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` RfA: R<_BD5 M<?E =<HR>9:RE �5L5 ¿<?I<?B`J9 > b5¿5 QR>A9<=B9 HBITU:=B
DBU=B: <=<I>D>U:C?B: R:¤:=>: G<A<U> CDRTV=BFB B_D:?<=>f HIBC?BV HI<CD>X
=J C >=D:RS:HDBRB9 HR> =<I>U>> G<CDBV=BV GB=J `_I>G> >=D:RS:HDBR<5L ¹ª�µ�® æ��µª =<CDBf�:V A>CC:RD<S>> R<CC9BDR:=< G<A<U< HRB:?D>RBX
`<=>f HRBW>If ?RJI< C �I:RB=B9 ` _:GBDRJ`=B9 HBDB?: >A:<Ia=BV =:C@>X9<:9BV @>A?BCD> HB G<A<==B9T =< >C?B9B9 HRBW>I: 9BA>W>S>RB`<==B9T
R<CHR:A:I:=>¥ C?BRBCD>E C=fDB9T C HI<CD>=?> CB �>D?B95
L çè A:D<Ia=B R<CC9BDR:=< G<A<U< B_D:?<=>f _:GBDRJ`=J9 HBDB?B9 HI<X
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O:¤:=>: HBCDRB:=BE CI:ATf R<_BD:ö5 [<VA:=B R<CHR:A:I:=>: C?BRBCD> HB
HB`:R;=BCD> HI<CD>=?> CB �>D?B9 ¦W>F5 6§5 �?BRBCDa HR>=>9<:D _:C?B=:UX
=J: G=<U:=>f ` H:R:A=:V ?RB9?: A HI<CD>=?> > ` TFIB`BV DBU?: B E =TI:`B:G=<U:=>: ` DBU?: O R<G`:D`I:=>f HBDB?< > ` TFIB`BV DBU?: P 5 � >CHBIaGB`<X=>:9 D:BR:9J ÁT?B`C?BFB HBITU:=< WBR9TI< AIf ?B�WW>S>:=D< HBA¨:9=BV
C>IJ

Cya = 2π
λ

1 + λ

sin(πδ + γp − γp−γb

2 δ + α)

(sin
γp

2 )2−δ(sin γb

2 )δ
,

FA: λ = l2/l1
E > HB?<G<=< G<`>C>9BCDa ?B�WW>S>:=D< HBA¨:9=BV C>IJ BD AI>X

=J �>D?< > TFI< BD?IB=:=>f �>D?< ¦W>F5 �§5 £R> _BIa¤>; G=<U:=>f; α `G<`>C>9BCD> Cya(δ)
=<_I¥A<:DCf 9<?C>9T95 K=<IBF>U=JV ;<R<?D:R HB`:A:X

=>f `>A:= > ` G<`>C>9BCD> Cya(λ)
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Q>F5 �5

=<_:F<¥�:FB HBDB?<E R<CHR:A:I:=>: C?BRBCD> v(γ), γ ∈ [0, 2π]E =< >C?B9B9?B=DTR: ¦W>F5 �E ë§E FA: γ ] ATFB`<f ?BBRA>=<D< `B `CHB9BF<D:Ia=BV HIBC?BXCD>5
O<CHR:A:I:=>: C?BRBCD> G<A<:DCf CI:AT¥�>9 B_R<GB95 ¿BA>W>S>RT:DCf

R<CHR:A:I:=>: C?BRBCD> HB ?B=DTRT Lz
>G &4 ¦C95E =<HR5E W>F5 6§h _:C?B=:U=J:

G=<U:=>f C?BRBCD> ` DBU?<; A > B BFR<=>U>`<¥DCf ?B=:U=J9> G=<U:=>f9>E=TI:`B: G=<U:=>: ` DBU?: P G<9:=f:DCf =:=TI:`J9 G=<U:=>:95 L R:GTIaD<D:HBITU<:DCf R<CHR:A:I:=>: C?BRBCD> C TU<CD?<9> HBCDBf==BFB G=<U:=>fE D5:5
D<? =<GJ`<:9B: HBIBU=B: R<CHR:A:I:=>: C?BRBCD>5 QT=?S>f v(γ) B_R<�<:DCf` =TIa ` DBU?: R<G`:D`I:=>f HBDB?<5
êu�ëì�{ní rîu�}�jl{k orm{ìu L̃z

îurðljí ouójs n ïj�urmrz l msp{l
orïððlñl�m{ îr}ò�zmrp nljó Cya

õ
Z<A<U< R:¤:=< C >CHBIaGB`<=>:9 9:DBA< R:¤:=>f NYZK > ?`<G>R:¤:=>f

AIf `JHBI=:=>f TCIB`>V R<GR:¤>9BCD>"5
L R<CU:D<; HR>`:A:=J DR> HR>9:R< HBCDRB:=>f HRBW>I:V5 £:R`JV HR>9:R

HB?<GJ`<:DE ?<? `I>f¥D BFR<=>U:=>f C?BRBCD> ` DBU?<; AE B > P HR> 9BA>XW>?<S>> C?BRBCD> =< ?B=DTR HBITU:==BFB HRBW>If5 �If �DBFB _JIB 9BA>W>X
S>RB`<=B R<CHR:A:I:=>: C?BRBCD> v(γ) C W>F5 6E D5:5 BFR<=>U:=J _:C?B=:U=J:C?BRBCD> ` DBU?<; A > B HBCDBf==J9> G=<U:=>f9> C?BRBCD>E =: HR:`J¤<¥X
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�>9> (2.5÷ 3)v∞
E < ` B?R:CD=BCD> DBU?> P E FA: C?BRBCDa B_R<�<I<Ca ` =TIaER<CHR:A:I:=>: C?BRBCD> G<9:=:=B HBIBU=J9 C ?B=:U=J9 =:=TI:`J9 G=<U:=>X

:95 £BCDBf==J: G=<U:=>f ` DBU?<; P,A,B _R<I>Ca R<G=J9>h ` H:R`B9 CITU<:
|vp| = 0.30E va = 2.00E vb = 1.80E `B `DBRB9 |vp| = 0.50E va = 1.70E vb = 1.50¦A<==J: `J_>R<I>Ca HRB>G`BIa=B§5 L R:GTIaD<D: HBCDRB:=J G<9?=TDJ: ?B=X
DTRJ HRBW>I:V > CBBD`:DCD`T¥�>: >9 R<CHR:A:I:=>f C?BRBCD:V HBCI: ?`<G>X
R:¤:=>f ¦W>F5 7§² ` H:R`B9 CITU<: ] CHIB¤=<f I>=>fE `B `DBRB9 ] ¤DR>;B`<f5
L>A=BE UDB G=<U:=>f C?BRBCD:V |vp|, va, vb

`I>f¥D =< WBR9T HRBW>If5 Z=<X
U>D:Ia=J: BFR<=>U:=>f C?BRBCD> ` DBU?<; B > P HR>`BAfD ? HI<`=B9T BDX?IB=:=>¥ �I:RB=< ¦¤DR>;B`<f I>=>f§5 L ARTFB9 CITU<: `JA:If:DCf U:D?>V
TFBI BD?IB=:=>f �I:RB=< ¦CHIB¤=<f I>=>f§E _I>G?>V ? TFIT BD?IB=:=>f �>DX
?< BD HI<CD>=?>5 L R:GTIaD<D: AIf A`T; CITU<:` HBITU>I>Ca R<G=J: TFIJ δ̃BD?IB=:=>f �I:RB=<5 Z=<U>D:Ia=B: BFR<=>U:=>: C?BRBCD> ` DBU?: A ¦DB :CDaT9:=a¤:=>: G=<U:=>f va

§ HR>`BA>D ? T`:I>U:=>¥ DBI�>=J HRBW>If ¦¤DR>X
;B`<f I>=>f§5 O<CU:DJ HB?<G<I>E UDB AIf HBCDRB:==J; HRBW>I:V G=<U:=>: δ̃9:=a¤:E < G=<U:=>: Cya

_BIa¤:E U:9 T >C;BA=BV HI<CD>=?> C BD?IB=:==J9
�>D?B95LB `DBRB9 HR>9:R: HR>`:A:=J R:GTIaD<DJ HBCDRB:=>f HRBW>I:V C R<G=JX9> TFI<9> =<?IB=< �I:RB=<5 MR:D>V HR>9:R >II¥CDR>RT:D HBCDRB:=>: HRBX
W>I:V C �I:RB=<9> R<G=BV AI>=J5 dGTU:=>: G<`>C>9BCD> Cya

BD TFI< =<?IB=<
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�I:RB=< > :FB AI>=J HB?<G<IBE UDB ;<R<?D:R HB`:A:=>f Cya(δ)
AIf ?B=DTR<

L̃z
C;B@ C Cya(δ)

AIf ?B=DTR< Lz
¦W>F5 �§5 MB @: C<9B: 9B@=B BD9:D>Da `

G<`>C>9BCD> Cya(λ)
5

L çF =<;BA>DCf =<>_BIa¤:: G=<U:=>: Cy
AIf HI<CD>=?> CB �>D?B9 > AIf

HRBW>If ?RJI< C �I:RB=B9E D<? ?<? >G R:GTIaD<DB` HR:AJAT�>; A`T; H<X
R<FR<WB` `>A=BE UDB G<`>C>9BCD> Cya(δ)

> Cya(λ) >9:¥D DBU?> 9<?C>9T9<5£B�DB9T BHR:A:If¥DCf D<?>: H<R<9:DRJ δ > λ ?B=DTR< Lz
¦B_BG=<U>9 >; δm >

λm
AIf Lz

> δmp
> λmp

AIf L̃z

§ AIf R<G=J; TFIB` <D<?> =<_:F<¥�:FB HBDB?< α EHR> ?BDBRJ; ?B�WW>S>:=D HBA¨:9=BV C>IJ Cya
HR>=>9<:D =<>_BIa¤:: G=<X

U:=>: Cyam
5 �If H<R<9:DRB` λE δ G<A<:DCf B_I<CDa BHR:A:I:=>fh 0 ≤ λ ≤ 0.5E

1 ≤ δ ≤ 1.5
5 äD> BFR<=>U:=>f `J_R<=J >G D:; CBB_R<@:=>VE UDB B_JU=B

�>DB? BD?IB=f:DCf =< =:_BIa¤>: TFIJ > >9::D 9:=a¤T¥ AI>=TE U:9 AI>=<
C<9BV HI<CD>=?>5
O:¤:=>: HBCDRB:=B U>CI:==B5 L R:GTIaD<D: TCD<=B`I:=BE UDB G=<U:=>:CyamAIf ?<@ABFB W>?C>RB`<==BFB α ABCD>F<:DCf HR> λm = 0.5

] =<>_BIa¤:V
AI>=: �>D?< ¦W>F5 �§5 £R> �DB9 G=<U:=>: δm >G9:=f:DCf ` B_R<D=BV G<`>XC>9BCD> BD `:I>U>=J αh U:9 _BIa¤: α E D:9 9:=a¤: δm 5 ND9:D>9 A`< HR:XA:Ia=J; CITU<f5 £R> α = 0 G=<U:=>: Cyam

ABCD>F<:DCf HR> �>D?:E R<CHBIBX
@:==J9 BRDBFB=<Ia=B =<_:F<¥�:9T HBDB?TE Cyam = 4.93

5 £R> α = 0.5π G=<XU:=>: Cyam
ABCD>F<:DCf HR> =:BD?IB=:==B9 �>D?: > =: G<`>C>D BD :FB AI>=JE

Cyam = 6.28
5 �If ?RJIB`BFB HRBW>If D<?@: =<>_BIa¤:: G=<U:=>: C̃yam

AIf
W>?C>RB`<==J; TFIB` α ABCD>F<:DCf HR> λmp = 0.5E < TFBI BD?IB=:=>f δmp=:9=BFB _BIa¤: δm h δmp ≥ δm

5 Z=<U:=>f δ E HR> ?BDBRJ; ABCD>F<:DCf Cyam
AIf

?B=DTR< Lz
E =: f`If¥DCf BHD>9<Ia=J9> AIf ABCD>@:=>f C̃yam

?B=DTR< L̃z

5
L çG HR:ACD<`I:=J ABHBI=>D:Ia=J: R:GTIaD<DJ R<CU:DB` AIf HRB:?D>RBX

`<=>f _:GBDRJ`=B B_D:?<:9J; HRBW>I:V ?RJI< C �I:RB=B95 L G<?I¥U:=>:
C?<G<=BE UDB AIf HRB:?D>RB`<=>f HRBW>I:V ?RJI< C �I:RB=B9 9B@=B >CHBIaX
GB`<Da R<CHR:A:I:=>: C?BRBCD> HB HI<CD>=?: C BD?IB=:==J9 �>D?B95

H����¬ æ��µ� HBC`f�:=< R:¤:=>¥ G<A<U> HRB:?D>RB`<=>f HRBW>If ?RJX
I< C �I:RB=B9E B_D:?<:9BFB >A:<Ia=BV =:C@>9<:9BV @>A?BCDa¥ C BDRJ`B9
HBDB?<5 �If �DBFB `=<U<I: R:¤<:DCf G<A<U< B_D:?<=>f BDRJ`=J9 HBDB?B9
HI<CD>=?> C BD?IB=:==J9 �>D?B95 L ?<U:CD`: 9<D:9<D>U:C?BV 9BA:I> D<X
?BFB B_D:?<=>f >CHBIaGT:DCf C;:9< LT C =:?BDBRJ9 ABHBI=:=>:9E < >9:==Bh
?RB9: >GB_<R>U:C?BV B_I<CD> G< �>D?B9 ``BA>DCf D<?@: G<CDBV=<f GB=< =<
=>@=:V HB`:R;=BCD> HI<CD>=?>E CI:ATf >A:: �5K5 c<HIJF>=< B G<9:=: ?R>X
D>U:C?>; DBU:? G<CDBV=J9> B_I<CDf9>5L çI HBCD<`I:=< > R:¤:=< G<A<U< BDRJ`=BFB B_D:?<=>f HI<CD>=?> C BD?IBX
=:==J9 �>D?B9 ¦W>F5 ^§ HTD:9 C`:A:=>f ? C9:¤<==BV ?R<:`BV G<A<U:5 Z<A<=J
HI<CD>=?< AB AI>=J l1 C BD?IB=:==J9 �>D?B9 BF AI>=J l2 E TFBI β BD?IBX=:=>f �>D?< BD HI<CD>=?>E C?BRBCDa v∞ =<_:F<¥�:FB HBDB?< > TFBI <D<?> α 5
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Q>F5 ^5

g>=>> BCD E FED ] I>=>> C;BA< HBDB?<5 N_I<CDa EFBC ] >GB_<R>U:C?<f5
g>=>f HG ] FR<=>S< >GB_<R>U:C?BV B_I<CD> GHB 5 [< I>=>f; BC > FEA<`I:=>: HBCDBf==B > C?BRBCDa v = v0

5 [< I>=>> HG C?BRBCDa v = v1
D<?@:

HBCDBf==<5 Z=<U:=>f v0
> v1
G<A<=J5

êu�ëì�{ní msp{l usnîu�}�j�ml� norurn{l ms îrv�uLmrn{l îjsn{lmol nr
Ml{orz l îrn{url{k jlmll nLr}s îr{rosN ms or{ruóL v = v0

l v = v1 Nusnnwl{s{k sïur}lmszlw�nol� Lsuso{�uln{lolõ
�If R:¤:=>f ``:A:=< `=:¤=BCDa :A>=>U=BFB ?RTF<E ?BDBR<f A<I:: ?B=X

WBR9=B BDB_R<@:=< =< `:R;=¥¥ HBITHIBC?BCDa ¾Ö t > 0
5 �<I:: R<CC9BDR:=<

WT=?S>f g:`>]c>`>DJ

χ(t) = i ln

(
1

v0

dw

dz

)
= θ + i ln

v

v0
= θ + iS,

=<;B@A:=>: ?BDBRBV ` B_I<CD> Gt = {¾Ö t > 0} C`:IBCa ? R:¤:=>¥ C9:¤<=X=BV ?R<:`BV G<A<U>E HR>U:9 �D< WT=?S>f >9::D BCB_:==BCD> ` DBU?<; O > A5�If TCDR<=:=>f BCB_:==BCD:V T χ(t) ``BA>DCf WT=?S>f χ0(t)
E ?BDBR<f >9:X

:D ` DBU?<; O > A D: @: BCB_:==BCD>5 QT=?S>f χ̃ = χ − χ0
T@: =: >9::D

=< FR<=>S: BCB_:==BCD:VE < χ0(t)
> χ̃(t) BHR:A:If¥DCf HB WBR9TI: �>=aBR>X=>5 NHR:A:If:9J9> H<R<9:DR<9> WT=?S>> χ(t) f`If¥DCf u0

` B_I<CD> Gζ> f, g, h, a, bE I:@<�>: =< A:VCD`>D:Ia=BV BC> HBITHIBC?BCD> t5 �If BHR:XA:I:=>f HfD> H<R<9:DRB` CBCD<`I:=B HfDa =:I>=:V=J; TR<`=:=>VE ?BDBRJ:
R:¤<¥DCf 9:DBAB9 [a¥DB=<5Z=<f χ(t) > dw/dtE =<;BA>DCf WT=?S>f

z (t) =
8u0

v0

t∫

a

ei χ(t) t

(1 + t2)2dt,

HBG`BIf¥�<f CDRB>Da =:>G`:CD=J: FR<=>SJ B_I<CD> Gz

5
M<? ?<? ` B?R:CD=BCD> H:R:A=:V ?RB9?> C?BRBCDa HR>=>9<:D _:C?B=:U=B:

G=<U:=>:E DB ` DBU?: A `BG=>?<:D HBAC<CJ`<¥�<f C>I<E ?BDBR<f =<HR<`I:=<`ABIa HI<CD>=?> > BHR:A:I:=< >G WBR9TIJ c<HIJF>=< AIf C>I A<`I:=>f
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R<GIB@:=>:9 ` B?R:CD=BCD> DBU?> Ah

XA = −4ρ u0 v0 πa
2

(1 + a2)2 ·
∣∣∣∣∣

4(b− a)(a− f)

a(b+ f) − 2fb+ 2
√

(b− a)(a− f)
√
−fb

∣∣∣∣∣ · e
S̃(a),

< C>IJ
Rxp =

ρ v2
∞

2

∫

L

cp dy, Ry = −ρ v
2
∞

2

∫

L

cp dx,

=<HR<`I:==J: HB BCf9 x > y E =<;BAfDCf >=D:FR>RB`<=>:9 C>I A<`I:=>f HB?B=DTRT L = ABFGBA ` HIBC?BCD> z E cp = 1 − (v/v∞)2 X ?B�WW>S>:=D A<`X
I:=>f5 �>IJ Rx = Rxp +XA

> Ry
9BFTD _JDa D<?@: BHR:A:I:=J HB WBR9TI:

Rx + iRy = 2ρu0 v∞π

(
v2

0

v2
∞
χ′(i) − χ′(i)

)
eiα,

:CI> B_R<D>DaCf ? R<_BD: ¦CDR5 44^]44�§
�<I:: BHR:A:If¥DCf C>I< CBHRBD>`I:=>f Rxa

> HBA¨:9=<f C>I< Rya
E =<X

HR<`I:==J: HB HBDB?T > BRDBFB=<Ia=B :9TE < ?B�WW>S>:=DJ Cxa
> Cya

_TATDh

Cxa =
2Rxa

ρv2
∞ (l1 + l2)

, Cya =
2Rya

ρv2
∞ (l1 + l2)

.

M<? ?<? >G R:¤:=>f &7 DRTA=B C?<G<DaE _TA:D I> `JHBI=fDaCf FI<A?>V BDX
RJ` ` DBU?: H E ` çO HR:AJAT�<f G<A<U< R:¤:=< C >CHBIaGB`<=>:9 B_I<CD>FBABFR<W< C?BRBCD> > `JHBI=:=>:9 TCIB`>f ¼R>IIT�=<XL>II< FI<A?BFB BDX
RJ`< ` DBU?: H 5 �?BRBCDa v1

=< FR<=>S: HG DR:_T:DCf =<VD>5�If R:¤:=>f D<?@: ``BA>DCf WT=?S>f g:`>Xc>`>DJ χ(t) > CDRB>DCf B_XI<CDa Gχ
` HIBC?BCD> χ ¦W>F5 ÊE s§ 5 QT=?S>f χ >9::D BCB_:==BCD> ` DBU?: OR<G`:D`I:=>f HBDB?< ¦v = 0E < θ D:RH>D C?<UB?E R<`=JV −π§² > ` DBU?: A ]H:R:A=:V ?RB9?: HI<CD>=?> ¦v HR>=>9<:D _:C?B=:U=B: G=<U:=>:E < θ D:RH>DC?<UB?E R<`=JV π§5 �If `JHBI=:=>f TCIB`>f FI<A?BFB BDRJ`< ¼R>IIT�=<XL>II< ` DBU?: H >C?I¥U:=J `BG9B@=J: R<GR:GJ ` B?R:CD=BCD> �DBV DBU?>` HIBC?BCD> χ5£IBC?BCDa ?B9HI:?C=BFB HBD:=S><I< w = ϕ+ iψ HR> TCIB`>> =TI:`BV S>RX?TIfS>> >9::D `>AE HB?<G<==JV =< W>F5 ÊE ëE FA: ϕ1

X H<R<9:DRE BHR:A:If:9JV
` HRBS:CC: R:¤:=>f5 QT=?S>:V t =

√
w/ (ϕ1 − w) ?B=WBR9=B BDB_R<G>9 B_XI<CDa Gw

=< `:R;=¥¥ HBITHIBC?BCDa ¾Ö t > 0
5

�If HR:ACD<`I:=>f χ (t)E BDB_R<@<¥�:V HBITHIBC?BCDa ¾Öt > 0 =< B_I<CDa
Gχ
E `BCHBIaGT:9Cf WBR9TIBV YR>CDBWW:IfXP`<RS<

χ (t) = A0

t∫

b

(t− k)
√
t− h

t (t− a)
√

(t− f) (t− g) (t− b)
dt,
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FA: A0
X A:VCD`>D:Ia=<f HBCDBf==<f5Z=<f WT=?S>> χ (t) > w (t)EG<H>¤:9

z (t) =
2ϕ1

v0

t∫

a

eiχ(t) t

(1 + t2)2 dt.

L HBITU:==B: <=<I>D>U:C?B: R:¤:=>: `;BA>D A:`fDa =:>G`:CD=J; H<R<9:DX
RB`h k E f E g E hE aE b ` HIBC?BCD> t² ϕ1

` HIBC?BCD> w ² HBCDBf==<f A0
> C?BRBCDa

v1
5 �If >; BHR:A:I:=>f CBCD<`I:=B A:`fDa =:I>=:V=J; TR<`=:=>VE >G ?BDBX
RJ; U:DJR: H<R<9:DR< =<;BAfDCf ` f`=B9 `>A:² BCD<Ia=J: HfDa =:I>=:V=J;
TR<`=:=>V R:¤:=J 9:DBAB9 [a¥DB=<5
£BAC<CJ`<¥�<f C>I< XA

E `BG=>?<¥�<f =< H:R:A=:V ?RB9?: HI<CD>=?> >
=<HR<`I:==<f `ABIa HI<CD>=?> BHR:A:If:DCf HB WBR9TI:

XA = −ρϕ1a v0 π

(1 + a2)2 · (b− a) · exp
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a

(
A0 (ξ − k)

√
ξ − h

ξ
√

(ξ − f) (ξ − g) (b− ξ)
− 1

)
dξ

ξ − a
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Rx + iRy =
ρ

2
ϕ1 v∞π AM
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v2
∞
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FA:
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√
1 + k2
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4

√
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T = −π + arctg k − arctg a+
1

2
(arctg h− arctg f − arctg g − arctg b) .

L çf HR>`:A:=J R:GTIaD<DJ R<CU:DB`E ?BDBRJ: HBITU:=J C=<U<I< 9:DBAB9
C >CHBIaGB`<=>:9 B_I<CD> FBABFR<W< C?BRBCD>5 £R>9:R HI<CD>=?> CB �>D?B9
> G<CDBV=BV GB=BV > CBBD`:DCD`T¥�:: :9T R<CHR:A:I:=>: C?BRBCD> HB?<G<=J
=< W>F5 �E FA: α = 2◦ E l2 = 0.3 > β = 30◦ ¦v∞ = 1E v0 = 1.1E l1 = 1

§5
[< W>F5 e HR:ACD<`I:=J G<`>C>9BCD> R<GI>U=J; W>G>U:C?>; `:I>U>= BD

AI>=J �>D?< l2 HR> R<G=J; TFI<; BD?IB=:=>f �>D?< β AIf TFI< <D<?> α = 5◦
5

�HIB¤=J: ?R>`J: 4 HBCDRB:=J AIf β = 30◦ E ¤DR>;B`J: 6 ] AIf β = 60◦ E¤DR>;XHT=?D>R=J: � ] AIf β = 90◦
5
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?< HR>`BA>D ? 9B=BDB==B9T `BGR<CD<=>¥ ?B�WW>S>:=D< Cxa

E HR>U:9 �DB `BGX
R<CD<=>: G<9:D=B _BIa¤: HR> TFI<; BD?IB=:=>f �>D?< β = 60◦ > β = 90◦ E U:9HR> β = 30◦

5 L G<`>C>9BCDf; ?B�WW>S>:=D< HBA¨:9=BV C>IJ Cya (l2)
>9:¥DCf

9<?C>9T9JE HBIB@:=>: ?BDBRJ; C T`:I>U:=>:9 TFI< BD?IB=:=>f β C9:�<:DCf` CDBRB=T 9:=a¤>; AI>= �>D?<5 � T`:I>U:=>:9 AI>=J �>D?< G=<U:=>: v1
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FR<=>S: G<CDBV=BV GB=J HG 9B=BDB==B T_J`<:DE > U:9 _BIa¤: TFBI β E D:99:=a¤: v1
5 L G<`>C>9BCDf; AI>=J lHB
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RBCD> v1

§ ` R:GTIaD<D: R:¤:=>f HBITU<:DCf D<?BV @: ?B=DTR C D<?>9> @:
<�RBA>=<9>U:C?>9> ;<R<?D:R>CD>?<9>E ?<? > `B `DBRB9 CITU<:5 äDB CB`H<X
A:=>: HBAD`:R@A<:D HR<`>Ia=BCDa <=<I>D>U:C?>; R:¤:=>V > U>CIB`J; R<CX
U:DB` B_B>; 9:DBAB`5
L çg HBCD<`I:=< > R:¤:=< G<A<U< HRB:?D>RB`<=>f HRBW>If ?RJI< C �I:X
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C ?B=DTR< HI<CD>=?> CB �>D?B95 dC?B9JV HRBW>Ia ?RJI< C �I:RB=B9 B_X
D:?<:DCf BDRJ`=J9 HBDB?B9 ¦W>F5 43E h§5 NDRJ` HRB>C;BA>D =< `:R;=:V HBX
`:R;=BCD> ¦DBU?< B1

§ > =< =>@=:V ¦DBU?< H1
§ C A<Ia=:V¤>9 HR>CB:A>=:=>:9

¦DBU?< G1
§ =< �I:RB=:5 YB=DTR HRBW>If CU>D<:DCf G<9?=TDJ95 Z<A<=B R<CX

HR:A:I:=>: C?BRBCD> v(γ), γ ∈ [0, 2π]E ¦W>F5 43E ë§E ?BDBRB: `J_>R<:DCf D<?h9BA>W>S>RT:DCf R<CHR:A:I:=>: C?BRBCD> HB ?B=DTRT Lz
>G &^E >9:==BE _:CX
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> H1mG1?B=DTR< 9B@=B HRB`:CD> HRB>G`BIa=B5 M<?>9 B_R<GB9E CDRB>DCf G<9?=TDJV

?B=DTR L̃1 = A1B1nF1G1mH1A1
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A<`I:=>f HB ?B=DTRT L̃1 = A1B1nF1G1mH1A1
` HIBC?BCD> z h

Rxa =
ρ v2

∞
2

∫

L̃1

cp dy, Rya = −ρ v
2
∞

2

∫

L̃1

cp dx.

äD>9 WBR9TI<9 S:I:CBB_R<G=B HR>A<Da ARTFBV `>AE T?<G<==JV �5L5 ¿<?I<X
?B`J95 £TCDa Q = v2

0/v
2
∞ − 1

] ?B�WW>S>:=D AB==BFB A<`I:=>f ` B_I<CD>
E1F1nB1C1

5 MBFA< C>IJ Rxa
> Rya

AIf I¥_BFB D:I<E B_D:?<:9BFB HB C;:9: LTE
BHR:A:If¥DCf D<?h

Rxa =
ρ v2

∞
2

Q HRy−−−→E1C1, Rya = −ρ v
2
∞

2
(Q+ 2) HRx−−−→E1C1,

FA: `:?DBR −−−→E1C1
] `:?DBRE CB:A>=f¥�>V DBU?> E1

> C1
?B=SB` I>=>V F1E1

>
B1C1

C;BA< HBDB?<5 L>A=BE UDB T@: =<HR<`I:=>: `:?DBR< −−−→E1C1
;<R<?D:R>GT:D

G=<U:=>: ?B�WW>S>:=D< Q AB==BFB A<`I:=>f ` B_I<CD> E1F1nB1C1
5 �<I::

BHR:A:If¥DCf ?B�WW>S>:=DJ Cxa = 2Rxa/(ρv
2
∞l)
> Cya = 2Rya/(ρv

2
∞l)
E FA:

l
] ;BRA< HRBW>If5
Z< ;BRAT l HRBW>If HR>=fD< AI>=< A1F1

E CU>D<f �I:RB= =:BD?IB=:==J9E
FA: A1

] =<>_BI:: TA<I:==<f DBU?<E TFBI <D<?> α̃ ] TFBI 9:@AT ;BRABV > =<XHR<`I:=>:9 =<_:F<¥�:FB HBDB?<5 £BA TFIB9 =<?IB=< β̃ �I:RB=< HR>=fD TFBI9:@AT ?<C<D:Ia=J9>E HRB`:A:==J9> U:R:G DBU?> G1
> H1

5 Z=<U:=>: |va|
]

`:I>U>=< BFR<=>U:=>f C?BRBCD> ` DBU?: A ?B=DTR< Lz

5
�If HR>9:R< ` ?<U:CD`: >C;BA=BFB R<CHR:A:I:=>f C?BRBCD> _JIB `J_R<=B

R<CHR:A:I:=>: C W>F5 �E G<A<=J G=<U:=>f |va| = 2 ÷ 5
5 £R>9:RJ ?B=DTRB`

HRBW>I:V C >GB_<R>U:C?>9> B_I<CDf9> HB?<G<=J =< W>F5 445PDR>;B`BV I>X
=>:V >GB_R<@:=< FR<=>S< ?B=DTR< HRBW>IfE ?BDBRT¥ 9B@=B HRB`:CD> HRB>GX
`BIa=B5 £BITU:==J: HRBW>I> B_I<A<¥D ;<R<?D:R>CD>?<9>E HR>`:A:==J9> `
D<_I5 45Z<9:D>9E UDB HB`:A:=>: Cya(l2)
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HI<CD>=?: CB �>D?B9h Cxa
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M<_I>S< 45

|va| α̃ β̃ Cya Cxa

5 3.65◦ 28.40◦ 0.885 0.057

2 6.29◦ 27.11◦ 0.891 0.091
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§ > =< =>@=:V
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§ H:R:A >=D:RS:HDBRB9 C A<Ia=:V¤>9 HR>CB:A>=:=>:9
¦DBU?< G1

§ =< =:95 YB=DTR HRBW>If CU>D<:DCf G<9?=TDJ95 À>R?TIfS>¥ HB
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FB 9BA>W>S>RT:DCf R<CHR:A:I:=>: C?BRBCD> HB ?B=DTRT Lz

HI<CD>=?> CB �>DX
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�>I< CBHRBD>`I:=>f > HBA¨:9=<f C>I< =<VA:=J HB WBR9TI<9 &� U:R:G `:?DBRE
CB:A>=f¥�>V DBU?> E1

> C1
?B=SB` I>=>V F1E1

> B1C1
C;BA< HBDB?<5

�If HR>9:R< ` ?<U:CD`: >C;BA=BFB R<CHR:A:I:=>f C?BRBCD> _JIB `J_R<=B
9BA>W>S>RB`<==B: R<CHR:A:I:=>: C?BRBCD> C HI<CD>=?>E B_D:?<:9BV HBA TFX
IB9 <D<?> α = 5◦ CB �>D?B9 AI>=J l2 = 0.2E BD?IB=:==J9 HBA TFIB9 β = 90◦¦ v∞ = 1E v0 = 1.1E l1 = 1

§5 �?BRBCDa 9BA>W>S>RB`<I<Ca =< `:R;=:V > =<
=>@=:V HB`:R;=BCDf; HI<CD>=?> AB DBU?> R<G`:D`I:=>f HBDB?< ¦W>F5 4�§h =<
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`J_R<=B |va| = 2² =< (γ2, γ
∗) C?BRBCDa `BGR<CD<I< HB I>=:V=BX9T G<?B=TE < =< (γb, γ1) v(γ)
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v(γ) = v∗ [1 +D(cos γ − cos γ1), ]
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FA: γ1
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|va| α̃ β̃ Cya Cxa

2 13.04◦ 73, 34◦ 1.563 0.103
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