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S = ∫ d4x −g[LGR + LSM]
Add new forces Add new matter

?
General Relativity + Standard Model

Add new physics



(h+, h×)

time

Amount of stretching = “strain waveform”

Ingredient 1: Theory
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Ingredient 2: Data
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What are the GW signatures  
of new physics?



Bamber, Aurrekoetxea, Clough, Ferreira (2022) 
Black hole merger simulations in wave dark matter environments

BeyondSM matter around BBH LSM ∈ ϕ

Non-minimal couplings LGR ∈ ϕR

Aurrekoetxea, Ferreira, Clough, Lim, Tattersal (2022) 
Where is the ringdown? Reconstructing QNMs from dispersive waves

Near black holes

Aurrekoetxea, Bamber, Clough, Ferreira (inprep) 
The effect of wave dark matter on binary black hole mergers



Inflation

Reheating

Phase transitions

Image credit: NSF

Relics from the early universe



Solving GR in a computer:
Ingredient 1:



Rμν −
R
2

gμν = 8πTμν

∂tgμν = . . .

Covariant form

Initial value form

Solving GR in a computer:

Arnowitt, Deser, Misner

Baumgarte, Shapiro, Shibata, Nakamura



“time”

“space”
initial data ( )∂tgμν, gμν

Fill using Einstein equation 
gμν(t + dt) = f(∂2

xgμν, gμν)

boundary 
conditions 
( )∂2

xgμν, gμν

Solving GR in a computer:

non-trivial!

CTTK: A new method to solve the initial data constraints
Aurrekoetxea, Clough, Lim (2022)



Numerical Relativity

“time”

“space”
initial data (Schwarzschild metric)

Fill using Einstein equation 
 (boring!)∂tgμν = ∂2

t gμν = 0

boundary conditions 
(asymptotically flat)

Solving GR in a computer:



“time”

“space”
initial data (Schwarzschild metric)

Fill using Einstein equation 
 (interesting!)∂tgμν ≠ ∂2

t gμν ≠ 0

boundary 
conditions 
(asymptotically flat)

Solving GR in a computer:



Adaptive Mesh Refinement
Ingredient 2:



Adaptive Mesh Refinement



Adaptive Mesh Refinement



Adaptive Mesh Refinement



Adaptive Mesh Refinement



www.grchombo.org

Numerical relativity with 
Adaptive Mesh Refinement

Figueras et al.



Oscillon formation 
during preheating
Oscillon formation during inflationary 
preheating with general relativity

Aurrekoetxea, Clough, Muia (2023)

Featured in DiRAC 2023 calendar



Oscillon formation 
during preheating
Can PBHs form? What is the spectrum of GWs? 

What is the effect of gravity in their formation?   C =
GM
R

Amin, Copeland, Easther, 
Figueroa, Garcia, Giblin, Guth, 

Hertzberg, Kaiser, Kou, 
Mertens, Sfakianakis, Tian


+ many others


Compactness
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- Solves homogeneity and flatness problems

- Mechanism for spectrum of scale invariant fluctuations

V(ϕ)

ϕ

Inflation

V(ϕ) ∝ [1 − eϕ/μ]2

Large field

μ ≈ MPl
Small field
μ ≪ MPl



Inflation has to end… Reheating

- Parametric: if  periodic


- Tachyonic: if  probes 

ϕ̄(t)

ϕ̄(t) V′￼′￼ < 0

ϕ(t, x) = ϕ̄(t) + δϕ(t, x)

Resonances:  growsδϕ
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V(ϕ)

ϕ

V(ϕ) ∝ [1 − eϕ/μ]2



1£
10 °

13

V
(¡

)

0

°
2

°
4

¡ [MPl]

£
10 °

1¡
cc

¡
reh

¡
inf

0
20

40
ln(a)

52.5
53.0

ta
ch

y
o
n
ic

reso
n
a
n
ce

Inflation has to end… Reheating

Start simulations here
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 very important!·ϕ0 ≠ 0
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δ ≡
ρ
ρ̄

− 1



δc ≡
ρc

ρ̄
− 1
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Small field

Larger field

Why gravity?

 very important!·ϕ0 ≠ 0
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Growth of overdensities
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Different initial fluctuations 
  ⟨δϕ2⟩ ⟨δϕ2⟩ ⟨δϕ2⟩



Extract density
Extract mass
Extract radius

μ

μ



Oscillon properties

= 0.5Black holes:

= GM/R



Large fieldSmall field μ

Higher initial density

Stronger resonance

peak

Oscillon properties



L ∈
gaγ

4
ϕFμνF̃μν

Chung-Jukko, Lim, Marsh, Aurrekoetxea, de Jong, Ge 
Electromagnetic instability of compact axion stars (2023)



Summary:
- Compactness of order 

  C = 10−3 − 10−2

- No black hole formation 

-  important ·ϕ0



Gravitational waves 
from cosmic strings
Coherent GW waveforms and memory from cosmic string loops

Aurrekoetxea, Helfer, Lim (2020)

Revisiting the cosmic string origin of GW190521

Aurrekoetxea, Hoy, Hannam, Helfer, Lim (inprep)



Gravitational waves 
from cosmic strings
What are the GR waveforms of cosmic strings? 

Can we search (and find) them in data?

Damour, Vilenkin

Garfinkle, Vachaspati


Laguna, Matzner

Blanco-Pillado, Olum, Wachter


Chernoff, Flanagan, Wardell



Cosmic string!
D

et
ec

to
r G

W
 s

tra
in

 d
at

a



What are cosmic strings?

Image credit: David Daverio



V(ϕ)

ϕ

Domain walls (2D)



-

V(ϕ)

ϕ

V(ϕ)

ϕ

Domain walls (2D)

+

time



- +

V(ϕ)

ϕ

V(ϕ)

ϕ

Domain walls (2D)

time



universe

- +

V(ϕ)

ϕ

H−1

H−1

Domain walls (2D)
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universe

Cosmic strings (1D)
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H−1



Credit:

 Ciaran O’Hare

Formation

Key parameter:  
string tension Gμ



Aurrekoetxea, Helfer, Lim (2020) 
Coherent GW waveforms and memory from cosmic string loops

M0 = 2πμR0

Gμ ≈ 10−8

R ≈ 100 a.u.

M ≈ 100 M⊙

Abelian Higgs + GR



“Hoop conjecture”

Schwarzschild radius
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BH formation

Ask me more later!

Gμ

R0

EGW ↑ as Gμ ↓
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Ask me more later!
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String loop dynamics
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GW memory 
EGW + Ematter
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EGW + Ematter

Ringdown MBHInfall R0
~ hours ~ ms

~ min~ years
LVK
LISA
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LISA and LIGO sensitivity

10210−2

LISA

LIGO

Frequency [Hz]

Se
ns

iti
vi

ty



LISA and LIGO sensitivity
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GW190521



Properties and Astrophysical Implications of the  
150  Binary Black Hole Merger GW190521M⊙

[2009.01190]

Credit:

LVK collaboration

 Olum & Blanco-Pillado

Example: GW190521
with Charlie Hoy, Hannam, Helfer, Lim

(in preparation)



Example: GW190521
with Charlie Hoy, Hannam, Helfer, Lim

Gμ ≈ 10−7

R0 ≈ 4 AU

(in preparation)

dL ≈ 3 Gpc
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Summary:

Oscillons during preheating: 

GWs from cosmic strings: 

-Gravity can play an important role

-Compactness 

-Not enough for PBH

C ≈ 10−2 − 10−3

-First GR waveforms of strings

-Louder events for lighter strings

-Searches: GW190521?

josu.aurrekoetxea@physics.ox.ac.uk 

Strong-field gravity interesting for early Universe 

mailto:josu.aurrekoetxea@physics.ox.ac.uk

