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Inflation: Definition + Implementation

+lmplementation: | 2= 1042+ V(¢) | (4 Inflaton)

Case of Study: | v '
eI () = (9/2m,)2 — 1/2

V(o)

'Inflating “is easy
with any potfential
of the type V(¢) x ¢?
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Inflation: A generator of Primordial Fluctuations

So(E,t) — (¢ (&

1)) 70

but ... Minkewski — Curved Space: (quasi)dS

t) + 0o(F

i /d%\ﬁ{R (06)% — 2V (¢ }<g

,uy

‘|‘ 5g,uv

)

h

e

e e ———

e

ds?

= g, datds” = (gu,(t) + 09, (Z, 1)) dxH da” |
= —(1 -+ 2(I))dt2 -+ QBdezdt -+ CLQ[(l — 2\11)5@] -+ EZJ]dedij

| t 4

f

f

— —————— R e ———— ———— —— ————— ———— ——— e



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

dr = dt/a(t)
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Inflation: A generator of Primordial Fluctuations

Tensor Fluctvations:
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Same Procedure as with Scalar Pert. ] Quantization
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Inflation: A generator of Primordial Fluctuations

Tensor Fluctvations:
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Irreducible GW background from Inflation
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rreducible 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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V(gp) inflaton (¢ = pseudo-scalar 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 (T, k) =0,
Chiral

. . 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-Inflation

GW energy spectrum today

Gauge fields
source a
blue tilted
Non-Gaussian,
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GW Background

Bartolo et al 16, 1610.06481
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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

| = Exp{—(k/n)’} | Non-adiabatic field excitation (particle creation)

|

V
GW




INFLATIONARY MODELS

AP, P _plec)  plep) . H? B3
= = ~ few x O(10 %) —W(kmy) | =] In H
Ph Pf(bva’c) P}(Lvac) / ( )mgl (k7o) (H ) (n/H)

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

e :

O '

S-100 - 2

= .

o ./ (MD modes

- 120 -/ ( )
140 -\ APy, |

. scale-invariant (RD modes) I D,
-16.0 - red tilted (RD modes) Ak ~ 1 B
-18_0‘:‘1“‘x“‘1“‘x“‘x“‘x“u
-18.0 -14.0 -10.0 -6.0 -2.0 2.0 6.0 10.0
Log|f]




INFLATIONARY MODELS

AP, B 7)}(;'3013) _ Pi(lVaC) B P}gpp) » H?2 N3
P, Pl = Pl ~ few x O(10 )m—ng(kTO) (ﬁ) In®(p/H)

e :
O '
S-100 - 2
= .
o ./ (MD modes
- 120 -/ ( )
140 -\ APy, |
. scale-invariant (RD modes) I Pn f
-16.0 - redtilted (RD modes) Ak~ 1 ==
-18_0‘:‘1“‘x“‘1“‘x“‘x“‘x“u
-18.0 -14.0 -10.0 -6.0 -2.0 2.0 6.0 10.0
Log|f]




INFLATIONARY COSMOLOGY

‘cures' hBB | :> Cosmological Pple

Scalar
Inflation _»(initial) _ Primordial
cond./ perturbations Irreducible GW

Tensor
Background
Observable

. ilted
. Continuous | Blue !
shift symm. =, GW production| (chira!) GWe

Extra species { :
T ¢>Wg
. w productt
Scenarios —>@nhanced 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 — 20)8i; + 2F; 5y + hij)da’da’]

~ ®x P (2nd Order Pert.)

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

4 / /
C3(1+ w)H? (V" +HE)0;(V" + HO) D. Wands et al, 2006-2010
0,2 Baumann et al, 2007
Cs [37’[(%(1) o \If/) £+ VQ\IJ] azaj ((I) o \Ij) Peloso et al, 2018

- 3wH



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° A% <007

PTA Qu0<4x107° . A% <5x1077
LISA ng 0 < 10_13 > A?z <1 X 10_5

BBO Q,.0< 10" AL <sxi0T

Phys.Rev. D81 (2010) 023527
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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 ?

&




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 ?

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

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




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!

. Clesse & Garcia-Bellido, 2015-2017
PBH candidate for Dark Matter ? T N taimoud ot al 2016.2017

Window is very narrow



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!

. Clesse & Garcia-Bellido, 2015-2017
PBH candidate for Dark Matter ? T N taimoud ot al 2016.2017

Window is very narrow

* If PBH are the DM, what is the GW from 2nd O(®)? Bartolo et al, '18
*If GW from from 2nd O(®) PBH, then Non-Gaussianity? Bartolo et al, '19

*1If GW from from 2nd O(®) PBH, then Anisotropies? Bartolo et al, '19



INFLATIONARY COSMOLOGY

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

2N

Extra species/symmetries
Scenarios

Enhanced Scalar Pert. > Enhanced GWs \/
\ others ...

J

— i — R —  ——  — S S —————— ———

. _ ([ Matching inflation :
Reheating = ( with Thermal Era) IZ{> New GW productlorj

——————— — = S—— S—————— ——————




GWs from Reheating

INFLATION — REHEATING — BIG BANG THEORY

e THERMAL

it
e QUILIBRIUM




SCALAR REHEATING

1) Vig,x) = 32" + smix® + 359°¢°x* (Chaotic)

2) V(pg,x) = su26* + 2(x*—vH)?2 + 1g%¢*x? (Hybrid)
INFLATON MATTER COUPLING



SCALAR REHEATING

1) Vig,x) = i)\& + %miXQ + %gQ¢2X2 (Chaotic)
_I_

2) Vi, x)= 2Lu2¢? 2(x? =03 +  1g%¢*x®  (Hybrid)
INFLATON MATTER COUPLING

( qb(t) +3H¢ + V'(p) =0 (Inflaton Zero-Mode : Damped Oscillator)

¢ O¢r + F(J dgdgXik—q|)Pk + ... =0  (Inflaton Fluctuations)

C Oxe + F(f daxg, djp—g))xk + ... =0 (Matter Fluctuations)




SCALAR REHEATING

1) Vig,x) = i)\& + %miXQ + %gQ¢2X2 (Chaotic)
_I_

2) Vi, x)= 2Lu2¢? 2(x? =03 +  1g%¢*x®  (Hybrid)
INFLATON MATTER COUPLING

( qb(t) +3H¢ + V'(p) =0 (Inflaton Zero-Mode : Damped Oscillator)

¢ O¢r + F(J dgdgXik—q|)Pk + ... =0  (Inflaton Fluctuations)

xr + F(J daxq, Ojk—q|) Xt + ... =0 (Matter Fluctuations)

DYNAMICS:

Non-Linear, Non-Perturbative & Far-From-Equilibrium

k; £ Ak; — @or(t), ng(t) ~ exp{urt}




SCALAR (P)REHEATING

1) Vig,x) = i)\& + %miXQ + %gQ¢2X2 (Chaotic)
_I_

2) Vi, x)= 2Lu2¢? 2(x? =03 +  1g%¢*x®  (Hybrid)
INFLATON MATTER COUPLING

( qb(t) +3H¢ + V'(p) =0 (Inflaton Zero-Mode : Damped Oscillator)

¢ O¢r + F(J dgdgXik—q|)Pk + ... =0  (Inflaton Fluctuations)

xr + F(J daxq, Ojk—q|) Xt + ... =0 (Matter Fluctuations)

DYNAMICS:

Non-Linear, INon-Perturbativel& Far-From-Equilibrium
k; + Ak; = o (t), nk(t) ~ exp{urt} —| PREHEATING




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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1) Chaotic Scenarios: PARAMETRIC RESONANCE

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

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

V(¢)




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 (i mie)cty | 1 Exp (ifmig)ar)

 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
k
-~
o — Parametric
e RESONANCE !
(Felder + Kofman)
1000
100
10
1




SCALAR (P)REHEATING

SPINODAL INSTABILITY

2) Hybrid Scenarios

o(t) + (1* + g%x]*)o(t) = 0

Hybrid Preheating




SCALAR (P)REHEATING

v)
m2—k2t

k<m=+vV\
ne ~ €

(

Xk

SPINODAL INSTABILITY

T'al

o(t) + (1* + g%x]*)o(t) = 0

Hybrid Preheating

2) Hybrid Scenarios



SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

() + (12 + ¢*Ix[*)p(t) = 0 (k < m =)

.e 2
Koo+ (K2 m? (i_ - )“!x\Z)xk =0 Xy T~ €Y




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, , Mg, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21
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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, , Mg, ~ 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;

(k,0)t Inhomogeneities: < dp/p = 1

At ki g, nE, ~ el




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 kii o, np, ~ et = Inhomogeneities: { dp/p = 1

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




INFLATIONARY PREHEATING

Non - linear dynamics

\

Lattice Simulations

Let's look at an example ...
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Semi-classical regime 1, ~ k¢ + ... (Squeezed States)



INFLATIONARY (p)REHEATING (pRH)

_» hon-linear

| attice Simulations: Dynamics
4 “out-Eq

e Scalars (ng > 1): o+ Vy=0,Oxg+V,, =0

Semi-classical regime 1, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 4 3 ,{p:<p¢"p><"‘“>
3 p a 3 (p p) p:<p¢——px——...>



INFLATIONARY (p)REHEATING (pRH)

c non-linear

| attice Simulations: Dynamic
4 “out-Eq

e Scalars (ng > 1): o+ Vy=0,Oxg+V,, =0

Semi-classical regime 1, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 4 3 ,{p:<p¢"p><"'“>
3 p a 3 (p p) p:<p¢——px——...>

o GW: 1y + 2Hhi; — V?hiy = 167GITLY,  TIGT = {9:;x“9;x* "

1]

ds* = a*(—dn* + (6;; + hyj)dx*dz?), TT: {
hij j = 0



INFLATIONARY PREHEATING

Lattice Simulations: Dynamics — non-linear
> out-Eq




INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

GW (Energy density)
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Hybrid Preheating

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 “out-Eq

Hybrid Preheating

b N ] = o= = =l
?;E.%l:.ilrf"mhh
e e

gl
Dh—e |
1RGP

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

fre |~ CU
RGP0

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

S
oL

=10}
Mhe |
GG

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 “out-Eq

Hybrid Preheating

s T -l
TEGgpe

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

i1y P =L
TR

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 “out-Eq

Hybrid Preheating

b I i A T §
rf'i?%l?rf"mhin
e e )

=10,
D |
GO

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

M. |/ BU
1RGP

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

O |~ OU
TRGET

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

iy S -1
RGEPT

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 “out-Eq

Hybrid Preheating

Hy S L
A

GW (Energy density)



INFLATIONARY PREHEATING

< — non-linear

| attice Simulations: Dynamic
4 “out-Eq

Hybrid Preheating

O |~ 00
A0

GW (Energy density)



INFLATIONARY PREHEATING

c non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

Vo, x) = 5(Ix]* —v*)* + 5]x|%¢* + V(o)

3 stages: Exp. Instabilities — Non-linearities — Relaxation

1 dlogpaw
prot dlogk 19704 B
1e-06 |

= 0,125 (ma = 040) -
»=0.150 (ma=0.33) ...
= 0.200 (ma = 0.25)

1e-08 }

. 1e-10 |
-
i~
< 1e-12 }
D- o

1e-14 |
1e-16 |

1e-18

1e-20




INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

1.x107°
5.x107%"

1.x107°
= 5.x1077
©) I

1.x107'
5.x 1078

1.x10°8 - .~ D N\ NV AR ,
5 10 50 100 500 (DGF, Torrenti 2017)




O 2
Chaotic Models: Qé\);v ~ A

INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

/

w6

2
pmg;

UJ2 — V,/((I)[)

—1/2

\ ~ 92(1)12

N~

g =

w2

q=21000 Resonance

| 50 |

100

500

Param.

i (DGF, Torrenti 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 !

1/2

Qaw x ¢ /% — 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 ! ... at high Frequency !

Very unfortunate... no detectors there !

Q
%



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 \(\
itude !
Large amplitude “0)

(for v ~ 10'° GeV) (gine

o . W
realistically speaking ... @

Hybrid Models: Q% (




EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <

\ Enhanced Scalar Pert. » Enhanced GWs

M ( If early stage of

Reheating = scalar Preheating) I:{>Large GW production (high freq)



Gravitational Waves as a
probe of the early Universe

OUTLINE

1) GWs definition \/

2) GWs from Inflation

Y%

4) GWs from Phase Transitions

Early 3) GWs from Preheating
Universe

5) GWs from Cosmic Defects



BACK SLIDES



PROPAGATION OF
TENSORS



Irreducible GW background from Inflation

Tensors = GWs

dSk X A K —ikx r (1.
(%, 7) Z / 27r) 3/2 e Qi + hip(n)e” " 4y, ) €i;(k)

r—t /

quantum fields Polarizations: +, x




Irreducible GW background from Inflation

Tensors = GWs

dSk kX’\ * —kx - r
ixm =3 / 2773/2 i + W) ) €k

S— / / kr

t=n=r1] quantum fields Polarizations: +, X
X\
conformal 6‘\0\0
time °°




Irreducible GW background from Inflation

Tensors = GWs

dSk kX’\ * —kx - r
(% 7) Z / 27) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

S— / / kr

quantum fields Polarizations: +, X

on(®) = gz (s e Oy .1))

1 1 : .
— d hz X, t hz X t
327Ga?(t) V /V X hij (%, 1) hij (%, 1)

v




Irreducible GW background from Inflation

Tensors = GWs

dSk kXA * —kx + r
(% 7) Z / 2m) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

S— / // kr

quantum fields Polarizations: +, X

on(®) = gz (s e Oy .1))

1 1 : .
— d hz X, L hz X t
32mGa?(t) V /V X hij (%, 1) hij (%, 1)

_ ] / dk dk'g (e, )R (K )

32mGa?(t)
X —/dx e~ ix(k— k)

v




Irreducible GW background from Inflation

Tensors = GWs

d3k kXA * —kx + r
(x,7) Z / o) 3/2 k() €7 axr + hi(n)e ak) ij

et / / kr

quantum fields Polarizations: +, x

Pcw (t) 327’(’5&2 (t) <h70 (X7 t)h’ij (X7 t)>

1 1 . .
— d hz X L hz 10: S t
32mGa?(t) V /V X hij (%, 1) hij (%, 1)

! ik ¥/ o
32rGa2 () / (%)3}%3 g (e, O (', 1)

1+ Kk
o ikl

v




Irreducible GW background from Inflation

Tensors = GWs
dSk kx A * —kx T
(% 7) Z / 2m) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

B e ‘r

quantum fields Polarizations: +, X

o8] = g3y (s e Oy .1))

1 1 : .
— d hz X, t hz X t
327Ga?(t) V /V X hij (%, 1) hij (%, 1)

1 dk . :
— 19 k7 iy k7
327G (t)V / 2y [ Dl (.1

v




Irreducible GW background from Inflation

Tensors = GWs

dSk kX’\ * —kx - r
(% 7) Z / 27) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

S— / / kr

quantum fields Polarizations: +, x

on(®) = gz (s e Oy .1))

v — Volume/Time Average



Irreducible GW background from Inflation

Tensors = GWs

dSk kX’\ * —kx - r
(% 7) Z / 27) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

S— / / kr

quantum fields Polarizations: +, x

on®) = gagrmrr (s e Oy .1))

oM — ensemble average



Irreducible GW background from Inflation

Tensors = GWs

dgk kX’\ * —kx + r
(% 7) Z / 27) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

et X / / kr

quantum fields Polarizations: +, X

on®) = gagrmrr (s e Oy .1))

oM — ensemble average

1 dk dk' . N/ :
_ ix(k—k") N * /
srca | oy a © T s (e ) B (€ ))




Irreducible GW background from Inflation

Tensors = GWs

dSk kXA * —kx - r
(% 7) Z / 27) 3/2 e(1) € i + hi(n)e™"* ay,) eg;(k

S— / //' kr

quantum fields Polarizations: +, X

on®) = gagrmrr (s e Oy .1))

oM — ensemble average

1 dk dk' . N/ :
_ ix(k—k") N * /
53760 | G (o <l ()15, (0,0)

:”/

(i (,8) By (K, 8)) = (27)° P, (k, )6 (k — ')




Irreducible GW background from Inflation

Tensors = GWs

d’k —ikx r
Z /2#3/2 i+ hi(m)e ka;:) ‘i (K
/ _
quantum fields Polark:OHSZ +, X
dp
t Gh kg GW
IOGW( 47.‘. SGa2 / / legl‘C le "

(i (,8) By (K, 8)) = (27)° P, (k, )6 (k — )




Irreducible GW background from Inflation

Tensors = GWs

d°k —ikx r
Z /2#3/2 ak+h’“() ka;:) ek
/ 7
quantum fields Po|ark:ons: +, X
dp
t Gh kg GW
IOGW( 47.‘. SGa2 / /legk le "

AP gw _ 3P,
dlogk(k’t)  (4m)3G a2(t) &Pk 1)

(i (,8) By (K, 8)) = (27)° P, (k, )6 (k — )




Irreducible GW background from Inflation

leGW _ 1 3.
dlogk "V = mpca " Y

<hij (k, t) it (K, t)> = (2m)3P; (k, )03 (k — K




Irreducible GW background from Inflation

dIOGW _ 1 3.
dlogk "V = mpca " Y

<hij (k, t) it (K, t)> = (2m)3P; (k, )03 (k — K

tensors frozen QQQQ"&’(Q'
4 —1 Q(S Q(
H. R(k), hi;j(k) ~ Const., kT < 1 ,(Q'Q\S
i I
Exit Re-entry
or | subHubble\/ Superubble  \ _—SubHubble
Matter/Rad. Perturbations Oscillate
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