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2 {{{¤¤¤

360c�§ÔnÆ[}Át��r�p�^�'��þ¢�êâ�¹Â"���3�þ
�âf(½/���0)§ù��¹�U^·Ï5£ã�T�"��´*	��
5Æµ

•���5�Regge1�"<�5¿�§ù
�þ������þé§��g^�
ã§���A�´��

m2 =
J
α′

, (2.1)

Ù¥α′ ∼ 1 GeV−2"��J = 11/2Ñ�y
ù�'X"

• s-téó5"XJ·��Äü�rf→ü�rf(1, 2 → 3, 4)�Ñ��Ì§@o§�
±^MandelstamØCþ5£�

s = −(p1 + p2)2 , t = −(p2 + p3)2 , u = −(p1 + p3)2 , (2.2)

Ù¥s + t + u =
∑

i m2
i"·�æ^Ýþ�ÎÒ�(− + ++)"ù���Ì�6urf��

þfê£~XSU(3)¤"�Ä��Ü©§3��m¥§´Ì�é¡�"éué¡�o�
Ì§§3Äþ�mpi¥�7L´Ì�é¡�"ù�é¡5�dut ↔ sp�"ù�§�Ì
A÷vA(s, t) = A(t, s)"�Äáu�þMg^J�âf��tÏ���z"@o§3pU
þe

AJ(s, t) ∼ (−s)J

t−M2 . (2.3)

Ï
§é��J�§�sO�§ù�Ü©�Ì�1�C�ØÐ"XJrù«/ª��Ì(
Ü3�å5�E���ã�Ì§@o§éJ > 1�)Ã{���UV uÑ"úª(2.3)��
Ì�?Ûk�¦ÚÑkù«ØÐ�UV1�",
§XJ#NÃ�ê8��§@o�±
��§UV1��UØÓ",	§ù���k�¦ÚvksÏ�4:"

éù��éó�Ì§VenezianoJÑ��ïÆ[1]

A(s, t) =
Γ(−α(s))Γ(−α(t))
Γ(−α(s)− α(t))

, (2.4)

Ù¥§Γ´IOΓ¼ê§�k
α(s) = α(0) + α′s . (2.5)

|^Γ¼ê�IO5�§�±�y�Ì(2.4)kÃ¡õ�s, tÏ��4:µ

A(s, t) = −
∞
∑

n=0

(α(s) + 1) . . . (α(s) + n)
n!

1
α(t)− n

. (2.6)

3ù�Ðmª¥§(2.4)�s ↔ tp�é¡5Ø²w"3(2.6) ¥�4:éAuÃ¡õ�
þM2 = (n − α(0)/α′)Úpg^�âf���"��±�y§Veneziano�Ì�pU1�
'Û�þf|Ø��Ì�§Ú§ÏdÃ¡õ4:´�'­��"

NambuÚGoto��@£�ù���Ì5g�éØunØ"�´§3)ºr�p�^
�ÄåÆ�§ù�nØkA�":"
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yE8×E8½O(32)5�é¡5"

gl80c�@Ï§uØ+���3±YuÐ§3ù
üù�Ù¦Ü©¥§·�ò

)�:"·�yÖö3[5]–[8]¥ÆS��[�?Ø"
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þ§MPlanck ∼ 1019 GeV"§�Newton~êGN ∼ M2
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Planck

∫ Λ

0
dE E3 ∼ Λ4

M4
Planck
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§kr��UVuÑ"¢Sþ§®²���Ô�ÍÜ�EinsteinÚå3�6nØ¥´Ø�
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a) b)

Figure 1: ÏL��Úåf�ü�âf�m�Úå�p�^"
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3.1 :::âââfff

3?Øu�c§Äk5w�e�éØ:âf´k�Ï�"·�òæ^�gþfz�´»
È©�ó"�l����:$Ä�,��:�§:âf²;þ÷X4�´»"g,�^
þ�'uå:Úª:�­.���Ý"

S = m
∫ sf

si

ds = m
∫ τ1

τ0
dτ

√

−ηµν ẋµẋν , (3.1.1)

Ù¥ηµν = diag(−1, +1, +1, +1). �xµ(τ)�Ý�Äþ´

pµ = − δL
δẋµ =

mẋµ√
−ẋ2

, (3.1.2)

l'uxµ(τ)C©�^þ(3.1.1)��Lagrange �§

∂τ

(

mẋµ√
−ẋ2

)

= 0. (3.1.3)

�§(3.1.2)�Ñe����åµ
p2 + m2 = 0. (3.1.4)

e¡�Ñ�KHamiltonþ

Hcan =
∂L
∂ẋµ ẋµ − L. (3.1.5)

r(3.1.2)�\(3.1.5)§·�w�Hcanð�""Ïd§�å(3.1.4) ����NX�Äå
Æ"|^Lagrange¦f§·��±r§\\�Hamiltonþ¥"@o§ù�NX�±^

H =
N
2m

(p2 + m2) (3.1.6)

5£�§l§��

ẋµ = {xµ, H} =
N
m

pµ =
Nẋµ
√
−ẋ2

, (3.1.7)

½ö

ẋ2 = −N2, (3.1.8)

ù�§·�£ã
a��;,"ÀJN=1éAuëêτ�IÝÀJ��k�m"

(3.1.1)¥�²��k��?��5�"�,§égdâf§§vk¯K¶�Ò�·
��¡¤w��§éu��/§§ò´��¯K"�k§éÃ�þâf·�þ¡^��
�^þ½Â´Ø�Ù�"²;þ§�3���À��^þ§§Ø�¹²��§
��#
Ní2�Ã�þ�/"�Äe¡��^þµ

S = −1
2

∫

dτe(τ)
(

e−2(τ)(ẋµ)2 −m2
)

. (3.1.9)

9ÏCþe(τ)�±w�­.�þ�üIe"�A�ÝþA�gττ = e2"(3.1.9)�­#��

S = −1
2

∫

dτ
√

detgττ (gττ∂τx · ∂τx−m2). (3.1.10)
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3­.��­#ëêze§�^þ´ØC�"�ÑÃ¡�­#ëêz

δxµ(τ) = xµ(τ + ξ(τ))− xµ(τ) = ξ(τ)ẋµ +O(ξ2). (3.1.11)

3(3.1.9)¥§C©e��

δS = 1
2

∫

dτ
(

1
e2(τ)

(ẋµ)2 + m2

)

δe(τ). (3.1.12)

�¦δS = 0�Ñée�$Ä�§µ

e−2ẋ2 + m2 = 0 → e =
1
m

√
−ẋ2 . (3.1.13)

C©x�Ñ
δS = 1

2

∫

dτe(τ)
(

e−2(τ)2ẋµ
)

∂τδxµ. (3.1.14)

©ÜÈ©�§·���$Ä�§
∂τ (e−1ẋµ) = 0. (3.1.15)

r(3.1.13)�\(3.1.15)§·����c¡(eq.(3.1.3)) ����§"XJ·�r(3.1.13)�
��\�^þ(3.1.9)§·���c¡��§§§ïá
ü��^þ�²;�d5"

·�òí�:âf�DÂf"d½Â§

〈x|x′〉 = N
∫ x(1)=x′

x(0)=x
DeDxµexp

(1
2

∫ 1

0

(1
e
(ẋµ)2 − em2

)

dτ
)

, (3.1.16)

Ù¥§·�®D�τ0 = 0, τ1 = 1"

3­.��­#ëêze§üIe�¥þ��C�"O(���§k

δe = ∂τ (ξe). (3.1.17)

ù´´»�Û�­#ëêzØCþ"Ï�·��3eþÈ©§ù¿�X(3.1.16) ò�Ñ�
�Ã¡��(J"Ïd§·�I�é­#ëêzØCþ(3.1.17)?15��½"·��
±5��½e�~ê",
§y3(3.1.17)L²·�ØU?�Ú�½"�
t�Ùù�~
ê�±´�o§5¿�âf´»��Ý´

L =
∫ 1

0
dτ

√

detgττ =
∫ 1

0
dτe, (3.1.18)

ù�§·�¤U���õ´e = L"ù´5��½��{�(Teichmüller)ëê��{ü
�~f"e�È©�¹3~ê�ª±9Ù§�ªþ�È©"ù�Ù§�ª´/5�N
È0§·�òDK§"�k§�
¦´»È©Âñ§·�^=�Euclid�mτ → iτ"ù
�§·��e

〈x|x′〉 = N
∫ ∞

0
dL

∫ x(1)=x′

x(0)=x
Dxµexp

(

−1
2

∫ 1

0

( 1
L

ẋ2 + Lm2
)

dτ
)

. (3.1.19)
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y3�Ñ

xµ(τ) = xµ + (x′µ − xµ)τ + δxµ(τ), (3.1.20)

Ù¥§δxµ(0) = δxµ(1) = 0"ù�L�ª�cü�L«²;´»"Þáδxµ�ÿÝ´

‖ δx ‖2=
∫ 1

0
dτe(δxµ)2 = L

∫ 1

0
dτ(δxµ)2, (3.1.21)

¤±§
Dxµ ∼

∏

τ

√
Ldδxµ(τ). (3.1.22)

u´§

〈x|x′〉 = N
∫ ∞

0
dL

∫

∏

τ

√
Ldδxµ(τ)e−

(x′−x)2

2L −m2L/2e−
1

2L

∫ 1

0
(δẋµ)2 . (3.1.23)

�¹δẋµ�GuassÈ©�á=�Ñ

∫

∏

τ

√
Ldδxµ(τ)e−

1
L

∫ 1

0
(δẋµ)2 ∼

(

det
(

− 1
L

∂2
τ

))−D
2

. (3.1.24)

·�7LO��Î−∂2
τ/L�1�ª"�
�Ñ§§·�ÄkO�§����",�§¤

k����Èò�Ñ1�ª"�
�����§·��Äk>.^�ψ(0) = ψ(1) = 0�
���¯K

− 1
L

∂2
τψ(τ) = λψ(τ) (3.1.25)

5¿§du>.^�§ùpk���"�ª�¯K"§�)�

ψn(τ) = Cn sin(nπτ) , λn =
n2

L
, n = 1, 2, . . . (3.1.26)

Ï
§

det
(

− 1
L

∂2
τ

)

=
∞
∏

n=1

n2

L
. (3.1.27)

é²w§1�ª´Ã¡�§·�7Lr§5�z"·�ò^ζ¼ê55�z§Ù¥3

∞
∏

n=1
L−1 = L−ζ(0) = L1/2 ,

∞
∏

n=1
na = e−aζ′(0) = (2π)a/2 . (3.1.28)

N!8�zÏf§·�����

〈x|x′〉 =
1

2(2π)D/2

∫ ∞

0
dLL−

D
2 e−

(x′−x)2

2L −m2L/2 = (3.1.29)

=
1

(2π)D/2

(

|x− x′|
m

)(2−D)/2

K(D−2)/2(m|x− x′|).

ù´3D�¥Iþâf�gdDÂf"�
���ÙG�L�ª§·�7LLÞ�Äþ
�m

|p〉 =
∫

dDxeip·x|x〉 , (3.1.30)

33[13]¥§\���k'ù�¡��õ[!"
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〈p|p′〉 =
∫

dDxe−ip·x
∫

dDx′ eip′·x′〈x|x′〉

=
1
2

∫

dDx′ei(p′−p)·x′
∫ ∞

0
dL e−

L
2 (p2+m2) (3.1.31)

= (2π)Dδ(p− p′)
1

p2 + m2 ,

ù�´F"���"

ùp§·�Aõ��:5º"XJ·�r��Ð©��eip·x Ú��ª���e−ip′·x�

\�´»È©¥§·�����O�ÑÄþ�m��Ì〈p|p′〉"Ïd§�Ìdgdâf
þfåÆÅ¼ê�´»È©�²þ�Ñ"

3.2 ���éééØØØuuu

y3·�^c�!�g�5�Eu��^þ"3:âf��/e§�^þ�'uå:Ú
ª:�m­.���Ý"éuu§�§3��DÂ�§�^þ��u×L�/­.�0
­¡�¡Èk'"Nambu-Goto�^þ½Â�

SNG = −T
∫

dA. (3.2.1)

~êÏfT¦�^þÃ�êz¶§��ê7L´[length]−2½[mass]2"b�ξi (i = 0, 1)´
­.�þ��I§Gµν ´uDÂ�m���Ýþ"@o§Gµν3­.�þp�Ñ��Ý

þµ
ds2 = Gµν(X)dXµdXν = Gµν

∂Xµ

∂ξi

∂Xν

∂ξj dξidξj = Gijdξidξj , (3.2.2)

Ù¥§p��Ýþ´
Gij = Gµν∂iXµ∂jXν . (3.2.3)

ù�Ýþ�^5O�­¡�¡È"XJ��´²"Minkowski�m§@Gµν = ηµν§

�Nambu-Goto�^þC¤

SNG = −T
∫

√

−detGijd2ξ = −T
∫ √

(Ẋ ·X ′)2 − (Ẋ2)(X ′2)d2ξ, (3.2.4)

Ù¥§Ẋµ = ∂Xµ

∂τ ÚX ′µ = ∂Xµ

∂σ (τ = ξ0§σ = ξ1 )"$Ä�§�

∂τ

(

δL
δẊµ

)

+ ∂σ

(

δL
δX ′µ

)

= 0. (3.2.5)

éu�ØÓ«a§·��N\ØÓ�>.^�"34u�/§­.�´��+"XJ·
��σl0 �σ̄ = 2π§>.^�´±Ï5�µ

Xµ(σ + σ̄) = Xµ(σ). (3.2.6)

ému§­.�´�^�f¶3ù«�/e§·��σ̄ = π"²~^��>.^�kü
«4µ

4��±N\ùü�>.^��?¿�5|Ü"3���Ù§·�ò£�ù��>.^��)º"
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• Neumann :
δL

δX ′µ

∣

∣

∣

∣

∣

σ=0,σ̄

= 0; (3.2.7)

• Dirichlet :
δL

δẊµ

∣

∣

∣

∣

∣

σ=0,σ̄

= 0. (3.2.8)

Ò�·�ò3�!(�w��@�§Neumann^�¿�XvkÄþlu�à:�
Ñ"Dirichlet^�¿�Xu�à:�½3��¥"·�Ø2?�Ú?Ø§�§�´§§
��£�uØ¥�(*Ð)�áf(�Ò´Í¶�D-�[10]) k'"

�Xµ�Ý�Äþ´

Πµ =
δL

δẊµ
= −T

(Ẋ ·X ′)X ′µ − (X ′)2Ẋµ

[(X ′ · Ẋ)2 − (Ẋ)2(X ′)2]1/2
. (3.2.9)

Ý
 δ2L
δẊµδẊνkü�"���§éAu��¥þẊµÚX ′µ"ùL«ü��å��)§§�

��5g�ÝÄþ�½Â"§�´

Π ·X ′ = 0 , Π2 + T 2X ′2 = 0 . (3.2.10)

�KHamiltonþ
H =

∫ σ̄

0
dσ(Ẋ · Π− L) (3.2.11)

ð�"§Ò�:âf�/"2gw�§�å��(½ÄåÆ"

3Nambu-Goto�^þ¥�²��¦�þfnØ�?n��E,"·��2gÏLÚ
\­.�þ��kÞáÝþ5{z�^þ"3ù«�{¥§é²"��¥$Ä�u§·
���Polyakov�^þ[12]

SP = −T
2

∫

d2ξ
√

−detg gαβ∂αXµ∂βXνηµν . (3.2.12)

�|Ø¥Ù����§'uÝþC©�^þ�)AåÜþµ

Tαβ ≡ − 2
T

1√
−detg

δSP

δgαβ = ∂αX · ∂βX − 1
2gαβgγδ∂γX · ∂δX. (3.2.13)

�C©�"¿égαβ¦)§Ø��Ïf	§·���

gαβ = ∂αX · ∂βX. (3.2.14)

�é{`§­.�Ýþgαβ²;�dup�Ýþ"XJ·�r§�£�^þ§·��
�Nambu-Goto�^þ"Ïd§��3²;Y²þ§ùü��^þ�d"��Ø�Ù3
þfåÆY²ù´Ä��("ÃØXÛ§�±y²3�.�ê§�´�d�"ly3m
©§·�æ^Polyakov�{5?1uØ�þfz"

ÏL(3.2.12)éXµC©§·���$Ä�§µ

1√
−detg

∂α(
√

−detggαβ∂βXµ) = 0. (3.2.15)

12



l
§3Polyakov�{¥�­.��^þ�¹ÍÜ�ÄåÆ��Ýþ�D���Iþ
|Xµ§·�Ïd�±�ÄÍÜ�Ô����þfÚånØ"k<�U¬¯§´ÄkÙ
§��±\\�(3.2.12)"®y²�kü«µ�»�

λ1

∫
√

−detg (3.2.16)

ÚGuass-Bonnet�
λ2

∫
√

−detgR(2), (3.2.17)

Ù¥§R(2)´�gαβ�'���Iþ­Ç"ù�Ñ
­.��Eulerê§§´ÿÀØC
þ"Ïd§ù
�ØUK�u�Û�ÄåÆ§�§�Ñïþ�«ØÓÿÀ�Ïf"ØJ
y²§(3.2.16)²;þ7L�""¢Sþ§éλ1 6= 0§²;$Ä�§¿�Xgαβ = 0§ù�
Ñ
²T�ÄåÆ"·�Ø2�Ä§"ému§kÙ§�U��§§½Â3­.��>
.þ"

·�ò�ÄPolyakov�^þ�é¡5µ

• Poincaré ØC5µ
δXµ = ωµ

ν Xν + αµ , δgαβ = 0 , (3.2.18)

Ù¥§ωµν = −ωνµ¶

• Û���­#ëêzØC5µ

δgαβ = ξγ∂γgαβ + ∂αξγgβγ + ∂βξγgαγ = ∇αξβ +∇βξα,

δXµ = ξα∂αXµ,

δ(
√

−detg) = ∂α(ξα
√

−detg); (3.2.19)

• �/(½Weyl)ØC5µ
δXµ = 0 , δgαβ = 2Λgαβ. (3.2.20)

du�/ØC5§AåÜþò´Ã,�"¢Sþ§ù��´�(�"�Ä3?¿�
��ê��^þS(gαβ, φi)"·�b�3�/C�e§´ØC�

δgαβ = 2Λ(x)gαβ , δφi = diΛ(x)φi . (3.2.21)

3Ã¡��/C�e§�^þ�C©´

0 = δS =
∫

d2ξ
[

2
δS

δgαβ gαβ +
∑

i
di

δS
δφi

φi

]

Λ. (3.2.22)

|^é|φi�$Ä�§§= δS
δφi

= 0§·���

Tα
α ∼

δS
δgαβ gαβ = 0 , (3.2.23)
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��=�di = 0�§§ØI�|^$Ä�§"ù´dPolyakovzyl£ã�Bosonu��
/§
vkFermion*¿"

Ò�·�é|^­#ëêzØC5�:âf�±�½e(τ)��§·��rgαβ�z

�ηαβ = diag(−1, +1)"ù¡��/5�"Äk§·�ÀJ��¦Ýþ�/²"�ëê§
=

gαβ = e2Λ(ξ)ηαβ. (3.2.24)

�±y²§3��¥§éÿÀ²T�­.�ùo´�±�"�¡·�ò?Øé�²Tÿ
ÀÑy��©¯K"

|^�/é¡5§·��?�ÚrÝþ�z�ηαβ"·��æ^/1I�I0

ξ+ = τ + σ , ξ− = τ − σ. (3.2.25)

ÝþC¤

ds2 = −dξ+dξ−. (3.2.26)

Ýþ�©þ�

g++ = g−− = 0 , g+− = g−+ = −1
2

(3.2.27)

Ú

∂± =
1
2
(∂τ ± ∂σ) . (3.2.28)

3�/5�e§Polyakov�^þ�

SP ∼ T
∫

d2ξ ∂+Xµ∂−Xνηµν . (3.2.29)

ÏL?1�/5�§·�vk���½¤k­#ëêz"AO´§­#ëêz

ξ+ −→ f(ξ+) , ξ− −→ g(ξ−) (3.2.30)

==3Ýþc¡�
��Ïf∂+f∂−g§Ïd§§��±^d2ξ �C�Ö�"

5¿§ùp·��Ðkv
�é¡55���½Ýþ"3d�­.�þ§��Ýþ
kd(d+1)/2�Õá©þ"|^­#ëêz§§��d�©þ�±��½"�/ØC5�
½��N\©þ"�{�©þ�ê8´

d(d + 1)
2

− d− 1. (3.2.31)

3d = 2(u)��/e§§�u"§�éd > 2(�)Ø�u""ù¦aq?np�*Ðé�
´k¯K�"

·�òl�/5�e�Polyakov�^þ(�§(3.2.29))5í�$Ä�§"ÏLéXµC

©§·���(3©ÜÈ©�)µ

δS = T
∫

d2ξ(δXµ∂+∂−Xµ)− T
∫ τ1

τ0
dτX ′

µδX
µ. (3.2.32)
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|^é4u�±Ï>.^�Úému�

X ′µ|σ=0,σ̄ = 0 (3.2.33)

·���$Ä�§

∂+∂−Xµ = 0. (3.2.34)

=¦5��½�§Ýþ�$Ä�§�7L�N\þ"§�´

Tαβ = 0, (3.2.35)

½

T10 = T01 = 1
2Ẋ ·X ′ = 0 , T00 = T11 =

1
4
(Ẋ2 + X ′2) = 0, (3.2.36)

§��±��

(Ẋ ±X ′)2 = 0. (3.2.37)

ùÒ´Virasoro�å"§�aqu3uØ¥�Guass½Æ"

31I�I¥§AåÜþ�©þ´

T++ = 1
2∂+X · ∂+X , T−− = 1

2∂−X · ∂−X , T+− = T−+ = 0. (3.2.38)

ù����L�ª�duT α
α = 0¶§´²T÷v�"UÄþÅð∇αTαβ = 0C¤

∂−T++ + ∂+T−+ = ∂+T−− + ∂−T+− = 0. (3.2.39)

|^(3.2.38)§ùL²
∂−T++ = ∂+T−− = 0 (3.2.40)

§��ÅðÖ

Qf =
∫ σ̄

0
f(ξ+)T++(ξ+), (3.2.41)

éT−−aq"�
4·��&Qf�(Åð§I�O�

0 =
∫

dσ∂−(f(ξ+)T++) = ∂τQf + f(ξ+)T++

∣

∣

∣

σ̄

0
. (3.2.42)

é4u§>.�gÄ��¶ému§·�I�|^�å^�"�,§3nØ¥kÙ§Å
ðÖ§=�PoincaréØC5k'�@
µ

Pα
µ = −T

√

detggαβ∂βXµ , (3.2.43)

Jα
µν = −T

√

detggαβ(Xµ∂βXν −Xν∂βXµ). (3.2.44)

duX�$Ä�§§·�k∂αPα
µ = 0 = ∂αJα

µν"�A�Ö´

Pµ =
∫ σ̄

0
dσP τ

µ , Jµν =
∫ σ̄

0
dσJτ

µν . (3.2.45)
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ù
Ö´Åð�§~X

∂Pµ

∂τ
= T

∫ σ̄

0
dσ∂2

τXµ = T
∫ σ̄

0
dσ∂2

σXµ

= T (∂σXµ(σ = σ̄)− ∂σXµ(σ = 0)). (3.2.46)

(31�1¥§·�|^
X�$Ä�§")é4u§ù�L�ªgÄ�""ému§·
�I�Neumann>.^�"ùp§·�w�ù
^�¿�XvkÄþ�Ñu�à:"Ó
��±A^��Äþ"

3.3 ���fffÐÐÐmmm

y3·�¦)k·�>.^��Bosonu�$Ä�§§

∂+∂−Xµ = 0 , (3.3.1)

�d§·�7L©mé�muÚ4u"·�Äk�Ä4u�/"

• 4u

éÓ�÷v±Ï^�

Xµ(τ, σ + 2π) = Xµ(τ, σ)

��§(3.3.1)§���)�©¤�£ÄÚm£ÄÜ©µ

Xµ(τ, σ) = Xµ
L(τ + σ) + Xµ

R(τ − σ), (3.3.2)

Ù¥§

Xµ
L(τ + σ) =

xµ

2
+

pµ

4πT
(τ + σ) +

i√
4πT

∑

k 6=0

ᾱµ
k

k
e−ik(τ+σ),

(3.3.3)

Xµ
R(τ − σ) =

xµ

2
+

pµ

4πT
(τ − σ) +

i√
4πT

∑

k 6=0

αµ
k

k
e−ik(τ−σ).

αµ
kÚᾱµ

k´?¿Fourier�§k����ê"¼êXµ(τ, σ) 7L´¢��§¤±§·�
��
xµÚpµ�7L´¢��§�k§·�Uí�Ñα�e�¢�^�µ

(αµ
k)∗ = αµ

−k Ú (ᾱµ
k)∗ = ᾱµ

−k (3.3.4)

XJ·�½Âαµ
0 = ᾱµ

0 = 1√
4πT

pµ§·����

∂−Xµ
R =

1√
4πT

∑

k∈Z
αµ

ke−ik(τ−σ), (3.3.5)

∂+Xµ
L =

1√
4πT

∑

k∈Z
ᾱµ

ke−ik(τ+σ). (3.3.6)
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• mu

3mu��/e§·�y3í��fÐm(3.3.3)"�O±Ï5^�§y3·�7L
N\þNeumann>.^�

X ′µ(τ, σ)|σ=0,π = 0.

XJ·�O�ÅÄ�§�)§·���e�^�µ

X ′µ|σ=0 =
pµ − p̄µ
√

4πT
+

1√
4πT

∑

k 6=0

eikτ (ᾱµ
k − αµ

k), (3.3.7)

lùp§·���Ñe�(Øµ

pµ = p̄µ Ú αµ
k = ᾱµ

k

·�uy§�£Ä�Úm£Ä�)�>.^�·Üå5"3,�à:σ = π�>.
^�ý«k´���ê"Ïd§)C¤
µ

Xµ(τ, σ) = xµ +
pµτ
πT

+
i√
πT

∑

k 6=0

αµ
k

k
e−ikτ cos(kσ). (3.3.8)

XJ·�2g|^αµ
0 = 1√

πT
pµ§·��±�Ñµ

∂±Xµ =
1√
4πT

∑

k∈Z
αµ

ke−ik(τ±σ). (3.3.9)

é¤k�muÚ4u�/§·��±O�u��% /µ

Xµ
CM ≡ 1

σ̄

∫ σ̄

0
dσXµ(τ, σ) = xµ +

pµτ
πT

, (3.3.10)

ù�§xµ´3τ = 0�%� /§§�gdâf��$Ä"^Ó���{§·�UO�
�%Äþ§Ò´u�Äþ"l(3.2.45)·���

pµ
CM = T

∫ σ̄

0
dσẊµ =

T√
4πT

∫

dσ
∑

k

(αµ
k + ᾱµ

k)e−ik(τ±σ)

=
2πT√
4πT

(αµ
0 + ᾱµ

0 ) = pµ . (3.3.11)

3mu�/e§vkᾱ�"

·�*	�§£ãu²;$Ä�Cþ´�% /xµÚÄþpµ§2\þCþαµ
nÚᾱµ

n�

Ã¡8ÜN"ù�N
ù��¯¢µu�±��N��$Ä§�§��±3�«�ªþ
�Ä§�fCþ�ÐL«�ÄgdÝ"

éu��Äþ§���qO�µ

Jµν = T
∫ σ̄

0
dσ(XµẊν −XνẊµ) = lµν + Eµν + Ēµν , (3.3.12)
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Ù¥§
lµν = xµpν − xνpµ , (3.3.13)

Eµν = −i
∞
∑

n=1

1
n

(αµ
−nαν

n − αν
−nα

µ
n) , (3.3.14)

Ēµν = −i
∞
∑

n=1

1
n

(ᾱµ
−nᾱ

ν
n − ᾱν

−nᾱµ
n) . (3.3.15)

3Hamiltonã�¥§éÄåÆCþ(Xµ|Ú§��ÝÄþ)·�k�-τPoisson)
Ò(PB)µ

{Xµ(σ, τ), Ẋν(σ′, τ)}PB =
1
T

δ(σ − σ′)ηµν . (3.3.16)

Ù§)Ò{X,X}Ú{Ẋ, Ẋ}�""éu�fÚ�% /9Äþ§·��±N´/l(3.3.16)
íÑPB"

{αµ
m, αν

n} = {ᾱµ
m, ᾱν

n} = −imδm+n,0 ηµν ,

{ᾱµ
m, αν

n} = 0 , {xµ, pν} = ηµν . (3.3.17)

ému�/§ᾱ��´Ø�3"

Hamiltonþ
H =

∫

dσ(ẊΠ− L) =
T
2

∫

dσ(Ẋ2 + X ′2) (3.3.18)

��±^�f��ª5L�"34u�/§§d

H = 1
2

∑

n∈Z

(α−nαn + ᾱ−nᾱn), (3.3.19)

�Ñ¶ému§§´
H = 1

2

∑

n∈Z

α−nαn. (3.3.20)

3c�!§·�w�3�/5�¥�Virasoro�åÒ´T−− = 1
2(∂−X)2 = 0 ÚT++ =

1
2(∂+X)2 = 0"@o§·�rVirasono�Î½Â�AåÜþ�Fourier�ª"é4u§§
�C¤

Lm = 2T
∫ 2π

0
dσ T−−eim(τ−σ) , L̄m = 2T

∫ 2π

0
dσ T++eim(σ+τ) , (3.3.21)

½^�fL«µ
Lm = 1

2

∑

n
αm−nαn , L̄m = 1

2

∑

n
ᾱm−nᾱn . (3.3.22)

§�÷v¢�^�

L∗m = L−m Ú L̄∗m = L̄−m . (3.3.23)

XJ·�rù
L�ª�(3.3.19)'�§·�w��±^Virasoro�ª��ªrHamiltonþ
�¤

H = L0 + L̄0. (3.3.24)
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ù´��²;�å",���ÎL̄0 − L0´3σþ�²£)¤�§Ò�3Ä�Poisson)
Ò(3.3.16)�Ïey²���"3uþ§vk`k�:�±��åL̄0 − L0 = 05L«"

3mu�/e§3αÚᾱ�mvk�O§Virasoro�ª�±�½Â�

Lm = 2T
∫ π

0
dσ{T−−eim(τ−σ) + T++eim(σ+τ)} . (3.3.25)

^�fL«§ùC¤µ
Lm = 1

2

∑

n
αm−nαn. (3.3.26)

@o§Hamiltonþ´
H = L0.

3�fPoisson)Ò��Ïe§·��±éVirasoro�åí�Ñ)Ò"§�/¤®�
�²;Virasono�êµ

{Lm, Ln}PB = −i(m− n)Lm+n ,

{L̄m, L̄n}PB = −i(m− n)L̄m+n , (3.3.27)

{Lm, L̄n}PB = 0 .

3mu�/§L̄�Ø�3"

4 Bosonuuu���þþþfffzzz

þfz�éØukA«�{µ

•�C�Kþfz§Ù¥§u$Ä�²;CþC¤�Î"Ï�u´���åNX§ù
pkü«ÀJ"1��´þfzÃ�å�Cþ§2rþfnØ¥��å��3Hilbert�
m¥�þ�^�N\þ"ù�L§�±
²w�LorentzØC5§´Î��C�{"

• 1Iþfz"Ò�Kþfz
ó§k,��ÀJ§=3²;Y²)Ñ�å2þf
z"²;�å�)3¤¢/1I05�¥¼�"ù�L§�´�K�§���
²w
�LorentzØC5§�C57L3�¡�y"

• ´»È©þfz"ù�±ÚBRSTEâ(Üå5§k²w�LorentzØC5§�§�
^3�¹<|��*ÐHilbert�m¥"§aqu5�nØ�Faddeev-Popov �{"

¤kùn«þfz�{�±A^Ú'�§?Û�ÿùn«�{��"z��Ñk�

`:§ù�w3þfnØ¥·���¯K�5�§¤±ùn«ÑAùã"

4.1 ���CCC���KKKþþþfffzzz

?1�Kþfz�Ï~�{´^�Î5�O¤k�|Ú^��f�OPoisson )Ò

{ , }PB −→ −i[ , ].
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u´Virasoro�å´7L�«Ôn��Î��å"

æ^�K5½§�fÚ�%±9Äþ���fC¤

[xµ, pν ] = iηµν , (4.1.1)

[αµ
m, αν

n] = mδm+n,0ηµν ; (4.1.2)

34u�/e§éᾱk�q�L�ª§Ó�αµ
nÚᾱµ

n�p�"y3¢�^�(3.3.4)C¤3
�fþ�Hermite^�"XJ·�r(4.1.2)¥�ÏfmáÂ��f¥§·��±r��'
X�¤

[aµ
m, aν†

n ] = δm,nηµν , (4.1.3)

ù�Ð´���fÃ¡8Ü���f��'X"

·�7L��e��¯Ò´§(½�Î�^�Hilbert�m"Ï�·��NX´�
���f�Ã¡8ÜN§¤±ù¿Ø(J"·��(��N�5�EHilbert�m"3
ù«�/e§KªÇ�ªαm, m < 0´L0�,�Î§�ªÇ�ª´ü�Î"y3·�
rHilbert�m�Ä�½Â��¤kü�Î�«��"ùEvk��(½ù��µ·��
7L�Ä�%�Îxµ Úpµ",
§lÄ�þfåÆ���§XJ·�é�zpµ§@où

���±^Äþ5L�"XJ·�^|pµ〉 5L«�§·�k

αm |p〉 = 0 ∀m > 0. (4.1.4)

ÏL^KªÇ�ª�^3ù�Ä�þ§·��±�E�õ��5

|p〉 , αµ
−1|pµ〉 , αµ

−1α
ν
−1α

ν
−2|pµ〉 , etc. (4.1.5)

ùwå5´�¯K§,
µdu�f��f¥�MinkowskiÝþ§·���

| α0
−1|p〉 |2 = 〈p|α0

1α
0
−1|p〉 = −1 , (4.1.6)

ù¿�XkK��"�·�E7LN\²;�åLm = 0"N\ù
�åAT�Ï·�r
kK���lÔnÌ¥DK"

,
§3·��\ïÄ�c§�þfz��²;NX�·�7L?n;.�¹
�
?"²;Cþ´�IÚÄþ�¼ê"3þfnØ¥§�IÚÄþ´Ø�p���Î"�

3þfnØ¥r§�½Â¤�ß��Î§7L���AÏ�^S5½"AO´·�F
"§�3Ôn�þ����´k��¶l
§·�òØ�ØÀ����5?S5½§�
3Ï~�|Ø¥��"�5?Sr¤k��ªÇ�ª�3KªÇ�ª�m>"y3þf

nØ¥�Virasoro�Î^§���5?SL�ª5(½

Lm = 1
2

∑

n∈Z
: αm−n · αn : . (4.1.7)

�kL0é�5?S´¯a�§

L0 = 1
2α

2
0 +

∞
∑

n=1
α−n · αn . (4.1.8)

5ùp§�{üå�§·��Ämu��/"
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Ï�ü��f���f´��~ê§
�Ï�·�ýkØ��ù�~êAT´õ�§
·�r���5?S~êa�)3¹kL0�¤kL�ª¥¶Ï
§·�^(L0 − a)5�
OL0"

y3·��±O�Lm��ê"du�5?Sù7L�©�%/?1"u´Virasoro�
êC¤

[Lm, Ln] = (m− n)Lm+n +
c
12

m(m2 − 1)δm+n,0, (4.1.9)

Ù¥§c´¥%Ö§3ù«�¹ec = d(8I�m��ê½3­.�þgdIþ|�ê
8)"

y3·��±w�·�ØUr²;�åLm = 0N\��Î�å§�Ï´

0 = 〈φ|[Lm, L−m]|φ〉 = 2m 〈φ|L0|φ〉+
d
12

m(m2 − 1)〈φ|φ〉 6= 0 .

ùaquu)35�nØ¥��qy�"3@p§b�
Gupta-Bleuler�{§§(��
å/f0�u""ùp·��±N\3Ôn�þ��å���8Ü´

Lm>0|phys〉 = 0 , (L0 − a)|phys〉 = 0 (4.1.10)

Ú§34u�/e§L̄��d�L�ª"Ï�〈phys′|Ln|phys〉 = 0§ù�²;�å��"

ù�§nØ¥�Ôn�´·�X8�E��§�§�÷v(4.1.10)"lÔn�¥©Ñ
��§´¤¢�/�E�0|spur〉 = L−n| 〉§§��¤kÔn���"$��3Q´Ô
n�q´�E��§�´Ï�§��y²éA�"�§·�F"§�lÔnHilbert�m
òÍ"k��uØÔnÌ��[
E,�©Û§§±Í¶�/Ã<0½n���p:¶
§(²§XJd = 26§d(4.1.10)½Â�ÔnÌ��¹���"·�Ø2?�Ú?Øù�
¡"

·�ò?�Ú©ÛL0^�"XJ·�r3(4.1.10)¥�L0�L�ª^p2 = −m2Úα′ =
1

2πT5�O§·�����^�

α′m2 = 4(N − a) , (4.1.11)

Ù¥§N´U?ê�Îµ

N =
∞
∑

m=1
α−m · αm . (4.1.12)

·��±íüÑ(L̄0 − a)��qL�ª§l§�±��N̄ = N"

4.2 111IIIþþþfffzzz

3ù«�{¥§·�Äk)Ñ²;�å"ù3�·����²;�å"�X§·�r§
�þfz"

31I5�¥§Virasoro�å�)´{ü�"£�?1�/5��§·�E�e�

ØC5µ

ξ′+ = f(ξ+) , ξ′− = g(ξ−) .
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ù�ØC5�^5�½

X+ = x+ + α′p+τ . (4.2.1)

ù�5��(�±��§Ï�Uì5�C�§C����Iσ′Úτ ′7L÷vUÎ�I�
ª�ÅÄ�§§
X+²w´ù�"1I�I½Â�

X± = X0 ±X1 .

y3§N\²;Virasoro�å(3.2.37)§·��±^î��IX i��ª5)X−§ù¿�
X·��±�ØKX+ÚX−§�kî����3"ù�§)Ñ�å�§·���eu�
¤k /ÚÄþ§��kî��f"

@o§1I�f�±^e¡��{5Lã(4u)

α+
n = ᾱ+

n =

√

α′

2
p+δn,0 ,

α−n =
1√

2α′p+







∑

m∈Z
: αi

n−mαi
m : −2aδn,0







, (4.2.2)

Ú��ᾱ−��qL�ª"

y3§·�®²(/)ÑVirasoro�å§�±?1þfz§=^�Î�Oxµ§pµ§αi
n

Úᾱi
n"�Ii3î���þ��",
§·�®²�ï
nØ�²wLorentz�C5"

Ï�ù�1I5��nØå
u��d�¥²wLorentzØCnØ§k<F"5��½
�§ù�ØC5E,Ñy",
§®²y²§3þfnØ¥§ù�326�¥�(§=
3d = 26§Poincaré�êâµ4"

4.3 Bosonuuu���ÌÌÌ

Ïd§·�òb�d = 26¿�©ÛnØ�Ì"31I5�¥§·�®)ÑA�¤
kVirasoro�å",
§é4u§·�E7LN\(L0 − a)|phys〉 = 0Úaq�(L̄0 −
ā)|phys〉"�Öö3e��öS5`²�ka = ā�Ñ
�LorentzØC5gU��²T�
Ì"AO´§ù¿�XL0 = L̄03Ôn�þ"ù��^��aquc�!�@«�ª5

�E"�±l��î��f�ý���|pµ〉Ñu§,�ÏLî��f�Kª�ª��^
5)¤�õ��"

·�l4um©"Ä�´|pµ〉§éu§§·�k��^�α′m2 = −4aÚgUn
Øa = 1¶ù��Ò´(¶H,��1f"

1�-uU?´(N\L0 = L̄0)
αi
−1ᾱ

j
−1 |p〉 . (4.3.1)

·��±^e��ªr§©)¤î�^=+SO(24)�Ø��L«

αi
−1ᾱ

j
−1 |p〉 = α[i

−1ᾱ
j]
−1 |p〉+

[

α{i−1ᾱ
j}
−1 −

1
d− 2

δijαk
−1ᾱ

k
−1

]

|p〉+

+
1

d− 2
δijαk

−1ᾱ
k
−1|p〉 . (4.3.2)
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ù
��±�)º���g^�2�âfGµν(Úåf)§���é¡ÜþBµνÚ��I

þΦ"

LorentzØC5�¦Ôn�´Lorentz+SO(d-1,1)��+�L«§ù��+ék�þ�
´SO(d-1)§éÃ�þ�´SO(d-2)"ù�§·���(Øµ31�-uU?�7L´Ã
�þ�§Ï�L«�SN��§�ØU�|Ü�SO(25)�L«¥"§����^�´

α′m2 = 4(1− a) ,

lùp·�Uí�Ñ�5?S~ê��a = 1§Ò�·�±c(²���"ù�~ê�
�±^8I�m��êdÏLζ¼ê�5�5L«µ@o�±��a = d−2

24 "·���(

ØµLorentzØC5�¦a = 1Úd = 26"

e��U?´�oº§L²
�p-u�(§´SO(24)�g,Üþ)�±��/(Ü
�SO(25)�L«"ù�k�þ�LorentzØC5gU�§�±y²§é¤k���þ�
-u�[5]¤á"

y3§�ÄmuµÄ�q´�1f�"1�-uU?´

αi
−1|p〉 ,

§q´Ã�þ�§
�´SO(24)�¥þL«§Ò�é��26��Ã�þ�¥þAT�@
�"1�U?-u�d

αi
−2|p〉 , αi

−1α
j
−1|p〉 ,

�Ñ§§´SO(24)Üþ¶,
§�����±�SO(24)¥þ�å©)�é¡Ü©Ú,Ü
©§ùn�Ü©�±��/|Ü���é¡�SO(25)k�þÜþ"

3mu�/§·�w�§3��^�α′m2 = (n − 1)�U?n§·�o´k��d�
�n�é¡Üþ£ã��"·��Ñ(Ø§3U?n§��g^�±^�þ�/ªL�

jmax = α′m2 + 1 .

mu#N3à:��Ö"ù
Ò´Chan-PatonÏf§3�½��/�ÑSp(N)½O(N)
.��Abel5�é¡5§3½��/�ÑU(N)."�
á�Ù§N�u)§·�òr
d�IIP�i = 1, 2, · · · ,N�ÖN3mu�ü�à:",�§Ø
Äþ§Ä��±dà
:�Ö|p, i, j〉 5IP§Ù¥§i3��à:§j3,��"3½�u��/§Ã�þ��
´aµ

−1|p, i, j〉§
�§��ÑN2�¥þ�8ÜN"ÏLïÄn�¥þ�Ñ��Ì§�±
y²5�+´U(N)"

3�½��/§·�7L^C�5ÝK¶ù�C�p�u�ü�à:Ω§��=u�
��½�µ

Ω|p, i, j〉 = ε|p, j, i〉 (4.3.3)

Ù¥§duΩ2 = 1§kε2 = 1"ù�§lN2Ã�þâf§�ε = 1��kN(N+1)/2�3
e§/¤Sp(N)���Ý
¶Ó�§�ε = −1§N(N-1)/2�3e§/¤O(N)���Ý

"
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·�®²w�§��gU�Bosonuþfz�¦26���ê"ù��ê¡��.�
ê"uØ��±½Â3�u26�§¤±¡���.�"§�Ø´Lorentz ØC�"�[
ë�[8]"

4.4 ´́́»»»ÈÈÈ©©©þþþfffzzz

3�!§·�òlPolyakov�^þm©§|^´»È©5þfzu"�ÄBosonu��
©¼ê

Z =
∫ DgDXµ

Vgauge
eiSp(g,Xµ) , (4.4.1)

5g��ÿÝ½Â�

||δg|| =
∫

d2σ
√

ggαβgδγδgαγδgβδ ,

||δXµ|| =
∫

dσ√gδXµδXνηµν .

ù��^þ´WeylØC�§�ÿÝØ´"ù¿�X§��/§3þf|Ø¥§WeylÏ
fòÍÜ�|�Ù{Ü©"·��±|^�/­#ëêz5­#IÝ·��Ýþ

gαβ = e2φhαβ .

3­#ëêzÚWeyl­#IÝe§Ýþ�C©�±©)�

δgαβ = ∇αξβ +∇βξα + 2Λgαβ = (P̂ ξ)αβ + 2Λ̃gαβ, (4.4.2)

Ù¥(P̂ ξ)αβ = ∇αξβ +∇βξα − (∇γξγ)gαβ ÚΛ̃ = Λ + 1
2∇γξγ. È©ÿÝ�±��

Dg = D(P̂ ξ)D(Λ̃) = DξDΛ
∣

∣

∣

∣

∣

∂(Pξ, Λ̃)
∂(ξ, Λ)

∣

∣

∣

∣

∣

, (4.4.3)

Ù¥§Jacobi1�ª´
∣

∣

∣

∣

∣

∂(Pξ, Λ̃)
∂(ξ, Λ)

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

∣

∣

det





P̂ 0
∗ 1





∣

∣

∣

∣

∣

∣

= |det P | =
√

det P̂ P̂ † . (4.4.4)

ùp�∗L«1�ª�Ø­���
�Î"

3´»È©¥§kü�»�WeylØC5��
µFaddeev-Popov1�ªÚXµ ÿÝ"

�Polyakov[12]y²���§3þfnØ¥�kd = 26§Ýþ�Weyl Ïf�òÍ"ùÒ
´3´»È©¥���.�ê��{"XJd 6= 26§@oWeylÏf7L�3¶·�Ò�
?n¤¢���.uØ§�·�ùpØ?Ø§(k,���±ë�[8]")"3·�ùp�
?Ø¥§·�o´b�?u�.�ê"·��±r­#ëêzÚWeyl+þ�È©ÏfJ
Ñ5§3ù«�¹e§�©¼êC¤µ

Z =
∫

DXµ
√

det PP †eiSp(ĥαβ ,Xµ) , (4.4.5)
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Ù¥§ĥαβ´�±�¿À½��½�ë�Ýþ"y3·��±|^¤¢�Faddeev-
PopovE|µ·��±|^���<CþcαÚbαβr1�ª�êz§Ù¥bαβ(�<|)´é
¡ÚÃ,�µ √

det PP † =
∫

DcDbei
∫

d2σ
√

ggαβbαγ∇βcα
. (4.4.6)

XJ·�y3ÀJhαβ = ηαβ§�©¼êC¤µ

Z =
∫

DXDcDbei(Sp[X]+Sgh[c,b]) , (4.4.7)

Ù¥§

Sp[X] = T
∫

d2σ∂+Xµ∂−Xµ , (4.4.8)

Sgh[b, c] =
∫

b++∂−c+ + b−−∂+c− . (4.4.9)

4.5 ÿÿÿÀÀÀ���²²²TTT���­­­...���

þ¡·�w�§5��½�©Ó�ÚWeyl­#IÝ�ÑFaddeev-Popov1�ª"��1
�ª�u"�§Ñy
�©�?§ùp§·�ò?Ø·��?n�{"

Ò�®²J��§3­#ëêzÚWeyl­#IÝ�éÜ�^e§ÝþU

δgαβ = ∇αξβ +∇βξα + 2Λgαβ = (P̂ ξ)αβ + 2Λ̃gαβ, (4.5.1)

C�§Ù¥(P̂ ξ)αβ = ∇αξβ +∇βξα − (∇γξγ)gαβ ÚΛ̃ = Λ + 1
2∇γξγ. ù
�ÎP̂r¥þN

��Ã,é¡Üþ"÷v

P̂ ξ∗ = 0 (4.5.2)

�­#ëêzØK�Ýþ"�§(4.5.2)¡��/Killing�§§§�)´�/Killing¥
þ"ù
´P̂�"�ª"���­¡#N�3�/Killing¥þ�§3@�§kØUd�
½Ýþ
�½��U©l/��½�­#ëêz"

y3§é¥þÚÜþ½Âg,SÈµ

(Vα,Wα) =
∫

d2ξ
√

detggαβVαWβ (4.5.3)

Ú

(Tαβ, Sαβ) =
∫

d2ξ
√

detggαγgβδTαβSγδ. (4.5.4)

l,¥©lÑÃ,C©�©)(4.5.1)´���"'uù�È�Hermite�ÝrÃ,é¡Ü
þTαβN��¥þµ

(P̂ †t)α = −2∇βtαβ. (4.5.5)

P̂ †�"�ª´

P̂ †t∗ = 0 (4.5.6)
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�)§éAué¡Ã,Üþ§é?Û¥þ|ξ§§ØU�¤(P̂ ξ)αβ"�(§XJ÷
v(4.5.6)§@o§é¤kξα§k0 = (ξ, P̂ †t∗) = −(P̂ ξ, t∗)"Ïd§P̂ †�"�ªéAuØ

U�­#ëêzÚWeyl ­#IÝÖ��Ýþ�C/"ù��C/ØUÏL�½5�5
�½§¡�TeichmüllerC/"3:âf�/§·�®²w�ù��~f"Ï�§ØU�
�©Ó�UC§¤±§´»��Ý´Teichmüllerëê"

eL�Ñ
P̂ †��/Killing¥þÚ"�ª�ê8§§�6u4u­.��ÿÀ"º
���þ´4­¡�ÃY�ê8"

º� # P̂�"�ª #P̂ † �"�ª

0 3 0
1 1 1
≥ 2 0 3g − 3

þ¡�(JéO�Ñ��Ì��ã?�k­��^"

4.6 BRSTÐÐÐÚÚÚ

·�ò{�w�e���BRSTúª"�Ä|φi�nØ§§k(½�5�é¡5"5�
C�ò÷v�ê'X6

[δα, δβ] = fαβ
γδγ . (4.6.1)

·�y3^N\·�5�^�5�½5�

FA(φi) = 0 . (4.6.2)

2g|^Faddeev-PopovE|§·��±r´»È©�¤

∫ Dφ
Vgauge

e−S0 ∼
∫

Dφδ(FA(φ) = 0)DbADcαe−S0−
∫

bA(δαF A)cα

∼
∫

DφDBADbADcαe−S0−i
∫

BAF A(φ)−
∫

bA(δαF A)cα

=
∫

DφDBADbADcαe−S , (4.6.3)

Ù¥

S = S0 + S1 + S2 , S1 = i
∫

BAFA(φ) , S2 =
∫

bA(δαFA)cα . (4.6.4)

5¿§�<|cα�'��Iα��éAu3(4.6.1)¥�5�C�ëê"�<|bAÚ�<

|BA�'��IA��éAu5��½^�"
6ù�UØ´�����ê'X§�´é·���¦´v
�"
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���5��½�^þS3Becchi-Rouet-Stora-Tyupin (BRST)C�e´ØC�§

δBRST φi = −iεcαδαφi ,

δBRST bA = −εBA , (4.6.5)

δBRST cα = −1
2εc

βcγfβγ
α ,

δBRST BA = 0 .

3ù
C�¥§ε7L´����"1��C�==´3φi þ��©5�C�§�´k
�<|cα�O�5�ëê"

3(4.6.3)¥§du<|Ú5��½§3�^þ¥��	��±^BRSTC���ª�
Ñµ

δBRST (bAFA) = ε[BAFA(φ) + bAcαδαFA(φ)] . (4.6.6)

due¡��Ï§BRSTé¡5�Vgé­�"�·�35��½�L§Ú\<|�§
3�5�é¡5e§nØØ2´ØC�"BRSTé¡5´�5é¡5�*Ð§§E,´
¤á�"

y3§�Ä35��½^�þ�����CzδF§ww3Ôn�Ì¥p��Cz

εδF 〈ψ|ψ′〉 = −i〈ψ|δBRST (bAδFA)|ψ′〉 = 〈ψ|{QB, bAδFA}|ψ′〉 , (4.6.7)

Ù¥§QB´éAuBRSTC©�ÅðÖ"35�^��C©e§�ÌØATCz§·�
��(Ø§(Q†

B = QB)
QB|phys〉 = 0 . (4.6.8)

Ïd§¤kÔn�´BRSTØC�"

�e5§·�5�y´Äù�BRSTÖÅð§½ö�d/§35�^��C©e§´
Ä�Hamiltonþ¥�Cz´����"BRSTÖ�Åð�du`µ·��5�5�é¡
5´¤á�§
�·�ØF"==duUC·��5��½^�5�9·��þfnØ
�Åðµ

0 = [QB, δH] = [QB, δB(bAδFA)]

= [QB, {QB, bAδFA}] = [Q2
B, bAδFA] . (4.6.9)

ùATé5�^�¥�?¿Cz´�(�§·���(Ø

Q2
B = 0 , (4.6.10)

�Ò´`§�
·��þfnØ�£ã´gU�§BRSTÖ7L´�"�"~X§XJ
3þfY²�5�é¡¥k�~§ùòLy�þfnØ¥BRSTÖ�"5��}"ù¿
�X§¤3�þfnØ´ØgU�µ·��½
3þfY²Ø´é¡5���²;é¡
5"
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BRSTÖ��"5kér��J"�Ä�QB|χ〉"Ø+|χ〉´�o§ù���QB�

«§Ïd§´Ôn�",
§ù����u�)§���¤kÔn�§Ï
´"�"ù
�§�·�?ØþfåÆ�§§AT��Ñ"�

|ψ′〉 = |ψ〉+ QB|χ〉

�'�ü��kÓ��SÈ§´Ø�«©�"ù´�55�é¡5�5��½/ª¥
�í{"Ï
Ôn��Hilbert�m´QB�þÓN§=§Ôn�´±BRSTT����
�BRST4�µ

QB|phys〉 = 0 ,

Ú |phys〉 6= QB|something〉 . (4.6.11)

4.7 uuuØØØ¥¥¥���BRSTÚÚÚÔÔÔnnnÌÌÌ

·�y3O�rù�úªA^�Bosonu"ÏL²()Ñ5��½^�·���±�K
�<|B§Ò�±c@�§ÏL5½��Ýþ�u,
�½�ë�Ýþ��{"3­.
�1I�I¥L«§·���e�BRSTC�µ

δBXµ = iε(c+∂+ + c−∂−)Xµ ,

δBc± = ±iε(c+∂+ + c−∂−)c± , (4.7.1)

δBb± = ±iε(TX
± + T gh

± ) .

·�æ^{zPÒTX
± = T±±(X)�"�¹<|���^þ´

Sgh =
∫

d2σ
(

b++∂−c+ + b−−∂+c−
)

. (4.7.2)

<|�AåÜþkØ�u"��

T gh
++ = i(2b++∂+c+ + ∂+b++c+) ,

T gh
−− = i(2b−−∂−c− + ∂−b−−c−) , (4.7.3)

§�ÅðªC¤

∂−T gh
++ = ∂+T gh

−− = 0 . (4.7.4)

<|�$Ä�§´

∂−b++ = ∂+b−− = ∂−c+ = ∂+c− = 0 . (4.7.5)

·�7L2g3<|þN\·��±Ï5(4u)½>.(mu)^�"u´·�2g*
¿Fourier�ª¥�|µ

c+ =
∑

c̄ne−in(τ+σ) , c− =
∑

cne−in(τ−σ) ,

b++ =
∑

b̄ne−in(τ+σ) , b−− =
∑

cne−in(τ−σ) .
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�±y²§Fourier�ª÷ve����'X

{bm, cn} = δm+n,0 , {bm, bn} = {cm, cn} = 0 . (4.7.6)

·��±r<|NX�Virasono�Î½Â�AåÜþ�Ðm�ª",�§·���

Lgh
m =

∑

n
(m− n) : bm+nc−n : , L̄gh

m =
∑

n
(m− n) : b̄m+nc̄−n : . (4.7.7)

lùp§·��±O�Virasono�Î��êµ

[Lgh
m , Lgh

n ] = (m− n)Lgh
m+n + 1

6(m− 13m3)δm+n,0 . (4.7.8)

u´§Xµ|Ú<|�|ÜNX�oVirasono�ÎC¤

Lm = LX
m + Lgh

m − aδm , (4.7.9)

Ù¥§~ê�8(uL0��5?S"u´§(ÜNX��ê���

[Lm, Ln] = (m− n)Lm+n + A(m)δm+n , (4.7.10)

±9

A(m) =
d
12

m(m2 − 1) +
1
6
(m− 13m3) + 2am . (4.7.11)

��=�d = 26Úa = 1§ù��~��"ù°(/´31I5�¥þfz��
¦LorentzØC5¤���Ó��(J"

��±|^BRSTúª5y²§"ÏLNoether½n§3BRSTC�eØC5p�
�
�BRST6µ

jB = cTX + 1
2 : cT gh := cTX+ : bc∂c : , (4.7.12)

±9BRSTÖC¤
QB =

∫

dσjB .

y3§3Q2
B¥§�~Ñy
µ��=�d = 26�§BRSTÖ´�"�"

·��±^Xµ Virasono�ÎÚ<|�f��ªrBRSTÖL«�

QB =
∑

n
cnLX

−n +
∑

m,n

m− n
2

: cmcnb−m−n : −c0 , (4.7.13)

Ù¥§c05gLX
0 ��5?S"34u�/§�,�k��Q̄B§BRSTÖ´QB + Q̄B"

·�ò3BRST�µeé�ÔnÌ"Uìc¡�?Ø§Ôn�7L�BRSTÖ�«§

�Ø´/ªQB| 〉��"§`²·�7LN\��,	�^�§=

b0|phys〉 = 0 . (4.7.14)

ùÒ´/Siegel5�0§�,r§N\3ù�U?w5é �§�§I�±end7µ�
O�Ôn��Ñ��Ì�§DÂfo´��b0Ïf§dub2

0 = 0§§k�/rÔn�Ý

7��±ëw[5]¥�?Ø"
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��@
÷v(4.7.14)��"l´»È©n)ù�¡�,���{´§��\º��Î
5O�Ñ��Ì�§º��Î� /´��Teichmüller �§
�ok�z��ù��
��'�b�\�"

Äk§·�7L£ã·��)<|�*ÐHilbert�m"�uXµ�¡§�¹�c�!
��§¤±§·��I�'%<|Hilbert�m"��Hilbert�m´�ö�ÜþÈ"

Äk·�7L£�<|ý��"§AT��ª<|�f�ª�«

bn>0|<|ý�〉 = cn>0|<|ý�〉 = 0 . (4.7.15)

Uì(4.7.6)§"�ªb0Úc0÷vb2
0 = c2

0 = 0Ú{b0, c0} = 1",
§dub0Úc0��3§k

�©�?"

ù
���'X�1I�Ie�����¥�γÝ
�ê�'X��"ù��ê�{
ü�L«´���§db0 = (σ1 + iσ2)/

√
2 Úc0 = (σ1 − iσ2)/

√
25¢y"Ïd§3ù�

L«¥§ATkü��µ/þg^�0Ú/eg^�0§¿÷v

b0| ↓〉 = 0 , b0| ↑〉 = | ↓〉 ,

c0| ↑〉 = 0 , c0| ↓〉 = | ↑〉 .

2gN\(4.7.14)¿�X�(�<|ý�´| ↓〉"·�y3�±§^<|bm, cn�Kª�

ª��^lù�ý�)¤�"dudc0)¤�#�Ø÷vSiegel^�(4.7.14)§·�ØU
^§5�^"y3§·�O�3mu¥£�Ôn�"5¿§du(4.7.13)¥�QBk/U

?0"8§·��±�?�?/N\Ôn�þ�BRSTØC5"

3U?"§�k���,=��ý�| ↓, pµ〉

0 = QB| ↓, p〉 = (LX
0 − 1)c0| ↓, p〉 . (4.7.16)

BRSTØC5�ÑÓ����^�§=·�3c¡þfz§S¥���LX
0 − 1 = 0"ù

��Ø�U´BRST�T��¶l
§´Ôn�µ�1f"

31�U?§�U��Î´αµ
−1§b−1Úc−1"u´§ù�/ª�����´

|ψ〉 = (ζ · α−1 + ξ1c−1 + ξ2b−1)| ↓, p〉 , (4.7.17)

§k28�ëêµ��26-¥þζµÚü�,	�~êξ1,ξ2"BRST^��¦

0 = QB|ψ〉 = 2(p2c0 + (p · ζ)c−1 + ξ1p · α−1)| ↓, p〉 . (4.7.18)

ù�k3p2 = 0(Ã�þ)§p · ζ = 0Úξ1 = 0�¤á"Ïd§��e26�ëê"�e5
·�7L(�ù��Ø´Q-T��µ����´�(4.7.17)��Ó�/ª�§�´kë
êζ ′µ, ξ′1,2"¤±§3ù�p2 = 0U?�����Q-T��´

QB|χ〉 = 2(p · ζ ′c−1 + ξ′1p · α−1)| ↓, p〉 .
8ùp§·�ÏLU?����o��ª�ê8"Ïd§L0ÚL−nLnÑkU?""
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a) b)

Figure 2: a) £ão:Ñ��4uäã"b) §��/�d§=o�¥

ù¿�X(4.7.17)¥�c−1Ü©´BRSTT��§
�4zk�d'Xζµ ∼ ζµ + 2ξ′1pµ"ù

�·�3e
é26�¥��Ã�þ¥þâf·�¤Ï"�24�ÔngdÝ"

épU?�±æ^Ó��ÃY"34u�/§·�7L�)�¨��Î§æ^QB +
Q̄B"

5 ���ppp���^̂̂ÚÚÚ���ããã���ÌÌÌ

é²w§e��¯K´O�Ôn��Ñ��Ì"�Äü�4u§3äã¥§�?\§�
p�^Úlm(Fig. 2a)"

ÏL�/C�§·��±räãN��ko�Ã¡��É�¥þ(Fig. 2b)"3z�
��É§·�7L�Ñ·��>.^�§d§�5(½ë��p�^�	ÜÔn�"^
´»È©��óµ·�7L�\��/º��Î0§=§Ò�·�3:âf�/¤��
·��Å¼ê"u´§·�7L�3¥þ�kPolyakov �^þ�­�ù
º��Î�´
»È©²þ�"^�Î��ó§ù��Ì(S-Ý
�)òd3��­.�þfnØ¥�ù

º��Î��'¼ê�Ñ"·��7L3ù
º��Î� /þ?1È©"3¥þ§
kn��/Killing¥þ§ù¿�Xkn����½�­#ëêz"·��±ÏL�½n
�º��Î� /5�½§�"�e� /´Teichmüller�§AT�È©"

����½Ôn�'é�º��Î´�oºù�±��l��­.�nØ��"�
º��Î%C	¡�ý��§�(�º��ÎA�)(½�Ôn�§�´§�õ�SN
3e�!"

'u�ã�Ì�N\0�"�Ä3Fig. 3a¥�uã"ù´éFig. 2a ¥oâfÑ��
u�ü��Ì�z�í2"2g§ÏL�/C�§§�±C/�ko��É����
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a)

x

x x

x

b)

Figure 3: a) �o:Ñ��ü�ã�z�A�­.�¶b) §��/C�§Ù¥ÉC¤3
�¡þ���"

¡þ(Fig. 3b)"ù�í2´��
��"3g-�ã�g�N:�Ì(SÝ
�)dN�T�
�º�¼ê�²þ��Ñ§²þ�§�g�ÃY���­¡(º��g�Riemann­¡)þ
�Polyakov�^þ��­"[!ë�[5]"

lù�?Ø¥§·�®²w�§3¥þ�0-§1-Ú2-:�Ìvk(½"ù�ù���
Ì3��þØ�3´���"3ü�ã�0-:�Ì�vk(½"�·�e¡?Øü�ã
ý��Ì�§òV¥�Ä3"ý��1-:äf��Ì"

6 ���///|||ØØØ

X8·�®²w�§£�Bosonu�­.�þfnØ´��¥�/ØC�þf|Ø"�

£ãu�����Ä�§·�I��[/ïÄù�Vg"�Ù§·�ò�Ñ�/|
Ø�Ä�0�±9§3uØ¥�A^"·�b½æ^���EuclidÎÒ"����?Ø
�[13]"

6.1 ���///CCC���

3����IC�e§x → x′§ÝþU

gµν → g′µν(x
′) =

∂xα

∂x′µ
∂xβ

∂x′ν
gαβ(x) .

C�"@o§3?¿�ê§�/C�+½Â�Ø
��IÝUC	�±ÝþØC�@

�IC��f+µ

gµν(x) → g′µν(x
′) = Ω(x)gµν(x) . (6.1.1)

ù�Ð´�±ü�¥þ�m�Ý��IC�§�¡��/C�"5¿§Poincaré´�/
C��f+(kΩ = 1)"

·�òu�ù
C��)¤�"3Ã¡��IC�e§xµ → x′µ = xµ + εµ§·�k

ds′2 = ds2 − (∂µεν + ∂νεµ)dxµdxν .
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�
¦§´���/C�§m>�1��7L�'uηµν§½

∂µεν + ∂νεµ =
2
d
(∂ · ε)ηµν , (6.1.2)

Ù¥'~Ïf�±^ηµν� ü>
��"XJ·�^∂µ�^3ù��§�ü>§k

2εν +
(

1− 2
d

)

∂ν(∂ · ε) = 0 ,

½ö§·�^2 = ∂µ∂µ�^3(6.1.2)�ü>§k

∂µ2εν + ∂ν2εµ =
2
d
ηµν2(∂ · ε) .

dùü��§§·��±rëêþ��å�Ñ

[ηµν2 + (d− 2)∂µ∂ν ] ∂ · ε = 0 . (6.1.3)

3(6.1.3)¥§·�w�§d = 2´��AÏ��/"�(§éud > 2§(6.1.3)¿�Xë
êεéx�õ´�g"u´·�(½éε�e��U5µ

εµ = aµ ²£ ,

εµ = ωµ
ν xν ^= (ωµν = −ωνµ) , (6.1.4)

εµ = λxµ IÝC�

Ú

εµ = bµx2 − 2xµ(b · x) , (6.1.5)

§´AÏ��/C�"ù�§·��ëêoO�

d + 1
2d(d− 1) + 1 + d = 1

2(d + 2)(d + 1)

3ÎÒ(p, q)��m¥§Lorentz+´O(p, q)"Ù¥§d = p + q"

öSµy²�/C���êÓ�uO(p + 1, q + 1)�o�ê"

y3·�ïÄd = 2�AÏ�/"ε�õ�±´�����Ø2·^§�§3Euclid�
m(gµν = δµν)�(6.1.2)�z�

∂1ε1 = ∂2ε2 , ∂1ε2 = −∂2ε1 . (6.1.6)

ÏL=C�Eê�I§z, z̄ = x1 ± ix2§ù�±?�Ú{z"XJ·�½ÂEëêε, ε̄ =
ε1 ± iε2§ëê��§C¤

∂ε̄ = 0 , ∂̄ε = 0 , (6.1.7)
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Ù¥§·�æ^
 �ÎÒ∂̄ = ∂z̄"ùL«ε�±´z�?¿¼ê§�§Õáuz̄§éε̄�
�½,"��/§ùL«��¥��/C��¹)Û�IC�

z → f(z) Ú z̄ → f̄(z̄) . (6.1.8)

·��±ÐmÃ¡�ëê

ε(z) = −
∑

anzn+1 .

u´§éA�ù
C��)¤�´

`n = −zn+1∂z , (6.1.9)

=§`n�ε = −zn+1)¤C�")¤�÷v±e�ê

[`m, `n] = (m− n)`m+n , [¯̀m, ¯̀
n] = (m− n)¯̀m+n , (6.1.10)

Ú[¯̀m, `n] = 0"Ïd§���/+´Ã���"

ù��ê���k��f�êk)¤�`0,±1Ú¯̀
0,±1�¤"ù
´3Riemann¥S2 =

C ∪∞þ�Û�ß���)¤�"§�/¤O(2,2)∼SL(2,C) ��ê§)¤e�C�µ

Ã¡� k�

)¤� C� C�

`−1 z → z − ε z → z + α ²£

`0 z → z − εz z → λz IÝ

`1 z → z − εz2 z → z
1−βz AÏ�/

é�¨�)¤�k���L�ª"lùp§á=t�Ù
µ)¤�i(`0 − ¯̀
0))¤���

�­#IÝ¶½�é{`§§)¤
3z²¡�^=")äd`0 + ¯̀
0)¤"ù
d`0,±1)

¤�C��±dL�ª

z → az + b
cz + d

, (6.1.11)

5o(§Ù¥§a, b, c, d ∈ CÚad − bc = 1"ù´+SL(2,C)/Z2§Ù¥Z2(½r¤kë

êa, b, c, d^§�gC���ê�O�gd§�±(6.1.11)ØC"·�ò¡ù��/+�
k�f+�����/+"

6.2 ���///ØØØCCC|||ØØØ

XJ����nØ�AåÜþ�,3²"�m�þfnØ¥�u"§§�¡��/ØC
�"ù��nØk±e5�µ

1) k��|{Ai}�Ã¡8Ü"AO´§ù�8Ü�¹|�¤k�û"

2) �3��f8{φj} ⊂ {Ai}§¡�O�|§§3����/C�eC�"

z → f(z) =
az + b
cz + d

, z̄ → f̄(z̄) =
āz̄ + b̄
c̄z̄ + d̄

(6.2.1)
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Uìe¡��ª§

Φ(z, z̄) →
(

∂f
∂z

)h (

∂f̄
∂z̄

)h̄

Φ
(

f(z), f̄(z̄)
)

. (6.2.2)

·��¡òw�§¤kØ´Ù§|��û�|Ñ´O��"

3) ��§k¤¢��|§é¤k��/C�§�3(6.2.2)¥��C�¶h, h̄´¢�
�(h̄Ø´h�E�Ý)"5¿§ù�C��5��~aquÜþ�C�5�"�uÜþ§
L�ª

Φ(z, z̄)dzhdz̄h̄

3�/C�e´ØC�¶(h, h̄)´�|��/�­"

nØ3�/C�¥´�C�"Ïd§�'¼ê÷v
〈 N

∏

i=1
Φi(zi, z̄i)

〉

=
N
∏

i=1

(

∂f
∂z

)hi

z→zi

(

∂f̄
∂z̄

)h̄i

z̄→z̄i

〈 N
∏

j=1
Φj

(

f(zj), f̄(z̄j)
)

〉

. (6.2.3)

�¡·�òw�§�/�~gu»"���/+�ØC5"3¥þ§�»"�f+´�
���/+§Ïd§(6.2.3)�éSL(2,C)k�",
§ATkWardð�ª5?ènØ�
���/�C5"

3Ã¡�C�z → z + ε(z)Úz̄ → z̄ + ε̄(z̄)e§�|U

δε,ε̄Φ(z, z̄) =
[

(h∂ε + ε∂) + (h̄∂̄ε̄ + ε̄∂̄)
]

Φ(z, z̄) , (6.2.4)

C�Úü:¼êG(2)(zi, z̄i) = 〈Φ(z1, z̄1)Φ(z2, z̄2) 〉 U

δε,ε̄G(2)(zi, z̄i) = 〈 δε,ε̄Φ1, Φ2 〉+ 〈Φ1, δε,ε̄Φ2 〉 = 0 .

C�"XJ·�rùü��3�å§��e�ü:¼ê��©�§

[(ε(z1)∂z1 + h1∂ε(z1) + ε(z2)∂z2 + h2∂ε(z2)) + (barred terms)]G(2)(zi, z̄i) = 0 . (6.2.5)

·�y3|^ε(z)�?êÐm5©Ûù��§"XJ·�k�ε(z) = 1Úε̄(z̄) = 1(ùé
Au²£)§@od(6.2.5)��G(2)(zi, z̄i)��6uz12 = z1 − z2, z̄12 = z̄1 − z̄2"ù¿ØÛ

%§Ï�3²£ØC�nØ¥§·��±���'¼ê��6u�éål"XJ·�2
|^ε(z) = z, ε̄(z̄) = z̄(^=ØC5)§Ò��G(2) ∼ 1/(zh1+h2

12 z̄h̄1+h̄2
12 ) ¶XJ·���|

^ε(z) = z2(AÏ�/C�)§Ò����h1 = h2 = hÚh̄1 = h̄2 = h̄"(Ø´ü:¼êØ
��~ê	����½µ

G(2)(zi, z̄i) =
C12

z2h
12 z̄2h̄

12
. (6.2.6)

ù�~ê�±ÏL8�z�Î5b½�1"

én:¼ê�±��q©Û§L²�´Ø��~ê	���(½"

öS:)Wardð�ª§y²n:¼ê#N�����/ª´

G(3)(zi, z̄i) =
C123

z∆12
12 z∆23

23 z∆31
31 z̄∆̄12

12 z̄∆̄12
12 z̄∆̄12

12

, (6.2.7)

35



Ù¥∆12 = h1 + h2 − h3, ∆̄12 = h̄1 + h̄2 − h̄3, �"

,
§e���'¼ê§=o:¼êØU���(½"æ^þ¡�§S§�/ØC
5r§���ke�/ª

G(4)(zi, z̄i) = f(x, x̄)
∏

i<j
z−(hi+hj)+h/3

ij

∏

i<j
z̄−(h̄i+h̄j)+h̄/3

ij , (6.2.8)

Ù¥§h =
∑

hi, h̄ =
∑

h̄i"¼êf´?¿�§�==�6u�'x = z12z23/z13z24 Úx̄"

3¥þ�O�|���N:¼ê

GN(z1, z̄1, . . . zN , z̄N) =
〈 N

∏

i=1
Φi(zi, z̄i)

〉

(6.2.9)

÷v5gSL(2,C)�C5�e��å
N

∑

i=1
∂i GN = 0 , (6.2.10)

N
∑

i=1
(zi∂i + hi) GN = 0 , (6.2.11)

N
∑

i=1
(z2

i ∂i + 2zihi) GN = 0 (6.2.12)

±9zi → z̄i§hi → h̄i��qúª"ù
´�N¥þ�'¼êSL(2,C)ØC5�Wardð�
ª"

6.3 »»»���þþþfffzzz

·�y3ïÄ�/ØCnØ�Hilbert�m"·�l�I�τÚσ ���Euclid�mm
©"(5¿§·��±ÏLWick=Äτ → iτ��ª§l��Euclid���Minkowski�
�")�
;�ù	(IR)¯K§;�z�m��§σ = σ + 2π§���mC¤Î¡"�e
5§·���/C�

z = eτ+iσ , z̄ = eτ−iσ ,

§rÎ¡N��E²¡(ÿÀþ´��¥")§�Fig. 4"

3Î¡þ§��m�­�C¤E²¡þ��»��"ù¿�XL�Ã¡(τ = −∞)N
��²¡��:§�5Ã¡C¤z = ∞"�m�üC¤E²¡þ�z → 1/z∗§�¡�ü
C¤z → z∗"

·�®²w�`0´3Î¡þ�)ä)¤�§z → λz§¤k§`o + ¯̀
0ò´3²¡þ�»

���§§éAu3Î¡þ��m��"ù¿�X)äÏf´·�NX�Hamiltonþ9

H = `0 + ¯̀
0 .

9Ï�·�´3Euclid�m¥§Hamiltonþ���Uw5�%"·��¶¡´²£�Î§3Wick=Ä
�§C¤Hamiltonþ"aq/§²£�Î��ê´²£Ý
§§C¤Wick=Ä��müz"
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σ1

σ0

z

Figure 4: lÎ¡�;�E²¡�N�

3�m��σþ�È©òC¤3E²¡���È©"ù¦�·��±|^E©Û¥u
Ð�¤kkå�Eâ"

Ã¡��IC�dAåÜþ)¤�§3�/|Ø��/§´Ã,�10

Tµ
µ = 0. (6.3.1)

3E�I¥§ù¿�XAåÜþkØ�u"�©þTzzÚTz̄z̄"Ó�§duTzz̄´AåÜþ

�,§¤±Tzz̄ = 0"�±r§�3Euclid�I¥L«5y²ù�§z = x + iy§

Tzz̄ = Tz̄z = 1
4(T00 + T11) = 1

4Tµ
µ .

ÅðÆ∂µTµν = 0ÚÃ,^��å�Ñ

∂zTz̄z̄ = 0 and ∂z̄Tzz = 0 , (6.3.2)

ù¿�XAåÜþ�ü�Ø�u"�©þ©O´�X�Ú��X�µ

T (z) ≡ Tzz and T̄ (z̄) ≡ Tz̄z̄ . (6.3.3)

Ïd§·��±�EÃ¡�ÅðÖ§Ï�XJT (z)´Åð�§@oéz���X¼
êε(z)§ε(z)T (z)�´Åð�"

ù
6�)e�ÅðÖ

Qε =
1

2πi

∮

dzε(z)T (z) , Qε̄ =
1

2πi

∮

dz̄ε̄(z̄)T̄ (z̄) . (6.3.4)

ù
Ö´Ã¡��/C��)¤�

z → z + ε(z) , z̄ → z̄ + ε̄(z̄) .

10ù�3²"�m´�(�"��þ§Tµ
µ ∼ cR(2)§Ù¥§c´���/�§¥�ê§�Ñy

3Virasono �ê¶R(2)´��­ÇCþ"
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Figure 5: ���féA����­#Ù�"

Ï~§3ù
C�e�|�C©dk)¤��|���f�Ñµ

δε,ε̄Φ(z, z̄) = [Qε + Qε̄, Φ(z, z̄)] . (6.3.5)

·���§XJ�Î´�m?S�§@o§§��È�´3þfnØ¥´²(�"
3E²¡þ»�þfz¥§ù���q�ÀÜ´»�?S�"»�?S��ÎR�½Â
�

R(A(z)B(w)) =







A(z)B(w) |z| > |w|
(−1)F B(w)A(z) |z| < |w|

. (6.3.6)

3Fermion�Î�/§XJp�§�§�,¬Ñy��KÒ"3ù�?S��Ïe§·
��±�Ñ��¹�mÈ©��Î�����f§§�u����È©�,���ÎÚ
ü��Î�»�?SÈ�¦È"

[∫

dσB, A
]

=
∮

dzR(B(z)A(w))

�Fig. 5¥��"ùL«·��±r(6.3.5)­��

δε,ε̄Φ(z, z̄) =
1

2πi

∮

(

dzε(z)R(T (z)Φ(w, w̄)) + dz̄ε̄(z̄)R(T̄ (z̄)Φ(w, w̄))
)

=
[

(h∂ε(w) + ε(w)∂) + (h̄∂̄ε̄(w̄) + ε̄(w̄)∂̄)
]

Φ(w, w̄) ,

Ù¥§���1´l(6.2.4)E��¤F"�(J"XJTÚT̄�ΦkXeáål�ÛÉ
5§ù��Ó5â¤áµ

R(T (z)Φ(w, w̄)) =
h

(z − w)2 Φ(w, w̄) +
1

z − w
∂wΦ(w, w̄) + . . . , (6.3.7)

R(T̄ (z̄)Φ(w, w̄)) =
h̄

(z̄ − w̄)2 Φ(w, w̄) +
1

z̄ − w̄
∂w̄Φ(w, w̄) + . . . , (6.3.8)

Ù¥§ù
:(·�k�e§§�vk�oV«")L«�5�"ly3m©§·�Ø
2?ØRÎÒ§b½�Î¦ÈÐm(OPE)o´»�?S�"AåÜþ�OPE�±^5�
O(6.2.2)���­(h, h̄)��/|�½Â"
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ùp§·�£ãéAåÜþ�\���Wardð�ª"�Ä�'¼ê

FN(z, zi, z̄i) =
〈

T (z)
N
∏

i=1
Φi(zi, z̄i)

〉

, (6.3.9)

Ù¥§Φi´�|"w�z�¼ê§�z → zi�§k4:�FN´æX�"ù
4:�íê

�±3(6.3.8)��ÏeO�Ñ5"¥¡þ�æX¼êd§�4:Úíê��(½"Ï
d§��

FN(z, zi, z̄i) =
N

∑

i=1

(

hi

(z − zi)2 +
∂zi

z − zi

) 〈 N
∏

i=1
Φi(zi, z̄i)

〉

. (6.3.10)

ù�Wardð�ª^�|����'f��ª§rAåÜþ�\���|��'¼êL
�Ñ5"Ød�	§|^(6.5.1)§õ��\���±?n"

��/§ü��Î�È�±^����Û��Î���85Ðm

Φi(z, z̄)Φj(w, w̄) =
∑

k

Cijk(z − w)hk−hi−hj(z̄ − w̄)h̄k−h̄i−h̄jΦk(w, w̄) , (6.3.11)

Ù¥§êi~êCijk�y²�3n:¼ê〈ΦiΦjΦk 〉¥�~ê��"3þfnØ¥ù´�
(�¶,
3ùp§du�/ØC5§vkÑyOPE¥��þIÝ"Ï�3N�nØ
¥(6.3.11)��£��(½§�§¤±ù«a.�Ðm�±�@�´?è�'¼ê��
«�{"

6.4 ~~~fffµµµgggdddBoson

Ò�·�3uØ¥�����§���;�gdBoson��^þ´

S =
1
4π

∫

d2z ∂X∂̄X . (6.4.1)

|X(z, z̄)ke�DÂfµ

〈X(z, z̄)X(w, w̄) 〉 = − log(|z − w|2µ2) . (6.4.2)

ùÏLé��k�þIþDÂf�Ã�þ4���¶µ´IR�ä"�§(6.4.2)�±ÏL
e�L§�Ñµl�þ�µ�DÂfm©§�4�µ → 0§34���±ù
�Ø�u
""éµ��65l�'¼ê¥��"5¿§duX��'¼ê´IRuÑ�§¤±§�
�Ø´�/|",
§�û∂zXkT��1�"§��û�OPE´

∂zX(z)∂wX(w) = ∂z∂w〈XX〉+ : ∂zX∂wX :

= − 1
(z − w)2 + : ∂zX∂wX : (6.4.3)

∂zX´�­(1, 0)��/|"5¿§µ��
"y3·�O�§�AåÜþ�OPE"
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Uì�^þ(6.4.1)§gdBoson�AåÜþd

T (z) = −1
2 : ∂X∂X := −1

2 lim
z→w

[

∂zX∂wX +
1

(z − w)2

]

, (6.4.4)

T̄ (z̄) = −1
2 : ∂̄X∂̄X := −1

2 lim
z̄→w̄

[

∂z̄X∂w̄X +
1

(z̄ − w̄)2

]

. (6.4.5)

�Ñ"|^Wick½n§·��O�

T (z)∂X(w) = −1
2 : ∂X(z)∂X(z) : ∂X(w)

= −∂X(z)〈∂X(z)∂X(w)〉+ . . .

= ∂X(z)
1

(z − w)2 + . . .

=
∂X(w)

(z − w)2 +
1

z − w
∂2X(w) + . . . , (6.4.6)

Ù¥§�ÑÒL«�z → w��ÛÉ��"aq/§·���T̄ ∂X = 5��"Ï
d§∂X´(0, 1)�|"^Ó���{§·���∂̄X´(0, 1)�|"

�kÙ§�|íº�Y´�½�"�,�kA�§dX��û�È�EÑ5"·�
ò�Ä,��k¿Â�«a§º��ÎVa(z)=: eiaX(z) :"AåÜþ�OPE´

T (z)Va(w, w̄) = −1
2 : ∂X(z)∂X(z) :

∞
∑

n=0

inan

n!
: Xn(w, w̄) : . (6.4.7)

éÐmª¥�¤k�§�±k�g½öüg ¿"·���

T (z)Va(w) = −1
2 [ia∂〈XX〉]2 eiaX(w) − 1

22ia : ∂X(z)∂〈XX〉eiaX(w) : + . . .

=
a2/2

(z − w)2 eiaX(w) +
ia∂X(z)
z − w

eiaX(w) + . . .

=
a2/2

(z − w)2Va(w) +
1

z − w
∂Va(w) + . . . . (6.4.8)

Ïd§º��ÎVa´�­�(a2/2, 0)��/|"

y3§�Äº��Î��'¼ê

GN =
〈 N

∏

i=1
Vai(zi, z̄i)

〉

= exp





1
2

N
∑

i,j=1;i6=j

aiaj〈X(zi, z̄i)X(zj, z̄j)〉



 , (6.4.9)

Ù¥§þ¡1���Ò´du·�k��gd�(Guass)|Ø"|^DÂf(6.4.2)§·�
w�§�k�

∑

i
ai = 0. (6.4.10)

�§IRuÑ��"ù´��ÖÅð^�"
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éu��ü:¼ê§·���

〈Va(z)V−a(w)〉 = 〈: eiaX(z) : : e−iaX(w) :〉

= e−a2 log |z−w|2 =
1

|z − w|2a2 , (6.4.11)

§(@a2 = 2h = 2h̄"

3ù�nØ¥§�Îi∂X´U(1)6§§´Ã�Åð�"§�3X → X + εe�^þ�
é¡5�'"6�"�ª´Ö�Î"l

i∂zX Va(w, w̄) = a
Va(w, w̄)
(z − w)

+k�� (6.4.12)

·��±`§�ÎVa��Öa"ÖÅð^��Ð´dunØ�U(1)ØC5"3uØ�
/§ù�U(1)ØC5��þ´ÄþÅð"

6.5 ¥¥¥%%%ÖÖÖ

AåÜþTµν´Åð�§¤±§kIÝ�ê2"AO´§T (z)k�/�­(2, 0)§T̄ (z̄)k(0,2)"
§�²w´O�|"lù
5�§·��±�Ñ�Åð(�X5)Ú�/ØC5�N�ü
�AåÜþ�m�����OPE"

T (z)T (w) =
c/2

(z − w)4 + 2
T (w)

(z − w)2 +
∂T (w)
z − w

+ . . . . (6.5.1)

1o�4:�U´~ê"Ï�〈T (z)T (w)〉 = c/2(z −w)4§ù�~ê3N�nØ¥7L´
��"Ï�OPE3z ↔ w7L´é¡�§¤±ØUk1n�4:"��§Ù{�ÛÉ�
�T´�/�­(2,0) �¯¢�½"éz → z̄Úc → c̄�T̄§kaq�OPE§±9

T (z)T̄ (w̄) =5�� . (6.5.2)

r(6.5.1)�(6.3.8)§·���§du�ÛÉ��Ñy§T (z) ��Ø´�|"~êc¡
�(�)¥%Ö§c̄¡�m¥%Ö"�ØC5¿�X§é�mØé¡5�nØ§c − c̄ =
0( mod 24)§±9��LorentzØC5�¦c = c̄"

·�égdBosonnØO�c, c̄��"dT (z) = −1
2 : ∂X∂X :§·��±O�OPE

T (z)T (w) = 1
4

{

2 (∂∂〈XX〉)2 + 4 : ∂X(z)∂X(w) : ∂∂〈XX〉+ . . .
}

=
1/2

(z − w)4 +
2

(z − w)2T (w) +
1

z − w
∂T (w) + . . . , (6.5.3)

·�w�§ü�gdBosonk¥%Öc = c̄ = 1"3BosonunØ¥§·�kd�g
dBoson§l
¥%Ö´c = c̄ = d"
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öSµ�Ä,��(2,0)�Î

T̃ = −1
2 : ∂X∂X : +iQ∂2X ,

Ù¥§1��´����©"ù´ék�
�µÖQ�gdBoson���?�nØ�A
åÜþ"Uìþ¡�§S§y²ü�AåÜþ�OPE�´�(6.5.1)���/ª§�´¥
%Ö�

c = 1− 12Q2 . (6.5.4)

�yy3º��ÎVα��/�­´∆ = α(α − 2Q)/2"AO´§VαÚV−α+2QkÓ���

/�­"Ö¥5^�(6.4.10)y3C¤
∑

i αi = 2Q"

6.6 gggdddFermion

·�y3©Û£�gdÃ�þFermion��/|Ø"3��¥§�UkQ´Majorana.
q´Weyl.�^þ§§��k��©þ"γÝ
�±^PauliÝ
5L«§=§γ1 = σ1,
γ2 = σ2§Ïd§Ã�ÝK´1

2(1± σ3)"Dirac�ÎC¤

∂/ = σ1∂1 + σ2∂2 =





0 ∂1 − i∂2

∂1 + i∂2 0



 ∼





0 ∂
∂̄ 0



 . (6.6.1)

éMajorana^þ





ψ
ψ̄



��^þ´

S = − 1
8π

∫

d2z(ψ∂̄ψ + ψ̄∂ψ̄). (6.6.2)

$Ä�§´

∂̄ψ = ∂ψ̄ = 0, (6.6.3)

ù¿�X�ÚmÃ5©Od�XÚ��X�^þL«"

ψÚψ̄�§�gC��ÎÈÐm½ö�±ÏLr�^þC��Äþ�m5��§½ö
ÏL²(�Ñk�(�/�ê������L�ª5��"ù�Ñ

ψ(z)ψ(w) =
1

z − w
, ψ̄(z̄)ψ̄(w̄) =

1
z̄ − w̄

. (6.6.4)

Ø
��~êÏf§�/�ê(2, 0) Ú(0, 2)���L�ª©O´

T (z) = −1
2 : ψ(z)∂ψ(z) : , T̄ (z̄) = −1

2 : ψ̄(z̄)∂̄ψ̄(z̄) : . (6.6.5)

ù�AåÜþk�(��ÎÈÐm

T (z)T (w) =
1/4

(z − w)4 +
2

(z − w)2T (w) +
1

z − w
∂T (w), (6.6.6)
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±9éT̄ (z̄)���aqL�ª§¤±c = c̄ = 1
2 .

öSµÏLO�T (z)ψ(w)ÚT̄ (z̄)ψ̄(w̄)�L�ª§y²ψÚψ̄©O´�/�­(1
2 , 0)

Ú(0, 1
2)��|"

6.7 ���ªªªÐÐÐmmm

·�rAåÜþ��ªÐm��

T (z) =
∑

n∈Z
z−n−2Ln , T̄ (z̄) =

∑

n∈Z
z̄−n−2L̄n. (6.7.1)

Ï��êÀJ�−n−2§¤±§éIÝCzz → z
λ§3T (z) → λ2T

(

z
λ

)

e§·�kL−n →
λnL−n"u´§L−n ÚL̄−n kIÝ�ên"XJ·��Ä��34u­.�þ�nØ§
@o§lEuclid�m�Î¡�E²¡�C�d

w = τ + iσ → z = ew. (6.7.2)

�Ñ"éu�/�­h��X|Φ§·��Ñ

Φcyl(w) =
∑

n∈Z
φne−nw =

∑

n∈Z
φnein(iτ−σ) =

∑

n∈Z
φnz−n. (6.7.3)

�3²¡þ¿|^(6.2.2)�§é�|§ùC¤µ

Φ(z) =
∑

n∈Z
φnz−n−h. (6.7.4)

3(6.2.2)¥§��|�k���à5�Ü©"AO´§AåÜþ��(C�´

T (z) → (f ′)2T (f(z)) +
c
12





f ′′′

f ′
− 3

2

(

f ′′

f ′

)2


 . (6.7.5)

ùy²
AåÜþÐmª(6.7.1)´�(�"

�ªÐm�±�

Ln =
∮ dz

2πi
zn+1T (z) , L̄n =

∮ dz̄
2πi

z̄n+1T̄ (z̄). (6.7.6)

=�"T (z)T (w)ÚT̄ (z̄)T̄ (w̄)��ÎÈÐmy3�±^�ª��ª�Ñ§k

[Ln, Lm] =
(

∮ dz
2πi

∮ dw
2πi

−
∮ dw

2πi

∮ dz
2πi

)

zn+1T (z)wm+1T (w)
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=
∮ dw

2πi

∮

Cw

dz
2πi

zn+1wm+1

(

c/2
(z − w)4 +

2T (w)
(z − w)2 +

∂T (w)
z − w

+ . . .
)

=
∮ dw

2πi

( c
12

(n + 1)n(n− 1)wn−2wm+1+

+2 (n + 1)wnwm+1T (w) + wn+1wm+1∂T (w)
)

. (6.7.7)

1���íê5g 1
3!∂

3
zz

n+1
∣

∣

∣

z=w
= 1

6(n + 1)n(n− 1)wn−2"·�©ÜÈ©����§¿�
1��éÜå5"ù�Ñ
(n−m)wn+m+1T (w)"¦w�È©��Virasoro�ê

[Ln, Lm] = (n−m)Ln+m +
c
12

(n3 − n)δn+m,0. (6.7.8)

éT̄ (z̄)�aqO��)

[L̄n, L̄m] = (n−m)L̄n+m +
c̄
12

(n3 − n)δn+m,0. (6.7.9)

Ï�T T̄3§�OPE¥vkÛÉ5§

[Ln, L̄m] = 0. (6.7.10)

z���/ØCnØÑ¢y�/�ê§§�Ì/¤�/�ê�L«"éc = c̄ = 0§§ò
z�²;�ê"�/�~����J´

Tα
α =

c
96π3

√
g R(2), (6.7.11)

Ù¥§R(2)´��Iþ­Ç"3ÊÏ���/ØC�nØ¥§,�±´§�ØÓ|�Ê
Ï¼ê"3CFT¥§§��Iþ­Ç¤'~"ù¿�X§3c 6= 0�CFT¥§nØ�6
uÝþ��/Ïf§Ø
3���~AÏ�(6.7.11)�/ª¥"·��å§XJAåÜ
þ´�^þ'uÝþ�C©§·��±¦(6.7.11)�È©5��þfnØé�/Ïf�
�65"�ĝαβ = eφgαβ"u´§

∫

[DX]ĝe−S[ĝαβ ,X] = e−cSL[gαβ ,φ]
∫

[DX]ge−S[gαβ ,X] , (6.7.12)

Ù¥§X´|�ÊÏ8Ü§±9

SL[gαβ, φ] =
1

96π

∫
√

det ggαβ∂αφ∂βφ +
1

48π

∫
√

det gR(2) φ . (6.7.13)

ù´Liouville�^þ"3�.uØ¥§<|NX-�u�I�¥%Ö§��nØØ�6
uIÝÏf"

6.8 Hilbert���mmm

�
£�Hilbert�m§·�òæ^·Ü·��INX�þf|Ø�\ÚÑ��IOú
ª"éO�|A(z, z̄)§\��½Â�

|Ain〉 = lim
τ→−∞

A(τ, σ)|0〉 = lim
z→0

A(z, z̄)|0〉. (6.8.1)
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éuÑ�§·�I�3z → ∞���¥�£ã"XJ·�½Âz = 1
w §@o§ù´

:w = 0"N�f : w → z = 1
w ´���/C�§Ï
A(z, z̄)U

Ã(w, w̄) = A(f(w), f̄(w̄))(∂f(w))h(∂̄f̄(w̄))h̄. (6.8.2)

C�"O�f(w) = 1
w�§·���

Ã(w, w̃) = A
( 1

w
,

1
w̄

)

(−w−2)h(−w̄−2)h̄. (6.8.3)

�g,½Â

〈Aout| = lim
w,w̄→0

〈0|Ã(w, w̄). (6.8.4)

·�F"〈Aout|´|Ain〉 �Hermite�Ý"�­�(h, h̄)��Î�Hermite�Ýd

[A(z, z̄)]† = A
(1

z̄
,
1
z

)

z̄−2hz−2h̄. (6.8.5)

5½Â"3lEuclid�m£�Minkowski�m��Y¥§ù�½Â�±é�§Ün�n
d"3Euclid�müzA(σ, τ) = eτHA(σ, 0)e−τH ¥"��iÏf7L�Euclid�m�üÖ
����Ý
�½Â¥§3²¡þ§§ÏLz → 1/z∗5¢y"^(6.8.5)�½Â§·��
�

〈Aout| = lim
w→0

〈0|Ã(w, w̄) = lim
z→0

〈0|A
(1

z
,
1
z̄

)

z̄−2hz−2h̄

= lim
z→0

〈0| [A(z, z̄)]† = |Ain〉†. (6.8.6)

AåÜþ´��Hermite�Î�¯¢�±|^(6.8.5)Ue��{L�µ

T †(z) =
∑

m

L†m
z̄m+2 ≡

∑

m

Lm

z̄−m−2

1
z̄4 , (6.8.7)

½ö^�f�ª��ªµ
L†m = L−m, (6.8.8)

±9§aq/§L̄†m = L̄−m"

ù
^���±lMinkowski�m¥T�Hermite5íÑ"

ý�þ�^�5g

T (z)|0〉 =
∑

m∈Z
Lmz−m−2|0〉 (6.8.9)

3z = 0�5�5"Ï��#Nz���§¤±·�7L�¦

Lm|0〉 = 0, m ≥ −1. (6.8.10)

limw→0〈0|T̃ (w)�Ó�^��Ñ

〈0|Lm = 0, m ≤ 1. (6.8.11)
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�§(6.8.10)L²§\ý�´SL(2,C)ØC�§ém > 1kN\^�"Ù{Virasoro�Î
lý�)¤�²T��"�«〈0| Ú|0〉����ÎdL±1,0ÚL̄±1,0)¤§|¤�/+
�SL(2,C)f+"

XJ·��Ä�ªÐmª(6.7.4)��X|§ý���/ØC5ÚSL(2,C)ØC5¿�
X

Φn>−h|0〉 = 0 . (6.8.12)

6.9 ���///���êêê���LLL«««

3CFT¥§Ì©)�ÊÏé¡�ê�L«§=Virasoro�ê�ü�B�"ùp§�;�
­E§·��£ã�ÎLm���ê"

Virasoro�ê�Cartanf�êdL0)¤"��ª´þ,�Î§K�ª´eü�Î"�
p�­(HW)L«d�¤kþ,�Î�«��m©�E�"u´§L«ÏL^eü�Î
�^3HW�þ
)¤"

b�Φ´��­�h��|(�Î)"lAåÜþ(6.3.8)��Î¦ÈÐm§·���

[Ln, Φ(w)] =
∮ dz

2πi
zn+1T (z)Φ(w) = h(n + 1)wnΦ(w) + wn+1∂Φ(w). (6.9.1)

�ù��Î'é��´

|h〉 ≡ Φ(0)|0〉. (6.9.2)

Äk§[Ln, Φ(0)] = 0, n > 0§Ïd

Lm>0|h〉 = Lm>0Φ(0)|0〉 = [Lm, Φ(0)]|0〉+ Φ(0)Lm>0|0〉 = 0 . (6.9.3)

ù�§�|´�HW���éA"@o§z���|)¤Virasoro�ê���L«"
�k§L0|h〉 = h|h〉"���/§�/�ê�(h, h̄)�Φ�(6.9.2)½Â�\�|h, h̄〉�÷
vL̄0|h, h̄〉 = h̄|h, h̄〉ÚL̄n>0|h, h̄〉 = 0"

3L«¥§d|h〉)¤�Ù{�k

|χ〉 = L−n1L−n2 . . . L−nk |h〉, (6.9.4)

�/ª§Ù¥§¤kni > 0"§��¡�f�"§�´���h +
∑

k nk�L0���"ù

«a.�L«¡�Verma�"

·�®²w�§3HW�|h〉Ú(6.9.2)�Ñ��|Φh(z)�mk����éA'X"é
f��±kaq�Lã"�Ä�L−1|h〉"ØJy²§|^(6.7.6)§lý��)ù���
�Î´

(L−1Φ)(z) ≡
∮

Cz

dw
2πi

T (w)Φh(z) , (6.9.5)

é����(6.9.4)§·�7L|^õ­��

Φχ(z) =
k

∏

i=1

∮ dwi

2πi
(wi − z)−ni+1T (wi)Φh(z) . (6.9.6)
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Ïd§f��Î����'¼ê�±^'é�|ÚAåÜþ�eZ��\���'¼ê
�õ­��È©�/ª�Ñ",
§3c�!§·�®²w�§�/Wardð�ª�^
�'¼êÚ�|5L�ù����'¼ê"u´§�|�'f��£û½CFT�¤k�
'f"

·�Ó�?ØO�|"·�®²w�§3¥þ§L−1´²£�Î

[L−1, O(z, z̄)] = ∂z O(z, z̄) . (6.9.7)

O��´�Û�/+�HW�"�ÄdL±1, L0)¤�Ü©",�Î´L1§Ó�§L−1´

ü�Î"HW��L1�«"Ù{L«d^L−1�^eZg�)"Ïd§f(�O�)�´O
���û)�"

d�ê�h��|)¤��/L«���k¿Â�¼ê´A�I

χh(q) ≡ Tr[qL0− c
24 ] , (6.9.8)

Ù¥§3��L«þ�,"3(6.9.8)¥§k���¥%Ö¤'~�L0��	£Ä"�Ï

´�?Ø3�¡þ��©¼ê�§A�I¬Ñy¶Ù¥§�¡�±@�´ü�à:�
Ó(^��Û­)�Î¡"l¥¡�Î¡§�Ðk��L0�£Ä§ù´duAåÜþØ´
���|§
´�3(6.7.5)¥��C�"

öSµévk"¥þ���L«§O�A�I§y²§d

χh(q) =
qh−c/24

∏∞
n=1(1− qn)

. (6.9.9)

�Ñ"lù�L�ª§·��±wÑ?Û�½U?���õ­ê"

k��AÏL«§¡�ý�L«"XJlü �Îm©§d(6.9.2)§�§'é�
�´ý��"Ù{L«dK�Virasoro�ª)¤",
§5¿§l(6.9.1)§L−1��

�z�û���^"�´§ü �Î�z�û´""ù�du`§L−1�«ý��"é

uc ≥ 1§ý�A�Id

χ0(q) =
q−c/24

∏∞
n=2(1− qn)

. (6.9.10)

�Ñ"n = 1��3ùpØ�3§Ï�L−1Ølý�)¤?Û�"

3��(N�)nØ¥§���7L´��"L−n|0〉, n > 0���´

‖ L−n|0〉 ‖2 = 〈0|L†−nL−n|0〉 = 〈0|
[ c
12

(n3 − n) + 2nL0

]

|0〉

=
c
12

(n3 − n), (6.9.11)
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Ù¥§·�|^
Virasoro�ê���'XÚý��SL(2,C)ØC5"N�5�¦ù
´��"éuv
��n§ù¿�Xc ≥ 0(XJc = 0§Hilbert�m´���§^|0〉Ü
m") ��[�ïÄL²§éc ≥ 1§·�ØUlN�5������å",
§
�0 < c < 1�§N�5¿�Xc7Lk/ª

c = 1− 6
m(m + 1)

. (6.9.12)

Ising�.´m = 3�~f§m = 4´n�.Ising�.§m = 5´n�Potts�.¶m =
2´c = 0�²TnØ"

��/§þ¡J��Verma�éAuVirasoro�ê�Ø��L«",
§3AÏ�¹
e§�UÑyVerma��¹/"0�(�?ÛÙ§����"��)"u´§Ø��L«
ÏL©)Ñ"�
��"�ÄIsing�.§þ¡�m = 3§kc = 1/2"ù��þ´·�c
¡?Ø�Majorana Fermion��/|Ø"�ÄéAuFermion |1/2〉 kh = 1/2���Ú
e�f�

|χ〉 =
(

L−2 −
3
4
L2
−1

)

|1/2〉 . (6.9.13)

öSµy²3(6.9.13)¥§|χ〉�,´��f�§�´����§±9��u""

6.10 ���������êêê

X8§·�®²w�§3?ÛCFT¥§k���­�(2,0)��XAåÜþ",
§CFT
�kÃ�é¡5§§�ÅðÖk�­(1,0)"Ã5Åð¿�X∂̄J = 0"u´§ù��Ö´
�X�"�ÄÑy3nØ¥����X6Ja(z)�8Ü"·��±�Ñ�Ã5ÅðÚ�
/ØC5�N�ù
6�����OPEµ

Ja(z)J b(w) =
Gab

(z − w)2 +
ifab

cJ c(w)
z − w

+k��, (6.10.1)

Ù¥§fab
céþI´�é¡�§Gab´é¡�"|^�Î¦È�(Ü5§�±y²fab

c�

÷vJacobið�ª§
�fabc = fab
dGdc´���é¡�"l
§§�7L´ØCÝ

þGab�o+�(�~ê"

ÐmJa(z) =
∑

n Ja
nz−n−1 §·��±r(6.10.1)=��6�ª���'X

[Ja
m, J b

n] = m Gab δm+n,0 + ifab
cJ c

m+n. (6.10.2)

ù��ê´o�ê�Ã¡�í2§¡����ê"é²w§"�ªJa
0�f�ê|¤(�

~ê�fab
c�o�ê"
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öSµy²�­(1,0)��/|3�½nØ¥7L´��"

u´§AåÜþ�OPEAT´

T (z)Ja(w) =
Ja(w)

(z − w)2 +
∂Ja(w)
z − w

(6.10.3)

±9T̄ (z̄)Ja(w) = 5��"

�·�òw��§ù«a.��ê�3NõCFT¥¢y"�.´kWess-Zumino�
���5σ�.[15]"ù´����¥�nØ§Ù¥§Ä�|g(x)3+G�Ý
L«¥"

S =
1

4λ2

∫

M2

d2ξ Tr(∂µg∂µg−1) +
ik
8π

∫

B;∂B=M2

d3ξ Tr(εαβγUαUβUγ), (6.10.4)

Ù¥§Uµ = g−1∂µg"�^þ¥�1��´3n�6/Bþ�È©§n�6/�>.´
·�½ÂnØuÙþ����mM2"ù´WZ�§§kAÏ�5�µ§�C©�Ñ�
On����$Ä�§"�´§7LN\��gU^�"�ÄkÓ�>.�,��n
�6/"·�F"nØ�±��"ù�Ñ'uÍÜ~êk�þfz^�11"þ¡�n

Økü�ØÓ�ÍÜ~ê§λÚk"�±y²§�λ2 = 4π/k�§nØ´�/ØC�(ù
¡�WZW�.)"3ù«�¹§�±�y§Ý
6J = g−1∂gÚJ̄ = ∂̄gg−1 ´Ã�Åð

�∂̄J = ∂J̄ = 0"ù´3g → h1 g h2e�^þ(6.10.4)é¡5��N§Ù¥§h1,2´?

¿G��"u´§6J)¤GL���ê§Ó�§6J̄)¤GR6�ê"

3ù�nØ(§y¢´���)¥§��k��y�Ò´AåÜþ�±^6�/ª�¤
V�5�"ù¡���¨Sugawara�E"�Äü+G"@o§ÏL3(6.10.1)Ä�C�§
·��±N�Gab = kδab"ÀJ��Ä§¦§����²�´2"u´§(2,0)�Î

TG(z) =
1

2(k + h̃)
: Ja(z)Ja(z) : (6.10.5)

÷vk¥%Ö

cG =
kDG

k + h̃
. (6.10.6)

�Virasoro�ê"h̃´+G�éóCoxeterê8"3SU(N)�/§·�kh̃ =N¶éSO(N)§h̃ =N-
2§��"Úù�IOz��§�
k���½�nØ§kAT´����ê"§¡��
��ê��?"

3ù«a.�nØ¥§��é¡5'Virasoroé¡5/�0§Ï�·��±l6�Î
�EVirasoro�Î"AO´§Ìò/¤���ê�L«"�
£ãù��L«§·�Ò

11k,���{5y²k�þfz"XJ·��¦þfnØ��½5§@o§·���Ó��þfz^
�"
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æ^aqVirasoro�ê�/�§S"L«d�|Ri〉�8Ü)¤§§3"�ªf�ê�L
«R¥C�§�6���ª�«"

Ja
m>0|Ri〉 = 0 , Ja

0 |Ri〉 = i(T a
R)ij|Rj〉 . (6.10.7)

Ù{���L«d6�K�ª��^þ§l�|Ri〉)¤"�|Ri〉�Ï~��§dÛ��
ÎRi(z, z̄)§lý�)¤"u´§^�(6.10.7)=C�e�OPE

Ja(z)Ri(w, w̄) = i
(T a

R)ij

(z − w)
Rj(w, w̄) + . . . . (6.10.8)

ù´���|�½Â§§åX�3�/�ê�/��|����^[16]"

���|��/�­�±lAåÜþ���¨Sugawara/ªO�§¿�Ñ

hR =
CR

k + h̃
, (6.10.9)

Ù¥§CR´L«R��gCasimir"~X§SU(2)�g^jkhj = j(j + 1)/(k + 2)"

X8·�®²w�§���êĝ�Ø��L«�k�o�ê�Ø��L«��éA"
,
§ùØ´¯K�(å"uy§Ø´k��ê�¤kL«�Ñy§
�k�È�@

"3SU(2)�/§ùV«j ≤ k/2"éSU(N)k§�ÈL«´3§��Youngã¥�õ
kk��@
L«"

Ø�ÈL«Ø´N��§§��±y²´l�'¼êòÍ�"

öSµ{8�Eµ�Ä�+G�'���¨SugawaraAåÜþTG"À���k5

Ki\�f+H ⊂ G§�ÄlH6�E��'��¨SugawaraAåÜþTH§Ù¥§H6
´G6�f8"��ÄTG/H = TG − TH"y²µ

TG/H(z)JH(w) =5�� , TG/H(z)TH(w) =5�� . (6.10.10)

2y²TG/H÷v¥%ÖcG/H = cG − cH �Virasoro�ê"oÑ/ù§þ¡��E�)º
´§G-WZWnØ�±©)�H-nØÚdAåÜþ£��G/HnØ"����A^§y
²µXJÀJG = SU(2)m × SU(2)1±9H´SU(2)m+1�é�f+§@o§G/HnØ´¥
%Ö(6.9.12) ����.�nØ"éù��E�í2§�[17]"

k,��Öö�±3[18, 19]¥é�'u���êÚ�'nØ��[]�"

6.11 gggdddFermionÚÚÚO(N)������ééé¡¡¡555

gdFermionÚBoson�±^5¢y6�ê�AOL«"§éu·��¡�Ä�N�g
dMajorana-Weyl Fermion ψi´k^�"

S = − 1
8π

∫

d2z ψi∂̄ψi . (6.11.1)
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²w/§ù��.w«ÑO(N)é¡5§ψi → Ωijψj§ΩT Ω = 1§§��Ã�ÅðHermite
(J ij†

m = J ij
−m)6

J ij(z) = i : ψi(z)ψj(z) : , i < j . (6.11.2)

|^OPE

ψi(z)ψj(w) =
δij

z − w
(6.11.3)

ÚWick½n§·��O�

J ij(z)Jkl(w) =
Gij,kl

(z − w)2 + i f ij,kl
mn

Jmn(w)
(z − w)

+ . . . , (6.11.4)

Ù¥§Gij,kl = (δikδjl − δilδjk) ´O(N)ØCÝþ§Ú

2 f ij,kl
mn = (δikδln − δilδkn)δjm + (δjlδkn − δjkδln)δim − (m ↔ n) (6.11.5)

3,�Ä¥O(N)�(�~ê§Ä����²��u2"u´§N�gdFermion¢y
3
U?k = 1�O(N)6�ê"

·��±�E��¨SugawaraAåÜþ

T (z) =
1

2(N − 1)

N
∑

i<j
: J ij(z)J ij(z) : . (6.11.6)

�c¡?Ø��§T (z)÷v���Î¦ÈÐm

T (z)T (w) =
cG/2

(z − w)4 +
2T (w)

(z − w)2 +
∂T (w)
z − w

, (6.11.7)

Ù¥§

cG =
kD

k + h̃
. (6.11.8)

éSO(N)§kh̃ = N − 2ÚD = 1
2N(N − 1)"^k = 1§ù�Ñ

cG =
N(N − 1)/2
1 + N − 2

=
N
2

, (6.11.9)

=§z��Fermion�¥%Ö�z1
2"Ï�ü�nØ�ÜþÈ�¥%Ö´ü�¥%Ö�

Ú§¤±§ù�´¤ýÏ�"�k§XJ·�|^æ^Fermion�ª6�²(/ª§�
±^(J

T (z) = −1
2

N
∑

i=1
: ψi∂ψi : , (6.11.10)

��O�3(6.11.6)¥��5?S¦È"ù�(J´·���lgdFermion�^þO�
�AåÜþ"

Ï�N�gdFermion¢yO(N)1��é¡5§·�AT�±rÌ©a�O(N)1�Ø�

�L«¥"l6�ê�L«nØ§·�@£�31�?§�3e��È(N�)L«"ü
 (ý�)L«d^K6�ª�^3ý�þ�E§k¥þVL«Ú^þL«"XJN´Û
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ê§k���ê�2(N−1)/2�ü�^þL«"�N´óê§kü��ê�2N/2−1�Ø�d

^þL«µ^þSÚ�Ý^þC"ly3m©§·�b�N´óê§ù´·�e¡a,
���/"r(6.10.9)A^�ù«�/§·���¥þ��/�­´

hV =
(N − 1)/2
1 + N − 2

=
1
2

. (6.11.11)

¥þ�ÿÀ���|´Fermion��§§��/�­´1/2§3�ÛO(N)é¡5e�¥þ
��C�"ù�±ÏLO�

J ij(z)ψk(w) = i
T ij

kl

z − w
ψl(w) + . . . , (6.11.12)

5�y§Ù¥§T ij
kl = (δilδjk − δikδjl) ´¥þ�L«Ý
"r(6.11.12)�(6.10.8)'�§·

��(w�§ψi´¥þL«��|"

^þÚ�Ý^þ��/�­´���§¿�§l(6.10.9)§·���hS = hC =
N/16"3·�î8®£ã��{�gdFermionnØ¥§ù����/�­��ÎØ�
3"

XJ·�5¿��^þ(6.11.1)kZ2é¡5§

ψi → −ψi. (6.11.13)

¯�¬�Ð�
"duù�é¡5§·��±3Î¡þÀJØÓ�>.^�µ

• Neveu-Schwarz : ψi(σ + 2π) = −ψi(σ),

• Ramond : ψi(σ + 2π) = ψi(σ).

·�òrÓ��>.^�N\3¤kFermionþ§ÄKò»�O(N)é¡5"

3Î¡þ§±Ï5�X|��ªÐm´

ψ(τ + iσ) =
∑

n
ψne−n(τ+iσ), (6.11.14)

Ù¥§n´�ê"u´§3Ramond(R)Ü©§ψ´�ê��"3Neveu-Schwarz(NS)Ü
©§ψ´�±Ï�§¤±§§�FourierÐm�(6.11.14)§�´§y3n´��ê"Ò�±
c?Ø�§�·�lÎ¡=�¥¡§z = eτ+iσ§�ªÐmC¤

ψi(z) =
∑

n
ψi

nz
−n−h =

∑

n
ψi

nz
−n−1/2 . (6.11.15)

·�*	�§3NSÜ©(��ên)§|ψi(z)´ü��(3z → ze2πieØC)§
3RÜ
©§§k��Z2©|�ä"o�§

• n ∈ Z (Ramond),

• n ∈ Z+ 1
2 (Neveu-Schwarz).
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OPE(6.11.3)V«
3NSÚRÜ©§Fermion�ª�e����'X

{ψi
m, ψj

n} = δijδm+n,0 , (6.11.16)

·�ÄkwwNSÜ©"ùp§Fermion�f´��ê��§
�(6.11.16)L²µψi
−n− 1

2
,

n ≤ 0´�)�Î¶Ó�§ψi
n+ 1

2
´�«�Î"Ïd§ý�÷v

ψi
n>0|0〉 = 0 (6.11.17)

±9��Ìd^K��f�^3ý�þ)¤"·�F"rÌ©)���L«"þ¡·�

®²JÑ§ùp·�F"��ý�Ú¥þL«"¥þ���´

|i〉 = ψi
− 1

2
|0〉 (6.11.18)


�§Ù{�L«lþã�§ÏL^K6�ª�^
�E"

3ù:þ§Ú\Fermionê�Î´k^�§§��þ±2��5OFermion�ª�ê"
L«ù��°(�{´

{(−1)F , ψi
n} = 0 (6.11.19)

Úý�k���1µ(−1)F |0〉 = |0〉"|^(6.11.19)§·�O�Ñ¥þ��(6.11.18)k(−1)F =
−1"Ï�6�¹óê�Fermion�ª§·��±5½Xeµ

• ¤ký�(N�)L«��k(−1)F = 1"1���²T��éAu6��µ

J ij
−1|0〉 = iψi

− 1
2
ψj
− 1

2
|0〉 . (6.11.20)

• ¥þL«�¤k�k(−1)F = −1"��±e1���²T��´

J ij
−1|k〉 = i

[

δjkψi
− 3

2
− δikψj

− 3
2

+ ψi
− 1

2
ψj
− 1

2
ψk
− 1

2

]

|0〉 . (6.11.21)

·�òO�NS¥�A�I(õ­ê)"·�ÄkO���NSÜ©�qL0−c/24�,"d

uz��K�Fermion�fψi
−n− 1

2
�z1 + qn+1/2§ùØJO�"1��éAuØ�3�

�f§
1��éAuÑy��f"Ï��f´Fermion�§¤±§�²�´"§l

vk�õ��Ñy"nÜ�e§·���

TrNS[qL0−c/24] = q−
N
48

∞
∏

n=1
(1 + qn− 1

2 )N . (6.11.22)

|^N¹A�(A.8)Ú(A.10)§·��±r§�¤

TrNS[qL0−c/24] =
[

ϑ3

η

]N/2

, (6.11.23)

Ù¥§ϑi = ϑi(0|τ)"�
©lü L«Ú¥þL«��z§·��I�O�Ó��,§
�´��\(−1)F"u´§ψi

−n− 1
2
�z1− qn+1/2Ú

TrNS[(−1)F qL0−c/24] = q−
N
48

∞
∏

n=1
(1− qn− 1

2 )N =
[

ϑ4

η

]N/2

. (6.11.24)
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y3§·��±ÝK�¥þL«½ü L«þµ

χ0 = TrNS

[

(1 + (−1)F )
2

qL0−c/24

]

=
1
2





[

ϑ3

η

]N/2

+
[

ϑ4

η

]N/2


 , (6.11.25)

χV = TrNS

[

(1− (−1)F )
2

qL0−c/24

]

=
1
2





[

ϑ3

η

]N/2

−
[

ϑ4

η

]N/2


 . (6.11.26)

k�ÑyØ�d�6�êL«kÓ���/�­ÚÓ��õ­ê§l
kÓ��A
�I"ùé^þ¬u)"�
«O§�§·�½Â��°(�A�I(��A�I)§
ùp§·�3,¥�\��?¿���+"ÏL�����^þ(§�±,ØC)§
·��±rù���JÑ�Cartan�¡"3ù«�/§+��±��¤Cartan)¤
�g = e2πi

∑

i viJi
0��ê"·��Ä

χR(vi) = TrR

[

qL0−c/24 e2πi
∑

i viJi
0

]

, (6.11.27)

Ù¥§i�3Cartanf�êþ§J i
0´Cartan6�"�ª"óêN�O(N)Cartanf�ê

dJ12
0 §J34

0 , . . . ,JN/2−1,N/2
0 )¤§�ê�N/2"·�òO�ü L«Ú¥þL«��

�A�I"�ÄFermion ψ1Úψ2��z"ÏL=�Äψ± = ψ1± iψ2§·��±w�§ψ±n
�J12

0 ���´±1"nÜå5§¿|^N¹A�ϑ¼ê¦Èúª§·���

χ0(vi) =
1
2





N/2
∏

i=1

ϑ3(vi)
η

+
N/2
∏

i=1

ϑ4(vi)
η



 , (6.11.28)

χV (vi) =
1
2





N/2
∏

i=1

ϑ3(vi)
η

−
N/2
∏

i=1

ϑ4(vi)
η



 . (6.11.29)

·�y3=�RamondÜ©§�EHilbert�m"ùp§Fermion´�ê��"én 6=
0�ψi

n§A^c¡Ó��?Ø"·�©m�)Ú�«�Î§ý�AT��«�Î¤�
«",
§ùp��­���OÒ´���"��Ñy

{ψi
0, ψ

j
0} = δij . (6.11.30)

�?Ø<|NX�§ù«�¹u)"�§(6.11.30)´O(N)Clifford�ê§dHermite
O(N)�γ5¢y"l
§/ý�07L´k2N/2©þ�O(N)�(Dirac)^þŜ"·�
^|Ŝα〉5IPRý�§k

ψi
m>0|Ŝα〉 = 0 , ψi

0|Ŝα〉 = γi
αβ|Sβ〉 . (6.11.31)

2�Ä

γN+1 =
N
∏

i=1
(ψi

0/
√

2) , {γN+1, ψi
0} = 0 , [γN+1]2 = 1 . (6.11.32)

�
½ÂWeyl^þ§ù�Ý
åγ5��^"u´§·���^þS = (1 + γN+1)/2 ŜÚ
�Ý^þC = (1− γN+1)/2 Ŝ"¯¢þ§3RamondÜ©

(−1)F = γN+1 (−1)
∑∞

n=1 ψi
−nψi

n (6.11.33)
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±9kù�½Â

(−1)F |S〉 = |S〉 , (−1)F |C〉 = −|C〉 . (6.11.34)

y3§ÏL^K�Fermion�f��^§·��ERamondÜ©���Ì"

Uì·���E§Rý�k�(��­íºe¡·��±�yù�"�Ä3Ramondý
��Fermionü:¼ê

Gij
R(z, w) = 〈Ŝ|ψi(z)ψj(w)|Ŝ〉 . (6.11.35)

ù�±��|^�ªÐm(6.11.15)Ú��'X(6.11.16)Ú(6.11.31)5O�§�

Gij
R(z, w) = δij z + w

2
√

zw
1

z − w
. (6.11.36)

��5¿§é3CFT¥éAu�/�­�h��Î�?Û�|X〉§·�k

〈X|T (z)|X〉 =
h
z2 . (6.11.37)

��§P4AåÜþ�½Â

T (w) = lim
z→w

[

−1
2

N
∑

i=1
ψi(z)∂wψi(w) +

N
2(z − w)2

]

, (6.11.38)

Ù¥§·�~KOPE�ÛÉÜ©"rù
Ï�nÜ3�å§·��±O�Ñ

〈Ŝ|T (z)|Ŝ〉 =
N

16 z2 , (6.11.39)

§�Ñ
^þ��(�/�­"·�y3O�RamondÜ©�õ­ê"ÄkO����
,"z��kn > 0��fψi

−n�Ñ�z1 + qn"lSÚCÄ�§�kõ­ê2N/2"u´§

TrR[qL0−c/24] = 2N/2 q
N
16−

N
48

∞
∏

n=1
(1 + qn)N =

[

ϑ2

η

]N/2

. (6.11.40)

XJ·��Äk(−1)F�\�,§Ò��0§Ï�é?Û�§k���"�ªk'���
�(−1)F���"Tr[(−1)F ] = 0�¯¢`²§R´�Ã5�(CÚSÑÑy)"¤±§

χS = χC =
1
2

[

ϑ2

η

]N/2

. (6.11.41)

3CÚSL«�m§��A�I�(ØÓµ

χS(vi) =
1
2





N/2
∏

i=1

ϑ2(vi)
η

+
N/2
∏

i=1

ϑ1(vi)
η



 , (6.11.42)

χC(vi) =
1
2





N/2
∏

i=1

ϑ2(vi)
η

−
N/2
∏

i=1

ϑ1(vi)
η



 . (6.11.43)

évi = 0§§��z�(6.11.41)"
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��§éAuCÚSL«�Rý�^���|Ŝα(z)§lNSý�|0〉�)µ

|Ŝα〉 = lim
z→0

Ŝα(z)|0〉 . (6.11.44)

·�ò^O(N)��é¡Ö�ÝÝ
Cαβ,ü^þ�I"u´·�ke�OPEµ

ψi(z)Ŝα(w) = γi
αβ

Ŝβ(w)√
z − w

+ . . . (6.11.45)

J ij(z)Ŝα(w) =
i
2
[γi, γj]αβ

Ŝβ(w)
(z − w)

+ . . . (6.11.46)

Ŝα(z)Ŝβ(w) =
δαβ

(z − w)N/8 + γi
αβ

ψi(w)
(z − w)N/8−1/2 +

i
2
[γi, γj]αβ

J ij(w)
(z − w)N/8−1 + . . . (6.11.47)

6.12 N=1������///ééé¡¡¡555

·�®²w�§CFT��/é¡5�±^Ã�(2,0)�Î�AåÜþT�OPE?è"��
�)¤é¡5�Ù§Ã��Î�)Ã�Fermion(1/2,0)Ú6(1,0)"ùp§·�ïÄÅð
Ã�6kg^3/2�é¡5"§��¡��é¡�Fermion.é¡5�'"

�Äk�^þ

S =
1
2π

∫

d2z∂X∂̄X +
1
2π

∫

d2z(ψ∂̄ψ + ψ̄∂ψ̄) . (6.12.1)

�gdIþÚMajorana Fermion�nØ"�^þ3�£Ä�é¡

δX = ε(z)ψ , δψ = −ε(z)∂X , δψ̄ = 0 (6.12.2)

Úm£Ä�é¡

δX = ε̄(z̄)ψ̄ , δψ̄ = −ε̄(z̄)∂̄X , δψ = 0 , (6.12.3)

eØC§Ù¥§εÚε̄´����"

�'�ÅðÆ���∂Ḡ = ∂̄G = 0§ÅðÃ�6´

G(z) = iψ∂X , Ḡ(z̄) = iψ̄∂̄X . (6.12.4)

·�N´��OPE

G(z)G(w) =
1

(z − w)3 + 2
T (w)
z − w

+ . . . ,

T (z)G(w) =
3
2

G(w)
(z − w)2 +

∂G(w)
z − w

+ . . . , (6.12.5)

Ù¥§T (z)´÷vc = 3/2�(6.5.1)�nØ�oAåÜþ§

T (z) = −1
2 : ∂X∂X : −1

2 : ψ∂ψ : . (6.12.6)
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(6.12.5)V«G(z)´�ê�3/2��|"dTÚG)¤��ê¡�N=1�/�ê§Ï�§?
è
�/ØC5Ú���é¡5"����ù���ê�±|^�/ØC5Ú(Ü55

�Ñ"½Âĉ = 2c/3"u´§l(6.5.1)©l§ù��ê�¹e�OPE

G(z)G(w) =
ĉ

(z − w)3 + 2
T (w)
z − w

+ . . . ,

T (z)G(w) =
3
2

G(w)
(z − w)2 +

∂G(w)
z − w

+ . . . . (6.12.7)

Ú\�6G(z) =
∑

Gr/zr+3/2��ª§ÚVirasoro�ê�å§·���e�(�)��'X

{Gr, Gs} =
ĉ
2

(

r2 − 1
4

)

δr+s,0 + 2Lr+s ,

[Lm, Gr] =
(m

2
− r

)

Gm+r , (6.12.8)

ù��êké¡5(	gÓ�)G → −GÚT → T"l
§NS½R>.^�é�6´
�U�"3��¢y(6.12.4)¥§§�éAuFermion��g>.^�"

3NSÜ©§�6�ªk��ê§ér > 0kGr|0〉 = 0"���GÚT���ª�«§
��/L«dGÚT�K�ª��^þ)¤"��A�I´

χNS
N=1 = Tr[qL0−c/24] = qh−c/24

∞
∏

n=1

1 + qn− 1
2

1− qn . (6.12.9)

3RamondÜ©¥§G´�ê��§AO´k��"�ªG0§Uì(6.12.8)§÷v

{G0, G0} = 2L0 −
ĉ
8

. (6.12.10)

��2g���ª�«"3N�nØ¥§(6.12.10)ý«é?Û�§h ≥ ĉ/16"�(6.12.10)
�m>Ø�u"§�´V­{¿�§G03ü�{¿��m£Ä"�h = ĉ/16 �vk{
¿§Ï�l(6.12.10)kG2

0 = 0§§¿�X3ù���þG0 = 0"�3gdFermion�/§
·��Ú\�Î(−1)F §§�G���§¿�Oê±��2�Fermionê8"

38uG0�RÜ©¥���é�5½Xeµ3RÜ©¥�(−1)F�,�kl∆ =
ĉ/16�Ä���z"ù�,¡�N=1��/|Ø�ý�º�§´Dirac�I�CFTí
212"

�Ñ��RA�I

χR
N=1 = Tr[qL0−c/24] = qh−c/24

∞
∏

n=1

1 + qn

1− qn . (6.12.11)

N=1��/nØ3N=1��m¥k��`{�úª§Ù¥§Ú�Iz, z̄�å§·�Ú
\ü����Cþθ, θ̄ Ú�C�û

Dθ =
∂
∂θ

+ θ∂z , D̄θ̄ =
∂
∂θ̄

+ θ̄∂z̄ . (6.12.12)

12?�Ú?Ø�[20]
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|XÚψ, ψ̄���^��m¥�¼ê£�§Iþ�|´

X̂(z, z̄, θ, θ̄) = X + θψ + θ̄ψ̄ + θθ̄F , (6.12.13)

Ù¥§F´vkÄåÆ�9Ï|"�^þ(6.12.1)C¤

S =
1
2π

∫

d2z
∫

dθdθ̄ DθX̂ D̄θ̄X̂ . (6.12.14)

öSµÏL3����Iþ�È©§^©þ�Ñ�^þ(6.12.14)§y²§�(6.12.1)�
d"

6.13 N=2������///ééé¡¡¡555

��/é¡5k�?�Ú�í2"e��{ü��/´N=2��/�ê§Ø
AåÜ
þ§§�¹ü��6G± Ú��U(1)6J"§mVirasoro OPE§§�OPE´

G+(z)G−(w) =
2c
3

1
(z − w)3 +

(

2J(w)
(z − w)2 +

∂J(w)
z − w

)

+
2

z − w
T (w) + . . . , (6.13.1)

G+(z)G+(w) = regular , G−(z)G−(w) = regular , (6.13.2)

T (z)G±(w) =
3
2

G±(w)
(z − w)2 +

∂G±(w)
z − w

+ . . . , (6.13.3)

J(z)G±(w) = ±G±(w)
z − w

+ . . . , (6.13.4)

T (z)J(w) =
J(w)

(z − w)2 +
∂J(w)
z − w

+ . . . , (6.13.5)

J(z)J(w) =
c/3

(z − w)2 + . . . . (6.13.6)

N=2��/�ê�é¡5´��ëY�O(2)é¡5§3¢êÄG1 = G+ + G−§G2 =
i(G+ − G−)¥§§^=ü��Ö"SO(2)Ü©´��SÜgÓ�"�	�Z2C�G1 →
G1, G2 → −G2´��	ÜgÓ�"·��±|^é¡5N\�«>.^�"é	g

Ó��Û­Jø
��Ø�d��ê§=Û­�N=2�ê§Ù¥§G1,2k���>.^

�"é·�
ó§�T, J´ü���ÿ§�
N\

G±(e2πiz) = e∓2πiαG±(z) , (6.13.7)

�k,��´|^SO(2)∼U(1)é¡5"ëêα���[0,1]"éα = 0 §·�kNSÜ©§
Ù¥§¤k�ÖÑ´��ê��"éα = ±1/2§·���RamondÜ©§Ù¥¤k�Ö
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Ñ´�ê��"Ï�·�¦^�U(1)é¡5´SgÓ�§¤±é�«>.^���¿
^α IP��ê´gÓ��"·��±²(/�Ñù�gÓ�(¡�Ì6Ä)µ

Jα
n = Jn − α

c
3
δn,0 , Lα

n = Ln − αJn + α2 c
6
δn,0 , (6.13.8)

Gα,+
r+α = G+

r , Gα,−
r−α = G−

r , (6.13.9)

Ù¥§n ∈ ZÚr ∈ Z + 1
2"Ì6Ä3NSÚRÜ©�mJø
��ëYN�"

3NSÜ©¥§HWØ��L«dHW�|h, q〉)¤§�T, J,G±���ª�«§dL0�

���hÚJ0����qL�"SL(2,C)¨ØCý�kh = q = 0"L«�Ù{�d��/
)¤��K�ª�^þ)¤"

3RÜ©¥§HW��´���ª�«",
§ùp§·��k÷v

G±
0 G±

0 = 0 , {G+
0 , G−

0 } = 2
(

L0 −
c
24

)

. (6.13.10)

��6G±
0�"�ª"N�5�´¿�X3RÜ©¥§∆ ≥ c/24"�∆ > c/24�§¤

kG±
0�²T/�^§HW�´o���8ÜN"�∆ = c/24§3@�§G±

0´�u"

�§HW¥þ´��ü�"ùp§·��±2g^aquN=1��{Ú\(−1)F�Î"

3RÜ©�(−1)F�,(ý�º�)�l∆ = c/24�����z"

|^(6.13.9)§·�í�Ñ

JR±
0 = JNS

0 ∓ c
6

, LR±
0 − c

24
= LNS

0 − 1
2
JNS

0 . (6.13.11)

Ïd§�½^�LR
0 − c/24 ≥ 03NSÜ©¥=��2h − |q| ≥ 0"RamondÄ�éA�

k2h = |q|�NS�§¡�Ã��"§�dÃ�|�Îlý�)¤"duÖÅð§§�
�OPE3áål´5��§�±�¤�(Ã��)

Oq1(z)Oq2(z) = Oq1+q2(z) . (6.13.12)

ù�Ã��C�'uN=2��/nØ��õê­��£"

l(6.13.11)§·��±íÑ§3NSÜ©¥�ü �Î(h=q=0)§3Ì6Äe§�N
��3RÜ©¥(h=c/24,q=±c/6)��Î"ù´3RÜ©¥���ÖÄ�§2gA^Ì6
Ä§·�@£�§3NSÜ©¥7,k(h=c/6,q=±c/3)�Ã��Î"·��¡òw�§
ù��Î3uØ¥é���é¡5�~­�"

N=2��/nØ�±��kSU(N)��+�6/þ�σ¨�.5¢y"6��/éA
uCalabi-Yau(CY)6/§´Ricci²"�"3CY�/§N=2�ê�¥%Ö´c=9"þ¡J
��(h=3/2,q=±3)�éAuCY6/���(3,0)/ª"

ù�é¡5�4�¥N=1���é¡��uÄ�k'"��mAÛ§L«nØÚ
kN=2��/é¡5�CFT�ÄåÆ���\�£ã�[21, 22, 23]"
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6.14 N=4������///ééé¡¡¡555

��§,��3uØ¥k^�*Ð��/�ê´/{á0�N=4��/�ê§Ø
Aå
Üþ§§�¹o��6Ú/¤SU(2)k6�ê�n�6"o��63SU(2)ke�ü��Ý

^þ��C�"Virasoro¥%Öc�SU(2)6�ê�?Okk'§c = 6k"ù��ê^Ï~
�Virasoro OPE§�A�/�­��|Ja, Gα, ḠαÚe�OPE5(½

Ja(z)J b(w) =
k
2

δab

(z − w)2 + iεabc J c(w)
(z − w)

+ . . . , (6.14.1)

Ja(z)Gα(w) =
1
2
σa

βα
Gβ(w)
(z − w)

+ . . . , Ja(z)Ḡα(w) = −1
2
σa

αβ
Ḡβ(w)
(z − w)

+ . . . , (6.14.2)

Gα(z)Ḡβ(w) =
4kδαβ

(z − w)3 + 2σa
βα

[

2Ja(w)
(z − w)2 +

δJa(w)
(z − w)

]

+ 2δαβ T (w)
(z − w)

+ . . . , (6.14.3)

Gα(z)Gβ(w) = regular , Ḡα(z)Ḡβ(w) = regular . (6.14.4)

�N=2�/��§·��±N\�«^�§��a,�NSÚR>.^�"aq
uN=2§�k��Ì6Ä§V3NSÚR>.^��m"

3NSÜ©¥§�����ª�«§d§���/�­hÚSU(2)kg^jL�"�Ï~
��§éN�5§·�kj ≤ k/2"

öSµ|^3N=2��/�/�Ó�§S§y²µ3NSÜ©¥§h − j ≥ 0¶Ó
�§3RÜ©¥§h ≥ k/4"

÷vþ¡���L«¡�/Ã�þ�0§Ï�§�3�A�u�µ¥òéA
uÃ�þ�"3k=1�AÏ�/§�Auu�;�z§N=4��/�ê�±^3
kSU(2)��+�4�Ricci²"�Kähler6/þ�σ�.5¢y"3;��/§ù´6
/�K3a"3NSÜ©¥§ü�k�þL«k(h,j)=(0,0)Ú(1/2,1/2)¶Ó�§3RÜ©
¥§(h,j)=(1/4,0)Ú(1/4,1/2)"

2g§3(−1)F�RÜ©§,�lÄ����z§JøN=4��/nØ�ý�º�"

'uN=4L«nØ��õ]��[24]"

6.15 <<<|||���CFT

·�®²w�§3u��Cþfz¥§·�Ø�ØÚ\�����<|NX§§�¹�
/�­�2�b<|Ú�/�­�−1�c<|"3ùp§�±ý�k�õ�A^§·�ò
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��/£�ù��<|NX�CFT"|bk�/�­h = λ§Ó�§ckh = 1 − λ"·�
��Ä§�´����(ε = 1)½ö���ε = −1"§��gd�^þ

Sλ =
1
π

∫

d2z b∂̄c , (6.15.1)

��§l§§·���OPE

c(z)b(w) =
1

z − w
, b(z)c(w) =

ε
z − w

. (6.15.2)

$Ä�§∂̄b = ∂̄c = 0V«|´�X�"§���/�­û½¥¡þ��ªÐm
ÚHermite5�

c(z) =
∑

n∈Z

z−n−(1−λ) cn , c†n = c−n , (6.15.3)

b(z) =
∑

n∈Z

z−n−λ bn , b†n = εb−n . (6.15.4)

u´§§��(�)��'X�

cmbn + εbncm = δm+n,0 , cmcn + εcncm = bmbn + εbnbm = 0 . (6.15.5)

ùp�k§duZ2é¡5b → −b, c → −c§·��±Ú\NSÚRÜ©�aqÔ(éAu
Î¡þ�±Ï½±Ï�>.^�)µ

NS : bn, n ∈ Z− λ , cn, n ∈ Z+ λ , (6.15.6)

R : bn, n ∈ 1
2

+ Z− λ , cn, n ∈ 1
2

+ Z+ λ . (6.15.7)

AåÜþ�bcNX��/5��½�

T = −λb∂c + (1− λ)(∂b)c . (6.15.8)

3ù�AåÜþe§bÚc��/�­(λ,0)Ú(0,1-λ)��|��C�"

öSµy²T÷vk¥%Ö

c = −2ε(6λ2 − 6λ + 1) = ε(1− 3Q2) , Q = ε(1− 2λ) . (6.15.9)

�Virasoro�ê"

î8§·�®²��ù�NX�ü�AÏ�/"1��´λ = 2Úε = 1§§
éAuc = −26�­#ëêz<|"1��´λ = 1/2Úε = 1§§éAuc = 1�
E(Dirac)Fermion§½�d�ü�Majorana Fermion"
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3(6.15.1)§k��²;U(1)é¡5µb → eiθb§c → e−iθc"�A�U(1)Ö´

J(z) = − : b(z)c(z) :=
∑

n∈Z
z−n−1Jn , (6.15.10)

Ù¥§'uIOSL(2,C)ØCý�|0〉5ÀJ�5?S§¿�§〈c(z)b(w)〉 = 1/(z − w)"
§)¤U(1)6�ê

J(z)J(w) =
ε

(z − w)2 + . . . , (6.15.11)

3§e¡§b, c´���|

J(z)b(w) = − b(w)
z − w

+ . . . , J(z)c(w) =
c(w)
z − w

. . . . (6.15.12)

TJ OPE���O��Ñ

T (z)J(w) =
Q

(z − w)3 +
J(w)

(z − w)2 +
∂wJ(w)
z − w

+ . . . . (6.15.13)

5¿3(6.15.13)¥§¥%Ö�Ñy§ù¦�§ØÓu(6.10.3)"=C���'X§·��
�

[Lm, Jn] = −nJm+n +
Q
2

m(m + 1)δm+n,0 . (6.15.14)

¥%�¿�X36�ê¥���/�~0µl(6.15.14)§·���

[L1, J−1] = J0 + Q , Q + J†0 = [L1, J−1]† = −J0 , (6.15.15)

¤±§J†0 = −(J0 + Q)ÚU(1)ÖÅð�U�
∑

i qi = Q (Q´NX��µÖ)"ù´bcNX
"�ª(���N§=z�

#c�"�ª−#b �"�ª = − ε
2
Qχ , (6.15.16)

Ù¥§χ = 2(1− g)´º�g�­¡�Eulerê"

Uì(6.8.12)§·���(NSÜ©)

bn>−λ|0〉 = cn>λ−1|0〉 = 0 . (6.15.17)

Ïd§éuIO­#ëêz<|(λ = 2)§�$�Ø´ý�§
´L0�u−1�c1|0〉"

3ùp§·���£ãBoson<|NX�­#Bosonz§Ï�3�u�/I�§"l
y3m©§·�b½ε = −1"·�ÄkBosonzU(1)6µ

J(z) = −∂φ , 〈φ(z)φ(w)〉 = − log(z − w) . (6.15.18)

�ÑOPE(6.15.13)�AåÜþ´

T̂ =
1
2

: J2 : +
1
2
Q∂J =

1
2
(∂φ)2 − Q

2
∂2φ . (6.15.19)
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du3Boson φ�AåÜþ¥��û�§Boson φk/�µÖ0"de��^þ

SQ =
1
2π

∫

d2z
[

∂φ∂̄φ− Q
4
√

gR(2) φ
]

, (6.15.20)

£ã§Ù¥§R(2)´��Iþ­Ç"|^(9.2)§·�w�§k��−Qχ/2��µÖ§Ù
¥§χ = 2(1− g)´­¡�Eulerê"

,
§���O�L²§T̂k¥%Öĉ = 1+3Q2"�3(6.15.9)w��§nØ��Ð¥
%Ö´c = ĉ− 2"u´§·��7LV\��λ = 1�9ÏFermiNX§d�ê1|η(z)Ú
�ê0|ξ(z)|¤"ù�NXk¥%Ö−2"�ÐNX�AåÜþ���

T = T̂ + Tηξ . (6.15.21)

Iþφ��êke�AåÜþÚU(1)6�OPE"

T (z) : eqφ(w) :=
[

−q(q + Q)
(z − w)2 +

1
z − w

∂w

]

: eqφ(w) : + . . . , (6.15.22)

J(z) : eqφ(w) :=
q

z − w
: eqφ(w) : . . . → [J0, : eqφ(w) :] = q : eqφ(w) : . (6.15.23)

^#Cþ��ª§·��±r�Ð�b, c<|L«�

c(z) = eφ(z)η(z) , b(z) = e−φ(z)∂ξ(z) . (6.15.24)

öSµ|^(6.15.24)�L�ª§ÏL��O�5�y(6.15.2), (6.15.8) and (6.15.10)"

��§�\NSÚRÜ©�m�b, cg^|d�/�­�−(1 ± 2Q)/8�e±φ/2�Ñ"

5¿§|ξ�"�ªØ?\b, c�½Â"u´§Ï�?Û�|ρ〉k{¿º�ξ0|ρ〉§¤
±BosonzHilbert�mJø
�ÐHilbert�m�ü�B�"

·�Ø2?�Ú}ïbcNX�CFT(�§k,��Ööë�[26]"

7 ���¡¡¡þþþ���CFT

¥¡���Äe���{ü�4Riemann­¡§=�¡"§�º�g = 1ÚEulerêχ =
0"ÏL|^'Xé¡5§·��±]Ñ��~êÝþ§¦�NÈ8�z�1"À��
Iσ1, σ2 ∈ [0, 1]"u´§XJÝþ�1�ª�1§@oNÈ�1"·��±^ü�Eê5
ëêzÝþ§§´é¡�½Ý
§EêkXe��½�JêÜ©τ2 ≥ 0µ

gij =
1
τ2

(

1 τ1

τ1 |τ |2

)

. (7.1)
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τ τ + 1

0 1 Re w

Im w

Figure 6: ��E²¡û��¡

��´

ds2 = gijdσidσj =
1
τ2
|dσ1 + τ dσ2|2 =

dw dw̄
τ2

, (7.2)

Ù¥§
w = σ1 + τσ2 , w̄ = σ1 + τ̄σ2 (7.3)

´�¡�E�I"ù´ëêτ¡��¡E(�(½�)��Ï"§ØU�Ã¡��©Ó�
½Weyl­#IÝUC§Ï
´�¡�ETeichmüllerëê"σ1, σ2�±Ï5�=z�

w → w + 1 , w → w + τ . (7.4)

�¡�±@�´E²¡w�:§3ü�²£e§éAuEê1Úτü�¥þ�Ó§�Fig.
6"

�,τ3Ã¡��©Ó�eØC§�3�
/�0C�eUC"�O3Fig. 6¥(½
�¡�²1o>/§�ÄFig. 7a¥�@�"é²w§du±Ï5^�(7.4)§§�´�d
�",
§1��éAu�êτ + 1"·��Ñ(Øµ���1�ü��¡�d"u´§
C�

T : τ → τ + 1 (7.5)

�±�¡ØC"y3§�Ä3Fig. 7b£��,���d�²1o>/ÀJ§dE
êτÚτ + 1L�"r§C��5�/ª¿�±§�½�§·�7L^Ïfτ + 15ÿþ¤
k>"u´§§òéA���τ/(τ + 1)����d�¡"·�®²��1���C�

TST : τ → τ
τ + 1

. (7.6)

�±y²§�ù
C��È)¤�¡����+")¤�����B�8Ü�d
3(7.5)¥�T�Ñ§±9

S : τ → −1
τ

, S2 = 1 , (ST )3 = 1 . (7.7)
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Figure 7: a) �C�τ → τ + 1"b) �C�τ → τ/(τ + 1)"

τ
1
2−−

I I'

II II'

i

1
2−

Figure 8: �¡���m

����C�k/ª

τ ′ =
aτ + b
cτ + d

↔ A =
(

a b
c d

)

, (7.8)

Ù¥§Ý
Ak�ê�NÚ1�ª�1"ù��Ý
/¤+SL(2,Z)"Ï�UCÝ
�Î
ÒØK�(7.8)¥���C�§�+´PSL(2,Z) = SL(2,Z)/Z2"

�þ¡¤J��§�3þ�²¡H (τ2 ≥ 0)��§§´�¡�Teichmüller�m",

§�
é�ý�Ø�d��¡���m§·�7L^�+Øù�"�±y²§�+
�Ä��F = H/PSL(2,Z)´3��τ1 = ±1/2�mÚ¥%3�:�ü �þ��¡È"
�Fig. 8"

lÎ¡m©§k��k¿g��¡�E"�Ä���Ý�2πτ2Ú�±�1�Î¡"8
4�à§r§^=2πτ1§2r§Ê�,�à"ù�)
��τ = τ1 + iτ2��¡"ù��

E�Ñ
�¡þCFT�´»È©ÚHilbert�mþ�,�m��~k^�'X"Äk§
÷XÎ¡�DÂ�/Hamiltonþ0(C�Ý
)H = Lcyl

0 + L̄cyl
0 ��X"Î¡±��^=
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d/Äþ0�ÎP = Lcyl
0 − L̄cyl

0 ¢y"Ê3�å�ü�à3Hilbert�m¥�Ñ��,"
l(6.7.5)

Lcyl
0 = L0 −

c
24

, L̄cyl
0 = L̄0 −

c̄
24

, (7.9)

Ù¥§L0, L̄0´3¥¡þ��Î"nÜ3�å§·���
∫

e−S = Tr
[

e−2πτ2 H e2πiτ1 P
]

= Tr
[

e2πiτLcyl
0 e−2πiτ̄ L̄cyl

0

]

= (7.10)

= Tr
[

qL0−c/24 q̄L̄0−c̄/24
]

,

Ù¥§q = exp[2πiτ ]",��)Ì��U�ëYÜ©"ù´���~k^�'X§�J
ø
´»È©��(5�z"

7.1 ;;;���IIIþþþ

36.4!§·�®²£ã�;�¢Iþ|�CFT"ùp§·�ò�Ä3�»�Rþ���
;�¢Iþ|X"Ï
§�XÚX + 2πmR, m ∈ Z@�´�d�"

·�ÄkO�3�¡þnØ�´»È©"�^þ�

S =
1
4π

∫

d2σ
√

g gij∂iX∂jX

=
1
4π

∫ 1

0
dσ1

∫ 1

0
dσ2

1
τ2
|τ∂1X − ∂2X|2

= − 1
4π

∫

d2σ Xtu X , (7.1.1)

Ù¥§�Ñ�Laplace�f�

tu =
1
τ2
|τ∂1 − ∂2|2 . (7.1.2)

·�F"O�3�¡þ�´»È©

Z(R) =
∫

DX e−S (7.1.3)

�Ï~��§·�7L��k��^þ(]f)�²;)§O�§�NC�Þá"|X3
�¡þAT´±Ï5�§´��l�¡(ÿÀþS1×S1)��±S1���N�"ù��N

�dü��ê©a§§��½X÷X�¡�ü��±�7��ê"$Ä�§tuX = 0k
±e]f)

Xclass = 2πR(nσ1 + mσ2) , m, n ∈ Z . (7.1.4)

§�k�(�±Ï55�

Xclass(σ1 + 1, σ2) = X(σ1, σ2) + 2πnR , Xclass(σ1, σ2 + 1) = X(σ1, σ2) + 2πmR , (7.1.5)

Úe�²;�^þ

Sm,n =
πR2

τ2
|m− nτ |2 . (7.1.6)
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u´§·��±©mX = Xclass + χ§´»È©�±��

Z(R) =
∑

m,n∈Z

∫

Dχ e−Sm,n−S(χ)

=
∑

m,n∈Z
e−Sm,n

∫

Dχ e−S(χ) . (7.1.7)

����´3χ�´»È©"ok��·��±©Ñ�~ê"�ª§χ(σ1, σ2) = χ0 +
δχ(σ1, σ2), Ù¥0 ≤ χ0 ≤ 2πR"|δχ�±^Laplace�f���¼êÐm

tuψi = −λi ψi . (7.1.8)

ØJw�§ù
��¼ê´

ψm1,m2 = e2πi(m1σ1+m2σ2) , λm1,m2 =
4π2

τ2
|m1τ −m2|2 . (7.1.9)

��¼ê÷v
∫

d2σ ψm1,m2ψn1,n2 = δm1+n1,0δm2+n2,0 , (7.1.10)

¤±§·��±Ðm
δχ =

∑

m1,m2∈Z

′
Am1,m2ψm1,m2 , (7.1.11)

Ù¥§§¿�X�Ñ~ê�ª(m1, m2) = (0, 0)"¢�^�¿�XA∗
m1,m2

= A−m1,−m2 �

^þC¤

S(χ) =
1
4π

∑

m1,m2

′

λm1,m2 |Am1,m2 |2 . (7.1.12)

·��±l

‖δX‖ =
∫

d2σ
√

detG(dχ)2 =
∑

m1,m2

′

|dAm1,m2|2 (7.1.13)

rÿÝ(½�
∫

Dχ =
∫ 2πR

0
dχ0

∏

m1,m2

′ dAm1,m2

2π
. (7.1.14)

nÜ3�å§·���
∫

Dχe−S(χ) =
2πR

∏

m1,m2

′λ1/2
m1,m2

=
2πR√
det′tu

. (7.1.15)

|^����²(/ª§|^ζ¼ê5�z§·��±O�Laplace�f�1�ª[13]§

det′tu = 4π2τ2η2(τ)η̄2(τ̄) , (7.1.16)

Ù¥§η´3(A.10)¥½Â�Dedekind¼ê"®o(7.1.7)¥�¤k�§·���

Z(R) =
R

√
τ2|η|2

∑

m,n∈Z

e−
πR2
τ2

|m−nτ |2 . (7.1.17)
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ù´�©¼ê�Lagrangeþ"3c�Ù§·�®²J�§3�¡þ��©¼ê��±U
3(7.10)¥�Hamiltonþ/ª�Ñ"�
O�§§·�7LÒ�'u�êm�Poisson�
g¦Ú(�N¹A)"·���

Z(R) =
∑

m,n∈Z

q
P2

L
2 q̄

P2
R
2

ηη̄
(7.1.18)

Ù¥§
PL =

1√
2

(m
R

+ nR
)

, PR =
1√
2

(m
R
− nR

)

. (7.1.19)

ù´/ª(7.10)§lùp§·��±ÖÑ�/�­�ÌÚnØ�õ­ê",
§3UY
�c§4·��£¥¡§?ØnØ�6�ê(�"�36.4��§k���XÚ��X
�U(1)6µ

J(z) = i∂X , J̄(z̄) = i∂̄X (7.1.20)

§÷vU(1)6�ê

J(z)J(w) =
1

(z − w)2 + finite , J̄(z̄)J̄(w̄) =
1

(z̄ − w̄)2 + finite . (7.1.21)

·��±3��¨Sugawara/ª¥�ÑAåÜþ

T (z) = −1
2
(∂X)2 =

1
2

: J2 : , T̄ (z̄) = −1
2
(∂̄X)2 =

1
2

: J̄2 : . (7.1.22)

��±6.10?Ø���§Ì�±©)���HWL«"3�Úm£Ä6�êe§���
��|d§�ÖQLÚQR(½"l(7.1.22)§·���§�/�­d

∆ =
1
2
Q2

L , ∆̄ =
1
2
Q2

R . (7.1.23)

�Ñ"Ù{�L«ÏL^K6�ªJ−nÚJ̄−n�^3���|þ�E"·�éN´O�ù

���L«(c = c̄ = 1)�A�Iµ

χQL,QR(q, q̄) = Tr[qL0−1/24q̄L̄0−1/24] =
qQ2

L/2 q̄Q2
R/2

ηη̄
. (7.1.24)

�(7.1.18)�'�L²§Ì�¹Ã¡õQL = PLÚQR = PR���U(1)L«§IP
�m,n"ém = n = 0§·�ký�L«§§�HW�´IOý�"Ù§IP�m,n�HW
�÷v

J0|m,n〉 = PL |m,n〉 , J̄0|m,n〉 = PR |m,n〉 . (7.1.25)

3�Îã�¥§§��º��Îlùp�)(�Ï~��§·�©lX(z, z̄) ∼ X(z) +
X̄(z̄))µ

Vm,n =: exp[i pL X + i pR X̄] : , (7.1.26)

J(z)Vm,n(w, w̄) = pL
Vm,n(w, w̄)

z − w
+ . . . ,

J̄(z̄)Vm,n(w, w̄) = pR
Vm,n(w, w̄)

z̄ − w̄
+ . . . . (7.1.27)
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§���'f�dGuassúª�Ñ
〈 N

∏

i=1
Vmi,ni(zi, z̄i)

〉

=
N
∏

i<j
zpi

Lpj
L

ij z̄pi
Rpj

R
ij , (7.1.28)

Ù¥§�Ï~��§zij = zi − zj"|^Gaussúª

: eiaφ(z) :: eibφ(w) : = (z − w)ab : eiaφ(z)+ibφ(w) :

= (z − w)ab
[

: ei(a+b)φ(w) : +O(z − w)
]

, (7.1.29)

·���U(1)L«�e�OPE

[Vm1,n1 ] · [Vm2,n2 ] ∼ [Vm1+m2,n1+n2 ] , (7.1.30)

�U(1)ÖÅð�N"3U(1)L × U(1)RC�eiθL+iθRe§�f´ØC�§�´�|m,n〉¼�
���ei(m+n)θL+i(m−n)θR"

3�KL«¥§�d3�»�R��±þÏ~(:âf)þfåÆþfz^��¦�
��§Äþ�Î��m/R"u��	�m�ê��3#NXÑy§§7�±ng"ù´
3(7.1.19)¥�ên�°()º"§vk:âf(��)aqÔ"

3CFT¥§k��AÏ�Îa.§¡�>��Î§k(∆, ∆̄) = (1, 1)"éù����
Îφ1,1§�Ýφ1,1dzdz̄´�/ØC�"XJ^g

∫

φ1,16Ä�^þ§·�F"nØE,�/
ØC",
3þfnØ¥§k�©�?(áålÛÉ5)§§k�ÿ»��/ØC5"�
�/ØC5E,�3§·�¡φ1,1´°(>��"^ù«�{§ÏLφ1,1��6§·��
�ëê�ÍÜg�CFT �ëYx"3>��6�§¥%ÖØ�Cz"

3·�y3�~f¥§Ñy
ù�y�"k��(1,1)�Î§=φ = ∂X∂̄X = JJ̄"
ÏLrù�\\��^þ(7.1.1)§N´wÑ§�6��J´UCk��»R"nØ�
±�/ØC§�´��gd|Ø"3ù«�/§�Îwå5²T§,
§3�E,
�CFT¥§>��Î�3"

��§£��¡§2w�w�©¼ê"�uØ�8�§·�F"§3���©Ó�
+eØC"AO´§§AT3��C�eØC§=�C�"ùéuØ´­��§Ï��
ØC5?uuØk�5�ýéØ%§é�m�~�-�´���"

3ü�)¤C�TÚSy²ØC5´v
�§Ï�ù
)¤�+"·�ò|^�©¼
ê(7.1.17)�LagrangeþL«"|^N¹A�úªØJ�y§

√
τ2ηη̄üÕ´�ØC�"u

´§·��I��Ä]fÚ"3τ → τ + 1§·��±UC¦Ú(m,n) → (m + n, n)§
��Ú´ØC�"3τ → τ + 1e§·�2gUC¦Ú(m,n) → (−n,m)§Ú2g´Ø
C�"·��Ñ(Ø§;�Boson��¡�©¼ê´�ØC�"5¿§3HamiltonL
«(7.10)¥§é��Ì§3TC�e�ØC5¿�X

∆− ∆̄− c− c̄
24

=�ê (7.1.31)

AO´§éý��∆ = ∆̄ = 0§§¿�Xc−c̄ = 0 mod (24)"3·���/§c = c̄ = 1§
l(7.1.19), (7.1.23)§P 2

L/2− P 2
R/2 = mn ∈ Z"
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,��5º�93�;�Bosonþ��©¼ê"§�±ÏL�4�R → ∞��"
·�ý�34��©¼ê��m�NÈ��uÑ§¤±·�7LÄk©mNÈ"ü 
NÈ�gdU´k��"l(7.10)·�5¿�§�XRC�§Ø´�ê³�����´
km = n = 0��§¤±

lim
R→∞

Z(R)
R

=
1

√
τ2ηη̄

. (7.1.32)

3·�UY�c§·�òí�Boson��¡DÂf"§�±^Laplace�f��"�
��Ú�A���¼ê��ª�Ñµ

∆(σ1, σ2) ≡ 〈δχ(σ1, σ2)δχ(0, 0)〉 = −
∑

m,n

′ 1
|mτ − n|2

e2πi(mσ1+nσ2) . (7.1.33)

¦Ú´k^�Âñ�§7L|^ζ¼ê5�z55�"·���

tu ∆(σ1, σ2) =
4π2

τ2
[δ(σ1)δ(σ2)− 1] , (7.1.34)

¦��â·�®�Ñ"�ª�¯¢§3�¡þ�È©�Ñ""§��±^ϑ¼ê��
ª§3E�I¥L«�

∆(σ1, σ2) = − log G(z, z̄) , G = e−2π Imz2
τ2

∣

∣

∣

∣

∣

ϑ1(z)
ϑ′1(0)

∣

∣

∣

∣

∣

2

. (7.1.35)

þ¡�?Ø�±N´/í2�NgdIþ|X i, i = 1, 2, . . . , N��/"§����
3[0, 2π]"§�(½N��¡�ëê"�����g�^þ´

S =
1
4π

∫

d2σ
√

det ggabGij∂aX i∂bXj +
1
4π

∫

d2σεabBij∂aX i∂bXj , (7.1.36)

Ù¥§gab´�¡Ýþ(7.1)§εab´Ï~�ε ÎÒ§ε12 = 1¶Gij´é¡�½~êÝ
§§
3X i��m¥(8I�m�¡)åÝþ��^"~êÝ
Bij´�é¡�"§´3o�5

�nØ¥�θ��aqÔ"

´»È©���aqO���

Zd,d(G,B) =

√
det G

(
√

τ2ηη̄)N

∑

~m,~n

e−
π(Gij+Bij)

τ2
(mi+niτ)(mj+nj τ̄) . (7.1.37)

éN=1, G = R2, B = 0§ù��©¼ê�z�(7.10)"|^3miþ�õ­Poisson­#¦
Ú§�±C��HamiltonL«µ

Zd,d(G,B) =
Γd,d(G,B)

ηdη̄d =
∑

~m,~n∈ZN

q
1
2P 2

L q̄
1
2P 2

R

ηN η̄N , (7.1.38)

Ù¥§
P 2

L,R ≡ P i
L,R GijP

j
L,R , (7.1.39)

P i
L =

Gij
√

2
(mj + (Bjk + Gjk)nk) , P i

R =
Gij
√

2
(mj + (Bjk −Gjk)nk) . (7.1.40)
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nØk�6

J i(z) = i∂X i , J̄ i = i∂̄X i , (7.1.41)

J i(z)J j(w) =
Gij

(z − w)2 + . . . (7.1.42)

)¤��£ÄÚm£ÄU(1)N6�ê§éJ̄ iaq"AåÜþ�´��¨Sugawara/ª�

T (z) = −1
2
Gij∂X i∂Xj =

1
2
Gij : J iJ j : . (7.1.43)

���|dQi
L,RL�§±9

∆ =
1
2
GijQi

LQj
L , ∆̄ =

1
2
GijQi

RQj
R . (7.1.44)

�(7.1.38)'�§·���Qi
L,R = P i

L,R"

�±y²§�©¼ê(7.1.38)´�ØC�"

7.2 OOOrrrééé¡¡¡555ÚÚÚuuuHiggs���AAA

��»R = 1�§éuü�;�Boson�CFT§k�
AÏ�¹Ñy"y3�|��/�
­d

∆ =
1
4
(m + n)2 , ∆̄ =

1
4
(m− n)2 . (7.2.1)

�Ñ"5¿§m = n = ±1�ü��´(1,0)�Î"éu���R§���(1,0)(Ã�)�
Î´U(1)6J(z) = i∂X"y3§·�k,	ü�"XJ·���)ù
�Î§6�ê
C�"aq/§m = −n = ±1��´(0,1)�Î§m£Ä6�ê��Or"·��?
Ø�£ÄÜ©§Ï�m£ÄÜ©k�q�1�"C¤(1,0)�ü��Î�±��º��
Î(7.1.26)

J±(z) =
1√
2

: e±i
√

2X(z) : . (7.2.2)

2½Â

J3(z) =
1√
2
J(z) =

i√
2
∂X(z) . (7.2.3)

§�÷ve�OPE§§�±��|^〈X(z)X(0)〉 = − log zO�§

J3(z)J±(w) = ±J±(w)
z − w

+ . . . , J+(z)J+(w) = . . . ,

J−(z)J−(w) = . . . , (7.2.4)

J+(z)J−(w) =
1/2

(z − w)2 +
J3(w)
z − w

+ . . . ,

J3(z)J3(w) =
1/2

(z − w)2 + . . . . (7.2.5)
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ØJ¢y§ù´��k = 1U?�SU(2)6�ê"ù¿Ø-<¯ç§Ï�d(6.10.6)�Ñ
�SU(2)k�¥%Ö´c = 3k/(k +2)"�k = 1�§§�(C¤c = 1"ù�^gdBoson�
�ª§3U?1�6�ê�¢y¡�Halpern-Frenkel-Kac-Segal�E"

±c·�w�§SU(2)1kü��È��L«µj = 0�ý�L«Ú�/�­�∆ =
1/4�j = 1/2L«(5g(6.10.9))"j = 0���´ý�"j = 1/2L«���Î�SU(2)L�

�©þ^þÚ�/�­�(1/4,1/4) �SU(2)R�©þ^þ��C�"§�d(m,n) =
(0,±1) Ú(±1, 0)�oº��ÎVm,nL«"§�k�(��/�­Ú6�OPE(7.2.2)"

ù�y�í2�N��¡�."U(1)Öpi
L,R3�6uGij, Bij�N��:þ��"é

uG,B�AÏ�§ù��:���N�o+G���:��"u´§�
º��ÎC¤�
	�Ã56§�N�Abel6J i�å§/¤3U?k = 1���G�ê"

��¡CFT¼�Or6�êé¡5�§@o�A�uØ¼�Or5�é¡5"�Ä
3�»�R��±þ;����26�('�`X25)Bosonu"@o§Ã�þ���´�q
�§�´k�:ØÓ�)º"y3§k25��;���ê§¤±k25�LorentzØC5"
Ã�þ�´

aµ
−1ā

ν
−1|0〉 , aµ

−1ā
25
−1|0〉 , a25

−1ā
µ
−1|0〉 , a25

−1ā
25
−1|0〉 , (7.2.6)

§�´Úåf§�é¡Üþ§äf§ü�U(1)5�|Ú��Iþ"5¿§Iþ�
d∂X25∂̄X25)¤§´UC�»��6"u´§Iþ�Ï"�´�»R"3§�¥m§k
Ù§k�þ��

|A±
µ 〉 = āµ|m = ±1, n = ±1〉 , (7.2.7)

§´�þ�m2 = (R− 1/R)2/4�¥þ§±9

|Ā±
µ 〉 = aµ|m = ±1, n = ∓1〉 (7.2.8)

kþ¡Ó���þ"�·�C©R§�þUC¶3R = 1§§�C¤Ã�þ�"3ù:
þ§uØ¼�SU(2)×SU(2)5�é¡5"lR = 1£m§SU(2)×SU(2)5�é¡5gu»
"�U(1)×U(1)"ù´��Ï~�Higgs�A§Ï"���»�IþåHiggsIþ��^(
�,ùpvk³U)"

7.3 T-éééóóó555

·�y3£�c�!?Ø�3�»�R��±þ;��ü�Iþ�~f"�·�®²w
��§�|k

H = L0 + L̄0 =
1
2

(

m2

R2 + n2R2

)

, P = L0 − L̄0 = mn . (7.3.1)

²w/§þ¡�Ì3
R → 1

R
, m ↔ n . (7.3.2)

ØC"ùéAuU(1)Ö�e�C�

PL → PL , PR → −PR . (7.3.3)
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�kmÖUCÎÒ"'u�g6��^þ´aq�

J(z) → J(z) , J̄(z̄) → −J̄(z̄) . (7.3.4)

N´�y§Ø�Ì§
��p�^ÑØ�Nù�5�"ù´��AÏ�5�§Ï�§
¿�XCFTØU«O�»�RÚ�»�1/R��±"î�/ù§ùØ´��nØ�é¡
5"§(¡ü�k�ØÓ�ü�nØ¢Sþ´�Ó�",
§ÒuØ
ó§§òC¤
ý��é¡5§¡�T¨éó5"5¿§éT¨éó5�Ñy§�7�ª�Ñy´��
�"l
§§�±3uØ¥Ñy§�ØU3:âf|Ø¥Ñy"

3uØ¥§k��T¨éó5�k^�)º"·�lR = 1�CFTÑu"®²w�§
3ù:þ§k��Oré¡5SU(2)L × SU(2)R"u´§3ù:þ§éóC�(7.3.4)´�
�SU(2)RWeylC�"ù)º
3R = 1�géó"y3§ÏL6Äk>��Îε

∫

J3J̄3 =
ε

∫

∂X∂̄X�CFT§lR = 1�Ã¡�£Ä"du�6ÄnØ�géó5§ε6ÄÚ−ε6
Ä�ÑÓ��nØ"ù´3R = 1±�R → 1/R�Ã¡���"·��±?�Ú3��
��þ*Ðù�éó5"3ù�¿Âþ§éó5´3R = 1 SU(2)é¡5�(J§éó
C�´��SU(2)RC�"2g�Äk��;��Bosonu"3R = 1§SU(2)LC�´5

�C�"lmR = 1§5�é¡5�»"§éóé¡5´�55�é¡5�lÑí{"

·��±rT¨éóé¡5í2�N��¡�.¶ùp§éóC�/¤��Ã�lÑ
+§Ø����/�+�Z2"

Äk*	�§�©¼ê(7.1.37)3Uì?Û�ê¢N��é¡Ý
�Bij =�¥´Ø

C�"ÏL�EnØ§3IþGijÚBij�GL(N)^=¥�´ØC�",
§Ï�^=�
�^3mi, niþ§7Lr§�^=£�ê"GL(N)Ý
7Lk�ê¢N§ù��Ý
/
¤lÑ+GL(N,Z)"��§kÃX�»�ü�C�§§�±ÌØC"o�§¤kù
C
�(Ü¤��Ã�lÑ+O(N,N,Z)"§ke�/ª�2N × 2N�ê�Ý
£�

Ω =





A B
C D



 , (7.3.5)

Ù¥§A,B, C,D´N ×NÝ
"2½ÂO(N,N)ØCÝ


L =
(

0 1N

1N 0

)

, (7.3.6)

Ù¥§1N´N�ü Ý
"XJΩk�ê¢N§§áuO(N,N,Z)§
�÷v

ΩT L Ω = L . (7.3.7)

½ÂEij = Gij + Bij"@o§éóC�´

E → (AE + B)(CE + D)−1 ,





~m
~n



 → Ω





~m
~n



 . (7.3.8)

3AÏ(�´k^)��/N=2§·��±(½

Gij =
T2

U2

(

1 U1

U1 U2
1 + U2

2

)

, Bij =
(

0 T1

−T1 0

)

, (7.3.9)
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�ëê§Ù¥T2, U2 ≥ 0"½ÂEëêT = T1 + iT2, U = U1 + iU2§�:¦Ú(7.1.38)C¤

Γ2,2(T, U) =
∑

~m,~n

exp
[

− πτ2

T2U2
| −m1U + m2 + T (n1 + Un2)|2+

+ 2πiτ(m1n1 + m2n2)
]

. (7.3.10)

éó+O(2,2,Z)^Õá�PSL(2,Z)C�(7.8)±9��T ↔ U�^3TÚUþ"

T -éó5�±í2�k�­8I�m�σ�."�[?Ø�[25]"

7.4 ���¡¡¡þþþ���gggdddFermion

36.11!§·�®²©Û
N�gdMajorana-Weyl Fermion�CFT"·�ò�Äù�
nØ3�¡þ��©¼ê"�^þ3(6.11.1)¥�Ñ"�
O�´»È©§·�7LÀ
JFermion3�¡ü��±þ�>.^�"��/§ko��U�Ü©"Fermion´»È
©�Ñd·��>.^�½Â�Fermion1�ª��(�¡�g^(�)"

∫

e−S = (det ∂)N/2 . (7.4.1)

ÏLé�·�����Ú�ζ5�È§�±O�§"·�Äk�Ä3¤k�±(A,A)þ�
�±Ï5^�"u´§���´

λAA ∼
((

m1 +
1
2

)

τ +
(

m2 +
1
2

))

, m1,2 ∈ Z . (7.4.2)

5�zÈ�O��Ñ

(det ∂)AA =
ϑ3(τ)
η(τ)

. (7.4.3)

é(A,P)>.^�§·���

λAP ∼
((

m1 +
1
2

)

τ + m2

)

, m1,2 ∈ Z , (7.4.4)

(det ∂)AP =
ϑ4(τ)
η(τ)

. (7.4.5)

é(P,A)>.^�§·�k

λPA ∼
(

m1τ +
(

m2 +
1
2

))

, m1,2 ∈ Z , (7.4.6)

(det ∂)PA =
ϑ2(τ)
η(τ)

. (7.4.7)

��§é(P,P)>.^�§1�ª�u"§Ï�ù
>.^�y3#N"�ª"ÏLÍ
Ü�~ê5�|(é"�ª§§�
���^)§�±w�§ùp�1�ª�ϑ1(τ)¤'
~§�(ð�u""

74



�±rþã(Jo(Xe"4a = 0, 1©O�«31���±þ�A,P>.^�¶b =
0, 1�«31���±þ�A,P>.^�"@o§

(det ∂)[ab ] =
ϑ[ab ](τ)
η(τ)

. (7.4.8)

(P,P)g^(�¡�Ûg^(�¶Ù{�¡�óg^(�"lN¹A§·�w��C��
��«>.^�§Ï�§����«�±"�
�E�ØC�ÀÜ§·�7L3¤k>
.^�þ¦Ú"2�)m£ÄFermion�§·�r���©¼ê��

Z fermionic
N = 1

2

1
∑

a,b=0

∣

∣

∣

∣

∣

ϑ[ab ]
η

∣

∣

∣

∣

∣

N

. (7.4.9)

�±���y§´�ØC�"�
�«Ì§·��±^(6.11.28), (6.11.29), (6.11.42),
(6.11.43) �A5��ªr�©¼êL«�

Z fermionic
N = |χ0|2 + |χV |2 + |χS|2 + |χC |2 , (7.4.10)

lùp§·�w�§¤k�O(N)1�ÈL«Ñë�"

3óg^(�¥�Fermion�ü:¼ê�±^§��4:(�Ú3�C�e�C�5
���ª5�½"§�kSzegöØ�Ñ

〈ψi(z)ψj(0)〉 = δij S[ab ](z) , S[ab ](z) =
ϑ[ab ](z)ϑ′1(0)
ϑ1(z)ϑ[ab ](0)

. (7.4.11)

·��ò?�Ú?Ø3Ûg^(�¥�"�ª"z��ý¢Fermionk"�ª§¿
�´»È©�u""1���"�'¼ê7L�¹N�Fermion§¦�§�áÂ¤k"
�ª"3"�ªþ�È©�Ñ�����é¡�Üþ§·�r§8�z�ØC�εÜ
þ"Ù{��zd3vk"�ª��©¼ê�Ñ"Ï��fk�È��ÚÏ�k�

�(−1)F�\§�"�ª��z�

q−N/24
∞
∏

n=1
(1− qn)N = ηN =

[

1
2π

∂vϑ1(v)|v=0

η

]N/2

. (7.4.12)

u´§
〈 N

∏

k=1

ψik(zk)
〉

odd

= εi1,...,iN ηN . (7.4.13)

7.5 Bosonzzz

�Äü�Majorana-Weyl Fermion§¿�

ψi(z)ψj(w) =
δij

z − w
+ . . . . (7.5.1)

·��±rÄC��

ψ =
1√
2
(ψ1 + iψ2) , ψ̄ =

1√
2
(ψ1 − iψ2) . (7.5.2)
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��nØ�¹d(1,0)6)¤�U(1)6�ê

J(z) =: ψψ̄ : , J(z)J(w) =
1

(z − w)2 + . . . , (7.5.3)

J(z)ψ(w) =
ψ(w)
z − w

+ . . . , J(z)ψ̄(w) = − ψ̄(w)
z − w

+ . . . . (7.5.4)

�§(7.5.4)L²§ψ, ψ̄´Ö�1Ú−1����|"AåÜþ�

T (z) = −1
2

: ψi∂ψi :=
1
2

: J2 : . (7.5.5)

§k¥%Öc = 1"

·��±|^ü�Ã�Boson X(z)5L«Ó���Î�ê"=§

J(z) = i∂X , ψ =: eiX : , ψ̄ =: e−iX : . (7.5.6)

öSµ�yµþ¡�½Â�±­#�)�FermionnØ¥����Ó�OPE"


�§rù
½ÂA^�(7.5.5)§§��)�(�IþAåÜþ§=§T = −1
2 :

∂X2 :"ù�Ã��Î�EJÑ§ü�Majorana-Weyl FermionÚ��Ã�Boson �U
�Ñ�d�nØ",
§��nØ��¹m£ÄÜ©"��)�§·���¡�Ä
��Dirac Fermion§,��¡�Ä��Iþ",
§éuIþnØ§·�7L(½�
»R"�
O�§§·�lN=2���Dirac Fermion(7.4.9)��¡þ��©¼êm©"

rPoisson­#¦ÚA^�ϑ¼ê§·��±y²§

|ϑ[ab ]|2 =
1√
2τ2

∑

m,n∈Z

exp
[

− π
2τ2

|n− b + τ(m− a)|2 + iπmn
]

(7.5.7)

=
1√
2τ2

∑

m,n∈Z

exp
[

− π
2τ2

|n + τm|2 + iπ(m + a)(n + b)
]

.

�a, b ∈ Z�§1���§k�"u´§

Z =
1
2

1
∑

a,b=0

∣

∣

∣

∣

∣

ϑ[ab ]
η

∣

∣

∣

∣

∣

2

=
1

2
√

2τ2

1
∑

a,b=0

∑

m,n∈Z
exp

[

− π
2τ2

|n + τm|2 + iπ(m + a)(n + b)
]

. (7.5.8)

3bþ�¦Ú�ÑÏf2§5½m + a´óê�"u´§m = 2m̃ + a"3aþ�¦Ú­#5
½m�?¿�ê"l
§

ZDirac =
1√
2τ2

∑

m,n∈Z
exp

[

− π
2τ2

|n + τm|2
]

(7.5.9)

76



π

0

π

0

Figure 9: ;6/S1/Z2"

±9§�(7.1.17)'�§·�w�§§��»�R = 1/
√

2�Boson���"

o�§Dirac Fermion�du�»R = 1/
√

2�;�Boson"

7.6 ;;;666///

�·��ÄklÑé¡+G�6/M�§;6/VgÑy"·��±�Ä��#�6
/M̃ ≡ M/G§§ÏLØ±é¡+G
lÎ�6/��"XJG´gd�^�(3G��
^e§Mvk�½:)§@o§M/G´��1w6/",��¡§XJGk�½:§@
oM/GØ2´��1w6/§
k3�½:��IÛÉ5§¡�;6/ÛÉ5"y
3§·�òJøþ¡�~f"

�Ä¢��R"§kZ2é¡5x → −x";6/R/Z2´k��3>.x = 0�;6/
:(ÛÉ5)����",	§��Rk,��lÑÃ�é¡+§=§²£x → x + 2πλ"
ù�é¡5´gd�^�§¤��6/´��1w6/§=§���»�λ��±"

ÒCFTÚuØ
ó§;6/´k,��§Ï�§��u;�Jø'�¡�´L��
m§�´#N°(�CFT£�"�k§�,§��²;AÛ´ÛÉ�§u3§�þ1w
/DÂ"�é{`§�A�CFT��'¼ê´k��"

�
�Ñù�­��(J§ùp·�ò£ã�
;6/�{ü~f"�
3uØ¥
»"�é¡5§§�´3�¡´k^�"3�©Ø©[27]�±é��õ"

Äk�Ä���gd�^;6/�{ü~f"�Ä�»�R��±§Ù¥ëê
�x ∈ [0, 2π]§2Ø±é¡5x → −x"3é¡�^e§kü��½:§x = 0Úx = π"
¤��6/´3>.k�½:��ã(Fig. 9)"

ØJ�E;6/�CFT"z��3�©Hilbert�m¥��Î3Z2;6/C�X →
−Xe§k��²(�1�¶éº��Î§Vm,n → V−m,−n"

;6/�EL²§3;6/C�e·��A�±�ÎØC"u´§;6/nØ
�¹Z2ØC��Î§§���'f�3�©nØ¥��"AO´§ØCº��Î
´V +

m,n = 1
2(Vm,n + V−m,−n)"

,
§ùØ´¯��(å"î8·�®�E�´/�Û­�Ü©0"l�¡��©
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¼ê�±w�,�µ·�7Lk�õ"·�lHamiltonL«¥�(7.1.18)m©"�
�
�3ØC��§·�7L3,¥�\��ÝKf"ù�ÝKf´(1 + g)/2§Ù¥§g´
�e¡���^3�þ��²T;6/+��

g





N
∏

i=1
a−ni

N̄
∏

j=1
ān̄j |m, n〉



 = (−1)N+N̄
N
∏

i=1
a−ni

N̄
∏

j=1
ān̄j | −m,−n〉 . (7.6.1)

u´§
Z(R)invariant =

1
2
Z(R) +

1
2
Tr[g qL0−1/24 q̄L̄0−1/24] . (7.6.2)

�
O�1��,§·�5¿�〈m1, n1|m2, n2〉 ∼ δm1+m2δn1+n2§§¿�X�km = n =
0��é@�,k�z"ù
´X�f�(ý��)§dug��^§z���fk−1Ïf
��­"·���

1
2
Tr[g qL0−1/24 q̄L̄0−1/24] =

1
2
(qq̄)−1/24

∞
∏

n=1

1
(1 + qn)(1 + q̄n)

=
∣

∣

∣

∣

η
ϑ2

∣

∣

∣

∣

(7.6.3)

Ú

Z(R)invariant =
1
2
Z(R) +

∣

∣

∣

∣

η
ϑ2

∣

∣

∣

∣

. (7.6.4)

éϑ¼ê��5��{ü*	L²§ù��©¼êØ´�ØC�""�
,
À
Ü"ù°(/´Û­��8Ü"y3§é|X§kÙ§�U�>.^�§=§X(σ +
2π) = −X(σ)"ù�´±Ï5^�§Ï�y3XÚ−X´�Ó�"3ù�Ü©(§aqu
éFermion�RamondÜ©)ÄþÚ�7ê�>.^�r��"§�f´��ê��"r
þ¡�>.^�N\�Laplace�§�)§·���3Û­Ü©�e��ªÐm

X(σ, τ) = x0 +
i√
4πT

∑

n∈Z

(

an+1/2

n + 1/2
ei(n+1/2)(σ+τ) +

ān+1/2

n + 1/2
e−i(n+1/2)(σ−τ)

)

. (7.6.5)

"�ªr�?uü��½:þµx0 = 0, πR"ùL²3ù�Ü©¥§ü�Ä�|H0,π〉Ñ
y§§3Virasoro�ê´��§3;6/C�e´ØC�"§�÷v

an+1/2|H0,π〉 = ān+1/2|H0,π〉 = 0 n ≥ 0 . (7.6.6)

�3Fermion�/ég^|¤����§·��±O�§���/�­"§´h = h̄ =
1/16"Ù{��dK��f�^3Ä�þ)¤",
§Ø´¤k��Ñ´ØC�"�

À�ØC�§·�7L^·�3Û­Ü©¥�ÝKf5O�,µ

Ztwisted =
1
2
Tr[(1 + g)qL0−1/24 q̄L̄0−1/24]

=
1
2

1
(qq̄)48

[ ∞
∏

n=1

1

(1− qn− 1
2 )(1− q̄n− 1

2 )
+

∞
∏

n=1

1

(1 + qn− 1
2 )(1 + q̄n− 1

2 )

]

=
∣

∣

∣

∣

η
ϑ4

∣

∣

∣

∣

+
∣

∣

∣

∣

η
ϑ3

∣

∣

∣

∣

. (7.6.7)

���©¼ê

Zorb(R) = Zuntwisted + Ztwisted =
1
2
Z(R) +

∣

∣

∣

∣

η
ϑ2

∣

∣

∣

∣

+
∣

∣

∣

∣

η
ϑ4

∣

∣

∣

∣

+
∣

∣

∣

∣

η
ϑ3

∣

∣

∣

∣

(7.6.8)
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´�ØC�"¢Sþ§3(7.6.8)¥�o�ØÓÜ©�±�)º�3ü��±þ�o�
ØÓ>.^���¡þ?1´»È©�(J§Ò�3Fermion�/��"·�òÚ\P
ÒZ[hg ]§Ù¥§h, g30, 1��¶g = 0L«�Û­�Ü©§
g = 1L«��ÝK"3ù
«PÒ¥§;6/��©¼ê�±�¤

Zorb =
1
2

1
∑

h,g=0

Z[hg ] , (7.6.9)

kZ[00] = Z(R)Ú

Z[hg ] = 2

∣

∣

∣

∣

∣

η
ϑ[1−h

1−g ]

∣

∣

∣

∣

∣

, (h, g) 6= (0, 0) . (7.6.10)

3�C�e§§�C�Xe

τ → τ + 1 : Z[hg ] → Z[hh+g] , (7.6.11)

τ → −1
τ

: Z[hg ] → Z[gh] (7.6.12)

±9§·��Ñ(Ø§(7.6.9)´�ØC�"

��5¿§��Û­�Ü©Ø�6u�»"ù´�gd�^;6/���ÊHA
5"Ò�·��¡òw��§égd�^;6/§�¹´ØÓ�"

Û­�Ä�dÛ­�ÎH0,π(z, z̄)lSL(2,C)ØCý�)¤"Û­�Î��'¼ê
�JuO�§�´§ù�O�´�±?1�(�[�[28, 29])"�±(½e�«¿
�OPE[28, 29]

[H0] · [H0] ∼
∑

n,m
C2m,2n[V +

2m,2n] + C2m,2n+1[V +
2m,2n+1] , (7.6.13)

[Hπ] · [Hπ] ∼
∑

n,m
C2m,2n[V +

2m,2n]− C2m,2n+1[V +
2m,2n+1] , (7.6.14)

[H0] · [Hπ] ∼
∑

n,m
C2m+1,2n[V +

2m+1,2n] . (7.6.15)

ùp§[V +
m,n]�LdU(1)6�ª��^þl�º��ÎV +

m,n = (Vm,n + V−m,−n)/
√

2)¤�
��U(1)L«"OPE�Xêde¡�Ñ

Cm,n =
√

22−2(hm,n+h̄m,n) , C0,0 = 1 (7.6.16)

Ú

hm,n = (m/R + nR)2/4 , h̄m,n = (m/R− nR)2/4 . (7.6.17)

5¿§�©nØ�ü�U(1)6∂XÚ∂̄X�±�ÝKÑ5"Ïd§3;6/nØ¥§
·�Ø2Ï"këY�U(1)L × U(1)RØC5"3Û­�OPE¥§ù®²é²w§§L
²§Öm,nØ2Åð",
§E,�kí{�Z2 × Z2é¡5

(H0, Hπ, V +
m,n) → (−H0, Hπ, (−1)m V +

m,n) , (7.6.18)
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(H0, Hπ, V +
m,n) → (Hπ, H0, (−1)n V +

m,n) . (7.6.19)

�ù
C��UCÛ­|ÎÒ��	é¡5(Üå5

(H0, Hπ, V +
m,n) → (−H0,−Hπ, V +

m,n) , (7.6.20)

§�)¤+D4§§´;6/�ØC+"

;6/nØ��6u��ëYëê,=�»R"
�§ùp·��kéóé¡5R →
1/R§Ï�l(7.6.8)µ

Zorb(R) = Zorb(1/R) . (7.6.21)

öSµé3R → 1/Re�Û­|§|^3(7.6.13)-(7.6.15)¥�OPE5í�e�C�
5K§

(

H0

Hπ

)

→ 1√
2

(

1 1
1 −1

) (

H0

Hπ

)

. (7.6.22)

öSµ?�Ú�Äd3(7.6.20)¥�Z2C�/;6/z0;6/nØ"y²¤��n

Ø´�5��¡nØ"3ù«'X¥§�¡nØØ2';6/nØ�Ä�"

öSµy²§�R =
√

2�§;6/�©¼êC¤Ising�©¼ê�²�"

ZIsing =
1
2

[∣

∣

∣

∣

∣

ϑ2

η

∣

∣

∣

∣

∣

+

∣

∣

∣

∣

∣

ϑ3

η

∣

∣

∣

∣

∣

+

∣

∣

∣

∣

∣

ϑ4

η

∣

∣

∣

∣

∣

]

, (7.6.23)

§3(7.4.9)¥�Ñ"ùp§N=1"\�I�(A.14)"

lþ¡�;6/�±�t/3�«��þí2"Äk§·��±�ÄÙ§å©
�CFT§~Xp��¡½�p�^CFT"�k§·�Ø±�é¡5�±´����
�Abel½�AbellÑ+"du�m'X§·�Ø3ù���þ?1�õ&?"

·�y3?Ø��gd�^;6/+�{ü~f"·�2gl3�»�R��±
þ�IþnØm©"�´§ùp§·�æ^U(1)é¡5�Z2f+§§Uì|m,n〉 →
(−1)m |m,n〉���^§�±�fØC"AÛ�^þ´��:²£µX → X + π R"·
�ò|^c¡��{5O��©¼ê"�2g^Z[00] = Z(R)�/ª�Ñ"Z[01]7L�¹
+��µ

Z[01] =
∑

m,n∈Z
(−1)m

exp
[

iπτ
2

(

m
R + nR

)2
− iπτ̄

2

(

m
R − nR

)2
]

ηη̄
. (7.6.24)
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ÏL5¿�Û­>.^�aqu�»����±�>.^�§¤±n → n+1/2§½ö§
ÏL3Z[01]þ�1τ → −1/τC�§Z[10]�O��±�Ñ"ü«�{Ñ�Ñ

Z[10] =
∑

m,n∈Z

exp
[

iπτ
2

(

m
R +

(

n + 1
2

)

R
)2
− iπτ̄

2

(

m
R −

(

n + 1
2

)

R
)2

]

ηη̄
. (7.6.25)

��§ÏLτ → τ + 1C�½öÏL�\+��§Z[11]�±lZ[10]��µ

Z[11] =
∑

m,n∈Z
(−1)m

exp
[

iπτ
2

(

m
R +

(

n + 1
2

)

R
)2
− iπτ̄

2

(

m
R −

(

n + 1
2

)

R
)2

]

ηη̄
. (7.6.26)

þão(Xeµ

Z[hg ] =
∑

m,n∈Z
(−1)gm

exp
[

iπτ
2

(

m
R +

(

n + h
2

)

R
)2
− iπτ̄

2

(

m
R −

(

n + h
2

)

R
)2

]

ηη̄
(7.6.27)

½ö§3LagrangeL«¥µ

Z[hg ] =
R

√
τ2ηη̄

∑

m,n,∈Z
exp



−πR2

τ2

∣

∣

∣

∣

∣

m +
g
2

+
(

n +
h
2

)

τ
∣

∣

∣

∣

∣

2


 . (7.6.28)

r(7.6.9)¥��z®oå5§·���§Boson��©¼ê3�»�R/2��±þ;
�"ù´l;6/���AÛ�^þ·�¤Ï"�"ùp��5¿§Û­Ü©é�»k
���²T��6"ù´gd�^;6/���A5"

ù�;6/�~f�,wå5²T§§%�±�Ù§ÝK(Üå5§�Ñ�²T
�CFT"

öSµ�Ä���¡�CFT§�¡´ü��»�R1,2Ú�I�X1,2��±��È"

ù�nØ3Ù{�¥kZ2é¡5§§UìX1 → −X1ÚX2 → X2 + πR2Ó��^"�E

ù�;6/��©¼ê"

ùp·�ò?Ø�¡�.�����;6/+"d��¡CFT���é¡5�
¹U(1)d

L × U(1)d
RÃ�é¡5"�Au§�C�´?¿�:²£"§�Xe�^3Äþ

�miÚ�7ê�ni��þ

gtranslation = exp
[

2πi
d

∑

i=1
(miθi + niφi)

]

, (7.6.29)

Ù¥§�
��lÑ+§θi, φi´knê"�kØ��GijÚBij»"�O(d,d)+�f+�
é¡5"ù
�6u��m�:"l
§����´�^3nØ�Ü©���²£Ú^
=��^3nØmÜ©���k�ØÓ�²£Ú^=�(Ü"
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a) b)

Figure 10: a) V­�¡"b) �ü��¡�{¿4�"

öSµ�Äü���»�È�CFT"3ü��±�p�e§´ØC�"ù�C�/
¤^=+O(2)�Z2f+"dù�é¡5;6/zÚ�E�©¼ê�;6/¬"�©¼ê

´�ØC�íº\I�(A.14)"

k��;6/+ÀJ�d�ØC5N\��å";6/ÃY�±w�lÑé¡5�

5�z"�Uu)lÑé¡5´�~�"u´§nØòØ´�ØC�"

öSµ­�gdIþ�gd�^;6/§�´y3|^e�+��µg = (−1)m+n"

§éAu�AÛ²£"y²§Ø�U�E���ØC��©¼ê"u´§ù´���~
é¡5§Ï�§éAuÃ�U(1)L�Z2f+�5�z"

7.7 333pppººº���Riemann­­­¡¡¡þþþ���CFT

î8§·�®²©Û
3$º��­¡§=Riemann¥(g = 0)Ú�¡(g = 1)þ
�CFT"aq/§·��±½ÂÚ©Û3k�õÃY�­¡þ��«CFT"3º�g ≥
2�Riemann­¡þ���N:¼ê�6u�Î�N(E) /Ú��­¡��3(g − 1)�E
ê"§�´�¡��τ�í2"�k�^3�þ��+�Vg"3N��É�º��g�
­¡þ��+e§�©¼ê7L´ØC�"

,
§3½Â3�«Riemann­¡þ�Ó�CFT��'¼ê�m§k�|'X"ù
¡�Ïfz"����~f§�Ä3Fig. 10a¥£��º�2�­¡þCFT��©¼ê"
§�6u3�E�"AO´§k��^qL«��§¦�µ�q → 0�§­¡uÐ¤3�
m��Î¡¶�q = 0�§­¡òz�z�þk���É�ü��¡(Fig. 10b)"ùL«
é�©¼ê�Hamiltonòzúª

〈 1 〉g=2 =
∑

i
qhi−c/24 q̄h̄i−c̄/24 〈φi〉g=1 〈φi〉g=1 , (7.7.1)
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Figure 11: ��é�¡�òz�Hamilton£�

Ù¥§3nØ�¤k�þ¦Ú§3Q²B���¡þO�ü:¼ê"�¤±ù�´
Ï�§�¥m��¡C��§·��±|^Î¡Hamiltonþ5£�nØ�ùÜ©"�
§(7.7.1)3Fig. 11¥V�/L«"ù�±�í2�?¿�'¼êÚ?¿{¿"

Ï�ÏfzL«3d3uØ¥��6N�5§¤±§´­��"~X§g = 2�Ì´
��éÑ��Ì�2¨�ã?�§3�6nØ¥§·��±ÏLrü�ã�Ì¿å5�
E§"

8 Bosonuuu���ÑÑÑ������ÌÌÌÚÚÚººº������ÎÎÎ

3c�Ù§·�®²w�§éCFT¥�z���§éA��lSL(2,C) ØCý�)¤�
�g���Û��Î"¤±§éuØ¥�¤k�§éAu­.�þ�Û��Î",
§
·��I��ÄÔn�"Ôn�^�N�=��Û��Îº

·�ò3Î��C�{¥ö�§�Ä4u�/"·�®²w�§Ôn�7L÷
vL0 = L̄0 = 1§§�A��Virasoro�Î���ª�«"^CFT�{`§§�7L´�
/�­�(1,1)���"
�§l§��½Â§��éAuVirasorof�"

3�/5�¥§Polyakov�^þ´

SP =
1

4πα′

∫

d2σ ∂Xµ∂̄Xνηµν , (8.1)

lùp§·���2¨:¼ê

〈Xµ(z, z̄)Xν(w, w̄)〉 = −α′

4
ηµν log |z − w|2 (8.2)

ÚAåÜþ

T = − 2
α′

ηµν∂Xµ∂Xν (8.3)

®²aq/éT̄"

3"U?��|p〉éAu�ÎVp =: eipµXµ :"3T, T̄e§§�´�/�­�∆ = ∆̄ =
α′p2/4���"�
§��(1,1)l
´Ôn�§·�I�p2 = −m2 = 4/α′§§´�1f
��^�"
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e����8Ü´aµ
−1āν

−1|p〉§éAu�Î: ∂Xµ∂̄XνVp :. ·��Äù
�Î��5|
ÜO(ε) = εµν : ∂Xµ∂̄XνVp : ^T, T̄O�§��OPEµ

T (z)O(w, w̄) = −ipµεµν
α′

4
∂̄xνVp

(z − w)3 +
(

1 +
α′p2

4

)

O(w, w̄)
(z − w)2 +

∂wO(w, w̄)
z − w

+ . . . (8.4)

±9éT̄k��aq�¹"�
k�(1,1)�Î§·�7Lk���n�4:

pµεµν = pνεµν = 0 (8.5)

Úp2 = 0§§´éÚåf(é¡Ã,�ε)§�é¡Üþ(�é¡�ε)Úäf(kp̄2 = 0,
p · p̄ = 1�εµν ∼ ηµν − pµp̄ν − p̄µpν)���Úî�^�"�pU?Uaq�ª?n"

3y��(BRST)�Cþfz¥§Ôn�^�Cz�[QBRST , Vphys(z, z̄)] = 0§§�z
�Ôn�þ�Ï~^�"3ù«�/§Ônº��Î´^cc̄¦±3Î��C�/·�é
��º��Î"

3¥¡þ�N:Ñ��Ì(SÝ
�)�±ÏLO��Aº��Î�·�N:�'
fÚ3�\ /þ�È©5�E"Ò�·�±cJ��§3¥¡þ§k��í{
�SL(2,C)ØC5§§ØUd?1�/5�
�½"ù�±^5rn�º��Î� /
�½�Uì.~��0, 1,∞�n��½:þ"u´§·�3�e�N-3� /þÈ©"
n�(¥¡)Ñ��Ì��[O��[5]"

£Ä�ü�ã¥§kaq�5½"éuN:ü�ã�Ì§·�Äk7LO�3�¡
þ�·�º�¼ê�N:¼ê"du�¡�²£ØC5(c, c̄"�ª)§�'f�6uN-
1� /±9�¡τ��"ù
´�§§�AT�ÈÑ"�©Ó�ØC5L«3N-1�
 /þÈ©��'f3�C�eAT´ØC�"��§·�7L3Ä��¥�τþÈ
©(Fig. 8)"

·�òO�4Bosonu�ü�ãý�Uþ"ù´ü�ã�ã§éAuO�d3CFT�
�¡�©¼êÚ�¡��m�È©"·�ò3�C�{¥?1ù�O�"·�®²w

�§é��ü��;�Boson��¡�©¼êd1/(
√

τ2ηη̄)�Ñ§·�k26�ù«"<
|b, cé�©¼ê�zη2§-�
ü��£Ä�f��z"aq/§<|b̄, c̄�zη̄2"�

�§È©ÿÝ�¹τ1þ�È©§§N\
L0 = L̄0ÚÏ~�SchwingerÿÝdτ2/τ2"o�§
·���

Λ4 =
∫

F

d2τ
τ 2
2

Zbosonic(τ, τ̄) =
∫

F

d2τ
τ 2
2

1
(
√

τ2ηη̄)24 , (8.6)

Ù¥§F´Ä��"5¿§Zbosonic�´24�î��;��I��z"31I5�¥§a
qO�ò�)éî��I�Zbosonic§l1I"�ª��	1/τ2ÏfÚ�3(8.6)¥��Ñ
Ó�(J�SchwingerÿÝ"

3|Ø¥§τ2È©�e*Ð�τ2 = 0§UVuÑ5gù�«�"·�w�§3uØ
¥§du�ØC5§ù�«�Ø�3"ùJø
uØ¥UVuÑØ�3�(Eâ5))º"
�,§3Bosonu�/§du�1f�Ñy§ý�U´IRuÑ�"

^aq��ª§g�ã�±d3º�g�Riemann­¡þ�CFTþÈ©�'f�È©
5O�"�����¤©´uÍÜgstring"��g�ã�z7Ld��Ïfg−χ

string5O\�
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a) b)

Figure 12: a) o:muä�Ì"b)�ko:IP3>.����§��/C�"

a) b) c) d)

Figure 13: a)��"b)��"c)Möbius�"d)Klein´"

­§Ù¥§χ = 2(1 − g)´Riemann­¡�Eulerê"�6Ðm´ÿÀÐm"��5¿§
º��Î��\3Riemann­¡¥)¤��Ã¡�É§r§�EulerêO�1"Ïd§Ò
�§AT�@�§§��XÏf1/gstring"

ùp§·�Ì�£�ému�/�ÿÀÐm"3ù«�/�äão:ã3Fig. 12aL
«"ÏL���/C�§�±�N��ko:IP3>.þ���(Fig. 12b)"ù
´
·�º��Î�\� �"u´§muº��Î��\3­¡�>."mu��±��
Ñ4u"3ù���Ì¥§4u��d3­¡�SÜ¥4uº��Î��\5L«"

ùp§ÿÀÐm��)k>.�Riemann­¡"
�§·��±�Ä�½��u(Ù
¥§u�½�)±9Ø�½�u(Ù¥§u�½�´�Ô��)"31�«�/§·�7L
3ÿÀÐm¥�)Ø�½��Riemann­¡"ù��­¡dÃYêg§>.êBÚÚ\­
¡Ø�½�5���êC5L�"���Ø´S1
´S1/Z2 = RP 1�>."Eulerêd

χ = 2(1− g)−B − C . (8.7)

�Ñ"3Fig. 13¥§·�Ð«k>.�o��{ü­¡µχ = 1���§χ = 0���§
±9ü�Ø�½��­¡§χ = 0�Möbius�Úχ = 0�Klein´"

�3�¡�w��§�½��mu�gUnØ7L�¹�½�4u�ÍÜ"`²ù
��{ü�{´�Ä��ã(Fig. 13b)"XJ·���m�þ§@o§£���mu�
ü�ã",
§XJ·���m�ý¡§@o§£�4u�äãDÂ"
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9 333���µµµ|||ÚÚÚ$$$UUUkkk������^̂̂þþþ¥¥¥���uuu

�8§·�®²£ã
326�²"Minkowski�m�u�DÂ",
§·��U
£
��Ã�þ|Gµν , BµνÚΦ k�²TVEV��uÔn"ù�±ÏL²"CFT�k��
6§|^Ã�þ|�º��Î5?1"éäfÍÜ��(?ndFradkinÚTseytlin�
Ñ"Polyakov�^þC¤13

SP =
1

4πα′

∫

d2ξ
[√

ggabGµν(X) + εabBµν(X)
]

∂aXµ∂bXν +

+
1
8π

∫

d2ξ
√

gR(2)Φ(X) , (9.1)

Ù¥§R(2)´�k­.�Ýþgab�Iþ­Ç"e¡k��k¿g�*	µ�Ääf
|(VEV)Φ0�~êÜ©"Ï�­.��EulerA�Ide��Ñ

χ =
1
4π

∫ √
g R(2) , (9.2)

·�*	�§3e−SPc§·�k��Ïfe−χΦ0/2"u´§uÍÜ��þdäfVEV�Ñ

gstring = eΦ0/2 . (9.3)

é���µ|§ù�σ�.Ø´�/ØC�"
�§

Ta
a

√
g

=
βΦ

96π3R(2) +
1
2π

(βG
µν gab + βB

µνε
ab)∂aXµ∂bXν , (9.4)

Ù¥§β¼ê�±ÏLσ�.α′ → 0�fÍÜÐm�6/��"�+Þ�²T�§

βG
µν

α′
= Rµν −

1
4
HµρσHν

ρσ +∇µ∇νΦ +O(α′) , (9.5)

βB
µν

α′
= ∇µ

[

e−Φ Hµνρ

]

+O(α′) (9.6)

Ú

βΦ = D − 26 + 3α′
[

(∇Φ)2 − 2tuΦ−R +
1
12

H2
]

+O(α′2) , (9.7)

Ù¥§Hµνρ´Bµν����é¡|r§

Hµνρ = ∂µBνρ + ∂νBρµ + ∂ρBµν (9.8)

ÚD´���ê"

�G,B, Φ´ù�¦�βG
µν = βB

µν = 0§@o§σ�.£�¥%Ö�c = βΦ�CFT"AO
´§�±y²§�Ù§β¼ê���§βΦ´~ê"

�/ØC�^�Úl
gU�uDÂd�§

βΦ = βG
µν = βB

µν = 0 . (9.9)

13ùp§·��3?Ø½�4u"
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�Ñ"

ù
^�´�µ|����§§�±le��^þ��

α′D−2Stree ∼
∫

dDx
√
−det Ge−Φ

[

R + (∇Φ)2 − 1
12

H2 +
D − 26

3

]

+O(α′) . (9.10)

3ù:þ§Êe5¯��¯Kµ��o·�I��/ØC5º.¾§Ï�·�3�
�ÝþþÈ©§·�F"�/ØC5�È©�±"¢Sþ§·�ò�Äü�ØÓ�/µ

• �µ|Ú���ê¦�¤kβ¼ê��"@o§3þfY²§·�k�/ØC5§
�/ÏfòÍ§·�4ul´»È©�½Â©)Ñ§�NÈ"ù´·��8�Ä��
/"
�§β¼ê���¿�X§�3α′�+Þ���µ|����§"

• β¼êØ´""@o§�/ÏfØòÍ"Ï�Ta
a ∼ δφ log Z§Ù¥§φ´�

/Ïf§·��±)ù��§±íÑk��^þ�φ�65"lm3(6.7.13)?Ø
�Liouville�^þ§XJβB,GØ��§·��òk�IþXµ�φ�ÍÜ"k�/§·
�k
��3D + 1¥�#�σ�.(φJø@��	��I)§§�WeylØC/�E"14

u´§·�£�1�«�/"

·�y3�Ä�|�k��^þ�Vg"·�®²w�§(�ÑÄþ��1f)Ã�
þ�|´G,B, Φ"¤kÙ§|kuIÝ?g��þ"·��±��ÈÑ­|§§é�|
�^þòp�Ñ?�"ù´$Uk��^þ�½Â"ù�k��^þ��¹�|§��
­|�þ�?g�Uþ´k��"3äã§ù�ÃY�±ÏL�ÄluO���|��
�(��)Ñ��Ì§^α′5Ðm§�§Úé�3�|þp���	�p�^
��"ù
�ÃY���Ð«�3[33]¥é�"Ï�¤^��Ì´3��þ�§��ÏL|^$Ä
�§����§�±O�k��p�^"

�±y²§��3��þ����§σ�.��/ØC5Úu�Ì�O��)Ó��
$Uk��^þ(9.10)"

3(9.10)¥§Ñy�|´ÍÜ�u�σ�.�|"ù¡�/uIe0"3ù�Ie
¥§ÝþGÚäf�$ÄÆ�Ø´é��"§�3ÏLÝþ��/­#IÝ�uIek
'�/EinsteinIe0¥C¤é��"©ÑäfΦ → Φ0 + Φ�Ï"�§rEinsteinÝþ½
Â�

GE
µν = e−

2Φ
D−2 Gµν , (9.11)

·���3EinsteinIe¥��^þµ

Stree
E ∼ 1

κ2

∫

dDx
√

GE

[

R− 1
D − 2

(∇Φ)2 − e−4Φ/(D−2)

12
H2

+e2Φ/(D−2) D − 26
3

]

+O(α′) , (9.12)

Ù¥§Úå~êde��Ñ
κ = gstringα′(D−2)/2 . (9.13)

1437L?n�*Ð���ÎÒþk��©�?"ék,��Öö§·��Ñ[8]"
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10 ���uuuÚÚÚ���ééé¡¡¡555

î8§·�®²w�§Bosonu��ü�Ì�¯Kµ

• §��Ìo�¹���1f"3@�¡§§��ý�´Ø­½�"

• §�Ø�¹��Fermion"

3,��¡§·�®²w�§3·�ïÄgdFermion CFT�§§��¹�
�§
ù
�3�A���é¡5e�^þ��C�"Ïd§�
���^þ��C��
�§·��3u�­.�þO\gdFermion"�u^þ§�
¤���^þ§ù

FermionAT�����I§=ψµ, ψ̄µ",
§3ù«�/§òkéAuψ0��ª�

N\K��"�
lÔnÌ¥�Kù
�§·�I�'üÕ�Virasoro�å�õ��
å"·��(J5gu�Ä�å�N=1��/�ê"3Bosonu�/§·�l��Úå
m©§��8(uHilbert�mþ��|Virasoro �å§Ù¥ù�Úå�­.�þ�D�
IþXµÍÜ"ùp§·�òlÍÜ�D�N=1�|���N=1�Úåm©§z��|
�¹��Boson�IXµÚü�Fermion�Iµ��´�£ÄψµÚ��´m£Äψ̄µ"�

�N=1�Úåõ­��¹ÝþÚ��Úå�f"

Boson Polyakov�^þ�aqÔ´

SII
P =

1
4πα′

∫ √
g

[

gab∂aXµ∂bXµ +
i
2
ψµ∂/ψµ+

i
2
(χaγbγaψµ)

(

∂bXµ − i
4
χbψµ

)]

. (10.1)

3Û�N=1�£Ä(1,0)�é¡e´ØC�

δgab = iε(γaχb + γbχa) , δχa = 2∇aε , (10.2)

δXµ = iεψµ , δψµ = γa
(

∂aXµ − i
2
χaψµ

)

ε , δψ̄µ = 0 , (10.3)

Ù¥§ε´���£ÄMajorana-Weyl^þ"k��aq�m£Ä(0,1)�é¡5§§�)
��m£ÄMajorana-Weyl Fermion ε̄ÚFermion ψ̄µ"U·��PÒ§·�k(1,1)�é¡
5"

�/5��aqÔ´��/5�

gab = eφδab , χa = γaζ , (10.4)

Ù¥§ζ´��~êMajorana^þ¶φÚζl²;�^þ(10.1)òÍ"Ø
Virasoro�Î§
·��k�6

Gmatter = iψµ∂Xµ , Ḡmatter = iψ̄µ∂̄Xµ . (10.5)

·��7LÚ\·��<|"·�Ek��©Ó�k'�λ = 2�Ï~�b, cNX§
�´y3§·��I���é¡5k'�ε = −1, λ = 3

2�<|β, γ���8Ü"
��/ØC5ò3þfY²5Ú\§Jø�<|¥%Ö-�
Ô�¥%Ö"z�
�BosonÚFermion�Ié¥%Ö�z3/2"Ï�·�k§��D§Ô�¥%Ö´cmatter =
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3
2D"b, cNXé¥%Ö�z−26§Ó�§β, γ�z+11"o�¥%Ö�u"§��D =
10"

²;�å¿�XT,G, T̄ , Ḡ�u""l
§·�kv
��å5�KK��"

BRST6´[26]

jBRST = γGmatter + cTmatter +
1
2

(cTghost + γGghost) , (10.6)

Ù¥§
Gmatter = iψµ∂Xµ , Tmatter = −1

2
∂Xµ∂Xµ − 1

2
ψµ∂ψµ , (10.7)

Gghost = −i(c ∂β − 1
2
γ b +

3
2
∂c β) , Tghost = Tbc −

1
2
γ ∂β − 3

2
∂γ β . (10.8)

öSµ�yGghostÚTghost÷vk�(¥%Ö�N=1��/�ê�OPE(6.5.1),(6.12.7)"

BRSTÖ´
Q =

1
2πi

[∮

dz jBRST +
∮

dz̄ j̄BRST

]

. (10.9)

§éD = 10´�"�§�±^IO�{5½ÂÔn�"

10.1 444(Type-II)���uuu

·�òÄk�Ä4(type-II)�u�/"·�ò3Ôn5�¥?nÚí�Ì"�é¡�/
¥�1I5�aqÔ´15

X+ = x+ + p+τ , ψ+ = ψ̄+ = 0 . (10.1.1)

Ò�3Boson�/§ÏL^î��ª��ªL«X−, ψ−, ψ̄−§·��±�Ù/)Ñ�
å"u´§Ôn��±lî�BosonÚFermion�f5�E"�´§¤k�"�ªÑ5

"

�·�±cJ��§·�kéAuψµÚG�NSÚR>.^��ü��£ÄÜ©Úé
Auψ̄µÚḠ�NSÚR̄>.^��,ü�Ü©"

�;�­E§éÄþ§·��?Ø�Ü©"�Ï~��§·�Ú\��/)¤��
�ªLnÚGr

16"

31I5�¥§Ø
�"�ª�A��å	§·�®²)Ñ§�
"3NSÜ
©§G´��ê��§��"�ª´L0"�k���5?S~ê§§UXeO�µ½ö

15ùp§'u�1I5�§k���©�?"~X§XJψ+kNS>.^�§@o§�±�½�""X
J§kR>.^�§@oØ§�"�ª	§�±��½�""aqµØ�±A^�ψ̄+"

16P4§31I5�¥§vk<|§�kî�(BosonÚFermion)�f"
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�·��Bosonu�{§�¦Ôn��LorentzØC5¶½ö3�Cúª¥@£��$U
þ�Ø´Ï~�ý�|0〉§
´c1γ−1/2|0〉"ü«�{Ñ���ua = 1

2��5?S~ê§
±93Ôn�þL0 − 1

2 AT�u""�|p〉´��p2 = −m2 = 2/α′�AÏ�§§´�1
f"e���k/ªψi

−1/2|p〉¶XJp2 = 0§§÷vL0 = 1
2",
§·�ØF"k�1f

�"Ï��1fk(−1)FL = 1§·�F"N\�	��å(GSOÝK)µ3NSÜ©¥�Ô
n�ATkÛFermionê"

3RÜ©§·�kü�"�ªµL0ÚG0"L0��åÚ3NSÜ©��"èA�
e(10.5)�G0�L�ªv±¦·�(&µØ�Uk�5?S~ê§3Ôn�þG0A

T´""3,��¡§l��/�ê·���

0 = {G0, G0} = 2
(

L0 −
D − 2

16

)

. (10.1.2)

�L0�å��2g¿�XD = 10"R�Ä�´O(10)�^þ"2£�åG0 = ψµ
0 aµ

0 +
2

∑∞
n 6=0 ψi

na
i
−n"�36.11!L²���§�Îψµ

0dγµ 5L«§aµ
0^pµ"G0¥�Ù§�

éÄ�vk�z"G0 = 0¿�XDirac�§p/ ≡ γµ pµ = 0"u´§3RÜ©¥�U
�Ã�þ�´O(10)���^þSÚ���Ý^þC§§�÷vÃ�þ�Dirac�§"
3(−1)FLe§S����1§C����−1"¤kÙ§�ïá3ù
Ä�þ§´k�þ
�"�8§�vk��k��ndr��GSOÝKN\�RÜ©"�·��¡òw
��§ü�ã�ØC5½¦·�ù��"ýÏ�ù�¯¢§3RÜ©¥·���½

Fermion�¡"Ï�(−1)F = �½K3RÜ©¥´���½�¯¢§·�#N¤k�ü
«�U5"·���±S½C^þÄ�§�Ø´Ó��±"

aq�?Ø�±A^3m£ÄÜ©"r�ö(Üå5§·�k�Ü�o�Ü©µ

• (NS-NS)µdu§�3^=+�ÜþL«¥C�§ù
´Boson"ùp§ÝK
´(−1)FL = (−1)FR = −1"��åÚGSOÝK#N��$�k/ªψi

−1/2ψ̄
j
−1/2|p〉§§�

´Ã�þ�§éAu��é¡�Ã,Üþ(Úåf)!���é¡�ÜþÚ��Iþ"�
1f��
"

• (NS-R)µù
´Fermion"ùp�GSOÝK´(−1)FL = −1§ÏL�½§·��
3R̄Ü©¥�SL«"?u�$��ψi

−1/2|p, S̄〉´Ã�þ���Fermion§
��¹��C
Majorana-WeylÚå�fÚ��S Fermion"

• (R-NS)µùp§NS¥�GSOÝK´(−1)FR = −1§�´§3RÜ©¥§·�k
ü�ÔnþØÓ�À�µ�±S^þ(type-IIB)½C^þ(type-IIA)"2g§?u�$�
�ψ̄i

−1/2|p, S ½ C〉 ´Ã�þ��Fermion"

• (R-R̄)µ3IIA�/§Ã�þ�´|S, C̄〉§§©)���¥þÚ��n�I�é¡Ü
þ§Ò��¡òw��"3Type-IIB¥§§�´|S, S̄〉§§©)���Iþ§����
I�é¡ÜþÚ��géó�é¡Üþ"

�ké·�k^�Boson�f§�´§Ò�·�®²w��§3Ã�þ�¥Ø¹k§
�",
§§��(ék�þ�k�z"

¤k�type-IIAÚIIBnØÑkü�Úå�f§u´ýÏk10�¥�N=2Û��é¡
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5"3type-IIB¥§Úå�fkÓ����Ã5§
ü�g^1
2�Fermionk���Ã

5"type-IIAnØ´ÃÃ5�§Ï�Úå�fÚ1
2�Fermionk���Ã5"

31I5�¥§�£Ä�å��þ´�5z�$Ä�§"3NS-NSÜ©¥§�å´

L0 = L̄0 , L0 −
1
2

= 0 ; (10.1.3)

Ú§�·�3Boson�/®²w��§§�Ñ��^�"ùéAugdKlein-Gordon�
§"R-NSÜ©�¹��Fermion§�å´¤kÃ�þÚk�þ��Dirac�§§Ò�
3(10.1.3)¥§\þG0 = 0�å(U·�þ¡y²�5Jø§)"l(10.1.2)§§�²��
ÑKlein-Gordon�§¶Õá��§Ïd´G0 = 0ÚL0 = L̄0"aq?Ø�±^3NS-RÜ
©"��§3R-RÜ©§�´V^þ§§�÷vü�Dirac�§µG0 = Ḡ0 = 0"Ï�ü
��Ï§Ramond-RamondÃ�þ�´AÏ�"Äk§§�o´ÏL�û/¤Ù§�Ú
o´ÏL�ûÍÜ�Ù§�"vk�6nØ3§����e"�·��¡òw��§§
�?u��6éóßÿ�Ø%"§��5����[?Ø3e�!"

·�ò���/u��Î(−1)FL,R���¿Â"3NSÜ©

(−1)F = exp



iπ
∑

r∈Z+1/2

ψi
rψ

i
−r



 . (10.1.4)

3RÜ©

(−1)F =
9

∏

µ=0
ψµ

0 exp
[

iπ
∞
∑

n=1
ψi

nψ
i
−n

]

= Γ11 exp
[

iπ
∞
∑

n=1
ψi

nψ
i
−n

]

, (10.1.5)

Ù¥§Γ11´γ5310�¥�aqÔ"·��±l�6�/ª(10.5)í�Ñ"�ª÷v

{(−1)FL , G0} = 0 , {(−1)FR , Ḡ0} = 0 . (10.1.6)

ù
í2
|Ø'X

{Γ11, ∂/} = 0 . (10.1.7)

5¿§3uØ¥§ù�'Xék�þ�Dirac�ÎG0�¤á"

öSµy²§3Ã�þY²§kÓ�ê8�3��þ�FermionÚBosongdÝ"X
JnØk(����)���é¡5§ùAT´7I�"��3type-IIAÚtype-IIBnØ¥
é�3e��(k�þ�)U?�Ôn�"y²§�n¤�,�SO(9)L«(Ü§�k�
Óê8�FermionÚBosongdÝ"

y3·�ïÄü�ãý��Ì(½�©¼ê)"é�^þ�BosonÜ©§·�k8�î
��f¶aquBosonu�/§·�����z�(

√
τ2ηη̄)−8",
§ùp§·��k­
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.�Fermion��z"·�òÄk�ÄIIB�/"3NS-NSÜ©§ü�GSOÝK¿�X
3ü>·�Ñk¥þ"¤±§é�©¼ê��z´χV χ̄V"lR-RÜ©§·�®²ÝK
ÑCL«§¤±�z´χSχ̄S"3R-NSÚNS-RÜ©§·�©O��−χSχ̄VÚ−χV χ̄S"

@p�KÒ´Ï���Fermion�éu��Bosonk��K��z"¤±§

ZIIB =
(χV − χS)(χ̄V − χ̄S)

(
√

τ2η η̄)8 . (10.1.8)

|^SO(8)A�I�úª(6.11.26)Ú(6.11.42)§·��±r�©¼ê��

ZIIB =
1

(
√

τ2ηη̄)8

1
2

1
∑

a,b=0

(−1)a+b+ab 1
2

1
∑

ā,b̄=0

(−1)ā+b̄+āb̄ ϑ4[ab ] ϑ̄4[āb̄ ]
η4 η̄4 , (10.1.9)

a = 0IPNSÜ©§a = 1IPRÜ©§ém£Äaq"

3Type-II�/§����O´χSAT^χC�O"�©¼êC¤

ZIIA =
1

(
√

τ2ηη̄)8

1
2

1
∑

a,b=0

(−1)a+b 1
2

1
∑

ā,b̄=0

(−1)ā+b̄+āb̄ ϑ4[ab ] ϑ̄4[āb̄ ]
η4 η̄4 . (10.1.10)

öSµy²ZIIB, ZIIA´�ØC�"|^(A.18)§y²§��ð�u""ù¿�X§
3z���þU?§k�Óê8�BosonÚFermiongdÝ§����é¡5�Ñy�
�"

10.2 ÃÃÃ���þþþR-R���

y3§·�ò��[/?ØÃ�þType-IIA,BuØ�R-R�§Ï�§�kØÏ~�5
�§3��6éóé¡5¥åØ%�^"�õ]��[30]"

·òÄkl�[£ã10�²"Minkowski�m�ΓÝ
�½[5]m©"

(32× 32)�ΓÝ
÷v

{Γµ, Γν} = −2ηµν , ηµν = (−+ + . . . +) . (10.2.1)

ΓÝ
�I^²"MinkowskiÝþηµν5,üµ

Γµ = ηµνΓν Γµ = ηµνΓν . (10.2.2)

·�òæ^MajoranaL«§Ù¥§ΓÝ
´XJ�§Γ0 ´�é¡�§Ù{�´é¡�"
,	§

Γ0Γ†µΓ0 = Γµ , Γ0ΓµΓ0 = −ΓT
µ . (10.2.3)
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Majorana^þSα´¢�µS∗α = Sα¶

Γ11 = Γ0 . . . Γ9 , (Γ11)2 = 1 , {Γ11, Γµ} = 0 ; . (10.2.4)

Γ11´¢é¡�"310�¥§ù´Weyl^�Γ11S = ±S�Majorana^��N��Ï"17

éLevi-CivitaÜþ§·�æ^ε01...9 = 1��½"·�ò½ÂΓÝ
��é¡È

Γµ1...µk =
1
k!

Γ[µ1 . . . Γµk] =
1
k!

(Γµ1 . . . Γµk ± permutations) . (10.2.5)

ÏL��O�§·��±í�ÑΓÝ
¥�e�ð�ªµ

Γ11Γµ1...µk =
(−1)[ k

2 ]

(10− k)!
εµ1...µ10Γµk+1...µ10 , (10.2.6)

Γµ1...µkΓ11 =
(−1)[ k+1

2 ]

(10− k)!
εµ1...µ10Γµk+1...µ10 , (10.2.7)

Ù¥§[x](½x��êÜ©"u´"

ΓµΓν1...νk = Γµν1...νk − 1
(k − 1)!

ηµ[ν1Γν2...νk] , (10.2.8)

Γν1...νkΓµ = Γν1...νkµ − 1
(k − 1)!

ηµ[νkΓν1...νk−1] , (10.2.9)

Ù¥§�)Ò½Â3µ4�I�¤k��þ�ÀJ�¦Ú"ü�^þχ, φ�ØCLorentzI
þÈ´χ∗α(Γ0)αβφβ.

y3§�ÄR-RÜ©�Ä�"3�>§·�kU�½÷vΓ11S = S�Majorana^
þSα"3m>§·�k,��÷vΓ11S̃ = ξS̃�Majorana^þS̃α§Ù¥§éType-
IIBuξ = 1ÚéType-IIAuξ = −1"oÄ�´�ö�È"�
L«§§½Âe�V
^þ|´�B�

Fαβ = Sα(iΓ0)βγS̃γ . (10.2.10)

^ù�½Â§Fαβ´¢�§,Fαβδαβ´LorentzØC�"3^þþ�Ã�^�=z¤

Γ11F = F , FΓ11 = −ξF , (10.2.11)

Ù¥§·�®²|^
Γ11´é¡�ÚéΓ0´�é¡�¯¢"

y3§·��±rV^þFÐm��é¡Γ���8µ

Fαβ =
10
∑

k=0

ik

k!
Fµ1...µk(Γ

µ1...µk)αβ , (10.2.12)

Ù¥§k = 0��'uü Ý
§ÜþFµ1...µk´¢�"

y3§·��±C�|^(10.2.7)�(10.2.11)¥�1��Ã�^�5��e��§µ

F µ1...µk =
(−1)[

k+1
2 ]

(10− k)!
εµ1...µ10Fµk+1...µ10 . (10.2.13)

173kÎÒ(p,q)��m¥§MajoranaÚWeyl^�´�N�§��|p− q|´8��ê"
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1��Ã�^�¿�X

F µ1...µk = ξ
(−1)[

k
2 ]+1

(10− k)!
εµ1...µ10Fµk+1...µ10 . (10.2.14)

(10.2.13)Ú(10.2.14)�m��N5¿�X§Type-IIBnØ(ξ = 1)�¹Û�Üþ(Õá
�´÷vgéó^��k=1,3Úk=5)Útype-IIAnØ(ξ = −1)�¹ó�Üþ(Õá�
kk=0,2,4)"3¤k�/§ÕáÜþ©þ�ê8oO16× 16 = 256"

�310.1!J��§��^�¿�XV^þ|( 10.2.1) �Å5gG0ÚḠ0�ü�Ã�

þDirac�§µ
(pµΓµ)F = F (pµΓµ) = 0 . (10.2.15)

�
rù
=��Üþ�§§·�|^Γð�ª(10.2.8)Ú(10.2.9)"�
����´O�
�§��

p[µF ν1...νk] = pµF µν2...νk = 0 , (10.2.16)

§´Bianchið�ªÚ�é¡Üþ|r�gdÃ�þ�§"·��±^{B�/ªrù

��

dF = d ∗F = 0 . (10.2.17)

)ÑBianchið�ªÛÜ/#N·�rk�I|rL«�(k − 1)/ª³U�	�û

Fµ1...µk =
1

(k − 1)!
∂[µ1Cµ2...µk] , (10.2.18)

½ö§^{z�PÒ
F(k) = dC(k−1) . (10.2.19)

l
§type-IIAnØ§Ø��~ê�DÂ0/ª|r	§�k��¥þ(Cµ)Ú��3�
IÜþ³(Cµνρ)§Ó�§type-IIBnØk��0/ª(C),��2/ª(Cµν) Ú��4/ª
³(Cµνρσ)§�ökgéó|r"3¤k�/§Ônî�gdÝ�ê8oO64 = 8× 8"

ØJwÑ§3�6uÌ¥§vk3R-R/ªe����"Äk§©OÅð��Ú
mFermionêØ#N/ª〈s|RR|s〉�ÍÜ"Ùg§R-Rº��Î�¹|r§
Ø´³§$
Ä�§ÚBianchið�ª3�����/ þ?\"XJ3�6nØ¥k>��§·��
ATk^��"

R-R/ªk,��AÚ"k�«�{5í�Ñ§��äf�ÍÜ´ÛÉ�"3�6
nØ�1k?§äf�F 2m���6´e(k−1)ΦemΦ§
Ø´NS-NS|�Ï~�e(k−1)Φ�"

~X§3äãY²§�g�Õáuäf"

10.3 Type-I���uuu

y3·�ò�Äm�u"kü«�U5µ½��Ú�½��m�u"�½��m�uÏ
L^p�ü�à:��Î�dmu
��"@k?Ø
Bosonu�/"·�®²��§
�±3à:V\Chan-PatonÏf"3½��/§·���U(N)5�+§
3�½��
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/§·���O(N)ÚSp(N)5�+"�Ï~��§3�u�/§GSOÝK�K�1fÄ
�§�$Boson�´Ã�þ¥þ�8ÜN"

lRamondÜ©§·�ò��5�+��Ý
¥�Majorana-Weyl^þ"u´§3m
uÜ©�Ã�þÌd10�Yang-Mills�õ­�|¤"3e�Ùò?Ø�~§·�ò�
Ñ§10�¥�Yang-MillsnØé?Û5�+ÑkÚåÚ5��~"�
���~gd
�nØ§rmu�·��4uÍÜ´7��"���~gd��U5L²´�½�
�O(32)munØ"

?1ù��E�y��{´|^½�6/�Vg"½�6/´;6/Vg�í2µ
�Ó�^38I�mþ�ÝK§�k��3­.�þ�ÝK"ù�ÝK´3­.�Ω:
z ↔ z̄þ½^Î¡�Iτ, σ: σ → −σ��ª�½��ü(�¡)�Î"Ï�ù�´��é¡
5§·�7Ll�mé¡�4�unØÑu"l·��8®²�Ä�Type-IIA,BnØ§
�kIIB´�mé¡�(3�Úm�Ó��Ã�RamondÄ�)"u´§·�ò�ÄIIBu§
|^��ÝK�Î�­.��¡�Î5�E§�½�6/"�3IO;6/�/§·�
òk���Û­�Ü©§§�¹�©nØ�ØC�"3·���/§Äk�é��Û­
�Ü©´�o"

3NS-NSÜ©§í���´ÚåÚ��Iþ(äf)"���Úm�f�é¡È��
é¡Üþ�ÝKÑ5"3R-RÜ©§2�I�é¡Üþ3e
§�´IþÚ4�Igéó
�é¡Üþ�ÝKÑ5"��§l�¹ü�Majorana-WeylÚå�fÚü�Majorana-
Weyl Fermion�FermionÜ©§·����§����"u´§��/§·�kÚ
å§��IþÚ�é¡Üþ§±9��Majorana-Weyl Úå�fÚ��Majorana-Weyl
Fermion"ù´10�¥(Ã�)N=1�Úåõ­��SN"o�§½�6/��Û­Ü©´
�½��4u"

Û­�Ü©´�oº·�Ï~í2N\±Ï5^�Ú;6/C�5½Â§§ùp§
·�2�Ñ§µ

X(σ + 2π) = X(2π − σ) (10.3.1)

±9éFermionaq"2|^§�÷v��Laplace�§∂2
τ − ∂2

σ = 0�¯¢§·��±y
²§kù
>.^��)�±�¤3¤kà:÷vNeumann>.^��mu�IÚ÷
vDirichlet-Neumann>.^��mu�I�Ú"§L²§gU5(�Zã�-�)�¦1
�a�fØ�3"¤kù
�(Ø´§Û­�Ü©Ò´m�u"3ù«�¹e§·�
�±rChan-PatonÏf)º�Û­Ü©Ä��IP"u´§��Û­(4u)�Ü©�
å§·���Ã�þ�Ü©´ÍÜ�N=1 �Yang-Mills�10�N=1�Úå"ù´(�½�
�)Type-I�unØ"Ò�·��¡w��§�~-���5�+�O(32)"

10.4 ,,,`̀̀���uuu

X8§·�®²w�§�
luØ¥�K<|§½ö�±|^Virasoro�ê(Bosonu)§
½ö�±|^N=1��/�ê(�u)"
�§4unØ´�mé¡�§3,«¿Âþ§
aq�êÑ�^3�Úmþ",
§·��±��3�þ|^Virasoro�ê
3mþ|
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^��/�ê��U5"

�Ä��uØ§Ù¥§3�>§·�k�½ê8�Boson�IÚ��ê8��£
Ä­.�Fermion"��å�êò´�u��å�ê§Weyl�~���¿�X�£Ä
�I�ê87L´10"3m£ÄÜ©§·�ò��)�½ê8�Boson�I"�å�
êò´Virasoro�ê§Weyl�~��¿�Xm£Ä�I�ê8´26"�3�å§·�
k10��¦mBoson�IXµ(z, z̄)§10��£ÄFermion ψµ(z)Ú���	�16�m£Ä
�IφI(z̄), I = 1, 2, . . . , 16"Xµ´�;��§�´§φI7L´;��(Ï��ØC5)§
7L3,
16��:þ��"�
�K�1f§·��ò3�þN\Ï~�GSOÝ
K§=(−1)F = −1"ùp§·�òkü�Ü©d�£ÄFermion)¤µNSÜ©(�
�Boson)ÚR(��Boson)"�k10��;����ê§φI´;�(/S0)�I"

·�ò}ÁO�3ù«�/(1I5�)�ü�ã�©¼ê"8�î��;�Boson�
Ï~���z(

√
τ2ηη̄)−8"�£ÄFermion�z(duGSOÝK)χV − χS"��§m£Ä;

�Boson φI��zÏL��¡CFT�m£ÄÜ©(7.1.38) 5��µ

Zcompact(q̄) =
∑

L16

q̄
~p2
R
2

η̄16 =
Γ̄16(q̄)
η̄16 , (10.4.1)

Ù¥§~pR´�:¥þ"nÜ3�å§·���

Zheterotic =
1

(
√

τ2ηη̄)8

Γ̄16

η̄16

1
2

1
∑

a,b=0

(−1)a+b+ab ϑ[ab ]
4

η4 . (10.4.2)

�
¦Zheterotic´�ØC�§�:ÚΓ̄163τ → τ + 1 e7LØC§§¿�X�:7L
´óê�(~p2

R =óê)"§�7LXeC�

τ → −1
τ

: Γ̄16 → τ̄ 8 Γ̄16 , (10.4.3)

§¿�X�:´géó�(�:�éó��:��¬Ü)"÷vþ¡�¦�kü�16��
:µ

• E8 × E8�:"ù´+E8 × E8���:"E8��dO(16)��~εijÚO(16)�^þ�­
|¤§O(16)��´8�¥þ§3 �i�±1§3 �j�±1§Ù§/��0§O(16)�^þ
�­´~εs

α = (ζ1, ζ2, · · · , ζ8)/2, α = 1, 2, · · · , 128§kζi = ±1Ú
∑

i ζi = 0 mod (4)"��²
���Ý�u2"������:¥þ�±��

∑

i<j nij~εij +
∑

α mα~εs
α,Ù¥nij,mα ∈ Z"

�:Ú�±^ϑ¼ê�/ª��

Γ̄E8×E8 = (Γ̄8)2 =





1
2

∑

a,b=0,1

ϑ̄[ab ]
8





2

= 1 + 2 · 240 q̄ +O(q̄2) . (10.4.4)

r§��f(Ü§·�*	�§kL̄0 = 1�2 · 240 + 16 = 2 · 248 ��§§/¤E8 × E8�

��L«"¯¢þ§ù��£ÄnØ¢y
3U?1�E8 × E8�6�ê"����ÈL

«´ý�L«§ý�±þ1���²T��d6�ªJ̄a
−1)¤"
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• O(32)/Z2�:"ù´�ü�^þ�­Ù¥��*Ü�O(32)���:"O(32)�
�´~εij§§´16�¥þ§3 �ik��±1§3 �jk��±1§Ù{�0"^þ�­
´~εs

α = (ζ1, ζ2, · · · , ζ16)/2§α = 1, 2, 3, · · · , 216§Ù¥ζi = ±1Ú
∑

i ζi = 0 mod (4)"��²
��Ý�u2"���:¥þ´

∑

i<j nij~εij +
∑

α mα~εs
α, with nij,mα ∈ Z"�:Ú�±�

�

Γ̄O(32)/Z2 =
1
2

∑

a,b=0,1

ϑ̄[ab ]
16 = 1 + 480 q̄ +O(q̄2) . (10.4.5)

ù�nØ3U?1k��O(32)m£Ä6�ê"ë���ÈL«´ý�Ú^þ§3L̄0 =
1���5g6�ªJ̄a

−1"^þÄ�kL̄0 = 2"

¤k�m£Ä6nØ��±l32�m£ÄFermion ψ̄i, i = 1, 2, . . . , 325�E"·�ò
lO(32)/Z2nØÑu"6

J̄ ij = iψ̄iψ̄j (10.4.6)

/¤U?1�O(32)6�ê"3RamondÜ©§¤kFermion´±Ï�§3ù«�/§O(32)
ØC5Ø»"§·���ü�O(32)�^þS, C"��§N\aGSOÝK(−1)F = 1�3
3NSÜ©�ý�L«Ú3RÜ©���^þ"

éE8 ×E8nØ§·�òéü|16�Fermion�Ä�g�±Ï½�±Ï^�"3ù«�
/§O(32)ØC5�»"�O(16)×O(16)",
§3RamondÜ©§·���L̄0 = 1��
�O(16)^þ"ù�^þ�O(16)���Ý
(Ü§/¤E8���Ý
"

y3·��±£ã,`uØ�Ã�þÌ(1I5�)"3NSÜ©§ù��å´

L0 =
1
2

, L̄0 = 1 . (10.4.7)

2�ÄGSOÝK§·���§vk�1f§Ã�þ�´ψi
−1/2ā

j
−1|p〉§§�ÑÚå§�é

¡ÜþÚäf§±9ψi
−1/2J̄

a
−1|p〉§§�Ñ3G = E8 × E8½O(32)���L«¥�¥þ"

3RÜ©§Õá�å´
G0 = 0 , L̄0 = 1 , (10.4.8)

�GSO^��å§§�Ñ��Majorana-WeylÚå�f§��Majorana-Weyl Fermion§
Ú�|35�+G���L«¥Majorana-Weyl Fermion"nØ310�¥kN=1�é¡
5§3Ã�þU?�¹�Úåõ­�Ú3G���L«¥�¥þ�õ­�"�k§nØ
´Ã5�"

310�¥§·��±�E,��k,��,`nØ"ù�±��E8 × E8nØ�Z2;

6/
��"·�ò|^�1��é¡5´(−1)F"3ü�E8�z��§�k��é¡
5§§�±O(16)f+�¥þØC§UCO(16)^þ�ÎÒ"·�ò¡©O�^31�Ú
1��E8�ù�é¡)¤�Si, i = 1, 2"Z2��´(−1)F+1 S1 S2§·�ÏL§5;6/
z"·�ò�E;6/¬"3�£Ä­.�FermionÜ©§�k(−1)F+1�²T/�^"

|^(6.11.26)Ú(6.11.42)§·��±w�(−1)F+1�ü ����^3¥þþ§�−1�
^3^þþ"Û­�¬´

Zfermions[hg ] =
1
2

1
∑

a,b=0

(−1)a+b+ab+ag+bh+gh ϑ4[ab ]
η4 . (10.4.9)
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3z��E8§�²TÝK´Si§§�Ñe�;6/¬

Z̄E8 [
h
g ] =

1
2

1
∑

γ,δ=0

(−1)γg+δh ϑ̄8[γδ ]
η̄8 . (10.4.10)

o�©¼ê´

Zheterotic
O(16)×O(16) =

1
2

1
∑

h,g=0

Z̄E8 [
h
g ]

2

(
√

τ2ηη̄)8

1
2

1
∑

a,b=0

(−1)a+b+ab+ag+bh+gh ϑ4[ab ]
η4 . (10.4.11)

öSµy²(10.4.11)´�ØC�"2y²§£�5�+�O(16) × O(16)�10�n
Ø§��Ã�þÌ"ù�nØ´�é¡�íº

öSµ�
�E10�,`nØ��©¼ê§·���I��£Ä�O(8)A�IÚS
Üm£ÄÜ©���16!U?�1�6�ê�A�I"(Boson �zo´���") Äk
�ÄG=O(32)�/"r�����^þ��A�I��©¼ê§2N\e��åµ

•ý��z8�z�1"

•�ØC5"

•�(�g^ÚO'X"

•vk�1f"

\é�õ�nØº�é¡5´õ�º

éG = E8 ×O(16)ÚO(16)×O(16)­Eþ¡�§S"

10.5 ���uuuººº������ÎÎÎ

�Bosonuaq§º��Î7L´��/�ê���"|^Ã��|�ó(�(6.12.12),
(6.12.13))§Ù¥§

X̂µ(z, θ) = Xµ(z) + θψµ(z) . (10.5.1)

�£Äº��Î�±��/ªµ
∫

dz
∫

dθ V (z, θ) =
∫

dz
∫

dθ (V0(z) + θV−1(z)) =
∫

dz V−1 . (10.5.2)

V0��/�­´1
2§
V−1�´1"V−1�È©k�/�­0"éÃ�þ��Boson§º��

Î´

V boson(ε, p, z, θ) = εµ : DX̂µ eip·X̂ :, (10.5.3)

V boson
0 = εµψµeip·X , V boson

−1 (ε, p, z) = εµ : (∂Xµ + ip · ψ ψµ)eip·X : , (10.5.4)
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Ù¥§ε · p = 0"3�Cã�¥§ù�º��ÎC¤

V boson
−1 (ε, p, z) = [QBRST, ξ(z)e−φ(z)ε · ψ eip·X ] . (10.5.5)

��Fermionº��Î�U3�Cúª¥�E"éÃ�þ�§§�k/ª

V fermion
−1/2 (u, p, z) = uα(p) : e−φ(z)/2 Sα(z) eip·X : , (10.5.6)

φ´5gβ, γ��/<|�Bosonz�Boson§e−φ/2´�/�­�3/8�β, γNX�g^
|(�6.15!)§Sα´�/�­�5/8�Fermion ψµ(�6.11!)§§/¤O(10)16�ê"e

I−1/2L«φÖ"V−1/2�o�/�­´1"��§uα´��÷vÃ�þDirac�§p/u =
0�^þ"

37L?nβ, γNX�Fermionu�/§k���©�?"Ò�·�®²w��§
3Bosonz/ª¥§�µÖ�ÑyUCÖ¥5^�18"ù���½�Killing^þk'"
u´§�6u�'¼êÚ­¡§éukØÓφÖ��½Ôn��º��Î§·�7
LkØÓ�L«"ù�±Uìe��{?1"�ÄφÖ�q, Vq�Ônº��Î"§

´BRSTØC�§[QBRST, Vq] = 0"·��±�EL«Ó�Ôn��Ônº��Î§
�´�Vq+1 = [QBRST, ξVq]�§Ö�q + 1§Ï�QBRST��Ö1"Ï�§´BRST��
f§Vq+1�´BRSTØC�",
§·�®²w�§Ôn��BRST��f��´�E
�"3ù«�/§Ï�ξ|Ñy3��f¥§§�"�ª3<|Hilbert�m	¡§ù�
�;�"ØÓ�φÖ3©z¥Ï~¡�ã�"éFermionº��1

2ã��±O�Ñ§�

V fermion
1/2 (u, p) = [QBRST, ξ(z)V fermion

−1/2 (u, p, z)]

= uα(p)eφ/2Sαeip·X + · · · , (10.5.7)

Ù¥§�ÑÒ�)éo:�Ìvk�z��"10����é¡Ö�±l3"Äþ
�Fermionº�5�E

Qα =
1

2πi

∮

dz : e−φ(z)/2 Sα(z) . (10.5.8)

§rFermionC��Boson§��½,

[Qα, V fermion
−1/2 (u, p, z)] = V boson

−1 (εµ = uβγµ
βα, p, z) , (10.5.9)

[Qα, V boson
0 (ε, p, z)] = V fermion

−1/2 (uβ = ipµεν(γµν)β
α, p, z) . (10.5.10)

é�é¡Ö�k�«ã�"

10.6 ���ééé¡¡¡kkk������^̂̂þþþ

X8·�®²w�§310�¥§ke����é¡uØ"

• Type-InØ(Ã5)§kN=1�é¡5Ú5�+O(32)"

183(6.4.10)�ÑÖ¥5^�"§(¡§3�"�'¼ê¥§º��Î�Ö�oÚ7L�u""
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• ,`nØ(Ã5)§kN=1�é¡5Ú5�+O(32)ÚE8×E8"

• Type-IIAnØ(ÃÃ5)§kN=2�é¡5"

• Type-IIBnØ(Ã5)§kN=2�é¡5"

·��é�£�Ã�þ|ÄåÆ�k�|Ø"������{´·�3Boson�
/æ^�§=½ölÑ��Ì¥J�Ñ§�§½ö3����µ|¥�¦�Aσ�.
�WeylØC5",
§du�é¡5�Ñy§ù
k��^þ����½"370c��
ÏÚ80c�@Ï§§�®²��ÚånØ����E"

Äk§·��3+Þ�Cq��$Uk��^þ"��kBoson|Ñy�§·��
7L�3��g�û��",
§duFermion�Ñy§·��?U�:Oê5K§
¦�Boson�ÄåÆ�φtuφÚFermion�ψ̄∂/ψ3$U­�5�Ó"·�òéBoson�Ñ�
­0§éFermion�1Úé�û�1"u´§¤k�ÄU�kÓ���­§=2"ù
�­
��±^�é¡(SUSY)5�Ä§�±��l���SUSYC�5�y

δεφ ∼ φm ψε , δεψ ∼ ∂φm ε + φm ψ2ε . (10.6.1)

3+Þ���^þ�­7L�2§é¤k�Úå�^þù´�(�"

310�¥§�
�kg^Ø�u2�Ã�þ|§·�7L���N≤ 2 SUSY"

·�òÄk�ÄN=1�é¡5"kü�Ã�þ�é¡L«(�õ­�)"¥þõ­��
¹��¥þ(Aµ)Ú��Majorana-Weyl Fermion(χα)"�Úåõ­��¹Úå(gµν)§�
é¡Üþ(Bµν)Ú��Iþφ(äf)§±9��Majorana-WeylÚå�f(ψµ

α)Ú��Majorana-
Weyl Fermion(λα)"ÍÜ��Yang-Mills�N=1�Úå�k��^þ��é¡�½§�
e���ÀJ´5�+"�Yang-Mills�^þ´("�Úå�)

LYM = −1
4
F a

µνF
a,µν − χ̄aΓµDµχa , (10.6.2)

Ù¥§
F a

µν = ∂µAa
ν − ∂νAa

µ + gfa
bcA

b
µA

c
ν , (10.6.3)

Dµχa = ∂µχa + gfa
bcA

b
µχ

c (10.6.4)

Úg´Yang-MillsÍÜ~ê"XN=1�Úå�^þ´

LN=1
SUGRA = − 1

2κ2 R− 3
4
φ−3/2HµνρHµνρ − 9

16κ2

∂µφ∂µφ
φ2 − 1

2
ψ̄µΓµνρ∇νψρ −

−1
2
λ̄Γµ∇µλ−

3
√

2
8

∂ν

φ
ψ̄µΓνΓµλ +

√
2κ

16
φ−3/4Hνρσ

[

ψ̄µΓµνρστψτ+

+6ψ̄νΓρψσ −
√

2ψ̄µΓνρσΓµλ
]

+ (Fermi)4 , (10.6.5)

Ù¥§κ´Newton~ê§Γµ1...µn´ΓÝ
����é¡È§Hµνρd(9.8)�Ñ§·�vk
²(�Ñ�¹o�Fermion��"

ü��^þ�±�ÍÜ��å

LN=1
SUGRA+YM = LN=1

SUGRA
′
+ φ−3/4 L′YM . (10.6.6)
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3Yang-Mills�^þ¥�§¿�X�C�ûÀJ�¹g^éä"3�Úåþ�§¿�X
·�7L?U|rB�½Âµ

Ĥµνρ = Hµνρ −
κ√
2
ωCS

µνρ , (10.6.7)

Ù¥§Chern-Simons�´

ωCS
µνρ = Aa

µF
a
νρ −

g
3
fabcAa

µA
b
νA

c
ρ + cyclic . (10.6.8)

ù�?U¿�X§�
��nØ´5�ØC�§�é¡Üþ35�C�δA → dΛ +
[A, Λ]e7LXeC�

δB =
κ√
2
Tr[ΛdA] , (10.6.9)

¦�?U��|rĤ´ØC�"

Ï�|Üg4/κ3´Ã�ê�§�±ÏL|φ�­#IÝC¤1§¤knØ��¹��ü
��ëê"

�·�kü��é¡5�§�kü«�U5µ

• Type-IIA �Úå"ù´10�Type-IIA�u�$U4�"§�¹��N=2�é¡�
ü��õ­�§Ù¥�)
Úå(gµν)§���é¡Üþ(Bµν)§��Iþφ (äf)§��
¥þAµÚ��3�I�é¡ÜþCµνρ¶±9��MajoranaÚå�f(ψµ

α)Ú��Majorana
Fermion (λα)"�Úå�^þ´���½�§�±l11�N=1�Úå[31]��ê�z�
�§ù�11��Úå�¹11�ÝþGµνÚ��3�I�é¡ÜþĈµνρ"�^þ´

LD=11 =
1

2κ2

[

R− 1
2 · 4!

G2
4

]

− iψ̄µΓµνρ∇̃νψρ +
1

2κ2(144)2G4 ∧G4 ∧ Ĉ +

+
1

192

[

ψ̄µΓµνρστυψυ + 12ψ̄νΓρσψτ
]

(G + Ĝ)νρστ , (10.6.10)

Ù¥§∇̃'uéä(ω + ω̃)/25½Â§ω´g^éä§Ó�

ω̃µ,ab = ωµ,ab +
iκ2

4

[

−ψ̄νΓνµabρψρ + 2(ψ̄µΓbψa − ψ̄µΓaψb + ψ̄bΓµψa)
]

(10.6.11)

´��Cz"��§G4´Ĉ�|r§

Gµνρσ = ∂µĈνρσ − ∂νĈρσµ + ∂ρĈσµν − ∂σĈµνρ (10.6.12)

ÚG̃4´§���Cz

G̃µνρσ = Gµνρσ − 6κ2ψ̄[µΓνρψσ] . (10.6.13)

²L�ê�z§11�Ýþ�ÑXe��10�Ýþ§��5�|Ú��Iþ(�N¹C)µ

Gµν =
(

gµν + e2σAµAν e2σAµ

e2σAµ e2σ

)

. (10.6.14)
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3/ªĈ�Ñ10�¥���3/ªÚ2/ª

Cµνρ = Ĉµνρ −
(

Ĉνρ,11Aµ + cyclic
)

, Bµν = Ĉµν,11 . (10.6.15)

|^N¹C�úª§10��^þ�±��l11��^þ��"éBosonÜ©§·��
�

SIIA =
1

2κ2

∫

d10x
√

geσ
[

R− 1
2 · 4!

Ĝ2 − 1
2 · 3!

e−2σH2 − 1
4
e2σF 2

]

+

+
1

2κ2(48)2

∫

B ∧G ∧G , (10.6.16)

Ù¥§
Fµν = ∂µAν − ∂νAµ , Hµνρ = ∂µBνρ + cyclic , (10.6.17)

Ĝµνρσ = Gµνρσ + (FµνBρσ + 5 permutations) . (10.6.18)

ù´3EinsteinIe¥�Type-IIAk��^þ"·��±ÏLgµν → e−σgµνC�uI

e"10�äf´Φ = 3σ"�^þ´

S̃10 =
1

2κ2

∫

d10x
√

ge−Φ
[(

R + (∇Φ)2 − 1
12

H2
)

− 1
2 · 4!

Ĝ2 − 1
4
F 2

]

+

+
1

2κ2(48)2

∫

B ∧G ∧G . (10.6.19)

5¿§3äãY²§R-R|AµÚCµνρ�ÄU�Ø�6uäf§Ò�310.2!ÀJ��
�"

• Type-IIB �Úå"§�¹Úå(gµν)§ü��é¡Üþ(Bi
µν)§ü�Iþφi§��

géó4�I�é¡ÜþT+ ü�Majorana-WeylÚå�fÚü�Ó�Ã5�Majorana-
Weyl Fermion"éä´Ã��§�´�~gd§Ò�·�òw��"géó^�¿�
X4/ª|rF�u§�éó"ù��§ØUl�C�^þ��"l
§éType-IIB�Ú
å§·��±���Ð´�Ñ$Ä�§[32]"

3ù�nØ¥§k��SL(2,R)�ÛØC5§§C��é¡ÜþÚIþ�­�(Ýþ
Ú4/ª´ØC�)"·�ò^φL«5g(NS −NS)Ü©�äf§^χL«5gR-R Ü©
�Iþ"½ÂEIþ

S = χ + ie−φ/2 . (10.6.20)

u´§SL(2,R)ÏL©êC��^3SÚ�5/�^3Biþ

S → aS + b
cS + d

,
(

BN
µν

BR
µν

)

→
(

d −c
−b a

) (

BN
µν

BR
µν

)

, (10.6.21)

Ù¥§a, b, c, d´¢�§kad− bc = 1"BN´NS-NS�é¡Üþ§Ó�§BR´R-R�é
¡Üþ"�·��½4/ª�0�§Ù{�$Ä�§�±le��^þ��

SIIB =
1

2κ2

∫

d10x
√

− det g
[

R− 1
2

∂S∂S̄
S2

2
− 1

12
|HR + SHN |2

S2

]

, (10.6.22)

Ù¥§H´�é¡Üþ�|r"(10.6.22)´²wSL(2,R)ØC�"
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Figure 14: a) 34�¥�n��~"b) 310�¥��~8�ã"

11 ���~~~

�~Ò´3þfnØ¥²;é¡5�»""ü«é¡5�±k�~§�Û�½½�(5
�)�é¡5"e¡§·�òé½�é¡5��~a,�"XJ��½�é¡5k�
~§ù¿�X»�gdÝØ2òÍ"ùý«kN�5�¯K"3��§�~Ø´�·
�"Ã�Schwinger�.(ÍÜ�Ã�þFermion�U(1)5�nØ)�~fL²§�±�)
���	�gdÝ§����gU�nØ",
§·�E,Ø��3�u��N�¢y
ù�§S"u´§·�òN\þ�~�Ø�3ù��å"

�ÄnØ�Ônk��^þ§§�¹5�|±9ÝþΓeff [Aµ, gµν , . . .]"5�6ÚUÄ
þÜþ´

Jµ =
δΓeff

δAµ
, T µν =

1√
−g

δΓeff

δgµν
. (11.1)

35�C�δΛA = [a, Λ]e§k��^þ�C©´

δΛΓeff = Tr
∫

DµΛ
δΓeff

δAµ
= Tr

∫

Λ Dµ
δΓeff

δAµ
=

∫

Tr [Λ DµJµ] , (11.2)

Ù¥§·�®²|^
Ü©È©"Ïd§��=�DµJµ 6= 0§35�é¡5¥k���
~"3�©Ó�e§aq�?Ø�±A^�ØC5"

δdiffΓeff =
∫

(∇µεν +∇νεµ)
δΓeff

δgµν
=

∫

εµ∇νT µν . (11.3)

u´§Úå�~¿�X3þfnØ¥AåÜþ�ØÅð"

3|Ø¥§duUV¯K§�~Ñy
"�Ä3o�¥�Í¶n�ã(Fig. 14a)"§
´L*�5uÑ�§5�ØC5r§�z��êuÑ"XJ3�ã±��Fermion´�
Ã5�§·��±|^Pauli-Villars5�z55�ù�ã§�±{ü/y²Ñ§���
5�|4z´»���§ã��"3ù«�/§vk�~",
§XJFermion´Ã5
�§Pauli-Villars5�z(½Ù§5�z)ò»�5�ØC5§�5�f�þªuÃ¡�§
§ØE�"

310�¥§�±é�~�Ñ�z�+Þã´3Fig. 14b¥£Ñ�8�ã"	��±´
5�Boson½Úåf"�±y²§ã�����é¡�Ü©é�~�Ñ���²T��
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Figure 15: kÔn	����ã§¹k»��ªDÂ

z"�é¡��z�±�Û����-�"XJ���	�´»���ã´�"�§@
oùò¿�X�Ôn�4zò3Fig. 15���ã¥DÂ"

·�ò�Ä�5Cq§§�+Þ8�ãk'µF = F0 +A2, F0 = dAÚA → A+ dΛ"
ùp§Λ´5�ëêÝ
(0/ª)"du3	�¥�5�|�8�ã§�~k±e��/
ª

δΓ|gauge ∼
∫

d10x
[

c1Tr[ΛF 5
0 ] + c2Tr[ΛF0]Tr[F 4

0 ] + c3Tr[ΛF0](Tr[F 2
0 ])2

]

, (11.4)

Ù¥§/ª���±n)�	È"��'�§o�¥aqL�ª�'uTr[ΛF 2
0 ]"n�

ØÓXêciéAu3é¡+,¥��½+)¤��n�+ØCþTr[T 6], Tr[T 4]Tr[T 2]Ú(Tr[T 2])3"

éÚå�~§kaq�(J§Ù¥§F��^dO(D)2/ªRab
µν = ea

ρe
b
σR

ρσ
µν5�O"Ý


�2/ªRdRab�O(D)���Ý
T ab�¦È
��"§�±^g^éä1/ªω��
ª��R = dω + ω2"

�ÄkÚå	���~ã§·���

δΓ|grav ∼
∫

d10x
[

d1Tr[ΘR5
0] + d2Tr[ΘR0]Tr[R4

0] + d3Tr[ΘR0](Tr[R2
0])

2
]

. (11.5)

�Ð§ÏL�Ä�
	�´5�BosonÚ�
	�´Úåf§·���·Ü��~

δΓ|mixed ∼
∫

d10x
[

e1Tr[ΛF0]Tr[R4
0] + e2Tr[ΘR0]Tr[F 4

0 ]+

+e3Tr[ΘR0](Tr[F 2
0 ])2 + e4Tr[ΛF0](Tr[R0])2

]

. (11.6)

�k,��³U�Tr[ΛF0]Tr[F 2
0 ]Tr[R2

0]§�´§�±^Û����-�"

k��AÛ5K§§l+Þ�5Ü©Jø
���~(����?Ø�[5], p. 343)"
Äk§�~÷v¤¢�Wess-ZuminogU^�§§�N
5�C��+(�"�G(Λ) =
δΓ/δλ"u´§

δΛ1G(Λ2)− δΛ2G(Λ1) = G([Λ1, Λ2]) . (11.7)
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35�C�Ú�©Ó�e§|rUXeC�

δF = [F, Λ] , δR = [R, Θ] . (11.8)

��y²,Tr[Rm], Tr[Fm]´5�ØCÚ4�µ

d Tr[Rm] = d Tr[Fm] = 0 . (11.9)

�k§éóêm§,´�"�"�
3D�¥5K�~�D/ª§·�l����5
�ØCÚ4�(D + 2) /ªID+2(R, F )m©§§�±��F,Ró,�È��5|Ü"Ï
�ID+2´4�§§�±(Û�)���

ID+2(R, F ) = dΩD+1(ω,A) , (11.10)

Ù¥§(D + 1)/ªΩD+1Ø25�ØC§�´35�C�eUXeC�

δΛΩD+1(ω, A) = dΩD(ω, A, Λ) . (11.11)

ID+2´5�ØC�¯¢�¦ù�"��§D�~´3Λ¥ΩD�5�Ü©"

Ø
�'uTrΛF 5
0ÚTr[ΘR5

0]�5��~�Ø��Ü©§Ù{��±-�§XJ§Ñ
y3Ü·��5|Ü¥"ù¡�Green-SchwarzÅ�"

b½�~���Ü©UXe©)

δΓ|reduc ∼
∫

d10x (Tr[ΛF0] + Tr[ΘR0])
(

a1Tr[F 4
0 ] + a2Tr[R4

0]+

+a3(Tr[F 2
0 ])2 + a4(Tr[R2

0])
2 + a5Tr[F 2

0 ]Tr[R2
0]

)

. (11.12)

·�®²w�§3N=1�Úå¥§�é¡Üþ�|r�5�Chern-Simons/ªUC"·
���±V\ÚåChern-Simons/ª(§ò�z4��û�)µ

Ĥ = dB + ΩCS(A) + ΩCS(ω) . (11.13)

·��w�§ù�V\¦�35�C�Ú�©Ó�eB/ª�C��±ĤØC"Ï�

δΛΩCS(A) = dTr[ΛdA] , δΘΩCS(ω) = dTr[Θdω] (11.14)

¤±§�é¡Üþ7LUXeC�

δB = −Tr[ΛF0 + ΘR0] . (11.15)

u´§���

Γcounter ∼
∫

d10x B
(

a1Tr[F 4
0 ] + a2Tr[R4

0] + a3(Tr[F 2
0 ])2+ (11.16)

+a4(Tr[R2
0])

2 + a5Tr[F 2
0 ]Tr[R2

0]
)
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�±-�����~"ù�Å���±3nØ¥�3����é¡ÜþÙ§�ê?1"

��±rù�Å�í2��L���é¡Üþ�nØ¥"ù��nØÏLr�unØ;

��6�
��"

=�a|é�~k�zºÄk§§�7L´Ã�þ�§Ùg§§�7L´Ã5�"
3ó�¥§Ã�5�3§�±´Ã5�|´(g^1/2)Fermion§(g^3/2) Úå�f
Ú(�)géó�é¡ÜþBµ1...µD/2−1"§��|rF = dB´(�)géó�D/2/ª

Fµ1...µD/2 = ± i
(D/2)!

εµ1...µDF µD/2+1...µD . (11.17)

éÚå�~�Ñy§·�7LkLorentz+O(1,D-1)�Ã�L«"§�3D = 4k+2�
¥�3"é5��~§·�7Lk5�+G�Ã�L«"ù�±3óê�u)Ú�5�
+#NEL«�"

y3§·�ò�Ñ5g�«Ã�|é�~��z"�·�c¡?Ø�§�~d��
4�5�ØC�(D+2)/ª��L�"ÏL��C�§·��±rD ×D�é¡;�C
��e�¬é�/ª

R0 =































0 x1 0 0 . . .
−x1 0 0 0 . . .
0 0 0 x2 . . .
0 0 −x2 0 . . .

. . . . . . . . . . . . . . .

. . . 0 xD/2

. . . −xD/2 0































. (11.18)

u´§Tr[R2m
0 ] = 2(−1)m ∑

i x2m
i "��g^

1
2 FermionéÚå�~��zde��Ñ[34]

Î1/2(R) =
D/2
∏

i=1

(

xi/2
sinh(xi/2)

)

. (11.19)

3c¡�úª¥§·�7L^��X�5Ðm§§§�¹�«��/ª¶À�(D+2)/
ª�Ü©"aq/§·�kéÃ5Úå�f�e��zµ

I3/2(R) = Î1/2(R)



−1 + 2
D/2
∑

i=1
cosh(xi)



 (11.20)

ÚgéóÜþ

IA(R) = −1
8

D/2
∏

i=1

(

xi

tanh(xi)

)

. (11.21)

Úå�fÚgéóÜþé5�½·Ü�~vk�z§Ï�35�+e§§�ØU��
�",
§g^1/2�Fermion�±�²T/C�§§�é�~�o�zde��Ñ

I1/2(R,F ) = Tr
[

eiF
]

Î1/2(R) . (11.22)
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b½D = 10ÚÐmþ¡�úª§·���

I1/2(R,F )
∣

∣

∣

12−form
= −Tr[F 6]

720
+

Tr[F 4]Tr[R2]
24 · 48

+

−Tr[F 2]
256

(

Tr[R4]
45

+
(Tr[R2])2

36

)

+

+
n
64

(

Tr[R6]
5670

+
Tr[R2]Tr[R4]

4320
+

(Tr[R2])3

10368

)

,

Ù¥§n´g^3/2Fermion�oê8"

I3/2(R)
∣

∣

∣

12−form
= −495

64

(

Tr[R6]
5670

+
Tr[R2]Tr[R4]

4320
+

(Tr[R2])3

10368

)

+

+
Tr[R2]

384

(

Tr[R4] +
(Tr[R2])2

4

)

,

IA(R)|12−form = Î1/2(R)
∣

∣

∣

12−form
− I3/2(R)

∣

∣

∣

12−form
. (11.23)

þ¡�Ñ��~�zI1/2ÚI3/2éAuWeyl Fermion"Ï�310�¥§·��kMajorana-
Weyl Fermion§§�é�~��z´þ¡���"

·�y3�y=��10�nØ´�~gd�"

vkÔ��N=1�ÚånØ�¹��Majorana-WeylÚå�fÚ��Ã5�g
^1

2�Majorana-Weyl Fermion"lþ¡�úªN´�y§ù´�~�"

Type-IIA�Úå´vkÃ5�§u´²T/�~gd",
§Type-IIB´Ã5
�§�¹é�~�zI3/2�ü�Majorana-Weyl Úå�f§�z−I1/2���Ã5�ü

�Majorana-Weyl Fermion§Ú�z−IA���géóÜþ"l(11.23)�±wÑo�~�
u""

y3§·�ò�ÄÍÜ�¥þõ­�N=1�Úå"5��f�ÚåfkÓ��Ã
5"o�~´

2IN=1 = I3/2(R)− I1/2(R) + I1/2(R, F ) . (11.24)

·���A�¦éAuR6�F 6�,�Ø���~-�"Tr[R6]ØU����$,�¦
È§Ï�+O(10)k��Õá���6�Casimir"u´§3(11.24)¥Tr[R6]��Xê7
L�u""ù¿�Xn = 496"Ï�5��f35�+���L«¥§§��ê8´
5�+��ê"·���§é�~-����7�(�Ø´¿©)^�´dimG = 496"
3(11.24)¥�\n = 496§·���

96Itotal = −Tr[F 6]
15

+
Tr[R2]Tr[F 4]

24
+

Tr[R2]Tr[R4]
8

+
(Tr[R2])3

32
− (11.25)

−Tr[F 2]
960

(

4Tr[R4] + 5(Tr[R2])2
)

.

lþ¡§é²w§���{��~���F"´�±|^Green-SchwarzÅ�"XJ·
��±©)Itotal§§â�1"ù«�¹Ñy��=�

Tr[F 6] =
1
48

Tr[F 2]Tr[F 4]− 1
14400

(Tr[F 2])3 . (11.26)
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u´§
96Itotal =

(

Tr[R2]− 1
30

Tr[F 2]
)

X8 , (11.27)

k

X8 =
Tr[F 4]

24
− (Tr[F 2])2

720
− Tr[F 2]Tr[R2]

240
+

Tr[R4]
8

+
(Tr[R2])2

32
, (11.28)

ÚÙ{��~�±ÏLGreen-SchwarzÅ�-�"���3��²T^�´(11.26)"

Äk�Ä5�+O(N)"u´§e�úªA^[5]

Tr[F 6] = (N − 32)tr[F 6] + 15tr[F 2]tr[F 4] , (11.29)

Tr[F 4] = (N − 8)tr[F 4] + 3(tr[F 2])2 , Tr[F 2] = (N − 2)tr[F 2] , (11.30)

Ù¥§Tr´3��L«¥�,§tr´3O(N)Ä�L«¥�,"

öSµy²§©)^�(11.26)ÚdimG = 496�G=O(32)÷v"u´§kG=O(32)�Type-
I Ú,`unØ´�~gd�"

y3§�ÄG = E8 × E8§§�k�ê496"E8vk��4Ú6�ÕáCasimirs"

Tr[F 6] =
1

7200
(Tr[F 2])3 , Tr[F 4] =

1
100

(Tr[F 2])2 . (11.31)

öSµ�yE8 × E8÷v(11.26)"u´§E8×E8,`u�´�~gd�"2u�§
+E8×U(1)248ÚU(1)496´�~gd�"vk®��10�nØéAù
+"

é���~���7��Green-Schwarz����Ñy§ÏL3,`u¥�ü�ãO
�5u�[35]"
�§��3�ØC5Ú�~-��m���'X"

l(11.13)§·���(G=O(32))§

dĤ = tr[R2]− 1
30

Tr[F 2] . (11.32)

3?Û44�f6/þÈ©(11.24)§·�����µ|÷v�­��åµ

∫

tr[R2] =
1
30

∫

Tr[F 2] . (11.33)
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öSµ�Ä10�¥��;�O(16) × O(16),`u"§´�¹Fermion�Ã�nØ§
35�+e§Uì(V, V ), (S̄, 1) Ú(1, S̄)C�"S´O(16)�128�^þL«"|^

trS[F 6] = 16tr[F 6]− 15tr[F 2]tr[F 4] +
15
4

(tr[F 2])3 , (11.34)

trS[F 4] = −8tr[F 4] + 6(tr[F 2])2 , trS[F 2] = 16tr[F 2] , (11.35)

k3^þL«�m¥�,trSÚ3Ä�L«�m¥�,tr§5y²nØ´�~gd�"�
o´Green-Schwarz���º310�¥kÙ§Ã�§��é¡�~gdnØíº

öSµ�Ä310�¥�E8 × E8,`u"ù�nØké¡5I§§p�ü�E8Ïf"

�Ä'ué¡5C�g = (−1)F+1 · I�ù�nØ�Z2;6/"�E�ØC�©¼ê(\ò
I�ϑ¼ê�­Eúª§�±3N¹Aé�)"5�+ÚÃ�þÌ´�oºù�nØ´�
é¡�íºÃ��íº�~gd�íº

12 ;;;���zzzÚÚÚ���ééé¡¡¡»»»"""

X8§·�®²�Ä
�;�10�¥��unØ",
§·����Ôn,�´34�
nØ"��§�����{´|^Kaluza-Klein�g�µ�Ä,
�ê�ò­���;
�6/§�3e�;��4�"�·�®²3Bosonu¥w��§uØ$Ä�§�°()
éAuCFT"3Type-IIuØ�/§§�AéAu(1,1)��/FT¶3,`u�/§éA
u(1,0)��/FT"~X§�4��;�zVg�í2´r�5��;�²"CFT^,�
��O§Ù¥§4�EÎ´²"�§�´Ù{�dk·�¥%Ö�?¿CFT5£�"ù
«£ã'AÛ;�z���§Ï��3ÃAÛ)º�CFT"e¡§·�5u�AÛ*:
ÚCFT*:§Ì�´ÏL;6/;�z"

12.1 ���¡¡¡;;;���zzz

�{ü��U5´,/S;�06/´²"�¡"ù�±�@�´10�nØ�ØÓ�
µ§Ù¥§éSÝþÚÙ§�µ|§·�®²�Ñ~êÏ"�"

Äk�Ä;��D < 10��,`u�/"����/5�E;��nØ��
©¼ê"y3§kD − 2�î��;��I§z���z

√
τ2ηη̄"3�£Ä­.

�FermionÚ16�m£Ä;��I��zvkUC"��§10 − D�;��I��z
d(7.1.38)�Ñ"®o��

Zheterotic
D =

Γ10−D,10−D(G,B) Γ̄H

τ
D−2

2
2 η8η̄8

1
2

1
∑

a,b=0

(−1)a+b+ab ϑ4[ab ]
η4 , (12.1.1)
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Ù¥§Γ̄H´O(32)½E8×E8��:Ú¶Gαβ, Bαβ´S(10−D)�ÝþÚ�é¡Üþ�~ê
Ï"�"ØUé�nØ�Ã�þÌ"�5�10�Ýþ�ÑD�Ýþ§(10−D)�U(1)5�
|Ú1

2(10−D)(11−D)�Iþ"�é¡Üþ�)��D��é¡Üþ§(10−D)�U(1)5
�|Ú1

2(10 − D)(9 − D)�Iþ(5�|�SÜ©þ)"10�äf�Ñ,��Iþ"�
�§(H��ê)�10�5�|�Ñ(H��ê)�5�|Ú(10 − D)· (H��ê)�Iþ"
éFermionkaq�z"

·�ò��[/�Ä5g10�¥þ�IþY a
α §Ù¥§a´���I§α´��

�1, 2, . . . , 10 − D�SÜ�I"�Abel|r(10.6.3)�¹vk�û��"�â�ê�
z§ù�Ñ(Higgs)IþY a

α���³U�µ

VHiggs ∼ fa
bcf

a
b′c′ Gαγ Gβδ Y b

α Y c
β Y b′

γ Y c′
δ . (12.1.2)

�Y a
α3o�ê�Cartanf�ê¥�~êÏ"��§ù�³Uk²"���(����ë

Yx)"·�ò^Y I
α , I = 1, 2, . . . , 165IPù
�"ù´���~Higgsy�§§é5�

|)¤�þÝ

[

m2
]ab
∼ Gαβ f ca

d f cb′
d Y d

α Y d′
β . (12.1.3)

ù��þÝ
k��Ha�0���"�Ù§5�|���"�þ�§áuCartanf+�
5�|E�±Ã�þ"l
§5�+�»"�Cartanf+∼ U(1)rank−H"XJ·�2�

Ñù
Ï"�§@o,`;�z���©¼êC¤

Zheterotic
D =

Γ10−D,26−D(G,B, Y )

τ
D−2

2
2 η8η̄8

1
2

1
∑

a,b=0

(−1)a+b+ab ϑ4[ab ]
η4 , (12.1.4)

Ù¥§Γ10−D,26−D�:Ö��û3N¹B¥�[£ã"

(10−D)(26−D)�Iþ|G,B, Y¡��§Ï�§��±k?¿Ï"�"u´§;�
z�D��,`u��þ´ý��ëYx§ý�d��Ï"�5ëêz§�£ãSÜ6
/(G,B)Ú(²")5�m(Y )�AÛ"

y3§3?¿�¡;�z��nØ¥§éÃ�þBoson�ª�Ääãk��^þ"§
�±ÏL10�,`uk��^þ����ê�z5��§3σIe19¥§§d(9.10)Ú5
�|\3�å�Ñ

α′8 Sheterotic
10−d =

∫

d10x
√

−det G10e−Φ
[

R + (∇Φ)2 − 1
12

Ĥ2 − 1
4
Tr[F 2]

]

+O(α′) . (12.1.5)

3D�¥§Ã�þ|l10�nØ�@
|��(ÏLb½�öØ�6uS�IXα)"

�§·���3Cartan5�|§Ï��k§�éWilson�Y I

α , I = 1, 2, . . . , 16�ÊÏ�E
ò�±Ã�þ�"¤±§5�ÄU�^e�5AbelzTr[F 2] → ∑16

I=1 F I
µνF

I,µνµ

F I
µν = ∂µAI

ν − ∂νAI
µ . (12.1.6)

�k§
Ĥµνρ = ∂µBνρ −

1
2

∑

I

AI
µF

I
νρ + cyclic , (12.1.7)

19ù�¡�/uIe0"
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Ù¥§·�®²�Ñ
�6Chern-Simons�z§Ï�§´α′��p�"

k��IO�{5½ÂD�|§¦�;�z��nØ�5�ØC5´{ü�"ù3
N¹C�Ñ"^ù«�{§·���

Sheterotic
D =

∫

dDx
√
−det Ge−Φ

[

R + ∂µΦ∂µΦ− 1
12

ĤµνρĤµνρ−

−1
4
(M̂−1)ijF i

µνF
jµν +

1
8
Tr(∂µM̂∂µM̂−1)

]

, (12.1.8)

Ù¥§i = 1, 2, . . . , 36− 2DÚ

Ĥµνρ = ∂µBνρ −
1
2
LijAi

µF
j
νρ + cyclic . (12.1.9)

�IþÝ
M̂3(B.4)¥�Ñ"ù��^þk��ëY�O(10-D,26-D)é¡5"XJΛ ∈
O(10-D,26-D)´��(36− 2D)× (36− 2D)Ý
§@o

M̂ → Ω M̂ ΩT , Aµ → Ω · Aµ (12.1.10)

�±k��^þØC",
§l(��uØ?n·���§5g�:�k�þ��Ñ
yrù�é¡5»��lÑÃ�f+O(10-D,26-D,Z)"ù´Téó5�+"3(12.1.8)¥
�(10−D)(26−D)Iþ�^þ´O(10−D, 26−D)/(O(10−D)×O(26−D) σ�."

·���±ÏL(9.11)=�EinsteinIe§3@p§�^þC¤

Sheterotic
D =

∫

dDx
√

−det GE



R− 1
D − 2

∂µΦ∂µΦ− e−
4Φ

D−2

12
ĤµνρĤµνρ−

−e−
2Φ

D−2

4
(M̂−1)ijF i

µνF
jµν +

1
8
Tr(∂µM̂∂µM̂−1)



 . (12.1.11)

éD = 4§10�Úå�f�Ñ4�4�MajoranaÚå�f"l
§4�;�z��
nØkN=4Û�SUSY"�'�Ã�þ�N=4�õ­�´�Úåõ­�Ú¥þõ­
�"�Úåõ­��¹Ýþ§6�¥þ(Úå1f)§1�IþÚ1��é¡Üþ§±
94�MajoranaÚå�fÚ4�g^�1

2�Majorana Fermion"¥þõ­��¹1�¥
þ§4�g^�1

2�Majorana FermionÚ6�Iþ"Ø
SUGRAõ­�§§·�oN
k22�¥þõ­�"

3D = 4§�é¡ÜþÏL��éóC�(3�þ)�du���Iþa§/¶f0"
§ÏLe�5½Â(3EinsteinIe¥)

e−2φĤµνρ =
εµνρ

σ
√
−det gE

∇σa . (12.1.12)

ù�½Â¦�Bµν$Ä�§∇µe−ΦĤµνρ = 0 ÏL�O(12.1.12)
gÄ)Ñ",
§
l(12.1.9)§Ĥ�Bianchið�ª

εµνρσ
√
−det gE

∂µĤνρσ = −LijF i
µνF̃

j,µν , (12.1.13)
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Ù¥§
F̃ µν =

1
2

εµνρσ
√
−det gE

Fρσ , (12.1.14)

C¤¶f�$Ä�§(�O(12.1.12)�)µ

∇µ e2φ∇µa = −1
4
F i

µνF̃
j,µν . (12.1.15)

ù��§�±l/éó0�^þ��

S̃heterotic
D=4 =

∫

d4x
√

−det gE

[

R− 1
2
∂µφ∂µφ−

1
2
e2φ∂µa∂µa+

−1
4
e−φ(M−1)ijF i

µνF
j,µν +

1
4
a LijF i

µνF̃
j,µν+

+
1
8
Tr(∂µM∂µM−1)

]

. (12.1.16)

��§ÏL½ÂES|
S = a + i e−φ , (12.1.17)

·��±r�^þ��

S̃heterotic
D=4 =

∫

d4x
√

−det gE

[

R− 1
2

∂µS∂µS̄
ImS2 − 1

4
ImS(M−1)ijF i

µνF
j,µν

+
1
4
ReS LijF i

µνF̃
j,µν +

1
8
Tr(∂µM∂µM−1)

]

. (12.1.18)

l½Â(12.1.17)§1/ImS´u�ãý�ëê(,`uÍÜ~ê)"Ò�·��¡òw�
�§4�,`uk��ÏLÜ©C��^3Sþ���6SL(2,Z)é¡5§Ò�3Able5
�+þ�>^éó��"Iþ|S3þ�²¡SL(2,R)/U(1)¥��"Ù{�Iþ3{8
�mO(6,22)/O(6)×O(22)¥��"

ùp§·�òÌ�£ãType-IIuØ�4���¡;�z"�±y²§3k�»�R�
;��ê�4unØ¥§éóC�R → 1/R��£Ä^þÄ��Ã5�ü��"3��
�!§ùò��[)º"u´§�»�R�Type-IIAnØ�du�»�1/R�Type-
IIBnØ"��·�3�¡þ;�z§¤kü«nØ´�Ã5�"·��I�u
�Type-IIAnØ�D = 4��z"Äk§ü�Majorana-WeylÚå�fÚFermion�
Ñ8�D = 4MajoranaÚå�fÚ48�g^1

2�Majorana Fermion"u´§D = 4�n
Øk���N=8�é¡5"10�Ýþ�)4�Ýþ§6�U(1)¥þÚ21�Iþ"�é
¡Üþ�)(4�éóz�)6�U(1)¥þÚ16�Iþ"äf�Ñ���	�Iþ"R-R
U(1)5�|�Ñ��5�|Ú6�Iþ"R-R 3/ª�Ñ��3/ª(34�¥vkÔn
gdÝ)§15�¥þÚ26�Iþ"¤kþ¡�gdÝ/¤N=8�Úåõ­�§§�¹Ú
å§28�¥þ§70�Iþ§8�Úå�fÚ48�Fermion"

öSµl(10.6.19)¥�10�k��^þÑu§|^�¡�ê�z§(\òI�N
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¹C¥��'úª)í�4�k��^þ"éóz¤k2/ª"

12.2 333���²²²TTT666///þþþ���;;;���zzz

e�Úò´}Á3�²"�6/þ;�z10�nØ",
§ù���µ7L÷vu$Ä
�§"Ò�·�3c�!£ã�§ù�du�Aσ�.��/ØC5"��µ|�úC
��§α′Ðm�±A^¶é+Þ�§�µ7L÷v$Uk�|�$Ä�§"

3Ä�¥§·�òé²"�4�­.a,�"3�����/§ù��Ä�d4��
;�²"CFTÚ��SÜCFT�ÜþÈ�Ñ"k�A¥%ÖÚé¡5�CFT´�α′¤
k��(äã)u$Ä�§�°()"3,`u�/§ù�SÜCFT7Lk�N=1ØC5
Ú(c, c̄) = (9, 22)"3Type-II�/§§7Lk�ÚmN=1��/ØC5Ú(c, c̄) = (9, 9)"
XJCFTk��/�NÈ4�0§@oα′Ðm´�U�§·��±­#��+Þσ�
.(AÛ)�(J"

é;�z��nØ§3;�zIÝk�
�{�é¡5�´k,��"�
���
8�§·���I�N=1�é¡5§Ï�§´#NÃ�L«����/"�,�~$U
�­.Ø´�é¡�§du�?¯K§3IO�.�	§·��(I��
�é¡5"

3k�|Ø�{¥§·�b½�
Boson|¼�÷v$Ä�§�Ï"�§
FermionÏ
"�´"(�
�3D = 4 LorentzØC5)"3���/§�µ»"²"10��m�¤k
�é¡5"XJ�AFermion�C©�u"§@o�é¡5ò�±"ù�Ñ�|���
§"XJ§���é���é¡5÷v§@o�Ü$Ä�§�ò÷v"`²ù��,�
��{´`§�3����SUSY�z��;�6/´$Ä�§���)"

ùp§·�ò�Ä3Û��mM4×Kþ�,`u�/§Ù¥§M4´4�Minkowski�
m§K´,
6�;�6/"r�I©��M4�F1�IÚK�.¶�I�§·�ke
�10�,`�^þ��é¡C©(3EinsteinIe)

δψµ = ∇µε +
√

2
32

e2Φ (γµγ5 ⊗H) ε , (12.2.1)

δψm = ∇mε +
√

2
32

e2Φ (γmH − 12Hm) ε , (12.2.2)

δλ =
√

2(γm∇mΦ)ε +
1
8
e2ΦHε , (12.2.3)

δχa = −1
4
eΦF a

m,nγ
mnε , (12.2.4)

Ù¥§ψ´Úå�f§λ´äf�f§χa´5��f¶ε´��^þ(�é¡C��ë
ê)"
�§·�|^

H = Hmnr γmnr , Hm = Hmnr γnr . (12.2.5)
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10�ΓÝ
�±lD = 4�Ý
γµÚSÜÝ
γm�E�

Γµ = γµ ⊗ 16 , Γm = γ5 ⊗ γm , (12.2.6)

γ5 =
i
4!

εµνρσγµνρσ , γ =
i
6!

√

detgεmnrpqsγmnrpqs . (12.2.7)

γ´SÜ�m�γ5�aqÔ"

é,
�µ|��§XJ�§δ(fermions) = 0�3��)§=���Û½Â��²
T^þε§@o�µ´N=1�é¡�"XJØ���)�3§@o·�òk*Ð�é¡
5"ù�¯K�b�Hmnr = 0�å3[36]¥�Ä"3H = 0�4�¥§N=1�é¡5�3
�^��±o(Xeµäf7L´~ê§6/K7L#N��Killing^þξ§

∇m ξ = 0 . (12.2.8)

�k§ù�^�¿�XK´��Ricci²"(Rmn = 0)�Kähler6/"��§�µ(SÜ)5
�|7L÷v

F a
mnγ

mn ξ = 0 (12.2.9)

§u´§(11.32)C¤

Rrs
[mnRpq]rs =

1
30

F a
[mnF

a
pq] . (12.2.10)

3ÊÏ�6�6/¥§g^éä´3O(6) ∼ SU(4)¥"XJ6/´Kähler�§@o
g^éä´3U(3) ⊂ SU(4)¥"��§XJRicciÜþ�u"§g^éä´��SU(3)é
ä"ù��6/¡�Calabi-Yau(CY)6/"

)(12.2.9)Ú(12.2.10)�{ü�{´rg^éäω ∈ SU(3) i\�5�éäA ∈
O(32)½E8 × E8¥"3O(32)¥÷v(12.2.10)�SU(3)���i\´3O(32) 3 32 →
3 + 3̄ + singlets ∈ SU(3)¥"3ù«�/§O(32)»"�U(1) × O(26)(ù´�SU(3)�
��f+)"U(1)´/�~0�§=§Ã�þ��U(1)Öρ =

∑

i qi�ÖØ´""ù��

~´²w�§Ï�·���§uØØ´�~�"¤u)�´ùp�Green-SchwarzÅ
�¿�Xk��/ªρ B ∧ F �ü�ãÍÜ"ùéU(1)5�|�Ñ���þ§§ØU
����$Ué¡5Ñy"313.4!§kù�y������[�?Ø"�{�5�
+O(26)�k�Ã�L«"

�k,��´3E8 × E8�/"E8k��SU(3) × E6f+§3§e¡§E8���

L«©)�E8 3 248 → (8,1) ⊗ (3,27) ⊗ (3̄, 27) ⊗ (1,78) ∈ SU(3) × E6"3ù«

�ª¥§rg^éäi\3��E8¥)Ñ(12.2.10)"3ù«�/§�»"�5�+
´E6×E8"4NL´3E6�27¥C��4�Ã�þ�ÃWeyl Fermion�ê8§NR´é27�
Ó�ê8"ÀÃ5�ê8(/�0�ê8)´|NL − NR|¶§�±ÏL3CY6/þ�
�I½n��"27��SU(3)�3��C�§273SU(3)�3̄¥C�"u´§��ê8
´3Fermion|ψαA�KþDirac�Î��I§Ù¥§α´^þ�I§A´3�I"�±
y²[36]§Dirac�Î��I§ÚÏd���ê8§�u|χ(K)/2|§Ù¥§χ(K)´6
/K�Eulerê"
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þã�Äéα′�+Þ�´�(�"3�p�§·���/ý�k?�§
��k'
uÃ�þ��@
(Ø;�ù
?�"

��,��~f§·�ò�Ä3�6�K36/þType-IInØ�;�z"K3´vk
�å�4�;�§Ricci²"�Kähler6/�ÿÀa"ù��6/kSU(2)⊂O(4)��+§
�´�Kähler�"�Kähler^��du÷vSU(2)�ê�3��ÈE(���3"�±
y²§3ù��6/þ�mé¡�N=1�é¡σ�.°(/´�/ØC�§3ü>
ÑkN=4��/é¡5"
�§K3k���C�~ê^þ§¦�Ùþ;��Type-
IInØ36�¥kN=2�é¡5"(XJ?�Ú3ü��¡þ;�§N=4)"�
�¡
�8�§Ì�£ãK3�þÓN"k��NÚ�0/ª(Ï�6/´;�ÚëÏ�)"v
kNÚ�1/ª"k��(2,0)Ú��(0,2)NÚ/ª±920�(1,1)/ª"(2,0), (0,2)Ú�
�(1,1)Kähler/ª´géó�§Ù§19�(1,1) /ª´�géó�"vkNÚ�3/ª§
k���4/ª(NÈ/ª)"'uK3�AÛÚÿÀ�[!�3[37]é�"

Äk�ÄType-IInØ§36�¥í�Ã�þBosonÌ"�
é�5g10�ÝþG�Ã
�þ�§·��e�©)

GMN ∼ hµν(x)⊗ φ(y) + Aµ(x)⊗ fm(y) + Φ(x)⊗ hmn(y) , (12.2.11)

Ù¥§x(½6��;�²"�I§y´SÜ�I"�k§µ = 0, 1, . . . , 5Úm = 1, 2, 3, 4´K3
�I"r10�$Ä�§A^�ÝþG§·���hµν(6�Úå)´Ã�þ�§XJ

tuy φ(y) = 0 . (12.2.12)

ù��§�)´NÚ0/ª§�k§�¥���"u´§36�¥§k��Ã�þÚ
å"XJfm(y)3K3þ´�C~ê�§Aµ(x)´Ã�þ�"@o§§7L´NÚ1/ª§
3K3þvkÙ§�"l
§vk5gÝþ�Ã�þ¥þ"Φ(x)´Ã�þIþ§X
Jhmn(y)÷vLichnerowicz�§

−tuhmn + 2Rmnrshrs = 0 , ∇mhmn = gmnhmn = 0 . (12.2.13)

ù��§�)�±l3�géó2/ªSmnÚ19��géó2/ªAmn 5�E"Ï�´N

Ú�§§�÷ve��§(Rmnrs´�géó�)

tufmn −Rmnrsf rs = tufmn + 2Rmrsnf rs = 0 , (12.2.14)

∇mAnp +∇pAmn +∇nApm = 0 , ∇mAmn = 0 . (12.2.15)

|^ù
�§Úgéó5�§�±�y§Lichnerowicz�§�)de��Ñ

hmn = Ap
mSpm + Ap

nSpm . (12.2.16)

u´§k3 · 19 = 57�Ã�þIþ"k��éAuK3Ýþ~ê­#IÝ���N\
Ã�þIþ(K3NÈ)§§²w�3Ricci²"5^�"·�o���58�Iþ"36�
¥§10�äf��Ñ���	´Ã�þIÝ"
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é2�I�é¡Üþk��aqÐm

BMN ∼ Bµν(x)⊗ φ(y) + Bµ(x)⊗ fm(y) + Φ(x)⊗Bmn(y) . (12.2.17)

Ã�þ^�¿�X0§1Ú2/ª(φ,fm, Bmn�g/)´NÚ�"·���6�¥���Ã�
þ2�I�é¡ÜþÚ22�Iþ"

lR-RÜ©§UìÓ��§S§36�¥§·�k���Ñ1�Ã�þ¥þ1/ª§Ú
���Ñ1�Ã�þ3/ªÚ22�¥þ�3/ª"36�¥§��Ã�þ3/ªÏL��é
óC��du��Ã�þ¥þ"

o�§·�k��Úåf§���é¡Üþ§24�¥þÚ81�Iþ"310�¥�ü
�Úå�f�Ñ6�¥�ü�WeylÚå�f"§��SÜÅ¼ê�'uK3þ�3��C
~ê^þ"Úå�f�±§���5�Ã5"l
§�k���Ã5"6�¥§(ÃÃ5
½(1,1))N=2�é¡5��'L«´µ

• ¥þõ­�"§�¹1�¥þ§2���Ã5�Weyl^þÚ4�Iþ"

• �Úåõ­�"§�¹Úåf§2���Ã5�WeylÚå�f§4�¥þ§1��é
¡Üþ§1�IþÚ4���Ã5�Weyl Fermion"

·���(Ø§3K3þType-IIAnØ�6�Ã�þSNd�Úåõ­�Ú20�U(1)¥
þõ­�|¤"6�¥§N=(1,1)�é¡5é�½Ã�þ|�2�û$UÍÜ´¿©
�"BosonÜ©´

SIIA
K3 =

∫

d6x
√

−det G6e−Φ
[

R +∇µΦ∇µΦ− 1
12

HµνρHµνρ+

+
1
8
Tr(∂µM̂∂µM̂−1)

]

− 1
4

∫

d6x
√
−det G(M̂−1)IJF I

µνF
Jµν +

+
1
16

∫

d6xεµνρστυBµνF I
ρσL̂IJF J

τυ , (12.2.18)

Ù¥§I = 1, 2, . . . , 24"�é¡5Úk20�¥þõ­��¯¢��4·20�Iþ?3{8�
mO(4, 20)/O(4) × O(20)þ§òk��ëY�O(4,20)�Ûé¡5"u´§§�ÏL�3
kp = 4�(B.4)¥�Ý
M̂5ëêz§Ù¥§L̂´ØC�O(4,20)Ýþ"ùp§HµνρØ�

¹Chern-Simons�"��5¿äf¨5�|ÍÜ�Ø�3"ù´du5�|5gR-RÜ
©�¯¢"

*	�3K3þ�Type-IInØ°(�Ñ�3T 4þ;��,`unØ�Ó��Ã�þ

Ì"�,$U�^þ(12.1.8)Ú(12.2.18)´ØÓ�"Ò�·��¡òw��§3�ö�
m§k���²TÚk¿Â�'X"

y3§�Ä3K3þ;�zK6���Type-IIBnØ"NS-NSÜ©Boson|(G,B, Φ)�
3Type-IIA¥��§·�2g��1�Úåf§1��é¡ÜþÚ81�Iþ"

lR-RÜ©§·�k,��Iþ(D=6¥§�Ñ��Ã�þIþ)§,��2�I�
é¡Üþ(36�¥§§�Ñ��2�I�é¡ÜþÚ22�Iþ)§Ú��géó4�IÜ
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þ(§�Ñ3�géó�I�é¡ÜþÚ19��géó2�I�é¡ÜþÚIþ)"Ï�·
��±r1�2�I�é¡Üþ©��1�géóÚ1��géóÜ©§¤±�±^e��
{5o(BosonÌµ1�Úåf§5�géóÚ21��géó�é¡Üþ§105�Iþ"

ùp§Ø�Type-IIA�/§·���Ó�Ã5�ü�Ã�þWeylÚå�f"§�
36�)¤��Ã�N=(2,0)�é¡5"�'�Ã�þL«´µ

• (2,0) SUGRAõ­�"§�¹Úåf§5�géó�é¡ÜþÚ2��ÃWeylÚå�
f"

• (2,0) Üþõ­�"§�¹1��géó�é¡Üþ§5�IþÚ2�éAuÚå�f
���Ã5�Weyl Fermion"o�Ã�þÌ/¤�Úåõ­�Ú21�Üþõ­�"n
Ø´Ã��§�´�~gd�"Iþ?u{8�mO(5, 21)/O(5) × O(21)þ§k���
ÛO(5,21)é¡5"Ï�nØ�¹géóÜþ§¤±vk�C�^þ�n§�´·��
±�Ñ�C$Ä�§"

öSµ|^'u�~�(J5y²O(5,21)§(2,0)§6��Úå´�~gd�"

öSµ�ÄType-IIA,BnØ�4��;�z"F1�I£�4�Ü©§.¶�I£
�6�SÜÜ©"­E3�!m©�©Û§é�S|gmn, Bmn, Φ�^�§±9Type-
IIA�Am, CmnrÚType-IIB�χ,BRR

mn , F+
mnrst§¦�k�4�nØ3²"�mkN=1,2,4�

é¡5"

12.3 ­­­...���ééé���������ééé¡¡¡555

3­.�Ú���é¡5�mk��k��'X"·�ò2gÄk�ÄkD=4²
"Minkowski�m�,`u�/"34�¥§��N-*Ð�é¡�êd÷ve��ê
�N�Weyl�ÖQI

a Ú§���ÝQ̄I
α̇)¤µ

{QI
α, QJ

β} = εαβZIJ ,

{Q̄I
α̇, QJ

β̇} = εα̇β̇Z̄IJ ,

{QI
α, Q̄J

α̇} = δIJ σµ
αα̇Pµ , (12.3.1)

Ù¥§ZIJ´�é¡¥%ÖÝ
"

Ò�·�310.5w��§���é¡Ö�±l3"Äþ�Ã�þFermionº�5�
E"3·���/§k

QI
α =

1
2πi

∮

dz e−φ/2SαΣI , Q̄I
α̇ =

1
2πi

∮

dz e−φ/2Cα̇Σ̄I , (12.3.2)
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Ù¥§S,C´O(4)�^þ½�Ý^þ§ΣI , Σ̄I´�/�­�3
8 �SÜCFT�RÜ©¥��

Î"·��I�

: eq1φ(z) :: eq2φ(w) := (z − w)−q1q2 : e(q1+q2)φ(w) : + . . . , (12.3.3)

Sα(z)Cα̇(w) = σµ
αα̇ ψµ(w) +O(z − w) , (12.3.4)

Sα(z)Sβ(w) =
εαβ√
z − w

+O(
√

z − w) ,

Cα̇(z)Cβ̇(w) =
εα̇β̇√
z − w

+O(
√

z − w) , (12.3.5)

|^þ¡ÚN\���'X(12.3.1)§·���§SÜ�Î7L÷ve�OPEµ

ΣI(z)Σ̄J(w) =
δIJ

(z − w)3/4 + (z − w)1/4 J IJ(w) + . . . , (12.3.6)

ΣI(z)ΣJ(w) = (z − w)−1/4ΨIJ(w) + . . . ,

Σ̄I(z)Σ̄J(w) = (z − w)−1/4Ψ̄IJ(w) + . . . , (12.3.7)

Ù¥§J IJ´�­�1�,
SÜnØ�Î§ΨIJ , Ψ̄IJ ��­�1/2"¥%ÖdZIJ =
∮

ΨIJ�Ñ"R|Σ, Σ̄'uSÜ�6k²��©|�ä

Gint(z)ΣI(w) ∼ (z − w)−1/2 , Gint(z)Σ̄I(w) ∼ (z − w)−1/2 . (12.3.8)

Fermionº��BRSTØC5¿�XOPE (e−φ/2SαΣI)(eφG)�(k��ü��4:�"ù
�X¿�X3(12.3.8)¥Ø2kÛÉ�"

�Äkü:¼ê〈X(z)X(w)〉 = − log(z − w)��	IþX"�E�ê1
2��Î

λI(z) = ΣI(z)eiX/2 , λ̄(z) = Σ̄I(z)e−iX/2 . (12.3.9)

|^(12.3.6)Ú(12.3.7)§·��±�ye�OPE

λI(z)λ̄J(w) =
δIJ

z − w
+ Ĵ IJ +O(z − w) , (12.3.10)

λI(z)λJ(w) = eiXΨIJ +O(z − w) , (12.3.11)

λ̄I(z)λ̄J(w) = e−iXΨ̄IJ +O(z − w) , (12.3.12)

Ù¥§ĴIJ = JIJ + i
2δ

IJ∂X"u´§λI , λ̄I´N�EgdFermion§§�)¤��O(2N)1�

6�ê"
�§ùá=y²§ΨIJ = −ΨJI"u´§�5�|áu{8O(2N)1/U(1)"
ØJy²§O(2N)1 ∼U(1)×SU(N)1"U(1)°(/´d∂X)¤�"y3·��±O
�Cartan6Ĵ II�OPE

Ĵ II(z)ĴJJ(w) =
δIJ

(z − w)2 + regular , (12.3.13)
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lùp§·���

J II(z)JJJ(w) =
δIJ − 3/4
(z − w)2 + regular . (12.3.14)

• N=1���é¡5"3ù«�/§k��ü�|Ú��ü�6§·�¡�J

J = 2J11 , J(z)J(w) =
3

(z − w)2 + regular (12.3.15)

§vkΨ�Î"O�3:¼ê

〈J(z1)Σ(z2)Σ̄(z3)〉 =
3
2

z1/4
23

z12z13
(12.3.16)

·���Σ, Σ̄´����§©OkU(1)Ö3/2Ú−3/2"BosonzU(1)6Ú©mÖgdÝ

J = i
√

3∂Φ , Σ = ei
√

3Φ/2W+ , Σ̄ = e−i
√

3Φ/2W− , (12.3.17)

Ù¥§W±Ø�6uΦ"XJ·�rSÜVirasoro�Î�¤kTΦ = −(∂Φ)2/2�T int =
T̂ + TΦ§@o§T̂ÚTΦ���"Σ|��ê�uU(1)Ö�²�Ø±2�¯¢¿�XW±k

�ê0§u´7L�'uü �"l
§Σ, Σ̄´|Φ�Xº��Î"

y3�ÄSÜ�6§^U(1)Ö���Î5Ðm§

Gint =
∑

q≥0

eiqΦT (q) + e−qΦT (−q) , (12.3.18)

Ù¥§�ÎT (±q)Ø�6uΦ"@o§(12.3.8)¿�X(12.3.18)¥�q���q = 1/
√

3"·
��±rGint = G+ + G− ��

J(z)G±(w) = ± G±(w)
(z − w)

+ . . . . (12.3.19)

��§÷vGint�N=1��/�ê©O¿�X§G±´�­�3/2 �Virasoro��"

�§Gint÷v(6.12.7)�¯¢¿�XJ,G±, T int ÷vkc = 9�N=2��/�ê(6.13.1)-
(6.13.6)"_?Ø´²w�µXJSÜCFTkN=2ØC5§@o·��±|^Ö±3/2�(Ã
�)�Î5�E���é¡Ö"36.13!§|^Ì6Ä§·�®²y²§ù��Ramond
�Îo3Ì¥§Ï�§�´NSÄ���"

ùp§·�ò£ãÃ�þÌN�lSÜN=2��/�ê���5�
Ñy"Ò
�36.13?Ø�§3SÜN=2�NSÜ©§§kü��'�Ä�µý�|0〉ÚÃ�Ä
�|h, q〉 = |1/2,±1〉"·��k4��£Ä­.�Fermion�fψµ

r §4�m£ÄBoson�
fān"�k§3SÜCFT�m£ÄÜ©§Ø
ý��§·�kh̄ = 1��8ÜN"(Ü
SÜÄ�§��µ

|h, q; h̄〉 : |0, 0; 0〉 , |0, 0; 1〉I , |1/2,±1; 1〉i , (12.3.20)

Ù¥§�II = 1, 2, · · · ,M , i = 1, 2 · · · , M̄Oê�«ù���"ÔnÃ�þBoson�´µ

• ψµ
−1/2ā

ν
−1|0, 0; 0〉§§Jø
Úåf§�é¡ÜþÚäf"
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• ψµ
−1/2|0, 0; 1〉I"§�Jø�ê�M�5�+�Ã�þ¥þ"

• |1/2,±1; 1〉i"§�JøM̄EIþ"

2�ÄFermion§lRÜ©§·��±rÃ�þÌ|�3N=1 �4��é¡õ­�"
|^N¹D�(J§·���N=1�Úåõ­�§��Üþõ­�(3éóC�e§�d
u��Ã�õ­�)§M¥þõ­�ÚM̄Ã�õ­�"

•N=2 ���é¡5"3ù«�/§k2�|Σ1,2Ú4�6JIJ"�
é�z(12.3.14)§
½ÂJs = J11 + J22, J3 = (J11 − J22)/2µ

Js(z)Js(w) =
1

(z − w)2 + . . . ,

J3(z)J3(w) =
1/2

(z − w)2 + . . . ,

Js(z)J3(w) = · · · . (12.3.21)

^aq�ª§·��±y²§3(Js, J3)e§Σ1kÖ(1/2, 1/2), Σ2k(1/2,−1/2),Σ̄1k(−1/2,−1/2)
ÚΣ̄2k(−1/2, 1/2)"
�§§��Ö¿÷§���/�­§¦�XJ·�Bosonz6§
@o|Σ, Σ̄´Xº��Î

Js = i∂φ , J3 =
i√
2
∂χ , (12.3.22)

Σ1 = exp
[

i
2
φ +

i√
2
χ

]

, Σ2 = exp
[

i
2
φ− i√

2
χ

]

, (12.3.23)

Σ̄1 = exp
[

− i
2
φ− i√

2
χ

]

, Σ̄2 = exp
[

− i
2
φ +

i√
2
χ

]

. (12.3.24)

|^(12.3.6)¥�ù
§·���J12 = exp[i
√

2χ]ÚJ21 = exp[−i
√

2χ]"u´§J3, J12, J21

/¤6�êSU(2)1"
�§Ψ12 = exp[iφ], Ψ̄12 = exp[−iφ]"

·�2g�ÄSÜ�6§^Ö���Ðm§"|^(12.3.5)§·��±�yÑy�Ö
´(±1, 0)Ú(0,±1/2)"·��±©�

Gint = G(2) + G(4) , G(2) = G+
(2) + G−

(2) ,

G(4) = G+
(4) + G−

(4) , (12.3.25)

Js(z)G±
(2)(w) = ±

G±
(2)(w)

z − w
+ . . . ,

J3(z)G±
(4)(w) = ±1

2

G±
(4)(w)

z − w
+ . . . , (12.3.26)

Js(z)G±
(4)(w) = finite , J3(z)G±

(2)(w) = finite (12.3.27)

G±
(2) = e±iφZ± . (12.3.28)
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Z±´�ê1�Î"§��±^Iþ�/ª�¤Z± = i∂X±"º��Îe±iφ´Eg

dFermion�@
�Î"u´§éAuG(2)�SÜnØ�Ü©´c = 3���gd2�CFT"
��§�±y²�^3G±

(4)�6þ�SU(2)�ê)¤ü�,	��6§§/¤c =
6�N=4��/�ê(6.14.1)-(6.14.3)"

Ï�3c = 3�SÜCFT¥§k��EgdFermion ψ = eiφ§·��±�Eü�Ã
�þ¥þBoson�ψ−1/2ā

µ
−1|p〉 Úψ̄−1/2ā

µ
−1|p〉"§�¥���´áuN=2�Úåõ­��

Úå1f§Ó�§,��´áu¥þÜþõ­�(äfÚBµν�áu§)�¥þ"Ã�þ
¥þõ­��¥þéAuψµ

−1/2J̄
a
−1|p〉 /ª��§Ù¥§J̄a´��m£Ä��6"�A

�Ã¥þõ­���þEIþéAu�ψ−1/2J̄a
−1|p〉"Ã�þ�õ­�BosonlN=4�S

ÜCFTÑy"�36.14!®²£ã�§��c = 6�N=4��/CFT o´�¹∆ = 1
2�

�§§UìSU(2)16�ê�ü��ÝV­�C�"r§��∆̄ = 1�m£Ä�Î(Ü�
Ñ4�Ã�þ��õ­��Iþ"

•N=4 ���é¡5"3ù«�/§ÏLÓ��©Û§·���l4�é�6(=J11+
J22 + J33 + J44)�@�´"�§u´ð�u""

öSµBosonz�{�3�6§rΣ, Σ̄��º��Î§y²3ù«�/§�£ÄS
ÜCFT7L´�¡�"

3N=4�Úåõ­�¥ë��6�Úå1f´/ªāµ
−1ψI

−1/2|p〉��§Ù¥§I =
1, . . . , 6ÚψI´c¡J���¡CFT �6��£Ä6�Fermionº�"

3þã¤k�/§3,`u�m£ÄÜ©þvk5g��SUSY��å"·�ò|
^PÒ(p, q)5½Âp��£Ä��/é¡5Úq�m£Ä��/é¡5"o�§3D=4�
,`u¥§SÜCFT��k(1,0)ØC5"XJ§k(2,0)ØC5§@o·�kN=1�
�SUSY"XJ·�kc = 3 (2, 0)⊕ c = 6 (4, 0)§@o·�k��¥�N=2"��§XJ
·�k6�gd�£Ä�I§@o·�k��¥�N=4"

3Type-IInØ¥§�/´aq�§�´§ùp�é¡5½ö5gm£ÄÚ/½5g�
£ÄÜ©"~X§N=1���é¡5I�(2,1)­.�SUSY"éN=2���é¡5§k
ü«�U"½ö(2,2)§Ù¥���é¡55g���5gm¶½ö�3Ó�>�c = 3
(2, 0)⊕ c = 6 (4, 0)§Ù¥§ü«���é¡5Ñ5gù>"

�õ[!�[39, 40]"

12.4 kkkN=2���ééé¡¡¡555���,,,`̀̀;;;666///;;;���zzz

3�!§·�ò�Ä°(;6/CFT5Jø34�¥�z���é¡5�;�z�m"
·�òÌ�8¥3,`u"
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312.1!§·�®²w�§�4��,`u�¡;�z§�ÑN=4�é¡5�nØ"
·����´�Äù�nØ�;6/§§kN=1,2���é¡5"·�ò7Lé�;6
/�é¡5§3§e¡§4�4�Úå�f¥�,
´ØC�"§�ò�lÌ¥ÝKÑ
5§·�ò�e�����é¡5�nØ"�
é�ù��é¡5§Äk·�ò7Lc
[*	Úå�f�º��Î"·�ò31I5�¥?1§�½r8�î��£ÄFermion
ψi Bosonz�4�m£ÄIþ"éFermionÀ���EêÄ

ψ0 =
1√
2
(ψ3 + iψ4) , ψ1 =

1√
2
(ψ5 + iψ6) , (12.4.1)

ψ2 =
1√
2
(ψ7 + iψ8) , ψ3 =

1√
2
(ψ9 + iψ10) (12.4.2)

§éψ̄Iaq"§�÷v

〈ψI(z)ψ̄J(w)〉 =
δIJ

z − w
, 〈ψI(z)ψJ(w)〉 = 〈ψ̄I(z)ψ̄J(w)〉 = 0 . (12.4.3)

�£ÄO(8)16�êJ I = ψIψ̄I�4�Cartan6�±^4�gdBoson�/ª��

JI(z) = i∂zφI(z) , 〈φI(z)φJ(w)〉 = −δIJ log(z − w) . (12.4.4)

^Boson��ª§
ψI =: eiφI

: , ψ̄I =: e−iφI
: (12.4.5)

^þ��de��Ñ

V (εI) =: exp
[

i
2

3
∑

I=0

εI φI

]

: , (12.4.6)

kεI = ±1"ù��Îk24 = 16�©þ§�¹SÚC O(8)^þ"

FermionNXk��O(8)�Ûé¡5(O(8)16�ê�"�ªÜ©)"§�U(1)4 Abelf
+Uìe��^

ψI → e2πiθI
ψI , ψ̄I → e−2πiθI

ψ̄I . (12.4.7)

ùUìe��d/�^3Bosonþ

φI → φI + 2π θI . (12.4.8)

U(1)4é¡5�Z2f+§=é¤kI θI = 1/2§´(−1)Fé¡5"3ù�C�e§Fermion
´Û�§Ò�§�AT�@�§^þº��Îk��exp[iπ(

∑

I εI)/2]�C�"u´§

• ∑

I εI = 4k, k ∈ ZéA�^þS"

• ∑

I εI = 4k + 2, k ∈ ZéA��Ý^þC"

IOGSOÝKÀ�ü�^þ¥���§·�¡Ù�S"�Äde��Ñ�Ã�þÔn
º��Î

V ±,ε = ∂̄X± VS(ε)eip·X , X± =
1√
2
(X3 ± iX4) . (12.4.9)

Boson φ0lD = 41I��Fermion�EÑ§u´��4�Ú^5"X± Boson���4�
Ú^5±1"3(12.4.9)¥éAuÚå�f�º��Î�f8´∂̄X+V (ε0 = 1)§kÚ
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^53/2§Ú∂̄X−V (ε0 = −1)§kÚ^5−3/2"2�ÄGSOÝK§·���4�Ú^
5(±3/2)��§Ò�3N=4nØ¥·�Ï"�"

�Ä��f+O(2)×O(6)⊂O(8)§Ù¥§O(2)éAu4�Ú^5"l4��*:§O(6)
é¡5´��SÜé¡5"ù´¤¢�N=4�é¡5�Ré¡5§Ï�N=4�ÖU
ìO(6) �4�^þC�§O(6)´N=4�é¡�ê�gÓ�(k¥%Ö�u")"Ï��Ö
�^5)¤��N=4�õ­���§¤±3õ­�¥��«�3O(6) Ré¡5ek²(
�C�5�"ùpk�
k^�~fµ

• N=4 SUGRA õ­�"§�¹Úåf(O(6)ü�)§4�MajoranaÚå�f(O(6)�
^þ)§6�Úå1f(O(6)�¥þ)§4�Majorana Fermion(O(6)��Ý^þ)§Ú2�I
þ(ü�)"

•Ã�þg^3/2õ­�"§�¹1�ylwz(ü�)§4�¥þ(^þ)§7�Majorana Fermion
(¥þ¦ü�) Ú8�Iþ(^þ¦�Ý^þ)"

• Ã�þ¥þõ­�"§�¹1�¥þ(ü�)§4�Majorana Fermion(^þ)Ú6�I
þ(¥þ)"

XJ·�»"O(6) Ré¡5§@o·�ò»"�õ­��N=4(�"ùò»
"N=4�é¡5"

y3§·�òÏéCFT�é¡5§;6/z�§§ò�z�é¡5"�
�
3LorentzØC5§é¡5ØAT�^34���IXµ, ψµþ"20 Ù{�´�^3S

Ü�£ÄFermionþ�é¡5§��{ü�/´�^3Fermion þ�O(6)�U(1)3f+�

lÑf+"�k�^3Boson (6, 22);�CFTþ�é¡5"3ù�é¡5þ���­�
�å´�±e�SÜ�6ØC"

Gint =
10
∑

i=5
ψi ∂ X i (12.4.10)

�Ï´GintÚGD=4�å§(½
é<|Ø�3KI��å($Ä�§)§Ï�·�Ø�^
3D = 4Ü©§¤±GD=4´ØC�"r§�·å5�U�9;6/nØ�N�5"

·�òlZ2;6/�{ü~fm©§§ò34��)N=2�é¡5"�ÄéÄþ�
½Wilson��"Ú·�/À�SÜ6¨�¡§¦�(6, 22)�:Uì(2, 2)⊗ (4, 4)⊗ (0, 16)©
)"ù��:k��UC¤k(4,4) Boson�IÎÒ�é¡5"�
�±SÜ�6ØC§
·��7LUCFermion ψi, i = 7, 8, 9, 10 �ÎÒ"ùéAuUC�ABoson

φ2 → φ2 + π , φ3 → φ3 − π . (12.4.11)

é4�Úå�fº��Î�¯�*	L²§§��¥�ü�´ØC�§Ó�§Ù{ü�
C�k��KÒ"·�(�/k·�¤I��"�,·�E���o"

20éù�`{kAT~	§�´·�òØ�Äù�"
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öSµO�þã;6/��©¼ê"y²§Ø´�ØC�"

,	§·�7L3,?����?�Ú��^þ"E,�3�´(0, 16)Ü©"�Ä§
éAuE8×E8�:��/"Ò�·�®²J��§E8 3 [248] → [120]⊕ [128] ∈O(16)"
'uO(16)�f+SU(2)× SU(2)×O(12)?�Ú©)§·���µ

[120] → [3,1,1]⊕ [1,3,1]⊕ [1,1,66]⊕ [2,1,12]⊕ [1,2,12]

∈ SU(2)× SU(2)×O(12) , (12.4.12)

[128] → [2,1,32]⊕ [1, 2̄,32] ∈ SU(2)× SU(2)×O(12) . (12.4.13)

3E8þ��^þò´�ü�SU(2)f+�^þ([2]�)�K���§�´�3�Ý^
þ([2̄]�)ØC"ù�ÝK�3[3,1,1], [1,3,1], [1,1,66], [1, 2̄,32]L«§§|Ü±/¤
+E7 × SU(2)"ù�±3E8�SU(2)× E7f+e©)§���L«5wÑ"

E8 3 [248] → [1,133]⊕ [3,1]⊕ [2,56] ∈ SU(2)× E7 , (12.4.14)

Ù¥§3ù�Ä¥§þ¡�C�éAu[3] → [3] Ú[2] → −[2]"��o·��Ä^��
+�ª����E,��{§�Ï´§3ù«�ó¥§;6/¬��E´���"

·�ò�E�«;6/¬"�£ÄFermion�z

1
2

1
∑

a,b=0

(−1)a+b+ab ϑ2[ab ]ϑ[a+h
b+g ]ϑ[a−h

b−g ]
η4 . (12.4.15)

Boson (4,4)¬�±3aqu(7.6.10)��ª¥�E"·���

Z(4,4)[00] =
Γ4,4

η4η̄4 , Z(4,4)[hg ] = 24 η2η̄2

ϑ2[1−h
1−g ]ϑ̄2[1−h

1−g ]
, (h, g) 6= (0, 0) . (12.4.16)

·��ÝK�^�E8Ïf¬de��Ñµ

1
2

1
∑

γ,δ=0

ϑ̄[γ+h
δ+g ]ϑ̄[γ−h

δ−g ]ϑ̄6[γδ ]
η̄8 . (12.4.17)

��§k��(2,2)�¡Ú��E8Ü©§§�Ø�ÝK�^"o�§·���Z2;6/�

,`�©¼ê

Zheterotic
N=2 =

1
2

1
∑

h,g=0

Γ2,2 Γ̄E8Z(4,4)[hg ]
τ2η4η̄12

1
2

1
∑

γ,δ=0

ϑ̄[γ+h
δ+g ]ϑ̄[γ−h

δ−g ]ϑ̄6[γδ ]
η̄8 × (12.4.18)

×1
2

1
∑

a,b=0

(−1)a+b+ab ϑ2[ab ]ϑ[a+h
b+g ]ϑ[a−h

b−g ]
η4 .
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öSµy²§þã��©¼ê´�ØC�"é�Boson(a = 0)Ã�þÌ"AO´y
²§l�Û­Ü©(h = 0)§·���Úåf§���é¡Üþ§3G = U(1)4× SU(2)×
E7 × E8���L«¥�¥þ§35�+G���L«¥�1�EIþ§16�,	�¥5
IþÚUìE7 × SU(2)�[56,2]L«�4�B�C��Iþ"lÛ­�Ü©(h = 1)y²§
·����Uì[56,1]�32�B�Ú[1,2]�128�B�C��Iþ"

Ò�±cJ��§ù�4�nØkN=2Û��é¡5"�A�Ré¡5´SU(2)§§^
=ü��Ö"·�ò£ãk'�Ã�þL«Ú§�3Ré¡5e�C�5�"

• SUGRAõ­��¹Úåf(ü�)§2�Majorana Úå�f(V­�)Ú1�¥þ(ü
�)"

•¥þõ­��¹1�¥þ(ü�)§2�Majorana Fermion (V­�)§Ú1�E(2�¢)I
þ(ü�)"

•¥þÜþõ­��¹1�¥þ(ü�)§2�Majorana Fermion(V­�)§1�¢Iþ(ü
�)Ú1��é¡Üþ(ü�)"

• �õ­��¹2�Majorana Fermion(ü�)Ú4�Iþ(2�V­�)"

y3§·�rÃ�þ�Sü�N=2õ­�¥"·�kSUGRAõ­�§1�¥þÜþ
õ­�(�¹äf)§3U(1)2× SU(2)×E7×E8���L«¥�1�¥þõ­�¶Ù{�´
�õ­�§3SU(2)×E7e§Uì4[1,1] + [2,56] + 8[1,56] + 32[2,1]5C�"

·��ò?�Ú�	SU(2) Ré¡5�å
"�Ä4�¢�£ÄFermion ψ7,...,10"�

,3;6/�^e§�C�k��KÒ§§��O(4)∼SU(2)×SU(2) 6(éFermion´
V�5�)´ØC�"­#r4�¢FermionIP�ψ0Úψa,a = 1, 2, 3"u´§SU(2)1 ×
SU(2)16�êde�)¤µ

Ja = − i
2

[

ψ0ψa +
1
2
εabcψbψc

]

, J̃a = − i
2

[

ψ0ψa − 1
2
εabcψbψc

]

. (12.4.19)

�,3�Û­Ü©�¤kSU(2)�Ñ´ØC�§3Û­Ü©��¹´ØÓ�"O(4)^þ
Ä�3SU(2) × SU(2)e§Uì[4] → [2,1] + [1,2] 5©)";6/ÝK²T/�^31
��SU(2)^þþ§31��^þþk��KÒ";6/ÝK»�1��SU(2)ØC5"
�{�SU(2)1ØC5C¤N=2nØ�Ré¡5"
�§3SU(2)e�²TC�����
Î(�Ã�þ�k')´(o�ê)�5|Ü

V ±
αβ = ±i(δαβψ0 ± iσa

αβ ψa) , (12.4.20)

§©OUì[2]Ú[2̄]C�§±93RÜ©¥Uì[2]^þ"·���

V +
αγ(z)V +

γβ(w) = V −
αγ(z)V −

γβ(w) =
δαβ

z − w
− 2σa

αβ(Ja(w)− J̃a(w)) +O(z − w) , (12.4.21)
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V +
αγ(z)V −

γβ(w) =
3δαβ

z − w
+ 4σa

αβ J̃a(w) +O(z − w) , (12.4.22)

V −
αγ(z)V +

γβ(w) =
3δαβ

z − w
− 4σa

αβ Ja(w) +O(z − w) , (12.4.23)

Ù¥§¦Ú3γþ"

ù�SU(2)16�ê��/�­�3/2�4��Î(Ü§/¤3kN=2���é¡5�
?ÛnØ¥N=4��/�ê§�12.3!���?Ø��"

3��N=2nØ¥§EIþ´�(§�vk³U)§§´áu5�+�Cartan f+�
5�Boson�º�"XJ§�¼�ÊÏÏ"�§§�r5�+»"�Cartan"¤k�Ö
��õ­�����þ"

þã;6/�í2§Ù¥¤k�HiggsÏ"�Ñ�m§éAur�5�(6,22)�:©
��(4,4)⊕(2,18)"·�3(4, 4)¥¢1��Z2�ü§§ò»"N = 4 → N = 2"3�e�
�:¥§·��¢1��Z2²£(ÄK�é¡5ò?�Ú»")"·�ò^ε/2¢1²£§
Ù¥ε ∈ L2,18"u´§�©¼ê´

Zheterotic
N=2 =

1
2

1
∑

h,g=0

Γ2,18(ε)[hg ] Z(4,4)[hg ]
τ2η4η̄20

1
2

1
∑

a,b=0

(−1)a+b+ab ϑ2[ab ]ϑ[a+h
b+g ]ϑ[a−h

b−g ]
η4 , (12.4.24)

Cz��:ÚΓ2,18(ε)[hg ]3N¹B£ã"

öSµy²§XJε2/2 =1 mod(4)§@o(12.4.24)´�ØC�"

nØ�6uΓ2,18(ε)[hg ]�2 × 18��Ú3Z4,4[00]¥�16��"Ø
Üþõ­�§�,
k18�Ã�þ¥þõ­�"2 × 18��´ù
¥þõ­��Iþ"�k4�¥5�õ­
�§§�Iþ´�Û­�(4,4);6/�"3¥þõ­���m�AÏf6/§�	�
Ã�þ¥þõ­�Ú/½�õ­�Ñy"3CFTY²§·�®²w�ù���é¡5J
,"

¥þ��m�Û�(�´O(2, 18)/O(2) × O(18)�"l¢ê�Gαβ, Bαβ, Y I
α §·��

±�EXe�18�E�T = T1 + iT2, U = U1 + iU2, W I = W I
1 + iW I

2

G =
T2 − W I

2 W I
2

2U2

U2

(

1 U1

U1 |U |2

)

,

B =
(

T1 −
W I

1 W I
2

2U2

) (

0 1
−1 0

)

(12.4.25)

ÚW I = −Y I
2 + UY I

1"�k��,	�EIþ))kIm S = S2 = e−φ�S|§§�¢Ü
´¶fa§¶f5g�é¡Üþ�éó"äãý³ÚKähler³U´

f = S(TU − 1
2W

IW I) , K = − log(S2)− log
[

U2T2 − 1
2W

I
2 W I

2

]

. (12.4.26)
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�õ­�áuo�ê6/O(4, 4)/O(4)×O(4)"Ï�N=2�é¡5Ø#N¥þÚ�õ
­��m�¥5ÍÜ§äfáu��¥þõ­�§�õ­���mvkÂ��6½��
6?�"

3ù�N=2Ä�a¥§·�ò�ÄÚ^5�,B2§§éN=2(á)BPSõ­��Ñy
�,"21 |^N¹EÚF§O�´���"·���

τ2 B2 = τ2 〈λ2〉 = Γ2,18[01]
ϑ̄2

3ϑ̄
2
4

η̄24 − Γ2,18[10]
ϑ̄2

2ϑ̄
2
3

η̄24 − Γ2,18[11]
ϑ̄2

2ϑ̄
2
4

η̄24

=
Γ2,18[00] + Γ2,18[01]

2
F̄1 −

Γ2,18[00]− Γ2,18[01]
2

F̄1 +

−Γ2,18[10] + Γ2,18[10]
2

F̄+ −
Γ2,18[10]− Γ2,18[10]

2
F̄− (12.4.27)

k

F̄1 =
ϑ̄2

3ϑ̄
2
4

η̄24 , F̄± =
ϑ̄2

2(ϑ̄
2
3 ± ϑ̄2

4)
η̄24 . (12.4.28)

é¤kN=2,`Ä�§B2Uìe�Czµ

τ → τ + 1 : B2 → B2 , τ → −1
τ

: B2 → τ 2 B2 . (12.4.29)

¤k¼êF̄ik�Xê§�±Ðm

F1 =
1
q

+
∞
∑

n=0
d1(n)qn =

1
q

+ 16 + 156q +O(q2) , (12.4.30)

F+ =
8

q3/4 + q1/4
∞
∑

n=0
d+(n)qn =

8
q3/4 + 8q1/4(30 + 481q +O(q2)) , (12.4.31)

F− =
32
q1/4 + q3/4

∞
∑

n=0
d−(n)qn =

32
q1/4 + 32q3/4(26 + 375q +O(q2)) . (12.4.32)

�k§�:Ú1
2(Γ2,18[h0 ] ± Γ2,18[h1 ]) k��õ­5"�Ü�ÒéAua¥þõ­�§J,

KÒéAua�õ­�"ÊÏÃ�þõ­���zdF1�~êXê�Ñ¶§�·�Ï
"���µ16 = 20− 4§Ï�·�k�z�20��Úåõ­�Ú19�¥þõ­�Ú�z
�−4 ��õ­�"

·�ò©Û�(12.4.27)�A�BPS�þúª"·�ò|^Cz¥þ�PÒε =
(~εL;~εR, ~ζ)§Ù¥§εL, εR´���ê¥þÚζ´3O(32)/Z2�:¥���¥þ"·��

k�ØC�åε2/2 = ~εL · ~εR − ~ζ2/2 = 1 (mod 4)"

|^N¹B�(J§·��±r�Auþ¡�:Ú�BPS�þúª�Ñ"éh = 0§
�þúª´

M2 =
| −m1U + m2 + Tn1 + (TU − 1

2
~W 2)n2 + ~W · ~Q|2

4 S2

(

T2U2 − 1
2Im ~W 2

) , (12.4.33)

213N¹D§\òé�Ú^5�,�½ÂÚ§��BPSõ­5�'X"
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Ù¥§ ~W´Wilson��16�E¥þ"��ê

ρ = ~m · ~εR + ~n · εL − ~Q · ~ζ (12.4.34)

´óê§ù
�´k(12.4.30)�õ­5¼êd1(s)�a¥þõ­�Ú

s = ~m · ~n− 1
2

~Q · ~Q ; (12.4.35)

�ρ´Ûê§ù
�´kõ­5d1(s)�a�õ­�"3h = 1Ü©§�þúª´

M2 =
∣

∣

∣(m1 + 1
2ε

1
L)U − (m2 + 1

2ε
2
L)− T (n1 + 1

2ε
1
R)+

−(TU − 1
2
~W 2)(n2 + 1

2ε
2
R) +

− ~W · ( ~Q + 1
2
~ζ)

∣

∣

∣

2
/4 S2

(

T2U2 − 1
2Im ~W 2

)

. (12.4.36)

ρ�óê��´kõ­5d+(s′)�a¥þõ­�§k

s′ =
(

~m +
~εL

2

)

·
(

~n +
~εR

2

)

− 1
2



 ~Q +
~ζ
2



 ·



 ~Q +
~ζ
2



 , (12.4.37)

Ó�§ρ�Ûê��´kõ­5d−(s′)�a�õ­�"

12.5 ggguuu���ééé¡¡¡»»»"""

3c�!·�®²w�§�±ÏL;6/z§S»"���é¡5"�	�Úå�fl
Ì¥ÝKÑ5",
§'u»"�é¡5�E�§3gd�^Ú�gd�^�;6/�
mk��Ì���O"

�
¦�O²w§�Äc¡£ã�T 4þ�Z2Û­§3§��^e§Úå�f¥�ü
�C����KÒ§u´�ÝKÑ5"y3§�Ä3�	�(2,2)�¡�����þÓ�
���Z2C�"��»�R, R′����ü��±§31���±þ���X → X +πC
�"�f�ª´ØC�§�´º��Î�|m,n〉Cz
���Ïf(−1)m"ù´��

gd�^�;6/§Ï�3�±þ��^´gd�"�,ü�Úå�f��āµ
−1|SI

a〉
I = 1, 23Û­eUC
��KÒ§�āµ

−1|SI
a〉 ⊗ |m = 1, n〉´ØC�"§�kü�Úå�

f���þfê§�´§�Ø2´Ã�þ�"¢Sþ§3vk�|m = 1, n〉�§§�A
T´Ã�þ�§�´y3§·�kAT5g@����þ��	�zµ

m2
L =

1
4

( 1
R

+ nR
)2

, m2
R =

1
4

( 1
R
− nR

)2

. (12.5.1)

��^�mL = mR¿�Xn = 0§¦�ù
���þ´m2 = 1/4R2"ù
´k�þ

�Úå�f§3ù�nØ¥§N=4�é¡5�»"�N=2"^|Ø��ó§k�|Ø
´N=4�Úå�5�£ã§Ù¥§�é¡5�gu»"�3³U��?�N=2"

�,wå53ù��Ä�Úc¡?Ø�Ä��m�Oé�§�ù´Ø�"
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ùp§·�ò5¿3²(Úgu»"��é¡5�m��
­��O"

• 3gu»"��é¡nØ¥§pU1�'3���/�§Ú"XJ�é¡5�g
u»"§@oEk�{�»"�Wardð�ª§§��nØáål�5�"3ù��n
Ø¥§k��A�UI§=Úå�f�þm3/2§3§±þ§�é¡5k�/�E�"3
UþE >> m3/2�Ñ�¢�ò�«�é¡Ôn"éù���A§k­��¹Â§Ò�$
UÍÜëê��Ä��"��·�ò£�ù�¯K"

• �k��Eâ�O"Ò�·�®²?Ø�§3gd�^;6/�/§5gÛ­Ü
©��k�6u���þ§§��´�"�(�,3��m�AÏ�§��±C¤")"
ùØ��gd�^�;6/§@p§Û­�Ü©�þÕáu�5��§lÛ­Ü©§�
���Ã�þ�"

• 3gu»"�é¡5�Ä�¥§�é¡»"IÝm3/2´��gdwÄ�IÝ§Ï
�§�6u?¿Ï"���"AO´§k����m$�§@pm3/2 → 0§Ôn3¤k
IÝÑC¤�é¡�"|^�Iþ�g,Ýþ§ù
:´��Ã¡�ål"3·�þ¡
�{ü~f¥§�R → ∞�§m3/2 ∼ 1/R → 0"3ù:§���	����êC¤�
;��§�é¡535�E�"ù�1�3¤k5g²£�gd�^þ�Ä�¥´ÊH
�"

�Ä·�3(12.4.24)£ã�N=2;6/Ä�a"XJ(2,18)²£¥þε?u�:�(0,16)
Ü©¥§@oN = 4 → N = 2 �»"´/²w�0",
§�(~εL,~εR) 6= (~0,~0)§@o»
"´gu�"

3���/§3��m¥§du�Íéóõ­5§vkk�þÚå�f��Ûy
²"3c¡�{ü~f¥§�Äe�Cz"�O(−1)m²£�^þ§À�(−1)m+n"3

ù«�/§kü�kÚå�f�þfê�ÿÀ�µ�þ�m3/2 ∼ 1/R �āµ
−1|SI

a〉 ⊗ |m =
1, n = 0〉Ú�þ�m̃3/2 ∼ R�āµ

−1|SI
a〉 ⊗ |m = 0, n = 1〉"3��R«�§1�8Ü��1

��k�þÚå�f§
3��R«�§§´��1��"

12.6 ,,,`̀̀N=1nnnØØØÚÚÚ3334���¥¥¥���ÃÃÃ555

î8§·�®²w�§|^;6/Eâ§·�N�âU�Kü�Úå�f���
�N=2�é¡5"�
�z�N=1�é¡5§·��±rù�§S�í?�Ú"

öSµ�Är3N=4,`u¥�(6,22)�:Uì(6,22)= ⊕3
i=1(2,2)i⊕(0,16)5©�"

rz��2�¡^X±
i , i = 1, 2, 35IP"�Äe�Z2 × Z2;6/�^þµ1��Z2��

�g1k��KÒ�^31�Ú1��¡��Iþ§1��Z2���g2k��KÒ�^3

1�Ú1n��¡��Iþ§±9g1g2k��KÒ�^31�Ú1n��¡��Iþ"

y²o�Úå�f¥�k��;�ù�Z2 × Z2ÝK"
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�
(��ØC5§·��ò7L�^35�Ü©"·�òb½lk��E8�

´Fermion¢y�E8 × E8um©"r¢y1��E8�16�¢Fermion©��10+2+2+2�
+¥"Z2 × Z2ÝKUaq��{�^3ü�Fermion�n�+�z��¥§
Ù§
�10´ØC�"

ù�Z2 × Z2;6/��©¼ê´���µ

ZN=1
Z2×Z2

=
1

τ2 η2η̄2

1
4

1
∑

h1,g1=0,h2,g2=0

1
2

1
∑

α,β=0

(−)α+β+αβ ×

×
ϑ[αβ ]
η

ϑ[α+h1
β+g1

]
η

ϑ[α+h2
β+g2

]
η

ϑ[α−h1−h2
β−g1−g2

]
η

Γ̄8

η̄8 Z1
2,2[

h1
g1

]Z2
2,2[

h2
g2

]Z3
2,2[

h1+h2
g1+g2

]×

×1
2

1
∑

ᾱ,β̄=0

ϑ̄[ᾱβ̄ ]5

η̄5

ϑ̄[ᾱ+h1
β̄+g1

]

η̄

ϑ̄[ᾱ+h2
β̄+g2

]

η̄

ϑ̄[ᾱ−h1−h2
β̄−g1−g2

]

η̄
. (12.6.1)

·�òé�Ã�þÌ§3N=1��é¡5õ­�¥©a"�,kN=1�Úåõ­
�"�X§·��Äù�Ä��5�+"§5g�Û­Ü©§¤±·�7L3N=2Ä�
�5�+þN\�	�ÝK"��äf�¥þº��Úå1fÚ5gT 2�ü�U(1)�y
3�ÝKÑ5"E8;�
"

öSµy²3E7 × SU(2)þ��	Z2ÝK�ÑE6 × U(1) × U(1)′"E6���Ý
�

±��O(10)���Ý
\þO(10)^þ2\þ��U(1)"

u´§ù�Ä��5�+´E8×E6×U(1)×U(1)’§·�k·��¥þõ­�"�k�
¹�é¡ÜþÚäf��5õ­�"�Ä/¤N=1Iþõ­���{��"Äk5¿v
k3E8e���Ã�þõ­�"

öSµy²3E6 × U(1) × U(1)′e�Iþõ­��ÖÚ§��õ­5´e�L1Ú
L2�@
"

130



E6 U(1) U(1)’ Sector Multiplicity

27 1/2 1/2 Untwisted 1
27 -1/2 1/2 Untwisted 1
27 0 -1 Untwisted 1
1 -1/2 3/2 Untwisted 1
1 1/2 3/2 Untwisted 1
1 1 0 Untwisted 1
1 1/2 0 Twisted 32
1 1/4 3/4 Twisted 32
1 1/4 -3/4 Twisted 32

L1µZ2 × Z2;6/��Ã�Ã�þSN

E6 U(1) U(1)’ Sector Multiplicity

27 0 1/2 Twisted 16
27 1/4 -1/4 Twisted 16
27 -1/4 -1/4 Twisted 16
1 0 3/2 Twisted 16
1 3/4 -3/4 Twisted 16
1 -3/4 -3/4 Twisted 16

L2µZ2 × Z2;6/�Ã�Ã�þSN

Ò�·��±w��§nØ�Ì´Ã��"~X§27�ê8~�27�ê8´3×16"
,
§nØ´5��~gd�"

�E,�;6/�ÑØÓ�5�+ÚÌ§$�k,
��)º"�Eù��Ä��
�{(§�±XÚz)§dFermion�EJø[41]"·�Ø2?�Ú?Ø§��Ñ[42]§§
o(
k��y¢Ì�®��N=1,`Ä�"

12.7 Type-IIuuu���;;;666///;;;���zzz
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ZII−λ
6−d =

1
2

1
∑

h,g=0

Z(4,4)[hg ]
τ 2
2 η4η̄4 × 1

2

1
∑

a,b=0

(−1)a+b+ab ϑ2[ab ]ϑ[a+h
b+g ]ϑ[a−h

b−g ]
η4 × (12.7.1)

×1
2

1
∑

ā,b̄=0

(−1)ā+b̄+λāb̄
ϑ̄2[āb̄ ]ϑ̄[ā+h

b̄+g ]ϑ̄[ā−h
b̄−g ]

η̄4 ,

Ù¥§Z4,4[hg ]´(12.4.16)¥�T 4/Z2;6/¬§λ = 0, 1©OéAuType-IIB,A"

·�òé�Ã�þBosonÌ"3�Û­�NS-NSÜ©¥§·���Úåf§�é¡
Üþ§äfÚ16�Iþ(T 4/Z2��)"3NS-NSÛ­Ü©§·���4·16�Iþ"(Ø

äf)Iþoê´4·20"u´§NS-NS�Ã�þÌ�12.2!¥�K3;�z�´���"

3R-RÜ©¥§·�7LlB«©ÑA"3Type-IIAnØ¥§·���5gR-R�Û
­Ü©�7�¥þÚ1�3/ª§Ú5gR-RÛ­Ü©�,	16�¥þ"3Type-IIB¥§
·���5gR-R�Û­Ü©�4�2�I�é¡ÜþÚ8�Iþ§Ú5gR-RÛ­Ü©
�16��géó2�I�é¡ÜþÚ16�Iþ"ù2g�K3;�z��"

�
r?·��3£ã�3K36/þ$Ä�u���CFT¢y�¯¢§4·�
�;�/ÏéT 4/Z2�þÓN"·�ò|^ü�E�Iz1,25£�T 4"T 4k1�0/ª(~
ê)§2�(1,0)1/ª(dz1, dz2)§2�(0,1)1/ª(dz1, dz2)§1�(2,0)/ª(dz1∧dz2)§1�(0,2)
/ª(dz1 ∧ dz2)§Ú4�(1,1) /ª(dzi ∧ dzj)"��§k4�3/ªÚ1�4/ª"3;6/
zZ2e§1Ú3/ª�ÝKÑ5§·��e1�0/ª§1�4/ª§1�(0,2), (2,0)Ú4�(1,1)/
ª",
§Z2�^þ3T 4þk16��½:§3;6/¥§C¤ÛÉ�"�
/¤��5
K�6/§·�3z��ÛÉ:±��������">.´S3/Z2§·��±Êþ�
�ÝK>.�Ricci²"6/"kù�5���'6/´Eguchi-HansonÚå]f�"º
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^"k�üSU(2)f+k��A-D-E©a"AX�éAuZNf+"Eguchi-Hanson�m
éAuN = 2"DX�éAuSU(2)�ZNf+§§´����	Z2��*Ü�ZN+"

��§3�~	�/éAu�¡!o¡Úl¡+"Öö�±3[43]¥é�'uEguchi-
Hanson�m��õSN"ù��m�����géó(1,1)/ª"u´§oNþ§·��
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±O�Eulerê"b½·�k��6/M§·�^��g���Abel+��^5©�¶�
Ø�|�½:F§^�
5K6/NÊ£�"@oEulerêde��Ñ

χ =
1
g
[χ(M)− χ(F )] + χ(N) . (12.7.2)

ùp§χ(T 4) = 0§F´z:kχ = 1�16��½:§
éz��Eguchi-Hanson]
f§χ = 2§·�k16�ù��§¤±§oNþ§χ(T 4/Z2) = 24§§´K3�Eulerê"Ï
Ll"]fº�lm§;6/�±�òÛÉ"ù�§S¡�;6/ÛÉ�/�¤0"3
;6/CFT£ã¥§§éAu�Û­�Î�>��6§½^uØ��ó§UCd16�;
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