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Source: ESA

Dark Matter (DM) – it’s fundamental nature still an open question & many candidates out there…

Source: TASI Lectures 2019 [3] 
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Gravitational Waves (GW) – have the potential to provide a unique test of the gravitational interactions of a 
dark sector [4]

Source: IEEE Spectrum

Sensitivity of current and future GW 
detectors

Source: P. Athron et al. 
arXiv: 2305.02357 [5]
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The connection/signal complementarity – Cosmological phase transitions can source GW and therefore, 
can be tied to the nature of DM.
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The connection/signal complementarity – Cosmological phase transitions can source GW and therefore, 
can be tied to the nature of DM.

The recipe:

Dark matter model First-order phase 
transition

GWs



The model – a conformal DM model based on the gauge group SU(N) x U(1):
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The Yukawa interactions: Weyl fermions

The tree-level potential: 

Table 1. New fields
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The model – a conformal DM model based on the non-Abelian x Abelian gauge group SU(N) x U(1).

                            
The Yukawa interactions: Weyl fermions

The tree-level potential: 

Table 1. New fields

1st FOPT – Spontaneous Symmetry Breaking 
(SSB) of the dark U(1), at a scale           , where
      acquires a VEV, giving mass to     and    .     

2nd FOPT – A dark QCD phase transitions, at a 
scale        <           , where         gets mass from 
confinement.

The DM candidates:
- WIMPs – from the SSB of U(1)
- Self-interacting – from dark confinement



The Renormalization Group & strong coupling
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The      -function 

The solution to the Renormalization Group 
Evolution (RGE):

from which we obtain the strong coupling:

where 
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The      -function 

The solution to the Renormalization Group 
Evolution (RGE):

from which we obtain the strong coupling:

where 

From which:

n = 15
N = 20
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A FOPT can occur when two local minima of the free energy co-exist for some range of temperatures.
The relevant scalar field can: tunnel or thermally fluctuate into a new phase:
  

 

Early Universe Early Universe Early Universe

Degenerate vacua

Tunneling

Early Universe

2nd minimum jumps 
“discontinuously” from

Thermal fluctuation over 
potential barrier

or 
Quantum tunneling

Bubbles expand in the 
background plasma

First Order Phase Transition

T at which both vacua have 
equal free energy
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The total SGWB spectrum:

and each one of them looks like: 
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The total SGWB spectrum:

and each one of them looks like: 
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The total SGWB spectrum:

and each one of them looks like: 

and are parametrized by: 

the thermal parameters –  particle model dependent, from the effective potential

Transition rate or 
duration of the 

phase transition

Transition strength – latent heat 
released to the background 

radiation energy density



Gravitational Waves from a dark QCD phase transition
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QCD first-order phase transition – not from first principles (effective potential) but from simulations (model 
agnostic)

Two scenarios:

Runaway – to overcome the maximum pressure from the plasma, the bubble walls must exhibit 
ultra-relativistic velocities. 

Non-runaway – to overcome the maximum frictional pressure form the plasma, the bubble walls reaches a 
terminal velocity.



The Twin Peak GW signal
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     Runaway           

     Non-runaway           

      From U(1)           
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➔ The GW signal from the dark QCD FOPT can potentially be observable in several future experiments, 
including PTAs (SKA), planned (BBO) and proposed (Ultimate-DECIGO,      Ares, asteroid ranging).

➔ THe GW from the dark U(1) can potentially be observable in planned (BBO) and proposed (Ultimate-DECIGO)

➔ DM analysis and more on the QCD FOPT to come… work in progress!



Thank you!
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A stochastic gravitational wave background (SGWB) – To varying degree, three main processes are involved in the 
production of GW:

Early Universe Early Universe

Sound waves of the surrounding plasma 
accelerated by the bubble wall propagating

Turbulence in the plasma forming after 
bubble collisions 

(magnetohydrodynamic turbulence)

Collision of bubbles 

Early Universe

The energy flow from a scalar field to the plasma and spacetime during a FOPT can be deduced from the coupled equations of motion of the 
scalar and gravitational fields and that of the plasma. 
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The total SGWB spectrum:
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The effective potential –  particle model dependent

where

1-loop radiative corrections

and

thermal corrections

and

daisy subtraction


