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What? First order phase transitions (FOPT)

First order phase transition — formation of bubbles containing the new phase
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Gravitational waves (GW)
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« Bubble collision
Gravitational waves (GW) - Sound waves (sw)

« Turbulence
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Why? LISA & large bubbles

FOPT at the EW scale ( ~ 100 GeV) produce
gravitational waves (GW) within the LISA

frequency band ~ 0.1 mHz - 10 Hz

Credit: Anna Kormu
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Why? LISA & large bubbles

FOPT at the EW scale ( ~ 100 GeV) produce
gravitational waves (GW) within the LISA

frequency band ~ 0.1 mHz - 10 Hz

Large bubbles is a compelling limit for LISA
observations

« Maximise the energy density of acoustic GWs
C. Caprini et al. (2016), arXiv:1512.06239v2

» Enhance secondary gravitational waves from

curvature perturbations
LG and M. Hindmarsh (2024), arXiv:2307.12080v2
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How? Semi-analytic model of gravitational wave production
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How? Semi-analytic model of gravitational wave production
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How? Semi-analytic model of gravitational wave production
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Stationary source - the state of the art

Py =3 (r(‘/]%)z(%*m) (#:1,) P(KR.)

l7f root mean square fluid four-velocity

W
I = — adiabatic index
e

R mean bubble spacing & sw-wavelength

# « Hubble constant beginning acoustic phase

7, lifetime of the source (sound waves)
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Stationary source - the state of the art

Uf root mean square fluid four-velocity S -7 T~ >\
0 P(kR:) ~ |(dg dg) (EDED))pk, q. DA (k.4.9),
I" = — adiabatic index . N N -

€

Geom. factor Kernel

Z

Incoming  Kinetic energy Vertex

R« mean bubble spacing & sw-wavelength SW momenta of sw Interference sw - GW

# « Hubble constant beginning acoustic phase

7, lifetime of the source (sound waves)

Assumptions:

(1) Equation of state p = (2) Small bubbles: R.# . < 1

W | &

But ¢> < 1/3 is possible What about large bubbles?

F.R. Ares et al. (2020), arXiv:2011.12878v2
F. Giese et al. (2020) arXiv:2010.09744
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(1) Softening the Equation of State
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(1) Softening the Equation of State
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(2) General relativity at next to leading order in R«

Short wavelength expansion R.# . < O(1)
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Summary

* Softening of the Equation of State:

+ Suppression of background energy Homogeneous suppression O(1) at all frequencies
» Friction in sound waves Independent on the bubble size

* General relativistic effects at quadratic order:

- Modity propagation of sw and GW Frequency-dependent corrections O(Rx I +)*
. Secondary GWs from curvature @ Relevant for large bubbles
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Summary

* Softening of the Equation of State:

+ Suppression of background energy Homogeneous suppression O(1) at all frequencies
» Friction in sound waves Independent on the bubble size

* General relativistic effects at quadratic order:

+ Modity propagation of sw and GW Frequency-dependent corrections O(Rx I +)*
Relevant for large bubbles

. Secondary GWs from curvature ®

Coming soon...

* Self-gravitating bubble dynamics
* Time-decaying kinetic energy —> Jani Dahl talk

* Temperature-dependent equation of state
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Parameters used in the integration

R
Lifetime of the source: T, = Ny—
Uy
End of acoustic phase: Nond = N+ T Nsh’?sh
1 [ dk
Shock formation time: Hep = i Ex = _—J k_va(k)
07 (klk,)? S
P (k) = 67— = el o . (2022), ez
k3 1+ (k/k,) 2212013
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