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Introduction

• 1st-order phase transitions (FOPTs)

• Stochastic Gravitational Wave Backgrounds

• Phase transitions in a dark sector

Intro

Regimes

Hydro

GWs

Summary



Dark Transitions with a Weak Coupling MAP-Fis Research Conference 2026

From Phase Transitions to Gravitational Waves
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• FOPTs can occur in a QFT

• typically, a thermal EFT

• Cosmological FOPTs are interesting because, if 

observed

• signature of Beyond the Standard Model (BSM) 

effects

• it provides a mechanism for anti/matter asymmetry 

through EW Baryogenesis

3rd Sakharov condition

• Strong FOPTs → SGWB

stochastic gravitational wave background

• Natural to consider FOPTs in a dark sector

? How does the coupling 

  DM  SM

 affect FOPTs and SGWB
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SGWB
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• Pulsar Timing arrays

2602.09092 

• Ground & Space based detectors

• LISA

• ET

• …

Observation
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SGWB
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3 production mechanisms FOPT → SGWB

1. Bubble wall collisions

2. Compressional waves (soundwaves)

3. (M)HD Turbulence

Production Mechanisms

PhysRevD.92.123009
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SGWB
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Scales

Scale Symbol Value

Interaction 𝑙int 𝜏int ∼ Γint
−1 ∼ 1/ 𝑔𝑛𝑇

Shell Thickness 𝑙𝑠𝑠 1/𝑚𝜙 ∼ 𝑅∗ 𝑣𝑤 − 𝑐𝑠 /𝑣𝑤

Bubble radius 𝑅∗ v𝑤/𝛽

SW duration 𝜏sw 𝑅∗/ Ω𝐾 ∼ 𝑂 10 𝑅∗

Hubble 𝐻∗
−1

• Hard to perform lattice simulations!

PhysRevD.92.123009

𝑅∗

𝑙𝑠𝑠
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Regimes

• Fully secluded/Fully coupled

• Intermediate → weak coupling 
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Fully secluded/coupled Dark Sector
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• Fully secluded: 𝑙int ≫ 𝑙sw 

• Fully coupled: 𝑙int ≪ 𝑙ss 

Based on 2409.03651, plotted with CosmoGW
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Intermediate regime
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• Weak coupling:𝑅∗ ≪ 𝑙int < 𝑙sw 

Weak coupling DM  SM 

• Weak coupling yet unexplored

• This regime leaves the bubble expansion unaltered!
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Hydrodynamics

• EMT Conservation: transport equation

• Linearized wave equations

• Mode evolution
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2-fluid Model
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• Soundwave propagation

• Perfect fluids

𝑇𝑠
𝜇𝜈

= 𝑤𝑠𝑢
𝜇𝑢𝜈 + 𝑝𝑠 𝑔

𝜇𝜈 , 𝑠 = 𝑑, 𝑣

∇𝜇𝑇
𝜇𝜈 = 0 → ቐ

∇𝜇𝑇𝑑
𝜇𝜈

= 𝑄𝜈

∇𝜇𝑇𝑣
𝜇𝜈

= −𝑄𝜈

• @1st order in near-equilibrium expansion, 

the transport equation is

𝑄𝜈 = χ𝑇
Δ𝑇

ത𝑇
ത𝑢𝜈 + χ𝑉Δ𝑢

𝜈

Δ ≡ 𝑣 − 𝑑

• from Lorentz invariance

• χ𝑇,𝑉 are phenomenological parameters

• model-dependent

• derivable, in principle, from collision integral

EM Tensor
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Linearized wave equations
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Wave equations

• Energy density fluctuations

𝜆𝑠 ≡
𝛿𝑒𝑠
ഥ𝑤𝑠

• ⇒ 4 equations for 𝑣𝑠 and 𝜆𝑠
𝑠 ≡ 𝑑, 𝑣

𝜆𝑠
′ + 𝜕𝑗𝑣𝑠

𝑗
=

− 𝛿𝑠𝑑+1

3ഥ𝑤𝑠
𝜒𝑇 ത𝑇 Δ𝜆

𝑣𝑠
𝑖 ′

+ 𝑐𝑠
2𝜕𝑖𝜆𝑠 =

− 𝛿𝑠𝑑+1

ഥ𝑤𝑠
𝜒𝑇 ത𝑇 Δ𝑣𝑖

• Solved in Fourier space

Solution

• Undamped collective mode

𝑉𝑞 𝜏 ≡
ഥ𝑤𝑑

ഥ𝑤𝑣
𝑣𝑑,𝒒 𝜏 + 𝑣𝑣,𝒒 𝜏

Ω+,± = ±𝑖𝜔, 𝜔 ≡ 𝑐𝑠𝑘

• Decaying relative mode

𝑈𝑞 𝜏 ≡ 𝑣𝑑,𝒒 𝜏 − 𝑣𝑣,𝒒 𝜏

Ω+,± = −Γint ± 𝜔 −1 +
𝛿Γ

𝜔

2

= − Γint ± 𝑖𝜔

LO

+ 𝒪
𝛿Γ

𝜔

2
Γint ≡

𝜒𝑇

3
+ 𝜒𝑉

ഥ𝑤𝑑+ഥ𝑤𝑣

2ഥ𝑤𝑑 ഥ𝑤𝑣
 

𝛿Γ ≡
𝜒𝑇

3
− 𝜒𝑉

ഥ𝑤𝑑+ഥ𝑤𝑣

2ഥ𝑤𝑑 ഥ𝑤𝑣
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Modes’ evolution 
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• Initial conditions

𝑣𝒒
𝜆𝒒 𝑑

=
𝑣𝒒,0
𝜆𝒒,0

,
𝑣𝒒
𝜆𝒒 𝑣

=
0

0

• Fluids approach the same velocity 

in stationary regime

ቋ
𝑣𝑑,𝒒 𝜏

𝑣𝑣,𝒒 𝜏

𝜏≳𝑙𝑖𝑛𝑡 ഥ𝑤𝑑

ഥ𝑤𝑑 + ഥ𝑤𝑣
𝑣𝑑,𝒒
free 𝜏

𝑔𝑠 effective number of 
relativistic d.o.f.

𝑔𝑑
𝑔𝑣

=
𝑤𝑑

𝑤𝑣

• This leads to suppression of the EMT 

perturbations

𝛿𝑇
𝜏≳𝑙𝑖𝑛𝑡 ഥ𝑤𝑑

ഥ𝑤𝑑 + ഥ𝑤𝑣
𝛿𝑇𝑑

free 𝜏

• ⇒ SWGB too
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Gravitational Waves

• Sound Shell Model

• Suppression factor

• Full GW spectrum results
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Sound Shell Model
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• Aims to capture the linear regime of EMT perturbations

• Ansatz:

Self-similar fluid shells around the bubbles persist long 

after the transition completed (aka, in the true vacuum 

phase)

• 2-point correlation function of the velocity field given by

superposition of randomly-placed fluid shells

where the size distribution is given by the nucleation rate

PhysRevLett.120.071301, JCAP 12 (2019) 062

ΩGW 𝑘 ≈ 3𝑘
ถ
𝒯GW

redshift

න
𝜏∗

𝜏𝑓𝑖𝑛 𝑑𝜏1
𝜏1

න
𝜏∗

𝜏𝑓𝑖𝑛 𝑑𝜏2
𝜏2

𝐸Π 𝜏1, 𝜏2, 𝑘 cos 𝑘 𝜏0 − 𝜏1 cos 𝑘 𝜏0 − 𝜏2 𝐹 𝜏1 𝐹 𝜏2

= 3
ഥ𝑤𝑑
2

ҧ𝜌2
𝑘3𝒯GWන

−1

1

𝑑𝑧 1 − 𝑧2 2න
0

∞

𝑑𝑝
𝑝2

෤𝑝4
𝐸𝑘𝑖𝑛 𝑝 𝐸𝑘𝑖𝑛 ෤𝑝 Δ 𝜏𝑠𝑤 , 𝑘, 𝑝, ෤𝑝

𝐹 𝜏 ≡
ഥ𝑤𝑑

ഥ𝑤𝑑 + ഥ𝑤𝑣
1 +

ഥ𝑤𝑣
ഥ𝑤𝑑

𝑒−2Γ𝑖𝑛𝑡 𝜏−𝜏∗
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Suppression factor
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• For 𝑘𝜏𝑠𝑤 ≫ 1, we obtain an overall suppression factor

R ≡
Υ2𝑓

Υ
=
∗𝜏׬
𝜏𝑓𝑖𝑛 𝑑𝜏

𝜏2
𝐹 𝜏 2

∗𝜏׬
𝜏𝑓𝑖𝑛 𝑑𝜏

𝜏2
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SGWB
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• LO GW spectra for varying 𝑅∗ and 𝜏𝑠𝑤

𝛼 = 0.1
𝑔𝑑
𝑔𝑣

= 0.1

𝑣𝑤 = 0.9
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Results



Summary
• SGWB signals from a dark sector with a weak coupling to the visible sector

are suppressed!

• Besides the suppression, the SGWB spectral shape may vary
at low and intermediate momenta 𝑘𝜏𝑠𝑤 ≲ 1, 
depending on the parameters

• Further directions

• Computing Γint in specific PP models

• Is the source duration 𝜏𝑠𝑤 ∼ 𝜏𝑛𝑙 affected by the coupling?

• For stronger interactions, how is bubble dynamics affected?

• What if soundwaves do not propagate in a relativistic plasma?

 Looking forward to your feedback!
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Extra

• 1st-order phase transitions (FOPTs)

• Stochastic Gravitational Wave Backgrounds

• Phase transitions in a dark sector
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NLO Corrections
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NLO Corrections
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