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amplitudes

... and some preliminary
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Time?

Time in quantum mechanics:

a classical system!

it indicates what is shown 
on the clock on the lab wall.

BUT... classical systems don't exist

a classical parameter in the Schroedinger eq.

in a consistent theory of quantum mechanics
(they're just a limiting situation)
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Quantum Time

define: Time is 
“what is shown on a clock”

then use a quantum system as 
a clock 

e.g. a quantum particle on a line
(or any other quantum system)

eigenbasis



  

Time and entanglement

Time arises as correlations 
between the system and the clock
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The PWAK mechanism

Page and Wootters [PRD 27,2885 (1983)]
Aharonov and Kaufherr [PRD 30, 368 (1984)]

system Hilbert spacetime Hilbert space

constraint operator:

all physical states satisfy the constraint:

bipartite state on 

clock “momentum” 

system Hamiltonian

WdW 
eq.

This means that for physical 
states the Hamiltonian is the 
generator of time translations
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How does conventional qm fit in?

The conventional state: from conditioning 

● to the time being t:

● to the energy being w:

“position” representation=Schr eq.

“momentum” representation=time indep. Schr eq.

( )

( )



  

conventional qm arises in this 
framework through conditioning.

what I've been saying is that
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conditioning?
All pure solutions to the WdW eq.

are of the form:

which means that the conventional state of the 
system at time t

is a conditioned state: the state given that 
the time was t
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time quantization

 a quantization of time

time is here a quantum degree of freedom 
(with its Hilbert space) and can be entangled

this does not necessarily imply that time is discrete!!
(it's a continuous quantum degree of 
freedom with the choice                          )  

Other choices are possible!!
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Experimental realization 1 
(collaboration with the INRIM group)

Discrete time: clock=
polarization of photon



  

Experimental realization 2 
(collaboration with the INRIM group)

Continuous time case: the clock 
is a continuous d.o.f. (position of 
the photon)
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TOWARDS quantum spacetime

can we do the same for space? 

up to now         quantum time

YES!!YES!!
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 state of the system given that the clock shows t

conventional QM:

 state of the system given that the rod shows z

“vertical” QM:

Quantum spacetime

 use quantum rods and clocksquantum rods and clocks

z is not a property of the system, but of the rod (just like t is not a property of the system)
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We've seen how to use quantum clocks.

now use a similar trick for 
quantum rods!

However, the spatial state MUST
contain the quantum clock!

A particle can be in the same place at different times, 
but it cannot be in different places at the same time!
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Why is time treated differently?

GR 

QM          

events

systems (finite spatial extent, infinite time extent)

the construction presented here is a “sort” of QM for events: 

events

by adding a clock for 
localizing events

(finite spatial extent, finite time extent)

We add a clock in the vertical Hilbert space, but we don't need to add a rod 
in the conventional state: why?



  

Same idea as before: introduce a 
constraint (WdW eq), and use 

conditional probabilities!

Quantum space.
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1. WdW equation for momentum: 

2. Solutions: 

momentum of the reference r “momentum” of the rest of the system

position eigst of the reference momentum eigst of the reference

conditioned states of the rest:

(see also [C. Piron])

 state of the system given that the rod shows z
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3. spacetime: require both WdW equations 

Joint eigenvector  (it exists?)

Normalization:



  

Conditional states both for space and time!

space  conditioning

time
conditioning
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Comparison to Stuekelberg's qm

prob. ampl. to find a particle in spacetime position x,y,z,t.

prob. ampl. to find a particle at x,y and 
time t given that the screen is at z

prob. ampl. to find a particle at x,y,z
 given that the time is t

Conditional prob. 
ampl.
time (or space) are 
properties of an 
EXTERNAL system 
(clock or ruler), not 
INTERNAL

(good only for qft?)
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This spacetime is nonrelativistic!

We considered separately space and time
(as independent degrees of freedom)

Relativistic case? 

work in progress
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time quantizations
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Pauli: “time cannot be quantized, because a 
time operator that is a generator of energy 
translations implies that the energy is un-
bounded (also from below)” 

i.e.

... but wait!! In our case we have

only the clock energy (momentum) must have infinite spectrum 

(obvious if we want it to take all values on a line). 

NOT the system Hamiltonian      !!! can be 
anything
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In other words, the Pauli argument fails in our 
case because the energy-time connection is 
not enforced dynamically as

but as a constraint on the physical states 
through a WdW eq:

indeed 

they act on different Hilbert spaces
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The Peres argument

Peres argument: “if energy generates time 
translations and momentum generates position 
translations, then the Hamiltonian and the 
momentum operator should commute always”

● in conventional qm, time is not a dynamical 
variable      no problem. 

● in our case, time is  a dynamical variable, but 
its translations are NOT generated by
(but by    ) 

(not intended as a criticism against quantization of time)
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What did I say?!?

● Time as a quantum degree of freedom

● The conventional formulation: conditioning

● Towards q spacetime

● Pauli objections and others..

 



  

Take home message

A quantization of 
spacetime based on 

conditional probability 
amplitudes

Lorenzo Maccone
maccone@unipv.it

quantum time:

PRD 92, 045033
Pauli objection:

Found.Phys 47,1597
experiment:
PRA 89, 052122
PRD 96, 102005
q spacetime: work in progress!
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