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Brief discussion on quantum gravity Why quantum gravity?

Quantum gravity: why?

No question about quantum gravity is more difficult than the question:
“What is the question?” (John Wheeler 1984)

All interactions and matter fields are described by Quantum Field Theories
(QFT). Unification?
The initial conditions theory for cosmology may involve a quantum gravity
phase. Inflation shifts the initial condition problem to before inflation but it is
still there!
Singularity issues: big bang and black holes evaporation.
Semi-classical approach has inconsistences, e.g.,

Gab =
8πG

c4
〈Ψ|Tab|Ψ〉 ,

|Ψ〉 =
1√
2
|ρ1〉+

1√
2
|ρ2〉 ⇒ 〈Ψ|T00|Ψ〉 =

ρ1 + ρ2

2

but 〈
ρ1 + ρ2

2

∣∣∣∣Ψ
〉

= 0!

(see C. Kiefer, Quantum Gravity, International Series of Monographs on Physics,
OUP Oxford, 2007 for more details)Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 4 / 27
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Brief discussion on quantum gravity Quantum gravity problems

Quantum gravity: problems

General problems not related to specific approaches to quantum gravity.

Time problem: in Quantum Mechanics (QM) the time behaves as an external
global entity and in QFT the whole geometry is a given global stage. In
General Relativity (GR) time and space have a dynamical and local meaning
through gµν .

Fitting problem, what is the right scale for GR? Averaging procedures modify
the dynamics.

Quantum gravity will describe the universe as a whole. What is the meaning
of the universe wave-function?

Each approach for quantum gravity potentially brings additional problems.
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Brief discussion on quantum gravity Paths for quantum gravity

Paths for quantum gravity

Direct approaches:

Starts from a classical theory, GR, Brans-Dicke, etc. Then applies the
quantization rules.

Canonical method starts from a classical 3+1 decomposition and proceeds to
quantize the system (quantum GR: γab,Kab, loop quantum gravity, etc).

Covariant method keeps the covariance but usually requires approximation
steps (e.g., perturbative approach gab = ηab + hab).

Straightforward but does not help with the unification business. . .

Indirect approaches:

Starts with a theory that contains quantum gravity as some limit of the full
theory (e.g., String theory).

Very speculative.

No general guiding principles.
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Bounce as a cosmological probe A complete bounce model

Quantum cosmology: our approach

Quantum bouncing cosmology summary:

1 Universe starts large, homogeneous, isotropic and contracting. (Initial
conditions not addressed! A quantum start?1)

2 Quantum background: mini-super-space with well defined classical regions
using Wheller-DeWitt equation and Bohmian trajectories.

3 All inhomogeneities result from quantum fluctuations. Scalar sector probes
the matter QFT, and tensor probes the quantum gravity perturbatively.

4 Contraction phase (classical and quantum) amplifies the quantum
fluctuations.

5 Quantum bounce.

6 Universe is left in the expanding phase with the right initial conditions.

1N. Pinto-Neto, Phys. Rev. D 79 (2009), 083514, eprint: 0904.4454v1.
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Bounce as a cosmological probe Bounce initial conditions

Initial conditions: background

Assuming an initial Friedmann metric as a working hypothesis. This
assumption, as in Inflationary models, sets an infinite number of degrees of
freedom.

Using an anisotropic metric would decrease the arbitrariness of the initial
conditions by 2, we would be setting only (∞− 2) degrees of freedom.

All initial inhomogeneity and anisotropy are left for the perturbation sector.

Bohmian trajectory for the scale-factor: no-quantum effects on the initial
evolution of the background!
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Bounce as a cosmological probe Bounce initial conditions

Initial conditions: background

Assuming an initial Friedmann metric as a working hypothesis. This
assumption, as in Inflationary models, sets an infinite number of degrees of
freedom.

Using an anisotropic metric would decrease the arbitrariness of the initial
conditions by 2, we would be setting only (∞− 2) degrees of freedom.

All initial inhomogeneity and anisotropy are left for the perturbation sector.

Bohmian trajectory for the scale-factor: no-quantum effects on the initial
evolution of the background!

Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 9 / 27



Bounce as a cosmological probe Bounce initial conditions

Initial conditions: perturbations

All perturbations start in the adiabatic vacuum. Simple and well know for
single component. However, there is a unique canonical representation where
Unitary evolution can be achieved.2

Non-trivial for several linearly coupled fields (quadratic coupling with time
dependent coefficients), solved in Ref.3.

The initial anisotropy generated does not grow too large and dominates.4 No
BKL singularity happens, the bounce takes place before.

If there is a dark-energy like fluid (w < −1/3) in the contraction branch the
adiabatic vacuum is non-longer well defined. All modes appear to be
dominated by the background evolution. Simultaneous quantization? (see5

for a workaround)

2S. D. P. Vitenti, ArXiv e-prints (2015), arXiv: 1505.01541 [gr-qc].
3P. Peter, N. Pinto-Neto, and S. D. P. Vitenti, Phys. Rev. D 93.2, 023520 (2016), 023520, arXiv:

1510.06628 [gr-qc].
4S. D. P. Vitenti and N. Pinto-Neto, Phys. Rev. D 85 (2012), 023524, arXiv: 1111.0888 [astro-ph.CO];

N. Pinto-Neto and S. D. P. Vitenti, Phys. Rev. D 89 (2014), 028301, arXiv: 1312.7790 [astro-ph.CO].
5R. Maier et al., Phys. Rev. D 85.2, 023508 (2012), 023508, arXiv: 1111.0946 [astro-ph.CO].
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http://arxiv.org/abs/1505.01541
http://dx.doi.org/10.1103/PhysRevD.93.023520
http://arxiv.org/abs/1510.06628
http://dx.doi.org/10.1103/PhysRevD.85.023524
http://arxiv.org/abs/1111.0888
http://dx.doi.org/10.1103/physrevd.89.028301
http://arxiv.org/abs/1312.7790
http://dx.doi.org/10.1103/PhysRevD.85.023508
http://arxiv.org/abs/1111.0946


Bounce as a cosmological probe Bounce initial conditions

Initial conditions: perturbations

All perturbations start in the adiabatic vacuum. Simple and well know for
single component. However, there is a unique canonical representation where
Unitary evolution can be achieved.2

Non-trivial for several linearly coupled fields (quadratic coupling with time
dependent coefficients), solved in Ref.3.

The initial anisotropy generated does not grow too large and dominates.4 No
BKL singularity happens, the bounce takes place before.

If there is a dark-energy like fluid (w < −1/3) in the contraction branch the
adiabatic vacuum is non-longer well defined. All modes appear to be
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for a workaround)

2Vitenti, “Unitary evolution, canonical variables and vacuum choice for general quadratic Hamiltonians in
spatially homogeneous and isotropic space-times”.

3Peter, Pinto-Neto, and Vitenti, “Quantum cosmological perturbations of multiple fluids”.
4Vitenti and Pinto-Neto, “Large Adiabatic Scalar Perturbations in a Regular Bouncing Universe”;

Pinto-Neto and Vitenti, “Comment on “Growth of covariant perturbations in the contracting phase of a
bouncing universe””.

5Maier et al., “Bouncing models with a cosmological constant”.
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Bounce as a cosmological probe Contraction phase

Contraction phase: background

For problems involving many components it is difficult to find a quantum
solution for the background.

For these cases it is necessary to match quantum solutions assuming that the
non-dominant components can be neglected in the quantum phase.
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Bounce as a cosmological probe Contraction phase

Contraction phase: perturbations

Numerical problems

System of equations includes many fluid components with radically different
frequencies c2

1k
2, c2

2k
2,. . . . For instance 1 begin a very cold dark matter

c2
1 < 10−12(air sound speed in unit of c) and 2 begin radiation c2

2 = 1/3.

Since c2
1 � c2

2 , one mode is deep in the adiabatic regime
u1 ≈ exp(c1kη)

[∑
nO

(
1
k2n

)]
while the second mode is already dominated by

the potential u2 ≈
∑

n

[(
k2n
)]

.

Initial conditions must be set in the far past where all modes are in the
adiabatic regime. However, doing so puts mode 1 with a high frequency
impossible to evolve numerically! Mixing WKB and numerics seems difficult,
action angle variables may solve it.
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u1 ≈ exp(c1kη)

[∑
nO

(
1
k2n

)]
while the second mode is already dominated by

the potential u2 ≈
∑

n

[(
k2n
)]

.

Initial conditions must be set in the far past where all modes are in the
adiabatic regime. However, doing so puts mode 1 with a high frequency
impossible to evolve numerically! Mixing WKB and numerics seems difficult,
action angle variables may solve it.

Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 12 / 27
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Bounce as a cosmological probe The bounce

Quantum bounce: background

We use the Wheeler-DeWitt equation H|Ψ〉 = 0;

For a single barotropic fluid with equation of state w and a flat Friedmann
metric

L = ρṪ + ΠX Ẋ − NH, H = ρ− Π2
X , X ≡ 2a

3(1−w)
2

3(1− w)
.

Using the representation Ψ(x) = 〈x |Ψ〉 for the states and XΨ(x) = xΨ(x)
for the “position” operator, ΠXΨ(x) = −i∂Ψ(x)/∂x for the “momentum”
operator and ρΨ(x) = i ∂∂T Ψ(x), time problem.

To circumvent the time problem we chose T as a parameter, Ψ will not be
normalized in T !

In Ref.6 we use the following wave-function:

Ψ0(x) =
2(1−2α)/4xα

σα+1/2
√

Γ
(
α + 1

2

) exp

[
−1

2
x2

(
1

2σ2
− iHini

)]
,

6P. Peter and S. D. P. Vitenti, Mod. Phys. Lett. A 31 (2016), 1640006, url:
http://dx.doi.org/10.1142/S021773231640006X.
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Bounce as a cosmological probe The bounce

Quantum bounce: background
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Bounce as a cosmological probe The bounce

Quantum bounce: background
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Bounce as a cosmological probe The bounce

Quantum bounce: perturbations

Passing through the bouncing phase, all second order action must not use
background equations of motion.

Single fluid Ref.7, single scalar field Ref.8, multiple fluids Ref.9

This chooses preferred gauge invariant variables, e.g.,

ΠV ∝ δρ− 3H(ρ+ p)V ,

that must be used instead of

ΠV ∝ δρ+ ρ̇V ,

for a quantum background ρ̇ 6= −3H(ρ+ p) (considering the Bohmian
trajectory of ρ).
For a single fluid perturbation the bounce controls the amplitude but leaves
the form of the spectrum unchanged.
Many fluids: does the bounce leave imprints in the adiabatic/entropy modes
mixing?

7S. D. P. Vitenti, F. T. Falciano, and N. Pinto-Neto, Phys. Rev. D 87 (2013), 103503, arXiv: 1206.4374
[gr-qc].

8F. T. Falciano, N. Pinto-Neto, and S. D. P. Vitenti, Phys. Rev. D 87 (2013), 103514, arXiv: 1305.4664
[astro-ph.CO].

9Peter, Pinto-Neto, and Vitenti, “Quantum cosmological perturbations of multiple fluids”.

Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 16 / 27
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Bounce as a cosmological probe The bounce

Quantum bounce: perturbations

Example: two-fluids adiabatic mode only.
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Bounce as a cosmological probe Particle creation

Quantum bounce: particle creation

In Ref.10 we show that the quantum bounce can produce significant density
of particles.

The particle number density is controlled by the bounce scale and does not
depend on the particle mass (most of the particle production takes place at
the bounce where most particles m� Mplanck are ultra-relativistic).

What is the effect on fermion fields? Can we use it to reheat the universe?

Interactions, loop corrections?

10D. C. F. Celani, N. Pinto-Neto, and S. D. P. Vitenti, Phys. Rev. D 95.2, 023523 (2017), 023523, arXiv:
1610.04933 [gr-qc].
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Bounce as a cosmological probe Particle creation

Quantum bounce: particle creation

Example: minimal coupling, radiation and low dust content.

10-28 10-26 10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6 10-4 10-2 100

k̄

10-31

10-28

10-25

10-22

10-19

10-16

10-13

10-10

10-7

10-4

10-1

k̄
3
n

(i
,f

)
k

π2k/4

m= 125GeV

m= 1GeV

m= 1MeV

m= 0

Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 19 / 27
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Example: minimal coupling, radiation and high dust content.

10-28 10-25 10-22 10-19 10-16 10-13 10-10 10-7 10-4 10-1

k̄

10-69

10-61

10-53

10-45

10-37

10-29

10-21

10-13

10-5

103

1011

1019

1027

1035

1043

k̄
3
n

(i
,f

)
k

π2k/4

m= 125GeV

m= 1MeV

m= 1eV

m= 0

Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 20 / 27



Quantum non-equilibrium

Outline for section 3

1 Brief discussion on quantum gravity
Why quantum gravity?
Quantum gravity problems
Paths for quantum gravity

2 Bounce as a cosmological probe
A complete bounce model
Bounce initial conditions
Contraction phase
The bounce
Particle creation

3 Quantum non-equilibrium
Introduction
Results

4 Conclusion
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Quantum non-equilibrium Introduction

Quantum non-equilibrium

Quantum non-equilibrium and the primordial power spectrum Pk , see Ref.11.

Probability distribution begins different from the quantum distribution
ρ(tini) 6= |Ψ(tini)|2.

For t > tini, ρ→ |Ψ(tini)|2 but it may leave imprints on large scales.

These imprints are measured by Pk = ξ(k)As

(
k

kpivot

)ns−1

.
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11S. Colin and A. Valentini, Phys. Rev. D92.4 (2015), 043520, arXiv: 1407.8262 [astro-ph.CO].
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Quantum non-equilibrium Results

Quantum non-equilibrium: results from PlanckTT

ξplaw = 1, ξatan = arctan

(
k

kc
+ c2

)
− π

2
+ c3, Γ = ∆χ2

low⇒ ` ∈ [2, 29], high⇒ ` ∈ [30, 2500].

Table: PlanckTT.

ξ(k) k−1
c [Gpc] c̃2 c3 Γ Γlow Γhigh Γpriors p-value

plaw – – – 0.00 0.00 0.00 0.00 –
bpl 2.851 – – 2.70 2.83 −0.01 −0.11 25.91%[2]

atan1 3.695 0.000 1.000 5.39 4.26 0.95 0.17 2.03%[1]
atan2 1.548 0.481 1.000 5.71 5.05 0.47 0.19 5.74%[2]
atan3 1.978 0.472 0.929 5.79 4.94 0.64 0.20 12.25%[3]
expc1 2.262 0.000 – 5.51 4.55 0.78 0.18 1.89%[1]
expc2 2.922 0.000 – 5.71 4.85 0.77 0.09 5.75%[2]
expc3 2.922 0.000 – 5.71 4.85 0.77 0.09 12.65%[3]
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Quantum non-equilibrium Results

Quantum non-equilibrium: results from
PlanckTTTEEE+lowP

Table: PlanckTTTEEE+lowP.

ξ(k) k−1
c [Gpc] c̃2 c3 Γ Γlow Γhigh Γpriors p-value

plaw – – – 0.00 0.00 0.00 0.00 –
bpl 0.225 – – 4.53 2.60 1.78 0.15 10.41%[2]

atan1 6.561 0.000 1.000 3.08 2.97 0.35 −0.24 7.91%[1]
atan2 6.645 0.000 1.000 3.07 3.02 0.25 −0.20 21.56%[2]
atan3 6.645 0.000 1.000 3.07 3.02 0.25 −0.20 38.12%[3]
expc1 3.314 0.000 – 3.86 2.53 1.33 −0.00 4.93%[1]
expc2 2.904 0.000 – 3.92 2.48 1.42 0.01 14.11%[2]
expc3 1.940 0.259 – 3.94 2.63 1.29 0.02 26.82%[3]
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Quantum non-equilibrium Results

Quantum non-equilibrium: results

Significant evidence for TT only.

Significance drops when adding polarization data.

Different non-equilibrium on scalar and tensor modes can account for worse
fit when using polarization.

Adding large scale structure data seems to improve evidence for TT only
(when adding H0 = 73.24± 1.74 ms−1Mpc−1 from Riess 2016). But does
not improve when adding polarization.
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Conclusion

Outline for section 4

1 Brief discussion on quantum gravity
Why quantum gravity?
Quantum gravity problems
Paths for quantum gravity

2 Bounce as a cosmological probe
A complete bounce model
Bounce initial conditions
Contraction phase
The bounce
Particle creation

3 Quantum non-equilibrium
Introduction
Results

4 Conclusion

Sandro D. P. Vitenti CBPF/COSMO Quantum Gravity: Bounce models as probes Verão Quântico 2017 26 / 27



Conclusion

Conclusion

Using the quantum bounce cosmology program we can prove quantum gravity
regimes through:

Perturbations amplitude connected to the bounce scale.

Particle creation also connected to the bounce scale.

Multi-component bounce, further imprints in the primordial power spectrum?

Quantum non-equilibrium, measure the initial probability distribution by
probing large scales on CMB. Can it be mimicked by features in the
inflationary potential or bounce model?

Different aspects of quantum gravity can be investigated and used in
different contexts:

Quantization of mini-super-spaces.
Simultaneous quantization of background and perturbations.
Loop corrections, non-gaussianities?

Several missing pieces!

Obrigado!
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Different aspects of quantum gravity can be investigated and used in
different contexts:

Quantization of mini-super-spaces.
Simultaneous quantization of background and perturbations.
Loop corrections, non-gaussianities?

Several missing pieces!

Obrigado!
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