A graviton propagator for inflation

Tomas Janssen University of Utrecht, the Netherlands based on work done with Tomislav Prokopec arXiv:0707.3919v1 [gr-qc]

A graviton propagator for inflation – p. 1/11

Overview

• Introduction • Quasi de Sitter space • Constructing the Scalar propagator • Constructing the Graviton propagator • Conclusions

A graviton propagator for inflation – p. 2/11

Introduction Quantum effects of MMC scalars and gravitons during inflation can be substantial

→ Scalar and tensor perturbations In de Sitter: D-dimensional propagators are known →MMC Scalar with quartic selfinteraction

(Woodard, Onemli, Brunier)

→Scalar electrodynamics

(Prokopec, Woodard, Tornkvist)

→Two loop graviton backreaction

(Tsamis, Woodard)

A graviton propagator for inflation – p. 3/11

Introduction Quantum effects of MMC scalars and gravitons during inflation can be substantial

→ Scalar and tensor perturbations In de Sitter: D-dimensional propagators are known →MMC Scalar with quartic selfinteraction

(Woodard, Onemli, Brunier)

→Scalar electrodynamics

(Prokopec, Woodard, Tornkvist)

→Two loop graviton backreaction

(Tsamis, Woodard)

A graviton propagator for inflation – p. 3/11

Introduction Quantum effects of MMC scalars and gravitons during inflation can be substantial

→ Scalar and tensor perturbations In de Sitter: D-dimensional propagators are known →MMC Scalar with quartic selfinteraction

(Woodard, Onemli, Brunier)

→Scalar electrodynamics

(Prokopec, Woodard, Tornkvist)

→Two loop graviton backreaction

(Tsamis, Woodard)

A graviton propagator for inflation – p. 3/11

Introduction Quantum effects of MMC scalars and gravitons during inflation can be substantial

→ Scalar and tensor perturbations In de Sitter: D-dimensional propagators are known →MMC Scalar with quartic selfinteraction

(Woodard, Onemli, Brunier)

→Scalar electrodynamics

(Prokopec, Woodard, Tornkvist)

→Two loop graviton backreaction

(Tsamis, Woodard)

A graviton propagator for inflation – p. 3/11

Introduction Quantum effects of MMC scalars and gravitons during inflation can be substantial

→ Scalar and tensor perturbations In de Sitter: D-dimensional propagators are known →MMC Scalar with quartic selfinteraction

(Woodard, Onemli, Brunier)

→Scalar electrodynamics

(Prokopec, Woodard, Tornkvist)

→Two loop graviton backreaction

(Tsamis, Woodard)

A graviton propagator for inflation – p. 3/11

Introduction Quantum effects of MMC scalars and gravitons during inflation can be substantial

→ Scalar and tensor perturbations In de Sitter: D-dimensional propagators are known →MMC Scalar with quartic selfinteraction

(Woodard, Onemli, Brunier)

→Scalar electrodynamics

(Prokopec, Woodard, Tornkvist)

→Two loop graviton backreaction

(Tsamis, Woodard)

A graviton propagator for inflation – p. 3/11

Introduction There are however some drawbacks to de Sitter space (H=constant):

• de Sitter space is never truly realized • de Sitter space is ’nondynamical’ • It is not possible to construct a physical viable, de Sitter invariant propagator for the MMC scalar and the graviton

These issues are resolved if the background is quasi de Sitter (H depends mildly on time)

A graviton propagator for inflation – p. 4/11

Introduction There are however some drawbacks to de Sitter space (H=constant):

• de Sitter space is never truly realized • de Sitter space is ’nondynamical’ • It is not possible to construct a physical viable, de Sitter invariant propagator for the MMC scalar and the graviton

These issues are resolved if the background is quasi de Sitter (H depends mildly on time)

A graviton propagator for inflation – p. 4/11

Introduction There are however some drawbacks to de Sitter space (H=constant):

• de Sitter space is never truly realized • de Sitter space is ’nondynamical’ • It is not possible to construct a physical viable, de Sitter invariant propagator for the MMC scalar and the graviton

These issues are resolved if the background is quasi de Sitter (H depends mildly on time)

A graviton propagator for inflation – p. 4/11

Introduction There are however some drawbacks to de Sitter space (H=constant):

• de Sitter space is never truly realized • de Sitter space is ’nondynamical’ • It is not possible to construct a physical viable, de Sitter invariant propagator for the MMC scalar and the graviton

These issues are resolved if the background is quasi de Sitter (H depends mildly on time)

A graviton propagator for inflation – p. 4/11

Introduction There are however some drawbacks to de Sitter space (H=constant):

• de Sitter space is never truly realized • de Sitter space is ’nondynamical’ • It is not possible to construct a physical viable, de Sitter invariant propagator for the MMC scalar and the graviton

These issues are resolved if the background is quasi de Sitter (H depends mildly on time)

A graviton propagator for inflation – p. 4/11

Quasi de Sitter space

H ≡ ȧ a = H_0−H^2_0 ϵt+O(ϵ^2), ϵ ≡ − Ḣ H^2

≪ 1, ϵ̇ = O(ϵ^2).

In conformal time adη = dt

g_{μν} = a^2η_{μν} , η_{μν} = diag(−1, 1, 1, 1), a = − 1 ηH (1+ϵ)+O(ϵ^2)

we define the distance function

y(x; x̃) = 1 ηη̃ (−(|η − η̃| − ıε)^2 + ||⃗x − ⃗x̃||^2)

A graviton propagator for inflation – p. 5/11

Quasi de Sitter space

H ≡ ȧ a = H_0−H^2_0 ϵt+O(ϵ^2), ϵ ≡ − Ḣ H^2

≪ 1, ϵ̇ = O(ϵ^2).

In conformal time adη = dt

g_{μν} = a^2η_{μν} , η_{μν} = diag(−1, 1, 1, 1), a = − 1 ηH (1+ϵ)+O(ϵ^2)

we define the distance function

y(x; x̃) = 1 ηη̃ (−(|η − η̃| − ıε)^2 + ||⃗x − ⃗x̃||^2)

A graviton propagator for inflation – p. 5/11

Quasi de Sitter space

H ≡ ȧ a = H_0−H^2_0 ϵt+O(ϵ^2), ϵ ≡ − Ḣ H^2

≪ 1, ϵ̇ = O(ϵ^2).

In conformal time adη = dt

g_{μν} = a^2η_{μν} , η_{μν} = diag(−1, 1, 1, 1), a = − 1 ηH (1+ϵ)+O(ϵ^2)

we define the distance function

y(x; x̃) = 1 ηη̃ (−(|η − η̃| − ıε)^2 + ||⃗x − ⃗x̃||^2)

A graviton propagator for inflation – p. 5/11

Constructing the scalar propagator √ −g(� − m^2)ıΔ(x; x̃) = ıδ^D(x − x̃).

Ansatz:

Δ(x; x̃) → (aã)^{ϵw}Ξ(y), w = constant The nonsingular part of the KG equation becomes [ y(4−y) ( d dy )_2 − ( D(y−2)+(D−2+2w)yϵ ) d dy −(1+2ϵ) μ^2 H^2 ] ıΞ(y) = 0.

μ^2 ≡ (D − 1)ϵwH^2_0 + m^2 + O(ϵ^2)

Thus we have an hypergeometric equation if m^2 = O(ϵ).

A graviton propagator for inflation – p. 6/11

Constructing the scalar propagator √ −g(� − m^2)ıΔ(x; x̃) = ıδ^D(x − x̃).

Ansatz:

Δ(x; x̃) → (aã)^{ϵw}Ξ(y), w = constant

The nonsingular part of the KG equation becomes [ y(4−y) ( d dy )_2 − ( D(y−2)+(D−2+2w)yϵ ) d dy −(1+2ϵ) μ^2 H^2 ] ıΞ(y) = 0.

μ^2 ≡ (D − 1)ϵwH^2_0 + m^2 + O(ϵ^2)

Thus we have an hypergeometric equation if m^2 = O(ϵ).

A graviton propagator for inflation – p. 6/11

Constructing the scalar propagator √ −g(� − m^2)ıΔ(x; x̃) = ıδ^D(x − x̃).

Ansatz:

Δ(x; x̃) → (aã)^{ϵw}Ξ(y), w = constant The nonsingular part of the KG equation becomes [ y(4−y) ( d dy )_2 − ( D(y−2)+(D−2+2w)yϵ ) d dy −(1+2ϵ) μ^2 H^2 ] ıΞ(y) = 0.

μ^2 ≡ (D − 1)ϵwH^2_0 + m^2 + O(ϵ^2) Thus we have an hypergeometric equation if m^2 = O(ϵ).

A graviton propagator for inflation – p. 6/11

Constructing the scalar propagator √ −g(� − m^2)ıΔ(x; x̃) = ıδ^D(x − x̃).

Ansatz:

Δ(x; x̃) → (aã)^{ϵw}Ξ(y), w = constant The nonsingular part of the KG equation becomes [ y(4−y) ( d dy )_2 − ( D(y−2)+(D−2+2w)yϵ ) d dy −(1+2ϵ) μ^2 H^2 ] ıΞ(y) = 0.

μ^2 ≡ (D − 1)ϵwH^2_0 + m^2 + O(ϵ^2) Thus we have an hypergeometric equation if m^2 = O(ϵ).

A graviton propagator for inflation – p. 6/11

Constructing the scalar propagator

General solution is a linear combination of the two independent solutions. We fix the proportionality constants by requiring • No α vacua • Correct sourcing of the delta function The final answer is a function of y only if w = 1 − D/2:

ıΔ(x; x̃) =

(aã)^{−ϵ(D/2−1)} (1 + ϵ)^{D−2}

H^{D−2}_0 (4π)^{D/2}

Γ[^{D−1}_2 + ν_D]Γ[^{D−1}_2 − ν_D] Γ[^D_2 ]

×_2F_1

[D − 1 2 + ν_D,

D − 1 2 − ν_D; D 2 ; 1 − y 4 ] ,

ν^2_D =

(D − 1 2 )_2 − m^2 H^2_0 + ϵ 2 (D − 1)(D − 2), m^2 = O(ϵ).

A graviton propagator for inflation – p. 7/11

Constructing the scalar propagator

General solution is a linear combination of the two independent solutions. We fix the proportionality constants by requiring • No α vacua • Correct sourcing of the delta function The final answer is a function of y only if w = 1 − D/2:

ıΔ(x; x̃) =

(aã)^{−ϵ(D/2−1)} (1 + ϵ)^{D−2}

H^{D−2}_0 (4π)^{D/2}

Γ[^{D−1}_2 + ν_D]Γ[^{D−1}_2 − ν_D] Γ[^D_2 ]

×_2F_1

[D − 1 2 + ν_D,

D − 1 2 − ν_D; D 2 ; 1 − y 4 ] ,

ν^2_D =

(D − 1 2 )_2 − m^2 H^2_0 + ϵ 2 (D − 1)(D − 2), m^2 = O(ϵ).

A graviton propagator for inflation – p. 7/11

Constructing the scalar propagator

General solution is a linear combination of the two independent solutions. We fix the proportionality constants by requiring • No α vacua • Correct sourcing of the delta function The final answer is a function of y only if w = 1 − D/2:

ıΔ(x; x̃) =

(aã)^{−ϵ(D/2−1)} (1 + ϵ)^{D−2}

H^{D−2}_0 (4π)^{D/2}

Γ[^{D−1}_2 + ν_D]Γ[^{D−1}_2 − ν_D] Γ[^D_2 ]

×_2F_1

[D − 1 2 + ν_D,

D − 1 2 − ν_D; D 2 ; 1 − y 4 ] ,

ν^2_D =

(D − 1 2 )_2 − m^2 H^2_0 + ϵ 2 (D − 1)(D − 2), m^2 = O(ϵ).

A graviton propagator for inflation – p. 7/11

Constructing the scalar propagator

General solution is a linear combination of the two independent solutions. We fix the proportionality constants by requiring • No α vacua • Correct sourcing of the delta function The final answer is a function of y only if w = 1 − D/2:

ıΔ(x; x̃) =

(aã)^{−ϵ(D/2−1)} (1 + ϵ)^{D−2}

H^{D−2}_0 (4π)^{D/2}

Γ[^{D−1}_2 + ν_D]Γ[^{D−1}_2 − ν_D] Γ[^D_2 ]

×_2F_1

[D − 1 2 + ν_D,

D − 1 2 − ν_D; D 2 ; 1 − y 4 ] ,

ν^2_D =

(D − 1 2 )_2 − m^2 H^2_0 + ϵ 2 (D − 1)(D − 2), m^2 = O(ϵ).

A graviton propagator for inflation – p. 7/11

Constructing the scalar propagator

General solution is a linear combination of the two independent solutions. We fix the proportionality constants by requiring • No α vacua • Correct sourcing of the delta function The final answer is a function of y only if w = 1 − D/2:

ıΔ(x; x̃) =

(aã)^{−ϵ(D/2−1)} (1 + ϵ)^{D−2}

H^{D−2}_0 (4π)^{D/2}

Γ[^{D−1}_2 + ν_D]Γ[^{D−1}_2 − ν_D] Γ[^D_2 ]

×_2F_1

[D − 1 2 + ν_D,

D − 1 2 − ν_D; D 2 ; 1 − y 4 ] ,

ν^2_D =

(D − 1 2 )_2 − m^2 H^2_0 + ϵ 2 (D − 1)(D − 2), m^2 = O(ϵ).

A graviton propagator for inflation – p. 7/11

Constructing the graviton propagator

We consider the action

S_{EH} = 1 κ ∫ √ −ĝ ( R̂ − (D − 2)Λ ) + S_M ,

where S_M = ∫ √ −ĝ ( − 1 2 ∂_αϕ∂^αϕ − V (ϕ) )

We linearize around conformal flat (FLRW) background

ĝ_{μν} = a^2(η_{μν} + √ κψ_{μν} ).

With a gauge fixing term − 1 2 a^{D+4}(∇_μψ̃^{μα})(∇_νψ̃^ν_α), ψ̃_{μν} ≡ ψ_{μν} − 1 2 g_{μν} ψ^α_α.

A graviton propagator for inflation – p. 8/11

Constructing the graviton propagator

We consider the action

S_{EH} = 1 κ ∫ √ −ĝ ( R̂ − (D − 2)Λ ) + S_M ,

where S_M = ∫ √ −ĝ ( − 1 2 ∂_αϕ∂^αϕ − V (ϕ) )

We linearize around conformal flat (FLRW) background

ĝ_{μν} = a^2(η_{μν} + √ κψ_{μν} ).

With a gauge fixing term − 1 2 a^{D+4}(∇_μψ̃^{μα})(∇_νψ̃^ν_α), ψ̃_{μν} ≡ ψ_{μν} − 1 2 g_{μν} ψ^α_α.

A graviton propagator for inflation – p. 8/11

Constructing the graviton propagator

We consider the action

S_{EH} = 1 κ ∫ √ −ĝ ( R̂ − (D − 2)Λ ) + S_M ,

where S_M = ∫ √ −ĝ ( − 1 2 ∂_αϕ∂^αϕ − V (ϕ) )

We linearize around conformal flat (FLRW) background

ĝ_{μν} = a^2(η_{μν} + √ κψ_{μν} ).

With a gauge fixing term − 1 2 a^{D+4}(∇_μψ̃^{μα})(∇_νψ̃^ν_α), ψ̃_{μν} ≡ ψ_{μν} − 1 2 g_{μν} ψ^α_α.

A graviton propagator for inflation – p. 8/11

Constructing the graviton propagator We obtain the following action ∫ a^Dη^{αμ}η^{βν} ψ_{αβ} ( �_S (1 4 δ^ρ_μδ^σ_ν − 1 8 g_{μν} g^{ρσ} ) − D − 2 2 (H^2+Ḣ)δ^0_μδ^ρ_ν δ^σ_0 ) ψ_{ρσ},

�_S = a^{−D}∂_αa^{D−2}η^{αβ}∂_β.

This gives the following propagator equation:

D_{μν}^{ρσ}[ı_{ρσ}Δ^{αβ}](x; x̃) = ıδ^{(α}_μ δ^{β)}_ν δ^D(x − x̃). with

D_{μν}^{ρσ} = a^D [ �_S (1 2 δ^{(ρ}_μ δ^{σ)}_ν − 1 4 η_{μν} η^{ρσ} ) −(D−2)(H^2 +Ḣ)δ^0_{(μ}δ^{(ρ}_{ν)}δ^{σ)}_0 ] ,

A graviton propagator for inflation – p. 9/11

Constructing the graviton propagator We obtain the following action ∫ a^Dη^{αμ}η^{βν} ψ_{αβ} ( �_S (1 4 δ^ρ_μδ^σ_ν − 1 8 g_{μν} g^{ρσ} ) − D − 2 2 (H^2+Ḣ)δ^0_μδ^ρ_ν δ^σ_0 ) ψ_{ρσ},

�_S = a^{−D}∂_αa^{D−2}η^{αβ}∂_β.

This gives the following propagator equation:

D_{μν}^{ρσ}[ı_{ρσ}Δ^{αβ}](x; x̃) = ıδ^{(α}_μ δ^{β)}_ν δ^D(x − x̃). with

D_{μν}^{ρσ} = a^D [ �_S (1 2 δ^{(ρ}_μ δ^{σ)}_ν − 1 4 η_{μν} η^{ρσ} ) −(D−2)(H^2 +Ḣ)δ^0_{(μ}δ^{(ρ}_{ν)}δ^{σ)}_0 ] ,

A graviton propagator for inflation – p. 9/11

Constructing the graviton propagator

The propagator in any FLRW spacetime is given by

[_{ρσ}Δ^{αβ}] = ( 2δ̄^{(α}_ρ δ̄^{β)}_σ − 2 D − 3 η̄_{ρσ}η̄^{αβ} ) Δ_0 + 4δ^0_{(ρ}δ̄^{(α}_{σ)} δ^{β)}_0 Δ_1 + [ 2 (D − 2)(D − 3)

(η_{ρσ} + (D − 2)δ^0_σδ^0_ρ)(η^{αβ} + (D − 2)δ^β_0 δ^α_0 ) ] Δ_2,

with

a^D ( �_S − n(D − n − 1)H^2(1 − ϵ) ) Δ_n = ıδ^D(x − x̃).

The solution to this equation in QdS was just constructed.

A graviton propagator for inflation – p. 10/11

Constructing the graviton propagator

The propagator in any FLRW spacetime is given by

[_{ρσ}Δ^{αβ}] = ( 2δ̄^{(α}_ρ δ̄^{β)}_σ − 2 D − 3 η̄_{ρσ}η̄^{αβ} ) Δ_0 + 4δ^0_{(ρ}δ̄^{(α}_{σ)} δ^{β)}_0 Δ_1 + [ 2 (D − 2)(D − 3)

(η_{ρσ} + (D − 2)δ^0_σδ^0_ρ)(η^{αβ} + (D − 2)δ^β_0 δ^α_0 ) ] Δ_2,

with

a^D ( �_S − n(D − n − 1)H^2(1 − ϵ) ) Δ_n = ıδ^D(x − x̃).

The solution to this equation in QdS was just constructed.

A graviton propagator for inflation – p. 10/11

Conclusions

• The propagators in quasi de Sitter space are up to a rescaling similar to their analogues in de Sitter, with an ϵ correction to the effective mass.

• Since quasi de Sitter space is dynamical, gravitational back-reaction can be studied self-consistently.

• We can do the same analysis without assuming ϵ ≪ 1, as long as it is constant.

• The propagator allows for a study of quantum corrections to tensor cosmological perturbations.

• To do the same for scalar perturbations, the mixing between gravitational and matter degrees of freedom needs to be taken into account.

A graviton propagator for inflation – p. 11/11

Conclusions

• The propagators in quasi de Sitter space are up to a rescaling similar to their analogues in de Sitter, with an ϵ correction to the effective mass.

• Since quasi de Sitter space is dynamical, gravitational back-reaction can be studied self-consistently.

• We can do the same analysis without assuming ϵ ≪ 1, as long as it is constant.

• The propagator allows for a study of quantum corrections to tensor cosmological perturbations.

• To do the same for scalar perturbations, the mixing between gravitational and matter degrees of freedom needs to be taken into account.

A graviton propagator for inflation – p. 11/11

Conclusions

• The propagators in quasi de Sitter space are up to a rescaling similar to their analogues in de Sitter, with an ϵ correction to the effective mass.

• Since quasi de Sitter space is dynamical, gravitational back-reaction can be studied self-consistently.

• We can do the same analysis without assuming ϵ ≪ 1, as long as it is constant.

• The propagator allows for a study of quantum corrections to tensor cosmological perturbations.

• To do the same for scalar perturbations, the mixing between gravitational and matter degrees of freedom needs to be taken into account.

A graviton propagator for inflation – p. 11/11

Conclusions

• The propagators in quasi de Sitter space are up to a rescaling similar to their analogues in de Sitter, with an ϵ correction to the effective mass.

• Since quasi de Sitter space is dynamical, gravitational back-reaction can be studied self-consistently.

• We can do the same analysis without assuming ϵ ≪ 1, as long as it is constant.

• The propagator allows for a study of quantum corrections to tensor cosmological perturbations.

• To do the same for scalar perturbations, the mixing between gravitational and matter degrees of freedom needs to be taken into account.

A graviton propagator for inflation – p. 11/11

Conclusions

• The propagators in quasi de Sitter space are up to a rescaling similar to their analogues in de Sitter, with an ϵ correction to the effective mass.

• Since quasi de Sitter space is dynamical, gravitational back-reaction can be studied self-consistently.

• We can do the same analysis without assuming ϵ ≪ 1, as long as it is constant.

• The propagator allows for a study of quantum corrections to tensor cosmological perturbations.

• To do the same for scalar perturbations, the mixing between gravitational and matter degrees of freedom needs to be taken into account.

A graviton propagator for inflation – p. 11/11