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Motivation

Detection of gravitational waves = o
Testing of the strong field regime. 10"

[Baker et al ‘15]
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Numerical Relativity enables us to @ ™7
compute those waveforms. SEms e
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Beyond GR

 Multiple possibilities S

for modifying gravity.
» Effective field theory.

Einstein-Dilaton-
Gauss-Bonnet

Strings & Branes

Higher dimensions

Kaluza-Klein

Cascading gravity

DGP

Image credits to T. Baker
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Gravity as an EFT

~ Four-Derivative Scalar Tensor Theory of Gravity
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Well-posedness beyond GR

* Adding extra terms in Einstein’s equations generally breaks well-

posedness. 00

e Solution? ’

- Modified Harmonic Gauge [Kovacs and Reall 20] / /
(modify the gauge)

|
- Fixing the equations [Cayuso, Ortiz and Lehner ‘17] K |
(modify the evolution equations to control the high frequency modes)\ \ \,
- Lagrangian regularisation [Figueras, Held and Kovéacs ‘24]
(modify the lagrangian)
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Modified Harmonic Gauge

Well-posed formulation of weakly coupled
Lovelock and Horndeski theories of gravity.

Different propagation speeds for the
unphysical modes.

Implemented in ESGB [East and Ripley ‘21, East
and Pretorius ‘22, Corman, Ripley and East ‘23,

Corman and East ‘24].

Adapted to the moving punctures approach
[LAS, Clough and Figueras ‘22].

[Kovacs and Reall ‘20]
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Moving punctures approach

 Excision of the inner Black Hole is
necessary in the Harmonic Gauge.

 Moving puncture gauge (singularity-
avoiding coordinates).

* Modified version of the 1+log slicing
| for the lapse and Gamma driver for
N [ 2 _

O = B*0ic — 7775 (K = 20), he shift.
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Results

S =5 [ d'av=g (R+ X = V(8) + 02(6)X? + NG)LP +T)

1
X =—5(00)* L% =RupoR"" — AR, R" + R’

* Well-posed in our modified CCZ4 formulation in the weakly
coupled regime.

* Implemented in its full non-linear form in GRFolres [LAS et al ‘23]
(see https://github.com/GRTLCollaboration/GRFolres) and in

MHDueT. G

MHDu | ueT



https://github.com/GRTLCollaboration/GRFolres

Types of coupling
S glh /d4;r\/7(R+X V(9) + ga(8) X2 + A()LEE + TW)

« 1 will consider in this talk g2(¢) =V (¢)= 0, which reduces to
Einstein-scalar-Gauss-Bonnet (EsGB).

* Types of coupling for \(¢) :
- Type | (M) ~ &+ O(¢?)) : only hairy BH solutions exist

- Type Il (A(¢) ~ ¢* + O(¢?)): both Kerr BH and hairy BH
solutions exist

« In particular | will consider A(¢) = A“B ¢.in the weakly coupling
regime (|A“"| < L?) with L the characteristic length of the system.



SPONTANEOUS SCALARISATION

¢  0.015

Credits to J. Aurrekoetxea



BBH in shift-symmetric EsGB

(t = t7ek) /M (t — to) /M
* Unequal-mass BBH with + .. T /\ ~~~~~~ |
rato 1.2 and an = e EAL ]
intermediate value of the Z 0] | | oy ~<Jr
coupling. R R Y R R
* Dephasing from GR T N A AR
waveforms matches with Ik
PN calculations. o — ir
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with Daniela Doneva, Katy Clough, Pau Figueras and Stoytcho Yazadjev



BBH in shift-symmetric EsGB

0.0] «=%————. —— X/m? = 0.106 (no slow turn-on) 0.001 N —— \/m? = 0.106
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—0.2 ~ —0.051
~ ~S=~
O TSSSsnsa-
> N TS T
| ~~~~~~~
504 -~ ' —0.101
94 —-——
_06 - _015<
1.5PN :
——— 2PN 1:1 mass ratio
0.010 0.012 0.014 0.016 0.010 0.012 0.014 0.016
f-M f-M

with Daniela Doneva, Katy Clough, Pau Figueras and Stoytcho Yazadjev



BBH in shift-symmetric EsGB

0.151

 Unequal-mass BBH with 0.10
ratio 1:3 and a strong | M
value of the coupling. "

r/M - h3,

 More accuracy needed to
quantify the dephasing -0 U
respect to GR.
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with Daniela Doneva, Katy Clough, Pau Figueras and Stoytcho Yazadjev



BBH in shift-symmetric EsGB

- Scalar charge behaves | | —
as expected for all 7] -
mass ratios considered. "' - ﬁ

=25

* Quotient between ¥, j
amplitudes  coincides 7,
with 7 = mima/M? 0.

(see [Witek, Gualtieri, Pani y —
and Sotiriou ‘19]) N
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with Daniela Doneva, Katy Clough, Pau Figueras and Stoytcho Yazadjev



BBH in shift-symmetric EsGB
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BBH in shift-symmetric EsGB

« Weak coupling condition —am
for the high value of the 1
coupling considered In j
the 1:2 mass ratio.

N
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e Close to the violation of
the EFT regime.

Weak coupling condition
e
[N}

e
—

* No justification for going
higher without including "

higher derivative terms. ; o0 10 w0 s 1000
t/M

with Daniela Doneva, Katy Clough, Pau Figueras and Stoytcho Yazadjev



Binary Neutron Stars

We have performed the first BNS mergers in
EsGB in singularity-avoiding coordinates.

EoS used: APR4 MI-IDueT

Initial data generated with Lorene

Two cases studied (both with 5/6 orbits until
merger)

- With collapse to a BH
- With a long living remnant NS

with Miguel Bezares, Ricard Aguilet-Miret and Thomas Sotiriou



Binary Neutron Stars

 BNS collapsing into a 002f — ece

BH, in ESGB, with an

Intermediate value of E 0011

I =

the COUpllng. CE 0.00 ——— S S N ,\/\/\/\/\/\/\ ”'I'A ,,,,,,,,,
* Dephasing from GR = "

more visible during the ™ -oo]

merger.
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with Miguel Bezares, Ricard Aguilet-Miret and Thomas Sotiriou



Fluid density
In a BNS
collapse In
sGB

with Miguel
Bezares, Ricard
Aguilet-Miret
and Thomas
Sotiriou




Binary Neutron Stars

NS have no scalar
charge.

BHs have scalar
charge and the
scalar field has the
opposite sign than
IN a NS for shift-
symmetric sGB.
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Scalar field in
a BNS
collapse In
sGB

with Miguel
Bezares, Ricard
Aguilet-Miret
and Thomas
Sotiriou




Binary Neutron Stars
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Binary Neutron Stars

« BNS with a long-lived 0.02- — e
remnant NS in GR.

+ GB coupling causes = . ”
collapse of the = oo} A \/\ HV“UMMVMVAUAUAVAJ
remnant NS into a = | ” UWV
BH. ~ —0.011
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with Miguel Bezares, Ricard Aguilet-Miret and Thomas Sotiriou



Summary

 We have performed equal and unequal mass
BBHSs in the 490ST theory in its full non-linear

regime and obtained consistent results.

e Controlling better the eccentricity is required
to get more precise waveforms — work in

progress with Maxence Corman and Katy Clough.

o}

t=1530M

We have run the first sGB
BNS in singularity-avoiding
coordinates with MHDueT and
studied some interesting
scenarios.



Summary

 We have performed equal and unequal mass
BBHSs in the 490ST theory in its full non-linear
regime and obtained consistent results.

o}

e Controlling better the eccentricity is required

to get more precise waveforms — work in
progress with Maxence Corman and Katy Clough.

t=1530M

* We have run the first sGB
BNS in singularity-avoiding
coordinates with MHDueT and
studied some interesting
scenarios.
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