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About Waveforms

» Scattering waveforms: Kovacs,Thorne ‘78
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space integral

> Expectation value of a physical observable:

A(O) =(0) s = (O)in = oW | OW) s — iy | OlW)s, = inw|ST(O,S1|w),,

» Wavefunction in the classical limit > Waveform observable: Cristofoli, Gonzo, Kosower, 0’Connel
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» Waveform as fourier transform of scattering amplitudes
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Waveform From Amplitudes

» Waveform as fourier transform of scattering amplitudes
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How to compute waveforms?

> Generalised approach:

[dﬂ{SD(QI + g, — k) @

+c.c.}

AW ,)(@w,n) Frequency-space waveform
As twisted period integral

» The amplitudes factory with Fourier Exponentials:

Integrand
Generation

Tensor
Reduction

IBP

Reduction

G.B., De Angelis

> No spurious poles, analytic results into a finite basis of Master Integrals

Mis
Evaluation
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Singularity structure

> 2 types of singularities of the quantum amplitudes:

Massive (classical) particles going on-shell

D2
in =0 P1

_BH k ,d Hdﬂﬁ

P3 P6 P5 P4

» Classical limit captured by on-shell gravitons, corresponding to long-range interactions
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Playground: Waveform at Leading Order

> Integrand generation from Generalised Unitarity /—\ e Building blocks: heavy mass expansion
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Playground: Waveform at Leading Order

> Integrand generation from Generalised Unitarity /—\ e Building blocks: heavy mass expansion
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About Fourier Integrals

» Form factors in terms of scalar integrals:

G.B., S. De Angelis
G.B., G. Crisanti, M. Giroux, P. Mastrolia, S. Smith
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> Frequency- domain waveform (CoM)
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> Frequency- domain waveform (CoM)
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Waveform at NLO: electrodynamics

> Integrand generation from double and single graviton exchange
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Waveform at NLO: electrodynamics

> Integrand generation from double and single graviton exchange

(1) _
70 = -- U

» Form factors in terms of scalar integrals:

® One-loop Compton
amplitude
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Waveform at NLO: electrodynamics

> Integrand generation from double and single graviton exchange

a1a)a3040506070809A 10011

> Fourier-Loop IBPs:

® One-loop Compton
amplitude

Dy=ib-q,D,=q* Dy=(q— k),
Dy=u;-q, Ds=u,-(k—q)
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Results from IBP decomposition

» 2 families of 12 Mls appearing in ED:
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Results from IBP decomposition

» 2 families of 12 Mls appearing in ED:
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Integral Evaluation - Fourier integral

G.B., S. De Angelis

» Waveform integrals appearing in ED:
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Integral Evaluation - Fourier integral

» Waveform integrals appearing in ED:
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Integral Evaluation - Fourier integral

G.B., S. De Angelis

» Waveform integrals appearing in ED:
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Waveform at NLO: General Relativity

> Integrand generation from double and single graviton exchange
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G.B., S. De Angelis,
In progress

Waveform at NLO: General Relativity

> Integrand generation from double and single graviton exchange

7
-

» 2 families of 28 MIs appearing in General Relativity:

e Cut merging

(1) elonby & -
AW N, n) = (c.”lJ.”1 + 2] )
< h >( ) A7 ZZZI [ 1 [ 1

» New master integrals need to be computed:

F Jijm F Hyfw F \ffw F \\f&
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Outlooks

» Gravitational Waveforms can be evaluated from Scattering Amplitudes

» Multi-loop technology applied at the level of the frequency-space waveform

> Fourier-like integrals can be understood as twisted period integrals G.B., G. Crisanti, M. Giroux, P. Mastrolia, Sid Smith [2311.14432]
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