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I will discuss the conformal and non-conformal two Higgs doublet models with a focus 
on their phase transition and gravitational wave signatures. The construction of the 
finite temperature effective potential of both models will be discussed in detail. 
Compared to the non-conformal case, the conformal model yields a very interesting 
phase diagram in the 2-dimensional parameter space corresponding to the phase 
transition. An exploration of other conformal hidden sector models (such as the well-
established real singlet and two real singlet models) suggests that the special shape of 
the phase diagram could be a universal feature in a generic class of conformal models.  
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Phase transition dynamics
The essential quantity of phase transition dynamics is the bubble nucleation rate (the decay rate of the false vacuum) per 
unit time per unit volume:

where S is the bounce action

The most general form of the bounce action should be 

where τ = it is the Euclidean time. 

From the finite-temperature effective potential, we can derive the bounce action by solving the following equation-of-
motion (EOM) with the boundary conditions:

[1]





Critical Temperature

Critical temperature: the temperature at which the effective potential has two 
degenerate minimums.  



Nucleation Temperature
Nucleation temperature: the temperature at which one bubble is nucleated in one 
casual Hubble volume. 

For the electroweak scale phase transition, this roughly corresponds to S(Tn) ≈ 140.

Note: this is not true for supercooling cases** 



Percolation Temperature
Percolation temperature: the temperature at which the probability of finding a point still in the 
false vacuum is 0.7 or 34% false vacuum has been converted to the true vacuum. 

We assume the bubble wall achieves the terminal velocity very fast, so we can set Vb as a constant, 
which can be a good approximation. 



Two Important Parameters for Gravitational Waves

α: the ratio of the latent heat released by the phase transition normalized 
against the radiation density 

[2]



β/H*: the inverse duration of the phase transition β relative to the Hubble 
rate H* at the nucleation temperature Tn



Gravitational Waves
The power spectrum of the acoustic gravitational wave is given by: 

where the adiabatic index ΓAI = ω/ε ≃ 4/3. ω and ε denote respectively the volume-averaged enthalpy and energy density 
respectively. Uf is a measure of the root-mean-square (rms) fluid velocity and is given by: 

where κf is the efficiency parameter and it is well approximated by 

when vω (wall speed) → 1. The spectral shape Ssw (f) is given by: 

with peak frequency fsw approximated by: 

with zp a simulation-derived factor that is of order 10, and we take it to be 6.9.

[2]



Non-conformal 2 Higgs Doublet modle
The effective potential: 

[3]



tree level potential

 





Fermions

where yf is the tree-level Yukawa coupling and k = 1, 2 denotes the classical constant field 
configuration doublet Φc

k to which the fermion couples. 



Gauge Bosons



Higgs Bosons





Loop level potential
The Coleman-Weinberg potential in the MS scheme is given by:



Counter Term Potential [4]





Finite T Potential and Ring Corrections

where J+ (J−) applies for k being a fermion (boson) 

[3]



Explore the parameter space







Conformal 2 Higgs Doublet Modle



Flat Direction





one-loop improved tadpole conditions







Consider supercooling for conformal 2HDM with strictly 
calculated Tn





Strict calculation of Tn is required for large alpha
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