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See also [Cheung, Parra-Martinez, Rothstein, Shah and Wilson-Gerow]

and talk by Cliff Cheung



Era of Gravitational Wave Astronomy

LIGO

VIRGO

KAGRA

LISA

Present Experiments Future Experiments

And More!



Gravitational-Wave Science

• Nuclear & Atomic Physics 

•  Dark Matter & Axions  

•  Cosmology & The Primodial Universe 

•  Black-Hole Horizons & Singularities 

•  Exotic QCD Matter (Neutron-Star Mergers) 

•  Neutron-Star Equation of State 

•  QCD Phase Diagram
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From Quantum Amplitudes 
to Classical Hamiltonians
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Amplitude to Potential: Loop-Level Matching
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Approaches to the Two-Body Problem

Our Approach to the Two-Body Problem

Domains of the 2-body problem in classical GR

Nordita 2023 self-force & scattering 4 / 40

Credit: BARACK & POUND

Perturbative in G

Exact in G

Analytical

Numerical

Can we inform the analytical methods 
with ideas from self force?

Strategy:  
Setup theory in curved space   

retain partially exact-in-G information   
Map to flat space   

use analytical amplitudes toolkit

→

→
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↔
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+ G3M2m2
�
a3,0M
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PM: Post Minkowski 
SF: Self Force
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SH = − M∫ dτ
[Delacrétaz, Endlich, Monin, Penco and Riva]

Coset Construction:
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2) Would-be flat-space diagrams…
1 4 1 4

… are zero in the classical limit.
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Cross Checks with the Literature 1

Compton 𝒜C = −
8πGM

ω2(q6 ⋅ q7) (ω2(ε6 ⋅ ε7) − (v ⋅ ε6)(v ⋅ ε7)(q6 ⋅ q7) + ω((v ⋅ ε7)(ε6 ⋅ q7) − (v ⋅ ε6)(ε7 ⋅ q6)))2

6 7 6 7

 Amplitude 
(  in flat space)

1 → 1
2 → 2 2 3 2 3

𝒜1SF, 𝒪(G2)
2 =

3π2G2Mm3(5γ2 − 1)
|q |
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1SF Amplitude at 𝒪(G3)

Cross Checks with the Literature 2

 Amplitude 
(  in flat space)

1 → 1
2 → 2

2 3 2 3 2 3

2 3 2 3 2 3

2 3 2 3 2 3

2 3

5

= 2 3

5

+ 2 3

5

+

+ 2 3

5

2 3

5

+ 2 3

5

*integrand from unitarity and Feynman rules

Graviton Emission Amplitude 
(  in flat space)2 → 3



Comparison to Flat Space

Benefits: Classes of Diagrams Combined & Generically Fewer Integrals
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Future Directions

Spin: Kerr Black Hole & Spinning Probe

Higher Orders in Conservative & Radiative Observables

Heavy Expansion  — Geodesic Expansion: ϕ(x) = e−ip⋅xφp(x)/ 2m ϕ(x) = e−iSp(x)Φp(x)/ 2m

Can we do 1SF at All Orders in  ?G



Conclusions

New Formalism for calculations relevant to Gravitational-Wave detection from Binary Mergers  

Combines Non-Perturbative information in the Metric with flat-space Amplitudes techniques 

Few Feynman Rules for given SF Order to All Orders in  

Diagrams Combine & Fewer Integrations Generically Necessary 

G



Thank You


