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Non-trivial interplay: 

Multi-step phase transitions 
and the role of impurities
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Figure 4: Kinetic energy v2 in di↵erent simulation snapshots: t = 2.7/� (top left), 5.4/�

(top right), 10.8/� (bottom left) and 20.1/� (bottom right). We use box size L = 40vw/�,

weak transitions and vw = 0.8.

while grid spacing and various sources of viscosity will lead to exponential damping in the

UV. A detailed discussion of this e↵ect will be provided below. Accordingly, di↵erent box

sizes will facilitate the best measurements for the various physical observables. Also notice

that the power spectrum is generally reduced by finite size e↵ects in the IR and UV. The loss

of power in the UV corresponds to a reduction in the average kinetic energy which we study

in App. D. Extrapolating to very large grid size, we estimate that this leads to a reduction

of the momentum-integrated GW signal by about 20%.

– 14 –



Non-trivial interplay: 

Multi-step phase transitions 
and the role of impurities

Phase transition at 
temperature   Tc

⟨ϕ⟩ : G → H

Depending on the topology of the 
vacuum manifold : 

Formation of defects

G/H

Depending on the strength of the 
(1st order) transition: 

Bubble nucleation

Outline

Figure 4: Kinetic energy v2 in di↵erent simulation snapshots: t = 2.7/� (top left), 5.4/�

(top right), 10.8/� (bottom left) and 20.1/� (bottom right). We use box size L = 40vw/�,

weak transitions and vw = 0.8.

while grid spacing and various sources of viscosity will lead to exponential damping in the

UV. A detailed discussion of this e↵ect will be provided below. Accordingly, di↵erent box

sizes will facilitate the best measurements for the various physical observables. Also notice

that the power spectrum is generally reduced by finite size e↵ects in the IR and UV. The loss

of power in the UV corresponds to a reduction in the average kinetic energy which we study

in App. D. Extrapolating to very large grid size, we estimate that this leads to a reduction

of the momentum-integrated GW signal by about 20%.

– 14 –



Nucleation sites



Nucleation sites

Bubble chamber



Impurities in the early Universe
• Compact objects



Impurities in the early Universe

• Primordial density fluctuations

• Compact objects



Impurities in the early Universe

• Primordial density fluctuations

• Compact objects • Topological defects

SB, Mariotti [2203.16450], PRL
Agrawal, SB, Mariotti, Nee, to appear.

Two-step electroweak phase 
transition in the xSM!
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SB, Jinno, Konstandin, Rubira, 
Stomberg [2302.06952], JCAP

Figure 4: Final spectra of the gravitational waves with (left) and without (right)
the domain wall network. The strength of the phase transition is ↵ = 0.05, and the
velocities of the bubble walls are (from top to bottom) vw = 0.4, 0.55 and 0.8.
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Implications for gravitational waves 



Summary
• Formation of defects during multi-step phase transitions can dramatically affect the 

dynamics of bubble nucleation by providing new channels for vacuum decay.


• We have presented a minimal working example for a seeded electroweak phase 
transition in the xSM due to the presence of  domain walls. As a result, the parameter 
space leading to successful nucleation is enlarged.


• Implications of seeded phase transitions in terms of gravitational waves (and possibly 
other relics) still largely unexplored.


• Different extensions of the SM may involve other types of defects such as strings or 
monopoles, with possibly different phenomenology.
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