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QUANTUM GRAVITY IN DE SITTER
Gravitational particle production in inflation
Parker, Phys. Rev. Lett. 21 (1968), 562-564

produces a vast ensemble of long-wavelength scalars and gravitons
Starobinsky, JETP Lett. 30 (1979), 682-685; Mukhanov, Chibisov, JETP Lett. 33 (1981), 532-535

Ð→ they must interact — what are the quantum gravitational effects?
naive estimate: κ2H2 ∼ 10−10 (κ2 = 16πG)

Correcting effective field equations:

Dφ(x) − ∫ d4x′M2(x;x′)φ(x′) = J(x)
(retarded self-massM2(x;x′) in Schwinger-Keldysh formalism;
dimensionally regulated and renormalized via BPHZ counterterms)

−iM2(x;x′) =
2 / 23



LARGE LOGARITHMS
Loops can be enhanced by ln(a) or ln(Hr):
● Temporal growth of the dynamical fermion field strength

Miao, Woodard, Phys.Rev.D 74 (2006) 024021, gr-qc/0603135 [gr-qc]

●● Temporal and spatial growth of the electric force
DG, Miao, Prokopec, Woodard, Class.Quant.Grav. 31 (2014) 175002, 1308.3453 [gr-qc]

● Temporal growth of the dynamical photon field strength
Wang, Woodard, Phys.Rev.D 91 (2015) 12, 124054, 1408.1448 [gr-qc]

● Temporal growth of the dynamical graviton field strength
Tan, Tsamis, Woodard, Phil.Trans.Roy.Soc.Lond.A 380 (2022) 2230, 2107.13905 [gr-qc]

● Spatial suppression of the force mediated by a massless minimally
coupled scalar
DG, Miao, Prokopec, Woodard, JHEP 03 (2022) 088, 2112.00959 [gr-qc]

● Temporal suppression of the gravitational force
Tan, Tsamis, Woodard, Universe 8 (2022) 7, 376, 2206.11467 [gr-qc]
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GAUGE ISSUE
Dynamical photons in two different gauges:

● result in the simple de Sitter breaking gauge:
Leonard, Woodard, Class.Quant.Grav. 31 (2014) 015010, 1304.7265 [gr-qc]
Wang, Woodard, Phys.Rev.D 91 (2015) 12, 124054, 1408.1448 [gr-qc]

F0i = F (0)0i [1 +
κ2H2

8π2
ln(a) × 1]

● result in de Sitter invariant gauge:
DG, Miao, Prokopec, Woodard Class.Quant.Grav. 32 (2015) 19, 195014, 1504.00894 [gr-qc]
DG, Miao, Prokopec, Woodard, Class.Quant.Grav. 34 (2017) 8, 085002, 1609.00386 [gr-qc]

F0i = F (0)0i [1 +
κ2H2

8π2
ln(a) × 1

6(45 −
2ik
H + 5e

2ik/H)]
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SIMPLEST SYSTEM: MASSLESS MINIMALLY COUPLED (MMC)
SCALAR
Point source in de Sitter: Dφ(0)(x) =Kaδ3(x⃗) produces a potential:

φ(0)(r) = −
K

4πar
− KH

4π
ln[ a

1 + aHr
] aHr≫1ÐÐÐÐ→ KH

4π
ln(Hr) .

Akhmedov, Roura, Sadofyev, Phys.Rev.D 82 (2010) 044035, 1006.3274 [gr-qc]
DG, Miao, Prokopec, Woodard, Phys.Lett.B 798 (2019) 134944, 1908.11113 [gr-qc]

Quantum-corrected field equation:

Dφ(x) − ∫ d4x′M2(x;x′)φ(x′) =Kaδ3(x⃗)

−iM2(x;x′) =

φ(x) aHr≫1ÐÐÐÐ→ φ(0)(r) × [1 −
κ2H2

8π2
ln(Hr)]
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DIGRESSION: FLAT SPACE POTENTIALS

S-matrix is gauge-independent
Ð→ it combines parts of gauge-fixed 1PI n-point functions

and projects from them the physical information

Inverse scattering method used to infer long-range correction to potentials
Donoghue, Phys. Rev. Lett. 72, 2996 (1994), [gr-qc/9310024]
Donoghue, Phys. Rev. D 50, 3874 (1994), [gr-qc/9405057]
Bjerrum-Bohr, Donoghue, Holstein, Phys. Rev. D 67, 084033 (2003), hep-th/0211072
Bjerrum-Bohr, Phys. Rev. D 66, 084023 (2002), hep-th/0206236

Source and observer represented by massive quantum fields (limit of small
momentum transfer in the t-channel)

Source/observer corrections are crucial for canceling gauge dependence
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DIGRESSION: NEWTON FORCE CORRECTION
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DIGRESSION: FLAT SPACE POTENTIALS — GENERALIZATION
Application to cosmology? Ð→ problem: no S-matrix
Miao, Prokopec, Woodard, Phys.Rev.D 96 (2017) 10, 104029, 1708.06239 [gr-qc]

Conjecture: gauge dependence from the S-matrix cancels before taking the
asymptotic time limit

t-channel exchange diagrams reducible to self-mass topology:

m2
≫q2ÐÐÐÐ→

u u

u∗u∗

Self-mass is gauge-independent! — use it to correct field equations

−iM2
eff(x;x′) = x x′
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THE MODEL

de Sitter background: H = const.
Metric perturbation: gµν = a2(ηµν + κhµν)

• massive scalar Ψ

• massless scalar φ

• graviton hµν

S[gµν , φ,Ψ] = ∫ dDx
√−g [R − (D−2)Λ

κ2
− 1

2
gµν(∂µφ)(∂νφ)

− 1

2
gµν(∂µΨ)(∂νΨ) −

1

2
(m2+λφ)Ψ2]
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INTERACTION VERTICES
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REDUCTION STRATEGY I

Amputated connected 4-point function for the massive scalar, put on shell
by attaching to it mode functions U(x) of the massive scalar:

U U

U∗U∗

≡ ∫ dDxU(x)∫ dDy U∗(y)∫ dDx′U(x′)∫ dDy′U∗(y′)
⎛
⎜
⎝ x

y

x′

y′ ⎞
⎟
⎠

Quantum-corrected massive scalar mode functions:

(Dx−aDx m2)U(x) − ∫ d4x′M2
m(x;x′)U(x′) = 0

−iM2
m(x;x′)— self-mass of the massive scalar
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REDUCTION STRATEGY II
Consider t-channel exchange — reduce diagrams to corrections to the
self-mass of the MMC scalar field

U U

U∗U∗

m≫HÐÐÐ→
u u

u∗u∗

+
u u

u∗u∗

+
u u

u∗u∗

+
u u

u∗u∗

• Integration by parts using derivative interactions of gravity
• Donoghue Identities

i∆m(x; y)
i∆(y;x′)
i∆(x;x′)

Ð→ iδD(x−y)
2m2

[i∆(x;x′)]
2
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REDUCTION STRATEGY III
Turn four topologies to the self-mass one by adding MMC scalar legs

Dx i∆A(x;x′) = iδD(x−x′) .

All the resulting reduced diagrams are written as:

U U

U∗U∗

m≫H
ÐÐÐ→

u u

u∗u∗

We read off the desired effective self-mass:

−iM2
eff(x;x′) = x x′ .
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REDUCTION STRATEGY: SKELETON EXPANSION
Skeleton expansion:

U U

U∗U∗

=

U

U∗

1PI 1PI

U

U∗

+ 1PI

U U

U∗U∗

Resummed massless propagator:

x x′ = x x′ + x x′1PI

Quantum-corrected mode function:

(Dx−aDx m2)U(x) − ∫ d4x′M2
m(x;x′)U(x′) = 0
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REDUCTION STRATEGY: ONE-LOOP
Tree-level exchange: u∗

uu

u∗

Tree-level mode function: (Dx−aDx m2)u(x) = 0
One-loop corrections:

1-loop
1PI

u

u∗ u∗

u

+
u

u∗

1-loop
1PI

u

u∗

+ 1-loop
1PI

u

u∗

u

u∗

+ 1-loop
1PI

u u

u∗u∗

+

1-loop
δu∗

u u

u∗

+
1-loop
δu

u∗

u

u∗

+

1-loop
δu∗

u u

u∗

+
1-loop
δu

u

u∗u∗
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FEYNMAN DIAGRAMS: DE SITTER
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MODE FUNCTION CORRECTION

1-loop
δu∗

u u

u∗

1-loop
δu

u∗

u

u∗
1-loop
δu∗

u u

u∗

1-loop
δu

u

u∗u∗

One-loop correction receives two contributions: δu = δuI + δuII

(Dx−aDx m2)δuN(x) = ∫ dDyM2
N(x; y)u(y) N = I, II

sourced by two diagrams contributing to massive scalar self-mass

I
x y

II
x=y
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PROPAGATORS

DG, Miao, Prokopec, Woodard, Phys.Rev.D 103 (2021) 10, 105022, 2007.10395 [gr-qc]
DG, 2511.13660 [gr-qc]

One-parameter family of de Sitter breaking gauge

Sgf[δgµν] = −
1

2α
∫ dDx

√−gFµFµ

Fµ = (∇ρ−2nρ)δgρµ − 1
2
(∇µ−2nµ)δgρρ , nµ = aHδ0µ

Linear dependence on the gauge variation ∆α = α − 1

i[µν∆ρσ](x;x′) = i[µν∆ρσ](x;x′)∣
α=1
+∆α × i[µνΘρσ](x;x′)

Ð→ compute gauge variation of the effective self-mass
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RESULTS FOR GAUGE VARIATION ∆α

DG, Miao, Prokopec, Woodard, 2602.07908 [hep-th]

[ − iV (x; y;x′; y′)]∆α = k(κλ)2δD(x−y)δD(x′−y′)(axax′)D[C1 ln(axax′)

+C2( ln(ax)
Hax

∂x
0 +

ln(ax′)
Hax′

∂x′

0 ) +C3( ln(ax)
H2a2

x
∇2

x +
ln(ax′)
H2a2

x′
∇2

x′)

+C4( ln(ax)
H2a2

x
∇x ⋅∇y + ln(ax′)

H2a2
x′
∇x′ ⋅∇y′) +C5( ln(ax)

H2a2
x
∂x ⋅∂y + ln(ax′)

H2a2
x′
∂x′ ⋅∂y′)

+C6( ln(ax)
H2aD

x
Dx + ln(ax′)

H2aD
x′
Dx′)]i∆A(x;x′) .

∫ dDxu(x)∫ dDy u∗(y)∫ dDx′ u(x′)∫ dDy′ u∗(y′) [ − iV (x; y;x′; y′)]∆α

=
u u

u∗u∗

+
u u

u∗u∗
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RESULTS FOR GAUGE VARIATION ∆α

DG, Miao, Prokopec, Woodard, 2602.07908 [hep-th]

[ − iV (x; y;x′; y′)]∆α = k(κλ)2δD(x−y)δD(x′−y′)(axax′)D[C1 ln(axax′)

+C2( ln(ax)
Hax

∂x
0 +

ln(ax′)
Hax′

∂x′

0 ) +C3( ln(ax)
H2a2

x
∇2

x +
ln(ax′)
H2a2

x′
∇2

x′)

+C4( ln(ax)
H2a2

x
∇x ⋅∇y + ln(ax′)

H2a2
x′
∇x′ ⋅∇y′) +C5( ln(ax)

H2a2
x
∂x ⋅∂y + ln(ax′)

H2a2
x′
∂x′ ⋅∂y′)

+C6( ln(ax)
H2aD

x
Dx + ln(ax′)

H2aD
x′
Dx′)]i∆A(x;x′) .

C1 C2 C3 C4 C5 C6

0–5 D(D−1)
2

D
2

D−4
2(D−3) 0 0 1

2(D−3)
6 −

(D−1)2
D−3 −

D−1
D−3 0 0 0 0

7 0 0 0 −
D−4
D−3 −

1
D−3 0

δu
(D−1)2
D−3 −

D(D−1)
2

D−1
D−3 −

D
2

−
D−4

2(D−3)
D−4
D−3

1
D−3 −

1
2(D−3)

Total 0 0 0 0 0 0
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CONCLUSIONS & OUTLOOK

• Construction of quantum-gravitational obervables
in de Sitter (inflation)

• Extraction of gauge-independent self-mass from
on-shell projection of 4-point function

• Gauge-independent logarithm?
DG, Miao, Prokopec, Woodard, JHEP 03 (2024) 129, 2402.05452 [hep-th]

Ð→ necessary to add additional diagrams and
external mode function corrections (in progress)

• δβ variation?

• Donoghue identities? Tainan ‘24
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