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Motivation
new

calculations

new
structures

new
methods
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Philosophy
Problem: Lagrangians and Feynman diagrams are highly redundant

- field redefinitions:

ℒ = 12 ∂μϕ ∂
μϕ (1 + λ1ϕ +

1
2!λ2ϕ

2 + … ) ∼ ℒ = 12 ∂μϕ ∂
μϕ

𝒜6 = 𝒪 (102) Feynman diagrams = 0

- gauge:
𝒜(γ±, … ) = ε±μ…Aμ…

Idea: Focus on observables → scattering amplitudes
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Amplitudes meet
gravitational waves



Waveform templates
inspiral merger ringdown

perturbative
gravity

numerical
relativity

black hole
perturbation

theory
[Adapted from 1610.03567]

e.g. 𝒜(ϕϕ → ϕϕ) ∼ V(p, r)
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Tree-level recursion relations

𝒜gauge
tree, 3 → 𝒜gauge

tree, n → 𝒜gravity
tree, n → ℐgravityloop, 4 → 𝒜gravity

loop, 4

Parke–Taylor formula: 𝒜n(1−2−3+…n+) =
⟨12⟩4

⟨12⟩⟨23⟩… ⟨n1⟩

BCFW recursion: 𝒜
1

2

n
= ∑ L

1

R

n

4 / 8



Double copy

𝒜gauge
tree, 3 → 𝒜gauge

tree, n → 𝒜gravity
tree, n → ℐgravityloop, 4 → 𝒜gravity

loop, 4

𝒜gauge
L = ∑

ColorL ⋅ KinL
∏ Propagators 𝒜gauge

R = ∑
ColorR ⋅ KinR
∏ Propagators

𝒜gravity
L⊗R = ∑

KinL ⋅ KinR
∏ Propagators
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Generalized unitarity

𝒜gauge
tree, 3 → 𝒜gauge

tree, n → 𝒜gravity
tree, n → ℐgravityloop, 4 → 𝒜gravity

loop, 4

𝒜
p1

p2 p3

p4

= ∑∫dℓNum (ℓ, k ; coefs) ⋅ 1
q21 − m2

1
⋅ 1
q22 − m2

2
⋯

p1

p2 p3

p4

= ∑∫dℓNum (ℓ, k ; coefs) ⋅ 1
q21 − m2

1
⋅ δ (q22 − m2

2) ⋯
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Feynman integrals

𝒜gauge
tree, 3 → 𝒜gauge

tree, n → 𝒜gravity
tree, n → ℐgravityloop, 4 → 𝒜gravity

loop, 4

1. Integration-by-part (IBP) reduction:

∫dℓ Num (ℓ ; x)
(q21 − m2

1) …
IBP
= ∑

n
cn(x)Fn(x) master integrals

2. Differential equations for masters:

∂Fm(x)
∂x = ∑

n
Amn(x)Fn(x)
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Was it worth it?
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[Adapted from 2204.05194]
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Summary

1. Amplitudes push the state of the art for high-precision calculations
in collider and gravitational-wave physics

2. Amplitudes further our fundamental understanding of QFT

3. Many important open questions (integration, classical limit, spinning
objects, unbound vs. bound, etc.)
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