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Confinement

String <« _—
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® Colour-charged particles (quarks and gluons) cannot be isolated. States are
colourless

® Flux tubes of colour (strings) connect quarks
® Property of gauge theories (e.g., QCD)

® Separating quarks — nucleation of pairs
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Pinnel & € — if M, > A, it would not break!



Conﬁnement G. Dvalj, J. S. Bermudez, MZ arXiv:2210:14947

Example: Confinement of 't Hooft Polyakov Monopoles

e Relativistic acceleration of the monopoles a = A2/m,_

® Properly reproduced by point-like result

10.0

Sgn(lL — to) o) 75
X(1) = £ = =/ 1+ vy — al 1= 1))
Martin, Vilenkin ‘97 N
5; o " T,
S| o oa-

.
Y
.




Inflation

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of

Period of exponential expansion oot / Glexise ranet s
Inflation

H. 1
b

a(t) = agye H, =~ const

Introduced by Guth to address the
flatness, horizon and monopole 15t Stars

about 400 million yrs.
prOblem Big Bang Expansion

13.7 billion years

Credit NASA

Fields fluctuate due to quasi-de-Sitter spacetime and particles are produced e.g.,
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Formation Mechanism:

Step 1: de Sitter fluctuations produce quarks during inflation

Inflation

dilution
d>H!

® Focus on a simple pair case (more complicated configurations possible)

e Constant production rate 4
® Depends on the relative mass scales

® Interested in distribution of quarks at super horizon distances
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® Distance grows as d « e

See T Matsuda arXiv:hep-ph/0509061.



Formation Mechanism:

Step 2: Confinement at energy scale A, M /A, > 1

Horizon <« d

® Flux tubes form connecting quark/anti-quark pairs

® The system cannot collapse as long as d > Horizon
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e String breaking into quarks pair: Py . &« €

suppressed as long as M /A > 1

® This condition should hold for the lightest confined quark

® Confinement can take place during inflationary period or in
the late Universe



Formation Mechanism:

Step 3: As they re-enter horizon, collapse leads to BH formation

Horizon =t =d

@ Quarks accelerate towards each other a = A2/ m, and become relativistic
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E~ AZt~Mpgy, R,> A;
® The connecting string is not exactly straight

e Primordial BHs due to overdensities are heavier MI?E% ~
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fPBH — QPBH/QDM

Dark matter

M[Mo]

Monochromatic spectrum
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— Filled areas are phenomenological

10-4 L constraints (evaporation, dynamical,...)

The scaling holds for radiation domimated

universe

— Seeds for supermassive black holes in the galactic centres
— Maximally rotating sub-solar PBHs production

— Possible embedding with known QCD as long as A, < m, (assumption required)

— Interesting stochastic background with flat €2y, (relevant for NANOGrav, LISA,...)



Dark matter

Extended spectrum
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o Super massive black holes as a bonus

® These are black holes in the galactic centres which might be too heavy to be
explained by accretion of stellar black holes

e They have masses > 10°M

e Primordial BHs of masses Mpgyy > 104M® can explain them due to accretion

° fgg’gmm(M > 10* M) S 10~ , which is satisfied

df (Mppg) _
heavy _ dln M PBHAVTEBI) ~ 10710
PBH /104M@ PBH d ln MPBH

Correct value to obtain SMBHs via accretion Serpico, Poulin, Inman, Kohri ‘20



Gravitational Waves

— System dual to monopole/antimonopole pair connected by string

Point-like limit previously studied by Martin, Vilenkin 97

® Two solutions studied: oscillatory and rotating system

® Both of them give radiated gravitational power scaling as
A4
P ~—, w,=2anld,
n
for large range of frequencies

e Use these results to estimate Qg due to the proposed
mechanism

See eg Leblond, Shlaer, Siemens ‘09



Gravitational Waves

The point-like case properly reproduces the GW spectrum of
the numerical simulation with 't Hooft Polyakov monopoles
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® Finite width corrections

G. Dvalj, J. S. Bermudez, MZ arXiv:2210:14947



o Gravitational Waves

NANOGrav data pointing to a GW stochastic background
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~ High-spin sub-solar mass primordial black holes
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“PBH N.B. Overdensity PBHs do not rotate (in radiation)

—This source of spin matters for lighter black holes



o Possible embedding with standard QCD

® Assumption required:

A, < M, from nucleation to collapse
o At T'= 0 QCD does exactly the opposite A, > M, however,...

® [t is natural for the confining and mass scales to change in the Early
Universe Duali ‘95

® This is the case if couplings are expectation values of fields (moduli)
with flat potentials

® For example, couplings between inflaton and standard model can
achieve that



o Possible embedding with standard QCD
_ 1 5
SyWLYRY ngFwF g
Couplings are expectation values of fields and can be very different in the early Universe

1
8y =y (Sy/M*)’ e = fr (Sp/M-)

Expectation values of fields ¢, S, and Sg change at non-zero temperature

Requirement: Low temperature expectation value should set the right coupling values

This should happen before BBN— large room for PBH production




Thank you!



Dark matter

Recent studies show that black holes could live much longer than we
thought due to ““memory burden” (Duvali, Eisemnann, Michel, Zell "20):
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Evaporation constraints to be revisited



Each transition has interesting soliton
dynamics

SU(2) > U(1) — 1




The system
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Initial Conditions
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