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First order phase transitions




GWs from phase transitions
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Primordial black hole constraints
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Primordial black hole formation

Large fluctuations collapse against the fluid pressure to BHs at horizon reentry.
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Large fluctuations source also scalar-induced GWs.



Scalar-induced GWs
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Strong evidence for nHz GW background

log,o(Excess timing delay [s])

NANOGrav, ApJ. Lett. 951 (2023), 2306.16213
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Hellings-Downs angular correlation.

Seen also by EPTA, InPTA, PPTA and CPTA.



What is the source?

SMBH fit:

Ellis et al., PRD 109 (2024), 2306.17021

Raidal, Urrutia, Vaskonen and Veermae, A&A 691 (2024), 2406.05125
w4t
= GW only
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MMA:

Ellis et al., PRD 109 (2024), 2308.08546

| Scenario | Best-fit parameters | ABIC |
GW-driven SMBH binaries peu = 0.07 6.0
GW + environment-driven peu = 0.84 Baseline
SMBH binaries a=2.0 (BIC = 53.9)
fret =34 nHz
Cosmic (super)strings Gu=2x10"" -1.2
(CS) p=6.3x 1073 (4.6)
Phase transition T: = 0.34 GeV -4.9
(PT) B/H = 6.0 (2.9)
Domain walls Tann = 0.85 GeV -5.7
(DWs) a, = 0.11 (2.2)
Scalar-induced GWs k. =10""/Mpc 21 )
(SIGWs) A =0.06 (5.8)
L A =0.21
First-order GWs log,gr = —14 -2.0
(FOGWs) ny = 2.6 (6.0)
log,o (Ttn/GeV) = —0.67
“Audible” axions me =3.1x 1071 eV -4.2
fa = 0.87 Mp (3.7)




PBHs from primordial inflation
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SIGW fit of the PTA signal:

Franciolini, lovino, Vaskonen, Veermae, PRL 131 (2023), 2306.17149
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Slow and supercooled first-order
phase transition

<

Large density fluctuations

<

PBHs and GWs

Kawana, Kim, Lu, PRD 108 (2023), 2212.14037
Gouttenoire, Volansky, PRD 110 (2024), 2305.04942

Lewicki, Toczek, Vaskonen, 2402.04158, accepted to PRL PBHs + GWs

Liu et al. PRD 105 (2022), 2106.05637,
PBHs
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Strong supercooling

Period of inflation
before the transition

happens, AV > praq4-
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Realistic model
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Realistic model

Nucleation rate:
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Bubble nucleation

S
slow: fast:

few small bubbles  many small bubbles
small f orlargey  large f and small y
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Evolution of finite patches
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Bubbles convert vacuum energy into radiation:
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False vacuum fraction:
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Four examples:

Evolution of finite patches

=7
k=0.9kmax

B/Ho

10

06
Hyt

04

02

02 00

03F

_0.1L
-0.2F
_03L

12

10

06

04

02

02 00

1.2

Hyt

16



Computation

We want to generate ~10°
realizations.

Je
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Code available at
github.com/vianvask/deltaPT
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Distribution of density constrast

Lewicki, Toczek, Vaskonen, 2402.04158

P (6)
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Fitting function:
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distribution of the fluctuations has negative non-Gaussianity

small 6/Hy = slow transition = large variance of §
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Primordial black holes

Lewicki, Toczek, Vaskonen, 2402.04158
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Comparison with Gouttenoire & Volansky 2305.04942

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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Suppression

Energy is not distributed
smoothly right after the
phase transition.

The area of bubble surfaces inside a given
volume increases.

— The length scale of the subhorizon
fluctuations

L — Svk/stot

decreases.

log o fpBH/(T1en/GeV)]

/;
/-

11
11
o1
11
11

l17

~
~

~
~

~ ~

~ ~

~

~

neglect
scales with

-- kL<1/10
-- kL<1/20

-- kL<1/30

——

/

65 70

75

B/Hg



Gravitational waves

Lewicki, Toczek, Vaskonen, 2402.04158

1. Primary GWs from bubble
collisions:

kpeak ~ kmax B/HO

3\ 2
Qpawh?® o< | -
pGwh ( 7

2. Secondary GWs induced by
the large fluctuations:

kpeak ~ kmax

ngwh2 X G_B/HO

=
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Suppression of the primary GWs

max[Qpgw]
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Suppression for strongly supercooled transitions
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PTA fit

Lewicki, Toczek, Vaskonen, 2402.04158

Negative non-Gaussianity —=

PTA fit is not in tension with PBH production
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Prospects

Lewicki, Toczek, Vaskonen, 2402.04158
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2nd order term in the nucleation rate

Lewicki, Toczek, Vaskonen, in preparation.

Same PBH abundance,
different GW spectra:
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Results in the CSI model - [

Lewicki, Toczek, Vaskonen, in preparation. 472
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Summary

Slow and supercooled transition
e.g. in CSI models

~

Large density fluctuations

~

PBHs and scalar induced GWs

* Negative non-Gaussianity suppresses PBH formation.

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

* Primary GWs are suppressed for slow transitions.
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