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Straight to the point ...
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Gravitational
Waves (GWs)
detected !

[by LIGO/VIRGO]
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* Cosmology with GWs
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Can we really probe High Energy Physics
using Gravitational Waves (GWs) ? How ?



GWs: probe of the early Universe

Motivation ?



GWs: probe of the early Universe

@ WEAKNESS of GRAVITY:

ADVANTAGE: GW DECOUPLE upon Production
DISADVANTAGE: DIFFICULT DETECTION

@ ADVANTAGE: GW — Probe for Early Universe

_) Decouple — Spectral Form Retained
Specific HEP < S ecnﬁc GW




GWs: probe of the early Universe

@ WEAKNESS of GRAVITY:

ADVANTAGE: GW DECOUPLE upon Production
DISADVANTAGE: DIFFICULT DETECTION

@ ADVANTAGE: GW — Probe for(Early Universe]

_) Decouple — Spectral Form Retained
Specific HEP < S ecnﬁc GW

What processes of the early Universe ?



The Early Universe
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The Early Universe

Particle Phase Probe of
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The Early Universe

‘Holy Grail’ of [~
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Backgrounds |
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OUTLINE

— 0) GWs in Cosmology (def.)
_1) GWs from Inflation
Early 2) GWs from Preheating

Universe
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



Gravitational Waves in Cosmology

Transverse-Traceless (TT)

FRW:: ds? = a*(—dn* + (0;; + hy;)dz'da?), | TT: {




Gravitational Waves in Cosmology

Transverse-Traceless (TT)

FRW:: ds® = a®(—dn® + (0ij + hij)da*dx?), | TT: { Zm .:_OO
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Creation/Propagation GWs Source: Anisotropic Stress
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FRW




Gravitational Waves in Cosmology

FRW:: ds? = a*(—dn® + (045 + hij)dx*dx?), | TT: { .

Creation/Propagation GWs

Eom: h;lj + QHh;] — Vthj — 167TGH;I;T

Transverse-Traceless (TT)
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Gravitational Waves as a
probe of the early Universe

OUTLINE

0) GW definition v

1) GWSs from Inflation|

Early 2) GWs from Preheating

Universe
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



Inflation (basics)
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation

energy scale



Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Inflationary GW background
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Inflationary GW background
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STIFF EQ of STATE (1/3 <w, <1)

f (w+1/3) Not Scale
Invariant !



STIFF EQ of STATE (1/3 <w, <1)
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STIFF EQ of STATE (1/3 <w, <1)
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graviton mass, ...
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INFLATIONARY MODELS
AXiOH“IHﬂaﬁOH Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90; ...

V(QO) inflaton ¢ = pseudo-scalar axion

[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]

Not the QCD axion;




INFLATIONARY MODELS
AXiOH“I"ﬂaﬁOH Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90; ...

V(p) inflaton ¢ = pseudo-scalar axion

[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]

Photon: 0? s 2k¢
2 helicities [ﬁ kT 7] Ay (7, k) =0,
Chiral

. e Al x e”‘s, |A_| <« |A,| A+ _exponentially amplified,
instability



INFLATIONARY MODELS
AXiOH“I"ﬂaﬁOH Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90; ...

V(SO) inflaton © = pseudo-scalar axion

[J. Cook, L. Sorbo (arXiv:1109.0022)] [N. Barnaby, E. Pajer, M. Peloso (arXiv:1110.3327)]

GW left-chirality only ! <l£| A, Chiral



INFLATIONARY MODELS
Axion-Intlation

GW energy spectrum today

Gauge fields
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Bartolo et al ’16, 1610.06481



INFLATIONARY MODELS
Axion-Intlation

GW energy spectrum today

Gauge fields

ool source a
Blue-Tilted

. + Chiral
g1 + Non-G

GW background

1D-14 =

vacuum fluctuation

Bartolo et al ’16, 1610.06481



INFLATIONARY MODELS

What if there are arbitrary | e 1o
fields coupled fo the inflaton 7 ——> 129" Sxeration o1 eeE -
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INFLATIONARY MODELS

What if there are arbitrary
fields coupled fo the inflaton ?

(i.e. no need of extra symwetry)

e e : 19
- Iarg_e excitation of fields !
will they create GWs?

inflaton ¢ —— V(9p)

All 3 cases:

non-adiabatic

m = g(o(t) = do) > 1 > m? during Aty ~ 1/, |1 = gdo

‘ ng = Exp{—7(k/un)*} ‘ Non-adiabatic field excitation (particle creation)

I

\%
GW




INFLATIONARY MODELS
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INFLATIONARY MODELS
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( Sorbo et al 2011, Peloso et al 2012-2013, Caprini & DGF 2018)
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INFLATIONARY COSMOLOGY

'‘cures' hBB | :> Cosmological Pple
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Inflation _>(initial) _ Primordial
cone. perturbations Irreducible GW
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Extra species f :
: Localized GW —
T arbitrary => enhancement \"\;epgr‘c‘)%‘\?c‘:'\on
i G
Scenarios —>‘ Enhanced Scalar Pert. j
\ Modified Gravity,

spectator fields,
graviton mass, ...




INFLATIONARY MODELS

non-monotonic possible to
INFLATION == 'F{mul’ri—ﬁeld } —> enhance A%

(at small scales)

Let us suppose A% > A%|CMB ~ 31077, @ small scales

ds? = a®(n)[—(1 + 2®)dn? + [(1 — 20)8i; + 2F; 5y + hij)da’da’]



INFLATIONARY MODELS

non-monotonic possible to
INFLATION == 'F{mul’ri—ﬁeld } —> enhance A%

(at small scales)

Let us suppose A% > A%|CMB ~ 31077, @ small scales

ds* = a*(n)[~(1 +2®)dn* + [(1 — 2W)dy; + 2F; j) + hij]da’da’]

~ ®xd (2nd Order Pert.)

200;0;® — 2V0;0;® + 4V0;0;¥ + 0;09,® — 9"PI,; ¥ — 9" WY, P + 30" VO,; U

4 / /
B 3(1+ w)H? (W +72)0; (V" + HOP) Phys.Rev. D81 (2010) 023527
0.2 : Phys.Rev. D75 (2007) 123518
— BH(H® — V') + VU] 0;0;(® — ) D. Wands et al, 2006-2010

- 3wH



INFLATIONARY MODELS

non-monotonic possible to
INFLATION * 'F{mul’ri—ﬁeld } = enhance A%

(at small scales)

Let us suppose A% > A%|CMB ~ 31077, @ small scales

ds? = a®(n)[—(1 + 2®)dn? + [(1 — 20)8i; + 2F; 5y + hij)da’da’]

(6TT)| ~ & @ (2nd Order Pert.)

Phys.Rev. D81 (2010) 023527 Phys.Rev. D75 (2007) 123518 D. Wands et al, 2006-2010



INFLATIONARY MODELS

non-monotonic possible to
INFLATION == 'F{mul’ri—ﬁeld } —> enhance A%

(at small scales)

BBN Q,u0<15x107° . Ok <0l

LIGO Qw0 <6.9x107° A% <007

PTA Q,.0<4x107° y AR <5x107°
LISA Q,,0<107% , AR <1x107°

BBO Q,,0< 107" . AR <3x1077

Phys.Rev. D81 (2010) 023527



INFLATIONARY MODELS

non-monotonic possible to
INFLATION == IF { multi-field } —=> enhance A%

(at small scales)

IF A% very
enhanced

* Primordial Black Holes (PBH) may be produced!

See talk e.g-
by T. Suyama



INFLATIONARY MODELS

non-monotonic possible to
INFLATION == IF { multi-field } = enhance A%

(at small scales)

IF A% very
enhanced

* Primordial Black Holes (PBH) may be produced!
See talk e.9-
by T. Suyama

. ‘We should know soon, deter- |
' mining mass/spin distributions’

(M. Fishbach (LIGO), Moriond'19) |

Update: 2005.05641, De Luca et al

Has LIGO detected PBH’s ?




INFLATIONARY COSMOLOGY

_ _ Scalar
(initial) _ Primordial { |
_ cond. perturbations Utensor: Irreducible GWs \/
Inflation

2N

Extra species/symmetries
Scenari034 Enhanced Scalar Pert.

\. |
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. ( Matching inflation :
Reheating = ( with Thermal Era) I:{> New GW productlorﬂ

——————— S ——————— ——— — S—

> Enhanced GWs \/




GWs from (p)Reheating

INFLATION — REHEATING — BIG BANG THEORY

e THERMAL

it
e QUILIBRIUM




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)
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SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

ADIABATIC V(9)  aplaBATIC
REGION | | REGION

m($) < m2(¢) ! L m(9) < m?(¢)

' NON
X (t) ~ ?DIABATIE: X (t) ~

Exp (tifmie)cty | 1 Exp ifmig)ar)

y Ny>> 1)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix> + 39°¢°x* (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

N kK ko
s
= : Parametric
10000 RESONANCE !
(Felder + Kofman)
1000
100
10
: |




v)
m2—k2t

k<m=+vV\
ne ~ €

(

Xk

SPINODAL INSTABILITY

SCALAR (P)REHEATING
o(t) + (1?4 g*[x?)o(t) = 0

Hybrid Preheating

2) Hybrid Scenarios
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INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1

\ UV~ C

GW generator q |

Easther, Giblin, Lim ’06-'08
DGF, Ga-Bellido, et al ’'07-"10
Kofman, Dufaux et al ’‘07-"09

E Préheating: Very Effective




O 2
Chaotic Models: Qé\);v ~ A

INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

/
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q=21000 Resonance

| 50 |
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"1 (DGF, Torrenti, PRD 2017)




INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

Chaotic Models: Q%) ~ 107", @ f, ~10% —10° Hz
Large amplitude ! ... at high Frequency !



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

Chaotic Models: Q% ~ 107", @ f, ~10® — 10° Hz
Large amplitude ! ... at high Frequency !

Very unfortunate... no detectors there !

&



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

Chaotic Models: Q%) ~ 107", @ f, ~10% —10° Hz

Large amplitude ! ... at high Frequency !

Qow x ¢ /2 — Spectroscopy of particle couplings ?
different couplings
... different peaks ?

DGF & Loayza, work in progress



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

2
i) < fON gD fy ~ YA % 10° Hy
p

™m

f, ~ 108 — 10°
Q) ~1071, @ <
GW ? fo N 102 H N\
itude
Large amplitude “0)

(for v ~ 10'° GeV) (gine

o . 0w
realistically speaking ... @}

Hybrid Models: Q% (




INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
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Extra species/symmetries

cenarlosét Enhanced Scalar Pert. > Enhanced GWs

J

scalar Preheating |:{> Large GW production \/

Reheatlng ’ (high freq)

gauge Preheating

fermion Preheating



INFLATIONARY COSMOLOGY

'‘cures' hBB

_ _ Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarlosét Enhanced Scalar Pert. > Enhanced GWs

J

scalar Preheating |:{> Large GW production \/
(high freq)

gauge Preheating |:{> Large GW, peaks
(high freq)

fermlon Preheating |:{> Large GW production
(high freq)

Reheatlng ’



INFLATIONARY COSMOLOGY

'‘cures' hBB

|n|t|al —
cond

Inflation

Reheatlng ’

Scalar

Primordial {
perturbations Utensor: Irreducible GWs

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

* Enhanced GWs

J

scalar Preheating |:{> Large GW production \/

(high freq)
gauge 1006.0217, 1706.02365 l’ea)ks
N mgrrimreq
fermion production

1203.4943, 1306.6911 /

freq)



Gravitational Waves as a
probe of the early Universe

OUTLINE

0) GW definition v

1) GWs from Inflation /

Early 2) GWs from Preheating

Universe
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



First order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates
true and false vacua
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First order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates

true and false vacua bubble nucleation

GW e collisions of bubble walls

source: |[;; tensor

anisotroEic stress

e sound waves and turbulence in the fluid

e primordial magnetic fields (MHD turbulence)



First order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates
true and false vacua bubble nucleation

O 2 \k \ S
(}Tuv:m . ‘ /’ -~ \\ "@ o o

GW IL;; ~ 0;¢0 0;¢
2
source: |[;; tensor I1;; ~ ¥*(p + p) viv;
amsotroEm stress , ,
o E B o o
Hij ~ ( il ) — F'E) — B*B/



GWs from first order phase transitions

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

f* _ €. < 1| parameter characterising source
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* GW causal source: cannot 'operate' beyond the horizon

fe = €x < 1| parameter characterising source

Hubble rate T T Q. 92.10"° T.

I > fc:f*_

temperature ao €. 1 TeV
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GWs from first order phase transitions

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

Hubble rate

|

temperature

for

Ta* _2-10_5 T,

parameter characterising source

Hz ~ mHz

ag e, 1TeV LISA

/ Freq !

T, ~1TeV |~EW scale!
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fe=Jfi— =
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What is € in 1st Order PhT's?

" 2.107° T,
fe=Jfi— =
ag @ 1 TeV

GW generation <—> bubbles properties

Hz

5 : duration of PhT P ., ﬁ_l size of bubbles
vp < 1: speed of bubble walls at collision




What is € in 1st Order PhT's?

a
fc — f*_* —
ag

—1
5 : duration of PhT

- 2-107°

1

vp < 1: speed of bubble walls

Hz

@ 1 TeV

GW generation <—> bubbles properties

_1 size of bubbles
— R* — Up 6

at collision

-

H,
o

7H>I<R>I<

€ =~
\. /

BUBBLE COLLISION

<

SOUND WAVES AND
MDH TURBULENCE



Parameters determining the GW spectrum

el
Q&Oda\h a, 2-107° T, Parameter List
Jo= Jx— = Hz (not independent)
ao € « 1 TeV P
H* l ~ ﬁ ™
€E >~ y H* R* ’ 9 T>l<
3 H, "




Parameters determining the GW spectrum

el
(\Oda\ﬂ a, 2-107° T, Parameter List
fc — f* GJ_() — . 1 TeV Hz (not independent)
H l 4 /8 )
e~ —_ H,R, . vy, 1
ﬁ - H* Y,
Y=
Amp“‘“i ’ \
(‘Oda\’ 9 /0* ’ Pvac
QGWNdee*< *S ) » o= =
Ptot prad
§ o — Pkin
ZS p— v IOV&C
IOtot 1 _|_ G \_ y,




Parameters determining the GW spectrum

el
Q&Oda\ﬂ a, 2-107° T, Parameter List
fe= f*a_() — . 1 TeV Hz (not independent)
H i 4 /B )
e~ —_ H,R, . vy, 1
ﬁ . H* b Y,
4 )
_ /OVaC
p;kad
Pkin
K —=
IOV&C




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



Evaluation of the signal

e bubble collisions: ans - ons

Hindmarsh, Weir et al 2012 - 2019,
analytical Hindmarsh 201625
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Evaluation of the signal

Hindmarsh, Weir et al 2012 - 2019,
analytical Hindmarsh 201625



peak of bubble collisions

h* Qgw (f)

Example of spectrum

peak of fluid-related processes

1078 ¢ /
10710 & 3
—-12 | ]
10 total wall collrston ]
10-14 L sound waves |
MHD turbulence
10716 P
10-3 10~4 0.001 0.01 0.1
f[Hz]

Caprini et al,
arXiv:1512.06239

Caprini et al,
arXiv:1910.13125



Example of spectrum

peak of bubble collisions peak of fluid-related processes
107
LISA)
10710 3 ‘ ke ‘g- \ |
—~ i “ec ds -
5 e Ca ck9
(‘\]C} 10712 ¢ W GW ba Th =
= se COl1l n
- \ine
10-14 - sound waves .
MHD turbulence

Caprini et al, f{Hz] Caprini et al,
arXiv:1512.06239 arXiv:1910.13125



Models for EWPT and beyond

 LISA sensitive to energy scale 10 GeV - 100 TeV !
(mH2)

e LISA can probe the EWPT in BSM models ...
- singlet extensions of MSSM (Huber et al 2015)
- direct coupling of Higgs to scalars (Kozackuz et al 2013)
- SM + dimension six operator (Grojean et al 2004)

e ... and beyond the EWPT
- Dark sector: provides DM candidate and confining PT
(Schwaller 2015)
- Warped extra dimensions : PT from the dilaton/radion
stabilisation in RS-like models (Randall and Servant 2015)



What about
Cosmic Defects ?
(aftermath* products of a PhT)

*If certain conditions are met: non-trivial homotopy group(s) of the vacuum manifold



Introduction to Cosmic Defects




Introduction to Cosmic Defects

Z00LOGY:

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

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

Vilenkin & Shellard, '94



Introduction to Cosmic Defects

U(1) Breaking (after Hybrid Inflation)

Higgs Dynamics

Dufaux et al PRD 2010



Introduction to Cosmic Defects

U(1) Breaking (after Hybrid Inflation)

SNAPSHOT OF THE HIGGS (mt = 17)

L~
HIGGS

STRINGS

(Higgs Min,
Pot. Energy Max)

2D SLICE:

HIGGS
PHASE

Dufaux et al PRD 2010



Introduction to Cosmic Defects

U(1) Breaking (after Hybrid Inflation)

Variable 1
|
o(»

Magnetic Field
energy density

Dufaux et al PRD 2010



Introduction to Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — .
Cosmic Monopoles

Non — Topological

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



Introduction to Cosmic Defects

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. — A~1 => k/H ?kt
comoving momentum \'
conformal time



Cosmic Defects




GWs from a scaling network of cosmic defects

DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT

UTC: (T (k)T (K, 1)) = 2m)3 117 (K, t1, 1) 6% (k — k')
(Unequal Time Correlator)

GW spectrum: Expansion UTC

Chow (k, ) ox Mg’i;(t) [ dtidts a(ti)a(ts) cos(k(ty — t2)) 112(k,ty,ts)

/\

Comoving Conformal




GWs from a scaling network of cosmic defects

DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT

c; (T " (k, )Ty (K, 1)) = (2m)° j; U(kt, kt")6°(k — k)

GW spectrum: Expansion UTC

j’lofgwk (j-c,tk) X Mglil(t) [ dtidty a(ty)a(tz) cos(k(ty — t2)) e Ulhty, kts)

/N SCALING

Comoving Conformal




GWs from a scaling network of cosmic defects

DEFEC

S: GW Source — {7} o< {0:00,¢, B, E;, B;B; } '

(T (k, ) T35 1 (K1) = (2m)° = U (kt, kt')6° (k — k')

GW spectrum: Expansion UTC
3 4
Chow (k. ) o e J At tity cos(k(ty — t2)) S Ukt ki)

/\

Comoving Conformal

Rad. Dom SCALING




GWs from a scaling network of cosmic defects

DEFECTS: GW Source — {T;,}TT « {0;00,¢, F;E;, B;B;}TT

c= (TIT (e TET () = (20)° 3 Ukt k2)0% (e — 1)

GW spectrum: Expansion UTC

4 A2
1) () 2 [t G775 s~ ) Ul

Rad. Dom SCALING |




GWs from a scaling network of cosmic defects

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)

dpcw
dlog k

GW spectrum:

(7

M2

4
(k1) o (3 ) ads

kt;)

Expansion

UTC

[ dxidxs \Jr11a cos(zy — x2) Uy, 22)]

Rad. Dom

SCALING |

___

B

Fy; ~ Const. (Dimensionless)




GWs from a scaling network of cosmic defects

VEV -
GW today: Scaling @ RD

l)“Q(o)

Fiy, (SCALE INV.))

M, rad

Defect type

!

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

DGF, Hindmarsh, Urrestilla, PRL 2013



GWs from a scaling network of cosmic defects

VEV -
GW today: Scaling @ RD

S = (s O —Z(ML) 0, Fy, (SCALE INV.!)

Defect type

!

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

—

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

DGF, Hindmarsh, Urrestilla, PRL 2013



GWs from a scaling network of cosmic defects

enerqy scale
gy constants

Total GW Spectrum - -

O O V ! ke ’
R2Q0 = n2Q) <ﬁ> FY + BYY (f)
p

32 [*
RD F((]R) = §/ dx1dzo (x1x2)1/2 cos(x1 — x2) Urp (21, T2)
0
32 (v/2—-1)% [~
MD F((]M) — 3 (\/—2 ) / d.’L’lde (1’1562)3/2 COS(CEl — CEQ) UMD(QJl, ZUQ)

eq



h?Qgw

More on GW from Defect Networks

o o [ V" keq \
RO = h?Q') (ﬁ) FgY 4+ B (f)
p

configs
N
‘\\\
\\\\
‘\\\
\N\
NN /
\‘ \\‘\\ ""'l"
\ \\\‘ 'J"'
__________________________ Nz __N=2
\\\\ "'
____________________________ " _______ N=3
N=4
———————————————————————————————————————— N=8
SC - -----C-------I-C----C-----------=-=-=-=-:t N=12
N =20
—  f[Hz
1074 10 [Hz]

DGF, Hindmarsh, Lizarraga, Urrestilla, 2020



What if Defects are Cosmic Strings ?

Extra emission of GWs ! (Vienkin '81)



What if Defects are Cosmic Strings ?

Intercommutation
\/ \—6—

Loops are formed !

N



What if Defects are Cosmic Strings ?

Loops are formed !

Gravitational Waves emitted !
(releasing the loops' tension)

Image Credit: Google



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

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



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

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

dp© _ LGy’ /t*to dt <&(t)>3 /O e dlin(l,t) P((a,/a(t)) f1)



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

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

LAV /: it <a(t)>3 /O " (1,0 P(aufal0) 0

df A, \
’/. / \v GW power emission
expansion lenath number
history 9 density



Cosmic Strings Network: Loop configurations

Cosmic string loop (length /) oscillates under tension n

= emits GWs in a series of harmonic modes

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

LAV /: it <a(t>>3 /O " (1,0 P(aufal0) 0

df / Uo / \
expansion number
history length density

features
(kinks,cusps,...)



Cosmic strings loops: GW background

Example of GW emission from Loops

e.g. Sanidas et al 2012



Cosmic Strings Network: Loop configurations

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

Qv

T I loop
iz

| Latest Nambu-Goto il P

Simulations: &« >~ 0. 1 horizon)

a=10"° o= 10710

_s a=1078
a =10

Sanidas et al 2012



Cosmic strings loops: GW background

Blanco-Pillado, Olum, Shilaer Lorenz, Ringeval, Sakellariadou

LISA LISA——

X

109 1076 103 1 103 106 1071°
frequency (Hz)

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

Gu~ 1071 —10717

Very large parameter space ! LISA paper
1909.00819



Cosmic strings loops: GW background

Blanco-Pillado, Olum, Shilaer Lorenz, Ringeval, Sakellariadou
— LISA

LISA——

®

J O
. [
M .

. ]
. ’
. ¥

\J .
. .
. U
. ’
. ’
’. -.

10°° 10°° 103 1 103 10°
frequency (N2)

107° 10°° 10 1 103 10°
frfquency (Hz)

: Gu 2 10_175

Very large parameter space ! LISA paper
1909.00819



GW background constrained by LISA

CMB PTA (today) PTA (future)
Gu ~ 1077 Gp ~ 1071 Gu~ 10"

LISA improve: ©(10') O(10°) O(10°)

LISA -

 * Best constraints on Comic Strings

*  (actually only way to obtain them)

. * Discovery, or stringent constraints

LISA paper
1909.00819



Cosmic Strings Network: Loop configurations

GW from string loops # GW from "Infinite"-Strings
(particular emission) (irreducible emission)

=7.0¢

/;/
=197
1077
y

f[Hz]

10719 10-17 1071% 10713 10 107°

-15 -10 -5 0 5 10
log,,f (Hz)

Vilenkin, Vachaspati, Bouchet, Siemens et al, DGF, Hindmarsh, Lizarraga, Urrestilla,
Sanidas et al, Blanco-Pillado et al, ... 1981 - 2020  work in progress 2013-2020
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Gravitational Waves as a
probe of the early Universe

SUMMARY

0) GW definition Intensive search

/’ at the CMB .
1) GWs from Inflation »|Possible Enhancement

. _| . |High amplitude,
Early 2) GWs from Preheating - nlike detection

Universe -
3) GWs from Phase TransitionsJ—| V"' (s

observable®

4) GWs from Cosmic Defects — GUT-PT o
- 1 |observable

[*At LISA if EWPT is strong 1st order] [**By PTA/LISA, If large loops present]



Propaganda, Part |

\_

Review on Cosmological
Gravitational Wave Backgrounds

J

Caprini & Figueroa
arXiv:1801.04268
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Introduction to Cosmic Defects

U(1) Breaking (after Hybrid Inflation)

Higgs Dynamics

» o " . )::'
: 3 > f’;«
Sy - ]
L i
i
# i | e

Dufaux et al PRD 2010



Introduction to Cosmic Defects

U(1) Breaking (after Hybrid Inflation)

SNAPSHOT OF THE HIGGS (mt = 17)

L~
HIGGS

STRINGS

(Higgs Min,
Pot. Energy Max)

2D SLICE:

HIGGS
PHASE

Dufaux et al PRD 2010



GW from PhT’s



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

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

* Assuming LHC does not rule out models before, LISA
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 !



CMB SLIDES
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Cosmic Microwave Background
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Cosmic Microwave Background
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Cosmic Microwave Background

0.100

0.050

B-modes

INF: r = 0.2 + Lensing
INF: r = 0.2, No Lensing
SOSF: fio = 0.055 + Lensing
SOSF: fio = 0.055, No Lensing
INF: r = 0.0, Just Lensing
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Cosmic Microwave Background

B-modes

(SOSF = Defects)

0014
f SOSF total
f Inflation (fio = 0.055)
0012+ r=0.2)
0010
Q f
% SOSF
3 I vector
0.008 - 2T
K I ¢ \
Q I' \\\
m I 'I \\
T3 0006 / Y
>~ /S SOSF \
— / tensor \
+ /' B L \
‘\_4./ r ¢ ’¢' \\\ \
= 0004 7 e RV
| / RS ‘\\\
- A
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| S ‘,a” \\:~~\
0.002 - ol N Sl
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Durrer, DGF, Kunz, JCAP 2014



