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Abstract: In this talk | will present our 3+1 formulation of the Four-Derivative scalar-tensor theory of gravity with a modified puncture gauge that
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Motivation

[Baker et al ‘15]
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Modified gravity

* Multiple possibilities  raaisn
for modifying gravity.
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Cascading gravity

Image credits to T. Baker
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The theory

* We consider the Four-Derivative Scalar Tensor Theory of Gravity:
S=[ d' xV=g(R+ XV (g)+g,(¢) X’+A(9) L),
X==2(0,9), £ =R~ 4R, ,R"+R, ., R"""

* |t violates the No-Hair Theorem.
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Well-posedness

y

* Aninitial value (or Cauchy) problem |
atu:F(xi,u,aiu,...,8i1...8imu,...) Yo

o= (¥)

+ ' + - - {
a Iy~€ to fo+€ b

is (locally) well-posed if there exists a unique (local) solution fort€[0,T |
for a given T>0 which depends smoothly on the initial data.

* Only well-posed initial value problems can lead to stable Numerical
Relativity simulations.
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Modified Harmonic Gauge

[Kovéacs and Reall ‘20]
* Proposed in [Kovacs and Reall '20]. o 5

 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,
Corman, Ripley and East ‘23].

— —

g;_u/ e g,u,r/ —a
g;u/ _ g,u,u . b(.’l?
0 <a(z) < b(x)
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Our formulation

* Moving puncture gauge (singularity-
avoiding coordinates).

» 1+log slicing for the lapse and
Gamma driver for the shift:

Oa = ['O;a —2a(K — 20),

Oy ,'f"')"i = ‘,:'_"3]- 0j ,.L"")’i + 3 ( dd'_ 0 I [IHannam et al ‘08]
which yield in the Ora = B'0ja — iy (K —20),

modified approach as a(z)aD'a

D AL QAT Al d "
()”j o 'dj()j"j i 2(d—1) 1+a(xz)  14a(z) -
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Modified Harmonic Gauge

[Kovéacs and Reall ‘20]
* Proposed in [Kovacs and Reall '20]. o

 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,
Corman, Ripley and East ‘23].

— —_——
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Results

S=[d*xV=g(R+X+g,(9) X'+ A(9) L)

Rﬂ VPO

A= % (0,9),£"=R"—4R, R""+R

Uvpo

* 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],
an extension of GRChombo,

https://github.com/GRTLCollaboration/GRFolres.
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GRFolres

B GRAVITY

Higher derivatives (GRManilles??)

GR (GRChombo | GRTeclyn)

|
|
-
40ST (GRFolres)
|
|
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* All Black Hole solutions are hairy.

rhs5/M

rh/M

Shift-symmetric 49ST theory
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Non-spinning Black Hole binaries
[LAS, Clough and Figueras ‘22]
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[LAS, Clough and Figueras ‘23]
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Quadratic EsGB

1 GB 2
/1( ¢) — Z A ¢ 0.0030 -
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» Studied in [Silva et al ‘21, Elley et al |
'22] without backreaction. .
,5 0.0015 1
* Hairy and non-hairy Black Holes. |

» Spin-induced tachyonic instability 0.0
that triggers spontaneous scala- .
risation [Silva, Sakstein, Gualtieri, | | I | | i
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[LAS, Clough and Figueras ‘23]
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Exponential quadratlc EsGB

-
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[LAS, Clough and Figueras ‘23]
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Exponential quadratic EsGB

Pirsa: 23120056



t = 1648 M
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Hyperbolicity loss

* Some of the physical modes lie on the null cone of an effective metric.

* The change of sign of its determinant determines the transition from a

hyperbolic system to an elliptic system.
1.0
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g
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x/M /M /M x/M x/M
[Doneva, LAS, Clough, Figueras and Yazadjev ‘23]

See also [Ripley and Pretorius ‘19]
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Non-equal mass binaries

* We have been able to evolve non-equal mass binaries with mass

ratios 1:2 and 1:3 ol T T T T , —
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[LAS, Doneva, Clough, Figueras, Rossi and Yazadjev ‘24] (in preparation)

See also [Corman, Ripley and East ‘23]
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Initial conditions

 CTTK method [Aurrekoetxea, Clough and Lim ‘22]
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0.25
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x/L
[Brady, LAS, Clough, Figueras and P.S. ‘23]
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Summary

* Well-posed formulation In
singularity-avoiding
coordinates of the 40ST theory.

e Equal and non-equal mass * o
binaries simulations in the full
non-linear theory.

t=1530M

* Non-trivial dynamics for the
scalar field.
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Further directions

* Introduce hydrodynamics - Neutron
Stars.

 Cosmological spacetimes — inflation.

* Black strings in 5-dimensional
Lovelock theories.
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