
Phenomenological consequences of quantum

geometries in LQC

Brajesh Gupt

Institute for Gravitation and the Cosmos
Pennsylvania State University

University Park, PA, USA

Based on work in progress with:
Ivan Agullo, Abhay Ashtekar, Anton Joe and Parampreet Singh

International Loop Quantum Gravity Seminar

Tuesday Sep 30, 2014



Motivation

It is an exciting time for cosmology: recent observations from
WMAP9, Planck, BICEP2. It is equally exciting time for quantum
gravity as well:

Recent observational data point towards a potential
observational detection of quantum gravity effects in the early
universe: BICEP2

While full LQG is still on its way, many physical insights can
be gained in the symmetry reduced models: LQC

Work out the possible observational consequences of the
theory, e.g. [Agullo, Ashtekar, Nelson]

Opportunities for quantum gravity:

A very nice confrontation of theoretical ideas with physical
stituations

Closer to observation and we may learn more about the
pre-inflationary era

Observations can provide guidence towards the full theory
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Loop quantum cosmology

LQC is a canonical quantization of the symmetry reduced
cosmological spacetime, based on LQG. [Ashtekar, Barrau, Bojowald, Brizuela,

Campiglia, Cailleteau, Corichi, Diener, Fernandez-Mendez, Garray, BG, Grain, Henderson, Karami,

Linsefors, Martin-Benito, Martin De Blas, Megevand, Mena-Marugan, Mielczarek, Montoya,

Lewandowski, Olmedo, Pawlowski, Singh, Sloan, Taveras, Vandersloot, Wilson-Ewing]

LQC endows the spacetime a discrete quantum geometry leading
to the resolution of the classical cosmological singularities in many
models with various matter field: Quantum bounce.

A continuum approximation of the underlying quantum geometry
is given by the effective description of the theory.

Many insights in the Planck scale physics in various cosmological
models gained using the effective description.

Rigorous understanding of the singularity resolution in FRW
models [Singh(2009)]

Extending the physics of universe to the deep Planck regime:
e.g. pre-inflationary dynamics
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Big-bounce mechanism: [Ashtekar, Pawlowski, Singh 2006]

Algorithm:

State sharply peaked
at classical trajectory

Set up the numerical
grid

Evolve using the
difference equation

Effective description
[Willis; Taveras; Singh, Taveras]

Leading quantum
corrections

H2
=

8πG
3

ρ
“

1 −

ρ
ρmax

”

Works very well for
sharply peaked states,
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Inflation

Flat FRW model with a scalar field φ and potential V (φ):

ds2 = −dt2 + a2(t)(dx2 + dy2 + dz2) (1)

Friedmann equation:

H2 =

(

ȧ

a

)2

=
8πG

3
ρ (2)

Raychaudhuri equation:

ä

a
= −

8πG

3

(

φ̇2 − V (φ)
)

(3)

Slow-roll:V (φ) ≫ φ̇2

ä > 0

V (φ) =
1

2
m2φ2

V(  )

φ

φ

During slow-roll the scale factor undergoes exponential expansion
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Effective description and inflation in LQC

The effective theory has been used to study many interesting
phenomenology.

In particular inflation has been studied in great detail in the
isotropic [Ashtekar, Sloan; Corichi, Karami] and Bianchi I
spacetime [BG, Singh]

In the isotropic FRW model: Probability of inflation is 99.99%
[Ashtekar, Sloan] in the effective description of inflationary
dynamics

Rigorous study of the field perturbation on LQC background
studied and corrections to the standard inflationary power
spectrum explored [Agullo, Ashtekar, Nelson] for a general state:
Quantum field theory (QFT) on cosmological quantum
spacetime (QST).
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QFT on cosmological QST

In the work by Agullo, Ashtekar and Nelson (2013), the framework
of quantum field theory in loop quantum space time was developed
to study the evolution of perturbation in LQC, based on QFT on
QST [Ashtekar, Kaminski, Lewandowski]. Other approaches for cosmological

perturbation in LQC also developed by Barrau, Cailleteau, Grain, Linsefors; Mena-Marugan,

Fernandez-Mendez, Olmedo, Velhinho, Gomar

One of the main results was that the evolution of perturbations on
the quantum spacetime, described by an arbitrary background
quantum geometry, is equivalent to propagation on a smooth
quantum modified dressed metric :

g̃ab = ã(η̃)(−dη̃2 + dx2). (4)

where, ã4 =
〈H

−1/2

0 ba4H
−1/2

0 〉

〈H−1
0 〉

is the dressed scale factor.

Assumption here and onwards: Negligible backreaction
Dressed metric is not the physical metric. It is a mathematical object which

encodes the information that the perturbations care about.
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Sharply peaked states

For sharply peaked states the dressed metric can be very well
approximated by the effective metric. That is, the evolution of the
dressed scale factor can be faithfully captured by the effective
modified Friedmann equation: [Agullo, Ashtekar, Nelson]

H2 =
8πG

3
ρ

(

1 −
ρ

ρmax

)

, (5)

where ρmax ≈ 0.41 ρPl.

For such states, phenomenology was studied. LQC power spectrum
was found to be oscillatory for low k (very long wavelengths).

At these long wavelength modes, deviations from the predictions of
the standard inflation (with Bunch-Davies vacuum) were found.

What if we relax the sharply peaked approximation and consider
quantum states? Are there further corrections? If yes, what type?

Are they significant?
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This talk

Consider a more general class of states: widely spread
Gaussian, and non-Gaussian profiles with large fluctuations.

Are there deviations from the effective theory?

If yes, can we write a modified effective theory that
incorporates the effects of fluctuations on the evolution?

How is the evolution of perturbations affected?

Study the effects of the background fluctuations on the
inflationary power spectrum.

Numerically Challenging!
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Widely spread states

The numerical challenges can be tackled by recently developed
Chimera scheme. [Diener, BG, Megevand, Singh]
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For sharply peaked semiclassical states (∆V/V ≪ 1) effective
theory is in very good agreement

For widely spread states (∆V/V & 1) there are deviations
from the effective theory. This is not surprising as the
assumptions of effective theory is violated.

For widely spread states ρbounce < ρcrit
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Comparison with the effective theory:

∆V/V VbLQC VbEff δ =
VbLQC−VbEff

VbEff
ρbounce(ρPl)

0.0649 1659.08 1657.74 0.0008 0.409

0.0704 1383.35 1381.45 0.0013 0.408

0.1885 291.739 287.341 0.0153 0.397

0.6906 107.287 88.4128 0.2135 0.278

1.5069 99.8842 55.2580 0.8076 0.125

3.3399 192.714 55.2579 2.4875 0.033

6.4509 146.188 22.1032 5.6139 0.010

Effective theory is very good for states with (δV/V < 1).

There are deviations when (δV/V & 1).

Can we write a modified effective theory for which δ is small even for large ∆V
V

?
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Modified effective theory

The answer is, YES! For a generic state, one can derive time
evolution of the expectation values of the physical observables such
as 〈V 〉. This leads to the following modified Friedmann equation:

H̃2 =
8πG

3
ρ

(

1 −
ρ

ρbounce

)

V 2

p2
φ

(6)

where H̃ =
∂φV
3V is the Hubble rate defined in relational time φ,

and ρbounce =
p2

φ

2V 2
bounce

.

Eq. 6 is very similar to H2
=

8πG
3

ρ
“

1 −

ρ
ρmax

”

, which is true for
sharply peakes states.

Numerical simualtions show that: 〈V 〉LQC = Vmodeff

Interestingly 〈VLQC〉
1/3 ≈ ã, i.e. the dressed scale factor is

also very well approximated by amodeff . Error in the
approximation is of the order of 4% for states with
∆V/V ≈ 2.
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What have we learned so far?

Effective theory works very well for sharply peaked states.

For these states power spectrum of LQC has been computed
using the effeffective theory.

For widely spread states, there are deviations between the
effective theory and full LQC.

A modified effective equation can be derived which captures
the evolution of 〈V 〉 extremely well, also approximates the
dressed metric well too.

We can now compute the corrections to the power spectrum
due to the flucutations in the background state for an
arbitrary state.
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Assumptions

Fluctuations in the background geometry are significant close to
the bounce. We assume that they are important only in the high
curvature regime.

We assume that the density of the perturbations is very small
compared to the background density all the time. That is, the
backreaction is negligible. This assumption makes sure that the
perturbations only see a dressed quantum corrected background
metric:

g̃ab = ã2(η̃)(−dη̃2 + dx2). (7)

where, ã4 =
〈Ĥ

−1/2

0 ba4Ĥ
−1/2

0 〉

〈Ĥ−1
0 〉

is the dressed scale factor.
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Power spectrum

The scalar power spectrum is defined via:

P2
R(~k, t)δ(~k + ~k′) =

1

4πk3
〈0|R̂~k

(t)R̂~k′
(t)|0〉 (8)

where R̂~k
is the scalar curvature perturbation.

In the standard inflation scenario the vacuum is chosen to be
Bunch-Davies vacuum which results in:

Power spectrum : P2
R(k) =

1

πm2
Plǫ(tk)

H(tk)
2 (9)

Spectral index : ns − 1 =
d ln(P2

R(k))

d ln(k)
= −4ǫ − 2η. (10)

where ǫ and η are the slow-roll parameters.

Planck results: ns = 0.968 ± 0.012
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Preliminary results:

Fractional difference between the LQC and standard power spectrum with

respect to the co-moving wavenumber. k∗ is the reference mode that is used in

the observations. φb = 1.15 m2
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Spectral index:
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The spectral index decreases with decreasing ρb. That is there is
more red tilt in the power spectrum for widely spread states. The
variation is within the error bars of WMAP7.

Here the initial condition for the background state is given at the
bounce with one free parameter: φbounce which dictates the value
of k∗ for a given ρbounce. That is, it generates a horizontal shift in
the power spectrum plots.

Question: At the phenemelogical level, is there a degeneracy between

choosing a different φb and varying the the background state?
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Within the observation error bars there is a degeneracy between
choosing a different ρb, and φb with fixed ρb = ρmax:
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Conceptually they are two completely different things but at the
practical level it seems that there is an approximate degeneracy.
This will restrict the parameter space of the theory when compared
with the observation data.
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Summary

The effective theory works well for sharply peaked states but
there are differences for widely spread states.

A modified effective Friedmann equation is derived which
gives accurate evolution trajectories for all states.

Study the effect of the background fluctuations on the power
spectrum for a wide and more general states. This can be
approximately captured by the modified effective equation.

Effect on the power spectrum: Fluctuations in the background
state affect the power spectrum within the observation error
bars. Which may be observed in the future observational data.

At the phenomenological level there seems to be an
approximate degeneracy between wide states and initial field
at the bounce.
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