
Quantum Field Theory (Quantum Electrodynamics)

Problem Set 8 11 & 13 December 2023

1. Propagators

1. We have seen that the real scalar field admits the following mode expansion

ϕ̂(x) =

∫
d3p⃗

(2π)32ωp⃗

[
â(p⃗)e−ip·x + â(p⃗)+eip·x

]
, (1)

with p · x = ωp⃗ t− p⃗ · x⃗.
(a) Compute the Wightman function

D(x− x′) = ⟨0| ϕ̂(x)ϕ̂(x′) |0⟩ . (2)

(b) Starting from
DF (x, x

′) = ⟨0|T ϕ̂(x)ϕ̂(x′) |0⟩ , (3)

with T the time-ordered product

T ϕ̂(x)ϕ̂(x′) = θ(t− t′)ϕ̂(x)ϕ̂(x′) + θ(t′ − t)ϕ̂(x′)ϕ̂(x) , (4)

show that

DF (x, x
′) =

∫
d3p⃗

(2π)32ωp⃗

(
e−ip·(x−x′)θ(t− t′) + eip·(x−x′)θ(t′ − t)

)
. (5)

Prove that the above can be written as

DF (x, x
′) = lim

ϵ→0

∫
d4p

(2π)4
i

p2 −m2 + iϵ
eip·(x−x′) . (6)

Useful formula :

e−iωp⃗τθ(τ) + eiωp⃗τθ(−τ) = i lim
ϵ→0

2ωp⃗

2π

∫
dω

eiωτ

ω2 − ω2
p⃗ + iϵ

, ϵ > 0 .

(c) Check that for ϵ = 0 the Feynman propagator satisfies the Klein-Gordon equa-
tion

(□x +m2)DF (x, x
′) = −iδ(4)(x− x′) . (7)

(d) Show that in position space the Feynman propagator for a massless scalar field
is

DF (x, x
′) = − 1

4π2
lim
ϵ→0

1

(x− x′)2 − iϵ
. (8)

Hint : Start from eq. (9).
Useful formula : ∫ ∞

0

dµeiµa = lim
ϵ→0

i

a+ iϵ
.
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2. Compute the Feynman propagator SF (x, x
′) for the Dirac field.

Hint : You may use the fact that

SF (x, x
′) = (−iγµ ∂

∂xµ
−m)DF (x, x

′) ,

with DF (x, x
′) the Feynman propagator for the scalar field, eq. (10)

2. Contractions

When computing correlation functions, it is useful to decompose the fields into positive
and negative frequency parts. For the (free) real scalar field, this amounts to writing it as

ϕ̂(x) = ϕ̂+(x) + ϕ̂−(x) ,

with

ϕ̂+(x) =

∫
d3p⃗

(2π)32ωp⃗

â(p⃗)e−ipx , ϕ̂−(x) =

∫
d3p⃗

(2π)32ωp⃗

â+(p⃗)eipx ,

such that ϕ̂+(x) |0⟩ = 0 and ⟨0| ϕ̂−(x) = 0 .

1. Show that

T ϕ̂(x)ϕ̂(x′) = : ϕ̂(x)ϕ̂(x′) : +ϕ̂(x)ϕ̂(x′) ,

where : (. . .) : denotes the normal ordered product, and the contraction of two
fields is defined as

ϕ̂(x)ϕ̂(x′) =

{
[ϕ̂+(x), ϕ̂−(x′)], for t > t′

[ϕ̂+(x′), ϕ̂−(x)], for t′ > t
≡ DF (x, x

′) ,

with DF (x, x
′) the Feynman propagator.

2. Show that the four-point function can be written as

⟨0|T ϕ̂(x1)ϕ̂(x2)ϕ̂(x3)ϕ̂(x4) |0⟩ = DF (x1, x2)DF (x3, x4)

+DF (x1, x3)DF (x2, x4)

+DF (x1, x4)DF (x2, x3) .

3. Wick’s theorem for fermions

In the previous exercise you were asked to prove Wick’s theorem for two and four scalar
fields. Here you will prove Wick’s theorem for an arbitrary number of fermions. Note that
the time-ordered and normal-ordered products are modified to reflect the fermionic nature
of the fields. For example,

Tψ(x1)ψ(x2)ψ(x3)ψ(x4) = (−1)3ψ(x3)ψ(x1)ψ(x4)ψ(x2) if x03 > x01 > x04 > x02 ,

and
: ap⃗aq⃗a

+
r⃗ := (−1)2a+r⃗ ap⃗aq⃗ = (−1)3a+r⃗ aq⃗ap⃗ .
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The contraction of two fermionic fields is defined as

ψ(x)ψ(y) =

{
{ψ+(x), ψ

−
(y)}, for x0 > y0

−{ψ+
(y), ψ−(x)}, for x0 < y0

≡ SF (x, y) ,

and

ψ(x)ψ(y) = ψ(x)ψ(y) = 0 ,

with SF (x, y) the Feynman propagator for the Dirac field. We also define contractions
inside normal-ordered products to include minus signs for operator interchanges, such as

: ψ(x1)ψ(x2)ψ(x3)ψ(x4) : = −ψ(x1)ψ(x3) : ψ(x2)ψ(x4) : = −SF (x1, x3) : ψ(x2)ψ(x4) : .

Using the above, prove that

Tψ(x1)ψ(x2)ψ(x3) · · · = : ψ(x1)ψ(x2)ψ(x3) · · ·+ all possible contractions : .
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