Lahiri & Pal : Quantum Field Theory 1st edition Answers to selected exercises

Ex. 1.3 •

Hamiltonian : H = N∑ i=1 ( a^†_i a_i + 1 2 ) h̄ω_i ,

state : |n_1, n_2, · · · , n_N ⟩ = N∏ i=1

( a^†_i

)_{ni} √ n_i!

|0⟩ .

number operator : N = N∑ i=1 a^†_i a_i .

Ex. 1.7 • Maxwell equations are given in Ch. ??. The Lorentz force law on a particle with charge q is dp^μ dτ = qF^{μν} dx_ν dτ . where x^μ are the coordinates of the worldline of the particle, and τ is proper time, dτ^2 = g_{μν} dx^μdx^ν .

Ex. 1.8 • τ = 2 × 10^{−6} s.

Ex. 2.2 • (� + m^2)ϕ = − ∂V ∂ϕ . Ex. 2.3 • (� + m^2)ϕ^† = − ∂V ∂ϕ . Ex. 2.4 • The answer appears in Ch. 8.

Ex. 2.5 • Π^i = Ȧ^i.

Ex. 2.6 • H = |ϕ̇|^2 + |∇ϕ|^2 + m^2ϕ^†ϕ + V (ϕ^†ϕ). A-1

Lahiri & Pal : Quantum Field Theory Answers to exercises A-2

Ex. 2.7 •

a) p_k = lq̇_k .

b) H = 1 2l ∞∑ k=1 ( p^2_k + l^2ω^2_kq^2_k ) . c) [a_k, a^†_m]_− = δ_{km} , [a_k, a_m]_− = [a^†_k, a^†_m]_− = 0 .

d) H = ∞∑ k=1 h̄ω_k 2 (a_k a^†_k + a^†_ka_k) .

Ex. 2.8 •

a) j^μ = iq(ϕ^†∂^μϕ − ϕ∂^μϕ^†) .

b) j^μ = iq(ϕ^†∂^μϕ − ϕ∂^μϕ^† + 2iqA^μϕ^†ϕ) .

Ex. 2.9 • j^μ = ∂^μ(x_ν ϕ)∂^ν ϕ − x^μL .

Ex. 3.5 • P^μ =^1_2 ∫ d^3p p^μ ( a^†(p)a(p) + a(p)a^†(p) ) . Ex. 3.7 • Q = iq ∫ d^3p [ a^†_1(p)a_2(p) − a^†_2(p)a_1(p) ] . Ex. 4.7 • mv_r(p)γ^μv_s(p) = −p^μv_r(p)v_s(p) .

Ex. 4.8 • v(p^′) γ^μ v(p) = −^1_{2m} v(p^′) [(p + p^′)^μ − iσ^{μν} q_ν ] v(p) .

Ex. 4.11 • Same as in Eqs. (4.60) and (4.61).

Ex. 4.16 • See errata.

Ex. 4.19 • See errata. M^λ_{μν} =^1_2 ψγ^λσ_{μν} ψ − ( T^λ_μx_ν − T^λ_ν x_μ ) , where T^λ_μ = ψiγ^λ∂_μψ − g^λ_μL .

Ex. 6.2 •

G_β √ 2 ψ_{(νe )}γ^μ(1 − γ_5)ψ_{(e)} ψ_{(n)}γ_μ(1 − γ_5)ψ_{(p)} .

Ex. 6.4 •

S^{(3c)}_{f i} = (−ih)^3 (2π)^4δ^4(k − p − p^′) [ 1 √ 2ω_kV 1 √ 2E_pV 1 √ 2E_p′ V ]

× ∫ d^4q (2π)^4 iΔ_F (q) [u_s(p)iS_F (p − q) iS_F (p)v_s′ (p^′)] ,

S^{(3d)}_{f i} = (−ih)^3 (2π)^4δ^4(k − p − p^′) [ 1 √ 2ω_kV 1 √ 2E_pV 1 √ 2E_p′ V ]

× ∫ d^4q (2π)^4 iΔ_F (q) [u_s(p)iS_F (p) iS_F (p − q)v_s′ (p^′)] .

Lahiri & Pal : Quantum Field Theory Answers to exercises A-3

Ex. 7.3 • Yes.

Ex. 7.5 • Γ =

G^2_F m^5_μ 192π^3 ( 1 − 8 m^2_e m^2_μ

+ · · · ) .

Ex. 7.6 •

Γ(π^+ → e^+ν_e) Γ(π^+ → μ^+ν_μ) = m^2_e m^2_μ ( m^2_π − m^2_e m^2_π − m^2_μ

)_2 . Ex. 7.9 • 11 GeV approximately.

Ex. 8.1 • See errata for Eq 8.21. ∂_μF^{μν} + M^2A^ν = j^ν .

Ex. 8.2 • θ(x) = θ_0(x) + ∫ d^4x^′ G_0(x − x^′)f(x^′), where G_0 is the massless scalar propagator (Green’s function for the wave equation) and θ_0 satisfies the wave equation.

Ex. 8.5 • Physical states: a^†_r(k) |0⟩ for r = 1, 2.

Ex. 8.6 • :P^μ: = ∫ d^3k k^μ ∑ r a^†_r(k)a_r(k), where k^0 = ω_k. This expression is valid on physical states selected by the Gupta-Bleuler condition, so that only the transverse modes contribute for each k^μ in the integral. (Physical quantities like Hamiltonian and momentum are independent of ξ when restricted to physical states.)

Ex. 11.3 • eF (0).

Ex. 12.2 • Define E_{μα|νβ} = g_{μν} g_{αβ} − g_{μβ}g_{να}. Then π_{μνλρ}(k_1, k_2, k_3, k_4) = ak^α_1 k^β_2 k^γ_3 k^δ_4 ( E_{μα|νβ} E_{λγ|ρδ} + E_{μα|λγ} E_{νβ|ρδ} + E_{μα|ρδ} E_{νβ|λγ} ) + bk^α_1 k^β_2 k^γ_3 k^δ_4 ( E_{μα|μ}′_ν′ E^{ν′ λ′}_{νβ} E_{λγ|λ}′_ρ′ E^{ρ′ μ′}_{ρδ} + E_{μα|μ}′_ν′ E^{ν′ λ′}_{λγ} E_{νβ|λ}′_ρ′ E^{ρ′ μ′}_{ρδ} + E_{μα|μ}′_ν′ E^{ν′ λ′}_{νβ} E_{ρδ|λ}′_ρ′ E^{ρ′ μ′}_{λγ} ) , where a and b are two form factors which depend on all possible Lorentz invariant combinations of the momenta.

Ex. 12.7 • 1/128 approximately.

Ex. 13.12 • Q_a = ε_{abc} ∫ d^3x ϕ̇_bϕ_c.

Ex. 15.12 • −17%.

Ex. 15.18 • +1.9%