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SÝÝÝ


������555¦¦¦ÈÈÈ
SÝÝÝ


���|||������)))���«««���ÎÎÎÐÐÐmmm

Φα = a† · · · b†Φ0 Φβ = d† · · · f †Φ0

Sβα = (Φβ , SΦα) = (Φβ ,T e−i
∫∞
−∞ dt V(ψ,π)Φα)

ψ(x)=
∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p,σ)a(~p,σ)︸ ︷︷ ︸
ψ+

+eip·xv(~p,σ)ac†(~p,σ)︸ ︷︷ ︸
ψ−

] π(x) = π+(x)+π−(x)

III���???nnnéééõõõ������)))���«««���ÎÎÎ���ýýý���ÏÏÏ"""���������{{{���

���555¦¦¦ÈÈÈµµµ N(UVW · · · Z) = δPU′V ′W′ · · · Z′

ÙÙÙ¥¥¥U′V ′W′ · · · Z′¥¥¥������ÎÎÎüüü���^̂̂SSS´́́333���555UVW · · · Z������ÎÎÎüüü���^̂̂SSSÄÄÄ:::
���þþþ§§§òòò¤¤¤kkk������«««���ÎÎÎüüü333¤¤¤kkk���)))���ÎÎÎ������>>>¡¡¡ééé���[[[§§§���«««���ÎÎÎ���mmm
������ééé^̂̂SSSÚÚÚ���)))���ÎÎÎ���mmm������ééé^̂̂SSSKKK���±±±ØØØCCC"""

lllUVW · · · ZNNN������U′V ′W′ · · · Z′§§§¤¤¤���fff������óóóêêêgggδP = 1,ÄÄÄKKKδP = −1"""
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Wick½½½nnn

���ÎÎÎ���ÂÂÂ   µµµψl(x)ψl′(x′) ≡ T(ψl(x)ψl′(x′))− N(ψl(x)ψl′(x′))
���������VVV���555|||���ÎÎÎ���ÂÂÂ   ���uuu$$$���������ýýý���ÏÏÏ"""���

ψl(x)ψl′(x′) = (Φ0,T(ψl(x)ψl′(x′))Φ0)

yyy²²²µµµ ØØØ������t > t′

T(ψl(x)ψl′(x′)) = T(ψl(x))ψl′(x′) = N(ψl(x))(ψ+
l′ (x′) + ψ−l′ (x′))

= N(ψl(x)ψ+
l′ (x′)) + N(ψ−l (x)ψ−l′ (x′)) + ψ+

l (x)ψ−l′ (x′)

= N(ψl(x)ψ+
l′ (x′)) + N(ψ−l (x)ψ−l′ (x′))± ψ−l′ (x′)ψ+

l (x) + [ψ+
l (x), ψ−l′ (x′)]∓

= N(ψl(x)ψ+
l′ (x′)) + N(ψ−l (x)ψ−l′ (x′)) + N(ψ+

l (x)ψ−l′ (x′)) + [ψ+
l (x), ψ−l′ (x′)]∓

= N(ψl(x)ψ+
l′ (x′)) + N(ψl(x)ψ−l′ (x′)) + (Φ0, [ψ

+
l (x), ψ−l′ (x′)]∓Φ0)

= N(ψl(x)ψl′(x′)) + (Φ0, ψ
+
l (x)ψ−l′ (x′)Φ0)

= N(ψl(x)ψl′(x′)) + (Φ0, ψl(x)ψl′(x′)Φ0)

= N(ψl(x)ψl′(x′)) + (Φ0,Tψl(x)ψl′(x′)Φ0)
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Wick½½½nnn

���ÎÎÎ���ÂÂÂ   µµµψl(x)ψl′(x′) ≡ T(ψl(x)ψl′(x′))− N(ψl(x)ψl′(x′))

���������VVV���555|||���ÎÎÎ���ÂÂÂ   ���uuu$$$���������ýýý���ÏÏÏ"""���

ψl(x)ψl′(x′) = (Φ0,T(ψl(x)ψl′(x′))Φ0)

yyy²²²µµµ ØØØ������t > t′

T(ψl(x)ψl′(x′)) = T(ψl(x))ψl′(x′) = N(ψl(x))(ψ+
l′ (x′) + ψ−l′ (x′))

= N(ψl(x)ψl′(x′)) + [ψ+
l (x), ψ−l′ (x′)]∓

= N(ψl(x)ψl′(x′)) + (Φ0,Tψl(x)ψl′(x′)Φ0)

íííØØØ: ���ppp���mmm���ééé´́́½½½���ééé´́́555���������

I ���������ØØØÓÓÓ|||���|||���ÎÎÎ���mmm���ÂÂÂ   ���uuu"""

I ������������«««���ÎÎÎ���mmm,���)))���ÎÎÎ���mmm���ÂÂÂ   ���uuu"""
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Wick½½½nnn

���ÎÎÎ���ÂÂÂ   µµµψl(x)ψl′(x′) ≡ T(ψl(x)ψl′(x′))− N(ψl(x)ψl′(x′))

���������VVV���555|||���ÎÎÎ���ÂÂÂ   ���uuu$$$���������ýýý���ÏÏÏ"""���
���������ØØØÓÓÓ|||���mmm���ÂÂÂ   ���uuu""";���«««���ÎÎÎ���mmm,���)))���ÎÎÎ���mmm���ÂÂÂ   ���uuu"""

½½½ÂÂÂØØØ���������|||���ÎÎÎ���ÂÂÂ   : N(U VW · · · YZ) ≡ δP VZ N(UW · · · Y)

ÙÙÙ¥¥¥���eeeyyy���´́́���òòòüüüààà������ÎÎÎVÚÚÚZ???111ÂÂÂ   ööö���,éééeeeyyy���¥¥¥mmm������
ÎÎÎW · · · YØØØuuu)))���^̂̂,���´́́���ÄÄÄÏÏÏfffδP = (−1)n, n´́́òòòVÚÚÚZNNN������ååå¤¤¤������
���¤¤¤���fff���ÎÎÎ���êêê888.

íííØØØ: N(U V W · · ·XY Z) ≡ δP VZ WY N(U · · ·X)

ýýý���½½½nnn:XXXJJJ���ÎÎÎZ������mmm���'''¤¤¤kkk���ÎÎÎÑÑÑ@@@,KKKkkk

N(UV · · ·XY)Z = N(UV · · ·XYZ) + N(UV · · ·XYZ) + N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ)

yyy²²²:XXXJJJZ´́́���«««���ÎÎÎ

UZ = T(UZ)− N(UZ) = UZ − UZ = 0 Výýý���½½½nnnððð¤¤¤ááá,���III???ØØØZ´́́���)))���ÎÎÎ������¹¹¹!
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Wick½½½nnn

���ÎÎÎ���ÂÂÂ   µµµψl(x)ψl′(x′) ≡ T(ψl(x)ψl′(x′))− N(ψl(x)ψl′(x′))
���������VVV���555|||���ÎÎÎ���ÂÂÂ   ���uuu$$$���������ýýý���ÏÏÏ"""���
���������ØØØÓÓÓ|||���mmm���ÂÂÂ   ���uuu""";���«««���ÎÎÎ���mmm,���)))���ÎÎÎ���mmm���ÂÂÂ   ���uuu"""

½½½ÂÂÂØØØ���������|||���ÎÎÎ���ÂÂÂ   : N(U VW · · · YZ) ≡ δP VZ N(UW · · · Y)

δP = (−1)n, n´́́òòòVÚÚÚZNNN������ååå¤¤¤���������¤¤¤���fff���ÎÎÎ���êêê888.

íííØØØ: N(U V W · · ·XY Z) ≡ δP VZ WY N(U · · ·X)

ýýý���½½½nnn:XXXJJJ���ÎÎÎZ������mmm���'''¤¤¤kkk���ÎÎÎÑÑÑ@@@,KKKkkk

N(UV · · ·XY)Z = N(UV · · ·XYZ) + N(UV · · ·XYZ) + N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ)

yyy²²²: Z´́́���)))���ÎÎÎ;eeeUV · · ·XY´́́���«««���ÎÎÎ������///¤¤¤ááá§§§KKKééé���xxx���)))���ÎÎÎP

PN(UV · · ·XY)Z =PN(UV· · ·XYZ)+PN(UV· · ·XYZ)+PN(UV· · ·XYZ)+· · ·+PN(UV· · ·XYZ)

|||^̂̂PZ = 0 V N(PUV · · ·XYZ) = 0

N(PUV· · ·XY)Z =N(PUV· · ·XYZ)+N(PUV· · ·XYZ)+N(PUV· · ·XYZ)+· · ·+N(PUV· · ·XYZ)

Výýý���½½½nnnððð¤¤¤ááá,���III???ØØØUV · · ·XY´́́���«««���ÎÎÎ������¹¹¹ !
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Wick½½½nnn

���ÎÎÎ���ÂÂÂ   µµµψl(x)ψl′(x′) ≡ T(ψl(x)ψl′(x′))− N(ψl(x)ψl′(x′))

���������VVV���555|||���ÎÎÎ���ÂÂÂ   ���uuu$$$���������ýýý���ÏÏÏ"""���
���������ØØØÓÓÓ|||���mmm���ÂÂÂ   ���uuu""";���«««���ÎÎÎ���mmm,���)))���ÎÎÎ���mmm���ÂÂÂ   ���uuu"""
½½½ÂÂÂØØØ���������|||���ÎÎÎ���ÂÂÂ   : N(U VW · · · YZ) ≡ δP VZ N(UW · · · Y)

δP = (−1)n, n´́́òòòVÚÚÚZNNN������ååå¤¤¤���������¤¤¤���fff���ÎÎÎ���êêê888.

íííØØØ: N(U V W · · ·XY Z) ≡ δP VZ WY N(U · · ·X)

ýýý���½½½nnn:XXXJJJ���ÎÎÎZ������mmm���'''¤¤¤kkk���ÎÎÎÑÑÑ@@@,KKKkkk
N(UV · · ·XY)Z = N(UV · · ·XYZ) + N(UV · · ·XYZ) + N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ)

yyy²²²: Z´́́���)))���ÎÎÎ; UV · · ·XY���«««���ÎÎÎ: 888BBB{{{

n = 1 : N(Y)Z = YZ = T(YZ) = N(YZ) + YZ

Výýý���½½½nnn¤¤¤ááá,bbb���ééén¤¤¤ááá,���IIIíííÑÑÑééén + 1���¤¤¤ááá ! ééé���«««���ÎÎÎR:
RN(UV· · ·XY)Z =RN(UV· · ·XYZ)︸ ︷︷ ︸

OOO������eee111

+RN(UV· · ·XYZ)+RN(UV· · ·XYZ)+· · ·+RN(UV· · ·XYZ)

RN(UV· · ·XYZ)=δPT(RZ)UV· · ·XY=δP(N(RZ)+RZ)UV· · ·XY=N(RUV· · ·XYZ)+N(RUV· · ·XYZ)

N(RUV· · ·XY)Z =N(RUV· · ·XYZ)+N(RUV· · ·XYZ)+N(RUV· · ·XYZ)+· · ·+N(RUV· · ·XYZ)
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Wick½½½nnn

Wick½½½nnnµµµ

ýýý���½½½nnn:XXXJJJ���ÎÎÎZ������mmm���'''¤¤¤kkk���ÎÎÎÑÑÑ@@@,KKKkkk

N(UV · · ·XY)Z = N(UV · · ·XYZ) + N(UV · · ·XYZ) + N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ)

½½½nnn1:
T(UV · · ·XYZ) = N(UV · · ·XYZ) ÃÃÃÂÂÂ   ���

+N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ) + ���gggÂÂÂ   ���

+N(UV · · ·XYZ) + · · · ���gggÂÂÂ   ���

+ · · ·
+N(UVW · · ·XYZ) + · · · ���ÜÜÜÂÂÂ   ���

yyy²²²:888BBB{{{
n = 2���¤¤¤ááá! bbb���ééén���®®®²²²¤¤¤ááá.mmm¦¦¦���mmm@@@uuu¤¤¤kkkÙÙÙ§§§���ÎÎÎ���mmm������ÎÎÎR

T(UV · · ·XYZ)R = T(UV · · ·XYZR)

N(UV · · ·XYZ)R = N(UV · · ·XYZR) + N(UV · · ·XYZR) + N(UV · · ·XYZR) + · · ·
N(UV · · ·XYZ)R = δPUVN(W · · ·XYZ)R = N(UV · · ·XYZR) + N(UV W · · ·XYZR) + · · ·
· · · · · · V n + 1������¤¤¤ááá!
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Wick½½½nnn

Wick½½½nnnµµµ

½½½nnn1:
T(UV · · ·XYZ) = N(UV · · ·XYZ) ÃÃÃÂÂÂ   ���

+N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ) + ���gggÂÂÂ   ���

+N(UV · · ·XYZ) + · · · ���gggÂÂÂ   ���

+ · · ·
+N(UVW · · ·XYZ) + · · · ���ÜÜÜÂÂÂ   ���

½½½nnn2:
eeeT¦¦¦ÈÈÈ¥¥¥¹¹¹N¦¦¦ÈÈÈ,ÐÐÐmmmEEE¤¤¤ááá,���IIIòòò���N¦¦¦ÈÈÈSSSÜÜÜ������ÎÎÎ���mmm���ÂÂÂ   ÑÑÑ���.

Φα = a† · · · b†Φ0 Φβ = d† · · · f †Φ0

Sβα = (Φβ , SΦα) = (Φβ ,T e−i
∫∞
−∞ dt V(ψ,π)Φα)

ψ(x)=
∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p,σ)a(~p,σ)︸ ︷︷ ︸
ψ+

+eip·xv(~p,σ)ac†(~p,σ)︸ ︷︷ ︸
ψ−

] π(x) = π+(x)+π−(x)

������ ���uuu���ÆÆÆ
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Wick½½½nnn

|||���ÂÂÂ   µµµ

ψ(x) =
∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p, σ)a(~p, σ) + eip·xv(~p, σ)ac†(~p, σ)]

ψl(x)ψl′(x′) = (Φ0,T(ψl(x)ψl′(x′))Φ0) = θ(t − t′)[ψ+
l (x), ψ−l′ (x′)]∓ ± θ(t′ − t)[ψ+

l′ (x′), ψ−l (x)]∓

IIIþþþ|||: u(~p) = v(~p) = 1√
2(~p2+M2)1/4 f (z) = 1

2πi

∮
___������

dw f (w)
w−z

φ(x)φ†(y) =

∫
d3pd3p′ {[e−ip·xa(~p), eip′·ya†(~p′)]θ(x0−y0)+[e−ip′·yac(~p′), eip·xac†(~p)]θ(y0−x0)}

(2π)32(~p2+M2)1/4(~p′2+M2)1/4

=

∫
d3p ei~p·(~x−~y)

2(2π)3
√
~p2+M2

[e−i
√
~p2+M2(x0−y0)θ(x0 − y0) + ei

√
~p2+M2(x0−y0)θ(y0 − x0)]

=

∫
d3p ei~p·(~x−~y)

2(2π)3

∫ ∞
−∞

dp0 e−ip0(x0−y0)

2iπ
√
~p2 + M2

[− 1
p0−

√
~p2+M2+i0†

+
1

p0+
√
~p2+M2−i0†

]

=

∫
d4p

(2π)4 e−ip·(x−y) i
p2 −M2 + i0†

=

������ ���uuu���ÆÆÆ
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Wick½½½nnn

|||���ÂÂÂ   µµµ
ψ(x) =

∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p, σ)a(~p, σ) + eip·xv(~p, σ)ac†(~p, σ)]

ψl(x)ψl′(x′) = (Φ0,T(ψl(x)ψl′(x′))Φ0) = θ(t − t′)[ψ+
l (x), ψ−l′ (x′)]∓ ± θ(t′ − t)[ψ+

l′ (x′), ψ−l (x)]∓

^̂̂þþþ|||: u(~p, σ) =
√

M/p0D(L(p))u(0, σ) v(~p, σ) =
√

M/p0D(L(p))v(0, σ)

ψ(x)lψl′(y) =

∫
d3pd3p′

(2π)3

∑
σσ′

{[e−ip·xul(~p, σ)a(~p, σ), eip′·yul′(~p
′, σ′)a†(~p′, σ′)]+θ(x0−y0)

−[e−ip′·yvl′(~p
′, σ′)ac(~p′, σ′), eip·xvl(~p, σ)ac†(~p, σ)]+θ(y0−x0)}

=

∫
d3p ei~p·(~x−~y)

(2π)3

∑
σ

[e−i
√
~p2+M2(x0−y0)ul(~p,σ)ul′(~p,σ)θ(x0−y0)−ei

√
~p2+M2(x0−y0)vl′(−~p,σ)vl(−~p,σ)θ(y0−x0)]

=

∫
d3p ei~p·(~x−~y)

(2π)3

∫ ∞
−∞

dp0 e−ip0(x0−y0)

2iπ2
√
~p2 + M2

[
− p0γ0 −~p · ~γ + M

p0−
√
~p2+M2+i0†

− −p0γ0 +~p · ~γ −M

p0+
√
~p2+M2−i0†

]
ll′

=

∫
d4p

(2π)4 e−ip·(x−y)
[

i(pµγµ+M)

p2−M2+i0†

]
ll′
=

∫
d4p

(2π)4 e−ip·(x−y)
[

i
pµγµ−M+i0†

]
ll′
=

������ ���uuu���ÆÆÆ
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Wick½½½nnn

|||���ÂÂÂ   µµµ
ψ(x) =

∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p, σ)a(~p, σ) + eip·xv(~p, σ)ac†(~p, σ)]

ψl(x)ψl′(x′) = (Φ0,T(ψl(x)ψl′(x′))Φ0) = θ(t − t′)[ψ+
l (x), ψ−l′ (x′)]∓ ± θ(t′ − t)[ψ+

l′ (x′), ψ−l (x)]∓

kkk���¥¥¥þþþ|||: uµ(~p, σ) = vµ∗(~p, σ) = (2p0)−1/2eµ(~p, σ) eµ(~p,σ)≡Lµν(~p)eν(0,σ)

vµ(x)vν†(y) =

∫
d3pd3p′

2(2π)3(~p2+M2)1/4(~p′2+M2)1/4

∑
σσ′

{[e−ip·xeµ(~p,σ)a(~p,σ), eip′·yeν∗(~p′,σ′)a†(~p′,σ′)]θ(x0−y0)

+[e−ip′·yeν(~p′, σ′)ac(~p′, σ′), eip·xeµ(~p, σ)ac†(~p, σ)]θ(y0−x0)}

=

∫
d3p ei~p·(~x−~y)

2(2π)3
√
~p2+M2

∑
σ

[e−i
√
~p2+M2(x0−y0)eµ(~p,σ)eν∗(~p,σ)θ(x0−y0)+ei

√
~p2+M2(x0−y0)eν(−~p,σ)eµ∗(−~p,σ)θ(y0−x0)]

=

∫
d3p ei~p·(~x−~y)

(2π)3

∫ ∞
−∞

dp0 e−ip0(x0−y0)

2iπ2
√
~p2 + M2

[− −gµν + pµpν/M2

p0−
√
~p2+M2+i0†

+
−gµν + pµpν/M2

p0+
√
~p2+M2−i0†

]

=

∫
d4p

(2π)4 e−ip·(x−y) i(−gµν + pµpν/M2)

p2 −M2 + i0†
=

������ ���uuu���ÆÆÆ
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������mmm���???���¦¦¦ÈÈÈ���������¼¼¼êêê (Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )

U(t, t′) = Ω†(t)Ω(t′) ψH(x) = Ω(t)ψ(x)Ω†(t) Ψ±α = Ω(∓∞)Φα

Sβα = (Φβ ,U(∞,−∞)Φα) = (Φβ ,T e−i
∫

d4x V(ψ,π)Φα)

Sβα[J] ≡ (Φβ ,T e−i
∫

d4x VJ(ψ,π)Φα) ⇐ VJ(ψ, π) ≡ V(ψ, π) + ψl(x)Jl(x)

δSβα[J]

δJl1 (x1)δJl2 (x2) · · · δJln (xn)

∣∣∣∣
Jl(x)=0

= (−i)n(Φβ ,T ψl1 (x1)ψl2 (x2) · · ·ψln (xn) e−i
∫

d4x V(ψ,π)Φα)

= (−i)n(Φβ ,T ψl1 (x1)ψl2 (x2) · · ·ψln (xn) U(∞,−∞)Φα) Wick½½½nnn¤¤¤kkk���UUU������ÜÜÜÂÂÂ   ������ÚÚÚ

t1≥t2≥···≥tn
====== (−i)n(Φβ ,U(∞, t1)ψl1 (x1)U(t1, t2)ψl2 (x2)U(t2, t3) · · ·U(tn−1, tn)ψln (xn)U(tn,−∞)Φα)

= (−i)n(Φβ ,Ω
†(∞)Ω(t1)ψl1 (x1)Ω

†(t1)Ω(t2)ψl2 (x2)Ω
†(t2) · · ·Ω(tn)ψln (xn)Ω

†(tn)Ω(−∞)Φα)

= (−i)n(Ψ−β , ψH,l1 (x1)ψH,l2 (x2) · · ·ψH,ln (xn)Ψ
+
α )

= (−i)n(Ψ−β ,T ψH,l1 (x1)ψH,l2 (x2) · · ·ψH,ln (xn)Ψ
+
α )

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

???���¦¦¦ÈÈÈ���������¼¼¼êêê(Ψ−0 ,T ψH,1(x1) · · ·ψH,n(xn)ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

±±±���¬¬¬yyy²²²:eee®®®���¤¤¤kkk���������¼¼¼êêê,KKKÒÒÒ���±±±������NNNXXX������^̂̂þþþ!

ééécccn���âââfff333ÃÃÃ¡¡¡òòò555t1, . . . , tn →∞§§§���l���âââfff333ÃÃÃ¡¡¡LLL���tn+1, . . . , tn+l → −∞������¹¹¹:

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑
P 1,··· ,n

∑
P n+1,··· ,n+l

θ(x0
1 − x0

2) · · · θ(x0
n−1 − x0

n)θ(x0
n+1 − x0

n+2) · · · θ(x0
n+l−1 − x0

n+l)

×(Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

I ???���ÏÏÏfffθ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)´́́ ØØØ���±±±������KKK���!

I (Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 ) =

(Ψ−0 , ψH,1(x1 + a) · · ·ψH,n(xn + a)ψH,n+1(xn+1 + a) · · ·ψH,n+l(xn+l + a)Ψ+
0 )

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

???���¦¦¦ÈÈÈ���������¼¼¼êêê(Ψ−0 ,T ψH,1(x1) · · ·ψH,n(xn)ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

???ØØØcccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹:

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑
P 1,··· ,n

∑
P n+1,··· ,n+l

θ(x0
1 − x0

2) · · · θ(x0
n−1 − x0

n)θ(x0
n+1 − x0

n+2) · · · θ(x0
n+l−1 − x0

n+l)

×(Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑
P 1,··· ,n

∑
P n+1,··· ,n+l

θ(x0
1 − x0

2) · · · θ(x0
n−1 − x0

n)θ(x0
n+1 − x0

n+2) · · · θ(x0
n+l−1 − x0

n+l)

×
∫

dγdγ′(Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ
−
γ )(Ψ−γ ,Ψ

+
γ′)(Ψ

+
γ′ , ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ

+
0 )

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑
P 1,··· ,n

∑
P n+1,··· ,n+l

θ(x0
1 − x0

2) · · · θ(x0
n−1 − x0

n)θ(x0
n+1 − x0

n+2) · · · θ(x0
n+l−1 − x0

n+l)

×
∑

σ1···σn+l

∫
d~p1 · · · d~pn+l (Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ

−
~p1,σ1,··· ,~pn,σn

)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)(Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

,ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

Ψ±0 = Ψ0 Ψ±
~p,σ = Ψ~p,σ ???���ÚÚÚÑÑÑ������âââfffÃÃÃ¡¡¡©©©lll ψH,i(xi) = eiP·xiψH(0)e−iP·xi

(Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ
−
~p1,σ1,··· ,~pn,σn

) = (Ψ0, ψH,1(x1)Ψ~p1,σ1 ) · · · (Ψ0, ψH,n(xn)Ψ~pn,σn )

= e−ip1·x1−···−ipn·xn (Ψ0, ψH,1(0)Ψ~p1,σ1 ) · · · (Ψ0, ψH,n(0)Ψ~pn,σn )

(Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

, ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

= (Ψ~pn+1,σn+1 , ψH,n+1(xn+1)Ψ0) · · · (Ψ~pn+l,σn+l , ψH,n+l(xn+l)Ψ0)

= eipn+1·xn+1+···+ipn+l·xn+l (Ψ~pn+1,σn+1 , ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+l , ψH,n+l(0)Ψ0)

������ ���uuu���ÆÆÆ
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������ooo������ÄÄÄnÚÚÚlâââfff���¥¥¥mmm���ººº∫
dγdγ′(Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ

−
γ )(Ψ−γ ,Ψ

+
γ′)(Ψ

+
γ′ , ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ

+
0 )

=
∑

σ1···σn+l

∫
d~p1 · · · d~pn+l (Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ

−
~p1,σ1,··· ,~pn,σn

)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)(Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

,ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

(Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ
−
~p1,σ1,··· ,~pn,σn

) = (Ψ0, ψH,1(x1)Ψ~p1,σ1 ) · · · (Ψ0, ψH,n(xn)Ψ~pn,σn )

(Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

, ψH,n+1(xn+1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

= (Ψ~pn+1,σn+1 , ψH,n+1(xn+1)Ψ0) · · · (Ψ~pn+l,σn+l , ψH,n+l(xn+l)Ψ0)

♣ XXXJJJ���ÄÄÄm > nâââfff���¥¥¥mmm���µµµÏÏÏfffzzz���¬¬¬ÑÑÑyyyýýý���������üüüâââfff������SSSÈÈÈ,ÏÏÏ���"""

♠ XXXJJJ���ÄÄÄm < nâââfff���¥¥¥mmm���µµµÃÃÃ¡¡¡©©©lll���ÏÏÏfffzzz������¬¬¬ÑÑÑyyyüüü���|||���ýýý���ÏÏÏ"""���§§§ÏÏÏ���"""

������ ���uuu���ÆÆÆ
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õõõâââfff������888���zzz: PPPΦp1,σ1,n;p2,σ2,n2;··· = Φp1,p2,···

ýýý������Φ0ÚÚÚüüüâââfff���Φq

(Φ0,Φ0) = 1 (Φq′ ,Φq) = δ(q′ − q) ≡ δ3(~q′ −~q)δσ′σδn′n

éééüüüâââfff���Φq1q2 (Φq′1q′2
,Φq1q2 ) = δ(q′1 − q1)δ(q′2 − q2)± δ(q′2 − q1)δ(q′1 − q2)

KKKÒÒÒéééüüü���âââfffÑÑÑ´́́¤¤¤���fff������///,���ÒÒÒéééÙÙÙ§§§���///(üüü���âââfffÑÑÑ´́́ÀÀÀÚÚÚfff½½½
������´́́ÀÀÀÚÚÚfff������´́́¤¤¤���fff).

���������¹¹¹: (Φq′1q′2···q
′
M
,Φq1q2···qN ) = δMN

∑
P

δP
∏

i

δ(qi − q′P i)

¦¦¦ÚÚÚééé¤¤¤kkk���UUU���ééé���III1, 2, · · · ,N���������üüüSSSP¢¢¢111.ééé������üüüSSS¥¥¥���999ÛÛÛ
êêêggg¤¤¤���fff���������,δP = −1,ÙÙÙ§§§���¹¹¹���������üüüSSSδP = 1.

���½½½: (Φα′ ,Φα) = δ(α′ − α)

∫
dα · · · ≡

∑
n1σ1n2σ2···

∫
d~p1

∫
d~p2 · · ·

Φ =

∫
dα Φα(Φα,Φ) 1 =

∫
dα Φα)(Φα õõõâââfff������¤¤¤������888���

������ ���uuu���ÆÆÆ
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(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑
P 1,··· ,n

∑
P n+1,··· ,n+l

θ(x0
1 − x0

2) · · · θ(x0
n−1 − x0

n)θ(x0
n+1 − x0

n+2) · · · θ(x0
n+l−1 − x0

n+l)

×
∑

σ1···σn+l

∫
d~p1 · · · d~pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0, ψH,1(0)Ψ~p1,σ1)· · ·(Ψ0, ψH,n(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)∑

P 1,··· ,n

θ(x0
1 − x0

2) · · · θ(x0
n−1 − x0

n) = 1
∑

P n+1,··· ,n+l

θ(x0
n+1 − x0

n+2) · · · θ(x0
n+l−1 − x0

n+l) = 1

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑

σ1···σn+l

∫
d~p1 · · · d~pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0, ψH,1(0)Ψ~p1,σ1)· · ·(Ψ0, ψH,n(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)
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(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

= θ(x0
1) · · · θ(x0

n)θ(−x0
n+1) · · · θ(−x0

n+l)

×
∑

σ1···σn+l

∫
d~p1 · · · d~pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0, ψH,1(0)Ψ~p1,σ1)· · ·(Ψ0, ψH,n(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)

θ(x0
i − x0

i+1) = − 1
2iπ

∫∞
−∞ dωi

e
−iωi(x0

i −x0
i+1)

ωi+i0+

=
(−1)n+l

(2iπ)n+l

∑
σ1···σn+l

∫ ∞
−∞

dω1 · · · dωn+l
e−iω1x0

1−···−iωnx0
n+iωn+1x0

n+1+···+iωn+lx
0
n+l

(ω1 + i0+) · · · (ωn+l + i0+)

×
∫

d~p1· · ·d~pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0,ψH,1(0)Ψ~p1,σ1 )· · ·(Ψ0,ψH,n(0)Ψ~pn,σn )

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=
(−1)n+l

(2iπ)n+l

∑
σ1···σn+l

∫ ∞
−∞

dω1 · · · dωn+le−iω1x0
1···−iωnx0

n+iωn+1x0
n+1···+iωn+lx

0
n+l

(ω1 + i0+) · · · (ωn+l + i0+)

×
∫

d~p1· · ·d~pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0,ψH,1(0)Ψ~p1,σ1 )· · ·(Ψ0,ψH,n(0)Ψ~pn,σn )

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)

=
(−1)n+l

(2iπ)n+l

∑
σ1···σn+l

∫ ∞
−∞

dω1 · · · dωn+l

(ω1 + i0+) · · · (ωn+l + i0+)

×
∫

d~p1· · ·d~pn+le−ip′1·x1−···−ip′n·xn+ip′n+1·xn+1+···+ip′n+l·xn+l (Ψ0,ψH,1(0)Ψ~p1,σ1 )· · ·(Ψ0,ψH,n(0)Ψ~pn,σn )

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)

~p′i = ~pi i = 1, 2, · · · , n + l

p0′
i =

√
~p2

i + M2
i + ωi i = 1, 2, · · · , n + l

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=
(−1)n+l

(2iπ)n+l

∑
σ1···σn+l

∫ ∞
−∞

dω1 · · · dωn+l

(ω1 + i0+) · · · (ωn+l + i0+)

×
∫

d~p1· · ·d~pn+le−ip′1·x1−···−ip′n·xn+ip′n+1·xn+1+···+ip′n+l·xn+l (Ψ0,ψH,1(0)Ψ~p1,σ1 )· · ·(Ψ0,ψH,n(0)Ψ~pn,σn )

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+

~pn+1,σn+1,··· ,~pn+l,σn+l
)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0) · · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)

~p′i = ~pi i = 1, 2, · · · , n + l

p0′
i =

√
~p2

i + M2
i + ωi i = 1, 2, · · · , n + l

=
(−1)n+l

(2iπ)n+l

∑
σ1···σn+l

∫
d4p1· · ·d4pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0,ψH,1(0)Ψ~p1,σ1 )

· · ·(Ψ0,ψH,n(0)Ψ~pn,σn )(Ψ
−
~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0)

· · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)(p0
1−
√
~p2

1+M2
1 +i0+)−1· · · (p0

n+l−
√
~p2

n+l+M2
n+l + i0+)−1

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=
(−1)n+l

(2iπ)n+l

∑
σ1···σn+l

∫
d4p1· · ·d4pn+le−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l (Ψ0,ψH,1(0)Ψ~p1,σ1 )

· · ·(Ψ0,ψH,n(0)Ψ~pn,σn )(Ψ
−
~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)(Ψ~pn+1,σn+1ψH,n+1(0)Ψ0)

· · · (Ψ~pn+l,σn+lψH,n+l(0)Ψ0)(p0
1−
√
~p2

1+M2
1 +i0+)−1· · · (p0

n+l−
√
~p2

n+l+M2
n+l + i0+)−1

1

(p0−
√
~p2+M2+i0+)

=
(p0+
√
~p2+M2−i0+)

(p0)2−(~p2+M2−i0+)
=

2
√
~p2+M2

p2−M2+i0+ + ���444:::���

=

∫
d4p1

(2π)4· · ·
d4pn+l

(2π)4 e−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l
∑

σ1···σn+l

{
2i(2π)3p0

1(Ψ0, ψH,1(0)Ψ~p1,σ1 )

p2
1 −M2

1 + i0+

· · · 2i(2π)3p0
n(Ψ0, ψH,n(0)Ψ~pn,σn )

p2
n −M2

n + i0+
(Ψ−~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)

×
2i(2π)3p0

n+1(Ψ~pn+1,σn+1 ,ψH,n+1(0)Ψ0)

p2
n+1 −M2

n+1 + i0+
· · ·

2i(2π)3p0
n+l(Ψ~pn+l,σn+l ,ψH,n+l(0)Ψ0)

p2
n+l −M2

n+l + i0+
+���ÔÔÔnnn444:::���

}

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ
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(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=

∫
d4p1

(2π)4· · ·
d4pn+l

(2π)4 e−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l
∑

σ1···σn+l

{
2i(2π)3p0

1(Ψ0, ψH,1(0)Ψ~p1,σ1 )

p2
1 −M2

1 + i0+

· · · 2i(2π)3p0
n(Ψ0, ψH,n(0)Ψ~pn,σn )

p2
n −M2

n + i0+
(Ψ−~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)

×
2i(2π)3p0

n+1(Ψ~pn+1,σn+1 ,ψH,n+1(0)Ψ0)

p2
n+1 −M2

n+1 + i0+
· · ·

2i(2π)3p0
n+l(Ψ~pn+l,σn+l ,ψH,n+l(0)Ψ0)

p2
n+l −M2

n+l + i0+
+���ÔÔÔnnn444:::���

}

=

∫
d4p1

(2π)4· · ·
d4pn+l

(2π)4 e−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l
∑

σ1···σn+l

{
2i(2π)3p0

1(Ψ0, ψ1(0)Ψ~p1,σ1 )

p2
1 −M2

1 + i0+

· · · 2i(2π)3p0
n(Ψ0, ψn(0)Ψ~pn,σn )

p2
n −M2

n + i0+
(Ψ−~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

) ���KKK


eeeIIIH !

×
2i(2π)3p0

n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)

p2
n+1 −M2

n+1 + i0+
· · ·

2i(2π)3p0
n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0)

p2
n+l −M2

n+l + i0+
+���ÔÔÔnnn444:::���

}
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���zzzúúúªªª

(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=

∫
d4p1

(2π)4· · ·
d4pn+l

(2π)4 e−ip1·x1−···−ipn·xn+ipn+1·xn+1+···+ipn+l·xn+l
∑

σ1···σn+l

{
2i(2π)3p0

1(Ψ0, ψ1(0)Ψ~p1,σ1 )

p2
1 −M2

1 + i0+

· · · 2i(2π)3p0
n(Ψ0, ψn(0)Ψ~pn,σn )

p2
n −M2

n + i0+
(Ψ−~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,··· ,~pn+l,σn+l

)

×
2i(2π)3p0

n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)

p2
n+1 −M2

n+1 + i0+
· · ·

2i(2π)3p0
n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0)

p2
n+l −M2

n+l + i0+
+���ÔÔÔnnn444:::���

}

(∂2
1+M2

1)· · ·(∂2
n+l+M2

n+l)(Ψ
−
0 ,TψH,1(x1)· · ·ψH,n+l(xn+l)Ψ

+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555,���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=

∫
d4p1· · ·d4pn+l

(iπ)n+l e−ip1·x1···−ipn·xn+ipn+1·xn+1···+ipn+l·xn+l
∑

σ1···σn+l

{
p0

1(Ψ0,ψ1(0)Ψ~p1,σ1)· · ·p
0
n(Ψ0, ψn(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+
~pn+1,σn+1,···,~pn+l,σn+l

)p0
n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)· · ·p0

n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0)

+ÔÔÔnnn""":::���

}
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(∂2
1+M2

1)· · ·(∂2
n+l+M2

n+l)(Ψ
−
0 ,TψH,1(x1)· · ·ψH,n+l(xn+l)Ψ

+
0 )|cccn���âââfff333ÃÃÃ¡¡¡òòò555,���l���âââfff333ÃÃÃ¡¡¡LLL���������¹¹¹

=

∫
d4p1· · ·d4pn+l

(iπ)n+l e−ip1·x1···−ipn·xn+ipn+1·xn+1···+ipn+l·xn+l
∑

σ1···σn+l

{
p0

1(Ψ0,ψ1(0)Ψ~p1,σ1)· · ·p
0
n(Ψ0, ψn(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+
~pn+1,σn+1,···,~pn+l,σn+l

)p0
n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)· · ·p0

n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0)

+ÔÔÔnnn""":::���

}
(Ψ−0 ,TψH,1(x1)· · ·ψH,n+l(xn+l)Ψ

+
0 ) ØØØ222���¦¦¦cccn���âââfff333ÃÃÃ¡¡¡òòò555§§§���l���âââfff333ÃÃÃ¡¡¡LLL���

≡
∫

d4p1 · · · d4pn+l

(2π)4n+4l e−ip1·x1···−ipn·xn−ipn+1·xn+1···−ipn+l·xn+l G00(p1, · · · , pn, pn+1, · · · , pn+l)

(−p2
1 + M2

1) · · · (−p2
n+l + M2

n+l)G00(p1, · · · , pn,−pn+1, · · · ,−pn+l)

= (−16iπ3)n+l
∑

σ1···σn+l

{
p0

1(Ψ0,ψ1(0)Ψ~p1,σ1)· · ·p
0
n(Ψ0, ψn(0)Ψ~pn,σn)(Ψ

−
~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,···,~pn+l,σn+l

)

×p0
n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)· · ·p0

n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0) +ÔÔÔnnn""":::���

}
������ ���uuu���ÆÆÆ
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(−p2
1 + M2

1) · · · (−p2
n+l + M2

n+l)G00(p1, · · · , pn,−pn+1, · · · ,−pn+l)

= (−16iπ3)n+l
∑

σ1···σn+l

{
p0

1(Ψ0,ψ1(0)Ψ~p1,σ1)· · ·p
0
n(Ψ0, ψn(0)Ψ~pn,σn)(Ψ

−
~p1,σ1,··· ,~pn,σn

,Ψ+
~pn+1,σn+1,···,~pn+l,σn+l

)

×p0
n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)· · ·p0

n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0) +ÔÔÔnnn""":::���

}
=

∫
d4x1 · · · d4xn+leip1·x1···+ipn·xn−ipn+1·xn+1···−ipn+l·xn+l × (∂2

1 +M2
1) · · · (∂2

n+l+M2
n+l)

×(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

lim
p2

i→M2
i

∫
d4x1 · · · d4xn+leip1·x1···+ipn·xn−ipn+1·xn+1···−ipn+l·xn+l × (∂2

1 +M2
1) · · · (∂2

n+l+M2
n+l)

×(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

= (−16iπ3)n+l
∑

σ1···σn+l

p0
1(Ψ0,ψ1(0)Ψ~p1,σ1)· · ·p

0
n(Ψ0, ψn(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+
~pn+1,σn+1,···,~pn+l,σn+l

)p0
n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)· · ·p0

n+l(Ψ~qn+l,σn+l ,ψn+l(0)Ψ0)
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���zzzúúúªªª∫
d4x1 · · · d4xn+leip1·x1···+ipn·xn−ipn+1·xn+1···−ipn+l·xn+l (∂2

1 +M2
1) · · · (∂2

n+l+M2
n+l)

×(Ψ−0 ,TψH,1(x1) · · ·ψH,n+l(xn+l)Ψ
+
0 )

= (−16iπ3)n+l
∑

σ1···σn+l

p0
1(Ψ0,ψ1(0)Ψ~p1,σ1)· · ·p

0
n(Ψ0, ψn(0)Ψ~pn,σn)

×(Ψ−~p1,σ1,··· ,~pn,σn
,Ψ+
~pn+1,σn+1,···,~pn+l,σn+l

)p0
n+1(Ψ~pn+1,σn+1 ,ψn+1(0)Ψ0)· · ·p0

n+l(Ψ~pn+l,σn+l ,ψn+l(0)Ψ0)

¢¢¢IIIþþþ|||: φ(x) =

∫
d3p

(2π)3/2
√

2p0
[e−ip·xa(~p) + eip·xa†(~p)] a(~p)Φ~q = δ(p− q)Φ0

a(~p)Ψ~q = Zφδ(p− q)Ψ0 (2π)3/2
√

2q0(Ψ0, φ(0)Ψ~q) = Zφ Zφ = 0åååPPP���

(Ψ−~q1,··· ,~qn
,Ψ+

~qn+1,··· ,~qn+l
)

=
in+l

(2π)3(n+l)/2Zn+l
φ

√
2q0

1 · · · 2q0
n+l

∫
d4x1 · · · d4xn+leiq1·x1···+iqn·xn−iqn+1·xn+1···−iqn+l·xn+l

×(∂2
1 +M2

1) · · · (∂2
n+l+M2

n+l)(Ψ
−
0 ,TφH,1(x1) · · ·φH,n+l(xn+l)Ψ

+
0 )

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

EEEIIIþþþ|||: φ(x) =
∫ d3p

(2π)3/2
√

2p0
[e−ip·xa(~p) + eip·xac†(~p)]∫

d4x1 · · · d4xn+leip1·x1···+ipc
n·xn−ipc

n+1·xn+1···−ipn+l·xn+l (∂2
1 +M2

1) · · · (∂2
n+l+M2

n+l)(Ψ
−
0 ,TφH,1(x1) · · ·

φH,n′(xn′)φ
†
H,n′+1(xn′+1) · · ·φ†H,n(xn)φH,n+1(xn+1) · · ·φH,n+l′(xn+l′)φ

†
H,n+l′+1(xn+l′+1) · · ·φ†H,n+l(xn+l)Ψ

+
0 )

=(−16iπ3)n+l
∑

σ1···σn+l

p0
1(Ψ0,φ1(0)Ψ~p1)· · ·p

0
n′(Ψ0, φn′(0)Ψ~pn′

)pc0
n′+1(Ψ0, φ

†
n′+1(0)Ψ~pc

n′+1
) · · · pc0

n (Ψ0, φ
†
n(0)Ψ~pc

n
)

×(Ψ−~p1,··· ,~pn′ ,~p
c
n′+1

,··· ,~pc
n
,Ψ+
~pc

n+1,··· ,~p
c
n+l′ ,~pn+l′+1··· ,~pn+l

)pc0
n+1(Ψ~pc

n+1
,φn+1(0)Ψ0) · · · pc0

n+l′(Ψ~pc
n+l′
,φn+l′(0)Ψ0)

×p0
n+l′+1(Ψ~pn+l′+1

,φ†n+l′+1(0)Ψ0) · · · p0
n+l(Ψ~pn+l,σn+l ,φ

†
n+l(0)Ψ0)

a(~p)Ψ~q = Zφδ(p− q)Ψ0 (2π)3/2
√

2q0(Ψ0, φ(0)Ψ~q) = (2π)3/2
√

2q0(Ψ~q, φ
†(0)Ψ0) = Zφ

ac(~p)Ψ~qc = Zφδ(p− qc)Ψ0 (2π)3/2
√

2qc0(Ψ0, φ
†(0)Ψ~qc ) = (2π)3/2

√
2qc0(Ψ~qc , φ(0)Ψ0) = Zφ

(Ψ−~q1,··· ,~qn′ ,~q
c
n′+1
··· ,~qc

n
,Ψ+

~qc
n+1,··· ,~q

c
n+l′ ,~qn+l′+1,··· ,~qn+l

) =
[i/(2π)3/2

√
2]n+l

Zn+l
φ

√
q0

1 · · · qc0
n qc0

n+1 · · · q0
n+l

∫
d4x1 · · · d4xn+l

×eiq1·x1···−iqn+l·xn+l (∂2
1+M2

1) · · · (∂2
n+l+M2

n+l)(Ψ
−
0 ,TφH,1(x1) · · ·φ†H,n(xn)φH,n+1(xn+1) · · ·φ†H,n+l(xn+l)Ψ

+
0 )
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���zzzúúúªªª∫
d4x1 · · · d4xn+l eiq1·x1+···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l (∂2

1 +M2
1) · · · (∂2

n+l+M2
n+l)(Ψ

−
0 ,TψH,l1 (x1) · · ·

ψH,ln′(xn′)ψH,ln′+1
(xn′+1) · · ·ψH,ln(xn)ψH,ln+1(xn+1) · · ·ψH,ln+l′(xn+l′)ψH,ln+l′+1

(xn+l′+1) · · ·ψH,ln+l
(xn+l)Ψ

+
0 )

= (−16iπ3)n+l
∑

σ1···σc
nσ

c
n+1···σn+l

q0
1(Ψ0, ψl1 (0)Ψ~q1,σ1 ) · · · q

c0
n (Ψ0, ψln (0)Ψ~qc

n,σ
c
n
)

×(Ψ−~q1,σ1,··· ,~qc
n,σ

c
n
,Ψ+

~qc
n+1,σ

c
n+1,··· ,~qn+l,σn+l

)qc0
n+1(Ψ~qc

n+1,σ
c
n+1
, ψn+1(0)Ψ0) · · · q0

n+l(Ψ~qn+l,σn+l , ψln+l
(0)Ψ0)

^̂̂þþþ|||: ψl(x) = (2π)−3/2
∑
σ

∫
d~p [ul(~p, σ)e−ip·xa(~p, σ) + vl(~p, σ)eip·xac†(~p, σ)]

ψl(x) = (2π)−3/2
∑
σ

∫
d~p [ul(~p, σ)eip·xa†(~p, σ) + vl(~p, σ)e−ip·xac(~p, σ)]

a(~p)Ψ~q =Zψδ(p−q)Ψ0 ac(~p)Ψ~qc =Zψδ(p−qc)Ψ0

(2π)3/2(Ψ0, ψl(0)Ψ~q,σ)=Zψul(~q, σ) (2π)3/2(Ψ~q,σ, ψl(0)Ψ0) = Zψul(~q, σ)

(2π)3/2(Ψ0, ψl(0)Ψ~qc,σc )=Zψvl(~qc, σc) (2π)3/2(Ψ~qc,σc , ψl(0)Ψ0) = Zψvl(~qc, σc)
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���zzzúúúªªª∫
d4x1 · · · d4xn+leiq1·x1+···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l (∂2

1 +M2
1) · · · (∂2

n+l+M2
n+l)

×(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)ψH,ln+1 (xn+1) · · ·ψH,ln+l
(xn+l)Ψ

+
0 )

=(−25/2iπ3/2)n+lZn+l
ψ q0

1 · · · qc0
n qc0

n+1 · · · q0
n+l

∑
σ1···σc

nσ
c
n+1···σn+l

ul1 (~q1, σ1) · · · vln (~q
c
n, σ

c
n)

×(Ψ−~q1,σ1,··· ,~qc
n,σ

c
n
,Ψ+

~qc
n+1,σ

c
n+1··· ,~qn+l,σn+l

)vln+1 (~q
c
n+1, σ

c
n+1) · · · uln+l (~qn+l, σn+l)

u(~p, σ)=
√

M/p0D(L(p))u(0, σ) v(~p, σ)=
√

M/p0D(L(p))v(0, σ) D(L(p))βD†(L(p))=β

β = γ0=

(
0 −I
−I 0

)
u(0,

1
2
)=


1√
2

0
−1√

2
0

 u(0,−1
2
)=


0
1√
2

0
−1√

2

 v(0,
1
2
)=


0
1√
2

0
1√
2

 v(0,−1
2
)=


−1√

2
0
−1√

2
0


u(~p, σ)u(~p, σ′) =

M
p0 u(0, σ)βD†(L(p))βD(L(p))u(0, σ′) =

M
p0 u(0, σ)u(0, σ′) =

M
p0 δσσ′

v(~p, σ)v(~p, σ′) =
M
p0 v(0, σ)βD†(L(p))βD(L(p))v(0, σ′) =

M
p0 v(0, σ)v(0, σ′) = −M

p0 δσσ′
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���zzzúúúªªª

(Ψ−~q1,σ1,··· ,~qc
n,σ

c
n
, Ψ+

~qc
n+1,σ

c
n+1,··· ,~qn+l,σn+l

)

= (−1)−n′+l′−l(25/2iπ3/2)−n−lZ−n−l
ψ (M1 · · ·Mn+l)

−1ul1 (~q1, σ1) · · · vln (~q
c
n, σ

c
n)

×vln+1 (~q
c
n+1, σ

c
n+1) · · · uln+l (~qn+l, σn+l)

∫
d4x1 · · · d4xn+leiq1·x1+···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l

×(∂2
1 +M2

1) · · · (∂2
n+l+M2

n+l)(Ψ
−
0 ,TψH,l1 (x1) · · ·ψH,ln (xn)ψH,ln+1 (xn+1) · · ·ψH,ln+l

(xn+l)Ψ
+
0 )

= (−1)−n′+l′−l(25/2iπ3/2)−n−lZ−n−l
ψ (M1 · · ·Mn+l)

−1ul1 (~q1, σ1) · · · vln (~q
c
n, σ

c
n)

×vln+1 (~q
c
n+1, σ

c
n+1) · · · uln+l (~qn+l, σn+l)

∫
d4x1 · · · d4xn+leiq1·x1+···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l

×[(−i∂/x1−M1)(i∂/x1−M1)]l1̄l1 · · · [(−i∂/xn−Mn)(i∂/xn−Mn)]̄lnln [(−i∂/xn+1−Mn+1)(i∂/xn+1−Mn+1)]ln+1̄ln+1

· · ·[(−i∂/xn+l−Mn+l)(i∂/xn+l−Mn+l)]̄ln+l ln+l
(Ψ−0 ,TψH,̄l1 (x1)· · ·ψH,̄ln (xn)ψH,̄ln+1

(xn+1)· · ·ψH,̄ln+l
(xn+l)Ψ

+
0 )
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���zzzúúúªªª

(Ψ−~q1,σ1,··· ,~qc
n,σ

c
n
, Ψ+

~qc
n+1,σ

c
n+1,··· ,~qn+l,σn+l

)

= (−1)−n′+l′−l(25/2iπ3/2)−n−lZ−n−l
ψ (M1 · · ·Mn+l)

−1ul1 (~q1, σ1) · · · vln (~q
c
n, σ

c
n)

×vln+1 (~q
c
n+1, σ

c
n+1) · · · uln+l (~qn+l, σn+l)

∫
d4x1 · · · d4xn+leiq1·x1+···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l

×[(−i∂/x1−M1)(i∂/x1−M1)]l1̄l1 · · · [(−i∂/xn−Mn)(i∂/xn−Mn)]̄lnln [(−i∂/xn+1−Mn+1)(i∂/xn+1−Mn+1)]ln+1̄ln+1

· · ·[(−i∂/xn+l−Mn+l)(i∂/xn+l−Mn+l)]̄ln+l ln+l
(Ψ−0 ,TψH,̄l1 (x1)· · ·ψH,̄ln (xn)ψH,̄ln+1

(xn+1)· · ·ψH,̄ln+l
(xn+l)Ψ

+
0 )

= (−1)−n′+l′−l(25/2iπ3/2)−n−lZ−n−l
ψ (M1 · · ·Mn+l)

−1ul1 (~q1, σ1) · · · vln (~q
c
n, σ

c
n)

×vln+1 (~q
c
n+1, σ

c
n+1) · · · uln+l (~qn+l, σn+l)

∫
d4x1 · · · d4xn+leiq1·x1+···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l

×[(−q/1−M1)(i∂/x1−M1)]l1̄l1 · · · [(−i∂/xn−Mn)(q/c
n−Mn)]̄lnln [(q/c

n+1−Mn+1)(i∂/xn+1−Mn+1)]ln+1̄ln+1

· · ·[(−i∂/xn+l−Mn+l)(−q/n+l−Mn+l)]̄ln+l ln+l
(Ψ−0 ,TψH,̄l1 (x1)· · ·ψH,̄ln (xn)ψH,̄ln+1

(xn+1)· · ·ψH,̄ln+l
(xn+l)Ψ

+
0 )

(q/n+l−Mn+l)u(~qn+l,σn+l)=0 u(~q1,σ)(q/1−M1)=0 (q/c
n+Mn)v(~qc

n,σ
c
n)=0 v(~qc

n+1,σ
c
n+1)(q/c

n+1+Mn+1)=0

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

���zzzúúúªªª

(Ψ−~q1,σ1,··· ,~qn′ ,σn′ ,~q
c
n′+1

,σc
n′+1

,··· ,~qc
n,σ

c
n
, Ψ+

~qc
n+1,σ

c
n+1,··· ,~q

c
n+l′ ,σ

c
n+l′ ,~qn+l′+1,σn+l′+1,··· ,~qn+l,σn+l

)

=(−1)−n′+l′−l[(2π)
3
2 i]−n−lZ−n−l

ψ ul1 (~q1, σ1) · · · uln′ (~qn′, σn′)vln′+1
(~qc

n′+1, σ
c
n′+1) · · · vln (~q

c
n, σ

c
n)

×vln+1 (~q
c
n+1, σ

c
n+1) · · · vln+l′ (~q

c
n+l′ , σ

c
n+l′)uln+l′+1

(~qn+l′+1, σn+l′+1) · · · uln+l (~qn+l, σn+l)

×
∫

d4x1 · · · d4xn+l eiq1·x1+···+iqn′ ·xn′+iqc
n′+1·xn′+1+···+iqc

n·xn−iqc
n+1·xn+1−···−iqc

n+l′ ·xn+l′−iqn+l′+1·xn+l′+1−···−iqn+l·xn+l

×(i∂/x1−M1)l1̄l1 · · · (i∂/xn′−Mn′)ln′ l̄n′
(−i∂/xn′+1

−Mn′+1)̄ln′+1ln′+1
· · · (−i∂/xn−Mn)̄lnln

×(i∂/xn+1−Mn+1)ln+1̄ln+1
· · · (i∂/xn+l′−Mn+l′)ln+l′ l̄n+l′

(−i∂/xn+l′+1
−Mn+l′+1)̄ln+l′+1ln+l′+1

· · · (−i∂/xn+l−Mn+l)̄ln+l ln+l

×(Ψ−0 ,TψH,̄l1 (x1) · · ·ψH,̄ln (xn)ψH,̄ln+1
(xn+1) · · ·ψH,̄ln+l

(xn+l)Ψ
+
0 )
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���zzzúúúªªª∫
d4x1 · · · d4xn+leiq1·x1···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l (∂2

1 +M2
1) · · · (∂2

n+l+M2
n+l)

×(Ψ−0 ,TvH,µ1 (x1) · · · v†H,µn
(xn)vH,µn+1 (xn+1) · · · v†H,µn+l

(xn+l)Ψ
+
0 )

= (−16iπ3)n+l
∑

σ1···σc
nσn+1···σc

n+l

q0
1(Ψ0,vµ1(0)Ψ~q1,σ1)· · ·q

c0
n (Ψ0,vµn(0)Ψ~qc

n,σ
c
n
)

×(Ψ−~q1,σ1,··· ,~qc
n,σ

c
n
,Ψ+
~qc

n+1,σ
c
n+1,···,~qn+l,σn+l

)qc0
n+1(Ψ~qc

n+1,σ
c
n+1
,vµn+1 (0)Ψ0)· · ·q0

n+l(Ψ~qn+l,σn+l ,vµn+l (0)Ψ0)

¥¥¥þþþ|||: vµ(x) = (2π)−3/2
∑
σ=±1

∫
d~p√
2p0

[eµ(~p, σ)a(~p, σ)e−ip·x + eµ∗(~p, σ)ac†(~p, σ)eip·x]

(2π)3/2
√

2q0(Ψ0,vµ(0)Ψ~q,σ)=Zveµ(~q,σ) (2π)3/2
√

2qc0(Ψ~qc,σc ,vµ(0)Ψ0)=Zveµ∗(~qc,σc)

(2π)3/2
√

2qc0(Ψ0,vµ†(0)Ψ~qc,σc )=Zveµ(~qc,σc) (2π)3/2
√

2q0(Ψ~q,σ,v
µ†(0)Ψ0)=Zveµ∗(~q,σ)∫

d4x1· · ·d4xn+leiq1·x1···+iqc
n·xn−iqc

n+1·xn+1···−iqn+l·xn+l×(∂2
1+M2

1)· · ·(∂2
n+l+M2

n+l)(Ψ
−
0 ,TvH,µ1(x1)· · ·v†H,µn+l

(xn+l)Ψ
+
0 )

= (−4iπ3/2)n+lZn+l
v

√
q0

1· · ·q0
n+l

∑
σ1···σn+l

eµ1 (~q1,σ1)· · ·eµn (~q
c
n,σ

c
n)(Ψ

−
~q1,σ1,··· ,~qc

n,σ
c
n
,Ψ+
~qc

n+1,σ
c
n+1,···,~qn+l,σn+l

)

×e∗µn+1 (~q
c
n+1,σ

c
n+1)· · ·e∗µn+l (~qn+l,σn+l)

������ ���uuu���ÆÆÆ
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���zzzúúúªªª

∫
d4x1· · ·d4xn+leiq1·x1···+iqc

n·xn−iqc
n+1·xn+1···−iqn+l·xn+l×(∂2

1+M2
1)· · ·(∂2

n+l+M2
n+l)(Ψ

−
0 ,TvH,µ1(x1)· · ·v†H,µn+l

(xn+l)Ψ
+
0 )

=(−4iπ3/2)n+lZn+l
v

∑
σ1···σc

n+l

√
q0

1eµ1 (~q1, σ1)· · ·
√

qc0
n eµn (~q

c
n,σ

c
n)(Ψ

−
~q1,σ1,··· ,~qc

n,σ
c
n
,Ψ+
~qc

n+1,σ
c
n+1,···,~qn+l,σn+l

)

×
√

qc0
n+1e∗µn+1 (~q

c
n+1,σ

c
n+1)· · ·

√
q0

n+le
∗
µn+l (~qn+l,σn+l)

eµ(~p, σ)eµ(~p, σ′) = −δσσ′ ������28
(Ψ−~q1,σ1,··· ,~qc

n,σ
c
n
,Ψ+

~qc
n+1,σ

c
n+1,··· ,~qn+l,σn+l

)

=
eµ1 (~q1, σ1) · · · eµn (~qc

n, σ
c
n)e∗µn+1 (~qc

n+1, σ
c
n+1) · · · e∗µn+l (~qn+l, σn+l)

(4iπ3/2)n+lZn+l
v
√

q0
1· · ·
√

qc0
n

√
qc0

n+1 · · ·
√

q0
n+l

∫
d4x1 · · · d4xn+l

×eiq1·x1···+iqc
n·xn−iqc

n+1·xn+1···−iqn+l·xn+l (∂2
1+M2

1) · · · (∂2
n+l+M2

n+l)(Ψ
−
0 ,TvH,µ1(x1) · · · v†H,µn+l

(xn+l)Ψ
+
0 )

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

������¼¼¼êêê���444:::

������mmm���???���¦¦¦ÈÈÈ���������¼¼¼êêê(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )

Wick½½½nnn: T(UV · · ·XYZ) = N(UV · · ·XYZ) ÃÃÃÂÂÂ   ���

+N(UV · · ·XYZ) + · · ·+ N(UV · · ·XYZ) + ���gggÂÂÂ   ���

+N(UV · · ·XYZ) + · · · ���gggÂÂÂ   ���

+ · · ·
+N(UVW · · ·XYZ) + · · · ���ÜÜÜÂÂÂ   ���

eeeT¦¦¦ÈÈÈ¥¥¥¹¹¹N¦¦¦ÈÈÈ,ÐÐÐmmmEEE¤¤¤ááá,���IIIòòò���N¦¦¦ÈÈÈSSSÜÜÜ������ÎÎÎ���mmm���ÂÂÂ   ÑÑÑ���.

AAA^̂̂Wick½½½nnn: U(t, t′) = Ω†(t)Ω(t′) Ψ±α = Ω(∓∞)Φα

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )

= (Ω(∞)Φβ ,T Ω(t1)ψ1(x1)U(t1, t2)ψ2(x2)U(t2, t3) · · ·U(tn−1, tn)ψn(xn)Ω
†(tn)Ω(−∞)Φα)

= (Φβ ,T ψ1(x1)ψ2(x2) · · ·ψn(xn)U(∞,−∞)Φα) =¤¤¤kkk���UUU���AAAOOOÂÂÂ   ������ÚÚÚ

���333eee555������555¦¦¦ÈÈÈ¥¥¥������«««���ÎÎÎ777LLL���ÐÐÐ���«««Φα������,,,������§§§���)))���ÎÎÎ
���������������777LLL���ÐÐÐ���«««Φβ������ÓÓÓ���������!

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

???���¦¦¦ÈÈÈ���������¼¼¼êêê(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )

���ÄÄÄ x0
1, · · · , x0

r > 0, x0
r+1, · · · , xn < 0

(Ψ−β ,TψH,1(x1) · · ·ψH,n(xn)Ψ
+
α )

= θ(min[x0
1 · · · x0

r ]−max[x0
r+1 · · · x0

n])

×(Ψ−β ,T{ψH,1(x1) · · ·ψH,r(xr)}T{ψH,r+1(xr+1) · · ·ψH,n(xn)}Ψ+
α )

= θ(min[x0
1 · · · x0

r ]−max[x0
r+1 · · · x0

n])

×
∫

dγ(Ψ−β ,T{ψH,1(x1) · · ·ψH,r(xr)}Ψγ)(Ψγ ,T{ψH,r+1(xr+1) · · ·ψH,n(xn)}Ψ+
α )

=üüüâââfff¥¥¥mmm������+õõõâââfff¥¥¥mmm������

Ψγ ´́́���|||õõõâââfff���������888¶¶¶´́́ H ������������

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

üüüâââfff¥¥¥mmm������µµµ x0
1, · · · , x0

r > 0, x0
r+1, · · · , xn < 0

θ(min[x0
1 · · · x0

r ]−max[x0
r+1 · · · x0

n])

×
∑
σ

∫
d~p (Ψ−β ,T{ψH,1(x1)· · ·ψH,r(xr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(xr+1)· · ·ψH,n(xn)}Ψ+

α )

ψH,i(xi) = eiP·xiψH,i(0)e−iP·xi ψH,i(xi − x) = e−iP·xψH,i(xi)eiP·x

ψH,1(x1)ψH,2(x2) · · ·ψH,r(xr)=eiP·x1ψH,1(0)ψH,2(x2− x1)· · ·ψH,r(xr− x1)e−iP·x1

ψH,r+1(xr+1)ψH,r+2(xr+2)· · ·ψH,n(xn) = eiP·xr+1ψH,r+1(0)ψH,r+2(xr+2−xr+1)· · ·ψH,n(xn−xr+1)e−iP·xr+1

e−iP·x1 Ψ~p,σ)(Ψ~p,σeiP·xr+1 = e−iP·x1 Ψ~p,σ)(e−iP·xr+1 Ψ~p,σ = e−ip·(x1−xr+1)Ψ~p,σ)(Ψ~p,σ

= θ(min[x0
1 · · · x0

r ]−max[x0
r+1 · · · x0

n])

×
∑
σ

∫
d~p ei(pβ−p)x1+i(p−pα)xr+1 (Ψ−β ,T{ψH,1(0)ψH,2(x2−x1) · · ·ψH,r(xr−x1)}Ψ~p,σ)

×(Ψ~p,σT{ψH,r+1(0)ψH,r+2(xr+2 − xr+1) · · ·ψH,n(xn − xr+1)}Ψ+
α )

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

üüüâââfff¥¥¥mmm������µµµxi = x1+yi (i = 2, 3, · · · , r) xi = xr+1 + yi (i = r + 2, · · · , n)

θ(min[x0
1 · · · x0

r ]−max[x0
r+1 · · · x0

n])

×
∑
σ

∫
d~p (Ψ−β ,T{ψH,1(x1)· · ·ψH,r(xr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(xr+1)· · ·ψH,n(xn)}Ψ+

α )

= θ(min[x0
1 · · · x0

r ]−max[x0
r+1 · · · x0

n])

×
∑
σ

∫
d~p ei(pβ−p)x1+i(p−pα)xr+1 (Ψ−β ,T{ψH,1(0)ψH,2(x2−x1) · · ·ψH,r(xr−x1)}Ψ~p,σ)

×(Ψ~p,σT{ψH,r+1(0)ψH,r+2(xr+2 − xr+1) · · ·ψH,n(xn − xr+1)}Ψ+
α )

min[x0
1,· · · ,x0

r ]−max[x0
r+1,· · · ,x0

n]=x0
1−x0

r+1+min[0, y0
2,· · · ,y0

r ]−max[0, y0
r+1,· · · ,y0

n]

=
i

2π

∫ ∞
−∞

dω
ω + i0+

e−iω(min[0,y0
2,···,y

0
r ]−max[0,y0

r+1,···,y
0
n]) θ(τ)=−

∫ ∞
−∞

dω
2iπ

e−iωτ

ω+i0+

×
∑
σ

∫
d~p(Ψ−β T{ψH,1(0)ψH,2(y2)· · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2)· · ·ψH,n(yn)}Ψ+

α )

×ei(pβ−p)x1+i(p−pα)xr+1−iω(x0
1−x0

r+1)

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α ) x0

1, · · · , x0
r > 0, x0

r+1, · · · , xn < 0

=
i

2π

∫ ∞
−∞

dω
ω + i0+

e−iω(min[0,y0
2,··· ,y

0
r ]−max[0,y0

r+1,··· ,y
0
n])ei(pβ−p)x1+i(p−pα)xr+1−iω(x0

1−x0
r+1)

×
∑
σ

∫
d~p(Ψ−β T{ψH,1(0)ψH,2(y2)· · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2)· · ·ψH,n(yn)}Ψ+

α )

xi = x1 + yi (i = 2, 3, · · · , r) xi = xr+1 + yi (i = r + 2, · · · , n)

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α ) =

∫
d4q1 · · · d4qn

(2π)4n e−iq1·x1−···−iqn·xn Gβα(q1, · · · , qn)

−i(q1 · x1 + · · ·+ qn · xn)

= −i[(q1+ · · ·+ qr)·x1+ (qr+1+ · · ·+ qn)·xr+1+ q2 ·y2+ · · ·+ qr ·yr + qr+2 ·yr+2+ · · ·+ qn ·yn]

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α ) q̃1 ≡ q1 + · · ·+ qr q̃r+1 ≡ qr+1 + · · ·+ qn

=

∫
d4q̃1d4q̃r+1d4q2 · · · d4qrd4qr+2 · · · d4qn

(2π)4n e−ĩq1·x1−ĩqr+1·xr+1−iq2·y2−···−iqr·yr−iqr+2·yr+2−···−iqn·yn

×Gβα(q1, · · · , qn)

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )|üüüâââfff¥¥¥mmm��� x0

1, · · · , x0
r > 0, x0

r+1, · · · , xn < 0

=
i

2π

∫ ∞
−∞

dω
ω + i0+

e−iω(min[0,y0
2,··· ,y

0
r ]−max[0,y0

r+1,··· ,y
0
n])

∫
d~p ei(pβ−p)x1+i(p−pα)xr+1−iω(x0

1−x0
r+1)

×
∑
σ

(Ψ−β T{ψH,1(0)ψH,2(y2) · · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2) · · ·ψH,n(yn)}Ψ+
α )

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α ) q̃1 ≡ q1 + · · ·+ qr q̃r+1 ≡ qr+1 + · · ·+ qn

=

∫
d4q̃1d4q̃r+1d4q2 · · · d4qrd4qr+2 · · · d4qn

(2π)4n e−ĩq1·x1−ĩqr+1·xr+1−iq2·y2−···−iqr·yr−iqr+2·yr+2−···−iqn·yn

×Gβα(q1, · · · , qn) yi = xi−y1 (i = 2, 3, · · · , r) yi = xi−xr+1 (i = r+2, · · · , n)

Gβα(q1, · · · , qn) =

∫
d4x1 · · · d4xn eĩq1·x1+ĩqr+1·xr+1+iq2·y2+···+iqr·yr+iqr+2·yr+2+···+iqn·yn

×(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )

=

∫
d4x1d4xr+1d4y2 · · · d4yrd4yr+2 · · · d4yn (Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ

+
α )

× eĩq1·x1+ĩqr+1·xr+1+iq2·y2+···+iqr·yr+iqr+2·yr+2+···+iqn·yn

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

(Ψ−β ,T ψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ
+
α )|üüüâââfff¥¥¥mmm��� x0

1, · · · , x0
r > 0, x0

r+1, · · · , xn < 0

=
i

2π

∫ ∞
−∞

dω
ω + i0+

e−iω(min[0,y0
2,··· ,y

0
r ]−max[0,y0

r+1,··· ,y
0
n])

∫
d~p ei(pβ−p)x1+i(p−pα)xr+1−iω(x0

1−x0
r+1)

×
∑
σ

(Ψ−β T{ψH,1(0)ψH,2(y2) · · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2) · · ·ψH,n(yn)}Ψ+
α )

q̃1≡q1+· · ·+qr q̃r+1≡qr+1+· · ·+qn yi =xi−y1 (i=2,· · ·, r) yi =xi−xr+1 (i=r+2,· · ·, n)

Gβα(q1, · · · , qn) =

∫
d4x1d4xr+1d4y2 · · · d4yrd4yr+2 · · · d4yn(Ψ

−
β ,TψH,1(x1)ψH,2(x2) · · ·ψH,n(xn)Ψ

+
α )

× eĩq1·x1+ĩqr+1·xr+1+iq2·y2+···+iqr·yr+iqr+2·yr+2+···+iqn·yn

Gβα(q1, · · · , qn)|üüüâââfff¥¥¥mmm��� =

∫
d4y2 · · · d4yrd4yr+2 · · · d4yn eiq2·y2+···+iqr·yr+iqr+2·yr+2+···+iqn·yn

× i
2π

∫ ∞
−∞

dω
ω + i0+

e−iω(min[0,y0
2,··· ,y

0
r ]−max[0,y0

r+1,··· ,y
0
n])

∫
d~p (2π)8δ(~p−~pβ − ~̃q1)

×δ(−
√
~p2+M2 − ω + p0

β+ q̃0
1)δ(−~̃qr+1+~pα−~p)δ(q̃0

r+1− p0
α+
√
~p2+M2 + ω)

×
∑
σ

(Ψ−β T{ψH,1(0)ψH,2(y2) · · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2) · · ·ψH,n(yn)}Ψ+
α )

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

Gαβ(q1, · · · , qn)|üüüâââfff¥¥¥mmm���

=

∫
d4y2· · ·d4yrd4yr+2· · ·d4yneiq2·y2+···+iqr·yr+iqr+2·yr+2+···+iqn·yn i

2π

∫ ∞
−∞

dω
ω+i0+

e−iω(min[0,y0
2,···,y

0
r ]−max[0,y0

r+1,···,y
0
n])

×
∑
σ

∫
d~p(Ψ−β T{ψH,1(0)ψH,2(y2) · · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2) · · ·ψH,n(yn)}Ψ+

α )

×(2π)8δ(~p−~pβ −~q1 − · · · −~qr)δ(−
√
~p2 + M2 − ω + p0

β + q0
1 + · · ·+ q0

r )

×δ(−~qr+1 − · · · −~qn +~pα −~p)δ(q0
r+1 + · · ·+ q0

n − p0
α +

√
~p2 + M2 + ω)

q≡q1+· · ·+qr+pβ=−qr+1−· · ·−qn+pα

= i(2π)7δ4(q1 + · · · qn + pβ − pα)

∑
σ

Mβ|~q,σ(q2, · · · , qr)M−~q,σ|α(qr+2, · · · , qn)

q0 −
√
~q2 + M2 + i0+

1
q0−

√
~q2+M2+i0+

=
q0+

√
~q2+M2−i0+

(q0)2−(~q2+M2−i0+)
=

2
√
~q2+M2

q2−M2+i0+
+���444:::���

= i(2π)7δ4(q1 + · · · qn + pβ − pα)

2q0
∑
σ

Mβ|~q,σ(q2, · · · , qr)M−~q,σ|α(qr+2, · · · , qn)

q2 −M2 + i0+

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

Gβα(q1, · · · , qn) =
∫

d4x1 · · · d4xn eiq1·x1+···+iqn·xn (Ψ−β ,TψH,1(x1) · · ·ψH,n(xn)Ψ
+
α )

Gβα(q1, · · · , qn)|üüüâââfff¥¥¥mmm���

=

∫
d4y2· · ·d4yrd4yr+2· · ·d4yneiq2·y2+···+iqr·yr+iqr+2·yr+2+···+iqn·yn i

2π

∫ ∞
−∞

dω
ω+i0+

e−iω(min[0,y0
2,···,y

0
r ]−max[0,y0

r+1,···,y
0
n])

×
∑
σ

∫
d~p (Ψ−β T{ψH,1(0)ψH,2(y2)· · ·ψH,r(yr)}Ψ~p,σ)(Ψ~p,σT{ψH,r+1(0)ψH,r+2(yr+2)· · ·ψH,n(yn)}Ψ+

α )

×(2π)8δ(~p−~pβ −~q1 − · · · −~qr)δ(−
√
~p2 + M2 − ω + p0

β + q0
1 + · · ·+ q0

r )

×δ(−~qr+1 − · · · −~qn +~pα −~p)δ(q0
r+1 + · · ·+ q0

n − p0
α +

√
~p2 + M2 + ω)

q≡q1+· · ·+qr+pβ=−qr+1−· · ·−qn+pα

= i(2π)7δ4(q1 + · · · qn + pβ − pα)

2q0
∑
σ

Mβ|~q,σ(q2, · · · , qr)M−~q,σ|α(qr+2, · · · , qn)

q2 −M2 + i0+
+ ���444:::���

Mβ|~q,σ(q2, · · · , qr) =

∫
d4y2 · · · d4yreiq2·y2+···+iqr·yr (Ψ−β ,T{ψH,1(0)ψH,2(y2) · · ·ψH,r(yr)}Ψ~q,σ)

M−~q,σ|α(qr+2,· · ·,qn)=

∫
d4yr+2· · ·d4yneiqr+2·yr+2+···+iqn·yn (Ψ~q,σ,T{ψH,r+1(0)ψH,r+2(yr+2)· · ·ψH,n(yn)}Ψ+

α )

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

Gβα(q1, · · · , qn) =

∫
d4x1 · · · d4xn eiq1·x1+···+iqn·xn (Ψ−β ,TψH,1(x1) · · ·ψH,n(xn)Ψ

+
α )

Mβ|~q,σ(q2, · · · , qr) =

∫
d4y2 · · · d4yreiq2·y2+···+iqr·yr (Ψ−β ,T{ψH,1(0)ψH,2(y2) · · ·ψH,r(yr)}Ψ~q,σ)

M−~q,σ|α(qr+2,· · · , qn)=

∫
d4yr+2· · ·d4yneiqr+2·yr+2+···+iqn·yn (Ψ~q,σ,T{ψH,r+1(0)ψH,r+2(yr+2)· · ·ψH,n(yn)}Ψ+

α )

Gβα(q1, · · · , qn) =
∑
σ

∫
d4q

(2π)4

[
(2π)4δ(q1+· · ·+qr +pβ−q)(2π)

3
2 (2q0)

1
2 Mβ|~q,σ(q2, · · · , qr)

]
× i

q2 −M2 + i0+
ÏÏÏ~~~üüüâââfff���������zzz´́́���ÌÌÌ���������⇒üüüâââfff���ÌÌÌ kkk���...¼¼¼þþþ

×
[
(2π)4δ(q + qr+1 + · · ·+ qn − pα)(2π)

3
2 (2q0)

1
2 M−~q,σ|α(qr+2, · · · , qn)

]
+õõõâââfff¥¥¥mmm������+���444:::���

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

Gβα(q1, · · · , qn) =

∫
d4x1 · · · d4xn eiq1·x1+···+iqn·xn (Ψ−β ,TψH,1(x1) · · ·ψH,n(xn)Ψ

+
α )

= i(2π)7δ4(q1+· · ·qn+pβ−pα)(q2−M2+i0+)−12q0
∑
σ

Mβ|~q,σ(q2, · · · , qr)M−~q,σ|α(qr+2, · · · , qn)

+õõõâââfff¥¥¥mmm������+���444:::���

Mβ|~q,σ(q2,· · ·, qr)=

∫
d4y2· · ·d4yreiq2·y2+···+iqr·yr (Ψ−β ,T{ψH,1(0)ψH,2(y2)· · ·ψH,r(yr)}Ψ~q,σ)

M−~q,σ|α(qr+2,· · · , qn)=

∫
d4yr+2· · ·d4yneiqr+2·yr+2+···+iqn·yn (Ψ~q,σ,T{ψH,r+1(0)ψH,r+2(yr+2)· · ·ψH,n(yn)}Ψ+

α )∫
d4xd4yeiq·x+iq′·y(Ψ−0 ,TψH,1(x)ψH,2(y)Ψ+

0 ) =

∫
d4xd4yeiq·(x−y)+i(q+q′)·y(Ψ−0 ,TψH,1(x)ψH,2(y)Ψ+

0 )

= i(2π)7δ4(q + q′)

2q0
∑
σ

(Ψ−0 , ψH,1(0)Ψ~q,σ)(Ψ~q,σ, ψH,2(0)Ψ+
0 )

q2 −M2 + i0+
+ÙÙÙ§§§���

(Ψ−0 ,TψH,1(x)ψH,2(y)Ψ+
0 ) =

∫
d4q
2π

e−iq·(x−y)

2iq0
∑
σ

(Ψ−0 , ψH,1(0)Ψ~q,σ)(Ψ~q,σ, ψH,2(0)Ψ+
0 )

q2 −M2 + i0+
+ · · ·

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

üüü:::¼¼¼êêê���ÌÌÌ¼¼¼êêê: X:IIIþþþ ψ(x) = eiP·xψ(0)e−iP·x
Ψ0���������OOO������Ψα

(Ψ0,X(x)X†(y)Ψ0) =
∑

n

(Ψ0,X(x)Ψn)(Ψn,X†(y)Ψ0) =
∑

n

e−ipn·(x−y)|(Ψ0,X(0)Ψn)|2

=

∫
d4p e−ip·(x−y)

∑
n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2︸ ︷︷ ︸
(2π)−3θ(p0)ρ(p2) p0

n≥0

=

∫ ∞
0

dµ2ρ(µ2)

∫
d4p

(2π)3 e−ip·(x−y)θ(p0)δ(p2−µ2)︸ ︷︷ ︸
∆+(x−y,µ2)

(Ψ0,X†(y)X(x)Ψ0) =
∑

n

(Ψ0,X†(y)Ψn)(Ψn,X(x)Ψ0) =
∑

n

eipn·(x−y)|(Ψn,X(0)Ψ0)|2

=

∫
d4p eip·(x−y)

∑
n

δ4(p− pn)|(Ψn,X(0)Ψ0)|2︸ ︷︷ ︸
(2π)−3θ(p0)ρ̃(p2) p0

n≥0

=

∫ ∞
0

dµ2ρ̃(µ2)

∫
d4p

(2π)3 eip·(x−y)θ(p0)δ(p2−µ2)︸ ︷︷ ︸
∆+(y−x,µ2)

(Ψ0, [X(x),X†(y)]Ψ0) =

∫ ∞
0

dµ2[ρ(µ2)∆+(x−y, µ2)−ρ̃(µ2)∆+(y−x, µ2)]
aaa���¶¶¶¦¦¦���

====⇒ ρ(µ2)= ρ̃(µ2)

(Ψ0,T X(x)X†(y)Ψ0) =

∫ ∞
0

dµ2ρ(µ2) [θ(x0−y0)∆+(x−y, µ2)+θ(y0−x0)∆+(y−x, µ2)]︸ ︷︷ ︸
∆F(x−y,µ2)

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

ρ(p2) ≡ (2π)3
∑

n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2 = (2π)3
∑

n

δ4(p−pn)|(Ψn,X(0)Ψ0)|2

(Ψ0,T X(x)X†(y)Ψ0)=

∫ ∞
0
dµ2ρ(µ2)∆F(x−y, µ2) ∆+(x−y, µ2)≡

∫
d4p

(2π)3 e−ip·(x−y)θ(p0)δ(p2−µ2)

(Ψ0, [X(x),X†(y)]Ψ0) =

∫ ∞
0

dµ2 ρ(µ2)[∆+(x−y, µ2)−∆+(y−x, µ2)]

∂

∂x0 ∆+(x−y, µ2)

∣∣∣∣
x0=y0

=

∫
d4p

(2π)3 ei~p·(~x−~y)θ(p0)(−ip0)δ((p0)2 −~p2 − µ2) = − i
2
δ(~x−~y)

∂

∂x0 ∆+(y−x, µ2)

∣∣∣∣
x0=y0

=

∫
d4p

(2π)3 e−i~p·(~x−~y)θ(p0)(ip0)δ((p0)2 −~p2 − µ2) =
i
2
δ(~x−~y)

(Ψ0, [ ˙X(x),X†(y)]

∣∣∣∣
x0=y0

Ψ0) = −iδ(~x−~y)

∫ ∞
0

dµ2 ρ(µ2)

XXXJJJ ẊẊ† = −ẌX† ´́́ÄÄÄUUU���§§§ẊéééAAA���222ÂÂÂÄÄÄþþþÒÒÒ´́́ −X†

[Ẋ(x),X†(y)]

∣∣∣∣
x0=y0

= −iδ(~x−~y) ⇒
∫ ∞

0
dµ2 ρ(µ2) = 1 ���éééÄÄÄ���|||¤¤¤ááá !

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

ρ(p2) ≡ (2π)3
∑

n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2 = (2π)3
∑

n

δ4(p−pn)|(Ψn,X(0)Ψ0)|2

(Ψ0,T X(x)X†(y)Ψ0)=

∫ ∞
0
dµ2ρ(µ2)∆F(x−y, µ2) ∆+(x−y, µ2)≡

∫
d4p

(2π)3 e−ip·(x−y)θ(p0)δ(p2−µ2)

∆F(x−y, µ2) ≡ [θ(x0−y0)∆+(x−y, µ2) + θ(y0−x0)∆+(y−x, µ2)]

=

∫
d4p

(2π)3 δ((p0)2−(~p)2 − µ2)θ(p0)[e−ip·(x−y)θ(x0−y0) + eip·(x−y)θ(y0−x0)]

=

∫
d4p

2p0(2π)3 δ(p0−
√
~p2 + µ2)θ(p0)[e−ip·(x−y)θ(x0−y0) + eip·(x−y)θ(y0−x0)]

=

∫
d~p

2
√

(~p)2 + µ2(2π)3
ei~p·(~x−~y)[e−i

√
~p2+µ2(x0−y0)θ(x0−y0) + ei

√
~p2+µ2(x0−y0)θ(y0−x0)]

=

∫
d~p

2
√

(~p)2+µ2(2π)3

∫ ∞
−∞

dp0

2iπ
e−ip0(x0−y0)+i~p·(~x−~y)

[
− 1

p0−
√
~p2+µ2+i0+

+
1

p0+
√
~p2+µ2−i0+

]

=

∫
d4p

(2π)4 e−ip·(x−y) i
p2−µ2+i0+

(Ψ0,T X(x)X†(y)Ψ0) =

∫
d4p

(2π)4 e−ip·(x−y)
∫ ∞

0
dµ2 iρ(µ2)

p2−µ2+i0+

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

������¼¼¼êêê���444:::

ρ(p2) ≡ (2π)3
∑

n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2 = (2π)3
∑

n

δ4(p−pn)|(Ψn,X(0)Ψ0)|2 ≥ 0

(Ψ0,T X(x)X†(y)Ψ0) =

∫
d4p

(2π)4 e−ip·(x−y) ∆X(p2+i0+) ∆X(z) =

∫ ∞
0

dµ2 iρ(µ2)

z− µ2

eee¥¥¥mmm���ÌÌÌ¥¥¥���$$$���þþþM���üüüâââfff���Ψ~pα (Ψ0,X(0)Ψ~pα) 6= 0§§§ÙÙÙéééÌÌÌ¼¼¼êêê���zzzµµµ

(2π)3
∫

d~pαδ(p0 −
√
~p2
α + M2)δ(~p−~pα)|(Ψ0,X(0)Ψ~pα)|2

= (2π)3δ(p0 −
√
~p2 + M2)|(Ψ0,X(0)Ψ~p)|2 = (2π)3θ(p0)

1
2p0 δ((p0)2 −~p2 −M2)|(Ψ0,X(0)Ψ~p)|2

= Zαδ(p2 −M2) Zα ≡ (2π)3θ(p0)
1

2p0 |(Ψ0,X(0)Ψ~p)|2 ≥ 0

ρ(µ2) = Zαδ(p2−M2) + σ(µ2) 1 = Zα+

∫ ∞
M2

0

dµ2σ(µ2) M0≥M���ÙÙÙ§§§âââfff½½½ëëëYYYÌÌÌÑÑÑyyy���eee��� Zα≤1

∆X(z) =
iZα

z−M2 +

∫ ∞
M2

0

dµ2 iρ(µ2)

z−µ2 ���UUUkkk���������− i∆X(M2±0+)=±∞ − i∆X(M2±i0+)=∓i∞

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

ρ(p2) ≡ (2π)3
∑

n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2 = (2π)3
∑

n

δ4(p−pn)|(Ψn,X(0)Ψ0)|2 ≥ 0

(Ψ0,T X(x)X†(y)Ψ0) =

∫
d4p

(2π)4 e−ip·(x−y) ∆X(p2+i0+) ∆X(z) =

∫ ∞
0

dµ2 iρ(µ2)

z− µ2

éééEEEêêêz§§§ÚÚÚ\\\ Π(z) ≡ z− i∆−1
X (z) ∆X(z) = i

z−Π(z)

∆X(z),Π(z)333ØØØ���¢¢¢¶¶¶			������EEEz²²²¡¡¡)))ÛÛÛ

333���¢¢¢¶¶¶þþþeeeüüü>>>§§§ééé¢¢¢x ≥ 0

i
y + i0+

= P i
y

+ πδ(y)
i

y− i0+
=

−i
−y + i0+

= −
[

P i
−y

+ πδ(−y)

]
= P i

y
− πδ(y)

∆X(x + i0+)−∆(x− i0+) =

∫ ∞
0

dµ2ρ(µ2)

[
i

x + i0+ − µ2 −
i

x− i0+ − µ2

]
= 2πρ(x)

Π(x± i0+) ≡ u(x)∓ iv(x) eeekkküüüâââfff���444:::: Π(M2) = M2 ⇒ u(M2) = M2 v(M2) = 0

v(x) =
i
2

[Π(x + i0+)−Π(x− i0+)] =
i
2

[−i∆−1
X (x + i0+) + i∆−1

X (x− i0+)]

=
∆X(x−i0+)−∆X(x+i0+)

2∆X(x+i0+)∆X(x−i0+)
=

−πρ(x)

∆X(x+i0+)∆X(x−i0+)
=πρ(x)

[
[x−u(x)]2+v2(x)

]
≥0

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

ρ(p2) ≡ (2π)3
∑

n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2 = (2π)3
∑

n

δ4(p−pn)|(Ψn,X(0)Ψ0)|2 ≥ 0

(Ψ0,T X(x)X†(y)Ψ0) =

∫
d4p

(2π)4 e−ip·(x−y) ∆X(p2+i0+) Π(x±i0+) ≡ u(x)∓iv(x) v(x)≥0

∆X(z) =
i

z−Π(z)
=

∫ ∞
0

dµ2 iρ(µ2)

z− µ2 ∆X(x+i0+)−∆X(x−i0+) = 2πρ(x)

½½½ÂÂÂEEE²²²¡¡¡þþþ��� ∆II
X(z) ≡ i

z−u(z)+iv(z) eee u(x±i0+) = u(x), v(x±i0+) = v(x)

∆II
X(x+i0+) = ∆X(x+i0+) ⇒ ∆II

X(z)���www¤¤¤´́́∆X(z)333111������iiiùùù¡¡¡þþþ���)))ÛÛÛòòòÿÿÿ

111������iiiùùù¡¡¡þþþ���444:::z0÷÷÷vvvµµµ z0−u(z0)+iv(z0) = 0 ØØØz0 =M2			§§§���UUUkkk½½½ÃÃÃÙÙÙ§§§)))���

eeekkk)))¶¶¶ z0 =re−iθ=(M̃− i
2 Γ)2

ooo���±±±ùùù���ÀÀÀ! M̃≡
√

r cos θ2 , Γ≡2
√

r sin θ
2 ≥ 0

M̃2−Γ2

4
−iM̃Γ−u(z0)+iv(z0)=0 M̃2=

Γ2

4
+Reu(z0)+Imv(z0) M̃Γ=Rev(z0)−Imu(z0)

M̃Γ
Imz0�Rez0=====⇒ Rev(Rez0)− Imu(Rez0)︸ ︷︷ ︸

=0

+ Re[v′(Rez0)iImz0]︸ ︷︷ ︸
=0

−Im[u′(Rez0)iImz0]

= v(Rez0) + u′(Rez0)M̃Γ ⇒ M̃ =
v(Rez0)

Γ[1− u′(Rez0)]

u′(Rez0)<1
=====⇒≥ 0

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

ρ(p2) ≡ (2π)3
∑

n

δ4(p−pn)|(Ψ0,X(0)Ψn)|2 = (2π)3
∑

n

δ4(p−pn)|(Ψn,X(0)Ψ0)|2 ≥ 0

(Ψ0,T X(x)X†(y)Ψ0) =

∫
d4p

(2π)4 e−ip·(x−y) ∆X(p2+i0+) Π(x±i0+) ≡ u(x)∓iv(x) v(x)≥0

∆X(z) =
i

z−Π(z)
=

∫ ∞
0

dµ2 iρ(µ2)

z− µ2 ∆X(x+i0+)−∆X(x−i0+) = 2πρ(x)

∆II
X(z) ≡ i

z−u(z)+iv(z) ���www¤¤¤´́́∆X(z)333111������iiiùùù¡¡¡þþþ���)))ÛÛÛòòòÿÿÿ

111������iiiùùù¡¡¡þþþ���444:::z0÷÷÷vvvµµµ z0−u(z0)+iv(z0) = 0 ØØØz0 =M2			§§§���UUUkkk½½½ÃÃÃÙÙÙ§§§)))���

XXXJJJkkk)))¶¶¶���ÀÀÀ z0 = (M̃− i
2 Γ)2

444:::NNNCCCµµµ∆II
X(z) ≡ i

z−u(z)+iv(z)
≈ i

z−u(z0)+iv(z0)
≈ i

z−(M̃− i
2 Γ)2

Breit-Wingerúúúªªª

Γ ≥ 0 M̃
∣∣∣∣

Imz0�Rez0, u′(Rez0)<1

≥ 0 e−iHt⇒e−iMt⇒e−iM̃t−Γ
2 t⇒e−Γt

333¢¢¢¶¶¶þþþ§§§444:::���������¸̧̧ ���������∣∣∣∣ i
x−(M̃− i

2 Γ)2

∣∣∣∣2= 1

(x−M̃2+ Γ2

4 )2+M̃2Γ2

���ppp x= M̃2

⇐====
1

Γ2(M̃2+ Γ2

16 )

���ppp x'(M̃± Γ
2 )2

⇐=======
1

2Γ2(M̃2+ Γ2

8 ±M̃ Γ
2 )

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

'''uuu������¼¼¼êêêéééuuuÄÄÄþþþCCCþþþ������666'''XXX:

♣ 444:::   ���´́́âââfff���ÔÔÔnnn���þþþ!444:::   uuu¢¢¢¶¶¶!¢¢¢¶¶¶þþþ������UUU¬¬¬kkk���������

♦ ØØØ¢¢¢¶¶¶			§§§������¼¼¼êêê333ÄÄÄ���ÄÄÄþþþ���²²²¡¡¡)))ÛÛÛ !

♥ )))ÛÛÛ¼¼¼êêê¢¢¢ÜÜÜ���JJJÜÜÜ���333rrr������'''éééÚÚÚÑÑÑ'''XXX���

♠ ������333ÙÙÙ§§§ÄÄÄþþþ���§§§333ÙÙÙþþþ���UUU¬¬¬333���¢¢¢¶¶¶þþþ���333444:::���������ÄÄÄþþþ���666õõõ���

¶ 111������þþþ444:::���LLL��� M̃−iΓ/2 ÷÷÷111������������þþþ������ÈÈÈ©©©ÏÏÏLLL������������)))???ÙÙÙ���zzz

z Γ���)))���üüüzzzAAAÇÇÇ���PPP~~~ e−Γt¶¶¶§§§´́́������¸̧̧������°°°ÝÝÝ !

������ ���uuu���ÆÆÆ
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������¼¼¼êêê���444:::

SÝÝÝ


���������¼¼¼êêê ψS(x) = e−iH0tψ(x)eiH0t πS(x) = e−iH0tπ(x)eiH0t

ψH(~x, t) ≡ Ω(t)ψ(~x, t)Ω†(t) = eiHtψS(~x, t)e−iHt Ω(t) = eiHte−iH0t

(∂2
1 + M2

1) · · · (∂2
n+l + M2

n+l)(Ψ
−
0 ,TψH,1(x1)· · ·ψH,n+l(xn+l)Ψ

+
0 )

=

∫
d4q1· · ·d4qn+l

(iπ)n+l e−iq1·x1···−iqn·xn+iqn+1·xn+1···+iqn+l·xn+l
∑

σ1···σn+l

q0
1(Ψ
−
0 , ψ1(0)Ψ−~q1,σ1

)· · ·q0
n(Ψ
−
0 ,ψn(0)Ψ−~qn,σn

)

×(Ψ−~q1,σ1,···,~qn,σn
,Ψ+
~qn+1,σn+1,···,~qn+l,σn+l

)q0
n+1(Ψ

+
~qn+1,σn+1

, ψn+1(0)Ψ+
0 )· · ·q0

n+l(Ψ
+
~qn+l,σn+l

, ψn+l(0)Ψ+
0 )

(Ψ−0 ,TψH,1(x1) · · ·ψH,n(xn)Ψ
+
0 )

t1>···>tn
===== (Ψ−0 , ψH,1(x1) · · ·ψH,n(xn)Ψ

+
0 )

= (Ψ−0 , e
iHt1ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iHtn Ψ+

0 )

= (Ψ−0 , e
−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+

0 )

III���ïïïÄÄÄ:
(Ψ−0 , e

−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+
0 )

������ ���uuu���ÆÆÆ
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þþþfff|||���ÎÎÎ������������ÝÝÝ


���

þþþfff|||
ψS(x)=e−iH0tψ(x)eiH0t ψ(x)=

∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p,σ)a(~p,σ)+eip·xv(~p,σ)ac†(~p,σ)]

ψ̇S(x)= π̇S(x)=0 [ψS,l(~x,t), ψS,l′(~y,t)]∓=[πS,l(~x,t), πS,l′(~y,t)]∓=0 [ψS,l(~x,t), πS,l′(~y,t)]∓= iδ(~x−~y)

(Ψ−0 , e
−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+

0 )

���½½½���mmm:::þþþfff|||���ÎÎÎ������������: ¤¤¤���ffféééAAAgrassmanêêê

ψS,l(x)|ψ(~x)〉 = ψl(~x)|ψ(~x)〉
∫

dψ(~x) |ψ(~x)〉〈ψ(~x)| = I 〈ψ(~x)|ψ′(~x)〉=δ(ψ(~x)−ψ′(~x))

πS,l(x)|π(~x)〉 = πl(~x)|π(~x)〉
∫

dπ(~x) |π(~x)〉〈π(~x)| = I 〈π(~x)|π′(~x)〉=δ(π(~x)−π′(~x))

I 333kkk���������mmm¥¥¥,���������ÎÎÎ������ÜÜÜ���������¥¥¥þþþ���¤¤¤������888
I ???¿¿¿���������ÎÎÎooo���±±±©©©)))������������������ÎÎÎÚÚÚ������������������ÎÎÎ���UUU\\\

¤¤¤kkk���mmm:::þþþfff|||���ÎÎÎ���������: |ψ〉 ≡
∏
~x |ψ(~x)〉 |π〉 ≡

∏
~x |π(~x)〉∫

Dsψ |ψ〉〈ψ| = I 〈ψ|ψ′〉 = δ(ψ − ψ′)≡
∏
~x

δ(ψ(~x)−ψ′(~x)) Dsψ ≡
∏
~x

dψ(~x)

πS,l(x)|π〉 = πl(~x)|π〉
∫
Dsπ |π〉〈π| = I 〈π|π′〉 = δ(π − π′) Dsπ ≡

∏
~x

dπ(~x)������ ���uuu���ÆÆÆ
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þþþfff|||���ÎÎÎ������������ÝÝÝ


���

Grassmannêêê⇔���ééé´́́êêê: θη = −ηθ

üüüCCCþþþµµµ
θ2 = 0 f (θ) = A + Bθ

∂f (θ)

∂θ
= B

∂2

∂θ2 = 0∫
dθ f (θ) =

∫
dθ(A + Bθ) = A

∫
dθ + B

∫
dθ θ

���¦¦¦²²²£££ØØØCCC555µµµ

∫
dθ f (θ)=

∫
dθ f (θ+η)=(A−Bη)

∫
dθ+B

∫
dθ θ V η

∫
dθ=0∫

dθ = 0 ���½½½:
∫

dθ θ = 1 V
∫

dθ f (θ) =
∂f (θ)

∂θ
= B

1 =

∫
dθ δ(θ − η) =

∫
dθ δ(θ) V δ(θ) = θ ���´́́: δ(−θ) = −δ(θ) 6= δ(θ)

õõõCCCþþþµµµ θiθj + θjθi = 0

∂

∂θi

∂

∂θj
+

∂

∂θj

∂

∂θi
= 0 ������ûûû

f (θ) =
n∑

k=0

n∑
i1,··· ,ik

C(k)
i1,··· ,ikθi1θik · · · θik δ(θ) = θ1 · · · θn

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

þþþfff|||���ÎÎÎ������������ÝÝÝ


���

���EEE¢¢¢IIIþþþ|||���������:
φS(x) = e−iH0t

∫
d3p

(2π)3/2
√

2p0
[e−ip·xa(~p) + eip·xa†(~p)]eiH0t

φS(x)|φ(~x)〉 = φ(~x)|φ(~x)〉
∫

dφ(~x) |φ(~x)〉〈φ(~x)| = I 〈φ(~x)|φ′(~x′)〉=δ(φ(~x)−φ′(~x′))

|φ(~x)〉 =
∫

d3q f (~q)e−iH0t exp{(2π)3/2
√

2q0eiq·xφ(~x)a†(~q)− 1
2

∫
d3q′e2iq′·xa†2(~q′)}Φ0

φS(~x)|φ(~x)〉 =

∫
d3q f (~q)e−iH0t

∫
d3p

(2π)3/2
√

2p0
[e−ip·xa(~p) + eip·xa†(~p)]

×e(2π)3/2
√

2q0eiq·xφ(~x)a†(~q)− 1
2
∫

d3q′e2iq′·xa†2(~q′)Φ0

=

∫
d3q f (~q)e−iH0t

∫
d3p

(2π)3/2
√

2p0
e(2π)3/2

√
2q0φ(~x)a†(~q)− 1

2
∫

d3q′a†2(~q′)

×
[

eip·xa†(~p)− [{(2π)3/2
√

2q0φ(~x)a†(~q)− 1
2

∫
d3q′e2iq′·xa†2(~q′)}, e−ip·xa(~p)]

]
Φ0

=

∫
d3q f (~q)e−iH0t

∫
d3p

(2π)3/2
√

2p0
e(2π)3/2

√
2q0eiq·xφ(~x)a†(~q)− 1

2
∫

d3q′e2iq′·xa†2(~q′)

×
[

eip·xa†(~p) + e−ip·x{(2π)3/2
√

2q0eiq·xφ(~x)δ(q−p)−
∫

d3q′e2iq′·xa†(~q′)δ(q′−p)}
]
Φ0

������ ���uuu���ÆÆÆ
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þþþfff|||���ÎÎÎ������������ÝÝÝ


���

���EEE¢¢¢IIIþþþ|||���������: φS(x) = e−iH0t
∫

d3p

(2π)3/2
√

2p0
[e−ip·xa(~p) + eip·xa†(~p)]eiH0t

φS(x)|φ(~x)〉 = φ(~x)|φ(~x)〉
∫

dφ(~x) |φ(~x)〉〈φ(~x)| = I 〈φ(~x)|φ′(~x′)〉=δ(φ(~x)−φ′(~x′))

|φ(~x)〉 =
∫

d3q f (~q)e−iH0t exp{(2π)3/2
√

2q0eiq·xφ(~x)a†(~q)− 1
2

∫
d3q′e2iq′·xa†2(~q′)}Φ0

φS(~x)|φ(~x)〉 =

∫
d3q f (~q)e−iH0t

∫
d3p

(2π)3/2
√

2p0
e(2π)3/2

√
2q0eiq·xφ(~x)a†(~q)− 1

2
∫

d3q′e2iq′·xa†2(~q′)

×
[

eip·xa†(~p) + e−ip·x{(2π)3/2
√

2q0eiq·xφ(~x)δ(q−p)−
∫

d3q′e2iq′·xa†(~q′)δ(q′−p)}
]
Φ0

= φ(~x)

∫
d3q f (~q)e−iH0te(2π)3/2

√
2q0eiq·xφ(~x)a†(~q)− 1

2
∫

d3q′e2iq′·xa†2(~q′)Φ0

ïïïÄÄÄ555¯̄̄KKKµµµ XXXÛÛÛNNN!!!f (~q),¦¦¦���∫
dφ(~x) |φ(~x)〉〈φ(~x)| = I 〈φ(~x)|φ′(~x′)〉=δ(φ(~x)−φ′(~x′))

������ ���uuu���ÆÆÆ
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���

|||999ÙÙÙÄÄÄþþþ
[ψS,l(~x, t), ψS,l′(~y, t)]∓ = [πS,l(~x, t), πS,l′(~y, t)]∓ = 0 [ψS,l(~x, t), πS,l′(~y, t)]∓ = iδ(~x−~y)

πS,l(x)ei
∫

d~yξ(~y)ψS(y)|π〉 = ei
∫

d~yξ(~y)ψS(y){πS,l(x) + (−i)
∫

d~zξ(~z)[ψS(z), πS,l(x)]∓}|π〉
eABe−A=eAd(A)B
=======

= (πl(~x) + ξl(~x))ei
∫

d~yξ(~y)ψS(y)|π〉V ei
∫

d~yξ(~y)ψS(y)|π〉 = |π + ξ〉V |π〉 = ei
∫

d~yπ(~y)ψS(y)|0〉π

ψS,l(x)e−i
∫

d~yζ(~y)πS(y)|ψ〉 = e−i
∫

d~yζ(~y)πS(y){ψS,l(x) + i
∫

d~zζ(~z)[πS(z), ψS,l(x)]∓}|ψ〉
eABe−A=eAd(A)B
=======

= (ψl(~x) + ζl(~x))e−i
∫

d~yζ(~y)πS(y)|ψ〉V e−i
∫

d~yζ(~y)πS(y)|ψ〉 = |ψ + ζ〉V |ψ〉 = e−i
∫

d~yψ(~y)πS(y)|0〉ψ

〈ψ|π〉 = 〈ψ|ei
∫

d~yπ(~y)ψS(y)|0〉π = ei
∫

d~yπ(~y)ψ(~y)〈ψ|0〉π = ei
∫

d~yπ(~y)ψ(~y)
ψ〈0|ei

∫
d~zψ(~z)πS(z)|0〉π

= ei
∫

d~yπ(~y)ψ(~y)
ψ〈0|0〉π

δ(π′−π)=

∫
Dsψ 〈π′|ψ〉〈ψ|π〉=

∫
Dsψ ei

∫
d~y[−π′(~y)+π(~y)]ψ(~y)|ψ〈0|0〉π|2 = δ(π′−π)|ψ〈0|0〉π|2

∏
~x

(2π)

〈ψ|π〉 = ei
∫

d~y π(~y)ψ(~y)/

√∏
~x

(2π) XXXJJJ´́́¤¤¤���|||π, ψ´́́GrassmanCCCþþþ πS,l(~x, t) = −i
δ

δψS,l(~x, t)

������ ���uuu���ÆÆÆ
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þþþfff|||���ÎÎÎ������������ÝÝÝ


���

���¼¼¼���ûûû

[ψS,l(~x, t), ψS,l′(~y, t)]∓ = [πS,l(~x, t), πS,l′(~y, t)]∓ = 0 [ψS,l(~x, t), πS,l′(~y, t)]∓ = iδ(~x−~y)

〈ψ|π〉 = ei
∫

d~y π(~y)ψ(~y)/
∏
~x

√
2π πS,l(~x, t) = −i

δ

δψS,l(~x, t)

nnn������mmmµµµ δ
δψ(~x,t)ψ(~y, t) = δ(~x−~y)

δ

δψ(~x, t)
f [ψ(~y, t)] ≡ lim

∆→0

f [ψ(~y, t) + δ(~x−~y)∆]− f [ψ(~y, t)]
∆

= f ′[ψ(~y, t)]δ(~x−~y)

δ

δψ(~x, t)

∫
d3y f [ψ(~y, t)] =

∫
d3y f ′[ψ(~y, t)]

δ

δψ(~x, t)
ψ(~y, t) = f ′[ψ(~x, t)]

������ ���uuu���ÆÆÆ
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þþþfff|||���ÎÎÎ������������ÝÝÝ


���

þþþfff|||
ψS(x)=e−iH0tψ(x)eiH0t ψ(x)=

∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p,σ)a(~p,σ)+eip·xv(~p,σ)ac†(~p,σ)]

ψ̇S(x)= π̇S(x)=0 [ψS,l(~x,t), ψS,l′(~y,t)]∓=[πS,l(~x,t), πS,l′(~y,t)]∓=0 [ψS,l(~x,t), πS,l′(~y,t)]∓= iδ(~x−~y)

(Ψ−0 , e
−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+

0 )

¤¤¤kkk���mmm:::þþþfff|||���ÎÎÎ���������: |ψ〉 ≡
∏
~x |ψ(~x)〉 |π〉 ≡

∏
~x |π(~x)〉

ψS,l(x)|ψ〉 = ψl(~x)|ψ〉
∫
Dsψ |ψ〉〈ψ| = I 〈ψ|ψ′〉 = δ(ψ − ψ′) Dsψ ≡

∏
~x

dψ(~x)

πS,l(x)|π〉 = πl(~x)|π〉
∫
Dsπ |π〉〈π| = I 〈π|π′〉 = δ(π − π′) Dsπ ≡

∏
~x

dπ(~x)

(Ψ−0 , e
−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+

0 )

=

∫
Dsψ

′Dsψ1 · · · DsψnDsψ (Ψ−0 |ψ
′〉〈ψ′|e−iH(t′−t1)ψS,1(x1)|ψ1〉〈ψ1|e−iH(t1−t2)ψS,2(x2)|ψ2〉〈ψ2| · · ·

· · ·ψS,n−1(xn−1)|ψn−1〉〈ψn−1|e−iH(tn−1−tn)ψS,n(xn)|ψn〉〈ψn|e−iH(tn−t)|ψ〉〈ψ|Ψ+
0 )

=

∫
Dsψ

′· · ·Dsψ ψ1(~x1)ψ2(~x2) · · ·ψn−1(~xn−1)ψn(~xn)(Ψ
−
0 |ψ

′〉〈ψ′|e−iH(t′−t1)|ψ1〉〈ψ1|e−iH(t1−t2)|ψ2〉 · · ·

· · · 〈ψn−1|e−iH(tn−1−tn)|ψn〉〈ψn|e−iH(tn−t)|ψ〉〈ψ|Ψ+
0 ) V III���OOO��� 〈ψ′|e−iH(t′−t)|ψ〉

������ ���uuu���ÆÆÆ
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���mmmüüüzzz���ÎÎÎ���ÝÝÝ


���

þþþfff|||
ψS(x)=e−iH0tψ(x)eiH0t ψ(x)=

∑
σ

∫
d3p

(2π)3/2 [e−ip·xu(~p,σ)a(~p,σ)+eip·xv(~p,σ)ac†(~p,σ)]

ψ̇S(x)= π̇S(x)=0 [ψS,l(~x,t), ψS,l′(~y,t)]∓=[πS,l(~x,t), πS,l′(~y,t)]∓=0 [ψS,l(~x,t), πS,l′(~y,t)]∓= iδ(~x−~y)

(Ψ−0 , e
−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+

0 )

¤¤¤kkk���mmm:::þþþfff|||���ÎÎÎ���������: |ψ〉 ≡
∏
~x |ψ(~x)〉 |π〉 ≡

∏
~x |π(~x)〉

ψS,l(x)|ψ〉 = ψl(~x)|ψ〉
∫
Dsψ |ψ〉〈ψ| = I 〈ψ|ψ′〉 = δ(ψ − ψ′) Dsψ ≡

∏
~x

dψ(~x)

πS,l(x)|π〉 = πl(~x)|π〉
∫
Dsπ |π〉〈π| = I 〈π|π′〉 = δ(π − π′) Dsπ ≡

∏
~x

dπ(~x)

III���OOO��� 〈ψ′|e−iH(t′−t)|ψ〉
òòòt′, t¥¥¥���mmm���///©©©���m + 1°°°§§§lll������mmm©©©OOOIIIPPP���tm, tm−1, · · · , t2, t1

mÀÀÀJJJ���vvv


���∆t = ti+1−ti =(t′−t)/(m+1)
m→∞
−− → 0

〈ψ′|e−iH(t′−t)|ψ〉 =

∫
Dsψm · · · Dsψ1 〈ψ′|e−iH(t′−tm)|ψm〉〈ψm|e−iH(tm−tm−1)|ψm−1〉 · · ·

· · · 〈ψ2|e−iH(t2−t1)|ψ1〉〈ψ1|e−iH(t1−t)|ψ〉 V III���OOO��� 〈ψi+1|e−iH∆t|ψi〉

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

���mmmüüüzzz���ÎÎÎ���ÝÝÝ


���

ÃÃÃ¡¡¡���üüüzzz���ÎÎÎµµµ e−iH∆t ∆t = (t′ − t)/(m + 1)→ 0

〈ψ|π〉 = ei
∫

d~y π(~y)ψ(~y)/
∏
~x

√
2π

〈ψi+1|e−iH∆t|ψi〉 = 〈ψi+1|e−i∆tH(ψS,πS)|ψi〉
= δ(ψi+1 − ψi)− i∆t〈ψi+1|H(ψS, πS)|ψi〉

= δ(ψi+1 − ψi)− i∆t
∫

[Dsπi+1]〈ψi+1|πi+1〉〈πi+1|H(ψS, πS)|ψi〉

= δ(ψi+1 − ψi)− i∆t
∫

[Dsπi+1]H(ψi, πi+1)〈ψi+1|πi+1〉〈πi+1|ψi〉

= δ(ψi+1 − ψi)− i∆t
∫

[Dsπi+1]H(ψi, πi+1)ei
∫

d~y πi+1(~y)[ψi+1(~y)−ψi(~y)]/
∏
~x

(2π)

=

∫
[Dsπi+1][1− i∆tH(ψi, πi+1)]ei

∫
d~y πi+1(~y)[ψi+1(~y)−ψi(~y)]/

∏
~x

(2π)

=

∫
[Dsπi+1]ei

∫
d~y πi+1(~y)[ψi+1(~y)−ψi(~y)]−i∆tH(ψi,πi+1)/

∏
~x

(2π)

������ ���uuu���ÆÆÆ
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���mmmüüüzzz���ÎÎÎ���ÝÝÝ


���

ÃÃÃ¡¡¡���üüüzzz���ÎÎÎµµµ e−iH∆t ∆t = (t′ − t)/(m + 1)→ 0

〈ψi+1|e−iH∆t|ψi〉 =

∫
[Dsπi+1]ei

∫
d~y πi+1(~y)[ψi+1(~y)−ψi(~y)]−i∆tH(ψi,πi+1)/

∏
~x

(2π)

〈ψ′|e−iH(t′−t)|ψ〉 =

∫
Dsψm · · · Dsψ1 〈ψ′|e−iH(t′−tm)|ψm〉〈ψm|e−iH(tm−tm−1)|ψm−1〉 · · ·

· · · 〈ψ2|e−iH(t2−t1)|ψ1〉〈ψ1|e−iH(t1−t)|ψ〉

ψm+1 =ψ′ ψ0 =ψ = [
∏
~x

(2π)]−(m+1)
∫

[
m∏

i=1

Dsψi]

∫
[

m∏
i=0

Dsπi+1]

×e
∑m

i=0{i
∫

d~x πi+1(~x)[ψi+1(~x)−ψi(~x)]−i∆t H(ψi,πi+1)]}
ψi V ψi+1

H =
∫

d~xH = lim
m→∞

[
∏
~x

(2π)]−(m+1)
∫ ψ′

ψ

Dψ
∫
Dπ ei

∫ t′
t d4x {π(x)ψ̇(x)−H[ψ(x),π(x)]}

ÙÙÙ¥¥¥···���½½½ÂÂÂ ψi(~x) ≡ ψ(~x, ti), πi(~x) ≡ π(~x, ti)
∫ ψ′
ψ
Dψ =

∫
[
∏m

i=1Dsψi]

ÏÏÏddd ψi+1(~x)− ψi(~x) = ψ(~x, ti+1)− ψ(~x, ti) = ψ̇(~x, ti)∆t

������ ���uuu���ÆÆÆ
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���mmmüüüzzz���ÎÎÎ���ÝÝÝ


���

〈ψ′|e−iH(t′−t)|ψ〉 = limn→∞[
∏
~x(2π)]−(n+1) ∫ ψ′

ψ
DψDπ ei

∫ t′
t d4x {π(x)ψ̇(x)−H[ψ(x),π(x)]}

VVV���555π: H[ψ(x), π(x)] = clmπl(x)πm(x) + V[ψ(x)]∫
Dπ ei

∫ t′
t d4x {πT (x)ψ̇(x)−H[ψ(x),π(x)]} =

∫
Dπ ei

∫ t′
t d4x {πT (x)ψ̇(x)−πT (x)Cπ(x)−V[ψ(x)]}

=

∫
Dπ ei

∫ t′
t d4x {−[πT (x)− 1

2 ψ̇
T (x)C−1]C[π(x)− 1

2 C−1ψ̇(x)]+ 1
4 ψ̇

T (x)C−1ψ̇(x)−V[ψ(x)]}

= Const × ei
∫ t′

t d4x { 1
4 ψ̇

T (x)C−1ψ̇(x)−V[ψ(x)]} Const ≡
∫
Dπ e−i

∫ t′
t d4x πT (x)Cπ(x)

òòòH[ψ(x), π(x)]www¤¤¤´́́������²²²;;;|||NNNXXX���MMM���îîîþþþ���ÝÝÝ

ψ̇l(x) =
∂H[ψ(x), π(x)]

∂πl(x)
= 2clmπm(x) π(x) =

1
2

C−1ψ̇(x)

L[ψ(x), ψ̇(x)] = π(x)ψ̇(x)−H[ψ(x), π(x)] =
1
4
ψ̇T(x)C−1ψ̇(x)− V[ψ(x)]∫

Dπ ei
∫ t′

t d4x {π(x)ψ̇(x)−H[ψ(x),π(x)]} = Const × ei
∫ t′

t d4x L[ψ(x),ψ̇(x)]

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

���mmmüüüzzz���ÎÎÎ���ÝÝÝ


���

òòòH[ψ(x), π(x)]www¤¤¤´́́������²²²;;;|||NNNXXX���MMM���îîîþþþ���ÝÝÝ

ψ̇l(x) =
∂H[ψ(x), π(x)]

∂πl(x)
= 2clmπm(x) π(x) =

1
2

C−1ψ̇(x)

L[ψ(x), ψ̇(x)] = π(x)ψ̇(x)−H[ψ(x), π(x)] =
1
4
ψ̇T(x)C−1ψ̇(x)− V[ψ(x)]∫

Dπ ei
∫ t′

t d4x {π(x)ψ̇(x)−H[ψ(x),π(x)]} = Const × ei
∫ t′

t d4x L[ψ(x),ψ̇(x)]

���555¦¦¦ÈÈÈ
���ÎÎÎ→´́́»»»ÈÈÈ©©©

=======⇒ÊÊÊÏÏÏ¦¦¦ÈÈÈ

L0 =



1
2 [(∂µφ(x))2 −M2φ2(x)] ¢¢¢gggdddIIIþþþ|||

Re ψ(x)(iγµ∂µ −M)ψ(x) gggddd^̂̂þþþ|||

− 1
4 Fµν(x)Fµν(x) + 1

2 M2v2(x) ¢¢¢gggddd¥¥¥þþþ|||

������ ���uuu���ÆÆÆ
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���

〈ψ′|e−iH(t′−t)|ψ〉 = limm→∞[
∏
~x(2π)]−(m+1) ∫ ψ′

ψ
DψDπ ei

∫ t′
t d4x {π(x)ψ̇(x)−H[ψ(x),π(x)]}

òòòH[ψ(x), π(x)]www¤¤¤´́́������²²²;;;|||NNNXXX���MMM���îîîþþþ���ÝÝÝ∫
Dπ ei

∫ t′
t d4x {π(x)ψ̇(x)−H[ψ(x),π(x)]} = Const × ei

∫ t′
t d4x L[ψ(x),ψ̇(x)]

〈ψ′|e−iH(t′−t)|ψ〉 = const ×
∫ ψ′

ψ

Dψ ei
∫ t′

t d4x L[ψ(x),ψ̇(x)] const = Const × lim
m→∞

[
∏
~x

(2π)]−(m+1)

(Ψ−0 , e
−iH(t′−t1)ψS,1(x1)e−iH(t1−t2)ψS,2(x2) · · ·ψS,n−1(xn−1)e−iH(tn−1−tn)ψS,n(xn)e−iH(tn−t)Ψ+

0 )

=

∫
Dsψ

′· · ·Dsψ ψ1(~x1)ψ2(~x2)· · ·ψn−1(~xn−1)ψn(~xn)(Ψ
−
0 |ψ

′〉〈ψ′|e−iH(t′−t1)|ψ1〉〈ψ1|e−iH(t1−t2)|ψ2〉

· · · 〈ψn−1|e−iH(tn−1−tn)|ψn〉〈ψn|e−iH(tn−t)|ψ〉〈ψ|Ψ+
0 )

=

∫
Dψ ψ1(x1)ψ2(x2) · · ·ψn−1(xn−1)ψn(xn) (Ψ−0 |ψ

′〉 ei
∫ t′

t d4x L[ψ(x),ψ̇(x)] 〈ψ|Ψ+
0 )∫

Dψ ≡
∫
Dsψ

′Dsψ

∫ ψ′

ψ

Dψ

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

¢¢¢IIIþþþ|||���ÅÅÅ¼¼¼êêê: ���ψH,i = ψH,li , ψi = ψli

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )=

∫
Dψ ψl1 (x1)· · ·ψln (xn) ei

∫ t′
t d4x L[ψ(x),ψ̇(x)] (Ψ−0 |ψ

′〉〈ψ|Ψ+
0 )

ψ(x)=

∫
d3p√

2E(2π)3
[e−ip·xa(~p)+eip·xa†(~p)]

∫
d3x e−i~p·~xψ(x) =

1√
2E

[e−iEta(~p) + eiEta†(−~p)]

π(x)= ψ̇(x)=−i
∫

d3p
(2π)3

√
E
2

[e−ip·xa(~p)−eip·xa†(~p)]

∫
d3xe−i~p·~xπ(x)=−i

√
E
2

[e−iEta(~p)−eiEta†(−~p)]∫
d3x e−i~p·~x+iEt[

√
E
2
ψ(~x, t) +

i√
2E
π(~x, t)] = a(~p) a(~p)Φ0 = 0

Φ0 =Ω†(∓∞)Ψ±0 Ω(t)=eiHte−iH0t ψS(x)=e−iH0tψ(x)eiH0t πS(x)=e−iH0tπ(x)eiH0t∫
d3x e−i~p·~x+iEτ [

√
E
2
ψ(~x, τ) +

i√
2E
π(~x, τ)]Ω†(∓∞)Ψ±0 = 0

V
∫

d3x e−i~p·~x+iEτ [

√
E
2
ψ(~x, τ) +

i√
2E
π(~x, τ)]eiH0τΨ±0

τ→∓∞
==== 0

V
∫

d3x e−i~p·~x+iEτ [

√
E
2
ψS(~x, τ) +

i√
2E
πS(~x, τ)]Ψ±0

τ→∓∞
==== 0

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

¢¢¢IIIþþþ|||���ÅÅÅ¼¼¼êêê1

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )=

∫
Dψ ψl1 (x1)· · ·ψln (xn) ei

∫ t′
t d4x L[ψ(x),ψ̇(x)] (Ψ−0 |ψ

′〉〈ψ|Ψ+
0 )

Φ0 = Ω†(∓∞)Ψ±0 Ω(t) = eiHte−iH0t ψS(x) = e−iH0tψ(x)eiH0t πS(x) = e−iH0tπ(x)eiH0t∫
d3x e−i~p·~x+iEτ [

√
E
2
ψS(~x, τ) +

i√
2E
πS(~x, τ)]Ψ±0

τ→∓∞
==== 0∫

d3x e−i~p·~x[

√
E
2
ψS(x) +

i√
2E
πS(x)]Ψ±0 = 0

[ψS,l(~x,t), ψS,l′(~y,t)]=[πS,l(~x,t), πS,l′(~y,t)]=0 [ψS,l(~x,t), πS,l′(~y,t)]= iδ(~x−~y) πS,l(~x,t)=
−iδ

δψS,l(~x,t)

ψS,l(x)|ψ〉 = ψl(~x)|ψ〉
∫

d3x e−i~p·~x[

√
E
2
ψ(~x) +

1√
2E

δ

δψ(~x)
]〈ψ|Ψ±0 ) = 0

〈ψ|Ψ±0 ) = N e−
1
2
∫

d3xd3y E(~x,~y)ψ(~x)ψ(~y) E(~x,~y)=E(~y,~x)
======⇒

∫
d3x e−i~p·~x[Eψ(~x)−

∫
d3y E(~x,~y)ψ(~y)] = 0

e−i~p·~xE =

∫
d3y e−i~p·~yE(~y,~x)

E=
√
~P2+M2

======⇒ E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2 + M2
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ÅÅÅ¼¼¼êêê

¢¢¢IIIþþþ|||���ÅÅÅ¼¼¼êêê2
(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ

+
0 )=

∫
Dψ ψl1 (x1)· · ·ψln (xn) ei

∫ t′
t d4x L[ψ(x),ψ̇(x)] (Ψ−0 |ψ

′〉〈ψ|Ψ+
0 )

〈ψ|Ψ±0 ) = N e−
1
2
∫

d3xd3y E(~x,~y)ψ(~x)ψ(~y) E(~x,~y)=E(~y,~x)
======⇒E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2 + M2

t = −∞, ψ(~x) ≡ ψ(~x,−∞) t′ =∞, ψ′(~x) ≡ ψ(~x,∞)

(Ψ−0 |ψ
′〉〈ψ|Ψ+

0 ) = |N |2e−
1
2
∫

d3xd3y E(~x,~y)[ψ(~x,∞)ψ(~y,∞)+ψ(~x,−∞)ψ(~y,−∞)]

= lim
ε→0+

|N |2e−
ε
2
∫

d3xd3y
∫∞
−∞ dτ E(~x,~y)ψ(~x,τ)ψ(~y,τ)e−ε|τ|

f (∞) + f (−∞) =

∫ ∞
−∞

d[
τ

|τ | f (τ)] lim
ε→0+

e−ε|τ | = lim
ε→0+

∫ ∞
−∞

[d{ τ|τ | f (τ) e−ε|τ |} − τ

|τ | f (τ)de−ε|τ |]

= lim
ε→0+

ε

∫ ∞
−∞

τ

|τ | f (τ)e−ε|τ |d|τ | = lim
ε→0+

ε

∫ ∞
−∞

dτ f (τ)e−ε|τ |

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 ) = |N |2 lim

ε→0+

∫
Dψ ψl1 (x1) · · ·ψln (xn)

× exp
{

i
∫

d4x L[ψ(x), ψ̇(x)]− ε

2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)ψ(~x, τ)ψ(~y, τ)e−ε|τ |
}

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

¢¢¢IIIþþþ|||���ÅÅÅ¼¼¼êêê3

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 ) = |N |2 lim

ε→0+

∫
Dψ ψl1 (x1) · · ·ψln (xn)

× exp
{

i
∫

d4x L[ψ(x), ψ̇(x)]− ε

2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)ψ(~x, τ)ψ(~y, τ)e−ε|τ |
}

(Ψ−0 ,Ψ
+
0 )= |N |2 lim

ε→0+

∫
Dψ exp

{
i
∫

d4x L[ψ(x),ψ̇(x)]− ε
2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)ψ(~x,τ)ψ(~y,τ)e−ε|τ |
}

E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2 + M2

(Ψ−0 ,TψH,1(x1) · · ·ψH,n(xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψ(x1) · · ·ψ(xn) eiS[ψ]∫

Dψ eiS[ψ]

S[ψ] ≡
∫

d4x L[ψ(x), ψ̇(x)] + lim
ε→0+

iε
2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)ψ(~x, τ)ψ(~y, τ) e−ε|τ |

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

^̂̂þþþ|||���ÅÅÅ¼¼¼êêê: ���ψH,i = ψH,li , ψi = ψli

ψ(x) = (2π)−
3
2
∑
σ

∫
d~p [u(~p, σ)e−ip·xa(~p, σ) + v(~p, σ)eip·xac†(~p, σ)] π(x) = iψ∗(x)

(pµγµ −M)u(~p, σ) = 0 V γ0~p · ~γ + M
E

u(~p, σ) = u(~p, σ)

(pµγµ + M)v(~p, σ) = 0 V γ0~p · ~γ + M
E

v(−~p, σ) = −v(−~p, σ)∫
d3x e−i~p·~xγ0~p · ~γ + M

E
ψ(x) = (2π)

3
2
∑
σ

[e−iEtu(~p, σ)a(~p, σ)− eiEtv(−~p, σ)ac†(−~p, σ)]

i
∫

d3x e−i~p·~xπ∗(x) =

∫
d3x e−i~p·~xψ(x) = (2π)

3
2
∑
σ

[e−iEtu(~p, σ)a(~p, σ) + eiEtv(−~p, σ)ac†(−~p, σ)]

Φ0 =Ω†(∓∞)Ψ±0 Ω(t)=eiHte−iH0t ψS(x)=e−iH0tψ(x)eiH0t πS(x)=e−iH0tπ(x)eiH0t∫
d3x e−i~p·~x+iEτ [γ0~p · ~γ + M

E
ψ(~x, τ) + iπ∗(~x, τ)]Ω†(∓∞)Ψ±0 = 0

V
∫

d3x e−i~p·~x+iEτ [γ0~p · ~γ + M
E

ψS(~x, τ) + iπ∗S (~x, τ)]Ψ±0
τ→∓∞
==== 0

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

^̂̂þþþ|||���ÅÅÅ¼¼¼êêê1

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )=

∫
Dψ ψl1 (x1)· · ·ψln (xn) ei

∫ t′
t d4x L[ψ(x),ψ̇(x)] (Ψ−0 |ψ

′〉〈ψ|Ψ+
0 )

Φ0 = Ω†(∓∞)Ψ±0 Ω(t) = eiHte−iH0t ψS(x) = e−iH0tψ(x)eiH0t πS(x) = e−iH0tπ(x)eiH0t∫
d3x e−i~p·~x+iEτ [γ0~p · ~γ + M

E
ψS(~x, τ) + iπ∗S (~x, τ)]Ψ±0

τ→∓∞
==== 0∫

d3x e−i~p·~x[γ0~p · ~γ + M
E

ψS(x) + iπ∗S (x)]Ψ±0 = 0

{ψS,l(~x,t),ψS,l′(~y,t)}={πS,l(~x,t),πS,l′(~y,t)}=0 {ψS,l(~x,t),πS,l′(~y,t)}= iδ(~x−~y) πS,l(~x,t)= i
δ

δψl(~x,t)

ψS,l(x)|ψ〉 = ψl(~x)|ψ〉
∫

d3x e−i~p·~x[γ0~p · ~γ + M
E

ψ(~x) +
δ

δψ∗(~x)
]〈ψ|Ψ±0 ) = 0

〈ψ|Ψ±0 ) = N e
∫

d3xd3y ψ(~x)E(~x,~y)ψ(~y)⇒
∫

d3x e−i~p·~xγ0[
~p · ~γ + M

E
ψ(~x) +

∫
d3y E(~x,~y)ψ(~y)] = 0

e−i~p·~x~p · ~γ + M
E

= −
∫

d3y e−i~p·~yE(~y,~x)
E=
√
~P2+M2

======⇒ E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)−~p · ~γ −M√
~p2 + M2

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

^̂̂þþþ|||���ÅÅÅ¼¼¼êêê2
(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ

+
0 )=

∫
Dψ ψl1 (x1)· · ·ψln (xn) ei

∫ t′
t d4x L[ψ(x),ψ̇(x)] (Ψ−0 |ψ

′〉〈ψ|Ψ+
0 )

〈ψ|Ψ±0 ) = N e
∫

d3xd3y ψ(~x)E(~x,~y)ψ(~y)⇒E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)−~p · ~γ −M√
~p2 + M2

t = −∞, ψ(~x) ≡ ψ(~x,−∞) t′ =∞, ψ′(~x) ≡ ψ(~x,∞)

(Ψ−0 |ψ
′〉〈ψ|Ψ+

0 ) = |N |2e
∫

d3xd3y [ψ(~x,∞)E(~x,~y)ψ(~y,∞)+ψ(~x,−∞)E(~x,~y)ψ(~y,−∞)]

= lim
ε→0+

|N |2eε
∫

d3xd3y
∫∞
−∞ dτ ψ(~x,τ)E(~x,~y)ψ(~y,τ)e−ε|τ|

f (∞) + f (−∞) =

∫ ∞
−∞

d[
τ

|τ | f (τ)] lim
ε→0+

e−ε|τ | = lim
ε→0+

∫ ∞
−∞

[d{ τ|τ | f (τ) e−ε|τ |} − τ

|τ | f (τ)de−ε|τ |]

= lim
ε→0+

ε

∫ ∞
−∞

τ

|τ | f (τ)e−ε|τ |d|τ | = lim
ε→0+

ε

∫ ∞
−∞

dτ f (τ)e−ε|τ |

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 ) = |N |2 lim

ε→0+

∫
Dψ ψl1 (x1) · · ·ψln (xn)

× exp
{

i
∫

d4x L[ψ(x), ψ̇(x)] + ε

∫
d3xd3y

∫ ∞
−∞

dτ ψ(~x, τ)E(~x,~y)ψ(~y, τ)e−ε|τ |
}

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

^̂̂þþþ|||���ÅÅÅ¼¼¼êêê3

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 ) = |N |2 lim

ε→0+

∫
Dψ ψl1 (x1) · · ·ψln (xn)

× exp
{

i
∫

d4x L[ψ(x), ψ̇(x)] + ε

∫
d3xd3y

∫ ∞
−∞

dτ ψ(~x, τ)E(~x,~y)ψ(~y, τ)e−ε|τ |
}

(Ψ−0 ,Ψ
+
0 )= |N |2 lim

ε→0+

∫
Dψ exp

{
i
∫

d4x L[ψ(x),ψ̇(x)]+ε

∫
d3xd3y

∫ ∞
−∞

dτ ψ(~x,τ)E(~x,~y)ψ(~y,τ)e−ε|τ |
}

E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)−~p · ~γ −M√
~p2 + M2

(Ψ−0 ,TψH,1(x1) · · ·ψH,n(xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψ(x1) · · ·ψ(xn) eiS[ψ]∫

Dψ eiS[ψ]

S[ψ] ≡
∫

d4x L[ψ(x), ψ̇(x)]− lim
ε→0+

iε
∫

d3xd3y
∫ ∞
−∞

dτ ψ(~x, τ)E(~x,~y)ψ(~y, τ) e−ε|τ |

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

¢¢¢ÃÃÃ���þþþ¥¥¥þþþ|||���ÅÅÅ¼¼¼êêê: ���ψH,i = vH,µi , ψi = vµi

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 )=

∫
Dv vµ1 (x1)· · ·vµn (xn) ei

∫ t′
t d4x L[v(x),v̇(x)] (Ψ−0 |v

′〉〈v|Ψ+
0 )

vµ(x) =
∑
σ=±1

∫
d3p√

2E(2π)3/2
[e−ip·xeµ(~p, σ)a(~p, σ) + eip·xeµ∗(~p, σ)a†(~p, σ)] e0(~p, σ) = 0

∫
d3x e−i~p·~xvµ(x) =

(2π)3/2

√
2E

∑
σ=±1

[e−iEteµ(~p, σ)a(~p, σ) + eiEteµ∗(−~p, σ)a†(−~p, σ)]

πµ(x)= v̇µ(x)=−i
∑
σ=±1

∫
d3p

(2π)3/2

√
E
2

[e−ip·xeµ(~p, σ)a(~p, σ)− eip·xeµ∗(~p, σ)a†(~p, σ)] π0 = 0

∫
d3xe−i~p·~xπµ(x) = −i(2π)3/2

√
E
2

∑
σ=±1

[e−iEteµ(~p, σ)a(~p, σ)− eiEteµ∗(−~p, σ)a†(−~p, σ)]

(2π)−3/2
∫

d3x e−i~p·~x+iEt[

√
E
2

vµ(~x, t) +
i√
2E
πµ(~x, t)]=

∑
σ=±1

eµ(~p, σ)a(~p, σ) a(~p,σ)Φ0 =0

������ ���uuu���ÆÆÆ
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ÅÅÅ¼¼¼êêê

¢¢¢ÃÃÃ���þþþ¥¥¥þþþ|||���ÅÅÅ¼¼¼êêê1: ���ψH,i = vH,µi , ψi = vµi

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 )=

∫
Dv vµ1 (x1)· · ·vµn (xn) ei

∫ t′
t d4x L[v(x),v̇(x)] (Ψ−0 |v

′〉〈v|Ψ+
0 )

(2π)−3/2
∫

d3x e−i~p·~x+iEt[

√
E
2

vµ(~x, t) +
i√
2E
πµ(~x, t)] =

∑
σ=±1

eµ(~p, σ)a(~p, σ) a(~p,σ)Φ0 =0

Φ0 =Ω†(∓∞)Ψ±0 Ω(t)=eiHte−iH0t vνS (x)=e−iH0tvµ(x)eiH0t πi
S(x)=e−iH0tπi(x)eiH0t∫

d3x e−i~p·~x+iEτ [

√
E
2

vµ(~x, τ) +
i√
2E
πµ(~x, τ)]Ω†(∓∞)Ψ±0 = 0

V
∫

d3x e−i~p·~x+iEτ [

√
E
2

vµ(~x, τ) +
i√
2E
πµ(~x, τ)]eiH0τΨ±0

τ→∓∞
==== 0

V
∫

d3x e−i~p·~x+iEτ [

√
E
2

vµS (~x, τ) +
i√
2E
πµS (~x, τ)]Ψ±0

τ→∓∞
==== 0
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ÅÅÅ¼¼¼êêê

¢¢¢ÃÃÃ���þþþ¥¥¥þþþ|||���ÅÅÅ¼¼¼êêê2

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 )=

∫
Dv vµ1 (x1)· · ·vµn (xn) ei

∫ t′
t d4x L[v(x),v̇(x)] (Ψ−0 |v

′〉〈v|Ψ+
0 )

Φ0 = Ω†(∓∞)Ψ±0 Ω(t) = eiHte−iH0t vS(x) = e−iH0tv(x)eiH0t πS(x) = e−iH0tπ(x)eiH0t∫
d3x e−i~p·~x+iEτ [

√
E
2

vµS (~x, τ) +
i√
2E
πµS (~x, τ)]Ψ±0

τ→∓∞
==== 0∫

d3x e−i~p·~x[

√
E
2

vµS (x) +
i√
2E
πµS (x)]Ψ±0 = 0

[vi
S(~x,t), v

j
S(~y,t)]=[πi

S(~x,t), π
j
S(~y,t)]=0 [ψi

S(~x,t), π
j
S(~y,t)]= iδijδ(~x−~y) πi

S(~x,t) = −i
δ

δvi(~x,t)

vµS (x)|v〉 = vµ(~x)|v〉 v0(~x) = 0
∫

d3x e−i~p·~x[

√
E
2

vi(~x) +
1√
2E

δ

δvi(~x)
]〈v|Ψ±0 ) = 0

〈v|Ψ±0 ) = N e
1
2
∫

d3xd3y E(~x,~y)vµ(~x)vµ(~y) E(~x,~y)=E(~y,~x)
======⇒

∫
d3x e−i~p·~x[Evµ(~x)−

∫
d3y E(~x,~y)vµ(~y)] = 0

e−i~p·~xE =

∫
d3y e−i~p·~yE(~y,~x)

E=
√
~P2

======⇒ E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2
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¢¢¢ÃÃÃ���þþþ¥¥¥þþþ|||���ÅÅÅ¼¼¼êêê3

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 )=

∫
Dv vµ1 (x1)· · ·vµn (xn) ei

∫ t′
t d4x L[v(x),v̇(x)] (Ψ−0 |v

′〉〈v|Ψ+
0 )

〈v|Ψ±0 ) = N e
1
2
∫

d3xd3y E(~x,~y)vµ(~x)vµ(~y) E(~x,~y)=E(~y,~x)
======⇒E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2

t = −∞, v(~x) ≡ v(~x,−∞) t′ =∞, v′(~x) ≡ v(~x,∞)

(Ψ−0 |v
′〉〈v|Ψ+

0 ) = |N |2e
1
2
∫

d3xd3y E(~x,~y)[vµ(~x,∞)vµ(~y,∞)+vµ(~x,−∞)vµ(~y,−∞)]

= lim
ε→0+

|N |2e
ε
2
∫

d3xd3y
∫∞
−∞ dτ E(~x,~y)vµ(~x,τ)vµ(~y,τ)e−ε|τ|

f (∞) + f (−∞) =

∫ ∞
−∞

d[
τ

|τ | f (τ)] lim
ε→0+

e−ε|τ | = lim
ε→0+

∫ ∞
−∞

[d{ τ|τ | f (τ) e−ε|τ |} − τ

|τ | f (τ)de−ε|τ |]

= lim
ε→0+

ε

∫ ∞
−∞

τ

|τ | f (τ)e−ε|τ |d|τ | = lim
ε→0+

ε

∫ ∞
−∞

dτ f (τ)e−ε|τ |

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 ) = |N |2 lim

ε→0+

∫
Dv vµ1 (x1) · · · vµn (xn)

× exp
{

i
∫

d4x L[v(x), v̇(x)] +
ε

2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)vµ(~x, τ)vµ(~y, τ)e−ε|τ |
}
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¢¢¢ÃÃÃ���þþþ¥¥¥þþþ|||���ÅÅÅ¼¼¼êêê4

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 ) = |N |2 lim

ε→0+

∫
Dv vµ1 (x1) · · · vµn (xn)

× exp
{

i
∫

d4x L[v(x), v̇(x)] +
ε

2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)vµ(~x, τ)vµ(~y, τ)e−ε|τ |
}

(Ψ−0 ,Ψ
+
0 )= |N |2 lim

ε→0+

∫
Dv exp

{
i
∫

d4x L[v(x),v̇(x)]+
ε

2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)vµ(~x,τ)vµ(~y,τ)e−ε|τ |
}

E(~x,~y) =

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2

(Ψ−0 ,TvH,µ1 (x1) · · · vH,µn (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dv vµ1 (x1) · · · vµn (xn) eiS[v]∫

Dv eiS[v]

S[v] ≡
∫

d4x L[v(x), v̇(x)]− lim
ε→0+

iε
2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)vµ(~x, τ)vµ(~y, τ) e−ε|τ |
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'''uuu������¼¼¼êêê���´́́»»»ÈÈÈ©©©LLL���'''XXX:
(Ψ−0 ,Tψ1,H(x1) · · ·ψn,H(xn)Ψ+

0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψ1(x1) · · ·ψn(xn) eiS[ψ]∫

Dψ eiS[ψ]

♣ þþþfff|||���������¼¼¼êêê���±±±^̂̂���¼¼¼²²²þþþ555LLL��� !

♥ ²²²þþþ������´́́NNNXXX���²²²;;;���^̂̂þþþ !

♠ ²²²þþþ������mmm´́́²²²;;;|||���¤¤¤kkk   ///���mmm§§§§§§���)))µµµ

I ddd²²²;;;|||���§§§ûûû½½½���///²²²;;;;;;���000 ÏÏÏ~~~§§§������zzz������£££ÏÏÏ������������fff¤¤¤���

I |||���ëëëYYY   ///���¤¤¤���///ëëëYYY;;;���000

I ������������///òòò���...;;;���000

♦ ¤¤¤���|||^̂̂GrassmannCCCþþþ£££ããã ! §§§¢¢¢SSSþþþvvvkkk���������VVVggg§§§///;;;���000ººº
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(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
(Ψ−0 ,Ψ

+
0 ) = |N |2

∫
Dψ eiS[ψ]

S[ψ] ≡
∫

d4x L[ψ(x), ψ̇(x)]± lim
ε→0+

iε
2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)ψl(~x, τ)ψl(~y, τ) e−ε|τ |

Z[J] ≡
∫
Dψ eiSJ [ψ] = eiW[J]= |N |−2(Ψ−0 ,Ψ

+
0 )J SJ [ψ] = S[ψ] +

∫
d4xJl(x)ψl(x)

(Ψ−0 ,Ψ
+
0 )J = (Φ0,UJ(+∞,−∞)Φ0)

U(t,t′)=eiH0 te−iH(t−t′)e−iH0 t′

============== e−iEJ T
∣∣∣∣

T→∞

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=
δnZ[J]

Z[0]inδJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

Z[J]

Z[0]
= 1 +

∞∑
n=1

in

n!

∫
d4x1 · · · d4xn

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

Jl1 (x1) · · · Jln (xn)

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )C ≡

δnW[J]

in−1δJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

W[J] = W[0] +

∞∑
n=1

in−1

n!

∫
d4x1 · · · d4xn (Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ

+
0 )C Jl1 (x1) · · · Jln (xn)
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ëëë���ããã���)))¤¤¤���¼¼¼������^̂̂þþþ

eiW[J] =

∫
Dφ eiS[φ]ei

∫
d4x J(x)φ(x)

���¼¼¼FFFááá������CCC���:

eiS[φ] =

∫
DJ eiW[J]e−i

∫
d4x J(x)φ(x)

=

∫
DJ
∫
Dφ′ eiS[φ′]ei

∫
d4x J(x)[φ′(x)−φ(x)] = const

∫
Dφ′ eiS[φ′]δ(φ′ − φ)

���^̂̂þþþÚÚÚééé���ããã���)))¤¤¤���¼¼¼ppp������¼¼¼FFFááá���CCC���!

������


¤¤¤kkkëëë���������¼¼¼êêê,���ÒÒÒ������


���^̂̂þþþ,������½½½,,,!
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kkk������^̂̂þþþ���ººº���)))¤¤¤���¼¼¼

kkk������^̂̂þþþ:
ψc,l(x) ≡ δW[J]

δJl(x)
Γ[ψc] ≡ W[J]−

∫
d4x Jl(x)ψc,l(x)

δΓ[ψc]

δψc,l(x)
=

∫
d4y

δW[J]

δJl′(y)

δJl′(y)

δψc,l(x)
−
∫

d4y
δJl′(y)

δψc,l(x)
ψc,l′(y)− Jl(x) = −Jl(x)

SJ [ψ] ≡ S[ψ] +

∫
d4x Jl(x)ψl(x)

δSJ [ψ]

δψl(x)
= 0 V

δS[ψ]

δψl(x)
= −Jl(x)

ººº���)))¤¤¤���¼¼¼

Γl1···ln (x1, · · · , xn) ≡
δnΓ[ψc]

δψc,l1 (x1) · · · δψc,ln (xn)

∣∣∣∣
ψc=ψ0

ψ0,l(x) =
δW[J]

δJl(x)

∣∣∣∣
J=0

Γ[ψc]=Γ[ψ0]+
∑
n=1

1
n!

∫
d4x1 · · · d4xn Γl1···ln (x1, · · ·, xn)[ψc,l1 (x1)−ψ0,l1 (x1)] · · · [ψc,ln (xn)−ψ0,ln (xn)]

δ(x− x′)δll′ =
δψc,l(x)

δψc,l′(x′)
=

∫
d4y

δψc,l(x)

δJl”(y)

δJl”(y)

δψc,l′(x′)
= −

∫
d4y

δ2W[J]

δJl(x)δJl”(y)

δ2Γ[ψc]

δψc,l”(y)δψc,l′(x′)∫
d4y (Ψ−0 , ψH,l(x)ψH,l”(y)Ψ+

0 )C Γl”l′(y, x′) = iδ(x− x′)δll′

������ ���uuu���ÆÆÆ
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üüü���ººº���:

δ(x− x′)δll′ =
δψc,l(x)

δψc,l′(x′)
=

∫
d4y

δψc,l(x)

δJl”(y)

δJl”(y)

δψc,l′(x′)
= −

∫
d4y

δ2W[J]

δJl(x)δJl”(y)

δ2Γ[ψc]

δψc,l”(y)δψc,l′(x′)

nnn���ººº���µµµ

0 =
δ

δJ(x3)

∫
d4x2

δ2W[J]

δJ(x1)δJ(x2)

δΓ[ψc]

δψc(x2)δψc(x′)

=

∫
d4x2

[
δ3W[J]

δJ(x1)δJ(x2)δJ(x3)

δ2Γ[ψc]

δψc(x2)δψc(x′)
+

δ2W[J]

δJ(x1)δJ(x2)

∫
d4y

δ3Γ[ψc]

δψc(y)δψc(x2)δψc(x′)
δψc(y)

δJ(x3)

]
δ3W[J]

δJ(x1)δJ(x2)δJ(x3)
=

∫
d4x′1d4x′2d4x′3

δ2W[J]

δJ(x1)δJ(x′1)
δ2W[J]

δJ(x2)δJ(x′2)
δ2W[J]

δJ(x3)δJ(x′3)
δ3Γ[ψc]

δψc(x′1)δψc(x′2)δψc(x′3)

������ ���uuu���ÆÆÆ
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ooo���ººº���µµµ
δ4W[J]

δJ(x1)δJ(x2)δJ(x3)δJ(x4)

=
δ

δJ(x4)

[ ∫
d4x′1d4x′2d4x′3

δ2W[J]

δJ(x1)δJ(x′1)
δ2W[J]

δJ(x2)δJ(x′2)
δ2W[J]

δJ(x3)δJ(x′3)
δ3Γ[ψc]

δψc(x′1)δψc(x′2)δψc(x′3)

]
=

∫
d4x′1d4x′2d4x′3d4x′4

δ2W[J]

δJ(x1)δJ(x′1)
δ2W[J]

δJ(x2)δJ(x′2)
δ2W[J]

δJ(x3)δJ(x′3)
δ2W[J]

δJ(x4)δJ(x′4)

× δ4Γ[ψc]

δψc(x′1)δψc(x′2)δφc(x′3)δφc(x′4)
+

∫
d4x′1d4x′2d4x′3

δ3Γ[ψc]

δψc(x′1)δψc(x′2)δψc(x′3)

×
[

δ3W[J]

δJ(x1)δJ(x′1)δJ(x4)

δ2W[J]

δJ(x2)δJ(x′2)
δ2W[J]

δJ(x3)δJ(x′3)
+

δ2W[J]

δJ(x1)δJ(x′1)
δ3W[J]

δJ(x2)δJ(x′2)δJ(x4)

δ2W[J]

δJ(x3)δJ(x′3)

+
δ2W[J]

δJ(x1)δJ(x′1)
δ2W[J]

δJ(x2)δJ(x′2)
δ3W[J]

δJ(x3)δJ(x′3)δJ(x4)

]
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gggdddÀÀÀÚÚÚ|||

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
(Ψ−0 ,Ψ

+
0 ) = |N |2

∫
Dψ eiS[ψ]

S[ψ] ≡
∫

d4x L[ψ(x), ψ̇(x)]± lim
ε→0+

iε
2

∫
d3xd3y

∫ ∞
−∞

dτ E(~x,~y)ψl(~x, τ)ψl(~y, τ) e−ε|τ | +IIIþþþ
−¥¥¥þþþ

Z[J] ≡
∫
Dψ eiSJ [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J SJ [ψ] = S[ψ] +

∫
d4x Jl(x)ψl(x)

S0 =
1
2

∫
d4xd4x′ [iD−1

ll′ (x, x′)ψl(x)ψl′(x′)± lim
ε→0+

iε E(~x,~x′)ψl(x)ψl(x′)δ(t − t′) e−ε|t+t′|/2]

Z0[J] =

∫
Dψ exp i{1

2

∫
d4xd4x′ iD′,−1

ll′ (x, x′)ψl(x)ψl′(x′) +

∫
d4x Jl(x)ψl(x)}

=

∫
Dψ exp iTr(

1
2
ψiD−1ψ+Jψ)=

∫
Dψ exp i{ i

2
Tr[(ψ−iJD)D−1(ψ−iDJ)+JDJ]}

=C×exp[
−1
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′)] C =

∫
Dψ exp[

−1
2

∫
d4xd4x′D′,−1

ll′ (x,x′)ψl(x)ψl′(x′)]

W0[J]=
i
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′) D′,−1

ll′ (x,x′)=D−1
ll′ (x,x′)± lim

ε→0+
εE(~x,~x′)δ(t−t′)e−ε|t+t′|/2

������ ���uuu���ÆÆÆ
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gggdddÀÀÀÚÚÚ|||

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
(Ψ−0 ,Ψ

+
0 ) = |N |2

∫
Dψ eiS[ψ]

S0 =
1
2

∫
d4xd4x′ [iD−1

ll′ (x, x′)ψl(x)ψl′(x′)± lim
ε→0+

iε E(~x,~x′)ψl(x)ψl(x′)δ(t − t′) e−ε|t+t′|/2]

Z0[J] =C×exp[
−1
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′)] C =

∫
Dψ exp[

−1
2

∫
d4xd4x′D′,−1

ll′ (x,x′)ψl(x)ψl′(x′)]

W0[J]=
i
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′) D′,−1

ll′ (x,x′)=D−1
ll′ (x,x′)± lim

ε→0+
εE(~x,~x′)δ(t−t′)e−ε|t+t′|/2

ψc,l(x) =
δW0[J]

δJl(x)
=

∫
d4x′ iD′ll′(x, x′)Jl′(x′) Jl(x) = −i

∫
d4x′D′,−1

ll′ (x, x′)ψc,l′(x′)

Γ0[ψc] = W0[J]−
∫

d4xJl(x)ψc,l(x) =
i
2

∫
d4xd4x′D′,−1

ll′ (x, x′)ψc,l(x)ψc,l′(x′) = S0[ψc]

gggdddÀÀÀÚÚÚ|||���kkküüü���ººº���µµµ Γ0,ll′(x, x′) =
δ2Γ0[φc]

δψc,l(x)δψc,l′(x′)
= iD′,−1

ll′ (x, x′)

������ ���uuu���ÆÆÆ
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ÀÀÀÚÚÚ|||DDDÂÂÂfff (üüü���ººº������___)

S0 =
1
2

∫
d4xd4x′ [iD−1

ll′ (x, x′)ψl(x)ψl′(x′)± lim
ε→0+

iε E(~x,~x′)ψl(x)ψl(x′)δ(t − t′) e−ε|t+t′|/2]

W0[J]=
i
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′) D′,−1

ll′ (x,x′)=D−1
ll′ (x,x′)± lim

ε→0+
ε E(~x,~x′)δ(t−t′)e−ε|t+t′|/2

W[J] = W[0] +
∞∑

n=1

in−1

n!

∫
d4x1 · · · d4xn (Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ

+
0 )C Jl1 (x1) · · · Jln (xn)

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )C

gggddd|||
=====


0 n 6= 2

D′l1l2 (x1, x2) = ψl1 (x1)ψl2 (x2) n = 2

¢¢¢gggdddIIIþþþ|||µµµ S0[φ] =
∫

d4x 1
2 [(∂µφ(x))2 −M2φ2(x)]

iD−1(x,x′)=−(∂2
x +M2)δ(x−x′)=

∫
d4p

(2π)4 (p2−M2)e−ip·(x−x′) E(~x,~y)=

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2+M2

D′,−1(x,x′)=

∫
d4p

(2π)4 e−ip·(x−x′)[−i(p2−M2)+ε
√
~p2+M2e−ε

|t+t′|
2 ]=−i

∫
d4p

(2π)4 e−ip·(x−x′)(p2−M2+i0+)

D′(x, x′) =

∫
d4p

(2π)4 e−ip·(x−x′) i
p2 −M2 + i0+

������ ���uuu���ÆÆÆ
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ÀÀÀÚÚÚ|||DDDÂÂÂfff (üüü���ººº������___)
(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ

+
0 )C

gggddd|||
=====


0 n 6= 2

D′l1l2 (x1, x2) = ψl1 (x1)ψl2 (x2) n = 2

ééé������������¼¼¼êêêµµµ δ2W[J]
δJl(x)δJl′ (x′)

∣∣∣∣
Jl=0

gggddd|||
===== iDll′(x, x′)

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 ) =

δnZ[J]

inZ[J]δJl1 (x1) · · · δJn(xn)

∣∣∣∣
Jl=0

= e−iW[J] δneiW[J]

inδJl1 (x1) · · · δJn(xn)

∣∣∣∣
Jl=0

gggddd|||
=====


0 n = ÛÛÛêêê∑

P 2,3,...,n

ØØØOOODDDÂÂÂfffSSSÜÜÜ���^̂̂SSS���OOO

D′l1l2 (x1, x2) · · · D′ln−1ln (xn−1, xn)︸ ︷︷ ︸
ØØØëëë���ããã

n = óóóêêê

(Ψ−0 ,TψH,l1 (x1)ψH,l2 (x2)ψH,l3 (x3)ψH,l4 (x4)Ψ
+
0 )

= D′l1l2 (x1, x2)D′l3l4 (x3, x4) +D′l1l3 (x1, x3)D′l2l4 (x2, x4) +D′l1l4 (x1, x4)D′l2l3 (x2, x3)

������ ���uuu���ÆÆÆ
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¢¢¢gggdddIIIþþþ|||���âââfff������ppp���^̂̂ååå���ººº

S0[φ] =
∫

d4x 1
2 [(∂µφ(x))2 −M2φ2(x)]

W0[J] =
i
2

∫
d4xd4x′D′(x, x′)J(x)J(x′) D′(x, x′) =

∫
d4p

(2π)4 e−ip·(x−x′) i
p2 −M2 + i0+

J(p) ≡
∫

d4x e−ip·xJ(x) W0[J] = −1
2

∫
d4p

(2π)4 J∗(p)
1

p2 −M2 + i0+
J(p)

üüü������ppp©©©lll���ÛÛÛ���µµµ J(x) = J1(x) + J2(x)

W0,int[J] = −1
2

∫
d4p

(2π)4

[
J∗1 (p)

1
p2 −M2 + i0+

J2(p) + J∗2 (p)
1

p2 −M2 + i0+
J1(p)

]
���ppp���^̂̂333 p2 = M2 ???���rrr���

Ji(x) = δ(~x−~xi) Ji(p) = 2πδ(p0)ei~p·~xi 2πδ(p0)

∣∣∣∣
p0=0

= T W0,int[J] = −EJT

EJ = −
∫

d~p
(2π)3

ei~p·(~x1−~x2)

~p2 + M2 =
−1

(2π)2

∫ ∞
0

dp p2
∫ 1

−1
d cos θ

eip|~x1−~x2| cos θ

p2 + M2 =
−1

4π|~x1 −~x2|
e−m|~x1−~x2|

dEJ

d|~x1 −~x2|
> 0 ⇒ áááÚÚÚ³³³��� ¥¥¥ÔÔÔ½½½ÆÆÆ,'''iii½½½ÆÆÆ(������);���kkkÚÚÚååå½½½ÆÆÆ

������ ���uuu���ÆÆÆ
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ÀÀÀÚÚÚ|||DDDÂÂÂfff (üüü���ººº������___)

S0 =
1
2

∫
d4xd4x′ [iD−1

ll′ (x, x′)ψl(x)ψl′(x′)± lim
ε→0+

iε E(~x,~x′)ψl(x)ψl(x′)δ(t − t′) e−ε|t+t′|/2]

W0[J]=
i
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′) D′,−1

ll′ (x,x′)=D′ll′(x,x′)± lim
ε→0+

εE(~x,~x′)δ(t−t′)e−ε|t+t′|/2

W[J] = W[0] +

∞∑
n=1

in−1

n!

∫
d4x1 · · · d4xn (Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ

+
0 )C Jl1 (x1) · · · Jln (xn)

¢¢¢"""���þþþgggddd¥¥¥þþþ|||µµµ S0[φ] =
∫

d4x 1
2{−[∂µvν(x)][∂µvν(x)]}

iDµν,−1(x,x′)=gµν∂2
x δ(x−x′)=

∫
d4p

(2π)4 (−p2)gµν e−ip·(x−x′) E(~x,~y)=

∫
d3p

(2π)3 ei~p·(~x−~y)√~p2

Dµν′,−1(x,x′)=

∫
d4p

(2π)4 e−ip·(x−x′)gµν(ip2−ε
√
~p2e−ε|t+t′|/2)= i

∫
d4p

(2π)4 e−ip·(x−x′)gµν(p2+i0+)

Dµν′(x, x′) =

∫
d4p

(2π)4

−igµνe−ip·(x−x′)

p2 + i0+
⇒ W0[J] =

1
2

∫
d4p

(2π)4 e−ip·(x−x′) J∗µ(p)Jµ(p)

p2 + i0+

Jµ(x)=δµ0 [δ(~x+~x1)+δ(~x−~x2)]
=============⇒ EJ =

1
4π|~x1 − ~x2|

²²²������''': ÓÓÓÒÒÒ>>>ÖÖÖ���½½½§§§ÓÓÓ���>>>666���ááá���

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

ÀÀÀÚÚÚ|||���)))¤¤¤���¼¼¼

���ppp���^̂̂ÀÀÀÚÚÚ|||

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
=

δnZ[J]

inZ[J]δJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

Z[J]≡
∫
DψeiSJ [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J (Ψ−0 ,Ψ

+
0 )= |N |2

∫
Dψ eiSJ [ψ] SJ [ψ]=S[ψ]+

∫
d4xJl(x)ψl(x)

S0,J =S0[ψ]+

∫
d4xJl(x)ψl(x) S=S0+

∫
d4x LI [ψ(x)] S0 =

1
2

∫
d4xd4x′ iD′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

Z0[J] ≡
∫
Dψ eiS0,J [ψ] = C×exp[

−1
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′)] V =−

∫
d~x LI H=−LI [ψ]

���666ÐÐÐmmm:
δ
∫

d4xJl(x)ψl(x)

δJl(y)
=ψl(y)

δei
∫

d4xJl(x)ψl(x)

iδJl(y)
=ei

∫
d4xJl(x)ψl(x) δi

∫
d4xJl(x)ψl(x)

iδJl(y)
=ψl(y)ei

∫
d4xJl(x)ψl(x)

Z[J] =

∫
Dψei

∫
d4x LI [ψ(x)]eiS0,J [ψ] =

∫
Dψei

∫
d4x LI [

δ
iδJ(x) ]eiS0,J [ψ] = ei

∫
d4x LI [

δ
iδJ(x) ]

∫
DψeiS0,J [ψ]

= ei
∫

d4x LI [
δ

iδJ(x) ]Z0[J] = C × ei
∫

d4x LI [
δ

iδJ(x) ] exp[
−1
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′)]

������ ���uuu���ÆÆÆ
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���ppp���^̂̂ÀÀÀÚÚÚ|||

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
=

δnZ[J]

inZ[J]δJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

Z[J]≡
∫
DψeiSJ [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J (Ψ−0 ,Ψ

+
0 )= |N |2

∫
Dψ eiS[ψ] SJ [ψ]=S[ψ]+

∫
d4xJl(x)ψl(x)

S0,J =S[ψ]+

∫
d4xJl(x)ψl(x) S=S0+

∫
d4x LI [ψ(x)] S0 =

1
2

∫
d4xd4x′ iD′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

Z0[J] ≡
∫
Dψ eiS0,J [ψ] = C×exp[

−1
2

∫
d4xd4x′D′ll′(x, x′)Jl(x)Jl′(x′)] V =−

∫
d~x LI H=−LI [ψ]

���666ÐÐÐmmm(CCC///):
Z[J] = C × ei

∫
d4x LI [

δ
iδJ(x) ]e

−1
2

∫
d4xd4x′D′ll′ (x,x′)Jl(x)Jl′ (x′)ei

∫
d4xJl(x)ψl(x)

∣∣∣∣
ψ(x)=0

= C × ei
∫

d4x LI [
δ

iδJ(x) ]e
−1

2
∫

d4xd4x′D′ll′ (x,x′) δ2

i2δψi(x)δψl′ (x′) ei
∫

d4xJl(x)ψl(x)
∣∣∣∣
ψ(x)=0

= C × e
1
2
∫

d4xd4x′D′ll′ (x,x′) δ2

δψi(x)δψl′ (x′) ei
∫

d4x [LI [ψ]+Jl(x)ψl(x)]
∣∣∣∣
ψ(x)=0

������ ���uuu���ÆÆÆ
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���ppp���^̂̂ÀÀÀÚÚÚ|||

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
=

δnZ[J]

inZ[J]δJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

Z[J]≡
∫
DψeiSJ [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J (Ψ−0 ,Ψ

+
0 )= |N |2

∫
Dψ eiS[ψ] SJ [ψ]=S[ψ]+

∫
d4xJl(x)ψl(x)

S0,J =S[ψ]+

∫
d4xJl(x)ψl(x) S=S0+

∫
d4x LI [ψ(x)] S0 =

1
2

∫
d4xd4x′ iD′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

���666ÐÐÐmmm(CCC///):
Z[J] = C × e

1
2
∫

d4xd4x′D′ll′ (x,x′) δ2

δψi(x)δψl′ (x′) ei
∫

d4x [LI [ψ]+Jl(x)ψl(x)]
∣∣∣∣
ψ(x)=0

(Ψ−0 ,Ψ
+
0 ) = C′ × e

1
2
∫

d4xd4x′D′ll′ (x,x′) δ2

δψi(x)δψl′ (x′) ei
∫

d4x LI [ψ]

∣∣∣∣
ψ(x)=0

(Ψ−0 ,TψH,l1(x1)· · ·ψH,ln(xn)Ψ
+
0 )=C′e

1
2
∫

d4xd4x′D′ll′ (x,x′) δ2

δψi(x)δψl′ (x′)ψl1(x1)· · ·ψln(xn)ei
∫

d4x LI [ψ]

∣∣∣∣
ψ(x)=0

������ ���uuu���ÆÆÆ
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ÀÀÀÚÚÚ|||���¤¤¤ùùùããã���¤¤¤ùùù555KKK

(Ψ−0 ,TψH,l1(x1)· · ·ψH,ln(xn)Ψ
+
0 )=(Φ−0 ,Tψl1 (x1) · · ·ψln (xn)ei

∫
d4x LI [ψ]Φ0) ¤¤¤kkk���UUU���ÂÂÂ   

= C′e
1
2
∫

d4xd4x′D′ll′ (x,x′) δ2

δψi(x)δψl′ (x′)ψl1(x1)· · ·ψln(xn)ei
∫

d4x LI [ψ]

∣∣∣∣
ψ(x)=0

I zzz������DDDÂÂÂfff777LLL���KKKüüü���|||(üüü���|||���ÂÂÂ   ������DDDÂÂÂfff) ���ûûû���)))üüüδ¼¼¼êêê---
���DDDÂÂÂfff���üüü���

∫
d4xÈÈÈ©©©,¿¿¿òòòDDDÂÂÂfff������III������������KKK���üüü���|||������IIIVzzz������DDDÂÂÂ

fffD′(x, x′)ëëë���üüü���||| 1
2 ^̂̂���---���üüü���|||���������,x, x′©©©OOO´́́ùùùüüü���|||������III XXXJJJooo

���kkkl���DDDÂÂÂfff,���AAAkkkÏÏÏfff 1
l! ,������ÄÄÄ���ùùùl���DDDÂÂÂfff���kkkl!���SSSüüü���ªªª,§§§������ÑÑÑÓÓÓ���(((JJJ,ÏÏÏddd���ÑÑÑ���ÏÏÏ

fff 1
l! ,ÓÓÓ���ØØØ222OOO\\\ØØØÓÓÓ���SSSüüü���ªªª

I ���ppp���^̂̂ººº������zzz   uuuÓÓÓ���������:::���eeeZZZ���|||i
∫

d4x LI [ψ(x)],			������
zzz   uuuØØØÓÓÓ������:::���n���|||ψl1 (x1) · · ·ψln (xn)

I ¤¤¤kkk|||ÑÑÑ777LLL������ÜÜÜ���KKK(ÂÂÂ   KKK)VDDDÂÂÂfff���uuuººº���½½½			���
I ���ûûûééé¤¤¤kkk���|||´́́²²²������,???ÛÛÛ���������ûûûééézzz���|||ÑÑÑ���ööö������ggg
I XXXJJJooo���kkkk���ººº���,AAATTTkkkÏÏÏfff 1

k!

���333������^̂̂ããã///���ªªª(ººº���,DDDÂÂÂfff,			���)UUU���½½½555KKKLLL���(((JJJ������ªªª: ¤¤¤ùùùããã

������ ���uuu���ÆÆÆ
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(Ψ−0 ,TψH,l1(x1)ψH,l′1
(x′1)· · ·ψH,ln(xn)ψH,l′n

(x′n)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψ ψl1(x1)ψl′1

(x′1)· · ·ψln(xn)ψl′n
(x′n) eiS[ψ,ψ]∫

DψDψ eiS[ψ,ψ]

(Ψ−0 ,Ψ
+
0 ) = |N |2

∫
Dψ eiS[ψ,ψ] S[ψ,ψ] ≡

∫
d4x L[ψ(x), ψ(x)] + ε���

Z[I,I]≡
∫
DψDψ eiSI[ψ,ψ] =eiW[I,I]= |N |−2(Ψ−0 ,Ψ

+
0 )I SI[ψ,ψ]=S[ψ,ψ]+

∫
d4x[Il(x)ψl(x)+ψl(x)Il(x)]

(Ψ−0 ,TψH,l1(x1)ψH,l′1
(x′1)· · ·ψH,ln(xn)ψH,l′n

(x′n)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=
δ2nZ[J]

Z[0]δIl1(x1)δIl′1
(x′1)· · ·δIln(xn)δIl′n(x′n)

∣∣∣∣
I=I=0

Z[I, I]
Z[0]

=

∞∑
n=0

1
n!

∫
d4x1· · ·d4x′n

(Ψ−0 ,TψH,l1(x1)ψH,l′1
(x′1)· · ·ψH,ln(xn)ψH,l′n

(x′n)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

Il1(x1)Il′1
(x′1)· · ·Iln(xn)Il′n(x′n)

(Ψ−0 ,TψH,l1 (x1)ψH,l′1
(x′1) · · ·ψH,ln (xn)ψH,l′n

(x′n)Ψ
+
0 )C ≡

iδ2nW[I, I]
δIl1 (x1)δIl′1

(x′1) · · · δIln (xn)δIl′n (x′n)

∣∣∣∣
I=I=0

W[I,I]=
∞∑

n=1

−i
n!

∫
d4x1· · ·d4x′n(Ψ

−
0 ,TψH,l1(x1)ψH,l′1

(x′1)· · ·ψH,ln(xn)ψH,l′n
(x′n)Ψ

+
0 )CIl1(x1)Il′1

(x′1)· · ·Iln(xn)Il′n(x′n)

������ ���uuu���ÆÆÆ
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kkk������^̂̂þþþ ψc,l(x) ≡ δW[I, I]
δIl(x)

ψc,l(x) ≡ −δW[I, I]
δIl(x)

Γ[ψc, ψc] ≡ W[I, I]−
∫

d4x [Il(x)ψc,l(x) + ψc,l(x)Il(x)]

δΓ[ψc,ψc]

δψc,l(x)
=

∫
d4y
[
δIl′(y)

δψc,l(x)

δW[I,I]
δIl′(y)

+
δIl′(y)

δψc,l(x)

δW[I,I]
δIl′(y)

− δIl′(y)

δψc,l(x)
ψc,l′(y)+ψc,l′(y)

δIl′(y)

δψc,l(x)
+Il(x)

]
= Il(x)

δΓ[ψc, ψc]

δψc,l(x)
=

∫
d4y
[
δIl′(y)

δψc,l(x)

δW[I,I]
δIl′(y)

+
δIl′(y)

δψc,l(x)

δW[I,I]
δIl′(y)

+ψc,l′(y)
δIl′(y)

δψc,l(x)
− δIl′(y)

δψc,l(x)
ψc,l′(y)−Il(x)

]
= −Il(x)

SI [ψ,ψ] = S[ψ,ψ] +

∫
d4x[Il(x)ψl(x) + ψl(x)Il(x)]

δSI [ψ,ψ]

δψl(x)
=
δSI [ψ,ψ]

δψl(x)
= 0 V

δS[ψ,ψ]

δψl(x)
= Il(x)

δS[ψ,ψ]

δψl(x)
= −Il(x)

������ ���uuu���ÆÆÆ
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ψc,l(x)≡ δW[I,I]
δIl(x)

ψc,l(x)≡−δW[I,I]
δIl(x)

Γ[ψc,ψc]≡W[I,I]−
∫

d4x[Il(x)ψc,l(x)+ψc,l(x)Il(x)]

ψ0,l(x) =
δW[I, I]
δIl(x)

∣∣∣∣
I=I=0

ψ0,l(x) = −δW[I, I]
δIl(x)

∣∣∣∣
I=I=0

δΓ[ψc, ψc]

δψc,l(x)
= Il(x)

δΓ[ψc, ψc]

δψc,l(x)
= −Il(x)

Γl1l′1···lnl′n
(x1, x′1 · · · , xn, x′n) ≡

δ2nΓ[ψc, ψc]

δψc,l1
(x1)δψc,l′1

(x′1) · · · δψc,ln (xn)δψc,l′n (x′n)

∣∣∣∣
ψc=0, ψc=0

Γ[ψc,ψc]=Γ[0,0]+
∑
n=1

(−1)n

(2n)!

∫
d4x1d4x′1· · ·d4xnd4x′nΓl1l′1···lnl

′
n
(x1, x′1,· · ·, xn, x′n)ψc,l1

(x1)ψc,l′1
(x′1)· · ·ψc,ln(xn)ψc,l′n(x′n)

δ(x− x′)δll′ =
δψc,l(x)

δψc,l′(x′)
=

∫
d4y[

δIl”(y)

δψc,l′(x′)
δψc,l(x)

δIl”(y)
+

δIl”(y)

δψc,l′(x′)
δψc,l(x)

δIl”(y)
]

=

∫
d4y
[
− δ2Γ[ψc, ψc]

δψc,l′(x′)δψc,l”(y)

δ2W[I, I]
δIl”(y)δIl(x)

+
δ2Γ[ψc, ψc]

δψc,l′(x′)δψc,l”(y)

δ2W[I, I]
δIl”(y)δIl(x)

]
∫

d4y (Ψ−0 , ψH,l(x)ψH,l”(y)Ψ+
0 )C Γl”l′(y, x′) = −iδ(x− x′)δll′

������ ���uuu���ÆÆÆ
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gggddd¤¤¤���|||

S0 =

∫
d4xd4x′iS−1

ll′ (x, x′)ψl(x)ψl′(x′)− lim
ε→0+

iε
∫

d3xd3x′
∫ ∞
−∞

dτ ψ(~x, τ)E(~x,~x′)ψ(~x′, τ) e−ε|τ |

=

∫
d4xd4x′ iS ′,−1

ll′ (x, x′)ψl(x)ψl′(x′) iS−1
ll′ (x, x′) = (iγµ∂µ,x−M)δ(x− x′)

S ′,−1
ll′ (x,x′)=−i(iγµ∂µ,x−M)δ(x−x′)−εE(~x,~x′)e−ε

|t+t′|
2 δ(t−t′) E(~x,~y)=

∫
d3p

(2π)3 ei~p·(~x−~y)−~p·~γ−M√
~p2+M2

=

∫
d4p

(2π)4 e−ip·(x−x′)[−i(p/−M)+εe−ε
|t+t′|

2
~p·~γ+M√
~p2+M2

] =−i
∫

d4p
(2π)4 e−ip·(x−x′)[p/−M+i0+]

555¿¿¿~p¥¥¥���������£££ÄÄÄØØØKKK���p0���444:::: (p0)2−~p2(1−i0+)2−(M−i0+)2 = (p0)2−~p2−M2+i0+ = p2+i0+

(Ψ−0 ,TψH,l1(x1)ψH,l′1
(x′1)· · ·ψH,ln(xn)ψH,l′n

(x′n)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψ ψl1(x1)ψl′1

(x′1)· · ·ψln(xn)ψl′n
(x′n) eiS[ψ,ψ]∫

DψDψ eiS[ψ,ψ]

(Ψ−0 ,Ψ
+
0 ) = |N |2

∫
Dψ eiS[ψ,ψ]

S[ψ,ψ] ≡
∫

d4xL[ψ(x), ψ(x)]− lim
ε→0+

iε
∫

d3xd3x′
∫ ∞
−∞

dτ ψ(~x, τ)E(~x,~x′)ψ(~x′, τ) e−ε|τ |

������ ���uuu���ÆÆÆ
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gggddd¤¤¤���||| S0 =
∫

d4xd4x′ iS ′,−1
ll′ (x, x′)ψl(x)ψl′(x′)

(Ψ−0 ,TψH,l1(x1)ψH,l′1
(x′1)· · ·ψH,ln(xn)ψH,l′n

(x′n)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψ ψl1(x1)ψl′1

(x′1)· · ·ψln(xn)ψl′n
(x′n) eiS[ψ,ψ]∫

DψDψ eiS[ψ,ψ]

(Ψ−0 ,Ψ
+
0 ) = |N |2

∫
Dψ eiS[ψ,ψ] S[ψ,ψ] ≡

∫
d4x L[ψ(x), ψ(x)]

∣∣∣∣
S→S′

Z0[I, I]=
∫
DψDψ exp i{

∫
d4xd4x′ iS ′,−1

ll′ (x, x′)ψl(x)ψl′(x′) +

∫
d4x[Il(x)ψl(x)+ψl(x)Il(x)]}

=

∫
DψDψ exp iTr[ψiS ′,−1ψ+Iψ+ψI]

=

∫
DψDψ exp i[Tr[(ψ − iIS ′)iS ′,−1(ψ − iS ′I) + IiS ′I]

= C × exp[−
∫

d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′)]

W0[I, I] = i
∫

d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′) C =

∫
DψD′ψ exp[−

∫
d4xd4x′S ′,−1

ll′ (x,x′)ψl(x)ψl′(x′)]

S ′,−1(x, x′) = −i(iγµ∂µ,x−M+i0+)δ(x− x′) =

∫
d4p

(2π)4 e−ip·(x−x′)(−i)(γµpµ−M+i0+)

������ ���uuu���ÆÆÆ
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gggddd¤¤¤���||| S0 =
∫

d4xd4x′ iS ′,−1
ll′ (x, x′)ψl(x)ψl′(x′)

(Ψ−0 ,TψH,l1(x1)ψH,l′1
(x′1)· · ·ψH,ln(xn)ψH,l′n

(x′n)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψ ψl1(x1)ψl′1

(x′1)· · ·ψln(xn)ψl′n
(x′n) eiS[ψ,ψ]∫

DψDψ eiS[ψ,ψ]

(Ψ−0 ,Ψ
+
0 ) = |N |2

∫
Dψ eiS[ψ,ψ] S[ψ,ψ] ≡

∫
d4x L[ψ(x), ψ(x)]

∣∣∣∣
S→S′

Z0[I, I] = C×exp[−
∫

d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′)] S ′,−1(x, x′) = −i(iγµ∂µ,x−M+i0+)δ(x−x′)

W0[I, I] = i
∫

d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′) C =

∫
DψD′ψ exp[−

∫
d4xd4x′S ′,−1

ll′ (x,x′)ψl(x)ψl′(x′)]

ψc,l(x)≡ δW0[I,I]
δIl(x)

= i
∫

d4x′S ′ll′(x, x′)Il′(x′) ψc,l(x)≡−δW0[I,I]
δIl(x)

= i
∫

d4x′Il′(x′)S ′l′l(x′, x)

Γ0[ψc,ψc]≡W0[I,I]−
∫

d4x[Il(x)ψc,l(x)+ψc,l(x)Il(x)]=

∫
d4xd4x′iS ′,−1

ll′ (x, x′)ψc,l(x)ψc,l′(x′)=S0[ψc,ψc]

gggddd¤¤¤���|||���kkküüü���ººº���µµµ Γ0,ll′(x, x′) =
δ2Γ0[φc]

δψc,l(x)δψc,l′(x′)
= −iS ′,−1

ll′ (x, x′)

������ ���uuu���ÆÆÆ
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���ppp���^̂̂¤¤¤���|||

(Ψ−0 ,TψH,l1(x1)· · ·ψH,l′n
(x′n)Ψ

+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψψl1(x1)· · ·ψln(xn)eiS[ψ,ψ]∫

DψDψ eiS[ψ,ψ]
=

δnZ[I, I]
Z[I, I]δIl1(x1)· · ·δIl′n(x′n)

∣∣∣∣
I=I=0

Z[I, I]≡
∫
DψDψeiSI [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J SI [ψ,ψ]=S[ψ,ψ]+

∫
d4x[Il(x)ψl(x)+ψl(x)Il(x)]

S0,J =S[ψ,ψ]+

∫
d4x(Iψ+ψI) S=S0+

∫
d4x LI [ψ(x),ψ] S0 =

∫
d4xd4x′ iS ′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

Z0[I, I] ≡
∫
DψDψ eiS0,I [ψ,ψ] = C×exp[−

∫
d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′)]

���666ÐÐÐmmm:

Z[I, I]=
∫
DψDψei

∫
d4x LI [ψ(x),ψ(x)]eiS0,I [ψ,ψ] =

∫
DψDψe

i
∫

d4x LI [
δ

iδI(x)
, δ
−iδI(x) ]

eiS0,I [ψ,ψ]

= e
i
∫

d4x LI [
δ

iδI(x)
, δ
−iδI(x) ]

∫
DψDψeiS0,I [ψ,ψ] = e

i
∫

d4x LI [
δ

iδI(x)
, δ
−iδI(x) ]

Z0[I, I]

= C × e
i
∫

d4x LI [
δ

iδI(x)
, δ
−iδI(x) ]

exp[−
∫

d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′)]

������ ���uuu���ÆÆÆ
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���ppp���^̂̂¤¤¤���|||

(Ψ−0 ,TψH,l1(x1)· · ·ψH,l′n
(x′n)Ψ

+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψψl1(x1)· · ·ψln(xn)eiS[ψ,ψ]∫

DψDψ eiS[ψ,ψ]
=

δnZ[I, I]
Z[I, I]δIl1(x1)· · ·δIl′n(x′n)

∣∣∣∣
I=I=0

Z[I, I]≡
∫
DψDψeiSI [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J SI [ψ,ψ]=S[ψ,ψ]+

∫
d4x[Il(x)ψl(x)+ψl(x)Il(x)]

S0,J =S[ψ,ψ]+

∫
d4x(Iψ+ψI) S=S0+

∫
d4x LI [ψ(x),ψ] S0 =

∫
d4xd4x′ iS ′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

Z0[I, I] ≡
∫
DψDψ eiS0,I [ψ,ψ] = C×exp[−

∫
d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′)]

���666ÐÐÐmmm(CCC///):

Z[I, I] = C × e
i
∫

d4x LI [
δ

iδI(x)
, δ
−iδI(x) ]

exp[−
∫

d4xd4x′S ′ll′(x, x′)Il(x)Il′(x′)]

= C × e
i
∫

d4x LI [
δ

iδI(x)
, δ
−iδI(x) ]

e
−

∫
d4xd4x′S′ll′ (x,x′) δ2

δψl(x)δψl′ (x′) ei
∫

d4x[Il(x)ψl(x)+ψl(x)Il(x)]
∣∣∣∣
ψ=ψ=0

= C × e
∫

d4xd4x′Sll′ (x,x′) δ2

δψl′ (x′)δψl(x) ei
∫

d4x[LI [ψ,ψ]+Il(x)ψl(x)+ψl(x)Il(x)]
∣∣∣∣
ψ=ψ=0

������ ���uuu���ÆÆÆ
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¤¤¤���|||���)))¤¤¤���¼¼¼

���ppp���^̂̂¤¤¤���|||

(Ψ−0 ,TψH,l1(x1)· · ·ψH,l′n
(x′n)Ψ

+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
DψDψψl1(x1)· · ·ψl′n

(x′n)eiS[ψ,ψ]∫
DψDψ eiS[ψ,ψ]

=
δnZ[I, I]

Z[I, I]δIl1(x1)· · ·δIl′n(x′n)

∣∣∣∣
I=I=0

Z[I, I]≡
∫
DψDψeiSI [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J SI [ψ,ψ]=S[ψ,ψ]+

∫
d4x[Il(x)ψl(x)+ψl(x)Il(x)]

S0,J =S[ψ,ψ]+

∫
d4x(Iψ+ψI) S=S0+

∫
d4x LI [ψ,ψ] S0 =

∫
d4xd4x′ iS ′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

���666ÐÐÐmmm(CCC///):

Z[I, I] = C × e
∫

d4xd4x′S′ll′ (x,x′) δ2

δψl′ (x′)
δψl(x)

ei
∫

d4x[LI [ψ,ψ]+Il(x)ψl(x)+ψl(x)Il(x)]
∣∣∣∣
ψ=ψ=0

(Ψ−0 ,Ψ
+
0 ) = C′ × e

∫
d4xd4x′S′ll′ (x,x′) δ2

δψl′ (x′)δψl(x) ei
∫

d4x LI [ψ,ψ]

∣∣∣∣
ψ=ψ=0

(Ψ−0 ,TψH,l1(x1)· · ·ψH,l′n
(x′n)Ψ

+
0 )=C×e

∫
d4xd4x′S′ll′(x,x′) δ2

δψl′ (x′)δψl(x)ψl1(x1)· · ·ψl′n
(x′n) ei

∫
d4x LI[ψ,ψ]

∣∣∣∣
ψ=ψ=0

������ ���uuu���ÆÆÆ
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¤¤¤���|||���)))¤¤¤���¼¼¼

¤¤¤���|||���¤¤¤ùùùããã���¤¤¤ùùù555KKK
(Ψ−0 ,TψH,l1(x1) · · ·ψH,l′n

(x′n)Ψ
+
0 )= (Φ−0 , ψl1 (x1) · · ·ψl′n

(x′n) ei
∫

d4xLI[ψ,ψ]Φ+
0 ) ¤¤¤kkk���UUU���ÂÂÂ   

=C×e
∫

d4xd4x′S′ll′(x,x′) δ2

δψl′ (x′)δψl(x)ψl1(x1) · · ·ψl′n
(x′n) ei

∫
d4xLI[ψ,ψ]

∣∣∣∣
ψ=ψ=0

I zzz������DDDÂÂÂfff777LLL���KKKψlÚÚÚψl′|||���������(üüü���|||���ÂÂÂ   ������DDDÂÂÂfff) ���ûûû
���)))üüüδ¼¼¼êêê---���DDDÂÂÂfff���üüü���

∫
d4xÈÈÈ©©©,¿¿¿òòòDDDÂÂÂfff������III������������KKK���üüü���|||������IIIVzzz������

DDDÂÂÂfffS′ll′(x, x′)ëëë���üüü���|||,x, x′©©©OOO´́́ψÚÚÚψüüü���|||������III
I ���ppp���^̂̂ººº������zzz   uuuÓÓÓ���������:::���eeeZZZ���|||i

∫
d4x LI [ψ(x), ψ(x)],			

������zzz   uuuØØØÓÓÓ������:::���2n���|||ψl1 (x1)ψl′1
(x′1) · · ·ψln (xn)ψl′n

(x′n)

I ¤¤¤kkk|||ÑÑÑ777LLL������ÜÜÜ���KKK(ÂÂÂ   KKK)VDDDÂÂÂfff���uuuººº���½½½			���
I ���ûûûééé¤¤¤kkk���|||´́́²²²������

I XXXJJJooo���kkkk���ººº���,AAATTTkkkÏÏÏfff 1
k!

I µµµ444���¤¤¤���fff������)))���			���−1 tr[ψ1ψ2 ψ2ψ3 · · ·ψn−1ψn ψnψ1]

���333������^̂̂ããã///���ªªª(ººº���,DDDÂÂÂfff,			���)UUU���½½½555KKKLLL���(((JJJ������ªªª: ¤¤¤ùùùããã

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

þþþfff|||ØØØ���²²²;;;...���KKKFFFþþþ

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
=

δnZ[J]

inZ[J]δJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

Z[J]≡
∫
DψeiSJ [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J (Ψ−0 ,Ψ

+
0 )= |N |2

∫
Dψ eiS[ψ] SJ [ψ]=S[ψ]+

∫
d4xJl(x)ψl(x)

SJ =S[ψ]+

∫
d4xJl(x)ψl(x) S=S0+

∫
d4x LI [ψ(x)] S0 =

1
2

∫
d4xd4x′ iD′,−1

ll′ (x, x′)ψl(x)ψl′(x′)

²²²;;;...���KKKFFFNNNXXX:

S0 =

∫
d4x L0 L0 = πlψ̇l −H0 H0 =

∫
d~x H0 πl =

∂L0

∂ψ̇l

S=

∫
d4xL L=L0−H H =H0+V =

∫
d~x [πlψ̇l−L] V =

∫
d~x H πl ≡

∂L
∂ψ̇l

=
∂L0

∂ψ̇l

0=δS=

∫
d4x [

∂L
∂ψl(x)

δψl(x)+
∂L

∂∂µψl(x)
δ∂µψl(x)]=

∫
d4x [

∂L
∂ψl(x)

−∂µ
∂L

∂∂µψl(x)
]δψl(x)

∂L
∂ψl(x)

− ∂µ
∂L

∂∂µψl(x)
= 0 ²²²;;;...���KKKFFF|||���§§§

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

þþþfff|||ØØØ���²²²;;;...���KKKFFFþþþ

(Ψ−0 ,TψH,l1 (x1) · · ·ψH,ln (xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=

∫
Dψ ψl1 (x1)· · ·ψln (xn) eiS[ψ]∫

Dψ eiS[ψ]
=

δnZ[J]

inZ[J]δJl1 (x1) · · · δJln (xn)

∣∣∣∣
J=0

Z[J]≡
∫
DψeiSJ [ψ]= |N |−2(Ψ−0 ,Ψ

+
0 )J (Ψ−0 ,Ψ

+
0 )= |N |2

∫
Dψ eiS[ψ] SJ [ψ]=S[ψ]+

∫
d4xJl(x)ψl(x)

0 = δS V
∂L

∂ψl(x)
− ∂µ

∂L
∂∂µψl(x)

= 0 ²²²;;;...���KKKFFF|||���§§§

þþþfff...���KKKFFF|||���§§§:

0 =

∫
DψeiSJ [ψ+δψ] −

∫
DψeiSJ [ψ] = i

∫
Dψ

[
δS[ψ] +

∫
d4xJl(x)δψl(x)

]
eiSJ [ψ]

δS[ψ] =

∫
d4x
[

∂L
∂ψl(x)

δψl(x) +
∂L

∂∂µψl(x)
δ∂µψl(x)

]
=

∫
d4x δψl(x)

[
∂L

∂ψl(x)
− ∂µ

∂L
∂∂µψl(x)

]
∫
Dψ

[
∂L

∂ψl(x)
− ∂µ

∂L
∂∂µψl(x)

+ Jl(x)

]
eiSJ [ψ] = 0 Schwinger-Dyson���§§§∫

DψO[ψl(y)]

[
∂L

∂ψl(x)
−∂µ

∂L
∂∂µψl(x)

]
eiS[ψ] [O( ∂

∂x ),x]=O′( ∂
∂x )

========== −
∫
Dψ O′[ψl(y)]δ(x− y)eiS[ψ]

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

²²²;;;|||���Noether½½½nnnµµµ

...���KKKFFFþþþ���ÝÝÝäääkkk���NNNëëëYYYééé¡¡¡555´́́���§§§333|||þþþ���XXXeeeCCC���eee���±±±ØØØCCCµµµ

ψi(x)→ ψ′l (x) = ψl(x) + iεFl(x) ε´́́ÃÃÃ¡¡¡������~~~êêê

V
∂L

∂ψl(x)
Fl(x) +

∂L
∂∂µψl(x)

∂µFl(x) = 0

òòòCCC���ëëëêêê���������666uuu���������III���ëëëêêêε(x)

δS=

∫
d4x[

∂L
∂ψl(x)

Fl(x)iε(x)+
∂L

∂∂µψl(x)
∂µ(Fl(x)iε(x))] =−

∫
d4xJ µ(x)∂µε(x)=

∫
d4xε(x)∂µJ µ(x)

J µ(x) ≡ −i
∂L

∂∂µψl(x)
Fl(x) ���NNNëëëYYYééé¡¡¡555CCC���éééAAA���”666”

δS
δ∂µε(x)

= −J µ(x)

eee|||÷÷÷vvv...���KKKFFF���§§§

∂L
∂ψl(x)

− ∂µ
∂L

∂∂µψl(x)
= 0 V ∂µJ µ(x) = 0

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

²²²;;;|||���Noether½½½nnnµµµ

...���KKKFFFþþþ���ÝÝÝäääkkk���NNNëëëYYYééé¡¡¡555´́́���§§§333|||þþþ���XXXeeeCCC���eee���±±±ØØØCCCµµµ

ψi(x)→ ψ′l (x) = ψl(x) + iεFl(x) ε´́́ÃÃÃ¡¡¡������~~~êêê

V
∂L

∂ψl(x)
Fl(x) +

∂L
∂∂µψl(x)

∂µFl(x) = 0 eeeCCC���ccc���������ØØØ���"""§§§´́́���uuu���������������ûûû§§§KKK¡¡¡���~~~

J µ(x) ≡ −i
∂L

∂∂µψl(x)
Fl(x) ���NNNëëëYYYééé¡¡¡555CCC���éééAAA���”666”

δS
δ∂µε(x)

= −J µ(x)

eee|||÷÷÷vvv...���KKKFFF���§§§:
∂L

∂ψl(x)
− ∂µ

∂L
∂∂µψl(x)

= 0 V ∂µJ µ(x) = 0

...���KKKFFFþþþ���ÝÝÝeeeØØØäääkkkeee¡¡¡���NNNëëëYYYééé¡¡¡555���|||÷÷÷vvv...���KKKFFF���§§§

ψi(x)→ ψ′l (x) = ψl(x) + iεFl(x) EEE���½½½ÂÂÂ���AAA���666: J µ(x) ≡ −i
∂L

∂∂µψl(x)
Fl(x)

δL = ε[
∂L

∂ψl(x)
Fl(x) +

∂L
∂∂µψl(x)

∂µFl(x)] = ε∂µJ µ(x)

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

þþþfff|||���Noether½½½nnnµµµ

...���KKKFFFþþþ���ÝÝÝäääkkk���NNNëëëYYYééé¡¡¡555´́́���§§§333|||þþþ���XXXeeeCCC���eee���±±±ØØØCCCµµµ

ψl(x)→ ψ′l (x) = ψl(x) + iεFl(x) ε´́́ÃÃÃ¡¡¡������~~~êêê

V
∂L

∂ψl(x)
Fl(x) +

∂L
∂∂µψl(x)

∂µFl(x) = 0 ØØØ���¦¦¦kkkééé¡¡¡555§§§ε���666uuux
============⇒ δS =

∫
d4xε(x)∂µJ µ(x)

J µ(x) ≡ −i
∂L

∂∂µψl(x)
Fl(x) ���NNNëëëYYYééé¡¡¡555CCC���éééAAA���”666”

δS
δ∂µε(x)

= −J µ(x)

0 =

∫
Dψ[δS +

∫
d4x Jl(x)δψl(x)]eiSJ [ψ] =

∫
Dψ

∫
d4x [ε(x)∂µJ µ + Jl(x)iε(x)Fl(x)]eiSJ [ψ]

V
∫
Dψ [∂µJ µ + iJl(x)Fl(x)] eiSJ [ψ] = 0 Ward-Takahashi-Taylorððð���ªªª

ééé¡¡¡555”ÖÖÖ”: Q(t) ≡
∫

d~x J0(x) = −i
∫

d~x πl(~x, t)Fl(~x, t) πl ≡
∂L
∂ψ̇l

²²²;;;: ∂µJ µ = 0 V Q̇(t) = 0 þþþfff:
∫
Dψ [Q̇(t) + i

∫
d3x Jl(~x, t)Fl(~x, t)] eiSJ [ψ] = 0

[ψl(~x, t), π̄l(~x, t)] = iδ(~x−~y)δl̄l V [Q(t), ψl(~x, t)] = −F(~x, t) ååå|||CCC���)))¤¤¤���������^̂̂

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

UUUÄÄÄþþþÅÅÅððð���������²²²£££ x→ x′ = x + ε
ψl(x)→ ψ′l (x′) = ψl(x) ψ′l (x) = ψl(x− ε) = ψl(x)− εµ∂µψl(x)

δS =

∫
d4xL[ψ′(x′)]−

∫
d4xL[ψ(x)] =

∫
d4x{L[ψ′(x′)]− L[ψ′(x)] + L[ψ′(x)]− L[ψ(x)]}

=

∫
d4x [

∂L
∂xµ

εµ − ∂L
∂ψl(x)

εµ∂µψl(x)− ∂L
∂∂νψl(x)

εµ∂ν∂µψl(x)]

=

∫
d4x { ∂L

∂xµ
εµ − ∂ν [

∂L
∂∂νψl(x)

]εµ∂µψl(x)− ∂L
∂∂νψl(x)

εµ∂ν∂µψl(x)}

= −εµ
∫

d4x ∂ν [−gνµL+
∂L

∂∂νψl(x)
∂µψl(x)] Tµν ≡ −Lgµν +

∂L
∂∂µψl(x)

∂νψl(x)

Pµ(t) =

∫
d~x T0

µ =

∫
d~x [−Lg0

µ + πl(x)∂µψl(x)]

H≡P0 =

∫
d~x [−L+πl(x)ψ̇l(x)] ~P≡

∫
d~x πl(x)∇ψl(x) ²²²£££)))¤¤¤������|||���ÎÎÎLLL««« Fl,µ(x)= i∂µψl(x)

V [Pµ(t),ψl(~x, t)]=−i∂µψl(~x, t) =
∑
σ

∫
d3p

(2π)3/2 pµ[−e−ip·xu(~p, σ)a(~p, σ) + eip·xv(~p, σ)ac†(~p, σ)]∫
Dψ [Ṗµ(t)−

∫
d3xJl(~x,t)∂µψl(~x, t)]eiSJ [ψ] = 0

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

���ÄÄÄþþþÅÅÅððð���������===ÄÄÄ xµ → xµ′ = Λµνxν

Λµν =gµν+ωµν ωµν =−ωνµ ψl(x)→ψ′l (x′)=ψl(x)+
i
2
ωµν(Jµν) m

l ψm(x)

ψ′l (x)=ψl(Λ
−1x)+

i
2
ωµν(Jµν) m

l ψm(x)=ψl(x)−ωµνxν∂µψl(x)+
i
2
ωµν(Jµν) m

l ψm(x)

δS =

∫
d4xL[ψ′(x′)]−

∫
d4xL[ψ(x)] =

∫
d4x{L[ψ′(x′)]− L[ψ′(x)] + L[ψ′(x)]− L[ψ(x)]}

=

∫
d4x { ∂L

∂xµ
ωµνxν +

∂L
∂ψl(x)

ωσρ[−xρ∂σψl(x) +
i
2

(Jσρ) m
l ψm(x)]

+
∂L

∂∂νψl(x)
ωσρ∂ν [−xρ∂σψl(x) +

i
2

(Jσρ) m
l ψm(x)]}

=

∫
d4x {∂µ[xνL]ωµν + ∂ν [

∂L
∂∂νψl(x)

]ωσρ[−xρ∂σψl(x) +
i
2

(Jσρ) m
l ψm(x)]

+
∂L

∂∂νψl(x)
ωσρ∂ν [−xρ∂σψl(x) +

i
2

(Jσρ) m
l ψm(x)]}

= ωσρ
∫

d4x ∂ν{xρLgνσ +
∂L

∂∂νψl(x)
[−xρ∂σψl(x) +

i
2

(Jσρ) m
l ψm(x)]}

������ ���uuu���ÆÆÆ
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...���KKKFFFNNNXXX

xµ → xµ′ = Λµνxν Λµν =gµν+ωµν ωµν =−ωνµ ψl(x)→ψ′l (x′)=ψl(x)+
i
2
ωµν(Jµν) m

l ψ
m(x)

ψ′l (x)=ψl(Λ
−1x)+

i
2
ωµν(Jµν) m

l ψm(x)=ψl(x)−ωµνxν∂µψl(x)+
i
2
ωµν(Jµν) m

l ψm(x)

δS = ωσρ
∫

d4x ∂ν{xρLgνσ +
∂L

∂∂νψl(x)
[−xρ∂σψl(x) +

i
2

(Jσρ) m
l ψm(x)]}

=
1
2
ωσρ

∫
d4x ∂ν{xσTνρ − xρTνσ + i

∂L
∂∂νψl(x)

(Jσρ) m
l ψm(x)}

Mµσρ≡ xσTµρ− xρTµσ+ i
∂L

∂∂µψl(x)
(J σρ) m

l ψm(x) Tµν ≡ −Lgµν+
∂L

∂∂µψl(x)
∂νψl(x)

Jµν(t) =

∫
d~xM0µν =

∫
d~x [xµT0ν − xνT0µ + iπl(x)(J µν) m

l ψm(x)] ===ÄÄÄ)))¤¤¤������|||���ÎÎÎLLL«««

Jµν =−Jνµ Jµµ=0 Jij = Lij+Sij Lij =

∫
d~x (xiPj−xjPi) Sij = i

∫
d~x πl(x)(J ij) m

l ψm(x)

ÃÃÃ¡¡¡���ÕÕÕáááCCC���ëëëêêê: 1/2ωµν V Fl,µν(x) =
i
2

(xν∂µ − xµ∂ν)ψl(x) +
1
2

(Jµν) m
l ψm(x)

[Jµν(t), ψl(~x, t)] =
i
2

(xν∂µ − xµ∂ν)ψl(x) +
1
2

(Jµν) m
l ψm(x)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

λφ4nnnØØØVVV¹¹¹

²²²;;;nnnØØØ:

L[φ(x)] =
1
2

[∂µφ(x)][∂µφ(x)]− 1
2

M2φ2(x)− λ

4!
φ4(x)

I ���~~~µµµ M���¢¢¢êêê; λ ≥ 0

I M���JJJêêêV���½½½XXXÚÚÚ ggguuu»»»"""!
I λ = 0 Vgggddd|||!
I λ < 0 VXXXÚÚÚÃÃÃ½½½ÂÂÂ(UUUþþþÃÃÃeee...)!

þþþfffnnnØØØ:

I nnnØØØþþþ���{{{üüü���3 + 1���þþþfff|||nnnØØØ

I yyy¢¢¢¥¥¥���ØØØ���ÙÙÙ���3 + 1���þþþfff|||nnnØØØ

I pppuuuÚÚÚ���uuu3 + 1������nnnØØØ´́́²²²TTT���(kkk������λ������"""***ÿÿÿÍÍÍÜÜÜrrrÝÝÝ)
I $$$uuu3 + 1������nnnØØØ´́́���²²²TTT���. ���EEE|||ØØØ���ïïïÄÄÄééé���!

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

λφ4nnnØØØ���rrrÍÍÍÜÜÜ444���

���:::zzz: D���îîî¼¼¼���mmm¶¶¶N���©©©þþþ

Lλφ4 [~φ(x)] = −1
2

[∂µ~φ(x)] · [∂µ~φ(x)]− 1
2

M2~φ2(x)− λ

4!
[~φ2(x)]2

= −1
2

lim
∆→0

∑
µ

[
~φ(xµ + ∆)− ~φ(xµ)

∆

]2

− 1
2

M2~φ2(x)− λ

4!
[~φ2(x)]2

= −1
2

lim
∆→0

∑
µ

~φ2(xµ+∆) + ~φ2(xµ)− 2~φ(xµ+∆) · ~φ(xµ)

∆2 − 1
2

M2~φ2(x)− λ

4!
[~φ2(x)]2

rrrÍÍÍÜÜÜ444���:

e−W
λφ4 [~J] ≡

∫
[D~φ] e−

∫
dDx{L

λφ4 [~φ(x)]+~J(x)·~φ(x)}

=

∫
[D~φ] e

−
∫

dDx{− 1
2

∑
µ

~φ2(xµ+∆)+~φ2(xµ)−2~φ(xµ+∆)·~φ(xµ)

∆2 − 1
2 M2~φ2(x)− λ4! [~φ2(x)]2+~J(x)·~φ(x)}

=

∫
[D~φ] e

−
∫

dDx{
∑
µ

~φ(xµ+∆)·~φ(xµ)

∆2 − 1
2 ( 2

∆2 +M2)~φ2(x)− λ4! [~φ2(x)]2+~J(x)·~φ(x)}

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

rrrÍÍÍÜÜÜ444���µµµ

e−W
λφ4 [~J]

=

∫
[D~φ] e

−
∫

dDx{
∑
µ

~φ(xµ+∆)·~φ(xµ)

∆2 − 1
2 ( 2

∆2 +M2)~φ2(x)− λ4! [~φ2(x)]2+~J(x)·~φ(x)}

=

∫
[D~φ] e

−
∑

i

{
∑

i′nearest

∆D−2~φi′ ·~φi− 1
2 (2∆D−2+∆DM2)~φ2

i−∆D λ
4! [~φ2

i ]2+∆D~Ji·~φi}

~Si≡∆D/2−1~φi=======

∫
[D~S] e

−
∑

i

{
∑

i′nearest

~Si′ ·~Si− 1
2 (2+∆2M2)~S2

i−∆4−D λ
4! [~S2

i ]2+∆1+D/2~Ji·~Si}

=

∫
[D~S] e

−
∑

i

{
∑

i′nearest

~Si′ ·~Si−∆4−D λ
4! [~S2

i + 6
λ

∆D−4(2+∆2M2)]2+∆1+D/2~Ji·~Si}

δ(x)= lim
λ→∞

√
λ

4!π e−
λ
4! x2 λ→∞

====

∫
[D~S]

[∏
i

δ[~S2
i +

6
λ

∆D−4(2+∆2M2)]

]
e
−
∑

i

{
∑

i′nearest

~Si′ ·~Si+∆1+D/2~Ji·~Si}

N≡2s+1, M2=−λ6 s(s−1)∆2−D−2∆−2

==================

∫
[D~S]

[∏
i

δ[~S2
i −s(s+1)]

]
e
−
∑

i


∑

i′nearest

~Si′ ·~Si+∆1+D/2~Ji·~Si


D���Ising���...

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

λφ4nnnØØØ���¤¤¤ùùù555KKK

L[φ(x)]=
1
2

[∂µφ(x)][∂µφ(x)]− 1
2

M2φ2(x)− λ
4!
φ4(x) D′(x, x′)=

∫
d4p

(2π)4 e−ip·(x−x′) i
p2−M2+i0+

(Ψ−0 ,TφH(x1)· · ·φH(xn)Ψ
+
0 )=C′e

1
2
∫

d4xd4x′D′(x,x′) δ2

δφ(x)δφ(x′)φ(x1)· · ·φ(xn)e
−iλ

4!
∫

d4x φ4(x)|φ(x)=0

= (Φ0,T[φ(x1) · · ·φ(xn)e
−iλ

4!
∫

d4x φ4(x)]Φ0)

���III���mmm:
I ééén:::ëëëÏÏÏ������¼¼¼êêê(Ψ−0 ,TφH(x1)· · ·φH(xn)Ψ

+
0 )C,IIIÑÑÑn���������

:::x1, · · · , xn,zzz���:::ÚÚÚÑÑÑ���^̂̂���
I ééém������ppp���^̂̂,©©©OOO333m���������:::y1, · · · , ymÚÚÚ\\\���ppp���^̂̂ººº:::,zzz���ººº
:::ÚÚÚÑÑÑooo^̂̂���

I òòòÚÚÚÑÑÑ���n + 4m^̂̂���üüüüüü���ëëë,������¤¤¤kkk���UUU���ÿÿÿÀÀÀØØØ���ddd���ëëë���ããã
I zzz^̂̂ëëë������LLLD′(x, x′) = φ(x)φ(x′) ≡ ∆(x, x′),zzz���ººº:::���LLL−iλ,III���ééé
¤¤¤kkkººº:::������������III¦¦¦ÈÈÈ©©©

I eeeããã¥¥¥ÑÑÑyyyééé¡¡¡ëëë���,777LLL¦¦¦±±±ééé¡¡¡ÏÏÏfff1/S
(S:zzz���üüü������kkkÏÏÏfff2¶¶¶ëëë���üüü:::���n^̂̂���kkkÏÏÏfffn!¶¶¶ýýý���ãããkkkººº���ééé¡¡¡\\\ÏÏÏfff2)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

���III���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���ýýý���ããã

1
2!

∫
d4xd4x′d4yd4y′

1
2
D′(x, x′)

1
2
D′(y, y′)

δ2

δφ(x)δφ(x′)
δ2

δφ(y)δφ(y′)
−iλ
4!

∫
d4z φ4(z)

= (Φ0,T[
−iλ
4!

∫
d4x φ4(x)]Φ0) = 3

−iλ
4!

∫
d4x φ(x)φ(x) φ(x)φ(x)

=
−iλ

8

∫
d4x ∆2(x, x)

1
4!

∫
d4x1d4x′1d4x2d4x′2d4x3d4x′3d4x4d4x′4

1
2
D′(x1, x′1)

1
2
D′(x2, x′2)

1
2
D′(x3, x′3)

1
2
D′(x4, x′4)

× δ2

δφ(x1)δφ(x′1)
δ2

δφ(x2)δφ(x′2)
δ2

δφ(x3)δφ(x′3)
δ2

δφ(x4)δφ(x′4)
1
2!

(
−iλ
4!

)2∫
d4zd4z′ φ4(z)φ4(z′)

=
(−iλ)2

16

∫
d4xd4y ∆(x, x)∆2(x, y)∆(y, y) +

(−iλ)2

48

∫
d4xd4y ∆4(x, y) + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

���III���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���ýýý���ããã

1
2!

∫
d4xd4x′d4yd4y′

1
2
D′(x, x′)

1
2
D′(y, y′)

δ2

δφ(x)δφ(x′)
δ2

δφ(y)δφ(y′)
−iλ
4!

∫
d4z φ4(z)

= (Φ0,T[
−iλ
4!

∫
d4x φ4(x)]Φ0) = 3

−iλ
4!

∫
d4x φ(x)φ(x) φ(x)φ(x)

=
−iλ

8

∫
d4x ∆2(x, x)

(Φ0,T[
1
2!

(
−iλ
4!

)2
∫

d4xd4y φ4(x)φ4(y)]Φ0) + O(λ3)

=
1
2!

(
−iλ
4!

)2
∫

d4xd4y
[

(2 ∗ 3)2 ∗ 2 φ(x)φ(x) [φ(x)φ(y)]2 φ(y)φ(y) + 4! [φ(x)φ(y)]4
]

+ O(λ3)

=
(−iλ)2

16

∫
d4xd4y ∆(x, x)∆2(x, y)∆(y, y) +

(−iλ)2

48

∫
d4xd4y ∆4(x, y) + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

���III���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���2:::������¼¼¼êêêããã

1
3!

∫
d4xd4x′d4yd4y′d4zd4z′

1
2
D′(x, x′)

1
2
D′(y, y′)

1
2
D′(z, z′)

δ2

δφ(x)δφ(x′)
δ2

δφ(y)δφ(y′)
δ2

δφ(z)δφ(z′)

×−iλ
4!

∫
d4y1 φ(x1)φ(x2)φ

4(y1)

= (Φ0,T[
−iλ
4!

∫
d4x φ(x1)φ(x2)φ

4(x)]Φ0) = 4 ∗ 3
−iλ
4!

∫
d4x φ(x1)φ(x) φ(x)φ(x) φ(x)φ(x2)

=
−iλ

2

∫
d4x∆(x1, x)∆(x, x)∆(x, x2)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

���III���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���2:::������¼¼¼êêêããã

1
5!

∫
d4y1d4y′1d4y2d4y′2d4y3d4y′3d4y4d4y′4d4y5d4y′5

1
2
D′(y1, y′1)

1
2
D′(y2, y′2)

1
2
D′(y3, y′3)

1
2
D′(y4, y′4)

×1
2
D′(y5, y′5)

δ2

δφ(y1)δφ(y′1)
δ2

δφ(y2)δφ(y′2)
δ2

δφ(y3)δφ(y′3)
δ2

δφ(y4)δφ(y′4)
δ2

δφ(y5)δφ(y′5)

× 1
2!

(
−iλ
4!

)2
∫

d4z1d4z2 φ(x1)φ(x2)φ
4(z1)φ

4(z2)

=

∫
d4xd4y [

(−iλ)2

6
∆(x1, x)∆3(x, y)∆(y, x2) +

(−iλ)2

4
∆(x1, x)∆(x, x)∆(x, y)∆(y, y)∆(y, x2)

+
(−iλ)2

4
∆(x1, x)∆(x, y)∆(y, y)∆(y, x)∆(x, x2)] + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

= (Φ0,T[
1
2!

(
−iλ
4!

)2
∫

d4xd4y φ(x1)φ(x2)φ
4(x)φ4(y)]Φ0)

=
1
2!

(
−iλ
4!

)2
∫

d4xd4y
[

8 ∗ 4 ∗ 3 ∗ 2 φ(x1)φ(x) [φ(x)φ(y)]3 φ(y)φ(x2)

+ 8 ∗ 4 ∗ 3 ∗ 3 φ(x1)φ(x) φ(x)φ(x) φ(x)φ(y) φ(y)φ(y) φ(y)φ(x2)

+ 8 ∗ 3 ∗ 4 ∗ 3 φ(x1)φ(x) φ(x)φ(y) φ(y)φ(y) φ(y)φ(x) φ(x)φ(x2)

]
=

∫
d4xd4y [

(−iλ)2

6
∆(x1, x)∆3(x, y)∆(y, x2) +

(−iλ)2

4
∆(x1, x)∆(x, x)∆(x, y)∆(y, y)∆(y, x2)

+
(−iλ)2

4
∆(x1, x)∆(x, y)∆(y, y)∆(y, x)∆(x, x2)] + O(λ3)

������ ���uuu���ÆÆÆ
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���III���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���4:::������¼¼¼êêêããã
1
4!

∫
d4y1d4y′1d4y2d4y′2d4y3d4y′3d4y4d4y′4

1
2
D′(y1, y′1)

1
2
D′(y2, y′2)

1
2
D′(y3, y′3)

1
2
D′(y4, y′4)

× δ2

δφ(y1)δφ(y′1)
δ2

δφ(y2)δφ(y′2)
δ2

δφ(y3)δφ(y′3)
δ2

δφ(y4)δφ(y′4)
−iλ
4!

∫
d4z φ(x1)φ(x2)φ(x3)φ(x4)φ

4(z)

= (Φ0,T[
−iλ
4!

∫
d4x φ(x1)φ(x2)φ(x3)φ(x4)φ

4(x)]Φ0)

=
−iλ
4!

∫
d4x 4! φ(x1)φ(x) φ(x2)φ(x) φ(x)φ(x3) φ(x)φ(x4)

= −iλ
∫

d4x ∆(x1, x)∆(x2, x)∆(x, x3)∆(x, x4)

������ ���uuu���ÆÆÆ
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���III���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���4:::������¼¼¼êêêããã
1
6!

∫
d4y1d4y′1d4y2d4y′2d4y3d4y′3d4y4d4y′4d4y5d4y′5d4y6d4y′6

1
2
D′(y1, y′1)

1
2
D′(y2, y′2)

1
2
D′(y3, y′3)

×1
2
D′(y4, y′4)

1
2
D′(y5, y′5)

1
2
D′(y6, y′6)

δ2

δφ(y1)δφ(y′1)
δ2

δφ(y2)δφ(y′2)
δ2

δφ(y3)δφ(y′3)
δ2

δφ(y4)δφ(y′4)

× δ2

δφ(y5)δφ(y′5)
δ2

δφ(y6)δφ(y′6)
1
2!

(
−iλ
4!

)2
∫

d4zd4z′ φ(x1)φ(x2)φ(x3)φ(x4)φ
4(z)φ4(z′) + O(λ3)

=
(−iλ)2

2

∫
d4xd4y ∆(x1, x)∆(x, x)∆(x, y)∆(x2, y)∆(y, x3)∆(y, x4) + x1 ⇔ x2, x3, x4

+
(−iλ)2

2

∫
d4xd4y ∆(x1, x)∆(x2, x)∆2(x, y)∆(y, x3)∆(y, x4) + x2 ⇔ x3, x4 + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

= (Φ0,T[
1
2!

(
−iλ
4!

)2
∫

d4xd4y φ(x1)φ(x2)φ(x3)φ(x4)φ
4(x)φ4(y)]Φ0) + O(λ3)

=
1
2!

(
−iλ
4!

)2
∫

d4xd4y[8∗3∗2∗4∗3φ(x1)φ(x) φ(x)φ(x) φ(x)φ(y) φ(x2)φ(y) φ(y)φ(x3) φ(y)φ(x4)

+ 8 ∗ 3 ∗ 2 ∗ 4 ∗ 3 φ(x1)φ(y) φ(x2)φ(x) φ(x)φ(x) φ(x)φ(y) φ(y)φ(x3) φ(y)φ(x4)

+ 8 ∗ 3 ∗ 2 ∗ 4 ∗ 3 φ(x1)φ(y) φ(x2)φ(y) φ(x)φ(x3) φ(x)φ(x) φ(x)φ(y) φ(y)φ(x4)

+ 8 ∗ 3 ∗ 2 ∗ 4 ∗ 3 φ(x1)φ(y) φ(x2)φ(y) φ(y)φ(x3) φ(x)φ(x) φ(x)φ(y) φ(x)φ(x4)

+ 8 ∗ 3 ∗ 4 ∗ 3 ∗ 2 φ(x1)φ(x) φ(x2)φ(x) [φ(x)φ(y)]2 φ(y)φ(x3) φ(y)φ(x4) ] + O(λ3)

=
(−iλ)2

2

∫
d4xd4y ∆(x1, x)∆(x, x)∆(x, y)∆(x2, y)∆(y, x3)∆(y, x4) + x1 ⇔ x2, x3, x4

+(−iλ)2/2
∫

d4xd4y ∆(x1, x)∆(x2, x)∆2(x, y)∆(y, x3)∆(y, x4) + x2 ⇔ x3, x4 + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùù555KKK

L[φ(x)]=
1
2

[∂µφ(x)][∂µφ(x)]− 1
2

M2φ2(x)− λ
4!
φ4(x) D′(x, x′)=

∫
d4p

(2π)4 e−ip·(x−x′) i
p2−M2+i0+

G(q1, · · · , qn)(2π)4δ(q1 + · · · qn) =

∫
d4x1 · · · d4xn eiq1·x1+···+iqn·xn (Ψ−0 ,TφH(x1) · · ·φH(xn)Ψ

+
0 )

ÄÄÄþþþ���mmm:

I ééén:::ëëëÏÏÏ������¼¼¼êêêG(q1, · · · , qn)C,IIIÑÑÑn���			:::,zzz���:::ÚÚÚÑÑÑ���^̂̂���éééAAA
666\\\ÄÄÄþþþq1, · · · , qn

I ééém������ppp���^̂̂,©©©OOO333m���:::ÚÚÚ\\\���ppp���^̂̂ººº:::,zzz���ººº:::ÚÚÚÑÑÑooo^̂̂���
I òòòÚÚÚÑÑÑ���n + 4m^̂̂���üüüüüü���ëëë,zzz^̂̂���äääkkk������oooÄÄÄþþþ§§§zzz���ººº:::kkk
���δ¼¼¼êêê(2π)4δ(p1 + p2 + p3 + p4),ÙÙÙ¥¥¥pi´́́666\\\ººº������oooÄÄÄþþþ"""������¤¤¤
kkk���UUU���ÿÿÿÀÀÀØØØ���ddd���ëëë���ããã

I zzz^̂̂ëëë������LLL i
p2−M2+i0+ ,zzz���ººº:::���LLL−iλ,IIIééé¤¤¤kkkÄÄÄþþþ¦¦¦ÈÈÈ©©©

∫ d4p
(2π)4

I XXXJJJããã¥¥¥ÑÑÑyyyééé¡¡¡���ëëë���,777LLL¦¦¦±±±ééé¡¡¡ÏÏÏfff1/S
(S:zzz���üüü������kkkÏÏÏfff2¶¶¶ëëë���üüü:::���n^̂̂���kkkÏÏÏfffn!¶¶¶ýýý���ãããkkkººº���ééé¡¡¡\\\ÏÏÏfff2)

������ ���uuu���ÆÆÆ
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ÄÄÄþþþ���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���ýýý���ããã

∆(p) ≡ i/(p2 −M2 + i0+) (2π)4δ(p)
p=0

===

∫
d4x

∫
d4x

[
−iλ

8

∫
d4pd4q
(2π)8 ∆(p)∆(q) +

(−iλ)2

16

∫
d4pd4qd4p′

(2π)12 ∆(p)∆2(q)∆(p′)

+
(−iλ)2

48

∫
d4pd4qd4p′

(2π)12 ∆(p)∆(q)∆(p′)∆(p + q + p′)
]

+ O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

ÄÄÄþþþ���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���2:::������¼¼¼êêêããã

∆(p) ≡ i/(p2 −M2 + i0+) (2π)4δ(p)
p=0

===

∫
d4x

−iλ
2

∫
d4p

(2π)4 ∆(q)∆(p)∆(q) +
(−iλ)2

6

∫
d4pd4p′

(2π)8 ∆(q)∆(p)∆(p′)∆(q−p−p′)∆(q)

+
(−iλ)2

4

∫
d4pd4p′

(2π)8 ∆(q)∆(p)∆(q)∆(p′)∆(q)

+
(−iλ)2

4

∫
d4pd4p′

(2π)8 ∆(q)∆2(p)∆(p′)∆(q) + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

ÄÄÄþþþ���mmmλφ4nnnØØØ���¤¤¤ùùùããã−−ëëë���4:::������¼¼¼êêêããã

∆(p) ≡ i/(p2 −M2 + i0+) (2π)4δ(p)
p=0

===
∫

d4x

−iλ ∆(q1)∆(q2)∆(q3)∆(q4) q1 + q2 + q3 + q4 = 0

+
(−iλ)2

2

∫
d4p

(2π)4 [∆(q1)∆(p)∆(q1)∆(q2)∆(q3)∆(q4) + ∆(q1)∆(q2)∆(p)∆(q2)∆(q3)∆(q4)

+∆(q1)∆(q2)∆(q3)∆(p)∆(q3)∆(q4) + ∆(q1)∆(q2)∆(q3)∆(q4)∆(p)∆(q4)]

+
(−iλ)2

2

∫
d4p

(2π)4 ∆(q1)∆(q2)∆(p)[∆(q1+q2−p)+∆(q1+q4−p)+∆(q1+q3−p)]∆(q3)∆(q4) + O(λ3)

������ ���uuu���ÆÆÆ
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λφ4nnnØØØ���¤¤¤ùùùããã

333λφ4nnnØØØ¥¥¥^̂̂ëëë���¤¤¤ùùùããã���EEE���������¤¤¤ùùùããã

n:::������¼¼¼êêê: Gn(x1, · · · , xn) ≡ (Ψ−0 ,TφH(x1) · · ·φH(xn)Ψ
+
0 )C

(Ψ−0 ,TφH(x1) · · ·φH(xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

=
∑

ν1+···+nνn=n

n!

ν1! · · · νn!(1!)ν1 · · · (n!)νn
G1(x1) · · ·G1(xν1 )︸ ︷︷ ︸

ν1 terms

G2(xν1+1, xν1+2) · · ·G2(xν1+2ν2−1, xν1+2ν2 )︸ ︷︷ ︸
ν2 terms

· · ·

������������¼¼¼êêê���)))¤¤¤���¼¼¼:

Z[J]

Z[0]
=
∞∑

n=0

in

n!

∫
d4x1 · · · d4xn

(Ψ−0 ,TφH(x1) · · ·φH(xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

J(x1) · · · J(xn)

=
∞∑

n=0

∑
ν1+···+nνn=n

in

n!

n!

ν1! · · · νn!(1!)ν1 · · · (n!)νn

∫
d4x1 · · · d4xn J(x1) · · · J(xn)

×G1(x1) · · ·G1(xν1 )︸ ︷︷ ︸
ν1 terms

G2(xν1+1, xν1+2) · · ·G2(xν1+2ν2−1, xν1+2ν2 )︸ ︷︷ ︸
ν2 terms

· · ·

������ ���uuu���ÆÆÆ
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333λφ4nnnØØØ¥¥¥^̂̂ëëë���¤¤¤ùùùããã���EEE���������¤¤¤ùùùããã

������������¼¼¼êêê���)))¤¤¤���¼¼¼:

Z[J]

Z[0]
=
∞∑

n=0

in

n!

∫
d4x1 · · · d4xn

(Ψ−0 ,TψH(x1) · · ·ψH(xn)Ψ
+
0 )

(Ψ−0 ,Ψ
+
0 )

J(x1) · · · J(xn)

=

∞∑
n=0

∑
ν1+···+nνn=n

iν1+···+nνn

n!

n!

ν1! · · · νn!(1!)ν1 · · · (n!)νn

∫
d4x1 · · · d4xn J(x1) · · · J(xn)

×G1(x1) · · ·G1(xν1 )︸ ︷︷ ︸
ν1 terms

G2(xν1+1, xν1+2) · · ·G2(xν1+2ν2−1, xν1+2ν2 )︸ ︷︷ ︸
ν2 terms

· · ·

=
∞∑
ν1=0

iν1

ν1!(1!)ν1
[

∫
d4x1 J(x1)G1(x1)]

ν1

∞∑
ν2=0

iν2

ν2!(2!)ν2
[

∫
d4x2d4x3 J(x2)J(x3)G2(x2, x3)]

ν2 × · · ·

=exp
[

i
1!

∫
d4x1 J(x1)G1(x1) +

i
2!

∫
d4x2d4x3 J(x2)J(x3)G2(x2, x3) + · · ·

]
= eiW[J]−iW[0]

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

4¤¤¤���nnnØØØVVV¹¹¹
²²²;;;nnnØØØ:

L[ψ(x)] = ψ(x)(iγµ∂µ −M)ψ(x)− g
4

[ψ(x)Γψ(x)]2

I ���~~~µµµ M���¢¢¢êêê; g ≥ 0; Γ ⊂ γÝÝÝ



I M = 0 Vkkk���UUUÄÄÄåååÆÆÆ���)))���þþþ���666Γ!
I g = 0 Vgggddd|||!
I g < 0 VXXXÚÚÚÃÃÃ½½½ÂÂÂ(UUUþþþÃÃÃeee...)!

þþþfffnnnØØØ:

I nnnØØØþþþ���$$$������3 + 1���XXX¤¤¤���fff���ppp���^̂̂þþþfff|||nnnØØØ

I yyy¢¢¢¥¥¥���¢¢¢^̂̂������3 + 1���kkk���XXX¤¤¤���fffþþþfff|||nnnØØØ

I 3 + 1������nnnØØØ´́́ØØØ���������

I 1 + 1���ÚÚÚ2 + 1���nnnØØØ´́́���������

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

âââfffnnnØØØ���������BCSnnnØØØéééAAA
08cccììì������ÔÔÔnnnøøø
← −−−− →���þþþ£££UUUYYY¤¤¤���)))���¤¤¤���fffééévvvààà

NJL���...Physical Review 122,345(1960): L[ψ(x)] = ψiγµ∂µψ − g[(ψψ)2−(ψγ5ψ)2]

|||���§§§µµµ [iγµ∂µ − 2g(ψψ − γ5ψγ5ψ)]ψ = 0
²²²þþþ|||CCCqqq

=====⇒ [iγµ∂µ − 2g(〈ψψ〉 − γ5 〈ψγ5ψ〉︸ ︷︷ ︸
���¡¡¡ÅÅÅððð⇒ 0

)]ψ = 0 ���þþþ���)))
====⇒ M = 2g〈ψψ〉

¤¤¤���fffééévvvààà: ψ = ψR + ψL ψ 1
γ5ψ = ψRψL ± ψLψR ⇐ÀÀÀÚÚÚ...888NNN---uuu���

[iγµ∂µ − 2g〈ψψ〉]ψ = 0 γ j =

(
0 σj

−σj 0

)
γ0 =

(
0 −I
−I 0

)
γ5 =

(
I 0
0 −I

)
(
−2g〈ψψ〉 −i∂0 − i~σ · ~∂
−i∂0 + i~σ · ~∂ −2g〈ψψ〉

)(
ψR

ψL

)
= 0 ψR

L
(x) =

∫
d4p

(2π)4 e−iEt+i~p·~rψR
L
(p)

E = ±
√
~p2 + (2g〈ψψ〉)2 ¤¤¤���fff���þþþ���))) NJL������UUUYYY���)))⇐============⇒ E = ±

√
ε2

p + ∆2
EψL(p)=~σ ·~p ψL(p)−2g〈ψψ〉ψR(p)
���mmmÃÃÃ|||���ZZZ···ÜÜÜ¤¤¤Dirac|||

EψR(p)=−~σ ·~p ψR(p)−2g〈ψψ〉ψL(p)

���mmmÃÃÃ���···ÜÜÜ NJL>>>fff���ÇÇÇ···ÜÜÜ⇐============⇒


Eψp+ = εpψp+ + ∆ψ∗−p−
>>>fff���ÇÇÇ���ZZZ···ÜÜÜ¤¤¤¤¤¤���...888NNN---uuu

Eψ∗−p−=−εpψ
∗
−p−+∆ψp+

������ ���uuu���ÆÆÆ
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888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

4¤¤¤���nnnØØØ���¤¤¤ùùù555KKK
L[ψ(x),ψ(x)]=ψ(x)(i∂/−M)ψ(x)− g

4
[ψ(x)Γψ(x)]2 S ′(x, x′)=

∫
d4p

(2π)4 e−ip·(x−x′)i(p/−M+i0+)−1

(Ψ−0 ,TψH,l1(x1)· · ·ψH,l′n
(x′n)Ψ

+
0 )=C×e

∫
d4xd4x′S′ll′(x,x′) δ2

δψl′(x′)δψl(x)ψl1(x1)· · ·ψl′n
(x′n) e−

ig
4
∫

d4x (ψΓψ)2
∣∣∣∣
ψ=ψ=0

= (Φ0,T{ψl1 (x1) · · ·ψl′n
(x′n)e−

ig
4
∫

d4x (ψΓψ)2
}Ψ0)

���III���mmm:
I ééé2n:::ëëëÏÏÏ������¼¼¼êêê(Ψ−0 ,TψH,l1 (x1)ψH,l′1

(x′1)· · ·ψH,ln (xn)ψH,l′n
(x′n)Ψ

+
0 )C,III

ÑÑÑn���������:::x1, · · · , xn,zzz���:::ÚÚÚÑÑÑ���^̂̂ÑÑÑ���,,,,			n���������:::x′1, · · · , x′n,
zzz���:::ÚÚÚÑÑÑ���^̂̂???���§§§

I ééém������ppp���^̂̂,©©©OOO333m���������:::y1, · · · , ymÚÚÚ\\\���ppp���^̂̂ººº:::,zzz���ººº
:::ÚÚÚÑÑÑüüü^̂̂ÑÑÑ���!!!üüü^̂̂???���

I òòòÚÚÚÑÑÑ���n + 2m^̂̂ÑÑÑ������n + 2m^̂̂ÑÑÑ���üüüüüü���ëëë,������¤¤¤kkk���UUU���ÿÿÿÀÀÀ
ØØØ���ddd���ëëë���ããã

I zzz^̂̂ëëë������LLLS ′(x, x′) = ψ(x)ψ(x′),zzz���ººº:::���LLL−igΓl1l′1
Γl2l′2

,III���ééé¤¤¤
kkkººº:::������������III¦¦¦ÈÈÈ©©©

I eeeããã¥¥¥ÑÑÑyyyééé¡¡¡ëëë���,777LLL¦¦¦±±±ééé¡¡¡ÏÏÏfff;µµµ444¤¤¤���fff������)))���			���−1������ ���uuu���ÆÆÆ
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888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���ýýý���ããã
1
2!

∫
d4xd4x′d4yd4y′ Sl1l′1

(x, x′)Sl2l′2
(y, y′)

δ2

δψl′1
(x′)δψl1 (x)

δ2

δψl′2
(y′)δψl2 (y)

(− ig
4

)

∫
d4x (ψΓψ)2

= (Φ0,T[(− ig
4

)

∫
d4x (ψΓψ)2]Ψ0)

= (− ig
4

)

∫
d4x
[
ψ(x)Γψ(x) ψ(x)Γψ(x) − tr[Γψ(x)ψ(x)Γψ(x)ψ(x)]

]

=
−ig

4

∫
d4x {[tr(S(x, x)Γ)]2 − tr[S(x, x)Γ]2}

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���ýýý���ããã
1
4!

∫
d4x1d4x′1d4x2d4x′2d4x3d4x′3d4x4d4x′4 Sl1l′1

(x1, x′1)Sl2l′2
(x2, x′2)Sl3l′3

(x3, x′3)Sl4l′4
(x4, x′4)

× δ2

δψl′1
(x′1)δψl1 (x1)

δ2

δψl′2
(x′2)δψl2 (x2)

δ2

δψl′3
(x′3)δψl3 (x3)

δ2

δψl′4
(x′4)δψl4 (x4)

× 1
2!

(− ig
4

)2
∫

d4xd4y [ψ(x)Γψ(x)]2[ψ(y)Γψ(y)]2

=
(−ig)2

8

∫
d4xd4y{−tr[ΓS(x, x)]tr[ΓS(x, y)ΓS(y, x)]tr[ΓS(y, y)]

+2tr[ΓS(x, x)ΓS(x, y)ΓS(y, x)]tr[ΓS(y, y)]− tr[ΓS(x, x)ΓS(x, y)ΓS(y, y)ΓS(y, x)]}

+
(−ig)2

16

∫
d4xd4y

[
{tr[ΓS(x, y)ΓS(y, x)]}2 − tr[ΓS(x, y)ΓS(y, x)ΓS(x, y)ΓS(y, x)]

]
+ O(g3)

������ ���uuu���ÆÆÆ
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888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���ýýý���ããã

= (Φ0,T{
1
2!

(− ig
4

)2
∫

d4xd4y [ψ(x)Γψ(x)]2[ψ(y)Γψ(y)]2} Ψ0)

=
1
2!

(− ig
4

)2
∫

d4x
[
− 2 ∗ 2 ψ(x)Γψ(x) tr[Γψ(x)ψ(y)Γψ(y)ψ(x)] ψ(y)Γψ(y)

−4 ∗ 2 tr[Γψ(x)ψ(x)Γψ(x)ψ(y)Γψ(y)ψ(x)] ψ(y)Γψ(y)

−2 ∗ 2 tr[Γψ(x)ψ(x)Γψ(x)ψ(y)Γψ(y)ψ(y)Γψ(y)ψ(x)]

+ 2 tr[Γψ(x)ψ(y)Γψ(y)ψ(x)] tr[Γψ(x)ψ(y)Γψ(y)ψ(x)]

]
=

(−ig)2

8

∫
d4xd4y{−tr[ΓS(x, x)]tr[ΓS(x, y)ΓS(y, x)]tr[ΓS(y, y)]

+2tr[ΓS(x, x)ΓS(x, y)ΓS(y, x)]tr[ΓS(y, y)]− tr[ΓS(x, x)ΓS(x, y)ΓS(y, y)ΓS(y, x)]}

+
(−ig)2

16

∫
d4xd4y

[
{tr[ΓS(x, y)ΓS(x, y)]}2 − tr[ΓS(x, y)ΓS(y, x)ΓS(x, y)ΓS(y, x)]

]
+ O(g3)

������ ���uuu���ÆÆÆ
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888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���2:::������¼¼¼êêêããã
1
2!

∫
d4xd4x′d4yd4y′ Sl1l′1

(x, x′)Sl2l′2
(y, y′)

δ2

δψl′1
(x′)δψl1 (x)

δ2

δψl′2
(y′)δψl2 (y)

ψl(x1)ψl′(x2)

×(− ig
4

)

∫
d4z [ψ(z)Γψ(z)]2

= (Φ0,T{ ψl(x1)ψl′(x2) (− ig
4

)

∫
d4x [ψ(x)Γψ(x)]2} Ψ0)

= − ig
4

∫
d4x [ 2ψl(x1)ψ(x) ψ(x)Γψ(x)Γψ(x)ψl′(x2)− 2ψl(x1)ψ(x)Γψ(x)ψ(x)Γψ(x)ψl′(x2) ]

=
ig
2

∫
d4x { Sll1 (x1, x)Γl1l2 tr[S(x, x)Γ]Sl2l′(x, x2)− Sll1 (x1, x)Γl1l2 Sl2l3 (x, x)Γl3l4 Sl4l′(x, x2) }

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���2:::������¼¼¼êêêããã

− (−ig)2

4

∫
d4xd4y Sll1 (x1, x)Γl1l2 tr[S(x, y)Γ]2Sl2l3 (x, y)Γl3l4 Sl4l′(y, x2)

+
(−ig)2

4

∫
d4xd4y Sll1 (x1, x)Γl1l2 Sl2l3 (x, y)Γl3l4 Sl3l4 (y, x)Γl4l5 Sl4l5 (x, y)Γl5l6 Sl6l′(y, x2)

+
(−ig)2

4

∫
d4xd4y S(x1, x)Γ{tr[S(x, x)Γ]S(x, y)Γtr[S(y, y)Γ]− tr[S(x, x)Γ]S(x, y)ΓS(y, y)Γ

−S(x, x)ΓS(x, y)Γtr[S(y, y)Γ] + S(x, x)ΓS(x, y)ΓS(y, y)Γ}S(y, x2)

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���2:::������¼¼¼êêêããã

+
(−ig)2

4

∫
d4xd4y S(x1, x)Γ

[
tr{ΓS(x, y)tr[ΓS(y, y)]ΓS(y, x)} − Γtr[S(x, y)ΓS(y, y)ΓS(y, x)]

−ΓS(x, y)tr[ΓS(y, y)]ΓS(y, x) + ΓS(x, y)ΓS(y, y)ΓS(y, x)

]
S(x, x1) + O(g3)

������ ���uuu���ÆÆÆ
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888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

���III���mmm4¤¤¤���nnnØØØ���¤¤¤ùùùããã−−ëëë���4:::������¼¼¼êêêããã

1
4!

∫
d4y1d4y′1d4y2d4y′2d4y3d4y′3d4y4d4y′4 Sl1”l′1

(y1, y′1)Sl2”l′2
(y2, y′2)Sl3”l′3

(y3, y′3)Sl4”l′4
(y4, y′4)

× δ2

δψl′1
(y′1)δψl1”(y1)

δ2

δψl′2
(y′2)δψl2”(y2)

δ2

δψl′3
(y′3)δψl3”(y3)

δ2

δψl′4
(y′4)δψl4”(y4)

×(− ig
4

)

∫
d4z ψl1 (x1)ψl2

(x2)ψl3 (x3)ψl4
(x4)[ψ(z)Γψ(z)]2

= (Φ0,T{ ψl1 (x1)ψl2
(x2)ψl3 (x3)ψl4

(x4) (− ig
4

)

∫
d4x [ψ(x)Γψ(x)]2} Ψ0)

= − ig
4

∫
d4x [ 2ψl1 (x1)ψl′1

(x)Γl′1l′2
ψl′2

(x)ψl2
(x2) ψl3 (x3)ψl′3

(x)Γl′3l′4
ψl′4

(x)ψl4
(x4)

−2ψl1 (x1)ψl′1
(x)Γl′1l′4

ψl′4
(x)ψl4

(x4) ψl3 (x3)ψl′3
(x)Γl′3l′2

ψl′2
(x)ψl2

(x2) ]

=
−ig

2

∫
d4x [Sl1l′1

(x1, x)Γl′1l′2
Sl′2l2 (x, x2)Sl3l′3

(x3, x)Γl′3l′4
Sl′4l4 (x, x4)

−Sl1l′1
(x1, x)Γl′1l′4

Sl′4l4 (x, x4)Sl3l′3
(x3, x)Γl′3l′2

Sl′2l2 (x, x2)]

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

L[φ(x)]=ψ(x)(iγµ∂µ −M)ψ(x)− g
4

[ψ(x)Γψ(x)]2 S ′(x, x′)=

∫
d4p

(2π)4 e−ip·(x−x′) 1
p/−M+i0+

Gl1l′1···lnl′n
(q1, p1 · · · , qn, pn)(2π)4δ(q1 − p1 + · · · qn − pn)

=

∫
d4x1d4x′1· · ·d4xnd4x′neiq1·x1−ip1·x′1+···+iqn·xn−ipn·x′n (Ψ−0 ,TψH,l1(x1)ψH,l′1

(x′1)· · ·ψH,ln(xn)ψH,l′n(x′n)Ψ
+
0 )

ÄÄÄþþþ���mmm
I ééé2n:::ëëëÏÏÏ������¼¼¼êêêG(q1, p1 · · · , qn, pn)C,IIIÑÑÑ2n���			:::,ÙÙÙ¥¥¥���n���:::���
ÚÚÚ���^̂̂éééAAA666\\\ÄÄÄþþþq1, · · · , qn���???���§§§,,,			n���:::���ÚÚÚ���^̂̂éééAAA666ÑÑÑÄÄÄ
þþþp1, · · · , pn���ÑÑÑ���

I ééém������ppp���^̂̂,©©©OOO333m���:::ÚÚÚ\\\���ppp���^̂̂ººº:::,zzz���ººº:::ÚÚÚÑÑÑüüü^̂̂ÑÑÑ
���§§§üüü^̂̂???���

I òòòÚÚÚÑÑÑ���n + 2m^̂̂???���ÚÚÚn + 2m^̂̂ÑÑÑ���üüüüüü���ëëë,zzz^̂̂���äääkkk������oooÄÄÄþþþ
lll???������ÑÑÑ���������666ÄÄÄ"""zzz���ººº:::kkk���δ¼¼¼êêê(2π)4δ(p1 + p2 + p3 + p4),
ÙÙÙ¥¥¥pi´́́666\\\ººº������oooÄÄÄþþþ"""������¤¤¤kkk���UUU���ÿÿÿÀÀÀØØØ���ddd���ëëë���ããã

I ëëë������LLL i
p/−M+i0+ ,ººº:::���LLL−igΓl1l′1

Γl2l′2
,IIIééé¤¤¤kkkÄÄÄþþþ¦¦¦ÈÈÈ©©©

∫ d4p
(2π)4

I XXXJJJããã¥¥¥ÑÑÑyyyééé¡¡¡ëëë���,LLL¦¦¦ééé¡¡¡ÏÏÏfff.µµµ444���¤¤¤���fff������)))���			���−1

������ ���uuu���ÆÆÆ
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4¤¤¤���nnnØØØ���¤¤¤ùùùããã

������ ���uuu���ÆÆÆ

þþþfff|||ØØØ ���ppp���^̂̂!!!������¼¼¼êêê���´́́»»»ÈÈÈ©©©



888¹¹¹ Wick½½½nnn!!!���zzzúúúªªªÚÚÚ������¼¼¼êêê���444::: ´́́»»»ÈÈÈ©©© ������¼¼¼êêê���)))¤¤¤���¼¼¼λφ4nnnØØØ���ooo¤¤¤���nnnØØØ

4¤¤¤���nnnØØØ���¤¤¤ùùùããã

q1 − q2 + q3 − q4 = 0
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