
THERMODYNAMICS IN QUANTUM OPTICAL 
SETTINGS: WHAT IS TRULY QUANTUM HERE?
D. Gelbwaser-Klimovsky,, M. Kolar. N. Erez, W. Niedenzu, R. Alicki & G.K.

Thermodynamic laws and bounds are not well understood for 

quantum-system manipulations . We challenge:

- Thermodynamic equilibrium (First law?)

- Carnot efficiency  bound of quantum heat 

engines/refrigerators (Second law)

- Unattainability of absolute zero (Third law)
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Extracting work via (non-selective) measurements:
Demented Maxwell’s demon, but bath has memory!
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Phys. Rev. A 88, 022112 (2013)
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Rapport between thermodynamics and quantum mechanics for quantum heat

machines?

The basic model: a two-level system (TLS) whose energy is periodically

modulated while the system is coupled to two distinct thermal baths.

M. Kolar, et al. PRL 109 090601 (2012));D. Gelbwaser-Klimovsky, et al. PRE 87, 012140 (2013);

EPL 103 60005 (2013); PRE (2014; Sci. Repts. (2015); Adv. Atom. Mol Opt. Phys., 64 (2015)
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Quantum bath Refrigeration: Towards Absolute Zero?
M. Kolar, D. Gelbwaser-Klimovsky,  R. Alicki & G.K. PRL 109, 90601 (2012)

Nernst’s 3rd law unattainability 

principle challenged
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ENERGY EXCHANGE

Energy exchange is divided into work and heat….

… and they are really different. 

Energy 
exchange
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Work-power?  

No! 2nd law violated
1st law: heat-input = energy-output
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CORRECT WORK  DEFINITION

Lenard, J. Stat. Phys. 19, 575 (1978).
W. Pusz, S.L. Woronowicz, Comm. Math. Phys. 58, 273 (1978).
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D. Gelbwaser-Klimovsky et al. EPL (2013); PRE (2014)

potentially extractable work (“stored” in 𝜌𝑃) 
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WORK CAPACITY EVOLUTION (PISTON CHARGING)

D. Gelbwaser-Klimovsky, R. Alicki, G. Kurizki EPL 103 60005 (2013) 11

The engine is a charger, the piston is a battery



Work capacity is non-passivity

Min. energy (same entropy)

Effective temperature

Real work-power:

standard Enforced by QM
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D. Gelbwaser-Klimovsky et al. EPL (2013); PRE (2014)

bound: 



Under second law constraint :

s
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η(WP) bound can transgress 2-bath Carnot!

Classical analog: 3 baths TP < TC < TH

QM forces piston to be an effective bath!



Conclusions

Quantum mechanics endows us with resources that may boost

thermodynamic performance:

heat engine power, refrigeration/cooling speed or work.

Non-classical effects adhere to thermodynamic laws.
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 Are there quantum advantages in machines based on quantum 

resources?  Yes

 Do they have classical analogs in different settings?    Probably
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Spectral separation of C&H baths
(M. Kolar, D. Gelbwaser-Klimovsky, R. Alicki & GK     PRL 109 090601 (2012))

Heat pump (QR) condition: :0CJ

:0CJQHE:
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:harmonics 𝑚 = ±1

Example:

Hot bath: black body (broad) spectrum

Cold bath: Lorentzian spectrum

(e.g., cavity mode)
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How fast can QHE operate?

What is the best design?



23

How fast can QHE operate?

What is the best design?
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Unitary reshuffle of eigenvalues
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If 𝑊𝑀𝑎𝑥(𝜌𝑃) = 0: Passive state.

(lowest energy = Gibbs state)

Monotonic

= passive

Passive



Nonpassive state is low-entropy resource.

Fock Coherent

EPL 103 60005 (2013)
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 Nonlinear  driven 
piston:

Super-Carnot efficiency

Stationary super-Carnot efficiency

Ghosh et al, (in prep)
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Multiatom quantum heat engine (QHE)
D. Gelbwaser-Klimovsky, W. Niedenzu & G.K., AAMOP 64 (2015)

Collective spin operator:

Efficiency unchanged
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Quasi steady-state

Weak coupling

Simplest (Minimal) Model of Quantum Heat Machine

(M. Kolar, D. Gelbwaser-Klimovsky, R. Alicki & GK  PRL 109, 090601 (2012))

Coarse graining

2
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Transition rates for qubit (TLS) 

coupled to 2 baths

Multi-harmonic Lindblad J=H,C, and m is the Floquet harmonic
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Minimal (Simplest) Quantum Heat Machine 

(Under Spectral Separation of Baths)
D. Gelbwaser-Klimovsky, R. Alicki & G.K., PRE 87, 012140 (2013)

Quantum heat engine (QHE)

Carnot bound



QHE powered by non-thermal baths
J. Roßnagel et al., PRL 112, 030602 (2014)

O. Abah and E. Lutz, EPL 106, 20001 (2014)

Non-thermal bath only provides heat?

No, WF becomes non-passive

Work from bath:

Non-thermal engine

No heat

squeezed

bath

Quantum Otto cycle
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