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Strong supercooling
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Bubble nucleation
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many small bubbles
large B /H
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1. Primordial black holes



Slow phase transition
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Large density fluctuations?
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PBHs?

Liu et al. PRD 105 (2022) 2, L021303,

Kawana, Kim, Lu, PRD 108 (2023) 10, 103531
Gouttenoire, Volansky, PRD 110 (2024) 4, 043514
Lewicki, Toczek, Vaskonen, PRL 113 (2024) 22, 221003
Franciolini, Gouttenoire, Jinno, arXiv:2503.01962



Evolution of finite patches

Bubbles convert vacuum energy into radiation:

lbr T 4H;0fr —
Py = Fk(t)AV

Comoving Hubble radius:
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. e o raction of th hn vered by bubbles:
Evolution of finite patches Jypilicbiiit o stetleiti iy
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Distribution of density constrast

Lewicki, Toczek, Vaskonen, PRL 113 (2024) 22, 221003
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e distribution of the fluctuations has negative non-Gaussianity

* small f/H, = slow transition = large variance of 6



Gauge issue

Liu et al. PRD 105 (2022) 2, L021303,

Kawana, Kim, Lu, PRD 108 (2023) 10, 103531 ___ Computation of density contrast
Gouttenoire, Volansky, PRD 110 (2024) 4, 043514 in the spatially flat gauge.
Lewicki, Toczek, Vaskonen, PRL 113 (2024) 22, 221003
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Formation of PBHs during the PT

Hawking, Moss and Stewart, PRD 26 (1982),
Kodama, Sasaki, Sato, PTEP 68 (1982),
Lewicki, Toczek, Vaskonen, JHEP 09 (2023) 092.

* Bubble walls have a lot of energy.

* Use Hoop conjecture:

r < rs(dm)

e Large PBH abundance if

B/H ~ 4



2. QGravitational waves
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GW:s from bubble collisions

Kosowsky & Turner, PRD 47 (1993), envelope
approximation: neglects collided parts.

Konstandin, JCAP 03 (2018), bulk flow model:

assumes X

bulk flow
model

R ™2 scaling of the surface energy density after collision.

envelope

/ approx.
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GW:s from bubble collisions

Lewicki & Vaskonen, EPJC 80, 11 (2020), EPJC 81, 5 (2021) and EPJC 83, 2 (2023).

Qcw(w) = (H/B)* S(w)
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Accounting for Hubble expansion
07 +3HO, — a *V?]| h;' (&) = ——

Lewicki & Vaskonen, in preparation:
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Suppression factor in RD: Zhong, Gong, Qiu, JHEP 02 (2022).
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Summary

 Slow transitions are preceded by a period of thermal inflation.

* Perturbations can grow large in slow phase transitions, but it
seems that they can not become large enough for PBH formation.

e Caveat: this conclusion is obtained neglecting the energy of
bubble walls.

* For slow transitions, the GW production is dominated by the scalar

field gradients and Hubble expansion suppresses the amplitude of
the GW spectrum.



