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lMT�+FBM; i?2 +QK#BM�iQ`B+b Q7 KQ/mH�` QT2`�/b
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PmiHBM2

RX .2}MBiBQMb �M/ 1t�KTH2b
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9X *QK#BM�iQ`B+b Q7 mMBib
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

JQ/mH�` QT2`�/b

q2 /2p2HQT � ǵ?B;?2` ;2MmbǶ �M�HQ;m2 Q7 QT2`�/b ĘBM r?B+? ;`�T?b `2TH�+2
i`22b BM i?2 /2}MBiBQMX
�#bi`�+i- :2ixH2`@E�T`�MQp N3

:2ixH2`- 1X �M/ E�T`�MQp- JX JX
JQ/mH�` QT2`�/b
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

LQi�iBQM

P, ;`QmTQB/ Q7 }MBi2 b2ib �M/ #BD2+iBQMb

M = {1, . . . ,M}, y = ∅.
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

.2}MBiBQM R

� KQ/mH�` QT2`�/ Bb �
RX 6mM+iQ` a : PQT → a2i

kX iQ;2i?2` rBi? � KmHiBTHB+�iBQM # : as!{t} × au!{v} %→ as!u-

jX �M/ � +QMi`�+iBQM QT2`�iBQM ζ : as!{t,v} %→ asX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

JQ/mH�` QT2`�/b

AM i?Bb i�HF- /2}MBiBQM KQ/mH�` QT2`�/b rBHH +Q``2bTQM/ iQ
+QKT�+i bvKK2i`B+ KmHiB+�i2;Q`B2b BMi`Q/m+2/ #v CQv�H �M/ EQ+F- kyRRX

◦ +QHQm`2/

◦ BMpQHmiBp2 +QHQm` b2i

◦ rBi? KmHiBTHB+�iBp2 mMBi

CQv�H- �X �M/ EQ+F- CX-
62vMK�M :`�T?b- �M/ L2`p2 h?2Q`2K 7Q`
*QKT�+i avKK2i`B+ JmHiB+�i2;Q`B2b
U1ti2M/2/ �#bi`�+iV
1H2+i`QMB+ LQi2 BM h?2Q`2iB+�H *QKTmi2`
a+B2M+2- kdyUkV,Ry8ĜRRj- kyRRX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

:`�T?B+�H bT2+B2b UCQv�H@EQ+F- kyRRV

P! :a /27
= Sa?(P!)

� ;`�T?B+�H bT2+B2b a Bb /2b+`B#2/ #v,
P @ ;`QmTQB/ Q7 }MBi2 b2ib �M/ #BD2+iBQMb

Bb 7mHH bm#+�i2;Q`vX
P@T`2b?2�7 (as)s- � bvKK2i`B+ b2[m2M+2
Q` +QK#BM�iQ`B�H bT2+B2b-

THmb � /BbiBM;mBb?2/ Q#D2+i § rBi?
P!(§, §) = {1, τ}, τ2 = 1

iQ;2i?2` rBi? � T�B` (C,ω) Q7
� b2i C = a§ �M/ BMpQHmiBQM ω = a(τ)X

6Q` 2�+? s- �M/ t ∈ s- KQ`T?BbKb
+?t, +?t ◦ τ : § −→ s.

7Q` �HH s- 7Q` �HH t ∈ s-
� K�T a(+?t) : as → CX

h?2 #QmM/�`v ∂φ Q7 φ ∈ as Bb (a(+?t))t∈s(φ) ∈ Cs.
df98



.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

:`�T?B+�H bT2+B2b @ 2t�KTH2b

RX i2`KBM�H bT2+B2b, § %→ {∗}- s %→ {∗} 7Q` �HH sX

kX /B`2+i2/ bT2+B2b,
.B Bb i2`KBM�H bT2+B2b QM (Di,σDi), Di = {BM, Qmi}- σDi *= 1X

jX 62vMK�M /B�;`�Kb UT�`iB+H2 BMi2`�+iBQMbV,
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

JmHiBTHB+�iBQMX

:Hm2 irQ 2H2K2Mib �HQM; /m�H +QHQm`b BM #QmM/�`B2b,
S�`iB�H K�T

#s,u
t,v : as!{t} × au!{v} %→ as!u.

+QKKmi�iBp2- 2[mBp�`B�Mi rBi? `2bT2+i iQ P �+iBQM

(t)
+φ ω+

(v)
ψ −→ φφφφ ψ

φ #t,v ψ
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

*QMi`�+iBQMX

a2H7@;HmBM; Q7 QM2 2H2K2Mi �HQM; BMpQHmiBp2 T�B` Q7 +QHQm`b BM Bib #QmM/�`v,
S�`iB�H QT2`�iBQM

ξs
t,v = ξs

v,t : as!{t,v} %→ as,

2[mBp�`B�Mi rBi? `2bT2+i iQ P �+iBQMX

+
UtV UvV

ω+
φ −→ (t) (v)

φ

ζt,v(φ)
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

lMBi 7Q` #X

lMBi, BMD2+iBQM ε : C = a§ " ak,

φ # ε(+) = φ = ε(+) # φ r?2`2p2` /2}M2/-
ε ◦ ω = a(σ) ◦ ε, r?2`2 σ ∈ �mi(k),σ *= B/

aQ ∂(ε(+)) = (+,ω+)X

� (C,ω)@+QHQm`2/ KQ/mH�` QT2`�/ (a, #, ζ, ε)
Bb 2[mBTT2/ rBi? � +QMi`�+i2/ mMBi K�T

Q : C %−→ ay, + %−→ ζε(+).

6Q` �HH + ∈ C
Q(+) = Q(ω+).
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*�i2;Q`v JP Q7 KQ/mH�` QT2`�/b

P#D2+ib, (a, #, ζ, ε) rBi? 9 �tBQKb i?�i ;2M2`�HBb2 �bbQ+B�iBpBiv

JQ`T?BbKb BM :a i?�i T`2b2`p2 (#, ζ, ε)X
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1t�KTH2b

P`B2Mi2/ bm`7�+2b rBi? +HQb2/ #QmM/�`v
2H2K2Mib Q7 a3

lM/B`2+i2/ pB`im�H i�M;H2b
2H2K2Mib Q7 h2b- b = 3

P`B2Mi2/ bm`7�+2b rBi? QT2M @ +HQb2/ #QmM/�`v
2H2K2Mib Q7 P*3

mMBib

*QKT�+i +HQb2/ +�i2;Q`B2b
2X;X +Q#Q`/BbK +�i2;Q`B2b

q?22H2/ T`QT2`�/b U.B`2+i2/ KQ/mH�` QT2`�/bV
2X;X /B`2+i2/ pB`im�H i�M;H2b
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

J�BM i?2Q`2Kb

h?2Q`2K UCQv�H @ EQ+F kyRR- _X kyR3fky- >�+FM2v@_Q#2`ibQM@u�m kykyV
h?2`2 Bb � +�i2;Q`v :a Q7 +QHQm`2/ +QHH2+iBQMb Ĝ +�HH2/ ;`�T?B+�H bT2+B2b Ĝ �M/ �
KQM�/ O QM :a r?Qb2 1BH2M#2`;@JQQ`2 +�i2;Q`v Q7 �H;2#`�b :aO Bb +�MQMB+�HHv
BbQKQ`T?B+ iQ i?2 +�i2;Q`v JP Q7 KQ/mH�` QT2`�/bX

h?2Q`2K U CQv�H @ EQ+F kyRR- _X kyR3- >�+FM2v@_Q#2`ibQM@u�m kykyV
h?2`2 Bb � 7mHH- /2Mb2 bm#+�i2;Q`v Ξ Q7 JP r?Qb2 Q#D2+ib �`2 ;`�T?bX
h?2 2bb2MiB�H BK�;2 Q7 i?2 BM/m+2/ 7mHHv 7�Bi?7mH M2`p2 L : JP → Sa?(Ξ)
Bb +?�`�+i2`Bb2/ #v a2;�H T`2b?2�p2bX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� HBiiH2 +QMi2ti

@ ai�i2/ #v CQv�H �M/ EQ+F UkyRRV- r?Q +QMb`m+i2/ i?2 +�i2;Q`v :a �M/ �M
2M/Q7mM+iQ` QM :a r?Qb2 �H;2#`�b �`2 KQ/mH�` QT2`�/bX
>Qr2p2`- i?Bb 7mM+iQ` /Q2b MQi �/KBi � KQM�/B+ KmHiBTHB+�iBQMX

@ S`QQ7 _X UkyR3VX
@ >�+FM2v- _Q#2`ibQM �M/ u�m UkykyV ?�p2 `2+2MiHv T`Qp2/ p2`bBQMb Q7 i?2b2

i?2Q`2Kb #v /Bz2`2Mi K2i?Q/b- rBi? 2tTHB+Bi ;Q�H Q7 /2}MBM; ∞@KQ/mH�` QT2`�/bX

h?2 TQBMi Q7 i?Bb i�HF Bb MQi i?2b2 `2bmHib- #mi iQ mb2 i?2B` T`QQ7 iQ mM/2`bi�M/ KQ`2
�#Qmi i?2 +QK#BM�iQ`B+bX
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h?2 TH�M

h?2Q`2K UCQv�H @ EQ+F kyRR- _X kyR3fky- >�+FM2v@_Q#2`ibQM@u�m kykyV
h?2`2 Bb � +�i2;Q`v :a Q7 +QHQm`2/ +QHH2+iBQMb Ĝ +�HH2/ ;`�T?B+�H bT2+B2b Ĝ �M/ �
KQM�/ O QM :a r?Qb2 1BH2M#2`;@JQQ`2 +�i2;Q`v Q7 �H;2#`�b :aO Bb +�MQMB+�HHv
BbQKQ`T?B+ iQ i?2 +�i2;Q`v JP Q7 KQ/mH�` QT2`�/bX

Ξ ! "

7X7X
!! JP

7Q`;2iO
""

L !! Sa?(Ξ)
D∗
""

P! ! "
7X7X

!! :` ! " 7X7X
!!

#XQX

##

:a ! " 7X7X
!!

7`22O
##

Sa?(:`)
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h?2 TH�M

Ξ ! "

7X7X
!! JP

7Q`;2iO
""

L !! Sa?(Ξ)
D∗
""

P! ! "
7X7X

!! :` ! " 7X7X
!!

#XQX

##

:a ! " 7X7X
!!

7`22O
##

Sa?(:`)

h?2Q`2K U CQv�H @ EQ+F kyRR- _X kyR3- >�+FM2v@_Q#2`ibQM@u�m kykyV
h?2`2 Bb � 7mHH- /2Mb2 bm#+�i2;Q`v Ξ Q7 JP r?Qb2 Q#D2+ib �`2 ;`�T?bX
h?2 2bb2MiB�H BK�;2 Q7 i?2 BM/m+2/ 7mHHv 7�Bi?7mH M2`p2 L : JP → Sa?(Ξ)
Bb +?�`�+i2`Bb2/ #v a2;�H T`2b?2�p2b,
6Q` �HH ;`�T?b G

S(G) ∼= HBK(*,#)∈P!↓GS(*).
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

�#bi`�+i M2`p2 i?2Q`v

Ξ ! "

7X7X
!! JP

7Q`;2iO
""

L !! Sa?(Ξ)
D∗
""

P! ! "
7X7X

!! :` ! " 7X7X
!!

#XQX

##

:a ! " 7X7X
!!

7`22O
##

Sa?(:`)

q2#2`- kyyd,
A7 O ?�b �`BiB2b :`- i?2M L Bb 7mHHv 7�Bi?7mH �M/ BiǶb 2bb2MiB�H BK�;2 Bb +?�`�+i2`Bb2/ #v
a2;�H T`2b?2�p2b,
6Q` �HH ;`�T?b G

S(G) ∼= HBK(*,#)∈P!↓GS(*).
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

1t�KTH2 R, *H�bbB+�H M2`p2 i?2Q`2K 7Q` +�i2;Q`B2b

a2;�H +QM/BiBQM 7Q` +�i2;Q`B+�H M2`p2 i?2Q`2K,

S : ∆QT → a2i Bb i?2 M2`p2 Q7 � +�i2;Q`v B7 �M/ QMHv B7 7Q` �HH M ≥ 2-

SM ∼= S1 ×S0 · · ·×S0 S1︸ ︷︷ ︸
M iBK2b

.

q2#2` TB+im`2,

∆ ! " ! ! *�i
l*�i
""

L !! ba2i
D∗
""

E !
" /2Mb2

7X7X
!! ∆0

! " /2Mb2
7X7X

!!

D #XQX

##

Sa?(E) ! " !!

6*�i

##

Sa?(∆0).
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

1t�KTH2 k, .2M/`QB/�H M2`p2 i?2Q`2K 7Q` QT2`�/b

Σ∗, P#D2+ib, M ∈ N- /BbiBM;mBb?2/ 2/;2 ↓
Σ∗(↓,M) ∼= {0, 1, . . . ,M}.

Ω ! " !! PT

""

L !! Sa?(Ω)

""

Σ∗ ! " !! Ω0
! " !!

D #XQX

##

Sa?(Σ∗) !
"

!!

##

Sa?(Ω0)

S : ΩQT → a2i Bb i?2 M2`p2 Q7 �M QT2`�/ B7 �M/ QMHv B7-

S(h) ∼= HBK(i,7)∈Σ∗↓hS(D(i)).

RNf98



.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

h?2 F2v `2bmHib, .Bbi`B#miBp2 H�r

h?2Q`2K U_X kykyV
h?2`2 �`2 KQM�/b T = (h, µT, ηT) �M/ D = (., µD, ηD) QM :a �M/ � /Bbi`B#miBp2 H�r
λ : h. ⇒ .h bm+? i?�i O = DT QM :aX

kyf98



.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

h?2 F2v `2bmHib, .Bbi`B#miBp2 H�r

h?2Q`2K U_X kykyV
h?2`2 �`2 KQM�/b T = (h, µT, ηT) �M/ D = (., µD, ηD) QM :a �M/ � /Bbi`B#miBp2 H�r
λ : h. ⇒ .h bm+? i?�i O = DT QM :aX

G2i :a∗ #2 i?2 +�i2;Q`v Q7 D@�H;2#`�bX

Ξ ! "

7X7X
!! JP

7Q`;2i
""

L !! Sa?(Ξ)
D∗
""

P!
∗
! "

7X7X
!! :`∗ !

"

7X7X
!!

D #XQX

##

:a∗

7Q`;2i
""

! "

7X7X
!!

7`22

##

Sa?(:`∗)

""

P! ! "
7X7X

!!

#XQX
##

:` ! " 7X7X
!!

#XQX

##

:a ! " 7X7X
!!

7`22

##

Sa?(:`)
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

h?2 F2v `2bmHib, GB7i ?�b �`BiB2b

Ξ ! "

7X7X
!! JP

7Q`;2i
""

L !! Sa?(Ξ)
D∗
""

P!
∗
! "

7X7X
!! :`∗ !

"

7X7X
!!

D #XQX

##

:a∗

7Q`;2i
""

! "

7X7X
!!

7`22

##

Sa?(:`∗)

""

P! ! "
7X7X

!!

#XQX
##

:` ! " 7X7X
!!

#XQX

##

:a ! " 7X7X
!!

7`22

##

Sa?(:`)

G2KK� U_X kyR3V
h?2`2 Bb � 7mHH- /2Mb2 bm#+�i2;Q`v :`∗ Q7 :a∗ bm+? i?�i
i?2 BM/m+2/ KQM�/ T∗ QM :a∗- ?�b �`BiB2b :`∗X
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

q?v Bb i?Bb BMi2`2biBM;\

UBV S`QQ7 Q7 CQv�H �M/ EQ+FǶb i?2Q`2K mbBM; i?2 Q`B;BM�HHv BMi2M/2/ K2i?Q/b,
q2#2` M2`p2 K�+?BM2`v �M/- BM T�`iB+mH�` "2`;2`@J2HHB2b@q2#2`- kyRkX

UBBV h?2 T`QQ7 2t?B#Bib i?2 +QK#BM�iQ`B+b Q7 i?2b2 bi`m+im`2b 2tTHB+BiHvX
AM T�`iB+mH�` Bi `2p2�Hb r?2`2 r2 M22/ iQ i�F2 2ti`� +�`2X

UBBBV �#bi`�+i K2i?Q/b TH�+2 bi`m+im`2b BM � rB/2` +QMi2tiX
_2bmHib 7`QK 2Hb2r?2`2 K�v #2 ;2M2`�HBb2/ iQ KQ/mH�` QT2`�/bX

UBpV S`QQ7 K2i?Q/ bm;;2bib r�vb Q7 #mBH/BM; `2H�i2/ +QMbi`m+iBQMbX

kkf98



.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� KQM�/ 7Q` KQ/mH�` QT2`�/b\

h?2 +QM};m`�iBQMb Q7 7Q`K�H +QKTQbBi2b �`2 MQr ;2M2`�H +QMM2+i2/ ;`�T?b-
KQ`2 T`2+Bb2Hv r?�i r2 +�HH 62vMK�M ;`�T?b, i?2v �`2 UMQM@/B`2+i2/V ;`�T?b-
�HHQr2/ iQ ?�p2 KmHiBTH2 2/;2b �M/ HQQTb- �b r2HH �b QT2M 2/;2bX
AMi`Q/m+iBQM- CQv�H@EQ+F kyRR
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

:`�T? +�i2;Q`v :` @ Q#D2+ib

h?BMF Q7 § �`2 ;`�T? rBi? irQ QT2M 2M/b
i?�i +�M #2 T2`Kmi2/-
h?BMF Q7 s �b +Q`QHH�X

§
1

2
{t}

t†

t
j

1

2

3

1

2

3

1

2

3

AM ;2M2`�H G ?�b
@ � }MBi2 b2i o Q7 p2`iB+2b-
@ � }MBi2 b2i 1̃ Q7 2/;2b

U+QTB2b Q7 §V

A7
1 = ∂1̃ ∼= 1̃ 0 1̃,

G Bb /2b+`B#2/ #v � T�`iB�H K�T

1 %→ o

X
aQ G Bb � /B�;`�K

1τ $$ >%%b
%%

i
!! o.
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

:`�T? +�i2;Q`v :`

JQ`T?BbKb �`2 HQ+�H BbQKQ`T?BbKb Ĝ i?2v T`2b2`p2 p2`i2t p�H2M+vX

→ −→

G

7
""

1 %% τ !!

71
""

1
71

""

>b
%%

7>
""

i
!! o

7o
""

G′ 1′ %%
τ ′

!! 1′ >′
b′

%%

i′
!! o′

h?2`2 �`2 7mHHv 7�Bi?7mH /2Mb2 2K#2//BM;b

P! ι !! :` G %→:`(ι−,G)
!! :a.
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� KQM�/ 7Q` KQ/mH�` QT2`�/b\

a Bb � ;`�T?B+�H bT2+B2bX "mBH/ � bT2+B2b h ◦a Q7 7Q`K�H +QK#BM�iBQMb Q7 2H2K2Mib Q7 a,

h ◦a(§) = a§ = (C,ω).

h ◦as, 2[mBp�H2M+2 +H�bb2b Q7 ;`�T?b G- rBi? ∂G ∼= s- /2+Q`�i2/ #v a,

φ1

φ2 φ3

+

ω+

a(G) /27
= HBK(u,#)∈(P!↓G) au

*QHBKBi Qp2` ;`�T? BbQKQ`T?BbKb i?�i }t i?2 #BD2+iBQMb

s ∼= ∂G.
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� KQM�/ 7Q` KQ/mH�` QT2`�/b\
JQM�/B+ mMBi,

JQM�/B+ KmHiBTHB+�iBQM\

h�F2 +QHBKBib Q7 7mM+iQ`b

(P! ↓ G) → (:` ↓ a), (s, 7) %→ (G,α), ∂G = s

i?�i T`2b2`p2 #QmM/�`B2b �M/ BM+B/2M+2X

lMBib 7Q` QT2`�/B+ KmHiBTHB+�iBQM\

ψ
+ +

ψ
+

ψ
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� KQM�/ 7Q` KQ/mH�` QT2`�/b\
JQM�/B+ mMBi,

JQM�/B+ KmHiBTHB+�iBQM\

h�F2 +QHBKBib Q7 7mM+iQ`b

(P! ↓ G) → (:` ↓ a), (s, 7) %→ (G,α), ∂G = s

i?�i T`2b2`p2 #QmM/�`B2b �M/ BM+B/2M+2X

lMBib 7Q` QT2`�/B+ KmHiBTHB+�iBQM\

ψ
+ +

ψ
+

ψ

"miXXX

\−→
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

GQQTb\

AM 7�+i XXX

#
�

k

R

1 "→ �

2 "→ #
k

R1 "→ �

�

#

�

#
B/

+QHBKBi �

#

"mi r2 biBHH M22/ iQ i�F2 � +QHBKBi X

�

#

�

#

B/

τ

*�M r2 �// i?Bb Q#D2+i\

LQ5
q2 M22/

ζ(ε+) = ζ(ε(ω+)), ∀+.
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

A7 i?2 FB/b rQMǶi TH�v MB+2Hv-

a2T�`�i2 i?2K5
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

LQM@mMBi�H KQM�/

"2bB/2b i?Bb Q#bi`m+iBQM-

2p2`vi?BM; rQ`Fb }M2X
.QMǶi �HHQr bm#biBimiBQM #v §X
h?2M i?2`2Ƕb � r2HH /2}M2/ KQM�/ T = (h, µT, ηT)
QM :a i?�i ;Qp2`Mb +QMi`�+iBQM �M/ KmHiBTHB+�iBQMX
Cmbi MQi KmHiBTHB+�iBp2 mMBibX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

*QK#BM�iQ`B+b Q7 mMBib R, h?2 KQM�/

A7 a ?�b � mMBi�H KmHiBTHB+�iBQM ε : C → ak- i?2M Bi ?�b /BbiBM;mBb?2/ 2H2K2Mib ak,

ε(+) ∈ ak, 7Q` �HH + ∈ C,

XXX #mi �HbQ BM ay5
Q(+) = ζε(+) = Q(ω+), 7Q` + ∈ C.

aQ- i�F2 2M/Q7mM+iQ` . : :a → :a i?�i �/DQBMb i?2b2 2H2K2Mib,
@ 7Q` 2�+? + ∈ C- �// �M 2ti`� 2H2K2Mi ε++ iQ ak-
@ 7Q` 2�+? Q`#Bi +̃ Q7 ω BM C- �// �M 2ti`� 2H2K2Mi Q++̃ iQ ay-

h?Bb 2ti2M/b iQ � KQM�/ D = (., µD, ηD) QM :aX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

.Bbi`B#miBp2 H�r

L�im`�H i`�Mb7Q`K�iBQM λ : h. ⇒ .h

φ1

φ2 φ3

A7 �HH p2`iB+2b �`2 /2+Q`�i2/ #v a- /Q MQi?BM;5

A7 G ?�b p2`iB+2b /2+Q`�i2/ #v a- /2H2i2 �Mv p2`iB+2b /2+Q`�i2/ #v ε+

ε++

φ1

φ2 φ3

φ1

φ2 φ3

Pi?2`rBb2 ε++ ε++ ε++ ε++ε++

ε++

ε++

Q+
+̃Q+

+̃
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� bQHmiBQM5

h?2Q`2K U_X kykyV
h?2`2 �`2 KQM�/b T = (h, µT, ηT) �M/ D = (., µD, ηD) QM :a �M/ � /Bbi`B#miBp2 H�r
λ : h. ⇒ .h bm+? i?�i O = DT QM :aX

G2i :a∗ #2 i?2 +�i2;Q`v Q7 D@�H;2#`�bX

h?2Q`2K U_X kyR3V
h?2`2 Bb � 7mHH- /2Mb2 bm#+�i2;Q`v :`∗ Q7 :a∗ bm+? i?�i
i?2 BM/m+2/ KQM�/ T∗ QM :a∗- ?�b �`BiB2b :`∗X
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� bQHmiBQM5

Ξ ! "

7X7X
!! JP

7Q`;2i
""

L !! Sa?(Ξ)
D∗
""

P!
∗
! "

7X7X
!! :`∗ !

"

7X7X
!!

D #XQX

##

:a∗

7Q`;2i
""

! "

7X7X
!!

7`22

##

Sa?(:`∗)

""

P! ! "
7X7X

!!

#XQX
##

:` ! " 7X7X
!!

#XQX
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:a ! " 7X7X
!!
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##
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

*QK#BM�iQ`B+b Q7 mMBib k, :`�T? KQ`T?BbKb

1M/Q7mM+iQ` . : :a → :a i?�i �/DQBMb,
@ 7Q` 2�+? + ∈ C- �// �M 2ti`� 2H2K2Mi ε++ iQ ak-
@ 7Q` 2�+? Q`#Bi +̃ Q7 ω BM C- �// �M 2ti`� 2H2K2Mi Q++̃ iQ ay-

q?�i /Q i?2 �H;2#`�b HQQF HBF2\

h`BTH2b (a, ε, Q)
◦ a Bb (C,ω) @ ;`�T?B+�H bT2+B2b
◦ ε : C → ak Bb BMD2+iBp2 mMBiX
◦ Q : C → ay 7�+iQ`b i?`Qm;? C/ωX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

SQBMi2/ ;`�T?B+�H bT2+B2b

:a∗
/27
= �H;(D)

� TQBMi2/ ;`�T?B+�H bT2+B2b (a, ε, Q) Bb,
� (C,ω)@;`�T?B+�H bT2+B2b a -

ε : C → ak Bb BMD2+iBp2 mMBi X

Q : C → ay 7�+iQ`b i?`Qm;? C/ωX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

SQBMi2/ ;`�T?B+�H bT2+B2b

P!
∗ :a∗

/27
= Sa?(P!

∗ )

� P!
∗ @T`2b?2�7 a∗ Bb,

P! � (C,ω)@;`�T?B+�H bT2+B2b a -

rBi? �/DQBM2/ KQ`T?BbKb,
m : k → § bm+? i?�i
@ m ◦ +?1 = B/§ m ◦ +?2 = τ,
@ τ ◦ m = m ◦ σk ∈ P!(k, §),

ε = a∗(m) : C → ak Bb BMD2+iBp2 mMBi

x : y → §
x = τ ◦ x Q = a∗(x) : C → ayX

j8f98



.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

q?�i b?QmH/ i?2 KQM�/ T∗ QM :a∗ /Q\

A;MQ`2 p2`iB+2b /2+Q`�i2/ #v mMBib

lMBib\

ε+ ε+ ε+ ε+
ω+ ω+ ω+ ω+ ω++ + + ++

1 2
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

q?�i b?QmH/ i?2 KQM�/ T∗ QM :a∗ /Q\

*QMi`�+i2/ mMBib\ A/2MiB7v y@;`�T?b /2+Q`�i2/ #v U+QMi`�+i2/V mMBib

ε +

ε+

ε+

ε+

ω+

+

+

ω+

ω+ +

+ ω+

Q+̃ ε ω
+ε

ω
+

εω+

εω+

+

ω+

ω+

+

+ ω+

ω+ +

>Qr /Q2b i?Bb rQ`F\
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

JQ`2 ;`�T? KQ`T?BbKb

6�+iQ`Bb�iBQM QM :`∗ _B;?i,JQ`T?BbKb 7`QK :`X
G27i, .2H2i2 #Bp�H2Mi p2`iB+2b �b HQM; �b i?2`2 Bb �i H2�bi QM2 `2K�BMBM; p2`i2t
UT`2b2`p2b ;`�T? #QmM/�`vV- �M/ aT2+B�H KQ`T?BbKb

◦ m : k → §- ◦ x : y → §- ◦ κ : W → §X
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

h?2 HB7i2/ KQM�/ T∗ QM D �H;2#`�b

φ1

φ2 φ3

A7 �HH p2`iB+2b �`2 /2+Q`�i2/ #v a- /Q MQi?BM;5

A7 G ?�b p2`iB+2b /2+Q`�i2/ #v a- /2H2i2 �Mv p2`iB+2b /2+Q`�i2/ #v ε+

ε+

φ1

φ2 φ3

φ1

φ2 φ3

Pi?2`rBb2 ε+ ε+ ε+ ε+ε+

ε+

ε+

Q+̃Q+
+̃
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

� KQM�/ 7Q` KQ/mH�` QT2`�/b\

JQ`T?BbKb BM H27i +H�bb Q7 :`∗@7�+iQ`Bb�iBQM T`2b2`p2 #QmM/�`v 2t+2Ti �i
x : y → § �M/ κ : WK → §X

h∗a§ = a§ = (C,ω).

h∗as, 2[mBp�H2M+2 +H�bb2b Q7 ;`�T?b G- rBi? ∂G ∼= s- /2+Q`�i2/ #v a,

a(G) /27
= HBK(u,#)∈(P!↓G) au

*QHBKBi Qp2` ;`�T? KQ`T?BbKb BM i?2 H27i +H�bb rBi?
}t2/ #BD2+iBQM

s ∼= ∂G

2t+2Ti �i (§, +)X
9yf98
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

_2K�`Fb QM +QMbi`m+iBQM

◦ LQ HQQT Q#D2+ib �//2/ iQ i?2 +QMbi`m+iBQMX
◦ x : y → § +QK2b /B`2+iHv 7`QK i?2 /2}MBiBQM
◦ κ : W → § ;Bp2b +QMi`�+iBQMX
◦ P#i�BM KmHiBTHB+�iBQM 7Q` KQM�/ T∗ #v HQQFBM; �i QMHv MB+2 `2T`2b2Mi�iBp2bX
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

q2�F KQ/mH�` QT2`�/b, >�+FM2v- _Q#2`ibQM �M/ u�m- kyky

h?2Q`2K U>�+FM2v- _Q#2`ibQM- u�m- kykyV
h?2 ;`�T?B+�H +�i2;Q`v l ⊂ Ξ Bb /2Mb2 BM JP.
1bb2MiB�H BK�;2 Q7 M2`p2 b�iBb}2b i?2 bi`B+i a2;�H +QM/BiBQMX
h?2`2 Bb � KQ/2H +�i2;Q`v bi`m+im`2 QM ba2ilQT r?Qb2 }#`�Mi Q#D2+ib �`2 i?Qb2 a
b�ibB7vBM; i?2 r2�F a2;�H +QM/BiBQM,
7Q` �HH G-

a(G) 3 HBK(*,#)P!↓G a(*).
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.2}MBiBQMb �M/ 1t�KTH2b Pp2`pB2r Q7 `2bmHib �M/ K2i?Q/b :`�T?b �M/ HQQTb *QK#BM�iQ`B+b Q7 mMBib

q2�F KQ/mH�` QT2`�/b, *Q`QHH�`v �M/ Q#b2`p�iBQM

Ai 7QHHQrb 7`QK i?2 T`QQ7 �M/ *�pB;HB� �M/ >Q`2H- kyRe

*Q`QHH�`v U_�vMQ`- kykyV
h?2`2 Bb � KQ/2H +�i2;Q`v bi`m+im`2 QM ba2iΞQT r?Qb2 }#`�Mi Q#D2+ib �`2 i?Qb2 a
b�ibB7vBM; i?2 r2�F a2;�H +QM/BiBQM,
7Q` �HH G-

a(G) 3 HBK(*,#)P!↓G a(*)

Ai `2K�BMb iQ +QKT�`2 i?2 p2`bBQMb Q7 r2�F KQ/mH�` QT2`�/b bQ Q#i�BM2/X
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1ti2M/BM; i?2 7`�K2rQ`F- +QM+Hm/BM; `2K�`FbX

.B`2+iBQMb
@ *B`+mBi �H;2#`�bf KQ/mH�` QT2`�/b rBi? T`Q/m+i �M/ M2`p2 i?2Q`2KX
@ >B;?2` KQ/mH�` QT2`�/b

�TTHB+�iBQMb
@ 1ti2M/2/ +Q#Q`/BbK +�i2;Q`B2bX
@ ;2QK2i`B+ �TTHB+�iBQMb 7`QK i?2 +QM2XX

hQ #2 +QMiBMm2/XXX
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