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® Realization of symmetry breakings (Higgs potential, Baryogenesis)

® Gravitational waves as a clean relic, and a cosmic witness
BSM for particle physics: Peccei-Quin, SUSY, Extra Dimensions

BSM for cosmology: Early matter domination(string moduli), Kination, Intermediate Inflationary stage, etc
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® Realization of symmetry breakings (Higgs potential, Baryogenesis)

® Gravitational waves as a clean relic, and a cosmic witness
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Probe the Dark Matter

11
Chao, Guo, Shu, JCAP09(2017)009




https://nobelprize.org/

https://www.ligo.caltech.edu/

A new era for Gravitational Wave Astronomy

Also new tools for particle physics and cosmology



Supermassive Black Hole Binary
Extreme Mass Ratio Inspiral

Stochastic Gravitational Waves

arm length: several million-km
mili-hz GW signal

RE,

XH#z. LISA. BBO. DECIGO

https://lisa.nasa.gov/
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Most striking complmentarity
blind spot in Di-Higgs, but strong GWs

Alves, Goncalves, Ghosh, Guo, Sinha, Vagie, arxiv:2007.1565416
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@ Precision calculation of the gravitational wave spectrum

Lay out the framework for modelling GW production in an expanding universe

Any changes to the spectrum?
@ Scrutize for hints of non-standard expansion histories

Early matter domination(string moduli), Kination, Intermediate Inflationary stage(supercooling), etc

® Do we need a new simulation?

Simulation is costly, and may not be necessary.

Analytical insight of the underlying physics

21















Envelope Approximation

Simulations:

Kosowsky, Turner, Watkins, Kamionkowski
PRL69,2026(1992), PRD45,4514(1992), PRD47,4372(1993), PRD49,2837(1994)
Huber, Konstandin, JCAP09(2008)022

Analytical Modelling:

Jinno, Takimoto, PRD95,024009(2017)

Beyond the Envelope Approximation

Bulk flow model: Konstandin, JCAP03(2018)047, Jinno, Takimoto, JCAP01(2019)060
Direct large scalar lattice simulations: Cutting, Escartin, Hindmarsh, Weir, PRD97,123513(2018), arXiv:2005.13537:
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Analytical Modelling

Kolmogorov spectrum:

Kosowsky, Mack,Kahniashvili, PRD66,024030(2002)
Gogoberidze, Kahniashvili, Kosowsky, PRD76,083002(2007)
Caprini, Durrer, Servant, JCAP12(2009)024

Numerical Simulations
Pol, Mandal, Brandenburg, Kahniashvili, Kosowsky, arxiv:1903.08585

unknown
https://home.mpcdf.mpg.de/~wcm/projects/

homog-mhd/mhd.html

LISA Cosmology Workinggroup, JCAP04(2016)001 o



Numerical Simulations:

Hindmarsh, Huber, Rummukainen, Weir,
PRL112, 041301 (2014), PRD92, 123009 (2015), PRD96, 103520 (2017)
Reduction found: Cutting, Hindmarsh, Weir, PRL125, 021302 (2020)

Analytical Modelling(sound shell model)

Hindmarsh, 120, 071301 (2018)
Hindmarsh, Hijazi, JCAP12(2019)062 LISA Cosmology Workinggroup, JCAP04(2016)001

The dominant source in a thermal plasma.
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Alves, Goncalves, Ghost, Guo, Sinha, JHEP03(2020)053
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Numerical Simulations:

Hindmarsh, Huber, Rummukainen, Weir,
PRL112, 041301 (2014), PRD92, 123009 (2015), PRD96, 103520 (2017)
Reduction found: Cutting, Hindmarsh, Weir, PRL125, 021302 (2020)

Analytical Modelling(sound shell model)

Hindmarsh, 120, 071301 (2018)
Hindmarsh, Hijazi, JCAP12(2019)062

Expanding Universe Analysis(Guo,Sinha,Vagie,White,arxiv:2007.08537):
Numerical simulations: equations in an expanding universe

Analytical modelling in-an expanding universe(sound shell model)

Found an additional effect not captured in previous spectrum
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® Realized only several years ago (Hindmarsh, et al,PRL112,041301,2013)

bubble generation =  bubble, fluid, metric evolution ~— | gravitational wave measurement

artial differential equation solving on a lattice, difficul
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Calar field: \

(Klein-Gordon equation but with friction)

Parallel projection:
(Energy equation)

Vector equation:
(Euler equation)

N | | 4

Can not simply reduce to Minkowski form.
But collision phase is short and the expansion effect should be small. New numerical simulations not needed. 34




® Equations of motion can be obtained by simply rescaling of Minkowski conterpart

® Sound waves(fluctuations of energy, pressure, velocity)

/ S' = v*(e + p)v* N

\
{

conformal time

R
\:duces to special relativistic Hydrodynamics when using rescaled quantities/
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@® The velocity field is a linear superposition of the contributions from all the bubbles

Hindmarsh, PRL,120,071301,2018, Hindmarsh,Hijazi,JCAP,12,062,2019
i

contribution from the red bubble

after collision: sound waves

/

before collision: velocity profile /
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@® Equations in the bag equation of state model can be reduced to Minkowski form

vacuum energy cancels out, junction condition at the wall maintains the same form

@® Velocity profile remain unchanged (time - conformal time)

E/nergy fluctuation: \

Pressure fluctuation:

Velocity equation:

\ self-similar coordinate: /A /

39









stochastic field: bubble position, formation time, collision time(final size)

after averaging, depends only on conformal lifetime distribution of the bubbles

4
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Under reasonal assumptions, the power spectrum can be written down in a similar form as in Minkowski space time

It is also essential to neglect highly oscillatory part to obtain the following result

spectrum generally very similar to Minkowski result dilution for modes deep inside the horizon

but might have additional features when the assumptions can not be made 46
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® We have set up the framework for modelling the GW from sound waves, in an expanding unvierse
generally no need for new simulations, rescaled quantities need to be used
@® An additional multiplication factor is found and needs to be included to the generally used spectrum

® Details of the PT process is analyzed in standard and non-standard cosmic histories

53






