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Quantum Aspects 
During Inflation



Surface of last scattering



Quantum Predictions of Inflation
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Perturbations leave the Hubble Radius 
during inflation & then re-enter Hubble 

radius at later epochs

Inflation smoothes out everything,
but the Quantum Fluctuations
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Quantum Predictions of Inflation



Separate Universe : Long wavelength 
approximation
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Quantum Predictions of Inflation
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Comoving Gauge Constant Curvature gauge

Mukhanov, Feldman Brandenberger
Review (1992)
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Quantum Perturbations
Constant Curvature Gauge :

Power Spectrum

Bunch-Davis Vacuum ( Quantum Initial Condition )

 = 0 (Spatially flat gauge)



Quantum Predictions of Inflation

Compute the Power spectrum at  : k = aH P⇣ =
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Gravitational Waves
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Summary of all relevant expressions
Slow Roll parameters Observables in terms of Slow Roll

Scalar & Tensor Amplitudes

Scalar-Tensor Ratio

Chatterjee, Mazumdar, 1409.4442



An Example: Consistency Relationship

Assumptions: Matter & Gravity both Quantum

Assuming Gravity is Classical

r ⌘ Pgrav

P⇣
= 16✏, nt =

d lnPgrav(k)

d ln k
⇠ �2✏

Bunch-Davis vacuum

Ashorioon, Bhupal-Dev, Mazumdar, 1211.4678



Evolution of the 
Perturbations
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Perturbations leave the Hubble Radius 
during inflation & then re-enter Hubble 

radius at later epochs

Inflation smoothes out everything,
but the Quantum Fluctuations

Number of e-foldings of Inflation
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50� 60 e� foldings are required, depending on thermal history

Lowest e� foldings will be 25 for successful BBN



Number of e-foldings of Inflation

hep-th/0501125



From: Kane, Sinha, Watson (2015)

See talk by R. Allahverdi   

Moduli Domination 
after Inflation
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What happens after 
inflation ?

The flat direction
rolls slowly due to 
Hubble friction

Eventually oscillates
( even after inflaton 
decayed completely ) 

when

m0(∼ 1 TeV ) ≥ H(t)



Observations



What Observations are telling us?
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Perturbations 
are Gaussian
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E-mode & B-mode Polarisations

No primordial B-modes detected so far 

A pure E mode turns into B mode if we turn all polarisation vector by 45 degrees



Angular Power Spectrum

(6) Reionization  
Optical 
depth

(1) Baryon 
density

(2) Dark Matter 
density

(3) Dark Energy 
density

(4) Amplitude 

4.6⇥ 10�5

(5) Tilt: ns = 0.96



ns = 0.959± 0.007 r0.02 < 0.11 (95% CL)

dns

d ln k
= �0.015± 0.009

Summary Plot for Theorists from Planck

Bench mark points - 
No real physics
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6 Model Parameters



Energy Budget



Curvature of the Universe



Non-Gaussianity



No Evidence for  Iso-curvature Perturbations

Inflationary 
perturbations are 

Adiabatic in 
nature 



RUNNING OF THE SPECTRAL TILT

Bicep+Planck jont analysis: 1510.09217



Immediate Future for CMB:  B modes 


