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Recap 1st and 2nd laws

Last week – 1st law

Hamiltonian: H = HS(λt) +HR + V

Internal energy: U(t) ≡ Tr[H(λt)ρ(t)] ≈ 〈HS(λt)〉+ 〈HR〉β

US(t) = Tr[HS(λt)ρS(t)]

λt
system

Reservoir

1st law U̇S = Ẇ + Q̇:

U̇S(t) = Tr[ḢS(λt)ρS(t)] +
∑
j

Tr[HS(λt)Dj(ρS)]

where ρS(t) obeys the Markovian master equation*:

ρ̇S = L(ρS) = −i[HS(λt), ρS(t)] +
∑
j

Dj(ρS)

Power and heat currents:

P = Ẇ =

〈
∂HS(λt)

∂t

〉
, Ij = Q̇j = Tr[HS(λt)Dj(ρS)]

R. Alicki and R. Koslo�, Introduction to Quantum Thermodynamics: History and Prospects, 2018
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Recap 1st and 2nd laws

Last week – 2nd law

Heat currents: Ij = Tr[HS(λt)Dj(ρS)]

Von Neumann entropy S(ρS) = −Tr[ρS ln ρS ]

Ṡ(ρS) = −
∑
j

Tr[Dj(ρS)ln ρS ]

2nd law σ̇S ≥ 0:

Ṡ(ρS)−
∑
j

βjIj = Ṡ(ρS) +
∑
j

Tr[Dj(ρS)ln e−βjHS(λt)]

= Ṡ(ρS) +
∑
j

Tr[Dj(ρS)lnπ
βj
S ], π

βj
S = e−βjHS(λt)/ZSj (t).

Spohn’s inequality: −Tr[Dj(ρS)(ln ρS(t)− lnπ
βj
S )] ≥ 0 if Dj(π

βj
S ) = 0

⇒ σ̇S = Ṡ(ρS)−
∑
j

βjIj ≥ 0

where σ̇S is the entropy production rate.

H. Spohn, Entropy production for quantum dynamical semigroups, 1978
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Recap 1st and 2nd laws

Contents – lecture 4

1 Recap
1st and 2nd laws

2 Thermal machines – heat engines and refrigerators
Continuous machines
Reciprocating machines

3 Quantum Otto cycle

4 Strong system-reservoir coupling

5 Summary
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous thermal machines

Continuous coupling of working medium to heat
source and sink.
(H.E.D. Scovil, E.O. , Schulz-DuBois, Three-level masers as heat

engines, PRL 1959)

Markovian master equation:

d

dt
ρS(t) = −i[HS(λt), ρS(t)] +

∑
j=h,c

Dj(ρS)

where λt+T = λt.

Driven machines – external control to drive heat
currents (right).

Autonomous machines – external drive replaced
by work reservoir.
(A. Levy, R. Koslo�, The Quantum Absorption Refrigerator, PRL

2011)

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q
<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Continuous coupling of working medium to heat
source and sink.

Markovian master equation:

d

dt
ρS(t) = −i[HS(λt), ρS(t)] +

∑
j=h,c

Dj(ρS)

where λt+T = λt.

Floquet formalism: MME for any periodic
HamiltonianHS(λt+T ) = HS(λt).
(H.-P Breuer, F. Petruccione, The theory of open quantum

systems, 2002)

Operated out of equilibrium in periodic steady
state

ρssS (t+ T ) = ρssS (t)
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Heat

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Continuous coupling of working medium to heat
source and sink.

Markovian master equation:

d

dt
ρS(t) = −i[HS(λt), ρS(t)] +

∑
j=h,c

Dj(ρS)

where λt+T = λt.

Floquet formalism: MME for any periodic
HamiltonianHS(λt+T ) = HS(λt).
(H.-P Breuer, F. Petruccione, The theory of open quantum

systems, 2002)

Operated out of equilibrium in periodic steady
state

ρssS (t+ T ) = ρssS (t)

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q
<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Heat engine: Pout = −〈ḢS(t)〉 > 0

Internal energy:

UssS (t) = Tr[HS(λt)ρ
ss
S (t)] = Tr[H̃S(λ)ρ̃ssS ]

˙̃ρssS = 0 ⇒ U̇ssS (t) = 0

1st law: U̇S =
∑
j Ij − Pout

Pout = Ih + Ic > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

E�ciency:

η =
Pout

Ih
= 1 +

Ic
Ih
≤ 1− Tc

Th
= ηC

where ηC is the Carnot e�ciency.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="PtI4sXa6zT3FaVbPuQntvtg4yNo=">AAAB+3icbVBNSwMxEM3Wr1q/aj16CRbBU9kVqR4LXoqnCrYW2qVk09k2NJtdkllpWfpXvHhQxKt/xJv/xvTjoK0PBh7vzSQzL0ikMOi6305uY3Nreye/W9jbPzg8Kh6XWiZONYcmj2Ws2wEzIIWCJgqU0E40sCiQ8BiMbmf+4xNoI2L1gJME/IgNlAgFZ2ilXrHURRhjVgeGFNTAvjLtFctuxZ2DrhNvScpkiUav+NXtxzyNQCGXzJiO5yboZ0yj4BKmhW5qIGF8xAbQsVSxCIyfzXef0nOr9GkYa1sK6Vz9PZGxyJhJFNjOiOHQrHoz8T+vk2J442dCJSmC4ouPwlRSjOksCNoXGjjKiSWMa2F3pXzINONo4yrYELzVk9dJ67LiVSvV+6ty7W4ZR56ckjNyQTxyTWqkThqkSTgZk2fySt6cqfPivDsfi9acs5w5IX/gfP4ARr2Uow==</latexit>

Heat engine

<latexit sha1_base64="5U96pmmllMh4meTC5b2M9r2Z2Tc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczf3zp+HbNqTtzoL/ELUgNCrR8+3MwjEkaUaEJx0r1XSfRXoalZoTTWWWQKppgMsEj2jdU4IgqL5sHn6FjowxRGEvzhEZz9edGhiOlplFgJvOYatnLxf+8fqrDCy9jIkk1FWRxKEw50jHKW0BDJinRfGoIJpKZrIiMscREm64qpgR3+ct/See07jbqjbuzWvO2qKMMh3AEJ+DCOTThGlrQBgIpPMELvFqP1rP1Zr0vRktWsXMAv2B9fAN2mZMA</latexit>Ih > 0

<latexit sha1_base64="qlFAsTPUOWN8NhDvMEvdv0UXfl0=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5pNLx7drTt2ZA/0lbkFqUKDl25+DYUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedk8+AwdG2WIwliaJzSaqz83MhwpNY0CM5nHVMteLv7n9VMdXngZE0mqqSCLQ2HKkY5R3gIaMkmJ5lNDMJHMZEVkjCUm2nRVMSW4y1/+SzqndbdRb9yd1Zq3RR1lOIQjOAEXzqEJ19CCNhBI4Qle4NV6tJ6tN+t9MVqyip0D+AXr4xtr8ZL5</latexit>Ic < 0

<latexit sha1_base64="rkeAyoLvw+w/o9wIghOKnw24EYY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScCOuKtgHtEPJpJk2NJOMSaZQhn6HGxeKuPVj3Pk3ZtpZaOuBwOGce7knJ4g508Z1v53C2vrG5lZxu7Szu7d/UD48ammZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49vMb0+o0kyKRzONqR/hoWAhI9hYye9F2IwI5mljduP2yxW36s6BVomXkwrkaPTLX72BJElEhSEca9313Nj4KVaGEU5npV6iaYzJGA9p11KBI6r9dB56hs6sMkChVPYJg+bq740UR1pPo8BOZiH1speJ/3ndxITXfspEnBgqyOJQmHBkJMoaQAOmKDF8agkmitmsiIywwsTYnkq2BG/5y6ukdVH1atXaw2Wlfp/XUYQTOIVz8OAK6nAHDWgCgSd4hld4cybOi/PufCxGC06+cwx/4Hz+AIcGkfs=</latexit>P > 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Heat engine: Pout = −〈ḢS(t)〉 > 0

Internal energy:

UssS (t) = Tr[HS(λt)ρ
ss
S (t)] = Tr[H̃S(λ)ρ̃ssS ]

˙̃ρssS = 0 ⇒ U̇ssS (t) = 0

1st law: U̇S =
∑
j Ij − Pout

Pout = Ih + Ic > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

E�ciency:

η =
Pout

Ih
= 1 +

Ic
Ih
≤ 1− Tc

Th
= ηC

where ηC is the Carnot e�ciency.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="PtI4sXa6zT3FaVbPuQntvtg4yNo=">AAAB+3icbVBNSwMxEM3Wr1q/aj16CRbBU9kVqR4LXoqnCrYW2qVk09k2NJtdkllpWfpXvHhQxKt/xJv/xvTjoK0PBh7vzSQzL0ikMOi6305uY3Nreye/W9jbPzg8Kh6XWiZONYcmj2Ws2wEzIIWCJgqU0E40sCiQ8BiMbmf+4xNoI2L1gJME/IgNlAgFZ2ilXrHURRhjVgeGFNTAvjLtFctuxZ2DrhNvScpkiUav+NXtxzyNQCGXzJiO5yboZ0yj4BKmhW5qIGF8xAbQsVSxCIyfzXef0nOr9GkYa1sK6Vz9PZGxyJhJFNjOiOHQrHoz8T+vk2J442dCJSmC4ouPwlRSjOksCNoXGjjKiSWMa2F3pXzINONo4yrYELzVk9dJ67LiVSvV+6ty7W4ZR56ckjNyQTxyTWqkThqkSTgZk2fySt6cqfPivDsfi9acs5w5IX/gfP4ARr2Uow==</latexit>

Heat engine

<latexit sha1_base64="5U96pmmllMh4meTC5b2M9r2Z2Tc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczf3zp+HbNqTtzoL/ELUgNCrR8+3MwjEkaUaEJx0r1XSfRXoalZoTTWWWQKppgMsEj2jdU4IgqL5sHn6FjowxRGEvzhEZz9edGhiOlplFgJvOYatnLxf+8fqrDCy9jIkk1FWRxKEw50jHKW0BDJinRfGoIJpKZrIiMscREm64qpgR3+ct/See07jbqjbuzWvO2qKMMh3AEJ+DCOTThGlrQBgIpPMELvFqP1rP1Zr0vRktWsXMAv2B9fAN2mZMA</latexit>Ih > 0

<latexit sha1_base64="qlFAsTPUOWN8NhDvMEvdv0UXfl0=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5pNLx7drTt2ZA/0lbkFqUKDl25+DYUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedk8+AwdG2WIwliaJzSaqz83MhwpNY0CM5nHVMteLv7n9VMdXngZE0mqqSCLQ2HKkY5R3gIaMkmJ5lNDMJHMZEVkjCUm2nRVMSW4y1/+SzqndbdRb9yd1Zq3RR1lOIQjOAEXzqEJ19CCNhBI4Qle4NV6tJ6tN+t9MVqyip0D+AXr4xtr8ZL5</latexit>Ic < 0

<latexit sha1_base64="rkeAyoLvw+w/o9wIghOKnw24EYY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScCOuKtgHtEPJpJk2NJOMSaZQhn6HGxeKuPVj3Pk3ZtpZaOuBwOGce7knJ4g508Z1v53C2vrG5lZxu7Szu7d/UD48ammZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49vMb0+o0kyKRzONqR/hoWAhI9hYye9F2IwI5mljduP2yxW36s6BVomXkwrkaPTLX72BJElEhSEca9313Nj4KVaGEU5npV6iaYzJGA9p11KBI6r9dB56hs6sMkChVPYJg+bq740UR1pPo8BOZiH1speJ/3ndxITXfspEnBgqyOJQmHBkJMoaQAOmKDF8agkmitmsiIywwsTYnkq2BG/5y6ukdVH1atXaw2Wlfp/XUYQTOIVz8OAK6nAHDWgCgSd4hld4cybOi/PufCxGC06+cwx/4Hz+AIcGkfs=</latexit>P > 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Heat engine: Pout = −〈ḢS(t)〉 > 0

Internal energy:

UssS (t) = Tr[HS(λt)ρ
ss
S (t)] = Tr[H̃S(λ)ρ̃ssS ]

˙̃ρssS = 0 ⇒ U̇ssS (t) = 0

1st law: U̇S =
∑
j Ij − Pout

Pout = Ih + Ic > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

E�ciency:

η =
Pout

Ih
= 1 +

Ic
Ih
≤ 1− Tc

Th
= ηC

where ηC is the Carnot e�ciency.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="PtI4sXa6zT3FaVbPuQntvtg4yNo=">AAAB+3icbVBNSwMxEM3Wr1q/aj16CRbBU9kVqR4LXoqnCrYW2qVk09k2NJtdkllpWfpXvHhQxKt/xJv/xvTjoK0PBh7vzSQzL0ikMOi6305uY3Nreye/W9jbPzg8Kh6XWiZONYcmj2Ws2wEzIIWCJgqU0E40sCiQ8BiMbmf+4xNoI2L1gJME/IgNlAgFZ2ilXrHURRhjVgeGFNTAvjLtFctuxZ2DrhNvScpkiUav+NXtxzyNQCGXzJiO5yboZ0yj4BKmhW5qIGF8xAbQsVSxCIyfzXef0nOr9GkYa1sK6Vz9PZGxyJhJFNjOiOHQrHoz8T+vk2J442dCJSmC4ouPwlRSjOksCNoXGjjKiSWMa2F3pXzINONo4yrYELzVk9dJ67LiVSvV+6ty7W4ZR56ckjNyQTxyTWqkThqkSTgZk2fySt6cqfPivDsfi9acs5w5IX/gfP4ARr2Uow==</latexit>

Heat engine

<latexit sha1_base64="5U96pmmllMh4meTC5b2M9r2Z2Tc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczf3zp+HbNqTtzoL/ELUgNCrR8+3MwjEkaUaEJx0r1XSfRXoalZoTTWWWQKppgMsEj2jdU4IgqL5sHn6FjowxRGEvzhEZz9edGhiOlplFgJvOYatnLxf+8fqrDCy9jIkk1FWRxKEw50jHKW0BDJinRfGoIJpKZrIiMscREm64qpgR3+ct/See07jbqjbuzWvO2qKMMh3AEJ+DCOTThGlrQBgIpPMELvFqP1rP1Zr0vRktWsXMAv2B9fAN2mZMA</latexit>Ih > 0

<latexit sha1_base64="qlFAsTPUOWN8NhDvMEvdv0UXfl0=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5pNLx7drTt2ZA/0lbkFqUKDl25+DYUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedk8+AwdG2WIwliaJzSaqz83MhwpNY0CM5nHVMteLv7n9VMdXngZE0mqqSCLQ2HKkY5R3gIaMkmJ5lNDMJHMZEVkjCUm2nRVMSW4y1/+SzqndbdRb9yd1Zq3RR1lOIQjOAEXzqEJ19CCNhBI4Qle4NV6tJ6tN+t9MVqyip0D+AXr4xtr8ZL5</latexit>Ic < 0

<latexit sha1_base64="rkeAyoLvw+w/o9wIghOKnw24EYY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScCOuKtgHtEPJpJk2NJOMSaZQhn6HGxeKuPVj3Pk3ZtpZaOuBwOGce7knJ4g508Z1v53C2vrG5lZxu7Szu7d/UD48ammZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49vMb0+o0kyKRzONqR/hoWAhI9hYye9F2IwI5mljduP2yxW36s6BVomXkwrkaPTLX72BJElEhSEca9313Nj4KVaGEU5npV6iaYzJGA9p11KBI6r9dB56hs6sMkChVPYJg+bq740UR1pPo8BOZiH1speJ/3ndxITXfspEnBgqyOJQmHBkJMoaQAOmKDF8agkmitmsiIywwsTYnkq2BG/5y6ukdVH1atXaw2Wlfp/XUYQTOIVz8OAK6nAHDWgCgSd4hld4cybOi/PufCxGC06+cwx/4Hz+AIcGkfs=</latexit>P > 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Heat engine: Pout = −〈ḢS(t)〉 > 0

Internal energy:

UssS (t) = Tr[HS(λt)ρ
ss
S (t)] = Tr[H̃S(λ)ρ̃ssS ]

˙̃ρssS = 0 ⇒ U̇ssS (t) = 0

1st law: U̇S =
∑
j Ij − Pout

Pout = Ih + Ic > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

E�ciency:

η =
Pout

Ih
= 1 +

Ic
Ih
≤ 1− Tc

Th
= ηC

where ηC is the Carnot e�ciency.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="PtI4sXa6zT3FaVbPuQntvtg4yNo=">AAAB+3icbVBNSwMxEM3Wr1q/aj16CRbBU9kVqR4LXoqnCrYW2qVk09k2NJtdkllpWfpXvHhQxKt/xJv/xvTjoK0PBh7vzSQzL0ikMOi6305uY3Nreye/W9jbPzg8Kh6XWiZONYcmj2Ws2wEzIIWCJgqU0E40sCiQ8BiMbmf+4xNoI2L1gJME/IgNlAgFZ2ilXrHURRhjVgeGFNTAvjLtFctuxZ2DrhNvScpkiUav+NXtxzyNQCGXzJiO5yboZ0yj4BKmhW5qIGF8xAbQsVSxCIyfzXef0nOr9GkYa1sK6Vz9PZGxyJhJFNjOiOHQrHoz8T+vk2J442dCJSmC4ouPwlRSjOksCNoXGjjKiSWMa2F3pXzINONo4yrYELzVk9dJ67LiVSvV+6ty7W4ZR56ckjNyQTxyTWqkThqkSTgZk2fySt6cqfPivDsfi9acs5w5IX/gfP4ARr2Uow==</latexit>

Heat engine

<latexit sha1_base64="5U96pmmllMh4meTC5b2M9r2Z2Tc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczf3zp+HbNqTtzoL/ELUgNCrR8+3MwjEkaUaEJx0r1XSfRXoalZoTTWWWQKppgMsEj2jdU4IgqL5sHn6FjowxRGEvzhEZz9edGhiOlplFgJvOYatnLxf+8fqrDCy9jIkk1FWRxKEw50jHKW0BDJinRfGoIJpKZrIiMscREm64qpgR3+ct/See07jbqjbuzWvO2qKMMh3AEJ+DCOTThGlrQBgIpPMELvFqP1rP1Zr0vRktWsXMAv2B9fAN2mZMA</latexit>Ih > 0

<latexit sha1_base64="qlFAsTPUOWN8NhDvMEvdv0UXfl0=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5pNLx7drTt2ZA/0lbkFqUKDl25+DYUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedk8+AwdG2WIwliaJzSaqz83MhwpNY0CM5nHVMteLv7n9VMdXngZE0mqqSCLQ2HKkY5R3gIaMkmJ5lNDMJHMZEVkjCUm2nRVMSW4y1/+SzqndbdRb9yd1Zq3RR1lOIQjOAEXzqEJ19CCNhBI4Qle4NV6tJ6tN+t9MVqyip0D+AXr4xtr8ZL5</latexit>Ic < 0

<latexit sha1_base64="rkeAyoLvw+w/o9wIghOKnw24EYY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScCOuKtgHtEPJpJk2NJOMSaZQhn6HGxeKuPVj3Pk3ZtpZaOuBwOGce7knJ4g508Z1v53C2vrG5lZxu7Szu7d/UD48ammZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49vMb0+o0kyKRzONqR/hoWAhI9hYye9F2IwI5mljduP2yxW36s6BVomXkwrkaPTLX72BJElEhSEca9313Nj4KVaGEU5npV6iaYzJGA9p11KBI6r9dB56hs6sMkChVPYJg+bq740UR1pPo8BOZiH1speJ/3ndxITXfspEnBgqyOJQmHBkJMoaQAOmKDF8agkmitmsiIywwsTYnkq2BG/5y6ukdVH1atXaw2Wlfp/XUYQTOIVz8OAK6nAHDWgCgSd4hld4cybOi/PufCxGC06+cwx/4Hz+AIcGkfs=</latexit>P > 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Heat engine: Pout = −〈ḢS(t)〉 > 0

Internal energy:

UssS (t) = Tr[HS(λt)ρ
ss
S (t)] = Tr[H̃S(λ)ρ̃ssS ]

˙̃ρssS = 0 ⇒ U̇ssS (t) = 0

1st law: U̇S =
∑
j Ij − Pout

Pout = Ih + Ic > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

E�ciency:

η =
Pout

Ih
= 1 +

Ic
Ih
≤ 1− Tc

Th
= ηC

where ηC is the Carnot e�ciency.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="PtI4sXa6zT3FaVbPuQntvtg4yNo=">AAAB+3icbVBNSwMxEM3Wr1q/aj16CRbBU9kVqR4LXoqnCrYW2qVk09k2NJtdkllpWfpXvHhQxKt/xJv/xvTjoK0PBh7vzSQzL0ikMOi6305uY3Nreye/W9jbPzg8Kh6XWiZONYcmj2Ws2wEzIIWCJgqU0E40sCiQ8BiMbmf+4xNoI2L1gJME/IgNlAgFZ2ilXrHURRhjVgeGFNTAvjLtFctuxZ2DrhNvScpkiUav+NXtxzyNQCGXzJiO5yboZ0yj4BKmhW5qIGF8xAbQsVSxCIyfzXef0nOr9GkYa1sK6Vz9PZGxyJhJFNjOiOHQrHoz8T+vk2J442dCJSmC4ouPwlRSjOksCNoXGjjKiSWMa2F3pXzINONo4yrYELzVk9dJ67LiVSvV+6ty7W4ZR56ckjNyQTxyTWqkThqkSTgZk2fySt6cqfPivDsfi9acs5w5IX/gfP4ARr2Uow==</latexit>

Heat engine

<latexit sha1_base64="5U96pmmllMh4meTC5b2M9r2Z2Tc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczf3zp+HbNqTtzoL/ELUgNCrR8+3MwjEkaUaEJx0r1XSfRXoalZoTTWWWQKppgMsEj2jdU4IgqL5sHn6FjowxRGEvzhEZz9edGhiOlplFgJvOYatnLxf+8fqrDCy9jIkk1FWRxKEw50jHKW0BDJinRfGoIJpKZrIiMscREm64qpgR3+ct/See07jbqjbuzWvO2qKMMh3AEJ+DCOTThGlrQBgIpPMELvFqP1rP1Zr0vRktWsXMAv2B9fAN2mZMA</latexit>Ih > 0

<latexit sha1_base64="qlFAsTPUOWN8NhDvMEvdv0UXfl0=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5pNLx7drTt2ZA/0lbkFqUKDl25+DYUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedk8+AwdG2WIwliaJzSaqz83MhwpNY0CM5nHVMteLv7n9VMdXngZE0mqqSCLQ2HKkY5R3gIaMkmJ5lNDMJHMZEVkjCUm2nRVMSW4y1/+SzqndbdRb9yd1Zq3RR1lOIQjOAEXzqEJ19CCNhBI4Qle4NV6tJ6tN+t9MVqyip0D+AXr4xtr8ZL5</latexit>Ic < 0

<latexit sha1_base64="rkeAyoLvw+w/o9wIghOKnw24EYY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScCOuKtgHtEPJpJk2NJOMSaZQhn6HGxeKuPVj3Pk3ZtpZaOuBwOGce7knJ4g508Z1v53C2vrG5lZxu7Szu7d/UD48ammZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49vMb0+o0kyKRzONqR/hoWAhI9hYye9F2IwI5mljduP2yxW36s6BVomXkwrkaPTLX72BJElEhSEca9313Nj4KVaGEU5npV6iaYzJGA9p11KBI6r9dB56hs6sMkChVPYJg+bq740UR1pPo8BOZiH1speJ/3ndxITXfspEnBgqyOJQmHBkJMoaQAOmKDF8agkmitmsiIywwsTYnkq2BG/5y6ukdVH1atXaw2Wlfp/XUYQTOIVz8OAK6nAHDWgCgSd4hld4cybOi/PufCxGC06+cwx/4Hz+AIcGkfs=</latexit>P > 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Refrigerator: Pout = −〈ḢS(t)〉 < 0

1st law: U̇S =
∑
j Ij + Pin

Pin = −(Ih + Ic) > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

Coe�cient of performance (COP):

ε =
Ic
Pin

= − 1

1 + Ih
Ic

≤ Tc
Th − Tc

= εC

where εC is the Carnot COP.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="ft7iOEViz3E7VBnItJPfF9mLSas=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KolI9VjwIp6q2A9oS9lsJ+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/Fhwja77ba2srq1vbBa2its7u3v79sFhU0eJYtBgkYhU26caBJfQQI4C2rECGvoCWv74auq3HkBpHsl7TGPohXQoecAZRSP17VIX4RGzOwgUH4KiGKlJ3y67FXcGZ5l4OSmTHPW+/dUdRCwJQSITVOuO58bYy6hCzgRMit1EQ0zZmA6hY6ikIeheNjt+4pwYZeAEkTIl0ZmpvycyGmqdhr7pDCmO9KI3Ff/zOgkGl72MyzhBkGy+KEiEg5EzTcIZcAUMRWoIZYqbWx02oooyNHkVTQje4svLpHlW8aqV6u15uXaTx1EgR+SYnBKPXJAauSZ10iCMpOSZvJI368l6sd6tj3nripXPlMgfWJ8/t1yVgQ==</latexit>

Refrigerator

<latexit sha1_base64="FDhPu/SnuVJAmv8y/2N/U6m+WGY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVBcuCm7EVQX7gHYomTTThmaSMckUytDvcONCEbd+jDv/xkw7C209EDiccy/35AQxZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHyb+e0JVZpJ8WimMfUjPBQsZAQbK/m9CJsRwTxtzG7cfrniVt050CrxclKBHI1++as3kCSJqDCEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqcES1n85Dz9CZVQYolMo+YdBc/b2R4kjraRTYySykXvYy8T+vm5jw2k+ZiBNDBVkcChOOjERZA2jAFCWGTy3BRDGbFZERVpgY21PJluAtf3mVtC6qXq1ae7is1O/zOopwAqdwDh5cQR3uoAFNIPAEz/AKb87EeXHenY/FaMHJd47hD5zPH4P8kfk=</latexit>P < 0

<latexit sha1_base64="9EHAj0pqmcDfGMx92ei35jMp0+w=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczn1w6vl1z6s4c6C9xC1KDAi3f/hwMY5JGVGjCsVJ910m0l2GpGeF0VhmkiiaYTPCI9g0VOKLKy+bBZ+jYKEMUxtI8odFc/bmR4UipaRSYyTymWvZy8T+vn+rwwsuYSFJNBVkcClOOdIzyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/vJf0jmtu4164+6s1rwt6ijDIRzBCbhwDk24hha0gUAKT/ACr9aj9Wy9We+L0ZJV7BzAL1gf3277kvs=</latexit>Ic > 0

<latexit sha1_base64="uaq4cOe8CkR6u/Jap3pbd4HI7xw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5o8vHd+uOXVnDvSXuAWpQYGWb38OhjFJIyo04Vipvusk2suw1IxwOqsMUkUTTCZ4RPuGChxR5WXz4DN0bJQhCmNpntBorv7cyHCk1DQKzGQeUy17ufif1091eOFlTCSppoIsDoUpRzpGeQtoyCQlmk8NwUQykxWRMZaYaNNVxZTgLn/5L+mc1t1GvXF3VmveFnWU4RCO4ARcOIcmXEML2kAghSd4gVfr0Xq23qz3xWjJKnYO4Besj29zj5L+</latexit>Ih < 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Refrigerator: Pout = −〈ḢS(t)〉 < 0

1st law: U̇S =
∑
j Ij + Pin

Pin = −(Ih + Ic) > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

Coe�cient of performance (COP):

ε =
Ic
Pin

= − 1

1 + Ih
Ic

≤ Tc
Th − Tc

= εC

where εC is the Carnot COP.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="ft7iOEViz3E7VBnItJPfF9mLSas=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KolI9VjwIp6q2A9oS9lsJ+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/Fhwja77ba2srq1vbBa2its7u3v79sFhU0eJYtBgkYhU26caBJfQQI4C2rECGvoCWv74auq3HkBpHsl7TGPohXQoecAZRSP17VIX4RGzOwgUH4KiGKlJ3y67FXcGZ5l4OSmTHPW+/dUdRCwJQSITVOuO58bYy6hCzgRMit1EQ0zZmA6hY6ikIeheNjt+4pwYZeAEkTIl0ZmpvycyGmqdhr7pDCmO9KI3Ff/zOgkGl72MyzhBkGy+KEiEg5EzTcIZcAUMRWoIZYqbWx02oooyNHkVTQje4svLpHlW8aqV6u15uXaTx1EgR+SYnBKPXJAauSZ10iCMpOSZvJI368l6sd6tj3nripXPlMgfWJ8/t1yVgQ==</latexit>

Refrigerator

<latexit sha1_base64="FDhPu/SnuVJAmv8y/2N/U6m+WGY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVBcuCm7EVQX7gHYomTTThmaSMckUytDvcONCEbd+jDv/xkw7C209EDiccy/35AQxZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHyb+e0JVZpJ8WimMfUjPBQsZAQbK/m9CJsRwTxtzG7cfrniVt050CrxclKBHI1++as3kCSJqDCEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqcES1n85Dz9CZVQYolMo+YdBc/b2R4kjraRTYySykXvYy8T+vm5jw2k+ZiBNDBVkcChOOjERZA2jAFCWGTy3BRDGbFZERVpgY21PJluAtf3mVtC6qXq1ae7is1O/zOopwAqdwDh5cQR3uoAFNIPAEz/AKb87EeXHenY/FaMHJd47hD5zPH4P8kfk=</latexit>P < 0

<latexit sha1_base64="9EHAj0pqmcDfGMx92ei35jMp0+w=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczn1w6vl1z6s4c6C9xC1KDAi3f/hwMY5JGVGjCsVJ910m0l2GpGeF0VhmkiiaYTPCI9g0VOKLKy+bBZ+jYKEMUxtI8odFc/bmR4UipaRSYyTymWvZy8T+vn+rwwsuYSFJNBVkcClOOdIzyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/vJf0jmtu4164+6s1rwt6ijDIRzBCbhwDk24hha0gUAKT/ACr9aj9Wy9We+L0ZJV7BzAL1gf3277kvs=</latexit>Ic > 0

<latexit sha1_base64="uaq4cOe8CkR6u/Jap3pbd4HI7xw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5o8vHd+uOXVnDvSXuAWpQYGWb38OhjFJIyo04Vipvusk2suw1IxwOqsMUkUTTCZ4RPuGChxR5WXz4DN0bJQhCmNpntBorv7cyHCk1DQKzGQeUy17ufif1091eOFlTCSppoIsDoUpRzpGeQtoyCQlmk8NwUQykxWRMZaYaNNVxZTgLn/5L+mc1t1GvXF3VmveFnWU4RCO4ARcOIcmXEML2kAghSd4gVfr0Xq23qz3xWjJKnYO4Besj29zj5L+</latexit>Ih < 0
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Thermal machines – heat engines and refrigerators Continuous machines

Continuous (driven) thermal machines

Refrigerator: Pout = −〈ḢS(t)〉 < 0

1st law: U̇S =
∑
j Ij + Pin

Pin = −(Ih + Ic) > 0

2nd law: Ṡ(ρS)−
∑
j βjIj ≥ 0

S(ρssS ) = S(ρ̃ssS ) ⇒ βcIc ≥ βhIh

Coe�cient of performance (COP):

ε =
Ic
Pin

= − 1

1 + Ih
Ic

≤ Tc
Th − Tc

= εC

where εC is the Carnot COP.

<latexit sha1_base64="w4db2prDkf6JrEtRBVLBrzm/+P0=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hY1I9BjwEjxFMA9MljA7mU2GzM4sM71iWPIXXjwo4tW/8ebfOHkcVBQsaCiquunuChMpLPr+h7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rTturNDqBscJD2I6UCISjKKTbrvI7zGraZz0CsVyyZ+B/E2KsEC9V3jv9jVLY66QSWptp+wnGGTUoGCST/Ld1PKEshEd8I6jisbcBtns4gk5dkqfRNq4Ukhm6teJjMbWjuPQdcYUh/anNxV/8zopRhdBJlSSIldsvihKJUFNpu+TvjCcoRw7QpkR7lbChtRQhi6k/P9CaJ6WypVS5fqsWL1axJGDQziCEyjDOVShBnVoAAMFD/AEz571Hr0X73XeuuQtZg7gG7y3TxFVkTg=</latexit>

Hot

<latexit sha1_base64="kQCnremXN4r1TO3hIYyf3dfIII0=">AAAB8nicjVDLSsNAFL3xWeur6tLNYBFclUSkuiy4EVcV7APSUCaTSTt0MgkzN2IJ/Qw3LhRx69e482+cPhYqCh4YOJxzLvfOCTMpDLruh7O0vLK6tl7aKG9ube/sVvb22ybNNeMtlspUd0NquBSKt1Cg5N1Mc5qEknfC0eXU79xxbUSqbnGc8SChAyViwShaye8hv8fCxqJJv1L1au4M5G9ShQWa/cp7L0pZnnCFTFJjfM/NMCioRsEkn5R7ueEZZSM64L6liibcBMXs5Ak5tkpE4lTbp5DM1K8TBU2MGSehTSYUh+anNxV/8/wc44ugECrLkSs2XxTnkmBKpv8nkdCcoRxbQpkW9lbChlRThral8v9KaJ/WvHqtfnNWbVwv6ijBIRzBCXhwDg24gia0gEEKD/AEzw46j86L8zqPLjmLmQP4BuftE74ukZk=</latexit>

Cold

Q

<latexit sha1_base64="ft7iOEViz3E7VBnItJPfF9mLSas=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KolI9VjwIp6q2A9oS9lsJ+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/Fhwja77ba2srq1vbBa2its7u3v79sFhU0eJYtBgkYhU26caBJfQQI4C2rECGvoCWv74auq3HkBpHsl7TGPohXQoecAZRSP17VIX4RGzOwgUH4KiGKlJ3y67FXcGZ5l4OSmTHPW+/dUdRCwJQSITVOuO58bYy6hCzgRMit1EQ0zZmA6hY6ikIeheNjt+4pwYZeAEkTIl0ZmpvycyGmqdhr7pDCmO9KI3Ff/zOgkGl72MyzhBkGy+KEiEg5EzTcIZcAUMRWoIZYqbWx02oooyNHkVTQje4svLpHlW8aqV6u15uXaTx1EgR+SYnBKPXJAauSZ10iCMpOSZvJI368l6sd6tj3nripXPlMgfWJ8/t1yVgQ==</latexit>

Refrigerator

<latexit sha1_base64="FDhPu/SnuVJAmv8y/2N/U6m+WGY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVBcuCm7EVQX7gHYomTTThmaSMckUytDvcONCEbd+jDv/xkw7C209EDiccy/35AQxZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHyb+e0JVZpJ8WimMfUjPBQsZAQbK/m9CJsRwTxtzG7cfrniVt050CrxclKBHI1++as3kCSJqDCEY627nhsbP8XKMMLprNRLNI0xGeMh7VoqcES1n85Dz9CZVQYolMo+YdBc/b2R4kjraRTYySykXvYy8T+vm5jw2k+ZiBNDBVkcChOOjERZA2jAFCWGTy3BRDGbFZERVpgY21PJluAtf3mVtC6qXq1ae7is1O/zOopwAqdwDh5cQR3uoAFNIPAEz/AKb87EeXHenY/FaMHJd47hD5zPH4P8kfk=</latexit>P < 0

<latexit sha1_base64="9EHAj0pqmcDfGMx92ei35jMp0+w=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqa6k4EZdVbAPaEOYTCft0MkkzEyEGvolblwo4tZPceffOGmz0OqBgcM593LPnCDhTGnH+bJKK6tr6xvlzcrW9s5u1d7b76g4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mFzlfveBSsVica+nCfUiPBIsZARrI/l2dRBhPSaYZzczn1w6vl1z6s4c6C9xC1KDAi3f/hwMY5JGVGjCsVJ910m0l2GpGeF0VhmkiiaYTPCI9g0VOKLKy+bBZ+jYKEMUxtI8odFc/bmR4UipaRSYyTymWvZy8T+vn+rwwsuYSFJNBVkcClOOdIzyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/vJf0jmtu4164+6s1rwt6ijDIRzBCbhwDk24hha0gUAKT/ACr9aj9Wy9We+L0ZJV7BzAL1gf3277kvs=</latexit>Ic > 0

<latexit sha1_base64="uaq4cOe8CkR6u/Jap3pbd4HI7xw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS5cFNyoqwr2AW0Ik+mkHTqZhJmJUEO/xI0LRdz6Ke78GydtFlo9MHA4517umRMknCntOF9WaWV1bX2jvFnZ2t7Zrdp7+x0Vp5LQNol5LHsBVpQzQduaaU57iaQ4CjjtBpOr3O8+UKlYLO71NKFehEeChYxgbSTfrg4irMcE8+xm5o8vHd+uOXVnDvSXuAWpQYGWb38OhjFJIyo04Vipvusk2suw1IxwOqsMUkUTTCZ4RPuGChxR5WXz4DN0bJQhCmNpntBorv7cyHCk1DQKzGQeUy17ufif1091eOFlTCSppoIsDoUpRzpGeQtoyCQlmk8NwUQykxWRMZaYaNNVxZTgLn/5L+mc1t1GvXF3VmveFnWU4RCO4ARcOIcmXEML2kAghSd4gVfr0Xq23qz3xWjJKnYO4Besj29zj5L+</latexit>Ih < 0
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Thermal machines – heat engines and refrigerators Reciprocating machines

Reciprocating thermal machines

Work and heat exchange occur over
sequence of strokes.

Quantum Otto cycle (right)
(J. Roßnagel et al, A single-atom heat engine, Science

2016)

(J. Klatzow, et al, Experimental Demonstration of

Quantum E�ects in the Operation of Microscopic Heat

Engines, PRL 2019)

Carnot cycle (reversible)

Adiabaticity:

[HS(λt), HS(λt′)] = 0 ∀t, t′

Shortcuts to adiabaticity –
(A. Del Campo, J. Goold, M. Paternostro, More bang

for your buck: Super-adiabatic quantum engines, Sci.

Rep. 2014)

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="htDuQjORXNou1hfoTFX09yID8ig=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/SKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/AmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+SZqXsXZUv6xel6m0WRx5O4BTOwYNrqMI91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AH9hjMA=</latexit>

2

<latexit sha1_base64="weoL8WmA1iDu0bFMSrtSLdtU9Sg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePEIijwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6YcYx+SAeS9zmjxkq1826x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUuc3iyMMRHMMpeHANFbiHKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPgOWMwQ==</latexit>

3
<latexit sha1_base64="VFuKpcP2szKC8d4watpjz6oE7OE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBLx61j04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9CtVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlmt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxfri5g=</latexit>

4

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat
<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat

<latexit sha1_base64="uEgOswubFH39iZXhx24QmwYcgGk=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyURqS4LboqrivYBTSmT6aQdOpmEmRuhhIK/4saFIm79Dnf+jdM0C209cOHMOfcy9x4/FlyD43xbK6tr6xubha3i9s7u3r59cNjSUaIoa9JIRKrjE80El6wJHATrxIqR0Bes7Y9vZn77kSnNI/kAk5j1QjKUPOCUgJH69rEniBwKhuv9+zKceyp79e2SU3Ey4GXi5qSEcjT69pc3iGgSMglUEK27rhNDLyUKOBVsWvQSzWJCx2TIuoZKEjLdS7P1p/jMKAMcRMqUBJypvydSEmo9CX3TGRIY6UVvJv7ndRMIrnspl3ECTNL5R0EiMER4lgUecMUoiIkhhCpudsV0RBShYBIrmhDcxZOXSeui4lYr1bvLUu02j6OATtApKiMXXaEaqqMGaiKKUvSMXtGb9WS9WO/Wx7x1xcpnjtAfWJ8/P/2VEw==</latexit>hHS(t)i

<latexit sha1_base64="9w7iUktw83IKj+h8eQnMBgSvXvY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN+Kqgn1IO5RMJtOGJjNDckcopV/hxoUibv0cd/6NaTsLbT0QOJxzLrn3BKkUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnYAaLkXMmyhQ8k6qOVWB5O1gdDPz209cG5HEDzhOua/oIBaRYBSt9NiTNhrSPvbLFbfqzkFWiZeTCuRo9MtfvTBhmeIxMkmN6Xpuiv6EahRM8mmplxmeUjaiA961NKaKG38yX3hKzqwSkijR9sVI5urviQlVxoxVYJOK4tAsezPxP6+bYXTtT0ScZshjtvgoyiTBhMyuJ6HQnKEcW0KZFnZXwoZUU4a2o5ItwVs+eZW0LqperVq7v6zU7/I6inACp3AOHlxBHW6hAU1goOAZXuHN0c6L8+58LKIFJ585hj9wPn8A0lWQdw==</latexit>
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Thermal machines – heat engines and refrigerators Reciprocating machines

Reciprocating thermal machines

Work and heat exchange occur over
sequence of strokes.

Quantum Otto cycle (right)
(J. Roßnagel et al, A single-atom heat engine, Science

2016)

(J. Klatzow, et al, Experimental Demonstration of

Quantum E�ects in the Operation of Microscopic Heat

Engines, PRL 2019)

Adiabaticity:

[HS(λt), HS(λt′)] = 0 ∀t, t′

Shortcuts to adiabaticity –
(A. Del Campo, J. Goold, M. Paternostro, More bang

for your buck: Super-adiabatic quantum engines, Sci.

Rep. 2014)

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="htDuQjORXNou1hfoTFX09yID8ig=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/SKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/AmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+SZqXsXZUv6xel6m0WRx5O4BTOwYNrqMI91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AH9hjMA=</latexit>

2

<latexit sha1_base64="weoL8WmA1iDu0bFMSrtSLdtU9Sg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePEIijwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6YcYx+SAeS9zmjxkq1826x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUuc3iyMMRHMMpeHANFbiHKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPgOWMwQ==</latexit>

3
<latexit sha1_base64="VFuKpcP2szKC8d4watpjz6oE7OE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBLx61j04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9CtVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlmt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxfri5g=</latexit>

4

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="XgTpAB675CroaAAOv9EbdhdI4Ng=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi3iqYD+gDWWz3bRLN7thdyKW0J/hxYMiXv013vw3btsctPXBwOO9GWbmhYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExLDBJesiRwF6ySakTgUrB2Ob2Z++5Fpw5V8wEnCgpgMJY84JWilbg/ZE2ZtpcfTfrniVb053FXi56QCORr98ldvoGgaM4lUEGO6vpdgkBGNnAo2LfVSwxJCx2TIupZKEjMTZPOTp+6ZVQZupLQtie5c/T2RkdiYSRzazpjgyCx7M/E/r5tidB1kXCYpMkkXi6JUuKjc2f/ugGtGUUwsIVRze6tLR0QTijalkg3BX355lbQuqn6tWru/rNTv8jiKcAKncA4+XEEdbqEBTaCg4Ble4c1B58V5dz4WrQUnnzmGP3A+fwDsMJG3</latexit>

Work

<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat
<latexit sha1_base64="E1ns2xWXxjQR55F1sNmepNCK0zs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPBS/FUwdZCG8pmO2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbaNSzaDFlFC6E1IDgktoIUcBnUQDjUMBD+H4ZuY/PII2XMl7nCQQxHQoecQZRSt1ewhPmDWA4rRfrnhVbw53lfg5qZAczX75qzdQLI1BIhPUmK7vJRhkVCNnAqalXmogoWxMh9C1VNIYTJDNT566Z1YZuJHStiS6c/X3REZjYyZxaDtjiiOz7M3E/7xuitF1kHGZpAiSLRZFqXBRubP/3QHXwFBMLKFMc3ury0ZUU4Y2pZINwV9+eZW0L6p+rVq7u6zUb/M4iuSEnJJz4pMrUicN0iQtwogiz+SVvDnovDjvzseiteDkM8fkD5zPH7m5kZY=</latexit>

Heat

<latexit sha1_base64="uEgOswubFH39iZXhx24QmwYcgGk=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyURqS4LboqrivYBTSmT6aQdOpmEmRuhhIK/4saFIm79Dnf+jdM0C209cOHMOfcy9x4/FlyD43xbK6tr6xubha3i9s7u3r59cNjSUaIoa9JIRKrjE80El6wJHATrxIqR0Bes7Y9vZn77kSnNI/kAk5j1QjKUPOCUgJH69rEniBwKhuv9+zKceyp79e2SU3Ey4GXi5qSEcjT69pc3iGgSMglUEK27rhNDLyUKOBVsWvQSzWJCx2TIuoZKEjLdS7P1p/jMKAMcRMqUBJypvydSEmo9CX3TGRIY6UVvJv7ndRMIrnspl3ECTNL5R0EiMER4lgUecMUoiIkhhCpudsV0RBShYBIrmhDcxZOXSeui4lYr1bvLUu02j6OATtApKiMXXaEaqqMGaiKKUvSMXtGb9WS9WO/Wx7x1xcpnjtAfWJ8/P/2VEw==</latexit>hHS(t)i

<latexit sha1_base64="9w7iUktw83IKj+h8eQnMBgSvXvY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFN+Kqgn1IO5RMJtOGJjNDckcopV/hxoUibv0cd/6NaTsLbT0QOJxzLrn3BKkUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnYAaLkXMmyhQ8k6qOVWB5O1gdDPz209cG5HEDzhOua/oIBaRYBSt9NiTNhrSPvbLFbfqzkFWiZeTCuRo9MtfvTBhmeIxMkmN6Xpuiv6EahRM8mmplxmeUjaiA961NKaKG38yX3hKzqwSkijR9sVI5urviQlVxoxVYJOK4tAsezPxP6+bYXTtT0ScZshjtvgoyiTBhMyuJ6HQnKEcW0KZFnZXwoZUU4a2o5ItwVs+eZW0LqperVq7v6zU7/I6inACp3AOHlxBHW6hAU1goOAZXuHN0c6L8+58LKIFJ585hj9wPn8A0lWQdw==</latexit>
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Quantum Otto cycle

Reciprocating heat engine

Quantum Otto cycle:

ΦOtto = Φtc ◦ Φt2 ◦ Φth ◦ Φt1

1 1→ 2: Isoentropic compression (λ2 > λ1)

W1 = Tr{[HS(λ2)−HS(λ1)]πβcS }

2 2→ 3: Hot isochore

Qh = Tr{HS(λ2)[π
βh
S − π

βc
S ]}

3 3→ 4: Isoentropic expansion

W3 = Tr{[HS(λ1)−HS(λ2)]π
βh
S }

4 4→ 1: Cold isochore

Qc = Tr{HS(λ1)[πβcS − π
βh
S ]}

⇒ W1 +Qh +W3 +Qc = 0

<latexit sha1_base64="ktpXCs2NYujaN4GJiWwfed31C/I=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyURX8uimy4r2gc0oUymk3boZBJmboQSCv6KGxeKuPU73Pk3TtsstPXAhTPn3Mvce4JEcA2O820tLa+srq0XNoqbW9s7u/beflPHqaKsQWMRq3ZANBNcsgZwEKydKEaiQLBWMLyd+K1HpjSP5QOMEuZHpC95yCkBI3XtQ08Q2RcM17r3ZTj11PTVtUtOxZkCLxI3JyWUo961v7xeTNOISaCCaN1xnQT8jCjgVLBx0Us1Swgdkj7rGCpJxLSfTdcf4xOj9HAYK1MS8FT9PZGRSOtRFJjOiMBAz3sT8T+vk0J47WdcJikwSWcfhanAEONJFrjHFaMgRoYQqrjZFdMBUYSCSaxoQnDnT14kzbOKe1m5uDsvVW/yOAroCB2jMnLRFaqiGqqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkDPUOVCg==</latexit>hHS(t)i

<latexit sha1_base64="XobVOOAd1YKFNfYRdErj0F/PLLs=">AAAB8HicbVDLSgMxFL1TX7W+qi7dDBbBVZkRX8uiG5cV7EPaoWQyaRuaZIbkjlCGfoUbF4q49XPc+Tem7Sy09UDgcM655N4TJoIb9Lxvp7Cyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoduq3npg2PFYPOE5YIMlA8T6nBK302BU2GpEe9soVr+rN4C4TPycVyFHvlb+6UUxTyRRSQYzp+F6CQUY0cirYpNRNDUsIHZEB61iqiGQmyGYLT9wTq0RuP9b2KXRn6u+JjEhjxjK0SUlwaBa9qfif10mxfx1kXCUpMkXnH/VT4WLsTq93I64ZRTG2hFDN7a4uHRJNKNqOSrYEf/HkZdI8q/qX1Yv780rtJq+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HPFpw8plD+APn8wfPm5Bu</latexit>

�t

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="htDuQjORXNou1hfoTFX09yID8ig=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/SKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/AmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+SZqXsXZUv6xel6m0WRx5O4BTOwYNrqMI91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AH9hjMA=</latexit>

2

<latexit sha1_base64="weoL8WmA1iDu0bFMSrtSLdtU9Sg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePEIijwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6YcYx+SAeS9zmjxkq1826x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUuc3iyMMRHMMpeHANFbiHKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPgOWMwQ==</latexit>

3
<latexit sha1_base64="VFuKpcP2szKC8d4watpjz6oE7OE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBLx61j04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9CtVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlmt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxfri5g=</latexit>

4

<latexit sha1_base64="QRIjOwWu7S5nPUAjg0aBj+RSIHU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6aPW8XrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPcm42J</latexit>

W1

<latexit sha1_base64="rfeYrec7IBPKW+0XoXZLDEOQY/k=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV3fx6AXjxHNA5IlzE5mkyGzs8tMrxCWfIIXD4p49Yu8+TdOkj1oYkFDUdVNd1eQSGHQdb+dpeWV1bX1wkZxc2t7Z7e0t98wcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQxvJ37ziWsjYvWIo4T7Ee0rEQpG0UoPze5Zt1R2K+4UZJF4OSlDjlq39NXpxSyNuEImqTFtz03Qz6hGwSQfFzup4QllQ9rnbUsVjbjxs+mpY3JslR4JY21LIZmqvycyGhkzigLbGVEcmHlvIv7ntVMMr/1MqCRFrthsUZhKgjGZ/E16QnOGcmQJZVrYWwkbUE0Z2nSKNgRv/uVF0jiteJeVi/vzcvUmj6MAh3AEJ+DBFVThDmpQBwZ9eIZXeHOk8+K8Ox+z1iUnnzmAP3A+fwDfo42L</latexit>

W3

<latexit sha1_base64="uihgj+DEOkC9ILBBo2lBhmsjO0k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfaPP+uWKW3XnIH+Jl5MK5Kj3y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll/+S1pnVe+yetE4r9Ru8jiKcATHcAoeXEEN7qAOTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0fTo21</latexit>

Qc

<latexit sha1_base64="JrZs58GyPiAaZ9rt29b9y3nUGyQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+WDmSToR3QoecgZNVa6b/RH/XLFrbpzkL/Ey0kFctT75c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb3L6kXjvFK7yeMowhEcwyl4cAU1uIM6NIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzcm4o26</latexit>

Qh
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Quantum Otto cycle

Reciprocating heat engine

Quantum Otto cycle:

ΦOtto = Φtc ◦ Φt2 ◦ Φth ◦ Φt1

1 1→ 2: Isoentropic compression (λ2 > λ1)

W1 = Tr{[HS(λ2)−HS(λ1)]πβcS }

2 2→ 3: Hot isochore

Qh = Tr{HS(λ2)[π
βh
S − π

βc
S ]}

3 3→ 4: Isoentropic expansion

W3 = Tr{[HS(λ1)−HS(λ2)]π
βh
S }

4 4→ 1: Cold isochore

Qc = Tr{HS(λ1)[πβcS − π
βh
S ]}

⇒ W1 +Qh +W3 +Qc = 0

<latexit sha1_base64="ktpXCs2NYujaN4GJiWwfed31C/I=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyURX8uimy4r2gc0oUymk3boZBJmboQSCv6KGxeKuPU73Pk3TtsstPXAhTPn3Mvce4JEcA2O820tLa+srq0XNoqbW9s7u/beflPHqaKsQWMRq3ZANBNcsgZwEKydKEaiQLBWMLyd+K1HpjSP5QOMEuZHpC95yCkBI3XtQ08Q2RcM17r3ZTj11PTVtUtOxZkCLxI3JyWUo961v7xeTNOISaCCaN1xnQT8jCjgVLBx0Us1Swgdkj7rGCpJxLSfTdcf4xOj9HAYK1MS8FT9PZGRSOtRFJjOiMBAz3sT8T+vk0J47WdcJikwSWcfhanAEONJFrjHFaMgRoYQqrjZFdMBUYSCSaxoQnDnT14kzbOKe1m5uDsvVW/yOAroCB2jMnLRFaqiGqqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkDPUOVCg==</latexit>hHS(t)i

<latexit sha1_base64="XobVOOAd1YKFNfYRdErj0F/PLLs=">AAAB8HicbVDLSgMxFL1TX7W+qi7dDBbBVZkRX8uiG5cV7EPaoWQyaRuaZIbkjlCGfoUbF4q49XPc+Tem7Sy09UDgcM655N4TJoIb9Lxvp7Cyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoduq3npg2PFYPOE5YIMlA8T6nBK302BU2GpEe9soVr+rN4C4TPycVyFHvlb+6UUxTyRRSQYzp+F6CQUY0cirYpNRNDUsIHZEB61iqiGQmyGYLT9wTq0RuP9b2KXRn6u+JjEhjxjK0SUlwaBa9qfif10mxfx1kXCUpMkXnH/VT4WLsTq93I64ZRTG2hFDN7a4uHRJNKNqOSrYEf/HkZdI8q/qX1Yv780rtJq+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HPFpw8plD+APn8wfPm5Bu</latexit>

�t

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="htDuQjORXNou1hfoTFX09yID8ig=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/SKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/AmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+SZqXsXZUv6xel6m0WRx5O4BTOwYNrqMI91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AH9hjMA=</latexit>

2

<latexit sha1_base64="weoL8WmA1iDu0bFMSrtSLdtU9Sg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePEIijwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6YcYx+SAeS9zmjxkq1826x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUuc3iyMMRHMMpeHANFbiHKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPgOWMwQ==</latexit>

3
<latexit sha1_base64="VFuKpcP2szKC8d4watpjz6oE7OE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBLx61j04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9CtVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlmt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxfri5g=</latexit>

4

<latexit sha1_base64="QRIjOwWu7S5nPUAjg0aBj+RSIHU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6aPW8XrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPcm42J</latexit>

W1

<latexit sha1_base64="rfeYrec7IBPKW+0XoXZLDEOQY/k=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV3fx6AXjxHNA5IlzE5mkyGzs8tMrxCWfIIXD4p49Yu8+TdOkj1oYkFDUdVNd1eQSGHQdb+dpeWV1bX1wkZxc2t7Z7e0t98wcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQxvJ37ziWsjYvWIo4T7Ee0rEQpG0UoPze5Zt1R2K+4UZJF4OSlDjlq39NXpxSyNuEImqTFtz03Qz6hGwSQfFzup4QllQ9rnbUsVjbjxs+mpY3JslR4JY21LIZmqvycyGhkzigLbGVEcmHlvIv7ntVMMr/1MqCRFrthsUZhKgjGZ/E16QnOGcmQJZVrYWwkbUE0Z2nSKNgRv/uVF0jiteJeVi/vzcvUmj6MAh3AEJ+DBFVThDmpQBwZ9eIZXeHOk8+K8Ox+z1iUnnzmAP3A+fwDfo42L</latexit>

W3

<latexit sha1_base64="uihgj+DEOkC9ILBBo2lBhmsjO0k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfaPP+uWKW3XnIH+Jl5MK5Kj3y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll/+S1pnVe+yetE4r9Ru8jiKcATHcAoeXEEN7qAOTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0fTo21</latexit>

Qc

<latexit sha1_base64="JrZs58GyPiAaZ9rt29b9y3nUGyQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+WDmSToR3QoecgZNVa6b/RH/XLFrbpzkL/Ey0kFctT75c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb3L6kXjvFK7yeMowhEcwyl4cAU1uIM6NIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzcm4o26</latexit>

Qh
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Quantum Otto cycle

Reciprocating heat engine

Quantum Otto cycle:

ΦOtto = Φtc ◦ Φt2 ◦ Φth ◦ Φt1

Working mediumHS(λt) = λt
2

(σz + 1)

1 1→ 2: Isoentropic compression (λ2 > λ1)

W1 = (λ2 − λ1)
e−βcλ1

1 + e−βcλ1

2 2→ 3: Hot isochore

Qh = λ2

[
e−βhλ2

1 + e−βhλ2
−

e−βcλ1

1 + e−βcλ1

]
3 3→ 4: Isoentropic expansion

W3 = (λ1 − λ2)
e−βhλ2

1 + e−βhλ2

4 4→ 1: Cold isochore

Qc = λ1

[
e−βcλ1

1 + e−βcλ1
−

e−βhλ2

1 + e−βhλ2

]
⇒ W1 +Qh +W3 +Qc = 0

<latexit sha1_base64="ktpXCs2NYujaN4GJiWwfed31C/I=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyURX8uimy4r2gc0oUymk3boZBJmboQSCv6KGxeKuPU73Pk3TtsstPXAhTPn3Mvce4JEcA2O820tLa+srq0XNoqbW9s7u/beflPHqaKsQWMRq3ZANBNcsgZwEKydKEaiQLBWMLyd+K1HpjSP5QOMEuZHpC95yCkBI3XtQ08Q2RcM17r3ZTj11PTVtUtOxZkCLxI3JyWUo961v7xeTNOISaCCaN1xnQT8jCjgVLBx0Us1Swgdkj7rGCpJxLSfTdcf4xOj9HAYK1MS8FT9PZGRSOtRFJjOiMBAz3sT8T+vk0J47WdcJikwSWcfhanAEONJFrjHFaMgRoYQqrjZFdMBUYSCSaxoQnDnT14kzbOKe1m5uDsvVW/yOAroCB2jMnLRFaqiGqqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkDPUOVCg==</latexit>hHS(t)i

<latexit sha1_base64="XobVOOAd1YKFNfYRdErj0F/PLLs=">AAAB8HicbVDLSgMxFL1TX7W+qi7dDBbBVZkRX8uiG5cV7EPaoWQyaRuaZIbkjlCGfoUbF4q49XPc+Tem7Sy09UDgcM655N4TJoIb9Lxvp7Cyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoduq3npg2PFYPOE5YIMlA8T6nBK302BU2GpEe9soVr+rN4C4TPycVyFHvlb+6UUxTyRRSQYzp+F6CQUY0cirYpNRNDUsIHZEB61iqiGQmyGYLT9wTq0RuP9b2KXRn6u+JjEhjxjK0SUlwaBa9qfif10mxfx1kXCUpMkXnH/VT4WLsTq93I64ZRTG2hFDN7a4uHRJNKNqOSrYEf/HkZdI8q/qX1Yv780rtJq+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HPFpw8plD+APn8wfPm5Bu</latexit>

�t

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="htDuQjORXNou1hfoTFX09yID8ig=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/SKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/AmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+SZqXsXZUv6xel6m0WRx5O4BTOwYNrqMI91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AH9hjMA=</latexit>

2

<latexit sha1_base64="weoL8WmA1iDu0bFMSrtSLdtU9Sg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePEIijwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6YcYx+SAeS9zmjxkq1826x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUuc3iyMMRHMMpeHANFbiHKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPgOWMwQ==</latexit>

3
<latexit sha1_base64="VFuKpcP2szKC8d4watpjz6oE7OE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBLx61j04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9CtVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlmt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxfri5g=</latexit>

4

<latexit sha1_base64="QRIjOwWu7S5nPUAjg0aBj+RSIHU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6aPW8XrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPcm42J</latexit>

W1

<latexit sha1_base64="rfeYrec7IBPKW+0XoXZLDEOQY/k=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV3fx6AXjxHNA5IlzE5mkyGzs8tMrxCWfIIXD4p49Yu8+TdOkj1oYkFDUdVNd1eQSGHQdb+dpeWV1bX1wkZxc2t7Z7e0t98wcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQxvJ37ziWsjYvWIo4T7Ee0rEQpG0UoPze5Zt1R2K+4UZJF4OSlDjlq39NXpxSyNuEImqTFtz03Qz6hGwSQfFzup4QllQ9rnbUsVjbjxs+mpY3JslR4JY21LIZmqvycyGhkzigLbGVEcmHlvIv7ntVMMr/1MqCRFrthsUZhKgjGZ/E16QnOGcmQJZVrYWwkbUE0Z2nSKNgRv/uVF0jiteJeVi/vzcvUmj6MAh3AEJ+DBFVThDmpQBwZ9eIZXeHOk8+K8Ox+z1iUnnzmAP3A+fwDfo42L</latexit>

W3

<latexit sha1_base64="uihgj+DEOkC9ILBBo2lBhmsjO0k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfaPP+uWKW3XnIH+Jl5MK5Kj3y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll/+S1pnVe+yetE4r9Ru8jiKcATHcAoeXEEN7qAOTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0fTo21</latexit>

Qc

<latexit sha1_base64="JrZs58GyPiAaZ9rt29b9y3nUGyQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+WDmSToR3QoecgZNVa6b/RH/XLFrbpzkL/Ey0kFctT75c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb3L6kXjvFK7yeMowhEcwyl4cAU1uIM6NIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzcm4o26</latexit>

Qh
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Quantum Otto cycle

Reciprocating heat engine

Quantum Otto cycle:

ΦOtto = Φtc ◦ Φt2 ◦ Φth ◦ Φt1

Working mediumHS(λt) = λt
2

(σz + 1)

1 1→ 2: Isoentropic compression (λ2 > λ1)

W1 = (λ2 − λ1)
e−βcλ1

1 + e−βcλ1

2 2→ 3: Hot isochore

Qh = λ2

[
e−βhλ2

1 + e−βhλ2
−

e−βcλ1

1 + e−βcλ1

]
3 3→ 4: Isoentropic expansion

W3 = (λ1 − λ2)
e−βhλ2

1 + e−βhλ2

4 4→ 1: Cold isochore

Qc = λ1

[
e−βcλ1

1 + e−βcλ1
−

e−βhλ2

1 + e−βhλ2

]
⇒ W1 +Qh +W3 +Qc = 0

<latexit sha1_base64="ktpXCs2NYujaN4GJiWwfed31C/I=">AAAB/nicbVDLSsNAFJ34rPUVFVduBotQNyURX8uimy4r2gc0oUymk3boZBJmboQSCv6KGxeKuPU73Pk3TtsstPXAhTPn3Mvce4JEcA2O820tLa+srq0XNoqbW9s7u/beflPHqaKsQWMRq3ZANBNcsgZwEKydKEaiQLBWMLyd+K1HpjSP5QOMEuZHpC95yCkBI3XtQ08Q2RcM17r3ZTj11PTVtUtOxZkCLxI3JyWUo961v7xeTNOISaCCaN1xnQT8jCjgVLBx0Us1Swgdkj7rGCpJxLSfTdcf4xOj9HAYK1MS8FT9PZGRSOtRFJjOiMBAz3sT8T+vk0J47WdcJikwSWcfhanAEONJFrjHFaMgRoYQqrjZFdMBUYSCSaxoQnDnT14kzbOKe1m5uDsvVW/yOAroCB2jMnLRFaqiGqqjBqIoQ8/oFb1ZT9aL9W59zFqXrHzmAP2B9fkDPUOVCg==</latexit>hHS(t)i

<latexit sha1_base64="XobVOOAd1YKFNfYRdErj0F/PLLs=">AAAB8HicbVDLSgMxFL1TX7W+qi7dDBbBVZkRX8uiG5cV7EPaoWQyaRuaZIbkjlCGfoUbF4q49XPc+Tem7Sy09UDgcM655N4TJoIb9Lxvp7Cyura+UdwsbW3v7O6V9w+aJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoduq3npg2PFYPOE5YIMlA8T6nBK302BU2GpEe9soVr+rN4C4TPycVyFHvlb+6UUxTyRRSQYzp+F6CQUY0cirYpNRNDUsIHZEB61iqiGQmyGYLT9wTq0RuP9b2KXRn6u+JjEhjxjK0SUlwaBa9qfif10mxfx1kXCUpMkXnH/VT4WLsTq93I64ZRTG2hFDN7a4uHRJNKNqOSrYEf/HkZdI8q/qX1Yv780rtJq+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HPFpw8plD+APn8wfPm5Bu</latexit>

�t

<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="htDuQjORXNou1hfoTFX09yID8ig=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/SKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/AmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+SZqXsXZUv6xel6m0WRx5O4BTOwYNrqMI91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AH9hjMA=</latexit>

2

<latexit sha1_base64="weoL8WmA1iDu0bFMSrtSLdtU9Sg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePEIijwQ2ZHZoYGR2djMza0I2fIEXDxrj1U/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6YcYx+SAeS9zmjxkq1826x5JbdGcgy8TJSggzVbvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns0Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/GT7mME4OSzRf1E0FMRKZfkx5XyIwYW0KZ4vZWwoZUUWZsNgUbgrf48jJpnJW9q/Jl7aJUuc3iyMMRHMMpeHANFbiHKtSBAcIzvMKb8+i8OO/Ox7w152Qzh/AHzucPgOWMwQ==</latexit>

3
<latexit sha1_base64="VFuKpcP2szKC8d4watpjz6oE7OE=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBLx61j04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9CtVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlmt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxfri5g=</latexit>

4

<latexit sha1_base64="QRIjOwWu7S5nPUAjg0aBj+RSIHU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6aPW8XrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPcm42J</latexit>

W1

<latexit sha1_base64="rfeYrec7IBPKW+0XoXZLDEOQY/k=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV3fx6AXjxHNA5IlzE5mkyGzs8tMrxCWfIIXD4p49Yu8+TdOkj1oYkFDUdVNd1eQSGHQdb+dpeWV1bX1wkZxc2t7Z7e0t98wcaoZr7NYxroVUMOlULyOAiVvJZrTKJC8GQxvJ37ziWsjYvWIo4T7Ee0rEQpG0UoPze5Zt1R2K+4UZJF4OSlDjlq39NXpxSyNuEImqTFtz03Qz6hGwSQfFzup4QllQ9rnbUsVjbjxs+mpY3JslR4JY21LIZmqvycyGhkzigLbGVEcmHlvIv7ntVMMr/1MqCRFrthsUZhKgjGZ/E16QnOGcmQJZVrYWwkbUE0Z2nSKNgRv/uVF0jiteJeVi/vzcvUmj6MAh3AEJ+DBFVThDmpQBwZ9eIZXeHOk8+K8Ox+z1iUnnzmAP3A+fwDfo42L</latexit>

W3

<latexit sha1_base64="uihgj+DEOkC9ILBBo2lBhmsjO0k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfaPP+uWKW3XnIH+Jl5MK5Kj3y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll/+S1pnVe+yetE4r9Ru8jiKcATHcAoeXEEN7qAOTWAwhCd4gVdHOs/Om/O+aC04+cwh/ILz8Q0fTo21</latexit>

Qc

<latexit sha1_base64="JrZs58GyPiAaZ9rt29b9y3nUGyQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cEzQOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+WDmSToR3QoecgZNVa6b/RH/XLFrbpzkL/Ey0kFctT75c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb3L6kXjvFK7yeMowhEcwyl4cAU1uIM6NIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzcm4o26</latexit>

Qh

E�ciency

η =
−W1 −W3

Qh
= 1− λ1

λ2
≤ ηC
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Strong system-reservoir coupling

Quantum thermodynamics — strong reservoir coupling

Isolated system: H(λt) = HS(λt) +HR + V (t)

Internal energy U(t) = Tr[H(λt)ρ(t)]

Von Neumann equation ρ̇(t) = −i[H(λt), ρ(t)]

1st law: ∆U = W +Q (Esposito et al. NJP 2010; Kato & Tanimura, JCP 2016)

∆U =

∫ t

0
ds
{
Tr[ḢS(λs)ρS(s)] + Tr[V̇ (s)ρ(s)]

}
≡W

Strong coupling: d
dt
Tr[(HS(t) + V (t))ρ(t)] = Ẇ − Tr[HRρ̇R(t)],

U∗S(t) = Tr[(HS(λt) + V (t))ρ(t)]

Heat: Q = −Tr{HR[ρR(t)− ρR(0)]}
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Strong system-reservoir coupling

Quantum thermodynamics — strong reservoir coupling

Isolated system: H(λt) = HS(λt) +HR + V (t)

Internal energy U(t) = Tr[H(λt)ρ(t)]

Von Neumann equation ρ̇(t) = −i[H(λt), ρ(t)]

2nd law: ∆S − βQ ≥ 0 (Esposito et al. NJP 2010)

Q = −
∫ t

0
dsTr[HRρ̇R(s)]

Monotonicity of relative entropy: S(ρSR||ρSπβR) ≡ Tr[ρSR ln ρSR]− Tr[ρSR ln ρSπ
β
R] ≥ 0,

S(ρSR||ρS ⊗ πβR) = ∆S −
Q

T
≥ 0

where ∆S = −Tr[ρS(t) ln ρS(t)] + Tr[ρS(0) ln ρS(0)].
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Strong system-reservoir coupling

Quantum thermodynamics — strong reservoir coupling

Other possible formulations — mean force Gibbs state:
(Kirkwood, J. Therm. Phys. 3, 300, 1935; Seifert, PRL, 116, 020601 2016)

Equilibrium state of isolated system (canonical ensemble):

πβSR =
e−βH(λ)

Z(λ)

Equilibrium reduced system state:

π∗S(β) = TrR
e−βH(λ)

Z(λ)
≡
e−βH

∗
S(λ,β)

Z∗S(λ, β)
6= πβS

Strong coupling corrections to work & power:
(Perarnau-Llobet et al, PRL, 120, 120602, 2018)

Maximal work extraction,W ≤Wweak

Decrease in thermalization time⇒ power enhancement?
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Summary

Overview

In this lecture we have:

Introduced continuous and reciprocating thermal machines.

Calculated e�ciency and coe�cient of performance for driven continuous
heat engines and refrigerators.

Analyzed a quantum Otto cycle.

Introduced possible approaches to treating quantum thermodynamics at
strong coupling.
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Thank you
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