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2. Ω do Ā2
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I. AXIAL

A. Gluon propagator in the light-like gauge

The general expression for Feynman gluon propagator in the light-like gauge pµ2Aµ = 0 in the background field (??)
has the form

i〈T{Aaµ(x)Abν(y)}〉 = (x|
(
g⊥µi −

p2µ

p∗
pi
) 1

P 2 + iε

(
δiν − pi

p2ν

p∗

)
− p2µp2ν

p2
∗
|y)ab (1)

Using the expression (??) for 1
P 2+iε we get

〈T{Aaµ(x)Abν(y)}〉 =
[
− θ(x∗ − y∗)

∫ ∞
0

d−α

2α
+ θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)• (2)

× (x⊥|e−i
p2
⊥
αs x∗

(
g⊥µi −

2p2µ

αs
pi
)
Oα(x∗, y∗; p⊥)

(
δiν − pi

2p2ν

αs

)
ei
p2
⊥
αs y∗ |y⊥)ab + i(x|p2µp2ν

p2
∗
|y)ab

For the complex conjugate amplitude one obtains in a similar way

−i〈T̃{Aaµ(x)Abν(y)}〉 = (x|
(
g⊥µi −

p2µ

p∗
pi
) 1

P 2 − iε
(
δiν − pi

p2ν

p∗

)
− p2µp2ν

p2
∗
|y)ab (3)

and

〈T̃{Aaµ(x)Abν(y)}〉 =
[
− θ(y∗ − x∗)

∫ ∞
0

d−α

2α
+ θ(x∗ − y∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)• (4)

× (x⊥|e−i
p2
⊥
αs x∗

(
g⊥µi −

2p2µ

αs
pi
)
Oα(x∗, y∗; p⊥)

(
δiν − pi

2p2ν

αs

)
ei
p2
⊥
αs y∗ |y⊥)ab − i(x|p2µp2ν

p2
∗
|y)ab

where we used Eq. (??) for 1
P 2−iε .

The “cut” propagator in the background field A•(x∗, x⊥) is given by Eq. (??)

〈Ãaµ(x)Abν(y)〉

= − (x|
(
g⊥µi −

p2µ

p∗
pi
) 1

P 2 − iε
p22πδ(p2)θ(p0)p2 1

P 2 + iε

(
δiν − pi

p2ν

p∗

)
|y)ab (5)

Using Eq. (??) for scalar propagator we obtain

〈Ãaµ(x)Abν(y)〉 = −
∫ ∞

0

d−α

2α
e−iα(x−y)• (6)

×(x⊥|
(
g⊥µi −

2p2µ

αs
pi
)
e−i

p2
⊥
αs x∗Õ(x∗,∞)O(∞, y∗)ei

p2
⊥
αs y∗

(
δiν − pi

2p2ν

αs

)
|y⊥)ab

where, as usual, Õ is built of the Ã fields in the left functional integral in Eq. (??).

B. Viz xigs

SΦ = Ω

∫
d4z F aµν(z)F aµν(z)Φ(z) =

4Ω

s

∫
d4z F a∗i(z)F

ai
• (z)Φ(z) =

4Ω

s

∫
d4z ∂∗A

a
i (z)F ai• (z)Φ(z) (7)
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〈Aaµ(x) eiSA+iSΦ〉 = iΩ
4

s

∫
d4y 〈Aaµ(x)∂∗A

b
i (y)F bi• (y)eiSA〉Φ(y) (8)

= Ω
4

s

∫
d4y (x|

[(
g⊥µj −

p2µ

p∗
pj
) 1

P 2 + iε

(
δjν − pj

p2ν

p∗

)
− p2µp2ν

p2
∗

]
ip∗|y)abδνi F

bi
• (y)Φ(y)

= 2iΩ

∫
d4y F bi• (y∗, y⊥)Φ(y)

∂

∂y•

[
− θ(x∗ − y∗)

∫ ∞
0

d−α

2α
+ θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)•

× (x⊥|e−i
p2
⊥
αs x∗

(
g⊥µi −

2p2µ

αs
pi
)
Oα(x∗, y∗; p⊥)ei

p2
⊥
αs y∗ |y⊥)ab

]
' Ω

∫
d4y

[
θ(x∗ − y∗)

∫ ∞
0

d−α− θ(y∗ − x∗)
∫ 0

−∞
d−α
]
e−iα(x−y)•(x⊥|e−i

p2
⊥
αs x∗

(
g⊥µi −

2p2µ

αs
pi
)
|y⊥)[x∗, y∗]

ab
y F

bi
• (y∗, y⊥)Φ(y)

]
= iΩ

4

s

∫
d4y

[
〈Aaµ(x)∂∗A

b,α>0
i (y•, y⊥)eiSQCD〉[∞, y∗]bcy F ci• (y∗, y⊥) + 〈Aaµ(x)∂∗A

b,α<0
i (y•, y⊥)eiSQCD〉[−∞, y∗]bcy F ci• (y∗, y⊥)

]
Φ(y)

II. IN THE BF

ΠPOΠAΓATOP

〈Aaµ(x)Abν(y)〉 (9)

=
[
− θ(x∗ − y∗)

∫ ∞
0

d−α

2α
+ θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)•

{
(x⊥|e−i

p2
⊥
αs (x−y)∗

×
[
Gabµν(x∗, y∗; p⊥) +Qabµν(x∗, y∗; p⊥)

]
|y⊥) + (y⊥|Q̄abµν(x∗, y∗; p⊥)e−i

p2
⊥
αs (x−y)∗ |x⊥)

}
ΓDE

Gµν(x∗, y∗; p⊥) = (10)

= gµν [x∗, y∗] + g

∫ x∗

y∗

dz∗

(
− 2i

αs2
(z − y)∗gµν

{
2pj [x∗, z∗]F•j(z∗)− i[x∗, z∗]DjF•j(z∗)

}
+

4

αs2
(δjµp2ν − δjνp2µ)[x∗, z∗]F•j(z∗)

)
[z∗, y∗]

+
8g2

αs3

∫ x∗

y∗

dz∗

∫ z∗

y∗

dz′∗
[
igµν(z′ − y)∗ −

2

αs
p2µp2ν

]
[x∗, z∗]F•j(z∗)[z∗, z

′
∗]F

j
• (z′∗)[z

′
∗, y∗]

Qabµν(x∗, y∗; p⊥) = − 4ig

α2s3
p2µp2ν

∫ x∗

y∗

dz∗([x∗, z∗]D
jF•j(z∗)[z∗, y∗])

ab (11)

+
g2

αs2

∫ x∗

y∗

dz∗

∫ z∗

y∗

dz′∗ψ̄(z∗)[z∗, x∗]t
a[x∗, y∗]t

b[y∗, z
′
∗]γ
⊥
µ 6p1γ

⊥
ν ψ(z′∗),

Q̄abµν(x∗, y∗; p⊥) = − g2

αs2

∫ x∗

y∗

dz∗

∫ x∗

z∗

dz′∗ψ̄γ
⊥
ν 6p1γ

⊥
µ [z∗, y∗]t

b[y∗, x∗]t
a[x∗, z

′
∗]ψ(z′∗)

As we mentioned, this formula is correct for the point y inside the shock wave and the point x inside or outside.
Without quarks

〈Aaµ(x)F b•i(y)〉 (12)

= i
[
− θ(x∗ − y∗)

∫ ∞
0

d−α

2α
+ θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)•(x⊥|e−i

p2
⊥
αs (x−y)∗

[
α
s

2
Gabµi (x∗, y∗; p⊥)− Gabµ∗(x∗, y∗; p⊥)pi

]
|y⊥) =

= i
[
− θ(x∗ − y∗)

∫ ∞
0

d−α

2α
+ θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)•(x⊥|e−i

p2
⊥
αs (x−y)∗

{
[x∗, y∗]

(αs
2
gµi − p2µpi

)
− 2p2µ

s

∫ x∗

y∗

dz∗[x∗, z∗]F•i(z∗)[z∗, y∗]
}
|y⊥)
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A. Viz xigs

〈Aaµ(x) eiSA+iSΦ〉 = iΩ
4

s

∫
d4y 〈Aaµ(x)(∂∗A

b
i − ∂iAb∗(y))F bi• (y)eiSA〉Φ(y) =

4Ω

s

[
θ(x∗ − y∗)

∫ ∞
0

d−α

2α

−θ(y∗ − x∗)
∫ 0

−∞

d−α

2α

]
e−iα(x−y)•(x⊥|e−i

p2
⊥
αs x∗

{
[x∗, y∗]

(
α
s

2
gµi − p2µpi

)
− 2

s
p2µ

∫ x∗

y∗

dz∗[x∗, z∗]F•i(z∗)[z∗, y∗]
}
|y⊥)abF b•i(y∗)Φ(y)

=
4Ω

s

[
θ(x∗ − y∗)

∫ ∞
0

d−α

2α
− θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)•(x⊥|e−i

p2
⊥
αs x∗

{
[x∗, y∗]

(
α
s

2
gµi − p2µpi

)
− ip2µ(∂i[x∗, y∗])

}
|y⊥)abF b•i(y∗)Φ(y)

=
4Ω

s

[
θ(x∗ − y∗)

∫ ∞
0

d−α

2α
− θ(y∗ − x∗)

∫ 0

−∞

d−α

2α

]
e−iα(x−y)•(x⊥|e−i

p2
⊥
αs x∗

(
α
s

2
gµi − p2µpi

)
[x∗, y∗]|y⊥)abF b•i(y∗)Φ(y)

= iΩ
4

s

∫
d4y

[
〈Aaµ(x)(∂∗Ai − ∂iA∗)b,α>0(y•, y⊥)〉[∞, y∗]bcy F ci• (y∗, y⊥) + 〈Aaµ(x)(∂∗Ai − ∂iA∗)b,α<0(y•, y⊥)〉[−∞, y∗]bcy F ci• (y∗, y⊥)

]
Φ(y)

= iΩ
4

s

∫
d4y

[
〈Aaµ(x)F b,α>0

∗i (y•, y⊥)〉[∞, y∗]bcy F ci• (y∗, y⊥) + 〈Aaµ(x)F b,α<0
∗i (y•, y⊥)〉[−∞, y∗]bcy F ci• (y∗, y⊥)

]
Φ(y) (13)

III. LVERTEX

A•(x∗, x⊥), B∗(x•, x⊥)

DµGµi = − 2

s
fabc(Bb∗∂iA

c
• +Ab•∂iB

c
∗)

DµGµ• =
2

s
fabc

[
Bb∗∂•A

c
• −

s

2

( 1

∂∗
Bb∗
)
∂2
⊥A

c
•
]

+
2

s
fabmf cdmAb•B

c
∗A

d
•

DµGµ∗ =
2

s
fabc

[
Ab•∂∗B

c
∗ −

s

2

( 1

∂•
Ab•
)
∂2
⊥B

c
∗
]

+
2

s
fabmf cdmBb∗A

c
•B

d
∗ (14)

Chek:

∂νDµGµν =
2

s
fabc

[
− ∂i(Bb∗∂iAc• +Ab•∂iB

c
∗) (15)

+ ∂∗
[
Bb∗∂•A

c
• −

s

2

( 1

∂∗
Bb∗
)
∂2
⊥A

c
•
]

+
2

s
fabmf cdmAb•∂∗B

c
∗A

d
• + ∂•

[
Ab•∂∗B

c
∗ −

s

2

( 1

∂•
Ab•
)
∂2
⊥B

c
∗
]

+
2

s
fabmf cdmBb∗∂•A

c
•B

d
∗

]
If αβs�⊥2 the Lipatov vertex reduces to usual one.

Ca∗ (α)Bb∗(α1)Bc∗(−α− α1)ψ̄
(
ta

1

α+ iε
tb

1

α+ α1 + iε
tc − ta 1

α+ iε
tc

1

α1 − iε
tb + tb

1

α1 + iε
ta

1

α+ α1 + iε
tc (16)

+tc
1

α+ α1 − iε
ta

1

α1 − iε
tb − tb 1

α1 + iε
tc

1

α− iε
ta + tc

1

α+ α1 − iε
tb

1

α− iε
ta
)
p̂1ψ

= Ca∗ (α)Bb∗(α1)Bc∗(−α− α1)ψ̄
(
tatbtc

1

(α+ iε)(α+ α1 + iε)
− tatctb

[ 1

(α+ iε)(α+ α1)
+

1

(α1 − iε)(α+ α1)

]
+tbtatc

1

(α1 + iε)(α+ α1 + iε)
+ tctatb

1

(α+ α1 − iε)(α1 − iε)
− tbtcta

[ 1

(α− iε)(α+ α1)
+

1

(α1 + iε)(α+ α1)

]
+ tctbta

1

(α+ α1 − iε)(α− iε)

)
p̂1ψ = Ca∗ (α)Bb∗(α1)Bc∗(−α− α1)ψ̄

([ta, [tb, tc]]
α(α+ α1)

+

[
tb, [ta, tc]

]
α1(α+ α1)

)
p̂1ψ

∼ Ca∗ (α, β)Bb∗(α1)Bc∗(−α− α1)∂2An• (−β)
[famnf bcm
α(α+ α1)

+
facmf bmn

α1(α+ α1)

]
(17)

Zapishem po-drugomu

∼ Ck∗ (α1 + α2)Ba∗ (−α1)Bb∗(−α2)ψ̄
( [ta, [tb, tk]

]
α1(α1 + α2)

+

[
tb, [ta, tk]

]
α2(α1 + α2)

)
p̂1ψ

∼ Cc∗(α1 + α2, β)Ba∗ (−α1)Bb∗(−α2)∂2An• (−β)
[ famnf bcm

α1(α1 + α2)
+

facmf bmn

α2(α1 + α2)

]
(18)
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1. Lvertices

−i〈ψ(x)ψ̄(y)〉A∗ =
2

s
〈ψ(x)ψ̄(z)〉p̂1A∗(z)〈ψ(z)ψ̄(y)〉 − 2

s
〈ψ(x)ψ̄(z)〉A∗(z)(z|

1

P∗
|z′)A∗(z′)p̂1〈ψ(z′)ψ̄(y)〉 (19)

Seff =
2

s

∫
d4z ψ̄(z)p̂1A∗ψ(z)− 2

s

∫
d4zd4z′ ψ̄(z)p̂1A∗(z|

1

P∗ + iε
|z′)A∗(z′)〈ψ(z′) (20)

Y HAC A∗ = B∗ + C∗ UI HADO expand do 3x powers of C∗.
First term of expansion (the lvertex)

Seff =
2

s

∫
d4z ψ̄(z)p̂1C∗ψ(z)− 2

s

∫
d4zd4z′ ψ̄(z)p̂1

[
C∗(z)(z|

1

p∗ +B∗ + iε
|z′)B∗(z′) +B∗(z)(z|

1

p∗ +B∗ + iε
|z′)C∗(z′)

− B∗(z)(z|
1

p∗ +B∗ + iε
C∗

1

p∗ +B∗ + iε
|z′)B∗(z′)

]
ψ(z′)

=
2i

s

∫
d4z

∫
dz′•ψ̄(z∗, z⊥)p̂1

{
θ(z• > z′•)C∗(z)[z•, z

′
•]zB∗(z

′
•, z⊥) + θ(z• > z′•)B∗(z•, z⊥)[z•, z

′
•]zC∗(z)

−
∫
dz′•d

′′
•θ(z• >?z′•)θ(z

′
• >?z′′• )B∗(z•, z⊥)[z•, z

′
•]zC∗(z

′)[z′•, z
′′
• ]B∗(z

′′
• , z⊥)

}
ψ̄(z∗, z⊥)

=?
2

s

∫
d4z

∫
dz′•ψ̄(z∗, z⊥)p̂1{[−∞, z•]C∗(z)[z•,−∞]− C∗(z)}ψ̄(z∗, z⊥) (21)

Po-drugomu

Seff =
2

s

∫
d4z ψ̄(z)p̂1A∗ψ(z)− 2

s

∫
d4zd4z′ ψ̄(z)p̂1A∗(z|

1

P∗ + iε
|z′)A∗(z′)〈ψ(z′) (22)

=
2

s

∫
d4zd4z′ ψ̄(z)p̂1

[
p∗ − (z|p∗

1

P∗ + iε
p∗|z′)

]
〈ψ(z′) = − s

2

∫
d4zdz′•θ(z• − z′•)ψ̄(z∗, z⊥)p̂1

∂

∂z•

∂

∂z′•
[z•, z

′
•]zψ(z∗, z⊥)

=

∫
d2z⊥dz∗dz•ψ̄(z∗, z⊥)[∞, z•]zC∗(z)[z•,−∞]zψ(z∗, z⊥) (23)

bikoz

∂

∂z•

∂

∂z′•
Pexp

{
i
2

s

∫ z•

z′•

dz′′• (B∗ + C∗)
}

=
∂

∂z•

∂

∂z′•
i
2

s

∫ z•

z′•

dz′′• [z•, z
′′
• ]C∗(z

′′
• )[z′′• , z

′
•] (24)

Eq. (22) korrespondz 2∫
dz∗

(
tatbtc

∫ ∞
z∗

dz′∗

∫ z′∗

z∗

dz′′∗ + tatctb
∫ ∞
z∗

dz′∗

∫ z∗

−∞
dz′′∗ + tctatb

∫ z∗

−∞
dz′∗

∫ z′∗

−∞
dz′′∗

)
e−iα1z

′
•−iα2z

′′
•−iαz•Ba• (α1)Bb•(α2)Cc•(α)

= δ(α1 + α2 + α)
[
− tatbtc

(α1 − iε)(α1 + α2 − iε)
+

tatcbtb

(α1 − iε)(α2 + iε)
− tctatb

(α2 + iε)(α1 + α2 + iε)

)
Ba• (α1)Bb•(α2)Cc•(α) (25)

Perepishem fla (16)

Cc∗(α)Ba∗ (α1)Bc∗(α2 = −α− α1)ψ̄
(
tc

1

−α1 − α2 + iε
ta

1

−α2 + iε
tb + tc

1

−α1 − α2 + iε
tb

1

−α1 + iε
ta + ta

1

α1 + iε
tc

1

−α2 + iε
tb

+tb
1

α2 + iε
tc

1

−α1 + iε
ta + ta

1

α1 + iε
tb

1

α1 + α2 + iε
tc + tb

1

α2 + iε
ta

1

α1 + α2 + iε
tc
)
p̂1ψ

= Cc∗(α)Ba∗ (α1)Bb∗(α2)ψ̄
( tctatb

(α2 − iε)(α1 + α2 − iε)
+

tctbta

(α1 − iε)(α1 + α2 − iε)

+
tatctb

(α1 + iε)(−α2 + iε)
+

tbtcta

(α2 + iε)(−α1 + iε)
+

tatbtc

(α1 + iε)(α1 + α2 + iε)
+

tbtatc

(α1 + iε)(α1 + α2 + iε)

)
p̂1ψ

= Cc∗(α)Ba∗ (α1)Bb∗(α2)ψ̄
( [[tc, ta], tb]

]
α2(α1 + α2)

+

[
[tc, tb], ta]

]
α1(α1 + α2)

)
p̂1ψ

∼ Cc∗(α, β)Ba∗ (α1)Bb∗(α2)∂2An• (−β)
[ facmf bmn

α2(α1 + α2)
+

f bcmfamn

α1(α1 + α2)

]
(26)
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Nau, gipoteza dlya retarded fankshns∫
d2z⊥dz∗dz•ψ̄(z∗, z⊥)[−∞, z•]zC(z)[z•,−∞]zψ(z∗, z⊥) (27)

korrespondz 2∫
dz∗

(
tatbtc

∫ −∞
z∗

dz′∗

∫ z′∗

z∗

dz′′∗ + tatctb
∫ −∞
z∗

dz′∗

∫ z∗

−∞
dz′′∗ + tctatb

∫ z∗

−∞
dz′∗

∫ z′∗

−∞
dz′′∗

)
e−iα1z

′
•−iα2z

′′
•−iαz•Ba• (α1)Bb•(α2)Cc•(α)

= δ(α1 + α2 + α)
[
− tatbtc

(α1 + iε)(α1 + α2 + iε)
+

tatctb

(α1 + iε)(α2 + iε)
− tctatb

(α2 + iε)(α1 + α2 + iε)

)
Ba• (α1)Bb•(α2)Cc•(α)

= δ(α1 + α2 + α)
[
− ta[tb, tc]

(α1 + iε)(α1 + α2 + iε)
− [tc, ta]tb

(α2 + iε)(α1 + α2 + iε)

)
Ba• (α1)Bb•(α2)Cc•(α) (28)

UITOΓO

DµGµi = − 2

s
fabc(Bb∗∂iA

c
• +Ab•∂iB

c
∗)

DµGµ• =
2

s
D̄aa′

• fa
′bcBb∗A

c
• −

( 1

P̄∗ + iε
B∗
)ab
∂2
⊥A

b
• =

2

s
D̄ab
• Ḡ

b
∗• −

( 1

P̄∗ + iε
B∗
)ab
∂2
⊥A

b
•

DµGµ∗ =
2

s
D̄aa′

∗ fa
′bcAb•B

c
∗ −

( 1

P̄• + iε
A•
)ab
∂2
⊥B

b
∗ = − 2

s
D̄ab
∗ Ḡ

b
∗• −

( 1

P̄• + iε
A•
)ab
∂2
⊥B

b
∗

DµGµν = D̄µḠµν − ∂2Āµ − lµ, laµ ≡
2

s
p1µ

( 1

P•
Ā•
)ab
∂2
⊥Ā

b
∗ +

2

s
p2µ

( 1

P∗
Ā∗
)ab
∂2
⊥Ā

b
• (29)

Chek:

D̄νDµGµν =
2

s
fabc

[
− ∂i(Bb∗∂iAc• +Ab•∂iB

c
∗) (30)

+
2

s
(D̄∗)

aa′
[2
s
D̄a′b
• Ḡb∗• −

( 1

P̄∗ + iε
B∗
)a′b

∂2
⊥A

b
•
]

+
2

s
(D̄•)

aa′
[
− 2

s
D̄a′b
∗ Ḡb∗• −

( 1

P̄• + iε
A•
)a′b

∂2
⊥B

b
∗
]

=
4

s2
[D̄∗, D̄•]

abḠb∗• −
2

s
fabc∂i(B

b
∗∂iA

c
• +Ab•∂iB

b
∗)−

2

s
fabc(Bb∗∂

2
⊥A

c
• +Ab•∂

2
⊥B

c
∗) = 0

2. Exersize with scalar quarks

Vertex: φ̄k(x)φk(x)Φ(x)

iφ̄mA (x)φmC (x)

∫
d4z φ̄kC(z){pµ, Aµ}klφlB(z) =

∫
d4z φ̄mA (x)(z|2α 1

m2 + ~p2 − αβs− iε
|x)mkA

kl
• (z∗, z⊥)φlB(z)

α>0
= −

∫
d4z φ̄mA (x∗, x⊥)(x| 2

βs+ iε
|z)Akl• (z∗, z⊥)φlB(z•, z⊥) = − 2

s

∫
dz∗ φ̄

k
A(x∗, x⊥)Akl• (z∗, x⊥)

∫
d−β

β + iε
e−iβ(x∗−z∗)φlB(x•, x⊥)

= φ̄kA(x∗, x⊥)
2i

s

∫ x∗

−∞
dz∗A

kl
• (z∗, x⊥)φlB(x•, x⊥) → φ̄kA(x∗, x⊥)[x∗,−∞]klx φ

l
B(x•, x⊥) (31)

which agrees with

φ̄k(x)〈φk(x)φl(y)〉A = φ̄k(x)[x∗,−∞]kl(x| i

p2 + iε
|y) ⇒ φ̄kA(x)[φkB(x) + φkC(x)] =

∫
d4z φ̄kA(x)(x| 1

P 2 + iε
p2|z)klφlB(z)

(32)

First order in B∗∫
d4zd4z′ (x| 1

(p+A)2 + iε
{p,A}|z′)klφlB(z′)(x| 1

(p+A)2 + iε
{p+A,B}|z)kmφmA (z)

α>0
= [x∗,−∞]klx φ

l
B(x•, x⊥)

1

s
(x| 1

P 2 + iε
{P•, B∗}|z)kmφmA (z)

= φ̄kA(x∗, x⊥)
2i

s

∫ x∗

−∞
dz∗A

kl
• (z∗, x⊥)φlB(x•, x⊥) → φ̄kA(x∗, x⊥)[x∗,−∞]klx φ

l
B(x•, x⊥) (33)
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A. Gluon in the bF gauge

Split the fields in up, down, and “eikonal” A → A + B + C. The field B (up) do not depend on z∗ (at least, the
dependence is negligible). Similarly, fields A (down) do not depend on z•. The propagator of C fields will be local in
x⊥.

Fµν = (A+B)µν + (DµCν − µ↔ ν)− i[Cµ, Cν ], (A+B)µν ≡ Aµν +Bµν − i[Aµ, Bν ]− i[Bµ, Aν ] (34)

−1

4
F aµνF

aµν − 1

2
[(DµCµ]2 = − 1

2
Tr{(Aµν +Bµν − i[Aµ, Bν ]− i[Bµ, Aν ])2}

+ 2Tr{CνDµ(A+B)µν} −
1

2
Tr{Cµ(D2gµν − 2i[(A+B)µν , )C

ν} − 2iTr{DµCν [Cµ, Cν ]}+ ... (35)

Linear term

2Tr{CνDµ(A+B)µν} = Caν(Dµ(A+B)µν)a (36)

Caα(x) → Aaα(x) +Baα(x) + i

∫
dz 〈Caα(x)Cµb(x)〉(Dµ(A+B)µν)b

= Aaα(x) +Baα(x) +

∫
dz (x|

( 1

P 2gαν + 2i(A+B)αν

)ab
(Dµ(A+B)µν)b|z) (37)

Now we keep all orders in A but only one in B. By kinematics, this only B must be from (Dµ(A+B)µν) since pure
A’s cannot produce C gluon. Thus,

(Dµ(A+B)µν) → (D2gνµ − 2iAνµ)abBbµ −DνDµB
µ (38)

Also, B alone cannot produce C gluon so the term (∂2gνµ − ∂µ∂ν)Bµ must be subtracted, so

(Dµ(A+B)µν)b → (D2gνµ − 2iAνµ)bcBcµ − (DνDµB
µ)b − (∂2gνµ − ∂µ∂ν)Bbµ (39)

and we get

Aaα(x) +Baα(x) + Caα(x) → Aaα(x) +Baα(x) + i

∫
dz 〈Caα(x)Cbν(z)〉(Dµ(A+B)µν)b(z) = Aaα(x) +Baα(x)

+

∫
dz (x|

( 1

P 2gαν + 2iAαν

)ab
(D2gνΩ − 2iAνΩ −DνDΩ)bc|z)BcΩ(z)−

∫
dz (x|

( 1

P 2gαν + 2iAαν

)ab
(∂2gνΩ − ∂ν∂Ω|z)BbΩ(z)

= Aaα(x) +

∫
dz (x|Pα

1

P 2
Pµ|x)abBbµ(z)−

∫
dz (x|

( 1

P 2gαν + 2iAαν

)ab
(∂2gνΩ − ∂ν∂Ω|z)BbΩ(z) + O(DµAµν) (40)

If α = ∗∫
dz (x|P∗

1

P 2 + iε
PΩ|x)abBbΩ(z)−

∫
dz (x| 1

P 2 + iε
(∂2p2Ω − ∂Ω∂∗)|z)abBbµ(z)

=

∫
dz (x| α

P 2
P•|z)abBm∗ (z)−

∫
dz (x| 1

P 2
(∂2 − 2

s
∂•∂∗)|z)abBb∗(z)

=

∫
dz (x| α

P 2
P•|z)abBm∗ (z) +

∫
dz (x| 1

P 2
(αp• − p2

⊥)|z)abBb∗(z) = Ba∗ (x)−
∫
dz (x| α

P 2 + iε
A•|x)abBb∗(z) (41)

Decompose B∗(z•) = Bα>0
∗ +Bα<0

∗ = B+(z•) +B−(z•)∫
dz (x| α

P 2 + iε
A•|z)abBb+∗ (z) +

∫
dz (z| α

P 2 + iε
A•|x)abBb−∗ (z)

=
1

2

∫
dz (z| 1

P• + iε
A•|z)abBb+∗ (z) +

1

2

∫
dz (x| 1

P• − iε
A•|z)abBm−∗ (z)

=
1

2
Ba∗ (x) +

is

4

∫
dz

∂

∂z∗
(x| 1

P• + iε
|z)abBb+∗ (z) +

is

4

∫
dz

∂

∂z∗
(x| 1

P• − iε
|z)abBm−∗ (z)

=
1

2
Ba∗ (x) +

1

2

∫
dz∗

∂

∂z∗
θ(x∗ − z∗)[x∗, z∗]abBb+∗ (x•, x⊥) − 1

2

∫
dz∗

∂

∂z∗
[x∗, z∗]

abθ(z∗ − x∗)Bb−∗ (x•, x⊥)

=
1

2
Ba∗ (x)− 1

2
[x∗,−∞]abBb+∗ (x•, x⊥) − 1

2

∫
dz∗ [x∗,∞]abBb−∗ (x•, x⊥) (42)
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ΓDE DBOŬIKA?

1ce again in the leading order in B:

Dµ(A+B)µ∗ = (Dµ
A − i[B

µ)(Aµ∗ +DA
µB∗ −DA

∗ Bµ) + O(B2) = D2
AB∗ −

2

s
DA
∗ D

A
• B∗ (43)

Ca∗ (x) → Aa∗(x) +Ba∗ (x) + i

∫
dz 〈Ca∗ (x)Cµb(x)〉(Dµ(A+B)µν)b

= Ba∗ (x) +

∫
dz (x| 1

(p+A)2
|z)ab(Dµ(A+B)µ∗ − (A = 0))b(z) = Ba∗ (x)−

∫
dz (x| 1

(p+A)2
({p,A} − αA•)|z)abB∗(z)

= Ba∗ (x)−
∫
dz (x| 1

2αP• + iε
(2αA• − αA•)|z)abB∗(z) = Ba∗ (x)−

∫
dz (x| 1

P• + iεα
(A• −

1

2
A•)|z)abB∗(z) (44)

∫
dz (x| 1

P• + iεα
A•|z)abB∗(z)

∫
dz (x| 1

P• + iεα
A•|z)abB∗(z) =

∫
dz (x| 1

P• + iε
A•|z)abBb+∗ (z) +

∫
dz (z| 1

P• − iε
A•|x)abBb−∗ (z)

=

∫
dz (z| 1

P• + iε
A•|z)abBb+∗ (z) +

∫
dz (x| 1

P• − iε
A•|z)abBm−∗ (z)

= Ba∗ (x) +
is

4

∫
dz

∂

∂z∗
(x| 1

P• + iε
|z)abBb+∗ (z) +

is

2

∫
dz

∂

∂z∗
(x| 1

P• − iε
|z)abBm−∗ (z)

= Ba∗ (x) +

∫
dz∗

∂

∂z∗
θ(x∗ − z∗)[x∗, z∗]abBb+∗ (x•, x⊥) −

∫
dz∗

∂

∂z∗
[x∗, z∗]

abθ(z∗ − x∗)Bb−∗ (x•, x⊥)

= Ba∗ (x)− [x∗,−∞]abBb+∗ (x•, x⊥) −
∫
dz∗ [x∗,∞]abBb−∗ (x•, x⊥) = Ba∗ (x)− [x∗,−∞α]abBb∗(x•, x⊥) (45)

B. Lorentz gauge

DµGµν = DµAµν +DµBµν ⇒ (D2gµν − 2iGA+B
µν −DµDν)Cν = (DµGµν)A+B −DµAµν −DµBµν (46)

Lorentz gauge ∂µCµ = 0

Cµ =

∫
dz (x| 1

P 2gµν + 2iGµν − PµAν
|z)[(DµGµν)A+B −DµAµν −DµBµν ](z) (47)

In the leading order in B

Cµ = −
∫
dz (x| 1

P 2gµν + 2iAµν − PµAν
|z)[(P 2gνΩ + 2iAνΩ − PνPΩ − p2gνΩ + pνpΩ)|z)BΩ(z)

= −
∫
dz (x| 1

P 2gµν + 2iAµν − PµAν
|z)[(P 2gνΩ + 2iAνΩ − PνAΩ − p2gνΩ)|z)BΩ(z)

= −Bµ +

∫
dz (x| 1

P 2gµν + 2iAµν − PµAν
p2|z)Bν(z) = −Bµ +

2

s

∫
dz (x| 1

P 2gµ• + 2iAµ• − PµA•
p2|z)B∗(z)(48)

C∗ = −B∗ +

∫
dz (x| 1

P 2 − 2
sP∗A•

p2|z)B∗(z) = −B∗ +

∫
dz (x| 1

P• − 1
2A• − iεα

p•|z)B∗(z) (49)
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C. Background-Lorentz gauge

(∂µ − iAµ − iBµ)Cµ = 0 ⇒

Caµ =

∫
dz (x| 1

P 2gµν + 2iGµν
|z)ab[(DµGµν)A+B −DµAµν −DµBµν ]b(z) (50)

In the leading order in B

Caµ = −
∫
dz (x| 1

P 2gµν + 2iAµν
|z)[(P 2gνΩ + 2iAνΩ − PνPΩ − p2gνΩ + pνpΩ)|z)abBbΩ(z)

= −
∫
dz (x| 1

P 2gµν + 2iAµν
|z)[(P 2gνΩ + 2iAνΩ − PνAΩ − p2gνΩ)|z)BΩ(z)

= −Bµ +

∫
dz (x| 1

P 2gµν + 2iAµν
p2|z)Bν(z) +

∫
dz (x| 1

P 2gµν + 2iAµν
PνAΩ|z)BΩ(z)

= −Bµ +
2

s

∫
dz (x| 1

P 2gµ• + 2iAµ• − iε
p2|z)abBb∗(z) +

2

s

∫
dz (x| 1

P 2gµν + 2iAµν − iε
PνA•|z)abBb∗(z) (51)

Ca∗ = −Ba∗ +

∫
dz (x| 1

P 2 + iε
p2|z)abBb∗(z) +

∫
dz (x| 1

P 2 + iε
αA•|z)abBb∗(z) (52)

= − 1

2

∫
dz (x| 1

P• + iεα
A•|z)abBb∗(z)

⇒ C∗(x) =
i

s

∫ x∗

−∞
dz∗[x∗, z∗]x[A•(z∗, x⊥), B∗(x•, x⊥)][z∗, x∗]x = − 1

2
B∗(x•, x⊥) +

1

2
[x∗,−∞α]xB∗(x•, x⊥)[−∞α, x∗]x

In the first order in A and B

C∗ = −
∫
dz (x| 1

p2 + iε
(2αA• − αA•)|z)B∗(z) ⇔ Ca∗ = − ifabc

∫
dz (x| 1

p2 + iε
(2αAb• − αAb•)(z)Bc∗(z) (53)

ΦOPMYΛA

Pµ
1

P 2gµν + 2iGµν
=

1

P 2
Pν +

1

P 2
DαGαβ

1

P 2gβν + 2iGβν
(54)

1. From 3-gluon vertex

Vershina

exp
{
− ig

∫
dzfmnlAmµ A

n
ν (DµAν)l

}
= exp

{ g
3!

∫
d−k1d−k2 A

m
µ (k1)Anν (k2)AlΩ(−k1 − k2) fmnlΓµνΩ(k1, k2,−k1 − k2)

}
Γµν;Ω(k1, k2) ≡ ΓµνΩ(k1, k2,−k1 − k2) = (k1 − k2)Ωgµν + (2k2 + k1)µgνΩ + (−2k1 − k2)νgΩµ (55)

〈Caα(x) exp
{ g

3!

∫
d−k1d−k2 (A+B + C)mµ (k1)(A+B + C)nν (k2)(A+B + C)lΩ(−k1 − k2) fmnlΓµνΩ(k1, k2,−k1 − k2)

}
〉

= fmnl
∫
d−k1d−k2〈Cα(x)ClΩ(−k1 − k2)〉g

2
(A+B)mµ (k1)(A+B)nν (k2)ΓµνΩ(k1, k2,−k1 − k2)

= gfmnl
∫
d−k1d−k2〈Cα(x)ClΩ(−k1 − k2)〉Amµ (k1)Bnν (k2)ΓµνΩ(k1, k2,−k1 − k2)

= − i2
s
gfmnl

∫
d−k1d−k2

e−i(k1+k2)x

(k1 + k2)2
[(2α1 + α2)p1 − (2β2 + β1)p2 + (k1 − k2)⊥]αA

m
• (k1)Bn∗ (k2)

= − i2
s
gfmnl

∫
d−k1d

−k2
e−iα2x•−iβ1x∗+i(k1+k2,x)⊥

α2β1s− (k1 + k2)2
⊥ + iε

[α2p1 − β1p2 + (k1 − k2)⊥]αA
m
• (k1⊥ , βk)Bn∗ (k2)

=
2

is
gfmnl

∫
d−k⊥1 d

−k⊥2
e−iα2(x−z2)•−iβ1(x−z1)∗+i(k1+k2,x)⊥−i(k1,z1)⊥−i(k2,z2)⊥

α2β1s− (k1 + k2)2
⊥ + iε

[α2p1 − β1p2 + (k1 − k2)⊥]αA
m
• (z1)Bn∗ (z2)dz1∗dz2•d−α2d−β1
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Assumption: drop (k1 + k2)2
⊥ in the denominator

=
2

is
gfmnl

∫
d−k⊥1 d

−k⊥2 e
−iα2(x−z2)•−iβ1(x−z1)∗+i(k1+k2,x)⊥−i(k1,z1)⊥−i(k2,z2)⊥

[α2p1 − β1p2 + (k1 − k2)⊥]α
α2β1s+ iε

Am• (z1)Bn∗ (z2)dz1∗dz2•d−α2d−β1

=
2

is2
gfmnl

∫
dz1∗dz2•d−α2d−β1 e

−iα2(x−z2)•−iβ1(x−z1)∗
([ p1

β1 + iεα2
− p2

α2 + iεβ1

]
Am• (x⊥, z1∗)B

n
∗ (x⊥, z2•)

+
i

α2β1 + iε

[
(∂⊥αA

m
• (x⊥, z1∗))B

n
∗ (x⊥, z2•)−Am• (x⊥, z1∗)∂

⊥
αB

n
∗ (x⊥, z2•)

])
(56)

Ca∗ (x) =
1

is
gfmnl

∫
dz1∗dz2•d−α2d−β1 e

−iα2(x−z2)•−iβ1(x−z1)∗
1

β1 + iεα2
Am• (x⊥, z1∗)B

n
∗ (x⊥, z2•)

= − 1

s
famn

∫ x∗

−∞
dz∗ A

m
• (x⊥, z∗)B

n+
∗ (x⊥, x•) +

1

s
famn

∫ ∞
x∗

dz∗ A
m
• (x⊥, z∗)B

n−
∗ (x⊥, x•)

=
1

2
([x∗,−∞](1)

x )anBn+
∗ (x⊥, x•) +

1

2
([x∗,∞](1)

x )anBn−∗ (x⊥, x•) =
1

2
([x∗,−∞α](1)

x )abBb∗(x⊥, x•) (57)

D. Scalars

Linear term

φ̄C [(p+A+B)2 − (p+B)2]φB + φ̄C [(p+A+B)2 − (p+A)2]φA + φ̄B [(p+A+B)2 − (p+B)2]φC + φ̄A[(p+A+B)2 − (p+B)2]φC

= φ̄C({p+A,B}+B2)φA + φ̄C({p+B,A}+A2)φB + φ̄A({p+A,B}+B2)φC + φ̄B({p+B,A}+A2)φC (58)

In the first order in B∗

φA(x) + iφC

∫
dzφ̄C [(p+A+B)2 − (p+A)2]φA(z) = φA(x)−

∫
dz (x| 1

(p+A+B)2 + iε
|z)[(p+A+B)2 − (p+A)2]φA(z)

=

∫
dz (x| 1

(p+A+B)2 + iε
(p+A)2|z)φA(z) = φA(x)−

∫
dz φA(x)(x| 1

(p+A)2 + iε
{p+A,B}|z)φA(z)

= φA(x)− 2

s

∫
dz (x| 1

α
|z)B∗(z)φA(z) +

1

s

∫
dz (x| 1

αP• + iε
|z)[A•, B∗]φA(z)

= [x•,∞β](1)
x φA(x∗, x⊥) +

1

s

∫
dz (x| 1

αP• + iε
|z)[A•, B∗]φA(z)

= [x•,∞β](1)
x φA(x∗, x⊥) +

1

s

∫
dz (x| 1

αP• + iε
[A•, B∗]

1

P• + iεα
A•|z)φA(z) +

1

s

∫
dz (x| 1

αP• + iε
A•|z)B∗(z)φA(z) (59)

Dobavka:

C∗(x) =
i

s

∫ x∗

−∞
dz∗[x∗, z∗]x[A•(z∗, x⊥), B∗(x•, x⊥)][z∗, x∗]x = − 1

2
B∗(x•, x⊥) +

1

2
[x∗,−∞α]xB∗(x•, x⊥)[−∞α, x∗]x

2i

s

∫
dz• C∗(z•)φA(x∗, x⊥) =

1

s

∫
dz• ([z∗,−∞]xB∗(x⊥, z•)[z∗,−∞]x −B∗(z⊥, x•))φA(x∗, x⊥) (60)
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φ̄B(x) + i

∫
dzφ̄B(z)[(p+A+B)2 − (p+B)2]φC(z)φ̄C = φ̄B(x)−

∫
dz φ̄B(z)(z|[(p+A+B)2 − (p+B)2]

1

(p+A+B)2 + iε
|x)

=

∫
dz φ̄B(z)(z|(p+B)2 1

(p+A+B)2 + iε
|x)

=

∫
dz φ̄B(z)(z|p2

[ 1

(p+A)2
− 1

(p+A)2 + iε
{p+A,B} 1

(p+A)2 + iε

]
|x) +

∫
dz φ̄B(z)(z|{p,B} 1

(p+A)2 + iε
|x)

=

∫
dz φ̄B(z)(z|p•

1

P• + iεα
− 1

s
p•

1

P• + iεα
{P•, B∗}

1

αP• + iε
|x) +

1

s

∫
dz φ̄B(z)(z|{p•, B∗}

1

αP• + iε
|x)

=

∫
dz φ̄B(z)(z|p•

1

P• + iεα
|x) +

1

s

∫
dz φ̄B(z)(z|p•

1

P• + iεα
[A•, B∗]

1

αP• + iε
|x)

= φ̄B(x•, x⊥)[−∞, x∗] +
1

s

∫
dz φ̄B(z)(z|p•

1

P• + iεα
[A•, B∗]

1

αP• + iε
|x)

= φ̄B(x•, x⊥)[−∞, x∗] +
1

s

∫ x•

−∞
dz• φ̄B(z•, x⊥)B∗(z•, x⊥)[−∞, x∗]x −

1

s

∫ x•

−∞
dz• φ̄B(z•, x⊥)[−∞, x∗]xB∗(z•, x⊥) (61)

1 mo term

φ̄B(x) + i

∫
dzφ̄B(z)[(p+A+B + C)2 − (p+B)2]φC(z)φ̄C 3

∫
dz φ̄B(z)(z|2αC•

1

(p+A)2 + iε
|x)

=

= (62)

CYMMA

φ̄B(x•, x⊥)[−∞, x∗][x•,∞](1)
x φA(x∗, x⊥) +

1

s
φ̄B(x•, x⊥)

∫
dz (x| 1

αP• + iε
|z)[A•, B∗]φA(z)

+
1

s

∫
dz φ̄B(z)(z|p•

1

P• + iεα
[A•, B∗]

1

αP• + iε
|x)φA(x∗, x⊥) + B∗ ↔ C∗

=
1

2
φ̄B(x•, x⊥)[x•,∞](1)

x [−∞, x∗]xφA(x∗, x⊥) +
1

2
φ̄B(x•, x⊥)[−∞, x∗]x[x•,∞](1)

x φA(x∗, x⊥)

+
[1

s
φ̄B(x•, x⊥)

∫
dz (x| 1

αP• + iε
|z)[A•, B∗]φA(z) +

1

s

∫
dz φ̄B(z)(z|p•

1

P• + iεα
[A•, B∗]

1

αP• + iε
|x)φA(x∗, x⊥) + B∗ ↔ C∗

]
= φ̄B(x•, x⊥)[x•,∞](1)

x [−∞, x∗]xφA(x∗, x⊥) +
1

2
φ̄B(x•, x⊥)

( 1

α
B∗(x)[−∞, x∗]x − [−∞, x∗]x

1

α
B∗(x)

)
φA(x∗, x⊥)

+
[1

s
φ̄B(x•, x⊥)

∫
dz (x| 1

αP• + iε
|z)[A•, B∗]φA(z) +

1

s

∫
dz φ̄B(z)(z|p•

1

P• + iεα
[A•, B∗]

1

αP• + iε
|x)φA(x∗, x⊥) + B∗ ↔ C∗

]
(63)

1. Zabyl

ei
∫
dz′CµDµG

µν(z′)ei
∫
dzφ̄B{p+A+B,C}φC φ̄C(x) = −

∫
dz′DµG

aµν〈Cν(z′)CΩ(z)〉abφ̄B{p+A+B, tb}〈φC(z)φ̄C(x)〉

= −
∫
dzφ̄B(z){p+A,C(1)(z)}〈φC(z)φ̄C(x)〉 = −

∫
dzφ̄B(z)(z|{p+A,C(1)} 1

(p+A)2 + iε
|x)

=
2

s

∫
dzφ̄B(z)C∗(z)(z|2P•

1

2αP• + iε
|x) =

2

s

∫ x∗

−∞
dz φ̄B(z•, x⊥)C∗(z•, x⊥) (64)
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2. Cbu

From Eq. (51) we get

Ca• =
2

s

∫
dz (x| 1

P 2g•• + 2iA•• − iε
p2 +

2

s

1

P 2g•• + 2iA•• − iε
P∗A• +

1

P 2g•i + 2iA•i − iε
PiA• +

1

P 2
P•A•|z)abBb∗(z)

=
2

s

∫
dz (x| 4

P 2
A•i

1

P 2
A i
•

1

P 2
α(2p• +A•)− 2i

1

P 2
A•i

1

P 2
piA• +

1

2αP 2
(2αP• − p2

⊥ + p2
⊥)A•|z)abBb∗(z)

=
2

s

∫
dz (x| 1

α2

1

P•
A•i

1

P•
A i
•

1

P•
α(2p• +A•)−

i

2α2

1

P•
A•i

1

P•
piA• +

1

2α
A• +

1

4αP•
p2
⊥A•|z)abBb∗(z)

'
∫
dz (x| 1

αs
A•|z)abBb∗ =

1

2
[x•,−∞β]abx A

b
•(x∗, x⊥)− 1

2
Aa•(x∗, x⊥) (65)

IV. SCALARS AGAIN

Scalars move in the “external” field (A+B + C)µ

3. Fi A

φA(x) + iφC

∫
dz φ̄C [(p+A+B + C)2 − (p+A)2]φA(z)

= φA(x)−
∫
dz (x| 1

(p+A+B + C)2 + iε
|z)[(p+A+B + C)2 − (p+A)2]φA(z)

=

∫
dz (x| 1

(p+A+B + C)2 + iε
(p+A)2|z)φA(z) = φA(x)−

∫
dz (x| 1

(p+A)2 + iε
{p+A,B + C}|z)φA(z)

= φA(x)−
∫
dz (x| 1

(p+A)2 + iε

(4

s
P•(B∗ + C∗)−

2

s
[P•, B∗ + C∗] + 2αC• + {pi, Ci}

)
|z)φA(z)

= φA(x)−
∫
dz (x| 1

(p+A)2 + iε

(4

s
P•(B∗ + C∗)−

2

s
[P•, B∗ + C∗] + 2[α,C•] + {pi, Ci}

)
|z)φA(z) (66)

Since

Ca∗ = − 1

2

∫
dz (x| 1

P• + iεα
A•|z)abBb∗(z), Ca• =

∫
dz (x| 1

αs
A•|z)abBb∗ (67)

we get

P ab• (B∗ + C∗)
b =

1

2
Aab• B

b
∗ ⇒ [P•, B∗ + C∗] =

1

2
[A•, B∗]

2αCa• =
1

s
Aab• B

b
∗ ⇒ [α,C•] =

1

s
[A•, B∗] (68)

⇒ {pµ +Aµ, Bµ + Cµ} '
4

s
(p+A)•(B∗ + C∗) (69)

and there4

φA(x) + iφC

∫
dzφ̄C [(p+A+B + C)2 − (p+A)2]φA(z) (70)

= φA(x)−
∫
dz (x| 1

(p+A)2 + iε

4

s
P•(B∗ + C∗)|z)φA(z) = φA(x)− 2

s

∫
dz (x| 1

αP• + iε
P•(B∗ + C∗)|z)φA(z)
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(x| 1

αP• + iε
|z) = − iδ(x⊥ − z⊥)[x∗, z∗]

(
θ(x∗ − z∗)

∫ ∞
σ

d−α

α
e−iα(x−z)• − θ(z∗ − x∗)

∫ −σ
−∞

d−α

α
e−iα(x−z)•

)
(71)

(x|P•
1

αP•
|z) =

s

2
δ(x⊥ − z⊥)δ(x∗ − z∗)

[∫ ∞
σ

d−α

α
e−iα(x−z)• +

∫ −σ
−∞

d−α

α
e−iα(x−z)•

]
= − is

4
δ(x⊥ − z⊥)δ(x∗ − z∗)ε(x• − z•)

(x| 1

P• + iεα
|z) = − iδ(x⊥ − z⊥)[x∗, z∗]

(
θ(x∗ − z∗)

∫ ∞
σ

d−α e−iα(x−z)• − θ(z∗ − x∗)
∫ −σ
−∞

d−α e−iα(x−z)•
)

∫ ∞
σ

dα

α
e−iα(x−z)• = − iπ

2
− lnσ(x• − z• − iε)− C + O(σ(x− z)•) (72)∫ −σ

−∞

dα

α
e−iα(x−z)• = − iπ

2
+ lnσ(x• − z• + iε) + C + O(σ(x− z)•)

DAΛEE,

2

s

∫
dz(x|P•

1

αP•
|z)[B∗(z) + C∗(z)]φA(z) =

1

2

∫
dz•

[∫ ∞
σ

d−α

α
e−iα(x−z)• (73)

×
(
B+
∗ (z•, x⊥) + [x∗,−∞]B+

∗ (z•, x⊥)[−∞, x∗]
)

+

∫ −σ
−∞

d−α

α
e−iα(x−z)•

(
B−∗ (z•, x⊥) + [x∗,∞]B−∗ (z•, x⊥)[∞, x∗]

)]
φA(x)

= − i

2

∫ x•

−∞
dz•
(
B∗(z•) + [x∗,−∞]B∗(z•)[−∞, x∗]

)
φA(x) +

i

2

∫ ∞
x•

dz•
(
B∗(z•) + [x∗,−∞]B∗(z•)[−∞, x∗]

)
φA(x)

+
1

2
[x∗,−∞]

∫
dz•

∫ −σ
−∞

d−α

α
e−iα(x−z)•

(
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

)
[−∞, x∗]φA(x) (74)

where we uzd

B∗(x)+C∗(x) =
1

2
B+
∗ (x•, x⊥)+

1

2
[x∗,−∞]B+

∗ (x•, x⊥)[−∞, x∗] +
1

2
B−∗ (x•, x⊥)+

1

2
[x∗,∞]B−∗ (x•, x⊥)[∞, x∗] (75)

UITOΓO

(a) (b) (c)

FIG. 1. Niz.

φA(x) + iφC

∫
dzφ̄C [(p+A+B + C)2 − (p+A)2]φA(z) = φA(x)− 2

s

∫
dz (x| 1

αP• + iε
P•(B∗ + C∗)|z)φA(z)

= φA(x) +
i

s

∫ x•

−∞
dz•
(
B∗(z•) + [x∗,−∞]B∗(z•)[−∞, x∗]

)
φA(x)− i

s

∫ ∞
x•

dz•
(
B∗(z•) + [x∗,−∞]B∗(z•)[−∞, x∗]

)
φA(x)

− 1

s
[x∗,−∞]

∫
dz•

∫ −σ
−∞

d−α

α
e−iα(x−z)•

(
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

)
[−∞, x∗]φA(x) (76)
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4. Fi Be

φ̄B(x) + i

∫
dzφ̄B(z)[(p+A+B + C)2 − (p+B)2]φC(z)φ̄C(x)

= φ̄B(x)−
∫
dz φ̄B(z)(z|[(p+A+B + C)2 − (p+B)2]

1

(p+A+B + C)2 + iε
|x)

=

∫
dz φ̄B(z)(z|(p+B)2 1

(p+A+B + C)2 + iε
|x) =

∫
dz φ̄B(z)(z|p2 1

(p+A)2 + iε
|x)

+

∫
dz φ̄B(z)(z|{p,B} 1

(p+A)2 + iε
− p2 1

(p+A)2
{p+A,B + C} 1

(p+A)2
|x)

=

∫
dz φ̄B(z)(z|p•

1

P• + iεα
|x) +

∫
dz φ̄B(z)(z| − 4

s
p•C∗

1

(p+A)2 + iε
|x)

= i
s

2

∫
dz φ̄B(z)

∂

∂z∗
(z| 1

P• + iεα
|x)− i

∫
dz φ̄B(z)

∂

∂z∗
C∗(z)(z|

1

αP• + iε
|x)

=
s

2

∫
dz φ̄B(z)δ(x⊥ − z⊥)

∂

∂z∗
[z∗, x∗]

(
θ(z∗ − x∗)

∫ ∞
σ

d−α e−iα(z−x)• − θ(x∗ − z∗)
∫ −σ
−∞

d−α e−iα(z−x)•
)

−
∫
dz δ(x⊥ − z⊥)φ̄B(z)

∂

∂z∗
C∗(z)[z∗, x∗]

(
θ(z∗ − x∗)

∫ ∞
σ

d−α

α
e−iα(z−x)• − θ(x∗ − z∗)

∫ −σ
−∞

d−α

α
e−iα(z−x)•

)
=

∫
dz• φ̄B(z•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z−x)• −
∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z−x)•
)

− 2

s

∫
dz• φ̄B(z•, x⊥)C∗(z∗ =∞, z•, x⊥)[∞, x∗]

∫ ∞
σ

d−α

α
e−iα(z−x)•

+
2

s

∫
dz• φ̄B(z•, x⊥)C∗(z∗ = −∞, z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α

α
e−iα(z−x)•

=

∫
dz• φ̄B(z•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z−x)• −
∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z−x)•

− 1

s

∫
dz• φ̄B(z•, x⊥)

{
UxB

+
∗ (z•, x⊥)U†x −B+

∗ (z•, x⊥)
}

[∞, x∗]
∫ ∞
σ

d−α

α
e−iα(z−x)•

+
1

s

∫
dz• φ̄B(z•, x⊥)

{
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

}
[−∞, x∗]

∫ −σ
−∞

d−α

α
e−iα(z−x)• (77)

bikoz

C∗(x) = − 1

2
B+
∗ (x•, x⊥) +

1

2
[x∗,−∞]B+

∗ (x•, x⊥)[−∞, x∗] −
1

2
B−∗ (x•, x⊥) +

1

2
[x∗,∞]B−∗ (x•, x⊥)[∞, x∗] (78)

⇒ C∗(x∗ =∞) = − 1

2
B+
∗ (x•, x⊥) +

1

2
UxB

+
∗ (x•, x⊥)U†x, C∗(x∗ = −∞) = − 1

2
B−∗ (x•, x⊥) +

1

2
U†xB

−
∗ (x•, x⊥)Ux

From LSZ: ∫
dx• e

iαHx•O(x•) ⇒ O(x•) =

∫ ∞
0

d−α O(α) e−iαx•

⇒ the third term in the r.h.s. of Eq. (77) does not contribute

⇒ φ̄B(x) + i

∫
dzφ̄B(z)[(p+A+B + C)2 − (p+B)2]φC(z)φ̄C(x)

=

∫
dz• φ̄B(z•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z−x)• −
∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z−x)•

+
1

s

∫
dz• φ̄B(z•, x⊥)

{
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

}
[−∞, x∗]

∫ −σ
−∞

d−α

α
e−iα(z−x)•
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(a) (b) (c)

FIG. 2. BEPX.

5. CYMMA

Trivial term(∫
dz• φ̄B(z•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z−x)• −
∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z−x)•
)
φA(x∗, x⊥)

LSZ
= −

∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z−x)•φA(x∗, x⊥) =

∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ ∞
σ

d−α e−iα(x−z)•φA(x∗, x⊥)

= φ̄+
B(x•, x⊥)[−∞, x∗]φA(x∗, x⊥) (79)

The term in Fig. 3

FIG. 3. Figa.

Fig.3 = −
∫
dzφ̄B(z)[(p+A)2 − p2]φC(z)φ̄C(x)φC(x)

∫
dz′φ̄C [(p+A+B + C)2 − (p+A)2]φA(z′)

=

∫
dz• φ̄B(z•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z−x)• −
∫
dz• φ̄B(z•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z−x)•

×
{ i
s

∫ x•

−∞
dz′•
(
B∗(z•) + [x∗,−∞]B∗(z

′
•)[−∞, x∗]

)
φA(x)− i

s

∫ ∞
x•

dz′•
(
B∗(z

′
•) + [x∗,−∞]B∗(z

′
•)[−∞, x∗]

)
φA(x)

− 1

s
[x∗,−∞]

∫
dz′•

∫ −σ
−∞

d−α

α
e−iα(x−z′)•

(
U†xB

−
∗ (z′•, x⊥)Ux −B−∗ (z′•, x⊥)

)
[−∞, x∗]φA(x)

}
(80)
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In the leading order in A•

Fig.3 =

∫
dz• φ̄B(z•, x⊥)

2i

s

∫ ∞
x∗

dz∗A•(z∗, x⊥)

∫ ∞
σ

d−α e−iα(z−x)• −
∫
dz• φ̄B(z•, x⊥)

∫ x∗

−∞
dz∗A∗(z∗, x⊥)

∫ −σ
−∞

d−α e−iα(z−x)•

×
{2i

s

∫ x•

−∞
dz•B∗(z•)φA(x)− 2i

s

∫ ∞
x•

dz•B∗(z•)φA(x)
}

First term ∼ B∗

Fig.2 =
{
φ̄B(x) + i

∫
dzφ̄B(z)[(p+A+B + C)2 − (p+B)2]φC(z)φ̄C(x)

}
φA(x)

+ φ̄B(x)
{
φA(x) + iφC

∫
dzφ̄C [(p+A+B + C)2 − (p+A)2]φA(z)

}
− φ̄B(x)φA(x)

=
1

s

∫
dz• φ̄B(z•, x⊥)

{
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

}
[−∞, x∗]

∫ −σ
−∞

d−α

α
e−iα(z−x)•φA(x)

+
i

s

∫ x•

−∞
dz•

(∫
dz′• φ̄B(z′•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z′−x)• −
∫
dz′• φ̄B(z′•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z′−x)•
)

×
(
B∗(z•) + [x∗,−∞]B∗(z•)[−∞, x∗]

)
φA(x)

− i

s

∫ ∞
x•

dz•

(∫
dz′• φ̄B(z′•, x⊥)[∞, x∗]

∫ ∞
σ

d−α e−iα(z′−x)• −
∫
dz′• φ̄B(z′•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α e−iα(z′−x)•
)

×
(
B∗(z•) + [x∗,−∞]B∗(z•)[−∞, x∗]

)
φA(x)

− 1

s

(∫
dz′• φ̄B(z′•, x⊥)[∞, x∗]

∫ ∞
σ

d−α′ e−iα
′(z′−x)• −

∫
dz′• φ̄B(z′•, x⊥)[−∞, x∗]

∫ −σ
−∞

d−α′ e−iα
′(z′−x)•

)
× [x∗,−∞]

∫
dz•

∫ −σ
−∞

d−α

α
e−iα(x−z)•

(
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

)
[−∞, x∗]φA(x) (81)

After LSZ{
φ̄B(x) + i

∫
dzφ̄B(z)[(p+A+B + C)2 − (p+B)2]φC(z)φ̄C(x)

}
φA(x) (82)

+ φ̄B(x)
{
φA(x) + iφC

∫
dzφ̄C [(p+A+B + C)2 − (p+A)2]φA(z)

}
− φ̄B(x)φA(x)

=
1

s

∫
dz• φ̄B(z•, x⊥)

{
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

}
[−∞, x∗]

∫ −σ
−∞

d−α

α
e−iα(z−x)•φA(x)

− i

s

∫ x•

−∞
dz•

∫
dz′• φ̄B(z′•, x⊥)

∫ −σ
−∞

d−α e−iα(z′−x)•
(
[−∞, x∗]B∗(z•) +B∗(z•)[−∞, x∗]

)
φA(x)

+
i

s

∫ ∞
x•

dz•

∫
dz′• φ̄B(z′•, x⊥)

∫ −σ
−∞

d−α e−iα(z′−x)•
(
[−∞, x∗]B∗(z•) +B∗(z•)[−∞, x∗]

)
φA(x)

+
1

s

∫
dz′• φ̄B(z′•, x⊥)

∫ −σ
−∞

d−α′ e−iα
′(z′−x)•

∫
dz•

∫ −σ
−∞

d−α

α
e−iα(x−z)•

(
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

)
[−∞, x∗]φA(x)

In the leading order in A•

Fig.2 =
1

s

∫
dz• φ̄B(z•, x⊥)

{
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

}
[−∞, x∗]

∫ −σ
−∞

d−α

α
e−iα(z−x)•φA(x)

− i

s

∫ x•

−∞
dz•

∫
dz′• φ̄B(z′•, x⊥)

∫ −σ
−∞

d−α e−iα(z′−x)•
(
[−∞, x∗]B∗(z•) +B∗(z•)[−∞, x∗]

)
φA(x)

+
i

s

∫ ∞
x•

dz•

∫
dz′• φ̄B(z′•, x⊥)

∫ −σ
−∞

d−α e−iα(z′−x)•
(
[−∞, x∗]B∗(z•) +B∗(z•)[−∞, x∗]

)
φA(x)

+
1

s

∫
dz′• φ̄B(z′•, x⊥)

∫ −σ
−∞

d−α′ e−iα
′(z′−x)•

∫
dz•

∫ −σ
−∞

d−α

α
e−iα(x−z)•

(
U†xB

−
∗ (z•, x⊥)Ux −B−∗ (z•, x⊥)

)
[−∞, x∗]φA(x)



18

V. POLE

A. Scalar model

∫
Dφ φ(x)eiS(φ) = 0, S(φ) =

∫
d4x
[
− 1

2
φ(∂2 +m2)φ− Ω

4!
φ4
]

(83)

Sdvig φ→ φ+ φ̄∫
Dφ [φ̄(x) + φ(x)]eiS(φ) = 0, S(φ) = S(φ̄)− 1

2
φ
(
∂2 +m2 +

Ω

2
φ̄2
)
φ− φ

(
∂2 +m2 +

Ω

6
φ̄2
)
φ̄− Ω

6
φ3φ̄− Ω

4!
φ4 (84)

Nado ∫
Dφ φ(x)ei

∫
d4x
(
− 1

2φ
(
∂2+m2+ Ω

2 φ̄
2
)
φ−φ

(
∂2+m2+ Ω

6 φ̄
2
)
φ̄−Ω

6 φ
3φ̄− Ω

4!φ
4
)

(85)

Sdvig φ→ φ− φ̃.

exp
{
i

∫
d4x
(
− 1

2
(φ− φ̃)�(φ− φ̃)− (φ− φ̃)

(
�− Ω

3
φ̄2
)
φ̄− Ω

6
(φ− φ̃)3φ̄− Ω

4!
(φ− φ̃)4

)}
= exp

{
i

∫
d4x
(
− 1

2
φ̃�φ̃+ φ̃

(
�− Ω

3
φ̄2
)
φ̄+

Ω

6
φ̃3φ̄− Ω

4!
φ̃4
)

+ i

∫
d4x
(
− 1

2
φ
(
�− Ωφ̃φ̄+

Ω

2
φ̃2
)
φ− φ

(
�φ̄− Ω

3
φ̄3 +

Ω

2
φ̃φ̄2 +

Ω

6
φ̃3
)

+
Ω

6
(φ̄− φ̃)φ3 − Ω

4!
φ4
)}

= free (86)

where � ≡ ∂2 +m2 + Ω
2 φ̄

2.

ΠO-DPYΓOMY: BO BHEUUIHEM ΠOΛE φ̄∫
Dφ φ(x)ei

∫
d4x
(
− 1

2φ�φ−φ
(
�−Ω

3 φ̄
2
)
φ̄−Ω

6 φ
3φ̄− Ω

4!φ
4
)

(87)

= − i
∫
Dφ ei

∫
d4x
(
− 1

2φ�φ
)
φ(x)

∫
d4z
[
φ
(
�− Ω

3
φ̄2
)
φ̄(z) +

Ω

6
φ̄φ3(z)

∫
d4z′d4z′′φ

(
�− Ω

3
φ̄2
)
φ̄(z′)φ

(
�− Ω

3
φ̄2
)
φ̄(z′′)

]
= − φ̄+

Ω

3

1

�
φ̄3 − Ω

3

1

�
φ̄3 + ... (88)

1. Shifts?

Suppose ∂µĀµ = 0∫
DA (Aµ + Āµ)(x) eiS(A+Ā)+i

∫
d4z 1

2 (D̄αAaα)2

=

∫
DA Aµ(x) eiS(A)ei

∫
d4z 1

2 (D̄αAaα)2

= 0 (89)

If Āµ = ℵ̄†µ∫
DA (Aµ + ℵ̄†µ)(x)eiS(A+ℵ̄†)ei

∫
d4z 1

2 (D̄αAaα)2

= ℵ̄†µ(x) +

∫
DA Aµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2)abAαb−gfabcD̄αAaβAbαA

c
β

)
(90)

In abelian theory in the A0 = 0 gauge the shift Ai → Ai+∂iΩ(~x) is allowed since both (∂0δik−Wik)∂kΩ(t, ~x)
∣∣
t=∞ = 0

and (∂0δik +Wik)∂kΩ(t, ~x)
∣∣
t=−∞ = 0 vanish (here Wik ≡ ∂2δik−∂i∂k√

−∂2
). This is the redundant gauge symmetry which

should be eliminated.
In Feynman gauge ∂2Ω = 0 ⇔ Ω =

∫
d3k
|k|
(
ake
−i|k|x0+i~k·~x + a∗ke

i|k|x0−i~k·~x
)



19

B. Gauge field

Āµ = Ω†µ + ∆µ∫
DA Aµ(x)eiS(A+Ā) = eiS(Ā)

∫
DA Aµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ−D̄αD̄β)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(91)

D̄ξḠ
aξα = (D2

Ωgαξ −DΩ
αD

Ω
ξ )∆ξ (92)

D̄2gαβ − 2iḠαβ − D̄αD̄β = D2
Ωgαβ −DΩ

αD
Ω
β − i{DΩ

ξ ,∆
ξ}gαβ − 2i

(
(D̄α∆β)− α↔ β

)
+ i∆αD

Ω
β −DΩ

α∆β

1. bF

∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(93)

=

∫
d4z (x| 1

P̄ 2gαβ + 2iḠαβ
|z)abD̄ξḠ

bξβ(z) = −
∫
d4z (x| 1

P 2
Ωgαβ + {PΩ

ξ ,∆
ξ}gαβ + 2i

(
(D̄α∆β)− α↔ β

) (P 2
Ωgβξ − PΩ

β P
Ω
ξ )∆ξ

= −∆α(x) + (x| 1

P 2
Ω

PΩ
α P

Ω
ξ |z)∆ξ(z) (94)

A(0)
µ = Āµ = Ω†µ + ∆µ A(1)

µ (x) = −∆µ + Ã(1)
µ = −

(
gµν −

PΩ
µ P

Ω
ν

P 2
Ω

)
∆ν , Ã(1)

µ ≡
∫
dz (x| 1

P 2
Ω

PΩ
µ P

Ω
ξ |z)∆ξ(z)

A(0)
µ (x) +A(1)

µ (x) = Ω†µ +

∫
dz (x| 1

P 2
Ω

PΩ
µ P

Ω
ξ |z)∆ξ(z) ⇒ F (0+1)

µν =

∫
dz D̄Ω

µ (x| 1

P 2
Ω

PΩ
ν P

Ω
ξ |z)∆ξ(z) − µ↔ ν = 0

(95)

2. Second order

Dab
µ f

bmn∆m
α ∆n

β = famn(Dµ∆α)m∆n
β + famn∆m

α (Dµ∆β)n

Dµ[∆α,∆β ] = ∂µ[∆α,∆β ]− ig[Aµ, [∆α,∆β ]]

= [∂µ∆α,∆β ] + [∆α, ∂µ∆β ]− ig[∆α, [Aµ,∆β ]] + ig[∆β , [Aµ,∆α]] = [Dµ∆α,∆β ] + [∆α, Dµ∆β ] (96)

Ḡaξα = D̄Ω
ξ ∆a

α − D̄Ω
α∆a

ξ + gfabc∆b
ξ∆

c
α (97)

D̄ξḠaξα = (D̄abξ
Ω − gfabc∆cξ)(D̄Ω

ξ ∆b
α − D̄Ω

α∆b
ξ + gf bmn∆m

ξ ∆n
α)

= (D̄2
Ωgξα − D̄Ω

ξ D̄
Ω
α )∆ξ + gfabc[2∆b

ξ(D̄
ξ
Ω∆α)c −∆b

α(D̄ξ
Ω∆ξ)

c −∆b
ξ(D̄

Ω
α∆ξ)c]

D̄2gαβ − 2iḠαβ − D̄αD̄β = D̄2
Ωgαβ − D̄Ω

α D̄
Ω
β − i{D̄Ω

ξ ,∆
ξ}gαβ − 2i

(
(D̄α∆β)− α↔ β

)
+ i∆αD̄

Ω
β − D̄Ω

α∆β + O(∆2)

Aµ = Ω†µ + ∆µ +A
(1)
µ +A

(2)
µ = Ω†µ + Ã

(1)
µ +A

(2)
µ ⇒ Fµν = D̄Ω

µ Ã
(1)
ν + D̄Ω

µA
(2)
ν − µ↔ ν − i[Ã(1)

µ , Ã
(1)
ν ]

∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(98)

=

∫
d4z

[
(x| 1

P̄ 2gµβ + 2iḠµβ
|z)abD̄ξḠ

bξβ(z) − i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcA1b

ξ A
1c
µ (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξ(D̄Ω

ξ A
1c
µ − D̄Ω

µA
1c
ξ )(z)

]
=

=

∫
d4z (x| 1

P 2
Ωgµβ + {PΩ

ξ ,∆
ξ}gµβ + 2i

(
(D̄Ω

µ∆β)− µ↔ β
) |z)aa′ [−(P 2

Ωgβξ − PΩ
β P

Ω
ξ )a

′b∆bξ + gfa
′bc[2∆b

ξD̄
ξ
Ω∆c

β −∆b
β(D̄ξ

Ω∆ξ)
c −∆b

ξ(D̄
Ω
β∆ξ)c]

= −∆a
µ(x) + (x|

PΩ
µ P

Ω
ξ

P 2
Ω

|z)ab∆bξ(z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc[2∆b

ξD̄
ξ
Ω∆c

µ −∆b
µ(D̄ξ

Ω∆ξ)
c −∆b

ξ(D̄
Ω
µ∆ξ)c]

− (x| 1

P 2
Ω

[
{P ξΩ,∆ξ

}
gµβ + 2i(D̄Ω

µ∆β − µ↔ β)
]
|z)abA1bβ(z)− i(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bcA1b

ξ A
1c
µ (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξ(D̄Ω

ξ A
1c
µ − D̄Ω

µA
1c
ξ )(z)
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d4z is assumed

Ã(1)
ν +A(2)

ν = (x|
PΩ
ν P

Ω
ξ

P 2
Ω

|z)ab∆bξ(z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bc∆1b

ξ ∆1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc[∆b

ξD̄
ξ
Ω∆c

ν −∆b
ξ(D̄

Ω
ν ∆ξ)c](z) (99)

− (x| 1

P 2
Ω

[
{P̄ ξΩ,∆ξ

}
gνβ + 2i(D̄Ω

ν ∆β − D̄Ω
β∆ν)

]
|z)abA1bβ(z)− i(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bcA1b

ξ A
1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξ(D̄Ω

ξ A
1c
ν − D̄Ω

ν A
1c
ξ )(z)

= (x|
PΩ
ν P

Ω
ξ

P 2
Ω

|z)ab∆bξ(z)−i(x|P
Ω
ν

P 2
Ω

|z)aa
′
fa
′bc∆bξA1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcÃ1bξ(D̄Ω

ξ Ã
1c
ν − D̄Ω

ν Ã
1c
ξ )(z)

where we uzd Ã1
µ = ∆µ +A1

µ and

−(x| 1

P 2
Ω

[
{P̄ ξΩ,∆ξ

}
gνβ + 2i(D̄Ω

ν ∆β − ν ↔ β)
]
|z)abA1bβ(z) (100)

= − (x|
P̄ ξΩ
P 2

Ω

|z)aa
′
∆a′c
ξ A1c

ν (z)− i(x| 1

P 2
Ω

|z)aa
′
∆a′c
ξ D̄Ω

ξ A
1c
ν (z)− 2i(x| 1

P 2
Ω

|z)aa
′
D̄Ω
ν ∆a′b

β A1bβ(z) + 2i(x| 1

P 2
Ω

|z)aa
′
D̄Ω
β∆a′b

ν A1bβ(z)

= −i(x|
P̄ ξΩ
P 2

Ω

|z)aa
′
fa
′bc∆b

ξA
1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc∆b

ξD̄
Ω
ξ A

1c
ν (z)− 2(x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξD̄Ω

ν ∆c
ξ(z)+2(x| 1

P 2
Ω

|z)aa
′
fa
′bcD̄Ω

ξ ∆c
νA

1bξ(z)

and[
− i(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(∆b

ξ +A1b
ξ )(∆c

ν +A1c
ν )(z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc(∆b

ξ +A1bξ)(D̄Ω
ξ ∆c

ν + D̄Ω
ξ A

1c
ν − D̄Ω

ν ∆c
ξ − D̄Ω

ν Ã
1c
ξ )(z)

]
∆⊗A1

(101)

= − i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bc[∆b

ξA
1c
ν +A1b

ξ ∆c
ν ](z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc∆b

ξ(D̄
Ω
ξ A

1c
ν − D̄Ω

ν A
1c
ξ )(z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξ(D̄Ω

ξ ∆c
ν − D̄Ω

ν ∆c
ξ)(z)

= −i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bc∆b

ξA
1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc∆b

ξ(D̄
Ω
ξ A

1c
ν − D̄Ω

ν A
1c
ξ )(z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξ(2D̄Ω

ξ ∆c
ν − D̄Ω

ν ∆c
ξ)(z)

= i(x|P
Ω
ν

P 2
Ω

|z)aa
′
fa
′bc∆bξA1c

ξ −i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bc∆b

ξA
1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc∆b

ξD̄
Ω
ξ A

1c
ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bcA1bξ(2D̄Ω

ξ ∆c
ν − 2D̄Ω

ν ∆c
ξ)(z)

(bikoz D̄Ω
ξ A

1ξ = 0).
The result iz∫

DA [Āaν(x) +Aaν(x)]ei
∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
= Ωaν +

∫
d4z (x|

PΩ
ν P̄

ξ
Ω

P 2
Ω

|z)ab∆b
ξ(z)

−
∫
d4z

[
i(x|P

Ω
ν

P 2
Ω

|z)aa
′
fa
′bc∆bξA1c

ξ + i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
ν (z)

]
(102)

bikoz (D̄Ω
ξ Ã

1c
ν − D̄Ω

ν Ã
1c
ξ ) = 0

Nau Aµ = Ω†µ + Ã
(1)
µ +A

(2)
µ ⇒ Fµν = D̄Ω

µ Ã
(1)
ν + D̄Ω

µA
(2)
ν − µ↔ ν − i[Ã(1)

µ , Ã
(1)
ν ] sou∫

DA F aµν(x)ei
∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(103)

=

∫
d4z

[
− (x|

PΩ
µ P

ξ
Ω

P 2
Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
ν (z)− µ↔ ν

]
+ fabcÃ1b

µ Ã
1c
ν (x)

=

∫
d4z

[
(x|

DΩ
ξ

P 2
Ω

|z)aa
′
fa
′bc(D̄Ω

µ Ã
1bξ)Ã1c

ν (z)− µ↔ ν
]

+ fabcÃ1b
µ Ã

1c
ν (x)

=

∫
d4z

[
(x|

D̄ξ
Ω

P 2
Ω

|z)aa
′
fa
′bc(D̄Ω

ξ Ã
1b
µ )Ã1c

ν (z)− µ↔ ν
]

+ fabcÃ1b
µ Ã

1c
ν (x)

=

∫
d4z

[
(x| 1

P 2
Ω

|z)aa
′
fa
′bc(D̄2

ΩÃ
1b
µ )Ã1c

ν (z) + (x| 1

P 2
Ω

|z)aa
′
fa
′bc(D̄Ω

ξ Ã
1b
µ )D̄ξ

ΩÃ
1c
ν (z)− µ↔ ν

]
+ fabcÃ1b

µ Ã
1c
ν (x)

=

∫
d4z

[
(x| D̄

2
Ω

2P 2
Ω

|z)aa
′
fa
′bcÃbµÃ

1c
ν (z) + (x| 1

2P 2
Ω

|z)aa
′
fa
′bc(D̄2

ΩÃ
1b
µ )Ã1c

ν (z)− (x| 1

2P 2
Ω

|z)aa
′
fa
′bcÃ1b

µ D̄
2
ΩÃ

1c
ν (z)− µ↔ ν

]
+ fabcÃ1b

µ Ã
1c
ν (x)

= − fabcÃ1b
µ Ã

1c
ν (x) +

∫
d4z

[
(x| 1

2P 2
Ω

|z)aa
′
fa
′bc(D̄2

ΩÃ
1b
µ )Ã1c

ν (z) + (x| 1

2P 2
Ω

|z)aa
′
fa
′bcÃ1b

ν D̄
2
ΩÃ

1c
µ (z)− µ↔ ν

]
+ fabcÃ1b

µ Ã
1c
ν (x) = 0
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4E UI T D.
EUUI,Ë PA3: Āµ = iΩ∂µΩ† + δAµ∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(104)

= − δAaµ(x) +

∫
d4z

[
(x|

PΩ
µ P

Ω
ξ

P 2
Ω

|z)abδAbξ(z)− i(x|
PΩ
µ

P 2
Ω

|z)aa
′
fa
′bcδAbξÃ1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z)

]
gde Ã1a

ξ ≡
∫
d4z (x|P

Ω
ξ P̄

η
Ω

P 2 |z)abδAbη(z)

3. Gauge matrix

Ω†µ = iΩ∂µΩ† ⇒ Ω†µ + Ã
(1)
µ = i(1− ΩδΩ†)Ω∂µΩ†(1 + ΩδΩ†) ⇒

Ã(1)
µ = (i∂µ + [Ω†µ)ΩδΩ† ⇒ Ã1a

µ = (PΩ
µ )ab(ΩδΩ†)b

where (ΩδΩ†)b ≡ 2tr{tbΩδΩ†}. Wi get

(ΩδΩ†)a =

∫
dz (x|

P̄ ξΩ
P 2

Ω

|z)ab∆b
ξ(z) = Ωacx

∫
dz (x|p

ξ

p2
|z)Ω†cbz ∆b

ξ(z)

⇒ δΩ†xΩx =

∫
dz (x|p

ξ

p2
|z)Ω†z∆ξ(z)Ωz (105)

Second order (Ω†µ ≡ Ωi∂µΩ†)

Ω[1− δ1Ω†Ω− δ2Ω†Ω +
1

2
(δ1Ω†Ω)2]i∂µ[1 + δ1Ω†Ω + δ2Ω†Ω +

1

2
(δ1Ω†Ω)2]Ω†

= [1− Ωδ1Ω† − Ωδ2Ω† +
1

2
(Ωδ1Ω†)2]Ωi∂µΩ†[1 + Ωδ1Ω† + Ωδ2Ω† +

1

2
(Ωδ1Ω†)2]

= [1− Ωδ1Ω† − Ωδ2Ω† +
1

2
(Ωδ1Ω†)2]Ω†µ[1 + Ωδ1Ω† + Ωδ2Ω† +

1

2
(Ωδ1Ω†)2]

+ [1− Ωδ1Ω† − Ωδ2Ω†][i∂µ(Ωδ1Ω†) + i∂µ(Ωδ2Ω†) +
1

2
i∂µ(Ωδ1Ω†)2]

= Ω†µ + (i∂µ + [Ω†µ)(Ωδ1Ω†) + (i∂µ + [Ω†µ)(Ωδ2Ω†) +
1

2

[
(i∂µ + [Ω†µ)(Ωδ1Ω†),Ωδ1Ω†

]
(106)

YPABHEHUIE ((i∂µ + [Ω†µ)(Ωδ1Ω†) = Ã
(1)
µ )

2tr
{
ta
(

Ω†µ + (i∂µ + [Ω†µ)(Ωδ1Ω†) + (i∂µ + [Ω†µ)(Ωδ2Ω†) +
1

2

[
(i∂µ + [Ω†µ)(Ωδ1Ω†),Ωδ1Ω†

])}
(107)

= Ωaµ +

∫
d4z (x|

PΩ
µ P̄

ξ
Ω

P 2
Ω

|z)ab∆b
ξ(z) +

∫
d4z

[
i(x|

PΩ
µ

P 2
Ω

|z)aa
′
fa
′bc∆bξA1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z)

]
⇒ 2tr

{
ta
(

(i∂µ + [Ω†µ)(Ωδ2Ω†) +
1

2

[
Ã(1)
µ ,Ωδ1Ω†

])}
= (PΩ

µ )ab(Ωδ2Ω†)b +
i

2
fabcÃ1b

µ (Ωδ1Ω†)c

=

∫
d4z

[
i(x|

PΩ
µ

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z)

]
⇒ (PΩ

µ )ab(Ωδ2Ω†)b =

∫
d4z

[
− i(x|

PΩ
µ

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z)

]
− i

2
fabcÃ1b

µ (Ωδ1Ω†)c
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CBOŬICTBO

ifabcÃ1b
µ (Ωδ1Ω†)c + i(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z) = ifabcÃ1b

µ (Ωδ1Ω†)c + i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(PΩ

ξ )bm(ΩδΩ†)mÃ1c
µ (z)

= ifabcÃ1b
µ (Ωδ1Ω†)c + ifabc(Ωδ1Ω†)bÃ1c

µ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)b(PΩ

ξ Ã
1c
µ (z) = − i(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)biD̄Ω

µ Ã
1c
ξ (z)

= − i(x|
P ξΩP

Ω
µ

P 2
Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

ξ (z) + i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

µ Ã
1c
ξ (z)

⇒ − i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z) =

i

2
fabcÃ1b

µ (Ωδ1Ω†)c +
i

2
(x|

P ξΩP
Ω
µ

P 2
Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

ξ (z) (108)

⇒ Eq. (107) takes the form

(PΩ
µ )ab(Ωδ2Ω†)b =

∫
d4z

[
− i(x|

PΩ
µ

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z) +
i

2
(x|

P ξΩP
Ω
µ

P 2
Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

ξ (z)
]

⇒ (Ωδ2Ω†)a =

∫
d4z

[
− i(x| 1

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z) +
i

2
(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

ξ (z)
]

EUUI,Ë CBOŬICTBO

(x| 1

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z) = (x| 1

P 2
Ω

|z)aa
′
fa
′bc∆bξ(Pξ(Ωδ1Ω†))c(z)

= (x|
P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bc∆bξ(Ωδ1Ω†)c(z)− (x| 1

P 2
Ω

|z)aa
′
fa
′bc(P̄Ω

ξ ∆bξ)(Ωδ1Ω†)c(z)

= (x|
P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bc∆bξ(Ωδ1Ω†)c(z)− (x| 1

P 2
Ω

|z)aa
′
fa
′bc(P̄Ω

ξ Ã
1bξ)(Ωδ1Ω†)c(z)

= (x|
P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bc∆bξ(Ωδ1Ω†)c(z)− (x|

P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bcÃ1bξ(Ωδ1Ω†)c(z) = − (x|

P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bcA1bξ(Ωδ1Ω†)c(z)

⇒ UIMEEM

(Ωδ2Ω†)a =

∫
dz
[
− i(x|

P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bc∆bξ(Ωδ1Ω†)c(z)− i

2
(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

ξ (z)
]

4. Symmetric raz

Ā - arbitrary. Āµ + ∆µ = Ωµ = pure gauge∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(109)

=

∫
d4z (x| 1

P̄ 2gαβ + 2iḠαβ
|z)abD̄ξḠ

bξβ(z) =

∫
d4z (x| 1

P̄ 2
Ωgαβ − {PΩ

ξ ,∆
ξ}gαβ − 2i

(
(D̄α∆β)− α↔ β

) (P 2
Ωgβξ − PΩ

β P
Ω
ξ )∆ξ

= ∆α(x)− (x| 1

P 2
Ω

PΩ
α P

Ω
ξ |z)∆ξ(z)

∫
DA

(
Āaµ(x) +Aaµ(x)

)
ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(110)

= Āaµ(x) + ∆α(x)− (x| 1

P 2
Ω

PΩ
α P

Ω
ξ |z)∆ξ(z) (111)

Using Eq. (104) wi get∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(112)

= ∆a
µ(x) +

∫
d4z

[
− (x|

PΩ
µ P

Ω
ξ

P 2
Ω

|z)ab∆bξ(z)− i(x|
PΩ
µ

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z)

]
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gde Ã1a
ξ ≡

∫
d4z (x|P

Ω
ξ P

η
Ω

P 2
Ω
|z)ab∆b

η(z)

5. Symmetric dva

D̄ξḠaξα = (∂abξ − gfabcĀcξ)(∂ξĀbα − ∂αĀbξ + gf bmnĀmξ Ā
n
α)−

= (∂2gξα − ∂ξ∂α)Āaξ + gfabc[2Ābξ(∂
ξĀα)c − Ābα(∂ξĀξ)

c − Ābξ(∂αĀξ)c]− g2fabcĀcξf bmnĀmξ Ā
n
α

P̄ 2gαβ + 2iḠαβ = (p2 + {pξ, Āξ}+ Ā2)gαβ + 2iḠαβ

∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
=

∫
d4z (x| 1

P̄ 2gαβ + 2iḠαβ
|z)abD̄ξḠ

bξβ(z) (113)

=

∫
d4z (x| 1

(p2 + {pξ, Āξ}+ Ā2)gαβ + 2iḠαβ
(
− (p2gξα − pξpα)Āξ + gfabc[2Ābξ(∂

ξĀα)c − Ābα(∂ξĀξ)
c − Ābξ(∂αĀξ)c]

)
= − Āα +

∫
dz (x|pαpξ

p2
|z)Āξ(z) (114)

6. bF gauge for arbitrary Ā

At Ω† = 1 and ∆→ Ā the Eq. (99) gives Ã
(1)
ν = (x|pνpξp2 |z)abĀbξ(z) and

A(1)
ν +A(2)

ν = − Āν(x) + (x|pνpξ
p2
|z)Āaξ(z)− i(x|pν

p2
|z)fabcĀbξÃ1c

ξ (z)− i(x|p
ξ

p2
|z)fabcÃ1b

ξ Ã
1c
ν (z)

By inspection of f-la (141) at Ω† = 1 and ∆→ Ā we see that if ∂ξĀξ = 0 vi get Ã
(1)
ξ =

∫
dz (x|pξp

η

p2 |z)Āη(z) = 0 so∫
DA

(
Āaµ(x) +Aaµ(x)

)
ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
= 0 (115)

C. In 2 dimensions

iΩ∂∗Ω
† = A• ⇒ Ω† = [±∞, x∗], A•(x∗) = i[x∗,±∞]∂•[±∞, x∗]. We take Ω†(x∗) = [−∞, x∗] and ∆∗ = B∗

(Ωδ1Ω†)a =

∫
dz (x|

P̄ ξΩ
P 2

Ω

|z)ab∆b
ξ(z) = Ωacx

∫
dz (x| pξ

p2 + iεp0
|z)Ω†cbz ∆b

ξ(z) = Ωacx∗
2

s2

∫
dz∗dz• (x| 1

α+ iε
|z)Ω†cbz∗ ∆b

∗(z•)

=
1

s

∫
dz• (x| 1

α+ iε
|z)Ba∗ (z•) = − i1

s

∫ x•

−∞
dz• B

a
∗ (z•) ⇒ Ωδ1Ω† =

1

2
[−∞, x•](1) (116)

Ã
(1)
∗ =

1

2
B∗, Ã

(1)
• = i

1

s

∫ x•

−∞
dz• [B∗(z•), A•(x∗)]

Chek: ∂∗Ã• +D•Ã∗ = D•B∗

(Ωδ2Ω†)a =

∫
dz
[
− i(x|

P̄Ω
ξ

P 2
Ω

|z)aa
′
fa
′bc∆bξ(Ωδ1Ω†)c(z)− i

2
(x|

P ξΩ
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

ξ (z)
]

=
2

s

∫
dz
[
− i

2
(x|P

Ω
∗
P 2

Ω

|z)aa
′
fa
′bcBb•(Ωδ1Ω†)c(z)− i

2
(x|P

Ω
•
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

∗ (z)
]

=
i

2
fabc

4

s2

∫ x∗

−∞
dz•

∫ z∗

−∞
dz′• B

b
∗(z•)B

c
∗(z
′
•)−

i

2
fabc

2

s
(x|P

Ω
∗
P 2

Ω

|z)aa
′
fa
′bc(Ωδ1Ω†)bÃ1c

• (z)
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1. Exampel po-drugomu

x = (x∗, x•), xR = (−x∗, x•), xL = (x∗,−x•)

Ω† = θ(x∗)θ(x•)[x,−∞x] + θ(x∗)θ(−x•)[x,−∞xR] + θ(−x∗)θ(x•)[x,−∞xL] + θ(−x∗)θ(−x•)[x,∞x]

Ω†µ = Aµ(x) + θ(x∗)θ(x•)

∫ 1

−∞
tdt [x, tx]xρGρµ(tx)[tx, x] + ...

2. Trial Λ

Ω(x) = [x, 0], Ωµ = i[x, 0]∂µ[0, x] = − i(∂µΩ)Ω†

Ωµ = Āµ(x)−
∫ 1

0

tdt [x, tx]xρGρµ(tx)[tx, x]

⇒ ∆µ = −
∫ 1

0

tdt [x, tx]xρGρµ(tx)[tx, x]

From f-la (104)∫
DA Aaµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
(117)

= ∆a
µ(x) +

∫
d4z

[
(x| −

PΩ
µ P

Ω
ξ

P 2
Ω

|z)ab∆bξ(z)− i(x|
PΩ
µ

P 2
Ω

|z)aa
′
fa
′bc∆bξÃ1c

ξ (z)− i(x|
P ξΩ
P 2

Ω

|z)aa
′
fa
′bcÃ1b

ξ Ã
1c
µ (z)

]
gde Ã1a

ξ ≡
∫
d4z (x|P

Ω
ξ P

η
Ω

P 2 |z)ab∆b
η(z) which corresponds to Ω†µ = iΩ†∂µΩ ⇒

Ωµ + Ã(1)
µ = i(1− δΩΩ†)Ω∂µΩ†(1 + δΩΩ†)

⇒

Ω† = (1− δ1ΩΩ†)Ω, Ã(1)
µ = (i∂µ + [Ωµ)δΩΩ† ⇒ Ã1a

µ = (PΩ
µ )ab(δΩΩ†)b

where (Ω†δΩ)b ≡ 2tr{tbΩ†δΩ}. Wi get

(δΩΩ†)a =

∫
dz (x|

P ξΩ
P 2

Ω

|z)ab∆b
ξ(z) = Ωacx

∫
dz (x|p

ξ

p2
|z)Ω†cbz ∆b

ξ(z)

⇒ Ω†xδΩx = −
∫ 1

0

tdt

∫
dz (x|p

ξ

p2
|z) [0, tz]zρGρξ(tz)[tz, 0] (118)

Ω†xδΩx =

∫
dz (x|p

ξ

p2
|z) (119)

Second order (Ω†µ ≡ Ωi∂µΩ†)

Ω[1− δ1Ω†Ω− δ2Ω†Ω +
1

2
(δ1Ω†Ω)2]i∂µ[1 + δ1Ω†Ω + δ2Ω†Ω +

1

2
(δ1Ω†Ω)2]Ω†

= [1− Ωδ1Ω† − Ωδ2Ω† +
1

2
(Ωδ1Ω†)2]Ωi∂µΩ†[1 + Ωδ1Ω† + Ωδ2Ω† +

1

2
(Ωδ1Ω†)2]

= [1− Ωδ1Ω† − Ωδ2Ω† +
1

2
(Ωδ1Ω†)2]Ω†µ[1 + Ωδ1Ω† + Ωδ2Ω† +

1

2
(Ωδ1Ω†)2]

+ [1− Ωδ1Ω† − Ωδ2Ω†][i∂µ(Ωδ1Ω†) + i∂µ(Ωδ2Ω†) +
1

2
i∂µ(Ωδ1Ω†)2]

= Ω†µ + (i∂µ + [Ω†µ)(Ωδ1Ω†) + (i∂µ + [Ω†µ)(Ωδ2Ω†) +
1

2

[
(i∂µ + [Ω†µ)(Ωδ1Ω†),Ωδ1Ω†

]
(120)
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3. Background-Lorentz gauge

(∂µ − iAµ − iBµ)Cµ = 0 ⇒

Caµ =

∫
dz (x| 1

P 2
A+Bgµν + 2iGA+B

µν

|z)ab[(DµGµν)A+B −DµAµν −DµBµν ]b(z) (121)

For Ā = 2
sA•(x∗, x⊥) + 2

sB∗(x•, x⊥) we get DµAµν +DµBµν = ∂2Ā

If Āµ + ∆µ = Ωµ = pure gauge from Eq. (109) we get∫
DA Aaµ(x)ei

∫
dz
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β−A

a
ξ∂

2Āaξ
)

(122)

=

∫
dz (x| 1

P̄ 2gαβ + 2iḠαβ
|z)ab

(
D̄ξḠ

bξβ(z)− ∂2Ābβ(z)
)

=

∫
dz (x| 1

P̄ 2
Ω

[
(P 2

Ωgαξ − PΩ
α P

Ω
ξ )|z)∆ξ(z)− (x| 1

P̄ 2
Ω

p2|z)Ābα(z)
]

= ∆α(x)−
∫
dz (x| 1

P 2
Ω

PΩ
α P

Ω
ξ |z)∆ξ(z)−

∫
dz (x| 1

P̄ 2
Ω

p2|z)Ābα(z) = Ω†α −
∫
dz (x| 1

P̄ 2
Ω

p2|z)Ābα(z)

−
∫
dz (x| 1

P̄ 2
Ω

p2|z)Ābα(z) =
4i

s
p1α

∫
dz

∂

∂z∗
(x| 1

P̄ 2
Ω

p∗|z)Āb∗(z) +
4i

s
p2α

∫
dz

∂

∂z•
(x| 1

P̄ 2
Ω

p•|z)Āb•(z)

VI. PURE GAUGE IN 2D

Ḡaξα = ∂ξĀ
a
α − ∂αĀaξ + gfabcĀbξĀ

c
α (123)

D̄ξḠaξα − (∂2gξα − ∂ξ∂α)Āξ = (∂abξ − gfabcĀcξ)(∂ξĀbα − ∂αĀbξ + gf bmnĀmξ Ā
n
α)− (∂2gξα − ∂ξ∂α)Āξ

= gfabc[2Ābξ(∂
ξĀα)c − Ābα(∂ξĀξ)

c − Ābξ(∂αĀξ)c] +O(g2) = gfabc
[
∂ξ(ĀbξĀ

c
α) + Ābξ(∂ξĀ

c
α − ∂αĀcξ)

]
− g2fabcĀcξf bmnĀmξ Ā

n
α

D̄2gαβ − 2iḠαβ − D̄αD̄β = ∂2gαβ − ∂α∂β − i{∂ξ, Āξ}gαβ − 2i
(
(D̄αĀβ)− α↔ β

)
+ iĀα∂β − ∂αĀβ + O(Ā2)

Trivial order∫
DA Aaν(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β− 1

2A
a
α∂

2Āaα
)

=

=

∫
d4z (x| 1

p2
|z)fabc

[
∂ξ(ĀbξĀ

c
ν) + Ā1bξ(∂ξĀ

1c
ν − ∂νĀ1c

ξ )
] ∂µĀν=∂νĀµ

=

∫
d4z (x| 1

p2
|z)fabc∂ξ

(
ĀbξĀ

c
ν(z)

)
(124)

Since Ḡaµν = gfabcĀbµĀ
c
ν

x→∞→ 0 and Āξ∂ξĀν
x→∞→ 0

Gaµν(Ā+A) = − i
∫
d2z (x|pµ

p2
|z)fabcĀbξ∂ξĀcν(z)− µ↔ ν + gfabcĀbµĀ

c
ν =

∫
d2z (x| 1

p2
|z)fabc∂µĀbξ∂ξĀcν(z)− µ↔ ν + gfabcĀbµĀ

c
ν

=

∫
d2z (x| 1

p2
|z)fabc∂ξĀbµ∂ξĀcν(z)− µ↔ ν + gfabcĀbµĀ

c
ν =

1

2

∫
d2z (x|∂

2

p2
|z)fabcĀbµĀcν(z)− µ↔ ν + gfabcĀbµĀ

c
ν = 0 (125)

A. LO in Ḡ

With our Ā

Ḡaξα = gfabcĀbξĀ
c
α (126)

D̄ξḠaξα − (∂2gξα − ∂ξ∂α)Āξ = (∂abξ − gfabcĀcξ)gf bmnĀmξ Ānα = gD̄abξf bmn(Āmξ Ā
n
α) = gfamnĀmξ (D̄ξĀα)n
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A(1)a
α ≡

∫
DA Aaα(x)ei

∫
d2z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β−A

a
α∂

2Āaα
)

=

=

∫
d2z (x| 1

P̄ 2gαβ + 2iḠαβ
|z)aa

′
fa
′bcĀbξ(D̄

ξĀβ)c(z) =

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bcĀbξ(D̄

ξĀα)c(z) + O(Ḡ2) (127)

⇒

A
(1)a
• =

2i

s

∫
d2z (x|P•

P 2
|z)G•∗(z), A

(1)a
∗ = − 2i

s

∫
d2z (x|P∗

P 2
|z)G•∗(z) (128)

Gaµν(Ā+A(1)) ' Gaµν(Ā) + (D̄µA
(1)
ν − µ↔ ν)a =

∫
d2z (x|D̄µ

P̄ 2
|z)aa

′
fa
′bcĀbξ(D̄

ξĀν)c(z)− µ↔ ν + gfabcĀbµĀ
c
ν

=

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
(D̄µĀξ)

b(D̄ξĀν)c(z) + (Āξ)
b(D̄µD̄

ξĀν)c(z)
]
− µ↔ ν + gfabcĀbµĀ

c
ν

=

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
(D̄µĀξ − D̄ξĀµ)b(D̄ξĀν)c(z) − (Āξ)b(D2gµξ − D̄µD̄

ξ)Āν)c(z)
]
− µ↔ ν (129)

Y HAC D̄ab
∗ Ā

b
• = Ḡa∗•

Ga•∗(Ā+A(1)) =

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc (130)

×
[
(D̄•Āξ − D̄ξĀ•)

b(D̄ξĀ∗)
c(z)− (Āξ)b(D2g•ξ − D̄•D̄ξ)Ā∗)

c(z)− (D̄∗Āξ − D̄ξĀ∗)
b(D̄ξĀ•)

c(z) + (Āξ)b(D2g∗ξ − D̄∗D̄ξ)Ā•)
c(z)

]
=

2

s

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
(D̄•Ā∗ − D̄∗Ā•)b(D̄•Ā∗)c(z)− (D̄∗Ā• − D̄•Ā∗)b(D̄∗Ā•)c(z)

− (Ā•)
b(D̄∗D̄•Ā∗ + D̄2

∗Ā•)
c(z) + (Ā∗)

b(D̄•D̄∗Ā• + D̄2
•Ā∗)

c(z)
]

=
2

s

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
− (Ā•)

b(D̄∗D̄•Ā∗ + D̄2
∗Ā•)

c(z) + (Ā∗)
b(D̄•D̄∗Ā• + D̄2

•Ā∗)
c(z)

]
=

2

s

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
(Ā•)

b(P̄∗P̄•Ā∗ + P̄ 2
∗ Ā•)

c(z)− (Ā∗)
b(P̄•P̄∗Ā• + P̄ 2

• Ā∗)
c(z)

]
=

2

s

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
(Ā•)

b(P̄∗Ā•)
cdĀd∗(z) + (Ā•)

b(P̄∗Ā∗)
cdĀd•(z)− (Ā∗)

b(P̄•Ā∗)
cdĀd•(z) + (Ā∗)

b(P̄•Ā•)
cdĀd∗(z)

]
=

2

s

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
(Ā•)

b(iD̄∗Ā•)
cdĀd∗(z) + i(Ā•)

bĀcd• ∂∗Ā
d
∗(z) + (Ā•)

b(i∂∗Ā∗)
cdĀd•(z) − (• ↔ ∗)

]
=

2i

s

∫
d2z (x| 1

P̄ 2
|z)aa

′
fa
′bc
[
Āb•Ḡ

cd
∗•Ā

d
∗(z) + Āb∗Ḡ

cd
∗•Ā

d
•(z)

]
(131)

ΠO-DPYΓOMY: from Eq. (127) we get

A(1)a
α = − i

∫
d2z (x| 1

P̄ 2
P̄ ξ|z)aa

′
fa
′bcĀbξĀ

c
α(z) + O(Ḡ2) =

⇒ A
(1)a
• =

2i

s

∫
d2z (x| 1

P̄ 2
P̄•|z)Ḡ•∗(z), A

(1)a
∗ = − 2i

s

∫
d2z (x| 1

P̄ 2
P̄∗|z)abGb•∗(z) + O(Ḡ2) (132)

⇒

Ga•∗(Ā+A(1)) ' Ga•∗(Ā) + D̄•A
(1)
∗ − D̄∗A(1)

• = Ḡa•∗ −
2

s

∫
d2z (x|P̄•

1

P̄ 2
P̄∗ + P̄∗

1

P̄ 2
P̄•|z)abḠb•∗(z) = O(Ḡ2) (133)
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B. NLO: Ḡ2

A(1+2)a
α ≡ A(1)a

α +A(2)a
α =

∫
DA Aaα(x)ei

∫
d2z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β−A

a
α∂

2Āaα
)

=

=

∫
d2z

[
− i(x| 1

P̄ 2gαβ + 2iḠαβ
P̄ ξ|z)abḠbξβ(z)

− i(x| 1

P̄ 2gαβ + 2iḠαβ
P̄ ξ|z)aa

′
fa
′bcA

(1)b
ξ A

(1)b
β − (x| 1

P̄ 2gαβ + 2iḠαβ
|z)aa

′
fa
′bcA(1)bξ(D̄βA

(1)b
ξ − D̄ξA

(1)b
β )

]
+ O(Ḡ3)

=

∫
d2z

[
− i(x| 1

P̄ 2
P̄ ξ|z)abḠbξα(z)− 2(x| 1

P̄ 2
Ḡαβ

1

P̄ 2
P̄ ξ|z)abḠbξβ(z)

− i(x| 1

P̄ 2
P̄ ξ|z)aa

′
fa
′bcA

(1)b
ξ A(1)c

α − (x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bξ(D̄αA

(1)c
ξ − D̄ξA

(1)c
α )

]
+ O(Ḡ3) (134)

A
(1+2)a
• =

∫
d2z

[
− 2i

s
(x| 1

P̄ 2
P̄•|z)abḠb∗•(z) +

8

s2
(x| 1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄•|z)abḠb∗•(z)

− 2i

s
(x| 1

P̄ 2
P̄•|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• − 2

s
(x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
• (D̄•A

(1)c
∗ − D̄∗A(1)c

• )
]

+ O(Ḡ3)

A
(2)a
∗ =

∫
d2z

[2i

s
(x| 1

P̄ 2
P̄∗|z)abḠb∗•(z) +

8

s2
(x| 1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄∗|z)abḠb∗•(z)

+
2i

s
(x| 1

P̄ 2
P̄∗|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• +

2

s
(x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
∗ (D̄•A

(1)c
∗ − D̄∗A(1)c

• )
]

+ O(Ḡ3) (135)

Gaµν(Ā+A(1) +A(2)) = Ḡaµν + (D̄µA
(1)
ν − µ↔ ν)a + (D̄µA

(2)
ν − µ↔ ν)a + gfabcA(1)b

µ A(1)c
ν + O(Ḡ3)

Ga∗•(Ā+A(1) +A(2)) = Ḡa∗• + (D̄∗A
(1+2)
• − D̄•A(1+2)

∗ )a + gfabcA
(1)b
∗ A

(1)c
• + O(Ḡ3) (136)

Potochnee

Ga∗•(Ā) + D̄∗A
(1)
• − D̄•A(1)

∗ (137)

= Ḡa•∗ −
2

s

∫
d2z (x|P̄•

1

P̄ 2
P̄∗ + P̄∗

1

P̄ 2
P̄•|z)abḠb∗•(z) =

2

s

∫
d2z (x| 1

P̄ 2
P̄•Ḡ∗•P̄∗

1

P̄ 2
+

1

P̄ 2
P̄∗Ḡ∗•P̄•

1

P̄ 2
|z)abḠb∗•(z) +O(Ḡ3)

DAΛEE

(D̄∗A
(1+2)
• − D̄•A(1+2)

∗ )a =

∫
d2z

[
− 2

s
(x|P̄∗

1

P̄ 2
P̄•|z)abḠb∗•(z)−

8i

s2
(x|P̄∗

1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄•|z)abḠb∗•(z)

− 2

s
(x|P̄∗

1

P̄ 2
P̄•|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• +

2i

s
(x|P̄∗

1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
• (D̄•A

(1)c
∗ − D̄∗A(1)c

• )

− 2

s
(x|P̄•

1

P̄ 2
P̄∗|z)abḠb∗•(z) +

8i

s2
(x|P̄•

1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄∗|z)abḠb∗•(z)

− 2

s
(x|P̄•

1

P̄ 2
P̄∗|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• +

2i

s
(x|P̄•

1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
∗ (D̄•A

(1)c
∗ − D̄∗A(1)c

• )
]

+ O(Ḡ3) (138)

Bikoz D̄•A
(1)
∗ − D̄∗A(1)

• = Ḡ∗•

(D̄∗A
(1+2)
• − D̄•A(1+2)

∗ )a = − fabcA(1)b
∗ A

(1)c
• +

∫
d2z

[
− 2

s
(x|P̄∗

1

P̄ 2
P̄• + P̄•

1

P̄ 2
P̄∗|z)abḠb∗•(z) (139)

+
8i

s2
(x| 1

P̄ 2
(P̄•Ḡ∗•P̄∗ − P̄∗Ḡ∗•P̄•)

1

P̄ 2
|z)abḠb∗•(z)−

2i

s
(x|P̄∗

1

P̄ 2
|z)aa

′
fa
′bcḠb∗•A

(1)c
• − 2i

s
(x|P̄•

1

P̄ 2
|z)aa

′
fa
′bcḠb∗•A

(1)c
∗

]
+ O(Ḡ3)

= − fabcA(1)b
∗ A

(1)c
• − Ḡa∗• +

∫
d2z

[ 4i

s2
(x| 1

P̄ 2
(P̄•Ḡ∗•P̄∗ − P̄∗Ḡ∗•P̄•)

1

P̄ 2
|z)abḠb∗•(z)

− 4

s2
(x|P̄∗

1

P̄ 2
|z)aa

′
fa
′bcḠb∗•(z)

∫
dz′(z| 1

P̄ 2
P̄•|z′)cdGd∗•(z′) +

4

s2
(x|P̄•

1

P̄ 2
|z)aa

′
fa
′bcḠb∗•(z)

∫
dz′(z| 1

P̄ 2
P̄∗|z′)cdGd∗•(z′)

]
+ O(Ḡ3)

= − Ḡa∗• − fabcA
(1)b
∗ A

(1)c
• + O(Ḡ3) (140)

⇒ Gaµν(Ā+A(1) +A(2)) = O(Ḡ3) for any 1
P̄ 2±iε or 1

P̄ 2±iεp0
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C. Pure gauge in a simple way

Āµ =
2

s
pµ1 Ā•(x∗) +

2

s
pµ2 Ā∗(x•), Ḡa∗•(x∗, x•) = fabcĀb∗(x•)Ā

c
•(x∗)

Rewrite Eq. (134)

A(1+2)a
α ≡ A(1)a

α +A(2)a
α =

∫
DA Aaα(x)ei

∫
d2z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β−A

a
α∂

2Āaα
)

=

=

∫
d2z

[
− i(x| 1

P̄ 2gαβ + 2iḠαβ
P̄ ξ|z)abḠbξβ(z)

− i(x| 1

P̄ 2gαβ + 2iḠαβ
P̄ ξ|z)aa

′
fa
′bcA

(1)b
ξ A

(1)b
β − (x| 1

P̄ 2gαβ + 2iḠαβ
|z)aa

′
fa
′bcA(1)bξ(D̄βA

(1)b
ξ − D̄ξA

(1)b
β )

]
+ O(Ḡ3)

=

∫
d2z

[
− i(x| 1

P̄ 2
P̄ ξ|z)abḠbξα(z)− 2(x| 1

P̄ 2
Ḡαβ

1

P̄ 2
P̄ ξ|z)abḠbξβ(z)

− i(x| 1

P̄ 2
P̄ ξ|z)aa

′
fa
′bcA

(1)b
ξ A(1)c

α − (x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bξ(D̄αA

(1)c
ξ − D̄ξA

(1)c
α )

]
+ O(Ḡ3) (141)

1

P̄ 2
=

s

4

1

P̄•P̄∗ + i
2 Ḡ∗•

' s

4

1

P̄•P̄∗
− is

8

1

P̄•P̄∗
Ḡ∗•

1

P̄•P̄∗
+ O(Ḡ2)

From Eq. (141) we get

A
(1+2)a
• =

∫
d2z

[
− 2i

s
(x| 1

P̄ 2
P̄•|z)abḠb∗•(z) +

8

s2
(x| 1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄•|z)abḠb∗•(z)

− 2i

s
(x| 1

P̄ 2
P̄•|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• − 2

s
(x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
• Ḡc∗•

]
+ O(Ḡ3)

=

∫
d2z

[
− i

2
(x| 1

P̄∗
|z)abḠb∗•(z)−

1

4
(x| 1

P̄•P̄∗
Ḡ∗•

1

P̄∗
|z)abḠb∗•(z) +

1

2
(x| 1

P̄•P̄∗
Ḡ∗•

1

P̄∗
|z)abḠb∗•(z)

− i

2
(x| 1

P̄∗
|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• − 1

4
(x| 1

P̄•P̄∗
Ḡ∗•

1

P̄∗
|z)abḠb∗•(z)

]
+ O(Ḡ3)

=

∫
d2z

[
− i

2
(x| 1

P̄∗
|z)abḠb∗•(z)−

i

2
(x| 1

P̄∗
|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
•

]
(142)

⇒

A
(1)a
• = − i

2

∫
d2z (x| 1

P̄∗
|z)abḠb∗•(z), A

(2)a
• = − i

2

∫
d2z (x| 1

P̄∗
|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• (143)

Similarly,

A
(1)a
∗ =

i

2

∫
d2z (x| 1

P̄•
|z)abḠb∗•(z), A

(2)a
∗ =

i

2

∫
d2z (x| 1

P̄•
|z)aa

′
fa
′bcA

(1)b
∗ A

(1)c
• (144)

Now

(D̄∗A
(1+2)
• − D̄•A(1+2)

∗ )a = − Ḡa∗• − fabcA
(1)b
∗ A

(1)c
• ⇔ Ḡ∗•(Ā+A(1) +A(2)) = O(Ḡ3) (145)

is evident.

D. Pure gauge for the retarded propagators

A
(1)a
• = − i

2

∫
d2z (x| 1

P̄∗ + iε
|z)abḠb∗•(z) =

i

2

∫ x•

−∞
dz•

(
[x•, z•]A∗(z•)

)ab
Āb•(x∗) ' − 1

2
fabc

∫ x•

−∞
dz•A

b
∗(z•)Ā

c
•(x∗)

A
(1)a
∗ =

i

2

∫
d2z (x| 1

P̄•
|z)abḠb∗•(z) =

i

2

∫ x∗

−∞
dz∗

(
[x∗, z∗]A•(z∗)

)ab
Āb∗(x•) (146)
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2

s
D̄∗D̄•θ(x∗ − z∗)[x∗, z∗]θ(x• − z•)[x•, z•] =

s

2
δ(x∗ − z∗)δ(x• − z•) = δ(2)(x− z)

(x| 1

P̄∗P̄• + iεp0
|z) = (x| 1

(P̄∗ + iε)(P̄• + iε)
|z) = − 2

s
θ(x∗ − z∗)[x∗, z∗]θ(x• − z•)[x•, z•] (147)

Ā•(x∗) +A
(1)a
• (x) = [x∗,−∞]i∂•[−∞, x∗]−

i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iεp0
|z)abḠb∗•(z) = Ωi∂•Ω

†

Ω† = [−∞, x∗](1 + δΩ†) ⇒ δΩa = − i
2

∫
d2z (x| 1

P̄∗P̄• + iεp0
|z)abḠb∗•(z)

⇒ δΩ† =
i

2

∫ x∗

−∞
d

2

s
z∗

∫ x•

−∞
d

2

s
z• [x∗, z∗][x•, z•]Ḡ∗•[z•, x•][z∗, x∗] (148)

1. A Ω†0 = [−∞x, x] model

[x,−∞x]i∂•[−∞x, x] ≡ [x,−∞x]
is

2

∂

∂x∗
[−∞x, x] = Ā•(x) +

2

s
x•

∫ 1

−∞
tdt [x, tx]G∗•(tx)[tx, x]

[x,−∞x]i∂∗[−∞x, x] ≡ [x,−∞x]
is

2

∂

∂x•
[−∞x, x] = Ā∗(x)− 2

s
x∗

∫ 1

−∞
tdt [x, tx]G∗•(tx)[tx, x] (149)

Ā•(x∗) +A
(1)a
• (x) = Ā•(x∗)−

i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iεp0
|z)abḠb∗•(z) = Ωi∂•Ω

†

Ω† = [−∞x, x](1 + δΩ†) ⇒ (i∂• + [Ā•, )δΩ
a = − i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iεp0
|z)abḠb∗•(z)−

2

s
x•

∫ 1

−∞
tdt [x, tx]abGb∗•(tx)

⇒ δΩa = − i
2

∫
d2z (x| 1

P̄∗P̄• + iεp0
|z)abḠb∗•(z)+?

ix2

s

∫ 1

−∞
tdt [x, tx]abGb∗•(tx) + O(D•G∗•)

=
i

2

∫
d

2

s
z∗

∫
d

2

s
z∗ [x∗, z∗][x•, z•]Ḡ∗•(z∗, z•)[z•, x•][z∗, x∗]+? (150)

E. Propagator

∫
DA Amµ (x)Anν (y)ei

∫
d2z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β

)
3 − igfabc

∫
DA Amµ (x)Anν (y)

∫
dz D̄αAaβAbαA

c
β(z)ei

∫
d2z′
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα
)

= − igfabc
∫
dz
[
〈Amµ (x)Abα(z)〉Ā〈Acβ(z)Anν (y)〉Ā

(
D̄αA

(1)a
β − D̄βA

(1)a
α

)
+〈Amµ (x)

(
D̄αAaβ − D̄βAaα

)
(z)〉ĀA(1)b

α 〈Acβ(z)Anν (y)〉Ā + 〈Amµ (x)Acβ(z)〉ĀA(1)b
α 〈

(
D̄αAaβ − D̄βAaα

)
(z)Anν (y)〉Ā

]
= ifabc

∫
dz (x| 1

P̄ 2gµα + 2iḠµα
|z)mb

(
D̄αA

(1)a
β − D̄βA

(1)a
α

)
(z| 1

P̄ 2gβν + 2iḠβν
|y)cn

− fabc
∫
dz (x| 1

P̄ 2gµβ + 2iḠµβ
P̄α −

1

P̄ 2gµβ + 2iḠµα
P̄β |z)maA(1)b

α (z)(z| 1

P̄ 2gβν + 2iḠβν
|y)cn

+ fabc
∫
dz (x| 1

P̄ 2gµβ + 2iḠµβ
|z)mcA(1)b

α (z)(x|P̄α
1

P̄ 2gβν + 2iḠβν
− P̄β

1

P̄ 2gαν + 2iḠαν
|z)an (151)
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= −
∫
dz (x| 1

P̄ 2gµα + 2iḠµα
|z)mb

(
D̄αA

(1)
β − D̄βA

(1)
α

)bc
(z| 1

P̄ 2gβν + 2iḠβν
|y)cn

+ i

∫
dz (x| 1

P̄ 2gµβ + 2iḠµβ
P̄α −

1

P̄ 2gµα + 2iḠµα
P̄β |z)maA(1)ac

α (z)(z| 1

P̄ 2gβν + 2iḠβν
|y)cn

+ i

∫
dz (x| 1

P̄ 2gµβ + 2iḠµβ
|z)mcA(1)ca

α (z)(x|P̄α
1

P̄ 2gβν + 2iḠβν
− P̄β

1

P̄ 2gαν + 2iḠαν
|z)an

= i

∫
dz (x| 1

P̄ 2gµα + 2iḠµα

[
{P̄ξ, A(1)ξ}gαβ + 2i(D̄αA

(1)
β − D̄βA

(1)
α )
] 1

P̄ 2gβν + 2iḠβν
|y)mn

− i

∫
dz (x| 1

P̄ 2gµα + 2iḠµα
A(1)
α P̄β

1

P̄ 2gβν + 2iḠβν
|y)mn − i

∫
dz (x| 1

P̄ 2gµβ + 2iḠµβ
P̄βA

(1)
α

1

P̄ 2gαν + 2iḠαν
|z)mn (152)

VII. CHOBA

ΠPOδYEM

1

2
(D̄µ − iXµ)maAaµ(D̄ν − iXν)mbAbν =

1

2
(D̄µAµ)a(D̄νAν)a + fabc(D̄ξAξ)

aXb
ηA

cη +
1

2
Aaµ(XµXν)abAbν

=
1

2
(D̄µAµ)a(D̄νAν)a − i(D̄ξAξ)

aXab
η A

bη +
1

2
Aaµ(XµXν)abAbν (153)

�abµν = P̄ 2gµν + 2iḠµν + P̄µXν +XµP̄ν +XµXν ⇔ P̄ 2gµν + 2iḠµν + 2XµP̄ν +XµXν (154)

bikoz ∫
dz AaµP̄ aa

′

µ Xa′b
ν Abν(z) =

∫
dz AbνXba′

ν P̄ a
′a

µ Aaµ(z) =

∫
dz AaµXaa′

µ P̄ a
′b

ν Abν(z)

C̄mµ (x) =

∫
DA Amµ (x)ei

∫
d2z
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
=

∫
DA Amµ (x)ei

∫
d2z
(
− 1

4 Ḡ
aµνḠaµν− 1

2A
aα�abαβA

βb+AaαD̄ξḠ
aξα−gfabcD̄αAaβAbαA

c
β−

g2

4 f
abmfcdmAaαAbβAcαA

d
β

)
A→A+C̄

=

∫
DA [Amµ (x) + C̄mµ (x)] ei

∫
d2z
(
− 1

4 Ḡ
aµνḠaµν− 1

2 C̄
aα�abαβC̄

βb+C̄aαD̄ξḠ
aξα−gfabcD̄αC̄aβC̄bαC̄

c
β−

g2

4 f
abmfcdmC̄aαC̄bβC̄cαC̄

d
β

)
× exp i

∫
dz
{
Aaα

(
−�abαβC̄

bβ + (D̄Ḡ)aα + fabc
(
2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ − C̄bαD̄βC̄cβ

)
− fabmf cdmC̄bβC̄cαC̄dβ

)
+

1

2
Aaα

(
−�αβ − 2i(D̄αC̄β) + 2C̄βP̄α − 2gαβ(C̄ξP̄ξ)− gαβC̄ξC̄ξ + C̄βC̄α − [C̄α, C̄β ]

)
Abβ

− gfabc(D̄α − iC̄α)aa
′
Aa
′

β A
cαAdβ − g2

4
fabmf cdmAaαAbβAcαA

d
β

}
(155)

HAŬIDËM UIKC

1

2
Aaα

(
−�αβ − 2i(D̄αC̄β) + 2C̄βP̄α − 2gαβ(C̄ξP̄ξ)− gαβC̄ξC̄ξ + C̄βC̄α − [C̄α, C̄β ]

)ab
Abβ (156)

=
1

2
Aaα

(
− P̄ 2gαβ − 2iḠαβ − 2XαP̄β −XαXβ − 2iD̄αC̄β + 2C̄βP̄α − 2gαβ(C̄ξP̄ξ)− gαβC̄ξC̄ξ + C̄βC̄α − [C̄α, C̄β ]

)ab
Abβ

=
1

2
Aaα

(
− (P̄ + C̄)2gαβ − 2i

(
Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ]

)
+ C̄αC̄β − 2[P̄β , C̄α] + 2C̄βP̄α − 2XαP̄β −XαXβ

)ab
Abβ

=
1

2
Aaα

(
− (P̄ + C̄)2gαβ − 2i

(
Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ]

))ab
Abβ

ΠPUI YCΛOBUIUI UUITO Xµ = C̄µ az ekspekted.
UITAK, the gauge-fixing term is

1

2
(D̄µ − iC̄µ)maAaµ(D̄ν − iC̄ν)mbAbν =

1

2
(D̄µAµ)a(D̄νAν)a + fabc(D̄ξAξ)

aC̄bηA
cη +

1

2
Aaµ(C̄µC̄ν)abAbν

=
1

2
(D̄µAµ)a(D̄νAν)a − i(D̄ξAξ)

aC̄abη A
bη +

1

2
Aaµ(C̄µC̄ν)abAbν (157)
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so

�abµν = P̄ 2gµν + 2iḠµν + P̄µC̄ν + C̄µP̄ν + C̄µC̄ν (158)

C̄mµ (x) =

∫
DA Amµ (x)ei

∫
d2z
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
=

∫
DA Amµ (x)ei

∫
d2z
(
− 1

4 Ḡ
aµνḠaµν− 1

2A
aα�abαβA

βb+AaαD̄ξḠ
aξα−gfabcD̄αAaβAbαA

c
β−

g2

4 f
abmfcdmAaαAbβAcαA

d
β

)
A→A+C̄

=

∫
DA [Amµ (x) + C̄mµ (x)] ei

∫
d2z
(
− 1

4 Ḡ
aµνḠaµν− 1

2 C̄
aα(P̄ 2gαβ+2iḠαβ)abC̄βb+C̄aαD̄ξḠ

aξα−gfabcD̄αC̄aβC̄bαC̄
c
β−

g2

4 f
abmfcdmC̄aαC̄bβC̄cαC̄

d
β

)
× exp i

∫
dz
{
Aaα

(
− (P̄ 2gαβ + 2iḠαβ)abC̄bβ + (D̄Ḡ)aα + fabc(2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ)− fabmf cdmC̄bβC̄cαC̄dβ

)
− 1

2
Aaα

(
(P̄ + C̄)2gαβ + 2i

(
Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ]

))ab
Abβ

− gfabc(D̄α − iC̄α)aa
′
Aa
′

β A
cαAdβ − g2

4
fabmf cdmAaαAbβAcαA

d
β

}
(159)

UIMEEM YP-E HA C̄µ B BUIDE

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β (160)

B KOMΠOHEHTAX

2(P̄•P̄∗)
abC̄b• = D̄ab

• Ḡ
b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

2(P̄∗P̄•)
abC̄b∗ = − D̄ab

∗ Ḡ
b
∗• − iḠab∗•C̄b∗ − gD̄aa′

∗ (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b∗D̄•C̄

c
∗ − g2fabmf cdmC̄b∗C̄

c
∗C̄

d
• (161)

ΠEPEΠUIUUIEM HA δYDYUUI,EE

2(P̄•P̄∗)
abC̄b• = D̄ab

• Ḡ
b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

⇒ (P̄•P̄∗ + P̄∗P̄•)
abC̄b• = D̄ab

• Ḡ
b
∗• + 2iḠab∗•C̄

b
• + gfabcD̄•C̄

b
∗C̄

c
• + gfabcC̄b∗D̄•C̄

c
• + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

⇒ (P•P̄∗ + P∗P̄•)abC̄b•
= − fabcC̄b•D̄∗C̄c• − fabcC̄b∗D̄•C̄c• + D̄ab

• Ḡ
b
∗• + 2iḠab∗•C̄

b
• − gfabcC̄b•D̄•C̄c∗ + gfabcC̄b∗D̄•C̄

c
• + 2gfabcC̄b•D̄∗C̄

c
• − g2fabcfklcC̄b•C̄

k
• C̄

l
∗

= D̄ab
• Ḡ

b
∗• − 2iC̄ab• Ḡ

b
∗• + gfabcC̄b•(D̄∗C̄

c
• − D̄•C̄c∗ − f cklC̄k• C̄l∗) = D̄ab

• Ḡ
b
∗• − iC̄ab• Ḡb∗• = Dab• Ḡb∗• (162)

where A• ≡ Ā• + C̄•, P• = P̄• + C̄• and similarly for ∗
HADO expand do Ḡ3

∗•. PA3δUIBAEM C̄ = C̄1 + C̄2 + C̄3

ΦOPMYΛA: P̄∗
1

P̄•P̄∗±iε
P̄• = P̄•

1
P̄∗P̄•±iε

P̄∗ = 1 (ΠPUI ΛIOδOM OδXODE CUIHΓYΛAPHOCTUI).

C̄1
• = − i

2P̄•P̄∗
P̄•Ḡ∗• ⇔ C̄1a

• (x) = − i

2

∫
d2z(x| 1

P̄•P̄∗
P̄•|z)abḠb∗•(z) ⇒ D̄∗C̄

1
• = − 1

2
Ḡ∗•

C̄1
∗ =

i

2P̄∗P̄•
P̄∗Ḡ∗• ⇔ C̄1a

∗ (x) =
i

2

∫
d2z(x| 1

P̄∗P̄•
P̄∗|z)abḠb∗•(z) ⇒ D̄•C̄

1
∗ =

1

2
Ḡ∗• (163)

(x| 1

P̄∗P̄• + iεp∗
P̄∗|z) = (x| 1

P̄• + iε
|z) = − iδ(x• − z•)θ(x∗ − z∗)[x∗, z∗]Ā•

(x| 1

P̄•P̄∗ + iεp∗
P̄•|z) = (x| 1

P̄∗ + iε
|z) = − iδ(x∗ − z∗)θ(x• − z•)[x•, z•]Ā∗ (164)

ECΛUI Ā∗(x•)→ 0 ΠPUI x• → ±∞, TO

C̄
(1)
∗ (x) = − i

s

∫ x∗

−∞
dz∗ [x∗, z∗]

A• [Ā∗(x•), Ā•(z∗)][z∗, x∗]
A• ⇒ C̄

(1)
∗ (x∗, x• = ±∞) = C̄

(1)
∗ (x∗ = −∞, x•) = 0

C̄
(1)
• (x) =

i

s

∫ x•

−∞
dz• [x•, z•]

A∗ [Ā∗(z•), Ā•(x∗)][z•, x•]
A∗ ⇒ C̄

(1)
• (x•, x∗ = ±∞) = C̄

(1)
• (x• = −∞, x∗) = 0 (165)

AHAΛOΓUI4HO, C̄
(1)
• (x∗ = −∞, x•) = C̄

(1)
• (x∗ = ±∞, x•) = 0
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2(P̄•P̄∗)
abC̄

(2)b
• = iḠab∗•C̄

(1)b
• + gD̄aa′

• (fa
′bcC̄

(1)b
∗ C̄

(1)c
• )− gfabcC̄(1)b

• Ḡc∗• ⇒ C̄
(2)a
• = − i

2

( 1

P̄•P̄∗
P̄•
)aa′

fa
′bcC̄

(1)b
∗ C̄

(1)c
•

2(P̄∗P̄•)
abC̄

(2)b
∗ = − iḠab∗•C̄b∗ − gD̄aa′

∗ (fa
′bcC̄

(1)b
∗ C̄

(1)c
• ) + gfabcC̄

(1)b
∗ Ḡc∗• ⇒ C̄

(2)a
∗ =

i

2

( 1

P̄∗P̄•
P̄∗
)aa′

fa
′bcC̄

(1)b
∗ C̄

(1)c
• (166)

Ga∗•(Ā+ C̄(1) + C̄(2)) = Ḡa∗• + (D̄∗C̄
(1)
• − D̄•C̄(1)

∗ )a + (D̄∗C̄
(2)
• − D̄•C̄(2)

∗ )a + fabcC̄
(1)b
∗ C̄(1)c = 0 (167)

HAM HADO EUUI,Ë

D̄∗C̄
(2)a
• = − 1

2
fabcC̄

(1)b
∗ C̄

(1)c
• , D̄•C̄

(2)a
∗ =

1

2
fabcC̄

(1)b
∗ C̄

(1)c
• (168)

Similarly to Eq. (165) C̄
(2)
• (x∗ = −∞, x•) = C̄

(2)
∗ (x∗, x• = −∞) = 0

TPETUIŬI ΠOPADOK

2(P̄•P̄∗)
abC̄

(3)b
•

= iḠab∗•C̄
(2)b
• + gD̄aa′

• fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) + 2gfabcC̄

(1)b
• D̄∗C̄

(2)c
• + 2gfabcC̄

(2)b
• D̄∗C̄

(1)c
• − g2fabmf cdmC̄

(1)b
• C̄

(1c
• C̄

(1)d
∗

= gD̄aa′

• fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) + 2gfabcC̄

(1)b
• D̄∗C̄

(2)c
• − g2fabmf cdmC̄

(1)b
• C̄

(1)c
• C̄

(1)d
∗ = gD̄aa′

• fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• )

⇒ C̄
(3)a
• = − i

2

( 1

P̄•P̄∗
P̄•
)aa′

fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) (169)

Similarly

2(P̄∗P̄•)
abC̄

(3)b
∗

= − iḠab∗•C̄
(2)b
∗ − gD̄aa′

∗ fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) + 2gfabcC̄

(1)b
∗ D̄•C̄

(2)c
∗ + 2gfabcC̄

(2)b
∗ D̄•C̄

(1)c
∗ − g2fabmf cdmC̄

(1)b
∗ C̄

(1c
∗ C̄

(1)d
•

= −gD̄aa′

∗ fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) + 2gfabcC̄

(1)b
∗ D̄•C̄

(2)c
∗ − g2fabmf cdmC̄

(1)b
∗ C̄

(1)c
∗ C̄

(1)d
• = − gD̄aa′

∗ fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• )

⇒ C̄
(3)a
∗ =

i

2

( 1

P̄∗P̄•
P̄∗
)aa′

fa
′bc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) (170)

HAM δYDET HADO

D̄∗C̄
(3)a
• = − 1

2
fabc(C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) (171)

Again, C̄
(3)
• (x∗ = ±∞, x•) = C̄

(3)
∗ (x∗, x• = ±∞) = 0 ⇒ C̄•(x∗ = ±∞, x•) = C̄∗(x∗, x• = ±∞) = 0

⇒ (Ā+ C̄)•(x∗, x• = −∞) = Ā•(x∗), (Ā+ C̄)∗(x∗ = −∞, x•) = Ā∗(x•) (172)

ΦOPMYΛA:

1

2
Ḡa∗• + D̄∗C̄

(1)a
• + D̄∗C̄

(2)a
• + D̄∗C̄

(3)a
• +

1

2
fabc(C̄

(1)b
∗ C̄

(1)c
• + C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) = 0

UI ΠO3TOMY

F a∗•(Ā+ C̄(1) + C̄(2) + C̄(3)) (173)

= Ḡa∗• + (D̄∗C̄
(1)
• − D̄•C̄(1)

∗ )a + (D̄∗C̄
(2)
• − D̄•C̄(2)

∗ )a + (D̄∗C̄
(3)
• − D̄•C̄(3)

∗ )a + fabc(C̄
(1)b
∗ C̄

(1)c
• + C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• ) = 0

HAδΛYDEHUIE

D̄∗C̄
(i)
• + D̄•C̄

(i)
∗ = 0 ⇔ (i∂µ + [Āµ, )C̄

µ = (i∂µ + [Āµ,+[C̄µ, )C̄
µ = 0 (174)

4ŬI ΠOPADOK (see Eqs. (167) and (171))

2(P̄•P̄∗)
abC̄

(4)b
•

= iḠab∗•C̄
(3)b
• + gD̄aa′

• fa
′bc(C̄

(1)b
∗ C̄

(3)c
• + C̄

(2)b
∗ C̄

(2)c
• + C̄

(3)b
∗ C̄

(1)c
• )+2gfabcC̄

(1)b
• D̄∗C̄

(3)c
• + 2gfabcC̄

(2)b
• D̄∗C̄

(2)c
• +2gfabcC̄

(3)b
• D̄∗C̄

(1)c
•

− g2fabmf cdmC̄
(2)b
• C̄

(1c
• C̄

(1)d
∗ −g2fabmf cdmC̄

(1)b
• C̄

(2)c
• C̄

(1)d
∗ − g2fabmf cdmC̄

(1)b
• C̄

(1c
• C̄

(2)d
∗

= gD̄aa′

• fa
′bc(C̄

(1)b
∗ C̄

(3)c
• + C̄

(2)b
∗ C̄

(2)c
• + C̄

(3)b
∗ C̄

(1)c
• )

⇒ C̄
(4)a
• = − i

2

( 1

P̄•P̄∗
P̄•
)aa′

fa
′bc(C̄

(1)b
∗ C̄

(3)c
• + C̄

(2)b
∗ C̄

(2)c
• + C̄

(3)b
∗ C̄

(1)c
• ) (175)
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⇒ D̄∗C̄
(4)
• = − 1

2
fabc(C̄

(1)b
∗ C̄

(3)c
• +C̄

(2)b
∗ C̄

(2)c
• +C̄

(3)b
∗ C̄

(1)c
• ), D̄•C̄

(4)
∗ =

1

2
fabc(C̄

(1)b
∗ C̄

(3)c
• +C̄

(2)b
∗ C̄

(2)c
• +C̄

(3)b
∗ C̄

(1)c
• )

(176)
UI ΠO3TOMY

F a∗•(Ā+ C̄(1) + C̄(2) + C̄(3) + C̄(4)) (177)

= Ḡa∗• + (D̄∗C̄
(1)
• − D̄•C̄(1)

∗ )a + (D̄∗C̄
(2)
• − D̄•C̄(2)

∗ )a + (D̄∗C̄
(3)
• − D̄•C̄(3)

∗ )a + (D̄∗C̄
(4)
• − D̄•C̄(4)

∗ )a

+ fabc(C̄
(1)b
∗ C̄

(1)c
• + C̄

(1)b
∗ C̄

(2)c
• + C̄

(2)b
∗ C̄

(1)c
• + C̄

(1)b
∗ C̄

(3)c
• + C̄

(2)b
∗ C̄

(2)c
• + C̄

(3)b
∗ C̄

(1)c
• ) = 0 (178)

and

D̄∗C̄• =
i

2
[C̄∗, C̄•]−

1

2
Ḡ∗• = − D̄•C̄∗ (179)

NB: we never used any assumptions on Ā• and Ā∗

VIII. Ω

Here Ā•(z∗) and Ā∗(z•)

1. Ω do Ā3

Ω(x∗, x•) = 1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′∗θ(x

′ − x′′)∗Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•) (180)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′•)Ā∗(x′′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

Ω†(x∗, x•) = 1− i
∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗θ(x

′ − x′′)∗Ā•(x′′∗)Ā•(x′∗)− i
∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•) (181)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′′•)Ā∗(x′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

Trivial chek:

Ω†(x∗, x•)Ω(x∗, x•) =
[
1− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗θ(x

′ − x′′)∗Ā•(x′′∗)Ā•(x′∗)− i
∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′′•)Ā∗(x′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)]

×
[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′∗θ(x

′ − x′′)∗Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′•)Ā∗(x′′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)]

= 1 (182)

Non-trivial chek:

i∂•Ω
†(x∗, x•) = Ā•(x∗)− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)
⇒ Ωi∂•Ω

†(x∗, x•) =
[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)
]

×
[
Ā•(x∗)− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)]
= Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•[Ā•(x∗), Ā∗(x

′
•)]⇒ (Ωi∂•Ω

†)a(x∗, x•) = Āa•(x∗)−
1

2
fabc

∫ x•

−∞
d

2

s
x′•Ā

b
∗(x
′
•)Ā

c
•(x∗) (183)
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which agrees with Eq. (146)

δω = − 1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

= − 1

s

∫
d2z θ(x∗ − z∗)θ(x• − z•){Ā∗(z•), Ā•(z∗)}

(184)

Next step

Ω†(x∗, x•)Ω(x∗, x•)

3 i

2

∫ x∗

−∞
d

2

s
x′∗

∫ x∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•Ā•(x

′
∗)
(
Ā•(x

′′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′′
∗)
)

− i

2

∫ x∗

−∞
d

2

s
x′∗

∫ x∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)
Ā•(x

′′
∗)

− i

∫ x∗

−∞
d

2

s
x′∗

∫ x∗

x′∗

d
2

s
x′′∗

∫ x•

−∞
d

2

s
x′•Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•) + i

∫ x•

−∞
d

2

s
x′•

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)

=
i

2

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•
(
[Ā•(x

′
∗), Ā•(x

′′
∗)]Ā∗(x

′
•) + Ā∗(x

′
•)[Ā•(x

′
∗), Ā•(x

′′
∗)]
)

(185)

Guess

Ω(x∗, x•) = 1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′∗θ(x

′ − x′′)∗Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•) (186)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′•)Ā∗(x′′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

− i

4

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•
(
[Ā•(x

′
∗), Ā•(x

′′
∗)]Ā∗(x

′
•) + Ā∗(x

′
•)[Ā•(x

′
∗), Ā•(x

′′
∗)]
)

− i

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•

∫ x∗

−∞
d

2

s
x′∗
(
[Ā∗(x

′
•), Ā∗(x

′′
•)]Ā∗(x

′
∗) + Ā•(x

′
∗)[Ā∗(x

′
•), Ā∗(x

′′
•)]
)

+ ?

Ω†(x∗, x•) = 1− i
∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗θ(x

′ − x′′)∗Ā•(x′′∗)Ā•(x′∗)− i
∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•) (187)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′′•)Ā∗(x′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

− i

4

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•
(
[Ā•(x

′
∗), Ā•(x

′′
∗)]Ā∗(x

′
•) + Ā∗(x

′
•)[Ā•(x

′
∗), Ā•(x

′′
∗)]
)

− i

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•

∫ x∗

−∞
d

2

s
x′∗
(
[Ā∗(x

′
•), Ā∗(x

′′
•)]Ā•(x

′
∗) + Ā•(x

′
∗)[Ā∗(x

′
•), Ā∗(x

′′
•)]
)

+
i

4

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•
(
{Ā•(x′∗), Ā•(x′′∗)}Ā∗(x′•) + Ā∗(x

′
•){Ā•(x′∗), Ā•(x′′∗)}

)
+

i

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•

∫ x∗

−∞
d

2

s
x′∗
(
{Ā∗(x′•), Ā∗(x′′•)}Ā•(x′∗) + Ā•(x

′
∗){Ā∗(x′•), Ā∗(x′′•)}

)
i∂•Ω

†(x∗, x•) = Ā•(x∗)− i
∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)
+

1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
[Ā•(x∗), Ā•(x

′
∗)]Ā∗(x

′
•) + Ā∗(x

′
•)[Ā•(x∗), Ā•(x

′
∗)]
)

+
1

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•
(
[Ā∗(x

′
•), Ā∗(x

′′
•)]Ā•(x∗) + Ā•(x∗)[Ā∗(x

′
•), Ā∗(x

′′
•)]
)

− 1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
{Ā•(x∗), Ā•(x′∗)}Ā∗(x′•) + Ā∗(x

′
•){Ā•(x∗), Ā•(x′∗)}

)
− 1

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•
(
{Ā∗(x′•), Ā∗(x′′•)}Ā•(x∗) + Ā•(x∗){Ā∗(x′•), Ā∗(x′′•)}

)
(188)
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Ω(x∗, x•)i∂•Ω
†(x∗, x•) =

[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′∗θ(x

′ − x′′)∗Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′•)Ā∗(x′′•)−
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)]

×
[
Ā•(x∗)− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)
+

1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
[Ā•(x∗), Ā•(x

′
∗)]Ā∗(x

′
•) + Ā∗(x

′
•)[Ā•(x∗), Ā•(x

′
∗)]
)

+
1

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•
(
[Ā∗(x

′
•), Ā∗(x

′′
•)]Ā•(x∗) + Ā•(x∗)[Ā∗(x

′
•), Ā∗(x

′′
•)]
)

+X3
]

− 1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
{Ā•(x∗), Ā•(x′∗)}Ā∗(x′•) + Ā∗(x

′
•){Ā•(x∗), Ā•(x′∗)}

)
− 1

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•
(
{Ā∗(x′•), Ā∗(x′′•)}Ā•(x∗) + Ā•(x∗){Ā∗(x′•), Ā∗(x′′•)}

)
(189)

=
1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′• Ā•(x

′
∗)
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)
+

∫ x•

−∞
d

2

s
x′•

∫ x∗

−∞
d

2

s
x′∗ Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x∗)

+
1

2

∫ x•

−∞
d

2

s
x′•

∫ x•

−∞
d

2

s
x′′• Ā∗(x

′
•)
(
Ā•(x∗)Ā∗(x

′′
•) + Ā∗(x

′′
•)Ā•(x∗)

)
−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′•θ(x

′ − x′′)•Ā∗(x′•)Ā∗(x′′•)Ā•(x∗)

− 1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)
Ā•(x∗)

+
1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
[Ā•(x∗), Ā•(x

′
∗)]Ā∗(x

′
•) + Ā∗(x

′
•)[Ā•(x∗), Ā•(x

′
∗)]
)

− 1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
{Ā•(x∗), Ā•(x′∗)}Ā∗(x′•) + Ā∗(x

′
•){Ā•(x∗), Ā•(x′∗)}

)
+

1

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•
(
[Ā∗(x

′
•), Ā∗(x

′′
•)]Ā•(x∗) + Ā•(x∗)[Ā∗(x

′
•), Ā∗(x

′′
•)]
)]

− 1

4

∫ x•

−∞
d

2

s
x′•

∫ x′•

−∞
d

2

s
x′′•
(
{Ā∗(x′•), Ā∗(x′′•)}Ā•(x∗) + Ā•(x∗){Ā∗(x′•), Ā∗(x′′•)}

)
= − 1

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′ − x′′)•
[
Ā∗(x

′
•), [Ā∗(x

′′
•), Ā•(x∗)]

]
az it shud bi (190)

UI ΠO3TOMY

Ω†(x∗, x•) = 1− i
∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′′∗)Ā•(x′∗)− i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′′•)Ā∗(x′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

+
i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)
)

+
i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)

(191)
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Ω(x∗, x•) = 1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′•)Ā∗(x′′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

− i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)
)

− i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)
)

(192)

Ω†(x∗, x•) = 1− i
∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′′∗)Ā•(x′∗)− i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′′•)Ā∗(x′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

+
i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)
)

+
i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)

(193)

i∂•Ω
†(x∗, x•) = Ā•(x∗)− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′′
∗)Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)
− 1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x∗)

)
− 1

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x∗) + Ā•(x∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)

(194)
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2. Ω do Ā2
∗Ā

2
•

Ω†(x∗, x•)Ω(x∗, x•) =
[
1− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′′∗)Ā•(x′∗)− i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•) (195)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′′•)Ā∗(x′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

+
i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)
)

+
i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)

+X3†
]

×
[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′•)Ā∗(x′′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

− i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)
)

− i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)
)

+X3
]

3 − 1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā•(x′∗)

(
Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′′
∗) + Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)
)

+

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā•(x′′∗)Ā•(x′∗)Ā∗(x′•)Ā∗(x′′•)

− 1

2

∫ x•

−∞
d

2

s
x′•

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′′• Ā∗(x

′
•)
(
Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′′
•) + Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)
)

+

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā∗(x′′•)Ā∗(x′•)Ā•(x′∗)Ā•(x′′∗)

+
1

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)∫ x∗

−∞
d

2

s
x′′∗

∫ x•

−∞
d

2

s
x′′•
(
Ā•(x

′′
∗)Ā∗(x

′′
•) + Ā∗(x

′′
•)Ā•(x

′′
∗)
)

− 1

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•

∫ x∗

−∞
d

2

s
x′′•
(
Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)
)
Ā∗(x

′′
•)

− 1

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗

∫ x∗

−∞
d

2

s
x′′∗
(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)
Ā•(x

′′
∗) + X3 +X3†

⇒ −X3−X3† =
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•) (196)

×
[
−2Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′′
∗)− 2Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)− 2Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)−2Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)

+ 4Ā•(x
′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•) + 4Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)

− 2Ā∗(x
′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′′
•)− 2Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)− 2Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)−2Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)

+ Ā•(x
′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•)+Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′′
∗)+Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)

+ Ā•(x
′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•) + Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)

+ Ā•(x
′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•) + Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗) + Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•) + Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)

+ Ā•(x
′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•) + Ā•(x

′′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā∗(x

′′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)

− 2Ā•(x
′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)− 2Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)− 2Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)− 2Ā∗(x

′′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)

− 2Ā∗(x
′′
•)Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)− 2Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)− 2Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)− 2Ā•(x

′′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗)
]
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−X3−X3† =
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•) (197)

×
[
− Ā•(x′∗)Ā∗(x′•)Ā∗(x′′•)Ā•(x′′∗)− 2Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)−2Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)

− Ā∗(x
′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′′
•)− 2Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)−2Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)

+ Ā•(x
′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)

+ Ā•(x
′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)+Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)+Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)

+ Ā•(x
′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)+Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)+Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)+Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)

+ Ā•(x
′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•)+Ā•(x

′′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā∗(x

′′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)+Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)

− 2Ā∗(x
′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)− 2Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)−2Ā∗(x

′′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)

− 2Ā•(x
′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)− 2Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)−2Ā•(x

′′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗)
]

−X3−X3† =
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•) (198)

×
[
−Ā•(x′∗)Ā∗(x′•)Ā∗(x′′•)Ā•(x′′∗)− 2Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)−Ā•(x′′∗)Ā∗(x′•)Ā∗(x′′•)Ā•(x′∗)

− Ā∗(x
′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′′
•)− 2Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)−Ā∗(x′′•)Ā•(x′∗)Ā•(x′′∗)Ā∗(x′•)

+ Ā•(x
′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)

+ Ā•(x
′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)+Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)

+ Ā•(x
′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)+Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)

+ Ā•(x
′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)

− Ā∗(x
′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)−2Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)−Ā∗(x′′•)Ā•(x′′∗)Ā•(x′∗)Ā∗(x′•)

− Ā•(x
′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)−2Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)−Ā•(x′′∗)Ā∗(x′′•)Ā∗(x′•)Ā•(x′∗)

]

−X31 =
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
−2Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)− 2Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)
)

− Ā•(x
′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′′
∗)− Ā∗(x′•)Ā•(x′∗)Ā•(x′′∗)Ā∗(x′′•) + Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗) (199)

−X3−X3† +X31 +X3†1 =
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•) (200)

×
[
−Ā•(x′′∗)Ā∗(x′•)Ā∗(x′′•)Ā•(x′∗)− Ā∗(x′′•)Ā•(x′∗)Ā•(x′′∗)Ā∗(x′•)

+ Ā•(x
′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)+Ā∗(x

′
•)Ā•(x

′′
∗)Ā∗(x

′′
•)Ā•(x

′
∗)

+ Ā•(x
′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)+Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x

′′
∗)

− Ā∗(x
′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)− Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)
]

C̄
(2)
• =

i

8

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
[
[Ā∗(x

′
•), Ā•(x

′
∗)], [Ā∗(x

′′
•), Ā•(x∗)]

]
(201)
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Ω(x∗, x•)i∂•Ω
†(x∗, x•) =

[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′•)Ā∗(x′′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

− i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)
)

− i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)
)]

×
[
Ā•(x∗)− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)Ā•(x∗)−

i

2

∫ x•

−∞
d

2

s
x′•
(
Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x∗)

)
− 1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x∗)

)
− 1

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x∗) + Ā•(x∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)

+ i∂•X3†
]

= − i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)
)
Ā•(x∗)

+ i

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗ Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗)

+
i

4

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•

∫ x•

−∞
d

2

s
x′′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)(
Ā•(x∗)Ā∗(x

′′
•) + Ā∗(x

′′
•)Ā•(x∗)

)
− i

2

∫ x•

−∞
d

2

s
x′•

∫ x•

−∞
d

2

s
x′′•

∫ x∗

−∞
d

2

s
x′∗ Ā∗(x

′
•)
(
Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′′
•) + Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗)

)
− i

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā•(x′∗)

(
Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x∗) + Ā•(x∗)Ā∗(x

′′
•)Ā∗(x

′
•)
)

+ i∂•X3†

=
i

8

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
[
[Ā∗(x

′
•), Ā•(x

′
∗)], [Ā∗(x

′′
•), Ā•(x∗)]

]
(202)

i∂•X3† =
i

8

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗

×
[
Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)Ā•(x∗)−Ā•(x′∗)Ā∗(x′•)Ā∗(x′′•)Ā•(x∗)− Ā∗(x′•)Ā•(x′∗)Ā•(x∗)Ā∗(x′′•) + Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x∗)Ā∗(x

′′
•)

− Ā∗(x
′′
•)Ā•(x∗)Ā∗(x

′
•)Ā•(x

′
∗) + Ā•(x∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā∗(x

′′
•)Ā•(x∗)Ā•(x

′
∗)Ā∗(x

′
•)− Ā•(x∗)Ā∗(x′′•)Ā•(x′∗)Ā∗(x′•)

+ 4Ā∗(x
′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗) + 4Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x∗)− 8Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗)

− 2Ā•(x
′
∗)Ā∗(x

′
•)Ā•(x∗)Ā∗(x

′′
•)− 2Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′′
•)−2Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x∗)− 2Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)Ā•(x∗)

− 2Ā•(x
′
∗)Ā∗(x

′′
•)Ā•(x∗)Ā∗(x

′
•)− 2Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′
•)− 2Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x∗)−2Ā∗(x

′′
•)Ā•(x

′
∗)Ā∗(x

′
•)Ā•(x∗)

+ 4Ā∗(x
′
•)Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′′
•) + 4Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗) + 4Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′
•) + 4Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x∗)

+ 4Ā•(x
′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x∗) + 4Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′′
•)Ā∗(x

′
•)
]

(203)

X3†1 =
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
2Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗) + 2Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)

+ Ā•(x
′′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗) + Ā∗(x

′′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′
•)− Ā∗(x′′•)Ā•(x′′∗)Ā∗(x′•)Ā•(x′∗)− Ā•(x′′∗)Ā∗(x′′•)Ā•(x′∗)Ā∗(x′•)

)
(204)

=
1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

×
(
2Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗) + 2Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)− [Ā•(x

′′
∗), Ā∗(x

′′
•)][Ā•(x

′
∗)Ā∗(x

′
•)]
)

(205)
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i∂•(X3† −X3†1) =
i

8

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗

×
[
−Ā∗(x′•)Ā•(x′∗)Ā∗(x′′•)Ā•(x∗)+Ā•(x′∗)Ā∗(x′•)Ā∗(x′′•)Ā•(x∗) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x∗)Ā∗(x

′′
•)− Ā•(x′∗)Ā∗(x′•)Ā•(x∗)Ā∗(x′′•)

− Ā∗(x
′′
•)Ā•(x∗)Ā∗(x

′
•)Ā•(x

′
∗)+Ā•(x∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′
∗)+Ā∗(x

′′
•)Ā•(x∗)Ā•(x

′
∗)Ā∗(x

′
•)−Ā•(x∗)Ā∗(x′′•)Ā•(x′∗)Ā∗(x′•)

]
(206)

⇒

(X3† −X3†1) =
1

8

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•) (207)

×
[
Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)+Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)− Ā•(x

′′
∗)Ā∗(x

′
•)Ā•(x

′
∗)Ā∗(x

′′
•)−Ā∗(x′•)Ā•(x′′∗)Ā∗(x′′•)Ā•(x′∗)

− Ā•(x
′
∗)Ā∗(x

′′
•)Ā•(x

′′
∗)Ā∗(x

′
•)− Ā∗(x′′•)Ā•(x′∗)Ā∗(x′•)Ā•(x′′∗)+ Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)+ Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)
]

=
1

8

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
[Ā•(x

′′
∗), Ā∗(x

′
•)][Ā∗(x

′′
•), Ā•(x

′
∗)] + [Ā∗(x

′′
•), Ā•(x

′
∗)][Ā•(x

′′
∗), Ā∗(x

′
•)]
)

UITOΓO

X3† =
1

8

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
4Ā∗(x

′′
•)Ā∗(x

′
•)Ā•(x

′′
∗)Ā•(x

′
∗) + 4Ā•(x

′′
∗)Ā•(x

′
∗)Ā∗(x

′′
•)Ā∗(x

′
•)

− 2[Ā•(x
′′
∗), Ā∗(x

′′
•)][Ā•(x

′
∗)Ā∗(x

′
•)]− [Ā•(x

′′
∗), Ā∗(x

′
•)][Ā•(x

′
∗), Ā∗(x

′′
•)]− [Ā•(x

′
∗), Ā∗(x

′′
•)][Ā•(x

′′
∗), Ā∗(x

′
•)]
)
(208)

X3 =
1

8

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
4Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•) + 4Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)

− 2[Ā•(x
′
∗)Ā∗(x

′
•)][Ā•(x

′′
∗), Ā∗(x

′′
•)]− [Ā•(x

′′
∗), Ā∗(x

′
•)][Ā•(x

′
∗), Ā∗(x

′′
•)]− [Ā•(x

′
∗), Ā∗(x

′′
•)][Ā•(x

′′
∗), Ā∗(x

′
•)]
)

(209)

Ω(x∗, x•) = 1 + i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′∗)Ā•(x′′∗) + i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′•)Ā∗(x′′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

− i

2

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)Ā•(x

′′
∗)
)

− i

2

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

∫ x∗

−∞
d

2

s
x′∗
(
Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗) + Ā•(x

′
∗)Ā∗(x

′
•)Ā∗(x

′′
•)
)

+ O(Ā3
∗Ā•) + O(Ā∗Ā

3
•)

+
1

8

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

(
4Ā•(x

′
∗)Ā•(x

′′
∗)Ā∗(x

′
•)Ā∗(x

′′
•) + 4Ā∗(x

′
•)Ā∗(x

′′
•)Ā•(x

′
∗)Ā•(x

′′
∗)

− 2[Ā•(x
′
∗)Ā∗(x

′
•)][Ā•(x

′′
∗), Ā∗(x

′′
•)]− [Ā•(x

′′
∗), Ā∗(x

′
•)][Ā•(x

′
∗), Ā∗(x

′′
•)]− [Ā•(x

′
∗), Ā∗(x

′′
•)][Ā•(x

′′
∗), Ā∗(x

′
•)]
)

(210)

Guess:

Ω(x∗, x•) =
1

2
[−∞, x∗][−∞, x•] +

1

2
[−∞, x•][−∞, x∗]−

1

4

[
[−∞, x•], [−∞, x∗]

][
[−∞, x•], [−∞, x∗]

]
+

1

4

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)

∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)

[
[Ā•(x

′
∗), Ā∗(x

′
•)], [Ā•(x

′′
∗), Ā∗(x

′′
•)]
]

(211)
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IX. C̄i IN THE 1ST ORDER IN p⊥

From Eq. (160) we get

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα − ∂2Āaα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β (212)

⇔ [(P̄ + C̄)2]abC̄bα = − 2igḠabαβC̄
bβ + D̄abξḠbξα − ∂2Āaα − gfabcC̄bβD̄αC̄

cβ = (D̄ − iC̄)abξḠbξα − ∂2Āaα − igḠabαβC̄bβ − gfabcC̄bβD̄αC̄
cβ

S kvarkami

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β + Ῡγαt

aΥ ⇒ (213)

[(P̄ + C̄)2]abC̄bα = − 2igḠabαβC̄
bβ + D̄abξḠbξα + Ῡγαt

aΥ− gfabcC̄bβD̄αC̄
cβ = (D̄ − iC̄)abξḠbξα + Ῡγαt

aΥ− igḠabαβC̄bβ − gfabcC̄bβD̄αC̄
cβ

[(P̄ + C̄)2]abC̄bα = (P̄ 2)abC̄bα − 2gfabcC̄bβD̄
βC̄cα + g2fabmf cdmC̄bβC̄cαC̄

d
β + fabcC̄bαD̄

βC̄cβ , (214)

2i(Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ])abC̄bβ = 2iḠαβC̄
b
β − 2gfabcC̄bβD̄

βC̄cα + 2gfabcC̄bβD̄αC̄
cβ + 2g2fabmf cdmC̄bβC̄cαC̄

d
β

Eq. (212) in components(
2P̄•P̄∗ −

s

2
p2
⊥
)ab
C̄b• = D̄ab

• Ḡ
b
∗• + iḠab∗•C̄

b
• − isḠab•i C̄bi + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•)

+ 2gfabcC̄b•D̄∗C̄
c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗ +

s

2
gfabc(2C̄bi ∂

iC̄c• − C̄bi D̄•C̄ci)−
s

2
g2fabmf cdmC̄biC̄c•C̄

d
i ,(

2P̄∗P̄• −
s

2
p2
⊥
)ab
C̄b∗ = − D̄ab

∗ Ḡ
b
∗• − iḠab∗•C̄b∗ − isḠab∗i C̄bi − gD̄aa′

∗ (fa
′bcC̄b∗C̄

c
•)

+ 2gfabcC̄b∗D̄•C̄
c
∗ − g2fabmf cdmC̄b∗C̄

c
∗C̄

d
• + gfabc(2C̄bi ∂

iC̄c∗ − C̄bi D̄∗C̄ci)− g2fabmf cdmC̄biC̄c∗C̄
d
i ,(

P̄∗P̄• + P̄•P̄∗ −
s

2
p2
⊥
)
C̄bi = D̄ab

∗ Ḡ
b
•i + D̄ab

• Ḡ
b
∗i + 2ig(Ḡab•i C̄

b
∗ + Ḡab∗i C̄

b
•) + gfabc(2C̄b∗D̄•C̄

c
i + 2C̄b•D̄∗C̄

c
i − C̄b•∂iC̄c∗ − C̄b∗∂iC̄c•)

− g2fabmf cdm(C̄b•C̄
c
i C̄

d
∗ + C̄b∗C̄

c
i C̄

d
• ) +

s

2
gfabc(2C̄bj∂

jC̄ci − C̄bj∂iC̄cj)− g2fabmf cdmC̄bjC̄ci C̄
d
j (215)

In the leading order in ∂i

(P̄∗P̄• + P̄•P̄∗)C̄
b
i (216)

= D̄ab
∗ Ḡ

b
•i + D̄ab

• Ḡ
b
∗i + 2ig(Ḡab•i C̄

b
∗ + Ḡab∗i C̄

b
•) + gfabc(2C̄b∗D̄•C̄

c
i + 2C̄b•D̄∗C̄

c
i − C̄b•∂iC̄c∗ − C̄b∗∂iC̄c•)− g2fabmf cdm(C̄b•C̄

c
i C̄

d
∗ + C̄b∗C̄

c
i C̄

d
• )

⇔ [(P̄ + C̄)∗(P̄ + C̄)• + (P̄ + C̄)•(P̄ + C̄)∗]C̄
b
i = (D̄ − iC̄)ab∗ Ḡ

b
•i + (D̄ − iC̄)ab• Ḡ

b
∗i + gfabc(C̄b∗Ḡ

c
•i + C̄b•Ḡ

c
∗i)− gfabc(C̄b•∂iC̄c∗ + C̄b∗∂iC̄

c
•)

⇔ [(P̄ + C̄)∗(P̄ + C̄)• + (P̄ + C̄)•(P̄ + C̄)∗]C̄
b
i = (D̄ − iC̄)ab∗ Ḡ

b
•i + (D̄ − iC̄)ab• Ḡ

b
∗i − gfabc[C̄b•∂i(Ā+ C̄)c∗ + C̄b∗∂i(Ā+ C̄)c•]

EUUI,Ë PA3: YPABHEHUIE HA C̄i

[(P̄ + C̄)2]abC̄bi = − 2igḠabiβC̄
bβ + D̄abξḠbξi − ∂2Āai − gfabcC̄bβ∂iC̄cβ

= − gfabcC̄bβ∂iC̄cβ − gfabcĀbβ∂iĀcβ − 2gfabcC̄bξ∂iĀ
c
ξ = − gfabc(Ā+ C̄)bβ∂i(Ā+ C̄)cβ + ∂i(f

abcĀbξC̄cξ)

= − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ − ∂i∂ξ(Ā+ C̄)aξ + i∂i(Ā
ab
ξ C̄

bξ) = − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ = ig(P̄ + C̄)abβ ∂i(Ā+ C̄)bβ

⇒ (Ωp2Ω†)abC̄bi = − (ΩpβΩ†)ab∂i(Ω∂βΩ†)b = − iΩab∂2(2Tr{tb(∂iΩ†)Ω} (217)

gde Ā• + C̄• = iΩ∂•Ω
† and Ā∗ + C̄∗ = iΩ∂∗Ω

†

Wi uzd ΦOPMYΛA

Ωab∂µ
(
(∂νΩ†)Ω

)b
= Ωab∂µ(2Tr{tb(∂νΩ†)Ω}) = 2Tr{tbΩ∂µ∂νΩ† + tb(∂νΩ)∂µΩ†} = ∂ν2Tr{tbΩ∂µΩ†}

⇒ Ω†ab∂i(Ω∂•Ω
†)b = ∂•(∂iΩ

†Ω)a and Ω†ab∂i(Ω∂∗Ω
†)b = ∂∗(∂iΩ

†Ω)a (218)

Solution of Eq. (217)

2P∗P•C̄i = i(P∗∂iA• + P•∂iA∗) ⇒ C̄ai = − i
∫
d4z Ωabx (x| 1

p2
|z)∂2((∂iΩ

†)Ω)b (219)

= − is
∫
d4z Ωabx (x| 1

p2
|z) ∂

∂z∗

∂

∂z•
((∂iΩ

†
z)Ωz)

b = (Ωi∂iΩ
†)a +

4

s
Ωabx

∫
d2z⊥dz•(x|

p∗
p2
|z)((∂iΩ†z)Ωz)b

∣∣∣
z∗=−∞

+
4

s
Ωabx

∫
d2z⊥dz∗(x|

p•
p2
|z)((∂iΩ†z)Ωz)b

∣∣∣
z•=−∞

− 2iΩabx

∫
d2z⊥(x| 1

p2
|z)((∂iΩ†z)Ωz)b

∣∣∣
z∗=z•=−∞

= (Ωi∂iΩ
†)a − iΩabx [(∂iΩ

†(x⊥, x•,−∞∗)Ω(x⊥, x•,−∞∗)]
− iΩabx [(∂iΩ

†(x⊥, x∗,−∞•)Ω(x⊥, x∗,−∞•)] + iΩabx [(∂iΩ
†(x⊥,−∞∗,−∞•)Ω(x⊥,−∞∗,−∞•)]
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C̄ai = (Ωi∂iΩ
†)a + iΩabx ([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b + iΩabx ([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b (220)

Properti:

C̄i(x)
x∗→−∞→ 0, C̄i(x)

x•→−∞→ 0 (221)

Now

F a•i = ∂•C̄
a
i − ∂i(Ā• + C̄•)

a − i(Ā+ C̄)ab• C̄
b
i = Ωam∂•(Ω

†mbC̄bi )− i∂i(Ω∂•Ω†)a

= Ωab∂•

(
i((∂iΩ

†)Ωx)b − i[(∂iΩ†(x⊥, x∗,−∞•)Ω(x⊥, x∗,−∞•)]b
)
− i∂i(Ω∂•Ω†)a

= − iΩabx ∂•
(
[∂iΩ

†(x⊥, x∗,−∞•)]Ω(x⊥, x∗,−∞•)
)b ≡ − iΩabx ∂•2Tr{tb[∂iΩ†(x⊥, x∗,−∞•)]Ω(x⊥, x∗,−∞•)} (222)

At x• = −∞ (Ā• + C̄•)(x∗, x• = −∞) = Ā•(x∗) so

Ω(x⊥, x∗,−∞•) = [x∗,−∞∗](Ā•)x ⇒ (∂iΩ
†(x⊥, x∗,−∞•)Ω(x⊥, x∗,−∞•) =

2i

s

∫ x∗

−∞
dz∗ [−∞∗, z∗](Ā•)x Ḡ•i(x⊥, z∗)[z∗,−∞∗](Ā•)x

(223)

UI ΠO3TOMY

F a•i(x) = Ωabx 2Tr{tb[−∞∗, x∗](Ā•)x Ḡ•i(x⊥, x∗)[x∗,−∞∗](Ā•)x } = Ωabx [−∞∗, x∗](Ā•)bcx Ḡc•i(x⊥, x∗) (224)

and there4

⇒ F
a(Ā+C̄)
∗i (x)F

ai(Ā+C̄)
• (x) = Ḡa∗i(x⊥, x•)

(
[x•,−∞•](Ā∗)x⊥

[−∞∗, x∗](Ā•)x⊥

)bc
Ḡc•i(x⊥, x∗) (225)

C KBAPKAMUI

[(P̄ + C̄)2]abC̄bi = − 2igḠabiβC̄
bβ + D̄abξḠbξi + Ῡγit

aΥ− gfabcC̄bβ∂iC̄cβ

= − gfabc(Ā+ C̄)bβ∂i(Ā+ C̄)cβ + ∂i(f
abcĀbξC̄cξ) + Ῡγit

aΥ

= − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ − ∂i∂ξ(Ā+ C̄)aξ + i∂i(Ā
ab
ξ C̄

bξ) + Ῡγit
aΥ

= ig(P̄ + C̄)abβ ∂i(Ā+ C̄)bβ + Ῡγit
aΥ (226)

3. First order in Ā•, Ā∗

C̄1a
• (x) = − i

2

∫
dz(x| 1

p∗ + iε
|z)Ḡa∗•(z) = − i

2
fabc

∫
dz(x| 1

p∗ + iε
|z)Āb∗Āc•(z), (227)

C̄1a
∗ (x) =

i

2

∫
d2z(x| 1

p• + iε
|z)Ḡa∗•(z) =

i

2
fabc

∫
dz(x| 1

p∗ + iε
|z)Āb∗Āc•(z),

C̄1a
i (x) =

1

2

∫
dz(x| 1

p∗p• + iεp0
|z)(D̄∗Ḡa•i(z) + D̄•Ḡ

a
∗i(z)) = − 1

2
fabc

∫
dz(x| 1

p∗p• + iεp0
|z)(Ab•∂iAc∗ +Ab∗∂iA

c
•)

F
(1)a
•i (x) =

i

2
fabc

∫
dz(x| 1

p∗ + iε
|z)(Āb•∂iĀc∗ + Āb∗∂iĀ

c
•) +

i

2
fabc

∫
dz(x| 1

p∗ + iε
|z)∂i

( ¯̄Ab∗
¯̄Ac•(z)

)
= ifabc

∫
dz(x| 1

p∗ + iε
|z)Āb∗∂iĀc•(z) = fabc

∫ x•

−∞
d

2

s
z• Ā

b
∗(z•)∂iĀ

c
•(x∗) = − fabc

∫ x•

−∞
d

2

s
z• Ā

b
∗(z•)Ḡ

c
•i(x∗)

F
(1)m
∗i (x) = ifmcd

∫
dz(x| 1

p• + iε
|z)Āa•∂iĀb∗(z) = − fmab

∫ x∗

−∞
d

2

s
z∗ ∂iĀ

a
∗(x•)Ā

b
•(z∗) = fmab

∫ x∗

−∞
d

2

s
z∗ Ḡ

a
∗i(x•)Ā

b
•(z∗)

⇒ F
(1)ai
• F

(1)a
∗i (x) = fmabfmcdḠai∗ (x•) i

∫ x∗

−∞
d

2

s
z∗ Ā

b
•(z∗) i

∫ x•

−∞
d

2

s
z• Ā

c
∗(z•)Ḡ

d
•i(x∗)

A HA CAMOM DEΛE (see Eq. (225))

F
(1)ai
• F

(1)a
∗i (x) = fmacfmbdḠa∗i(x•) i

∫ x•

−∞
d

2

s
z• Ā

c
∗(z•) i

∫ x∗

−∞
d

2

s
z∗ Ā

b
•(z∗)Ḡ

d
•i(x∗)



43

KAK TAK?

fmabfmcd − fmacfmbd = − fadmf bcm (228)

C̄1a
• (x) = − i

2

∫
dz(x| 1

P∗ + iε
|z)abḠb∗•(z), C̄1a

∗ (x) =
i

2

∫
d2z(x| 1

P• + iε
|z)abḠb∗•(z),

C̄1a
i (x) =

1

2

∫
dz(x| 1

P∗P• + iεp0
|z)ab

(
D̄∗Ḡ

b
•i(z) + D̄•Ḡ

b
∗i(z) + 2igḠab•i C̄

(1)b
∗ + 2igḠab∗i C̄

(1)b
• )

)
F

(1)a
•i (x) = D̄•C̄

1a
i (x)− ∂iC̄1a

• = − i

2
(x| 1

P∗ + iε
|z)ab(D̄∗Ḡb•i(z) + D̄•Ḡ

b
∗i(z)) +

1

2

∫
dz(x|pi

1

P∗ + iε
|z)abḠb∗•(z)

+
i

2

∫
dz(x| 1

P∗ + iε
Ḡ•i

1

P• + iε
|z)abḠb∗• =

fmabfmcdḠai∗ (x•) i

∫ x∗

−∞
d

2

s
z∗ Ā

b
•(z∗) i

∫ x•

−∞
d

2

s
z• Ā

c
∗(z•)Ḡ

d
•i(x∗)

+
i

2
F̄ ai∗

∫
dz(x| 1

P∗ + iε
Ḡ•i

1

P• + iε
|z)abF̄ b∗• −

i

2
F̄ ai•

∫
dz(x| 1

P• + iε
Ḡ∗i

1

P∗ + iε
|z)abF̄ b∗•

?
= fmacfmbdḠa∗i(x•) i

∫ x•

−∞
d

2

s
z• Ā

c
∗(z•) i

∫ x∗

−∞
d

2

s
z∗ Ā

b
•(z∗)Ḡ

d
•i(x∗) (229)

From Eq. (192)

Ω(x) = [x•,−∞][x∗,−∞] +
i

2

∫ x∗

−∞
d

2

s
z∗

∫ x•

−∞
d

2

s
z• Ḡ∗•(z) +O(Ā3) (230)

and from Eq. (224)

F a•i(x) = Ωabx [−∞∗, x∗](Ā•)abx F̄ b•i(x⊥, x∗) = [−∞∗, x•](Ā∗)bcx Ḡc•i(x⊥, x∗) −
1

2
fabc

∫ x∗

−∞
d

2

s
z∗

∫ x•

−∞
d

2

s
z• Ḡ

b
∗•(z)Ḡ

c
•i(x⊥, x∗)

(231)

HAŬIDËM F
(1)
ik

C̄ai = (Ωi∂iΩ
†)a+Ca1i+C

a
2i, Ca1i = iΩabx ([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b, Ca2i = iΩabx ([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b (232)

Ω†aa
′
F a
′

ik (x) = Ω†aa
′
(Ω∂iΩ

†)a
′b(C1 + C2)bk − i↔ k + Ω†aa

′
fa
′bc(C1 + C2)bi (C1 + C2)ck (233)

= i2Trta(∂i[−∞∗, x∗]Ā•x )∂k[x∗,−∞∗]Ā•x + i2Trta(∂i[−∞•, x•]Ā∗x )∂k[x•,−∞•]Ā∗x − i↔ k

− fabc([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b([−∞∗, x∗]Ā•x ∂k[x∗,−∞∗]Ā•x )c − fabc([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b([−∞•, x•]Ā∗x ∂k[x•,−∞•]Ā∗x )c

− fabc([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b([−∞•, x•]Ā∗x ∂k[x•,−∞•]Ā∗x )c − fabc([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b([−∞∗, x∗]Ā•x ∂k[x∗,−∞∗]Ā•x )c

= − fabc([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b([−∞•, x•]Ā∗x ∂k[x•,−∞•]Ā∗x )c − fabc([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b([−∞∗, x∗]Ā•x ∂k[x∗,−∞∗]Ā•x )c

⇒
F

(1)a
ik (x) = − Ωaa

′

x fa
′bc
{

([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b([−∞•, x•]Ā∗x ∂k[x•,−∞•]Ā∗x )c − i↔ k)
}

(234)

A. Eff action

−1

4
ḠaµνḠaµν −

1

2
C̄aα(P̄ 2gαβ + 2iḠαβ)abC̄βb + C̄aαD̄ξḠ

aξα − gfabcD̄αC̄aβC̄bαC̄
c
β −

g2

4
fabmf cdmC̄aαC̄bβC̄cαC̄

d
β

= − 1

4
ḠaµνḠaµν −

1

2
C̄aαgf

abc(2C̄bβD̄
βC̄cα +

1

2
gfabcC̄aαC̄

b
βD̄αC̄

cβ +
1

2
C̄aαD̄ξḠ

aξα − gfabcD̄αC̄aβC̄bαC̄
c
β +

g2

4
fabmf cdmC̄aαC̄bβC̄cαC̄

d
β

= − 1

4
ḠaµνḠaµν +

1

2
gfabcC̄aαC̄

b
βD̄αC̄

cβ +
1

2
C̄aαD̄ξḠ

aξα +
g2

4
fabmf cdmC̄aαC̄bβC̄cαC̄

d
β

= − 1

4

[
Ḡaαβ + D̄αC̄aβ − D̄βC̄aα + gfaklC̄kαC̄lβ

][
Ḡaαβ + D̄αC̄

a
β − D̄βC̄

a
α + gfacdC̄cαC̄dβ

]
+? (235)
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X. IN 4 DIMENSIONS

A(1+2+...)
µ ≡

∫
DA Aµ(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+Aaα(D̄ξḠ

aξα−∂2Āaα−l
a
α)−gfabcD̄αAaβAbαA

c
β

)
(236)

gde (cm. Eq. (29)

laµ ≡
2

s
p1µ

( 1

P•
Ā•
)ab
∂2
⊥Ā

b
∗ +

2

s
p2µ

( 1

P∗
Ā∗
)ab
∂2
⊥Ā

b
• (237)

Y HAC ∂ξĀξ = 0

D̄ξḠaξ• − ∂2Āa• =
2

s
D̄•Ḡ

a
∗•, D̄ξḠaξ∗ − ∂2Āa∗ = − 2

s
D̄∗Ḡ

a
∗•, D̄ξḠaξi =

2

s
D̄∗Ḡ

a
•i +

2

s
D̄•Ḡ

a
∗i (238)

A(1)a
α ≡

∫
d4z (x| 1

P̄ 2
|z)ab(D̄ξḠξα − lα)b(z) (239)

A
(1)a
∗ =

∫
d4z (x| 1

P̄ 2
|z)ab

[
− 2

s
D̄∗Ḡ

b
∗•(z)−

( 1

P̄•
Ā•
)bc
∂2
⊥Ā

c
∗

]
=

∫
d4z

[2i

s
(x| 1

P̄ 2
P̄∗|z)abḠb∗•(z)− (x| 1

P̄ 2

1

P̄•
Ā•|z)ab∂2

⊥Ā
b
∗

]
A

(1)a
• =

∫
d4z (x| 1

P̄ 2
|z)ab

[2

s
D̄•Ḡ

b
∗•(z)−

( 1

P̄∗
Ā∗
)bc
∂2
⊥Ā

c
•

]
=

∫
d4z

[
− 2i

s
(x| 1

P̄ 2
P̄•|z)abḠb∗•(z)− (x| 1

P 2

1

P̄∗
Ā∗|z)ab∂2

⊥Ā
b
•

]
A

(1)a
i =

2

s

∫
d4z (x| 1

P̄ 2
|z)ab[D̄∗Ḡa•i + D̄•Ḡ

a
∗i](z) + O(Ḡ2) =

2

s

∫
d4z (x| 1

P̄ 2
|z)ab[2D̄•Ḡa∗i − ∂iḠa∗•](z) + O(Ḡ2) (240)

Ga∗•(Ā+A(1)) = Ḡa∗• +

∫
d4z

[
− 2

s
(x|P̄∗

1

P̄ 2
P̄• + P̄•

1

P̄ 2
P̄∗|z)abḠb∗•(z) + i(x|P̄∗

1

P 2

1

P̄∗
Ā∗|z)ab∂2

⊥Ā
b
• − i(x|P̄•

1

P 2

1

P̄•
Ā•|z)ab∂2

⊥Ā
b
∗

=

∫
d4z

[
− 1

s
(x|
[
P̄∗, [P̄•,

1

P̄ 2
]
]

+
[
P̄•, [P̄∗,

1

P̄ 2
]
]
− i

2P̂ 2

{
pi, {P̄ ξ, Ḡξi}

} 1

P̄ 2
|z)abḠb∗•(z) + (x| 1

P̄ 2
|z)ab∂2

⊥Ḡ
b
∗•(z)

− (x| 1

P̄ 2
|z)abfa

′bc[Āb∗∂
2
⊥Ā

c
• + (∂2

⊥Ā
b
•)Ā

c
∗] + (x| 1

P 2
{pξ, Ḡ∗ξ}

1

P 2

1

P̄∗
Ā∗|z)ab∂2

⊥Ā
b
• − (x| 1

P 2
{pξ, Ḡ•ξ}

1

P̄ 2

1

P̄•
Ā•|z)ab∂2

⊥Ā
b
∗

]
=

∫
d4z

[
(x| 1

P̄ 2
|z)aa

′
fa
′bcḠb∗i(z)Ḡ

i
• (z)− 1

s
(x|
[
P̄∗, [P̄•,

1

P̄ 2
]
]

+
[
P̄•, [P̄∗,

1

P̄ 2
]
]
− i

2P̂ 2

{
pi, {P̄ ξ, Ḡξi}

} 1

P̄ 2
|z)abḠb∗•(z)

+ (x| 1

P 2
{pξ, Ḡ∗ξ}

1

P 2

1

P̄∗
Ā∗|z)ab∂2

⊥Ā
b
• − (x| 1

P 2
{pξ, Ḡ•ξ}

1

P̄ 2

1

P̄•
Ā•|z)ab∂2

⊥Ā
b
∗

]
(241)

bikoz 2
s P̄∗

1
P̄ 2 P̄• + 2

s P̄•
1
P̄ 2 P̄∗ = 1 + 1

s

[
P̄•, [P̄∗,

1
P̄ 2 ]
]

+ 1
s

[
P̄∗, [P̄•,

1
P̄ 2 ]
]

+ 1
2{p

2
⊥,

1
P̄ 2 }.

If Ḡ•i = s
2ΩUiΩ

†δ(x∗) and Ḡ∗i = s
2ΩViΩ

†δ(x•), the first term∫
d4z

[
(x| 1

P̄ 2
|z)aa

′
fa
′bcḠb∗i(z)Ḡ

ci
• (z) = − i

∫
d2z⊥ (x| 1

P̄ 2
Ω†|0, z⊥)ab[Ui, V

i]b (242)

agrees with Eq. (52) from hep-ph/9812311

Ga∗i(Ā+A(1)) = − ∂i(Ā∗ +A
(1)
∗ ) + D̄∗A

(1)
i = Ḡ∗i + D̄∗A

(1)
i − ∂iA

(1)
∗

= Ḡ∗i −
∫
d4z

[2

s
(x|pi

1

P̄ 2
P̄∗|z)abḠb∗•(z)− i(x|pi

1

P̄ 2

1

P̄•
Ā•|z)ab∂2

⊥Ā
b
∗ +

4

s
(x|P̄∗

1

P̄ 2
Ā•|z)abḠb∗i(z)−

2

s
(x|P̄∗

1

P̄ 2
pi|z)Ḡb∗•(z)

]
If we throw away p2

⊥
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1. NLO at d = 4

From Eq. (134) and (29)

A(1+2)a
α ≡ A(1)a

α +A(2)a
α =

∫
DA Aaα(x)ei

∫
d4z
(

1
2A

a
α(D̄2gαβ−2iḠαβ)abAbβ+AaαD̄ξḠ

aξα−gfabcD̄αAaβAbαA
c
β−A

a
αl
aα
)

=

=

∫
d4z

[
(x| 1

P̄ 2gαβ + 2iḠαβ
|z)ab

[
(D̄ξḠξβ − ∂2Āβ)b(z)− 2

s
p2β

( 1

P∗
Ā∗
)ab
∂2
⊥Ā

b
• −

2

s
p1β

( 1

P•
Ā•
)ab
∂2
⊥Ā

b
∗

]
(243)

− i(x| 1

P̄ 2gαβ + 2iḠαβ
P̄ ξ|z)aa

′
fa
′bcA

(1)b
ξ A

(1)b
β − (x| 1

P̄ 2gαβ + 2iḠαβ
|z)aa

′
fa
′bcA(1)bξ(D̄βA

(1)b
ξ − D̄ξA

(1)b
β )

]
= Ā(1)

α +

∫
d2z
[
− 2i(x| 1

P̄ 2
Ḡαβ

1

P̄ 2
|z)ab(D̄ξḠξβ − ∂2Āβ)b(z)− 2

s
p2β

( 1

P∗
Ā∗
)ab
∂2
⊥Ā

b
• −

2

s
p1β

( 1

P•
Ā•
)ab
∂2
⊥Ā

b
∗

]
− i(x| 1

P̄ 2
P̄ ξ|z)aa

′
fa
′bcA

(1)b
ξ A(1)c

α − (x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bξ(D̄αA

(1)c
ξ − D̄ξA

(1)c
α )

]

A
(1+2)a
∗ =

2i

s

∫
d4z (x| 1

P̄ 2
P̄∗|z)abḠb∗•(z) +

2

s

∫
d4z

[4

s
(x| 1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄∗|z)abḠb∗•(z)− 2i(x| 1

P̄ 2
Ḡ i
∗

1

P̄ 2
|z)ab(D̄∗Ḡb•i + D̄•Ḡ

b
∗i)(z)

− i(x| 1

P̄ 2
P∗|z)aa

′
fa
′bcA

(1)b
• A

(1)c
∗ (z)− is

2
(x| 1

P̄ 2
pi|z)aa

′
fa
′bcA

(1)b
i A

(1)c
∗ (z)

− (x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
∗ (D̄∗A

(1)c
• − D̄•A(1)c

∗ )(z)− s

2
(x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bi(D̄∗A

(1)c
i − ∂iA(1)c

∗ )(z)
]

= A
(1)a
∗ +

2

s

∫
d4z

[4

s
(x| 1

P̄ 2
Ḡ∗•

1

P̄ 2
P̄∗|z)abḠb∗•(z)− 2i(x| 1

P̄ 2
Ḡ i
∗ |z)

s

2
A

(1)b
i (z)

− i(x| 1

P̄ 2
P∗|z)aa

′
fa
′bcA

(1)b
• A

(1)c
∗ (z)− is

2
(x| 1

P̄ 2
pi|z)aa

′
fa
′bcA

(1)b
i A

(1)c
∗ (z)

+
2

s
(x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
∗ (z)(z|P̄∗

1

P̄ 2
P̄• + P̄•

1

P̄ 2
P̄∗|z′)cc

′
Ḡc
′

∗•(z
′)− s

2
(x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bi(D̄∗A

(1)c
i − ∂iA(1)c

∗ )(z)
]

= A
(1)a
∗ +

2

s

∫
d4z

[
− i(x| 1

P̄ 2
Ḡ∗•|z)abA(1)b

∗ (z)− i(x| 1

P̄ 2
P∗|z)aa

′
fa
′bcA

(1)b
• A

(1)c
∗ (z)

− 2i(x| 1

P̄ 2
Ḡ i
∗ |z)

s

2
A

(1)b
i (z)− is

2
(x| 1

P̄ 2
pi|z)aa

′
fa
′bcA

(1)b
i A

(1)c
∗ (z)− s

2
(x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bi(D̄∗A

(1)c
i − ∂iA(1)c

∗ )(z)

+
1

s
(x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
∗ (z)(z|{p2

⊥,
1

P̄ 2
}|z′)cc

′
Ḡc
′

∗•(z
′)
]

Similarly,

A
(1+2)a
• = A

(1)a
• +

2

s

∫
d4z

[
i(x| 1

P̄ 2
Ḡ∗•|z)abA(1)b

• (z) + i(x| 1

P̄ 2
P•|z)aa

′
fa
′bcA

(1)b
• A

(1)c
∗ (z)

− 2i(x| 1

P̄ 2
Ḡ i
• |z)

s

2
A

(1)b
i (z)− is

2
(x| 1

P̄ 2
pi|z)aa

′
fa
′bcA

(1)b
i A

(1)c
• (z)− s

2
(x| 1

P̄ 2
|z)aa

′
fa
′bcA(1)bi(D̄•A

(1)c
i − ∂iA(1)c

• )(z)
]

− 1

s
(x| 1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
• (z)(z|{p2

⊥,
1

P̄ 2
}|z′)cc

′
Ḡc
′

∗•(z
′)
]

ΠOETOMY

D̄∗A
(1+2)a
• − D̄•A(1+2)a

∗ = − 2

s

∫
d4z (x|P̄∗

1

P̄ 2
P̄• + P̄•

1

P̄ 2
P̄∗|z)abḠb∗•

+
2

s

∫
d4z

[
(x|P̄∗

1

P̄ 2
Ḡ∗•|z)abA(1)b

• (z) + (x|P̄•
1

P̄ 2
Ḡ∗•|z)abA(1)b

∗ (z) + (x|P̄∗
1

P̄ 2
P• + P̄•

1

P̄ 2
P∗|z)aa

′
fa
′bcA

(1)b
• A

(1)c
∗ (z)

− 2(x|P̄∗
1

P̄ 2
Ḡ i
• |z)

s

2
A

(1)b
i (z)− s

2
(x|P̄∗

1

P̄ 2
pi|z)aa

′
fa
′bcA

(1)b
i A

(1)c
• (z) + i

s

2
(x|P̄∗

1

P̄ 2
|z)aa

′
fa
′bcA(1)bi(D̄•A

(1)c
i − ∂iA(1)c

• )(z)
]

+ 2(x|P̄•
1

P̄ 2
Ḡ i
∗ |z)

s

2
A

(1)b
i (z) +

s

2
(x|P̄•

1

P̄ 2
pi|z)aa

′
fa
′bcA

(1)b
i A

(1)c
∗ (z)− i s

2
(x|P̄•

1

P̄ 2
|z)aa

′
fa
′bcA(1)bi(D̄∗A

(1)c
i − ∂iA(1)c

∗ )(z)
]

+ i
1

s
(x|P∗

1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
• (z)(z|{p2

⊥,
1

P̄ 2
}|z′)cc

′
Ḡc
′

∗•(z
′) + i

1

s
(x|P•

1

P̄ 2
|z)aa

′
fa
′bcA

(1)b
∗ (z)(z|{p2

⊥,
1

P̄ 2
}|z′)cc

′
Ḡc
′

∗•(z
′)
]

(244)
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XI. C KBAPKAMUI

∂2
⊥A• MAΛO ⇔ ∂2

⊥A• ∼ m2
⊥ ⇒ ψA ∼ m⊥. Similarly, ∂2

⊥B∗ ∼ m2
⊥ ⇒ ψB ∼ m⊥

ψ̄B(x•)−
∫
d2z ψ̄B(z•)(z|(Ā+ Ĉ)

1

(p̂+ Ā+ B̂ + Ĉ)
|x) =

∫
d2z ψ̄B(z•)(z|(p̂+ B̂)

1

(p̂+ Ā+ B̂ + Ĉ)
|x)

=

∫
d2z ψ̄B(z•)p̂2

( ∂

∂z∗
−
←
∂

∂z∗

)
(z| 1

(p̂+ Ā+ B̂ + Ĉ)
|x) = i

∫
d2z ψ̄B(z•)p̂2

( ∂

∂z∗
−
←
∂

∂z∗

)
Ω(z)(z| 1

p̂− iεp0
|x)Ω†(x)

=
i

s

∫
d2z ψ̄B(z•)p̂2

( ∂

∂z∗
−
←
∂

∂z∗

)
Ω(z)(z| p̂1

β − iε
|x)Ω†(x) =

1

s
ψ̄B(x•)Ω(−∞∗, x•)Ω†(x∗, x•)p̂2p̂1 (245)

Similarly

ψA(x∗)−
∫
dz (x| 1

p̂+ Â+ B̂ + Ĉ
(B̂ + Ĉ)|z)ψA(z∗) =

∫
dz (x| 1

p̂+ Â+ B̂ + Ĉ
(p̂+ Â)|z)ψA(z∗)

= −
∫
dz i

∂

∂z•
(x| 1

p̂+ Â+ B̂ + Ĉ
|z)p̂1ψA(z∗) = − Ωx

∫
dz i

∂

∂z•
(x|1

p̂
|z)Ω†z p̂1ψA(z∗) = − Ωx

∫
dz i

∂

∂z•
(x| p̂2

αs+ iε
|z)Ω†z p̂1ψA(z∗)

= − 1

s
Ωx

∫
dz•

∂

∂z•
θ(x• − z•)Ω†(z•, x∗, x⊥)p̂2p̂1ψA(x∗, x⊥) =

p̂2p̂1

s
ΩxΩ†(−∞•, x∗, x⊥)ψA(x∗, x⊥) (246)

1

s2
ψ̄B(x•)Ω(−∞∗, x•)Ω†(x∗, x•)p̂2p̂1γ

⊥
µ p̂2p̂1Ω(x∗, x•)Ω

†(−∞•, x∗)ψA(x•)

= ψ̄B(x•)Ω(−∞∗, x•)γ⊥µ Ω†(−∞•, x∗)ψA(x∗) (247)

In the first order in ∂⊥

ξ(x) = ψA(x)−
∫
dz (x| 1

p̂+ ˆ̄A+ B̂ + Ĉ
(B̂ + Ĉ)|z)ψA(z) = − Ωx

∫
dz i

∂

∂z•
(x| p̂2

αs+ iε
+

p̂⊥
αβs+ iεp0

|z)Ω†z p̂1ψA(z)

= Ωx[−∞, x∗]Â•x ψA(x) + Ωx

∫ x∗

−∞
d

2

s
z∗(∂̂⊥[−∞, z∗]Â•x )p̂1ψA(z∗, x⊥, x•) (248)

Chek:

(i∂̂ + Â+ B̂ + Ĉ)ξ(x) = Ωxi∂̂Ω†xξ(x) = Ωx[−∞, x∗]Â•x
(2

s
p̂2(i∂• + Â•) +

2

s
p̂1i∂∗ + i∂̂⊥

)
ψA(x)

+ Ωx(i∂̂⊥[−∞, x∗]Â•x )ψA(x) + Ωxip̂2
∂

∂x∗

∫ x∗

−∞
d

2

s
z∗(∂̂⊥[−∞, z∗]Â•x )p̂1ψA(z∗, x⊥, x•) + O

(( kgluon
⊥

kquark
⊥

)2)
= Ωx(i∂̂⊥[−∞, x∗]Â•x )

(
1− p̂2p̂1

s

)
ψA(x) = O

(( kgluon
⊥

kquark
⊥

)2)
(249)

Similarly

ψB(x)−
∫
dz (x| 1

p̂+ ˆ̄A+ B̂ + Ĉ
( ˆ̄A+ Ĉ)|z)ψB(z) = Ωx[−∞, x•]Â∗x ψB(x) + Ωx

∫ x•

−∞
d

2

s
z•(∂̂⊥[−∞, z•]Â∗x )p̂2ψA(z•, x⊥, x∗)

(250)

2. Conservation of em current?

∂µψ̄AγµψA = ψ̄A(
←
∂̂ +∂̂)ψA = ψ̄A(

←
∂̂ +i ˆ̄A+ ∂̂ − i ˆ̄A)ψA = 0

∂µψ̄BγµψB = ψ̄B(
←
∂̂ +∂̂)ψB = ψ̄A(

←
∂̂ +i ˆ̄B + ∂̂ − i ˆ̄B)ψA = 0

∂µ(ψ̄A + ψ̄B)γµ(ψA + ψB) = iψ̄B( ˆ̄A− ˆ̄B)ψA − iψ̄A( ˆ̄A− ˆ̄B)ψB 6= 0? (251)
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A. OδUUI,AŬIA HAYKA

�abµν = P̄ 2gµν + 2iḠµν + P̄µC̄ν + C̄µP̄ν + C̄µC̄ν (252)

ξ ≡ ξa(x•, x⊥) + ξb(x∗, x⊥),

2p̂1

s

(
i∂∗ + Ā∗(x•, x⊥)

)
ξa(x•, x⊥) + iγi∂

iξa(x•, x⊥) = 0,
2p̂2

s

(
i∂• + Ā•(x∗, x⊥)

)
ξb(x∗, x⊥) + iγi∂

iξb(x∗, x⊥) = 0

(253)

Approximately p̂1ξa = p̂2ξb = 0 (up 2 p2
⊥)

C̄mµ (x) =

∫
DA Amµ (x)ei

∫
dz
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
+(ψ̄+ξ̄)( ˆ̄P+Â)(ψ+ξ)

=

∫
DADψ̄Dψ Amµ (x) exp

{
i

∫
dz
(
− 1

4
ḠaµνḠaµν −

1

2
Aaα�abαβA

βb +AaαD̄ξḠ
aξα − gfabcD̄αAaβAbαA

c
β −

g2

4
fabmf cdmAaαAbβAcαA

d
β

)
+ ξ̄ ˆ̄Pξ + ξ̄Âξ + ξ̄ ˆ̄Pψ + ψ̄ ˆ̄Pξ + ξ̄Âψ + ψ̄Âξ + ψ̄ ˆ̄Pψ + ψ̄Âψ

}
(254)

gde

∂2
⊥Ā

a
•(x∗, x⊥) = gξ̄bt

aγ•ξb(x∗, x⊥), ∂2
⊥Ā

a
∗(x•, x⊥) = gξ̄at

aγ∗ξa(x•, x⊥) (255)

∫
dx ξ̄ ˆ̄Pξ(x) =

∫
dx (ξ̄a + ξ̄b)

[(
i
∂

∂x•
+

2

s
Ā∗(x•, x⊥)

)
p̂1 +

(
i
∂

∂x∗
+

2

s
Ā•(x∗, x⊥)

)
p̂2 + iγi

∂

∂xi

]
(ξa + ξb) (256)

χ(x) =

∫
DA ψ(x)ei

∫
dz
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
+(ψ̄+χ̄)( ˆ̄P+Â)(ψ+ξ)

=

∫
DA Amµ (x) exp

{
i

∫
dz
(
− 1

4
ḠaµνḠaµν −

1

2
Aaα�abαβA

βb +AaαD̄ξḠ
aξα − gfabcD̄αAaβAbαA

c
β −

g2

4
fabmf cdmAaαAbβAcαA

d
β

)
+ ξ̄ ˆ̄Pξ + ξ̄Âξ + ξ̄ ˆ̄Pψ + ψ̄ ˆ̄Pξ + ξ̄Âψ + ψ̄Âξ + ψ̄ ˆ̄Pψ + ψ̄Âψ

}
(257)

Sdvig A→ A+ C̄, ψ → ψ + χ∫
DA Amµ (x)ψ(y)ei

∫
dz
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
+(ψ̄+χ̄)( ˆ̄P+Â)(ψ+ξ) (258)∫

DA [Amµ (x) + C̄mµ (x)][ψ(y) + χ(y)]

× ei
∫
dz
(
− 1

4 Ḡ
aµνḠaµν− 1

2 C̄
aα(P̄ 2gαβ+2iḠαβ)abC̄βb+C̄aαD̄ξḠ

aξα−gfabcD̄αC̄aβC̄bαC̄
c
β−

g2

4 f
abmfcdmC̄aαC̄bβC̄cαC̄

d
β+(ξ̄+χ̄)( ˆ̄P+ ˆ̄C)(ξ+χ)

)
× exp i

∫
dz
{
Aaα

(
− (P̄ 2gαβ + 2iḠαβ)abC̄bβ + (D̄Ḡ)aα + fabc(2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ)− fabmf cdmC̄bβC̄cαC̄dβ + (ξ̄ + χ̄)γαt

a(ξ + χ)
)

+ ψ̄( ˆ̄P + ˆ̄C)(ξ + χ) + (ξ̄ + χ̄)( ˆ̄P + ˆ̄C)ψ

− 1

2
Aaα

(
(P̄ + C̄)2gαβ + 2i

(
Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ]

))ab
Abβ + ψ̄( ˆ̄P + ˆ̄C)ψ + (ξ̄ + χ̄)Âψ + ψ̄Â(ξ + χ)

− gfabc(D̄α − iC̄α)aa
′
Aa
′

β A
cαAdβ − g2

4
fabmf cdmAaαAbβAcαA

d
β + ψ̄Âψ

}
(259)

UIMEEM YP-E (226) HA C̄µ UI χ, χ̄ B BUIDE (Υ = ξ + χ)

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β + Ῡγαt

aΥ

( ˆ̄P + ˆ̄C)Υ = 0, Ῡ( ˆ̄P + ˆ̄C) = 0 (260)
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[(P̄ + C̄)2]abC̄bα = − 2igḠabαβC̄
bβ + D̄abξḠbξα − gfabcC̄bβD̄αC̄

cβ + ῩtaγαΥ + fabcC̄bαD̄
βC̄cβ

=? − gfabcC̄bβD̄αC̄
cβ − gfabcĀbβD̄αĀ

cβ − 2gfabcC̄bξ∂iĀ
c
ξ = − gfabc(Ā+ C̄)bβ∂i(Ā+ C̄)cβ + ∂i(f

abcĀbξC̄cξ)

= − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ − ∂i∂ξ(Ā+ C̄)aξ + i∂i(Ā
ab
ξ C̄

bξ) = − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ = ig(P̄ + C̄)abβ ∂i(Ā+ C̄)bβ

⇒ (Ωp2Ω†)abC̄bi = − (ΩpβΩ†)ab∂i(Ω∂βΩ†)b = − iΩab∂2(2Tr{tb(∂iΩ†)Ω} (261)

S kvarkami

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β + Ῡγαt

aΥ ⇒ (262)

[(P̄ + C̄)2]abC̄bα = − 2igḠabαβC̄
bβ + D̄abξḠbξα + Ῡγαt

aΥ− gfabcC̄bβD̄αC̄
cβ = (D̄ − iC̄)abξḠbξα + Ῡγαt

aΥ− igḠabαβC̄bβ − gfabcC̄bβD̄αC̄
cβ

[(P̄ + C̄)2]abC̄bα = (P̄ 2)abC̄bα − 2gfabcC̄bβD̄
βC̄cα + g2fabmf cdmC̄bβC̄cαC̄

d
β + fabcC̄bαD̄

βC̄cβ , (263)

2i(Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ])abC̄bβ = 2iḠαβC̄
b
β − 2gfabcC̄bβD̄

βC̄cα + 2gfabcC̄bβD̄αC̄
cβ + 2g2fabmf cdmC̄bβC̄cαC̄

d
β

EUUI,Ë PA3: YPABHEHUIE (226) HA C̄i

[(P̄ + C̄)2]abC̄bi = − 2igḠabiβC̄
bβ + D̄abξḠbξi − gfabcC̄bβ∂iC̄cβ + ῩtaγiΥ + fabcC̄bi D̄

βC̄cβ

= − gfabcC̄bβ∂iC̄cβ − gfabcĀbβ∂iĀcβ − 2gfabcC̄bβ∂iĀ
c
β + fabcC̄bi D̄

βC̄cβ + ῩtaγiΥ

= − gfabc(Ā+ C̄)bβ∂i(Ā+ C̄)cβ + ∂i(f
abcĀbβC̄cβ) + fabcC̄bi D̄

βC̄cβ + ῩtaγiΥ

= − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ − ∂i∂β(Ā+ C̄)aβ + i∂i(Ā
ab
β C̄

bβ) + fabcC̄bi D̄
βC̄cβ + ῩtaγiΥ

= − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ − ∂iD̄βC̄aβ + fabcC̄bi D̄
βC̄cβ + ῩtaγiΥ = igPabβ ∂iAbβ + ῩtaγiΥ −DiD̄βC̄aβ

⇒ P2Ai = igPabβ ∂iAbβ + ῩtaγiΥ −DiD̄βC̄aβ (264)

In the leading order

(Ωp2Ω†)abC̄bi = − (ΩpβΩ†)ab∂i(Ω∂βΩ†)b = − iΩab∂2(2Tr{tb(∂iΩ†)Ω} (265)

B KOMΠOHEHTAX

P̄ 2C̄a• = D̄abξḠbξ• − 2igḠab•βC̄
bβ + gfabc(2C̄bβD̄

βC̄c• − C̄bβD̄•C̄cβ)− g2fabmf cdmC̄bβC̄c•C̄
d
β + (ξ̄ + χ̄)γ•t

a(ξ + χ)

( ˆ̄P + ˆ̄C)(ξ + χ) = 0, (ξ̄ + χ̄)( ˆ̄P + ˆ̄C) = 0 (266)

2

s
(P∗P• + P•P∗)abC̄bi = − (∂2

⊥gij + ∂i∂j)C̄
aj + gfabc(2C̄bj∂

jC̄ci − C̄bj∂iC̄cj)− g2fabmf cdmC̄bj C̄
c
i C̄

dj

+ῩtaγiΥ +
2

s
(D̄∗Ḡ•i + D̄•Ḡ∗i)−

2

s
gfabc(C̄b∗∂iC̄

c
• + C̄b•∂iC̄

c
∗)

= −DjF aij + fabcC̄bi ∂
jC̄cj + ῩtaγiΥ +

2

s
(D̄∗Ḡ•i + D̄•Ḡ∗i)−

2

s
gfabc(C̄b∗∂iC̄

c
• + C̄b•∂iC̄

c
∗) (267)

CPABHUI C YP. (226)

[(P̄ + C̄)2]abC̄bi = − 2igḠabiβC̄
bβ + D̄abξḠbξi − ∂2Āai − gfabcC̄bβ∂iC̄cβ

= − gfabcC̄bβ∂iC̄cβ − gfabcĀbβ∂iĀcβ − 2gfabcḠbξ∂iĀ
c
ξ = − gfabc(Ā+ C̄)bβ∂i(Ā+ C̄)cβ + ∂i(f

abcĀbξC̄cξ)

= − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ − ∂i∂ξ(Ā+ C̄)aξ + i∂i(Ā
ab
ξ C̄

bξ) = − gfabc(P̄ + C̄)bβ∂i(Ā+ C̄)cβ = ig(P̄ + C̄)abβ ∂i(Ā+ C̄)bβ

(
2(P̄•P̄∗)−

s

2
p2
⊥
)ab
C̄b• = D̄ab

• Ḡ
b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

+
s

2

[
fabc

(
2gḠb•iC̄

ci + 2C̄bi ∂
iC̄c• − C̄bi D̄•C̄ci

)
+ g2fabmf cdmC̄bi C̄

c
•C̄

di + ξ̄at
ap̂1ξb + ξ̄bt

ap̂1ξa + ξ̄at
ap̂1ξa + ξ̄tap̂1χ+ χ̄tap̂1ξ + χ̄tap̂1χ

]
2(P̄•P̄∗)

abC̄b• = D̄ab
• Ḡ

b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

− s

2
∂2
⊥(Āa• + C̄a• ) +

s

2

[
fabc

(
2gḠb•iC̄

ci + 2C̄bi ∂
iC̄c• − C̄bi D̄•C̄ci

)
+ g2fabmf cdmC̄bi C̄

c
•C̄

di + (ξ̄ + χ̄)tap̂1(ξ + χ)
]

= D̄ab
• Ḡ

b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

+
s

2
(∂i − iC̄i)ab∂i(Āb• + C̄b•)− i

s

2
F ab•i C̄

c
i +

s

2
(ξ̄ + χ̄)tap̂1(ξ + χ) (268)
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where we uzd

F a•i = Dab• C̄bi − ∂iAa• = (∂• − iĀ• − iC̄•)C̄i − ∂i(Ā• + C̄•)

2(P̄• + C̄•)(P̄∗ + C̄∗)
abC̄b• = (269)

= D̄ab
• Ḡ

b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

+
s

2
(∂i − iC̄i)ab∂i(Āb• + C̄b•)− i

s

2
F ab•i C̄

c
i +

s

2
Ῡtap̂1Υ + 2(D•)

aa′fa
′bcC̄b•C̄

c
∗ − 2gfabcC̄b•D̄∗C̄

c
• + 2g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

= (D̄ − iC̄)ab• Ḡ
b
∗• +

s

2
(∂i − iC̄i)ab∂i(Āb• + C̄b•)− i

s

2
F ab•i C̄

c
i +

s

2
Ῡtap̂1Υ + (D•)

aa′fa
′bcC̄b•C̄

c
∗ + g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

= − iPab• Ḡb∗• +
s

2

(
−DiF ab•i + Ῡtap̂1Υ

)
− is

2
Pab• ∂iC̄bi − i(P•)aa

′
gfa

′bcC̄b•C̄
c
∗ = 2(P•P∗)abC̄b•

= − iPab• Ḡb∗• + iPab• F b∗• −
is

2
Pab• ∂iC̄bi − i(P•)aa

′
gfa

′bcC̄b•C̄
c
∗ +

s

2

(
Dab• F b∗• −DiF ab•i + Ῡtap̂1Υ

)
⇒

2Pab∗ C̄b• = i(F a∗• − Ḡa∗•)−
is

2
∂iC̄ai + igfabcC̄b∗C̄

c
• ⇔ 2P̄ ab∗ C̄

b
• = i(F a∗• − Ḡa∗•)−

is

2
∂iC̄ai − igfabcC̄b∗C̄c• (270)

2Pab• C̄b∗ = − i(F a∗• − Ḡa∗•)−
is

2
∂iC̄ai − igfabcC̄b∗C̄c• ⇔ 2P̄ ab• C̄

b
∗ = − i(F a∗• − Ḡa∗•)−

is

2
∂iC̄ai + igfabcC̄b∗C̄

c
•

1. c̄∗ and c̄•

Define

C̄• = C̃• + c̄•, A ≡ Ā• + C̃• = Ω†i∂•Ω, A ≡ Ā∗ + C̃∗ = Ω†i∂∗Ω (271)

2(P̄•P̄∗)
abc̄b• =

= iḠab∗•c̄
b
• + gD̄aa′

• fa
′bc(C̃b∗c̄

c
• + c̄b∗C̃

c
•) + 2gfabc(C̃b•D̄∗c̄

c
• + c̄b•D̄∗C̃

c
•)− g2fabmf cdm(C̃b•C̃

c
• c̄
d
∗ + C̃b•c̄

c
•C̃

d
∗ + c̄b•C̃

c
•C̃

d
∗ )

+
s

2
(∂i − iCi)ab∂i(Āb• + C̃b•)− i

s

2
F ab•i C̄

c
i +

s

2
(ξ̄ + χ̄)tap̂1(ξ + χ) (272)

⇒ 2(P̄• + C̃•)(P̄∗ + C̃∗)
abc̄b• = − 2fabcC̃b•D̄∗c̄

c
• − 2D̄aa′

• (fa
′bcC̃b∗c̄

c
•)− 2fabmf cdmC̃b•C̃

c
∗ c̄
d
•

+ iḠab∗•c̄
b
• + gD̄aa′

• fa
′bc(C̃b∗c̄

c
• + c̄b∗C̃

c
•) + 2gfabc(C̃b•D̄∗c̄

c
• + c̄b•D̄∗C̃

c
•)− g2fabmf cdm(C̃b•C̃

c
• c̄
d
∗ + C̃b•c̄

c
•C̃

d
∗ + c̄b•C̃

c
•C̃

d
∗ )

+
s

2
(∂i − iC̄i)ab∂i(Āb• + C̃b•)− i

s

2
F ab•i C̄

c
i +

s

2
(ξ̄ + χ̄)tap̂1(ξ + χ)

= iḠab∗•c̄
b
• − gD̄aa′

• (fa
′bcC̃b•c̄

c
∗)− gD̄aa′

• (fa
′bcC̃b∗c̄

c
•) + 2gfabcc̄b•D̄∗C̃

c
• − g2fabmf cdm(C̃b•C̃

c
• c̄
d
∗ − C̃b•c̄c•C̃d∗ + c̄b•C̃

c
•C̃

d
∗ )

+
s

2
(∂i − iC̄i)ab∂i(Āb• + C̃b•)− i

s

2
F ab•i C̄

c
i +

s

2
(ξ̄ + χ̄)tap̂1(ξ + χ)

= − fabcḠb∗•c̄c• − gD̄aa
′

• (fa
′bcC̃b•c̄

c
∗)− gDaa

′

• (fa
′bcC̃b∗c̄

c
•) + 2gfabcc̄b•D̄∗C̃

c
• − g2fabmf cdmc̄b•C̃

c
•C̃

d
∗

+
s

2
(∂i − iC̄i)ab∂iAb• − i

s

2
F ab•i C̄

c
i +

s

2
(ξ̄ + χ̄)tap̂1(ξ + χ)

= − gD̄aa
′

• (fa
′bcC̃b•c̄

c
∗)− gDaa

′

• (fa
′bcC̃b∗c̄

c
•) +

s

2
(∂i − iC̄i)ab∂iAb• − i

s

2
F ab•i C̄

c
i +

s

2
Ῡtap̂1Υ (273)

wæ wi uzd D̄∗C̃• = − 1
2f

abcC̃b∗C̃
c
• − 1

2 Ḡ
a
∗•

2P•P∗c̄a• = − gD̄aa
′

• fa
′bc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

2
(∂i − iC̄i)ab∂iAb• − i

s

2
F ab•i C̄

c
i +

s

2
Ῡtap̂1Υ

2P∗P•c̄a∗ = − gD̄aa
′

∗ fa
′bc(C̃b∗c̄

c
• + C̃b•c̄

c
∗) +

s

2
(∂i − iC̄i)ab∂iAb∗ − i

s

2
F ab∗i C̄

c
i +

s

2
Ῡtap̂1Υ (274)

c̄a• =
i

2P•P∗
P̄aa

′

• fa
′bc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P•P∗
[
(∂i − iC̄i)ab∂iAb• − iF ab•i C̄ci + Ῡtap̂1Υ

]
c̄a∗ =

i

2P∗P•
P̄aa

′

∗ fa
′bc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P•P∗
[
(∂i − iC̄i)ab∂iAb∗ − iF ab∗i C̄ci + Ῡtap̂1Υ

]
(275)
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⇒

P∗c̄a• =
i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P•
[
(∂i − iC̄i)ab∂iAb• − iF ab•i C̄ci + Ῡtap̂1Υ

]
=

i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P•
[−DiF a•i + Ῡtap̂1Υ

]
− is

4
∂iC̄i

P•c̄a∗ =
i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P∗
[
(∂i − iC̄i)ab∂iAb∗ − iF ab∗i C̄ci + Ῡtap̂1Υ

]
=

i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P∗
[−DiF a∗i + Ῡtap̂2Υ

]
− is

4
∂iC̄i (276)

⇒

P̄∗c̄
a
• =

i

2
gfabc(C̃b•c̄

c
∗ − C̃b∗c̄c•) +

s

4P•
[
(∂i − iC̄i)ab∂iAb• − iF ab•i C̄ci + Ῡtap̂1Υ

]
=

i

2
gfabc(C̃b•c̄

c
∗ − C̃b∗c̄c•) +

s

4P•
[−DiF a•i + Ῡtap̂1Υ

]
− is

4
∂iC̄i =

i

2
gfabc(C̃b•c̄

c
∗ − C̃b∗c̄c•) +

i

2
F 1a
∗• −

is

4
∂iC̄i (277)

P̄•c̄
a
∗ =

i

2
gfabc(C̃b∗c̄

c
• − C̃b•c̄c∗) +

s

4P∗
[
(∂i − iC̄i)ab∂iAb∗ − iF ab∗i C̄ci + Ῡtap̂2Υ

]
=

i

2
gfabc(C̃b∗c̄

c
• − C̃b•c̄c∗)−

i

2
F 1a
∗• −

is

4
∂iC̄i

⇒ P̄∗c̄
a
• + P̄•c̄

a
∗ =

s

4P•
[
(∂i − iC̄i)ab∂iAb• − iF ab•i C̄ci + Ῡtap̂1Υ

]
+

s

4P∗
[
(∂i − iC̄i)ab∂iAb∗ − iF ab∗i C̄ci + Ῡtap̂2Υ

]

⇒ 2

s
(P̄∗c̄• + P̄•c̄∗)

a + i∂iC̄i

=
1

2P•
[
(∂i − iC̄i)ab∂iAb• − iF ab•i C̄bi + Ῡtap̂1Υ−D•∂iC̄i

]
+

1

2P∗
[
(∂i − iC̄i)ab∂iAb∗ − iF ac∗i C̄ci + Ῡtap̂2Υ−D∗∂iC̄ai

]
= − 1

2P•
[DiF a•i − Ῡtap̂1Υ]− 1

2P∗
[DiF a∗i + Ῡtap̂2Υ] = 0 due to formula 290 (278)

F•i = D•C̄i − ∂iA•, [D•,Di] = − iF•i
⇒ (∂i − iC̄i)ab∂iAb• − iF ac•i C̄ci + Ῡtap̂1Υ−D•∂iC̄ai = Dabi (D•C̄i − F i

• )b − iF ac•i C̄ci − (D•Di)abC̄bi + Ῡtap̂1Υ

= iF ab•i C̄
bi −DiF a•i − iF ac•i C̄ci + Ῡtap̂1Υ = −DiF a•i + Ῡtap̂1Υ (279)

From Eq. (276) we get

F
(1)
∗• = D∗c̄• −D•c̄∗ = − is

4P•
[
(∂i − iC̄i)ab∂iAb• − iF ab•i C̄ci + Ῡtap̂1Υ

]
+

is

4P∗
[
(∂i − iC̄i)ab∂iAb∗ − iF ab∗i C̄ci + Ῡtap̂2Υ

]
(280)

= − is

4P•
[
−DiF a•i + Ῡtap̂1Υ +D•∂iC̄ai

]
+

is

4P∗
[
−DiF a∗i + Ῡtap̂1Υ +D∗∂iC̄ai

]
=

is

4P•
[DiF a•i − Ῡtap̂1Υ]− is

4P∗
[DiF a∗i − Ῡtap̂2Υ]

Useful f-las

F•i = Ωx[−∞∗, x∗]Ā•x Ḡ•i(x∗, x⊥)[x∗,−∞∗]Ā•x Ω†x,
(
[−∞∗, x∗]Ā•x Ḡ•i(x∗, x⊥)[x∗,−∞∗]Ā•x

)ab
= −ifabc

(
[−∞∗, x∗]Ā•x

)cd
Ḡd•i(x∗, x⊥)
(281)

F
(1)a
•i =

(
Ωx[−∞∗, x∗]Ā•x

)ab
Ḡb•i(x∗, x⊥) (282)

From Eq. (220)

C̄i(x) = Ωxi∂iΩ
†
x + iΩx[−∞∗, x∗]Ā•x (∂i[x∗,−∞∗]Ā•x )Ω†x + iΩx[−∞•, x•]Ā∗x (∂i[x•,−∞•]Ā∗x )Ω†x (283)

( is

4P∗P•
F•i
)ab
F bi∗ =

( −s
4P∗P•

)aa′
fa
′bcF b•iF

ci
∗ = − s

4
fabcC̄1a

i C̄2bi (284)

Dlya prichinnogo obxoda (see Eq. (333))

Ῡtap̂1Υ =
(
ΩxΩ†(x∗,−∞•, x⊥)

)am
ξ̄bt

mp̂1ξb =
(
Ωx[−∞∗, x∗]Ā•x

)am
ξ̄bt

mp̂1ξb (285)

EUUI,Ë PA3 (see Eq. (271) for definitions)

C̄ai = (Ωi∂iΩ
†)a + iΩabx ([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b + iΩabx ([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b = Ωai + C̄1a

i + C̄2a
i (286)
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2P•P∗c̄a• = − gD̄aa
′

• fa
′bc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•)−

s

2
DiF a•i +

s

2
Ῡtap̂1Υ +

s

2
D•DiC̄ai

2P∗P•c̄a∗ = − gD̄aa
′

∗ fa
′bc(C̃b∗c̄

c
• + C̃b•c̄

c
∗)−

s

2
DiF a∗i +

s

2
Ῡtap̂1Υ +

s

2
D∗DiC̄ai (287)

⇒ Equation:

P∗c̄a• =
i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P•
[−DiF a•i + Ῡtap̂1Υ

]
− is

4
∂iC̄i =

i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

i

2
F 1a
∗• −

is

4
∂iC̄i

P•c̄a∗ =
i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•) +

s

4P∗
[−DiF a∗i + Ῡtap̂2Υ

]
− is

4
∂iC̄i =

i

2
gfabc(C̃b•c̄

c
∗ + C̃b∗c̄

c
•)−

i

2
F 1a
∗• −

is

4
∂iC̄i (288)

From Eq. (285), (281), (282), and (333) we get

DiFm•i − Ῡtmp̂1Υ = (∂i − iΩi − iCi(1) − iC
i
(2))

maF a•i − (Ω(x)[−∞∗, x∗]Â•x )maξ̄bt
ap̂1ξb = Ωmax

(
∂i[−∞∗, x∗]abĀ•Ḡ

b
•i

+ ([−∞∗, x∗]Ā•(∂
i[x∗,−∞∗]Ā•)[−∞∗, x∗]Ā•) + ([−∞•, x•]Ā∗(∂

i[x•,−∞•]Ā∗)[−∞∗, x∗]Ā•)
abḠb•i − [−∞∗, x∗]abĀ• ξ̄bt

bp̂1ξb

)
= Ωmax ([−∞•, x•]Ā∗(∂

i[x•,−∞•]Ā∗)[−∞∗, x∗]Ā•)
abḠb•i(x∗) = Ωmax fabc

∫ x•

−∞
d

2

s
z•[−∞•, z•]bkĀ∗Ḡ

k
∗i(z•)[−∞∗, x∗]clĀ∗Ḡ

li
• (x∗)

= ifabc
( 1

P∗
F∗i
)b
F ci• (289)

⇒ s

4P•
(DiFm•i − Ῡtmp̂1Υ) =

s

4
Ωmax fabc

∫ x•

−∞
d

2

s
z•[−∞•, z•]bkĀ∗Ḡ

k
∗i(z•)

1

p•
[−∞∗, x∗]clĀ∗Ḡ

li
• (x∗) (290)

= Ωmax (− isf
abc

4
)

∫ x•

−∞
d

2

s
z•[−∞•, z•]bkĀ∗Ḡ

k
∗i(z•)

∫ x•

−∞
d

2

s
z∗[−∞∗, z∗]clĀ•Ḡ

li
• (z∗) =

is

4
fmbc

( 1

P∗
F∗i
)b( 1

P•
F i
•
)c

= − s

4P∗
(DiFm∗i − Ῡtmp̂2Υ)

From Eqs. (280), (298) and (290) we get

F
(1)a
∗• = − s

2
fabc

( 1

P∗
F∗i
)b( 1

P•
F i
•
)c

= Ωaa
′

x (−ifa
′bc)

∫ x•

−∞
d

2

s
z•[−∞•, z•]bkĀ∗Ḡ

k
∗i(z•)

∫ x•

−∞
d

2

s
z∗[−∞∗, z∗]clĀ•Ḡ

li
• (z∗)(291)

⇒ D•F a∗• =
s

4
[DiF a•i − Ῡtap̂1Υ]− is

4P∗
D•[DiF a∗i − Ῡtap̂2Υ] =

s

2
[DiF a•i − Ῡtap̂1Υ] ⇒ DµF a•µ = Ῡtap̂1Υ (292)

ΠPEDΠOΛOXIUITEΛ’HO, DµF aµν = − ῩtaγνΥ BO BCEX ΠOPADKAX ΠO ∂⊥

P∗c̄a• =
1

2
C̃ab• c̄

b
∗ +

1

2
C̃ab∗ c̄

b
• +

i

2
F 1a
∗• −

is

4
∂iC̄ai

P•c̄a∗ =
1

2
C̃ab• c̄

b
∗ +

1

2
C̃ab∗ c̄

b
• −

i

2
F 1a
∗• −

is

4
∂iC̄ai (293)

c̄
(0)a
• =

( i

2P∗
)ab
F 1b
∗• , c̄

(0)a
∗ = −

( i

2P•
)ab
F 1b
∗• ,

c̄
(1)a
• =

i

4

( 1

P∗
C̃∗

1

P∗
)ab
F 1b
∗• −

i

4

( 1

P∗
C̃•

1

P•
)ab
F 1b
∗• −

( is
4P∗

)ab
∂iC̄bi

c̄
(1)a
∗ =

i

4

( 1

P•
C̃∗

1

P∗
)ab
F 1b
∗• −

i

4

( 1

P•
C̃•

1

P•
)ab
F 1b
∗• −

( is
4P•

)ab
∂iC̄bi

c̄
(2)a
• =

i

8

( 1

P∗
C̃∗

1

P∗
C̃∗

1

P∗
)ab
F 1b
∗• −

i

8

( 1

P∗
C̃∗

1

P∗
C̃•

1

P•
)ab
F 1b
∗• −

is

8

( 1

P∗
C̃∗

1

P∗
)ab
∂iC̄bi

+
i

8

( 1

P∗
C̃•

1

P•
C̃∗

1

P∗
)ab
F 1b
∗• −

i

8

( 1

P∗
C̃•

1

P•
C̃•

1

P•
)ab
F 1b
∗• −

is

8

( 1

P∗
C̃•

1

P•
)ab
∂iC̄bi

c̄
(2)a
∗ = − i

8

( 1

P•
C̃•

1

P•
C̃•

1

P•
)ab
F 1b
∗• +

i

8

( 1

P•
C̃•

1

P•
C̃∗

1

P∗
)ab
F 1b
∗• −

is

8

( 1

P•
C̃•

1

P•
)ab
∂iC̄bi

− i

8

( 1

P•
C̃∗

1

P∗
C̃•

1

P•
)ab
F 1b
∗• +

i

8

( 1

P•
C̃∗

1

P∗
C̃•

1

P∗
)ab
F 1b
∗• −

is

8

( 1

P•
C̃∗

1

P∗
)ab
∂iC̄bi

(294)
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c̄
(3)a
• =

i

16

( 1

P∗
C̃∗

1

P∗
C̃∗

1

P∗
C̃∗

1

P∗
)ab
F 1b
∗• −

i

16

( 1

P∗
C̃∗

1

P∗
C̃∗

1

P∗
C̃•

1

P•
)ab
F 1b
∗• −

is

16

( 1

P∗
C̃∗

1

P∗
C̃∗

1

P∗
)ab
∂iC̄bi

+
i

16

( 1

P∗
C̃∗

1

P∗
C̃•

1

P•
C̃∗

1

P∗
)ab
F 1b
∗• −

i

16

( 1

P∗
C̃∗

1

P∗
C̃•

1

P•
C̃•

1

P•
)ab
F 1b
∗• −

is

16

( 1

P∗
C̃∗

1

P∗
C̃•

1

P•
)ab
∂iC̄bi

− i

16

( 1

P∗
C̃•

1

P•
C̃•

1

P•
C̃•

1

P•
)ab
F 1b
∗• +

i

8

( 1

P∗
C̃•

1

P•
C̃•

1

P•
C̃∗

1

P∗
)ab
F 1b
∗• −

is

8

( 1

P∗
C̃•

1

P•
C̃•

1

P•
)ab
∂iC̄bi

− i

8

( 1

P∗
C̃•

1

P•
C̃∗

1

P∗
C̃•

1

P•
)ab
F 1b
∗• +

i

8

( 1

P∗
C̃•

1

P•
C̃∗

1

P∗
C̃•

1

P∗
)ab
F 1b
∗• −

is

8

( 1

P∗
C̃•

1

P•
C̃∗

1

P∗
)ab
∂iC̄bi

(295)

c̄ = c+ d (
2P∗ − C̃∗

)ab
db• = C̃ab• d

b
∗ −

is

2
∂iC̄ai ⇒ da• =

(
P•

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(− is

2
∂iC̄bi )(

2P• − C̃•
)ab
da∗ = C̃ab∗ d

b
• −

is

2
∂iC̄ai ⇒ da∗ =

(
P∗

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(− is

2
∂iC̄bi ) (296)

(
2P∗ − C̃∗

)ab
cb• = C̃ab• c

b
∗ + iF 1a

∗• ⇒ ca• =
(
(P• − C̄•)

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• ) + X1(

2P• − C̃•
)ab
ca∗ = C̃ab∗ c

b
• − iF 1a

∗• ⇒ ca∗ = −
(
(P∗ − C̄∗)

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• ) − X2 (297)

Chek:(
(2P∗ − C̃∗)(P• − C̃•)

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• ) + C̃ab•

(
(P∗ − C̃∗)

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• )

=
((

2P∗P• − 2P∗C̃• − C̃∗P• + C̃∗C̃• + C̃•P∗ − C̃•C̃∗
) 1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• ) =

i

2
F 1a
∗• + ... (298)

(
(2P• − C̃•)(P∗ − C̃∗)

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• ) + C̃ab∗

(
(P• − C̃•)

1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• )

=
((

2P•P∗ − 2P•C̃∗ − C̃•P∗ + C̃•C̃∗ + C̃∗P• − C̃∗C̃•
) 1

2P∗P• − C̃∗P• − C̃•P∗

)ab
(
i

2
F 1b
∗• ) =

i

2
F 1a
∗• + ... (299)

bikoz

2P∗P• − 2P∗C̃• − C̃∗P• + C̃∗C̃• + C̃•P∗ − C̃•C̃∗ − (2P∗P• − C̃∗P• − C̃•P∗) = − 2[P∗, C̃•] + [C̃∗, C̃•] = iḠ∗• (300)

due to Eq. (179).

ΠPOBEPUIM AH3ATC (Z ≡ 2P∗P• − C̃∗P• − C̃•P∗ = P̄∗P• + P̄•P∗)

ca• =
(
(P• − C̃•)

1

Z
)ab

(
i

2
F 1b
∗• )−

(
P•

1

Z
iḠ∗•

1

Z
)ab

(
i

2
F 1b
∗• )

ca∗ = −
(
(P∗ − C̃∗)

1

Z
)ab

(
i

2
F 1b
∗• )−

(
P∗

1

Z
iḠ∗•

1

Z
)ab

(
i

2
F 1b
∗• ) (301)

OT YP. (288) DO YP. (303) KOE-ΓDE HETY DBOEK B 3HAMEHATEΛE

(
2P∗ − C̃∗

)ab
cb• − C̃ab• cb∗ =

(
(2P∗ − C̃∗)(P• − C̃•) + C̃•(P∗ − C̃∗)

) 1

Z
)ab

(
i

2
F 1b
∗• )

−
(
(2P∗ − C̃∗)P•

1

Z
iḠ∗•

1

Z
)ab

(
i

2
F 1b
∗• ) +

(
C̃•P∗

1

Z
iḠ∗•

1

Z
)ab

(
i

2
F 1b
∗• ) =

i

2
F 1b
∗• (302)

PEUUIEHUIE YPABHEHUIŬI (288)

c̄a• = i
(
P̄•

1

Z
)ab
F 1b
∗• − i

(
P•

1

Z
iḠ∗•

1

Z
)ab
F 1b
∗• −

is

2

(
P•

1

Z
)ab
∂iC̄bi

c̄a∗ = − i
(
P̄∗

1

Z
)ab
F 1b
∗• − i

(
P∗

1

Z
iḠ∗•

1

Z
)ab
F 1b
∗• −

is

2

(
P∗

1

Z
)ab
∂iC̄bi (303)

gde Z ≡ P̄∗P• + P̄•P∗ = P•P̄∗ + P∗P̄•, P = P̄ + Ã, Ã• = Ā• + C̃• = iΩ∂•Ω
†, Ã∗ = iΩ∂∗Ω

†

Chek: P∗c̄• − P•c̄∗ = iF
(1)
∗• , P̄∗c̄• + P̄•c̄∗ = − is

2 ∂
iC̄i
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2. F•i BO BTOPOM ΠOPADKE

B ΠEPBOM ΠOPADKE P• ≡ p• +A•, A• ≡ Ā• + C̃•, Ai ≡ C̃i = Ωi + C1i + C2i, and

2P∗P•C̃i = i(P∗∂iA• + P•∂iA∗)

B CΛEDYUUI,EM ΠOPADKE

C̄i = C̃i + c̄i, F•i = F
(1)
•i + F

(2)
•i = D•C̄i − ∂iA• +D•c̄i −Dic̄• (304)

UI3 YP. Eq. (226) ΠOΛY4AEM

(2P∗P•)abc̄bi (305)

= (−{P∗, c̄•} − {P•, c̄∗}+
s

2
(p+ C̄)2

⊥)abC̄bi − fabc(c̄b∗∂iAc• + c̄b•∂iAc∗)−Dab∗ ∂ic̄b• −Dab• ∂ic̄b∗ +
is

2
Pabj ∂iC̃bj +

s

2
Ῡγit

aΥ

= (−P∗c̄• − P•c̄∗ −
s

2
PjPj)abC̄bi + fabc(c̄b∗F

(1)c
•i + c̄b•F

(1)c
∗i )−Dab∗ ∂ic̄b• −Dab• ∂ic̄b∗ +

is

2
Pabj ∂iC̃bj +

s

2
Ῡγit

aΥ

= (−P∗c̄• − P•c̄∗)abC̄bi + fabc(c̄b∗F
(1)c
•i + c̄b•F

(1)c
∗i )−Dab∗ ∂ic̄b• −Dab• ∂ic̄b∗ −

s

2
DjF (1)a

ij +
s

2
Ῡγit

aΥ =

−(P∗c̄• + P•c̄∗)abC̄bi −Dab∗ ∂ic̄b• −Dab• ∂ic̄b∗ −D∗F
(2)a
•i −D•F (2)a

∗i +
(
(D∗ − ic̄∗)F (1+2)a

•i + (D• − ic̄•)F (1+2)a
∗i +

s

2
DjF (1)a

ji +
s

2
Ῡγit

aΥ
)

= (P∗C̄i)abc̄b• + (P•C̄i)abc̄b∗ + iPab∗ ∂ic̄b• + iPab• ∂ic̄b∗ −D∗F
(2)a
•i −D•F (2)a

∗i = (P∗Pi)abc̄b• + (P•Pi)abc̄b∗ −D∗F
(2)a
•i −D•F (2)a

∗i (306)

(2P∗P•)abc̄bi = (P∗Pi)abc̄b• + (P•Pi)abc̄b∗ − fabc(F
(1)b
•i c̄c∗ + F

(1)b
∗i c̄c•) +

s

2
DjF (1)a

ji +
s

2
Ῡγit

aΥ (307)

⇒ (2P∗P•)abc̄bi = (P∗Pi + iF
(1)
∗i )abc̄b• + (P•Pi + iF

(1)
•i )abc̄b∗ +

s

2
DjF (1)a

ji +
s

2
Ῡγit

aΥ

= (2P∗Pi)abc̄b• + 2iF
(1)ab
•i c̄b∗ +DiF (1)

∗• +
s

2
DjF (1)a

ji +
s

2
Ῡγit

aΥ (308)

⇒

F
(2)a
•i = − iPab• c̄bi + iPabi c̄b• =

( 1

P∗
F

(1)
•i
)ab
c̄b∗ −

( i

2P∗
)abDiF (1)

∗• −
( is

4P∗
)ab(DjF (1)a

ji + Ῡγit
aΥ
)

(309)

Check of YM equations for the field

A
[2]a
• = Ā•+C̃•+ c̄•, A

[2]a
∗ = Ā∗+C̃∗+ c̄∗, A

[3]a
i = C̃i+ c̄i, Υ[1] = Ωx([−∞•, x•]Â∗x ξa(x)+[−∞∗, x∗]Â•x ξb(x))

(310)

D∗F (1)a
•i +D∗F (2)a

•i − ic̄∗F (1)a
•i = − 1

2
DiF (1)a

∗• − s

4
(DjF (1)a

ji + Ῡγit
aΥ
)
,

D•F (1)a
∗i +D•F (2)a

∗i − ic̄•F (1)a
∗i =

1

2
DiF (1)a

∗• − s

4
(DjF (1)a

ji + Ῡγit
aΥ
)

⇒ 2

s

[
D∗F (2)a

•i − ic̄∗F (1)a
•i +D∗F (2)a

∗i − ic̄∗F (1)a
∗i

]
+DjF (1)a

ji = − Ῡγit
aΥ

⇒ DµF
[3]a
µi = Ῡγit

aΥ + O(∂4
⊥) (311)

For • projection, rewrite Eq. (292)

D•F [2]a
∗• =

s

4
[DiF [1]a

•i − Ῡtap̂1Υ]− is

4P∗
D•[DiF [1]a

∗i − Ῡtap̂2Υ] =
s

2
[DiF [1]a

•i − Ῡtap̂1Υ] ⇒ DµF a•µ = Ῡtap̂1Υ +O(∂3
⊥)

(312)

ΓDE F
[1]a
•i DAETUI,A ΦOPMYΛOŬI (224)
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3. First order in Ā•, Ā∗

C̄1a
• (x) = − i

2

∫
dz(x| 1

p∗ + iεp•
|z)Ḡa∗•(z) = − i

2
fabc

∫
dz(x| 1

p∗ + iεp•
|z)Āb∗Āc•(z), (313)

C̄1a
∗ (x) =

i

2

∫
d2z(x| 1

p• + iεp∗
|z)Ḡa∗•(z) =

i

2
fabc

∫
dz(x| 1

p∗ + iεp•
|z)Āb∗Āc•(z),

C̄1a
i (x) =

1

2

∫
dz(x| 1

p∗p• + iε
|z)(D̄∗Ḡa•i(z) + D̄•Ḡ

a
∗i(z)) = − 1

2
fabc

∫
dz(x| 1

p∗p• + iε
|z)(Ab•∂iAc∗ +Ab∗∂iA

c
•)

F 1a
•i (x) =

i

2
fabc

∫
dz(x| 1

p∗ + iεp•
|z)(Āb•∂iĀc∗ + Āb∗∂iĀ

c
•) +

i

2
fabc

∫
dz(x| 1

p∗ + iεp•
|z)∂i

( ¯̄Ab∗
¯̄Ac•(z)

)
= ifabc

∫
dz(x| 1

p∗ + iεp•
|z)Āb∗∂iĀc•(z)

F 1a
∗i (x) = ifabc

∫
dz(x| 1

p• + iεp∗
|z)Āb•∂iĀc∗(z)

∫
dx F 1a

∗i F
1ai
• (x) = − 4

s
fmabfmcd

∫
dzdz′(z| 1

p2 + iε
|z′)Āa∗∂iĀb•(z)Āc•∂iĀd∗(z′)

4. Two ∂⊥’s, one Ā• and one Ā∗

C̄1a
i (x) =

2

s

∫
dz(x| 1

p2 + iεp0
|z)(D̄∗Ḡa•i(z) + D̄•Ḡ

a
∗i(z)) = − 2

s
fabc

∫
dz(x| 1

p2 + iεp0
|z)(Ab•∂iAc∗ +Ab∗∂iA

c
•) (314)

F
(1)
•i (x) = −

∫
dz (x| 1

p∗ + iε
|z)Āab∗ Ḡb•i(z) ⇒ ∂iF

(1)
•i =

∫
dz (x| 1

p∗ + iε
|z)Ḡab∗i Ḡbi• (z)−

∫
dz (x| 1

p∗ + iε
|z)Āab∗ ∂iḠb•i(z)

From Eq. (272) we get

c̄a•(x) = −
∫
dz(x| 1

p2 + iεp0
|z)
[
∂2
⊥(Ā• + C̄•)(z)− Ῡtap̂1Υ(z)

]
, c̄a∗(x) = −

∫
dz(x| 1

p2 + iεp0
|z)∂2

⊥C̄∗(z)

D̄∗c̄
a
•(x) =

s

8

∫
dz(x| 1

p• + iεp0
|z)∂2

⊥
1

P̄∗ + iε
Ḡ∗•(z) '

s

8

∫
dz(x| 1

(p• + iε)(p∗ + iε)
|z)∂2

⊥Ḡ∗•(z) (315)

B. Quark fields in the target and projectile

1. In the target

Ā•(x∗, x⊥) and ξb(x∗, x⊥).
Dirac:

2

s
p̂2(i∂• + Ā•)ξb(x∗, x⊥) + iγi∂iξb(x∗, x⊥) = 0 (316)

PA3δUIBAEM

ξ = ξ(1) + ξ(2) ξ(1) ≡ p̂2p̂1

s
ξ, ξ(2) ≡ p̂1p̂2

s
ξ

YP-E DUIPAKA:

2

s
p̂2(i∂• + Ā•)ξ

(2)
b (x∗, x⊥) + iγi∂iξ

(1)
b (x∗, x⊥) = 0, iγi∂iξ

(2)
b (x∗, x⊥) = 0

(i∂• + Ā•)ξ
(2)
b (x∗, x⊥) = iγi∂

ip̂1ξ
(1)
b (x∗, x⊥) (317)

Solution of the free Dirac (Weyl) equation

να =

∫
d3p

(2π)3

(
c(p)(p · σ̄)σ0]αβϕ

βe−ipx + d∗(p)[(p · σ̄)σ0]αβκ
βeipx

)
(318)
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px + ipy ≡ p̃, px − ipy = p̃∗

σ̄µp
µ =

(
p0 + pz px − ipy
px + ipy p0 − pz

)
=
√
s

( p2
⊥
βs

p̃∗√
s

p̃√
s

β

)
, σµp

µ =
(

p0 − pz −px + ipy
−px − ipy p0 + pz

)
=
√
s

(
β − p̃∗√

s

− p̃√
s

p2
⊥
βs

)
(319)

σ̄µp
µσ0

(
1
0

)
= 2p0 cos

θ

2

(
cos θ2

eiφ sin θ
2

)
, σ̄µp

µσ0

(
0
1

)
= 2p0 sin

θ

2
e−iφ

(
cos θ2

eiφ sin θ
2

)
(320)

να(x) =

∫
d3p

(2π)3

( p2
⊥
βs

p̃∗√
s

p̃√
s

β

)(
c(p)

(
1
0

)
e−ipx + d∗(p)

(
0
1

)
eipx

)
(321)

ν∗α̇(x) =

∫
d3p

(2π)3

[
d∗(p)(0, 1)e−ipx + c∗(p)(1, 0)eipx

]( p2
⊥
βs

p̃∗√
s

p̃√
s

β

)
(322)

(see Eqs. (6.93)-(6.98) from AQM)
If A• does not depend on x⊥

να(x) = [x∗,−∞]Ā•
∫

d3p

(2π)3

( p2
⊥
βs

p̃∗√
s

p̃√
s

β

)(
c(p)

(
1
0

)
e−ipx + d∗(p)

(
0
1

)
eipx

)
(323)

σ̄µp
µ
1 =

√
s
(

1 0
0 0

)
, = σµp

µ
2 σµp

µ
1 =

√
s
(

0 0
0 1

)
, = σ̄µp

µ
2

p̄1p2

s
=
(

1 0
0 0

)
,

p̄2p1

s
=
(

0 0
0 1

)
(324)

ν(1)
α (x) =

p̄2p1

s
να(x) = big, ν(2)

α (x) =
p̄1p2

s
να(x) = small (325)

UI3 DUIAΓPAMM{
1+
( p̂1

s
+
k̂⊥
k2
⊥
βk
)
p̂2

(
[x∗,−∞]−1

)}
u(k)e−ikx =

{
1+

k̂

k2
⊥
βkp̂2

(
[x∗,−∞]−1

)}
u(k)e−ikx = [x∗,−∞]u(k)e−ikx (326)

If A• depends on x⊥, in the first order in ∂⊥ we get(2

s
(i∂• + Ā•)p̂2 +

2

s
i∂∗p̂1 + i∂iγ

i
){(

1− iβkp̂2

k2
⊥
γj∂

j
)
[x∗,−∞]x + 2i

kj

k2
⊥
βk

∫ x∗

−∞
d

2

s
z∗ (x∗ − z∗)[x∗, z∗]xF•j(z∗, x⊥)[z∗,−∞]x

}
u(k)e−ikx

=
{
iγi∂i[x∗,−∞]x −

(
αkp̂1 + kiγ

i
)
i
βkp̂2

k2
⊥
γj∂

j [x∗,−∞]x − 2p̂2
kj

k2
⊥
βk

∫ x∗

−∞
d

2

s
z∗ [x∗, z∗]xF•j(z∗, x⊥)[z∗,−∞]x

}
u(k)e−ikx

=
{
iγi∂i[x∗,−∞]x −

(
αkp̂1 + k̂⊥

)
i
βkp̂2

k2
⊥
γj∂

j [x∗,−∞]x − 2p̂2
kj

k2
⊥
βki∂j [x∗,−∞]x

}
u(k)e−ikx + O(∂i∂j)

=
{
iγi∂i[x∗,−∞]x − i

(
γj∂j −

p̂2p̂1

s
γj∂j − 2

kj

k2
⊥
βkp̂2∂j + βkp̂2γ

j k̂⊥
k2
⊥
∂j
)
[x∗,−∞]x − 2p̂2

kj

k2
⊥
βki∂j [x∗,−∞]x

}
u(k)e−ikx

=
{(
γj
p̂2p̂1

s
+ βkγ

j p̂2
k̂⊥
k2
⊥

)
i∂j [x∗,−∞]x

}
u(k)e−ikx =

γj p̂2p̂1

k2
⊥

βk(αkp̂1 + k̂⊥)u(k)e−ikxi∂j [x∗,−∞]x = 0 + O(∂i∂j) (327)

UITOΓO B ΠEPBOM ΠOPADKE ΠO ∂iĀ• ΠOΛY4AEM

ξb(x) =

∫
dk⊥dβk

{(
[x∗,−∞]x −

βkp̂2

k2
⊥
γj
∫ x∗

−∞
d

2

s
z∗ [x∗, z∗]xF•j(z∗, x⊥)[z∗,−∞]x (328)

+ 2i
kj

k2
⊥
βk

∫ x∗

−∞
d

2

s
z∗ (x∗ − z∗)[x∗, z∗]xF•j(z∗, x⊥)[z∗,−∞]x

}(
c1u(k)e

−i k
2
⊥

βks
x•−iβkx∗+i(k,x)⊥ + c2v(k)e

i
k2
⊥

βks
x•+iβkx∗−i(k,x)⊥

)
= [x∗,−∞]xξ

free
b (x)− 2p̂2

s
(iγj∂

j [x∗,−∞]x)
∂•
∂2
⊥
ξfree
b (x) +

4i

s

∫ x∗

−∞
d

2

s
z∗ (x∗ − z∗)[x∗, z∗]xF•j(z∗, x⊥)[z∗,−∞]x

∂j∂•
∂2
⊥
ξfree
b (x) + O(∂i∂jA•)
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It looks like the light-cone expansion in powers of
kgluon
⊥
kquark
⊥

.

PA3δUIEHUIE ξfree = ξ
(1)
free + ξ

(2)
free, ξ(1) ≡ p̂2p̂1

s ξ, ξ(2) ≡ p̂1p̂2

s ξ, ξ
(1)
free ∼ 1, ξ

(2)
free ∼

k⊥√
s

ξb(2) = [x∗,−∞]ξ
(2)b
free +

4i

s

∫ x∗

−∞
d

2

s
z∗ (x∗ − z∗)[x∗, z∗]xF•j(z∗, x⊥)[z∗,−∞]x

∂j∂•
∂2
⊥
ξ

(2)b
free (x) + O

(( kgluon
⊥

kquark
⊥

)2)
ξb(1) = [x∗,−∞]ξ

(1)b
free −

2p̂2

s
(iγj∂

j [x∗,−∞]x)
∂•
∂2
⊥
ξ

(2)b
free (x) + O

(( kgluon
⊥

kquark
⊥

)2)
(329)

3AC, ξb(2) = O
(( kgluon

⊥
kquark
⊥

))
ξb(1)

2. In the projectile

Ā•(x•, x⊥) and ξa(x•, x⊥)
PA3δUIBAEM

ξ = ξ(1) + ξ(2) ξ(1) ≡ p̂2p̂1

s
ξ, ξ(2) ≡ p̂1p̂2

s
ξ

YP-E DUIPAKA:

2

s
p̂1(i∂∗ + Ā∗)ξa(x•, x⊥) + iγi∂iξa(x•, x⊥) = 0

2

s
p̂1(i∂∗ + Ā∗)ξ

(1)
a (x•, x⊥) + iγi∂iξ

(2)
a (x•, x⊥) = 0, iγi∂iξ

(1)
a (x•, x⊥) = 0 (330)

C. KΛACC. YP-E KBAPKOB

1. KΛACC. YP-E B ΠEPBOM ΠOPADKE ΠO p⊥

C̄∗ = Ω†i∂∗Ω− Ā∗ where Ω is given by Eq. (210). From that equation we C that

Ω(x•,−∞∗, x⊥) = [x•,−∞•]Ā∗x⊥ , Ω(x∗,−∞•, x⊥) = [x∗,−∞∗]Ā•x⊥ (331)

In the leading order

( ˆ̄P + ˆ̄C)Υ(x) = Ωxi∂̂Ω†xΥ(x) = 0 (332)

The solution is given by Eq. (248) and (250)

Υ(x) ≡ ξ(x) + χ(x) = Ω(x)[−∞•, x•]Â∗x ξa(x) + Ω(x)[−∞∗, x∗]Â•x ξb(x)

= Ω(x)[−∞•, x•]Â∗x
p̂1p̂2

s
ξa(x) + Ω(x)[−∞∗, x∗]Â•x

p̂2p̂1

s
ξb(x) + O

(( kgluon
⊥

kquark
⊥

)
(333)

Chek of the solution:

( ˆ̄P + ˆ̄C)Υ(x) = Ω(x)i∂̂[−∞•, x•]Â∗x ξa(x) + Ω(x)i∂̂[−∞∗, x∗]Â•x ξb(x) = (334)

= Ωx[−∞•, x•]Â∗x
(2

s
p̂1(i∂∗ + Â∗) +

2

s
p̂2i∂• + i∂̂⊥

)
ξa(x) + Ωx[−∞∗, x∗]Â•x

(2

s
p̂2(i∂• + Â•) +

2

s
p̂1i∂∗ + i∂̂⊥

)
ξb(x)

Boundary conditions

[ξ(x) + χ(x)]
∣∣∣
x•=−∞

= Ω(x∗,−∞•, x⊥)[−∞∗, x∗]Â•x ξb(x) = ξb(x)

[ξ(x) + χ(x)]
∣∣∣
x∗=−∞

= Ω(x•,−∞∗, x⊥)[−∞•, x•]Â∗x ξa(x) = ξa(x) (335)

where we uzd Eq. (331).
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XII. AFTER GAUGE TRANSFORMATION WITH Ω(x)

A. ODHO ΠOΛE Āi(x•)

Gauge transformation Ā(x•, x⊥) → V (x•, x⊥)

Ā∗(x•, x⊥) → [−∞•, x•]Ā∗x
(
i∂∗ + Ā∗

)
[x•,−∞•]Ā∗x = 0 = V∗

Āi(x•, x⊥) → [−∞•, x•]Ā∗x
(
i∂i + 0

)
[x•,−∞•]Ā∗x = [−∞•, x•]Ā∗x i∂i[x•,−∞•]Ā∗x ≡ Vi(x•, x⊥)

Vik = ∂iĀk(x•, x⊥)− ∂kĀi(x•, x⊥)− i[Āi(x•, x⊥), Āk(x•, x⊥)] = 0

V∗i = ∂∗Vi(x•, x⊥) = [−∞•, x•]Ā∗x Ḡ∗i(x⊥, x•)[x•,−∞•]Ā∗x , V• = V•i = 0 (336)∫
DA ei

∫
dz
(
− 1

4 [Gaµν ]2+ψ̄ ˆ̄Pψ
)
e
i
∫
d2z⊥d

2
s z• A

a
i (z)V̄ a∗i(z•,z⊥)

∣∣z∗=∞
z∗=−∞

⇒
∫
DA ei

∫
dz
(
− 1

4 [Gaµν(A+V )]2− 1
2 (D̄µA

µ)2
)

+(ψ̄+ξ̄)( ˆ̄P+V̂ )(ψ+ξ) e
i
∫
d2z⊥d

2
s z• A

a
i (z)V̄ a∗i(z•,z⊥)

∣∣z∗=∞
z∗=−∞

=

∫
DADψ̄Dψ Amµ (x) exp

{
i

∫
dz
(
− 1

2
Aaα(P 2gαβ + 2iVαβ)abAβb +AaαD̄ξḠ

aξα − gfabcD̄αAaβAbαA
c
β

− g2

4
fabmf cdmAaαAbβAcαA

d
β + ξ̄ ˆ̄Pξ + ξ̄Âξ + ξ̄ ˆ̄Pψ + ψ̄ ˆ̄Pξ + ξ̄Âψ + ψ̄Âξ + ψ̄ ˆ̄Pψ + ψ̄Âψ

)}
(337)

DPYΓOE ΠOΛE

Ā•(x∗, x⊥) → [−∞∗, x∗]Ā•x
(
i∂• + Ā•

)
[x∗,−∞]Ā• = 0 = U∗

Āi(x∗, x⊥) → [−∞∗, x∗]Ā•x
(
i∂i + 0

)
[x∗,−∞∗]Ā• = [−∞∗, x∗]Ā•x i∂i[x∗,−∞∗]Ā•x ≡ Ui(x∗, x⊥)

Uik = ∂iĀk(x•, x⊥)− ∂kĀi(x•, x⊥)− i[Āi(x•, x⊥), Āk(x•, x⊥)] = 0

U•i = ∂•Ui(x•, x⊥) = [−∞∗, x∗]Ā•x Ḡ•i(x⊥, x∗)[x∗,−∞∗]Ā•x , U• = U•i = 0 (338)

B. CYMMA DBYX ΠOΛEŬI

∫
DA ei

∫
dz
(
− 1

4 [Gaµν(A+V+U)]2− 1
2 (D̄µA

µ)2
)

+(ψ̄+ξ̄)( ˆ̄P+V̂+Û)(ψ+ξ) e
i
∫
d2z⊥d

2
s z• A

a
i (z)V̄ a∗i(z•,z⊥)

∣∣z∗=∞
z∗=−∞ e

i
∫
d2z⊥d

2
s z• A

a
i (z)Ūa•i(z∗,z⊥)

∣∣z•=∞
z•=−∞

=

∫
DADψ̄Dψ Amµ (x) exp

{
i

∫
dz
(
− 1

4
ḠaµνḠaµν −

1

2
Aaα(P 2gαβ + 2iVαβ)abAβb +AaαD̄ξḠ

aξα − gfabcD̄αAaβAbαA
c
β

− g2

4
fabmf cdmAaαAbβAcαA

d
β + ξ̄ ˆ̄Pξ + ξ̄Âξ + ξ̄ ˆ̄Pψ + ψ̄ ˆ̄Pξ + ξ̄Âψ + ψ̄Âξ + ψ̄ ˆ̄Pψ + ψ̄Âψ

)}
(339)

Ḡµν = Uµν + Vµν − i[Uµ, Vν ]− i[Vµ, Uν ] ⇒ Ḡ∗• = 0, Ḡ•i = U•i, Ḡ∗i = V∗i, Ḡik = − i[Ui, Vk]− i[Vi, Uk]

D̄iḠi• − (∂i − i[Ui, )Ui• = − i∂•[Ui, V i], D̄iḠi∗ − (∂i − i[Vi, )Vi∗ = i∂∗[Ui, V
i] (340)

From (282)

F
(1)
•i (x) = ΩxU•i(x⊥, x∗)Ω

†
x, F

(1)
∗i (x) = ΩxV∗i(x⊥, x•)Ω

†
x (341)

From Eq. (220)

C̄ai = (Ωi∂iΩ
†)a + iΩabx ([−∞∗, x∗]Ā•x ∂i[x∗,−∞∗]Ā•x )b + iΩabx ([−∞•, x•]Ā∗x ∂i[x•,−∞•]Ā∗x )b = Ωai + Ω(Ui + Vi)Ω

†(342)

From Eqs. (234) and (280)

F
(1)
∗• (x) = Ωx[Ui, V

i]Ω†(x), F
(1)
ik (x) = − iΩx[Ui, Vk]Ω†(x) − i↔ k (343)

Consider Ω applied to A• = Ā• + C̄•, A∗ = Ā∗ + C̄∗ and Ai = C̄i

Ω†xA•Ω(x) + iΩ†x∂•Ω(x) = Ω†xA∗Ω(x) + iΩ†x∂∗Ω(x) = 0, Ω†xAiΩ(x) + iΩ†x∂iΩ(x) = Ui + Vi (344)
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C. General sdvig

∫
DADψ̄Dψ Amµ (x)ψ(y)ei

∫
dz
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
+(ψ̄+ξ̄)( ˆ̄P+Â)(ψ+ξ) (345)

Sdvig A→ A+ C̄, ψ → ψ + χ. Notation: Υ = ξ + χ, A = Ā+ C̄

=

∫
DADψ̄Dψ [Amµ (x) + C̄mµ (x)][ψ(y) + χ(y)]

× ei
∫
dz
(
− 1

4 Ḡ
aµνḠaµν− 1

2 C̄
aα(P̄ 2gαβ+2iḠαβ)abC̄βb+C̄aαD̄ξḠ

aξα−gfabcD̄αC̄aβC̄bαC̄
c
β−

g2

4 f
abmfcdmC̄aαC̄bβC̄cαC̄

d
β+(ξ̄+χ̄)( ˆ̄P+ ˆ̄C)(ξ+χ)

)
× exp i

∫
dz
{
Aaα

(
− (P̄ 2gαβ + 2iḠαβ)abC̄bβ + (D̄Ḡ)aα + fabc(2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ)− fabmf cdmC̄bβC̄cαC̄dβ + (ξ̄ + χ̄)γαt

a(ξ + χ)
)

+ ψ̄( ˆ̄P + ˆ̄C)(ξ + χ) + (ξ̄ + χ̄)( ˆ̄P + ˆ̄C)ψ

− 1

2
Aaα

(
(P̄ + C̄)2gαβ + 2i

(
Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ]

))ab
Abβ + ψ̄( ˆ̄P + ˆ̄C)ψ + (ξ̄ + χ̄)Âψ + ψ̄Â(ξ + χ)

− gfabc(D̄α − iC̄α)aa
′
Aa
′

β A
cαAdβ − g2

4
fabmf cdmAaαAbβAcαA

d
β + ψ̄Âψ

}
=

∫
DADψ̄Dψ [Amµ (x) + C̄mµ (x)][ψ(y) + χ(y)]ei

∫
dz[− 1

4G
aµνGaµν+ῩP̂Υ − 1

2 (D̄βC̄aβ)2]

× ei
∫
dzAaα[−(P2gαβ+2iGαβ)abC̄bβ−iC̄abβ DαC̄bβ+(D̄Ḡ)aα+Ῡγαt

aΥ+ψ̄P̂Υ+ῩP̂ψ +iC̄abα D̄βC̄
b
β ]

× ei
∫
dz[− 1

2A
aα(P2gαβ+2iGαβ)Abβ+ψ̄P̂ψ+ῩÂψ+ψ̄ÂΥ− gfabcAaαAbβDαAcβ−

g2

4 f
abmfcdmAaαAbβAcαA

d
β+ψ̄Âψ] (346)

whæ wi uzd

−(P̄ 2gαβ + 2iḠαβ)abC̄bβ + fabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− fabmf cdmC̄bβC̄cαC̄dβ (347)

= −
(

(P̄ + C̄)2gαβ + 2i
(
Ḡαβ + D̄αC̄β − D̄βC̄α − i[C̄α, C̄β ]

))ab
C̄bβ − iC̄abβ DαC̄bβ +iC̄abα D̄βC̄

b
β

= −
(
P2gαβ + 2iGαβ(A)

)ab
C̄bβ − iC̄abβ DαC̄bβ +iC̄abα D̄βC̄

b
β ≡ −

(
P2gαβ + 2iGαβ

)ab
C̄bβ − iC̄abβ DαC̄bβ + iC̄abα D̄βC̄

b
β

and (without paying attention to boundaries)

−1

4
ḠaµνḠaµν −

1

2
C̄aα(P̄ 2gαβ + 2iḠαβ)abC̄βb + C̄aαD̄ξḠ

aξα − gfabcD̄αC̄aβC̄bαC̄
c
β −

g2

4
fabmf cdmC̄aαC̄bβC̄cαC̄

d
β + Ῡ( ˆ̄P + ˆ̄C)Υ

= − 1

4
GaµνGaµν + ῩP̂Υ − 1

2
(DβC̄aβ)2 (348)

DξGaξµ(Ā+ C̄) = (D̄ξ − iC̄ξ)ab(Ḡbξµ + D̄ξC̄
b
µ − D̄µC̄

b
ξ − iC̄bcξ C̄cµ) = D̄ξḠaξµ + (D̄2gµξ − 2iḠµξ)

abC̄bξ − D̄µD̄
ξC̄aξ

− i(D̄ξC̄ξ)
abC̄bµ − iC̄abξ D̄ξC̄bµ − iC̄ξabD̄ξC̄

b
µ + iC̄ξab(D̄µ − iC̄µ)C̄bξ

= D̄ξḠaξµ + (D̄2gµξ − 2iḠµξ)
abC̄bξ − (D̄µ − iC̄µ)D̄ξC̄aξ + iC̄ξab(D̄µ − iC̄µ)C̄bξ − 2iC̄ξabD̄ξC̄

b
µ

= − (D̄µ − iC̄µ)D̄ξC̄aξ − (P̄ 2gµβ + 2iḠµβ)abC̄bβ + (D̄Ḡ)aµ + fabc(2C̄bβD̄
βC̄cµ − C̄bβD̄µC̄

cβ)− fabmf cdmC̄bβC̄cµC̄dβ (349)

wich agriiz wiz Eq. (160).
Another rewriting:

DξGaξµ(Ā+ C̄) + (D̄µ − iC̄µ)D̄ξC̄aξ = − (P̄ 2gµβ + 2iḠµβ)abC̄bβ + (D̄Ḡ)aµ + iC̄ξab(D̄µ − iC̄µ)C̄bξ − 2iC̄ξabD̄ξC̄
b
µ (350)

If C̄ and χ are the solutions of Eq. (260)

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β + (ξ̄ + χ̄)γαt

a(ξ + χ)

( ˆ̄P + ˆ̄C)(ξ + χ) = 0, (ξ̄ + χ̄)( ˆ̄P + ˆ̄C) = 0 (351)
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we get∫
DADψ̄Dψ Amµ (x)ψ(y)ei

∫
dz
(
− 1

4 [Gaµν(A+Ā)]2− 1
2 [(D̄µ−iC̄µ)Aµ]2

)
+(ψ̄+χ̄)( ˆ̄P+Â)(ψ+ξ) (352)

=

∫
DADψ̄Dψ [Amµ (x) + C̄mµ (x)][ψ(y) + χ(y)]ei

∫
dz(− 1

4G
aµνGaµν+ῩP̂Υ)

× ei
∫
dz[− 1

2A
aα(P2gαβ+2iGαβ)Abβ+ψ̄P̂ψ+ῩÂψ+ψ̄ÂΥ− gfabcAaαAbβDαAcβ−

g2

4 f
abmfcdmAaαAbβAcαA

d
β+ψ̄Âψ] =

(
A(x)− Ā(x)

)(
Υ(y)− ξ(y)

)
×
∫
DADψ̄Dψ ei

∫
dz(− 1

4G
aµνGaµν+ῩP̂Υ)ei

∫
dz[− 1

2A
aα(P2gαβ+2iGαβ)Abβ+ψ̄P̂ψ+ῩÂψ+ψ̄ÂΥ− gfabcAaαAbβDαAcβ−

g2

4 f
abmfcdmAaαAbβAcαA

d
β+ψ̄Âψ]

We can solve Eq. (351)

(P̄ 2gµξ + 2iḠµξ)
abC̄bξ + (D̄µ − iC̄µ)D̄ξC̄aξ − iC̄ξab(D̄µ − iC̄µ)C̄bξ + 2iC̄ξabD̄ξC̄

b
µ − (D̄Ḡ)aµ = (ξ̄ + χ̄)γµt

a(ξ + χ)

⇔ DξGaξµ(Ā+ C̄) + (D̄µ − iC̄µ)D̄ξC̄aξ = (ξ̄ + χ̄)γµt
a(ξ + χ) (353)

by iterations C̄ξ = Ωξ − Āξ + sξ, χ = Ωξ − ξ + λ. At the first step we get

D2
Ωs

a
µ − isabµ D

ξ
Ω(Ωξ − Āξ)b = −DΩ

µD
ξ
Ω(Ωξ − Āξ) + ξ̄Ω†taγµΩξ (354)

For our Ω we have

Dξ
Ω(Ωξ−Āξ)a = ∂ξ(Ωξ−Āξ)a−i(Ωξ)ab(Ωξ−Āξ)b = ∂ξΩξ+i(Ωξ)

abĀbξ = D̄ab
ξ Ωξb = D̄ab

ξ (Ωξ−Āξ)b = ∂iΩi (355)

so the equation turns 2

[∂2 + i(∂iΩ̃i)]
ab(Ω†sµ)b = − ∂µ∂iΩ̃i + ξ̄taγµξ (356)

gde Ω̃µ ≡ Ω†i∂µΩ

D. First iteration

If Āi = 0 for projectile and target, for self-consistency we must require

ξ̄aγiξa = ∂•Ḡ∗i = 0, ξ̄bγiξb = ∂∗Ḡ•i = 0 (357)

First iteration (Ωi ≡ Ω†i∂iΩ)

C̃‖ = Ωi∂‖Ω
† − Ā‖,

C̃ai = Ωabx (Ui + Vi − Ωi − Σi)
b, Σi ≡

s

4

∫ x∗

−∞
d

2

s
z∗

∫ x•

−∞
d

2

s
z•
[
Σ̄a(z•, x⊥)tbγiΣb(z∗, x⊥) + Σ̄b(z∗, x⊥)tbγiΣa(z•, x⊥)

]
Υ̃ = Ω(x)(Σa + Σb), Σa(x•, x⊥) = [−∞•, x•]Â∗x ξa(x), Σb(x•, x⊥) = [−∞∗, x∗]Â•x ξb(x) (358)

is a solution of equations (226), (248) and (250)

[P∗P• + P•P∗]abC̃b• = − iC̃ab• D•C̃b∗ − iC̃ab∗ D•C̃b• + D̄•Ḡ
a
∗•

[P∗P• + P•P∗]abC̃b∗ = − iC̃ab∗ D∗C̃b• − iC̃ab• D∗C̃b∗ − D̄∗Ḡa∗•
[P∗P• + P•P∗]abC̃bi = ig[Pab∗ ∂iAb• + Pab• ∂iAb∗] +

s

2
Ωab(Σ̄aγit

bΣb + Σ̄bγit
bΣa)

P̂Υ(x) = Ω†(ÛΣa + V̂ Σb) (359)

with initial conditions

C̃µ(x∗ → −∞) = C̃µ(x∗ → −∞) = 0 ⇔ A∗(−∞, x•, x⊥) = A∗(x•, x⊥), A(x∗,−∞, x⊥) = A•(x•, x⊥),

Ai(−∞, x•, x⊥) = Ai(x∗,−∞, x⊥) = 0, Υ(−∞, x•, x⊥) = ξa(x•, x⊥), Υ(x∗,−∞, x⊥) = ξb(x∗, x⊥) (360)

Here A∗ = Ā∗ + C̃∗, P∗ = P̄∗ + C̃∗, and A• = Ā• + C̃•, P• = P̄• + C̃• and(
p̂+

2

s
p̂1Ā•

)
ξa(x∗, x⊥) =

(
p̂+

2

s
p̂2Ā•

)
ξb(x∗, x⊥) = 0 ⇒ (p̂+ V̂ )Σa = (p̂+ Û)Σb = 0 (361)
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gde Û ≡ γiU i, V̂ ≡ γiV i

G∗• = 0, G∗i = Ω(V∗i − ∂∗Σi)Ω†, G•i = Ω(U•i − ∂•Σi)Ω†,
Gik = Ω

(
− i[Ui, Vk]− i[Vi, Uk]− (DiΣk − i↔ k)− i[Σi,Σk]

)
Ω† (362)

gde

Σai (x) ≡
∫ x∗

−∞
d

2

s
z∗

∫ x•

−∞
d

2

s
z•
[
Σ̄a(z•, x⊥)tbγiΣb(z∗, x⊥) + Σ̄b(z∗, x⊥)tbγiΣa(z•, x⊥)

]
(363)

G•i(x)
x•→−∞→ Ḡ•i(x∗, x⊥), G∗i(x)

x∗→−∞→ Ḡ∗i(x•, x⊥), Σai (x)
x∗→±∞→ 0 (364)

1. Sdvig A→ A+A

∫
d4x

(
− 1

4
[Gµν(A+A)]2 +

1

2
(DµAµ +DµC̃µ)2 + (Ῡ + ψ̄)(D̂ + Â)(Υ + ψ)

)
(365)

=

∫
d4x

(
− 1

4
G2
µν +

1

2
(D̄µC̃µ)2 +Aaα

(
DµGaµα + Ῡγαt

aΥ−DαD̄µC̃aµ) + ψ̄D̂Υ + ῩD̂ψ +
1

2
Aaµ
(
D2gµν − 2iGµν

)ab
Abν

− gfabcAaαAbβDαAcβ −
g2

4
fabmf cdmAaαAbβAcαA

d
β + ψ̄Âψ

)
+

∫
d

2

s
x•dx⊥ [Aai(∞, x•, x⊥)Ga∗i(∞, x•, x⊥)− (∞→ −∞)] +

∫
d

2

s
x∗dx⊥ [Aai(x∗,∞, x⊥)Ga•i(x∗,∞, x⊥)− (∞→ −∞)]

2. Gauge transformation

Gauge transformation: Aµ = Ω†i∂µΩ + Ω†AµΩ, Aquant
new = Ω†AquantΩ

A• = A∗ = 0, Ai = Ui + Vi − Σi, G∗•(A) = 0,

G∗i(A) = V∗i − ∂∗Σi, G•i(A) = U•i − ∂•Σi, Gik(A) = − i[Ui, Vk]− i[Vi, Uk]− (DiΣk − i↔ k)− i[Σi,Σk]

DµGµi(A) =
2

s
∂∗G•i(A) +

2

s
∂•G∗i(A) + (∂k − iAk)Gki(A) = − ȲγitaY + (∂k − iAk)Gki(A),

DµGµ•(A) = − (∂i − iAi)G•i(A), DµGµ∗(A) = − (∂i − iAi)G∗i(A) (366)

gde

Y = Σa + Σb = [−∞•, x•]Â∗x ξa(x) + [−∞∗, x∗]Â•x ξb(x) (367)

so

Ȳγ•taY = Σ̄btaγ•Σb, Ȳγ∗taY = Σ̄ataγ∗Σa, ȲγitaY = Σ̄at
aγiΣb + Σ̄bt

aγiΣb (368)

Sdvig A→ A+ A, ψ → ψ + Y (bez surface terms):∫
d4x

(
− 1

4
[Gµν(A+ A)]2 +

1

2
(DµAµ)2 + (Ȳ + ψ̄)(D̂ + Â)(Y + ψ)

)
=

∫
d4x

(
− 1

4
G2
µν +Aaα

(
DµGaµα + ȲγαtaY) + ψ̄D̂Y + ȲD̂ψ +

1

2
Aaµ
(
D2gµν − 2iGµν

)ab
Abν

− gfabcAaαAbβDαAcβ −
g2

4
fabmf cdmAaαAbβAcαA

d
β + ψ̄Âψ

)
(369)
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UIUUI,EM C and Υ TAKUIE 4TO

C(x)Ψ(y) =

∫
DADψ̄Dψ A(x)ψ(y)e

∫
d4x

(
− 1

4 [Gµν(A+A)]2+ 1
2 (DµAµ)2+(Ȳ+ψ̄)(D̂+Â)(Y+ψ)

)
(370)

TOΓDA A = A + C UI Υ = Ψ + Y - PEUUIEHUIE YP-ŬI

δ
{∫

d4x
(
− 1

4
[Gµν(A+ A + C)]2 +

1

2
[Dµ(Aµ + Cµ)]2 + (Ȳ + Ψ̄ + ψ̄)(D̂ + Ĉ + Â)(Y + Ψ + ψ)

)}
= 0

⇒ DµGaµν + DνDµCaµ + Ῡγνt
aΥ = 0, D̂Υ = 0 (371)

HADO ΠPOBEPUIT’ DµCµ = 0 (order by order?)
Formulas

DµGµ•(A) + ta(Σ̄bγ•t
aΣb) = − ∂iG•i(A) + i[Ai, G•i(A)] + ta(Σ̄bγ•t

aΣb)

= − ∂i
(
[−∞∗, x∗]Ā•x Ḡ•i(x⊥, x∗)[x∗,−∞∗]Ā•x

)
+ i[U i + V i − Σi, U•i − ∂•Σi] + ta(Σ̄bγ•t

aΣb)

= − [−∞∗, x∗]Ā•x ∂iḠ•i(x⊥, x∗)[x∗,−∞∗]Ā•x
)
− i
∫ x∗

−∞
d

2

s
z∗[−∞∗, z∗]Ā•x Ḡ i

• (x⊥, z∗)[z∗, x∗]
Ā•
x Ḡ•i(x⊥, x∗)[x∗,−∞∗]Ā•x

+ i

∫ x∗

−∞
d

2

s
z∗[−∞∗, x∗]Ā•x Ḡ i

• (x⊥, x∗)[x∗, z∗]
Ā•
x Ḡ•i(x⊥, z∗)[z∗,−∞∗]Ā•x + ta(ξ̄b[x∗,−∞∗]Ā• p̂1t

a[−∞∗, x∗]Ā•ξb) + i[U i, U•i]

+ i[V i − Σi, U•i − ∂•Σi] = i[V i, U•i]− i[Σi, U•i]− i[V i, ∂•Σi] + i[Σi, ∂•Σi] (372)

Similarly

DµGµ∗(A) + ta(Σ̄aγ∗t
aΣa) = i[U i, V∗i]− i[Σi, V∗i]− i[U i, ∂∗Σi] + i[Σi, ∂∗Σi] (373)

Also,

DµGaµi(A) + ta(ȲγitaY) = (∂k − iAk)Gki(A) +
2

s
∂∗G•i(A) +

2

s
∂•G∗i(A) +

[
Σ̄atbγiΣb + Σ̄btbγiΣa

]
= (∂k − iUk − iV k + iΣk)(i[Ui, Vk] + i[Vi, Uk]

+ (DiΣk − i↔ k) + i[Σi,Σk]) −
[
Σ̄a(x•, x⊥)tbγiΣb(x∗, x⊥) + Σ̄b(x∗, x⊥)tbγiΣa(x•, x⊥)

]
+
[
Σ̄atbγiΣb + Σ̄btbγiΣa

]
= (∂k − iAk)Gki(A) = iDabk ([Ui, V

k] + i[Vi, U
k])b + O(∂4

⊥) (374)

CHA4AΛA δE3 KBAPKOB (4 1
p∗p•

C Eq. (147))

A
[2]
• (x) =

1

p2
‖
DµGµ• =

s

4p∗p•
DµGµ• =

is

4p∗p•
[V i, U•i] =

i

2

∫ x•

−∞
dz• [U i(x∗, x⊥), Vi(z•, z⊥)]

A
[2]
∗ (x) =

1

p2
‖
DµGµ∗ =

s

4p∗p•
DµGµ∗ =

is

4p∗p•
[U i, V•i] =

i

2

∫ x∗

−∞
dz∗ [V i(x•, x⊥), Ui(z∗, z⊥)]

A
[3]a
i (x) =

1

p2
‖
DµGaµi + 2i

1

p2
‖
Gab∗i

1

p2
‖
DµGbµ• + 2i

1

p2
‖
Gab•i

1

p2
‖
DµGbµ∗

=
s

4p∗p•
DkGaki +

is2

8

1

p∗p•
Gab∗i

1

p∗p•
DµGbµ• +

is2

8

1

p∗p•
Gab•i

1

p∗p•
DµGbµ∗ (375)

F
[3]
•i = ∂•

1

p2
‖
DµGµi − Di

1

p2
‖
DjGj• +

s

4

1

p∗
Gab•i

1

p∗p•
DµGbµ∗ +

s

4

1

p∗
Gab∗i

1

p∗p•
DµGbµ•

= − is

4p∗
DkGki − Di

s

4p∗p•
DµGµ• +

s

4

1

p∗
Gab•i

1

p∗p•
DµGbµ∗ +

s

4

1

p∗
Gab∗i

1

p∗p•
DµGbµ•

⇒ F•i(A) = G•i + F
[3]
•i = G•i −

is

4p∗
DkGki − Di

s

4p∗p•
DµGµ• +

s

4

1

p∗
Gab•i

1

p∗p•
DµGbµ∗ +

s

4

1

p∗
Gab∗i

1

p∗p•
DµGbµ•

= G•i −
is

4p∗
DkGki −

s

4p∗p•
DiDµGµ• +

s

4

1

p∗
Gab•i

1

p∗p•
DµGbµ∗ −

s

4

1

p∗p•
Gab•i

1

p•
DµGbµ•
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D∗F
a
•i(A) = ∂∗Ga•i + ∂∗F

[3]a
•i − iA

[2]ab
∗ Gb•i = ∂∗F

[3]a
•i + iGab•iA

[2]b
∗ (376)

= − s

4
DkGaki − ∂∗Di

s

4p∗p•
DµGµ• − iGab•i

s

4p∗p•
DµGbµ∗ − i

s

4
Gab∗i

1

p∗p•
DµGbµ• + i

s

4
Gab•i

1

p∗p•
DµGbµ∗

= − s

4
DkGaki − ∂∗Di

s

4p∗p•
DµGµ• − i

s

4
Gab∗i

1

p∗p•
DµGbµ• = − s

4
DkGaki + iDi

s

4p•
DµGµ•

D•F
a
∗i(A) = − s

4
DkGaki + iDi

s

4p∗
DµGµ∗

From Eq. (375)

s

4p∗
DµGµ∗ +

s

4p•
DµGµ• = i∂∗A

[2]
• (x) + i∂•A

[2]
∗ (x) = 0 (377)

and therefore

2

s
D∗F

a
•i(A) +

2

s
D•F

a
∗i(A) + DkGaki = iDi

( 1

2p∗
DµGµ∗ +

1

2p•
DµGµ•

)
= O(∂4

⊥)

− is

4p∗
DkGki − Di

s

4p∗p•
DµGµ• (378)

=
s

4p∗
(∂k − iUk − iV k)([Ui, Vk] + [Vi, Uk])− (pi + Ui + Vi)

s

4p∗p•
[V k, U•k]

= − 1

2

∫ x•

−∞
d

2

s
z• (i∂k + Uk + V k)ab([Ui, Vk] + [Vi, Uk])b(x∗, z•) +

1

2
(i∂i + Ui(x) + Vi(x))ab

∫ x•

−∞
d

2

s
z• [V k(z•), Uk(x•)]

b

C KBAPKAMUI

A
[2]
• (x) =

s

4p∗p•

(
DµGµ• + ta(Σ̄bγ•t

aΣb)
)

=
i

2

∫ x•

−∞
dz• [U i(x∗, x⊥), Vi(z•, z⊥)] + O(∂4

⊥)

A
[2]
∗ (x) =

s

4p∗p•

(
DµGµ∗ + ta(Σ̄aγ∗t

aΣa)
)

=
i

2

∫ x∗

−∞
dz∗ [V i(x•, x⊥), Ui(z∗, z⊥)] + O(∂4

⊥)

A
[3]a
i (x) =

1

p2
‖

(
DµGaµi + ȲγitaY

)
+ 2i

1

p2
‖
Gab∗i

1

p2
‖

(
DµGbµ• + Σ̄bγ•t

bΣb
)

+ 2i
1

p2
‖
Gab•i

1

p2
‖

(
DµGbµ∗ + Σ̄aγ∗t

bΣa
)

=
s

4p∗p•
DkGaki +

is2

8

1

p∗p•
Gab∗i

1

p∗p•

(
DµGbµ• + Ȳγ•tbY

)
+
is2

8

1

p∗p•
Gab•i

1

p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
(379)

gde wi uzd Σ̄aγ•t
bΣa = Σ̄bγ∗t

bΣb = 0

F
[3]
•i =

= − is

4p∗

(
DµGaµi + ȲγitaY

)
− Di

s

4p∗p•

(
DµGaµ• + Ȳγ•taY

)
+
s

4

1

p∗
Gab•i

1

p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
+
s

4

1

p∗
Gab∗i

1

p∗p•

(
DµGbµ• + Ȳγ•tbY

)
⇒ D∗F

a
•i(A) = ∂∗Ga•i + ∂∗F

[3]a
•i − iA

[2]ab
∗ G•i = − ∂∗∂•Σi + ∂∗F

[3]a
•i + iGab•iA

[2]b
∗

= − ∂∗∂̄•Σi −
s

4

(
DµGaµi + ȲγitaY

)
− ∂∗Di

s

4p∗p•

(
DµGaµ• + Ȳγ•taY

)
− iGab•i

s

4p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
− iGab∗i

s

4p∗p•

(
DµGbµ• + Ȳγ•tbY

)
+ i

s

4
Gab•i

1

p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
= − s

4
(Σ̄ataγiΣb + Σ̄btaγiΣa)− s

4

(
DµGaµi + ȲγitaY

)
+ iDi

s

4p•

(
DµGaµ• + Ȳγ•taY

)
(380)
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3. Lvertex

A
[2]
• (x) =

1

p2

(
DµGµ• + ta(Σ̄bγ•t

aΣb)
)

= i

∫
d4z(x| 1

p2
|z)
(
[V i, U•i]− [Σi, U•i]− [V i, ∂•Σi] + [Σi, ∂•Σi]

)
A

[2]
∗ (x) =

1

p2

(
DµGµ∗ + ta(Σ̄aγ∗t

aΣa)
)

= i

∫
d4z(x| 1

p2
|z)
(
[U i, V∗i]− [Σi, V∗i]− [U i, ∂∗Σi] + [Σi, ∂∗Σi]

)
A

[3]a
i (x) =

1

p2

(
DµGaµi + ȲγitaY

)
+ 2i

1

p2
Gab∗i

1

p2

(
DµGbµ• + Σ̄bγ•t

bΣb
)

+ 2i
1

p2
Gab•i

1

p2

(
DµGbµ∗ + Σ̄aγ∗t

bΣa
)

(381)

E. EUUI,Ë PA3: ΠAPAMETP ∂⊥

First approximation:

A• = A∗ = 0, Ai = Ui + Vi, G∗•(A) = 0,

G∗i(A) = V∗i, G•i(A) = U•i, Gik(A) = − i[Ui, Vk]− i[Vi, Uk]

Y = Σa + Σb = Σa = [−∞•, x•]Â∗x ξa(x), Σb = [−∞∗, x∗]Â•x ξb(x) (382)

CBOŬICTBA CAMOCOΓΛACOBAHHOCTUI

Ȳγ•taY = Σ̄btaγ•Σb, Ȳγ∗taY = Σ̄ataγ∗Σa, ȲγitaY = Σ̄at
aγiΣb + Σ̄bt

aγiΣb,

∂iGa•i = Σ̄aγ•t
aΣa, ∂iGa∗i = Σ̄bγ∗t

aΣb (383)

DµGµi(A) =
2

s
∂∗G•i(A) +

2

s
∂•G∗i(A) + (∂k − iAk)Gki(A) = (∂k − iAk)Gki(A),

DµGµ•(A) = − (∂i − iAi)G•i(A), DµGµ∗(A) = − (∂i − iAi)G∗i(A), (384)

Sdvig A→ A+ A, ψ → ψ + Y (bez surface terms):∫
d4x

(
− 1

4
[Gµν(A+ A)]2 +

1

2
(DµAµ)2 + (Ȳ + ψ̄)(D̂ + Â)(Y + ψ)

)
=

∫
d4x

(
− 1

4
G2
µν +Aaα

(
DµGaµα + ȲγαtaY) + ψ̄D̂Y + ȲD̂ψ +

1

2
Aaµ
(
D2gµν − 2iGµν

)ab
Abν

− gfabcAaαAbβDαAcβ −
g2

4
fabmf cdmAaαAbβAcαA

d
β + ψ̄Âψ

)
(385)

UIUUI,EM C and Υ TAKUIE 4TO

C(x)Ψ(y) =

∫
DADψ̄Dψ A(x)ψ(y)e

∫
d4x

(
− 1

4 [Gµν(A+A)]2+ 1
2 (DµAµ)2+(Ȳ+ψ̄)(D̂+Â)(Y+ψ)

)
(386)

TOΓDA A = A + C UI Υ = Ψ + Y - PEUUIEHUIE YP-ŬI

δ
{∫

d4x
(
− 1

4
[Gµν(A+ A + C)]2 +

1

2
[Dµ(Aµ + Cµ)]2 + (Ȳ + Ψ̄ + ψ̄)(D̂ + Ĉ + Â)(Y + Ψ + ψ)

)}
= 0

⇒ DµGaµν + DνDµCaµ + Ῡγνt
aΥ = 0, D̂Υ = 0 (387)

HADO ΠPOBEPUIT’ DµCµ = 0 (order by order?)

ΛUIHEŬIHUIŬI 4ΛEH B UIHTEΓPAΛE (385)

DµGµ•(A) + ta(Ȳγ•taY) = − ∂iG•i(A) + i[Ai, G•i(A)] + ta(Σ̄bγ•t
aΣb) = i[V i, U•i]

DµGµ∗(A) + ta(Ȳγ∗taY) = − ∂iG∗i(A) + i[Ai, G∗i(A)] + ta(Σ̄bγ∗t
aΣb) = i[U i, V∗i]

DµGµi(A) = − DkGik(A) = i(∂k − i[Uk + Vk)([Ui, Vk] + [Vi, Uk]) (388)
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ΠOΛE Cµ

C• = A
[2]
• (x) =

s

4p∗p•

(
DµGµ• + ta(Σ̄bγ•t

aΣb)
)

=
i

2

∫ x•

−∞
dz• [U i(x∗, x⊥), Vi(z•, z⊥)] + O(∂4

⊥)

C∗ = A
[2]
∗ (x) =

s

4p∗p•

(
DµGµ∗ + ta(Σ̄aγ∗t

aΣa)
)

=
i

2

∫ x∗

−∞
dz∗ [V i(x•, x⊥), Ui(z∗, z⊥)] + O(∂4

⊥)

Ci = A
[3]a
i (x) =

1

p2
‖

(
DµGaµi + ȲγitaY

)
+ 2i

1

p2
‖
Gab∗i

1

p2
‖

(
DµGbµ• + Σ̄bγ•t

bΣb
)

+ 2i
1

p2
‖
Gab•i

1

p2
‖

(
DµGbµ∗ + Σ̄aγ∗t

bΣa
)

=
s

4p∗p•

(
DkGaki + ȲγitaY

)
− s2

8

1

p∗p•
Gab∗i

1

p∗p•
[V j , U•j ]

b − s2

8

1

p∗p•
Gab•i

1

p∗p•
[U j , V∗j ]

b

=
s

4p∗p•

(
DkGaki + ȲγitaY

)
− is

2

8

1

p∗p•
V ab∗i

1

p∗
[U j , Vj ]

b + i
s2

8

1

p∗p•
Uab•i

1

p•
[U j , Vj ]

b (389)

Check DµCµ = 0:

2

s
∂∗C• +

2

s
∂•C∗ = 0,

2

s
∂∗C• +

2

s
∂•C∗ + DiCi = O(∂4

⊥) (390)

F
[3]
•i = ∂•A

[3]
i (x)− DiA[2]

• (x)

= − is

4p∗

(
DµGaµi + ȲγitaY

)
− Di

s

4p∗p•

(
DµGaµ• + Ȳγ•taY

)
+
s

4

1

p∗
Gab•i

1

p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
+
s

4

1

p∗
Gab∗i

1

p∗p•

(
DµGbµ• + Ȳγ•tbY

)
=

is

4p∗
(DkGaik − ȲγitaY) + Dabi

s

4p∗
[U j , Vj ]

b +
s

4

1

p∗
Uab•i

1

p•
[U j , Vj ]

b (391)

D∗F
a
•i(A) = ∂∗Ga•i + ∂∗F

[3]a
•i − iA

[2]ab
∗ G•i = − ∂∗F [3]a

•i + iGab•iA
[2]b
∗

= − s

4

(
DµGaµi + ȲγitaY

)
− ∂∗Di

s

4p∗p•

(
DµGaµ• + Ȳγ•taY

)
− iGab•i

s

4p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
− iGab∗i

s

4p∗p•

(
DµGbµ• + Ȳγ•tbY

)
+ i

s

4
Gab•i

1

p∗p•

(
DµGbµ∗ + Ȳγ∗tbY

)
= − s

4

(
DµGaµi + ȲγitaY

)
+ iDi

s

4p•

(
DµGaµ• + Ȳγ•taY

)
=

s

4
(DkGaik − ȲγitaY)− is

4
Di[U j , Vj ]

(392)

We get YM equation:

D∗Fa•i ≡ D∗F
a
•i(A) = − s

4

(
DµGaµi + ȲγitaY

)
− s

4
Di[V j , Uj ] + O(∂4

⊥)

D•Fa∗i ≡ D•F
a
∗i(A) = − s

4

(
DµGaµi + ȲγitaY

)
− s

4
Di[U j , Vj ] + O(∂4

⊥)

⇒ 2

s
(D∗Fa•i +D•Fa∗i) = − DkGaki − ȲγitaY + O(∂4

⊥) ⇒ DµFµi = − ȲγitaY + O(∂4
⊥) (393)

XIII. FEYNMAN OδXOD

(x| 1

p2 + iε
|z) =

i

4π
ln[−(x− z)∗ + iε(x− z)•] +

i

4π
ln[(x− z)• − iε(x− z)∗] + const (394)

Cutoffs: we are solving YM equation in a region where (x− z)2
⊥ � m−2

⊥ where m−2
⊥ is a characteristic transverse size

of Ā∗ and/or Ā•. Let a be the characteristic α’s in Ā• and b be the characteristic β’s in Ā∗.
TOΓDA:

(x| 1

p2 + iε
|z) =

i

4π
ln[−b(x− z)∗ + iε(x− z)•] +

i

4π
ln[a(x− z)• − iε(x− z)∗] (395)
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if abs� m2
⊥ (see Eq. (416)) and

(x| 1

p2 + iε
|z) =

i

4π
ln[−4

s
(x−z)∗(x−z)•m2

⊥+iε] =
i

4π
ln[−2m⊥√

s
(x−z)∗+iε(x−z)•]+

i

4π
ln[

2m⊥√
s

(x−z)•−iε(x−z)∗]

(396)
if abs� m2

⊥. so

(x| 1

P̄∗P̄• + iε
P̄∗|z) = (x| 1

P̄• + iεp∗
|z) = − (2π)−1

x• − z• − iε(x− z)∗
[x∗, z∗]

A•

(x| 1

P̄•P̄∗ + iε
P̄•|z) = (x| 1

P̄∗ + iεp•
|z) = − (2π)−1

x∗ − z∗ − iε(x− z)•
[x•, z•]

A∗ (397)

(cf. Eq. (147)).

(x| 1

P̄•P̄∗ + iε
|y) = (x| 1

P̄∗ + iεp•
|z)(z| 1

P̄• + iεp∗
|y) =

1

4π2

∫
dz

[x•, z•]
A∗

x∗ − z∗ − iε(x− z)•
[z∗, y∗]

A•

z• − y• − iε(z − y)∗

=
1

4π2

∫
dz
( [x•, z•]

A∗

x∗ − z∗ − iε
− 2πiθ(z − x)•δ(x∗ − z∗)

)( [z∗, y∗]
A•

z• − y• − iε
− 2πiθ(y − z)∗δ(z• − y•)

)
(x| 1

P̄∗P̄• + iε
|y) = (x| 1

P̄• + iεp∗
|z)(z| 1

P̄∗ + iεp•
|y) =

1

4π2

∫
dz

[x∗, z∗]
A•

x• − z• − iε(x− z)∗
[z•, y•]

A∗

z∗ − y∗ − iε(z − y)•
(398)

ECΛUI Ā∗(x•)→ 0 ΠPUI x• → ±∞, TO

C̄
(1)
∗ (x) = − 1

2πs

∫
dz∗dz•

1

x• − z• − iε(x− z)∗
[x∗, z∗]

A• [Ā∗(z•), Ā•(z∗)][z∗, x∗]
A• ⇒ C̄

(1)
∗ (x∗, x• = ±∞) = 0

C̄
(1)
∗ (x•, x∗ =∞) =? − 1

2π

∫
dz•

1

x• − z• + iε
([∞∗,−∞∗]A• − 1)abĀb∗(z•) (399)

OΠEPDEΛEHUIE

A
(+)
• (x∗) = − i

2π

∫
dz∗

1

x∗ − z∗ − iε
A•(z∗), A

(−)
• (x∗) =

i

2π

∫
dz∗

1

x∗ − z∗ + iε
A•(z∗)

A
(+)
∗ (x•) = − i

2π

∫
dz•

1

x• − z• − iε
A∗(z•), A

(−)
∗ (x•) =

i

2π

∫
dz•

1

x• − z• + iε
A∗(z•) (400)

(Ā• + C̄
(1)
• )(x∗) = Ā

(+)
• (x∗) +

i

2

∫ x•

−∞
d

2

s
x′•[Ā∗(x

′
•), Ā

(+)
• (x∗)] + Ā

(−)
• (x∗)−

i

2

∫ ∞
x•

d
2

s
x′•[Ā∗(x

′
•), Ā

(−)
• (x∗)]

(Ā∗ + C̄
(1)
∗ )(x•) = Ā

(+)
∗ (x•) +

i

2

∫ x∗

−∞
d

2

s
x′∗[Ā•(x

′
∗), Ā

(+)
∗ (x•)] + Ā

(−)
∗ (x•)−

i

2

∫ ∞
x∗

d
2

s
x′∗[Ā•(x

′
∗), Ā

(−)
∗ (x•)] (401)

1. F•i

Solution of Eq. (217)

C̄ai = − i
∫
d4z Λabx (x| 1

p2 + iε
|z)∂2((∂iΛ

†)Λ)b = − 4i

s

∫
d4z Λabx (x| 1

p2
|z)∂∗∂•((∂iΛ†z)Λz)b (402)

C̄ai = − i
∫
d4z Λabx (x| 1

p2
|z)∂2((∂iΛ

†)Λ)b (403)

= − is
∫
d4z Λabx (x| 1

p2
|z) ∂

∂z∗

∂

∂z•
((∂iΛ

†
z)Λz)

b = (Λi∂iΛ
†)a − 4

s
Λabx

∫
d2z⊥dz•(x|

p∗
p2
|z)((∂iΛ†z)Λz)b

∣∣∣z∗=∞
z∗=−∞

− 4

s
Λabx

∫
d2z⊥dz∗(x|

p•
p2
|z)((∂iΛ†z)Λz)b

∣∣∣z•=∞
z•=−∞

− 2iΛabx

∫
d2z⊥(x| 1

p2
|z)((∂iΛ†z)Λz)b

∣∣∣z∗=∞
z∗=−∞

∣∣∣z•=−∞
z•=∞
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Now

F a•i(x) = ∂•C̄
a
i − ∂i(Ā• + C̄•)

a − i(Ā+ C̄)ab• C̄
b
i = Λam∂•(Λ

†mbC̄bi )− i∂i(Λ∂•Λ†)a

= − 4

s
Λabx

∫
dz (x| p•

p2 + iε
|z)∂∗∂•((∂iΛ†z)Λz)b − i∂i(Λ∂•Λ†)a = − 4

s
Λabx

∫
dz (x| p•

p2 + iε
|z)∂∗Λ†bc∂i(Λz∂•Λ†z)c − i∂i(Λ∂•Λ†)a

= − 4

s
Λabx

∫
dz∗ (x| p•

p2 + iε
|z)Λ†bcz ∂i(Λz∂•Λ

†
z)
c
∣∣∣z•=∞
z•=−∞

= − 4

s
Λabx

∫
dz∗ (x| p•

p2 + iε
|z)∂•(∂iΛ†zΛz)b

∣∣∣z•=∞
z•=−∞

=
1

2π
Λabx

∫
dz∗

( 1

x∗ − z∗ + iε
Λ†bcz ∂i(Λz∂•Λ

†
z)
c
∣∣∣
z•=∞

− 1

x∗ − z∗ − iε
Λ†bcz ∂i(Λz∂•Λ

†
z)
c
∣∣∣
z•=−∞

)
=

1

2π
Λabx

∫
dz∗

( 1

x∗ − z∗ + iε
∂•(∂iΛ

†
zΛz)

b
∣∣∣
z•=∞

− 1

x∗ − z∗ − iε
∂•(∂iΛ

†
zΛz)

b
∣∣∣
z•=−∞

)
(404)

where we uzd eq. (218).
UI ΠO3TOMY∫

dx F a•i(x)F ai∗ (x)

= −
∫
dz• ∂∗(∂iΛ

†
zΛz)

a
∣∣∣z∗=∞
z∗=−∞

∫
dz′∗(z∗, z•|

1

p∗p• + iε
|z′∗, z′•)∂•(∂iΛ†zΛz)a

∣∣∣z′•=∞
z′•=−∞

(405)

2. Action

Ā+ C̄ ≡ A, χ+ ξ ≡ Υ∫
d4x
(
− 1

4
[Gaµν(A+ Ā)]2 − 1

2
[(D̄µ − iC̄µ)Aµ]2

)
+ (ψ̄ + Ῡ)(P̂ + Â)(ψ + Υ)

)
⇒

∫
d4x
(
− 1

4
[Gaµν(A+A)]2 − 1

2
(DµAµ + D̄µC̄µ)2 + Ῡ(P̂ + Â)Υ

)
=

∫
d4x
(
− 1

4
(Gaµν)2 − GaµνDµAaν −Aaµ

1

2
(D2gµν − 2iGµν)abAbν − (DµAaµ)D̄νC̄aν −

1

2
(D̄µC̄aµ)2 + (ψ̄ + Ῡ)(P̂ + Â)(ψ + Υ)

)
=

∫
d4x
(
− 1

4
(Gaµν)2 − 1

2
(D̄µC̄aµ)2 +Aaν(DµGaµν +DνD̄µC̄aµ)−Aaµ 1

2
(D2gµν − 2iGµν)abAbν + (ψ̄ + Ῡ)(P̂ + Â)(ψ + Υ)

)
−
∫
d

2

s
x∗ dx⊥ (Ga•µAaµ +Aa•D̄

µC̄aµ)
∣∣∣x•=∞
x•=−∞

−
∫
d

2

s
x• dx⊥ (Ga∗µAaµ +Aa∗D̄

µC̄aµ)
∣∣∣x∗=∞
x∗=−∞

(406)

Classical equations: P̂Υ ≡ (P̄ + C̄)(ξ + χ) = 0 and

DµGaµν +DνD̄µC̄aµ + ῩtaγνΥ = 0

⇔ (P̄ 2gαµ + 2iḠαµ)abC̄cµ = D̄µḠaµα + fabcC̄bµ(2D̄µC̄
c
α − D̄αC̄µ)c + fabmf cdmC̄bµC̄cµC̄

d
α + ῩtaγαΥ (407)

which coincides with Eqs. (160).
The action from Eq. (259) has the form∫

d4x
(
− 1

4
(Gaµν)2 − 1

2
(D̄µC̄aµ)2

)
(408)

(P̄ 2gαβ + 2igḠαβ)abC̄bβ = D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabmf cdmC̄bβC̄cαC̄
d
β + (ξ̄ + χ̄)γαt

a(ξ + χ)

( ˆ̄P + ˆ̄C)(ξ + χ) = 0, (ξ̄ + χ̄)( ˆ̄P + ˆ̄C) = 0 (409)

3. Self-consistency of D̄µC̄µ = 0

DµGaµα = (D̄µ − iC̄µ)ab(Ḡbµα + D̄µC̄
b
α − D̄αC̄

b
µ + f bmnC̄mµ C̄

n
α)

= D̄µḠaµα + (D̄2gαµ − 2iḠαµ)abC̄cµ + fabkfmnkC̄µbC̄mµ C̄
n
α + famnC̄mµ (D̄µC̄α − D̄αC

µ)n

⇒ (P̄ 2gαµ + 2iḠαµ)abC̄cµ = D̄µḠaµα + fabcC̄bµ(D̄µC̄cα − D̄αC̄
µc) + fabmf cdmC̄bµC̄cµC̄

d
α + fabcC̄bαD̄

µC̄cµ + ῩtaγαΥ

⇔ (P̄ 2gαµ + 2iḠαµ)abC̄cµ = D̄µḠaµα + fabcC̄bµ(2D̄µC̄
c
α − D̄αC̄

c
µ) + fabmf cdmC̄bµC̄cµC̄

d
α + ῩtaγαΥ (410)
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A. Iz D̄µC̄µ zero?

C̄aµ =
( 1

P̄ 2gµα + 2igḠµα

)ma(
D̄abξḠbξα + gfabc(2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ)− g2fabmf cdmC̄bβC̄cαC̄

d
β + (ξ̄ + χ̄)γαt

a(ξ + χ)
)

⇒ D̄µC̄
mµ =

( 1

P 2
D̄α
)ma(

D̄abξḠbξα + gfabc(2C̄bβD̄
βC̄cα − C̄bβD̄αC̄

cβ)− g2fabnf cdnC̄bβC̄cαC̄
d
β + (ξ̄ + χ̄)γαt

a(ξ + χ)
)

− i
( 1

P̄ 2
D̄λḠλρ

1

P̄ 2gρα + 2iḠρα

)ma(
D̄abξḠbξα + gfabc(2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ)− g2fabnf cdnC̄bβC̄cαC̄

d
β + (ξ̄ + χ̄)γαt

a(ξ + χ)
)

=
( 1

P 2

)mn[
gfnbc

(
2D̄αC̄bβD̄

βC̄cα + 2C̄bβD̄
αD̄βC̄cα − D̄αC̄bβD̄αC̄

cβ − C̄bβD̄2C̄cβ − g2fnblf cdlD̄αC̄bβC̄cαC̄
d
β

)
− g2fnblf cdlC̄bβ(D̄αC̄cαC̄

d
β + C̄cαD̄

αC̄dβ) + (ξ̄ + χ̄)(

←
ˆ̄D tn + tn ˆ̄D)(ξ + χ)

]
(411)

− i
( 1

P̄ 2
D̄λḠλρ

1

P̄ 2gρα + 2iḠρα

)ma(
D̄abξḠbξα + gfabc(2C̄bβD̄

βC̄cα − C̄bβD̄αC̄
cβ)− g2fabnf cdnC̄bβC̄cαC̄

d
β + (ξ̄ + χ̄)γαt

a(ξ + χ)
)

where wi uzd Eq. (54)

1. Two ∂⊥’s, one Ā• and one Ā∗

C̄1a
i (x) =

2

s

∫
dz(x| 1

p2 + iεp0
|z)(D̄∗Ḡa•i(z) + D̄•Ḡ

a
∗i(z)) = − 2

s
fabc

∫
dz(x| 1

p2 + iεp0
|z)(Ab•∂iAc∗ +Ab∗∂iA

c
•)

F
(1)
•i (x) = −

∫
dz (x| 1

p∗ + iε
|z)Āab∗ Ḡb•i(z) ⇒ ∂iF

(1)
•i =

∫
dz (x| 1

p∗ + iε
|z)Ḡab∗i Ḡbi• (z)−

∫
dz (x| 1

p∗ + iε
|z)Āab∗ ∂iḠb•i(z)

c̄a∗(x) = −
∫
dz(x| 1

p2 + iεp0
|z)∂2

⊥C̄•(z)

D̄∗c̄
a
•(x) =

s

8

∫
dz(x| 1

p• + iεp0
|z)∂2

⊥
1

P̄∗ + iε
Ḡ∗•(z) '

s

8

∫
dz(x| 1

(p• + iε)(p∗ + iε)
|z)∂2

⊥Ḡ∗•(z) (412)

B. Λ do Ā2

ΠOΠUITKA

Λi∂•Λ
†(x∗, x•) (413)

=
[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā

(+)
• (x′∗)− i

∫ ∞
x∗

d
2

s
x′∗Ā

(−)
• (x′∗)−

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā

(+)
• (x′∗) +

∫ ∞
x∗

d
2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā

(−)
• (x′∗)

+

∫ x∗

−∞
d

2

s
x′∗

∫ ∞
x′∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā

(+)
• (x′∗)−

∫ ∞
x∗

d
2

s
x′∗

∫ ∞
x′∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā

(−)
• (x′∗)

]
× i∂•

[
1− i

∫ x∗

−∞
d

2

s
x′∗Ā

(+)
• (x′∗) + i

∫ ∞
x∗

d
2

s
x′∗Ā

(−)
• (x′∗)−

∫ x∗

−∞
d

2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā

(+)
• (x′∗) +

∫ ∞
x∗

d
2

s
x′∗

∫ x′∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā

(−)
• (x′∗)

+

∫ x∗

−∞
d

2

s
x′∗

∫ ∞
x′∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā

(+)
• (x′∗)−

∫ ∞
x∗

d
2

s
x′∗

∫ ∞
x′∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā

(−)
• (x′∗)

]
=
[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā

(+)
• (x′∗)− i

∫ ∞
x∗

d
2

s
x′∗Ā

(−)
• (x′∗)

][
Ā•(x∗)

− i

∫ x∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā

(+)
• (x∗)− i

∫ x∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā

(−)
• (x∗) + i

∫ ∞
x∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā

(+)
• (x∗) + i

∫ ∞
x∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā

(−)
• (x∗)

]
=
[
1 + i

∫ x∗

−∞
d

2

s
x′∗Ā

(+)
• (x′∗)− i

∫ ∞
x∗

d
2

s
x′∗Ā

(−)
• (x′∗)

][
Ā•(x∗)− i

∫ x∗

−∞
d

2

s
x′′∗Ā

(+)
• (x′′∗)Ā•(x∗) + i

∫ ∞
x∗

d
2

s
x′′∗Ā

(−)
• (x′′∗)Ā•(x∗)

]
= Ā•(x∗)
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Λ† = Ω†(1 + δλ)

Λi∂•Λ
†(x∗, x•) = (1− δλ)Ωi∂•Ω

†(1 + δλ) = Ā• + C̄• + (i∂• + [Ā• + C̄•, )δλ (414)

= Ā• −
i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iεp0
|z)abḠb∗•(z) + (i∂• + [Ā• + C̄•, )δλ = Ā• −

i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iε
|z)abḠb∗•(z)

⇒ P̄•δλ
a =

i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iεp0
− P̄•

1

P̄∗P̄• + iε
|z)abḠb∗•(z)

⇒ δλ =
2

s

∫
d2z (x| 1

p2 + iεp0
− 1

p2 + iε
|z)[Ā∗(z•), Ā•(z∗)] +

∫
d2z (x|δ(p•)

1

p∗
|z)
(
c1Ā∗(z•)Ā•(z∗) + c2Ā•(z∗)Ā∗(z•)

)

δλ = − i2
s

∫
d2z (x|2πδ(p2)θ(−p0)|z)[Ā∗(z•), Ā•(z∗)] =

i

2πs

∫
d2z ln

(
− 4

s
(x− z)∗(x− z)• − iε(x− z)0

)
[Ā∗(z•), Ā•(z∗)] (415)

=
i

πs2

∫
dz∗dz•

{
ln
(
− (x− z)∗ − iε

)
+ ln

(
(x− z)• + iε

)}
[Ā∗(z•), Ā•(z∗)] +

∫
d2z (x|δ(p∗)

1

p•
|z)
(
d1Ā∗(z•)Ā•(z∗) + d2Ā•(z∗)Ā∗(z•)

)
Cutoffs:

δλ = − i2
s

∫
d2z (x|2πδ(p2)θ(−p0)|z)[Ā∗(z•), Ā•(z∗)] = − i

∫
d2z

∫
d−αd−β e−iα(x−z)•−iβ(x−z)∗2πδ(αβs)θ(−p0)[Ā∗(z•), Ā•(z∗)]

= − 2πi

s

∫
d2z

∫
d−αd−β eiα(x−z)•+iβ(x−z)∗

(θ(β)

β
δ(α)[Ā∗(z•), Ā•(z∗)] +

θ(α)

α
δ(β)[Ā∗(z•), Ā•(z∗)] +

θ(α)

α
δ(β)X3

)
= − 2i

s2

∫
dz•dz∗

∫ ∞
a

d−α

α
eiα(x−z)• [Ā∗(z•), Ā•(z∗)]−

2i

s2

∫
dz•dz∗

∫ ∞
b

d−β

β
eiβ(x−z)∗ [Ā∗(z•), Ā•(z∗)]

=
i

πs2

∫
dz∗dz•

{
ln b(x∗ − z∗ + iε)[Ā∗(z•), Ā•(z∗)] + ln a(x• − z• + iε)

(
[Ā∗(z•), Ā•(z∗)] +X3

)}
(416)

Similarly

δλ =

=
i

πs2

∫
dz∗dz•

{
− ln a(x• − z• + iε)[Ā∗(z•), Ā•(z∗)]− ln b(x∗ − z∗ + iε)

(
[Ā∗(z•), Ā•(z∗)] +X3′

)}
(417)

Guess

δλ =
i

πs2

∫
dz∗dz•

{
− ln a(x• − z• + iε)[Ā∗(z•), Ā•(z∗)] + ln b(x∗ − z∗ + iε)[Ā∗(z•), Ā•(z∗)]

}
(418)

UI TOΓDA

Ω†(1 + δλ) = 1− 2

s2

∫ x∗

−∞
dz∗

∫ x•

−∞
dz•
(
Ā•(z∗)Ā∗(z•) + Ā∗(z•)Ā•(z∗)

)
(419)

+
i

πs2

∫
dz∗dz•

{
− ln a(x• − z• + iε)[Ā∗(z•), Ā•(z∗)] + ln b(x∗ − z∗ + iε)[Ā∗(z•), Ā•(z∗)]

}
(420)

ln(x• − z• − iε(x− z)∗) = ln(x• − z• + iε)− 2πiθ(x∗ − z∗)θ(z• − x•)
ln
(
− (x− z)• + iε(x− z)∗

)
= ln(−x• + z• − iε) + 2πiθ(x∗ − z∗)θ(x• − z•) (421)

⇒

Ω†(1 + δλ) = 1− 2

s2

∫ x∗

−∞
dz∗

∫ x•

−∞
dz•
(
Ā•(z∗)Ā∗(z•) + Ā∗(z•)Ā•(z∗)

)
(422)

+
i

πs2

∫
dz∗dz•

{
− ln a(x• − z• + iε)Ā∗(z•)Ā•(z∗) + ln a(x• − z• + iε)Ā•(z∗)Ā∗(z•) + 2πiθ(x∗ − z∗)θ(x• − z•)Ā•(z∗)Ā∗(z•)

+ ln b(x∗ − z∗ + iε)Ā∗(z•)Ā•(z∗)− ln b(x∗ − z∗ + iε)Ā•(z∗)Ā∗(z•) + 2πiθ(x∗ − z∗)θ(x• − z•)Ā∗(z•)Ā•(z∗)
}

(423)

EUUI,Ë ΠOΠUITKA:

Λ†(x∗, x•) = Λ(1)(1 + δλ) = 1− i
∫ x•

−∞
d

2

s
z•Ā∗(z•)− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗) + δλ (424)
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Λi∂•Λ
†(x∗, x•) = (1− δλ)Λ(1)i∂•Λ

†
(1)(1 + δλ) = Ā• +

2i

s

∫ x•

−∞
dz•Ā∗(z•)Ā•(x∗) + i∂•δλ = Ā• −

i

2

∫
d2z (x|P̄•

1

P̄∗P̄• + iε
|z)abḠb∗•(z)

⇒ i∂•δλ = − 2

s

∫
d2z (x| p•

p2 + iε
|z)[Ā∗(z•), Ā•(z∗)]−

2i

s

∫ x•

−∞
dz•Ā∗(z•)Ā•(x∗)

=
1

4π

∫
d2z

1

x∗ − z∗ − iε(x− z)•
[Ā∗(z•), Ā•(z∗)]−

2i

s

∫ x•

−∞
dz•Ā∗(z•)Ā•(x∗) =

⇒ δλ = − 2

s

∫
d2z (x| 1

p2 + iε
|z)[Ā∗(z•), Ā•(z∗)]−

4

s2

∫ x•

−∞
dz•

∫ x∗

±∞
dz∗ Ā∗(z•)Ā•(z∗) + f(x•)

= − i

2πs

∫
d2z ln(−a(x− z)• + iε(x− z)∗)[Ā∗(z•), Ā•(z∗)]−

i

2πs

∫
d2z ln(−a(x− z)∗ + iε(x− z)•)[Ā∗(z•), Ā•(z∗)]

+

∫
d2z (x|δ(p•)

1

p∗
|z)
(
c1Ā∗(z•)Ā•(z∗) + c2Ā•(z∗)Ā∗(z•)

)
− 4

s2

∫ x•

−∞
dz•

∫ x∗

−∞
dz∗ Ā∗(z•)Ā•(z∗)

= − i

2πs

∫
d2z ln(−a(x− z)• − iε)[Ā∗(z•), Ā•(z∗)]−

i

2πs

∫
d2z ln(−a(x− z)∗ − iε[Ā∗(z•), Ā•(z∗)]

+

∫
d2z

{
(x|δ(p•)

1

p∗
|z)
(
c1Ā∗(z•)Ā•(z∗) + c2Ā•(z∗)Ā∗(z•)

)
− 1

s
θ(x∗ − z∗)θ(x• − z•)

(
Ā∗(z•)Ā•(z∗) + Ā•(z∗)Ā∗(z•)

)}
Similarly

Λi∂∗Λ
†(x∗, x•) = (1− δλ)Λ(1)i∂∗Λ

†
(1)(1 + δλ) = Ā∗ + (i∂∗ + [Ā∗, )δλ = Ā∗ +

i

2

∫
d2z (x|P̄∗

1

P̄∗P̄• + iε
|z)abḠb∗•(z)

⇒ δλ =
i

2πs

∫
d2z ln(−a(x− z)• − iε)[Ā∗(z•), Ā•(z∗)] +

i

2πs

∫
d2z ln(−a(x− z)∗ − iε)[Ā∗(z•), Ā•(z∗)]

+

∫
d2z

{
(x|δ(p∗)

1

p•
|z)
(
c2Ā∗(z•)Ā•(z∗) + c1Ā•(z∗)Ā∗(z•)

)
− 1

s
θ(x∗ − z∗)θ(x• − z•)

(
Ā∗(z•)Ā•(z∗) + Ā•(z∗)Ā∗(z•)

)}
⇒ (cf. Eq. (184)

δλ =
i

2πs

∫
d2z

[(
ln[−a(x− z)• − iε]− ln[−b(x− z)∗ − iε]

)
[Ā∗(z•), Ā•(z∗)] + 2πiθ(x∗ − z∗)θ(x• − z•)

{
Ā∗(z•), Ā•(z∗)

}]
= δω +

i

2πs

∫
d2z

[(
ln[−a(x− z)• − iε]− ln[−b(x− z)∗ − iε]

)
[Ā∗(z•), Ā•(z∗)] (425)

Chek

Λ
(1)
• (x) = C̄

(1)
• (x) = − 2

s

∫
d2z(x| p•

p2 + iε
|z)[Ā∗(z•), Ā•(z∗)] =

1

2πs

∫
dz∗dz• [x•, z•]

A∗
[Ā∗(z•), Ā•(z∗)]

x∗ − z∗ − iε(x− z)•
[z•, x•]

A∗ ,

Λ
(1)
∗ (x) = C̄

(1)
∗ (x) = − 1

2πs

∫
dz∗dz•

1

x• − z• − iε(x− z)∗
[x∗, z∗]

A• [Ā∗(z•), Ā•(z∗)][z∗, x∗]
A• (426)

C̄
(1)
• (x) =

2i

s

∫ x•

−∞
dz•Ā∗(z•)Ā•(x∗) + i∂•δλ (427)

=
2i

s

∫ x•

−∞
dz•Ā∗(z•)Ā•(x∗) +

1

4π

∫
d2z

1

(x− z)∗ + iε
[Ā∗(z•), Ā•(z∗)]−

i

s

∫ x•

−∞
dz•{Ā∗(z•), Ā•(z∗)} = r.h.s. of Eq. (426)

C. Λ do Ā3

Λ = ΩM ⇒ Λµ = iΛ∂µΛ† = iΩM∂µM
†Ω† = iΩ∂µΩ† + Ωi(M∂µM

†)Ω† ⇒ iM∂µM
† = Ω†(Λµ − Ωµ)Ω (428)
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1. do Ā2

Λ• − Ω• = − i

2

∫
d

2

s
z•

(
θ(x• − z•)[Ā∗(z•), Ā•(x∗)] +

i

2π

∫
dz∗

1

x∗ − z∗ − iε(x− z)•
[Ā∗(z•), Ā•(z∗)]

)
(429)

=
1

4π

∫
d

2

s
z•dz∗

1

x∗ − z∗ + iε
[Ā∗(z•), Ā•(z∗)] ⇒ i

s

2

∂

∂x∗
M† =

1

4π

∫
d

2

s
z•dz∗

1

x∗ − z∗ + iε
[Ā∗(z•), Ā•(z∗)]

Similarly,

Λ∗ − Ω∗ =
−1

4π

∫
d

2

s
z•dz∗

1

x• − z• + iε
[Ā∗(z•), Ā•(z∗)] ⇒ i

s

2

∂

∂x•
M† = − 1

4π

∫
d

2

s
z•dz∗

1

x• − z• + iε
[Ā∗(z•), Ā•(z∗)]

(430)

⇒

M† − 1 =
i

2πs

∫
d2z

(
ln[−a(x− z)• − iε]− ln[−b(x− z)∗ − iε]

)
[Ā∗(z•), Ā•(z∗)] (431)

2. do Ā3

Λ• − Ω• = − i

2

∫
d

2

s
z• [x•, z•]

A∗
(
θ(x• − z•)[Ā∗(z•), Ā•(x∗)] +

i

2π

∫
dz∗

1

x∗ − z∗ − iε(x− z)•
[Ā∗(z•), Ā•(z∗)]

)
[z•, x•]

A∗

=
1

4π

∫
d

2

s
z•dz∗ [x•, z•]

A∗
1

x∗ − z∗ + iε
[Ā∗(z•), Ā•(z∗)][z•, x•]

A∗

⇒ iM∂•M
† =

1

4π

[
1− i

∫ x•

−∞
d

2

s
z′•Ā∗(z

′
•)− i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
] ∫

d
2

s
z•dz∗

[x•, z•]
A∗

1

x∗ − z∗ + iε
[Ā∗(z•), Ā•(z∗)][z•, x•]

A∗
[
1 + i

∫ x•

−∞
d

2

s
z′•Ā∗(z

′
•) + i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]

=
1

4π

[
1− i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]∫

d
2

s
z•dz∗

1

x∗ − z∗ + iε
[Ā∗(z•), Ā•(z∗)]

[
1 + i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]

+
1

4π

∫
d

2

s
z•dz∗

1

x∗ − z∗ + iε

[
1− i

∫ z•

−∞
d

2

s
z′•Ā∗(z

′
•)
]
[Ā∗(z•), Ā•(z∗)]

)[
1 + i

∫ z•

−∞
d

2

s
z′•Ā∗(z

′
•)
]

⇒ M† 3 − i

2πs

∫
d2z [−∞•, z•]A∗ ln[−b(x− z)∗ − iε]

)
[Ā∗(z•), Ā•(z∗)][z•,∞•]A∗

− 1

2πs

∫
d2z

∫ x∗

−∞
d

2

s
z′∗ ln

x∗ − z∗ − iε
z′∗ − z∗ − iε

[
Ā•(z

′
∗), [Ā∗(z•), Ā•(z∗)]

]
(432)

Guess

M† − 1 (433)

= − i

2πs

∫
d2z [−∞•, z•]A∗(1) ln[−b(x− z)∗ − iε][Ā∗(z•), Ā•(z∗)][z•,∞•]A∗(1) −

1

2πs

∫
d2z

∫ x∗

−∞
d

2

s
z′∗ ln

x∗ − z∗ + iε

z′∗ − z∗ + iε

[
Ā•(z

′
∗), [Ā∗(z•), Ā•(z∗)]

]
+

i

2πs

∫
d2z [−∞∗, z∗]A•(1) ln[−a(x− z)• − iε][Ā∗(z•), Ā•(z∗)][z∗,∞∗]A•(1) +

1

2πs

∫
d2z

∫ x•

−∞
d

2

s
z′• ln

x• − z• + iε

z′• − z• + iε

[
Ā∗(z

′
•), [Ā∗(z•), Ā•(z∗)]

]
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Check (see Eq. (426) and Eq. (165)) :[
1 + i

∫ x•

−∞
d

2

s
z′•Ā∗(z

′
•) + i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]
i
s

2

( ∂

∂x•
M†
)[

1− i
∫ x•

−∞
d

2

s
z′•Ā∗(z

′
•)− i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]

+ Ω∗ (434)

=
[
1 + i

∫ x•

−∞
d

2

s
z′•Ā∗(z

′
•) + i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]{
− 1

4π

∫
d2z

1

(x− z)• + iε
[−∞∗, z∗]A•(1)[Ā∗(z•), Ā•(z∗)][z∗,∞∗]

A•
(1)

+
i

4π

∫
d2z

1

x• − z• + iε

∫ x•

−∞
d

2

s
z′•
[
Ā∗(z

′
•), [Ā∗(z•), Ā•(z∗)]

]}[
1− i

∫ x•

−∞
d

2

s
z′•Ā∗(z

′
•)− i

∫ x∗

−∞
d

2

s
z′∗Ā•(z

′
∗)
]

+ Ω∗

= − 1

4π

∫
d2z

1

(x− z)• + iε
[x∗, z∗]

A• [Ā∗(z•), Ā•(z∗)][z∗, x∗]
A• − i

s

∫ x∗

−∞
dz∗ [x∗, z∗]

A• [Ā∗(x•), Ā•(z∗)][z∗, x∗]
A•

= − 1

4π

∫
d2z

1

(x− z)• − iε(x− z)∗
[x∗, z∗]

A• [Ā∗(z•), Ā•(z∗)][z∗, x∗]
A•

D. Λ do Ā2
∗Ā

2
•

From Eq. (166) and Eq. (426)

Λ
(2)a
• = − i

2

( 1

P̄•P̄∗
P̄•
)aa′

fa
′bcΛ

(1)b
∗ Λ

(1)c
• (435)

⇒ Λ
(2)
• = − 1

2

∫
dz (x| 1

p∗ + iεp•
|y)[Λ

(1)
∗ (y),Λ

(1)
• (y)] =

1

4π

∫
dy

1

x∗ − y∗ − iε(x− y)•
[Λ

(1)
∗ (y),Λ

(1)
• (y)]

= − 1

64π3

∫
dydzdz′

1

x∗ − y∗ − iε(x− y)•

1

y• − z• − iε(y − z)∗
1

y∗ − z′∗ − iε(y − z′)•
[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

= − 1

64π3

∫
dydzdz′

[ 1

x∗ − y∗ + iε
+ 2πiδ(x∗ − y∗)θ(x• − y•)

][ 1

y• − z• + iε
+ 2πiδ(y• − z•)θ(y∗ − z∗)

]
×
[ 1

y∗ − z′∗ + iε
+ 2πiδ(y∗ − z′∗)θ(y• − z′•)

][
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

= − 1

64π3

∫
dydzdz′

1

x∗ − y∗ + iε

1

y• − z• − iε
1

y∗ − z′∗ + iε

[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

32π2

∫ x•

−∞
d

2

s
y•

∫
dzdz′

1

y• − z• − iε
1

x∗ − z′∗ + iε

[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

32π2

∫
dydz′

∫ y∗

−∞
d

2

s
z∗

1

x∗ − y∗ + iε

1

y∗ − z′∗ + iε

[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

32π2

∫
dydz

∫ y•

−∞
d

2

s
z′•

1

x∗ − y∗ + iε

1

y• − z• − iε
[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(y∗)]

]
+

1

16π

∫
dy

∫ y•

−∞
d

2

s
z′•

∫ y∗

−∞
d

2

s
z∗

1

x∗ − y∗ + iε

[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(y∗)]

]
+

1

16π

∫
dz

∫ x•

−∞
d

2

s
y•

∫ y•

−∞
d

2

s
z′•

1

y• − z• + iε

[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(x∗)]

]
+

1

16π

∫
dz′
∫ x•

−∞
d

2

s
y•

∫ x∗

−∞
d

2

s
z∗

1

y∗ − z′∗ + iε

[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

+
i

8

∫ x∗

−∞
d

2

s
y•

∫ x∗

−∞
d

2

s
z∗

∫ y•

−∞
d

2

s
z′•
[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(x∗)]

]
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From Eq. (201)

Λ
(2)
• − Ω

(2)
• = − 1

64π3

∫
dydzdz′

1

x∗ − y∗ − iε(x− y)•

1

y• − z• − iε(y − z)∗
1

y∗ − z′∗ − iε(y − z′)•
[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

8

∫ x•

−∞
d

2

s
y•d

2

s
x′′• θ(y• − x′′•)

∫ x∗

−∞
d

2

s
z∗
[
[Ā∗(y•), Ā•(z∗)], [Ā∗(x

′′
•), Ā•(x∗)]

]
= − 1

64π3

∫
dydzdz′

1

x∗ − y∗ + iε

1

y• − z• − iε
1

y∗ − z′∗ + iε

[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

32π2

∫ x•

−∞
d

2

s
y•

∫
dzdz′

1

y• − z• − iε
1

x∗ − z′∗ + iε

[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

32π2

∫
dydz′

∫ y∗

−∞
d

2

s
z∗

1

x∗ − y∗ + iε

1

y∗ − z′∗ + iε

[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

− i

32π2

∫
dydz

∫ y•

−∞
d

2

s
z′•

1

x∗ − y∗ + iε

1

y• − z• − iε
[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(y∗)]

]
+

1

16π

∫
dy

∫ y•

−∞
d

2

s
z′•

∫ y∗

−∞
d

2

s
z∗

1

x∗ − y∗ + iε

[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(y∗)]

]
+

1

16π

∫
dz

∫ x•

−∞
d

2

s
y•

∫ y•

−∞
d

2

s
z′•

1

y• − z• + iε

[
[Ā∗(z•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(x∗)]

]
+

1

16π

∫
dz′
∫ x•

−∞
d

2

s
y•

∫ x∗

−∞
d

2

s
z∗

1

y∗ − z′∗ + iε

[
[Ā∗(y•), Ā•(z∗)], [Ā∗(z

′
•), Ā•(z

′
∗)]
]

XIV. DOUBLE FUNTEGRAL

Fields A to the right of the cut, fields Ã to the left.

〈Ãaµ(x)Abν(y)〉 bF
= − (x| 1

P̃ 2gµξ + 2iG̃µξ − iε
p22πδ(p2)θ(p0)p2 1

P̃ 2δξν + 2iG̃ξν + iε
|y)ab (436)

1. How we get retarded propagator

∫
Dφ̄Dφ φ(x)e−iS(φ̃)−iJ̃φ̃eiS(φ)+iJφ = −

∫
dz (x| 1

p2 + iε
|z)J(z)− i

∫
dz (x|2πδ(p2)θ(−p0)|z)J̃(z)

=

∫
dz

i

4π2[−(x− z)2 + iε]
J(z)−

∫
dz

i

4π2[−(x− z)2 − iε(x− z)0]
J(z)∫

Dφ̄Dφ φ̃(x)e−iS(φ̃)−iJ̃φ̃eiS(φ)+iJφ = i

∫
dz (x|2πδ(p2)θ(p0)|z)J(z)−

∫
dz (x| 1

p2 − iε
|z)J̃(z)−

=

∫
dz

i

4π2[−(x− z)2 + iε(x− z)0]
J(z)−

∫
dz

i

4π2[−(x− z)2 − iε]
J̃(z) (437)

so if J = J̃

φ(x) = φ̃(x) = −
∫
dz (x| 1

p2 + iεp0
|z)J(z) =

1

4π2

∫
dz 2πδ

(
(x− z)2

)
θ(x0 − z0)J(z) (438)

A. In two (longitudinal) dimensions

Eq. (161)

2(P̄•P̄∗)
abC̄b• = D̄ab

• Ḡ
b
∗• + iḠab∗•C̄

b
• + gD̄aa′

• (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b•D̄∗C̄

c
• − g2fabmf cdmC̄b•C̄

c
•C̄

d
∗

2(P̄∗P̄•)
abC̄b∗ = − D̄ab

∗ Ḡ
b
∗• − iḠab∗•C̄b∗ − gD̄aa′

∗ (fa
′bcC̄b∗C̄

c
•) + 2gfabcC̄b∗D̄•C̄

c
∗ − g2fabmf cdmC̄b∗C̄

c
∗C̄

d
• (439)
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and same

2( ¯̃P•
¯̃P∗)

ab ¯̃Cb• = D̄ab
•

¯̃Gb∗• + i ¯̃Gab∗•
¯̃Cb• + g ¯̃Daa′

• (fa
′bc ¯̃Cb∗

¯̃Cc•) + 2gfabc ¯̃Cb•
¯̃D∗

¯̃Cc• − g2fabmf cdm ¯̃Cb•
¯̃Cc•

¯̃Cd∗

2( ¯̃P∗
¯̃P•)

ab ¯̃Cb∗ = − ¯̃Dab
∗

¯̃Gb∗• − i
¯̃Gab∗•

¯̃Cb∗ − g
¯̃Daa′

∗ (fa
′bc ¯̃Cb∗

¯̃Cc•) + 2gfabc ¯̃Cb∗
¯̃D•

¯̃Cc∗ − g2fabmf cdm ¯̃Cb∗
¯̃Cc∗

¯̃Cd• (440)

PEUUIEHUIE

C̄1a
• (x) = − i

2

∫
d2z

[
(x| 1

P̄•P̄∗ + iε
P̄•|z)abḠb∗•(z) +

is

4
(x| 1

P̄•P̄∗ + iε
p42πδ(p2)θ(−p0)

1
¯̃P•

¯̃P∗ − iε
¯̃P•|z)ab ¯̃Gb∗•(z)

]
C̄1a
∗ (x) =

i

2

∫
d2z

[
(x| 1

P̄∗P̄• + iε
P̄∗|z)abḠb∗•(z) +

is

4
(x| 1

¯̃P∗
¯̃P• + iε

p42πδ(p2)θ(−p0)
1

¯̃P∗
¯̃P• − iε

¯̃P∗|z)ab ¯̃Gb∗•(z)
]

¯̃C1a
• (x) = − i

2

∫
d2z

[
(x| 1

¯̃P•
¯̃P∗ − iε

¯̃P•|z)ab ¯̃Gb∗•(z)−
is

4
(x| 1

P̄•P̄∗ − iε
p42πδ(p2)θ(p0)

1

P̄•
¯̃P∗ + iε

P̄•|z)abḠb∗•(z)
]

¯̃C1a
∗ (x) =

i

2

∫
d2z

[
(x| 1

¯̃P∗
¯̃P• − iε

¯̃P∗|z)ab ¯̃Gb∗•(z)−
is

4
(x| 1

¯̃P∗
¯̃P• − iε

p42πδ(p2)θ(p0)
1

P̄∗P̄• + iε
P̄∗|z)abḠb∗•(z)

]
(441)

HA ∞-TUI (CM. YP-E (397))

(x| 1

P̄•P̄∗ + iε
P̄•|z) = (x| 1

P̄∗ + iεp•
|z) = − (2π)−1

x∗ − z∗ − iε(x− z)•
[x•, z•]

Ā∗ (442)

CBOŬICTBO

(x|P̄∗
1

P̄•P̄∗ + iε
p2
∗p

2
•2πδ(p

2)θ(−p0)
1

¯̃P•
¯̃P∗ − iε

¯̃P•|z)

= (x|
[
P∗ − P̄∗

1

P̄•P̄∗ + iε
(P̄•A∗ +A•p∗)

]
2πδ(p2)θ(−p0)

[ ¯̃P• − (p•
¯̃A∗ + ¯̃A•

¯̃P∗)
1

¯̃P•
¯̃P∗ − iε

¯̃P•
]
|y)

= (x|P̄∗
1

P̄•P̄∗ + iε
A•p∗2πδ(p

2)θ(−p0)p•
¯̃A∗

1
¯̃P•

¯̃P∗ − iε
¯̃P•|y) = 0 (443)

UI ΠO3TOMY (CP. C ΦOPMYΛOŬI (163))

D̄•C̄
(1)
∗ = − D̄∗C̄(1)

• =
1

2
Ḡ∗•,

¯̃D•
¯̃C

(1)
∗ = − ¯̃D∗

¯̃C
(1)
• =

1

2
¯̃G∗• (444)

1. Wightman propagators in 2d

(x| 1

P̄∗P̄• + iε
P̄∗|z) = (x| 1

P̄• + iεp∗
|z) = − (2π)−1[x∗, z∗]

A•

x• − z• − iε(x− z)∗
, (x| 1

P̄∗P̄• − iε
P̄∗|z) =

(2π)−1[x∗, z∗]
A•

x• − z• + iε(x− z)∗

(x| 1

P̄•P̄∗ + iε
P̄•|z) = (x| 1

P̄∗ + iεp•
|z) = − (2π)−1[x•, z•]

¯̃A∗

x∗ − z∗ − iε(x− z)•
, (x| 1

P̄•P̄∗ − iε
P̄•|z) =

(2π)−1[x•, z•]
¯̃A∗

x∗ − z∗ + iε(x− z)•
(445)

(z|2πδ(p2)θ(p0)|z′)(z′|p∗p•
1

P̄•P̄∗ + iε
P̄•|y) = (z|2πδ(p2)θ(p0)|z′)(z′|

[
P̄• − (p•Ā∗ + Ā•P̄∗)

1

P̄•P̄∗ − iε
P̄•
]
|y)

≡ (z|2πδ(p2)θ(p0)p•|z′)(z′|p∗
1

P̄•P̄∗ + iε
P̄•|y) + i

∫
dz′•(z|2πδ(p2)θ(p0)|z′)(z′|p∗

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′∗=∞
z′∗=−∞

(446)

= i

∫
dz′∗(z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′•=∞
z′•=−∞

+ i

∫
dz′•(z|2πδ(p2)θ(p0)|z′)(z′|p∗

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′∗=∞
z′∗=−∞

= i

∫
dz′∗(z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′•=∞
z′•=−∞

+ i

∫
dz′•(z|2πδ(p2)θ(p0)p∗|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′∗=∞
z′∗=−∞

= i

∫
dz′∗(z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′•=∞
z′•=−∞
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(x| 1
¯̃P•

¯̃P∗ − iε
p•p∗2πδ(p

2)θ(p0)p•p∗
1

P̄•P̄∗ + iε
P̄•|z)

≡ (x| 1
¯̃P•

¯̃P∗ − iε

[
1− (p•A∗ + P∗A•)

]
2πδ(p2)θ(p0)

[
P̄• − (p•Ā∗ + Ā•P̄∗)

1

P̄•P̄∗ − iε
P̄•
]
|y)

= i

∫
dz′∗(x|

1
¯̃P•

¯̃P∗ − iε

[
1− (p•A∗ + P∗A•)

]
2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′•=∞
z′•=−∞

= i

∫
dz′∗d

2z(x| 1
¯̃P•

¯̃P∗ − iε
p•p∗|z)(z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′•=∞
z′•=−∞

=

∫
dz′∗dz∗(x|

1
¯̃P•

¯̃P∗ − iε
p•|z)(z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z•=∞
z•=−∞

∣∣∣z′•=∞
z′•=−∞

(447)

(x| 1

p2 − iε
|z) = − i

4π
ln[−(x− z)∗ − iε(x− z)•]−

i

4π
ln[(x− z)• + iε(x− z)∗] = − i

4π
ln[−(x− z)∗(x− z)• − iε]

= − i

4π
ln[−(x− z)∗ + iε]− 1

2
θ(x− z)∗θ(x− z)• −

i

4π
ln[(x− z)• − iε] +

1

2
θ(x− z)∗θ(x− z)•

(x|2πδ(p2)θ(p0)|z) = − 1

4π
ln[−(x− z)∗ + iε]− 1

4π
ln[(x− z)• − iε] = − i

4π
ln[−(x− z)∗(x− z)• + iε(x− z)0]

(x|2πδ(p2)θ(p0)p•|z) = − is

8π

1

x∗ − z∗ − iε
, (x|2πδ(p2)θ(−p0)p•|z) = − is

8π

1

x∗ − z∗ + iε

(x| 1

p2 + iεp0
|z) = − 1

2
θ(x∗ − z∗)θ(x• − z•)

(x| 1

p2 − iε
|z)− (x| 1

p2 + iεp0
|z) = (x|2πiδ(p2)θ(p0)|z) (448)

∫
dz′∗ (z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z′•=∞
z′•=−∞

=
is

16π2

∫
dz′∗

1

(z∗ − z′∗ − iε)[z′∗ − y∗ − iε(z′ − y)•]
[z′•, y•]

A∗
∣∣∣z′•=∞
z′•=−∞

= − s

8π(z∗ − y∗ − iε)
[∞•, y•]Ā∗

⇒ −
∫
dz′∗dz∗(x|

1
¯̃P•

¯̃P∗ − iε
p•|z)(z|2πδ(p2)θ(p0)p•|z′)(z′|

1

P̄•P̄∗ + iε
P̄•|y)

∣∣∣z•=∞
z•=−∞

∣∣∣z′•=∞
z′•=−∞

=
s

8π

∫
dz∗(x|

1
¯̃P•

¯̃P∗ − iε
p•|z)

∣∣∣z•=∞
z•=−∞

[∞•, y•]Ā∗
z∗ − y∗ − iε

(x| 1

P̄•P̄∗ − iε
|y) = − i

4π
[x•, y•] ln[−(x− y)∗ − iε(x− y)•] + solution of P̄•P̄∗(...) = 0

(x| 1
¯̃P•

¯̃P∗ − iε
p•p∗2πδ(p

2)θ(p0)p•p∗
1

P̄•P̄∗ + iε
P̄•|y) = − is

8π(x∗ − y∗ − iε)
[x•,∞•]

¯̃A∗ [∞•, y•]Ā∗

(x| 1
¯̃P∗

¯̃P• − iε
p•p∗2πδ(p

2)θ(p0)p•p∗
1

P̄∗P̄• + iε
P̄∗|y) = − is

8π(x• − y• − iε)
[x∗,∞∗]

¯̃A• [∞∗, y∗]Ā• (449)

Check of Eq. (443)

¯̃P∗(x|
1

¯̃P•
¯̃P∗ − iε

p•p∗2πδ(p
2)θ(p0)p•p∗

1

P̄•P̄∗ + iε
P̄•|z) = − is

8π(x∗ − y∗ − iε)
¯̃P∗[x•,∞•]

¯̃A∗ [∞•, y•]Ā∗ = 0 (450)

EUUI,Ë DBA ΠPOΠAΓATOPA

(x| 1

P̄•P̄∗ + iε
p•p∗2πδ(p

2)θ(−p0)p•p∗
1

¯̃P•
¯̃P∗ − iε

¯̃P•|y) =? − is

8π(x∗ − y∗ + iε)
[x•,∞•]Ā∗ [∞•, y•]

¯̃A∗

(x| 1

P̄∗P̄• + iε
p•p∗2πδ(p

2)θ(−p0)p•p∗
1

¯̃P∗
¯̃P• + iε

¯̃P∗|y) =? − is

8π(x• − y• + iε)
[x∗,∞∗]Ā• [∞∗, y∗]

¯̃A• (451)
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2. Cheks

Na ∞-ti: from Eq. (441) we get

C̄1a
• (x) = − i

2

∫
d2z

[
(x| 1

P̄•P̄∗ + iε
P̄•|z)abḠb∗•(z) +

is

4
(x| 1

P̄•P̄∗ + iε
p42πδ(p2)θ(−p0)

1
¯̃P•

¯̃P∗ − iε
¯̃P•|z)ab ¯̃Gb∗•(z)

]
=

i

4π

∫
d2z

[ 1

x∗ − z∗ − iε(x− z)•
([x•, z•]

Ā∗)abḠb∗•(z)−
1

x∗ − z∗ + iε
([x•,∞•]Ā∗ [∞•, z•]Ā∗)ab ¯̃Gb∗•(z)

]
¯̃C1a
• (x) = − i

2

∫
d2z

[
− is

4
(x| 1

¯̃P•
¯̃P∗ − iε

p42πδ(p2)θ(p0)
1

P̄•P̄∗ + iε
P̄•|z)abḠb∗•(z) + (x| 1

¯̃P•
¯̃P∗ − iε

¯̃P•|z)ab ¯̃Gb∗•(z)
]

=
i

4π

∫
d2z

[ 1

x∗ − z∗ − iε
([x•,∞•]

¯̃A∗ [∞•, z•]Ā∗)abḠb∗•(z)−
1

x∗ − z∗ + iε(x− z)•
([x•, z•]

¯̃A∗)ab ¯̃Gb∗•(z)
]

(452)

If x∗ →∞ both C̄1a
• (x), ¯̃C1a

• (x)→ 0, if x∗ ∼ 1 and x• →∞ they coincide.

Another check: Ā = ¯̃A = A

C̄1a
• (x) = ¯̃C1a

• (x) = − 1

2

∫
d2z δ(x∗ − z∗)θ(x• − z•)([x•, z•]A∗)abGb∗•(z) (453)

which coincide with Eq. (163).

B. Matrix ℵ

ℵ†(0) = 1 + i

∫ ∞
x∗

d
2

s
x′∗ Ā•(x

′
∗) + i

∫ ∞
x•

d
2

s
x′• Ā∗(x

′
•), ℵ̃†(0) = 1 + i

∫ ∞
x∗

d
2

s
x′∗

¯̃A•(x
′
∗) + i

∫ ∞
x•

d
2

s
x′•

¯̃A∗(x
′
•) (454)

First order

i(ℵ∂•ℵ†)a = Āa• +
i

4π

∫
d2z

[ 1

x∗ − z∗ − iε(x− z)•
([x•, z•]

Ā∗)abḠb∗•(z)−
1

x∗ − z∗ + iε
([x•,∞•]Ā∗ [∞•, z•]Ā∗)ab ¯̃Gb∗•(z)

]
⇒ i(ℵ∂•ℵ†) = Ā• +

1

4π

∫
d2z

( 1

x∗ − z∗ − iε(x− z)•
[Ā∗, Ā•](z)−

1

x∗ − z∗ + iε
[ ¯̃A∗,

¯̃A•](z)
)

(455)

Probuem

ℵ† = 1 + i

∫ ∞
x∗

d
2

s
z∗ Ā•(z∗) + i

∫ ∞
x•

d
2

s
z• Ā∗(z•)−

∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗ Ā•(z

′
∗)Ā•(z∗)−

∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′• Ā∗(z

′
•)Ā∗(z•)

− i

2πs

∫
d2z

(
ln(x∗ − z∗ − iε(x− z)•)[Ā∗, Ā•](z)− ln(x∗ − z∗ + iε)[ ¯̃A∗,

¯̃A•](z)
)

+X3

⇒ i∂•X3 = i

∫ ∞
x•

d
2

s
z• Ā∗(z•)Ā•(x∗) (456)

X3 = −
∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ Ā∗(z•)Ā•(z∗) = − 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ {Ā∗(z•), Ā•(z∗)} −

1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ [Ā∗(z•), Ā•(z∗)]

⇒

ℵ† = 1 + i

∫ ∞
x∗

d
2

s
z∗ Ā•(z∗) + i

∫ ∞
x•

d
2

s
z• Ā∗(z•)−

∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗ Ā•(z

′
∗)Ā•(z∗)−

∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′• Ā∗(z

′
•)Ā∗(z•)

− 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ {Ā∗(z•), Ā•(z∗)} −

i

4π

∫
d

2

s
z∗d

2

s
z•
(

ln(x∗ − z∗ − iε)[Ā∗(z•), Ā•(z∗)]− ln(x∗ − z∗ + iε)[ ¯̃A∗(z•),
¯̃A•(z∗)]

)
Adding the ∗ ↔ • term we get

ℵ†(x∗, x•) = 1 + i

∫ ∞
x∗

d
2

s
z∗ Ā•(z∗) + i

∫ ∞
x•

d
2

s
z• Ā∗(z•)−

∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗ Ā•(z

′
∗)Ā•(z∗)−

∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′• Ā∗(z

′
•)Ā∗(z•)

− 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ {Ā∗(z•), Ā•(z∗)} (457)

− i

4π

∫
d

2

s
z∗d

2

s
z•
{(

ln(x∗ − z∗ − iε)− ln(x• − z• − iε)
)
[Ā∗(z•), Ā•(z∗)]−

(
ln(x∗ − z∗ + iε)− ln(x• − z• + iε)

)
[ ¯̃A∗(z•),

¯̃A•(z∗)]
}
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Check: Ā = ¯̃A

ℵ† = 1 + i

∫ ∞
x∗

d
2

s
z∗ Ā•(z∗) + i

∫ ∞
x•

d
2

s
z• Ā∗(z•)−

∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗ Ā•(z

′
∗)Ā•(z∗)−

∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′• Ā∗(z

′
•)Ā∗(z•)

− 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ {Ā∗(z•), Ā•(z∗)} −

1

2

∫
d

2

s
z∗d

2

s
z•
(
θ(x∗ − z∗)− θ(x• − z•)

)
[Ā∗(z•), Ā•(z∗)]

Reminder:

Ω† =
[
1− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′′∗)Ā•(x′∗)− i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′′•)Ā∗(x′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)]

From Eqs. (193) and (192) we see that

Ω(∞•,∞∗)Ω†(x∗, x•) =
[
1 + i

∫
d

2

s
x′∗Ā•(x

′
∗)−

∫
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′∗)Ā•(x′′∗) + i

∫
d

2

s
x′•Ā∗(x

′
•) (458)

−
∫
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′•)Ā∗(x′′•)−

1

2

∫
d

2

s
x′∗d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)]

×
[
1− i

∫ x∗

−∞
d

2

s
x′∗Ā•(x

′
∗)−

∫ x∗

−∞
d

2

s
x′∗d

2

s
x′′∗ θ(x

′
∗ − x′′∗)Ā•(x′′∗)Ā•(x′∗)− i

∫ x•

−∞
d

2

s
x′•Ā∗(x

′
•)

−
∫ x•

−∞
d

2

s
x′•d

2

s
x′′• θ(x

′
• − x′′•)Ā∗(x′′•)Ā∗(x′•)−

1

2

∫ x∗

−∞
d

2

s
x′∗

∫ x•

−∞
d

2

s
x′•
(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)]

3
∫
d

2

s
x′∗d

2

s
x′•

{
− 1

2
[1 + θ(x• − x′•)θ(x∗ − x′∗)]

(
Ā•(x

′
∗)Ā∗(x

′
•) + Ā∗(x

′
•)Ā•(x

′
∗)
)

+ θ(x• − x′•)Ā•(x′∗)Ā∗(x′•) + θ(x∗ − x′∗)Ā∗(x′•)Ā•(x′∗)
}

=

∫
d

2

s
x′∗d

2

s
x′•

(
− 1

2
θ(x′• − x•)θ(x′∗ − x∗){Ā∗(z•), Ā•(z∗)}+

1

2

(
θ(x∗ − x′∗)− θ(x• − x′•)

)
[Ā∗(x

′
•), Ā•(x

′
∗)]
)

⇒

ℵ†( ¯̃A = Ā) = Ω(∞∗,∞•)Ω†(x∗, x•) (459)

Similarly

i(ℵ̃∂•ℵ̃†)a = ¯̃A• +
1

4π

∫
d2z

( 1

x∗ − z∗ − iε
[Ā∗, Ā•](z)−

1

x∗ − z∗ + iε(x− z)•
[ ¯̃A∗,

¯̃A•](z)
)

(460)

compare 2 i(ℵ∂•ℵ†)a = Ā• +
1

4π

∫
d2z

( 1

x∗ − z∗ − iε(x− z)•
[Ā∗, Ā•](z)−

1

x∗ − z∗ + iε
[ ¯̃A∗,

¯̃A•](z)
)

ℵ̃† = 1 + i

∫ ∞
x∗

d
2

s
z∗

¯̃A•(z∗) + i

∫ ∞
x•

d
2

s
z•

¯̃A∗(z•)−
∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗

¯̃A•(z
′
∗)

¯̃A•(z∗)−
∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′•

¯̃A∗(z
′
•)

¯̃A∗(z•)

− i

2πs

∫
d2z

(
ln(x∗ − z∗ − iε)[Ā∗, Ā•](z)− ln(x∗ − z∗ + iε(x− z)•)[ ¯̃A∗,

¯̃A•](z)
)

+ X̃3

⇒ i∂•X̃3 = i

∫ ∞
x•

d
2

s
z•

¯̃A∗(z•)
¯̃A•(x∗) (461)

X̃3 = −
∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗

¯̃A∗(z•)
¯̃A•(z∗) = − 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ { ¯̃A∗(z•),

¯̃A•(z∗)} −
1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ [ ¯̃A∗(z•),

¯̃A•(z∗)]

⇒

ℵ̃†(x∗, x•) = 1 + i

∫ ∞
x∗

d
2

s
z∗

¯̃A•(z∗) + i

∫ ∞
x•

d
2

s
z•

¯̃A∗(z•)−
∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗

¯̃A•(z
′
∗)

¯̃A•(z∗)−
∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′•

¯̃A∗(z
′
•)

¯̃A∗(z•)

− 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ { ¯̃A∗(z•),

¯̃A•(z∗)} (462)

− i

4π

∫
d

2

s
z∗d

2

s
z•
{(

ln(x∗ − z∗ − iε)− ln(x• − z• − iε)
)
[Ā∗(z•), Ā•(z∗)]−

(
ln(x∗ − z∗ + iε)− ln(x• − z• + iε)

)
[ ¯̃A∗(z•),

¯̃A•(z∗)]
}
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Compare 2 Eq. (457):

ℵ† = 1 + i

∫ ∞
x∗

d
2

s
z∗ Ā•(z∗) + i

∫ ∞
x•

d
2

s
z• Ā∗(z•)−

∫ ∞
x∗

d
2

s
z∗

∫ ∞
z∗

d
2

s
z′∗ Ā•(z

′
∗)Ā•(z∗)−

∫ ∞
x•

d
2

s
z•

∫ ∞
z•

d
2

s
z′• Ā∗(z

′
•)Ā∗(z•)

− 1

2

∫ ∞
x•

d
2

s
z•

∫ ∞
x∗

d
2

s
z∗ {Ā∗(z•), Ā•(z∗)} (463)

− i

4π

∫
d

2

s
z∗d

2

s
z•
{(

ln(x∗ − z∗ − iε)− ln(x• − z• − iε)
)
[Ā∗(z•), Ā•(z∗)]−

(
ln(x∗ − z∗ + iε)− ln(x• − z• + iε)

)
[ ¯̃A∗(z•),

¯̃A•(z∗)]
}

1. C̄i and
¯̃Ci

YP-E (217)

(ℵp2ℵ†)abC̄bi = − (ℵpβℵ†)ab∂i(ℵ∂βℵ†)b = − iℵab∂2(2Tr{tb(∂iℵ†)ℵ}

(ℵ̃p2ℵ̃†)ab ¯̃Cbi = − (ℵ̃pβℵ̃†)ab∂i(ℵ̃∂βℵ̃†)b = − iℵ̃ab∂2(2Tr{tb(∂iℵ̃†)ℵ̃} (464)

gde Ā• + C̄• = iℵ∂•ℵ† and Ā∗ + C̄∗ = iℵ∂∗ℵ†. Also, we used f-la (218).
ΠO AHAΛOΓUIUI C YPABHEHUIEM (219)

C̄ai = − i
∫
d2z ℵabx (x| 1

p2 + iε
|z)∂2((∂iℵ†)ℵ)b +

∫
d4z ℵabx (x|2πδ(p2)θ(−p0)|z)∂2((∂iℵ̃†)ℵ̃)b (465)

¯̃Cai = − i
∫
d2z ℵ̃abx (x| 1

p2 − iε
|z)∂2((∂iℵ̃†)ℵ̃)b −

∫
d4z ℵ̃abx (x|2πδ(p2)θ(p0)|z)∂2((∂iℵ†)ℵ)b

C̄ai = − i
∫
d2z ℵabx (x| 1

p2 + iε
|z)∂2((∂iℵ†)ℵ)b +

∫
d2z ℵabx (x|2πδ(p2)θ(−p0)|z)∂2((∂iℵ̃†)ℵ̃)b

= − is
∫
d2z ℵabx (x| 1

p2
|z) ∂

∂z∗

∂

∂z•
((∂iℵ†z)ℵz)b + s

∫
d2z ℵabx (x|2πδ(p2)θ(−p0)|z) ∂

∂z∗

∂

∂z•
((∂iℵ̃†)ℵ̃)b

= (ℵi∂iℵ†)a +
4

s
ℵabx
∫
d2z⊥dz•(x|

p∗
p2 + iε

|z)((∂iℵ†z)ℵz)b
∣∣∣z∗=∞
z∗=−∞

+
4

s
ℵabx
∫
d2z⊥dz∗(x|

p•
p2 + iε

|z)((∂iℵ†z)ℵz)b
∣∣∣z•=∞
z•=−∞

− 2iℵabx
∫
d2z⊥(x| 1

p2 + iε
|z)((∂iℵ†z)ℵz)b

∣∣∣z•=∞
z•=−∞

∣∣∣z∗=∞
z∗=−∞

+?
4i

s
ℵabx
∫
d2z⊥dz•(x|2πδ(p2)θ(−p0)p∗|z)((∂iℵ̃†z)ℵ̃z)b

∣∣∣z∗=∞
z∗=−∞

+?
4i

s
ℵabx
∫
d2z⊥dz∗(x|2πδ(p2)θ(−p0)p•|z)((∂iℵ̃†z)ℵ̃z)b

∣∣∣z•=∞
z•=−∞

+? 2ℵabx
∫
d2z⊥(x|2πδ(p2)θ(−p0)|z)((∂iℵ̃†z)ℵ̃z)b

∣∣∣z•=∞
z•=−∞

∣∣∣z∗=∞
z∗=−∞

(466)

XV. BFKL?

A. BKΛAD KBAPKOB

( ˆ̄P + ˆ̄C)Υ ≡ (p̂+ ˆ̄A+ ˆ̄B + ˆ̄C)(ξa + ξb + χ) = 0 ⇒

χ = − 1

ˆ̄P + ˆ̄C
( ˆ̄B + ˆ̄C)ξa −

1

ˆ̄P + ˆ̄C
( ˆ̄A+ ˆ̄C)ξb (467)

Υ(x) = − i
∫
dz•d

2z⊥(x| 1

ˆ̄P + ˆ̄C
|z)
∣∣∣z∗=∞
z∗=−∞

γ∗ξa(z•)− i
∫
dz∗d

2z⊥(x| 1

ˆ̄P + ˆ̄C
|z)
∣∣∣z•=∞
z•=−∞

γ•ξb(z∗) (468)



78

In the leading order

χ(x) = −
∫
d4z(x|1

p̂
|z)γ∗ ˆ̄A•(z∗)ξa(z•)−

∫
d4z(x|1

p̂
|z)γ• ˆ̄A∗(z•)ξb(z∗) (469)

= −
∫
dz∗dz•(x‖|

1

p• + iεp∗
|z‖)A•(z∗, x⊥)ξa(z•, x⊥)−

∫
dz∗dz•(x‖|

1

p∗ + iεp•
|z‖)A∗(z•, x⊥)ξb(z∗, x⊥)

=
1

2π

∫
dz∗dz•

1

x• − z• − iε(x− z)∗
A•(z∗, x⊥)ξa(z•, x⊥) +

1

2π

∫
dz∗dz•

1

x∗ − z∗ − iε(x− z)•
A∗(z•, x⊥)ξb(z∗, x⊥)

χ̄(x) =
1

2π

∫
dz∗dz• ξ̄a(z•, x⊥)A•(z∗, x⊥)

1

z• − x• − iε(z − x)∗
+

1

2π

∫
dz∗dz• ξ̄b(z∗, x⊥)A∗(z•, x⊥)

1

z∗ − x∗ − iε(z − x)•

1. Double counting?

FIG. 4. Problema: projectile fields or central “C” fields? Arrows denote direction of α’s.

B. Fµν up to one A• and one A∗

From Eq. (260)

p2C̄a∗ = D̄ξḠaξ∗ + ξ̄aγ∗t
aξa + ξ̄aγ∗t

aχ+ χ̄γ∗t
aξa = − 2

s
∂∗Ḡ

a
∗• + ξ̄aγ∗t

aχ+ χ̄γ∗t
aξa,

= − 2

s
∂∗Ḡ

a
∗• +

1

2π

∫
dz∗dz•

[ ξ̄a(x•, x⊥)p̂2t
aA•(z∗, x⊥)ξa(z•, x⊥)

x• − z• − iε(x− z)∗
+
ξ̄a(z•, x⊥)A•(z∗, x⊥)tap̂2ξa(x•, x⊥)

z• − x• − iε(z − x)∗

]
= − 2

s
∂∗Ḡ

a
∗• +

1

2π

∫
dz∗dz•V.p.

1

x• − z•
[
ξ̄a(x•, x⊥)p̂2t

atbξa(z•, x⊥)− ξ̄a(z•, x⊥)tbtap̂2ξa(x•, x⊥)
]∫

dz∗A•(z∗, x⊥)

+
1

2
fabcξ̄at

bp̂2ξa(x•, x⊥)

∫
dz∗ ε(x∗ − z∗)Ac•(z∗, x⊥)

p2C̄a• = D̄ξḠaξ• + ξ̄bγ•t
aξb + ξ̄bγ•t

aχ+ χ̄γ•t
aξb =

2

s
∂•Ḡ

a
∗• + ξ̄bγ•t

aχ+ χ̄γ•t
aξb,

p2C̄ai = D̄ξḠξi =
2

s

(
D̄∗Ḡ•i + D̄•Ḡ∗i

)
= − 2

s
fabc

(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)

(470)

C̄
(1)a
∗ (x) =

2i

s

∫
d4z (x| p∗

p2 + iε
|z)Ḡa∗•(z), C̄

(1)a
• (x) = − 2i

s

∫
d4z (x| p•

p2 + iε
|z)Ḡa∗•(z),

C̄
(1)a
i = − 2

s
fabc

∫
d4z (x| 1

p2 + iε
|z)
(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)
(z) (471)
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F
(1)a
∗• (x) = Ḡ∗•(x)− 4

s

∫
d4z (x| p∗p•

p2 + iε
|z)Ḡa∗•(z) =

∫
d4z (x| 1

p2 + iε
|z)∂2

⊥Ḡ
a
∗•(z)

F
(1)a
•i (x) = Ḡa•i(x) +

2i

s
fabc

∫
d4z (x| p•

p2 + iε
|z)
(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)
(z) +

2

s

∫
d4z (x| p•pi

p2 + iε
|z)Ḡa∗•(z)

= Ḡa•i(x) +
4i

s
fabc

∫
d4z (x| p•

p2 + iε
|z)Āb∗∂iĀc•(z)

F
(1)a
∗i (x) = Ḡa∗i(x) +

4i

s
fabc

∫
d4z (x| p∗

p2 + iε
|z)Āb•∂iĀc∗(z)

F
(1)a
ij (x) = − 4

s
fabc

∫
d4z (x| 1

p2 + iε
|z)
(
∂iĀ

b
∗∂jĀ

c
•(z)− i↔ j

)
(472)

1. F•i up to Ā2
•Ā∗

From Eq. (260)

P̄ 2C̄ai +
4ig

s

(
Ḡabi• C̄

b
∗ + Ḡabi∗ C̄

b
•
)

= D̄abξḠbξi + gfabc(2C̄bβD̄
βC̄ci − C̄bβ∂iC̄cβ)− g2fabmf cdmC̄bβC̄ci C̄

d
β + Ῡγit

aΥ

⇒ p2C̄
(2)a
i = − 4

s

(
Ā∗p• + Ā•p∗

)ab
C̄

(1)b
i +

4ig

s

(
Ḡab•i C̄

(1)b
∗ + Ḡab∗i C̄

(1)b
•
)

+ ξ̄aγit
aξb + ξ̄bγit

aξa

⇒ C̄
(2)a
i (x) =

8

s2

∫
d4z (x| 1

p2

(
Ā∗

p•
p2

+ Ā•
p∗
p2

)
|z)aa

′
fa
′bc
(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)
(z) +

8

s2

∫
d4z (x| 1

p2

(
Ḡ∗i

p•
p2
− Ḡ•i

p∗
p2

)
|z)abḠb∗•(z)

+

∫
d4z (x| 1

p2

(
ξ̄aγit

aξb + ξ̄bγit
aξa
)

(473)

P̄ 2C̄a• + 2igḠab•ξC̄
bξ = D̄abξḠbξ• + gfabc(2C̄bβD̄

βC̄c• − C̄bβD̄•C̄cβ)− g2fabmf cdmC̄bβC̄c•C̄
d
β + ξ̄bγ•t

aξb

⇒ P̄ 2C̄a• + 2igḠab•ξC̄
bξ = − 2i

s
Āab• Ḡ

b
∗• ⇒ p2C̄

(2)a
• = − 4

s
Ā•p∗C̄

(1)a
• − 2igḠab•i C̄

(1)bi − 2i

s
Āab• Ḡ

b
∗•

⇒ C̄
(2)a
• (x) = − 2i

s

∫
d4z (x| 1

p2
Ā•

1

p2
|z)ab∂2

⊥Ḡ
b
∗•(z) +

4i

s

∫
d4z (x| 1

p2
Ḡ•i

1

p2
|z)aa

′
fa
′bc
(
Āb•∂

iĀc∗ + Āb∗∂
iĀc•
)
(z) (474)

F
(2)a
•i (x) = ∂•C̄

(2)a
i (x)− iĀab• C̄

(1)b
i (x)− ∂iC̄(2)a

• (x)

= − 8i

s2

∫
d4z (x|p•

p2
Ā•

p∗
p2
|z)aa

′
fa
′bc
(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)
(z) +

8i

s2

∫
d4z (x|p•

p2
Ḡ•i

p∗
p2
|z)abḠb∗•(z)

− i

∫
d4z (x|p•

p2

(
ξ̄aγit

aξb + ξ̄bγit
aξa
)

+
2i

s
Āaa

′

•

∫
d4z (x| 1

p2
|z)fa

′bc
(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)
(z)

+
2

s

∫
d4z (x| pi

p2
Ā•

1

p2
|z)ab∂2

⊥Ḡ
b
∗•(z)−

4

s

∫
d4z (x| pi

p2
Ḡ•j

1

p2
|z)aa

′
fa
′bc
(
Āb•∂

jĀc∗ + Āb∗∂
jĀc•

)
(z)

= − 2i

s

∫
d4z (x|p

2
⊥
p2
Ā•

1

p2
|z)aa

′
fa
′bc
(
Āb•∂iĀ

c
∗ + Āb∗∂iĀ

c
•
)
(z) +

2i

s

∫
d4z Ḡab•i (x)(x| 1

p2
|z)Ḡb∗•(z)

+
2i

s

∫
d4z (x|p

2
⊥
p2
Ḡ•i

1

p2
|z)abḠb∗•(z)− i

∫
d4z (x|p•

p2

(
ξ̄aγit

aξb + ξ̄bγit
aξa
)

+
2

s

∫
d4z (x| pi

p2
Ā•

1

p2
|z)ab∂2

⊥Ḡ
b
∗•(z)−

4

s

∫
d4z (x| pi

p2
Ḡ•j

1

p2
|z)aa

′
fa
′bc
(
Āb•∂

jĀc∗ + Āb∗∂
jĀc•

)
(z) (475)

2. Action

∫
d4x Ḡai∗ (x)F

(2)a
•i (x) = (476)


