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"99" 4"
97&: :" 5<3":5 56 )
):

3 ' (A9'" %'<=)":97"$, B7 &: % 79 9' ! 7$$"' $" 9)C" D %'&75 D ):" &) 3$)47")'4 %'<=)":
"4>  $&'4

$"4 
&"E
7":94 5" 
&)3$ ?"> 
&(C7:<4 D $ %&'(" 5) 
; (3 3'&3'"> %"'&:9 =)" $" 
; (3 9&9 $

'<4)$9 :9 5) (&5A$" 574
'"9  )' 

F $ G$"4 HC&::"4H $&:?)")'4 56&:5",

F $ G$"4 HC&::"4H  (3$79)5"4,

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

I&)4  !&:4 !) 5 :4 $" 
; 379'" + =)" $6 33$7
 97&: 3' 97=)" 5) (&5A$" 574
'"9 ": 5&( 7:"

9"(3&'"$ :6 <9< '":5)" 3&447C$" =)" ?'J
"  ) 5<!"$&33"(":9 5" 
&:5797&:4  )K "K9'<(79<4 C7":

3&4<"4 3&)' $6<=) 97&: *+,0L., I< :(&7:4> 5 :4 M/+℄> $"4 
&:5797&:4 5<!"$&33<"4 :6<9 7":9 ! $ C$"4

=)" 3&)' 5"4 49')
9)'"4 D &:5" $":9"4 5&:9 $ 
&)'C" 5" 5743"'47&: "49 ): 
&47:)4, I&)4  !&:4

5&:
 5O  5 39"' 
"99" (<9;&5"  )K PQR D ;<$7
", I&)4 5<9 7$$&:4 
"99"  5 39 97&: 5 :4 
"

3 ' ?' 3;", I&9&:4 =)" $ (<9;&5" 3'<4":9<" 3$)4 C 4 "49 ! $ C$" 3&)' :67(3&'9" =)"$ 9S3" 5"

PQR,

I&)4 4)33&4&:4 =)" $ $7?:" D '"9 '5> 5<
'79" 5 :4 $" (&5A$" 574
'"9 3 ' 4"4 
&"E
7":94 5"


&)3$ ?" Ωm=−nc...nc> "49 
&::"
9<" D 4"4 5")K "K9'<(79<4 D 5"4 ?)75"4 56":9'<" "9 4&'97"> 5<8:74

3 ' 5"4 
&"E
7":94 5" 
&)3$ ?" Γm=−1,0,1, Q: 4)33&4" 5" 3$)4 =)" $" ?)75" 56":9'<" "49 47(7$ 7'"

 ) ?)75" 5" 4&'97"> "9 &: 7(3&4" =)" 
"4 ?)75"4  7":9 ):" 3<'7&5" d> <? $" D 
"$$" 5" $ $7?:" D

'"9 '5, R)74=)" $"4 ?)75"4 56":9'<" "9 5" 4&'97" 4&:9 5<
'794 3 ' 9'&74 
&"E
7":94 4")$"(":9> $")'

'"$ 97&: 5" 5743"'47&: 46<
'79

ω (ψ) = Γ0 + 2Γ1 cos(ψ) . */,0/.

Q: )97$74" $" (T(" 3'7:
73" =)" 5 :4 $" 
; 379'" +> 
6"49UDU57'" =)" $6&: 4)33&4" =)" $ 4&$)97&:

5" 3'&3 ? 97&: 56):" &:5" 5 :4 $"4 ?)75"4 56":9'<" "9 5" 4&'97" 3")9 46<
'7'"

Cn =
(

Cine
−inψ + Crefe

inψ
)

eiωt > 47 n ≤ 0 ,

Cn = Coute
−inψeiωt > 47 n > N .

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

 ! "!#$%&'"()!# 
+( +,-$+(("%!( &)!( ./01')#"%! &+ .) &2!)3"1'+ &+( 
+..'.+( 
%!(#"#')!# .+(


%!&"#"%!( )', +,#$03"#0(4 %! &0#+$3"!+ 2(nc + 1) 01')#"%!(5 6+..+(7
" (/0
$"8+!#

9 :%'$ n = 0 ;

[

dt + iΓ1e
iψ
]

Cref − iΓ1e
−iωtC1 = −iΓ1e

−iφCin <=5>?@

9 :%'$ n ∈ [1, nc] ;

dtCn − iCrefe
inψ

nc∑

m=n

Ωme
−imψeiωt − i

n−1∑

m=−nc

ΩmCn−m

= iCine
−inψ

nc∑

m=n

Ωme
imψ + Pn

<=5>A@

9 :%'$ n ∈ [N − nc, N ] ;

dtCn − i
nc∑

m=n−N

ΩmCn−m − iCoute
−inψ

n−N−1∑

m=−nc

Ωme
imψeiωt = Pn <=5>B@

9 :%'$ n = N + 1 ;

[

dt + iΓ1e
−iψ

]

Cout − iΓ1CNe
i(N+1)ψe−iωt = 0 , <=5>C@

%D Cref +(# ./)3-."#'&+ &+ ./%!&+ $0E0
F"+ &)!( .+ G'"&+ &/%!&+ &/+!#$0+4 Cout +(# ./)3-."#'&+ &+

./%!&+ #$)!(3"(+ &)!( .+ G'"&+ &/%!&+ &+ (%$#"+4 ψ +(# .) 8).+'$ &' &0-F)()G+ -)$ -)( &+ ./%!&+

&+ H$01'+!
+ ω &)!( .+( G'"&+( &/+!#$0+ +# &+ (%$#"+4 +# N +(# .+ !%3I$+ &+ -0$"%&+( &+ .) ."G!+ J

$+#)$&5 Pn +(# .) -'"(()!
+ "!#$%&'"#+ -)$ .+ H)"(
+)' &)!( .) 
+..'.+ n5

K+( 01')#"%!( &0
$"8)!# .+( 
+..'.+( &+ .) ."G!+ J $+#)$& n ∈ [nc + 1, N − nc − 1] $+(#+!#

"!
F)!G0+( <-)$ $)--%$# J ./01')#"%! <L5>C@@4 
)$ 
+( 
+..'.+( !+ (%!# -)( 
%'-.0+( )8+
 
+..+(


%3-%()!# .+( G'"&+( &/%!&+5 M"!).+3+!#4 .+ (2(#N3+ &0
$"8)!# ./%!&+ &+ 
"$
'"# -+'# +!
%$+ '!+

H%"( (/0
$"$+ (%'( .) H%$3+ 3)#$"
"+..+

dt/ (t) +0 (t) ./ (t) = 1 (t) . <=5>O@

P)!( .) (+
#"%! ('"8)!#+4 !%'( -$0(+!#%!( .) 30#F%&+ 1'+ !%'( +3-.%2%!( -%'$ ./"!#0G$+$ &)!(

.+ 
%&+  !"#$%&5

 ! !" #$%&'()%*+$ ,- .) ,/$)0*12- ,- .3+$,- ,- 
*(
2*%

6%!("&0$%!( '! 3%&+ &+ .) (#$'
#'$+ J %!&+ .+!#+ J H$%"& ('$ .+1'+. (+ -$%-)G+ '!+ %!&+

&"$+
#+ 3%!%
F$%3)#"1'+5 Q 
F)1'+ "!(#)!# t4 .+ 
F)3- &)!( .) (#$'
#'$+ 80$"R+ .) 
%!&"#"%! &+

M.%1'+#4 +# %! -+'# 0
$"$+ 1'+

Cn−m (t) = Cn (t) e
imφ .
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(#! $%75(
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