlations between the temporal variation of
the computed 2-component of the polar motion and that observed, its amplitude is too weak by a factor

of 10 and we have to conclude that it does not seem to be responsible for the decade variations of the
polar motion.

© Copyright 2001, Elsevier Science, All rights reserved.

+-,



. /10 '$2 0 %3254�687:9$�;�<>= 0 2#')$@?!$A= 0 'B4*% 0 %3254�6C?!$D= 0FE $�')')$
GIHKJ�LMON H L HKP MOQ&RSQ�TUMOVWQ HXPYPZH J5Q PYH L"[HXP T]\ H L H_^a`bH N ^c`3H Jed H VfQ�TUgihH Q PYH J J R P ROVj\ HXP JeN HKk ROVBRFL3Rbl kKmnH JZQXoH V J R P Q�T H o�NpRqdrMsV+Ja[Hr^c`3H V3d H L H NpR�L�[Hrt NpRudXTpRSQ�TUMOVZL `iv N H TUJZQYM�dOhH V HK^a` T�owhRxdXR ` J H L H NpRy\aTUJZdXM;JZT]Q�[H L `
gjROVfQ H R ` Q HXPYPZH J5Q PYH o J�HXP Q `3PZz{H_H V3drM PYH R `S| M `3P L mn}c` T$N H J JbP M
L ` T]QKJ�L m T]V HXP Q�T H L H NUR�~ HXPZPYH l kKm�H JZQed H
g�[H d)RuV3TUJZg H�^c` T�R J{HrP gWTUJ�L m M z Q H V3T P o�hR J R P QYT P L m M z J HrP \uRuQ�T]MsV+J t [H M
L�[H JZT ^c`3H JXo&L H J:TUV���M P gjRuQ�T]MsV+J
J `bP NUR�\aTUJYdrM;JYT�Q�[H L ` gjROVfQ H R ` Q HXPZPYH J5Q PZH lW��M ` JyR)\OMsV+J>Q�M ` QEL m R z M P LD[H Q ` LbT�[H o J M `3P>` V1gWMRL�hH N H
JYT]g J N H L H�t NUROdXTURuQ�T]MsV���\OMsT P NUR���T ts`bPYH�� L ` d } R J L T]Q PYH��5� o$N H Je\uR P TURuQ�T]MsV+JmJa[H d ` NpROT PYH JpL mn` V H ~ HXPYPZH
hR¦L HX`a� dXM ` d }bH J } MsgWM t hH V H J�TUVbdXMsg J3PYH JKJZT z N H J J M;JKJa[H LBROVfQ ` V�g�RuVcQ H R ` \aTUJZdXM�[H NpRFJ5Q�T ^a`bHiH Q ` V
V3M-�fR `j�B` T>L H � GIHr� Q�� H Q GIHrtsP M;Jro$�-�s�f����Rbo3�-�O�f��� zB� l k"H J P [H J ` N]Q�RuQBJ
MsVfQW[H Q�[H [H Q H V@L ` J�R ` dXRFJ�L mn` V H
~ HXPYPZH�P RFL3TURON H g H VfQmJZQ P RuQYT]�"[HrH l�OH JbP [H J H VfQ H TUdXT ` V¡dXMsg J Q H � PZH V+L ` o J3`3z N]T�[H LBROV+J¢N H J k Msg J Q H J PZH V+L ` J`L H J � M `3P V�[HXH J �-�O�s£¤c¥ �
J5Q)hH g H J!L H�P [H �)[HrPYH V3d H J J RuQ�T]Mu�¦Q H g J M PYH N>J ¤ o ^c` T P [H J ` g H N m R J3J3P Mad }3H Q } [H M P T ^c`3Hq` Q�T]NUTUJa[HXHyJ M `bP
[H Q ` L3T HXP N H J§\uR P TURuQ�T]MsV+JpL H NUR P MOQ&RuQYTUMsV¨Q HrPYPZH JZQ PYH hR_L3T � [HXPZH VfQ H J©[H d }3H NUN H JVL H Q H g J JXo H Q H V J R P Q�T��
d ` NUT HrP J `bP L H J¨[H d }3H NUN H JmL H Q H g J JmJa[H d ` NpROT PYH JXl GIH L HXP V3T HrP_J R P R tOP R J3}bH TUVfQ P MRL ` T]QeN H Je\uR P TpRuQYTUMsV+Jt [H MsNUM t T ^c`3H JmL H NUR P MOQ�RuQ�T]MsV�l k"H J HXP R�N H J `S|ZH Q}L H NpR JbP Mad } ROTUV H J H d�Q�TUMOV�l

ª_«­¬ ®°¯W±³² « /µ´ ¯�® E ¶b´¸· ´º¹ E1» « «¼±³² E »¾½ ª¿² ´ºE ± E ¶b´¸·

À�ÁÃÂ ÄÆÅ�ÇrÈ-É�ÊBËOÈ
~ }3H¢HX^c` RuQYTUMsV t M-\ HrP V3T]V t Q }3H©P MOQ&RuQYTUMsV�MO��Q }3H©Ì R P Q } TUJ�Q }3H ROV ts` NpR P gjMsg H VfQ ` gÍQ }3H M PYH g¢l
~ }3H ROTUgÎMO��Q } T>J J R J�HXP TUJ�R PYH \aT HrÏ MO��Q }3H¨J MFJKJYT z N H R J3J NUT]d)RuQYTUMsV@JqMO��Q } T>JxQ }3H M PYH gÐRuQWNUMsV t
Q�T]g H �xJZd)RON HOÑ RuQ>Q }3H J H d ` NpR P QYTUg H � JYd)RuN HyÏ T�Q } Q }bH�Hr�{H drQ�MO�
Q }3H�v N H T>JZQYM�d H V3T]ddL HXt NpROdrTpRuQYTUMsV©ROV+L
MsV tsH MsN]M t T]d)RON�QYTUg H � JYd)RuN HxÏ T]Q } Q }3H T]V �B`3H V3d H MO�"Q }3H g�ROVfQYN H L H V@JYT]Q�� }3H Q HrP M tsH V H T�Q�T H J�MsV1Q }3H
Q PZ`3H�J MONpR P"Ï ROV+L HXP lÒ1H J } M Ï Q } RuQ�Q }3H d `bPYPYH VfQeM z J HXP \ORSQ�TUMOV�MO�{Q }3H�J MsNUR P gWMOQ�T]MsVjT>J�ReJ `bJ{HrPYJ M;JYT�Q�TUMOVjMO�ÓQ }3H_Hr�{H d�QBJ
MO� J M;J5QZ� t NpROdrTpRON PZHXz M ` V+L�MsVjQ }3H N]MsV t ��Q HXP gÔQ PZH V+L PYH J ` N]QYTUV t � P MsgÕQ }3H drMsVf\ H drQ�T�\ H gjROVfQ�N H gjRFJSJ
ROV3MOg�RON]T H JXl

À�Á]Ö ×>Ø�Ù�ÊbÈ�Ú�Û�Ü�Ç
~ }3H�HX^c` RSQ�TUMOV+J t M-\ HrP V3T]V t Q }3H \uR P TpRuQYTUMsV¼Mu��Q }3H�P MOQ�RuQ�T]MsV+J_��M P R J NpRuV H Q } R)\aTUV t R¨N]T ^c` T>L¼dXM PZHÏ T]Q } R P T t T>L�L3T �ÓHrPYH VcQYTpRON P MuQ&RuQYTUMsV Ï T]Q } PYH J J{H drQxQYM©Q }bH JYMsN]TUL1g�ROVfQYN H R PYH Q }3H�Hr^c` RuQ�T]MsV+Jq��M P
dXMOV+J HrP \uRuQ�T]MsV³MO�qROV ts` NUR P gWMsg H VfQ ` g ��M PÝt NUM z RON Ì R P Q } ROV+LÞ��M P Q }3H dXM PZH o Ï§P T]QYQ H V³TUVÞQ }3H
~ßTUJSJ HrP ROV+L¨� P Rug H MO�wQ }bH gjROVfQ�N H l

+�à



á3â�ãBâpä åxæ�çbè{éUêcë�ì¢í�ì¢îOæbïrèÓìðïrñ{îuí�ërîsìCò�íaëyïrñ{îWç�éUí�ó{êaé�ôeêcërïrñ
� ��Q }3H�Ì R P Q } T>JZJ `bz gjT�QYQ H LõQ�M�RuV H�� Q HrP VBRON�Q�M PZ^a`bHÕö÷ o�ROV+LÞVbMOQ�T]V t öø ù � ú öû Q }3H ROV tO` NpR P
gWMsg H VfQ ` gF��M P Q }3H�t N]M z RON Ì R P Q } ��g�ROVfQYN H�ü drM PYH)� o Ï�Hy} R-\ HOÑ

ý
ýsþ � � ú öû �Iü öû�ÿ � � ú öû �
ù ö÷ ��� �

Ï§}3HrPYH§� T>J�Q }3H T]V HXP Q�TpReQ H V+JZM P MO�3Q }3HeÌ R P Q } ROV+L öû T>JwQ }3H RuV ts` NUR P \ H N]M�drT]Q��Ol � gjR)� z�H J HXJ R P RuQ H L
TUV ��J R P QBJroBV3MOQ�T]V t������ Q }3H��>P MsV H d	� HrP J5�ag z MON Ñ


����ßù
��������ü�������ü������ �5��� �
Ï T]Q }�� ù � ú��s������� Q }3H Q H V+JYM P MO�eR|J J3}3HXP TUdXRON
V3MsV�� P MOQ�RuQ�T]V tiÌ R P Q }­Ï T]Q } R¨g�R
JKJ � ROV+L RP R
L3T ` J ��� ����� L `bH Q�MxQ }bH d H VfQ P T]� `bt RON J MOQ H VfQ�TURON{Q } RuQmL H ��M P g4J"Q }3H�Ì R P Q }!� �"��� TUJ PYH NURuQ H LÆQ�MxQ }3H
gjRFJKJ PYH L3TUJ5Q P T z3` QYTUMsVÝT]V+JYT>L H Q }bHqÌ R P Q } M P RuQ_T]QKJmJ `3P �ÃROd H o{R
J Ï�H N]N�RFJßQ�M4L H ��M P gjRuQ�T]MsV+JeT]V+L ` d H Lz �ÆQ�T>LBRON J MOQ H VfQ�TURON�M PßJ3PZH JSJ `3PZH ROd�Q�TUV t RuQ§Q }3Hyk$#&% l
á3â�ãBâ ã åxæ�çbè{éUêcë�ì¢í�ì¢îOæbïrèÓìðïrñ{îuí�ërîsìCò�íaëyïrñ{î�'�í�ërî
� � Ï�H R
JKJ ` g H Q } RuQ�Q }3H��B` T>LydrM PYH�} RFJ�R�LbT �{HXPYH VfQ�TpRuN P MOQ�RuQ�T]MsV öû)( Ï T�Q }�PYH J J�H drQ�Q�M§Q }3H gjROVfQ�N H � öû)(
gjR-� z�H T]VcQ HXPZJ3PYH Q H L¨R
JeROV Hr^c` T]\uRON H VfQ P MOQ&RSQ�TUMOV Ï§} T]d } Q&R�� H JeT]VfQ�MxRudXdXM ` VfQ§R ` V3T���M P g P MOQ&RSQ�TUMOVJ N ` JqRÝ\ H NUMadXT�Q��¼� H N>L PZH NpRSQ H L�Q�MigjR t V H Q�TUd�gWMOQ�T]MsV+J>T]V+JYT>L H Q }3H dXM PZH RSQeL H d)R
LBRON�Q�T]g H �xJYdXRON H)� o
Q }bH RuV ts` NUR P gWMsg H VfQ ` g MO��Q }3H dXM PZH g�R)� z�H>Ï§P T]QZQ H V Ñ

öø ( ù¡� ( ú � öû ü öû ( � �5�s� �
Ï T]Q }*
 (��� ù+� ( ������ü,� (��� ü�� (��� Q }3H TUV HXP QYTpR�Q H V@JYM P Mu��Q }3H drM PYH l ¥ TUgWTUNUR P N���QYM�Q }3Hqt NUM z RON Ì R P Q } o
 (��� gjR-� z�H L H dXMsg J MFJ H L¨T]V �xJ R P QBJ Ñ-� ( Q }3H Q H V+JZM P MO�wR�J J3}3HrP TUdXRONÓVbMsV�� P MOQ&RSQ�TUV t dXM PYH�� � (��� L `3H
Q�M¨Q }bH d H VfQ P T]� `3t RuN J MOQ H VfQ�TURON�MO��Q }3HjÌ R P Q } RuV+L MO��Q }3H drM PYH Q } RSQeL H ��M P g_J>Q }bH drM PYH.� ROV+L � (���PYH NpRuQ H LÝQ�M�MOQ }3HXP§H�� drT]Q�RuQ�T]MsVlJYM `3P d H J
~ }3H ROV tO` NpR P gjMsg H VfQ ` g@Q }3H M PYH gA��M P Q }bH drM PYH ofTUVxQ }3H ~ßTUJKJ HXP ROV+L�� P ROg H dXMS� P MuQ&RuQYTUV t_Ï T]Q } Q }3H
gjROVfQ�N H J�R)�ÝQ } RSQßQ }3H Q H g J M P RONÓ\uR P TURuQ�T]MsVÆMO� öø ( TUJ Hr^a` RON�Q�M�Q }3H QYM PY^c`3H J�RudrQ�T]V t MsV¨Q }3H dXM PYH

ý öø (
ýsþ ü öû¼ÿ öø ( ù ö� ( ü¿ö÷ ( ü¾ö/ ( �5��� �

Ï§}3HrPYH ö� ( ù � öû ü öû)( � ÿ öø ( T>J�Q }3H dXNpR
JKJYT]d)RONßT]V HXP Q�TURON"Q�M PY^c`3H���ö÷ ( T>JjR�Q�M J M tsP R J3} T]dÆQ�M PZ^c`3H
L `3H Q�M tsH M;JZQ P M J3} TUd J3PYH JKJ `3PYH ROdrQYTUV t MsV¨Q }3Hqk M PZH � # ROVfQ�N H�% M ` V+LBR P � � ö/ ( TUJ_R�\aT>JYdXMS��gjR t V H Q�TUd
� P T]drQYTUMsVBRuN�QYM PY^c`3H:Ï§} T]d } R J3J�H R P J z{H d)R ` J H MO��Q }3H VbMsV���� HXP M�\aT>JYdXMFJYT]Q���MO��Q }3H drM PYH RuV+L z{H d)R ` J H
Q }bH N]M Ï�HXP gjROVfQ�N H TUJ§dXMsV@L ` drQYT]\ H l10 tsP R-\aT�Q&RuQYTUMsVBRuN{Q�M PY^c`3H g�R)�¨RON>JYM H�� TUJ5Q z{H d)R ` J H MO��L H V+JYT�Q��J�HXP Q `3PYz RuQ�T]MsV+J PYH NpRuQ H LÝQ�M�Q }bH drM PYH Lb�aVBRugjT]dOl

+-+



á3â�ãBâ32 465Uíbè�785pépéUî�î�9$è{êfï"5Uí�æ;:
~ }3H�HX^c` RuQYTUMsV@J t M-\ HXP VbTUV t Q }3H Q H g J M P RON H \OMsN ` Q�TUMOV¢MO��Q }3H�P MOQ&RuQYTUMsV@J_Mu��Q }bHyÌ R P Q } ROV+LiMO��Q }3H
dXM PYH R PYH �Ã� � ROV+L1�5�-� ��Ñ

<===> ===?
@@BA � � ú öû �Iü öû�ÿ � � ú öû ��ùÎö÷

@@CA.D � ( ú � öû ü öû)( �FE�G öû)(Óÿ D � ( ú � öû ü öû)( �FEqùÎö÷ ( ü ö/ ( �5� �s�

¥ Msg H R J3JbP M � TUgjRuQ�T]MsV+JqT]V Q }3H J H¨HX^c` RuQYTUMsV@JjR PYHÝ` J ` RONUN��¢L3MOV H Q�M�JYMON]\ H Q }3H gio���MsNUN]M Ï T]V t Q }3H
Q�T]g H �xJZd)RON H MO�wQ }3H�H�� drT]Q�T]V t g H d } ROV3T>JYg RuV+LÝ��MsNUN]M Ï T]V t Q }3H�PY}3H MsNUM t �ÆMO�wQ }3H gjROVfQ�N HOÑ

H RuQ¥J } M P QjQ�T]g H �xJYdXRON HuÑ Q }bH¼Ì R P Q }õ} RFJ�ROV H NpRFJ5Q�TUd z�HX} R)\aTUM P ROV+L öû PYH gjROT]V+JjdrNUM;J H QYM R
JZQ&R P Q�T]V t \ H d�Q�M PyP MOQ�RuQ�T]MsV öI ��Q }3H JYT>L HXPZH RON P MuQ&RuQYTUMsV � ROV@L Q }3HjG TUM ` \�T]NUN H�HX^c` RuQYTUMsV+Jyg�R)�z{H JZQ ` L3T H L ` V+L HrP Q }3H NUTUV H R P ��M P g8� Ï T]Q } Q }3H Q Ï MWdXNpR
JKJYT]d)RON P MOQ�RuQ�T]MsVBRON H T tsH V3gWMRL H J Ñ Q }3Hk"} ROV+L3N HXP�Ï M z3z N H ROV+LxQ }3H � PYHrH§k M PYH � ` Q&RSQ�TUMOV � ROV@L�gjM
L H NaQ }3H d } ROV tsH J
MO�$Q }3HeP MOQ&RSQ�TUMOV
L `3H Q�M�dXM PZH �¦g�ROVfQYN H drM `3J N]TUV t M P QYMjRSQ�gWM;J J3}bHXPYH ��gjROVfQ�N H dXM `bJ NUT]V t l

H MsV�R¢Q�T]g H �xJZd)RON H MO�§� H�Ï Q } M ` JYROV+L � H R P J Ñ Q }3H¨Ì R P Q } } RFJ�Ri\�T>JYdrM H NpRFJ5Q�TUd z{Hr} R)\aTUM P ROV+L
Q }3H�Ì�` N HXPßHX^c` RSQ�TUMOV+JXo ` V+L HXP Q }3H NUT]V H R P ��M P giobgjR)� z�H>` J H LiQYM�gjM
L H N�oc��M PßH�� ROg J N H o�Q }3H
d } ROV tsH J�Mu� P MOQ&RuQYTUMsVkL `3H QYM�Q }3H NpR
JZQpL Hrt NpROdrTpRuQYTUMsVÓl

H MsVµR QYTUg H � JYd)RuN H MO��� HrÏ gjT]NUN]TUMsV � H R P J Ñ Q }3H�Ì R P Q }¡} RFJiR \aT>JYdXM ` J z{Hr} R)\�T]M P ROV+LÞQ }3H
V3MsV��¦NUTUV H R PxHr^c` RuQ�T]MsV+J�gjR-� z{H¨` J H L¸QYM H JZQYTUgjRuQ H o���M P�H�� ROg J N H o�Q }3H¨Hr�{H drQKJjMu�:gjROVfQ�N H
dXMsVf\ H drQYTUMsV¢MsV J MsNUR P"Ï ROV+L HrP l

� VÆQ } TUJ J R J{HrP o Ï�H L H \ H N]M J gjM PYHKJbPYH drTUJ H N]�jQ }3H Q Ï M�NpR
JZQ J MsT]VcQKJ>�YJ H d ` NpR P ROV+L tsH MsNUM t TUd)RuN3Q�TUg H �
JYdXRON H J � l Ò H_Ï TUNUNBT]Vf\ H J5Q�T t RuQ H Q }bHKHr�{H d�QBJ�MO�MJ `bP �ÃROd H NUMsRFLÆROV@L�MO�IT]VfQ HXP VBRON$NUMsRFL+J�MsVjQ }3H:Ì R P Q }�m JP MuQ&RuQYTUMsV�o{ROV+L¼��M P JYT]g J NUTUdrT]Q��Oo Ï�HxÏ TUN]NwRFJKJ ` g H Q } RuQKQ }3H drM PYHqP MOQ�RuQ H J Ï T]Q } Q }3H J�ROg H ROV tO` NpR P
\ H NUMadXT�Q���Q } ROViQ }3H g�RuVcQYN H ��T�l H l�Q } RuQ öû ( ù öJ � l
À�ÁLK MiÚÃÇ)ËsÛ!N�OÃÊ3ÇrÈ�ÚÃËQPRN�S¦Û$ÉUT ÊbÈ�Ú�Û�Ü�Ç
~wMWdrMsg J3` Q H Q }3H�J�HXP Q `3PYz RuQ�T]MsV+JeMO��Q }3H TUV HrP QYTpRyQ H V+JZM P MO��Q }3H�Ì R P Q } ROV+L¨MO��Q }bH dXM PZH o Ï�H�} R)\ H
Q�M>drMsg J3` Q H Q }3H L H ��M P gjRuQYTUMsV+JrosROV@L�Q }c` J�Q�M>d } MaM;J H RuV Ì R P Q }Óm J�gWMRL H N�l6V `3P gWMRL H NbdrMsV+JZTUJZQKJ�MO�
ROV�TUVbdXMsg J3PYH JKJZT z N H ��M `3P ��NpR)� HXPYH L Ì R P Q } o Ï T]Q } ROV H NpRFJ5Q�T]deNUT�Q } M;J J3}3HrPYH ocR:\aTUJZdXM H NURFJZQYTUd `3JbJ{HrP ROV+L
NUM Ï�HXP g�RuVcQYN H ROV@LÆROVWTUVf\aTUJZdXTUL �B` T>LjdrM PYH l��BM P Q }3H gjROVfQ�N H o Ï"H�} R)\ H d } M;J H VÝRFJ�Q }bH�PZ}3H MsN]M t T]d)RON
NpR Ï RÆNUT]V H R P \aTUJZdXM H NURFJZQYTUd # R ��Ï�H N]N�gWMRL H N�Mu� PZ}3H MONUM t �Ol�~ } TUJ:T>J z�H d)R ` J H RuQ!J } M P Q:Q�T]g H �xJYdXRON H
Q }bH§Ì R P Q }�} R
J
ROV H NURFJZQYTUd z�HX} R-\aT]M P ��ROdrdXM P L3TUV t Q�M>T]QKJ·J H TUJZgjT]d)RON]N]��M z J HXP \ H LjR z T]NUT�Q���QYM:Q P ROV+JYgWT]QH NURFJZQYTUdEJ }bH R P_Ï R)\ H J � oIROV+L RSQKT]VcQ HXP g H L3TpRuQ H Q�TUg H � JYdXRON H �
����W G ����X_� H R P J � T]Q�J } M Ï JK\aT>JYdXM ` JPYH NpR � RuQYTUMsV@J � H l t l]o v N H T>JZQYM�d H V3T]d`L HXt NpROdrTpRuQYTUMsV � o Ï§}3HrPYH R
J¢RSQ¨R Q�T]g H �xJYdXRON H MO��Q }bH R tsH MO��Q }3HÌ R P Q } o�T]QBJ z�HX} R)\aTUM P T>J Ï�H N]N�d } R P RudrQ HrP T]� H L z �¨Q } RuQ�MO��R �B` TUL ��Q }3Hy� RuQYQ H V3T]V t Mu��Q }bHxÌ R P Q } T>J^c` RFJZT�� } �
L P M;JZQ�RuQ�T]dßROV+L H��bJ NpROT]V H L z �qQ }3H"�B` TUL P MuQ&RuQYTUMsV � lRY}JYT]V t Q }bH \aTUJYdrMu� H NpRFJ5Q�M tOP R)\aT]Q&RSQ�TUMOVBRON
J H Q:MO� Hr^c` RuQ�T]MsV+Jx�ÃNUT]V H R P \aT>JYdXM H NURFJZQYTUd PY}3H MsNUM t TUdXRONINpR Ï o�g�RFJSJ�drMsV+J HXP \uRuQYTUMsVÓo v MOTUJKJZMsV Hr^a` RuQ�T]MsV
ROV+L�gWMsg H VfQ�dXMsV@J HXP \uRuQ�T]MsV ��Ï�H gjR)�¼drMsg Jb` Q H Q }3H \�T>JYdrM H NpRFJ5Q�TUd�L H ��M P g�RSQ�TUMOV+J>RFJ�RÆ� ` V3d�Q�T]MsV
MO� tsH V HXP RuNUTU� H L G M-\ H V ` g z{HrP Jrl

+�Z



á3â[2$âpä \�æ�îOërï"5UêÝï�îsæ8:�í�ëyí�ò
ïrñ{îWôeêcërïrñ
� V3M Ï TUV t Q }3H \�T>JYdrM H NpRFJ5Q�TUd!L H ��M P g�RuQYTUMsV@JXo Ï�H g�R)�ÝdrMsg J3` Q H Q }3H TUV HrP QYTpRqQ H V+JYM P MO�wQ }bHyÌ R P Q } l����� T>J Hr^c` RONBQ�M�Q }3H dXMOVc\OMsN ` Q�TUMOVjMO�{Q }3H Q�T>LBRON G M-\ H V ` g z{HrP MO� } R P gjMOV3TUdmL HrtsPYHrH �ao^]`_�� þ � o Ï T]Q }
Q }bH QYTUg H:} T>JZQ�M P �ÝMO�wQ }bH d } ROV tsH J�T]VÆQ }3H d H VfQ P T�� `3t RON J MOQ H VfQ�TURON Ñ

����� � þ �
ù �`a
�cb ] _ � þ �edgf û � � þ � û � � þ �6G �

� û � � þ �h�����	i �5�kj �
Ï§}3HrPYHml TUJeQ }3H�tsP R)\aT]Q��ÝdrMsV+J5Q&ROVfQ�ROV+L dxPZHXJ3PZH J H VfQBJ_Q }3H Q�T]g H dXMsVf\sMON ` QYTUMsV�l
�BM P RrJ `3P �ÃROd H N]MfRFL Ñ �"��� � þ ��ù f � � þ �Iü ]onÓ� þ � i d1��p��� � þ � �5�rq �
Ï§}3HrPYH�� p��� T>J>Q }3H TUV HXP QYTpRÆd } RuV tsH J�L `3H Q�MiR t T]\ H V tsH M J3} �RJZTUdXRON J3P Mad H JKJro Ï T]Q } M ` Q>Q�R��cTUV t T]VcQYM
ROdrdXM ` VfQ�RuVc��Lb�aVBROgWTUd_L H ��M P gjRuQ�T]MsV�li~ }3H J H d } ROV tsH J�MO�§TUV HXP QYTpR¢ROdrQ�L3T PZH drQYN]�­MsV Q }3HÆJ NUROV H Q
Q }bP M `3tO} Q }3H�� � þ �1s T P ROdK� ` V3d�Q�T]MsV�l�~ }3H �¨g�R)�ÆRONUJZM } R)\ H RvL H NpR)� H L Hr�{H drQ�L `bH QYMxQ }3H T]V+L ` d H L
\aTUJZdXM H NpR
JZQ�T]d!L H ��M P gjRuQ�T]MsV�l
~ }3H J HqH��ÓH drQBJ�R PZH Q�R�� H V©T]VcQYM�RudXdXM ` VfQ�Q }3P M `bts} Q }3H Q�TUg H dXMOVc\OMsN ` �
Q�T]MsV Ï T]Q } R�N]MfRFL3T]V t�G M-\ H V ` g z{HrP ] n � þ � MO� } R P gWMsV3T]dfL HXtOPYHXH ��l
~ }3H ROg J NUT�Q ` L H MO��Q }3Ht�"��� � þ � Q HXP g_J§d)RuV z�H dXMsg J3` Q H L¨��M P JYT]g J N H:H�� drT]Q&RSQ�TUMOV|JZM `3P d H J_NUTL� H Q }3Hv N H TUJZQYM�d H V3T]dlL HXt NUROdXTURuQ�T]MsV z3` QÆRON>JYM���M P TUVfQ HrP VBRuNßNUMfRFL@J©��TUVfQ P MRL ` dXT]V t TUVfQ HrP VBRONßN]MfRFL3T]V t�G M-\ H
V ` g z�HXP J � Q�MWgjM
L H NUTU� H Q }3H RFLb\ H drQYTUMsViMO��g�ROVfQYN H L H V+JYT�Q�� }3H Q HXP M tsH V H T]Q��Ol

á3â[2$â ã uv5L:�'�íBîOéUê�:�ï"5w'�4�í.7bîÝæBè{ìÆó�îOëx:>êaæ8y ëXîOéUê`z$êfïx5]íbæ�ïx5Uì¢î�:
v�H N]QYT HXP �5�)�`{.j ��} RFJ�J } M Ï VÆQ } RuQ"Q }3H \aT>JYdXM H NURFJZQYTUd G M-\ H V ` g z�HXP J } R)\ H Q }3H ��MsNUN]M Ï TUV t � PYHr^c`3H V3d��
��M P g Ñ

] _ �}| �
ù ] _~ ü����h�;� � �	���� ü�� | ��� � ] n �}| �
ù ] n~ ü������;� � n� ���� ü�� | ��� �5��� �
T�l H l�R PYH Q }bH J ` g MO�"ROV H NURFJZQYTUdxT]V+JZQ�ROVfQ&ROV H M ` J>Q HrP g J N ` J>\aTUJZdXM ` J>Q HXP g4JXl � � ROV+L � n� R PYH Q }3HROg J NUT�Q ` L H JedrM H�� drT H VcQKJ}L HXJ�H V+L H VfQKMsV¨Q }bH�H�� dXT]Q�RuQ�T]MsVkJYM `3P d H JXl��� R PYH Q }3H�� PZH NUR � RuQ�T]MsV Q�T]g H JrL HXJ�H V@L H VfQjMsV Q }3HiÌ R P Q }�m JWgWM
L H N Ñ T]QxTUJ Ï�H NUN��aVbM Ï V Q } RSQ
Q }bH J HÝPZH NUR � RuQ�T]MsV1gWM
L H JqR PYHjtsH V HrP RuQ H L�RuQ H ROd } T]VcQ HXP �ÃROd Hjz �­Q }bH L3TUJZdXMsVfQYTUV ` T]Q��­MO� Jb} �
JZTUd)RuNJ R P ROg H Q HrP Jrl��$M PKH�� ROg J N H o{��M P M `3P ju��NUR)� HXPZH L gWMRL H N�o Ï�Hx} R)\ H � PZH NpR � RSQ�TUMOV©gWMRL H J�� v�H N�Q�T HXP o
�-�`{Uj3o ¥ J RFLBR H Q§RON�l�o��-�s�f��o GIHr� Q��>RuV+L GIHXtsP M;JXo{�-�s� �f��Ñ6��� ROV+L � � L `3H Q�MxR |Z` g J TUV P T t T>L3T]Q���M P\aTUJZdXM;JZT]Q��eL3TUJ5Q P T z3` QYTUMsV z{H Q Ï"HrH V�Q }3H"`3J3J�HXP ROV@LxQ }3H N]M Ï"HrP gjROVfQ�N H ROV+LxdXRONUN H LqQ P ROV@JYT]QYTUMsVygjM
L H Jz�H d)R ` J H Q }3H � PYH NpR ��P R J T>L3N]�xROV+LjR PYHßÏ�H R��cN]� H�� dXT]Q H L�o ��� ROV+L � L `3H Q�M�L H V+JYT�Q��vL3TUJZdXMsVfQ�T]V ` T]Q��
RuQ_Q }3HqÌ R P Q }�m J}J `3P �ÃROd H ROV+L©RuQ�Q }3H�k$#�% o ÷ L `bH Q�MWQ }3H \aTUJYdrM;JYT�Q�� |Z` g Jiz�H Q Ï�HXH V Q }3HyH NpRFJ5Q�T]d
NUT�Q } MFJ J3}3HrPYH RuV+L Q }3H�`3JbJ{HrP g�ROVfQYN H o�ROV+L ���_Ï§} TUd } R P TUJ H J:� P MOg R¥L H��BH d�Q�TUMOV­Mu��Q }3H L H V+JYT�Q��
L3T>JYdXMOVcQYTUV ` T�Q��ºRSQÝR�L HrJ Q } Mu���c�c���cgioßT�l H l PYHX^c` T PYH J�Q } RSQ�Q }bH L3TUJZdXMsVfQYTUV ` T]Q�� z�HX} R)\ H JÝV3MsVa�
RFL3TUR z RuQYTUdXRONUN��¢��RFJ_R�d }3H gWTUdXRON z M ` V+L3R P � � lÒ1HW} R-\ HjPZHXJ3PZH J H VfQ H L TUV­��T ts`3PYH ���boIQ }3H�PZH NpR � RSQ�TUMOV¼Q�TUg H oÓTUV��f� H R P JXo�RFJKJZM�drTpRuQ H L Ï T]Q } Q }3H J H
gWMRL H JXoaRFJ�R�� ` VbdrQ�T]MsVWMO�ÓQ }3H N]M Ï�HXP gjROVfQ�N H \aT>JYdXMFJYT]Q�����M P �>gjM
L H NUJ
MO��gjROVfQ�N HOÑwÏ T]Q } R Jb} �
JZTUd)RuNz M ` V+LBR P ��RuQ$�c���m�cg8�ÃN H ��Q � ROV@L Ï T]Q } Rxd }3H gWTUdXRON z M ` V@LBR P �¼� P T ts} Q � l�~ }3H \uRON `3H Mu�IQ }3H:`bJ3J{HrP
\aTUJZdXM;JZT]Q��ÝT>Je� ��H L¢QYM¨��� � � v RblÂJ

Zk�



1� 10 100�
v3/v2�10

−1

10
0

10
1

10
2

10
3

10
4

Physical 660 km discontinuity

1� 10 100�
v3/v2�10

−1

10
0

10
1

10
2

10
3

10
4

Chemical 660km discontinuity

���[�r�`�B�t� ,��
À�Á[� ��Û$È)ÊbÈ�Ú�Û{Ü ÊbÈjÇxNaËfÙeO�Ê3ÉWÈ�Ú T�N`¡�Ç)ËsÊ¢O£N
á3â3¤�âpä ô19$è�êfïx5]íbæ8:
0eQ�Q } TUJqQYTUg H �xJZd)RON H o�Q }3HÆP MOQ&RuQYTUMsV1\ H d�Q�M P öû ù¦¥ û ��§ û � § I ü û Wh¨ PYH g�RuTUV+JxdrNUM;J H Q�M�R`J5Q&R P Q�T]V t\ H drQYM P�P MOQ&RSQ�TUMOV öI ��Q }3H JZTUL HrPYH RON P MOQ�RuQ�T]MsV � oBROV+L¨Q }3H TUV HXP QYTpRxQ H V+JYM P_J�HXP Q `3PZz RuQYTUMsV �"��� JYgjRONUN�T]V
dXMOg J R P TUJZMsV Ï T]Q }©� l�~ }3H J5�
JZQ H gF��� � g�R)� z�H�` J H L ` V+L HrP Q }3H NUT]V H R P ��M P g°ROV@L�T>JMJ HrJ R P RSQ H L�T]VcQYM
ROV HX^c` RSQ�M P TpRON;J5�
JZQ H gF��L HrJ{H V+L H VcQ�MsV û � RuV+L û � o�M PI` JYTUV t drMsg J N H�� V3MOQ�RuQ�T]MsV+JIMsV û ù û �Yüt� û � �ROV+L¢ROViR � TpRuN&JZ�
JZQ H gÎ�YL HXJ�H V+L H VfQ:MsV û W � l<=> =? �ªf«� | D � ü�¬®­"¯±°�²­h³ EtG´�µ¬ I D � G¶­"¯«°�²­�³ E�i û �}| ��ù·G¸� I � | ü I �x¥��U� W ü�� � � W�¨ ü�¥n÷��Iü��¦÷ � ¨� | � � û W ü I � WCW �
ù¡÷ W

�5�r{ �
~ }3H � P JZQ HX^c` RSQ�TUMOVrL H JZd P T z{H J�Q }3H Q H g J M P RON H \OMsN ` Q�TUMOV�MO�BQ }3HßJ MsNUR P gWMOQYTUMsVqROV+L�Q }3H J H drMsV+L

Q }bH \uR P TpRuQYTUMsV@JeTUVÆQ }3H N H V t Q } MO��LBR)�slÒ1H gjR)��dXMsg J3` Q H L�Q }3H � HXP M MO��Q }3H J ^c` R PYH©zbP ROd	� H QÆMu�KQ }bH¢Hr^a` RuQ�M P TpRON Hr^c` RuQ�T]MsV�oeT�l H l¸Q }3HP MuQ&RuQYTUMsVBRuN H T tOH Vb� PZHX^c`3H VbdXT H JXl��BM P ROV Ì R P Q }�m J"gWMRL H N } R)\aTUV tv# \�T>JYdrM H NpRFJ5Q�TUd PZH NpR � RSQ�TUMOVWQYTUg H JXoÏ�H M z Q&ROT]V # drMsg J N H��ÆP MaMOQBJ ÑH V:V HÝ} RFJ�R¦L3MsgWTUV3ROVfQ PYH RON J R P Q�ROV@L¸RuV TUgjR t TUV3R P � J R P Q Ñ Q } T>JxTUJqQ }3H dXNURFJKJZTUdXRON k"} RuV+L3N HrP
gWMRL HxÏ T�Q } R J{HrP T]MRL�MO�"R z M ` Qtj � qZL3R-�
J Ï§} TUd } TUJ!L3ROg J�H L Ï T�Q } R ^c` RuNUT]Q��i�ÃROd�Q�M Pt¹ (»º l Ò1H} R)\ H�J N]MOQYQ H LÝQ }3H \uRON `3H MO� ¹ (»º ��M P LbT �{HXPYH VfQ_\uRON `3H MO�wQ }3H N]M Ï�HXP gjROVfQ�N H \aTUJYdrM;JYT�Q��slH Q }3HrPYH R PYH � �¼G � �IP MOQ&RSQ�TUMOVBRON H T tsH V3gWMRL H J Ï T]Q } RmL3MsgWTUV3ROVfQ�TUgjR t TUV3R P � J R P Q)o Ï T]Q } R
JKJYMadXTURuQ H L
\aTUJZdXM ` J>QYTUg H J z�H Q Ï�HXH V � �c��� H R P J�ROV+L1� # R­����M P R PZH \aT H�Ï MO�
Q }3H J H gWM
L H JroMJ HXH¾½
HrP g HXH J H V
ROV+L ¥ R z RFL3TUVbT�oÓ�)�s�c� � l
á3â3¤�â ã ¿§ëXî.:�îsæbïyëXícïrêfï"5Uí�æ�5Uæ;y�è8'�î�y ó À ïrñ{îÁ¿_éUîc5w:&ï�í¢'�îsæ;5w'Áy{îOç�éUê�'U5Uêfïx5]íbæ
0VJ tOH M J3} �
JYT]d)RON3R J3J N]TUd)RSQ�TUMOV�o Ï�H TUVf\ H JZQYT t RSQ H Q }3HßHr�{H d�Q
MO�BQ }3H NURFJZQ·L HXt NUROdXTURuQ�T]MsV�MsVxQ }3HßJbPYH J H VfQJ MsNpR P gjMOQYTUMsV¨RuV+L¨N H V t Q } MO��LBR)�1�ÃN]MRL � l
~ } T>J t NpROdrTpRuQYTUMsV�� L HXt NpROdrTpRuQYTUMsV§TUJ�JZTUg J N]�KgjM
L H N H L z �>Q }3PZHXH J J3}bHXP T]d)RONcT]d H � J }3HrH QKJ���� H V3V3M;JZd)ROV@L3TpRboG R `3PZH VfQ�T>L H J
ROV@L¾0KVfQ&R P Q�T]d)RS�
� H l t l v�H N�Q�T HXP RuV+L Ò ` oB�-�s£ �^�uÒ ` ROV+L vwH N�Q�T HrP o��-�s£�j � ROVBRON��cQ�TUdXRONUN��H���J RuV+L H L TUVzJ J3}3HrP T]d)RON } R P gWMsV3TUdWJ�ROV+L Ï T]Q } Q }bH JYROg H QYTUg H �xL HXJ�H V+L H V3d H ��J } M Ï V TUV1��T ts`3PYH

Z �



0
Â

20
Â

40
Â

60
Â

80
Â

100
Â

120Ã
v3/v2 for v2=1E21 Pa.s

0

10000

20000

30000

40000

Q
ua

lit
y 

fa
ct

orÄ

Quality factor associated with the Chandler frequencyÅ

without M1 modeÆ
with M1 modeÆ

���[�r�`�B�t� à.�
�-£ � l�~ }3H_t NpRudXTpRSQ�TUMOVxTUJ�d } R P ROdrQ HXP T]� H L z �WReJZNUM Ïõz3` TUNUL `3J M-\ HXP R J�HXP TUM
LjMu�IR z M ` Q��c�c���c�:� H R P J
ROV+L¨Q }bH L HXt NUROdXTURuQ�T]MsV z �¨Rx�ÃRFJZQ_drMsNUNUR J J H NURFJZQYTUV t ���c�c�c�x� H R P JXlÒ1H dXMsg J3` Q H � P Msg Q }3H TUd H>}bH T tO} Q�ROV@L¢R
JKJYMadXTURuQ H L¡J H R�N H \ H N�d } RuV tsH Q }3H L HrtsPYHrH Q Ï MjQ HXP g MO�

0Ç 25 50 75 100Ç 125È
Time in kyears

0.0

0.2

0.4

0.6

0.8

1.0

E
xc

ita
tio

n 
fo

nc
tio

n

Present

���[�r�`�B�t��É �
Q }bH J `bP �ÃROd H NUMsRFL3TUV tjJ MOQ H VfQ�TpRuN�RuV+L©Q }bH TUV@L ` d H L¼TUV HXP QYTpR�Q H V+JYM P�J{HrP Q `3PYz RSQ�TUMOV+JXl_� P Msg T]V HXP Q�TUR
Q H V+JYM P J J�HXP Q `3PZz RuQYTUMsV+J �r� W o � � W ROV+L � WCW o Ï�H gjR)��dXMsg J3` Q H o ` JYT]V t¢Hr^c` RuQ�T]MsV+J��5�r{ � oIQ }3H Q�T]g HL HrP T]\uRuQYT]\ H MO��Q }3H�J MONpR P gWMOQYTUMsV��^ÊË ù ÌÍcÎÏtÐ ROV+L G ÊÑ ù ÌÍrÒÏ©Ð � owROV+L�Q }3H QYTUg H�Ó L HXP T�\uRuQ�T�\ H Mu��Q }3HR � TpRuN P MuQ&RuQYTUMsV¢MO�
Q }3H�Ì R P Q } �¢Êû W � o�TUV ��T ts`3PZH �-�bo�RFJ>R�� ` V3d�Q�T]MsV MO�
Q�T]g H o{��M P LbT �{HXPYH VfQ>\ORuN `3H JMO�wQ }3H N]M Ï�HXP gjROVfQ�N H \aTUJYdrM;JYT�Q��sl
��MuQ H Q } RSQ"RSQ�Q }3H§J3PYH J H VcQXo�Q } RuQ�TUJ
RON]gjMFJZQÔ{��c���>� H R P J"RS��Q HXP Q }3H§H V+LjMO�ÓQ }3H L HXt NUROdXTURuQ�T]MsV�oOQ }3HXPZH
R PZH REJ } T]��Q
MO�{Q }3H§J MsNpR P gjMOQYTUMsVxQYM Ï R P LjQ }3H�k ROVBRFLBRj�ÃT]V�Q }3H L3T PZH d�Q�TUMOVjR P drQ�ROV ÍUÒÍcÎ ù·G ��j � � ROV+L
ROViROdrd H N HXP RuQ�T]MsV¨MO��Q }3H R � TpRON P MOQ�RuQ�T]MsVÝMO�wQ }3H�Ì R P Q } lÒ1H J } M Ï TUV ��T ts`3PZH ��� Ó R�o�Q }3H¨J3PYH J H VfQj\ORuN `3H MO�_Q }bH J } T]��Q�MO�_Q }bH¢J MsNpR P gjMuQ�TUMOV f D ÌÍcÎÏ Ð E � ü
D ÌÍUÒÏtÐ E � i � Õ � o§RFJÆR�� ` V3drQYTUMsV¸MO�:Q }3H N]M Ï�HXP g�RuVcQYN H \aTUJZdXM;JZT]Q��slµ~ }3H M P L HrP MO�:g�R t V3T]Q ` L H TUJWMO�
R z M ` QÖq¨drgg×�� H R P lÝ~ }3H M z ØYHrP \ HxÙ \uRON `bH T Ø Mu�§R z M ` QW���Odrgg×S� H R P TUV­Q }3H�Ù T PYH d�Q�T]MsVÚ{�q � Ò1HxØ Q
� # d k R P Q } �iROV Ù¢GI` � ` gioI�-�s��� � l
� P Msg Ê� WCW ROV Ù1` Ø T]V t Q }3HQ# ROd k"` N]NpR tO} Q }3H M PZH g � #i` V �­ROV Ù�# ROd s MsV3RON Ù o
�-���c� � o Ï�H g�R)�

Z�Û



�!�3�r�`�B�t� Z��

0
Ü

20
Ü

40
Ü

60
Ü

80
Ü

100
Ü

120Ý
Time in kyears

−20

−10

0

10

dw
3/

dt
 in

 1
e−

22
 r

d/
s2

−0.8

−0.6

−0.4

−0.2

0.0

0.2

− 
dy

/d
t i

n 
m

/y
ea

r

−0.2

−0.1

0.0

0.1

0.2

0.3

dx
/d

t i
n 

m
/y

ea
r

Physical 660 km discontinuityÞ
v3/v2=5ß
v3/v2=40ß

0
Ü

20
Ü

40
Ü

60
Ü

80
Ü

100
Ü

120Ý
Time in kyears

−20

−10

0

10

−0.8

−0.6

−0.4

−0.2

0.0

0.2

−0.2

−0.1

0.0

0.1

0.2

0.3

Chemical 660 discontinuity

�!�3�r���B� Ûk�c�

1à 10 100á
Viscosity ratio v3/v2 for v2=1E21 Pa.sâ0.00

0.05

0.10

0.15

0.20

S
hi

ft 
of

 th
e 

po
la

r 
m

ot
io

n 
in

 m
et

er
/y

ea
r

ã

Figure 5−a

without M1 modeä
with M1 modeä

1à 10 100á
Viscosity ratio v3/v2 for v2=1E21 Pa.sâ0

5

10

15

20

−d
J2

/d
t i

n 
1e

−1
9 

1/
s

Figure 5−bå

dXMOg J3` Q H Q }3H QYTUg HæÙ3HXP T]\uRuQYT]\ H Mu��Q }3H �XMsVBRuN Ù3HXtsPZHXH ��dXM H"� dXT H VfQ_MO��Q }3H�tsH M J MOQ H VfQ�TURON Ñ
Ê
 � ù �

�
Ê� WCW � þ �� Ð � �5�-£ �

Ò1H¸ØZ} M Ï Q }bH_JbPYHxØZH VfQ�\ORuN `3H MO� Ê
 � TUVW��T ts`3PYH �.� Ó�z R Ø R>� ` V3d�Q�TUMOVWMu�{Q }3H NUM Ï"HrP g�ROVfQYN H \aT Ø dXM Ø T]Q��Ol~ }3H�ØY} R Ù M Ï z ROV Ù T Ø Q }3H M z ØZHXP \ HxÙ \ORuN `3H � k"}3H V tWH Q�RON�l]oÓ�-�s£s� � ROV Ù T]Q ØßHrPYP M Pßz R P l
��MuQ H Q } RSQ���M P �:gjM Ù3H N Ø MO�{NUM Ï�HXP g�RuVcQYN H \aT Ø dXM Ø T]Q��OofQ }3H NpR Ø Q Ù3Hrt NpROdrTpRuQYTUMsVyg�R)� H���J NpROT]VxQ }3H M z�ÓØYHrP \ HxÙ Ê
 � Ñ MOV H gWM ÙbH N Ï T]Q } R ^c` R Ø T Ó T Ø M-\aT Ø dXM `^Ø gjROVfQ�N H ROV Ù MsV H gjM Ù3H N Ï T]Q } R�NpR PZtsH \aT Ø dXM Ø T]Q��dXMOVcQ P R Ø Q z�H Q Ï�HXH V `3JbJ{HrP ROV Ù NUM Ï"HrP gjROVfQ�N H ��TUVÆR tsPYHrH g H VfQ Ï T�Q } Q }3HKPZHxØY` N]Q Ø MO� tsH M Ù �aVBRugjT]d)RONØ Q ` Ù T HxØ R z M ` Q§Q }3H TUV �3`3H V3d H Mu��Q }bH gjROVfQ�N H©Ù3H V Ø T]Q�� }3H Q HrP M tsH V H T�Q��iMsViQ }3H�tsH MsT Ù$� l�� H \ HrP Q }bH�Ó
N H"Ø�Ø obT]Q ØYHrH g Ø QYM z{H®Ù T � d ` N]Q�Q�M��BV Ù R�\aT Ø dXM Ø T]Q��WdrMsVfQ P R Ø Q Ï§} T]d } gjR-� H��bJ NpROT]V Ø T]g ` N�Q&ROV H M ` Ø N]�
Q }bHçØZ} T]��Q�Mu��Q }3H¨J MsNUR P gWMOQ�T]MsV�ROV Ù Q }bH Ê
 � drM H�� drT H VcQ Ø ����M P R PYH \�T HrÏ o ØYHXHQ½
HrP g HXHxØZH VºROV Ù¥ R z R Ù TUVbT�oÓ�)�s�`{ � l
À�Á]À ��Û$È)ÊbÈ�Ú�Û{Ü ÊbÈ�è�NaÛ8O�Û�è{ÚÃËsÊ¢O
È�Ú T�N`¡�Ç)ËsÊ¢O£N
� VõQ } T Ø�J R P QXo Ï�H¼Ï ROVfQÝQ�M T]Vc\ HxØ Q�T t RuQ H Q }3H Q H g J M P RON H \sMON ` QYTUMsVõMu�>Q }3H¼P MOQ&RSQ�TUMOVÞR � T Ø MsV³R
Q�T]g H�ÓCØ d)RON H Mu� Ø Msg H©# R�l Ò H d)ROV3VbMOQ ` ØZH Q }bH NUT]V H R P R J3JbP M � TUgjRuQ�T]MsV�MO�IQ }3H:G T]M ` \aTUN]N HßHr^a` RuQ�T]MsVz�H d)R ` ØYH©Ï�H gjR)� } R)\ H NUR PYtOHçØZ} T]��QjMO�:Q }3HiP MOQ�RuQ�T]MsVºR � T ØWÏ T�Q }¸PYHxØZJ{H drQÆQYM1Q }3H T]V3T]QYTpRON"g H ROV
TUV HXP QYTpR�R ��H"Ø l

Z�é



á3â�áBâpä ô19$è�êfïx5]íbæ8:
0eQ tsH MONUM t T]d)RON�Q�T]g HmØ d)RuN H o Ï�H g�R)��R ØhØY` g H Q } RSQ ý öøýsþëê�ê öû ÿ öø o�T�l H lqQ }3H¨m�tOH MsN]M t TUdXRON m Q�T]g H
T Ø NpR PZtsH TUV drMsg J R P T Ø MsV Ï T]Q } MsV HìÙ R-�Ol �BM P Q }3H QYT Ù RuN G M-\ H V ` g z{HrP ]�_wo Ï�HQØY} M Ï Q } RuQqQ }3H
\aT Ø dXM H NpR Ø Q�T]d PYH NpR � RuQYTUMsV¢Q�TUg HxØ®Ù3`3H Q�M ÙbH V Ø T]Q�� |Z` g J¼Ï T]Q } TUV¢Q }3H gjROVfQ�N H � Hrt lyQ }3H gjM Ù3Hv�´�Y�
R PZH VbMOQ Ø T t V3T]�3d)ROVfQ�N�� H�� drT]Q HxÙ o�ROV Ù Q }c` Ø R ØhØY` gWTUV t T]Vº�
��� � Q } RuQ � | ��� êtê �so Ï�H M z Q&ROT]V � ØZHXHGIHr� Q��uoI�-�s�b� � í T]d)R PhÙÝH Q�RON�oÓ�-�s� �f��Ñ

] _ � þ ��ù ]^î f � � þ �6G*��� Ê� � þ � i Ï T]Q } ���
ù �] î ���h�;� � �	� �� �5�-� �

Ï T]Q } ] î ù¶ï ��h�;� � �	��� Q }bHK�B` T ÙÆG M-\ H V ` g z�HXP l �R� T Ø Q }3H d } R P ROd�Q HXP T Ø Q�TUd_Q�T]g H MO�IQ }3HKPZH NpR � RSQ�TUMOVMO�wQ }3H�Ì R P Q }�mðØ§P MOQ�RuQ�T]MsVBRON z3` N tsH l�~ }bH T]V HXP Q�TUR J{HrP Q `bPYz RuQYTUMsV Ùb`3H Q�M�Q }3H d H VfQ P T]� `3t RON J MOQ H VcQYTpRONz�H dXMOg H"Ø o ¬ z�H TUV t Q }3H�} � ÙbP M Ø Q&RuQYTUd � RuQZQ H VbTUV t MO�wQ }3H�Ì R P Q }�Ñ
����� � þ ��ù ¬e�] î f û � û �ÔG û �

� �����ÔGÚ�R� D Êû � û ��ü û � Êû ��G �
� Êû ­ û ­ ����� E�i ����� �

Ò1H R Ø�ØZ` g H Q } RuQ û ��ù I � o{T�l H l_Q }3H Rug J N]T]Q ` Ù3H MO��Q }bHxP MOQ�RuQ�T]MsV¨\ H d�Q�M PKPYH gjROT]V Ø drMsV Ø Q�ROVfQ � T]V
R z ØZH V3d H MO� H�� Q HrP VBRON{Q�M PZ^a`bH obQ }3H>HX^c` RuQYTUMsV Øet M-\ HrP V3T]V t Q }3H:J MsNUR P�Ï ROV Ù3HrP°öø ÿ öû ù öJ gjR)� z�HÏ§P T�QYQ H V�o ` Ø TUV t T]V Ù TUdrTpRON�V3MOQ�RuQ�T]MsV Ñ

ñ ��� ­ û � Êû ­ ù ñ ��� ­ � ­�ò¬e�`��� û ò û � ����� �

�BM P R t T�\ H V � ­�ò � þ � o$TUV Ùb` d H"Ù ��M P_H�� ROg J N H�z �¨Q }3H gjROVfQ�N HtÙ3H V Ø T�Q�� }3H Q HXP M tsH V H T]QYT HxØ \uR P �aT]V tRuQ tsH MsNUM t TUdXRON{QYTUg H�ÓCØ d)RON H o Ï"H gjR-��dXMsg J3` Q H Q }3H TUV Ù3` d H"Ù�ØZ} T]��Q§Mu��Q }3H�P MOQ�RuQ�T]MsV¨R � T Ø l
á3â�áBâ ã ô�z$êaìçó�éUî
¥ Q H TUV z�HXPZtsHXP ROV Ù V m k MsV3V H NUNq�5�-�O�`{ �x} R)\ H T]Vf\ HxØ Q�T t RuQ H"Ù Q }bH©Hr�{H d�Q Ø Mu��R Ù \ H drQYTUMsVºMO�>gjROVfQ�N HÙ3H V Ø T�Q�� }3H Q HXP M tsH V H T]QYT H"Ø MsV�Q }3H§J MsNpR PwÏ RuV Ù3HXP l�~ }3H T P gjM Ù3H NbT Ø�z R ØYH"Ù MsV�Q }3He� M Ï T]V�R>\aT Ø dXM ` Ø
gjROVfQ�N HtÙ3P T]\ H V z � Ù3H V Ø T�Q�� }3H Q HXP M tsH V H T]QYT HxØ TUV�� HXPYPZHxÙ � P Msg ØZH T Ø gWTUd>Q�MsgWM tsP R J3} �ÝgWM ÙbH N�l�~ }3H �} R)\ H dXMOg J3` Q HxÙ Q }bHôÙ3HrtsPYHrH Q Ï MWV3MsV Ó¦} � Ù3P M Ø Q�RuQ�T]d tsH MsT Ù RuQ H ROd } Q�TUg H MO��Q }3H dXRONUd ` NpRuQYTUMsVÆROV Ù} R)\ HQÙbHxÙ3` d HxÙ Q }3H T]V HXP Q�TURiQ H V Ø M P�J{HrP Q `bPYz RuQYTUMsV ØÖØ T]V3d H ��� # RblõY Ø TUV t ROV ts` NpR P gWMsg H VfQ ` g
dXMOV ØYHrP \uRuQ�T]MsV�o3Q }3H � JbP M J M ØYH"Ù R J MsNpR P"Ï RuV Ù3HXP¸Ø T]V3d H �c� # R¢� ØZ} M Ï V©T]V¨Q }3H V H�� Q§� ts`bPYH-� l
~ }3H � } R-\ H drMsg J R PYH"Ù Q }bH T P�PZHxØY` N]Q Ø�Ï T]Q } Q }3H gWMOQYTUMsV>MO�bQ }3H�Ì R P Q }�möØwP MuQ&RuQYTUMsV�R � T Ø�Ï T]Q }yPZHxØZJ{H drQ
Q�M } MOQ ØZJ MOQ Ø o�R ØgÙ3H"Ù3` d HxÙ � P Msg Q }3H J RON H Msg�R t V H QYTUd Ù RuQ�R MO� %"HxØhØYH ROV Ùµk M `3P QYTUNUN]MOQ©�5�-�O�b� � l
~ }3H � } R)\ H M z Q�ROTUV HxÙ ROVÆR)\ HrP R tOH d `3PZPYH VcQ P RuQ H Mu� J MsNpR P gWMOQ�T]MsV�MO��� ú�� { � × # R�QYM Ï R PhÙ Ø �.j � Ò
M-\ HrP Q }3H�J R Ø Q�� # Rbl�~ } T Ø T Ø R ØY`bz Ø Q�ROVfQ�TpRuN�� P ROd�Q�TUMOV MO��Q }3H�J3PYH"ØYH VcQxR Ø Q P MsVbMsgjT]d)RONwM z ØZHXP \ HxÙ
\uRON `bH �}÷ � � × # RjQYM Ï R PhÙ Ø {cq � Ò¡� Q } RuQ>T Ø�` ØYH"Ù Q�MÆdrMsV Ø Q P ROT]V J M Ø Q Ó�t NUROdXTURON PYHrz M ` V Ù gjM Ù3H N Ø lk MsV ØZHX^c`3H VcQYN]�OoKR­V3MsV Ó V HXt N]T t T z N H � P ROdrQYTUMsV MO�:Q }3H d `3PYPZH VfQÝgWMOQ�T]MsV g�R)� PYHrJ3PYH"ØYH VcQiR ØYH d ` NUR P
Q PZH V Ù Q } RuQ } R ØqH�� T Ø Q HxÙ ��M P gWTUNUN]TUMsV Ø � H R P�Ø l©~ }3HÆHr�{H d�Q Ø Mu� J M Ø Q Ó¦t NpROdrTpRON PZHXz M ` V Ù1Ï M ` N Ù z�HØY`bJ{HrPYJ M ØYH"Ù MsV¨Q }3H N]MsV t.Ó Q HXP gFQ PYH V Ù l

Zxø



���[�r�`�B� Û � �
~wM�TUVfQ HXPYJbPYH Q J3P M J{HrP N]�ÝQ }3H d `3PYPZH VfQ:M z ØYHrP \uRuQ�T]MsV � J MONpR P gWMOQ�T]MsViROV Ù Ê
 � � TUV¨Q HrP g¿MO��\aT Ø dXM Ø T]Q��J3P MO�BN H:Ï T�Q } T]VÝQ }3H gjROVfQ�N H o z MOQ }¨H��ÓH drQ Ø V HrHxÙ QYM z{H>Ï�H NUN ` V Ù3HXPhØ QYM�M Ù l

À�ÁLù úyÛ�ÜwË`O�ÙwÇ)Ú�Û{Ü
~ }3H M z^ØYHXP \uRuQ�T]MsV Ø MO� Ê
 � oÓMO�
Q }3H ROdrd H N HXP RuQ�T]MsV¼MO�
Q }3H R � TpRON P MuQ&RuQYTUMsV¼Mu��Q }3H�Ì R P Q } ROV Ù MO�
Q }3HØYH d ` NUR P \OR P TpRSQ�TUMOViMu��Q }3HyJ MONpR P gWMOQ�T]MsV1�5���WdXgì×S� H R P QYM Ï R PhÙ Ø {cq � Ò¡� g�R)� z�H Q }3HqPZHxØY` N]Q Ø MO�
Q Ï M tsH M Jb} � Ø TUd)RuN H�� dXT�Q�T]V tÆJ3}3H V3Msg H VBR Ñ Q }3HxJ M Ø Q Ó�t NUROdXTURON PYHrz M ` V Ù oÓ��M P Rj\aT Ø drM H NpR Ø Q�T]dqgjROVfQ�N H` Ø TUV t Q }3H NUT]V H R P ��M P g MO��Q }3HqG T]M ` \aTUN]N HKHr^c` RuQ�T]MsV Ø o{RuV Ù Q }3H R Ù \ H drQYTUMsV¢MO��Q }3H g�ROVfQYN H©Ù3H V Ø T�Q��}3H Q HXP M tsH V H T�Q�T H"Ø o3��M P Rx\aT Ø dXM `^Ø gjROVfQ�N H o `^Ø TUV t VbMsV Ó N]TUV H R PeHr^a` RuQ�T]MsV Ø ��M PßJ MsNpR P�Ï ROV Ù3HXP l0eQ tsH MsNUM t TUdXRON�Q�TUg H�ÓµØ dXRON H o�Q }bHQØY} T���QxMO�ßQ }3HQÙ T J MsNUR P�J RON H MsgjR t V H Q�TUdjR � T Ø �Ãd)RuNUN H"Ù ~ PY`3HÝv MsNpR PÒ ROV Ù3HrP&� gjR-� z{Hq` ØYH"Ù QYMidrMsV Ø Q P RuTUV¼Q }bH gjM Ù3H N Ø l�~ }3HxØZHvÙ RuQ&R t T]\ H R JbPYHxØZH VfQ ØY} T���Q>TUV t MaM Ù
R tsPZHXH g H VcQ Ï T�Q } Q }3H R Ø Q P MsV3MsgWTUdXRON Ù RSQ&R z3` Q Ï T]Q } NpR PZtsH>HXPZP M Pßz R P�Ø l
�gN�SµNcÉUNaÜwËcNaÇ
%"H"Ø�ØYH o � l!û k M `3P Q�TUN]NUMOQXo ½ l�o��-�s�b�Ol í_H \�T ØYH"Ù ROV ÙüØ �aVfQ }bH Q�T]dWR J3J R PZH VfQ J MsNpR P_Ï ROV Ù3HrP�J RuQ }^Ø MO�
Q }bH 0_� P T]d)ROV�o Ì�`3P R Ø TUROV�oc�_MOQ } 0Kg HXP TUd)RuV�ROV ÙW� V Ù TpRuV J NpRuQ HxØ ocRuV Ù Q PY`3H§J MsNpR P�Ï RuV Ù3HXPªØ TUV3d H �.�c�# Rbl$ý^þ1ÿ����������
	xþ�����	xþUo�
 ù o¢jc�f�O� Ó j`�`q��blk"}3H V t o # l � l]o Ì ROV HxØ o í l � l�o ¥ }c` gio k l � l]o ¥ d }c` QY�Oo % l Ì l û ~�R J N H �so % l s l�oe�-�s£O�bl¢~ H g J M P RON
\uR P TURuQ�T]MsV Ø TUV NUM Ï Ù3HrtsPYHrH �rMsVBRON } R P gWMsV3T]d Ø � P Msg ¥ Q&R P N H QYQ H M PYz T�Q�ROVBRuN]� Ø T Ø l�ÿ�����������	xþ�����	xþ
� �����µþUo Â�ù o � � �UÓ�� �c�blGIHr� Q��uo # l�o��-�s�b�Ol 0 ØZJ{H drQ Ø Q } [H M P T ^c`3H"Ø1Ù3H NpR P MOQ�RuQ�T]MsV Ù3H NURq~ HXPYPZH>H Q ÙbHæØ MsV¨V3M-�sR `�Ñ TUV �3`3H V3d HÙ3H NpRq\aT Ø dXM Ø T]Q�[H l�������	���	�o¢Y_V3T]\ HXP�Ø T]Q�[H©Ù3H ¥ Q P R z M `3PYt o��.�b� J3J lGIHr� Q��uo # l-û GIHrtsP M Ø o��yl�o§�-�s� � l ½ R P TpRuQYTUMsV­MO� 
 � ROV Ù T]VfQ HXP VBRON�NUMfR Ù^Ø o�TUV������! #"��%$�	&�(')�*���
+  #,-�.�0/ 	1�2���3�54����3��,-�%�6,7 #�!8 +  #,-�.�9���6�% #�:�%�6�Bo l>H M J3} � Ø l # MsV3M tOP R J3}!; Ö o � Y lôl \OMsN�l�����o!j�q Ó

Z
<



jf�bl# d k R P Q } �Oo s l s lRû GI` � ` g¢o % l � l�oe�-�s���bl v RuQ } MO�ßQ }bH g H ROV P MOQ�RuQ�T]MsVBRON J MsN H � P MOg �)£s�s�iQYM
�-�s�.j3ltÿ�����������	xþ ý þ=4-���µþUo Â�Ö$À o��f� �rÓ �f�O��l#¢` V^��o Ò l>�yl�û # ROd s MsVBRON s o l l � l��"l{�-�c�c�bl�~ }3H�P MOQ�RuQ�T]MsVÆMO�wQ }3H�Ì R P Q } o k ROg z3P T Ù3tsH Y_V3T]\ HXPBÓØ T�Q�� v�PYH"Ø�Ø o � � ��JbJ lv�H N]QYT HXP o Ò l í l]o$�-�c{.j3l � g J3` N ØYH§PYH"ØYJ MsV ØZH MO�ÓR # R �aÏ"H NUN Ì R P Q } l?����@Uþmÿ����������
	xþ�AB�C �$��ED�����	��%$�	�o
ÂaÖ o���jf� Ó �c�s�blv�H N]QYT HXP o Ò l í l�û Ò1` o v l]o��-�s£ � l k MsVfQYTUV H VcQ�RONcNUT�Q } M ØZJ3}3HrP TUd�Q } TUd	�cV H"Ø�Ø ROV ÙmÙ3Hrt NpROdrTpRuQYTUMsV�T]V Ù3` d HxÙ
Q PZ`3H�J MONpR P"Ï ROV ÙbHXP lôÿ����������
	xþ�����	xþ � ���:�}þUo ÂGF oÓ�-£b� Ó �-£�j3lí TUd)R P�Ù oIHxl]o í TUd } R PhÙ Ø o # l�o G T]Q }bt M Ï1ÓB%"HrP Q H NUN]MsV3T�o k l;û GIH ¥ Q ` V � H�l�o��-�O� � lÖ0 tsH M Ù �aVBRugjT]d)RON
gWM Ù3H N�MO��g�RuVcQYN HæÙbH V Ø T]Q�� }3H Q HXP M tsH V H T�Q��sl$ý^þ1ÿ�����������	xþJ����	xþUo�
�K�o����-£s�cq Ó ���)�c�s�bl¥ J R Ù Rbo l l�o ¥ R z R Ù T]V3T�o í l]oGH `3H V�o s lö0yl]o^û í T]d)R PhÙ oLH�l�oÓ�-�s�s��l Ì��ÓH drQ Ø MsV J M Ø Q Ó�t NUROdXTURON PYHrz M ` V Ù
� P MOg Q }bH�} R P�ÙiPY}3H MsNUM t �ÆT]V¨Q }3H Q P ROV Ø T�Q�T]MsVÝ�XMsV H oªÿ����������
	xþ¸ý^þ=4����}þUo Â�F 
�o¢�s£ �UÓ {����bl¥ Q H TUV z�HXPZtsHXP o % l û V m k MsV3V H NUN�o í l�oß�-�s�c{�l k"} ROV tsH"Ø MO�ßQ }3H¨Ì R P Q }�mðØ�P MuQ&RuQYTUMsV R � T Ø M Ï TUV t QYM
R Ù \ H d�Q�TUMOV¢MO��gjROVfQ�N H©ÙbH V Ø T]Q�� }3H Q HrP M tsH V H T�Q�T HxØ lNMO #�:P�,Q��o K K ; o$£ # R)���-�s�c{�oÓ���O� Ó �r{ � l½
HXP g HrHxØZH V�o G l G lð0ql�o6û ¥ R z R Ù TUV3T�o í l�o
�-�s�c��l ¥ T t VbT]�BdXROV3d H Mu��Q }3H � ` V Ù ROg H VfQ�RON�g�RuVcQYN H�P MOQ&R Ó
Q�T]MsVBRON PYH NpR � RuQYTUMsVÝgWM ÙbH TUV J MONpR P"Ï ROV ÙbHXP¸Ø TUg ` NpRuQYTUMsV Ø læÿ����������
	xþ¸ý^þ=4����}þUo ÂaÖ ; o3�-q Ó ���bl½
HXP g HrHxØZH V�o G l G lö0yl]o^û ¥ R z R Ù T]V3T�o í l]o��-�s�c{�l k"} ROV tsHxØ T]V P MuQ&RuQYTUMsVWTUV Ùb` d H"ÙÝz � v N H T Ø QYM�d H V H TUd H
gjR Ø�ØZHxØ�Ï T]Q }¾Ø Q P RuQ�T�� HxÙ ROV3RON]�cQ�T]d)RON Ì R P Q } gjM Ù3H N Ø lªý^þ ÿ�����������	xþN�J��	xþUo Â�F�Ö o % ����of�c{��s£s� Ó �c{c{.�f��lÒ1` o v l!û v�H N]Q�T HXP o Ò l í l�o��)�s£�j3l v N H T Ø QYM�d H V HôÙ3HXt NUROdXTURuQ�T]MsV¢ROV Ù Q }3H�Ì R P Q }�mðØ:P MOQ�RuQ�T]MsV Ñ RjV HrÏ
ROVBRuN]� Ø T Ø ltÿ����������
	xþ¸ý^þR�©þ0 6	���,"þ�A��
$xþUo ; ù o8{cq �UÓ {O�b�sl

Z-,



SUTWV>X.Y�Z\[^](_*]:`>a*bc]%dfehg\gjilknm�o�p%q:rjs\tvuwrjijx

y{z}|�~��B~�|��=�G�{���=��z}�����L�?~��Bz��B�I�B�%z}����zR�2�����%�#��z}�������%�=�?~��������
���B�9�?z}|�z��R~��?~!z}���&�%�%�0���%���Cz}�L~R�N�%�%�?~!�=�5�B�?~!z}�#�

�� ¢¡(£j ¥¤L¤#¦N§�¦U¨�©(ª�«G ¥¤B¬�­�£v®\ ¢£v¡3¦�§�¦Q¯
¡(°
±
`Wa.[Wb ² b ³wbU´lT�µ¶Y�Z\[>² ·h³wT
´\³CS¶¸ V�¹WT
´\T¢º�b »f¼j[h¹fV\³w» ½j¾¶¿�Z\a.¼\À¥² ·h³*Tn`>a*b Th»^a.T^¾ÁtB»>³*TnÂ�]Á¿¢Th[>Ã>¼\»>b Th[UÄlrjs\ÅjxLº.b »f¼\[^¹WV\³�» ½j¾ÇÆ:»f¼\a�ÃWT

È�É^ÉhÊ^ËwÌfÊhÍ ehg\gwe¢Î ÊhË�ÌWÊ^Ï¥Ð�Ê^Ñ i\ÒwÓ.Ô Ê^ÉhÊ^Õ ÖlÊ^Í ehg\gwe¥Î Ê^ËwÌWÊ^Ï¥Ð.ÊhÑ i\Òw× Õ Ø�Ù\ÑWÕ Ú\Õ Ø.ÛjÜ�Ý Ù\ÑWÏ ehg\g\s
Þ Ê^É^ÊhÏ¥Ð.Ê^Ñ ehÒ
ßUà�áNáNâ�ã�äå¢æcç¶è�é%ê#è�ëÇìUé%ílæ î3çQï�ðÁî:ñÁè*ê�çQæ çUð!ílòUèóêlîÁílé%ílæ î3ç=îÁô¢ílò¶è�õ6é%êlílò�é%êlèCöUè*ñÁè�÷ îÁø-è.ö=ôfîÁêGé�ù�îÇöUè�÷
ú æ ílò�éCû}é:ü ú è.÷c÷Uò¶î3ù�îÁðÁè.çUè*î(ìUï�ù�éÁç(íl÷ èBéÁçQö�éóò¶î3ù�îÁðÁè.çUè*î(ìUï6æcç3ñ¶æcïlý*æcö�þQìQæcö�ý*îÁêlèLòQé.ñ(ÿæcç¶ðIé!öQæ ��è*êlè�ç(ílæ éÁ÷�ê\î3ílé%ílæ î3çRêlè�÷ éÁílæ ñÁèCí\îIílò¶è�ù�éÁç(íl÷ è���{è���çQö�ôfî(ì¶ê�è.æ ðÁè�ç¶ôWêlè.ëÇìUè.çQý*æ è.ï��(ôfî3ê#ílò¶è�è.ëÇìQé%í\îÁê�æ éÁ÷�ø-è.êlílì¶ê	��é%ílæ î3çQï�æ çIêlîÁílé%ílæ î(ç
��� ú îé%êlè ú è�÷c÷�
¶ç¶î ú ç��¥ílòUè�êlîÁílé%ílæ î3çQéÁ÷LçUè.éÁêl÷ �?öUæcìUêlçQéÁ÷�ôfêlè�ë(ìUè�çUý���éÁçQö?ílò¶è��BòUéÁçQöQ÷ è.ê�æ é3çôfêlè�ëÇì¶è�çUý�� ú æ ílò�é�öUé3ù!ø�æ çUð�êlè�÷ éÁí\è.öJí\î�ílò¶è{êlè�÷ é:üUé%ílæ î3çJílæcù!è îÁô�ílò¶è�õ6éÁê\ílò����LòUèîÁílò¶è.êCí ú îRôfêlè�ë(ìUè�çUý.æ è�ï���î3ç¶è��-è�æ çUð=é=òUè�é.ñ¶æ ÷ � öQéÁù!ø-è�ö ÷ î(ç¶ð%ÿhø-è*ê�æ î¶ö}î3ïlý*æc÷c÷ éÁílæ î3ç{éÁçQöílò¶è�îÁílòUè.ê!î3çUè��*è.êlî��6é%êlè�êlè.÷cé%í\è�ö?í\î0ílò¶è�êlè�÷ é:üUé%ílæ î3ç�ù�î¶ö¶è�ï����QìUí!é%êlèRç¶è.ñÁè*êlílòUè.÷ è�ïlïýwî3ìUø�÷ è�ö ú æ ílò=ílò¶è�êlîÁílé%ílæ î3çQéÁ÷�è.æ ðÁè�ç¶ôWêlè.ëÇìUè.çQý*æ è�ï���{è�æcç3ñ3è.ï\ílæ ð3é%í\è!ílòUè�
¶æcç¶è.ílæcý�éÁçQö0ö¶è.ôfîÁê�ùIé%ílæ î(ç è�ç¶è.êlð�� ê\è�ïlìU÷ ílæcç¶ð�ôfêlî3ù��-îÁílò0æ ù�øQìQ÷ ÿïlæ ñ3èRé3çUöNílæcù!è*ÿhý*î3çUï\íléÁç(íIð3è*îÁø�ò��Çïlæcý.éÁ÷Gï\î3ì¶ê�ý*è.ï�� ��ïlæcçUð0é0ðÁè.çUè.êléÁ÷cæ �.è.öEçUîÁílé%ílæ î(ç
� ú èö¶è.ê�æ ñÁè�éÁç?éÁçQéÁ÷ �(ílæcý.éÁ÷Bï\î3÷cì¶ílæ î3ç�ôfîÁê�ílò¶è=êlîÁílé%ílæ î3çQï�îÁô�ílò¶è�õ�é%êlílò�éÁçQö?æ ílï�þ�ìUæcö�ý*îÁêlèöUìUèCí\îIñ%éÁêlæ î3ìQïBè*ü¶ý.æ ílé%ílæ î(çRï\î3ìUê�ýwè�ïGé%íGílòUè�õ6é%êlílò�! ïGïlì¶êlô>éÁýwè�éÁçQöRé%íGílòUè�ý*îÁêlè*ÿhù�éÁç(íl÷ è�-î3ìQçUöQé%ê	�����0è�î��QíléÁæ ç�ï\î3ù!è�êlè�ïlìU÷ ílï�ýwî3çQý*è*ê�çUæcçUðRøQòUè.çUî3ù�è.çQéRé3ýwílæcç¶ð é%í�ílòUè��Bû#"
ú òQæ ý�ò�é%êlè�é$��÷ èCí\îIøUêlî¶öQìUý*èCé�ïlæ ð3çUæ ��ý*éÁç(íLï\òQæ ôfíBîÁô
ílò¶èCêlîÁílé%ílæ î3ç}é:üUæcï��
%#&�')(+*-,/.10�2�ñ¶æcïlýwîÇè�÷ é3ïjílæcý.æ í3���Uþ�ìUæcö=ý*îÁêlè��UêlîÁílé%ílæ î3ç

Z�à



4 5 '7698;:=<�>?:?@<�'+A�BC<�>D:FEHGJIK)L <
M�NPORQTS ØVUS�W-XPSYQ	QTS ØôÙ S[Z\S�]_^ ØR`#USYa�Q	a `�bTc NPS Ø a�dNeQ	S[Z�SY]f^ Ø W1g�O�g�W�Z USYO bLØ Z bTc NPS[S Ø ZhZ\OYdS Ø�Ø NP^ USYO b SYNPOig�N�j
Z\S�]_^ Ø©Ù SkO�S�Qlgmjng Z b a�oqp bLØ W�a USYQTg Ø Z bTc NPS Ø�r Qlg�stSYOuO�S Ø SvWYa�]f^�a�OuZ\Sh^PO�S Ø�c NPS[WYa�]f]fShNPoxw7N bLÙ S�yiz;o
US�Z�N ÙPb S[g�QTa�O Ø QTS Ø p�g O b gmZ b a�o Ø Ù S Ø g{Oua�Z-g Z b a�o?dg|^Pg�OuZ b O Ù SvQTgJ}�a�O�]fSkoPa�o�~�Q b o US1g b O�S Ù S ØVUS c N7g Z b a�o ØÙ S�WYa�o Ø SYO�p�gmZ b a�o Ù N_]_a�]fSYo�Z�W b o US�Z bTc NPSk�$����������S
��Z�� r ��S ` Oua Ø g�o Ù � b o Ù S�O�SYO r �1���n����y9�)SYW b oPa�N Øg�^�SYOu] bLØ¸Ù S c N7g�o�Z b�� SYO�QTS Ø ^PX US�oPa�]qdSYoPS ØæÙ Sh� ` O\g�o Ù S ØæÙCUSYO b p�S Ø � r W���S Ø Z�~Ydgm~ ÙPb OuS Ù ��NPo�Z�OYdS Ø;` O\g o ÙÙCUS�^PQlg�W�SY]fSYo�Z Ù S�Q/��gmj�S Ù S_O�a�Z\g Z b a�oVO�SYQTg Z b p�S�]_S�o�Zig�NeWYa�Ou^ Ø QTN b ~�]q�SY]fSvg1p�SYW�NPoPS Ù)US�}�a�Ou]�gmZ b a�o
` Q	a��7g�Q	S Ù ShQTg[^nQlg�o�dS
Z\SFp g�O b g��PQTS=^Pg�O�O�g�^P^�a�OuZ[dg[SYQTQ	S
~�]q�S�]_S=]_g bwØ�� j�Si^7g�O�O\g�^P^�a�O�Z�g N�j US�Z\a b QTS ØYrØ�b Q	S_]fa�]fSYo�Z Ù S Ø }�a�O�W�S Ø S
j�Z\S�O�oPS Ø S Ø Zko�NPQ$y ��o¡S�jnS�]_^nQTS Ù �¢NnoeZ\S�Q9^PO�a�WYS Ø�Ø N Ø S Ø Z Ù a�ono US�^7g O
Qlgk] bT` O\g Z b a�o Ù S Ø �7g ØhØ�b o Ø�c N b Ø � USYQTa bT` oPS�o�Z Ù SFQ$� US c N7g Z�SYNPO�p�SYO Ø Q	S=^#�a�QTS Ø NPO�Qlgv��NPonS r7c NPS)£���g1p g bLØ
US�Z�N ÙPb
USYS Ù g�o Ø QTg Ù SYO�o b dSYOuS=^7g�O�Z b S Ù SR]_gkZ\X�dS Ø S y

¤ a�NnO{QTg¡s#S�O�OuS r Q	S ØQÙ a�ono USYS Ø ^7g Q USYa�]�g ` o US�Z bTc NPS Ø�b o ÙPb	c NPSYo�Z r ^�a�NPOJQTS ØQÙ SYOuo b S�O Ø ��¥�¥§¦�g r
NPo¨]_a�N�p�SY]fSYo�Z�O�SYQTg Z b } b on} USYO b S�NPO©dg?��¥ Ù S ` O US Ø SYo�Z\OuS�Q	S{O US�} US�O�SYo�Z b SYQ Ù S Ø ^�a b o�Z Ø W-X7g N Ù Ø S
Z�Q	S
O US
} USYOuSYo�Z b SYQ�Q b
US_dg[Q$�¢gmj�S Ù N Ùnb ^�a�QTS;]_g ` o US�Z b	c NPSf� Ø NP^P^�a Ø�USRWYa�o�}�a�o Ù NªdgvQ$�¢gmj�S Ù SFO�a�Z\g Z b a�o Ø NPO�W�S Ø
USYW-XnSYQTQ	S Ø�Ù SvZ\S�]_^ Ø �
y��)S_]fa�Nnp�SY]fSYo�Z r g�^n^�S�Q US[s#OuNPS ¤ a�QTg�O;«¡g o Ù SYO_��s ¤ «¬� r p�g O b S Ù a�oPW©dg{QTgØ NnOu}�g�W�S Ù SRQTgvs#S�O�O�SRg1p�S�WiNno{Z\g�N�j|W�a�]_^nO bwØ S�o�Z\O�SR¥n­��1®�S�Z�¥n­�� ®�^7g O�] b QTQ b a�o Ù ��g�ono USYS Ø y
z;o�^�SYNnZ�]fa�o�Z\OuSYO c NnSiW�S�Z�Z�S Ø Z-g�� b Q b Z US_dg[QTa�o ` Z�SYO�]fS Ù SRQ$�¢gmj�S Ù SiOua�Z-g Z b a�oJZ�SYO�OuS Ø Z\O�Si^�S�NnZh�S�Z\OuS
NPoPS[W�a�o Ø�US c NPSYoPW�S Ù S[Qlg�p g�O b g Z b a�oqZ\SY]f^�a�O�S�QTQTS{dg ` O\g�o Ù S US�W-XPSYQ	QTS Ù S Ø g oPa�]_g�Q b S Ø Ù Sf]_g ØhØ S Ù N
]_g�o�Z\S1g N r S�Z Ù a�oPW_�S
Z\OuS=Q b
US�S�dgvQlg Ø Z\g�� b Q b Z US Ù S Ø ��a�oPS Ø®Ù S Ø NP� Ù NPW�Z b a�o�y
ù�¯�° ±�²�³�´tµ�²t¶�µ©·�µ©¸�¹x¶�º�²�»�µ�¶�¼�½�º�²?¾¿¹7²�¼#Àµ�¸�½�Á�´tµ{Â1´�Ã_¸�µ�Âmè+Ã�¹7²t·tµ�Â[·kÀµ�Ãm½�»�µ�Âv·t´ÅÄ�Æº�¸�µ{·tµ

Ã�º7¼�¹n¼�½�º�²
Ç oJWYa�Q	Qlg���a�O�g Z b a�ofg�p�SYW � y ¤ ynÈ)NPo ` S r £��¢g b�US
Z\N Ùnb
US�Q	S�s ¤ « b o Ù N b ZÉ^Pg�O)Q	S Ø g�ona�]�g Q b S ØªÙ S=]�g Ø�Ø S ØÙ g�o Ø QTS)]_g�o�Z\SYg�N r S�ovWYa�]h� b o7g o�ZÊNPov]_a Ù dS�QTS Ù SÉW b O�WYNnQlg Z b a�oi]�g�o�Z USYQ b	c NPSÉË�ÌÍg1p�SYW�QTS ØkUS c N7g Z b a�o Ø
` a�N�p�SYOuo7g�o�Z_Qlg ÙnÎ o7g�] bTc NPS Ù S|Oua�Z-g Z b a�o Ù �¢NPonSq^PQTg�o�dS
Z\S p bwØuc NnSYN Ø S�yÍ�)S�W b oPa�N Ø gx^�SYOu] bLØ¾Ù S
Z\S Ø Z�SYO r;Ù Si}�g�ÏWYa�oqWYa�X US�O�S�o�Z�S r Q/� b onw7NPS�oPWYS Ù S ÙPb � USYOuSYo�Z Ø ^7g�O\g ]qdS
Z\O�S Ø ^nX Î�ØubTc NPS Ø�r Z\S�Q Ø�c NPSkQlgvp bwØ ~
WYa Ø�b Z US Ù Nf]�g�o�Z�S1g�N r Q	S Ø W-X7g o ` SY]fSYo�Z Ø)Ù S�^nX7g Ø S Ù g o Ø QTS Ø ��a�oPS Ø)Ù S�Z�O\g�o Ø�b Z b a�o r Q$��S
j bwØ Z\S�oPWYS Ù ��NPo
w7N�j Ù SFW-X7g�QTS�NPO�^PO�a�p�SYo7g�o�Z Ù N{oPa Î g�N r�Ø NPO�Qlg ÙCUS�O b p�S Ù Nq^#�a�QTS�y
Ì=g�o Ø NPonS US�Z�N Ù SR^PO US�Q b ] b o7g b OuS r oPa�N Ø¸Ø a�]_]fS Ø ^7g�O�Z bLØ$Ù �¢Nno�]fa Ù dS�QTS Ù SRW b O�W�NPQlg Z b a�oJ]_g�o�Z US�Q b	c NnS
Z\OYdS ØRØ�b ]_^PQ	S���S
Z#Z�OYdS Ø=USYQ	a bT` o US Ù S�Qlg�s#S�O�OuSCO USYSYQ	QTS1� r ]�g bLØ�c N b oPa�N Ø g�^�SYOu] bLØ�Ù SC]fS�ZuZ\OuS�S�o US
p bLÙ SYonWYS
c NPSYQ c NPS Ø O US Ø NPQ�Z-g Z ØYÐ NPo|]�g o�Z�S1g�N{XPa�]fa ` dS�oPS r^Ø g�o Ø W-X7g o ` SY]fSYo�Z Ù SF^PX7g Ø S r g1p�S�W Ù NqW-X7g Nn��g ` S
b o�Z�SYO�onS r ^7g ØmÙ S Q b Z\XPa Ø ^PX�dS�O�S S
ZkNPo Ø g�NnZ Ù S p bLØ W�a Ø�b Z US Ù SJÑ�¥�SYo�Z�O�S Q	S�]_g�o�Z\S1g N Ø NP^ US�O b SYNPOkS
Z
QTS=]_g�o�Z\SYg�N b on} US�O b SYNPO�yÓÒ�a�N Ø g1p�a�o Ø|US�Z\N ÙPb
US=Q/�¢S
�ÔS
Z Ù �¢NnoPSiW�a�]f^�a Ø g�o�Z\S Ù SFW-X7g Nn��g ` SF^PO�a�p�S�o7g�o�ZÙ ��NPoÕoPa Î g�N bwØ a�Z\XPS�O�]fS Ø NnORQ/��g�jnS Ù SvO�a�Z\g Z b a�o�ykÒ�a�N Ø g1p�a�o Ø g b o Øub ^PNV]_a�o�Z�O�S�O c NÔ�¢NPoVw7N�j Ù S
W-X7g�Q	SYNPO�^nO�a�p�S�o7g�o�Z Ù N|oPa Î g�N b o Ù N b Z)NPoPS=WYa�o�p�SYW
Z b a�oq^PQ	N Ø O�g�^ bwÙ S=g1p�SYWRNPoPS=^nQTN ØÉ` O\g�o Ù S;p�g O b ~
g�� b Q b Z US Ù g�o Ø QTS�Z\SY]f^ Ø�r S�Z�SYo ÙCUS Ù N b O�S c NPS�g N ` ]fSYo�Z\S�O�QTS�oPa�]h�PO�S Ù SÉ^7g�oPg�W-XPS Ø-Ù g�o Ø Q	S)]_g�o�Z\SYg�N
g�N ` ]_S�o�Z�SFQlg ÙCUS�O b p�S Ù S Ø gmj�S Ø ^PO b oPW b ^7g�N�j Ù � b oPS�OuZ b S=S�Z Ù a�oPWFQlgkp b Z\S Ø�Ø S Ù Nqs ¤ «Öy

Ò�a�N Ø g1p�a�o Ø S�o Ø N b Z\SRNnZ b Q bLØ�US;Nno�]fa Ù dS�QTS Ù SRW b O�W�NPQlg Z b a�oJ]_g�o�Z US�Q b	c NnS=^PQTN Ø O US1g�Q bwØ Z�Sf� c NPa b	c NPS
SYonWYa�OuShQTa b o Ù ShQTgfstSYOuO�ShO USYS�QTQTS1��W�a�o�Z\O�g b o�Z�^7g�O�Q$��X bwØ Z\a b O�S Ù S Ø ^PQlg c NnS Ø Z�SYW
Z\a�o b	c NPS Ø®Ù SY^PN bwØ �1¥�¥
¦�gnyÓ×�o�Z�O�a Ù N b OuS=Qlghp b Z�S ØhØ S Ù S Ø ^nQlg c NPS Ø S�o Ø NPO�}�g�WYSFWYa�]_]fS�W�a�o ÙPb Z b a�o|g�N�jJQ b ] b Z�S ØYr ^�SYOu]_S
Z Ù S
O�S�Q b SYOÉQ	S;Z\SY]f^ Ø W1g O\g�W
Z USYO bwØ Z bTc NPS Ù SFQTgkWYa�o�p�S�W�Z b a�o�g�p�SYWRWYS�QTN b!Ù SRQTg `�USYa�Q	a `�b S�y

Ø�Ù



Ø�Ø



Ú-Û�Û



Ú-Û�Ú



Ú-Û�Ü



Ú-Ûré



ù�¯	Ý ±�²�³�´tµ�²t¶�µ§·�Þ�´t²ßÄt¹7²�¹7¶màtµ?¾¿º�²�¼�¹P²�¼q·t¹7²tÂ©¸�µ¡¾¿¹P²�¼�µ�¹7´ÖÂ1´�ÃV¸�¹?·kÀµ�Ãm½�»�µª·#´áÄ�Æº�¸�µ
·�µ©Ã�º+¼1¹n¼�½�º�²

â ��g b SYo�Z\OuSY^PO bwØ NnoPS US
Z\N Ù SRZ\X US�a�O b	c NPS Ø NPO�Q/� b onw7NPS�oPWYS Ù ��NPo©^7g�oPg�W-XPSk]fa�o�Z-g�o�Z Ø NPO�Qlg[O�a�Z\g Z b a�o r
g � o Ù �¢S�j�^PQ b	c NnSYO NPonS©S
j�WYNnO Ø�b a�oÍO\g ^ bwÙ S{Z\OYdS Ø ^7g OuZ b WYNPQ b dS�O�S Ù S©s ¤ « a�� Ø S�Oup USYSx^Pg�O�Q	S Ø ^7g QTS
~
a�]_g ` o US
Z b W b S�o Øvc N b$Ø S�]k�PQ	S{W�a�O�O USYQ USYS{g1p�SYWqQ$�¢g�^P^7g O b Z b a�o Ù �¢Nno¨^�a b o�ZfW-X7g�N Ù�Ù g�o Ø QTgx^PO�a�p b oPW�S
È)O b Z\am~�ã�O�Z b	c NnS rnb Q Î g c NPSYQ c NPS Ø�ä ¥v] b QTQ b a�o Ø)Ù �¢g�oPo US�S Ø ��W�a�QTQTg���a�O\g Z b a�o�g�p�SYW â y+È)S ØhØ S1�
y
��S�^7g o7g�W-XPS;S Ø Z Øub ]f^PQTS�]_S�o�ZC]fa Ù)USYQ bwØ�US�^7g�O�NPoPS Ø ^PX�dS�O�S Ù S�O\g Î a�o p�g O b g �PQTS�SYo_}�a�oPW�Z b a�o Ù N w7N�jÙ g�o Ø QTSiWYa�o Ù N b Z r Z�O\g1p�S�O Ø g o�ZFQ	Sh]_g�o�Z\SYg�Nxg1p�S�WvQlgfp b Z\S ØhØ S Ù S[M�Z\a�å�S Ø yF�Ó� b onw7NPS�oPWYS Ù NxW-X7g�o ` S�~
]fSYo�Z Ù Sx^PXPg Ø S?��^PX ÎoØubTc NPSVa�NÍW-X b ] b	c NPS��_S
Z Ù NæWYa�o�Z�O\g Ø Z\S Ù S©p bLØ WYa Ø�b Z US¨dg¡Qlg ÙPbwØ WYa�o�Z b o�N b Z US
]_g�o�Z\S1g N Ø NP^ US�O b SYNPO�~�]_g�o�Z\S1g N b on} US�O b S�NPO=g US
Z US US�Z�N ÙPb
USYS�yiÌ=g�o Ø WYSYO�Z-g b o Ø W1g ØYr Ù S Ø W-X7g�o ` S�]_S�o�Z Ø
O\g ^ bwÙ S Ø®Ù g�o Ø Qlg ÙPb OuSYW�Z b a�o{^PO b oPW b ^7g�Q	S Ù � b oPS�OuZ b SF^�S�Nnp�S�o�Zv�S�Z\OuSia�� Ø S�Oup US Ø�r ]_g bwØ Qlgk}�g b �PQTSRg�]f^PQ b ~
Z\N Ù S Ù S Ø ^�SYO�Z\NPOu�7g Z b a�o ØôÙ N¡Z\S�o Ø S�NPO Ù � b oPS�OuZ b S_}�g b Z c NPSJQ	S ]fa�Nnp�S�]_S�o�Z Ù Nª^#�a�Q	S Ù S Oua�Z-gmZ b a�o
oPS Ø SYO�g c NPShZ\OYdS Ø ^�SYN©g �ÔS�W�Z USk^7g�O�NPox^7g�o7g W-XPSk]fa�o�Z-g�o�Zk�/g Î g�o�Z Ù g�o Ø oPa Z\O�Si]_a ÙCUS�Q bwØ g Z b a�o|NPoÙPb g�]qdS
Z\OuSÊp�g O b g o�Z Ù S)Ë�¥�¥�å�]ç�\dg�QTg��7g Ø S Ù Ni]�g�o�Z�S1g�N b o�} USYO b SYNPO\��dg�è�¥�¥�å�]ç��g�N Ø a�]f]_S
Z Ù Nh]_g�o�~
Z\SYg�N Ø NP^ USYO b S�NPO-�u�
yFM�S�NPQTSiQlgfO USY^Pg�OuZ b Z b a�o Ù SkQ$�¢g�oPa�]�g�Q b S Ù S Ù SYo Ø�b Z US ÙCUS�WYO b p g�o�Z;QTSR^7g�oPg�W-XPS Ø a�N Ø
Qlg[Q b Z\XPa Ø ^PX�dS�O�SFS�Z�SYo Ø NPO�}�g�WYSi^�a�NnO�O\g Ù a�oPonSYO�QTS Ø g�oPa�]�g�Q b S Ø$Ù Si]_g ØhØ S Ø®Ù S ` O\g�o Ù S Ø Q	a�o ` NnSYNPO ØÙ ��a�o Ù S r ]�g bwØ SYQTQ	S Ø p�a�o�Zf�S�Z�O�SkW�a�]_^�SYo Ø�USYS ØFbwØ a Ø Z-gmZ bTc NPS�]_S�o�Z�Z\OYdS Ø O�g�^ bwÙ SY]fSYo�Z=S�Z;oPSv^�a�NPO�Oua�o�Z
^7g Ø ^�SYO�Z\NPOu��S�O Ù SF}�g�ÏWYa�o Ø�b	` o b�� W1g Z b p�S=QTS=s ¤ «Öy���oqg�OuZ b WYQ	S Ø NnO�W�S=Z\O\g1p g b QÔS Ø Z�S�oq^nO USY^Pg�O\g Z b a�oÔy

ù�¯	é ê;µ�ÃmÂYÄÓµ�¶�¼�½�»�µ�Â
ë a�OuZ Ø Ù Siona�Z\OuSiS�jn^ USYO b SYoPW�S Ø NPO�Q	S Ø Nm£uS
Z r oPa�N Ø SYo�p bwØ g ` S�a�o Ø Ù ��g���a�O Ù SYO Ù S�N�jqoPa�Nnp�S1g�N�jq^�a b o�Z Ø
S�Z Ù �¢g�^P^nO�a�}�a�o ÙPb OÉQ	S Ø Nm£uS
Z Ù SRQTg Ø S�W�Z b a�oqèm~-��y

ì7íïî+ílð ñ7ò;ó�ó�ô�õ�öt÷�ø ö�ó�ø{ó�ùnú
û
sta�NnZ Ù �¢g���a�O Ù�r oPa Ø O US Ø NPQ	Z\g Z Ø-Ø NPO9QTS Ø ^7g o7g�W-XPS Ø g Î g o�Z�]fa�o�Z\O US c NnS�Q/��g�]f^PQ b Z\N Ù S Ù N_]fa�Nnp�SY]fSYo�ZÙ S_O�a�Z\g Z b a�o¿g Ø�Ø a�W b
US�S Ø Zh}�g b �PQ	S���W1g�OiQ$�¢g�oPa�]_g�Q b S Ù S_]�g Ø�Ø S Ù g�o Ø QTSf]�g o�Z�S1g�N `�USYo US�O US�S ^7g�ORNPo
^7g�oPg�W-XPSÉo���S Ø ZÓ^7g Ø dg ` O�g�o Ù S US�W-XPSYQ	QTS Ø ^7gmZ b g QTS�� r oPa�N Ø ^POua�^�a Ø a�o Ø Ù � US�Z\N ÙPb S�O�^PQ	N Ø ^PO USYW bwØ�US�]_S�o�ZÓQTS Ø
S���S�Z Ø©Ù S Ø Ù SYN�j Ø NP^�SYO�~���a�]k��SY]fSYo�Z Ø©Ù SkQ$��X USY] bwØ ^PX�dS�O�SvM�N Ù�r g�o�Z b ^�a Ù g N�jqSYoVQTa�o `�b Z�N Ù S r8Ø�b Z\N US Ø
Q$��NPo Ø a�N Ø Q$��ã�}�O bTc NPS r Q$�¢g�NnZ�O�S Ø a�N Ø QTg ¤ a�Q Î o US Øub S yÓ��oPS US
Z\N Ù S�O USYW�SYo�Z\S Ù S)ã�oPoPS�Ì=g1p g b QTQTS���Ò�g Z�NPO�S r
p�a�Q�Ñ�¥�� r ���������=g|]_a�o�Z�O US r dg{^7g�OuZ b O Ù ��S
j�^ US�O b SYoPW�S Ù SfQlg���a�O\gmZ\a b O�S Ø NPOiQTg{W�a�o�p�S�W�Z b a�o¿Z�XPSYOu]_a ~
W-X b ] b	c NnS Ù ��NPoJw7N bLÙ S Ø Z�O\g Z b	�)US�SYo Ù S�o Ø�b Z US=S�ZÉSYo p bwØ WYa Øub Z US rPc N���NPo|O US `�b ]fS Ù Sk� Ù a�]fS Ø �na Ø W b QTQlg o�Z
p�S�OuZ b W1g QTSY]fSYo�Z Ù g�o Ø Q	S[]�g�o�Z�S1g�N¨�/g1p�SYW Ù S Ø ^ USYO b a ÙPb W b Z US Ø g�Q	Qlg�o�Z Ù S{��¥�¥{¦�g¡dgV� üFg���^�a�Nnp g b Z
S
j bLØ Z\S�OFS�ZF^�SYNnZ�~-�S�Z�O�SvS�jn^nQ bTc NPS�O=QTS Ø©Ø NP^�SYO�~���a�]k��SY]fSYo�Z Ø©Ù S[QTg s#S�O�O�S yv��oVWYg�QTW�NPQÊ^PO USYQ b ] b o7g b O�S
��S�o|]_a ÙCUSYQ bwØ g�o�Z Øub ]f^PQTS�]_S�o�Z)QTS Ù a�]fS;^7g�OÉNnoPS Ù SY] b ~ Ø ^PX�dSYO�S1� Ù a�onoPS Ù S Ø O US Ø NPQ	Z\g Z Ø a�^nZ b ] bLØ Z\S ØYr
W1g O�^�a�NPO�NPoPSRZ\S�QTQTS=W�a�o �7` NPO\g Z b a�o r Q	S Ø ^�SYOuZ�NPO��Pg Z b a�o Ø¸Ù NqZ�SYo Ø SYNPO Ù � b oPSYO�Z b S Ù SiQTgfstSYOuO�SRa�o�Z�Q	S
]q�SY]fS�a�O Ù O�S Ù S ` O�g�o Ù S�NPO c NPS W�SYQTQ	S Ø Q b
US�S Ø dg�Qlg Ø NP� Ù NPW
Z b a�o�yV��S Ø � Ù a�]fS Ø �#^�a�NPOuO\g b SYo�Z Ù a�oPW
^�SYOuZ�NPO���SYO Ù SV}�g�ÏWYa�o Ø�b	` o b�� W1g Z b p�SxQlgªZ\O\g�£uSYW�Z�a b OuS Ù Ný^#�a�QTS Ù SÕO�a�Z\g Z b a�o Ø NPO Ù S ØþUSYW-XPS�QTQ	S ØçÙ S
Z\S�]_^ Ø�`#US�a�QTa `�bTc NPS Ø y Ç oq^7g�OuZ b W�NPQ b SYO r Qlg[^ USYO b a ÙPb W b Z US Ù SiW�S Ø ] USYWYg�o bLØ ]fS Ø ^�a�NPO�O�g b S�o�Z�S�jn^nQ bTc NPS�OÙ S Ø�b O�O US ` NPQTg�O b Z US ØÔÙ g�o Ø Q	S=s ¤ « c N b Ø SY]h�PQTS Ø �¢g�OuOY�S�Z�SYO�^7g�O�]fa�]fSYo�Z�^PN bLØ O�S��PO�a�N Ø�Ø S�O�W-XPS�] b o�y

Ú-Ûkø



ì7íïî+íïÿ ����������ù	��
�ó�û
Ì=g�o Ø NPo Ù SYN�j b dS�]_S{Z\S�]_^ Ø�r oPa�N Ø oPa�N Ø_b o�Z US�O�S Ø�Ø S�O�a�o Ø dgeNPoÍg NnZ\OuSq^PX USYoPa�]{dSYonS©Q b
USªdgÕQlg ÙnÎ ~
o7g�] bTc NPS Ù NR]_g�o�Z\SYg�N Ð Q	S Ø g1p�g Qlg�oPW-XnS Ø y#Ì;S Ø g�ona�]�g Q b S Ø�Ù S9]_g Ø�Ø S Ø�b Z�N USYS Ø dg�QTgÉ�7g Ø S Ù Ni]_g�o�Z\SYg�NØ Nn^ USYO b SYNnO)}�O\g�onW-X bwØhØ g�o�Z Ø a�N Ù g b oPS�]_S�o�Z)QlgR�Ya�oPS Ù S�Z�O\g�o Øub Z b a�o_^�S�Nnp�S�o�ZÉWYO US�SYO Ù S Ø g�ona�]�g Q b S ØªÙ SÙ S�o Ø�b Z US�dg ` O\g o Ù S USYW-XnSYQTQ	Svg1p�S�W Ù S Ø p g�O b g Z b a�o Ø Z�SY]f^�a�O�SYQ	QTS Ø O\g ^ bwÙ S Ø yh��oPSv]fa ÙCUSYQ bLØ g Z b a�oqg�o7g�~
Q Î Z bTc NPS Ø�b ]f^PQ	S Ù ShWYSi^PX US�oPa�]qdSYoPSiS Ø Z Ù �¢g���a�O Ù ^PO US�p�NPS
� Ø�b QTS Ø O US Ø NnQ	Z-gmZ Ø a��nZ\S�o�N ØæÙ a�onoPSYo�Z Ù S Ø
a�O Ù O�S ØmÙ S ` O\g o Ù SYNnO Ø�b	` o b�� W1g Z b } Ø�r S�QTQ	S Ø SYO�g Ø N b p b S Ù ��NPoPS�]fa Ù)USYQ bwØ gmZ b a�oxo�Nn] US�O bTc NPS r NnZ b Q bwØ g o�ZÙ S Ø ]fa Ù dSYQTS Ø1Ø ^nX USYO bTc NPS Ø®Ù SFW b O�WYNnQlg Z b a�o ]_g�o�Z US�Q b	c NnS Ù)US�p�SYQTa�^P^ US Ø ^7g�O ¤ y�¦�g�W-XPS
Z\S�Q$y

ì7íïî+í3î ���Tô�� ò�����ú��T÷nùeø���ùnú��ó������+ò�ó������ô���ù	�Ôó��ó
��
�ó����Tó
��S Ø O US Ø NPQ	Z\g Z Ø ^PO US Ø SYo�Z US Ø Ù g�o Ø Q$�¢g�OuZ b WYQ	S Ù S;QTg Ø S�W�Z b a�oJè�y	�;OuSY^�a Ø S Ø NPOÉNno ]_a Ù dS�QTS Ù S;W b O�W�NPQlg Z b a�o
]_g�o�Z USYQ bTc NPS c N bÔb ]f^�a Ø S;WYa�]_]fS;WYa�o ÙPb Z b a�o g�N�j|Q b ] b Z\S Ø QTgip b Z�S Ø�Ø S Ù S Ø ^PQTg c NPS Ø y)z;OÉQ	S=]_a�Nnp�S�~
]fSYo�Z Ù S Ø ^PQTg c NPS Ø S�o Ø NPOu}�g WYS�O US Ø NPQ�Z\S�QTN b ~�]{�SY]fS Ù S�WYS�ZuZ\S�W�a�o�p�SYW
Z b a�o�y9��S � j�SYO�gm~�^PO b a�O b WYa�]f]fS
WYa�o ÙPb Z b a�ofg�N�j[Q b ] b Z\S Ø SYo�Z\O�g�� �ToPS�^7g Ou}�a bLØ�c NPS�Q c NPS Ø g�O�Z\S
}�g�W�Z ØYr�Ø g�o Ø g�NPW�NPoPS�a�O b	`�b onS `�USYa�^nX Î�ØubTc NPS
S�Z�oPS�ona�N Ø ^�SYOu]_S
Z�^Pg ØìÙ � US�Z�N ÙPb SYO_Z�a�N Ø QTS Ø }�g�W
Z\SYNnO Ø ^�SYO�Z\NPOu�7g�o�Z QTgVp bT` NPSYNPO Ù S�QTgÕW�a�o�p�S�W
~
Z b a�o|]�g o�Z USYQ bTc NPS[��WYa�]f]_S=Q	S=W-X7g�Nn�Ôg ` SF^7g O�Q	S=oPa Î g�N7�
y)M�y+��g��PO�a Ø�Ø SFS Ø Z�g�W�Z�NPSYQ	QTSY]fSYo�Z�S�o�Z�O\g b oÙ S ÙCUS
p�S�QTa�^P^�SYO=NnoÕW�a Ù Sko�NP] US�O b	c NnS Ù SvW b O�WYNnQlg Z b a�oqa�dN©QTSk]fa�Nnp�SY]fSYo�Z Ù S Ø ^PQlg c NPS Ø o���S Ø ZF^Pg Ø
b ]f^�a Ø�US y9M�S Ø O US Ø NPQ�Z-g Z Ø ^�a�NnO�O\g b SYo�ZF�S
Z\O�SFNnZ b Q bwØ�US Ø ^�a�NPO US�Z�N ÙPb SYO�Qlg ÙCUS�O b p�S Ù N{^#�a�QTS Ù SROua�Z-gmZ b a�o�y

Ú-Û �



Non-linearequationsfor therotationof aviscoelasticplanet
takinginto accounttheinfluenceof a liquid core
CelestialMechanicsandDynamicalAstronomy, vol. 52, no. 1, 1991,
13-43.

MarianneLefftz, Hilaire LegrosandJacquesHinderer
InstitutdePhysiqueduGlobedeStrasbourg, 5 rueR.Descartes,67084Strasbourg, France

Abstract. Nonlinearequationsgoverning the temporalevolution of the vectorof instanta-
neousrotationaredevelopedfor an earthwith a homogeneousmantlehaving a viscoelastic
Maxwell rheologyandwith a homogeneousinviscid fluid core.This generaltheoryis inves-
tigatedusingthe angularmomentumtheoremappliedto the coupledcore-mantlesystem.It
allows to study the influenceupon the planetaryrotationof a quasi-rigidrotationalmotion
in the liquid core.It alsoenablesto investigatetheconsequencesof excitationsources(e.g.,
pressure),locatedat thecore-mantleinterface.Especially, the influenceof viscoelasticvaria-
tionsin theinertiatensorsresultingfrom therotationitself or from variousexcitationsources
aredetailedwith the help of a Love numberformalism.The equationsof the linear theory
for an elasticearthwith a liquid core,andthe nonlineartheory for a viscousplanetwith a
quasi-fluidbehavior areshown to beparticularcasesof thegeneralizedsystemof equations.
Someplanetologicalapplicationsmaybederivedfrom thequasi-fluidapproximation.

Keywords: Earth core, Earth mantle,Earth rotation, Nonlinear equations,viscoelasticity,
angularmomentum,rigid structures,rotatingbodies

© 2001Kluwer AcademicPublishers. Printedin theNetherlands.

LL91.tex; 17/07/2001; 16:20; p.1

Ú-Û !



" # @<%$t@<'&7<t8)(�<�>
È)S�*+*�S r�â y�g�o-,x�)a�NPOuZ b QTQ	a�Z r-. y r ��¥�¥���y�ã�^P^7g O�SYo�Z;g�o-,©stO�NPS ¤ a�QTg�O�«¡g�o/,PSYO�g�o-,�Z�XPSvü=SYa�]fS�Z�O Î
a�}ÊZ�XPShüFS�a�]�g ` oPS�Z b W ë�b SYQ�, b o{Z�XPShQTg0*uZ���¥�¥_¦ b QTQ b a�o21�S1g O+* r'3/46587:9:;=<?> @�4BAC7:@�4Tr g�W�WYSY^�Z\S�,Õ¦qg Î
��¥�¥���y
Ì=g1p g b Q	QTS r ãiy r �������nyÊM b ]hNPQ	Z\g�oPSYa�N-* ` S�oPSYO�g Z b a�o a�}�Xna�ZD*u^�a�Z+*�g�o-,E*uNP^�SYO+*GF)S�QTQ�*�� Î WYa�o�p�SYW
Z b a�o b o
gvXPS�Z�SYOua�oPSYa�N-*�^nQlg�oPS
Z-g�O Î ]_g�o�Z\QTS r	HJI0KML?ND7
rPO�Q Ý rPR�ä èm~ R è�¥ r Ì;S�WYSY]h��S�OR�1�����ny
Ç NPQTS�O r �Óy r � R Ñ��ny AC7:S:<=7TN:S:<=7�@TL�NVUWIYXZN\[7]S:7:@:@T^_9a`cb?7:@ [dfe�L?^g`�9�h�7:@i7TKf@TL�NVUWIYH�L�K_I0KM^_9a`jb?7kU+l mCh�7
b?7nUWIpo	7TNTND7:q ¦ USY]fa b O�S�*6,nSRQ/�¢ã�W1g0, USY] b S),PS�*;M�W b S�oPWYS�*8,nSiÈCSYO�Q b o r ^P^��0r��m~�Ë�� ä�r È)SYOuQ b oÔy
¦�g Z�XPS�FC* r�¤ y ¦Õy r%s S�O�O b o `Pr s=y¢ãiy r%t ÈCNn�ÔS
Z�Z r È�y¢ãiy r ��¥�¥n��yh¦qa�,nSYQ b o ` a�}�o�NnZ-gmZ b a�o�~�^POuSYW�S�*+* b a�o Ð
Ò�STFæo�NnZ-g Z b a�oV*uSYO b S�*�}�a�O9oPa�oPO bT`�b , Ç g�O�Z\X_g�o-,_×�o-* b	` X�ZD* b o�Z\aFZ\XPS Ç g�OuZ�X��u* b o�Z�SYO b a�OYy 3/4v587:9:;=<?>]@�4
AC7:@�4TrPb o|^POuS�*w*Yy
s y ¤ a b onW1g�OuS r ���n�1¥ny9M�NPO�QTgk^PO US�WYS�*w* b a�ox,PS�*�W�a�O�^/*y, US�}�a�Ou]�g��nQTS�* r�zCL?UgUW4)Ia@TK{N�4Tr Ý�| r Ë�����~�Ë ä èny

Ú-Ûa}


