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What is quantum cosmology?

gquantization
quantum

gravity > gravity




What is quantum cosmology?

gravity

simmctrg
reduction
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cosmology quantlum
cosmology

Wheeler, DeWitt, Misner (1967)

LOOP QUANTUM COSMOLOGY
Bojowald (1999), see the talks b@ Mena-Marwgawn, Tanaka, Martin-Benito, Olmedo...
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O What is the relation between LRC and full LRSG?
O Ccan we deseribe the full quantum geometry at the bounce?

0O can we tnclude "V\aatumLLa 2 Lwhomogeweities ?
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Plan of the talk 7 everything
Ve enow Ls onty
What is Quantum Cosmology? = - & EE
P Py T ) approximation

Definition of the theory

1. Kinematics
2. Dynamics

3. Classical limit

Summary and comments



The cosmological principle

O

The dynamtices of a howmogeneous and Lsotropic space
approximates well the observed universe.

The effect of the inhomogenetties on the dynamies of its Largest scale,
described by the scale factor, can be neglected in a first approxtmation.

This Ls wot a large scale approximation, because it ts supposed to remain
valio whew the universe was smalll It Ls an expansion tine N~ a/\ 1

The full theory may be recovered by adding degrees of freedom
one by one, starting from the cosmological ones.

We caw define an approximated dynamics of the universe
for a finite number of degrees of freedom .
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Kinematics

Hilbert space:

identifications: H/ ~
st ol R of I'" then we must toentify Hrwith a subspace of Hr
2. divide Hr by the action of the discrete group of the of k.

States that solve gauge constraint: |1, 5o, v,) € H = 69 69 ® Hn
1% ' n

Examp Le:

the "dipole” where N =2 A=
so that A, is formed by two tetrahedra @Lued A A
along all their faces = triangulated z-spheve !

r




Coherent states — semiclassical states

Hr contains an (over-complete) basis of “wave packets” wﬂe = wﬁeﬁ}g,ﬁeme

Holomorphic-states:
superpositions of SN states

= ]
Va, (Ue) = / Agn ® Ky (98(5) Uegt(E)H )- “group averages" on the gauwge
SU(2)N i Lnvartant states

o Hy, e SL(2,C
= D%(Rﬁ) eml e D%(R;ul) heat hervfeLpeale(s eac)h Ugon Hy

Geometrical interpretation - ~

for the (ﬁ, ﬁ,, & 77) Labels: Choose coherent states|Hy)
/ describing a homogeneous
n,n  arethe 3d normals to the faces and isotropic geometry:

of the cellular decomposttion e

£ <> extrinsic curvature at the faces and |

1) <= area of the face divided by gng. B e Y




G ra p h EXpa ns i on Mode expansion <—> truncation on a graph

O Restrict the states to a fixed graph with a finite number N of nodes.
This defines an approximated kRinematics of the universe,
inhomogeneous but truncated at a finite number of cells.

The graph captures the large scale d.o.f. obtained averaging the metric
over the faces of a cellular decomposition formed by N cells.

The full theory can be regarded as an expansion for growing N.
FRW cosmology corresponds to the Lower order where there Ls only
a regular cellular decomposition: the only d.o.f. Ls given by the volume.

Coherent states|Hy) describing a homogeneous and isotropic geometry:
z2=&+imy — z=ac+1Bp W/
Geometry Ls determined ba (c, p) in the past and (¢, p') tn the future.




Dynamics see Rovelli’s talk

The spinfoam formalism associates an amplitude to each boundary state ¥ € H .

(W |¢) = Z de )HWU(U)

Wv(Hg) — / dG HPt Hg, Gs(ﬁ)Gt(g))
SO(4)N

where
P.(H,G) :Z (254 1)e 2P GHDTY [DU)(H)YTD(W_)(G)Y}

J

n cosmology:
transition 2-sphere — 2-sphere




Vertex expansion

At 15t order Ln the vertex eXpa nsLown,
the "dL‘PDL&—dL‘PDL&" amplitude
Ls given by the spinfoam :

Boundary state peaked on boundary geowmetry large compared with the Planck length.
HoLomorPhLo bouwwlarg states VY, where ¢ >> 1 tn each Hy .

This can be computeot C)Q‘PLLOLtLZ)! BLancht, Rovelll, FV

22_|_(z/)2

Wil i— G v




Classical limit 1

At fixed (¢/,p’), the transition amplitude W is peaked on the
following values of (c,p)

wWork in progress 11

The peaks correspond to the (seml) classteal ’cmjeo’cories




Classical limit 2 2 = ac+ifp

This resulting amplitude happens to satisfy an equation

A d et 3
= 8rG(4afy)

H( Wz, z > e —Q)QW(Z/,Z):O.

2y E)

n terms of (c,p) variables: 5 3
-~ 8wG(4apb7)

5 (4iafcp — 2Ry =0

In the large p Limit and dividing by Vol ~ p*/? > 0 we have:

3
H = 2 -0
8m G2 vpe

This is precisely the hamiltonian constraint of a
homogeneous and isotropic cosmology.




Classical limit 2 2 = ac+ifp

This resulting amplitude happens to satisfy an equation

A d 3
H(z, YW (2, 2) =
(= dz)W(z %) 87 G (4a S5y

2 i 2)2 A 20

n terms of (c,p) variables: 5 3
-~ 8wG(4apb7)

5 (4iaBcp—2h) =0

In the large p Limit and dividing by Vol ~ p*/? > 0 we have:

3
H = 2 =0
L E e

This is precisely the hamiltonian constraint of a
homogeneous and isotropic cosmology.




Summary

It Ls possLbLe to compute quantum tra nsttlon ampLL’cuoles e)ch'w'LtLg

L suitable approximations: 1 graph expansion
2 Vvertex expansion

2 large volume expansion
The transition amplitude computed appears to give the correct

Friedmann d Yyna mies L the classieal Limtt.

Family of models opening a systematic way

- for desceribing the inhomogeneous d.o.f. in gquantum cosmology,
- for studying the fluctuations of quantum geometry at the bounce.

4. Light on LRC/LRG relation.




Work in progress

0 Lorentzian version
Cosmological Constant
Matter Blanchi, Magliaro, Marciand, Perint, Rovelll, FV...

work Ln progress 111

Further order Lw the vertex expa WSLOW

Mﬂl/\/a nooes; Mawg 6d@6$ (U(N) SLVWWLC’CY%) Borja, Dlaz-Polo, Garay, Livine.

, also to Ashtekar,
Relation to Loop uantum Cosmology campiglia, Henderson

SF expa WSLOW.

Compute gquantum corvections: does bounce scenario survives?

How do gquantum tnhomogeneous fluctuations
affect structure formation? and inflation? ... and more!




