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T = 0.01 GeV

T = 𝟏𝟎𝟖 GeV

GWs from phase transitions
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Primordial black hole formation

Large fluctuations collapse against the fluid pressure to BHs at horizon reentry.

Large fluctuations source also scalar-induced GWs.
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𝑴𝑷𝑩𝑯 = 𝟏𝟎%𝟖𝑴⨀
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𝑴𝑷𝑩𝑯 = 𝟏𝟎%𝟏𝟓𝑴⨀

𝑴𝑷𝑩𝑯
= 𝟎. 𝟏 𝑴⨀

Scalar-induced GWs



NANOGrav, ApJ. Lett. 951 (2023),  2306.16213

common spectrum noise   +   Hellings-Downs angular correlation.

Seen also by EPTA, InPTA, PPTA and CPTA.
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Strong evidence for nHz GW background



What is the source?

GW only
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GW+ecc
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Ellis et al., PRD 109 (2024), 2306.17021
Raidal, Urrutia, Vaskonen and Veermäe, A&A 691 (2024), 2406.05125

Ellis et al., PRD 109 (2024), 2308.08546
SMBH fit:
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MMA:



PBHs from primordial inflation

9

Veermäe et al. 
JCAP 03 (2023)

SIGW fit of the PTA signal:

⟹ tension with PBH overproduction

Franciolini, Iovino, Vaskonen, Veermäe, PRL 131 (2023), 2306.17149



Slow and supercooled first-order
phase transition

Large density fluctuations

PBHs and GWs

Liu et al. PRD 105 (2022), 2106.05637, 
Kawana, Kim, Lu, PRD 108 (2023), 2212.14037
Gouttenoire, Volansky, PRD 110 (2024), 2305.04942

Lewicki, Toczek, Vaskonen, 2402.04158, accepted to PRL

PBHs
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PBHs + GWs



Strong supercooling
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Period of inflation 
before the transition 
happens, Δ𝑉 > 𝜌!"#.

Δ𝑉



Realistic model
<latexit sha1_base64="W1yckYvdamtPiTWkDPHjtufGbzg="></latexit>

V (ω, T ) = V0 +
3g4

4ε2
ω4
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ln
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]
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g2T 2
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ω2
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NTI → ln(1/ω)
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Realistic model

Nucleation rate:

<latexit sha1_base64="a5QwK7QxQHkXBs63lTU7+DjMeMk="></latexit>

! → exp

[
ωt↑ 1

2
ε2t2 + . . .

]

<latexit sha1_base64="hUb3TRboYVdYK7U7CbOJKzvncPw="></latexit>
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H0t
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<latexit sha1_base64="PLQA4SWNocO5v+DS14ZqEOdPAbY="></latexit>

S3 = 4ω

∫ →
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slow:
few small bubbles
small 𝛽 or large 𝛾

fast:
many small bubbles
large 𝛽 and small 𝛾

Bubble nucleation
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Evolution of finite patches

j = 1

j = 2

j = 3j = 4

j = 5

<latexit sha1_base64="sCM8buN6uoeM3kcDwkrET/TmLq4=">AAACDnicbVBLSwMxGMzWV62vVY9egqUgiGVXinoRil56rGAf0C5LNs22odlkSbKFsvQXePGvePGgiFfP3vw3pu0i2joQmMx8Q/JNEDOqtON8WbmV1bX1jfxmYWt7Z3fP3j9oKpFITBpYMCHbAVKEUU4ammpG2rEkKAoYaQXD26nfGhGpqOD3ehwTL0J9TkOKkTaSb5e6PaG7ciB8CU9hBdZgdrmGZz/WyLeLTtmZAS4TNyNFkKHu258mjJOIcI0ZUqrjOrH2UiQ1xYxMCt1EkRjhIeqTjqEcRUR56WydCSwZpQdDIc3hGs7U34kURUqNo8BMRkgP1KI3Ff/zOokOr7yU8jjRhOP5Q2HCoBZw2g3sUUmwZmNDEJbU/BXiAZIIa9NgwZTgLq68TJrnZfeiXLmrFKs3WR15cASOwQlwwSWoghqogwbA4AE8gRfwaj1az9ab9T4fzVlZ5hD8gfXxDa7emqM=</latexit>

⇢̇r + 4H⇢r = �⇢̇v

Bubbles convert vacuum energy into radiation:

<latexit sha1_base64="XkeuP6C0EIfqVcNQbBX3CWfoa1A=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewK0G9CEFFPEYwD8guy+xkNhky+2CmNxBCvPgrXjwo4tW/8ObfOEn2oIkFDUVVN91dfiK4Asv6NnJLyyura/n1wsbm1vaOubvXUHEqKavTWMSy5RPFBI9YHTgI1kokI6EvWNPvX0/85oBJxePoAYYJc0PSjXjAKQEteeaBI3uxN8CX+Nbrl+AEOzdMAMENzyxaZWsKvEjsjBRRhppnfjmdmKYhi4AKolTbthJwR0QCp4KNC06qWEJon3RZW9OIhEy5o+kHY3yslQ4OYqkrAjxVf0+MSKjUMPR1Z0igp+a9ifif104huHBHPEpSYBGdLQpSgSHGkzhwh0tGQQw1IVRyfSumPSIJBR1aQYdgz7+8SBqnZfusXLmvFKtXWRx5dIiOUAnZ6BxV0R2qoTqi6BE9o1f0ZjwZL8a78TFrzRnZzD76A+PzB/TWlUw=</latexit>
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Comoving Hubble radius: False vacuum fraction:



Evolution of finite patches

<latexit sha1_base64="WR3Y54yvvMQ+Been4C+uIMdulDE=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1YUmkqBuh6MZlBfuAJoTJdNIOnTyYuRFK6F+48VfcuFDEre78GydtFtp64MKZc+5l7j1+IrgCy/o2lpZXVtfWSxvlza3tnV1zb7+t4lRS1qKxiGXXJ4oJHrEWcBCsm0hGQl+wjj+6yf3OA5OKx9E9jBPmhmQQ8YBTAlryzJrTZwIIvsJOIAnNHDmMvVEVvNHJJHN8InNh9sSn2PbMilWzpsCLxC5IBRVoeuaX049pGrIIqCBK9WwrATcjEjgVbFJ2UsUSQkdkwHqaRiRkys2md03wsVb6OIilrgjwVP09kZFQqXHo686QwFDNe7n4n9dLIbh0Mx4lKbCIzj4KUoEhxnlIuM8loyDGmhAqud4V0yHR+YCOsqxDsOdPXiTts5p9Xqvf1SuN6yKOEjpER6iKbHSBGugWNVELUfSIntErejOejBfj3fiYtS4ZxcwB+gPj8wcxIp6s</latexit>
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Computation

<latexit sha1_base64="4fMYifs31TL3Sw+4zQL4y/fxkFw=">AAACGXicbVDJSgNBEO2JW4xb1KOXxiDEQ8KMBPUY9OJJIpgFsgw9nU7Spmem6a4RwjC/4cVf8eJBEY968m/sLIeY+KDg8V4VVfU8KbgG2/6xUiura+sb6c3M1vbO7l52/6Cmw0hRVqWhCFXDI5oJHrAqcBCsIRUjvidY3Rtej/36I1Oah8E9jCRr+6Qf8B6nBIzkZm3pAm5JFUoIccsjKr5N3GEeTjvxQ8FJMOvEhXk5cbM5u2hPgJeJMyM5NEPFzX61uiGNfBYAFUTrpmNLaMdEAaeCJZlWpJkkdEj6rGloQHym2/HkswSfGKWLe6EyFQCeqPMTMfG1Hvme6fQJDPSiNxb/85oR9C7bMQ9kBCyg00W9SGCTwjgm3OWKURAjQwhV3NyK6YAoQsGEmTEhOIsvL5PaWdE5L5buSrny1SyONDpCxyiPHHSByugGVVAVUfSEXtAbereerVfrw/qctqas2cwh+gPr+xeUy6AJ</latexit>

pt / N̄k(t)
j�1e�N̄k(t)

<latexit sha1_base64="2/Bso9pNLdsLLTfNkenGo0jRUjk=">AAACH3icbZDLSsNAFIYn9VbrLerSzWAR2k1JpFQ3SlEQlxXsBdoYJtNJO+3k4sxEKKFv4sZXceNCEXHXt3GahqKtBwY+/v8czpzfCRkV0jAmWmZldW19I7uZ29re2d3T9w8aIog4JnUcsIC3HCQIoz6pSyoZaYWcIM9hpOkMr6d+84lwQQP/Xo5CYnmo51OXYiSVZOuVGzsejguyCC9ggg9xYdBh5BEObFxMjLkML+eireeNkpEUXAYzhTxIq2br351ugCOP+BIzJETbNEJpxYhLihkZ5zqRICHCQ9QjbYU+8oiw4uS+MTxRShe6AVfPlzBRf0/EyBNi5Dmq00OyLxa9qfif146ke27F1A8jSXw8W+RGDMoATsOCXcoJlmykAGFO1V8h7iOOsFSR5lQI5uLJy9A4LZmVUvmunK9epXFkwRE4BgVggjNQBbegBuoAg2fwCt7Bh/aivWmf2tesNaOlM4fgT2mTHx05oIo=</latexit>

Fk(t) = F (j→jc)
k (t)F (j>jc)

k (t)

<latexit sha1_base64="RN9migYfVZ+pvKAFrS+LCKbyBE0="></latexit>

F (j>jc)
k (t) → exp

[
↑ 4ω

3

∫
dt→ε

(
N̄k(t

→)↑ jc
)
!(t→)a(t→)3R(t; t→)3

]
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<latexit sha1_base64="j7ZIkM/XhgRpNa1k+qIT9NsckOk="></latexit>

F (j→jc)
k (t) →

jc∏

j=1

[1↑ f(t; tj , dj , k)]

Code available at 
github.com/vianvask/deltaPT

j = 1

j = 2

j = 3j = 4

j = 5

We want to generate ~10$ 
realizations.



Distribution of density constrast
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• distribution of the fluctuations has negative non-Gaussianity

• small 𝛽/𝐻( ⟹ slow transition    ⟹ large variance of 𝛿

<latexit sha1_base64="bHCJsf7QFlEgcC4LPVQUzPMVnws="></latexit>

Pk(ω) → exp

[
ε

2
(ω ↑ µ)↑ 2

ε2ϑ2

(
1↑ e

ω
2 (ω→µ)

)2]
Fitting function:
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Lewicki, Toczek, Vaskonen, 2402.04158



Primordial black holes

<latexit sha1_base64="pskuq6TRoS19UW42LJHa7c/7l8g="></latexit>
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M(ω) = εMk(ω → ωc)
ω

<latexit sha1_base64="e0z8uHnQkcZ/+ItFqzUPpBmUE2Q=">AAACIXicbVDLSgMxFM3UV62vqks3wSK4kGGmttqNUHTjsoJ9QKeUO5m0DU1mxiQjlNJfceOvuHGhSHfiz5g+EG09EDiccy439/gxZ0o7zqeVWlldW99Ib2a2tnd297L7BzUVJZLQKol4JBs+KMpZSKuaaU4bsaQgfE7rfv9m4tcfqVQsCu/1IKYtAd2QdRgBbaR2tuR1QQjAV9ixz0tn2HtIIMBeH+J4Ihbs/I8WUK6hTabRYrGdzTm2MwVeJu6c5NAclXZ27AURSQQNNeGgVNN1Yt0agtSMcDrKeImiMZA+dGnT0BAEVa3h9MIRPjFKgDuRNC/UeKr+nhiCUGogfJMUoHtq0ZuI/3nNRHdKrSEL40TTkMwWdRKOdYQndeGASUo0HxgCRDLzV0x6IIFoU2rGlOAunrxMannbvbALd4Vc+XpeRxodoWN0ilx0icroFlVQFRH0hF7QG3q3nq1X68Maz6Ipaz5ziP7A+voGZCWfVg==</latexit>

ω = 0.38, ε = 4.2, ϑc = 0.55
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Lewicki, Toczek, Vaskonen, 2402.04158



Comparison with Gouttenoire & Volansky 2305.04942
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1. We account for fluctuations in the nucleation times of several bubbles, GV23 only in the time when nucleation started.

2. We compute the distribution of the fluctuations at 𝑘 < 𝑘)*+, GV23 only at the scale of the largest fluctuations.
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2nd order term in the nucleation rate
Lewicki, Toczek, Vaskonen, in preparation.
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Results in the CSI model
Lewicki, Toczek, Vaskonen, in preparation.
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<latexit sha1_base64="W1yckYvdamtPiTWkDPHjtufGbzg="></latexit>

V (ω, T ) = V0 +
3g4

4ε2
ω4

[
ln

ω2

v2
→ 1

2

]
+

g2T 2

2
ω2
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Gravitational waves

1. Primary GWs from bubble 
collisions:

2. Secondary GWs induced by 
the large fluctuations:
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Suppression of the primary GWs
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Suppression factor in RD 
[Zhong, Gong, Qiu, JHEP 02 (2022)]:
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Suppression for strongly supercooled transitions 
[Lewicki, Vaskonen, in preparation]:
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Prospects
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2nd order term in the nucleation rate
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Results in the CSI model
Lewicki, Toczek, Vaskonen, in preparation.
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Summary

Slow and supercooled transition
e.g. in CSI models

Large density fluctuations

PBHs and scalar induced GWs
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• Negative non-Gaussianity suppresses PBH formation.

• 2nd order term in the nucleation rate is relevant.

• Primary GWs are suppressed for slow transitions.


