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How to perform unitaries with Quantum Clocks?

* Control in Macro. thermodynamics: L " =

e Control in Q. thermodynamics:
Ps — UpSUJr where [J — e—iﬁ(t)

e Are there hidden costs?

- RT based on U:
- AS=0
- AE=0

- Model explicitly control unit:

~

Psc(t) _ e—itHscpS R De ez’tHSC

- Therefore let p. be a quantum clock




What 1s an Idealised Quantum Clock?

 Idealised Clocks: how they work
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Not a useful clock yet!
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What 1s an Idealised Quantum Clock?

 Idealised Clocks: how they work

~ ~

H.=P+V(i.) V:R-R

(2 9(0) = (o~ ¥ @) exp (~1 [ dr Vi)

o—t

IXECH RV

 Zero clock back-reaction, zero error. This in an artefact of infinite energy




What 1s an Idealised Quantum Clock?

- How to make a process autonomous

 Construct t-independent:

~

Hye =1, @ pe+ HI™ (&e).
* Initial System-Clock state:

2t =0)).. = [ dev(@)lo).@ o),
* Solution:

|D(t)),,. = fR dri(z —1t)|z), ® |:€_if:f—t ﬁint(aﬂ’)dw’} 6,

«E.g. if ¥(x,0)=4d(x,0)
B(1)), = e~ o HENd" 14y — (1) |g),




History of Idealised Quantum Clocks

- Time in Quantum Mechanics

* W. Pauli: does there exist a perfect clock in Q.M. ? A self- adjomt operator t and a
Hamiltonian H s.t. in the Heisenberg pic, dt / dt =17

No, since only solution

te=2, H.=P

- Thermodynamics with Idealized Clocks
* Clock-driven Thermal engines:
[A. Malabarba, A. J. Short, P. Kammerlander, NJP (2015)]

Proves that the 2" law holds in an autonomous setting with }A[C = ]5

* Catalytic Coherences: [J. Abert, PRL (2014)]

Proves that Q. coherences in energy are catalytic when one has access to a
battery. U
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Problems with Idealised Quantum clocks

-Infinite energy approximation disguises true costs

* They never degrade: i.e. zero back reaction on the clocks
e Can Perform any unitry instantaneously with zero error
* Have infinite capacity to embezzle work

* Can tell the time perfectly for ever




Finite clocks

* Salecker-Wigner & Peres Clocks [1]
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* Salecker-Wigner & Peres Clocks [1]
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Angle States are not good Quantum Clocks

e Commutator:

-Recall Idealised Clock: ﬁc = I, t. = p. Therefore [ﬁc, fc] =1

-Angle States: t. = Z K |0k X0k |
k —
o ]

noNn -2eAo

10r)




Gaussian amplitude Quantum Clocks R

d—1
* Keep finite Hamiltonian: H =) " nw|n)(n]|,

n=0
* Replace initial angle state:

Width of mean position ,| Mean position
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Gaussian amplitude Quantum Clocks
d—1
* Keep finite Hamiltonian: H =) " nw|n)(n]|,
n=0
* Replace initial angle state:
Width of mean position | ,| Mean position
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around ko

-Analytic continuation:
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(0r|¥ (ko)) = "wave function”
A
Y(ko; ) = Analytic continuation
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First Result: dynamic localisation
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First Result: dynamic localisation

-Recall idealised clock:
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2nd Result Commutation:

-Recall discrete time operator:

[He, 2] | (ko)) = i | (ko))

-c.f. angle states
(Ok| [He, ] |0k) = 0

-c.f. idealised clock

[P, 3] | W (ko)) = i|¥(ko))

= k|6 )0k|
k

+le)

le)ll2 < poly(d) e”

N




Main Result

—Define Potential

27 k
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Main Result

-Proof: Similar to before just MUCH more complicated
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Thermodynamic Consequences
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Conclusion and Outlook  ArXiv 1607.04591

- Unitary operations are a basic building block in Q. thermodynamics.
- Thermal engines (e.g. many talks)
- Fluctuations relations
- 2" Jaws of Quantum thermodynamics [Brandao et. al. PNAS (2015)]

- Cost (of unitary implementation & clock backreaction) is exponentially
small in clock energy and dimension.




