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The Modern Scattering Amplitudes Program

From QCD to ./ = 4 SYM: a historical perspective

A. Unitarity-based construction (constructing loops from trees)
B. Simplicity and symmetries of the result (e.g. Parke-Taylor)
C. Principle of maximal transcendentality
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- Computational approaches to analytic results (worldlines, scattering amplitudes and all that)

 Gravitational Waveform from field theory

- Complementing, matching and improving known results from General Relativity
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Signals @ LIGO-Virgo-KAGRA; preparing for a new era of observations

On November 18, 2025, LIGO-Virgo-KAGRA has completed its fourth observing run!

Grav1tat10nal Wave Transient Catalog
Compact Binary Coalescence Detections from 2015 - 2024 for Black Holes and Neu
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A few signals stand out: e.g. GIW2371723 is the loudest event ever recorded (x20 the average signal). This feature made it
possible to perform a quantitative analysis of the ringdown phase.
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Gravitational-Wave Observations
Signals @ LIGO-Virgo-KAGRA; preparing for a new era of observations

Newtonian considerations suggest:

- VK~ 10— 10%Hz | G 2 uMs
. : h ~ 2(4r)3— (3}W h ~ 107%! at the peak
ALISA 104 — 10! Ha c* r

fow: the frequency of the GW signal

mym,
M = my + m,: total mass; y = Y, reduced mass

Take-home message: the signals observed at LVK are different from those that will be observed by LISA!
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The need for a GW template bank

h ~ 10721 at the peak!!!
The signal is buried by the noise!

Matched filtering: measure the correlation between the detector strain and theoretical waveforms, and
look for a statistically significant overlap.

A template bank is needed:. the waveform shape depends continuously on the source parameters
(masses, spins, sky location, etc.), and we have no a priori knowledge of these.

To not miss a signal, you must fill this parameter space densely enough that any physical signal overlaps
with at least one template with an acceptable fitting factor.
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The Inspiral, the merger and the ringdown

Analytic results:
» Post-Newtonian
» Post-Minkowskian

» Extreme-mass ratio

calibration of EOB theory to numerical simulations

time

— EOB theory inspiral : merger rmgdow
— numerical simulation :

AYATA

lNumericaI Relativityl
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The two-body problem: the scales

- The gravitational charge associated with the two bodies, Gm; and Gm,, i.e. their Schwarzschild radii

- The typical separation, the distance at the minimal approach of the two bodies b. The larger this scale,
the weaker the gravitational interaction.

- The characteristic length (the linear dimensions) of the two bodies, R; and R,. These scales depend on
the microscopic nature of the two bodies; for neutron stars, they are typically R ~ 10Gm.

- The typical wavelength of the gravitational radiation emitted in the process A; this scale is usually not
independent of the other kinematic parameters characterising the system.

- The distance of the observer from the system, 7, which is usually assumed to be the largest scale in
the problem.
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Relativistic velocities: the post-Minkowskian set up

A~D
GM Radiation and potential modes
Weak-field expansion: ; <1 must be treated uniformly.

Generic velocities are typical of
scattering configurations.
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Gravitational self-force
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The space of asymptotic observables

A broader class of observables, suited for gravitational waves

You should complain about the fact that scattering amplitudes are meaningless in classical physics.

Why am | talking about scattering amplitudes at all?

If we think about colliders, we do not measure scattering amplitudes:

IN-IN observables A. Make a measure for the future (exp.)

1. Cross-sections Prepare the initial state and...
} B. Sum over things we do not observe (theory)

2. Energy-energy correlators
In gravitational-wave physics, we have a binary system that evolves, emitting radiation that is later collected.
These observables are usually quadratic in the S-matrix.

Vantages: inherited computational techniques, properties hidden in classical dynamics (e.g. unitarity,
analyticity).
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The emergence of General Relativity in the IR

QFT-inspired techniques to solve equations of motion

What is the analogous procedure in QFT?

A. We provide a description of the (incoming) state:

dx” | ys, )., the two-particle state.
ut Vﬂu” = (), with u# = d_ 2/1n
T

B. We decide which observable we want to

Equations are expanded around some background: compute: e.g. the momentum P*.

C. The time-evolution is given by the S-matrix:

g =g + h
HY HY K ‘W)Out — S‘WZ)IH

| mput rvables:
We use this result to compute observables D. We compute expectation values:

+00 0ut<':”‘ P'M | l//>out 1n<l//‘ P'u ‘ l//>1n
dz x*
T~ /for a well-suited choice of the state

boundary conditions
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A. Feynman rules for worldlines (Q)FTs %
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[ W)in = Jd¢(P1)d¢(Pz) D1(pPr(py) e {byprtbyp) | P1sP2)in

A(O) = (O) gy — (O)in = oW | O W)ou — W1 Ol y)in = iy |ST[O, STy,

Fourier transform to impact parameter space . o .
The waveform is an in-in observable, while

>
du = H d°q;62p; - q; + q;7) e the amplitude is an in-out observable

i=1 /
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