N - I I t . . t y I
7S Y,‘ < _'} N e T T e Y AL

RS I R /, : /~ S e

O R e TN AT G B D R L]

< % R NGRS .
N \; \{9(())({% :-‘::r<"’"'<.'.‘§?..:(" \ :/ RATIER '.,'
S N R A R e A 7 S N A RN
s e 0 P S

S S e

4

A
LIRS
EONES
N

LAV Lo L i y P VS o e
2Ll A R R DI PR ‘?}332' R
¢ 3 . 3 NN W M S A 2 VR %
’-'\/ PR o s a a e /$v¢ 5 :&\/ -2: V\Sé\:-’;:‘\‘\ ..‘ﬁbv,\\’v:\
: AL A 2‘2,. ». %\ Q o A

\' v R . 4 . . ¢ o . :..:. . k. ‘-\'.‘_ i s ;‘-_‘.'v.f
s o -

NS A

>
X

./‘
WA
Ny
{

28

BT
Yo {:'\.

. ’
A
' ,

A
£

a2 .7 Katy Clough, STFC Ernest Rutherford Fellow
oo o e o Queen Mary University of London

v
NS

s
/ k:
7

., .

.\'/

~ '\./ e
s
g Ehay
hiN . ~

4
Science & Technology c_,_Q_f/ Queen I\/Iary
Facilities Council T




Plan for the talk

 What is numerical relativity?
 What can it do”? What can’t it do?

e A fun(damental) example - warp drive collapse




Main message:

Numerical relativity simulations can be used as a tool to investigate the
consequences of fundamental physics in strong gravity regimes. They are a
modern day gedanken experiment.




What is humerical relativity?



Curved spacetime

ds* = (dt dr dy dz)

doo Yo1
gio 911
g20 921
gso 931

gdo2
gi2
g22
gs32

gos
gi3
ga3
gs3

“The spacetime metric”

gab(tv f)

dt
dx

dz



What is the goal of NR?

The metric The Einstein equation

goo 9go1 Yoz Yo3 dt
dsQ:(dt dr  dy dz) gio 911 Y912 413 dx Rab' R/2 gab=8“ Tab

g20 g21 Gg22 go3 dy
gso 9gs1 9gs2 3gs3 dz / \

f(2gab, 9gab, Gab) “Energy-Momentum”
“The spacetime metric” “Curvature’

gab(ta f)




The Einstein equation tells us how the
metric should look, given some
energy/matter distribution

Four constraint equations for any time slice - non linear elliptic/Poisson equation
2

0°8

0x?

An evolution equation for all time - non linear hyperbolic/wave equation

78 08 + non linear t A tum)
— non linear terms = f(energy, momentum
Rab - R/2 Jab = 8t Tap at2 axz 8y

+ non linear terms = f(energy, momentum)

“Matter tells spaoetime how to curve...”



The metric determines the motion of
matter

Continuity equation

op .

— 4+ V . J = source

o -
8ab 8ab

Va ( Rab' R/2 gab) =Va (8“ Tab) — 0

”...space’cime tells matter how to weove.”



What is NR?

Fill using Einstein equation attg//lv =f(atg,m/’ Euv- TMV)

“local time” » v
VMT =O —> atTﬂ =f(T/,{I/9g,uI/)

boundary
conditions

/( .X.Xg,ulj’ xg,uw g/,{p’ Iuy)

initial data (d,g,,, &,,» 1,,)



What is NR?

Fill using Einstein equation
W . '/
local time

0,8, = 9,8, = 0 (a bit boring!)

boundary conditions

= asymptotically flat

initial data = Schwarzschild , no matter



What can it do?



The poster child for numerical relativity is a
binary black hole merger

EE Q Home News Sport More - Q | [ [

Insplral Merger Ring-
down

NEWS

Science & Environment Q O O .

Einstein's gravitational waves 'seen’

from black holes 1.0 |- ﬂ -
By Pallab Ghosh g. 0.5 ﬁ -
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Why is NR necessary for the binary merger?

DYNAMICAL NO PERTURBATIVE
SPACETIME EXPANSION

GRAVITATIONAL BACKREACTION (STRONG GRAVITY)



Numerical simulations play a key role In
understanding black hole populations

I [ [ [
Inspiral Merger Ring-
down
1.0 |- -
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o
~ 0.0
L=
§-015 - -
-1.0 = Numerical relativity n
B Reconstructed (template)
I I l |
— [ [ I [
2 0.6+ =
é\ 0.5 H — Black hale separation -
W) === Black hole relative velaocity —
204
w —
> 0.3 E | | | |

0.30

0.35

Time (s)
Credit: LIGO Collaboration

0.40

O~ N WPRB
Separation (Rs)



And maybe dark
matter too

(Somewhat
unexpectedly) there can
be a significant
enhancement of light
DM around equal mass
binary BHs




Dark matter

re
22

FexW

This can resultin a

significant dephasing, B
with potential to B
introduce bias in
parameter estimation

J. Aurrekoetxea, KC, | Bamber; P Ferreira 2023
Phys.Rev.Lett. |32 (2024) 21,21 1401



Which may
Include exotic
compact objects

Our understanding of
the potential to miss
or mischaracterise
these signals is
Improving

| m



Also modified
gravity

(Somewhat
unexpectedly) we
are able to simulate
beyond GR theories
(well posed

formulations can be
found)

density/curvature contribution of
additional gravitational scalar

10~2

O (o] (o) 1073

t=1450M t=1470M t=1490A t=1510M t=1530M ERlN i

7 107
) o T3 G G

-1 0 1 -1 0 1 -1 0 1 -1 O 1 =1 0
x/M x/M x/M x/M x/M

L Areste Salo, KC, P Figueras 2022
Phys.Rev.Lett. 129 (2022) 26,261 104

See in particular: P F|gueras A Held, A Kovacs 2022

ell-posed initial value formulation of general effective field theories of gravity
or-gc 240/.0877/5

SY


https://arxiv.org/abs/2407.08775

MOdified gravity gravitational waves
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L Areste Salo, KC, P Figueras 2022
Phys.Rev.Lett. 129 (2022) 26,261 104



Modified gravity

Simulations in the
early phases of
testing and
development, but
dephasing also has
the potential to create
systematic bias

0.010+

0.005 1

0.000 -

VW 9

= —().005-

T

—0.010-

—0.0157

gravitat

lonal waves

— \/m? =0.15
— T — 27 Qm
------ T =198m
T =2.6m
- T = 1.8m

- — T—— e

0.012-

0.0101 |

|-

—0.020-

350
200 250

360

300 300 400
(t —r)/M

Maxence Corman, Luis Lehner, Willlam E. East, Guillaume Dideron

Phys.Rev.D |10 (2024) 8,084048



But numerical relativity is not just
for gravitational waves!



Historical precedent for using these simulations

as “numerical experiments” Iin strong gravity

log(black hole mass formed)

=

A

log(p-p7)

Universality and scaling in gravitational collapse of a massless scalar field
Matthew W. Choptuik
Phys.Rev.Lett. 70 (1993) 9-12



Historical precedent for using these simulations
as “numerical experiments” in strong gravity

Berger, Moncrief and Garfinkle’s work on the nature of BKL singularities

D. Garfinkle & F Pretorius, Spike behavior in the approach to spacetime
singularities
Phys.Rev.D 102 (2020) 12, 124067



Highly relevant for the beginning of the Universe,
about which we know very little

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380.000 yrs. i Galaxies, Planets, etc.
/

|nﬂatlon‘ ‘

THEN A

MIRACLE W Qs
A r(\ﬂ

Quantum
Fluctuations

‘T THINK You SHOULD BE. MORE. EXPLICIT HERE IN STEY Two™

1st Stars
about 400 millian yrs.

Big Bang Expansion
13.7 billion years




NR provides a numerical “experiment” for very
INhomogeneous universes

Field Density perturbations

-0.06036 &/ Mp) -0.0603 -0.0009 ) 0.0013




Studying bouncing cosmologies
with Numerical Relativity

Ng = 12.762 Ng = 42.215 Ne = 90.321

,—.|H0|‘l W Hol 1 JT|H0|_1 "7|H0| 1

- -1 - -1
| o]~ | 4ol | Ho| ™! | Hol

The robustness of slow contraction and the shape of the scalar field potential
Timo Kist, Anna ljjas
JCAP 08 (2022) 08, 046



Do modifications to gravity change the story?

Afterglow Light
Pattern Dark Ages
380.000 yrs.

Inflation

Quantum $
Fluctuations

< /f(
W oreN A
T MRACLE X 0ksi

OCCURS...N, v 90 ter
‘\ﬁ? 1\\.!'7\” n 1st Stars

about 400 million
‘T 7HINK You SHOULD BE. MORE. EXPLICIT RERE. IN STEY Two




Higher dimensional spacetimes - do corrections to GR
protect cosmic censorship?

4 1.

|ll
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P Figueras, A Kovacs, S Yao 2024
in prep
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And warp drives
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What can’t it do?




Similarity of scales is a feature and a bug

DYNAMICAL NO PERTURBATIVE
SPACETIME EXPANSION

GRAVITATIONAL BACKREACTION (STRONG GRAVITY)



Finite space of simulations

periodic boundary conditions

t=36.8 t=255.2

1.2 -

1.0 -

2.8 -

0.6 -

0.4 -

2.2 -

9.0 -

-0.2

Initial conditions problem in cosmological inflation revisited
D. Garfinkle, A ljjas, P Steinhardt
Phys.Lett.B 843 (2023) 138028

Effect on conclusions?



Finite time of simulations

|

Inspiral

umerical relativity
BN Reconstructed (template)
1 |

Numerical relativity part



Transients can dominate over the physical effect of interest




Need a well posed formulation of the equations

o o o]

t=1450M t=1470M t=1490M t=1510M t=1530M

o O 00




Too much parameter space?
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Pratten et. al. 2021
Assessing gravitational-wave binary black hole candidates
with Bayesian odds

+ additional params®?



A fun(damental) example



A warp drive metric exists

| JEEaEesmEass
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Alcubierre, The warp drive: hyper-fast travel within general relativity, CQG 1994



What happens if the
warp drive
containment field
fails?

Could we see
gravitational waves
from alien warp
drive ships?




What happens if the
warp drive
containment field
fails?

Could we see
gravitational waves
from alien warp
drive ships?




WHAT NO ONE HAS SEEN BEFORE: GRAVITATIONAL WAVEFORMS FROM WARP DRIVE COLLAPSE

Kary Croucn!?, TiM DigTRICH?*, AND SEBASTIAN KIIAN®

1 School of Mathematical Sciences, Queen Mary University of London, Mile End Road, London E1 4NS, United Kingdom
2 Astrophysics, University of Oxford, DWB, Keble Road, Oxford OX1 3RH, UK
3 Institut fiir Physik und Astronomie, Universitit Potsdam, Haus 28, Karl-Liebknecht-Str. 24/25, 14476, Potsdam, Germany

1Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Miihlenberg 1, Potsdam 14476, Germany and
> School of Physics and Astronomy, Cardiff University, Queens Buildings, Cardiff, CF24 3AA, United Kingdom
Version July 25, 2024

ABSTRACT

Despite originating in science fiction, warp drives have a concrete description in general relativity,
with Alcubierre first proposing a spacetime metric that supported faster-than-light travel. Whilst
there are numerous practical barriers to their implementation in real life, including a requirement for
negative energy, computationally, one can simulate their evolution in time given an equation of state
describing the matter. In this work, we study the signatures arising from a warp drive ‘containment
failure’, assuming a stiff equation of state for the fluid. We compute the emitted gravitational-wave
signal and track the energy fluxes of the fluid. Apart from its rather speculative application to the
search for extraterrestrial life in gravitational-wave detector data, this work is interesting as a study of
the dynamical evolution and stability of spacetimes that violate the null energy condition. Our work

highlights the importance of exploring strange new spacetimes, to (boldly) simulate what no one has
scen before.

The Open Journal of Astrophysics 7 (July). https://doi.org/10.33232/001¢.121868, arXiv:2406.02466



https://doi.org/10.33232/001c.121868
https://arxiv.org/abs/2406.02466

WHAT NO ONE HAS SEEN BEFORE: GRAVITATIONAL WAVEFORMS FROM WARP DRIVE COLLAPSE

KAty CroucHY?, TiM DIETRICH>*, AND SEBASTIAN KHAN®

1 School of Mathematical Sciences, Queen Mary University of London, Mile End Road, London E1 4NS, United Kingdom
2 Astrophysics, University of Oxford, DWB, Keble Road, Oxford OX1 3RH, UK
3 Institut fiir Physik und Astronomie, Universitit Potsdam, Haus 28, Karl-Liebknecht-Str. 24/25, 14476, Potsdam, Germany

“Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Miihlenberg 1, Potsdam 14476, Germany and
5 School of Physics and Astronomy, Cardiff University, Queens Buildings, Cardiff, CF24 3AA, United Kingdom
Version July 25, 2024

ABSTRACT

Despite originating in science fiction, warp drives have a concrete description in general relativity,
with Alcubierre first proposing a spacetime metric that supported faster-than-light travel. Whilst
there are numerous practical barriers to their implementation in real life, including a requirement for
negative energy, computationally, one can simulate their evolution in time given an equation of state
describing the matter. In this work, we study the signatures arising from a warp drive ‘containment
failure’, assuming a stiff equation of state for the fluid. We compute the emitted gravitational-wave
signal and track the energy fluxes of the fluid. Apart from its rather speculative application to the
search for extraterrestrial life in gravitational-wave detector data, this work is interesting as a study of

the dynamical evolution and stability of spacetimes that violate the null energy condition. Our work
highlights the importance of exploring strange new spacetimes, to (boldly) simulate what no one has
seen before.

The Open Journal of Astrophysics 7 (July). https://doi.org/10.33232/001¢.121868, arXiv:2406.02466
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Deutscher Forscher will
Boffins admit we already have tech to detect UFOs using Star Warp-Antriebe von
Trek-style Warp Drives Aliens finden

EXCLUSIVE: Experts believe that technology already available to us could be used to detect specific gravitational waves, meaning we could be one
step away from spotting alien spaceships
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A warp drive metric exists
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Alcubierre, The warp drive: hyper-fast travel within general relativity, CQG 1994



A “designer spacetime” that needs exotic matter

T, (t=0)= Gy "t = 0)/(8x)
f(matter) = g(curvature)

The solution requires matter that
violates the Null Energy Condition




We need to decide how the matter evolves

Local energy conservation tells us how 4
components evolve:

VT, =0
— 0,p = f(p,5;,5;,8,,) energy density

i» &) Momentum density

Need equation of state to close the system (we

rey’
. e
-
‘l' |
- i
f 'l'l '. v
[

choose p = p, decaying anisotropic stresses)



What no one has seen before...
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(Trace of
extrinsic curvature
of spatial slice)
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Evolution of the exotic matter from the bubble

Energy density
of warp fluid

See. Negative Mass
in General Relativity
(Bondi 1957)



Matter energy radiation is both negative and positive

—25 00 25 5.0 7.5 25 00 25 5.0 7.5
(t —Teat) / R (t —Teat) / |R]
Energy flux Energy flux

of gravitational

of warp fluid
waves



Final result is a loss of negative energy, so a positive final mass

x10~*

5- Matter
GW

Total energy flux
of warp fluid




One can of course extract the gravitational wave signals
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Can it be detected?

Amplitude ~ 0.01/ R at a distance of R

x 101
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Frequency ~ 1/R



Can it be detected?

1 km bubble in
our galaxy,

10 *2 .
N travelling at
IPTA
background fo
) 10% of the
10 -
speed of light
10 € eLISA
= Massive binaries
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g 1B binaries Resolvable galactic
o 10 binaries
o
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S
©
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: i
10 22
Compact binary
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24
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10 *° 10 ® 10 10 10 @ 10° 10° 10* 10°
Frequency / Hz

Image credit: Christopher Berry (aliens added)
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( Maybe it’s not the destination that matters...
It’s the journey
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And now, the conclusion...



* EXxciting times ahead in numerical
relativity studies!

* NR simulations can be used as a
tool to investigate the consequences
of fundamental physics in strong
gravity regimes. They are a modern
day gedanken experiment.

* Potential to understand fundamental
properties of gravity and extensions
to GR (and discover aliens).




Questions?



