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 10 years since GW150914
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PM dynamics: Why did we get here?

 10 years since GW150914: huge literature on PM dynamics

 Keywords from Damour’s request
 Effective-one-body (EOB): weak-field → analytic strong-field [Buonanno, Damour]

 Resum by leveraging background-probe limit

 Motivation: GW loudest in strong-field regime

 Post-Minkowskian (PM): (gauge-inv.) scattering dynamics

 Singularities physical → leverage for resummation (e.g.    -resum [Damour, Rettegno])

 What else can we leverage from PM? How should we do it?
 Spin resummation / Through the eikonal (= scattering generator)
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 Waveform models perform worse for high spins/mass ratios
 Comparison with numerical relativity (NR) simulations
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 Waveform models perform worse for high spins/mass ratios
 Comparison with numerical relativity (NR) simulations

 Limiting factor for (next-gen) GW physics
 “we ascertain that current waveforms 

can accurately recover the distribution 
of masses in the LVK astrophysical 
population, but not spins”
       [Dhani, Völkel, Buonanno, Estelles, Gair, Pfeiffer, Pompili, Toubiana]
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 Why expect spin to be resummable?
 Black hole spin moments given by Newman-Janis shift

 Kerr couples minimally to gravitons
  [Guevara, Ochirov, Vines; Chung, Huang, JWK, Lee]

 Minimal coupling ≈ on-shell NJ shift
            [Arkani-Hamed, Huang, O’Connell]

 Expectation: singularities of binary dynamics governed by NJ shift
 Resummations leverage singularities ⇒ singularities > pert. exactness

 Several known models implement NJ shift dynamically

 Worldsheet [Guevara, Maybee, Ochirov, O'connell, Vines], Twistor worldline [JH Kim, JWK, Lee], 
Bootstrap [Bjerrum-Bohr, Chen, Skowronek], Higher-spin gauge [Cangemi, Chiodaroli, Johansson, 

         Ochirov, Pichini, Skvortsov]
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Spin resummation @ NLO

 Spin-resummed 2PL twistor worldline eikonal
 Eikonal is a double infinite sum of 2F1, but simplifies in special kinematics

 Aligned-spin configuration: square roots
          [Aoude, Haddad, Helset; Damgaard, Hoogeveen, Luna, Vines; Chen, JWK, Wang; Bohnenblust, Cangemi, Johansson, Pichini]
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Spin resummation @ NLO

 Spin-resummed 2PL twistor worldline eikonal
 Eikonal is a double infinite sum of 2F1, but simplifies in special kinematics

 Axial scattering configuration: elliptic integrals
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What is the eikonal?

 Eikonal = scattering generator (See also Riccardo’s talk) [JH Kim, JWK, Lee; Gonzo, Shi]

 (KMOC) + (    ) + (           ) [Kosower, Maybee, O’Connell; Lehmann, Symanzik, Zimmermann; 

             Damgaard, Plante, Vanhove; Hansen] 

 Magnus series: power series expansion of N-matrix [JH Kim, JWK, S Kim, Lee]

 Commutator expansion ⇒ causal propagators (tree graphs)

 Especially relevant for (classical) WQFT [Mogull, Plefka, Steinhoff; Jakobsen, Sauer]

 Real-valued & IR-finite 3PM eikonal from WQFT [JH Kim, JWK, S Kim, Lee]
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 Impact parameter space is “noncommutative” (due to       )

 Poisson brackets = causality cuts [JH Kim, JWK, S Kim, Lee]

 Special case of Peierls brackets (≈ covariantised Poisson brackets)

 Join vertices by retarded-minus-advanced Green’s ftn.

 Poisson brackets can be computed diagrammatically

 (    from Magnus series) + (                  as c. cuts) = (impulse diagrams = rooted trees)
             [Jakobsen, Mogull, Plefka, Sauer]

The role of nested brackets
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Nested brackets in twistor WL
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Nested brackets in twistor WL
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[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

(ret.) = (sym.) + 
𝟏

𝟐
(ret. – adv.)

= (sym.) + 
𝟏

𝟐
(causality cut)
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Nested brackets in twistor WL
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[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

(sym.) = (eikonal)

(c. cut) = (nested P.B.)
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Nested brackets in twistor WL

16-20 Jun 2025 Jung-Wook Kim / Amplitudes 2025 @ Seoul National University 28

[JH Kim, JWK, Lee; JH Kim, JWK, S Kim, Lee]

(2PL eikonal)

(c. cut) = (nested P.B.)

(1PL eikonal)
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Remarks on nested brackets

 The reorganisation extends to spinning observables
 Impulse & spin kick @   (See also Mao’s talk) [Akpinar, Cordero, Kraus, Smirnov, Zeng]

 Dirac brackets = Poisson brackets (for variables manifestly satisfying constraints)

 Nested brackets implement rotations [JWK]

 Conventional understanding: saddle-point shift [Di Vecchia, Heissenberg, Russo, Veneziano;

Luna, Moynihan, O'Connell, Ross]
 Nested brackets are (causality) cuts

 “KMOC cuts” as LO rotation contributions [Caron-Huot, Giroux, Hannesdottir, Mizera; Georgoudis, 

Heissenberg, Russo; Bini, Damour, De Angelis, Geralico, Herderschee, Roiban, Teng; Alessio, Gonzo, Shi]
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Scattering generator approach to 3PM impulse

 The 3PM eikonal [Damgaard, Plante, Vanhove; Brandhuber, Chen, Travaglini, Wen; JH Kim, JWK, S Kim, Lee]
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Scattering generator approach to 3PM impulse

 Reference available [Herrmann, Parra-Martinez, Ruf, Zeng; Jakobsen, Mogull, Plefka, Sauer; Kälin, Liu, Neef, Porto]

 Misses (radiation loss) = (momentum lost by radiated graviton)
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Scattering generator approach to 3PM impulse

 Reference available [Herrmann, Parra-Martinez, Ruf, Zeng; Jakobsen, Mogull, Plefka, Sauer; Kälin, Liu, Neef, Porto]

 Misses (radiation loss) = (momentum lost by radiated graviton)

 Which contributions did we miss?
 (Graviton phase space contributions) = (diagrams from graviton c. cuts)

 Computed from radiation eikonal as             [JWK]
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The radiation eikonal

 Missing contributions from graviton phase space / causality cuts
 No vertex rules where graviton legs can be attached ⇒ add new vertices!

 Formal implementation: turn on background

 Practical implementation: add diagrams with external graviton legs

 Expanded set of eikonal-derived PM observables
 Impulse radiation loss @ 3PM

 Radiative observables: scattering waveform & radiated energy

 New perspective on “KMOC cuts” in scattering WFs [Caron-Huot, Giroux, Hannesdottir, 

Mizera; Georgoudis, Heissenberg, Russo; Bini, Damour, De Angelis, Geralico, Herderschee, Roiban, Teng; Alessio, Gonzo, Shi]

 Initial disagreement btw. PM & PN [Brandhuber, Brown, Chen, De Angelis, Gowdy, Travaglini; 

Herderschee, Roiban, Teng; Elkhidir, O’Connell, Sergola, Vazquez-Holm; Georgoudis, Heissenberg; Bini, Damour, Geralico]
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Impulse radiation loss @ 3PM

 Computed as             , exact match!

16-20 Jun 2025 Jung-Wook Kim / Amplitudes 2025 @ Seoul National University 39

[JWK]



/ 51

NLO scattering waveform

 Nested brackets (= cut contributions) compute rotated LO WF
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NLO scattering waveform

 Nested brackets (= cut contributions) compute rotated LO WF
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IP rotation by LO SA LO impulse LO spin kick
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NLO scattering waveform

 Nested brackets (= cut contributions) compute rotated LO WF
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IP rotation by LO SA LO impulse LO spin kick
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Take-home messages

 Spin resummation will become important for next-gen GW detectors

 Eikonal = scattering generator [JH Kim, JWK, Lee; Gonzo, Shi]

 Computed by the Magnus series

 New understanding of brackets
 Impact parameter space is “noncommutative”: 

 Poisson brackets = causality cuts (retarded-minus-advanced Green’s ftn)

 Radiation eikonal: radiative effects including dissipation
 Adding graviton DOFs to phase space / Poisson brackets
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Some future directions

 B2B continuation for nonseparable HJ systems [Cho, Kälin, Porto; Gonzo, Shi]

 Eikonal-based WF models for bound binaries? [JWK, Patil, Scheopner, Steinhoff (WIP)]

 Local-in-time / hereditary separation? [Dlapa, Kälin, Liu, Porto; Buonanno, Mogull, Patil, Pompili]

 (hereditary contributions)     (radiation eikonal contributions)

 Nonlinear radiation eikonal (e.g.        : quadratic in        )

 Contributes to NNLO WF / 5PM impulse [Driesse, Jakobsen, Mogull, Plefka, Sauer, Usovitsch;

      Bern, Herrmann, Roiban, Ruf, Smirnov, Smirnov, Zeng]

 Is 6pt relevant for classical physics? [Cristofoli, Gonzo, Moynihan, O'Connell, Ross, Sergola, White]

 Spin resummation @ 3PL / 3PM (1SF corrections: relevant for EOB)

 Obstruction: Integrals (Tensor Integral Generating Functions / Twisted FI)
        [Feng; Brunello, Crisanti, Giroux, Mastrolia, Smith; Brunello, De Angelis; Chen, JWK, Wang; JH Kim, JWK, Lim (WIP)]

 Application to tensor reduction of high-rank Feynman integrals?
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