
PHYSICS 474: Introduction to Particle Physics

Homework 9 Due: noon Friday, April 6, 2018

1. Completeness Relation:

(a) [5 points] Using the four canonical solutions of the Dirac equation
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with N =
√

(E +mc2)/c, prove the completeness relations for Dirac spinors:∑
s=1,2

u(s)ū(s) = /p+mc ,
∑
s=1,2

v(s)v̄(s) = /p−mc . (2)

(b) [5 points] Using the polarization vectors

ε(1) = (1, 0, 0) , ε(2) = (0, 1, 0) , (3)

and the 3-momentum vector p = (0, 0, p), prove the completeness relation for polar-

ization vectors: ∑
s=1,2

ε
(s)
i ε
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j = δij − p̂ip̂j , (4)

where p̂ is the unit vector in the p-direction.

2. Contractions: Prove the following contraction identities:

(a) [1 point] gµνg
µν = 4.

(b) [2 points] /p/q + /q/p = 2p · q.
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(c) [2 points] γµγ
µ = 4.

(d) [5 points] γµγ
νγµ = −2γν .

(e) [5 points] γµγ
νγλγµ = 4gνλ.

(f) [5 points] γµγ
νγλγσγµ = −2γσγλγν .

3. Traces: Prove the following trace identities:

(a) [2 points] Tr(γµγν) = 4gµν .

(b) [5 points] Tr(γµγνγλγσ) = 4(gµνgλσ − gµλgνσ + gµσgνλ).

(c) [4 points] Tr(γ5γµ) = 0.

(d) [4 points] Tr(γ5γµγν) = 0.

(e) [5 points] Tr(γ5γµγνγλγσ) = −4iεµνλσ, where εµνλσ is the Levi-Civita tensor in

4-dimensions (+1 for even permutations, −1 for odd permutations, 0 if any two

indices are repeated).
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