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𝒫gw =
1
ec

degw

d ln k
Power spectrum 

ec Critical energy density

k Gravitational wave wavenumber
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Energy density GW egw = −
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32πG
⟨𝒟0hij𝒟0hij⟩

Sound waves

Lorenzo Giombi - University of Helsinki 

R. A. Isaacson (1968)

https://arxiv.org/abs/1504.03291v2
https://arxiv.org/abs/2106.05984
https://arxiv.org/abs/2308.12916
https://arxiv.org/abs/2308.12943


Stationary source - the state of the art 

5

𝒫gw = 3 (ΓŪ2
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  root mean square fluid four-velocityŪf 𝒫(kR*) ∼ ∬ dq dq̃ Ek(q)Ek(q̃) ρ(k, q, q̃) Δ (k, q, q̃)

Lorenzo Giombi - University of Helsinki 

 lifetime of the source (sound waves)τv



Stationary source - the state of the art 

5

𝒫gw = 3 (ΓŪ2
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f )

2
(ℋ*R*) (ℋ*τv) 𝒫(kR*)

 mean bubble spacing & sw-wavelengthR*

 Hubble constant beginning acoustic phaseℋ*

 adiabatic indexΓ =
w̄
ē
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Accelerates the expansion of the Universe 
   —> friction on sound wave propagation

Consider p = c2
s e

ṽk ∼ eicskη

 : begin acoustic phaseη*

 : end acoustic phaseηend

 : begin radiation dominationηr
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Reduces the background energy density

ν =
1 − c2

s

1 + c2
s

Consider p = c2
s e

ṽk ∼ eicskη(η*/η)ν

Accelerates the expansion of the Universe 
   —> friction on sound wave propagation

 : begin acoustic phaseη*

 : end acoustic phaseηend

 : begin radiation dominationηr
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gw + ΔΦ

•  : sw at quadratic order Δ1
sw ∇μTμν = 0

•  : GW at quadratic order Δ1
gw □ hij = 0

•   : secondary GWs sourced by       
curvature perturbations 

ΔΦ
Φ

𝒮ij = vivj +
1

4πGw̄a2
∂iΦ∂jΦ
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Summary 
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Softening of the Equation of State:

• Suppression of background energy 
• Friction in sound waves

General relativistic effects at quadratic order:

• Modify propagation of sw and GW 
• Secondary GWs from curvature Φ

Homogeneous suppression  at all frequencies 
Independent on the bubble size 

𝒪(1)

Frequency-dependent corrections  
Relevant for large bubbles 

𝒪(R*ℋ*)2
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Parameters used in the integration  
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Lifetime of the source:

Lorenzo Giombi - University of Helsinki 

τv = Nsh
R*

Ūf

End of acoustic phase: ηend = η* + Nshηsh

Shock formation time: ηsh =
ξ*

Ūf
ξ* =

1
Ū2

f ∫
d3k

(2π)3
k−1Pv(k)

Pv(k) = 6π
Ū2

f

k3
p

(k/kp)2

1 + (k/kp)6
R. Durrer & C. Caprini (2003), arXiv:astro-ph/0305059 

J. Dahl et al. (2022), arXiv:2112.12013

https://arxiv.org/abs/astro-ph/0305059
https://arxiv.org/abs/2112.12013

