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➢ SIGWs omit some nonlinear effects!

➢ Early matter-dominated era [0901.0989, 1002.3278, 2212.00425, 2312.12499]

• Collapse of halos

• Tidal interactions

• Evaporation of halos into radiation

• Dissipation after reheating

➢ Non-spherical collapse of peaks of curvature perturbations [1905.13459]

➢ Sound waves

Sound waves from primordial black hole formations, arXiv: 2504.12243

Relic gravitational waves from primordial gravitational collapses, arXiv: 2504.11275

Numerical simulations of acoustic gravitational waves from primordial curvature perturbations, arXiv: 2510.xxxxx
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➢ Misner-Sharp formalism

• Metric ansatz: 

• Energy-momentum tensor: 

• Equation of state: 
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Sub-critical, near-critical, super-critical
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➢ A semi-analytical method adapted from FOPTs with approximations:

• Linear superposition of sound shells

• Uniform distribution of peaks

• Same amplitude of peaks

Sound Shell Model

convolution of the 

velocity power spectrum
const

𝑅∗𝑐: mean comoving separation between sound shells (peaks)
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➢ The dimensionless GW power spectrum

Sound Shell Model
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➢ First stage: gravitational collapse of peaks to generate sound waves

➢ Second stage: collisions between sound shells to produce GWs

Hybrid Simulations

Fully GR, spherically symmetric Neglect gravitational back-reaction, 3D 12/25



➢ Length of the curvature perturbations: 

➢ Delta-function power spectrum

➢ Sound shells are formed at the same time

Hybrid Simulations
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Equations of Motion

𝜂: 𝛼-time (                               ). 𝛼 = 0: cosmic time, 𝛼 = 1: conformal time

➢ Relativistic fluid: 
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➢ Spacetime:

➢ GW:

Equations of Motion
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Representative Slices 
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➢

Shape of the GW Energy Spectrum

Causal tail due to 

finite source duration

Normalization 

factor ~ 2
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➢ using the linearized hydrodynamical equations

Shape of the GW Energy Spectrum
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Shape of the GW Energy Spectrum
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➢

Effect of the Mean Comoving Separation
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➢ Gaussian probability density with standard deviation 𝜎: −0.49 ≤ 𝛿𝑚 ≤ 0.49

Effect of the Perturbation-amplitude Distribution
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➢ GW peak frequency is controlled by the shell thickness

➢ GW peak amplitude is extremely sensitive to 𝑅∗𝑐

➢ Causality sets the IR scaling

➢ Nonlinear hydrodynamics determines the UV scaling

➢ More realistic treatment?

➢ Fully GR simulations?

➢ Quantitative comparison with SIGWs?

Conclusions and Discussion
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Thank you for your attention!
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