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Motivation

® Extensive analytical and numerical methods in LQC: valuable insights
on singularity resolution in symmetry reduced models. Big Bang
replaced by Big Bounce. Non-local character of curvature leads to
repulsive QG effects at Planck scale = significant departures from
classical dynamics. At low curvatures: LQC — GR
(Ashtekar, Pawlowski, PS (06-) + Vandersloot (07)).
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® Extensive analytical and numerical methods in LQC: valuable insights
on singularity resolution in symmetry reduced models. Big Bang
replaced by Big Bounce. Non-local character of curvature leads to
repulsive QG effects at Planck scale = significant departures from
classical dynamics. At low curvatures: LQC — GR
(Ashtekar, Pawlowski, PS (06-) + Vandersloot (07)).

® [esson: Many mathematical possibilities (different discretizations or
refinements), however very little choice for correct Physics (uniform
discretization in V).

® Various open questions:

# Is bounce restricted only to the states which are semi-classical at
late times? How do quantum properties of state change the
picture? What happens to the fluctuations in general? ojowalds Talk, role

of underlying assumptions)

# What happens to the singularity resolution when “area gap goes to
zero”? Does LQC approach WDW in this limit?

# Does a continuum limit of LQC exist when area gap — 0? Or is
LQC a fundamentally discrete theory?

Loops 07, Morelia — p.2



Outline

® A very short introduction of LQC

9 Slmphfled LQC (SLQC) (contrast to Bojowald’s model) and WDW in b
representation

#® Volume observable and its fluctuations (for arbitrary states)
Comparison of SLQC and WDW

® I[ssues of limit

°
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LQC: A Very Brief Introduction

® Gravitational + Matter Constraint (Massless Scalar)

Eaz’Ebj P2
b+ 81— = 0

—’)/_2‘/d3513 Eijk Fab
% V| det E| 2\/| det E|
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® Gravitational + Matter Constraint (Massless Scalar)

Eai [ P2

-2 3 k @

— d°x €;; Fy, + 8nG =0
! /v e Jdet B| 2,/ det E|

#® Homogeneity and Isotropy imply
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a

® Kinematics: Hy;p, = LQ(RBohra dltBohr)

® Quantum constraint:  (sin(Ab)A sin(Ab) + KB(V)P(?)w(V, ) =0
b:=c/|p|’?, {b,v} =2, v=V/2rv3), 2= Area Gap.
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#® Homogeneity and Isotropy imply

Ai — G E@a — D, {Cvp} — SWG’Y/S

a

® Kinematics: Hy;p, = LQ(RBohra dltBohr)

® Quantum constraint:  (sin(Ab)A sin(Ab) + KB(V)P(?)w(V, ) =0
b:=c/|p|’?, {b,v} =2, v=V/2rv3), 2= Area Gap.

bu(v) = ~202(v), expiAb/2(v) = (v + N

® Forv >1,A(v) =1and B(rv) — 1/|v|. States corresponding to a large
classical universe at late times do not see v < 1.
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Simplified LQC

#® Quantum Constraint in b representation:

sin(Ab) 0 sin(Ab) 9

O(b)x(b,¢) = —127G Y DY

(b7 gb) - 8?5 X(b7 qb)
¢ plays role of internal time. © is positive definite self adjoint operator.

Hilbert space can be constructed following Klein-Gordon theory
(Positive frequency solutions).
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Simplified LQC

#® Quantum Constraint in b representation:

sin(Ab) 0 sin(Ab) 9

O(b)x(b,¢) = —127G Y DY

(b7 gb) - a?b X(ba gb)

¢ plays role of internal time. © is positive definite self adjoint operator.

Hilbert space can be constructed following Klein-Gordon theory
(Positive frequency solutions).

® Physical Inner product:
(6 gy = [ (B0

® Dirac Observables: P,, V|,
® Introduce x := (127TG)_1/2 log(tan(Ab/2)) = 8; X = 0%y
General solution:
X=X+(@+2)+x-(¢d—2):=xs(zs)+ x_(2_)

® Physical states anti-symmetric in b: x(b, ¢) = —x(b — 7/2, ¢). Imposes
relation between x4 and y_
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Wheeler-DeWitt Theory

® Quantum constraint in b representation:

o . 0

® Asin SLQC, we have an internal clock, Physical inner product and
Dirac Obsevables.

® Introduce
y = (120G) "2 log (b/2b,)

x (0. y) = Opx(d,y)

® General solution:

X=X+ +y) +x-(0—y) = x+ys+) +x-(y-)

® Unlike SLQC, x4 (expanding) and x_ (contracting) are disjoint.
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Volume observable in WDW

(X7 qub X)phy — 27—‘-76% (ﬁX7ﬁX)kin
o) 2
_ 1676% / dy_|_ dX—l— 6\/127TG(¢—y+)
VI12rGb2 J s dy.
_ Vo eV 127G .

® As¢ — —o0, (V|g) — 0. The backward evolution leads to the big bang
singularity.

® Fluctuations:

(X V216 X)phy = Wo e*¥1276

((AV|¢0)/<V’¢0>)2 — (WO/%)2 —1.

Remains constant with evolution.
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Volume observable in SLQC

2

~ 8VLEN?2 > dx i+ —
(X7 V|¢ X)phy — m dCIZ_|_ T—I— COSh( 127TG($_|_ o ¢))

2

N /_ T e cosh(V127G(—z_ + )

Il 6—\/127TG¢ 4+ 12 eV 127G

dy _
dx_

® There exists a minimum value of (V|(4=¢,)) Which occurs at

¢B — (2\/ 127TG)_1 log(ll/lg)
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Volume observable in SLQC

. 8VLEN?2 > dx+ | NibTTe
(X7V|¢ X)phy — m d.flf_|_ T—I— COSh( 127TG($_|_ _¢))

2

cosh(V121G(—xz_ + ¢))

dy _
dx_

—|—/ dx_

_ Il e~V 127G 4+ 12 eV 127G

® There exists a minimum value of (V|(4=¢,)) Which occurs at

¢B — (2\/ 127TG)_1 log(ll/lg)

® (V|,) is symmetric around the bounce point.

® Fluctuations:

(6 V2o X)phy = Jo + Jy e~ 2V127G6 g, (2V127GCo

® Relative dispersion bounded in time evolution. A single condition on
2
the infinite dimensional space of initial data: J; = % Jo implies
2

symmetric fluctuations around bounce point and equality of
asymptotic values. Loops 07, Morelia - p.3



Comparison between WDW and SLQC

® For a fixed value of A select ¥ (b). Initially, for ¢ =0

(V)a(¢=0) = (V)wpw(¢ =0) = Vb

Difference between expectation values:

Vywow(6) — (VIx(@) = (Vo — L) eV127CG ¢ _ [, ¢~ V121G 9

Relative difference: bounded in future evolution

[(V)wpw (®) — (VIA@)]/(V)wpw(¢) < 6&:=1I1/Vp (very small)
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Comparison between WDW and SLQC

® For a fixed value of A select ¥ (b). Initially, for ¢ =0

(V)a(¢=0) = (V)wpw(¢ =0) = Vb

Difference between expectation values:

Vywow(6) — (VIx(@) = (Vo — L) eV127CG ¢ _ [, ¢~ V121G 9

Relative difference: bounded in future evolution

{(Vywpw () — (VIA(@)/(V)wpw(¢) < 6:=11/V; (very small)
® Foragiven ¢r and € > 0, 3 A 7y > 0 such that,

[(V)ywpw(6) = (V)a(9)] < e
® For any N > 0 (arbitrarily large) 3 ¢ such that

|<‘7>WDW(¢)— <‘7>A(¢)| > N

Loops 07, Morelia — p.9



Fundamental discreteness of SLQC

® Start with an arbitrary ),, refine the area gap (A, — ).

For A < A\, xi € H», under embedding x; € H.

A2

Under renormalization x> := /A, /A x>, X% = x|
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Fundamental discreteness of SLQC

® Start with an arbitrary ),, refine the area gap (A, — ).
For A < A\, xi € H», under embedding x; € H.

Under renormalization x> := /A, /A x>, X% = x|
® Initial data: At ¢ = ¢;, x; and X?O give same (V}

® Refinementin A = x) # x5, = 11 2(N\) # 11 2(N\s). I2(A) is a monotonic
decreasing function. As A — 0, I2(\) grows.

® Consequence: In the backward evolution of an expanding branch
(V)a, = (V) = (T2(Xo) = Ia(A))e™V127E¢
which diverges as ¢ — —oo.

op = (2v12rG) " tlog(l /1) — —oco as X — 0.

® Uniform limit does not exist. Contrast with results on Harmonic
Oscillator (Corichi, Vukasinac, Zapata (07)).
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Summary

® Without assuming semi-classicality at any level we presented analysis
of arbitrary states in SLQC and WDW. Full analytical control to make
predictions from the quantum theory.

® Bounce not restricted to states which are semi-classical at late times.
There is a pre-big bang branch for a dense subspace of H,py. Only one
condition on the infinite dimensional space of initial data leads to
symmetric fluctuations across the bounce point.

® SLQC and WDW approach GR at low curvatures. At large curvatures
they depart significantly.

® In the backward evolution of the expanding branch for any given
fixed time interval, SLQC and WDW agree to arbitrary accuracy by a
choice of A\. However, for any given choice of ), they diverge if one
waits long enough.

® There is no limiting theory of SLQC when A — 0. Two different A
SLQC’s depart in a similar way as they do from WDW. SLQC is a

fundamentally discrete theory.
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