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��[^{¿c�[�[�f5{xv?[2u\bgst[2egfI��{\v?[2Y\k?uF�Øeg]�[2bg�n{xv?[2s?kIlrlr[}ho`

B

radius R

A

M = 4 kg

eo�EÇ4eglr]^k?l�eZ{\[,{xv?[�eg]^]�[^lr[�u\eZ{xpqbof'bg�n{xv?[2V7egY\Y�[�Y:c:v?[�f�{xv?[}h/egu�[2��u�[�[A{xb�V bR�o[g`
���:ó,[}{x[^u\V prf?[${\v?[A{x[^f?Y\pqbof5pqf'{xv?[2u\bgst[�â�k?YF{Ceg�tbR�g[�[�eg]~vK�Ilrb�]~��`
]���zv�h�eZu\[,{xvI[�Y\[2{¿c�b {\[�f?Y�prbof?Y�G$>A8³{xv?[2Y\egV7[�w
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��Ñ�Ýy6�HdV7egf�Y\p�{xY�bof'egf'bolq�J���ØegY�v?prbgf?[��7u\bg{xeZ{xpqf?|�sIp�egf?b�Y�{xb�bol�v?bolq�?prf?|�e�s�eZpru�bZ�¯�?k?V°�I�t[^lrlrY�eZ{Ee��?prYF{~egf?]^[
bg�4QI`��/V7[}{x[^u\Y2��u\boV¸{\v?[Xe
�IpqY2bg�Eu\bZ{~eZ{\prbof�bg��{xv?[7Y�{xb�bolé`�9C[ prY2|op��o[^fÂegf¤egf?|ok?lreguA�o[^lrb�]�pq{¿h�bg�E¬�uxeg��W�Y\[�]Z©
eZ�Ô{\[�u:c:v?pr]~v5v?[�sIk?lrlqY:{\v?[��?k?V°�?��[�lqlrY:prf�k?fi{xpqly{xv?[}h5egu\[�bof?l�h/QI`U®�V [^{\[�u\Y:��u\bgV»{xv?[�e��TprY^`48Ev?[�V boV [�fi{�bg�
prfI[�u�{\p�e�bg�Î{\v?[�V7egf5eg�tbgkI{C{\v?[°e
�IpqYCbZ�Òu\bg{xeZ{xpqbof�prYCß7��|���V _ egfI��VXe�h/��[�]^bof?Y\pq�?[�u�[��K{\bX��[�pqf?�?[�s�[�fI�?[�fi{
bg�ÒvIb
cºv?[�v?bglr�?Y�v?prY�egu�V7Y^`:GC[^|olr[^]^{�{xv?[�VXeZY\Y�bg�Î{xv?eZ{$s?egu�{Cbg��{\v?[�sIp�egf?b Y�{\bTbgl�c:vIpr]~vKpqYCu�bg{~e�{xprfI|?`4;�eg]~v
�?k?V��?�t[^lrlyv?egY�e�V7egY�Y�bZ��¬���|XeZf?�5V7e�h���[2]�bof?Y�pr�?[^u\[^��{\b7��[2e s�bopqf�{4VXegY�Y�`+GC[^|olr[^]^{E��u�pr]^{\prbof�`
eo�2zv�eZ{�prY�{xv?[7prf?p�{xpreglÒegf?|gk?l�egu�V boV7[^fi{xk?VÁbg�E{\v?[XYFh�Y�{x[^V5©Ò]^bof?Y�prY�{\prf?|5bg�4{\v?[��?k?V��?�t[^lrlqY�©�{xv?[�V7egfy©

egf?�/{xv?eZ{:s�eguF{:bg��{\v?[2s?p�eZf?b�Y�{xb�bol�c:vIpr]~v�prY:u\bg{xeZ{xpqf?|�w
���4zv?eZ{:prY4{\v?[�egf?|ok?lregu4�o[^lrb�]�p�{¿h�bg�n{xv?[2YFhTYF{x[^V e��Ô{x[�u4{\v?[2�?k?V°�I�t[^lrlrY:eZu\[As?k?lqlr[^��pqf'{xbRc4eZu\�/{xv?[�e��TprYxw
]��ÒÇ�boV s?kI{x[4{\v?[E��prf?[}{xpq]4[�f?[^u\|gh�bg��{xv?[EYFhTYF{x[^V-�t[}��bou\[:eZf?� eZ�Ô{x[^u�{xv?[E�Ik?V°�?��[�lqlrYÒegu�[4s?k?lqlr[^�*prfy`�H$]�]^bok?fi{

��bou4{\v?[2�?pq¶t[�u�[�f?]^[g©�pq��egfiho`

�*Õ?�¯62H-�?lqbT]~�/bof�eX��u�pr]}{xprbgf?lr[^Y\Y:{~eg�?lq[�{\bos
v�egY$eXV7egY\YCbg�+QI`�Qi� ��|/egf?�KprYCeZ{\{xeg]~v?[���{\b
e*]�bou��5s?egY\Y�prf?|*{xvIu\bok?|gv5e�v?bolq[,prf'{\v?[2Y\k?uÆÉ
�Øeg]^[g©�egY:Y\v?bRc:f���[�lqbRc2`�8Ev?[��?lrb�]~��pqY�bgu\pr|gp�É
f�eglqlqh V b
��pqf?|°prf�e°]�pru�]�lq[,bg��uxeZ�?prk?Y4QI`�®�V [}É
{x[^u\Y�eg�tbgkI{�{xv?[�v?bolr[Òc:p�{xv°eZf°egf?|gk?l�eguy�g[�lqbT]ÜÉ
pq{¿h/bZ��§7u\eg��WZY�[�]g`�8Ev?[�]�bou���prY:{xv?[^f�s?k?lqlr[^�
��u\bgV ��[�lqb
c2©tY\v?bgu�{x[^f?prfI|�{xv?[*u\eg�?prkIY$bg��{xvI[
]�pqu\]^lr[$pqf7c:v?pq]~v�{xv?[$�?lrb�]~�7pqY�V bR�Tpqf?|�{\b*QI`�O
V [^{x[^u\Y^`,8Ev?[°�?lqbT]~�/V7e�h5��[�]^bof?Y�pr�?[^u\[���{\b
��[�e¾s�boprfi{�VXeZY\Y�`ÊGC[^|olr[^]^{KegfihstbgY\Y\pq�?lr[
��u\pq]^{\prbof*��[^{¿c�[�[^f�{xv?[:]�bgu\��eZf?� {\v?[�Y\pr�I[�Y�bg�
{xvI[�vIbolr[Z`
ei��zv?eZ{�prY°{\v?[� �f�egl4egf?|ok?lregu��g[�lrb�]�p�{¿hÂe�{
{xvI[�u\eg�?pqk?YEbg��QI`qO2V [^{\[�u\Yxw

F

���E¡�pqf?��{xv?[2]~v�eZf?|o[�prf'{xv?[2��prfI[^{xpq]A[�f?[^u\|gh�bg��{\v?[2s?k?]~��`
]R�°B�Y\[�{\v?[���bou\]^[�u\[^j�k?pru�[��£{xb�v?bglr�Â{xvI['Y�{xu�prf?|5{xb�[�YF{xpqVXeZ{\[X{xvI[�c�bou��¤�?bgf?[¢����p�e�z¤bou��¾NµðK�n]^boY�Äo��pqf
s?k?lqlrpqf?|��?bRc:f'{xvI[A]�bou��5eZf?�/Y\v?bRc³{xv�eZ{�{xv?pqYE[�Y�{\prV7eZ{x[CprYEeZs?s?u\b��TprV7eZ{\[�lqh�{\v?[AYxegV [2egY�{\v?[2egf?YFc�[^uE{xb*s�eguF{
�y`C�Ø8nb�]�eglq]�k?lreZ{x[,{\v?[Ac�bgu\���?bgf?[2k?Y\pqf?|*{xv?[A��bou�]�[2[}�Ieg]}{xlqh�u\[�j�k?pqu\[^Y�{\v?[2k?Y\[2bg��]�eglq]�k?lqk?Y�`U�

�*Õy��6�H¼{xkIu\fi{~eg�Ilr[/bg�Cuxeg�?pqk?Y7��V7[}{x[�u�Y7u�bg{~e�{x[�Y eg��bokI{ e� I�T[��½��u\pq]^{xpqbof?lq[�Y\Y°�g[�uF{xpr]�egl:e��TprY^©�V7eg��prfI|¢bgf?[
u\[}�obolqkI{xpqbof�prf¢ORQ Y�[�]Z`E8Ev?[�V boV [�fi{:bg�Òpqf?[�uF{xp�e*bg��{xv?[2{xkIu\fi{~eg�Ilr[�eg�tbgkI{:{xv?pqYCe
�IpqYCpqY2O
®gQoQ���|ZÉ¿V _�`4HPV7egf
bg��VXeZY\Y�ßoQ*��|?©�prf?p�{xpreglrl�h*Y�{xegf?�?pqf?|Xe�{E{xv?[2]�[^fi{x[�u�bg�n{xv?[A{\k?u\fi{~eZ�?lr[Z©?c4eglq��Y�bgkI{CeglrbofI|�e�u\eg�?pqk?Y:s�egprfi{\[��/bof
{xvI[CY�k?u��Øeg]^[$bg��{xv?[:{xk?u�fi{~eg�?lq[g`�zv?eZ{�pqY+{\v?[Cegf?|ok?lreguÒ�o[^lrb�]�pq{¿h°bg�y{xvI[�{\k?u\fi{~eZ�?lr[:c:v?[�f7{xv?[�VXeZfXprY�®2V7[}{x[�u�Y
��u\bgVÀpq{\YE]�[^f�{\[�uxw
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�*Õ��y6�HÊVXeZf¤bg�EV7egY�YXORQoQ���|�Y�{xegf?�?Y*e�{�{\v?[Xu�prV0bg�:e5{\k?u\fi{xeg�?lr[ bg�:u\eg�?prkIY°®5V [^{\[�u�Y°egf?�¤V7boV [�fi{�bg�
prfI[�u�{\p�e:¬iQoQoQ���|ZÉ¿V _�©ZV7bokIf�{\[��°bgf*e���u�pr]^{\prbofIlr[�Y�Y¯�o[�uF{xpq]�egl�Y\v�e��Ô{ÒeZ{�pq{\Y�]^[�fi{x[^u�`Î8Ev?[�c:v?bolr[�Y�h�Y�{\[�VPprYnprf?p�{xpreglrl�h
eZ{�u\[^Y�{�`�8Ev?[ VXegf¢f?bRc-c�eglr��Y�eglrbgf?|'{xv?[�bokI{\[�u�[��?|g[7bg��{xv?[�{xkIu\fi{~eg�Ilr[*c:pq{\v¤e'�o[^lrb�]�pq{¿h�bg�,O V7[}{x[^u~WZY�[�]
u\[^l�eZ{\pq�g[,{xb*{xv?[2[�egu�{\vy`
eo��zpq{xv'c:v�e�{$eZf?|ok?lregu��o[^lrb�]�p�{¿h/egf?�/prf'c:v�e�{C�Ipru\[^]^{\prbof/�?b�[�YE{xvI[2{\k?u\fi{xeg�?lr[Au�bg{~e�{x[Rw
���$8Ev?u\bokI|ov�c:v�eZ{�egf?|olq[�c:prlql�p�{Av�e��o[�u�bg{~eZ{\[���c:v?[^f¢{\v?[*VXeZf� ?u\Y�{2u�[^{\k?u\f?YA{\b'v?prYApqf?pq{\p�egl�s�boY\p�{xprbgf�bof

{xvI[2{\k?u\fi{xeg�?lr[�w
]��+8Ev?u�bok?|ov�c:v?eZ{EegfI|olr[:c:prlql�pq{�v�e��o[Au\bZ{~eZ{\[��7c:vI[�f�{xvI[,VXeZfXu\[}{xk?u�f?Y�{\b�v?pqY�prfIpq{xpregl?s�boY\p�{xpqbof7u�[�lreZ{xp��o[:{xb

{xvI[�[�egu�{\v�w

�*Õ � 6CÇ�bof?Y�pr�?[^u�{\v?[�Y�h�Y�{\[�V%Y\v?bRc:f�e�{$u�pr|ovi{�`�Ó�lqbT]~�
H�v�egYAV7egY\Y2ñ2:¾egfI�¢�Ilrb�]~��Ó"v�egY2VXeZY\Y2ñLFÒ`*8Ev?[
s?k?lqlr[}hÂv�egY e�uxeg�Iprk?YM5 egf?�¹e�V boV [�fi{�bg�$prf?[^u�{xpreI©N�`¤8Ev?[/u�bost['�IbT[^Y*f?bg{�Y\lqprs£bR�o[^u*{xv?['s?kIlrlr[}ho`�8Ev?[
u\[^lr[}�geZf�{�]^bT[}ç ]�pr[^fi{7bZ����u�pr]}{xprbgfÂ�t[}{¿c�[^[�fM{\v?['�?lqbT]~�
HÊegf?��{xv?[�{~eg�Ilr[^{\bos¢prYO3Î`X8EvI[XY�h�YF{x[�V0pqY�u�[�lq[�egY�[��
��u\bgVÀu\[^Y�{$egf?�/�?lqbT]~�'Óí�ØeglqlrY^`
ei��¡�prfI�½{\v?[5Y�st[^[��íbZ�A�?lrb�]~�¾egY7e¢��k?fI]^{xpqbof½bg�,{xvI[
�?pqY�{~eZf?]�[QP�{xvIu\bok?|gv c:v?pq]~vXp�{Ò�ØeglrlqYÒk?Y\pqf?|�{\v?[:]�bofIY\[�uÆÉ
�ZeZ{xpqbof'bg��[�f?[^u\|ghg`

A

µ

B

���:B�Y\pqf?|*hobok?u�egfIY�c�[�u:{xb�s�eguF{$eo���?[��?kI]�[2{xv?[�eg]^]�[�lq[�u\eZ{xpqbof'c:pq{xv'c:v?pq]~v5p�{4�ØeglqlrY�`
]��$è:[��?[^u\pq�g[°{xv?[�eZ]�]�[^lr[^uxeZ{\prbofKc:p�{xv�c:v?pq]~v�{xv?[°V7egY�Y$�ØeglrlqY$k?Y�prf?|/G�[^cE{\bofy�îY2@ne�c:YAbg��{\uxegf?Y�l�eZ{\prbof?eglnegf?�

u\bZ{~eZ{\prbof�eZl�V bg{xpqbofy`

�*Õ � 65H»{xv?pqf¾c�b�bT�?[^f¾��egu*bg��lr[^f?|g{\v¹QT`�®�V [^{x[^u\Y�egfI�½V7egY�Y ®T`�����|�prY°Y�k?Y\s�[�fI�?[��M��u�boV0{xv?[/]�[^prlqprf?|�pqf
Y\kI]~v¤e�c�eRhK{xv�eZ{,pq{A]�egf�boY\]^prlrlreZ{x[���eg]~��egf?����bou�{\v�lrpq�g[*e's�[�f?�?kIlrk?V%c:pq{xvIbokI{,��u�pr]^{\prbof�`�D¿fIpq{xpreglrl�h'{xv?[*�?egu
prYEv?egf?|opqf?|��o[^u�{\pr]�eZlrlqhXeZ{:u�[�Y�{Îâ�k?YF{:�t[}��bou\[2e ��|ouE�Ik?lrlq[^{4{\uxe��o[^lrprfI|*v?bou\pqö�bofi{xeglrl�hXe�{�§oQoQ°VXWZY4Y�{\u\pq�g[�Y�egfI�5pqY
[�V��t[^�?�?[��¢prf�{\v?[���egu2eZ{A{\v?[�V7pq�?stbgprfi{,bg��{\v?[���egu�`*8EvIu\bok?|gv¢c:v�e�{�egf?|olq[*�?bT[^Y,{xv?[���eZuAu\prY�[�eZ�Ô{x[^u,{xv?pqY
]�bglrlrpqY\pqbof�w

a �tÕt6'JKeZf�k?eglrY���bou�]�eguR��[�f?|opqf?[ u\[�s?egpru�eglqc�e�h�Y�Y\s�[�]^pq�Ôh�{xvI[7{xbgu\j�k?[7{\bK��[�egsIs?lrpq[���c:v?[�f¤{\pr|ovi{\[�f?pqf?|5{\v?[
]^h�lqprf?�?[^uFÉÏv?[�eg����bolq{\Y�`�zv�h�pqY:{\v?[2{xbou�j�kI[�Y�st[^]�pq ?[��y©�uxeZ{\v?[�uE{\v�egf5{\v?[2��bou\]^[2{\b7��[�egs?s?lqpr[��'{\b {\v?[�c:u�[�f?]~v
v�egfI�?lr[�w

a ��Ùy6�zvih�pqY�p�{�[�egY\pq[�u+{xb°v?bglr��e7ORQ���|°��bT�Ih pqf7hobgk?u4v�egfI�'eZ{�hgbok?u4Y�pr�?[�{xv�eZfX{xb�v?bolr�Xpq{+c:pq{xv hobokIuEegu\V
[}��{\[�f?�?[^��v?bou�prö^bofi{~eglqlqhIw�ó,b�[�YEp�{:VXe�{\{x[^uEpq��hobgk5v?bglr�'hobokIuCeZu\V»f?bZ{:v?bou\pqö�bofi{xeglrl�ho©I�IkI{:�o[�uF{xpq]�eglqlqhIw
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�*Õ�Ìy6'H»�Ipq��prf?|5�tboegu\�£§5V7[}{x[�u�Y°lrbgf?|KpqY
Y\kIs?stbgu�{x[^�£eZ{�e/stbopqfi{7O7V7[}{x[^u2��u�boV¸{xvI[
[�fI�y©�egf?�¢e��?p��o[�uCc�[^pr|ov?pqf?|/ßoQoQ�fI[^cE{xbgf?Y
Y�{xegf?�?YCeZ{:{xvI[2��u�[�[�[�f?��©�egYCY�v?bRc:fK��[�lqb
c2`
¡�pqf?�5{\v?[���bou�]�[^YCc:v?pq]~v�eg]^{$bof5{\v?[���biegu��
pÔ�¯eZ{n{xvI[�Y\kIs?stbgu�{Îs�bopqf�{�egfI�°prp��yeZ{�{\v?[�[^f?�
{xv?eZ{°pqY�v?[^lr�Â�Ib
c:f�©Òpq�4{\v?[Xc�[�pr|gv�{�bg�E{xvI[
��biegu\�/pqYEf?[�|olqpr|opq�?lr[Z`

2m

S

E

1m

�*Õ�Ñy64H·k?fIpq��bou�VÊs?lregf?��©yO
�°V [^{\[�u\Y:lqbof?|?©
c�[�pr|gv?prf?|5¬iQoQ�f?[^cE{\bof?Y�©Òu�[�YF{xY°YFhTV V [^{xu�p�É
]�eZlrlqh�bof*{¿c�b2Y\k?s?s�bouF{xY+ß,V7[}{x[^u\Y�egs�eZu�{�©�eZY
Y\vIb
c:f���[�lrbRc2`ÒHº��bRhXc�[�pq|ov?prfI|�mg¬iQ�f?[}c4É
{xbgf?Y�Y�{~eZu�{xY�eZ{�s�boprfi{+H³egf?��c4eZlr��YÒ{xbRc4eZu\�
{xvI[°u\pq|ovi{�`,9�bRcP�ØeZu$��[^hobgf?��stbopqfi{,Óº]�egf
{xvI[���bRh�c�eglr����[^��bgu\[,{xvI[�sIl�egf?�7{xprsIY~w B

8 m

A

�*Õ�Õt6�8Ev?[4kIf?pq��bou�V·¬,V7[}{x[^uÎlrbofI|$��[�egVPY\v?bRc:f eZ{�u\pr|gv�{
c�[�pr|gv?Y2®gQoQ7f?[^cE{\bof?Y�`ADÏ{,prY,e�{\{~eZ]~v?[���{\bX{xv?[�c4eglql��ihKe
v?pqf?|o[2egf?��v?[^lr�/�ih�e7�°V [^{\[�u:lrbofI|*lrpr|gv�{4]�eg�?lq[g`�¡�pqf?�
ei��8Ev?[2{x[^f?Y\pqbof/prf'{xvI[�]�eg�?lq[g`
���'8Ev?[Âv?bgu\prö^bofi{~egl2eZf?�¨�g[�u�{\pr]�egl�]^boV stbofI[�fi{xY5bg�°{xvI[
��bou�]�[2[}�T[�uF{x[^�Kbof'{xvI[���[�eZV»�ih'{xv?[2v?pqf?|o[g` θ

4 m

�*Õ�Ùy6d>,f?[�[^f?�dbZ�*e¹s�boYF{5c�[�pq|ov?prfI|í�gQgQ
f?[}cE{xbof?YAu�[�YF{xY,bof�e7u\bok?|gv�v?bou�prö�bgf�{xeglnY\k?uÆÉ
�Øeg]^[�c:pq{xv=u�[�Y�st[^]^{/{xbÂc:v?pq]~v={xv?[�u�[�lr[}�Zegfi{
]�b�[^ç ]^pr[�fi{Cbg����u�pr]}{xprbgf�pqYD3�NºQIS�§I`�8EvI[�k?s�É
s�[�u:[�f?��prY:v?[^lr�/�ih�e u�bos�[,�ØegY�{\[�f?[^�5{xb�{xvI[
Y\kIu��Øeg]^[4egf?��VXeZ��pqf?|Cegf°egfI|olr[+Ä�N¨§iÖ
×�c:pq{\v
{xvI[,stbgY�{�©?egY4Y\vIb
c:f5eZ{�u\pr|gv�{�`ÎH"v?bou�prö^bofi{~egl
��bou�]�[g© ±ðPprYE[Ü�I[^u�{\[��Kbgf/{\v?[2stbgY�{�egY:Y\vIb
c:f�`
DÏ��{xv?[Ò��bou�]�[£±ðMpqY�egs?s?lqpr[��2e�{¯{xv?[ÒV pr�?s�bopqf�{�bg�
{xvI[�s�boY�{�©�c:v�eZ{CprY:{xv?[�l�egu�|o[�YF{:�geZlrk?[2pq{�]�egf
v�e��o[2c:pq{\v?bokI{:]�egk?Y�prf?|*{xvI[�s�boYF{�{\b�Y\lrpqs�w

µ = 0.3

θ
F
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a ��Ýy6Mó,b�[�Y�e¤{xk?f?pqf?|¤��bou��¹kIf?�?[�u�|ob¾Y\pqV7s?lq[5v?egu\V bof?pq]KV bg{xpqbof�w zvih=pqY7{\v?prY'eÂ]^u\k?]^p�eglCj�k?[�YF{xprbgfí{xb
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