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PM black hole scattering

* Compute black hole scattering observables analytically at high precision (in
the weak field post-Minkowskian expansion)

* Use computational methods from collider physics and QFT

* Model black holes as point-like particles using worldlines

Many QFT-inspired frameworks: WQFT, PM-EFT, KMOC, HEFT, Eikonal, ...



Part |:

* Set up equations of motion for PM black hole scattering with worldlines

* Introduce QFT language and diagrammatic representations

Part Il:

 Compute impulse and total radiation of four momentum at 3PM order

* QFT methods for simplifying integrands and evaluating integrals
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Effective field theory: 5i = —m; / dT\/ Juvdy T, + ...

Black holes: (1) = bl +vi't + 24 (1) (+ spin)

Gravitational field: g, (z) = 17, + VG by (z)
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Why do point particles
describe black holes?

Geodesic equation:
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Einstein field equations: R*¥ 2Rg“” = 81Ca (TfW T TQW)
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Point-particle energy-momentum: 7" (x)
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Black holes as point particles is inconsistent without regulator!
Regulators are fundamental ingredients of EFT.

Dimensional regularization: mysteriously simple

What happens to self-
Interactions and self-force?
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Post-Minkowskian expansion:
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Post-Minkowskian expansion:

(1) = b + vl + 2 (1)
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Post-Minkowskian expansion:
ry (1) = b +v;' T+ 2; (7) . = Interaction vertices
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Post-Minkowskian expansion:
x; (1) =0 +vi'T+ 2 (1) . = interaction vertices
guu($) — Ty + \@hw/(z)
. = (inverse) propagators
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Causal (retarded) boundary conditions!
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Equations of motion in the diagrammatic (worldline) QFT language
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Everything follows from the action!
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Post-Minkowskian expansion of perturbative fields:
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Post-Minkowskian expansion of perturbative fields:

VG (mwny = \Fh/w
O— = 2f(7)
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For m-PM accuracy solve for
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After break, solve for m=3
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Part lI: 3PM impulse and dissipation of energy

w—0
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Impulse of i'th black hole

= p}’ (00) — pf (—00)

PR ApH 1 Ap Total radiated four-momentum
d Py T 8P by gravitational waves

Appears at 3PM order (and 1SF order)
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Black hole 1 ...
Gravity

Black hole 2 ~+*®:

1PM
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14 spinless graphs at 3PM, 1SF

. = spin and finite size effects
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14 spinless graphs at 3PM, 1SF . = pure dissipation
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Interaction vertex
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Interaction vertices
Differentiation, 1.e. momenta in numerator
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Propagators

Integration, i.e. momenta in denominator Static straight-line motion
Non-dynamical

29



Constructing and simplifying —m lim w?2\** (w)

w—(0

Draw all diagrams and insert Feynman rules

Use tensor manipulation software, e.g. FORM, FeynCalc, xAct

Simplify numerators (interaction vertices)

Tensor reduction: For example any IBP program
IBP reduction: KIRA, LiteRed, FIRE

Reduce to a minimal basis of required integrals (master integrals)

IBP reduction: KIRA, LiteRed, FIRE
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Integration-by-parts (IBP) reduction

* Technique from collider physics

* Linear identities between loop integrals (stemming from integration by
parts identities)

* Reduces an (in principle) infinite family of integrals to a finite basis of
master integrals

* |Leads to a significantly simpler integrand

* Implemented in public packages: KIRA, LiteRed, FIRE
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Dimensional regularization
d=4— 2¢
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Master integrals
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Rational coefficients

Relative Lorentz factor: v = v - v
Scale (impact parameter): b

Regulator: e
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Method of differential equations

14
Lo
] Master integrals: | — %3
= — 4
d—l(’y,b,é):M(’y,é)' (”Y,b,E)
,
111
Change of integral basis
(“Canonicalization”)
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Integration (boundary) constants

Boundary chosen in the post-Newtonian limit:

I%(e, b) = lim1 i (v,b,€) = pldimension] |integer] (CQ + ec1 + €eco + .. )
Y—

Expansion is (usually) asymptotic and
method of regions must be used

Usually, the first time “genuine” integration is required...
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Results
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Results: Radiation
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Conclusion and perspectives

- Efficient PM expansion of impulse with worldlines for black holes and QFT
methods

» Spin, finite size and absorption effects may be incorporated (but are subleading in
PM)

» Other observables include the scattering waveform, the spin kick and the radiated
angular momentum

* Intricate analytic functions such as complete elliptics and Calabi-Yau periods
appear at high orders in the impulse

- Computational bottleneck of impulse is IBP reductions

 PM results have been used in both unbound and bound EOB models

40



