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Straight to the point ...

Cos) | - Gravitational
ool ] Waves (GWs)

—— Numerical relativity

- I Reconstructed (template) 1 l | d ete Cted !
T T T T

[by aLIGO]
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Time (s) [LIGO & Virgo Scientific Collaborations
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(arXiv:1602.03841)]
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Straight to the point ...

*0(10) Solar mass

Black Holes (BH) exist
* We can test the ] ]
BH's paradigm (or GraVItathna|
Neutron Star physics) Waves (GWSs)
* We can further test detected !
General Relativity (GR) [by aLIGO]

[so far no deviation]

* We can observe the
Universe through GWs



Straight to the point ...

*0(10) Solar mass

Black Holes (BH) exist Binaries

* \WWe can test the Inspiral Merger Ringdown

BH's paradigm (or
Neutron Star physics)

0,06 |-

* We can further test

General Relativity (GR)
[so far no deviation]

llllllll

* We can observe the |
Universe through GWs




Straight to the point ...

*0(10) Solar mass

Black Holes (BH) exist Binaries

Hanford, Washington (H1) Livingston, Louisiana (L1)
1.0
* We can test the g:z;',.q\/;"“'.". A ',-."'“'.' '.'mw ;".| I."'l ‘n "(.-‘/..\.\;:4 L gy ! \ /M J\/ | MNJ%;
BH's paradigm (or T . Al A A J
Neutron Star physics) - W1 T
s ANV ~~ AN e
* We can further test HEEEE il === |

0.5

=t b At T At e Al AtV e At e ol
G e neral Re I atIVIty (G R) gg :f\_‘l‘h:"ﬁ'.\'l., w/ Wy .Jf W V\f“ \\i' WA "‘\J, ?\u\v'\.:ww 'W‘J LY “'W LY Jn\hbm‘ w\;
[so tfar no deviation] ’ ‘ * ‘

’

Frequency (Hz)

* We can observe the
Universe through GWS 0.30 %'3“56(5) 040 045 0.30 %[3:“5) 040 045

[LIGO & Virgo Scientific Collaborations
(arXiv:1602.03841)]
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Straight to the point ...

*0(10) Solar mass
Black Holes (BH) exist Extremely

interesting !

= but ...

(binaries)

* We can test the
BH's paradigm (or
Neutron Star physics)

* We can further test

General Relativity (GR)
[so far no deviation]

* We can observe the
Universe through GWs



Straight to the point ...

*0(10) Solar mass
Black Holes (BH) exist Extremely

interesting !

= but ...

* We can test the
BH's paradigm (or

Neutron Star physics) (binaries)
* We can further test W i f
General Relativity (GR) ... WE WIII TOCUS
[so far no deviation] on something else !

* We can observe the
Universe through GWs



Straight to the point ...

*0(10) Solar mass
Black Holes (BH) exist Extremely

interesting !

= but ...

(binaries)

* We can test the
BH's paradigm (or
Neutron Star physics)

* We can further test W g
General Relativity (GR) ... W WIII TOCUS
[so far no deviation] on something else !
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Straight to the point ...

Extremely
interesting !
but ...

... We will focus
on something else !

through GWs_

o
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7~ * We can observe the ™
“Universe through GWs_/

* Cosmology with GWs
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7~ *We can observe the ™
“, Universe through GWs_

* Cosmology with GWs
* Late Universe: Hubble diagram from Binaries

* Early Universe: High Energy Particle Physics



* Cosmology with GWs

* Late Universe: Hubble diagram from Binaries
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* Cosmology with GWs

* Late Universe: Hubble diagram from Binaries
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Gravitational Waves as a
probe of the early Universe



Gravitational Waves as a
probe of the early Universe

Inflationary Period Preheating

e —

Iinfilation

Fluctuations

(Image: Google Search) (Fig. credit: Phys.Rev. D67 103501)

Phase Transitions Cosmic Defects

(Image: PRL 112 (2014) 041301) (Image: Daverio et al, 2013)



Gravitational Waves as a
probe of the early Universe

OUTLINE

1) GWs from Inflation

Early 2) GWs from Preheating

Universe
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



Gravitational Waves as a
probe of the early Universe

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 Wave Definition

General Relativity (GR) Guv = 7z Ty
geometry  matter

ds® = g, (z)dztdx”

Vo DIFF : 2t — 2/*(z)



Gravitational Wave Definition

Minkowski
1st approach to GWs = T + hy(x) Wed
PP Juv Nuv N ,“ame



Gravitational Wave Definition

MinkowskKi

1st approach to GWs Juv = Npw + P () e

DIFF : xu><w(a:)




Gravitational Wave Definition

Minkowski
B T ﬁ‘\)(@d
1st approach to GWs Gur = M + "y () ame
([hu| <1)
o
DIFF : :E“><E'“(a:) ot — 'V =t 4+ H(x) (eg'\d\)a\

h/u/(w) — h,:u/(x/) — h,ul/(x) _ a[,ufl/]




Gravitational Wave Definition

Minkowski
B T ﬁ‘\)(@d
1st approach to GWs Gur = M + "y () ame
([hu| <1)
DIFF : :U“><E'“(a:) o — 't =t 4 H(x) (eg'\d\)a\

(@) S )

hy () = Ty, (27) = () — Ouéu)

Trace-reversed
_ 1 ) ) ) )
Ny = hyy — =hiy, == 0°0,hy + 1,070 hap — 0°0hay) = —

—T,,
) m2 "



Gravitational Wave Definition

Minkowski
B T ﬁ‘\)(@d
1st approach to GWs Guv = N + o (2) e
f(a
(huw| < 1)
DIFF : :E“><E'“(a:) oH — o' =t 4 M (x) eg‘\d\)a\

(108 @) S Wyl ) 3 e

h/u/(w) — h,:u/(x/) — h,ul/(x) _ a[,ufl/]

Trace-reversed

_ 1 ~ ~ ~ 9
how = Ry — 5}”7“” =l %00 + 0500 hap — 0“0 han) = ~ T
p
U1 a1, 2
o, h,ul/ =0 » aoza h,uu — _WT,LW
p

Lorentz gauge



Gravitational Wave Definition

= — 2
8yhluy =0 » aozaah,uz/ — _WT/M/
p

Lorentz gauge (10-4=6d.0.f. )



Gravitational Wave Definition

_ _ 2
0" hyy =0 - 000"y = _WTW
p
Lorentz gauge (10-4 =6d.of.)

00 0"h = 0

-

F T, =0

(outside source)




Gravitational Wave Definition

_ _ 2
0" hyy =0 - 000"y = _WTW
p
Lorentz gauge (10-4 =6d.of.)

00 0"h = 0

-

F T, =0

(outside source)

pt = ot + ()

with 9, 0%, =



Gravitational Wave Definition

_ _ 2
0" hyy =0 - 000"y = _WTW
p
Lorentz gauge (10-4 =6d.of.)

00 0"h = 0

-

F T, =0

(outside source)

et =at (@) oy

with 98¢, =0



Gravitational Wave Definition

(TT gauge: 6-4 =2d.o.tf.)

1st approach to GWs " =0, hi=0, 0dhy=0

0,0"h;; =0 | Wave Eq. = Gravitational Waves !



Gravitational Wave Definition

(TT gauge: 6-4 =2d.o.tf.)

1st approach to GWs " =0, hi=0, 0dhy=0

0,0"h;; =0 | Wave Eq. = Gravitational Waves !

(Can GW effects be 'gauged away’? No !)




Gravitational Wave Definition

(TT gauge: 6-4 =2d.o.tf.)

1st approach to GWs " =0, hi=0, 0dhy=0

0,0"h;; =0 | Wave Eq. = Gravitational Waves !

(Can GW effects be 'gauged away’? No !)

2 dof = 2 polarizations has(t, X) / df / div oy (f, 1) e~ 2mef (t=nx)
plane wave)



Gravitational Wave Definition

(TT gauge: 6-4 =2d.o.tf.)

1st approach to GWs " =0, hi=0, 0dhy=0

0,0"h;; =0 | Wave Eq. = Gravitational Waves !

(Can GW effects be 'gauged away’? No !)

2 dof = 2 polarizations has(t, X) / df / div oy (f, 1) e~ 2mef (t=nx)
plane wave)

hy hy O

Z hA (A) ) — hx —h_|_ 0

A=+ ,x 0 0 0

Transverse-Traceles (2 dof)



Gravitational Wave Definition

2 dof = 2 polarizations fab(t,x) = / df / div hap(f, ) e~ 28 (t=1%)
(plane wave)

hy hy O
hap(f,7) = ZhAfn py = he —hy O
0 0 0

Transverse-Traceles (2 dof)



Gravitational Wave Definition

2 dof = 2 polarizations ab(t,x) = / df / div hap(f, ) e~ 28 (t=1%)
(plane wave)

hi hy O
hao(fo70) = > ha(foi)ely (n) = | ha —hy O
A=+ ,x 0 0 0

Transverse-Traceles (2 dof)



Gravitational Wave Definition

2nd approach to GWs G () = guv () + hy(x), |huw| <1
(separation not well defined)




Gravitational Wave Definition

2nd approach to GWs G () = guv () + hy(x), |huw| <1
(separation not well defined)

More subtle problem! Solution: Separation of scales !

Juv
(background)

Amplitude

(perturbation)

R

fB/Lgl f*/>\*_1




Gravitational Wave Definition

2nd approach to GWs G () = guv () + hy(x), |huw| <1
(separation not well defined)

More subtle problem! Solution: Separation of scales !

8n(d 1 =
R,uu — :;1 (Tuu — EQ“UT) » RI.LU — RP’*L" + REL]-I.} + Rf(.t%} + «n ey
(background) O(h) O(hZ)




Gravitational Wave Definition

2nd approach to GWs G () = guv () + hy(x), |huw| <1
(separation not well defined)

More subtle problem! Solution: Separation of scales !

8n(d 1 =
R,uu — :;1 (Tuu — EQ“UT) » RI.LU — RP’*L" + REL]-I.} + Rf(.t%} + «n ey
(background) O(h) O(hZ)

~ e 1 Low
Low Freq. /Long Scale: R, = —[RZ]"" 4 %—- (T#,_, - §gm_,T)

- . R _ _p@7High , 87G 1 e
High Freq. / Short Scale: R,/ = —[RJ|7'®" + 4 T = 59T



Gravitational Wave Definition

Low
Low Freq./Long Scale: R, = —[RZ)]"" + 8:4(; (Tw - %QWT)

§ | I
& (background)
<
(perturbation)
N\

| fBI/Lz_a1 I fo ) A



Gravitational Wave Definition

8t

c4

1
(TI-LU - §gpr> e

Low Freq. / Long Scale: Ruv = "—(Rfi))

Juv
(background)

Amplitude

h (perturbation)
12 %

fB/Lél f*/)‘»jl




Gravitational Wave Definition

ANe
606\
S e
- oy | 81G (&9 erad®
Low Freq. / Long Scale: Ruw = —(R}) i (L — §ng)
o C4 (2) ]._ /(2) (T V{ lg T) — T.\U*“ — _];g T
by = _87TG<R,U..U - §9przR ) M 9KV Rkt

£ 9uv

£ (background)

<

h (perturbation)
3

fn I/ Lg' l fo / A1



Gravitational Wave Definition

Juv
(background)

Amplitude

h (perturbation)
I3

s I/Lél fo / 2!



Gravitational Wave Definition




Gravitational Wave Definition

1 Y
(RE) = =7 (0uhapd,h®’)  mep b = (Ouhapd,h®)

It can be shown that only TT dof contribute to <... >



Gravitational Wave Definition

C

(Ouhapd,h®’) wp by = 2o—=(0uhapd,h™)

1
2
(RE) = -7

It can be shown that only TT dof contribute to <... >

dFE c?

= p T'Ty TT
dAdt 327G <h” i >

GW energy-momentum tensor GW power/area radiated




Gravitational Wave Definition

What about the | e ! High
High Freq. / Short Scale? Ry = —[RE)]MeE" + (Tw — gp;,T)




What about the | e )
High Freq. / Short Scale? R = —[R{) (

Gravitational Wave Definition




Gravitational Wave Definition

High Freq. / Short Scale? R = —[R{)

What about the , High
1 ]ngh 4 87 ( lgﬂyT)

(2) High A\ .
B % o) — IR MM negligible
Ry Lp

Rgblv) — gaﬁ (DOéD(uhV)B — Dy Dyhag — DaDBhW)

7 ' , ]. _ (e(\\.z
Dyhyy =0 ( huw = hu - 'Qg““h ) \’;auge _




Gravitational Wave Definition

What about the , e 1 High
(1) _ 2)1High
High Freq. / Short Scale? R = —[R21™E" + — (T‘w— 59"‘”T)
R(Q) High A\ : o
‘ f}a‘m ~o(2) — IBPI negiigibk
7!
RSI/) — gaﬁ (DOéD(uhV)ﬂ — DyDyhapg — DaDBhW)
_ _ | 1 \,OVG“‘Z I
Dyl =0 ( Puw = hu = 5guvh) Cuge o

Propagation of GWs
INn curved space-time

ﬁ




Gravitational Wave Definition

What about the o) _ 2y High
High Freq. / Short Scale? Ry, = —R ot

(2) High .
B |5 o(22) — |ROHiED hegligible
B Lo

R(l) = g’ (DaD(uhV)B — DuDyhapg — DaDBhW)

Py = P = by — 2k ) VO
D,uh,uy—o ( By MU_'Q"guU ) ga\)ge o

Creation of GWs
INn curved space-time




Gravitational Waves as a
probe of the early Universe

OUTLINE

0) GW definition \/
1) GWs from Inflation
Early 2) GWs from Preheating

Universe
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



The Early Universe

BiGGER size,

TODAY [Galaxies, Clusters, ...
SMALLER Tempﬁ o [Galaxies, Clusters, ...]

(13.700 Million years)

”

FIRST GALAXIES
(500 Millions years)

- ATOMS CREATION
(300.000-400.000 years)

(+ CMB emission !)

ATOMIC NUCLEI FORMATION
(3 minutes !)

o
7
| .
?n )

0

O

SMALLER SIZE,
LARGER Temperature

) Early
Universe
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The Early Un




The Early Universe

NUCLEOSYNTHESIS ’.\‘;‘ e ..\
( Light Nucleii form, after ) .. V \ ® o D )

electron-positron annihilation g °
a QUARK CONFINEMENT
o

and neutrino decoupling m ;
proton o
Quarks bind into Hadrons )

EW U N I FICATION { @ : | , . , ‘ . (protons & neutrons)
ElectroMagnetism & ) € 4 =~ 4 4 7 7 @
BARYOGENESIS ?

weak interactions unify @ — o -
: : » , , ( Matter remains, )

—— — Anti-Matter disappears
GRAND UNIFICATION ? [{Eelialks T I [T @
All forces unified 1" [ 1" == [ |- " |-

( into a single one ? ARG R AR T NG A .
M L REHEATING

( All matter in the
U

S — i : ‘ - — niverse is created
E\i"’\ n E d o 1 » y P - '/f,/‘f'
: St LW , /) ‘ : N

INFLATION SN | &

( Exponential Expansion \

of the Universe
C
720




GWs as a 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 < Specific GW

Inflation
Reheating

Phase Transitions
Cosmic Defects

© Physical Processes:




Gravitational Waves as a
probe of the early Universe

Inflationary Period Preheating

e —

Iinfilation

Fluctuations

(Image: Google Search) / (Fig. credit: Phys.Rev. D67 103501)

Phase Transitions Cosmic Defects

(Image: PRL 112 (2014) 041301) (Image: Daverio et al, 2013)



Inflation: Basics

Needed for Consistency of the
Big Bang theory !

Cosmic background
[
: H.t 60
an~e e
£
X
Quantum gravity ¢fa | S
o 3 | cm
2
P I I

I028cm



Inflation: Basic Predictions

Inflation: A generator of Primordial Fluctuations
. dr = dt/a
Tensor Fluctuations: Tt/ "
S((;)) = % [ dtdz?a® |:(hz])2 — a_2(8zhij)2] Ll 1/d7d$3 [(v’)Q — (Vo) + a_”

There is no souvrce !



Inflation: Basic Predictions

Inflation: A generator of Primordial Fluctuations

Tensor Fluetuations: A

S((;)) = % fdtdQZBCZS {(h11)2 — a_2(8lh7;j)2] l %/d7d$3 [(U/)2 . (VU)2
1y \vs ij g —p °) = — D W3

There is no source ! e DUT ...



Inflation: Basic Predictions

Inflation: A generator of Primordial Fluctuations

Tensor Fluetuations: i Tdt/ alt)
S(;) — %12) fdtd333a3 (h13)2 — a_2((9 hij)Q L 1 - 333 . 2 ’ 2 CL_//
) { l ]/_\Q/dd [() (Vo)™ + —
_ (s)1.(s) a
hig(k.7) = B 0l = Sn h )

(Similarly as with Scalar Pert.) Quantization
Quantize—~Bunch-Pavies ~Power Spectrum of Gravit Y dof!



Inflation: Basic Predictions

Inflation: A generator of Primordial Fluctuations

dr = dt/a(t)

/l\ %/dmx?) [@/)2 — (V) + %ﬂtﬁ =l
1 N

Tensor Fluetuations:

S((S)) — % [ dtdz>a’ |:(]:Lz'j)2 — a_2(f9zhij)2]

(h(k)h" (k') FW) (k + k) P (k)
20 ) = k_S _ k< 1
Anlhk, ) = 272 Palk;7) (Super—Horizon)> _

* Red-tilted



INFLATION ==

Inflation scale ! Red-tilted



Inflation: ‘

INFLATION ==

. NPCEGAS NN nt E _26

Inflation scale ! Red-tilted

Inflation Reheating FRW (hBB)
a oc et pe — p(V, Ay, ... Dy Pbs PDM s -
Iuv = Yuv o+ 5g,u [R hi ] pi + 0p; 0p; (t) [Evolution]

GR GR, Int.



Inflation: Observables

Inflation Reheating FRW (hBB)

aocth P %IO(w?A/M) P~s Pbs PDM 5 ---

G = Gy + 09[R, hig] p;i + 0p; 5p;(t) [Evolution]

GR GR, Int.
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Inflation: Observables

Inflation Reheating FRW (hBB)
a o et ps — p(¥, Ay, ..) Doy Pby PDM 5 -+
G = Gy + 09[R, hig] p;i + 0p; 5p;(t) [Evolution]
GR GR, Int.

py + 0y = Ty(R) =T + 6T ()

. Temperature Angular
! Power Spectrum

TST(R) =) amYim() = ([677°) —>(<\alm|2>ECD

[,m




Inflation: Observables

0p~,0pe = [Thomson Scattering] = Linear Polarization

Linear Polarization — @, U (Stokes Parameters)

<> (Q +iU)(h Z YR =N e b )Y ()

[, m

g(ﬁ) — Z 6levlm 9 Z blevlm

l,m

(&%), (B = {lem|?) =CF, {|im]?)=CF



Inflation: Observables

0p~,0pe = [Thomson Scattering] = Linear Polarization

Linear Polarization — @, U (Stokes Parameters)

<> (Q+iU)R) =Y ay, Y™ = " (ewm + ibim) Yy, ()

Im
[, m [, m

(€2, (B — |{lem|?)=CF, {(lbm|?)=cP | Polarization Angular
- Power Spectrum
Depends on Scalar Depends only on

(also tensor) Perturbations Tensor Perturbations !l
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Inflation: Observables

(&), (B°) =

<’€lm‘2> — CZE, <‘blm‘2> — CZB

Pepends on Scalar
(also tensor) Perturbations
1()2E —_——— —_———
£ BICEP2  CF -+ +]
[ BICEP1 Boomerang - .ﬂ;_ v
, | QUAD e e, ] ) A
= M Na \A/RA A + -
10° F QUIET-Q WMAP — A
L QUIET-W  CAPMAP " " % _
I _T*A;ﬂér_v_v- * v
X g | >
%\_ i —¢"—+ AS
(&) [ ¥ v
= 107 t—— » —v— P
é e o ~ N
. shl-
10°E —=
[ N~ <O
10-3\ : ""-...1 : . N
10’ 10° 10°

Multipole

Polarization Angular
Power Spectrum

Pepends only on
Tensor Perturbations !l



Inflation: Observables

(&), (B°) =

Pepends on Sealar

<’€lm‘2> — CZE, <‘blm‘2> — ClB

R

_/

(also tensor) Perturbations

102
10" ¢

. BICEP2
- BICEP1
. [ QuAD
10" £ QUIET-Q
E QUIET-W

-=b
o
o

Be

|V,'\" M "*l P
CAPMAP

v -
omerang yv vﬂ— v
- -, v <y
_T“'-‘Vﬁ’*T v
y v -

-

—
ol

I141)C] 5 /27 [uK?)

-2
10°

10

10°
Multipole

Polarization Angular
Power Spectrum

Depends only on

Tensor Perturbations !l

Pashed Line Theoretical
Expectation from
lnﬂa’rion

r=A:/As <0.07 (20)

r~1072—-10"3 =|E, ~ 5-10°GeV

(1)



Inflation: Summary

Inflation: Solves Causality Problem. Bonus: Universe Flat

a o et > G =95 + 09[R, hij] > AT, £, B [also dp)
Exponetial Quantuwm Origin Angular Temperature/
Expansion of Fluctuations Polarization Anisotropies

Observations: Q| < 1 ns — 1~ —0.04 (R?) ~ 0 46,, = 36,
Locally Flat  Almost Scale-lnv  Gaussian Adiabatic

But CMB polarization B-modes due to GWs not yet found !



Inflation: What else?

Many wore things George!
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Particle production during inflation

[J. Cook, L. Sorbo (arXiv:1109.0022)]

Axion-inflation model P B, B . Pk e 1032

V(Qp) inflaton ¥ = pseudo-scalar axion

The rolling inflaton excites the gauge field(s)

_ 9 ; 2 4 ok i
€—2AH —_— A:l:(kat)—l_|:k ——2€t:|A:|:(k7t)_O

A+ exponentially amplified,
A_|_ X €7T£ - ‘A_‘ <K |A_|_‘

A— has no amplification

Gauge field excitation creates chiral GWs !



Particle production during inflation

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

Gauge fields
source a
blue tilted
& chiral

GW background



Particle production during inflation

Axion-inflation model V(y) + %FWFW
nrt H4 4m€
h? Qe = A, (}i) Qawh? ~1.5-107" Mz 656 , &>1 3 parameters
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Alright, Inflation ends ...

.. S0 what follows afterwards ?

(p)Reheating !



GWs from Preheating

INFLATION — REHEATING — BIG BANG THEORY

INITIAL CONDITIONS: FINAL CONDITIONS:
NO Particles, Thermal Equilibirum, T_RH

ONLY Vacuum Energy

_ a~t1f’2
a - et
? INFLATION % g | NERMAL
S QUILIBRIUM
Ht s



GWs from Preheating

INFLATION — REHEATING — BIG BANG THEORY

q ~ {172




GWs from Preheating

Inflaton:  V(¢) x ¢"

: Scalar field (condensate) after Inflation:

Coherent Oscillations: ¢(t) = ®(¢)f(t), [f{t+T)= f(t)
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GWs from Preheating

Fermions: yoyn) : Oscillations — 1 — Particle Creation
(Non-Pert., Out-of-Eq.)
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GWs from Preheating

Fermions: ygbzﬁzp ; Oscillations — 1 — Particle Creation
' (Non-Pert., Out-of-Eq.)
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GWs from Preheating

. Fermions: y¢y) Oscillations — 1) — Particle Creation !
(Non-Pert., Out-of-Eq.)
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GWs from Preheating

Fermions: yody) : Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)
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GWs from Preheating

Bosons: g°¢?y? : Oscillations — v — Particle Creation
(Non-Pert., Out-of-Eq.)

2
X T wp(x(t) =0,  Fuwi > wi(t)

Q.08
g.0&F

Q.04 k

Q.02

-0.02p

-0.04

-0.0& 7| h



GWSs from Preheating

Bosons: g°¢?y? : Oscillations —  y — Particle Creation
(Non-Pert., Out-of-Eq.)
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GWs from Preheating

i Gravitational Waves from }
{ Inflaton decay Produc

Explosive Particle
Production !

v

Gravitational Wave
Generation

Huge

Gravi1§ i
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GWs from Preheating
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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



GW background from first order phase transitions

* GW causal source: cannot 'operate’' beyond the horizon (Hubble scale)

H (T*) e <1 parameter characteristic
>k

— of source dynamics

Hubble rate «— temperature in the universe :
(assuming standard thermal history)

" 2.107° T,
c = Ji— = Hz ~ mH
f ! ag €, 1 TeV “ S

for €, ~ 1072 T, ~1TeV




GW background from first order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates quantum tunneling across the barrier :
true and false vacua nucleation of bubbles of true vacuum

O

e collisions of bubble walls

source: ]l;; tensor

) : e sound waves and turbulence in the fluid
anisotropic stress

e primordial magnetic fields (MHD turbulence)



GW background from first order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates quantum tunneling across the barrier:
true and false vacua nucleation of bubbles of true vacuum

Hij ~ z¢aj¢
source: 11, tensor 9
anisotropizg stress IL; ~~%(p + p) viv;
E? 1+ B? o o
IL;; ~ (B + BY) E'E) — B*BJ




what is € in 1st Order PhT's?

a
fc — f*_* —
ag

—1
ﬁ . duration of PhT

2107 T,

Hz

vp < 1: speed of bubble walls

@ 1 TeV

GW generation <—> bubbles properties

-

H,
o

, H, R,

€ =
\. /

BUBBLE COLLISION

_1 size of bubbles

at collision

<

SOUND WAVES AND
MDH TURBULENCE



Parameters determining the GW spectrum

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




peak of bubble collisions [3

h* Qgw(f)

Example of spectrum (‘runaway’ solution)

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 with both scalar field and fluid
(Hindmarsh et al arXiv:1504.03291)

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



Models for EWPT and beyond

e LISA sensitive to energy scale 10 GeV - 100 TeV !

 LISA can probe the EWPT in BSM models ...
- singlet extensions of MSSM (Huber et al 20195)
- 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)



Models for EWPT and beyond

 LISA sensitive to energy scale 10 GeV - 100 TeV !

* LISA can probe thel
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Six operator (Grojean et al 2004)

CoepdV

e ... and beyond the EWPT
- Dark sector: provides.
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Detection prospects for LISA: no runaway
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Detection prospects for LISA: no runaway
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Detection prospects for LISA: no runaway
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Detection prospects for LISA: no runaway

Caprini et al, 2015/2016 (LISA 1PhT working group)



Detection prospects for LISA: runaway

a =0.44 T (GeV)=10.0
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Detection prospects for LISA: runaway
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Detection prospects for LISA: runaway

a = 0.028 T (GeV) = 100.0
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Detection prospects for LISA: runaway in vacuum
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What about
Cosmic Defects ?
(aftermath products of a PhT)



0) Phase Transition < Cosmic Defects (if conditions met)

(15t Order, 2" Order,Cross-Over)

Z0OOLOGY:

texture: (non-topological)

MICRO-PHYSICS ===m)p COSMIC DEFECTS




0) Phase Transition < Cosmic Defects (if conditions met)

U(1) Breaking (e.g. after Hybrid Inflation)

2)

0.00333 0.04484

0.0024$

0.0016¢
0.00082

0.03363

0.0224z2
0.01121

Variable 1
Variable 1

1.3537:2

1.0152¢

0.6768¢
0.33842

Variable 1

Variable 1
[
>, 3,
w N

Dufaux et al PRD 2010



0) Phase Transition < Cosmic Defects (if conditions met)

U(1) Breaking (after Hybrid Inflation): Mag. Fields

1
-1
Im lm
< o102
(] -2 (0]
o 8
Kz 20 52
@© 3 .
=10 >
-4
10
-4
10 5
10

Dufaux et al PRD 2010



Theorem: GW from Evolution of Defect Networks

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — < Cosmic Monopoles

Non — Topological

\

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

(Kibble’ 76)
A(t) =const. > A~ 1= k/H =kt
SCALING:

(T " (k, )T (K, 1)) = (2m)° \}% Ul(kt,kt")6%(k — k)

Unequal Time Correlator (UTC)



Theorem: GW from Evolution of Defect Networks

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

UTC: (T5T(k, )T (K ) = (2m)3 112 (K, Ly, 2) 63(k — K)
(Unequal Time Correlator)

GW spectrum: Expansion UTC

Ghew (I, ) ox Mg/i;(t) [ dtidts a(ti)a(ts) cos(k(ty —to)) 11%(k, t1,t2)

/\

Comoving Conformal




Theorem: GW from Evolution of Defect Networks

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

C= (THT (e, T (K1) = (2m) S0 Ukt k)55 (k - K)

GW spectrum: Expansion UTC

apew (k1) o M§@34<t) [ dtydty a(ty)a(ts) cos(k(ty — to)) Y Ulkty.kts)

SCALING




Theorem: GW from Evolution of Defect Networks

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

C= (THT (e, T (K1) = (2m) S0 Ukt k)55 (k - K)

GW spectrum: Expansion UTC

apew (k1) o Mg’ﬁ;(t) [dtrdty  tite  cos(k(ty — ta)) Y Ulktykts)

Rad. Dom SCALING




Theorem: GW from Evolution of Defect Networks

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

C= (T (e, OTFT (K, 1)) = (2m)% S Ukt k)5 (k — k)

GW spectrum: Expansion UTC

4
j’ffgwk(k t) o (Mlp) 4(t) U dridry /122 cos(xy — x2) Ulxy,xa)]

Rad. Dom SCALING |




Theorem: GW from Evolution of Defect Networks

GW spectrum: (z; = kt;) R.D. and SCALING

4 ar2
gﬁ)(g}g“]; (k,t) X (Mlp> a4(2;) U%wldxz A/ L1L2 COS(QZ‘l —5172) U(xl,xg)}




Theorem: GW from Evolution of Defect Networks

GW spectrum: (z; = kt;) R.D. and SCALING

4 M2
i1+ (3)' s w0 VD

Fi; ~ Const. (Dimensionless)




Theorem: GW from Evolution of Defect Networks

VEV :
GW today: Scaling @ RD

_3_<L)4Q<o>

Fy, (SCALE INV.!)

rad

3 \ M,

Defect type

!

= / dridxo/r12x5c08(T1 — 22)U (21, 22)
0

(Figueroa et al, PRL 2013)



Theorem: GW from Evolution of Defect Networks

VEV :
GW today: Scaling @ RD

4
2(5) Q% Fu, (SCALEINV.Y)

Defect type

!

= / dridxo/r12x5c08(T1 — 22)U (21, 22)
0

—

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

(F/gueroa et al, PRL 201 3)



More on GW from Defect Networks

4
0) __ d \Y (0) F
S = (dpaw) = 2( ) Q) Fu, (SCALEINV.)
) 7 | Scaling @ RD

= / dridxo/r125c08(01 — T2)U (21, 22)
0

What about Matt-Dom (MD) modes?



More on GW from Defect Networks

4
S =% ( jfggv;;)o = 2(37) Q) Fu, (SCALE INV.)
¢ | Scaling @ RD

= / dridxo/r125c08(01 — T2)U (21, 22)
0

What about Matt-Dom (MD) modes?

GW spectrum: Expansion UTC

apew (k1) o Mglg;(t) [ dtydty a(ty)a(ts) cos(k(ty — to)) Y Ulkty.kts)

SCALING




More on GW from Defect Networks

4
S =% (dpaw) = 2( ) Q) Fu, (SCALEINV.)
‘ 7 | Scaling@RD

= / dridxo/r125c08(01 — T2)U (21, 22)
0

What about Matt-Dom (MD) modes?

GW spectrum: Expansion UTC

apew (k1) o ng;(t) [dtrdty  t5t5  cos(k(ty — to)) Lo Ulktykts)

Matt. Dom SCALING




More on GW from Defect Networks

4
0) __ d \Y (0) F
S = (dpaw) = 2( ) Q) Fu, (SCALEINV.)
) 7 | Scaling @ RD

= / dridxo/r125c08(01 — T2)U (21, 22)
0

What about Matt-Dom (MD) modes?

= kt;
GW spectrum: (xz 7“) Expansion UTC
v\’ M, y % %
gfo—cg’i(k,t) OC(E) 2t (1) [fxcelfld:vg X1 Ty cos(xy — x2) U(a:l,:cg)]
Matt. Dom SCALING

Scale-Dependence !



More on GW from Defect Networks

Total GW Spectrum - -

O O V ’ ke ’
2l =il (1) [ r+ rgn (B
M, k

32 [*
3 Jo

1/2

F((]R) — COS(.CL‘l — $2) URD(LE1,$2)

RD Scaling

diBldwg (3315132)

U — / d$1d$2 (331582)3/2 COS($1 — ZEQ) UMD ($1, 332)
red MD Scaling



More on GW from Defect Networks

o o (V" keq \
Q8L = h20l) (ﬁ> Y+ B (f)
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More on GW from Defect Networks

eLISA
configs
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What about if Defects are Cosmic Strings ?

Extra emission of GWs ! (Vilenkin '81)

A cosmic string network formed by:
1) ‘Infinite’ long cosmic strings
2) (subhorizon)Cosmic string loops

Cosmic strings: p =1
Cosmic superstrings: p € [1073, 1]




What about if Defects are Cosmic Strings ?

Extra emission of GWs ! (Vilenkin '81)

Loops once formed, decay by radiation emission

*GW emission
—  * Boson emission
*UHCR

*

* Widely believed that GW represents
dominant emission channel (Nambu-Goto)

* However... Abelian-Higgs field theory
simulations show loops decay into bosons




What about if Defects are Cosmic Strings ?

Extra emission of GWs ! (Vilenkin '81)

Loops once formed, decay by radiation emission

*GW emission
—  * Boson emission
* UHCR

*

Assuming GW emission dominates ...

Given a loop number density n(4, t)




What about if Defects are Cosmic Strings ?

Extra emission of GWs ! (Vilenkin '81)

5 10

Sanidas et al 2012




What about if Defects are Cosmic Strings ?

Extra emission of GWs !

Planck limit

EPTA 2015 limit

NANOGrav 2015 limit

(From Sanidas et al,LISA GW cosmology 3rd encounter)



What about if Defects are Cosmic Strings ?

Extra emission of GWs !

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 10~ 17

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)



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
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Gravitational Waves as a
probe of the early Universe

OUTLINE

0) GW definition

1) GWs from Inflation —

Intensive search
at the CMB

High amplitude,
unlike detection

Early 2) GWs from Preheating -

Universe _
3) GWs from Phase Transitions

4) GWs from Cosmic Defects



Gravitational Waves as a
probe of the early Universe

OUTLINE

0) GW definition

_/Intensive search
1) GWs from Inflation — at the CMB

High amplitude,
unlike detection

Early 2) GWs from Preheating -

Universe

3) GWs from Phase TransitionsJ| ="/" | (1)
observable

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

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



Coming Soon ...

* Caprini & Figueroa, REVIEW (expected Feb 2017)

* Benasque GW school (2 weeks): May 28 - June 10
http://benasque.org/2017gw/



Coming Soon ...

* Caprini & Figueroa, REVIEW (expected Feb 2017)

* Benasque GW school (2 weeks): May 28 - June 10
http://benasque.org/2017gw/

Thanks for
your attention !




