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The quantum

● In 1987, Pedro returns to Madrid 
after a year at DAMTP, 
Cambridge. 

● Since 1975, he was permanent at 
the Instituto de Óptica, CSIC. 

● I was working on chaos in dye 
lasers. After a brief meeting, he 
became my thesis supervisor, 
forming a new group on GR and 
Quantum Cosmology. 



  

Absolute beginners

● In this quantum trek, the first 
contact was made with:

The Wavefunction of the 
Universe

Interpretation

Boundary conditions: Hartle-
Hawking, Linde & Vilenkin...

Origin of structures in cosmology 
(vacuum and matter?) 



  

Dimensions

Aimed at constructing a 
generalized wavefunction of 
the Universe and studying its 
perturbations.

With an eye on the role 
played by multidimensions in 
regularization, inflation and 
the origin of matter.

Related with modified gravity.

● We started work in multidimensional cosmology:
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And some crazy ideas...

● Does matter originate
from extra dimensions?

● Is classicality due to 
compactification?

● Is  Euclidean Quantum 
Gravity intimately related 
to multidimensionality?

● Is real time an artifact of 
compactification?

Dimensions, perturbations, 
and decoherence.
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Wormholes

● They provide connections between spacetime points that affect:

 Topology
 Locality
 Causality

● They modify the interactions of Low-energy Fields.

● They may play
an important role 
in Regularization.



  

Gμ ν=−8πT μ ν

Closed Timelike 
Curves (CTCs)



  

Baby universes

They modify the interactions of Low-energy Fields.

Hawking proposed a Hilbert space framework for them.

Multiverse scenarios?



  

● A cosmological measure would provide 
a robust basis to many interpretational 
issues in cosmology. 

● Otherwise, results seem to depend on representations.

Wavefunction

Probability?

● Can we define the wavefunction of the Universe in the 
associated Hilbert space?

Cosmological 
measure in QG

Ψ(a) f (a)Ψ(a)

∣Ψ(a)∣
2 da ∣ f (a)∣

2
∣Ψ(a)∣

2 da
?
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● Constraints and integrability in 
GR

● Canonical quantization of GR

● Effective descriptions of 
low-energy fields

● Spacetimes of interest in GR
● Achronal and superluminal 

systems

● Observables effects of 
wormholes in astrophysics

● Topological defects...

The group: research interests in 2001



  

Emergent interests 
in 2001

● Cosmological fields and acceleration
● “Predictions for the CMB”

● “Quantization of field models 
and integrable systems”

● Brane-worlds
● Gravity and Quantum Mechanics. 

Holography

● Minimal length in QG...



  

Future research lines
as in 2001

● Predictions for precision cosmology

● Microscopic structure of spacetime.
   Information and entanglement

● Gravity and QM 

● Macroscopic violations of the 
  chronology protection conjecture

● Gravitational analogs in the lab

● Gravity and biology in the lab
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● Loop QG is a nonperturbative
canonical quantization of GR,
in principle in four dimensions.

● The emphasis is shifted to connections.

● One starts with a canonical pair formed by a densitized triad and 
an [su(2)] connection:

● With these, one defines holonomies on loops and fluxes of 
the triad through surfaces. This introduces nonlocalities.

E i
a , Aa

i
=Γ(E )+γ K a

i .

Nonperturbative QG

Immirzi parameter

Lifes goes on...



  

● The application to flat homogeneous and isotropic cosmology uses 
variables           constructed from the scale factor and its momentum:

● As matter content, we will consider a
scalar field subject to a potential

● Wavefunctions     satisfy a constraint 
like the Wheeler-De Witt equation.

● The “evolution is discrete  and super-
selects” semilattices in the volume.

LQC

(a ,πa) → a3
=2πG γ√Δg ∣v∣, a πa=−

3
2

v b .

Area gap

(v , b)

V (ϕ).

Ψ



  

● Each superselection sector is endowed with a Hilbert space stucture.

● There are solutions to the constraint with “semiclassical” properties.
They are well peaked on trajectories that:

Avoid the Big Bang.

Follow an effective 
dynamics,  generated by

Modification from GR

LQC

H 0
eff =

1
4πG γ√Δ g v

×

[πϕ
2
−3πG v2 sin2 b+8π

2 G2
γ

2
Δg v2 V (ϕ)] .

v



  

Hybrid LQC

● We introduce perturbations both in the 
geometry and the inflaton. 

● We take toroidal sections and expand  
the  perturbations  in  modes, using 
spatial, vector, and tensor harmonics.

● We truncate the action at quadratic perturbative order  
(like Halliwell and Hawking).

● We treat LQC and inflaton zero-modes exactly at this order (like H&H).

● The total system is canonical and constrained (like H&H).



  

● There are linear perturbative constraints.

      Only perturbative GAUGE INVARIANTS are physical: 
Mukhanov-Sasaki scalar + tensor perturbations.

● Starting with these invariants and the perturbative constraints, one can 
form a canonical set of variables that includes corrected zero-modes.

● The  Hamiltonian  constraint  has
also a zero-mode.

● This constraint  is the homogeneous 
one plus the Mukhanov-Sasaki and
tensor Hamiltonians.

Hybrid LQC



  

● To solve this constraint, we adopt separation of variables. 

One of the partial wavefunctions represents the homogeneous and
isotropic Universe.

● The  partial  wavefunctions  of  the  gauge  invariant  perturbations 
may also depend on the inflaton, that becomes an internal time. 

● We could also take the volume as time.
This would lead to a discrete evolution,  
with generically nonlocal data.

v

Superselection sectors

Physical states



  

LQC mining

● The  LQC expectation value of the 
constraint  provides  all   important 
information if no relevant transition 
on  the homogeneous geometry  is 
mediated by the perturbations.

● This gives a master constraint equation for the “WOLFs”. 

● Classical functions of the cosmological background are replaced by 
expectation values of geometric LQC operators.

● The sum of the Hamiltonians of the perturbations equals a 
backreaction contribution, dependent on the inflaton. 



  

● Candidates for the partial wavefunction of the Universe  are states 
peaked on effective LQC trajectories, such that:

Involve negligible backreaction. 
Have semiclassical behavior at large volumes.
Avoid the Big Bang in a well-defined physical 
way.
Present a Big Bounce.

● The expectation values of LQC operators noticed by the perturbations 
become functions on effective trajectories.

● This affects the propagation equations, but not the dispersion relations.

LQC mining



  

● Background cosmology:

Solves the effective constraint. 
At the bounce, it is determined 
by    
For a quadratic potential, the 
only parameter is the mass 

Initial data

ϕB .

m .

Typical solution of interest

k    : wavenumber of the perturbation mode.

H    : Hubble parameter.                                

    : kinetic energy of the inflaton.           ρkin

ρ=ρkin+V ≤ρBounce



  

● Quantum vacuum of the fields!!

● Fixing the vacuum is equivalent to select a complete family of 
complex field solutions, determined by their initial conditions.

● A frequent choice is given by adiabatic states.

● But their primordial power 
spectrum reveals tensions
with the CMB. 

Initial data



  

● New proposal: 
(Martín-deBlas & Olmedo)

State   that   minimizes  
the power coming from 
oscillations (namely, the
integrated absolute value  
of the time derivative of  
the square amplitude):
non-oscillatory vacuum.

● Non-local proposal.

The vacuum

Angular power spectrum for the CMB



  

● We understand better the habitat 
of the WOLFs. But the choice of 
vacuum  is still an open question 
of profond consequences.

● Issues like non-Gaussianities, 
gravitational waves, quasinormal 
modes... are on the horizon and 
howling.

● We do not know yet the wavefunction of the Universe, but we have 
more mathematical tools (functional analysis, Hilbert space structures, 
representation theory...), phenomenological input, and semiclassical 
intuition to face the challenge.
.

Further considerations
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Conclusions?Conclusions?

This talk has no conclusions.  And since when This talk has no conclusions.  And since when 

I  prepared  it  I had no  other  intention than I  prepared  it  I had no  other  intention than 

planting   in   the  devoted  audience   certain planting   in   the  devoted  audience   certain 

germs    of   reflection   and,  above   all,    of germs    of   reflection   and,  above   all,    of 

relaxation and fun, I will content myself with relaxation and fun, I will content myself with 

having managed to cover, even if only in part, having managed to cover, even if only in part, 

these  objectives,  after  so  many  and  many these  objectives,  after  so  many  and  many 

formulas,  graphs and subtle reasonings as in formulas,  graphs and subtle reasonings as in 

these  talks  are  often  used in  this  primitive these  talks  are  often  used in  this  primitive 

and  obscure  period  of   the  history of civili-and  obscure  period  of   the  history of civili-

zations.zations.

2004



  

QC People
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