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Tn(x) = cos (n arccos(x)) 56& − 1 ≤ x ≤ 1 7898:

'#;0$#&< 7=$,/$0> ?@@A:9  $# B.#CD$#0<#0 #&E#"#0 ($4* 0!4*  &#(D#& 7?@FG:H

an =

1
∫

−1

(

1− x2
)

−
1

2 g(x)Tn(x)dx (n = 0, 1, 2, ..., nmax)

)*#"+(*#, -./+0.1# ($0' !35 '!( I0<#&,!/ [−1 1] "#(4*&J0K<9  !*#& 13(( $0 '#& (LJ<#&#0
M0%#0'30E '!( ,$#& "$( N8 O!E# /!0E# P#$<$0<#&,!// [t1 t2]> $0 '#1 '$# '3&4* '!( Q-R E#E#"#0#0
-./+0.1K.#CD$#0<#0 E#/<#0> !35 '$#(#( I0<#&,!// 0.&1$#&< %#&'#0 1$<

τ = 2
t− t1
t2 − t1

− 1. 789N:

 #& S#$<&!E#( #$0#( B.#CD$#0<#0 an "D%9 '#& T#*/#&> '#& '3&4* ,.&D#$<$E#( S##0'#0 '#& =#$*#
#0<(<#*<> $(< E/#$4*1JU$E 6"#& '!( E#(!1<# I0<#&,!// ,#&<#$/<9  $# M""$/'30E 89? D#$E< '$#

)*#"+(*#, -./+0.1# "$( D31 2&!' G9  !&!3( %$&' '#3</$4*> '!(( '$# -./+0.1# V#&<# ,.0

1!W$1!/ ±1 !00#*1#0> (. '!(( '#& S#$<&!E #$0#( B.#CD$#0<#0 /#$4*< !"E#(4*J<D< %#&'#0 K!00
7X.0<#0"&34K 30' 2$//> 8AAA:9

 $# S#&#4*030E K!00 0!4* -&#(( 39 !9 7?@@8: !34* $<#&!<$, #&5./E#0H

T0(x) = 1,

T1(x) = x, 789Y:

Tn+1(x) = 2xTn(x)− Tn−1(x), 56& n ≥ 1.

T6& '$# ,.&/$#E#0'# M0%#0'30E '#& S#&#4*030E ,.0 -.($<$.0#0 ,.0 Z$11#/(K[&L#&0 %$&' !3(

'#& !//E#1#$0#0 2/#$4*30E 789?: 1$< '#& \!&$!"/#0 x #$0# T30K<$.0 '#& P#$< t9  $# )*#"+(*#,
-./+0.1# Tn $0 M"*J0E$EK#$< '#& !35 '!( I0<#&,!// [−1 1] 0.&1$#&<#0 P#$< τ %#&'#0 E#1JU
7898: .'#& 789Y: "#&#4*0#<9  $# B.#CD$#0<#0 an '$#(#& =#$*# %#&'#0 ,.1 Q-R "#&#$<E#(<#//<9

M"%#$4*#0' ,.0 789?: $(< '#& B.#CD$#0< a0 '#& Q-R )*#"+(*#, B.#CD$#0<#0 "#&#$<( 1$< '#1
T!K<.& 1/2 13/<$L/$D$#&<9 I0 '$#(#1 T!// #&5./E< '$# S#&#4*030E '#& -.($<$.0#0 E#1JU

f(t) =

nmax
∑

n=0

anTn(t). 789G:

 !



±1.7

TDB − TT = 0.001658 · sin(g) + 0.000014 · sin(2g)

g = 357.53◦ + 0.9856003(JD − 2451545),

JD :



 !"#$%& '( )*%+,%$#-.*% /,012&!3%1

 !"# $#!%#&# '()*!+,-#!%#" .#& /0&#+,"1") 2#3+,&#!2#" '4"%#"2&1+- 1". 5!** 678889: ;!#

.4&% <1=)#=>,&%# '#%,4.# #"%3?&!+,% $#!%#3%)#,#". .#" @#34*1%!4"#" .#& A"%#&"<%!4"<* B3%&4C

"40!+<* /"!4" 6AB/9 <13 .#0 D<,& 7888 6E4F#* 1: <:G 788HI J<?!%<!"# 1: <:G 788K9G %&<"3=4&C

0!#&% L#.4+, M$!3+,#" 0#,&#&#" N#!%3-<*#"G 10 O4" PP M1 P;Q M1 %&<"3=4&0!#&#"R

TCG = TT + LG(JD − 2443144.5),

TCB = TCG+ LC(JD − 2443144.5) + P,

TDB = TCB − LB(JD − 2443144.5).

;#& N#!%?1"-% 7SSHTSS:U !" D1*!<"!3+,#0 ;<%10 #"%3?&!+,% .#0 8T:8T:TVWW 8R88/,&: N1 .!#C

3#0 N#!%?1"-% 3%!00#" .!# N#!%3-<*#" PPG PJ5 1". PJQ .#X"!%!4"3)#0YZ >2#&#!": P;Q

,<% M1 .!#3#0 N#!%?1"-% #!"#" [F3#% O4" KU:U  3 6'+J<&%,\G 78TT9: ;!# ]4"3%<"%#" LG, LC

1". LB 3!". E-<*#"=<-%4&#" 1". $#&.#" .#" <-%1#**#" A @E J4"O#"%!4"3 6^#%!% 1: <:G 78T89

#"%"400#"R

LB = 1.550519768× 10−8,

LC = 1.48082686741× 10−8,

LG = 6.969290134× 10−10.

N$!3+,#" .#" N#!%3-<*#" P#0?3 J44&.4""_ Q<&\+#"%&!`1# 6PJQ9 1". P#0?3 J44&.4""_ 5#4C

+#"%&!`1# 6PJ59 )!2% #3 ?#&!4.!3+,# P#&0#G .!# O4" .#&  aM#"%&!M!%Y% .#& Q<," .#&  &.# 10

.!# E4""# <2,Y")#"R

P ≈ 0.0016568 sin(35999.37o TJhd + 357.5o) . . .

+ 0.0000138 sin(71998.7o TJhd + 355o) . . .

+ 0.0000224 sin(32964.5o TJhd + 246o) . . .

+ 0.0000048 sin(3034.9o TJhd + 25o) . . .

+ 0.0000047 sin(34777.3o TJhd + 230o)

0!%

TJhd =(JD − 2451545)/36525.

;!#3# Q#&#+,"1") .#& ?#&!4.!3+,#" P#&0# P #"%3?&!+,% #2#"=<**3 #!"#& bY,#&1"):  !"# <"<*\C

%!3+,# c(31") .!#3#& N#!%.!F#&#"M 2#3+,&#!2#" d<!&,#<. 1". Q&#%<)"4" 6TVV89: ;!#3# c(31")

#&&#!+,% #!"# #!"# 5#"<1!)-#!% O4" #!"#& b<"43#-1".# 6'>**#& 1: <:G 788e9 !" .#& Q#&#+,"1")

.#& N#!%.!F#&#"M: E%<%% .!#3#& <"<*\%!3+,#" c(31") $!&. !" .!#3#& B&2#!% .!# Q#3+,&#!21") .#&

;!F#&#"M TDB − TT .1&+, J,#2\3,#O ^4*\"40# f <"<*4) M1 .#& Q#&#+,"1") .#& ^*<"#%#"C

?43!%!4"#" f 2#"1%M%: B13 #!"#& "10#&!3+,#" A"%#)&<%!4" $#&.#"  !"# $%&!'!(")!* 2#&#+,"#%

1". <*3 ]4#gM!#"%#" O#&(F#"%*!+,%: ;!#3# '#%,4.# 2#3+,&#!2#" A&$!" 1". d1-13,!0< 6TVVV9:

;!# ]4#gM!#"%#" $#&.#" <*3 P!0#  ?,#0#&!#3 6P 9 1". .!# E#&!# <*3 P S8U 2#M#!+,"#%: Q#!

.#& Q#&#+,"1") O4" TDB − TT 0133 #!" -4"3%<"%#& [F3#% 2#<+,%#% $#&.#"G 34 .<33 )!*%

TDB − TT =

(

nmax
∑

n=0

anTn(x)

)

− 65.564518  3.

;!#3#& [F3#% !3% !" .#" ]4#gM!#"%#" "!+,% #"%,<*%#"G $!&. L#.4+, 2#! A&$!" 1". d1-13,!0<

6TVVV9 <1=)#=>,&% 1". .!#"% .#& ]4"3!3%#"M M1& Q#&#+,"1") "<+, 6d<!&,#<. 1". Q&#%<)"4"G

 !



 ! ! "#$%&'()#*

 !!"#$ %&' (&') *'+,++-'+ .'-(/0'+1 2&- 345+,(2' 0') ,+,67-&58('+ 9:54+* +,8( ;,&)(',0

4+0 <)'-,*+/+ = !!"#1 >')0'+ &+ 0&'5') 3)?'&- &2@6'2'+-&')- 4+0 &+ 3?58(+&-- A$ 0&5B4-&')-$

%,5 CD9 5-'66- '?'+E,665 '&+' F/E->,)' EG) 0&' <')'8(+4+* H/+ D6,+'-'+@/5&-&/+'+ ?')'&-1

0&' &+ 3?58(+&-- I$ $A +J(') ?'58()&'?'+ >&)0$ %&'5' F/E->,)' = !"## '+-(J6- '?'+E,665 '&+'

;4+B-&/+1 0&' 0'+ K'&-4+-')58(&'0 L>&58('+ M%< 4+0 MM ?')'8(+'-$ N+ 0&'5') ;4+B-&/+ >&)0

'&+' OJ(')4+* ,+*'+/22'+1 0&' +4) H/+ 0') 'PL'+-)&58('+ 3+/2,6&' E 0') <,(+ 0'5 Q)0'R

./+0 <,)7L'+-)425 ,?(J+*&* &5-

TDB − TT = K · sin(E).

%&' S/+5-,+-'K = 0.001657 &5- <'5-,+0-'&6 0'5 !"# D,B-'5 $ %&' L'&-,?(J+*&*' 'PL'+-)&58('

3+/2,6&' E >&)0 &++')(,6? 0')  !"#R;4+B-&/+ ?')'8(+'-$
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 #" +(%%,"-.// 0$-.1$# 2!1$*
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 $" 3.4$#$-5 6$# 7$./6.4$#$-5 TDB−TT !(%

896$''.$#(-1 :./ !"# ;9)/0!#$ (-6 !-6$#$-

8$/"96$- .: <$#'!() $.-$%  !"#$%*
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 %" 3.4$#$-5 6$# 7$./6.4$#$-5 TDB−TT !(%

896$''.$#(-1 :./  !"# ;9)/0!#$ (-6 -!,"

;$.6$':!-- =>??@A .: <$#'!() $.-$%  !"#$%*

 !!"#$%&' ()*+  !"#$"%!&!'( )*+ , )) '-./ 0!&1./"!$!'!' 2!#/3$!' 45& $-1 6-/& 7889:

%&' 3??&604+* T$I L'&*- 0'+ U')6,4E H/+ TDB−TT EG) 0,5 C,() T""!$ %&' 3??&604+*'+ T$I,

4+0 T$I? L'&*'+ V'>'&65 ,66' H&') H/)*'5-'66-'+ .'-(/0'+ L4) <')'8(+4+* 0&'5') K'&-0&W')'+L

EG) '&+ C,() ?L>$ EG) '&+' %,4') H/+ '&+&*'+ M,*'+$ %&' 32@6&-40' 4+0 D')&/0' 5&+0 H')*6'&8(R

?,) 2&- 0'2 &2 3??&604+* T$T? *'L'&*-'+ U')6,4E$ <'5/+0')5 &+ 3??&604+* T$I? L'&*- 5&8(1

 

K .%/ B$%/!-6/$.' 6$%  !"#$!%&'( )!*'! C %.$"$ +-"!-1 D*E*

>F



 !"#$%& '( )*%+,%$#-.*% /,012&!3%1

 !"#$%!&'()&') *&"+(,-&') .&/ 0,1(2

324,&') 567"

2] 8 $ 0,1(2 9 :.)! 0,1(2

C20 ;!" ('$<6<)!'!' 3#$+!,!/!%;!" 5 · 10−5 8 -6 => -6

$4$!,! ?,.;! ;!" ('$<6<)@ 3#$+!,!/!%;!" 3 · 10−7 50− 80 6 100− 1000 6
;(,!-2! *'A(!$&') 3<''! B C<'; 5 · 10−6 5− 150 6 1000− 3000 6
D,;)!A!(2!' 1 · 10−9 − 0.5− 1 6
0A!.' ?!A!(2!' 1 · 10−9 − 0− 2 6
32,.$%&')";,&#- ;!, 3<''! 1 · 10−7 5− 10 6 100− 800 6
*%1!;< 1 · 10−9 − 1− 1.5 6

 !"#$$# %&'(  !"#$%&!'( )*% +,-%.*"/01*!'$(!'(*' 2!3 )*' 4%.$, *$'*" 56+7+2,*11$,*' 8+**.*%9

:;;<=>

;."" ;(! !('/.#$!,!' EF$!,&')"/<,6!%' '.#$ 3!(;!%6.'' G=HH8I &'; ;(! ;!,  !"# 3</2+.,!

A&".66!' J.""!'@ K(! -<6J%!L!,! C<;!%%(!,&') '.#$ C<'2!'1,&#- &'; ?(%% G8MMMI &'; ;(!

3!,(! :D>MN '.#$ O,+(' &'; P&-&"$(6. G=HHHI J.""!' !1!'/.%%" A&!('.';!,@ Q+("#$!' ;(!"!'

.&/+!';()!,!' C!2$<;!' &'; ;!' !('/.#$!,!' P<,6!%' ("2 !('! ;!&2%(#$! K(R!,!'A S<' 1(" A&

8M  " S<,$.';!'T ;(! (' *11(%;&') 8@9# ;.,)!"2!%%2 ("2@ K(! :,.'"/<,6.2(<' G8@UI '.#$ 3!(;!%V

6.'' G=HH8I !'2"J,(#$2 1(" .&/ !2+. =@N  " ;!, Q!(2;(R!,!'A .&" ;!,  !,!#$'&') 6(2 ;!, !"#

3</2+.,!@ K!, W!,%.&/ ;(!"!, K(R!,!'A X1!, !(' Y.$, $('+!) +(,; (' *11(%;&') 8@9; )!A!()2@

K&,#$ ;(! W!,'.#$%F""()&') -&,AJ!,(<;("#$!, 3#$+.'-&')!' !,,!(#$2  !"# !('! ?!'.&()-!(2

S<' 9M  " G*#2<'T =HHUI@ PX, ;(!  !,!#$'&') ;!, Q!(2;(R!,!'A .&" Z$!1["$!S \<%['<6!'

'.#$ O,+(' &'; P&-&"$(6. G=HHHI +(,; !('! ?!'.&()-!(2 S<' < 1 '" .')!)!1!' GC#Z.,2$[T
8M==I@

K!, DR!-2 ;(!"!, &'2!,"#$(!;%(#$!' C!2$<;!' ;!, :,.'"/<,6.2(<' ;!, Q!(2 A+("#$!' :: &';

:K +(,; (' *1"#$'(22 >@= )!A!()2@

 !" #$%&''(%&)*$+)&)

K(! &')!"24,2! 3.2!%%(2!'1.$' -.'' ;&,#$ "!#$" \.,.6!2!, 1!"#$,(!1!' +!,;!'@ K(!" -4''!'

A&6  !("J(!% ;(! \<"(2(<' &'; ?!"#$+(';()-!(2 !('!" 3.2!%%(2!' <;!, ;(! ]!J%!,"#$!'  .$'V

!%!6!'2! "!('@ O' ;(!"!, *,1!(2 +!,;!' ;(! \<"(2(<'!' S<' 3.2!%%(2!' 6(22!%" ;!, '&6!,("#$!'

O'2!),.2(<' &'2!,  !,X#-"(#$2()&') S<'  .$'"24,&')!' 1!"2(662@ PX, ;(!  !,!#$'&') ;!, \<V

"(2(<' ~r(t) !('!" 3.2!%%(2!' A&6 Q!(2J&'-2  "('; ;(! \<"(2(<' ~r(t−∆t) &'; ;(! ?!"#$+(';()-!(2
~̇r(t−∆t) ;!" Q!(2J&'-2!" t−∆t !,/<,;!,%(#$@ K(!  !,!#$'&') ;!, \<"(2(<' !('!" 3.2!%%(2!' .&/
!('!, &')!"24,2!'  .$' !,/<%)2 .'$.'; ;!,  !+!)&')")%!(#$&')T A@  @ '.#$ G3!!1!,T 8MM9I

~r(t) = ~r(t−∆t) + ~̇r(t−∆t)∆t+
1

2
~̈r(t−∆t)∆t2,

~̇r(t) = ~̇r(t−∆t) + ~̈r(t−∆t)∆t,

~̈r(t) = −
GM

r(t−∆t)3
~r(t−∆t) G8@^I

6(2

r = ||~r||.

 !



~̈a(t)

~̈r(t) = −
GM

r(t−∆t)3
~r(t−∆t) + ~̈a(t).

~̈a(t)

~̈a(t) = ~̈rE + ~̈rA + ~̈rM + ~̈rS + ~̈re + ~̈ro + ~̈rsp + ~̈rD + . . .

~̈rE :

~̈rM :

~̈rS :

~̈re :

~̈ro :

~̈rsp :

~̈rA :

~̈rD :



 !"#$%& '( )*%+,%$#-.*% /,012&!3%1

 !" #$%&'(& )*+ $*+$%&'(& ,&-&$(&*

 !" #$%&"'"& ()*!" +)&&" ,&- .)&- /%0"& "!&"& -!1"2'"& ,&- "!&"& !&-!1"2'"& 31%4!'%'!4"&

5!&6,(( %,7 "!&"& +%'"$$!'"&8  "1 -!1"2'" 5!&6,(( ~̈adirekt "!&"( -1!''"& 9:1;"1( i "13!0' (!</
%,( -"1 =&>!"/,&3 -"1 .%(("& &%</ ?"*')&( @1%4!'%'!)&(3"("'>8 =,731,&- -"1 5&'7"1&,&3

2:&&"& -!" .%(("& &%</ .)&'"&01,<2 ,&- @!$$ ABCCCD %$( #,&2'E%(("& %&3"&)EE"& *"1-"&F

~̈adirekt =
∑

i

GMi

(

~r − ~ri
||~r − ~ri||3

−
~ri
||~ri||3

)

AB8GD

E!'

~r : 3")>"&'1!(</"1 #)(!'!)&(4"2')1 -"( +%'"$$!'"&H

~ri : 3")>"&'1!(</"1 #)(!'!)&(4"2')1 -"( -1!''"& 9:1;"1(H

GMi : #1)-,2' %,( @1%4!'%'!)&(2)&('%&'" ,&- .%((" -"( -1!''"& 9:1;"1(8

IJ1 -"& I%$$H -%(( -"1 -!1"2'" 5!&6,(( E"/1"1"1 K!EE"$(2:1;"1 0"1"</&"' *"1-"& ()$$H "13!0'

(!</ -"1 3"(%E'" 5L"2' %,( -"1 +,EE" -"1 "!&>"$&"& M"(</$",&!3,&3"&8

 !!"#$%&' ()*+  !"#$%& '(" )(*(!+(%#",-+( %./0 1&%(2 345567 8!+ '(" 9.":+(;;$%& '(" )(<=

8(+"!( *2!:/0(% >"'(? @<%' $%' (!%(8 A$%#+ .% '(" >"'<B("C,/0( ;!%#: !8 D!;' $%' '(% "(:$;=

+!("(%'(% )(*(!+(%#",-+(% .$- '(" "(/0+(% E(!+(F

 "1 !&-!1"2'" 5!&6,(( -"1 K!EE"$(2:1;"1 %,7 "!&"& +%'"$$!'"& "13!0' (!</ %,( -"1  "7)1E%'!)&

-"1 51-" %,731,&- -"1 @">"!'"&21N7'"8  %( @">"!'"&;)'"&'!%$ Vtot %& -"1 51-)0"16N</" *!1-
0"1"</&"' &%</ =3&"* ABCCOD ,&'"1 ?,'>,&3 -"1 P"3"&-1" #)$Q&)E" Pn 4)& @1%- n ,&- -"(
!& =00!$-,&3 B8R 3">"!3'"& S!&2"$( ψi >*!(</"& -"E #,&2' O %,7 -"1 T0"16N</" ,&- "!&"E

K!EE"$(2:1;"1F

Vtot =
GMi

ri

∞
∑

n=0

(

ae
ri

)n

Pn(cosψi)

E!'

cosψi =
〈~rO, ~ri〉

rO ri
,

ae : E!''$"1"1 51-1%-!,(.

 "1 U"1E 7J1 n = 0 !(' 2)&('%&'H -!" (;N'"1 0"&:'!3'" =0$"!',&3 !(' ()E!' ?,$$ ,&- 2%&& !&
-"1  %1('"$$,&3 4"1&%</$N((!3' *"1-"&8  "1 U"1E 7J1 n = 1 "&'(;1!</' -"1 M"(</$",&!3,&3

 !



 !"! #$%&'(& )*+ $*+$%&'(& ,&-&$(&*

 !" #$%&!%" '( )!*+!,-%.(/ 0.% 1!%!23,.,4  !% )!+!'-!, 5'%  '!"!% 6!%( 7*,  !% 8,+'!9

3.,4":%;<-  !" #$%&!%" ;,  !% =>!%?@23!  !% A% ! ;>4!+*4!,/ B.%23 C!%,;23D@""'4.,4  '!"!%

6!%(! !%4'>- "'23

Vtid =
GMi

ri

∞
∑

n=2

(

ae
ri

)n

Pn(cosψi). EF/GHI

B!% ',  !( J;:-*% (ae/ri)
n
!,-3;D-!,! 8>"-;,  !" K'((!D":$%&!%" +.( )!*+!,-%.( +!'4-

>!%!'-"L  ;""  ;" )!+!'-!,&*-!,-';D !,-<!%,-!% K'((!D":$%&!% ,.% !',!, 4!%',4!, A',?."" 3;-

.,  '! 1!%!23,.,4 ,.% <M% ,'! %'4! )%; ! n ,*-5!, '4 '"-/

1! ',4-  .%23  '! B!<*%(;-'*,  !% A% ! ;.<4%.,  !% )!+!'-!, .,-!%D'!4- ;.23  ;" N235!9

%!<!D  !% A% !L ',  !( "'23  !% N;-!DD'- >!5!4-L +!'-D'23!, O, !%.,4!,/ B'!"! O, !%.,4  !"

N235!%!<!D !" 5'% ;D" ', '%!:-! )!+!'-!, >!+!'23,!-/
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 !"#$" %&"'( )#*+,$-. /+$-$ )#*+,$- 0$"%$, 1&- %$, 234 5#($6$"+%$, 7$"$'(,$89 (17$, +6

:$;$,-18< %1<& =$%>'( $+,$ 1, %+$ )18$**+8$,>"7+8+,8$;"18+>, 1,;$#1--8$ :?*8+; $+8. /+$- "$@

%&<+$"8 %+$ A$'($,<$+8 %&"'( A$%& 8+>, B>, )#$+'($"@ &,% /18$+<&;"+C$,. /$" D,8$"-'(+$%

<0+-'($, %$, )#*+,$ &,% E($7F-($B +,8$"#>*+$"8$, 3>-+8+>,$, +-8 17(G,;+; B>, %$6 )8?8<@

-8$**$,17-81,% +, %$" )#*+,$ H##">I+618+>,. J?" $+,$, )8?8<-8$**$,17-81,% B>, $+,$" )8&,%$

$""$+'($, %+$ /+C$"$,<$, <0+-'($, ;$,1&$" K$"$'(,&,; %&"'( E($7F-($B L,8$"#>*18+>, &,%

)#*+,$ L,8$"#>*18+>, M?" N$" &" 61I+61* O '69 %$, N>,% P.Q '6 &,% %+$ G&R$"$, 3*1,$8$,

&,8$" $+,$6 S$,8+6$8$". K$+ ;"!R$"$6 )8?8<-8$**$,17-81,% -8$+;$, %+$-$ D,8$"-'(+$%$ =$%>'(

-'(,$** +, %$, K$"$+'( $+,+;$" N$8$".

/+$ ;$-'(G8<8$, :$,1&+; $+8$,9 6+8 %$,$, %+$ 3>-+8+>,$, B>, T+66$*- !"#$", 6+8 %$, 234

5#($6$"+%$, 7$"$'(,$8 0$"%$,  !,,$,9 *+$;$, 7$+ 6$("$"$, (&,%$"8 N$8$", 7+- <& U+*>6$8$",

M?" %+$ 3*1,$8$, &,% &,8$" $+,$6 N$8$" M?" %+$ 3>-+8+>, %$- N>,%$-. L6 :$;$,-18< %1<& -+,%

%+$ (+$" ;$,1,,8$, D,8$"-'(+$%$ +, %$, U>>"%+,18$, 1&- %$, $+;$,$, N$8(>%$, &,% %$,$,

%$- 234 -$(" ;$"+,;.

/+$ 3>-+8+>,$, %$" T+66$*- !"#$" 0$"%$, <& %$" N>%$**+$"&,; %$" %+"$ 8$, &,% +,%+"$ 8$,

:$<$+8$, B$"0$,%$8. /1($" (17$, %+$ 1,;$-#">'($,$, U>>"%+,18$,&,8$"-'(+$%$ 1&'( 5+,V&--

1&M %+$ :$<$+8$,. /+$ )&66$ 1&- %+"$ 8$, &,% +,%+"$ 8$, :$<$+8$, -8+66$, 7$+ %$" E($7F-@

($B L,8$"#>*18+>, &,% %$" K$"$'(,&,; 6+8  !"# 7+- 1&M $801 0.5× 10−17 6W-

2
?7$"$+,. K$+

X&8<&,; %$" )#*+,$ L,8$"#>*18+>, 6+8 $+,$" )8&,%$ )8?8<-8$**$,17-81,% 1,-8$**$ %$" E($7F-@

($B L,8$"#>*18+>, +-8 %+$ Y7$"$+,-8+66&,; ,>'( 7$+ 3×10−17 6W-

2
. /+$-$ Z$"8$ -+,% %$&8*+'(

&,8$" %$6 5C$ 8 B>, $801 4 × 10−12 6W-

2
9 %$" %&"'( %+$ T+66$*- !"#$" 1&R$" )>,,$ &,%

N>,% $,8-8$(8. /$" D,8$"-'(+$% +, %$" +,%+"$ 8$, :$<$+8$,7$-'(*$&,+;&,;9 %$" %&"'( %+$ 5,8@

0+' *&,; %$" :$<$+8$, 7+- :"1% [ 1,-8$**$ B>, :"1% \ $,8-8$(89 7$8"G;8 ->;1" 2× 10−9 6W-

2

5-  >,,8$ ;$<$+;8 0$"%$,9 %1-- -+'( %+$-$ ]1"+18+>,$, +, %$, :$<$+8$, +, %$" L,8$;"18+>, %$"

)18$**+8$,71(, 7$6$" 71" 61'($,. /$" 5+,V&-- 1&M %+$ )18$**+8$,#>-+8+>, "+'(8$8 -+'( ,1'(

%$6 D,8$"-'(+$% +, %$" K$-'(*$&,+;&,;. L, %$6 +, %$" H"7$+8 +6#*$6$,8+$"8$6 $+,M1'($,

K1(,+,8$;"18>" +-8 %+$- %$" $+,<+;$ K$-81,%8$+* %$" )18$**+8$,71(,+,8$;"18+>,9 %$" -+'( G,%$"8.

)> (18 %+$ N$8(>%$ %$" K$"$'(,&,; %$" 3>-+8+>,$, %$" T+66$*- !"#$"9 1&- %$,$, %+$ :$<$+8$,

7$"$'(,$8 0$"%$,9 -$(" %$&8*+'( %$, ;$"+,;-8$, 5+,V&--.

H&- %+$-$, 5";$7,+--$  1,, ;$-'(*>--$, 0$"%$,9 %1-- $- 6!;*+'( +-89 %+$ 3>-+8+>,$, %$" T+6@

6$*- !"#$" %&"'( $+;$,$ )#*+,$- <& 7$"$'(,$,. K$+ $+,$" )8&,%$ H7-81,% %$" )8?8<-8$**$,9

%+$ 1&- 234 5#($6$"+%$, 7$"$'(,$8 0$"%$,9 -+,% %+$ D,8$"-'(+$%$ +, %$, "$-&*8+$"$,%$, :$@

<$+8$, "GM8$, -> ;$"+,;9 %1-- %+$ H&-0+" &,; 1&M %+$ )18$**+8$,#>-+8+>, ?7$" %$, S$+8"1&6

6$("$"$" )8&,%$, &,8$" $+,$6 S$,8+6$8$" 7*$+78.
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