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O>PRQTSVUXWYPZW\[^]Y_V`)ab`)UcPedgfh`�`)]ji)UXkmlhknUodpPRP^i)i5knqVarfh`ZstUX`5`)a�uwv�iyx{z1P^Uj|~}�P^UXP-�ha�PR]X�h}
`)Uwu]XkmWY`��cUj�pP

N = 2 � i)SVaDWo�5�XUXkni)P�fh`*xhS��XP�W��hahfbS gij `5]
S[xµ, θAα, gij] = −1

2

∫

d2ζ
[√−ggijΠµ

i Πjµ + 2iεijΠµ
i

(

θ
1
γµ∂jθ

1 − θ
2
γµ∂jθ

2
)

+ 2εijθ
1
γµ∂iθ

1θ
2
γµ∂jθ

2
]

, � ���m���
fhSVabfh`

θ1 � θ2 ]XSVaH`)]j}hknabSVUX`5]gfh`0��P��jSVUcP^ahP�u��R` � d � Πµ
i

`)]��yP'f�P^fhS'}
SVU
Πµ

i = ∂iX
µ − i(θ

1
γµ∂iθ

1 − θ
2
γµ∂iθ

2). � �����V�
O>P^]�]jknWo`5�XUX�pPe]*_^dnSVl�Pedn`)]*fh`Y`)]j�cP@P^i)i5knqVa � l
SV]Xq^ahkni)P^] � QT`)UjWYkmqVahkmi�P^] � `5]j�c[^a�fh`5�X`)UjWYkma�P^f�P^]}
SVU�dpP^]N]XknWo`5�XUX�nP^]Nfh`*�tkndmdnkmah_0fb`)d�`5]X}�P^i5knSeu��ckm`)Wo}�S�]j�h}
`)UX]jknWo�5�XUXkni5S�fh` ��� fhkmWY`5ah]XkmSVah`)] �h� a`)dMi�P^]jS�}hdpPeahS � �)]j�cP^]�]jknWo`5�cUj�pP^] i)S^UXUX`5]X}
SVahfh`5a¡P\dpP^] �cUXP^ah]jQTS^UXWYP^i)kmSVah`)]gfh`�¢£SVknahi)P^UX�0`)aZ`)d]X�b}�`5UX`)]j}�P^i5knS

δXµ = Λµ
νX

ν − iθ
a
γµεa + aµ, � ���¥¤{�

δθa =
1

4
Λµνγ

µνθa + εa, � ���§¦¨�
fhSVabfh`

aµ � εa ]jSVa©}�P^Uc[eWY`��cUXS^]Hi5SVah]��yP^a{�c`5]�ª¨�h`¡i)SVUjUX`5]X}
SVahfh`5a«P��cUcPeah]XdnP^i)kmSVah`)]D`5a¬`)d`)]j}�P^i5knSeu��ckn`5WY}
S � P dnP^]D�cUcPeah]jQTSVUjW\Pei)knS^ah`)]�fh`-]j�h}�`5UX]jknWo`5�cUj�pPUX`)]j}�`5i5�Xkm®eP^Wo`)a{�c`e¯°fhSVabfh`
Λµν = −Λνµ

]jSVaHdpP^]�WYPe�cUjkni5`)]1fh`*O�SVUj`)a{�c| �¢MSVUtSe�cUXS\dpP^fhSY�c`)ab`)WoSV]�dpPe]°]XkmWY`��cUj�pP^]gl�SV]jqVahkmi�P^]gdnS�i�P^dm`)]°ª¨�h`�`5]j�c[^a¡P^]XS�i)knP^f�P^]gi)SVa@dnPkna{®eP^UjkpP^ahi5kpP1l�P��jS°UX`5}�P^UXP^WY`��cUjkn|�Pei)knS^ah`)]>fh`3dpP^]>i)S�SVUjfh`)a�Pef�P^]£fh`)d¨®VSVdm�hWo`)a*W��hahfhS°PgdmSgdnP^UX_VS



�V�
fh` �haHi�P^Wo}
S�®V`)i��cSVUjkpP^d�l
SV]jqVahkni5S

ηi(ξ) � f�Pef�P^]�}
SVU
δXµ = ηi∂iX

µ, � �����V�
δθa = ηi∂iθ

a, � �����{�
δ(
√
−ggij) = ∂k

(

ηk√−ggij
)

−
√
−ggkj∂kη

i −
√
−ggik∂kη

j, � �����V�fhSVabfh` dpP�i�P^a{�Xknf�P^f √−ggij `5] kna{®eP^UXknP^a{�c`tfh`t�R` � d �O>P�P^i)i5knqVa s0v��yP^W�lhkn�5aY`5]1kna{®eP^UXknP^a{�c` P^a{�c`gdpP^] ]Xkm_V�hkm`)a{�c`5]3�cUXP^ah]�QTSVUXWYP^i)kmSVah`5] QT`5UXWoknqVabk ui�Pe] i5SVahS�i)kmf�P^]�i)S^WYS']XkmWY`��cUj�pP
κ

δXµ = iθ
1
γµ(1 + γ)κ1 + iθ

2
γµ(1 − γ)κ2, � �����{�

δθ1 = (1 + γ)κ1, � �����{�
δθ2 = (1 − γ)κ2, � ��� ���{�

δ(
√
−ggkj) = −4iδθ

1
γµ∂kθ

1gk(iεj)lΠµ
l + 4iδθ

2
γµ∂kθ

2gk(iεj)lΠµ
l , � ��� �V���fhSVabfh`

κ1(ξ) � κ2(ξ)
]XSVa}�P^UX[^Wo`5�cUjSV]�QT`)UjWYkmqVahkni5SV]�kma	��ahk �c`)]jknWYP^dn`5] � dnSV]'i)�hP^dn`5] � ]XS^a `)]wu}hkmahSVUX`5]t`)aZ`)dB`)]X}hP^i)kmSeu��Xkn`)Wo}
S\fh`�fhkmWY`5ah]XkmqVa

D = 10 � `5]Xi)P^dpP^Uj`)]t`5a¡dnP xhS��XP W��bahfhS�fh`fhSV] fhkmWY`5ah]XkmSVah`5] �O>P'®eP^UjkpP^i5knqVa fb`*dnP�P^i)i5knqVa � ���m��� `)]j�c[ofhP^f�P'}�SVU�dnP�`�
�}hUj`)]XkmqVa
δS =

∫

[

− 1

2
δ
(√

−ggij
)(

Πµ
i Πjµ − gij

)

+ ∂iP
i
µδX

µ

+ iδθ̄a
(

2
√
−ggij(1 + (−1)aγ)γµ∂iθ

aΠµ
j + γµθa∂iP

i
µ

− (−1)a2γµ∂iθ
agikεjl(Πν

kΠlν − gkl)Π
µ
j

)

− ∂i

(

P i
µδX

µ + δθa
(

iγµθaP i
µ + Sai

)

)]

, � ��� ���V�fhSVabfh`�`5d£�mahfhkmi)`
a
i)S^UXUX`5]X}
SVahfh`�PYdnP^] fhSV]°]j�h}
`)UX]jknWo`5�XUX�pPe] fb`0dnP'�X`)SVUj�pP � � P^fb`)WY[^]gxb`)WoSV]fh`���ahknfbSodnP^]�]Xkm_V�hkm`)a{�c`5] ®eP^UjkpP^lbdn`)]Ni)SVah]jkn]��c`)a{�X`)] i)SVaHdpP�®eP^UXknP^i)kmqVa fh` dnP�P^i)i5knqVa
P i

µ ≡
√
−ggijΠµ

j − iεij(θ̄1γµ∂jθ
1 − θ̄2γµ∂jθ

2), � ��� ��¤{�
S1i ≡ iεijγµθ

1(∂jX
µ − iθ̄1γµ∂jθ

1), � ��� ��¦¨�
S2i ≡ −iεijγµθ

2(∂jX
µ − iθ̄2γµ∂jθ

2). � ��� ���V�
 }�PeUj�ckmU>fh`1dpP�®eP^UXknP^i)kmqVa*fh`NdnPgP^i5i)kmqVa � ���m��� ]X`3SVlb�Xkn`)ab`)a�dnP^]M`5i)��Pei)knS^ah`)]Mfh`NWoS�®�kmWYkm`)a{�cSdpPe_VUcP^ab_VkpP^ahP^]Nfh` dmSV]�i�P^Wo}
SV]

gij � Xµ � θ1 � θ2 � ª¨�h`*`)]��y[^aHf�P^f�Pe] Uj`)]j}�`5i5�ck ®eP^WY`5a{�c` }�S^U
0 = Πµ

i Πjµ − gij, � ��� ���{�
0 = ∂(

√
−ggijΠjµ) + iεij(∂iθ̄

1γµ∂jθ
1 − ∂iθ̄

2γµ∂jθ
2), � ��� ���V�

0 =
(

(1 − γ)γµ∂iθ
1
)

α
gijΠµ

j , � ��� ���{�
0 =

(

(1 + γ)γµ∂iθ
2
)

α
gijΠµ

j , � ��� ���{�i)S^a�`5]j�yPe] `5i)��Pei)knS^ah`)] i)SVabi)dn�bknWoSV]1`)d>Pea�[^dnkm]Xkm]Nfh` dpP�}hP^Uj�X`*dnP^_VUXP^ah_VknP^a�P�fh` dnP��c`)S^UX�pP's*v �
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O>PoPei)i)kmqVa � ��� ��� ]j`*}b�h`)fh` `5]Xi)UjknlhkmU�fh`tW��hiyxhP^]�QTSVUXWYP^] � }�P^UcP�}
S�fb`)U�SVlb�X`)ah`5U�`)d�x�PeWYkmd u�cS^ahkpP^abS � ]X`5}�P^UXP^UX`5WYSV] `)a�dpP^]�i5SVWo}�SVab`)a{�c`5]g`5]X}�P^i5kpP^dm`)] � �c`5WY}
SVUXP^dn`5] fb`0dnP'xbS��XPoW��hahfhS �O>P�dpP^_VUXP^ah_VknP^a�P�fb`�stUX`5`)a�uwv�iyx{z1PeUX|*]X`*}h�h`)fb`*Uj`)]ji)UXkmlhknU�i5SVWoS

LGS = −1

2

[

Πµ
1Π1µ − Πµ

0Π0µ

+ 2iΠµ
0

(

θ
1
γµ∂1θ

1 − θ
2
γµ∂1θ

2
)

− 2iΠµ
1

(

θ
1
γµ∂0θ

1 − θ
2
γµ∂0θ

2
)

+ 2
(

θ
1
γµ∂0θ

1θ
2
γµ∂1θ

2 − θ
1
γµ∂1θ

1θ
2
γµ∂0θ

2
)

] � ���¥�^�{�
dnS^]�WYSVWo`)a{�XSV]�ª¨�h` ]X` fh`)Ujkm®eP^aHfh` `)]��yPoP^i)i5knqVaD]XS^a

Pµ = Π0µ − i
(

θ
1
γµ∂1θ

1 − θ
2
γµ∂1θ

2
)

, � ���¥�����
p1α = i

(

Pµ −
(

Π1µ + iθ
2
γµ∂1θ

2
)

)

(

θ
1
γµ

)

α
, � ���¥�V�V�

p2α = i
(

Pµ +
(

Π1µ + iθ
1
γµ∂1θ

1
)

)

(

θ
2
γµ

)

α
, � ���¥�^¤{�

fhSVabfh` dpP^]�fhS^]
	bdm�ckmW\Pe]N]XS^a�i5SVah]j�XUXkmi)i)kmSVah`5] � ª¨�h` fh`)abS^�yP^Uj`)WoSV] i)SVWoS
d1α = p1α − i

(

Π0µ − Π1µ − iθ
1
γµ∂1θ

1
)(

θ
1
γµ

)

α
≈ 0, � �����e¦{�

d2α = p2α − i
(

Π0µ + Π1µ + iθ
2
γµ∂1θ

2
)(

θ
2
γµ

)

α
≈ 0. � ����� �^�� ]0i5SVa{®V`)abkn`)a{�X`\]XkmWY}bdnk �hi�P^UgdpP�ahS^�cP^i)kmqVaZi)SVaR`)d ��a¡fh`oª��b`YdnP^]t`)i5��P^i)kmSVah`5]0]j`�P^a¡W\[e]i)S^WY}�Pei5�yPe] � }�PeUcP'`)]j�XSYfb` ��ahkmWYS^]�dpP^]1]jkn_V�bkn`)a{�X`)] i�P^a{�Xknf�P^fb`)]

W 1µ
i = iθ

1
γµ∂iθ

1, W 2µ
i = iθ

2
γµ∂iθ

2. � ���¥� �{�� d�x�P^Woknd �cSVahknP^ahS0i�P^ahq^ahkni5S�ª��b`0]j`*S^lb�ckm`)ah` `)]
HGS =

1

2

(

P 2 +X ′2) − d1α∂0θ
1α − d2α∂0θ

2α

+ i∂1X
µ
(

θ
a
γµ∂1θ

a
)

− iPµ

(

θ
1
γµ∂1θ

1 − θ
2
γµ∂1θ

2
)

+ θ
1
γµ∂1θ

1θ
1
γµ∂1θ

1 + θ
2
γµ∂1θ

2θ
2
γµ∂1θ

2. � ���¥� �V�� a�dnP'Uj`5QT`5UX`)abi)kpPofh`*dnSV] P^�h]��cUjkpP^i5SV] dpP��c`)S^UX�pP�fh`�stUX`)`5a�u�v�iyx¨zNP^Uj|�]X`0}h�h`5fh`0®^`)U i)SVWoSY�ba�P�c`5SVUX�nP�dnkmlhUX`�fb`0dnP�]Xkn_^�hkn`5a¨�X`tW\Peah`)UXP � O>P�dpP^_VUXP^ah_VknP^a�P�dmknlhUj`�`)]
Ll = LGS − d1α

(

∂1θ
1α + ∂0θ

1α
)

+ d2α

(

∂1θ
2α − ∂0θ

2α
)

, � ���¥� �{�fh`'�yP^dCQTS^UXWYPDª¨�h`\P^d x�P^i5`)U*dpP^] i5SVah]j�XUXkmi)i)kmSVah`5]*QT�h`5Uj�X`)] � d1α = d2α = 0
UX`5_VUX`5]cP^WoSV]0PHdnPP^i5i)knq^a�s*v �  xhSVUXPox�Pei)kn`5ahfhS'dnS^]�i�[^dmi)�hdmSV]1�hahSoSVlb�Xkn`5ah`t`)d�x�PeWYkmdm�cS^ahkpP^abS�dnkmlhUX`

Hl =
1

2

(

P 2 +X ′2) + p1α∂1θ
1α − p2α∂1θ

2α, � ���¥� �{�
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`)UXS `5dndnS^]B`)]��yP^a'`5ao®eP^UjkpP^lhdm`)]Mi)SVabQTS^UXWo`)] �� `5aY`5]j�c`��XUcP^l�P��jS*`5]j�cP^WYS^] `)a'®^PeUXkpPelhdn`5]Cfh`)d�`5]X}�Pei)knStQ P^]j` �¨� dhSVUjkn_V`5a'fh` `)]j�X` x�P^Wokndm�XSVahknP^ahS`)]>WY[^]�]jknWo}hdn` � � P ª¨�h` `5]j�c` ®�kn`5ah` fh` �hahP Uj`)fh`���ahkmi)knq^atfh` dnSV]�W��hdm�Xkn}hdmkni�PefhSVUX`5] fh` O>P^_VUcPeah_V` �� d�x�P^Wokndm�XSVahknP^ahS�fb`��gknUcPeit]X` `)]ji)UXkml�` fh` dnP']jkn_V�bkn`)a{�X`�QTSVUXWYP

H[Pµ, p
Aα, Xµ, θAα] =

∫

dσ
[

ẊµPµ + θ̇1αp1α + θ̇2αp2α − L
]

, � ���§¤V�{�
=

∫

dσ
[

λ0H + λ1H1 − d1αΛ1α − d2αΛ2α
]

, � ���§¤b���
fhSVabfh`

H � H1

]XS^a�i5SVah]j�XUXkmi)i)kmSVah`5] fb`*}bUXknWo`)UXP�i)dnP^]X`tf�Pef�P^] }�S^U
H =

1

2

(

Πµ
0Π0µ + Π1

µΠ1µ

)

, � ���§¤{�V�
H1 = Πµ

0Π1µ, � ���§¤V¤{�
d1α
� d2α

]XS^a�i5SVah]j�XUXkmi)i)kmSVah`5] � λ0 � λ1 � Λ1α � Λ2α ]XSVaHW��hd �ckn}bdnkni)P^fhSVUj`)]3fh`*O£Pe_VUcP^ab_V` �¢BP^UXPtSVlb�c`5ah`)U dnP°�c`)S^UX�pP�dmknlhUj`Nah`5i)`5]Xkm�cP^WoSV] `)ahi5SVa{�cUXP^U �ha�PtUX`5fh` ��abkni)kmqVa'fh`�dpPe]Ci)SVab]j�cUjkni ui)kmSVah`5]
Λ1α � Λ2α � vbP^l
`)WoSV]Bfh`�Wo`)i)[^ahkmi�Pgi5dp[^]jkni)P°ª¨�h`�dpP°`�®VSVdm�hi)kmqVa�fhkma�[^Wokni)P fh`�i5��P^dmª��bkn`)U®eP^UXknP^lhdm`
A
`5]j�cP fhP^fhSt}
SVUC`)d�}�P^Uj�)a{�c`5]Xkn] fb` ¢MSVkm]X]XS^a�`)a{�cUj`�dpPg®eP^UjkpP^lhdm`

A � `5dhx�P^Woknd �cSVahknP^ahS
H

dA

dt
= {A,H} +

∂A

∂t
, � ���§¤^¦¨�

� }�P^UcP'x�P^i5`)U lhkn`5a�dmSV] i�[^dmi)�hdmSV] ah`)i5`)]Xk �yP^WoSV] ]cPel�`5Ugi5SVWYSoi)S^ahW��b�cP^a�dnP^]�®^PeUXkpPelhdn`5]�fh`stUcP^]j]XWYP^aha
θaα � paα

� O>P\fb` ��ahkmi)kmqVa@fh`)dM}�P^Uj�)a{�c`5]Xkn]tfb`'¢MSVkm]X]XS^a¡}hP^UcPYQT�bahi)kmSVah`)]
F � Gª¨�h` �ckn`5ah`)a�®eP^UjkpP^lhdm`)]1ª¨�h`*i)S^ahW��b�cP^a � P^a{�ckmi)SVahW��b�yP^aD`5]j�yP'f�P^fbSo}
SVU��

{F,G} =
( ∂F

∂Xµ

∂G

∂Pµ
− ∂F

∂Pµ

∂G

∂Xµ

)

+ (−)εF

(∂LF

∂θaα

∂LG

∂paα

+
∂LF

∂paα

∂LG

∂θaα

)

, � ���§¤ �V�
fhSVabfh`

εF
`5]>dpP�}�P^Ujknf�P^ftfb`NstUcPe]X]XWYP^aha*fh` dpPNQT�bahi)kmqVa

F � � dnP^]�}�P^Uji)knP^dn`5]�i)SVa L Uj`)}hUj`)]j`)a{�yP^adpP�fb`)UXk ®eP^f�P�kn|5ª��bkn`)Ujf�P�fh` dpP^]1QT�bahi)kmSVah`)] �
� SVa'`)]��yPtfh` �hahkni5knqVa�fh`5dh}�P^Uj�)a{�c`5]Xkm] fb` ¢MSVkm]X]XS^ao}hP^UcP°QT�habi)knS^ah`)] i5SVa'}�P^UXkmf�P^f�fb` s UXP^]X]wuWYP^ahaD}�P^U�SoknWo}�P^U � �X`)ah`5WYSV] ª¨�h`

{Xµ, Pν} = δµ
ν , {θaα, pbβ} = −δa

b δ
α
β , � ���§¤ �{�

`)a{�XSVahi)`5]\Ped1�h]cPeU�dnSV]�}�PeUX�)a{�X`)]Xkm]'fh`D¢MSVkm]X]jSVa Pea¨�X`)]'fh`���ahknfbSV]�SVlb�X`)ah`5WYSV]�dmSV]�]Xkm_V�hkm`)a{�c`5]



� �
UX`5]X�hd �yP^fbSV]

Ẋµ = λ0Πµ
0 + λ1Πµ

1 + i(θ1γµΛ1) + i(θ2γµΛ2), � ���§¤ �V�
Ṗµ = ∂1

(

λ0Π1µ + λ1Π0µ − i(θ1γµΛ1) + i(θ2γµΛ2)
)

, � ���§¤ �{�
ṗaα = (−)ai

[

(λ0 + (−)aλ1)(Π0µ + (−)aΠ1µ) + i(θaγµΛ
a)

]

(γµ∂1θ
a)α

+ (−)ai∂1

[

[

(λ0 + (−)aλ1)(Π0µ + (−)aΠ1µ) + i(θaγµΛ
a)

]

(γµθa)α

]

− i(γµΛa)α

(

Pµ + (−)a(X ′
µ −W a

1µ)
)

, � ���§¤ �{�
θ̇aα = Λaα, � ��� ¦{�{�ª¨�h`0P^d�]X�b]j�ck �c�hkmU�`)a

ḋ1α
� ḋ2α

]X` SVlb�Xkn`5ah`
ḋ1α = −2i

[

(λ0 − λ1)(γµ∂1θ
1) + (γµΛ1)

]

α

(

Π0µ − Π1µ

)

= 0, � ���§¦h���
ḋ2α = −2i

[

− (λ0 − λ1)(γµ∂1θ
2) + (γµΛ2)

]

α

(

Π0µ + Π1µ

)

= 0, � ���§¦¨�^�ª¨�h`*ahSV]�fh` dpP�Uj`)fh`���ahkni5knqVaDfh` dmSV]�W��hd �ckn}bdnkni)P^fhSVUj`)] fh`*O>P^_VUcPeah_V`
Λ1α � Λ2α i5SVWYS

Λ̃1 = (λ0 − λ1)∂1θ
1 + Λ1, � ��� ¦{¤{�

Λ̃2 = −(λ0 + λ1)∂1θ
2 + Λ2, � ��� ¦V¦¨�i)S^a�dmS�i)��P^d�ª¨�h`5f�PYUj`)fh`���ahkmfhS��cS�fhS'`)d�x�P^Woknd �cSVabkpP^ahS � ���§¤b��� i)SVWoS

H =

∫

dσ
[

λ0H̃ + λ1H̃1 − d1αΛ̃1α − d2αΛ̃2α
]

, � ��� ¦ �V�
ª¨�h`oP^dB]j�h]j�Xkm�X�hknU�dnP^]�Uj`)fh`���ahkni5knSVab`)]tfh`�dmSV]�W��hd �ckm}hdnkmi�P^fhS^UX`)] fh`'O>P^_VUXP^ah_V` � ��� ¦{¤{� � � ��� ¦V¦¨�`)aH`)d�xhP^WYkmdm�XSVahkpPeahS � ���§¦ �V� �hahSoSVlb�Xkn`5ah`

H̃ = H + d1α∂1θ
1 − d2α∂1θ

2, � ��� ¦ �{�
H̃1 = H1 − d1α∂1θ

1 − d2α∂1θ
2, � ��� ¦ �V�� P^d>]X�b]j�ck �c�hkmUgdnP^] i)SVab]j�cUjkni5i)knS^ah`)] � ���¥�e¦¨� � � ����� �^� `5a�dnP^]gi5SVah]��cUXkmi)i5knSVah`5]gfb`0}hUjknWo`)UXPoi5dpP^]j`

H̃ � H̃1

]j` SVlb�ckm`)ah`
H̃ =

1

2

(

P 2 +X ′2
)

+ p1α∂1θ
1α − p2α∂1θ

2α, � ��� ¦ �{�
H̃1 = PµX

′µ − p1α∂1θ
1α − p2α∂1θ

2α, � ��� ¦ �{�fhSVabfh` � ��� ¦ �{� `5]�`)d�x�PeWYkmdm�cS^ahkpP^abS�ª¨�h`DdnS^]  �h]��cUjkpP^i5SV] � �)¦ � dmdpP^WYP^a-xhP^WYkmdm�XSVahkpPeahS�dmknlhUj` �� a{�cSVahi5`)]3xh`)WoSV] ®�km]j�XS0ª¨�h`
H̃ � H̃1

]XSVaYi�P^a{�ckmf�P^fh`5] i)SVah]j`)U�®^Pef�P^]N}hP^UcP i)��Pednª¨�hkn`5U
λ0 � λ1 �

Λ̃aα � }�S^U dmSYª¨�h`0ahS\]j`�ah`5i)`5]Xkm�cP^a~i5SVah]j�XUXkmi)i)kmSVah`5]g]j`)i)�bahf�P^UjkpP^]gahk>i)SVahfbkni)kmSVah`5]°P^fbkni)kmSVa�P^dm`)]`)a'dmSV] W��hd �ckn}bdnkni)P^fhSVUj`)]>fh` O>P^_VUXP^ah_V` � ¢MS^U dnS��yPea¨�XS � `5dhx�P^Woknd �cSVahknP^ahS � ��� ¦ �V� `)] i)SVab]Xkn]��c`5a¨�X`i)S^a�dnP^]�i)SVab]j�cUjkni5i)knS^ah`)]
H̃ = H̃1 = daα = 0

�
 xhS^UcP dnS\ª��b`�Q P^dm�cPY`)]t]j`)}�PeUcP^UtdnP^]°i5SVah]j�XUXkmi)i)kmSVah`5]

daα

`)aZi5SVah]j�XUXkmi)i)kmSVah`5]�fh`�}hUjknWo`)UXP
� fh` ]j`)_V�habf�Poi5dpP^]j` �



� �
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� 2 AC,*/
� SVWoS�]X`t]XP^l�`°x�P � fhS^]N�ckm}�SV]3fh`�i5SVah]j�XUXkmi)i)kmSVah`5]1`)a�`5d�QTSVUjW\P^dmkn]jWYS fh` �gknUcPei � O£Pe]1i)SVa�u]j�XUXkmi)i)kmSVah`5]£fb`N}hUjknWo`)UcP�i5dpP^]j` ª¨�h`3i)km`)UXUXP^a*`)a��ba�[^dm_V`)lhUXP � _V`)ah`5Uc[^a0dpP^]>]jknWo`5�cUj�pP^]�fb`3ahS^UXWYPfh` dpP��c`5SVUX�nP � � dpPe] i5SVah]��cUXkmi)i5knSVah`5] fh`g]j`)_V�bahf�P�i5dpP^]j` ª¨�h`gahS QTSVUXWYP^ao�ha\[edn_V`5lhUcP i)`5UXUcPef�P �ª¨�h`�}h�b`)fh`5a¡�b]cP^Uj]X`�}�P^UXP\`)dmknWokna�PeU1®^PeUXkpPelhdn`5]gUj`)fh�habf�P^a{�c`5]tWYS�fhk �hi�P^ahfbS\`)dM}�P^Uj�)a{�c`5]Xkn]°fh`¢MS^kn]X]jSVaH}�SVU�`5d�}�P^Uj�)a{�c`5]Xkn] fh` �°kmUcP^i �� a�`5d�WYS�fh`)dmSos0v\�X`)ah`5WYSV] dnP^]�i)SVab]j�cUjkni5i)knS^ah`)]

daα

ª¨�h`tQTSVUXWYP^a�`5d>[^dn_V`5lhUcP�]jkn_V�hkm`)a{�c`
{d1α, d1α} = 2iγµ

αβ

(

Π0µ − Π1µ

)

≡ 2iΓ1
αβ, � �����^�{�

{d2α, d2α} = 2iγµ
αβ

(

Π0µ + Π1µ

)

≡ 2iΓ2
αβ, � ���������

{daα,Π
−
µ } = 2iγµαβ∂1θ

aβ, � �����V�V�
{daα,Π

+
µ } = 0, � �����e¤{�

{Π+
µ ,Π

−
ν } = 2ηµν∂1δ(σ − σ′), � �����e¦¨�

{daα, ∂1θ
aβ} = δβ

α∂1δ(σ − σ′), � ����� �V�dpPgi)��P^d�ahSt`)]B�hao[^dn_V`5lhUcP fh` O�kn`3i)`)UjUcP^fhP � � P 	ha�ahS�]XP^l
`)WoSV]Ci)�hP^dn`5]C]XSVa'dnP^]Bi5SVah]j�XUXkmi)i)kmSVah`5]fh` ]X`5_V�hahfhPoi5dpP^]j` � Poª¨�h` ]j`0`5ahi)�h`5a{�cUcPea�Wo`)|)i5dpP^fhP^]�`)aHdpP^]�i5SVah]��cUXkmi)i5knSVah`5] d1α
� d2αvbP^lhkm`)ahfbS�`5]j�cS � PexhSVUcP��habS�fh`5]X`)P�]X`5}�P^UXP^U0dnP^]ti)S^ah]j�XUXkni5i)kmSVah`)] `5a-}hUjknWo`)UcP � ]j`)_V�bahf�Pi)dnP^]X` � }�P^UXP'`5]j�XSY�h]XP^UX`5WYS^]�dnSV]�}hUjS � `)i��cSVUj`)]

Γa
αβ ≡ γµ

αβ

(

Π0µ − Π1µ

)

, � ����� �{�dpP�QTSVUjW\P�fh` `5]j�c`*}hUjS � `)i��cSVU°P � �hfhP^Uc[oPo]j`)}�PeUcP^U dpP^]�i5SVah]��cUXkmi)i5knSVah`5] daα

`5a�i5SVah]j�XUXkmi)i)kmSVah`5]fh` }hUjknWo`)UcP�i5dpP^]j` � `)aHi)SVab]j�cUjkni5i)knS^ah`)]�fh` ]j`)_V�habf�PYi5dpP^]j` � fh`t�cP^d�QTSVUXWYP�ª¨�h`
d̃1α = d1βΓ1βα, d̃2α = d2βΓ2βα, � ����� �V�UX`5]X�hd �yP^aD]j`)U i)SVah]��cUjkni)i5knSVab`)]�fh` }hUjknWo`)UcP�i5dpP^]j` �

� `�P^WoSV]3i)SVWoS�i5kn`)UjUcP*`)d�[edn_V`5lhUcP fh`�}hUjknWo`)UXP*i5dpP^]j` � O£P*QTSVUXWYP0fh`gdpP^] i)S^ah]j�XUXkni5i)kmSVah`)]
H̃� H̃1

]X` SVlb�X�b®VS `)aodpPt]j`)i)i5knqVaoP^a{�X`)UXkmSVU � � i)km`)UXUXP^a'`)ao`)d�[edn_V`5lhUcPtfh` dpP�i5�h`)Ujf�P fh` ¢MSVd � P��eS�®
{H̃[ξ1], H̃[ξ2]} = H̃1[ξ1ξ

′
2 − ξ′1ξ2],

{H̃[ξ1], H̃1[ξ2]} = H̃[ξ1ξ
′
2 − ξ′1ξ2],

{H̃1[ξ1], H̃1[ξ2]} = H̃1[ξ1ξ
′
2 − ξ′1ξ2]. � ����� �{�� ]j�cP `5] �ha�P�i5SVah]X`5i)�h`5ahi)knPtfh`�dpP°kma{®^PeUXkpPeahi)knP fh`�dnP�P^i5i)knq^a'P^a{�c`1Uj`)}�P^UXP^Wo`5�cUjkn|)P^i)kmSVah`)] � lhP��jSdpP�i5��P^d

xµ � θa �XUcP^ah]�QTSVUXWYP^a'i)S^WYSt`5]Xi�PedpP^Uj`)] � O>P^] i5SVah]j�XUXkmi)i)kmSVah`5]CQT`)UXWoknq^ahkni)P^]Cfh`�}hUjknWo`)UXPi)dnP^]X` i5kn`)UjUcP^aDi5SVWYS
{H̃[ξ1], d̃

aα[ξ2]} = −(−)ad̃aα[ξ1ξ
′
2 − ξ′1ξ2],

{H̃1[ξ1], d̃
aα[ξ2]} = −d̃aα[ξ1ξ

′
2 − ξ′1ξ2]. � ����� �{�



� �
��`)d�i5kn`)UjUX`tfh`5d>[^dn_^`)lhUXP'fb`

d̃aα i5SVaH`)dndnP�Wokn]XWYP
{d̃a

α[ξ1], d̃
b
β[ξ2]} = 4iδab

[

(

H̃ + (−)aH̃1

)

Γa
αβ

− (−)a
(

2d̃a
(αθ

′a
β) + d̃aγµθ

′aγµ
αβ

)

]

[ξ1ξ2]. � ��� �V�{�
�°`@`5]j�yP QTSVUjW\P¡]X`~®^`)UXk ��i�P�dnP-i)`5UXUcPefh�hUcP�fh`5dt[^dm_V`)lhUXP-fh`~}bUXknWo`)UXP-i)dnP^]X` �  dtP^}hdmkni�PeUYdnP}hUjS � `)i5i)knq^a � ����� �V� �hahS ]X`5}�P^UXP*dnP�WYk �yP^f�fb` dnP^]Ci5SVah]j�XUXkmi)i)kmSVah`5] fb` d1α � P^dhx�P^i5`)U `)]��cS*dpP^] 16i)S^WY}
SVah`5a¨�X`)] fh`NdpP^]Ci5SVah]��cUXkmi)i5knSVah`5]BQT`)UjWYkmqVahkmi�P^]£]X`�fhk ®�knfhkm`)UXS^a�`)a

2
¯^`)]��cS ª¨�hkn`5UX`1fb`)i)kmUCª¨�h`

d̃1α ]XSVa 8
i)S^ah]j�XUXkni5i)kmSVah`)]gfh`�}hUjknWo`)UXPYi)dnP^]X` � � ª¨�h` d̃2α ]XS^a 8

i5SVah]j�XUXkmi)i)kmSVah`5]�fh`�}bUXknWo`)UXPi)dnP^]X` � � a¨�XSVahi5`)] dpP^]�i5SVWY}
SVah`5a{�c`)] ]jSVlhUcPea¨�X`)] ]XSVaHi)S^ah]j�XUXkni5i)kmSVah`)] fh` ]j`)_V�habf�Poi5dpP^]j`
χ1α = d1βΓ2

βα, χ2α = d2βΓ1
βα. � ��� �b���

� d�}�P^Uj�)a{�c`5]Xkn] fh`*¢MS^kn]X]jSVaHfh`
χaα i5SVa H̃ � H̃1

� d̃aα ]jSVa�a¨�hdmSV]��h]XP^ahfhSYdpP^]�i5SVah]j�XUXkmi)i)kmSVah`5]fh` dpP��c`5SVUX�nP � ¢MS^U3dmS �cP^a{�cS*dpP }hUX�b`)l�P*fh`gdnP^] i)S^ah]j�XUXkni5i)kmSVah`)] fh` }hUXkmWY`5UcPti)dnP^]X`
H̃ � H̃1

� d̃aα`)]��yP'i)SVWo}hdm`5�yP �h� d�}�P^Uj�)a{�c`5]Xkn] fh`*¢MS^kn]X]jSVaH`)a{�cUj`*dnP^]1®eP^UXknP^lhdm`)]
χaα `)]��yP'f�P^fhS'}
SVU

{χ1
α, χ

1
β} = −4i

(

Π2
0 − Π2

1

)

Γ2
αβ, � ��� �{�V�

{χ2
α, χ

2
β} = −4i

(

Π2
0 − Π2

1

)

Γ1
αβ, � ��� �V¤{�

� i)S^WYSHdpP^] WYPe�cUjkni5`)] Γ1 � Γ2 ]jSVa ahSH]Xkmah_V�hdnP^UX`5] � `)a{�XSVahi)`5]��ckm`)ah`5a-kma¨®^`)Uj]cP � � }�S�fh`5WYSV]i)S^ah]j�XUX�hkmU�`)d�}�P^Uj�)a{�c`5]Xkm]gfh` �°kmUcP^i ��� `)ah`5WYSV]
{χα, χβ} = Cαβ, � ��� �^¦¨�

� `5d�}�P^UX�5a{�c`)]jkn] fh` �°kmUcP^i `)]��yP'fh` �hahknfhS'i5SVWYS
{A,B}∗ = {A,B} − {A, χα}(Cαβ)−1{χβ, B}. � ����� �^�

� a{�cSVahi5`)] `)aHa¨�h`)]��cUXSYi�P^]jSY`5d�}�P^Uj�)a{�c`5]Xkn] fh` �°kmUcP^it`5]
{A,B}∗ = {A,B} +

∫

{A, χ1
α}

(Γ2
αβ)−1

4i
(

Π2
0 − Π2

1

){χ1
β, B}dσ

+

∫

{A, χ2
α}

(Γ1
αβ)−1

4i
(

Π2
0 − Π2

1

){χ2
β, B}dσ. � ����� �{�

� ]j�X`°`)] `)d }�PeUX�)a{�X`)]Xkm]Nfh` �°kmUcP^i fh` dpPt]X�h}
`)Uji)�h`5UXf�P's*v � `5d
i5��P^d ]Xk
i)�bWY}hdm` i)SVaYdpPt}hUXS^}hknfh`5ffh` ª¨�h`*�ha�P�i)SVab]j�cUjkni5i)knq^aHfb`*]j`)_V�bahf�PYi5dpP^]j`ti)SVaHi)�hP^dnª¨�hkm`)U1®eP^UXknP^lhdm`�fhknah[^WYkmi�P�`5] i)`)UjS �
{χ1

α, B}∗ = {χ2
α, B}∗ = 0, � ����� �^�



� �
i)S^a `)]��cS�ª¨�h`5f�P�}hUjSVl�P^fhS0`)d QTSVUXWYP^dmkn]XWoS�fh` �°knUXP^i � `5a i)SVab]X`)i5�h`)abi)kpP�dnP^] i)SVah]��cUjkni)i5knSVab`)] fh`}hUjknWo`)UcP�i5dpP^]j` ]XSVa

H̃ =
1

2

(

P 2 +X ′2) + p1α∂1θ
1α − p2α∂1θ

2α, � ��� � �{�
H̃1 = PµX

′µ − p1α∂1θ
1α − p2α∂1θ

2α, � ��� � �{�
d̃1α = d1βΓ1βα, � �����^�{�
d̃2α = d2βΓ2βα, � ���������

� dnP^]�i)SVab]j�cUjkni5i)knS^ah`)] fh` ]X`5_V�hahfhPoi5dpP^]j`
χ1α = d1βΓ2

βα, χ2α = d2βΓ1
βα. � �����V�V�

 xbSVUcP!ª¨�h`RabSV]Dxh`)WoSV]�Q P^WokndnknP^UXkm|�P^fbSRi5SVa `5d�QTSVUXWYP^dmkn]XWoS-i)P^ahqVabkni)S � fh` �°kmUcP^iZfh`ZdnP�c`5SVUX�nP¡s0v � }
S�fb`)WoSV]�}�P^]XP^U\Ped�WY���cS�fhSRfb`��N`5U �eS�®�k �c]o}�P^UcP¡i)��Pea¨�Xkn|)P^U'i)S�®eP^UXknP^a{�c`)Wo`)a{�X``)]��yP��c`5SVUX�nP �
%'&���& ���06�K>8 � 7�8 E:AC,*7���; 7�8.9�2��@81A£K£,*7

�ga�P�®V`5|Yª¨�h`oxh`5WYSV] ]j`)}�P^UXP^fhSHdpP^]ti5SVah]��cUXkmi)i5knSVah`5]tfh`odpP\�c`5SVUX�nPHs0v~`)a¡}hUjknWo`)UcP � `)a]X`5_V�hahfhPYi)dnP^]X` � `)] Q [^i)kmd�x�P^i5`)U `)d�i)S^a¨�X`)SYfh`0_^UcP^fhS^] fb`0dmknl
`)Uj�cP^f�l
SV]XqVabkni)S^] � QT`5UXWoknqVabkni)S^] �� SVWoS�dpPg]X�h}
`)Uji)�h`5UXf�P0s0v�`5] �ha�P°�X`)SVUj�pP°]j�h}�`5UX]jknWo�5�cUjkni)P�`)dba 	hWo`)UjStfh`�_VUXP^fhSV]Cfb`�dnknl
`)U��yP^fl
SV]XqVabkni)S^] � QT`)UjWYkmqVahkni5SV]1fh`5l�`5a�]j`)U kn_^��P^dn`5] �
� `5ah`)WoSV]�dnP^] ®^PeUXkpPelhdn`5]*l
SV]jqVahkni)P^]�`5a `)d3`)]j}�P^i)kmS�Q P^]j`

xµ � pµ

ª¨�h`\f�P^a �haR�cS^�cP^d fh`
20 � dpPe]�i)SVab]j�cUjkni5i)knS^ah`)]�l
SV]jqVahkni)P^]tfh`�}hUjknWo`)UXPYi)dnP^]X`�]jSVa H̃ � H̃1 � `5a{�cSVahi5`)]*`)dMi)SVa{�c`5SDfh`_VUXP^fhSV]�fh` dmknl
`)Uj�cP^f�`)]

10 ∗ 2 − 2 ∗ 2 = 8 ∗ 2 � ª¨�h` ]XSVa 8
_VUXP^fhSV] fh` dnkml�`5Uj�cP^f�l�S^]XqVahkmi)S �O>P^] ®eP^UjkpP^lbdn`)]1QT`5UXWoknqVabkni�Pe]

θa ]XS^a�`)]j}hknabSVUX`5]gfh`���P��jS^UcP^a�P�u��R` � d>ª��b`*�Xkn`)ab`)a 16
i5SVW�u}
SVah`)a{�X`)]'UX`)P^dn`5] � �XSVW\PeahfhS~`5ai5�h`)a{�cP a = 1, 2

�X`)ah`5WYSV]�`)d�}�P^U�i�P^ahq^ahkni5S@fh` ®eP^UXknP^lhdn`5]
pa � O>P^] i)SVab]j�cUjkni5i)knS^ah`)]tQT`)UjWYkmqVahkmi�P^] da

�Xkn`5ah`)aZdpP�Wokm�cP^f@ª¨�h`']XSVaRfh`'}hUXkmWY`5UcP i)dnP^]X`
d̃a
�dpP'Wokm�yPefHª¨�h`*]XS^a~fh`*]X`)_^�hahf�P

χa � fh` �yP^d�QTSVUjW\P�ª¨�h`�dmSV] _VUcPefhSV] fh`0dmknl
`)U��yP^f�QT`)UjWYkmqVahkmi)SV]]XS^a
(16 ∗ 2) ∗ 2 − 16 ∗ 2 − 16 = 8 ∗ 2 � ª¨�h`�]XS^a 8

_VUcP^fbSV]�fh`�dmknl
`)Uj�cP^f�QT`5UXWoknqVabkni)S^] � ª¨�h`i)S^ahi)�h`5UXf�Poi)SVaDdmSo`5}�`5UcP^fbSo`5a��ba�P'�X`)SVUj�pP�]j�h}�`5UX]jknWo�5�cUjkni)P �
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m^lC�nlsWZz%e:lXO~t^e'Y���m�l{©Se:��Tnz%O�T���P:m^T¨e:w?ªnT«jne�z{O�TVUse'Tne:l%w]ORnTnW¬UiO�loW]jSOAj�jneGRkTSOCUse'm^lo�|Oqjne�®O�Tnr¯¦g°�WZw]w]f:�na�eGwZe'f0jnWZ\�e:wFTnm^zqvnloe-jne�xyO�TVUiO�foz{O�f?�
m^l } RneA�£O�
e'fXOAlKjne8foe'l®e'fsP'O�w|OAlse'f®vSO²±om2UslXO�Tkfox�m^loz{O�P:W]m^Tke'fpjne�P:mdm^lojne'TnO�jSO�f:�kTnm(UXW]e:Tne'T{e'foUXO�jn�ZfoUXWZP[O(jnev
m^fsm�\^T��^e:f�jne'P:W]l'�AtdWZm^w|OATqe'wnUse'm^loe'z%O8jne?e'fs�k�]Td¦³e'foUXO�jn�ZfoUXWZP[O8�
m^l�w]m�P:RSO�wSTnm-fom^TCm^vnfse:lotAO�vnwZe'f:���foUsm^f2P'O�z%�
m^f(O�j } RnWZlsWZe'lsm�T´z%h�f(fse'TVUsW]jnm�P'RSO�Tkjnm�©£O�jnjke'e:t���µDm^��m�t�z�m^foUslXO�lom^T } Rne%w]m^fxyO�TVUiOAfsz%O�f���m�jn�|OAT%m^vdUXe'Tke'lsfoe�P:m^z%m(lse:fsRnw¬UiO�jkmGjnebRnT{P'h�w]P:Rnw]m-P:m^lsloe'P:Usm2jnebw|O�z�e'jnWZjSO(jkebw]OW]TVUse'r^lsO�wVjne�UXlXO[��e'P:Usm^lsW]Ok�[�-�
m^lF�'foUsm�foe®wZe'fFjnW]\Qe'wVTkm^zqvnloe®jne�xyO�TVUiOAfsz%O�fFjneK©£O�jkjne'e=t�¦¶µ/m^�
m�t
�µ/m�foUXe:lsWZm^lsz�e'TVUXe(P'm�T·e'wuUslXO�vSO�±om%jneG_Ke:P'Pi�nW¸¦§`?m^Rne:Ug¦ga�Usm^lXOq�5c���RkUXWZT����:foUsm^f�OAj } RnW]loW]e'lom^T�RnTP[OAlXO�P=UXe'lbz{hAfbx�m^loz{O�w��^O } Rneqfse2z%m^fgUXlo\ } Rneqfom^T��SO�lgUXeGe'fse:TnP'W]O�w¹jke2RnTSO%T�Rke:tAO�fsWZz%e=UXls�]Ok�} Rne(O�P:UsRSO�wZz%e:T�Use�fse-P'm�TnmdP:e-P'm^T�e'wuTnm�zqvnlse�jke(foW]z�e:Usls�|O2_J`�a�c��£��fgUiOCfsWZz%e=UXls�]OGUXWZe'Tne-jnm�fP[OAlXOAUse'ls�ZfoUsW]P[OAf®WZz%�
m^loUXO�TVUXe:f'º£�^�»¦���foUXOqe'fJe:w�loe'fsWZjnRnmqjke8w|O(fsW]z�e:Usls�]O(jne�Tnm^lsz%OGRkTSOGt^e:Y } Rne�'fgUiO{foeq�SO%ª¯±sO�jnmn�
e'f8jke'P'WZl'�
e'fbRnTSO�fsWZz%e=UXlo�|O } Rneq�nloe:tAO�w]e:P'e�OA¼nT~O{�
e'fsO�l�jne } Rneqfse2�SO[�VOe'wZe'r^WZjnmCRnTSOCTnm^loz{Ok� � �½¦®¢¾jnW¬x�e'lse:TnP'W]O�jke(w]O�foW]z�e:Usls�|Oqjke(Tkm^lsz%Ok�Se'fgUiOCfsWZz%e=UXlXhAWue'fQjne-P[O�l§¦O�P=UXe'l�r�w]m^vSOAw¡�£e'f�jne:P'WZl'��e:w¿�SO�lsh�z%e=UXlom�jne�w|O{UslXO�Tkfox�m^loz{O�P:W]\^T�Tnm5jne'�
e'TkjneCjne�w|O{�
m^foW]P'WZ\^T��¢0jne:z{h�fpe'fgUXeQ�SO�lsh�z%e=UXlom(e:f®RkT%T�¼nz�e'lomGjne�À�lXO�fofsz%O�TnT��V�
m^l�w]m-P:RSO�w£w|O�fsWZz%e=UXlo�|O�_J`badc«e:fRnT~UXWZ��m�jke�fsRn�
e'lofsW]z�e:Usls�]O{�VO } RneCw|O{UXlsO�Tnfgx�m^lsz%O�P'WZ\^T�loe'w|OAP'W]m�TSO{v
m^fsm^Tke'f-P'm^T~x�e:lsz�W]m^Tne:f'�NFO�fqtAO�lsW]O�vnwZe'f2jke�À-lsO�fsfoz{O�TkTÁ�nRne'jke'T�P'm^TnfoW]jne:lXO�lofse�P:m^z%m~e:wJw]�Zz%W¬UXeCP'w]h�fsWZP'm�jke�P[O�z���m�fx�e'loz%WZ\^TnWZP'm^f:� } Rkeqe'fgUih�T�P:RSO�TVUXWZY[O�jkm^f8P'm�T~O�TVUXWZP'm^Tnz2RkUiO�jkm^lse:fbP:m^T�e'w/m^v�±oe=UXm�jneGfXOAUsW]fgxyO�P'e:lw|OGe'foUXO�jn�ZfoUXWZP[O2jke�©Se'lsz�W¬¦¶��W]lsO�P�����T�e:x�e:P:Usmn�kfoW�P'm^TkfsW]jke'lXOAz%m^f®e'w�w]�]z�WZUse?P'w|hAfsW]P:m5Â

h̄→ 0 Ã jke'wO�TVUXWZP'm^TkzqRkUiOAjnm^l {ψa, ψb} = h̄δab

m�vkUXe:Tne'z�m^f } Rnebe'w�h�w]r�e'vnlsOGfXO¯UXW]fgx�e'Pi�SOG��m^lpw|OAf�tAO�loW|O�vkw]e'f
θa = ĺımh̄→0 ψa

e'foUXh�jnO�jSO5��m^l
θaθb + θbθa = 0

�F��T��SO�lgUXWZP'Rnw]O�l
θ2

a = 0
�FNFO�f-lse'w]O�P'WZm^Tne:f
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NFO5P:RSO�TVUXWZY[O�P:W]\^T�_J`badc Â _Ke:P'Pi�nW¸¦§`?m^Rne:Ug¦ga�Usm^lXO²¦¶c��dRk�nW]T Ã x�RneCW]TVUXlojnmdP:W]jSO��nO�lXO�P'RnO�TVUXW¬¦Y[OAl¿fsWZfoUXe:z{OAf¿P'm^TCRnTnO8fsW]z�e:Usls�]O�jneJTnm�lsz%O8w]m�P[O�w
G
�^��e:fs�nRn�:f®jkeJªA±sO�l¿w]O�Tnm^loz{Ok�¯w|ObfsW]z�e:Usls�]O_J`badc e'fbRnT�loe'z%O�Tne'TVUse2jneGw|O%foW]z�e:Usls�|O�jneGTnm^loz{OCw]m�P[O�w ����e[O�z�m^fQP'm^z�m�O¯UiO�P'O�lbe:wF�nlsm^v�¦w]e:z{Od���Km�TnfsWZjne'loe8RnT�foW]foUse'z%O2P'm�T�W]TVtAO�lsW]O�TnP:W|O-jne8Tnm^loz{O(r^e'Tke'lXOAjSO2�
m^lKw]O�fKP:m^TnfoUslsWZP'P'WZm^Tne:f

Ki
w]O�f0P'RSOAw]e'fJx�m�lsz%O�T�RnT�h�w]r^e:vnlXO�P:e'lslsO�jSO�jne(NuW]e�jne-jnWZz%e:TnfsWZ\^T�ªSTnW¬UiO

{Ki, Kk} = f k
ijKk

Â � �Z� Ã
P'm�T

fk
ij

w|O�f5P'm�TnfoUXO�TVUXe'f·jne´e:foUslsRnP=UXRnlsO�jne:wGr^loRn�
m
G
���bTnm�O��nm�lXO�jke:ªSTne�RnT m^��e:lXO�jkm^l�ne:lsz�WZUXW]O�TnmCTnWZw]�
m�UXe:T�Use } RkeqP'm^TkzqRkUiO�P'm^T·e'wD�SO�z�W]wZUsm^TnW]O�Tnmn����e'wDP'RSO�w/O�P=UX¼SO�fsm^vnloeGUsmdjnm�fw]m�f�P[O�z���m�f�P'm^z�m5RnTSO�UXlXOATnfox�m^loz{OAP'W]\�T�jne�Tnm^lsz%O{x�e'loz%WZ\^TnWZP[Ok����w��SO�lXhAz%e=UXlsm5jneCTnm�lsz%Oe'f�lse'e:z%�kw|O�Y'O�jnm{�
m^lQRnTSO%tAO�loW|O�vkw]e } Rke�O�TVUXWZP'm^Tnz2RkUiO ci w]w|OAz{O�jnO�xyOAT�UXO�fsz%Ok�
��w/m���e:lXO�jnm�lO~TnWZt�e'w?P'Rnh�TVUXW]P:m�P'Rk�^O´P'm��nm^z�m^w]m^r��|O�loe'�nloe'foe'TVUiO�wZm^f�e'fgUiO�jkm^f�x��]fsWZP'm^f�foe�wZw|O�z%O�m���e:lXO�jnm�l_J`badc

Q̂
���QTSO�e��d�nlse:fsWZ\^T·e��k�kw]�]P:WZUXO2�SO�lsO�w]OqP[O�lorVOC_J`�a�c O�TnWZt�e'wuP:w|h�foW]P'mCe:foUiOCjSO�jnOC�
m^l

Q = ci
(

Ki −
1

2
fk

ijc
jbk

)

= ci
(

Ki +K ���������� �!"�i

)

,
Â � � � Ã

jnm^Tkjne2�ne:z%m�f�W]TVUslsm�jnRnP'WZjnm�w]m^f?w]w]O�z%O�jnm^f?O�TVUsWZxyO�TVUiOAfsz%O�f
bi
��wZm^f?P'RSO�wZe'fbm^v�e:jne'P:e'T~w]O�loe'r^w]Ojne-P'm�TnzqRkUXO�P'WZ\^T5P'm^T

ci

{ci, bj} = δi
j.

Â � � � Ã��T�w]m�fQP'h�w]P:Rnw]m�fQfoW]r^RkW]e'TVUse'f'�
ci
�
bj
fse:lXh�T�P'm^wZe'P:UsWZtAO�z�e'TVUXe(lse=x�e'loW]jnm^f?P:m^z%m�xyO�TVUiO�foz{OAf'�£NFO�nloW]z�e'lXO��SO�loUse�jne

Q
P:w|O�lsO�z%e:TVUXe�O�P=UX¼SO�e:T�wZm^fqP'O�z%WZTnm^f } Rne�P:m^lsloe'fo��m^Tkjne'T�O~w]m^fqP'O�z�¦�
m^f'��NFO�foe'r^RnTkjSO~�SO�loUse�e'f�Tne:P'e:fXO�loW|O~�SO�lsO��SO�P'e:l

Q
TnWZw]�
m�UXe:TVUXe��¹��foUXe�O�P=UX¼SO�P:m^z�m~RnTSOUXlsO�Tnfgx�m^lsz%O�P'WZ\^T~jne�Tnm�lsz%O5fom^vnloe�wZm^f�P[OAz%�
m^f�xyO�TVUXO�fsz%Ok�uNFO�TnW]wZ��mAUXe'TkP'W|O%jne

Q
fse�t^e:lsW¬ªk¦P[O{xyhAP'W]wZz%e:TVUXe2RkfXO�Tnjkm�w|O{foW]z�e:UXlo�|O�jne'w¹h�w]r^e:vnlXOd�#�Km^T�w]O�f�loe'w|OAP'W]m�Tne'fbjneCO�TVUXWZP'm^Tnz2RkUiO�P:W]\^T��w|O�O�TVUXW]foW]z�e:Usls�|O�jne%w|O�fGP'm^TkfoUiOAT�Use'fqjke{e'fgUXloRnP:UsRnlXOk�/e'TnP:m^TVUXlsO�z%m�f2fsWZTMjnW¬ªSP'Rnw¬UiO�j } Rne�e'wP'RnO�jnlXOAjnm%jke

Q
e'f

Q2 =
1

4
fk

[ijf
m
l]k(c

jciclbm) = 0.
Â � �%$ Ãjnm^TkjneJe'T�e:wk¼nw¬UXWZz%mQ�SO�fom8x�RneJRkUsW]w]WZY[O�jnOQw]ObW]jke'TVUXWZjSO�jqjne'&^O�P'm^vkW¡�ANDOQUXlXOATnfox�m^loz{OAP'W]\�Tq_J`badcO�P=UX¼SO�fsm�vnlse(w]m^fJxyOAT�UXO�fsz%O�f0P:m^z%m

δci = {Q, ci} = −1

2
f i

klc
kcl

Â � �)( Ã
δbi = {Q, bi} = Ki −

1

2
fk

ijc
jbk = Ki +Kfantasma

i = K̃i,
Â � ��* Ã
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K̃i

m^v
e'jne:P'e:T
{K̃i, K̃j} = f k

ijK̃k,
Â � ��� Ã

e'fCjne:P'WZl'�¿w]O�f
K̃i

UXO�zqvnWZ�'T�fXOAUsW]fgxyO�P'e:T�w]O�fsWZz%e=UXls�]O·jne:w?h�w]r^e:vnlXOd�¹�
e'lsm�e'T�P:m^TVUXlXOAfoUXe�O~w|O�f
Ki

�0e'fgUiO�f�W]TnP:m^ls�
m^lsO�T w]m^f5r^lsO�jnm^f5jne�w]WZv�e:loUXO�j jne�w]m^f�xyO�TVUXO�fsz%O�f'�?NFO�P'm^TVUslsW]vkRnP'WZ\^T jnew]m�fqxyO�TVUiO�foz{O�fCe:T«w|O�O�P:P'WZ\^T��nRne'jke�e:fsP'loW]vnWZlsfoe��SOAlXO~fse:l%w]O~UslXO�Tkfox�m^loz{O�jnO�_K`�adcHjne�RnTUX�:lsz�W]Tnm�jke�w|Oqx�m^lsz%O
(biFi)

jkm^Tnjne
Fi

foe(wZw|O�z%OGw]O2x�RnTnP:W]\^T5�SO�lsOqªA±sO�l0w|OqTkm^lsz%O��ke:f?jne'P:W]l'�
L(fantasma) ≈ δ(biFi)

�F��foUsm�r^O�lXO�TVUsW]Y[O�w]O�W]TVtAO�lsW]O�TnP'W]O�_J`badc�jneCw]O�OAP'P'WZ\^T~UXm�UXO�w¡�¥µ/m^l-wZmUiOAT�Usm�w]ObW]TVtAO�loW|O�TnP:W|O?_J`badcÁe'f/RnTSO�foW]z�e:Usls�|O?jne®w|OQO�P'P:W]\^TGP'm^Tqw]OQTkm^lsz%OQªA±sOd�A©/W]TSO�wZz{OATne:Use��RnTnmCUiOAzqvnW]�:T�W]TVUXlomdjkRnP'e-e'wum���e:lXO�jnm�l0jne-T�¼kz%e:lsm�xyO�TVUiO�foz{O

N(fan) =

���
!��∑

i=1

bic
i,

Â � � � Ã
jnm^Tkjne

bi
�
ci
UXWZe'Tne:T�T�¼nz�e'lomCxyOAT�UXO�fsz%O

+1
� −1

loe'fs�
e'P=UXW¬t�OAz%e:T�Use��¢��nm�lXO-P'm^TnfoW]jne:lse:z%m^f�e:wSe'fo�SO�P'WZm-jne
	bW]wZv�e:loU�jkeQw]O�UXe:m^ls�]Ok��ade?jnWZP'e } RneQw]m^f¿e:W]r^e:Tne'fgUiO�jkm^fjne:wu�SO�z�W]wZUsm^TnW]O�Tnm2fom^T�W]TVtAO�lsW]O�TVUXe'f?_K`�adc fsWFe:foUXm�fQfom^T�O�TnW } RnWZw|O�jkm^fJ�
m^l Q
Q|ψ〉 = 0,

Â � � � Ãe'fgUXm^fQe'fgUiO�jkm^f?fsm^T�W]Tnjke'�
e'TnjnWZe'TVUXe:fbjke(w]Oqe'wZe'P'P:W]\^T5jne(Tnm^loz{O2��e'fQRnT�loe } Rne:lsW]z�W]e:TVUXm��SO�lsOw]m�f0e'foUXO�jnm^f0x��ZfsW]P:m^f'��	�O[��jnm^f0UsW]�
m^f0jne-e'fsOAUXjnm�f } Rne(fsm�T�WZT�tAO�loW|O�TVUse'f0_J`badc��Num^f?�nlsWZz%e:lsm^fJfom^T�e'foUXO�jnm^fQP'RnO�w } RnWZe'lXO�P:m^T5w|Oqx�m^lsz%O
|ψ〉 = Q|λ〉 Â � �Z�[� Ã

} Rne~UXloWZt�W|O�wZz%e:TVUXe�e:f�WZTVt�OAlsW|OAT�Use~_J`badc jke'vnWZjnm�O�w]OÁTnW]wZ��m�Use'TnP:W|O�jke
Q
�K�¨w]m^f�e:foUiOAjnm^f

|ψ〉 � |λ〉 x�m^lsz%O�T RnT jnm^vnwZe:Use´_K`�adc��Q��w]wZm^f�jnW¬ªSe'loe'T e'T¤w]OMP[O�lorVOÁxyO�TVUiO�foz{OÁ�
m^l5RnTSORnTnWZjSO�j�� |ψ〉 UXWZe'Tne~Tkm^lsz%O�P'e:lsmn�Kjne'vnWZjnm�OMw|OM�ne:lsz�WZUsW]P'WZjSO�j��¨TnWZw]�
m�UXe:TnP'W]O´jne~w]O�P[O�lorVO_J`badc 〈λ|Q†Q|λ〉 = 0
����fgUXm^f¿fom^T�e'wZe'z�e'TVUXm�f¿jne'fsO�P'm��nw|O�jkm^f¹e:T�w]m^f/e'w]e:z%e:TVUXm^f/jneJw|Obz{OAUslsWZY

S
��Â `?e'P:m^lsjke'z�m^f } Rke Q P'm^Tnz2RkUiO�P'm�T�e:w��SO�z�W]w¬UXm^TnW]O�Tnm Ã �S¢��nm�lXO5z%WZlse'z�m^fbw]m^f�foe'r^RnTkjnm^fe'fgUiO�jkm^f } Rke(UsW]e'Tke'T�w|O2x�m^loz{O

Q|ψ〉 = 0, |ψ〉 6= Q|λ〉, Â � �¬�^� Ãe'fgUXm^fbe'fgUiO�jnm�fbx�m^loz{O�T�fsWZTnr^wZe:UXe:fQ_J`�a�c��¥��foUsm^f�e:foUXO�jnm^fQUiO�zqvkW]�'T�fse:lXh�T·w]w|OAz{O�jkm^fJe'fgUiO�jkm^fx��]foW]P:m^f'�S�bm^f?e'foUXO�jnm^f |ψ〉 � |ψ′〉 foeGjkW]P'e } Rne(fsm�T�e } RkWZtAO�w]e:TVUXe'f?foW
|ψ〉 − |ψ′〉 = Q|λ〉. Â � �Z� � ÃNFO�f0P'w]O�fse:f?jne�e } RnW¬t�OAw]e'TkP'W|Oqjke(e:foUsm^f?e'foUXO�jnm^f?fom^T5w]w|OAz{O�jnO�fKw]O�fJP'w]O�fse:f?jne�w|OqP:m^�nm^z�m^w]m�r^�|O_J`badc�� �Kw]O�lXO�z�e'TVUse{UXm�jnm^fqwZm^fqe:foUiOAjnm^fCP'm^TÁRkTSO~P'w|OAfse�jne5P:m^�nm^z�m^w]m�r^�|O5jSO�jSO·UsW]e:Tne'T�e'wz�W]fsz�m-T�¼nz%e:lsm(xyO�TVUiO�foz{Ok��Num^fpe'wZe'z�e'TVUXm�f®jnebw|O-z{O¯UXlsWZY

S
fsm^T%W]Tnjke'�
e'TnjnWZe'TVUXe:f'��w]m^fpP'RnO�w]e:f



�V�
RnTnm~RkfXO��SO�lsO·lse:�nlse:fse:T�UXO�lCRnTSO·P:w|O�foe�P'm��nm^z�m^w]\^r�W]P[O 〈ψ1|S|ψ2〉 = 〈ψ′

1|S|ψ′
2〉
�D�SO�lsO

ψ
�

ψ′ loe'w|OAP'W]m�TSO�jnm^f-P:m^z%m5e:T Â � �¬� � Ã �DadW |ψ〉 = ψ|0〉 e'f(RnTMfoW]Tnr^wZe:Use%_K`�adc�x��]fsWZP'mn�¥e'TVUXm^TkP'e'f
{Q,ψ} = 0

��µ¹O�lsOGe:foUiOAjnm^fJfom^T{e��kP:WZUXO�P'WZm^Tne'fpxyO�TVUiO�foz{OAf®e:foUXmGW]z��nw]WZP[O {Ki, ψ} = 0
��jkm^Tnjnee'fgUXm^f?e:foUiOAjnm^fQfsm^T�W]jne:TVUXWZªnP[O�jnm�f0P'm^z�mCw|O�f0�SOAloUX�ZP'Rnw]O�fKx��ZfsW]P'O�f'�

� UXlXO0x�m^loz{O0jnepe'fgUXRnjnW]O�lFw|O0fsWZz%e=UXlo�|O0_J`badcMe:f/�
m^lFz%e:jnW]m?jne�w]OQWZT�Use'r^lsO�w^jne�UXlsO[�^e'P=UXm^loW|Ok��SO�lsO�e'fgUXm~P'm�fsW]jke'lXOAz%m^f2RnTSO·UXe:m^ls�]O·P'm�TÁP[O�z���m�f
φα

wZm^f2P:RSO�w]e:f2UXWZe'Tne:TÁRnTSO~fsWZz%e=UXlo�|O5jneTnm^loz{Od�kNFOGUslXO�Tnfgx�m^lsz%O�P:W]\^T�jne8Tnm�lsz%O2fXOAUsW]fgxyO�P'ebe'w�hAw]r^e:vnlXO2jke�NuW]e2Â � �¬� Ã ��jnm^Tkjne���m�jne:z%m^fªA±sO�l0w]O�Tnm^lsz%OqW]z��
m^TnW]e:Tnjnm�OAw]r^RnTnOqP'm^TnjkW]P'WZ\^T5jne-Tnm^loz{O�O��klsm^�nW]O�jSO
FA(φα) = 0.

Â � �Z� � Ã¢��km^lXOqRnfsO�TnjnmCe:w�UXlsRkP'm�jne-©£O�jne:e:t�e=¦§µDm^�
m²t
�£�
mdjne:z%m�fJe'foP'lsWZvnW]lKw|O2WZT�Use'r^lsO�w¥jke8UXlXO[��e'P:Usm^lsW]OP'm�z%m
∫ Dφ

V(norma)

e−S0 ≈
∫

Dφ
(

FA(φ) = 0
)

DbADcieS0−
R

bA

(

KiF A

)

ci

≈
∫

DφDBADbADcieS0−i
R

BAF A(φ)−
R

bA

(

KiF
A

)

ci

=

∫

DφDBADbADcieScla,
Â � �¬� $ Ã

jnm^Tkjne
Scla = S0 + S1 + S2, S1 = i

∫

BAF
A(φ), S2 =

∫

bA
(

KiF
A
)

ci,
Â � �¬� ( Ã

Tnm�Use'z�m^f } Rke2e'wF�ZTnjnW]P:e i e:foUiO{O�fsm�P'W]O�jnm�P'm^T�e'wuxyO�TVUiO�foz{O ci } Rne2e:fbRkTSO%P:m^lsloe'fs�
m^Tnjke'TnP:W|ORnTnm·O�RkTnm·P:m^T�wZm^f-�SO�lXOAz%�=UXlsm�f(jke%w]O�UslXO�Tkfox�m^loz{O�P:W]\^T�jne�Tnm^loz{O5e'T¨Â � �¬� Ã �F��w��ZTnjnW]P:e Ae'fgUiO�O�fsm�P'W]O�jnm5P'm�T´e:w�xyOAT�UXO�fsz%O
bA

��e'w�O�TVUXW¬xyO�TVUiO�foz{O
BA } Rne�e'f-RnTnO�P:m^lsloe'fs�
m^Tnjke'TnP:W|ORnTnm%O�RnTnm�P'm^T5w]OCP:m^TnjnWZP'WZ\^T�jne�ªA±sO�l0w]OCTkm^lsz%O5Â � �¬� � Ã �NFO%O�P:P'WZ\^T5P'm^z��nw]e=UiOqe:T�w]OqTnm^lsz%OqªA±sO�e'f?W]TVtAO�loW|O�TVUXe�vnO²±omCw|O2UXlsO�Tnfgx�m^lsz%O�P'WZ\^T5_J`badc

δBRSTφα = −iεciKiφα

Â � �¬� * Ã
δBRST bA = −εBA

Â � �¬� � Ã
δBRST c

i = −1

2
εcjckf i

jk

Â � �¬��� Ã
δBRSTBA = 0.

Â � �Z� � Ã��T e'foUXOMUXlXOATnfox�m^loz{OAP'W]\�T
ε
UXW]e:Tne } Rne~foe'l5RnTSO�tAO�loW|O�vnwZe�O�TVUsW]P'm�TnzqRkUXOAUXW¬t�Od�®NFOM�nloW]z�e'lsOUXlsO�Tnfgx�m^lsz%O�P'WZ\^T¨e:f�fs\^wZmMw|O´UslXO�Tkfox�m^loz{O�P:W]\^T«jne~Tnm^loz{O�m�lsW]r�W]TSO�w?fom^vnlse

φα

�J�
e'lomÁP'm^T e'w�SO�lsh�z�e:UXlom�jne-Tnm^loz{O�lse:z%�kw|O�Y'O�jnm��
m^l0e'w�xyO�TVUXO�fsz%O
ci
�Num^f�UX�:lsz�W]Tnm�f�e���UslXO�e'T~w]O{O�P:P'WZ\^T�fse�jke'v
e'T�O{wZm^fbxyO�TVUXO�fsz%O�f��·O{w|O�Tnm^loz{O%ª¯±sO{e'T~w]OW]TVUse'r^lsO�w¥jne�UslXO[�^e:P:UXm�lsW|O } Rne-�nRne:jne-fse:lQe:fsP:lsWZUXO�e'T5UX�'loz%WZTnm^fJjke�w|O2UXloTSO�fgx�m^lsz%O�P'WZ\^T5_J`badc

δBRST

(

bAF
A
)

= ε
[

BAF
a(φ) + bAc

iKiF
A(φ)

]

.
Â � � � � Ã



� �

��w�P'm^TnP:e'�kUsm�jne�w|O5fsWZz%e=UXls�]O�_J`badc�e'fGW]z���m�loUiOAT�Use���m�l(w]O�foW]r^RkW]e'TVUse�lsO�Y'\�T�� �KRSO�Tnjnm�W]Td¦UXlomdjkRnP'WZz%m^fKw]m^fJxyO�TVUXO�fsz%O�f?jnRSO�lsO�TVUXe-w|O2ª¯±sO�P'WZ\^T5jne-w|O�Tnm^loz{Oqjne-w]O�Use'm^lo�|Ok�de'fgUiO��VO%Tkm�e:fW]TVtAO�loW|O�TVUXeKvSO²±om(w|O8fsWZz%e=UXlo�|O8m^loW]r^WZTSO�w¡�¯NFO-fsW]z�e:Usls�]O8_J`badc«e:fpRkTSO(e���UXe'TkfsW]\�T{jne?w|O8foW]z�e:Usls�|Om^loW]r^WZTSO�w¡� } Rne(��e:lsz%O�Tne:P'e-W]TVUiOAP:UiOd�¢��nm�lXOCP'm^TnfoW]jne:lse:z%m^fQRnTSOC�
e } Rne��nO%tAO�lsW]O�P'WZ\^T�e'T�w|OCP'm^TnjkW]P'WZ\^T5jne-ªA±sO�l?w|O�Tnm^loz{O δF ���z�W]loe'z�m^fJe'fgUXe-P[OAzqvnW]m�e:T�w]OCO�z%�kw]WZUsRnj{x��ZfsW]P'Ok�
εδF 〈ψ|ψ′〉 = −i〈ψ|δBRST

(

bAδF
A
)

|ψ′〉
= 〈ψ|{QBRST , bAδF

A}|ψ′〉, Â � � � � Ãjnm^Tkjne
QBRST

e:fJw|O(P[O�lorVOGP:m^Tnfse:lotAO�jSOqP:m^lsloe'fo��m^TkjnW]e:T�Use�O2w]O(tAO�lsW]O�P'WZ\^T%_J`�a�c��kNFOqO�z��nwZW¬¦UXRkj{TnmGjne'v
ebtAO�loW|O�lpO�TVUXe?tAO�lsW]O�P'WZm^Tne:fpjke�w|OAfpP:m^TnjnWZP'WZm^Tne'fpjneQTnm^loz{O���jne�e:foUXmGfsebP'm^TnP:w]Rk��e} Rne
Q†

BRST = QBRST , QBRST |Ψ〉 = 0,
Â � � ��� Ãjnm^Tkjne |Ψ〉 e:f0RnT5e'fgUiO�jnm�x��ZfsW]fomn��e'TVUXm^TkP'e'f0Usmdjnm�fJw]m^f®e'fgUiO�jnm�fJx��]fsWZP'm^fKjne'v
e'T5fse:l0W]TVtAO�lsW]O�TVUXe:f_J`badc��Num } Rne{foW]r^Rke%e:f2Pi�ne:P[O�l } Rne%e'fgUiO�P'O�lsr^O·_J`badc e'fGP'm^Tkfse'lgtAO�jSOk�Dm·e } RkWZtAO�w]e:TVUXe'z�e'TVUse} Rne��:foUiO�P:m^TnzqRdUiO·P:m^TMe'w®P[O�z2vnW]m�e'TMe:wK�SO�z�W]w¬UXm^TkW|O�Tnm5OAT�Use�w|O5tAO�lsW]O�P'WZ\^T´jke{w|OAf2P'm�TnjnW¬¦P'WZm^Tne:f{jne�Tnm^loz{Ok�pNFO´P:m^Tnfoe'lotAO�P:W]\^T�jne·w]O�P'O�lsr^O�_J`badc e'f%e } RnW¬t�OAw]e'TVUse�O�O¯ªSlsz%O�l } RneT�Rne'fgUXlsO�foW]z�e:UXlo�|O{jke�Tkm^lsz%O�m^lsWZr^W]TnO�w/�
e'loz{OATne'P:e�WZTVUiO�P=UiOk�
�~Tnm } Rne'loe'z�m^f-P'm^z��nlsm�z%e=UXe'le'fgUiOCfsWZz%e=UXls�]O2e'T�w|OqUse'm^lo�|OqP'Rnh�TVUXW]P'O%OAw�P[O�z2vnW|O�lKT�Rke'foUslXO�fQP'm�TnjnW]P:W]m^Tke'f0jne�ªA±sO�l?w]OqTnm^lsz%O

0 =
[

QBRST , δH
]

=
[

QBRST , δBRST (bAF
A)

] Â � � � � Ã
=

[

QBRST , {QBRST , bAδF
A}

]

=
[

Q2
BRST , bAδF

A
]

.
Â � � � $ Ã��foUsm�jne'v
eqfse:l8P'WZe'lgUXm{�nO�lXO{P:RSO�w } RkW]e'lQP[OAzqvnW]m{O�lsvkWZUXlsO�lsWZm%e:T~w|O�P'm^TnjkW]P'WZ\^T·jke2Tnm^loz{O���foeP'm�TnP'wZRk�^e } Rne

Q2
BRST = 0,

Â � � � ( Ãe'fgUXm } RnWZe'loebjne:P'WZl } Rne8w]O(P'O�lsr^OG_J`badc jne:v�ebfse:lKTnWZw]�
m�UXe:T�Use?�SO�lXO } Rne�T�Rne:foUXlsO2jne:fsP'loW]�
P'WZ\^Tjne�w]O2UXe'm�ls�|OGP'RSh�TVUsW]P[O�foe[O�P'm^TkfsW]fgUXe:T�Use���adW��
m^lJe¶±oe'z��nw]m2�SO[��RnTSOCO�Tnm�z{O�wZ�|O-e'T�w|O2foW]z�e:Usls�|Ojne�Tnm�lsz%O�O5TkWZt^e:w¿P'Rnh�TVUXW]P:mn��e:foUXm�jSO�lsh�P'm^z�m�P'm�Tnfse:P'RSO�TkP'W|O } RneCe'w�m^�
e'lsO�jnm^l8_J`�a�c�foe[OTnm(TnW]wZ��mAUXe'TVUse0e'T{w]O8UXe'm�ls�|O�P:RSh�TVUXWZP[Ok����foUsmGWZz%�kw]W]P'O } RneQw|O8UXe:m^ls�]O-P:RSh�TVUXWZP[O(O�fs�Se:foUXO�vnw]e:P'WZjSOe'f?WZTnP'm^TkfsW]fgUXe:T�Use�ºSe:T�Usm^TnP:e'f?UXe'Tke'z�m^f } Rne�ªA±sO�l0RnTSO�foW]z�e:UXlo�|O2P:w|h�foW]P'O } Rke(Tkm�e:f?fsW]z�e:Usls�]OqOTnW¬t^e'wuP:RSh�TVUXWZP'mn�NFOCTkW]w]�
m�Use'TnP:W|OGjke(w]OqP[O�lorVO�_J`badc UXW]e:Tne�P'm�Tnfse:P'Rne:TnP'W]O�fQx�Rke'loUse'f:� �Km^TnfsWZjne'loe�e'wue:foUiOAjnm
Q|χ〉 �
e'fgUXe2e:foUXO�jnm�foe'lXh�OATnW } RnWZw|O�jnmC�
m^l Q foW |χ〉 e'fbRnT�e'fgUiO�jkm{x��]foW]P'mk�¥a�W]T·e:zqvSO�lor^mn�£e'fgUXee'fgUiO�jkm8e'fDm^loUsm^r^m^TnO�w�O?Usmdjnm�f/wZm^f/e:foUXO�jnm^fDx��]fsWZP'm^fFWZTnP'wZRk�^e:Tnjnm^foeK�'w�z�W]foz%m0�(e'TqP:m^Tnfoe'P'Rke'TnP:W|Oe'fgUXe�loe'�nloe'fse:TVUiO�RnT�e'fgUiO�jkm�T�Rkw]mn�dµ/m^lKw]mGUXO�TVUXmn�de'fgUXe�e'fgUiO�jkm�jne'v
e8fse:lJW]r�Tnm^lXOAjnm2P:RSO�Tnjnm�foejnWZfsP'RdUXe-w|O2Use'm^lo�|O�P'RShAT�UsW]P'Ok�S��m^f?e:foUXjkm^fbloe'w]O�P'WZm^TSO�jnm�fJ��m�l

|ψ′〉 = |ψ〉 +Q|χ〉 Â � � � * Ã



� $

UXWZe'Tne:T�e'w�z�W]fsz�m��nlomdjkRnP:Usm�WZT�Use'loTnm��~fsm^T�WZTnjnW]fgUXWZTnr^RnWZvnw]e:f'����fgUXe�e'f-RnT�lse:z{OATne'TVUXeCe:T´w]Ot^e:lsfoW]\^T�jne�w|OGTkm^lsz%O(ªA±sOGjne8w|O(fsWZz%e=UXls�]O(jke�Tnm^loz{OGm^lsWZr^W]TSOAw¡�V��w
e'fs�nO�P'WZm�jne 	QW]w]v
e'lgUKjke8w]m^fe'fgUiO�jkm^fKx��]foW]P:m^f®e:fJw|O(P'm^�km^z%m�w]m^r^�]O8jne8w]O(P'O�lsrVO2_J`�a�c
Q
�de'f®jne'P:W]l'��w]m�fKe'fgUiO�jkm^fKx��]foW]P:m^f®fom^Te'fgUiO�jkm^f?P'e'lolXO�jkm^f�_K`�adc z%\�jnRnwZmqe'fgUiO�jkm^fbe��kO�P:Usm^fQ_J`�a�c

Q| x��]foW]P'm 〉 = 0, | x��]fsWZP'm 〉 6= Q| O�wZr^m 〉, Â � � � � Ã
} Rne2jke§±sO�t^e'l } Rne2w]OCP:m^�nm^z�m^wZm^r^�|OqjkeGw]OCP'O�lsr^O%_J`badc Q

loe'�nloe'fse:TVUiO{fom^w|O�z�e'Tke:UXe-e:foUiOAjnm^fx��]foW]P:m^f0jne-RnTSOqUXe:m^ls�]Ok�
#%$o#%$ � �JBF6�4�6 ��� 
���I®6235>�Bu,¹9:IJIK9=6G35.?>H4�.�>u.0*��535451 I®<'1(>u. 1

� ,¹9:E .J,¿1 I®<'1(>u.2$
��wDm�v�±oe:UsWZt^m�jne:wFx�m�lsz%O�w]WZfsz�mq_JOAUXO�w]WZTd¦§©SlsO�j���W]Td¦³cp��RkUsW]T�Â _J©¹c Ã P'm�TnfsWZfoUXe-e:T·jne:fXO�lolsm^wZw|O�lRnT�z%�=UXm�jnmCfsWZfoUXe:z{h¯UXW]P:mCjne-P'm^TVt^e:lsfoW]\^T�jneGRkT�P:m^T¯±oRnTVUXm�r^e:Tne'lsO�wFjne-P'm^TnfgUXloW]P'P:W]m^Tke'f?e'T�RnTh�wZr^e'vnlsO�jnebP:m^TnfgUXlsWZP'P:W]m^Tne:f�jneb�klsW]z�e'lsO�P'w|OAfse��V�nO�lXO-e'fgUXm2RkTnm2O �SO�jneQRnT�T�¼kz%e:lsmGO��nlsm��nW|O�jkmjneCT�Rne:tAO�f-tAO�lsW]O�vnwZe'f-O�w�e:fs�SO�P:W]m�xyO�foe%m^loW]r^WZTSO�w ����fgUiO�f(T�Rne:tAO�f-tAO�lsW]O�vnw]e:f8UXWZe'Tne:T´foR´�nlom^�nW]Oe'fgUXloRnP:UsRnlXO�fsW]z��nwZ�'P:UsW]P'Ok�¿��foUse�x�m^loz{OAw]W]foz%m�Tnm^f��nlsm���m^loP'WZm^TSO�RnT��nlsm�P'e:jnW]z�W]e:T�Usm~�SO�lsO�w]OP'm�T�t�e'lofsW]\�T~jneqP'm�TnfoUslsW]P:P'WZm^Tne'fbjneqfoe'r^RnTkjSO�P'w]O�fse2O{�nlsWZz%e:lXOCP'w]O�fseGe'T~RnT�e:fs�SOAP'W]m%xyO�fseqe���¦UXe:TnjnWZjnmn����RnT��nlomdP:e'jnWZz%WZe'TVUXm%�SO�lXO�z�m�jnWZªSP'O�lQP'RSO�w } RnW]e:l�m^vnfoe'lgt�OAvnw]eA��W]TnP:w]RnWZjSO%P:RSO�w } RkW]e'lP'm�TnfoUslsW]P:P'WZ\^T�jke(�klsW]z�e'lsO�P'w|OAfse-�nlse=t�W|Ok�Sjne-UiOAw�x�m^lsz%O } RkeG�
mdjke'z�m^f?P'm^TnfgUXloRnW]l?RnT�h�w]r�e'vnlsOjneqTkm^lsz%O{e:x�e:P:UsWZtAO{jneq�klsW]z�e'lsO{P'w]O�fseA�
�·RnTSO�OAP'P'WZ\^T~e:x�e:P:UsWZtAO{P'm�TnfsWZfoUXe:TVUXe�P'm�T~e'w¹�klsm�P'e'j�¦W]z�W]e:TVUXm�jkeJP'm^TVt�e'lsfoW]\^TCP:m^z%�kw]e:Usmn�¯��foUXe0z��:Usmdjkm�e'fgUiO8vSOAfXO�jnm�e:T�w|ObUse'm^lo�|OQjneJ�
e'loUsRnlsvnO�P'WZ\^T�nm^z�m^wZ\^r^W]P'O%�~e:f(e:T´e:foUse{O�fo��e:P:Usm�zqRd�~fsWZz%WZw|O�l�O5w]O�P'm^TnfgUXloRnP'P:W]\^T�WZUse'lXO¯UXWZtAO�jneCw]O�P[O�lorVO_J`badc¤jnO�jSO�e'T�RnT�h�w]r^e:vnlXO�jne-Tnm�lsz%Ok�adRn�
m^TnrVOAz%m^f } RkeqUXe'Tke'z�m^f8RnT~P:m^T¯±oRnTVUXm5jne2P'm^TnfgUXloW]P'P:W]m^Tke'f�jnm^Tkjne�O�wZr^RnTSO�fbP'm^TkfoUXloW]P ¦P'WZm^Tne:fQfom^T�jne-fse'r�RnTnjSOCP'w]O�fse

χα

{χα, χβ} = Cαβ,
Â � � � � Ã

�ÁOAw]r^RnTnO�fqfsm�T�jke��nlsWZz%e:lXO�P'w]O�fse
φm

e:T�e:wJe'fo�SO�P:W]m~xyO�fse�jke:ªSTnWZjnm~�
m^l�w|O�f2P'm�m^lsjne:TSO�jSOAf
zi P:m^TÁw|O5x�m^lsz%O5fsW]z��nwZ�'P:UsW]P'O�e'fgUih�TkjSO�l σij �D¢��km^lXO�O �SO�jnWZe'Tnjnm·T�Rke:tAO�f2tAO�loW|O�vnwZe'f ξα P:m^Te'fgUXloRnP:UsRnlXOÁfsWZz%�kw]�'P=UXWZP[O

ωαβ O�wbe'fs�nO�P'WZmMxyO�fse�m�lsW]r�W]TSO�w ��NFOMW]jne'O�e'f�P:m^TnfoUslsRnWZl{RnT T�Rne=t^mP'm�T¯±oRnTVUXm�jne-P'm^TkfoUXloW]P:P'W]m�Tne'f
χ̃α

} Rne-fsOAUXWZfoxyO�rVOAT�e:wFh�w]r�e'vnlsO
{χ̃α, χ̃β} = 0.

Â � � �A� Ã
µ¹OAlXO-lse'fom^wZt�e'l

χ̃α

foeb�nlom^�
m^Tne0RnTSO-fsm�w]RnP:W]\^TCe'T%fse:lsW]e?jne?�
m�UXe:TnP'W]O�f�jne?w|O�f�T�Rne=tAO�fptAO�loW|O�vkw]e'f
χ̃α(z, ξ) =

∑

n

X(n)
α ,

Â � � � � Ã



� (

jnm^Tkjne�e'w�Us�'lsz�W]Tkm
n = 0

P'm�W]TnP:W]jne8P:m^T5w|OqP:m^TnfoUslsWZP'P'WZ\^T�m^loW]r^WZTSO�w
χα

�
X

(n)
α

e'f0RnT�Us�'lsz�W]Tkm�nlom^��m�lsP'WZm^TSO�wDO
ξn e'T�w]O%e��d�SOATnfsWZ\^T�jneqw]O�foe'loW]e��¥NFO%fsm�w]RnP:W]\^T��£fsO�wZt�m�RnTSO%UslXO�Tkfox�m^loz{O�P:W]\^TP[OATn\^TnWZP[O�e'T�e'wue:fs�SO�P:W]m�xyO�foe(e���UXe'TkjnW]jnm�e'f

X(0)
α = χα, X(1)

α = Xαβξ
β, Xαγω

γδXβδ = −Cαβ(z),
Â � � � � Ã

���SOAlXO�w]m^f0foW]r^RkW]e'TVUse'f0UX�:lsz�W]Tnm^f
n ≥ 2

e:T�w]O�fse'loW]e-jne-�
m�UXe:TnP'W]O�f
X(n+1)

α = − 1

n + 2
ξβωβγX

γδX
(n)
δα ,

Â � � �V� Ã
jnm^Tkjne

X
(1)
αβ = {χ[α, X

(1)
β] },

Â � � � � Ã
X

(n)
αβ =

n
∑

m=0

{X (n−m)
α , X

(m)
β } +

n−2
∑

m=0

{X (n−m)
α , X

(m+2)
β }ξ,

Â � � � $ Ã
jnm^Tkjne8e'w¥�nlsWZz%e:lpUs�'lsz�W]Tkm2jne�Â � � � $ Ã e:foUiOqe=tAO�w]RSOAjnmqRnfsO�Tnjnm�fo\^w]mqw]O�f®tAO�loW|O�vkw]e'f®jne'w�e'fo�SO�P'WZmxyO�foe(m�lsW]r�W]TSO�w£��e:wufse'r�RnTnjnm�RnfXOCfs\�w]mCw|O�f0T�Rne=tAO�fQtAO�loW|O�vkw]e'f:�NFOGz�W]fsz%O�W]jne'O-UXO�zqvnWZ�'TCUXlsO�vSO²±sO-�SO�lsOGP'RnO�w } RnWZe'l�x�RnTnP:W]\^T�e���UXe:TnjnWZjSO f(z)

jnebw]O�f�t�OAlsW¬¦O�vnwZe'f®m^lsr^WZTSO�wZe'f
z
O2RnTSOqT�Rne=tAO2x�RnTnP'WZ\^T

f̃(z, ξ)
P'm^z�m2RnTnOqfsm^wZRnP'WZ\^T{e:T�fse:lsW]e�jne��
m�UXe:TnP'W]O�fjne-w|OAf0T�Rke:tAO�f?t�OAlsW|OAvnw]e:f

ξ
�S��fgUiOCfse'loW]e-jne:v�e-fXO¯UXW]fgxyO�P'e:l0w|O�P'm�TnjnW]P:W]\^T
{χ̃α, f̃} = 0, f̃ =

∑

n

F (n),
Â � � � ( Ã

jnm^Tkjne
F 0 = f̃(z, 0) = f(z)

�
F (n) e:fbe:w�UX�'loz%WZTnm��nlom^��m�lsP'WZm^TSO�w¥O ξn �SNFOCfom^w]RkP'W]\�T�e:f

F (n+1) = − 1

n + 1
ξβωβγX

γδF
(n)
δ ,

Â � � � * Ã
jnm^Tkjne

F (0)
α = {χα, f(z)}, Â � � � � Ã

F (1)
α = {X (1)

α , f(z)} + {X (2)
α , F (1)}ξ,

Â � � � � Ã
F (n)

α =
n

∑

m=0

{X (n−m)
α , Fm} +

n−2
∑

m=0

{X (n−m)
α , F (m+2)}ξ + {X (n+1)

α , F (1)}ξ.
Â � � �^� Ã

��T2�SOAloUXWZP'Rnw]O�l'�'��m�jne'z�m^fFe���Use'Tnjne:l¹w]O�fFP'm^TnfgUXloW]P'P:W]m^Tke'fDjne®�klsW]z�e'lsO0P'w|OAfse�m^lsWZr^W]TnO�w]e:f
φm

OQRnTT�Rne:t�m�P'm^T²±oRnTVUXmqjne�P'm^TnfgUXloW]P'P:W]m^Tke'f
φ̃m

jnebUXO�wSx�m^lsz%O } RneQUXm�jSO�fKw]O�fpP'm^TnfgUXloW]P'P:W]m^Tke'fKT�Rne=tAO�fP'WZe'lolse'TCe:T�RkTCh�w]r^e:vnlXO8jke0Tnm^lsz%O�T�Rne=t�O�e:T�e:wne'fo�SO�P:W]m�xyO�fse0e���UXe'TkjnW]jnmk�V��T�wZm^f¹P'h�w]P:Rnw]m�f } Rne�SO�loe'z�m^fp�SO�lXO(w|O-fsRn�
e'loP'Rne:lsjSOCÀ(a�fo\^w]m(fse:lXh2Tke'P'e:fXO�loW]m(UXlXOATnfox�m^loz{OAlpw]O�fpP'm^TnfgUXloW]P'P:W]m^Tke'fpjnefse:r^RnTnjnO�P:w|O�foe(�nO�foUXOCUs�'lsz�W]Tkm^fJjne-fse:r^RnTnjkm%m^lojne'T�e'T�w|OAf0T�Rke:tAO�f?t�OAlsW|OAvnw]e:f'�



� *

µ¹O�lsO��SOAP'e'l�P'm�TnfsWZfoUXe:TVUXe'z�e'TVUse�e'w-hAw]r^e:vnlXO�jne��nlsWZz%e:lXOÁP'w]O�fse�e:x�e:P:UsWZtAOk�0e'f�Tne:P'e'fsO�lsWZmUXlsO�Tnfgx�m^lsz%O�l�w|O�f%P'm^TnfgUXloW]P'P:W]m^Tke'f{jke��nlsWZz%e:lXO�P'w]O�fse�m�lsW]r�W]TSO�wZe'fCO�RkT T�Rke:t^m�P:m^T¯±oRnTVUXm�jneP'm�TnfoUslsW]P:P'WZm^Tne'f�jne��nlsWZz%e:lXO�P'w]O�fse5e'T«e'w?e'fo�SO�P'WZm´xyO�foe�e���UXe'TkjnW]jnmk�®�be�UiOAw?x�m�lsz%O } Rne�w|O�fT�Rne:tAO�fQP'm�TnfoUslsW]P:P'WZm^Tne'f
φ̃m

fse[OAT·P'm�z%�SO¯UXW]vkw]e'f0P:m^T�w|O�f?P'm�TnfoUslsW]P:P'WZm^Tne'f?m^vdUXe'TkW]jSO�fQO�TVUse'lsWZm^lg¦z�e'TVUXe
χ̃
� �Km^z�m�fse��nWZY'm�P:m^TÁw|OAf2P'm�TnfoUslsW]P:P'WZm^Tne'f2jne�fse:r^RnTnjSO�P:w|O�foe

χα
�nO�lXO·�nO�fXO�low|O�f2O�nloW]z�e'lXOqP:w|O�foe

χ̃
�n�nlsm���m^Tke'z�m^f0RnTSOCfsm^wZRnP'WZ\^T�jne

φ̃
e'T�fse'loW]e�jne-�
m�UXe:TnP'W]O�f

φ̃m(z, ξ) =
∑

n

Y (n)
m

Â � � $V� Ã
jnm^Tkjne

Y (0)
m = φm, Y (1)

m = Ymnξ
n, etc,

Â � �%$n� Ã
fsm�T�w]O�f¿P:m^lsloe'P'P:W]m^Tke'fpO8m^lsjke'TCP'e:lsmn�VO��nloW]z�e'l/m^lsjne:T���O�fo�nfsRnP:e'foWZtAO�z�e'TVUXeA��NDO8P:m^TnfgUXlsRkP'P'WZ\^Tjne�e:foUXO�fqT�Rne:tAO�f2P'm^TnfgUXloW]P'P:W]m^Tke'fqfoe�fsWZr^Rne{WZr^RSO�w } Rne�e:wKe:w®P'O�fsm~jne{w|O�f(P'm^TkfoUXloW]P:P'W]m�Tne'fGjnefse:r^RnTnjnOQP:w|O�foe���P'm�TGw]O?jkWZx�e'loe'TnP:W|O } Rne®O��nm^lsO0jne'v
e�fXOAUsW]foxyOAP'e'lFw]O�f�fsWZr^RnWZe'TVUXe:fDjkm^fFP'm^TnjkW]P'WZm^Tne:f

{φ̃m, φ̃n} = 0, {φ̃m, χ̃α} = 0,
Â � �%$ � Ã

\��nlom^��m�lsP'WZm^TSO�wDO�P:m^TnfoUslsWZP'P'WZm^Tne:f'���beqUiO�wDx�m^lsz%O } RneqUsmdjSOAf8w|O�fbP'm^TkfoUXloW]P:P'W]m�Tne'f�m^loW]r^WZTSO�wZe'fÂ
φm, χα Ã jne%�nlsWZz%e:lXO���fse'r�RnTnjSO·P:w|O�foe��Ffse%UXlXOATnfox�m^loz{OAT�O�RnTMP'm�T¯±oRnTVUXm�jke{T�Rne:tAO�fGP'm^T�¦foUslsWZP'P'WZm^Tne:fJjne��nloW]z�e'lXOGP'w|OAfseCÂ

φ̃m, χ̃α Ã � } Rke(P:W]e:lslXOAT�e'T�RnT�h�wZr^e'vnlsO2jne�Tnm�lsz%O2e:x�e:P:UXW¬tAOqe'TRnT�e'fo�SO�P'WZm�xyO�fse-e���Use'TnjnWZjnmn�
�bTCP'm�lsm^w]O�lsWZm�W]TVUse'lse:fXO�TVUseQjke'wkx�m^loz{OAw]W]foz%mQ_J©/c�e:f } RkeQRkTnm��nRne:jne?lse'P:Rn�
e'lXOAl�e'wn�SOAls�'T�¦UXe:fsWZfQjkeG�bW]lXOAP�m^lsWZr^W]TSOAw�RnfsO�Tnjnm

{Ã, B̃}
∣

∣

ξ=0
= {A,B}D,

Â � � $ � Ã
�SO�lsOQP:RSO�w } RkW]e'lsOQjkm^f/x�RnTkP'W]m�Tne'f A � B e'TGe'w�e'fo�SO�P:W]mbxyOAfsepm^lsWZr^W]TSOAw¡� } Rnepfse®�nRne:jne'Tqe���UXe'Tkjne'lO
Ã
�
B̃
�nNum�P'RSOAw���e:lsz�WZUse�e'TVUse'jne:lQw]O2lse:w|O�P:W]\^T } Rke��SO[��e'TVUslse-e'w�h�w]r^e:vnlXOGe'T5e'fgUXe�e'fo�SO�P:W]mxyO�foe{e���Use'TnjnWZjnm���e'w®�SO�ls�:TVUXe'foW]fqjke���WZlXO�P%P'm^TnfgUXloRnW]jnm�O·�SO�lgUXW]l-jne{w|O�f(P'm^TkfoUXloW]P:P'W]m�Tne'fGjnefse:r^RnTnjnO�P:w|O�foe(m�lsW]r�W]TSO�wZe'f:�

�bTSO5O��kw]W]P'O�P'WZ\^T·jke'w/x�m�lsz%O�w]WZfsz�m{_J©/c�O�w]O{fsRk��e:lsP'Rke'lsjnO·À(a·fse��SOAlXh�e'T�RnT�P'O��n�ZUsRnw]m�
m^foUse'lsWZm^l'�
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(θγµ∂θ)
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xµ(y)xν(z) → −2ηµν ln(y − z), pα(y)θβ(z) → δβ
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(y − z)
,
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(y − z)
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αβ∂θ
β(z),

} � C����

!$3��,!$#
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δθα = εα, δxµ =
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∫
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aḃ

#/�c#/%,d�.*�$+S3G;$zc}���� 
�% ��(2�/�$��% #�(
(��u��� (M1����/#��

σj
aċσ
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} � C©�����
#/(M��#Q��#��$(*3�.c����#/�$#Q�/��.*d��"�/#�����.��8%

+22

lb+$�,#/!$#�#/(6�/.*��^$� .6(*#�#/���$���x�$3��N�8�/� ����pg�$#Q��#��$d��

� ��H8��.6�'���$���'�O!,#<��3�.6#/�����R5J���$�LK�#/(M�N�>�/3�5&3

Tλ =
1

10
NµνN

µν − 1

8
J2 − ∂J,
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A

�,�0���gH8��.6�'�����*#
(*�,+-#�.*(*��5JYa��.6� �/3&#/(F+-#�!$� .|pg�$#

Y = λαλβλγfαβγ
(*�8����(61���d��&% �&��3��$(6�*.*���/�/�����

QY = 0
�/�$���]h

!$30% 3�(c#/(M�N��!,3�(7#\[]�*#/.6�$3�(7#�(6��i��~#���%'�=���8+��0!$#	57�8(��,CErs!$#�57i8(
P%'�"� ��H8��.*� ���$���'�T!$#	�$3�.Mh
5J���5J+,% � �/�Zpg�$# 〈Y 〉 (*#x#/%�� 5&� ���0�/�����,!$3

Y = QΩ
CWDl[]� (M��#"+$.*#��/��(���5&#/����#x�$� #/(6����!$3

(λγµθ)(λγνθ)(λγρθ)(θγµνρθ)
#/�y% �Z�/3�¨,3�5J3�% 3�d�� �=!$#

Q
��3��y5J3�5J#��g�*3 �/#�.*3 bw� �,5J#�.*3

1������N�8(*5J�>�*.*#�(
�!$#j�N�8%A143�.*5J�qpg�$#G(*��¨�����#/5&3�(|%'�q#\[,+S3����,(*� ����#��	(6#/.6� #R!$#
f

fαβγ(θ) = Aαβγ + θδBαβγδ + ...+ (γµθ)α(γνθ)β(γρθ)γ(θγµνρθ)F + ...,
} � C � �I�

!$#j�N�8%A143�.*5J�qpg�$#G#/(*��3�d�#�5J3�(|% �q(*� d��$� #��g�*#j!$#�K$�$� ��� ���
〈λαλβλγfαβγ(zr, kr, ηr, θ)〉 ≡ F (zr, kr, ηr).

} � C � ���
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#/(M�Ni���#/��%'�>�/��+��>!$#R57�8(���
$!,#/^$��!$3&�&pg�$#

(γµθ)α(γνθ)β(γρθ)γ(θγµνρθ)
} � C � � �

�$3J+$�$#/!,#O(*#�.B#�(*�/.6���*3J��3�5J3&%'�>H8��.*� ���/�����Q!$#O�,���J�/������� !$��!	pg�$#<(*#/�:���$��p?�,� %'�8!��q+-3�.
Q

C �

%'�q!,#�K��$���/�����Q#/(W� ��H8��.*� ������#X!$#R�$3�.*5J�q!���!$3&pg�$#

(λγµθ)(λγνθ)(λγρθ)(θγµνρθ) 6= QΩ
} � C � � �

+���.*�>�/����%�pg�$� #�.
Ω(x, θ)

C � #/���/3��$(*#��/�$#��$�/� �J�$�$3c+$�,#/!$#G#/%�#/d���.@%'�>(*��d��$��#/����#j�$3�.*5J�

〈(λγµθ)(λγνθ)(λγρθ)(θγµνρθ)〉 ≡ 1.
} � C � ���

�l�8.��q%'�G!$� (6+-#�.*(6� ���)�O�*.*#�(@+$�$����3�(
A = 〈λαA1

α(z1λ
βA2

β(z2)λ
γA3

γ(z3)〉
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!$#J!$� (6+-#�.*(*����� ���$��H�#/%_i�.*^S3�%P�/3�� �$��� !$#��Z�/3��Z% 3�(<.6#/(*�,%��N�8!$3�(O#�%_% ��(6�$+S#/.*���$#/.6!��=UWVX;w� ��� �
b"%'�8(<�85J+$%����*�$!$#/(j!,#J% ���/3)14�$#�.*3��0!$#�K��,� !���(jb"�$(*��!���(<+���.*��+$.63�^���.R��� #/.M��3�(j�*#/3�.6#/5J��(R!$#
�$38h .*#��$3�.*5J��%�� ���8�/� ���7+���.*�q��Y/.65J���$3�(@!,#G^$�on*�&#��$#/.6d��'�>#��	% �>���/��� ���Q#�14#����*��H8�Q� � � � C

DE%@143�.*5J��% ��(*5&3k(6#	¨��=�$(*��!$3x+���.*�"��3��$(M��.*�,� .c5J3?!$#�% 3�(q(6� d�5J�T#/�143��$!,3�(c�/�$.MH�3�(&pg�$#
(*#	+$�$#�!���������������������.�C����Z�8�/�/�����~+$��.��x�$�~143��$!,3Z!$#	(*�$+S#/.6d�.���H�#�!���!`§u(*�$+S#/. h��_���$duh �	��% % (
d�#��$#/.*��%$14�$#W#/(6�*�$!$� ��!��j#/�k� � �o� �G�,��H�#�%`�/%'i8(*� ��3Xbc(*�&� ��H8��.*� ���$���'�X�/3��,143�.*5&#|�R�$��H�#/%��/�$i������ ��3



� �

14�$#jH�#�.*�LK�����!$�J#/�Z� � � � C��`3��$!$3�(|�/3��	t��un63�(FUW��5&3��$!]hvUF�85J3��,!)+$�$#/!,#/�k(6#/.W�/3��,(6��.6�$� !,3�(|#/�
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!$#�%f#/(6+$� �$3�.�+$�$.63 
,bJ(*#j¨��q����H�#/(M����d���!$3q#�%f�/3�5J+S3�.6����5&� #/���*3<!$#�%f#/(6+$� �,3�.@+$�$.63>#/� �>=R�	
 � 
 �
� ���8� 
2� � � � 
2� � � � C �B#�����.*3Q!$#O#/(6����(j� ��H�#/(6�*� d��8�/� 3��$#/(X(6#>¨��7#��$�/3����*.���!$3Qpg�$#>#�%l#/(6+$� �,3�.X+$�$.63
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+-,.,0/1/32547698;:=<?>A@CBEDF@3GH@36JIK,ML.N7GO@36P,0QSRT,0BAUVIW>AQ5NYX[ZE@;@1GHIW,YIW@1GF25GOGH@CBE>A@3ZA@;@3GH/3DH2]\A25D^ZA@Q_,`GH2]a7>E2]@36JIF@cbdN0DFL.,
S[xµ, θA, gij] =

1

2

∫

[√−ggijΠµ
i Πjµ + 2εijΠµ

i (W 1
jµ −W 2

jµ) − 2εijW 1µ
i W 2

jµ

]

d2ζ, e �gf5�ih
ZAN76EZA@

WAµ
i = iθAγµ∂iθ

A, Πµ
i = ∂ix

µ −
∑

A

WAµ
i . e �gf X h

+-,0G`/1N76AGHIFDF25/3/325N76A@1G`\jN0GF476A25/k,0GCZA@=Q],�IW@1N7DFU],�GF@$N0\EIW25@36A@16lZA@mbdN7DHLm,�>AGF>n,MQo2]LYB
N76A2]@16AZAN�,/3@1DFNp@3QqIF@36AGHN7DCZE@Y@16A@3DHa7U_,irsLYN7L.@16JIWN fjt N7L.,06AZENpQ],$6AN7DFL.,$/3N76�bdN7DFLY@0u�Q],$Q_,0a7DF,06Aa72],06n,YZA@BADH2]LY@3DTN7DHZA@36�,0GHN�/12_,0Zn,v@1G
L = ẋµpµ + θ̇A

α p
A
α −Hc − λA

αd
A
α , e �gfxwJhZAN76EZA@c@3Q�LYN7L.@16JIWN[,0GHN�/12_,0ZAN[@1G

pµ = Π0µ − (W 1
1µ −W 2

1µ), e �gfzy?h
{

d1
α = p1

α − i(θ1γµ)α

(

pµ − x′µ +W 1
1µ

)

, e �gf|�7h
d2

α = p2
α − i(θ2γµ)α

(

pµ + x′µ −W 2
1µ

)

, e �gfx}JhGFN069Q_,0G~/3N76EGHIWDH2]/1/32]N06A@3GObd@3DFLY2]406A2]/3,0G�N7\EIW@16A2]ZA,0G~ZE2]DF@1/1IW,0L.@16JIW@�ZE@`Q_,Y,0/3/12]476PZA@�BADH2]LY@3DON7D�rZA@16 f�� Q��n,0LY2]Q5IFN76A2],06AN�/3,06A476E2]/3N[@1G
Hc =

1

2

[(

pµ +W 1
1µ −W 2

1µ

)2

+
(

x′µ −
∑

A

WA
1µ

)2]

=
1

2

(

Π2
0 + Π2

1

)

, e �gf|�7h
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Π0µ � 25@36A@ ZA@ e ��f X h { Π1µ � 2]@16A@ ZE@ e ��fzyJh f +-,0G�/1N76AG�IWDF25/3/12]N76A@1G�\
N7GH476A2]/3,0G <?>A@GW, IW2]G�b ,0/3@16�@1Q��0Q]a0@3\ADF,`ZA@�� 2]DF,0GFN0DFNvGFN06
H =

1

2

(

Π2
0 + Π2

1

)

, H1 = Πµ
0Π1µ, e �gf��Jh

IWN0Lm,06EZANv@36p/3>A@16JIK,[<g>E@;GH@cBA>A@3ZE@cbdN0DFL.,0DT>A6 /3>A,0ZADW,MZAN[Bj@1DHbd@3/ IWNYZA@ Q_,MG^/k,06JIW25Zn,0ZA@1G H {
H1

u Q_,0Go/3N76AG�IWDH2]/3/12]N76E@3G�\jN0GF476A25/k,0G^GH@CBE>A@3ZA@16P@1GF/3DH2]\A25D^ZA@cQ_,�bdN7DHLm,`GH2]a7>E2]@36JIF@0u
T̂ = H + H1 =

1

2
Π̂2, e �gf��Jh

T = H−H1 =
1

2
Π2, e ��fV�	�Jh

ZAN76EZA@cQ_,0G � ,0DH2_,0\AQ5@3G Π
@1GHI
�M6�Zn,MZn,0G�BjN0D

Πµ = pµ − x′µ + 2W 1
1µ, e ��fV�7�ih

Π̂µ = pµ + x′µ − 2W 2
1µ. e ��fV� X h

� @9IK,MQObdN7DHLm, <?>A@9@3Q��0Q]a0@3\ADF, ZA@9/1N76AG�IWDF25/3/12]N76A@1G=GF@PZA2 � 2]ZE@P@36 ZEN7G=GF@1/1IFN7DF@1G$GF>AB
@3D rGF25L� IWDH2]/3N0G
{d1α, d1β} = 2iγµ

αβΠµ, {d2α, d2β} = 2iγµ
αβΠ̂µ e ��fV� wJh

{d1α, d2β} = 0, {d1α, Π̂µ} = 0, {d2α,Πµ} = 0, {Πµ, Π̂µ} = 0.e ��f5�3y?h
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8 �9$1" */��� #0:�����*(�
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N :?> e �Jh f � Q DH@3GH>AQ5IW,0ZAN9@1G`<?>A@=Q_,MGC/1N76AGHIFDF25/3/325N76A@1G

dA
a = 0

u e Π+ 6= 0
h GFN769/1N76AG�IWDF25/3/12]N76A@1G ZA@;GF@1a7>A6AZA,=/3Q_,MGF@0u�LY2]@16?IFDW,0G�<?>A@`@1Q-DF@3G�IWN

dA
ȧ = 0

u
T = 0

u
T̂ = 0
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dȧ = 0 { T = 0
/3N069@3Q Ln6 ZA@`<?>A@vGH@k,06 /1N76AGF25GHIF@36JIW@1G /3N76 Q],0G 6?>A@ � ,MG /3N76AG�IWDH2]/3/12]N76E@3G d̃a

fRoN76AGH2]ZA@1DF@1L.N7G�@1Q�/k,0GHN.ZA@
dȧ
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ḃ[a
γi

c]ȧθ
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(
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ΠiΠi

4Π+
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2Π+
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(
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2(θ′γiS)(γiS)ȧ
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 , �HN7DF,06n, r�� @ { Q @16lQ_,0G � ,0DH2_,0\AQ5@3G ξ u { ,<?>A@m@1GHIW,0G`N7DH2]a7256n,0Q]LY@36JIF@v,0Q �n,0/3@1D�Q],pDH@3ZA@'Ln6A2]/12]476 e ��fzw7}Jh @3G�IK,0G � ,0DF2],0\AQ]@1GcGF47Q5N�IW25@36A@16 Q],/3N0L.B
N76A@16?IF@v<?>A2]DF,0Q ZA@1Qqa7DH>ABjNp:?> e �Jh uj@36JIWN06A/3@1GCBn,MDW,=2]6EGF@3D�IK,0D @3GHIW,0G � ,0DF2],0\AQ]@1G @16 Q],=,0/ r/325476 2]6JIW@1DW,0/ IW>n, IW@ e �gfxwJ�0h /3N7LYN ΘA

α = θA
α − ξA

α

>A6AN IW25@36A@v<?>A@[�n,0/1@3DcQ_,mIFDW,06EGHbdN7DHLm,0/12]4762]6 � @3DFGF,Eu { BA,0GW,0D ZA@^Q_, Bn,MDHIW@o<g>E2]DW,MQ ξa { ,06JIF2]<?>A2]DF,0Q ξȧ ZE@3Qna7DH>ABjN;:?> e �Jh , Q5N7Gq@3GHBA2]6EN7DF@1G ZA@
 , �HN0DW,06n,ir�� @ { Q ξA
α

ZA@1LA6A2]ZAN0GT/3N7LYNv@3GHBA2]6EN7DF@1G^@36 >A6 a7DF>EBjNY:<> e � u � h /3N76 GH>ABj@1DFGH2]LY@1IWDHU_,0G
A = 1, 2 { α = 1, 2, ..,16

/3N7LYBjN06A@36JIW@1G~DH@k,0Q5@3G f
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,6G<5�E9>DG�NsrutBv�` ����d l)+*z,6.K02,�3p5�798�02;9=:>�,�@B79=?T?5�3p5eG<,6HO>D.%3/>DHI>�79G1>B3/,6E9,/*�N]X�795�G25�T?HO79=?,/HI,/*q0L5�G�EFT?3LZf5�.o02G<5�*9.��xy>DG1H~5�3/T?>D*F,6.sE9,W.1T?HOT?={5eG<T?E95�E�l)+=�HI��02>UE9>�E9,aN]X�7f5�G25I79G<>D�95�G�={5I,6��;9T:Re5�=:,6*93/T{5~,/*q02G<,�=?5~36;95�*q02T?�65�36T:|D*YNsrutBv&E9,a=?5.<;F7C,/G<36;F,6G<E95�}gtM,/*�=?5a*9>DG<HI5�E9,6=%.1,6HOT���36>D*9>4E9,W=:;9��VM={5a3/;f5�*q02T:�p5�3/T?|D*�NsrutBv�;F.25�*9EF>~,6=xy>DG1H~5�=:T?.1HI>ME9,/=P,6.179T?*F>DGz79;FG<>Y7f5�G<5'={5�.<;97
,6G136;9,/G<Ef5Y,/.�E9T?G1,63/0<>_;9.<5�*9E9>Y=?5�.k0<G25�*9.Kxy>DG<HI5��36T:>D*9,/.�E9,u.<T:HIT:={5�G1T?Ef5�E�l���,/.25exy>�G102;F*f5�Ef5�HO,6*q0<,�,6.K02,uHI��02>UE9>k*F>a5�3/={5�G<5gHa;F3LZ9>z=?5g3/>D*9.10<G<;93A�36T:|D*ME9,g={5�.]*�;9,�R�5e.u3/>D*9.10<G<T:3636T:>D*9,/.���;9,g36T:,6G1G25�*M,6*�;9*���=?iD,/�9G25�E9,W79G1T?HO,6G<543/={5�.1,��9V$3/>DHO>5�7f5�GK02T?G]EF,g,/=?=?5�.s.<,W79;F,6E9,/*'G<,/={5�3/T?>D*95�Gs=?>�.]E9>D.�HI��02>UE9>D.�NsrutBvJl
�I 6¡g  ¢j£�¤g¥M¦%§e¨W£�© ¤gªP«�¨z¥$¬�¦®$¬°¯O«6© «�±6¤J£²«6M¤g³ 

´µ5�GK02T:,6*9E9>¶E9,j={5�5�363/T?|D*�}gt�3/>D*�=?5�.M36>D*9.K02G1T?363/T?>D*F,6.�36>D*qRD,/G10<T?Ef5�.'5·7FG<T?HO,6G<5�36={5e.<,����;9,6E95�*'3/>DHI>aRUT:HI>D.J¸S¹�3/>D*9.K02G<T:363/T?>D*9,/.�7C>DG].1,63�02>DG���;9,g.<>D*
d̃a = da + i

√
2Π+Sa,

[\ºBl:¸�^
d̃ȧ = dȧ + i

√

2

Π+
Πi(γiS)ȧ +

2

Π+
(γiS)ȧ(Sγ

iθ′),
[\ºBl»bD^

T̃ =
1

4

ΠµΠµ

Π+
,

[\ºBl � ^
´µ5eG25I=?5�*9>�0L5e36T?|�*�G1,/xy,/G<T?HO>D.�5�=%365�798:0<;9=?>O5�*q0<,6G<T:>DG6l�¼�*'79;F*�0<>~��;9,g,6.u*9>�0L5e�9=?,JE9,/=o79G<>U36,/.<>E9,]3/>D*qRD,6G1.<T:|D*ONs½µv·,6.+��;9,],6=9��=?iD,/�9G25uE9,]79G<T:HI,/G25�3/={5�.1,s,/xy,/3/0<T:Re5�,6.�Ha;FVk.<T:HI7F=?,���E9,]Z9,/3LZ9>



º��
,6=��9*9T:36>k7f5�G<�/*q02,6.1T?.sEF,�´²>�T?.<.1>D*�E9T:.10<T?*q02>kE9,�3/,6G<>z,6.

d̃ȧ

36>D*
d̃ḃ

�U;F,�G<,/.<;9=�0L5z7FG<>D7
>DG<3/T?>D*95�=�5
T̃
l�)+.102>I7C,/G<HOT:0<,J�U;F,z={5�3/;f5�*q02T:�p5�3/|D*'E9,g,6.K0L5�02,/>DG<8?5O.1,p5IG1,6=?5e02T�R�5eHI,/*�0<,�.<T:HI7F=?,�l9´�G1T?HO,6G1>Zf5�3/,6HO>D.�;9*95$0<G25�*F.1xy>DG1H~5�3/T?|D*�36>D*Bxy>DG<HO,aE9,a0<>BE9>�.�=?>D.u3p5�HO7
>D.6�CE9,a0L5�=nxy>DG<HI5~��;9,a0<>BE9>�.��;9,6E95�*'G1,6E9,��f*9T?EF>D.�36>DHO>

pµ + (
1

4π
)∂σx

µ → (
i

2π
)∂xµ pα → pα

(2πi)
Sa → − iSa√

2π
,

[\ºBl���^
E9>D*FE9,

∂ ≡ ∂z

l	�P>D*g,6.K0L5]02G<5�*9.1xy>�G<HI5�36T:|D*W={5s,�@B7f5e*9.<T:|D*z,/*k79G1>BEF;93/0<>uE9,h>D7
,6G<5�E9>DG1,6.�
J´h)� .7f5�G<5�={5�.sRe5�G1T{5��9=:,6.s�9��.<T:3p5�.�.<,W3/>D*qRBT:,6GK02,W,6*

xµ(y)xν(z) = −ηµν ln(y − z), pα(y)θβ(z) =
δβ
α

y − z
, Sa(y)Sb(z) =

δab

y − z
.

[\ºBl � ^
��,gT?iD;f5e=Cxy>DG1H~5F�B,6.�36>D*qR�,6*9T:,6*q02,gG<,/,6.<365�={5eG�=?5�.s3/>D*9.10<G<T:3636T:>D*9,/.�7
>DG

d̃α → 1

2πi
d̃α, dα → 1

2πi
dα, Π̃µ → 1

2π
Π̃µ,

[\ºBl ºq^
VIE9,6.179;9�6.�G1,6,6.13p5�=?5�G

T̃
�UE9,�025�=
xy>�G<HI5k��;9,

T̃ ≡ (1/2)Π̃µΠ̃µ/Π̃
+ l��]E9,/H~�e.sT?*q02G1>BEF;936T:G<,6HO>D.={5a365�*q02T:Ef5�E

πµ E9,��f*9T?E9547
>DG
πµ ≡ i∂xµ + θγµ∂θ,

[ ºFl»¹�^
E9,J0L5e=�xy>DG<HI5a��;9,

Π̃µ 3/>D*�,/.1025O*�;9,�R�54E9,��f*9T?3/T?|D*M.1,6G2�

Π̃µ = πµ + i
( i

2π+
Sγµ∂S −

√

2

π+
Sγµ∂θ

)

,
[\ºBl��q^

*9>�0<,���;9,�.1,�.25�02T?.Kx 5�36,
Π̃+ = π+ 5�=CZ95�36,/GP={5g.<,/7f5�G25e36T?|�*�,6*�,/=�iDG1;97
>�t�
4[��D^�lB��,�0L5e=�xy>�G<HI5��;9,$={5e.a36>D*F.102G1T?3/36T?>�*9,6.�G1,6E9,��f*9T?E95�.�,6*�02�/G<HOT?*9>�.zE9,$=:>D.a3p5eHI7
>D.a3/;f5�*q02T:�p5�E9>�.a02>DHI��*³=?5xy>DG1H~5

dα = pα + (γµθ)α

(

i∂xµ +
1

2
(θγµ∂θ)

)

,
[\ºBl � ^

d̃a = da + i
√
π+Sa,

[\ºFl�¸��q^
d̃ȧ = dȧ + i

√

2

π+
πi(γiS)ȧ −

1

π+
(γiS)ȧ(Sγ

i∂θ),
[\ºBl:¸D¸S^

T̃ =
1

2

πµπµ

π+
− 1

2π+
Sa∂Sa + i

√

2

π+
Sa∂θa

+ i

√
2

(π+)3/2
πi(Sγi∂θ) − 1

(π+)2
(Sγi∂θ)2.

[\ºFl�¸�bD^
mo5�.+,63/;f5�3/T?>D*9,/.�5�*q02,/G<T?>�G<,6.µ.<>D*4={5e.�,�@B79G1,6.<T:>D*9,/.h3/={��.1T?365�.�E9,/.<79;9�/.�E9,]G<,/,6.<365�={5eG�Vz7f5e.25�G�5�=?5*9>�025�36T:|D*

z, z̄
,/*~=?5gZ9>��<5kHa;9*FE9>9l��P>DHO>k7f5e.25k3/>DHa;9*FHI,/*�0<,���*9,/36,6.1T:025�HI>�.P5��95�E9T?Gh5�=:iD;9*9>�.02�/G<HOT?*9>�.�,A@B0<G25�.P36>D*$,/=��f*$EF,�G<,65�=?T:�p5�G�={5g.<T:HI,�02G<8?5g=:>B365�=�36;f�e*�0<T?365�HI,/*q02,4[y*9>D.PG1,/xy,/G<T?HO>D.�5



ºF¸
={5J.1T?HO,/02G18{5�iD,/*9,6G<5�Ef5g7C>DG�,/.10L5e.u¸�¹J36>�*9.10<G<T?3/36T:>D*9,6.�E9,�79G1T?HO,6G25J3/={5�.1,S^�l�mo5�.�HO>BEFT �f365�36T:>D*9,6.*9,/36,6.<5�G<T?5�.�,6.102��*'G1,6=?5�36T:>D*f5�Ef5e.�3/>D*�={5�.�5�Ha�FT?i � ,/Ef5�E9,/.uEF,k>DG1E9,6*95�HIT:,6*q02>�VME9,/�C,/*_3p5e*936,A�={5eG�=?>�.J7C>D=:>D.�EF>D�9=?,/.�V_E9,�>�G<E9,/*jHI5pVD>DGJ��;9,�RUT?,/*9,6* E9,a0<�6G1HIT:*9>D.J5�EFT?36T:>D*f5�=:,6.u�U;F,�,6.102��*5�;9.1,6*q02,/.�,6*4=?>D.²3p��=:36;9=:>D.�5�*FT:RD,/=F3/={��.1T?36>Fl�´²5�G25

d̃α
.<|D=:>�Zf5pVa;F*a02�6G1HIT:*9>���;9,]G1,6��;9T?,/G<,s>�G<E9,A�*f5�HOT?,/*q02>�*9>�G<HI5�=²,/*

d̃ȧ
����;9,�=:={5�HI5�HO>D.

(−1/π+)(γiS)ȧ(Sγ
i∂θ)

l�)�*q0<>D*936,/.W,6.<7
,6G<5�HO>D.��;9,a=:>D.�0<�6G1HIT:*9>D.��U;F,zZf5pV��U;F,�5��f5�EFT?G�.<,65�*YE9,6=o02T:7C>
∂2θȧ/π

+ V
∂θȧ∂(1/π

+)
lC��,aZ9,/3LZ9>7f5�G<5 5��1;F.10L5eGI.1;9.�36>U, �936T?,/*q02,6.~5�79G1>D79T{5eEf5�HO,6*q02,e�+,6=�7C>D=:>-EF>D�9=?,MV�02G1T?79=:,M,6*
d̃ȧ(z)d̃ḃ(w)79;9,/E9,J.<,/Gs3p5e*936,/={5�E9>z,�@F5�3/025�HO,6*q02,el9��,J,/.10L5gxy>DG<HI5k=?5�.P3/>D*9.10<G<T:3636T:>D*9,/.s36;f�e*�0<T?365�.P3/>DHI7F=?,��0L5e.�.1>D*

d̃a → d̃a,
[\ºFl�¸ � ^

d̃ȧ → d̃ȧ +
4∂2θȧ

π+
− 2∂π+∂θȧ

(π+)2
,

[\ºFl�¸ ��^

T̃ → T̃ +
4∂2θȧ∂θȧ

(π+)2
− 1

2

∂2 ln π+

π+
.

[\ºFl�¸ � ^
��ZF>DG25�,6.K0L5�.�36>�*9.10<G<T?3/36T:>D*9,6.]3/;f��*q02T:3p5�.�3/T?,6G1G25�*M�f5��1>I,/= 
W´�)

d̃ȧ(z)d̃ḃ(w) = −4δȧḃT̃ (w)

(z − w)
,

[\ºFl�¸Sºq^
V 0<>BE9>�.�=:>D.$>�0<G<>D. 
J´�) � .�.<>D*wG<,/iD;9={5eG<,6./l�¼u*f5�HI5�*9,6G<5�E9T?.K02T?*q025�7
,6G1>¶3/>DHO79=?,�0L5�HO,6*q02,,6��;9T�Re5�=?,/*�0<,'E9,�E9,63/T?GI=?> HOT?.1HI> ��;9,_,A@B79=?T:3p5�HO>D.O,6* ,/=u7f�eG<G25�xy>³5�*q02,/G<T:>DGI,/.�,6.136G1T?�9T:GI=?53p5eG<iq5INsr�tUv&3/>D*_=?5�.k¸S¹I36>D*F.102G1T?3/36T?>�*9,6.a[\ºFl�¸D�
ºFl bB��ºBl � ^sV�02,6*FT?,6*FE9>�,6*'36;9,/*�025�,6=²��=?i�,6�9G<5E9,W36>�*9.10<G<T?3/36T:>D*9,6.k[ � l»b�¹B� � l b��q^A�9={5a365�G<iq54NsrutBv ;9.<;f5e=%.<,g,6.<3/G<T:�C,J3/>DHI>

Q̃ =
1

2πi

∫

(

λ̃αd̃α + T̃ c− (λ̃γ+λ̃)b
)

dz,
[\ºBl:¸�¹�^

E9>D*FE9,
λ̃α ,6.�;9*�,/.<79T:*9>DGh�C>D.1|D*9T:36>kx 5e*9.1025�.<HI5k.1T?*~3/>D*9.K02G<T:363/T?|D*OV (b, c)

,/.P,6=
7f5�G�3p5�*F|D*9T?3/>E9,�xy,6G1HIT:>D*9,/.�x 5�*q0L5�.1H~5�.W��;9,4.25�02T?.Kx 5�36,/*
b(z)c(w) = 1/(z − w)

l%)µ@BT?i�T?,6*FE9>M�U;F,
Q̃2 .1,p5*9T:=?7
>�02,/*�0<,J.<,W>D�F0<T?,/*9,6*M={5e.]36>DG1G<,63/36T:>D*9,6.z[\ºBl:¸ � �9ºFl�¸ �9�fºBl:¸ � ^�ltF5�=�RD>-5�=?iD;F*f5�.�E9T�xy,6G<,/*936T?5�.�,6*¶={5�.�3/>D*qRD,/*936T:>D*9,6./��,/.10<,�G1,6.<;F=:0L5eE9>-3/>D*93/;9,6G1Ef5-,A@95e3/0L5��HO,6*q02,J3/>D*M,6=�3/>D*9.10<G<;9T:E9>�7
>DGJ`cb �ed 5�=�5��f5�EFT?Gs365�HI7
>D.s=:T?�9G1,6.�[

pα, θ
α ^s5a={5g02,6>�G<8{54}gt~,6*M=?5*9>DG1H~5aEF,6=o.<,/HIT � 36>�*9>�E9,W=?;9�el)+=FG<,/.10<>�E9,6=B79G<>U36,/E9T?HOT?,/*q02>�7f5�G25u=?=?,/iq5�Gn5�=�xy>DG<HI5�=:T?.<HO>]E9,/=F,6.179T?*F>DGµ79;FG<>J´htk.1,s>D�F0<T?,6*F,;F0<T?=?T:�p5�*FE9>�3/T?,/G10L5e.k02G<5�*9.Kxy>DG<HI5�36T:>D*9,/.kE9,~.<T?HOT?=?5�G<T:Ef5�E�`cb �ed V ` � � d lµ´²>DGk36>DHO79=?,�02,/�~G<,/79G<>��E9;93/T?G1,6HO>D.�5���;98BE9,�xy>�G<HI5u�9G1,/RD,]3/>DHO>�=?=:,6iq5eG²5e=Bxy>DG1H~5�=:T?.1HI>]E9,/=F,/.<79T:*9>DGµ7F;9G<>J5e=BG1,6.10<G<T:*9iDT?G={5z0<,6>DG18{545�=�.1,63�02>DG�Z9>D=:>DHO>DG1xy>9lmo5Y0<,6>DG18{5',/.102�jE9,��f*9T:Ef5_,6*·;9*�,6.17f5�36T:> E9,��uT:=?�
,6G10z,�@U02,/*9E9T:E9> 7C>DG�=?5�.zRe5�G1T{5��9=:,6.kE9,36>�*�R�,6G1.<T?>�*

S
V�7C>DG]=:>D.sx 5�*q0L5e.<HI5�.�5��f5�EFT?E9>D.

λ̃, c, b
;9.25�*FE9>I,/=%HI��02>UE9>ONsrutBv�,/.10L�e*9Ef5�G/l)+= 
W´�)",/*q02G<,

λ̃
V$.1;�HO>DHO,6*q02>43/>D*	�1;9iq5eE9>

ω̃
,/.

λ̃α(z)ω̃β(w) =
δα
β

(z − w)
.

[\ºFl�¸��q^



ºqb
)+=%.<T:iD;9T?,/*q02,J7f5�.1>I,/.�HI>D.K02G<5�G]��;9,W={5�36>DZF>DHI>�=?>DiD8?5kE9,

Q̃
,6.�={5aHOT?.<HI5a��;9,WE9,W={5a365�G<iq5

Q(1) =
1

2πi

∫

(

λ̃ad̃a + λȧd̃ȧ

)

dz, λȧλȧ = 0,
[\ºBl:¸ � ^

��;9,�.1,�>D�B02T?,/*9,�E9,
Q̃
.1T?*~=:>D.+02�/G<HOT?*9>D.���;9,u36>D*q02T:,6*9,/*

(b, c)
,�T:HI7
>D*9T:,6*9E9>W=?5g3/>D*9.10<G<T:3636T:|D*

λȧλȧ = 0
|
λγ+λ = 0

lCtB,kZf5IG1,6HO>�RUT:E9>I,/=n0<T?=:E9,JE9,z=?54Re5�G1T{5��F=?,
λ
7f5�G25OT?*9EFT?3p5eG]�U;F,z,6.K0L502T:,6*9,k;9*f5�3/>D*9.10<G<T:3636T:|D*_��;9,�.<5e02T:.1x 5�3/,6G6l��u>e02,6HO>D.�0L5�Ha�FT?�6*'�U;F,a,6.K0L5�,6.J;F*f5~E9,a=?5�.�3/T?*93/>36>�*9.10<G<T?3/36T:>D*9,6.hT?*FE9,67
,6*9EFT?,6*q0<,6.P,A@B79G<,/.25�Ef5e.P7
>DG�=?5J36>D*9EFT?36T:|D*OE9,6=�,6.179T?*F>DG�7F;9G<>

λγµλ = 0
l¼u*'3p5�HOT?*9>O7f5�G<5IZf5e36,6G�,6.10<>�36>�*9.<T:.102,k,6*_;F.25�Gu={5O0<,6>DG18{54E9,a7
,6GK02;9G1�f5�36T:>D*9,/.�Z9>DHO>D=:|DiDT?365�.` � d �f,/=o36;f5�=%*F>OR�,6G<,/HI>�.�5���;98\l�¼u*�HI��02>UE9>4H~�e.�EFT?G<,/3/0<>I,/.�3/>D*9,/3/0L5eG

Q̃
V
Q(1) 7
>DG]HO,6E9T:>E9,W={5a.1T?iD;FT?,6*q0<,W0<G25�*F.1xy>DG1H~5�3/T?|D*~E9,W.<T?HOT?=?5�G<T:Ef5�E

eXQ̃e−X = δb +Q(1),
[\ºFl b��q^

δb = 2

∫

dz

2πi
λ̃ḃλ̃ḃb, X =

∫

dz

8πi
c(lȧd̃ȧ),

[\ºFl bB¸�^
5���;98

lȧ
,6.�;9*',6.<7FT?*9>DG�5�;B@BT?=:T{5�G�5e*�0<T?��;9T:G25�=²t�
4[��D^�36>�*_={5O79G<>D7FT?,6E95�E

λ̃ȧlȧ = 1
�
lȧlȧ = 0

V
λȧ

,6*
Q(1) ,6.K0L54Ef5�E9>O7
>DG

λȧ = λ̃ȧ −
1

2
(λ̃ḃλ̃ḃ)lȧ,

[\ºFl bDbD^
E9,WZ9,/3LZ9>~,/.10L5aRe5�G1T{5��9=:,�.25�02T?.Kx 5�36,W=?5a36>D*9.K02G1T?363/T?|D*

λȧλȧ = 0
�FVM5�7f5eG102T:G]E9,g5���;98%7
>BE9,/HI>�.>D=�RBT:Ef5�G1*9>D.PEF,

lȧ
�BVq5a��;9,J,/.10<,W5�7f5�G1,636,J.1|D=?>z,6*

λȧ

lF��5�E9>���;9,
δb
,/.]36>DHO79=:,/0L5eHI,/*�0<,�T:*9E9,��7
,6*9E9T:,6*q02,zE9,

Q(1) V�0<T?,6*F,z;9*f5I36>DZ9>�HI>D=:>DiD8?5�0<G<T�RBT?5�= �f7
>UE9,6HO>D.�3p5�*93/,6=?5�G<=?5I7f5�G<5~>D�F0<,6*9,/G
Q(1) l)+=µ79G1>B3/,6.<> �9*f5�=µ,/.�E9,/.25�3/>D79={5eG

Sa

3/>DZ9>DHO>D=:|DiDT?365�HO,6*q02, �1;9*q0<>$36>D*Y3/;f5e02G1>�iDG<5�E9>D.uE9,=?T:�C,/G1025�E�HI��.�E9,
λ̃α 7
>DG�HI,/E9T?>OE9,k;9*f5I0<G25�*9.Kxy>DG<HI5�3/T?|D*�E9,g.<T?HOT?=?5�G<T:Ef5�EM5�EF,636;95�Ef5FlC´µ5�G<5=?>�iDG25�G�,6.K02>9��E9, �f*FT?HO>D.�=?>�.�.<T:iD;9T?,/*q02,6.�>D7C,/G25�EF>DG<,/.JE9,a79G1>�V�,63/36T?|�*

P 1 V P 2 ,6*Y,/=�,6.17f5�36T:>��;9T?G<5�=ot�
4[ �q^

δab = P 1
ab + P 2

ab, P 1
ab ≡

1

2
(γiλ)a(γ

ir)b ≡ P 2
ba,

[\ºFl b � ^
E9>D*FE9,J>�02G<5kRD,/�J.<,JZf5aT:*q02G<>UE9;93/T?E9>k;9*M,6.179T?*9>�Gs5�*q02T:��;9T?G<5�=

rȧ

36>�*$={5�.�79G<>D7FT?,6E95�E9,6.
λ̃ȧrȧ =

1
V
rȧrȧ = 0

l�¼u.25e*9E9> ,6.K02>D.4>D7
,6G<5�E9>DG1,6.4E9,$79G1>�V�,63/36T?|�*���;9*9> 79;9,/E9,ME9,6.136>DHO7C>�*9,6G4=?>�.3p5eHI7
>D.n5�;F0<>e� 3/>D*	�1;9iq5eE9>D.
Sa

,6*k;9*���7f5�Go3/>D*	�1;9iq5eE9>��
(S1

a , S
2
a)
36>DHO>

SI
a = P I

abSb

�S3/>D*
(I =

1, 2)
lB)+.10L5�E9,/.<3/>DHI7
>D.1T?|D*$.<5e02T:.1x 5�3/,�=?>D.
W´�)� .

S1
a(z)S

1
b (w) = S2

a(z)S
2
b (w) =

[ G1,6iD;9=?5�GL^A�UV=?>�.]36>DHa�FT?*f5�EF>D.
S1

a(z)S
2
b (w) → P 1

ab

(z − w)

[\ºFl b ��^

S2
a(z)S

1
b (w) → P 2

ab

(z − w)
.

[\ºFl b � ^



º �
tBT:HIT:={5�G1HI,/*�0<,��

λ̃a

.<,aEF,6.<3/>DHO7C>D*F,z,6*
λ̃a = λ1

a + λ2
a

�CEF>D*9E9,
λI

a = P I
abλ̃b

l�)+.�T:HI7
>DG1025�*q02,*9>�025�G]��;9,
λ1

a

.<5e02T:.1x 5�3/,
λ1

aγ
i
aḃ
λḃ = 0,

[\ºBl»b�ºD^
��;9,�.1>D*�=?5�.�36;f5e0<G<>k,636;95�36T:>D*9,6.�T?*9EF,67
,6*9E9T:,6*q02,/.sG<,/H~5e*9,6*q02,/.P��;9,u36>D*q02T:,6*9,u={5W36>D*F.102G1T?3/36T?|�*E9,/=%,6.<7FT?*9>DG�79;FG<>9lmo5$0<G25�*F.1xy>DG1H~5�3/T?|D*'E9,4.<T?HOT?=?5�G<T:Ef5�E�.<,479;9,/E9,4T?HO79=?,/HI,/*q0L5�Gu,6*jE9>D.J7f5�.1>D.4l%´+G<T:HI,/G<>9�Zf5�3/,6HO>D.�;9*f5a02G<5�*9.Kxy>DG<HI5�36T:|D*$E9,W.<T:HIT:={5�G1T?Ef5eE

Q(2) = eYQ(1)e−Y 3/>D*
Y = −1

2

∫

dz

2πi
S1

aS
2
a ln π+.

[\ºFl bD¹D^
)+=%,/xy,/3/02>OE9,WZf5�3/,6G�,6.K0L5�02G<5�*9.1xy>�G<HI5�36T:|D*$,6.�G<,/HI7F={5��65�G

S1
a → S1

a√
π+

, S2
a →

√
π+S2

a,
[\ºFl b��q^

=?>�.z36;95�=?,/.�3p5�Ha�FT{5�*³,/=P7
,6.1>j3/>D*Fxy>DG1HI,I7f5�G<5_,6=P795�G
(S1

a, S
2
a)
E9,

(1/2, 1/2)
5

(1, 0)
l�� *U�36=:;FVD,/*9E9>O,6.K02>D.�,/xy,/3/02>�.g�

Q(2) .<,W36>D*qRUT?,/G10<,k,/*
Q(2) = δ +Q + d,

[ ºFl b � ^
δ =

√
2iλ2

aS
1
a, Q = λ1

ada + λȧdȧ,
[\ºFl � �q^

d =
4λȧ∂

2θȧ

π+
− 4∂π+λȧ∂θȧ

(π+)2
+ λ2

ada

[\ºFl � ¸�^
+ i

√
2
(

π+λ1
aS

2
a + πi(λγiS2)

)

− (λγiS2)(S2γi∂θ),
[\ºBl � b�^

E9>D*FE9,u=:>D.hE9>D.h79G<T:HI,/G<>D.+02�/G<HOT?*9>�.+,6*
d
RBT:,6*9,/* �9*9T:3p5�HO,6*q0<,�EF,�36>�*�0<G<T:�9;936T:>D*9,/.�3/;f��*q02T:3p5�./l

�u>e02,���;9,�.<T�*9>D.1>�02G1>D.h5�.<T:iD*f5�HO>D.�=:>D.+iDG25eE9>D.+E9,/i
(S1

a , S
2
a) = (−1,+1)

�
d
T:*936=:;FVD,s0<>BEF>D.�=?>D.02�/G<HOT?*9>�.²E9,�iDG25eE9>�7
>D.<T�02T�RD>9��HOT?,6*q0<G25�.

δ
V
Q
02T:,6*9,/*aiDG<5�E9>D. −1

V
0
G<,6.17C,/3/0<T:Re5�HO,6*q02,el �P>D*,6.K0L5�,/.10<G<;93�02;9G<5�iDG25eEf5�Ef5�,6*aHO,6*q02,e�e,/.µG1,6={5�02T:Re5�HO,6*q0<,�x �e36T?=q,/*936>�*�0<G25�G²;9*f5u0<G25�*F.1xy>DG1H~5�3/T?|D*E9,W.<T:HIT:={5�G1T?Ef5eEI��;9,gG<,/Ha;9,/R�,

d
36>�HI79=:,/025�HI,/*q02,��F={5z02G<5�*9.Kxy>DG<HI5�36T:|D*$E9,W.<T:HIT:={5�G1T?Ef5eEI,/.

Q(3) = eZQ(2)e−Z = δ +Q,
[ ºFl ��� ^

Z = −daS
2
a

i
√

2
+

4(∂θȧλȧ)(∂θḃrḃ)

π+
.

[\ºFl � ��^
��ZF>DG25jE9,6�9T:E9>-5-��;9,

δ
,/.~3/>DHI7F=?,/025�HO,6*q02,MT?*FE9,67
,6*9EFT?,6*q0<,�E9,

Q
V�.<; 3/>DZ9>DHO>D=:>DiD8{5�,6.G<,/={5e0<T:Re5�HO,6*q02,k02G<T�RUT{5�=\�C7
>BEF,6HO>D.J3p5�*F36,6=?5�G

δ
0L5eHa�9T?�/*�l%½µT:*f5�=:HI,/*�0<,��CG<,6*F>DHa�9G<5�*9E9>

λ1
a →

Λa

�hV E9,/*9>�0L5e*9E9>
λα = (λa, λȧ)

�P>��F02,/*9,6HO>D.�,/=�>D7
,6G25eE9>DG�NPr�tBv E9,/=uxy>DG1H~5�=:T?.1HI> E9,/=,6.179T?*F>DG]79;9G1>
Q =

∫

dz

2πi
λαdα, λαγµ

αβλ
β = 0,

[\ºBl �q� ^
dα = pα + (γµθ)

(

i∂xµ +
1

2
(θγµ∂θ)

)

.
[\ºFl � ºq^

E9>D*FE9,I3/={5�G<5�HO,6*q02,�02,/*9,6HO>D.g={5M3p5�G1iq5�Nsr�tUv�79G<>�79;9,6.K0L5�7C>DGgNP,/G<Qe>�RUT�02.z795�G25MG<,65�=?T:�p5�GJ=?536;95�*q02T?�65�36T:|D*�36>SRe5�G<T?5�*q02,ME9,M={5Y.1;97C,/G<3/;9,6G1Ef5F�+V�E9>D*9EF,�,/=],6.179T?*9>�GO7F;9G<>
λα .25�02T?.Kx 5�36,M=?536>�*9.10<G<T?3/36T:|D*ME9,6=%,/.<79T:G<>DG]79;FG<>O36>D*�,6= �f*ME9,J0<,6*9,/Gu;9*�>D7
,6G<5�E9>DG�NsrutBv

Q
*9T:=?7
>�02,/*�0<,�l
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� *936=:;9T?HO>D.�,/.1025�.1,63/36T?|�* 7
>DG�=?5³iDG25�*�T:HI7
>DGK0L5�*93/T{5j�U;F, 0<T?,/*9,Y,6=�i�G<;97
>�E9, m%>DG<,/*�0<�t�
4[ � �:¸�^W,6*�,/=s5�*f�e=?T?.1T?.WE9,�=?5'36>�HI7f5eG25�3/T?|D*-,6*q02G1,�={5_5e3636T:|D*�}gt-,6*�,/=P3/>D*9>_E9,~=?;9�~V-,6=HO>BE9,/=?>gN]X-lB¼u*95z79G<,/iD;9*q0L5kT?HO7C>DGK0L5�*q0<,],6.s3/;f��=�,6.�={5z5e3636T:|D*OE9,6=
iDG<;F7C>kE9,�m%>DG1,6*q02�u,6*�=?5*9>DG1H~5IE9,6=�.1,6HOT?3/>D*9>�E9,�=:;9�zV'36;f5�=:,6.�.1>D* .<;9.J3/>DG<G1,63/36T?>�*9,6.J3/;f��*q02T:3p5�./l%´µ5�G<5�E9,/025�=?=:,6.uE9,=?>�.]3p��=:36;9=:>D.s,6*�,6.K0L54.<,/3636T:|D*�G<,/xy,/G<T:HI>D.�5e=�=?,/3/02>�G�5�`cb �ed l
��5�3/T?,/*9E9>Y;9.1>jEF,6=PHO�/0<>BEF>YNsrutBv ,/.102��*9Ef5�G/��5_=?5_5�363/T?|D* E9,$={5'.1;97
,6G<3/;9,6G1Ef5j}kt .1,=?,�79;9,/E9, � �<5eG~={5 *9>DG1H~5B�hEF>D*9E9,�={5-365�G<iD5 NsrutBv ,6.K0L��*9E95�G~.1,'36>�*9.10<G<;FV�, 5�;9HO,6*q0L5�*FE9>Re5�G<T?5��9=:,6.n,6.<7FT?*9>DG1T{5�=:,6.n=?=?5�H~5eEf5�.�x 5�*q0L5e.<HI5�.6l��u>�0<,6HO>D.µ��;9,P=?>D.nx 5�*q0L5�.1H~5�.²E9,P=?5u.1T?HO,/02G18{5��

κ*9>�.<,�79G<>D795�iq5�*g,6*k={5]*9>DG1H~5]E9,/=U.1,6HOT���36>D*9>�E9,�m%;9����E9,/�9T?E9>u5�,6.10<>�,/=U>�7C,/G25�E9>�G²NPr�tBv .<|D=:>T?*qR�>D=?;93/G25�G1,67f5eG25�HO,/0<G<T?�65�36T:>D*9,/.²,/*O=:>D.ox 5�*q0L5�.1H~5�.
(b, c)

l���,6�9T:E9>J5���;9,s=?5�*9>DG1H~5�E9,6=B.<,/HIT �36>�*9>~E9,g=?;F�k*9>IH~5e*9T �f,/.1025O=?54T:*qR�5eG<T{5e*936T?54EF,zm%>DG1,6*q02�e�C=?5�.]02G25e*9.1xy>DG1H~5e36T?>�*9,6.�E9,km%>DG<,/*�0<���;9,�3p5�Hz�9T{5�*�=?5�36>D*FE9T?3/T?|D*�E9,� �<5eG+={5�*9>DG1H~5
(γ+θ)α = 0

*9,63/,6.<T�0L5�*O.<,/G�36>DHO7C,/*9.25eEf5�.+7
>DG;9*f5s0<G25�*9.Kxy>DG<HI5�3/T?|D*B�
κ
�65�=�Zf5�36,/G%,6.K02>k` b ��d �S;F*9>�,6*93/;9,6*q02G<5�3/>DHO>]G<,6.1;9=:025�E9>�=?>�.�iD,6*F,6G25eE9>DG<,/.E9,�m%>DG1,6*q02�z�U;F,a.25e0<T?.Kx 5�36,/*Y,6=��e=?iD,/�9G25OE9,�m%>DG<,/*q02�4t�
4[ � �:¸S^�,�@B3/,67F0<>$7C>DG

[N i−, N j−]
��;9,,6.K0L��*�G<,/={5�3/T?>D*95�E9>D.s3/>D*�={5�3p5�G1iq54NsrutBvJl

�P>DHO>�.<5��
,6HO>D.J={5�.1;97C,/G<3/;9,6G1Ef5_}gt_36>D*q02T:,6*9,�3/>D*9.K02G<T:363/T?>D*9,/.WE9,479G<T:HI,/G25IVY.1,6iD;F*9Ef536=?5�.<,4=?5�.J36;f5e=?,6.W.1>D*-EFT:xy8?3/T?=:,6.�E9,4.1,67f5�G<5�GWE9,�xy>DG<HI5$36>SRe5�G<T?5�*q02,e��={5$36;95�*q02T?�65�36T:|D* E9,4�6.K0L502,/>DG<8?5�7F;9,6E9,~Zf5�36,/G<.1,�T?*qRe5�G<T?5�*q02,436>�*Fxy>DG<HO, � �<5�*9E9>�={5M*9>DG1H~5ME9,~=?5�.1T?HO,/0<G<8{5��
κ
��,6.K02>_.1,=?>�iDG25�;9.<5�*9E9>M=?5�36>D*9EFT?36T:|D*

(γ+θ)α = 0
V 5�.1,6iD;9G<5�*9E9>���;9,

∂X+ 6= 0
l%)+*-=?5�*9>DG<HI5�.<,/=.<,/HIT � 3/>D*9>�E9,W=?;F�J={545�363/T?|D*�}gt�.<,W79;9,/E9,k,/.<3/G<T?�FT?G]E9,W={5zxy>�G<HI5

S[Xµ, Sa] =
1

π

∫

d2z
[1

2
∂Xµ∂Xµ +

1

2
Sa∂Sa +

0<�6G1HIT:*9>D.]5�*q0<T�� ZF>D=?>DHO>DGKxy>D. ]
,

E9>D*FE9,
Sa =

√

∂X+

2
(γ−θ)a

,6.z;9*�,6.179T?*9>�Gz��;9T?G<5�=Pt�
4[��q^A�²=:>D.k0<�6G<HOT?*F>D.z5e*�0<T���Z9>D=?>�HI>DGKxy>D.
E9,/7C,/*9E9,6*�.<T%;9*F>O,/.1025OE9T:.<3/;F02T:,6*9E9>4=?5a.<;97
,6G136;9,/G<Ef5OZ9,/0<,6G<|e02T?365�|O=?5av]T?7
> � �L�93/>D.254��;9,W*9>Zf5�G1,6HO>D.�5���;98\l)+*�=?54*F>DG<HI5aE9,6=%.1,6HOT���36>D*9>4E9,W=:;9���9;F*9>436>D*9.K02G1;FVD,k={5a3p5eG<iq54NsrutBv�,/.102��*9Ef5�G�3/>DHI>

Q =

∫

dz(cTm + bc∂c)
[ ºFl � ¹D^

36>�*�=?5�5�363/T?|D*
S[Xµ, Sa, b, c] =

1

π

∫

d2z
[1

2
∂Xµ∂Xµ +

1

2
Sa∂Sa + b∂c+

0<�6G1HIT:*9>D.]5�*q0<T�� ZF>D=?>DHO>DGKxy>D. ]
,

E9>D*FE9,
Tm = −∂X−∂X+ + ∂X i∂X i − 1

2
Sa∂Sa +

1

2
∂2(log ∂X+)

[\ºFl � �q^
,6.],/=C0<,6*9.1>DGsE9,J,/*9,6G1iD8{5zHO>DHO,6*q02>FlF)+=C0<�6G1HIT:*9> 1

2
∂2(log ∂X+)

RUT?,/*9,�E9,�=?5z*9>�3/>�Re5�G1T{5�*F36T{55�= � �<5�Gµ=?5�*9>DG1H~5B��Vz36>DHO>�.<,�RD,6G<�F�D.1,6G2�J*9,/36,/.25�G1T?>J7f5�G<5�79G1,6.<,/G1Re5�G+=?5�T?*qRe5�G<T?5�*93/T{5u3/>D*Fxy>DG1HI,



º �
V$=?5aT?*qRe5�G<T?5�*936T?5zE9,gm%>DG<,/*q02�k54*FT:RD,/=%36;f�e*�0<T?3/>9lf¼u.<5�*9E9>O=?>�. 
W´�)� .

Xµ(y, y)Xν(z, z) −→ 1

2
ηµν log |y − z|2 [\ºFl �D� ^

Sa(y)Sb(z) −→ δab

y − z

[\ºFl � �q^
;9*9>',6*93/;9,6*q02G<5_��;9,

Tm
02T?,/*9,~365�G<iD5�36,/*q02G25e=

c = 26
�n,/*q02>D*93/,6.

Q
,6.z*9T?=:7C>�0<,6*q02,O5'*FT:RD,/=36;9��*q02T?3/>9l �u;9*9��;9,4={5IT?*qRe5�G<T?5�*936T?5IE9,�*F>DG<HI5~*9>M,6.JHI5�*9T �f,6.K0L5F�
;9*9>M79;F,6E9,436>�*9.10<G<;9T:G�=?>D.iD,/*9,6G<5�E9>DG1,6.~EF,_m%>DG<,/*q02�'��;9,'36>D*9Hz;F0L5�*¶36>D*

Q
l�mo5�.O36>DHO7C>�*9,6*q02,/.�Z9>D=:>DHO>DG1x 5�.�EF,'={5e.36>�G<G<T:,6*q02,/.�7f5�G25�,/.102>�.uiD,/*9,6G<5�E9>DG1,6.�.<>�*

N ij = −∂X−∂X+ + ∂X i∂X i − 1

4
(SσijS),

[\ºFl �9¸�^
N+− =

1

2
X−∂X+ − 1

2
∂X+∂X−,

[\ºFl ��bD^
N i+ = X+∂X i −X i∂X+,

[\ºFl � � ^
N i− = X−∂X i −X i∂X− − (Sσi)ȧ(Sσ

j)ȧ∂X
j

2∂X+
.

[\ºFl ����^
�P>D*·,6.K02>D.4iD,/*9,6G<5�E9>DG1,6.O,6=���=:iD,6�9G<5_E9,�mo>�G<,6*q0<�'t�
O[ � ��¸�^z36T:,6G<G<5Y.25�=�RD> 7C>�GO;F*·>�7C,/G25�E9>�GNsrutBv���;9,W.<5e02T:.1x 5�3/,6*

[

∫

N i−(y)dy,

∫

N j−(z)dz
]

=
[

Q,−
∫

(b(Sσi)ȧ(Sσ
j)ȧ

(∂X+)2

)

(z)dz
]

.
[\ºFl � � ^

�P>DHO>$,6.K0L5$3p5�*q0<T?Ef5�EY,/.�02G1T:RUT{5�=²NsrutBvJ��,/=+��=?i�,6�9G<5~E9,4m%>DG<,/*q02��36T:,6G1G25�.25e=:RD>$0<G25�*9.Kxy>DG<HI5��36T:>D*9,/.�E9,M*9>DG<HI5_36;95�*9E9>j5�3�0 �f5Y.<>��9G<,M,6.K0L5�EF>D.4T?*qRe5�G<T?5�*q02,6.aNsr�tUvJ��,6*·>�02G<5�.�7f5�=?5��9G<5�.6�
QV = 0

T:HI7F=?T?365j��;9,
[N i−, N j−]V = QΩ

7f5�G<5�5�=?i�;9*f5-xy;9*F36T?|�*�,6*�,6=�.1;97
,6G<,/.<7f5e36T?>
Ω(x, θ)

lC�u,g025�=�xy>DG1H~5���;9,gE9,6.179;9�6.uE9,gT?*93/=?;9T:Gs,6=�0<�6G<HOT?*F> 1
2
∂2(log ∂X+)

,6*
Tm

�f,6=n��=:iD,���9G<54EF,km%>DG1,6*q02�g36T:,6G1G25�Zf5�.K0L5a02G<5�*9.1xy>�G<HI5�36T:>D*9,6.]EF,g*F>DG<HI5Fl
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�����������! #"%$��'&�()�!*+�-,#�.,#(/�����),0(1"2(43+��51��67���� 0 #"2$8�'*�,:9;51,0,#�=<?>= �@BA4��5DCE,#(
ε01 = 1 F θA

α

,0(&��G,0(13�"2���85H>�IKJML F �ON  0�8� A = 1, 2
(1&�3P,#5D(1"2QR,S�)51T%��(VU

α = 1, 2, ..,16
 #�8QW3P�8��,#�B�1,#(H5D,X��62,#(#YZ[(D�1�8(V,#(13\"%���85D,#(�(1�8�],#(D3�"%�\�851,0(�*\,_^	�O`D�85)�!�+�a<cbd,0Ue6f5D,X��62,#(g #���	6%��QR"2(1QR��he&\"%5)�!6%"%*���*�Y=�i�!(j ��51"%��k�62,#( xµ (D�8�l67��(� 0�=��51*�,0�+��*+��(K,0(13+�� 0"%�!<m�)"2,#QW3n�G,0� �po *�"%QW,#��(D"%�8�\,#(

µ = 0, 1, 2, ..,9hq&�,W51,#3\51,#(D,#�B���!�]`D&��B�)�	 #�8�r6%�8(E,0(13�"2���851,0(s*\,'^t�p`D�85)�����a<cbd,0Ue6u67��( j ��5D"7��k\6%,#(;*\,#6u,#(D3+�� #"2� #���\v+w8&�51�� #"2$8�x*�,K67�.(1&\3n,051 #&���51*+�	9:>nYf����(E #�e�851*\,#�+��*���(E*�,K67�.@��a`1�.Q�&��\*��
ζ = (τ, σ) FUy67�!(�*\,#51" j ��*+��(V51,0(13P,# S�)�.��6��1"%,0QR3P�K(1,#51z��t*\,#�����)��*+��({3n��5�&\�t3�&��B�1�RUy51,0(13P,# S�)�'�W(1"2w8Q|�3P�854&��+��3\51"%QR�\Ye����(gQR�!�)5D"% #,0(

γµ (D�8�.QR�!�)5D"% #,0(}*�,E~{"%5)�! H*�, 16× 16
5D,X��62,#(}UR(1"2QR�S�)51"2 X��(0YZ[��,#(/�),��)51��k+�O`D�|,#(D�)��QW�8(H&�(1����*��.6%�| #�8� j ,#��(D"%$8�x*�,�*\,#51" j ��*+��({"%C#hq&�"2,#5D*+��( F *�,_�)��6i����51QR�hq&�,:67��,#(/�)5D&� 0�1&�5)�K(1"2QR3�62�# S�)"% #��3+��51�K6%��( j ��51"%��k�62,#(}��,051QW"%$8��"2 X��(},#(D�)�W*���*��K3n��5

{θA
α , p

B
β } = −δαβδ

AB ,
J��sY �pN

,#(/���E #�8� j ,#��(D"%$8�|va`1�:,06+�851*�,0� θ̇ U p ,#�W,#6+�1�#51QW"%�\�; #"%�\�0�)"2 #�E*�,�67�E�� 0 #"%$��W*\,{3�5D"%QW,#5[�85D*�,#��Y����(_ 0�=�85D*�,#����*+��(�,0��,#6� #�����G*�,'62&�CW(1,#3���5)����,06�T2��*�"2 #,W,#(13\"%���85D"7��6
α
,#��6%��(s 0�8QW3n�!<��,0�q�1,#(:hq&�"%51��6%,0(

a
Ux�!�q�1"%hq&�"25)��62,#(

ȧ
*\,#6[w85D&�3n�	>�IKJ�� N Yf����( j ��5D"7��k\6%,#(�*�,K,#(13��� #"2�]�1"%,#QW3P�(1,E*�,0(1 0�8QR3P�8��,0�t*�,#�� #&\,#51*\�|�

γ± = γ0 ± γ9, x± = x0 ± x9,
J��sY�� N

U
γi F xi  #��� i = 1, 2, ..,8

3+��51�|67�!(H���)51��(H 0�8QR3P�8��,0�B�),#(;*\,#6 j ,# 0�1�85#Y�Z[6�z�6%w8,0k�5)�'*\,-~�"%51�� (1,E*�,0(1 0�8QR3P�8��,E*�,#�� #&\,#51*\�'�
γ+

ȧḃ
= −2δȧḃ, γ−ab = −2δab, γi

ȧaγ
j
ȧb + γj

aȧγ
i
ȧb = 2δijδab,

J��sY �8N
U

γi
aḃ
γi

cḋ
+ γi

aḋ
γi

cḃ
= 2δacδḃḋ,

J��sY�� N
 #���

γȧa

(1"2QR�S�)51"2 X�\Y\Z[�	,0(D���-�),0(1"2(�(D,E&�()�K51,03n,S�)"%*���QR,0�B�),;67�-"2*�,#�B�)"2*+��*.*�,:��"2,#5DC
(

γ(αβ

)µ(

γγ)δ

)

µ
= 0,

J��_Y�� N
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hq&�,:()�!�1"%(D���! #,#�y6%��(gQ|�a�)51"2 #,0(

γµ YZ[�'67�E51,03�51,0(1,#�B�)�� #"2$8�.*�,#6Pw85D&�3n�_>�IKJM� N F ,��="%(/�),{,#6P(1,# S�)�85�*�,�6%�:QW�0�151"2 X� gµν he&\,#(1&\kn,HUk+�O`1�;62�8([T%��*\"% #,0([*�,V67��([ #���B�)"2*+��*�,0(
Π± F UB�E(1,#�: 0�8�W,#6+T%�\*�"% 0,g #� j ��51"%���B�),g�E #�8�B�15)� j ��51"%���B�),�Y����(VQR�S�)5D"% X�!(4hq&�,s@��� #,0�	,0(D�),E�)51��k+�O`D�K,0(D��z!�	*�,Sv+��"2*+��(V #�8QW�

gkl =

(

0 −1
2

−1
2

0

)

, gkl =

(

0 −2
−2 0

)

,

*��8�\*�,E6%�8(gT2��*�"% 0,#(
k, l

 #��5151,0�	,0� ± U'()�!�1"%(D���! #,#�
gmlg

ln = δn
m.

J��sY�� N
Z[(D�)�'QR�S�)51"2 X�K,#(HQ_&\Ut 0&�51"2�8()� F U8�'hq&�,�(1&\kn,_U	k+�O`1�R,#6iT%��*�"2 #, F 3P,#5D�.��6iQR"2(1QW�W�1"%,#QW3P�R62� X�!Q�k�"7�=Y�� ��5�, `D,#QW3�6%� F (1"��1,#��,0QR�8(V6%�� X���B�)"2*+��* Π+ F U.*�,#(D,X��QW�8(�k+�O`1��5g,06fT%��*\"% #, F &�(1��QR��(67��QW�0�151"2 X��U.�8k\�1,#��,0QR��(

Π− = g−+Π+ = −1

2
Π+,

J��sY ��N
&��]51,0(1&�6 ����*��WQ�&\U' #&�5D"%�8(D� F hq&�,:,#(�Q�&\U��\�1"%6�3���5)�- X�!6% #&\67��5g62�8(g3+��5D�#�B�),0(1"%(�*�,�� ��"%(1(D�8�]*�,67�!(g #�8��(/�)5D"% # 0"%�8�\,#(V #�85D51,0w8"%*+�!(#Y
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