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Primordial black holes (PBHs)
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First-order phase transitions

T>T,
Decay of vacuuin - \/
<
£ 50,40" - Ugc/J) 5
Early Universe = Uy (¢, T) T=T.
< %
Time evolution (boiling of the Universe) > S
T<T.
¢ =0 <
S §§§§§§§§§§§§ — :
FOPT (vacuum decay)

Landscape of FOPTs ’

e GUT--T, ~ 10%° GeVv

Seesaw & U(1)5_; - T, ~ 10%% GeV

EW SU(2), xU(1)y -- T, ~ 10% GeV [Higgs]
Dark U(1)y -- T, ~ MeV [NANOGrav?]
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Phase transitions as source of over-densities

Bubble collisions Particle trapping Slow transitions
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PBH formation due to delayed-decay patches

Randomness: some Hubble patches nucleate later than average
* prxatp,xa’
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Increasing the delayed-decay time
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How to realize in a particle model?

Extending the Standard Model...
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The crucial parameter 3

Two important parameters in first-order phase transitions

Lo A B 1 ds
T2 7 - T 1 Aar
Strength: vacuum-to-radiation Duration: inverse ratio of FOPT
energy ratio duration to Hubble time

Vacuum decay ratellinde, NPB 216 (1983) 421]

S )3/2 Euclidean action

= T* (E e = Evaluated from Uy (¢, T)

Ur(¢,T)

2
S(t) = S(t,) —B(t—t,) +7(t —t)% + -
¢

Exponential approximation ' = T,ef?
A small f/H, means a slow transition, which is necessary
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Model-building strategies

Classically conformal (scale invariant) potential, e.g.

1 _;T?
Ur($,T) ~ gB 251 gt (1og 2 — 1) 4+ 227

S « ggz3;, small gg_; leads to small T o< e™: ultra-supercooling
Iso et al, PRL 119 (2017) 14, 141301

1.2 grrrrryrrm T T T e :
Transition temperature T, <K w 1.0f :

. ~ wi /T4 . 0.8
a ~w*/T, > 1 [super-strong] < ool FOPT

 [/H, small [slow] S04 T, < w

A popular choice! 02 T

Gouttenoire, 2311.13640; Salvio, 2312.04628; Conaci et al, X0 | S N T AT ecrettO
2401.09411; Baldes et al, 2307.11639; etc 00 02 04 06

This talk: a new type of rea|izz-:]tion[Kanemura, Tanaka and KPX, 2404.00646]

* A purely slow transition, not necessary super-strong

* General relationship between PBH formation & the particle
model structure
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A simple example

A polynomial potential

p =

Realizing the PBH formation --

UT (¢; T) ~

Uzw-— m¢
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(1 + @), vacuum at (¢) = w, scalar mass m
Mo

Benchmark: mg = 300 MeV, w = 900 MeV, ¢ = 0.11, and u3 = 154.1 MeV
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FOPT parameters: T, = 168 MeV, T,, = 126 MeV, « = 2.8,and f/H, = 4.7

Resultant m,pp = 2.72X10°° g = 1.37M®
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The underlying reason

A zero-temperature potential barrier exists for 1 < @ <3
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The U-shaped S(T) = S3(T)/T
* ForT — T,., two vacua degenerate, S(T) — o
* ForT — 0, S3(T) finite, S(T) —» o

Decay rate I’ « e~ suppressed = a slow transition!
NOT necessary super-strong: difference between late and slo
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Feature 1: sensitive parameter-dependence
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The sensitive f,pph

Similar dependence also obtained in the literature

*For classically conformal scenarios Ja [GeV]
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Reason: fypp is exponentially sensitive to /H,
Fine-tuning is needed for f,p, ~ 1
Also the general feature of many conventional PBH mechanisms
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Feature 2: the breakdown of exponential nucleation

The vacuum decay rate I'(t) ~ I,e™5®
2
Talyor expansion S(t) = S(t,) — B(t —t,) + %(t — )2 +
(2
e T(t) » el t)—g -t

Linear-order — exponential approximation — parameter 5 /H,

“Standard approximation” in FOPT studies
BUT may not apply when ,B/H is small
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Importance of including full S(t)

The standard “EFT” treatment of FOPTs

Particle
physics model

( ) LISA collaboration, JCAP 03 (2020) 024
PT parameters ( ) ( )
GW power spectrum LISA sensitivity
Effective action — £, H.
. B ( ) Numerical simulations — Configuration + noise level —
nergy opudget — o, Ko, Vw
&Y & / / h2QGW(fa H*a «, ﬂa UW) h2QsenS(f)
Bubble wall dynamics — vy )
\ Yy, \,

Signal-to-noise ratio

In the slow-transition PBH scenario:
* Full description of S(t) is needed

« Replace B/H, with (8m)Y/3v,,/(H.R) in GW calculation
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A more realistic model

The Z,-symmetric singlet extension of the SM (Z,-xSM)

2
__ '“_S 2 A_h 4 4 /1 Ans 2
V(h,s) <+ 5 S° 4h 25 = ; h?s

Given my, = 125 GeV and (h) = v = 246 GeV,

Only 3 free parameters, chosen as mg, 4;, As.
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Benchmark: m, = 218 GeV, 4, = 1.108, 1, = 2

The Aj; term induces the zero-temperature barrier
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Finite temperature dynamics

Vacuum decay pattern

(h,s) = (0,w,) = (v,,0)
First-order electroweak phase
transition (FOEWPT)
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Closing remarks

Slow FOPTs favor potentials with zero-temperature barriers

1.

PBH abundance depends sensitively on barrier height

2. The breakdown of T' « eft approximation

Mpph X T, %: Landscape of FOPTs = Landscape of PBHs

GUT - T, ~ 10'° GeV = my,, ~ 10 g

Seesaw & U(1)p_ - T, ~ 10'? GeV = mypp ~ 107 g

EW SU(2),xU(1)y -- T. ~ 10% GeV [Higgs] = mpp, ~ 10%7 g
Dark U(1)x -- T, ~ MeV [NANOGrav?] = mpp, ~ 10°7 g

Asteroid-mass?
’ Dark matter?
Baryogenesis? @Euper-
Darkogenesis? massive?/

W Thank y@uﬂﬂ
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Backup: energy transition during FOPTs

Old phase

W |
o

New phase

{

N/

False vacuum fraction

& f

Time

Energy density

Solid: radiation

Dashed: vacuum

| Radiation energy p, = gg*T4

1 Vacuum energy p, = AV - F

dpr __dpy
Pr=""q
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Backup: other PBH scenarios

The “conventional” scenario:
|nf|ationa ry f|uctuation[Carr & Hawking, MNRAS 168 (1974) 399-415]

V(¢)

PBHe

<«— reheating

Ballesteros et al,
PRD 97 (2018) 2, 023501

Kitajima et al, PRD 87 (2013)
6, 063519 Over-dense
y Horizon i

g
7 \\ 4
4 \ 4
/ \ /
». ¥
1 \ 1
1 1 1
1 1
\
\
\

Density perturbation 1
Under-dense

f

CMB

BH formation!

Other scenarios:

©CXHONSOE W

Collapse from inhomogeneities during radiation-dominated era
Critical collapse

Collapse from single-field inflation

Collapse from multi-field inflation

Collapse from inhomogeneities during matter-dominated era
Collapse of cosmic string loops
Collapse from bubble collisions
Collapse of scalar field
Collapse of domain walls

Carr et al, Rept.Prog.Phys. 84
(2021) 11, 116902
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Backup: PBHs from density perturbation

Carr et al, Mon. Not. Roy. Astron.

=

Soc. 168,399 (1974)  The curvature perturbation
power spectrum
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Backup: FOPT GWs

Stochastic gravitational wave signals!Caprini et al, JCAP 1604 (2016) 001]
1. Bubble collision;

N
. = |
2. Sound waves in plasma; S Sound
. [G"
3. Turbulence in plasma. g
— 1 B /H. T, 2| Collisions
~ 10702 () (55) (ey) &
fpeak O Vw 10 MeV g | Turbulence
L
F
Landscape of GWSs from FOPTs requency f
NANOGrav, CPTA, - .
EPTA, PPTA; LISA, TianQin, Taiji, ~ LIGO, Virgo,
SKA . % _ BBO, DECIGO KAGRA.
ET, CE

7 {]

V SN g .
Pulsar timing arrays Space-based Ground-based

Stellar mass compact binaries

I | I
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Compact object captured by Rotating neutron
supermassive black holes stars, supernoave
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