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 (Gravitational wave research at HU:
Worldline quantum field theory

* High-precision, perturbative black hole scattering

* First, motivation:
* Gravitational wave physics

* Black hole two-body problem




Gravitational Wave Physics

 Hundreds of detections since 2015
* Astrophysical origins: compact binary coalescence
» 2030s detectors: unprecedented sensitivity

» Large banks of theoretical gravitational-wave templates required for data analysis
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Compact Blnary Coalescence [PRL 116, 061102 (2016)]
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* No-hair theorem, only mass and spin
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* Non-linear, non-stationary differential equations
with two interacting event horizons (black holes)

* Simulated on clusters in numerical relativity
(first complete simulation in 2005)

* Perturbative approaches: PN, PM, GSF, BHPT... 4




Goldberger, Rothstein: [0409156], Levi, Steinhoff: [1506.05056], Porto: [1601.04914], Haddad, GUJ, Mogull, Plefka: [2411.08176]

2H(7) Worldline Effective Field Theory
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Post-Minkowskian Scattering

* Find perturbative, analytic solutions to Einstein’s field equations and the
geodesic equations %
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Mogull, Plefka, Steinhoff: [2010.02865], GUJ, Mogull, Plefka, Steinhoff: [2109.04465], GUJ, Mogull, Plefka, Sauer: [2207.00569]

Worldline Quantum Field Theory (WQFT)

* Diagrammatic, algorithmic solution to classical equations of motion

* Solve classical equations of motion as stationary phase of worldline quantum

field theory
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WQFT diagrams Example

1% diagrams:

Feynman rules (interactions): Black hole 1
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Worldline effective field theory
(spin, tidal, absorption effects)
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Loop Integration
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Dimensional regularization
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~ G (9) 0 Loops (tree) LOOP Integ ration

: : Methods from collider physics:
N G2 @ 1 LOOpS
-------------- * Integration-by-parts identities

» Differential equations (in canonical form) for
master integrals

* Method of regions for asymptotic limits

) - Dimensional regularization
~ Gt 3Iwwewg (9) 3 Loops
(12 () » Understanding of special functions and analytic
............... behaviour

@ @ @ @ 4 Loops See posters from Mathias Driesse, Jitze
e A Hoogeveen and Kathrin Stoldt for examples! 11



~ G (9) 0 Loops (tree) LOOP Integ ration
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N G2 @ 1 LOOpS
-------------- * Integration-by-parts identities

mna 10% core hours of IBP reduction using KIRA
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* M (~ 4 SpEC simulations)
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Kerr black hole scattering at G° precision

relative Lorentz factor
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Kerr black hole scattering at G° precision

Driesse, GUJ, Klemm, Mogull, Nega, Plefka,
Algebraic geometry ‘ Sauer, Usovitsch: [2411.11846]
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Klemm, Nega, Sauer, Plefka: [2401.07899] s e summgrmonsoon  faster crop breeding
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(\/ Dynamical Capture —— Weak-field to Strong-field
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Buonanno, GUJ, Mogull: [2402.12342]
Damour, Guercilena, Hinder, Hopper, Nagar, Rezzolla: [1402.7307]
Rettegno, Pratten, Thomas, Schmidt, Damour: [2307.06999]




Construct (Effective-one-body) potential

/ From weak-field (post-Minkowskian) data \
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SEOB-PM resummation model
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Buonanno, GUJ, Mogull: [2402.12342]
Damour, Guercilena, Hinder, Hopper, Nagar, Rezzolla: [1402.7307]
Rettegno, Pratten, Thomas, Schmidt, Damour: [2307.06999]




See posters from Mathias Driesse, Jitze
Hoogeveen and Kathrin Stoldt for more!
Outlook s
* |mprove resummation models
* Import our results to bound waveform models

Buonanno, Mogull, Patil, Pompili: [2405.19181]
* Continue to ever higher orders?

* Wish for more numerical relativity simulations

* Wish for experimental black hole scattering data

20
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[Niels Warburton (2025, in preparation)]
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Black Hole Coalescence

Weak field approximations Perturbation Theory
and resummations /\ /
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Weak field expansion

H=F+ FE;+V(r,p)
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Weak field expansion
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Long, Pfeiffer, Buonanno, GUJ, Mogull, Ramos-Buades, Ruter, Kidder, Scheel: 2507.08071

0 [deg]

01 — 09 [deg]

109 8 7 6 5 4 3 2 1
186FTTme,
: 1\':’5.'.\*\‘\. v = 1.02
185} B =S
- ¥ \'\,:~:f~.~ Z — 48
[ ié '\W:T\::f.~
184+ \'\':.'f'.:.‘\.
i \.\.:..:'.f:f:~~~
183} T~ TS
| ¥ RSN
182:‘ s
181 -
0.0 } _______ ?
| B I i ol /
® ¢ T T Vo
| 1 T ¢ ? ® ? ! /'/
d 1 1 e
—0.2F ~~._ _ -4 1 - "/‘/‘/
70100 0125 0150 0175 0200 0225  0.250

vV

0 [deg]

(91 — 92 [deg]

8 7 0 H 4 3 2 1
T ' '

450 _\\1 \\ Y = 10916 . 91

N N b=105M " O

S -~ mm—— SEOB-4PM
T NN

SN —.—- SEOB-5PM(1SF)
N N t SPEC

i @ \:\\:\\ \\\ i -~

: s 4 \\:2::\ TS~ \\\\

[ ’.‘N:::::~~ §§§~:: sssssss
300_ =.?:====~~~ C—— Ty

: ‘~i========_

B W ———
e e e e e e e e e e S e S S S S

0

¥ )

A
—1‘ s 4 * /// I

i € ° - . //// ,|

| gl j
—2[ el !

e R

0.100 0.125 0.150 0.175 0.200 0.225 0.250

1%

20



Long, Pfeiffer, Buonanno, GUJ, Mogull, Ramos-Buades, Ruiter, Kidder, Scheel: 2507.08071

0 |deg]

300
200} |

100} |

APM(0SF)
......... APM
5PM(0SF)
......... SPI\I(ISF)
————— SEOB-4PM

—-—- SEOB-4PN
¢ SPEC

s<-T

——- SEOB-5PM(1SF)

27



