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Inflation in brief 

Scale factor 

Inflation is a phase of accelerated, quasi 
exponential,  expansion taking place in the very 
early Universe. It solves the puzzles of the 
standard model of cosmology.  time 

We are here 

Standard evolution:  
Hot Big Bang model 

Inflationary era 

Radiation  
dominated era 

Matter 
dominated era 

Dark 
 energy 



Inflation in brief 

If the scalar field moves slowly (the potential is flat), then pressure is negative 
which, in the context of GR, means accelerated expansion and, hence, inflation takes place.  

Inflation is (usually) realized with one (or many) scalar field(s) 



Inflation in brief 

The field oscillates, decays and the decay products thermalize …Then 
the radiation dominated era starts … 

Inflation (usually) stops when the field reaches the bottom of the potential 



Structure formation 

There are inhomogeneities  (structures=galaxies, galaxy clusters, CMB  
anisotropies etc …) in the Universe … 



Structure formation 

There are inhomogeneities  (structures=galaxies, galaxy clusters, CMB  
anisotropies etc …) in the Universe … 

What is their origin? 



Structure formation 

There are inhomogeneities  (structures=galaxies, galaxy clusters, CMB  
anisotropies etc …) in the Universe … 

What is their origin? 
 
 
How do they grow? 



What is their origin? 

Quantum fluctuations during  
inflation  

Structure formation 

For a review, see J. Martin, Lect. Notes Phys. 
669 (2005), 199, hep-th/040611 



How do they grow? 

Gravitational instability 

Structure formation 



Inflation is phenomenologically very successful 

Curvature perturbations 

Perturbations of quantum-mechanical origin 

- The quantum fluctuations amplified during inflation are responsible for the 
formation of galaxies and for the CMB anisotropies 

 
 
- Therefore, by accurately measuring the CMB anisotropies, one can  not 

only check that the data are consistent with the predictions of inflation, 
but we can also used the data to learn about inflation  



Planck: third CMB experiment generation 

 
 
 
 

COBE (1992) 

WMAP (2003) 

Planck (2013 & 2015) 



CMB Temperature anisotropies in Fourier space 

90’s 

00’s 

10’s 

From COBE to Planck … 



Planck data 2015 



Planck: and the winners are … 

Starobinsky  
Model/ HI inflation 

Plateau inflationary models are the winners! 

J. Martin, C. Ringeval  R. Trotta & V. Vennin, JCAP1403 (2014), 039, arXiv:1312.3529 
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Quantum origin of galaxies and CMB anisotropies 

Quantum origin of the fluctuations 



In the Heisenberg picture, this corresponds to creation of particle out of  
the vacuum (with opposite momenta), thanks to the dynamical background 

k 
-k 

The pump source 
vanishes if space-time  
is not dynamical, a’=0 

Perturbations of quantum-mechanical origin 



The quantum state of the perturbations 

The system starts in the vacuum and evolves into a two-mode squeezed state 

- r and φ are the squeezing parameters 
 

- It is an entangled state 
 

- There should be quantum correlation in the sky 
 

- The sky can be viewed as a bipartite system  



The cosmological two-mode squeezed state is (very!) strongly squeezed  

CMB is the most accurate  
black body ever produced in 
Nature  

CMB anistropy is the strongest  
squeezed state ever produced in  
Nature 

Perturbations of quantum-mechanical origin 



Quantum Mechanics and Inflation 

Cosmic inflation is the only situation in Physics where 
 
 

- We need GR and QM to derive the predictions of the theory 
 

- And, at the same time, we have high accuracy data to test this theory 
 

 
 

Therefore, for somebody interested in the foundations of QM, this is a  
perfect playground!  
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Can we reveal quantum correlations in the sky? 

A non-discordant state has necessarily the following form 

- There a choice of pnm’s that leads to the same correlations functions 
 
 
 
 
 
 
 

- The other correlation functions are not correctly predicted … but are  
     unobservable 

One reproduces exactly the power  
spectrum of curvature perturbations 



A cosmic Bell inequality? 

0 

UA 

UB 

Usual Bell setup (CHSH version) 
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Continuous  
variable Q 

J. A Larsson, PRA 70 (2004), 022102, quant-ph/0310140 

It is a spin! 
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Bell inequalities in the sky? 

Bell’s operator for two-mode squeezed state (1 is k and 2 is –k)  

J. Martin & V. Vennin, PRA93 (2016), 062117,  
arXiv:1605.02944 



How to construct a cosmic Bell experiment? 

Bell inequalities in the sky? 

1- We need a bipartite system, ie Alice and Bob: in cosmology, we have  
the modes k and -k  
 
2- We need a spin variable with eigenvalues +/- 1. In cosmology, we deal with  
A continuous variable system (the continuous variable is the amplitude of the  
fluctuations). But we can introduce pseudo spin operators: 
 
3- We need a quantum state corresponding to  
in the standard case. In cosmology, one takes the two-mode squeezed state 
 
4- In cosmology the problem is that, in order to “measure” the pseudo spin,  
we need to measure the decaying mode …  
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  According to cosmic inflation, the CMB fluctuations are placed in a 
strongly two- mode squeezed state which is a discordant and entangled 
state. There should be quantum correlations in the sky. 

Recap 

  It is the only situation in Physics where an effect based on GR and QM  
     can be experimentally  tested with high accuracy. 

  Inflation is a very successful model for the early Universe. It is now part  
     of the standard model of cosmology 

Conclusions 

  Take away message: inflation is not only a successful scenario of the early 
      Universe, it is also a very interesting playground for foundational issues of 
      quantum mechanics 

 According to cosmic inflation, galaxies are nothing but vacuum quantum   
fluctuations stretched over cosmological distances and amplified by  
gravitational instability 

  So far, however, quantum effects in the sky are hidden by a peculiar  
     feature of inflation, the momentum of the fluctuations turns out to  
     be tiny and hence unobservable. 


