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One discovery

» Gravitational Waves (GWs)



Two new experimental windows

» Into the strong-field regime of General Relativity.

» Into the properties of quantum matter.



Often intertwined

For example in Neutron Star (NS) mergers:

quarks + gluons + gravity.




Both SM and BSM matter

® In some cases the matter is SM matter.

> Eg neutron star mergers:




Both SM and BSM matter

® In some cases the matter is SM matter.

> Eg neutron star mergers:

* In other cases the putative matter is BSM matter.

» E.g. cosmological phase transitions:




Golden opportunity for Holography

* This matter is often strongly coupled and/or out of equilibrium.

Holography is usually the only first-principle tool.

* This morning we will give you an overview.

* [ will focus on phase transitions.



Plan

e Holography

* Cosmological phase transitions No dynamical gravity

* New holographic framework to include dynamical gravity



Holography
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Holography
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Thermal physics = Black hole physics




The power of holography

For this talk you can think of AdSs as a computational device



Disclaimer

* We do not know a gravity dual for each QFT.

e All statements in this talk are for QFTs with a gravity dual.

 Since this is a large class the hope is to learn about generic properties.



Cosmological Phase Transitions



Cosmological phase transitions

* They can proceed via the nucleation of bubbles (e.g. boiling water).

Picture from Hindmarsh, Huber, Rummukainen & Weir ‘15




Cosmological phase transitions

* They can proceed via the nucleation of bubbles (e.g. boiling water).

e These bubbles could have produced GW's detectable by e.g. LISA.

Picture from Hindmarsh, Huber, Rummukainen & Weir ‘15




Cosmological phase transitions

e GW spectrum is most sensitive to the bubble wall velocity.

e This parameter is also the most challenging to compute because the wall is

out of equilibrium. Moore & Prokopec "95

Bodeker & Moore "17
Hoche, Kozaczuk, Long, Turner & Y. Wang ‘20

e But it can be computed in holographic models.




Strategy

e Set up initial conditions...

Stable phase Metastable phase




Strategy

» Set up initial conditions... and let it go.

Read oft boundary

stress tensor

Solve classical
Einstein equations
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Bubble collisions and GW spectrum

Bea, Casalderrey, Giannakopoulos, Jansen, DM, Sanchez-Garitaonandia & Zilhao (in progress)

e Computing the GW spectrum requires considering collisions of bubbles.

* In this description all the post-nucleation dynamics is included:

» Bubble expansion.
» Bubble collisions.
» Sound modes.

» Turbulence.

» Etc.



Holography with Dynamical
Boundary Gravity



Dynamical gravity at the boundary

e So far we have studied:

Strongly-coupled quantum matter in Minkowski space




Dynamical gravity at the boundary

e But many problems require:

Strongly-coupled quantum matter + Classical dynamical gravity
1

» Cosmological phase transitions

» Cosmological defects (cosmic strings, etc)
» Neutron star mergers

» (P)reheating

» Primordial black holes

» Etc



Dynamical gravity at the boundary

Casalderrey, Ecker, DM & van der Schee ‘21

* So we need a new holographic framework:

Strongly-coupled quantum matter + Classical dynamical gravity
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Dynamical gravity at the boundary

Casalderrey, Ecker, DM & van der Schee ‘21

* So we need a new holographic framework:

4D classical gravity

Related previous work
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5D classical
gravity




Example: Far-from-equilibrium FLRW Cosmology

Casalderrey, Ecker, DM & van der Schee ‘21
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Thank you!



