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(q−1)
k (n) '& )!" 1."6'/%&  !"# "&)'0,)" -/. )!" %#A#/5# ).,#&0'))"* &+0B/2$ ak(n)$

'#6/26"* '# 9:;:C>; D# -,4)$ ,) ",4! )'0" '#&),#) n$ ,22 )!" 4/#&)"22,)'/# 1/'#)& ,." &4,##"*

,#* )!"'. $ %! #&'(!'( 1./B,B'2')'"&$ Pm,n,k$ ,." %1*,)"* -./0 /#" ')".,)'/# )/ ,#/)!".; E)

4/#6".("#4" /- )!" ,2(/.')!0$ )!" 1./B,B'2')'"& /- )!" 5./#( &+0B/2& ,." #%22"* ,#* )!"

5"'(!)"* &%0 '#6/26"* '# 9:;<?> .")%.#& )!" ,4)%,2 ).,#&0'))"* &+0B/2; F/." &1"4'34,22+$

,&&%0" )!,) )!" &+0B/2 am0 '& ).,#&'0))"* ,) )'0" '#&),#) n *%.'#( )!" ,11./7'0,)'/#

5'#*/5 k$ ';";$ ak(n) = am0 ; E) )!" 4/#6".("#4" 95" *./1 )!"."-/." )!" ')".,)'/# '#*"7

q> ,#* "&1"4',22+ -/. 0/*".,)"G)/G!'(! HIJ 6,2%"&$ )!" $ %! #&'(!'( 1./B,B'2')'"& &,)&'-+

Pm,n,k ≈ 0 -/. m 6= m0 ,#* Pm0,n,k ≈ 1; K"#4"$ -./0 9:;<?>$ ') -/22/5& )!,)8
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ĉ
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t(n) + α
(q−1)
n,k − 2β

(q−1)
i,n,k

(
ĉ
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=
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∑N/N̄
 !"

k=1

∑N̄
 !"

n=1

∣∣tT (n)ĉ(k)i, !"
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5,6 # 7)8
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D<' 01% 7D%$7"% ,*A γ4 ./$ ,E,F
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 !
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!# :;<*=>?@ )A!(' )5"!,,  7'  7"'' ,93B69"',2 % , %, 5A')"A+ ,''(  7)  7' 4'"#!"C)(5'

!#  7%, ('D =>?@*'(7)(5'$ 8'",%!( %C4"!8', "'C)"E)3A+ D% 7  7' (9C3'" !# "'5'%8%(6 )(*

 '(() 'A'C'( ,0 1!" %(, )(5'2 )  7'  +4%5)A 8)A9' !#  7' )8'")6' =FG γ̂ = 10 $H2 % %,

,''( #"!C 1%6,0 I0J .)/ )($ .3/  7)  7' 8)"%)(5' !#  7%, ', %C) !" %, "'$95'$ 3+ ) #)5 !"

!# 1/5 D7'(  7' (9C3'" !# )( '(()' %, $!93A'$ #"!C Nr = 2  ! Nr = 40 KAC!,  7' ,)C'

%C4"!8'C'( , 7!A$, )A,! 3+ #9" 7'" $!93A%(6  7' )"")+ ,%-' #"!C Nr = 4  ! Nr = 8 )A 7!967

D% 7 ) ,A%67 A+ ,C)AA'" #)5 !" !# 1/40 L7',' %C4"!8'C'( , )"' )5 9)AA+ $9'  !  7' )( '(()'

 !"#0 H9 ), :;<*=>?@ %, (! )3A'  ! 'M4A!%  7' )( '(() $"%&'(")*2 % %, !9 4'"#!"C'$ 3+

3! 7  7' N5!C4A' 'A+ FOKP )($  7' N+*,'"$ FOKP Q?*3),'$ ', %C) !",0 >( #)5 2 %(  7%,

 7',%, D' C)E' ) 5A')" $%&'"'(5' 3' D''(  7'  D! 5!(5'4 , !# )( '(()'  !"# )(, $"%&'(")*0

L7' #!"C'" %, )5 9)AA+ %(7'"'(  ! )AA =>?@ ,+, 'C, 'M4'"%'(5%(6 9(%#!"C (!%,' )5"!,,  7'

)( '(() 'A'C'( , .D7' 7'" 9($'" 5!""'A) '$ !" 9(5!""'A) '$ 57)(('A,/0 >(  7%, 5),'2 )8'"*

)6%(6  7' Nr %($'4'($'( ', %C) ', !#  7' ,)C' 9(E(!D( 4)")C' '" .%( !9" 5),'  7' (!%,'

8)"%)(5'/ 4"!$95', ) ('D ', %C) ' D7!,' 8)"%)(5' %, )AD)+, ,7"%(E'$ 3+ ) #)5 !" !# 1/Nr

%C4"!8%(6  7'"'3+  7' B()A ', %C) ', !#  7' 4'"*)( '(() =FG,0 K( '(() $%8'",% +2 7!D'8'"2
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,%, , %( !4 %C)AA+ 5!C3%(%(6  7' C9A %4A' %($'4'($'( A+*#)$%(6 5!4%', !#  7' "'5'%8'$ ,%6()A

%( !"$'"  ! $' '5 ')57 !#  7'  ")(,C%  '$ ,+C3!A, 5!""'5 A+0 H+ ,!A8%(6  7' ?< 5"% '"%!(2
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4"!5',, !# )559") 'A+ $' '5 %(6
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E3062" FDGH $)>( 812 4!" 6B+3,-". A"2-31B 18 4!" I157/"4"/: %& ,B. 4!" !:+23. "-435,412-

A-D 4!" ,A"2,0" >$C9 812 .3J"2"B4 B65+"2- 18 2"I"3A3B0 ,B4"BB, "/"5"B4- K34!H N = 1129

N̄
 !
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" !

= 569 fDTs = 7 10−39 ,B. L = 4D
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 ! "#$ %"#$& #'!() *" *+ +$$! ,&%- .*/0 102 "#'" "#$ /'3 4$"5$$! "#$ 6789 '!( "#$

3$&,%&-'!:$ %, "#$ ; !"#$%&%$' ()< '!( ;*'+,-. =>?< $+"*-'"%&+ *!:&$'+$+ 5*"# "#$ !@-4$&

%, &$:$*A*!/ '!"$!!' $B$-$!"+ $+3$:*'BBC '" #*/# D=7 A'B@$+0 E#*+ #@/$ 3$&,%&-'!:$ B%++ *+

':"@'BBC 'A%*('4B$ %A$& ' 5*($ &'!/$ %, 3&':"*:'B D=7+0 F!($$() *! %&($& "% ':#*$A$ "#$ 6789)

"#$ 3&$A*%@BC ($A$B%3$( 4*'+G:%&&$:"*%! 3&%:$(@&$ *+ '33B*$( '!( "#$ &$+@B"+ '&$ 3B%""$( *!

.*/0 10H0 =%5) %A$& ' 5*($ D=7 &'!/$) "#$ @!4*'+$( A$&+*%!+ %, "#$ $+"*-'"%&+ :%*!:*($

5*"# "#$ >? 6789 "#'" I@'!"*J$+ "#$ "#$%&$"*:'B %3"*-'B 3$&,%&-'!:$0 K%+" &$-'&L'4BC)

"#$ ;*'+,-. =>?< 'B/%&*"#- *+ '4B$ "% (% +% 5#*B$ 86 % %, "#$ "&'!+-*""$( +C-4%B+ '&$

:%-3B$"$BC @!L!%5! M:%&&$+3%!(*!/ "% 3*B%" *!+$&"*%! &'"$ %, 1/Np = 1/7 *! "#$ +*/!'BB*!/

+"'!('&( %, "#$ 8EN @3B*!LO0

.@&"#$&) "#*+ J/@&$ +#%5+ -%&$ :B$'&BC "#$ '(A'!"'/$ %, $P3B%*"*!/ '!"$!!' (*A$&+*"C) *! "$&-+

%, -/0&1/&1/%!20 D=7 $+"*-'"*%!) '+ :%-3'&$( "% "#$ DFD :%!J/@&'"*%! MNr = 1O 3B%""$(

'B+% *! "#$ +'-$ J/@&$0 E#$ '(A'!"'/$ *+ -%&$ 3&%-*!$!" '" -$(*@-G"%G#*/# D=7 B$A$B+0

.%& *!+"'!") '" 'A$&'/$ D=7 γ = 30 (9) "#$ =KDN ,%& Nr = 8 *+ &$(@:$( 4C ' ,':"%& '+ B%5

'+ Q0QQQ1 :%-3'&$( "% *"+ :%@!"$&3'&" *! DFD +C+"$-+0

D% ,'&) 'BB "#$ +*-@B'"*%!+ 5#$&$ :%!(@:"$( @!($& ' !%&-'B*R$( >%33B$& ,&$I@$!:C %, fdTs =
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