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!"# $#%&'()*+,#)-#.'/%%,.#)0(/#&#1/+,#.')++,.#-('&)21(#(1'/321#(1,#*,0(,'#/4#(1,#

,&'(1"##5,2+,*()02#'/(&()/0&+#,44,*(-6#-1/7#(1&(#(1,#%&'()*+,8-#9/()/0#)-#-)9%+,#
1&'9/0)*"##:/9%3(,#(1,#%,')/.#&0.#2);,#&0#,-()9&(,#)0#9)03(,-"##:/9%&',#
</3'#',-3+(#7)(1#(1,#%,')/.#/4#&#-&(,++)(,#/'=)()02#0,&'#(1,#-3'4&*,#/4#(1,#,&'(1"#

#
#
>"# ?7/# ).,0()*&+# =/.),-# /4# 9&--# 9# &',# &((&*1,.# =<# ).,0()*&+# -%')02-# /4# -%')02#

*/0-(&0(##k##&-#-1/70#)0#(1,#4)23',"#

 
&@ A)0.#(1,#4',B3,0*),-#/4#4',,#/-*)++&()/0#/4#(1)-#-<-(,9"##

#
=@ 
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a) D4# (1,# &**,+,'&()/0# /4# 2'&;)(<# /0# (1,# ,&'(1# )20/')02# '/(&()/0# )-# g6# 71&(# )-# (1,#
/=-,';,.#&**,+,'&()/0#.3,#(/#2'&;)(<#/0#(1,#,B3&(/'M#

#
=@# N;,0#(1/321#)(#)-#',+,&-,.#4'/9#',-(6#(1)-#/=H,*(#7)++#0/(#+&0.#.)',*(+<#=,+/7#(1,#

%/)0(#)(#)-#.'/%%,."#:&+*3+&(,#(1,#&9/30(#&0.#.)',*()/0#J56#N6#O6#P6#/'#,+-,71,',@#
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V"# $#-/+).#-%1,',#/4#'&.)3-#R#&0.#9&--#M#'/++-#7)(1/3(#-+)%%)02#./70#&#'/321#

)0*+)0,.#%+&0,#/4#&02+, .  ?&S,#(1,#*/,44)*),0(#/4#-(&()*#4')*()/0#(/#=,  &0.#
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!L"# $#(&'2,(#%&'()*+,#/4#9&--#9#)-#&(#',-(#)0#(1,#',4,',0*,#
4'&9,#/4#(1,#+&=/'&(/'<"##D(#)-#-('3*S#=<#&#%'/H,*();,#
(7)*,#&-#9&--);,#&-#)(-,+4"#?1,#-*&((,')02#)-#,+&-()*"#

#
&@# P1&(# )-# (1,# +&'2,-(# ]-*&((,')02# &02+,^ q (1&(# (1,#

(&'2,(#%&'()*+,#*&0#1&;,#&4(,'#(1,#*/++)-)/0M#
#
=@# $(#71&(#-*&((,')02#&02+,#./,-#(1,#(&'2,(#%&'()*+,#1&;,#(1,#9/-(#,0,'2<M#
#
*@# P1&(# )-# (1,#9&G)939#%,'*,0(&2,#/4# )(-# ,0,'2<# (1&(# (1,# )0*).,0(#%&'()*+,# *&0#

('&0-4,'#(/#(1,#-*&((,','#J)0#+&=#-<-(,9@M#
#
#
!R"# $#9&--6#m6#)-#&((&*1,.#(/#&#-%')02#/4#-%')02#*/0-(&0(#k#(1&(#*&0#-+).,#;,'()*&++<#/0#

&#%/+,#7)(1/3(#4')*()/06#&0.#9/;,-#&+/02#&#4')*()/0+,--#)0*+)0,.#%+&0,#&-#-1/70#
)0#(1,#4)23',"##$4(,'#&0#)0)()&+#.)-%+&*,9,0(#&+/02#(1,#%+&0,#(1,#9&--#)-#',+,&-,."#
X,');,#N3+,'_[&2'&02')&0#,B3&()/0#/4#9/()/0-6#&0.#4)0.#&0#,G%',--)/0#4/'#(1,#G#
&0.#<#%/-)()/0#/4#(1,#9&--#&-#&#430*()/0#/4#()9,"##?1,#)0)()&+#.)-%+&*,9,0(#/4#(1,#
9&--#)-#x$"##Q/3#9&<#&--39,#(1&(#/=H,*(#0,;,'#-+).,-#./70#(1,#'&9%#-/#4&'#(1&(#
)(#-(')S,-#(1,#4+//'"#
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!U"# $0#&-('/0&3(#)-#/0#(1,#-3'4&*,-#/4#&#-%1,')*&+#&-(,'/).#/4#'&.)3-#r#&0.#9,&0#
.,0-)(<#-)9)+&'#(/#(1&(#/4#(1,#,&'(1"##`0#(1,#,&'(1#(1)-#&-('/0&3(#*&0#H39%#&=/3(#
&#1,)21(#h#/4#Y"L#9"##D4#1,#H39%-#/0#(1)-#&-(,'/).6#1,#*&0#%,'9&0,0(#+,&;,#(1,#
-3'4&*,"###

#
&@###?&S)02#(1,#'&.)3-#/4#(1,#,&'(1#&-#R"I#G#!Y6#96#4)0.#(1,#+&'2,-(#'&.)3-#(1,#&-(,'/).#

*&0#1&;,"###
#
=@##\/7#4&-(#*/3+.#(1)-#&-(,'/).#'/(&(,.#&0.#0/(#1&;,#(1,#&-('/0&3(#=,#4+302#&7&<#

4'/9#(1,#-3'4&*,M#
#
#
#

#
#

!" $#2+&--#&-%)'&(/'#)-#*+/-,.#7)(1#&#-(/%%,'#(1'/321#71)*1#%&--,-#&#;,'()*&+6#
%',*)-)/0_9&.,#2+&--#(3=,#/4#30)4/'9#*'/--_-,*()/0"#D(#)-#4)++,.#7)(1#&#2&-#7)(1#
;/+39,#V#&0.#=3+S#9/.3+3-#K"#$#*+/-,+<#4)(()026#-9//(16#-(,,+#=&++#/4#9&--#9#)-#
%+&*,.#)0#(1,#(3=,#/4#*'/--_-,*()/0&+#&',&#A"#D4#(1,#=&++#)-#.)-%+&*,.#4'/9#)(-#
,B3)+)=')39#%/-)()/0#&0.#',+,&-,.6#)(#%,'4/'9-#30.,'.&9%,.#/-*)++&()/0-"#
$--39)02#&#4')*()/0&+#4/'*,#+)0,&'#)0#;,+/*)(<6#4)0.#(1,#%,')/.#/4#/-*)++&()/0#)0#
7,&S#.&9%)02#+)9)(#)0#(,'9-#/4#m, A, V#&0.#K"#

#
#
#
#
#
 
!W"# $#%&'()*+,#/4#9&--#m#9/;,-#)0#&#4/'*,#4),+.#2);,0#=<#&#%/(,0()&+#,0,'2<#V#Z#Krs#

71,',#=/(1#K#&0.#s#9&<#=,#%/-)();,#/'#0,2&();,"##
#

&@# A/'#71&(#;&+3,-#/4#a#&0.#s#./#-(&=+,#*)'*3+&'#/'=)(-#,G)-(M#
#

=@# P1&(#)-#(1,#',+&()/0#=,(7,,0#(1,#%,')/.#P#/4#(1,#/'=)(#&0.#(1,#'&.)3-#R#/4#(1,#
/'=)(M#

#
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#
>Y"# $++#%&'(-#/4#(1)-#B3,-()/0#*&++#4/'#B3)*S#&0.#='),4#

&0-7,'-"#
#

&@# $#=,&.#/4#9&--#9#-+).,-#&+/02#&#7)',#=,0(#)0(/#&#
%&'&=/+)*#-1&%,"##?1,#7)',#)-#%);/(,.#&(#(1,#/')2)0#&0.#
)-#-%)00)02#&'/30.#(1,#;,'()*&+"##D.,0()4<#-3)(&=+,#
2,0,'&+)E,.#*//'.)0&(,-#&0.#*/0-('&)0(-#(/#.,-*')=,#(1,#
=,&.b-#9/()/0"#

 
=@# $#-<-(,9#7)(1#2,0,'&+)E,.#*//'.)0&(,-#B16#B2#&0.#B3#)-#.,-*')=,.#=<#(1,#

[&2'&02)&0# #(1&(#)-6#(1,#[&2'&02)&0#)-#)0.,%,0.,0(#/4#B16#B2#&0.#
()9,#J,G%+)*)(+<@"##P1&(#&',#(1,#*/0-,';,.#B3&0()(),-#/4#(1)-#9/()/0M#

#
*@# D4#(1,#S)0,()*#,0,'2<#)-#&#B3&.'&()*#430*()/0#/4#2,0,'&+)E,.#;,+/*)(),-6#

#,G%',--# #)0#(,'9-#/4#T"#
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,@# $#-&(,++)(,#)0)()&++<#&(#&#.)-(&0*,#RE (= radius of the Earth)#&=/;,#(1,#N&'(1b-#
-3'4&*,#)-#9/;,.#/3(#(/#&#.)-(&0*,#2RE"##\/7#./,-#)(-#/'=)(&+#()9,#%,')/.#
*1&02,M#

#
#
>>"# $#%&'()*+,#/4#9&--#9#9/;,-#30.,'#(1,#)04+3,0*,#/4#&0#&(('&*();,#4/'*,#F = -kr6#

71,',#r#)-#(1,#.)-(&0*,#4'/9#(1,#4/'*,#*,0(,'"#
#

&@# P1&(#&',#(1,#*/0-,';,.#B3&0()(),-#/4#(1)-#(1',,_.)9,0-)/0&+#9/()/0M#
#
=@# P')(,#./70#&0#,G%',--)/0#4/'#(1,#(/(&+#,0,'2<"#
 
c) Either from (b) or otherwise, derive an orbit equation relating r to q. 
#
#

>F"# $++#%&'(-#/4#(1)-#B3,-()/0#*&++#4/'#B3)*S#&0.#='),4#&0-7,'-"#
#

&@# c/-)('/0)39#)-#&#=/30.#-(&(,#/4#&0#,+,*('/0#&0.#%/-)('/0"##P1&(#)-#(1,#,44,*();,#
9&--#/4#%/-)('/0)39M#

#
=@# $(#71&(#%/)0(#)0#&#=/30.#a,%+,'#/'=)(#)-#(1,#-%,,.#/4#(1,#-&(,++)(,#&(#)(-#

9)0)939M#
#
*@# D4#</3#1&;,#(7/#-%1,',-#/4#(1,#-&9,#9&--#&0.#'&.)3-6#.,-*')=,#&#0/0_

.,-('3*();,#(,-(#=<#71)*1#</3#*/3+.#.)-()023)-1#=,(7,,0#(1,#/0,#(1&(#)-#-/+).#
&0.#(1,#/0,#(1&(#)-#1/++/7"#

#
.@# P1)*1#7&<#)-#&#%&'()*+,#9/;)02#4'/9#,&-(#(/#7,-(#)0#(1,#-/3(1,'0#1,9)-%1,',#

.,4+,*(,.#=<#(1,#:/')/+)-#4/'*,#&')-)02#4'/9#(1,#N&'(1b-#'/(&()/0M#
#
,@# D0#&#=/30.#a,%+,'#/'=)(6#71&(#)-#(1,#'&()/0#/4#(1,#&;,'&2,#S)0,()*#,0,'2<#(/#(1,#

&;,'&2,#%/(,0()&+#,0,'2<M#
#
4@# P')(,#./70#(1,#\&9)+(/0)&0#4/'#&#4',,#%&'()*+,#/4#9&--#9#)0#(1',,_.)9,0-)/0&+#

*<+)0.')*&+#*//'.)0&(,-"#
#
#
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>I"# $#%,0.3+396#4',,#(/#-7)02#)0#&#;,'()*&+#%+&0,6#1&-#)(-#%/)0(#
/4#-3-%,0-)/0#/0#(1,#')9#/4#&#1//%#'/(&()02#7)(1#*/0-(&0(#
&023+&'#-%,,.#w.##P')(,#(1,#[&2'&02)&0#&0.#(1,#',-3+()02#
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#
d) :/9%3(,#(1,#,0,'2<#J#!

"
mv2d#mgz@#&0.#(1,#z_*/9%/0,0(#/4#(1,#&023+&'#

9/9,0(39#J$%& ' () * )+@#.)',*(+<#&0.#*/9%&',#7)(1#&0<#*/0-,';,.#
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#
#

FI" $#%'/H,*()+,#)-#4)',.#.3,#N&-(#4'/9#&#%/)0(#/0#(1,#-3'4&*,#/4#(1,#N&'(1#&(#&#
0/'(1,'0#+&()(3.,#θ#7)(1#&#;,+/*)(<#v$#)0*+)0,.#&(#&0#&02+,#ϕ (/#(1,#1/')E/0(&+"#
X,(,'9)0,#(1,#+&(,'&+#.,4+,*()/0#.3,#(/#(1,#:/')/+)-#4/'*,#71,0#(1,#%'/H,*()+,#
',(3'0-#(/#(1,#-3'4&*,"#

#
FL" 
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IF" 
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IR" $#-%1,',#/4#9&--#M6#'&.)3-#a#&0.#9/9,0(#/4#)0,'()&#I#)-#',+,&-,.#4'/9#',-(#/0#
&0#)0*+)0,.#%+&0,#&(#&0#&02+,#α#
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IV" :/0-).,'#&#30)4/'9#-3-%,0-)/0#/4#-%1,')*&+#%&'()*+,-#/4#'&.)3-#a#Z#!"I#l#
!Y−( 99#&0.#.,0-)(<#ρ#Z#I"!Y#l#!Y(#S2K9(#)0#&#+&S,#/4#.,%(1#D#Z#>"YY9"#?1,#
.,0-)(<#&0.#;)-*/-)(<#/4#7&(,'#&',#ρm Z#!#l#!Y(#S2K9(#&0.#η#Z#!"Y#l#!Y−(#c&#-#
',-%,*();,+<"#$--39)02#(1&(#(1,#+)0,&'#4')*()/0#&%%+),-6#

#
&@ 


