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1.1 ���	��

���������

&('*)U+i-j/21 (Topological Field Theory ����� TFT 3��	��� ) 3��! #"%$'&)(i-�/<1+*!,

$UX+-/.10�*32547698:6<;j-S-�,%=?>
@BADCFEG@#H76U3�I�8�>#0#�KJ'L!MBN�O -0/H1�*P,P$#QA3

R

8P>B0
3S2

� 4 r�si- Yang-Mills /H1UTNWWV:@YX TFT (Witten,1988 Z [1], � � �)

� 3 r�si- Chern-Simons /<15T�W<V[@�X TFT (Schwarz,1978 Z [2]; Witten,1989 Z [3], � � �)

� 2 r�si- Non-Linear � -Model Q
=9\G=]"
$ TFT (Witten,1988 Z [4], � � �)

� 2 r�si-#^)_<aHbF`
A?a�b TFT ( c	d � e ,1991 Z [5])

3�8�fFX�;�-�*Dgh=]"Pi)8�>B01��j*4F2+4�-Dk)l<r�s (2 2 4 r2s ) -j+)m
3]nFl(r�s (3 rNs ) -�+

m 3]4Wo�pPT5p<MP*Bq+f#i/r�>W01��;Wfi3ts)8Nr�s%-+;�-�A?u5v1i�;?838<-F.D0+*F2Ywi4BuUv1M#8

4.3WT7@?>D01�x4?"�Qy=tC)Eh@1H
603tI[6|-S4F2/k3l(rHs.-U+3m�.10#��zF"+.�2xJ�6]8[6|{�6tT

p<M+*Bq�69QA3

R

8�>W0 3t2<kFl<r�s*-h+�m5T�412'})~%)�T Supersymmetry ( �F� SUSY 3•�y� )

A�a�f#X0/21P*#€3•+T�,/f1i [16] 21z1"�Q7=]‚ƒ@9q+f1X0c<R%d e5g0-�/�1UAW„U$34%3�*).P…�$*3�8

6Y4*3�.D01�!.D0�Q7=t2 SUSY 3‡†�ˆ�TNW'V[@�>W01�)‰)Š.- SUSY 3t8K6~-H4 , ‹<R(T 3YM+$WŒ/•

o0p*q�*+Ž1*Pf/i�85$i3<…3T�4F2h6•>%�S•F‘�.P…F>B’�LD�y;1“!”#L32/•�–%)PM SUSY 3�8h6|uUv

—

;1,AY�>D0+*�2Fz1".4D˜�O%AY™3"+iBšh=Y>7@�Xj/21�.D01��Ž1*�f1XFŒ/•P.<4D‰�ŠP.

R

6 rigid M

SUSY 4D•/‘�.�…FM/8S-F.#0+*�2!Ž#*�f1X�Œ/•�.5;?•1‘h@DH%6j3]0
$%3S2!“+›œf 3•q�f1X0cSR%d e

g�-j/215T�M�=1•F$FA'\�MU�?i)2/z1"�* TFT T)MfY�>D0D�!zh6|8h6ŸžP 3.)2Dk/lSr2s*-h+�m 4#¡

ˆ SUSY T?†�ˆ7TNWWV[@Y>D0#�!n)l(r2s.-0+)m%T�4)2 SUSY 354/¡#ˆ W<V 4�, Y�>D’�LD��.#0�Q

=�2 3 r�s*- Chern-Simons/�1 41z1"+.<¢K£5-�/21 33@Si#uUv3$�4%3S*3.!…/>D0D��;1“�”1L 3 r

s%-j/217;W2W¤ƒ¥‡¦ _”g�_3§�T?¨�Y‡21Œ�©D&�•(-#ª�.B« YS¬%@tiP…1iFzS-<­�®�AW¯5$�4%3S.�2 2 r

s*-0/21UT�M+$34.3�*#gh=•"Pi�8!>B0 [3] ��bP>!Y�21n)l(r�s 3•kFl%r�s 3]4W°5f)X!Y9r�X Y�07$

WWV
T�, Yt>#0D��X3±�2#w�²S-/C)E�.S4#n3l(rHs.-5;0-<4W³ X!MF8�4.3<T7@?i�2)´µ=•k�l(rHs.-

C/E7A5@YXF8 3•I�8!>#0#�

1.2 ¶�·

Witten *#¸�¹/i TFT AYaU“)¬�@SX 3W…FT5JYL3M+4(3BA

R

f#X�Q 3t8)8�>W0 3t2F>WºH6U7 3�@

i<4)2/}�~.)PTH4UL2MH1%)PMD˜HOH/<1�AWu%v1X�8�2F&F»�¼!½Sb�¾�TjJK@Yi0a<b5M 4 r�si-)Œ)•*-

¿

-0/<1%AWu�v/X�8�2+,�$B8%4!À _'ÁFÂDÃFM)L�Q�A'Ä�Å�T�,�$YÆ!Ç!È Y�¾
v/i5;5aHb5Mj/H17A<u

v#X�8!2f3�8G6<4.3Y.y@�XD��zF"�.�2#É 4�4BL�MBÊ<17AU@?>x@�X#�3w%L�MH1.)�M#˜2O</<1�*P,P$

3!@?>#0#�+z�L!Mj/S1 41jPËPT<43>�±�.�…/i�8PM)8%-�.105*�2P,�$.3!@Y>y@)›�6Ì�+z(-U/H1�./&

qyJ�6‡8K6•L�*<Í!Î�Ï#ÐSL ( Ñ�Ò)ÓNRNc�ÒD¦ ) T)M�f#i/85$BQ)2 3�8h6Y4*3<A'uUv#i/Ô�>B0#��8�>)2

,�$WÑ/ÕKÖ‚R�×�R O *�,)f/i0+3– x T<Ø�ÙK@Si)85$.33@t2�>�XBÚ -�+�– y T1zS-/Ñ1ÕKÖ‚R�×�RP*

,�f)i)2�z<-DÛ�Ü3Ý

hO(x)O(y)i (1:1)

2



*

���

.+…/Xf3�@?>#0D��z(-A3B…�T�4Y"�*xJYLPMHWBl%T�M�fFi�8�$DQ32A3Y8:6'4.3BA����Pi)ÔP>

0#�!‰3Ši4�4�" 4���	5TWØ3Ù�07$?_5T3M3f)iF8�i)2

hO(x)O(y)i =
1

jx � yj
; ,�$B8(4 e� mjx� yj (1:2)

3?M Y�>#0#�
��	
3t8:6#-<4�À _'Á/ÂDÃ3A
��¹W"� ���>�$�;j-�.D01� 314F”1*)21w(LNMH1�AWuUv

>W0 3t2FÀ _YÁBÂWÃD*,LNM����+.1{µ=]{ƒ=N3”6�8�i
@S>18�>W0#��zK6 0%$*3t2),!$1À�_?ÁBÂ<ÃFT,W

@Si(4���8%H%6ST1Ô5v�$DQU;�@•"5M/8µ@t2/q 6tÀ _'ÁFÂBÃ�TNWx@YiS4��K����8�H76tT1¯Uv!$#Q5;

@]"5M181��±�Q
=S2
J#4DQ!,P$������ ( �,^ g����)×j^ g

—

ÆP§%-�� ) -�� YYT12�À _'Á1ÂBÃ/*D‚

@��h=! 1HU6•M�"$#+.�,<"� /2���	 3

R

6‰-H4 well-de�ned T�MFf#i)2&%�Q�'U�)(+Q+$+*+*B07$WL

.D0�*)2�À _'Á#ÂBÃ/*,�$��� -�><X YST��h=� YL.-&/)M%�Yi 2#oPpPT�0U…����K=S8�.x@�>K6?H�6

M�"1# ( 2�v) /2�Ò43PÂ#Ã,w,R1¦ -655L47�8.-5H�6•MDo�p+TW˜HO.-!9�8/– ) .(4/2�%�*,:
4DfFi)8

$j-3Q!,)L3> Y;'%��(�Q YS>W’�LD�=<Bf3…N-BÛ3Ü)Ý (1.1) *1§ (1.2) -�H76•M?>�@�T�M�f/iF8�$*3

07$i3Y2PÀ _'ÁFÂBÃ/*P,P$!A#•ƒ@�XDÝ -?� Y�T��G=� C-�.32)&/»�¼�½%b)¾(a<bF` -�H76tM�;0-�*

B

"�iF8U$W2 3

R

v/>B01�
4Y"UA broken phase 3Y��C�>#0#�3‰�ŠED(x]RNcF¦�M�J2KF`%T�W
@Si<4

broken 3?Q unbroken 3?Q)8:6

R

8

—

A�@�i1'%��g�f/i5$0XP-1.10�*32)&/»�¼�½%b)¾ -UJ2K�`%T

b�8�i(4FzG698:6

R

8

—

A�@?>B’�LD�5.#0�Qy=#4769�!L3.U;�'%�;(+Qy='M/8%XP-1.#0�*32f3/;BQ

�•2U4Y"+*�FHG3*�'7�•g�fFi)85$!H�6tM�I
JP.32/bP>!Y|2#w
FHG3*�K5L�.�85$6L�M ( N
O ) -

¿

.

4B˜HO2/H1 3S8h6#-<4 broken phase .1j$PQ<t"PiF8U$*3•uUv1>D0D��˜�O2+UT3,P$+RN&5*!,�f/i)z

-���YST6�h=�8!.F85$3H�6•M�"�#+.D01�%4S"�T�Jƒ@Si�2B˜�O2/H1.- unbroken phase 3�8h6';�-�A

u%v/i)Ô+>D0#�x4'" 4F2�9�S3m -#˜HOH/<1�TC'UT�@Yi38!i32�À _<Á1Â#Ã�;'oPp+T�05…U�V�h=S8!.

@S>ƒ6]Q�;+@]"�M/8�2 3t8K6•/21�.B01�����%)�M?W!XUM�R,& -�� Y•.��ƒ=� ]-).H43MU�•218<X3 0

Qy=&Y!>3.1oPp+T�0U…5�S{ƒ=�{K=3@Yi)8�$i3S8:6•/<1�.#0#�+z:6]8G6…+�m
AWu�v/iFÔPX�8 3�8G6

4%3?.D0#�Pz/".4�Z 4 Y;'��V(PQ YS>W’�L�*�2#˜�O</21%A&�1�Pi)8x�

¿

.)2�4j-�H76•M unbroken

phase -j/H1UT�J)0x$‡/$��*#\h=•"3"� /2�F[G)*?K�L3.)8U$ broken phase -#˜�O</21�TBb�8�i�;

/$�U*1\G=•"
$DQU;�@•"5M)8 3Y2�zG698[6…6N7�*P,�f)X5H76•.10#�+z)"+.32/&�»�¼�½%b�¾Sa<bF`

*,\K�

B

"�MF8!.,]
\UT#j$P^<t"+i�8U$!H76�MD–�.U+ -j/<1%AWu7v!$!4.3<T7@Y>#0#�+zG6Ÿ0x$.3

§ (1.2) -+H%6•MW_i4�_�/�±)Q
=S2D&�q	J5-�HU6�M+;�-)*#uUvU=9"%$DQ 3�838!>D0!3S2C'iW2WWl 3

@Si(4

hO(x)O(y)i =

(
const (x = y)
const0 (x 6= y)

(1:3)

3�8G6Y;h-)* 1 b%-1Ï/Ð/` 3�@�iDu5v5=]"P>B0#��4�".4Bj*4V&<'<a�bHL�TFMFf#iF8�>B0#�/&/»/¼�½

bF¾(a<bF`U*/j�P^<�"�i)8�$!H%6tMD˜HO2/<17A<u%v!$i3Y20' WHWDl 4?\�ih&('Sa<b(L�T3M�fFi)8

$i3�8:6<4*3?.#0#�2' W<WBl5*,\�i�&S'(a<bSL�T�M�fFi�8�$�H
6tM�+ -j/<1�*1u%vU=•"
$.3�8G6

4.3Y./0#�x47698+fFXU4*3?*U6N7�±!f)X5H76•.#0#��˜<O - broken phase 3?Q unbroken phase 3

Q)2!Z 4 YY,FL!>!YV'7�V(�Qx='MF8,/<1�.10�*�2)&2qƒJYL�MPÃ
3UTH-0/H1�*P,fY'v!$U-3QA3�8G6

4%3DA'u%v#i)Ô�>x@F›56Ì�

TFT *D¸U¹Fi!¬)i/rPX<-H4 10 Z�Æ1`+± 3�I!8�>D0#�x4j- 3W… Witten *325476‡8h6bah@S8�Ã

3jT<-j/H1�AW��…�cy@SX<X�-#.#0+* [1][4] 2dT1ŒS4�J�6#@�i�4�698h6';�-�A<uUv1XH-)Q
'��V(PQy=

M18 3

R

6]Q�2�%�Q1b+>7='M18,/21�A<uUv1X�M/2 3VeU-�f5¹FX�gP*No!Q�fFX 3�I�8!>D0D��w�.�;W2

TFT 3]4#&Hq!%UM�-3Q)2�M)Q�MFQ�MFLA3#;

R

vFM18U/H1+.10D�!&2q!%�*�h:@�8(-)Q32%J�698h6ji
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SMTU7V9?WUXZY\[2]�^\_

(Supersymmetric Quantum Mechanics)
Ta`b6cC?�Z3UdDGae?K

[6] f

e?g

h2ikj

�8lZm"n\o$p�>rqOskt2uv`wTVxU`(e0K

f

2.1 yDzQ{,|k}H~F•

[Z]�^U_(€$K�>wq

i

e0gU•ƒ‚O„�%†…U‡��

(Hamiltonian)
@?ˆ‰GŠuZ`\�v€$K�3

i2‹

�8Œ"&

i

#2/

•

/FŽ�•$/�-

(Supercharge) Q� ; Q
@ •��"‘,6V&8’�“b7Be$K•”

Q� =
1

p
2

� +

�
1
i

d
dx

� i
dW(x)

dx

�

Q =
1

p
2

� �

�
1
i

d
dx

+ i
dW(x)

dx

�
(2.1)

Q� ; Q
T:`–6Š#2/

•

/FŽ�•$/�-Z3

2 —

d�˜�9

i

`F™Uš

N = 2
�0�U1�€8K

f

[�]�^\_�ov�v€

i

#k›

œ

/�„"�.•Zž

h

dDGVe?Ÿ" 

f x
hc¡

]�� ¢�£

i

W (x)
h

x
� ¤\¥Q�.¦2§\¨HTU7©e0K

f W (x)
�

j

T

@8#Z/

•

/Fª��«��¬U•­„‰Ta®\`(e0K

f �
h0¯U°

�

•w±"²´³\µ

€�•(�

°

Ga€8K¶”

� 1 =

 
0 1
1 0

!

; � 2 =

 
0 � i
i 0

!

; � 3 =

 
1 0
0 � 1

!

(2.2)

� + =
1
2

(� 1 + i� 2) =

 
0 1
0 0

!

(2.3)

� � =
1
2

(� 1 � i� 2) =

 
0 0
1 0

!

(2.4)

j

<bq

h

2
³

2
µ

�

³\µ

o���€

i2·v¸Q¹0º«h

2 »

E�€8K

f

‹Qj

€

i2·v¸Q¹0º

@?•��Q‘,6V&$¼«½�e

7�¾Q6M”

 (x) =

 
' F (x)
' B (x)

!

= ' F (x)

 
1
0

!

+ ' B (x)

 
0
1

!

(2.5)

eZu

i

F =
1 + � 3

2
=

 
1 0
0 0

!

(2:6)
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ºUÂ�Ã

]ƒTv7©e$K

f

j

6$7©e$KƒT

i

2 »

E

·�¸�¹0º

�H6:Ä0Å

»

E(3�¿ZÀ©„b‚VÁ�…kÆ

!Zo

»

E

i�Ç

»

E�3UÈ�É2…,Æ0!vo

»

E,@ Êb7ce$K

f

[v]�^\_�Ë�>rq0¿vÀ­„–‚:Á«�83

1 —

`«=8>v`

o.`F>D7B>Uo,L

i8·U¸�¹$º

�$ÌFÍ�Î(Ï

H
3�ÐZÑvEZÒ–7ce0KÓ”

H ' H B � H F (2.7)

j

�"‘56ao$¥�ÔU€8W\X�Y«o0�U1«&�o�˜Z9v`Fe8K

f � +
h

¿vÀB„�‚:Á«�.�.Õ

»

ÂUÃ

]

i

� �
h

¿vÀB„

‚:Ák�.��Ö.×

ÂFÃ

]‰T­oHG:e8K

f

j

<

h�i

4­˜\Ä23w4?˜�ÄZ€QC?`U`\ \€.K�3

i

�U�cØD��¬5Ù0��T
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j

6 � =

j

T­&k7©e?K

f

‹

<(€

i

S��2š

i

¿2À©„–‚ŠÁU…QÆ !2o����

jf i (2 H F )
&

Q� @��Q>0K

T

0
&vorGVe$K¶”

Q� jf i = 0 (2.8)

jf i
&�¿ZÀB„‰‚ŠÁQ�Z@­ˆ
	D6$T K5=�T

0
i

³

½ K��U=�T

0
TV`b6

j

T©€0K

f

È\É8…«Æ?!2o����

jbi (2

H B )
&

—

`U9«C�
��Q€

Qjbi = 0 (2.9)
€$K

f

e5T t�e8KƒT

iQj

6 `�6

j
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���

T

U-W (x; y) �

/�'

.
.

.

x , x

x , y

x

N

(x, y)

(x , x , x )

3

32

2

1

1

(x; y)
X

(x1; x2; x3)
X

�O�

�

Q

:

�!354 ���7" 8�{ :

(x1; x2; x3) =

 
2x

1 + x2 + y2 ;
2y

1 + x2 + y2 ;
x2 + y2 � 1
1 + x2 + y2

!

(x; y) =
�

x1

1 � x3
;

x2

1 � x3

�
(A.1)

6 Z

 

r

U = S2 � f N g �

9

4

,

�

T

U-W 9

'&+

_

*

%

 

{A9

r-,�)

N �

9

4

,

Q��

T

U3W&9

'�+�,

�

8

`	*

����6

 

�

��Q V = S2 � f Sg �

9

4

,

r�:

�!3�4 �

b$8

 

�

T

U�W (u; v) E

/�'

4�8\{ZY

[

14: \ Pq] V = S2 � f Sg �

���

T

U-W (u; v) �

/�'

(v ����>

)

Q��TS

,

6 �;3<4 ���

+�,

�

# � v �&E x2 �

X

d	�u>

)

�
�T#

X

r

\ Pu] U
X

V �

l

"��

*/`

��
 (A.6) 9 w = 1=�z
X��

,

. ���

+�,

4 8 4 � )

x , u

x

x3

2

1

. .
.

(u, v)

 v

(x , x , x )
S 1 2 3

(u; v)
X

(x1; x2; x3)
X

���

�

Q

:

��354 ���%"(8�� :

(x1; x2; x3) =

 
2u

1 + u2 + v2 ;
� 2v

1 + u2 + v2 ;
1 � u2 � v2

1 + u2 + v2

!

(u; v) =
�

x1

1 + x3
;

� x2

1 + x3

�
(A.2)

6�� 2 ���#\ Pk] U;V
 

2
:

I�#

�

S2
���

,

�#L<�

9

4

,

�

T

U�W E

'

ZL#�6

X

9

 

)

8T4k_
�

\ Pu]�9 2 �?DI#��

 

r

U \ V = S2 � f N ; Sg �-d�� L<�

9

4

,

r

U
X

V
X

 ��

�I#��

T

U�W0�

�

9������ K�ZL#�6

X

���7" 8����-"&S

�

r

L (x1; x2; x3) = (0; 1; 0) Q U
 

Q (x; y) = (0; 1)
 

r

56



V
 

Q (u; v) = (0; � 1)
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