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● We live in an era of 

precision cosmology, 

where observations 

may  begin  to  

reveal tensions with 

general relativity.

● This opens a window to test deviations from classical General  
Relativity and falsify models, including quantum cosmology.

Introduction



  

● Modifications to General  Relativity in pre-inflationary regions, 
close to the classical Big Bang, may lead to modifications in 
the vacuum fluctuations.
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● We will consider a flat  homogeneous and isotropic  (FLRW) 
Universe with a massive scalar field  (the inflaton) which 
includes (scalar, vector, and tensor) perturbations. 

● Using spatial, vector, and tensor (Fourier)  harmonics,  we 
expand the perturbations in modes. 

● Starting with the Hilbert-Einstein action with a scalar field, we 
truncate it at quadratic perturbative order. 

● The background is treated exactly at that order. 

Cosmological model



  

● Part  of the information changes  under
perturbative diffeomorphisms.  The 
only physical perturbative variables are: 

                      GAUGE INVARIANTS.

Tensor perturbations are gauge invariants.

The Mukhanov-Sasaki scalar is an invariant
related to the comoving curvature perturbations.

● The background variables (the FLRW scale factor and the 
inflaton) must be corrected with a specific quadratic contribution 
of the perturbations to get a canonical set for the whole system. 
 

Perturbations

We form a 
canonical 
set for the 

perturbations

  



  

● Physical states depend just on back-
ground variables and gauge invariants. 

● They are subject to one constraint 
(reparametrizations of the cosmological 
 time).

● We can use, e.g., the inflaton as a relational internal time. 

● Ansatz:  The dependence of the states on the background 
geometry and on the gauge invariants factorize. 

● Besides, we consider background states close to unperturbed 
solutions. 

Quantization



  

Approximation

● We assume that no transition of the background geometry is 
mediated by the constraint in our states.                                  
           

Then, the diagonal element on this
background  geometry  provides  the 
relevant part of the constraint.

● In this way, we obtain a master 
constraint   equation  for  the 
perturbations (which is quadratic 
in the gauge invariants).

● In principle, this constraint includes backreaction effects.        



  

 EOMs of the perturbations

● From this master constraint, we 
obtain corrected semiclassical 
dynamical  equations  for  the 
gauge invariant perturbations. 

● The corrected EOMs are hyperbolic.

They correspond to oscillators with time-dependent mass.  

● The scalar and tensor masses are given by (ratios of) 
expectation values of geometric operators.



  

LQC

● In Loop Quantum Cosmology, the homogeneous  variables for 
the FLRW geometry can be chosen as a volume     proportional to 
the cube of the scale  factor      and a scaled  connection              
proportional to the Hubble parameter.

● Only holonomies of the connection are meaningful.  

● The basic elements of these holonomies shift the volume in a 
constant,               is a gap of area.

● We adopt a DISCRETE volume representation.

● Highly peaked states  at large volumes stay peaked under 
quantum evolution. 

v ,
b∝ ȧ /a ,a ,

2πΔ . Δ



  

 Bounce



  

Effective LQC

● The peak trajectory follows an effective dynamics.    

● On it, the time derivative of the scale factor is replaced with sine 
functions arising from holonomies:

● Then, in the EOMs of the perturbations, we can approximate the 
expectation values on the geometry by their effective values.

● We will study regimes where the backreaction is negligible.  

● In LQC, it is natural to set initial conditions at the bounce. 
For the background, only the value of the inflaton       is relevant.  
            

b∝ ȧ /a sin (4π√Δb)
4π√Δ

.
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 Effective masses

● EOMs of the perturbations:                    

● Masses:

●
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● If, instead of using canonical variables, we describe the masses in 
terms of time derivatives  of the background before proceeding 
to evaluate all quantities on effective  trajectories, we obtain a 
slightly different expression. 

This leads to the so-called dressed metric prescription.

● Besides, in this latter approach, the masses are not derived from 
a global constraint. Owing to this, a small difference appears in 
the   -term of the scalar mass. 

(In collaboration with Beatriz Elizaga Navascués).

Digression Effective masses

Ξ



  

 Effective masses

Dressed metric 
approach

● The scalar and tensor masses (almost) coincide if the energy of
the inflaton at the bounce is kinetically dominated. 

ϕb=0.97,

m=1.210−6

(Planck units) .

● On such solutions, 
the mass is positive 

in hybrid LQC. 



  

 Vacuum

● The choice of vacuum is crucial to derive the primordial spectrum. 

● We determine a basis of orthonormal solutions       for the 
EOMs (w.r.t the Klein-Gordon product). 

● The perturbations are given by 

● Vacuum                Annihilation var.     Solutions basis     Initial  conditions

● A good parametrization of the initial conditions is

{μk}
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Complex conjugation



  

 Adiabatic vacua

● Restrictions on the asymptotic ultraviolet behavior leads to 
unitarily equivalent vacua. 

● This is the case of adiabatic states: iterative WKB solutions,

● Types: 

- Iterative states, starting with               (2 adiabatic orders 

- Obvious states, truncating at order  per iteration) 

● Adiabatic states depend on its order and on the initial time.
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 Non-oscillating vacuum

● Scalar and tensor power spectra:

                                                              at the end of inflation.

● No-vacuum: this vacuum solution minimizes

● It reproduces the Bunch-Davies vacuum in de Sitter. 

● It behaves as an adiabatic vacuum of high order.

P R=
k 3

2π2

∣μk∣
2

z2 , z=
πϕv1/3

Ξ , PT=
32 k 3

π
∣μk∣

2

v2/3

∫
ηB

η f ∣d∣μk∣
2

d η ∣.



  

 Non-oscillating vacuum

● Other vacua are related by Bogoliubov transformations:

μ̃k=αkμk+βkμk ,
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 Power spectra

● Slow-roll regime:

For modes that cross the Hubble horizon in this regime, we can 
use, e.g., the extrapolation function for the spectra used by 
the Planck collaboration: 

ϵH=−d t H /H 2<10−2 , ηH=d t
2 H /(2Hd t H )<10−2 .
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Spectral  indices



  

 Power spectra

Suppression (k<10-3)   Oscillations (10-3 < k <  4)  Slow-roll (k> 4).

ϕb=0.97,

m=1.210−6

(Planck units) .
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● The ratio is    
approximately 
constant for 

the no-vacuum.

 Tensor-to-scalar ratio

Suppression (k<10-3)   Oscillations (10-3 < k <  4)  Slow-roll (k> 4).

ϕb=0.97,

m=1.210−6

(Planck units).

r=
PT

P R

.



  

● The relation               (1st-order slow-roll) is approximately valid 
in the slow-roll region,  and in part of the  “oscillatory”  region for 
the no-vacuum.

 Consistency relation

Suppression (k<10-3)   Oscillations (10-3 < k <  4)  Slow-roll (k> 4).

r=−8nt

ϕb=0.97,

m=1.210−6

(Planck units).



  

 Angular power spectra

● We employ the CLASS code with base           model with the best 
fit parameters of Planck, including weak gravitational lensing.

● If the observed
modes of lowest
    are in the su-
pression region,
there are effects
up to l≈20 .

ΛCDM

k

m=1.2 10−6

(Planck units).

no-vacuum



  

 Angular power 
spectra

(Planck units).

(no-vacuum)



  

 Angular power spectra

(Planck units).

Tensor modes

(no-vacuum)



  

 Conclusions

● With a region before  inflation, the choice of vacuum is crucial.  

● Oscillations are bounded in LQC, but nonetheless affect the 
spectra. The no-vacuum minimizes them. 

● Its tensor-to-scalar ratio is approximately constant. 

But the consistency relation is not valid for all modes.

● Suppression at low modes in the no-vaccum is important. 

The effects show up neatly in the BB correlation function.  



  

Danke schön
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