Dissipative Dynamics of Inflation

Arjun Berera University of Edinburgh

RSE, 6 February, 2002

Energetics

Consider GUT scale inflation: M ∼ 10^{15}GeV, ρ_v ∼ M^4 ∼ 10^{60}GeV

⇒ H ∼ 10^{10}GeV

T > H requires > 1 part in ∼ 10^{20} of vacuum energy → radiation

(influences structure formation)

T > 1GeV requires > 1 part in ∼ 10^{60} ρ_v → ρ_r (makes reheating unnecessary)

Supercooled inflation Basic Assumption: Scalar field isolated, will NOT dissipate the above amounts during inflation

Warm inflation (PRL 75, 3218 (1995)): Expects above, or even more, radiation production during inflation

Equipartition Hypothesis of Statistical Mechanics: would expect the scalar field to distribute its energy evenly amongst all degrees of freedom

Dynamical Question: Will the relevant time scales during inflation prohibit the minute’ radiation production given above?

Scalar Field (Φ) Dynamics

L_Φ = 1 2 (∂_μΦ)^2 − m^2_ϕ 2 Φ^2 − λ 4! Φ^4

L_I = Φ^{Nψ∑}_{j=1} h_jψ̄_jψ_j, 1 2 Nχ_∑ j=1 g^2_j χ^2_jΦ^2

Φ = φ + ϕ

Effective equation of motion (EOM) for φ(t):

φ̈(t) + m^2_ϕφ(t) + λ 6 φ^3(t) + λ 2 φ(t)⟨ϕ^2⟩ + λ 6 ⟨ϕ^3⟩ + φ(t)^{Nχ∑}_{j=1} g^2_j ⟨χ^2_j ⟩ = 0

⟨ϕ^2⟩, ⟨ϕ^3⟩ and ⟨χ^2_j ⟩ perturbative evaluation 2-loop order

Green’s Functions

Satisfy appropriate Schwinger-Dyson equations

□ + m^2_ϕ + λ 2 φ^2 G_ϕ(x, x^′) +^∫ d^4zΣ_ϕ(x, z)G_ϕ(z, x^′) = iδ(x, x^′)

[ i ∂̸ − m_{ψk} − h_kφ^] S_{ψk} (x, x^′) +^∫ d^4zΣ_{ψk}(x, z)S_{ψk} (z, x^′) = iδ(x, x^′) The momentum-space Fourier transform

G_ϕ(x, x^′) = i^∫ d^3q (2π)^3 e^{iq.(x−x′)} G^{++}_ϕ (q, t − t^′) G^{+−}_ϕ (q, t − t^′) G^{−+}_ϕ (q, t − t^′) G^{−−}_ϕ (q, t − t^′)

Bosons

G^{++}_ϕ (q, t − t^′) = G^>_ϕ (q, t − t^′)θ(t − t^′) + G^<_ϕ (q, t − t^′)θ(t^′ − t) G^{−−}_ϕ (q, t − t^′) = G^>_ϕ (q, t − t^′)θ(t^′ − t) + G^<_ϕ (q, t − t^′)θ(t − t^′) G^{+−}_ϕ (q, t − t^′) = G^<_ϕ (q, t − t^′) G^{−+}_ϕ (q, t − t^′) = G^>_ϕ (q, t − t^′)

Fermions

S^{++}_ψ (q, t − t^′) = S^>_ψ (q, t − t^′)θ(t − t^′) + S^<_ψ (q, t − t^′)θ(t^′ − t) S^{−−}_ψ (k, t − t^′) = S^>_ψ (q, t − t^′)θ(t^′ − t) + S^<_ψ (q, t − t^′)θ(t − t^′) S^{+−}_ψ (q, t − t^′) = S^<_ψ (q, t − t^′) S^{−+}_ψ (q, t − t^′) = S^>_ψ (q, t − t^′)

Bubble Resummed Approximation At any temperature T = 1/β

For Bosons

G^>_ϕ (q, t − t^′) = 1 2ω_ϕ { [1 + n_ϕ(ω_ϕ − iΓ_ϕ)]e^{−i(ωϕ−iΓϕ)(t−t′)} + n_ϕ(ω_ϕ + iΓ_ϕ)e^{i(ωϕ+iΓϕ)(t−t′)}} θ(t − t^′) + 1 2ω_ϕ {[1 + n_ϕ(ω_ϕ + iΓ_ϕ)]e^{−i(ωϕ+iΓϕ)(t−t′)} + n_ϕ(ω_ϕ − iΓ_ϕ) e^{i(ωϕ−iΓϕ)(t−t′)}}θ(t^′ − t) , G^<_ϕ (q, t − t^′) = G^>_ϕ (q, t^′ − t) ,

n_ϕ is the Bose distribution function, For Fermions

S^>_ψ (q, t − t^′) = − 1 2ω_ψ e^{−i(ωψ −iΓψ )(t−t′)} (ω_ψ − iΓ_ψ)γ_0− q̸ + m_{ψ,r} − i Γ_ψ(ω_ψ − iΓ_ψ) m_{ψ,r} × [1 − n_ψ(ω_ψ − iΓ_ψ)] −e^{i(ωψ +iΓψ )(t−t′)} −(ω_ψ + iΓ_ψ)γ_0− q̸ + m_{ψ,r} + i

Γ_ψ(ω_ψ + iΓ_ψ) m_{ψ,r} n_ψ(ω_ψ + iΓ_ψ) θ(t − t^′) − 1 2ω_ψ e^{−i(ωψ+iΓψ )(t−t′)} (ω_ψ + iΓ_ψ)γ_0− q̸ + m_{ψ,r} + i

Γ_ψ(ω_ψ + iΓ_ψ) m_{ψ,r} × [1 − n_ψ(ω_ψ + iΓ_ψ)] −e^{i(ωψ −iΓψ )(t−t′)} −(ω_ψ − iΓ_ψ)γ_0− q̸ + m_{ψ,r} − i Γ_ψ(ω_ψ − iΓ_ψ) m_{ψ,r} n_ψ(ω_ψ − iΓ_ψ) θ(t^′ − t) and S^<_ψ (q, t − t^′) = 1 2ω_ψ e^{i(ωψ+iΓψ )(t−t′)} −(ω_ψ + iΓ_ψ)γ_0− q̸ + m_{ψ,r} + i

Γ_ψ(ω_ψ + iΓ_ψ) m_{ψ,r} × [1 − n_ψ(ω_ψ + iΓ_ψ)] −e^{−i(ωψ −iΓψ )(t−t′)} (ω_ψ − iΓ_ψ)γ_0− q̸ + m_{ψ,r} − i Γ_ψ(ω_ψ − iΓ_ψ) m_{ψ,r} n_ψ(ω_ψ − iΓ_ψ) θ(t − t^′) + 1 2ω_ψ e^{i(ωψ−iΓψ )(t−t′)} −(ω_ψ − iΓ_ψ)γ_0− q̸ + m_{ψ,r} − i Γ_ψ(ω_ψ − iΓ_ψ) m_{ψ,r} × [1 − n_ψ(ω_ψ − iΓ_ψ)] −e^{−i(ωψ +iΓψ )(t−t′)} (ω_ψ + iΓ_ψ)γ_0− q̸ + m_{ψ,r} + i

Γ_ψ(ω_ψ + iΓ_ψ) m_{ψ,r} n_ψ(ω_ψ + iΓ_ψ) θ(t^′ − t) ,

φ Effective Equation of Motion

φ̈(t) + ( m^2_ϕ + λ 2 ⟨ϕ^2⟩_0 ) φ(t) + λ 6 φ^3(t) +λφ(t) ∫ t −∞ dt^′ λ 2 φ^2(t^′)

∫ d^3q (2π)^3

Im^[G^{++}_ϕ (q, t − t^′)^{]2} + λ^2 3 ∫ t −∞ dt^′φ(t^′) ∫ d^3q_1 (2π)^3 d^3q_2 (2π)^3

Im^[G^{++}_ϕ (q_1, t − t^′)G^{++}_ϕ (q_2, t − t^′)G^{++}_ϕ (q_1 + q_2, t − t^′)^] −4 N_ψ∑ j=1 h_{j,ϕ} ∫ t −∞ dt^′ h_jφ(t^′) ∫ d^3q (2π)^3

Im^[S^{++}_{αβ} (q, t − t^′)S^{++ βα}(q, t^′ − t)^] = 0

⟨. . .⟩_0 is vacuum expectation value at zero background field Upon insertion of the Green’s functions, basic equation:

φ̈(t) + m̄^2_ϕ φ(t) + λ̄ 6 φ^3(t)

+λ^2φ(t) ∫ t −∞ dt^′ φ(t^′)φ̇(t^′) ∫ d^3q (2π)^3

[ω_ϕ cos(2ω_ϕ|t − t^′|) + Γ_ϕ sin(2ω_ϕ|t − t^′|)] 8ω^2_ϕ^(Γ^2_ϕ + ω^2_ϕ^) e^{−2Γϕ(q)|t−t′|} + λ^2 3 ∫ t −∞ dt^′ φ̇(t^′) ∫ d^3q_1 (2π)^3 d^3q_2 (2π)^3

{[ω_ϕ(q_1) + ω_ϕ(q_2) + ω_ϕ(q_1 + q_2)]

× cos[(ω_ϕ(q_1) + ω_ϕ(q_2) + ω_ϕ(q_1 + q_2))|t − t^′|] + [Γ_ϕ(q_1) + Γ_ϕ(q_2) + Γ_ϕ(q_1 + q_2)] sin[(ω_ϕ(q_1) + ω_ϕ(q_2) + ω_ϕ(q_1 + q_2))|t − t^′|]} × e^{−[Γϕ(q1)+Γϕ(q2)+Γϕ(q1+q2)]|t−t′|} 8ω_ϕ(q_1)ω_ϕ(q_2)ω_ϕ(q_1 + q_2) × 1 [Γ_ϕ(q_1) + Γ_ϕ(q_2) + Γ_ϕ(q_1 + q_2)]^2 + [ω_ϕ(q_1) + ω_ϕ(q_2) + ω_ϕ(q_1 + q_2)]^2 + N_ψ∑ j=1 h^2_j ∫ t −∞ dt^′ φ̇(t^′) ∫ d^3q (2π)^3 e^{−2Γψj (q)|t−t′|} ω^2_{ψj} m^2_{ψ,r} ( Γ^2_{ψj} + ω^2_{ψj} ) × {[ Γ^4_{ψj} ω_{ψj} + 2ω^3_{ψj} m^2_{ψ,r} − 2m^4_{ψ,r}ω_{ψj} + Γ^2_{ψj} ω_{ψj} (ω^2_{ψj} + m^2_{ψ,r}) ] cos(2ω_{ψj} |t − t^′|) + [ Γ_{ψj} (2m^2_{ψj} − Γ^2_{ψj} )(ω^2_{ψj} − m^2_{ψ,r}) − Γ^5_{ψj} ] sin(2ω_{ψj} |t − t^′|) } = 0

Adiabatic-Markovian approximation Derivative expansion for the temporally nonlocal terms

Effective Equation of Motion:

φ̈(t) + m^2_ϕ φ(t) + λ 6 φ^3(t) + η(φ)φ̇(t) = 0

where

η(φ) = φ^2(t) λ^2α^2_{ϕ,ψ} 128π^√m^4_ϕ + α^4_{ϕ,ψ}^(2^√m^4_ϕ + α^4_{ϕ,ψ} + 2m^2_ϕ^{) 12} + λ^2α^2_{ϕ,ψ} 4 ∫ d^3q_1 (2π)^3 d^3q_2 (2π)^3 1 ω_ϕ(q_1)^2ω_ϕ(q_2)ω_ϕ(q_1 + q_2) [ω_ϕ(q_1) + ω_ϕ(q_2) + ω_ϕ(q_1 + q_2)]^3 + O Γ^2_ϕ ω^2_ϕ

Examine applicability of approximation

Dissipative kernels K(t, t^′) must be peaked at t − t^′ ≈ 0

K(t, t^′) = λ^2 ∫ d^3q (2π)^3

[ω_ϕ cos(2ω_ϕ|t − t^′|) + Γ_ϕ sin(2ω_ϕ|t − t^′|)] 8ω^2_ϕ^(Γ^2_ϕ + ω^2_ϕ^) e^{−2Γϕ(q)|t−t′|}

ROBUST DISSIPATIVE MECHANISM

(Berera and Ramos, Phys. Rev. D 63, 103509 (2001))

Focus on Lagrangian: L[Φ, χ_j, ψ̄_k, ψ_k] = 1 2 (∂_μΦ)^2 − m^2_ϕ 2 Φ^2 − λ 4! Φ^4 +^{Nχ∑}_{j=1} 1 2 (∂_μχ_j)^2 − m^2_{χj} 2 χ^2_j − f_j 4! χ^4_j − g^2_j 2 Φ^2χ^2_j + Nψ∑ i=1 ψ̄_i i ∂̸ − m_{ψi} −^{Nχ∑}_{j=1} h_{ij,χ}χ_j ψ_i , (1) Implies reaction: ϕ → χ → ψ

Regime m_χ > 2m_ψ > m_ϕ: copious radiation production e.g. GUT scale V^{1/4}(ϕ) ∼ 10^{15}GeV =⇒ T ∼ 10^{14}GeV

PHYSICAL PICTURE

-The evolution of φ(t) changes χ-mass =⇒ χ-particle production from mixing +/− frequency modes (If left intact, quantum correlations of χ-field persist)

-Coupling χ to lighter ψ-field =⇒ χ-particles decay to ψ-particles, decohere χ-field

-Entire process backreacts on φ =⇒ dissipative effects

CANONICAL APPROACH Fields:

χ(x) =^∫ d^3k (2π)^{3/2} χ̄_k(t)e^{ik·x} π^χ(x) =^∫ d^3k (2π)^{3/2} π̄^χ_k(t)e^{ik·x}

Creation/Annihilation Operators:

a_k(t) = (2ω_k(t))^{−1/2}[ω_k(t)χ̄_k(t) + iπ̄^χ_{−k}(t)] a^†_k(t) = (2ω_k(t))^{−1/2}[ω_k(t)χ̄_{−k}(t) − iπ̄^χ_k(t)]

ω_k(t) ≡^√k^2 + m^2_χ + g^2φ^2(t) + Im(ω_k)

Bogoliubov Transformation: [ak(t), a^†_k(t)] ↔ [ak(0), a^†_k(0)] Free χ-Hamiltonian H(t) = 1 2 ∫ d^3k (2π)^{3/2} ω_k(t)[a_k(t)a^†_k(t) + a^†_k(t)a_k(t)]

Observables

x_k(t) = ⟨a^†_k(t)a_k(t)⟩ y_k(t) = ⟨a_k(t)a_{−k}(t)⟩

x_k(t) - number density of created χ-particles y_k(t) - correlation amongst produced particles

⟨χ^2(t)⟩ =^∫ d^3k (2π)^32ω_k(t)

[2Rey_k(t) + 2x_k(t) + 1]

Equations of Motion:

ẋ_k(t) = ω̇_k(t) ω_k(t)

Re(y_k(t))

ẏ_k(t) = ω̇_k(t) ω_k(t) x_k(t) + 1 2 − 2iω_k(t)y_k(t)

Energy Conservation: vacuum energy loss rate ηφ̇ = energy generation rate into created particles ∫ d^3k/(2π)^3ẋ_k(t)ω_k(t)

RESULTS: Estimates of Dissipation from Quantum Field Theory Dyanmics

Treat inflationary conditions: Overdamped, ultraflat potential Direct Decay Models ϕ → ψ̄ψ, χχ (m_ϕ > 2m_{ψ,χ}) T ∼ (ρ_r/g^∗)^{1/4} ∼ λ^{1/2}m_ϕ/10 ρ^{1/4}_v ∼ 10^{15−16}GeV (GUT scale) λ ∼ 10^{−(10−16)} m_ϕ ∼ 10^{(10−13)}GeV ⇒ T ∼ 10 − 10^7GeV Sets lower bound on radiation production from generic QFT models consistent with inflation

⇒ Reheating redundant No gravitino overproduction in SUSY versions

Indirect Decay Models ϕ → χ → ψ̄ψ (m_ϕ < 2m_ψ < m_χ) For same parameter regime, T as large as 10^{14}GeV - Copious radiation production Very interesting regime, needs more study