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Precision Era of Gravitational Waves Phgsics

Ligo-Virgo-Kagra efficiently detect GWs emitted by Coalescing Binary Systems.
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Extreme need for precise theoretical predictions for signal templates for Matched filtering analyses



The gravitational wavetorm

Scattering Waveform emitted by a system of two scattering black holes
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Template for matched filtering analyses

Properties of higher-points scattering amplitudes
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Classical Phgsics from Scat'tering Amplitucles
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b Impact parameter
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Effective Field Theory approach: Black-holes as point particles coldverger, Rothstein

Classical Physics is governed by long-range contributions: Local interactions are quantum

The scales of the problem

— K Gm K |b| K 1 Gm

m A
Compton Schwarzschild Impact Distance _ _
wavelength radius parameter Post-Minkowskian

expansion parameter



Phgsical Observables from Scattering Amp tudes

Kosower, Maybee, O’Connell

Asymptotic states for two compact objects: wavefunctions peaked around their classical values
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Phgsical Observables from Scattering Amp tudes

Kosower, Maybee, O’Connell

Asymptotic states for two compact objects: wavefunctions peaked around their classical values

W) = [ dp(p)dp(py) d1(p)Py(py) e CrPtor) | ppoy, V) e = S 1Y), S=14iT
On-shell phase wavefunction Two particle
space integral momentum eigenstates

Expectation value of a physical observable

AOY = kW) Oy — WOy, = ilw|ST10,ST|w),,

O = P O=Wer=e'h, 8w = My + K Iy

Impulse Waveform



Scatten ng Wavetorms from Am Plitucles
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The Fourier transform of 2 — 3 scattering amplitudes.
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Cristofoli, Gonzo, Kosower, O’Connell

The Fourier transform of 2 — 3 scattering amplitudes.
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Fourier Transform
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Five-points amplitude
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Classically singular terms cancel between amplitude and iterations

Scattering amplitudes are in-out: lteration terms restore in-in prescription

Caron-Huot, Giroux, Hannesdottir, Mizera



How to com Pute wavegorms?

Loop and Fourier integration are intertwined together: loop-by-loop approach is very cumbersome
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GGravitational waveforms as a linear combination of basis functions
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Five-points amplitudes
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Where are classical contributions?

The singularities of five-points scattering amplitudes
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Where are classical contributions?

The singularities of five-points scattering amplitudes

Intermediate gravitons going on-shell

%-2:0 <m-u-i——k

D
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Classical limit captured by on-shell gravitons, corresponding to long-range interactions
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lntegrand generation: diagrammatics
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aearanc The lead; ﬂg~order wavetorm

Integrand generation from Generalised Unitarity

\
/ Building blocks: heavy mass expansion

Polarisation sum
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Integral
Reduction

n The Ieacling~order wavetorm
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The lead ﬂg~order wavetorm
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Reducton (i Thc—: Ieacli N g—orcler wavegorm
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Integral
Evaluation
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o Evaluati ng, Fourier | ntegrals

De Angelis, Gonzo, Novichkov
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Contour deformation

2 00
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Numerically fast-convergent one-fold integrals
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Evalation A couple or examples
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Integral {: I
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Integral
modral A couple of examples
oo =] log 2
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Results at LO
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Integrand generation from double and single graviton exchange

e Cut merging

® No shail diagrams
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Brandhuber, Brown, Chen, De Angelis, Gowdy, Travaglini
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Redoion NLO Waverorm
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Redoion NLO Waverorm
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Integration-by-parts identities for Fourier-Loop integrals
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D —
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i=1""1

Master integrals belonging to two top topologies, no snail diagrams!
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Evalation NLO Waverorm

Loop-by-loop approach for Master Integrals Evaluation

Step2: Complex analysis Step1: Differential Equations
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Loop-by-loop approach for Master Integrals Evaluation

Step2: Complex analysis Step1: Differential Equations  Caron-Huot, Giroux, Hannesdottir, Mizera
Bohnenblust, Ita, Kraus, Schlenk
Loop integrals via differential equations G.B., S. De Angelis
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Loop-by-loop approach for Master Integrals Evaluation

Step2: Complex analysis Step1: Differential Equations  Caron-Huot, Giroux, Hannesdottir, Mizera
Bohnenblust, Ita, Kraus, Schlenk
Loop integrals via differential equations G.B., S. De Angelis
D1 /
P1 5 D1 . .
5 . J =Pex dA 1]
Ds K dJ = dAy  dA = ) diA, P\
D 4 i=1 ' %
% P9 Path order exponential Boundary vector
Do
Canonical differential equations, retarded boundary conditions
Henn
d=4-"12¢ dg =cdA% — ?=<|] +€J dA + GZJ dAJ dA+...)‘§
. . L _ Y Y Y 0
Dimensional regularisation Factorized ¢ dependence /

Iterated integrals
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Evalation NLO Waverorm

Loop-by-loop approach for Master Integrals Evaluation

Step2: Complex analysis Step1: Differential Equations

Fourier integration via contour deformation

Ji=197[fi<—1>] + 97[11.(0)]
€
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Results

28 28
M Yty = Y cDJD 43 @y
i=1 i=1

J. = [ de e—izbmf(zb)

l
— OO0
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Results
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Generation of templates for gravitational waves analysis
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Results

28 28
M Yty = Y cDJD 43 @y
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Generation of templates for gravitational waves analysis

Gravitational energy spectrum
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Results

28 28
M Yty = Y cDJD 43 @y
i=1 i=1

l

Ji = [ dz, eV fz,)

— OO

Generation of templates for gravitational waves analysis
Gravitational energy spectrum

Analytic result at NLO in Electrodynamics G, De Angelis
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Gravitational Waveforms from scattering amplitudes
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Outlooks

Gravitational Waveforms from scattering amplitudes
Combined approach: Scattering amplitudes techniques in frequency space
One-loop gravitational waveform expressed in a minimal basis of functions

Two-loop gravitational waveforms? Differential equations in frequency domain?



Thank 5ou!



