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TIME PROBLEM IN PHYSICS

GR is diffeomorphism invariant, thus the free choice 
of internal time variable has no physical consequence.

 Upon passing to quantum theory, however, different choices of internal time 
variables are known to produce unitarily in equivalent quantum models. 

The problem of finding the correct interpretation of these non-equivalent models 
is commonly known as the time problem.



  

CLOCK TRANSFORMATIONS

Hamiltonian constraint

Assume      varies monotonically with the evolution 
generated by the constraint

we can assign to it the role of the internal clock
in which the evolution of the remaining variables occurs

The dynamics reads

Let s call’



  

CLOCK TRANSFORMATIONS

We can define a new clock  as function 
of the old clock and the old canonical 

variables

There must exist an invertible map between the 
old and the new variables. 
 We find a complete set of canonical constants 
of motion, denoted by

KEY FORMULA



  

CANONICAL MODEL OF PRIMORDIAL SPACETIME

Flat Friedmann universe filled with radiation and perturbed by gravitational waves

Expansion of the gravitational constraint up to second order

Hamiltonian in reduced 
phase space



  

CANONICAL MODEL OF PRIMORDIAL SPACETIME

Flat Friedmann universe filled with radiation and perturbed by gravitational waves

Expansion of the gravitational constraint up to second order

Derivatives with respect 
to conformal time 
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Zeroth order
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CANONICAL MODEL OF PRIMORDIAL SPACETIME

We find the constants of motion that form canonical pairs

Zeroth order

First order

They form canonical pairs



  

Clock transformation

Delay function

1) The clock must move forward 2) Preserves the ranges of the background
variables

CANONICAL MODEL OF PRIMORDIAL SPACETIME



  

The Dirac observables are invariant under the clock transformation

The two frameworks generate the same physical dynamics of the system

CANONICAL MODEL OF PRIMORDIAL SPACETIME

Thus dynamical varaibles are not invariant, i.e.



  

QUANTIZATION AND SEMI-CLASSICAL APPROXIMATION

Semi-classical background 
Hamiltonian

Hamilton equationsPhysical perturbation 
Hamiltonian 



  

QUANTIZATION AND SEMI-CLASSICAL APPROXIMATION

Quantization of the perturbation

Equation of motion in Heisenberg picture



  

RESULTS
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CONCLUSIONS

The expectation value of the dynamical variables is invariant under clock transformations 
away from the bounce where the behavior of the expectation values becomes classical.
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CONCLUSIONS

The expectation value of the dynamical variables is invariant under clock transformations 
away from the bounce where the behavior of the expectation values becomes classical.

For asymptotically large universes the dynamical predictions of quantum gravity do not 
depend on the clock



  

THANK YOU
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DELAY FUNCTIONS



  

RESULTS



  

CLOCK TRANSFORMATIONS

Hamiltonian constraint

Assume      varies monotonically with the evolution 
generated by the constraint

we can assign to it the role of the internal clock
in which the evolution of the remaining variables occurs

Reduced Hamiltonian formalism The dynamics reads

Hamiltonian constraint
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