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 (DASI 2002) 

Polarization &Tensors (primordial  GW)   
Thompson scattering polarizes linearly the spectrum

Spectra:   CTT, CEE,   CTE , CBB Tensors? 

Polarization: E & B  modes 

 [Planck collab.: astro-ph/1502.01589]



  

BICEP2 & PLANCK
BICEP2: arXiv 1403.3985

BICEP/KECK & PLANCK: arXiv 1502,00612

r=0.16−0.05

+0.06
???

(ideal case, no dust polarization)

r
0.05

 
 
< 0.12 (95 % CL) 

Detección ??

So far, only galactic dust:



  

ΛCDM Model: 6 parameters that fit the CMB

PR(k0), ns , ΩB, ΩM, ΩΛ , τreio

Primordial spectrum Matter content
Optical depth to LSS due to reionization

(wΛ=−1)Baryons+CDM+DEPR(k)=PR(k0)(
k

k0

)
ns−1

 [Planck collab.: astro-ph/1502.01589]

Background ~ Flat Universe + “Cosmological constant”

Primordial Fluctuations~ adiabatic, gaussian, scale-invarian spectrum

FLRW metric (homogeneous & isotropic): a(t)=scale factor), H=dlna/dt Hubble parameter

Flat Universe: ΩM+ΩΛ=1



  

ΛCDM Model: 6 parameters that fit the CMB

PR(k0), ns , ΩB, ΩM, ΩΛ , τreio

Primordial spectrum Matter content
Optical depth to LSS due to reionization

(wΛ=−1)
Baryons+CDM+DE

 [Planck collab.: astro-ph/1502.01589]

Background ~ Flat Universe + “Cosmological constant”

FLRW metric (homogeneous & isotropic): a(t)=scale factor), H=dlna/dt Hubble parameter

Flat Universe: ΩM+ΩΛ=1

(wΛ=w0+(1−a)wa)



  

Cosmological Principle:

The Universe is homogeneous and isotropic at large scales

 Sarkar et al. 0906.3431 [SDSS DR6];  WiggleZ 1205.6812lhom>100h
−1

hMpc

Homogeneous & isotropic                    Horizon problem

The universe is spatially flat                     Why?   

∆T/T ~ 10 -5                                               Primordial fluctuations?

“Relics”:  monopoles, topological defects, exotic particles... ?

Problems of the  Big Bang Model

Solution: Inflation

 

                ä>0 ρ+3 p<0

Period of accelerated expansion



  

Energy &
pressure

The curvature and the slope of the potential less than
the Hubble rate

“Slow-roll”
parameters

 Kinetic energy << potential  

∣ηϕ∣=mP

2∣d
2
V /dϕ2

V ∣<1 ϵϕ=
mP

2

2
(
dV /dϕ

V
)

2

<1

Negative 
pressure

     curvature                               slope

                       H2 ~ V/3m
P

2

 “slow-roll”
  evolution 

Inflation: “slow-roll”

ρ≈V (ϕ) p≈−V (ϕ)

3H ϕ̇≃−dV /dϕ , ϕ̈≪3H ϕ̇ , ϕ̇2≪V (ϕ)

(ϕ̇≡dϕ/dt)

Flat Potential



  

Cl

TT=2
π∫k2dk PR(k)ΔTl(k)ΔTl(k)  ∆T/T     

Primordial spectrum
(H0, Ωi)

ds2=dt2−a (t)2(δ ij(1+2 ψ)+hij)dxi dxj

R≃H
ϕ̇ δϕ

∆Tl (k) 

curvature

ds2=dt2−a( t)2(δij(1+2 R)+hij)dxi dxj

CMB: T anisotropy spectrum

( background + linear fluctuations)  

∣δϕ2∣≃(
Hex

2π
)

2



  

Recipe for inflation

PR≃(H / ϕ̇)
2
Pδ ϕ≃(5 x10−5)2

(Observable universe: Ne ~ 50-60)            
                

 

● Choose a potential:  V(φ)     (model building: Particle physics)

 
● Get “slow-roll” parameters and no. of efolds 

 
● Amplitude of the primordial spectrum (input): 

 
● Predictions (output): spectral index , tensor-to-scalar ratio, ….

 

 
● Compare with observations (CMB)

(CMB: COBE, WMAP, PLANCK)                     
       

 
(Fix one parameter of the potential)           
                 

 

nS=
dlnPR

dlnk
≃

dlnPR

dlna
≃1+2ηϕ−6 ϵϕ (spectral index)                            

 
PR=PR(k0)(k /k0)

n
s
−1

PT=8(
H

2πmP

)
2

, r=
PT

PR

<1 (tensors : primordial gravitational waves)                 
           

 



  

Inflation Reheating Radiation Matter

N(k )=ln
aend

ak

No. de e-folds: 

Inflation Oscilations       decay



  

Inflation Reheating Radiation Matter

Horizon  exit

k=Hk ak k=H0a0

ρRad∝a
−4

H∼Γϕ

N(k)=ln
aend

ak

ρRad=g π2

30
TRH

4

No. of e-folds: 

k=comoving wavenumber

ρRad∝a
−3/2

ρϕ∝a
−3

Ne≃56+
2

3
ln

Vinf

1/4

10
15

GeV
+

1

3
ln

TRH

10
9
GeV

∼60−40



  

 [ Planck collab.: astro-ph/1502.02114]

Primordial spectrum: PR=PR(k0)(k /k0)
ns−1

adiabatic, gaussian, scale-invarian spectrum

No evidence for:
non-gaussianity, isocurvature modes or running of the spectral index 

f
NL

local  = 2.5 +- 5.7      (k
3
 << k

1
 ~ k

2
)

f
NL

equil  =-16  +- 70       (k
3
 ~ k

1
 ~ k

2
)

f
NL

orth   = -34  +- 33

● Bispectrum: BR(k1,k2,k3)=∑
cyc

〈R1(k1)R1(k2)R2(k3)〉=AB(k)B̄(k1,k2,k3)

fNL=
18

5

AB(k)

PR(k)2

shape

Non-linear parameter



  

 [ Planck collab.: astro-ph/1502.02114]

Primordial spectrum: PR=PR(k0)(k /k0)
ns−1

adiabatic, gaussian, scale-invarian spectrum

No evidence for:
non-gaussianity, isocurvature modes or running of the spectral index 

Pure isocurvature mode ruled-out as only
source for the spectrum

βiso=
PII(k )

PRR(k )+PII(k)
, cos Δ=

Pab

(PaaPbb)
1/2

kmin=0.002Mpc−1 , kmax=0.1Mpc−1



  

 [ Planck collab.: astro-ph/1502.02114]

Primordial spectrum: PR=PR(k0)(k /k0)
ns−1+

1

2
αs lnk /k0+⋯

k0=0.05Mpc
−1

adiabatic, gaussian, scale-invarian spectrum

No evidence for:
non-gaussianity, isocurvature modes or running of the spectral index 

αs=
dns

dlnk
=−0.0057±0.0071

Trend towards negative values
due to deficit of power on large
scales (low l)

αs=−0.013±0.01, r0.002<0.18

[nt=−r /8<0]

~ more tensors allowed
when including running

Tensors add power at low l



  

Primordial spectrum: ΛCDM extensions



  

 [ Planck collab.: astro-ph/1502.02114]

Primordial spectrum: PR=PR(k0)(k /k0)
ns−1

k0=0.002Mpc
−1

Tensor-to-scalar ratio : r=PT/PR PR=2.2x10
−9

φ3

φ2

φ3

φ2

(nT=−r /8)



  

 [ Planck collab.: astro-ph/1502.02114]

Primordial spectrum: PR=PR(k0)(k /k0)
ns−1

k0=0.01Mpc
−1

Tensor-to-scalar ratio : r=PT/PR PT=PT (k0)(
k

k0

)
nT

Tensor spectral index 

~Trend towards  blue spectrum 
due to deficit of power on large
scales (low l)



  

●  Simple monomials models                             rule out for p>2    
 

                

V (ϕ)=V0(ϕ/mP)
p

● Adding more terms to the potential can save the model: “Polichaotic models”

[Nakayama et al. 1303.7315]

V (ϕ)=1

2
m

2ϕ2+ 1

4
λ2ϕ4− 1

√2
mλ sinθϕ

(Sugra + shift sym. +  W= X(m Φ+ λ Φ2+...)

θ=arg[λm]=23π/60

ns≃1−
2(p+2)
4Ne+p

, r≃ 16p

4 Ne+p

(minimal kinetic + minimal coupling to gravity)

““Plateau” : lower H
*

r∼
H

2/mP

2

PR

<0.1

m∼10
13

GeV

λ2∼10−14



  

R2  inflation:  gravitational action  + radiative corrections  

[Starobinsky .'80]

Sgravity=∫√−gd
4
x (

mP

2

2
R +

R
2

12
+⋯)

R= Ricci scalar 

Einstein grav. + Radiative corrections

Sgravity=∫√−gd
4
x (

mP

2

2
R + 1

2
(∂μϕ)2−V (ϕ))

Metric conformal transformation

V (ϕ)=V0(1−e
−√2 /3ϕ/mP)

2

nS≃1− 2

Ne

r≃12

Ne

2

R2  inflation from supergravity:  

Ferrara, Kallosh, Van Proeyen, 1309.4052  

Farakos, Kehagias, Riotto, 1307.1137  

Ellis, Nanopoulos, Olive, 1307.3537  

Buchmuller, Domcke, Kamada, 1306.3471  



  

“Starobinsky model”                    Non-minimal coupling to gravity  

[Kallosh, Linde, Roest, 1310.3950]

LJ=√−g(
Ω(φ)

2
R − 1

2
(∂φ)2−VJ(φ))

Non-minimal coupling: Jordan frame

Metric conformal transformation

n
s
≃1− 2

Ne

, r≃12

Ne

2

LE=√−g(
mP

2

2
R − 1

2
(Ω(φ)−1+3

2
(∂Ω(φ))2)(∂μ φ)2−

VJ(ϕ)

Ω(φ)2
)

Non-minimal kinetic: Einstein frame

Ω(φ)=1+ξ f (φ)

Large ξ  limit + canonical kinetic term:

LE=√−g(
mP

2

2
R − 1

2
(∂μ φ)2−V0(1−e−√2φ/3)2)

Universal attractor point for models 
with spontaneously broken (super)conformal invariance

 [p=4 large ξ  limit :             ]ξ≥0.1

Sugra embedding: K=−3log(F[Ω(φ),φ , S]), W=λS f (Φ)

[ Non-minimal kinetic term:                     ]Kφ φ̄ ∂μ φ∂μ φ̄



  

Inflaton = Higgs
[Bezrukov & Shaposhnikov '08]

V (ϕ)=λ
4

(ϕ2−v
2)2

nS≃0.97, r≃0.003

S=∫√−gd
4
x (

mP

2

2
R + ξR ϕ2+1

2
(∂μϕ)2−V (ϕ))

V (χ)=
λeff

4
mP

4 (1−e
−√2/3 χ/mP)Conformal transformation

ϕ≃χ≪mP /ξ
χ≫mP/ ξ

λ≃O(0.1) λeff≃10−13 [COBE]

[Casadio, IaFelice, Vacca '07; Enqvist, Meriniemi, Nurmi, '13; Figueroa, García-Bellido, Torrenti, '15]

Reheating:  decay into SM degrees of freedom !! 



  

Inflaton = Higgs: Stability of the Higgs potential?

[Bezrukov & Shaposhnikov, '14]

[Fumagall & Postma '16]

[Bezrukov, Rubio & Shaposhnikov '14]

SM: λ(μ)<0 at μ≃10
10

GeV for mt≥172 GeV

VSM=
1

4
λφ4−1

2
m2φ2 Vinf≃

λeff

4
mP

4(1−e
−√2 /3χ /mP(1+⋯))

RGE running:

“Low energy” “High Energy”

μ≤mP /ξ mP /ξ≤μ≤mP /√ξ

Matching conditions at µ~ m
P
/ξ: depend on higher order operators  (UV completion) 

λ(μ1)=λSM(μ1)+δλ , ht (μ1)=ht

SM(μ1)+δht

[Enqvist, Enckell, Nurmi '16]

The negative minimum is lifted by thermal corrections after inflation: 

Δ V (Treh ,χmin)>−V(χmin)



  

Running of the spectral index αs

spectral index

te
n

s
o

rs

[Enqvist, Enckell, Nurmi '16]

Inflaton = Higgs: Stability of the Higgs potential?

logξmin

mh

mt

ξmin>10
2

ξmin<10

αs<0

αs>0

171

Higgs inflation can be realised for ξ < 10 for low top masses

It can be falsified: a detection of a negative running of the spectral index + mt < 171.8 Gev 

will rule out the model



  

Which inflationary potential? :

V (ϕi , ...)=VΔNe=10(ϕi) + Vend(ϕi , ...) + Vreh(ϕi , ...)

Primordial  
spectrum

 End of 
inflation

Inflation       Radiation

J. Martin, C. Ringeval, & Vennin, arXiv: 1303.3787: “Encyclopedia Inflationaris”

( ~ 100 models)



  

Which inflationary potential? :

V (ϕi , ...)=VΔNe=10(ϕi) + Vend(ϕi , ...) + Vreh(ϕi , ...)

Primordial  
spectrum

 End of 
inflation

Inflation       Radiation

J. Martin, C. Ringeval, & Vennin, arXiv: 1303.3787: “Encyclopedia Inflationaris”

( ~ 100 models)

Initial conditions?Initial conditions?
How the universe thermalize?

Reheating T? Baryogenesis?

“Relics” ?



  

Initial conditions for inflation
(canonically normalized, minimally coupled field to gravity)

● Small field models:  Δ φ<mP, Hinf /mP<10
13

GeV

[Goldwirth & Piran, Phys. Rept. 214 '92]

The initial field velocity has to be tuned:   φ̇<H
2

Tunneling from a false vacuum? Quantum cosmology?

[Garriga, Montes, Sasaki, Tanaka '99]                            [Hartle&Hawking '83; Linde '84; Vilenkin '82]

● Large field models:  Δ φ∼mP, Hinf /mP∼10
13

GeV

 The inflationary slow-roll trajectory is a local attractor in the initial conditions space

 There is enough time for the kinetic energy to get redshifted and become subdominant

Homogeneous & isotropic background

[Albrecht & Brandenberger '85; Brandenberger & Kung '90; Mukhanov '14 ]



  

Initial conditions for inflation
(canonically normalized, minimally coupled field to gravity)

[Easther, Price & Rasero '14; Laguna, Kurki-Suonio & Matzner '93]

∇Φ2≥V(Φ)

 Exponential expansion occurs even in the presence of large gradients

 Large initial values of the inhomogeneous field (outside the “plateau”) may prevend 
inflation 

Inomogeneous  background: Field + metric (Einstein Eqs.)

Φ(x)=φ0+δφ∑ cos(k x+θk)

[East, Kleban, Linde, Senatore 1511.05143]

   within the range of inflationary valuesδφ
   outside the inflationary plateauδφ

δφ=φ0

k /H0=4

∇Φ2=10
3 Λ

 There is no need to assume a Hubble-sized homogeneous initial patch for inflation to occur



  

ΩGW=
1
ρc

dρGW

dln f
 Physical scales

Inflation

 Reh

 Rad.

ρ

ρ∝a
−3 ΩGW ∝k

−2

ρ∝a
−4 ΩGW∝k

0

r≃0.1

 Reheating Radiation

 Matter

Inflation Reheating Radiation Matter

Primordial gravitational waves: direct detection?

   Fluctuations exit the horizon (freeze-out) 
during inflation, they reenter during MD/RD

nT=−8r



  

Gravitational Waves: Direct detection

[Moore, Cole & Berry, 1408.0740] http://rhcole.com/apps/GWplotter/



  

DECIGO

[Nakayama et al., 0804.1827]

Ω
G

W
(f

)



  

“stiff” EOS
 w>1/3

Blue tensor spectral index
n

T
>0

[Boyle & Buonnano: arXiv 0708.2279]

Primordial gravitational waves: direct detection?

ΩGW(k)=4.2x 10
−2

PR(k0)
2( k

k0

)
nT

r0(
aeq

a
)(

keq

k
)
α α=2, MD w=0

α=0, RD w=1/3
α<0, w>1/3



  

[LIGO collab.: arXiv 1406.4556]

ΩGW=
1
ρc

dρGW

dln f

w>1/3

non standard reheating

Primordial gravitational waves: direct detection?



  

 

ḧij+3Hḣij−∇2
hij/a

2=Sij

TT /a2

           

Sij

M=16πG Tij∼16πG ∇ i χ ∇ j χScalar matter

Scalars 
Fermions
Gauge bosons 

Easther, Giblin & Lim '06 ; García-Bellido & Figueroa '07; Dufaux et al. '08   
Dufaux, Figueroa & García-Bellido '10; Enqvist, Figueroa & Meriniemi '12 

Φ/ϕ0

N/ϕ0

ρ/(g2 ϕ0
4)∝a−3

   Hybrid model

             
V=V0+

g
2

4
N

4+g
2(Φ2−ϕc

2)N2+
1

2
mϕ

2 Φ2

preheating 

Field 

resonance  :

 Non-adiabatic change in the time dependent effective masses leads to parametric 

amplification of the field fluctuations                       Source of GW

Preheating & Gravity Waves



  

 

ΩGW

(0)
h

2=ΩGW

(res)
h

2(
ares

a0

)
4

≃10
−6 1

ρres

dρGW

res

d lnk
∝10

−6(
Φ0

mP

)
2

 Frequency (scalars):            
            f 0=

k0

2π
≃

kres

2π

ares

a0

≃4×10
10 kres

ρres

1/4
Hz∼10

10
g

1/2
Hz

 Low scale hybrid inflation (very weak coupling g < 10 -12) could lead to a 

 stochastic background of GW within the  reach of  GW detectors....

f0=q
1/4ω0 (ω0=frequency of inflaton osc.)

Frequency too large (outside observable range) for  h0

2ΩGW>10
−14

(kres≃gϕ0, ρres≃g
2ϕ0

4)

 Power spectrum (scalars):            
            

 Frequency (fermions):            
            

gS(TR)a
3 (tR)TR

3 =gS (T0 )a
3( t0)T0

3
(No entropy production:                                                   ) 

Redshift: radiation



  

[Dufaux, Figueroa & García-Bellido '10]

GW from preheating: Abelian Higgs model    

3 peaks in the spectrum

Scalar couplings: g, λ;   gauge coupling:e               

f IR≃
λ1/4

g10
11

Hz , g
2>λ

λ−3/4
g10

10
Hz, g

2<λ fmid≃λ1/4
10

11
Hz fUV≃

e
√λ

λ1/4
10

11
Hz

L=DμND
μ
N+

1

4
Fμ νF

μ ν−V (ϕ ,N), Dμ=∂μ−ie Aμ



  

Figueroa, García-Bellido & Torrenti 1602.03085

  

h
2ΩGW(f p)≤

10
−29

RD fp≤3×10
8

Hz

10
−16

KD fp≤3×10
11

Hz

GW from preheating:   Higgs (condensate) decay into gauge bosons after inflation

ΩGW(k ,z)=(
Hend

mP

)
4

(
a

aend

)
3w−1

ΘGW

w=1 /3 w=1

β=λ1/2 φend

Hend

(too small)

w= eos after inflation



  

 

      
             

 

 Planck 2015: the most precise cosmological data up today

 Many models still consistent with observations

 GW may offer a unique window also into the physics of the very early universe 
  (before BBN) ! 

Summary

PR(k0), ns , ΩB, ΩM, ΩΛ , τreio

 6 parameters to fit the Universe: ΛCDM 

[Some tension with SNIa (H
0
) & CFHTLenS (σ

8
).....] 

 Open questions: Dark Matter? Dark Energy? WDE=-1?

 Primordial spectrum: gaussian? Adiabatic? Tensors? 

 Inflation provides a solution to the standard cosmological problems, and a causal 
mechanism for the primordial spectrum 

 Alternatives: loop quantum cosmology? String gas cosmology (n
T
>0)?... 

 Detection of primordial tensors may help with model selection

 Reheating? Thermalization of the Unvierse after inflation?  
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