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Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Step Quantum Heat Engine

Ht = H0 + Vt

H0 = HS + HH + HC + HB

Vt =
∑N

k=1[λ
(k)
H (t) V

(k)
SH + λ

(k)
C (t) V

(k)
SC + λ

(k)
B (t)V

(k)
SB ]

ρ→ UρU†

∗Skrzypczyk et al., Nat. Commun. 5, 4185
Alhambra et al. PRX 6, 041017

Quantum Step Heat Engine

1 Step operations, e.g.
U = UBUHUBUH . . . or UCUBUH

2 Energy conservation
[UX ,HS + HX ] = 0

3 Translational symmetry∗

[UB , Γε] = 0

4 Heat baths and diagonal states
τA = 1

ZA
e−βAHA

5 Cyclic working body (qubit)
TrH,C ,B [ρ] = TrH,C ,B [UρU†]

M.  Lobejko (IFTiA UG) Kraków, 2019 2 / 6



Single heat bath - work extraction

Heat Q = Tr[HH(ρ− UρU†)]

Work W = Tr[HB(UρU† − ρ)]

∗Allahverdyan et al., EPL 67, 565–571
†Horodecki et al., Nat. Commun. 4, 2059

Working body state functions

Ergotropy∗ R(ρ) = max
(
Tr[H(ρ− UρU†)]

)
Passive energy P(ρ) = Tr[Hρ]− R(ρ)

Entropy S(ρ) = −Tr[ρ log ρ]

Free energy F (ρ) = Tr[Hρ]− TS(ρ)

Ergotropy storing UB

W ≤ −∆RS

Ergotropy extraction UH

∆RS ≤ 2(ω − ε)e−βHω − ω
∆PS ≥ (ω − ε)(1− e−βHω)

(thermal operations†)

Clausius inequality
Q < T∆SS irreversibility!

and Second Law, W < −∆FS
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Two heat baths - heat engine

Hot bath is used to ergotropy extraction.

Battery is used to ergotropy storage.

Cold bath is used to releasing passive energy.

Maximal efficiency:

η=
2−e−βCω−eβHω

1−e−βCω < ηC

Power:

P = ω[ 2e−βHω

1+e−(βC +βH )ω − 1]
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Figures

Efficiency vs Carnot efficiency

Work vs Free energy

Efficiency vs Power

Fluctuations vs Correlations
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Summary

Charging battery is limited by the ergotropy.

Extraction ergotropy from the heat bath is possible,
but unavoidably accompanied with passive energy flow.

Step operations are fundamentally irreversible (worse than Carnot).

Correlations between working body and battery can reduce
fluctuations of work.

Thanks for your attention!
(paper soon on arXiv)
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