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1 本文

Ua
k,s(x) =

ua(k, s)e−ik·x√
(2π)32Ek

=
ua(k, s)e−iEkt+ikx√

(2π)32Ek

(1)

V a
k,s(x) =

va(k, s)e+ik·x√
(2π)32Ek

=
va(k, s)e+iEkt−ikx√

(2π)32Ek

(2)

(f |g) =
∫
d3xf†(x)g(x) (3)

b(k, s) = (Ua
k,s|ψa) (4)

b†(k, s) = (Ua
k,s|ψa)† = (ψa|Ua

k,s) (5)

d†(k, s) = (V a
k,s|ψa) (6)

d(k, s) = (V a
k,s|ψa)† = (ψa|V a

k,s) (7)

{ψa(t,x), ψ†
b(t,x

′)} = δabδ
3(x− x′) (8)

{ψa(t,x), ψb(t,x′)} = {ψ†
a(t,x), ψ

†
b(t,x

′)} = 0 (9)

{b(k, s), b†(k′, s′)} = {(Ua
k,s|ψa), (ψb|U b

k′,s′)} (10)

=

{∫
d3xU †

k,s,a(x)ψ
a(x),

∫
d3x′ψ†

b(x
′)U b

k′,s′(x
′)

}
(11)

=

∫
d3x

∫
d3x′U †

k,s,a(x)U
b
k′,s′(x

′){ψa(x), ψ†
b(x

′)} (12)

=

∫
d3x

∫
d3x′U †

k,s,a(t,x)U
b
k′,s′(t,x

′)δabδ
3(x− x′) (13)

=

∫
d3xU†

k,s,a(t,x)U
a
k′,s′(t,x) (14)

=

∫
d3x

u†a(k, s)e
+iEkt−ikx√

(2π)32Ek

ua(k′, s′)e−iEk′ t+ik′x√
(2π)32Ek′

(15)

= δ(k − k′)
u†a(k, s)u

a(k, s′)

2Ek
(16)

= δ(k − k′)δss′ (17)
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{d(k, s), d†(k′, s′)} = {(V a
k,s|ψa), (ψb|V b

k′,s′)} (18)

=

{∫
d3xV †

k,s,a(x)ψ
a(x),

∫
d3x′ψ†

b(x
′)V b

k′,s′(x
′)

}
(19)

=

∫
d3x

∫
d3x′V †

k,s,a(x)V
b
k′,s′(x

′){ψa(x), ψ†
b(x

′)} (20)

=

∫
d3x

∫
d3x′V †

k,s,a(t,x)V
b
k′,s′(t,x

′)δabδ
3(x− x′) (21)

=

∫
d3xV †

k,s,a(t,x)V
a
k′,s′(t,x) (22)

=

∫
d3x

v†a(k, s)e
−iEkt+ikx√

(2π)32Ek

va(k′, s′)e+iEk′ t−ik′x√
(2π)32Ek′

(23)

= δ(k − k′)
v†a(k, s)v

a(k, s′)

2Ek
(24)

= δ(k − k′)δss′ (25)

{b(k, s), d†(k′, s′)} = {(Ua
k,s|ψa), (ψb|V b

k′,s′)} (26)

=

{∫
d3xU †

k,s,a(x)ψ
a(x),

∫
d3x′ψ†

b(x
′)V b

k′,s′(x
′)

}
(27)

=

∫
d3x

∫
d3x′U †

k,s,a(x)V
b
k′,s′(x

′){ψa(x), ψ†
b(x

′)} (28)

=

∫
d3x

∫
d3x′U †

k,s,a(t,x)V
b
k′,s′(t,x

′)δabδ
3(x− x′) (29)

=

∫
d3xU†

k,s,a(t,x)V
a
k′,s′(t,x) (30)

=

∫
d3x

u†a(k, s)e
+iEkt−ikx√

(2π)32Ek

va(k′, s′)e+iEk′ t−ik′x√
(2π)32Ek′

(31)

= δ(k + k′)e+2iEkt
u†a(k, s)v

a(−k, s′)

2Ek
(32)

= 0 (33)

{d(k, s), b†(k′, s′)} = {(V a
k,s|ψa), (ψb|U b

k′,s′)} (34)

=

{∫
d3xV †

k,s,a(x)ψ
a(x),

∫
d3x′ψ†

b(x
′)U b

k′,s′(x
′)

}
(35)

=

∫
d3x

∫
d3x′V †

k,s,a(x)U
b
k′,s′(x

′){ψa(x), ψ†
b(x

′)} (36)

=

∫
d3x

∫
d3x′V †

k,s,a(t,x)U
b
k′,s′(t,x

′)δabδ
3(x− x′) (37)

=

∫
d3xV †

k,s,a(t,x)U
a
k′,s′(t,x) (38)

=

∫
d3x

v†a(k, s)e
−iEkt+ikx√

(2π)32Ek

ua(k′, s′)e−iEk′ t+ik′x√
(2π)32Ek′

(39)

= δ(k + k′)e−2iEkt
v†a(k, s)u

a(−k, s′)

2Ek
(40)

= 0 (41)
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{b(k, s), b(k′, s′)} = {(Ua
k,s|ψa), (U b

k′,s′ |ψb)} (42)

=

{∫
d3xU †

k,s,a(x)ψ
a(x),

∫
d3x′U †

k′,s′,b(x
′)ψb(x′)

}
(43)

=

∫
d3x

∫
d3x′U †

k,s,a(x)U
†
k′,s′,b(x

′){ψa(x), ψb(x′)} (44)

= 0 (45)

{d(k, s), d(k′, s′)} = {(V a
k,s|ψa), (V b

k′,s′ |ψb)} (46)

=

{∫
d3xV †

k,s,a(x)ψ
a(x),

∫
d3x′V †

k′,s′,b(x
′)ψb(x′)

}
(47)

=

∫
d3x

∫
d3x′V †

k,s,a(x)V
†
k′,s′,b(x

′){ψa(x), ψb(x′)} (48)

= 0 (49)

{b(k, s), d(k′, s′)} = {(Ua
k,s|ψa), (V b

k′,s′ |ψb)} (50)

=

{∫
d3xU †

k,s,a(x)ψ
a(x),

∫
d3x′V †

k′,s′,b(x
′)ψb(x′)

}
(51)

=

∫
d3x

∫
d3x′U †

k,s,a(x)V
†
k′,s′,b(x

′){ψa(x), ψb(x′)} (52)

= 0 (53)

{b†(k, s), b†(k′, s′)} = {(ψa|Ua
k,s), (ψ

b|U b
k′,s′)} (54)

=

{∫
d3xψ†

a(x)U
a
k,s(x),

∫
d3x′ψ†

b(x
′)U b

k′,s′(x
′)

}
(55)

=

∫
d3x

∫
d3x′Ua

k,s(x)U
b
k′,s′(x

′){ψ†
a(x), ψ

†
b(x

′)} (56)

= 0 (57)

{d†(k, s), d†(k′, s′)} = {(ψa|V a
k,s), (ψ

b|V b
k′,s′)} (58)

=

{∫
d3xψ†

a(x)V
a
k,s(x),

∫
d3x′ψ†

b(x
′)V b

k′,s′(x
′)

}
(59)

=

∫
d3x

∫
d3x′V a

k,s(x)V
b
k′,s′(x

′){ψ†
a(x), ψ

†
b(x

′)} (60)

= 0 (61)

{b†(k, s), d†(k′, s′)} = {(ψa|Ua
k,s), (ψ

b|V b
k′,s′)} (62)

=

{∫
d3xψ†

a(x)U
a
k,s(x),

∫
d3x′ψ†

b(x
′)V b

k′,s′(x
′)

}
(63)

=

∫
d3x

∫
d3x′Ua

k,s(x)V
b
k′,s′(x

′){ψ†
a(x), ψ

†
b(x

′)} (64)

= 0 (65)
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ψa(t,x) =

∫
d3k√

(2π)32Ek

∑
s=± 1

2

[b(k, s)ua(k, s)e−iEkt+ikx + d†(k, s)va(k, s)e+iEkt−ikx]

(66)

ψ†
a(t,x) =

∫
d3k√

(2π)32Ek

∑
s=± 1

2

[b†(k, s)u†a(k, s)e
+iEkt−ikx + d(k, s)v†a(k, s)e

−iEkt+ikx] (67)

{ψa(t,x), ψ†
b(t,x

′)} =


∫

d3k√
(2π)32Ek

∑
s=± 1

2

[b(k, s)ua(k, s)e−iEkt+ikx + d†(k, s)va(k, s)e+iEkt−ikx],

∫
d3k′√

(2π)32Ek′

∑
s′=± 1

2

[b†(k′, s′)u†b(k
′, s′)e+iEk′ t−ik′x′

+ d(k′, s′)v†b(k
′, s′)e−iEk′ t+ik′x′

]


(68)

=

∫
d3k√

(2π)32Ek

∑
s=± 1

2

　
∫

d3k′√
(2π)32Ek′

∑
s′=± 1

2

[

ua(k, s)u†b(k
′, s′)e−iEkt+iEk′ t+ikx−ik′x′　 {b(k, s), b†(k′, s′)}

+ va(k, s)v†b(k
′, s′)e+iEkt−iEk′ t−ikx+ik′x′

{d†(k, s), d(k′, s′)}] (69)

=

∫
d3k√

(2π)32Ek

∑
s=± 1

2

　
∫

d3k′√
(2π)32Ek′

∑
s′=± 1

2

[

ua(k, s)u†b(k
′, s′)e−iEkt+iEk′ t+ikx−ik′x′　δ(k − k′)δss′

+ va(k, s)v†b(k
′, s′)e+iEkt−iEk′ t−ikx+ik′x′　δ(k − k′)δss′ ] (70)

=

∫
d3k

(2π)32Ek

∑
s=± 1

2

[ua(k, s)ūb(k, s)γ
0e+ikx−ikx′

− va(−k, s)v̄b(−k, s)γ0e+ikx−ikx′
]

(71)

=

∫
d3k

(2π)32Ek
[
∑

s=± 1
2

ua(k, s)ūb(k, s)−
∑

s=± 1
2

va(−k, s)v̄b(−k, s)]γ0e+ikx−ikx′
(72)

=

∫
d3k

(2π)32Ek
[

(
/k +m

2m

)a

b

−
(
/k −m

2m

)a

b

]2Eke
+ikx−ikx′

(73)

= δab

∫
d3k

(2π)3
e+ikx−ikx′

(74)

= δabδ(x− x′) (75)

{ψa(t,x), ψb(t,x′)} = {ψ†
a(t,x), ψ

†
b(t,x

′)} = 0 (76)
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