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Time is perhaps the most enigmatic concept in physics [1]. Indeed, we still lack an acceptable
explanation for the observed preferred direction of time, and a universally-accepted quantum
treatment of time as an observable [2 - 4].

The recently introduced Quantum Theory of Time (QTT) [5] describes the evolution of
a quantum state over time as a variable, undergoing virtual displacement, with translations
generated by the Hamiltonian. The theory attributes the differences between the spatial and
temporal dimensions to the violation of the time reversal symmetry, known as T-violation. If
there is no T-violation present, the spatially-averaged time is fixed at one value and so there
is no time evolution. However, with T-violation in the system, time is represented as fluc-
tuating at every point in space about a spatially-averaged time that corresponds to the usual
time evolution. Although QTT describes the change in the state of clock, it has not yet been
applied directly to an operator that represents observable time, i.e. clock-time. The aim of this
work is to investigate how the expectation value of a clock-time observable changes in time
and determine the expected statistics of a clock, within QTT.

For consistency with QTT, any time observable needs to have a canonically conjugate re-
lationship with the Hamiltonian, due to the fact that the Hamiltonian is the generator of trans-
lations in time. We examine the complement of the Hamiltonian, Pegg’s Age operator [4], as a
basis for defining the time observable. In QTT, a clock is represented as a composite system en-
tangled with a T-violating background field. Pegg defined the Age to represent time associated
with changes in an arbitrary system. Age can be utilised in QTT to define the time associ-
ated with a clock-time observable. Here we apply the Age operator to explore the time-energy
uncertainty relation for clock-time and the potential correlation of clock-time with temporal
fluctuations in the T-violating background field. We further examine the relationship of the
observable to conventional studies of time in quantum mechanics such as the time associated
with flight measurement [6].

This work was supported by Griffith University’s Centre for Quantum Dynamics

[1] C. Rovelli, The Order of Time, Penguin Books Limited (2017).
[2] A. S. Eddington, The Nature of the Physical World, 276-81, Nature 137, 255 (1927).
[3] W. Pauli,Die allgemeinen prinzipien der wellenmechanik, Springer, Berlin, p.84, 190 (1990).
[4] D.T. Pegg,Complement of the Hamiltonian, Phys. Rev. A. 58. 10.1103/PhysRevA.58.4307

(1998).
[5] J. A. Vaccaro, Quantum asymmetry between time and space, Proc. R. Soc. A. 472, 2185

(2016).
[6] D.J. Lum, Ultrafast time-of-flight 3D LiDAR, Nat. Photonics 14, 2–4 (2020).


