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1. What is numerical relativity?

2. Applications to Tundamental
physics with pblack holes

3. Applications to fundamental
physics beyond black holes




What is numerical relativity”?



Numerical relativity is the
numerical solution of the Einstein
~quations of general relativity
(‘without approximation’).
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[t allows us to describe the
curvature of spacetime in strong
gravity regimes.




Flat space

dl* = dz”

dl* = (d$ dy) (









Curved spacetime

ds* = (dt dr dy dz)
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“The spacetime metric”

gab(tv f)

dt
dx

dz



Numerical relativity allows us to
describe the curvature of
spacetime 1n strong gravity

regimes
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Numerical relativity allows us to

describe the curvature of

spacetime 1n strong gravity

regimes
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non linear terms = f(energy, momentum)
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These calculations
take weeks days on

SUpPErcomputers
(SRUs GPUs)
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What about the new pnysics



Numerical relativity allows us to
describe the curvature of
spacetime 1n strong gravity
regimes
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Numerical relativity allows us to

describe the curvature of

spacetime 1n strong gravity

regimes
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Application to rTundamental
physics with plack holes



For ten years we have
peen aple to opserve
plack holes merging.

BE Q Home News Sport More - Q

NEWS

Science & Environment

Einstein's gravitational waves 'seen’
from black holes

By Pallab Ghosh
Science correspondent, BBC News

® 11 February 2016 f © Y <
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We use numerical relativity to model the signals




We then have to find the simulation that best matches the data
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Final best-fit waveform .
—  Predicted
Distance: 420 MPc
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IMAGE CREDIT: LVK

We are currently only
looking in a small range of

wavelengtns . GW151226
| GW170104
W\JV\’KV}\‘,‘,‘,‘I | '
J
%L\/K | GW170814
VWWW'I‘IW}
0 sec. 1 sec. 2 sec.

time observable by LIGO-Virgo




IMAGE CREDIT: LVK

We are currently only
looking in a small range of

wavelengtngs
1 GW170104
W\"V\’Av".l,‘,., | '
Z
JJ LVK ol GW170814
0 sec. 1 sec. 2 sec.

time observable by LIGO-Virgo
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[magine what discovery potential
the tuture holds!




[magine what discovery potential
the tuture holds!




What about the new pnysics



There is nothing wrong with
the null hypothesis:

Black holes on all observable
scales are described by
Finstein's GR and
environments will not be
detectable with current or
future planned signal to
Nnolse ratios

GW250114

Hanford, Washington (LHO) Livingston, Louisiana (LLO)

0.10 0.15 0.20 0.10 0.15 0.20
Time [s] Time [s]

LIGO Scientific, Virgo and KAGRA Collaborations 2025
Phys.Rev.Lett. |35, | 11403



Nevertheless, it would pe
scientifically negligent not to
test this hypothesis with our
data.

GW250114

Hanford, Washington (LHO) Livingston, Louisiana (LLO)

F/\/\/\/\/\ﬁJ AAAM

LHO dawz
B Waveform medel reconstruction B Waveform model reconstruction

B Wavelet reconstruction B Wavelet reconstruction u
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LIGO Scientific, Virgo and KAGRA Collaborations 2025
Phys.Rev.Lett. |35, | 11403
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Numerical relativity allows us to
describe the curvature of
spacetime 1n strong gravity
regimes
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Dark matter

Can black holes act as particle
detectors?

What is the endpoint of
instapilities in the presence of
light particles”

Would dark matter
environments pbe opservaple
with gravitational waves?

density of DM

t = 1000 M




Dark matter

Can black holes act as particle
detectors?

What is the endpoint of

instapilities in the presence of
light particles”

Would dark matter
environments pbe opservaple
with gravitational waves?

aaaaaaaaaaa

S. Roy, RVicente, | Aurrekoetxea, KC, P Ferreira. 2025
Scalar fields around black hole binaries in LIGO-Virgo-KAGRA
2510.17967 [gr-qc]



Dark matter

Can black holes act as particle
detectors?

What is the endpoint of
nstapilities in the presence of
light particles”

Would dark matter
environments pbe opservaple
with gravitational waves?

Event GW190728
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S. Roy, RVicente, | Aurrekoetxea, KC, P Ferreira. 2025
Scalar fields around black hole binaries in LIGO-Virgo-KAGRA
2510.17967 [er-qc]



Numerical relativity allows us to

describe the curvature of

spacetime 1n strong gravity

regimes
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Modified gravity

What effective field theories
peyond GR are dynamically
stable?

What are the smoking gun
signatures of EFT
corrections’

Can corrections to general
relativity pe detected?

1
S = d*x, /= R + .
167G ,[ > - V
20 theory higher 0 terms

Modified gravity roadmap Constrained by

GW speed

GW dispersion

e = ‘F W: | .
General ; NN i) GW damping

P N, o
Relativity fadn) | GW oscillations
ENsor R GAU AN '
Unique theory
of massless g,

JM Ezquiaga et al 2018
Front. Astron. Space Sci. 5 44



Modified gravity

What ef

ffective field theories

peyond

staple”?

GR are dynamically

What are the smoking gun
signatures of EFT
corrections?

Can corrections to general
relativity be detected?
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T Baker et.al. 2015
Astrophys. . 802 (2015) 63
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Modified gravity

What effective field theories
peyond GR are dynamically
staple”?

What are the smoking gun
signatures of EFT
COITECtIONS?

Can corrections to general
relativity pe detected?

—0.3 Re(r¥y) 0.3
B e
10F
E 0
— 10 e
GWs
—40 0 40
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T 00
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L Areste Salo, KC, P Figueras 2022

Well-Posedness of the Four-Derivative Scalar-Tensor Theory of

Gravity in Singularity Avoiding Coordinates
Phys.Rev.Lett. 129 (2022) 26,261 104



Modified gravity

What effective field theories

peyond GR are dynamically
staple?

What are the smoking gun
signatures of EFT
corrections?

Can corrections to general
relativity be detected?
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M Corman, L Areste Salo, KC 2025
Black hole binaries in shift-symmetric Einstein-scalar-Gauss-Bonnet

oravity experience a slower merger phase
2511.19073 [grgc]



Application to rTundamental
physics beyond black holes



Simulations allow us to test

new possipilities that we
navent seen petore

R

R Croft et al 2023
The gravitational afterglow of boson stars
Class.Quant.Grav. 40 (2023) 6,06500 |




Early universe cosmology

What is the nature of the
cosmological singularity?

Can inflation begin?

Can cosmological bounces
oCccur?

Do primordial black holes
form during preheating?

Image credit: Josu Aurrekoetxea, KC, Francesco Muia

J. Aurrekoetxea, KC, E A Lim
Cosmology using Numerical Relativity
Living Rev.Rel. 28 (2025) |, 5




Our 4D universe is also a strongly curved spacetime

1 dimensional “time” is curved

3 dimensional “space” is (roughly) flat



J. Aurrekoetxea, KC, F Muia
Oscillon formation during inflationary preheating with general relativity

Early universe cosmology Phys.Rev.D 108 (2023) 2,023501

What is the nature or the 00603 &/Mp
cosmological singularity?

Can inflation begin?

Can cosmological bounces
oCccur?

Do primordial black holes
form during preheating?




Anything else?



What no one has seen
before...

Are warp drive spacetimes
staple”

Can we detect them in
gravitational waves?
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What no one has seen
before...

Are warp drive spacetimes
staple”

Can we detect them in
gravitational waves?
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What no one has seen KC,T Dietrich, S Khan

VWhat no one has seen before: gravitational waveforms from warp drive collapse

before... Open JAstrophys. 7 (2024)
x10~1

Are warp drive spacetimes g ,-’I'\‘-\ zigio

staple? R N

Can we detect them in
gravitational waves? —1-

Amplitude ~ 0.01/ R at a distance of R

Frequency ~ 1/R



What no one has seen

before R =1 km bubble in our galaxy, travelling
h at 10% of the speed of light

10 *?

Are warp drive spacetimes ..
stapble? -

10 *©

IPTA

Can we detect them in oo
gravitational waves” oo

Characteristic Strain

10 24

10 26

107*° 10 * 10°° 10~ 10 * 10° 102 10’ 10°

Frequency / Hz

Image credit: Chris Berry (aliens added)
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