
Recent Advances in Loop Quantum Cosmology

Abhay Ashtekar

Institute for Gravitation and the Cosmos, Penn State

Pedagogical article: Loop Quantum Cosmology: An Overview; arXiv 0812.0177

Understanding emerged from the work of:

Biswas, Bojowald, Calcagni, Campiglia, Copeland, Corichi, Chiou, Henderson,

Kaminski, Lewandowski, Martin-Benito, Mena, Mercuri, Mulryne, Nunes, Pawlowski,

Rovelli, Shaeri, Singh, Sloan, Taveras, Vidotto, Willis, Wilson-Ewing....

MG12 Conference: Paris, July 16th, 2009

– p.



Goal and Organization

• My talk will focus on advances in LQC since MG11.
The goal is two-folds:
i) Provide a global context for the LQC talks that follow:
How various results fit together;
ii) Report on results that will not be discussed by others.

• Talk addressed to quantum gravity researchers not working in LQC.

• Organization:
1. FLRW models: Singularity Resolution & Planck Scale Physics
Inflationary potentials, Cosmological constant, Closed models

2. Beyond Homogeneity: Framework to Confront LQC with Observations
BKL conjecture, Gowdy models, Perturbations, Path Integrals, Phenomenology

3. Summary
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1. FLRW Models: Planck Scale Physics

• In general relativity, the gravitational field encoded in the very geometry
of space-time ⇒ space-time itself ends at singularities. Penrose and
Hawking showed that cosmological singularities are quite generic. (True
also in inflationary scenarios (Borde,Guth Valenkin)). General expectation:
Prediction cannot be trusted; made in a domain where quantum physics
cannot be ignored. ⇒

Singularities are gateways to physics beyond Einstein.

• Many long standing questions. In particular, the UV - IR Tension: Can
one have a deterministic evolution across the singularity and agreement
with GR at low curvatures? (Background dependent perturbative approaches have

difficulty with the first while background independent approaches, with the second.)

(Green and Unruh)

• But straightforward incorporation of quantum physics a la traditional
(i.e., WDW) quantum cosmology did not succeed.

• Situation very different in Loop Quantum Cosmology: Physics does not
stop at these singularities. Quantum Geometry extends its life. New
Paradigm.
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Recall from MG11: The k=0 FLRW Model

FLRW, k=0 Model coupled to a massless scalar field φ. Instructive
because every classical solution is singular. Provides a foundation for
more complicated models.

-1.2

-1

-0.8

-0.6

-0.4

-0.2

 0

0 1*104 2*104 3*104 4*104 5*104

v

φ

Classical Solutions

– p.



Recall from MG11: k=0 LQC
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(AA, Pawlowski, Singh)

Expectations values and dispersions of V̂ |φ & classical trajectories.
Gamow’s favorite paradigm realized.
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Advances since MGG11: Generalizations

• More general singularities: At finite proper time, scale factor may blow
up, along with similar behavior of density or pressure (Big rip) or curvature
or their derivatives diverge at finite values of scale factor (sudden).
Quantum geometry resolves all strong singularities in homogeneous
isotropic models with p = p(ρ) matter (Singh).

• Inclusion of the standard m2φ2 inflationary potential, and of a
cosmological constant of either sign. k = 1 closed cosmologies.
Singularities resolved and Planck scale physics explored in all these
cases.
(AA, Bentevigna, Pawlowski, Singh, Vandersloot, ...)
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Inflation
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phenomenologically preferred parameters (AA, Pawlowski, Singh).
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k=0 Model with Positive Λ
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k=0 Model with Positive Λ: Continuation
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Expectations values and dispersions of V̂ |φ for full range of φ &
analytically extended classical trajectories. (AA, Pawlowski)
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The k=1 Closed Model: Bouncing/Phoenix Universes.

Another Example: k = 1 FLRW model with a massless scalar field φ.
Instructive because again every classical solution is singular; scale factor
not a good global clock; More stringent tests because of the classical
re-collapse. (Le Maître, Tolman, Sakharov, Dicke,...)
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k=1 Model: WDW Theory
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k=1 Model: LQC
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k=0 Model with NegativeΛ
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2. Beyond Isotropy and Homogeneity
• Generic space-like singularities in general relativity: the BKL
conjecture. Along world-lines approaching the singularity, coefficients
multiplying time derivatives dominate over those multiplying spatial
derivatives. as one enters the Planck regime, dynamics is well
approximated by Bianchi I model, with Bianchi II transitions and spikes.
Seems very surprising at first. But by now impressive evidence.
(Andersson, Berger, Garfinkle, Lim, Moncrief, Rendall, Uggla, ...)

• Bianchi I and II models have been analyzed in LQC. Singularities
resolved but the bounce structure much more sophisticated. Every time a
curvature invariant enters the Planck regime, the quantum geometry
repulsive force dilutes it, preventing a blow-up. (AA, Wilson-Ewing, Chiou,

Vandersloot). Detailed numerical analysis in progress (Hermann & Tiglio).

• Infinite number of degrees of freedom: Gowdy Model. Again the
singularity resolved by quantum geometry effects.
(Battisti, Martin-Benito, Mena, Pawlowski).

• Together, the accumulated evidence suggests that in LQG there may
well be a general singularity resolution theorem.
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Path Integrals
• Since we have a Hamiltonian theory, following Feynman and Hibbs, we
can construct a path integral rigorously and study ramifications. Relative
to geometrodynamics, two key new features (AA, Campiglia, Henderson):

⋆ Space of paths: Discrete values of v, due to quantum geometry
(Recall: Spin foams).
⋆ ‘Measure’: Einstein-Hilbert action replaced by a new effective action
SLQC which incorporates certain ~-dependent quantum geometry
corrections.

• Problem with state dependence in effective descriptions neatly bypassed in the path

integral approach. Usual heuristics ⇒ Extrema of SLQC should dominate transition

amplitudes if SLQC ≫ ~. In contrast to the classical theory, this is the case if pφ ≫ ~.

• Connection to Spin foams: Can rewrite the path integral as a sum over vertex amplitudes;

same form as in spin foams. Furthermore, this sum is known to converge and we know what

the answer is, since it was derived from the Hamiltonian theory. Brings out why perturbation

theory fails: Each term in the vertex expansion receives contributions from all powers of
√

G.

Clear support for the idea that a further ‘continuum limit’ is not necessary.
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Phenomenology: Flavor of Work in Progress

• Ramifications of quantum geometry: Robust Super-inflation
(Copeland, Mulryne, Nunes, Shaeri).

Strategy: repeat the calculations normally done in inflationary scenarios
but with LQC corrected Einstein equations (Bojowald et al). Major difference:
A fast-roll, robust super-inflationary phase rather than a slow roll inflation.
CMMS show that there exist potentials so that the LQC corrected
equations have a stable, scaling solution which is an attractor (in the
expanding branch). Then:

i) Horizon and flatness problems solved by super-inflation
ii) Nearly scale invariant spectrum for the scalar mode.
iii) Preliminary finding for tensor mode: large blue shift. Suppression of
gravitational waves.
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Phenomenology: Flavor of Work in Progress

• Evolution of perturbations from the pre-big bang branch to the
post-big-bang one.

• Natural to put the scalar and tensor modes in the vacuum state in the
infinite past (e.g., Branderberger, et al in the Lee-Wick theory).
Idea: Vacuum fluctuations provide seeds for perturbations. Evolve them
through the bounce and examine what happens on the post-big-bang side
for perturbations with wave-lengths relevant today.
Can carry out this calculation in a general framework: Solve GR
perturbation equations on both sides and use the LQC quantum
corrections to calculate the transfer matrix. Then, one finds that for
w ≈ −1, LQC gives scale invariant spectrum for the non-decaying scalar
mode in the post-big-bang branch. (Biswas,AA)

• These are only illustrations of the directions being pursued. They open
up very promising directions but a number of issues remain in all
calculations I know. Being taken up by LQC experts now.
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3. Summary: Singularity Resolution

• Quantum geometry creates a brand new repulsive force in the Planck
regime, replacing the big-bang by a quantum bounce. Repulsive force
rises and dies very quickly but makes dramatic changes to classical
dynamics. (Origin: Planck scale non-locality of quantum Einstein’s equations.)

New paradigm: Physics does not end at singularities.
Quantum space-times may be vastly larger than Einstein’s.

• Singularities treated are of direct physical interest. Long standing
questions have been answered in LQC. In particular, the
ultra-violet/infra-red tension has been resolved.

• Detailed analysis in specific models but taken together with the BKL
conjecture, results suggest that all space-like, strong curvature
singularities may be resolved by the quantum geometry effects of LQG.
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3. Summary: Other Developments

• Path integrals open up two frontiers: i) Effective theories not tied to
specific quantum states; and, ii) Detailed explorations of spin foams in
simple models.

• First results on the phenomenological front have already appeared.
Inhomogeneities are now being incorporated. Growing exchange between
cosmologists and the LQC community.

• Beginning of QFT on cosmological, quantum space-times (AA,

Kaminski,Lewandowski). Tension between relational time of LQC and
proper/confornmal time of QFT in CST resolved by systematic
simplifications to descend from the first to the second. Fertile area for
conceptual, mathematical and phenomenological developments.(Puchta)

• Several other issues I could not mention in the talk: Entropy
considerations (AA); Barbeo Immrizi field (Calcagni, Mercuri, Taveras, Yunes),
measures on spaces of solutions to calculate a priori probabilities of
various ‘happenings’ (Sloan), ...
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