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• F = (−K/r2)ur GDHJI1KDL MON U(r) = −K/r P
• Q H)R�LSR�H*MTIUNJVWM>XJIYVWZT[>H L H]\CIU[>MOH�NJLSM^\CI`_aMTIbH)KD[cR�LS[>d H*R�H*MTI�e L = r× p fJP
• g L [>h L KDL M>M>XSG^Vji#HJkDVl\CIYH�[>M>H3IYhY_amCHnNJIbLSVWhYH)K@o XnM>H*hYpSVWH3R�VjM>VWR"[OR�ZT[>V#Hn\;IqNJVWhYN*[>il_aVWhbH Psr L M�h`_utSL MvH]\CI

r∗ = L2/mK GDH*I$\Y_6w^XnhbVWLSVlKDH τ LSxyX*VjI1z τ2 = 4π2(m/K)r∗
3

• g L [>h�iW_�pSh`_ud{V|IYXSG K = GMm G G = 6.7 10−11 r}P ~�P G M � H*hYhYH = 6 1024 � p^G M iW[>M>H = 7 1022 � p^G
M r LSiWH*VWi = 2 1030 � pOG R IbHnhbhYH = 6400 � RcG R iW[>M>H = 1800 � R�G R r LSiWH*VWi = 700000 � R P

�y� � ZT[>H*iWiWH�d{VjIbHn\Y\bH
�qxyH*iWV|k"KDL V|I&il_aMON*H*h&\;L M$m;_udSHnijLSIse��OLShYVj�nLSMTIY_SijHnR6HnMTI f wyLS[Oh�ZT[@o Vji{M>HshYHJIbL R"xyH5m;_SR�_aVl\��� [>H*iWijH6Hn\;I3iW_vwyX*hYVjLDKDH�KDH�hbXndSL ij[DIYVjL M�KDH�NJH�m;_udSHnijLSI � �qM�\b[>w>wyL \bH6K>H,��_ �JL M�IbhY�n\�hYXn_SijVl\CIYH,ZT[@o Vji'M5o t_vwO_S\3KDH6��hYLaIbIbH*R�HnM I�K�o _aVWh3\;[Oh�iWH�m;_udSHnijLSI P"��� R�H�ZT[>H]\CIYVjL M�\bV��qxyH*iWV|k�\bH6IbhYLS[>d H6\b[>h)iW_viW[>M>H�e�d LSiW[>R�HNJLS��X]KDVjIbX3_udSH]Nq�1H*hYpSX fJP
�@��� ZT[>HnijiWH3_aijIbVjIb[OK>H)K>LSVjIULSM�w>iW_ NJHnhs[OM�\Y_�IYH*iWV|IYH�p H*LT\CI`_�IbVWLSMOMO_aVWhbH ��� [>Hni}Ibh`_udu_SVjiy��_S[DIUVji}��L [>hYM>Vjh
wyLS[>hiWH3w>iW_ NJHnhsilz ��� [>HnijiWH���hY_ N�IYVjL M@G>_a[�R�VjHn[@GOKDH�N*HqIYhY_ud�_SVji�wyH*[DI � IbhYH���LS[>hYM>V�wO_Sh$iW_6hYLaIY_aIbVWLSMcKDH3il_"IYH*hYhbH �
�5� � M"\;[Ow>w^LT\b_SMTI@i o LShYx>VjIbH9KDH9iW_$iW[>M>Hs_a[DIYLS[>h�KDH�il_
IbHnhbhYH�NJVWh`NJ[>il_aVWhbH G]ZT[>HnijiWH�H]\CI�iW_UK>VW\;IY_SMONJH'IYH*hYhbHJ¡TiW[>M>H ���� R6H�ZT[>H]\CIYVjL MvwyLS[Oh$iW_�KDVl\CI`_aMON*H)IbHnhbhYH�¡D\;L ijHnVji P
¢#��£ M�\Y_�IYH*iWV|IYH�\;H,IbhYLS[>d H,\b[>h)[>M�LShYx>V|IYH6N*Vjh`NJ[OiW_SVjhYH,z�KDVl\CI`_aMON*H r0 KD[�N*H*MTIbhYH6K>H6il_¤IbH*hYhYH P � [>HnijiWH6Hn\;I\bLSM�H*M>Hnhbp VjH�w^LSIbHnM IYVjHnijiWH � r L McX*M>Hnhbp VjH)NJVWM>XJIYVWZT[>H¥e�HJkDw>hYVjR�X)H*M���L MON�IYVjL M�KDH r0 f � r LSM�X*M>Hnhbp VjH�IYLaIY_SijH �
r _6d{V|IYHn\Y\;H3KDH)IYhY_SMO\biW_aIbVWLSM �� N*_a[^\;H)KD[v��hbLSI;IbHnR�H*MTIUKDHqi�o _aVWhnGD\bLSM¤XnM>H*hYpSVWH�R6X]N*_SM>VWZT[>H)KDX]NJhYL�¦lI
z6N`�O_SZT[>H�hYX*dSL ij[>IbVWLSM P'r [>w>wyL \bLSM^\ZT[@o _aw>hY�n\s[>M>H)hYX*d LSiW[DIbVWLSM@GD\bLSM�LShYx>VjIbH)N`�O_aM>p H�K>H r0 z r0 −∆r P�§ H�N*LSR,x>VjHnMvN`�O_SM>pSH)\Y_,d{VjIbH]\b\bH � e��>H*iWw@¨N*_SiWN*[>iWH*h�iW_qd�_ahYVW_aIbVWLSM"KDHsi�o XnM>H*hYpSVWH�IYLaIY_SijH�HJI�KDHsi o X*MOH*hYpSVWH9wyLaIbHnMTIbVWH*iWijH GaHJI�IbhYLS[>d H*h#iW_qd�_ahYVW_aIbVWLSM"KDHsi�o XnM>H*hYpSVWHNJVWM>X*IbVlZ [OH f�P�Q _6dTVjIbH]\b\bH3_a[>p R�H*MTIbH)LS[�KDVWR�VjM{[>H �
©@��ª=«y¬#^®{¯°®{±}²3³#´>±�µ"¬�±°¶�«O²]®T±}²]·�®{¸&¹#´>ºu¯»«^±�·�¼�¬�®y� r [Ow>w^LT\;L MO\sZ [5o [>MOH1wO_Sh;IYVWN*[>ijHq\;H1IbhYLS[>d H1K>_aM^\[>Mvw^LSIbH*MTIYVjHni^�O_ShbR�L M>VWZT[>H U(r) = Kr2 LS½ K > 0 Hn\;Is[>MOHqNJL MO\;IY_aMTIYH P�¾ o H]\CI
wO_ah�HJkDH*R�w>iWHSG{iWH1wyLaIYH*MTIbVWH*iK>_SMO\�iWHnZT[>Hni�xO_SVjp M>H¥[>M¿_�IYLSR�H¤K>_SMO\"[OM»NJhYVW\;IY_Si PÀ¾ H¤w>hYLSx>iW�*R�H¥wyH*[>I�\bH�Ibh`_aVjIbHnh,\bLSVjI,HnM»NJL{LSh`KDL M>M>X*H]\wyLSil_aVWhbH G>\;L V|I$H*M�N*LTL hYK>LSM>M>XnHn\sN*_Sh;IYHn\bVjHnM>M>H P'Á LS[O\
iWH)Ibh`_aVjIbL MO\$K�o _axyLSh`K¤HnMvwyLSil_aVWhbH PÂ PU§ XnR6L MTIbhYH*hUZT[>H�iWH�R�LSR�H*MTIqN*VjMOXJIbVlZT[>H�H]\CI1[OM>H"NJL MO\;IY_aMTIYH�KD[�R�LS[>d H*R�H*MTInGOHJIqKDL MON�ZT[>H�iWH�R�LS[>�dSH*R�HnM I�Hn\;I�NJLSM>ÃOM>X�z¥[>M�w>il_aM P �qM�hbHnw^�nhbH,iW_vwO_Sh;IYVWN*[>ijH6wO_Sh�\bHn\)NJL{L hYKDL M>M>XnHn\UwyLSil_aVWhYHn\�K>_aMO\)N*Hw>iW_SM PÄ P � M»H*k{wOijL V|I`_aMTI6il_�NJLSM^\;Hnhbd�_�IYVjL M°KD[¿R6L R�H*MTI�N*VjMOXJIbVlZT[>HSG9XnNJhYVWhbHvi o X*M>Hnhbp VjH¤IbLSIY_aiWHcKD[Å\btD\CIY�*R�HvHnM��LSMONJIbVWLSMcKDH r H*I1KDH ṙ P'g Hn[DIULSMcVlKDH*MTIbVjÃOHnh$[>Mcw^LSIbH*MTIYVjHni@HJÆ}HnNJIbVj� �Ç P$g L [>hs[>MvR�L R6HnMTI
N*VjM>X*IbVlZT[>H�K>LSM>M>XnHSGTIbhYLS[OdSH*hsiWHn\�Ibh`_�mCH]N�IbL VjhYHn\�NJVWhYN*[>il_aVWhbH]\1¨'ZT[>H*iWiWHqH]\CI
ijHn[>h
hY_ut LSMHJI�ijHn[>h�w^XnhbVWLDKDH�K>HvhYX*d LSiW[DIbVWLSM �È� [>H*iWijH�Hn\;I�iW_�hbHniW_aIbVWLSM°HnMTIbhYHvi�o XnM>H*hYpSVWH¥IYLaI`_aiWHvH*I6iWHvR�L R6HnMTINJVWM>XJIYVWZT[>H)wyLS[>h1N*Hn\
L hbx>VjIbH]\ �
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É PUQ H)w^LSIbHnM IYVjHni GDHnM�Nn_ahbIbX]\;VWH*M@G>\no XnNJhYVjI U(x, y) = K(x2 + y2) P � N*hbVWhYH�iWHn\
X]ZT[O_�IYVjL MO\
KD[cR6L [>dSHnR�H*MTIH*MvN*L{LSh`KDLSM>MOX*Hn\sN*_Sh;IYHn\bVjHnM>M>H]\*G{iWHn\shbX]\;L [OKDhYH P�g LS[>h$ZT[>H*iWiWHn\
NJL MOKDVjIbVWLSMO\sVWM>V|IYVW_SijH]\
iW_"Ibh`_�mCH]N�IYLSVWhbHqHn\;INJVWhYN*[>iW_SVjhYH �Ê� [>H*iWijHvHn\;I6_SijL hY\3il_�hYH*il_�IYVjL MËH*MTIbhYH¥iWH¤h`_utSL M�H*I6iWH¤R�L R6HnMTI6NJVWM>X*IbVlZ [OH � � MTIbhYH¤iWHR6L R�H*MTIUNJVWM>XJIYVWZT[>H3H*IUi o X*M>Hnhbp VjHqIbLSIY_SijH �
Ì5�qª=«y¬5y®{¯°®{±}²)³�´>±�µ"¬�±Ë¶9«^²n®{±}²n· ®{¸�®{±

1/r2
£ MOHUwO_ahbIbVlNJ[OijH1\bHUIYhbL [>dSHUKO_aMO\9[>M¥wyLaIbHnMTIbVWH*i U(r) =

−K/r2 GOL ½ K > 0 H]\CI1[OM>H"NJL MO\;IY_aMTIYH P
Í X*wyLSMOK>hbH"_S[Dk�ZT[>H]\CIYVjL MO\ Â H*I Ä KD[�wOhbL x>ij�nR�H�w>hYXnNJX]KDH*MTI P � MXJIY[OKDVl_aMTI"il_c��LShYR�H¥KD[ËwyLaIbHnMTIbVWH*isHJÆ}HnN�IYV|�CG'KDXnR�LSMTIbhYH*h"ZT[>H¤ijH�R�LSR�HnM I6NJVWM>XJIYVWZT[>H¤K>LSVjI � IYhbH¥VWMD��XnhbVWH*[>h,z[>M>H�N*H*hbIY_SVjM>H3ZT[O_SM IYV|IYX)w^L [>hUZT[@o [OM�X*IY_aIUijVWX)w>[>Vl\b\bH3HJkDVl\CIYH*h P � k{Vl\;IbHJ��I;�ÎVWi@KDHn\
IYhY_amCHnNJIbLSVWhYHn\sNJVWhYN*[>iW_SVjhYHn\ �
Ï ��Ð,¹�¬#²n®Ñ³�Òj¬�±Óµ]´D²n®{¸ ¸�·�²]®y��£ M/\Y_�IbIbHnijVjIbHcHn\;I¥w>il_SN*Xc\b[>h�[>M¿LShYx>VjIbH�NJVWh`NJ[>il_aVWhbHcz r0 P �qM¿K>VjR�VWMT[OHx>hY[O\YZ [OH*R�H*MTI3\b_vd{V|IYHn\Y\;H�z v1 HnM�HJkDHnhY�n_aMTI�[OM>H�w^L [O\b\bX*H6LSwOw^LT\;XnH6z�\b_vd{V|IYHn\Y\;H�VWM>VjIbVl_aiWH P � [OH�K>LSVjI � IbhYH
v1 w^L [>hqZT[>H,ijH�\b_aI;IYH*iWV|IYH"hYHJIbL R"xyH"\b[>h1IYH*hYhbH � � P Á"P r0 = 1.1R e R h`_utSL McK>H"il_�IbHnhbhYH fJP � [>HnijiWH"H]\CI)\b_d{V|IYHn\Y\;H3\b[>hUNJH*I;IYH3LShYx>V|IYH3NJVWhYN*[>iW_SVjhYH � ZT[>H*iWijH�K>LSVjI � IbhYH�\b_,d{V|IYHn\Y\;H3wyLS[OhUZ [5o HnijiWH�IbLSR,x^H �

�UHnijwÔ¨ � w>hY�n\�\;L MÅN`�O_SM>pSHnR�H*MTI�K>Hvd{VjIbHn\Y\bHSG9iWHc\b_aIbH*iWiWV|IYH�d�_�KDXnN*hbVWhYH¤[>M>HcHnijiWVjw^\;H�KDH�wO_ah`_aR��*IbhYH p GK�o HJk>NJHnMTIbhYVWN*V|IYX e HJI3KDH�KDH*R�Vj�Î_ak{H a P"¾ H]\UIYhbL VW\�ZT[O_aMTIbVjIbX6\;L MTIqhYH*iWVjXnHn\qwO_ah a = p/(1 − e2) P3Q o HnZT[O_aIbVWLSMKDH,i o H*iWijVWwO\bH"H]\CI r = p/(1 + e cos θ) P � i�o VWMO\;IY_SM I t = 0 G^iWH,\Y_�IYH*iWijVjIbH�H]\CI)z¥KDVl\CI`_aMON*H r0 KD[�NJH*MTIYhbH6KDH�il_IbHnhbhYHSGDH*IUw^LT\b\b�nK>H�[OM>H)dTVjIbH]\b\bH v1 wyH*hYwyH*MOKDVlNJ[OiW_SVjhYH3_a[�hY_ut LSM¤d HnNJIbH*[Oh PÂ P � [>H*iWijH�H]\CI3il_�KDVW\;IY_SMONJH�R�VWM>VjR,[>RÕe�H*M���LSM^N�IbVWLSMËKDH p H*I e f H*MTIYhbH�iWH¥\b_aIbH*iWiWV|IYH6H*I�ijH¥N*H*MTIbhYH�KDH�iW_IbH*hYhYH � ~ i@t�_�N`�T[>IbH�\bV5NJH*I;IbH�K>VW\;IY_SMONJH3H]\CIUXnp _aiWH3_a[ch`_utSLSM�KDH3il_6IbH*hYhYH R P �qxDIYH*M>VWhU[>MOH3hbHniW_aIbVWLSMH*MTIbhYH p, e H*I R wyLS[>hUZT[@o Vji5t¤_aVjI1N`�{[DIbH PÄ P � M¥[DIYVjiWVW\Y_aMTIsiW_"hbHniW_aIbVWLSM�H*MTIYhbH p, e HJI a G{X*iWVWR6VWM>Hnh e KDH1il_�hYH*il_�IYVjL M�w>hbX]NJX]KDH*MTIbH1HJIsK>X*R�LSMTIbhYH*hsZT[@o VWit¤_�N`�T[>IbH�\bV p/R2 = 2/R − 1/a PÇ P a M>H�KDX*wyH*MOK/ZT[>HcKDHci o X*M>Hnhbp VjHvIbLSIY_SijHcKD[/\b_aIbH*iWiWV|IYH�¨ E = −K/2a e�dSLSVWh6ijH�NJL [>h`\ fJP � wOhb�]\,iWHN`�O_aM>p H*R�H*MTI)KDH,d{VjIbH]\b\bHve Z [5o L M�_�\;[>wOw^LT\;X6VjM^\CI`_aMTIY_SM>X*H f G}i o X*MOH*hYpSVWH,H]\CI)[>M>H�ZT[O_aMTIbVjIbX�NJL MO\bH*hYdSX*H P¾ _ailNJ[>iWH*h$\Y_,d�_SijHn[>h$H*M���LSM^N�IbVWLSMcKDH v1 HJI1KDH r0 P � M�KDX]KD[>VWhbH)[>MOH3hbHniW_aIbVWLSM¤HnMTIbhYH 1/a G 1/r0 H*I v2
1 PÉ P p M>H�KDXnw^HnMOK¿Z [OHcK>[ÅR�LSR�HnM I�NJVWM>X*IbVlZ [OHSG�_S[DIbhYHcZ [^_aMTIbVjIbX�NJL MO\bH*hYdSX*Hv_aw>hY�n\6iWH�N`�O_SM>pSHnR�H*MTI�K>HdTVjIbH]\b\bH�¨ p = L2/mK P9¾ _ailNJ[OijHnh p HnM¤��L MON�IYVjL M�KDH r0 H*I1KDH v1 PÖ P � M»[DIYVjiWVl\b_SM I�iWHn\6hbHniW_aIbVWLSMO\,LSx>IbH*M{[>H]\,_S[Dk×e Ç f H*I�e É f G�HJI�H*MÅijH]\,VWM�mCH]N�IY_SMTI�K>_SMO\ce Ä f G�L xDIbHnM>Vjh6il_NJLSM^KDV|IYVjL M�\b[>h v1 G>H*M���LSM^N�IbVWLSMcKDH R H*I r0 G>wyLS[>hUZT[@o Vji�t�_aVjIUN`�T[>IbH P
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Ø VWpS[>hYH Â ¨ � iWijVWwO\bHn\Uz p = 1 P e = 0, 0.5, 0.8
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