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What is a clock?
1) Self-timing condition:

2) Continuity:

3) No tick-skipping:

4) Clockwork translation invariance:

is     independent for all

[M.W. Quantum 5, 381 (2021)]



What is a clock?
Dynamical semi-group representation:

The pair  satisfy 1) to 4), if and only if 
there exists a Hermitian operator       and linear operators                     

and                ; which are all time independent, such 
that for all           :

where                                   ,                                  ,  

[M.W. Quantum 5, 381 (2021)]



Examples:

1) Thermodynamic “heat-engine” clock

2) Ladder clock

3) Quasi-Ideal clock

[S. Stupar et.al, arXiv:1806.08812 (2018)]

[M.W. et al, PRX Quantum (2019) ]

[P. Erker et. al. PRX (2017) ]

[M.W. et al, Annales Henri Poincaré 
(2018)]

[A. Peres, AJP (1980)]

What is a clock?



• Delay function of 1st tick             : 

:= probability of not ticking in interval        
followed by ticking in time interval 

How well can a clock measure time?

• Accuracy of kth tick:                             For reset clocks: 

[P. Erker et. al. PRX (2017)] 



• Theorem (Optimal classical clock)

Complete classification of classical clocks

All     dimensional classical clocks satisfy 

-- Ladder clock is classical and:  

-- Thermodynamic “heat-engine” clock is quantum but

[M.W. et al, PRX Quantum (2019)]

• Definition: Classical clock: a quantum clock 
without coherence.
Ø .Classical clocks obey stochastic dynamics



Quantum clock Advantage

-Theorem: 

There exists parameters for the quasi-ideal 
clock such that 

as  

[M.W. et al, PRX Quantum (2019)]

[M.W. et al, Annales Henri Poincaré (2018)]

All quantum clocks have accuracy 

[Y. Yang et. al. ArXiv: 2004.07857 (2020)]-Theorem: 



Paper with Arman PT Dost:

What would be needed for an experimental realization?

1) Thermodynamic “heat-engine” clock
[P. Erker et. al. PRX (2017) ]

Why this matters:
• Is it physical? Are we cheating?
• What is the thermodynamic cost?

[Arman Dost and M.W., arXiv:2303.10029 (2023)]



What does Wall-E propose?



What does Wall-E propose?

A quantum clock emitting a 
photon into the void

A quantum photonic clock 



Is the quantum advantage achievable in low dimensions?

[Arman Dost and M.W., arXiv:2303.10029 (2023)]



What we need

• Recall Quasi-ideal clock:

Initial clockwork state
(Reset clock)



Register

Clockwork
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How to build a Quantum Clock with Quantum advantage?

Register

Clockwork
Ø Weak Coupling

‒ Born-Markov approximation                     :

Ø R.W.A.                   :

Light (bath)Matter



‒ Born-Markov approximation

‒ R.W.A.

‒ Phase engineering?

How to build a Quantum Clock with Quantum advantage?



The matter Hamiltonian: 

Charge=+1
flux loops

Ø Bottom ring states:

Ø Top ring state:

‒ Rotational symmetry:

‒ Spatial localization:

How to build a Quantum Clock with Quantum advantage?
[Arman Dost and M.W., arXiv:2303.10029 (2023)]

φ



‒ Rotational symmetry:

The matter Hamiltonian: 

Charge=+1
flux loops

‒ Spatial localization:

Ø Bottom ring states:

Ø Top ring state:

How to build a Quantum Clock with Quantum advantage?
[Arman Dost and M.W., arXiv:2303.10029 (2023)]
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The matter Hamiltonian: 

Charge=+1
flux loops

Ø What we get:

How to build a Quantum Clock with Quantum advantage?
[Arman Dost and M.W., arXiv:2303.10029 (2023)]
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The matter Hamiltonian: 

Charge=+1

Electron

flux loops
Ø What we get:

How to build a Quantum Clock with Quantum advantage?
[Arman Dost and M.W., arXiv:2303.10029 (2023)]
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The matter Hamiltonian: 

Charge=+1

Electron

flux loops
Ø What we get:

Ø C.f. what we want:

How to build a Quantum Clock with Quantum advantage?
[Arman Dost and M.W., arXiv:2303.10029 (2023)]

φ
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How to build a Quantum Clock with Quantum advantage?



How to construct 2 decay 
channels: 

flux loops

flux loops

How to build a Quantum Clock with Quantum advantage?



Entropy production per tick?

1) Thermodynamic “heat-engine” clock
[P. Erker et. al. PRX (2017) ]
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Entropy production per tick  ?

Entropy production per tick?



Entropy production per tick  ?

flux loops

flux loops

No



Entropy production per tick  ?

flux loops

flux loops

No

Minimal entropy per tick 
quadratically improved!



Ø Is	the	most	accurate	quantum	
clock	realizable?
• Weak coupling limit sufficient for 

quantum advantage
• Up to           only require 2 decay 

channels
• Discreate Fourier transform realizable 

with flux loops
• Quantum entropy advantage too
• Experimental implementation via 

superconducting qubits?
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