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The fate of the Big Bang

The concrete results used for illustrating the underlying ideas
and status come from many researchers, especially

Time in Cosmology; PI, June 27-30, 2016
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Universe according to Planck

e Using PLANCK data, one can determine
space-time to the future of the CMB epoch.
Major change: Because of ‘dark energy’,
there are cosmological horizons.

t a=

: O e Striking feature: the early universe is
extraordinarily simple. Distinction between

‘ what theory allows and what is realized in

\ nature is central for our discussion. For
concreteness, consider Starobinsky inflation:
A Even when the curvature is some 10°° times

Ro(r-\:ms:l =12.96 MDC\“ . .
[ — 3 that at the horizon of a solar mass black
hole, (quantum) cosmological perturbations

on FLRW space-time suffice!

-
[cMB | Rmalfome) = 17.24 Mpc

t. 343 %107 /p

Rax(t) = 540 % 107 /g

leB —

Ritgs) = 0 pel ! ) a prediction of

GR, but beyond its domain of applicability
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Some key questions to QG Theories

e |s an extra input —such as a new boundary condition or introduction of matter fields
violating energy conditions— necessary to resolve the big bang singularity? If not, what is
the QG input that causes the qualitative change?

e What do you mean by singularity resolution? W(a, ¢)la=0 = 0 is unlikely to be
sufficient. WKB type approximations likely to be inadequate in the Planck regime.

e What is the nature of the Planck regime? What does ‘time evolution’ mean? Do we
only have quantum states I and operators or is there also an effective space-time metric
dressed by quantum corrections?

e Do quantum corrections that tame the singularity accumulate over cosmological time
scales causing undesirable departures from GR predictions?

e |s there an extension of the QFT in curved space-times to handle quantum
cosmological perturbations in the Planck regime?

e Are there observable implications of the new Planck scale dynamics?
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l[lustration: Answers from LQC

Several of these considerations extend to other bouncing scenarios.

e |s an extra input —such as a new boundary condition or introduction of matter fields
violating energy conditions— necessary to resolve the big bang singularity? If not, what is
the QG input that causes the qualitative change?

No new boundary conditions. Standard matter satisfying energy conditions. Rather,
quantum geometry creates a brand new repulsive force in the Planck regime,
overwhelming classical attraction. The Big Bang is replaced by a Big Bounce.

The new feature is quantum Riemannian geometry of LQG. Fundamental microscopic
parameter: the minimum non-zero eigenvalue of A, the Area gap Ax. Analogy with the
energy gap Ag in superconductivity that determines macroscopic parameters such as the
critical temperature 1.5y = constAg. In LQC, the macroscopic parameter

Psup = CONSl J:"‘A:{.

e What do you mean by singularity resolution? W(a, ¢)|.=0 = 0 is unlikely to be
sufficient. WKB type approximations likely to be inadequate in the Planck regime.

There is a natural, well-defined scalar product on physical states —the solutions to the
quantum Hamiltonian constraint. A complete set of Dirac observables that diverges at
the singularity in the classical theory has well-defined upper bounds on the entire physical
Hilbert space. Singularity resolution analyzed in detail using the Hamiltonian, Path
integral and consistent histories frameworks.
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e What is the nature of the Planck regime? What does ‘time evolution” mean? Do we
only have quantum states ' and operators or is there also an effective space-time metric
dressed by quantum corrections?

States W(a, ¢) which are sharply peaked at late times, remain so also in the Planck
regime. Time-evolution is with respect to a relational time variable, typically taken to be
the scalar field. The peak obeys effective equations which incorporate quantum geometry
corrections to GR. The effective trajectory (and the wave function) bounces when

p = (187)/(G*hAL) = 0.42pp) = peup. Mater density and curvature have an absolute
upper bound on the full physical Hilbert space.

e Do quantum corrections that tame the singularity accumulate over cosmological time
scales causing undesirable departures from GR predictions?

Quantum corrections become negligible once curvature falls below, say, 10~ Leuvvp.

The repulsive force of quantum geometry origin is strong enough to overwhelm the
classical attraction in the Planck regime but dies very quickly. Passes some interestingly
stringent tests.

{’,.-"'II['~11|)

P /
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The Scalar Power spectrum

“A Top-down approach”
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The LQC and the standard BD power spectrum for the scalar mode.

Red: Raw 'data’ from LQC. blue: best fit curve. (AA, Gupt)
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LQC: Predicted T T-Power spectrum
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With our initial conditions for W, @ 1, the LQC power spectrum agrees with the standard BD

power spectrum for £ = 30, but in LQC power is suppressed for £ < 30. Thus, the LQC curve

provides a better x2-fit to the data for £ < 30. (AA, Gupt)
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LQC: Predicted TE Correlations
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The LQC prediction for the TE spectrum, for the initial state that gave the TT-spectrum in the
last slide. (AA, Gupt)
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LQC: Predicted EE Correlations
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The LQC prediction for the TE spectrum, for the initial state that gave the TT-spectrum in the

last but one slide. The small suppression of power at small ¢ is a signature that the TT power

suppression is of primoridial origin. (AA, Gupt)
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