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From Amplitudes to the Observed Waveform

Theoretical Gravitational-Wave Analysis

Credit: ANTELIS, MORENO

Theoretical template

Numerical Relativity (NR) Effective One Body (EOB)

This talk EOB Observed waveform

LIGO-Virgo-KAGRA 
theoretical analysis 

LIGO-Virgo-KAGRA 
experimental analysis 
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From Amplitudes to the EOB Model

Theoretical Gravitational-Wave Analysis

EOB NR

nPM = , with  
Physical Post-Minkowiskian counting

𝒪 (GaSb) a + b = n

S1

S2

Imports [DK, Luna (2021)]

Binding  
energy

Relative velocity

EOB & NR 
comparison [Buonanno, Mogull, Patil, Pompili (2024)]
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EOB: Effective One Body 
NR: Numerical Relativity



Landscape of Open Problems Relevant for Upcoming Experiments

The Precision Frontier

Precision goal for future gravitational-wave detectors  
(e.g., Cosmic Explorer, Einstein Telescope, Lisa) 

Same color = Same physical PM order

!! !" !# !$ !% !&
""	 ✓ ✓ ✓ ✓ ✓ ✓
"#	 ✓ ✓ ✓ ✓ ✓ Partial

"$	 ✓ ✓ ✓
"% ✓ ✓
"& Partial

[DK, Luna (2021)] [Bern, DK, Luna, Roiban, Teng (2022)]
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From Quantum Amplitudes 
to Classical Hamiltonians
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1 10

2 20

Amplitude to Potential: Loop-Level Matching

Full theory Effective theory

+ + …

The  potential𝒪 (G2)
[Cheung, Rothstein, Solon (2018)]

δV(p, r) = −
G2 ñ(p)

r2

(Non-spinning case)

𝒜FT
4 ∼ 𝒜EFT

4 ∼
1 10

2 20

1 10

2 20

1 2
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Modeling Non-Spinning Compact Objects  
in General Relativity 
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Effective description:  
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Matter (traditionally): Worldline pictureSM = − m∫ dτ

QFT pictureSM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2)Matter:

Unitarity 
Double copy 

On-shell recursion 
…

Integration technology 
from collider physics+QFT/Amplitudes tools: New results

11



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2)

12



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2)

12



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2) SG = −
1

16πG ∫ d4x −gR

12



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2) SG = −
1

16πG ∫ d4x −gR

12



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2) SG = −
1

16πG ∫ d4x −gR

=
1 10

3 4

1 10

3 4

1 10

3 4

1 10

3 4

𝒜C =
1 10

3 4

+ + +

Compton 
Full theory

𝒜C ↔
𝒜FT

4 ↔

12



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2) SG = −
1

16πG ∫ d4x −gR

=
1 10

3 4

1 10

3 4

1 10

3 4

1 10

3 4

𝒜C =
1 10

3 4

+ + +

Compton 
Full theory

𝒜C ↔
𝒜FT

4 ↔

𝒜FT
4 ∼

1 10

2 20

12



The Amplitude at  Required for Extracting the Hamiltonian𝒪 (G2)

Computing the Amplitude

SM = ∫ d4x −g ( 1
2

gμν∂μϕ∂νϕ −
1
2

m2ϕ2) SG = −
1

16πG ∫ d4x −gR

=
1 10

3 4

1 10

3 4

1 10

3 4

1 10

3 4

𝒜C =
1 10

3 4

+ + +

Compton 
Full theory

𝒜C ↔
𝒜FT

4 ↔

𝒜FT
4 ∼

1 10

2 20

12

𝒜EFT
4 = 𝒜FT

4 ⇒ H



Modeling Spinning Compact Objects 
in General Relativity 
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Amplitude Computation for Spinning Objects

Example Calculation at 𝒪 (S2)

SM = ∫ d4x −g (… −
CES2

2m2
Rf1af2b ∇aϕs 𝕊( f1𝕊 f2) ∇bϕs + …)

𝕊a ≡ −
i

2m
ϵabcdMcd ∇b

[DK, Luna (2021)]
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New Results for Binaries of Spinning Objects

Hamiltonian for Spinning Objects

1 10

2 20

+ + …𝒜EFT
4 ∼

1 10

2 20

𝒜FT
4 ∼

1 10

2 20
𝒜EFT

4 = 𝒜FT
4 ⇒ H

H = p2 + m2
1 + p2 + m2

2 + V(0)(r2, p2) + V(1,1)(r2, p2)
L ⋅ S1

r2
+ …

+V(2,4)(r2, p2)
(r ⋅ S1)2

r4
+ …

+V(5,22)(r2, p2)
(L ⋅ S1)(p ⋅ S1)2(r ⋅ S2)2

r6
+ … [Bern, DK, Luna, Roiban, Teng (2022)]

[DK, Luna (2021)]

𝒪 (S2)

𝒪 (S5)
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Hamiltonian Term at 𝒪 (G2S2)

Sample Results for the Hamiltonian
Sn

Number of  
spin structures

1 2 3 4 5

2 9 18 43 86

H = … + V(2,4)(r2, p2)
(r ⋅ S1)2

r4
+ …

VA(r2, p2) =
G

|r |
cA

1 (p2) + ( G
|r | )

2

cA
2 (p2) + 𝒪(G3)

E = p2 + m2
1 + p2 + m2

2 σ =
p2 + p2 + m2

1 p2 + m2
2

m1m2

17
[DK, Luna (2021)]



Hamiltonian Term at 𝒪 (G2S2)

Sample Results for the Hamiltonian
Sn

Number of  
spin structures

1 2 3 4 5

2 9 18 43 86

H = … + V(2,4)(r2, p2)
(r ⋅ S1)2

r4
+ …

VA(r2, p2) =
G

|r |
cA

1 (p2) + ( G
|r | )

2

cA
2 (p2) + 𝒪(G3)

E = p2 + m2
1 + p2 + m2

2 σ =
p2 + p2 + m2

1 p2 + m2
2

m1m2

CES2

17
[DK, Luna (2021)]



Hamiltonian Term at 𝒪 (G2S2)

Sample Results for the Hamiltonian
Sn

Number of  
spin structures

1 2 3 4 5

2 9 18 43 86

H = … + V(2,4)(r2, p2)
(r ⋅ S1)2

r4
+ …

VA(r2, p2) =
G

|r |
cA

1 (p2) + ( G
|r | )

2

cA
2 (p2) + 𝒪(G3)

E = p2 + m2
1 + p2 + m2

2 σ =
p2 + p2 + m2

1 p2 + m2
2

m1m2

CES2

17
[DK, Luna (2021)]

Pushing the state of the art in modeling binary systems



Quantum Field Theory 
around a Black Hole
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+ + + . . . = [DK, Solon (2023)]New QFT framework: 
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Diagram Loops Count SF order

Manifest Power Counting
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Streamline calculations at high orders 
Enable calculations of spinning geodesics in Kerr background 

Model EMRIs analytically within QFT

Extreme-mass-ratio inspirals 
(EMRIs)
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 - Irreducible representationϕs

 - Reducible representationΦ
of the Little Group

Prediction: Spin-magnitude change 
w/o energy absorption/dissipation
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