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f ‘ Express radiation waveforms in terms of

J scattering amplitudes

QCD amplitudes are bootstrapped using the color-kinematics
duality

O

Gravity amplitudes are double copies of QCD @

amplitudes °



l. Radiation waveform



I. Radiation waveform

‘ Radiation waveforms are
associated with the expectation

value of the field
strengthl Riemann tensor

Define an initial state and the
expectation in the far future

Treat classically, restore h



o I. Radiation waveform

Radiation waveforms are
b associated with the expectation
'A value of the field

strength/Riemann tensor

. Define an initial state and the

expectation in the far future
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Treat classically, restore h
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>3<W o N I. Radiation waveform

[ (5l () Re T + & ([ay ), T'IT — Ty (k), T1) lpa, ) }

Real Imaginary

The real part is radiation, we The imaginary part is
use 1-particle cuts radiation reaction, we use
2-particle cuts
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Real part is associated with radiation effects

Real = -A(S,l) (php? — pllvplza kn) + A>(|<5,1) (pllap’% k—?? — p17p2)
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(J P.S o ° I. Radiation waveform

Real part is associated with radiation effects

Real = A(S,l) (pl,p2 — pllapl27 kn) + A>(k5,1) (p,17p,27 k—n — p17p2)
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(J >3<W o ° I. Radiation waveform

Imaginary part is associated with radiation
[p1p2| = ([ay(k), T = T'a, (k) T1) |p1,p2>} Ty B e

Imaginary =
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‘ B o ° Il. Amplitudes

We bootstrap the amplitude (integrand) using color-kinematics
duality and unitarity cuts

Bern, Carrasco, Johansson
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Gives us amplitudes we can

double co
Py Gauge theory Gravity



‘ P& o © Il. Amplitudes

We bootstrap tree-level amplitudes using color-kinematics duality

and factorisation

3-point 4-point 5-point
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The 5-point one-loop amplitude has 116 graphs
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33 topologies




Il. Amplitudes

* X

The 5-point one-loop amplitude has 116 graphs

Look at A,
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Partial amplitude A, G ( > As
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Partial amplitude A, G < ) As
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Now we easily find the radiation and reaction
o Es s



lll. Gravity amplitude
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{j Il. Gravity amplitude

The double copy gives extra massless states

> Jic

Is there a constructive approach?

Is there a double copy approach?

Johansson, Ochirov ‘14
Lunag, Nicholson, O'Connell, White 17
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Il. Gravity amplitude

Is there a constructive approach?




é; B CJ Il. Gravity amplitude

Projective double copy at loop-level
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Projective double copy at loop-level
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Il. Gravity amplitude

Projective double copy at loop-level
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>® @ Il. Gravity amplitude

Projective double copy at loop-level

oo ee we ¢® §

N3MC1 N3MC2 N3MC3 N3MC4 N3MC5



o . o
D @ Il. Gravity amplitude

Can we double copy the dilaton?

R ] N=0 Finstein-Hilbert

= (ks - ka)? — ((k” - (Zlmzz))

D)




Il. Gravity amplitude

Can we double copy the dilaton? Yes!
Johansson, IVH (coming soon)
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f ‘ Express radiation waveforms in terms of

J scattering amplitudes

QCD amplitudes are bootstrapped using the color-kinematics
duality

Gravity amplitudes are (modified) double @

copies of QCD amplitudes °



/—\ ‘ What now?

Consider higher loops - waveform? Interesting physics?
Color-kinematics?

Spin?

Double copy dilatons? /\O
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