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Universe according to Planck:

Nearly scale invariant primordial power spectrum.
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Comparison of predicted and measured observables give best-fit values and error-bars of 
the 6 parameters. That determines a LCDM model.

T: temperature, E: polarization,   : lensing!

Standard Ansatz:

6 parameter model
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All major features of the observed spectra are explained by the LCDM model 
selected by the Planck data:

Temperature spectrum E-mode polarization spectrum

This model further predicts lensing amplitude and B-mode polarization spectrum 
which can be independently tested using future observations. 
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Universe according to Planck:Anomalies
The observational data also exhibit some independent, low significance anomalies.  

However, when considered together, they become significant. 
Large scale power anomaly Lensing amplitude anomaly
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SA + Planck TT+TE+EE+lowE+lensing

Planck 2018

Observed angular correlation is suppressed 
compared to predicted. LCDM model predicts much 
higher value of                                          than Planck 
2018.

[Copi, Schwarz, Spergel, Starkman, Planck 2018]

                lies outside 1-sigma contour. This is 
incompatible with LCDM model.[Motlock, Hu, Planck 2018]

AL = 1

Led to a recent suggestion “A possible crisis in 
cosmology” [Di Valentino, Melchiorri, Silk]
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Why are the anomalies interesting?

1

2

Statistical significance of individual 
anomalies is low. However, when 
considered together, imply that we live 
in a very specific and highly unlikely 
realization predicted by the model.

An opportunity for quantum gravity to connect with observations. In  LQC, the 
standard ansatz for primordial power spectrum:                               

is modified. The LQC spectrum agrees with SA at high ‘k’, but there is a 
specific power suppression at low ‘k’.. This results in alleviating the two 
anomalies.
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This talk

We use: • Flat FLRW model with inflationary potential

• Pre-inflationary dynamics of LQC + quantum perturbations

• Suitable initial conditions for the background geometry and 

perturbations

We find:

Alleviate the tension between theory and observation vis-a-vis anomalies. 
In particular the power suppression and lensing amplitude anomalies.

Goal:

• LQC predictions provide better fit to the observational data. 

• Two anomalies are resolved.

• Testable predictions for future observations.
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Loop Quantum Cosmology



[Agullo, Ashtekar, Barrau, Bojowald, Brizuela, Campiglia, Cailleteau, Corichi, Diener, Fernandez-Mendez, Garray,Grain, Henderson, Karami, 
Linsefors, Martin-Benito, Martin De Blas, Megevand, Mena-Marugan, Mielczarek, Montoya, Lewandowski, Olmedo, Pawlowski, Singh, 
Sloan, Taveras, Vandersloot, Wilson-Ewing…]

Fig. Credit:  P. Singh, Physics 5, 142 (2012); APS/A.  Stonebraker

�#  Big bang singularity resolved (     ) !

[Bojowald; Astekar-Pawlowski-Singh]

�#  Given an inßationary potential Inßation occurs naturally !

[Ashtekar-Sloan; Corichi-Karami; Barrau-Linsefors]

�# Quantum Þelds     on quantum geometry     : !

             dressed metric approach 

  [Ashtekar-Kaminski-Lewandowski; Agullo-Ashtekar-Nelson]

! o 

! o

As usual, we will work with sharply peaked      . For which, as discussed recently by 
[Kami"ski, Kolanowski and Lewandowski] , the dressed metric approach is free their infrared complications.

! o

Loop quantum cosmology
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There is tremendous freedom in the choice of initial conditions for the effective 
background geometry and perturbations. We use prescription introduced in  
[Ashtekar, BG, CQG 34 (2017) 014002]

Background geometry: Fixing the background geometry using elements from 
observations and quantum geometry: 141 e-folds from bounce till today.

Perturbations: Fixing the Heisenberg state for quantum perturbations using Planck 
scale dynamics of LQC and maximum allowed quantum homogeneity and isotropy 
conditions inspired by Penrose’s Weyl curvature hypothesis.

Initial conditions

For more details see ILQGS talk by BG on Aug 30th, 2016.
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Planck regime last for approx. 10 
Planck seconds

There are approx. 1.2 
e-folds in the Planck regime

Background geometry

Inflationary potential is taken to be the Starobinsky potential: V(! ) =
3M 2
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Why does LQC pre-inßationary dynamics matter?

In LQC, long wavelength observable modes interact with curvature in Planck 
regime and keep the memory of quantum gravity era!
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LQC Predictions and Observations



Primordial spectrum of scalar perturbations
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f (k) = 1

f (k) < 1

for large ‘k’

for small ‘k’

In the following slides we will stick to Starobinsky potential: V(! ) =
3M 2
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  Power suppression at small ÔkÕ!

Analytical results of [Anshuman, Copeland, Louko] 
suggest that these results will hold true for a larger 
class of inflationary potentials. 
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The TT power spectrum 
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TT angular correlation C(! )
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           provides a better 
measure of the power 
suppression anomaly.

C(! )

SSA
1/ 2 = 42496.5

SLQC
1/ 2 = 14308.05

SigniÞcant improvement: a 2/3 reduction!

[Copi, Schwarz, Spergel, Starkman; Planck 2018]
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Anomaly in AL ! !
AL

!
:   Lensing Amplitude 
:   re-ionization optical depth

In LCDM model, AL = 1
For SA, AL = 1 is outside          contour.

This led [Di Valentino, Melchiorri, Silk] to 
introduce spatial curvature and a 
“possible crisis in cosmology!”

No ÒCrisisÓ!

Anomaly resolved in LQC, by restoring 
 in            contour. AL = 1 1 ! !

1 ! !
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Universe according to ÔPlanck + SAÕ vs ÔPlanck +LQCÕ

5 cosmological parameters 
change by less than 0.4%

Optical depth increases by 10%.

decreases by a factor of 3. S1/ 2

Future observations expected to provide independent measurement 
of optical depth. 
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From Observations to Fundamental theory
So far, we fixed the area gap to the value 
obtained from blackhole entropy 
computation in LQG: ! = û! ! 5.17! 2
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We can treat       as a free parameter and 
estimate it’s best fit value from Planck data. 

!

is well within 68% conÞdence level!ûRB

Constraints show that:
- a 10 times increase in area gap is ruled out at 95% confidence level.
- a 10 times decrease in area gap is ruled out at 68% confidence level.
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Summary: Quantum Gravity in the Sky

2. Suppression in power at large angular scales in 
the CMB and better agreement with data than 
standard inflation

Symbiotic interplay between fundamental theory and observations

LQC leaves observable consequences. No free parameter in the model.  There are other 
mechanism invoking power suppression which requires additional parameters/features in the 
potential e.g. fast roll inflation etc.

1. Concrete realization of the highlighted idea.

3. Potentially observable consequences
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Frequently Asked Questions
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Q: Can other mechanisms leading to similar power suppression result to similar 
consequences?

A: In any such scheme, the best fit mean value of the optical depth 
would be larger than in the standard scenario and that of the lensing 
amplitude would be lower. Therefore the tensions in the two CMB 
anomalies will reduced. This implication of primordial power 
suppression appears not to have been noticed before. However, the 
exact quantitative features and implications for future observations 
might be different for specific power suppression. 
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Q: What sets the scale for LQC corrections?

A: In LQC, the curvature scalar ‘R’ has an upper maximum at the 
bounce. This defines a scale                           whose comoving 
wavenumber is                   . The modes with                get excited by 
the Planck scale dynamics while the modes with                 remain in 
Bunch-Davis state at the onset of inflation. 

kLQC =
!

Rmax / 6

4⇥ 10�3 Mpc�1

k >> kLQC

k ! kLQC
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Thank You.
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+ Inßation! CDM
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Using inflation evolution of the 
universe can be extended to 
very early for a given potential        

As and ns
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From PLANCK data:

k! = 0 .002 Mpc! 1
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Constraints on Inßation from PLANCK
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LQC ModiÞed Friedmann equations 

�#  Bounce at: 

�#  No exotic matter needed 

�#  Purely quantum geometric
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