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Effective description 
in terms of a  
point particle

Solved to any order in  
in Black Hole Perturbation Theory

G Higher orders in  require 
hard loop integrals

G

Can we bypass loop integration  
by incorporating BHPT solutions?
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Point-particle description is divergent (familiar from QFT)
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Modeling any compact object in terms of a thin shell
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Equations of motion outside the shell: □ ϕ+ = 0 ϕ = e−iωt ∑
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Coulomb wavefunctions 
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[Leaver (1986), Mano, Suzuki, Takasugi (MST) (1996)]

ψ+
ℓ (r) ∼ jℓ(ωr) + 𝒪 (RS ω) + 𝒪 ((RS ω)2) + …

Free propagation

Tree-level interaction  
with matter

One-loop-level interaction  
with matter
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Outlook
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ϕ = ϕ+ θ(r − R) + ϕ− θ(R − r)Constructed solution

gives toy-graviton propagator in Schwarzschild background

Basis for curved-space QFT framework for two-body observables 

Gravity in the in-in formalism has enlarged symmetries:  Diff1 × Diff2

[DK, Perrone (in progress)]

[Alrashed, DK, Solon (in preparation)]
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Thank you
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Backup Slides



In-in formalism for dissipative dynamics

24

Doubling of the fields:
Classical  

field Fluctuation

ϕ → ϕ & φ

[Schwinger (1961), Keldysh (1964)]

In-in effective action (allows for dissipation): Sin−in = ∫ d4x −gφ EoM[ϕ]

Conservative example:      SBulk =
1
2 ∫ d4x −ggμν∂μϕ∂νϕ → − ∫ d4x −gφ □ ϕ

Dissipative example:    or   ∫ dτ φ ∂τϕ ∫ d3y γ φ (u ⋅ ∇)ϕ



From the shell to the worldline

Intuition about the shell

25

∫Shell
φ Dℓϕ ∼ ∫WL

∇⟨ℓ⟩φ∇⟨ℓ⟩ϕ(Shell) (Worldline)

= − lim
R→0

3
2R2 ∫

d ̂n
4π

φ (t, R ̂n)∇2
Ωϕ (t, R ̂n)

= − lim
R→0

3
2R2 ∫

d ̂n
4π (φ|0 + R ̂n ⋅ ∇φ|0 + 𝒪 (R2))∇2

Ω(ϕ|0 + R ̂n ⋅ ∇ϕ|0 + 𝒪 (R2))

= lim
R→0

3
R ∫

d ̂n
4π (φ|0 + R ̂n ⋅ ∇φ|0) ̂n ⋅ ∇ϕ|0 = (∇φ ⋅ ∇ϕ)|0

Intuition from flat space: φ(t,0)ϕ(t,0) = lim
R→0 ∫

d ̂n
4π

φ (t, R ̂n) ϕ (t, R ̂n)

Dℓ =
(−1)ℓ(2ℓ + 1)

2ℓf(R)ℓR2ℓ

ℓ−1

∏
j=0

(∇2
Ω + j( j + 1))

lim
R→0 ∫

d ̂n
4π

φ (t, R ̂n) D1ϕ (t, R ̂n)

∇2
Ω ̂n = − 2 ̂n



The source of the background metric

26

M̂ = α R(3) + βSShell = ∫
d3y γ

4πR2
−M̂ + ∑

ℓ,n

̂cℓ,n

ℓ!
φ (u ⋅ ∇)nDℓ ϕ

Ricci scalar of induced metric  :  γ R(3) = −
2

R2

α =
R3 (RS (2 − 3 f(R)) + 2R (−1 + f(R)))

8G(R − RS)
= −

MR2

2 (1 + 𝒪 (RS /R))

β =
RS + 2R (−1 + f(R))

4G f(R)
= −

M
8

RS

R (1 + 𝒪 (RS /R))
f(R) = 1 −

RS

R

M̂ = M + 𝒪 (RS /R)

The junction conditions yield the source of the background metric
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