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* Potential barrier separates

true and false vacua "bubble" formation
@ * o
() B |9 /\5)
a O\Tm';m O j\ r’ i~ O

source: ]l;; tensor

¢

|

aIIISOtI'OEIC stress i
) ’ |

|

|}




GWs from first order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates
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Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates
true and false vacua "bubble" formation

O © o

@\m vacuum
Q . =
Falze vacaum

Sounds waves (relativistic fluids) + Magneto-hydrodynamic (MHD) effects + Turbulence

=

1073

1079

T T T mrrrT ll
—_~ L—5/3

| I A R R B B B

11 11 l 1 1 1
104 1079

10—19 1 ool
102 103 e e

A. Roper Pol et al, P. Auclair ef al,

Phys.Rev.D 102 (2020) 8, 083512 JCAP 09 (2022) 029
Arxiv: 1903.08585 Arxiv: 2205.02588

i Phys.Rev.D 92 (2015) 12, 123009;
i Arxiv: 1504.03291
0 (Series of papers 2012-2023)



GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon

f* _ €. < 1| parameter characterising source




GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon

H(T,) .
fe = €x < 1| parameter characterising source
€ x
<&
4 2
SRS
OO

Hubble rate T T Q. 92.10"° T.

I  Je=Ji— = Hz

temperature ao €. 1 TeV




GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon

Hubble rate

|

temperature

for

€x < 1| parameter characterising source
&
S
O
T a 2-107° T
= f,— = ~ _Hz ~ mHz
ao € « 1 TeV /
€. ~107% | | Th ~ 1TeV




GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon
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Example of spectrum
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peak of bubble collisions

h Qgw (f)

Example of spectrum

peak of fluid-related processes
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Evaluation of the signal

e bubble collisions: analytical and numerical simulations
Huber, Konstandin '08 Cutting, Hindmarsh et al 2018, ...

e sound waves: numerical simulations of scalar field and fluid
Hindmarsh, Weir et al 2012 - 2019,
analytical Hindmarsh 2016, 2019,

e MDH turbulence: analytical evaluation
Kosowsky et al 07, Caprini et al ‘09, Niksa et al '18

numerical pol et al 2019
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detect/constrain significant fraction of Param Space



Can we really detect a 1st-O Ph-T ?

* LISA/ET can, but LHC pressures typical BSM
extensions to promote EW-PhT into First Order

* Assuming LHC does not rule out models, LISA/ET can
detect/constrain significant fraction of Param Space

* Predictions depend on many assumptions (particularly
in sound waves), so is our modelling correct?

* Even if we detect it, then we infer & and (3, but what
BSM model is behind? not univocal !
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Cosmic Defects

Aftermath product of a Ph.T.



Introduction to Cosmic Defects

Topology of cosmic domains and strings

T W B Kibble
Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2BZ, UK

Received 11 March 1976

Abstract. The possible domain structures which can arise in the universe 1n a spontaneously
broken gauge theory are studied. Itis shown that the formation of domain walls, strings or
monopoles depends on the homotopy groups of the manifold of degenerate vacua. The
subsequent evolution of these structures is investigated. It is argued that while theories
generating domain walls can probably be eliminated (because of their unacceptable
gravitational effects), a cosmic network of strings may well have been formed and may have
had important cosmological effects.

Kibble pioneered the study of topological
defect generation in the early universe.
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Introduction to Cosmic Defects

Z00LOGY:

monafes: 0(3) texture: (non-topological)

MICRO-PHYSICS ====)p COSMIC DEFECTS
— (M = G/H)




Example: Cosmic Strings

(e.g. From PhT after Hybrid Inflation)

1 P I

HIGGS ‘

STRINGS

(Higgs Min,
Pot. Energy Max)

2D SLICE:

HIGGS
PHASE

Dufaux et al PRD 2010



Example: Cosmic Strings

(e.g. From PhT after Hybrid Inflation)

10

Variable 1
S E =
A

—
o,
(6]

Magnetic Field
energy density

Dufaux et al PRD 2010
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Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — .
Cosmic Monopoles

Non — Topological

CAUSALITY & MICROPHYSICS = Corr. Length: £(t) = A(t) H~1(t)

(Kibble' 76)

SCALING: A(t) =const. — )\ ~ 1 :{> k/H T/kt
comoving momentum \'
* Could be not exact in some cases conformal time
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DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT

c; (T " (k, )Ty (K, 1)) = (2m)° % U(kt, kt")6°(k — k)
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GW spectrum:
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GW today: Scaling @ RD
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GWs from a Scaling network of cosmic defects

VEV -
GW today: Scaling @ RD

—Q(ML) 0l Fy, (SCALE INV.))

Defect type

!

= / dridxo\/r115c08(21 — 22)U (21, T2)
0

—

V PhT (1st 2nd ) V Defects (top or non- top )

) DGF ‘Hlndmarsh Urrestllla PRL 2013



GWs from a Scaling network of cosmic defects

enerqy scale
gy constants

Total GW Spectrum - -

O O V ! ke ’
R2Q0L = h20') (ﬁ> FyY + B (f—)
p

32 [*
RD F((]R) — ? / dibldCEQ (CE1£C2)1/2 COS(CEl — 5132) URD(ZEl, 5132)
0
32 (vV/2—-1)% [*
MD FI(JM) — 3 (\/_2 ) / dib’lda?g (1'1562)3/2 COS(ZCl — CEQ) UMD(xl, xg)

eq

DGF, Hindmarsh, Lizarraga, Urrestilla, PRD 2020



GWs from a Scaling network of cosmic defects

enerqy scale
gy constants

Total GW Spectrum - -

O O V ! ke .
R2Q0L = h20') (ﬁ) FyY + B (f)
p

However this assumes exact scaling !

DGF, Hindmarsh, Lizarraga, Urrestilla, PRD 2020



GWs from a Scaling network of cosmic defects

h*Oow LISA
contigs

—————————————————————————— :\-\—\é::—::éli————————-N=2
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.____________________________\\\_\\.“',L _________ N=3
N=4
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G~ e e P P N D . L L L L L L - N=12
N=20

—  f[Hz

1074 10 [Hz]

DGF, Hindmarsh, Lizarraga, Urrestilla, PRD 2020
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Global strings . Log corrections
(e.g. axion DM) argued & found

Gorghetto, Hardy, Villadoro, JHEP 2018
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Global strings . Log corrections
(e.g. axion DM) argued & found

Gorghetto, Hardy, Villadoro, JHEP 2018



GWs from a Scaling network of (-, pal Strings

Not scale invariant due to Log enhancements !
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/

0—4
/Hz
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JCAP 06 (2021) 034 (Arxiv 2101.11007 )
e.g. Gorghetto et al


https://arxiv.org/abs/2101.11007

GWs from a Scaling network of (-, pal Strings

Not scale invariant due to Log enhancements !

1076
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10-14}

10—16 - a :

10—18

f/Hz JCAP 06 (2021) 034 (Arxiv 2101.11007 )
e.g. Gorghetto et al


https://arxiv.org/abs/2101.11007
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Local String Networks

Network = ‘infinity' + loops O

/6\/
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Local String Networks

Loops are formed ! \/iprate under their tension !

Periodic
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Local String Networks

Loops are formed ! \/iprate under their tension !

NN AAS Gravitational
Waves (GW)
(((O) ) are emitted !

Superposition from many loop signals

\C .
m - - f
: Gravitational Wave Background /
@@ﬂ //\//\/\/7
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Traditional picture —»> Nambu-Goto approximation (zero width)

—> Decay to GWs
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L »'Decay'to loops

» Loops decay via GWs radiated in all harmonic frequencies v;
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Field-theory strings can also decay via particle emission

Following ... we assume GW emission dominates !



Local String Networks

Traditional picture —»> Nambu-Goto approximation (zero width)

—> Decay to GWs
» String networks = Infinite strings + Loops

L »'Decay'to loops

» Loops decay via GWs radiated in all harmonic frequencies v;

r—q ] o0
Pi=TGu'Zs —> Pow=—Eau=3 P =rGp

j=1
But ...
Field-theory strings can also decay via particle emission

Following ... we assume GW emission dominates !

(*Lattice calculations show opposite... not published yet)



Local String Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes



Local String Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !



Local String Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n
= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
l and many others |

"extra" emission on top
of Irreducible background
(only for strings)
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Local String Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

dp© , [t a(t)\’ [eHO
T =I'Gu /t dt/( CL0> /0 dlin(l,t) P((a,/a(t))fl)

expansion
history



Local String Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

0 to a/H(t)
dp”:m,ﬂ/ dt<a(t)> / . dlin(l,t) P((ao/a(t)) f1)

df /\

expansmn lenath number
history 9 density

( Nambu-Goto)
simulations



Local String Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

Original emission of GWs ! (Vilenkin ’81)
and many others !

: b g o/ H(1)
dp():m,ﬂ/ dt< (t)> / ’ dllnltP Ja(#) 1)

df
/ \v GW power emlssmn

number

expansmn

history length density X 1 / ( l
( Nambu-Goto)
simulations features

(kinks,cusps,...)



Cosmic strings loops: GW background

Example of GW emission from Loops

e.g. Sanidas et al 2012



Cosmic strings loops: GW background

Example of GW emission from Loops

loop

size
(relative to

horizon)

Sanidas et al 2012



Cosmic Strings Network: Loop configurations

Example of GW emission from Loops

e el —

1 Latest Nambu-Goto
Slmulatlons a ~ (. 1

a=10"° o= 10710

_s a=1078
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loop

size
(relative to

horizon)



Model Il (BOS) from LISA paper

Model II
107/ /i LISA /
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£ 10711

107° 107 1073 1 103 10°
frequency (Hz)

LISA paper: 1909.00819 [astro-ph.CO]


https://arxiv.org/abs/1909.00819
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@ LISA: Very large parameter space !
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1

107%°

107° 107 1073 1 103 10°
frequency (Hz)

@ LISA: Very large parameter space !
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CMB PTA (today) PTA (future)
Gun~10"" Gu~ 10" Gu~ 10"

LISA improve: O(10') O(10%) O(10°)



GW background constrained by LISA

CMB PTA (today) PTA (future)

'+ Best constraints on Comic Strings
LISA { - (actually only way to obtain them)
. * Discovery, or stringent constraints
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Late Universe (0 <z < 10)

Masses in the Stellar Graveyard
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Late Universe

(0 <z3510)
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unresolved

binaries !
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Late Universe (0 <z 5 10)

Black Holes
Neutron Stars
White Dwarfs
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Late Universe (0 <z < 10)

1 Clp(;w 27T 2
. . Qew (f) o dlog f 3H2f =(f),
e
— dn comoving
N L) — For binary population: — ( number )
. g < density
e

dn 1 dE
—9 d g GW
/ /O L 1x 2,




Late Universe (0 <z < 10)
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energy spectrum



https://inspirehep.net/authors/993478
https://arxiv.org/abs/astro-ph/0108028
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Masses in the Stellar Graveyard
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Grav. Wave Background
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M. Pieroni A. Ricciardone, A. Sesana, J. Torrado
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O1. Data Analysis

POWER SPECTRUM RECONSTRUCTION

Automatised

‘ Binning |/

Frequency [Hz]

Code SGWBinner

(Caprini et al 1906.09244 )



https://arxiv.org/abs/1906.09244

O1. Data Analysis

O1. Data Analysis

POWER SPECTRUM RECONSTRUCTION

N

Machine Learning

Analysis
E - fentral noise
E 1079 5
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O | . F
Q | =
) 10711 §
= | ..
Q)
Code GWBackFinder

(Dimitriou et al 2309.08430 )

Code sagqgara
(Alvey et al 2309.07954 )



https://arxiv.org/abs/1906.09244
https://arxiv.org/abs/2309.08430
https://arxiv.org/abs/2309.07954

O1. Data Analysis

O1. Data Analysis

POWER SPECTRUM RECONSTRUCTION
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https://arxiv.org/abs/2309.08430
https://arxiv.org/abs/2309.07954

O1. Data Analysis

O1. Data Analysis
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https://arxiv.org/abs/2012.07874
https://arxiv.org/abs/2004.01135

02. COI‘Strai nts 02. Constraints



02. COI‘Strai nts 02. Constraints

(Before June 2023)

10-5| TN

107"} V
— 107 Direct | — Planck
é% o1 PTA Detection | _— ppra

(Before June 2023) | — Lvkos
107" | — cmB(Ad)
—— CMB (Hom.)
10—15f
CMB
o
10° 10-1° 10-10 10-5 1 105

f [HZ]



02. COI‘Strai nts 02. Constraints

— PPTA

— LVKO3

— CMB (Ad.)
! | — CMB (Hom.)

Qcew(f)

0 107 10¢ 0.1 100 105
f [HZ]



02. COI‘Strai nts 02. Constraints

— PPTA

— LVKO3

— CMB (Ad.)
—— CMB (Hom.)

Qcew(f)

Res.

AEDGE

17 BBO
10— | | | | | | | | | | | | | | |
1010 1077 104 0.1 100 10°




CMB Latest Analysis
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NanoGrav, EPTA+IPTA, PPTA, CPTA
(Pulsar Timing Array Collaborations)

(June 2023)




03' EVidence (PTA) 03. Evidence (PTA)

NanoGrav, EPTA+IPTA, PPTA, CPTA
(Pulsar Timing Array Collaborations)

[Hellings, Downs: Astrophys. J. 265 (1983) L39]
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03' EVidence (PTA) 03. Evidence (PTA)

"Strong" Evidence
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03' EVidence (PTA) 03. Detection (PTA)

Interpretation

Super Massive BHB
(SMBHB, expected)

NanoG: 2306.16220 [astro-ph.HE]
EPTA: 2306.16227 [astro-ph.CO]


https://arxiv.org/abs/2306.16227
https://arxiv.org/abs/2306.16220
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03' EVidence (PTA) 03. Detection (PTA)

Interpretation

Super Massive BHB Cosmological GWB
(SMBHB, expected) (more speculative)

Key: Anisotropies ? Key: Spectrum

Inflation, Domain Walls, Cosmic Strings
1stO-PhT, audible Axions, 2ndOI-GWB, ...
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from the Early Universe

- . - )
" Review on Gravitational Waves

J

Caprini & Figueroa
arXiv:1801.04268
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For you early universe numerics ...

(Posmolattice

Figueroa, Florio, Torrenti, Valkenburg, arXiv: 2102.01031

(Grav. Wave module already available!)
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https://arxiv.org/abs/2102.01031
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For you early universe numerics ...

1st CL School 2022: Sept 5-8

@Valencia:
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Propaganda, Part Il

For you early universe numerics ...

2na CL School 2023: Sept 25-29

https://www.youtube.com
/@GCosmol attice/videos

Structure of HDFS files in Cosmolattice

Evolution of GWs modes

non-local operations are computationally expensive!

HDFS files are structured in Groups and

Solution: we define a set of yysical 1ensor 1 es u's

Example: The kinetic_energy.snapshot_scalar.hs file of a
simuiation with Lo real scalar fields is structured as foliows

1) Evolve equation of r

>
11,

p e
by + iy - —uw = ——
w* mga*

2) When needed nput

° @
@' 63

<
g8 Y |

density) we ap|

ply transformation

)

® O Bk, 1) = Ay oy ik, 1)

1:33:04

Cosmolattice School 2023, Day 4: Practice 3 Cosmolattice School 2023, Day 4: Lecture 8 Cosmolattice School 2023, Day 3: Lecture 7 Cosmolattice School 2023, Day 3: Lecture 6
(Simulating Gravitational Waves) (Plotting Features of CosmolLattice) [SU(2) Scalar-Gauge Theory Lattice... (Creation and Propagation of Grav. Waves)

17 views * 4 months ago 36 views * 4 months ago 10 views * 4 months ago 12 views * 4 months ago


https://www.youtube.com/@CosmoLattice/videos

Propaganda, Part Il

For you early universe numerics ...

3:« CL School ... 2024 or 2025

Details for 3rd CL School TBA at:

https:/cosmolattice.net

FE/ II YOWNLOAD DOCUMENTATION~  VERSIONS v {{ EVENTS v } PUBLICATIONS

2


https://cosmolattice.net

Thanks for your attention

Vielen Dank fur lhre Aufmerksamkeit
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What about lattice simulations ?

Abelian-Higgs Simulations

* Loops formed ! ... but decay into scalar/gauge fields

* |t loops disappear... then no GW ?

*

There is an irreducible GW emission from the long
string network, but negligible vs NG loop GW emission



Modeling

What about lattice simulations ?

Abelian-Higgs Simulations

* Loops formed ! ... but decay into scalar/gauge fields

* |t loops disappear... then no GW ?

*

There is an irreducible GW emission from the long
string network, but negligible vs NG loop GW emission

Open debate in the ArXiv !

Vachaspati et al 2019/20
Copeland et al 2023/24



Modeling

What about lattice simulations ?

Abelian-Higgs Simulations

* Loops formed ! ... but decay into scalar/gauge fields

* |t loops disappear... then no GW ?

*

There is an irreducible GW emission from the long
string network, but negligible vs NG loop GW emission

So ... LISA results based
on Nambu-Goto strings !



Kibble
Mechanism



Introduction to Cosmic Defects

’1Sot0py sub group 5 at o 01t ), i.e. the sbrop of transformations leaving
(¢) unaltered, then the orbit may be identified with the coset space M= G/H.

__Physically H is_ te .\i,,'b unbroken symmetries, and M i ﬂ mamfoiﬁ of

Vacuum
M=G/H Manifold



Introduction to Cosmic Defects

6. W Cbhclusions and diséussion

il
L

On thxs basis we showed that a omam structure can beexected > arise. The

is non- f 7 connected components we find an n-phase emulsion. The
- formation of cosmic strings requires that 7r;(M) be nontrivial, i.e. that M is not formed
of simply connected components. Finally, monopoles can form if wz(M) is nontr1v1al

M= G/H



Introduction to Cosmic Defects

6. Conclusions and discussion

be expected to arise. The
Htop rous wk(M) of the
O(M) is nontrmal ie. if M

rin n- phase emulsmn The

On thxs basis we showed that a domam S

is non connecte
formation of cosmic s
of simply connected cd
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M= G/H
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Cosmic Microwave Background
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Cosmic Microwave Background

B-modes
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Cosmic Microwave Background

B-modes

(SOSF = Defects)
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