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𝜌𝑎 =
ℰ𝑎 𝜌

tr ℰ𝑎 𝜌

ℰ𝑎 𝑎

ℰ𝑎 is completely-positive trace-non-increasing
σ𝑎 ℰ𝑎 is completely-positive trace-preservingInstrument
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Minimal time to 
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When
system
thermalises …

𝜌 𝒟𝑡
ℎ

𝜌 = ℎ 𝑡 𝜌 + 1 − ℎ 𝑡 𝛾

ℎ is strictly decreasing, ℎ 0 = 1, lim
𝑡→∞

ℎ 𝑡 = 0

Thermalisation Model

Background
Temperature

𝑇

System 
Hamiltonian 

𝐻

𝛾 = 𝑒−𝐻/𝑘𝐵𝑇/tr 𝑒−𝐻/𝑘𝐵𝑇 is thermal state
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𝑡min
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A robustness measure
A semi-definite program (SDP)
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Score of a 
work extraction game

𝑡min ~𝑊

We can use energy extraction experiments 
to obtain time value 𝑡min
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ℎ 0 = 1, lim
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ℎ 𝑡 = 0Thermalisation Model

𝛾 =
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Details



PauliX ۧ|+ ۦ |+

ۧ|− ۦ |−

measure x-directional spin

𝕀

2

Flip a fair coin…

head

Technical 
Details



PauliZ ۧ|0 ۦ |0

ۧ|1 ۦ |1

measure z-directional spin

𝕀

2

Flip a fair coin…

tail

Technical 
Details



PauliX/Z
measure x/z-direction spin

𝕀

2

Flip a fair coin…

head/tail

𝒂

50% chance 𝑎 = spin up

50% chance 𝑎 = spin down

Technical 
Details



C.-Y. Hsieh, M. Gessner, arXiv:2403.18753

PauliX/Z
measure x/z-direction spin

𝕀

2

Flip a fair coin…

head/tail

𝒂

𝑎 = spin up/down

Work extraction task, extracting              energyIncompW

Technical 
Details



C.-Y. Hsieh, M. Gessner, arXiv:2403.18753
C.-Y. Hsieh, S.-L. Chen, Phys. Rev. Lett. 133, 170401 (2024)
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Details
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PauliX/Z
measure x/z-direction spin

𝕀/2head/tail

𝒂

𝑎 = spin up/down

Work extraction task, extracting              energy

compW highest extractible energy from 
compatible measurements

Technical 
Details

compW

IncompW

IncompW >
Advantage in 

extracting energy!
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