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• From Quantum Field Theory to Gravitational Wave templates (actually the opposite direction):

- Connection to experiments: LIGO-Virgo-KAGRA and the future space-based observations (LISA)

- How and why we construct Gravitational Wave templates (the Effective-One-Body)

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

128 new significant gravitational wave signal candidates.

A few signals stand out: e.g. GW231123 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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Newtonian considerations suggest:

: the frequency of the GW signal


: total mass;  reduced mass

fGW

M = m1 + m2 μ =
m1m2

M

 at the peakh ∼ 10−21

fLVK ∼ 10 − 104 Hz

fLISA ∼ 10−4 − 10−1 Hz

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
 at the peak!!!h ∼ 10−21

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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Effective One-Body framework

Numerical Relativity

BH Perturbations

Analytic results:

‣ Post-Newtonian

‣Post-Minkowskian 
‣ Extreme-mass ratio



The two-body problem: the scales



The two-body problem: the scales

- The gravitational charge associated with the two bodies,  and , i.e. their Schwarzschild radiiGm1 Gm2



The two-body problem: the scales

- The gravitational charge associated with the two bodies,  and , i.e. their Schwarzschild radiiGm1 Gm2

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

b



The two-body problem: the scales

- The gravitational charge associated with the two bodies,  and , i.e. their Schwarzschild radiiGm1 Gm2

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

b

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

R1 R2
R ∼ 10Gm



The two-body problem: the scales

- The gravitational charge associated with the two bodies,  and , i.e. their Schwarzschild radiiGm1 Gm2

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

b

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

R1 R2
R ∼ 10Gm

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

λ



The two-body problem: the scales

- The gravitational charge associated with the two bodies,  and , i.e. their Schwarzschild radiiGm1 Gm2

- The typical separation, the distance at the minimal approach of the two bodies . The larger this scale, 
the weaker the gravitational interaction.
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- The characteristic length (the linear dimensions) of the two bodies,  and . These scales depend on 
the microscopic nature of the two bodies; for neutron stars, they are typically .

R1 R2
R ∼ 10Gm

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

λ

- The distance of the observer from the system, , which is usually assumed to be the largest scale in 
the problem.

r
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Relativistic velocities: the post-Minkowskian set up

Weak-field expansion: 
GM

b
≪ 1

b ≫ R ≳ Gm

λ ∼ b

Radiation and potential modes 
must be treated uniformly.

Generic velocities are typical of 
scattering configurations.

In elliptic orbits, we could have 
relativistic velocities at the periastron
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Gravitational self-force

b ≳ Gm1

λ ∼ b

b ≫ R2 ≳ Gm2

ν =
m1m2

(m1 + m2)2
≪

1
4

There is separation of scales only 
for one of the two objects.

~ IMRIs and EMRIs
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You should complain about the fact that scattering amplitudes are meaningless in classical physics.

Why am I talking about scattering amplitudes at all?

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

1. Cross-sections

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).

The space of asymptotic observables
A broader class of observables, suited for gravitational waves

IN-IN observables} Prepare the initial state and…

A. Make a measure for the future (exp.)

B. Sum over things we do not observe (theory)
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A. We provide a description of the (incoming) state: 
, the two-particle state.|ψ2⟩in

B. We decide which observable we want to 
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1. A couple more orders in the post-Newtonian and post-Minkowskian

2. Second-order gravitational self-force 

B. The dynamics at the scale of  (e.g. absorption effects, tidal deformability, spin)∼ R1,2

C. Scattering-to-bound map and non-local interactions

• Gauge-invariant observables are usually of an asymptotic nature

• Interactions we are typically of local nature, but…

• … gravity in four dimensions is long-range and non-linear

W ∼ … + ∫
t

−∞
dτ f(x1(τ), x2(τ))

on−shell
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