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Abstract:

In recent years, gravitational wave observations of compact objects have provided new opportunities to test our understanding
of gravity in the strong-field, highly dynamical regime. To perform model-dependent tests of General Relativity with these
observations, one needs accurate inspiral-merger-ringdown waveforms in alternative theories of gravity. In this talk, we will
discuss the nonlinear dynamics of compact object mergers in a class of modified theories of gravity, as well as the challenges in
numerically obtaining those solutions. The theory we focus on is Einstein-scalar-Gauss-Bonnet gravity, which is a representative
example of a Horndeski gravity theory and is interesting because it admits scalar hairy black hole solutions.
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Motivation
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Parameterized test of GR during inspiral from Sanger+ 2024, arXiv:2406.03568
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Motivation
Modified gravity roadmap Constrained by
% GW speed
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Unique theory
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Additional
Field

Modified gravity roadmap summarizing the possible extensions of GR from Ezquiaga and
Zumalacarregui, arXiv:1807.09241
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Approaches to studying modifications to general relativity

Full solution: Requires well-posed initial value problem formulation

e Same principal part as GR: Scalar-Tensor theories pamour, Esposite-Farese —

Barausse+Shibata+, Quadratic Gravity at weak coupling Noakes = Held+,East+
e Only scalar part modified: Cubic Horndeski Figueras+, Screening theories ezares+

e Horndeski theories: Modified Generalized Harmonic formulation kevacs and Reall

s East+.Cormant OF modified CCZ4 formulation saie+
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Approaches to studying modifications to general relativity

e Solve the equations perturbatively e Inspired by Israel-Stewart fixing of

e Pros: same principal part as GR, relativistic hydrodynamics

easy to implement and flexible e Fix evolution equations below
e Cons: secular effects some short lengthscale
e Applications: EdGB and dCS e Add new dynamical fields with
Dboniohiove b Sty driver equations
G(g) =AS G(g) =AS
e \°:G(g®) =0 — G(g)=n
© /\1 2 G(gl) — AS(gO) and T(.)trl = =[] - /\5
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Solve the equations perturbatively

Pros: same principal part as GR,

easy to implement and flexible

Cons: secular effects
Applications: EdGB and dCS

Okounkown-+,Stain
G(g) =AS

A°:G(g°%) =0

AL G(g') = AS(g°)

Approaches to studying modifications to general relativity

Order-by-order

Inspired by Israel-Stewart fixing of
relativistic hydrodynamics

Fix evolution equations below

some short lengthscale

Add new dynamical fields with

driver equations
Pros: Corrections fully backreact
Cons: Computationally expensive

Applications: EsGB, Higher
derivative theories

Cayuso+,Lehner+ Bezares+,Lara+,Franchini+
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To what extent can predictions from approximate treatments such as the
order-by-order and fixing approach be confronted with gravitational wave
observations?

MC, Lehner,East and Dideron,2024
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Black hole scalarization and saturation
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Head on collisions of equal-mass scalarized black holes
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Amplitude order-by-order solution increases by
40% compared to 3.7% for full solution, while

error in peak time remain small.
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Head on collisions of scalarized black holes
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Different combination of fixing parameters. Amplitude order-by-order solution increases by
40% compared to 3.7% for full solution, while
error in peak time remain small.
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Quasi-circular inspirals of scalarized black holes
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Weak dependence of amplitude at merger for full

solution. Order-by-order overshoots full solution.
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Quasi-circular inspirals of scalarized black holes
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Take aways comparison study

To what extent can predictions from approximate treatments such as the order-by-order

and fixing approach be confronted with gravitational wave observations?

e Order-by-order approach cannot faithfully track the solutions when the corrections

to general relativity are non-negligible.

e Fixing approach can provide consistent solutions, provided the ad-hoc timescale
over which the dynamical fields are driven to their target values is made short

compared to the physical timescales — computationally feasable?
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Black hole-neutron star mergers in EsGB gravity
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Motivation for black hole-neutron star mergers in EsGB gravity

Observation of gravitational waves from two neutron star black hole coalescences

Tt LICO Scmsririe COLLABGRATIC E Vinoo COLLADORATION, AXD THIE KAGRA CoLLABGRATION Observation of Gravitational Waves from the Coalescence
of a 2545 M., Compact Object and a Neutron Star
LIGO Sensrine COLLABOMATION, T VinGo COLLABORATION, AND TiE KAGRA CoLianomaTi
¥ 21
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Motivation for black hole-neutron star mergers in EsGB gravity
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Posteriors on \/acp from the leading -1PN
correction and those including higher PN

corrections (up to 2PN). Taken from Lyu+2022.
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of FTI framework. Taken from Sanger+2024.
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1. Are PN predictions accurate enough to model inspiral?

2. What does the GW signal look like in non-linear regime?

3. Can we comment on the ringdown signal?
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il o R T Are PN predictions accurate enough to model inspiral? mc and east 2024
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PN predictions taken from Sennet+2016 and mapped to Einstein frame using recipe outlined in
Julie+2022 or more recently Julie+2024.
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What does the GW signal look like in non-linear regime?mc and East 2024
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Can we comment on the ringdown signal?mc and east 2024)
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Conclusion

1. Are PN predictions accurate enough to model inspiral?

We find reasonable agreement up to the end of inspiral.

2. What does the GW signal look like in non-linear regime? We find weak
dependence of amplitude GW signal on coupling at merger.

3. Can we comment on the ringdown signal? Sign of shift in frequencies consistent

with perturbation theory but main effect is on amplitude GW signal.
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Einstein scalar Gauss Bonnet gravity

S =16 | 9*xv=g R~ (Vo) +5(0)3]

with G = RE= 4RabRab -+ RabcdRade.

Horndeski theory = second order equations of motion

Shift-symmetric = 3(¢) = 2A¢

e Black hole solutions with scalar hair ~ \/m? (sotiriou & zhow) = energy loss through

scalar radiation, -1PN (at leading order) dephasing in GW signal (vag)

Well-posed initial value formulation (kovacs and Reall)
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