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TL;DR

New approach to GW tails (scale-crossing interference)
® Bringing together insights from particle physics, dissipative systems,
GR EFT
® Discovering hidden patterns and iterations

® Surpassing traditional GR methods.
Them: T in 1988, T3 in 2017.
Us: T-T3in 2022, T* in 2023.



Assumption: objects are slow-moving and weakly interacting.
Good approximation for quasi-circular inspiral.

@ Classical effective action — multipoles coupled to gravity:

1
5GR+matter = 16? /d4X\/§R+ SmP
0o

1
Smp = /dff T’L(f)VL—25i/71i,+-~]

® GR is non-linear = radiation and potential modes can interfere
©® Goal: “Integrate out” gravitational field

End result: perturbative effective action for evolution of mutlipoles

Stails = / dwf(w)/ﬁ(w)/;i(\—@/ K(w)

Radiated energy via modified action principles (Schwinger-Keldysh)
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Assumption: objects are slow-moving and weakly interacting.
Good approximation for quasi-circular inspiral.

@ Classical effective action — multipoles coupled to gravity:

1
5GR+matter = 16? /d4X\/§R+ Smp
Smp = /dff %’L(f)VL—ﬁhfanrm]
® GR is non-linear = radiation and potential modes can interfere
© Goal: “Integrate out” gravitational field
o i E o M-DIfE
® UseFeynman-diagrams
® Use modern unitarity methods
End result: perturbative effective action for evolution of mutlipoles

Stails = / dwf(w)/ﬁ(w)/;i(\—@/ K(w)

Radiated energy via modified action principles (Schwinger-Keldysh)



Unitarity: loops from trees

Two imporant facts:

® Feynman integrals (including numerators) can be reduced to a basis
of scalar integrals using integration-by-parts relations (IBPs)
EX: 4-point massless one-loop

Rational functions of D and external data



Unitarity: loops from trees

® Basis coefficients cx can be determined by matching generalized
unitarity cuts, constructed via repeated application of the QFT

optical theorem
Cutg= Y [ Auelv)
ST V(O
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® Basis coefficients cx can be determined by matching generalized
unitarity cuts, constructed via repeated application of the QFT

optical theorem
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Gauge invariance < Cut is independent of g



@ Identify basis integrals and corresponding cuts

® Model quadrupole-gravity coupling as spin-1 particle coupled to
gravity
Mag = Ao e = 15 @ Epr

i 0_j ERUS . 0.0 2 .ij
~ (wgkg€gly + wokle e, — kpklege, — wpepel)

© Similarly, model potential mode sources as massive spin-0 coupled to
gravity
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O Sew sources together with bulk graviton amplitudes
@ Integrate over spatial graviton momenta (energy is “external” input)



Radiation reaction: Unitarity
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Leading tail via unitarity
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Basis integral:
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Leading tail via unitarity
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After integral reduction, CTP sum, and DimReg (d — 3 + €4)
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Goldberger & Ross 2009,
Galley et.al. 2016
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fi(—w) M I™(w)  (-w) M I™(w) fi(—w) M 1m™(w)

After integral reduction, CTP sum, and DimReg (d — 3 + €4)
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Goldberger & Ross 2009,
Keep this in mind for later:

Galley et.al. 2016
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Tail-of-tail

M 1™ (w) Iij(—w) M M Im(w)

vs ~ 5 Feynman diagrams
Related to
Goldberger
& Ross 2009



Tail-of-tail

/U’(_w)I M M II’""(w)

vs ~ 5 Feynman diagrams

a dw 2rGy)(d +1)(d -2 -
ST Z/—mab(w)w4( (cllvlf 2)(d)—( 1 ) from RR.

27
12 — 2d + 5d% — 4d® + d* 2F1 (il
2(d —3)(d — 1)d(d +1) gt

(—(167rGNE)



Tail-of-tail
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Tail-of-tail
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Never approached via EFT — GR via Blanchet 2017
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Tail-of-tail-of-tail

Never approached via EFT — GR via Blanchet 2017
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Tail-of-tail-of-tail

Never approached via EFT — GR via Blanchet 2017
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Tail-of-tail-of-tail-of-tail

Never before computed in generality!
Mostly predicted by iteration, need two new diagrams.




Tail-of-tail-of-tail-of-tail

Never before computed in generality!
Mostly predicted by iteration, need two new diagrams.
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Tail-of-tail-of-tail-of-tail

Never before computed in generality!
Mostly predicted by iteration, need two new diagrams.
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New approach to GW tails!
® Established new state of the art
® Exploited efficient methods from particle physics in new context
® Found interesting structure, hints of more
Future directions:
® Search for more structure
® Translate energy losses to orbit shifts
e Explore BSM contributions?

Thanks for your attention!







Dissipative effects via Closed Time Path  calley et al. 1219275

1412.3082

Closed Time Path: action/variation principles for systematically handling
non-conservative Systems (classical implementation of Schwinger/Keldysh)




Closed Time Path: action/variation principles for systematically handling
non-conservative SyStemS (classical implementation of Schwinger/Keldysh)

Image from Galley 1210.2745

@ Double all degrees of freedom (—,+),

“causal” (— — +) and “anti-causal”
(+ — —) branches

® ‘“Integrate out” inaccessible DoF

© Conservative piece, L: (—, +)
symmetric; Non-conservative, K:
asymmetric

® Calculus of variations with “—
variables




Closed Time Path: action/variation principles for systematically handling
non-conservative SyStemS (classical implementation of Schwinger/Keldysh)

Image from Galley 1210.2745

@ Double all degrees of freedom (—,+),

“causal” (— — +) and “anti-causal”
(+ — —) branches

® ‘“Integrate out” inaccessible DoF

© Conservative piece, L: (—, +)
symmetric; Non-conservative, K:
asymmetric

O Calculus of variations with “—
variables Go; q1i

NB: Enters momentum-space calculations by changing /0 prescription,

analytic continuations



Extracting energy spectra from CTP actions

CTP extension to Noether theorem:
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Extracting energy spectra from CTP actions

CTP extension to Noether theorem:

de _ oL -J[a_K] +qJ[3_K] i O
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Need to deal with the DimReg divergences: renormalize quadrupole coupling
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Einstein Term Blanchet & Damour Tail
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Logs skip orders!



Einstein Term Blanchet & Damour Tail
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Renormalized coupling includes a scale dependence to balance log scaling
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