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Motivation
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Introduction to Einstein’s Theory 
of Relativity, Øyvind Grøn
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Testing General Relativity with Gravitational Waves
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Parameterized test of GR during inspiral from Sanger+ 
2024, arXiv:2406.03568



Testing General Relativity with Gravitational Waves
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deviations from General 
Relativity

Top-down vs Bottom-up
 ✖ Theory agnostic tests suboptimal
 ✓ Theory agnostic tests represent larger group of 
theories
 ✓ Need for specific waveforms to test, improve and 
motivate generic tests
 ✓ Need for specific waveforms to interpret signal



Approaches to studying modifications to general relativity

Full solution: Requires well-posed initial value problem formulation

• Same principal part as GR: Scalar-Tensor theories Damour, Esposito-Farese →

Barausse+,Shibata+, Quadratic Gravity at weak coupling Noakes ⇒ Held+,East+

• Only scalar part modified: Cubic Horndeski Figueras+, Screening theories Bezares+

• Horndeski theories: Modified Generalized Harmonic formulation Kovacs and Reall

→ East+,Corman+ or modified CCZ4 formulation Salo+



Approaches to studying modifications to general relativity

Order-by-order

• Solve the equations perturbatively

• Pros: same principal part as GR,

easy to implement and flexible

• Cons: secular effects

• Applications: EdGB and dCS

Okounkova+,Stein+

G (g) = λS

• λ0 : G (g0) = 0

• λ1 : G (g1) = λS(g0)

Fixing
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Approaches to studying modifications to general relativity

Order-by-order

• Solve the equations perturbatively

• Pros: same principal part as GR,

easy to implement and flexible

• Cons: secular effects

• Applications: EdGB and dCS

Okounkova+,Stein+

G (g) = λS

• λ0 : G (g0) = 0

• λ1 : G (g1) = λS(g0)

Fixing

• 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+



Einstein scalar Gauss Bonnet gravity

S =
1

16π

∫
d4x

√−g
[
R − (∇ϕ)2 + β(ϕ)G

]

with G ≡ R2 − 4RabR
ab + RabcdR

abcd .

• Horndeski theory ⇒ second order equations of motion

• Shift-symmetric ⇒ β(ϕ) = 2λϕ

• Black hole solutions with scalar hair ∼ λ/m2
(Sotiriou & Zhou) ⇒ energy loss through

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

• Well-posed initial value formulation (Kovacs and Reall)
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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



Head on collisions of equal-mass scalarized black holes
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Quasi-circular inspirals of scalarized black holes
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Secular errors in the order-by-order approach: a toy model

• Anharmonic oscillator

d2x

dt2
+

(
2π

T0

)2 (
x + ϵx3

)
= 0

• Initial conditions

x(t = 0) = 1,
dx

dt
(t = 0) = 0

• Full solution: pure sine wave but shifted frequency

• Order by order solution:

x(t) = cos(ω0t) +
ϵ

32
[cos(3ω0t)− cos(ω0t)− 12ω0t sin(ω0t)]

⇒ secular growth on timescales ∼ T0/ϵ
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Secular errors in the order-by-order approach: a toy model
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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?

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

to general relativity are non-negligible.

• 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?



Black hole-neutron star mergers in EsGB gravity

MC and East 2024



Motivation for black hole-neutron star mergers in EsGB gravity



Motivation for black hole-neutron star mergers in EsGB gravity
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Questions

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?



Are PN predictions accurate enough to model inspiral?

0 5 10 15 20 25 30
(t− tm)[ms]

−0.2

−0.1

0.0

0.1

0.2

r/
M

R
e[
h

22
]

√
αGB = 0.00 km
√
αGB = 1.19 km

fm finsp 800 1100 fpeak

f [Hz]

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

∆
Φ

∆ΦNR

∆Φ2PN

∆Φ−1PN

∆Φ0PN

∆Φ1PN

0.01 0.018 0.028 0.039 0.048
fM

PN predictions taken from Sennet+2016 and mapped to Einstein frame using recipe outlined in

Julie+2022 or more recently Julie+2024.



What does the GW signal look like in non-linear regime?
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Can we comment on the ringdown signal?
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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.





Order by order approach in EsGB
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Fixing approach in EsGB
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What does the GW signal look like in non-linear regime?
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Quasi-circular inspirals of scalarized black holes
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Quasi-circular inspirals of scalarized black holes
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The smaller Ts the closer scalar charge to full solution and faster inspiral. Can we extrapolate

to T → 0?


