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m

L0 = ψ̄(x)(iγμ∂μ −m)ψ(x),

1/2
ψ(x) ψ̄(x)

∂μ

∂μ ≡ ∂

∂xμ
=

(
∂

∂t
;∇

)
,

γμ = (γ0; γj) 4×4

γ0 = σ3 ⊗ 1 γj = γ0(σ3 ⊗ σj).

∂μ γμ
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L0

U(1) UU † = U †U =
1

ψ(x) U(1)−−→ ψ′(x) = {iQθ(x)}ψ(x),

Q U(1) θ ≡
θ(x)

L0 U(1)−−→ L′0 = ψ̄′(iγμ∂μ −m)ψ′

= e−iQθψ̄(iγμ∂μ −m)eiQθψ

= e−iQθψ̄[iγμ∂μ(e
iQθψ)−meiQθψ]

= e−iQθψ̄{iγμ[iQeiQθ + eiQθ(∂μθ)]−meiQθ}ψ
= ψ̄[iγμ∂μ −Qγμ(∂μθ)−m]ψ

= L0 −Qψ̄γμψ(∂μθ).

U(1)

(∂μθ) Aμ

Aμ U(1)−−→ A′μ = Aμ − ∂μθ,

Dμ ≡ ∂μ + iQAμ,

∂μ

Dμψ U(1)−−→ (Dμψ)
′ = {iQθ(x)}Dμψ

= UDμψ,

γμ∂μ
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L = ψ̄(iγμDμ −m)ψ,

= ψ̄[iγμ(∂μ + iQAμ)−m]ψ,

= ψ̄[iγμ∂μ −QγμAμ −m]ψ,

= L0 −Qψ̄γμψAμ,

U(1)

ψ Aμ

Fμν ≡ ∂μAν − ∂νAμ,

F ′μν → Fμν Aμ

LA = −1

4
FμνF

μν .

Aμ Q

LQED = −1

4
FμνF

μν + L0 − Jμ
EMAμ,

Jμ
EM = Qψ̄γμψ

L0 G

ψ(x) G−→ ψ′(x) = Uψ(x);

UU † = U †U = 1 |U | = 1 G = SU(N)

ψ(x) G−→ ψ′(x) = {iTaθ
a(x)}ψ(x) Ta = ta/2,

θa ≡ θa(x)
ta a = 1, 2, . . . , N2 − 1

SU(N)

[ta, tb] = iCabc tc,
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Cabc

G
N2 − 1

Ga
μ G

Ga
μ G−→ (Ga

μ)
′ = Ga

μ −
1

g
(∂μθ

a) + Cabcθ
bGc

μ,

Dμ ≡ ∂μ + igTaG
a
μ.

g

Dμ

L = ψ̄(x)(iγμDμ −m)ψ(x),

G

F a
μν = ∂μG

a
ν − ∂νG

a
μ − gCabcG

b
μG

c
ν ,

F a
μν G−→ (F a

μν)
′ = F a

μν + Cabcθ
bF c

μν .

Ga
μ

LG = −1

4
F a
μνF

μν
a ,

SU(N)

L = −1

4
F a
μνF

μν
a + ψ̄(iγμDμ −m)ψ,

L =− 1

4
(∂μG

a
ν − ∂νG

a
μ)(∂

μGν
a − ∂νGμ

a) + ψ̄(iγμ∂μ −m)ψ

− gψ̄γμ(TaG
a
μ)ψ

+
g

2
Cabc(∂μGν

a − ∂νGμ
a)G

b
μG

c
ν −

g2

4
CabcCadeG

μ
bG

ν
cG

d
μG

e
ν .
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ψ(x)

Gμ

SU(3)⊗SU(2)⊗U(1)

γ
W± Z

SU(2)⊗
U(1)

ψ(x)

ψ(x) G−→ ψ′(x) = UY ULψ(x),

G = SU(2)⊗ U(1)

UY = {iY β(x)} y UL =

{
i
σj

2
θj(x)

}
,

β ≡ β(x) θj ≡ θj(x)
Y

σj (j = 1, 2, 3)
U(1) SU(2)

G

Dμ ≡ ∂μ + ig
σj

2
W j

μ + ig′Y Bμ,

g′ g SU(2)
U(1) Bμ

U(1) W j
μ (j = 1, 2, 3)
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W± Z
SU(2)

Bμ G−→ B′μ = Bμ − 1

g′
∂μβ,

W j
μ G−→ (W j

μ)
′ = W j

μ −
1

g
(∂μθ

j) + εjklθ
kW l

μ,

εjkl SU(2)

Bμν ≡ ∂μBν − ∂νBμ,

W j
μν ≡ ∂μW

j
ν − ∂νW

j
μ − gεjklW

k
μW

l
ν .

Bμν G

W j
μν

Bμν G−→ Bμν , W j
μν G−→ ULW

j
μνU

†
L.

Lgauge = −1

4
BμνB

μν − 1

4
W j

μνW
μν
j .

Bμ W j
μ

W j
μ −W j

μνW
j
μν/4

(∂W )2

(∂W −∂W )WW WWWW

U(1)
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SU(N)

G
θ

◦
U1 U2 G U1 ◦U2

G
U0 U

U ◦ U0 = U0 ◦ U = U.

U U−1

U ◦ U−1 = U−1 ◦ U = U0.

◦
(U1 ◦ U2) ◦ U3 = U1 ◦ (U2 ◦ U3).

U1 U2 G U1 ◦U2 = U2 ◦
U1 G

G U(1)

U(α) = eiα α

U(α1)U(α2) = eiα1eiα2 = eiα2eiα1 = U(α2)U(α1).

SU(2)
2 × 2 1

U(α) = eiα·
−→σ ,
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α ∈ R3 −→σ = (σ1, σ2, σ3)

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0
0 −1

)
,

[σj , σk] = 2iεjk�σ�,

SU(2)
εjkl

eiα·
−→σ = |α|+ iα̂ · −→σ |α|,

α̂ = α/|α|
U(α)U(β) �= U(β)U(α),

U(α)U(β)− U(β)U(α) = eiα·
−→σ eiβ·

−→σ − eiβ·
−→σ eiα·

−→σ

= |α| |β|[(β̂ · −→σ )(α̂ · −→σ )− (α̂ · −→σ )(β̂ · −→σ )]

�= 0,

α �= 0 β �= 0 SU(2)
SU(N)

N × N UU † = U †U = 1 U = 1

U = eiTaθa a = 1, 2, ..., N2 − 1,

Ta = ta/2 ta

[ta, tb] = 2iCabc tc,

SU(N)

Gμ

Gμ

G

ψ(x) G−→ ψ′(x) = Uψ(x);
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UU † = U †U = 1 G

ψ(x) G−→ ψ′(x) = {iTθ(x)}ψ(x),
T θ ≡ θ(x)

Gμ

(Dμψ)
′ = UDμψ,

ψ ≡ ψ(x) Dμ

Dμ = ∂μ + igGμ.

Gμ

(Dμψ)
′ = UDμψ

(∂μ + igG′μ)Uψ = U(∂μ + igGμ)ψ

igG′μUψ = −(∂μU)ψ + ig UGμψ

ψ U †

igG′μUU † = −(∂μU)U † + ig UGμU
†

UU † = 1

Gμ → G′μ = UGμU
† +

i

g
(∂μU)U †.

U(1) U = {iθ(x)}

Aμ U(1)−−→ A′μ = UAμU
† − 1

g
(∂μU)U †,

= UU †Aμ − 1

g
(∂μθ)UU †,

= Aμ − 1

g
(∂μθ).

UU † = 1
G

SU(N)

U = {iTaθ
a(x)} Ta = ta/2,
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θa ≡ θa(x)
ta a = 1, 2, . . . , N2 − 1

SU(N)

U = {iTaθ
a} 	 1 + iTaθ

a,

[ta, tb] = iCabc tc

Ga
μ G−→ (Ga

μ)
′ = Ga

μ −
1

g
(∂μθ

a) + Cabcθ
bGc

μ.
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