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BIG BOUNCE
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Collapse due to gravity
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The implications of the Big Bounce

@ The qualitative picture is that non-perturbative quantum geometry
corrections create a 'repulsive’ force.

@ The universe follows a classical trajectory till the matter density p reaches
about ~ 1% of the Planck density pp.

@ When the density is near to the Planck density, the universe bounces.

@ Spacetime fluctuations are severely constrained on both sides of the
bounce. At very early times, before the bounce, the universe was as
classical as ours.

@ The ’horizon problem’ disappears.

@ LQC calculations provide an a priori justification for using classical
general relativity during inflation.
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Introduction
Loop Quantum Gravity

Is a non-perturbative and background independent quantization of General
Relativity. Some important results of the theory are the statistical description
of the black holes entropy and the discrete spectrum of the volume and area
operators, which gives a picture of a discrete space-time.

Loop Quantum Cosmology

is a reduce model that uses the Loop Quantum Gravity techniques in order to
quantize cosmological models. A significant result from this theory is the
resolution of the Big Bang singularity, which is replace with a Bounce that take
place near to the Planck density.

Loop quantum cosmology has provided a complete description of the
quantum dynamics in the case of isotropic cosmological models and
singularity resolution has been shown to be generic. The theory has been
generalized to anisotropic universes. The idea is to solve the quantum
dynamics for these models.
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Introduction
Effective Dynamics

Effective Dynamics

This effective theory comes from the construction of the full quantum theory
and we expect that it gives some insights about the quantum dynamics of
semiclassical states. The accuracy of the effective equations has been
established in the isotropic cases and thus we expect that they should give an
excellent approximation of the full quantum evolution for semiclassical states.

@ We analyzed the solutions to the effective equations that come from the
improved LQC dynamics of the Bianchi I, Il and IX models.

These models are of interest to the issue of singularity resolution in the
context of the Belinskii, Khalatnikov and Lifshitz (BKL) conjecture. J
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Introduction
BKL and Mixmaster

Belinskii, Khalatnikov and Lifshitz (BKL) Conjecture

Classical universes that have the BKL behavior are universes in which the
dynamics near to the big bang singularity is dominated by the time
derivatives, which turn been more important than the spatial derivatives.
Therefore locally approach the Bianchi IX universe.

In Bianchi IX when the universe approaches the big bang singularity, there is
an oscillatory behavior between Bianchi | solutions with Bianchi |l transitions.
This is known as the mixmaster behavior, studied first by Misner.
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Introduction
Bianchi Models

We want to study homogeneous and anisotropic universes, these kind of
universes are classified as Bianchi models. We are interested in

@ Bianchi I, which the spacetime is like M = ¥ x R where X is a spatial
3-manifold which have a 3-dimensional group of symmetries generated
by three translations.

ds? = —N2dE + ay(£)2dPx + ap(1)? dy? + as()? d2° )

@ Bianchi Il, which the spacetime is like M = ¥ x R where X is a spatial
3-manifold which have a 3-dimensional group of symmetries generated
by two translations and a rotation on a null 2-plane.

ds? = —N2df? + a;(t)? (dx — azdy)? + ax(t)2 dy? + as(t)>dz®  (2)

where « is a switch (Bianchi | « = 0, Bianchi Il a = 1).
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Introduction
Bianchi Models

@ Bianchi IX, which the spacetime is like M = ¥ x R where ¥ is a spatial
3-manifold which have a 3-dimensional group of symmetries generated
by three rotations that can be identified by the symmetry group SU(2).
The Bianchi IX metric can be construct from the fiducial co-triads

o1
Wa

0 2
Wa
0.3
Wa

sin g siny(da)a + cos y(dB)a,
—sin B cosy(da), + siny(dj3)a, (3)
cos B(da)a + (d7)a,

with physical co-triads w/, = a'(t)%}, and 3-metric qap := wiwpi. The

spacetime metric is
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Introduction
Phase space variables

We use the fiducial triads and co-triads to introduce a convenient
parametrization of the phase space variables, E?, A, given by

E?=piLiVy'\/|q|%¢ and AL =c'L7" W (5)

Thus, a point in the phase space is now coordinatized by six real numbers
(pi, ¢') with Poisson brackets given by

{c. p} = 87Gy 4. (6)

Additionally to the matter degrees of freedom, e.g., the scalar field ¢ and its
momenta p,, with Poisson bracket {¢, p,} = 1.
The relation between the new and the old variables is

pi = gjakLjlL ,

with i # j # k # i, L; fiducial lengths, Vo = L1LoL3 .
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Introduction
Constraints

The choice of the physical triads and connections has fixed the Gauss and
vector constraint and only remain the Hamiltonian constraint
NEaEb ( i

¢
ne / 16wem

with F ¢ = 28[3Ak +ef AL AL and H . Hamiltonian of matter.
At classical level the Ham|Iton|an constraint for Bianchi | and Il is given by

- 2( +y )I([aKj ) + NHmatt‘| d3X (7)

’
CHgy “8:G2 lm C1P2C2 + P1C1P3C3 + P2C2P3C3 + P2 P3Cy
o o
(14 )(pzps) +5 R0 ®)

with lapse N = V = /1 PaPs and Hupas = 2.
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Bianchi Models

e Directional scale factors, a; = L; ', /% .

@ Hubble parameters H; = ; =1 (& B p—;) .

Pj Pk pi
@ Expansion, 0 =+ = H;i + H> + Hs .
o Matter density, p zp‘j’z = 2pf);zp3 :
e Density parameter, Q = 24752

Shear, o2 3[(H1 ) (H1 - H3)2 + (Hg — H3)2] .

2 _
Shear parameter, X< = 2

02
@ Curvature parameter, K = — , Where Q + ¥2 + K = 1 for the
classical Bianchi.

@ Ricci scalar R.

Edison Montoya (UIS) LQC 11747



Bianchi Models

Intrinsic curvature, one feature of Bianchi Il and IX models is that the spatial
curvature is different from zero. The intrinsic spatial curvature is given by

’
®OR= —é[x12+x22+x§—2(x1x2+x1x3+x2x3)], (9)

X1 = pzfs, X2 = p1,£3337 X3 = ag sz (10)
Py P> Ps

The values of «; are:
@ Bianchi |, a1 = Q2 = Q3 = 0.
@ Bianchi ll, a4 = 1,22 = 0, a3 = 0 or permutations.

where

@ Bianchi IX, a1 = ap = ag = 2, with fp = V;/°.
@ The isotropic FLRW model with k = 1, is obtained from the Bianchi IX
model by setting x; = xo = Xs.
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Introduction

Quantum Dynamics

@ The elementary functions on the classical phase space are the momenta
pi and the holonomies of the gravitational connection A .

grav

@ The elementary functions are promoted to operators on ;" .

@ The Hamiltonian constraint is written in terms of the elementary variables
and promoted to operator.

In the last step there are some subtleties, namely

@ The curvature is calculated from the connection and not from the
holonomies, F,, = 29|A + ¢/ AL A

@ The connection is calculated from the holonomies

(k) k _ Sin(jikCk) o k
(A = () = R

R
L .
P2Ps3 P1P3

The value of X is chosen such that A2 = 41/37/3,.

Ik—>2,uk Z 2Ik L

with
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Introduction
Effective constraint

Hpy = % [ SiN fi1 ¢y SiN figCo + SiN [i2C> SiN [i3C3 + SiN [i3C3 SiN i 01]
+ 87r1672 [a(";\zf/)s%s/z sinjirc — (1447 (Of;f)sf] - pj, ~0
Heix = — %(sin fi1Cy Sin fizC2 + Sin [ioC, SiN jigCs + SiN figCs SiN i1 ¢1)
- 87rC15972>\ <(p1/p§3)3/zsin fizCs + (pzfl%)wzsin fi1Cy + (ps\;%z)s/zsin ﬂgcg)
+ 'Cf ~0

with lapse N =V = \/p1p2ps .
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Introduction
Inverse Triad Corrections

Given that Bianchi IX is spatially compact, the inverse triad corrections are
important. The terms related to the curvatures, F_ £ and K., contain some
negative powers of p; which are not well defined operators. To solve this
problem is used the same idea as Thiemann’s strategy.

ez _ _ VIPILE @) -1 e »
|pl| 47TG’V](]+ 1)ﬁi€TI'(T,hI {hl ’ |p/| }) ’ ( )

The eigenvalues for the operator |;ﬂ—7/4 are given by

J(V,p1. P2, ps) = H o (12)
J#i
with
=VV+Ve— V=V, and V=272, (13)

The correction term which comes from the operator eZE,-anb/\/|q\ is

A(V): (V+ Vc_|V_VcD (14)

2V,
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Effective Bianchi | and Il
Matter Source: Massless scalar field.
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Bianchi |l

Classical Limit

Scale Factors

ay
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Bianchi |l

Bianchi | Limit
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Bianchi |l

Bianchi | Limit
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LRS Bianchi

Density and Shear
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LRS Bianchi
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Bianchi |l

Vacuum Limit
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Bianchi |l

Vacuum Limit
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Bianchi |l

Vacuum Limit

Ricci Scalar
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Bianchi Il Conclusions

@ The classical singularities are resolved, namely, the geodesics are
inextensible, i.e., scale factor non zero (or infinite) in a finite time.

@ Bianchi | limit is recover and presents all its known facts.
@ Shear can be zero at the bounce and non zero in the evolution.

@ Some important solutions are LRS, like the one with maximal density and
the one with maximal shear.

@ In the vacuum limit (Q ~ 0) is possible to have solutions where all the
dynamical contribution comes from the anisotropies (X2 ~ 1).

@ There is one global bounce 6 = 0.

@ The effective solutions connect anisotropic solutions even when the shear
is zero at the bounce.
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Effective Bianchi IX
Matter Source: Massless scalar field.
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Bianchi IX

Classical Limit
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Bianchi IX

Big Volume Limit

Scale Factors
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Bianchi IX

Bianchi | Limit
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Bianchi IX

Bianchi | Limit
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Bianchi IX

Bianchi | Limit
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Bianchi IX

Conclusions

@ All solutions have a bounce. In other words, singularities are resolved. In
Bianchi IX, there is an infinite number of bounces and recollapses.

@ Both effective theories in the large volume limit (compared to the Planck
volume) describe the same dynamics.

@ Bianchi | and the isotropic case k = 0,1 are limiting cases of Bianchi IX.

@ A set of quantities that are very useful are the functions x; associated to
the intrinsic curvature (®) R, because they can be used to determine which
kind of solution is obtained.
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Qualitative Bianchi IX
Independent of the matter content.
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Bianchi IX
Misner Variables

In order to study the qualitative behavior of the Bianchi IX theories.

@ We first consider the maximal density for each effective theory. This
maximal density is reach when the sine functions are equal to one in
each theory. This let the maximal density as a function only of the triads
(1, P2, P3).

@ Second we do a change of variables to the Misner varibles (V, 8, 8-),

ay = V'/B3eltV38- g, = V13l —VBI- g = y1/3g20- (15)

The variables used to write the effective theories are the triads
(p1, P2, p3), which in the new variables (V, 8, 5_) are

p1 — Vz/se_ﬁ-#_\/gﬁ—’ p2 — V2/3e_5++\/§ﬁ—7 ps — V2/Se2ﬁ+ (16)
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Bianchi IX

Density Region

B 10

Figure : Density region (p > 0) with N = 1.
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Bianchi IX

Density Region

2
Figure : Density region (p > 0) with N = V.
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Bianchi IX

Density Region

5
Figure : Comparison of the regions for p with N = Vand N = 1.
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Bianchi IX

Density Region
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Bs
Figure : Comparison of the region boundaries for p with N = V and N = 1, for different
volumes.
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Bianchi IX

Density Region
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Figure : Comparison of the region boundaries for p with N = 1, for different volumes.
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Bianchi IX

Potential

Figure : Potential at V = 10V, in the region p > 0, with N = V.
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Bianchi IX
Potential
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Figure : Potential at V = 10V, in the reéion p>0,withN=V.
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Bianchi IX

Potential
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Figure : Potential at V = 10V, in the region p > 0, with N = 1.
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Bianchi IX
Potential

Figure : Potential at V =20V, in t_he region p > 0, with N = 1.
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Bianchi IX

Conclusions

@ There is an isotropization process.
@ Some classical solutions are discarded.

@ The triangular symmetry of the classical theory (associated with the
Misner variables) is still present, but the qualitative behavior in the
anisotropic directions changes drastically due to the quantum effects.

@ The potential walls are modify such that there is not chaotic behavior.

@ These results remain true even when they are consider the quantization
ambiguities or different inverse triad corrections or ambiguities in the
definition of the matter density.
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Questions

@ |s the bouncing non-singular behavior generic for inhomogeneous
configurations?

@ Are we a step forward toward generic quantum singularity resolution?
@ How to understand inhomogeneities in quantum theory?

@ What are the observable predictions?

@ What can we say about primordial gravitational waves?
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