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Cosmology with GWs

* Late Universe: Hubble diagram from Binaries

* Early Universe: High Energy Particle Physics

Can we really probe High Energy Physics
using Gravitational Waves (GWs) ? How ?



GWs: probe of the early Universe
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OUTLINE

— 0) GW definition
1) GWs from Inflation
Early 2) GWs from Preheating

Universe
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



Gravitational Waves in Cosmology

FRW:: ds* = a*(—dn® + (3;j + hij)dz*dz’), | TT: { =

Creation/Propagation GWs

Transverse-Traceless (TT)

hijaj =0

Source: Anisotropic Stress

ILij = Ti; — (Tiy)

FRW

GW Source(s): ( SCALARS , VECTOR . FERMIONS )

H:;-Z;-T x {Oix“0;x*}'", {EE;

B;B; Y, {4y Djp}tt



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



Irreducible GW background from Inflation

recall
Pryke’s talk

' Quantum |
: Fluctuations®




Irreducible GW background from Inflation

energy scale

' Quantum |
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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

B- MODE: Depends only
on Tensor Perturbations !
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Search of B-modes @
CMB wight be only
change to detect
Inflationary Tensors !

Ground:

AdvACT, CLASS, Keck/BICEP3, Simons Array, SPT-3G

Balloons Satellites

EBEX 10k, Spider CMBPol, COrE, LiteBIRD,
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INFLATIONARY MODELS
AXiOH“Iﬂﬂaﬁon Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90:; ...

V(go) inflaton (¢ = pseudo-scalar axion

Not the QCD axion:;




INFLATIONARY MODELS
AXiO"""f'ation 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)]

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

i . AL e™s |A_| < |Ay| A+ _exponentially amplified,
Instability



INFLATIONARY MODELS
AXiO"""f'ation Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90:; ...

V(SO) inflaton (¢ = pseudo-scalar axion

chiral GWs !

GW left-chirality only ! <l£| A,, Chiral
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INFLATIONARY MODELS
Axion-Intlation

GW energy spectrum today

Blue-Tilted
+ Chiral
+ Non-G
GW background

_____ 1 '.'-I.I:l — 3l

vacuum fluctuations
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Bartolo et al 16, 1610.06481



INFLATIONARY MODELS

What if there are arbitrary | e 1o
fields coupled to the inflaton 7 —> a\rn?iTI ‘i’;‘;‘ta;';';fe é‘;\;":?' '
(i.e. no need of extra symwmetry) y '

inflaton ¢ —— V(¢)

~L, = ()2 +¢%¢ — g0)x?/2  Scalar Fld
—Ly = Y0 + (¢ — o)y Fermion Fid
£ _

= —3Fu " — (0, — gA,)®))P — V(2'®) Gauge Fld (¢ = ¢c™)




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



INFLATIONARY COSMOLOGY
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INFLATIONARY MODELS

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

(at small scales)

Let us suppose | A% > A%

~ 3-107?[ @ small scales

‘CMB

7 / 2 _{( ') P
hz.j + QHhij + k“hy;

~ ®x® (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 == IF { multi-field } —=> enhance A%

(at small scales)

BBN Q,,0<15x107° . AL <01

LIGO Qguwo <6.9x107° AL <007

PTA Quo0<4x107° . A% <5x1077
LISA Q,,0<107 % . AR<1x107°

BBO Q,.0<10°" AL <sxi0T

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!

Has LIGO detected PBH’s ?

PBH candidate for Dark Matter ?

See e.g. papers by
Ali-Haimoud, Byrnes,

&o

Ga-Bellido, Sasaki,
Zumalacarregui, ... et al




INFLATIONARY COSMOLOGY
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GWs from (p)Reheating

INFLATION — REHEATING — BIG BANG THEORY

s, THERMAL
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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?(¢)| Xk =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?(¢)| Xk =0 (Fluctuations of Matter)

ADIABATIC V()  aplaBATIC
REGION | | REGION
m($) < m2(¢p) ! L m(d) < m2(¢9)

' NON |
X (t) ~ JqllnlABATlf:: X (t) ~

EXp {:rifm(q'}dt} ik*ﬂki Exp{ti[m{dl)dt}

 Nye>> 1)




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

Vig,x) = V(o) + 2mix®* + 14%¢°x® (Chaotic Models)

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

Parametric
RESONANCE !

(Felder + Kofman)
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INFLATIONARY PREHEATING

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

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

L ~1/k
At kit @, ,ng, ~ e Pt = Inhomogeneities: op/p =1
V= C
\
. . nerator ] _
ting: Very Effective GW 9°

E Prehea - Easther, Giblin, Lim '06-'08
DGF, Ga-Bellido, et al '07-"10

Kofman, Dufaux et al '07-'09



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

y w? = V" (D)
() 429 1y
o _
Chaotic Models: $lgw ~ A - /
IO 5 \\ B g2(1)12
9= "7
W
1107 q=21000 \5 Resonance
5.x107° | Param.

1.x107°
=5.x1077
(@) L

1.x107'
5.x1078"

1.x107% =

R

100

500

(DGF, Torrenti 2017)



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

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



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

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

1/2

Qaw ¢ ' — Spectroscopy of particle couplings ?

<4

different couplings
... different peaks ?



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

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

Very unfortunate... no detectors there !

@



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

(V)

2
Hybrid Models: Q% <—> < FON g2 . f ~ A4 % 10° Hy
p

m
£~ 108 — 10° \
Qg\)iv ~107H, @ {f 102 H \(\d\&@
Large amplitude ! \
16 : e’\uﬂ\ng
(for v ~ 10" GeV) (finy

realistically speaking ... | @

\\?
SN



INFLATIONARY COSMOLOGY
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gauge Preheating

fermion Preheating



INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al _ Primordial

_ co"d PerturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

Scenarlos Enhanced Scalar Pert. \ Enhanced GWs

y

scalar Preheating |:{> Large GW production v
(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

Scenanos

Reheatlng ’

Scalar

Primordial {
perturbations Utensor: Irreducible GWs

Extra species/symmetries

Enhanced Scalar Pert. > Enhanced GWs

y

scalar Preheating |:{> Large GW production v

(high freq)
gauge 1006.0217, 1706.02365 }’ea)ks
N (rmgrrireq
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, T decreases: phase transition triggered !

true and false vacua quantum tunneling

Hij ~ 0; ¢ 6’jq5 (Bubble wall collisions)

source: II;;
anisotropic stress

IL;; ~ ~? (p 4+ p) v;v; (Sound waves/Turbulence)
(E® + B?)

3 E'E7 — B*BJ  (MHD)

Hij ~




What is the freq. in 1st Order PhT’s ?

c — Js— = H
Je=1J ag @ 1 TeV

GW generation <—> bubbles properties

SOUND WAVES &

BUBBLE COLLISIONs MDH TURBULENCE

N
H
e~ — , H, R,
5
~ y
_]_ . _
6 . duration of PhT R y ﬁ_l size of bubbles
x — Up .
vp < 1: speed of bubble walls at collision




Parameters determining the GW spectrum

a, 2-107° T, Parameter List
Je = [« a_() — ) 1 TeV Hz (not independent)
H l e )
€ ;,H*R* 5, vy, 1y
. 9 4 )
QGW ~Y Qrad Ez < IZS ) » — /0::'&(3
tot prad
. o — Pkin
ZS p— v IOV&C
IOtot 1 —|_ ¥ \_ )




peak of bubble collisions [3

h* Qgw(f)

Example of spectrum

peak of fluid-related processes 1/ R,

1078

10—10 - —
12 L 11 E

10714 - sound waves ]

MHD turbulence
10-16 L i A
105 10~4 0.001 0.01 0.1
f[Hz]

Caprini et al, arXiv:1512.06239



Evaluation of the signal

e bubble collisions: analytical and numerical simulations
(Huber and Konstandin arXiv:0806.1828)

e sound waves: numerical simulations of scalar field and fluid
(Hindmarsh et al arXiv:1504.03291)

e MDH turbulence: analytical evaluation
(Caprini et al arXiv:0909.0622)



Evaluation of the signal

. bubblli o _. A

h arXiv:0806.1828)

{iv:1504.03291)

\ sl |
e sound *\h { BSM phy i fluid



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

U(1) Breaking (after Hybrid Inflation): Mag. Fields Dufaux et al, 2010



Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — < Cosmic Monopoles

Non — Topological

\

CAUSALITY & MICROPHYSICS = Corr. Length: £(t) = A(t) H™(¢)

(Kibble’ 76)

SCALING: \(t) =const. — )\~ 1



Cosmic Defects




GWs from a scaling network of cosmic defects

ge™

. et
- ae®
energy scale sGa\e Ga\e

Total GW Spectrum - -

O O V ! ke ’
n20%) = 12 (ﬁ> 7Y+ F(SM>< kQ)
p

32 [*
RD F((JR) = £ 0 dxidxo (:1:1:1:2)1/2 cos(x1 — x2) Urp (21, T2)

32 (V2 —-1)2 [7
MD F((]M) = ( 5 ) / dx1dxs (x1x2)3/2 cos(x1 — x2) Ump (1, 2)

3

€q

DGF, Hindmarsh, Urrestilla, PRL '13



More on GW from Defect Networks
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What about if Defects are Cosmic Strings ?
Extra emission of GWs ! (Vilenkin '81)

Loops once formed, decay by radiation emission

Extra emission of GWs !

—  * Boson emission
*UHCR

*

String loop (length /) oscillates under tension n

emits GWs in a series of harmonic modes

Assuming GW emission dominates ...




Cosmic Strings Network: Loop configurations

Example of GW emission from Loops

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

Results for 6 links, SNR=20 -=1
LISA Prospects;

Conservative limit: Gu/c* < 4.4 x 10719
Large loops: Gu/c? < 1.5 x 107 1°

Conservative limit: Gu/c® < 1.1 x 10719
Large loops: Gu/c? < 2.1 x 1017

Conservative limit: Gu/c? < 7.0 x 10~ 11
Large loops: Gu/c? < 1.3 x 10717

Conservative limit: G,u/c < 1.4 x 1071
Large loops: Gu/c? < 4.4 x 10718 v < 1010G6V .

(From Sanidas et al, LISA GW cosmology 3rd encounter)
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Gravitational Waves as a
probe of the early Universe

SUMMARY

0) GW definition Intensive search

/" atthe CMB
1) GWs from Inflation > Possible Enhancement

High amplitude,
unlike detection

Early 2) GWs from Preheating -
Universe

3) GWs from Phase Transitions-— =WPT (1sh)
observable

4) GWs from Cosmic Defects —| GUTFT
_ -l |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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