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1. Background and Motivation

• Two-way trade-off relation in the nonequilibrium thermodynamics
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Target of thermal operations in this talk

• Examples of important thermal operations

(2) Cooling to the ground state

      preparing for an initial state

Third law

Levy, Alicki, Kosloff, PRE (2012) 
Massanes, Oppenheim, Nat.Comm(2017)

(3) Copying process Maxwell-demon
Sagawa, Ueda, PRL  (2008) 

(1) Bit erasure Landauer principle
Proesmans, Ehrich, Bechhoefer PRL (2020)
Miller, Guarnieri, Mitchison, Goold, PRL (2020)

Vu, KS, PRL (2022)
Rolandi, Perarnau-Llobet, Quantum (2023)

(4) Proofreading Hopfield、PNAS (1974)

Rao, Peliti, JSMech (2015)

Chiuchiu, Mondal, Pigolotti, NJP (2023)
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Common aspects in important thermal operations

(2) Operation time must be finite

• Common aspects

state
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ty cooling
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bit erasure

. . . 1 0 1 0 0 1 1 . . .

. . . 0 0 0 0 0 0 0 . . .

proofreading

 ``Some states are set to zero probabilities”
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• What are required
(1) Operation must be accurate

(3) But small (thermodynamic) cost is desired
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2. Separated states

• Three-way trade-off relations for making the separate states?
Time

(Thermodynamic) Cost

Error
?

• One remark on the definition: supports are never reduced
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Stochastic thermodynamics

• Quantum dynamics: the GKSL equation, System+Bath

• Crucial quantities

2. Activity:
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3. Main results: 

    three-way trade-off relation for separated states

• Error: evaluated though the prob. of undesired states
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• Time-cost-error trade-off relation 

• Cost: thermodynamic cost
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Numerical demonstrations

• Cooling
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Numerical demonstrations

Randomly generated
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Remark on the connection to the Third law

• The third law consists of the two
(1) Heat theorem: 

(2) Unattainability theorem
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Ground state
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Separated states (with errors)
Thermodynamic cost
Any operation time
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The cooling case: Effective temperature
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Quantum extension: cooling case

• Pure quantum evolution: System+finite Bath
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• GKLS dynamics: Essentially the same inequality is derived
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