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Problem 3.1

Define

Γ[φcl] := −E[J ] −

∫

d4yJ(y)φcl(y)

where

E[J ] = i lnZ[J ] , φcl(y) := −
δE[J ]

δJ(y)
.

a) Compute δΓ[φcl]
δφcl(x)

using the functional chain rule

δE[J ]

δφcl(x)
=

∫

d4y
δE[J ]

δJ(y)

δJ(y)

δφcl(x)

b) By considering δ
δJ [y]

δΓ[φcl]
δφcl(x)

show

∫

d4z
δ2Γ[φcl]

δφcl(x)δφcl(z)

δ2E[J ]

δJ(z)δJ(y)
= δ(x− y)

c) How is δ2Γ[φcl]
δφcl(x)δφcl(z)

related to the quantum corrected propagator?

Problem 3.2

a) Show
∫

(
∏

m

dθ∗mdθm) e−
P

ij θ
∗

i Bijθj = (detB) ,

where θmare Grassmann variables and Bij is a constant hermitian matrix.

Hint: Diagonalize B with a unitary matrix and perform an appropriate coordinate trans-

formation.

b) Show
∫

(
∏

m

dθ∗mdθm) θkθ
∗
l e

−
P

ij θ
∗

i
Bijθj = (detB)B−1

kl ,

Hint: Use the results of a) and of problem 2.3.



Problem 3.3

a) The fermion propagator is given by

S(x− y) =

∫

d4p

(2π)4

i(/p+m)

p2 −m2
e−ip(x−y) ,

and satisfies

(iγµ∂µ −m)S(x− y) = iδ(4)(x− y) .

Show

i) γ0S†(x− y)γ0 = −S(y − x) ,

ii) i∂µxS(y − x) γµ +mS(y − x) = −iδ(4)(x− y) .

Hint: Use γµ† = γ0γµγ0.

b) Show

Z[η̄, η] :=

∫

Dψ̄Dψ ei
R

d4x (L0+η̄ψ+ψ̄η) = Z[0] e−
R

d4xd4y

(

η̄(x)S(x−y) η(y)
)

,

for L0 = ψ̄(i/∂ −m)ψ.

Hint: Shift ψ(x) = ψ′(x) + a
∫

d4yS(x− y)η(y) with an appropriately chosen constant a

and use the results of a).

c) Compute 〈0|T{ψ(x1)ψ(x2)ψ̄(x3)ψ̄(x4)}|0〉 by appropriately differentiating Z.


