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Correlation functions
• (Quantum) fluctuations are parametrised by 

scalar field  .  

• Modes freeze after leaving the horizon 

• Correlation functions are highly constrained by de 
Sitter symmetries.  

• 2-points function almost scale invariant. 

• Soft limits on higher order correlation functions

⇣

Creminelli et al (2012), Hui et al (2012)



Planck Collaboration: Constraints on Inflation
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Fig. 1. Planck 2018 CMB angular power spectra, compared with the base-⇤CDM best fit to the Planck TT,TE,EE+lowE+lensing
data (blue curves). For each panel we also show the residuals with respect to this baseline best fit. Plotted areD` = `(` + 1)C`/(2⇡)
for TT and T E, C` for EE, and L2(L + 1)2C��L /(2⇡) for lensing. For TT , T E, and EE, the multipole range 2  `  29 shows the
power spectra from Commander (TT ) and SimAll (T E, EE), while at ` � 30 we display the co-added frequency spectra computed
from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to their best-fit values in the
base-⇤CDM cosmology. For the Planck lensing potential angular power spectrum, we show the conservative (orange dots; used in
the likelihood) and aggressive (grey dots) cases. Note some of the di↵erent horizontal and vertical scales on either side of ` = 30
for the temperature and polarization spectra and residuals.

Section 4 is devoted to constraining slow-roll parameters and
to a Bayesian model comparison of inflationary models, tak-
ing into account the uncertainties in connecting the inflation-
ary expansion to the subsequent big-bang thermalized era. In
Sect. 5 the potential for standard single-field inflation is recon-
structed using two di↵erent methodologies. Section 6 describes
the primordial power spectrum reconstruction using three dif-
ferent approaches. In Sect. 7, the parametric search for features
in the primordial scalar power spectrum is described, including
a dedicated study of the axion monodromy model. In Sect. 8,
the Planck power spectrum data are combined with information
from the Planck bispectrum in a search for oscillations in the
primordial spectra. The constraints on isocurvature modes are
summarized in Sect. 9. Section 10 updates and extends the con-
straints on anisotropic inflationary models of inflation. We sum-
marize our conclusions in Sect. 11, highlighting the key results
and the legacy of Planck for inflation.

2. Methodology and data

The general theoretical background and analysis methods ap-
plied in this paper closely match those of the previous Planck
inflation papers (PCI13; PCI15). Consequently, in this section
we provide only a brief summary of the methodology and focus
on changes in the Planck likelihood relative to previous releases.

2.1. Cosmological models and inference

For well over a decade, the base-⇤CDM model has been estab-
lished as the simplest viable cosmological model. Its six free
parameters can be divided into primordial and late-time parame-
ters. The former describe the state of perturbations on observable
scales (corresponding to a wavenumber range of 10�4 Mpc�1 .
k . 10�1 Mpc�1 today) prior to re-entering the Hubble radius
around recombination. In base ⇤CDM, the initial state of per-
turbations is assumed to be purely adiabatic and scalar, with the
spectrum of curvature perturbations given by the power law

lnPR(k) = ln As + (ns � 1) ln(k/k⇤) ⌘ lnP0(k), (3)

4

Planck (2019)
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Generalities

• We can only observe modes after they leave the 
horizon. 

• In this talk we will try to understand how much 
can we learn about sub horizon physics. 

• For example what are the consequences of 
unitarity and analyticity for bulk dynamics?



Wavefunction

• Given a quantum state        defined on a given 
time slice 

• Its evolution is given by Schroedinger equation 

• Considering isotropic states.                    
Schroedinger equation reduces to Hamilton 
Jacobi

 [�]

<latexit sha1_base64="k1uq4ckJP0EiwAhUG670KVYKWm8="></latexit>

i@⌘ = H[�]

<latexit sha1_base64="gzTLuXy72JNHhPijv11zb69EIM0="></latexit>

 [�] = ei�[�]

<latexit sha1_base64="DPewSZ4HUdUzZI3DNLV1vJtmUBw="></latexit>



• For a weakly coupled theory we can consider 
states such that, 

• Hamilton-Jacobi equation implies an equation 
for each coefficient depending on lower order 
ones.
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Correlation functions
• Coefficients are computed by solving a 1st order ODE  

• It can be expressed as integral. 

• Initial conditions are given by defining a slice a some particular time. 

• It is also necessary to define the vacuum of the theory. This might be 
related to the initial conditions but not necessarily 

• Correlation functions are given by 

•

h�k1�k2i =
1

2 Im ck1k2

�3(k1 + k2)

h�k1�k2�k3i = � Im ck1k2k3

4 Im ck1,�k1Im ck2,�k2Im ck3,�k3

�3(k1 + k2 + k3) .
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de Sitter spacetime
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Isometries
• Translations 
• Rotations 
• Dilatations 
•       ()
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Conformal  
symmetry

Conformal bootstrap
Arkani-Hamed et al. (2016,2018),  

Baumann et al (2019,2020)
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Conformal  
invariance

Bunch-Davies
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are also allowed 



Inside the bulk
• De Sitter isometries need to be respected 

• Dilatation 

• Boosts 

• Interactions term can be neglected at  

• Universality of boundary terms. 

• Initial vacuum determines the value of the wave 
function coefficients.

⌘ ! 0
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Superhorizon scales
• Cosmological bootstrap fixes the value at 

• We can make an expansion to small  

• Both.             and             are analytical in            
and

⌘ ! 0
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• Sources of non-analiticity can come only from 
initial conditions. 

• These can be for example non Bunch-Davies 
initial conditions or excited initial states. 

• Coefficients can diverge at         , in which case 
it is  necessary to add counterterms to 
renormalise

⌘ ! 0
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Conformally coupled field
• Let us study the case of                   in more 

detail 

• Requiring dilation invariance fix       to be scale 
independent 

h�k��ki0(⌘) = �H
2
⌘
2

2k

1 + ↵
2
k + 2↵k cos(2k⌘)

1� ↵
2
k

h⌃k��ki0(⌘) = � 1

2k⌘

1 + ↵
2
k + 2↵k cos(2k⌘)� 2↵kk⌘ sin(2k⌘)

1� ↵
2
k

<latexit sha1_base64="twVus2a+dNDc5xCE1E1re66aj4I="></latexit>

m
2 = 2H2

<latexit sha1_base64="XVvkCyzczZleJ1vqLQg8Dk1LEr4="></latexit>

↵k

<latexit sha1_base64="S9qHi45Q5ENL0gTT0McZP47SXNg="></latexit>



• Cubic coefficient. 

• Requiring boost invariance implies         is scale independent. 

• Coefficient diverges in the limit  

• It can be renormalised by adding local counterterms to the 
boundary action  

• Providing only the value at               implies
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hOk1Ok2Ok3i
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EFT of inflation

• We can translate this into a more realistic setting 
by using the EFT of inflation. 

• Past results holds as long as we consider the 
decoupling limit. 

• Broken de Sitter invariance implies  less 
constraints over initial states

Creminelli et al. (2006)



 Conclusions
• We have study the wave function evolution 

through the Schroedinger equation. 

• Through general requirement is possible to 
constraint its evolution at all times 

• Consistency requirement fix the initial answer 

• It can be generalised to more realistic cases but 
with less constraints.




